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Abstract (250 words)

G protein-coupled receptor (GPCR) pharmacology tends to be complex and at times poorly
understood. This has led to the development of GPCR-targeting agents that often demonstrate
poor pharmacokinetic properties and poor selectivity for their target receptors. One approach
that is emerging as a means of addressing these limitations is the use of molecules whose
activity can be controlled by light. Photopharmacology involves the incorporation of a
photoswitch into the structure of a given compound, cage or linker and following irradiation
with light, undergoes a structural rearrangement, which changes its biological activity. The use
of light-regulated ligands offers the opportunity to modulate and understand GPCR signalling
in a more spatiotemporal manner than classical pharmacological approaches. In this chapter
we will discuss some of the advancements that have been made in photopharmacology,
particularly in developing photoswitchable ligands that target class A GPCRs, e.g. muscarinic
acetylcholine receptors, class B GPCRs, e.g. glucagon-like peptide-1 receptor, and class C
GPCRs, e.g. metabotrobic glutamate receptors. Given the intricacy of GPCR pharmacology,
this chapter will also discuss some of the challenges the field faces when designing
photopharmacological tools. Furthermore, it will propose that it is with a full appreciation of the
spectrum of pharmacological and pharmacokinetic properties of photoswitchable ligands that
research will be better placed to develop ligands with a reduced risk of failure during preclinical
progression. This will likely enable photopharmacological approaches to continue to find novel
applications and offer new perspectives in understanding (patho)physiology to ultimately

inform future GPCR drug discovery efforts.
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GPCR, guanine nucleotide-binding protein-coupled receptor; UV, ultraviolet; NAM, negative
allosteric modulator; mGlu, metabotropic glutamate receptor; PTL, Photoswitchable tethered
ligands; PORTL, photoswitchable orthogonal remotely tethered ligands; maPORTL,
membrane anchored photoswitchable orthogonal remotely tethered ligands; PCL,
photochromic ligands; mAChR, muscarinic acetylcholine receptor; ADME, absorption,
distribution, metabolism, and excretion; *H-NMS, proton nuclear magnetic resonance; PIS,
photoisomerization score; pPPS, negative logarithm of the photoinduced potency shift; ECsq,
80% effective concentration; plCso, the concentration require to cause 50 % inhibition; GLP-
1R, glucagon-like peptide-1 receptor; cAMP, cyclic adenosine monophosphate; PAM, positive
allosteric modulator; NAL, neutral allosteric ligand; NMS, N-methylscopolamine; QNB,
Quinuclidinyl benzilate; SAR, structure-activity relationship; GTPyS guanosine 5'-O-[y-

thio]triphosphate; S1P, Sphingosine-1-phosphate.
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Introduction

G-protein coupled receptors (GPCRSs) represent the largest family of cell-surface receptors
encoded by the human genome, and are necessary for the proper functioning of physiological
responses (Lagerstrom and Schioth, 2008). Unsurprisingly, GPCRs have emerged as a major
target class of drug discovery programs with drugs targeting GPCRs making-up a third of the
total market share of therapeutics (Hauser et al, 2017; Overington et al, 2006). Despite their
attractiveness as drug targets, one of the major challenges in GPCR drug discovery
endeavours is the high attrition rate. Indeed, less than one third of GPCR-targeting agents
entering phase Il clinical trials receive FDA approval (Hauser et al, 2017). Poor selectivity,
sub-optimal pharmacokinetic properties and a lack of efficacy remain the greatest obstacles
for clinical candidates to overcome. For GPCRs, many of these issues are due to receptor
pharmacology, (patho)physiology and candidate compound properties tending to be poorly
understood prior to clinical advancement. Moreover, candidate molecules have historically
been developed to exploit GPCR pharmacology via unidimensional approaches, which may

be insufficient when attempting to treat complex diseases where multiple systems are affected.

To address these limitations there has been increased interest in the development of small
molecules that use novel mechanisms to dynamically control their activity, and that are also
well characterised in different pharmacological systems - considering (patho)physiological
contexts and the effects of ligands on multiple signalling partners downstream from their target
receptor. It is anticipated that research will be better equipped to recognise predictors of

preclinical efficacy in the absence of adverse effects.

To this end, one approach gaining popularity is the development of molecules and
technologies whose activity can be controlled by light. The use of light in this way, particularly
in biological applications, can be advantageous as it is non-invasive, non-contaminating and
photons are associated with low or negligible toxicity as compared to chemicals. Critically,
light can be delivered in a highly controlled manner in space and time, and the extent of its
effect can be controlled through the adjustment of wavelength and intensity.
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Historically, using light to control and manipulate biological processes has been important to
the advancement of a number of fields of science, including neuroscience and pharmacology.
For example, optogenetics is a method that utilises light to modulate the activity of specific cell
types or organisms in a genetically targeted manner. Since its inception, it has helped address
many fundamental research questions. However, this technigue requires genetic manipulation
of a system and so it may not be suitable for clinical advancement in all situations.
Furthermore, since classical optogenetics often replaces a protein with a different, non-
mammalian protein in order to allow for light modulation, its behaviour may differ from the
endogenous protein, so direct conclusions about the endogenous system cannot be drawn
with complete confidence. Irrespective of some of the limitations associated with optogenetics,
other techniques have emerged that utilise light, which have become more commonplace in
the clinic. Indeed, photodynamic therapy is approved for use in humans and is a minimally
invasive therapeutic approach towards selectively killing malignant cells (Chilakamarthi &
Giribabu, 2017). This technique relies on the use of photosensitisers to form reactive oxygen
species in living tissue, which leads to non-specific cell death. Due to its non-selective nature

though, its application is limited.

More recently, the use of small, light-regulated ligands has emerged as an interesting
alternative for the modulation of physiological systems and signalling pathways. Unlike
optogenetics, the application of photopharmacology allows for the modulation of native
proteins with minimal to no genetic manipulation, allowing easier translation into the clinic.
Furthermore, many classical pharmacological approaches are unable to target proteins in a
temporal and tissue-dependent manner. For this reason, photopharmacological strategies

may be advantageous; since precise drug delivery and activity can be achieved.

