
Biosensors Monitor Ligand-Selective Effects
at Kappa Opioid Receptors

Lucie Oberhauser and Miriam Stoeber

Contents
1 Introduction: Ligand-Selective Effects at the Kappa Opioid Receptor
2 Nanobodies and Mini-G Proteins Act as Conformation-Specific KOR Binders

2.1 Active State Binding Nanobodies Nb39 and Nb33
2.2 Inactive State Binding Nanobody Nb6
2.3 Active State Binding Mini-G Protein Mini-Gsi

3 Biosensors Robustly and Rapidly Report on KOR Activation and Deactivation
4 Biosensors Reveal Ligand-Selective Effects at KOR

4.1 Ligand-Selective Recruitment of Distinct Biosensors to KOR
4.2 Agonist-Selective Activation of KOR at Distinct Cellular Locations

5 Conclusions and Outlook
References

Abstract

The kappa opioid receptor (KOR) has emerged as a promising therapeutic target
for pain and itch treatment. There is growing interest in biased agonists that
preferentially activate select signaling pathways downstream of KOR activation
on the cellular level due to their therapeutic promise in retaining the analgesic and
antipruritic effects and eliminating the sedative and dysphoric effects of KOR
signaling on the physiological level. The concept of ligand-selective signaling
includes that biased ligands promote KOR to selectively recruit one transducer or
regulator protein over another, introducing bias into the signaling cascade at the
very receptor-proximal level. Measuring agonist effects directly at the receptor
has remained challenging and previous studies have focused on inferring agonist-
selective KOR engagement with G protein relative to β-arrestin based on
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downstream signaling readouts. Here we discuss novel strategies to directly
assess ligand-selective effects on receptor activation using KOR-interacting
biosensors. The conformation-specific cytoplasmic biosensors are disconnected
from the endogenous signaling machinery and provide a direct receptor-proxy
readout of ligand effects in living cells. Receptor–biosensor interaction is ligand
concentration dependent and can be used to determine relative ligand potency and
efficacy. In addition, the biosensors reveal the existence of two dimensions of
agonist bias in the cellular context: Firstly, agonists can selectively produce
discrete protein-engaged KOR states and secondly, agonists can differ in the
precise subcellular location at which they activate KOR.We discuss the value and
the limitations of using orthogonal receptor-interacting biosensors in the quest to
understand functional selectivity amongst KOR agonists in the cellular context.
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1 Introduction: Ligand-Selective Effects at the Kappa Opioid
Receptor

Agonists of the KOR comprise various endogenous and exogenous peptide and
non-peptide ligands with diverse chemical scaffolds. The binding of agonists
induces conformational changes in the receptor that allow binding of active state
KOR to transducer and regulatory proteins on the cytosolic side, such as G proteins,
GPCR kinases (GRKs), and β-arrestins (Bruchas and Chavkin 2010). Their coupling
to KOR elicits transmembrane signal transduction. As a classical member of the
GPCR family, KOR signals through allostery, which implies that signal transduction
involves a reciprocal, cooperative coupling between the orthosteric agonist-binding
site and the intracellular transducer-binding site. Orthosteric ligands can differ
considerably in their potency and their efficacy to shift the equilibrium from inactive
receptor to active receptor states and produce receptor–transducer coupling. It is also
increasingly clear that chemically distinct agonists can introduce allosteric bias
into the signaling cascade by promoting KOR to couple to specific downstream
pathways (Dunn et al. 2018; Mores et al. 2019; Zhou et al. 2013). The ability of an
agonist to activate a signal transduction pathway in vitro is a major determinant of its
pharmacological activity and is important for predicting its effects (Smith et al.
2018). Current pharmacological approaches to determine the potency and efficacy of
GPCR agonists are based on the measurement of G protein signaling, which can be
sampled at multiple levels, e.g. at the level of GTP exchange (GTPγS), at the level of
second messenger production (e.g. cAMP), or at the level of gene transcription
(Mores et al. 2019). The functional assays of G protein coupling are based on an
enzymatic process (nucleotide exchange) and involve different steps of signal
amplification, rather than directly measuring protein–protein interaction at the
receptor-proxy level. In parallel, pharmacological studies have determined the
potency and efficacy of KOR agonists to drive KOR coupling to β-arrestin, another
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cellular transducer and regulatory protein. Arrestin coupling has been assayed by
measuring β-arrestin recruitment to KOR tagged with reporter proteins, e.g. using
bioluminescence resonance energy transfer (BRET), enzyme fragment complemen-
tation, or reporter gene expression readouts (Ho et al. 2018). While the assays are
based on direct interaction between KOR and β-arrestin, it is now clear that
β-arrestin recruitment to GPCRs involves multiple biochemical steps. In particular,
full interaction with β-arrestin requires KOR to be phosphorylated by GPCR kinases
(GRKs) in the cytoplasmic tail (Chen et al. 2016). Therefore, β-arrestin recruitment
measured in such assays reflects a process that is more complex than allosteric
coupling by the receptor (Eichel et al. 2018; Nuber et al. 2016). Due to the
complexity in G protein- and β-arrestin-based readouts, it remains challenging to
reliably determine the degree to which chemically distinct agonists can induce
allosteric bias (Conibear and Kelly 2019; Gillis et al. 2020a; Kenakin 2019). An
alternative approach to measuring agonist effects at the KOR has recently emerged,
which relies on the use of conformation-specific biosensors. Recruitment of
biosensors to KOR can serve as direct, unamplified readout for the relative efficacy
and potency of distinct agonists. Furthermore, the differential recruitment of differ-
ent biosensor probes in response to agonists provides new insight into allosteric bias
at the receptor-proximal level. In this chapter, we describe the development and the
characteristics of nanobody- and mini-G protein-based biosensors, discuss their
value in determining ligand effects and ligand bias, and highlight the novel insights
into agonist-selective effects at the KOR in living cells.

