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Abstract

G protein-coupled receptors (GPCRs) transduce diverse signals, including light,
ions, hormones, and neurotransmitters, into equally diverse cellular responses. These
cellular responses underlie complex physiological processes, including sensation,
learning and memory, cardiac function, and immune function. Understanding the
variables which contribute to GPCR signaling diversity at a cellular level is essential to
understanding the role of GPCRs in physiology and disease. The subcellular location
from which GPCR signaling occurs is an increasingly recognized variable which

contributes to signaling diversity.

| have used the delta opioid receptor (DOR) as a prototype GPCR to investigate
mechanisms regulating GPCR localization and the effects of subcellular location on
GPCR function. DOR is an ideal and therapeutically relevant prototype GPCR to study
these questions. In neuronal cells, DOR localizes to multiple membrane compartments,
including the plasma membrane and the Golgi apparatus. Relocation of DOR from
intracellular sites to the plasma membrane is associated with enhanced pain-relieving
effects of DOR agonists, which highlights the therapeutically relevant link between DOR

localization and function.

| first investigated the mechanisms which regulate DOR localization to the Golgi
in a rat neuroendocrine cell line which shares common mechanisms with primary
neurons in regulation of DOR trafficking. Through systematic mutagenesis of the DOR
C-terminal primary amino acid sequence and high-resolution imaging, we identified
conserved dual RXR amino acid motifs which are required for signal-regulated retention
of DOR in the Golgi. Using biochemical approaches, we showed that these RXR motifs
also mediate interaction with the coatomer protein | (COPI) complex. These data
support a model in which DOR retention in the Golgi is mediated by active retrograde

trafficking within the biosynthetic pathway.

viii



| next explored the effect of subcellular location on DOR activation. GPCR
activation and coupling to effectors is driven by conformational changes in the receptor
upon agonist binding. We used fluorescently tagged biosensors which recognize these
conformational changes and high-resolution imaging to visualize DOR activation in
different subcellular locations. We found that DOR in the plasma membrane and the
Golgi differentially recruit two active conformation biosensors in response to the same
agonist. These results indicate that subcellular location drives distinct engagement of
effectors and suggest the exciting possibility that subcellular location may alter GPCR
conformational landscapes upon ligand binding.

| also determined the effect of subcellular location on DOR signaling using
biosensors for second messenger signaling molecules cAMP and calcium. We found
that DOR activation in both the plasma membrane and the Golgi inhibits cAMP
production, suggesting that DOR couples to inhibitory G proteins regardless of
compartment-specific effects on effector engagement or conformational landscapes. In
a rat neuroendocrine cell line, DOR activation at the plasma membrane modulates
calcium release from intracellular stores in a Gi/o, Gg/11, and phospholipase C-
dependent manner. Modulation of calcium is specific to DOR signaling from the plasma
membrane and is not observed upon DOR activation in the Golgi. These data suggest
that DOR subcellular location influences the signaling profile of active receptors.

Together this work adds to our understanding of how GPCR subcellular
localization is regulated and how subcellular location can drive distinct GPCR activation
and signaling. In the future, this mechanistic understanding could be applied to tune
localization of therapeutically relevant GPCRs like DOR or to target GPCRs in specific

subcellular compartments for desired therapeutic effects.
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Chapter 1: An Introduction to Compartmentalized GPCR Signaling From
Intracellular Membranes

This chapter is published as':
Crilly, SE, and Puthenveedu, MA (2020). Compartmentalized GPCR Signaling from
Intracellular Membranes. J Membr Biol, 1-13.

Abstract

G protein-coupled receptors (GPCRs) are integral membrane proteins that
transduce a wide array of inputs including light, ions, hormones, and neurotransmitters
into intracellular signaling responses which underlie complex processes ranging from
vision to learning and memory. Although traditionally thought to signal primarily from the
cell surface, GPCRs are increasingly being recognized as capable of signaling from
intracellular membrane compartments, including endosomes, the Golgi apparatus, and
nuclear membranes. Remarkably, GPCR signaling from these membranes produces
functional effects that are distinct from signaling from the plasma membrane (PM), even
though the same G protein effectors and second messengers are often activated. In this
review we will discuss the emerging idea of a “spatial bias” in signaling. We will present
the evidence for GPCR signaling through G protein effectors from intracellular
membranes, and the ways in which this signaling differs from canonical PM signaling
with important implications for physiology and pharmacology. We also highlight the
potential mechanisms underlying spatial bias of GPCR signaling, including how
intracellular membranes and their associated lipids and proteins affect GPCR activity
and signaling.

! Statement of others’ contributions to this work:

| wrote the published manuscript with input from Manoj Puthenveedu. Puthenveedu lab members
provided helpful feedback on the final draft of the published manuscript as stated in the
acknowledgements.
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Introduction

G protein-coupled receptor (GPCR) signaling which underlies complex processes
ranging from smell and taste to immune responses to vision, learning, and memory, is
being reconsidered in the context of the membranes from which GPCRs signal. GPCRs
are the largest class of transmembrane signaling receptors and are activated by a wide
array of inputs including light, ions, peptide and non-peptide hormones and
neurotransmitters. GPCRs transduce these inputs through conformational changes in
their seven transmembrane domains. Conformational changes are driven and stabilized
by interaction with classical heterotrimeric G protein effectors, which modulate diverse
downstream signaling pathways and second messengers, including adenylyl cyclase
and cAMP, ion channels, phospholipases, GTPases, and kinase cascades (Weis and
Kobilka, 2018; Wu et al., 2019). GPCRs were originally thought to activate these
signaling pathways primarily from the plasma membrane (PM). However, GPCRs also
localize to other membranes in the cell and can signal from these membranes,

suggesting an important spatial component of signaling.

GPCRs signaling from intracellular membranes can occur through both non-G
protein and G protein effectors. The first evidence of GPCR signaling from intracellular
membranes suggested that this signaling is mediated by non-G protein effectors,
specifically B-arrestins. B-arrestins interact with GPCRs and scaffold kinase signaling
pathways in endosomes and at the PM, in addition to their roles in G protein signaling
termination and GPCR internalization from the PM (Lohse et al., 1990; Luttrell and
Lefkowitz, 2002). Subsequent studies have demonstrated that a number of other non-G
protein effectors could promote differential GPCR signaling at locations other than the
PM (Varsano et al., 2012; Jean-Alphonse et al., 2014; Grimsey et al., 2015; Alekhina
and Marchese, 2016). However, research over the past decade supports the exciting
new idea that signaling by a GPCR through the same G protein effector in different
locations produces distinct signaling responses. In this review we will focus on how G
protein signaling from GPCRs in intracellular membrane compartments differs from
classical PM signaling (Figure 1.1). We will also discuss potential mechanisms by
which components of different cellular membranes may shape this “spatial bias” in

signaling.
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Figure 1.1. Examples of localization and signaling of GPCRs from intracellular
membranes.

In addition to the plasma membrane GPCRs localize and signal through G proteins in
compartments along the biosynthetic pathway (solid arrows) and the endolysosomal
pathway (dashed arrows). Non-canonical GPCR signaling through G proteins in these
membranes can proceed by distinct interactions, such as a PTHR-G protein-arrestin
signaling complex, and produce distinct downstream signaling effects, including but not
limited to sustained signaling, transcriptional responses, and effects on cell growth,
neurotransmission, and the perception of pain.
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GPCR localization to the endosomal pathway

Many GPCRs enter and cycle within the endosomal pathway after activation and
internalization from the PM. GPCR internalization is predominantly mediated by clathrin
and B-arrestin-1 or B-arrestin-2 which interacts with clathrin via clathrin adaptor protein
AP-2 (Laporte et al., 1999; Weinberg and Puthenveedu, 2019). Within the endosomal
pathway, GPCRs can enter recycling pathways which return receptors to the PM or
degradative pathways which sort receptors to the lysosome. GPCR sorting to these
different endosomal pathways is often an active process (Puthenveedu et al., 2010;
Bowman and Puthenveedu, 2015). Sorting can be regulated by amino acid trafficking
motifs on a receptor, post-translational modifications like phosphorylation or
ubiquitination, and interactions with endosome-associated proteins (Hanyaloglu and von
Zastrow, 2008).



Regulated trafficking of GPCRs has clear consequences for their signaling.
Classically, relocation of GPCRs from the PM to endosomes was proposed to serve as
a mechanism of terminating signaling from the PM and desensitizing the cell to
extracellular ligands (Lefkowitz et al., 1980; Hertel and Perkins, 1984). However, the
discovery of endosomal G protein signaling indicates that receptor endocytosis and
localization to endosomal compartments contributes to “spatial bias” in GPCR signaling.
We will now examine the early evidence for GPCR G protein signaling from endosomes,
and how this signaling differs from signaling at the PM at a cellular and organismal

level.

Evidence for GPCR activation and signaling from endosomes

Building on a report of endosomal G protein signaling by the yeast GPCR Ste2
(Slessareva et al., 2006), early insights into endosomal G protein signaling in
mammalian cells stemmed from prolonged signaling responses even after receptors
had internalized from the PM. Activation of parathyroid hormone receptor (PTHR) and
the thyroid stimulating hormone receptor (TSHR), which both couple to Gas, elevates
cellular cAMP even after robust internalization of receptors from the PM (Calebiro et al.,
2009; Ferrandon et al., 2009). These observations were inconsistent with the
hypothesis that removal of GPCRs from the PM serves mainly to terminate G protein
signaling. Indeed, prolonged cAMP signaling persists even when agonist is removed
from the extracellular media, and fluorescently labeled peptide ligands colocalize with
receptors in endosomal compartments, suggesting that ligands can traffic with the
receptor to endosomes and continue to signal (Calebiro et al., 2009; Ferrandon et al.,
2009). Critically, prolonged elevation of cellular cAMP is disrupted by inhibition of
endocytosis by pharmacological or genetic approaches, indicating endocytosis is
required for sustained cAMP production by these GPCRs (Calebiro et al., 2009;
Ferrandon et al., 2009).

Receptor endocytosis might contribute to distinct cAMP signaling profiles for
different GPCRs. For example, inhibiting endocytosis partially decreases cAMP
production by the activated Gas-coupled dopamine receptor D1 (DRD1) and the Bo-

adrenergic receptor (B2AR) (Kotowski et al., 2011; Irannejad et al., 2013). In the case of
4



DRD1, inhibiting endocytosis measurably decreases cAMP as early as one to two
minutes after agonist addition (Kotowski et al., 2011). In the case of B2AR, inhibiting
endocytosis decreases cAMP production mainly at later time points, greater than five
minutes after agonist treatment (Irannejad et al., 2013). This later time may reflect the
time required for B2AR sorting to the specific endosomal domain from which it initiates
endosomal G protein signaling (Bowman et al., 2016), as we discuss in more detail in
section 5.2. Therefore, some GPCRs might require components of the endocytic
process for acute signaling, whereas others require endocytosis for a second wave of
cAMP signaling after desensitization of the initial PM cAMP signaling.

Conformational biosensors based on nanobodies have recently emerged as a
powerful method that complements conventional signaling assays to study spatially
restricted signaling. These nanobodies are a single protein domain derived from the
antigen-binding region of heavy-chain only antibodies produced in camelid species
(Manglik et al., 2017). Several generated nanobodies specifically bind the active
conformation of a specific GPCR or family of GPCRs (Manglik et al., 2017). Additionally,
another nanobody, referred to as Nb37, recognizes a nucleotide-free Gas conformation
as a readout of GDP exchange by the Gas subunit of the activated G protein (Westfield
et al., 2011; Irannejad et al., 2013). Nanobodies have greatly aided in vitro and in vivo
studies of GPCR biology (Manglik et al., 2017). When tagged with a fluorescent protein
and expressed in live cells, nanobody biosensors localize to membranes containing
active GPCR or Gas protein, providing a highl spatiotemporal readout of GPCR
activation (Figure 1.2A). Indeed, fluorescently-tagged (-adrenergic receptor active
conformation nanobody (Nb80) and nucleotide-free Gas nanobody (Nb37) are recruited
to B2AR at the PM and in endosomal compartments upon agonist treatment,
highlighting the presence of both active GPCR and G protein in endosomes (Irannejad
et al., 2013; Bowman et al., 2016). Similar nanobodies which recognize the active
conformation of opioid receptors (Nb33 and Nb39) colocalize with internalized p-opioid
receptor (MOR), 6-opioid receptor (DOR), and k-opioid receptors (KOR) in endosomes
upon agonist treatment (Stoeber et al., 2018; Kunselman et al., 2020). Beyond the
examples highlighted here, signaling assays and biosensor imaging have demonstrated
signaling of internalized Gas, Gai, and Gaqg-coupled GPCRs, including the sphingosine-

5



1-phosphate receptor, glucagon-like peptide-1 receptor, cannabinoid receptor 1,
luteinizing hormone receptor (LHR), and the calcium-sensing receptor (CaSR), across a
range of endosomal compartments ranging from very early endosomes, to early
endosomes marked by EEA1/Rab5, to potentially even late endosomes/lysosomes
marked by Rab7 (Rozenfeld and Devi, 2008; Ferrandon et al., 2009; Mullershausen et
al., 2009; Kuna et al., 2013; Sposini et al., 2017; Gorvin et al., 2018; Stoeber et al.,
2018; Jimenez-Vargas et al., 2020; Kunselman et al., 2020).

a +agonist e b cholestanol-antagonist \~, c impermeable antagonist \

/_@\. agonist e permeable agonist ®
\ ° -~
| | — \77;/
[ ]
) [ ]

L 5¢ :
N ®
— W

,\.797 5//

>\\Q

d ° \Q

® : - ..
“ o pi,.o e ©

é\% cA'Mp %\\m "p e,

Figure 1.2. Tools for studying GPCR spatial signaling bias.

(A) Conformational biosensors including nanobodies and miniG proteins recognize active
GPCR or Gs conformations. When expressed in cells these sensors will translocate from
the cytosol to membranes containing active GPCR or G protein. If tagged with a
fluorescent protein, translocation of the sensor can be visualized by confocal microscopy.
Inset: HEK cell expressing Flag-DOR and venus-miniGsi and treated with 10uM SNC80
agonist. Accumulation of the miniG sensor is visible on endosomal membranes (yellow
arrow), scale bar=1.5um. (B) Cholestanol-conjugated ligands incorporate into the lipid
bilayer, are internalized, and accumulate in endosomes. When concentrated in
endosomes, these ligands can provide prolonged and specific agonism or antagonism of
endosomal GPCRs. Whether these endosomally-targeted antagonists also inhibit plasma
membrane GPCRs over prolonged time periods, and if so, to what levels is not clear. (C)
To isolate GPCR signaling from intracellular sites, cells can be treated with a membrane
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permeable agonist along with a membrane impermeable antagonist. The permeable
agonist can access and activate intracellular GPCRs, while the impermeable antagonist
acts only on GPCRs in the plasma membrane, preventing agonist from binding to these
sites. (D) Fluorescent FRET sensors for PKA phosphorylation events or second
messengers like cAMP produced downstream of GPCR activation can be targeted to
specific cellular membranes. Localization of these sensors to specific membranes
provides a readout of local signaling events. Second messenger like cAMP or
phosphorylation of a kinase motif on the sensor leads to a conformational change in the
sensor. Changes in cellular levels of cCAMP or kinase activity are measured as the ratio
between donor fluorophore (D) and acceptor fluorophore (A) emission for a ratiometric
FRET sensor, like the one depicted. (E) Nanobodies which recognize the active
conformation of GPCRs specifically inhibit GPCR signaling from intracellular sites.
Rapamycin induces dimerization of FRB and FKBP domains fused to a nanobody or
targeted to the organelle of interest, respectively. Dimerization leads to a high local
concentration of nanobody which binds to active GPCRs. These nanobodies compete
with endogenous G proteins for interaction with the active receptor, interfering with G
protein activation and signaling in the organelle of interest. (F) Caged ligands are
chemically modified so that they are inactive at the target receptor until uncaging. Local
uncaging of caged ligands by a specific wavelength of light leads to photolysis of the
caged ligand, freeing the active ligand. The free ligand can then bind to the target
receptor.

Distinct consequences of endosomal G protein signaling

lllustrating the concept of “spatial bias,” G protein signaling from GPCRs in
endosomes diverges from PM signaling in a number of ways at the molecular and
cellular level. Sustained G protein signaling by PTHR and the vasopressin receptor 2
(V2R) is associated with prolonged arrestin-GBy, GPCR-Gy, or GPCR-arrestin
interactions on endosomes (Ferrandon et al., 2009; Feinstein et al., 2011, 2013; Wehbi
et al., 2013). These data, coupled with single-particle electron microscopy structure of a
chimeric GPCR simultaneously bound to B-arrestin-1 and a heterotrimeric G protein,
support a hypothesis in which a subset of GPCRs which strongly bind B-arrestins
sustain endosomal signaling from stabilized arrestin-GBy complexes which could
support multiple rounds of Gas activation (Wehbi et al., 2013; Thomsen et al., 2016).
Whether this complex is uniquely stabilized in the endosomal compartment remains to
be explored.

The role of arrestins in endosomal signaling has been extensively reviewed

recently in more detail (Peterson and Luttrell, 2017; Ranjan et al., 2017; Weinberg and
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Puthenveedu, 2019). Endosomal GPCR-arrestin-G protein complexes likely function
differently than GPCR-arrestin signaling complexes. The observation that some GPCRs
remain associated with arrestin on the endosome and the detection of GPCR-arrestin-
kinase complexes were some of the earliest evidence of potential GPCR signaling from
endosomes (Déry et al., 1999; Luttrell et al., 1999; DeFea et al., 2000a; Oakley et al.,
2000; Wei et al., 2003). B-arrestins bound to a GPCR can scaffold a number of kinases,
and kinases, including Src, Raf, JNK, and ERK, can also be visualized on endosomes
containing GPCRs and/or arrestin (DeFea et al., 2000a, 2000b; McDonald et al., 2000;
Luttrell ef al., 2001). GPCR signaling through arrestins is an excellent example of how
GPCRs can also signal through different effectors in different locations.

Spatial bias shapes downstream transcriptional responses, either as a
consequence of, or in addition to differential interactions with G protein effectors. In the
case of B2AR, a prototypical Gas-coupled receptor, endosomal cAMP production is
required and sufficient for transcription of genes not upregulated by B2AR signaling
from the PM (Tsvetanova and von Zastrow, 2014; Bowman et al., 2016). Similarly,
CaSR and neurokinin 1 receptor (NK1R) also require endosomal signaling to induce
gene transcription from serum response elements (Jensen et al., 2017; Gorvin et al.,
2018). How endosomal signaling drives transcriptional responses is an ongoing area of
research and may result from spatiotemporal regulation of GPCR-effector interactions

and second messengers.

Endosomal GPCR signaling is linked to physiology and can be specifically
modulated by new spatially-targeted pharmacology. Sustained cAMP signaling and
endocytosis of the LHR are required for meiosis in the oocyte of ovarian follicles,
suggesting an important link between LHR endosomal signaling and fertility (Lyga et al.,
2016). Exciting new work in the context of pain neurotransmission by NK1R and the
calcitonin receptor-like receptor (CLR) uses spatially-targeted ligands to specifically
inhibit endosomal signaling. NK1R or CLR antagonists conjugated to the lipid
cholestanol incorporate into the outer leaflet of the membrane bilayer, are internalized,
and accumulate in endosomes (Figure 1.2B) (Jensen et al., 2017; Yarwood et al.,
2017). These endosomally-targeted antagonists inhibit sustained signaling in spinal

8



cord neurons and provide greater and longer lasting pain relief in animal models of
inflammatory pain than traditional antagonists (Jensen et al., 2017; Yarwood et al.,
2017). A similar approach using lipoparticles to deliver DOR agonist to endosomes
supports a role for endosomal DOR signaling in promoting sustained suppression of
neuronal excitability and antinociception (Jimenez-Vargas et al., 2020). These
compartment-targeted ligands demonstrate the contribution of endosomal signaling to
pain pathologies and highlight potential therapeutic approaches which exploit spatial
bias in signaling.

GPCR signaling in the Golgi

GPCR localization to the Golgi

GPCRs can sort retrogradely from endosomes to the Golgi after internalization
from the PM or be retained in the Golgi during biosynthetic trafficking en route to the PM
after synthesis at the endoplasmic reticulum (ER). Retrograde sorting from endosomes
to the most distal compartment and “sorting station” of the Golgi, the trans-Golgi
network (TGN), is often mediated by the retromer complex (Chen et al., 2019). GPCRs
including, PTHR and TSHR, internalize and traffic retrogradely to the TGN (Feinstein et
al., 2011; Godbole et al., 2017). Though not all GPCRs recycle through the TGN, as
integral membrane proteins all GPCRs are expected to transit through the Golgi where
they receive important modifications like glycosylation before initial insertion into the PM
(Dong et al., 2007). For many GPCRs Golgi residence is transient, but some receptors
like DOR and B1-adrenergic receptor (B1AR) exhibit steady-state Golgi localization
(Irannejad et al., 2017; Shiwarski et al., 2017b). Golgi export of these receptors is highly
regulated by amino acid trafficking motifs in receptors themselves, protein interactions,
and even phospholipids (Mittal et al., 2013; Koliwer et al., 2015; Shiwarski et al., 2017a,
2019; St-Louis et al., 2017). Here we present new and emerging evidence supporting
GPCR activation in the Golgi, as well as differential signaling by B1AR and TSHR in the
Golgi.



Evidence for GPCR activation and signaling in the Golgi

Regardless of the mechanisms by which GPCRs localize to the Golgi, GPCRs
can be activated by ligands and signal from Golgi compartments. Conformational
biosensors including the nanobodies already described, as well as mini-G protein
biosensors which mimic Ga subunit interactions with active GPCR conformations
(Nehmé et al., 2017; Wan et al., 2018), reveal activation of GPCRs or Gas proteins in
the Golgi (Godbole et al., 2017; Irannejad et al., 2017; Stoeber et al., 2018; Nash et al.,
2019). The nucleotide-free Gas nanobody (Nb37) localizes to compartments containing
both labeled TSH internalized with endogenous TSHR, and a TGN marker, as well as
compartments containing a component of the retromer complex (Godbole et al., 2017).
Together these data suggest TSHR signals from retrograde endocytic compartments at
the TGN (Godbole et al., 2017). Activation of B1AR, DOR, MOR, and KOR by ligands in
the Golgi have similarly been revealed by conformational biosensors recognizing active
receptor conformations (Irannejad et al., 2017; Stoeber et al., 2018; Nash et al., 2019;
Che et al., 2020).

Notably, for GPCRs not internalizing from the cell surface with their associated
ligand, activation in the Golgi is limited to agonists which can readily cross multiple cell
membranes either by diffusion or active transport by transporters like the organic cation
transporter 3 (OCT3) catecholamine transporter (Irannejad et al., 2017; Stoeber et al.,
2018). For both B1AR and DOR, membrane impermeable antagonists inhibit signaling
responses induced by cell impermeable agonists, but fail to completely block signaling
downstream of cell permeable agonists (Figure 1.2C), with this residual signaling
attributed to Golgi GPCRs (Irannejad et al., 2017; Stoeber et al., 2018). The
dependence of intracellular GPCR activation on ligand permeability forms the basis of
many approaches to assay signaling from both Golgi and nuclear membrane-localized
GPCRs, which will be discussed in more detail later.

Distinct consequences of GPCR signaling in the Golgi
GPCR signaling from the Golgi mediates differential and spatially-restricted
cellular signaling effects. Forster resonance energy transfer (FRET) sensors can be
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targeted to both the PM and Golgi to measure local cAMP or protein kinase A (PKA)
activity (Figure 1.2D) (Dipilato and Zhang, 2009; Depry et al., 2011; Godbole et al.,
2017). In the case of TSHR, Golgi-localized FRET sensors reveal Golgi-localized cAMP
and PKA signaling up to ten minutes after receptor internalization, which is lost when
cells are treated with an endocytosis inhibitor (Godbole et al., 2017). This signaling is
linked to cCAMP response element-binding protein (CREB) phosphorylation and
transcription of cAMP-regulated genes. Golgi membrane integrity and anchoring of PKA
at the Golgi through interactions with A-kinase-anchoring proteins (AKAPs) are required
for TSH-induced CREB phosphorylation, suggesting the spatial organization of these
signaling components at the Golgi regulates downstream signaling effects (Godbole et
al., 2017).

