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ABSTRACT

G protein—coupled receptors (GPCRs) are important therapeutic targets that activate
various downstream signaling events, like mitogen-activated protein kinases (MAPK, for
instance ERK 1/2), via both G proteins and B-arrestins. GPCR-mediated ERK 1/2 signaling occurs
both at the plasma membrane and in endosomes from receptor/B-arrestin complexes. However,
deciphering where ERK1/2 signals occur in cells, as well as the role(s) of B-arrestin in such
spatiotemporal signaling remains a challenge due to the dearth of tools. Here, using BRET-based
sensors in a high-throughput screen for angiotensin Il type 1 receptor (AT1R) trafficking, a small
molecule, named Rasarfin, was identified that selectively inhibits small GTPases Ras and Arf6 but
not heterotrimeric or other small G proteins. Rasarfin blocks agonist-promoted endocytosis of the
ATI, Bradykinin B2 (B2R) and (2-adrenergic (B2AR) receptors and inhibits the activation of
ERK1/2 by these receptors, including EGFR, as well as the activation of Akt. Molecular dynamics
(MD) simulations reveal that Rasarfin binds Ras at the interface between Ras and its guanine
nucleotide exchange factor (GEF) SOS1 domain. Structure-activity relationship studies on
Rasarfin identify functionally selective analogs that inhibit AT1R endocytosis and/or MAPK
activation. This project has also allowed for the development of novel biosensors that measure
receptor-mediated signaling events in live cells. This study is the first to report a small molecule
inhibitor of both Ras and Arf6 that can be further optimized for the functional characterization of
Ras-mediated MAPK signaling versus Arf6-mediated receptor internalization in normal and

cancer cells.



RESUME

Les récepteurs couplés aux protéines-G, ou RCPG, sont des cibles thérapeutiques
importantes qui activent les protéines-G et les B-arrestines pour induire 1’activation de voies de
signalisation, telles que les protéines kinases activées par des signaux mitogéniques (MAPK, par
exemple ERK1/2). La séquestration des complexes arrestine/récepteurs a [’intérieur des
endosomes conduit a 1’activation de ERK1/2 et est distincte de celle opérant au niveau de la
membrane plasmique. Actuellement, il y a un manque d’outils pharmacologiques pour déchiffrer
I’endroit d’ou proviennent ces signaux ERK1/2, ainsi que déterminer la contribution des arrestines
dans cette régulation spatio-temporelle. Ici, en utilisant des biosenseurs BRET dans un crible a
haut rendement pour I’étude du trafic du récepteur de 1'angiotensine II de type 1 (AT1R), une petite
molécule, appelée Rasarfin, a été identifiée. Elle inhibe sélectivement Ras et Arf6, mais pas les
autres protéines-G monomériques ou hétérotrimériques. La Rasarfin bloque 1’endocytose des
récepteurs AT1, B2 de la bradykinine (B2R) et beta 2-adrénergique (B2AR) et inhibe 1’activation
de ERK1/2 par ces RCPG, ainsi que par ’EGFR, ainsi que ’activation de Akt. Des simulations de
dynamique moléculaire démontrent que la Rasarfin se lie a Ras autour de la surface de contact
entre Ras et son facteur d'échange de nucléotides guanyliques (GEF) SOS1. A la lumiére des
relations quantitatives structure-activité, des analogues de Rasarfin ont été identifiés qui inhibent
I’endocytose de I’ATIR et/ou I’activation des MAP kinases. Ce projet a également permis le
développement de nouveaux biosenseurs BRET capables de mesurer la signalisation de protéines
médiée par des récepteurs dans des cellules vivantes. On rapporte le premier inhibiteur de Ras et
Arf6 qui peut étre optimisé pour 1’étude de la signalisation de MAPK médiée pas Ras par rapport

a I’internalisation du récepteur médiée par Arf6 dans des cellules normales et malignes.
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1.1. G protein-coupled receptors

Historically, the evolutionary survival of organisms has relied heavily on the ability of cells
to communicate with each other, to sense and adapt to their environment. As such, the cellular
membrane provides a barrier between the internal and external milieu and houses many integral
proteins for adhesion, ion conductivity, and transducing cellular signals for second messenger
production, gene transcription and translation. Among these proteins, the plasma-membrane-
bound receptors provide the capacity for cells to respond to external stimuli. Among these cell-
membrane receptors are the family of G protein-coupled receptors (GPCRs), which form the
largest superfamily of over 1000 genes encoding seven-transmembrane receptors (Larhammar,
Blomgqvist, & Wabhlestedt, 1993). They are referred to as GPCRs based on the notion that most of
them interact with one or more G proteins (continued in Chapter 1.3). The diverse functional
coupling of the GPCRs to G proteins and sequence homology contribute to their GRAFS
classification into the following five families: Glutamate (clan C), Rhodopsin (clan A), Adhesion,
Frizzled/taste2, Secretin (clan B) (Foord et al., 2005; Fredriksson, Lagerstrom, Lundin, & Schioth,
2003; Latek, Modzelewska, Trzaskowski, Palczewski, & Filipek, 2012). It has been estimated that
more than half of all modern drugs are targeted at these receptors (Flower, 1999) or their
downstream effectors, making them a focus of many drug discovery and research programs
(Lagerstrom & Schioth, 2008; Marinissen & Gutkind, 2001; Overington, Al-Lazikani, & Hopkins,
2006). In fact, several ligands for GPCRs are found among the worldwide top-100-selling
pharmaceutical products. The variety of ligands (ions, organic odorants, amines, peptides, proteins,
lipids, nucleotides, and photons) allows for GPCR regulation of numerous biological processes

ranging from neurotransmission and hormonal control of virtually all physiological responses, to
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perception of taste, vision, smell, light and pain. The highly selective detection of chemical signals
results in the transduction of the signal from these ligand—receptor interactions into specific
intracellular responses. Upon stimulation, heptahelical receptors undergo conformational changes
that allow binding of heterotrimeric G proteins, leading to the activation of different effectors and
signaling pathways. These effectors generate second messengers, which in turn regulate a wide
variety of cellular processes including gene transcription, protein synthesis, cell growth and
differentiation (Figure 1.1) (S. J. Hill, 2006; Marinissen & Gutkind, 2001).

For example, the peptide hormone angiotensin II (Angll) regulates numerous physiological
responses through its central actions in the brain, where it functions as a neurotransmitter to
influence cardiovascular function, fluid and electrolyte homeostasis, pituitary hormone secretion
and several neuroendocrine processes. Angll acts primarily at the angiotensin II type 1 receptor
(ATI1R) in a variety of tissues including vascular smooth muscle, kidney and adrenal gland to
influence vasoconstriction, vasopressin release and sodium reabsorption (de Gasparo, Catt,
Inagami, Wright, & Unger, 2000). Furthermore, AnglI acts within cardiac tissues to regulate blood
homeostasis through the renin-angiotensin-aldosterone system (RAAS) to directly stimulate heart
rate, cardiac contractility and growth by binding to AT1R located on the plasma membrane (PM).
Assuch, AT1R also mediates the direct actions of Angll in the development of cardiac hypertrophy

and heart failure (Matsubara et al., 1994; Peach, 1977).

1.2. GPCR activation
The GPCR possesses seven a-helical hydrophobic transmembrane domains (TM1-TM?7),

which are oriented perpendicularly to the plasma membrane and are connected by three
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extracellular loops (ECL1-ECL3) and three intracellular loops (ICL1-ICL3) (Kobilka, 2007).
These transmembrane domains form the orthosteric ligand binding site for many classes of
GPCRs, which is the binding site for the endogenous ligand of the receptor. GPCRs are synthesized
in the endoplasmic reticulum and are then transported to the cell surface, fully matured and
accessible for ligand activation. The receptor’s amino N-terminus, which is found in the
extracellular milieu, and residues of the extracellular loops undergo post-translational
modifications, such as glycosylation, which are vital for maturation, receptor expression at the
plasma membrane, and the binding of some endogenous ligands to the receptor. Indeed, agonist-
activated GPCRs undergo conformational changes within their seven-transmembrane-spanning
domain, rearranging the connected cytoplasmic loops and receptor C-tail thus providing an
intracellular surface for productive G protein coupling. The receptor’s carboxy C-terminus, which
is found exclusively in the cytosol, and intracellular loops provide sites for palmitoylation and
phosphorylation, which are important for G protein and effector coupling (Figure 1.1) (Bannert et
al., 2001; Khoury, Clement, & Laporte, 2014; Maurice et al., 2011).

Agonists of low efficacy activate only the most efficiently coupled G protein. Whereas,
agonists of high efficacy can induce several conformational changes of one particular GPCR,
allowing them to activate various G proteins. This is known as receptor promiscuity and leads to
the activation of different effectors and signaling pathways, even when the expression level of
receptor and the strength of stimulus-response coupling are the same (Kenakin, 1995; Zheng, Loh,

& Law, 2010).
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Figure. 1.1. The activation of GPCRs and their effectors. A wide variety of GPCR ligands and
stimuli include biogenic amines, amino acids, ions, light, lipids, peptides and proteins. These
agonists stimulate cytoplasmic and nuclear targets through heterotrimeric G protein-dependent and
-independent effectors. GPCRs are known to couple to Gai, Gag11, Gosolr, Gouiz/13 and GBy to
activate second messengers and propagate signaling pathways that regulate key biological
responses such as cell proliferation, cell survival and differentiation. Abbreviations: E1-E3:
extracellular loops; I1-I3: intracellular loops; N: amino terminus; C: carboxy terminus. Figure used

and text adapted with permission from Elsevier (Marinissen & Gutkind, 2001).
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Some ligands and stimuli can bind a receptor at an allosteric site, a topographically distinct
site from the orthosteric site in the receptor. The intrinsic activities of GPCR ligands to initiate
downstream signaling events can vary. Depending on the efficacies, receptor ligands can be
classified into four main categories: full agonists, partial agonists, neutral antagonists and inverse
agonists (Rosenbaum, Rasmussen, & Kobilka, 2009). A ligand is classified into each category
according to its ability to stabilize the “on” state of the receptor: full agonists are defined as ligands
that fully activate the receptor; partial agonists induce submaximal activation of the G protein even
at saturating concentrations; neutral antagonists can bind to the receptor and cause no discernible
effect or change in conformation; and inverse agonists inhibit basal activity (Kenakin, 2003;
Kobilka, 2007). Antagonists have no effect on basal activity, but competitively block access of the
ligand, whereas the inverse agonist can bind to basally active receptors and induce a
conformational change that will lead to their activation and promote a converse activation.

Although receptors are activated by different ligands, some receptors share a common
mechanism of activation as they retain the ability to couple to the same G protein. When comparing
sequences, GPCRs undergo similar structural changes in the cytoplasmic regions of TM2 and TM3
where the receptor interacts with G proteins (Kobilka, 2007). In addition, biased ligands can also
induce structural changes and control the efficiency of G protein coupling and GPCR signalling.
Specifically, agonists acting on pleiotropically coupled receptors have the potential to cause bias
towards some signalling pathways and not others. In general, biased agonists may have beneficial
therapeutic profiles in many disease areas, including the treatment of pain, heart failure,
osteoporosis and metabolic diseases. However, in some of these indications, biased signalling may

also be associated with undesirable side effects and even contribute to disease. These beneficial
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and undesirable side effects usually depend on the ligand’s bias towards favoring G protein
signaling over -arrestin signaling or vice-versa (Kenakin, 2019).

Activation of GPCRs also triggers receptor endocytosis (continued in Chapter 1.5) with
different functional outcomes, depending on the further fate of the receptor. The receptor can be
directed toward late endosomes and then be degraded in the lysosomal compartment, thus
desensitizing the functional response (continued in Chapter 1.4) or the receptor can be sorted
toward recycling endosomes and redirected back to the plasma membrane, thus resensitizing the
functional response (continued in Chapter 1.6) (Delom & Fessart, 2011).

Receptor activation is typically turned-off by G protein-coupled receptor kinases (GRKSs)
that either directly compete for G protein binding to GPCRs or modify the receptor by
phosphorylating serine and threonine residues within its C-tail (continued in Chapter 1.4). GPCR
phosphorylation increases the affinity for B-arrestins, which upon recruitment to the receptor
impairs G protein coupling (continued in Chapter 1.5). Binding of G proteins, GRKs, and B-
arrestins to the receptor occurs through multiple contact points located in intracellular loops and

the C-tail of the receptor (Maurice et al., 2011).

1.3. Heterotrimeric G protein signaling

The heterotrimeric guanine nucleotide-binding proteins are present in all eukaryotic cells,
assisting in the control of metabolic, humoral, neural, and developmental functions. The ternary
complex is formed by one alpha (o) subunit, one beta () subunit, and one gamma (y) subunit.
These G proteins interact with cell surface receptors undergoing ligand-mediated conformational

changes, and this binding event is transduced into an intracellular signal (Gilman, 1987). They act
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as switches that can exist in either of two states depending on bound nucleotide: GDP- or GTP-
bound states. Upon receptor activation, the GDP-bound G protein interacts with the intracellular
face and C-terminus of the receptor, promoting the exchange of GDP to GTP within the a subunit
and subsequent dissociation of the Ga and Gy subunits, hence the receptor acts as a guanine
nucleotide exchange factor (GEF). The now active Ga and Gy subunits then bind to their
respective downstream effectors, including kinases, phosphatases, small guanosine
triphosphatases (GTPases), integral membrane proteins, enzymes, and transcription factors and a
multitude of additional targets and signaling cascades (Figure 1.1). Termination of the signal
occurs when the GTP is hydrolyzed to GDP by a GTPase activating protein (GAP), thereby re-
associating the o subunit and the By heterodimer back to its basal state (Bridges & Lindsley, 2008;
Marinissen & Gutkind, 2001; Simon, Strathmann, & Gautam, 1991). To date, twenty-eight a
subunit subtypes, six 3 subunit subtypes, and twelve y subunit subtypes have been described. Each
G protein is able to activate and/or couple to a multitude of effectors, depending on the subtype.
These G protein subtypes are extremely conserved in evolution and can recruit a protein to the
plasma membrane, activate multiple effectors directly or indirectly, or activate one protein while
inactivating another (Gonzalez-Maeso & Meana, 2006). The following sections will describe these

subunits, their subtypes and their effectors in more detail.

1.3.1. Ga subunits and their downstream effectors
The G protein a-subunit can be divided into four groups: Gas, Galio, Gogi1 and Gaz13,

and some of these also have different isotypes. There is approximately 20% homology between
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the amino acids sequenced from these subunits. The N-terminal region of the Ga subunit interacts
with the By subunits for heterotrimer formation; Ga proteins Gow,, Gaiit, Gaio, Gaiis have a post-
translational myristoylation modification at the N-terminal region that increases the affinity of the
o subunit for the By subunit (Simon et al., 1991). The C-terminal region is involved in interactions
with the receptor. Antibodies and peptides designed to recognize the Ga C-terminus have shown
to block the receptor/Ga protein interaction (Hamm, Deretic, Hofmann, Schleicher, & Kohl, 1987,
Simon et al., 1991). The Gas proteins are coupled to the stimulation of adenylyl cyclase (AC); Gai
proteins are coupled to the inhibition of AC as well as to the activation of G protein-coupled
inwardly rectifying potassium (GIRK) channels; Gag/11 proteins are coupled to the activation of
phospholipase C; and Gaizis proteins are coupled to the activation of Rho GEFs (Pierce,
Premont, & Letkowitz, 2002). These four Go subunits are described individually in more detail

below.

1.3.1.1. Gawolf signaling
Ga,s shows 88% amino acid sequence identity with Gowir. Both proteins are able to activate

adenylyl cyclase (AC) to increase intracellular cAMP levels. Gas is named the stimulatory
regulator of AC, a plasma membrane-bound enzyme that catalyzes the conversion of adenosine
triphosphate (ATP) to cyclic adenosine monophosphate (cAMP) (Rodbell, Birnbaumer, Pohl, &
Krans, 1971; Simon et al., 1991). When Gas or Gowir are bound to GTP, they will activate AC to
enhance the synthesis of the second messenger cAMP, which will activate protein kinase A (PKA).

PKA is a serine/threonine kinase that phosphorylates many substrates, including GPCRs, other
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downstream kinases like mitogen-activated protein kinase (MAPK), transcription factors and
phosphatases for cell proliferation and differentiation (Pierce et al., 2002). The Gais subunit is also
capable of regulating sodium, chloride, and L-type calcium channels (Bridges & Lindsley, 2008;
Simon et al., 1991). Examples of GPCRs that couple to Ga,s include the B,-adrenergic receptor,
dopamine receptor Di, and 5-HT4s and 7 serotonin receptors. Goif-activated adenylyl cyclase
increases intracellular cAMP levels, which open cyclic-nucleotide-gated ions channels and cause
the depolarization of sensory neurons and subsequent transduction of action potentials to the brain
(Ebrahimi & Chess, 1998). Gowir is only expressed in neural tissues and neurons in the olfactory
epithelium; therefore, it is solely activated by olfactory GPCRs in response to odorant molecules.
1.3.1.2. Gao signaling

The family of Ga/, proteins include the subtypes Gaii, Gaio, Gais, Goor and Gos. They
inhibit AC to lower intracellular cAMP levels (Simon et al., 1991). As such, Gai is named the
inhibitory regulator of AC. Activated Gai, binds the catalytic region of AC to prevent ATP
catalysis to cAMP, thus blocking the activation of PKA or its downstream effectors. However,
Guaip has the potential to activate c-Src tyrosine kinases, including the extracellular regulated
kinase (ERK)/MAPK and phosphatidylinositol-3-kinase (PI3K)/Akt cascades. Gair and Gaus
couple to GIRK channels, whereas Gal, increases phosphoinositide release, regulates neuronal and
atrial potassium channels, as well as calcium channels in the dorsal root ganglia (Birnbaumer et
al., 1989; Hescheler, Rosenthal, Trautwein, & Schultz, 1987). Examples of GPCRs that couple to
Gaiijo include the ATIR, y-aminobutyric acid receptor (GABAgR), dopamine receptor D> and both
subtypes of cannabinoid receptors (CB; and CB»).
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1.3.1.3. Gag11 signaling

The amino acid sequences of the Go,q and Gaoup1 isotypes differ from each other by less than
12% and almost all of these changes are found in the N-terminal region of the molecule, which
determines the specificity of interaction with the Gy subunit. Therefore, they could interact with
different subsets of receptors and effectors (Simon et al., 1991). Gog11 proteins couple to
phospholipase C-f (PLCB), a plasma membrane-bound enzyme which hydrolyzes the lipid
phosphatidylinositol-4,5-biphosphate (PIP>) to generate two second messengers: diacylglycerol
(DAG) and inositol-1,4,5-triphosphate (IP3) (Gutkind, 2000; Rhee & Bae, 1997). Cytosolic 1P3
binds and activates the IP3 receptor (IP3R) on the endoplasmic reticulum or sarcoplasmic reticulum
surface, resulting in the release of calcium (Ca®") from internal stores into the cytosol. Thus, IP3
controls various Ca?*-dependent cellular functions, including but not limited to cell proliferation,
differentiation, muscular contraction, immune responses, brain functions, and light transduction
(Berridge, 1993; Berridge & Irvine, 1984). Whereas, DAG is a physiological activator of protein
kinase C (PKC), a serine/threonine kinase that phosphorylates many substrates, including GPCRs.
The production of DAG in the membrane facilitates the translocation of PKC from the cytosol to
the plasma membrane, thereby activating it and its downstream effectors, such as the
Ras/Raf/MEK/ERK cascade (continued in Chapter 1.7.1) (Nishizuka, 1984, 1988). Examples of
GPCRs that couple to Gog/11 include the B2 Bradykinin receptor (B2R), oxytocin receptor and

ATIR.
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1.3.1.4. Gauzns signaling

The Gaiz and Gous subunits are ubiquitously expressed and primarily linked to the
activation of four small GTP-binding protein members of the Rho family, through Rho guanine
nucleotide exchange factors (RhoGEFs): pl115-RhoGEF, PSD-95/Disc-large/Z0-1 homology
(PDZ)-RhoGEF, leukemia-associated RhoGEF (LARG), and lymphoid blast crisis (Lbc)-RhoGEF
(Dutt, Nguyen, & Toksoz, 2004; Fukuhara, Murga, Zohar, Igishi, & Gutkind, 1999; Kozasa et al.,
1998). Rho GEFs contain a common Dbl oncogene homology (DH) domain which confers GEF
activity, followed by an adjacent pleckstrin homology (PH) domain, which together (the DH-PH
module) promote nucleotide exchange. RhoGEFs also contain unique N- or C-terminal regions
which represent regulatory regions. GTPases, such as Rho, bind guanine nucleotides and their
activation state is determined by whether they bind GDP in the inactive state, or GTP in the active
state. Activated GTP-bound Gaiz/13 proteins mediate the translocation of RhoGEFs from the
cytosol to the plasma membrane. Rho GEFs are key Rho regulators since they transduce
extracellular signals to Rho and directly activate Rho GTPase by inducing rapid GDP/GTP
exchange, resulting in GTP-bound Rho (Schmidt & Hall, 2002). The downstream Rho-dependent
pathways will then affect cytoskeletal structure, nuclear gene expression, cellular growth,
contraction, and migration (continued in Chapter 1.7.2). Examples of GPCRs that couple to Gai12/13

include M1 and M3 muscarinic acetylcholine receptors, AT1R and B2R.
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1.3.2. GPy subunits and their downstream effectors

The Gy heterodimer is a single entity tightly bound through non-covalent hydrophobic
interactions. Several of its functions include stabilizing the Ga subunit at the N-terminus in a
conformation that allows it to interact with the receptor at the Got subunit’s C-terminus, modulating
downstream effects of the activated Gou subunit, and indirectly regulating ion channel and
phospholipase activity at the plasma membrane (Simon et al., 1991). There are six distinct Gf3
subunits and thirteen Gy subunits, sharing between 79 and 90%, and 26 and 76% amino acid
sequence identity, respectively. Originally, the Gy dimer was viewed as a negative regulator of
Ga signaling, inactivating Gow subunits and allowing them to reassociate with the receptor for
subsequent rounds of signaling and preventing spontaneous Ga. activation in the absence of
receptor stimulation. It is now understood that the Gy subunit can itself modulate many other
effectors that are also regulated by Ga subunits, including twelve AC isoforms, PLCB, GIRKSs,
voltage-gated Ca®* channels, PI3K, and MAPKs, among others (Khan et al., 2013). The variety of
responses the Gy subunit mediates is due to their ability to crosstalk with different Go subunits,
specifically since GBy can activate Ga subunits and vice versa (Rondard et al., 2001). For example,
the GPy-activated inwardly rectifying potassium channel is activated by Goi and Ga,-coupled

receptors (Q. Zhang, Dickson, & Doupnik, 2004). All receptors signal through Gfy.

1.4. GPCR desensitization
In the presence of continued stimulus, GPCRs have their own internal mechanism to

dampen the physiological response. Following receptor activation by an agonist, the receptor
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undergoes the process of desensitization, defined as the “off-switch” of all receptor signaling
functions. This process is fairly rapid (seconds to minutes) and involves the functional
“uncoupling” of G proteins from the receptors (Hausdorff, Caron, & Letkowitz, 1990).
Desensitization is mediated by the phosphorylation of serine and threonine residues within the
third intracellular loop (ICL3) or C-terminal tail of the receptor by PKA, PKC and/or G protein-
coupled receptor kinases (GRKs) (Freedman et al., 1995; Hausdorff, Lohse, et al., 1990; Premont,

Inglese, & Letkowitz, 1995).

1.4.1. Heterologous desensitization

PKA and PKC are phosphotransferases that catalyze the transfer of the y-phosphate group
of ATP to serine and threonine residues contained within specific amino acid consensus sequences
of proteins. They can phosphorylate a receptor even in the absence of its agonist, resulting in

“heterologous” desensitization (Pierce et al., 2002). These kinases are activated in response to

GPCRs-stimulated increases in intracellular second messengers, such as cAMP, Ca”" and
diacylglycerol (DAG), and participate in GPCRs signaling by mediating the phosphorylation of
the receptor itself or other downstream target proteins. These second messenger kinase pathways
can provide classical feedback regulatory loops or cross-talk between different second messenger

systems (Hausdorff, Caron, et al., 1990).

