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Abstract

WILLIAM GENE ROBICHAUX IlIl. Regulation of the Gai — G-protein Regulatory
(GPR) Module and the Biological Function of GPR-containing Proteins in
Chemokine Signal Processing of Primary Leukocytes. (Under the direction of Joe
B. Blumer)

Activators of G-protein Signaling (AGS) proteins modulate G-protein signaling in
diverse and unexpected ways and have functional roles in numerous
physiological systems. The functions of AGS proteins in the immune system,
where Gai-coupled chemokine receptors are predominantly involved in dynamic
signaling events, are poorly understood. The Group Il AGS proteins AGS3 and
AGS4 express multiple G-protein regulatory (GPR) motifs, each of which dock
GDP-bound Gai/o/t subunits and effectively compete with GBy for binding. This
unique ability positions these proteins to modulate downstream signaling of Gai
and Gy, thus promoting signal diversity from seven-transmembrane receptors
(7TMR). However, regulatory mechanisms and functional roles for the Gai2—GPR
module in leukocytes are poorly understood. Using a bioluminescence resonance
energy transfer (BRET) platform, we demonstrated chemokine regulation of
Gai2—-GPR modules that were receptor-proximal. Generation of fusion proteins
with Gai physically tethered to the 7TMR revealed that regulation of Gai2—GPR
was independent of endogenous G-protein cycling subsequent to receptor
activation, suggesting that Gai-GPR couples to 7TMRs analogous to Gafy
heterotrimer. Additional modes of regulation for AGS4 were also investigated

including identification of alternative binding proteins ARID1b and eEF1d,



suggesting potential modulatory functions for AGS4 in transcription and protein
translation, and phosphorylation of AGS4-Y108 by JAK2 and Src, which
regulates the Gai-AGS4 interaction. Furthermore, regulation of Gai2—GPR by
chemokine receptors and expression of AGS3 and AGS4 in immune cells and
tissues suggested functional roles of these proteins in the immune system.
Investigating chemoattractant signal processing in primary leukocytes from wild-
type, AGS3-null and AGS4-null mice demonstrated 25-40% decreased migration
with corresponding reduction in ERK1/2 activation of null-animals. The
importance of the Gai—GPR interaction in chemokine signaling provides a novel
platform for development of pathway targeted small molecules, identified in
preliminary screening for modulators of the Gai—-GPR interaction. These studies
have broad implications for G-protein signal processing and Gai-GPR complexes

in immune function.
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Chapter 1

Literature Review



Introduction to Canonical G-protein Signal Transduction

Signaling through G-proteins is a fundamental transduction pathway for
cells. G-protein coupled receptors (GPCRs) are the most commonly used
mechanism for cells to process extracellular stimuli into appropriate signal output.
Signifying the importance and diversity of G-protein signaling, 3-4% of the entire
human genome is dedicated to the genes of GPCRs, thus representing the single
largest gene superfamily (Katritch et al 2013). Such a variety of receptors allows
for G-proteins to be integrated into signaling pathways from countless stimuli,
and as a consequence, perturbations to this core signaling system are linked to
the development of cardiovascular, metabolic, neurodegenerative, cancer and
immunological diseases. The practically universal use of G-proteins by cells has
made the development of therapeutics to this pathway quite attractive, leading to
greater than 30% of known pharmaceuticals targeting GPCRs or downstream
effectors of these signaling pathways (Overington et al 2006, Rask-Andersen et
al 2011). However, although this pathway is well exploited for drug development,
the manner in which cells are able to achieve appropriate signal specificity,
efficiency, and strength and maintain flexibility and adaptability in the face of

dynamic alterations of external stimuli is still largely unknown.

Although involved in a vast array of signaling pathways, receptors from the

GPCR superfamily all contain general structural similarities including an



extracellular amino-terminus, seven transmembrane-spanning (7TM) alpha
helical domains, and an intracellular carboxy-terminus forming three extracellular
and three intracellular loops as seen in solved crystal structures of rhodopsin, M2
muscarinic acetylcholine, B2 adrenergic, and CXCR4 receptors. (Haga et al
2012, Palczewski et al 2000, Pierce et al 2002, Rasmussen et al 2007, Wu et al
2010). Even with these common structural features, the superfamily is further
categorized into five subclasses: rhodopsin and adrenergic receptors, secretin
receptors, glutamate receptors, adhesion receptors and frizzled/taste receptors
(Fredriksson et al 2003). The primary conduit of signal transduction for this
receptor superfamily are heterotrimeric G-proteins, although G-protein
independent mechanisms are also reported, including B-arrestin-mediated
signaling cascades and Janus kinase 2 (JAK2) activation of Stat1 and Stat3 (Azzi
et al 2003, Godeny et al 2007, Lefkowitz & Shenoy 2005, Luttrell & Lefkowitz

2002).

Initially, GPCRs were viewed as simple “on-off’ switches for activation of
G-protein heterotrimers; however, recent studies demonstrate the dynamic
conformations these receptors can adopt. In the most basic context, extracellular
ligand binding triggers conformational changes in the transmembrane domains
and intracellular loops, thus stabilizing active, thermodynamically-favorable
conformations which have increased affinity for heterotrimeric G-protein coupling
and subsequent activation (Azzi et al 2003, Bockenhauer et al 2011, Kahsai et al
2011, Malik et al 2013, Park 2012, Vilardaga et al 2005, Yao et al 2009). Of the

conformational changes occurring in the receptor, three notable clusters of



highly-conserved residues in the transmembrane domains (TM), termed micro-
switches, are hypothesized to be of utmost importance for complete receptor
activation (Katritch et al 2013, Nygaard et al 2009). These residues are pivotal
points in the receptor that adopt completely altered conformations after receptor
activation thus mediating larger conformational changes throughout the
remaining receptor complex, especially TMVI and TMVII. Although these are not
the sole residues that undergo conformational changes, these three micro-switch
motifs are commonly thought to contribute to complete receptor activation

(Katritch et al 2013, Nygaard et al 2009).

