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Abstract

Background and Purpose Metabotropic Glutamate Receptors (mGlu) regulate multiple functions in the nervous systems and are

involved in multiple disorders. However, selectively targeting individual mGlu subtypes with spatiotemporal precision is still an

unmet need. Photopharmacology can address this concern by means of photoswitchable compounds such as Optogluram, which

is a positive allosteric modulator (PAM) of mGlu4 that enables to optically control physiological responses with a high precision.

However, Optogluram is not fully selective and finding mGlu4 PAMs with subtype selectivity may be complicated. Experimental

Approach New photoswitchable analogues of Optogluram were synthesised with the aim of obtaining photoswitchable PAMs

selective for mGlu4 receptor and with improved photoisomerization properties. The photopharmacological profiles of these

new compounds were assessed using spectroscopy, functional IP and cAMP assays and computational modelling. Key Results

Optogluram-2 emerged as a new photoswitchable PAM for mGlu4 receptor and offered improved photoswitching properties and

was selective for mGlu4. Optogluram-2 had activity as both PAM and allosteric agonist. The π-π stacking of the thiazole ring

in the allosteric pocket of mGlu6 is hypothesised to be responsible of the mGlu4 selectivity. Conclusion and Implications. The

enhanced photoswitching behaviour and improved selectivity of Optogluram-2 makes it an excellent candidate to study the role

of mGlu4 with a high spatiotemporal precision that only photopharmacology can offer. Indeed, the use of Optogluram-2 in

tissues where mGlu4 can be co-expressed with other mGlu receptors will help to unravel the complexity of mGlu receptors in

neural transmission, pinpointing the role of mGlu4 in such systems.
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ABSTRACT 

Background and Purpose  

Metabotropic Glutamate Receptors (mGlu) regulate multiple functions in the nervous systems and are involved in multiple 
disorders. However, selectively targeting individual mGlu subtypes with spatiotemporal precision is still an unmet need. 
Photopharmacology can address this concern by means of photoswitchable compounds such as Optogluram, which is a 
positive allosteric modulator (PAM) of mGlu4 that enables to optically control physiological responses with a high precision. 
However, Optogluram is not fully selective and finding mGlu4 PAMs with subtype selectivity may be complicated. 

Experimental Approach 

New photoswitchable analogues of Optogluram were synthesised with the aim of obtaining photoswitchable PAMs selective 
for mGlu4 receptor and with improved photoisomerization properties. The photopharmacological profiles of these new 
compounds were assessed using spectroscopy, functional IP and cAMP assays and computational modelling.  

Key Results 

Optogluram-2 emerged as a new photoswitchable PAM for mGlu4 receptor and offered improved photoswitching properties 
and was selective for mGlu4. Optogluram-2 had activity as both PAM and allosteric agonist. The π-π stacking of the thiazole 
ring in the allosteric pocket of mGlu6 is hypothesised to be responsible of the mGlu4 selectivity. 

Conclusion and Implications. 

The enhanced photoswitching behaviour and improved selectivity of Optogluram-2 makes it an excellent candidate to study 
the role of mGlu4 with a high spatiotemporal precision that only photopharmacology can offer. Indeed, the use of 
Optogluram-2 in tissues where mGlu4 can be co-expressed with other mGlu receptors will help to unravel the complexity of 
mGlu receptors in neural transmission, pinpointing the role of mGlu4 in such systems. 

 

1. INTRODUCTION 

G protein-coupled receptors (GPCR) constitute the largest superfamily of cell surface signalling proteins and regulate many 
physiological processes through binding a wide variety of endogenous ligands (Fredriksson et al., 2003; Schiöth et al., 2008). 
Currently, GPCRs are the target of approximately 35% of drugs and are involved in multiple diseases including infections, 
inflammation, neurological diseases, cardiovascular diseases, cancer, and endocrine disorders (Sriram et al., 2018). 

The metabotropic glutamate (mGlu) receptors are a family of class C GPCRs comprising eight receptor subtypes subdivided 
into three different groups: group I, including mGlu1 and mGlu5; group II, including mGlu2 and mGlu3; and group III, including 
mGlu4, mGlu6, mGlu7 and mGlu8 (Gregory et al., 2021). mGlu receptors are widely distributed throughout the central and 
peripheral nervous system and are endogenously activated by glutamate, the main excitatory neurotransmitter in the 
vertebrates. Each mGlu subtype has specific roles that can be modulated with orthosteric agonists or antagonists, which 
compete for the glutamate binding site in the extracellular domain (orthosteric site). There are also allosteric modulators, 
which act in an alternative binding site usually located in the transmembrane domain (allosteric site). The binding of 
molecules to the allosteric site can result in increased, decreased or unaltered receptor responses. This leads to positive, 
negative or silent allosteric modulators (PAM, NAM or SAM). Allosteric ligands are generally considered better drug 
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candidates than the orthosteric ligands since they can modulate the receptor activity without interfering with the 
endogenous ligand binding (Sheffler et al., 2011; Stansley et al., 2019). Additionally, glutamate is the endogenous ligand for 
a variety of receptor families that are widely distributed in tissues and associated to different physiological effects. Therefore, 
it is challenging to obtain fully selective ligands targeting glutamate binding sites. In general receptor allosteric pockets are 
less conserved than orthosteric sites, and particularly in the case of mGlu receptors this is potentially allowing for the 
development of selective ligands for specific mGlu subtypes (Luessen et al., 2022). 

The importance of glutamatergic signalling and the modulatory nature of mGlu receptor makes them promising drug targets 
for a variety of psychiatric and neurodegenerative CNS disorders. Therefore, knowledge regarding mGlu receptors has 
improved exponentially over the last years (Witkin et al., 2022). In general, targeting glutamatergic neurotransmission via 
allosteric fine-tuning of mGlu receptor activities holds great promise for the management of several CNS diseases, with the 
potential for fewer side effects and a physiological adjustment to glutamate natural release. mGlu5 and mGlu2 are the main 
targets for drug development, but mGlu4, mGlu1 and mGlu3 are also promising targets. Small molecules for targeting group 
III receptors, including mGlu6, mGlu7 and mGlu8 receptors, have been undeveloped, although mGlu7 and mGlu8 are emerging 
as interesting therapeutic targets for the treatment of stress-related diseases or epilepsy (Girard et al., 2019; Gradini et al., 
2015; Nickols et al., 2014). 

In particular, there is a growing interest in targeting the metabotropic glutamate receptor subtype 4 (mGlu4) as a therapeutic 
target to treat diseases, such as Parkinson’s disease (PD), epilepsy, anxiety, pain and fear processing (Calabrese et al., 2022; 
Davis et al., 2013; Pereira et al., 2019; Raber et al., 2015). Selective activation of this receptor, via either subtype selective 
agonists or PAMs, has been shown to significantly reduce or eliminate motor symptoms in preclinical models of PD (Panarese 
et al., 2019). Moreover, mGlu4 PAMs have been proposed as potential novel therapeutics for the palliative treatment of some 
forms of epilepsy (Celli et al., 2019; Marino et al., 2005).However, many group III allosteric modulators have failed in pre-
clinical or clinical phases as possible drug candidates targeting mGlu receptors, due to adverse effects, lack of efficacy or 
cross-activity between the different mGlu subtypes (Rascol et al., 2022). These issues may be related to the high degree of 
structural and sequence homology of the allosteric binding pockets, which makes it very difficult to obtain selective 
modulators (Lindsley et al., 2016); but also to the widespread expression of mGlu receptors in different areas of the CNS, 
which also have different roles depending on the cells in which they are expressed. In this last case, drugs acting in a confined 
location and time would be desirable.  