1.4.2. Homologous desensitization
Homologous desensitization requires high agonist occupancy of the receptor and involves

the recruitment of G protein-coupled receptor kinases (GRKSs) to the receptor (Benovic, Strasser,
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Caron, & Lefkowitz, 1986; Hausdorff, Lohse, et al., 1990). Seven mammalian GRK genes have
been identified, GRK1-GRK7, which are most closely related to PKC and PKA families. They
have three distinct domains that contribute to their specificity for receptors. Furthermore, the
activity of the kinases toward the receptor is enhanced in the presence of activated conformations
of the receptors (Pitcher, Freedman, & Lefkowitz, 1998). The GRK phosphorylation of the
receptor leads to the binding of B-arrestins and subsequent uncoupling of the receptor from
heterotrimeric G proteins, preventing further signalling from the receptor via the G protein
(Attramadal et al., 1992; Lohse, Benovic, Codina, Caron, & Lefkowitz, 1990). Here, the binding
of B-arrestins then targets GPCRs for internalization in clathrin-coated vesicles (Ferguson, 2001).
For most receptors, the phosphorylation status of the activated GPCR and the GRK-mediated
phosphorylation clusters regulate the stability of receptor/arrestin complexes and interaction

(Krupnick & Benovic, 1998; Oakley, Laporte, Holt, Barak, & Caron, 1999).

1.5. Clathrin-dependent GPCR endocytosis

Over the years much research has shown there are biological GPCR responses that are not
mediated by heterotrimeric G proteins but by canonical B-arrestin signalling, following receptor
desensitization and involves clathrin-dependent endocytosis (Daaka et al., 1998; Khoury, Clement,
et al., 2014; Marinissen & Gutkind, 2001).

Clathrin is a triskelion protein that forms a lattice of pentagons and hexagons that wraps
around to enclose an invagination of the lipid bilayer. Clathrin-coated vesicles (CCVs) are
ubiquitously found in all nucleated cells. They remove proteins and lipids from the plasma

membrane and transport them into internal compartments (endosomes). They also export proteins
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and lipids from the #rans-Golgi network to endosomes. The cycle of CCV formation begins with
the nucleation or initiation of a pit, followed by the propagation of the clathrin lattice, invagination
of the bilayer and cargo recruitment (Kirchhausen, 2000).

Clathrin-mediated endocytosis is the well-described mechanism for entry of molecules into
cells. GRK phosphorylation of receptor promotes the recruitment of the cytoplasmic accessory
proteins P-arrestin (step 1, Figure 1.2). B-arrestins act as scaffold intermediates by binding
components of the clathrin-coated-pit machinery and sequestering receptors in clathrin-coated pits
(CCPs) (steps 2 and 3, Figure 1.2). The GTPase activity of dynamin pinches off clathrin-coated
vesicles from the plasma membrane to invaginate formed pits and release them into the cytosol as
a free CCV (steps 3 and 4, Figure 1.2). All the vesicle components must now be disassembled so
that the CCV can fuse with an early endosome (step 5, Figure 1.2), which sorts proteins into
different compartments. The early endosome determines the fate of receptors, directing them to
recycling endosomes and back to the cell surface (step 6, Figure 1.2), or directing them to late

endosomes or lysosomes for degradation (step 7, Figure 1.2) (Delom & Fessart, 2011).
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Figure 1.2. Steps involved in GPCR trafficking: desensitization, endocytosis, resensitization
and downregulation. Upon agonist (A) binding, receptors are phosphorylated (P) by GRKs
leading to the recruitment of B-arrestins (step 1). B-arrestins, through their interaction with clathrin,
AP-2, Art6, c-Src, target the receptor/arrestin complexes to clathrin-coated pits (steps 2 and 3).
Dynamin regulates the pinching off of CCPs from the cell surface (steps 3). Once clathrin-coated
vesicles are formed (step 4), the receptor is then internalized into endosomes (step 5),
dephosphorylated before returning to the cell surface (step 6), or the receptor is degraded to
lysosomes (step 7). Figure used and text adapted with permission from Creative Commons

Attribution License (Delom & Fessart, 2011).
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1.5.1. B-arrestins and their interacting endocytic proteins

[-arrestins are members of the arrestin family of proteins (arrestinl-4). Arrestinl and
arrestin4 (visual arrestins) are uniquely found in retinal rods and cones for phototransduction,
whereas arrestin2 and arrestin3 (nonvisual arrestins) are ubiquitously expressed (Pierce et al.,
2002). These latter two somatic forms, Parrestinl (arrestin 2) and Parrestin2 (arrestin 3) have
highly homologous structures, sharing 78% amino acid identity and regulate signaling as well as
internalization of different GPCRs (Sterne-Marr & Benovic, 1995).

As endocytic adaptor proteins, P-arrestins target the desensitized receptors for
internalization via CCPs by interacting directly with clathrin and the B2 subunit of adaptor-protein
2 (AP-2) (Goodman et al., 1996; Laporte, Oakley, Holt, Barak, & Caron, 2000; Laporte et al.,
1999). AP-2 belongs to a highly conserved heterotetrameric assembly polypeptide family with
three other members: AP-1, AP-3, and AP-4. AP-2 binds clathrin via its 2 chain (Shih, Gallusser,
& Kirchhausen, 1995) and interacts with dynamin via its a chain (Laporte et al., 1999). B-arrestins
also recruit the small GTPase Arf6 and its GEF Arf nucleotide binding site opener (ARNO) to
initiate the assembly of clathrin cages and formation of CCVs (Claing et al., 2001; Claing, Laporte,
Caron, & Lefkowitz, 2002). Arf6 regulates the recruitment of AP-2 and clathrin to activated
receptors during the endocytic process (Poupart, Fessart, Cotton, Laporte, & Claing, 2007).
Furthermore, B-arrestins recruit and activate the Src family of non-receptor tyrosine kinases. In
particular, Src is recruited to the B-arrestin/receptor complex to phosphorylate dynamin (Miller et
al., 2000), clathrin and the 2 subunit of the AP-2, permitting CCV endocytosis (Ahn, Maudsley,

Luttrell, Letkowitz, & Daaka, 1999; Zimmerman, Simaan, Lee, Luttrell, & Laporte, 2009).
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GPCRs can be divided into class A and B depending on their B-arrestin-binding profile.
Previous groups have generated B-arrestinl and B-arrestin2 knockout (KO) mouse embryonic
fibroblast (MEF) cell lines and used RNA interference to show the differential regulation of B-
arrestinl and 2 in the desensitization, internalization and signaling of receptors (Ahn, Nelson,
Garrison, Miller, & Letkowitz, 2003; Kohout, Lin, Perry, Conner, & Letkowitz, 2001). Class A
GPCRs, such as the B2-adrenergic, p-opioid, endothelin ETA and dopamine D1 receptors, interact
weakly with B-arrestins in a transient fashion since they are dephosphorylated in early endosomes,
dissociate from [-arrestins and rapidly recycle back to the plasma membrane following
internalization. They also have a higher affinity for B-arrestin2 than B-arrestinl. Conversely, Class
B GPCRs, such as the neurotensin 1, AT1, vasopressin V2, and bradykinin B2 receptors, tightly
bind both B-arrestinl and B-arrestin2 with the same affinity, leading to a prolonged half-life of the
complex in endosomes and preferential trafficking to late endosomes and lysosomes (Maurice et
al., 2011; Oakley, Laporte, Holt, Caron, & Barak, 2000). Another level of complexity is added
when taking into account that some receptors form an intermediate between class A and class B
(i.e. class C). These receptors internalize with B-arrestin into endosomes, like class A receptors,
which suggests they have a high avidity for -arrestin. However, like class B receptors, -arrestin
dissociates rapidly from the receptors in the endosomes and they are recycled back to the plasma
membrane (Simaan, Bedard-Goulet, Fessart, Gratton, & Laporte, 2005).

Since the discovery of [-arrestins as proteins that desensitize receptor-dependent second
messenger signaling, several new roles for B-arrestins have been identified, as well as other -

arrestin interacting proteins (Pierce & Letkowitz, 2001). For example, they have shown to also
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bind other cellular components involved in the modulation of vesicular trafficking, such as the
ATPase protein NSF (McDonald et al., 1999). The discovery of B-arrestin binding to the E3
ubiquitin ligase Mdm?2 to mediate the ubiquitination of receptors provides another way of targeting

GPCRs for internalization and degradation (Shenoy, McDonald, Kohout, & Lefkowitz, 2001).

1.5.2. B-arrestin and cell signaling

B-arrestins are ubiquitous multifunctional proteins that “arrest” downstream G protein
signaling, such as activation of ERK1/2, and promote GPCR desensitization and internalization
(Daaka et al., 1998; Shenoy & Lefkowitz, 2011). The recruitment of B-arrestins to activated
GPCRs results in the assembly of protein complexes, where -arrestins serve as scaffolds for the
activation of a number of signaling pathways, including ERK1/2, INK, p38, and Akt (DeWire,
Ahn, Lefkowitz, & Shenoy, 2007; Peterson & Luttrell, 2017). The first hint that B-arrestins might
regulate GPCR signalling beyond their roles in desensitization and internalization came with the
discovery that B-arrestinl interacts with Src to activate MAPK (Luttrell et al., 1999). The MAP
kinases are a conserved family of proteins which phosphorylate serine and threonine residues and
are involved in the transduction of signals regulating cell growth, division, differentiation and
apoptosis. They can be grouped into three main families: extracellular-signal-regulated kinases
(ERKSs), Jun amino-terminal kinases (JNKs), and stress-activated protein kinases (p38/SAPKs)
(Seger & Krebs, 1995).

The classic ERK1/2 MAPK cascade responds primarily to growth factors and mitogens to

induce cell growth and differentiation. Important upstream regulators of ERK1/2 include cell
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surface receptors, such as receptor tyrosine kinases (RTKs), GPCRs, and integrins, as well as the
small GTPase Ras (Morrison, 2012). Receptor activation results in an increase in tyrosine
phosphorylation of the adaptor protein Shc and recruitment of the adaptor protein growth factor
receptor-bound protein 2 (Grb2) and the Ras GEF, Son of sevenless (SOS), which binds to the
SH3 domains of Grb2, to the plasma membrane. SOS stimulates the exchange of GDP bound to
Ras for GTP (Downward, 1996), which leads to the recruitment of Raf into complex with activated
Ras. The subsequent signal transduction of the MAPK cascade involves the sequential
phosphorylation of the MEK and ERK1/2 kinases. The Raf serine/threonine kinase phosphorylates
and activates MEK at Ser218 and Ser222, which phosphorylates the Thr202 and Tyr204 sites of
ERK1/2, activating ERK1/2 and promoting its translocation to the nucleus for cell proliferation
(Figure 1.3) (Seger & Krebs, 1995).

It was first determined that ERK1/2 activation by GPCRs, such as AT1R, was via Gj and
Gq signaling pathways. Receptors signaling through Ga.; proteins activate the MAPK cascade by
a Gj-dependent GPy-mediated mechanism of Ras activation, which phosphorylates Raf to initiate
the ERK cascade, independent of PKC (Chiloeches et al., 1999). Through Goyq proteins, AT1R
activates PLCP to generate inositol trisphosphates and diacylglycerol, which in turn will release
calcium from intracellular calcium store sites and activate PKC, respectively. PKC then recruits
Src and phosphorylates Raf to initiate the ERK cascade from here, independent of Ras (Figure 1.3)
(Hawes, van Biesen, Koch, Luttrell, & Lefkowitz, 1995; Seta, Nanamori, Modrall, Neubig, &

Sadoshima, 2002).
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Figure 1.3. Activation pathways of MAPK by GPCRs and RTKs. GPCR-activated fy-subunits
and RTK activation results in the recruitment of SOS to the membrane and the stimulation of Ras-
Rafl-MEK-MAPK pathway. GPCR-activated Gogq can stimulate Ras and Rafl through
phospholipase C-B (PLC-B) and protein kinase C (PKC), respectively. Activated MAPK
translocates to the nucleus and phosphorylates nuclear proteins, such as transcription factors,

thereby regulating gene expression. Figure and text adapted with permission from Elsevier

(Marinissen & Gutkind, 2001).
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B-arrestin can also mediate ATIR activation of MAPK via clathrin-dependent GPCR
endocytosis. Once the class B receptor/p-arrestin complex internalizes, B-arrestins retain activated
kinases within the cytosol in endosomes rather than allowing them to translocate to the nucleus
where they would normally stimulate gene transcription (Wei et al., 2003). Here, B-arrestins act as
scaffold proteins binding to Raf-1, MEK1/2 and ERK1/2, forming a complex with AT1R and
activating ERK1/2 and JNK3 in the endosomes (Figure 1.4) (Luttrell et al., 2001; P. H. McDonald
et al., 2000). In addition, B-arrestin2 and G proteins have different spatiotemporal patterns of
ERK1/2 activation by AT1R. Gag11 protein-dependent activation is rapid (peak <2 min), quite
transient and leads to nuclear translocation of the activated ERK1/2. In contrast, B-arrestin2-
dependent activation is slower (peak 5-10 min), quite persistent, and ERK1/2 is entirely confined
in cytoplasmic endosomal vesicles that also contains the internalized receptors and [(-arrestin
(Ahn, Shenoy, Wei, & Lefkowitz, 2004). Here, pB-arrestinl/2-bound ERK1/2 has a prolonged
activation because it is protected from rapid dephosphorylation by nuclear and cytosolic MAPK
phosphatases (Wei, Ahn, Barnes, & Lefkowitz, 2004). Recent studies using CRISPR/Cas9 to
delete B-arrestinl/2 and G proteins suggest that B-arrestinl/2 functions as a regulatory hub,
determining the balance between the different GPCR-mediated pathways that activate ERK1/2
(Luttrell et al., 2018). B-arrestin has also been shown to drive MAPK signaling directly from
clathrin-coated structures at the plasma membrane without forming endosomes, after dissociating

from its activated GPCR (Eichel, Jullie, & von Zastrow, 2016).
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Figure 1.4. Role of B-arrestins in the activation and targeting of MAP kinases. The binding of

[B-arrestins to agonist-occupied GPCRs triggers the assembly of a MAP kinase activation complex
using B-arrestin as a scaffold, with subsequent activation of a -arrestin-bound pool of ERK1/2 at
the plasma membrane and endosomes. The ERK1/2 signaling from the plasma membrane is
activated by B-arrestin after dissociating from its activated GPCR. The ERK1/2 activated by the
formation of receptor-f-arrestin-ERK complexes in endosomal vesicles does not result in nuclear
translocation of ERK1/2 or stimulation of cell proliferation. Figure and text adapted with

permission from The Company of Biologists Limited (Luttrell & Lefkowitz, 2002).
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As a positive feedback mechanism, MAPK activity at a regulatory site in the B-arrestin2
hinge domain was determined to increase the avidity of the PB-arrestin2/receptor complex and
promote slower recycling of the receptor to the plasma membrane (Khoury, Nikolajev, Simaan,
Namkung, & Laporte, 2014). ERK1/2 phosphorylation of B-arrestin-2 on Ser14 and Thr276 can
lead to a reduction in the steady-state cell-surface expression of many GPCRs. This intracellular
sequestration results in the dampening of cell responsiveness to GPCRs’ ligand-mediated
activation, making ERK1/2 both a downstream effector and a negative regulator of GPCRs
(Paradis et al., 2015).

B-arrestins also play a role in the transduction of signals regulating protein synthesis and
cell survival through its involvement in the Akt pathway. Akt, also known as protein kinase B
(PKB), is a serine/threonine kinase that contains a pleckstrin-homology (PH) domain that allows
it to interact with other proteins. Akt is activated in response to a wide variety of growth stimuli,
including GPCRs, epidermal growth factor (EGF), platelet derived growth factor (PDGF) and
insulin by different mechanisms all involving PI3K. B-arrestin-mediated GPCR activation of Akt
involves the scaffolding of protein complexes containing protein phosphatase 2 (PP2A) and Akt,
as shown for the D2R (Beaulieu et al., 2005). AT1R-mediated phosphorylation of the PP2A
inhibitor, 12PP2A, transiently inhibits B-arrestin2-bound PP2A in the signalsome complex,
permitting the phosphorylation of Akt by PI3K and increasing its activity (Kendall et al., 2011).
Upon RTK activation, Ras binds the catalytic p110 subunit of PI3K. PI3K activation converts
phosphatidylinositol (4,5)-bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-trisphosphate
(PIP3), which results in the subsequent plasma membrane production of PIP3 and binding to the

PH domain of Akt. Here, Akt becomes phosphorylated at two major sites, Thr308 in the kinase
41



Growth factors
Hormones
Cytokines

Figure 1.5. Regulation of Akt signaling by RTKs and GPCRs. Ligand-activated RTK recruits
SOS to the membrane and leads to the exchange of GDP for GTP bound to Ras. GPCR- and RTK-
activated Ras binds the p110 subunit of PI3K, which promotes the conversion of PIP2 to PIP3 at
the plasma membrane. This leads to the recruitment of the PH domain of Akt to PIP3 and PI3K
phosphorylation of Akt for its activation. PTEN negatively regulates PI3K activity. Figure adapted

with permission from PubMed Central (Castellano & Downward, 2011).
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domain and Ser473 in the carboxy-terminal tail, leading to its activation (Figure 1.5) (Marte &
Downward, 1997). Upon Gq- and Gi-coupled GPCR activation, both Gy complexes and Ga
subunits can effectively promote Akt activation in a PI3K-dependent manner, through its

regulatory p110 subunit (Figure 1.5) (Murga, Laguinge, Wetzker, Cuadrado, & Gutkind, 1998).

1.6. GPCR resensitization

GPCR resensitization protects cells against prolonged receptor unresponsiveness. It
requires agonist-dependent internalization and receptor sequestration via the B-arrestin-dependent
targeting of receptors to CCVs and their endocytosis to endosomes (Ferguson et al., 1996). Here,
B-arrestin dissociates from the receptor so that it may be exposed to protein phosphatase 2 (PP2A)
for receptor dephosphorylation (Pitcher, Payne, Csortos, DePaoli-Roach, & Lefkowitz, 1995).
However, association of PP2A with the receptor requires the acidification of the receptor in the
endosomes (Anborgh, Seachrist, Dale, & Ferguson, 2000; Krueger, Daaka, Pitcher, & Lefkowitz,
1997). Furthermore, the fate of GPCRs is also regulated by the small GTPase Rab family
(described in Chapter 1.7.4), which will traffic the dephosphorylated receptor to recycling
endosomes and back to the cell surface to be available for a new round of agonist activation or to

late endosomes to be degraded in lysosomes (Seachrist, Anborgh, & Ferguson, 2000).

1.7. Small G proteins
Small G proteins are typically 20-30 kDa in size and act as biological switches to regulate
the downstream signaling of various plasma membrane receptors, such as the RTKs epidermal

growth factor receptor (EGFR) or platelet derived growth factor receptor (PDGFR) and GPCRs.
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They cycle between a GTP-bound form (the active state) and a GDP-bound form (the inactive
state). The switch-ON process is reversible and involves the exchange of GDP for GTP by GEFs,
resulting in the formation of the GTP-bound active protein in the cytosol, where GTP levels are
relatively high. The binding of GTP induces conformational changes in two regions of the GTPase
known as switch I and switch II, enabling the active GTPase to bind to specific effector proteins
and initiate signaling events through them. The switch-OFF process involves the irreversible
hydrolysis of GTP to GDP by GAPs, resulting in the GTPase conversion to the inactive GDP state.
The GDP/GTP exchange reactions of Rho/Rac/Cdc42 and Rab subfamily proteins are furthermore
regulated by guanine nucleotide—dissociation inhibitors (GDIs). They inhibit GEF-stimulated
dissociation of GDP from the GDP-bound form and keep the small G protein in the GDP-bound
form, preventing their interaction with regulatory and effector molecules. This inhibitory action of
GDIs requires that they be dissociated from their partner GTPases for the GTPases to become
activated and elicit their biological effects. GDIs also regulate membrane-to-cytosol cycling of
Rho and Rab family GTPases by extracting them from the membrane and sequestering the inactive
GTPase in the cytosol (Figure 1.6) (DerMardirossian & Bokoch, 2005; Takai, Sasaki, & Matozaki,
2001; Vetter & Wittinghofer, 2001).

The human genome contains approximately 150 small G proteins (Ras superfamily) that
are structurally classified into five families: Ras, Arf, Rho, Rab and Ran families. They are
conserved in primary structures and are 30-55% homologous to each other. Like other G proteins,
all small G proteins have consensus amino acid sequences responsible for interacting with GEFs
and GAPs, including the binding of guanine nucleotide (GDP or GTP) at the phosphate-binding

loop (residues 10—-17) and two switch loop regions (switch 1, residues 25-40, and switch 2,
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residues 57-75). Moreover, Asp57, Thr35 and Gly60 interact with catalytic Mg?* ions, which are
essential for GTP hydrolysis and are, therefore, conserved throughout the superfamily of GTPases.
Conformational changes in these residues induced by GDP/GTP determines the inactive/active
state of the GTPase (Bourne, Sanders, & McCormick, 1991; A. Hall, 1990). In addition, small G
proteins belonging to Ras, Rho/Rac/Cdc42 and Rab proteins have sequences at their C-termini that
undergo posttranslational modifications with lipid, such as farnesyl, geranylgeranyl, palmitoyl,
and methyl moieties, and proteolysis. Arf proteins have an N-terminal Gly residue that is modified
with myristic acid. Ran do not have such sequences to direct posttranslational modifications.
Moreover, they have a region interacting with downstream effectors, which is specific to each
GTPase-effector pair and determines which cellular functions they control. The Ras family
regulates gene expression, cell proliferation and survival, the Rho family regulates cytoskeletal
reorganization, the Rab and Arf families regulate membrane and vesicle trafficking, and the Ran
family regulates nucleocytoplasmic transport. However, there exists cross-talk between small G
proteins to regulate various cellular functions in a cooperative manner (Takai et al., 2001). These

five GTPase subfamilies are described individually in more detail below.

1.7.1. Ras GTPase family

Ras proteins, the first members of the entire superfamily were discovered on the basis of
their homology to rat sarcoma (Ras) virus genes. The human genome encodes three Ras isoforms:
H-Ras, N-Ras and two forms of K-Ras (K-Ras-4A and -4B), which are generated through
alternative splicing of the fourth coding exon. These three members are very closely related, having

85% amino acid sequence identity but have different molecular functions (Downward, 2003).
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Figure 1.6. GTPases act as molecular switches to regulate downstream biological responses.
They cycle between GDP-bound inactive states and GTP-bound active states. This regulatory cycle
of GTP binding and hydrolysis is controlled overall through the action of three classes of
regulatory proteins. Guanine nucleotide exchange factors (GEFs) catalyze the release of bound
GDP, resulting in the formation of the GTP-bound active protein. GTPase-activating proteins
(GAPs) stimulate the intrinsically low GTP hydrolytic activity of the GTPases, resulting in their
conversion to the inactive GDP state. GDP dissociation inhibitors (Rho and Rab GDIs) sequester
the inactive GTPase, preventing the dissociation of GDP and interactions with regulatory and
effector molecules. Figure and text adapted with permission from Elsevier (DerMardirossian &

Bokoch, 2005).
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Mutations in codon 12, 13, or 61 of one of the three Ras genes, H-Ras, K-Ras, or N-Ras,
convert these genes into active oncogenes. High rates of Ras-activating missense mutations have
been detected in non—small cell lung cancer (30%), colon adenomas (50%), thyroid tumors (50%)
and pancreatic adenocarcinomas (95%), making it the single most common mutationally activated
human oncoprotein (Bos, 1989). In addition to mutational activation, Ras genes are amplified or
overexpressed in some tumors. In the case of breast cancer, the incidence of Ras-activating
mutations is low, but Ras activity is elevated due in part to increased upstream signaling from the
RTKs EGFR and ERBB2 (also called Her2) (Colicelli, 2004).

