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ABSTRACT

The proper organization of receptors and signal transduction protein complexes of
epithelial and neuronal cells is crucial in tissue formation, cellular differentiation and
proper overall development and function. Scaffolding proteins are major components
involved in protein targeting and protein complex assembly. MAGUKs, a family of
scaffolding proteins with multiple binding domains such as PDZ, SH3 and GUK, are
important regulators of cellular polarity by recruiting and assembling signal and
cytoskeletal components into large complexes. Cell polarity is established and
maintained by the proper formation and placement of cellular junctions, which separate
the plasma membrane into two distinct domains: apical and basolateral. Epithelial
polarity determinants from the Bazooka, Crumbs and Scribble complexes establish the
boundaries between the apical and basolateral membrane domains and situate the
adherens junctions (AJ) at the interface between the two domains. In neuronal cells, the
organization and polarization of the presynaptic and the postsynaptic membranes is
organized by the CASK/VELI/MINT1/X11alpha complex. Both CASK and VELI also
play a role in epithelial cells.

Two novel proteins, originally discovered by Far Western overlay assay in Mus
musculus, have been identified as additional binding partners of VELI: PALS1 and
PALS2. Both proteins are MAGUKSs and are thought to compete with CASK for binding
VELI via L27 domain dimerization. PALS1, a major component of the Crumbs complex,
is essential for the formation of AJ and the establishment of cellular polarity. PALS2 has

been shown to colocalize with E-cadherin below tight junctions and directly associate
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with nectin-like molecule-2 (Necl-2) at extra junctional regions, however its function
remains unknown.

Using Drosophila melanogaster as a model organism, we have identified the
potential Drosophila ortholog of PALS2, termed dPALS?2, and found that it is conserved
across other species. We have done extensive sequence analysis of dPALS?2 at the
nucleotide and amino acid level and determined the RNA transcript distribution and
protein localization.

dPALS?2 expression begins around stage 13 in embryonic tissues in a transverse
striped pattern in the epithelia and continues in this striped pattern until the end of stage
17. dPALS?2 is expressed in adult tissues but undetectable in larval tissues. Based on
homology and the expression pattern, dPALS2 may play a role in cell adhesion or cell
polarity, similar to the mammalian orthologs. However the striped expression pattern of

dPALS? is similar to segment polarity proteins thus implying dPALS2 may play a role in

segment polarity.
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Chapter 1

Introduction

The polarization of epithelial and neuronal cells is crucial in tissue formation,
cellular differentiation and proper overall development and function in both vertebrates
and invertebrates. Epithelial cells rely on the proper organization of polarity
determinants along an apical-basolateral axis, separating the plasma membrane into two
distinct domains: apical and basolateral (Woods and Bryant, 1993). The apical surface
faces the extracellular environment or lumen while the basolateral domain is in contact
with neighboring cells and the extracellular matrix (Muller, 2000). The maintenance and
establishment of epithelial polarity is accomplished through cellular junctions. These
junctions provide a strong connection between cells and a tight barrier to paracellular
transportation and protein movement. Invertebrates have two types of cellular junctions -
zonula adherens (ZA) and septate junctions (SJ). ZA are involved in cellular adhesion
and signaling while SJ are mostly involved in controlling paracellular diffusion (Tepass,
2002). In vertebrates there are ZA and tight junctions (TJ), which function similarly to
their invertebrate counterparts. The ZA in invertebrates are located apically to the SJ
however in vertebrates the TJ are located apically to the ZA (Shingai et al., 2003). Early
in Drosophila development during cellularization, the ZA appear as spots along the
lateral surface and become a continuous adhesive belt like structure at the apical region of
the epithelial cell by gastrulation. The ZA defines the distinct regions of the apical and
basolateral domains (Tepass, 2002; Muller, 2003).

Cell polarization is assembled and maintained by scaffolding protein complexes
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containing PDZ binding domains. In epithelial cells, the correct localization of these
scaffolding proteins organizes and perpetuates polarity by assembling cellular junctions.
In neuronal cells, the definition of polarity is accomplished by forming the pre-synaptic
domain (axon) and the post-synatic domain (dendrite) through the localization of these

multi-protein complexes rather than through cellular junctions (Muller, 2000).

1.1 PDZ Domains:

PDZ domains are modular interaction domains involved in protein targeting and
protein complex assembly. The PDZ domain was initially identified in the synaptic
protein PSD-95/SAP90, the Drosophila septate junction protein Discs-large and the
epithelial tight junction protein ZO-1 as a triple repeat region of about 90 amino acids
(Sheng and Sala, 2001). PDZ domains are the most common protein domain and are
present in numerous proteins across a variety of organisms (Ponting, 1997). There have
been 138 PDZ domains identified in 86 proteins in the Drosophila genome (Scultz et al.,
2000). These proteins often contain multiple PDZ proteins in tandem repeats to enhance
target ligand binding and often contain other known interacting or signaling domains to
assist in the assembly of multi-protein complexes (Hung and Sheng, 2002).

PDZ domains are highly conserved, however some sequence variation reflects
diversity in functionality and binding partners. Even with sequence variation, the
secondary structure of all PDZ domains is similar with six anti-parallel B-strands (BA-BF)
and two a-helices (aA and aB) folding into a six stranded  sandwich (Doyle ef al.,
1996; Morais et al., 1996). The formation of a groove between PB strand and oA helix

functions as the ligand binding site, while the binding specificities is within the C-
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terminal tail of the ligand (Sheng and Sala, 2001). The last four amino acids in the
carboxyl tail of the ligand interacts directly with the PDZ binding groove. The side chain
of the last amino acid (position 0) of the carboxyl tail projects into the hydrophobic
pocket of the PDZ domain. Thus, PDZ domains generally interact with ligands
containing a C-terminal valine but will also interact with other proteins containing
hydrophobic residues such as leucine and isoleucine (Songyang, et al., 1997). The amino
acid located at position -1 appears to have no PDZ binding specificity. However the - 2
residue of the ligand is extremely important for binding specificity and provides the basis
for how PDZ domains are classified (Songyang et al., 1997).

The classification of PDZ domains is defined by the amino acid residue located at
the - 2 position of a ligand. Class I PDZ domains select for ligands with a threonine or
serine at the - 2 position. The side chain of this residue forms a hydrogen bond with a
histidine at aB1. Class II PDZ domains select for ligands with hydrophobic amino acids
at the - 2 position to interact with a hydrophobic residue at aB1. Class III PDZ domains
select for ligands with negatively charged residues at the — 2 position to interact with a
tyrosine at aB1 (Songyang et al., 1997; Stricker et al., 1997). Even though the -2
position of the C-terminal end of a ligand is considered the most important, the — 3
position also makes contact with the PDZ domain contributing to binding specificity
(Songyang et al., 1997).

Although C- terminal ligands are the typical binding partners, PDZ domains are
able to participate in other modes of protein interaction. PDZ domains can bind internal

peptide sequences that bend into B-hairpin structures to mimic C-terminal ligands or form

homo-dimers with other PDZ domains (Hsueh e al., 1997; Dong et al., 1999).
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1.2 Membrane-Associated Guanylate Kinases (MAGUKS) are important types of
PDZ Scaffolding Proteins:

Typically PDZ scaffolding proteins contain multiple interacting or signaling
domains to assist in protein-protein interactions. The family of scaffolding proteins
known as the membrane-associated guanylate kinases (MAGUKSs) is an example of PDZ
proteins with multiple binding domains. The MAGUKSs are important regulators of
polarity, recruiting and assembling signaling and cytoskeletal components into large
complexes. The common domain structure of MAGUKSs contains one to three PDZ
domains, a Src (SH3) domain and a guanylate kinase domain (GUK) (Anderson, 1996;
Dimitratos et al., 1999). The PDZ domains of MAGUKs are essential for receptor and
channel protein clustering (Kim et al., 1995) while the SH3 and GUK domains are
required for protein binding (Pawson, 1994). Some MAGUKSs contain a fourth protein
binding domain known as the HOOK domain, which binds actin-associated proteins,
connecting MAGUKS to the cytoskeleton (Caruana, 2002).

MAGUK:Ss are distinctive enough even with a common domain structure to be
divided into four subfamilies based on the number of PDZ domains, the presence of other
protein binding domains and sequence similarity (Dimitratos ef al., 1999). Figure 1
illustrates the four MAGUK subfamilies and their members. The Dlg (Discs Large)
subfamily is defined by the MAGUK common domain structure of PDZ domain/SH3
domain/GUK domain, along with two additional N-terminal PDZ domains. The ZO-1
subfamily (Z0-1,2,3) is characterized by the presence of three PDZ domains, an SH3
domain, a GUK domain and proline rich regions at the C-terminus. Members of this

subfamily associate at epithelial cell junctions, specifically tight junctions in mammals
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Figure 1: Members of the MAGUK family. MAGUK proteins contain a core domain
structure of a P.DZ domain (red), an SH3 domain (yellow), and a GUK domain (green).
The subfamilies of MAGUKSs (Dlg, p55, Lin-2 and ZO-1) are defined by additional
domains such as the HOOK or protein 4.1 binding domain (purple), the L27 domain

(blue) and a calcium/calmodulin dependent kinase (Camk) domain (orange).
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and septate junctions in Drosophila. The p55-like subfamily, consisting of p55, Dlg2,
Dlg3, Palsl and Pals2/VAM, contains the MAGUK common domain structure, plus a
repeated L27 (Lin-2/Lin-7 binding region) domain (Caruana, 2002). L27 domains,
termed for the dimerization of two C. elegans proteins, LIN-2 and Lin-7, are considered
essential binding domains in the assembly of scaffolding structures critical in polarity
(Doerks et al., 2000; Li et al., 2004; Harris et al., 2002). Finally, the Lin-2/CASK
subfamily consists of an N-terminal calcium/calmodulin-dependent protein kinase, a
repeated L.27 domain followed by a PDZ domain, an SH3 domain and a GUK domain

(Caruana, 2002).

1.3 MAGUK proteins are major components of Epithelial Polarity:

MAGUK scaffolding proteins assemble and localize to different regions along the
apicobasal axis of the plasma membrane to establish and maintain cellular structure and
polarity. Recent research has focused on three major protein complexes, the
Par3/Bazooka complex, the Crumbs complex and the Scribble complex, which are
considered pertinent in organizing and maintaining epithelial polarity.

1.3a The Par3/Bazooka Complex:

The first of these complexes is the Par3/Par6/atypical protein kinase C (aPKC)
complex and is essential for determining polarity in many cell types (Wodarz, 2002; Gao
et al., 2002; Suzuki et al., 2001). The par genes (1-6) were originally identified in a
genetic screen for maternal—effect mutations affecting unequal partitioning during
anterior-posterior determination of the one cell-embryo in C. elegans (Kemphues et al.,

1988). Recent studies in mammals have highlighted the fundamental importance of this
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protein complex.

Mammalian orthologs of the Par complex have been identified (Par3, atypical
PKC isotype-specific interaction protein (ASIP), Par6 and aPKC) and are localized to TJ
(Bilder et al., 2001). Figure 2 illustrates these three proteins which function together in a
tripartite complex to establish and maintain epithelial polarity by promoting proper TJ
formation (Gao et al.,2002; Suzuki et al., 2001; Yamanaka et al.,2001). Par3/ASIP is
recruited first to the apical cortex of the epithelia and acts as a scaffold by targeting Par-6
and aPKC to the apical domain of epithelial cells.

Par-3/ASIP and Par-6 are both classified as PDZ domains containing three and
one domains, respectively and Par-6 also contains an incomplete Cdc42/Racl interactive-
binding domain (CRIB) (Burbelo, et al., 1995; Joberty, et al., 2000). The first PDZ
domain of Par-3/ASIP protein interacts with the single PDZ domain of Par-6 (Joberty et
al., 2000; Lin et al., 2000), while the N-terminus of Par-6 protein directly associates with
the regulatory domain of aPKC. Cdc42-GTP binds the incomplete CRIB and a part of
the neighboring PDZ domain of Par-6 and induces a conformational change in Par-6
leading to aPKC activation (Joberty, et al., 2000; Yamanaka et al., 2001; Garrand et al.,
2003). Par-3/ASIP has also been identified as a substrate of aPKC however the purpose
of this phosphorylation is unclear (Hirose et al., 2003; Lin et al., 2000).

The Drosophila orthologs of the Par complex are known as Bazooka
(Baz)/DmPar6/DaPKC respectively and co-localize at the subapical region (SAR),
located above the ZA in epithelial cells. Figure 2 illustrates the Baz complex associating
with each other in the same manner as the mammalian orthologs, however it is unknown

if Cdc42-GTP regulation is present in Drosophila. DmPAR6 and DaPKC depend on Baz
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Figure 2: Comparison of cell junctions in vertebrates and invertebrates. The zonula
adherens (ZA) are common cell junctions in both vertebrates and invertebrates that
function in cellular adhesion. In Drosophila, the sub-apical region (SAR) is located
apically to the ZA, whereas in mammals, the tight junctions (TJ) are located at this
position. In both instances, this is where the Bazooka/Par-3 and Crumbs complexes
localize and function in ZA morphogenesis. In Drosophila, the septate junctions (SJ) are
located basally to the ZA and function similar to TJ in paracellular diffusion. The
Scribble complex localizes at the SJ.

NB: This figure indicates the Crumbs complex contains Discs lost (DIt) however recent
studies have demonstrated that DIt is not the PDZ protein required for cellular polarity.
Another protein thought to be encoded by DIt has been identified and labeled after its

vertebrate ortholog, Pals-associated tight junction protein (PATJ) (Peilage et al., 2003).
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for proper targeting to the SAR and vise versa (Wodarz et al., 2000; Petronczki ef al.,
2001). In Baz loss of function mutants, cell polarity is interrupted exhibiting structural
defects, irregular arrangement of the epithelial monolayer and incomplete ZA formation
(Muller et al., 1996). Furthermore, other apical markers such as Crumbs (Crb) are
mislocalized. This suggests that the Baz complex is essential for the formation of ZA and
the establishment of cellular polarity (Roh and Margolis, 2003).

1.3b The Crumbs Complex:

The next protein complex involved in epithelial polarity was originally identified
in Drosophila as the Crb/Stardust (Std)/Discs Lost (DIt) complex (Bhat et al., 1999).
However recent studies have demonstrated DIt does not encode the PDZ protein required
for cell polarity regulation but does encode a protein believed to be required for cell
survival and cell cycle progression. Therefore the PDZ protein thought to be encoded by
DIt has been renamed after its vertebrate ortholog, Pals-associated tight junction protein
(PATY) (Pielage et al., 2003).

The Crb/Std/PATJ complex also localizes to the sub-apical region of the plasma
membrane (Figure 2). Crb is a transmembrane protein with a‘small cytoplasmic domain
and a large extracellular domain (Tepass et al., 1990). The cytoplasmic tail contains a
4.1 binding domain and a PDZ binding motif. The binding of Protein 4.1 to the 4.1
binding domain links Crb with the underlying spectrin/actin cytoskeleton, while the PDZ
binding motif interacts with the PDZ domain of Std (Bachmann et al., 2001; Hong et al.,
2001). The MAGUK protein Std contains the core domain structure of PDZ domain/SH3

domain/GUK domain, plus an L27 domain. This L27 domain interacts with PATJ
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(Pals1-associated tight junction protein) via its L27 domain. The mammalian orthologs
of the Crb complex localize to TJ, been identified as Crb3/Pals1/PATJ respectively and
appear to associate and function in a similar manner as the Drosophila orthologs (Rho et
al., 2002; Rho et al. 2003).

As in the Baz complex, mislocalization of any one component of the tripartite Crb
complex results in mislocalization of the other two proteins (Bachmann et al., 2001;
Hong et al., 2001). Crb is an important apical surface determinant and is necessary for
the correct placement and formation of ZA. Recent studies have demonstrated loss of
epithelial organization and improper ZA formation in the absence of Crb or Std (Tepass,
1996; Grawe et al., 1996; Muller et al., 1996). The mislocalization of Baz also occurs in
the absence of Crb implying the proper positioning of Baz at the subapical region is
mediated by Crb. Thus the Crb and the Baz complexes colocalize and function together at
the apical membrane to form the ZA (Bilder et al., 2003).

1.3¢ The Scribble Complex:

The third protein complex involved in cellular polarity consists of Scribble
(Scrib)/Discs Large (Dlg)/Lethal giant larvae (Lgl). Originally identified in the larval
stages of Drosophila, Scrib, Dlg and Lgl were classified as neoplastic tumor suppressor
genes (nTSGs) given that loss of function mutants demonstrated overproliferating cells
with epithelia disorganization (Gateff and Schneiderman, 1967; Stewart et al., 1972;
Bilder and Perrimon, 2000). Scrib encodes a cytoplasmic LAP scaffold protein with 16
leucine rich repeats (LRR) near the N-terminus and 4 PDZ domains (Bilder and
Perrimon, 2000). Proteins that contain both LRRs and PDZs are members of the LRR

and PDZ domain-containing (L AP) family and are considered to function in structural
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scaffolding (Santoni et al., 2002). DIg is classified as a scaffolding protein of the
MAGUK family, containing 3 PDZ domains, an SH3 domain and a GUK domain
(Woods and Bryant, 1991). Both Scrib and Dlg are restricted to the basolateral epithelial
surfaces where they localize and associate together at the SJ (Mathew et al., 2002)
(Figure 2). While Lgl, a myosin II binding protein that contains four WD-40 repeats
(Strand et al., 1994; Gateff, 1978; Mechler, et al., 1985), localizes to the basolateral
membranes (Manfruelli et al., 1996; Bilder et al., 2000) (Figure 2). It is unclear which
interactions specify Lgl localization, however in the absence of Scrib and Dlg, Lgl is lost
from the plama membrane (Bilder et al., 2000). Thus a critical function of Scrib and Dlg
is to recruit Lgl to the membrane, where Lgl can mediate its currently unknown function.
Scrib, Dlg and Lgl are not limited to epithelial tissues, they are also found at synaptic
junctions and in embryonic neuroblasts (Mathew et al., 2002; Albertson and Doe, 2003).
Loss of Lgl or Dlg leads to the mislocalization of Scrib, while the loss of Dlg or
Scrib leads to the mislocalization of Lgl. These results, along with similar phenotypes
seen in mutants, suggest that Scrib/Dlg/Lgl function together in a common pathway. In
the absence of Dlg, Scrib or Lgl, the apical surface expands causing the ZA and apical
determining proteins such as Crb to mislocalize more laterally along the basolateral
membrane (Woods et al., 1997; Bilder et al., 2000; Bilder and Perrimon; 2000). There is
a precise balance between the Scrib complex and the Crb complex for the accurate
localization of ZA and establishment of apical and basalateral boundaries of the plasma
membrane (Bilder et al., 2003; Tanentzapf and Tepass, 2003). However in Scrib
complex mutants, the basolateral membrane remains organized and intact, suggesting the

Scrib complex antagonizes apical proteins from expanding into the basolateral region.
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Thus it would seem the Scrib complex maintains rather than establishes the basolateral
membrane (Bilder et al., 2003; Tanentzapf and Tepass, 2003).