In principal, photopharmacology involves the manipulation of a given biological process with
a synthetic photoswitch; a moiety that undergoes a change in its structure upon irradiation with
light, which can either irreversibly release an active compound or reversibly control a ligand’s

activity at its target. To date, photopharmacology approaches have been implemented in the



design of candidate drug-like compounds for a number of biological targets, including G-
protein coupled receptors, ion channels, transporters, lipids, enzymes and elements of
cytoskeleton (Cheng, Shchepakin, Kavanaugh, & Trauner, 2017; Damijonaitis et al., 2015;
Gomez-Santacana et al., 2017; Hull, Morstein, & Trauner, 2018; Liu, Xie, Shao, & Jiang, 2009;
Pittolo et al., 2014; Rastogi et al., 2018; Tsai, Essig, James, Lang, & Chin, 2015; Velema,
Szymanski, & Feringa, 2014). In this chapter, discussion will be restricted to light-regulated

ligands that target GPCRs.

Modality of photoactivable ligands

At present, photopharmacology strategies targeting GPCRs can be designed to be either
irreversible or reversible. Irreversible photopharmacological approaches including the
development of photocaged compounds have grown in popularity, since they allow for greater
control over the delivery and activity of a given drug at its site of action. For example, a
photoactivable ligand can be administered systemically, but activated locally with the use of
light and in this way can reduce the risk of adverse consequences in unwanted tissues.
Photoactive caged-compounds possess a photoreactive component that is covalently bound
to an active molecule, rendering it inactive to its target receptor. However, when exposed to
irradiation of a select wavelength the active molecule is irreversibly released in a rapid and
localised manner (Figure 1), thereby controlling the location and extent of its therapeutic

effects and reducing the risk of adverse side-effects at other locations in the body.
[Insert Figure 1 here; total size one quarter of the page]

Since the first demonstration of the suitability of photocaged compounds to modulate biological
systems in the late 1970s, a multitude of molecules employing this mechanism of action have
emerged and shown promise in preclinical studies (Font et al., 2017; Kaplan, Forbush, &
Hoffman, 1978; Taura et al., 2018). For example, technigques incorporating photocaged
compounds have found utility in describing the functional connectivity of circuits within the

central nervous system. The use of photocaged-glutamate has indeed allowed for the mapping



of circuits that connect with the hippocampus and cortex, while also bypassing some of the
limitations associated with conventional stimulatory approaches, such as desensitization
effects and artefacts of current (Callaway & Katz, 1993). Many photoactive caged-compounds
have also been designed to be sensitive to two-photon excitation and uncaging, which allows
for high spatial resolution and minimal toxicity as compared to standard ultraviolet (UV) light
excitation (Warther et al., 2010). Moreover, the photoactive caged compound, JF-NP-026
(caged-raseglurant; Figure 1B), which was based on the selective negative allosteric
modulator (NAM) for the metabotropic glutamate receptor 5 (mGIlub), raseglurant, exhibits
preclinical efficacy in mouse models of acute and neuropathic inflammatory pain (Font et al.,
2017; Lopez-Cano, Font, Llebaria, Fernandez-Duenas, & Ciruela, 2019). In this study, the
authors demonstrated that caged-raseglurant had no effect on pain prior to illumination, but
following photolysis with violet light either peripherally on the hind paw, or centrally in the
thalamus, it demonstrated analgesic effects (Font et al., 2017). In this way, the authors of the
study were able to examine targeted and localised effects of the ligand at the mGlu5 in a light-
directed manner that otherwise could not be achieved with conventional pharmacological
approaches. They were also able to demonstrate the potential therapeutic efficacy of targeting
this receptor with a selective photocaged NAM in different aspects of neuropathic pain.
Another study has recently shown that the photo-caged A.. antagonist, MRS7145, shows
efficacy in a number of animal models that represent aspects of the symptomology of
Parkinson’s disease (Taura et al., 2018). Demonstrating the potential efficacy of photocaged
Aoa antagonists to manage the symptomology of movement disorders including, Parkinson’s
disease. More recently, a series of photocaged lipid metabolites enabling the optical control
of GPCRs (FFAR1, PTGER1, LPA2, LPA3, PTFAR) have also been designed (Wagner,
Schuhmacher, Lohmann, & Nadler, 2019). For a more comprehensive list of GPCR-targeting
photocaged compounds the reader is referred to another review (Ricart-Ortega, Font, &

Llebaria, 2019).



Irrespective of these and other proof-of-concept studies, the use of photocaged compounds
are limited by their irreversibility and care must be taken in their design to ensure efficient
uncaging upon irradiation. For example, scenarios may arise where prior to irradiation the
photocaged molecule is unreactive, but following illumination the biological activity of the
parent ligand cannot be restored, or falls below the necessary threshold for biological activity
due to incomplete uncaging (Deiters, 2010). The opposite may also occur, with a photocaged
compound demonstrating activity prior to illumination leading to potential off-target or on-target

effects in undesired tissues (Deiters, 2010).

Modality of photoswitchable ligands

In general, the design of reversible photoswitchable ligands involves the incorporation of an
active moiety that can be selectively recognised by the target receptor and a photoswitchable
core that reversibly isomerises under different light conditions. Following irradiation with
distinct wavelengths of light the resulting photoisomers can interact differently with the target
GPCR as a result of differences in pharmacological, chemical and/or physical properties. This
results in the reversible control of a receptor from a state of activity to inactivity in a precisely
timed manner. Often there is one photoisomer that is more thermodynamically stable. One
wavelength of light will typically be used to switch the ligand to the less stable isomer, and it
may return to the more thermodynamically stable isomer in darkness via thermal relaxation or

by irradiation with a second wavelength.

