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Abstract

G protein-coupled receptors (GPCRs) are the largest superfamily of cell surface
receptors and are responsible for mediating numerous physiological responses, which
make them attractive drug targets. The second largest but least well-understood family
of GPCRs, adhesion GPCRs (aGPCRs), have key functions in diverse biological
processes including myelination, angiogenesis, neutrophil activation, synaptogenesis,
and more. aGPCRs have large alternatively-spliced extracellular regions (ECRs) that
mediate cell communication and may be drug targets to modulate aGPCR function.
However, their structures and mechanisms of action remain unclear. The aGPCR
Gpr126/ADGRGE6 regulates Schwann cell myelination, heart development, and ear
canal formation; and GPR126 mutations cause myelination defects in human. We
determined the structure of the complete Gpr126 ECR and revealed five domains
including a previously-unknown proteolytic domain. Strikingly, the Gpr126 ECR adopts a
closed conformation that is stabilized by an alternatively spliced linker and a conserved
calcium-binding site. Alternative splicing regulates ECR conformation and receptor
signaling, while mutagenesis of the newly-characterized calcium-binding site abolishes
Schwann cell myelination in transgenic zebrafish. In addition to Gpr126, we also
investigated the G protein signaling of other aGPCRs, GPR56 and Lphn, which led to
the development of G protein signaling assays to probe aGPCR function. Altogether,
these results demonstrate that Gpr126, and likely other aGPCRs, utilize a multi-faceted
dynamic approach to regulate function and provide novel insights into ECR-targeted

drug design.



Chapter 1: Introduction

Cellular communication and cell surface receptors

Plasma membranes are essential for cells to survive and function properly in
their environments. Cells rely on their membranes to isolate their contents from the
extracellular matrix. Without this barrier, cellular components would not be able to work
together in a cohesive manner. On the other hand, plasma membranes also mediate
contact with other cells and the extracellular environment in a regulated manner.
Importantly, multicellular organisms rely on this intricate system of cellular
communication in order to carry out essential biological processes, such as cortex
development, myelination, immune response, synapse formation, and much more
(Janeway et al., 1985; Scheiffele, 2003; Yuzwa and Miller, 2017).

The plasma membrane is made up of a selectively permeable phospholipid
bilayer which helps regulate what comes in and out of cells (Robertson, 2018). Small
hydrophobic and/or uncharged molecules can readily pass through the membrane.
However, for other molecules such as ions and large polar molecules, cells must utilize
membrane-bound channels and transporters in order to facilitate transport across the
plasma membrane (Yang and Hinner, 2015).

In addition to molecules that physically pass the membrane, extracellular stimuli
such as light, hormones, and proteins can transduce signals across the membrane via
cell-surface receptors (Uings and Farrow, 2000). Because of the diversity of
extracellular cues, there are numerous cell surface receptors that recognize and

respond to each stimulus. An example of such cell signaling is the epidermal growth



factor receptor (EGFR), a family member of the receptor tyrosine kinases. EGFR has an
extracellular ligand-binding domain, a transmembrane domain, and an intracellular
kinase domain. EGFR binds to its ligand, EGF, through its extracellular domain, which
leads to dimerization of EGFR and subsequent phosphorylation of each kinase domain
(Wee and Wang, 2017). The recruitment of signaling proteins to these phosphorylated
groups then initiates intracellular signaling pathways which, importantly, leads to
regulation of gene expression to drive cell growth, differentiation, and proliferation
(Scaltriti and Baselga, 2006).

G protein-coupled receptors (GPCRs) are another type of cell surface receptor
that are responsible for recognizing extracellular stimuli and transmitting this information
across the plasma membrane (Katritch et al., 2013). The stimuli are quite diverse,
including photons, small molecules, peptide hormones, and proteins. These ligands
bind to the extracellular side of GPCRSs, typically an extracellular domain or the
extracellular-facing seven-pass transmembrane (7TM) domain. This binding event
triggers changes to the conformational landscape of the 7TM domain and allows for
recruitment of G proteins to the cytoplasmic surface of the GPCR and activation of
downstream signaling pathways (Weis and Kobilka, 2014). One of the more well-studied
GPCRs, beta-2 adrenergic receptor (B2AR), recognizes the hormone epinephrine and
activates G protein signaling in order to mediate a smooth muscle relaxation response
(Barisione et al., 2010; Zhang et al., 1990).

The ability for receptor tyrosine kinases, GPCRs, and other cell surface receptors
to detect and respond to changes in their environment is critical for cells to carry out

biological functions in a regulated, collective manner. Studying the molecular



mechanisms of specific cell surface receptors is an important step in understanding the
mechanisms of biological functions themselves and also in developing therapeutics that
can modulate receptor activities. For example, propranolol is an antagonist drug which
targets B1AR and B2AR to treat high blood pressure in patients (Admani et al., 2014).
The rigorous research that has gone into studying cell surface receptors has led to
many successful drugs currently on the market. However, there are still many receptors
whose biological functions and mechanisms of action remain unknown, and this thesis
will focus on a family of receptors that is relatively understudied but are involved in

numerous essential cellular functions.

Cell adhesion molecules

Another important component of cellular communication is cellular adhesion,
which is critical for many biological processes, including cell migration, tissue
organization during development, cell differentiation, and more (Basson, 2012; De
Pascalis and Etienne-Manneville, 2017; Mattes and Scholpp, 2018). Cell adhesion is
the process by which cells interact with each other or with the extracellular matrix
through the proteins present on their plasma membranes, termed cell adhesion
molecules (CAMs) (Gumbiner, 1996). CAMs were originally thought to primarily act as a
glue between cells and between cells and their extracellular matrix. However, it has
become clear that CAMs also serve to transmit signals across membranes in order to
regulate biological functions (Buckley et al., 1998; Cavallaro and Dejana, 2011). In
general, CAMs have common domain organizations: extracellular regions with one or

more ligand-binding sites, a small transmembrane region, and a cytoplasmic region that



contacts cellular signaling proteins. The main types of CAMS are integrins, cadherins,
immunoglobulin superfamily cell adhesion molecules (IgCAMs), and selectins
(Freemont and Hoyland, 1996) (Figure 1.1).

Integrins are heterodimeric CAMS consisting of one a chain and one 3 chain,
with different combinations of a and 3 chains generating 24 distinct integrins that can
bind to different extracellular matrix proteins, such as fibronectin, collagen and laminin.
Both a and B chains have large, multidomain extracellular regions, single-pass
transmembrane domains, and short cytoplastic regions. The extracellular regions are in
in bent V-like shapes until a ligand-binding event stabilizes an extended conformation
and leads to separation of the transmembrane and cytoplasmic regions between the
two subunits (Calderwood, 2004; Campbell and Humphries, 2011). The cytoplasmic
regions interact with proteins such as talin, a-actinin, and filamin, which link integrins to
the actin cytoskeleton in order to regulate changes in cytoskeletal-driven functions such
as cellular movement (Huttenlocher and Horwitz, 2011).

Similar to integrins, cadherins are made up of small cytoplasmic regions, single-
pass transmembrane domains, and a large multidomain extracellular region. Cadherins
are calcium dependent and form cis-dimers on the same cell surface and also form
trans-dimers with other cadherin cis-dimers on neighboring cells, providing a tight
adhesion between cells. The cytoplasmic regions of cadherins interact with catenins,
which links cadherins to the actin cytoskeleton and can also lead to regulation of gene
expression and Rho GTPase activity (Cavallaro and Dejana, 2011).

IgCAMSs, like their name suggests, are cell adhesion molecules composed of

extracellular immunoglobulin repeats. These repeats are typically followed by



extracellular fibronectin domains, a single-pass transmembrane domain, and a
cytoplasmic region. Other IgCAMs can present themselves on cell surfaces with
glycosylphosphatidylinositol (GPI) anchors. IgCAMS bind to proteins, usually integrins
or other IgCAMs, on neighboring cells through their Ig and fibronectin domains. The
cytoplasmic domains of IgCAMs interact with actin, ankyrins and spectrin, linking
IgCAMs to the cytoskeleton, similar to integrins and cadherins. In addition, IgCAMs can
also regulate receptor tyrosine kinases (Gibson, 2011). For example, neural cell
adhesion molecule (NCAM) inhibits binding of the fibroblast growth factor receptor
(FGFR) to FGF. This blocks FGF-dependent cell proliferation and instead activates
neurite outgrowth (Francavilla et al., 2007).

Selectins have lectin and EGF-like domains in their extracellular regions.
Depending on the type of selectin, this region is also followed by a series of sushi
domains, as well as a transmembrane domain and cytoplasmic region. Selectins bind to
carbohydrate groups on glycoproteins through their lectin domains. These molecules
are known to regulate leukocyte extravasation through cell adhesion between
glycoproteins on the leukocyte membrane and P-selectin on endothelial cells of blood
vessels. Because this interaction has low affinity, leukocytes can “roll” along the
endothelial cells and then eventually move between cells and out of the blood vessel
(Crockett-Torabi, 1998; McEver, 2015).

Through coordination of their extracellular, transmembrane, and intracellular
regions, this diverse set of CAMs allows cells to survive in their environments by both
interacting with neighboring cells to form tissues and responding to environmental cues

through cell signaling. Decades of research on these molecules have provided great



insight into their mechanisms of action and relevance for human health. The focus of
this thesis, adhesion G protein-coupled receptors, have extracellular adhesion domains
similar to the CAMS described above. However, because they also have seven-pass
transmembrane regions common to traditional GPCRs, they are an intriguing and

complex family of receptors that bridge both cell adhesion and G protein signaling.
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Figure 1.1 Major families of cell adhesion molecules

The major cell adhesion molecule families consist of large extracellular regions, small
transmembrane domains, and cytoplasmic regions. Calcium-dependent cadherins form
cis- and trans-homodimers. IgCAMs also form homodimers through their I|g domains.
Selectins bind to carbohydrate groups on other proteins through their lectin domains.
Integrins, composed of a and 3 chains bind to extracellular matrix proteins such as
fibronectin. Figure adapted from Lodish H, Berk A, Zipursky SL, et al. (2000) Molecular
Cell Biology. 4th edition. New York: W. H. Freeman.



G protein-coupled receptors

G protein-coupled receptors (GPCRs) represent the largest superfamily of cell
surface signaling molecules in eukaryotes (Venkatakrishnan et al., 2013) and are split
into five families based on phylogenetic analysis: rhodopsin, secretin, glutamate,
frizzled, and adhesion. In humans, over 800 genes encode for GPCRs and they are
responsible for regulation of almost every physiological function including taste, smell,
inflammation, hormone response, and more (Fredriksson et al., 2003b). Because of
these important roles, GPCRs are very attractive pharmacological targets, and currently
about half of the drugs on the market target GPCR activity (Lagerstrom and Schioth,
2008).

GPCRs consist of an extracellular N-terminal region, an intracellular C-terminal
region, and a canonical signaling seven-transmembrane (7TM) domain. GPCRs are
responsible for detecting extracellular signals, transmitting the signal via conformation
changes of the 7TM domain, and activating intracellular heterotrimeric (Ga, Gj3, Gy)
GDP-bound G proteins (Venkatakrishnan et al., 2013). Following activation of the GDP-
bound G-proteins, GDP is exchanged for GTP, which results in dissociation of Ga and
GB+Gy from the receptor. The released G-proteins can then induce downstream
signaling pathways (Cabrera-Vera et al., 2003). The signal cascade that occurs
depends on the Ga subtype: Gsa, Gqa, Gia, or G12/130. Gsa family members stimulate
adenylyl cyclase to increase production of second messenger cyclic AMP (cAMP), Gqa
family members activate phospholipase C to produce second messenger diacyl
glycerol, Gia family members inhibit adenylyl cyclase and production of cAMP, and

G12/13a family members activate RhoGEF (Cabrera-Vera et al., 2003; Knall and



Johnson, 1998). Signaling is arrested through phosphorylation of the receptor by GPCR
kinases, which recruits beta-arrestins to desensitize the receptor (Luttrell and Lefkowitz,
2002). Recent studies have shown that GPCR signaling is a very complex process
(Figure 1.2). For example, GPCRs are known to couple to more than one Ga protein
(Baker and Hill, 2007) and can even activate alternative signaling pathways through
beta-arrestins (Ma and Pei, 2007). Nevertheless, G protein signaling assays and other
cell-based assays have proven to be powerful methods for studying the signaling
properties of numerous GPCRs and have contributed to our better understanding of

GPCR biology (Zhang and Xie, 2012).
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Figure 1.2 Signaling pathways of GPCRs

A diverse set of extracellular stimuli activate GPCRs, leading to activation of G proteins
and downstream signaling pathways. The signaling pathway depends on the subtype of
G proteins, which activate different effector proteins leading to regulation of gene
expression and biological responses. After a signaling event, GPCR kinases (GRK) and
protein kinase A (PKA) phosphorylate the receptor in order to arrest signaling. Figure
adapted from (Dorsam and Gutkind, 2007).

An exciting advancement in the GPCR field has been the recent surge in
crystallographic and cryo-EM structures of the 7TM domains of GPCRs which have
provided great insight into their molecular mechanisms, including conformational
changes between inactive and active structures (Gurevich and Gurevich, 2017; Thal et
al., 2018; Weis and Kobilka, 2014), multi-domain regulatory interactions (Zhang et al.,

2017a; Zhang et al., 2017b), activation of G proteins (Kang et al., 2018; Koehl et al.,

2018; Liang et al., 2017; Rasmussen et al., 2011b), and more. There are currently high-



resolution structures of 7TM domains for all GPCR families except for the adhesion
GPCR (aGPCR) family, a more recently discovered GPCR family of receptors that have
uniquely large and variable extracellular regions (ECRs). Because of the lack of
structural information for aGPCRSs, this family is not as well understood and there

remain many unanswered questions about their mechanisms of action.

Adhesion G protein-coupled receptors’-?

With 33 members in humans, adhesion G-Protein Coupled Receptors (aGPCRs)
make up the second largest GPCR family but are the least studied and least understood
(Fredriksson et al., 2003b). They are found in animals, protozoa, and alveolates,
predating many other important signaling molecules (Krishnan, 2012). In contrast to the
rhodopsin, secretin, glutamate, and frizzled GPCRs, members of the aGPCRs were not
discovered through their ligand molecules. Instead, they were identified in the late
1990s as a result of genetic approaches that became available through the
development of cDNA cloning techniques in the 1980s.

|dentification of the first three aGPCRs, ADGRL1-3/Latrophilins/CIRL (calcium-
independent receptor of a-latrotoxin) (Krasnoperov et al., 1997; Lelianova et al., 1997),
ADGRE5/CD97 (Hamann et al., 1995) and ADGRE1/EMR1 (EGF-like module-
containing, mucin-like hormone receptor 1) (Baud et al., 1995; McKnight and Gordon,

1996) led to a surprise because they are chimeric proteins comprising seven-

' Text from this section was taken verbatim (with minor changes) from: Arag D and Leon
K (2019). Structural Biology of Adhesion GPCRs. In P. Park and B. Jastrzebska (Eds.),
GPCRs — Structure, Function, and Drug Discovery. Amsterdam: Elsevier. My
contributions to this book chapter included writing and editing the text and figures.

2 For more detailed description of aGPCRs, see Chapter 2.
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transmembrane (7TM) domains similar to the conventional GPCRs, but also have
extended N-terminal extracellular regions (ECRs) possessing several adhesion domains
that are different in each receptor (Figure 1.3). The difficulty of working on these
proteins are due to their large sizes and their unconventional properties left them
unstudied for decades. Even genome-wide association studies were not pursued, as
full-length genes were unfeasible to study. Their biological functions, structures,
activation mechanisms, disease mutations and whether they in fact couple to G proteins
remained unknown and the field lingered dormant.

Starting in the mid-2000s, several independent genetic studies suggested
essential functions (such as brain development (Piao et al., 2004), Schwann cell
myelination (Monk et al., 2009), central nervous system angiogenesis (Kuhnert et al.,
2010) and tumorigenesis (O'Hayre et al., 2013)) for members of the aGPCR family.
Although the lack of biochemical information about these proteins left researchers still
unclear about their mechanisms of function, such findings revealed the urgent need for
better understanding of this forgotten family of GPCRs. Soon in 2012, structural studies
led to the discovery of a novel conserved extracellular domain of aGPCRs that was later
revealed as a major player for receptor activation and opened the door for the
mechanistic understanding of aGPCR activation (Arac et al., 2012). However, this
discovery is only the start of the major goal of understanding the molecular mechanisms
of aGPCRs, and further structural studies on the ECRs and 7TM domains are needed.

This thesis will describe the advances in our knowledge made through structural
and functional characterizations of various aGPCRs. For more detailed descriptions of

aGPCRs, see Chapter 2.
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Figure 1.3 Domain structure of adhesion GPCRs

Cartoon representation of an aGPCR, which has an intracellular region (ICR), a seven-
transmembrane region (7TM), and an extracellular region (ECR) consisting of variable
adhesion domains including a GAIN domain. GAIN domain autoproteolysis results in a
two noncovalently associated fragments: the N-terminal fragment (NTF, light blue)
which includes the extracellular domains minus the Stachel peptide and the C-terminal
fragment (CTF, gray) which includes the Stachel peptide, 7TM, and ICR.
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Table 1.1 History of important discoveries in the aGPCR field

e The firstaGPCR (EMR1) is described in 1981.
(Austyn and Gordon, 1981)

e In 1995, CD97 (Hamann et al., 1995) and EMR1 (Baud et al., 1995) are
the first aGPCRs to be cloned.

e 1In 1996, CD55 is the first ligand to be identified for an aGPCR (CD97).
(Hamann et al., 1996)

e CD97 (Gray et al., 1996) and Lphn (Krasnoperov et al., 1997) are shown
to be cleaved in their ECRs.

e The aGPCR family is identified as a member of the GPCR superfamily
in 2003 (Fredriksson et al., 2003b).

e The mechanism of autoproteolytic cleavage of aGPCRs is described
in 2004 (Lin et al., 2004).

e 1In 2012, the crystal structure of the GAIN domain is solved
(Arac et al., 2012) leading to new models of adhesion GPCR signaling.

Latrophilins/ADGRL1-33

Latrophilins (ADGRL1-3/Lphn1-3) were first identified in 1997 as calcium
independent receptors for a-latrotoxin, a black widow spider toxin that triggers massive
neurotransmitter release from nerve terminals (Deak et al., 2009; Krasnoperov et al.,
1997; Lelianova et al., 1997; Sudhof, 2001; Sugita et al., 1999). Mutations of Lphns are
linked to attention deficit hyperactivity disorder (ADHD) as well as numerous cancers in

humans (Arcos-Burgos et al., 2010; Kan et al., 2010; O'Hayre et al., 2013). They are the

3 Text from this section was taken verbatim (with minor changes) from: Ara¢ D and Leon
K (2019). Structural Biology of Adhesion GPCRs. In P. Park and B. Jastrzebska (Eds.),
GPCRs — Structure, Function, and Drug Discovery. Amsterdam: Elsevier. My
contributions to this book chapter included writing and editing the text and figures.
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only aGPCRs besides flamingo-like CELSR proteins that are conserved between
vertebrates and invertebrates. Lphn is required for tissue polarity during development in
C. elegans (Langenhan et al., 2009), and for perceiving mechanical signals in D.
melanogaster (Scholz et al., 2015). In vertebrates, Lphns mediate excitatory synapse
formation through interactions involving their ECRs, which contain a lectin domain, an
olfactomedin domain, a serine/threonine-rich region, a HormR domain and a GAIN
domain (Arac et al., 2012; Krasnoperov et al., 1996; Lelianova et al., 1997; Sugita et al.,
1998). The structures of all ECR domains of Lphns are currently available including the
GAIN and HormR domains (Arac et al., 2012), the lectin domain (Vakonakis et al. 2008)
and the lectin and olfactomedin domains (Jackson et al., 2015). The multi-domain ECR
is a protein-protein interaction surface for numerous neuronal proteins, including FLRT
proteins (O'Sullivan et al., 2012), teneurin/ODZ family proteins (Boucard et al., 2014;
Levine et al., 1994; Silva et al., 2011), neurexins (Boucard et al., 2012) and a-Latrotoxin
(Lelianova et al., 1997).

Despite these insights into Lphn biological functions and cell adhesion via ECR
interactions, there is still a gap in our knowledge with respect to the signaling 7TM
domains of Lphns. For example, we do not know which 7TM residues are important for
receptor activation, how cancer mutations in the 7TM affect the ability for the receptor to
signal properly, whether there are regulatory interactions between the ECR and 7TM,
how the Lphn (and other aGPCR) 7TM domains differ from other GPCR 7TM domains,
and more. Part of this thesis aims to answer these questions and focuses on the recent

advances we have made on the structure and function of Lphns, which include

14



structural studies of teneurin (Chapter 5) and the development of G protein signaling

assays to study Lphn function (Chapter 6).

GPR126/ADGRG6*

In 2003, GPR126/ADGRG6 was identified as an aGPCR due to its phylogenetic
relationships with previously-identified aGPCRs (Fredriksson et al., 2003a). Little was
known about this receptor except that it has a large serine/threonine-rich N-terminal
region and that it contains a GPCR proteolytic site, similar to other aGPCRs. However,
studies that followed shortly after showed that GPR126 contains C1r-C1s, Uegf, and
Bmp1 (CUB) and pentraxin (PTX) domains in its N-terminal ECR (Moriguchi et al.,
2004; Stehlik et al., 2004). In addition, GPR126 was found to be expressed in human
umbilical vein endothelial cell culture as well as in the developing mouse heart and adult
mouse lung. Interestingly, GPR126 was also found to proteolytically cleaved by furin in
its ECR at a second site distinct from the already-known GPCR proteolytic site
(Moriguchi et al., 2004). These new pieces of information suggested that the ECR of
GPR126 likely plays an important role in receptor function and that GPR126 may be
involved in a diverse set of biological processes.

In humans, GPR126 mutations are linked to several cancers including bladder
cancer, breast cancer, and lung cancer (Garinet et al., 2018; Nik-Zainal et al., 2016;

Piraino and Furney, 2017; Qin et al., 2017; Terzikhan et al., 2018), and other diseases

4 Nomenclature is as follows:
Protein: GPR126 (human), Gpr126, (zebrafish)
Gene: GPR126 (human), Gpr126 (zebrafish)
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including adolescent idiopathic scoliosis (Kou et al., 2013) and arthrogryposis multiplex
congenita, a disorder characterized by multiple joint contractures (Ravenscroft et al.,
2015).