The mammalian orthologs of the Scrib complex localize basally to the AJ and
have been identified as Scrib, Vartul/mDlg,SAP97/mLgl, respectively (Lee et al., 2002;
Musch et al., 2002; Nakagawa and Huibregtse, 2000). They associate and function in a

similar manner as Drosophila orthologs in epithelial polarity.

1.4 The Baz, Crb and Scrib Complexes Function Together to Establish and
Maintain Epithelial Polarity:

Recent research in the establishment and maintenance of epithelial polarity has
focused on how the Baz, Crb, and Scrib complexes function together, rather than as
separate components. The assembly of the spot adheren junctions (sAJ) and the
localization of the Baz complex is the initial step in propagating apical epithelial polarity,
while the Scrib complex distinguishes a basolateral domain by repressing the activity of
Baz (Bilder et al., 2003; Tanentzapf and Tepass, 2003). To counteract the repression of
the Scrib complex, the Baz complex recruits the Crb complex to the SAR, and Crb acts to
represses Scrib activity. Thus Baz/Dm-Par6/DaPKC and Crb/Std/PAT]J function together
to restrict Scrib basally while Scrib/Dlg/Lgl restricts the Crb complex apically. The
delicate balance between these complexes establishes the boundaries of the apical and
basalateral membrane domains and situates the ZA at the interface between the two

domains (Bilder, 2004).
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1.4a Par/Bazooka complex interacts with Crumbs complex:

Par-6 directly interacts with PALS1:

The molecular mechanisms underlying the regulatory hierarchy between these
three complexes remains unclear, however, recent studies in vertebrates have revealed a
direct interaction between the Par3/Par6/aPKC, Crb3/Pals1/PATJ and Scrib,
Vartul/mDlg, SAP97/mLgl complexes. A newly discovered evolutionarily conserved
region (ECR1) of the amino terminus of Pals1 functions as the Par6 binding site, as it
mimics a protein carboxyl terminus and binds the PDZ domain of Par6 (Wang et al.,
2004; Penkert et al., 2004). Crb has also been recognized in this interaction to promote
recruitment of Par6 through Pals1 to the membrane suggesting a co-dependent process.
Thus the disruption of one complex subsequently affects the localization of proteins in
the other complex (Hurd et al., 2003). The following reaction also exists in Drosophila
orthologs, Stardust and DmPar6. However Par6/Pals1 binding may interfere with
PATIJ/Pals1 binding, suggesting these two interactions work independently rather than
synergistically (Wang et al.,2003). Thus, Palsl may have two conformational states at its
amino terminus. In the first state, Pals] interacts with PATJ with a properly folded L27N
and heterodimerizes with the L27 domain of PATJ. In the second state, the L27N
domain of Pals] is largely unfolded, allowing for internal recognition of the ECR1 by the
PDZ domain of Par-6 (Wang et al., 2004). Some researchers believe that the interaction
between Par-6 and Pals-1 is regulated by Cdc42-GTP (Wang ef al., 2004).

DaPKC interacts with Crumbs and PATJ:

Another recent study has shown the requirement for the kinase activity of DaPKC

to maintain the position of apical determinants from the Crb complex. DaPKC directly
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binds to both Crb and PATJ, and Crb is a phosphorylation target of DaPKC. Early in
development DaPKC kinase activity is necessary for the apical localization of PATJ.
When the Crb complex accumulates at the apical plasma membrane, its hypothesized that
PAT]J has a greater affinity for Sdt bound to Crb than for DaPKC thus releasing PATJ
from its interaction with DaPKC and permitting Crb to be phophorylated. The
phosphorylation of Crb by DaPKC may be necessary for Crb to assume the proper
conformational and/or to interact with proteins essential for Crb stabilization at the apical
domain (Sotillos et al., 2004).

1.4b The Par/Bazooka complex interacts with the Scribble complex:

Par-6 directly interacts with mLgl:

Par6 also directly binds mLgl in a similar manner as the Pals1/Par6 interaction.
The binding is mediated through the amino-terminal region of mLgl, where the WD-40
repeats are located, to the Par-6 PDZ domain (Yamanaka e al., 2003; Plant et al., 2003;
Betschinger et al., 2003). This allows Lgl to become a substrate of aPKC. The
phosphorylation of Lgl at conserved Protein Kinase C consensus sites by aPKC causes
inactivation and dissociation of Lgl from the cytoskeleton selectively at the apical plasma
membrane (Kalmes et al., 1996; Betschinger et al., 2003). Lgl localized basally remains
unphosphorylated and maintains an association with the basalateral plasma membrane.
Thus the apical localization of aPKC by the Baz complex prevents Lgl associations with
the apical membrane, thereby restricting Lgl activity to the basolateral surface. Figure 3
illustrates these interactive relationships between the Baz, Crb and Scrib complexes.

These results emphasize the sophisticated relationships between the evolutionarily

conserved proteins involved in establishing and maintaining epithelial polarity. The
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Figure 3: A proposed Model for the Function of the Bazooka, Crumbs and Scribble
complexes as epithelial polarity regulators. The three complexes appear to function
together to establish and maintain polarity in epithelial cells. The Bazooka complex
determines the apical domain by localizing to the sub-apical region (SAR), to recruit the
Crumbs complex. The Scribble complex distinguishes the basolateral domain by
repressing the activity of Bazooka. Par 1 and 14-3-3 proteins may also play a role in
excluding the Bazooka complex from the basolateral membrane. The recruitment of the
Crumbs complex is to counteract the repression of the Scribble complex. Thus the
delicate balance between the Bazooka, Crumbs and Scribble complexes establishes the
apical/basolateral borders of epithelia and situates the ZA at the interface between the

two domains.



Basolateral
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flexibility of the Par-6 PDZ domain able to bind to a large number of proteins (Cdc42,
Par-3, Pals1/Sdt, Crb, and Lgl), along with the direct interactions between various
members of the three complexes gives insight into the complexity and the yet unknown
interactions necessary for proper epithelial formation (Penkert et al., 2004). Further
characterization and identification of proteins involved in the establishment and
maintenance of apical/basolateral domains will provide valuable

information regarding the structure/function relationships in epithelial polarity.

1.5 Proteins — Associated with Lin-7 (PALS)

Another PDZ protein complex consisting of LIN-2/LIN-7/LIN-10,
originallyidentified in C. elegans, is responsible for the proper organization of epithelié
cells. LIN-7 establishes a complex with LIN-2 and LIN-10 to localize LET-23, a
homologue of the epidermal growth factor receptor. The proper basolateral positioning
of LET-23 by this complex is necessary for the vulva induction in the developing
nematode. The Drosophila orthologs of LIN-2, LIN-7 and LIN-10 have been identified
and are known as dVELI, CAMGUK and dMINT, respectively. It is hypothesized these
three proteins function together in a complex to localize proteins to the post-synaptic
density (MacMullin, 2001). The mammalian orthologs of LIN-2, LIN-7 and LIN-10
have been identified and are known as Veli, CASK and Mintl, respectively. These
proteins function together as a scaffolding complex in both neuronal and epithelial cell.
Veli can bind CASK and Mintl independently of the PDZ domains, which are free to
recruit cell adhesion molecules such as neurexin and syndecan (Cohen et al., 1998),

receptors such as the NMDA receptor (Setou ef al., 2000; Jo ef al., 1999) and signaling
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proteins such as the GABA transporter (Perego et al., 1999; Straight et al., 2000). Thus
this complex plays a fundamental role in sorting the interacting proteins to specialized
membrane domains in neuronal and epithelial cells. The multiple binding partners of the
Veli/CASK/Mint] complex implies that these interactions may function together within
the same cell, in a distinct sequential order or in a competitive manner. However the
precise mechanism used by this complex to properly target their binding partners remains
to be elucidated. Thus there must be additional binding partners and/or modes of
regulation for cell type specificity to favor one interaction over another.

Two novel proteins, originally discovered by Far Western overlay assay in Mus
musculus, have been identified as additional binding partners of Veli: PALS1 and PALS2
(Proteins Associated with LIN-7). Both proteins are members of the MAGUK protein
family, with a domain structure of two L.27 domains (L27N and L27C), a PDZ domain, a
SH3 domain, a HOOK domain and a GUK domain. PALS1 and PALS?2 are thought to
compete with Lin-2/CASK for binding VELI and its multiple isoforms via L27 domain
dimerization (Kamberov et al., 2000).

PALS]I, in addition to the core MAGUK domain structure, also contains an
Unknown 1(U1) domain at the extreme N-terminus that bears no significant similarity to
other proteins (Roh et al., 2002). This Ul domain contains two conserved domains,
identified as evolutionarily conserved region 1 and 2 (ECR1 and ECR2, respectively).
The ECR1 of PALS1 has been shown to be necessary for binding Par-6 (Wang et al.,
2004). As mentioned above, cell polarity determinant, PALS]1 and its Drosophila
ortholog Std, localize apically to TJ and the SAR, respectively, to serves as an adapter

proteins linking Crumb and PATJ (Roh et al., 2002). Most recently, PALS] has
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demonstrated a direct link to the cytoskeleton by directly binding ezrin, a band 4.1
protein and localizing it to the apical membrane of gastric pariental cells (Cao et al.,
2005). Recently, Std has been shown to directly interact with dVELI, as in mammals, at
the SAR of epithelial cells via their L27 domains (Bachmann et al., 2004). This is in
striking contrast to the basolateral plasma localization seen in both mammals and
nematodes (Perego et al., 1999; Straight et al., 2000; Straight et al., 2001; Simske, et al.,
1996; Kaech, et al., 1998). Thus difference in expression, subcellular localization and
binding capacity of potential interaction partners may account for this discrepancy
(Bachmann, ef al., 2004).

PALS2, like PALS1 was originally identified in Mus musculus, as an alternative
binding partner for Veli. There are two isoforms of PALS2, PALS2a and PALS2p,
differing from each other by a fourteen amino acid insertion located between the PDZ
and the SH3 domain (Kamberov et al., 2000). Studies have shown that PALS2
colocalizes with E-cadherin below the TJ, however its functionality remains unclear (Roh
et al., 2002). Recent studies have shown PALS2 directly associates with Nectin-like
Molecule-2 (Necl-2) at extra-junctional regions of the basolateral surface of epithelial
cells (Shingai et al., 2003). Necin-like molecules (Necls) were identified and designated
based on their similar domain structure to nectins (Ikeda et al., 2003). Nectins are Ca®*
independent cell-cell adhesion molecules that function in the organization of cell
junctions, such as AJ, TJ, synaptic junctions and heterotypic junctions. The nectin family
has four members (nectin-1, 2, 3, 4), where all, except nectin-4, have a C-terminal PDZ
binding motif that interacts with afadin. Afadin is an actin binding protein that connects

nectin proteins to the cytoskeleton (Takai and Nakanishi, 2003). The C-terminus of
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Necl-2 does not bind Afadin but directly binds the PDZ domain of PALS2. This
association, along with Necl-2 directly binding band 4.1 protein DAL-1, suggests Necl-2
functions in cell adhesion and transmembrane proteins localization (Shingai et al., 2003).
The human ortholog of PALS?2 has recently been identified as VAM-1 (VELI
associated MAGUK)/MPP6 (Multiple PDZ protein 6) (Tseng et al., 2001; Katoh and
Katoh, 2004). VAM-1/MPP6 may be a candidate tumor suppressor since its mapping to
human chromosome 7p15-21 is a region reported to demonstrate changes in Wilm’s

tumors (Tseng et al., 2001). However its function is still unknown.

1.6 Drosophila — an excellent model organism to study the structure and function of
PALS2 with respect to epithelial polarity:

Drosophila melanogaster is an excellent model organism for genetic and
biochemical research. The simple morphology, well annotated genome and ease of
genetic manipulation make Drosophila an organism of choice for studying protein
interactions. With high degree of conservation at the genomic level with mammals,
Drosophila share many essential biological properties but in a much more genetically
amenable organism.

Epithelial polarity is essential for the proper development and function of all
organisms. The proper organization of polarity determinants divides the plasma
membrane into apical and basolateral compartments, which is important for cell
morphology, tissue physiology and cell signaling. Defects in epithelial polarity
determinant CRB1, an isoform of CRB3, leads to retinal degeneration as a result of

photoreceptor disorganization (Williams ez al., 1990; den Hollander et al., 2001 & 2002).
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Loss of any basolateral polarity proteins from the Scrib complex result in tumor growth
from unregulated proliferation (Bilder 2004). Thus it is necessary to further identify and
understand proteins involved in epithelial polarity. Studies of PALS2/VAM-1 have
indicated a potential involvement in cellular polarity, however very little is currently
known about its function. Since many of the mammalian epithelial polarity proteins have
a Drosophila ortholog with similar structure and function, a PALS2/VAM-1 ortholog was
sought to help understand its purpose and necessity in development.

The Drosophila genome was screened for the presence of an ortholog to PALS2
and revealed two proteins, CG9326 and CG13219, now known as Skiff. Both CG9326
and Skiff, containing an L.27 domain, a PDZ domain, a SH3 domain and a Guk domain,
showed 39% amino acid identity to PALS2. The sequence homology discovered by a
blast search selected CG9326 as a possible PALS2 ortholog and a possible cell polarity
protein.

The focus of this thesis will be to molecularly characterize the possible PALS2
ortholog, CG9326. Genomic analysis at the nucleotide and amino acid level along with
domain homology will be assessed for similarities to other known PALS2 proteins in
other species. Embryonic and larval expression patterns of CG9326 transcripts will also
be studied. Generation of an antibody will allow for protein expression characterization.
Therefore the identification and characterization of CG9326 will reveal initial insights

into its function and possible role in epithelial polarity.
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Chapter 2

Materials and Methods

2.1 Embryo, Larvae and Adult Drosophila Collections:

To collect embryos, adult flies were placed in a “house” which consisted of a 100
ml plastic beaker with air holes capped off by a 60 x 15 mm petri dish containing apple
juice agar and a small amount of yeast paste. Plates placed on the house in the morning
would be kept on for 8 hours at 25°C and then placed in 18°C overnight to slow the
development of the embryos. The plate placed on the house in the evening would be kept
on overnight at 25°C and then placed in 18°C for 5 hours the following morning. After
incubation in 18°C, plates are then kept at 4°C. This method would give a sufficient
mixture of mid-late stage embryos.

To collect 3" instar larvae, ddH20 was added to a food vial where larvae were at
wandering age (80-90 hours). The larvae were then collected on a larval sieve.

To collect adult flies, males and females approximately a week old
were moved from a yeast food vial to an empty food vial for 2-3 hours to rid the flies of

ingested yeast. They were then ready for use.

2.2 Drosophila embryonic, larval and adult total RNA preparations:
All solutions were treated with Diethyl Pyrocarbonate (DEPC) (Sigma Alderich,

cat. # D5758) to a final concentration of 0.1%, incubated at 37°C and then autoclaved.
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The total RNA preparations were achieved using TRIzol reagent (Life
Technologies, cat. # 15596). Drosophila tissue (50-100mg) from each embryo, larvae
and adult were frozen in liquid nitrogen and ground up with a mortar and pestle. The
tissue was then transferred to a dounce homogenizer containing 2ml of TRIzol reagent
and homogenized a few times. The extraction was transferred to 1.5ml eppendorf tubes
and centrifuged at 4000 rpm for 4 minutes at 4°C to remove any tissue debris.
Chloroform was added to a volume of 0.2ml per 1ml of TRIzol reagent, the tube was
vortexed and centrifuged at 10000 rpm for 15 minutes at 4°C. The aqueous phase was
transferred to a new tube and the RNA was precipitated with isopropyl alcohol at —80°C
for 15 minutes followed by centrifugation at 15000 rpm for 30 minutes at 4°C. The
supernatant was removed and the RNA pellet was washed with 70% ethanol and
centrifuged again at 15000 rpm for 15 minutes at 4°C. The pellet was briefly air dried
for 5 minutes and then resuspended in an appropriate amount of DEPC ddH,O. The
concentration and purity of the total RNA was determined by absorbance at 260 and

260/280.