Tethered photoswitchable ligands

Reversible photoswitchable ligands are classified depending on their interaction with their
target protein. To date, photoswitchable molecules have been designed that can covalently
attach to receptors via a bioconjugation, which can be synthetic or native to the receptor
(Donthamsetti et al., 2017; Hermanson, 2013)(Broichhagen & Trauner, 2014). Tethered
photoswitchable ligand approaches include hybrid methods that exploit genetic and chemical

technologies to control protein function, including the incorporation of unnatural amino acids



into a receptor (Noren, Anthony-Cabhill, Griffith, & Schultz, 1989). The promise of this strategy
is that it allows for greater selectivity for a target receptor and can rapidly oscillate between
activating and inactivating a receptor, since its tether enables close proximity to its binding site
(Figure 2) (Leippe, Koehler Leman, & Trauner, 2017). This approach also allows any point on
a receptor to be selectively targeted, but it does require genetic manipulation and the
incorporation of unnatural amino acids can lead to decreased protein expression

(Klippenstein, Ghisi, Wietstruk, & Plested, 2014).

Tethered ligands are classified based on the proximity of the covalent attachment site to the
ligand binding site. Photoswitchable tethered ligands (PTLs) possess a photoswitch and a
covalent attachment, via a single cysteine amino acid in very close proximity to the ligand
binding site, so when switching occurs the local concentration at the active site of the molecule
is affected (Figure 2A). Alternatively, the bioconjugation to the receptor may occur with the
use of larger protein tags, as is the case with photoswitchable orthogonal remotely tethered
ligands (PORTLs; Figure 2B). For both PTLs and PORTLS, the active component binds to and
elicits a pharmacological response at the receptor in one conformation, but does not bind in
the second conformation following photoisomerization (Figure 2A and B). Both strategies have
been successfully applied to metabotropic glutamate receptors (Carroll et al., 2015; Levitz et
al., 2013)(Acosta-Ruiz, Broichhagen, & Levitz, 2019; Broichhagen, Damijonaitis, et al., 2015).
To date, the PORTL approach utilises a number of different noncovalent binders, including
antibodies and nanobodies, as a means of attaching a photoswitchable ligand to a receptor

with very high selectivity (Farrants et al., 2018).

Nanotweezers are another class of tethered photoswitchable ligand that employ light-
responsive cross-linkers, where each attachment point of the ligand to the receptor possesses
a photoswitchable unit (Habermacher et al., 2016). Following isomerisation, the binding and
functional activity of the ligand is affected at the receptor (Figure 2B). More recently, tethered
ligands have been designed to genetically-target the plasma membrane of a cell instead of a

target receptor and are named membrane anchored photoswitchable orthogonal remotely
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tethered ligands (maPORTL) (Donthamsetti et al., 2019). These ligands anchor to the plasma
membrane and via lateral diffusion become close in proximity to their target receptor to enable

interaction (Figure 2C).
[Insert Figure 2 here; total size half of a page]

The action of tethered photoswitchable ligands tend to be rapid since the local concentration
and/or activity at the receptor can be switched from being very high to very low depending on
the light condition. Unfortunately, the tethered ligand approach is also limited. They are often
restricted to targeting points on a receptor that can only be accessed by the solvent; limiting
interactions to the extracellular environment, photoswitching between each isomer is often
inefficient, which can lead to reduced activity if photoisomerization is required for ligand
binding, and the nature of the ligand’s attachment to the receptor can increase the potential
for non-specific reactions to occur, e.g. non-specific cysteine conjugations. To date though,
no adverse effects have been reported and this approach has been successfully implemented
to control some GPCRs in a light-dependent manner, including mGlu receptors and dopamine
receptors (Broichhagen, Damijonaitis, et al., 2015; Donthamsetti et al.,, 2017). Research
groups are beginning to address some of the limitations associated with this approach. For
instance, a recent report describes the design of branched PORTLs as a means to improve
the photoisomerization efficiency and affinity of tethered ligands (Acosta-Ruiz et al., 2019).
Continued improvements of this type may lead to a set of tool compounds suitable for

addressing a number of different mechanistic questions of receptor function in the future.

Freely-diffusible photoswitchable ligands

Of particular interest to this review, are photochromic ligands (PCLs). These are
photoswitchable ligands that have been developed to interact with a receptor via non-covalent
bonds. Like with covalently tethered compounds, photoswitchable molecules of this type can

be designed so that following irradiation, photoisomers have opposing pharmacological
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interactions with the target receptor, which is a product of differences in isomer binding, activity
and/or pharmacokinetic properties (Figure 3). In contrast, PCLs are freely diffusible and can
be slower in switching between pharmacological responses. At present, PCLs have been
synthesised to target all major GPCR classes and do so by many different mechanisms of
action, including via orthosteric interactions (e.g. VUF15000 is a photoswitchable Histamine
Hs receptor agonist and photoiperoxo is a photoswitchable muscarinic acetylcholine receptor
[MAChR] partial agonist), allosteric interactions (e.g. alloswitch-1 is a photoswitchable mGlu5
NAM and PhotoETP is a photoswitchable positive allosteric modulator (PAM) of the glucagon-
like peptide-1 receptor (GLP-1R), and by connections that engage aspects of both the
orthosteric and allosteric sites of a receptor; that is by bitopic interactions (e.g. BQCAAI is a
bitopic ligand for the M1 mAChR) (Agnetta, Kauk, Canizal, Messerer, Holzgrabe, et al., 2017;
Broichhagen, Johnston, von Ohlen, & Meyer-Berg, 2016; Broichhagen, Podewin, et al., 2015;
Gomez-Santacana et al., 2017)(Jones et al., 2017)(Broichhagen et al., 2016; Hauwert et al.,
2019; Schonberger & Trauner, 2014). For a comprehensive list of currently available, GPCR-
targeting PCLs the reader is referred to other reviews (Hull et al., 2018; Ricart-Ortega et al.,

2019).