In the case of B1AR, activation of Golgi B1AR signaling in cardiac myocytes is
required and sufficient to induce phospholipase C epsilon (PLCe)-dependent hydrolysis
of phosphatidylinositol 4-phosphate (P14P), the primary phospholipid at the Golgi (Nash
et al., 2019). In an interesting parallel to TSHR, PLCe interaction with muscle specific
AKAP, mAKAP, is required for B1AR-dependent PI4P hydrolysis, suggesting that
localization of signaling effectors may be a major component in regulating Golgi
signaling pathways (Nash et al., 2019). In addition to traditional pharmacological
approaches using ligands with different membrane permeability, B1AR signaling from
the Golgi was inhibited by a novel non-pharmacological approach, developed by
Irannejad, et al., 2017. B-adrenergic receptor active conformation nanobody Nb80, is
recruited to the Golgi via chemically induced dimerization and competes with
endogenous G proteins for binding to the active receptor, effectively preventing local G
protein activation (Figure 1.2E) (Irannejad et al., 2017). Inhibition of B1AR Golgi
signaling not only decreases PI4P hydrolysis, but also decreases cellular hypertrophy
and atrial natriuretic factor (ANF) expression, both of which are hallmarks of cardiac
hypertrophy often preceding heart failure (Nash et al., 2019). These data provide
rationale for specifically targeting Golgi B1AR signaling for treatment of heart failure and
could guide new pharmacological approaches.
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GPCR signaling in the nuclear membrane

GPCR localization to the nuclear membrane and endoplasmic reticulum

Similar to GPCRs localized to the Golgi, GPCRs can localize to nuclear
membranes and connected ER membranes after synthesis or after internalizing from
the PM. Localization to nuclear membranes can be mediated by a classical nuclear
localization sequence (NLS) and/or importins. Nuclear targeting via an NLS or importins
can occur after GPCR internalization, as observed for the protease-activated receptor 2
and the oxytocin receptor, or directly after synthesis, as observed for for a1-adrenergic
receptors and the platelet-activating factor receptor (Wright et al., 2012; Di Benedetto et
al., 2014; Joyal et al., 2014; Bhosle et al., 2016). In contrast, other GPCRs such as the
metabotropic glutamate receptor 5 (mGIuRS5) utilize non-NLS sequences to direct
nuclear localization and may interact with chromatin to retain these receptors in the
nucleus (Sergin et al., 2017). Among ER-targeted GPCRs, like the protease-activated
receptor 4, ER localization can be regulated by classical RXR motifs, which are
recognized by the COPI protein complex to retain receptors in the biosynthetic pathway
(Brock et al., 2005; Cunningham et al., 2012). These same COPI interacting motifs also
are found in some Golgi-localized GPCRs, like DOR (St-Louis et al., 2017; Shiwarski et
al., 2019). Here we will focus on common themes and signaling of the particularly well-
studied mGIluRS from nuclear membranes, but the diverse and varied signaling from
these membranes has been well reviewed recently (Jong et al., 2018).

Evidence for GPCR signaling from nuclear membranes

GPCR signaling from nuclear membranes has been demonstrated by both
pharmacological approaches using membrane permeable and impermeable ligands, as
well as assaying GPCR signaling in isolated nuclei. In a number of different neuronal
cell types, activation of Gg-coupled mGIluR5 by membrane permeable agonists
promotes sustained calcium signaling (Jong et al., 2009; Purgert et al., 2014; Vincent et
al., 2016). These responses persist even when surface receptors are blocked by an
impermeable antagonist, suggesting surface receptor activation and internalization are
not required for sustained calcium signaling (Jong et al., 2009; Purgert et al., 2014;

Vincent et al., 2016). Agonist application to isolated nuclei containing mGIuRS5 or the
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endothelin type B receptor (ETBR) produces calcium release from these membranes,
suggesting that nuclear membranes contain GPCRs and downstream signaling
components, including Gaq, PLC, and inositol trisphosphate receptors (IP3Rs),
sufficient to stimulate calcium release (Kumar et al., 2008; Merlen et al., 2013; Vincent
et al., 2016).

In addition to traditional ligands, “caged” ligands which consist of an agonist or
antagonist chemically modified to be inactive until light-induced photolysis allows local
uncaging, have been used to study signaling from nuclear membranes (Figure 1.2F).
Uncaging of intracellular caged agonists of mGluR5, angiotensin receptor, or ETBR
promotes activation of the respective intracellular and intracellular calcium release
(Merlen et al., 2013; Purgert et al., 2014; Tadevosyan et al., 2015; Jong and O’Malley,
2017).

Distinct consequences of GPCR signaling from nuclear membranes by mGIuR5
Signaling of intracellular mGIuRS5 in neurons is a particularly well studied
example of how signaling from nuclear membranes diverges from signaling at the PM

and influences physiology. In striatal neurons, signaling from PM-localized or
intracellular mGIluRS5 is sufficient to activate CREB transcription factor, whereas
intracellular mGIluRS signaling is required and sufficient to activate Elk1 transcription
factor and transcription of associated serum-response element target genes, including
several genes linked to neuronal plasticity (Jong et al., 2009; Kumar et al., 2012). In
hippocampal neurons, intracellular mGluR5 mediates one form of synaptic plasticity,
long term depression, whereas PM-localized mGIluRS5 mediates both long term
depression and long term potentiation, suggesting that intracellular mGIuRS5 signaling
may be relevant to complex processes like learning and memory (Purgert et al., 2014).
Endogenous glutamate activation of intracellular mGIuRS5 in spinal cord neurons
contributes to pain pathologies linked to neuronal hypersensitivity after nerve injury
(Vincent et al., 2016). Inhibiting intracellular mGIluRS signaling with a membrane
permeable antagonist or inhibiting the neuronal transporter which allows glutamate to

access intracellular receptors produces greater pain relief than membrane impermeable
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antagonists (Vincent et al., 2016). Future approaches using ligands specifically targeted
to nuclear membranes, similar to the approach described for endosomally-targeted
antagonists (Jensen et al., 2017; Yarwood et al., 2017), could further clarify the role of

mMGIuRS in these complex neural processes and pathologies.

Mechanisms of GPCR spatial signaling bias

Despite evidence supporting “spatial bias” in GPCR signaling through G proteins
in different cellular membranes, the mechanisms driving spatially biased signaling are
not fully understood. Understanding how GPCR signaling from different cellular
membranes drives distinct downstream responses while signaling through the same G
protein effectors will be essential to understanding GPCR biology and designing new
spatially-targeted therapeutic approaches. Temporal and spatial organization of
signaling emerge as common themes differentiating GPCR signaling through G proteins
in intracellular membranes from signaling in the PM. We will propose potential
mechanisms of spatial bias with emphasis on how spatial bias may be shaped by the
kinetics of signaling, spatial organization of signaling effectors, as well as the lipid

composition of membranes.

Temporal component of intracellular signaling

Sustained signaling responses are associated with GPCR signaling from non-
canonical locations. However, the factors driving sustained signaling and the
consequences of “second waves” of intracellular signaling are unclear (Lohse and
Calebiro, 2013; Stoeber et al., 2018). PTHR, TSHR, and mGIluRS signaling from
endosomes, Golgi, and nuclear membranes, are all associated with prolonged cAMP or
calcium signaling over longer time scales than those observed for PM signaling of these
receptors (Calebiro et al., 2009; Ferrandon et al., 2009; Jong et al., 2009; Godbole et
al., 2017). The mechanisms which terminate G protein signaling at the PM, such as
GPCR phosphorylation by G protein-coupled receptor kinases (GRKs) and B-arrestin
binding (Luttrell and Lefkowitz, 2002), have not yet been definitively demonstrated to
terminate G protein signaling at other membranes. Indeed, other proteins present on
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endosomes and at the TGN can regulate and terminate G protein signaling from these
membranes (see section 5.2).

Regarding the consequences of intracellular signaling, it is difficult to fully
dissociate the contribution of temporal and spatial components. Signaling for several
GPCRs from endosomes, the TGN/Golgi, or nuclear membranes is associated with
gene transcription (Jong et al., 2009; Tsvetanova and von Zastrow, 2014; Godbole et
al., 2017; Jensen et al., 2017; Yarwood et al., 2017; Gorvin et al., 2018). How
intracellular signaling may drive transcriptional responses is not clear, and it is unlikely
that intracellular signaling alone produces these responses. A direct consequence of
sustained intracellular signaling may be a larger integrated, or total, signaling response.
However, in the case of transcriptional responses downstream of B2AR signaling
through Gs at endosomes, magnitude of the cAMP signaling response alone does not
directly correlate with transcription of endosomally regulated genes (Tsvetanova and
von Zastrow, 2014; Tsvetanova et al., 2017). Additionally, production of cAMP at the
endosomal membrane is sufficient to produce the same transcriptional responses
(Tsvetanova and von Zastrow, 2014). Golgi-localized PKA is also required for TSHR
transcriptional responses, making a strong case for a spatial component of these
signaling responses which we will now consider (Godbole et al., 2017).

Spatial component of intracellular signaling: Proteins

Spatial organization of GPCR effectors and downstream signaling components is
a possible mechanism driving spatially biased signaling. Signaling effectors like G
proteins and adenylyl cyclases, a common downstream effector of Gs and Gi-coupled
receptors, localize to multiple membrane locations, including endosomes and the Golgi,
consistent with GPCR signaling from these locations (Calebiro et al., 2009; Ferrandon
et al., 2009; Kotowski et al., 2011; Cancino et al., 2014). These GPCR effectors,
including G protein subunits and adenylyl cyclases, also dynamically traffic to different
membranes and cellular compartments in response to GPCR signaling (Wedegaertner
et al., 1996; Hynes et al., 2004; Allen et al., 2005; Saini et al., 2007; Lazar et al., 2020).
In a recent example of this phenomenon, GPCR signaling promotes isoform-specific

15



internalization of adenylyl cyclase 9 (AC9) to endosomes (Lazar et al., 2020). AC9 is
also required for endosomal cAMP production by B2AR (Lazar et al., 2020), highlighting
the potential link between effector localization and endosomal signaling. As illustrated
for B1AR and TSHR, AKAPs are essential for mediating spatially biased signaling of
these GPCRs in the Golgi (Godbole et al., 2017; Nash et al., 2019). AKAPs scaffold a
variety of signaling effectors including adenylyl cyclases, phosphodiesterases, kinases,
and phospholipases at multiple cellular membranes and facilitate efficient interactions
between effectors to promote localized signaling responses (Welch et al., 2010; Zhang
et al., 2011; Kapiloff et al., 2014).

Interestingly, spatial organization of effectors into microdomains, even within the
same intracellular membrane compartment, can influence GPCR signaling. B2ZAR in the
active conformation, visualized by an active conformation nanobody (Nb80), localizes
throughout the endosomal membrane (lrannejad et al., 2013; Bowman et al., 2016).
However, the nucleotide-free Gas nanobody (Nb37) is restricted to recycling tubules on
the endosome (Bowman et al., 2016). These data suggest that although B2AR is active
throughout the endosome, G protein coupling and activation is restricted to a specific
endosomal domain. B2AR localization to these endosomal microdomains is required for
endosomal transcriptional responses (Bowman et al., 2016). The mechanisms
restricting receptor localization or G protein activation to these specific domains are not

yet known and is an exciting area for future study.

Microdomains are best studied at the PM where lipid rafts, caveolae, clathrin-
coated pits, and primary cilia can compartmentalize and organize GPCR signaling
(Patel et al., 2008; Hilgendorf et al., 2016; Mykytyn and Askwith, 2017; Weinberg and
Puthenveedu, 2019). These domains often have distinct protein and lipid compositions,
including cholesterol and phospholipids, and can localize GPCRs and specific effectors
to produce distinct signaling outputs or maintain specific local signaling environments
(Russo et al., 2009; Marley et al., 2013; Mukhopadhyay et al., 2013; Garcia-Gonzalo et
al., 2015; Singh et al., 2015; Bachmann et al., 2016; Moore et al., 2016; Weinberg et al.,
2017). As we increase our understanding of how microdomains organize GPCR
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signaling in the PM, we will likely be able to identify analogous mechanisms that
regulate GPCR signaling from microdomains in intracellular compartments.

In addition to classical signaling molecules, membrane trafficking proteins can
play dual roles in regulating both GPCR trafficking and signaling. The retromer complex,
which has been linked to TSHR, PTHR, and B2AR trafficking (Feinstein et al., 2011;
Temkin et al., 2011; Godbole et al., 2017), plays divergent roles in regulating GPCR
signaling. PTHR endosomal signaling is terminated by retromer, whereas TSHR signals
from compartments containing retromer components at the TGN (Feinstein et al., 2011;
Godbole et al., 2017). B2AR actively sorts to retromer-containing recycling tubules in
the endosome, which are the site of G protein activation and initiation of endosomal
transcriptional responses (Temkin et al., 2011; Bowman et al., 2016). APPL1, a protein
associated with very early endosomes and GPCR recycling, also negatively regulates
cAMP production by LHR, B1AR, and the follicle-stimulating hormone receptor (FSHR)
(Sposini et al., 2017).

Spatial component of intracellular signaling: Membrane lipids

At a more fundamental level, the lipid composition of different cellular
membranes may drive spatial differences in GPCR signaling. Lipids and expression of
lipid modifying enzymes vary across cell types (Chattopadhyay and Paila, 2007; Balla,
2013). Cellular membranes within the same cell are heterogeneous and differ not only
in protein composition, but in lipid composition, including cholesterol and phospholipids,
both of which can influence GPCR signaling (lkonen, 2008; Van Meer et al., 2008;
Balla, 2013). Cholesterol is most enriched at the PM but can also be found in
endosomal compartments and the TGN (Mukherjee et al., 1998; lkonen, 2008; Van
Meer et al., 2008). Cholesterol interacts with GPCRs and modulates GPCR activity in a
variety of ways including but not limited to receptor dimerization, ligand binding, G
protein coupling, and signaling (Xiang et al., 2002; Pucadyil and Chattopadhyay, 2004;
Cherezov et al., 2007; Hanson et al., 2008; Levitt et al., 2009; Oates et al., 2012;
Prasanna et al., 2014).
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Phospholipids which vary in cellular membrane distribution also directly and
indirectly modulate GPCR and effector activity. Negatively charged phospholipid
phosphatidylglycerol (PG) acts as an allosteric modulator at B2ZAR and promotes
agonist binding (Dawaliby et al., 2016). PG and phosphatidylserine (PS) decrease
B2AR coupling to Gi over Gs. This selectivity was attributed to a negatively charged
amino acid motif present on the Gai protein. This motif may be repelled from a
negatively charged membrane, and interestingly can be regulated by acute changes in
local membrane charge such as through the influx of calcium ions (Strohman et al.,
2019). PG similarly promotes interaction of the neurotensin receptor 1 (NTSR1) with
Gaqg and GB1y1 and increases GDP exchange by the G protein (Inagaki et al., 2012).
Phosphatidylinositol-4,5-bisphosphate (P1(4,5)P-2), which is enriched in the PM, can also
stabilize G protein interactions with GPCRs and promote GPCR-stimulated GTP
hydrolysis (Yen et al., 2018). Beyond their direct effects on GPCR-G protein activity and
coupling, membrane lipids also bind to GPCR interacting partners and effectors,
including arrestins, GRKs, adenylyl cyclases, and AKAPs, (Gaidarov et al., 1999;
Ostrom et al., 2002; Vogler et al., 2008; Homan et al., 2013; Kapiloff et al., 2014). Taken
together, these data suggest that spatial signaling bias may be influenced by the effect
of local membrane lipids on GPCR activity.

Conclusion and future perspectives

Our understanding of GPCR biology and pharmacology has been transformed by
the discovery that GPCRs can signal from multiple cellular locations. GPCRs can
activate the same G protein effectors on intracellular membranes, including endosomes,
the Golgi, and nuclear membranes, as are activated at the PM, yet produce distinct
signaling effects (Figure 1.1). In addition to these compartments in the membrane
trafficking pathway, GPCR signaling has also been reported on unexpected cellular
compartments including the mitochondria and melanosomes (reviewed in Jong et al.,
2018). These discoveries, enabled by the development of new tools allowing for
activation of GPCRs and measurement of conformational changes and signaling with
high spatial and temporal resolution, have changed our view of GPCRs from being
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simple on-off switches at the PM, to being master regulators of multiple spatially and
temporally distinct phases of signaling (Figure 1.2).

These new ideas and advances point to an exciting time ahead for studying the
cell biology of GPCRs. From a fundamental perspective, the idea that the intracellular
location of GPCRs is a key determinant of signaling provides a revised appreciation for
the role of membranes and trafficking in regulating GPCR function. Classically thought
of as a mechanism to add or remove GPCRs from the cell surface, trafficking might also
be a critical mechanism to transport GPCRs between distinct spatially separated
signaling complexes. Further, selectively modulating signaling from specific
compartments is an exciting and emerging prospect for developing therapeutics with
greater efficacy and fewer adverse effects. Future quantitative analysis of GPCR
localization and signaling in cell types of interest, and of how signaling events in
different membranes contribute to a net signaling response will allow us to leverage

GPCR location to fine-tune targeting of GPCRs for better therapeutics.
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Chapter 2: Dual RXR Motifs Mediate Nerve Growth Factor and Phosphoinositide
3-Kinase-Regulated Intracellular Retention of the Delta Opioid Receptor

This chapter was published in part as and adapted from?:
Shiwarski, DJ*, Crilly, SE*, Dates, A, and Puthenveedu, MA (2019). Dual RXR motifs
regulate nerve growth factor—-mediated intracellular retention of the delta opioid
receptor. Mol Biol Cell 30, 680—-690.
*co-first authors
Abstract

G protein-coupled receptor (GPCR) localization to the plasma membrane (PM)
influences both the ability of a cell to respond to extracellular ligands and the GPCR
signaling profile in response to these ligands. Despite the importance of GPCR PM
localization in shaping cell signaling, the mechanisms which regulate delivery of newly
synthesized GPCRs to the PM are not fully understood. Here we used the delta opioid
receptor (DOR) as a physiologically relevant prototype GPCR to investigate these
mechanisms. In neuronal cells, DOR is retained in intracellular compartments, including
the trans-Golgi network, by a nerve growth factor (NGF) and phosphoinositide 3-kinase
(PI13K)-regulated checkpoint that delays DOR export from the frans-Golgi network.
Through systematic mutational analysis of the DOR primary amino acid sequence, we
identified conserved dual RXR motifs required for NGF and PI3K-regulated DOR Golgi

retention in neuroendocrine cells. These motifs were required to bind the coatomer

2 Statement of others’ contributions to this work:

Daniel Shiwarski generated DOR deletion mutants, alanine scanning mutants, and alanine point mutants
and performed experiments assessing their localization. Daniel Shiwarski and | performed data analysis of
mutant receptor localization. | performed GST pull down experiments with assistance from Andrew Dates
and co-immunoprecipitation experiments. | wrote part of the published manuscript with Daniel Shiwarski
and Manoj Puthenveedu and performed revision experiments. | adapted the published manuscript for this
dissertation. | generated the DOR lysine point mutant and SSTR5 mutants and performed and analyzed
experiments assessing their localization. Candilianne Serrano Zayas performed and analyzed experiments
assessing B2AR localization. Aditya Kumar provided helpful feedback on this written chapter.
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protein | (COPI) complex, a vesicle coat complex that mediates retrograde cargo traffic
within the biosynthetic pathway. Our results suggest that interactions of DOR with
CORPI, via C-terminal RXR motifs, retain DOR in the Golgi. These mechanisms could
allow for acute regulation of DOR PM availability and associated signaling responses by
both natural physiology and future therapeutic interventions. Lastly, we investigated
whether C-terminal RXR motifs could serve as a general mechanism of signal-regulated
biosynthetic trafficking of other GPCRs. Preliminary data suggest that the somatostatin
receptor 5 is a candidate GPCR with shared mechanisms of signal-regulated Golgi

localization.
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Introduction

G protein-coupled receptor (GPCR) localization to the plasma membrane (PM)
shapes receptor signaling in multiple ways. Removal of GPCRs from the PM through
endocytosis desensitizes cells to extracellular ligands (Sorkin and Von Zastrow, 2002).
Reinsertion of GPCRs to the PM through either endosomal recycling or insertion of
newly synthesized receptors from the biosynthetic pathway resensitizes cells to these
ligands (Bohm et al., 1996; Sorkin and Von Zastrow, 2002). Additionally, GPCRs can
signal from both the PM and intracellular compartments (Crilly and Puthenveedu, 2020).
Signaling at the PM versus intracellular compartments like endosomes or the Golgi
produces distinct downstream cellular responses ranging from altered second
messenger signaling, to distinct transcriptional responses, to neurotransmission and
behavior (Tsvetanova and von Zastrow, 2014; Godbole et al., 2017; Jensen et al., 2017,
Nash et al., 2019).

Though both endosomal recycling and biosynthetic trafficking regulate GPCR
localization to the PM, GPCR biosynthetic trafficking is less well studied. Amino acid
sequences within the GPCR itself regulate GPCR internalization, endosomal sorting,
and recycling of GPCRs (Puthenveedu and von Zastrow, 2006; Marchese et al., 2008;
Bowman and Puthenveedu, 2015; Weinberg et al., 2017). These sequences can also
be acutely regulated by other cellular signaling pathways to dynamically regulate GPCR
endosomal sorting (Bowman et al., 2015; Kunselman et al., 2019, 2021). In contrast,
though a handful of sequence motifs and associated protein interactors, such as COPII,
COPI, GGA proteins, and golgin-160, function in constitutive biosynthetic trafficking of
GPCRs to the PM (Dong et al., 2007; Zhang et al., 2011, 2016; Gilbert et al., 2014; St-
Louis et al., 2017), whether sequence elements mediating GPCR biosynthetic trafficking
can be dynamically regulated by extracellular signals is an important unanswered

question.

DOR is a physiologically relevant GPCR to study regulated biosynthetic
trafficking to the PM. In neuronal cells, DOR localizes to intracellular compartments
including the Golgi (Roth et al., 1981; Cahill et al., 2001a; Wang and Pickel, 2001; Kim
and von Zastrow, 2003; Shiwarski et al., 2017b). DOR trafficking to the PM from
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intracellular pools to the PM can be acutely regulated by a number of signals including
inflammation, PM receptor activation, and kinase activity (Cahill et al., 2001b; Bao et al.,
2003; Patwardhan et al., 2005; Bie et al., 2010; Mittal et al., 2013; Pettinger et al., 2013;
Shiwarski et al., 2017a). DOR relocation from intracellular sites to the PM is correlated
with enhanced pain-relieving effects of DOR agonists (Cahill et al., 2003; Pradhan et al.,
2013; Shiwarski et al., 2017b). Furthermore, once DOR reaches the PM and is activated
and endocytosed, it primarily sorts to degradative pathways in the lysosome, meaning
recovery of signal is primarily mediated by new receptor delivery from biosynthetic
pathways (Tsao and Von Zastrow, 2000; Whistler et al., 2002). Despite the clear
relevance of this signal-regulated trafficking to DOR pharmacology, the mechanisms
which specifically regulate DOR biosynthetic trafficking are not fully understood.

We performed systematic mutagenesis of the DOR C-terminal primary amino
acid sequence and quantitative microscopy to identify the amino acids required for NGF
and PI3K-regulated DOR Golgi retention. We identified two C-terminal RXR motifs
required for signal-regulated DOR Golgi retention. Additionally, using biochemical
approaches we found that C-terminal RXR motifs are required and sufficient for
interaction with the COPI retrograde trafficking machinery. Together these data support
a model in which sequence-specific interactions of DOR with COPIl modulate DOR
Golgi export and delivery to the PM. Lastly, we explored whether NGF and PI3K can
regulate Golgi localization of other GPCRs through a similar mechanism. We identified
somatostatin receptor 5 (SSTRS) as a candidate GPCR with shared mechanisms of
regulated trafficking.

Results
DOR C-terminal amino acids 345-359 contain sequence determinants required for
NGF and PI3K-regulated DOR Golgi retention
The last 27 amino acids of the DOR C-terminal tail confer nerve growth factor
(NGF)-regulated Golgi retention to other transmembrane proteins (Kim and von
Zastrow, 2003), suggesting this region contains a minimal amino acid sequence

sufficient for signal-regulated retention. We first performed systematic deletions in the
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DOR C-terminal tail to identify the amino acid residues required for NGF-regulated DOR
Golgi retention (Figure 2.1A).

PC12 cells expressing Flag-tagged wild-type DOR (DOR WT) or one of four C-
terminal deletion mutants (A345-352, A353-359, A360-366, A367 TGA) were treated
with NGF for 1 hour before fixation and staining for Flag and trans-Golgi network (TGN)
marker TGN-38, followed by confocal imaging. DOR WT localizes to the PM in
untreated control (Ctrl) cells (Figure 2.1B). After acute NGF treatment, newly
synthesized DOR was retained in a compartment colocalizing with TGN-38 (Figure
2.1B, yellow arrow). The four deletion mutants also localized to the PM in Ctrl cells and
were retained in the Golgi following NGF treatment (Figure 2.1B).

To quantify any differences in Golgi retention of the deletion mutants compared
to DOR WT, we used a method described previously to calculate the percentage of total
DOR that was retained in the Golgi (Shiwarski et al., 2017a, 2017b). Briefly, we used
TGN-38 staining to create a mask defining the frans-Golgi network area in the cell. We
applied this mask to the DOR channel to quantify DOR signal in the Golgi. This Golgi
DOR signal was then expressed as a percentage of total DOR signal in the cell and
normalized to DOR WT in untreated Ctrl cells. In addition to this single-cell measure to
quantify retention, we also determined the percentage of cells that showed DOR
localized to the Golgi under each condition at a population level.