2.3 Preparation of mRNA from total RNA preprations:
(all solutions are RNase free)
Purification of mRNA from the total RNA preparations were achieved by the

QIAGEN Oligotex mRNA kit (QIAGEN, cat. # 70042).
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2.4 Reverse Transcriptase Polymerase Chain Reaction (RT-PCR):

RT-PCR was carried out using Ready-to-go RT-PCR Beads (Amersham
Pharmacia Biotech, cat. # 27-9259-01) that entailed a one step protocol to generate a PCR
product from an RNA template. Each RT-PCR reaction when brought to a final volume
of 50ul contained approximately 2 units of Tag DNA polymerase, 10mM Tris-HCL,
60mM KCl, 1.5mM MgCI2, 200uMof each dANTP, Moloney Murine Leukemia Virus (M-
MulV) reverse transcriptase and an RNA inhibitor. For the reaction a total of 1ug of
total RNA was added along with 0.5ug of first strand primer pd(T) 12-18, 10pmol of
each forward and reverse primers (Appendix 1) and DEPC H,O up to 50ul final volume.

The reverse transcriptase reaction was initiated by incubation at 42°C for 25
minutes and then inactivated at 95°C for 5 minutes. The reaction was continued through
a standard 3 step polymerase chain reaction (PCR) in a thermal cycler with denaturation
at 95°C for 1 minute, annealing for 1 minute and polymerization at 70°C for 2 minutes.

This reaction was cycled 35 times.

2.5 Preparation of dPALS2 pBS SKII contructs:

For the dPALS2 construct, RT-PCR amplified an ~259 base pair region of cDNA
of dPALS?2 that lies between the SH3 domain and the Guanylate kinase domain
(Appendix 2). For the L27 construct, RT-PCR amplified an ~ 180 base pair region of the
5° UTR of dPALS2 that coded for the 1.27 domain. Primers were designed for each
reaction with specific restriction sites for subcloning into pBS SKII. The dPALS?2

construct used Xhol and Xball while the 1.27 construct used Kpn! and Xbal (Appendix 3).
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The PCR products were cloned directed into pBS SKII and screened by restriction digest
and sequence analysis for positive transformants. These constructs were stored at —80C

until required for DIG labelling.

2.6 Preparation of DIG labeled RNA probes:

The production of sense and anti-sense RNA probes labeled with digoxigenin
were achieved by in vitro transcription using T7 and T3 polymerases and the DIG RNA
labeling kit (Roche Diagnostics, cat. # 1277073).

DNA was purified from an overnight bacterial culture using Qiagen mini prep kit
(cat. # 27106) and linearized with the appropriate restriction enzyme. Phenol/Chloroform
extraction and precipitation with 3M sodium acetate and chilled 100% ethanol purified
the linearized template DNA. For the labeling reaction, 1ug of purified linearized DNA
was mixed with 2ul of transcription buffer, 1ul of RNase inhibitor, 2ul of NTP labeling
mix, 2ul of T7 or T3 polymerase and DEPC treated ddH,O to a final volume of 20ul. The
reaction was incubated at 37°C for 2 hours and then stopped with 2pl of 200mM EDTA,

pH 8.0.

2.7 Embryonic and Larval Fixation for RNA in situ hybridization:

CS-P embryos were collected as described in 2.1. The embryos were
dechorionated by rinsing with 50% bleach for 5 minutes, collected on a nitex sieve and
rinsed with embryo wash (7% NaCl, 0.05% Triton X-100). The embryos were then

placed in a scintillation vial that contained 2ml of embryo wash, 2ml of 10%
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formaldehyde, 1ml of 5X fixation buffer (800mM KCl, 200mM NaCl, 20mM EGTA,
5mM spermadine HCl, 2mM spermine, 150mM pipes, pH 7.4) and 5ml of heptane. The
vial was shaken well to ensure proper mixture and then place on a rotator for 20 minutes.
The bottom aqueous layer was removed, methanol was added and the vial was shaken
vigorously to crack the vitelline membrane of the embryos. The embryos that fell and
gathered at the bottom of the vial were collected, washed 3X with methanol, washed 4X
with 100% ethanol and stored at -20°C in ethanol until in situ hybridization

The brain, nerve cords and imaginal discs of CS-P larvae were dissected in 1X ice
cold PBS and fixed in 4% formaldehyde at 4°C overnight on a rotator. The next morning
the larval tissue was washed 4X with methanol, 5X with 100% ethanol and then stored at

—20°C in ethanol until in situ hybridization.

2.8 RNA in situ Hybridization:

(all solutions were DEPC treated)

The protocol for RNA in situ labeling was similar for both embryos and larvae
with the exception of some minor modifications. After fixation, the embryos and larval
parts were rinsed in 50% ethanol/50% xylene and then incubated in 100% xylene for 3
hours with shaking. Upon completion, the xylene was removed and the embryos and
larval parts were rinsed again with 50% ethanol/50% xylene. After several rinses with
100% ethanol and a single rinse in 50% methanol/50% PBT, the embryos were post fixed
for 10 minutes in PBT containing 2% formaldehyde while the larval parts were post fixed

in 50% methanol/50% PBT containing 5% formaldehyde. An additional 30 minutes
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fixative step in PBT containing 5% formaldehyde was performed on the larval tissues
before both embryos and larval tissues were washed 3X for 2 minutes in PBT. This was
followed by a reaction of 50ug/ml of Proteinase K in PBT for 2 minutes for embryos and
7 minutes for larva. These reactions were stopped by adding PBT containing 2mg/ml
glycine, followed by a second post fixative reaction in PBT with 5% formaldehyde for 10
minutes. Both embryos and larvae were then washed 4X in PBT and 3X with 50%
PBT/50% prehybridization solution (50% formamide, 300mM NaCl, 10mM Tris-HCI
(pH 6.8), 10mM NaH2PO4 (pH 6.8), 1X Denharts solution, SmM EDTA, 1mg/ml yeast
tRNA) in 2 minute intervals.

A single room temperature wash with prehybridization solution was performed
before embryos and larval parts were incubated at 53°C for 1 hour in prewarmed
prehybridization solution with rocking. After prehybridization, the embryos and larvae
were placed in hybridization solution (same as prehybridization solution except for the
addition of 10% w/v dextran sulfate and absence of tRNA) containing DIG labeled RNA
probes (range of dilutions from 1:500 to 1:1000) to incubate at 53°C overnight without
rocking.

The following day, embryos and larval tissue were placed in a series of post
hybridization solution (same as prehybridization solution except for the absence of
tRNA) and PBT washes at 53°C for 20 minutes where the gradient of post hybridization
solution decreased and PBT increased (80%, 60%, 40%, 20%). Two 20 minute washes
with PBT, 1 at 53°C and 1 at room temperature followed. Incubation for 20 minutes at

37°C with 20ug/ml of RNase A was needed to remove excess unbound probe. After
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RNase A treatment, embryos and larval parts were washed 3X with room temperature
PBT and then incubated on a shaker with 1ml of 1:2000 dilution of anti-DIG antibody
(anti-Digoxigenin-AP, Fab fragments, Roche Diagnostics) for 1 hour.

The embryos and larvae tissue were then washed 4X with room temperature PBT
for 20 minutes each and washed 3X with detection solution (100mM NaCl, 50mM
MgCl2, 100mM Tris (pH 9.5), 0.1% Tween 20) for 5 minutes each. The reaction
solution (3.5ul 5-Bromo-4-chloro-3-indolyl-phosphate, 4-toluidine salt (X-phosphate, 4-
toluidine salt) (BCIP) and 4.5ul nitroblue tetrazolium chloride (NBT) per 1mL of
detection solution) replaced the detection solution and the embryos and larvae were
placed in the dark.

Once the preferred reaction had occurred, the reaction solution was removed and
then washed 5X with PBT and 2X with PBS. Final washes were through a glycerol/PBS

gradient where embryos and larval parts were stored in 70% glycerol/30% PBS.

2.9 Northern Blot Analysis:

(all solutions were DEPC treated)

A 1.2% agarose gel containing MOPS buffer (20mM Morpholinopropanesulfonic
acid, 5SmM sodium acetate, ImM EDTA, pH 7.0) and 6% formaldehyde was prepared. A
total of 5ug of adult, larval and embryonic mRNA were loaded into the agarose gel.
Along side the mRNA samples, 40ng of RNA molecular weight marker III (Roche

Diagnostics, cat. # 1062638) was also loaded. Both the mRNA samples and weight
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marker were denatured at 65°C for 10 minutes and then cooled on ice before loading.
The agarose gel was electrophoresed in MOPS buffer at 80V for 2 hours.

The gel was washed twice for 15 minutes with 20X SSC (3M NaCl, 0.3M Na-
citrate) to remove the formaldehyde. A blot transfer was set up where Whatmann paper
soaked with 20X SSC laid on top of an inverted glass container resting in a shallow
reservoir of 20X SSC. The gel was placed face down on top of the wet sheet of
Whatmann paper and a piece of positively charged nylon membrane cut to the size of the
gel was placed on top. Two dry sheets of Whatmann paper cut to the size of the gel were
added next. A 6 inch stack of paper towels, a glass plate and a 500g weight were the last
added. The RNA transferred for 16 hours with 20X SSC as transfer buffer.

The membrane was washed briefly with 2X SSC to remove excess salt and then
baked at 80°C for 2 hours to fix the RNA to the blot. Prehybridization of the membrane
took place at 68°C with agitation in 25ml of DIG Easy Hyb Solution (Roche Diagnostics,
cat. # 1603558) for 1 hour. The blot was incubated with the DIG labeled RNA probe at a
concentration of 100ng/ml in Easy Hyb Solution overnight at 68°C, with agitation. After
hybridization the membrane was washed twice for 5 minutes with room temperature low
stringency buffer (2X SSC containing 0.1% SDS) and twice for 15 minutes with 68;’C
high stringency buffer (0.1X SSC containing 0.1% SDS).

After stringency washes, the membrane was rinsed briefly in washing buffer
(Roche Diagnostics, cat. # 1585762) and incubated for 30 minutes in 50ml of blocking
solution (Roche Diagnostics, cat. # 1585762) on a shaker. The membrane was then

incubated with 30ml of a 1:5000 dilution of anti-DIG antibody (anti-Digoxigenin-AP,
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Fab fragments, Roche Diagnostics) for 1 hour with shaking. After antibody incubation,
the membrane was washed twice for 15 minutes with washing buffer (Roche Diagnostics)
and equilibrated with detection buffer (Roche Diagnostics, cat. # 1585762) for 5 minutes.
The membrane was then placed in NBT/BCIP reaction solution in the dark for 12-16

hours.

2.10 Preparation of dPALS2 His Fusion construct:

A 909 base pair region of dPALS2 located after the PDZ domain was amplified by
RT-PCR. Restriction sites EcoRI and BglII were incorporated into the primers for
subcloning purposes (Appendix 4). The PCR product was directly cloned into pCR2.1
vector by utilizing the TA cloning Kit (Invitrogen, cat. # 45-0046) and screened by
restriction digestion and sequence analysis for potential positive transformants. Once a
dPALS2 pCR2.1 transformant was confirmed, dPALS2 was shuttled into pET29b vector
via the EcoRI and BglI restriction sites. The dPALS2 pET29b plasmid was then
transformed into bacterial host strain BL21ADE3 (Invitrogen, cat. # C6000-03) for

protein induction.

2.11 Induction of dPALS2 His Fusion Protein:

An inoculated culture of dPALS2 pET29b was grown for 16 hours at 37°C on a
shaker. The following morning, the overnight culture was used to inoculate 1L of
LB containing Kanamycin (final concentration of 30ug/ml). After inoculation the culture

was incubated at 37°C with shaking until the ODggg ~ 0.4 was reached. The culture was
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then induced with 0.5mM of IPTG (Isopropylthio-beta-D-galactoside) and allowed to
grow for an additional 4 hours at 37°C with shaking. The cells were then harvested by
centrifugation at 10000 rpm for 10 minutes and placed at —20°C until purification of

dPALS?2 protein.

2.12 Purification of dPALS2 His Fusion Protein:

After the cells were harvested, the dPALS2 His fusion protein was purified by
two methods, a denaturation method with purification by affinity chromatography and a
refolding method with N-Lauroylsarcosine and DTT.

2.12a Purification by Affinity Chromatography:

For the denaturing method, the cells were resuspended in 40ml of ice cold binding
buffer (0.5M NaCl, 20mM Tris-HC], 5SmM imidazole, pH 7.9) per 100ml culture volume.
Complete EDTA-free protease inhibitor (Roche Diagnostics, cat. #1873580) and 0.1%
NP-40 (Roche Diagnostic, cat. #1754599) were present in the binding buffer to inhibit
serine and cysteine proteases and to reduce non-specific binding respectively. The cells
were sonicated on ice for 5 minutes with 30 second breaks between each minute.
Centrifugation at 5000 x g for 15 minutes collected the inclusion bodies and cellular
debris while leaving other proteins in solution. The supernatant was removed and the
pellet was resuspended in 20ml binding buffer per 100ml culture volume. The inclusion
bodies were collected again by centrifugation at 5000 Xg for 15 minutes. The pellet was
resuspended in 5ml of 1X binding buffer containing 6M urea per 100ml culture volume

and incubated on ice for 1 hr to completely dissolve the protein. Insoluble material was
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removed by centrifugation at 16000 x g for 30 minutes and the supernatant was stored at
4°C for purification by affinity chromatography.

To prepare for soluble target protein purification using affinity chromatography,
2ml of His-Bind Resin was added to a column. The resin was allowed to settle under
gravity flow and then washed with 3 volumes of sterile deionized water, 5 volumes of
charge buffer (50mM NiSO,) and 3 volumes of binding buffer. Once the binding buffer
had drained to the top of the column, the prepared soluble protein was loaded into the
column. The column was washed with 10 volumes of binding buffer and 6 volumes of
wash buffer (0.5M NaCl, 60mM imidazole, 20mM Tris-HCI, pH 7.9). The His tagged
protein was then eluted from the column with 12 volumes of elution buffer (1M
imidazole, 0.5M NaCl, 20mM Tris-HCI, pH 7.9).

The affinity purified His tagged dPALS2 protein was dialyzed in PBS multiple
times and the Bradford Assay (Bradford, 1976) was used to determine the final
concentration of purified protein.

2.12b Purification by Refolding method:

For the refolding method of protein purification, the harvested cells were
resuspended in 0.1culture volume of IB wash buffer (20mM Tris-HCl pH 7.5, 10mM
EDTA, 1% Triton X-100) that contained Complete EDTA-free protease inhibitor and
0.1% NP-40. The cells were sonicated on ice for 5 minutes with 30 second breaks
between each minute. The inclusion bodies and cellular debris were collected by
centrifugation at 10000 x g for 10 minutes. After removing the supernatant, the pellet

was resuspended in 0.1 culture volume of IB wash buffer and centrifuged again at 10000
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x g for 10 minutes. For every 15mg of pelleted inclusion body, 1ml of IB solubilization
buffer (50mM CAPS, pH 11.0) containing 0.3% N Lauroylsarcosine was used for
resuspension. This was incubated at room temperature for 15 minutes and then clarified
by centrifugation at 10000 x g for 10 minutes.

The His tagged purified dPALS2 protein was dialyzed for at least 3 hours at 4°C
in PBS containing 0.1mM of DTT and the dialysis continued through three additional
changes with PBS lacking DTT. The concentration of purified protein was determined as

described in 2.11a

2.13 Preparation of Polyclonal antiserum:

Using an 18 gauge needle, purified dPALS2 His fusion protein (final
concentration of 100ug/ml) in PBS was mixed with Freund’s complete adjuvant (CFA)
until a homogeneous mixture was obtained. The mixture was then injected into 4 rats
(Rattus norvegicus) subcutaneously at 3 different sites where each site received 0.1ml.
To allow prime immunization, follow up booster shots were given to each rat every 14
days using incomplete Freund’s adjuvant instead of CFA. Before each injection a tail
bleed of 0.5ml from each rat was taken. To prepare the sera, the bleeds were incubated at
37°C for 1 hour to allow maximum clotting and then placed on ice at 4°C overnight. The
following morning, the serum was centrifuged at 10000rpm at 4°C and the supernatant
was collected. Sodium azide was added to prevent bacterial contamination to a final

concentration of 0.02% and the sera was stored at —20°C.
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2.14 Affinity Purification of dPals2 antibody:

dPALS?2 polyclonal anti-serum was affinity purified with CNBr-activated
sepharose 4B (Amersham Biosciences, cat. # 17-0430-01). The sepharose beads were
first swollen in 1mM HCI for 15 minutes. The amount of beads was dependent on the
amount of conjugated protein, approximately 5-10mg of protein per 1ml of beads (1g of
sepharose beads yielded 3.5ml of gel). Then the swollen beads were washed on a
sintered glass filter with 1mM HCI (200ml HCl/g of dry beads) and subsequently washed
5X in coupling buffer (0.1M NaHCO3, 0.5M NaCl, pH 8.3).

The beads were then incubated with the antigen solution in a 2:1 ratio overnight at
4°C. The following day, the beads were allowed to settle and then washed 5X with
coupling buffer to remove excessive unbound antigen. Then 0.1M Tris-HCI (pH 8.0) was
added to the beads and incubated for 2 hours at room temperature to block remaining
active groups on the gel. Next, the beads were poured into a Biorad poly-prep
chromatography column (BioRad, cat. # 731-1550) and allowed to settle. The column
was washed with 5-10 column volumes of PBS and then the serum was added to the
column. The serum was incubated with the beads overnight at 4°C on a rotator. The
following morning, the serum was allowed to flow through the column by gravity flow.
The column was washed of unbound antibody with several volumes of PBS.

The bound antibody was eluted from the column with 0.2M glycine (pH 2.3).

The eluted antibody was neutralized with 1M Tris (150ul/mL of eluted solution) and then
dialyzed overnight at 4°C in PBS. The following morning, add 0.02% sodium azide to

the purified antibody and store at -80°C.
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2.15 Preparation of Crude Protein from Drosophila Tissue:

Tissue from embryos, larvae and adults were collected and homogenized in cold
RIPA lysis buffer (150mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, 50mMTris-
HCI pH 8.0, protease inhibitor cocktail tablets 1/10mL (Roche Diagnostics, cat. #
1836170)). A volume of 2mL of RIPA buffer was used for every 1g of tissue. Once
homogenized, the tissues were incubated on ice for 10 minutes and then centrifuged for 5

minutes at 3500 rpm. The supernatant was collected and stored at —80°C.