Indeed, photopharmacology may offer a solution, since it uses the spatiotemporal precision of light to switch on and off the 
biological activity of target proteins. Photopharmacology makes use of photoswitchable ligands, which are usually derived 
from existing drugs but include a photoswitch in their molecular scaffold. Thus, the pharmacological properties can be altered 
upon irradiation with light of different wavelengths (i.e. photoswitching) (Hüll et al., 2018; Szymański et al., 2013). This avant-
garde technique has been widely applied for research purposes, and several photochromic ligands have been described in 
the literature allowing the optical control of a wide variety of GPCRs (Panarello et al., 2022; Ricart-Ortega et al., 2019). 
Currently, the use of light-regulated ligands has enabled site-, organ-, tissue-, or even subcellular- specific targeting of mGlu 
receptors in strictly defined time applications (Bossi et al., 2018; Donthamsetti et al., 2021; Gómez-Santacana et al., 2017; 
Pittolo et al., 2014, 2019; Ricart-Ortega et al., 2020; Rovira et al., 2016; Zussy et al., 2018). 

Regarding group III mGlu receptors, to date one photoswitchable PAM has been reported to date. Optogluram (1, Figure1A) 
was originally designed by applying the azologisation approach on VU0415374 (2) (Figure1B), which is a positive allosteric 
modulator of mGlu4 receptor (Engers et al., 2011). The replacement of amide group flanked by aryl groups in VU0415374 (2) 
for a N=N bridge (i.e. azobond) resulted an excellent strategy, since Optogluram (1) was the first photoswitchable ligand for 
the mGlu4 receptor (Pittolo et al., 2014; Zussy et al., 2018). Its azobenzene scaffold (¡Error! No se encuentra el origen de la 
referencia.) allows a rapid isomerization from trans to cis-configuration upon illumination with violet light (380 nm) and the 
trans-isomer could be quickly recovered from the cis-isomer upon green light illumination (500 nm) or by thermal relaxation. 
Trans-Optogluram (i.e. in the dark) showed nanomolar mGlu4 PAM potency, while upon 380-nm illumination its potency was 
decreased (figure 1A,C) (Zussy et al., 2018). Optogluram (1) was found to be selective over group I and II mGlu receptors, but 
it was a PAM of mGlu6 receptor in the micromolar range and, in lower extent, of mGlu8 receptors, both belonging to group III 
mGlu receptors, as mGlu4 receptor does (Zussy et al., 2018).  

Since mGlu4 and mGlu6 receptor subtypes are mainly expressed in different locations, Optogluram (1) was still considered as 
good candidate for in vivo testing in murine model of inflammatory or neuropathic pain. The application of Optogluram (1) 
in the amygdala of living mice produced acute and reversible analgesic peripheral responses, as well as anxiolytic and anti-
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depressive effects in mice suffering from persistent inflammatory pain. In contrast, those effects where significantly reduced 
upon 380-nm illumination of the amygdala and subsequently restored with 500 nm light (Zussy et al., 2018). This allowed a 
dynamic “on/off” control of pain transmission associated with mGlu4 receptors localized in the amygdala (Pereira et al., 2023; 
Zussy et al., 2018). 

 

Figure 1: GPCR labelling approaches design. (A) Structure of Optogluram (1) as the first photoswitchable allosteric ligand for mGlu4 
receptor. Optogluram photoisomerises from trans to cis configuration or vice versa upon illumination with different wavelengths. (B) 
Optogluram resulted from an azologisation strategy applied to VU0415374 (2), a reported mGlu4 PAM (C). Both trans-Optogluram and 
VU0415374 bind in the allosteric pocket of mGlu4 receptor. (D) Optimization plan for mGlu4 PAM Optogluram (1) to decrease potency at 
mGlu6/8 receptors via analogues 3a-d and 4a-b. 

In the field of photopharmacology, several photoswitchable allosteric modulators for metabotropic glutamate receptors have 
been developed. However, there is still considerable work to complete the photopharmacological toolbox (Gómez-Santacana 
et al., 2022). Indeed, obtaining mGlu allosteric modulators selective among the other subtypes might be a burden, specially 
within the group III. In this context, we decided to modify the structure of Optogluram (1) to generate a small library of 
azobenzene candidates with the aim of maintaining or enhancing PAM activity on mGlu4 receptor and decreasing that one 
over the other group III glutamate receptors. Additionally, we deciphered the pharmacological characteristics of those 
compounds, including a computational analysis of the possible binding mode of the allosteric molecules. 

2. METHODS 

Organic Synthesis materials and methods 

All the chemicals and solvents were provided from commercial suppliers and used without purification, except the anhydrous 
solvents, which were treated previously through a system of solvent purification (PureSolv), degasified with inert gases and 
dried over alumina or molecular sieves (DMF). All the reactions described below were monitored by thin layer 
chromatography (60F, 0.2 mm, Macherey-Nagel) by visualization under 254 and/or 365 nm lamp. The synthesis of 
Optogluram analogues 3a-d and 4a-b is detailed in the supporting information 

Flash column chromatography was performed using silica gel 60 (Panreac, 40-63 μm mesh) or by means of SNAP KP-Sil 50 
μm (Biotage) and/or SNAP KP-C18-HS 50 μm (Biotage) columns, automated with Isolera One with UV-Vis detection (Biotage).  

Nuclear magnetic resonance (NMR) spectra were recorded on a 400 MHz Variant Mercury (Agilent Technologies) and on a 
400 MHz Brüker Avance NEO instrument. Data were processed using Mestre Nova V. 8.1 software (Mestrelab Research). 1H 
and 13C chemical shifts are reported in parts per million (ppm) against the reference compound using the signal of the residual 
non-deuterated solvent [Chloroform (CDCl3) δ= 7.26, 1.56 ppm (1H), δ= 77.16 ppm (13C)]. The following abbreviations have 
been used to designate multiplicities: s, singlet; d, doublet; t, triplet; m, multiplet; br, broad signal; dd, doublet of doublet; 
dt, doublet of triplet; ddd, doublet of doublet of doublet. Coupling constants (J) are reported in Hertz (Hz). 
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Purity determination and absorption UV-Vis spectra were determined with High-Performance Liquid Chromatography 
Thermo Ultimate 3000SD (Thermo Scientific Dionex) coupled to a PDA detector and an LTQ XL ESI-ion trap mass spectrometer 
(Thermo Scientific) or with a Waters 2795 Alliance coupled to a DAD detector (Agilent 1100) and an ESI Quattro Micro MS 
detector (Waters). Data from mass and UV-Vis spectra were analysed using Xcalibur 2.2 SP1 software (Thermo) or MassLynx 
4.1 software (Waters) HPLC columns used were ZORBAX Eclipse Plus C18 (4.6 × 150 mm; 3.5 μm) and ZORBAX Extend-C18 
(2.1 × 50 mm, 3.5 μm). HPLC purity was determined using the following binary solvent system as general method: 0.05% 
formic acid in 5% MeCN and 0.05% formic acid in 95% water for 0.5 min, from 5 to 100% MeCN in 5 min, 100% MeCN for 1.5 
min, from 100 to 5% MeCN in 2 min and 5% MeCN for 2 min. The flow rate was 0.5 ml/ min, the column temperature was 
fixed to 35 °C, and wavelengths from 210 to 600 nm were registered. Compound purities were calculated as the percentage 
peak area of the analysed compound by UV detection at 254 nm. The isomeric ratio of photoswitchable compounds is given 
considering the % of absorbance at the isosbestic point of the two species.  

All high-resolution mass spectra (HRMS) and elemental compositions were performed on a FIA (flux injected analysis) with 
ultrahigh-performance liquid chromatography (UPLC) Aquity (Waters) coupled to LCT Premier Orthogonal Accelerated Time 
of Flight Mass Spectrometer (TOF) (Waters). The following binary solvent system is used: from 10% MeCN in 20 mM formic 
acid to 100% MeCN in 5 min. Data from mass spectra was analysed by electrospray ionization in positive and negative modes 
using MassLynx 4.1 software (Waters). Given calculated masses are calculated with Chemdraw 20.0. Spectra were scanned 
between 50 and 1500 Da with values every 0.2 s and peaks are reported as m/z. 