The first major biological relevance of Gpr126 was discovered in a forward
genetic screen of zebrafish with abnormally myelinated axons (Monk et al., 2009).
Schwann cells in Gpr126 mutant zebrafish were not able to express oct6 and krox20,
genes essential for myelination, and were arrested at the promyelinating stage.
Treatment with forskolin, which mimics Gpr126 signaling, rescued the mutant
phenotype, which suggests that Gpr126 G-protein signaling regulates Schwann cell
myelination. Further studies showed that this regulatory function is conserved in
mammals and that association with endogenous ligands such as type IV collagen,
laminin-211, and the prion protein are important for Gpr126 function (Kuffer et al., 2016;
Monk et al., 2011; Paavola et al., 2014; Petersen et al., 2015). In addition to
myelination, Gpr126 has also been found to be important for development of the heart
and ears, and interestingly, heart development has been shown to only require the ECR
of Gpr126 and not the 7TM domain (Geng et al., 2013; Patra et al., 2013; Waller-Evans
et al., 2010). This suggests that Gpr126 regulates several functions, perhaps through
distinct molecular mechanisms involving different parts of the receptor.

To better understand the molecular mechanisms underlying these biological
functions, our approach is to study the structure and function of Gpr126. In particular,
we focused on the ECR since there is now much evidence suggesting that ECRs play
important regulatory roles in aGPCR functions. Prior to our studies, the domains that

make up the ECR were not fully characterized, the structural context of the furin
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proteolysis site was unknown, and the ECR domain architecture was unclear. Chapter 3
focuses on structural and functional studies of Gpr126, which includes the high-
resolution crystal structure of the full ECR, leading to the development of a model for

Gpr126 function.
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Chapter 2: Structural Biology of Adhesion GPCRs'

Biological functions of adhesion GPCRs

Cells in multicellular organisms have the extraordinary ability of adhering to each
other and exchanging information. The interplay of cellular adhesion and cellular
signaling is essential for the development of all organs. Extracellular adhesion coupled
to intracellular signaling is a key phenomenon that is disrupted in many human diseases
(Asherson and Gurling, 2012; Sudhof, 2008). However, the underlying mechanisms of
such complex phenomena are unclear. aGPCRs are suggested to mediate intercellular
communication via cell-cell and cell-matrix interactions.

Overwhelming data show the essential roles of aGPCRs in numerous cellular
functions. For example, ADGRG1/GPRS56 has been shown to have critical roles in brain
development (Bae et al., 2014; Piao et al., 2004). Mutations in GPR56 cause bilateral
frontoparietal polymicrogyria (Chiang et al., 2011), which is characterized by abnormal
cortical folding and layering. The latrophilins (Lphns), through interaction with protein
partners such as Fibronectin leucine-rich repeat transmembrane (FLRT) (O'Sullivan et
al., 2012) and teneurin, have also been shown to be important for synapse development
and maintenance (Boucard et al., 2014; O'Sullivan et al., 2012). Lphn variants have

been linked to susceptibility of attention-deficit/hyperactivity disorder (Arcos-Burgos et

! Text from this chapter was taken verbatim from: Ara¢ D and Leon K (2019). Structural
Biology of Adhesion GPCRs. In P. Park and B. Jastrzebska (Eds.), GPCRs — Structure,
Function, and Drug Discovery. Amsterdam: Elsevier. My contributions to this book
chapter included writing and editing the text and figures.
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al., 2010). ADGRG6/GPR126 has been shown to be an essential regulator of
myelination in the peripheral nervous system (Monk et al., 2009). GPR126 mutations
have been shown to cause arthrogryposis multiplex congenita (Ravenscroft et al.,
2015), characterized by multiple joint contractures. ADGRA2/GPR124 regulates central
nervous system angiogenesis (Kuhnert et al., 2010) and has recently been shown to
form higher order complexes with Reck, Wnt7, and Frizzled to activate Wnt signaling
(Eubelen et al., 2018; Zhou and Nathans, 2014). Other receptors have additional roles
in regulating synapses (Bolliger et al., 2011) and neural tube development (Chae et al.,
1999; Langenhan et al., 2009; Shima et al., 2004; Usui et al., 1999).

Additionally, many aGPCRs are found to be overexpressed or underexpressed in
various cancers (Kan et al., 2010; Shashidhar et al., 2005; Xu et al., 2006). For
example, ADGRG2/GPR64 is overexpressed in parathyroid tumors (Balenga et al.,
2017), ADGRE2/EMRZ2 is highly expressed in breast cancer cells (Safaee et al., 2014),
ADGRF3/GPR113 is upregulated in neuroendocrine tumors (Carr et al., 2012), and
ADGRGS5/GPR114 is overexpressed in acute myeloid leukemia (Maiga et al., 2016).
Moreover, a recent study reports aGPCRs as some of the most mutated genes in
cancers (O'Hayre et al., 2013). For example, ADGRD2/GPR144 is highly mutated in
lung cancer (Yu et al., 2015). A cancer-associated point mutation in Lphn3 was reported
to dramatically increase constitutive signaling (Nazarko et al., 2018). Considering that
many drugs target the 7TM domain of GPCRs to regulate receptor activity and have
excellent therapeutic benefits, aGPCRs are promising targets for drugs to treat

numerous diseases.
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Table 2.1 List of important biological functions and associated diseases of
adhesion GPCRs

(continued on following page)

Adhesion GPCR

Known function or related disease

Latrophilin 1-3

ADHD (Arcos-Burgos et al., 2010), synaptic adhesion (Boucard
et al., 2014; O'Sullivan et al., 2012), tissue polarity (Langenhan
et al., 2009), receptor for a-latrotoxin (Krasnoperov et al., 1997,
Lelianova et al., 1997), cancer (Kan et al., 2010; O'Hayre et al.,
2013)

GPR56

Brain development (Piao et al., 2004), cortical patterning (Bae
et al., 2014), brain cancer (Xu et al., 2006; Yang et al., 2011),
BFPP (Chiang et al., 2011)

BAI 1-3

Synapse maturation/elimination (Bolliger et al., 2011;
Kakegawa et al., 2015), schizophrenia (DeRosse et al., 2008),
cancer (Cork and Van Meir, 2011)

GPR126

Myelination of Schwann cells (Monk et al., 2009), heart
development (Patra et al., 2013), arthrogryposis multiplex
congenita (Ravenscroft et al., 2015), adolescent idiopathic
scoliosis (Kou et al., 2013; Liu et al., 2018)

GPR124

Angiogenesis in the CNS (Cullen et al., 2011; Kuhnert et al.,
2010), Wnt signaling (Eubelen et al., 2018; Zhou and Nathans,
2014), colon cancer (Oliveira et al., 2018), hypertension
(Calderon-Zamora et al., 2017)

ETL

Tumor angiogenesis (Masiero et al., 2013), cardiovascular
development (Lu et al., 2017)

GPR116

Lung surfactant homeostasis (Fukuzawa et al., 2013; Yang et
al., 2013), cardiovascular development (Lu et al., 2017), breast
cancer (Tang et al., 2013)

GPR64

Male fertility (Zhang et al., 2018a), parathyroid hormone release
and cancer (Balenga et al., 2017)

CELSR 1-3/ Flamingo

Neural tube defects (Curtin et al., 2003), planar cell polarity
(Chae et al., 1999; Usui et al., 1999)

EMR1-3

Neutrophil activation (Yona et al., 2008b), cancer (Safaee et al.,
2014)
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Table 2.1, continued

CD9o7 Neutrophil migration (Leemans et al., 2004), cancer (Safaee et
al., 2013)

GPR123 Expressed in CNS (Lagerstrom et al., 2007)

GPR125 Planar cell polarity (Li et al., 2013), brain injury response
(Pickering et al., 2008)

GPR133 Glioblastoma growth (Bayin et al., 2016)

GPR144 Lung cancer (Yu et al., 2015)

GPR115 Lung cancer (Ozer and Sezerman, 2017; Zhang et al., 2018b)

GPR111 Unknown function

GPR110 Brain development (Lee et al., 2016), lung and prostate cancer
(Lum et al., 2010), breast cancer (Bhat et al., 2018)

GPR113 Neuroendocrine cancer (Carr et al., 2012)

GPR128 Deletion leads to weight loss and increased intestinal
contraction frequency in mice (Ni et al., 2014)

GPR114 Overexpressed in acute myeloid leukemia (Maiga et al., 2016)

GPR97 B-cell development (Wang et al., 2013b), bone formation

(Prashar et al., 2014), lymphatic remodeling (Valtcheva et al.,
2013), autoimmune CNS disease (Wang et al., 2018)

GPR112 Marker for neuroendocrine carcinoma (Leja et al., 2009)

VLGR1 Usher syndrome (Weston et al., 2004), hair cell development
(McGee et al., 2006), epilepsy (Myers et al., 2018; Shin et al.,
2013)

7TM domain

Of the five GPCR families, aGPCRs are the second largest but the least well-
understood. Despite the current lack of structural information about the 7TM domains of
aGPCRs, phylogenetic analysis reveals that aGPCRs share the highest sequence

identity with the secretin family because the secretin family descended from the
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adhesion family (Nordstrom et al., 2009). Recent structural studies on secretin GPCRs
reveal that unlike the rhodopsin GPCRs, their 7TM domains are more open on the
extracellular surface, which allows for binding of peptide hormone ligands (de Graaf et
al., 2017). aGPCRs are predicted to also have a more open 7TM domain, which would
accommodate the binding of their proposed peptide or peptide-like endogenous ligands.
Conserved motifs that are important for receptor activation have been identified for
several GPCR families. For example, NPxxY in TM7, DRY in TM3, and CWxP in TM6
are motifs essential for ligand-induced activation of rhodopsin GPCRs (Audet and
Bouvier, 2012). Although aGPCRs lack the conserved motifs found in rhodopsin
GPCRs, the GWGxP motif in TM4 (Bortolato et al., 2014), which plays important
structural roles in secretin GPCRs, is common to some aGPCRs as well.
Recent studies have aimed to determine whether aGPCRs share common activation
mechanisms with rhodopsin and secretin GPCRs. In yeast solid growth assays and
Serum Response Element (SRE) luciferase reporter assays, the 7TM domain of
ADGRG4/GPR112 was found to retain functionally important motifs analogous to those
found in rhodopsin and secretin receptors as well as distinct residues that are essential
in aGPCR-specific activation (Peeters et al., 2016). For example, His33%337 'which is
conserved among all aGPCRs, leads to decreased signaling when mutated and likely
plays a role in stabilizing an extracellular loop.

Another recent study aimed to identify important residues/motifs involved in the
signaling activity of the aGPCR Lphn1 (Nazarko et al., 2018) through a comprehensive
mutagenesis analysis using a CAMP assay and a SRE luciferase reporter assay.

Despite the lack of conservation with the rhodopsin GPCRs, the Lphn1 residues that
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reside in the analogous positions are important for signaling. For example, in Lphn1, the
NPxxY motif is replaced with IFVFH, which when mutated, alters basal activity.
Moreover, mutation of an HLY motif which replaces the rhodopsin DRY motif, also
affects basal activity of the receptor. The results suggest that these residues likely play
important roles in stabilizing Lphn1 in a certain conformation and, when mutated, the
conformational landscape is changed and results in altered signaling. Despite the
divergence in sequence between rhodopsin and aGPCR 7TM domains, aGPCRs likely
have a similar “skeleton” and function similarly to rhodopsin GPCRs with some inherent

differences, consistent with the conclusions from the above GPR112 study.

Adhesion GPCRs have large extracellular domains

Unlike other GPCRs, aGPCRs have long N-terminal ECRs that can be up to
5000 residues and comprise various adhesion domains (Yona et al., 2008a). These
domains are specific to each aGPCR (except for the conserved GAIN domain discussed
below) and are likely involved in adhering to various ligands (Arac et al., 2012). Among
the domains are cadherin; leucine-rich repeat (LRR); epidermal growth factor (EGF);
thrombospondin (TSP); pentraxin/laminin/neurexin/sex-hormone-binding-globuilin-like
(PLL); sperm protein, enterokinase, and agrin (SEA); pentraxin (PTX); complement
C1r/C1s, Uegf, Bmp1 (CUB); hormone-binding (HormR); lectin and others. Often, there
are multiple copies of the same domain or motif in a receptor’'s ECR, further increasing
the size of the receptor. For instance, the longest isoform of Very Large GPCR
(ADGRV1/VLGR1/GPR98) has 35 repeats of the Calx-3 motif, 7 repeats of epitempin

(EPTP) or epilepsy associated repeat (EAR), a PTX domain, and a GAIN domain in its
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ECR (McMillan and White, 2010). The known adhesion domains for each aGPCR is
depicted in Figure 2.1.

Most aGPCRs are orphan receptors with no known endogenous ligands.
However, several aGPCRs are known to bind to other proteins, but whether these
binding partners are true ligands that activate downstream signaling pathways or simply
bind to the adhesion domains is unclear (Paavola and Hall, 2012), and the role of
ligand/ECR interaction in aGPCR function is currently under intense investigation. Most
aGPCRs also have large cytoplasmic sequences that may be involved in intracellular
interactions in addition to trimeric G-proteins. For example, PDZ-binding motifs have
been reported at the C-termini of the cytoplasmic tails of ADGRD1/GPR133,
ADGRA2/GPR124, ADGRA3/GPR125, ADGRB1-3/BAI1-3, and VLGR1. (Simundza and
Cowin, 2013)

A hallmark of aGPCRs that was discovered in the early days of the field is
autoproteolytic cleavage within the ECR at a conserved GPCR Proteolysis Site (GPS)
(Chang et al., 2003; Ichtchenko et al., 1999; Krasnoperov et al., 1997; Lin et al., 2004).
The GPS is well described and recognized as a vital unit for receptor function (Gray et
al., 1996; Shashidhar et al., 2005; Stacey et al., 2002). Autoproteolysis cleaves the
receptor into two parts: a large N-terminal fragment (NTF) and a membrane-anchored
C-terminal fragment (CTF) comprising the 7TM domain and the cytoplasmic tail
(Krasnoperov et al., 1997; Lelianova et al., 1997). Autoproteolysis occurs during
receptor maturation in the endoplasmic reticulum and is catalyzed by a reaction similar
to N-terminal nucleophilic hydrolases (Lin et al., 2004). Interestingly, unlike other

autoproteolytic proteins, the cleaved fragments remain non-covalently but tightly
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associated with each other as a heterodimer raising the question of why the receptor

cleaves itself if the cleavage products do not separate.
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Figure 2.1 Extracellular domain organization of adhesion GPCRs
The 33 aGPCRs found in humans organized by subfamily. The ECRs consist of unique

combinations of adhesion domains, indicated by the representative domain symbols.
Figure adapted from (Hamann et al., 2015).
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A conserved domain in all aGPCR extracellular regions

Previously, it was believed that aGPCRs have a non-functional and unstructured
so-called “stalk” region that precedes the GPS motif. However, computational analysis
suggested that the stalk region was conserved and structured. Surprisingly, the crystal
structures from two unrelated aGPCRs revealed that the GPS motif itself does not
constitute an autonomously folded unit. Instead, it is an integral part of a much larger
novel domain that spans the GPS motif and the stalk region and is termed the GPCR-
Autoproteolysis Inducing (GAIN) domain, resolving the previously-held conflicting
theories (Arac et al., 2012).

Strikingly, the GAIN domain is shared by 32 out of 33 human aGPCRs (except
ADGRA1/GPR123 which has only a short sequence of ~20 residues in its ECR). The
GAIN domain is unique in that it is the only domain that exists in all members of the
aGPCRs in humans, indicating an essential role in aGPCR function. Moreover,
database searches revealed that all five members of another human protein family, the
polycystic kidney disease proteins, an unrelated family of mechanosensory membrane
proteins that are also autoproteolysed, contain GAIN domains. In addition, primitive
organisms, such as Dictyostelium discoideum that arose early in evolution before
animals emerged, encode GAIN domains although they lack most other autoproteolytic
domains, important adhesion and signaling domains and critical signaling pathways
(Arac et al., 2012). Among all domains that are found in aGPCRs, LRR, EGF and TSP
domains are the only other domains that exist in such primitive organisms. These
results show that the GAIN domain is widespread and conserved in higher eukaryotes

as well as in ancient organisms. Intriguingly, analysis of numerous sequences also
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revealed that the GAIN domain always immediately precedes the first TM helix by a
short linker raising the question of whether the GAIN domain regulates receptor

signaling via the nearby 7TM domain.

Table 2.2 Hallmarks of the GAIN domain

e The GAIN domain is an ancient domain that is conserved from primitive
evolutionarily distant organisms such as Dictyostelium discoideum and
Tetrahymena thermophila to higher eukaryotes.

e Mutations in the GAIN domain are associated with diseases such as cancer,
autosomal dominant polycystic kidney disease (ADPKD), and bilateral
frontoparietal polymicrogyria (BFPP).

e It directly precedes the TM domain in all polycystic kidney disease-1 (PKD1)
proteins and aGPCRs except GPR123, which lacks the GAIN domain.

e The GAIN domain can vary in size between aGPCRs.

e The GAIN domain is both necessary and sufficient for autoproteolysis at the
conserved GPCR proteolysis site (GPS).

e The two fragments do not immediately dissocate following autoproteolysis
and likely needs to be disrupted through mechanical force.

e Dissociation of the two fragments reveals the Stachel peptide, which can
bind to and activate the receptor.

Structure of the GAIN domain

The crystal structures of GAIN domains from two distantly related aGPCRs,
ADGRL1/Lphn1 (Figure 2.2A) and brain angiogenesis inhibitor 3 (ADGRB1/BAI3)
(Figure 2.2B) revealed a novel fold that was previously unidentified (Arac et al., 2012).
The GAIN domain (of Lphn1) contains an N-terminal subdomain A that is composed of

six alpha helices, and a C-terminal subdomain B that is composed of a twisted [3-
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sandwich including thirteen B-strands and two small a-helices. The last five B-strands of
subdomain B constitute the GPS motif. The GPS motif is the most conserved region of
the GAIN domain. The conservation of primary sequence of the GAIN domains
decreases from the C-terminus to the N-terminus. In spite of the low sequence identity
between Lphn1 and BAI3 GAIN domains (24%), the very high similarity of the GAIN
domain structures indicates that the three-dimensional structure is conserved more
strictly than primary sequence throughout evolution. The recent structure of the
ADGRG1/GPR56 GAIN domain shows that the size of the GAIN domains can be

smaller but still be autoproteolysed (Figure 2.2C) (Salzman et al., 2016).
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Figure 2.2 Structures of GAIN domains from various adhesion GPCRs

(A, B) Cartoon representation of the GAIN (cyan) and HormR (pink) domains from
Lphnn1 (PDB: 4DLQ) (A) and BAI3 (PDB: 4DLO) (B). (C) Cartoon representation of the
GAIN domain from GPR56 (PDB: 5KVM). (D) Hydrophobic interactions between the
cleaved Stachel peptide and surrounding residues in LPHN1. The Stachel peptide is
colored gold and autoproteolysis site is indicated by an asterisk (*).

Autoproteolysis cleaves off a short peptide but does not release it from the GAIN
domain

The GAIN domain is an autoproteolytic fold that is both required and sufficient for

autoproteolysis, whereas the GPS motif without the rest of the GAIN domain is not
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functional. Autoproteolysis occurs in the short and kinked loop between the last two [3-
strands of the GAIN domain and cleaves the C-terminal B-strand from the rest of the
domain. Thus, the two autoproteolysis products are: a large N-terminal fragment (NTF)
comprising various adhesion domains and the GAIN domain that misses its last -
strand and a membrane-anchored C-terminal fragment (CTF) comprising the 7TM
domain tethered to the missing 3-stand and the cytoplasmic tail (Krasnoperov et al.,
1997; Lelianova et al., 1997). However, the GAIN domain structures and biochemical
studies agree that the cleaved peptide does not dissociate from the rest of the GAIN
domain even after autoproteolysis (Figure 2.2D). The cleaved peptide is highly
conserved and has a hydrophobic nature (TNFAVLM in Lphn1) and is involved in
approximately 15 strong hydrogen bonds and numerous hydrophobic interactions that
keep it tightly bound within the GAIN domain. Indeed, a critical piece of information that
was revealed from the GAIN domain structures was that the cleaved peptide is “hidden”
within the GAIN domain and is inaccessible to the solvent. The crystallographic B-
values that represent the displacement of atoms in the cleaved peptide show that the
cleaved peptide is well structured and is not flexible within the GAIN domain. The large
number of hydrogen bonds and hydrophobic interactions suggest that a large force
needs to be applied for the peptide to dislocate from the rest of the GAIN domain, and
that once the cleaved peptide is removed from the hydrophobic core of the GAIN

domain, it cannot be positioned back into the GAIN structure.
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Stachel peptide mediated activation of adhesion GPCRs

The discovery of the GAIN domain was a breakthrough as it redefined the poorly
studied aGPCR class, showing that members of this family share a large, unique and
widespread autoproteolytic domain that may be involved in downstream signaling (Arac
et al., 2012). Most importantly, the observation that the cleaved B-strand (hereafter
termed Stachel peptide) of the GAIN domain is hidden within the GAIN domain raised
questions about the consequences of exposing the Stachel peptide. Previous studies in
2011 had shown that truncation constructs starting from the first residue after the
autoproteolysis site dramatically increased signaling and hinted that the ECR is
somehow involved in receptor signaling (Paavola et al., 2011). These studies suggested
that the ECR either has a direct inhibitory effect on 7TM signaling, or indirectly inhibits
receptor signaling by preventing the action of an agonist. Other studies have also
proposed that GPCR ECRs regulate receptor functions, likely including G-protein
signaling, by binding to extracellular ligands (Booe et al., 2015; Byrne et al., 2016;
Chiang et al., 2016; Coin et al., 2013; Luo et al., 2014; O'Sullivan et al., 2012; Petersen
et al., 2015; Zhao et al., 2016). Currently, two complementary models are proposed for
the ligand-induced activation of aGPCRs (Figure 2.3) and the validity of other possible
models are still being investigated.

Independent studies from two groups showed that aGPCRs are activated by the
Stachel peptide (also called tethered agonist or stalk) (Liebscher et al., 2014; Stoveken
et al., 2015). Upon autoproteolysis, the Stachel peptide, which corresponds to the last
B-strand of the GAIN domain, is located at the newly generated N-terminus of the 7TM

domain (Figure 2.3). Addition of synthesized Stachel peptide on aGPCRs led to
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increased signaling, suggesting a mechanism whereby the Stachel peptide acts as a
tethered agonist that activates the receptor (Liebscher et al., 2014; Stoveken et al.,
2015). Mutagenesis studies showed that the residues at the more N-terminal tail of the
Stachel peptide (closer to the autoproteolysis site) are critical for receptor activation,
reminiscent of the protease-activated receptors and secretin receptors that are also
activated by short peptides. From these studies, a Stachel-mediated model emerged, in
which the NTF serves as a protective cap for the Stachel and has no direct role in
modulating 7TM function. Upon ligand binding to an N-terminal adhesion domain, the
NTF dissociates from the CTF, termed “shedding”, exposing the Stachel peptide.
(Demberg et al., 2015; Kishore et al., 2016; Liebscher et al., 2014; Stoveken et al.,
2015). The Stachel peptide, which is highly hydrophobic, binds to the 7TM domain and
activates the receptor. Direct interaction between the Stachel peptide and the 7TM was
reported (Nazarko et al., 2018) and a mutagenesis screen of Lphn1 revealed residues
important for the response of the receptor to the Stachel peptide. These results support
the model of an outwardly open 7TM similar to that of secretin receptors (de Graaf et
al., 2017). Key to the Stachel-mediated model of aGPCR activation is Stachel exposure.
Although it has been proposed that natural ligands may induce NTF shedding upon
binding to N-terminal adhesion domains, and thereby activate the receptor, direct proof
of ligand-induced shedding remains elusive.