One highly conserved motif throughout GPCRs is the CWxP motif. This
motif is strategically located near the ligand binding pocket in TMVI and is in
close proximity to the proline kink found in TMVI (Crocker et al 2006, Ruprecht et
al 2004, Schwartz et al 2006, Shi et al 2002). Activation of the receptor results in
a conformational change in position of the Trp residue of the CWxP motif
resulting in a rotation of the Trp side chain toward TMV where the residue can
partake in aromatic interactions with a highly conserved Phe/Tyr residue thus
stabilizing the active conformation (Shi et al 2002). This rotation is suggested to
result in an outward bending of the TMVI domain of the receptor allowing G-
proteins to access the cytoplasmic binding pocket (Crocker et al 2006, Ruprecht
et al 2004, Schwartz et al 2006, Shi et al 2002). Conformational rotation of the
Trp in the CWxP motif has not been as dramatic as predicted in crystal structures
recently published, while the subsequent two micro-switches conformational

changes were readily visualized in X-ray crystal structures of GPCRs



(Rasmussen et al 2011, Scheerer et al 2008). The NPxxY motif is the second of
these highly conserved motifs suggested to be intricately involved in receptor
activation. Located in TMVII, the Asn residue of this motif has been observed to
interact with TMVI either through additional polar residues in TMVI or through a
hydrogen binding network involving a water molecule in receptor inactive state(s)
(Govaerts et al 2001, Okada et al 2002). Additionally, in rhodopsin the Tyr
residue of this motif associates with helix VIII (typically Phe) through aromatic
interactions, while this residue exists in a upward tilted conformation in other
GPCRs where it is involved in a hydrogen bonding network with water (Barak et
al 1995, He et al 2001, Li et al 2004). Activation of the receptor results in bending
of the TMVII causing a shift in the Asn residue of the NPxxY motif to face the
middle of TMII, thus alleviating the hydrogen bond lockdown of TMVI, allowing
TMVI to swing open (Barak et al 1995, Govaerts et al 2001, Nygaard et al 2009).
In addition, the bending of TMVII also orients the Tyr residue of the NPxxY motif
to obstruct TMVI from withdrawing from the outward movement and thereby
leaving the cytoplasmic pocket open for G-protein binding (Barak et al 1995,
Govaerts et al 2001, Nygaard et al 2009, Park et al 2008a). A third highly
conserved micro-switch region located in the cytoplasmic end of TMIII of most
GPCRs is known as the DRY motif (Asp/Glu-Arg-Tyr residues). Association of
the Arg/Glu of the DRY motif with TM-VI results in what has been deemed an
“‘ionic lock” resulting in TM-VI occupying the cytoplasmic pocket and sterically
hindering G-protein coupling (Rasmussen et al 1999, Xie & Chowdhury 2013,

Yao et al 2006b). The importance of the Arg/Glu residue of the DRY micro-switch



was demonstrated through site-directed mutagenesis studies resulting in
increased constitutive activity which suggested this residue assisted in stabilizing
inactive conformations of the receptor (Alewijnse et al 2000, Arnis et al 1994,
Ballesteros et al 2001, Malik et al 2013, Rasmussen et al 1999, Zhu et al 1994).
Although constitutive activity of the receptor is the most common observation
obtained when mutating this residue, there are reports of no change to receptor
activity, but rather to receptor folding (Chung et al 2002, Lu et al 1997). Overall,
the conformational changes induced by these micro-switches in receptor tertiary
structures are required to transfer external signals to the intracellular
environment for further signal processing. Determination of the crystal structures
of Ga and Gy subunits assisted in the development of hypotheses on the ability

of GPCRs to propagate cellular signals through the G-protein heterotrimer.

Initial crystals for Ga subunits were obtained in the 90’s and revealed
structural characteristics that lead to hypotheses of how the Ga subunit
functioned and coupled to GPCRs. Crystallography revealed that Ga subunits
primarily consist of two a-helical domains that bind nucleotide and one of which
harbors an intrinsic GTPase domain (Ras-like domain) illustrated in previous
biochemical studies (Lambright et al 1994, Lambright et al 1996, Mixon et al
1995, Sunahara et al 1997). The nucleotide binding “pocket” is positioned
between the Ras-like domain and helical domain and is bordered by flexible
regions known as switch domains. Aside from hydrolyzing guanosine
nucleotides, the Ras-like domain is also a suitable binding surface for interacting-

proteins such as GPCRs, GBy dimer, effectors, and other signal modulators such



as regulators of G-protein signaling (RGS) proteins (Tesmer et al 1997a, Tesmer
et al 1997b). Post-translational lipid modifications of the amino terminus of Ga
subunits by myristolylation and palmitoylation also suggest the amino terminus to
be important for anchoring the Ga subunit to the plasma membrane for signaling
(Degtyarev et al 1994, Preininger et al 2003). Coupling of Ga subunits with
GPCRs is thought to depend on the associations of the C-terminus, a4 — 36 loop,
and N-terminus of the Ga subunits with the cytoplasmic “pocket” of a GPCR in an
active conformation (Bae et al 1999, Cai et al 2001, Hamm et al 1988, Ho &
Wong 2000). The Ga C-terminus was found to contact TM6 or intracellular loop 3
(ICL3) in the cytoplasmic “pocket” of the GPCR, where it can be modulated by
the receptor upon activation (Cai et al 2001, Hu et al 2010, Rasmussen et al
2011, Scheerer et al 2008). The solved structure for the B2 adrenergic receptor
(AR) — GasGRy complex in an active receptor conformation and nucleotide-free,
intermediate Ga bound state supported many interactions and crystal structures
previously determined for active GPCRs mentioned previously (Rasmussen et al
2011). Of note, the a3 — 35 loop of Ga subunits previously postulated to interact
with receptors was not observed in the solved B2AR — GasGBy complex;
however, this may imply different conformational states of the receptor which
may bind Ga subunits in altered orientations or different Ga subunits

preferentially (Grishina & Berlot 2000).