2 Nanobodies and Mini-G Proteins Act
as Conformation-Specific KOR Binders

2.1 Active State Binding Nanobodies Nb39 and Nb33

Current biosensors for the KOR represent repurposed tools that originated from
structural and biophysical studies into GPCR function. Over the past decade,
tremendous progress in the field of GPCR structural biology has led to the determi-
nation of many high-resolution structures of inactive and active state GPCRs by
X-ray crystallography or by cryoelectron microscopy (cryo-EM) techniques that
reveal the molecular details and dynamics of GPCR signal transduction (Hilger
et al. 2018; Mahoney and Sunahara 2016; Nygaard et al. 2013). Since GPCRs,
even when bound by ligands, are highly dynamic and sample a continuum of
conformational ensembles, researchers developed different tools to stabilize
GPCRs in specific conformations. In particular nanobodies, recombinant camelid
single-domain antibodies, have been instrumental in obtaining the active state
structures of several GPCRs, including the KOR and the mu opioid receptor
(MOR) (Che et al. 2018; Huang et al. 2015; Rasmussen et al. 2011a). The
nanobodies bind to agonist-bound GPCRs on the cytosolic face and act as G protein
mimetics, which means that the nanobodies recapitulate GPCR allostery by increas-
ing the affinity of the agonist at the receptor, similar to G proteins. Pharmacological,
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spectroscopic, and structural studies show that conformation-selective nanobodies
can stabilize active GPCRs in a confirmation that is strikingly similar to the G
protein-coupled state, making them structural surrogates of cellular signaling
partners. Nanobodies have unique properties that make them particularly well-suited
for GPCR applications. They are stable and small (15 kDa), have a compact shape
and three complementarity-determining regions (CDR) that can access small cavities
which are inaccessible to conventional antibodies, and often bind conformational
epitopes composed of discontinuous amino acid segments in the native protein target
(Heukers et al. 2019; Manglik et al. 2017).

The currently available active state-selective nanobodies of KOR were generated
by the Steyaert and Kobilka groups in an effort to generate G protein mimetics,
originally for the MOR (Huang et al. 2015). For this purpose, lamas were immunized
with purified agonist (DALDA)-bound MOR reconstituted into lipid vesicles. Lamas
naturally produce heavy chain-only antibodies, which contain variable VHH
domains that harbor the full antigen-binding capacity of the antibody and can be
cloned and expressed as stable single-domain proteins, resulting in the so-called
nanobodies. After immunization, the entire repertoire of variable VHH genes can be
cloned and subjected to phage display to select for nanobodies of desired function
(Pardon et al. 2014). For the MOR, a family of nanobodies, including Nb39 and
Nb33 (Fig. 1a), was identified that binds MOR in an agonist-dependent manner at
the intracellular surface and dramatically enhances the affinity of several peptide and
non-peptide ligands at MOR (Huang et al. 2015). Subsequently, the crystal structure
of active MOR bound to the agonist BU72 and Nb39 was solved, which indeed
shows striking similarity to the structure of active MOR in complex with the agonist
DAMGO and Gi (Koehl et al. 2018). The Nb39–MOR interface involves residues
from ICL2, ICL3 and helix 8 of the MOR, all of which are conserved across the three
canonical opioid receptors MOR, delta opioid receptor (DOR), and KOR. This
motivated the Roth group to utilize Nb39 as crystallization chaperone for active
state KOR (Che et al. 2018). Indeed, Nb39 also binds to active KOR in an agonist-
and efficacy-dependent manner as shown by BRET between tagged nanobody and
receptor proteins. Nb39 increases agonist affinity at KOR and attenuates the agonist
dissociation rate. The crystal structure of active KOR bound to the agonist MP1104
and Nb39 was solved (Fig. 1d). The conformational rearrangements at the intracel-
lular site of active KOR are stabilized by the KOR–Nb39 interactions and just like
for MOR, Nb39 binds to a receptor cavity that overlaps with the Gi interaction
surface (Che et al. 2018). Consistent with this notion, Gαi1 was found to inhibit the
KOR–Nb39 interaction in a dose-dependent manner. Nb33 is another member of the
originally detected nanobody family that binds to active state MOR in vitro. Nb33
differs from Nb39 in two amino acids located within CDR1 and CDR2 (Fig. 1a),
while all six key residues in the nanobody that engage with active MOR and KOR
are conserved. Nb33 has not been as extensively characterized as Nb39 in vitro.
However, the sequence homology suggests that Nb33 bears highly similar biochem-
ical and structural features.