[Insert Figure 3 here; total size one quarter of the page]

Types of Photoswitchable cores

Photoreactive ligands incorporate photoswitchable cores, which are classified into two distinct
groups - based on their mechanism of isomerisation. Following irradiation, molecules that
incorporate azobenzene-, hemithioindigos- or stilbenes-based photoswitches into their
structure will be interconverted between trans and cis isomers; leading to a substantial change
in the overall shape and polarity of the molecule (Ricart-Ortega et al., 2019) (Figure 4A, B, C).
Spiropyrans-, diarylethenes- or fulgides-based photoswitches can photoisomerize between
open and closed formations, tending to result in changes in flexibility and electronic properties
(Ricart-Ortega et al., 2019) (Figure 4D, E, F). To date, the azobenzene is the most widely used

photoswitch; predominantly because it meets the majority of the design criteria for an ideal
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photoswitch (Agnetta, Kauk, Canizal, Messerer, & Holzgrabe, 2017; Broichhagen, Frank, &
Trauner, 2015; Gomez-Santacana et al., 2017; Schonberger & Trauner, 2014). Azobenzenes
tend to be easy to synthesize, they are small in size, show high quantum yields and have little
photobleaching (Beharry & Woolley, 2011). The trans isomer tends to be the most stable and
following irradiation to the cis form the molecule generally relaxes back to the trans isomer in
darkness. The half-life of the thermodynamically less stable photoisomer can vary from
milliseconds to days, depending on the substituents attached to the molecule. Many of the

following examples will relate to azobenzene-based photoswitches.

[Insert Figure 4 here; total size one third of the page]

Design Criteria for Photoswitchable drug-like compounds

When designing a photoswitchable ligand there are a number of criteria determining the
pharmacological success of the compound. First, photoswitchable ligands should be able to
efficiently switch between their isomers following light irradiation. For most photoswitches it is
not possible to completely convert all molecules from the thermodynamically preferred state
to the less-stable state with irradiation. Research is progressing towards the development of
bistable photoswitches though (Szymanski, Wu, Poloni, Janssen, & Feringa, 2013), and this

will be critical to the advancement of photoswitchable ligand development.

Importantly, a molecule may have different photoswitchable efficiencies depending on its local
environment. Certainly the solvent system, concentration, temperature, pH, presence of
interacting molecules, whether the ligand is bound to its receptor and/or the disease context
may affect its ability to photoisomerize (Velema et al., 2014). Taken together, studies should
consider measuring isomer concentrations under all experimental conditions used, particularly
when a photoswitchable ligand is intended for use in a disease context where physiological
conditions are changed. This will ensure pharmacological profiles are attributed to the actions

of a specific photoisomer of a ligand.
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An important factor for when determining the photoisomer ratio of a ligand is the half-life of the
thermodynamically less stable photoisomer. Knowledge of the half-life of photoisomers will
help to determine the appropriate dosing strategy for photoswitchable ligands and the amount
of light required in order for a given pharmacological or therapeutic outcome. For instance, in
an in vivo setting, for a candidate drug that is more active in the less stable isomeric form but
that has a short isomeric half-life, it may be preferential to irradiate the molecule at its site of
action and not prior to dosing. Using this method, the activity of the ligand will not be lost by
the time it reaches its target and it will be less likely to elicit undesirable on-target effects in
other tissues. As with the photoisomer ratio of a molecule, it is feasible that the thermal
relaxation time may change depending on the local environment of the photoswitchable ligand
and as such, care must be taken to fully appreciate the properties of the ligand in changing

environmental conditions.

As well as the photoisomer ratio, the metabolism of the photoswitchable ligand and the activity
of the resulting metabolites should also be considered. Previous reports show that
photoswitchable moieties such as azobenzenes can be subject to either enzymatic
degradation or glutathione-mediated reduction depending on their polarity (Boulegue,
Loweneck, Renner, & Moroder, 2007; Renner & Moroder, 2006; Zbaida, 1995). Accordingly,
the electronic properties of molecules should be examined in the design process of
photoswitchable ligands and the synthesised ligands should be tested against glutathione-
mediated reduction (Velema et al., 2014). Photoswitchable ligands containing azobenzene
cores, nevertheless, have shown in vivo efficacy suggesting that their potential for metabolism
may not be a limiting factor (Font et al., 2017; Taura et al., 2018; Zussy et al., 2018)(Mehta et

al., 2017; Morstein et al., 2019).

The chosen photoswitch should also demonstrate negligible toxicity. Some azobenzenes and
their metabolites have reported toxicity (Brown & De Vito, 1993). However, this may not be a
restricting factor since drugs containing azobenzenes have been successfully progressed to

the clinic for therapeutic use (McGirt, Vasagar, Gober, Saini, & Beck, 2006).
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Taken together, as with classical pharmacological approaches, it is clear that adequate
knowledge of the overall ADME (absorption, distribution, metabolism, and excretion)
properties of a photoswitchable ligand is essential in the design process and is critical to
reducing risks associated with their failure towards further optimisation and advancement. One
of the main advantages that photoswitchable strategies possess over classical
pharmacological approaches is that given adequate knowledge of pharmacodynamic and
ADME properties, it is possible to fine-tune some aspects of an existing photoswitchable ligand
in real-time, and in a spatial and temporal manner with light. For this reason, ensuring that a
photoswitchable ligand is designed such that the photoisomerization occurs at very precise
wavelengths is paramount. When evaluating the appropriateness of a wavelength for
photoswitching, its corresponding photostationary state (a function of the wavelength of light)
is important. In theory, the photostationary state is reached when the interconversion between
cis and trans isomers of a molecule proceeds at equilibrium and the isomeric ratio remains
constant. Ideally, the absorption spectra of each isomer will be well separated and the isomeric
ratio at the photostationary state will be approximately equal to 99:1. This is not always the
case though, and the isomeric ratio can be much lower, and as a consequence of the non-
linear nature of biological systems a small change in this ratio may have a substantial effect

on the biological activity of the photoswitchable ligand.