Illumination sources. Two different LED illumination systems were used as light sources: Teleopto and CoolLED. The Teleopto 
light system consists of single or dual wavelength LED Array (model LEDA-X and LEDA2-By respectively) connected to a LED 
Array Driver (model LAD-1). By the mode switch of LAD-1 LED Array Driver is it possible to choose constant or trigger mode, 
the latter by means a stimulator (STO mkII, version 1.6) which enables time-controlled pulsed stimulation. The light was 
delivered from the bottom to the solutions since the LED Array perfectly fits for 96 well-plates and each LED element comes 
just under each well. Teleopto system set at 12 V intensity and in continuous mode corresponds to 0.09 mW/mm2 for 365 
nm, 0.09 mW/mm2 for 380 nm, 0.19 mW/mm2 for 405 nm, 0.13 mW/mm2 for 420 nm, 0.17 mW/mm2 for 455 nm, 0.14 mm2 
for 470 nm, 0.10 mW/mm2 for 500 nm, 0.09 mW/mm2 for 530 nm and 0.14 mW/mm2 for 550 nm wavelength. The CoolLED 
light system consists of a liquid light guide accessory (pE-1906, CoolLed) connected to a LED light source (pE-4000, CoolLed). 
For the photochemical characterization of the samples, the liquid light guide accessory was pointed directly toward each 
sample placed in transparent 96-well plates so that the light was delivered from the top to the solutions and for three minutes 
in continuous mode. CoolLED set at 50% intensity corresponds to 1.04 mW/mm2 for 365 nm, 2.60 mW/mm2 for 385 nm, 2.10 
mW/mm2 for 405 nm, 0.72 mW/mm2 for 435 nm, 2.17 mW/mm2 for 460nm, 1.02 mW/mm2 for 470 nm, 0.95 mW/mm2 for 
490 nm, 0.3 mW/mm2 for 500 nm, 0.36 mW/mm2 for 525 nm, and 1.57 mW/mm2 for 550 nm light. Potencies were measured 
using a Thorlabs PM100D power energy meter connected with a standard photodiode power sensor (S120VC). 

UV-Vis spectroscopy. The absorption spectra of the photoisomerisable compounds were obtained with solutions 10-50 µM 
in DMSO, MeCN, water or in a buffer (PBS or a determined pH buffer) with 0.5-10% DMSO (200 µL of compound solution/well) 
using a Tecan’s Spark 20M Multimode Microplate reader. The samples were measured between 800 and 300 nm with an 
average time of 50 ms at 2 nm fixed intervals to achieve the full absorption spectra. To evaluate the photoisomerization of 
the samples and obtain the optimal illumination wavelengths to photoisomerise from trans to cis configuration by UV-Vis, a 
continuous illumination for a minimum of three minutes was applied with the corresponding light source mentioned above, 
on the sample solutions placed in black clear-bottom (Greiner Bio-one) or transparent (Greiner CELLSTAR®) 96-well plates 
(200 µL of compound solution/well). Immediately after the illumination, the samples were read as indicated above with 
Tecan’s Spark 20M Multimode Microplate reader. The effect of repeated light cycles to sample of 10-50 µM of the compounds 
in DMSO and PBS, HEPES buffer solution or water was evaluated in order to assess the stability of the photoisomerization. 
Therefore, multiple trans/cis isomerization cycles were registered by measuring absorbance at a determined single 
wavelength with Tecan’s Spark 20M Multimode Microplate reader in the dark and after three minutes of constant 
illumination with the optimal isomerization wavelengths.  

Photoisomerization analysis by LC-PDA-MS. The cis/trans isomer ratio from photoisomerization of Optogluram-2 (4a) was 
determined by liquid chromatography coupled to a photodiode array and a mass spectrometer detector (LC-PDA-MS). 
Through the analysis of LC-PDA-MS spectra we quantified the amount of trans and cis isomers in the dark and upon 
illumination once reached the photostationary state. The separated peaks were integrated using the PDA channel at the 
wavelength of the isosbestic point which was previously determined by UV-Vis spectroscopy for each pair of isomers. 
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Illuminations were performed with CoolLED light system in microcentrifuge tube containing 150 µL of 1 mM DMSO solution 
of each compound for 3 min. Then, 10 µl of the stock solution were taken each time and diluted with 90 µl of MeCN in Amber 
Glass 9 mm Screw Neck Vial to obtain the final 100 µM sample to be analysed by LC-PDA-MS. 

Materials for pharmacological characterisation. HEK 293 cells were obtained from ATCC® CRL-1573™ (Molsheim, France). 
Human and rat mGlu constructs were prepared in-house. Dulbecco’s modified Eagle medium (DMEM), glutamate-free DMEM 
GlutaMAX, enzyme-free cell dissociation buffer and foetal bovine serum were purchased from Merck-Aldrich. Antibiotics and 
Polyethylenimine (PEI) were purchased from Merck-Aldrich. The IP1 assay and cAMP assay kits were provided from REVVITY 
(Codolet, France). 

Cell culture and transient transfections for pharmacological characterisation. The HEK293 (ATCC, CRL-1573) cells were 
cultured in Dulbecco’s modified Eagle’s medium (Gibco DMEM; Thermo Fisher Scientific) supplemented with 10% foetal 
bovine serum (FBS, Merck-Aldrich) and maintained at 37°C in a humidified atmosphere with 5% CO2. Then the cells were 
transfected with human mGlu receptor by electroporation or lipofectamine transfection following the manufacturer’s 
protocol (Invitrogen Lipofectamine 2000, Thermo Fisher Scientific). For those mGlu receptors that are not naturally linked to 
the phospholipase C (PLC) signalling pathway (mGlu4,6,8), a chimeric Gq/i-protein (Gq top) was transfected in order to couple 
receptor activation to the PLC pathway and obtain IP production. We also co-transfected the Excitatory Amino Acid 
Transporter 3 (EAAC1) to remove the glutamate from the extracellular space, and therefore keep its levels low. The mGlu 
receptor constructs contained a Flag and SNAP tag to enable the measurement of cell surface receptor expression. Once 
transfected as previously described (Gómez-Santacana et al., 2017; Ricart-Ortega et al., 2020) the cells were seeded in black 
clear-bottom 96-well plates at a concentration of 1x106 cells/well. At least 2 h before the experiment, the medium was 
changed to preheated DMEM Glutamax (Gibco, Thermo Fisher Scientific), which does not include L-glutamine but contains 
Glutamax supplement.  

Generation of HEK 293 stable rat mGlu4 inducible cell line. The stably expressing, inducible rat (r)mGlu4 HEK293 cell line was 
generated with the Flp-In-T-Rex system according to manufacturer recommendations (Invitrogen). The cDNA encoding the 
rmGlu4 also contained a Flag and SNAP tag in the N terminus (for detection) and the construct was inserted into the pcDNA5-
FRT-TO-GFP plasmid (Addgene), where it replaced the GFP. This construct was co-transfected with the recombinase plasmid 
pOG44 (Invitrogen), by electroporation, to allow for targeted integration of the expression vector into the same locus of the 
Flp-In-T-Rex HEK 293 cells (Invitrogen), thereby ensuring homogeneous levels of gene expression. Cells were grown for 48 h, 
before selection was initiated via the addition of 15 µg/mL blasticidin and 100 µg/mL of hygromycine B. Following induction 
with 1 µg/mL doxycycline (Sigma-Aldrich), inducible expression of the rmGlu4 receptor on cells was confirmed by an anti-Flag 
ELISA assay.  

