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Abstract

G protein-coupled receptors (GPCRs) form the largest class of membrane receptors in the
mammalian genome with nearly 800 human genes encoding for unique subtypes. Accordingly,
GPCR signaling is implicated in nearly all physiological processes. However, GPCRs have been
difficult to study due in part to the complexity of their function which can lead to a plethora

of converging or diverging downstream effects over different time and length scales. Classic
techniques such as pharmacological control, genetic knockout and biochemical assays often lack
the precision required to probe the functions of specific GPCR subtypes. Here we describe

the rapidly-growing set of optogenetic tools, ranging from methods for optical control of the
receptor itself to optical sensing and manipulation of downstream effectors. These tools permit
the quantitative measurements of GPCRs and their downstream signaling with high specificity and
spatiotemporal precision.

. Introduction

G protein-coupled receptors (GPCRS) serve as critical membrane receptors that mediate
many fundamental aspects of biological function, including sensory transduction,
neuromodulation, respiration, regulation of heart rate and control of blood pressure

(Pierce et al., 2002). GPCRs respond to a wide range of extracellular stimuli including
neurotransmitters, peptides, hormones, ions, or lipids to initiate complex intracellular
signaling pathways with precise spatial and temporal dynamics. The GPCR superfamily
forms the largest class of receptors with over 800 human genes encoding distinct subtypes,
and, accordingly, serves as the largest class of drug targets for the treatment of diseases
(Hauser et al., 2017). Despite a long-standing appreciation of the physiological importance
of GPCR signaling and recent breakthroughs at the structural level (Erlandson et al.,

2018; Venkatakrishnan et al., 2013), a relatively limited understanding of the functional
mechanisms of GPCRs at the cell biological and systems levels currently exists, in part due
to the challenge of directly manipulating and sensing receptors in physiological settings with
higher spatiotemporal precision than classical pharmacological or genetic approaches. This
challenge has motivated new, high resolution optical techniques, which are the topic of this
review.
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Following agonist binding, GPCRs undergo a series of conformational changes that allow
them to activate heterotrimeric G proteins which are comprised of Ga, Gp, and Gy proteins
(Fig. 1A). The active conformation of the receptor is recognized by the C-terminal helix

of Ga (Rasmussen et al., 2011b) (Flock et al., 2017; Liu et al., 2019), which subsequently
exchanges GDP for GTP to promote dissociation of the heterotrimer into a GTP-bound Ga
subunit and an active GBy complex. The liberated G proteins have a wide-ranging pallet

of target effectors, including membrane-embedded enzymes and ion channels, depending
on the G protein subtype that is engaged. In addition, G protein-mediated signals are
thought to be amplified over time due to the ability of one stimulated GPCR to activate
multiple heterotrimeric G proteins, as has been most clearly demonstrated for rhodopsin
which can activate thousands of G proteins per second (Ernst et al., 2007). Further non-
linearity of signaling can come from the generation of second messengers which can spread
with unique spatiotemporal parameters to relay the signal to different cellular locations.

G protein signaling is terminated following hydrolysis of the Ga-bound GTP, which can

be accelerated by regulator of G protein signaling (RGS) proteins, which leads to the
reassembly of the heterotrimeric G protein.

A given GPCR typically has a preferred Ga target, but in many cases can target multiple

G protein families (Flock et al., 2017). The four families of Ga. proteins include the G,
Gijo» Gg, and Gy/13 subtypes which all contain multiple members and produce distinct,
canonical responses (Fig. 1B). Generally, activated Gag proteins activate adenylyl cyclase to
generate cCAMP from ATP which can, in turn, lead to activation of protein kinase A (PKA).
PKA phosphorylates a wide range of proteins, including other GPCRs. On the other hand,
activated Gajo proteins inhibit adenylyl cyclase which leads to reduced levels of CAMP
and active PKA. Activated Gaq proteins activate phospholipase C-beta (PLC-R), which
produces inositol trisphosphate (IP3) and diacylglycerol (DAG) from phosphatidylinositol
4,5-bisphosphate (PIP,) and leads to the release of calcium from intracellular stores via

IP3 receptors of the endoplasmic reticulum. Elevations in intracellular calcium can lead to
complex oscillatory responses and target myriad other signaling proteins including kinases,
such as protein kinase C (PKC) and calcium-calmodulin dependent kinase Il (CaMKII),
and phosphatases, such as calcineurin (Grundmann and Kostenis, 2017). Ga.19/13, the

least frequently targeted family, activates Rho GTPases to regulate the actin cytoskeleton
which can control cell mobility. Meanwhile, the GBy complex has direct targets of its

own including, most prominently, the opening and closing of ion channels such as the G
protein-coupled inwardly-rectifying potassium (GIRK) channels and voltage-gated calcium
channels (VGCCs) (Khan et al., 2013). While no clear preference of different beta or gamma
subtypes for interaction with Ga subtypes has been observed, many Gp-y-driven processes
have been shown to be specific for G;;,-coupled receptors. The mechanism for GPCR
subtype-specificity of GB-y-driven signaling remains debated, but a recent study proposed
that Gj/o-coupled signaling has an intrinsically higher rate of G protein activation which
produces a greater local concentration of free G-y than other receptor subtypes (Touhara
and MacKinnon, 2018).

The aforementioned upstream signaling pathways and effector molecules only scratch the
surface of the complex cellular consequences of GPCR activation. Other direct targets
of G proteins likely exist and many downstream cellular responses have been observed
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without clear information on the intermediate signaling events that link the response to

the initial GPCR activation. For example, GPCR activation often leads to activation of

the MAPK/ERK pathway which produces long-lasting effects on the cell by modulating
gene transcription, cell proliferation and differentiation. Importantly, in addition to their
coupling to G proteins themselves, GPCRs can couple and signal through p-arrestins
(DeWire et al., 2007). Canonically, B-arrestins are recruited to the C-terminal tail of
activated GPCRs following phosphorylation by G protein-coupled receptor kinases (GRKS).
B-arrestin interaction with the GPCR sterically blocks interactions with G proteins while
also serving as an endocytic adaptor to promote the internalization of the receptor to
desensitize signaling (Rajagopal and Shenoy, 2018). Alternatively, following binding to

the ligand-bound receptor, B-arrestin can be allosterically activated and serve as a scaffold
to initiate various signaling pathways (Weis and Kobilka, 2018). In particular, p-arrestins
have been shown to initiate the MAPK/ERK pathway, independent of G proteins, either
indirectly via activation of Src or through the formation of a complex with RAF-1, MEK
and ERK (Luttrell et al., 1999; Luttrell et al., 2001; Strungs and Luttrell, 2014). However,
ongoing debate exists over the relative contributions of G proteins and B-arrestins to ERK
activation by GPCRs (O’Hayre et al., 2017) (Luttrell et al., 2018) (Grundmann et al.,
2018). Interestingly, the identity of the GPCR agonist can bias the receptor to preferentially
couple and signal through either G proteins or p-arrestins, in a phenomenon termed “biased
agonism” that is promising clinically but poorly understood mechanistically (Smith et

al., 2018). Finally, there is a growing body of evidence that internalized GPCRs can

initiate signals from endosomes and other organelles, permitting functional diversity and

an additional layer of complexity to signal transduction (Eichel and von Zastrow, 2018).