The location of the Stachel sequence within the GAIN domain strongly suggests
that NTF shedding is autoproteolysis-dependent and irreversible. In the three-
dimensional structure, the hydrophobic Stachel is buried within the hydrophobic core of

the GAIN domain and forms extensive hydrogen-bond networks with adjacent B-strands
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(Arac et al., 2012; Salzman et al., 2016). This architecture suggests that exposure of the
Stachel requires substantial deformation of the GAIN domain. Furthermore, because the
Stachel is a central part of the GAIN domain, the release of the Stachel from the GAIN
domain most likely leads to a collapse of the original conformation, prohibiting re-
association of the Stachel with the NTF, meaning that Stachel-dependent activation
generates a receptor that cannot be reused. Moreover, because the N-terminal residues
of the Stachel are the most deeply buried within the GAIN domain (Arac et al., 2012;
Salzman et al., 2016), yet are critical for mediating receptor activation (Liebscher et al.,
2014; Stoveken et al., 2015), transient exposure of the Stachel to activate the 7TM

without causing irreversible NTF-CTF dissociation should be an extremely rare event.
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Figure 2.3 Stachel-dependent and Stachel-independent models for regulation of

adhesion GPCR signaling

Stachel peptide is colored dark green and autoproteolysis site is indicated by an
asterisk (*). Light blue and purple arrows indicate regulation of 7TM signaling by the
ECR. Size of lightning bolt represents relative signaling level.

ECR-mediated activation of adhesion GPCRs (Stachel-independent activation)

The biological relevance of Stachel-mediated aGPCR activation is clear (Chiang

et al., 2017; Luo et al., 2014; Petersen et al., 2015). However, unanswered questions

and recent observations have necessitated the introduction of the complementary
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Stachel-independent model (Kishore et al., 2016). For example, overexpression of
autoproteolysis-deficient lat-1/ADGRL1 in lat-1-knockout C. elegans rescues the
wildtype phenotype, suggesting that some aGPCR functions do not require
autoproteolysis (Promel et al., 2012a). Additionally, there are several aGPCRs that lack
the conserved residues critical for autoproteolysis and therefore, remain uncleaved
(Arac et al., 2012; Promel et al., 2012b). Furthermore, several aGPCRs, including
ADGRG1/GPRS56, are found partially uncleaved in vivo (Arac et al., 2012; Iguchi et al.,
2008; Promel et al., 2012b). For example, GPR56 in skeletal muscle was found to be
almost completely uncleaved (Iguchi et al., 2008), although it plays critical roles in
skeletal muscle cells (White et al., 2014; Wu et al., 2013). Together, these observations
suggest that Stachel-independent mechanisms may play important roles in aGPCR
signaling.

The involvement of ECRs in aGPCR functions was previously proposed. In the
ECR-mediated model, the ECR (i.e., associated NTF and Stachel) has a direct role in
modulating the 7TM signaling (Kishore et al., 2016; Ohta et al., 2015; Paavola et al.,
2011; Salzman et al., 2016). Regulation by this mechanism is independent of Stachel-
mediated activation, although the Stachel residues are present within the core of the
GAIN domain. In this model, the ECR directly communicates with the 7TM (i.e., via
transient interactions), such that ligand binding events or conformational changes in the
ECR may directly result in altered signaling, either inhibitory or activating (Figure 2.3). In
recent studies, Kishore et al. (Kishore et al., 2016) and Kishore and Hall (Kishore and
Hall, 2017) measured the basal activities of GPR56 constructs with various ECR

truncations through multiple signaling pathways. Using an SRE luciferase assay, a
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construct lacking the NTF (i.e., 7TM with exposed Stachel) had the highest activity,
whereas one lacking both the NTF and the Stachel (i.e., just the 7TM) had the lowest
activity (Kishore et al., 2016), confirming the agonistic function of Stachel on the 7TM. In
comparison, the full-length constructs of both the wild-type and an autoproteolysis-
deficient mutant exhibited a moderate level of activity (Kishore et al., 2016), suggesting
that the ECR modulates 7TM signaling.

In a different study, synthetic protein ligands (called monobodies) targeted to the
ECR of human GPR56 were engineered and several allosteric agonists and allosteric
inverse-agonists were obtained, showing that GPR56 signaling can be modulated by
targeting its ECR (Salzman et al., 2017). The activity of these synthetic ligands on an
autoproteolysis-defective and thus, shedding-defective receptor, was tested and the
results showed that autoproteolysis is not required for each of these functional
monobodies to modulate signaling. Furthermore, to test if the monobodies functioned in
an autoproteolysis-independent but Stachel-dependent manner, a highly conserved
Stachel residue, previously shown to be critical for Stachel-mediated activation of
several aGPCRs, including GPR56 (Liebscher et al., 2014; Stoveken et al., 2015) was
mutated and it was shown that the Stachel mutation did not abolish monobody-
mediated modulation of GPR56 signaling, suggesting that neither autoproteolysis nor
Stachel-mediated activation are required for the monobody-mediated modulation of
GPR56 signaling. These results strongly suggest that perturbations to the ECR are
directly sensed by the 7TM, resulting in altered signaling without NTF shedding and

Stachel exposure.
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The structure of the GPR56 ECR in complex with an allosteric modulator

A recent study reported the crystal structure of the ECR of GPR56 in complex
with an inhibitory monobody (termed a5) and provided a functional framework to
understand the molecular mechanisms by which aGPCR ECRs govern receptor
function; excitingly, the structure represents the first crystal structure of a full ECR for
any aGPCR (Figure 2.4). The structure revealed the identity and boundaries of two
extracellular domains: a previously unidentified domain with a B-sandwich architecture
at the N-terminus and, as predicted from the sequence, a GAIN domain at the C-
terminus. The previously unidentified N-terminal domain has low homology to all known
folds and was termed pentraxin/laminin/neurexin/sex-hormone-binding-globuilin-like
(PLL) domain due to its remote similarity to well-studied domains that are involved in
adhesion functions. This remote similarity supports an adhesion-related role for the PLL
domain in GPR56 as was previously suggested (Koirala et al., 2009). The structure also
revealed that the monobody interacts with the N-terminal PLL domain and GAIN domain
simultaneously. The entire ECR is necessary for a5 binding, indicating that any effect on
GPRS56 activity mediated by a5 is due to its interaction with the ECR. Therefore, a5
represents an ‘allosteric inverse-agonist’ for GPR56 (Christopoulos, 2014).

A highly conserved interdomain disulfide bond links the PLL and GAIN domains.
This disulfide bond may restrict the movements of the two domains with respect to each
other as observed in other proteins with interdomain disulfide bonds (Bustanji and
Samori, 2002). The 15-residue linker between the two GPR56 domains is ordered in the
crystal, despite its lack of defined secondary structure. An interface between the PLL

and GAIN is composed of mostly conserved and hydrophobic residues and has a large
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buried surface area of ~680AZ2. It is likely that the interdomain disulfide bond and the
hydrophobic residues are sufficient to stabilize this conformation of the ECR. These
observations raised the possibility that aGPCR ECRs might exhibit rigid conformational
states within different domains and the 7TM. Binding of natural ligands or synthetic
proteins such as monobodies to the ECR might alter such conformations and transduce
the signal to the 7TM domain (Figure 2.4).

Notably, the entire PLL domain is deleted in an alternatively spliced variant of
GPR56 (S4), but not the other variants. Surprisingly, in vitro signaling assays showed
that deletion of this domain increased basal activity of the receptor. This result suggests
that the S4 isoform that lacks the PLL domain may have increased basal G protein
signaling (Figure 2.4). This observation suggests that by regulating alternative splicing,
a cell may generate GPR56 with or without a PLL domain in the ECR, which could
diversify functionality. Moreover, eliminating the conserved disulfide bond between the
PLL and GAIN domains in full-length GPR56 also increased GPR56 basal activity,
suggesting the importance of restricting the flexibility within the ECR in keeping the
receptor in the basal state. These results further support the ECR-mediated regulation
of aGPCR function.

Finally, a highly conserved, surface-exposed patch was identified on the PLL
domain. Mutagenesis of a histidine to alanine within this conserved patch on the GPR56
surface abolished previously-reported central nervous system (CNS) myelination
function of GPR56 in zebrafish, suggesting an essential role of this evolutionarily
conserved residue in CNS myelination and raised the possibility that the conserved

patch is a ligand binding site (Figure 2.4). Together these results elucidated the
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multifaceted manner by which the ECR regulates aGPCR function and broadened our

understanding of aGPCR biology.

LD (1) APLL M2 ¢
F

¥ ‘!ﬁ iy
c, Perturbations to the (/Q//!é/ '
, *w W
) > extracellular region I

altered function
Figure 2.4 Mechanisms for perturbing GPR56 function by its extracellular
region

Model of full-length GPR56 based on crystal structure of GAIN (gray) and PLL (cyan)
domains (PDB: 5KVM) and 7TM model (black) from the glucagon receptor (PDB:
46LR). Pertubations to the extracellular region are noted as (1) deletion of PLL domain
in S4 splice isoform which alters signaling, (2) H89A in PLL domain which alters in vivo
function, and (3) treatment with a5 monobody which alters signaling. Figure is courtesy
of Gabriel Salzman.
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Adhesion GPCR N-termini as sensors of mechanical force

The mechanisms proposed for the activation of aGPCRs provided immense
insight. However, critical questions still remain unanswered. Both the Stachel-
dependent mechanism and ECR-mediated mechanism for aGPCR activation suggest
that ligand binding to the ECR triggers 7TM signaling. In the Stachel-mediated
mechanism, the Stachel peptide, which is deeply buried within the GAIN domain
somehow escapes and confers a signal to the 7TM domain. In the ECR-mediated
mechanism, ligand binding to the ECR either changes the conformation or the
orientation of the ECR with respect to the 7TM domain to modulate receptor signaling. A
critical question then is how is the energy derived in order to separate the Stachel
peptide from the rest of the GAIN domain or to move the ECR? Recent studies suggest
that mechanical force may be at play, which could apply enough force on the ligand in a
certain direction that can then be transduced onto the ECR of the receptor. Such a
mechanical force might be high enough to lead to shedding of the ECR and release of
the Stachel peptide from the GAIN domain, enabling the Stachel peptide to activate the
receptor in an irreversible manner. Or it may be a smaller force that is not strong
enough to expose the Stachel but enough to pull or push the ECR to induce
conformational/orientational changes of the ECR and modulate receptor signaling.

Recent work from several groups uncovered that mechanical cues trigger the
activity of aGPCRs under physiological conditions, adding mechanosensation to the
sensory repertoire of the GPCR superfamily. For example, the ADGRES/CD97 NTF is
released from the CTF after engagement with the ligand CD55, but only under

mechanical shaking conditions that resembles the shear stress associated with
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circulating blood (Karpus et al., 2013). Similarly, laminin-211, a ligand of
ADGRG6/GPR126 stimulates the receptor only under shaking conditions and inhibited
receptor activity under static conditions (Petersen et al., 2015). It is possible that the
mechanical forces helped laminin-211 disengage the NTF from its CTF, whereas
without shaking, the ligand binding likely stabilized the inhibitory NTF-CTF interaction.
Furthermore, in ADGRG1/GPR56 mutant mice, muscle hypertrophy that is induced by
resistance exercise is attenuated highlighting a potential role for GPR56 in sensing
muscle fiber size, which could be mediated by mechanical sensitivity to stretch (White et
al., 2014). A key in vivo study on aGPCR-mediated mechanosensation demonstrated
that D. melanogaster larvae lacking the ADGL1/Lphn1 ortholog, CIRL, exhibited
decreased sensitivity to mechanical stimuli (Scholz et al., 2015). These examples
support the idea that, for at least some ligand-receptor pairs, mechanical force is a key

determinant of the signaling output that results from the interaction.

Interaction of endogenous ligands with ECR of adhesion GPCRs: Latrophilins as

a model

Lphn / FLRT interaction

Lphns mediate excitatory synapse formation by interacting with FLRT proteins,
essential cell-adhesion molecules in cortical development and synapse formation
(O'Sullivan et al., 2012). FLRTs additionally interact with Unc5/Netrin receptors to
control the migration of neurons in the developing cortex (O'Sullivan et al., 2012;

O'Sullivan et al., 2014). The crystal structure reveals that the N-terminal Ilg domain of
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Uncb contacts the LRR domain of FLRT3 to form a high-affinity complex (Seiradake et
al., 2014). The first structure of an aGPCR in complex with its ligand was determined for
Lphn3 and FLRT3. (Lu et al., 2015b; Ranaivoson et al., 2015). The complex structure of
the Lphn3 olfactomedin domain bound to the FLRT3 LRR domain revealed a large
Lphn3-binding interface on the concave surface of FLRT3. Multiple cancer and ADHD
mutations are localized on the Lphn3-binding surface of FLRT3 and on the FLRT3-
binding surface of Lphn3 that specifically disrupt the interaction. The Lphn3/FLRT3
structure also showed that Lphn3 binds to FLRT3 at a site distinct from Unc5. Structural
modeling in combination with biochemical studies demonstrated that Unc5 and Lphn3
can simultaneously bind to FLRT3, forming a trimeric complex, and that FLRT3 can
form transsynaptic complexes with both Lphn3 and Unc5 (Lu et al., 2015b) (Figure 2.5).
Later, the complex structure of the LPHN/FLRT/Unc5 corroborated these findings
(Jackson et al., 2016). Structural studies based on crystal packing also proposed the
formation of supercomplexes that may induce receptor clustering, however, the validity
of such complexes at the synaptic junctions remains elusive (Jackson et al., 2016).
These results suggest that one distinct function of the N-terminal domains of
Lphn is to tether the ECR to specific extracellular ligands through high-affinity protein-
protein interactions. The Lphn/FLRT pair can interact in frans and cause cell-
aggregation. In addition, a second function of the N-terminal domains of Lphn may be to
mediate intercellular signaling. For example, FLRT may act as a ligand to modulate

Lphn signaling, likely by sensing mechanical forces that are applied on FLRT.
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Figure 2.5 Model for TEN/Lphn/FLRT/Unc5 interaction
Representation of protein interactions at the synapse. Lphn3 (yellow), FLRT (cyan),
Unc5 (orange) form a trimeric complex. Lphn1 is modeled using structure of GAIN
(PDB: 4DLQ), structure of lectin-olfactomedin (PDB: 5AFB), and 7TM modeled from
corticotropin-releasing factor receptor 1 (PDB: 4K5Y). Lphn1/FLRT/Unc5 complex is
adapted from crystal structure of the complex (PDB: 5FTT). TEN (dark blue) is modeled
from partial cryo-electron microscopy structure (PDB: 6CMX) and homology models.
Lphn / Teneurin interaction

Lphns form high affinity trans-cellular adhesion complexes with TENs to mediate
functions during embryonic development and synaptogenesis (Boucard et al., 2014;
Woelfle et al., 2015). The TEN/Lphn interaction is mediated by the lectin and
olfactomedin domains of the Lphn ECR, with the lectin domain contributing most of the

binding affinity (Boucard et al., 2014; O'Sullivan et al., 2014). TENs are type-Il

transmembrane proteins with large (>2000 amino acids) C-terminal ECRs that mediate
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heterophilic and homophilic trans-cellular interactions that are key for various TEN
functions (Mosca, 2015). With four members in humans, TENs are evolutionarily
conserved cell-adhesion molecules that mediate intercellular communication and play
central roles in embryogenesis, tissue polarity, heart development, axon guidance, and
synapse formation (Lossie et al., 2005; Mosca et al., 2012; Nakamura et al., 2013;
Tucker and Chiquet-Ehrismann, 2006; Young and Leamey, 2009).

Lphns were reported to mediate embryogenesis in C. elegans by modulating
intracellular cAMP levels (Winkler and Promel, 2016), however no ligand was reported
to induce a change of cAMP levels in a Lphn-dependent manner. Recently, a robust
signaling assay was established for Lphns that detects decrease in CAMP levels in
mammalian cell culture. This assay was used as a readout to monitor receptor activity in
a setup that mimics trans-cellular signaling (Li et al., 2018; Nazarko et al., 2018). Cells
expressing Lphn signaled more when co-cultured with cells expressing TEN2,
suggesting that TEN2 may induce trans-cellular signaling in a Lphn-dependent manner
by modulating cCAMP levels.

TEN/Lphn interaction mediates key biological functions, however, a molecular
understanding of this interaction remained unclear partly because most of the TEN
sequences did not exhibit readily identifiable domains by sequence analysis. Recent
structures of TENs revealed a striking similarity to bacterial Tc-toxins (Jackson et al.,
2018; Li et al., 2018) (Figure 2.5) and showed that the ECR has an unusual architecture
whereby a large cylindrical B-barrel partially encapsulates a C-terminal toxin-like domain
that emerges from the barrel and is tethered to its outer surface. An immunoglobulin

(Ig)-like domain seals the bottom of the barrel while a B-propeller is attached in a

43



perpendicular orientation. Mammalian cell-based binding experiments demonstrated
that the tethered toxin-like domain of TENs mediates interactions with Lphn (Li et al.,
2018; Silva et al., 2011). However, molecular details of the TEN/Lphn interaction still
remain unknown. Surprisingly, it was shown that an alternatively spliced region within
the B-propeller acts as a switch to regulate trans-cellular adhesion of TENZ2 to Lphns (Li
et al., 2018). Consequently, one splice variant activates trans-cellular signaling in a
Lphn-dependent manner, whereas the other induces inhibitory postsynaptic
differentiation in a Lphn-independent manner. These results highlight the unique
structural organization of TENs giving rise to multifarious aGPCR-dependent and -

independent functions.

Alternative splicing regulates adhesion GPCR function

Alternative splicing in other GPCR families is relatively rare. AlImost all human
aGPCRs are alternatively spliced (Bjarnadottir et al., 2007). Alternative splicing occurs
mainly in the ECRs but also in the 7TM and intracellular regions. As a result of the
abovementioned findings, the role of alternative splicing on the functions of aGPCRs is
becoming more intriguing. Alternative splicing of the entire PLL domain in GPR56
affects the basal activity of the receptor and also deletes critical ligand binding sites
from the receptor (Salzman et al., 2016). Lphn can interact with its ligand TEN only if
TEN lacks a seven-amino acid splice insert (Li et al., 2018). In addition, the strength of
the TEN/Lphn interaction is regulated by a four-amino acid splice site between the lectin
and olfactomedin domains of Lphn (Boucard et al., 2014). ADGRG6/GPR126 is another

aGPCR that is alternatively spliced, and the ECRs of GPR126 splice isoforms likely
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adopt different conformations and lead to altered basal activity. In ADGRG5/GPR114,
deletion of a single residue in the loop that connects the GAIN domain and the TM
domain changes the basal activity of the receptor (Wilde et al., 2016). These
observations suggest that aGPCRs have multiple layers of regulation and alternative

splicing is likely another mechanism for fine-tuning aGPCR function.

Adhesion GPCRs are putative hormone receptors

The Hormone Receptor (HormR) domain is the second most frequently observed
domain in aGPCRs (found in 13 out of 33 human aGPCRs, specifically in ADGRL1-
3/Lphn1-3, ADGRA2/GPR124, ADGRA3/GPR125, ADGRC1-3/CELSR1-3,
ADGRF3/GPR113, ADGRB1-3/BAl1-3, and ADGRG6/GPR126). Crystal structures
show that the HormR domains of Lphn1 and BAI3 are ~70-residue domains formed by
two anti-parallel B-sheets with conserved disulfide bonds and tryptophan residues, and
yielded a low RMSD (1.1 A) in spite of the low sequence identity (24%) (Arac et al.,
2012). Since no hormone ligand has yet been found for aGPCRs, it was believed that
the HormR domain in aGPCRs may not be a true hormone-binding region. However, a
DALI search revealed that the HormR domain of the secretin-family corticotrophin
releasing factor receptor (CRFR) (PDB ID: 3EHU) is strikingly similar to the HormR
domains of Lphn1 and BAI3 yielding RMSDs of 0.7 A and 1.1 A, respectively, in spite of
the low sequence identity (29%) (Grace et al., 2007). The unusually high structural
similarity of the HormR domains of Lphn1 and BAI3 to that of the CRFR raised the

possibility that aGPCRs can be bona fide hormone receptors.
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HormR domain-containing aGPCRs are homologous to secretin GPCRs, which
all include a HormR domain (Lagerstrom and Schioth, 2008). Superposition of the
Lphn1 structure with the structure of the CRFR HormR domain bound to corticotrophin
releasing factor, a 41-amino acid peptide hormone, showed that a similar hormone
could not bind to Lphn1 HormR because the GAIN domain is blocking the homologous
hormone binding site on the HormR domain of Lphn1 (Arac et al., 2012). Clearly,
hormone binding would require a conformational change in Lphn1 to expose the
putative hormone binding site (such as the reduction of one of the conserved disulfide
bonds to switch to an open conformation). In secretin GPCRs, the HormR domain
precedes the 7TM and is juxtaposed to the membrane. According to the two-domain
model of secretin GPCR activation, the interaction of the extracellular HormR domain
with the hormone promotes the interaction of the hormone with the 7TM, leading to the
activation of the receptor (Hoare, 2005). However, the mechanism of aGPCR activation
upon hormone binding may be different because the GAIN domain lies between the

HormR domain and the 7TM.

Adhesion GPCRs as drug target: potential for 7TM- and ECR-mediated
modulation

Emerging data show the involvement of aGPCRs in numerous physiological
functions and human diseases. aGPCRs, thus, constitute a large group of molecules
that are potential drug targets. As other GPCR family members are successfully
targeted by a variety of molecules binding to either orthosteric or allosteric binding sites

in the 7TM domain, drugging aGPCRs is possible. Rational design of aGPCR ligands
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that interact with a 7TM binding cavity relies on good receptor models. The
determination of the first structure for the 7TM domain of an aGPCR will open the way
to the development of aGPCR 7TM-targeted drugs.