Motivated by the fact that nanobodies can be functionally expressed in the
cytoplasm of eukaryotic cells and building on the previous success of using an
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active state stabilizing nanobody of the β2-adrenergic receptor (β2AR) as sensor for
receptor activation in intact cells (Irannejad et al. 2013), we and others have
repurposed positive-allosteric Nb39 and Nb33 from crystallization chaperones into
biosensors for KOR activation (Che et al. 2018; Stoeber et al. 2018). Of note, Nb39
and Nb33 can also act as biosensors for active state MOR and DOR (Stoeber et al.
2018).

Fig. 1 Nanobodies and mini-G proteins act as conformation-specific KOR binders. (a) Sequence
alignment of active state-specific nanobodies Nb39 and Nb33. Two amino acids highlighted in red
differ between Nb39 and Nb33. The three CDRs of the nanobodies are highlighted and the blue
arrows indicate key residues that mediate interactions with active state MOR and KOR (Che et al.
2018; Huang et al. 2015). (b) Sequence of inactive state-specific nanobody Nb6 with highlighted
CDRs. Arrows point to key residues that interact with inactive state KOR. (c) Crystal structure of
inactive state KOR (dark blue), bound to antagonist JDTic (gray) and Nb6 (orange), PDB: 6VI4. (d)
Crystal structure of active state KOR (blue), bound to agonist MP1104 (yellow) and Nb39 (red),
PDB: 6B73. (e) Crystal structure of active state A2AR (gray), bound to agonist NECA (yellow) and
mini-Gs (dark red). PDB: 5G53. The C-terminal region, which differs between the mini-Gs and
mini-Gsi probe, is highlighted in orange
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2.2 Inactive State Binding Nanobody Nb6

To generate KOR-specific nanobodies, the Roth group immunized llamas with
purified agonist salvinorin A (SalA)-bound KOR and screened the nanobody library
by phage display for KOR binders (Che et al. 2018). Selected nanobodies were
further tested for agonist- or antagonist-dependency in their binding to KOR, which
resulted in the discovery of Nb6, an inactive state-selective KOR nanobody (Fig. 1b,
c). Nb6 binds to unliganded and antagonist-bound KOR and dissociates from the
receptor upon activation by agonist. Radioligand binding and ligand dissociation
studies showed that the presence of Nb6 attenuates agonist affinity and accelerates
agonist dissociation, revealing the negative allosteric effect of Nb6 (Che et al. 2020).
The crystal structure of inactive KOR bound to antagonist JDTic and Nb6 (Fig. 1c),
which is overall strikingly similar to JDTic-only inactive KOR (Wu et al. 2012),
revealed that Nb6 binds to KOR at an interface that is distinct from previously
reported intracellular nanobody–GPCR interfaces, including the active state
Nb39–KOR interface. Interestingly, the CDR3 loop of Nb6 inserts into a cavity
between TM5 and TM6 of the KOR, which is different from the intracellular core
region that mediates G protein interaction. The anchoring of TM5 and TM6 may
prevent TM6 from moving outwards, thereby suppressing a hallmark event in the
transition from an inactive to an active receptor conformation. The key residues of
the KOR–Nb6 interface are conserved across the canonical opioid receptor family as
well as the nociceptin/orphanin FQ peptide receptor. Accordingly, Nb6 binds all
inactive state opioid receptors (Che et al. 2020). Since Nb6 and Nb39/Nb33 interact
with discrete KOR conformations, Nb6 can serve as a complementary conformation-
selective biosensor for the KOR.