Two known Ras effector proteins are the Raf-1 family (A-Raf, B-Raf and C-Raf) and PI3K
(Rodriguez-Viciana et al., 1994; Vojtek, Hollenberg, & Cooper, 1993). GTP-bound Ras binds with
high affinity to the Raf-like Ras-binding domain (Raf-RBD) (Herrmann, Martin, & Wittinghofer,
1995), as well as an adjacent cysteine-rich domain, and leads to activation of the kinase activity of
Raf-1 and initiation of the MEK-ERK MAPK cascade (Takai et al., 2001) (described in Chapter
1.5.2). Similarly, GTP-bound Ras binds to at least four different isoforms of the catalytic p110
subunit of PI3K Ras-binding domain (PI3K-RBD), which in turn activates the PI3K/Akt cascade
(described in Chapter 1.5.2) (Downward, 1998). PI3K has an important role in mediating the pro-
survival and proliferative functions of Ras. As a negative regulator of PI3K, the loss of the PTEN
tumor suppressor in cancer cells supports the important contribution of PI3K hyperactivation in

cancer development (Figure 1.7) (Repasky, Chenette, & Der, 2004).
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Figure 1.7. Ras regulation of cell growth, proliferation and survival. RTK-activated Ras binds
and stimulates PI3K and RAF kinases to mediate both the Akt/mTOR and MEK/ERK signaling
pathways, respectively. PTEN negatively regulates PI3K. Figure adapted with permission from

Elsevier (Asati, Mahapatra, & Bharti, 2016).
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Ras’s tight interactions with GDP/GTP nucleotides are governed by its GEFs, including
SOS. The insertion of an a-helix from SOS into Ras results in the displacement of the switch I
region of Ras, opening up the nucleotide-binding site. Side chains of this helix and the resulting
distorted conformation of the switch II region of Ras alter the chemical environment of the binding
site for the phosphate groups of the nucleotide and the associated magnesium ion, so that their
binding is no longer favoured. Overall, the Ras—SOS complex adopts a conformational structure
that allows nucleotide release and rebinding for the activation or inactivation of Ras (Boriack-

Sjodin, Margarit, Bar-Sagi, & Kuriyan, 1998).

1.7.2. Rho GTPase family

Members of the Ras homologous (Rho) family are primarily involved in the organization
of cell polarity, shape and motility, via regulation of the actin cytoskeleton. More than twenty
members have been identified, with Rho (A, B and C isoforms), Rac (1, 2 and 3 isoforms) and
Cdc42 (Cdc42Hs and G25K isoforms) being the best characterized. Rho promotes actin stress fiber
formation and focal adhesion assembly; Rac promotes lamellipodium formation, membrane
ruffling and regulates the superoxide-producing NADPH oxidase of phagocytes; and Cdc42
promotes actin microspikes and filopodium formation (A. Hall, 1994; Mackay & Hall, 1998).

About 30 effector proteins have been identified that interact with members of the Rho
family. For example, downstream of Rho activation are the two Rho effectors, Rho-associated
serine-threonine protein kinases ROCK1 and ROCK2, which phosphorylate myosin light chain
(MLC) phosphatase and MLC, inducing the formation of actin stress fibers and smooth muscle

cell contraction. Other Rho effectors include the Rho-binding proteins Rhophilin, Rhophilin2, and
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Rhotekin. Protein kinase N (PKN) was identified as a Rho effector through its homology to
Rhophilin. Rho proteins bind to and activate protein kinase N (PKN) proteins, which are
serine/threonine kinases that translocate from the cytosol to the plasma membrane upon Rho
activation. Ras-related C3 botulinum toxin substrate (Rac) proteins function primarily through the
direct activation of the serine/threonine kinases p21-associated protein kinase (PAK) family
through their 18-amino acid Cdc42/Rac interactive binding (CRIB) motif. PAKs may mediate the
effects on the cytoskeleton induced by Rac/Cdc42 proteins, which are different from their direct
effects on actin reorganization. Other Rac/Cdc42 effectors were identified solely on the basis of
having a CRIB domain similar to PAK. Furthermore, Cdc42 interacts with effector Wiscott-
Aldrich syndrome protein (WASP) to mediate actin polymerization (Bishop & Hall, 2000; Ridley,
2001; Takai et al., 2001).

As previously mentioned in Chapter 1.3.1.4, the Rho GEFs p115RhoGEF, PDZ-RhoGEF,
and LARG provide a direct link between Gaiois-coupled GPCRs and Rho activation. These
GPCRs, such as AT1R, activate Gai2 and/or Gauis, which, in turn, will interact directly with Rho-
GEFs containing a Goui2/Gous-binding region, such as the PDZ and LH domains, thereby
stimulating the activity of Rho-dependent pathways (Fukuhara et al., 1999). RhoA activation
induced by receptor agonists via Gai2/13 occurs with higher potency than RhoA activation via
Goag11. Gogii1-mediated RhoA activation occurs independently of phospholipase C-f3 (PLCP) and
involves LARG and p63 Rho-GEFs (Chikumi, Vazquez-Prado, Servitja, Miyazaki, & Gutkind,
2002; Lutz et al., 2007; Rojas et al., 2007; Vogt, Grosse, Schultz, & Offermanns, 2003). Whereas,

Rac is activated by Gog11-dependent activation of PLCP (Harden, Waldo, Hicks, & Sondek,
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2011). ATIR can also activate Racl through its interaction with Arf6, which forms a complex that
regulates membrane ruffling (Cotton et al., 2007). Cdc42 is activated by Gai-dependent activation
of PI3K, notably activated by lysophosphatidic acid (LPA) agonist acting through the LPAI
receptor (Kedziora et al., 2016). Moreover, growth factors, such as PDGF, insulin and EGF,
activate PLCy, Src kinase and PI3K, which activate Rac/Cdc42 to induce the formation of actin
polymerization and membrane ruffling (Dise, Frey, Whitehead, & Polk, 2008; Mackay & Hall,

1998; Ridley, 2001).

1.7.3. Arf GTPase family

Although ADP-ribosylation factor (Arf) proteins were originally identified and named for
their ability to act as cofactors during cholera toxin-catalyzed ADP-ribosylation of Gass, they are
now better known to regulate the vesicular trafficking of intracellular proteins and membranes, as
well as the remodeling of the actin cytoskeleton. Based on amino-acid sequence homology, the six
mammalian Arf proteins can be categorized into three classes. Class I Arf proteins (Arfl, Arf2 and
Arf3) share more than 96% similarity, regulate the assembly of different types of coat complexes
during vesicle budding at the Golgi, and activate lipid-modifying enzymes. The functions of the
class I Arf proteins (Arf4 and ArfS) in regulating early Golgi transport and in recruiting coat
components to trans-Golgi network (TGN) membranes still remain unclear. Arf6, which is the sole
member of class III, regulates endosomal membrane trafficking and the structural organization of
the plasma membrane. Arfs 1-5 reversibly associate with the Golgi complex and cycle into the

cytosol during GTP-binding and GTP-hydrolysis, respectively. Arf6, on the other hand, appears
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to spend more time associated with membranes while GDP-bound (D'Souza-Schorey & Chavrier,
2006; Donaldson & Jackson, 2011).

The best studied Arf protein, Arfl, recruits the coat protein complex I (COPI) to budding
transport vesicles for transport of proteins and lipids from the Golgi to the endoplasmic reticulum
(ER) and between Golgi cisternae. Arf1-GTP also regulates the recruitment of clathrin to late Golgi
and endosome compartments through the recruitment of the heterotetrameric adaptor-protein (AP-
1, AP-3 and AP-4) complexes, as well as monomeric Golgi-localized gamma-ear-containing ARF-
binding (GGA) effector proteins (D'Souza-Schorey & Chavrier, 2006; Donaldson & Jackson,
2000).

Similar to Arfl, Arf6-GTP recruits adaptor proteins and GGA3 for vesicular transport, but
exclusively in the endosomal-plasma membrane system. Arf6 regulates endocytosis by interacting
with B-arrestin, AP-2 and clathrin in CCV complex formation for vesicular invagination at the cell
surface and endosomal recycling back to the plasma membrane (Poupart et al., 2007). Through its
metabolic effects on phosphatidylinositol-4-phosphate 5-kinase (PIP5K) and phospholipase D
(PLD), and the production of phosphatidylinositol 4,5-bisphosphate (PIP2), Arf6 can also
modulate the actin cytoskeleton, change cell membrane morphology and facilitate clathrin-
dependent and clathrin-independent internalization of ligands and receptors (D'Souza-Schorey &

Chavrier, 2006; Donaldson & Jackson, 2000; Houndolo, Boulay, & Claing, 2005). Gaq-coupled

GPCRs, such as ATIR, activate Arf6 through a mechanism independent of PLCP and PKC

activation, where Goq forms molecular complexes directly with ARNO and Arf6 proteins

(Giguere et al., 2006). Furthermore, the enhanced expression of Arfl and Arf6 seen in triple
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negative breast cancer cell lines provides a role for these small G proteins in cancer cell invasion
(Schlienger, Campbell, Pasquin, Gaboury, & Claing, 2016).

The active and inactive states of Arfs differ mainly by the conformation of switch I and
switch I, which constitute a major site of interaction with GEFs. The Arf GEFs of the Gea/GBF
and Sec7/BIG subfamilies function in the ER-Golgi system, whereas the ARNO/cytohesin/GRP
and EFA6 subfamilies function primarily in the endosomal-PM system (Donaldson & Jackson,
2000; Takai et al., 2001). ARNO exchange activity on Arfs 1 and 6 is localized to the catalytic
Sec7 domain and mediated through its PH domain specifically interacting with inositol
phospholipids at the PM (Chardin et al., 1996; Frank, Upender, Hansen, & Casanova, 1998; Santy,
Frank, Hatfield, & Casanova, 1999). The Sec7 domain of ARNO contains an elongated o-helical
protein with a conserved hydrophobic groove that engages the switch regions of Arfs. A shift in
the position of switch I opens the GTPase active site and allows the binding of a critical glutamate
residue (at position 97) from the Sec7 domain into the Arf. The resulting steric and electrostatic
repulsion of the B-phosphate and magnesium ion on Arfl/6 promotes nucleotide dissociation

(Goldberg, 1998; Mossessova, Gulbis, & Goldberg, 1998).

1.7.4. Rab GTPase family

There are more than 60 members of the Ras-like proteins in brain (Rab) family that regulate
intracellular vesicular transport and the trafficking of proteins between different organelles of the
endocytic and secretory pathways. Rab proteins facilitate vesicle formation and budding from the
donor compartment, transport to the acceptor compartment, and vesicle fusion and release of the

vesicle content into the acceptor compartment through the coordinated recruitment of 20 different
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effector proteins, such as sorting adaptors, tethering factors, kinases, and phosphatases (Zerial &
McBride, 2001).

Rab proteins localize to specific intracellular compartments consistent with their function
in distinct vesicular transport processes. This localization is dependent on prenylation and
specificity is dictated by divergent C-terminal sequences. To list a few, Rab1l, Rab2, and Rab6 are
localized at the endoplasmic reticulum and the Golgi apparatus to regulate ER-to-Golgi transport
along the biosynthetic/secretory pathway; Rab3 is localized on secretory granules including
synaptic vesicles and is involved in calcium-dependent exocytosis; Rab4 is present on early
endosomes to mediate endocytic recycling directly from the early endosomes to the plasma
membrane; Rab5 is localized to early endosomes and the plasma membrane to mediate endocytosis
and endosome fusion of clathrin-coated vesicles (CCVs) from the plasma membrane to early
endosomes; Rab7 and Rab9 are present on late endosomes to mediate trafficking to lysosomes and
the TGN, respectively; Rab11 is localized to recycling endosomes to mediate endocytic trafficking
from the recycling endosome and to the plasma membrane (Stenmark, 2009; Zerial & McBride,
2001).

Phagocytosis also requires the coordinated actions of several endocytic Rab GTPases, in
particular Rab5, which is known to associate with early phagosomes, and Rab7, which associates
after phagosome maturation and is a prerequisite for their eventual fusion with lysosomes to yield

degradative phagolysosomes (Stenmark, 2009).

54



1.7.5. Ran GTPase

There is only one Ras-like nuclear protein (Ran) and it was originally cloned on the basis
of its homology to Ras proteins. It is now clear that Ran regulates the cycle of nuclear import and
export. Unlike the other four small GTPase families, Ran function is dependent on a spatial
gradient of the GTP-bound form of Ran. It is regulated by Ran-specific nuclear GEF and
cytoplasmic GAP activities. This results in a high concentration of Ran-GTP in the nucleus, which
facilitates the directionality of nuclear import and export, and a high concentration of Ran-GDP
outside the nucleus. Nuclear Ran-GTP interacts with importin to promote cargo release, and with
exportin-complexed cargo to facilitate nuclear import and export of cargo, respectively. Importins
bind their substrates in the absence of Ran in the cytoplasm and release them upon Ran-GTP
binding in the nucleus. The cargo-free importin-Ran-GTP complex then rapidly recycles back to
the cytoplasm. In contrast, exportins can bind to their cargo only in the presence of Ran-GTP and
thus associate with their substrates exclusively in the nucleus. Upon export to the cytoplasm, the
trimeric exportin/Ran-GTP/cargo complex is disassembled by Ran-GTP hydrolysis induced by
Ran-GAP and RanBP1/2. By a similar mechanism, during cell division Ran GDP/GTP cycling
also regulates mitotic spindle assembly, DNA replication and nuclear envelope assembly. Importin
B was identified as a potential downstream effector of Ran in nuclear envelope formation, but its
role in this pathway appears to be distinct from its function in spindle assembly (H. Y. Li, Cao, &

Zheng, 2003; Takai et al., 2001; Weis, 2003).
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1.8. Bioluminescence Resonance Energy Transfer (BRET)

Bioluminescence resonance energy transfer (BRET) is a process in which a non-radiative
transfer of energy occurs between an excited bioluminescent enzyme/substrate donor, such as
Renilla reniformis luciferase (Rluc), and a fluorescent molecular acceptor, like green fluorescent
proteins (GFPs) (Pfleger & Eidne, 2006). Energy transfer depends on (1) the overlap between the
emission spectra of the donor and excitation spectra of the acceptor, (2) the relative orientation of
donor and acceptor, and (3) their relative distance; resonance energy transfer (RET) occurs when
the donor and the acceptor are separated by less than 100 A (Devost et al., 2016). Cleavage of a
luminescent substrate, such as coelenterazine, by Rluc excites the GFP which in turn emits
fluorescence. RET techniques such as fluorescence resonance energy transfer (FRET) and BRET
have become experimental techniques of choice for measuring constitutive and dynamic protein—
protein interactions and interrogating changes in the activity of many biochemical signaling
pathways. Although FRET has the advantage of allowing cellular localization of the biological
interaction that is studied, this method is semi-quantitative. On the other hand, BRET has
advantage over FRET since it does not require an external illumination to initiate the energy
transfer, which may lead to high background noise resulting from direct excitation of the acceptor
or photobleaching. BRET experiments much like FRET can be conducted under conditions that
more closely reflect the biochemical environments occurring in living organisms (Salahpour et al.,
2012). As such, several studies have applied BRET for the study of protein—protein interactions
(Angers et al., 2000; Hamdan, Percherancier, Breton, & Bouvier, 2006; Hamdan et al., 2007),
receptor signalling pathways (Gales et al., 2005; Namkung et al., 2018; Namkung, Radresa, et al.,

2016), receptor trafficking (Namkung, Le Gouill, et al., 2016), as well as the dynamics of cellular
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processes or interaction of two proteins following a pharmacological treatment (Salahpour et al.,
2012).

More recently, the natural combination of luciferase and GFP from the same Renilla
reniformis species (Rluc and rGFP), which self-associate with moderate affinity and optimally
transfer energy (Anderson & Cormier, 1973; Molinari, Casella, & Costa, 2008; Titushin, Feng,
Lee, Vysotski, & Liu, 2011), has been used as enhanced bystander BRET (ebBRET) pair to
improve the recording of signals between proteins interacting in the same or different
compartments of the cell. EbBRET relies on the stochastic interaction of the donor and the acceptor
in one cell compartment and changes in BRET signal comes from the relocalization of the donor-
or acceptor-tagged proteins rather than the direct protein-protein interaction. For example,
ebBRET has been used to monitor GPCR trafficking from PM to endosomes. BRET sensors were
developed by anchoring rGFP in endosomes to generate BRET signals on ligand-promoted
sequestration of RLuc-tagged proteins located at the PM, reflected by an accumulation of proteins

in endosomes (Namkung, Le Gouill, et al., 2016).
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CHAPTER 2: RATIONALE AND OBJECTIVES
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2.1. Rationale

The overall aim of this thesis is to advance the understanding of the molecular and cellular
mechanisms regulating G protein-coupled receptor internalization and signaling, in particular, how
receptor trafficking regulates the signaling scaffolding role of B-arrestins. It is well-established
that B-arrestins function as endocytic proteins to “arrest” downstream G protein signaling, such as
ERK1/2 activation, and promote GPCR desensitization and internalization. Spatiotemporal
differences between B-arrestin- and G protein-mediated ERK1/2 activation by AT1R have been
identified, whereas, the role of B-arrestins in activating specific pools of ERK1/2 at the plasma
membrane and in endosomes after receptor endocytosis has not been fully elucidated due to the
dearth of selective tools. Therefore, we previously characterized a small molecule that we named
Barbadin as a selective [-arrestin/AP-2 inhibitor that blocks vasopressin V2 receptor
internalization and signaling but does not affect its desensitization (Beautrait et al., 2017).
However, its role on AT1R and other GPCRs is not known and despite the fact that Barbadin can
potentially be used to study the early stages of internalization and signaling at the PM, it still would
not address how and whether receptor/B-arrestin complexes regulate MAPK signaling in
endosomes.

With the goal of discovering new pharmacological tools to study the mechanisms
regulating the internalization and spatiotemporal signaling of GPCRs, a phenotypic high-
throughput screen (HTS) was performed in a heterologous system such as HEK293 cells to identify
modulators of GPCR trafficking (Figure 2.1A). The prototypical Gag-coupled (class B) GPCR,
ATIR, which signals to MAPK and internalizes in a B-arrestin-dependent manner (Ahn et al.,

2004; Luttrell et al., 2001; P. McDonald et al., 2000; Tohgo et al., 2003) was used for the primary
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screening of commercially available libraries of ~115,000 compounds. The BRET trafficking
sensors described in (Namkung, Le Gouill, et al., 2016) were used to quantitatively monitor the
translocation of the Renilla luciferase-tagged AT1R (AT1R-Rlucll) from the PM into endosomes
that have the endofin-FYVE domain tagged with Renilla GFP (rGFP-FYVE). Since the assay is
based on fluorescence measurement, ~6,610 compounds that quenched more than 50% the
fluorescence of Rlucll and/or rGFP were excluded. Following the primary screen, only compounds
blocking more than 40% of receptor internalization or potentiating more than 100% (normalized
to vehicle) were considered hits. These 943 compounds were then validated a second time on
ATIR and on another class B GPCR, the bradykinin B2 receptor (B2R), where 40 active hits on
ATIR (20 inhibitors and 20 potentiators) were similarly active on B2R. Using confocal
microscopy, the 40 compounds were tested for their toxicity by looking at morphological changes,
such as rounding up of cells following treatment with 50 uM of the compounds, which is an
indication of cell death. One inhibitor, compound #21, was selected as a lead molecule based on
its apparent lower cell toxicity, solubility properties, chemistry and availability of analogues
(Figure 2.1B). The HTS results showed that Comp#21 inhibited by 54% (primary screen) and 60%
(secondary screen) ATIR internalization and 67% B2R internalization. To validate Comp#21°s
effects on ATIR and B2R internalization, cellular imaging was used to follow the trafficking of
these receptors into endosomes. HEK293 cells were transfected with YFP-tagged AT1R or B2R
and pretreated with vehicle or Comp#21 (Figure 2.1C). In the absence of ligand (control
conditions; top panels), AT1R and B2R were restricted to the plasma membrane for both vehicle
and Comp#21 treated cells. After 15 min of Angll or BK, in vehicle conditions, AT1R and B2R

trafficked from the plasma membrane into endosomes; whereas Comp#21 kept the YFP-tagged
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ATIR and B2R at the plasma membrane after receptor stimulation, as fewer endosomes are seen.
This new endocytic inhibitor could be a used as a tool compound to further study the mechanisms

regulating receptor internalization and its related signaling pathways.

2.2. Objectives

The objectives of the work presented in this thesis are:
1. Develop new BRET-based sensors to study the activity of small G proteins and kinases
2. Characterize the mechanism of action of Comp#21 (Rasarfin)

3. Identify functionally selective analogs of Rasarfin
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Hit conﬂrmatlon on
AT1R and B2R internalization
(20 inhibitors and 20 potentiators)

¢ B2R-YFP

Cell morphological screen
Selection of Compound 21

Control

T
BK

Cl

Vehicle Comp#21

Figure 2.1. High-throughput screening identifies Comp#21 as an inhibitor of AT1R and B2R
internalization. (A) Schematic of the screening of compounds and filters used for the selection of
hits to the lead compound. (B) Structure of the selected compound (Comp#21). (C) Confocal
microscopy images of YFP-tagged ATIR and B2R internalization. Transfected HEK293 cells were
serum starved, pretreated with vehicle (DMSO) or Comp#21 (50 uM) for 30 min and stimulated

or not with 100 nM Angiotensin II (Angll) or Bradykinin (BK) for 15 min. Scale bar, 10 um.
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CHAPTER 3. MATERIALS AND METHODS
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3.1. Compounds acquisition

Rasarfin (CID: 1396167; Catalogue #001-728-363), 21.1 (CID: 2236635; Catalogue #001-
615-578), 21.2 (CID: 2238454; Catalogue #001-009-312), 21.3 (CID: 2968266, Catalogue #001-
728-365), 21.4 (CID: 1087127; Catalogue #001-728-361), 21.5 (CID: 1088362; Catalogue #001-
629-834), 21.6 (CID: 1088375; Catalogue #001-629-837), 21.7 (CID: 2997077, Catalogue #002-
020-863) and 21.8 (CID: 2944643; Catalogue #001-728-355) were purchased from MolPort and

solubilized in 100% DMSO at a final stock concentration of 50 mM.

3.2. Chemicals and reagents

Human Angiotensinll (Angll), Bradykinin (BK), Isoproterenol (ISO), epidermal growth
factor (EGF), PD184352, Wortmannin, poly-L-lysine hydrobromide and poly-L-ornithine
hydrochloride were purchased from Sigma Aldrich. UBO-QIC from Cedarlane. Dulbecco’s
modified Eagles medium (DMEM), fetal bovine serum (FBS), Phosphate Buffered Saline (PBS)
and gentamicin were purchased from Gibco, Life Technologies. Coelenterazine 400a (DeepBlue
C) and Coelenterazine H were purchased from Nanolight Technology. Dimethyl sulfoxide
(DMSO), Phenylmethyl-sulfonyl fluoride (PMSF), leupeptin, aprotinin, pepstatin A, NaF and
EDTA were from BioShop. Glutathione Sepharose™ 4B was from GE healthcare. Linear
polyethylenimine 25-kDa (PEI) was from Polysciences. The phospho-p44/42 MAPK (ERK1/2)
(Thr202/Tyr204) (E10) (#9106), p44/42 MAPK (ERK1/2) (#9102), phospho-Akt (Thr308)
(#9275), Akt (pan) (C67E7) (#4691), Ras (#3965) and RhoA (#2117) antibodies were purchased
from Cell Signaling Technology. The anti-HA-Peroxidase (3F10) (#12013819001), anti-FLAG

(#F7425) and anti-c-Myc (clone 9E10) (#M4439) antibodies were purchased from Sigma Aldrich.
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Anti-mouse and anti-rabbit [gG HRP from BioRad. The -actin (C4) antibody (#sc-47778) was
from Santa Cruz Biotechnology. SOS1 Protein (ExD Exchange Domain, aa564-1049, 6xHis tag)
(#CS-GEO02) and Mant-GTP exchange buffer (2X) (#EBO1 from BK100 kit) were purchased from

Cytoskeleton Inc.

3.3. Plasmids and constructs

Plasmids encoding B-arrestinl-Rlucll, ATIR-YFP (Zimmerman et al., 2012), signal
peptide-Flag tagged human ATIR (sp-Flag-ATIR) (Goupil et al., 2015), B-arrestin2-YFP, HA-
B2R, B2R-YFP (Simaan et al., 2005), AT1R-Rlucll, B2R-Rlucll, f2AR-Rlucll, HA-B2AR, rGFP-
CAAX, rGFP-FYVE (Namkung, Le Gouill, et al., 2016), B-arrestin2-Rlucll, Gaiz-Rlucll (Quoyer
et al., 2013), Polycistronic Gaq sensor, Flag-GB; (Namkung, Radresa, et al., 2016), GFP10-Gy,
(Urizar et al., 2005), PKC and Rho sensors (Namkung et al., 2018), B-arrestin/AP-2 sensor
(Hamdan et al., 2007) and GST-Rhotekin-RBD (Ren & Schwartz, 2000) were previously
described. FLAG-K-Ras-WT, FLAG-K-Ras-G12V, FLAG-SOS1°-CAAX were kindly provided
by Dr. Matthew Smith (Université de Montréal, Qc). GST-Rafl-RBD, GST-GGA3-PBD, HA-
ARF6-WT and HA-ARF6-T27N were kindly provided by Dr. Audrey Claing (Université de
Montréal, Qc). Myc-Racl-WT, Myc-Rac1-Q61L, Myc-Racl-T17N were kindly provided by Dr.
Serge Lemay (McGill University, Qc).