A major challenge in GPCR-targeted drug design is the high conservation of the
7TM, which requires high specificity of drugs in order to minimize undesirable side-
effects (Schlyer and Horuk, 2006). As aGPCR ECRs are much more diverse than their
7TMs, the pursuit of aGPCR ECR-targeted (i.e., allosteric) synthetic ligands, such as
monobodies or antibodies, will likely result in highly specific reagents. The finding that
monobodies alter basal activity by binding to the ECR of aGPCRs is an encouraging
proof of concept for developing highly selective modulators of aGPCRs. ECR-mediated
receptor regulation is likely to be moderate. Thus, the ECR-mediated regulation should
be suited for fine-tuning the signaling near the basal levels. Furthermore, as the
therapeutic potential of allosteric GPCR modulators that exhibit moderate effects has
been demonstrated (Christopoulos, 2014; Wootten et al., 2013; Wootten et al., 2016),
the aGPCR ECRs are potential drug targets. The powerful combination of ECR-targeted
synthetic ligands will be invaluable in future mechanistic and pharmacological studies of

aGPCRs.
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Chapter 3: Structural Basis for Gpr126 Function’

Introduction

Multicellular organisms rely on cellular communication to carry out critical
biological processes, and numerous cell-surface receptors utilize their extracellular
regions (ECRs) to modulate these cellular-adhesion and signaling events. For example,
the ECRs of integrins, epidermal growth factor receptor (EGFR), and several G protein-
coupled receptors (GPCRs) change conformation upon ligand binding, which
propagates signals across the membrane (Chun et al., 2012; de Graaf et al., 2017; Hu
and Luo, 2013; Kovacs et al., 2015; Luo et al., 2007; Rana et al., 2013; Salzman et al.,
2016; Shimaoka and Springer, 2003; Sun et al., 2016). Targeting the essential ECRs of
receptors with antibody-like drugs to trap the ECRs in distinct conformations, or to
modulate ECR-ligand interactions has been an effective way to treat diseases caused
by defective proteins. Currently, the anti-cancer drug cetuximab targets EGFR to
prevent an activating extended ECR conformation (Li et al., 2005), and the drug
etrolizumab blocks ligand binding to the ECRs of integrins in order to treat inflammatory

bowel diseases (Ley et al., 2016). Remarkably, earlier this year, the migraine preventive

' The text from this chapter was taken verbatim from: Leon K, Cunningham RL, Riback
JA, Feldman E, Li J, Sosnick TR, Zhao M, Monk KR, Ara¢ D (2019). Structural basis for
adhesion G protein-coupled receptor GPR126 function. K.L. cloned, expressed, purified
proteins (with assistance from E.F.), carried out bioinformatic and biochemical
characterizations, performed crystallography experiments (with assistance from J.L.)
and structure determination, performed cAMP-based signaling assays, and collected
and analyzed negative stain EM data (with assistance from M.Z.). R.L.C. and K.R.M.
designed and analyzed and R.L.C. performed zebrafish experiments. J.A.R., T.R.S.,
and K.L. designed and performed SAXS experiments. K.L. and D.A. designed all
experiments, interpreted results, and wrote the manuscript.
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drug erenumab, which blocks ligand binding to the ECR of calcitonin receptor-like
receptor, became the first antibody drug against a GPCR to be approved by the Food
and Drug Administration (Shi et al., 2016; Traynor, 2018). Despite these and other
breakthroughs, there are many essential receptors in the human genome that are not
currently drugged, including the 33 adhesion GPCRs (aGPCRs), a diverse and
understudied family of GPCRs with critical roles in synapse formation, angiogenesis,
neutrophil activation, embryogenesis, and more (Hamann et al., 2015; Langenhan et al.,
2016; Yona et al., 2008a).

Like all GPCRs, aGPCRs have canonical signaling seven-transmembrane (7TM)
domains (Manglik and Kruse, 2017; Paavola and Hall, 2012). However, unlike most
other GPCRs, aGPCRs have large ECRs which can extend up to almost 6000 amino
acids (aa) and consist of various adhesion domains that mediate cell-cell and cell-matrix
interactions (Langenhan et al., 2013). In addition, during biosynthesis, aGPCRs are
uniquely autoproteolysed within a conserved GPCR Autoproteolysis INducing (GAIN)
domain of the ECR that is juxtaposed to the 7TM (Arac et al., 2012), resulting in a
fractured receptor that nevertheless remains tightly associated at the cell surface
(Chang et al., 2003; Paavola et al., 2011).

Although their protein architectures remain largely unknown, functional studies
have shown that aGPCR ECRSs can regulate receptor function and that antibody-like
synthetic proteins that target the ECRs can modulate downstream signaling (Kishore
and Hall, 2017; Kishore et al., 2016; Paavola et al., 2011; Salzman et al., 2016;
Salzman et al., 2017). A current model for aGPCR regulation suggests that transient

interactions between the ECR and 7TM directly regulate receptor signaling (Kishore and
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Hall, 2017; Kishore et al., 2016; Paavola et al., 2011; Salzman et al., 2016; Salzman et
al., 2017). There are also numerous reports that aGPCRs use their ECRs to mediate
functions in a 7TM-independent manner (Koh et al., 2004; Muller et al., 2015; Patra et
al., 2013; Petersen et al., 2015; Promel et al., 2012a). Another non-mutually exclusive
model for aGPCR activation posits that ligand binding to the ECR can exert force and
cause dissociation at the autoproteolysis site, revealing a tethered peptide agonist,
which then activates the receptor (Demberg et al., 2015; Liebscher et al., 2014;
Stoveken et al., 2015; Wilde et al., 2016). Clearly, the ECRs of aGPCRs have
significant and diverse roles but remain poorly understood at a molecular level due to
the scarcity of structural information, such as interdomain interactions, protein
architecture, and identities of extracellular domains, which would provide insight into
their mechanisms of action.

ADGRG6/Gpr126 is one of the better studied aGPCRs and is essential for
Schwann cell (SC) myelination and other functions (Geng et al., 2013; Monk et al.,
2009; Waller-Evans et al., 2010). In vertebrate peripheral nervous system (PNS)
development, the myelin sheath surrounding axons is formed by SCs and functions to
facilitate rapid propagation of action potentials (Pereira et al., 2012). Disruption of
myelination is associated with disorders such as Charcot-Marie-Tooth disease, which is
characterized by muscle weakness (d'Ydewalle et al., 2012; Nave et al., 2007). In
gpr126 mutant zebrafish, SCs fail to express genes critical for myelination during
development and are not able to myelinate axons due to deficient G-protein signaling.
Additional studies have shown that this regulatory function of Gpr126 is conserved in

mammals (Mogha et al., 2013; Monk et al., 2011) and that Gpr126 also plays a role in
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myelin maintenance through communication with the cellular prion protein (Kuffer et al.,
2016). In humans, GPR126 mutations are linked to several diseases (Garinet et al.,
2018; Nik-Zainal et al., 2016; Piraino and Furney, 2017; Qin et al., 2017; Terzikhan et
al., 2018), including arthrogryposis multiplex congenita, a disorder characterized by
multiple joint contractures (Ravenscroft et al., 2015). Furthermore, Gpr126 is required
for inner ear development (Geng et al., 2013) and heart development (Waller-Evans et
al., 2010), and it has been shown that the latter function is ECR-dependent and does
not require the 7TM (Patra et al., 2013). While the biological significance of Gpr126 has
become indisputable over recent years, the molecular mechanisms underlying Gpr126
functions remain unclear.

Gpr126 has a large ECR consisting of 839 aa (Figure 3.1). Prior to the current
study, four domains in the ECR of Gpr126 had been identified through sequence-based
bioinformatics: Complement C1r/C1s, Uegf, Bmp1 (CUB), Pentraxin (PTX), Hormone
Receptor (HormR), and GAIN (Arac et al., 2012; Moriguchi et al., 2004; Stehlik et al.,
2004). However, a 150 aa region between PTX and HormR, could not be identified.
Furin, a Golgi-localized protease, is reported to cleave Gpr126 in this region (Moriguchi
et al., 2004), although any effect on protein architecture is unclear because of the
unspecified structure. In addition, alternative splicing occurs in GPR126, resulting in
Gpr126 isoforms that vary in their ECRs (Bjarnadottir et al., 2007; Moriguchi et al.,
2004). Alternative splicing of exon 6 was observed in human and zebrafish (Moriguchi
et al., 2004; Patra et al., 2013), producing isoforms that either include (S1 isoform,
henceforth referred to as +ss) or exclude (S2 isoform, henceforth referred to as -ss) a

23 aa segment found within the unknown region between PTX and HormR, further
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emphasizing the importance of determining the ECR structure, conformation, and other

possible unexplored features in understanding Gpr126 function.
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Figure 3.1 Crystal structure of the full extracellular region of Gpr126

(A) Domain organization of Gpr126, indicating the ECR and 7TM regions. The unknown
region includes a splice site. Cleavage sites (furin cleavage, autoproteolysis) are
indicated by dashed lines. Domains are colored dark blue (CUB), cyan (PTX), grey
(unknown region), yellow (HormR), red (GAIN) and purple (7TM). Domain boundaries
are indicated below. SP indicates signal peptide. (continued on next page)
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(continued from previous page) (B) Structure of the full ECR of (-ss) Gpr126. Domains
are colored as in (A) except for the newly identified SEA domain (green). Domains are
numbered (1-5) from N to C-terminus. Calcium ion in CUB domain is indicated as a
green sphere. Dashed lines represent disordered residues. (C) Schematic of full-length
Gpr126. The previously unknown region (SEA domain and linker region) is labeled.
Autoproteolysis in GAIN domain is indicated by an asterisk (*) and the last 3-strand of
the GAIN domain is colored grey. (D) Representative negative stain EM 2D class
average of Gpr126 (-ss) ECR. Domains are assigned and colored according to color
scheme noted above. The dashed line represents the linker region.

In this study, we determined the high-resolution crystal structure of the full-length
ECR of Gpr126, which reveals five domains, including a newly identified Sperm protein,
Enterokinase and Agrin (SEA) domain which is the site of furin-mediated cleavage.
Intriguingly, the ECR is in an unexpected closed conformation that is reminiscent of the
inactive closed conformation of the ECRs from EGFR and integrin families. This closed
conformation is sustained by an alternatively spliced linker, while insertion of the
alternatively spliced site gives rise to dynamic open-like ECR conformations and
increases downstream signaling. A second feature that also mediates the closed
conformation is a newly-identified calcium-binding site at the tip of the ECR. Strikingly,
zebrafish carrying point mutations at this site have both myelination defects and
malformed ears, demonstrating the critical role of the ECR in Gpr126 function in vivo.
These results altogether show that the ECR of GPR126 has multifaceted roles in

regulating receptor function, a feature that is likely true for other aGPCRs, and that will

form the basis for further investigations in the efforts to drug aGPCRs.
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Results

The structure of the full-length ECR of Gpr126 (-ss) reveals five domains in a
closed conformation

To determine the structure of the ECR of Gpr126, the full-length ECR (-ss) from
zebrafish Gpr126 (T39-S837) was expressed and purified from insect cells using the
baculovirus expression system. Zebrafish Gpr126 has high sequence identity (47%) to
its human homolog but has a fewer number of N-linked glycosylation sites (16 predicted
in zebrafish, 26 in human) and no furin cleavage site (Figure 3.2A), and thus yields a
more homogeneous sample (Figures 3.2B and 3.2C). Crystals of both native and
selenomethionine (SeMet)-labeled zebrafish Gpr126 ECR (-ss) were obtained and
diffracted to 2.4 A (Figure 3.2D), and the structure was determined by SeMet single-

wavelength anomalous diffraction (SAD) phasing (Table 3.1).
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Table 3.1 Data Collection and Refinement Statistics

Protein Gpr126 ECR Native Dataset Gpr126 ECR SeMet SAD
Data Collection
Integration Package HKL2000 HKL2000
Wavelength 1.033 A 0.979 A
Space group C2 C2
Cell dimensions
ab,c 144.96 A, 59.45 A, 168.39 A '1&45.20 A, 59.33 A 168.72
a, B,y 90°, 107.82°, 90° 90°, 108.16°, 90°
Resolution 50-2.40 A (2.46-2.40 A) 50-2.34 A (2.38-2.34 A)
Rsym or Rmerge 0.064 (0.664) 0.086 (0.492)
CCu2, highest res. bin 0.557 0.376
llal 15.0 (0.9) 13.0(1.4)
Completeness 77.9% (25.4%) 71.6% (9.7%)
Redundancy 2.9 (1.7) 3.8 (1.3)
Number of measured 125687 157602
reflections
Number of unique 43044 41385
reflections
Refinement Statistics
Rwork/Rfree 0.216/0.271
Number of atoms

Protein 5844

Water 146

Other 169
Average B-factors

Protein 28.8 A2

Water 26.1 A2

Other 57.5 A2
Rmsds

Bond lengths 0.009 A

Bond angles 1.118°
Ramachandran plot statistics

Most favorable 90.98%

Allowed 8.22%

Disallowed 0.8%
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Figure 3.2 Purification and crystallization of Gpr126 ECR

(A) Sequence alignment of Gpr126 furin-cleavage site from various species. Consensus
cleavage site residues are colored red. (B) SDS-PAGE of purified Gpr126 ECR showing
bands for N-terminal fragment (black arrowhead) and tethered peptide (orange
arrowhead). (C) Size exclusion column profile of purified Gpr126 ECR. (D) Crystals of
Gpr126 ECR. (continued on next page)
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(continued from previous page) (E) Electron density for Gpr126 ECR showing lack of
electron density at autoproteolysis site (asterisk) generating an N-terminal fragment
(red) and C-terminal fragment (black). (F) HormR+GAIN domain structures and space
groups of rLPHN1 (orange), hBAI3 (yellow), hLPHNS (light blue), and zfGpr126 (pink).
Red arrows indicate angles between GAIN and HormR domains, highlighting difference
seen in zfGpr126 compared to all other structures. (G) Experimental SAXS curve for
Gpr126 ECR (black) fit to a smooth regularized scattering curve (i.e. the Fourier
transform of p(r), solid black line, see methods), simulated SAXS curve for Gpr126 ECR
based on crystal structure (red), and simulated SAXS curve for extended model of
Gpr126 ECR (blue).

The structure, with overall dimensions of 110A x 80A x 35A, revealed the
presence of five domains (Figures 3.1B and 3.1C), of which only four were identified
previously. The N-terminal region of the protein is composed of the CUB domain
followed very closely by the PTX domain. The 150 aa unknown region after the PTX
domain was revealed to be a 22 aa linker that is partially disordered, the 23 aa
alternatively spliced region (not present in crystal structure construct), and a structured
domain which spans 105 aa and was identified as a SEA domain through the Dali
server (Holm and Laakso, 2016). The Gpr126 SEA domain adopts a ferredoxin-like
alpha/beta sandwich fold, and superimposition over known SEA domain structures from
Mucin-1 and Notch-2 (RMSD: 2.8A and 4.8A, respectively) (Gordon et al., 2007; Macao
et al., 2006) showed that the Gpr126 SEA domain indeed adopts the same fold.
Interestingly, analysis of the structure as well as sequence alignments between
zebrafish and human showed that furin cleavage in humans would occur in the SEA
domain. Finally, the SEA domain is followed by the HormR and GAIN domains, the
latter of which is autoproteolyzed as expected (Figure 3.2E). The HormR and GAIN

domain structures are similar to previously-solved HormR+GAIN domain structures from

other aGPCRs (Arac et al., 2012; Salzman et al., 2016), with the exception of the
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relative orientation between HormR and GAIN. There is a 90° rotation of the HormR
domain with respect to the GAIN domain (Figure 3.2F) in Gpr126 compared to
previously-solved HormR+GAIN structures from rLphn1, hBAI3, and hLphn3 (Arac et
al., 2012).

Unexpectedly, the structure revealed a compact, closed conformation where the
most N-terminal CUB domain interacts with the more C-terminal HormR and GAIN
domains (Figure 3.1B). To ensure that this conformation is not a crystallization artifact,
we utilized both negative-stain electron microscopy (EM) and small-angle X-ray
scattering (SAXS) to confirm that the closed confirmation is observed for Gpr126 in
solution. Negative-stain 2D class averages of Gpr126 ECR showed a V-shaped protein
architecture (Figure 3.1D). The individual domains in the 2D class averages were
assigned according to size and are consistent with the closed architecture of the crystal
structure. In addition, we measured the radius of gyration (Rg) of the ECR using SAXS
to confirm that the closed conformation exists in solution. The observed Rq (41.1 £ 0.1
A) is consistent with the calculated Rq of the crystal structure (42.6 A) and inconsistent
with that of an extended model of GPR126 ECR (Rgy = 52.2A) (Figure 3.2G). Taken
together, these results: show that the closed, rather than extended, conformation of
Gpr126 ECR exists in solution, demonstrate that this conformation is not an artifact of
crystal-packing contacts, and suggest that this closed conformation may play an

important role in Gpr126 function.

A calcium-binding site and a disulfide-stabilized linker mediate the closed

conformation of Gpr126 ECR
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As the closed conformation of Gpr126 (-ss) ECR was shown to exist both in

solution and in the crystal lattice, we next wanted to explore the interactions that

contribute to this protein architecture. Close examination of the crystal structure

revealed two interaction sites that mediate the closed conformation, the first of which is

a direct interaction between domains that are at opposite ends of the ECR and the

second is an indirect interaction formed between two domains through a loop that holds

them together (Figure 3.3A).
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Figure 3.3 The closed conformation of Gpr126 is mediated by CUB-HormR-

linker interactions

(A) Structure of the full ECR of (-ss) Gpr126. (B) Close-up view of the CUB-HormR

interface. Resides at the interface are shown as sticks. The calcium ion is shown as a

bright green sphere. (continued on next page)
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(continued from previous page) (C) Close-up view of the calcium-coordination site within
CUB domain. The water molecule is shown as a blue sphere. The residues are shown
as sticks. CUB residues are colored dark blue and HormR residue is colored yellow.
Residue labels are colored according to their roles in CUB-HormR interaction: red (E89,
D97, D134) represents calcium coordination by side chain residue, blue (S136, V137)
represents calcium coordination by main chain carbonyl group, purple (F135)
represents a hydrophobic residue in CUB-HormR interface, and orange (Y61)
represents a residue that stabilizes calcium-coordinating residue D97. Calcium
coordination is shown as bright green dashed lines. CUB-HormR interaction is shown
as yellow dashed lines. The interaction between Y61 and D97 is shown as a magenta
dashed line. (D) Sequence alignment of partial Gpr126 CUB domain from various
species, highlighting important conserved residues: calcium-coordinating residues by
side chain group (red), calcium-coordinating residues by main-chain carbonyl (blue), a
tyrosine residue that stabilizes a calcium-coordinating residue (orange), and a
hydrophobic phenylalanine residue in the CUB-HormR interface (purple). (E) Close-up
view of the disulfide-stabilized loop inserted between CUB and HormR domains. The
disulfide bond is colored bright orange and is indicated by an arrow. The dashed line
represents disordered residues in the linker region.

First, a direct interaction exists at the tip of the CUB domain (close to the N-
terminus), which points inward towards the center of the molecule and lies in the
interface between GAIN and HormR. Residues in the HormR domain (H516, F533,
P534, Y535) interact with each other through pi-pi stacking (sandwich), promoting

interaction with F135 on the CUB domain through additional (T-shaped) pi-pi stacking to

stabilize the CUB-HormR interaction (Figure 3.3B).
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Figure 3.4 Analysis of the Gpr126 CUB domain

(A) Electron density for Gpr126 ECR showing density for calcium ion (green sphere).
Coordination interactions are shown as yellow dashed lines and distances (A) are
noted. (B) (Left panels) Structures of proteins that use calcium-binding CUB domains
(blue) to bind ligands (yellow). (Right panels) Close-up views of the interfaces with
arrows pointing to the lysine residues on the ligands which interact with calcium-binding
residues on the CUB domains. (C) Sequence alignment of CUB domains from various
proteins, highlighting conserved calcium-coordinating residues (red). (D) Alignment of
the disulfide-bond loop region from various species showing the cysteines (bright

orange) are universally conserved.
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Surprisingly, examination of the 2Fo-Fc electron density map showed that there
is density within the CUB domain at this interface that does not belong to any amino
acid residue (Figure 3.4A). This density is coordinated by the side-chain groups of E89,
D97 (bidentate) and D134, main-chain carbonyl groups of S136 and V137, as well as a
water molecule for a complex with coordination number 7 in a pentagonal bipyramid
geometry (Figure 3.3C). The geometry and distances between the density and the
coordinating residues in Gpr126 are consistent with calcium coordination (Harding,
2000). Several CUB domains from extracellular proteins are reported to coordinate
calcium, including Gpr126 (Gaboriaud et al., 2011), and some have been discovered to
use this coordination to mediate ligand binding (Andersen et al., 2010; Cohen-Dvashi et
al., 2018; Gaboriaud et al., 2011; Gingras et al., 2011; Venkatraman Girija et al., 2013)
(Figure 3.4B). For example, the C1s protein uses its CUB calcium-binding site to bind to
ligand C1q and initiate the classical pathway of complement activation (Venkatraman
Girija et al., 2013), and the Lujo virus recognizes a calcium-binding site on the CUB
domain of the neurophilin-2 receptor in order to gain cell entry (Cohen-Dvashi et al.,
2018). The calcium-coordinating residues are all conserved in the Gpr126 CUB domain
(among GPR126 in various species (Figure 3.3D) as well as among calcium-binding
CUB domains in other proteins (Figure 3.4C)), suggesting that the density is indeed
calcium. Importantly, the calcium coordination aligns the coordinating residues E89 and
D134 on the surface of the CUB domain such that they can interact with K536 on the
HormR domain (Figure 3.3C), contributing to the closed conformation.

In addition to the direct CUB-HormR interaction, a second interaction site is

formed by a disulfide-stabilized loop which provides a bridge between the CUB and
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HormR domains. Although 13 (C355-A367) of the 22 aa (C355-P376) in the linker

region are disordered in the structure, the rest were able to be resolved and they form a

small loop stabilized by a disulfide bond between C369 and C375 (Figure 3.3E). This

loop is located directly N-terminal to the SEA domain and is inserted between the CUB

and HormR domains, effectively bridging the two domains and likely contributing to the

stabilization of the closed conformation. The cysteines that form the disulfide bond are

conserved among all except one of the 90 species analyzed in this study (Figure 3.4D

and Table 3.2), suggesting that this disulfide bond plays an important role in Gpr126

function. The five residues (ASGLG) flanked by the cysteines are small and flexible,

accommodating the formation of the disulfide loop as well as insertion into the small

pocket between CUB and HormR.