There are sixteen Ga subunit isoforms in mammals (Downes & Gautam
1999, Wettschureck & Offermanns 2005). These Ga subunits are typically

grouped into four distinctive classes based on effector regulation: Gas, Gai/o,



Gag/11 and Ga12/13 (Downes & Gautam 1999, Wettschureck & Offermanns
2005). Activation of adenylyl cyclase by the Gas subunit is known to catalyze the
conversion of adenosine triphosphate (ATP) to cyclic adenosine monophosphate
(cAMP). On the other hand, Gai subunits confer an inhibitory effect on adenylyl
cyclases, suppressing cAMP production. Therefore, Gas and Gai/o regulation of
adenylyl cyclase enzymes acts to counter one another’s effects on cAMP levels
within the cell (Chen-Goodspeed et al 2005, Chen et al 1997, Dessauer et al
1998, Taussig et al 1994). Active Gaate subunits have also been implicated in
the activation of tyrosine kinase signaling cascades through direct association
with the catalytic domain of c-Src resulting in increased activity of this kinase
(Corre et al 1999, Ma et al 2000). Further support of crosstalk between Ga
subunits and receptor tyrosine kinase downstream signaling was illustrated in
mice expressing constitutively active Gai2, where this mutation results in
activation of c-Src, MAPKs, and STATs (Edamatsu et al 1998, Ram et al 2000).
Interestingly, the Gaepp subunit is also a substrate for phosphorylation by c-Src
which is able to modulate coupling of the Ga subunit to 7TMRs (Hausdorff et al
1992). Gagr1 subunits increase intracellular calcium through activation of
phospholipase CB (PLCB) (Blank et al 1991). The final Ga group, Gai2:1s,
activates Rho-GTPases mediating actin cytoskeletal remodeling and subsequent
cellular migration (Sugimoto et al 2003). Of the four groups of Ga subunits, the
Gai/o class is the most highly expressed, thus one working hypothesis is that the
relative pool of GBy released subsequent to GaiGBy heterotrimer activation is

higher than for other Ga classes, which would explain why many of the



responses from Gai-coupled GPCRs are predominantly mediated by Gy

(Blumer & Tall 2012).

In comparison to Ga subunits, there are five G3 subtypes and twelve Gy
subtypes (Downes & Gautam 1999, Wettschureck & Offermanns 2005). The Gf3
subunit adopts a structure resembling a seven-bladed propeller consisting of
WD40 repeats and interestingly contains no catalytic domain (Sondek et al 1996,
Wall et al 1995). Gy subunits are relatively small proteins (~8-10 kDa) consisting
of two alpha helices joined by a single loop (Sondek et al 1996, Wall et al 1995).
GB and Gy subunits are bound through interaction of the Gy N-terminal helix with
the N-terminal alpha helical domain of the G8 subunits, while the C-terminal helix
of Gy subunit is found to associate with propellers five and six of the G subunit
(Sondek et al 1996, Wall et al 1995). The GBy dimer is quite stable once
assembled; however, proper folding and assembly of this complex requires the
chaperone function of chaperonin containing TCP-1 (CCT) to assist with G
subunit folding with subsequent release of the properly folded subunit by the co-
chaperone phosphoducin-like protein (PhLP) to allow association with the Gy
subunit (Lukov et al 2006, Lukov et al 2005, McLaughlin et al 2002, Wells et al
2006). Further post-translational lipid modifications of the Gy subunits C-terminus
by farnesyl or geranylgeranyl group addition illustrates the importance of Gy
subunits in membrane targeting of GBy dimers (Takida & Wedegaertner 2003).
One exception to the rule of GBy dimer formation involves G5 subunits, which
shares the least homology amongst the G isoforms and interacts with and is

stabilized by RGS proteins containing a Gy-like (GLL) domain in the absence of



Gy to prevent the degradation of GLL containing proteins (Chen et al 2003, Snow

et al 1998, Witherow et al 2000).

The absence of a catalytic domain illustrated that GBy subunits mediate
effects by protein-protein interactions on surface domains often referred to as
GBy “hot spots” (Lin & Smrcka 2011, Lodowski et al 2003, Panchenko et al 1998,
Scott et al 2001). Although each effector binds GB using unique residues, the
general area in which many of these effectors associate with the G subunit is
directly associated with the Ga subunit in the inactive heterotrimer complex thus
preventing GRy effector activation until the heterotrimer dissociates/rearranges
upon activation (Davis et al 2005). Perhaps contrary to expectations,
crystallography of the B2 adrenergic receptor (AR) — GasGRy complex in the
nucleotide-free transition state demonstrated no direct associations of the GBy
dimer with the GPCR suggesting that the GPCR does not act on the GRy directly
in this conformation; however, these results do not exclude the potential
importance of GBy subunits to initial coupling of heterotrimeric G-proteins to the

7TMR (Rasmussen et al 2011, Wu et al 2000).