Following NGF treatment, the percentage of total receptor retained in the Golgi
increased for all DOR constructs (Figure 2.1C), indicating that none of these regions
was fully required for NGF-regulated DOR Golgi retention. However, A345-352 and
A353-359 deletion mutants displayed reduced NGF-regulated DOR Golgi retention
compared to DOR WT. Additionally, a decreased percentage of cells expressing A345—
352 and A353-359 deletion displayed DOR localized to the Golgi following NGF
treatment compared to cells expressing DOR WT (Figure 2.1D). These data suggest
that the region between amino acids 345-359 of the DOR C-terminal tail may play a role
in NGF-regulated DOR Golgi retention.

In addition to regulation by NGF, the DOR C-terminal tail is also sufficient to
confer PI3K-regulated Golgi retention to a transmembrane protein (Shiwarski et al.,
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2017a). Inhibition of Class Il PI3Ks leads to DOR Golgi retention, and PI3K Class Il a
isoform specifically regulates DOR export from the TGN in both PC12 cells and neurons
(Shiwarski et al., 2017a). We tested whether the A345-352 and A353—-359 deletion
mutants showing reduced Golgi retention following NGF also showed reduced Golgi
retention following PI3K inhibition.

PC12 cells expressing Flag-tagged DOR WT, DOR A345-352, or DOR A353-
359 were treated with PI3K inhibitors (PI3Ki) Wortmannin (Wort, 10 uM) or LY294002
(LY, 10 uM) for 1 hour before fixation and staining for Flag and TGN-38, followed by
confocal imaging. As expected, DOR WT was retained in the Golgi following PI3K
inhibition (Figure 2.1E). A345-352 and A353-359 deletion mutants displayed small, but
significant decreases in Golgi retention compared to DOR WT by both single cell and
population level measures (Figure 2.1E-G). These data further suggest that the region
between amino acids 345-359 of the DOR C-terminal contains sequence determinants
required for NGF and PI3K-regulated DOR Golgi retention. The partial effect of each of
the two deletion mutants (A345-352 and A353-359) raises the possibility that the
signal-regulated retention motif spans the two deletion regions.
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Figure 2.1. Deletions A345-352 and A353-359 partially reduce DOR Golgi retention
induced by NGF treatment and PI3K inhibition.

(A) The last 27 amino acids of the DOR C-terminal tail were subdivided into four regions,
indicated by color, which were systematically deleted to create four DOR deletion mutants
(A345-352, A353-359, A360-366, and A367 TGA). (B) PC12 cells expressing either
wild-type Flag-tagged DOR (DOR WT) or one of the Flag-tagged DOR deletion mutants
were left untreated (Ctrl) or treated with 100 ng/mL nerve growth factor (NGF) for 1 hour,
then fixed and stained for Flag (magenta in merge) and trans-Golgi network marker TGN-
38 (green in merge) (scale bars=5 ym). DOR WT and deletion mutants localized primarily
to the plasma membrane in Ctrl cells and colocalized with TGN-38 following NGF
treatment (white in merge, yellow arrows). (C) The percentage of DOR fluorescence
within the region defined by TGN-38 staining, normalized to the mean of DOR WT
expressing Ctrl cells, was quantified. NGF-induced increases in retention of deletion
mutants were compared to the increase observed for DOR WT (Bars indicate mean +
95% ClI; one-way ANOVA (p=0.0443) of NGF conditions with significance from Dunnett’s
multiple comparisons test of DOR WT NGF condition versus deletion mutant NGF
conditions indicated in the figure; WT vs A345-352, p=0.0791; WT vs A353-359,
p=0.0295; WT vs A360-366, p=0.8574; WT vs A367 TGA, p=0.9623). (D) The percentage
of cells with DOR localized to the Golgi was quantified and compared between NGF-
treated deletion mutants and DOR WT (significance from two-tailed Chi-square test of
DOR WT NGF condition versus deletion mutant NGF conditions indicated in the figure
with Bonferroni correction for multiple comparisons: WT vs A345-352, p=0.0084; WT vs
A353-359, p<0.0001; WT vs A360-366, p>1; WT vs A367 TGA, p>1). (For C and D, WT,
CtrI=82 cells, NGF=77; A345-352, Ctrl=97, NGF=98; A353-359, CtrlI=77, NGF=105;
A360-366, Ctrl=84, NGF=80; A367 TGA, CtrI=34, NGF=39, across a minimum of two
biological replicates). (E) PC12 cells expressing either Flag-tagged DOR WT, A345-352,
or A353-359 were treated with a PI3K inhibitor (PI3Ki), 10 yM Wortmannin (Wort) or 10
MM LY294002 (LY), for 1 hour, then fixed and stained for Flag (magenta in merge) and
TGN-38 (green in merge) (scale bars=5 ym). DOR WT colocalized with TGN-38 (white in
merge) following Wort or LY treatment. A345-352 and A353-359 deletion mutants also
colocalized with TGN-38 following Wort or LY treatment. (F) The percentage of DOR
fluorescence within the region defined by TGN-38 staining was normalized to the mean
of Wort-treated cells expressing DOR WT, and compared between DOR WT and deletion
mutants for each treatment condition (Bars indicate mean + 95% CI; Among Wort-treated
cells, significance from one-way ANOVA (p=0.0088) with Dunnett’s multiple comparisons
test of DOR WT Wort vs deletion mutants indicated in the figure: WT Wort vs A345-352
Wort, p=0.0308; WT Wort vs A353-359 Wort, p=0.0079; Among LY-treated cells,
significance from one-way ANOVA (p=0.3974) with Dunnett’'s multiple comparisons test
of DOR WT LY vs deletion mutants indicated in the figure: WT LY vs A345-352 LY,
p=0.5896; WT LY vs A353-359 LY, p=0.3047). (G) Percentage of cells with DOR
localized to the Golgi after treatment with Wort or LY was quantified and compared
between DOR WT and deletion mutants for each treatment condition (significance from
two-tailed Chi-square test of DOR WT Wort or LY versus deletion mutant Wort or LY
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indicated in the figure with Bonferroni correction for multiple comparisons: WT Wort vs
A345-352 Wort, p=0.0086; WT Wort vs A353-359 Wort, p<0.0001; WT LY vs A345-352
LY, p=0.1714; WT LY vs A353-359 LY, p=0.0442). (For F and G, WT, Wort=76 cells,
LY=55; A345-352, Wort=79, LY=62; A353—-359, Wort=73, LY=50, across three biological
replicates).

RXR motifs within the DOR C-terminal tail are required for NGF and PI3K-
regulated DOR Golgi retention

Given that two deletion mutants (A345-352 and A353-359, Figure 2.1) and two
alanine scanning mutants (SLRRPRAAIla and TTRERAAIa, Figure 2.S1) showed only
partial reduction in DOR Golgi retention, we hypothesized that the retention motif may
span these two regions. To aid in identifying residues of interest we evaluated the
evolutionary conservation of DOR C-terminal tail amino acid sequences across human,
mouse, and rat species. We identified two conserved RXR motifs, 347-349 (RPR) and
354-356 (RER) (Figure 2.2A). In addition to conservation of these residues, amino acid
sequences containing arginine (R)—any amino acid (X)—arginine (R), or ‘RXR’, motifs
retain ion channels and GPCRs in the endoplasmic reticulum (Zerangue et al., 1999;
Margeta-Mitrovic et al., 2000; Ma et al., 2001; Cunningham et al., 2012).

To specifically test the role of these arginine motifs in signal-regulated DOR Golgi
retention, we mutated all five arginine residues spanning amino acids 345-359 to
alanine (DOR 2AXA). PC12 cells expressing Flag-tagged DOR WT or arginine mutant
DOR 2AXA were treated with NGF or PI3Ki for 1 hour before fixation and staining for
Flag and TGN-38, followed by confocal imaging. DOR WT and DOR 2AXA both
localized to the PM in untreated Ctrl cells (Figure 2.2B). Following 1 hour of NGF or
PI3Ki (LY, 10 pM) treatment, DOR WT was retained in the Golgi as expected, whereas
DOR 2AXA remained localized primarily to the PM (Figure 2.2B). The percentage of
total DOR 2AXA retained in the Golgi following NGF or PI3Ki treatment significantly
decreased compared to DOR WT (Figure 2.2C). Additionally, the percentage of cells
expressing DOR 2AXA localized to the Golgi following NGF or PI3Ki treatment was
significantly decreased compared to cells expressing DOR WT (Figure 2.2D). Both
DOR WT and DOR 2AXA total receptor levels were consistent across treatment
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conditions, indicating the absence of DOR 2AXA Golgi retention is not due to enhanced
receptor degradation (Figure 2.S2A). Together these results indicate that C-terminal
arginine residues comprising two RXR motifs are required for NGF and PI3K-regulated
DOR Golgi retention.
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Figure 2.2. DOR C-terminal RXR motifs are required for DOR Golgi retention by NGF
treatment and PI3K inhibition.
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(A) Five arginine residues (red) composing two RXR motifs which span the A345-352
and A353-359 deletion regions were substituted with alanine to generate the DOR 2AXA
mutant. (B) PC12 cells expressing either Flag-tagged DOR WT or DOR 2AXA were left
untreated (Ctrl) or treated with NGF or PI13Ki (LY, 10 uM) for 1 hour, then fixed and stained
for Flag (magenta in merge) and TGN-38 (green in merge) (scale bars=5 pm). Both DOR
WT and DOR 2AXA localized primarily to the plasma membrane in Ctrl cells. DOR WT
colocalized with TGN-38 (white in merge, yellow arrow) following NGF or PI3Ki treatment,
whereas DOR 2AXA continued to localize primarily to the plasma membrane. (C) The
percentage of DOR fluorescence within the region defined by TGN-38 staining,
normalized to the mean of DOR WT expressing Ctrl cells, was quantified and compared
between DOR WT and 2AXA for each treatment condition (Bars indicate mean £ 95% Cl,;
significance from two-tailed Student’s t-test of WT NGF vs 2AXA NGF, p<0.0001, or WT
PI3Ki vs 2AXA PI3Ki, p<0.0001 indicated in the figure). (D) Percentage of cells with DOR
localized to the Golgi was quantified and compared between DOR WT and 2AXA for each
treatment condition (significance from two-tailed Chi-square tests of WT NGF vs 2AXA
NGF, p<0.0001 or WT PI3Ki vs 2AXA PI3Ki, p<0.0001). (For C and D, DOR WT, Ctrl=86
cells, NGF=75, PI3Ki=159; DOR 2AXA, Ctrl=87, NGF=94, PI3Ki=123, across two
biological replicates).

To further probe the properties of C-terminal arginine motifs required to mediate
DOR Golgi retention, we next tested whether positively charged residues are sufficient
to preserve DOR Golgi retention. We mutated the five arginine residues spanning amino
acids 345-359 to lysine (DOR 2KXK). DOR 2KXK localized to the PM in untreated
control cells and was retained in the Golgi following NGF and PI3Ki treatment (Figure
2.S3A, yellow arrows). The percentage of total DOR 2KXK localized to the Golgi, as
well as the percentage of cells with DOR KXK localized to the Golgi, did not significantly
differ from DOR WT following NGF and PI3Ki treatment (Figure 2.S3B-C). These data
indicate that both arginine and lysine-based C-terminal motifs are sufficient to confer
signal-regulated DOR Golgi retention.

RXR motifs in the DOR C-terminal tail are required and sufficient for interaction
with COPI
Given that C-terminal RXR motifs are required for DOR retention, we next asked
whether these residues serve as interacting motifs for machinery that could cause cargo
to localize to the Golgi by retention or retrieval. Because RXR motifs in ion channels
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were originally described as binding coat protein complex | (COPI) and retrieving
unassembled subunits to the ER (Yuan et al., 2003; Michelsen et al., 2005), we focused
on COPI as a potential interacting factor for the DOR RXR motifs. PC12 cells
expressing Flag-tagged DOR WT or DOR 2AXA were treated with 0.5 mM DSP
crosslinker to capture transient and local interactions of DOR with COPI components
prior to cell lysis and immunoprecipitation of the Flag-tagged receptor and
immunoblotting for the B-COP subunit of COPI. -COP coimmunoprecipitated with DOR
WT (Figure 2.3A), suggesting that these two proteins may interact in cells. We
observed a significant decrease in 3-COP coimmunoprecipitation with DOR 2AXA
compared with DOR WT (Figure 2.3A-B). We did not see a complete loss of 3-COP
binding, consistent with a conventional lysine-based motif in an intracellular loop of
DOR that was identified as binding COPI (St-Louis et al., 2017). However, the reduction
in B-COP coimmunoprecipitation with DOR 2AXA suggests that C-terminal RXR motifs
contribute to COPI binding.

To test whether C-terminal RXR motifs are sufficient for interaction with COPI
machinery, we next used an affinity purification approach. PC12 cell lysate was
incubated with GST fusion proteins consisting of either GST fused to the last 27 amino
acids of the DOR C-terminal tail (GST-DOR) or a mutant in which the five arginine
residues in the tail were mutated to alanine (GST-2AXA). Both B-COP and e-COP
copurified with GST-DOR but not with GST-2AXA or GST alone, at 10- and 3.3-uM
concentrations, as shown by immunoblotting for each subunit (Figure 2.3C, 2.54).
These results suggest that the DOR C-terminal tail is sufficient to bind COPI and C-
terminal RXR motifs are required to bind B-COP and e-COP in this context. Taken
together, our results suggest a model in which RXR motifs in the DOR C-terminal tail,
by binding the COPI retrograde trafficking machinery, can regulate the export of DOR
from the Golgi in response to extracellular signals.
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Figure 2.3. DOR C-terminal RXR motifs are required and sufficient for interaction
with COPI coat proteins.

(A) PC12 cells expressing Flag-tagged DOR WT or DOR 2AXA were cross-linked with
0.5 mM DSP, which was followed by immunoprecipitation (IP) with an anti-Flag antibody
and immunoblotting (IB) for 3-COP or Flag. Representative immunoblot (n=3) for B-COP
shows more B-COP interacting with Flag-DOR WT. Immunoblotting for Flag indicates
expression of the tagged receptor and efficient depletion of the tagged receptor from the
supernatant after immunoprecipitation. (B) The difference in B-COP associated with the
WT and mutant receptor quantitated by densitometry. 3-COP in the IP was normalized to
Flag-DOR WT or 2AXA. The region used for quantitation is noted by square brackets.
There was a statistically significant decrease in the amount of B-COP that
immunoprecipitated with DOR 2AXA compared to DOR WT (n=3, mean + SEM,;
significance from one sample t-test to a theoretical mean of 1 reported in the figure). (C)
PC12 cell lysate was incubated with 150 ug (~10 uM) GST fusion proteins bound to
glutathione agarose beads, followed by immunoblotting (IB) for -COP or e-COP. The
110-kDa band corresponding to B-COP or the 34-kDa band corresponding to e-COP
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coprecipitates with the wild-type DOR tail (GST-DOR), but not with GST or the tail lacking
RXR motifs (GST-2AXA). B-COP and ¢-COP are also present in 10 ug whole-cell lysate
(Input). A Ponceau-S staining for the respective GST proteins is shown in the bottom
panel. Blot is representative of three separate experiments.
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NGF and PI3K regulate Golgi localization of SSTR5

The identification of signal-regulated RXR motifs which modulate DOR delivery to
the PM raises the possibility that this mechanism could regulate subcellular localization
of other GPCRs. RXR motifs regulate trafficking of several other GPCRs, including
vasopressin 2 receptor, protease activated receptor 4, kappa opioid receptor, alphazc
adrenergic receptor, and GABAg receptor (Margeta-Mitrovic et al., 2000; Hermosilla et
al., 2004; Cunningham et al., 2012; Li et al., 2012; Filipeanu et al., 2015), though to our
knowledge signal-regulated RXR motifs in a GPCR have been described for DOR only.
Regulation of RXR motifs by the NGF and PI3K-regulated trafficking checkpoint we
have described for DOR in neuronal cells is directly relevant to GPCRs in systems
where NGF plays an important role, such as the nervous system and immune system
(Aloe et al., 2012).

We first tested whether the signal-regulated trafficking mechanisms we have
identified for DOR apply to other GPCRs. We were particularly interested in GPCR
families expressed in the nervous system and GPCRs previously reported to localize
intracellularly to the Golgi. Among the somatostatin receptor family, somatostatin
receptor 5 (SSTRS) has been reported to localize to the Golgi in specific expression
contexts (Sarret et al., 2004; Wente et al., 2005; Bauch et al., 2014). Though most
enriched in endocrine tissues, SSTR5 is expressed in multiple brain regions (Bruno et
al., 1993; Stroh et al., 1999; Ramirez et al., 2002).

To test whether SSTRS Golgi localization is regulated similarly to DOR, we
expressed Flag-tagged DOR, SSTRS5, or B2-adrenergic receptor (B2AR), as a negative
control, in PC12 cells and assessed their localization. PC12 cells expressing Flag-
tagged DOR, SSTRS5, or B2AR were treated with NGF or PI3Ki (10uM LY) for 1 hour
before fixation and staining for Flag and TGN-38, followed by confocal imaging. Each
receptor localized to the PM in untreated Ctrl cells (Figure 2.4A). Following NGF or
PI3Ki treatment, both DOR and SSTRS were retained in the Golgi (Figure 2.4A, yellow
arrows). Compared to DOR, intracellular SSTRS appeared more broadly distributed,
both colocalized with and adjacent to TGN-38 staining. B2AR, which lacks RXR motifs
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in all intracellular regions, localized primarily to the PM, consistent with its known
subcellular distribution in unstimulated cells (Von Zastrow and Kobilka, 1992). Following
NGF or PI3Ki treatment the percentage of receptor localized to the Golgi and
percentage of cells with receptor localized to the Golgi significantly increased for both
DOR and SSTRS, though the magnitude of the effect was lower for SSTR5 compared to
DOR (Figure 2.4B-C). Together these data indicate that like DOR, SSTR5 Golgi
retention is regulated by NGF and PI3K in neuronal cells.
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Figure 2.4. NGF and PI3K regulate Golgi localization of SSTRS.

(A) PC12 cells expressing either Flag-tagged DOR, SSTRS5, or B2AR were left untreated
(Ctrl) or treated with NGF or PI3Ki (LY, 10 uM) for 1 hour, then fixed and stained for Flag
(magenta in merge) and TGN-38 (green in merge) (scale bars=5 pym). All three receptors
localized primarily to the plasma membrane in Ctrl cells. DOR and SSTR5 colocalized
with TGN-38 (white in merge, yellow arrows) following NGF or PI3Ki treatment, whereas
B2AR continued to localize primarily to the plasma membrane. (B) The percentage of
GPCR fluorescence within the region defined by TGN-38 staining was quantified for each
receptor and NGF and PI3Ki treatment conditions compared to Ctrl condition (Bars
indicate mean + 95% CI; Among DOR cells, significance from one-way ANOVA
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(p<0.0001) with Dunnett’'s multiple comparisons test compared to DOR Ctrl reported in
the figure: Ctrl vs NGF, p<0.0001, Ctrl vs PI3Ki, p=0.0014; Among SSTR5 cells,
significance from one-way ANOVA (p<0.0001) with Dunnett’'s multiple comparisons test
compared to SSTRS Ctrl reported in the figure: Ctrl vs NGF, p<0.0001, Ctrl vs PI3Ki,
p<0.0001; Among B2AR cells, significance from one-way ANOVA (p=0.0356) with
Dunnett’s multiple comparisons test compared to B2AR Ctrl reported in the figure: Ctrl vs
NGF, p=0.2404, Ctrl vs PI3Ki, p=0.4418). (C) Percentage of cells with GPCR localized to
the Golgi was quantified and compared between treatment conditions and the control
condition for each receptor (significance from two-tailed Chi-square tests with Bonferroni
correction for multiple comparisons of DOR Ctrl vs NGF, p<0.0001, Ctrl vs PI3Ki,
p<0.0001; SSTRS Ctrl vs NGF, p<0.0001, Ctrl vs PI3Ki, p=0.0002; B2AR Ctrl vs NGF,
p=0.1044). (For B and C, DOR, Ctrl=136 cells, NGF=124, PI3Ki=54; SSTRS, Ctrl=186,
NGF=192, PI3Ki=142; B2AR, Ctrl=17, NGF=21, PI3Ki=17, DOR and SSTR5 across a
minimum of three biological replicates, B2AR from one biological replicate).

C-terminal sequences regulate Golgi localization of SSTR5

We next asked which sequence determinants contribute to signal-regulated
SSTRS Golgi retention. Informed by the requirement of RXR maotifs for DOR Golgi
retention, we first mutated three C-terminal arginine residues to alanine, which includes
one potential RXR motif (SSTR5 AXA) (Figure 2.5A, residues in red). PC12 cells
expressing Flag-tagged SSTR5 WT or SSTR5 AXA were treated with NGF or PI3Ki (LY,
10uM) for 1 hour before fixation and staining for Flag and TGN-38, followed by confocal
imaging. Both SSTRS WT and the AXA mutant localized to the PM in untreated Ctrl
cells and localized to the Golgi after NGF or PI3Ki treatment (Figure 2.5B). Both the
percentage of SSTRS localized to the Golgi and the percentage of cells with SSTRS
localized to the Golgi showed a small but significant decrease for SSTR5 AXA
compared to SSTR5 WT after NGF treatment (Figure 2.5C-D). Paradoxically, both
measures increased for the AXA mutant after PI3Ki treatment (Figure 2.5C-D). These
opposing effects could indicate that NGF and PI13Ks modulate GPCR Golgi localization
through multiple mechanisms.

SSTRS5 C-terminal PDZ ligand (Figure 2.5A, underlined) mediates Golgi export
or retention depending on relative expression levels of PDZ domain protein interactors
in specific cellular contexts (Wente et al., 2005; Bauch et al., 2014). Given the
importance of this C-terminal sequence determinant to Golgi localization, we wanted to
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test its requirement for NGF and PI3K-regulated SSTR5 Golgi localization. Interestingly,
deletion of the C-terminal PDZ ligand in SSTRS leads to a two-fold increase in Golgi
SSTRS across all conditions, including in baseline control cells, suggesting that the
normal function of the PDZ ligand may be in promoting Golgi export. Both the
percentage of SSTRS localized to the Golgi and the percentage of cells with SSTRS
localized to the Golgi in PC12 cells expressing a C-terminally truncated SSTRS lacking
the PDZ ligand (SSTR5APDZ) significantly increased (a minimum of two-fold) in all
treatment conditions, including untreated cells, compared to SSTRS WT (Figure 2.5E-
F). However, increased Golgi localization upon NGF and PI3Ki was preserved for
SSTR5APDZ, suggesting the PDZ ligand is not directly required for NGF or PI3K-
regulated Golgi localization. These data support a model in which multiple layers of

regulation contribute to SSTRS Golgi localization.
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Figure 2.5. C-terminal sequence determinants mediate SSTR5 Golgi localization.
(A) Two regions of interest in the SSTR5 C-terminal tail were mutated and evaluated

separately. Three arginine residues (red) composing one RXR motif were substituted with
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alanine to generate the SSTR5 AXA mutant. The C-terminal tail was also truncated before
the last four amino acids (underlined) which comprise a PDZ ligand to generate the
SSTR5APDZ mutant. (B) PC12 cells expressing either Flag-tagged SSTR5 WT or SSTR5
AXA were left untreated (Ctrl) or treated with NGF or PI3Ki (LY, 10 uM) for 1 hour, then
fixed and stained for Flag (magenta in merge) and TGN-38 (green in merge) (scale
bars=5 um). SSTR5 WT and AXA localized primarily to the plasma membrane in Ctrl cells
and colocalized with TGN-38 (white in merge, yellow arrows) following NGF or PI3Ki
treatment. (C) The percentage of SSTRS5 fluorescence within the region defined by TGN-
38 staining was quantified, normalized to SSTR5 WT Citrl cells, and compared between
WT and AXA for each treatment condition (Bars indicate mean * 95% CI; significance
from two-tailed Student’s t-test of WT NGF vs AXA NGF, p=0.0398, or WT PI3Ki vs AXA
PI3Ki, p=0.0006 indicated in the figure). (D) Percentage of cells with SSTRS localized to
the Golgi was quantified and compared between WT and AXA for each treatment
condition (significance from two-tailed Chi-square tests indicated in the figure, WT NGF
vs AXA NGF, p=0.0065; WT PI3Ki vs AXA PI3Ki, p=0.0021). (For C and D, SSTR5 WT,
Ctrl=155 cells, NGF=188, PI3Ki=170; SSTR5 AXA, Ctrl=171, NGF=167, PI3Ki=131,
across a minimum of three biological replicates). (E) The percentage of SSTRS
fluorescence within the region defined by TGN-38 staining was quantified, normalized to
SSTRS WT Citrl cells, and compared between WT and SSTR5APDZ for Ctrl and treatment
conditions (Bars indicate mean + 95% CI; significance from two-tailed Student’s t-test of
WT Ctrl vs APDZ Ctrl, p<0.0001, WT NGF vs APDZ NGF, p<0.0001, and WT PI3Ki vs
APDZ PI3Ki, p<0.0001 indicated in the figure). (F) Percentage of cells with SSTRS
localized to the Golgi was quantified and compared between WT and SSTR5APDZ for
Ctrl and treatment conditions (significance from two-tailed Chi-square tests indicated in
the figure, WT Ctrl vs APDZ Ctrl, p=0.0007, WT NGF vs APDZ NGF, p<0.0001, WT PI3Ki
vs APDZ PI3Ki, p=0.0074). (For E and F, SSTR5 WT, Ctrl=178 cells, NGF=177,
PI3Ki=141; SSTR5APDZ, Ctrl=150, NGF=142, PI3Ki=41, across a minimum of one
biological replicate).