In general, the isomeric ratio of a photoswitchable ligand’s photostationary state, at a given
wavelength, can be determined with the use of a 'H-NMR spectroscopy assay (Banghart &
Trauner, 2013). This assay involves dissolving samples of a photoswitchable ligand into
deuterated water and analysing them firstly by UV-visible spectroscopy to identify which
wavelengths produce a photostationary state and then the ratios can be determined by H-
NMR spectroscopy. Since the aromatic protons of azobenzene trans and cis isomers exhibit
different chemical shifts it makes it possible to compare the relative abundance of each isomer

for a particular photostationary state of a ligand by peak integration. Regular employment of a
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technique such as 'H-NMR spectroscopy is recommended as it allows for the direct

measurement of a photoswitchable ligand’s photostationary states.

The wavelengths for photoswitching should also occur outside the UV range to reduce toxicity
so that they are appropriate for clinical use. Recently, red-shifted, azobenzenes-based
photoswitches have been synthesised, which penetrate tissue more deeply and are more
biocompatible (Broichhagen et al., 2015; Dong, Babalhavaeji, Samanta, Beharry, & Woolley,
2015; Samanta et al., 2013). It should be noted though, that the substitution pattern of a
ligand’s photoswitchable core cannot only significantly influence the wavelengths required for
interconversion between isomers but also can affect photoisomerization rates and
photorelaxation times, which should be considered when designing ligands (Dong,
Babalhavaeji, Samanta, Beharry, & Woolley, 2015). Taken together, the design of the ideal
photoswitch should enable bi-directional photoisomerization with wavelengths that are well-
separated in the light spectrum, that are deep-penetrating and show low toxicity to reduce

invasiveness.

To determine the most appropriate wavelengths for photoswitching of a ligand, a researcher
can determine the photoisomerization score (PIS) and the negative logarithm of the
photoinduced potency shift (pPPS) for a small molecule (Gomez-Santacana et al., 2017). The
PIS is calculated from the data obtained from the UV-visible absorption spectra of ligands and
is given as a score ranging from zero to one; where a score of zero is indicative of a
wavelength that results in no isomerisation and a score of one refers to complete isomerisation
following irradiation. Two PIS values are usually determined — one for the interconversion from
the trans to cis isomer (PIStsc) and the other for the conversion of the cis to trans isomer
(PIScsT). The value for the trans to cis conversion represents the difference between the
absorbance under dark light conditions and illuminated conditions (usually violet light for an
azobenzene) over the absorbance for dark light conditions of a ligand (Equation 1). The
resulting value can then be compared against a reference photoswitchable ligand that

undergoes complete isomerisation (Equation 1). For determining the PIScst value the same
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equation is used, but the maximum absorbance occurring under violet light conditions is
compared to a second wavelength, which promotes isomerisation back to the trans form

(usually green light for azobenzenes) (Equation 2).

Ax,dark maximum Ax,violet

PIS _ Ax,dark maximum
x,t-c —

Aref,dark maximum ~ Aref,violet

Aref,dark maximum
(Equation 1)

Ax,violet - Ax,green

_ Ax,dark maximum
PIS; ot =

Aref,dark maximum ~ Aref,violet

Aref,dark maximum
(Equation 2)

The pPPS value for a photoswitchable ligand measures the change in potency of a molecule
following irradiation with a wavelength of light as compared to its potency under dark light
conditions (Gomez-Santacana et al., 2017) (Figure 5). For example, in the case of an ECg
concentration of an agonist interacted with a concentration response curve of a
photoswitchable NAM under dark light and illuminated conditions, the pPPS value is
determined from the difference between the illuminated curve plCso value and the dark light
curve plCsp value (Figure 5). The resulting value will aid a researcher in choosing a wavelength
of light for future experiments that has the largest activity difference for a photoswitchable
ligand between isomerisation states. Once the appropriate wavelength has been chosen, it is
also possible to determine pPPS values for different light intensities to maximise

photoswitching at a particular wavelength.

[Insert Figure 5 here; total size one fifth of the page]
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Advantages and considerations for future applications of

photopharmacology to biological systems

As outlined previously, the benefit of using photoswitchable ligands is the ability to control their
action externally, in real-time and in a reversible manner. These specific properties may allow
photopharmacology approaches to be easily incorporated and applied to a number of research
areas towards improving GPCR drug discovery, including in developing our understanding of

GPCR signalling and function.

The consideration of the pharmacokinetic and pharmacodynamic properties of drug-like
compounds is essential to the success of any GPCR drug discovery program. Since these
properties are dictated by the shape, structure and polarity of a drug, being able to rapidly
change these aspects of a molecule may allow for dynamic control over the activity,
effectiveness and amount of drug that reaches its site of action. Photopharmacology,
therefore, offers the potential benefit of designing drug-like molecules with pharmacokinetic
and pharmacodynamics properties that can change under different conditions. For instance,
a photoswitchable ligand may be designed to be more lipophilic at a particular pH to allow for
better absorption at one point of the gastrointestinal system, which may improve the overall
effectiveness of the compound. Alternatively, it may be possible to design a photoswitchable
ligand to photoisomerize from a low affinity/efficacy state in tissues where its activity is not
desired, to a high affinity/efficacy state upon reaching its site of action to minimise off-target
effects in undesired tissues. Certainly, strategies of this type would be beneficial when treating
many types of cancers that are sub-optimally treated with cytotoxic drugs. This potential
benefit has recently been demonstrated with the photocaged mGIlu5 NAM; caged-raseglurant,
which shows a reduced side-effect profile as compared to its parent compound, raseglurant

(Font et al., 2017).

Currently, many of the photoswitchable ligands available that target GPCRs are more active

in their more thermodynamically stable form (trans isomer), which means they are active under
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dark light conditions and have to be deactivated with light. For therapeutic purposes, inactive
ligands that can be switched on by light are more desirable and to date few GPCR targeting
cis-active ligands have been described, including the photoswitchable cis-on cannabinoid
receptor 1 agonist, azo-THC-4, (Westphal et al.,, 2017), and the cis-on antagonist of the
histamine Hs receptor, VUF14862 (Hauwert et al., 2018). Studies have also emerged that
describe alternative photoswitchable ligands that are more thermodynamically stable in their
cis form, while their trans isomer tends to be severely strained and distorted in shape. Ligands
of this type generally possess two phenyl rings connected by an ethylene bridge, which
creates a locked-azobenzene core. Using this strategy, compounds have been designed that
are inactive under dark light conditions and more active following light irradiation (Cabre et al.,
2019; Thapaliya, Zhao, & Ellis-Davies; Trads et al., 2019; (Siewertsen et al., 2009; Siewertsen,
Schonborn, Hartke, Renth, & Temps, 2011). To date, molecules of this type have only been
designed to target non-GPCR proteins so it remains to be seen if GPCR-targeting

photoswitchable ligands can be designed in this way.