To generate Rlucll-tagged GGA3 (1-316) domain, the GGA3 (1-316) cDNA was amplified
by PCR primers using GST-GGA3(1-316) DNA as a template. The PCR product was subcloned
into the Nhel/HindlII sites of Rlucll containing vector (Barr2-Rlucll, (Paradis et al., 2015)) using

Gibson assembly (New England Biolabs). Partial cDNAs of Raf and PAK were obtained by RT-
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PCR of HEK293 total RNA. For subcloning of the Ras-binding domain (RBD) of Raf, the RasBD
was PCR amplified using the partial cDNA of Raf as a template and assembled into the
Nhel/HindIII sites of Rlucll containing vector (Barr2-Rlucll, (Paradis et al., 2015)) using Gibson
assembly. The CRIB domain of PAK1 was PCR amplified using the partial cDNA of PAK1 as a
template and subcloned into the Kpnl/Agel sites of Rlucll containing vector (PKN-RBD-Rlucll,
(Namkung et al., 2018)) using Gibson assembly.

To generate the fluorescently tagged GTPase effectors GGA3(1-316)-PBD-YFP, Raf-
RBD-YFP and PAK-CRIB-YFP used for microscopy experiments, the DNA from the Rlucll
versions above were digested with Nhel and HindIII and subcloned into the pEYFP-N1 vector
(Invitrogen) by using Nhel and HindIII sites and Gibson assembly. For the Akt sensor, the PH
domain of Akt was PCR amplified from HEK293SL cell’s cDNA as a template. The PCR product
was reamplified with flanking sequences for the Gibson assembly. The final PCR product was
assembled into Nhel/HindIII sites of Rlucll containing vector (Barr2-Rlucll, (Paradis et al., 2015)).

To generate pGEX-6P-1-H-Ras, the cDNA of H-Ras (full length) was obtained by RT-
PCR of HEK293SL cells total RNA. PCR product was then re-amplified with flanking sequences
for the Gibson assembly. The final PCR product was subcloned into the pGEX-6P-1 vector, kindly
provided by Dr. Matthew Smith (Université de Montréal, Qc), into the BamHI and NotlI sites using
Gibson assembly.

The S17N, Y32A and Y40A substitutions in FLAG-K-Ras was generated by
complementation PCR reaction, whereas the Y32A/Y40A substitution was generated by
overlapping PCR amplification using the two PCR products for Y32A and Y40A as templates. All

the final PCR products from the amplified complementing fragments were subcloned into
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Xhol/HindIII sites of FLAG-K-Ras vector using Gibson assembly. For generating the pGEX-6P-
1-FLAG-K-Ras-WT and pGEX-6P-1-FLAG-K-Ras-Y32A, K-Ras-WT and K-Ras-Y32A DNA
were PCR amplified and assembled into the BamHI/NotI sites of pGEX-6P-1 vector using Gibson

assembly. All constructs were verified by DNA sequencing before use (McGill Genome Center).

3.4. Cell culture

HEK293SL cells, characterized in (Namkung, Le Gouill, et al., 2016), are a subclone
derived from regular HEK293 cells (Ad5 transformed) selected in our lab and have been used in
all experiments. These cells have a cobblestone appearance and show better adherence as
compared with regular HEK293 and HEK293T cells, making them more amenable to microscopy
and BRET experiments. These cells were regularly tested for mycoplasma contamination (PCR
Mycoplasma Detection kit, abm, BC, Canada) and cultured in DMEM supplemented with 10%
FBS and 20 pg/ml of gentamycin. Cells were transiently transfected using calcium phosphate

methods (Kwon & Firestein, 2013) or 25-kDa linear PEI (2:1 PEI/DNA ratio) (Baker et al., 1997).

3.5. Live cell imaging/confocal microscopy

One day before transfection, cells were seeded in 35-mm glass-bottom dishes (MatTek
Corporation) at a density of 1x10° cells per dish. For the recordings of receptor internalization,
HEK?293 SL cells were transfected with 2 pg of AT1R-YFP. For the recordings of p-arrestin-2
recruitment to the receptor, HEK293SL cells were transfected with 50 ng of B-arrestin2-YFP and
250 ng of Flag-AT1R or HA-B2R. Forty-eight hours post-transfection, cells were serum starved,

preincubated with DMSO (0.1% final concentration) or Rasarfin (50 uM) for 30 min at 37 °C.
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ATI1R-expressing cells were stimulated with angiotensinll (Angll; 100 nM) and B2R-expressing
cells were stimulated with bradykinin (BK; 1 uM) for 30 min (receptor-YFP) or 15 min (-
arrestin2-YFP). Cells were imaged with Zeiss LSM-510 laser scanning confocal microscope. To
detect YFP, UV laser was used with 405 nm excitation and BP 505-550 nm emission filter. Images
(2048 x 2048) were collected using a 63x oil immersion lens. For the recordings of GTPase effector
proteins to PM, HEK293SL cells were transfected with 1pg of Flag-AT1R and 600 ng of either
GGA3(1-316)-PBD-YFP (and 300ng HA-Arf6), Raf1-RBD-YFP or PAK-CRIB-YFP. Forty-eight
hours post-transfection, cells were serum starved and stimulated with 1 uM Angll for 10 min, 2
min or 5 min, respectively, at 37 °C. Cells were imaged (1048 x 1048 pixels) using a Zeiss LSM-
780 laser scanning confocal microscope with a 63x oil immersion lens (RI-MUHC Molecular
Imaging Facility). To detect YFP, an Argon laser was used with 514 nm excitation and BP 530-

600 nm emission filter sets.

3.6. BRET measurements

HEK293SL cells were seeded at a density of 7.5 x 10° cells per 100-mm dish and 24 hours
later, transiently transfected as such. For receptor internalization experiments, cells were
transfected with 0.12 pg AT1R-Rlucll, B2R-Rlucll or f2AR-Rlucll and 0.48 ng of either rGFP-
CAAX or rGFP-FYVE. For B-arrestin recruitment assays, cells were transfected with 0.48 pg of
receptor-YFP along with 0.12 pg of B-arrestin-Rlucll. For B-arrestin/AP-2 binding experiments,
cells were transfected with 1 pg Flag-AT1R, 1 pg 2-Adaptin-YFP and 0.12 pg B-arrestin2-Rlucll.
For G protein activation, cells were transfected with 3 ug of sp-Flag-AT1R along with either 4.5

ug of the Gog-polycistronic BRET sensor or 0.24 ug of the Ga;j3-Rlucll and 0.6 pg of GFP10-
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Gy2 and G sensors or 0.12 pg PKN-RBD-Rlucll and 0.48 pug of rGFP-CAAX. For PKC

activation, cells were transfected with 3 ug of sp-Flag-AT1R and 0.18 pg of the PKC sensor. For
GTPase activation experiments, cells were transfected with 1 pug Flag-ATIR, 0.48 pg of rGFP-
CAAX and either 0.12 pg of GGA3-PBD-Rlucll, PAK-CRIB-Rlucll or Raf-RBD-Rlucll. For
biosensor validation experiments, cells were additionally transfected with 500 ng FLAG-K-Ras-
WT, Flag-KRas-G12V, Flag-KRas-SOS-CAAX, HA-Arf6-WT, HA-Arf6-T27N, Myc-Racl-WT,
Myc-Racl-Q61L or Myc-Racl-T17N. For PI3K/Akt activation experiments, cells were
transfected with 0.48 pg of —GFP-CAAX and 0.12 pg of Akt(PH)-Rlucll. After 18 h of transfection,
the media was replaced and cells were divided for subsequent experiments. Cells were detached
and seeded onto poly-L-ornithine-coated 96-well flat white bottom plates (BrandTech Scientific)
at a density of 2.5x10* cells per well in media. The next day, cells were washed once with Tyrode’s
buffer (140 mM NacCl, 2.7 mM KCI, 1 mM CaCl,, 12 mM NaHCO3, 5.6 mM D-glucose, 0.5 mM
MgCl, 0.37 mM NaH;PO4, 25 mM HEPES, pH 7.4) and left in Tyrode’s buffer. For kinetics of
B-arrestin binding to receptor and AP-2 experiments, cells were serum starved, pretreated with
compounds for 30 min and BRET signals were monitored at indicated times using a Victor X Light
plate reader (PerkinElmer). Coelenterazine H (final concentrations of 5 uM) was added 3-5 min
prior to BRET measurements. Filter set was 460/80 nm and 535/30 nm for detecting the Rlucll
Renilla luciferase (donor) and YFP (acceptor) light emissions, respectively. The BRET ratio was
determined by calculating the ratio of the light emitted by YFP over the light emitted by the Rlucll.
For G protein activation, cells were serum starved, pretreated with compounds for 30 min,
stimulated with Angll for 2 min (Gag, Gaiz and Rho sensors) or 5 min (PKC sensor). For the

kinetics of GTPase and PI3K/Akt activation, cells were serum starved, pretreated with compounds
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for 30 min, stimulated with ligand at indicated times. For concentration-response curves, cells were
serum-starved, pretreated with various concentrations of compounds and stimulated with ligand in
Tyrode’s buffer for 30 min for receptor internalization, 10 min for Arf6, 2 min for Rac and Rho
activation and 5 min for Ras activation and PI3K/Akt activation. BRET signals were monitored
using a Synergy2 (BioTek) microplate reader and coelenterazine 400a (final concentrations of 5
uM) added 3-5 min prior to BRET measurements. Filter set was 410/80 nm and 515/30 nm for
detecting the Rlucll Renilla luciferase (donor) and rGFP (acceptor) light emissions, respectively.
The BRET ratio was determined by calculating the ratio of the light emitted by rGFP over the light

emitted by the Rlucll.

3.7. Western blot analysis

HEK293SL cells (105 cells per well) were seeded in a poly-L-lysine-coated 6-well plate
and transiently transfected with 3 pg Flag-AT1R, HA-B2R or HA-B2AR and/or 500 ng Flag-
MEKI1-WT, Flag-MEK1-DD, Flag-BRAF-WT, Flag-BRAF-V600E, Flag-K-Ras-WT, Flag-K-
Ras-G12V, HA-Arf6-WT or HA-Arf6-T27N. Forty-eight hours post transfection, in a 37 °C water
bath, cells were serum-starved for 30 min, pretreated with DMSO or Rasarfin (at indicated
concentrations) for 30 min, then stimulated or not with the indicated ligand [Angiotensin II (1
uM), Bradykinin (1 uM), Isoproterenol (10 uM) or epidermal growth factor (EGF, 100 ng/ml)] at
indicated times. Cells were put on ice, washed with PBS and solubilized in 2x laemmli buffer (250
mM Tris—HCI pH 6.8, 2% SDS (w/v), 10% glycerol (v/v), 0.01% bromophenol blue (w/v) and 5%
b-mercaptoethanol (v/v)) by heating at 65 °C for 15 min. Lysates were resolved on 10% or 14%

SDS-PAGE, transferred to nitrocellulose membranes and immunoblotted for p-ERK1/2, ERK1/2,
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p-Akt, Akt, HA or FLAG. ImageLab 5.2 software was used to quantify the digital blots as fold of
the phosphorylated protein over total protein, which were then normalized as indicated in the figure

legends.

3.8. Purification of recombinant proteins

GST, GST-tagged Golgi Associated, Gamma Adaptin Ear Containing, ARF Binding
Protein 3 Binding Domain (GST-GGA3-PBD), Rafl-Ras Binding Domain (GST-Rafl-RBD) and
Rhotekin-Rho Binding Domain (GST-Rhotekin-RBD), as well as Ras proteins (pGEX-6P-1-H-
Ras, pGEX-6P-1-K-Ras-WT and pGEX-6P-1-K-Ras-Y32A) were expressed in E. coli BL21 cells
grown in LB medium and induced with isopropyl B-D-1-thiogalactopyranoside (IPTG) under the
respective conditions: 1mM for 1 hour at 37 °C (GST and GST-Raf1-BD), 0.6 mM for 3-4 hours
at 30 °C (GST-Rhotekin-RBD and GST-GGA3-PBD) or 0.12 mM for 16 hours at 15 °C (pGEX-
6P-1-H-Ras, pGEX-6P-1-K-Ras-WT and pGEX-6P-1-K-Ras-Y32A). The GST fusion proteins

were purified using Glutathione Sepharose 4B as previously described by (Vikis & Guan, 2004).

3.9. Glutathione S-transferase (GST) pull-down assays

Activation of Arfl, Arf6, Ras, and Rho were assessed by using GST pull-down assays.
HEK293SL cells were transiently transfected with 3ug AT1R-flag only (Ras and Rho) or along
with 500 ng HA-Arf6 (Arf6) or HA-Arfl (Arfl). Forty-eight hours later, the cells were serum-
starved for 4 hours with DMEM containing 20 mM HEPES then pretreated with DMSO or
Rasarfin (50 uM) for 30 min. Cells were then stimulated with 1 uM Angll or 100 ng/ml EGF (Ras)

for 0 and 5 min. Cells were then washed once with ice-cold PBS and lysed for 30 min at 4 °C in
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300 pL of lysis buffer (pH 7.5, 50 mM Tris-HCI, 140 mM NaCl, 5 mM MgCl,, 10% glycerol, 1%
Nonidet P-40, 1 mM dithiothreitol) supplemented with protease inhibitors (1 mM phenylmethyl-
sulfonyl fluoride (PMSF), 10 pg/ml leupeptin, 5 pg/ml aprotinin, 1 pg/ml pepstatin A) and
phosphatase inhibitors (20 mM NaF, 0.025 mM sodium pervanadate). The samples were cleared
by centrifugation and 30 pL (cell lysates) was kept for assesing total protein contents. The
remaining was transferred to fresh tubes with 20 pg of either GST, GST-GGA3-PBD, GST-Raf1-
RBD or GST-Rhotekin-RBD coupled to glutathione resin and rotated for 1-2 h at 4 °C. Beads were
washed twice with lysis buffer and proteins were eluted in 25 pl 2x laemmli buffer by heating at
65 °C for 15 min. Proteins were resolved on 14% SDS-PAGE, transferred to nitrocellulose
membranes and immunoblotted for HA, Ras or RhoA. ImagelLab 5.2 software was used to quantify

the digital blots as fold of the amount of pulled down protein over total protein.

3.10. Mant GTP Exchange Factor (GEF) assay

Ras activity was assessed in a 384-well black bottom plate using the mant-GTP exchange
factor assay that measures the uptake of the fluorescent nucleotide analog N-methylanthraniloyl-
GTP (mant-GTP) into GTPases. For Ras activation, 2X exchange buffer, 1.66 pg of purified
pGEX-6P-1-H-Ras or pGEX-6P-1-K-Ras-WT or pGEX-6P-1-K-Ras-Y32A were added per well
in presence of DMSO, different concentrations of Rasarfin (as indicated) or 50 uM of Compounds
4, 7 or 8. Using the Infinite 200 Pro plate reader (Tecan) with filters set at 360 nm and 440 nm for
detecting the excitation and emissions, respectively, and temperature set at 20 °C, 5 readings were
recorded every 5 sec before the addition of either H,O, 40 mM EDTA or 0.66 pg purified SOSI.

The fluoresence of mant-GTP uptake was measured every 30 sec for 30 min and quantified as the
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delta relative florescence units (RFU), which was calculated as the RFU post-addition minus the

5 averaged RFU pre-addition, per condition.

3.11. Computational studies

For the flexible docking of compounds into the SOS-Ras X-ray structure (PDB 1BKD),
the SOSI (chain S) and water molecules were first deleted. The Ras-structure (chain R) was then
protonated and charged accordingly using Structure Preparation in Molecular Operating
Environment (MOE; Chemical Computing Group). The Site Finder Tool in MOE suggests a
binding site of 47 side chain contact atoms on the protein. The selected binding site has a
propensity of ligand binding (PLB) of 1.77 and displays 25 hydrophobic contact atoms on the
protein (Soga, Shirai, Kobori, & Hirayama, 2007). Dummy atoms were used as a binding site
reference for the flexible protein docking. Triangle Placement was carried out using Triangle
Matcher, which allows 300 seconds for compound placement and a maximum output of 1000
compound-protein poses. London dG was used for the Scoring as it estimates the free Energy of
binding for each pose. Post-placement refinement was carried out using Induced Fit of the
Receptor, and the Force Field based Scoring Function GBVI/WSA dG for final Scoring, which
produced 5 poses of the compound docked into the protein.

For the Molecular Dynamics (MD) simulations, the output of the docking was used as the
starting point. A cubic water box was used with a margin of 12 and the protein-compound system
centered. 12027 water molecules and 8 Na ions were added for Rasarfin simulations, while 12046
water molecules and 8 Na ions were added for the Compound 4 simulations. NAMD 2.12 was

employed for the Molecular Dynamics simulation, AMBER10 force field was employed for the
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protein and ETH was employed for the compound. Checkpoint every 500 ps, Sample time was
0.25 ps and Time step was 2 fs. Particle Mesh Ewald implementation was enabled for periodic
electrostatic. Cell periodicity and wrap all atoms was applied. System was minimized for 100 ps,
equilibration was run for 200 ps at 300 K and production was run at 300 K. Rasarfin was simulated
for a total of 200ns: one 100ns simulation and ten 10ns simulations. Five independent 10ns
simulations were computed for Compound 4.

For the pharmacophore docking analysis, the starting coordinates and trajectories of protein
and compound were imported into LigandScout (Inte:Ligand) (Wolber & Langer, 2005) using a
stride of 50. The “MD Pharmacophores” tool was used to create dynamic pharmacophores to show
protein-compound interaction patterns and calculate their frequency of interaction, which were
based on the following distances and angles. Hydrophobic interactions were set at 1 - 5 A and H-
bond donor/acceptor at 2.5 — 3.8 A. Angle tolerance of 180° for sp® hybridised atoms is an ideal
hydrogen bond, which is broken when the angle difference exceeds 34° in either direction around
the central position (angle tolerance of 50° is allowed for sp? hybridised atoms). Angle tolerance
of 60° was set for pi-cation interactions. Angle tolerance of 20° was set for orthogonal pi-p1
interactions and 20° for parallel pi-pi interactions. Aromatic interactions were set at 0.0 — 2.0 A
orthogonal/parallel center deviation (minimum and maximum distance of two orthogonal or
parallel plane feature center points). Once docked, the final output displays the number of unique
pharmacophores, appearance frequency and Feature Timeline of computed interactions between

the compound and the protein.
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3.12. Data analysis

Statistical analyses were performed using GraphPad Prism 6 software (GraphPad Software
Inc.; La Jolla, CA) using either Student’s #-tests, two-way ANOVAs, or Dunnett’s comparisons
tests, when appropriate and as indicted in the figure legends. Curves presented throughout this
study were generated using GraphPad Prism software and represent the best fits, from which ICsos

were calculated. P values < 0.05 were considered significant.
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CHAPTER 4. RESULTS

DEVELOPMENT OF NEW BRET-BASED SENSORS TO STUDY THE ACTIVITY OF

GTPASES AND KINASES
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4.1. Preface to Chapter 4

Small G proteins are also involved in regulating the signaling and trafficking of GPCRs,
but this activation profile is not well-characterized. There is currently a panel of FRET and BRET
sensors used to study the GPCR signaling nature of heterotrimeric G proteins, second messengers,
protein kinases and ion channels, but there is a need to develop better tools to assess GTPase
responses, as well as modulators of these processes. Here, having previously described the Rho
and p63 RhoGEF BRET sensors in (Namkung et al., 2018), new BRET sensors were generated to
quantitatively measure the signaling kinetics of Ras, Arf, Rac and PI3K as well as pharmacological
parameters. Dr. Yoon Namkung designed and generated the four BRET sensor constructs. I
contributed to the characterization of these sensors, performing and analyzing all experiments in

this chapter.

4.2. Results
4.2.1. Generating the Arf, Ras and Rac/Cdc42 BRET sensors

The activation of GTPases by GPCRs and RTKSs results in the recruitment of effector
proteins to the PM, which in turn activate cascades of cellular signaling. Therefore, a Rlucll tag
was fused to the C-terminus of the binding domain of the effector protein for each respective
GTPase: for Arf, the Protein-3 binding domain (PBD) of the golgi-associated, gamma adaptin ear
containing, ARF binding protein 3 (GGA3) (GGA3-PBD- Rlucll, Figure 4.1A); for Ras, the Ras
binding domain of Rafl (Raf1-RBD-Rlucll, Figure 4.1B) and for Rac/Cdc42, the Cdc42- and Rac-
interactive binding motif (CRIB) of p21 activated kinase 1 protein (PAK) (PAK-CRIB-Rlucll,

Figure 4.1C). Upon activation of the GTPase by receptors, the recruitment of the effector to the
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PM was monitored by coexpressing effector-Rlucll with an rGFP anchored at the PM through the
prenylation of the CAAX domain of K-Ras (rGFP-CAAX), resulting in a bystander BRET
response.