2.16 Western Blot Analysis:

The expression levels of dPALS2 were analyzed in all stages of Drosophila
development by Western Blot. Crude protein samples containing 30-50ug of protein
were mixed with 5X SDS loading buffer (2% SDS, 10% glycerol, 100mM DTT, 60mM
Tris (pH 8.0), 0.01% Bromophenol blue, 5% 2-mereaptoethanol) and boiled for 5
minutes. The protein samples were then loaded onto a 14% SDS PAGE gel and run at
120V for 90 minutes. After eletrophoresis, the protein was transferred to a PVDF
membrane (Pall Life Sciences, P/N 66543). Prior to the assembly of the transfer stack,
the sponges, 3MM whatman paper, PVDF membrane and the gel were soaked in transfer
buffer (15.6mM Tris, 120mM glycine, 20% methanol, 0.02% SDS) for 30 minutes. The
transfer stack was assembled and the protein was transferred for 90 minutes at 100V at
4°C.

Following the transfer, the membrane was washed briefly in post blot buffer

(20mM Tris-HC], pH 7.4, 150mM NaCl) and then blocked in 5% skim milk for 1 hour at
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room temperature. The membrane was incubated overnight at 4°C in the appropriate
dilution of primary antibody.

The following morning, the membrane was washed 3X with wash buffer to
remove unbound primary antibody. Then the membrane was incubated in a 1:15000
dilution of horseradish peroxidase conjugated secondary antibody for 30 minutes at room
temperature. The membrane was washed with wash buffer to removed unbound
secondary antibody and then prepared for autoradiographic developing using Kodak X-
ray film.

The membrane was incubated in equal volumes of reagent 1 mixed with reagent 2
from the ECL Western Blotting Kit (Amersham BioSciences, cat. # RPN2106) for 1
minute. The membrane was then exposed to the Kodak X-OMAT AR film in the dark at

various time intervals and then developed to visualize the optimal signal.

2.17 Antibody staining of Drosophila embryos:

CS-P embryos were collected as described previously in 2.1. The embryos were
dechorionated by rinsing with 50% bleach for 5 minutes, collected on a nitex sieve and
rinsed in ddH,0. The embryos were then placed in a scintillation vial that contained 5ml
of heptane, 4.5ml of PBS and 0.5ml of 37% formaldehyde. The vial was shaken well to
ensure proper mixture and then place on a rotator for 20 minutes. The bottom aqueous
layer was removed, methanol was added and the vial was shaken vigorously to crack the
vitelline membrane of the embryos. The embryos that fell and gathered at the bottom of

the vial were collected, transferred to a glass tube and washed 3X with methanol. The
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methanol was removed and the embryos were washed 3X with PBS with 0.2 Triton-X
(PBT), then placed on a rotator for 20 minutes in PBT.

The embryos were removed from the rotator and washed once more with PBT.
The embryos were then blocked with a 1:20 dilution of normal goat serum (Sigma
Alderich) in PBT at room temperature for 30 minutes on an orbital shaker to reduce non-
specific binding. Following the blocking step, primary antibody was added to the
embryos at an appropriate dilution and incubated overnight at 4°C on an orbital shaker.
The next morning the embryos were washed 5X in PBT and then placed on a rotator for 4
hours at room temperature with PBT washes every 30 minutes to eliminate excessive
primary antibody. The embryos were then re-blocked and placed in an appropriate
dilution of horseradish peroxidase conjugated secondary antibody for 2 hours at room
temperature on an orbital rotator. The embryos were then washed 5X with PBT and
placed on a rotator overnight at 4°C to eliminate excessive secondary antibody.

The following morning, the embryos were incubated in 0.33mg/ml of
diaminobenzidine (DAB) in PBT for 2 minutes and then the reaction of the horseradish
peroxidase was initiated by the addition of 3ul of 0.03% hydrogen peroxide. Once the
desired signal was obtained, the reaction was stopped with PBT and the embryos were

dehydrated down an ethanol gradient and stored in methyl salicylate.

2.18 Antibody Staining of Larval CNS and Imaginal Discs:
The nervous system and imaginal discs of 3™ instar larvae were dissected in cold

PBS and fixed in 4% paraformaldehyde in PBS overnight at 4°C on a rotator. The
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following morning the fixative was removed and the larval tissues were washed with
PBT multiple times. The larval tissues were placed on a rotator in PBT for 2 hours at
room temperature, changing the PBT every half an hour. The larval tissues were blocked
with a 1:20 dilution of normal goat serum for 40 minutes to remove non-specific binding.
The primary antibody was then added at the appropriate dilution and the larval tissues
were placed overnight at 4°C on a shaker.

The following morning the primary antibody was removed and the tissues were
washed 5X with PBT. The larval tissues were further washed in PBT on a rotator for 2
hours and then blocked again. The horseradish peroxidase secondary antibody was added
at the appropriate dilution and incubated for 2 hours at room temperature. The la'rval
tissues were washed 5X with PBT and placed on a rotator overnight at 4°C.

The next day, the larval tissues were incubated in 0.33mg/ml of DAB in PBT as
described in 2.15. After all traces of DAB were removed, the larval tissues were placed

and stored in 70% glycerol/PBS.
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Chapter 3

Results

A bioinformatics screen for a Drosophila ortholog of mouse PALS?2 revealed two
candidate genes, CG9326 and CG13219, now known as Skiff. Both CG9326 and Skiff,
containing an L27 domain, a PDZ domain, an SH3 domain, and a GUK domain, showed
39% amino acid identity to PALS2 (MacMullin, 2001). Based on sequence homology,
we chose CG9326, which will now be referred to as dPALS2, as the potential Drosophila

ortholog of PALS2.

3.1 Identification and sequence analysis of Drosophila PALS2:

Genomic Structure of dPALS2:

The genomic sequence of dPALS2 is 2224 base pairs in length and contains 6
introns and 7 exons. The introns are scattered throughout the gene and range in size from
55 base pairs to 449 base pairs. dPALS?2 is located on the left arm of the 2™ chromosome
at 38E10. Appendix 5 illustrates the genomic structure and the resultant protein product
of dPALS2.

dPALS?2 transcripts and protein products:

There are three predicted transcripts of Drosophila PALS2, designated by Flybase
(Drysdale et al., 2005) as b, ¢, and d (Appendix 6), that translate into different protein
products (Appendix 7). Transcripts b and d differ from transcript ¢ in the 5° UTR due to

the presence of variable splice sites. The 5° UTR of transcript c is shorter than transcript
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band d. However the cDNA and amino acid sequence of transcript b and ¢ are identical
and differ from transcript d by an absence of twenty-one amino acids. Therefore the
cDNA for transcripts b and c is 1407 base pairs in length, corresponding to 469 amino
acids, where the cDNA for transcript d is 1344 base pairs coding for 448 amino acids.

Protein Domains of dPALS2:

The three predicted transcripts of dPALS?2, all contain a 159 base pair region
within the 5’UTR that includes an untranslated ORF coding for a conserved protein
domain known as an L27 domain. This domain was identified as a conserved binding
site in LIN-2 and LIN-7 for the interaction of these two proteins (Doerks et al., 2000).
This domain appears to not be translated because of stop codons located at —606, -423
and -303 in transcripts b and d and —465, -417 and -330 in transcript ¢ (Appendix 6).

All protein products of dPALS2 contain a PDZ domain, an SH3 domain and a
GUK domain (Appendix 7). The PDZ domain is a protein binding domain that targets
the C-terminal ends of other proteins (Sheng and Sala, 2001). dPALS2 PDZ domain
contains 78 amino acids. The SH3 and GUK domains are enzymatically inactive but may
function as protein binding domains (Pawson, 1994). The SH3 and GUK domains of
Drosophila dPALS2 are 66 and 107 amino acids respectively.

Comparison of Amino Acid Sequences between PALS2 Orthologs

The entire dPALS2 protein and its individual protein binding domains were
compared with other PALS?2 proteins from species: M. musculus, H. sapiens, X. laevis, A.
mellifera, and A. gambiae (Figure 4). The Drosophila PALS2 shows the highest identity

with 4. gambiae (mosquito) where the overall amino acid identity is 54 % and individual
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domain identities are 48% for the L.27 domain, 74% for the PDZ domain, 73% for the
SH3 domain and 72% for the GUK domain. The mosquito protein only contains a single
L.27 domain where all other PALS2 proteins contain two L27 domains: L27N and L27C
(Kamberov et al., 2000). It appears the dPALS2 L.27 domain, which is located in the 5°
UTR, has a higher degree of identity with the L27C domain than the .27N domain in the
other PALS?2 orthologs. The other three protein binding domains are highly conserved in
all proteins. Compared to the Drosophila protein, the PDZ domain shows an identity
ranging from 46%-74%, the SH3 domain shows an identity ranging from 46%-73% and
the GUK domain shows an identity ranging from 42%-72%. dPALS2 appears to show a
higher degree of homology to A. mellifera (honey bee) and A. gambiae (mosquito) than to
the mammalian orthologs and shows the least homology to X. /aevis (Xenopus).

Appendix 8 illustrates the amino acid alignment of PALS2 proteins.

3.2 5’RACE and Northern Blot analysis were unable to confirm the number of
dPALS? transcripts:

5°’RACE identified only one dPALS?2 transcript — transcript c:
5’ RACE (Rapid amplification of cDNA ends) was performed by Katie Moyer to clarify
the number of transcripts, the length of the 5’UTR and the location of the coding
sequence start site. She identified only one dPALS2 transcript (Figure 5) and it matched
transcript ¢. The length and sequence of the 5’UTR that contains the L27 domain and the
coding sequence start site of transcript ¢ were also confirmed (Figure 6). However

5’RACE was unable to detect dPALS2 transcripts b and d.
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Figure 4: Drosophila PALS2 and its orthologs illustrating identity at that amino acid
level. The precent identity for the entire protein as well as indicated protein domains is
shown. Each domain illustrated indicates the identity for species Homo sapien, Mus
musculus (o and B isoforms), Apis mellifera, Anopheles gambiae, and Xenopus laevis as
compared to domains in Drosophila. The L27 domain of Drosophila which is located in
the 5° UTR was compared to all L27 domains present in other species. L27 = LIN-
2/LIN-7 binding domain, PDZ = PDZ domain, SH3 = SH3 domain, GuK = guanylate

kinase domain.
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Northern Blot analysis failed to confirm the number of dPALS2 transcripts:

Since three dPALS?2 transcripts, b, ¢, and d, have been predicted, RNA was
extracted, purified and subsequently utilized in northern blot analysis to verify the 5’
RACE results. RACE tends to select the most efficient transcript (shortest or most
abundant transcript), so northern blot analysis will confirm the total number of transcripts
and their approximate size. As described in the Materials and Methods section, a DIG
labeled probe designed to target dPALS?2 transcripts was generated from the pBS SKII
dPALS?2 construct (Appendix 1). The northern blot was attempted and repeated

numerous times with inconclusive results.

3.3 In situ Hybridization illustrates the expression patterns of dPALS2 transcripts:
dPALS2 RNA expression is first detected in embryonic stage 10:
Once dPALS2 was identified, the expression patterns of mRNA transcripts were
pursued in various stages of Drosophila development. During in situ
hybridization, embryos were collected, fixed and probed as described in the Materials and
Methods section to detect RNA expression patterns. Robo sense and anti-sense DIG
labeled probes were used as positive controls to control for errors in procedure.
Embryonic in situ hybridization was performed on all developmental stages and
detected early dPALS2 RNA expression in stage 10-11 embryos. RNA expression
appeared in the epithelia as a transverse striped pattern with strong RNA distribution in
the hindgut of the embryo. Figure 7 displays the sense control probe in panels A-C,

illustrating stage 10-11 embryos sagittal, dorsal and ventral respectively. Comparing
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Figure 5: ’RACE identified only one dPALS?2 transcript. Total RNA isolated from
embryo and adult stages of Drosophila development was used in RACE kit from
Ambion, where 5° and 3’ RACE was performed to determine the number of dPALS2
transcripts. (a) Reverse transcription and PCR amplification of the 5’ end of dPALS?2
from adults and embryos produced a band of ~ 1.2 kb. Sequencing confirmed the 1.2 kb
band to be transcript ¢, where the L27 domain is encoded in the 5 UTR. The other RT-
PCR product located above the 1.2 kb band on the gel at ~1.6 kb was also sequenced but
produced inconclusive results. (b) Reverse transcription and PCR amplification of the 3’
end of dPALS?2 from adult and embryos produced a single band, which was expected
since all three predicted transcripts have similar 3’ ends. Asterisks indicate background

due to non-specific binding or primers during PCR reaction. (Data from K. Moyer)
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Figure 6: The nucleotide and amino acid sequence of dPALS2. dPALS?2 (transcript c)
is 1407 base pairs in length producing 469 amino acids. Protein domains are color coded.

Purple = PDZ domain, Blue= SH3 and Red = GUK domain.
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panels A-C to panels D-F, illustrating stage 10-11 embryos and panels G-I, illustrating
stage 12-13 embryos, dPALS2 RNA is expressed in a distinct striped pattern. This
expression pattern is similar in stage 14 embryos. Mammalian PALS?2 has been shown to
colocalize with E-cadherin below tight junctions (TJ) and associate directly with nectin
like molecule 2 (necl-2) at basolateral extra junctional regions in epithelial cells. Both E-
cadherin and necl-2 are cell adhesion molecules involved in the structural and functional
organization of epithelial cells (Roh et al., 2002; Shingai ef al., 2003). This expression
pattern of dPALS?2 within the epithelia suggests a similar function to that of the
mammalian counterpart.

The RNA expression pattern of dPALS?2 in later staged embryos is similar to the
expression pattern seen in stages 10-14. Figure 8 displays in situ hybridization of stage
15-16 embryos, where panels A-C illustrate the sense probe controls, sagittal, dorsal and
ventral respectively, and panels D-G display the dPALS2 RNA expression pattern, in the
epithelia as a transverse striped pattern. Background staining is visible in the trachea and
the midline (indicated by arrows) which is standard in embryonic in situ hybridizations,
when the probe concentration is too high.

dPALS2 RNA expression not detected in Larval Central Nervous System:

Since dPALS2 RNA was detected in late staged embryos and since there are some
polarity proteins such as Scribble and Discs large, that play an organizing role in both
embryonic and larval stages, an in situ hybridization of larval tissues was completed to
show dPALS2 RNA expression. 3" instar larvae were dissected, fixed and probed as

described in the Materials and Methods sections. As seen in Figure 9, dPALS2 RNA was
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Figure 7: In situ Hybridization illustrates RNA transcript distribution in Embryonic
tissues, stages 10-14. Various stages of embryos were collected, fixed and probed with
DIG labeled sense and anti-sense probes to detect the distribution of dPALS2 RNA in
embryonic development. Panels A-C illustrate the sense control probe in embryonic
stage 10-11. D-F exhibit embryonic stage 10-11, whereas G-I exhibit embryonic stage
12-13, probed with an anti-sense DIG labeled probe. dPALS?2 transcripts are first
detectable at embryonic stage 10 in the epithelia as a transverse striped pattern with
strong RNA distribution in the hindgut of the embryo. This RNA distribution is

consistent in stage 14.
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Figure 8: In situ Hybridization illustrates dPALS2 RNA transcript distribution in
Embryonic tissues, stages 15-17. Various stages of embryos were collected, fixed and
probed with DIG labeled sense and anti-sense probes to detect the distribution of dPALS?2
RNA in embryonic development. Panels A-C illustrate the sense control probe in
embryonic stage 15-16. D-G depicts embryonic stage 15-16 probed with an anti-sense
DIG labeled probe. dPALS2 RNA expression in late staged embryos is visible in the
epithelia as a transverse striped pattern, which is similar to stages 10-14. Background

staining is indicated by arrows and is visible in the trachea and the midline.
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not detectable in the central nervous system (CNS) of larvae. Thus dPALS2 was either
expressed at such low levels, that in situ hybridization was unable to detect any RNA
expression or dPALS?2 is not expressed in the larval CNS.

dPALS2 RNA expression not detected in Imaginal Discs:

When the central nervous sytem was dissected from 3™ instar larvae, some
imaginal discs were also dissected and screened for dPALS2 RNA expression by in situ
hybridization since dPALS2 was visualized in the epithelia during embryonic
development. Imaginal discs are primordial epithelial tissues set aside during
embryogenesis to proliferate during larval development to develop into adult structures
such as the legs, wings, eyes and antennae (Bilder, 2004). As seen in Figure 9, dPALS2
RNA expression was not detectable in the leg, wing or the eye-antennal imaginal discs.
It is possible dPALS?2 is expressed at such low levels in the imaginal discs, that in situ
hybridization failed to detect any RNA expression or dPALS?2 is not expressed in the

imaginal discs.