In the field of GPCR pharmacology and drug discovery, the discovery of biased signalling has
been an important development. Biased signalling describes the ability of ligands to act at the
same GPCR and preferentially stabilise different conformational states to elicit distinct cellular
and pharmacological outcomes (Christopoulos, 2014; Terry Kenakin, 2005; Wootten,
Christopoulos, Marti-Solano, & Babu, 2018). In the context of GPCR drug discovery, this
concept has opened the door for the design of drug-like compounds which are biased towards
particular signalling outcomes at the exclusion of others. This will mean that ligands can be
tailored to have improved activity and/or reduced risk for adverse effects. In this way, the
application of photopharmacology may provide an interesting approach to improve our
understanding of biased agonism and modulation at GPCRs in an in vitro and in vivo setting,
and as a tool to implement desired biases in a reversible manner into candidate ligands for
preclinical development. For instance, photoswitchable agonists or allosteric modulators may

be developed to photoisomerize between forms that stabilise different conformational states

19



of a receptor so that properties, including the kinetics of the ligand-receptor interaction (e.g.
ligand-residency time), the signalling efficacy and/or the receptor trafficking can be altered.
Following a thorough investigation into the spectrum of photoswitchable ligand effects under
different light conditions, it may then be possible to build on structure-activity relationships

around GPCRs in conjunction with structural and modelling data.

Evidence for biased signalling of photoswitchable ligands at GPCRs is already emerging.
Based on the glucagon-like peptide-1 receptor (GLP-1R) agonist liraglutide, Broichhagen et
al., (2015) designed a photoswitchable incretin memetic termed LirAzo (Broichhagen,
Podewin, et al.,, 2015). In the trans configuration, LirAzo was suggested to preferentially
facilitate calcium influx in pancreatic p-cells, while the cis isomer was suggested to
preferentially promote cAMP production. The potential for light-sensitive bias of this compound
for GLP-1R signalling translated to differential effects on glucose stimulated insulin secretion
in pancreatic B—cells and in the ligand’s ability to protect B—cells from glucolipotoxic insult
(Broichhagen, Podewin, et al., 2015). In a follow-up study, the same group extended on this
approach towards rationally designing GLP-1R photoswitchable PAMs, which demonstrated
distinct binding kinetic and signalling profiles (Jones et al., 2017). This study provided the first
evidence for GLP-1R PAMs to markedly augment agonist-residency times at their receptor,
which may contribute to the underlying mechanism driving their potential for signalling bias
and modulatory profiles, and it offers a novel therapeutic strategy for achieving sustained
responses in vivo (Jones et al., 2017). Taken together, these studies demonstrate the potential
for designing biased photoswitchable orthosteric and/or allosteric ligands to reveal the

mechanisms underlying GPCR signalling bias and its (patho)physiological consequences.

Although exciting, these studies highlight the complexity of GPCR signalling and the necessity
of testing putative photoswitchable ligands of GPCRs against multiple functional based
assays, so that orthosteric- and allosteric-targeting ligand efficacy and/or allosteric
modulation-induced biases of endogenous ligands can be assessed (Christopoulos, 2014).

Furthermore, future studies that intend on assessing and quantifying bias profiles for
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photoswitchable ligands should ensure that they compare the profile of each ligand against a
reference ligand and a reference pathway, since quantitative methods for measuring ligand
efficacy can differ greatly depending on the context of the interaction, for example cell
background. For further advice on quantifying and understanding bias the reader is referred
to other papers (Rajagopal et al., 2011; Wootten, Christopoulos, Marti-Solano, Babu, &

Sexton, 2018).

Adding further complexity to receptor pharmacology, allosteric interactions at GPCRs can also
demonstrate another unique characteristic, which is related to biased agonism and
modulation, termed probe dependence (Christopoulos, 2014; Terry Kenakin, 2005). This
phenomenon refers to how the magnitude and direction of an allosteric effect at a particular
GPCR can change depending on the nature of the interacting orthosteric ligand. For instance,
the muscarinic acetylcholine receptor (mMAChR) allosteric ligand, LY2033298, has been shown
to act as a PAM of acetylcholine function at the M4 mAChR, but as a neutral allosteric ligand
(NAL) when interacted with the inverse agonists, [*H]N-methylscopolamine ([BHJNMS) or
[*H]quinuclidinyl benzilate ([*H]JQNB) at the same receptor (Leach et al., 2010). This potential
for probe-dependent effects may be of particular importance when attempting to appreciate
the pharmacology of photoswitchable allosteric ligands. Since ligands of this type are usually
designed to have different levels of activity in each photoisomeric form, it is conceivable that
each photoisomer may demonstrate different types and levels of cooperativity with a variety
of co-binding orthosteric probes at the same receptor. In this way, a PCL may photoswitch
between PAM to NAL activity when co-bound with an endogenous ligand at a receptor, but
NAM to PAM activity when interacted with a different orthosteric probe. The potential for probe-
dependent effects of different photoisomers will make it possible to investigate multiple
pharmacological effects within the same assay. This property also necessitates studies to
thoroughly investigate the pharmacological profile of an allosteric PCL if it is intended to be
interacted with multiple endogenous or synthetic orthosteric probes in vivo, prior to preclinical