Table 3.2  Information for various Gpr126 species
(continued on following pages)
evidence conserved
of splice C369/C375
furin site cysteines?
cleavage | between
class common nhame site? PTX/SEA?
mammalia giant panda yes yes yes
reptilia american alligator yes yes yes
aves mallard yes yes yes
reptilia green anole [lizard] yes yes yes
aves chuck-wills-widow yes no yes
aves emperor penguin yes no yes
actinopterygii | mexican tetra no yes yes
mammalia domestic yak yes yes yes
mammalia cow yes yes yes
aves rhinoceros hornbill no no yes
mammalia marmoset yes yes yes
aves anna's hummingbird yes no yes
mammalia wild bactrian camel yes yes yes
mammalia dog yes yes yes
aves killdeer yes no yes
aves macqueen’s bustard yes no yes
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Table 3.2, continued

mammalia green monkey yes yes yes
aves speckled mouse-bird yes no yes
aves american crow yes yes yes
mammalia chinese hamster yes yes yes
reptilia australian saltwater crocodile | yes yes yes
aves cuckoo yes no yes
actinopterygii | zebrafish no yes yes
mammalia beluga whale yes yes yes
mammalia ord’s kangaroo rat yes yes yes
aves little egret n/a no yes
mammalia horse yes yes yes
mammalia european hedgehog yes yes yes
aves collared flycatcher yes yes yes
actinopterygii | mummichog no yes yes
aves chicken yes yes yes
mammalia gorilla yes yes yes
aves white-tailed eagle yes no yes
mammalia naked mole-rat yes yes yes
mammalia human yes yes yes
actinopterygii | channel catfish no yes yes
actinopterygii | large yellow croaker no yes yes
actinopterygii | baramundi perch no yes yes
actinopterygii | spotted gar yes yes yes
mammalia african bush elephant yes yes yes
mammalia crab-eating macaque yes yes yes
mammalia rhesus macaque yes yes yes
aves golden-collared manakin no no yes
aves turkey yes no yes
aves northen carmine bee-eater n/a no yes
mammalia golden hamster yes yes yes
mammalia opossum yes yes yes
mammalia mouse yes yes yes
mammalia ferret yes yes yes
mammalia vesper bat yes no yes
mammalia little brown bat yes no yes
aves crested ibis no no yes
northern white-cheeked yes
mammalia gibbon yes yes
actinopterygii | turquoise Killifish no yes no
actinopterygii | coho salmon no yes yes
actinopterygii | rainbow trout no yes yes
actinopterygii | chinook salmon no yes yes
aves hoatzin bird yes no yes
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Table 3.2, continued

actinopterygii | nile tilapia no yes yes
mammalia platypus yes no yes
mammalia european rabbit yes yes yes
mammalia northern great galago yes yes yes
mammalia sheep yes yes yes
mammalia chimpanzee yes yes yes
mammalia leopard yes yes yes
mammalia olive baboon yes yes yes
aves dalmatian pelican yes no yes
reptilia chinese soft-shell turtle no yes yes
aves white-tailed tropicbird yes no yes
aves great cormorant no no yes
aves downy woodpecker no no yes
aves great crested grebe yes no yes
actinopterygii | amazon molly no yes yes
mammalia sumatran orangutan yes yes yes
aves yellow-throated sandgrouse | yes no yes
mammalia black flying fox yes no yes
aves adelie penguin no no yes
mammalia brown rat yes yes yes
actinopterygii | atlantic salmon no yes yes
mammalia tasmanian devil no yes yes
mammalia pig yes yes yes
aves zebra finch yes no yes
actinopterygii | japanese puffer no yes yes
aves red-crested turaco no no yes
reptilia three-toed box turtle yes yes yes
actinopterygii | green pufferfish no yes yes
aves white-throated tinamou no no yes
aves barn owl yes no yes
amphibia western clawed frog n/a yes yes
actinopterygii | southern platyfish n/a yes yes

Alternative splicing modulates Gpr126 ECR conformation

Gpr126 is alternatively spliced, producing several isoforms that may modulate
protein function. Skipping of exon 6 results in deletion of 23 aa in zebrafish (28 aa in
human) and is of particular interest because these amino acids reside in the previously

unknown region of Gpr126 ECR. The 23 aa region is rich in serine/threonine residues
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(10 out of 23) and contains a predicted N-linked glycosylation site, which suggests that
this region may be a highly O- and N-link glycosylated stalk. From analysis of the crystal
structure (-ss isoform, in which the 23 aa are deleted), we determined that the splice
site is directly between the regions encoding the disulfide-stabilized loop and the SEA
domain (Figure 3.5A). Because the disulfide-stabilized loop makes contacts that are
important for the closed conformation of Gpr126 ECR (-ss) (Figure 3.3E), we
hypothesized that the (+ss) isoform would disrupt the closed conformation and have a

different, more open conformation.
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Figure 3.5 Alternative splice isoforms of Gpr126 modulate ECR conformation

(A) Schematic diagram of Gpr126 splice isoforms generated by including (+ss) or
excluding (-ss) exon 6. Residues encoded by exon 6 are colored magenta. Grey
asterisks indicate potential O-linked glycosylation sites and the black asterisk indicates
a predicted N-linked glycosylation site. The conserved disulfide bond in the linker is
colored yellow. (continued on next page)

67



(continued from previous page) (B, C) Negative stain EM 2D class averages for -ss (B)
and +ss (C) ECR constructs. Class averages are categorized according to similar
orientations: (i, ii, iii, iv, v.and vi). (i, ii, iii, iv) are observed in both —ss and +ss isoforms.
(vi) represents open-like conformations that are observed only in the +ss isoform. (v)
represents unidentifiable miscellaneous views. (D) Quantification of percentage of
particles per category for both isoforms. (E) Representative individual particles for both
isoforms. Yellow arrows point to particles which are not in a closed conformation. (F)
ECR conformations based on negative stain EM are depicted as cartoons. The splice
site is shown in magenta. Black arrows with dashed lines indicate dynamic ECR
conformation.

To test whether Gpr126 ECR (+ss) and (-ss) have different conformations, the
two proteins were purified and analyzed using negative stain EM. Single particles were
classified into 2D class averages and the class averages were further categorized into
groups to facilitate interpretation of different conformations. The class averages for the
(-ss) isoform, categorized into five main orientations (Figure 3.5B), were consistent with
the closed conformation of the crystal structure (Figure 3.1B). However, the class
averages for the (+ss) isoform showed a diverse population of ECR molecules, as they
contain additional more open-like conformations (group vi, 21% of particles, Figure
3.5D) as well as closed conformations that were observed in the -ss isoform (Figures
3.5C and 3.5D). Furthermore, individual (+ss) particles showed the presence of open
conformations (Figure 3.5E, yellow arrows), including a fully extended conformation
which could not be classified into a distinct class average during image processing.
These results are consistent with our hypothesis that the (+ss) ECR conformation is
different from that of (-ss) and suggest that the addition of 23 aa extends the linker in

(+ss), likely disrupting the indirect and direct CUB-HormR interactions and preventing

the stable closed conformation that is observed in (-ss) (Figure 3.5F).
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The negative stain EM data is consistent with SAXS experiments showing that
the Ry of zebrafish Gpr126 ECR (+ss) is larger than that of (-ss) (Figures 3.6A and
3.6B), with a more dramatic change in Ry observed between the human GPR126
isoforms. Size exclusion chromatography elution profiles for both zebrafish and human
constructs also showed that (+ss) elutes earlier compared to (-ss), indicative of a larger

size and different shape (Figures 3.6C and 3.6D).
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Figure 3.6 Differences in ECR conformation between Gpr126 splice isoforms

(A) (Left panel) SAXS curves and (right panel) normalized Kratky plots for zZfGpr126 (-
ss) (black), (+ss) (red), and (-ss) D134A/F135A (purple). (B) (Left panel) SAXS curves
and (right panel) normalized Kratky plots for hGPR126 (-ss) (black) and (+ss) (red).
Dashed lines show profiles expected for a random walk and compact (Guinier) particle
located at the top and bottom, respectively of the plots. Solid lines show experimental fit
with a smooth regularized scattering curve (i.e. the Fourier transform of p(r), solid black
line, see methods). (C) Size exclusion column profiles for zfGpr126 (-ss) (black) and
(+ss) (red). (D) Size exclusion column profiles for hGPR126 (-ss) (black) and (+ss)

(red).
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Alternative splicing modulates Gpr126 receptor signaling

To determine whether the two isoforms also exhibit different levels of signaling,
receptor activity was measured for both isoforms using a G protein signaling assay.
GPR126 has been shown previously to couple to and activate Gas, leading to
production of cAMP (Mogha et al., 2013). Therefore, we used a cAMP signaling assay
in which HEK293 cells were co-transfected with a full-length Gpr126 construct and a
reporter luciferase that emits light upon binding to cAMP. Cell-surface expression level
of Gpr126 constructs was quantified by flow cytometry analysis of cells stained by
antibodies against N-terminal FLAG-tags (Figure 3.7A), and basal signaling results

(Figure 3.7B) were normalized to expression level (Figure 3.7C).
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Figure 3.7 Alternative splice isoforms of Gpr126 modulate receptor signaling

(A) Cell-surface expression levels for empty vector (EV), zebrafish Gpr126 splice
isoforms, and D134A/F135A mutants, measured using flow cytometry to detect binding
of anti-FLAG antibody to cells expressing FLAG-tagged Gpr126. The Gpr126 cell-
surface expression levels are normalized to the control EV signal. (B) Basal signaling
measured by the cAMP signaling assay. Data are shown as fold increase over EV of
RLU (relative luminescence units). (continued on next page)
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(continued from previous page) (C) Basal cAMP signaling normalized to cell-surface
expression. ns, P > 0.05; *. P < 0.05; **. P < 0.01 by unpaired two-tailed t test. Data in
(B) and (C) are presented as mean + SEM, n = 3, and are representative of at least
three independent experiments.

Cells transfected with either (-ss) or (+ss) Gpr126 had higher cAMP levels
compared to cells transfected with an empty vector (EV) (Figure 3.7C), demonstrating
that basal activity of Gpr126 can be detected in this assay. As a positive control, a
synthetic peptide agonist that targets the Gpr126 7TM activated Gpr126 signaling to a
level consistent with similar, previously-published experiments (Figure 3.8A) (Liebscher
et al., 2014) and did not activate signaling in EV-transfected cells.

However, the closed-conformation (-ss) Gpr126 signaled significantly less
compared to the more dynamic (+ss) Gpr126 (Figure 3.7C), and this result was
consistent between both zebrafish and human (Figure 3.8D) constructs. This suggests
that the additional amino acids in the linker region of the ECR as a result of alternative
splicing plays a role in modulating the activity of Gpr126 and that the ECR of Gpr126 is
coupled to receptor signaling. Taken together with the negative stain EM results, the (-
ss) and (+ss) Gpr126 isoforms are distinct in terms of ECR conformation dynamics as
well as G protein signaling activity.

To test the role of the calcium-binding site on signaling, we mutated calcium-
binding site residues D134A/F135A in the (-ss) isoform, which we predicted would
disrupt the closed conformation. Using negative stain EM, we observed open ECR
conformations for this construct (Figure 3.8E), similar to the wild-type (+ss) isoform. The
calcium-binding site mutation did not increase or decrease the cAMP signaling for the (-

ss) Gpr126 isoform (Figure 3.7C). To test whether the calcium-binding site is
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responsible for the increase in signaling in the (+ss) isoform, we mutated calcium-
binding site residues D134A/F135A in the (+ss) isoform as well. This mutation resulted
in lower cAMP levels compared to wild-type (+ss). Indeed, in all constructs in which the
calcium-binding site is either obscured (wildtype -ss) or mutated (-ss D134A/D135A and
+ss D134A/F135A), the cells had similarly low levels of cAMP compared to the cells
transfected with a construct in which the calcium-binding site is likely exposed (wildtype
+ss). Cell-surface expression levels of these mutant Gpr126 constructs in HEK293 cells
were similar or higher than wild-type constructs, excluding the possibility that lower
signaling was due to improper protein folding or trafficking (Figure 3.7A). These results
suggest that the calcium-binding site is important for increased signaling in the (+ss)

isoform and is likely a functional site for Gpr126.
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Figure 3.8 Calcium-binding site mutants alter ECR conformation

(A) Basal (left) and activated (right) cAMP signaling normalized to cell-surface
expression for empty vector (EV) and zebrafish Gpr126 splice isoforms. (B) Cell-surface
expression levels for EV and human GPR126 splice isoforms, measured using flow
cytometry to detect binding of anti-FLAG antibody to cells expressing FLAG-tagged
GPR126. The GPR126 cell-surface expression levels are normalized to the control EV
signal. (C) Basal signaling for sam constructs in (B) measured by the cAMP signaling
assay. Data are shown as fold increase over EV of RLU (relative luminescence units).
(D) Basal cAMP signaling normalized to cell-surface expression. *P < 0.05 by unpaired
two-tailed t test. Data in (A), (C), and (D) are presented as mean £ SEM, n = 3, and are
representative of at least three independent experiments. (E) ECR conformation for -ss
D134A/F135A Gpr126 ECR. Negative stain EM 2D class averages (top) and
representative individual particles (middle) are shown. ECR conformations (bottom)
based on negative stain EM are depicted as cartoons. Arrows with dashed lines indicate

dynamic ECR conformation.
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The calcium-binding site in the CUB domain is critical for PNS myelination in
zebrafish

Ligand-binding sites and other functional sites on proteins are usually highly
evolutionarily conserved. Since we identified the calcium-binding site in the CUB
domain of Gpr126 as a potential functional site, we wanted to further evaluate its
importance from an evolutionary perspective and assess its conservation level
compared to the rest of the ECR. We used the ConSurf server (Ashkenazy et al., 2016)
to perform surface conservation analyses on a diverse set of 90 Gpr126 protein
sequences. The conservation score for each residue was mapped onto the Gpr126
ECR structure (Figure 3.9A), which revealed that the most conserved domain in the
ECR is the CUB domain. Importantly, the calcium-binding site is absolutely the most
highly conserved patch within the CUB domain and within the entire Gpr126 ECR
(Figure 3.10A). The calcium-binding site is universally conserved among all species
analyzed. The high level of conservation, along with the previous signaling results for
calcium-binding site mutant constructs, further suggests that the calcium-binding site

has an essential role in Gpr126 function.
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Figure 3.9 Surface conservation of Gpr126 ECR

(A) Conservation score of each residue mapped onto the surface of Gpr126 ECR. (B)
Sequence traces for gpr126** and gpr126°t464/s1464 zeprafish, showing D134A/F135A
mutations in gpr126st464st464 (C) 4 dpf wild-type larvae express mbp throughout the
posterior lateral line nerve (PLLn, arrowhead), whereas 4 dpf gpr126st464/51464|arva lack
mbp expression along the PLLn (arrowhead). Asterisks indicate CNS. (D) Quantification
of presence or absence of mbp expression in wild-type and mutant larvae.

We next wanted to test whether the residues in the calcium-binding site are

important for Gpr126 function in vivo. Gpr126 has previously been shown to regulate
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both PNS myelination and ear development in zebrafish through elevation of cCAMP
(Geng et al., 2013; Monk et al., 2009). Zebrafish gpr126 mutations that impair G protein
signaling result in abolished myelination of the peripheral axons by SC and cause
“‘puffy” ears (Geng et al., 2013; Liebscher et al., 2014; Monk et al., 2009; Paavola et al.,
2014; Petersen et al., 2015). Gpr126 activity in zebrafish can be readily measured by
analyzing the expression of myelin basic protein (mbp), which encodes a major
structural component of the myelin sheath and is essential for PNS myelination, and by
assessing ear morphologies of the fish. To determine whether the calcium-binding site
is important for these functions, two amino acids in the site, D134 and F135, were
targeted and mutated to alanines using CRISPR/Cas9-mediated homologous
recombination. D134 directly coordinates the calcium ion and F135 is an adjacent
hydrophobic residue which forms one arm of the calcium-binding pocket (Figures 3.3C
and 3.10A). As a result, the mutant zebrafish, gpr126464 harbor D134A and F135A
mutations (Figures 3.10B and 3.9B). These mutations created a BstUI restriction
enzyme site, which was used to genotype individual zebrafish (Figure 3.10C). Strikingly,
compared to wild-type siblings, the gpr1265t464 mutant zebrafish developed the puffy
ears (Figures 3.10D and 3.10E) that are indicative of a defect in Gpr126-mediated G
protein signaling. In addition to the ear phenotype, mutant zebrafish did not express
mbp, indicative of failed PNS myelination (Figures 3.10F, 3.10G, 3.9C, and 3.9D).
These results show that D134 and F135 in the calcium-binding pocket of Gpr126 are

essential for ear and SC development in vivo.
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Figure 3.10 Zebrafish with mutations in the calcium-binding pocket in CUB
domain show defective ear and Schwann cell development

(A) Surface conservation analysis of CUB domain. The calcium-binding site is circled in
magenta. D134 and F135 are indicated by arrows. (B) D134 and F135 were both
mutated to alanines through homologous recombination of a 150 bp ssODN containing
a 5 bp mutation (red nucleotides). (C) Genotyping assay for the gpr126%4%4 |esion. The
5 bp mutation introduces a BstUI restriction enzyme binding site. (D) 4 dpf wild-type
larva compared to (E) 4 dpf gpr126514645t464 |grva with puffy ears (arrowheads). (F) 4 dpf
wild-type larvae express mbp throughout the posterior lateral line nerve (PLLn,
arrowhead), whereas (G) 4 dpf gpr126514645t464|arva lack mbp expression along the
PLLn (arrowhead). Asterisks indicate CNS.
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A proteolytic SEA domain may mediate domain-specific functions of GPR126

In addition to myelination and ear development, Gpr126 also plays an important
role in heart development (Geng et al., 2013; Monk et al., 2009; Paavola et al., 2014;
Patra et al., 2013; Waller-Evans et al., 2010). However, in contrast to the myelination
and ear development functions of GPR126, which depend on intracellular cAMP
signaling (Geng et al., 2013; Mogha et al., 2013; Monk et al., 2009), heart development
does not depend on downstream G-protein signaling via the 7TM domain because
ectopic expression of Gpr126 ECR suppresses the cardiac phenotype in gpr126
knockdown in zebrafish (Patra et al., 2013), and gpr126 mutant zebrafish with
truncations after the CUB and PTX domains have normal heart development (Paavola
et al., 2014). These observations suggest a versatile function and signaling property of
Gpr126 that depends on only the ECR. Although furin-mediated cleavage had
previously been proposed to release the CUB and PTX domains to act as ligands on
other receptors (Moriguchi et al., 2004), the structural and mechanistic insight remained

unclear.
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Figure 3.11 A furin cleavage site is mapped within the newly identified SEA
domain

(A) Crystal structure of the SEA domain from zebrafish Gpr126. (B) Gpr126 SEA
domain superimposed over Mucin-1 SEA domain (left, PDB: 2ACM) and over Notch2
SEA domain (right, PDB: 2004). The root-mean-square deviations (RMSDs) of atoms
between overlaid structures are 2.761 A and 4.767 A, respectively. Arrows indicate
cleavage sites in Mucin-1 and Notch2. (C) Sequence alignment of partial SEA domain
from human Mucin-1, human Notch2, human GPR126, and zebrafish Gpr126. (D)
Homology model of human GPR126 SEA model generated using SWISSMODEL. The
arrow points to modelled furin-cleavage site. (E) Protein topology map of SEA domain.
Furin cleavage site is indicated by red scissors. Residues N-terminal to cleavage site
are dark blue and residues C-terminal to cleavage site are light blue. Dashed lines
represent backbone hydrogen bonds between beta sheets.
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As mentioned earlier, the previous unknown region in the GPR126 ECR contains
a structured domain, which we revealed to be a SEA domain (Figure 3.11A) that is the
site of furin cleavage. GPR126 SEA superimposes well over SEA domains from Mucin-
1 and Notch-2 (Gordon et al., 2007; Macao et al., 2006), which are also cleaved (via
autoproteolysis and furin, respectively), both in the same loop between (-strand 2 and
B-strand 3 (Figure 3.11B). Although furin cleavage is not conserved in zebrafish
Gpr126, it is conserved in many mammals and birds (Table 3.2 and Figure 3.2A), with a
consensus sequence of (R/K)-X-K-R|. Using sequence alignments (Figure 3.11C) and
homology modeling, we mapped the furin-cleavage site in human GPR126 (Figure
3.11D) to the same loop that is cleaved in Mucin-1 and Notch-2, suggesting that SEA
domain cleavage plays similar roles in each of these proteins.

To our knowledge, SEA and GAIN are the only known protein domains that are
proteolyzed and remain associated even after proteolysis. In proteins like Mucins and
Notch, the cleaved SEA domain remains intact (Gordon et al., 2009; Macao et al., 2006)
and shear forces likely unfold the domain and separate the protein into two fragments
(Pelaseyed et al., 2013; van Putten and Strijbis, 2017). The Gpr126 SEA domain shows
several noncovalent interdomain interactions, particularly between all four of the 3-
strands that form a 3-sheet (Figure 3.11E), suggesting that separation of the SEA
domain into two fragments would not readily occur immediately following cleavage,
similar to the aforementioned SEA domains as well as to GAIN domain autoproteolysis.
Instead, the two fragments likely stay associated non-covalently until a disruptive event,
such as ligand binding and mechanical force, unfolds the SEA domain and leads to

separation or shedding of the region N-terminal to the furin-cleavage site (CUB, PTX,
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linker, half of SEA) and the C-terminal region (half of SEA, HormR, GAIN, 7TM) (Figure
3.12A). HEK293 cells transfected with a mutant form of human GPR126 that is not able
to be cleaved by furin were detected on the cell surface (Figure 3.12B), and therefore,
the importance of furin cleavage is likely not primarily important for proper expression

and trafficking but rather for a ligand-mediated function.
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Figure 3.12 Furin cleavage of GPR126

(A) Structure of Gpr126 ECR. The region N-terminal to furin-cleavage site is colored
light blue and region C-terminal to furin-cleavage site is colored dark blue. (B) Cell-
surface expression levels for empty vector (EV) and various human GPR126 constructs.
(C) Basal signaling for constructs in (B), shown as fold increase over EV. (D) Basal
signaling normalized to cell-surface expression. Data are presented as mean £ SEM; n
=3.
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Discussion

aGPCRs make up the second largest family of GPCRs with 33 members in
humans and are essential for numerous biological processes such as synapse
formation, cortex development, neutrophil activation, angiogenesis, embryogenesis, and
many more. Recent studies have shown that the ECRs of aGPCRs play important roles
in these functions, however, the relative lack of information about the structures of
ECRs and their mechanisms of activation hampers further studies toward drugging
these receptors. Here we show that the large ECR of Gpr126, an aGPCR with critical
functions in PNS myelination, ear development, and heart development, adopts an
unexpected closed conformation where the most N-terminal CUB domain interacts with
the more C-terminal HormR domain. The structure of the Gpr126 ECR revealed that the
closed conformation is mediated through a calcium-binding site as well as a disulfide-
stabilized loop. Interestingly, the residues involved in these intramolecular interactions
are highly conserved among Gpr126 sequences, including that of zebrafish, raising
questions about their role in Gpr126 function.

Importantly, Gpr126 may be regulating receptor function by modulating ECR
conformation. The structure revealed that there is a highly conserved calcium-binding
site through which the CUB domain is able to bind the HormR domain. Our in vivo
results showed that zebrafish carrying two point mutations in the calcium-binding site
have defective SC and ear development, suggesting that the calcium-binding site is
essential for the in vivo function of Gpr126. A subset of CUB domains from other
proteins coordinate calcium in order to mediate ligand-binding (Gaboriaud et al., 2011).

