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ABSTRACT

Signal termination processes of GPCRs are well established, unlike processes that
regulate the assembly and intracellular trafficking of these signaling complexes.
Bimolecular fluorescence complementation was used to study GPCR dimer formation in
two projects. Firstly, the importance of Rab GTPases on the cell surface expression and
signaling of two chemokine receptors expressed on prostate cancer cells was examined.
Rab GTPases necessary for CXCR4 and CCR2 cell surface expression and signaling
were different from those necessary for the CXCR4/CCR2 heterodimer. Therefore, this
project emphasizes the importance of studying heterodimers as unique entities from their
constituent receptors. Secondly, interactions between molecular chaperones and two co-
receptors necessary for HIV infection — CCRS, a chemokine GPCR, and the main HIV
receptor, CD4, a glycoprotein — were investigated. Further emphasizing the unique
characteristics of GPCR dimers, this project found that molecular chaperones interact

differently with CCR5 homodimers, when compared to CCR5/CD4 heterodimers.
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CHAPTER 1 INTRODUCTION

1.1 G-Protein-Coupled Receptors (GPCRs)

G-protein coupled receptors (GPCRs), also referred to as seven-transmembrane
domain receptors, are a superfamily of integral membrane receptors [1]. Since the
cloning of bovine rhodopsin in 1983 [2], followed by that of the $-adrenergic receptor in
1986 [3], a staggering number of GPCRs have been identified. These identified structures
span a variety of eukaryotic genomes and prokaryotic genomes [4]. As a result, GPCRs
constitute the largest family of cellular signaling proteins that are capable of generating
responses from extracellular signaling molecules [5] such as ions, biogenic amines,
peptides, hormones, and lipids [4]. Not surprisingly, GPCRs are heavily involved in
almost all physiological processes. This physiological relevance is not only due to their
large number or ability to respond to diverse extracellular stimuli, but also due to their
regulatory roles relating to signal transduction cascades, coupled with ubiquitous
expression in almost all organs of the body [6].

The importance of GPCRs is underlined by the clinical relevance of agonists and
antagonists capable of modifying GPCR signal transduction cascades to treat a variety of
disease states. Pharmacological interventions targeting GPCRs have been shown as
effective treatments for respiratory, cardiovascular, central nervous system, urogenital,
and metabolic disorders [7]. Furthermore, according to with most recent estimates,
approximately 30 to 40% of today’s prescription drugs target GPCRs [8-10].

A phylogenetic investigation concluded that there are at least 800 functional

GPCRs encoded by the human genome [11]. Several different GPCR classification



systems have been proposed, with the most popular classification system being based on
structural similarities among mature receptors [12,13].

In regards to shared features, all GPCRs consist of a seven-transmembrane ot.-
helical core [14]. This core begins as an extracellular amino-terminus (N-terminus) and
alternates between intracellular and extracellular loops as seven transmembrane segments
before terminating as an intracellular carboxy terminus (C-terminus) [14]. It is the
structure of these loops, along with the structure of each terminus, which can differ
among GPCRs.

Structural similarities among mature receptors have been used to classify GPCRs
into Classes A through F [12,13]. Classes A, B and C are found in all vertebrates [11],
with at least 80% of all GPCRs belonging to Class A, the rhodopsin-like GPCRs [15,16].
Other than rhodopsin, this family comprises neuropeptide, neurotransmitter, odorant,
chemokine, and glycoprotein hormone receptors [15]. Class A GPCRs also have
transmembrane domains that are often referred to as “tilted” or “kinked” because of
amino acids like proline that act to distort the helical domains [15]. Class B GPCRs
respond to hormones like secretin, glucagon, and parathyroid hormone [15]. Class B
GPCRs also have a long N-terminus tail in which multiple cysteines form numerous
disulfide bridges [15,16]. Like Class B GPCRs, Class C GPCRs have a long amino
terminus [15], but are also characterized by a long C-terminus [15,17,18]. GPCRs of this
family are obligatory dimers and include the metabotropic glutatmate, gamma-

aminobutyric acid B (GABAg) and Ca*"-sensing receptors [15].



1.2 GPCR Activation and Signal Transduction Cascades

1.2.1 G-protein Dependent Signaling

Ligand binding to a GPCR induces a conformational change in the receptor that
initiates activation of the o subunit of a receptor-associated heterotrimeric guanosine
nucleotide-binding protein (G-protein) [19]. This activation is accomplished by
guanosine nucleotide exchange (GDP to GTP) and results in dissociation of the o
monomer from the 3y complex [19]. Signaling is accomplished by means of the Ga
subunit or the GBy complex [19]. Four families of Ga subunits have been defined based
on sequence homology. These families include G (G and Gir), Gi (Gii3, Gi, Gg, Go, Gy),
Gq (Gq, G11, Gis, Gis/16) and G2 (Gi2 and Gi3) [20].

As the subject of one of the first cell signaling pathways to be described [20], the
G, pathway has been shown to activate adenylyl cyclase (AC) — the enzyme that catalyzes
the conversion of ATP to 3°,5’-cyclic AMP (cAMP), a second messenger that can
influence the activities of transcription factors, enzymes, and ion channels [20,21]. G;
proteins inhibit AC, whereas the G4 family has been shown to activate phospholipase C
(PLC) [20]. PLC cleaves phosphatidylinositol 4,5-bisphosphate into two constituent
compounds — diacyl glycerol (DAG) and inositol 1,4,5-triphosphate (IP3). IP;becomes
distributed throughout the cytosol, but DAG remains membrane-bound [22]. IP3 then
binds to its receptors, such as calcium channels in the smooth endoplasminc reticulum
(ER). Binding of IP;to these receptors causes an increase of cytosolic calcium ions,
which can act in concert with DAG to activate protein kinase C (PKC) [20]. By
phosphorylating a myriad of proteins, PKC can then initiate numerous cellular signaling

cascades. Similarly, the Gy complex can also initiate this series of molecular events



associated with PLC activation [20]. Additionally, the G, family has been shown to
stimulate PKC, phospholipase D, c-Src Brunton’s tyrosine kinase and the GapIM Ras
GTPase activating
protein [20].
1.2.2  G-protein Independent Signaling

GPCR kinases (GRKSs) phosphorylate cytosolic domains of GPCRs so that these
sites can then bind B-arrestins, proteins that prevent further signaling through the GPCR
and initialize internalization of the GPCR [23]. Internalized GPCRs can be recycled by
recycling endosomes for later expression at the plasma membrane or directed to
lysosomes for degradation [23]. However, GRKs are also involved in G-protein
independent signaling cascades. These cascades rely on signaling events associated with
[B-arrestins and mass spectroscopy studies have elucidated numerous proteins that
assemble with B-arrestins for downstream signaling to occur [24].
1.3 Dimerization of GPCRs

It was originally thought that GPCRs acted as monomeric receptors, but the belief
that GPCRs can act as heterodimers or even higher-oligomers became popular due to a
fundamental study by Maggio et al. (1993) [25]. In this study, chimeric a.2-
adrenergic/M3 muscarinic receptors were created such that the C-terminus receptor
portions were exchanged between the two receptors [25]. It was found that, when
expressed alone, each chimera was unable to bind either a muscarinic or adrenergic
ligand and no signaling activity was detected in the presence of either ligand [25].
However, coexpression of both chimeras resulted in binding of both ligands and resultant

signaling [25].



Perhaps one of the most well known lines of evidence for the dimerization of
GPCRs comes from the GABAg receptor, a Class C GPCR. It was found that when the
GABAg receptor 1 (GABAgR1) gene was expressed alone, the resultant receptor was not
functional because it was retained within the cell, unable to be expressed at the plasma
membrane [26]. Upon isolation of the GABAg receptor 2 (GABAgR2) gene, it was
found that this resultant protein did not bind GABAg ligands. When the genes were
coexpressed, a functional GABAg receptor was trafficked to the plasma membrane and
had the functional properties predicted for the GABAg receptor [26,27]. It has been
discovered that an arginine-serine-arginine-arginine C-terminus ER retention motif on the
GABAGgRI1 receptor is masked upon interaction with GABAgR2 [26]. Dimerization of
GPCRs, along with functional consequences of dimer formation, has since proven to be a
popular area of further research.

Evidence supporting GPCR dimerization has been collected through analysis of
co-immunoprecipitation (co-IP) and western blotting experiments [28,29], as well as
yeast two-hybrid screens [27,30]. GPCR dimerization has also been examined in living
cells by the use of fusion constructs and resonance energy transfer. These experiments
utilize GPCRs fused with fluorescent or bioluminescent proteins and are completed using
fluorescence resonance energy transfer (FRET) and bioluminescence resonance energy
transfer (BRET), respectively [31].

Although dimerization studies have been criticized for using overexpression
systems in 7 vizzo settings, numerous 7z vzvo studies have confirmed what has been
documented using cell lines. For example, a transgenic mouse model was used to

examine the murine lutenizing hormone receptor (LHR) to further probe the



physiological relevance of GPCR dimers or higher-order oligomers [32]. Using a LHR
knockout mouse, it was shown that the coexpression of a binding-deficient and signaling-
deficient LHR could restore normal LHR function by means of intermolecular functional
complementation [32]. Not only did this study demonstrate that GPCRs function as more
than just monomeric units, but it was also shown that the binding of a ligand to one
member of the signaling complex has the potential to alter the conformation of another
member in the same signaling complex [32].

It is interesting to note that as the knowledge of GPCR signaling complexes
evolves, there is a possibility that these receptors act as higher-order oligomers. This is
especially important because current research methods are generally unable to distinguish
experimental outcomes that are the result of dimers or higher-order oligomers [33].

1.4 Novel Pharmacological Properties Resulting from Heterodimerization

It has become increasingly apparent that signal transduction cascades and ligand-
binding interactions must be studied in the context of GPCR oligomerization. This is
because, as evident in Figure 1.1, the pharmacological properties of each constituent
receptor may be altered once they are associated with a larger receptor complex [34].

Expression patterns of individual GPCRs are especially interesting since it was
found that dimerization could influence the plasma membrane expression of some
GPCRs. For example, GABAg dimers [35], along with those of oxytocin [36],
vasopressin [36], CXCR4 [37] and CCRS5 [38] form in the ER soon after each constituent
receptor is synthesized. Since plasma membrane expression of GPCRs is essential for

proper receptor function, studying the means by which these receptors reach the plasma



membrane and how dimerization may affect trafficking pathways could lead to the
identification of novel therapeutic targets.

Heterodimerization can also affect ligand binding to either receptor of the
complex. This occurs by means of allosteric modulation, resulting in either
transinhibition or transactivation. Transinhibition has been documented in several
studies, as exemplified by a study of the p-opioid receptor (WOPR) and A2A adenosine
receptor (A2aR) [39]. In this study, it was found that heterodimerization resulted in
heightened signaling through the pfOPR upon stimulation with morphine, a pOPR agonist
[39]. However, simultaneous addition of both morphine and norepinephrine, an AsaR
agonist, caused decreased HOPR signaling [39]. Similarly, signaling elicited by
norepinephrine stimulation of A;aR in the presence of morphine was also hampered [39].
Alternatively, transactivation has been observed in a study of the GABAg receptors [40].
Whereas GABAgRI is capable of binding GABA, it is not able to activate Gai-mediated
signaling [40]. However, GABAgR?2 is not capable of GABA-binding, but is able to
initiate Gai-mediated signaling [40]. Therefore, upon ligand binding to GABAgRI1,
GABAGgR?2 adopts an active conformation [40].

Novel binding sites may also arise as a result of heterodimerization, as observed by
studies of the OPRs. While the kOPR can heterodimerize with the JOPR, it does not
form a heterodimer with the pOPR [41]. The kKOPR/ 8OPR heterodimer has been found
to bind partially selective agonists of either the KOPR or 6OPR with enhanced affinity
[42]. Furthermore, simultaneous addition of an agonist for each receptor resulted in

increased potency and simultaneous addition of an antagonist for each receptor resulted in



enhanced antagonism [42]. Interestingly, the KOPR/SOPR heterodimer has been
established as the target for 6'-guanidinonaltrindole (6’ GNTI), a kOPR agonist [43].
6’GNTI is selective for this heterodimer as it exhibits low affinity in binding to the KOPR
homodimer and does not even bind to the SOPR homodimer [43].