advancement.
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When considering stimulus bias and probe dependent effects, it is unsurprising that structure-
activity relationships (SAR) of allosteric ligands for GPCRs tend to be shallow; with subtle
changes in molecular structures resulting in substantial changes in activity (molecular
switches) (Conn, Lindsley, Meiler, & Niswender, 2014; Gregory & Conn, 2015; Lindsley, 2014).
For this reason, the development and design of photoswitchable allosteric ligands may be
particularly challenging, as the addition of a photoswitchable unit to an existing allosteric ligand
may render it inactive or alter its pharmacological profile. Molecular switches of this type have
been relatively well-documented, with very slight changes in structure leading to cooperativity
switches at the receptor with the same interacting orthosteric probe (Wood, Hopkins, Brogan,
Conn, & Lindsley, 2011). Indeed, this has allowed for the design of mGlu PAMs, NAMs and
NALs to be generated all from the same parent scaffold (Wood et al., 2011). Similarly, the
tendency for molecular switching could also be used for the development of improved
photoswitchable modulators. For instance, alloswitch-1 was the first photoswitchable allosteric
ligand to be described, which acts as a NAM at the mGIu5 (Pittolo et al., 2014). Intriguingly,
alloswitch-1 was based on the scaffold of a potent mGlu4 PAM, but with the strategic addition
of an azobenzene core its activity switched to negative cooperativity with glutamate at the
mGlu5, and this NAM activity is reversibly controlled by irradiation with different wavelengths
of light (Pittolo et al., 2014) (Figure 3B). Furthermore, in a recent communication by Gomez-
Santacana et al., (2018), photoswitchable orthosteric-targeting ligands for the chemokine
receptor CXCR3 were rationally designed to have efficacy photoswitches in a [®*S]GTPyS
binding assay. They showed that depending on the light condition, orthosteric-targeting small
molecules could bind to the CXCR3 and demonstrate either full, partial or no agonism at the
receptor (Gomez-Santacana, de Munnik, Vijayachandran, Da Costa Pereira, & Bebelman,
2018). This study illustrates that not only allosteric PCLs, but also orthosteric PCLs can be
designed to have subtle structural differences, which result in significant changes in

pharmacological activity.
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Further intricacy is added to GPCR photopharmacology with the prospect of photoswitchable
ligands exhibiting species differences and/or activity differences at splice variants of GPCRs.
These effects can occur as a result of changes in affinity for allosteric sites due to differences
in receptor homology between species or as a product of changes in cooperativity (Leach et
al., 2013; Suratman et al., 2011). Properties like these necessitate PCLs to be screened
against receptors of different species and any splice variants that may exist for a receptor
under different light conditions. This ensures that the appropriate preclinical model is chosen
to test for in vivo efficacy, and informs research of any side effects that may occur as a result
of changed functional activity of a PCL at different polymorphisms of a receptor. It is

anticipated that this would reduce the risk of drug failure during clinical progression.

Another interesting consideration for photoswitchable allosteric ligands is the concept of lateral
allostery. Lateral allostery describes the effects of a ligand that are expressed along the plane
of a cell membrane to other GPCRs or membrane proteins, and can lead to receptor
dimerization or heterodimerization (Kenakin & Miller, 2010). In this way it is possible that a
photoswitchable ligand can demonstrate differences in lateral allosteric effects in different
isomeric forms, which could lead to changes in the way proteins interact with each other at
the surface of a cell. This becomes particularly important when a target receptor dimerizes
with different partners in different cell or tissue types. For example, mGlu2 and mGlu4
receptors are thought to form heterodimers and the interaction of allosteric- and orthosteric-
targeting ligands at this heterodimer as compared to the mGlu4 homodimer have shown
activity differences (Gonzalez-Maeso et al., 2008; Kammermeier, 2012; Yin et al., 2014). In
this regard, it may be possible to design PCLs that have distinct selectivity profiles for dimers
in each isomeric form. Certainly, the functional selectivity of some antipsychotics have already
been linked with the existence of dimers (Brea et al., 2009; Maroteaux, Bechade, & Roumier,

2019).

Given the challenges that changes in cooperativity present in photoswitchable allosteric drug

discovery programs and in the interpretation of SAR, there is a clear need for a multi-
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disciplinary approach towards identifying active and inactive photoswitchable allosteric
ligands. To date, many drug discovery programs rely on the results of modulator potency
curves in one signalling pathway and in the presence of a single agonist concentration, which
may not be the endogenous ligand or may be one of multiple endogenous ligands for a
receptor. As described earlier though, photoswitchable allosteric ligands may demonstrate
signalling bias and/or probe dependence, which may lead to active ligands being overlooked
in high throughput screens if they are not tested for under appropriate conditions. In the case
of GPCRs with multiple endogenous ligands, if an allosteric PCL is selected for its envisioned
PAM activity at a receptor but is only tested against one of the endogenous ligands, it may be
found to have unexpected effects at the receptor due to uncharacterised cooperativity with a
second ligand. Indeed, this is the case for the chemokine receptor type 5 allosteric modulator,
aplaviroc, which demonstrates probe dependent effects with the endogenous ligands of the
receptor (Watson, Jenkinson, Kazmierski, & Kenakin, 2005). The use of potency curves in
drug screens provides an overall measure of affinity, efficacy and cooperativity of a ligand, so
any modifications made to a chemotype in order to understand the influence of a single
parameter over the activity of the ligand will not be possible from a single potency readout of
a compound. It is clear that more quantitative and qualitative analysis of photoswitchable
allosteric ligand effects is necessary to understand how structures of photoswitchable ligands

relate to their effects at a receptor under different light conditions.

Taken together, photopharmacological approaches offer the opportunity to better control,
modulate and understand GPCR pharmacology in a more spatial and temporal manner than
classical pharmacological approaches. However, given the complexity of GPCR
pharmacology the development of photopharmacological tools, such as allosteric PCLs, are
still subject to many of the same challenges that current approaches face when attempting to

target GPCRs.