Thus, we speculate that Gpr126 uses this site to not only bind to itself in a closed
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conformation (-ss isoform), effectively hiding the calcium-binding site from ligands, but
also to bind to ligands when the ECR is in a possible open conformation (+ss isoform) in
order to activate signaling. Ligand-induced activation mechanisms are currently not
well-understood, but likely involve exerting force which leads to shedding at the
autoproteolysis site and exposure of the tethered peptide agonist. Another possibility is
that ligand binding rearranges ECR-7TM interactions which regulate receptor signaling.
At present, three ligands have been reported for GPR126: type IV collagen (Paavola et
al., 2014), laminin-211 (Petersen et al., 2015), and the prion protein (Kuffer et al., 2016).
Several CUB domains from other proteins, such as C1s and MASP-1, have been
reported to bind to collagen-like ligands through calcium coordination (Gingras et al.,
2011; Venkatraman Girija et al., 2013), suggesting that Gpr126 may also bind to type IV
collagen and the collagen-like region of prion protein in a similar manner.

Since Gpr126 is alternatively spliced in the region encoding the ECR, we
examined the functional differences between isoforms. Alternative splicing in proteins is
an important mechanism to greatly expand the functional capacity of metazoan
genomes, and its regulatory role in brain function has been repeatedly demonstrated.
For instance, DSCAMSs, protocadherins, calcium channels, neurexins, and neuroligins
have been shown to use alternative splicing for diversifying their functions (Aoto et al.,
2013; Fuccillo et al., 2015; Irimia et al., 2014; Thalhammer et al., 2017). It is also
proposed that alternative splicing may cause a large conformational change in the ECR
of the synaptic protein teneurin, since alternative splicing allows the protein to act as a
switch in regulating ligand binding despite the ligand-binding site being at least 80 A

away from the 7 aa alternatively spliced site (Li et al., 2018). Our negative stain EM and
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SAXS results suggest that alternative splicing between the PTX and SEA domains in
Gpr126 perturbs the closed conformation and generates a population of ECR
conformations that range from closed to extended. Our signaling assay results also
show that alternative splicing leads to changes in basal receptor activity, which
suggests that the architecture and conformation of aGPCR ECRs play more important
roles in their functions than previously thought.

The structure also revealed the presence of a furin-cleaved SEA domain within
the ECR of Gpr126. Cleaved SEA domains from other proteins have been shown to
stay intact until a force is applied and pulls apart the fragments (Pelaseyed et al., 2013;
van Putten and Strijbis, 2017). Similarly, we propose that Gpr126 regulates its activity
by furin-dependent shedding in addition to the established GAIN-autoproteolysis-
dependent shedding. Moreover, the released extracellular fragments may act as
diffusible ligands and bind to other cell-surface receptors. Other aGPCRs that have SEA
domains in their ECRs include ADGRF1/GPR110 and ADGRF5/GPR116 (Lum et al.,
2010; Sandberg et al., 2008). Although these SEA domains are not cleaved by furin,
they do contain the GSVVV (or GSIVA) motif that leads to autoproteolytic cleavage in
the same loop (between B-strand 2 and 3-strand 3) that is cleaved by furin in Gpr126.
Therefore, SEA domain cleavage, whether by autoproteolysis or by furin, is a common

feature in several aGPCRs and may have similar roles in regulating receptor function.
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(A) Ligand binding to ECR of Gpr126 and mechanical force leads to exposure of
tethered peptide and activation of the receptor. (B) An alternative splice isoform lacks
the CUB domain, precluding ligand binding to calcium-coordination site and/or other
regions of CUB domain.

Taken together, our results suggest that Gpr126 is a complex protein that makes
use of its many domains to regulate its function. In addition to the autoproteolysis-
dependent shedding mechanism (Figure 3.13A), Gpr126 uses several other
mechanisms to regulate its function including modulation of the ECR conformation and
furin-mediated cleavage. In the closed conformation (Figure 3.14A), Gpr126 signals less
compared to when the ECR is in @ more dynamic, open conformation (Figure 3.14B).

The ECR can adopt a more open conformation by alternative splicing, allowing for

access to the calcium-binding site by endogenous ligands (Figure 3.14C). Alternative
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splicing which deletes the CUB domain may also preclude ligand binding and activation
(Figure 3.13B). Mutation of the calcium-binding site leads to signaling defects in vitro
and to ear and PNS defects in vivo (Figure 3.14D), consistent with our model. In
addition, furin cleavage allows Gpr126 another mode of activation, whereby the
extracellular fragment preceding the cleavage site may experience mechanical force
and be shed, leading to activation of the receptor (Figure 3.14E). Release of
extracellular fragments into the extracellular matrix may also regulate other functions,
such as heart development, which has been shown to only require the CUB and PTX

domains of Gpr126.
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Figure 3.14 Model for ECR-dependent functions of Gpr126

The model depicts how Gpr126 ECR uses various mechanisms to mediate receptor
function in PNS myelination, ear development and possibly in heart development. (A, B)
Alternative splicing acts as a molecular switch to adopt different ECR conformations and
have different basal levels of signaling. Gpr126 ECR that lacks the splice insert adopts
a closed conformation and has basal activity (A), whereas Gpr126 ECR that includes
the splice insert is more dynamic and open-like, and has enhanced basal activity.
(continued on next page)
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(continued from previous page) (C) In wild-type zebrafish, Gpr126 can bind to ligands
via its calcium-binding site within the CUB domain and activate downstream G-protein
signaling leading to wild-type PNS myelination and ear development. (D) Mutation of
conserved residues within the calcium-binding site leads to defects in both myelination
and ear development in vivo. (E) Gpr126 function may also be regulated by furin
cleavage, by modulation of receptor signaling and/or release of extracellular fragments.
SEA domain cleavage and release of the N-terminal domains is likely critical for heart
development.

The Gpr126 closed conformation and hidden calcium-binding site is conceptually
similar to EGFR. EGFR is in a closed, compact inactive conformation until ligand
binding leads to a conformational change that extends the protein and reveals a hidden
functional site that is important for its activation (Cho and Leahy, 2002; Li et al., 2005).
Because this mechanism is key for drugging EGFR, the conceptual similarity provides
an opportunity to also drug Gpr126. Drugs that alter the ECR conformation of Gpr126 or
block ligand-binding sites, such as the calcium-binding site, may be useful for treating
Gpr126-associated diseases. The ECRs of other aGPCRs are major players in
mediating receptor functions as well. For example, using its ECR, ADGRA2/GPR124
regulates isoform-specific Wnt signaling (Cho et al., 2017; Eubelen et al., 2018; Vallon
et al., 2018; Zhou and Nathans, 2014), the C. elegans ADGRL1/LAT-1 controls cell
division planes during embryogenesis, and ADGRB1/BAl1 and ADGRL3/Lphn3 mediate
synapse formation through interaction with other cell-surface proteins (Jackson et al.,
2015; Jackson et al., 2016; Lu et al., 2015a; Tu et al., 2018). Thus, the ECRs of other

aGPCR family members are also promising drug targets to treat numerous diseases

once mechanistic details about their regulatory functions are understood.
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Chapter 4: Structural Basis for Regulation of
GPR56/ADGRG1 by Its Alternatively Spliced Extracellular

Domains'

Introduction

GPR56, a regulator of oligodendrocyte and cortical development, belongs to the
adhesion G protein-coupled receptor (aGPCR) family, a large family of chimeric proteins
that have both adhesion and signaling functions (Hamann et al., 2015; Langenhan et
al., 2013). As in the canonical GPCR families, aGPCRs have a seven-pass
transmembrane helix bundle (7TM) that, for many aGPCRs, can be activated to initiate
a signaling cascade via interactions with cytosolic G proteins. Unlike the canonical
GPCR families, aGPCRs also have large and diverse extracellular regions (ECRs),
mainly composed of domains generally involved in adhesion-related functions
(Langenhan et al., 2013). Although this architecture suggests ECRs have functional
importance, their biological roles are incompletely understood. In this study, we set out
to determine the 3D structure of the entire ECR of GPR56 at atomic resolution. To this

end, monobodies that recognize the ECR of GPR56 were engineered. Monobodies are

' Part of the text from this chapter was taken verbatim (with minor changes) from:
Salzman GS, Ackerman SD, Ding C, Koide A, Leon K, Luo R, Stoveken HM, Fernandez
CG, Tall GG, Piao X, Monk KR, Koide S, Ara¢ D (2016). Structural Basis for Regulation
of GPR56/ADGRG1 by lIts Alternatively Spliced Extracellular Domains. Neuron.
91(6):1292-1304. My contributions to this work include cloning and expressing full
length GPR56 in insect cells to be used in direct G protein coupling experiments
(performed by Stoveken HM and Tall GG).
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synthetic binding proteins based on the human fibronectin type-lll (FN3) scaffold (Koide
et al., 1998), which have recently emerged as powerful tools to facilitate structure
determination as “crystallization chaperones.” Monobodies can also act as agonists or
antagonists, further underscoring their utility in probing the function of a given protein
(Sha et al., 2013; Stockbridge et al., 2015; Wojcik et al., 2010). The structure revealed
the identity and boundaries of two extracellular domains: a previously unidentified N-
terminal domain with low homology to all known folds and a short but functional GAIN
domain. Notably, it was discovered that the entire newly defined N-terminal domain was
deleted in GPR56 splice variant 4 (S4), but not the other variants, and deletion of this
domain increased basal activity of the receptor. Finally, a highly conserved, surface
exposed patch on the N-terminal domain was identified, mutation of which abolished
GPRS56 function in vivo. Together, these results elucidate the multifaceted manner by
which the ECR regulates GPRS56 function and broadens our understanding of aGPCR
biology and oligodendrocyte development.

My contributions to this project are as follows: In order to test whether the GPR56
ECR regulates 7TM signaling, the full-length mouse GPR56 was cloned and expressed
in insect cells. GPR56-containing cell membranes were then shown to activate Gys,
which is upstream of RhoA and serum response element (SRE). This result then led to
the development of the SRE-luciferase assay used to measure G13 G protein signaling
of HEK293T cells overexpressing wild-type or mutant GPR56 constructs, a vital tool for

studying GPR56 signaling.
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Results

Expression and direct G protein coupling of mouse GPR56

An important first step in studying the biological function of aGPCRs is to clone
and express the full-length receptors so that they can be used in biochemical and
structural experiments. To aid in studying GPRS6 function, the full-length mouse GPR56
was cloned, expressed, and extracted from insect cells.

In order to develop signaling assays to test G protein signaling of mouse GPR56,
we first evaluated the G proteins to which mouse GPR56 can couple. Human and
mouse GPR56 are both reported to activate G13 (Figure 4.1A), which is upstream of
RhoA and serum response element (SRE) (Luo et al., 2011; Stoveken et al., 2015).
Interestingly, we found mouse GPR56 weakly coupled to an additional G protein, Gq,
but not Gi,, which can couple to human GPR56 (Figure 4.1B-D) (Stoveken et al., 2015),
likely illustrating different roles for GPR56 across species. Based on these results, we
used an SRE-luciferase assay to measure G13 G protein signaling of HEK293T cells
overexpressing WT or mutant GPR56 constructs to better understand how the ECR

regulates GPR56 signaling.
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Figure 4.1 G protein coupling of mGPR56
High-Five membranes with full-length mouse GPR56 were subject to mock or urea
treatment to induce NTF-shedding and compared to membranes with no receptor.
Membranes were reconstituted with G proteins (a and By). The receptor-mediated G
protein activation kinetics were measured using the [35S]-GTPyS binding assay. (A)
GPR56 and G1s. (B) GPR56 and Gg. (C) GPR56 and Gs. (D) GPRS56 and Gi. Data are
presented as mean = S.E.M.
Conclusion

Since aGPCRs are not as well-studied as other GPCR families, there is a lack of
fundamental knowledge of the functional properties of aGPCRs. In this chapter, we
focused on the important first steps required for studying the signaling function of an

aGPCR with essential roles in oligodendrocyte and cortical development, GPR56. We

first cloned and expressed the full-length mouse GPR56 in insect cells. Expression of
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the GPR56 in this system allowed us to probe receptor function biochemically. For
instance, we performed direct G protein coupling experiments with GPR56 expressed in
insect cell membranes, which provided us with novel information about the signaling
pathways of mouse GPR56. The strong coupling between GPR56 and G13 resulted in
the development of an SRE-luciferase signaling assay, a powerful method for analyzing
the effects of perturbations to the ECR of GPR56 on G protein signaling. In addition, the
ability to express and extract the full-length cleaved receptor from insect cell
membranes will benefit future structural and functional studies of GPR56 and other
aGPCRs. For example, the detergent-solubilized and purified receptor will be used in
crystallography or cryo-electron microscopy trials in order to determine the structure of

the 7TM domain, which remains elusive for aGPCRs at present.
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Chapter 5: Structural Basis for Teneurin Function in Circuit-

Wiring: A Toxin Motif at the Synapse'

Introduction

Teneurins (TENs) are evolutionarily conserved cell-adhesion molecules that play
a central role in embryogenesis, axon guidance, and synapse formation (Leamey and
Sawatari, 2014; Tucker and Chiquet-Ehrismann, 2006). They are unusual because they
are large type-Il transmembrane proteins (>2,000 amino acids) that lack the requisite
domains generally observed in cell-adhesion molecules, such as classical
immunoglobulin (lg), cadherin, LNS (laminin-a, neurexin, and sex hormone-binding
globulin), or integrin domains. TENs have been implicated in synapse formation due to
its strong binding to latrophilins (Lphns), adhesion G-protein-coupled receptors that are
localized in synapses (Anderson et al., 2017; Boucard et al., 2014; Silva et al., 2011).
Given that TENs are also localized to synapses and at least Lphn2 has been shown to
be essential for hippocampal synapse formation (Anderson et al., 2017), a role for the
heterophilic TEN-Lphn complex in synapse formation is plausible.

Despite their central importance in multiple physiological roles, the lack of

information on the structure of TENs is one of the limiting factors in delineating their

' Part of the text from this chapter was taken verbatim (with minor changes) from: Li J,
Shalev-Benami M, Sando R, Jiang X, Kibrom A, Wang J, Leon K, Katanski C, Nazarko
O, Lu Y, Sudhof T, Skiniotis G, Ara¢ D (2018). Structural Basis for Teneurin Function in
Circuit-Wiring: A Toxin Motif at the Synapse. Cell. 173(3):735-748. My contributions to
this work include specimen screening by negative stain electron microscopy.
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mechanisms of action. The 3.1 A cryo-EM structure of the large ECR of human TEN2
was determined. The ECR has an unusual architecture whereby a large cylindrical -
barrel with clear similarity to bacterial Tc-toxins partially encapsulates a C-terminal
toxin-like domain that emerges from the barrel and is tethered to its outer surface. The
tethered C-terminal domain was found to mediate interactions with Lphn and these
interactions activate trans signaling by controlling intracellular cAMP levels. In addition,
a splice variant of TEN2, which involves a 7-amino-acid extension in a 3-propeller
domain region, was incapable of mediating interactions with Lphn and instead induces
inhibitory postsynaptic specifications through interactions with alternative synaptic
partners. These results reveal that TEN2, and by extension other TENs, forms highly
unusual structures consistent with biological activities spanning a range of function.
My contributions to this project are as follows: To determine the structure of
TENS, the first steps are to purify TEN ECR constructs and screen samples using
negative stain EM to optimize sample conditions. Then, the optimized constructs and
sample conditions can be applied to cryo-EM in order to obtain a high-resolution model

of TEN.

Results

Negative stain electron microscopy of the extracellular region of teneurin

Various TEN ECR constructs, including the full length TEN ECR and the

truncated TEN ECRA1 were purified and applied to negative stain EM grids and

overlaid with uranyl formate. Examination of the grids with an electron microscope
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revealed that both constructs were pure and homogenous (Figure 5.1). A concentration
of 10 ug/mL protein was ideal for number of particles per grid and amount of spacing

between particles.

Figure 5.1 Initial negative stain electron micrograph of TEN2 ECR
Purified TEN2 ECR (10 ug/mL) applied to an EM grid and overlaid with uranyl formate,
imaged by electron microscope at 23,000x magnification. Scale bar is 100 nm.

TENSs form constitutive cis-dimers via highly conserved disulfide bonds formed
between their ECRs in close proximity to the transmembrane pass (Figure 5.2A) (Feng

et al., 2002; Oohashi et al., 1999; Vysokov et al., 2016). Further examination of the
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purified human TEN2 ECR by negative stain EM showed cis-dimerizaton with two large
globular domains extended by thin flexible linkers that are tied together through a stalk-
like region at their end (Figure 5.2B). Examination of the TEN ECRA1 construct, which
deletes the stalk-like region yielded a soluble monomeric protein (Figure 5.2C) with a

molecular mass of 215 kDa that was suitable for high-resolution structural studies.

A
™ 1 (EGF) 2(lg-like) 3 (B-propeller) 4 (Barrel) 5 (Tox)
N - l+ L] C
1 270-290 456-726 727-1114 1115-1454 1455-2348 2349-2648
ECR 456 2648
ECRA1 727 2648

Figure 5.2 Comparison of TEN2 ECR constructs using negative stain electron
microscopy

(A) Domain composition of TEN2 and constructs used in the present study. Extracellular
domains are colored gray, yellow, green, blue, and magenta for domains 1-5,
respectively; transmembrane region (TM) in gold. Domain numbers and descriptions are
indicated in black above scheme. Domain borders are indicated below. (B and C)
Representative negative-stain EM micrographs of TEN2 ECR (B) and ECRA1 (C)
indicating dimerization through the ECR domain 1 (B). Scale bar, 20 nm. Close up
views of selected dimers (1-3) are indicated to the right with domain 1 dimerization
pointed with yellow arrow. ECRA1 is of monomeric nature (C).
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Conclusion

The identification of endogenous ligands that can activate GPCRs is an important
step for understanding GPCR biology. The lack of information about endogenous
ligands for many aGPCRs has hindered the study of this family of receptors, and thus,
the identification and characterization of aGPCR ligands is one of the major goals for
the aGPCR field. The discovery that TENs are ligands for Lphns led to many cellular
and biochemical experiments that shed light on TEN-Lphn function. However, the
lack of information on the structure of TENs is one of the limiting factors in delineating
their mechanisms of action. In this chapter, we focused on the early steps of
determining the high-resolution cryo-EM structure of TEN2 ECR. Purified TEN2 ECR,
which includes a stalk-like region which mediates dimerization, and TEN2 ECRA1,
which does not include this region, were screened using negative stain EM. This initial
screening allowed us to evaluate the purity and overall quality of the protein samples. In
addition, we found that the TEN ECRA1 construct was more suitable for high-resolution
structural studies due to its monomeric form. This initial screening then led to a cryo-EM
structure, which provided new information about the architecture of TEN2, which
interestingly has homology with bacterial toxins, as well as the consequence of

alternative splicing of TEN on ligand interactions and synapse formation.
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Chapter 6: A Comprehensive Mutagenesis Screen of the

Adhesion GPCR Latrophilin-1/ADGRL1’

Introduction

Adhesion G protein-coupled receptors (aGPCRs) are cell-surface molecules that
mediate intercellular communication via cell-cell and cell-matrix interactions (Hamann et
al., 2015; Promel et al., 2013). With 33 members in humans, they make up the second
largest GPCR family, but are the least studied and least understood (Fredriksson et al.,
2003b). Genetic studies suggest critical roles for aGPCRs in development and immunity
and especially in neurobiology (such as brain development (Bae et al., 2014; Piao et al.,
2004), synapse maturation and elimination (Bolliger et al., 2011), myelination of neurons
(Monk et al., 2009), central nervous system angiogenesis (Kuhnert et al., 2010), and
neural tube development (Chae et al., 1999; Langenhan et al., 2009; Shima et al., 2004;
Usui et al., 1999)), and link them to numerous diseases including neurodevelopmental
disorders, deafness, male infertility, schizophrenia, and immune disorders (Langenhan
et al., 2013; Promel et al., 2013). In addition, many aGPCRs are found to be over- or
underexpressed in various cancers (Kan et al., 2010; Shashidhar et al., 2005; Xu et al.,

2006), and a recent study reports that aGPCRs are some of the frequently mutated

' Part of the text from this chapter was taken verbatim (with minor changes) from:
Nazarko O, Kibrom A, Winkler J, Leon K, Stoveken H, Salzman G, Merdas K, Lu Y,
Narkhede P, Tall G, Promel S, Ara¢ D (2018). A comprehensive mutagenesis screen of
the adhesion GPCR Latrophilin-1/ADGRL-1. iScience. 3:264-278. My contributions to
this work include cloning and expressing full length Lphn3 in insect cells to be used in
direct G protein coupling experiments and assisting with peptide-binding experiments.
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genes in cancerous tumors (O'Hayre et al., 2013). Considering that many drugs target
the 7TMs of GPCRs to regulate receptor activity, thereby eliciting the desirable
therapeutic effects, aGPCRs may be promising targets for drugs to treat numerous
diseases including cancer. Currently, there is no high-resolution structure for the 7TM
domain of an aGPCR. GPCRs from the secretin family have the highest 7TM domain
similarity to aGPCRs, suggesting that aGPCR 7TM domains might be activated via
similar mechanisms (Fredriksson et al., 2003b; Hollenstein et al., 2013; Rasmussen et
al., 2011b; Rosenbaum et al., 2007; Siu et al., 2013). In addition, the signaling pathways
of aGPCRs are largely unknown, making any functional studies difficult to perform.
Altogether, further studies of aGPCRs progress slowly owing to these obstacles, and
the molecular mechanisms underlying aGPCR signal transduction remain unknown.

In this study, latrophilin-1 (Lphn1)/ADGRL1, a key molecule in synapse formation
and brain development, was used as a model aGPCR to study aGPCR function. Two
robust in vitro assays were established to monitor receptor signaling and showed that
the endogenous agonist of Lphns, a 14-amino-acid peptide, binds to and activates the
receptor. A large set of bioinformatics-based point mutations and disease mutations on
the 7TM region of Lphns were studied using these assays. In addition, mutants that are
constitutively active, constitutively inactive, or nonresponsive to the agonist peptide
were identified. Intriguingly, these experiments identified a cancer-associated mutation
that exhibited high basal activity and abolished the rescue of the embryonic
development phenotype in transgenic worms. These results provide the basic

groundwork for future drug design against aGPCRs.
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My contributions to this project are as follows: To better study the molecular
mechanism of Lphn signaling, human Lphn was cloned and expressed in insect cells. In
G protein coupling assays, the Lphn-containing membranes were shown to couple to G;,
which inhibits the production of cAMP by adenylyl cyclase. We also crosslinked Lphn to
a synthetic peptide agonist which mimics the endogenous Stachel peptide, which
confirmed the binding of the peptide to the receptor. From these results, we were able
to develop a comprehensive mutagenesis screen using a cAMP assay in order to
identify transmembrane domain residues essential for Lphn basal activity and for

agonist peptide response.