Ultimately, a single GPCR can initiate a mosaic of independent, converging or diverging
signaling pathways that consists of a multitude of effectors and second messengers spread
throughout space to achieve an assortment of short- (i.e. hundreds of milliseconds) and
long-lasting (i.e. hours to days) effects on the cell and, ultimately, organism. To complicate
matters, an individual receptor can serve different functions depending on its subcellular
localization or the cell type in which it’s expressed. Furthermore, multiple GPCR subtypes
are typically expressed in any given cell, some of which can share the same endogenous
ligand. Thus, signaling pathways mediated by one GPCR can crosstalk with that of a
different GPCR, heightening the difficulty of studying one receptor or pathway in isolation.
Finally, GPCR signaling often occurs within multi-cellular circuits where different cell-types
have distinct responses that can influence other cells within the network. This immense
complexity presents a challenge to studying GPCRs: how can we achieve the precision
required to thoroughly study one receptor or one component of a signaling pathway in
order to dissect their direct contribution to a biological process? In this review we describe
techniques that utilize optical probes to control and observe GPCR activity and signaling
with high spatiotemporal precision and genetic targeting. First, we discuss existing methods
for the optical manipulation (section 11) and detection (section I11) of GPCRs themselves.
We highlight important examples of the use of these tools to decipher mechanistic aspects
about GPCR function. We then discuss methods for the optical manipulation (section V)
and detection (section V) of different intracellular molecules that contribute to GPCR

Methods Mol Biol. Author manuscript; available in PMC 2022 November 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abreu and Levitz

Page 4

signaling. This survey provides a framework for the further design and application of
optogenetic tools for GPCRs.

Optical control of GPCRs

One of the most successful realms of optogenetics has been the development of techniques
for the optical control of GPCRs. Ideally, optical control allows one to target a specific
GPCR subtype with spatial and temporal resolution in a genetically-defined cell type. Such
precise targeting should allow one to determine the relative contribution of a receptor
subpopulation to a physiological process, including those that take place at the organismal
level such as behavior, and better define the receptor’s response to specific temporal patterns
of activity in defined subcellular regions. A number of complementary techniques have
been developed to allow for control of a range of GPCRs and recent studies have begun

to exploit these tools to gain meaningful biological insight. In this section, we summarize
the main categories of approaches, assess their relative advantages and caveats, and describe
illustrative examples of their application.

Typically, GPCRs have been manipulated using a combination of application of native or
synthetic pharmacology. A vast library of agonists, antagonists, and modulators exists for
different receptor subtypes which represent the basis for many clinical approaches (Wacker
etal., 2017). However, when applying these drugs to biological samples, especially in
tissue or /nn vivo, many limitations emerge including lack of receptor subtype specificity,
lack of cell-type specificity, and the inability to rapidly apply and remove the compound

to defined locations within the tissue or cell. Taking advantage of the plethora of well-
characterized ligands, photopharmacology has blossomed into a flexible and powerful field
of chemical biology. The general principle of photopharmacology is to incorporate light-
sensitive groups into biologically-active ligands in order to control their activity with light
(Figure 2A). Early studies used “caged” ligands, including most frequently caged glutamate,
which are released from a chemical enclosure (i.e. 4-methoxy-7-nitroindolinyl, MNI) upon
illumination (Callaway and Katz, 1993; Reiner et al., 2015). Various caging strategies

have been developed, some of which have been applied to GPCR ligands. Banghart et al
developed caged agonists and antagonists(Banghart et al., 2018; Banghart and Sabatini,
2012; Banghart et al., 2013) for opioid receptors which have been used to probe the spatial
extent of enkephalin signaling in the locus coeruleus (Banghart and Sabatini, 2012) and to
define specific aspects of receptor kinetics (Banghart et al., 2013; Williams, 2014).

While applicable to many compounds and a clear enhancement over normal drugs,
uncaging is irreversible which limits the types of experiments that can be designed. To
overcome this, over the last 15 years the photoswitchable ligands have been developed

for a wide range of signaling proteins, including GPCRs. Photoswitchable ligands are
typically built around the azobenzene chemical photoswitch, which toggles between cis
and trans configurations in response to light and can, thus, modulate the functional
properties of attached compounds (Beharry and Woolley, 2011). Dirk Trauner and others
have developed azobenzene-based photoswitchable agonists for class A and B GPCRs,
including mu-opioid receptors (Schonberger and Trauner, 2014), muscarinic acetylcholine
receptors (Agnetta et al., 2017), cannabinoid receptors (Westphal et al., 2017) and the
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glucagon-like peptide receptor (Broichhagen et al., 2015b). While agonists have been the
main focus of photopharmacological development, the flexibility of the approach allows
other types of ligands to be developed. For example, photoswitchable allosteric modulators
of metabotropic glutamate receptors (mGIuRs) have been developed (Pittolo et al., 2014)
and applied /n vivoto probe the basis of mGluR4-mediated pain processing (Zussy et

al., 2018). While the photopharmacological toolset is constantly expanding and in use for
applications, soluble photopharmacological ligands have shortcomings due to the lack of
genetic targeting, the typical lack of true subtype-specificity and limitations in both the
speed and spatial precision of receptor targeting due to diffusion.

One of the most successful strategies to improve the cell-type precision of GPCR activation
has been with the so-called “chemogenetic” approach. Most prominently, Bryan Roth and
colleagues have developed “Designer Receptors Exclusively Activated by Designer Drugs”
(DREADDs) which are engineered muscarinic receptors that no longer retain sensitivity

to their native agonist, acetylcholine, but are able to be activated by clozapine N-oxide
(CNO), a synthetic agonist. DREADDs have been used extensively for /n vivo studies

in rodents to probe the cell-type and circuit basis of behavior but their application for
detailed analysis of specific GPCR-driven signaling processes has been limited (Urban

and Roth, 2015). However, engineering of DREADDSs is ongoing and recent years have
seen the report of new DREADD:s that allow multiplexing (Vardy et al., 2015), G

protein or arrestin-biased DREADDs (Hu et al., 2016; Nakajima and Wess, 2012), and
subcellularly-targeted DREADDs (Stachniak et al., 2014). Overall, the genetically-targeted
GPCR activation enabled by chemogenetics makes this an extremely valuable approach, but
optical approaches are needed for applications which require high spatiotemporal precision.