TR-FRET Inositol phosphate (IP) accumulation assay. The IP-One HTRF Gq kit assay (REVVITY) was used for the direct 
quantitative measurement of myo-inositol 1-phosphate in HEK293 cells transiently transfected with the human and rat mGlu 
receptors according to the transfection methodology described above. Cells were stimulated to induce IP accumulation with 
various concentrations of orthosteric and/or allosteric compounds, depending on the type of the assay, in HTRF stimulation 
buffer (REVVITY) for 30 min, at 37°C and 5% CO2 in both dark and under illumination conditions. For the experiments with 
illumination to induce photoswitching, the Teleopto light system was used. Thus, black transparent-bottom 96-well plates 
(Greiner Bio-one) containing the cultured cells were placed over a single or dual wavelength LED Array (model LEDA-X and 
LEDA2-By respectively) connected to a LED Array Driver (model LAD-1). The light was delivered from the bottom to the 
solutions since the LED Array perfectly fits for 96 well-plates and each LED element comes just under each well. Light pulses 
of 50/50 ms (pulse width/interval) was chosen over continuous illumination to reduce cell overheating (especially for 
wavelengths with higher energy such as 380 nm) and avoid a loss of robustness of the assay. To avoid effects derived from 
the fast relaxation of photoisomerisable compounds in aqueous solution after the 30-min stimulation and possible 
interference with the fluorescence reading, the solutions of every well were removed and fresh stimulation buffer was added 
prior to the lysis step of the assay protocol. TR-FRET fluorescence readings were obtained with PHERAstar FS multimode 
microplate reader (BMG-Labtech) with a delay time of 150 μs between donor excitation and fluorescence readings, as HTRF 
ratio (665/620). To determine allosteric inactivation, we measured the response of the receptors to high agonist 
concentrations in both the presence and absence of a competitive antagonist (values used for normalization). Low, high and 
saturating concentrations of agonists were the same as reported previously (Zussy et al., 2018)..  
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TR-FRET Cyclic adenosine monophosphate (cAMP) accumulation assay. The cAMP HTRF Gi kit assay (REVVITY) was used for 
the direct quantitative measurement of cyclic adenosine monophosphate (cAMP) in HEK293 cells stably expressing the 
rmGlu4 receptor according to the expression induction protocol described above. Cells were stimulated to induce cAMP 
accumulation with various concentrations of orthosteric and/or allosteric compounds in HTRF stimulation buffer (serum-free 
DMEM Glutamax supplemented with IBMX 500 µM) for 30 min at 37°C and 5% CO2 in both dark and light conditions. For 
these experiments, we followed a very similar method to that used with IP-One HTRF Gq kit assay (REVVITY), previously 
described. Indeed, the only notable difference in the protocol was the addition of Forskolin 0.75 µM in the cells for the last 
15 minutes of incubation in dark and upon illumination. After the lysis, the plate was incubated a minimum 1 hour at room 
temperature and TR-FRET fluorescence readings were obtained with PHERAstar FS multimode microplate reader (BMG-
Labtech) with a delay time of 150 μs between donor excitation and fluorescence readings, as HTRF ratio (665/620). 

Allosteric interactions. For functional interaction studies between the orthosteric agonist, L-AP4, and allosteric modulators 
in the cAMP assay, the following operational model of allosterism was applied (Leach et al., 2007).  

𝑌 = 𝐵𝑎𝑠𝑎𝑙 +  
(𝐸ெ − 𝐵𝑎𝑠𝑎𝑙) × (൫[𝐴](𝐾஻ +  𝛼𝛽[𝐵])൯ +  𝜏஻[𝐵] × 𝐸𝐶ହ଴)௡

(൫[𝐴](𝐾஻ +  𝛼𝛽[𝐵])൯ +  𝜏஻[𝐵] ×  𝐸𝐶ହ଴)௡ + (𝐸𝐶ହ଴
௡  × (𝐾஻[𝐵])௡)

 

Equation 1 

where Basal is the response in the absence of ligand, EM is the maximum response of the system, EC50 is the midpoint of the 
concentration-response curve of the agonist, [A] and [B] represent the concentrations of the orthosteric agonist, L-AP4, and 
the indicated allosteric ligand, respectively, and n represents the slope of the transducer function that links receptor 
occupancy to response. KB is the equilibrium dissociation constant of the allosteric ligand, KB denotes the capacity of the 
allosteric ligand to exhibit agonism, and αβ represents the combined affinity/efficacy cooperativity parameter describing the 
effect of the allosteric modulator on agonist function. The derived cooperativity estimates that are greater than 1 indicate 
positive cooperativity, while values less than 1 but greater than 0 indicate negative cooperativity and values equal to unity 
denote neutral cooperativity. 

Cell Culture and transfection for real time pharmacological assays. HEK293-H188-M1 (HEK293 cells stably expressing the 
Epac-SH188 cAMP biosensor) were maintained at 37 °C, 5% CO2 in Dulbecco’s modified Eagle medium (DMEM, GIBCO, cat 
#41965039) supplied with 10% heat-inactivated foetal bovine serum (FBS; GIBCO, cat #11550356).#1 Cells were grown in T-
75 flasks or 10-cm dishes, split when reaching 85−90% confluence and detached by trypsin−ethylenediaminetetraaceƟc acid 
(EDTA; Sigma-Aldrich, cat #T3924) digestion. The day before transfection, around 6.0 × 106 HEK298-H188-M1 cells were 
seeded in a 10-cm dish. The following day, the 10-cm dish, with a confluency between 65-75%, was taken and the old medium 
was removed by aspiration, right after 6 mL of DMEM were added. The transfecting agent employed was polyethyleneimine 
1 mg/mL solution (PEI; Polysciences, cat#23966) and the PEI/DNA complexes were prepared as follows: Two sterile 1.5 mL 
tubes were filled with 500 μL PBS (GIBCO, cat #11550356) each. Then, 10 μg plasmid DNA were added (hmGlu4/EAAC1 2:1) 
to one of them and to the other tube 30 μL PEI solution were added. At this point, both tubes were vortexed at full speed 
(3000 rpm) for 1 min and let stand afterwards at room temperature for 10 min. After that, the DNA solution was transferred 
to the PEI solution, the resulting solution was mixed gently by pipetting up and down three times and it was incubated at 
room temperature for 3 min. When the time was up, the 1 mL PEI/DNA complexes solution was added dropwise to the 10-
cm dish and left in the incubator for 4-5 h (37 °C and 5% CO2). When the time passed, the old medium containing PEI/DNA 
complexes was removed and 10 mL of fresh DMEM were added and left in the incubator (37 °C and 5% CO2) overnight.  

General Methods Real-Time pharmacological photoswitching assays. The assays were carried out using transiently 
transfected HEK293-H188-M1 cells transiently expressing hmGlu4 receptor and the excitatory amino acid transporter 1, 
EAAC1. All assays were performed at room temperature and 48 h after the transfection. The day after the transfection, cells 
were detached by rinsing once with PBS, followed by incubation with trypsin−EDTA for 5 min until detachment of cells was 
observed. The detached cells were resuspended with DMEM and 10 μL of the resulting suspension were counted using 
Neubauer Chamber while the cells were being centrifugated at 1300 rpm for 3 min. The supernatant was carefully removed, 
and cells were resuspended in DMEM complete medium to obtain a cell solution with 1.0 × 106 cells/mL. The cell solution 
was used to seed 125 000 cells per well in a poly-ornithine coated (Poly-L-ornithine hydrobromide, cat#P3655) transparent 
96-well microplate (Thermo Scientific Nunc Microwell, cat#10212811) and left at 37 °C with 5% CO2 for approximately 24h. 
The cAMP EPAC sensor buffer (14 mM NaCl, 50 nM KCl, 10 nM MgCl2, 10 nM CaCl2, 1 mM N-(2-hydroxyethyl)piperazine-N′-
ethanesulfonic acid (HEPES), 1.82 mg/mL glucose, pH 7.2) was used as the assay medium in FRET-based experiments. 
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Fluorescence values were measured using a Tecan Spark M20 multimode microplate reader equipped with the Fluorescence 
Top Standard Module with defined wavelength settings (excitation filter 430/20 nm and emission filters 485/20 and 535/25 
nm). The FRET ratio was calculated as the ratio of the donor emission (tdcp173V, 485 nm) to the acceptor emission (mTurq2Δ, 
535 nm). The FRET ratio was normalized to the effect of the buffer containing the EC20 of the agonist (0%) and the response 
obtained with VU0415374 at the working concentration (100%). External light was applied using the 96-well LED array plate 
(LEDA Teleopto). Each set of experiments was performed four times with each concentration in triplicate.  