Discussion

Here, we demonstrate that NGF and PI3K-regulated Golgi retention of DOR
requires two bi-arginine motifs (RXR) within the DOR C-terminal tail. These C-terminal
RXR motifs are required for interactions of DOR with COPI. Together these data
suggest a model in which DOR interactions with COP| mediate signal-regulated DOR
Golgi retention through active retrieval and retrograde trafficking of DOR within the
biosynthetic pathway. We also presented evidence suggesting the signal-regulated
Golgi localization observed for DOR may apply broadly to other GPCRs. Like DOR,
SSTRS localizes to the Golgi in an NGF and PI3K-regulated manner, with distinct
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contributions of the C-terminal tail to this localization, suggesting signal-regulated
GPCR Golgi localization may be mediated by overlapping but distinct mechanisms.

Active retention of cargo in the late Golgi or the frans-Golgi network presents an
interesting challenge for cargo, considering the prevalent model that each compartment
in the Golgi apparatus matures, and cargo transits and exits the Golgi as a “default”
mechanism (Glick and Luini, 2011). Our results suggest that DOR is retained by a
similar mechanism by which Golgi resident enzymes are retained in the Golgi—by
constant COPI-mediated retrieval to earlier compartments (Glick and Luini, 2011). For
DOR, the COPI interactions could be a mechanism to constantly retrieve receptors from
the TGN to earlier Golgi compartments, allowing retention in the Golgi. In HEK293 cells,
DOR interacts constitutively with COPI through traditional di-lysine or a combination of
lysine and arginine motifs in the intracellular loops, and mutation of these motifs
increases DOR levels at the PM (St-Louis et al., 2017). In our experiments, the majority
of DOR was delivered to the cell surface under basal conditions. Although it is possible
that some amount of DOR was retained in the Golgi at baseline, this retention was
significantly increased by NGF treatment or PI3K inhibition (Kim and von Zastrow, 2003;
Shiwarski et al., 2017a, 2017b). Further, this retention was abolished in receptors
lacking the RXR motifs.

Our identification of RXR motifs that mediate Golgi retention of DOR is consistent
with the role of these “atypical” arginine-based motifs in trafficking steps of multiple
cargo. RXR motifs were first shown to mediate retrieval and retention of the ATP-
sensitive potassium channel a (Kir6.1/2) and B (SUR1) subunits in the ER (Zerangue et
al., 1999). Complete assembly of subunits masks the RXR sequence and allows
channel export from the ER. Amino acids between and flanking the arginine residues
can influence the magnitude of retention and the compartment within which the channel
was retained (Zerangue et al., 2001; Michelsen et al., 2005). RXR motifs also play roles
in export of other membrane channels and GPCRs, such as the NMDA receptor, the
vasopressin 2 receptor, the GABAg receptor, and the protease activated receptor 4,
from the ER depending on protein folding state, dimerization, interaction with PDZ
proteins, or phosphorylation (Margeta-Mitrovic et al., 2000; Scott et al., 2001; Hermosilla
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et al., 2004; Cunningham et al., 2012). Unlike these proteins, DOR exits the ER
irrespective of the RXR motif (Figure 1A), and the primary role of DOR RXR motifs
appears to be in signal-regulated retention in late Golgi compartments, from which
regulated delivery to the PM can cause physiological changes in DOR signaling and
antinociception (Shiwarski et al., 2017b).

Consistent with our observation that DOR RXR motifs bind COPI coat subunits,
RXR motifs which mediate retention of ion channels and other GPCRs within the
biosynthetic pathway, also bind COPI subunits (Zerangue et al., 2001; Yuan et al.,
2003; Brock et al., 2005; Michelsen et al., 2005; Cunningham et al., 2012). RXR motifs
interact with COPI through distinct sites (3-COP and 6-COP) from where canonical di-
lysine motifs interact (a-COP and 3’-COP) (Eugster et al., 2004; Michelsen et al., 2007;
Jackson et al., 2012; Ma and Goldberg, 2013). Lysines typically cannot substitute for
arginines in other RXR motifs both in terms of COPI interaction and functional retention
of proteins (Zerangue et al., 1999; Yuan et al., 2003; Michelsen et al., 2005). However,
lysine substitution in DOR RXR motifs preserves signal-regulated DOR retention,
though we did not test the effect of lysine substitution on the DOR COPI interaction.
Alternatively, lysine substitutions in the DOR tail could create di-lysine motifs similar to
those which mediate COPI interaction and retention of GPCRs (Zhu et al., 2015; St-
Louis et al., 2017). Mapping the specific interaction of DOR RXR motifs with COPI,
including whether this interaction is direct, will be essential for understanding how these
motifs mediate signal-regulated retention and for informing efforts to target this
interaction to increase DOR at the PM.

How could signals regulate the interactions of the DOR RXR motif with COPI?
Though we have not yet directly shown that the signals which increase DOR Golgi
retention also increase RXR motif-dependent DOR-COPI interaction, it is interesting to
speculate about how DOR-COPI interactions could be signal-regulated to modulate
DOR levels at the PM. Direct posttranslational modification of DOR, such as
phosphorylation, could modulate DOR-COPI interaction. PKA activation via adrenergic
receptors dynamically modulates RXR interaction with COPI and PM localization of the
SUR1/Kir6.2 channel (Arakel et al., 2014). Additionally, PKC phosphorylation near the
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C-terminal RXR motif of the NMDA receptor NR1 subunit decreases ER retention (Scott
et al., 2001). The DOR C-terminal tail contains several potential phosphorylation sites,
including a known G protein-coupled receptor kinase (GRK) phosphorylation site
downstream of the second RXR motif (Pei et al., 1995; Gendron et al., 2016). GPCR
phosphorylation by GRKs typically follows agonist-induced receptor activation (Pei et
al., 1995), and how DOR phosphorylation at these sites may be regulated by NGF or

PI13Ki remains unclear.

Signal-regulated interaction of DOR with another protein could mask the RXR
motif and promote DOR export from the Golgi. RXR motifs can be masked by binding of
proteins such as 14-3-3 or PDZ-interacting proteins near the RXR motif which sterically
interferes with COPI binding (Yuan et al., 2003; Michelsen et al., 2005; Li et al., 2012).
DOR does not contain a PDZ ligand, but a complement of proteins that interact with its
C-terminal tail have been identified, including canonical interacting proteins such as (3-
arrestins or G proteins (Georgoussi et al., 2012). DOR can also form homodimers and
heterodimers with other GPCRs, and while the C-terminal tail might play a role in this,
most of this has been shown at the PM (Cvejic and Devi, 1997; Jordan and Devi, 1999;
McVey et al., 2001; Law et al., 2005; Gendron et al., 2016). Indeed, dimerization can
control ER export and surface trafficking of other GPCRs (Margeta-Mitrovic et al., 2000;
Salahpour et al., 2004; Décaillot et al., 2008; Cunningham et al., 2012). Proteomic
approaches using proximity labeling methods, such as APEX, have identified novel
GPCR interactors (Lobingier et al., 2017; Paek et al., 2017), and could reveal dynamic
protein interactions which mediate signal-regulated DOR Golgi retention. Beyond
protein interactors, the hypothesized role of phospholipid PI(3,4)P2 in promoting DOR
Golgi export (Shiwarski et al., 2017a), raises the possibility that DOR interaction with
phospholipids in the Golgi membrane could mask RXR motifs. The ability of the DOR C-
terminal tail to bind phospholipids has not yet been directly tested and is an interesting

direction for future study.

NGF and PI3K regulation of SSTRS Golgi localization raises the interesting
possibility that signal-regulated Golgi retention mechanisms characterized for DOR may
apply broadly to other GPCRs. Though SSTR5 subcellular distribution clearly changes
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in response to NGF and PI3Ki, the mechanisms that regulate this localization require
further investigation. Previous work describing SSTRS localization to the Golgi in a PDZ
ligand-dependent manner suggests receptor internalization from the PM and new
receptor synthesis can contribute to Golgi localization (Wente et al., 2005; Bauch et al.,
2014). Whether SSTR5 we observe localized to the Golgi after NGF or PI3Ki is newly
synthesized, like DOR (Kim and von Zastrow, 2003; Shiwarski et al., 2017b), or is

internalized from the PM is an important unanswered question.

The mechanisms that regulate SSTR5 Golgi localization may only partially
overlap with those described for DOR. A potential C-terminal RXR motif in SSTRS
appears partially required for NGF-regulated SSTRS Golgi localization (Figure 2.5).
SSTRS5 contains another potential RXR motif in intracellular loop 3 which could also
contribute to Golgi localization. Analysis of these additional sequence determinants and
directly testing whether SSTR5 putative RXR motifs interact with COPI will further clarify
the mechanism. In contrast to the role of C-terminal arginine residues in NGF-regulated
Golgi localization, we observed that mutation of these residues increased PI3K-
regulated Golgi retention. This difference could reflect distinct roles of NGF and PI3K
signaling in regulating trafficking of different GPCRs. We used 10uM LY294002 for
these experiments which is required to inhibit PI3K Class Il a known to regulate DOR
Golgi export (Domin et al., 1997; Shiwarski et al., 2017a). However, this concentration
inhibits both Class | and Class |l PI3Ks, and the broad effects of this inhibitor on PI3K
signaling could directly or indirectly influence SSTRS5 localization. Genetic approaches
to specifically disrupt PI3K Class Il a, which we have used to study DOR trafficking
(Shiwarski et al., 2017a), may help to clarify these differences. Lastly, the SSTR5 C-
terminal PDZ ligand adds a layer of regulation to SSTR5 Golgi localization, independent
of NGF and PI3K signaling. Whether protein interactions through the putative SSTR5
RXR motif or PDZ ligand reciprocally regulate each other to tune baseline SSTR5
localization, similar to other GPCRs interacting with PDZ domain proteins or 14-3-3
(Scott et al., 2001; Yuan et al., 2003; Li et al., 2012), is an interesting direction for future
study.
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The emerging links between GPCR localization and signaling and physiology
underscore the importance of understanding the mechanisms controlling GPCR
localization. DOR localization to the PM is associated with enhanced pain-relieving
effects (Cahill et al., 2003; Pradhan et al., 2013; Shiwarski et al., 2017b; Abdallah and
Gendron, 2018). Additionally, DOR, among a growing number of GPCRs, can be
activated and signal from intracellular compartments, including the Golgi (Stoeber et al.,
2018; Crilly et al., 2021). GPCR signaling from intracellular compartments like
endosomes and the Golgi can have different consequences from signaling at the PM
(Tsvetanova and von Zastrow, 2014; Bowman et al., 2016; Godbole et al., 2017; Nash
et al., 2019), and the remainder of this thesis explores how DOR activation and
signaling profiles differ between PM and Golgi compartments. Although the
physiological relevance of DOR signaling from the Golgi is not fully understood,
interactions of the DOR RXR motif with COPI could modify spatially biased signaling.
The identification of an amino acid motif and protein interaction regulating DOR PM
localization provides an exciting and novel intervention point to modulate DOR

localization and cell signaling.

Materials and Methods

DNA constructs and mutagenesis

The wild-type DOR construct consists of an N-terminal signal sequence Flag-tag
in the pcDNA3.1 vector. All point mutants and deletion mutants were constructed using
a modified QuickChange PCR protocol and confirmed via DNA sequencing. Primers for
the alanine point mutants and deletion mutants were designed using the QuickChange
Primer Design Tool from Agilent Technologies. Following the PCR with PfuTurbo high-
fidelity polymerase (Agilent Technologies), a Dpnl digest was performed for 1 h,
followed by bacterial transformation in Escherichia coli DH5a (Invitrogen). GST fusion
protein plasmids were constructed from GST fused to the last 27 amino acids of DOR in
the pGEX-4T1 vector. Alanine mutations were introduced into this construct via a
QuickChange PCR protocol and confirmed via DNA sequencing.
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Human SSTR5-Tango was a gift from Bryan Roth (Addgene plasmid #66506)
(Kroeze et al., 2015). SSTR5 was cloned via PCR and restriction enzyme cloning into
pcDNA3.1 with an N-terminal signal sequence Flag-tag. All point mutants were created

using a modified QuickChange PCR protocol and confirmed via DNA sequencing.

Human Flag-B2AR was a gift from Mark von Zastrow and cloned as described
(Cao et al., 1999).

Cell culture and transfection

The cell line used for experimentation was pheochromocytoma-12 (PC12; #CRL-
1721) cells grown and cultured in F12K medium (Life Technologies 21127-022)
supplemented with 10% horse serum and 5% fetal bovine serum (FBS) at 37°C with 5%
CO2. The medium was changed every 3 d to maintain proper cell health. Tissue culture
flasks were coated with collagen IV (Sigma #C5533-5MG) to allow PC12 cells to
adhere. Cells were passed at a ratio of 1:4 to ensure sufficient seeding density to
facilitate growth. Cells were plated onto collagen IV—coated six-well plates and grown in
10% horse serum and 5% fetal bovine serum F12K media for 24 h before transfection.
Cells were transiently transfected using the Lipofectamine 2000 lipofection reagent
(Invitrogen 11668-019). DNA and Lipofectamine ratios (7.5 pl of Lipofectamine 2000
and 1.5ug of the appropriate plasmid DNA) were selected from the manufacturer’'s
recommendations. Cells were left to incubate with the transfection mixture and Opti-
MEM for 5 hours at 37°C, and the medium was then replaced. Experiments were
conducted 48-72 hours following transfection.

Fixed cell immunofluorescence

PC12 cells expressing Flag-receptor mutants were plated on coverslips (Corning)
coated with poly-d-lysine (Sigma, #P7280) and grown at 37°C for 48 hours. Following
treatments with either NGF (100 ng/ml, BD Biosciences 356004 or Gibco #13527) or
PI3K inhibition (Wortmannin, 10 yM, Enzo Life Sciences BML-ST415; LY294002, 10
MM, Tocris #1130) for 1 hour, cells were fixed in 4% paraformaldehyde, pH 7.4. The

coverslips were blocked with 1 mM calcium and 1 mM magnesium—containing
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phosphate-buffered saline (PBS) with 5% fetal bovine serum, 5% 1 M glycine, and
0.75% Triton X-100. For immunofluorescence imaging, cells were labeled for 1 hour in
blocking buffer with anti-Flag M1 antibody (Sigma-Aldrich #F3040; 1:1000) conjugated
with Alexa-647 (Molecular Probes #A20186) and anti—TGN-38 rabbit polyclonal
antibody (1:1000; Sigma-Aldrich #T9826). Alexa-568 goat anti-rabbit secondary
(1:1000; Sigma-Aldrich #A11011) antibody in blocking buffer was added for 1 hour to
label the anti—-TGN-38. Coverslips were again washed in calcium-magnesium PBS and

mounted on glass slides using Prolong Diamond Reagent (Molecular Probes #P36962).

Cells were imaged using an Andor confocal imaging system (XDi spinning disk,
Andor) at 60x magnification (Nikon CFlI APO TIRF) on a Nikon TE-2000 inverted
microscope with a mechanical Piezo XYZ-stage (Nikon), iXon 897 Ultra cameras
(Andor), a laser combiner (Andor) containing 405-, 488-, 515-, 568-, and 647-nm
excitation capabilities, 1Q2 imaging software (Andor), and an isolation table (TMC).

Image analysis and quantification

All imaging analysis and data were quantified using ImagedJ/Fiji (National
Institutes of Health, Bethesda, MD) (Schindelin et al., 2012; Rueden et al., 2017).
Custom macros using Golgi staining as a mask were written to allow unbiased
measurements for the total receptor fluorescence for each cell and the fluorescence
intensity of receptor within the Golgi for fixed cell analysis (Shiwarski et al., 2017b).
Briefly, the region defined by TGN-38 staining was used to define the Golgi area of the
cell. Receptor fluorescence within this Golgi region is measured as a percentage of total
receptor fluorescence in the whole cell. This ratio was calculated for each cell and then
averaged across all cells. Further, the percentage of cells that visually displayed
receptor localized to the Golgi was manually determined by binary quantification (1 =
retention, O = no retention). The binary quantification results were averaged to
determine the population percentage of cells with receptor localized to the Golgi. A
more detailed procedure and a quantification example can be found in a previous
publication (Shiwarski et al., 2017Db).
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Immunoprecipitation, immunoblotting, and densitometry

PC12 cells were grown in 10-cm plates and transfected as described above
using 5 pg Flag-DOR WT or Flag-DOR 2AXA DNA and 37.5 pl Lipofectamine 2000 per
plate. Two days after transfection, plates were washed with PBS before crosslinking
with 0.5 mM dithiobis succinimidyl propionate (DSP) for 2 hours at 4°C. DSP was
quenched with 20 mM Tris, pH 7.4. Cells were scraped from the plate and incubated in
lysis buffer (0.5% Triton X-100, 10 mM HEPES, 150 mM NaCl, 1 mM egtazic acid
(EGTA), 0.1 mM MgCI2, pH 7.4, with 1 mM PMSF and Pierce protease inhibitor tab
EDTA-free) on ice for 30 min with intermittent vortexing. Lysate was then spun at
13,200 x g for 15 min. A Pierce BCA Assay kit was used for protein estimation. Sheep
anti-mouse immunoglobulin G dynabeads (30 pl, Invitrogen #1120) were prepared for
immunoprecipitation by incubating them for 2 hours at room temperature with 1 pg
mouse anti-Flag M2 antibody (Sigma, F1804). Prepared beads were rotated with 0.5—
1.0 pg/ul PC12 cell lysate, fixed across conditions for each experiment, overnight at
4°C. The next day, beads were washed six times in a solution of 0.1% Triton, 10 mM
HEPES, 150 mM NaCl, 1 mM EGTA, 0.1 mM MgCI2, pH 7.4. Elution was carried out in
20 pl lysis buffer with 1 mg/ml Flag peptide for 2 hours with gentle agitation at 4°C.

Samples were prepared for SDS—PAGE with reducing sample buffer (RSB)
containing fresh 10% B-mercaptoethanol (BME), and 1 pl 1 M dithiothreitol (DTT) was
added to each sample before it was heated at 75°C for 5 min. Proteins were transferred
to a nitrocellulose membrane overnight at 4°C. Blots were blocked in 5% milk-TBST
solution. Membranes were blotted with mouse anti—3-COP (1:200 overnight at 4°C,
Santa Cruz, sc-393615) and rabbit anti-Flag (1:1000 1 hour room temperature, Bethyl
Laboratories A190-101A) primary antibodies and goat anti-mouse or rabbit HRP
secondary (1:1000 1 hour room temperature, BioRad #1706516 or #1706515). Blots
were developed with Clarity Western ECL Substrate (BioRad #1705061) and imaged
using the ChemiDoc Touch imager (BioRad) and iBrightFL1000 (ThermoFisher).
Between immunoblotting for B-COP and Flag, blots were stripped for 30 min at room
temperature and reblocked in 5% milk-TBST for 1 hour.
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ImageLab software (BioRad) was used for densitometry. For 3-COP,
densitometry was performed on the band migrating at 110 kDa. 3-COP levels were
normalized to densitometric measurements of Flag-DOR WT or 2AXA, which was
quantified as the volume between 70 and 250 kDa. Values were plotted using

GraphPad Prism 9 software.

For whole cell receptor expression blots, PC12 cells were transfected with Flag-
DOR WT or 2AXA. Three days after transfection, cells were left untreated (Ctrl) or
treated with NGF (100 ng/mL), LY (10 pM), Wortmannin (10 yM), or 1uL DMSO for 1
hour. 50-60% confluent 6 wells were lysed in 75 yL 2x Laemmli sample buffer (2%
SDS) and sonicated. 100 mM DTT was added to samples which were then heated at
37°C for 1 hour. Samples were then spun down at 20,000 x g for 5 min. 50 yL of each
sample was loaded on a 4-20% SDS PAGE gel. Proteins were transferred overnight to
nitrocellulose then blotted with Bethyl anti-Flag primary (1:1000, Bethyl Laboratories
A190-101A) and goat anti-Rabbit HRP secondary (1:3000, BioRad #1706515), then
developed with SuperSignal Femto substrate (ThermoFisher #34094). Blots were
imaged on the iBrightFL1000 (ThermoFisher).

Recombinant protein purification

GST fusion proteins were produced in E. coli BL21 cells transformed with the
appropriate pGEX-4T-1 plasmids containing GST fusion constructs. Cells were grown to
Asoo between 0.6 and 0.8 and then induced with 1 mM isopropyl 3-d-1-
thiogalactopyranoside for 3—4 hours at 30°C. Cells were spun down and pellets were
washed with 150 mM NaCl before lysis in a buffer containing 50 mM Tris, 5 mM EDTA,
150 mM NacCl, 10% glycerol, 5 mM DTT, Pierce protease inhibitor tab, and 1 mM
PMSF. Triton X-100 was added to cells in lysis buffer at a final concentration of 1%, and
the lysate was incubated on ice for 30 min. The lysate was spun at 5200 x g for 30 min,
followed by ultracentrifugation of the supernatant at 257,000 x g for 1 hour. Pierce
glutathione agarose beads were equilibrated with PBS and 1 mM DTT, and lysate was
incubated with beads for 2 hours at 4°C. Beads were washed once in wash buffer
containing PBS, 1 mM DTT, and 0.1% Tween, followed by a wash in wash buffer with
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300 mM NaCl, before a final wash in PBS + 1 mM DTT + 150 mM NaCl. GST fusion
proteins were then eluted from the beads in 50 mM Tris, pH 8.0, 150 mM NaCl, 1 mM
DTT, and 25 mM glutathione and dialyzed overnight against TBS to remove free
glutathione.

GST pull down

GST fusion proteins were bound to glutathione magnetic agarose (Pierce
#78601) as recommended by the manufacturer. Beads were washed three times with
wash buffer of 1:1 TBS:lysis buffer (10 mM Tris-HCI, 50 mM NaCl, 1 mM EDTA, 10%
glycerol, 0.5% Triton X-100, 2 mM DTT, and EDTA-free Pierce protease inhibitor, pH
7.4). GST fusion protein (150 pg) was incubated with beads with rotation for 2 hours at
4°C. Beads were washed five times, and then 150 ug PC12 cell lysate prepared using
lysis buffer was added, and the beads were incubated an additional 2 hours at 4°C with
rotation. Beads were washed five times with lysis buffer and then resuspended in RSB
and heated for 5 min at 95°C to elute proteins. Samples were then analyzed by SDS—
PAGE and immunoblotting with mouse anti—3-COP (1:200 overnight at 4°C, Santa
Cruz, sc-393615) and mouse anti-e-COP (1:200 overnight at 4°C, Santa Cruz, sc-
133194).

Statistics and data analysis

Statistical and graphical analyses were performed using GraphPad Prism 9
software. Statistical tests were chosen based on the experimental sample size,
distribution, and conditions. For statistical analysis of the fixed-cell immunofluorescence
imaging data, two-tailed chi-square tests, one-way analysis of variance (ANOVA), and
two-sided Student’s t test were used as appropriate. Multiple comparisons were
corrected by the Bonferroni method. A p value of <0.05 was considered statistically
significant. The figures and visuals were assembled in Adobe lllustrator version 26.0.1.
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Figure 2.S1. Alanine mutations of single RXR motifs within the C-terminal tail of
DOR partially reduce DOR Golgi retention induced by NGF treatment and PI3K
inhibition.

(A) SLRRPR or TTRER residues (underlined) which span the A345-352 and A353-359
deletion regions were substituted with alanine to generate the DOR SLRRPRAAIa and
TTRERAAIla mutants. (B) PC12 cells expressing Flag-tagged DOR WT, SLRRPRAAIa,
or TTRERAAIla were left untreated (Ctrl) or treated with 100 ng/mL NGF or PI3K inhibitor
(PI3Ki) (LY, 10 uM) for 1 hour, then fixed and stained for Flag (magenta in merge) and
TGN-38 (green in merge) (scale bars=5 ym). DOR WT and mutants localize primarily to
the plasma membrane in Ctrl cells and colocalize with TGN-38 (white in merge, yellow
arrows) following NGF or PI3Ki treatment. (C) The percentage of DOR fluorescence
within the region defined by TGN-38 staining, normalized to the mean of DOR WT
expressing Ctrl cells, was quantified and compared between DOR WT and alanine
scanning mutants within each treatment condition (Bars indicate mean + 95% CI.; Among
NGF-treated cells, significance from one-way ANOVA (p=0.1610) with Dunnett’s multiple
comparisons test of DOR WT NGF vs mutants NGF indicated in the figure: WT NGF vs
SLRRPRAAla NGF, p=0.1225; WT NGF vs TTRERAAIa NGF, p=0.2317; Among PI3Ki-
treated cells, significance from one-way ANOVA (p<0.0001) with Dunnett’'s multiple
comparisons test of DOR WT PI3Ki vs mutants PI3Ki indicated in the figure: WT PI3Ki vs
SLRRPRAAla PI3Ki, p<0.0001; WT PI3Ki vs TTRERAAla PI3Ki, p=0.0002). (D)
Percentage of cells with DOR localized to the Golgi after treatment with NGF or PI3Ki
was quantified and compared between DOR WT and deletion mutants for each treatment
condition (significance from two-tailed Chi-square test of DOR WT NGF or PI3Ki versus
deletion mutant NGF or PI3Ki indicated in the figure with Bonferroni correction for multiple
comparisons: WT NGF vs SLRRPRAAIa NGF, p=0.1598; WT NGF vs TTRERAAIa NGF,
p=0.1740; WT PI3Ki vs SLRRPRAAIa PI3Ki, p=0.0082; WT PI3Ki vs TTRERAAIla PI3Ki,
p=0.0536). (For C and D, DOR WT, Ctrl=58 cells, NGF=56; PI3Ki=67; SLRRPRAAIa,
CtrlI=49; NGF=91; PI3Ki=85; TTRERAAIla, NT=43; NGF=51; PI3Ki=90, across a minimum
of two biological replicates).
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Figure 2.52. DOR WT and 2AXA total receptor levels are not altered by NGF or PI3Ki
treatment.