G-protein heterotrimers are the major conduit for signal transfer from
receptor to effector. Upon ligand binding the GPCR undergoes conformational
changes as described previously, resulting guanosine nucleotide exchange factor
(GEF) activity of the receptor, which induces the exchange of guanosine
diphosphate (GDP) for guanosine triphosphate (GTP) bound to the Ga subunit
(Figure 1.1 [1]), (Chung et al 2011, Malik et al 2013, Rasenick et al 1994,

Rasmussen et al 2011). Agonist-bound receptor-mediated rearrangement of the

10



Ga subunit results in a large conformational shift of the helical domain that
dramatically opens the nucleotide binding pocket to allow GDP release and
exchange for GTP as had long been hypothesized (Chung et al 2011, Noel et al
1993, Rasmussen et al 2011, Van Eps et al 2011, Westfield et al 2011, Yao &
Grant 2013). Changes in switch regions of the Ga subunit result in dissociation or
rearrangement of the Gaate subunit and GBy dimer of the G-protein heterotrimer
exposing the effector binding surface on Gy, allowing the two G-protein entities
to interact with and regulate distinct downstream signaling pathways (Chung et al
2011, Davis et al 2005, Van Eps et al 2011). Intrinsic GTPase activity of the Ga
subunit induces hydrolysis of the terminal phosphate of the GTP molecule
serving as a time dependent ‘off’ switch for Ga subunits and its effectors (Figure
1.1 [2]), (Graziano et al 1989, Kleuss et al 1994, Linder et al 1990). This process
is relatively slow, but is accelerated by association with accessory proteins
known as regulators of G-protein signaling (RGS) proteins (Berman et al 1996b,
Doupnik et al 1997, Watson et al 1996). Conversion of Gactrer to Gacpr
terminates the effector signaling of the Ga subunit. Furthermore, with the Ga
subunit returning to a basal inactive state, the Ga subunit is free to re-associate
with the GBy dimer and effectively terminate the Gy effectors as well (Figure 1.1
[3]). The intact G-protein heterotrimer is then able to couple once again with the

receptor for additional signal transmissions.

11



Figure 1.1

agonist
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Figure 1.1. The G-protein activation-deactivation cycle

(1) After engaging the receptor, G-proteins are activated in response to agonist
stimulation and subsequent conformational changes that occur within the
receptor to catalyze nucleotide exchange of the Gai subunit. This promotes
subunit dissociation to reveal effector binding motifs for activation of independent
downstream signaling cascades for Gai and Gy. Activation has also been
demonstrated by guanine nucleotide exchange factors (GEF) proteins in the

absence of receptor activation.

(2) Intrinsic GTPase activity of the Gai subunit hydrolyzes GTP back to GDP to

turn off Gai signaling. This process is relatively slow, but is often catalyzed by

12



GTPase accelerating (GAP) proteins such as regulators of G-protein signaling

(RGS) proteins.

(3) The resulting GDP-bound Gai subunit is free to reassociate with Gy to
effectively inhibit further Gy effector signaling and then return to the receptor for
further signal transmission. The inactive Gai is also a target of guanine
nucleotide dissociation inhibitors (GDI) proteins that bind to the Gai and can

exclude GBy from reassociating.
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Physiological responses initiated by G-protein signaling are determined by
a diverse group of proteins that act as secondary messengers or have a direct
action on cellular responses through interactions with Ga or GBy (Kristiansen
2004). This diverse group includes enzymes such as adenylyl cyclases and
phospholipases, ion channels, adhesion proteins, tubulin, as well as a large
number of novel G-protein effectors (Hewavitharana & Wedegaertner 2012,
Woehler & Ponimaskin 2009). Ga subunits are commonly associated with
activation/inhibition of adenylyl cyclase enzymes. Generation of elevated cAMP
levels by Gas sequentially activates second messengers such as protein kinase
A (PKA), while Gai balances this activation by demonstrating an opposing effect
on adenylyl cyclase to inhibit the signaling (Wan & Huang 1998). A second major
signaling pathway of G-protein activation involves the release of intracellular
calcium resulting from activation of phospholipase-C3 (PLCpB) isoforms by Gy
and also Gag/11 (Blank et al 1991, Boyer et al 1992, Park et al 1993, Smrcka &
Sternweis 1993). Upon activation, PLCB hydrolyzes phosphatidylinositol 4,5-
bisphosphate (PIP2) cleaving the phospholipid into diacylglycerol (DAG) and
inositol 1,4,5-triphosphate (IP3) (Park et al 1993, Smrcka & Sternweis 1993).
DAG further propagates signaling via activation of protein kinase C (PKC), while
IP3 travels to the endoplasmic reticulum where it engages IP3 receptors and
stimulates release of intracellular calcium stores (Berridge 1989, Bishop & Bell
1988). GBy also activates multiple other signaling cascades including but not

limited to phosphoinositide 3 kinase (PI3K), G-protein coupled inwardly-rectifying
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potassium channels (GIRK channels), specific adenylyl cyclase isoforms and

MAPK cascades (Lin & Smrcka 2011).

Termination of signal processing at the receptor has also been observed
to be an important aspect of G-protein signaling. Following receptor activation,
GPCRs undergo an endocytosis process to sequester and desensitize the
receptor signaling by removing receptor from the cell surface and consequently,
the agonist. Activated protein kinases such as protein kinases A and C as well as
G-protein regulatory kinases (GRKs) phosphorylate the carboxyl terminus and
three intercellular loops of the GPCRs (Benovic et al 1989, Nobles et al 2011).
Additionally, phosphorylation of the receptor enhances the recruitment of
arrestins from the cytoplasm to the receptor’s intracellular domain (Lohse et al
1992). The recruitment of arrestin is essential to serves as an adaptor protein
between the receptor and clathrin protein heavy chain (Goodman et al 1996).
Arrestins are also responsible for binding to 2 adaptin subunits, resulting in the
organization of the AP-2 complex and targeting of the complex to clathrin coated
pits (Laporte et al 2000, Laporte et al 1999). The receptor-arrestin-AP2 complex
then undergoes clathrin-mediated endocytosis where the clathrin coat
disassembles leaving an endosome containing the GPCR for receptor

resensitization (Pippig et al 1995).