2.3 Active State Binding Mini-G Protein Mini-Gsi

Another active state-selective KOR biosensor, which is unrelated to nanobodies in
sequence and structure, is based on a minimal G protein (mini-G). The mini-G
proteins represent an engineered domain of the G protein α-subunit that mimics
heterotrimeric G proteins in inducing pharmacological and structural changes in
GPCRs. They have been developed by the Tate group in order to facilitate structure
determination of active conformations of GPCRs, similar to the nanobody-based
approach (Carpenter and Tate 2016). The crystal structures of the β2AR bound to
heterotrimeric Gs revealed that direct contacts between the G protein and the
receptor are almost entirely mediated by the Ras-like GTPase domain of Gαs
(Rasmussen et al. 2011b). Therefore, the domain was used as a basis to identify a
minimum component of the Gαs subunit that could function as an effective mimetic
of the heterotrimeric G protein, while being uncoupled from the βγ subunits (Gβγ), a
lipid tether, and receptor binding-driven nucleotide exchange. The first engineered
mini-G construct, mini-Gs (22 kDa), was shown to allosterically increase the
agonist-binding affinity of Gs-coupled GPCRs to levels comparable to those elicited
by heterotrimeric Gs. Furthermore, the crystal structure of the adenosine A2A

L. Oberhauser and M. Stoeber



receptor in complex with mini-Gs (Fig. 1e) revealed that the mini-G protein indeed
recapitulated the native GPCR–G protein interface (Carpenter et al. 2016). Based on
the design of mini-Gs, mini-G proteins for all major Gα families (Gαs, Gαi, Gαq,
and Gα12) were developed and shown to retain the appropriate GPCR coupling
specificity (Nehmé et al. 2017). Developing a mini-G probe based on Gαi1 proved
challenging due to stability and coupling issues (Nehmé et al. 2017). However, a
successful strategy in developing a mini-Gi probe was to create a chimera wherein
specificity-determining residues at the distal C-terminus in mini-Gs were replaced
with the corresponding residues from Gαi1. The C-terminal residues form a major
determinant of G protein coupling specificity by folding into a helical structure (α5
helix) that occupies the agonist-activated GPCR core (Fig. 1e). The resulting mini-
Gsi probe indeed gained coupling to Gi-coupled receptors and lost coupling to
Gs-coupled receptors (Nehmé et al. 2017). In addition to their usefulness as
surrogates for heterotrimeric G proteins in structural studies, mini-G proteins are
currently used extensively as probes to report GPCR activation in living cells,
similar to nanobodies (Wan et al. 2018). The mini-Gsi probe has proven to be a
robust biosensor for KOR activation (Stoeber et al. 2020). Of note, it can bind to
various active state Gi-coupled receptors, while Nb33, Nb39 and Nb6 couple
selectively to members of the opioid receptor family.

3 Biosensors Robustly and Rapidly Report on KOR Activation
and Deactivation

Measuring the dynamics of ligand-dependent GPCR signaling in living cells is
essential for understanding how information is processed and transmitted in the
complex cellular environment. In order to study GPCR signal transduction, different
biosensors have been developed to monitor ligand binding and ligand-induced
conformational changes in GPCRs, G proteins, and β-arrestins (Abreu and Levitz
2020; Haider et al. 2019). The usefulness of a biosensor relies on the recognition of
the target under study and the subsequent conversion of recognition into a measur-
able signal. In addition, desired characteristics of a biosensor include specificity,
reversibility, and the ability to report on GPCR signaling without interfering with
it. The ability of Nb39, Nb33, Nb6, and mini-Gsi to act as optical biosensors for
KOR activation in intact cells with high specificity, sensitivity, and high temporal
and spatial resolution has recently been demonstrated (Che et al. 2020; Stoeber et al.
2020). As a straightforward approach, the different nanobodies and mini-G proteins
have been fused with fluorescent proteins and ligand-dependent recruitment to
fluorescently-labelled KOR has been determined by fluorescence microscopy. Alter-
natively, BRET measurements were performed in order to monitor close proximity
(<10 nm) between the biosensor and KOR. Both assays rely on ligand-dependent
biosensor relocalization from the cytosol (unbound) to the membrane (receptor-
bound).