Real-Time pharmacological photoswitching assays. After 48 h the transfection, the medium from the 96-well microplate was 
removed by inversion and then 100 μL per well of glutamate-free DMEM GlutaMAX (GIBCO, cat#31966021) were added 2 h 
before starting the assay. Afterwards, the DMEM GlutaMAX was removed by inversion and then 80 μL per well of the cAMP 
EPAC sensor buffer containing 100 μM of 3-Isobutyl-1-methylxanthine (IBMX; Sigma-Aldrich, cat#I5879) were added and it 
was left at room temperature for 10 min. Meanwhile, a 10x pre-plate containing the final constant concentration of 10 μM 
VU0415374 and Optogluram-2, 3 μM of VU0415374 and Optogluram was prepared using the cAMP EPAC buffer containing 
IBMX with a EC20 of L-AP4 (30 nM). Then, 10 μL per well of the cAMP EPAC sensor buffer containing forskolin (final 
concentration 1 μM) was added and left at room temperature for 15 min. Finally, the compounds and IBMX buffer containing 
EC20 of L-AP4 were added and incubated for 1 h at room temperature. After this time the fluorescence was measured. Then, 
the plate was continuously illuminated with light at 380 nm for 10 min and fluorescence values were recorded. Immediately 
after, the plate was illuminated in continuous mode for 10 min with light at 455 nm and fluorescence was measured.  

Data analysis. All experiments were analysed using GraphPad Prism 8.1.1 (GraphPad Software, San Diego, CA). The HTRF 
ratios were transformed to the IP or cAMP concentration produced by the cell with a standard IP or cAMP curve. Then, we 
normalized the top and the bottom values between 0 and 100% of receptor activation with respect to a control compound 
pharmacologically well-characterised. The fluorescence obtain in the real time photoswitching assays was normalised by the 
0 and 100% of receptor activation with respect to the control VU0415374. Data were analysed by two-way ANOVA with time 
as repeated measure and including the Tukey correction for multiple testing, *p < 0.05. 

Preparation of cryoEM structure mGlu4 receptor (PDB 7E9H) and docking. The software used was Schrödinger Release 2022-
2: Maestro, Schrödinger, LLC, New York, NY, 2022. The prepared chain R from the cryoEM structure 7E9H was employed. The 
rotameric state of amino acid F801 was manually modified towards the membrane. The known binder used for protein 
refinement was VU0415374 together with Glide docking with extra precision (Glide-XP). The grid used for the Glide docking 
was prepared via Receptor Grid Generation protocol followed by the selection of the following amino acids: C636, M663, 
Y667, L756, L757, W798, S825, S829, S833. The binding pocket was refined by means of Induced-Fit Docking (IFD) using 
VU0415374 and the aforementioned amino acids to confine the binding pocket. IFD protocol consisted on an initial Glide 
Docking (the receptor and ligand Van der Waals scaling set to 0.50, and the maximum number of poses to 20) followed by a 
refinement of residues within 5 Å of ligand poses by Prime and finally a Glide redocking with extra precision. The resulting 
model from best pose (by both Glide Scoring and visual inspection) was taken as model for the docking of the analogues 
which was achieved by ligand docking using Glide-XP. 

mGlu6 homology modelling based on mGlu4 cryoEM structure and docking. The software used was Schrödinger Release 
2022-2: Maestro, Schrödinger, LLC, New York, NY, 2022. The cryoEM structure 7E9H was obtained from Protein Data Bank. 
The protomer “Chain R” was selected and then the G protein was extracted. Then the prepared chain R and the sequence 
mGlu6 (extracted from https://www.uniprot.org/, code: O15303) were used as input for the homology modelling tool in 
Maestro. The parameters were left by default and the generated model was subjected to the Protein Reliability script and, 
afterwards, to the Protein Preparation Workflow module. All the ligands used were previously duly prepared using LigPrep 
(Force field OPLS4, retaining specific chirality). The rotameric state of amino acid F799 was manually modified towards the 
membrane. The grid used for the Glide docking was prepared via Receptor Grid Generation protocol followed by the selection 
of the following amino acids: I631, T661, Y665, C754, L755, F799, S823, S827, S831. The binding pocket was refined by means 
of Induced-Fit Docking (IFD) using VU0415374 and the aforementioned amino acids to confine the binding pocket. IFD 
protocol consisted on an initial Glide Docking (the receptor and ligand Van der Waals scaling set to 0.50, and the maximum 
number of poses to 20) followed by a refinement of residues within 5 Å of ligand poses by Prime and finally a Glide redocking 
with extra precision. The resulting model from best pose (by both Glide Scoring and visual inspection) was taken as model 
for the docking of the analogues which was achieved by ligand docking using Glide-XP. 
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3. RESULTS  

Design of photoisomerisable azocompounds. We designed the new photoswitchable compounds based on Optogluram (1), 
the first photoswitchable positive allosteric modulator (PAM) targeting mGlu4 receptor, discovered in our research group 
(Pittolo et al., 2014; Zussy et al., 2018). During the optimization process, we decide to preserve the outer 2-chlorophenyl ring 
and the 3-methoxy substituent in the central aromatic ring since both groups were found important in a series as of mGlu4 

PAMs (e.g. VU0415374 (2), Figure1B), previously reported (Engers et al., 2011). Indeed, other substitutions in these aromatic 
rings led to a significant decrease in mGlu4 activity. Thus, we decided to focus our structure-activity relationship on key 
substituents on the picolinamide moiety and the central phenyl ring of Optogluram (1). We also replaced the 2-picolyl group 
by two different five-membered heteroaryl rings. These modifications provided analogues 3a-d and 4a-b (Figure1D) . Overall, 
Optogluram structural modifications were designed to enhance mGlu4 PAM activity over activities at mGlu6/8 receptors. 

Synthesis Optogluram analogues 3a-d and 4a-b. Optogluram analogues 3a-d and 4a-b were prepared following an optimized 
two-step synthetic route (Scheme 1), in contrast to the 5-step original route used to synthesize Optogluram (1). The sequence 
started with the direct diazotization of 2-chloroaniline (5) followed by the azo-coupling with 3-methoxyaniline (6a) or 2-
chloro-5-methoxyaniline (6b) to yield amino azobenzenes 7a and 7b. These amines were acylated with the corresponding 
carboxylic acids 8a-b,9 and 10 to give azo compounds 3a-d and 4a-b. 

 

Scheme 1. Synthesis of compounds 3a-d and 4a-b. Reagents and conditions: (a) (I) conc. HCl, NaNO2, 0°C, 20 min; (II) NaOAc, 0°C, 30 min, 
57-85%; (b) HATU, TEA, DMF, 40-60°C, 16-48h, 21-79%. 

Photochemical characterisation. The photochemical properties of 3a-d and 4a-b were investigated by UV/Vis absorption 
spectroscopy using different illumination conditions. As expected from azo compounds, samples in the dark presented the 
archetypical profile of trans p-N-amido azobenzenes including the typical trans-azobenzene -* transition band at 380-390 
nm (¡Error! No se encuentra el origen de la referencia., Figure 2AB, S1) (Gutzeit et al., 2021; Zussy et al., 2018). Upon 
illumination with different wavelengths between 365 and 560 nm, we detected a mixture with different proportions of the 
cis and the trans isomers in the photostationary state (PSS), which depended on the illumination wavelength. As expected, 
cis isomers showed a -* transition band at 270-300 nm and a weaker n−π* transition band near 430 nm, which is forbidden 
by the symmetry for trans azobenzenes. The highest proportions of cis isomers for all the six azo compounds were obtained 
upon 380 or 420-nm illumination and were back-isomerized to their thermodynamically stable trans isomer by using 
turquoise light (455-470 nm) (Figure 2AB, S1) or allowing them to thermally isomerize in the dark. The reversibility of the 
photoisomerization was determined by following the absorbance change upon applying several 380/455-nm alternate 
illumination cycles. No considerable differences were observed, showing robust photoisomerization process with no 
apparent degradation (Figure 2C ).  