3.4 In situ Hybridization shows no expression pattern for a dPALS2 1.27 transcript:
Since the presence of an L.27 domain within the dPALS?2 transcript has remained
enigmatic, an L27 pBS SKII construct (Appendix 2) was created to generate DIG labeled
probes for the 1.27 domain in dPALS2 transcripts. As described in the Materials and
Methods, sense and antisense probes were generated from the L27 construct and used in

embryonic and larval in situ hybridization. Both developmental stages were examined
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Figure 9: In situ Hybridization demonstrates no distinct pattern of dPALS2 RNA in
larval tissues. 3™ instar larvae were dissected, fixed and probed with DIG labeled sense
and anti-sense probes to detect the distribution of dPALS2 RNA in larval development.
Panels A-D show the sense control on larval tissues. Panels E-H show the anti-sense
DIG labeled tissues. CNS = Central Nervous System, L. = Leg imaginal discs, W = Wing
imaginal discs, E-A = Eye-antennal imaginal discs. There was no distinct pattern of

dPALS2 RNA in larval tissues.
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since the number of dPALS2 transcripts and the possibility of L27 domain expression had
not been fully determined. Both embryonic and larval in situ hybridization were
repeated many times with no detectable expression pattern. Robo sense and anti-sense
probes were tested simultaneously as positive and negative controls. Figure 10 displays
stage 13 embryos with no distinct expression pattern compared with the sense control.
Various stages of embryos were analyzed, however it appeared a dPALS2 1.27 transcript
was undetectable in embryonic development. Figure 11 displays the CNS, the leg, wing
and eye-antennal imaginal discs of dissected 3™ instar larvae with no distinct expression
pattern visible when compared with the sense control. It appears a dPALS2 L27
transcript is undetectable in larval development. Thus dPALS2 L27 domain is expressed
at extremely low levels, it is not expressed at all or it is only expressed in stages or tissues
that were not examined.

The lack of dPALS2 127 transcript expression seen in both the embryonic and
larval in situ hybridization conflicts with the results of the S’RACE, which showed the

127 domain was present in the 5° UTR of the mRNA.

3.5 The Protein Distribution and Expression Pattern of dPALS2:

Analysis by Western Blot supports dPALS2 protein expression in embryos
and adults but not in larvae:

dPALS?2 antibody is required to determine the size and number of dPALS2

protein products and where they are expressed throughout Drosophila development.
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Figure 10: In situ Hybridization does not detect dPALS2 1.27 domain in embryonic
tissues. Various stages of embryos were collected, fixed and probed with DIG labeled
sense and anti-sense probes to detect the distribution of dPALS2 127 domain in
embryonic development. Panel A shows the sense control in stage 13 embryos while
panel B shows stage 13 embryos probed with anti-sense DIG labeled probe. There was

no distinct pattern for dPALS2 1.27 domain in any stage of embryonic development.
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Figure 11: In situ Hybridization does not detect dPALS2 1.27 domain in larval
tissues. 3" instar larvae were dissected, fixed and probed with DIG labeled sense and
anti-sense probes to detect the distribution of dPALS2 1.27 domain in larval development.
Panels A-D show the sense control on larval tissues. Panels E-H show the anti-sense
DIG labeled tissues. CNS = Central Nervous System, L. = Leg imaginal discs, W = Wing
imaginal discs, E-A = Eye-antennal imaginal discs. There was no distinct pattern in

larval tissues for dPALS2 1.27 domain.
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dPALS? antibody was generated in rats with a His fusion protein (Appendix 4) and
purified with CN-Br affinity purification (see Materials and Methods).

To determine the size and number of dPALS2 protein products, whole protein
lysates were extracted from embryonic, larval and adult tissues of Drosophila for analysis
by Western Blot. Purified dPALS2 antibody of varying concentrations was utilized to
determine the optimum concentration required for detection. The autoradiograph was
developed using the ECL detection kit. As seen in Figure 12, dPALS2 protein was
detected in embryonic and adult tissues. dPALS2 appears on the blot as a single band
indicating an approximate size of 54kDa which was predicted based on amino acid
content (52kDa). There appears to be proportionately more dPALS2 protein in
embryonic tissues as compared to adult tissues. A detectable level of dPALS2 protein
was unable to be seen in larval tissues, even after prolonged exposure of the
autoradiograph to the blot. The antigen used in antibody generation was used as a
positive control to show dPALS?2 antibody specificity. A second western blot using
actin antibody was performed to show protein extracts were not degraded. Actin, a
cytoskeletal protein ubiquitously expressed throughout all stages of development, was
detected at 42kDa in adults, larvae and embryos. The lack of dPALS2 detected in larval
tissues is not due to protein degradation but possibly because dPALS?2 protein is not
expressed in larval tissues or it is expressed at such low levels, that western blot analysis

failed to detect protein expression.
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Figure 12: Western Blot Analysis of dPALS2 protein distribution in various stages
of Drosophila development. Protein extracted from Drosophila embryos, larvae and
adults were loaded onto a SDS-PAGE gel, transferred to a membrane, incubated with
purified dPALS2 antibody (dilution factor of 1:1000) and developed the autoradiograph
using the ECL detection kit. (A) dPALS2 protein expression was detected in adult and
embryo showing a size of approximately 54kDa which was predicted based on amino
acid content (approximately 52kDa). dPALS2 was not detected in larval protein extracts.
The antigen used in antibody generation was used as a positive control to show dPALS2
antibody specificity. (B) A second positive control was performed using Actin antibody
to show protein extracts were not degraded. Actin, a cytoskeletal protein ubiquitously
expressed throughout all developmental stages, was detected at 42kDa in adults, larvae
and embryos. The undetectable dPALS2 protein in larval tissues is not due to protein

degradation.
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The absence of dPALS2 protein in larval tissue lysates supports the in situ data,
which also failed to detect dPALS2 transcripts in larvac. However, western blot analysis
does not illustrate the spatial location of dPALS2 protein throughout development and
must be determined by immunohistochemistry.

Immunohistochemistry illustrates the expression patterns of dPALS2 protein
in embryonic development:

In previously mentioned data, dPALS2 RNA expression initiates in embryonic
stage 10 in the epithelia as a transverse striped pattern with strong RNA distribution in
the hindgut of the embryo and continued the striped pattern until the end of stage 17.
Whole embryos were collected, fixed and stained with purified dPALS2 antibody (see
Material and Methods). The stained embryos were mounted on slides and visualized by
microscopy to identify dPALS2 protein expression.

Immunohistochemistry was performed on all stages of embryonic development
and identified dPALS?2 protein expression in the epithelia as a transverse striped pattern.
Figure 13 depicts the pre-immunization in panels A-C and the post-immunization in
panels D-F of stage 13 embryos, sagittal, dorsal, and ventral, respectively. Comparing
panels A-C to panels D-F, there is a distinct striped pattern of dPALS?2 in the epithelia.
Expression of dPALS2 protein begins at stage 13 and continues through to the end of
stage 17, with the pattern remaining unchanged. Figure 14 depicts the pre-immunization
in panels A-C and the post-immunization in panels D-F of stage 15-16 embryos, sagittal,

dorsal, and ventral, respectively. There is no dPALS2 protein expressed in the hindgut as
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Figure 13: Drosophila embryos, stages 13-14, express dPALS2 in the epithelia as a
striped pattern. Various stages of embryos were collected, fixed and incubated with
purified dPALS2 antibody. Both pre-immunization (panels A-C) and post-immunization
(panels D-F) are shown for stage 13 embryos. dPALS2 protein is first detected in stage
13 embryos in the epithelial as a distinct striped pattern. Stage 14 embryos show a

similar expression pattern.
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Figure 14: Drosophila embryos, stages 15-16, also express dPALS2 in the epithelia as
a striped pattern. Various stages of embryos were collected, fixed and incubated with
purified dPALS?2 antibody. Both pre-immunization (panels A-C) and post-immunization
(panels D-F) are shown for stage 15-16 embryos. dPALS?2 protein also localizes to the
epithelial in a distinct striped pattern in late staged embryos. Stage 17 embryos show a

similar expression pattern.
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seen in stage 10-14 embryos for dPALS2 RNA. Thus the temporal location of dPALS2
protein in epithelia supports the notion of similar function to mammalian counterparts.

Larval Tissues shows no Distinct Pattern of dPALS2 Protgin Expression:
Since dPALS?2 could not be detected in larval tissues by Western Blot analysis,
immunohistochemistry was utilized to confirm larval tissues lacked any detectabled
PALS2 protein expression. 3™ instar larvae were dissected, fixed and stained with
purified dPALS2 antibody. Once stained, the central nervous system and some of the
imaginal discs were mounted onto slides and visualized by microscopy to detect dPALS2
distribution. Figure 15 shows pre-immunization in panels A-D and post-immunization in
panels E-H of the central nervous system and the imaginal discs (leg, wing disc, and eye-
antennal). When compared, panels A-D and panels E-H, dPALS2 protein was
undetectable in the larval tissues tested. It is possible dPALS2 protein is expressed at
such levels in larval tissues, that immunohistochemistry failed to detect any protein

expression.

3.6 dPALS?2 is a protein possibly involved in segment polarity:

The location of dPALS?2 in a striped pattern in the epithelia is similar to the
expression pattern observed in segment polarity genes wingless and engrailed suggesting
a possible role in establishing segmental patterning in Drosophila embryos. Segment
polarity genes mediate the required cell interactions to establish segment borders and
control the anterior-posterior patterning within each segment during Drosophila

development (Bejsovec and Wieschaus, 1993; Bhat, 1999). Thus to investigate dPALS2
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Figure 15: dPALS2 protein is not detectable in larval tissues. 3 instar larvae were
dissected, incubated with purified dPALS?2 antibody. Panels A-D show pre-
immunization controls while Panels E-H show post-immunization results. CNS =
Central Nervous System, L = Leg imaginal discs, W = Wing imaginal discs, E-A = Eye-
antennal imaginal discs. There was no indication of dPALS?2 protein expression in any

larval tissue.
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as a potential segment polarity protein, the expression patterns of both dPALS2 and
Engrailed were analyzed together. Figure 16 illustrates confocal images (magnification
63X) of stage 13 embryos labeled with dPALS?2 (green) and Engrailed (red) antibodies.
Engrailed is a transcription factor expressed in a striped pattern at the posterior end of
each segment, making it an excellent marker for segmental patterning (Bhat, 1999).
dPALS?2, a cytoplasmic protein, appeared to be expressed in a gradient striped
pattern throughout the entire epithelia, while Engrailed, a nuclear protein, demonstrated a
defined striped pattern. Double labeling was not to illustrate co-localization, which
would yield a yellow colour, but to demonstrate dPALS2 expression with respect to a
segment polarity protein. In the merge image, there are epithelia cells that show co-
expression of both proteins, where Engrailed (red) is localized in the center (nucleus) of
the cell and dPALS?2 (green) is localized in the cytoplasm of the cell, both having similar
striped expression patterns. Further studies in immunohistochemistry with other segment
polarity proteins such as Shaggy or Fused that are localized in the cytoplasm, will
hopefully provide a better understanding of dPALS2 expression with respect to segment
polarity proteins. It would also be beneficial to look at the expression pattern of dPALS2
at an even higher magnification, to visualize a single epithelial cell to predict its exact
location within the cell. Co-localization with apical markers such as members from the
Crumbs and Bazooka complexes, basolateral markers such as Discs large or Scribble or
cell adhesion markers such as DE-cadherin, will establish dPALS2 expression with
relation to other epithelial markers to predict a possible function in the development of

Drosophila.
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Figure 16: dPALS?2 is a protein expressed in the epithelia and may be involved in
segment polarity. The location of dPALS2 in a striped pattern in the epithelia is similar
to the expression pattern observed in segment polarity genes wingless and engrailed
suggesting a possible role in establishing segmental patterning in Drosophila embryos.
To investigate dPALS?2 as a potential segment polarity protein, the expression patterns of
both dPALS?2 and Engrailed were compared at the embryonic level. Confocal images of
stage 13 embryos were taken by Allison MacMullin (magnification 63X) to show
dPALS?2 (green) and Engrailed (red) alone as well as a merged together to show how
their expression patterns relate to each other. dPALS2, a subcellular protein, appeared as
a gradient striped pattern throughout the entire epithelia, while Engrailed, a nuclear
protein, demonstrated a defined striped pattern. In the merge image, there are epithelia
cells that show co-expression of both proteins, where Engrailed is localized in the center
(nucleus) of the cell and dPALS?2 is localized in the cytoplasm of the cell, both having

similar striped expression patterns.
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Chapter 4

Discussion

PALS (Proteins Associated with Lin-7) were originally identified in mouse as
additional binding partners to VELI, a protein that functions with CASK and MINT1 as a
scaffolding complex in neuronal and epithelia cells. Since the VELI/CASK/MINT1
complex is conserved across C. elegans, mammals and Drosophila, the identification of
PALS orthologs could provide insight of their function and determine if the multiple
binding partners function together within the same cell, in a distinct sequential order or in
a competitive manner. The PALS1 Drosophila ortholog has been identified as Stardust, a
protein involved in establishing and maintaining epithelial polarity. Since a PALS2
ortholog had not been discovered, the main focus of this thesis was to identify and
characterize a Drosophila ortholog.

Two genes, CG9326 and CG13219 (MacMullin, 2001), now known as Skiff
(Drysdale et al., 2005) were identified as potential Drosophila orthologs to mammalian
PALS2. Both CG9326 and Skiff showed 39% identity and contained the same domain
structure of an L27 domain, a PDZ domain, a SH3 domain and a GUK domain. We
selected CG9326, which we have termed dPALS2, as the potential PALS2 ortholog
(MacMullin, 2001). The chromosomal location of dPALS?2 was determined to be

21.38E10 (Drysdale et al., 2005).
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Since very little is known about mammalian PALS2, the objective was to
characterize Drosophila PALS2 by comparing homology of the protein to known

orthologs and by analyzing RNA and protein expression patterns.

4.1 Identification of one Drosophila PALS2 transcript — transcript ¢ confirmed the
sequence of cDNA, where the 5° UTR encodes an L.27 domain:

Originally there was only one dPALS2 transcript predicted by Flybase when the
Drosophila genome was fully sequenced (Drysdale et al., 2005). This dPALS2 protein
encoded an L27 domain, a PDZ domain, an SH3 domain and a GUK domain (Appendix
9). Later, Flybase predicted three dPALS2 transcripts (denoted b, ¢, and d) where all
three contained a PDZ domain, an SH3 domain and a GUK domain while the L27
domain was no longer present in the predicted protein product because it was encoded in
the 5’UTR (Drysdale et al., 2005). Transcript b and ¢ produced the same protein product
and transcript d produced a different protein product due to a 21 amino acid absence
between the PDZ and SH3 domain.

5’ RACE completed by Katie Moyer identified only one dPALS2 transcript,
which matched transcript ¢, and confirmed the L27 domain was not part of the protein
product because it was encoded in the 5’UTR. An RNA i situ hybridization was
performed, using a DIG labeled probe for the .27 domain of dPALS2 transcripts, and
showed no visible expression in embryonic or larval tissues for dPALS2 .27 domain.
This conflicts with the results seen in the 5> RACE, since the in situ hybridization should

have detected the L27 domain even if it was located in the 5 UTR. It is possible the L.27
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probe, which was 180bp in length, was not long enough to detect dPALS2 1.27
transcripts. The recommended length for DIG labeled probes for in situ hybridization is
100-300bp, however it is possible a longer probe is required for detecting rare transcripts
(Roche Diagnostics).

DIG labeled Northern Blot analysis was performed to verify the results of 5°
RACE and to confirm the number of dPALS?2 transcripts and their approximate sizes.
Critical parameters of the northern blot were altered and tweaked to optimize protocol
conditions. Total RNA extracts from all stages of Drosophila development were utilized
in the first attempts, but eventually mRNA was used to increase the likelihood of
detecting dPALS?2 transcripts. The concentration of DIG labeled RNA probe was
increased to a maximum of 100ng/ml and the temperature for hybridization was reduced,
in order to increase the efficiency of probe binding. Each and every step of the procedure
was carefully analyzed and followed to ensure experimental error was not the reason for
failure. However after multiple attempts the northern blot produced inconclusive results.
It is possible dPALS?2 transcripts are rare and DIG labeling is not sensitive enough.
Perhaps a radioactive labeled northern blot should be attempted.

This poses a puzzling question of why a recognized protein binding domain, that
is functionally present in all orthologs of dPALS2 would be encoded in the DNA but not
transcribed into protein. The L27 domain was initially shown to be necessary for binding
Lin-7 to PALS (proteins associated with Lin-7) proteins, allowing their other binding
domains (PDZ, SH3, GUK) to associate with other proteins to build scaffolding

complexes. Many proteins with L27 domains exhibit high diversity in terms of location,
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copy number and primary sequence. However the primary role of L27 domains are to
form and maintain multiple protein complexes (Li ef al., 2004; Feng et al., 2004).
Mammalian PALS2, Mammalian PALS1 and its Drosophila ortholog Stardust all contain
L27 domains with conclusive data showing their association with LIN-7/dVELI via their
L27 domains (Kamberov et al., 2000). Then why would the Drosophila ortholog of
mammalian PALS2, dPALS2, not contain an L.27 domain? Especially considering a
recent mass Yeast two-hybrid screen identified a direct interaction between dPALS2 and
dVELI (CG7662). A group of researchers from CuraGen Corporation, Wayne State
University and Yale University used all known or predicted transcripts of Drosophila
melanogaster (10 623 in total) against DNA libraries and produced a draft map of 7048
proteins and 20 405 interactions (Giot et al., 2003). dPALS2 was also shown to interact
with putative genes, CG9097 (babl), CG8288 (mRpL3), CG5273 and CG12019 (Cdc37),
however the interactions identified in this map may not be entirely accurate (Appendix
10). For example, dVELI is known to interact with Stardust and Camguk, the Drosophila
ortholog of CASK, and yet the map does not identify them as potential interacting
proteins. dVELI and babl (bric-a-bracl), a transcription factor involved in proximal-
distal patterning (Godt, 1993), both show high to moderate confidence of protein
interaction with dPALS2, while the other putative genes show moderate to low
interaction confidence (Giot et al., 2003). Unfortunately it can not be confirmed that
dPALS?2 is interacting with dVELI via L27 dimerization because the data does not

identify the binding domains involved in these interactions.
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The question that still remains then if dPALS2 does not contain an L.27 domain
how is it interacting with dVELI? It is possible that over time, evolution has eliminated
the need for a functional L27 domain in Drosophila PALS2. Upon analysis of the
predicted dPALS?2 transcripts, multiple start sites (AUG) for transcription were identified
in the 5” UTR with stop codon sequences immediately following. The actual start site
for dPALS? transcription is not until after the L27 domain and before the PDZ domain.
Therefore it is possible over time, evolution has produced dPALS2 protein without a
functional L27 domain, while proteins like Stardust and Skiff still require an L27 domain
for proper function. Perhaps a dPALS2 protein with an L27 domain exists and we have
not identified it yet, or dPALS2 and dVELI are interacting by way of another protein or
protein binding domain (PDZ homodimerization), or dPALS2 does not interact with
dVELI at all. The only conclusion we can confidently state is that JPALS2 definitely
produces at least one transcript — transcript c, where the 5° UTR encodes an L27 domain.
However further research must be continued to verify the number of dPALS?2 transcripts

and to confirm whether or not an L.27 domain exists in the functional protein product.