Although classical G-protein signaling is well documented in numerous
biochemical studies, the malleability of G-protein signaling to variations in
signaling inputs still remains elusive to investigators. One possible explanation

for this flexibility is the presence of proteins that are secondary to the core
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signaling unit, which could potentially modulate the signal transfer from receptor

to G-protein or G-protein to effector referred to as accessory proteins.
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Modulation of Canonical Signal Transduction by Accessory Proteins

In light of the common features of activation shared by nearly all GPCR
receptor and heterotrimers, one of the key questions in biology is the nature of
GPCR signal diversity. One possible explanation is the existence of additional
proteins outside of the core signaling triad (receptor, G-protein, effector) that are
able to act on and modify signal transfer from receptor to G-protein or G-protein

to effector resulting in signal diversity from a commonly shared mechanism.

Looking simplistically at the G-protein activation cycle, there are three
critical points that are prime targets for potential regulation (Figure 1.1). The first
is transfer of signal from an agonist-bound receptor or other protein with guanine
nucleotide exchange factor (GEF) activity, to stimulate nucleotide exchange on
Ga. Subsequently, Ga and GBy subunits dissociate/rearrange to activate
effectors, thus propagating the signal. Secondly, intrinsic GTPase activity of Ga
results in hydrolysis of the gamma phosphate of GTP that returns the Ga subunit
to the inactive state. Finally, Gacpor and GPy reassociate to reform an intact
heterotrimer, which is available to couple to the receptor in order to reinitiate the

cycle.

Accessory proteins, which are proteins distinct from the core signaling
triad of receptor, G-protein and effector, modulate signal transfer at each of these
three points to regulate signal strength, efficiency, duration, location and
providing mechanisms for signal flexibility to adapt to a changing environment.

One such scenario is interference of receptor — G-protein coupling or proteins
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possessing GEF activity in lieu of the receptor (Ahn et al 2003, Attramadal et al
1992, Chan et al 2011, Cismowski et al 2000, Cismowski et al 1999, Collins et al
1990, Ferguson et al 1996, Garcia-Marcos et al 2009, Klattenhoff et al 2003,
Lohse et al 1992, Tall et al 2003, Wilden et al 1986). A second instance of
modulation involves accelerating the intrinsic GTPase activity of the Ga subunit,
resulting in enhanced signal termination, increasing the turnover rate of Ga and
reassociation with GBy (Berman et al 1996b, Hunt et al 1996). Lastly, accessory
proteins could bind Ga subunits subsequent to GTP hydrolysis to decrease the
rate of heterotrimer reassociation (Blumer & Lanier 2003, Cismowski et al 1999,
De Vries et al 2000, Natochin et al 2000, Takesono et al 1999). Taken together,
one can begin to envision how accessory proteins may influence signal
adaptation of a commonly shared GPCR activation mechanism, thus providing
additional texture and functional diversity to G-protein signaling systems.
Furthermore, disruption or alteration of either the core signaling triad or the
accessory proteins that modulate it may underlie pathophysiological or disease
states. An additional line of thought suggests that aside from acting as
modulators of the canonical heterotrimeric signaling event, accessory proteins
may also serve as independent signaling modules separate and distinct from

GPCRs (Oner et al 2010a, Oner et al 2010b).

A well-studied regulatory mechanism used by accessory proteins to
modulate transfer of signal from receptor to G-protein is by effectively uncoupling
the G-protein from the receptor. A family of serine/threonine kinases referred to

as G-protein regulatory kinases (GRKs) are responsible for many
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phosphorylation events on receptors subsequent to agonist-mediated activation
and contribute to receptor desensitization (Benovic et al 1989, Premont et al
1996, Rockman et al 1996). Of the seven GRKs expressed in mammalian
tissues, GRK2, 3, 5, and 6 are ubiquitously expressed and employed by cells for
receptor desensitization. The other GRK variants have more restricted
expression profiles in visual tissues and testes (Premont et al 1996).
Phosphorylation of the receptor in turn enhances the recruitment of arrestins,
most commonly arrestin 2 (B-arrestin 1) or arrestin 3 (B-arrestin 2), to the
receptor (Lohse et al 1992). At the receptor, arrestin proteins unfold to reveal a
polar core that interacts with the phosphorylated C-terminus residues of the
receptor (Shilton et al 2002). This displaces the C-terminus of the arrestin
protein, which then adopts an active conformation that is accessible for N- and C-
terminal interactions with intracellular loops of the receptor (Shilton et al 2002).
Arrestin association with the receptor intercellular loops sterically precludes G-
proteins from coupling to the receptor and targets the receptor for internalization
(Ahn et al 2003, Attramadal et al 1992, Ferguson et al 1996). In the past,
investigators predicted that this event would mark the ending of G-protein
signaling until the receptor was able to return to the surface to signal further;
however, recent studies have suggested that although G-protein coupled
receptors are trafficked from the membrane and away from ligands, the receptors
actually continue signaling and contributing to overall cAMP levels through
coupling G-protein heterotrimers while present on the endosome membrane

(Calebiro et al 2009, Ferrandon et al 2009, Irannejad et al 2013). Additionally,
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arrestin proteins in complex with 7TMRs can act as an alternative signaling
complex for activation of ERK1/2 through G-protein independent, arrestin-

mediated mechanism (Gesty-Palmer et al 2006).