The functionality of the sensors was validated by confocal microscopy, where HEK293
cells were transfected with ATIR and a YFP-tagged version of the effector protein domains, and
their translocation was monitored upon receptor stimulation. In control conditions, GGA3-PBD is
localized mostly in the Golgi/ER and cytosol, Raf1-RBD in the cytosol and nucleus, and PAK-
CRIB in the cytosol. When stimulated with Angll, they all translocate to the plasma membrane as
seen by a better definition of the contour of the cell due to an accumulation of the fluorescence
(arrows in Figure 4.1D-F). This is consistent with the notion that the activation of these GTPases

by ATIR recruits effectors to the plasma membrane.
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Figure 4.1. Generation of Arf, Ras and Rac/Cdc42 BRET sensors. (A-C) Schematic diagram
of the Arf, Ras and Rac/Cdc42 BRET sensors. (A) The recruitment of GGA3-PBD-Rlucll to the
plasma membrane (rGFP-CAAX) after Arf activation by a receptor (GPCR) increases bystander
BRET. (B) The recruitment of Raf1-RBD-RlucllI to the PM (rGFP-CAAX) after Ras activation by
areceptor increases bystander BRET. (C) The recruitment of PAK-CRIB-Rlucll to the PM (rGFP-
CAAX) after Rac/Cdc42 activation by a receptor increases bystander BRET. (D-F) Confocal
microscopy images of the translocation of YFP-tagged effectors to the PM upon small G protein
activation by ATIR. (D) HEK293 cells were transfected with GGA3-PBD-YFP, HA-Arf6 and
Flag-ATIR, starved and stimulated with Angll for 10 min. (E) HEK293 cells were transfected
with Raf1-RBD-YFP and Flag-AT1R, starved and stimulated with Angll for 2 min. (F) HEK293
cells were transfected with PAK-CRIB-YFP and Flag-ATI1R, starved and stimulated with Angll

for 5 min. Arrows show PM contour of cell. Insets are zoomed in 3X. Scale bar, 10 pum.
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4.2.2. Validating the receptor-mediated activation of Arf, Ras and Rac/Cdc42 BRET sensors

The BRET sensors were next validated using receptors, such as ATIR and EGFR, which
are known to promote the activity of these small G proteins. For the Arf sensor, Angll and EGF
increased the BRET ratio within 5 min of agonist addition, and the maximum signal persisted up
to 10 min (Figure 4.2A). Therefore, 10 min was chosen as the optimal stimulation time for
subsequent Arf experiments. For the Ras sensor, Angll and EGF increased the BRET ratio within
2-5 min of agonist addition and the maximum signal persisted up to 10 min (Figure 4.2B).
Therefore, 5 min was chosen as the optimal stimulation time for subsequent Ras experiments. For
the Rac/Cdc42 sensor, Angll increased the BRET ratio within 1 min of agonist addition, while
EGF increased the BRET ratio within 1-5 min of agonist addition. In both cases, the maximum
signal persisted up to 10 min (Figure 4.2C). Therefore, 2 min was chosen as the optimal stimulation

time for subsequent Rac/Cdc42 experiments.
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Figure 4.2. Recording of the kinetics of Arf, Ras and Rac/Cdc42 BRET sensors activation by
ATIR and EGFR. (A) HEK293 cells expressing GGA3-PBD-Rlucll and rGFP-CAAX along with
Flag-ATI1R were serum starved and stimulated or not with Angll or EGF at indicated times. (B)
HEK?293 cells expressing Raf1-RBD-Rlucll and rGFP-CAAX along with Flag-AT1R were serum
starved and stimulated or not with Angll or EGF at indicated times. (C) HEK293 cells expressing
PAK-CRIB-Rlucll and rGFP-CAAX along with Flag-AT1R were serum starved and stimulated

or not with Angll or EGF at indicated times. Data represent means BRET ratio £ SEM of three

independent experiments.
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4.2.3. Characterizing the AT1R-mediated activation of Arf, Ras and Rac/Cdc42 BRET sensors
using GTPase defective mutants

Each sensor was next characterized by overexpressing wild type, constitutively active, or
dominant negative forms of the small G protein along with ATIR and the corresponding BRET
sensor. Wild type Arf6 increased the basal BRET response by 1.3-fold as compared to mock cells,
while the dominant negative Arf6-T27N decreased the basal response (compare black control bars
in Figure 4.3A). Angll treatment promoted a 1.7-fold increase in BRET response compared to
control in conditions expressing wild type Arf6. No significant agonist-mediated activation of the
sensor was detected when Arf6-T27N was expressed. For the Ras sensor, cells expressing the wild
type K-Ras increased the basal BRET response by 1.3-fold compared to mock cells and Angll
treatment promoted a 1.4-fold increase in BRET response compared to control. Overexpression of
the active form of Ras (K-Ras-G12V) or the catalytic domain of SOS that is constitutively present
at the PM (SOS“*-CAAX) substantially increased the basal BRET response of the sensor by 2.9-
fold and 1.8-fold, respectively, compared to mock cells with no further agonist-mediated effects.
On the other hand, expression of the dominant negative form of Ras (K-Ras-S17N) reduced its
basal activity and blocked the Angll-mediated activation of the sensor (Figure 4.3B). For the Rac
sensor, overexpression of wild type Rac1 increased the basal BRET response by 1.3-fold compared
to mock cells and Angll treatment promoted a 1.4-fold increase in BRET response compared to
control. Cells expressing constitutively active Rac1-Q61L increased the basal BRET response by
1.5-fold compared to mock cells and no further agonist-mediated effects on the Rac sensor’s
response were observed. The dominant negative Racl-T17N did not reduce the basal BRET

response, but prevented the Angll-mediated activation of the sensor (Figure 4.3C).
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Figure 4.3. Characterization of Arf, Ras and Rac/Cdc42 BRET sensors activation by AT1R.
(A) HEK293 cells expressing GGA3-PBD-Rlucll, rGFP-CAAX, Flag-ATIR and either mock
(pcDNA3.1), HA-Arf6-WT or HA-Arf6-T27N were serum starved and stimulated or not with 100
nM Angll for 10 min. Shown below are representative western blots of HA-tagged proteins and
B-actin as a loading control. (B) HEK293 cells expressing Raf1-RBD-Rlucll, rtGFP-CAAX, Flag-
ATIR and either mock (pcDNA3.1), Flag-K-Ras-WT, Flag-K-Ras-G12V, Flag-K-Ras-S17N or
Flag-SOS“-CAAX were serum starved and stimulated or not with 100 nM AnglIl for 5 min.
Shown below are representative blots of Flag-tagged proteins and B-actin. (C) HEK293 cells
expressing PAK-CRIB-RIucll, rGFP-CAAX, Flag-ATIR and either mock (pcDNA3.1), Myc-
Racl-WT, Myc-Rac1-Q61L or Myc-Racl-T17N were serum starved and stimulated or not with
100 nM Angll for 2 min. Shown below are representative blots of Myc-tagged proteins and -
actin. Data represent mean BRET ratio £ SEM of three independent experiments, *p < 0.05, **p

<0.01, ***p < 0.005, two-way ANOVA with Bonferroni correction.
84



4.2.4. Generating and validating a PI3K/Akt BRET sensor

As previously mentioned, PI3K functions in the plasma membrane where it phosphorylates
PIP; to generate PIP3, leading to the recruitment of the PH domain of Akt to PIP; at the plasma
membrane. Therefore, a Rlucll tag was fused to the C-terminus of the PH domain of Akt to
generate a BRET sensor that would work in pair with rGFP-CAAX at the PM. Upon activation of
PI3K by a hormone receptor such as a RTK, the PH domain within the Akt (PH)-Rlucll construct
is recruited to PIP3 at the plasma membrane, which will bring it in close proximity to the rGFP-
CAAX, resulting in a bystander BRET response (Figure 4.4A).

The kinetics of activation of the PI3K/Akt sensor was evaluated in HEK293 cells
endogenously expressing EGFR and transfected with the sensor. EGF increased the BRET ratio
within 2 min of agonist addition and the maximum signal persisted up to 5 min (Figure 4.4B).
Therefore, 5 min was chosen as the optimal stimulation time for subsequent Akt experiments. This
sensor was further characterized using the PI3K inhibitor, Wortmannin (Arcaro & Wymann,
1993). In vehicle conditions, EGF induced the activation of the sensor in a dose-dependent manner,
while the BRET response was completely inhibited by blocking PI3K with Wortmannin (Figure

4.40).
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Figure 4.4. Generation and validation of PI3K/Akt BRET sensor. (A) Schematic diagram of
PI3K/Akt BRET sensor. Upon activation of PI3K by a receptor (RTK), the recruitment of the
Rlucll-tagged PH domain of Akt (Akt(PH)-Rlucll) to PIP3 at the plasma membrane (rGFP-CAAX)
increases bystander BRET. (B) BRET recording of the kinetics of PI3K/Akt activation by EGFR.
HEK?293 cells expressing Akt(PH)-Rlucll and rGFP-CAAX were serum starved and stimulated or
not with 100 ng/ml EGF at indicated times. (C) Validation of the PI3K/Akt BRET sensor.
Transfected cells were pretreated with vehicle (DMSO) or Wortmannin (PI3K inhibitor, 200nM)
for 30 min and stimulated or not with indicated concentrations of EGF for 5 min. Data were

quantified as EGF-promoted BRET and represent means + SEM of three independent experiments.
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4.3. Summary

In this chapter, four new BRET sensors were generated, characterized and validated to
sensitively measure the signaling kinetics of Ras, Arf and Rac/Cdc42 GTPases and Akt, as well as
pharmacological parameters. These BRET sensors monitor the recruitment of surrogate effector
proteins to the plasma membrane upon protein activation by receptors, which generates an
enhanced bystander BRET signal. Overexpressing dominant negative or constitutively active
forms of these small GTPases decreases or increases the basal and agonist-induced BRET
responses, respectively. The sensors can also capture decreased kinase activity when cells are
treated with inhibitors. Their use and further benchmarking against other classical biochemical
assays will be described in Chapter 5, which relates to the discovery and characterization of new

inhibitors of small G proteins.
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CHAPTER 5. RESULTS
CHARACTERIZATION OF THE MECHANISM OF ACTION OF COMP#21

(RASARFIN)
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5.1. Preface to Chapter 5

From the high-throughput screen for AT1R trafficking described in Chapter 2.1, Comp#21
was one of 20 inhibitors of both AT1R and B2R internalization, and whose mechanism of action
will be further characterized in this chapter. Dr. Etienne Khoury designed and performed the
microscopy experiments in Figure 5.1D and E. Dr. Doris A. Schuetz designed, performed and
analyzed all of the computational data in Figure 5.10. Figures were used with their permission. I

designed, performed and analyzed all other experiments.

5.2. Results
5.2.1. Comp#21 inhibits receptor trafficking

First, Comp#21’s effects on receptor internalization were validated by transfecting cells
with different GPCRs (AT1R, B2R, or B2AR) and the same BRET trafficking sensor as the HTS
(Namkung, Le Gouill, et al., 2016). As the Rlucll-tagged receptor traffics from the PM into
endosomes tagged with rGFP through its FYVE domain, an increase in BRET signal is recorded
as these two chromophores are within the same compartment. HEK293 cells were pretreated with
various concentrations of compound and the internalization of ATIR, B2R, and B,AR was
monitored after 30 minutes stimulation with Angll, BK or ISO, respectively. From the generated
curves, Comp#21 inhibited the internalization of AT1R, B2R and f2AR with similar potencies of
10 uM, 11 uM and 15 uM, respectively (Figure 5.1A). Therefore, Comp#21 is not specific to
ATIR but inhibits the internalization of multiple GPCRs (classes A and B). As one of the first
crucial steps in receptor endocytosis, the recruitment of B-arrestin to the receptor was assessed next

using BRET sensors that monitor the trafficking of B-arrestinl or B-arrestin2 to the receptor at the
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PM. Cells were transfected with ATIR-YFP or B2R-YFP and B-arrestin2-Rlucll or B-arrestinl-
Rlucll, then pretreated with vehicle (DMSO) or Comp#21 and subjected to kinetics experiments.
Overall, Comp#21 did not affect the kinetics of B-arrestinl or -arrestin2 recruitment to ATIR
(Figure 5.1B) nor B-arrestin2 recruitment to B2R (Figure 5.1C).

These receptors traffic/internalize with B-arrestin2 into endosomes, so it was hypothesized
that if Comp#21 inhibits receptor internalization, it would also affect B-arrestin2 co-trafficking
inside the cell. Therefore, cellular imaging was used to follow the trafficking of B-arrestin2-YFP
into endosomes upon receptor stimulation. HEK293 cells were transfected with YFP-tagged B-
arrestin2 and either Flag-AT1R or HA-B2R and pretreated with vehicle or Comp#21 for 30 min.
As can be seen from the top panels, in the absence of ligand (control conditions), B-arrestin2 was
restricted to the cytosol for both vehicle and Comp#21 treated cells. In the presence of vehicle, -
arrestin2 was recruited to the plasma membrane within the first 5 min of receptor stimulation (not
shown) and after 15 min of Angll or BK, B-arrestin2 trafficked into endosomes. However, in the
presence of Comp#21, B-arrestin2 was recruited to the plasma membrane but does not internalize
after 15 min of receptor stimulation, as B-arrestin2 remains at the plasma membrane after ATIR

(Figure 5.1D) and B2R stimulation (Figure 5.1E).
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Figure 5.1. Comp#21 inhibits receptor trafficking. (A) BRET recording of ATIR, B2R and
B2AR internalization into endosomes. Cells were transfected with AT1R-Rlucll, B2R-Rlucll or
B2AR-Rlucll and rGFP-FYVE, serum starved, pretreated with vehicle (DMSO) or Comp#21 (at
indicated concentrations) for 30 min and stimulated or not with 100 nM Angiotensin II or
Bradykinin, or 10 uM Isoproterenol for 30 min. BRET responses were quantified as percent
ligand-promoted BRET compared to vehicle (DMSO, dotted line). Data represent means =+ SEM
of four independent experiments. (B) BRET recording of the recruitment of B-arrestinl and f-
arrestin2 to ATIR. Cells were tranfected with ATIR-YFP and B-arrestin2-Rlucll or B-arrestinl-
Rlucll, serum starved, pretreated with vehicle (DMSO) or Comp#21 (50 uM) for 30 min and
stimulated or not with 100 nM Angll at indicated times. BRET responses were quantified as AnglI-
promoted BRET. Data represent means =+ SEM of three independent experiments. (C) BRET
recording of the recruitment of B-arrestin2 to B2R. Cells were transfected with B2R-YFP and -
arrestin2-Rlucll, starved, pretreated with vehicle (DMSO) or Comp#21 (50 uM) for 30 min and
stimulated or not with 100 nM Bradykinin at indicated times. BRET responses were quantified as
BK-promoted BRET. Data represent means + SEM of three independent experiments. (D, E)
Confocal microscopy images of YFP-tagged B-arrestin2 internalization. Flag-ATIR or HA-B2R
transfected HEK293 cells were starved, pretreated with vehicle (DMSO) or Comp#21 (50 uM) for
15 min and stimulated or not (control) with 100 nM AnglI or BK for 15 min. Insets are zoomed in

5X. Scale bar, 10 pm.

92



5.2.2. Comp#21 targets Arf6 to inhibit GPCR internalization

Comp#21 inhibited the trafficking of receptor and B-arrestin2 into endosomes but did not
affect the recruitment of B-arrestin2 to the PM. Therefore, it was hypothesized that Comp#21’s
target must be a process in between B-arrestin recruitment and B-arrestin/receptor internalization,
such as the formation of clathrin-coated pits (CCPs). Since -arrestin recruits the adaptor protein
2 (AP-2) to the PM to form the CCP, HEK293 cells were transfected with AT1R and BRET sensors
that monitor the binding of B-arrestins and the f2-adaptin subunit of AP-2 (Hamdan et al., 2007).
Cells were then treated with either vehicle, Comp#21 or the B-arrestin/AP-2 inhibitor Barbadin
(Beautrait et al., 2017) for 30 min and stimulated or not with AnglI at indicated times. Compared
to vehicle, Comp#21 inhibited around 20% of B-arrestin2 binding to f2-adaptin, whereas Barbadin
inhibited more than 50% of this interaction 2 min after AT1R stimulation (Figure 5.2A).

As another protein necessary for the formation of the CCPs and potential target of
Comp#21, the small GTPase Arf6 was next tested using GST-pull down assay with the GST-
GGA3-PBD effector protein, which pulls down the GTP-bound form of Arf6 (Takatsu, Yoshino,
Toda, & Nakayama, 2002). HA-Arf6 and ATIR expressing cells were pretreated with Comp#21
or vehicle and receptor was stimulated or not with Angll. Quantification of the pull down assay in
Figure 5.2B shows that after AT1R stimulation, GGA3-PBD pulled down around 70% less Arf6-
GTP in Comp#21 treated cells as compared to vehicle. Complementary to this biochemical GST
pulldown assay, the Arf BRET sensor was used to assess Comp#21°’s effects on Arf activation
using a kinetics experiment. Cells expressing the Arf sensor and ATIR were treated with either

vehicle or Comp#21 for 30 min and stimulated or not with Angll at indicated times. Compared to
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DMSO, Comp#21 decreased the amount of Arf activation by 40-60% after 2 min ATIR
stimulation (Figure 5.2C), further validating Arf6 as Comp#21°’s target.

Another member of the Arf family, Arfl, can also bind to GGA3-PBD, therefore,
Comp#21°’s effects on this small G protein was next assessed using GST pull down assay. The
HA-Arfl western blots and quantification in Figure 5.3 show that GGA3-PBD still pulls down
active Arfl in the presence of Comp#21, similar to vehicle, suggesting that Comp#21 is selective
to Arf6 GTPase.

To validate that Arf6 is required for receptor internalization, another set of BRET
trafficking sensors (AT1R-Rlucll and rGFP-CAAX) was used to assess the removal of ATIR from
the PM in cells expressing AT1R and either mock (pcDNA3.1), wild type Arf6 or the dominant
negative Arf6-T27N. ATIR internalized faster in the cells overexpressing wild type Arf6 than
mock cells, and slower in the Arf6-T27N expressing cells (Figure 5.4A). If this ATIR trafficking
1s similarly assessed in cells pretreated with vehicle or Comp#21, Comp#21 behaves similarly to
Arf6-T27N in slowing down the removal of AT1R from the plasma membrane compared to
vehicle (Figure 5.4B). These data support the previous observation that Arf6 is involved in receptor
internalization and suggests that Comp#21 targets this small G protein to inhibit receptor

internalization.
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Figure 5.2. Comp#21 inhibits Arf6 activation. (A) BRET recording of the binding of B-arrestin2
to AP-2 in clathrin-coated pits. Cells were transfected with B-arrestin2-Rlucll and p2-adaptin-
EYFP, serum starved, pretreated with vehicle (DMSO), Comp#21 (50 uM) or Barbadin (B-
arrestin/AP-2 inhibitor, 100 uM) for 30 min and stimulated or not with 100 nM AnglI at indicated
times. BRET responses were quantified as Angll-promoted BRET. Data represent means + SEM
of three independent experiments, *p < 0.05, ****p < 0.0001, two-way ANOVA corrected with
Dunnett’s test. (B) GST pulldown of Arf6-GTP using GST and GST-GGA3-PBD coupled to
glutathione beads. Cells transfected with HA-Arf6 and Flag-AT1R were serum starved, pretreated
with vehicle (DMSO) or Comp#21 (50 uM) and stimulated or not (control) with 1 uM AngII for
5 min. Coomassie of GST and GST-GGA3-PBD proteins, representative western blots and the
quantification of HA-Arf6 are shown. Arf6 activation was quantified as the amount of HA-Arf6-
GTP divided by the total amount of HA-Arf6. Data are means £ SEM from three independent
experiments, ****p <0.0001, one-way ANOV A with Bonferroni correction. (C) BRET assessment
of the kinetics of AT1R-mediated Arf activation. HEK293 cells expressing GGA3-PBD-Rlucll
and rGFP-CAAX along with Flag-AT1R were serum starved, pretreated with vehicle (DMSO) or
Comp#21 (50 uM) for 30 min and stimulated or not with 100 nM AnglI at indicated times. Data
were quantified as Angll-promoted BRET and represent means £ SEM of three independent

experiments, **p < 0.01, unpaired Student’s #-test.
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Figure 5.3. Comp#21°’s effects on Arfl activation. GST pulldown of Arf1-GTP using GST and
GST-GGA3-PBD coupled to glutathione beads. Cells transfected with HA-Arfl and Flag-AT1R
were serum starved, pretreated with vehicle (DMSO) or Comp#21 (50 uM) and stimulated or not
(control) with 1 uM Angll for 5 min. Coomassie of GST and GST-GGA3-PBD proteins,
representative western blots and the quantification of HA-Arfl are shown. Arfl activation was
quantified as the amount of HA-Arf1-GTP divided by the total amount of HA-Arfl. Data are

means = SEM from three independent experiments.
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Figure 5.4. Arf6-T27N and Comp#21 effects on ATIR internalization. (A) BRET recordings
of ATIR internalization represented as the removal of AT1R-Rlucll from the PM (rGFP-CAAX).
Cells were transfected with mock, HA-Arf6-WT or HA-Arf6-T27N and stimulated or not with 100
nM AnglI at indicated times. Data were quantified as Angll-promoted BRET and represent means
+ SEM of three independent experiments, *p < 0.05, **p <0.01, ***p <0.005, two-way ANOVA
corrected with Dunnett’s test. Shown above are representative blots of HA-tagged proteins and 3-
actin as a loading control. (B) BRET recordings of AT1R removal from the PM. Cells transfected
with Arf6-T27N and cells transfected with vector were pretreated with either vehicle (DMSO), or
Comp#21 (50 uM) for 30 min, then all cells were stimulated or not with 100 nM AngllI at indicated
times. Data were quantified as Angll-promoted BRET and represent means £ SEM of three
independent experiments, *p < 0.05, **p < 0.01, ****p < 0.0001, two-way ANOVA corrected

with Dunnett’s test.
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5.2.3. Comp#21 inhibits receptor signaling

Since ATIR has been reported to mediate MAPK activation by B-arrestins from endosomes
after receptor endocytosis (Wei et al., 2003), it was hypothesized that if receptor internalization is
inhibited by Comp#21, ERK1/2 signaling would also be impeeded. ERK1/2 activation was thus
assessed by western blot and results show that Comp#21 not only inhibited Angll-mediated
phosphorylation of ERK1/2 but also blocked the agonist-mediated response of B2R, 2AR and
EGFR (Figure 5.5A). To determine if Comp#21’s inhibition of ERK1/2 is through a G protein-
dependent mechanism, Comp#21’s effects on AT1R-mediated Gog, Gais, and Gaiziz were
determined using corresponding BRET sensors. To measure Gog and Gais activation, the
dissociation of their Ga and Gy subunits upon receptor stimulation results in a BRET response
(Namkung, Radresa, et al., 2016; Quoyer et al., 2013). Goui2/13 activation was assessed through its
downstream effector Rho using the Rho BRET sensor (Namkung et al., 2018). Compared to
vehicle, the activation of all three G proteins mediated by AT1R was not affected by Comp#21,
whereas the Gg/11/14 inhibitor UBO-QIC (Schrage et al., 2015) completed blunted the Gaq BRET
response (Figure 5.5B). Then, the activity of Comp#21 on kinases upstream in the MAPK cascade,
such as PKC, MEK1 and BRAF, were evaluated. Here, PKC activation was measured using a
unimolecular BRET sensor that changes conformation upon the phosphorylation of two threonine
residues in PKC when PKC is activated, producing a BRET signal (Namkung et al., 2018).
Compared to vehicle, Comp#21 did not affect the AT1R-mediated PKC activation (Figure 5.5B).
To test Comp#21°s effects on the kinase activity of MEK1/2 and BRAF, the phosphorylation levels

of ERK1/2 were monitored in cells overexpressing wild type (WT) or constitutively active forms
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of MEK1 (Flag-MEK1-DD) or BRAF (Flag-BRAF-V600E) and treated or not with Comp#21. In
vehicle and Comp#21 conditions, both MEK 1-DD (Figure 5.5C) and BRAF-V600E (Figure 5.5D)
expression increased phosphorylated ERK1/2 levels by ~4-fold compared to both mock and
MEKI1-WT or BRAF-WT expressing cells, whereas the MEK1/2 inhibitor PD184352 (Sebolt-
Leopold et al., 1999) completely blocked the MEK 1-DD-mediated ERK1/2 activation. These data
imply that Gog, Gaiiz, Gauz/13 proteins, and PKC, MEK, and Raf kinases are not Comp#21’s targets
for inhibiting ERK1/2 phosphorylation.

As a RTK, EGFR activates ERK1/2 by a different mechanism than GPCRs, which does
not involve Arf6 nor receptor endocytosis. To provide insight into the mechanisms by which
Comp#21 inhibits these two types of receptors, the potency of Comp#21 on AT1R- and EGFR-
mediated ERK1/2 phosporylation was next compared. Cells were pretreated with various
concentrations of vehicle or compound and stimulated or not with ligand. Figure 5.6A shows there
is a similar dose-dependent inhibition of Comp#21 on Angll- and EGF-mediated ERK1/2
phosporylation, with ICsos of 5 uM and 4 uM, respectively. This suggests Comp#21 may inhibit
GPCR and RTK signaling by a common target. To determine if Comp#21 specifically affects
ERK1/2 signaling, the activation of Akt was tested using western blot (Figure 5.6B) and the
PI3K/Akt BRET sensor described in Chapter 4.2.4 (Figure 5.6C). Both assays show that Comp#21
inhibits EGFR-mediated Akt with a similar potency with which it inhibits ERK1/2 activation (~5

puM), suggesting Comp#21 targets a protein that is involved in both ERK1/2 and Akt cascades.
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Figure 5.5. Comp#21 inhibits ERK1/2 activation. (A) Kinetics of ERK1/2 phosphorylation
mediated by AT1R, B2R, f2AR and EGFR. Cells were transfected with Flag-AT1R, HA-B2R or
HA-B2AR, serum starved, pretreated with vehicle (DMSO) or Comp#21 (50 uM) for 30 min and
stimulated with either Angll, BK, ISO or EGF, respectively, for the indicated times. Shown are
representative western blots of phosphorylated ERK1/2 and total ERK1/2, quantified as p-ERK1/2
over ERK1/2 and normalized as fold over basal (0 min). Data represent means = SEM of three
independent experiments compared to DMSO, *p < 0.05, **p < 0.01, ****p < 0.0001, unpaired
Student’s t-test. (B) AT1R-mediated Gog, Gaiz, Gouz/i1z (Rho) and PKC activation. HEK293 cells
were transfected with AT1R and corresponding BRET sensors: polycistronic Goq sensor; Gatiz-
Rlucll, Flag-GB: and GFP10-Gy;; PKN-RBD-Rlucll and rtGFP-CAAX or PKC sensor. Cells were
serum starved, pretreated with vehicle (DMSO), Comp#21 (50 uM) or UBO-QIC (1 uM) for 30
min, and stimulated or not with 100 nM Angll for 2 min (Gag, Gaiz and Rho) or 5 min (PKC).
BRET responses were quantified as Angll-promoted BRET and represent means = SEM of three
independent experiments. (C, D) MEK 1- and BRAF-induced ERK1/2 phosphorylation. Cells were
transfected with mock (pcDNA3.1), Flag-MEK1-WT, Flag-MEK1-DD, Flag-BRAF-WT or Flag-
BRAF-V600E, serum starved, treated with vehicle (DMSO), Comp#21 (50 uM) or PD184352
(MEK1/2 inhibitor, 10 uM) for 30 min. Cells were washed and lysed. Shown are representative
western blots of Flag, phosphorylated ERK1/2 and total ERK1/2, quantified as p-ERK1/2 over
ERK1/2 and normalized as fold over mock. Data represent means £ SEM of three independent

experiments, ****p < 0.0001, two-way ANOVA with Bonferroni correction.
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Figure 5.6. Comp#21 inhibits Akt activation. (A) ATIR- and EGFR-mediated ERK1/2
activation. Cells were transfected with Flag-ATIR, serum starved, pretreated with vehicle
(DMSO) or Comp#21 (at indicated concentrations) and stimulated or not with either 100 nM AnglI
or 100 ng/ml EGF for 5 min. Shown are representative western blots of phosphorylated and total
ERK1/2, quantified as p-ERK1/2 over ERK1/2 and normalized as fold over basal, percent
compared to vehicle (DMSO, dotted line). Data represent means £ SEM of three independent
experiments. (B) EGFR-mediated Akt activation. Cells were serum starved, pretreated with
vehicle (DMSO) or Comp#21 (at indicated concentrations) and stimulated or not with 100 ng/ml
EGF for 5 min. Shown are representative western blots of phosphorylated and total Akt, quantified
as p-Akt over Akt and normalized as fold over basal, compared to vehicle (DMSO, dotted line).
Data represent means £ SEM of three independent experiments. (C) Recording of PI3K/Akt BRET
sensor activation by EGFR. Cells were serum starved, pretreated with vehicle (DMSO) or
Comp#21 (at indicated concentrations) and stimulated or not with 100 ng/ml EGF for 5 min. BRET
responses were quantified as EGF-promoted BRET, compared to vehicle (DMSO, dotted line).