One robust approach to the optical control of GPCR activation is to employ opsins, the
visual photoreceptors which use a native retinal chromophore as a light-sensing ligand
(Palczewski, 2006). A pioneering optogenetic demonstration co-expressed a G protein-
coupled opsin, a Ga subunit and an arrestin from the drosophila visual system to allow for
optical control of neural activity in cultured hippocampal neurons (Zemelman et al., 2002).
While channelrhodopsins are now typically used for direct optical excitation of neurons
(Fenno et al., 2011), various G protein-coupled opsins have been employed for optical
control of G protein pathways via heterologous expression. This includes rhodopsin (Li et
al., 2005) or cone opsins (Masseck et al., 2014) for Gj, activation, jellyfish opsin (Bailes
etal., 2012) for G activation and melanopsin (Qiu et al., 2005; Spoida et al., 2016) for G
activation. Notably, Karunarathne et al (Karunarathne et al., 2013) used spatially-targeted
activation of a Gj;o-coupled opsin to locally manipulate PIP3 levels and induce neurite
extension in cultured neurons and, recently, Makowka et al (Makowka et al., 2019) used
jellyfish opsin to compare the effects of targeted G4 activation in the left versus right
atrium of the heart. While wild-type opsins are powerful for optical control of defined G
protein-mediated signaling cascades, various groups have introduced the intracellular loops
and/or C-terminal tails of different GPCRs to attempt to mimic the signaling of different
GPCRs while maintaining light activation (Figure 2C) (Kim et al., 2005; Tichy et al., 2019).
This approach has been used for a variety of circuit neuroscience applications (Airan et al.,
2009; Gunaydin et al., 2014) (Siuda et al., 2015), but has not yet been employed for more
precise cell biological studies.
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Despite the utility of opsin-based optical control of GPCR signaling, the temporal precision
of such approaches remains limited due the intrinsically slow off kinetics of opsins and the
ability to probe receptor-specific function via the chimeric technique remains unclear. As

a means of achieving optical control of full-length GPCRs with both spatiotemporal and
genetic targeting, photoswitchable tethered ligands (PTLs) have been developed for both ion
channels and GPCRs. This strategy has been most thoroughly developed for metabotropic
glutamate receptors (mGIuRs) and is based on the covalent attachment of a photoswitchable
agonist to the receptor. Initial versions of this were based on introduction of a cysteine
mutation into the ligand binding domain a full-length mGIuR for attachment of a maleimide-
conjugated azobenzene-glutamate compound termed “MAG” (Carroll et al., 2015; Levitz

et al., 2013). The photophysical properties of the azobenzene allow rapid switching of the
ligand on the millisecond time scale between inactive fransand active c/s states and since
the mutated receptor needs to be heterologously expressed, genetic targeting is enabled.
Importantly, since the PTL is covalently-attached to the receptor of interest, this system
facilitates complete subtype specificity even if the ligand moiety itself is non-specific, as is
the case with MAG. Levitz et al (Levitz et al., 2016) took advantage of this high degree of
control to probe the relative contribution to downstream activation of one or two agonists
binding within homo and heterodimeric mGIuRs. Recently, PTLs were also developed for
D1 and D2 dopamine receptors (Donthamsetti et al., 2017), showing the generalizability

of this approach to class A GPCRs. While maleimide-based PTLs have shown utility

for biophysical and cellular applications, the cysteine-maleimide chemistry is undesirable

in complex preparations due to potential off-target effects and the need to identify an
optimal cysteine on the receptor is a major challenge for PTL engineering. To overcome
this, “photoswitchable, orthogonal, remotely-tethered ligands” (PORTLs) were developed
which genetically fuse the photoswitchable ligand to a self-labelling tag (i.e. SNAP) at

the N-terminus of the receptor (Figure 2D). This method improves the orthogonality and
efficiency of the system for mGIluRs (Broichhagen et al., 2015a), enables multiplexing using
SNAP and CLIP tags (Levitz et al., 2017) and works efficiently /n vivo (Berry et al., 2017).
Furthermore, branched PORTLs have recently been reported which enhance photoswitching
efficiency and allow the incorporation of a fluorophore for simultaneous detection of the
targeted receptor (Acosta-Ruiz et al, bioRxiv, 2019).

The optogenetic approaches to the manipulation of GPCRs described in this section have
opened up new avenues of research and many applications remain to be pursued from
molecular biophysics to cell biology and systems neuroscience. However, the challenge of
many of the aforementioned techniques is that they require heterologous expression of a
receptor. This provides the ability to genetically target specific cell types and the ability

to introduce biologically-relevant mutations or variants to the GPCR of interest, but it
also raises the possibility of overexpression which can alter the fundamental biology of
the system and compromise the physiological relevance of the study. One possibility is to
express a genetically-encoded protein that can be labeled with a tethered ligand to then
target nearby native receptors (Figure 2E). Such an approach has been demonstrated for
GPCRs with a tethered antagonist for muscarinic receptors (Shields et al., 2017) or with a
glutamate PORTL for mGluR2 (Donthamsetti et al., 2019). Alternatively, receptor-targeting
single-chain antibodies (i.e. nanobodies) may provide a means of delivery of a PORTL to
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a native GPCR (Figure 2F). A recent proof-of-principle study showed that SNAP-tagged
anti-GFP nanobodies can enable optical control of a GFP-tagged mGIuR (Farrants et al.,
2018). Both of these techniques have great promise for optical control of native receptors but
will require further engineering and characterization to be widely applicable. Ultimately, a
key aspect of future optogenetic studies of GPCRs will be the ability to apply these tools in
conjunction with optical control (section I11) and measurement (section 1V) of other aspects
of GPCR signaling to answer biological questions.

lll. Optical control of GPCR effectors and related signaling pathways

Activation of a single GPCR can lead to modulation of a diverse set of downstream effectors
such as small GTPases, ion channels, kinases and other enzymes, regulators of translation
and transcription factors. This divergent signaling makes it difficult to determine the relative
contribution of specific GPCR effectors to subsequent physiological processes. Bypassing
the receptor to control specific signaling nodes or regulatory proteins can permit the

probing of the spatiotemporal properties and role of that specific component while limiting
confounding effects from other signaling proteins. Although pharmacology can be used to
examine the role of a particular signaling protein where available, this approach can be non-
specific and is often irreversible, especially when targeting enzymes. Recently, optogenetic
tools have been developed in an effort to manipulate specific intracellular signaling proteins
with high precision. While synthetic chemical photoswitches have been the typical approach
to the optical control of GPCRs themselves (section 1), naturally-occurring light-sensitive
proteins have been the core component in the design of optical control of intracellular
signaling. The different configurations and mechanisms of such photoactivatable proteins
have been reviewed extensively elsewhere (Repina et al., 2017) (Goglia and Toettcher,
2019), but will be described where relevant below.