Another mechanism utilized by accessory proteins to regulate receptor to
G-protein signal processing is by exhibiting GEF activity in the absence of
receptor thereby presenting as non-receptor GEFs. One example of an
accessory protein that expresses this ability, although not the sole function, is the
resistance to inhibitors of cholinesterase 8 (Ric8) proteins (Chan et al 2011,
Miller et al 2000, Tall & Gilman 2004, Tall et al 2003). Ric8 was initially found in
C. elegans and demonstrated positive regulation of neurotransmitter release
through Ga signaling events (Miller et al 2000, Reynolds et al 2005, Schade et al
2005). Two variants of Ric8 were found in mammals and demonstrated divergent
binding of Ga subunits (Klattenhoff et al 2003, Tall et al 2003). Ric8a was found
to bind to GDP-bound Gai/o, Ga12/13, and Gaqg/11 subunits, while Ric-8B
demonstrated binding to Gas/olf subunits in the absence of GBy (Chan et al
2011, Klattenhoff et al 2003, Tall et al 2003, Von Dannecker et al 2005). In vitro,
Ric8A and Ric8B both demonstrate stabilization of a nucleotide free transition
state, via the switch Il and C-terminus contact sites of Gas/i, to catalyze
nucleotide exchange, similar to that seen by activated GPCR on heterotrimeric
G-proteins (Chan et al 2011, Kataria et al 2013, Nagai et al 2010, Rasmussen et
al 2011, Tall et al 2003, Thomas et al 2008). Upon Ga subunit nucleotide
exchange, GTP-bound Ga no longer acts as a substrate for Ric8 and the

complex dissociates (Chan et al 2011, Tall et al 2003). A multifunctional role for
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Ric8A emerged through studies involving pertussis toxin treatment to block the
GEF activity, which incidentally revealed a secondary chaperone-like function of
Ric8 where in the presence of Ric8A, Ga subunit expression was markedly
increased (Oner et al 2013b). This report along with other supportive studies
suggests a multifunctional role for Ric8 through regulation of Ga subunit folding
during biosynthesis (Chan et al 2013, Gabay et al 2011, Oner et al 2013b). Ric8
proteins are functionally characterized to regulate positioning of the mitotic
spindle, asymmetric division, and acting as molecular chaperones for Ga
subunits (Afshar et al 2004, Chan et al 2011, David et al 2005, Gabay et al 2011,
Oner et al 2013b, Wang et al 2005, Woodard et al 2010). Thus, through direct
regulation of receptor or activation of G-protein signaling in the absence of
receptor, accessory proteins present many unexpected roles in influencing G-

protein signal processing.

The existence of proteins that modulate G-protein activation suggests the
existence of proteins that may facilitate the opposing side of the G-protein cycle,
i.e. signal termination. A large family of accessory proteins that fills this niche is
known as the regulators of G-protein signaling (RGS) protein family. Initially
found in S. cerevisiae, this family of proteins is comprised of more than thirty
human members containing RGS domains (Berman et al 1996b, Chan & Otte
1982, De Vries et al 1995, Siderovski et al 1996). RGS proteins increase speed
of Ga subunit deactivation by accelerating the GTPase activity of these proteins,
classifying them as GTPase-accelerating proteins (GAPs) (Berman et al 1996b,

Faurobert & Hurley 1997, Hunt et al 1996). Investigation of the crystal structure
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for RGS4 bound to Gailepr-AlF4 suggested that the mechanism of action for
RGS proteins was to stabilize the switch domains of Ga subunits, rather than
contributing additional residues to the active site on Ga subunits, (Berman et al
19964, Tesmer et al 1997a). These studies provide substantial evidence for roles

of accessory proteins in the deactivation of the G-protein activation cycle.

The initiation and deactivation of G-protein signaling are extensively
studied and yet still present unexpected mechanisms of regulation that augment
the canonical signaling paradigm as is the case for the final family of accessory
proteins. Discovered over a decade ago using a yeast-based functional screen
for activators of heterotrimeric G-proteins independent of cell surface receptors,
the Activators of G-protein signaling (AGS) proteins remain an important focus of
study in the investigation of G-protein signal modulation (Cao et al 2004,
Cismowski et al 1999, Sato et al 2011b, Takesono et al 1999).The AGS proteins
were further subdivided into four specific groups dependent on functional aspects
of each protein and Gai subunit binding (Blumer et al 2005, Blumer et al 2007,

Sato et al 2006a, Sato et al 2011b).

Group | AGS proteins are classified as non-receptor GEFs and include
proteins such as AGS1, Ric8a, Ric8b and Ga interacting vesicle-associating
protein (GIV/Girdin) (although the latter three may be considered Group | AGS
proteins, they were not actually identified in the original yeast-based functional
screen as described previously),(Chan et al 2011, Cismowski et al 2000,
Cismowski et al 1999, Garcia-Marcos et al 2009, Klattenhoff et al 2003, Tall et al
2003). AGS1 is related to the Ras small-GTPase superfamily and was found to
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interact with Gai/o to facilitate nucleotide exchange to regulate ERK1/2 and
adenylyl cyclase activation (Cismowski et al 2000, Cismowski et al 1999,
Graham et al 2002, Graham et al 2004, Nguyen & Watts 2005, Takesono et al
2002). Functionally, AGS1 is involved in regulation of hormone secretion,
circadian rhythm, and is anti-proliferative (Cheng et al 2004, Lellis-Santos et al
2012, McGrath et al 2012, Vaidyanathan et al 2004). GIV/Girdin is another Group
| AGS protein determined to have GEF activity on Ga subunits (Garcia-Marcos et
al 2009). Knockout of GIV/Girdin in a mouse model demonstrated defects in
angiogenesis, neurogenesis, and cell migration (Enomoto et al 2005, Kitamura et
al 2008, Wang et al 2011). This protein has also been implicated in cell
autophagy where GIV acts on Ga subunits complexed with Group Il AGS
proteins at autophagic vesicles (Garcia-Marcos et al 2011, Garcia-Marcos et al
2009). Overall, Group | AGS proteins have unveiled many unexpected inputs into

G-protein signaling linked to numerous physiological responses.