(A) Immunoblot of total receptor levels from PC12 cells expressing either DOR WT or
DOR 2AXA. Total receptor levels are similar across untreated cells (Ctrl) and cells treated

with NGF (100ng/mL), PI3Ki (10 yM Wort or 10 uM LY), or DMSO vehicle control for 1
hour.
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Figure 2.S3. Positive charge preserves function of C-terminal RXR motifs which
regulate DOR Golgi retention by NGF treatment and PI3K inhibition.

(A) PC12 cells expressing Flag-tagged DOR 2KXK, in which the five C-terminal arginine
residues described in Fig. 2 were mutated to lysine (blue), were left untreated (Ctrl) or
treated with 100ng/mL NGF or PI3Ki (10uM LY) for 1 hour, then fixed and stained for Flag
(magenta in merge) and TGN-38 (green in merge) (scale bars=5 pym). DOR 2KXK
localizes primarily to the plasma membrane in Ctrl cells. DOR 2KXK colocalizes with
TGN-38 (white in merge, yellow arrow) following NGF or PI3Ki treatment. (B) The
percentage of DOR fluorescence within the region defined by TGN-38 staining,
normalized to the mean of DOR WT expressing Ctrl cells, increased similarly for both
DOR WT and DOR 2KXK following NGF or PI3Ki treatment (Bars indicate mean + 95%
Cl; one-tailed Student’s t-test of WT NGF vs 2KXK NGF, p=0.1627, or WT PI3Ki vs 2KXK
PI3Ki, p=0.2547). (C) The percentage of cells with DOR localized to the Golgi increased
similarly for cells expressing DOR WT or DOR 2KXK following NGF or PI3Ki treatment
(significance from two-tailed Chi-square tests of WT NGF vs 2KXK NGF, p=0.1208 or WT
PI3Ki vs 2KXK PI3Ki, p=0.8112). (For B and C, DOR WT, Citrl=83 cells, NGF=80,
PI3Ki=86; DOR 2KXK, Ctrl=74, NGF=76, PI3Ki=75, across two biological replicates)
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Figure 2.S4. Co-purification of B-COP and &-COP with GST-DOR tail requires RXR

motifs.

(A) PC12 cell lysate was incubated with 50 yg (~3.3 uM) GST fusion proteins bound to
glutathione agarose beads, followed by immunoblotting (IB) for -COP (110 kDa band)
or e-COP (34-kDa band). B-COP or ¢-COP signal are visible in lanes in which wild-type
DOR tail (GST-DOR) was used for the pull down and in the input lane containing 10 pg
of whole cell lysate. No 3-COP or e-COP signal above background was detected for GST
and GST-2AXA lanes. A Ponceau-S staining for the respective GST proteins is shown in

the bottom panel.
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Chapter 3: Conformational Specificity of the Delta Opioid Receptor Is Determined
by Subcellular Location Irrespective of Agonist

This chapter was published as and adapted from®:

Crilly, SE, Ko, W, Weinberg, ZY, and Puthenveedu, MA (2021). Conformational
specificity of opioid receptors is determined by subcellular location irrespective of
agonist. Elife 10: e67478.

Abstract

The prevailing model for the variety in drug responses is that they stabilize
distinct active states of their G protein-coupled receptor (GPCR) targets, allowing
coupling to different effectors. However, whether the same ligand can produce different
GPCR active states based on the environment of receptors in cells is a fundamental
unanswered question. Here we address this question using live cell imaging of
conformational biosensors that read out distinct active conformations of the delta opioid
receptor (DOR), a physiologically relevant GPCR localized to the Golgi and plasma
membrane in neurons. We show that, although Golgi and plasma membrane pools of
DOR regulated cAMP, the two pools differentially engaged conformational biosensors in
response to the same ligand. Further, DOR recruited arrestin on the plasma membrane
but not the Golgi. Our results suggest that the same agonist could drive different
conformations of a GPCR at different locations, allowing receptor coupling to distinct
effectors at different locations.

3 Statement of others’ contributions to this work:

| performed all live cell biosensor, arrestin, and FRET sensor imaging and analysis. Wooree Ko and |
performed fixed cell imaging experiments and analysis. Zara Weinberg contributed to assay design and
data analysis methods. | wrote the published manuscript along with Manoj Puthenveedu and input from
Wooree Ko and Zara Weinberg. | adapted the published manuscript for this chapter.
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Introduction

A given GPCR can generate a diverse array of signaling responses,
underscoring the physiological and clinical relevance of this class of proteins.
Endogenous and synthetic ligands which “bias” the responses of a given receptor
towards one response or another are a key aspect of this signaling diversity (Wootten et
al., 2018). This diversity in responses provides several opportunities to target specific
GPCR signaling responses to reduce potential adverse effects while managing a variety
of clinical conditions. However, using bias to precisely tune GPCR signaling has been
difficult, suggesting that we are missing some key piece in our understanding.
Understanding the cellular mechanisms that contribute to individual components of the
integrated signaling response is therefore of profound importance to understanding
GPCR pharmacology.

The specific conformations adopted by GPCRs, which preferentially allow
coupling to distinct effectors, is likely a key determinant of which specific downstream
signaling response is amplified (Okude et al., 2015; Latorraca et al., 2017; Wingler et
al., 2019; Suomivuori et al., 2020). Recent studies support an allosteric model of
coupling in which binding to both agonist and G protein stabilizes an active state of the
receptor, among a number of states which a given receptor may sample (Nygaard et al.,
2013; Manglik et al., 2015; Okude et al., 2015; Ye et al., 2016; Weis and Kobilka, 2018).
In addition to canonical G protein effectors, B-arrestins interact with GPCRs through
additional receptor conformations and can serve as scaffolds for kinase signaling
pathways (Liu et al., 2012; Gurevich and Gurevich, 2019b; Wingler et al., 2020).
However, efforts to develop compounds which stabilize one set of conformations and
therefore bias the receptor response to specific pathways have been promising but
difficult to translate to in vivo models (Luttrell et al., 2015; Viscusi et al., 2019; Gillis et
al., 2020).

One hypothesis that could explain this difficulty is that the same agonist could
drive coupling of the same receptor to different core signaling proteins based on the
immediate subcellular environment of receptors. While an exciting idea with profound

implications, this hypothesis has been difficult to test using traditional methods, because
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receptor signaling readouts at the cellular level are complex and have been difficult to
separate based on location.

Here we use the delta opioid receptor (DOR), a physiologically and clinically
relevant GPCR, as a model to test this hypothesis. DOR localizes to intracellular
compartments, including the Golgi, in neuronal cells, with a small amount on the plasma
membrane (PM) (Zhang et al., 1998; Cahill et al., 2001a; Wang and Pickel, 2001; Kim
and von Zastrow, 2003; Mittal et al., 2013; Shiwarski et al., 2017b, 2017a). DOR can be
activated both on the PM and the Golgi by synthetic agonists, but whether the two
activation states are different is not clear (Stoeber et al., 2018). Relocating DOR from
intracellular compartments to the PM increases the ability of DOR agonists to relieve
pain (Cahill et al., 2001b; Patwardhan et al., 2005; Mittal et al., 2013; Pradhan et al.,
2013; Shiwarski et al., 2017b), illustrating the importance of understanding whether
DOR activation on the Golgi is different from that on the PM.

Here we leverage conformational biosensors and high-resolution imaging to test
whether DOR activation on the Golgi is different from that on the PM. We show that
DOR on the PM, when activated by the selective DOR agonist SNC80, can recruit both
a nanobody-based sensor and a G protein-based sensor that reads out active DOR
conformations, as well as B-arrestins. In contrast, DOR in the Golgi apparatus, when
activated by the same ligand, recruits the nanobody sensor, but not the G protein-based
sensor or B-arrestins. Nevertheless, Golgi-localized DOR is competent to inhibit cAMP.
Together these data demonstrate that these biosensors could be used to read out
subtle differences in GPCR conformations even if signaling readouts are similar. Our
results that the downstream effectors recruited by the same GPCR, activated by the
same ligand, depend on the location of the receptor, suggest that subcellular location
could be a master regulator of GPCR coupling to specific effectors and signaling for any
given GPCR-ligand pair.

Results
Nanobody and miniG protein biosensors are emerging as powerful tools to study

the effects of ligand-induced receptor conformational changes at the molecular and
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cellular level (Manglik et al., 2017; Wan et al., 2018; Crilly and Puthenveedu, 2020).
These sensors differentially engage the p-opioid receptor (MOR) and k-opioid receptor
(KOR) activated by different agonists in vitro (Livingston et al., 2018) or in the PM
(Stoeber et al., 2020), suggesting that they can provide a readout of conformational
heterogeneity in agonist-stabilized active states. Because DOR is highly similar to MOR
and KOR in the intracellular regions recognized by the sensors (Chen et al., 1993), we
asked whether these sensors could be optimized to read out specific active DOR
conformations at distinct subcellular locations. We used the nanobody biosensor, Nb39
which recognizes opioid receptor active conformations through residues conserved
across MOR, KOR, and DOR (Huang et al., 2015; Che et al., 2018), and the miniGsi
biosensor, which mimics the interaction of the Gai protein with GPCRs (Nehmé et al.,

2017; Wan et al., 2018), as two orthogonal readouts of DOR conformations.

As an initial step, we first tested whether these sensors report active DOR
conformations on the PM, similar to what has been reported for MOR and KOR. We
used total internal fluorescence reflection microscopy (TIR-FM), which uses an
evanescent wave to specifically excite fluorescent proteins on the PM to a depth of
approximately 100nm into the cell (Hellen and Axelrod, 1991), to visualize sensor
recruitment to activated DOR on the PM with high sensitivity (Figure 3.1A). When cells
were treated with either small molecule agonist SNC80 or peptide DPDPE, Nb39
(Figure 3.1B-C) and miniGsi (Figure 3.1D-E) were rapidly recruited to DOR on the
plasma membrane (PM DOR), as observed by a rapid increase in fluorescence.
Fluorescence of both sensors increased significantly after treatment with either agonist,
but not inverse agonist ICI1174864 (ICl) (Figure 3.1F), indicating specificity of both
sensors for an agonist-induced active conformation. Furthermore, recruitment of Nb39
and miniGsi to PM DOR was concentration-dependent and saturated at the
concentration of SNC80 used in these experiments (10uM) (Figure 3.1G).
Concentration-response curves also revealed that miniGsi was more potently recruited
to PM DOR than Nb39 in response to the agonist SNC80.

Interestingly, DPDPE recruited Nb39 to PM DOR more strongly than SNC80
(Figure 3.1C,F), whereas the opposite trend was observed for miniGsi (Figure 3.1E-F),
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suggesting that these sensors might report selective conformations of DOR induced by
different agonists. MiniGs, which mimics Gas protein interaction with Gs-coupled
GPCRs, was not recruited to PM DOR (Figure 3.1F), suggesting that the miniGsi
sensor specifically reports activation of the Gi-coupled DOR. DOR expression levels
were overall comparable across conditions (Figure 3.S1A). Overall, our data show that
Nb39 and miniGsi report agonist-induced active conformations of PM DOR.
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Figure 3.1. Nb39 and miniGsi are recruited to plasma membrane DOR.

(A) Schematic of biosensor recruitment to DOR in the PM using total internal reflection
fluorescence microscopy (TIR-FM). Only fluorescent proteins within the evanescent wave
close to the PM are excited, such that baseline fluorescence is low when biosensors are
diffuse in the cell but increases upon agonist addition as biosensors recruited to active
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DOR in the plasma membrane. (B) Nb39-mVenus in PC12 cells expressing SNAP-DOR
imaged using TIR-FM to capture recruitment to the PM after addition of 10uM SNC80
(scale bar = 5uym). (C) Increase in Nb39-mVenus fluorescence by TIR-FM normalized to
the mean baseline fluorescence over time after addition of 10uM DOR agonist, DPDPE
or SNC80, 10uM inverse agonist, ICI174864 (ICl), or vehicle control (Ctrl, n=10 cells; ICI,
n=17 cells; DPDPE, n=17 cells; SNC80, n=16 cells; all across 3 biological replicates
defined as coverslips prepared and imaging independently; solid line indicates mean,
shading +/- SEM). (D) Venus-miniGsi in PC12 cells expressing SNAP-DOR imaged using
TIR-FM to capture recruitment to the PM after addition of 10uM SNC80 (scale bar = S5um).
Calibration bars indicate relative fluorescence values in scaled images. (E) Increase in
Venus-miniGsi fluorescence by TIR-FM normalized to the mean baseline fluorescence
over time after addition of 10uM DPDPE or SNC80, 10uM inverse agonist ICI, or vehicle
control (Ctrl, n=17 cells; ICI, n=15 cells; DPDPE, n=17 cells; SNC80, n=14 cells; all across
3 biological replicates; dashed line indicates mean, shading +/- SEM). (F) Nb39 max PM
biosensor fluorescence significantly increases over baseline within 60 seconds of addition
of either agonist DPDPE or SNC80 but not with addition of inverse agonist ICI, by one-
way ANOVA (p<0.0001) with p-values from Dunnett’'s multiple comparisons test to vehicle
control reported in the figure. miniGsi max PM biosensor fluorescence significantly
increases over baseline within 60 seconds of addition of either agonist DPDPE or SNC80
but not with addition of inverse agonist ICI, by one-way ANOVA (p<0.0001) with p-values
from Dunnett’s multiple comparisons test to vehicle control reported in the figure. Venus-
miniGs, a sensor for Gs coupling, fluorescence does not visibly increase after addition of
10uM SNCB80. (Nb39: Ctrl, n=10 cells; ICI, n=17 cells; DPDPE, n=17 cells; SNC80, n=16
cells; miniGsi: Ctrl, n=17 cells; ICIl, n=15 cells; DPDPE, n=17 cells; SNC80, n=14 cells;
miniGs-SNC80, n=20 cells; all across 3 biological replicates; mean +/- 95% CI, points
represent individual cells). (G) Concentration-response curves for Nb39 (ECs50=22.7nM)
and miniGsi (ECs0=2.284nM) plasma membrane recruitment measured in TIR-FM, in
cells treated with increasing concentrations of SNC80 ranging from 0.1nM to 10uM.
Responses are normalized from 0 to 100 for cells within each condition. (Nb39, n=13
cells; miniGsi, n=7 cells; symbols indicate mean normalized response for cells in each
condition with error bars indicating +/- 95% CI; solid and dashed lines indicate fitted non-
linear curves with a standard slope of 1, for Nb39 and miniGsi, respectively).

To test whether DOR localized to an intracellular compartment engages Nb39 or
miniGsi differently upon activation by the same agonist, we took advantage of the fact
that newly-synthesized DOR is retained in an intracellular compartment in neurons and
PC12 cells (Figure 3.2B, yellow arrows) acutely treated with nerve growth factor
(NGF) (Kim and von Zastrow, 2003; Shiwarski et al., 2017b). The presence of both PM
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and intracellular pools of DOR in these cells allowed us to measure sensor recruitment
to DOR at both of these locations.

We first tested whether the two different biosensors were differentially recruited
to DOR in intracellular compartments (IC DOR) vs. PM DOR by confocal imaging
(Figure 3.2A). When cells were treated with 10uM SNC80, a membrane permeable,
small molecule agonist, Nb39 was rapidly recruited to intracellular SNAP-tagged DOR,
within 30 sec (Figure 3.2B). When quantitated, Nb39 fluorescence in the region of the
cell defined by intracellular DOR rapidly and significantly increased after SNC80
addition (Figure 3.2D-E). This Nb39 recruitment was dynamic and required DOR
activation, as the DOR antagonist Naltrindole rapidly reversed this effect (Figure 3.S2A-
B). In striking contrast to Nb39, miniGsi was not recruited to IC DOR in the same time
frame (Figure 3.2C-D), despite comparable levels of IC DOR (Figure 3.S1B). MiniGsi
fluorescence in the region of the cell defined by IC DOR did not increase in cells treated
with SNC80 (Figure 3.2D-E). As a control, miniGs was also not recruited to IC DOR in
cells treated with SNC80 (Figure 3.2E).

Both sensors were recruited to PM DOR, as seen by confocal imaging in the
same cells in which we measured recruitment to IC DOR, although the sensitivity of
detection was lower in confocal imaging (Figure 3.2B-C, yellow arrowheads and
Figure 3.2F). MiniGsi was recruited to PM DOR more strongly than Nb39 (Figure 3.1F,
3.2F), consistent with the TIR-FM results, which makes the absence of miniGsi
recruitment to IC DOR in response to SNCB80 is even more striking. These results
indicate that SNC80 promotes an active DOR conformation preferentially recognized by
Nb39 in intracellular compartments, and a distinct active DOR conformation
preferentially recognized by miniGsi at the PM, suggesting location-specific
conformational effects of SNC80 on DOR.
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Figure 3.2. Nb39 and miniGsi are differentially recruited to Golgi DOR.

(A) Schematic of biosensor recruitment to DOR in intracellular compartments upon
addition of a cell permeable agonist. Both Nb39 and miniGsi biosensors are diffuse
throughout the cytoplasm in the absence of agonist (left), but are expected to localize to
membranes containing active receptor upon agonist addition (right). (B) PC12 cells
expressing SNAP-DOR (magenta in merge) and Nb39-mVenus (green in merge) were
treated with 10uM SNCB80 and imaged live by confocal microscopy. Treatment with
SNCB80 leads to an increase in Nb39-mVenus signal in a perinuclear region (yellow arrow)
which colocalizes with intracellular DOR (white in merge). A small amount of Nb39
recruitment is also visible at the PM (yellow arrowhead) (scale bar=5um). (C) PC12 cells
expressing SNAP-DOR (magenta in merge) and Venus-miniGsi (green in merge) were
treated with 10uM SNC80 and imaged live by confocal microscopy. miniGsi does not
localize to intracellular DOR after agonist treatment, though a small amount of minGsi
recruitment is visible at the PM (yellow arrowhead) (scale bar=5um). (D) Nb39 (solid line
indicates mean, shading +/- SEM) and miniGsi (dashed line, shading +/- SEM)
fluorescence in the region of the cell defined by intracellular DOR normalized to mean
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baseline fluorescence over time after addition of 10uM SNC80 (Nb39, n=49 cells across
4 Dbiological replicates; miniGsi, n=51 cells across 3 biological replicates). (E) Max
intracellular biosensor fluorescence in the region of the cell defined by intracellular DOR
within 120 seconds of agonist addition shows a significant increase in Nb39 recruitment
with addition of permeable agonist SNC80 but not with peptide agonist DPDPE, by one-
way ANOVA (p<0.0001) with p-values from Dunnett’'s multiple comparison test to vehicle
control reported in the figure. In contrast, miniGsi intracellular max fluorescence does not
increase upon addition of 10uM SNC80 by one-tailed student’s t-test compared to vehicle
control. miniGs intracellular max fluorescence also does not visibly increase upon SNC80
treatment. (Nb39: Ctrl, n=61 cells; DPDPE, n=61 cells; SNC80, n=49 cells; miniGsi: Ctrl,
n=57 cells; SNC80, n=51 cells; miniGs: SNC80, n=36 cells; all across a minimum of 3
biological replicates; mean +/- 95% ClI, points represent individual cells). (F) Max plasma
membrane biosensor fluorescence in the region of the cell defined by plasma membrane
DOR for the same cells quantified in (E) shows a significant increase in Nb39 recruitment
with addition of DPDPE and a small but non-significant increase upon addition of SNC80,
by one-way ANOVA (p<0.0001). P-values from Dunnett’s multiple comparison test to
vehicle control are reported. MiniGsi plasma membrane max fluorescence also
significantly increases upon addition of SNC80, as estimated by one-tailed student’s t-
test, compared to vehicle control. (Nb39: Ctrl, n=61 cells; DPDPE, n=61 cells; SNC80,
n=49 cells; miniGsi: Ctrl, n=57 cells; SNC80, n=51 cells; miniGs: SNC80, n=36 cells; all
across a minimum of 3 biological replicates; mean +/- 95% ClI, points represent individual
cells with one outlier in the miniGsi SNC80 condition equal to 2.0167 not shown in the

graph).

Differential biosensor recruitment to IC DOR did not depend on the method used
to cause DOR retention in this compartment (Figure 3.S3A), and recruitment to PM
DOR was unaffected by the presence of IC DOR (Figure 3.S3B). Further, recruitment
of either sensor was not significantly correlated with sensor expression level (Figure
3.S3C-D), as miniGsi failed to show recruitment to IC DOR across a broad range of

expression levels (Figure 3.S3D).

When cells were treated with 10uM peptide agonist DPDPE, which does not
readily cross the PM over short time scales (Stoeber et al., 2018), Nb39 was not
recruited to IC DOR (Figure 3.2E). This suggests that activation of PM DOR is not
sufficient for recruitment of Nb39 to IC DOR. We next tested whether PM DOR
activation was required for differential sensor recruitment to IC DOR. Cells were pre-
treated with a high concentration (100uM) of DOR inverse agonist ICI174864 (ICl), a
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peptide restricted to the extracellular space (Stoeber et al., 2018), to pharmacologically
block PM DOR. Nb39 recruitment to IC DOR after 100nM SNC80 addition was then
measured. Nb39 was robustly recruited to IC DOR, even when PM DOR was
pharmacologically blocked, indicating that recruitment to IC DOR does not require
activation of PM DOR (Figure 3.3A, top, 3.3B, C). When PM DOR was
pharmacologically blocked, miniGsi again remained diffuse throughout the cell and was
not recruited to IC DOR (Figure 3.3A, bottom, 3.3B, C), indicating that the absence of
miniGsi recruitment to IC DOR is not due to sequestration of sensor at PM DOR. To test
whether activation of endogenous G proteins was restricting miniGsi recruitment, cells
were pretreated with pertussis toxin (PTX) to inactivate endogenous Gi/o proteins. Even
in PTX-treated cells, miniGsi was not recruited to IC DOR, suggesting that competition
with endogenous Gai/o protein effectors for interaction with DOR is not responsible for
the lack of recruitment of miniGsi to IC DOR (Figure 3.3C).

Immunofluorescence microscopy showed that Nb39 was recruited to IC DOR
localized to the Golgi. Using a similar approach as described above, PC12 cells
expressing Flag-tagged DOR and either Nb39 or miniGsi were pretreated for 15
minutes with 10pM B-chlornaltrexamine (CNA), an irreversible, cell impermeable
antagonist (Virk and Williams, 2008; Shiwarski et al., 2017b), to irreversibly block PM
DOR, before treating with 10puM SNC80 for 5 minutes. Cells were stained for TGN-38, a
marker for the trans-Golgi network, which was previously shown to colocalize with IC
DOR (Shiwarski et al., 2017b). Consistent with live cell imaging data, only Nb39 and not
miniGsi was recruited to IC DOR in a region of the cell colocalizing with the TGN-38
marker (Figure 3.3D, E) in cells treated with CNA and SNC80. CNA alone did not cause
recruitment of either sensor. Sensor fluorescence in the region of the cell defined by
TGN-38 staining was normalized to sensor fluorescence in the cell outside this region,
as a measure of sensor enrichment in the Golgi. Treatment with CNA and SNC80
significantly increased Nb39 Golgi enrichment (Figure 3.3F), whereas miniGsi
enrichment was not significantly different from control cells (Figure 3.3G). These results
confirm differential biosensor recruitment to IC DOR specifically localized to the Golgi
and reiterate that PM DOR activation is not required for differential biosensor

recruitment to Golgi DOR.
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Figure 3.3. Differential sensor recruitment to Golgi DOR is independent of plasma
membrane DOR activation.