A limited body of work has pursued optical control of the direct effectors and regulators of
GPCRs but such tools could be extremely valuable for parsing the relative roles, dynamics
and regulation of G protein or p-arrestin-mediated signaling. Notably, an optogenetic -
arrestin2 was recently reported which utilizes the cryptochrome CRY2 system (Takenouchi
et al., 2018). CRY?2 is a photoreceptor from A. thaliana that contains a flavin adenine
dinucleotide (FAD) chromophore which is reduced following illumination with blue (405—
488 nm) light which enables it to both homo-oligomerize and to bind its native interaction
partner, CIB (Kennedy et al., 2010; Liu et al., 2008). CIB and CRY were fused to the
C-terminal tail of the p2-adrenergic receptor (B2AR) and the N-terminus of p-arrestin2,
respectively (Takenouchi et al., 2018). Upon illumination with blue light, p-arrestin2 was
translocated to the surface which was shown to be sufficient for the endocytosis of B,AR,
even in the absence of agonist. Importantly, the CRY-p-arrestin2 and p,AR-CIB interaction
is reversible; in the dark, B-arrestin2 dissociated from the receptor and redistributed
throughout the cytosol over the span of ten minutes. The CRY 2 system has also been used
to enable photoactivation of RGS proteins (O’Neill and Gautam, 2014) (Hannanta-Anan
and Chow, 2018). RGS proteins regulate GPCR signaling by accelerating the intrinsic
GTPase activity of the Ga subunit to promote its re-association with the Gpy complex

to tune the frequency, duration, and strength of signaling (De Vries et al., 2000). In one
case (Hannanta-Anan and Chow, 2018), optical control was achieved by splitting RGS2
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into its catalytic box and N-terminal amphipathic helix, and fusing each part to CRY2

and a truncated version of CIB (CIBN), respectively (Figure 3B). Blue light illumination
initiates the dimerization of CRY2 and CIBN, translocating the RGS catalytic box to the
surface, terminating Gag-induced calcium signaling. This tool was used to establish the
role of RGS2 in maintaining a negative feedback loop on calcium oscillations mediated by
activation of the M3 muscarinic acetylcholine receptor (M3R), a Gg-coupled receptor. The
CRY2-CIB system has also been used to recruit the C-terminal domain of GRKSs to the
membrane to bind and sequester GBy (O’Neill and Gautam, 2014). A similar approach has
also been reported to optically recruit Ga proteins to the membrane to initiate signaling (Yu
et al., 2016).

Further downstream from the receptors, optical control has been used to manipulate

the levels of CAMP, a key second messenger controlled by both Gjj, and Gg-coupled
receptors (Figure 1). Naturally-occurring photoactivated adenylyl cyclases (PACs) have been
identified (Patel and Gold, 2015), including euPAC from Euglena gracilis (1seki et al., 2002),
bPAC from Beggiatoa (Stierl et al., 2011), and OaPAC from Oscillatoria acuminate (Ohki et
al., 2016). PACs contain “blue light sensor using FAD” (BLUF) domains conjugated to one
or two adenylyl-cyclase domains, whereby illumination with blue light (~455 nm) induces

a conformational change which activates the enzymatic activity of the adenylyl cyclase
domains (Figure 3C). Activation induces rapid and reversible generation of cAMP, and can
be employed in heterologous cells or organisms to study the effects of cAMP signaling

with spatiotemporal precision. Optical control of adenylyl cyclase activity has been used to
manipulate cCAMP concentration in a variety of contexts (Bellmann et al., 2010; Nagahama
etal., 2007; Schroder-Lang et al., 2007) (Tsvetanova and von Zastrow, 2014; Weissenberger
etal., 2011; Zhou et al., 2016). In particular, Zhou et al (Zhou et al., 2016) utilized PAC

in cultured neurons to determine that transient elevations of CAMP levels increased axonal
length and that this increase was dependent on the duration of increased cAMP production.
Moreover, a critical caveat of utilizing PACs to control cCAMP levels is that PACs exhibit
some dark activity (Schroder-Lang et al., 2007), which can alter the basal cAMP levels in
the cell or organism in which the tool is employed.

A more extensive toolset of photoactivatable proteins has been developed for the study

of various aspects of kinase signaling (Leopold et al., 2018). For example, a number of
strategies have been employed for optogenetic perturbation of the ERK/MAPK pathway,
which is typically initiated following either GPCR or, more canonically, receptor tyrosine
kinase (RTK) activation (Wetzker and Bohmer, 2003) (Kolch, 2005). Toettcher et al
(Toettcher et al., 2013) used the phytochrome B (Phy)-PIF light-induced dimerization
system (Levskaya et al., 2009) to recruit the small GTPase SOS to the membrane following
650 nm illumination to initiate ERK activation following interaction with membrane-
anchored Ras GTPases (Figure 3D). Similarly, Zhang et al (Zhang et al., 2014) used the
CRY2-CIB pair to optically initiate ERK signaling by recruiting RAF-1, a vital kinase in
the initiation of the ERK/MAPK cascade, which led to differentiation and neurite outgrowth
in PC12 cells. Photoswitchable MEK1 and MEK?2 have also been developed based on
light-induced uncaging via the fluorescent protein Dronpa (Zhou et al., 2017) and a photo-
inhibitable SRC kinase was developed using light-induced allosteric control (Dagliyan et al.,
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2016). Together these tools allow different points of the MAPK/ERK signaling cascade to be
precisely perturbed depending on the relevant application.

Phosphoinositide 3-kinase (PI3K) and Akt (Protein Kinase B) signaling, additional
downstream targets of GPCR signaling and regulators of cell growth, survival,

and proliferation, have also been targeted for optogenetic control. Classically, PI3K
phosphorylates PIP2 to generate PIP3, recruiting Akt to the cell surface, which initiates
signaling to mTOR (Manning and Toker, 2017). Optogenetic control of PI3K signaling was
first achieved using the Phy-PIF system to recruit PI3K to the surface and induce PIP,
phosphorylation at specific regions of the membrane with targeted 650 nm light (Toettcher
et al., 2011). Alternatively, manipulation of this pathway can also be achieved by using the
CRY2/CIB system to optically recruit phosphatases to the plasma membrane to manipulate
PIP3 levels (Idevall-Hagren et al., 2012) or to optically recruit Akt itself (Katsura et al.,
2015; Ong et al., 2016; Xu et al., 2016). Receptor tyrosine kinases, which activate many of
the same effectors as GPCRs and also crosstalk with GPCRs (Wang et al., 2018), have also
been targeted for optogenetic control using light-induced dimerization systems (Chang et al.,
2014; Grusch et al., 2014; Kainrath et al., 2017; Reichhart et al., 2016).