Additionally, the photoisomerization of azo compound 4a in DMSO was examined by LC-MS (Figure 2D) In the dark, 100% of 
trans-4a was observed, whereas a PSS of 64.5% cis-4a was detected after 385-nm illumination. Subsequent illumination with 
470 nm wavelength afforded a PSS of 67.3% trans-4a. This ratio was calculated from the area of the corresponding peaks at 
the isosbestic point, previously determined in UV-Vis spectroscopy (Figure 2B,C).  
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Figure 2. Photochemical properties of compound 4a. (A) Scheme of trans/cis isomerization; (B) UV/Vis absorption spectra of 4a 25 µM in 
DMSO at 25°C under dark (black) and different light conditions for 3 min; (C) LC/MS Chromatogram of compound 4a in the dark and at 
their photostationary state (PSS) after illumination with 385 or 470 nm. for 3 min with 385 and 470 nm light sources at 25°C. Samples were 
100 µM in DMSO/MeCN 1:9 and chromatograms were integrated at their isosbestic point (327 nm); (D) UV/Vis absorption measurements 
of 50 µM 4a in DMSO at -*max of trans isomer (385-390 nm) after repeated cycles of illumination with 380 (violet) and 455 nm light 
(turquoise). 

Pharmacological characterization of 3a-d and 4a-b with IP accumulation assays. The putative mGlu4 and mGlu6 PAM activity 
of azo compounds 3a-d and 4a-b was determined using a cell-based inositol phosphate (IP) accumulation assay with HEK293 
cells transiently expressing the corresponding mGlu receptor and a chimeric Gαq protein able to bind group II and III mGlu 
receptors. We first screened the compounds at single dose (30 µM) as mGlu4 and mGlu6 PAMs using a constant concentration 
of an orthosteric agonist (i.e. L-AP4, 5 nM or 100 nM for mGlu4 and for mGlu6 receptors espectively). These measurements 
were done in parallel in dark and under 380 nm illumination conditions. Compounds 3c and 3d displayed no significant activity 
neither over mGlu4 nor mGlu6 receptor (Figure S2). Based on these data, we could confirm that the addition of a substituent 
in the 6-position of the central ring reduce drastically the activity in both mGlu4 and mGlu6 receptor. In contrast, the rest of 
compounds at 30 µM activated considerably mGlu4 but minimally mGlu6 receptor, a welcomed departure for the next 
experiments. 

The functional activity of 3a-b and 4a-b was further studied through dose-response curves with the same IP accumulation 
assay in HEK293 cells expressing the human isoform of mGlu4, mGlu6 and mGlu8 receptors. To evaluate the light-dependent 
effects, we used the same increasing concentrations of the compounds in the dark and under illumination at 380 nm in 
parallel. As a result, we generated concentration-response curves that allowed us to obtain the potencies (EC50) for each 
compound under both conditions (Table 1 and Figure S3, S4 and S5). Considering the activity on mGlu4 receptor, we noted 
that the four compounds displayed an activity in the low micromolar range in the dark, but only azo compounds 3b and 4a 
had potencies in line with Optogluram (1) (Table 1). In contrast, only compound 3a, resulted practically inactive in mGlu6 
receptor and compound 4a appeared to be the less active of the series in mGlu8 receptor. The rest of compounds displayed 
a potency similar to Optogluram (1). When considering the assays performed under illumination, we noted that 380-nm 
irradiation induced a right shift of the dose-response curves as expected. This effect was compatible with a loss of the PAM 
potency of the cis isomers. This confirms that the active isomers of these new azobenzene candidates are the trans isomers, 
supporting the trans-on Optogluram-like approach (Table 1, Figures S3, S4 and S5). Unexpectedly, the observed photoinduced 
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potency shift is larger in the four azo compounds 3a-b and 4a-b than in Optogluram (1), which might induce an improved 
on/off photoswitching in more complex assays, such as in vivo assays. 

Table 1: Photoisomerization and pharmacological properties of analogues 3a-d and 4a-b determined at 25 μM DMSO at 25 °C. 

[a] The absorbance maxima were extracted from UV/Vis spectra (25 µM in DMSO at 25°C). [b] Experiments performed in the dark to 
characterize 100% trans isomer.[c] Photostationary state upon Illumination with 380 nm light to obtain a high % of cis isomer. [d] The 
pharmacological experiments were performed with an IP accumulation assays using HEK293 cells transiently expressing the corresponding 
mGlu receptor subtype. Values are means of minimum 3 independent values with SEM as error bars. 

Overall, compounds 3b and 4a displayed an activity similar to Optogluram (1) but only compound 4a displays a satisfactory 
selectivity profile versus mGlu6 and mGlu8 receptors, since compound 3b still displays considerably PAM activity on mGlu6 
and mGlu8 receptor. Added to the improved photoswitching properties above mentioned, all these results indicate that 
compound 4a emerged as the mGlu4 photoswitchable PAM with the best profile to date. 

Pharmacological characterization of 4a cAMP accumulation assays. We decided to further characterize the pharmacological 
properties of compound 4a, named Optogluram-2. First, we wanted to confirm the results obtained in mGlu4 receptor using 
the Gαi/o canonical pathway for the mGlu4 receptor, since the IP accumulation assays used involve of a Gαq pathway, requiring 
a chimeric G protein. Thus, we generated concentration-response curves of 4a using a cyclic adenosine monophosphate 
(cAMP) accumulation assay and using an inducible stable HEK293 cell line expressing the rat isoform of mGlu4 receptor. As 
performed before, the light-dependent effects were evaluated in parallel, simultaneously generating two curves for each of 
the four azo-PAMs active, in the dark and under illumination at 380 nm. Unexpectedly, the EC50 obtained were in the 
nanomolar range (8.4≤ pEC50 ≤6.6, table S1, Figure 3A and S6), in contrast to the results obtained with the IP accumulation 
assays, which were in the low micromolar range. Nevertheless, as observed in the IP accumulation assays, compounds 3b 
and 4a had a potency in the dark more similar to Optogluram (1) than that of 3a and 4b, which were visibly less active. From 

 Photoisomerization Pharmacological characterization 

Cpd. het X Y 

max (-
*)[a] [nm] 

max (n-
*)[a] [nm] 

hmGlu4
[d] 

pEC50 ± SEM 

hmGlu6
[d] 

pEC50 ± SEM 

hmGlu8
[d] 

pEC50 ± SEM 

trans[b] PSS380
[c] trans[b] PSS380

[c] trans[b] PSS380
[c] trans[b] PSS380

[c] 

1 
 

H H n.d. n.d. 6.0± 0.1 5.5± 0.2 5.3± 0.0 4.7± 0.0 5.3± 0.1 4.5± 0.2 

3a 
 

Cl H 385 434 5.2± 0.1 <4.5 <4.5 <4.5 4.5± 0.3 <4.5 

3b 
 

F H 391 434 5.7± 0.1 4.9± 0.3 4.7± 0.2 <4.5 4.7± 0.1 <4.5 

3c 
 

Cl Cl 391 436 <4.5 <4.5 n.d. n.d. n.d. n.d. 

3d 
 

F Cl 390 432 <4.5 <4.5 n.d. n.d. n.d. n.d. 

4a 
 

- H 385 433 5.7± 0.1 5.2± 0.1 <4.5 <4.5 <4.5 <4.5 

4b 
 

- H 390 435 5.3± 0.1 <4.5 <4.5 <4.5 4.7± 0.2 <4.5 
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the four azo compounds, 4a was the most potent and the one that shows a greater photoinduced potency shift (1.29 log-
fold) after illuminating at 380 nm, being larger than that for Optogluram (PPS=1.00 log-fold, Table S1 and Figure 3 and S6). 

To seek for the reasons of the difference of potency ranges between IP and cAMP accumulation assays and considering that 
we were comparing human and rat mGlu4 isoforms, we also performed the IP accumulation assays with HEK293 cells 
transiently expressing rat mGlu4 receptor (Table S1 and Figure 3 and S7). The resulting potencies for compounds 3a-b and 4a-
b were slightly higher than those resulting from human isoform, but still in the micromolar range (ΔpEC50=0.2-0.4). Therefore, 
the difference of potencies resulting in IP and cAMP accumulation assays cannot be associated to the human or rat isoform 
of mGlu4 receptor, but to the intrinsic characteristics of each assay.  