(A) PC12 cells expressing SNAP-DOR (magenta in merge) and Nb39-mVenus or Venus-
miniGsi (green in merge) were imaged live by confocal microscopy with 100uM ICI
present in the media before addition of 100nM SNC80. After SNC80 treatment, Nb39-
mVenus fluorescence increases in a perinuclear region (yellow arrow) which colocalizes
with intracellular DOR (white in merge), whereas Venus-miniGsi remains diffuse through
the cell (scale bar=5pm). (B) Nb39 (solid line indicates mean, shading +/- SEM) or miniGsi
(dashed line, shading +/- SEM) fluorescence in the region of the cell defined by
intracellular DOR normalized to mean baseline fluorescence in cells treated with 100uM
ICl and 100nM SNC80 (Nb39, n=54 cells across 3 biological replicates; miniGsi, n=58
cells across 4 biological replicates). (C) Nb39-mVenus max intracellular fluorescence
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increases over baseline within 120 seconds of SNC80 in cells treated with 100uM ICI and
100nM SNC80. In contrast, miniGsi intracellular max fluorescence does not visibly
increase over baseline in cells treated with IClI and SNC80, nor in cells pretreated with
pertussis toxin (PTX) and SNC80 (Nb39: ICI+SNC80, n=54 cells; miniGsi: ICI+SNC80,
n=58 cells; PTX+SNC80, n=33 cells; mean +/- 95% CI, points represent individual cells).
(D) PC12 cells expressing Flag-DOR and Nb39-mVenus or Venus-miniGsi, (E), (green in
merge) were treated with either 10pM B-chlornaltrexamine (CNA) alone for 15 minutes or
10uM CNA for 15 minutes followed by 10uM SNC80 for 5 minutes, then fixed and stained
for Flag (magenta in merge) and trans-Golgi network marker TGN-38 (blue in merge)
(scale bar = 5um). Colocalization of DOR, Nb39, and TGN-38 is visible in white and light
blue (yellow arrow) in cells treated with CNA and SNC80, but not CNA alone. (F)
Normalized Nb39-mVenus fluorescence enriched in the Golgi, expressed as sensor
fluorescence in the region of the cell defined by the TGN-38 staining divided by sensor
fluorescence in the region of the cell not containing TGN-38 staining. Nb39 Golgi
enrichment is significantly increased in cells treated with CNA and SNC80, but not CNA
alone, by one-way ANOVA (p<0.0001) with p-values reported in the figure from Dunnett’s
multiple comparisons test compared to control cells (Ctrl, n=46 cells; CNA, n=49;
CNA+SNC80, n=52; all across 2 biological replicates; points indicate individual cells with
bars representing mean +/- 95% CI). (G) Venus-miniGsi Golgi enrichment is not
significantly increased in cells treated with either CNA and SNC80 or CNA alone, by one-
way ANOVA (p=0.0654) with p-values reported in the figure from Dunnett’'s multiple
comparisons test compared to control cells (Ctrl, n=40 cells; CNA, n=50; CNA+SNC80,
n=37; all across 2 biological replicates; points indicate individual cells with bars
representing mean +/- 95% CI).

In addition to heterotrimeric G proteins, DOR and other GPCRs interact with
other proteins and signaling effectors after agonist-induced conformational changes.
Agonist-dependent differential biosensor recruitment to MOR and KOR in the PM
correlates with recruitment of other receptor effectors, specifically G protein-coupled
receptor kinase 2 (GRK2), which mediates receptor desensitization (Stoeber et al.,
2020). Given differential recruitment of Nb39 and miniGsi to IC DOR, we hypothesized
that Golgi localization may also influence coupling to other downstream signaling
effectors. B-arrestins interact with DOR and other GPCRs after activation by agonists
and receptor phosphorylation by GRKs to mediate receptor desensitization and
internalization from the PM (Zhang et al., 1999, 2005; Gurevich and Gurevich, 2019a).
B-arrestins can also scaffold kinase signaling complexes from GPCRs at the PM and

84



endosomes (DeFea et al., 2000b, 2000a; McDonald et al., 2000; Peterson and Luttrell,
2017; Weinberg et al., 2017).

To test whether B-arrestin effectors are recruited to active IC DOR, we monitored
recruitment of fluorescently tagged B-arrestin1 or B-arrestin2 to IC DOR. Similar to
miniGsi, neither B-arrestin-1 nor B-arrestin-2 were recruited to IC DOR in cells treated
with SNC80, and no increase in fluorescence in the region of the cell defined by IC DOR
was detected (Figure 3.4A-C). In contrast, both B-arrestins were visibly recruited to the
PM by confocal imaging (Figure 3.4A, B, yellow arrowheads) and by quantitation of
TIR-FM imaging (Figure 3.4D-F) in response to SNC80 treatment. Together, these data
indicate that like miniGsi, B-arrestins interact with only agonist-activated DOR present in
the PM.
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Figure 3.4. Arrestins are differentially recruited to plasma membrane and
intracellular DOR.

(A) PC12 cells expressing SNAP-DOR (magenta in merge) and B-arrestin-1-mScarlet
(green in merge) were treated with 10pM SNCB80 and imaged live by confocal microscopy.
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B-arrestin-1-mScarlet signal increases at the PM (yellow arrowhead) but not at sites
colocalized with intracellular DOR upon 10uM SNCB80 treatment (scale bar=5um). (B)
PC12 cells expressing SNAP-DOR (magenta in merge) and B-arrestin-2-tdTomato (green
in merge). B-arrestin-2-tdTomato signal increases at the PM (yellow arrowhead) but not
at sites colocalized with intracellular DOR upon 10uM SNC80 treatment (scale bar=5um).
(C) Neither -arrestin-1-mScarlet nor [-arrestin-2-tdTomato max intracellular
fluorescence significantly increases within 120 seconds of SNC80 addition by one-tailed
student’s t-test compared to control cells (B-arr-1: Ctrl, n=16 cells; SNC80, n=33 cells; -
arr-2: Ctrl, n=14 cells; SNC80, n=37 cells; with control conditions across 1 biological
replicate and SNC80 conditions across 3 biological replicates; mean +/- 95% CI, points
represent individual cells). (D) B-arrestin-1-mScarlet in PC12 cells expressing SNAP-
DOR imaged using TIR-FM to capture recruitment to the PM after addition of 10uM
SNC80 (scale bar = 5um). (E) B-arrestin-2-tdTomato in PC12 cells expressing SNAP-
DOR imaged using TIR-FM to capture recruitment to the PM after addition of 10uM
SNCB8O0 (scale bar = 5um). Calibration bars indicate relative fluorescence values in scaled
images. (F) Both B-arrestin-1-mScarlet and -arrestin-2-tdTomato max PM fluorescence
increases within 60 seconds of 10uM SNC80 addition (3-arr-1: SNC80, n=17 cells; 3-arr-
2: SNC80, n=20 cells; all across 3 biological replicates; mean +/- 95% ClI, points represent
individual cells).

Given differential recruitment of active conformation biosensors, Nb39 and
miniGsi, and the absence of B-arrestin recruitment to IC DOR, we asked whether the
active conformation of IC DOR allows for signaling through G proteins. Like the other
opioid receptors, DOR couples primarily to Gi/o proteins which inhibit adenylyl cyclase
activity to decrease cAMP (Gendron et al., 2016). We used a Forster resonance energy
transfer (FRET) sensor, ICUE3, to monitor cAMP levels in single cells in real time
(DiPilato and Zhang, 2009). In PC12 cells expressing ICUE3 and SNAP-DOR, addition
of adenylyl cyclase activator forskolin (Fsk, 2uM) caused a rapid increase in the
CFP/FRET ratio over the baseline ratio (Figure 3.5A-B). Pretreatment with 100nM
SNC80 prior to Fsk addition decreased the Fsk-stimulated cAMP response (Figure
3.5C-D), consistent with DOR activation inhibiting adenylyl cyclase activity.

We next specifically tested whether IC DOR was sufficient for cAMP inhibition.
Cells expressing DOR were treated with cycloheximide (CHX) to ensure that, in the
absence of NGF, newly synthesized DOR transiting the Golgi was cleared out and that

no residual DOR remained in the Golgi. In cells pre-treated with NGF before CHX, the
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pool of IC DOR was maintained even after CHX treatment, consistent with previous
results (Kim and von Zastrow, 2003; Shiwarski et al., 2017b). Under these conditions,
the overall Fsk response and SNC80-mediated inhibition in cells treated with NGF were
comparable to untreated cells (Figure 3.S4A). To isolate the contribution of IC DOR to
cAMP inhibition, we pharmacologically blocked PM DOR with 100uM ICI. In cells with
PM DOR only, SNC80 failed to decrease Fsk-stimulated cAMP in the presence of IClI
(Figure 3.5E-F). Neither the total CAMP levels, measured as area under the curve, nor
the endpoint cAMP levels, measured as the change in endpoint cAMP levels over
baseline, were significantly different from cells treated with Fsk alone (Figure 3.51-J). In
contrast, in cells with IC DOR, SNC80 decreased Fsk-stimulated cAMP even in the
presence of ICI (Figure 4G-H), and significantly decreased endpoint and total cAMP
levels (Figure 3.51-J). IC DOR activation suppressed Fsk-stimulated cAMP to
approximately half the degree suppressed by combined PM and IC DOR (Figure 3.51-J,
2.S4A). As a control, ICI alone did not significantly affect endpoint or total CAMP levels
(Figure 3.51-J). These results indicate that Golgi DOR activation is sufficient for cAMP

inhibition.
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Figure 3.5. Golgi DOR inhibits cAMP.
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(A-H) Ratiometric CFP/FRET and receptor images, along with corresponding trace of
mean cellular CFP/FRET ratios (solid line indicates mean, shading +/- 95% Cl), in PC12
cells expressing the ICUE3 cAMP FRET sensor and SNAP-DOR (scale bar=10um).
Calibration bars indicate relative fluorescence values in scaled images. (A-B) In cells
without intracellular DOR, CFP/FRET ratio increases over baseline upon treatment with
2uM forskolin (Fsk), consistent with increase in cellular cAMP levels. (C-D) Treatment
with DOR agonist SNC80 (100nM) decreases Fsk-stimulated increase in CFP/FRET
ratio. (E-F) In cells without intracellular DOR, SNC80-dependent decrease in Fsk-
stimulated CFP/FRET ratio is reversed when peptide inverse agonist ICI (100uM) is
present in media. (G-H) In cells containing intracellular DOR (G, yellow arrow), SNC80
decreases Fsk-stimulated CFP/FRET ratio even when ICl is present in media. (I-J) Fsk-
stimulated total CAMP levels (area under the curve) () and endpoint CFP/FRET ratios
(J), normalized to mean of control treated cells within -Golgi receptor and +Golgi receptor
groups. Treatment with 100nM SNCB80 significantly decreases total Fsk-stimulated cAMP
and endpoint ratios. ICl and SNC80 treatment of cells without Golgi DOR does not
significantly decrease total CAMP or endpoint ratios. In contrast, ICl and SNC80 treatment
of cells with Golgi DOR significantly decreases total cAMP and endpoint ratios. ICI
treatment alone in cells with Golgi DOR does not significantly decrease total cAMP and
endpoint ratios. (-Golgi receptor: control, n= 59 cells; SNC80, n=58; ICI+SNC80, n=57;
+Golgi DOR: control, n=48; SNC80, n=50; ICI+SNC80, n=55; ICI, n=47; all across 2
biological replicates; one-way ANOVA (total cAMP, p<0.0001; endpoint cAMP, p<0.0001)
with p-values reported in the figure from Sidak’s multiple comparisons test for each
condition compared to control cells within —Golgi receptor and +Golgi receptor groups).

As an independent method to induce an intracellular pool of DOR, we used
LY294002, a small molecule inhibitor of PI3K that causes DOR retention in the Golgi
independent of NGF (Shiwarski et al., 2017a). Similar to results obtained in NGF-treated
cells, the permeable small molecule agonist SNC80 decreased Fsk-stimulated cAMP
(Figure 3.S4B-D) even in the presence of ICl, reiterating that Golgi DOR activation is
sufficient for cAMP inhibition. The total and endpoint cAMP levels decreased
significantly compared to cells treated with Fsk alone (Figure 3.S4G-H). Again, IC DOR
alone suppresses Fsk-stimulated cAMP to approximately half the degree suppressed by
combined PM and IC DOR (Figure 3.S4B, G-H). As a control, the peptide DPDPE

agonist did not decrease the Fsk response in the presence of IC| (Figure 3.S4B, E-F).
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Discussion

Together, our data indicate that DOR activation by the same agonist in different
subcellular compartments drives differential engagement of effectors and interacting
proteins, including active state biosensors and arrestins. The conventional model
suggests that distinct GPCR conformations can drive coupling to distinct effectors,
which determine subsequent downstream signaling responses. This relationship
between structure and function has been a subject of great interest due to its potential
to explain the pleiotropic effects of GPCR activation by any given ligand. Our results
suggest that the subcellular location in which receptors are activated might determine
the conformational landscapes that receptors can adopt upon activation, because the

immediate environment of receptors varies between these locations.

Conformational biosensors like Nb39 and miniGsi used here are valuable tools to
study how location could bias receptor conformations. The possibility that Nb39 and
miniGsi could recognize distinct conformations is supported by structures of agonist-
bound homologous MOR and KOR in complex with Nb39 or MOR in complex with the
heterotrimeric G protein complex, Gai131y2. Structures of MOR with agonist BU72 and
KOR with agonist MP1104 share the outward shift of transmembrane helix (TM) 6 which
is characteristic of active GPCR structures (Huang et al., 2015; Che et al., 2018). Nb39
appears to stabilize this conformation via contacts with intracellular loops (ICL) 2 and
ICL3, as well as the 8™ helix through residues conserved across MOR, KOR, and DOR
(Huang et al., 2015; Che et al., 2018). The structure of MOR in complex with agonist
DAMGO and the nucleotide free Gai protein is very similar to the MOR-Nb39 structure
with the exception of a greater displacement of TM6 toward TM7 and decreased
extension of ICL3 (Koehl et al., 2018). The miniGsi sensor does not contain all regions
of Gai which contact the receptor, but many of the residues which interact with MOR
ICL2 and ICL3 via the Gai C-terminal a5 helix are present in miniGsi, and previous
reports show that miniGs and Gas contact Gs-coupled GPCRs similarly (Carpenter et
al., 2016; Nehme et al., 2017). Though Nb39 and Gai contact opioid receptors in similar
regions and share two interaction residues, each also makes additional distinct contacts
with TM domains and the 8" helix. Distinct interactions with these intracellular domains

important for effector coupling and unique stabilization of TM6 and ICL3 by Nb39 could
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suggest that these sensors differentially report distinct conformations relevant to
receptor function. Structures of agonist-bound DOR in complex with Nb39 or miniGsi
would enable direct comparison between receptor conformations recognized by each
sensor. Additionally, structural data is limited to a single static view of opioid receptor
active conformation, and the ability of Nb39 and miniGsi to discriminate between
additional distinct intermediate or active conformations will be an exciting area for future

study.

One clear difference between compartments is the composition of specific
phospholipids that make up the membranes (lkonen, 2008; Van Meer et al., 2008; Balla,
2013). Phospholipids differing in charge can stabilize active or inactive conformations of
the B2-adrenergic receptor, stabilize G protein coupling, and modulate G protein
selectivity (Dawaliby et al., 2016; Yen et al., 2018; Strohman et al., 2019). The
contribution of phospholipids to differential recruitment of sensors and effectors by DOR
could be tested using similar approaches (Dawaliby et al., 2016; Livingston et al., 2018;
Strohman et al., 2019). Reconstituting DOR into lipoparticles with defined lipid
compositions which mimic the PM or Golgi membrane and measuring sensor
association and dissociation kinetics or interactions with G proteins could provide
important insight into how membrane composition affects DOR interactions with these
proteins. Lipid composition can also directly influence recruitment of effectors like -
arrestins which bind PI1(4,5)P2, a phospholipid species enriched in the PM (Gaidarov et
al., 1999), potentially contributing to the lack of observed arrestin recruitment to Golgi
DOR. To date, B-arrestin recruitment to active GPCRs in the Golgi has not been
reported, and the impact of receptor localization to this compartment on desensitization,

B-arrestin recruitment, and (B-arrestin biased signaling is not known.

Other compartment-specific factors including ion concentrations and GPCR
interacting proteins could influence receptor conformations and effector coupling. The
Golgi lumen is more acidic than the extracellular space, pH 6.4 vs pH 7.4 (Kim et al.,
1996; Llopis et al., 1998; Miesenbock et al., 1998), which could affect ligand binding and
GPCR activation (Pert and Snyder, 1973; Ghanouni et al., 2000; Vetter et al., 2006;
Meyer et al., 2019). Estimated concentrations of sodium in the Golgi are closer to
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cytosolic sodium concentrations (12-27mM) than high extracellular sodium
concentrations (100mM) (Hooper and Dick, 1976; Chandra et al., 1991). Sodium acts as
an allosteric modulator of class A GPCRs, and DOR specifically has been crystallized
with a coordinated sodium ion, which stabilizes the inactive receptor conformation and
is required for receptor activation and signaling (Fenalti et al., 2014; Zarzycka et al.,
2019), suggesting Golgi sodium concentrations could affect DOR activity. Ligand
concentrations of a permeable agonist like SNC80 may also differ between the Golgi
lumen and the extracellular space. A lower SNC80 concentration in the Golgi, however,
is unlikely to explain the differential recruitment we observe, as miniGsi is more potently
recruited to PM DOR than Nb39 (Figure 3.1G). Additionally, DOR interacting proteins
which regulate DOR trafficking and localize to the Golgi, like the COPI complex and
Rab10, could also regulate receptor conformations and effector coupling (St-Louis et al.,
2017; Shiwarski et al., 2019; Degrandmaison et al., 2020).

Our results suggest that the conformational space sampled by any given GPCR,
even when activated by the same agonist, could differ based on the precise subcellular
location of the receptor. Compartmental effects on GPCR conformations may also be
specific to individual GPCRs. In contrast to DOR, both an active state nanobody and
miniGs are recruited to active Gs-coupled B+-adrenergic receptor (B1AR) in the Golgi,
suggesting the local Golgi environment may influence DOR and B1AR energy
landscapes differently (Irannejad et al., 2017; Nash et al., 2019). Additionally, the As-
adenosine receptor, when expressed exogenously can localize to the Golgi and recruits
miniGsi to this compartment upon adenosine treatment (Wan et al., 2018). This result
demonstrates that miniGsi can in fact report active conformations of Gai-coupled
receptors in the Golgi, which emphasizes the absence of miniGsi recruitment to IC DOR
that we observe. These GPCR specific effects may reflect important differences in
pharmacology among individual GPCRs and emphasize the importance of
characterizing compartmental effects for each GPCR.

These results also provide a new perspective into drug development efforts, by
highlighting the effects that the subcellular location of receptors could have on the
integrated effects of any given drug. The majority of these efforts largely rely on assays
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using conventional readouts of signaling in model cells, where GPCR localization could
be different from that of physiologically relevant cells in vivo. This difference is
especially true for DOR, which exhibits robust surface localization in model cell lines,
but high levels of intracellular pools in many neuronal subtypes. Traditional signaling
assays, which rely on whole-cell readouts of primary signaling pathways such as cAMP,
will not distinguish between the contributions of different pools of receptors, which could
signal differently via pathways outside the primary readouts (Costa-Neto et al., 2016).
Therefore, the potentially distinct effects of ligands at spatially distinct pools of receptors
in the integrated response should be an important consideration for measuring the

outcomes of receptor activation.

Materials and Methods

DNA constructs

SSF-DOR construct consists of an N-terminal signal sequence followed by a Flag
tag followed by the mouse DOR sequence in a pcDNA3.1 vector backbone. To create
SNAP-DOR, the full-length receptor sequence was amplified from the SSF-DOR
construct by PCR with compatible cut sites (BamHI and Xbal). The SNAP tag (New
England Biolabs, Ipswich, MA) was amplified by PCR with compatible cut sites (HindllI
and BamHlI) and both were ligated into a pcDNA3.1 vector backbone to produce the
final construct containing an N-terminal signal sequence, followed by the SNAP tag and
then the receptor. B-arrestin-1 was generated from a geneblock (Integrated DNA
Technologies, Coralville, IA) containing the human cDNA (ENST00000420843) for
hARRB1 with Hindlll and Agel cut sites. mScarlet was amplified by PCR from
pmScarlet_alphaTubulin_C1 a gift from Dorus Gadella (Addgene plasmid #85045)
(Bindels et al., 2016), with Agel and Xbal cut sites. Both were then ligated into a
pcDNAS.1 vector backbone to produce a C-terminally tagged B-arrestin-1. B-arrestin 2
tagged with tdTomato was generated from (B-arrestin 2-GFP via restriction site cloning
(Weinberg et al., 2017). Nb39-mVenus was a gift from Drs. Bryan Roth and Tao Che

(Che et al., 2020). Venus-miniGsi and Venus-miniGs were gifts from Drs. Greg Tall and
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Nevin Lambert. pcDNA3-ICUE3 was a gift from Dr. Jin Zhang (Addgene plasmid
#61622) (DiPilato and Zhang, 2009).

Cell culture and transfection

Pheochromocytoma-12 cells (PC12 cells, ATCC #CRL-1721) were used for all
experiments. Cells were maintained at 37°C with 5% CO2 and culture in F-12K media
(Gibco, #21127), with 10% horse serum and 5% fetal bovine serum (FBS). Cells were
grown in flasks coated with CollagenlV (Sigma-Aldrich, #C5533) to allow for adherence.
PC12 cells were transiently transfected at 90% confluency according to manufacturer’'s
guidelines with Lipofectamine 2000 (Invitrogen, #11668) with 1.5ug of each DNA
construct to be expressed. The transfection mixture was incubated with cells in Opti-
MEM media (Gibco, #31985) for 5 hours then removed and replaced with normal culture

media until imaging 48-72 hours following transfection.

Live cell imaging with fluorescent biosensors

PC12 cells transfected with SNAP-DOR and the appropriate biosensor were
plated and imaged in single-use MatTek dishes (MatTek Life Sciences, #P35G-1.5-14-
C) coated with 20pg/mL poly-D-lysine (Sigma-Aldrich, #P7280) for 1 hour. For
experiments requiring a Golgi pool of DOR, cells were pretreated with 100ng/mL of NGF
(Gibco, #13257) or 10uM LY294002 (Tocris, #1130) or 20uM PI4K inhibitor MI 14
(Tocris, #5604) for 1 hour prior to imaging, as described previously (Kim and von
Zastrow, 2003; Shiwarski et al., 2017b, 2017a). Cells were labeled with 500nM SNAP-
Surface 649 (New England Biolabs, #S9159S) for 5 minutes at 37°C for TIR-FM
imaging or 1uM permeable SNAP-Cell 647-SiR (New England Biolabs, #59102S) for 15
minutes followed by a 15 minute wash in cell culture media for confocal imaging. Cells
were imaged on a Nikon TiE inverted microscope using a 60x/1.49 Apo-TIRF (Nikon
Instruments, Melville, NY) objective in CO2-independent Leibovitz’s L-15 media (Gibco,
#11415), supplemented with 1% FBS in a 37°C heated imaging chamber (In Vivo
Scientific). RFP (B-arrestin-1 and B-arrestin-2, 561 nm excitation, 620 emission filter),

YFP (Nb39-mVenus and Venus-miniGsi, 488nm excitation, 446/523/600/677 quad-band
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filter) and the SNAP labeled DOR (647nm excitation, 700 emission filter when imaged
with RFP or 446/523/600/677 quad-band filter when imaged with YFP) were excited
with solid state lasers and collected with an iXon + 897 EMCCD camera (Andor, Belfast,
UK).

Immunofluorescence and fixed cell imaging

PC12 cells transfected with Flag-DOR and either Nb39-mVenus or Venus-
miniGsi were plated on poly-D-lysine coated coverslips and grown at 37°C for 48 hours.
To induce intracellular accumulation of newly synthesized DOR, cells were treated with
NGF (100ng/mL) for 1 hour prior to treatment for 15 minutes with 10uM (-
chlornaltrexamine (CNA, Sigma-Aldrich, #0001) or CNA followed by 10uM SNC80
(Tocris, #0764) for 5 minutes. Cells were fixed with 4% paraformaldehyde, pH 7.4, for
20 minutes at 25°C followed by blocking with phosphate-buffered saline (PBS) with 5%
fetal bovine serum (FBS), 5% glycine, 0.75% Triton-X-100, TmM magnesium chloride,
and 1mM calcium chloride. Primary and secondary antibody incubations were
performed for 1 hour at 25°C in blocking buffer with anti-Flag-M1 (Sigma-Aldrich,
#F3040, 1:1000) conjugated with Alexa-647 (Molecular Probes, #A20186) and anti-
TGN-38 rabbit polyclonal antibody (Sigma-Aldrich, #T9826, 1:1000), and goat anti-
Rabbit IgG conjugated to Alexa-568 (ThermoFisher, #A-11011, 1:1000), respectively.
Cells were washed with blocking buffer without Triton-X-100 after primary and
secondary incubations. Coverslips were mounted on glass slides using Prolong
Diamond Reagent (Molecular Probes, #P36962). Cells were imaged on a Nikon TiE
inverted microscope using a 60x/1.49 Apo-TIRF (Nikon Instruments, Melville, NY)
objective and iXon + 897 EMCCD camera (Andor, Belfast, UK).