Heterodimerization introduces the concept of G-protein selectivity [44,45]. While
each receptor of the heterodimer is associated with a particular G-protein, the resultant
heterodimer can normally associate with a G-protein known to couple to each receptor
itself. The heterodimer can also couple to a G-protein that has not been previously linked

to either receptor in the complex. For instance, pLOPR and 8OPR both couple to G, but

the resultant FOPR/SOPR heterodimer couples to G, in a ligand-independent fashion
[45]. However, ligand binding to a heterodimer can also influence G-protein coupling, as
is observed when the SOPR heterodimerizes with the sensory neuron-specific receptor-4
(SNSR4). When the SOPR/SNSR4 heterodimer was stimulated by the ligand for each
receptor, G-protein coupling to each receptor was not affected [44]. Stimulation of
SNSR4 resulted in activation of Gyq and stimulation of OPR resulted in G, activation
[44]. When agonists of each receptor were co-administered or the heterodimer was
stimulated by a mixed agonist, G,q-mediated signaling was evident [44].

Internalization and desensitization may also be altered in response to
heterodimerization. It has been shown that activation of one partner in the receptor
complex is capable of inducing internalization of both receptors. This phenomenon has
been documented with somatostatin receptor 1 (SSTR1)/somatostatin receptor 2

(SSTR2)[46], 0OPR/B1-adrenergic receptor (f1-AR) [47], A2aR / dopamine 2 receptor

(D2R) [48], somatostatin receptor 2A (SSTR,4)/HOPR [49] and aa-adrenergic receptor



(oua-AR)/B1-AR dimers [50]. Differences in recycling kinetics between the partners of a
heterodimer are also apparent. For example, the vasopressin 1a receptor (V1aR) is
recycled to the plasma membrane more rapidly than the vasopressin 2 receptor (V2R) as
a result of p-arrestin rapidly dissociating from the V1aR, but not the V2R, in endosomes
[51]. When present as a V1aR/V2R heterodimer, this complex exhibits recycles similarly
to the V2R [51].
1.5 Trafficking of GPCRs

Whereas GPCR signal termination processes (desensitization and endocytosis) are
well understood, processes responsible for the assembly of GPCR signaling complexes
and their subsequent trafficking within a cell are less understood. The degree of cellular
response to a particular stimulus depends on the plasma membrane expression of a given
GPCR, which in turn depends on the balance between endocytic and exocytic events.
Therefore, studying the assembly and subsequent anterograde trafficking of GPCRs to the
plasma membrane is an essential area of research that has garnered relatively little
attention until recent years.
1.5.1 Role of the Endoplasmic Reticulum (ER)

Following transcription, ribosomes are responsible for the translation of proteins

[52]. The small ribosomal subunit is responsible for encoding mRNA sequences,
whereas the large ribosomal subunit forms primary amino acid chains by the linking of
individual amino acids [53]. Ribosomes are classified based on their cellular distribution.
As a result, two different ribosomal classifications exist — free or membrane bound [54].
Free ribosomes are situated throughout the cytosol and are associated with the synthesis

of proteins destined for intracellular use, such as cytosolic or nuclear proteins [52].



Membrane bound ribosomes are found lining a portion of the ER [54]. The presence of
ribosomes along this portion of the ER is responsible for it being aptly titled the rough
ER. More specifically, ribosomes associate with Sec61 translocation sites, pores of the
ER that control transport of polypeptides across the membrane of the ER [52]. Upon
interaction of a nascent polypeptide with Sec61, the newly synthesized protein is released
into the lumen of the ER [52]. Proteins synthesized at the rough ER are destined to be
membrane bound or secreted [52].

In the rough ER, newly synthesized GPCRs must be properly folded and assembled
prior to being transported to the plasma membrane. For example, it has been proposed
that the GABAgR1, inwardly rectifying potassium cannel Kir 3 and G-protein 3y subunits
assemble as a complex in the ER [55]. The 2-AR receptor [56], along with the GABAp
[26] and CCRS5 [57] receptors have been shown to assemble as oligomers in the ER. Not
only do signaling complexes form in the ER, but their assembly is now believed to be
independent of recruitment initiated by ligand binding [58-60].

Transport from the ER requires the recruitment of GPCRs into ER-derived COPII-
coated vesicles [61]. The export of GPCRs from the ER is determined by export motifs
of the C-termini of these transmembrane receptors. These motifs guide the interaction of
GPCRs with Sarl and the Sec23/24 complex of COPII-coated vesicles [61].
Interestingly, ER export has been shown to be a rate-limiting step in regards to transport
of the 6-OPR receptor to the plasma membrane [62]. As a result, ER export can affect
both the maturation and function of receptors.

Upon leaving the ER, newly synthesized proteins progress through an extensive

endomembrane system. After the ER, proteins are directed to the ER-Golgi intermediate
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complex (ERGIC) [63], Golgi apparatus and then the trans-Golgi network (TGN) [64].
Ultimately, the Golgi cisternae are responsible for numerous post-translational
modifications that can influence both the structure and function of proteins directed
towards the plasma membrane.

Once a protein reaches the trans-Golgi, it is either directed to further compartments
of the endomembrane network for additional modifications or the plasma membrane [65].
When expressed at the plasma membrane, GPCRs have access to the extracellular space to
allow ligand stimulation and subsequent internalization or desensitization. Accordingly,
both anterograde and retrograde trafficking pathways influence GPCR expression at the
cell surface and GPCR signal transduction cascades.

The anterograde pathway, as reviewed in Figure 1.2 and described above, assumes
that nascent polypeptides are properly folded. If these proteins are not properly folded,
they are retained within the ER and initiate the unfolded protein response (UPR). The
UPR results in slowed translation of further proteins, with the exception of molecular
chaperones that can aid in proper protein folding [66]. The UPR can also lead to
degradation of misfolded proteins through the ER-associated degradation (ERAD)
pathway [66]. ERAD occurs by means of recognition of the misfolded protein by
molecular chaperones, translocation of the misfolded protein from the ER to the cytosol,
ubiquitination and proteasomal degradation [66]. The quality control system of the ER
ensures that proteins are not included in ER-derived transport vesicles until proteins are

properly folded.
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1.6 Importance of Molecular Chaperones

Proper protein biosynthesis and subsequent folding are highly regulated cellular
processes. These processes contribute to quality control mechanisms and protein
homeostasis, helping to prevent the misfolding of proteins. Misfolded proteins that are
not corrected by ER quality control mechanisms form protein aggregates implicated in
the progression of numerous pathological states, including several neurodegenerative
diseases [67,68]. Correctly folded conformations are achieved through interactions with
scaffold proteins [69], folding enzymes [70] and, what will be a focus of this thesis as
part of an exploratory project, molecular chaperones (Figure 1.3) [71,72].
1.6.1  Lectin Chaperones

Lectin chaperones (calnexin and calreticulin) regulate calcium concentration in
the ER [73]. Calcium homeostatsis in the ER dictates not only interactions of chaperones
with target polypeptides, but also associations between chaperones [74,75]. Calnexin and
calreticulin are able to control the ratio of free to bound calcium by binding free calcium
ions [76,77]. Consequently, their interactions with polypeptides are calcium-dependent.
Although it was originally thought that polypeptides had to be glycosylated prior to
interacting with either calnexin or calreticulin, some studies suggest that non-
glycosylated proteins may also bind to these chaperones [78-80]. Both calnexin and
calreticulin have a single carbohydrate-binding domain and a proline-rich domain that is
responsible for calcium binding [81-84]. The proline-rich domain is also known to

recruit PDIA3 [71,83].
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1.6.2 PDIA3

PDIA3, also known by a number of aliases including ERp57, is a member of the
protein disulfide isomerase (PDI) family. This family regulates the formation of disulfide
bonds required for proper protein maturation [85]. PDI chaperones act as electron
acceptors in oxidation reactions or electron donors in reduction reactions, while also
being capable of isomerizing disulfide bonds (essentially rearranging existing disulfide
bonds) [85]. Members of this family are comprised of thioredoxin-like domains that help
make up the active site motif [85]. The interaction with lectin chaperones positions
PDIA3 so that it can carry out its enzymatic activites on either immature or misfolded
glycoproteins [71].

1.6.3 Hsp70 and BiP

A member of the heat shock protein 70 (Hsp70) class, BiP is classified as heat
shock 70 kDa protein 5 (HSPAS). Like other members of the Hsp70 family, BiP is
composed of three domains — an ATPase domain at its N-terminus, a peptide-binding
domain, and a C-terminus domain that helps regulate peptide binding [86,87]. When
ATP is bound to its N-terminus, this allows for the binding and rapid release of peptides
[86,87]. When ADP is bound to its N-terminus, peptides are tightly bound to the
chaperone [86,87]. Members of the Hsp70 family are responsible for maintaining
housekeeping functions within a cell, but are also required for proper folding and
maturation of newly-synthesized proteins [88]. They are also responsible for the
refolding of improperly folded or aggregrated proteins, along with controling activities of

a wide variety of regulatory proteins [88]. Hsp70 is known to be present predominantly
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in the nucleus and cytoplasm, with one isoform present in the mitochondria [89], whereas
BiP is present in the ER [90].

Since BiP has been shown to bind directly to hydrophobic residues, it can bind to
misfolded proteins that often have exposed hydrophobic regions. More specifically, BiP
forms transient bonds with newly synthesized proteins, but forms stable bonds with
misfolded proteins, preventing their export from the ER [71]. Not only is BiP responsible
for the translocation of newly synthesized proteins across the ER, but BiP also regulates
retrograde transport of misassembled proteins back into the ER, where they will be
targeted to the proteasome for degradation [91].

1.64 GRPY%4

GRP94, also known as heat shock protein 90 kDa 3 member 1 (HSP90B1), is
present in the ER. GRP94 is composed of three domains, including an N-terminus
regulatory domain, substrate-binding domain, and a C-terminus dimerization domain [71].
GRP94 has been shown to bind substrates once they have been released from BiP [92].
Although the exact mechanisms regulating to the control of substrate-binding domain are
unclear, it is thought that nucleotide binding to the N-terminus regulates the binding of
substrates [71].

1.6.5 DRIiP78

DRiP78 (also known as DnaJC14 — DnalJ (Hsp40) homolog, subfamily C,
member 14) belongs to the Hsp40 chaperone family [93] and has been shown to influence
the anterograde trafficking of a variety of GPCRs, including the dopamine 1 receptor
(DR) [94], angiotensin II type 1 receptor (AT1R), and M2 muscarinic receptor [95]. In

regards to the trafficking of specific receptors, DRiP78 interacts with a conserved
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FXXXFXXXF motif present in many GPCRs [94,95].
1.6.6  Reliance of GPCRs on Molecular Chaperones

Along with studies relating to how DRiP78 is required for proper ER export and
subsequent plasma membrane expression of GPCRs, further research has focused on how
other molecular chaperones affect the trafficking and expression of GPCRs. For
example, NinaA and RAN-binding protein 2 were both shown to participate in the
maturation of rhodopsin in both Drosophila and vertebrates, respectively [96,97].
Additionally, both D;R and DR expression rely on calnexin [98], while calreticulin has
been shown to be involved in the maturation of the bradykinin [3-2 receptor [99].
Nevertheless, additional investigation is required to further our understanding of how
molecular chaperones interact with GPCRs. These studies may even lead to differences
regarding the specificity of molecular chaperones for homo- or heterodimeric forms. For
example, it was shown that PDIA3 is required for ATIR homodimerization, as well as
2-AR heterodimerization with AT1R [100]. However, PDIA3 was not involved in 32-
AR homodimerization [100].
1.7 Importance of Rab GTPases

Molecular chaperones are not the only cellular components involved in directing
newly synthesized proteins through the cell’s complex endomembrane system. They
share this role with the Rab protein family, part of the Ras superfamily of small GTPases.
Although some members of the Rab protein family are ubiquitously expressed and others
have tissue-specific expression profiles, all Rabs act to regulate intracellular trafficking

pathways involved in vesicle formation from a donor compartment, movement along
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cytoskeletal networks, and fusion to an acceptor compartment [101]. Therefore, both
molecular chaperones and Rab GTPases are involved in anterograde transport pathways.