Real-time KOR activation and deactivation using Nb39 and Nb6 as biosensors in
living cells was first assessed by Che and colleagues (Che et al. 2018, 2020).
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Ligand-dependent recruitment of the biosensors to KOR was detected using BRET
in HEK293 cells co-expressing KOR C-terminally fused to Renilla Luciferase
(RLuc, donor) and Nb39 or Nb6 fused to yellow fluorescent protein (YFP, acceptor).
Adding the agonist SalA to cells drove recruitment of Nb39 to active KOR, which
was detectable as a pronounced increase in the BRET signal due to close proximity
of Rluc and YFP. The signal increase occurred within seconds of agonist addition.
Subsequent addition of the antagonist JDTic could rapidly reverse the BRET signal
back to baseline, indicative of Nb39 dissociation from inactive KOR. Conversely,
adding SalA to cells expressing Nb6-YFP and KOR-Rluc drove dissociation of Nb6
from the receptor, detectable as a strong decrease in the BRET signal. This effect was
reversed upon adding the antagonist JDTic reflecting the reassociation of Nb6 with
the inactive receptor. The experiments established the usefulness of active state-
selective Nb39 and inactive state-selective Nb6 as ligand-dependent and reversible
conformational biosensors in living cells. The BRET assay, set up in a 96-well
format and based on luminescence- and fluorescence-measurements, further
provided an approach to determine ligand concentration-response curves and detect
differences in ligand potency and efficacy at the cell population-level. Importantly,
the ligand effects on KOR determined by nanobody recruitment corresponded to the
known pharmacology of full and partial KOR ligands previously established by
classical G protein signaling measurements.

In a parallel approach, we described a total internal reflection fluorescence (TIRF)
microscopy-based assay to determine KOR activation and deactivation using Nb33
and mini-Gsi (Stoeber et al. 2020). In TIRF microscopy, the laser illuminates the
sample above a critical angle that results in total reflection of the laser beam at the
glass-specimen interface, which creates an evanescent excitation field. The evanes-
cent field decays exponentially from the interface and penetrates into the sample
medium only to a depth of approximately 100 nm. Thus, TIRF microscopy enables
to selectively visualize fluorophores at the plasma membrane and the cytoplasmic
zone immediately beneath it (Fig. 2a). We used this approach to follow the ligand-
induced relocalization of biosensors from the cytosol to KOR in the plasma mem-
brane in transfected HEK293 cells. To simultaneously image biosensors and
receptors in living cells, we fused the biosensors with fluorescent proteins and
labelled FLAG-tagged KOR in the cell surface with a fluorescent monoclonal
antibody. Binding of mini-Gsi and Nb33 to KOR was monitored upon adding
agonists, such as Dynorphin A (DynA), by bath application or perfusion and
dissociation measured upon adding the competitive antagonist 5’GNTI in excess.
Quantification of the fluorescence intensity throughout time lapse movies acquired at
5 s intervals provided real-time biosensor association traces that showed robust,
rapid, and reversible recruitment of Nb33 and mini-Gsi to KOR in response to the
full agonists DynA, U50,488, and U69,593. KOR surface levels did not significantly
change during the 5–6 min movies, showing that biosensor recruitment could be
reliably measured without possible complications of later KOR trafficking (Fig. 2b).
Confirming the biosensor specificity, the mini-Gs probe, differing in only nine
residues at the distal C-terminus from mini-Gsi, was not recruited in response to
KOR activation. The TIRF setup also allowed recording single cell

L. Oberhauser and M. Stoeber



concentration-response curves by following biosensor intensity while increasing
agonist concentration in a stepwise manner (Fig. 2c, d). Each dose response was
internally normalized to the maximal biosensor intensity measured after adding the
reference agonist DynA in excess at the end of each time series. Both Nb33 and
mini-Gsi were robustly recruited to KOR in a concentration-dependent manner by
chemically diverse full agonists (Stoeber et al. 2020).

Taken together, several KOR-interacting proteins, known to recognize different
structural features of the receptor without requiring or engaging other known cellular
proteins, can be used as rapid and robust biosensors for KOR activation in living
cells. The current assays are based on receptor-proximal biosensor recruitment and
present a linear system well-suited to detect differences in relative agonist efficiency
and potency.