Live cell FRET imaging

PC12 cells transfected with SNAP-DOR and the ICUE3 FRET sensor were
plated and imaged in MatTek dishes (MatTek Life Sciences, #P35G-1.5-14-C) coated
with poly-D-lysine. For experiments comparing inhibition of Fsk-stimulated cAMP in cells

with and without Golgi DOR, cells in all conditions were treated with cycloheximide
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(3ug/mL) for 1 hour before imaging to chase out any receptor transiting through the
biosynthetic pathway. To induce a Golgi pool, cells were treated with NGF for 1 hour
prior to cycloheximide treatment to build up a pool of internal receptors which is
maintained even in the absence of new protein synthesis with NGF maintained in the
media during the subsequent cycloheximide incubation (Shiwarski et al., 2017b).
Cycloheximide, NGF, and 100uM I1CI174864 (ICl, Tocris, #0820), when appropriate,
were present in the media for the duration of the experiment. For experiments
comparing the signaling of DPDPE (Tocris, #1431) peptide agonist and SNC80 small
molecule agonist with and without a surface block, cells in all conditions were treated
with 10uM LY294002 for 1hr prior to imaging to induce a Golgi pool of receptor, and
LY294002 was maintained in the media throughout the duration of the experiment. Cells
were labeled with 1uM permeable SNAP-Cell 647-SiR for 15 minutes followed by a 15
minute wash to visualize receptor. Cells were imaged in L-15 media supplemented with
1% FBS at 25°C in a temperature-controlled imaging chamber (In Vivo Scientific) at 60
second intervals. Imaging was conducted on a Ti2 inverted microscope (Nikon
Instruments, Melville, NY) with a 60x NA 1.49 Apo-TIRF objective (Nikon Instruments,
Melville, NY). CFP (405 nm excitation, 400 emission filter), YFP or FRET (405nm
excitation, 514 emission filter) and the SNAP tagged isoform (647-nm excitation, 700
emission filter) were collected with a iXon-888 Life EMCCD camera (Andor, Belfast, UK)
every 30 sec with 5 frames of baseline before 2uM Fsk (Sigma-Aldrich, #F3917)
addition to stimulate adenylyl cyclase activity.

Image quantification

All image quantification was performed using ImageJ/Fiji (National Institutes of
Health, Bethesda, MD) (Schindelin et al., 2012; Rueden et al., 2017). To quantify
biosensor recruitment to intracellular DOR or plasma membrane DOR, the receptor
channel at each timepoint was thresholded and used to create a binary mask to isolate
only pixels containing receptor signal. The receptor mask from each timepoint was then
applied to the corresponding timepoint in the biosensor channel to produce an image of
biosensor fluorescence in regions of the cell containing receptor. A region of interest
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corresponding to intracellular receptor was selected in confocal images, and in TIRF
images a region of interest capturing the entire cell was selected. Mean fluorescence
intensity was then measured in these images over time and normalized to average

baseline fluorescence before drug addition.

A similar approach was used to measure biosensor recruitment to the Golgi in
cells fixed and stained for TGN-38. In these images, TGN-38 was used to create the
binary mask, which was then applied to the biosensor channel to isolate biosensor
fluorescence in the Golgi region of the cell. An inverse mask of the TGN-38 channel
was also created and applied to the biosensor channel to isolate biosensor fluorescence
in all other regions of the cell. Biosensor enrichment in the Golgi is expressed as the
mean fluorescence intensity in the Golgi region, divided by the mean fluorescence
intensity in the rest of the cell. FRET images were analyzed in Imaged as previously
described (Shiwarski et al., 2017b; Weinberg et al., 2017). Briefly, the CFP channel was
divided by the FRET channel at each timepoint. A region of interest was defined for
each cell in a given field and the resulting CFP/FRET ratio measured at each timepoint.
The CFP/FRET ratio was normalized to the mean baseline ratio before drug addition for
each cell. Endpoint CFP/FRET ratios (measured as the change of the endpoint value
from the baseline of 1) and total cCAMP responses (measured as area under the curve)
for all cells were normalized to the average of cells in the control condition for each

experimental replicate.
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Supplementary Figures
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Figure 3.S1. DOR expression levels are similar across treatment conditions.

(A) Plasma membrane DOR expression levels in cells expressing Nb39, miniGsi, or
miniGs are similar across untreated or 10uM agonist treatment conditions control (Nb39:
Ctrl, n=10 cells; ICI, n=17 cells; DPDPE, n=17 cells; SNC80, n=16 cells; miniGsi: Ctrl,
n=17 cells; ICIl, n=15 cells; DPDPE, n=17 cells; SNC80, n=14 cells; miniGs-SNC80, n=20
cells; across a minimum of 3 biological replicates; mean +/- 95% CI, points represent
individual cells). (B) Intracellular DOR expression levels in cells expressing Nb39,
miniGsi, or miniGs are similar across untreated or 10uM agonist treatment conditions
(Nb39: Ctrl, n=61 cells; DPDPE, n=61 cells; SNC80, n=49 cells; miniGsi: Ctrl, n=57 cells;
SNC80, n=51 cells; miniGs: SNC80, n=36 cells; all across 3 biological replicates; mean
+/- 95% Cl, points represent individual cells).
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Figure 3.S2. Nb39 recruitment to active DOR is reversible.

(A) PC12 cells expressing SNAP-DOR (magenta in merge) and Nb39-mVenus (green in
merge) were imaged live by confocal microscopy. Cells were pretreated with irreversible,
impermeable antagonist CNA (1uM) for 15 minutes prior to imaging to inhibit plasma
membrane DOR activation and internalization. After 1uM SNC80 treatment, Nb39-
mVenus fluorescence increases in a perinuclear region which colocalizes with
intracellular DOR (white in merge), and this recruitment is reversed upon a washout,
introducing fresh imaging media containing permeable antagonist naltrindole (NTI, 10uM)
(scale bar=5um). (B) Representative trace of Nb39 fluorescence in the region of the cell
defined by intracellular DOR normalized to mean baseline fluorescence for the cell shown

in (A).
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Figure 3.S3. Mechanism of DOR Golgi retention does not influence sensor
recruitment to Golgi or PM DOR, and sensor recruitment to intracellular DOR is not

correlated with sensor expression.
(A) Nb39, but not miniGsi, max intracellular fluorescence increases over baseline within

120 seconds of 10uM SNC80 addition in cells treated with 10uM PI3K inhibitor LY294002
or 20uM PI14K inhibitor MI14 to induce DOR retention in the Golgi through a DOR specific
and non-specific mechanism (Wang et al., 2003; Malhotra and Campelo, 2011),
respectively (Nb39: PI3Ki, n=18 cells; P14Ki, n=25 cells; miniGsi: PI3Ki, n=12 cells; PI4Ki,
n=8 cells; all across 1 biological replicate; mean +/- 95% CI, points represent individual
cells). (B) Nb39 and miniGsi max plasma membrane fluorescence increases to a similar
degree within 60 seconds of 10uM SNCB80 addition in untreated cells without Golgi DOR
and NGF-treated cells with Golgi DOR (Nb39: Untreated, n=16 cells; NGF, n=7 cells;
miniGsi: Untreated, n=14cells; NGF, n=11 cells; all across 1 biological replicate; mean +/-
95% Cl, points represent individual cells). (C) Scatterplot of max intracellular fluorescence
increase and corresponding mean Nb39 fluorescence as a measure of sensor expression
(n=49 cells, points represent individual cells). Linear regression analysis indicates no
significant correlation between max intracellular fluorescence increase and Nb39
expression (R?=0.05745, p=0.0972). (D) Scatterplot of max intracellular fluorescence
increase and corresponding mean miniGsi fluorescence as a measure of sensor
expression (n=51 cells, points represent individual cells). Linear regression analysis
indicates no significant correlation between max intracellular fluorescence increase and
miniGsi expression (R?=0.005465, p=0.6062).
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Figure 3.S4. Golgi DOR inhibits cellular cAMP.
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(A) Trace of mean cellular cAMP levels in PC12 cells expressing SNAP-DOR and cAMP
FRET sensor ICUES3 with and without Golgi receptor. (-Golgi receptor: control, n= 59 cells;
SNC80, n=58; ICI+SNC80, n=57; +Golgi DOR: control, n=48; SNC80, n=50; ICI+SNC80,
n=55; ICl, n=47). (B) Trace of mean cellular cAMP levels in PC12 cells expressing SNAP-
DOR and ICUE3 with Golgi receptor and treated with either small molecule agonist
SNCB80 or peptide agonist DPDPE. (control, n=89 cells; DPDPE, n=101; ICI+DPDPE,
n=62; SNC80, n=87; ICI+SNC80, n=95). (C-F) Ratiometric CFP/FRET and receptor
images, along with corresponding trace of mean cellular CFP/FRET ratios (solid line
indicates mean, shading +/- 95% CI), in PC12 cells expressing the ICUE3 cAMP FRET
sensor and SNAP-DOR (scale bar=10um). Calibration bars indicate relative fluorescence
values in scaled images. (C-D) In cells containing Golgi DOR (E, yellow arrow), SNC80
(100nM) decreases Fsk-stimulated cAMP levels even when peptide inverse agonist IClI
(100uM) is present in media. (E-F) In cells containing Golgi DOR (C, yellow arrow),
peptide agonist DPDPE (100nM) does not decrease Fsk-stimulated cAMP levels when
peptide inverse agonist ICI (100uM) is present in media. (G-H) Fsk-stimulated total cAMP
levels (area under the curve) (G) and endpoint CFP/FRET ratios (H), normalized to the
mean of control treated cells. Cells in all conditions have intracellular DOR. Total and
endpoint cAMP responses are significantly decreased in cells treated with 100nM peptide
agonist DPDPE or small molecule agonist SNC80. Total and endpoint cAMP responses
are significantly decreased only in cells treated with membrane permeable agonist
SNC80 and not DPDPE when 100uM ICl is present in media. (Ctrl, n=89 cells; DPDPE,
n=101; ICI+DPDPE, n=62; SNC80, n=87; ICI+SNC80, n=95; all across 3 biological
replicates; one-way ANOVA (total, p<0.0001; endpoint, p<0.0001) with p-values reported
in the figure from Dunnett’s multiple comparison test for each condition compared to
control (Fsk only) condition).
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Chapter 4: Calcium Release From Intracellular Stores Is Regulated by Specific
Subcellular Pools of the Delta Opioid Receptor in Rat Neuroendocrine Cells

Abstract*

The G protein-coupled receptor (GPCR) family of transmembrane signaling
receptors transduce signals, including light, ions, and neurotransmitters, into a diverse
array of cell signaling events. An active GPCR can modulate multiple second
messenger signaling molecules in the cell which can vary based on the cellular context
in which signaling occurs. The subcellular location in which GPCR signaling occurs has
emerged as an important factor influencing GPCR signaling responses, but we lack a
clear understanding of how GPCR localization alters signaling for many clinically
relevant GPCRs. Here we use the delta opioid receptor (DOR), a clinically relevant
GPCR for the treatment of pain which can localize to both the plasma membrane and
the Golgi in neuronal cells, to investigate how DOR subcellular localization affects
regulation of calcium, an important signaling molecule linked to DOR’s pain-relieving
effects. We show that DOR activation at the plasma membrane causes intracellular
calcium release in a Gi/o, Gaq, and phospholipase C-dependent manner. Importantly,
this calcium signaling response is specifically regulated by DOR localized to the plasma
membrane and is not mediated by DOR localized to the Golgi. Though the mechanisms
underlying subcellular-specific regulation of calcium by DOR are still being investigated,
we present preliminary data to suggest that Golgi DOR does not activate PLC activity
locally at the Golgi. Together these data provide important insight into how GPCR
subcellular localization determines signaling pathways activated downstream of a
GPCR.

4 Statement of others’ contributions to this work:

In addition to writing this chapter, | performed all experiments measuring calcium signaling with

GCaMP6f, as well as YFP-DBD imaging experiments. Kasun Ratnayake performed all experiments

measuring calcium signaling with Fluo-4 AM and provided helpful feedback on this written chapter. Zara

Weinberg developed the Python script used to quantify GCaMP6f and Fluo-4 AM fluorescence changes.
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Introduction

G protein-coupled receptors (GPCRs) transduce a wide variety of signals into
diverse and complex cellular responses. These complex responses result from GPCR
regulation of a wide array of cellular signaling events through activation of effector
proteins, including heterotrimeric G proteins and arrestins (Weis and Kobilka, 2018; Wu
et al., 2019). The array of responses activated by a GPCR can be thought of as a
signaling profile. This signaling profile is shaped by interaction of a GPCR with available
effector proteins and the availability of cellular substrates of these effector proteins in a
specific cellular context. Defining how this signaling profile is altered in different cellular
contexts will improve our understanding of GPCR physiology and therapeutic targeting
of these receptors.

The subcellular location of GPCR signaling has been recently identified as a
contributor to the GPCR signaling profile (Crilly and Puthenveedu, 2020). Increasing
evidence supports the idea that GPCRs can signal from multiple cellular locations in
addition to the plasma membrane (PM) (Jong et al., 2018; Lobingier and von Zastrow,
2019; Crilly and Puthenveedu, 2020), but the ways in which subcellular context alters

the signaling profile of clinically relevant GPCRs are not fully understood.

Here we use the delta opioid receptor (DOR) as a prototype GPCR to study how
receptor subcellular localization affects regulation of second messenger signaling
molecules. DOR, a clinically relevant GPCR target for the treatment of pain and
depression, localizes to both the PM and intracellular compartments, including the
Golgi, in neuronal cells (Roth et al., 1981; Cahill et al., 2001; Wang and Pickel, 2001;
Kim and von Zastrow, 2003; Shiwarski et al., 2017b; Abdallah and Gendron, 2018;
Dripps and Jutkiewicz, 2018). DOR modulation of second messenger signaling
molecules, including cAMP and calcium, is linked to its pain-relieving effects, and DOR
localization to the PM is associated with enhanced pain relieving effects of DOR
agonists (Cahill et al., 2003; Pradhan et al., 2013; Gendron et al., 2016; Shiwarski et al.,
2017b). Whether DOR localization to the PM versus intracellular compartments like the
Golgi alters regulation of second messenger signaling molecules is an important
unanswered question. Previous work from our lab and others has shown that DOR
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inhibits cAMP production from both the PM and Golgi (Stoeber et al., 2018; Crilly et al.,
2021), but the impact of DOR Golgi localization on calcium regulation is unknown.

We performed live cell imaging with calcium biosensors to define the signaling
pathway by which DOR modulates calcium in rat neuroendocrine pheochromocytoma
(PC12) cells. PC12 cells and neurons share common mechanisms regulating DOR
localization to the Golgi which we use to test how DOR subcellular localization affects
calcium signaling (Kim and von Zastrow, 2003; Shiwarski et al., 2017a, 2017b). We
have shown that DOR activation increases intracellular calcium levels in PC12 cells
through a mechanism which requires Gi/o and Gaq/11 proteins, phospholipase C (PLC),
and calcium release from intracellular stores. Modulation of calcium is specific to DOR
signaling at the PM, highlighting the direct impact of DOR subcellular localization on its

signaling profile.

Results

DOR activation increases intracellular calcium in PC12 cells

DOR regulates cellular calcium via multiple mechanisms many of which have
been linked to the role of DOR in the nervous system and modulation of pain (Ohsawa
et al., 1998; Gendron et al., 2016). We measured intracellular calcium in PC12 cells
expressing SNAP-DOR and the calcium sensor GCaMP6f, which exhibits increased
fluorescence when bound to calcium (Chen et al., 2013). DOR localization to the Golgi
is specifically and acutely regulated in PC12 cells in response to nerve growth factor
(NGF) treatment, and in the absence of NGF, DOR localizes primarily to the PM (Figure
4.1A, lower panel) (Kim and von Zastrow, 2003; Shiwarski et al., 2017b, 2019). We first
characterized calcium signaling in the absence of NGF to define the signaling pathways
by which PM DOR regulates calcium in PC12 cells.

When cells expressing DOR were treated with DOR agonist SNC80 (10uM),
GCaMP&6f fluorescence rapidly increases, before returning to baseline (Figure 4.1A-B).
Both small molecule agonist, SNC80, and peptide agonists, DADLE and DPDPE,
increased the max fold change in GCaMPG6f fluorescence over baseline after agonist

addition (Figure 4.1C). These increases were not observed in untransfected cells
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treated with agonists (Figure 4.1C), and the magnitude of calcium responses were
positively correlated with DOR expression (Figure 4.S1), indicating these responses are
DOR-dependent. PC12 cells stably expressing FAP-DOR and treated with SNC80 also
exhibited dose-dependent increases in cellular calcium indicated by fluorescence of
calcium indicator dye Fluo-4 AM (Figure 4.1D). Together, these data demonstrate that
in PC12 cells, DOR couples to signaling pathways which increase intracellular calcium

levels.
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Figure 4.1. DOR agonists increase intracellular calcium levels in PC12 cells.

(A) PC12 cells expressing GCaMP6f (upper panel) and SNAP-DOR (lower panel) were
imaged live by confocal microscopy. Calibration bar represents pixel values in scaled
GCaMP image. Treatment with 10uM SNCB80 leads to a rapid increase in GCaMP6f
fluorescence, (Scale bar=15uM). (B) GCaMP6f fluorescence normalized to mean
baseline fluorescence over time in cells treated with SNC80 (10uM) or DMSO control
(Ctrl) (solid line indicates mean, shading +/- 95% CI; Ctrl n=14 cells; SNC80 n=27). (C)
Maximum GCaMP6f fluorescence increases in cells transfected with SNAP-DOR in
response to DOR agonists SNC80, DPDPE, and DADLE (10uM). This increase is not
observed in untransfected cells (+DOR, Ctrl n=14, SNC80 n=27, DPDPE n=24, DADLE
n=7; -DOR, SNC80 n=15, DPDPE n=10, DADLE n=10; box represents 25" to 75®
percentiles, whiskers represent min to max, points represent individual cells). (D)
Maximum Fluo-4 AM fluorescence increases in PC12 cells stably expressing FAP-DOR
in a dose-dependent manner in response to SNC80 (Ctrl n=51, 10nM SNC80 n=85, 50nM
SNC80 n=78, 100nM SNCB80 n=69; box represents 25" to 75" percentiles, whiskers
represent min to max, points represent individual cells).
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DOR requires Gi/o, Gag/11, and PLC to mobilize intracellular calcium stores

Gqg/11 and Gi/o-coupled GPCRs can increase intracellular calcium levels (Ma et
al., 2017). Both Gy, dissociated from activated Gai/o subunits, and free Gaq can
activate phospholipase C (PLC) enzymes (Smrcka et al., 1991; Chang Ho Lee et al.,
1992; Smrcka and Sternweis, 1993). PLC-induced hydrolysis of phosphatidylinositol-
4,5-bisphosphate (P1(4,5)P2) produces diacylglycerol (DAG) and inositol 1,4,5-
trisphosphate (IPs), the latter of which activates the IP3 receptor (IP3R) on the
endoplasmic reticulum (ER) to promote calcium release from intracellular stores
(Berridge, 2009). Gi/o and Gg-coupled GPCRs can also synergistically activate PLC
enzymes, and this synergy may be essential for the activation of PLC-dependent
signaling pathways by Gi/o-coupled GPCRs in cells (Philip et al., 2010; Rebres et al.,
2011; Lyon and Tesmer, 2013; Pfeil et al., 2020).

We tested the contribution of both Gag/11 and Gi/o proteins to the DOR-
dependent calcium response. We treated cells with bradykinin, an agonist for bradykinin
receptors endogenously expressed in PC12 cells, as a control for Gg-coupled GPCR
responses (Fasolato et al., 1990; Reber et al., 1992; Gafni et al., 1997). In PC12 cells
expressing SNAP-DOR and GCaMP6f the magnitude of the calcium response was
much lower in cells treated with SNC80 compared to bradykinin (Figure 4.2A-B). This
relative difference in response magnitude is consistent with previous reports comparing
calcium responses between Gq and Gi/o-coupled GPCRs (Jin et al., 1994; Spencer et
al., 1997; Yoon et al., 1999), suggesting DOR modulates calcium levels through Gi/o
proteins. To test requirement of these G proteins specifically we treated cells with either
the Gi/o inhibitor pertussis toxin (PTX) or the Gaqg/11 inhibitor YM-254890 (YM) (Katada,
2012; Xiong et al., 2019). PTX treatment completely abolished the SNC80 calcium
response, but had no effect on the bradykinin calcium response (Figure 4.2C).
Interestingly, YM abolished both the SNC80 and bradykinin calcium responses. Given
that calcium responses were correlated with DOR expression (Figure 4.S1A), we
measured DOR expression levels and found they were similar across treatment
conditions as an important control (Figure 4.S2A). These data are consistent with
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bradykinin activation of Gg-coupled GPCRs and suggest that DOR-dependent
regulation of calcium levels requires both Gi/o and Gaqg/11 proteins.
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Figure 4.2. DOR-dependent calcium response requires both Gai/o and Gaqg/11.

(A) GCaMP6f fluorescence normalized to mean baseline fluorescence over time after
addition of either bradykinin (100nM) or SNC80 (100nM) (Bradykinin, n=24 cells; SNC80,
n=37) (solid line indicates mean, shading +/- 95% CI). (B) Maximum GCaMPG6f
fluorescence increase over baseline in cells treated with SNC80 (100nM) or bradykinin
(100nM or 1uM) (Bradykinin, 100nM, n=24, 1uM, n=7; SNC80, n=37). (C) Maximum
change in GCaMP6f fluorescence over baseline, normalized to the respective control
(Ctrl), 100nM bradykinin or 100nM SNC80. Pertussis toxin (PTX, 50ng/mL) treatment
significantly decreased the change in GCaMP6f fluorescence in response to SNC80, but
not bradykinin (one sample t-test compared to theoretical mean of 1; Bradykinin PTX,
p=0.0696; SNC80 PTX, p<0.0001). YM-254890 (YM, 1uM) treatment significantly
decreased the change in GCaMP6f fluorescence in response to both bradykinin and
SNCB80 (one sample t-test compared to a theoretical mean of 1, p<0.0001). (Bradykinin,
Ctrl n=17, PTX n=3, YM n=16; SNC80, Ctrl n=20, PTX n=13, YM n=14; box represents
25! to 75" percentiles, whiskers represent min to max, points represent individual cells).
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Because both Gi/o and Gg-coupled pathways converge on regulation of PLC and
subsequent release of calcium from intracellular stores, we tested the requirement of
this signaling pathway (Figure 4.3A) for DOR calcium responses. We treated PC12
cells expressing SNAP-DOR and GCaMP6f with PLC inhibitor U73122, or its negative
control analog compound U73343 (Bleasdale et al., 1990). U73122, but not U73343,
significantly decreased the SNC80 calcium response, compared to control (Ctrl) cells
treated with SNC80 alone (Figure 4.3B). Additionally, depletion of ER calcium stores by
treatment with thapsigargin (Treiman et al., 1998) or inhibition of IP3R with 2-APB
(Bilmen and Michelangeli, 2002) significantly decreased the calcium response
compared to control cells (Figure 4.3B). DOR expression levels were similar across all
treatment conditions (Figure 4.S2B). These data indicate that both PLC and
intracellular calcium stores are required for DOR calcium responses, consistent with

known Gi/o and Gg-regulated signaling pathways.

To further confirm that DOR activates PLC, we used a fluorescently-tagged
biosensor containing the DAG binding domain (DBD) of protein kinase Cp to visualize
DAG production at the PM following DOR activation (Gallegos et al., 2006). PC12 cells
expressing SNAP-DOR and YFP-DBD were imaged using total internal fluorescence
reflection microscopy (TIRF-M) to visualize the sensor recruitment at the PM, as a
readout of DAG production. Sensor fluorescence at the PM rapidly and transiently
increased upon SNCB80 addition (Figure 4.3C-D), consistent with production of DAG
following PLC hydrolysis of PI(4,5)P. at the PM. Maximum sensor fluorescence at the
PM significantly increased in SNC80-treated cells compared to the vehicle-treated
control cells (Figure 4.3E). These data further support DOR-induced activation of PLC,

consistent with the requirement of PLC activity for DOR-dependent calcium responses.
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Figure 4.3. DOR mobilizes calcium from intracellular stores through a PLC-
dependent pathway.