Group Il AGS proteins are functionally classified as GDIs and have seven
family members that all share a common ~20 amino acid motif, the G-protein
regulatory (GPR) motif (Figure 1.2) (Takesono et al 1999). Four members
express multiple (2-4) of these GPR motifs and include AGS3 (4 GPRs), LGN (4
GPRs), AGS4 (3 GPRs), PCP2 (2 GPRs), while the other three members,
RGS12, Rap1Gap, and RGS14, express a single GPR motif (Figure 1.2), (Cao et
al 2004, Jordan et al 1999, Kimple et al 2001, Luo & Denker 1999, Mochizuki et
al 1996, Takesono et al 1999). The GPR motif (also referred to as the GolLoco

motif) binds and stabilizes inactive, GDP-bound Gai/o/t subunits, inhibit GTPyS
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binding to Gai/o/t subunits, and competes with GBy subunits for binding Gai/o
subunits (Bernard et al 2001, Cao et al 2004, Kimple et al 2001, Natochin et al
2001, Peterson et al 2000, Peterson et al 2002, Siderovski et al 1999, Takesono
et al 1999). Interestingly, members of this family containing a single GPR motif
also contain a secondary GAP domain to accelerate GTP hydrolysis of Ga
subunits suggesting possible multifunctional roles of these proteins in Ga subunit
cycling mechanisms yet to be identified (Brown et al 2015, Vellano et al 2013,
Zhao et al 2013). Additionally, the reported ability for GIV/Girdin and Ric8A to act
on Gai-GPR complexes provides an additional mode of signaling cross-talk
between Group | and Group Il proteins (Garcia-Marcos et al 2011, Oner et al
2013b). Previous studies have linked GPR proteins to several disease
pathologies including drug addiction and craving, learning and memory, ischemia
reperfusion injury, polycystic kidney disease, blood pressure control, energy
expenditure and metabolism, and rheumatoid arthritis and inflammatory
pathways (Blumer et al 2008, Bowers et al 2004, Branham-O'Connor et al 2014,
Conley & Watts 2013, Giguere et al 2013, Kwon et al 2012, Lee et al 2010,
Nadella et al 2010, Regner et al 2011, Yao et al 2005). Group Il AGS proteins,
being the focus of this thesis, will be discussed in more depth in the following

section.
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Figure 1.2
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Figure 1.2. Group Il AGS proteins

Left, Depicted representations of Group Il AGS proteins exhibiting more than one
G-protein regulatory (GPR, red) motifs. Tetratricopeptide repeats (TPR, blue)
domains are also labeled where applicable. Right, Representative domain

organization for Group Il AGS proteins exhibiting a single GPR motif (red).
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Unlike the Group | and Group Il AGS proteins, Group Il AGS proteins
demonstrate binding to GBy (Cismowski et al 1999, Sato et al 2006b, Sato et al
2009, Yuan et al 2007). Overall, these proteins function to activate GBy signaling
either by dissociation of the heterotrimeric complex through binding shared ‘hot
spot’ domains with the Ga subunit or adopting an adaptor role between Gy, in
associated heterotrimer with Ga subunit, and GBy effectors to promote effector
activation without heterotrimer dissociation (Sato et al 2006b, Sato et al 2009,
Yuan et al 2007). One member of the Group Ill AGS proteins, AGS8, is involved
in hypoxia-induced apoptosis of cardiomyocytes and exhibited the ability to
activate PLC32 in the absence of subunit dissociation (Sato et al 2006b, Sato et
al 2014, Sato et al 2009, Yuan et al 2007). In addition, AGS2 (Tctex-1), which
was initially described as a light chain component for dynein, demonstrated roles
in neurogenesis and neurite outgrowth and recently phosphorylation of AGS2
was linked to cilia resorption prior to cell cycle entry into S-phase (Gauthier-
Fisher et al 2009, King et al 1996, Li et al 2011, Sachdev et al 2007, Yeh et al
2013). Subsequent investigation determined activation of the insulin-growth
factor 1 receptor (IGF-1R) and stabilization of GDP-bound Ga subunits by AGS3
induce activation of AGS2 by released GBy which is required for cilia resorption
and progression of the cell cycle (Yeh et al 2013). This study provides yet
another mode of connectivity between multiple AGS proteins working
synergistically to modulate signal transduction in the cell. However, more studies
of the Group Il AGS proteins roles in G-protein signaling are needed to

completely elucidate the function of this group.
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Diverging from the other groups of AGS proteins, the more recently
identified Group IV AGS proteins (AGS11-13) are transcription factors and
revealed non-receptor mediated activation of G-protein signaling utilizing Gaus
and, to a lesser extent, Gas in yeast functional screens (Sato et al 2011b).
Although functional roles of these proteins have yet to be identified, Group IV
AGS proteins are expressed in the hypertrophic mouse heart, where nuclear
localization of Gais was reported in the presence of AGS11 resulting in a
substantial increase to claudin 14 mRNA expression (Sato et al 2011b). This
unique group of AGS proteins is an interesting addition to the family of AGS
proteins, but further structural and functional studies of these proteins are
needed to determine if there exist additional roles for these proteins in tissues

other than the heart.