Fig. 2 Biosensors directly detect KOR activation and ligand pharmacology in living cells. (a)
TIRF assay for measuring biosensor (Nb39, Nb33, or mini-Gsi) recruitment to KOR in the plasma
membrane. Biosensor fused to a fluorescent protein (FP, red) re-localizes from the cytosol to active
state KOR (blue) in the plasma membrane upon agonist addition. The total internal reflection
fluorescence (TIRF) microscopy light beam is indicated. (b) Schematic of the fluorescence changes
of an active state-specific biosensor (red) and of KOR (blue) detected in the TIRF assay. Agonist
and antagonist additions are depicted. (c) Schematic of the stepwise increase in biosensor fluores-
cence intensity during concentration response measurements of single cells using TIRF. The
maximum signal of a given ligand is normalized to the intensity generated by an internal reference
ligand, which is applied in excess at the beginning (and then washed out) or end of the time series.
(d) Concentration-dependent recruitment of biosensors to KOR measured by TIRF reveals ligand
differences in efficacy and potency
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4 Biosensors Reveal Ligand-Selective Effects at KOR

4.1 Ligand-Selective Recruitment of Distinct Biosensors to KOR

Ligand selectivity or ligand bias is the process whereby chemically distinct agonists
can produce different receptor-based effects and represents a well-established phar-
macological concept. It is based on the hypothesis that different agonists can drive
GPCRs to recruit different cytoplasmic proteins in living cells, introducing allosteric
bias into the signaling system at the very receptor-proximal level. To date, most
studies on functional selectivity have focused on classifying ligands based on their
ability to drive G protein relative to β-arrestin-based pathways and the indirect
downstream readouts have required subsequent calculation of bias by operational
analysis. We tested whether the GPCR-interacting biosensors could offer a more
simple and direct approach for assessing ligand-selective protein recruitment to
receptors. While the active state biosensors of KOR have been engineered with the
goal to sense and stabilize activation-associated conformational changes in the
receptor, it is clear that nanobodies and mini-G proteins present distinct protein
folds and that each probe recognizes different structural features of the activated
receptor (Fig. 1). Therefore, we reasoned that nanobody-bound KOR and mini-Gsi-
bound KOR may represent discrete protein-engaged receptor states that might be
selectively produced by diverse agonists (Stoeber et al. 2020). Using mini-Gsi and
Nb33 comparatively as KOR-interacting probes, we first noticed that the
concentration-response curve for mini-Gsi relative to Nb33 recruitment was consis-
tently left-shifted for all agonists (Fig. 3a, b). The potency shift indicates a difference
in allosteric communication of the distinct ligand–KOR–biosensor complexes and
further highlights that mini-Gsi and Nb33 interactions with active KOR are not
identical. Of note, a similar left shift for mini-Gsi relative to Nb33 was also detected
for various agonists at MOR, as determined in BRET and TIRF assays (Gillis et al.
2020b; Stoeber et al. 2020).

We subsequently investigated the effect of the alkaloid agonist etorphine on mini-
Gsi and Nb33 recruitment by KOR. Etorphine is an opiate alkaloid drug that
efficaciously promotes G protein signaling but drives β-arrestin-mediated KOR
internalization poorly and is therefore classified as a G protein-biased agonist by
operational criteria (DiMattio et al. 2015; Jordan et al. 2000). In the TIRF-based
biosensor recruitment assay, etorphine behaved as a potent but partial agonist for
mini-Gsi recruitment, and remarkably, etorphine drove no recruitment of Nb33 even
at very high concentrations (Fig. 3c, d). The differential biosensor recruitment
indicates that mini-Gsi and Nb33 probes can distinguish receptor-proximal agonist
effects in intact cells. In other words, the results provided direct experimental
evidence that ligands can impose selectivity on protein recruitment by GPCRs.
Differential recruitment of mini-Gsi and Nb33 was not unique to etorphine at
KOR but was observed for a range of chemically diverse MOR agonists, including
morphine, PZM21, and mitragynine pseudoindoxyl (Gillis et al. 2020b; Stoeber
et al. 2020).
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While the different biosensors allow to directly measure receptor-proximal pro-
tein recruitment in living cells, they present engineered probes that do not directly
relate to receptor function. Moving beyond biosensors, we found that agonist-
selective protein recruitment to KOR also applies to the physiological relevant
GPCR-interacting kinase GRK2. GRK2 drives ligand-dependent KOR phosphory-
lation in the cytoplasmic tail and it is clear that KOR agonists differ in their ability to
stimulate receptor phosphorylation (Chen et al. 2016; Chiu et al. 2017). Using an
adapted TIRF protocol that allows to differentiate plasma membrane recruitment
from receptor recruitment, we detected that etorphine did not promote GRK2
recruitment to KOR, which was in striking contrast to DynA that strongly drove
GRK2–KOR engagement (Stoeber et al. 2020). Ligand-selective GRK2 binding
may explain why KOR exhibits agonists-selective phosphorylation and subsequent
receptor internalization (Chu et al. 1997; Li et al. 2003). It also suggests that the
Nb33 probe can report allosteric effects relevant to GRK engagement.