As an alternative to optical activation of heterologous constructs, optogenetic kinase
inhibitors have also been developed to enable silencing of native kinases (Leopold et al.,
2018). Most of these have been based on the LOV domain, which is a photoreceptor
domain that binds a flavin chromophore and following absorption of blue light undergoes
a conformational change including unfolding of the Ja helix(Harper et al., 2003). This
unfolding event can be coupled sterically or allosterically to other proteins or peptides

to produce the desired output(Dagliyan and Hahn, 2019). For example, an optogenetic
inhibitor was recently designed for CaMKII (Murakoshi et al., 2017), a kinase that is
activated by calcium and has been shown to regulate the function of several GPCRs

via phosphorylation (Liu et al., 2009) (Chen et al., 2013b; Guetg et al., 2010) (Jin et

al., 2013) (Mockett et al., 2011). The photoactivatable inhibitor of CAMKII was termed
paAlP2 and is based on the fusion of a LOV domain to autocamtide inhibitory peptide 2
(AIP2), a potent CaMKII inhibitor (Ishida et al., 1998). Upon illumination with blue light,
AIP2 is released and becomes available to inhibit CAMKII activity. This tool was used to
inhibit long-term potentiation, a form of synaptic plasticity, in dendritic spines, and define
the critical timing of CAMKII activation required for the induction of synaptic plasticity
(Murakoshi et al., 2017). Similarly, Yi et al (Yi et al., 2014) fused a LOV domain to an
inhibitory peptide to enable optical inhibition of PKA activity and Melero-Fernandez de
Mera et al (Melero-Fernandez de Mera et al., 2017) fused a LOV domain to an inhibitory
domain to enable the optical inhibition of JNK, a downstream target of the MAPKSs.
Alternatively, unnatural amino acid incorporation combined with conjugation of a tethered,
photoswitchable inhibitor has been used to optically control MEK1 (Tsai et al., 2015). While
optogenetic control of kinases have not been applied explicitly in the context of GPCR
signaling, these tools should enable the probing of the functional roles of specific pathways
following the activation of a particular GPCR.

A number of other optogenetic tools utilize the same families of light-sensitive proteins
to permit manipulation of cellular processes and may have utility in the context of GPCR
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signaling including the optical control of Rho GTPases (Yazawa et al., 2009), transcription
(Motta-Mena et al., 2014; Wang et al., 2012), protein clustering and phase transition (Bugaj
et al., 2013; Shin et al., 2017; Taslimi et al., 2014), organelle localization (Niopek et

al., 2014; van Bergeijk et al., 2015), protein degradation (Bonger et al., 2014; Renicke

et al., 2013), protein secretion (Chen et al., 2013a) and direct recruitment of proteins to
membranes (Glantz et al., 2018). Further engineering efforts and new applications will be
needed to advance this field and allow for these techniques to be used for studying GPCR
signaling on the relatively fast time scales needed.

Finally, the GPCR effectors most commonly targeted for optogenetic control are ion
channels, which have typically been manipulated via similar photopharmacological
techniques to those targeting GPCRs (Hull et al., 2018; Paoletti et al., 2019). A wide

range of mammalian ion channels of relevance to GPCR signaling, including voltage-gated
potassium channels (Banghart et al., 2004), ligand-gated cation channels (Volgraf et al.,
2006), leak potassium channels (Sandoz et al., 2012), and G protein-gated GIRK channels
(Barber et al., 2016) have been successfully targeted with photoswitchable ligands. A
common approach has been to either use a photoswitchable pore blocker (Fig. 3E) or
photoswitchable agonist conjugated to an engineered extracellular cysteine which affords
the system with both optical and genetic control. The ability to directly target potential ion
channel effectors with light should allow a better understanding of the coupling properties
of GPCRs and ion channels. For example, Sandoz et al (Sandoz et al., 2012) used a
photoswitchable quaternary ammonium pore blocker to find that TREK1 channels are non-
canonical downstream targets of native GABAg receptors in hippocampal neurons. While
the PORTL and NB-based approaches described in section Il have not yet been applied to
ion channels, they hold great promise for further enhancing this efficiency and applicability
of optical control of ion channels. The ongoing development of optogenetic techniques
should continue to illuminate the coordinated signaling of GPCRs and ion channels.

IV. Optical sensing of GPCR signaling

While optogenetic control of GPCRs (section 1) and GPCR effectors (section Il1) are
powerful methods, the ability to observe the spatiotemporal dynamics of individual pathway
components provides a complementary approach to aid in the understanding of the precise
function of GPCR subtypes. In this section we will survey existing methods for detection of
GPCR activation and signaling using fluorescence-based reporters. These sensors, which
have been developed for nearly every node of GPCR signaling, allow for the direct
observation and measurement of the intensity, duration, frequency, compartmentalization,
and spread of signaling in a given stimulated pathway.

Forster resonance energy transfer (FRET) has been utilized extensively as a tool to measure
the initial events of GPCR-mediated activation and signaling (Lohse et al., 2012). FRET
describes the distance-dependent energy transfer between a donor fluorophore and an
acceptor fluorophore that can be easily measured in live cells on standard microscopes
(Miyawaki, 2011). Beginning in the mid-2000s a number of sensors have been produced

to sense the ligand-induced conformational changes of GPCRs (Vilardaga et al., 2003;
Vilardaga et al., 2005). Such sensors have typically been based around the introduction of
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fluorescent proteins into the intracellular loops of the seven helix transmembrane domains
of GPCRs (Figure 4A). More recently, organic fluorophores have also been introduced into
the extracellular ligand binding domains of class C GPCRs using self-labelling tags, such as
SNAP and CLIP (Xue et al., 2015), to sense the inter-subunit rearrangements that mediate
activation of these dimeric receptors (Doumazane et al., 2013; Doumazane et al., 2011;
Vafabakhsh et al., 2015) (Gutzeit et al., 2019; Lecat-Guillet et al., 2017). One limitation of
this approach is that it is difficult to find fluorophore attachment positions that give clear
signals and fluorescent proteins often disrupt function of the GPCR. Unnatural amino acid
incorporation has emerged as an alternative approach to fluorophore attachment without the
bulk of fluorescent proteins but have so far been most valuable for biophysical studies and
have been limited in their use in physiological settings (Tian et al., 2017).

FRET-based approaches have also been developed to monitor the coupling of an activated
GPCR with G proteins (Gales et al., 2005; Hein et al., 2005; Hein et al., 2006; Nobles et
al., 2005), and well as the dissociation of Ga. subunit and GBy complex following receptor
activation (Gales et al., 2005) (Bunemann et al., 2003) (Figure 4B). Similar FRET-based

or bioluminescence resonance energy transfer (BRET)-based approaches have also been
used to measure p-arrestin recruitment to GPCRs (Vilardaga et al., 2003) and p-arrestin
conformational changes following receptor activation (Nuber et al., 2016) (Lee et al., 2016).
These FRET-based tools have been used in living cells to define the millisecond time scale
of receptor activation, probe structural models of receptor and effector activation, and as
powerful assays for drug screening (Lohse et al., 2012).