(A) PLC-dependent hydrolysis of PIP2 produces IP3 which acts on the IP3 receptor at
the ER, promoting calcium release from intracellular stores into the cytoplasm. (B)
Maximum change in GCaMP6f fluorescence over baseline, normalized to control (Ctrl),
100nM SNCB80. Treatment with PLC inhibitor U73122 (10uM), but not control compound
U73343 (10uM), significantly decreased the change in GCaMPG6f fluorescence in
response to SNC80 (one sample t-test compared to a theoretical mean of 1, U73122
p<0.0001, U73343 p=0.5151). Treatment with thapsigargin (Thaps., 1uM) to deplete ER
calcium stores or IP3R antagonist 2-APB (500uM) also significantly decreased the
change in GCaMP6f fluorescence in response to SNC80 (one sample t-test compared to
a theoretical mean of 1, thapsigargin p<0.0001, 2-APB p<0.0001) (Ctrl n=29 cells;
U73122 n=12; U73343 n=10; thapsigargin n=26; 2-APB n=11; box represents 25" to 75
percentiles, whiskers represent min to max, points represent individual cells). (C) YFP-
DBD in PC12 cells expressing SNAP-DOR imaged using TIR-FM to capture recruitment
to the PM after addition of DOR agonist SNC80 (100nM) (scale bar=5um). Calibration bar
indicates pixel values in scaled image. (D) Increase in YFP-DBD fluorescence by TIR-FM
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normalized to the mean baseline fluorescence over time after addition of 100nM SNC80
(solid line indicates mean, shading +/- 95% Cl). (E) Maximum PM YFP-DBD fluorescence
increase over baseline after SNC80 addition is significantly increased compared to
vehicle control (two tailed t-test, p<0.0001) (For D and E, Ctrl n=21, SNC80 n=16; box
represents 25" to 75" percentiles, whiskers represent min to max, points represent
individual cells).

Intracellular calcium release is specific to PM DOR signaling

Given increasing evidence that GPCRs activate numerous signaling pathways
from intracellular compartments, and that Golgi DOR inhibits cAMP production (Stoeber
et al., 2018; Crilly et al., 2021), suggestive of coupling to inhibitory G proteins, we next
asked whether Golgi DOR promotes calcium release from intracellular stores, like PM
DOR.

To specifically test the ability of Golgi DOR to regulate calcium release, we
treated PC12 cells with NGF which acutely arrests Golgi export of newly synthesized
DOR through mechanisms shared between PC12 cells and neurons (Kim and von
Zastrow, 2003; Shiwarski et al., 2017a, 2017b). All prior experiments (Figures 4.1-4.3)
were performed in the absence of NGF with DOR localized primarily to the PM (Figure
4.4A, lower panel). Following NGF treatment, cells contain both a PM and Golgi pool of
DOR (Figure 4.4B, lower panel, yellow arrow). We then used a paradigm developed
previously in which high concentrations of peptide, membrane-impermeable inverse
agonist ICI1174,864 (ICl) were applied to pharmacologically block DOR binding sites at
the PM (Stoeber et al., 2018; Crilly et al., 2021). Intracellular receptors were then
activated by small molecule, membrane permeable agonist SNC80 to test their
contribution to the signaling response. The signaling response to combined ICI and
SNCB80 treatment was then compared between cells in the absence of Golgi receptor (-
Golgi) and presence of Golgi receptor (+Golgi, NGF treated).

In cells with and without Golgi DOR, treatment with only 100nM SNC80 produced
similar increases in calcium (Figure 4.4A-B, right panels, solid line). However, when
100uM ICI was present in the imaging media, the calcium response was completely
abolished in cells with and without Golgi DOR (Figure 4.4A-B, dotted lines). Indeed, in

cells with and without Golgi DOR, inhibition of PM DOR with ICI significantly decreased
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the SNC80-induced calcium increase compared to control cells treated with SNC80
alone (Figure 4.4C). ICl alone caused no change in cellular calcium levels (Figure
4.4C). We performed the same set of experiments using the peptide, membrane
impermeable agonist DPDPE, and found similar results (Figure 4.4D). DOR expression

levels were similar across all treatment conditions (Figure 4.S3).
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Figure 4.4. Intracellular calcium release is specific to PM DOR.

(A-B) PC12 cells expressing GCaMP6f and SNAP-DOR localized to the PM (A, upper
panels), as well as cells expressing GCaMP6f and SNAP-DOR localized to the Golgi (B,
lower panels, yellow arrows) were imaged live by confocal microscopy. Calibration bar
indicates pixel values in scaled image. With 100uM 1C1174864 (ICl) present in the media,
addition of 100nM SNC80 to cells in either condition does not produce an increase in
GCaMP6f fluorescence (Scale bar=15um). Representative image is shown with
corresponding trace of GCaMP6f fluorescence normalized to mean baseline fluorescence
over time (solid line indicates mean, shading +/- 95% CI; -Golgi receptor, SNC80 n=22
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cells, ICI+SNC80 n=14; +Golgi receptor, SNC80 n=16, ICI+SNC80 n=18). (C-D)
Maximum change in GCaMP6f fluorescence over baseline, normalized to SNC80 (C) or
DPDPE (D) treatment within each condition (+/- Golgi receptor). 100uM ICI present in the
media significantly decrease the change in GCaMP6f fluorescence in response to SNC80
or DPDPE, regardless of whether a Golgi pool of DOR was present. ICl| alone did not
increase GCaMP6f fluorescence (one sample t-test compared to a theoretical mean of 1,
-Golgi receptor ICI+SNC80 p<0.0001, +Golgi receptor ICI+SNC80 p<0.0001, -Golgi
receptor ICI+DPDPE p<0.0001, +Golgi receptor ICI+DPDPE p<0.0001) (-Golgi receptor:
SNC80 n=22, ICI+SNC80 n=14, ICI n=17; +Golgi receptor, SNC80 n=16, ICI+SNC80
n=18; -Golgi receptor: DPDPE n=9, ICI+DPDPE n=11; +Golgi receptor: DPDPE n=9,
ICI+DPDPE n=8; box represents 25" to 75" percentiles, whiskers represent min to max,
points represent individual cells).

These results are directly contrasted with results using the same experimental
paradigm to measure Golgi DOR contributions to modulation of cellular cAMP (Stoeber
et al., 2018; Crilly et al., 2021). Residual inhibition of cellular cAMP production was
observed in cells with Golgi DOR activated with a cell permeable small molecule agonist
(SNC80), but not an impermeable peptide agonist (DPDPE), despite pharmacological
blockade of PM DOR with ICI. Here we observed no residual calcium response even
when cells contained a Golgi pool of DOR, and results using a small molecule versus a
peptide DOR agonist were indistinguishable. Together these data indicate that
mobilization of calcium from intracellular stores is specific to PM DOR.

Discussion
We show that DOR activation by multiple agonists increases intracellular calcium
levels in PC12 cells. This calcium response requires Gi/o proteins, Gag/11,
phospholipase C (PLC), and calcium release from intracellular stores. Importantly,
modulation of this calcium response is specific to DOR signaling from the PM and is not
detected downstream of DOR activation at the Golgi. These results contrast with
previous findings that DOR in both locations regulates cAMP and highlight that DOR

localization to the PM versus the Golgi divergently regulates signaling molecules.

To our knowledge we show for the first time that DOR mobilizes intracellular

calcium stores in PC12 cells. DOR regulates calcium similarly in other neuronally
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derived cell lines, including SH-SY5Y, NG108-15, and neuro2A cells, as well as primary
dorsal root ganglion neurons (Jin et al., 1994; Connor and Henderson, 1996; Spencer et
al., 1997; Bao et al., 2003). Many of these studies have similarly implicated Gi/o
proteins in this signaling response (Jin et al., 1994; Connor and Henderson, 1996; Yoon
et al., 1999; Chen et al., 2000). Specifically, GBy subunits liberated from activated Gi/o
proteins modulate calcium signaling through actions on both PLC and calcium channels
(Yoon et al., 1999; Tennakoon et al., 2021). We think DOR-dependent calcium
responses likely require GBy, and ongoing experiments to inhibit GRy will clarify the role
of GBy in the calcium signaling we have characterized. In some cellular contexts
calcium influx through channels augments DOR-dependent intracellular calcium release
(Jin et al., 1992; Bao et al., 2003). Our data showing a requirement for intracellular
calcium stores and IP3Rs suggest intracellular calcium stores are the primary source of
the calcium increase, though further experiments testing the contribution of plasma
membrane calcium channels specifically will clarify if they augment this response.

The requirement of Gag/11 for DOR-dependent calcium responses is consistent
with known synergy between Gq and Gi/o-coupled GPCRs, such as DOR and other
opioid receptors (Okajima et al., 1993; Connor and Henderson, 1996; Chen et al.,
2000). Gaq and Gy synergistically activate PLCB32 and PLCB3 isoforms (Philip et al.,
2010; Rebres et al., 2011). We hypothesize that DOR couples primarily to inhibitory G
proteins, but that basal signaling of endogenous Gg-coupled GPCRs is required to
produce detectable increases in calcium upon DOR activation, as described for Gi/o-
coupled GPCR calcium responses in multiple cell types (Okajima et al., 1993; Pfeil et
al., 2020). The Gqg-coupled GPCR serving this function in PC12 cells is not known. DOR
calcium responses were independent of serum present in the imaging medium,
suggesting Gq signaling may arise from an agonist secreted by the cells themselves or
constitutive activity of a Gg-coupled GPCR. BRET sensors which report G protein
activation at a cellular and subcellular level, such as TRUPATH and BERKY sensors
(Maziarz et al., 2020; Olsen et al., 2020), could be used in the future to confirm DOR-G
protein coupling specificity in PC12 cells.
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Our findings that intracellular calcium levels are specifically regulated by PM
DOR but not Golgi DOR provide important insight as to how DOR subcellular
localization influences its signaling profile, though the mechanisms underlying this
specificity remain unclear. It is interesting to speculate about the mechanisms by which
regulation of calcium is specific to PM DOR. One possibility is that Golgi DOR does not
couple to heterotrimeric G proteins to initiate this signaling. We think this is the least
likely explanation, given the results showing both PM and Golgi DOR inhibit cAMP
production, consistent with their known coupling to inhibitory G proteins (Stoeber et al.,
2018; Crilly et al., 2021). However, we have not yet shown that DOR couples to
endogenous G proteins in the Golgi or demonstrated a requirement of inhibitory G
proteins for cAMP inhibition by Golgi DOR. Future experiments addressing these points

will be essential to confirm functional coupling of DOR to G proteins in the Golgi.

Altered PLC activity or inefficient PLC activation downstream of Golgi DOR
signaling is another possible mechanism conferring subcellular specificity to DOR
calcium signaling. PLC substrate PI(4,5P)2, which is hydrolyzed by PLC to produce
DAG and IPs, with the latter stimulating calcium release from ER stores, is most
enriched at the PM (Balla, 2013). PLC enzymes can also hydrolyze phosphatidylinositol
4-phosphate (PI1(4)P), the phospholipid most enriched at the Golgi, to produce DAG and
IP2, which will not activate IPsRs (Zhang et al., 2013; Smrcka, 2015; Gil De Rubio et al.,
2018). Regardless of the phospholipid substrate, PLC activity on phospholipids in a
membrane should produce DAG, an important signaling molecule, which can be used
as a readout for PLC activity. Preliminary experiments using the YFP-DBD biosensor to
monitor DAG production at the Golgi in response to Golgi DOR activation by SNC80,
revealed no significant changes in sensor localization to the Golgi (Figure 4.S4). These
data are contrasted with recruitment of the sensor to the PM, upon DOR activation by
SNCB80 (Figure 4.3C-E) and suggest Golgi DOR activation may not locally activate
PLC. Golgi DOR coupling to a different complement of GBy isoforms which can exert
isoform-specific effects on effectors including PLCB (Kankanamge et al., 2021;
Tennakoon et al., 2021), could also influence local PLC activation. Subcellular
localization of PLC enzymes through direct interactions of PLC enzyme with

membranes or through scaffolding proteins, which can be expressed in a cell type-
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specific manner (Adjobo-Hermans et al., 2013; Lyon and Tesmer, 2013; Zhang et al.,
2013), could also affect local PLC activation. Clearly many factors could determine the
subcellular specificity of DOR calcium signaling. In the immediate future, measurement
of inositol phosphate levels upon Golgi DOR activation could provide a more sensitive
readout of Golgi DOR stimulation of PLC activity to confirm our preliminary imaging
data.

Taken together the data presented here and previous work support the idea that
DOR subcellular localization to the PM versus the Golgi markedly alters the DOR
signaling profile, with potentially profound impacts on DOR physiology and
pharmacology. Both PM DOR and Golgi DOR inhibit cAMP production (Stoeber et al.,
2018; Crilly et al., 2021). In contrast to PM DOR, Golgi DOR does not recruit B-arrestins
(Crilly et al., 2021), suggesting that kinase signaling may also be altered in the Golgi
DOR signaling profile, similar to what we observed for calcium, though we have not
investigated this directly. We have begun to probe the transcriptional effects
downstream of PM DOR versus Golgi DOR activation, which could provide broader
insights into subcellular signaling profile differences. Links between increased
intracellular calcium, PLC activity, and DOR-mediated antinociception (Ohsawa et al.,
1998; Narita et al., 2000) present the intriguing possibility that the association between
DOR PM localization and enhanced pain relieving effects is due in part to a PM DOR

specific signaling profile which promotes these effects.

Materials and Methods
DNA constructs
SNAP-DOR was cloned by restriction enzyme cloning as described (Crilly et al.,
2021). FAP-DOR was cloned as described (Shiwarski et al., 2017a). GCaMP6f was a
gift from Jonathan Ting (Addgene plasmid #51085). YFP-DBD was a gift from
Alexandra Newton (Addgene plasmid #14874) via Alan Smrcka.
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Cell culture and transfection

Pheochromocytoma-12 cells (PC12 cells, ATCC #CRL-1721) were maintained at
37C and 5% CO2. Cells were cultured in F12K media, supplemented with 10% horse
serum and 5% fetal bovine serum (FBS). Cells were grown in flasks coated with
Collagen IV to promote adherence. Cells were transfected using Lipofectamine 2000
(Invitrogen #11668) as described (Crilly et al., 2021), and imaged 48-72 hours after

transfection.

Live cell imaging

For calcium imaging experiments, PC12 cells transfected with SNAP-DOR and
GCaMPé6f or stably expressing FAP-DOR, were plated and imaged in single-use Mattek
dishes (1.5 coverglass, 35mm, P35G-1.5-10-C) coated with poly-D-lysine. For Fluo-4
AM (Invitrogen F14201) loading, cells were washed once with HBSS, followed by
incubation with Fluo-4 AM (3uM) in HBSS for 30 minutes at room temperature protected
from light and washed three times with HBSS prior to imaging. In conditions requiring
NGF treatment, cells were treated with 100ng/mL NGF for 1 hour prior to imaging with
NGF maintained in imaging media. When imaging SNAP-DOR expressing cells, cells
were labeled with 1uM cell permeable SNAP-Cell 647-SiR (NEB S9102S) for 15
minutes, followed by a 15 minute wash at 37°C immediately prior to imaging. Inhibitors
requiring preincubation (YM-254890, U73122, U73343, Thapsigargin) were added to
cells during this wash step. PTX was added to cells approximately 20-24 hours prior to

imaging.

Cells were imaged in either Leibovitz's L-15 media (Gibco #11415)
supplemented with 1% FBS or in HBSS. Cells were imaged on a Nikon TiE inverted
microscope using a 20x objective (Nikon Instruments, Melville, NY) inside a 37°C
heated imaging chamber (In Vivo Scientific). Cells were excited using 647-nm (SNAP-
DOR) and 488-nm (GCaMPG6f, Fluo-4) solid state lasers with a quad emission filter and
images captured every 500ms on an iXon+897 EMCCD camera (Andor, Belfast, UK).

Imaging of PC12 cells expressing SNAP-DOR and YFP-DBD was performed on

the same microscope system with a 60x-1.49 Apo-TIRF objective (Nikon Instruments,
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Melville, NY). Cells were labeled with 500nM SNAP-647 surface for 5min at 37C prior to
TIRF imaging. Cells were again excited with 647-nm and 488-nm solid state lasers and
a quad emission filter , with images captured every 15sec on an iXon+897 EMCCD

camera (Andor, Belfast, UK).

Image quantification

Quantification of GCaMP6f or Fluo4 calcium imaging was conducted using a
custom Python script (Weinberg, 2020) that used numpy (Oliphant, 2006; Van Der Walt
et al., 2011), pandas (McKinney, 2010), matplotlib (Hunter, 2007), scikit-image (Van Der
Walt et al., 2014), Jupyter (Kluyver et al., 2016), and seaborn (Waskom et al., 2020), for
data manipulation and StarDist (Schmidt et al., 2018; Weigert et al., 2020), for cell
segmentation. Briefly, a StarDist segmentation model was trained on 25 hand-labeled
images of GCaMP6f-expressing PC12 cells with varying levels of activation. This model
was then used to segment all GCaMPG6f movies. Cells were tracked across frames
using centroids of detected objects in adjacent frames, allowing for gaps between
detections. All tracked cells that were not detected in at least half the frames of a movie
were discarded, as were cells whose mean GCaMP6f fluorescence was
indistinguishable from background. Fluorescence was normalized to the mean of the
first 100 frames of the movie, and drug response was taken as the max value detected

between frames 101 and 200.

YFP-DBD recruitment to PM DOR or intracellular DOR was performed using
ImagedJ/Fiji (National Institutes of Health, Bethesda, MD) as previously described
(Schindelin et al., 2012; Crilly et al., 2021). Briefly, mean fluorescence of the YFP-DBD
channel was measured over time in the region of the cell defined by fluorescence in the
SNAP-DOR channel. Change in mean fluorescence intensity is expressed as the fold

change in mean fluorescence over baseline mean fluorescence before drug addition.

Statistics and data analysis
Data were plotted and statistically analyzed using GraphPad Prism 9 software. A
p value of <0.05 was considered significant. Exact p values, statistical tests used, and
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sample sizes are provided in the figure legends. Figures were assembled in Adobe
lllustrator version 26.0.1.
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Figure 4.S1. DOR-dependent calcium response is positively correlated with DOR

expression.
(A) Scatterplot of max GCaMPG6f fluorescence increase after 100nM SNC80 addition and

corresponding mean DOR fluorescence as a measure of DOR expression (n=49 cells,
points represent individual cells). Linear regression analysis indicated a significant
correlation between max GCaMP6f fluorescence increase and DOR expression
(R2=0.2808, p<0.0001). (B) Scatterplot of max GCaMP6f fluorescence increase after
100nM SNC80 addition and corresponding mean GCaMP6f baseline fluorescence as a
measure of GCaMP6f expression (n=49 cells, points represent individual cells). Linear
regression analysis indicated no significant correlation between max GCaMPG6f
fluorescence increase and GCaMP6f expression (R?=0.03768, p=0.1814).
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Figure 4.S2. DOR expression levels are similar across treatment conditions.

(A-B) Mean DOR fluorescence levels were similar across treatment conditions presented
in Figs. 2C,3B (A: SNC80, Ctrl n=20 cells, PTX n=13, YM n=14; B: Ctrl n=29; U73122
n=12; U73343 n=10; thapsigargin n=26; 2-APB n=11; box represents 25" to 75
percentiles, whiskers represent min to max, points represent individual cells).
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Figure 4.S3. DOR expression levels are similar in cells with and without Golgi

receptor.
(A-B) Mean DOR fluorescence levels were similar across treatment conditions presented

in Fig. 4C-D (A: -Golgi receptor, SNC80 n=22 cells, ICI+SNC80 n=14, ICl n=17; +Golgi
receptor, SNC80 n=16, ICI+SNC80 n=18; B: -Golgi receptor: DPDPE n=9, ICI+DPDPE
n=11; +Golgi receptor: DPDPE n=9, ICI+DPDPE n=8; box represents 25" to 75"
percentiles, whiskers represent min to max, points represent individual cells).
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Figure 4.S4. DOR activation does not produce a detectable increase in Golgi DAG
levels.

(A) YFP-DBD (upper panel) in PC12 cells expressing SNAP-DOR (lower panel) imaged
by confocal microscopy to visualize changes in sensor recruitment to Golgi DOR (yellow
arrow) DOR agonist SNC80 (10uM) (scale bar=5um). Calibration bar indicates pixel
values in scaled image. (B) Change in YFP-DBD fluorescence in the region of the cell
defined by intracellular DOR normalized to the mean baseline fluorescence over time
after addition of SNC80 (solid line indicates mean, shading +/- 95% ClI). (C) Maximum
Golgi YFP-DBD fluorescence does not significantly increase compared to baseline
fluorescence within 60 seconds after SNC80 addition (one sample t-test compared to a
theoretical mean of 1, p=0.2840) (SNC80 n=10 cells; box represents 25" to 75"
percentiles, whiskers represent min to max, points represent individual cells).
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Chapter 5: Concluding Remarks and Future Directions

This work contributes to a growing body of research investigating subcellular
localization as an important variable influencing G protein-coupled receptor (GPCR)
signaling and function. Using the delta opioid receptor (DOR) as a clinically relevant
prototype GPCR, | have made novel discoveries regarding how GPCR subcellular
localization is regulated and how subcellular location influences GPCR activation and
signaling. The general principles by which DOR membrane trafficking and signaling
within the biosynthetic pathway are regulated could be shared with other GPCRs. DOR
specifically is a promising alternative target for the treatment of pain and depression
(Abdallah and Gendron, 2018; Dripps and Jutkiewicz, 2018). DOR localizes to both the
plasma membrane and the Golgi in neuronal cells, and its relocation from intracellular
compartments to the plasma membrane enhances the pain-relieving effects of DOR
agonists (Cahill et al., 2003; Pradhan et al., 2013; Shiwarski et al., 2017). Therefore,
these findings are also directly applicable to potential therapeutic strategies targeting
DOR.

| have shown that DOR localization to the Golgi requires conserved dual RXR
amino acid motifs which interact with coatomer protein | (COPI) retrograde trafficking
machinery (Shiwarski et al., 2019). From a cell biology perspective, these results
provide a satisfying explanation for the steady-state localization of DOR to a dynamic
organelle like the Golgi (Glick and Luini, 2011). From a translational perspective,
identification of this interaction provides a targetable molecular interaction for
therapeutic strategies to increase DOR localization to the plasma membrane. Additional
work is necessary to further characterize the DOR-COPI interaction. Small molecules
which disrupt this interaction could potentially increase DOR localization to the plasma
membrane. We have also explored a genetic approach of overexpressing the DOR C-
terminal tail to compete with DOR for binding to the cellular components responsible for
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Golgi retention, thus allowing DOR to traffic to the plasma membrane. A genetic
approach could provide greater specificity, both at the receptor and cellular level. This
specificity may be especially important given preliminary data showing that Golgi

localization of somatostatin receptor 5 may be regulated by similar mechanisms.

Using novel biosensors developed in the field within the past decade to detect
specific GPCR conformations with high spatiotemporal resolution, | have shown that
subcellular location drives distinct engagement of active conformation biosensors (Crilly
et al., 2021). These findings suggest the exciting possibility that these biosensors detect
distinct receptor conformations and that subcellular location influences GPCR
conformational landscapes. There has been a tremendous amount of interest in
developing GPCR ligands which bias receptors toward specific conformations and
associated effector interactions and signaling (Luttrell et al., 2015). A possible spatial
component of bias adds important context to development of new biased ligands which
may act on GPCRs in multiple subcellular locations. Future experiments should
specifically address whether these biosensors recognize distinct DOR conformations
and how compartment-specific properties may drive these changes to receptor
dynamics. Regardless, this work highlights the power of these biosensor tools to
uncover new GPCR biology.

| have also shown that DOR in different subcellular locations differentially
regulates second messenger signaling molecules, emphasizing the impact of
subcellular localization on signaling. Specifically, DOR in both the plasma membrane
and Golgi inhibits cAMP production (Crilly et al., 2021), whereas modulation of calcium
release from intracellular stores is specific to DOR signaling at the plasma membrane
(Chapter 4). These data reveal how DOR subcellular localization alters the net signaling
response at a cellular level. The mechanisms underlying DOR subcellular signaling
specificity remain unclear. Future work should specifically test DOR coupling to G
proteins in different subcellular locations. | have also performed preliminary experiments
exploring how gene expression differs following DOR activation in the plasma
membrane versus the Golgi. Among other GPCRs, differences in gene expression are a
major downstream consequence of GPCR signaling from different locations (Jong et al.,
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2009; Tsvetanova and von Zastrow, 2014; Godbole et al., 2017; Jensen et al., 2017,
Gorvin et al., 2018). These data could also broadly inform how signaling profiles change
in response to DOR activation in different subcellular locations. Any differences in
signaling also contribute to the idea of spatial bias and are relevant to development of
new drugs which can act on GPCRs in multiple locations.

Rapid progress has been made in this field over the past decade. This progress
has informed novel approaches to target GPCRs for the treatment of disease and is
potentially paving the way for a new era of GPCR pharmacology. Proof-of-concept
experiments have shown that targeting mechanisms regulating DOR Golgi retention
increases DOR expression at the plasma membrane and enhances the antihyperalgesic
effects of DOR agonists (Shiwarski et al., 2017). These data suggest tuning GPCR
function by altering GPCR localization may be a viable therapeutic strategy.
Additionally, modified ligands which concentrate in endosomes have shown promise
targeting endosomally localized GPCRs to more effectively treat pain (Jensen,
Yarwood, Halls)(Jensen et al., 2017; Yarwood et al., 2017; Jimenez-Vargas et al.,
2020), and genetic approaches to specifically inhibit 31-adrenergic receptor signaling at
the Golgi may protect against cardiac hypertrophy (Nash et al., 2019). Together these
examples highlight the tremendous potential to apply a fundamental understanding of
the links between GPCR location and signaling, such as that described in this

dissertation, to design better therapeutics.
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