Data represent means + SEM of three independent experiments.
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5.2.4. Comp#21 targets Ras to inhibit ERK1/2 and Akt activation

Since the small GTPase Ras is upstream of both the MAPK and PI3K pathways, and is
activated by both ATIR and EGFR, it was postulated that Comp#21 also targets this small G
protein to regulate receptor signaling. Ras activation was first measured using GST-pull down
assay with the GST-Raf1-RBD effector protein, which pulls down the GTP-bound form of Ras.
Quantification of the pull down assay in Figure 5.7A and B shows that after both ATIR and EGFR
stimulation, Raf1-RBD pulled down around 60% less Ras-GTP in cells treated with Comp#21
compared to vehicle treated cells. Complementary to this biochemical assay, the Ras BRET sensor
was then used to assess Comp#21°s effects on Ras activation. As shown in a kinetics experiment,
Comp#21 decreased the amount of Ras activation by 50-70% after 2 min ATIR stimulation,
compared to vehicle (Figure 5.7C). The direct activity of Comp#21 on Ras was next assessed using
a GEF exchange assay, which monitors the kinetics uptake of fluorescent mant-GTP into a GTPase
upon activation by a GEF (John et al., 1990). Here, purified H-Ras was activated using either its
GEF SOSI1 (purified) or EDTA to chemically mimic the role of SOS1 in chelating Mg?* from the
active site of the GTPase and promoting nucleotide release (B. Zhang, Zhang, Wang, & Zheng,
2000). Rasarfin decreases in a dose-dependent manner the uptake of fluorescent mant-GTP into
H-Ras after activation by either SOS1 (Figure 5.7D) or EDTA (Figure 5.7E), further validating
Ras as Comp#21°’s second target.

To rule out the possibility that Comp#21 is a pan GTPase inhibitor, its effects on other
small G proteins like Rho and Rac were also determined. First, Rho activation was measured using
GST-pull down assay with the GST-Rhotekin-RBD effector protein, which pulls down the GTP-

bound form of Rho. After AT1R stimulation, Rhotekin-RBD was able to pull down RhoA-GTP in
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cells treated with Comp#21 similar to vehicle treated cells (Figure 5.8 A). Then, using the panel of
GTPase BRET sensors described in Chapter 4, the AT1R-mediated activation of Arf, Ras, Rho
and Rac/Cdc42 sensors was measured in the absence or presence of Comp#21. The dose-response
curves in Figure 5.8B show that Comp#21 is specific to Arf and Ras as it did not affect the
activation of Rho nor Rac/Cdc42. Comp#21 is also more potent on Ras than Arf, with ICses of 0.7

uM and 7 uM, respectively. Nonetheless, Comp#21 is a specific Ras and Arf inhibitor, therefore,

it was renamed Rasarfin.
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Figure 5.7. Comp#21 inhibits Ras activation. (A, B) GST pulldown of Ras-GTP using GST and
GST-RaflBD coupled to glutathione beads. Cells transfected with Flag-AT1R were serum starved,
pretreated with vehicle (DMSO) or Comp#21 (50 uM) and stimulated or not (control) with 1 uM
Angll or 100 ng/ml EGF for 5 min. Coomassie of GST and GST-Rafl-RBD proteins,
representative western blots and the quantification of Ras are shown. Ras activation was quantified
as the amount of Ras-GTP divided by the total amount of Ras. Data are means £ SEM from three
independent experiments, *p < 0.05, **p < 0.001, one-way ANOVA with Bonferroni correction.
(C) BRET assessment of the kinetics of AT1R-mediated Ras activation. HEK293 cells expressing
Raf1-RBD-Rlucll and rGFP-CAAX along with Flag-AT1R were serum starved, pretreated with
vehicle (DMSO) or Comp#21 (50 uM) for 30 min and stimulated or not with 100 nM AnglI at
indicated times. Data were quantified as Angll-promoted BRET and represent means £ SEM of
three independent experiments, ***p <0.005, ****p <(0.0001, unpaired Student’s t-test. (D, E) In
vitro kinetics measurement of fluorescence of mant-GTP exchange into purified H-Ras upon
activation by (D) purified SOS1 or (E) 40mM EDTA and in the presence of vehicle (DMSO) or
Comp#21 (at indicated concentrations). The relative fluorescence unit (RFU) was measured every
30 sec for 30 min and quantified as the delta RFU (RFU post-addition measurement minus five
averaged RFU pre-addition measurements, per condition). Data represent means + SEM of three

independent experiments.
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Figure 5.8. Comp#21°’s effects on the activation of different GTPases. (A) GST pulldown of
Rho-GTP using GST and GST-Rhotekin-RBD coupled to glutathione beads. Cells transfected with
Flag-ATIR were serum starved, pretreated with vehicle (DMSO) or Comp#21 (50 uM) and
stimulated or not (control) with 1 uM AnglII for 5 min. Coomassie of GST and GST-Rhotekin-
RBD proteins, representative western blots and the quantification of RhoA are shown. RhoA
activation was quantified as the amount of RhoA-GTP divided by the total amount of RhoA. Data
are means + SEM from three independent experiments. (B) BRET recording of the activation of
Arf, Ras, Rho and Rac/Cdc42 sensors by ATIR. HEK293 cells expressing GGA3-PBD-Rlucll,
Rafl-RBD-Rlucll, PKN-RIucll or PAK-CRIB-Rlucll, respectively, and rGFP-CAAX along with
Flag-ATIR were serum starved, pretreated with vehicle (DMSO) or Comp#21 (at indicated
concentrations) for 30 min and stimulated or not with 100 nM Angll for 10 min (Arf6), 5 min
(Ras) or 2 min (Rho and Rac/Cdc42). BRET responses were quantified as Angll-promoted BRET,
percent compared to vehicle (DMSO, dotted line) and represent means £ SEM of three to four

independent experiments.
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5.2.5. Rasarfin targets Ras to inhibit signaling and Arf6 to block receptor internalization

Since Rasarfin inhibits both receptor internalization and signaling, the contribution of Ras
and Arf6 in both pathways was assessed next. To determine if Ras is involved in receptor
internalization, the removal of AT1R from the PM was assessed as previously performed in Figure
5.4. Cells expressing AT1R, trafficking sensors and either mock, wild type K-Ras or the dominant
negative K-Ras-S17N were stimulated with Angll. Kinetic experiments show no difference
between wild type and S17N K-Ras in affecting ATIR internalization (Figure 5.9A), consistent
with Arf6 being Comp#21°’s target for inhibiting receptor internalization, whereas Ras is not
involved. To determine the roles of Ras and Arf6 in MAPK activation, HEK293 cells were
transfected with AT1R and either the wild type or dominant negative form of each GTPase, and
their Angll-mediated ERK1/2 phosphorylation was assessed by western blot. Cells overexpressing
Arf6-T27N displayed a similar (or better) kinetics of Angll-mediated ERK1/2 activation as cells
expressing Arf6-WT (Figure 5.9B), whereas the overexpression of K-Ras-WT increased the
phosphorylation of ERK1/2 over time more than mock (data not shown) and this increase was
inhibited by overexpressing K-Ras-S17N, with a similar profile to mock conditions (Figure 5.9C).
This confirms Ras’ involvement in the MAPK cascade, whereas Arf6 does not seem to play a role.
These data also suggest Ras and Arf6 are not involved in the same pathways to modulate receptor
internalization and signaling to MAPK. Therefore, it can be concluded that Rasarfin’s effects on
ERK1/2 activation are Arf6-independent and its effects on ATIR internalization are Ras-

independent.
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Figure 5.9. The effects of Ras and Arf6 on receptor internalization and MAPK activation.
(A) BRET assessment of the kinetics of AT1R removal from the plasma membrane. Cells were
transfected with AT1R-Rlucll, rGFP-CAAX and either mock (pcDNA3.1), Flag-K-Ras-WT or
Flag-K-Ras-S17N and stimulated or not with Angll at indicated times. BRET responses were
quantified as Angll-promoted BRET and represent means = SEM of three independent
experiments. Shown above are representative western blots of Flag-tagged proteins and -actin as
a loading control. (B, C) Kinetics of AT1R-mediated ERK1/2 activation with K-Ras and Arf6
defective mutants. Cells were transfected with Flag-ATI1R and HA-Arf6-WT, HA-Arf6-T27N,
Flag-K-Ras-WT or Flag-K-Ras-S17N, serum starved and stimulated or not with 1 uM AnglI at
indicated times. Shown are representative western blots of HA, Flag, phosphorylated and total
ERK1/2 protein, quantified as p-ERK over ERK and normalized as fold over basal. Data represent
mean £ SEM of three independent experiments, *p < 0.05, **p < 0.01, ***p <0.005, unpaired

Student’s ¢-test.

113



5.2.6. Computational studies reveal that Rasarfin binds Ras at the interface between Ras and SOS

The increased potency of Rasarfin on Ras than Arf6 prompted us to determine the binding
site of Rasarfin on Ras and validate Ras as Rasarfin’s target. Rasarfin in its proposed binding site
was examined using molecular dynamics simulations and applying flexible docking of the
molecule into the SOS1-bound X-ray structure of H-Ras (PDB: 1BKD) (see Chapter 3.11). A 100
ns simulation showed that the compound is stably bound in the effector binding interface between
switch I and switch II of Ras (Figure 5.10A). Interactions between Rasarfin and Ras were then
computed to determine which pharmacophores on Rasarfin bind to which residues on Ras. At the
top end of the molecule, the benzofuran forms aromatic and hydrophobic interactions with the
Thr74, Leu56, and Tyr40 residues of Ras (Figure 5.10B). There is a hydrogen bond (green arrow)
that is formed between the amide on Rasarfin and the carbonyl oxygen of the backbone of 1le55.
Furthermore, residues Thr74, Leu56, Tyr40, [1e55, Thr20, Ile21, Tyr32, Ala59 on Ras collectively
form a strong hydrophobic pocket around the Chloro-atom on the phenyl ring in the center of
Rasarfin, which stabilizes the aromatic ring and the compound. Lastly, the isopropyl moiety at the
bottom end of the molecule is mainly oriented toward switch II and interacts with residues Ala59,
Ile21 and Tyr32 on Ras (Figure 5.10B).

When docking Rasarfin into Ras with SOS bound, Rasarfin seems to be superimposed onto
SOS inside the SOS-Ras complex. Rasarfin (in purple) establishes similar interactions with Ras
(in grey) as SOS (in yellow) (Figure 5.10C). The alkyl chain of the Lys939 residue on SOS shares
a H-bond with Asp57 in Ras and reaches into the binding groove, showing a similarly elongated
conformation like Rasarfin. Furthermore, the furan of the benzofuran of Rasarfin is overlaying

well with the His911 on SOS, which allows pi-pi stacking of the two aromatic rings. Residue
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His911 on SOS reaches into the binding interface and interacts with Asp54 on Ras via a H-bond.
Here, it is suggested that the benzofuran moiety of Rasarfin occupies the space of His911.
Similarly, the hydrophobic residue Leu938 on SOS, which allows van der Waals interactions with
the Ala59 on Ras, is located in close vicinity to the isopropyl moiety on Rasarfin, which also forms
van der Waals interaction with the Ala59 on Ras (Figure 5.10C).

To gain insight into the indubitable importance of the Cl-substitution on the aromatic ring,
an analog of Rasarfin with only the Cl- removed, 21.4, was similarly docked into the calculated
binding site of the SOS1-bound X-ray structure of H-Ras (PDB: 1BKD). Interactions between the
pharmacophores in 21.4 and residues in Ras were then computed. 21.4’s phenyl ring of the
benzofuran interacts with Leu56 and Tyr40. The center phenyl ring without the chlorine forms
weak hydrophobic interactions with Leu56, Thr20, Tyr32 and Tyr40 residues on Ras. Finally,
hydrophobic interactions of the isopropyl moiety and Tyr32 can be observed (Figure 5.10D). Due
to its missing chloro-substituent, 21.4’s most favorable conformation contains less favorable van
der Waals interactions with the Ras pocket compared to Rasarfin. In fact, when docking the two
compounds simultaneously, we see that Rasarfin (in green) remains tightly bound to Ras for the
entire 100ns simulation, while main interactions are disrupted with 21.4 (in red) and it detaches
from the binding groove of Ras fairly quickly (Supplementary Video).

Rasarfin’s binding mode was then validated by mutating select residues in Ras at the Ras-
SOS interface that make important contacts with Rasarfin, such as Tyr32 and Tyr40, which are
both located on switch I. To assess the inhibitory action of Rasarfin over different Ras subtypes,
these two tyrosine residues were mutated to an alanine in K-Ras (single Y32A, Y40A and double

Y32A/Y40A mutants) within the same Rasarfin binding site found in H-Ras (Lys’-Thr’%). This
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domain and residues are perfectly conserved among the Ras family members (Lukman, Grant,
Gorfe, Grant, & McCammon, 2010; Wennerberg, Rossman, & Der, 2005). These were then
overexpressed in cells along with AT1R and the Ras BRET sensor to assess Comp#21°s effects on
their activation. In the vehicle conditions, cells expressing K-Ras-Y32A or K-Ras-Y40A activated
Ras sensor similarly to K-Ras-WT, whereas the double mutation (K-Ras-Y32A/Y40A) decreased
by 45% the Angll-mediated Ras activation (compare black bars in Figure 5.11A). This is
consistent with the decreased protein expression level of K-Ras-Y32A/Y40A seen in the Flag blot
below. In fact, the pattern of decreased BRET response and protein expression level of the three
K-Ras mutants is comparable to their ability to activate ERK1/2. Compared to cells expressing K-
Ras-WT, cells expressing K-Ras-Y40A or K-Ras-Y32A/Y40A show a decreased phosphorylation
of ERK1/2 (Figure 5.11B). Despite the important reduction in AT1R-mediated activation of K-
Ras-Y32A/Y40A double mutant observed as compared to the other mutants and WT-K-Ras, only
WT-K-Ras was significantly inhibited by Rasarfin (Figure 5.11A). Next, Rasarfin’s effects on K-
Ras-Y32A were then validated in vitro using purified wild type K-Ras and K-Ras-Y32A. As
previously performed, each Ras was activated using purified SOS1 in the presence of vehicle
(DMSO) or Rasarfin. Compared to vehicle, there is a decreased uptake of fluorescent mant-GTP
into K-Ras-WT but not K-Ras-Y32A in the presence of Rasarfin with SOS1 (Figure 5.11C),

confirming that Tyr32 is an important Ras residue for Rasarfin binding.
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Figure 5.10. Computational studies reveal important interactions between Rasarfin and Ras.
(A) Ball and stick representation of Rasarfin (purple) bound to the groove between switch I and
switch II on Ras (protein surface in grey). Snapshot of the bound compound after 100ns MD
simulation. (B) 2D structure of Rasarfin with Ras residues labeled where they form interactions
with Rasarfin. Stick representation of Rasarfin (in grey) embedded in the binding pocket of Ras
(in grey). The same Ras residues interacting with Rasarfin are labeled. Yellow spheres correspond
to hydrophobic interactions and green arrow shows H-bond donor on Rasarfin. (C) Rasarfin
superimposed onto the Ras-SOS interface. Rasarfin is displayed in purple, using ball and stick
representation. SOS residues are depicted in yellow and residues of Ras in grey. Interactions are
shown as dashed lines. (D) Stick representation of 21.4 (aqua) embedded in the binding pocket of

Ras (in grey). Yellow spheres correspond to hydrophobic interactions.
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Figure 5.11. Validation of the binding mode of Rasarfin on Ras. (A) BRET recordings of Ras
sensor activation by ATIR with K-Ras mutants. HEK293 cells were transfected with Flag-AT1R,
Rafl-RBD-Rlucll, rGFP-CAAX and either Flag-K-Ras-WT, Flag-K-Ras-Y32A, Flag-K-Ras-
Y40A or Flag-K-Ras-Y32A/Y40A, serum starved, pretreated with vehicle (DMSO) or Rasarfin
(50 uM) for 30 min and stimulated or not with 100 nM AngllI for 5 min. BRET responses were
quantified as Angll-promoted BRET and represent means + SEM of four independent
experiments, **p < 0.001, two-way ANOVA with Bonferroni correction. Shown below are
representative western blots of Flag-tagged proteins and B-actin. (B) AT1R-mediated ERK1/2
activation with K-Ras mutants. Cells were transfected with Flag-ATIR and either Flag-K-Ras-
WT, Flag-K-Ras-Y32A, Flag-K-Ras-Y40A or Flag-K-Ras-Y32A/Y40A, serum starved and
stimulated or not with 1 uM Angll for 5 min. Shown are representative western blots of Flag,
phosphorylated and total ERK1/2 protein, quantified above as p-ERK over ERK. Data represent
means + SEM of seven independent experiments, *p < 0.05, ***p <0.005, two-way ANOVA with
Dunnett’s test. (C) In vitro kinetics measurement of fluorescence of mant-GTP binding to purified
K-Ras-WT and K-Ras-Y32A upon activation by purified SOSI and in the presence of vehicle
(DMSO) or Rasarfin (50 uM). The relative fluorescence unit (RFU) was measured every 30 sec
for 30 min and quantified as the delta RFU. Data represent means = SEM of three independent

experiments.
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5.3. Summary

In this chapter, the mechanism of action of small molecule Comp#21 was characterized
and named Rasarfin since it was shown to selectively inhibit small G proteins Ras and Arf6 but
not heterotrimeric or other small G proteins. Rasarfin blocks agonist-promoted endocytosis of
ATIR, B2R and 2AR and inhibits the activation of ERK1/2 by these receptors, including EGFR,
as well as the activation of Akt. Furthermore, molecular dynamics simulations reveal important
contact points between Rasarfin and Ras at the interface between Ras and its GEF SOSI, as well

as the role the chlorine group on the phenyl ring of Rasarfin plays in stabilizing these interactions.
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CHAPTER 6. RESULTS

IDENTIFICATION OF FUNCTIONALLY SELECTIVE ANALOGS OF RASARFIN
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6.1. Preface to Chapter 6
Structure activity relationship (SAR) studies were performed on Rasarfin to determine
which chemical groups are important for Rasarfin’s function in order to optimize its potency and/or

selectivity for Ras and Arf6. Here, I designed, performed and analyzed all experiments.

6.2. Results
6.2.1. SAR studies identify Rasarfin analogs that inhibit endocytosis and/or MAPK

Rasarfin’s chemical groups (circled in red) were modified to generate eight different
analogs (Figure 6.1A). The activity of these compounds was first tested on ATIR internalization,
using the same BRET sensor as previously used for the HTS, and compared to the effect of
Rasarfin. Results show that after 30 min of ATIR stimulation, Rasarfin blocked ~50% of receptor
internalization compared to vehicle (DMSO), while 21.7 and 21.8 blocked ~30% and ~20%,
respectively, and 21.1 to 21.6 had no significant effect (Figure 6.1B). The activity of 21.1 to 21.8
was then tested on the AT1R-mediated MAPK activation as done previously (Figure 5.5A). After
5 min receptor stimulation with Angll, ERK1/2 phosphorylation was inhibited by 85% and 70%
with Rasarfin and 21.8, respectively, while 21.2 and 21.7 inhibited ~20% each and 21.1, 21.3,

21.4, 21.5 and 21.6 had no effect compared to vehicle (Figure 6.1C).
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Figure 6.1. SAR studies identify Rasarfin analogs that inhibit endocytosis and/or MAPK.
(A) Structures of Compounds 21.1-21.8, analogs of Rasarfin. Modified chemical groups are circled
in red. (B) BRET recording of ATIR internalization into endosomes. Cells were transfected with
ATI1R-Rlucll and rGFP-FYVE, serum starved, pretreated with vehicle (DMSO), 50 uM Rasarfin
or 21.1-21.8 for 30 min and stimulated or not with 100 nM AnglII for 30 min. BRET responses
were quantified as Angll-promoted BRET, percent compared to vehicle (DMSO, red dotted line).
Data represent means £ SEM of four independent experiments, *p < 0.05, **p < 0.001, ****p <
0.0001, one-way ANOV A with Dunnett’s test. (C) AT1R-mediated ERK1/2 activation. Cells were
transfected with Flag-AT1R, serum starved, pretreated with vehicle (DMSO), 50 uM Rasarfin or
21.1-21.8 for 30 min then stimulated or not with 1 uM AngII for 5 min. Shown are representative
western blots of phosphorylated and total ERK1/2 protein, quantified as p-ERK1/2 over ERK1/2
and normalized as fold over basal. Red dotted line: vehicle (DMSO). Data represent means £ SEM

of five independent experiments, ****p < 0.0001, one-way ANOVA with Dunnett’s test.
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6.2.2. Functional selectivity of Compounds 21.4, 21.7 and 21.8

Since Compounds 21.7 and 21.8 showed some selectivity towards receptor internalization
and/or MAPK activation, they were studied further. Their direct effects on Ras were next
determined in vitro using 21.4 as a negative control. As previously performed, purified H-Ras was
activated using EDTA or purified SOSI in the presence of vehicle (DMSO), Rasarfin, 21.4, 21.7
or 21.8. Compared to vehicle, there is a decreased uptake of fluorescent mant-GTP into H-Ras in
the presence of Rasarfin and 21.8 with both EDTA (Figure 6.2A) and SOS1 (Figure 6.2B), whereas
21.4 and 21.7 had no effect in either case. These data are consistent with the MAPK data (Figure
6.1C), suggesting that 21.8 inhibits ERK1/2 phosphorylation through Ras. Therefore, its effect on
Ras activation was assessed next using the Ras BRET sensor. Consistent with their similar
structures, Rasarfin and 21.8 inhibited Ras by 47% and 45%, respectively, whereas 21.4 and 21.7
did not have an effect on Ras activation (Figure 6.2C). Yet, when the Arf BRET sensor was used
to compare the effect of the three analogs on Arf activation, only Rasarfin and 21.8 had a

significant inhibitory effect (Figure 6.2D).
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Figure 6.2. Functional selectivity of Compounds 21.4, 21.7 and 21.8. (A, B) In vitro kinetics of
mant-GTP uptake into H-Ras. Purified H-Ras was activated using (A) 40mM EDTA or (B)
purified SOS1 in the presence of vehicle (DMSO), 50 uM Rasarfin, 21.4, 21.7 or 21.8. The relative
fluorescence unit (RFU) was measured every 30 sec for 30 min and quantified as the delta RFU.
Data represent means £ SEM of three independent experiments. (C) BRET assessment of ATIR-
mediated Ras activation. HEK293 cells expressing Raf1-RBD-Rlucll and rGFP-CAAX along with
Flag-ATI1R were serum starved, pretreated with vehicle (DMSO) or 50 uM Rasarfin, 21.4, 21.7 or
21.8 for 30 min and stimulated or not with 100 nM AnglI for 5 min. (D) BRET assessment of
ATIR-mediated Arf activation. HEK293 cells expressing GGA3-PBD-Rlucll and rGFP-CAAX

along with Flag-AT1R were serum starved, pretreated with vehicle (DMSO) or 50 uM Rasarfin,
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21.4, 21.7 or 21.8 for 30 min and stimulated or not with 100 nM AnglI for 10 min. Data were
quantified as Angll-promoted BRET and represent means £ SEM of five independent experiments,

*p <0.05, unpaired Student’s #-test.