While deciphering the details of receptor activation and effector coupling in living cells
remains a major goal, a parallel issue in the field of GPCR biology is to detect receptor
localization dynamics within the cell. One long-standing approach is to use fluorescently-
labeled ligands which bind to receptors and allow their visualization (Figure 4C). This
approach is compatible with native receptors and has been used in tissue to detect receptor
multimers (Albizu et al., 2010). However, the development of fluorescent agonists or
antagonists for a given GPCR is challenging and the efficacy of the ligand makes it
difficult to determine the effects of receptor activation on localization. An alternative has
been to label the GPCR with a fluorophore directly without the need for inclusion of a
pharmacophore that recognizes a binding site (Figure 4D). A number of labeling techniques
have been developed which allow one to attach fluorophores to heterologous receptors,
including the SNAP, CLIP, and Halo-tags. A major advantage of this approach versus simply
tagging a receptor with a fluorescent protein is that extracellular tags can be added to

the N-terminus of the receptor and membrane-impermeable fluorophores may be used to
limit visualization to surface receptors. For example, Thomsen et al (Thomsen et al., 2016)
labeled an N-terminally SNAP-tagged B,AR with an impermeable fluorophore and used
this technique to track activation-induced internalization which led to co-localization of
receptors, G proteins and R-arrestins in endosomes. In a particularly striking study, a GPCR
and a Ga were labeled with SNAP- and CLIP-, respectively, and single molecule imaging
was used to decipher the timing of receptor/G protein coupling in live cells (Sungkaworn et
al., 2017).
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The ideal optogenetic sensors for GPCRs would be able to effectively sense receptor or
effector conformation and localization of native, untagged receptors. One promising avenue
for this is to use nanobodies (NBs) which recognize specific states of the GPCR, G protein
or arrestin. NBs were crucial to the GPCR structural revolution, but have also been tagged
with fluorophores and expressed in living cells to sense GPCR signaling (Heukers et al.,
2019; Manglik et al., 2017). State-selective nanobodies that stabilize active or inactive states
of GPCRs (Che et al., 2018; Rasmussen et al., 2011a; Scholler et al., 2017), G proteins
(Gulati et al., 2018; Westfield et al., 2011) or arrestins (Cahill et al., 2017) exist and

their accumulation in specific cellular sites can, in principle, provide information on both
protein localization and conformation (Figure 4E). In a pioneering study, Irannejad et al used
(Irannejad et al., 2013) an NB that recognizes the active state of the R8,AR (Nb80) and a NB
that recognizes the active state of Gag (Nb37) to show that internalized receptors can couple
to G proteins from endosomes. Improved engineering methods continue to increase the rate
of development of new NBs which should facilitate the widespread use of these approaches
(McMahon et al., 2018). However, one caveat is that state-selective NBs themselves can
serve as pharmacological agonists, antagonists or modulators and can, thus, perturb the
system in a concentration-dependent manner.

As an alternative to sensing the GPCR activation process directly, transcription-coupled
fluorescent sensors have also been pursued. The transcriptional activation following 3-
arrestin translocation (“Tango™) system has been developed and modified to allow -
arrestin recruitment to a specific GPCR to be coupled to protease-induced release of a
transcription factor to drive the transcription of luciferase or a fluorescent protein (Figure
4F) (Barnea et al., 2008; Kroeze et al., 2015). While this approach lacks temporal precision,
the amplification and time-integration it allows for detection of receptor activation over
extended time periods. In an impressive study, this system was adapted for use /in vivo

in mice where coincident light-activation and ligand binding are necessary for protease
activity and reporter gene expression. This “iTango” system was used to report on dopamine
receptor activation in different cell types over a defined time period to identify reward- and
locomotion-related dopamine-sensitive neurons in the striatum (Lee et al., 2017).

Downstream of receptor activation, genetically-encoded fluorescent sensors have been
developed for the detection of the canonical second messengers that are generated following
GPCR activation including, most prominently, Ca2* ions. Typically, Gg-coupled GPCR
activation leads to the release of calcium from the endoplasmic reticulum (ER) (Figure

1B). Additionally, Gj/,-coupled GPCRs can inhibit VGCCs, to reduce the influx of calcium,
which is a particularly common form of presynaptic inhibition in the nervous system. While
early calcium sensors were based on FRET (Miyawaki et al., 1997), the most commonly
used calcium sensors are those in the family of GCaMP (Nakai et al., 2001), which has
been optimized for maximal signal to noise and engineered to produce a wide range of
spectral and kinetic variants (Greenwald et al., 2018) for simultaneous sensing of additional
effectors. The general design is based on a circularly-permuted GFP (cpGFP) fused to
calmodulin and the M13 domain from myosin light chain kinase. Ca?* binding brings
calmodulin and M13 in close proximity, enclosing the GFP chromophore that is otherwise
exposed to the cytosol and therefore quenched. Thus, an increase in GFP fluorescence
intensity is associated with an increase in CaZ* binding, enabling one color imaging of
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relative calcium concentration with time resolution on the order of milliseconds (Figure 4G).
Extensive protein engineering work has also been applied to the development of FRET-based
sensors for CAMP (Paramonov et al., 2015), a second messenger regulated by Gj/o- and
Gs-coupled receptors (Figure 1B). Most recently, a 1-color sensor based on a similar design
principle to GCaMP has been developed, termed cAMPr (Hackley et al., 2018). cAMPr is
also based on a cpGFP, where one end is fused to the catalytic subunit of PKA (PKA-C) and
the other end is tethered to a regulatory subunit of PKA (PKA-R). cAMP binding induces

a conformational change which separates PKA-C and PKA-R from one another, permitting
GFP to fluoresce efficiently.

Beyond the fluorescent sensors for Ca2* and cAMP, genetically-encoded fluorescent sensors
have also been reported for voltage (Platisa and Pieribone, 2018), phospholipids, pH, and
other second messengers(Greenwald et al., 2018) and further design optimization promises
to improve the sensitivity and ease with which these tools can be applied in complex
systems. In an especially exciting series of breakthroughs, the cpGFP-based sensor design
has been applied to develop sensitive fluorescence reporters for a variety of GPCR-targeting
neurotransmitters and neuromodulators. Patriarchi et al (Patriarchi et al., 2018) reported a
suite of tools based on the insertion of cpGFP into intracellular loop 3 of class A GPCRs

to develop sensors for dopamine, norepinephrine, melatonin, opioids, and serotonin. The
dopamine sensor, “dLight1” was validated /n vivo where it’s been used for studies of
behavior-associated dopamine dynamics in the striatum (Mohebi et al., 2019; Patriarchi et
al., 2018). Given that these constructs are unable to couple to downstream effectors their
main utility will likely be as sensors for the extracellular ligand rather than GPCR-specific
signaling properties. Furthermore, similarly-designed sensors have also been reported for
dopamine (Sun et al., 2018) and norepinephrine (Feng et al., 2019) and bacterial binding
domains have been fused to cpGFP for optimized sensors of glutamate (Marvin et al.,

2013; Marvin et al., 2018) or GABA (Marvin et al., 2019). While extremely valuable and
increasingly used throughout neuroscience, there is a major caveat to the use of fluorescent
biosensors in the study of the dynamics of extracellular signals or intracellular second
messengers that may limit these tools for precise, quantitative study of GPCR signaling. For
example, in the case of calcium sensors, it has been reported that at high expression levels
they can act as calcium buffers, making it difficult to precisely interpret the magnitude and
length of signaling and requiring appropriate controls (McMahon and Jackson, 2018).