Despite these challenges, the use of photopharmacology is still in its infancy and many of its

applications are yet to be realised. In studies investigating the biophysical properties of
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receptors the use of photocaged compounds and tethered ligand approaches could allow for
the probing of receptor onset kinetics, with PTL and PORTL approaches allowing for the
dynamic control of receptor activity without being impeded by issues including ligand diffusion
(Leippe, Koehler Leman, & Trauner, 2017). In this way, photopharmacological approaches
can mimic the time course of neurotransmitter release from the synaptic cleft and be amenable
to studies where access to receptor populations is not as accessible for traditional
pharmacological or electrophysical approaches, for example at pre- or post-synaptic sites or
subcellular compartments (Reiner & Levitz, 2018). This may help research to study receptors
in a compartment-specific manner to provide information about the receptor trafficking and
compartmentalization mechanisms of a receptor. It would also be possible to investigate the
signalling of a target receptor in a graded manner by changing the light intensity and/or
wavelength used to photoisomerize a PCL; potentially enabling researchers to test multiple

pharmacological conditions in one experiment (Figure 6).

[Insert Figure 6 here; total size one quarter of the page]

Advantages of photopharmacogical approaches to mimic the extent, direction and magnitude
of endogenous effects in real-time, may also make them better suited to understanding
physiological and behavioural changes in vivo. To date, applying allosteric PCLs to the
environment of frog tadpoles or fish larvae modulates the swimming behaviours of these
animals in a light-dependent manner (Gomez-Santacana et al., 2017; Pittolo et al., 2014;
Rovira et al., 2016). The practicality of controlling neuromodulatory mechanisms in freely-
moving rodents has also been demonstrated. As previously mentioned, photo-controllable
ligands that target mGlu receptors demonstrate analgesic activity both peripherally and
centrally in mice, while photoswitchable analogues of Sphingosine-1-phosphate (S1P) can
reversibly control S1P3-dependent hypersensitivity to pain of rodents (Font et al., 2017;
Morstein et al., 2019; Zussy et al., 2018). The photocaged Az adenosine receptor antagonist,
MRS7145, was also recently shown to demonstrate efficacy in reversing motor impairment in

a preclinical model of Parkinson’s disease (Taura et al., 2018).
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These studies have demonstrated the potential benefit and feasibility of applying
photopharmacological approaches in an in vivo setting and may pave the way for opportunities
for innovation in light-regulated therapeutics. One major obstacle that may prevent
photopharmacological methods from being translated into the clinic though, will be the ability
to deliver light in a precise way to specific regions of the body. At present, preclinical studies
have led to the design of devices that can deliver light with minimal damage to neural tissue
while also being wireless, small in size, injectable and remotely controlled (Kim et al., 2013;
Qazi et al., 2019; Shin et al., 2017). Some designs have also made it possible to control both
drug delivery and the activity of light at a particular site of action through the use of optofluidic
systems (Jeong et al.,, 2015). Moreover, the design of photoswitchable ligands that
photoisomerize with the application of deep-tissue penetrating wavelengths, such as red or
infrared light have now been synthesised, which may remove the need for more invasive
approaches that require light emitting implants (Dong et al., 2015). Furthermore, in diseases
that affect the skin, eyes and other tissues that are easily accessible by light
photopharmacological approaches may find their greatest clinical utility without the need of
more invasive approaches (Tochitsky, Trautman, Gallerani, Malis, & Kramer, 2017). Given
these advancements, it is likely that photopharmacological approaches will continue to find
novel applications and offer new perspectives in understanding (patho)physiology to ultimately

inform future GPCR drug discovery efforts.

Conclusion

The current state of the field of photopharmacology is rapidly advancing. The development of
novel modalities of photoswitchable ligands and ways to implement them into and modulate
biological systems is constantly adapting and improving. It is true that the application of
photopharmacology in GPCR research offers the opportunity to better understand receptor
pharmacology in a more spatial and temporal manner. However, the complexity of GPCR
pharmacology means the development of photopharmacological tools, including allosteric

PCLs, is likely to encounter many challenges that traditional pharmacological approaches
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experience when targeting GPCRs. Once well-understood, some characteristics currently
posing challenges for research - such as changes in cooperativity - could be used to fine-tune

the activity of photoswitchable allosteric ligands.
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Figure 1

A. Schematic representation of the photo-uncaging approach. The photoactive caged-compound is
inactive under dark light conditions, but when exposed to a select wavelength of light the active
molecule is irreversibly released and allowed to interact with its target receptor. B. Structure and
photochemistry of the photo-caged compound, JF-NP-026 (caged- raseglurant). Upon irradiation with

405 nm of light the mGIlu5 NAM, raseglurant, is irreversibly released.

Figure 2

Schematic representations of the different classes of tethered photoswitchable ligands available for
targeting GPCRs. A. Photoswitchable tethered ligands (PTLs) B. photoswitchable orthogonal
remotely tethered ligands (PORTLS), C. Nanotweezer, D. membrane anchored photoswitchable

orthogonal remotely tethered ligands (maPORTL).

Figure 3

A. Schematic representation of the photoisomerization of a photochromic ligand (PCL). Following
irradiation with a select wavelength of light, photoisomerization of a PCL is promoted, and the PCL
can then return back to the more stable isomer via thermal relaxation or irradiation with a second
wavelength B. Structure and photochemistry of the photoswitchable, mGlu5 NAM, alloswitch-1, which
interconverts from trans to cis isomeric forms following irradiation with UV light, and from cis to trans

upon exposure to green light or via thermal relaxation.
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Figure 4
Photoswitchable cores that can interconvert between trans and cis or closed and open forms. A.

azobenzenes, B. stilbenes, C. hemi-thioindigos, D. fulgides, E. spiropyrans, F. diarylethenes.

Figure 5

The photoinduced potency shift (pPPS) measures the change in potency of a photoswitchable ligand
following irradiation with a single wavelength of light as compared to its potency under dark light
conditions. The above schematic represents the interaction of a photoswitchable NAM with an 80%
effective concentration (EC80) of agonist under different light conditions to provide an estimate of the

pPPS for the interaction.

Figure 6

A. The signalling of a target receptor can be modulated in a graded manner by changing the light
intensity and wavelength used to photoisomerize a PCL. B. Different wavelengths of light can also
result in distinctly different pharmacological effects such that many different conditions can be tested

in the one assay in real-time and in a reversible manner.
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