6.3. Summary

In this chapter, SAR studies were performed to generate eight analogs of Rasarfin.
Screening the compounds on ATIR internalization and ERK1/2 signaling revealed 21.7’s partial
selectivity towards receptor internalization and 21.8’s similar selectivity towards MAPK and Ras

activation as Rasarfin.
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CHAPTER 7. GENERAL DISCUSSION
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7.1. Development of new BRET sensors

The study of signaling events by receptors and pharmacological agents to develop new
therapeutics requires sensitive and reliable assays. In the past, small G protein activity has been
monitored using effector binding domains. As the largest GTPase family identified, Ras was the
first protein for which probes were developed as a basis for further studies on these proteins. In
1997, the minimal Ras-binding domain (RBD) of Rafl (amino acids 51-131) was found to serve
as an activation-specific probe for Ras since it can strongly and specifically bind Ras-GTP versus
Ras-GDP (de Rooij & Bos, 1997) and has since been used for both biochemical and live-cell
imaging studies of Ras activation (Rubio, 2005). For example, to directly visualize the
compartmentalization of Ras and Raf proteins, (Jiang & Sorkin, 2002) fused CFP/YFP at the
amino and carboxyl terminus, respectively, and used live-cell fluorescence imaging microscopy
combined with the fluorescence resonance energy transfer (FRET) technique to study the
involvement of these proteins in the activation of Ras. CFP-Ras was found to bind GTP and was
converted to GDP by a GAP, whereas SOS GEF promoted association of CFP-Ras with GTP.
Moreover, the Ras binding domain of c-Raf-1 (RBD) tagged with YFP (RBD-YFP) specifically
bound to GTP-loaded CFP-Ras, which allowed energy transfer from CFP-Ras to RBD-YFP (Jiang
& Sorkin, 2002). Here, FRET microscopy is used to visually monitor the interaction of Ras and
Raf, localizing within the same compartment, which results in an increase in fluorescence. In this
thesis, we have taken a similar approach to develop a BRET sensor to quantitatively measure Ras
activity by tagging the Ras binding domain of Rafl with Rlucll (Rafl-RBD-Rlucll) and
monitoring its recruitment to the plasma membrane tagged with rGFP (rGFP-CAAX) upon the

activation of Ras by receptors, resulting in a BRET response.
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Moreover, biochemical approaches used to study small GTPase activation, such as the GST
pulldown (Vikis & Guan, 2004) have only limited temporal resolution, have no spatial resolution,
are difficult to quantify, and are not always amenable for high-throughput monitoring of responses
in living cells. Therefore, BRET-based sensors, which are more quantitative, have been developed
to study Ras activation using an intramolecular Ras-RBD construct that changes conformation
upon Angll and EGF stimulation of Ras (Balla et al., 2011) or by tagging and monitoring the
interaction between different mutant Ras and effector proteins (Bery et al., 2018; Bery & Rabbitts,
2019). In our case, the sensors monitor Raf trafficking to the PM, which will only occur when Ras
is activated. Therefore, an increase in BRET response is an indirect measure of Raf-RBD binding
to Ras-GTP. Compared to the two previously described BRET sensors, we also restricted our study
to Ras interaction with wild type Raf-RBD. However, since Ras itself is not fluorescently tagged,
we have the flexibility to overexpress any defective Ras protein of interest and monitor its
interaction with Raf. The caveat is that the sensor also records the response from the endogenous
Ras still present in the system and possibly competes for Raf binding. However, the increase and
decrease in BRET responses recorded from overexpressing constitutively active and dominant
negative GTPase forms, respectively, confirmed that the sensors can record defective GTPase
activity accordingly. Cells transfected with K-Ras-G12V and K-Ras-S17N, and SOS**-CAAX
showed no further effector recruitment after AT1R stimulation because the GTPases’ constitutive
activity inherently recruited the effectors to the PM, independently of receptor stimulation.

These approaches used to study Ras have been applied to study the activation of other
GTPases, such as Arfs, where a fragment of a downstream effector protein is fused to fluorescent

reporter proteins that constitute a FRET donor/acceptor pair. To localize Arf activation inside live
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cells, the FRET pair is based on the interaction between GTP-bound Arfs and GGA-family protein
GGA and Toml (GAT) domains. Efficient energy transfer is achieved when an activated
nucleotide-bound Arf binds to the GAT domains of downstream effector GGA3, which is
regulated by a GAP and a GEF (Beemiller, Hoppe, & Swanson, 2006; B. Hall et al., 2008).
However, this FRET energy transfer efficiency is still too low for accurate quantification.
Therefore, we took a similar approach to develop the first BRET sensor to measure Arf activity
with greater sensitivity. We tagged the protein binding domain of GGA3 with Rlucll (GGA3-
PBD-Rlucll) and monitored its recruitment to the plasma membrane tagged with rGFP (rGFP-
CAAX) upon the activation of Arf by receptors, resulting in a BRET response. Since the PBD
region of GGA3 has a high affinity for both Arfl1-GTP and Arf6-GTP, we could not exclude the
fact that the sensor may record both Arfl and Arf6 activation, which would complicate the
interpretation of the BRET sensor activation data with Rasarfin. However, the GST pulldown
assays for Arfl and Arf6 activation show that Rasarfin inhibits Arf6 only. One way to circumvent
this limitation is to overexpress the GTPase of interest to specifically study its activation.

As for measuring Rac activity, others have similarly tagged a fragment of p21 activated
kinase (PAK) effector, which binds specifically to activated and tagged Racl, generating a FRET
response (Hanna, Miskolci, Cox, & Hodgson, 2014; Hodgson, Shen, & Hahn, 2010). Moreover,
to measure Cdc4?2 activation, cysteine labeling was used to incorporate the environment sensitive
fluorophore 4-N,N-dimethylamino-1,8-naphthalimide (4-DMN) into the GTPase binding domain
of the WASP protein. This construct binds only the active, GTP-bound conformation of Cdc42 to
produce a fluorescence signal (Goguen, Loving, & Imperiali, 2011). In this thesis, we show the

development of the first BRET sensor to measure Rac/Cdc42 activity by using a similar approach
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to the Rac FRET sensor. We tagged the CRIB domain of PAK with Rlucll (PAK-CRIB-Rlucll)
and monitored its recruitment to the plasma membrane tagged with rtGFP (rGFP-CAAX) upon the
activation of Rac by receptors, resulting in a BRET response. Similar to the PBD domain of GGA3,
the CRIB region of PAK has a high affinity for both Rac-GTP and Cdc42-GTP, so we could not
either exclude that this sensor may record both Rac and Cdc42 activation. Similar to the Arf sensor,
the overexpression of GTPase of interest could resolve this issue. When validating the Rac/Cdc42
BRET sensor, we used defective forms of Racl only. Although the exercise was not done with
overexpressing Cdc42 defective proteins, we assumed the results would be similar to Racl
defective proteins given that Rac and Cdc42 interact similarly with PAK-PBD, therefore, we
named it Rac/Cdc42 sensor.

Unlike BRET sensors, FRET approaches have been mainly used for live-cell imaging and
therefore, not suited for target kinetics and pharmacological experiments for drug discovery. On
the other hand, these new GTPase BRET sensors can differentiate the activation profiles of the
GTPases and receptors in terms of kinetics and potency. Our data showed that AnglI is a better
activator of Arf than EGF, whereas EGFR is a more potent activator of Ras than ATIR, and that
Rac/Cdc42 has the fastest kinetics and is similarly activated by both receptors. In HEK293 cells,
ATIR-mediated protein trafficking to endosomes or ER and Golgi mainly involves Arfs proteins,
whereas EGFR has not been shown to be heavily involved in the activation of Arf-mediated
pathways. Therefore, the AT1R-mediated activation of Arfs is more easily detected by the BRET
sensors than the BRET responses of Arf activation mediated by EGFR. The opposite is true for
Ras activation, where we see a greater BRET response for EGFR-mediated activation of the Ras

sensor compared to ATIR, consistent with EGFR being the main activator of Ras and Ras
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pathways and ATIR having a less prominent role in directly activating Ras because AT1R can
mediate Ras pathways by other means such as G proteins and B-arrestin. On the other hand, most
research on Rac/Cdc42 activation has shown to be mainly activated by EGFR. Therefore, the
similar activation profile recorded by ATIR and EGFR by the Rac/Cdc42 BRET sensors could
provide insight into a more prominent role for AT1R in activating Rac and Cdc42 proteins.

Akt signaling has also been previously measured using FRET-based kinase activity
reporters. One design is based on a kinase-dependent molecular switch flanked by a pair of
fluorescent proteins, which consists of a substrate domain and a phosphoamino acid binding
domain. Phosphorylation of the substrate causes an intramolecular reorganization due to binding
of the phospho-substrate to the binding domain, which leads to a change in the distance or
orientation between the FRET pair, resulting in a change in FRET recording (Gao & Zhang, 2008).
This intramolecular change in protein conformation upon kinase phosphorylation approach is what
we recently used to design BRET sensors for measuring PKC activity (Namkung et al., 2018).
Another group has engineered a fluorescent fusion protein to assess Akt activity at the single cell
level. A clover FP was fused to FoxO1 transcription factor, a well-characterized Akt substrate that
contains three Akt phosphorylation sites. The FoxO1-clover reporter protein rapidly translocates
from the nucleus to the cytoplasm in response to Akt stimulation (Gross & Rotwein, 2015). To
investigate the spatiotemporal regulation of Akt, others have developed FRET probes composed
of a PH domain of Akt, tagged with YFP, and catalytic domains of Akt, tagged with CFP. FRET
level is low in the cytosolic inactive state and high in the membrane-recruited active state, as the
FRET level increases when the probe is phosphorylated and activated on the plasma membrane

(Yoshizaki, Mochizuki, Gotoh, & Matsuda, 2007). In general, these Akt FRET sensors monitor
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the phosphorylation state of the Akt probe as a measure of kinase activity. In this thesis, we took
a similar approach to develop the first BRET sensor to measure PI3K/Akt activity. We tagged the
PH domain of Akt with Rlucll (Akt (PH)-Rlucll) and monitored its recruitment to PIP; at the
plasma membrane tagged with rGFP (rGFP-CAAX) upon the activation of PI3K by receptors,
resulting in a BRET response. Here, the sensor is an indirect measure of kinase activity since the
PH domain of Akt will only bind to PIP3; when PI3K phosphorylates plasma membrane-bound
PIP,. We validate that the PIP3-PH interaction occurs at the PM since an increase in BRET
response will only occur when the PM-bound PIP; and the rGFP probe (anchored at the PM
through its CAAX motif) are in close proximity. Moreover, when we stimulate the PI3K/Akt
BRET sensor using EGF, the rapid kinetics curve observed is similar to the signaling kinetics of
other membrane proteins and consistent with EGFR being a potent activator of Akt. As further
validation, the treatment with the PI3K inhibitor, Wortmannin, resulted in a decreased BRET
response. Finally, the Akt sensor could reproduce the same 1Cso of Rasarfin on Akt signaling (4
uM) as determine by the western blot experiments testing Rasarfin’s effects on Akt
phosphorylation (5 uM). Moreover, the inhibitory effects measured by Rasarfin using classical
biochemical assays, such as western blot for Akt activation and the GST pulldowns for Ras, Arf6
and Rho activation, are comparable to those recorded using the PI3K/Akt, Ras, Arf and Rho BRET
sensors, respectively, showing the versatility and convenience of using BRET sensors to
sensitively measure and study protein kinesis. In addition, the dose-response curves generated
using the BRET sensors to assess Rasarfin’s potency on Angll-mediated activation of the four
GTPases (Arf, Ras, Rho and Rac/Cdc42; Figure 5.8B) demonstrate the ease with which one can

use these BRET sensors to compare the pharmacological properties of drugs, ligands and receptors
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on the signaling of these small G proteins. In fact, working in 96-well plates, these BRET sensors
are also amenable to high-throughput formats, making them useful for drug discovery platforms
to improve the screening, identification, optimization and development of new therapeutics

targeting these proteins.

7.2. Rasarfin targets Arf6 to block receptor internalization

BRET-based biosensors have been successfully used to discover and characterize small
molecule inhibitors. With the similar goal of distinguishing the respective contributions of -
arrestin recruitment to the receptor and B-arrestin-promoted endocytosis in propagating receptor
signaling, we previously used a computational approach to identify compounds that specifically
inhibit the interaction of B-arrestin and AP-2 (Beautrait et al., 2017). In this thesis, our approach
was to first identify modulators of ATIR trafficking using BRET sensors that monitor AT1R
internalization (Namkung, Le Gouill, et al., 2016). This high-throughput screen phenotypically
identified potentiators and inhibitors of ATIR and B2R endocytosis with no a priori target, thereby
providing us with a selection of compounds that may act on various proteins involved in receptor
trafficking, besides B-arrestins, and which could provide insights into other mechanisms of action
or targets involved in regulating receptor internalization. Indeed, from these inhibitors of receptor
endocytosis, we identified more specifically a compound, Rasarfin, that targets Arf6 GTPase,
which is involved in clathrin- and non-clathrin-mediated endocytosis of multiple GPCRs
(Houndolo et al., 2005). We validated the important role of Arf6 in receptor endocytosis by
demonstrating that the dominant negative form of Arf6 blocks ATIR endocytosis. As an Arf6

inhibitor, Rasarfin blocks clathrin-mediated endocytosis of three prototypical GPCRs (AT1R, B2R
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and B2AR) without interfering with the translocation of B-arrestin to the receptor, nor -arrestin
interaction with AP-2. As such, Rasarfin can be added to the list of existing pharmacological
endocytic inhibitors such as dynasore (Macia et al., 2006), dynoles (T. A. Hill et al., 2009) and
dyngos (McCluskey et al., 2013), which inhibit all dynamin-dependent endocytic pathways, and
pitstopl/2 (von Kleist et al., 2011), which inhibit both clathrin-dependent and -independent
endocytosis (Dutta, Williamson, Cole, & Donaldson, 2012). However, we cannot conclude that
Rasarfin only inhibits Arf6- and/or clathrin-mediated endocytosis since we did not assess
Rasarfin’s effects on receptors that internalize via non-Arf6-, non-clathrin mediated pathways,
such as the vasoactive intestinal peptide receptor (VIPR), a GPCR whose caveolae-dependent
internalization is not dependent on Arf6, and the transferrin receptor, a non-GPCR whose
constitutive endocytosis is not affected by Arf6 depletion (Houndolo et al., 2005). In addition,
Rasarfin’s inhibitory effects on EGFR-mediated ERK1/2 signaling may raise the question about
Rasarfin’s effects on EGFR internalization, which we have not shown either. However, we
believed EGFR internalization in HEK293 cells would not be affected since its mechanisms of
clathrin-mediated receptor endocytosis include autophosphorylation, receptor dimerization, the
recruitment of adaptor protein Grb2 and E3 ubiquitin ligase (Dutta et al., 2012; Jiang, Huang,
Marusyk, & Sorkin, 2003; Q. Wang, Villeneuve, & Wang, 2005; Z. Wang & Moran, 1996), and
does not require Arf6 like GPCRs.

Furthermore, we propose a direct inhibitory mechanism for Rasarfin binding to Ras, its
main target, but did not provide one for Rasarfin binding to Arf6, its secondary target. Therefore,
we cannot exclude the possibility that Rasarfin may bind Arf6 in a similar binding pocket as Ras,

such as the guanine nucleotide binding site, which has five regions with the highest degree of
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sequence conservation among GTPases: two regions constitute most of the phosphate and Mg?*
binding site and are located in the first half of the G domain, two regions are involved in guanosine
binding and are located in the C-terminal half of the GTPase, and another region is responsible for
GTP hydrolysis (Valencia, Chardin, Wittinghofer, & Sander, 1991; Vetter & Wittinghofer, 2001).
Moreover, we cannot rule out the other possibility that Rasarfin may target Arf GEFs, like the Arf
inhibitors brefeldin A (BFA) and secinH3. Brefeldin A, which prevents the binding of cytosolic
coat proteins onto membranes by inhibiting the GTP-dependent interaction of Arf with the Golgi
membrane, was the first Arf inhibitor discovered. BFA inhibits high-molecular weight, BFA-
sensitive GEFs such as GBF1, BIG1 and BIG2. Therefore, both class I and class II Arfs can
accommodate BFA in their interface with such GEFs (Donaldson, Finazzi, & Klausner, 1992).
However, class 11l Arf6 is insensitive to BFA since it interacts with high-molecular weight, BFA-
resistant GEFs, such as cytohesins-1, -2, and -3, EFA6 and BRAGs (Casanova, 2007).

Therefore, the next approach targeting the Sec7 domain of these GEFs, which is conserved
among Arf GEFs, led to the development of the Sec7 inhibitor H3 (secinH3). It binds and inhibits
the GEF activity of cytohesins, such as cytohesin-2 (ARNO), consequently inhibiting both Arfl
and Arf6 activity (Hafner et al., 2006). Unlike Rasarfin, these inhibitors target multiple Arfs by
inhibiting Arf-GEFs rather than Arf6 directly, so their non-specific activity may render them less
potent and have different effects on Arf-dependent processes. However, more recently, compound
NAV2729, a direct inhibitor of Arf6, was discovered and shown to prevent GNAQ/GEP100 GEF
complex from binding and activating Arf6, resulting in reduced uveal melanoma cell proliferation
in a mouse model. Unlike Rasarfin, it does not, inhibit the activity of H-Ras. A structural homology

model of the Arf6/ARNO complex predicts NAV-2729 binds Arf6 in its GEF-binding site, which
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does not overlap with the nucleotide-binding pocket (Yoo et al., 2016). Therefore, we cannot either
exclude the third possibility that Rasarfin may directly bind Arf6 at its GEF ARNO interface.
However, Rasarfin’s lack of inhibition on Arfl would suggest otherwise and rather reinforces the
notion that there are flexible regions in protein-protein complexes which can provide druggable
sites for selectively targeting different proteins and signaling pathways.

Although structures of Arf6 with its GEFs are currently unavailable, in silico screening
approaches have been used to discover inhibitors of Arfl, more specifically, targeting a flexible
pocket near the Arf1-ARNO interface. Compound LM11 targets the Arf1-GDP/cytohesin-2 Sec7
domain complex, interacting more specifically with K38 in the switch I region of Arfl.
Interestingly, LM11 does not distinguish between BFA-insensitive and sensitive Arf-GEFs, yet it
does not inhibit the activation of Arf6 (Viaud et al., 2007). Even though they bind the same GEFs,
of the five human Arf genes, Arfl and Arf6 are the most dissimilar in sequence, being only 66%
identical at the amino acid level (Figure 7.1) (Peters et al., 1995). The few sequence differences
lead to important conformational differences between Arfl and Arf6 switch regions (Macia,
Chabre, & Franco, 2001; Ménétrey, Macia, Pasqualato, Franco, & Cherfils, 2000), which may

explain Rasarfin’s selectivity on these small G proteins.
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Figure 7.1. Amino acid sequence comparison of human Arfl and Arf6. The full sequence of
Arfl is shown along with the aligned differences found in Arf6. Figure and text adapted with

permission from Rockefeller University Press (Peters et al., 1995).

7.3. Rasarfin targets Ras to inhibit receptor signaling

When Rasarfin was identified as an endocytic inhibitor, we thought it was a promising tool

to help dissect the role of B-arrestin-mediated receptor internalization in GPCR signaling. Indeed,
Rasarfin was found to inhibit the activation of ERK1/2 elicited by ATIR, B2R and B2AR
stimulation. However, its additional inhibitory effects on EGFR-mediated ERK1/2 and Akt

activation demonstrated that Rasarfin was not B-arrestin/GPCR specific nor MAPK specific but
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involved a common target that was not Arf6 nor involved in receptor endocytosis. We validated
Ras as a second target by showing that Rasarfin does not affect important signaling effectors of
the MAPK cascade, such as the PKC, MEK and BRAF kinases. Although we cannot rule out the
possibility that Rasarfin interacts with other targets in cells, we found that it did not affect the
activation of other monomeric G proteins, such as Rho, Rac/Cdc42 and Arfl, nor the
heterotrimeric Goq and Gaiz proteins, supporting a selective mode of action.

Here, the identification of a Ras inhibitor was serendipitous since other Ras inhibitors have
been previously identified using NMR-based fragment screens of compounds against the crystal
structure of GDP-bound K-Ras (Hillig et al., 2019; Sun et al., 2012), in silico virtual screening
(Evelyn et al., 2014; Shima et al., 2013) and BRET-based Ras biosensors in an in vitro high-
throughput screening of compounds (Bery et al., 2018).

The current approaches for the development of Ras inhibitors in cancer therapy are using
direct inhibitors of Ras or Ras GEFs and GAPs, blocking Ras prenylation for membrane
association or targeting Ras effectors and Ras downstream or upstream signalling (Downward,
2003; Papke & Der, 2017). Attachment of Ras proteins to the plasma membrane is required for
effective Ras signaling and is initiated by the enzyme farnesyl protein transferase, which
prenylates the protein. Therefore, the first developed anti-cancer drugs targeting Ras were farnesyl
transferase inhibitors (FTIs). The incorporation of geranylgeranyl rather than farnesyl into Ras
alters its subcellular localization or protein-protein interaction, causing changes in Ras signaling
and reduces its ability to mediate tumour cell survival, growth, proliferation, migration and
metastasis. FTIs have some antitumor activity in the clinic, but fail over time as they seem to act

through targets other than Ras (Berndt, Hamilton, & Sebti, 2011; Whyte et al., 1997). Compared
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to Rasarfin, the non-specific mechanism of action of this class of FTIs makes them not suitable
candidates as Ras inhibitors. The same goes for Ras inhibitors that have been developed to act on
EGFR and ERBB?2 upstream activators of Ras. Antibodies directed against ERBB2 have been
licensed for the treatment of breast cancer, whereas small-molecule inhibitors of EGFR tyrosine
kinase activity show potential against lung cancer in clinical trials. They inhibit receptor
autophosphorylation and transphosphorylation so that Ras may not be activated in oncogenic cells
(Downward, 2003). However, these compounds are only effective in patients who have oncogenic
RTK signaling. Patients with tumors expressing an oncogenic form of Ras do not benefit from
such compounds because oncogenic Ras acts downstream to circumvent the need for an oncogenic
RTK to induce cell proliferation and survival (Castellano & Downward, 2011). Therefore,
Rasarfin, being a direct inhibitor of Ras, would be a better option than EGFR inhibitors to inhibit
Ras since it should remain effective even in the presence of oncogenic RTK.

The continued search for better Ras inhibitors led to the development of kinase inhibitors
that block either Raf or MEK in the MAPK pathway downstream of Ras. B-Raf mutations, such
as the V60OE, have been identified in a significant percentage of tumours, making Raf a great
target for inhibiting Ras signaling. However, Raf inhibitors are only effective in patients with B-
Raf-V600E-mutated tumours since non-V600E-mutant B-Raf forms require dimerization for their
catalytic activity and thus may be resistant. Unlike B-Raf, activating mutations in MEK are found
at very low percentages in human tumours. Nonetheless, as MEK lies downstream of Ras and Raf,
mediating the transmission of growth factor signaling from activated Raf to ERK, it has become
an attractive drug target for Ras- and Raf-mutant tumours. On the other hand, there has been

limited progress in the development of ERK1- and ERK2-selective inhibitors. This is partly due
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to the assumption that, as ERK is the only known downstream target of MEK, no additive benefit
would result from an ERK inhibitor compared to a MEK inhibitor. Therefore, combinatorial
treatment involving Raf inhibitors with MEK or ERK inhibitors is a validated option to further
improve the efficacy of these drugs in the treatment of oncogenic Ras signaling (Samatar &
Poulikakos, 2014). However, Rasarfin targeting Ras directly may be a more potent anti-cancer
therapy than those targeting downstream Ras effectors since we would avoid the need for multiple
treatments, as well as reduce the risk of off-target effects.