Downstream of second messengers, recent years have seen the development of improved
FRET-based sensors for protein effectors including for the GPCR-relevant kinases PKA,
PKC, ERK and CaMKII (Greenwald et al., 2018). Such sensors typically either monitor

the activation-associated conformational changes of the kinase itself or employ a separate
construct containing a specific peptide substrate to measure enzymatic activity of the kinase.
For example, a large body of work has developed “Camui” sensors of CaMKI|I activation
based on the introduction of fluorescent proteins to the N- and C-termini to report on the
Ca?*/Calmodulin-associated conformational changes of the CaMKII holoenzyme (Takao

et al., 2005) (Kwok et al., 2008; Lam et al., 2012). Camui has been used to assess

the activation kinetics and spatial spread of CaMKII at single dendritic spines (Chang

etal., 2017; Lee et al., 2009). However, Camui highlights one of the shortcomings of
conformational biosensors in that the precise conformational changes being sensed are often
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unclear given the complex tertiary and quaternary structural rearrangements that are known
to take place upon CaMKII activation (Chao et al., 2011; Stratton et al., 2014). In addition,
approaches such as this also require over-expression of an active enzyme, which alters the
endogenous protein concentration and can lead to non-physiological effects.

Using the enzymatic activity-based strategy, a series of FRET-based sensors, termed A
kinase activity reporters (“AKAR”), have been developed to monitor PKA activity (Allen
and Zhang, 2006; Barbagallo et al., 2016; Chen et al., 2014; Demeautis et al., 2017; Mo et
al., 2017; Tang and Yasuda, 2017). An example is AKARS3, which consists of a truncated
CFP as the donor fluorophore, a phosphopeptide binding domain (FHA), a consensus region
of PKA substrates, and a Venus as the acceptor fluorophore. Activated PKA phosphorylates
the consensus region, which then can bind to FHA, bringing CFP and Venus in close
proximity results in higher FRET (Figure 4H). Using this approach combined with 2-photon
lifetime fluorescence lifetime measurements Chen et al (Chen et al., 2014 )observed
increased PKA activity in hippocampal CA1 neurons following activation of B,AR. In a
more recent study, the same authors used AKAR to find that, unexpectedly, Gq4-coupled
receptors, including M1 muscarinic receptors, mGIuR5 and a Gg-coupled DREADD, can
lead to PKA activation in hippocampal neurons (Chen et al., 2017).

The peptide-phosphorylation based strategy has also been applied to develop FRET sensors
for the activity of ERK (“EKAR”) (Harvey et al., 2008; Tang and Yasuda, 2017 ), PKC
(“CKAR”) (Violin and Newton, 2003), Src (Ouyang et al., 2008; Wang et al., 2005),

AKT (Gao and Zhang, 2008) and, most recently, CaMKII (“FRESCA”) (Ardestani et al.,
2019). A recent re-design of kinase activity sensors using a cpGFP-based design to enable
1-color sensing of PKA, PKC, ERK or AKT activity with enhanced dynamics range across
spectral variants (Mehta et al., 2018) should facilitate multiplexing-based studies and further
applications of these sensors in complex systems. Importantly, similarly to overexpression
of active enzymes, overexpression of enzyme substrates can alter the cellular signaling
landscape and distort the system thus requiring rigorous controls for the application of these
Sensors.

Given the frequent inability of peptide substrates to distinguish between related kinase
subtypes and the difficulty of indirect activity sensors to provide high temporal or spatial
resolution information on the enzyme itself, sensors based on the kinase of interest itself
remain an important part of the toolkit. For example, Colgan et al developed sensors

to distinguish between the activities of three PKC subtypes (PKCa, PKCpB, PKCy) in
dendritic spines (Colgan et al., 2018). Two separate FRET-based sensors were designed
for each isozyme; one to monitor enzyme translocation to the surface (ITRACK) and one
to monitor enzyme activity based on binding to a substrate (IDOCKS). Remarkably, these
tools permitted the tracking of the activities of specific PKC isozymes during plasticity of
dendritic spines of CA1 pyramidal neurons in organotypic hippocampal slices where the
authors found that PKCa is the only subtype required for structural plasticity.

Crucially, the aforementioned genetically-encoded biosensors can be targeted to measure
signaling at specific organelles or discrete sub-regions of the cell, a perspective of increasing
importance for understanding GPCR function (Halls and Canals, 2018). For instance,
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GCaMP variants have been tagged with an endoplasmic reticulum (ER) signal peptide to
measure the behavior of axonal ER calcium during evoked synaptic activity (de Juan-Sanz et
al., 2017) and have been targeted to the nucleus to reveal GPCR-induced calcium responses
(Vincent et al., 2016). Similarly, targeting of ERK activity sensors to the cytosol or the
nucleus revealed bias between different mu-opioid receptor agonists in their potential to
produce transient versus sustained ERK activation in the cytosol and nucleus (Halls et al.,
2016). Ultimately, studies of this nature will provide a crucial means of dissecting the
subcellular dynamics of GPCR signaling.

The toolkit described in this review should continue to expand and enable the mechanistic
study of GPCR signaling in a variety of contexts ranging from single cells to behaving
animals. The continued multiplexing of optical control and optical sensing should facilitate
these applications but will require continual engineering to optimize the underlying tools and
uncover new design principles. As other techniques that are suited to probe GPCR function
with high precision continue to advance, such as cryo-electron microscopy (Cheng, 2018),
gene-editing (Gao et al., 2019; Nishiyama et al., 2017), tissue and /n vivo imaging (Alon
et al., 2019; Yang and Yuste, 2017), proteomics (Han et al., 2018; Lobingier et al., 2017;
Paek et al., 2017) and super-resolution imaging (von Diezmann et al., 2017), the number
of creative applications which require the high precision of optogenetic tools should only
increase and allow for new aspects of GPCR biology to be revealed.
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Chemical and optical methods for the targeted control of GPCRs

(A) Photoswitchable ligands are typically composed of a well-characterized ligand (orange)
and a light-sensitive moiety (purple) that either isomerizes or releases the ligand in the
presence of light. This system allows the control of native GPCRs by controlling ligand
availability with high time resolution. The temporal resolution of reversal is limited by
ligand unbinding and spatial targeting is limited by diffusion.