Results

Expression and direct G protein coupling of human Lphn

An important first step in studying the biological function of aGPCRs is to clone
and express the receptors so that they can be used in biochemical and structural
experiments. To aid in studying Lphn function, a human Lphn construct was cloned,
expressed, and extracted from insect cells.

In order to develop signaling assays to test G protein signaling of human Lphn,
we performed direct G protein coupling experiments using human Lphn embedded in
insect cell membranes. Comparison of empty insect cell membranes with those
embedded with Lphn showed an increase in binding to purified G; proteins, suggesting
that Lphn couples to Gi (Figure 6.1). When membranes were treated with urea to induce

dissociation of the ECR and Stachel exposure, we observed increased coupling to G,
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suggesting that Lphns are sensitive to Stachel-mediated activation in this assay. Based
on these results, we used a cAMP-luciferase assay to measure G; G protein signaling of
HEK293 cells overexpressing WT or mutant Lphn constructs to better understand how

the ECR regulates Lphn signaling.
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Figure 6.1 G protein coupling of human Lphn
High-Five cell membranes with Lphn were subject to urea treatment to induce ECR-
shedding and compared to membranes with no receptor or no treatment. Membranes
were reconstituted with purified heterotrimeric G proteins, including the ai subunit and
the By subunits. The receptor-mediated G protein activation kinetics were measured
using the [35S]-GTPyS binding assay for G;. Data are presented as mean + S.E.M.
Stachel peptide binds and activates the 7TM domain of human Lphn

Several aGPCRs such as GPR126, GPR133, GPR64, GPR114, GPR56,
GPR110, and GPR116, have been reported to be activated by their Stachel peptides,
which function as tethered agonists (Demberg et al., 2015, 2017; Kishore et al., 2016;

Liebscher et al., 2014; Muller et al., 2015; Scholz et al., 2017; Stoveken et al., 2015) To
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test whether Lphns also bind to their Stachel peptides and to optimize our signaling
assays for detecting Stachel peptide-dependent activation, we wanted to confirm the
direct interaction between the Stachel peptide and the 7TM domain of Lphn.

Human Lphn containing only residues C-terminal to the autoproteolysis site was
cloned, expressed, and extracted from insect cells. The detergent-solubilized and
purified receptor was mixed with synthesized Stachel peptide in the presence or
absence of a cross-linking reagent, and peptide binding was detected by western blot
analysis (Figure 6.2) against both the biotin-tag on the Stachel peptide and the His-tag
on Lphn. The peptide was indeed found to cross-link with Lphn in the presence of cross-
linking reagent, which suggests that Lphn is similar to other aGPCRs that have been
confirmed to bind their Stachel peptides. These results allowed us to then optimize
cAMP-based signaling assays, which utilize the synthesized Stachel peptide as an

activating ligand.
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Figure 6.2 Stachel peptide binds and activates the 7TM domain of human Lphn

(A) Synthesized human Lphn Stachel peptide can be crosslinked to purified human
Lphn 7TM in the presence of glutaraldehyde. Western blot of Lphn peptide, Lphn 7TM,
and mixture of Lphn peptide and Lphn 7TM in presence or absence of 0.01%
glutaraldehyde blotted with (A) labeled NeutrAvidin to detect biotinylated Stachel
peptide, black arrow, or (B) anti-His antibody to detect His-tagged hLphn 7TM, black
and gray arrows indicate Lphn 7TM with differing levels of N-linked glycosylation.
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Conclusion

GPCRs are the largest family of cell-surface receptors and are the targets for
approximately 30% of currently marketed drugs that treat a very broad spectrum of
diseases including neuropsychiatric, cardiovascular, pulmonary, and metabolic
disorders; cancer; and acquired immune deficiency syndrome (AIDS). Adhesion GPCRs
recently emerged as a novel subfamily of GPCRs with important roles in diverse cellular
processes, and they carry the potential to be the targets for the next generation of
drugs. However, a molecular understanding of their activation mechanisms is a first step
for moving forward. In this chapter, we focused on a model aGPCR subfamily, Lphns,
and performed the initial biochemical characterizations towards understanding the
signaling mechanisms of this family of receptors.

First, we cloned and expressed human Lphn in insect cell membranes and
performed direct G protein coupling experiments, which showed that Lphn couples to
and activates G;proteins. This result allowed us to develop a cAMP-based signaling
assay which measures the signaling activities of Lphn constructs expressed in HEK293
cells. The signaling assay is key for studying Lphn function, since we can now test the
effects of mutations of residues essential for receptor activity as well as mutations
caused by cancers. In addition, we can test the response to the Stachel agonist peptide
and delineate which residues are important for receptor activation.

We also cloned and expressed into insect cells a truncated Lphn. We extracted
and purified the protein from the membranes and were able to cross-link it to its

synthetic Stachel peptide, which confirmed for the first time that there is an interaction
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between the Lphn 7TM and its Stachel peptide and provided insight into the activation
mechanism of Lphn.

Altogether, these results provide the groundwork for a thorough characterization
of the model aGPCR family, Lphns. The data shed light on signaling pathways and
Stachel peptide-mediated activation mechanism of aGPCRs. In addition, the ability to
express and extract Lphn constructs from insect cell membranes will benefit future
structural and functional studies of Lphn3 and other aGPCRs. The detergent-solubilized
and purified receptor will be used in crystallography or cryo-electron microscopy trials in
order to determine the structure of the 7TM domain, which remains elusive for aGPCRs

at present.
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Chapter 7: Structural Studies on the Transmembrane

Domains of aGPCRs'

Introduction

In recent years, several high-resolution crystal structures of the 7TM domains of
GPCRs from many families have given insight into their signaling mechanisms
(Hollenstein et al., 2013; Kruse et al., 2012; Rasmussen et al., 2011a; Siu et al., 2013;
Wang et al., 2013a; White et al., 2012; Yin et al., 2014; Zhang et al., 2012). However,
there is currently no structural information available for the aGPCR family, and
therefore, its signaling mechanism remains largely unknown. It is likely that aGPCRs
have distinct signaling mechanisms due to their uniquely large extracellular domains
and lack of conserved motifs found in the 7TMs of the other families (Krishnan et al.,
2012).

The structural organization of aGPCRs consists of a large ECR, the 7TM, and an
intracellular region (Lagerstrom and Schioth, 2008). Present in almost every aGPCR is
the recently discovered and conserved GAIN domain that resides within the
extracellular region directly preceding the 7TM (Arac et al., 2012). During protein
biosynthesis, the GAIN domain is required for cleavage between the ECR and the 7TM
at a conserved site within the GAIN domain called the GPCR proteolysis site. Cleavage

creates two fragments: an N-terminal fragment (NTF) consisting of the extracellular

' The negative stain EM experiments in this chapter were performed and analyzed by
Jeffrey Tarrasch and Georgios Skiniotis at the University of Michigan.
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region up to the cleavage site and a C-terminal fragment (CTF) consisting of ~15
residues (hereafter referred to as “tethered peptide”) attached to the 7TM and
intracellular region (Lin et al., 2004).

The crystal structures of GAIN domains from aGPCRs Lphn1, BAI3 (Arac et al.,
2012), and GPRS56 (Salzman et al., 2016) indicate that autoproteolysis does not lead to
dissociation of the NTF and the CTF. Rather, the tethered peptide is a structured -
strand that is held tightly within the GAIN domain through hydrogen bonds and
hydrophobic interactions which allows the NTF and CTF to remain non-covalently
associated (Arac et al., 2012). The current model of aGPCR receptor activation
suggests that binding of a protein ligand to the NTF exposes the tethered peptide, which
can interact with the 7TM to induce conformational changes (Liebscher et al., 2014; Luo
et al., 2014), a mechanism similar to that of the protease-activated receptors from the
rhodopsin family (Zhang et al., 2012).

Although the GAIN domain has been shown to be necessary and sufficient for
autoproteolysis (Arac et al., 2012), the GAIN domain may also play additional roles in
aGPCR signaling. Because the GAIN domain always precedes the 7TM and because
there are GAIN-domain containing aGPCRs that are not cleaved, such as GPR124, it is
possible that the GAIN domain has dual functions that regulate signaling. For example,
the GAIN domain may interact with the 7TM and act as an antagonist, precluding
agonist binding to the receptor. Structural information for the GAIN and 7TM domains
would shed light on whether there is indeed a regulatory interaction between the

domains.

107



Regulation of receptor signaling may also occur through receptor oligomerization
(Szidonya et al., 2008). This concept has been well established for many growth factor
receptors and cytokine receptors (Bouvier, 2001). However, the existence of
oligomerization in GPCRs has been controversial. Recently, there has been convincing
evidence for functionally relevant GPCR oligomers (Liebscher et al., 2013). Examples of
oligomers affecting signaling include cooperativity in ligand-binding and changes in G-
protein selectivity (Szidonya et al., 2008). There is currently no evidence of
oligomerization for any aGPCR, but because aGPCR 7TM domains have not been
extensively studied, oligomerization remains a potential regulatory mechanism for
aGPCR function.

Numerous biological functions are associated with aGPCRs, including brain
development, neutrophil migration, and angiogenesis (Paavola and Hall, 2012). Though
the exact functions of many aGPCRs remain unclear at present, there is overwhelming
evidence that mutations in aGPCRs that disrupt their functions lead to various diseases
(O'Hayre et al., 2013). For example, Lphn3 and GPR56 mutations are linked to attention
deficit hyperactivity disorder (Arcos-Burgos et al., 2010) and bilateral frontoparietal
polymicrogyria (Chiang et al., 2011), respectively. Obtaining structural information for
these receptors will aid in uncovering their signaling mechanisms, delineating how the
disease mutations affect signaling, and engineering therapeutic drugs.

In this chapter, we discuss the initial steps towards structural characterization of
aGPCRs, including 1) the cloning, expression, and purification of aGPCR constructs in

insect cells and 2) negative stain electron microscopy studies of an aGPCR construct.
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These steps will lay the groundwork for future studies leading to high-resolution

structures of the 7TM domains of aGPCRs.

Results

Optimization of expression and purification of aGPCR transmembrane domains

Key to pursuing structural studies of membrane proteins is the ability to express
and isolate sufficient amounts of pure, stable protein samples. We screened sixteen
different aGPCRs (human ETL, human GPR133, human GPR126, xenopus GPR124,
human GPR116, mouse GPR110, human GPR64, human EMR2, human CD97, rat
Lphn1, human Lphn3, drosophila Lat-1, C. elegans Lat-1, human BAI3, mouse GPR56,
and C. elegan FMI) and different truncated versions of these aGPCRs to find the best
expressing aGPCR in our insect cell baculovirus system.

Insect cell membranes containing the best constructs were solubilized with
various detergents at different concentrations to obtain the optimal detergent for
extraction and for providing stability to the protein. From western blot analysis against
the N-terminal FLAG tag (detecting both uncleaved receptor and cleaved N-terminal
fragment), all detergents were found to extract Lphn3 from the membrane to various
degrees.

The receptor in each of these detergents was then purified on an antiFLAG resin
column followed by a size exclusion column. The size exclusion column profiles were
evaluated to assess overall purity and stability, with an optimal profile being a

monodisperse peak at ~12 mL. All detergents had significant peaks at the void volume,
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indicative of a population of aggregated protein. However, most of the samples also had
peaks at ~12 mL with varying degrees of uniformity and sharpness among the different
detergents.

The peak fraction for each detergent-solubilized receptor was incubated at 4C for
one week, when they were re-run on size exclusion column to assess the stability of the
receptor in these detergents over time. In addition, the peak fractions were visualized on
negative stain EM grids to assess the level of heterogeneity of the samples. From the
size exclusion column and negative stain EM results, the best detergent for the receptor

was determined.

Negative stain electron microscopy analysis

Since the initial negative stain EM screen of the receptor solubilized and purified
in the chosen detergent was successful, several negative stain EM micrographs were
collected for this sample in order to analyze the protein architecture of this construct.
The individual particles were grouped into 2D class averages based on their relative
orientations. The averaged views show the protein with two major lobes: one
representing the extracellular region and the other representing the 7TM domain inside
of the detergent micelle. There is no evidence of oligomerization of the protein in this
particular detergent. In addition, analysis of 2D class averages suggest that the
orientation of extracellular domains is not very flexible with respect to the 7TM domain.
Rather, it seems that there is rigid orientation between the ECR and the 7TM, which

suggests that there is an interaction between these two regions.
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Conclusion

The ability to produce large amounts of pure, monodisperse protein is critical for
pursuing structural studies of proteins, especially membrane proteins. Because
membrane proteins are difficult to purify in large quantities, it is important to optimize the
extraction and purification steps in order to increase the chances of successful
crystallization and/or cryo-EM trials. In this chapter, we focused on the optimization of
extraction and purification of an aGPCR from insect cell membranes, specifically
focusing on the appropriate detergents to be used during these steps.

The receptor, expressed in insect cell membranes, was solubilized in a variety of
detergents to select the best one for extracting the most protein out of the membrane.
We found that most detergents were equally successful at extracting similar amounts of
protein. To test how stable the proteins were in each of the detergents, the proteins
were purified on antiFLAG resin columns and run on size exclusion columns. The size
exclusion column peaks were useful indicators of the heterogeneity and stability of the
receptor in each detergent. To further test homogeneity of the samples, the peak
fractions were visualized using negative stain EM. Using this technique, one detergent
became a less desirable detergent due to the amount of large unidentifiable aggregates
present on the grid. Fortunately, in other detergents the sample was more homogenous
and lacked aggregates. The peak fractions for each detergent were also incubated for
one week at 4C and re-run on a size exclusion column to test long-term protein stability

after purification.

111



Taken together, the detergent screen was an important step in optimizing the
solubilization and purification steps for this aGPCR, which will increase the chances of
successful structural studies. Based on all of the results, a strategy for producing
sufficient amounts of pure sample for crystallographic and cryo-EM studies was
obtained.

Since negative stain EM does not require large amounts of proteins, we were
able to use this technique to investigate the protein architecture of the receptor. Single
particles were analyzed and grouped into 2D class averages, which showed averaged
views of the protein from all orientations. These class averages showed that the
receptor does not appear to be oligomerized. The data also showed that the protein is
not very flexible between the ECR and the 7TM. Instead, the extracellular domains
seem to be in a rigid orientation with respect to the 7TM. These results suggest that
there may be an interaction between the ECR and the 7TM which contributes to this
rigid orientation and that this interaction may be important for regulating receptor
function. However, high-resolution structural studies are critical for gaining further
insight into the structure and function of this and other aGPCRs. Importantly, the
extraction and purification conditions for this receptor have been optimized and will be a
helpful contribution towards the goal of obtaining a high-resolution aGPCR 7TM

structure.
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Chapter 8: Conclusions and Future Direction

Regulation of aGPCR function by its extracellular region

As the aGPCR field of study is relatively new compared to other GPCRs, the
mechanism by which aGPCRs signal and are regulated are not well understood. A
useful way to study the functions of aGPCRs is to first better understand the structures
of these receptors. Obtaining high-resolution structures of aGPCRs, both their ECRs
and 7TM domains, provide many avenues for proposing models of activation and
regulation. In fact, a major discovery in this field came from the crystal structures of
GAIN domains from two aGPCRs (Arac et al., 2012), which led to the development of
aGPCR activation models.

Prior to the studies described in this thesis, there were crystal structures of ECR
fragments including GAIN domains from various aGPCRs (Arac et al., 2012; Salzman et
al., 2016) and other adhesion domains (Jackson et al., 2015; Lu et al., 2015a;
Ranaivoson et al., 2015) from Lphns. In 2016, the structure of the first full ECR of an
aGPCR was published (Salzman et al., 2016). Although the GPR56 ECR is one of the
smaller ECRs in the aGPCR family, the structure led to a lot of new information about its
function. For example, the presence of a disulfide bond linking the two ECR domains
suggested that rigidity of the ECR plays an important role in its function. In addition, the
structure helped identify a conserved patch on the ECR, likely a ligand-binding site.
Clearly, there is much value in studying the ECR structures of aGPCRs. Since the

aGPCR family is very diverse in their ECRs, the GPR56 structure is likely very different
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from the other aGPCRs although there may be commonalities between them such as
the importance of ECR domain architecture and rigidity.

Indeed, the full-length ECR of Gpr126 has a very distinct architecture that is
important for its function. Although there are no disulfide bonds linking any of the five
domains in the ECR of Gpr126, a calcium-binding site in the CUB domain of Gpr126 (-
ss isoform) allows it to bind to the HormR domain, forming a compact, closed ECR
conformation. An alternative splice variant (+ss isoform) which includes an additional 23
aa was shown, through negative stain EM experiments, to destabilize this closed
conformation into a more dynamic, open conformation that exposes the calcium-binding
site. This conformational shift is conceptually similar to EGFR, the ECR of which is in a
closed, compact inactive conformation, and upon ligand binding, extends its ECR and
reveals a hidden functional site that is important for its activation (Kovacs et al., 2015).
From G protein signaling assays, we also found that the two alternatively spliced
Gpr126 isoforms signal differently, which demonstrates that the ECR of Gpr126
regulates receptor signaling. We also mutated the calcium-binding site in zebrafish and
showed that the mutant zebrafish have malformed ears and do not express mbp, a
critical structural component of the myelin sheath. Because ear and myelination
development both require the G protein signaling activity of Gpr126, we showed that the
calcium-binding site specifically, despite being far in sequence from the 7TM domain,
regulates receptor activity.

The regulation of signaling may be due to ECR conformational changes affecting
regulatory ECR-7TM interactions or affecting the accessibility of ligand-binding sites

such as the calcium-binding site. Our signaling results support the latter mechanism but
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would be strengthened by additional experiments showing that ligands can bind to and
activate the open (+ss) isoform better compared to the closed (-ss) isoform.

Reported ligands for Gpr126 are type IV collagen, laminin-211, and the prion
protein (Kuffer et al., 2016; Paavola et al., 2014; Petersen et al., 2015). Type IV
collagen has been shown to bind somewhere in the CUB-PTX region of Gpr126
(Paavola et al., 2014), where the calcium-binding site is located. Other collagen
molecules have been found to bind to calcium-binding sites on the CUB domains of
their ligands (Gingras et al., 2011; Venkatraman Girija et al., 2013), which suggests that
type IV collagen also binds to the calcium-binding site on Gpr126 in a similar manner.
The prion protein, which has a collagen-like region that is sufficient to activate Gpr126,
likely also binds to the calcium-binding site similarly (Kuffer et al., 2016). Laminin-211
was reported to bind to GPR126 at a different site, somewhere within the SEA-HormR-
GAIN region (Petersen et al., 2015). Laminin-211 activates Gpr126 signaling only when
a mechanical force is applied, which suggests that laminin-211 works to pull on the ECR
and induce shedding and exposure of the Stachel peptide in order to activate signaling.
Since mechanical forces were not required to induce activation of Gpr126 by type IV
collagen and the prion protein, these ligands may act through a different mechanism
from laminin-211. It is possible that binding of type IV collagen and the prion protein can
modulate the ECR conformation without inducing shedding in order to regulate
signaling. Future signaling assay experiments where ligands are applied to
autoproteolysis-mutant Gpr126 constructs would determine whether type 1V collagen
and the prion protein act through Stachel-dependent mechanisms. Nevertheless, it is

clear that the ECR plays an important role in receptor signaling and analysis of the
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crystal structure has provided great insight into how the ECR might regulate this
receptor activity.

From the crystal structure, we also determined that furin protease cleaves
Gpr126 within its SEA domain, leading to a fractured but intact domain which likely
comes apart upon a mechanical force by a ligand, another possible mechanism by
which the ECR regulates receptor activity. Interestingly, there are other aGPCRs
(ADGRF1/GPR110 and ADGRF5/GPR116) that have SEA domains that are similarly
proteolyzed, and these SEA domains likely have the same function as the Gpr126 SEA
domain. At present, we do not know the effects of furin cleavage on Gpr126 function,
except that furin cleavage is not a requirement for proper expression and trafficking of
Gpr126 to the cell surface. Future signaling assay experiments comparing furin-mutant
and wild-type constructs would tell us whether furin cleavage affects receptor signaling.
In addition, it is possible that shedding at the furin cleavage site occurs less readily in
the (-ss) isoform compared to the (+ss) isoform due to its more compact structure which
holds the domains together. To test whether this is true, we could express both isoforms
(with N-terminal FLAG tags) on HEK293 cells and probe both the cells and the medium
with antiFLAG antibodies. This would tell us whether the (+ss) leads to more
disproportionate shedding at the furin cleavage site compared to (-ss).

Lastly, we found in the crystal structure that the angle between the HormR and
GAIN domains in Gpr126 is shifted compared to three other HormR+GAIN structures
((Arac et al., 2012), which suggests that conformational changes occur in aGPCR ECRs
and may have functional importance. Currently, we are working on crystallizing the ECR

of (+ss) Gpr126. This isoform does not crystallize as readily or in the same conditions
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as (-ss) Gpr126, which hints that the two isoforms have different shapes and crystal-
packing abilities. Hopefully, the crystal structure of (+ss) will show us a conformational
change compared to (-ss), perhaps including a shift in the GAIN and HormR domain
orientations.

These new findings about the Gpr126 ECR showed that ECR conformation is
important for receptor function, consistent with GPR56. Because there are only two full-
length aGPCR ECR structures, there is still much to learn and compare with other
aGPCRs. Interestingly, SAXS experiments on CD97 have shown that glycosylation has
an effect on ECR conformation, and this is correlated with a difference in ECR
functionality (Yang et al., 2017). Thus, ECR conformation is likely to be an important
feature for more aGPCRs, and we will benefit from continuing to purse structural studies

on these receptors.

Alternative splicing of Gpr126

Alternative splicing is a powerful way to generate protein diversity and function.
Regulation of alternative splicing can be tissue-specific, meaning different ratios of
alternative spliced isoforms are expressed in different tissues, or can be a result of cell
signaling (Nilsen and Graveley, 2010), such as a response to depolarization of neurons.
About a decade ago, many mRNA transcripts encoding aGPCRs were found to be
alternatively spliced, producing both functional and nonfunctional receptors (Bjarnadottir
et al., 2007). It was unclear how alternative splicing affects function in aGPCRs,
although in many cases alternative splicing has been shown to be abundant, particularly

in the nervous system (Yeo et al., 2004), and important for biological function (Su et al.,
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2018). For example, neurexins are important presynaptic proteins that bind to the
postsynaptic neuroligins to form functional synapses. Alternative splicing of neurexins
has been shown to mediate synaptic specificity by tuning the affinity of neurexins to
neuroligins and other protein partners, such as leucine-rich repeat containing
postsynaptic cell adhesion molecule (LRRTM2) and cerebellin1 precursor protein
(CbIn1) and dystroglycan (Williams et al., 2010). The ability for neurexins for interact
with many different partners through alternative splicing is thought to provide diversity to
the many functions of synapses in the nervous system.