There have been at least 70 different members of the Rab protein family identified
in humans [102]. Rabs are localized on the cytosolic side of intracellular membranes due
to the post-tanslational modification of a C-terminus cysteine motif with hydrophobic
geranylgeranyl groups [103]. A Rab escort protein (REP) ensures interaction of a
recently synthesized Rab protein with geranylgeranyl transferase [103]. Subsequently,
REPs ensure that each hydrophobic, geranylgeranylated Rab protein is directed to the
appropriate intracellular membrane through the formation of a lipid anchor between the
Rab and membrane [103].

To accomplish their regulatory roles, Rab GTPases cycle between two
conformations — the inactive GDP-bound form and the active GTP-bound form [104].
The nucleotide exchange that accounts for the difference between the GDP- and GTP-
bound forms is catalyzed by a GDP/GTP exchange factor (GEF) [104]. In contrast,
conversion from the GTP- to GDP-bound form is accomplished by means of GTP
hydrolysis, carried out by a GTPase-activating protein (GAP) [104].

Once in their GTP-bound form, Rab proteins associate with Rab effectors and
direct vesicle traffic and fusion to appropriate organelles [105]. Upon reaching target
membranes, GTP hydrolysis of Rab proteins occurs, followed by association with REPs
that recycle Rab proteins back to their membrane of origin [105]. After activation by a
GEF, Rab proteins are again able to carry out this cycle of direct transport, as reviewed in

Figure 1.4 [105].
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By studying the trafficking requirements of multiple GPCRs, the roles of specific
Rab GTPase isoforms have been established. As shown in Figure 1.5, there are a variety
of Rab GTPases that exist in the cell and are responsible for a myriad of discrete
trafficking steps. This thesis work examined Rab GTPase isoforms that were previously
reported to influence the trafficking of GPCRs to the plasma membrane. For example,
Rabl has been found to direct traffic from the ER to the Golgi [106,107]. Rab2 is
responsible for directing vesicle traffic between the ER and cis-Golgi [108], whereas
Rab6 functions within the Golgi [109]. Rab8 directs anterograde vesicle transport
between the trans-Golgi and the plasma membrane [110], but Rab11 is known to regulate
both endocytic and exocytic trafficking between the plasma membrane and Golgi
complex [111]. Multiple studies have shown that the anterograde trafticking of
numerous GPCRs can be altered by transfection with dominant negative (DN) forms of
Rab GTPases in a varity of cell lines [106,112-114]. DN versions of Rab GTPases may
either retain the Rab GTPase in its inactive GDP-bound state or hinder activation of the
Rab GTPase by preventing guanosine nucleotide exchange.

By examining the contributions of molecular chaperones and Rab GTPases to the
anterograde trafficking of GPCRes, it is evident that both of these protein families are
important for proper plasma membrane expression of GPCRs. Therefore, this thesis will
study Rab GTPase involvement in the anterograde transport of two chemokine GPCRs
(CXCR4 and CCR?2) linked to the progression of prostate cancer. Futhermore, roles of
molecular chaperones will be explored as they relate to the anterograde transport of
receptors, including the CCRS5 chemokine receptor, required for HIV entry into host cells.

By uncovering trafficking requirements for plasma membrane expression of chemokine
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receptors involved in either prostate cancer or HIV progression, a greater understanding
of the cellular mechanisms of these disease states can be gained. Through this
understanding, it is possible that novel pharmacological targets could someday be
identified for the treatment of these diseases that rely on the cell surface expression of
chemokine receptors for their pathology.
1.8 Chemokines and Chemokine Receptors
Cytokines encompass a wide range of cell signaling molecules that are secreted

by many cells throughout the body [115]. They are essential in determining cellular
behavior and are also known as key regulators of intracellular communication [116,117].
Chemokines are low molecular weight secreted cytokines that were originally named for
their immunomodulating properties [116-118]. Chemokines have been shown as
essential mediators of chemotaxis during development and the trafficking of innate
immune cells [116,117]. Immunological responses associated with chemokines include
dendritic, B and T cell maturation, along with Type 1 and Type 2 helper T cell responses
[117]. However, chemokines have evolved to control more than just immunological
responses. They play integral roles in key physiological responses such as the regulation
of gene transcription, wound healing, and angiogenesis [117]. Although chemokines and
their receptors exert numerous protective and developmental functions, they are also
involved in the pathogenesis of many disease states, as will be mentioned in the
following sections.

While the system is comprised of considerable redundancy in terms of overlapping

functions, the chemokine system is still able to regulate exceptionally selective processes

such as the trafficking of particular cell types to targeted tissues [119]. Chemokines are
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often divided into four subfamilies — CC, XC, CXC and CX;3C — corresponding to the
positions of the first two cysteines in their highly conserved N-terminus tetracysteine
motif [118]. In general, CC chemokines bind CC chemokine receptors (CCRs), XC
chemokines bine XC chemokine receptors (XCRs), and CXC chemokines bind CXC

receptors (CXCRs) [118], all of which belong to the GPCR superfamily.
1.9 Chemokine Receptor CXCR4

CXCR4 is one of the most commonly studied chemokine receptors. It is
ubiquitously expressed throughout the body [120] and is activated by its only known
endogenous ligand, stromal derived factor-1 (SDF-1, also referred to as CXCL12) [121-
123].

SDF-1 was first described in terms of being a potent factor that stimulated the
growth of early B-cell progenitors in the bone marrow [124]. Additional research found
that SDF-1 acted as a chemoattractant for both lymphocytes and monocytes [125]. Two
SDF-1 isoforms have been identified — SDF-1a and SDF-1f [126]. Both isoforms are
encoded by one gene, but differential gene splicing results in SDF-1a being composed of
89 amino acids and SDF-1f consisting of 93 amino acids [126]. The SDF-1a isoform is
most abundantly expressed, but both isoforms can bind CXCR4 with comparable affinity
[127].

Homozygous mutations of either CXCR4 or SDF-1a are embryonic lethal [128].
Consequently, the CXCR4/SDF-1a signaling axis is essential for the development and
maintenance of tissues. One of the most important tissues associated with the
CXCR4/SDF-1a signaling axis is the bone marrow. Hematopoietic stem cells (HSCs)

become localized in the bone marrow and the HSC niche is maintained due to enhanced
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SDF-1a expression [125]. The CXCR4/SDF-1a signaling axis is also involved in B cell
development [129] and embryogenesis [130]. This signaling axis is also associated with
tissue repair and inflammatory processes [131], as well as a variety of pathological states
that include liver [132] and coronary artery disease [133].

This signaling axis supports the “seed and soil” hypothesis introduced by Paget in
the 1800s [134]. Paget hypothesized that the spread of malignant cells (seeds) to
different tissues (soil) does not occur randomly [134]. It was proposed that this process
involved directed migration [134]. Today, researchers understand that it is associated
with the migration of certain cancer cells to particular tissues, as dictated by interactions
of these cells with pro-migratory factors associated with tissues [134]. Concequently, if
cancer cells overexpress CXCR4, migration along a SDF-1a gradient is likely to occur
such that these cells may become established in tissues that express SDF-1a [134]. The
CXCR4/SDF-1a axis has also been associated with angiogenesis, as well as the
proliferation and survival of malignant cells [120].

CXCR4 overexpression has been documented in at least 20 different types of
cancers [135]. The interests of this thesis were related to the heightened CXCR4
expression that has been documented in both localized and metastatic prostate cancer
[136]. Not only is this heightened expression associated with relatively low survival
rates, [137], but it is also likely to be accompanied by more aggressive phenotypes [138].
Signaling through CXCR4/SDF-1a has been reported to have several negative effects in
relation to studies investigating this signaling axis in prostate cancer cells. For example,

it was found that CXCR4/SDF-1a signaling amplifies perineural invasiveness of prostate
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cancer cells [139], while also being able to promote the adhesion of prostate cancer cells
to bone marrow endothelial cells [140].

Whereas SDF-1a is highly expressed in tissues that are common destinations for
prostate cancer metastases (for example, the bones, kidneys, and liver), it has essentially
negligible expression at uncommon sites of prostate cancer metastases (for example, the
tongue, lungs, and eyes) [141]. In vivo experiments have found that administration of a
CXCRA4 neutralizing antibody or blocking peptide significantly attenuated intraosseous
tumor burden following intratibial tumor cell injections [141]. Bone metastases were
also reduced after intracardiac injection of prostate cancer cells [141]. Furthermore,
administration of the CXCR4 antagonist, AMD3100, was found to prevent prostate
cancer cell invasiveness [139].

1.10 Chemokine Receptor CCR2

The CCR2 chemokine receptor is expressed on many cells of the immune system
[142]. It is the only known receptor for monocyte chemotactic protein-1 (MCP-1).
Together with its ligand, CCR2 is involved in the directed migration of monocyte-derived
macrophages to areas of inflammation, as well as other immune responses [143]. Much
like other chemokine receptors, CCR2 has been linked to a variety of disease states,
including atherosclerosis [144], and dementia-like pathology [145,146].

CCR?2 is implicated in a variety of mechanisms favoring cancer growth, such as
the recruitment of myeloid suppressor cells to sites of tumor growth [147] and the
promotion of tumor cell extravasation [148]. Furthermore, CCR2 expression on several
different types of malignancies, including multiple myeloma [149], breast cancer [150]

and prostate cancer [151], has been shown to be involved in disease progression. In
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relation to signaling through CCR2, MCP-1 stimulation of this receptor results in the
directed migration of prostate cancer cells, as well as increased cell division and invasion
[152]. CCR2/MCP-1 signaling has also been associated with angiogenesis and [153]
prostate cancer-induced osteoclastogenesis [151]. A murine xenograft model with a
prostate cancer cell line was used to examine tumor burden and macrophage infiltration
after administration of MCP-1 neutrtralizing antibodies [154]. It was found that both of
these parameters were decreased with MCP-1 neutralizing antibodies, indicating a role of
CCR2 in the progression of prostate cancer [154].
1.11 Dimerization of Chemokine Receptors CXCR4 and CCR2

As further examples of GPCR dimerization, CXCR4 and CCR2 are able to form
both homodimers [155-159] and heterodimers [158,160]. An investigation of the
CXCR4/CCR2 heterodimer discovered that AMD3100 inhibited the interaction of MCP-
1 with CCR2, whereas the CCR2 antagonist TAK779 inhibited SDF-1a interaction with
CXCR4 [160]. This study of the CXCR4/CCR2 heterodimer was conducted in vitro and
cross-inhibition of each constituent receptor resulted in alterations in functional
responses, as measured by chemotaxis assays and calcium flux [160]. Physiological
consequences of the CXCR4/CCR2 heterodimer have yet to be determined
mn vivo [160].
1.12 Chemokine Receptor CCRS

The CCRS5 chemokine receptor is expressed on a variety of immune cells [161]
and can bind to a myriad of chemokines [162]. Endogenous ligands for this receptor
include RANTES (regulated on activation, normal T cell expressed and secreted) [163],

CCL3L1 (chemokine C-C motif ligand 3-like 1) [164], macrophage inflammatory protein

22



(MIP) 1a, and MIP 1 [165]. Although the exact contribution of CCRS5 to normal
immune function has not been clearly established, it is postulated that CCRS is involved
in inflammatory responses associated with infection [166].