 

Figure 3. Pharmacological properties of Optogluram-2 (4a). Concentration-response curve of Optogluram-2 (4a) with a constant 
concentration of L-AP4 5 nM in HEK293 stable mGlu4 rat cell line with a cAMP assay (A) and in mGlu4 transiently transfected rat cells with 
an IP assay (B) in dark conditions (rounded spots and blue solid line) and under illumination at 380 nm of wavelength (square dots and blue 
dotted line). Optogluram (1) was used as a photoswitchable mGlu4 PAM standard in dark conditions (round dots and grey solid line) and 
under illumination at 380 nm (square dots and grey dotted line) Values are means of 4  independent values with SEM as error bars. (C) 
Effect of different concentrations of Optogluram-2 (4a) on L-AP4 concentration-dependent activation of mGlu4 receptor as determined by 
cAMP measurement, in dark conditions. Optogluram 2 (4a) modulates positively the agonistic effect of L-AP4 and elicits intrinsic agonist 
activity in its trans configuration. Values are means of minimum 6 independent values with SEM as error bars (D). Receptor function could 
be efficiently controlled real-time in a reversible manner by Optogluram-2 (4a) through the application of 380 and 470 nm light. Values are 
means of 4  independent values with SEM as error bars. Analysis of variance two-way ANOVA with time as repeated measure and including 
the Tukey correction for multiple testing, *p < 0.05. Non-significant for Optogluram (1).  

Allosteric interaction of Optogluram or Optogluram-2 with L-AP4. We next studied the pharmacological profile of 
Optogluram-2 (4a) in comparison with Optogluram (1) by means of concentration−response curves of the agonist L-AP4 in 
presence of different concentrations of the allosteric modulators using the same cAMP accumulation assay. The 
measurements were performed both in dark and under illumination conditions at 380 nm ( 

Figure 33C and S9). The obtained data was plotted as percentage of decrease of cAMP to account the increase of mGlu4 

activity prompted by the agonist and PAMs were fitted with an operational model of allosterism (Equation 1). As expected, 
the results confirm a positive cooperativity (i.e. increase in agonist potency) in the dark for both photoswitchable PAMs as 
the agonist curve is shifted to the left with increasing concentrations of the PAM. However, both azobenzene PAMs also 
induced an increase of basal activity, which could be associated to an allosteric agonism (i.e. ago-PAM) (Figure 3C). Upon 
380-nm, both PAM effects were significantly lower. Additionally, under 380 nm light the reduction of PAM potency of 
Optogluram-2 (4a) is significantly larger than that exhibited by Optogluram (1) ( 

Figure 3S9), confirming a more efficient mGlu4 photoswitching by Optogluram-2.  

Real-Time pharmacological photoswitching assays. We next evaluated the real-time photoswitching of the mGlu4 activity 
induced by Optogluram and Optogluram-2 to confirm that that the different pharmacological effect of cis and trans isomers 
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can be dynamically switched with light. Thus, we used HEK293 cells expressing both mGlu4 receptor and a FRET cAMP 
biosensor (Klarenbeek et al., 2015). First, mGlu4 activity was measured after 60 minutes of cell incubation with L-AP4 and the 
photoswitchable PAMs in the dark. Then, the cells were continuously illuminated with 380-nm light for 10 min to read once 
again the FRET and, immediately after, the cells were illuminated with 470 nm light for 10 additional minutes to finally 
determine the recovery of mGlu4 activity. As expected, after the period in the dark, illumination with 380 nm light induced 
an increase of cytosolic cAMP. This was compatible with a decrease of the activity of mGlu4 receptor induced by the 
photoisomerization of the two compounds to the less active cis isomer. The change in the biological response after the 
illumination was found to be larger for Optogluram-2 (4a), in agreement with IP and cAMP accumulation experiments (Figure 
3D). This effect was reversed by blue illumination demonstrating a reversible photoswitching in the cellular assays as well as 
a dynamic control of the biological activity of mGlu4 receptor with light (Figure 3D). 

Selectivity profile among the mGlu subtypes. The selectivity profile of Optogluram-2 (4a) was also explored over the 
remaining mGlu subtypes at a single concentration of 30 µM with different concentrations of agonists, which was depending 
on the mGlu subtype and the desired effect to measure: PAM or NAM activity (Figure 4). Additionally, the selectivity of 
compound 4a was compared with the selectivity of Optogluram (1). We used the IP accumulation assay in HEK293 cell 
overexpressing the corresponding receptors. Despite being slightly less potent than Optogluram (1) as mGlu4 PAM, 
Optogluram-2 (4a) was found to selectively activate mGlu4 receptor at 30 µM concentration, whereas Optogluram was also 
active as PAM of mGlu6 and mGlu8 receptors(Figure 4).  

 

Figure 4. Selectivity profile of Optogluram (1, left) and Optogluram-2 (4a, right) among all the mGlu subtypes as PAM (A) and as NAM (B) 
in dark conditions (black bars) and 380 nm-illumination (violet bars).For the PAM effect evaluation, 0% corresponds to activation induced 
by the low dose of orthosteric agonist and 100% to the activation induced by saturating concentrations of orthosteric agonist. For the NAM 
effect evaluation, 0% corresponds to the activation induced by a high dose of orthosteric agonist and -100% to the basal activity with no 
agonist. Values are means of minimum 3 replicates with SEM as error bars.  

Computational studies. To gain wider insight on the differential pharmacological properties between Optogluram (1) and 
Optogluram-2 (4a), we examined the molecular interactions on the allosteric pocket of both mGlu4 and mGlu6 receptors with 
a computational study to explain the differences of activity observed in the pharmacological assays and understand the 
mGlu4/6 selectivity of Optogluram-2 (Figure 5AB and S10A). In our model based on the CryoEM structure of mGlu4 receptor 
(PDB code 7E9H), VU0413574 (2, Figure S10, B) was positioned in a hydrophobic allosteric binding pocket inside the TM7 
bundle, similar to other allosteric pockets previously described for mGlu receptors. The PAM 2 was positioned in a transversal 
manner allowing a strong interaction with W7986.50 via hydrogen bond and π-π stacking and hydrogen bond with S8257.36 
(figure S10A) Despite observing a similar pose for Optogluram (1) and Optogluram-2 (4a), this last interaction was not feasible 
since they lack the amide bond (Figure 5AB). This may explain the higher potency of VU415374 compared to its azologues 1 
and 4b. In contrast, the models with the three ligands showed very similar hydrophobic interactions and the strong 
interaction with W7986.50. Indeed, W7986.50 is known to be crucial by mutagenesis and also believed to adopt different 
rotameric structures depending on the active/inactive state of the receptor (Du et al., 2021; Harpsøe et al., 2015; Pérez-
Benito et al., 2017; Rovira et al., 2015). For instance, the rotameric state of the W7986.50 in mGlu4 and the closely related 
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mGlu6 receptor differs from different crystal structures of inactive receptors such as mGlu1 (PDB: 4OR2) or mGlu5 (PDB: 6FFI, 
7P2L) (Christopher et al., 2019; Nasrallah et al., 2021; Wu et al., 2014).  