4.2 PALS?2 is conserved in Drosophila melanogaster:

When homology was compared across a variety of species, dPALS2 showed a
36% amino acid identity with mammalian PALS2 (M. musculus and H. sapiens).
dPALS?2 was also compared to the recently annotated genomes of 4. mellifera
(honeybee) and 4. gambiae (mosquito) which showed a 47% and 54% amino acid

identity, respectively. The overall domain structure of dPALS2 is the same in the other



Masters Thesis — K. Teal McMaster University 83

known PALS?2 orthologs with a single PDZ domain, SH3 domain and GUK domain.
These domains are fairly well conserved from Drosophila to the PALS2 proteins of other
species, with the amino acid identity ranging from 46-74% for the PDZ, 46-73% for the
SH3 and 42-72% for the GUK. The L27 domain encoded in the 5> UTR of dPALS2 was
compared to the L27 domains (L27N and L27C) of other known PALS2 orthologs, and
found to be more similar to the L27C (26-48%) than to the L27N (7-11%). It is unusual
that the JPALS2 L27 domain is not part of the protein product when the percent identities
show it is fairly conserved. Drosophila PALS?2 appears to be more similar to 4. gambiae
since its overall amino acid identity is the highest, it contains only one L27 domain and
each domain structure is highly conserved. Thus the similarities observed between

dPALS and its orthologs suggest a conserved function.

4.3 Drosophila PALS?2 is expressed in epithelia of embryonic tissues:

Once Drosophila PALS2 was identified and characterized, the goal was to
analyze RNA and protein expression patterns throughout Drosophila development.
Embryonic RNA in situ hybridization showed the spatial distribution of dPALS2 as a
transverse striped pattern in the epithelia. dPALS2 expression first appeared around stage
10-11 and remained consistent until stage 15-17. Along with the striped pattern there
was also strong dPALS2 expression in the hindgut in stage 10-14 embryos. Larval RNA
in situ hybridization showed no specific dPALS2 distribution in the central nervous
system (CNS) or imaginal discs. It would be expected that if dPALS2 transcripts were

expressed in the epithelia then dPALS?2 distribution would be visible in imaginal discs
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since they are primordial cells for adult epithelia. Though it is possible dPALS2
transcripts are expressed at very low levels in larval tissues and can not be detected.
dPALS?2 protein distribution was similar to the striped pattern observed in RNA in
situ hybridization and thus supports the function of dPALS2 in epithelia cells. dPALS2
protein expression began at stage 13 and remained consistent until stage 17 as a
transverse striped pattern in the epithelia, however dPALS2 was undetected in the
hindgut of the embryo where in situ hybridization showed RNA expression. DPALS2
protein was also undetectable in the CNS or imaginal discs of larval tissues. Western blot
analysis detected a 54kDa band corresponding to dPALS2 in embryonic and adult stages
of development. There was no protein detected in the larval stages. It is possible as
mentioned before that dPALS2 protein is expressed at very low levels and can not be
detected. The expression pattern of dPALS2 implies a role in the epithelia, possibly
involved in cell adhesion or cell polarity, similar to that of the mammalian orthologs or

segment polarity (Roh et al., 2002; Shingai et al., 2003).

4.4 Drosophila PALS2 may play a role in Segment Polarity:

Since dPAL2 appeared as a transverse striped pattern in the epithelia, it was
suggested that dPALS2 might be involved in establishing the segments of the developing
fly, since its expression pattern resembled that of segment polarity genes, wingless and
engrailed. Segment polarity genes mediate the required cell interactions to establish
segment borders, control the anterior-posterior patterning within each segment, and

maintain parasegment boundaries by activating cell adhesion molecules during
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Drosophila development (Bejsovec and Wieschaus, 1993; Bhat, 1999; Sanson, 2001).
Segmentation involves the progressive subdivision of the anterior/posterior axis by the
gradient expression of transcription factors from the maternal, gap, pair-rule and segment
polarity genes (Ingham and Martinex Arias, 1992; St. Johnston and Nusslein-Volhard,
1992). The expression pattern of segment polarity proteins are induced and defined by
the pair-rule gene products, which are responsible for the establishment of the
parasegments. Each segment is comprised of the posterior compartment of one
parasegment and the anterior compartment of the adjacent parasegment (DiNardo et al.,
1994; Sanson, 2001).

The major signaling proteins, Wingless and Hedgehog, are produced at the
boundary between the anterior and the posterior compartments to maintain and organize
the pattern within each segment. Wingless is secreted by cells in the posterior
compartment of each parasegment to induce the secretion of Hedgehog from the adjacent
anterior compartment. Hedgehog then acts in a positive feed back loop by inducing
Wingless expression and secretion from the posterior compartment (Sanson, 2001). As
well as acting on the immediately adjacent cells to maintain the signaling loop, both
proteins also diffuse away from their source, establishing gradients over the remaining
cells of the parasegments. These gradients have the potential to act as morphogens, to
induce the expression and localization of other segment polarity proteins that play a role
in patterning the parasegments (Martinez Arias, 1993; Sanson, 2001). Thus segment
polarity proteins are expressed in a gradient as transverse stripes along the anteroposterior

axis of the embryo defining the parasegmental boundaries (Sanson, 2001).
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To investigate dPALS?2 as a potential segment polarity protein, the expression
patterns of dPALS2 and Engrailed were analyzed together by confocal imagery. dPALS2
was expressed in a gradient striped pattern throughout the entire epithelia while
Engrailed, a transcription factor also appeared in a striped pattern. Double labeling with
dPALS?2 and Engrailed antibodies showed similar striping patterns however Engrailed
was localized to the center (nucleus) of epithelial cells, while dPALS2 was localized to
the cytoplasm of the cell. The similar expression pattern of dPALS2 with Engrailed does
imply a potential role for dPALS?2 in segment polarity. It would be beneficial to analyze
the expression of dPALS2 in relation to other segment polarity proteins that are
expressed subcelluarly such as Shaggy or Fused.

Some segment polarity proteins such as F rizzle;i and Disheveled also function in
the planar cell polarity (PCP) pathway and the Wingless (Wnt/Wg) signaling pathway
(Barth et al., 1997; Mlodzik, 2002). The PCP pathway polarizes whole fields of cells
along the plane of epithelia. Proteins of the PCP pathway become asymmetrically
localized along the proximal — distal axis controlling cell fates and cell movements.
However almost all the research on PCP demonstrates this asymmetric localization in the
wing imaginal disc or the photoreceptors in the adult eye (Mlodzik, 2002). Since
dPALS?2 protein was undetectable in larval tissues, it is unlikely dPALS?2 is a protein

involved in the planar cell polarity pathway.

4.5 Drosophila PALS2 may play role in Cell Adhesion and/or Epithelia Polarity:

dPALS?2 is a MAGUK scaffolding protein expressed throughout the embryonic |
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epithelium. Sites of cell adhesion and the plasma membrane are rich in MAGUK
scaffolding proteins, which establish and maintain the structural specialization of the cell
membrane (Dimitratos ef al., 1999). Below I explore possible functions of dPALS2,
based upon what we know of the mammalian protein.

Mammalian PALS2 has been shown to co-localize with E-cadherin at adherens
junctions (AJ) (Roh et al., 2002). E-cadherin is a Ca®* dependent cell-cell adhesion
molecule that contains three domains, the cytoplasmic domain, the hydrophobic
transmembrane domain and the extracellular domain (Gooding et al., 2004). The
extracellular domain allows interactions with other cadherins, resulting in adhesive
activity. The cytoplasmic domain interacts with intracellular proteins § and o catenin,
which mediate the connections between cadherins and the actin cytoskeleton to regulate
cadherin adhesive activity (Gooding et al., 2004; Vasioukhin et al., 2000). Loss of
function mutants of E-cadherin and the catenins result in tissue disorder, cellular de-
differentiation and maliganancy (Humphries ef al., 1998; Takeichi, 1991).

Mammalian PALS2 has also been shown to directly associate with Nectin-like
Molecule-2 (Necl-2), a cell-cell adhesion molecule at extra-junctional regions of epithelia
cells (Shingai et al., 2003). Nectin-like molecules (Necls) were identified and designated
based on their similar domain structure to nectins (Ikeda ef al., 2003). Nectins are Ca**
independent cell-cell adhesion molecules that are indirectly associated with the cadherin-
catenin system and function in the organization of cell junctions (Aoki, et al., 1997;
Lopez et al., 1998; Takahaski et al., 1999). The nectin family interacts with Afadin, an

actin binding protein that connects nectin to the cytoskeleton (Takai and Nakanishi, 2003;



Masters Thesis — K. Teal McMaster University 88

Ozawa, 2002). Necl-2 does not bind Afadin but does directly bind the PDZ domain of
PALS2. Necl-2 directly binds actin associated band 4.1 protein DAL-1 suggesting Necl-
2 functions in cell-cell adhesion and transmembrane protein localization (Shingai et al.,
2003).

If mammalian PALS2 functions in cell adhesion, it is possible that loss of
function mutants would reveal overlapping phenotypes with cell adhesion mutants. The
human ortholog of PALS2, identified as VAM-1 (VELI associated MAGUK)/MPP6
(Multiple PDZ protein 6), may be a candidate tumor suppressor since its mapping to
human chromosome 7p15-21 is a region reported to demonstrate changes in Wilm’s
tumors (Tseng et al., 2001; Katoh and Katoh, 2004).

The cadherin-catenin complex is present in Drosophila and also functions in cell-
cell adhesion. The Drosophila orthologs of E-cadherin, B-catenin and a.-catenin have
been identified as DE-cadherin, armadillo and Drosophila a-catenin respectively and
form a complex at AJ similar to that of their mammalian counterparts (Gooding et al.,
2004). Since dPALS?2 appears to be expressed throughout the epithelia and is considered
conserved when compared to its orthologs, it is possible that dPALS2 may play a role in
cell adhesion. If this is the case, then dPALS2 would likely be associated with the DE-
cadherin/armadillo/Drosophila o-catenin complex at AJ. However it is possible dPALS2
may not be directly involved in cell adhesion but rather the maintenance of cell adhesion
through epithelia polarity.

Since PALS2 has been shown to co-localize with E-cadherin, which is a major

constituent of the AJ, it is possible PALS2 functions with cellular polarity proteins that
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establish and maintain the AJ. The formation of the AJ indicates the distinct apical and
basolateral membrane domains and thus developing epithelia polarity (Tepass and
Hartenstein, 1994; Tepass, 2002).

A number of conserved proteins (in both mammals and Drosophila) contribute to
the formation of AJ but are not actual AJ components such as E-cadherin and catenins.
The Crumbs/Stardust/PATJ, Bazooka/DmPar-6/DaPKC and Scribble/Dlg/Lgl complexes
are prominent regulators of AJ formation and epithelia polarity (Bachmann et al., 2001;
Hong et al., 2001; Roh et al., 2002). Baz, Crb, Scirb loss of function mutants not only
cause cell polarity defects but also incomplete AJ formation. If PALS2/dPALS?2 are
associated with cell polarity, it is possible that loss of function mutants would show
overlapping phenotypes with polarity mutants. Since dPALS2 is expressed throughout
the epithelia and is conserved when compared to its orthologs, it is possible dPALS2 may
function in establishing and/or maintaining cell polarity with the Baz, Crb and/or Scrib
complexes.

It would be beneficial to examine the expression pattern of dPALS?2 at a higher
resolution. Co-localization with apical markers such as members from the Crumbs and
Bazooka complexes, basolateral markers such as Discs large or Scribble or cell adhesion
markers such as DE-cadherin, will establish dPALS?2 expression with relation to other

epithelial markers to predict a possible function in the development of Drosophila.
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4.6 Direction of Future Research :

Since very little is known about PALS2 in both mammals and Drosophila, the
function of dPALS2 in Drosophila development must be speculated. Mammalian
orthologs of dPALS2 have been shown to associate with extra-junctional proteins E-
cadherin and Necl-2, implying a role in cell-adhesion and/or epithelial polarity, while the
expression data of dPALS?2 implies a definite role in the epithelia, possibly segment
polarity. It is essential to generate a dPALS2 mutant by P element mutagenesis, which is
currently being conducted in Dr. Jacobs’ lab, to determine its function and role in the
epithelia. If dPALS?2 is indeed involved in segment polarity, cell adhesion and/or cell
polarity, loss of dPALS2 function should result in segmentation defects, or epithelial cells
lacking adhesion to neighboring cells and/or undefined regions of apical and/or
basolateral domains. dPALS2 mutants should be labeled with segment and epithelial
polarity determinants and/or cell adhesion antibodies to observe any mislocalization or
decreased levels of polarity determinants or cell adhesion components.

Determination of dPALS2 function can also achieved by mis-expression or over-
expression of dPALS2 using a UAS-dPALS2 construct, which is also currently being
carried out in Dr. Jacobs’ lab. The UAS-GAL4 system is a tool used in Drosophila to
control the ectopic expression of genes to a specific set of cells (Brand and Perrimon,
1993). Itis expected that over-expression and/or mis-expression phenotypes of dPALS2
will give insight into its effects on cell-adhesion and/or cell polarity.

In addition, it is necessary to determine interacting partners of dPALS2 and how

they associate to identify the possible functions of dPALS2. A yeast two hybrid assay is
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currently in progress in Dr. Jacobs’ lab where dPALS? is used as bait against an adult
Drosophila cDNA library to examine possible protein interactions. The discovery of
dPALS2 binding partners will hopefully reveal more information about its function.

Finally Northern Blot analysis should be attempted again to verify the number of
dPALS?2 transcripts. Even though 5’RACE only identified one transcript, another
technique such as Northern Blot analysis could verify this finding.

Very little is known about PALS2 other than it may play a role in segmentation,
cell-adhesion and/or cell polarity. Since dPALS2 shows significant similarity to its
mammalian counterparts, it is hoped that further research will provide insight into its

function and purpose in establishing and maintaining the epithelia.
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Appendix 1: Oligonucleotide primers utilized in amplification regions of dPALS2
through RT-PCR. A table categorizes all primers used, the oligonucleotide sequences,
the region amplified and the length of the PCR product. The restriction enzyme cut sites
are illustrated in bold. All primers were manufactured at MOBIX at McMaster

University.



| Primer ID# (Name) Primer Sequence Region of Amplification | Product Length
Fwd PALSII probe 5" GAG GCG GACTAC Forward primer begins Primers were used to
GTT CTC GAC 3’ (Xhol) amplification at bp 574 of | amplify a region of
dpals2 cDNA. dpals2 cDNA without
Rev PALSII probe 5° CTG GTA TCT AGA Reverse primer begins conserved protein
ATGACCGCTCC 3 amplification at bp 833 of | domains for RNA in situ.
(Xbal) dpals2 ¢cDNA. Product length is 259bp.
Fwd L27 probe 5 CGC TCATCT GCA Forward primer begins Primers were used to
GAACAAGCCCATC 3° 255bp upstream of start amplify the L27 domain
(PstI) codon. in the 5'UTR of dpals2.
Product length is 180bp.
Rev L27 probe 5> GAT CCC CCG GCC Reverse primer begins 75
GCT TTAAGT C 3’ (Eagl) | bp upstream of start
codon.
Fwd AB 5’ GCA AGA TCT AGT Forward primer begins Primers were used to
GGA CGA CGA AAT AAT amplification at bp 249 of | amplify dpals2 cDNA
CAA G 37 (Bglll) dpals2 cDNA without the conserved
PDZ domain for protein
Rev AB 5’ GAT GAA TTC CGG Reverse primer begins induction. Product
TTG GAG CCCGTG G 3’ amplification at bp 1134 | length is 909bp.

(EcoRI)

of dpals2 of cDNA
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Appendix 2: The location of dPALS2 cDNA inserted into pBluescript KSII multiple
cloning site. A 259 base pair region of dPALS?2 that lies between the SH3 and GuK
domain was cloned into pBS KSII at Xball and Xhol restriction sites. The T7 and T3
promoters within the pBS KSII were used for sequencing as well as the creation of DIG

labeled sense and anti-sense RNA probes for in situ hybridization.



pBluescript KSII (+/-) Muliple Cloning Site

Kpnl  Xhol Clal EcoRV  Pstt  BamHI Xbal Eagl Sacll

- Apal Sall HindIlI EcoRI Smal  Spel Notl BstXI Sacl _

T7 promoter T3 Promoter

127 PDZ SH3 GuK "
5 )

ATG TAC
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Appendix 3: The L27 domain (located in the 5’ UTR) of dPALS?2 inserted into
pBluescript KSII multiple cloning site. A180 base pair region in the 5> UTR of
dPALS? that codes an L27 protein domain was cloned into pBS KSII at Kpnl and Xball
restriction sites. The T7 and T3 promoters within in pBS KSII were used for sequencing
as well as the creation of DIG labeled sense and anti-sense RNA probes for in situ

hybridization.



pBluescript KSII (+/-) Muliple Cloning Site

T7 promoter T3 Promoter
EEmbE Kpnl  Xhol Clal EcoRV Psti  BamHI Xbal Eagl Sacll .