It is interesting to note that a variety of CCRS5 genetic variants have been
identified in the human population [167]. Some of these genetic variants are associated
with mutations that alter the coding sequence of the protein and result in decreased CCRS
expression at the plasma membrane [167]. The CCR5A32 mutation has been
documented in individuals of North African, West Asian or European heritage [168].
This mutation is associated with a 32 base pair deletion, resulting in accumulation of the
truncated receptor in the ER [169]. More specifically, this deletion removes a
membrane-proximal basic domain of the receptor’s C-terminus that is required for proper
transport to the plasma membrane [169]. With the exception of one form of liver disease
[170], individuals with the CCR5A32 mutation do not exhibit any pathologies that could
be attributed to this mutation. These observations are likely due to the fact that the
redundancy inherent in the chemokine system can compensate for a lack of CCRS5 [171].
Because the CCR5A32 mutation is rarely associated with negative health effects, it is
possible that therapeutic strategies used to block CCRS5 receptor function or plasma
membrane expression may also present with limited side effect profiles. Nevertheless,
CCRS5 has been implicated in a variety of disease states, such as asthma [172], cancer
[173], and HIV [174].

1.12.1 CCRS Involvement in Human Immunodeficiency Virus (HIV) Infection

The human immunodeficiency virus (HIV) envelope houses two different

glycoproteins. Envelope glycoprotein GP120 (gp120) is present on the envelope’s
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exterior and initiates HIV interaction with glycoproteins on host immune cells [175].
Forming a non-covalent bond with gp120, envelope glycoprotein GP41 (gp41) is
embedded in the viral envelope. The exterior portion of gp41 is able to interact with
gp120 and its interior portion is believed to interact with the matrix underlying the viral
envelope [175]. Glycoprotein spikes present on the viral envelope are formed by trimers
of gp120-gp41 heterodimers [175].

To gain entry into host cells, gp120 binds to cluster of differentiation 4 (CD4), a
glycoprotein present on the surface of immune cells. Binding of gp120 to CD4 initiates
conformational changes in each protein that allow the CD4-gp120 complex to interact
with CXCR4 or CCRS5 [176]. Upon binding to either co-receptor, further conformational
changes lead to the insertion of an N-terminus fusion peptide belonging to the gp41
subunit into the membrane of the host cell [176]. The cell and viral membranes are then
brought in sufficient proximity for fusion [176]. Therefore, CD4 acts as the primary
receptor for HIV infection, but CXCR4 and CCRS act as co-receptors for viral entry,
making these chemokine receptors interesting targets for potential therapies.

It has been estimated that upwards of 90% of HIV infections have originated from
HIV strains that employ CCRS as a co-receptor (RS HIV strains) [174]. One of the main
reasons for this is due to the heightened expression of CCRS and relatively poor
expression of CXCR4 along areas of the genital tract where the virus is likely to come
into contact with mucosal surfaces of a potential host [177]. Coupled with the fact that
the CCR5A32 mutation confers resistance to HIV infection [178], this observation makes
CCRS an especially interesting receptor to study in relation to HI'V pathology.

Furthermore, CD4 can interact with CCRS at the plasma membrane in living cells [179].
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This interaction initiates in the ER and enhances expression of CCRS5 at the cell surface
[179]. However, interaction of CD4 with CXCR4 was not found to influence the cellular
distribution of CXCR4 [179].
1.13 The Projects

This thesis contains two projects. The first project investigates Rab GTPases
required for the anterograde trafficking of two receptors known to be involved in the
progression of prostate cancer progression and was published by Gillies et al. (2013)
[180]. The second project relates to exploratory work on the involvement of molecular
chaperones in the maturation of CD4 and CCRS receptor complexes.

1.14 Requirements for CXCR4 and CCR2 Anterograde Trafficking in a Prostate
Cancer Cell Line

Although desensitization and endocytosis are fairly well understood in terms of
how they contribute to the attenuation of GPCR signaling, there is still much to uncover
about how GPCR signaling complexes are assembled and trafficked to the plasma
membrane. Because cell surface expression of CCR2 and CXCR4 has been suggested to
promote prostate cancer progression, it is important to study how processes governing
their assembly and trafficking dictate their cell surface expression, including that of their
homo- and heterodimers. Two GPCRs — CXCR4 and CCR2 — have been examined in
relation to intracellular trafficking events required for transport to the plasma membrane
and the effects of receptor trafficking blockade on their signal transduction. It is possible
that novel targets capable of preventing CXCR4 or CCR2 cell surface expression could
be identified through the characterization of intracellular trafficking requirements. Rab
GTPases are capable of controling receptor transport from sites of maturation to the

plasma membrane [106,112]. Therefore, this thesis used the PC3 human prostate cancer
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cell line to study how different Rab GTPases are involved in the anterograde trafficking
of CXCR4 and CCR?2 receptors and the CXCR4/CCR2 heterodimer [180].

A large number of signaling cascades are initiated through the activation of these
chemokine GPCRs [181], but this thesis measured activation of focal adhesion kinase
(FAK) to determine a functional consequence of affecting the plasma mebrane expression
of these receptors and dimers with different DN Rab GTPase isoforms. FAK was chosen
because it is a a non-receptor tyrosine kinase intimately associated with numerous
processes that favor cancer progression, such as cell survival and migration
[182].

1.14.1 Hypotheses

This study can be divided into two hypotheses:

1) The anterograde trafficking of CXCR4 and CCR2 homo- and heterodimers will
each require a different subset of Rab GTPases;
2) DN forms of Rab GTPases will hinder cell surface expression of CXCR4 and

CCR2 homo- and heterodimers, resulting in functional consequences as

measured by FAK activation.

1.15 Exploratory Work Relating to Molecular Chaperones Guiding the Maturation
of the CCRS and CD4 Receptors

Currently, many anti-HIV therapies try to antagonize ligand binding sites of the
HIV co-receptors [183]. However, because these receptors are involved in such a wide
variety of necessary physiological functions, antagonism of these receptors can lead to
debilitating side effects. By identifying proteins that may act to restrict the expression of
HIV co-receptors at the plasma membrane, novel therapeutic targets may be discovered

that avoid problems associated with ligand therapies. The class of proteins that this
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project focused on is that of the molecular chaperones. Because the early steps
associated with the assembly of signaling complexes are relatively not well characterized,
this represents an exciting area of research. If it is possible to block the assembly of the
CCRS5/CDA4 heterodimer, without interfering with the maturation of each individual
receptor, only signal transduction cascades initiated by the heterodimer and not each
individual receptor would be affected, leaving individual receptors to function normally.
Retaining CCRS5 within the cell and preventing its expression at the plasma
membrane has been proposed as a way in which heterozygous individuals for the CCR5
mutation (those with the CCR5/ CCR5A32 genotype) are more protected from HIV
infection, when compared to individuals who do not harbor the CCR5A32 mutation
[184]. This is because the mutated form of the receptor heterodimerizes with WT CCRS5
during early stages of receptor maturation and retains WT CCRS in the ER [184]. By
identifying chaperones required for specific receptor-receptor interactions, novel
therapeutic targets could be proposed that prevent only particular assembly and
trafficking pathways. The ability of the sodium-hydrogen antiporter 3 regulator 1
(NHERF1) scaffold protein to regulate CCR5 homodimer internalization, but not that of
CXCR4/CXCR4 or CXCR4/CCRS has been documented [185]. Therefore, distinct
cellular proteins may interact differentially with receptors depending on the state of
receptor dimerization. Since individuals with the CCR5A32 mutation (homo- or

heterozygotes) rarely have health problems associated with diminished CCRS5 plasma
membrane expression [170], regulating this receptor’s expression at the plasma
membrane is a valid avenue to study ways in which the progression of HIV pathology

can be circumvented.
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The benefits of studying interactions of molecular chaperones with receptor
dimers are two-fold. Firstly, signal transduction cascades initiated by the heterodimer
can be better understood, with the possibility of targeting only the signaling of the
heterodimer with pharmacological interventions. Secondly, plasma membrane
expression of CCRS5 homo- and heterodimers can be studied with hopes of determining
specific interaction partners that may serve as novel therapeutic targets.

1.15.1 Hypothesis

CD4 and CCRS5 have been shown to assemble early in maturation, but little is
known about the molecular chaperones that promote their assembly. Therefore, this
study had the following hypothesis:

1) Molecular chaperones will differentially affect the maturation and plasma
membrane expression of the CCR5/CD4 heterodimer, when compared to their

effects on each constituent receptor.

28



a Ontogenesis b Pharmacological diversity € Signal transduction d Internalization

TN/
A\

c c

Figure 1.1 Pharmacological consequences of GPCR heterodimer formation.
Heterodimerization can either positively or negatively influence (A) maturation and
development, (B) binding of a ligand, (C) signal transduction cascades and (D)
internalization of GPCRs present as heterodimers. G: G protein; L: ligand (Ellis et al.
2004; Reprinted by permission from Macmillan Publishers Ltd: [Nature Reviews Drug
Discovery] (Ellis et al. 3:577-626), copyright (2004)).
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Figure 1.2 Anterograde trafficking pathway. A variety of sequential steps lead to the
expression of GPCRs at the plasma membrane. Steps that are unique to GPCRs are
written in blue, while the numbered boxes represent transport events associated with
proteins in general. COPI: coat protein I; COPII: coat protein II; ER: endoplasmic
reticulum; ERAD: ER-associated degradation pathway; ERIG: ER-Golgi intermediate
compartment (Achour et al. 2008; Reprinted by permission from Macmillan Publishers
Ltd: [Trends in Pharmacological Sciences] (Achour et al. 29:528-535), copyright (2008)).
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Figure 1.3 Overview of chaperones involved in the maturation of GPCRs. A system of
molecular chaperones exists in the cell to guide the folding and maturation of newly
synthesized polypeptides (Hebert et al. (2007) [71], permission not required).

31



|/ @DI b, H‘. .
GDE@;& ) q J\Mﬁq €0)
_r” AT e o
—3 H_%; b Uncoating < \
""6_5' g, Q\adf :
:rk___/ \E\- o o Q\_} E
£ e N> \ 5
F%W’er{ s Q) 4 » O \ \
a Sorting z Q)

e Fusion

=== P

°§ € Motility

®

)

& S-S

j(; f:;, b \ ® /‘ ﬁ

Donor membrane

{:3 Ligand A Pl-binding @3 “Q\\
S Receptor coat protein C
_ Rab|] GDP-bound

L] Sorting adaptor inactive Rab

b

\_;5_1 Pl kinase or phosphatase GTP-bound

C: Maotor adaptor \“‘-_. ?_c:;z fi
Y Tether v-SNARESs
== Cytoskeletal track o Pl-x Acceptor membrane
88 Motor e Pl-y

Mature Reviews | Molecular Cell Biology

Figure 1.4 Membrane trafficking, as controlled by Rab GTPases and associated effectors.
A number of discrete steps are involved with the membrane-targeting action of Rab
GTPases and their effectors. As Rab GTPases cycle between active GTP-bound
conformations and inactive GDP-bound conformations, proteins contained within
transport vesicles are carried along the extensive cytoskeletal network of a cell to reach
target membranes. More specifically, (A) GTP-bound Rab GTPases initiate sorting of
proteins into a vesicle, (B) transport vesicles may be modified, (C) the vesicles are
transported along the cytoskeletal network, (D) vesicles become tethered to target
membranes, and (E) fuse with target membranes (Stenmark et al. 2009; Reprinted by
permission from Macmillan Publishers Ltd: [Nature Reviews Molecular Cell Biology]

(Stenmark et al. 10:513-525), copyright (2009)).
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Figure 1.5 Rab GTPases in eukaryotic cells. Many Rab GTPases are present in the cell
and regulate numerous trafficking steps. In this thesis, Rab GTPase isoforms that have
been shown to influence the plasma membrane localization of GPCRs were studied.
These included Rab1, Rab2, Rab6, Rab8 and Rab11. (Stenmark et al. 2009; Reprinted by
permission from Macmillan Publishers Ltd: [Nature Reviews Molecular Cell Biology]
(Stenmark et al. 10:513-525), copyright (2009)).
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CHAPTER 2 MATERIALS AND METHODS