Other Ras-related therapies include inhibitors of Akt/PKB or PI3K kinase activity, which
are activated by oncogenic Ras mutations and by a loss in PTEN tumour-suppressor gene in
cancers. The interaction of Ras with the catalytic p110a isoform of PI3K is required for normal
growth factor signaling and for Ras-driven tumor formation in mice with mutations in the PI3KCA
gene encoding pl110a (Gupta et al., 2007). Therefore, Rasarfin inhibiting the PI3K/Akt pathway
provides another Ras downstream target for cell survival.

Even with this grand selection of anti-cancer drugs currently available, Ras remains an
active area of research due to its continued undruggable properties. Our identification of Rasarfin

provides an additional tool for the study and treatment of oncogenic Ras-mediated pathways.

7.4. Rasarfin’s structural features for binding Ras

Developing small molecules that disrupt Ras signaling to its effectors is challenging since
the proteins lack well-defined hydrophobic pockets. Protein-protein interactions typically involve
flat and rather large binding sites, which often leads to small molecules displaying low affinity or

specificity (Cox, Fesik, Kimmelman, Luo, & Der, 2014). However, targeting “hot spots” on the
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contact surfaces of proteins can lead to inhibitors showing drug-like potencies. These small
molecules seem to bind deeper on the contact surface of the protein than their natural protein
partner does (Arkin & Wells, 2004; Trinh, Upadhyaya, Qian, & Pei, 2016; Wells & McClendon,
2007). Even though these interfaces are large areas, mutational studies have shown that in most
cases, small subsets of residues involved in protein binding contribute the most to the binding free
energy (Clackson & Wells, 1995; Moreira, Fernandes, & Ramos, 2007; Thanos, DeLano, & Wells,
2006). Indeed, the docking analyses used in the studies identifying Barbadin (Beautrait et al., 2017)
and Rasarfin, here, support the targeting of such protein-protein interaction hot spots.

The computational studies map Rasarfin’s site of action to the Ras SOS1-binding site and
the structure activity relationship studies define the chemical moieties in Rasarfin essential for its
inhibitory activity. The benzofuran forms aromatic and hydrophobic interactions with the Thr74,
Leu56, and Tyr40 residues of Ras. The amide forms a hydrogen bond with the carbonyl oxygen
of the backbone of Ile55. The isopropyl moiety interacts with residues Ala59, Ile21 and Tyr32.
Eight residues on Ras (Thr74, Leu56, Tyr40, Ile55, Thr20, Ile21, Tyr32, Ala59) collectively form
a strong hydrophobic pocket around the Chloro-atom, stabilizing the aromatic ring and the
compound. This chlorine is indispensable for Rasarfin binding, as shown with molecular dynamics
simulation with the halogen-free analog, 21.4. The well-filled pocket on the Ras-SOS interface
tightly embraces the chloro-substitution of Rasarfin and forms energetically favorable van der
Waals interactions, keeping the molecule in a sterically restricted position. This contrasts with
21.4, which did not face such steric hinderance because the aromatic ring was able to turn and even
fully rotate in the absence of this bulky Cl-atom, leading to significant displacement of the

compound from the proposed binding groove after a relatively short simulation time. Furthermore,
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due to its missing chloro-substituent, 21.4 forms similar but fewer interactions with Ras compared
to Rasarfin (Figure 5.10D). 21.4’s phenyl ring of the benzofuran interacts with Leu56 and Tyr40
but the interaction with Thr74 is lost. There is also a weaker, even insignificant, hydrogen bond
that is formed between the amide on 21.4 and the carbonyl oxygen of the backbone of Ile55.
Compared to Rasarfin, the center phenyl ring of 21.4 forms weak hydrophobic interactions with
four versus eight residues on Ras (i.e. Leu56, Thr20, Tyr32 and Tyr40). Lastly, the hydrophobic
interactions of the isopropyl moiety with Tyr32 is maintained, but its interaction with Ala59 is
lost. These differences in interactions observed between 21.4 and Ras compared to Rasarfin and
Ras suggest that these are important hot spots for Rasarfin binding to Ras.

We further validated this binding modality by mutating some of the described residues in
the small G protein believed to make important contacts with Rasarfin, such as Tyr32 and Tyr40.
Residue Tyr32 interacts with the isopropyl moiety and is located on switch I, in direct vicinity of
the phenyl ring possessing the Chloro substitution on Rasarfin. The MD simulations suggest Tyr32
plays a crucial role in stabilizing the compound by preventing the Chloro-substitution from turning
outwards and displacing the inhibitor from the binding site. Due to the steric restriction introduced
by the bulky halogen, Rasarfin is forced into an elongated shape in which it binds strongly to the
binding pocket. Residue Tyr40 is similarly located on switch I and establishes hydrophobic
interactions with the benzofuran and chlorine of Rasarfin. Tyr32 and Tyr40 are also two of the few
residues which also maintain important interactions between Compound 4 and Ras. Therefore, it
was predicted that replacing them with an alanine would lead to weakened compound-protein
interactions. Furthermore, these residues are located far from the orthosteric binding site of Ras,

so mutations of these residues were believed to be the least likely to compromise protein function.
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Using the Ras BRET sensor, we show that K-Ras-Y32A and K-Ras-Y40A can no longer bind
Rasarfin and its inhibitory effects are lost because the aromatic ring can now move and turns the
Chloro-substituent outwards, allowing Rasarfin to leave the binding pocket of Ras. This data
confirmed that these are important residues for Rasarfin binding to Ras.

Additionally, the docking simulations performed in this study suggest that Rasarfin binds
Ras between switch I and switch 11, in the SOS-binding site. SOS1 acts on Ras by inserting a helix
into a conformationally opened allosteric binding site on Ras, enabling the GDP to escape from
the binding site. As SOS1 binds transiently, it leaves the binding site as soon as a GTP molecule
enters the nucleotide binding site. One group was successful in designing cell-permeable synthetic
a-helix mimics based on the structure of SOS that interfere with Ras-SOS interaction and
downregulate Ras signaling (Patgiri, Yadav, Arora, & Bar-Sagi, 2011). Docking of Rasarfin in the
SOS-bound crystal structure of Ras showed that Rasarfin occupies a large part of the hydrophobic
binding groove, in which helix H of SOS1 would be embedded. Moreover, when bound to
Rasarfin, Ras seems to be in a Ras-SOS-bound-like conformation to accommodate the compound
in the aforementioned groove. Rasarfin extends to the orthosteric binding site of the nucleotide
and is hypothesized to also occupy the space where Mg?" usually binds Ras in the GTP-bound
form. Analogous to SOS interaction with Ras, the binding of Rasarfin to Ras leads to
conformational changes in Ras, which disrupts the carefully established water network in and
around the nucleotide binding site, preventing the binding of Mg?" or GTP. As such, one would
predict Rasarfin could be an anti-cancer drug candidate because it also targets the Ras GTP-binding
site, which is conserved among defective Ras proteins, and would therefore be less resistant to the

Ras mutations found in many cancers.
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More recently, there have been a wave of Ras-SOS inhibitors identified that bind to the
GEF catalytic site (Cdc25 domain), inhibiting SOS-mediated nucleotide exchange on Ras and
preventing Ras activation (Abbott et al., 2018; Hillig et al., 2019; Hodges et al., 2018). In the case
of the 4,6-dichloro-2-methyl-3-aminoethyl-indole (DCAI) compound, it inhibits SOS nucleotide
release from Ras in an SOS-dependent manner only. When EDTA is used to chemically mimic the
role of SOS1 to chelate Mg?* from the active site of the GTPase and promote nucleotide release,
DCALI had no effect on the rate of EDTA-stimulated nucleotide release from K-Ras (Maurer et al.,
2012). We show that Rasarfin does not directly act on SOS1 to inhibit Ras activation because
Rasarfin inhibited both the SOS1- and EDTA-mediated mant-GTP binding to Ras. However, we
observe a greater decrease in fluorescence when SOS1 is added compared to EDTA (Figure 5.7D
and E), suggesting the potential need to engage the SOS-Ras interaction for the full and efficacious
binding of Rasarfin. Interestingly, from the three small molecule binding sites (“sites” A, B and
C) at the interface of the Ras-SOS complex that have been discovered by (Winter et al., 2015), the
benzofuran part of Rasarfin binds the “site B” on Ras, which is a portion of the binding groove
(i.e. interactions with His911 on SOS and Thr74 on Ras). Whereas, the fragment-like molecules
reported by (Maurer et al., 2012) bind to a region between switch II and helix 4 of Ras-GDP to
inhibit SOS-mediated nucleotide exchange activity. Rasarfin is distinct from these other Ras
inhibitors as it covers almost the full length of the SOS-Ras interface on Ras. Such binding
modality of a drug on Ras could lead to the development of a new class of Ras inhibitors.

Furthermore, aligning the sequences of H-Ras and Arf6, using NCBI’s Basic Local
Alignment Search Tool (BLAST) (Altschul, Gish, Miller, Myers, & Lipman, 1990), shows that

residues are not well conserved among these two small G proteins, including those for Rasarfin
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binding on Ras (Figure 7.2), suggesting that they share a common conformational tertiary
structure, which may be responsible for Rasarfin binding to both small G proteins rather than a
primary sequence homology. Despite this sequence dissimilarity, Rasarfin is selective for Ras and
Arf6 as it did not inhibit other small G proteins like Rho or Rac/Cdc42, which are closely related
small G proteins and, in some cases, regulated by common GEFs (Schmidt & Hall, 2002; Snyder
et al., 2002). These findings are consistent with observations from their respective structures with
GEFs, suggesting that important residues in the hydrophobic groove between the switch domains
of these small G proteins (e.g. Trp58 in RhoA, Trp56 in Rac, and Phe56 in Cdc42) induce a
conformation that would interfere with Rasarfin binding if it was binding in this similar region as

Ras (Snyder et al., 2002).

H-RAS ~  —————————— MTEYKLVVVGAGGVGKSALTIQLIQNHFVDEYDPTIEDSYRKQVVIDGET 50
ARF6 MGKVLSKIFGNKEMWI LMLGLDAAGKTTILYKLKLGQSVTTI-PTVG--FNV-ETVTYKN 56
* * * * * * * *
H-RAS CLLDILDTAGLEEYSAMRDQYMRTGEGFLCVFAINNTKSFEDTHQYREQTKRVKDSDDVP 110
ARF6 VKFNVWDVGGQDKIRPLWRHYYTGTQGLIFVVDCADRDRIDEARQELHRT INDREMRDAT 116
* * * * * * * *
H-RAS MVLVGNKCDLAARTVESRQAQDLARSYGIPYIE-——-—-— TS-AKTRQGVEDAFYTLVRE 162
ARF6 ILIFANKQDLPDAMKP----HEIQEKLGLTRIRDRNWYVQPSCATSGDGLYEGLTWLTSN 172
* Kk kK * * * K *
H-RAS TRQH 166
ARF6 YKS- 175

Figure 7.2. Amino acid sequence comparison of human H-Ras and Arf6. The sequence
alignment of H-Ras and Arf6 using NCBI’s BLAST. Conserved residues are indicated by an

asterisk and the amino acids identified in Rasarfin binding to H-Ras are in red.

148



Computational studies provide valuable information for predicting the binding of
compounds to their targets when a structure is available. However, NMR remains a robust method
to screen, characterize and optimize lead compounds because of its highly sensitive ability to
identify binding sites, affinities, and ligand poses at the level of individual amino acids regardless
of target protein function (Hajduk et al., 1999; Peng, Lepre, Fejzo, Abdul-Manan, & Moore, 2001;
Rovnyak, Hoch, Stern, & Wagner, 2004; Ziarek, Peterson, Lytle, & Volkman, 2011). In fact, NMR
mapping of the ligand-binding sites on Ras revealed five areas with a high propensity for ligand
binding and the potential to modulate Ras activity (Maurer & Wang, 2013). These areas can be
compared to those identified for Rasarfin-Ras binding using MD simulation. Using NMR to
identify the ligand-binding pocket and demonstrating that Rasarfin definitely binds to Ras would
complement such findings. Improving the affinity for binding would also provide the foundation

for further optimization, aiming for sub-micromolar cellular activity.

7.5. Implications of Rasarfin in cancer

As mentioned throughout this work, Ras inhibitors have been developed primarily for the
treatment of cancers. Ras proteins control signaling pathways that are key regulators of normal
cell growth and malignant transformation. They are aberrant in most human tumours due to
activating mutations in the Ras genes themselves or to alterations in upstream or downstream
signaling components. Therefore, numerous rational therapies that target Ras pathways have been
developed to inhibit tumour growth, survival and spread. Indeed, several of these new therapeutic
agents are showing promise in the clinic and many more are being developed (Downward, 2003).

Data assessing Rasarfin’s effects on Ras activation in MDA-MB-231 cells, the only breast cancer
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cell line which carries the K-Ras mutation G13D (Kozma et al., 1987) and has increased Ras and
Arf6 activity (Eckert et al., 2004; Hashimoto et al., 2004; Morishige et al., 2008), using GST
pulldown show that Rasarfin blocks the activity of both Ras and Arf6 in these cells (Giubilaro,
personal communication). Other data show that Rasarfin blocks MDA-MB-231 cell proliferation
in a dose-dependent manner (Giubilaro, personal communication). Here, we suggest Rasarfin
blocks oncogenic Ras signaling by acting through the Ras-Raf-MEK-ERK pathway and can be
added to the growing list of anti-proliferative agents currently available. This conclusion was
validated using 21.8, which we showed is also a Ras inhibitor and blocks MDA-MB-231 cell
proliferation. Results with 21.4, the Rasarfin analog that we identified as a non-Ras inhibitor and
does not affect MDA-MB-231 cell proliferation (Giubilaro, personal communication), further
confirm Ras’ involvement in cell proliferation and survival. Although we previously suggested
that SOS needed to be engaged for Rasarfin to bind Ras, its inhibitory effects here on oncogenic
Ras open the possibility that Rasarfin may simply require Ras to be in an active conformation for
it to bind, since constitutively active Ras do not require SOS to be activated like wild type Ras.
However, computational studies with Rasarfin and K-Ras-G13D crystal structure would need to
be performed to validate that Rasafin inhibits this defective Ras protein. This is exactly how small
molecules that irreversibly bind to the oncogenic mutant, K-Ras-G12C, have been developed.
Contrary to Rasarfin, these compounds rely on the mutant cysteine for binding and therefore do
not affect the wild type Ras protein. Binding of these inhibitors to K-Ras-G12C disrupts both
switch I and switch II, favouring the GDP-bound Ras state and impairing binding to Raf (Mortier
et al., 2020; Ostrem, Peters, Sos, Wells, & Shokat, 2013). In addition, in silico screening of

Rasarfin’s interaction with several oncogenic Ras structures with mutations such as G12C, G12D,
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G12V and G13D would determine its specificity and use as an anti-cancer drug candidate for
pancreatic, lung, colorectal, cervical and breast cancers.

There is increasing evidence showing that the GEFs and GAPs controlling the GDP-GTP
cycling of the Ras superfamily can also contribute to cancer by either promoting or suppressing
tumour progression and growth. GEFs and GAPs are deregulated in cancer by somatic mutation,
changes in gene expression and through post-translational mechanisms owing to aberrant signaling
caused by alterations in upstream oncogene or tumour suppressor function. Efforts to develop
inhibitors of GTPase GEFs and GAPs have been and are currently being employed (Vigil, Cherfils,
Rossman, & Der, 2010). Therefore, Rasarfin binding Ras in its SOS-binding site to inhibit Ras
GEF activity exemplifies its potential as an anti-cancer candidate.

Because Ras coordinately activates both the PI3K and MAPK signaling pathways, it has
also been very attractive to use a combination of MAPK pathway (either Raf, MEK or ERK)) and
PI3K inhibitors in the treatment of Ras-driven cancers (Asati et al., 2016; Garcia-Echeverria,
2009). Indeed, the activation of the PI3K pathway, either by PI3KCA mutations or PTEN loss, has
been shown to be a major resistance mechanism that impairs the efficiency of MEK inhibitors in
K-Ras mutated cancers (Engelman et al., 2008; Kinkade et al., 2008). Therefore, Rasarfin targeting
these two main Ras pathways further emphasizes its promising role in cancer treatment.
Encouragingly, co-inhibition of both pathways has been successful in reducing tumor growth in
xenograft cancer models and in genetically engineered mouse models (Castellano & Downward,
2011). Other groups have also recently reported on the discovery of Ras-SOS inhibitors that,

similarly to Rasarfin, inhibit both ERK and Akt phosphorylation to control cancer cell proliferation
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and survival, but interact in a different hydrophobic pocket near the Ras switch domains (Bery et
al., 2018; Burns et al., 2018; Burns et al., 2014; Evelyn et al., 2014).

In cancer cells, the mechanism of Arf6 activation and signaling are different from those in
HEK?293 cells. In response to EGF stimulation, Arf6 is activated by an Arf GEF (GEP100, EFA6
or ARNO) and then recruits its downstream effector, Racl, which regulates cytoskeleton
remodeling and extracellular matrix degradation, ultimately accelerating breast cancer cell
invasion and metastasis. In addition, Arf6 can also promote tumor cell proliferation and survival
by activating PLD-mTOR and p38 pathways, simultaneously. Several molecules inhibiting the
activation of Arf6, such as secinH3, or its upstream/downstream factors can block the process of
invasion, migration and proliferation of tumor cells expressing high levels of Arf6, such as breast,
pancreatic and lung cancer, in vivo and in vitro (Hashimoto et al., 2004; R. Li et al., 2017;
Morishige et al., 2008). In contrast, ATIR-mediated HEK293 cell migration involves Arf6
activation by ARNO, which are both scaffolded by the C-terminal tail of B-arrestin (Charles,
Namkung, Cotton, Laporte, & Claing, 2016). Since Arf6 and its effectors are other promising drug
targets for tumor chemotherapy, Rasarfin’s effects on HEK293 and cancer cell migration could be
studied further. That being said, Rasarfin may have different effects on Arf6-mediated pathways
depending on the cell type and GEF that activates it. In this study, Rasarfin’s effects were limited
to Arf6- and clathrin-mediated receptor endocytosis. Nonetheless, having a dual GTPase inhibitor,
such as Rasarfin, is advantageous since targeting both Ras and Arf6, which are involved in breast

cancer invasive activities, for example, may result in a better therapeutic outcome.
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7.7. Optimization of Rasarfin into functionally selective analogs

The dominant negative form of Ras having no effect on ATIR internalization and the
dominant negative form of Arf6 having no effect on MAPK activation confirms the dual role of
Rasarfin in independently inhibiting both Ras and Arf6. In fact, Rasarfin having two targets is
consistent with the difference in potencies found for Rasarfin inhibiting Ras and Arf6 activation
(0.7 uM and 7 uM, respectively), which are consistent with the potencies calculated for MAPK
activation and ATI1R internalization (4 uM and 10 uM, respectively). That being said, Rasarfin
may serve as a lead scaffold for the generation of more potent Ras and Arf6 inhibitors. In this
thesis, performing SAR on Rasarfin provides insights for the development of analogs selective for
Ras and Arf6. Complementary to the molecular docking of 21.4 onto Ras, which showed that the
chlorine substituent on the phenyl ring of Rasarfin is indispensible for Rasarfin binding Ras, BRET
and western blot experiments showed that 21.4 has no effect on receptor internalization nor MAPK
activation, suggesting that the chlorine should be maintained for future compound optimization
steps. Indeed, 21.7 and 21.8, which retain the chlorine, show inhibitory effects compared to 21.1,
21.3 and 21.4, which lack the chlorine. However, possessing the chlorine does not guarantee
activity on Ras and Arf6 since 21.2, 21.5 and 21.6, which retain the chlorine, have no effect on
receptor internalization nor MAPK activation (Figure 6.1). These compounds may have other
structural features which impede their functional activity. Unlike 21.4, 21.7, and 21.8, we have not
explored their effects on Ras and Arf6 activation to conclude. Furthermore, we have not either
established the role of the chlorine subsitutent in the interaction of Rasarfin with Arf6, which may

explain its functional selectivity towards Ras.
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Moreover, 21.7, which has the benzofuran replaced by a thiophene and isopropyl by an
ethyl, showed some selectivity towards receptor internalization and reduced efficacy on the MAPK
pathway, and 21.8, which only has the isopropyl replaced by an n-propyl, was just as potent as
Rasarfin in inhibiting MAPK and reduced efficacy on receptor internalization, suggesting a
different binding mode on Ras and/or Arf6 than Rasarfin. Indeed, identifying the structural
determinants responsible for their biological activity should provide insights for the development
of more Ras-or Arf6-selective Rasarfin analogs. Similar to Rasarfin, 21.8 inhibited EDTA-
mediated mant-GTP binding to Ras, so it is probably not binding SOS1 but may also need to
engage the SOS-Ras interaction for a full and efficacious binding to Ras. Also, 21.8 inhibited Ras
to a similar extent as Rasarfin, suggesting it is also targeting more selectively this small G protein.
However, further studies would need to be performed to determine if Compound 8 directly binds
and inhibits Ras with the same mode of action as Rasarfin. Moreover, determining the potencies
of 21.7 and 21.8 on Ras/MAPK and Arf6/ATIR internalization and comparing them to that of
Rasarfin would also help explain these differences in activity.

Interestingly, 21.7, the only analog that shows some inhibitory effects on ATIR
internalization, has low activity on Arf6, suggesting it affects receptor internalization with a
different mechanism of action than Rasarfin. Exploring its chemical properties further and
comparing it to Rasarfin may lead to the development of more selective endocytic inhibitors.
Potential endocytic targets could include the small G proteins of the Rab family, in particular,
Rab$5, which is localized to early endosomes and the plasma membrane, regulating early steps of
the endocytic process. Mediating endosome fusion of clathrin-coated vesicles from the plasma

membrane to early endosomes makes it an ideal target for receptor internalization to explore next.
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On the other hand, to expand the search for inhibitors of receptor trafficking, Rab4 and Rabl1
would be other choices. Rab4, which is also present on early endosomes, mediates endocytic
recycling directly from the early endosomes to the plasma membrane, whereas Rab11, which is
localized to recycling endosomes, mediates endocytic trafficking from the recycling endosome and
to the plasma membrane (Stenmark, 2009; Zerial & McBride, 2001). As such, this also opens the
possibility of Rasarfin inhibiting other small G proteins, such as the Rabs described, or other
effectors involved in regulating receptor trafficking, which were not explored in this thesis.
Identifying the target of these compounds could provide further insights into the regulation of

receptor internalization and trafficking.
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CONTRIBUTION TO ORIGINAL RESEARCH

This thesis furthers our knowledge of the molecular and cellular mechanisms regulating G
protein-coupled receptor internalization and signaling. We describe the identification and
characterization of a new endocytic inhibitor, Comp#21, which was initially discovered to help
dissect B-arrestin’s signaling function from its endocytic function. It turns out this small molecule,
named Rasarfin, has a dual role of inhibiting small G proteins Ras and Arf6, which are involved
in receptor signaling to ERK1/2 and receptor internalization via CCPs, respectively.

In Chapter 4, we developed a suite of BRET-based sensors for studying the activation of
small GTPases Ras, Arf and Rac/Cdc42, and kinase PI3K. This method enables us to perform
kinetics experiments and generate response curves to pharmacologically characterize drugs,
ligands and receptors acting on these small G proteins. Developing means to efficiently study
protein activation in live cells, in real time and in high-throughput screening formats is useful for
both drug and basic research discovery programs.

In Chapter 5, we identified and characterized Rasarfin as a dual inhibitor of both small G
proteins Ras and Arf6. Furthermore, our computational studies reveal that Rasarfin is the first
small molecule to bind a large part of the Ras-SOS binding interface, opening new means to block
this small G protein. The discovery of a Ras inhibitor is of great interest in the field of cancer
research, where oncogenic Ras plays a major role in tumor development and progression.
However, Rasarfin can also be useful to study Arf6-mediated receptor internalization and signaling
pathways. As a new pharmacological tool, Rasarfin can help to further study the role of these

GTPases in the internalization versus signaling of receptors in normal and cancer cells.
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In Chapter 6, we performed SAR studies to identify structural determinants responsible for
Rasarfin’s inhibitory effects and its functional selectivity. Hence, Rasarfin may serve as a lead

scaffold to develop the next generation of more potent and selective inhibitors of Ras and Arf6.
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