Sall HindIll EcoRI Smal Spel otl BstXI Sacl _

3 GuK SH3 PDZ La7 o

TAA ATG
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Appendix 4: The location of dPALS2 cDNA inserted into pET29b+ multiple cloning
site for dPALS2-His fusion protein construct. A 909 base pair region of dPALS?2 that
begins immediately after the PDZ domain and finishes at the end of the GUK domain
was cloned into pET29b+ at the EcoRI and BgllI sites. This construct was used to induce

protein expression for antibody production.



pET-29b(+) Multiple Cloning Site

Xbal NspV Kpnl EcoRV EcoRI Sall Notl Bpul102I

- T7 Promoter | Lac operator | l | His Tag ‘ T7 Terminator-
B Ndel Bglll Ncol BamHI SacN HindIIl Xhol - ——
127 PDZ SH3 GuK
5 3°
l

ATG TAC
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Appendix 5: Drosophila PALS?2 genomic structure. dPALS? is located on the left arm
of the 2™ chromosome at 38E10. The genomic structure contains six introns (indicated
by black lines) and seven exons, all varying in size. A region within the 5’UTR was
included to show the location of the L.27 domain. Protein domains within the exons are
color coded. Pink =127 domain, Yellow =PDZ domain, Green = SH3 domain, Purple =

GuK domain. The dPALS2 protein is illustrated at the bottom.



-750 -600 -450 -300 -150 O 150 300 450 600 750 900 1050 1200 1350 1500 1650 1800 1950 2100 2250 base
pair

\/ ATG TAC

L27 PDZ SH3 Guk

ATG TAC
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Appendix 6: Nucleotide sequences of the three predicted transcripts of Drosophila
PALS?2. There are three predicted transcripts dPALS2, designated by flybase as b, ¢, and
d. All transcripts contain a PDZ (purple), SH3 (blue) and GuK (red) domain within the
cDNA and also contain an L.27 domain (green) in the 5’ UTR. The L27 domain appears
to not be translated due to stop codons (orange) located at —606, -423 and -303 in
transcripts b and d and —465, -417, and —330 in transcript c. The multiple start codons in
the 5° UTR are marked in pink. The actual start site for dPALS2 transcription is located
after the L27 domain and before the PDZ domain (dark red). Transcripts b and d differ
from transcript ¢ in the 5’UTR due to the presence of variable splice sites. The 5 UTR
of transcript c is shorter than transcript b and d. However the cDNA of transcript b and ¢
is identical and differ from transcript d by a 63 nucleotide absence between the PDZ and
SH3 domains. Therefore the cDNA of transcript b and ¢ is 1407 base pairs in length and

the cDNA of transcript d is 1344 base pairs in length.
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AGTTAGCCTCTTTCTCACAAACAAGTCGGTTGTTTTTGCGCTGTTGGAGGAGT
AGTTAGCCTCTTTCTCACAAACAAGTCGGTTGTTTTTGCGCTGTTGGAGGAGT

GAAATTCTTAGCCGCGCTATTGTTTTTGTTGTTTGCGTGGCGTTGTGTTTATA
GAAATTCTTAGCCGCGCTATTGTTTTTGTTGTTTGCGTGGCGTTGTGTTTATA

ACAATAACRAACAAGTGATTATCACTGGAAGACATGTTCTGTTCAAGTAGCTAA
ACAATARCAACAAGTGATTATCACTGGAAGACATGTTCTGTTCAAGTAGCTAA

GCAT GCTGGC GAAAAAAARACACAAGGGTTATAACCCTTTTTTGGCCG
GCAT GCTGGC GAAAAAAARACACAAGGGTTATAACCCTTTTTTGGCCG

ARATACGAGACTGTCCTCCGGGGTTACTTCATTCGGTCTGTTATTTTGGCCAC
AAATACGAGACTGTCCTCCGGGGTTACTTCATTCGGTCTGTTATTTTGGCCAC

CTCCCAGTTCCTTCARAATGGTTCGGTGGAGCGCGCGGTCGCGGCGCCAAGCT
CTCCCAGTTCCTTCAARAATGGTTCGGTGGAGCGCGCGGTCGCGGCGCCAAGCT

___________________________________________________ G
CGCCAGGATARAGTGGAGCTATTGGCCAGARACAACARRG GCGAGGA
CGCCAGGATAAAGTGGAGCTATTGGCCAGAAACAACAAAG GCGAGGA

CTTGGCTCACGCGGAGCTTTTTTCACGG—-—-CAAGCCAGCGGCAAGCGA-—-A

CGATACCTCCGATAACGCCGCCTTTCGCAACTCGACTGACCTATCCGACCACG
CGATACCTCCGATAACGCCGCCTTTCGCAACTCGACTGACCTATCCGACCACG
c GCAGCAAACAAAGCTAGC-——————— CCTAACTTGCTCACTAGCTCTCG

AGATCTTCCTCAAGGGATTGCTGCGTAGTAACTCCAACACGCCCCACAAG
AGATCTTCCTCAAGGGATTGCTGCGTAGTAACTCCAACACGCCCCACAAG
CCGE—==CTTGCTTCCA CTCGTGAGTCAGTTA-———————— GTTGCGAACA

GAAC TGGCAACTGAATCCGACCGAGCCGCAGCCAGTGCCACTATTCCTGC
GAAC TGGCAACTGAATCCGACCGAGCCGCAGCCAGTGCCACTATTCCTGC
GTGCTAA————— GCTGAATCCGACCGAGCCGCAGCCAGTGCCACTATTCCTGC

CCGCTCATCTGAACRACAAGCCCATCTGCGACGACATCATCCGCRAGTTCTCA
CCGCTCATCTGAACRACARGCCCATCTGCCGACGACATCATCC ARGTTCTCE
CCGCTCATCTGAACRALUAR CATCTGCGACGACAT

SCTGCCGGGGGATCCACCAGCCAACTAGAGATCGCCAGCCAAC
I (CUTGCCGGGGGATCCACCAGCCAACTAGAGATCGCCAGCCAAC
CTTRARGUTGCCGGGGGATCCACCAGCCAACTAGAGATCGCCAGCCAAC
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GCCAAACGGGAGGCTACCTGTTCACCGAGGACGTCCTCAACACCAAGATGCC
GCCAAACGGGAGGCTACCTGTTCACCGAGGACGTCCTCAACACCAAGATGCC
GCCAAACGGGAGGCTACCTGTTCACCGAGGACGTCCTCAACACCAAGATGCC

AGTGGAGACCATCAAGATGGTGGGTCTGCGCCGAGATCCCAGCAAGCCGCTG
AGTGGAGACCATCAAGATGGTGGGTCTGCGCCGAGATCCCAGCAAGCCGCTG
AGTGGAGACCATCAAGATGGTGGGTCTGCGCCGAGATCCCAGCAAGCCGCTG

GGCCTGACCGTCGAACTGGACGAATTCAAGCAéCTGGTCGTGGCCAGGATTC
GGCCTGACCGTCGAACTGGACGAATTCAAGCAGCTGGTCGTGGCCAGGATTC
GGCCTGACCGTCGAACTGGACGAATTCAAGCAGCTGGTCGTGGCCAGGATTC

TGGCGGGCGGGGTGATCGACAAACAGAGCATGCTGCACGTTGGCGATGTCAT
TGGCGGGCGGGGTGATCGACARACAGAGCATGCTGCACGTTGGCGATGTCAT
TGGCGGGCGGGGTGATCGACAAACAGAGCATGCTGCACGTTGGCGATGTCAT

CCTAGAGGTGAACGGTACGCCCGTTCGCACTCCCGATGAGCTGCAGGTGGAG
CCTAGAGGTGAACGGTACGCCCGTTCGCACTCCCGATGAGCTGCAGGTGGAG
CCTAGAGGTGAACGGTACGCCCGTTCGCACTCCCGATGAGCTGCAGGTGGAG

GTGTCGCGGGCCAAGGAGAATCTCACCCTCAAGATCGGGCCGAACGTGGACG
GTGTCGCGGGCCAAGGAGAATCTCACCCTCAAGATCGGGCCGAACGTGGACG
GTGTCGCGGGCCAAGGAGAATCTCACCCTCAAGATCGGGCCGAACGTGGACG

AGGAGATCAAGAGCGGTCGCTATACTGTGAGTGGGGGTCAGGTAAAACAGAA
AGGAGATCAAGAGCGGTCGCTATACT == ===—==—==———————————————
AGGAGATCAAGAGCGGTCGCTATACTGTGAGTGGGGGTCAGGTAAAACAGAA

TGGCATCGCGAGTCTCGAGACGGGCAAGAAACTGACGTGCTACATGCGTGCC
————————————————————————————————————— TGCTACATGCGTGCC
TGGCATCGCGAGTCTCGAGACGGGCAAGAARACTGACGTGCTACATGCGTGCC

CTTTTCACATACAATCCATCCGAAGATTCCTTGCTGCCATGCAGGGATATTG
CTTTTCACATACAATCCATCCGAAGATTCCTTGCTGCCATGCAGGGATATTG
CTTTTCACATACAATCCATCCGAAGATTCCTTGCTGCCATGCAGGGATATTG

GATTGCCCTTCAAGTCGGGCGACATTTTGCAGATCATCAACGTAAAGGATCC
GATTGCCCTTCAAGTCGGGCGACATTTTGCAGATCATCAACGTAAAGGATCC
GATTGCCCTTCAAGTCGGGCGACATTTTGCAGATCATCAACGTAAAGGATCC

CAACTGGTGGCAGGCCAAGAACATTACTGCCGAATCTGACAAAATTGGACTC
CAACTGGTGGCAGGCCAAGAACATTACTGCCGAATCTGACAAAATTGGACTC
CAACTGGTGGCAGGCCAAGAACATTACTGCCGAATCTGACAAAATTGGACTC

ATACCATCCCAAGAGCTGGAGGAGCGGCGCAAAGCCTTCGTGGCCCCCGAGG
ATACCATCCCAAGAGCTGGAGGAGCGGCGCAAAGCCTTCGTGGCCCCCGAGG
ATACCATCCCAAGAGCTGGAGGAGCGGCGCAAAGCCTTCGTGGCCCCCGAGG

CGGACTACGTTCACAAGATTGGCATTTGCGGAACAAGAATCTCGAAGCGAAA
CGGACTACGTTCACAAGATTGGCATTTGCGGAACAAGAATCTCGAAGCGAAA
CGGACTACGTTCACAAGATTGGCATTTGCGGAACAAGAATCTCGAAGCGAAA
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GCGCAAGACCATGTACCGATCTGTGGCCAATTGCGAGTTCGACAAGGCGGAG
GCGCAAGACCATGTACCGATCTGTGGCCAATTGCGAGTTCGACAAGGCGGAG
GCGCAAGACCATGTACCGATCTGTGGCCAATTGCGAGTTCGACAAGGCGGAG

CTGCTGCTCTATGAGGAGGTCACGCGGATGCCGCCGTTCCGCAGGAAAACCC
CTGCTGCTCTATGAGGAGGTCACGCGGATGCCGCCGTTCCGCAGGAAAACCC
CTGCTGCTCTATGAGGAGGTCACGCGGATGCCGCCGTTCCGCAGGAARACCC

TGGTTCTCATCGGTGTTTCCGGGGTGGGAAGACGTACGCTCAAGAATCGGCT
TGGTTCTCATCGGTGTTTCCGGGGTGGGAAGACGTACGCTCAAGAATCGGCT
TGGTTCTCATCGGTGTTTCCGGGGTGGGAAGACGTACGCTCAAGAATCGGCT

GATCAACAGCGATGTGGACAAGTTCGGAGCGGTCATTCCACATACCAGTCGC
GATCAACAGCGATGTGGACAAGTTCGGAGCGGTCATTCCACATACCAGTCGC
GATCAACAGCGATGTGGACAAGTTCGGAGCGGTCATTCCACATACCAGTCGC

CCCAAGCGCGCCTTGGAGGAGAACGGCAGTAGCTACTGGTTCATGGACCGCG
CCCAAGCGCGCCTTGGAGGAGAACGGCAGTAGCTACTGGTTCATGGACCGCG
CCCAAGCGCGCCTTGGAGGAGAACGGCAGTAGCTACTGGTTCATGGACCGCG

AGGAAATGGAAGAGGCCGTGCGGAACAACGAGTTCCTGGAGTACGGCGAGCA
AGGAAATGGAAGAGGCCGTGCGGAACAACGAGTTCCTGGAGTACGGCGAGCA
AGGAAATGGAAGAGGCCGTGCGGAACAACGAGTTCCTGGAGTACGGCGAGCA

CAATGGCAATCTGTACGGCACGCATTTGCAGTCCATCAAGGATGTGATCAAC
CAATGGCAATCTGTACGGCACGCATTTGCAGTCCATCAAGGATGTGATCAAC
CAATGGCAATCTGTACGGCACGCATTTGCAGTCCATCAAGGATGTGATCAAC

AGTGGGCGCATGTGCATCCTGGATTGTGCACCGAATGCCCTGAAGATCCTGC
AGTGGGCGCATGTGCATCCTGGATTGTGCACCGAATGCCCTGAAGATCCTGC
AGTGGGCGCATGTGCATCCTGGATTGTGCACCGAATGCCCTGAAGATCCTGC

ACAACAGCCAGGAACTGATGCCTTTTGTCATCTTTGTGGCAGCGCCTGGCAT
ACAACAGCCAGGAACTGATGCCTTTTGTCATCTTTGTGGCAGCGCCTGGCAT
ACAACAGCCAGGAACTGATGCCTTTTGTCATCTTTGTGGCAGCGCCTGGCAT

GGAGCAGCTCAAGACCATCTATGCGGATCGCAGGGCCACGGGCTCCAACCGG
GGAGCAGCTCAAGACCATCTATGCGGATCGCAGGGCCACGGGCTCCAACCGG
GGAGCAGCTCAAGACCATCTATGCGGATCGCAGGGCCACGGGCTCCAACCGG

AATTTATCTTTTGATCGCCAGAGTTCCATAAGATTCAGCTCCAGACGCGCCC
AATTTATCTTTTGATCGCCAGAGTTCCATAAGATTCAGCTCCAGACGCGCCC
AATTTATCTTTTGATCGCCAGAGTTCCATAAGATTCAGCTCCAGACGCGCCC

GTACGCTCGAGTCCCTAGCGTCGTTGTATGAGGACGACGACCTTGTCGCCAC
GTACGCTCGAGTCCCTAGCGTCGTTGTATGAGGACGACGACCTTGTCGCCAC
GTACGCTCGAGTCCCTAGCGTCGTTGTATGAGGACGACGACCTTGTCGCCAC

CGTCGAGGAGAGCAGCTTCGTCCAGCGCAAGTATGAGAAATACTTCGACATG
CGTCGAGGAGAGCAGCTTCGTCCAGCGCAAGTATGAGAAATACTTCGACATG
CGTCGAGGAGAGCAGCTTCGTCCAGCGCAAGTATGAGAAATACTTCGACATG

GTCATCGTGAACGAGGACTTCGATGAGACGTTCCGCCAGGTGGTGGAAACGC
GTCATCGTGAACGAGGACTTCGATGAGACGTTCCGCCAGGTGGTGGAAACGC
GTCATCGTGAACGAGGACTTCGATGAGACGTTCCGCCAGGTGGTGGAAACGC
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TGGATCAGATGAGCCACGAGGAGCAGTGGGTGCCTGTCAACTGGATCTACTA
TGGATCAGATGAGCCACGAGGAGCAGTGGGTGCCTGTCAACTGGATCTACTA
TGGATCAGATGAGCCACGAGGAGCAGTGGGTGCCTGTCAACTGGATCTACTA

GAATCCCATGACCCTTTGCAATTGCGCCTTTATGCATATTGAAGAATATATA
GAATCCCATGACCCTTTGCAATTGCGCCTTTATGCATATTGAAGAATATATA
GAATCCCATGACCCTTTGCAATTGCGCCTTTATGCATATTGAAGAATATATA

CTATAAAAATCGAATGCCTATCATCACAATTAAAGGGATAATTCCAGTAATT
CTATAAAAATCGAATGCCTATCATCACAATTAAAGGGATAATTCCAGTAATT
CTATAAAAATCGAATGCCTATCATCACAATTAAAGGGATAATTCCAGTAATT

GAAGCTTAAACTCGCAACACAATACAAATTTAGCGAAGAGCATTTAAAACGC
GAAGCTTAAACTCGCAACACAATACAAATTTAGCGAAGAGCATTTAAAACGC
GAAGCTTAAACTCGCAACACAATACAAATTTAGCGAAGAGCATTTAAAACGC

TAGCGATTTCAATATTTATTGTTGATTAGACGTGTTTTGCTTGAGGAATGTA
TAGCGATTTCAATATTTATTGTTGATTAGACGTGTTTTGCTTGAGGAATGTA
TAGCGATTTCAATATTTATTGTTGATTAGACGTGTTTTGCTTGAGGAATGTA

ATGCGTTTTATTAACTATGTTTATCTCAATTACTGTCATTTTCCTCTTTAAA
ATGCGTTTTATTAACTATGTTTATCTCAATTACTGTCATTTTCCTCTTTAAA
ATGCGTTTTATTAACTATGTTTATCTCAATTACTGTCATTTTCCTCTTTAAA

TATAAATCATGTATATATGCAATGTTTGTATAAGT TGAAATGCGCCCTCCGT
TATAAATCATGTATATATGCAATGTTTGTATAAGTTGAAATGCGCCCTCCGT
TATAAATCATGTATATATGCAATGTTTGTATAAGTTGAAATGCGCCCTCCGT