2.1 Reagents

The PC3 human prostatic small cell carcinoma cell line (CRL-1435) and
HEK293A human embryonic kidney cell line (CRL-1573) were purchased from
American Type Culture Collection (ATCC; Manassas, VA, USA). Fetal bovine serum
(FBS), penicillin-streptomycin (PS) and Lipofectamine 2000 were purchased from
Invitrogen (Etobicoke, ON, Canada). Dulbecco’s Modified Eagle’s Medium (DMEM)
High Glucose, monoclonal anti-FLAG antibody, Protein A-Sepharose, ready to use
Bradford Reagent and all chemicals were from Sigma-Aldrich (Oakville, ON, Canada).
Bovine serum albumin (BSA) was from BioBasic Incorporated (Markham, ON, Canada).
Laemmli sample buffer was from BioRad (Mississauga, ON, Canada) and BioTrace™
nitrocellulose transfer membrane was from Pall Corporation (Saint Laurent, QC,
Canada). CL-XPosure film was from Fisher Scientific (Whitby, ON, Canada).
Supersignal West Femto Maximum Sensitivity Substrate, EZ-link Sulfo-NHS-LC-Biotin
and streptavidin agarose resin were from Thermo Scientific Pierce Protein Research
Products (Rockford, IL, USA). SDF-1a, MCP-1 and monoclonal $3-actin were from
Abcam (Toronto, ON, Canada). Polyclonal anti-GFP, monoclonal anti-c-myc,
monoclonal anti-CCR2, polyclonal anti-fusin (C-20; anti-CXCR4), monoclonal anti-
pFAK and horseradish peroxidase (HRP)-conjugated secondary antibodies were from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Polyclonal anti-FAK was from
Biovision (Milpitas, CA, USA). Polyclonal anti-Hsp70, polyclonal anti-calreticulin,
polyclonal anti-calnexin, polyclonal anti-PDIA3, polyclonal anti-BiP and polyclonal anti-

GRPY4, coelenterazine H and coelenterazine 400a were from Cedarlane Labs (Hornby,
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ON, Canada). Polyclonal anti-DRiP78 was from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Calreticulin and PDIA3 small interfering RNAs (siRNAs) were from
Applied BioSystems (Carlsbad, California, USA). Hsp70 siRNA and DRiP78 small
hairpin RNA (shRNA), as well as control siRNA-A were from Santa Cruz Biotechnology
(Santa, Cruz, CA, USA). Polyethylenimine (PEI) was from Polysciences Incorporated
(Warrington, PA, USA). 96-well microplates (white Optiplates) were from Perkin-Elmer
(Waltham, MA, USA). Cell culture plastics were from VWR International (Mississauga,
ON, Canada).
2.2 Cell Culture

Both PC3 and HEK293A cell lines were maintained in DMEM, supplemented
with 10% heat inactivated FBS and 2% PS in a 5% CO, atmosphere at 37°C. Cells were
passed with 10 cm cell culture plates when they were 80-90% confluent. Experiments
were completed with cells that were of passage 35 or less. Cell lysis experiments were
carried out in 6-well plates and co-IP experiments were conducted using 10 cm dishes
when cell layers were 70-80% confluent.
2.3 Constructs

CXCR4 and CCR2 receptors were obtained from the Missouri University of
Science and Technology cDNA Resource Center and transferred into a pcDNA3.1 vector
containing the N-terminus (Venus1) or C-terminus (Venus2) portion of the Venus yellow
fluorescent protein as previously detailed [185]. CCRS and CD4 receptors were
purchased from the Missouri University of Science and Technology cDNA Resource
Center. Each receptor construct was transferred into a pcDNA3.1 vector containing the

N-terminal (Venusl) or C-terminal (Venus2) portion of the Venus yellow fluorescent
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protein as previously described [185]. Chaperone constructs (BiP WT, BiP T37G and
calnexin, each of which is HA-tagged, along with the FLAG-tagged GRP94) were from
Dr. William Green (University of Chicago). The pGFP,-N,-CD4 construct was from Dr.
Jana Stankova (Université¢ de Sherbrooke). Gyp1-Rluc, Gy2 and DRiP78 FLAG-tagged
contructs were from Dr. Terence Hébert (McGill University). Wild type (WT) and DN
Rab GTPase constructs were generated as was previously described [113]. Rab GTPase
isoforms used were MY C-tagged Rabl WT or Rabl S25N, Rab2 WT or Rab2 S20N,
Rab6 WT or Rab6 T27N, Rabl11 WT or Rabl1 S25N and FLAG-tagged Rab8 WT or
Rab8 T22N. Each WT and DN Rab GTPase was expressed in PC3 cells such that
expression levels could be confirmed by western blot analysis of cell lysates.

2.4 Transfections

PC3 cells were plated in 6-well plates or 10 cm dishes and transfected with cDNA
and Lipofectamine 2000 according to manufacturer’s instructions. Experiments were
completed 48 h post-transfection, after 24 h of serum deprivation.

HEK293A cells were plated in 6-well plates or 10 cm dishes and transfected with
cDNA, siRNA or shRNA using PEI. ¢cDNA or inhibitory RNA and PEI were mixed in a
ratio of 1:3 (DNA:PEI), along with 100 ul of serum-free DMEM for each well or 500 ul
of serum-free DMEM for each 10 cm dish. Cells were cultured for 48 h post-
transfection, at which time cell lysis or co-immunoprecipitation experiments were carried

out.
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2.5 Bimolecular Fluorescence Complementation (BiFC)

Bimolecular fluorescence complementation (BiFC) takes advantage of the
formation of a fluorescent molecular complex and allows protein-protein interactions to
be visualized in living cells [31]. This thesis used the Venus variant of yellow
fluorescent protein and either an N-terminus (Venusl (V1), the first 157 amino acids of
Venus) or C-terminus (Venus2 (V2), amino acids 158 to 238 of Venus) fragment was
coupled to a particular receptor [180]. As evident in Figure 2.1A, each separate Venus
fragment does not emit fluorescence and is unable to bind to an anti-GFP antibody.
When the receptors coupled to each Venus fragment dimerize, V1 and V2 form a
functional Venus. This functional Venus is able to fluorescence and bind to anti-GFP
antibody (Figure 2.1B).

For BiFC experiments, cells were co-transfected with either GFP-tagged or
Venusl- and Venus2-tagged receptors (total cDNA transfected into each well was kept
constant by the addition of a pcDNA vector as needed). 48 h post-transfection, cells
were harvested with 100 ul phosphate buffered saline (PBS) and distributed into 96-well
microplates. Fluorescence was measured using a Perkin Elmer Wallac EnVision 2104
Multilabel plate reader.

Fluorescence of cells transfected with empty pcDNA was subtracted from each
sample’s fluorescence reading. All fluorescence values were ultimately corrected for cell
counts and normalized to controls transfected with both pcDNA and the receptor. Cell
counts were completed by diluting 10 ul of cell suspension, then loading 10 ul of this
diluted suspension onto a hemocytometer. Three quadrants were counted and the average

number of cells per quadrant was calculated to determine the number of cells per ml (10
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multiplied by the average cells/quadrant, corrected by the dilution factor).

2.5.1 Fluorescence Microscopy for Visualization of BiFC

To visualize BiFC signals, an Olympus IX81 microscope with a Photometrics
coolSNAP HQ2 camera and excite series 120Q light source were used. YFP (Venus1/2)

was excited at 488 nm and images were obtained at a fluorescence emission of 525 nm.
2.6 Biotin-Streptavidin Cell Surface Assay

Cells were transfected and harvested after 48 h. As illustrated in Figure 2.2, cells
were washed with PBS before being incubated with 0.9 mM EZ-link Sulfo-NHS-LC-
Biotin for 30 min. Samples were washed with 100 mM glycine-PBS and lysed with
radioimmune precipitation assay buffer (RIPA) buffer (50 mM Tris-HCI, ph 7.5, 10 mM
MgCl,, 150 mM NaCl, 0.5% sodium deoxycholate, 1% Nonidet P-40, 0.1% SDS, and
complete EDTA-free protease inhibitors). Supernatants were incubated with streptavidin
agarose resin overnight. Samples were then washed three times with RIPA buffer prior
to incubation with sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer with 2.8 M DTT for 1 h at room temperature in order to elute
bound proteins. Immunoblots were probed with appropriate primary antibodies, as well
as corresponding horseradish-peroxidase-conjugated secondary antibodies.
2.7 Cell Lysis and Co-Immunoprecipitation (Co-IP)

Cells were harvested 48 h post-transfection, washed with PBS, and lysed with

RIPA. Samples were pre-cleared with protein A-Sepharose with BSA and nutated for 30
minutes at 4°C. Centrifugation at 13000 RPM for 15 minutes at 4°C was completed to
clarify the lysates. Samples were then incubated with a corresponding primary antibody

for 30 minutes at 4°C. The protein-antibody complex was then precipitated with protein-
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A sepharose beads that were left overnight on a nutator at 4°C to precipitate proteins of
interest. Following overnight incubation, samples were washed with RIPA and proteins
were eluted with 710 mM B-mercaptoethanol-Laemmli sample buffer. For cell lysis
analysis, 30 ul of the supernatant was added to 30 ul of Laemmli sample buffer
containing 1.5 ul of B-mercaptoethanol. Samples were subjected to SDS-PAGE and
western blots were completed with applicable antibodies. The co-IP protocol is outlined
in Figure 2.3.
2.8 Bradford Assay

BSA was used to produce protein standard curves with concentrations ranging
from 0.01 to 10 ug/ml. Protein samples (1 ul of each) were loaded into wells of a 96-
well plate with 119 ul of water and 120 ul of Bradford sample buffer. Samples were
incubated at room temperature for 5 min before absorbance was read on a Perkin Elmer
Wallac EnVision 2104 Multilabel plate reader at 595 nm.
2.9 Western Analysis

Cells were lysed and lysates were clarified as described in Section 2.7. Lysates
were nutated with 710 mM B-mercaptoethanol-Laemmli sample buffer at room
temperature before being placed in a dry bath at 65°C for 5 min. Samples were processed
with SDS-PAGE and transferred to nitrocellulose membranes. Membranes were blocked
with 5% milk powder in Tris buffered saline (TBS). Immunoblots were probed overnight
with primary antibodies at 4°C in 5% TBS milk. The following day, membranes were
washed with 0.1% Tween-20 TBS (TBST) and incubated with HRP-conjugated

secondary antibodies for 1 h in 5% TBS milk. After membranes were washed again in
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0.1% TBST, immunoblots were visualized with Supersignal West Femto Maximum
Sensitivity Substrate. Imagel] 4.3 software (NIH) was used to determine immunoblot
band densities.

2.10 Bioluminescence Resonance Energy Transfer (BRET)

HEK293A cells were co-transfected with the indicated cDNAs to achieve a 1:1
(donor:acceptor) ratio between Renilla luciferase (RLuc)-fusion (donor) proteins and
GFP- or V1/V 2-fusion (acceptor) proteins. 48 h post-transfection, cells were harvested
with 100 ul PBS containing 0.1% glucose and 90 ul of each sample was distributed into
96-well microplates. Signals were read using a FLUOstar Omega BMG Labtech plate
reader with 460 nm (RLuc) and 520 nm (GFP or Venus1/Venus2) band pass filters.
Coelenterazine H was used as a substrate for BRET1 and coelenterazine 400a as a
substrate for BRET2, both at a final concentration of 5 uM. The BRET ratio was
quantified by dividing emission values at 520 nm by those at 460 nm. A schematic
representation of BRET1 and BRET?2 is shown in Figure 2.4.

2.11 Statistical Analysis
All statistical comparisons were done using the unpaired two-tailed student’s t
test. Measurements are presented as mean + SEM. Levels of significance and

subsequent p values are 0.05 (*), 0.01 (**) and 0.001 (***).