We next examined the binding mode of VU0413574 (2), Optogluram (1) and Optogluram-2 (4a) using a model of mGlu6 
transmembraane domain (TMD) based on the CryoEM structure of mGlu4 receptor (PDB code 7E9H, Figure 5CD and Figure 
S9B) (Lin et al., 2021). Docking studies of Optogluram and Optogluram-2 (Figure 5CD) showed a similar binding mode as 
VU0413574 (Figure S9B). Although the binding pocket between mGlu4 and mGlu6 receptors is highly conserved, the binding 
mode of the three PAMs adopted a more vertical pose compared to the binding mode observed in mGlu4. The presence of 
T6613.40 in the allosteric pocket of mGlu6 receptor(in contrast to M6633.40 in mGlu4 receptor) could lock the ligand in a more 
vertical position preventing the hydrogen bond with W7966.50 as observed for mGlu4 receptor. The resulting weaker 
interaction of the three compounds in the mGlu6 model may result in decreased PAM potency. All three compounds 
presented interactions between the conserved amide moiety and S8277.40 in the form of hydrogen bonding. Indeed, residues 
S8277.40 and T6613.40 are described to enhance the receptor activation in mGlu5 receptor (S8097.40 and P6653.40 respectively) 
and, therefore, they may play an similar role in mGlu6 receptor (Harpsøe et al., 2015; Lans et al., 2020; Llinas del Torrent et 
al., 2019). The pyridine (VU0413574 and Optogluram)/thiazole ring (Optogluram-2) were positioned in parallel to Y6653.44 
and presumably interacting by means of π-π stacking. This interaction might be the reason for the difference in potency 
between the two compounds, as the π-π stacking with the thiazole ring would be weaker than with the pyridine (Bootsma et 
al., 2019; Huber et al., 2014). 

 

Figure 5. Computational docking of Optogluram and Optogluram-2. Binding pose of Optogluram (1, green, AC) and 
Optogluram-2 (4a, pink, BD) docked in the allosteric sites inside the TM7 bundle of the cryo-EM structure of mGlu4 receptor 

(Lin et al., 2021) (AB, red, PDB 7E9H) and a homology model of mGlu6 receptor (CD, blue) allosteric sites inside the TM7 
bundle using Glide-XP Images made with Maestro, Schrödinger. TM5 is not shown to facilitate visual interpretation.  

DISCUSSION 

Photopharmacology is an emerging discipline at the interface of chemistry, biology, physics and engineering that has 
consolidated in the field of GPCRs to provide novel tool compounds to help the scientific community to unravel the complexity 
of GPCRs signalling and organization (Panarello et al., 2022). Indeed, photopharmacological tools offer the possibility to 
modulate the activity of a given GPCR with improved precision than conventional drugs. Use of light-sensitive ligands offers 
the possibility to control activity and the duration of activity at a particular location in a precise way, giving a next level of 
selectivity: spatiotemporal selectivity.  

One of the first examples to have shown such selectivity in in a rodent preclinical model was Optogluram (1), reported 
previously by our research groups. We did not only demonstrate that we could switch on/off mGlu4 activity to control the 
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pain sensitivity with light cycles, but also we were able to identify the signalling of amygdala mGlu4 receptor as a mechanism 
that bypasses central sensitization processes to modulate chronic pain symptoms dynamically thanks to a photoswitchable 
ligand (Pereira et al., 2023; Zussy et al., 2018). However, the selectivity profile of Optogluram was not optimal, since it was 
also activating mGlu6 receptor, and in a lower degree mGlu8 receptor. Given the restricted expression of mGlu6 receptor, 
predominantly in retina (Ferraguti et al., 2006), this lack of selectivity does not hinder the study of mGlu4 biological function 
in different brain areas. However, for the study of mGlu6 receptor in the eye, this paradigm can be different, as there are 
evidences both mGlu6 and mGlu4 receptors are expressed (Guimarães-Souza et al., 2012; Quraishi et al., 2007; Zhang et al., 
2020). In this case, the availability of photoswitchable compounds either selective for mGlu4 or mGlu6 receptors are required 
to distinguish the effects associated to a single receptor subtype.  

In the present work, we synthesized a small library of photo switchable analogues of Optogluram changing the substitution 
of the central or pyridine ring with the aim of conserving mGlu4 activity and hopefully losing mGlu6 activity. We found that 
azocompound 4a (Optogluram-2) acted as a PAM of mGlu4 receptor using an IP accumulation assay with a chimeric Gq protein. 
In such assay, Optogluram-2 had slightly reduced potency than Optogluram but had an improved selectivity over other mGlu 
receptors, including mGlu6 and mGlu8 receptors. 

We further analysed the pharmacological properties of Optogluram and Optogluram-2 using rat mGlu4 receptor with the 
same IP accumulation assay and also using a cAMP accumulation assay, that monitors the canonical signalling pathway. In all 
cases, Optogluram-2 had a similar or an improved photoswitching upon 380-nm illumination compared to its reference 
azocompound (Optogluram). These properties were additionally confirmed by real-time photoswitching of mGlu4.activity. 
We observed a decrease of the mGlu4 activation for both Optogluram and Optogluram-2 upon illumination with violet light 
(380 nm) and a PAM activity recovery after blue light (470 nm) exposition. However, the photoswitching observed for 
Optogluram-2 had a higher degree of statistical significance, involving and improved photoregulation of mGlu4 activity. 

We also studied the type of allosteric modulation of Optogluram and Optogluram-2 by means of functional interactions with 
L-AP4, and data were fitted to an operational model of allosterism. These data suggested that both PAMs have a positive 
cooperativity with the orthosteric agonist and can potentiate its effect but, importantly, they also show allosteric agonism 
(i.e. they are agoPAMs). Though, this might also be a result of potentiation of the agonistic effect of the residual endogenous 
glutamate that the cells naturally produce. However this last option is not likely as the original compound, VU0415374 (2), 
has been reported to be agoPAM with a very similar allosteric profile (Rovira et al., 2015). Computational modelling shown 
here suggest that VU0415374, Optogluram and Optogluram-2 share the same binding mode in the allosteric pocket inside 
the transmembrane domain of mGlu4 receptor. Very recently, during our manuscript writing step, a new different binding 
mode has been reported in a novel mGlu4 cryoEM structure for the structurally related PAM VU0364770. In such structure, 
the shorter bicyclic VU0364770 is bound in the interprotomer interface between TM1,6,7 and TM6 from each subunit 
respectively (Wang et al., 2023). In contrast, we proposed a binding site for PAMs 1, 2 and 4a in the active subunit between 
helixes TM2,3,6,7, which is in very good agreement with previous mutagenesis studies in mGlu4 receptor with VU0415374 (2) 
and other similar PAMs (Rovira et al., 2015). We hypothesise that both binding pockets may exist in mGlu4 homodimer, where 
either two PAM ligand units may bind or one pocket may be a vestibule for the second one. However, proving this hypothesis 
would need several experiments and it is out of the scope of the present study. The binding site of the three compounds in 
an mGlu6 receptor homology model was located in the same region of the TMD, however, the binding mode was slightly 
different. In this last case, it was characterised to have less strong but more numerous interactions. Between them, it is 
important to point out a π-π stacking between Tyr6653.44 and the ligand heterocyclic ring. Indeed π-π stacking energies may 
be very different depending on the nature of the heterocycles(Bootsma et al., 2019; Huber et al., 2014) and there are high 
chances that this is the reason behind the difference of activity between Optogluram and Optogluram-2 in mGlu6 receptor. 

Despite Optogluram-2 has a slightly reduced potency in mGlu4 receptor compared to Optogluram, its enhanced 
photoswitching behaviour and improved selectivity makes it an excellent candidate to study the roles of mGlu4 receptor with 
an improved spatiotemporal precision. Indeed, the use of Optogluram can lead to imprecise conclusions if the doses of the 
compound and light are not very well adjusted in tissues such as retina that can express both mGlu4 and mGlu6 receptors 
(Guimarães-Souza et al., 2012; Quraishi et al., 2007; Zhang et al., 2020) or in several areas of the CNS where mGlu4 and mGlu8 
receptors are co-expressed (Ferraguti et al., 2006), especially if Optogluram is administered via systemic injections. 
Optogluram-2 may not share these difficulties. Overall, Optogluram-2 showed improved photoswitching properties and 
selectivity profile than Optogluram, which is one of the photopharmacological tools better advanced and more successful in 
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vivo to date (Pereira et al., 2023; Zussy et al., 2018). All this makes Optogluram-2 an important reference tool compound to 
study the role of mGlu4 receptor in pathophysiological networks with high spatiotemporal precision.  
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