TTACAATTCAGTTTTCCTTAAGTATAAGCCTAATTTTACGAAACGAATTCGT
TTACAATTCAGTTTTCCTTAAGTATAAGCCTAATTTTACGAAACGAATTCGT
TTACAATTCAGTTTTCCTTAAGTATAAGCCTAATTTTACGAAACGAATTCGT

CCATTTTACCATCTCTTGTTTTATTTTTACAAATAATGAATGATGTCAACGC
CCATTTTACCATCTCTTGTTTTATTTTTACAAATAATGAATGATGTCAACGC
CCATTTTACCATCTCTTGTTTTATTTTTACAAATAATGAATGATGTCAACGC

ATATCTCTTCAGTTTATTATTTTAACGAATCTCCTCAGTACAACAACCTTCT
ATATCTCTTCAGTTTATTATTTTAACGAATCTCCTCAGTACAACAACCTTCT
ATATCTCTTCAGTTTATTATTTTAACGAATCTCCTCAGTACAACAACCTTCT

GCCAATATTTTCGTGTAGTTTTTAGATTTGTTTGAATAAAATGTGTAAGTTT
GCCAATATTTTCGIGTAGTTTTTAGATTTGTTTGAATAAAATGTGTAAGTTT
GCCAATATTTTCGTGTAGTTTTTAGATTTGTTTGAATAAAATGTGTAAGTTT

AACGAACTAGTTAAATGTATTGATGTGGAGTTAAACAAACGAAATACGAATA
AACGAACTAGTTAAATGTATTGATGTGGAGTTAAACAAACGAAATACGAATA
AACGAACTAGTTAAATGTATTGATGTGGAGTTAAACAAACGAAATACGAATA

AATTTGGCTCAAAGAAA
AATTTGGCTC-=—===
AATTTGGCTCAAAGAAA
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Appendix 7: Amino acid sequences of the three predicted protein products of
Drosophila dPALS2. There are three resultant protein products of dPALS?2 from the
predicted transcripts by flybase, designated b, ¢, and d. All three proteins contain a PDZ
(purple), SH3 (blue) and GuK (red) domain. Protein b and c are identical and differ from
protein d in a 21 amino acid absence between the PDZ and SH3 domains. Therefore

protein b and ¢ are 469 amino acids in length and protein d is 448 amino acids in length.



proteinb
proteind
proteinc

proteinb
proteind
proteinc

proteinb
proteind
proteinc

proteinb
proteind
proteinc

proteinb
proteind
proteinc

proteinb
proteind
proteinc

proteinb
proteind
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proteinb
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MPVETIKMVGLRRDPSKPLGLTVELDEFKQLVVARILAGGVIDKQSMLHVGDVILEVNGT
MPVETIKMVGLRRDPSKPLGLTVELDEFKQLVVARILAGGVIDKQSMLHVGDVILEVNGT
MPVETIKMVGLRRDPSKPLGLTVELDEFKQLVVARILAGGVIDKQSMLHVGDVILEVNGT

PVRTPDELQVEVSRAKENLTLKIGPNVDEEIKSGRYTVSGGQVKONGIASLETGKKLTCY
PVRTPRDELOVEVSRAKENLTLKIGPNVDEEIKSGRY-=rmmramsmmsss e s i TCGY
PVRTPDELQVEVSRAKENLTLKIGPNVDEEIKSGRYTVSGGQVKONGIASLETGKKLTCY

MRALFTYNPSEDSLLPCRDIGLPFKSGDILQIINVKDPNWWQAKNITAESDKIGLIPSQE
MRALFTYNPSEDSLLPCRDIGLPFKSGDILQIINVKDPNWWOAKNITAESDKIGLIPSQE
MRALFTYNPSEDSLLPCRDIGLPFKSGDILQOIINVKDPNWWOAKNITAESDKIGLIPSQE

LEERRKAFVAPEADYVHKIGICGTRISKRKRKTMYRSVANCEFDKAELLLYEEVTRMPPFE
LEERRKAFVAPEADYVHKIGICGTRISKRKRKTMYRSVANCEFDKAELLLYEEVTRMPPFEF
LEERRKAFVAPEADYVHKIGICGTRISKRKRKTMYRSVANCEFDKAELLLYEEVTRMPPF

RRKTLVLIGVSGVGRRTLKNRLINSDVDKEFGAVIPHTSRPKRALEENGSSYWFMDREEME
RRKTLVLIGVSGVGRRTLKNRLINSDVDKFGAVIPHTSRPKRALEENGSSYWFMDREEME
RRKTLVLIGVSGVGRRTLKNRLINSDVDKFGAVIPHTSRPKRALEENGSSYWFMDREEME

EAVRNNEFLEYGEHNGNLYGTHLOSIKDVINSGRMCILDCAPNALKILHNSQELMPEFVIF
EAVRNNEFLEYGEHNGNLYGTHLQSIKDVINSGRMCILDCAPNALKILHNSQELMPEVIF
EAVRNNEFLEYGEHNGNLYGTHLQSIKDVINSGRMCILDCAPNALKILHNSQELMPEFVIF

VAAPGMEQLKTIYADRRATGSNRNLSFDRQSSIRFSSRRARTLESLASLYEDDDLVATVE
VAAPGMEQLKTIYADRRATGSNRNLSFDRQSSIRFSSRRARTLESLASLYEDDDLVATVE
VAAPGMEQLKTIYADRRATGSNRNLSFDRQSSIRFSSRRARTLESLASLYEDDDLVATVE

ESSEFVQRKYEKYFDMVIVNEDFDETFRQVVETLDOMSHEEQWVPVNWIY
ESSFVQRKYEKYFDMVIVNEDFDETFRQVVETLDQMSHEEQWVPVNWIY
ESSFVQORKYEKYFDMVIVNEDFDETFRQVVETLDOMSHEEQWVPVNWIY
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Appendix 8: The alignment of PALS2 proteins across various species. The amino
acid sequences of PALS?2 proteins were aligned to demonstrate the similarities within the
protein across different species. Each domain is designated by a colored line, L27
domain = green, PDZ domain = purple, SH3 domain = blue, GUK domain =red. The
amino acids are color coded to indicate residues identical for at least four amino of the
seven aligned sequences — blue if the aligned sequences include the Drosophila protein

and purple if the aligned sequences do not.
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———————————————————————————————————— IFPDCANSVT------FLLLVCSP
MKNSKSLMDIEDICGCSKLPSIIPRKELPHLRSTSVSLPLAHDEVTRCVMEKCLVTVPAA

MOQVLENLTELPSSTGAEEIDLIFLKGIMENPIVKSLAKAHERLEDSKLEAVSDNNLELV
MOQVLENLTELPSSTGAEEIDLIFLKGIMENPIVKSLAKAHERLEDSKLEAVSDNNLELV
MOQVLENLTELPSSTGAEEIDLIFLKGIMENPIVKSLAKARERLEDSKLEAVSDNNLELV
MOOVLDNLTDLPTSTGAEEIDITFLKGIMENPIVRSLAKAHERLEDTKLEAVSENNVELL
RKQIQDKLEEAP--APLHPVRVDNAPLLKEVIDRCSLSRNPHARELARIFRYPHFRALLE
FMHVRDNLEELG--KVADDTDLLFLKGLLDSPVVTSLVKVQERLEDPPLHVEPVCSSVCD

NEILEDITPLISVDENVAELVGILKEPHFQSLLEAHDIVASKCYDSPPSSPEMNIPSLNN
NEILEDITPLISVDENVAELVGILKEPHFQSLLEAHDIVASKCYDSPPSSPEMNIPSLNN
NEILEDITPLINVDENVAELVGILKEPHFQSLLEAHDIVASKCYDSPPSSPEMNNSSINN
NDIITDISSFEDEDKNVQELIGILKEPHFQSLLEAHDIVASKCYDSPPSSPEVN--SSGN

AHDEIGETQLEKLKHPPTSATSSPGGNSQYHQASPSSETVDGSG-VELLTIN----DMPG
IVDEVCHALRSSRDENARELVRLLRSSHLKALLETHDAVVERKE-APPSKPEPSLLAMPT

QO-LPVDAIRILGIHKKAGEPLGVTFRVEN-NDLVIARILHGGMIDRQGLLHVGDIIKEVN
Q-LPVDAIRILGIHKKAGEPLGVTFRVEN-NDLVIARILHGGMIDRQGLLHVGDIIKEVN
QLLPVDAIRILGIHKRAGEPLGVTFRVEN-NDLVIARILHGGMIDRQGLLHVGDIIKEVN
QIAPVDAIRMVGIHKRTGEPLGVTEFKVEN-NNLVIARILHGGMIDRQGLLHVGDIIKEIN
————— ETIKMVGLRRDPSKPLGLTVELDEFKQLVVARILAGGVIDKQOSMLHVGDVILEVN
————— ETTKMVGIRRNPDEPLGLTVEVDEHNQLVVARITAGGMIDROGLLHPGDVILEVN
N-ERMEAVRVVGLRROQPDEPLGLTVQVNESGNLITARTILGGSTAARQGLLRTGEVILEVN

GHEVGNNPKELQELLKNISGSVTLKILPSYRDTITPQQ-—————————————————————
GHEVGNNPKELQELLKNISGSVTLKILPSYRDTITPOQQSYVNMERHPAH--——————— VR
GHEVGNNPKELQELLKNISGSVTLKILPSYRDTITPQQ-—————————————————————
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GTPVRT-PDELQVEVSRAKENLTLKIGPNVDEEIKSGRYTVSGGQOVKONGIASLETGKKL
GVPVTT-PEELOGEISVAKESVTLKIGPSVEEEMKSARITMAGGQVKNG--RNLDSGKKL
GKEVHN-PEELQEATHEAKENLSLKLAPGIATDGNRP-——-————————————————— VKS

—-VEVKCHFDYNPENDNLIPCKEAGLKFSKGEILQIVNREDPNWWQASHVKEGG—--SAGLT
QVFVKCHEFDYNPENDNLIPCKEAGLKFSKGEILQIVNREDPNWWQASHVKEGG-—-SAGLI
—VFVKCHEDYNPYNDNLIPCKEAGLKFSKGEILQIVNREDPNWWQASHVKEGG--SAGLI
-VEVKCHFDYNPFSDNLIPCKEAGLKFSKGEILHIVNREDPNWWQASHVKEGG--SAGLT
TCYMRALFTYNPSEDSLLPCRDIGLPFKSGDILQIINVKDPNWWOAKNITAES-DKIGLI
TCYMRALFDYDPNEDNLLPCKEIGLSFLRGDILOIINVKDPNWWOAK-HAGED-GPTGLI
TCYMRALFDYDPSEDTLLPCREIGLPFQKGDVLQIVDQADPNWWQARRVEGEGLGPPGLT

PSQFLEEKRKAFVR--RDWDNSGPFCGTISNKKKKKMMYLTTRNAEFDRHEIQIYEEVAK
PSOQFLEEKRKAFVR--RDWDNSGPFCGTISNKKKKKMMYLTTRNAEFDRHEIQIYEEVAK
PSQFLEEKRKAFVR--RDWDNSGPFCGTISSKKKKKMMYLTTRNAEFDRHEIQIYEEVAK
PSQFLEEKRKAFVR--RDWDGSGQFCGTVTSKKKKKMMYLTTRNAEFDRHEIQIYEEVAR
PSQELEERRKAFVAPEADYVHKIGICGTRISKRKRKTMYRSVANCEFDKAELLLYEEVTR
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PSQELEERRQAYVPPEADFVHKIGICGTRISKKKRKILYKTKONSEFDKADLMLYEEVTK
PSLELEERRKAFVPPEADFVHKISICGTKISKKKKRKMYQSKSNGEFDSAELLLYEEVAR

MPPFORKTLVLIGAQGVGRRSLKNRFIVLNPARFGTTVPEFTSRKPREDEKDGQAYKEVSR
MPPFORKTLVLIGAQGVGRRSLKNRFIVLNPARFGTTVPFTSRKPREDEKDGQAYKEVSR
MPPFORKTLVLIGAQGVGRRSLKNRFIVLNPTRFGTTVPFTSRKPREDEKDGQAYKEVSR
MPPFORKTLVLIGAQGVGRRSLKNRLIVLNPTQFGTTIPFTSRKPKEDEKDGHAYREVSR
MPPFRRKTLVLIGVSGVGRRTLKNRLINSDVDKFGAVIPHTSRPKRALEENGSSYWEMDR
MPPFKRKTLVLVGVAGVGRRTLKNRLINSDPDKFGSVLPHTSRQPRPLEESGKAYWETDR
MPPFRRKTLALVGARGVGRRTLKNRLINSDPEKFGTIVPYTSRPPRVLEEDGKSYWEIDR

SEMEADIKAGKYLEHGEYEGNLYGTKIDSILEVVQTGRTCILDVNPQALKVLRTS-EFMP
SEMEADIKAGKYLEHGEYEGNLYGTKIDSILEVVQTGRTCILDVNPQALKVLRTS-EFMP
SEMEADIKAGKYLEHGEYEGNLYGTKIDSILEVVQTGRTCILDVNPQALKVLRTS-EFMP
VEMEADIKAGRYLEHGEYEGNLYGTKIDSTHEVVMAGRTCILDVNPQALKVLRTA-EFMP
EEMEEAVRNNEFLEYGEHNGNLYGTHLOSTIKDVINSGRMCILDCAPNALKILHNSQELMP
EEMEQETIRENKFLEFGEHNGNLYGTHLDSIRDVIRQGKMCVLDCSPAALKTLHNSPEFMP
ESMETDIREHRYLEYGEHGGHLYGTKLDSVRELIRAGKMCVLDCSPAALKILHNSTEFMP

YVVFIAAPELETLRAMHKAVVDAGITTKLLT---=======——————————————— DSDL
YVVEIAAPELETLRAMHKAVVDAGITTKLLT ———————————————————— DSDL
YVVPIAAPELETERAMHKAVVDAGI T TRLLT———————m—— e i i e DSDL
YVVEIAAPEFETLRGMHRKAVVDAGITTKLLT ———m—— e i DSDL
FVIFVAAPGMEQLKTIYADRR-ATGSNRNLSFDRQSSIRFSSRRARTLESLASLYEDDDL
FVLFIAAPGMEQLKLLYSERRSASGSTRNL--—-—-—-———————————————————— HDDDL

YVIFIAAPGMEQLKWLYDLORSTGTSSRNLTFDRQSSIRYSSRRARTLESLASLYEEDDL

KKTVDESARIQRAYNHYFDLITVNDNLDKAFEKLOTAIEKLRMEPQWVPISWVY
KKTVDESARIQRAYNHYFDLITVNDNLDKAFEKLOQTATIEKLRMEPQWVPISWVY
KKTVDESARIQRAYNHYFDLITIINDNLDKAFEKLOTAIEKLRMEPQWVPISWVY
KKTVDESARVMRAYNHYFDVSIVNDNLDKAFEKLOAAVHRLRTEQQWVPISWVY
VATVEESSFVQRKYEKYFDMVIVNEDFDETFRQVVETLDOMSHEEQWVPVNWIY
ISAVEESALLQRKYDKYLDMVIVNEDFDDTFRQVTEALEQLSHEHQWVPVNWIY
KATLEESAALQRAYEKYIDLVIVNEDEDNTFRQVIAALDALATEHQWVPVNWIY
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Appendix 9: Amino acid and nucleotide sequence of the original predicted
Drosophila PALS2. Originally predicted by flybase, dPALS2 was 1728 base pairs in
length, corresponding to 576 amino acids. The cDNA and protein product contained an
127, PDZ, SH3 and Guk domain. Domains are colour coded. Green = L27 domain,

Purple = PDZ domain, Blue = SH3 domain, and Red = GuK domain.



atgacatatgtacatctgaatccgaccgagccgcageccagtgecactattectgecegeteat
M T Yy v H L N P T E P O P V P L F L P A H
ctgaacaacaagcccatctgcgacgacatcatccgcaagttctcaccctcgaggecgectggag
L N N K P I € DD I I R KUPF S P S R R L E
tcgcgagagctcgccaagcttctecgeccagecgecattttegtgetecttttgegegeccatgat
S R E L A KL L A Q P H F RALIL R A H D
gagataggagcactctacgagcaacgacttaaagctgccgggggatccaccagccaactagag
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¢ I A 8 L E T 6 K K L T € ¥ M R A Ih F T ¥
aatccatccgaagattccttgctgccatgcagggatattggattgeccttcaagtcgggegac
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Appendix 10: A map of Potential Protein binding partners of dPALS2. A group of
researchers from CuraGen Corporations, Wayne State University and Yale University
proposed a map of protein interactions in Drosophila melanogaster. A mass Yeast two-
hybrid screen using all known or predicted transcripts (10 623) against DNA libraries
produced a draft map of 7048 proteins and 20 405 interactions (Giot ef al., 2003).
dPALS2 (CG9326) interacts with dVELI (CG7662), a predicted protein binding partner
along with putative genes CG9097, CG8288, CG5273, CG12019. Interaction
confidences, indicated in the chart, have been rated on a scale of 0 (lowest) to 1 (highest).
High confidence is 0.8+, moderate is 0.5-0.8, low is below 0.5. CG9097, also known as
bric-a-brac1 and VELI show fairly high to moderate confidence of protein interaction
with dPALS2, while the other proteins show moderate —low confidence of protein

interaction.



CG9326

veli

C(G8288

Name - CG - FBGN Confidence
babl - CG9097 - FBgn0004870 0.867
veli - CG7662 - FBgn0039269 0.720
mRpL3 - CG8288 - FBgn0030686 0.542
CG5273 - FBgn0040382 0.542
Cdc37 - CG12019 — FBgn0011573 0.542