The findings that conformational biosensors, such as mini-Gsi and Nb33, can be
differentially recruited to KOR render them particularly interesting as straightfor-
ward tools to probe for ligand bias at KOR. The differential recruitment provides
evidence for the hypothesis that agonist bias can manifest in discrete receptor-
proximal molecular selection events in the cell. To date, the underlying biophysical
differences between the Nb33- and miniG-engaged KOR states remain unresolved.
It is possible that the distinct complexes present unique active receptor
conformations that are selectively stabilized by agonists. It is also possible that
even more diversity in ligand-activated receptor states exists that is not detected by
the currently available biosensor probes. Measuring mini-Gsi and Nb33 recruitment
comparatively for a larger panel of KOR agonists with diverse pharmacological
profiles will deepen our understanding of both agonist bias and the newly available
tools to directly assess it.

4.2 Agonist-Selective Activation of KOR at Distinct Cellular
Locations

In the past decade, it has become increasingly clear that in addition to receptors at the
cell surface, GPCRs in intracellular organelles, such as endosomes, the Golgi
apparatus, or the nuclear envelope, can be ligand-activated and mediate physiologi-
cally important signaling (Eichel and von Zastrow 2018; Jong et al. 2018). It was
also uncovered that ligands differ strikingly in their ability to access GPCRs at
different locations in the cell. For example, in order to activate internal β1-adrenergic

Fig. 3 (continued) etorphine (ET). (c) mini-Gsi and Nb33 intensity during TIRF microscopy time-
lapse series as in (a), adding increasing concentrations of ET (1 nM–10 μM), followed by reference
compound DynA (10 μM). (d) Concentration-dependent recruitment of mGsi and Nb33 probes to
KOR upon ET addition. All data as in Stoeber et al. (2020), published under Creative Commons
Attribution Licence CC-BY 4.0
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receptors, agonists must be able to pass membranes either by diffusion or by the help
of membrane-embedded transporters (Irannejad et al. 2017). Accumulating evidence
shows that the location of GPCR signaling can affect both the specificity and the
timing of downstream events, demonstrating that cellular location bias in ligand
action represents an important new dimension of ligand selectivity (Godbole et al.
2017; Nash et al. 2019; Stoeber et al. 2018; Tsvetanova and von Zastrow 2014).

The use of novel conformation-specific GPCR binders as biosensors in living
cells has been instrumental in advancing our understanding of the subcellular
organization of GPCR signaling. Recently, we have delineated the spatiotemporal
pattern of MOR and DOR activation in living neurons using Nb33 as a biosensor
(Fig. 4) (Stoeber et al. 2018). Opioid receptor ligands comprise structurally diverse
peptide and non-peptide agonists that differ substantially in their physicochemical
properties, which affect membrane permeability. Focusing first on peptide agonists,
we found that the endogenous neuropeptides met-enkephalin and β-endorphin drive
two spatially and temporally resolved “waves” of MOR and DOR activation, first in
the plasma membrane and then in endosomes following agonist-induced internali-
zation of ORs. Extending our studies to clinically relevant opioid drugs, we then
found that non-peptide opioid ligands, such as the prototypic alkaloid morphine,
drive a discrete and additional wave of MOR and DOR activation in the Golgi
apparatus. Golgi-localized OR activation does not require receptor trafficking and is
specific to opioid drugs relative to opioid neuropeptides, since drugs can access this
internal location due to their ability to diffuse freely across membranes (Fig. 4).
Together with studies on other GPCRs, the findings provide a novel cellular frame-
work for understanding how drugs may exert their specific effects (or side-effects)
on the cellular level. First inroads into probing the functional significance of internal
OR activation show that endosomal ORs contribute a sustained component of
adenylyl cyclase inhibition and a subset of ERK and PKC signals on the cellular
level and sustained inhibitory actions in sensory neurons on the physiological level
(Jimenez-Vargas et al. 2020; Stoeber et al. 2018). The physiological importance of
Golgi-localized OR signaling remains to be determined.