Analysis of the structure of the ECR of Gpr126 allowed us to explore the
structural and functional consequences of alternative splicing of Gpr7126. The two
isoforms we focused on here, (-ss) and (+ss), differ by the absence/presence of 23
amino acids in the linker region. From the structure of (-ss) ECR, we hypothesized that
the additional amino acids would alter the ECR conformation from a closed
conformation to a more open and dynamic conformation, which was confirmed by
negative stain EM analysis. In addition, the two isoforms also signal differently in our
cAMP signaling assay, demonstrating that alternative splicing of Gpr126 regulates the
structure and function of Gpr126. Currently, the expression pattern of the different splice
isoforms of Gpr126 is not known. Obtaining this information in the future would greatly
expand our understanding of Gpr126 functions in different tissues, such as in Schwann
cells, heart, and ear.

In addition to the alternative splicing described above, a different splice isoform
of Gpr126 was found to precisely delete the CUB domain (Patra et al., 2013). HEK293

cells expressing a CUB-deleted Gpr126 signaled much lower compared to the wild-type
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Gpr126. Since the calcium-binding site, a potential ligand-binding site, is located within
the CUB domain, it is possible that Gpr126 function is regulated through the presence of
the calcium-binding site. Yet another alternative splicing event leads to different amino
acid sequences at the C-terminus of Gpr126 (Moriguchi et al., 2004). Since this is the
intracellular region of the protein, our ECR structure does not provide any insight into
this isoform. Because this is a region that is exposed to the cytoplasm, it perhaps
regulates binding of G proteins to Gpr126, but this remains yet to be explored.

The structure of the ECR has provided a structural framework by which we can
start to understand the implications of alternative splicing. Because the ECRs of
aGPCRs are very diverse, studying the structures of other aGPCRs would only
contribute more to our understanding of how these receptors are regulated by their

ECRs.

Extracellular region conformation of Gpr126 and similarities to other receptors
ECR conformation has been shown to play important roles in the functions of
several receptors. For example, the ECR EGFR is in a closed, compact inactive
conformation until EGF binds to the ECR, leading to a conformational change into a
more extended ECR that exposes the dimerization arm of the ECR and promotes EGFR
dimerization and activation of signaling (Kovacs et al., 2015). Several drugs have been
developed to control EGFR ECR conformation in order to modulate its function. For
example, the drug cetuximab blocks ligand binding and prevents extension of the ECR

into the active conformation, thus inhibiting receptor activity. In addition, the drug
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pertuzumab binds to the dimerization arm of HER2, an EGFR family member, to block
dimerization and activation.

A similar mechanism is also found in integrins. In the inactive state, integrin
ECRs are compact and bent and form closely associated dimers. Extracellular ligand
binding stabilizes extended conformations of the monomers. This leads to movement of
the transmembrane and cytoplasmic regions, which is thought to activate intracellular
signaling (Campbell and Humphries, 2011).

These mechanisms bear resemblance to what we know so far about the Gpr126
ECR. As described in the previous sections, the Gpr126 ECR conformation can be
modulated by alternative splicing. In the (-ss) isoform, the conformation is more
compact and adopts a closed conformation in which the N-terminal CUB domain
interacts with the more C-terminal HormR domain, similar to the inactive EGFR and
integrin structures. In the (+ss) isoform, the additional 23 aa likely destabilizes the
interactions present in (-ss) and allows the ECR conformation to be more dynamic and
open. This more open conformation presumably exposes a functional calcium-binding
site to Gpr126 ligands in the extracellular environment, akin to the exposure of the
dimerization arm of EGFR upon conformational change. Although we have observed
this conformational change between alternatively spliced isoforms of Gpr126, it is
possible that conformational changes occur in other ways. For example, a ligand
binding to Gpr126 may induce opening of a closed ECR. Much more work still needs to
be done to elucidate the mechanism by which Gpr126 is regulated by its ECR

conformation.
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Towards drug development against Gpr126 and other aGPCRs

GPCRs are involved in numerous essential biological functions, and because of
their importance to human health, many therapeutic drugs have been developed to
target and modulate the activities of these receptors. Because the aGPCR family was
largely ignored until recently, they lag behind the other GPCR families in terms of drug
development. Interestingly, because aGPCRs have large and diverse ECRs, unlike
other GPCRs, one strategy for drugging aGPCRs is to target their ECRs instead of their
7TMs. This would provide drug specificity for multiple aGPCRs which may have similar
7TM domains but very different ECRs, thus avoiding harmful side effects. In addition,
because drugs that target GPCRs have historically been small molecules and peptides
(Sriram and Insel, 2018) that bind to the core of the 7TM region, targeting ECRs would
allow for other types of therapeutics such as antibodies or synthetic antibody-like
proteins that can target the many binding surfaces provided by ECRs. This has already
been shown to be successful for the ECR of GPR56, for which several antibody-like
proteins were engineered to activate or inhibit receptor signaling (Salzman et al., 2016;
Salzman et al., 2017).

An important step in developing drugs against aGPCRs is to understand their
structures. In that way, we can make smarter decisions about how to target their
functions. For example, the structure of the ECR of Gpr126 revealed that the ECR
conformation is important for regulating receptor activity, and a more open ECR
conformation is linked to increased signaling. In addition, the structure identified the
calcium-binding site as an important site for both mediating a closed ECR conformation

as well as for binding Gpr126 ligands. Therefore, drugs can be engineered to modulate
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Gpr126 activity with goals of: 1) stabilizing a closed ECR conformation to inhibit
signaling, 2) stabilizing an open ECR conformation to activate signaling, and 3) blocking
ligand binding to the calcium-binding site to inhibit activation by endogenous ligands. By
targeting Gpr126 activity with these kinds of therapeutics, we can begin to treat the
many diseases associated with Gpr126, including several cancers, adolescent

idiopathic scoliosis, and arthrogryposis multiplex congenita.

Structures of the transmembrane domains of aGPCRs

Obtaining a high-resolution structure of an aGPCR 7TM domain is still a major
goal that has yet to be achieved in the aGPCR field. This is due to many factors
including their relatively recent discovery, the lack of stabilizing ligands that would aid in
crystallography trials, and the difficulty in purifying these receptors. The work described
in this thesis begins to address these factors and hopefully will lead to a structure of an
aGPCR 7TM in the future.

Obtaining sufficient amounts of purified protein is an important step for structural
studies, both crystallography and cryo-EM. Chapter 7 details the purification
optimization trials for an aGPCR. From this work, we are now able to extract and purify
this protein to use in future studies. In addition, negative stain EM analysis of the protein
showed that the sample is of good quality and can next be screened for cryo-EM
studies.

With recent advancements in cryo-EM, we can pursue both crystallization and
cryo-EM studies in order to obtain an aGPCR structure. The benefit of cryo-EM is that

we do not need to grow crystals of the receptor. However, the protein of interest must
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have a large molecular mass (ideally >100 kDa). aGPCR 7TMs by themselves are
relatively small, about 35 kDa, but because the ECRs of aGPCRs can be quite large,
full-length aGPCRs may be more suitable for cryo-EM studies. In addition, we can form
complexes with aGPCRs to make the protein particles even larger. For example, a
complex can be formed between full-length Lphn3 (161 kDa) and its extracellular ligand,
teneurin (215 kDa, discussed in Chapter 5). Moreover, several recent GPCR structures
have been obtained by forming a GPCR-G-protein complex. This not only increases the
size of the protein particle, but the G protein also stabilizes the receptor in an active
form. In Chapter 6, we determined that Lphn3 couples to and activates Gi, and
therefore, we may also pursue a Lphn3-G;cryo-EM structure.

Of course, even after the first structure of an aGPCR is obtained, there will still
be many other structures to pursue. For example, both active and inactive
conformations of aGPCR 7TM domains will provide insight into the activation
mechanisms of aGPCRs and how they compare to other GPCR families. A structure of
an aGPCR bound to its Stachel peptide will allow us to understand how Stachel peptide
binding mediates receptor activation. In addition, structures of aGPCRs with different
ECR conformations may show different ECR-7TM interactions that are important for
regulating function. There are many aspects of aGPCRs still to be understood, and this

thesis helps lay the groundwork for future studies.
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Chapter 9: Materials and Methods

Methods used in Chapter 3

Cloning and purification of GPR126 from insect cells

The ECR (residues S38-A816) of zebrafish Gpr126 (-ss), along with a C-terminal 8 XHis-
tag, was cloned into the pAcGP67a vector. A baculovirus expression system was used
to express Gpr126 ECR in High Five cells as previously described (Arac et al., 2012).
SeMet-labeled Gpr126 ECR was expressed as previously described (Dong et al., 2009).
The insect cell culture was centrifuged for 15 minutes at 900 g at room temperature,
and the supernatant containing the secreted proteins was collected. To increase purity
of the supernatant, a precipitation method was performed. To each liter of supernatant,
50 mL of 1 M Tris pH 8.0, 1 mL CaCl,, and 1 mL NiCl> were added and stirred for 30
minutes. The precipitated mixture was centrifuged for 30 minutes at 8000 g at room
temperature. The supernatant was collected and incubated with nickel-nitrilotriacetic
agarose resin (Qiagen) for 3 hours. The resin was transferred to a glass funnel and
washed with 10 mM HEPES 7.2, 150 mM NaCl, 20 mM imidazole pH 7.2, then eluted
with 10 mM HEPES 7.2, 150 mM NaCl, 200 mM imidazole pH 7.2. The eluate was
concentrated and loaded onto a size exclusion column (Superdex 200 10/300 GL; GE

Healthcare), with a final buffer of 10 mM HEPES pH 7.2, 150 mM NacCl.

X-ray crystallography
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Purified Gpr126 ECR (both native and SeMet-labeled) was concentrated to 3 mg/mL
and screened with several 96-condition sparse matrix crystallography screens. Crystals
were obtained in JCSG Core | Suite (Qiagen) position H4: 50mM potassium dihydrogen
phosphate, 20% (w/v) PEG 8000. Both native and SeMet-labeled datasets were
collected to 2.4 A at the Advanced Photon Source at Argonne National Laboratory
(beamline 23-ID-D). The data sets were processed with HKL2000 and an initial model
was determined by SAD phasing using Crank2 in CCP4. Refinement was performed

with both REFMACS5 (CCP4) and phenix.refine (PHENIX).

Negative stain electron microscopy

Purified Gpr126 ECR was diluted to ~5 ug/mL and applied to a glow-discharged EM grid
(Electron Microscopy Sciences, CF400-Cu) using a conventional negative-stain protocol
(Booth et al., 2011). Briefly, 3 uL of protein sample was applied to the grid for 30
seconds, then blotted with filter paper. The grid was put into contact with a 25 uL drop of
water and then blotted with filter paper, and this was repeated once more. The grid was
then put into contact with a 25 uL drop of 0.75 % uranyl formate solution for 20 seconds,
then blotted with filter paper. The grid was air dried and then imaged on a Tecnai G2
F30 operated at 300kV. Image processing was performed with EMAN2 (Tang et al.,

2007).

cAMP signaling assay

Full-length, truncated, and mutant Gpr126 constructs were cloned into pCMV5. Al

constructs include N-terminal FLAG-tags for measuring cell-surface expression levels.
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HEK293 cells were seeded in 6-well plates with Dulbecco’s Modified Eagle Medium
(DMEM; Gibco, 11965092) supplemented with 10% FBS (Sigma-Aldrich, F0926). At 60-
70% confluency, the cells were co-transfected with 0.35 ug Gpr126 DNA, 0.35 pg
GloSensor reporter plasmid (Promega, E2301), and 2.8 uL transfection reagent Fugene
6 (Promega, PRE2693). After a 24-hour incubation, the transfected cells were detached
with trypsin-EDTA (Thermo Fisher, 25200056) and seeded (50,000 cells per well) in a
white 96-well assay plate. Following another 24-hour incubation, the DMEM was
replaced with 100 pL Opti-MEM (Gibco, 31985079) and incubated for 30 minutes. To
each well was then added 1 pL GloSensor substrate and 11uL FBS. Basal-level
luminescence measurements were taken after 30 minutes to allow for equilibration. The
cells were then treated with either 100 uM p7 synthetic peptide (or 1 mM p14) or vehicle
DMSO for 15 minutes. Measurements were taken with a Synergy HTX BioTeck plate

reader at 25°C.

Flow cytometry to measure cell-surface expression of Gpr126 constructs

HEK293 cells were transfected as previously described and incubated for 24 hours. The
cells were then detached with trypsin-EDTA (Thermo Fisher, 25200056) and seeded in
a 24-well plate. Following another 24-hour incubation, the cells were detached with citric
saline and washed with 1x PBS. The cells were then stained with mouse anti-FLAG
primary antibody (1:1000 dilution; Sigma-Aldrich, F3165), washed with 1x PBS + 0.1%
BSA twice, stained with donkey anti-mouse Alexa Fluor 488 secondary antibody (1:500

dilution; Invitrogen, A21202), and washed with 1x PBS + 0.1% BSA twice. For data
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collection, the cells were resuspended in 1x PBS + 0.1% BSA and analyzed with a BD

Accuri C6 flow cytometer.

Zebrafish Rearing
Zebrafish were maintained in the Washington University Zebrafish Consortium Facility

(http://zebrafish.wustl.edu), and the following experiments were performed according to

Washington University animal protocols. The gpr1265/4%4 zebrafish were generated
within the wild-type AB* background. All crosses were either set up as pairs or harems
and embryos were raised at 28.5° C in egg water (5 mM NaCl, 0.17 mM KClI, 0.33 mM
CaCly, 0.33 mM MgSOa4). Larvae were staged at days post fertilization (dpf). Gpr126°464

larvae can be identified at 4 dpf by a puffy ear phenotype.

Genotyping

To identify carriers of the gpr12651464 allele, the following primers were used to amplify
the 381 base pair (bp) locus of interest: F: 5-GTTGTCGTCAAGACCGGCAC-3’ and R:
5- TCCACCTCCCAGCTACAATTCC-3'. After amplification by PCR, the product was
digested with either Drdl (NEB) at 37°C or BstUl (NEB) at 60°C, and then run on a 3%
agarose gel. The mutation both disrupts a Drdl binding site and introduces a BstUI
binding site. Drdl cleaves wild-type PCR product into 276 and 105 bp products, and the
mutant product is 381 bp. BstUI cleaves mutant PCR product into 277 and 104 bp
products, and the wild-type product is 381 bp. We recommend using BstUI for
genotyping. Any larvae identified with the puffy ear phenotype were always genotyped

as gpr126%464 homozygous mutant (n=20/20).
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Guide RNA synthesis
Potential gRNA templates were generated by CHOPCHOP

(http://chopchop.cbu.uib.no/). The chosen forward and reverse oligonucleotides, 20 bps

upstream of the PAM sequence, were ordered with additional nucleotides added to the
5’ end to permit cloning into the pDR274 vector (Hwang et al., 2013). The
oligonucleotide forward sequence used was: 5 -tag gAC TTT AGT GTC CAA AAG AA
- 3’ and oligonucleotide reverse sequence used was: 5’-aaa cTT CTT TTG GAC ACT
AAA GT - 3. 2 uM of each oligonucleotide was mixed in annealing buffer (10 mM Tris,
pH 8, 50 mM NaCl, 1 mM EDTA) and incubated at 90° C for 5 minutes, then cooled to
25° C over a 45 minute time interval. The pDR274 vector was linearized with Bsal and
oligonucleotides were ligated into the vector with T4 ligase (NEB) for 10 minutes at
room temperature. The ligation reaction was transformed into competent cells and then
plated on kanamycin LB plates. Selected colonies were grown, mini-prepped (Zyppy
Plasmid Kits, Zymo Research), and Sanger sequenced. The gRNA DNA sequence was
then PCR amplified from 50 ng/ul of the plasmid with Phusion (NEB) and the following
primers: F: 5-GTTGGAACCTCTTACGTGCC-3’ and R: 5-AAAAGCACCGACTCGGTG-
3. The PCR product was digested with Dpnl at 37° C for 1 hour, heat inactivated at 80°
C for 20 minutes, and then purified with a Qiagen PCR Purification column. RNA was

synthesized with a MEGAscript T7 Transcription Kit (Ambion).

Design of ssODN and microinjections
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One-cell stage wild-type embryos were injected with either 2 or 3 nl of a solution
containing ~330 ng/ul gRNA, ~371 ng/ul of Cas9 mRNA (obtained from the Hope
Center Transgenic Core at Washington University in St. Louis), and 50 ng/ul of the
ssODN. The 150 bp ssODN was ordered from IDT and contained a 5 bp mutation: 5'-
atcataaacatacccttgcttgtaactgatatggaagcctttcttttggacactCGCCGceggagttaaagaaaacctccat
cacatttccagtggagttgag-3’. At 1 dpf, embryos were genotyped for disruption of the wild-
type Drdl binding site and screened for the characteristic gpr126 puffy ear mutant
phenotype. Mutations that were successfully transmitted to the F1 offspring were
screened for by restriction enzyme digest analysis. Mutant bands were gel extracted
(Qiagen Gel Extraction Kit) and Sanger sequenced to identify the incorporation of the

ssODN containing the mutation of interest.

Whole mount in situ hybridization

1 dpf larvae were treated with 0.003% phenylthiourea to inhibit pigmentation until
fixation in 4% paraformaldehyde at 4 dpf. Whole mount in situ hybridization was
performed as previously described (Cunningham and Monk, 2018). The previously
characterized mbp riboprobe was utilized in this experiment (Lyons et al., 2005). Larvae

were scored for either presence or absence of mbp expression along the PLLn.

Small-angle X-ray scattering
SAXS measurements were performed at the Advanced Photon Source at Argonne
National Laboratory with an in-line SEC columns (Superdex 200 or Biorad EnRich 5-650

10-300) equilibrated with 20 mM HEPES, pH 7.4, and 150 mM NaCl. Data was
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analyzed using autorg and datgnom using the commands “autorg —sminrg 0.55 —
smaxrg 1.1” and “datgnom ‘1’.dat -r 2’ — skip ‘3’ -0 ‘“1".out,” respectively, where ‘1’ is the
file name, 2’ is the Ry determined by autorg, and ‘3’ is the number of points removed at
low g as determined from autorg. SAXS curves of molecular models were generated

with Crysol version 2.83 (Petoukhov et al., 2012).

Methods used in Chapter 4

Full-length mouse GPR56 was cloned into the pAcGP67A baculovirus transfer
vector. A baculovirus expression system was used to express mouse GPR56 in insect
cells as previously described (Arac et al., 2012). To confirm expression, insect cell
membranes containing mouse GPR56 were harvested and solubilized in buffer
containing 30mM HEPES pH 7.5, 500mM NaCl, 10% glycerol, and detergent.
Solubilized protein in detergent was run on an SDS-PAGE gel and transferred to a
PVDF membrane for western blotting against the receptor. Insect cell membranes
containing mouse GPR56 were then used to detect direct G13 G protein coupling as

previously described (Stoveken et al., 2015).

Methods used in Chapter 5

Various ECR constructs of human TENZ2 were cloned into a pAcGP67a vector
and expressed in High-Five insect cells using the baculovirus expression system as
previously described (Arac, et al., 2012). For structural studies, TEN ECR (residues
N456-R2648) and TEN ECRA1 (residues T727-R2648) were cloned with N-terminal

8XHis-DesG-tags (Skinner et al., 2014). 72 hr after viral infection of High-Five cells, the
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medium containing secreted glycosylated proteins was collected and centrifuged at 900
g for 15 min at room temperature.

Purified TEN2 constructs were diluted to ~10 ug/mL and applied to an EM grid
(Electron Microscopy Sciences, CF400-Cu,) using a conventional negative-stain
protocol (Booth et al., 2011). The sample was imaged on a Tecnai G2 F30 operated at

300kV. Image processing was performed with EMAN2 (Tang et al., 2007).

Methods used in Chapter 6

For G protein coupling experiments, human Lphn was cloned into the pAcGP67A
baculovirus transfer vector. A baculovirus expression system was used to express Lphn
in insect cells as previously described (Arac et al., 2012). To confirm expression, insect
cell membranes containing Lphn were harvested and solubilized in buffer containing
30mM HEPES pH 7.5, 500mM NaCl, 10% glycerol, and detergent. Solubilized protein in
detergent was run on an SDS-PAGE gel and transferred to a PVDF membrane for
western blotting against the receptor. Insect cell membranes containing Lphn were then
used to detect direct G; G protein coupling as previously described (Stoveken et al.,
2015).

For peptide-binding experiments, purified Lphn 7TM (40uM) and biotinylated
human Lphn3 peptide (80uM) were incubated for 30 minutes at 4°C. Glutaraldehyde
(Sigma-Aldrich #G5882, 0.01%) was added to the sample and incubated for 5 minutes
at room temperature. The crosslinking reaction was quenched with 0.5M Tris pH 8.0.
The sample was subjected to SDS-PAGE and transferred to PVDF membrane for

western blotting. Peptide was detected with NeutrAvidin DyLight 650 (Invitrogen
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#84607, 1:2000 dilution) and Lphn was detected with mouse anti-His primary antibody
(Qiagen #34660, 1:2000 dilution) and donkey antimouse Alexa Fluor 488 secondary

antibody (Invitrogen #A-21202, 1:5000 dilution).

Methods used in Chapter 7

aGPCR constructs for sixteen aGPCRs were cloned and expressed in insect
cells. To assess expression levels, insect cell membranes containing aGPCR constructs
were harvested and solubilized in buffer containing 30mM HEPES pH 7.5, 500mM
NaCl, 10% glycerol, and detergent. Solubilized protein samples were run on an SDS-
PAGE gel and transferred to a PVDF membrane for western blotting against the
receptors. The best-expressing aGPCR was chosen to continue with purification
optimization.

A detergent screen in order to choose an optimal detergent for extraction in
terms of amount of protein extracted as well as stability in the specific detergent.
Membranes containing the aGPCR were solubilized with various detergents at various
concentrations and the solubilized samples were run on an SDS-PAGE gel and
transferred to a PVDF membrane for western blotting against the receptors.

Solubilized samples were then purified with antiFLAG resin and run on a size
exclusion column. The peak fractions were kept to re-run on size exclusion column after
a one-week incubation at 4C to assess protein stability, and peak fraction (diluted to 5
ug/mL) samples wers also applied to a negative stain EM grid (Electron Microscopy
Sciences, CF400-Cu) and overlaid with uranyl formate. The EM grids were visualized

with a Tecnai T12 electron microscope operated at 120 kV. Images were recorded at a
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magnification of x71,138 and a defocus value of ~1.5 ym on a Gatan US4000 CCD
camera.

Based on the negative stain EM images of the protein in each detergent, the
protein in the best detergent was chosen to continue analysis. Images were processed

in EMAN2 (cite) and 2D class averages were performed using ISAC (Yang et al., 2012).
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