40



A) GPCR-VI1 GPCR-V2

o

ant1 GFP antibody

B)  GPCR-V1 GPCR-V2

Venus

| ¥
r
ti-GFP antibody

an

Figure 2.1 Schematic of the basis of BiFC. Each GPCR is tagged with an N-terminus or
C-terminus fragment of the YFP variant Venus, referred to as V1 or V2 respectively. (A)
V1 and V2 are unable to fluoresce individually and also do not bind an anti-GFP
antibody. (B) When in close enough proximity to one another due to dimerization of
their fused receptors, the Venus fragments covalently reconstitute to from a functional
fluorescent protein that is able to bind an anti-GFP antibody.
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Figure 2.2 Schematic of the biotin-streptavidin cell surface assay. (A) Cells are treated
with EZ-link Sulfo-NHS-LC-Biotin that reacts with primary amines of cell surface
proteins. Because EZ-link Sulfo-NHS-LC-Biotin is not membrane permeable, it does not
interact with intracellular proteins. (B) After biotin-labeling, cells are lysed and (C)
mixed with streptavidin-conjugated agarose beads that bind biotinylated proteins. (D)
Agarose beads are then washed to remove unbiotinylated proteins and the resulting
biotin-labeled cell surface proteins are studied by western blot analysis.

42



A) B) C) D)

@2
O @y
O
@) )
@)
@)

N
—
N

°C @
S>—

«@>-
@2
@

@)

Y/
X

«
«

0 .Wy

Microcentrifuge tubes showing each step of the co-immunoprecipitation protocol

¢( Antibody against protein |

O Protein I

@ Protein Il
O Cell lysate

® Protein A-Sepharose

Figure 2.3 Schematic of the co-IP protocol. (A) An antibody against one protein of
interest (protein I) is added to the cell lystate. (B) The antibody then binds to protein I,
which is complexed with a second protein (protein II). (C) Protein A-Sepharose is added
and renders the antibody-protein I/II complex insoluble. (D) This complex is then
precipitated through centrifugation and washed. The precipitate is analyzed by means of
western blot, immunoblotting against protein II.
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Figure 2.4 Schematic of the BRET protocol. GPCRs are tagged with (A, B) Venus
fragments for BRET1 or (C) GFP for BRET2. G-proteins are tagged with RLuc. GFP or
the reconstituted Venus fragments act as energy acceptors, whereas RLuc catalyzes
oxidation of the substrate (coelenterazine H (BRET1) or coelenterazine 400a (BRET?2))
to act as an energy donor. When in close enough proximity, energy emitted from RLuc
oxidation of the substrate (460 nm) can be transferred to V1/V2 or GFP. Subsequent
emission from V1/V2 or GFP can be read at 520 nm with a plate reader, except when
BRET does not occur, as is shown in (A).
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CHAPTER 3 RESULTS

3.1 CXCR4 and CCR2 Interaction in PC3 Cells

Previous studies have indicated that the chemokine GPCRs CXCR4 [136] and
CCR2 [151] are expressed at endogenous levels in PC3 cells. Western blotting was
carried out to confirm these findings and examine endogenous expression of both
receptors in PC3 cells, as shown in Figures 3.1A and 3.1B [180].

Both CXCR4 and CCR2 can form homo- and heterodimers, with ligands showing
differential interactions with the CXCR4/CCR?2 heterodimer when compared to the
individual receptors [158,160]. Co-IP experiments were conducted to show that
endogenous CXCR4 could be immunoprecipitated with endogenous CCR2 in PC3 cells
(Figure 3.1) [180]. These experiments were carried out by immunprecipitating CXCR4
and immunoblotting against CCR2 (Figure 2.1B) or by immunoprecipitating CCR2 and
immunoblotting against CXCR4 (Figure 3.1B) [180]. Each experiment yielded the same
result.

By enabling detection of CXCR4/CCR2 heterodimers through visualization with
a microscope or detection with an anti-GFP antibody, BiFC facilitated the study of the
CXCR4/CCR2 signaling complex [180]. Dimerization of the signaling complex resulted
in the formation of a functional Venus that was able to bind to an anti-GFP antibody
(Figure 3.2A) [180]. Figure 3.2B indicates the relative fluorescence levels of different
chemokine receptor dimer combinations and Figure 3.2C shows fluorescence microscopy

of the CXCR4V1/CCR2V2 heterodimer used in this thesis [180].
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3.2 Rab GTPase Expression

It was determined how different Rab GTPase constructs could influence the cell
surface expression of endogenous CXCR4, CCR2, and the overexpressed CXCR4/CCR2
heterodimer [180]. To do this, PC3 cells were transfected with MYC- or FLAG-tagged
WT or DN Rab GTPases constructs for 48 h [180]. Cells were then lysed and processed
with SDS-PAGE [180]. Figure 3.3 shows that expression levels for all Rab GTPase
constructs were similar when transfected into PC3 cells [180]. Figure 3.3 also indicates
that total endogenous CXCR4 and CCR?2 levels did not change after transfection with
Rab GTPase WT or DN constructs [180].

3.3 Anterograde Trafficking of CXCR4

To facilitate the study of how Rab GTPase DN mutants may alter the anterograde
trafficking of endogenous CXCR4 and CCR2, as well as the overexpressed heterodimeric
complex, cell surface expression of these receptors was examined after PC3 cells were
transfected with WT or DN Rab GTPase isoforms [180]. Cell surface expression of
CXCR4 was measured 48 h post transfection by means of biotin-streptavidin cell surface
assays and western blot analysis with an anti-CXCR4 antibody [180]. It was found that
DN isoforms of Rab1 and Rab11 did not influence CXCR4 plasma membrane expression
(Figure 3.4A) [180]. However, Rab2 S20N (38.25 + 7.71%), Rab6 T27N (66.25 +
6.10%) and Rab8 T22N (60.75 £ 10.27%) significantly decreased CXCR4 plasma
membrane expression when compared to Rab2, Rab6, and Rab8 WT isoforms (Figure

3.4A) [180].
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3.4 Anterograde Trafficking of CCR2

Much like the study of the CXCR4 trafficking pathway, biotin-streptavidin cell
surface assays and western blot analysis revealed that endogenous CCR2 cell surface
depended on expression of particular Rab GTPase isoforms [180]. Whereas Rabl S25N
(37.33 £ 6.74%), Rab6 T27N (35.33 £ 3.76%), and Rab8 T22N (26.00 + 4.58%)
decreased CCR2 cell surface expression when compared to WT isoforms, Rab2 S20N
and Rab11 did not influence CCR2 plasma membrane expression (Figure 3.4B) [180].
3.5 Anterograde Trafficking of CXCR4/CCR2

Biotin-streptavidin cell surface assays, followed by western blot analysis, found
that Rab1 S25N (30.33 + 8.69%) and Rab8 T22N (64.18 £ 9.46%) significantly
decreased plasma membrane expression of the CXCR4V1/CCR2V2 heterodimer (Figure
3.4C) [180].

3.6 Focal Adhesion Kinase (FAK) Phosphorylation

Because cell migration plays such an integral role in prostate cancer metastasis
and FAK is so intimately associated with migratory processes [182], activation of this
protein kinase in PC3 cells expressing different Rab GTPase isoforms was investigated
[180]. CXCR4 and CCR2 must be expressed at the cell membrane to bind SDF-1a or
MCP-1, respectively [180]. Therefore, studying a signaling pathway activated by
CXCR4 or CCR2 would further highlight the roles of Rab GTPases in the plasma
membrane expression of these receptors [180].

WT and DN Rab GTPases were transfected in PC3 cells that expressed
endogenous receptors [180]. After stimulation with SDF-1a at a concentration of 30

ng/ml for 15 min at 37°C and 5% CO,, levels of phospho-FAK (p-FAK) were quantified
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through western blots and compared between non-stimulated and stimulated cells [180].
After stimulation with SDF-1a, cells transfected with Rab2 S20N (p=0.019), Rab6 T27N
(p=0.0001) and Rab8 T22N (p=0.0258) exhibited statistically significant decreases in p-
FAK activation when compared to their WT counterparts (Figure 3.5A) [180].

When PC3 cells were transfected with WT and DN Rab GTPases, but stimulated
with MCP-1 (20 ng/ml for 15 min at 37°C and 5% CQO), Rab1 S25N (p=0.0158), Rab6
T27N (p=0.0231), and Rab8 T22N (p=0.0035) resulted in statistically significant
decreases in p-FAK activation when compared to their WT isoforms (Figure 3.5B) [180].

As was completed with endogenous CXCR4 and CCR2, FAK activation in cells
overexpressing the CXCR4V1/CCR2V2 heterodimer was measured after stimulation
with SDF-1a or MCP-1 [180]. After stimulation with SDF-1a (Figure 3.5C), there were
statistically significant decreases in p-FAK levels in cells transfected with Rabl S25N
(p=0.0037) and Rab8 T22N (p=0.0078), compared to cells transfected with WT isoforms
[180]. After stimulation with MCP-1 (Figure 3.5D), significant decreases in FAK
phosphorylation were also apparent with Rab1 (p=0.0068) and Rab8 DN GTPases

(p=0.0329), compared to their WT isoforms [180].

3.7 Interaction of Molecular Chaperones with CCRS and CD4 Receptors and
Dimers

Because Rab GTPases are not the only proteins involved in the maturation of
GPCRes, this portion of the thesis examined how molecular chaperones interact with
CCRS5 and CD4 receptors. CD4 and CCRS5 have been shown to associate in the ER
[179]. It is known that this interaction increases CCRS cell surface expression, but
molecular chaperones promoting the assembly of these receptors and their heterodimer

are relatively unknown. As a first step in attempting to determine how molecular
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chaperones may affect the maturation and plasma membrane expression of CCRS and its
homo- and heterodimers, chaperones shown to be expressed endogenously in HEK293
cells [100,186] were examined for interactions with CCR5-GFP, CD4-GFP, CCR5V1/V2
and CCR5V1/CD4V2. As evident through co-IP experiments presented in Figure 3.6,
each chaperone expressed at an endogenous level interacted with overexpressed CCRS
and CD4 receptors. Each endogenously expressed chaperone also interacted with both

the overexpressed CCRS homodimer and CCR5/CD4 heterodimer (Figure 3.6).

3.8 Effects of Molecular Chaperones on Heterodimer Maturation and
Dimerization

Before studying the effects of each chaperone on receptor maturation and
dimerization, it was important to confirm overexpression of the FLAG- or HA-tagged
chaperone constructs (Figure 3.7). It was also important to confirm knockdown of
endogenous Hsp70, calreticulin, PDIA3 and DRiP78 (Figure 3.7).

To determine if the molecular chaperones included in this study influenced
receptor maturation and dimerization, fluorescence constructs of each receptor or
receptor pairing were transfected with each molecular chaperone construct, siRNA or
shRNA. If the chaperones affected receptor maturation of CCR5-GFP or CD4-GFP, a
significantly different fluorescence reading would occur relative to control. This is
because the fluorescence reading would be proportional to the amount of mature receptor
in the cell. For instance, if sSiRNA or shRNA knockdown of a molecular chaperone
resulted in a significantly decreased fluorescence reading, the absence of this chaperone
adversely affected receptor maturation. Therefore, this molecular chaperone could be
deemed essential for proper receptor maturation. Additionally, if either CCR5-GFP or

CD4-GFP maturation was affected by alteration of a chaperone’s expression levels, we
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could attribute subsequent effects on the dimer as a result of this chaperone’s effect on
the individual receptor. If siRNA or shRNA knockdown of a particular chaperone
resulted in decreased fluorescence of CCR5-GFP, this chaperone’s effect on CCRS
dimers may be attributed to the fact that it primarily affected CCRS5 maturation, as less
CCRS5 would be available in the cell for dimer formation.