Like for the other GPCRs, KOR activation and signaling has generally been
assumed to be restricted to the plasma membrane. However, first evidence that KOR
ligands strikingly differ in the subcellular location at which they produce receptor
activation comes from a recent study that used the biosensor Nb39. Che et al.
followed KOR activation in real-time by confocal microscopy and detected a
striking difference between the endogenous peptide ligand DynA and the
non-peptide hallucinogen SalA (Che et al. 2020). Within seconds, SalA activated
the Golgi-localized pool of KOR as detected by recruitment of Nb39 to an internal
organelle containing KOR and co-labelling with the Golgi marker GalT. In contrast,
DynA drove KOR activation only in the plasma membrane. It is likely that the
difference in cellular activation patterns lies in the differential access of ligands to
Golgi-localized receptors. SalA may freely diffuse across the membrane, while the
peptide DynA penetrates membranes inefficiently. Given the large and increasing
number of chemically diverse peptide and non-peptide ligands for KOR, it will be
exciting to probe ligand-specific subcellular patterns of KOR activation more
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broadly and study the contribution of location-specific activation to the physiologi-
cal effects of drugs. The KOR-binding nanobodies provide ideal and validated tools
for gaining insights into the spatiotemporal organization of KOR signaling and
ligand selectivity at the cellular level.

5 Conclusions and Outlook

It is increasingly clear that GPCRs can relay significantly more information about the
local chemical environment than the mere binding of an agonist. GPCRs can convey
what agonist is binding more specifically by triggering agonist-selective cellular
responses. How agonist-selective effects are encoded and transmitted by GPCRs has
been studied on many levels and remains an area of intense investigation (Smith
et al. 2018). The allosteric complex of ligand, receptor, and transducer mediates
communication across the cellular membrane and defines the downstream signaling
response. High resolution structural and biophysical studies reveal that distinct
agonists can impose bias on the conformational landscape of individual receptors
and suggest that unique receptor conformations can couple to distinct cytosolic
transducers, leading to a biased cellular response (Weis and Kobilka 2018). The
development of orthogonal conformation-specific GPCR binders, including here
described nanobodies and mini-G probes for KOR, has opened up new approaches
to directly test the hypothesis of ligand-dependent “allosteric processing” at GPCRs.

As G protein mimetics, biosensors can serve as tools in pharmacological assays
that measure ligand potency and efficacy. Some advantages over classical G protein
assays exist, which include the linear assay system, the receptor-proxy readout, the
lack of ceiling effect if sensors are in excess, and their usefulness in in vitro and

Fig. 4 Location bias of ligand effects: OR activation occurs at distinct subcellular membrane
compartments. Peptide ligands (orange circles) first bind and activate ORs at the plasma membrane
and initiate a second wave of receptor activation in endosomes following receptor internalization. In
addition, membrane-permeant ligands (green-circles) can access receptors that localize inside the
cell at steady state and drive OR activation in the Golgi apparatus. Nanobodies allow detecting the
spatiotemporal activation profile of distinct agonists
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cellular assays. Moreover, the distinct protein probes differ in their interactions with
receptors and can reveal agonist-selective effects directly at the receptor. The
differential recruitment of mini-Gsi and Nb33 to KOR provides direct evidence
that different agonists stabilize receptors in distinct conformational ensembles that
can interact with selective proteins. Therefore, the probes are promising orthogonal
and straightforward screening tools in exploring diversity and selectivity between
KOR ligands. Kinetic differences in agonist action at GPCRs can be another
contributor to bias and future time-dependent analysis of biosensor recruitment to
KOR could provide additional insights into selectivity among agonists (Klein
Herenbrink et al. 2016; Livingston et al. 2018). As novel tools, it still remains to
be determined what the biophysical basis for the observed selectivity of protein
recruitment is and also, if and how the distinct allosteric complexes relate to receptor
function.

An emerging additional mechanism that differentiates agonists is the specific
cellular location at which they drive GPCR signaling. GPCRs have been recognized
for many years to be present at internal membrane locations as well as at the plasma
membrane; however, internal receptors have been considered a reserve pool (secre-
tory pathway) or a desensitized pool (endosomal pathway) with no contribution to
acute signaling. Assays with high spatiotemporal resolution have revealed that many
GPCRs are subject to ligand-dependent activation at internal membrane locations
and that ligands differ significantly in their ability to access intracellular GPCR
pools. Biosensors provide straightforward inroads into analyzing the ligand-
selective subcellular activation pattern of receptor activation. A future challenge is
to adapt the biosensor methodology to probe receptor activation in neurons with
endogenous receptor expression and to possibly turn the tools into real-time optical
sensors for in vivo applications.

Opioid receptors are clinically important targets that provide a striking example
for biased agonism. The finding that agonists with different pharmacological profiles
can cause different outcomes on the physiological level is the driving force behind
the quest to develop novel analgesics with a reduced side-effects profile. However,
understanding and quantifying bias in the cellular context remains challenging in
part due to the lack in direct comparative transducer-specific assays. The novel
orthogonal biosensors for opioid receptor activation can report on various aspects
of ligand-selective signaling and are likely to gain traction as valuable tools in
cellular pharmacology.
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