In summary, accessory proteins have demonstrated the ability to modulate
signal transfer of the core signaling triad at every step of the G-protein
activation/deactivation cycle. Interestingly, a family of proteins identified in a
yeast based functional screen has revealed a functionally diverse group of
proteins that effectively influence signal processing and integration in various
ways. Further analysis of specific members of this group of proteins will reveal
novel mechanisms of G-protein signaling with broad implications on G-protein

signal processing.
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Roles of Group Il AGS Proteins in G-protein Signal Processing

As mentioned, the discovery of AGS proteins through yeast-based
functional screens for proteins that activated G-protein signaling through Gai, but
not Gas or Gais lead to the classification of seven mammalian Group ||l AGS
proteins (Cao et al 2004, Cismowski et al 1999, Takesono et al 1999). These
proteins were found to harbor at least one GPR motif that competes with GBy for
binding Gai/o/t subunits in the GDP-bound state, thus stabilizing the inactive
conformation and resulting in the inhibition of nucleotide exchange (Bernard et al
2001, Cao et al 2004, Kimple et al 2001, Natochin et al 2001, Peterson et al
2000, Peterson et al 2002, Siderovski et al 1999, Takesono et al 1999).
Interestingly, the number of GPR containing genes has expanded throughout
evolution. There exists a single GPR protein in D. melanogaster that has been
linked to cell polarity and asymmetric cell division known as Partner of
Inscuteable (Pins), while C. elegans contains three GPR motif-containing
proteins, GPR1/GPR2, which are 99% identical and functionally redundant and
F32A6.4/AGS3, which plays a role in feeding behavior (Bergstralh et al 2013,
Colombo et al 2003, Gotta et al 2003, Hofler & Koelle 2011, Nipper et al 2007,
Schaefer et al 2001, Schaefer et al 2000, Srinivasan et al 2003, Yu et al 2000).
GPR1/2 are involved in asymmetric cell division, but were also observed to have
a role in a Gao food-seeking behavioral mechanism (Colombo et al 2003, Gotta
et al 2003, Hofler & Koelle 2011, Srinivasan et al 2003). In mammals there are

seven genes encoding proteins with GPR motifs suggesting the need for a larger
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repertoire of these modulatory proteins as signaling events became more

complex.

Of particular interest, within Group Il AGS proteins are members
expressing more than one GPR motif, which confer the capability to bind an
equivalent number of Ga subunits simultaneously (Figure 1.2), (Adhikari &
Sprang 2003, Bernard et al 2001, Oner et al 2010a, Oner et al 2010b). Selectivity
of GPR maotifs for Ga subunits is typically observed as Gai1-3 > Gat > Gao, but
individual motifs of GPR containing proteins have demonstrated preferences for
certain Gai/o/t subunits (Cao et al 2004, McCudden et al 2005b, Mittal & Linder
2004, Peterson et al 2000, Willard et al 2006). Thus, the Group Il AGS proteins
containing multiple GPR motifs may potentially “seed” multiple Ga subunits to
7TM receptors and/or receptor-independent GEFs (Blumer & Lanier 2014,

Blumer et al 2007, Sato et al 2006a).

Of the four Group Il AGS proteins with multiple GPR motifs, the most
extensively studied is AGS3 (Takesono et al 1999). This protein expresses seven
amino-terminal tetratricopeptide repeat (TPR) domains followed by four carboxy-
terminal GPR motifs (Figure 1.2), (Bernard et al 2001, De Vries et al 2000,
Takesono et al 1999). These structural domains allow for the possibility of four
Gai/o subunits to be bound to AGS3 at any given time, while the TPR domains
have demonstrated importance in mediating protein-protein interactions for
subcellular targeting of AGS3 and function as intramolecular modulators for GPR
binding of Ga subunits (Adhikari & Sprang 2003, An et al 2008, Bernard et al

2001, Blumer et al 2003, Oner et al 2010a, Oner et al 2013c, Pan et al 2013,
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Vural et al 2010). The enriched expression of AGS3 in the brain and heart
(AGS3-short), as well as expression in smooth vascular tissue and leukocyte
populations was valuable in the determination of function for AGS3 in tissues of

the body (Blumer et al 2008, Branham-O'Connor et al 2014, Pizzinat et al 2001).

Absence of AGS3 was found to further exacerbate dysregulation of
spindle orientation as seen with disruption of GBy signaling during neurogenesis,
thus implicating AGS3 in asymmetric cell division similar to its ortholog Pins
(Sanada & Tsai 2005). To further support a role for AGS3 in asymmetric cell
division, the TPR domain of AGS3 interacts with liver kinase B1 (LKB1), an
ortholog of PAR-4 protein in C. elegans, which is also involved in asymmetric
cell division (Blumer et al 2003, Watts et al 2000). LKB1 phosphorylated the GPR
domains of AGS3 as demonstrated by substitution of a phospho-mimetic aspartic
acid residue within the GPR motif to impede association with Ga subunits
(Blumer et al 2003). Further investigation into the role of AGS3 in the central
nervous system revealed a functional role for AGS3 in drug-seeking behavior
(Bowers et al 2008, Bowers et al 2004, Fan et al 2009, Yao et al 2005, Yao et al
2006a). AGS3 is upregulated in the prefrontal cortex of mice after withdrawal
from repeated cocaine administration, and silencing of AGS3 expression by
antisense oligonucleotides injected into the nucleus accumbens effectively
prevented drug-seeking behavior in mice withdrawn from heroin, ethanol, and
cocaine (Bowers et al 2008, Bowers et al 2004, Yao et al 2005). The role of
AGS3 in kidney disease has also recently been of keen interest to the field.

Under normal conditions, AGS3 levels in the kidney are quite low, but upon
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injury, the expression of AGS3 in this tissue drastically increases (Kwon et al
2012, Nadella et al 2010, Regner et al 2011). Impaired renal tubule recovery
from ischemia reperfusion injury and increased rate of cyst progression in
polycystic kidney disease models were observed upon loss of AGS3 expression,
again mimicking the loss of GBy signaling in these same models (Kwon et al

2012, Nadella et al 2010, Regner et al 2011).

An additional binding partner of the TPR domain of AGS3, mammalian
Inscuteable (minsc), has demonstrated multifacet