The effects of each chaperone on receptor maturation and dimerization are
presented in Figure 3.8. When HEK293A cells were transfected with each construct,
siRNA or shRNA, along with CCR5-GFP, DRiP78 WT overexpression resulted in
significantly decreased fluorescence (p=0.0029), whereas overexpression of WT calnexin
resulted in significantly increased fluorescence (p=0.0179), when compared with control
(Figure 3.8A). When the same experiment was conducted with CD4-GFP,
overexpression of BiP WT resulted in significantly increased fluorescence (p=0.0052),
compared to control (Figure 3.8B). Overexpression of both DRiP78 WT and BiP T37G
caused significantly decreased fluorescence (p=0.0032 and 0.0034, respectively)
compared to control, when the CCR5V1/CCR5V2 homodimer was investigated (Figure
3.8C). Fluorescence relating to the CCR5V1/CD4V2 heterodimer was significantly
decreased upon cotransfection with Hsp70 siRNA (p<0.0001), calreticulin siRNA
(p=0.0418) and the GRP WT and BiP T36G constructs (p=0.0014 and 0.0039,
respectively), compared to control. Overexpression of the BiP WT construct resulted in
increased fluorescence (p=0.0017) when cotransfected with the CCR5V1/CD4V?2

heterodimer and compared to control (Figure 3.8D).
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3.9 BRET Experiments to Investigate Effects of Molecular Chaperones on G-
Protein Coupling to Receptors

Previous studies have already determined that protein complexes associate with
chaperones during their assembly. For example, DRiP78 can promote the assembly of
GPy subunits of G-proteins [186] and phosducin-like protein, along with the cytosolic
chaperonin complex, has also been associated with GBy subunit assembly [187]. In order
to determine if molecular chaperones influence G-protein coupling to dimers of CCRS,
HEK?293A cells were transfected similarly as in Section 3.8. However, GB1-Rluc and
Gy2 were cotransfected with each chaperone and receptor pairing. CCR5-GFP
cotransfected with the vector pRluc-N3 served as the negative control for BRET2 and
CCR5V1/CCR5V?2 cotransfected with pRluc-N3 served as the negative control for
BRET]1. No significant differences were found in any of BRET experiments conducted
to determine if chaperones influenced G-protein coupling to CCRS, the

CCR5V1/CCR5V2 homodimer or the CCR5V1/CD4V?2 heterodimer (Figure 3.9).
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Figure 3.1 Expression and interaction of chemokine receptors in PC3 cells.

(A) Co-immunoprecipitation of the CXCR4/CCR2 complex in PC3 cells. PC3 cells
expressing endogenous receptors were lysed and immunoprobed with anti-CXCR4
(1:1000). Samples were processed with SDS-PAGE and immunoblotted with anti-CCR2
(1:1000). Lysates were immunoblotted with anti-CXCR4 (1:000), anti-CCR2 (1:1000) or
anti-f} actin (1:5000). (B) Same experiment as presented in (A), but probing against
CCR?2 and blotting against CXCR4. Results are representative of 3 independent
experiments (Gillies et al. (2013) [180], Figure and text extract from Cellular Physiology
and Biochemistry by S./KARGER AG. Reproduced with permission of S./KARGER AG
in the format reuse in a thesis/dissertation via Copyright Clearance Center).
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Figure 3.2 Specificity of the anti-GFP antibody to the CXCR4V1/CXCR4V2
heterodimer, bioluminescence fluorescence complementation (BiFC) and
immunofluorescence of the CXCR4V1/CCR2V2 heterodimer in PC3 cells.

(A) Cells were transfected with CXCR4V1, CCR2V2 or CXCR4V1/CCR2V2 and 48 h
post transfection, cells were lysed in RIPA buffer and western blot analysis was
completed with anti-GFP (1:1000) to indicate the presence of the YFP variant, Venus.
(B) The histogram shows levels of fluorescence observed by combination of various
pairs of BiFC constructs. (C) Sample fluorescence microscopy demonstrating the
fluorescence of the CXC4V1/CCR2V2 heterodimer. Venus was excited at 488 nm and
the image was acquired at 525 nm. Results are representative of 3 independent
experiments (Gillies et al. (2013) [180], Figure and text extract from Cellular Physiology
and Biochemistry by S./KARGER AG. Reproduced with permission of S./KARGER AG
in the format reuse in a thesis/dissertation via Copyright Clearance Center).
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Figure 3.3 Expression of Rab GTPases, as well as total endogenous CXCR4 and CCR2
receptors, in PC3 cells transfected with WT and DN Rab constructs. 48 h post-
transfection, cells were harvested and lysed with RIPA biffer and processed with SDS-
PAGE. Membranes were probed with anti-myc (1:1000), anti-flag (1:1000), anti-CXCR4
(1:1000), anti-CCR2 (1:1000) or anti-f} actin (1:5000). Results are representative of 3
independent experiments (Gillies et al. (2013) [180], Figure and text extract from Cellular
Physiology and Biochemistry by S./KARGER AG. Reproduced with permission of
S./KARGER AG in the format reuse in a thesis/dissertation via Copyright Clearance
Center).
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Figure 3.4 Effects of DN Rab GTPase mutants on cell surface expression of CXCR4,
CCR2 and the overexpressed CXCR4V1/CCR2V2 heterodimer in PC3 cells. PC3 cells
expressing endogenous receptors were transfected with either RabGTPase WT or the DN
mutant and subsequent cell surface expression of (A) endogenous CXCR4, (B)
endogenous CCR2 and (C) the over expressed CXCR4V1/CCR2V2 heterodimer was
measured with biotin-streptavidin cell surface assays, followed by SDS-PAGE.
Immunoblots were probed with anti-CXCR4 (1:1000), anti-CCR2 (1:1000) or anti-GFP
(1:1000). Results are expressed as means + SEM. *=p<0.05, **=p<0.01, ***=p<0.001
when compared with the Rab WT samples, using a two-tailed unpaired Student's t test.
Results are representative of at least 3 independent experiments (Gillies et al. (2013)
[180], Figure and text extract from Cellular Physiology and Biochemistry by
S./KARGER AG. Reproduced with permission of S./KARGER AG in the format reuse in
a thesis/dissertation via Copyright Clearance Center).
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Figure 3.5 Effects of DN Rab GTPase mutants on FAK activation in both the CCR2 and
CCR4 receptors individually and the CXCR4V1/CCR2V2 heterodimer in PC3 cells. (A)
PC3 cells expressing endogenous receptors were transfected with either Rab GTPase WT
or DN constructs and stimulated with SDF-1a at 30 ng/ml for 15 min at 37°C in 5% CO,,
or vehicle. These cells were then lysed and subjected to western blot analysis against p-
FAK levels (1:1000). The same membrane was then reprobed for FAK levels (1:1000),
as a control. (B) Cells transfected the same way as in (A) were stimulated with MCP-1 at
a concentration of 20 ng/ml for 15 min at 37°C in 5% CO,, or vehicle. The cells were
then lysed and subjected to western blot analysis. (C) PC3 cells were transfected with the
CXCR4V1/CCR2V2 heterodimer and stimulated with SDF-1 at 30 ng/ml for 15 min at
37°C in 5% CO,, or vehicle. Western blot analysis was carried out as previously
described. (D) PC3 cells transfected with the CXCR4V1/CCR2V2 heterodimer were
stimulated with MCP-1 at 20 ng/ml for 15 min at 37°C in 5% CO,, or vehicle. The
samples were then examined using western blot analysis. Results are expressed as means
+SEM. *=p<0.05, **=p<0.01, ***=p<0.001 when compared with the Rab WT stimulated
samples, using a two-tailed Student's ¢ test. Results are representative of at least 3
independent experiments (Gillies et al. (2013) [180], Figure and text extract from Cellular
Physiology and Biochemistry by S./KARGER AG. Reproduced with permission of
S.//KARGER AG in the format reuse in a thesis/dissertation via Copyright Clearance
Center). (E) Representative blot of FAK levels with transfected WT and DN Rab GTPase
isoforms, either non-stimulated (NS) or stimulated (S) with SDF-1a and endogenous
CXCR4 expression.
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Figure 3.6 Interaction of molecular chaperones with CCRS5 and CD4 receptors and
dimers. HEK293A cells expressing endogenous chaperones, but overexpressing (A)
CCR5-GFP, (B) CD4-GFP, (C) CCR5V1/CCR5V2 or (D) CCR5V1/CD4V2 constructs
were lysed and immunoprobed with anti-GFP (1:1000). Samples were processed with
SDS-PAGE and immunoblotted with antibodies against each chaperone of interest
(1:1000). Lysates were immunoblotted with anti-GFP (1:1000), anti-f3 actin (1:5000) and
antibodies against each chaperone of interest (1:1000). Results are representative of 3
independent experiments.
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Figure 3.7 Expression of DRiP78, GRP94, BiP WT, BiP T37G and calnexin molecular
chaperone constructs and knockdown of endogenous Hsp70, Calr3, PDIA3 and DRiP78.
HEK293A cells were transfected with DRiP78-FLAG, GRP94-FLAG, BiP WT-HA, BiP
T37G-HA or Calnexin-HA constructs. HEK293A cells were also transfected with
Hsp70, calreticulin, PDIA3 siRNA or DRiP78 shRNA. Construct transfections were
accompanied by transfection of pcDNA3.1 as a control, whereas siRNA and shRNA
tranfections were accompanied by transfection with control siRNA-A. 48 h post-
transfection, cell lysates were processed with SDS-PAGE. Immunoblots were probed
with anti-FLAG (1:1000), anti-HA (1:1000), anti- Hsp70 (1:1000), anti-Calr3 (1:1000),
anti-PDIA3 (1:1000), anti-DRiP78 (1:1000) or anti-f actin (1:5000). Results are
representative of 3 independent experiments.
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Figure 3.8 Effects of molecular chaperones on receptor maturation and dimerization.
HEK?293A cells were cotransfected with each construct, siRNA or shRNA, as well as (A)
CCRS5-GFP, (B) CD4-GFP, (C) CCR5V1/CCR5V2, (D) CCR5V1/CD4V2. 48 h post-
transfection, cells were harvested in cold PBS and fluorescence was measured using a
Perkin Elmer Wallac EnVision 2104 Multilabel plate reader. Fluorescence values were
corrected for using cell counts. Background fluorescence of cells expressing empty
pcDNA was subtracted from each sample’s fluorescence reading. All fluorescence
values were normalized to pcDNA samples and corrected for cell counts. Results are

representative of at least 3 independent experiments.
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Figure 3.9 BRET experiments investigating the effects of molecular chaperones on G-
protein coupling to receptors. GB1-RLuc and Gy2 were transfected into HEK293A cells
that were also transfected with each construct, siRNA or shRNA, as well as (A) CCR5-
GFP (BRET2), (B) CCR5VI/CCR5V2 (BRET1), and (C) CCR5V1/CD4V2 (BRET1).
Emission from V1/V2 or GFP was read at 520 nm with using a FLUOstar Omega BMG
Labtech plate reader a plate reader. Results are representative of at least 3 independent

experiments.
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CHAPTER 4 DISCUSSION
4.1 Requirements for CXCR4 and CCR2 Anterograde Trafficking in a Prostate
Cancer Cell Line

4.1.1  Importance and Overview

Although there have been significant advances in tems of prostate cancer
diagnosis and treatment [ 188], prognoses associated with this disease remain poor
[188,189]. The fact that approximately 90% of cancer-related deaths are due to
metastasis of the primary tumour [190] justifies the study of receptors associated with the
metastatic phenotype, along with signal transduction cascades that result from activation
such receptors.

A variety of pharmacological avenues have tried to exploit ways in which cell
surface expression of receptors (especially GPCRs) involved in disease processes can be
reduced. For example, small molecule antagonists [191], blocking peptides and
antibodies [192], as well as siRNAs [193], are being evaluated for their usefulness in
delaying the progression of numerous pathaological states. Therefore, it is evident that
the targeting of GPCRs to attenuate disease conditions has been a popular area of
research in recent years. Unfortunately, these therapies target both diseased and
nondiseased tissues. However, both tissue-specific and disease-specific heterodimers are
evident [194,195]. It is possible that pharmacological inhibition of only the heterodimer
may inhibit signaling through its constituent receptors of the diseased tissues, while the
non-diseased tissues are not affected by this inhibition. Relatively fewer side effects

would arise due to this mode of targeting only diseased tissues.
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Nevertheless, much of this research considers GPCRs only in the view of
individual receptors and little attention has been given to the role of the heterodimer.
This observation is especially true for the receptors of interest to this portion of the
project — CXCR4 and CCR2. Therefore, the work of this portion of the thesis presents
another avenue by which the cell surface expression of these chemokine receptors can be
decreased, but also highlights the importance careful consideration of the resultant
heterodimer. Whereas pharmacological properties of the heterodimer may be different
from those of its constituent receptors [15], the trafficking requirements of the
heterodimer may also be different from each of its constituent receptors [114].