(B) DREADDs are mutated GPCRs that are engineered to respond to a synthetic agonist but
to no longer respond to a native ligand. By targeting DREADD expression, one can achieve
genetically-targeted chemical (i.e. “chemogenetic”) control of GPCR signaling.

(C) Opsins are naturally-occurring light-activatable GPCRs that have been taken advantage
of for the optical control of GPCR activation. To study and manipulate signaling pathways
associated with specific GPCRs, chimeras may be designed that incorporate the intracellular
loops and/or the C-terminal tail of the GPCR of interest.

(D) Photoactivation of specific GPCRs can be achieved by tethering a photoswitchable
ligand to a self-labeling tag, such as SNAP (green). This system requires heterologous
expression of a tagged GPCR which allows the incorporation of receptor mutants or variants
but can lead to overexpression. Tethered photoswitchable ligands allow the highest temporal
resolution of both ligand binding and un-binding.

(E) Photoactivation of native GPCRs with genetic targeting can be accomplished by the
expression of a tagged transmembrane domain that is tethered to a photoswitchable ligand.
(F) Native GPCRs may also be optically-controlled via photoswitchable ligands tethered
via self-labeling tags (green) to nanobodies that recognizes an extracellular site on the
receptor. Nanobody-tethered photoswitchable ligands can either be delivered directly or can
be genetically-encoded for heterologous expression and cell-type targeting.

Methods Mol Biol. Author manuscript; available in PMC 2022 November 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Abreu and Levitz Page 29
A Optical Inhibition of G Protein Signaling B Optical Induction of ERK Signaling
Blue light Redlight
" @D & Q
ON
ON OFF - GFF o
N
5 8 J
O RGS2 Qg
Catalytic « ~ ERK/MAPK signaling
Domain YV
YFP
c Optical Activation of Adenylyl Cyclase D Optical Inhibition of a Kinase
- B light Blue light
AC  BLUE ~ @D
BLUF  AC @ QLovz)\ —
A light-sensing (u"fold
denylyl cycl. 2 AIP2 edq)
e e == OFF
cAMP CaMKil
ON
E Optical Block of an lon Channel
Pore
. .Blocker
UV light
. }ons
Figure 3.

Optical methods for the control of GPCR effectors

(A) The CRY-CIB system can be used for blue light-induced association of two proteins. For
example, optical inhibition of G protein-mediated signaling has been achieved by utilizing
the CRY-CIB system to induce the translocation of RGS2 to the plasma membrane with blue
light. This recruitment brings RGS2 in close proximity to membrane-bound Ga-GTP which
allows it to effectively inhibit G protein signaling.

(B) The Phy-PIF system can be used for red light-induced association of two proteins.

For example, photocontrol of ERK signaling can be achieved through the induction of the
surface translocation of SOS using the Phy-PIF system. Phy was fused to a CAAX motif
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of Ras GTPase and initiate ERK signaling. Fluorescent proteins were incorporated into the
constructs to observe their expression and dynamic localization.

(C) Optical control of cAMP production can be achieved by heterologously expressing
bPAC, a photoactivatable adenylyl cyclase from Beggiatoa, which has increased catalytic
activity in the presence of blue light.

(D) The LOV domain has been utilized to gain photocontrol of the activity of various
signaling proteins. Following blue light illumination, the Jalpha helix of the LOV domain
unfolds allowing it to release functional peptides or proteins for light-gated activity. In the
illustrated case, LOV2 was fused to a CaMKI|I inhibitory peptide, AIP2, which becomes
released in the presence of blue light.

(E) Photoswitchable tethered ligands can be employed for the optical control of ion
channels. For example, a photoswitchable pore blocker may be attached to an ion channel
using cysteine chemistry. The pore blocker is designed such that it fits into the opening of
the channel only in the presence of light to effectively block ion conductance.
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Figure 4.

Optical sensing of GPCRs and their downstream effectors.

(A) FRET-based sensors may be used to detect the conformational changes associated

with GPCR activation following ligand binding. Typically, donor and acceptor fluorophores
(i.e. fluorescent proteins) are introduced into the intracellular loops of the receptor which
move relative to each other during activation. Often these fluorophores disrupt coupling to
G proteins making them more typically used for understanding receptor pharmacology or
structure/function relationships rather than signaling properties.

(B) FRET-based sensors have also been developed to sense G protein recruitment to the
receptor (left) or dissociation of G protein heterotrimers (right). For G protein recruitment,
a fluorophore is typically fused to the C-terminal tail of the receptor while the Ga subunit
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is tagged with a fluorophore in an internal site to avoid disrupting function and receptor
specificity. To sense G protein dissociation, the Ga subunit is tagged as described above,
while another fluorophore is typically placed on the N terminus of either G or Gy. Similar
sensors have also been developed to sense the recruitment or conformational changes of
[B-arrestins.

(C) Ligands conjugated to fluorophores have been developed to aid in their visualization
both /n vitroand in vivo.

(D) GPCRs can be tagged with a fluorophore, either a fluorescent protein or dye conjugation
to a tag (i.e. SNAP, CLIP, or Halo) to permit the observation of their surface and subcellular
localizations in living cells.

(E) Fluorophore-tagged nanobodies have been developed which can be genetically encoded
and used to detect the conformational state of a receptor, G protein or B-arrestin.
Accumulation of fluorescence in a given location (i.e. plasma membrane or endosomes)
indicates a population of receptor or effectors in a state recognized by the NB.

(F) GPCR activation can also be sensed using a transcriptional reporter, such as the

Tango assay. In this assay a transcription factor and a protease site are incorporated into

the C-terminal tail of the receptor, while B-arrestin is tagged with a protease. Receptor
activation leads to B-arrestin-protease recruitment, leading to the cleavage and release of the
transcription factor which will permit expression of a reporter gene (i.e. GFP).

(G) A classic sensor for the detection of the second messenger, Ca2*, is GCaMP. Ca2*
binding to CaM permits its association with the M13 peptide which induce the closure and
increased fluorescence of cpGFP. Many permutations of GCaMP and other related calcium
sensors exist with variable kinetics, sensitivity, subcellular targeting and spectral properties
to allow the ideal construct to be used for the relevant application.

(H) FRET-based enzymatic activity sensors are widely used to detect kinase activity. In the
case of the PKA sensor, AKAR, the sensor contains N- and C-terminal donor and acceptor
fluorophores, a PKA phosphorylation site, and a domain that binds to the phosphorylated
residue. Following phosphorylation by active PKA, association of the two sites leads to
increased FRET between the fluorophores.
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