4.1.2 CXCR4 and CCR2 Receptors Interact in PC3 Cells

Along with the aforementioned studies that CXCR4 and CCR2 are expressed
endogenously by PC3 cells [136,151], PC3 cells also have a highly metastatic phenotype
[196]. Additionally, anti-CXCR4 antibodies have been shown to decrease PC3 cell
migration and invasion [197]. Therefore, this cell line was a suitable choice to study
anterograde trafficking requirements of CXCR4 and CCR2. Furthermore, observations
relating to the endogenous expression of these chemokine GPCRs in PC3 cells [136,151]
indicate that CXCR4 and CCR2 could participate in cellular processes that favor the
progression of prostate cancer.

Not only has this project confirmed endogenous expression of these chemokine
GPCRs in PC3 cells, co-IP experiments have confirmed that CXCR4 and CCR?2 interact
with each other at endogenous levels [180]. More specifically, an interaction between
these two receptors was observed upon immunoprecipitation of either receptor [180].

This acts to strengthen the co-IP results and points to a true protein-protein interaction
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[198]. These results are also strengthened by the observation that studying protein-
protein interactions at endogenous expression levels helps eliminate the possibility of
false-positives that can result from overexpression of the proteins of interest [199].
Because it was previously discussed that cellular signaling resulting from activation of a
receptor in a heterodimer complex may be different from what is predicted for the
individual receptor [34], further investigation of the CXCR4/CCR?2 signaling complex in

PC3 cells was carried out.

4.1.3 Rab GTPases Have Differential Effects on the Cell Surface Expression of
CXCR4, CCR2, and CXCR4/CCR2

Before evaluating the effects of Rab GTPase constructs on the cell surface
expression of CXCR4, CCR2 or the resultant heterodimer, it was important to
demonstrate successful expression of each Rab GTPase construct in the PC3 cell line
[180]. As evident in Figure 3.3, results obtained from this line of investigation confirmed
that each Rab GTPase construct was expressed and that these constructs were expressed
at relatively similar levels to one another [180]. Therefore, any variations in expression
levels of CXCR4, CCR2 or the CXCR4/CCR2 heterodimer were not due to different
expression levels of individual Rab GTPases [180]. Total endogenous levels of CXCR4
and CCR2 were also assessed following overexpression of each Rab GTPase construct
[180]. Because these levels did not vary with upon Rab GTPase overexpression,
variations in expression levels of these chemokine GPCRs can be attributed to how these
Rab GTPases regulate receptor trafficking [180].

Previous studies have investigated the anterograde trafficking pathways of a
variety of GPCRs. Much like the present work, these previous studies evaluated which

Rab GTPases played a role in the cell surface expression of different receptors. For
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example, transfection with DN mutants or siRNA of Rabl GTPase in HEK293 cells was
used to discover that this Rab GTPase was required for plasma membrane expression of
both the ATIR and $2-AR [112]. Signaling cascades resulting from activation of each
receptor were hindered upon blockade of Rabl GTPase activity [112]. In another study
of the $2-AR, HEK293 cells were used to determine that the Rab6, Rab8 and Rab11
GTPases were required for 32-AR cell surface expression [113]. Additionally, cardiac
myocytes were used as a model to demonstrate the reliance of the AT1R on Rabl
GTPase for expression and function at the cell surface [106].

A study carried out with Jurkat cells (a cell line of human T lymphocytes [200])
examined the effects of Rab GTPases on CXCR4 cell surface expression. By
overexpressing Rab2 S20N, Rab6 T27N and Rab8 T22N DN constructs, it was found that
endogenous CXCR4 cell surface expression was negatively affected by these DN
isoforms [114]. Additionally, expression of either the Rab1l S25N or Rab11 S25N DN
construct did not influence endogenous CXCR4 cell surface expression [114]. Therefore,
the results of this study mirror those that were found in the current project. In regards to
PC3 cells, endogenous CXCR4 expression was significantly decreased upon
overexpression of Rab2 S20N, Rab6 T27N and Rab8 T22N DN constructs and there was
no effect of either the Rabl S25N or Rab11 S25N DN construct. This suggests that the
effects of Rab GTPases on the trafficking requirements of CXCR4 are not unique to only
the PC3 cell line, but that they may be conserved across multiple cell lines.

In regards to CCR2, the present study found that Rabl S25N, Rab6 T27N and
Rab8 T22N significantly decreased the amount of receptor expressed at the plasma

membrane [180]. Furthermore, neither Rab2 S20N nor Rab11 S25N appeared to alter the
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anterograde trafficking of CCR2 [180]. Currently, it cannot be assessed whether this
trafficking pathway is unique to the PC3 cell line or if the Rab GTPase isoforms found to
affect CCR2 cell surface expression in PC3 cells also affect the cell surface of this
receptor in other cell lines because no study of this kind can be found in the literature.

Unlike CXCR4, decreased cell surface expression of the CXCR4/CCR2
heterodimer was evident upon coexpression with Rab1 S25N [180]. Additionally, similar
to both of its component receptors, the heterodimer also exhibited decreased cell surface
expression when it was coexpressed with Rab8 T22N [180]. This is the first study to
evaluate the effects of a subset of Rab GTPases on cell surface expression of the
CXCR4/CCR2 heterodimer. However, this study does agree with that of Charette et al.
(2011) [114]. Charette et al. (2011) [114] used Jurkat cells to determine the Rab
GTPases required for the trafficking of CXCR4 and CCRS homo- and heterodimers. The
CXCR4 homodimer required Rab2, Rab 6 and Rab8 for proper trafficking to the plasma
membrane and trafficking requirements did not change in the presence of CD4 [114].
The CCRS5 homodimer required Rab1 and Rab11 when expressed without CD4, but
required Rab1 and Rab§ in the presence of CD4 [114]. Additionally, the CXCR4/CCR5
heterodimer required Rab1, Rab2 and Rab11 when expressed without CD4, but only
Rabl was necessary for proper heterodimer trafficking in the presence of CD4 [114].
Therefore, this study and the work of this thesis both support the importance of
recognizing heterodimers as having unique trafficking requirements when compared to
their constituent receptors.

Rab8 was required for the trafficking of endogenous CXCR4, endogenous CCR2

and the overexpressed CXCR4V1/CD4V2 heterodimer. Therefore, this Rab GTPase may
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be essential for the trafficking of receptors from between the Golgi complex and plasma
membrane. In terms of endogenous CXCR4 and CCR2, Rab6 was required for the
shuttling of these receptors within the Golgi complex. However, the overexpressed
CXCR4V1/CD4V2 heterodimer did not rely on Rab6 for trafficking within the Golgi.
Therefore, further study of the Rab GTPases required for trafficking of the heterodimer
within the Golgi complex may reveal the Rab GTPases responsible for this portion of the
heterodimer’s anterograde trafficking pathway.

4.1.4 Rab GTPases Affect Both Receptor Cell Surface Expression and Signaling

Investigation of a signal transduction cascade known to be initiated through the
activation of either CXCR4 or CCR2 can act to confirm Rab GTPase regulation in the
anterograde trafficking of these receptors [180]. It would also corroborate data obtained
by cell surface assays, as was done in by previous studies [106,112].

When CXCR4 was studied, cells that expressed the DN mutants of Rab2, Rab6
and Rab8 exhibited significant decreases in relation to both the expression of CXCR4 at
the plasma membrane and FAK activation after stimulation with SDF-1a [180].
Similarly, expression of the DN mutant constructs that impaired CCR2 cell surface
expression (Rab1, Rab6 and Rabg) also impaired FAK activation following MCP-1
stimulation [180].

Upon SDF-1a or MCP-1 stimulation of the CXCR4/CCR2 heterodimer, it was
apparent that the same RabGTPase DN constructs hindering cell surface expression of the
heterodimer also decreased its activation by either ligand [180]. Therefore, these results
support those found in the cell surface assays because proper expression of functional

Rabl and Rab8 GTPases was required for expression of this
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heterodimer at the cell surface [180]. Because of altered cell surface expression of the
heterodimer upon transfection with Rabl and Rab8 DN constructs, signaling through the
heterodimer was negatively affected with each of these constructs [180].

4.1.5  Future Work

It is possible to extend the work of this project further by exploring several
different aspects and consequences of the anterograde trafficking requirements of
CXCR4, CCR2 and the resultant heterodimer. Because these receptors are involved in
many cancers other than just prostate cancer [135,149,150], it would be interesting to
determine whether they retain the same anterograde trafficking requirements of the Rab
GTPases in other cancer cell lines as those found in the PC3 cell line. If these receptors
relied on the same Rab GTPases in a wide array of cancer cell lines, it would indicate that
their trafficking pathways may not be tissue specific and that therapeutics targeting one
or more of these Rab GTPases could be useful to treat a myriad of cancer types. Although
one might suggest confirming the results of the present study through siRNA or shRNA
knockdown of the Rab GTPase isoforms studied, knockdown of Rab GTPase function in
other studies garnered the same results transfection with DN mutant constructs. An
example of this is evident in the study by Wu et al. (2003) [112].

Because FAK is associated with integrin-mediated migration [201], it would be
interesting to relate decreased FAK activation to changes in the migratory or invasive
properties of PC3 cells. A variety of methods such as scratch assays, along with
transwell migration and invasion assays, have been developed to study migration and
invasion of cells under different conditions and treatments [202]. This data would add to

the observation that by affecting the anterograde trafficking of receptors, functional
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consequences associated with such receptors are also affected. CXCR4 and CCR2
signaling pathways associated with signaling mediators other than FAK could also be
explored to further add to this evidence of functional consequences relating to the
anterograde trafficking of these chemokine receptors.

This work can also be extended in a more general sense than the options listed
above. By discussing how Rab GTPases may play key roles in the development of novel
therapeutics to treat a variety of disease states, especially cancer, Cheng et al. (2005)
noted that some human tumours exhibit upregulation of Rab GTPase gene expression,
resulting in increased Rab GTPase expression at the mRNA and possibly protein level
[203]. Therefore, we are not the first group to recognize the importance of Rab GTPases
in regulatory processes that could lead to the progression of disease states.

Any study of the Rab GTPases required for the cell surface expression of a receptor
requires knowledge of how Rab GTPases transport vesicles between membranes of origin
and target membranes. By acting in concert with a variety of effector molecules, each
Rab GTPase cycles between its active GTP-bound form and inactive GDP-bound form to
move vesicular cargo. These effector molecules include GEFs, GAPs and REPs [105].
However, there are also GDP-dissociation inhibitors (GDIs) that may interact with GDP-
bound Rabs, hindering activation [105]. Therefore, it is possible to limit the cell surface
expression of a receptor by manipulation of the effector molecules required for proper
Rab GTPase function.

The manipulation of these effector molecules by pharmacological compounds may
reveal novel therapeutic strategies to disrupt expression of receptors associated with

disease progression. By reviewing the roles of such compounds in the schematic

73



presented by Figure 1.4, it is apparent that these compounds could either hinder GEF
activity or act like GDIs to prevent the activation of GDP-bound Rabs. These
compounds could also mimic GAPs to inactivate GTP-bound Rabs. They could also
commandeer REP function such that vesicle cargo could be mistrafficked.

There are many examples of how manipulation of these effector molecules has
already been carried out by bacterial pathogens. For instance, many proteins of
Legionella pneumophila, a human pathogen, modify Rab proteins. The defect in Rab1
recruitment A protein has been found to have GEF activity towards Rab1 GTPase [204],
while the type 1 signal peptidase is known to have GAP activity in relation to its effect on
Rab1 GTPase [205].

Rab effectors are also present in mammalian cells. For example, Rab8 interacting
protein has GEF activity towards Rab8 [206] and a large scale screening of Rab binding
proteins has demonstrated that there is a variety of Rab effectors with the ability to
associate with more than one Rab GTPase isoform [207]. Therefore, the present study
acts to enh