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G protein-coupled receptors

1.1 G protein-coupled receptors

G protein-coupled receptors (GPCRs) comprise the largest family of membrane-bound
proteins in the human body and consist of at least 800 family members. These receptors
play a crucial role in the regulation of a plethora of physiological processes due to their
activation by hormones, neurotransmitters, ions, lipids, and other stimuli'?. Initially, GPCRs
were named according to the A-F system (class A-F and O), which covers on top of human
GPCRs also the receptors in vertebrates and invertebrates®. An alternative classification
system was employed for human GPCRs only, which subdivided them into five families
following the GRAFS classification: giutamate (corresponding to class C), rhodopsin (class
A), adpesion, frizzled/ taste2 and secretin (class B)!. Of these, the thodopsin/class A family
is the largest, consisting of over 700 receptors, and most diverse®. Although different in
their sequences, structure and binding partners, GPCRs share a similar overall structure
that is characterized by an extracellular N-terminus (N-term), seven transmembrane (TM)
helices that are connected by extra- and intracellular loops (ECLs and ICLs, respectively)
and an intracellular C-terminus (C-term) (Figure 1.1)2 On top of this, unique patterns of
conserved amino acids or motifs have been described for this family®. Specifically, these
include the DRY, CWxP and NPxxY motifs, where the letters refer to the amino acid codes
and x indicates variable amino acids*‘. These conserved motifs are pivotal for stabilization
and activation of GPCRs? Furthermore, conserved amino acids in each of the TM helices
are used to assign the Ballesteros-Weinstein numbering’. To this end, the helix numbet,
1-7, is combined with residue numbers based on the most conserved residue being defined
as number 50 and the other residues counted directly within the protein sequence’®. This
strategy provides the opportunity to consistently desctibe class A GPCRs and compare
structural features across receptor subtypes, species or receptor subfamilies, as well as
mutation effects and ligand interactions.

GPCRs may undergo various conformational changes upon binding of endogenous or
exogenous agonists, and consequently activate downstream signaling pathways®. The
transduction of extracellular stimuli to intracellular effects is primarily mediated by coupling
or recruitment of proteins to the receptor’ . Three classes of signal transducers, i.e., G
proteins, G protein-coupled receptor kinases (GRKSs) and B-arrestins, specifically engage
with activated GPCRs and induce different cellular effects (Figure 1.1)".

G protein signaling is considered the canonical pathway after GPCR activation, which
follows a general initial mechanism (Figure 1.1). The heterotrimeric G proteins, which are
composed of «, § and y subunits, are bound by a guanosine diphosphate (GDP) at the
Gu subunit in their inactive state. Upon binding of an extracellular stimulus to the GPCR,
GDP is exchanged for guanosine triphosphate (GTP), which promotes conformational
changes in the subunits and as a consequence, the Ga and Gy subunits dissociate to
modulate effector proteins'?®. Thete are vatious a, B, and y subunit types, which provides
a large assortment of heterotrimeric G protein compositions'. The Ga proteins can be
divided into four major subfamilies (Ga,, Go;, Gotg11 and Guatyoyi3), which each have distinct
activation profiles via different effector proteins'. Conversion of adenosine triphosphate
(ATP) into cyclic adenosine monophosphate (cAMP) by the adenylate cyclase (AC) can
be stimulated via the Go, subfamily and inhibited via Ga; proteins. On the other hand,
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the Go/q; subfamily activates phospholipase C to increase calcium levels, while Gotyyyqs
family members activate Rho GTPases'>'"®. GBy heterodimeric subunits, which can further
be subdivided into five G and thirteen Gy subunits, may induce the modulation of ion
channels, while also acting as scaffolds for other effector proteins'*'. Ultimately, effector
proteins can regulate downstream signaling processes including, but not limited to, kinase
activation, gene transcription, motility and contractility'*'"”. Noteworthy, not all class A
GPCRs show detectable coupling with G proteins, evident for the atypical chemokine
receptors, which signal solely via recruitment of B-arrestins'®.

Recruitment of arrestins to an activated GPCR is the consequence of phosphorylation of
its ICLs and C-terminus by GRKs (Figure 1.1)"°. There are seven GRK subtypes and four
arrestins of which GRK3, 5and 6 and arrestinisoforms 2 and 3 (3-arrestin-1 and B-arrestin-2,
respectively) are widely expressed in the human body, while other subtypes are restricted to
specific cellular or tissue compartments'. The recruitment of B-arrestins to activated and
phosphorylated GPCRs serves various multifaceted functions. First, binding of B-arrestins
to an activated GPCR prevents further coupling of a G protein by steric hindrance and as
such leads to the termination of G protein signaling, often referred to as desensitization®.
Secondly, and probably best known, is the internalization of the active receptor from the
membrane to clathrin-coated pits. Subsequently, GPCRs are trafficked to endosomes from
where they could be either recycled back to the plasma membrane or degraded (Figure
1.1)*". 'Thirdly, B-arrestins act as scaffolds and regulators for over 100 intracellular proteins,
which lead to the activation of various other pathways, including mitogen-activated protein
kinase (MAPK) and extracellular signal-related kinase 1 and 2 (ERK1/2) signaling”2*. In the
past, B-arrestin signaling has often been called the G protein-independent pathway, however
over the years this concept has been challenged. Various studies now report that B-arrestin
recruitment and signaling requires initial G protein coupling”?. Altogether, this undetlines
the extraordinarily complex nature of GPCR activation and downstream signaling events.

Nevertheless, GPCRs provide great opportunities for pharmacological targeting due
to their involvement in the regulation of many physiological processes by binding of a
plethora of extracellular ligands. In 2019, at least 36% of the marketed pharmaceutical
drugs already targeted GPCRs”"*. However, there is a high attrition rate of ligands in
clinical development due to efficacy and safety issues, making this an expensive and tedious
process®. To this end, it has been hypothesized that novel petspectives and drug discovery
concepts may aid in selecting better drug candidates for clinical development™™'. In this
chapter, specifically drug-target binding kinetics, allostetic modulation and biased signaling
will be further described.

— Figure 1.1 Simplified overview of GPCR structure, activation and downstream signaling.

General GPCR structure with N-terminus (N-term), seven transmembrane (TM) helices connected by extracellular and
intracellular loops (ECL, ICL) and an intracellular C-terminus (C-term). Upon activation of a GPCR by an agonist,
G proteins exchange GDP for GTP, which causes dissociation of the Ga and Gy subunits. Go; and Gu inhibit and
stimulate the adenylate cyclase (AC), respectively, and subsequently the conversion of ATP into cAMP. In turn, this can
regulate downstream signaling processes (not shown in figure), ultimately leading to regulation of gene transcription.
Binding of an agonist may also induce phosphotylation by G protein-coupled receptor kinases (GRKS) of the C-terminus
and recruitment of B-arrestin. This could initiate internalization to endosomes and either recycling to the cell membrane
or degradation of the receptor. Additionally, activation of downstream signaling processes may occur via 3-arrestin (not
shown). For simplification, Got11, Gotyo/13 and GBy signaling are not included into the figure. This figure incorporates
drawings from Servier Medical Art (smart.servier.com).
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1.2 Drug-target binding kinetics

In 2006, Copeland and colleagues presented the drug-target binding kinetics model, which
they suggested would present a better prediction of drug efficacy and safety 7z vivo by
focusing on the dynamic interactions between a drug and target’”. Up until that time, drug
discovery focused on the measurement of so-called equilibrium or end-point values, such
as target affinity in terms of half-maximal inhibitory concentration (ICsy) and inhibition
constant (K), or functional potency (pECsy) and efficacy (E,,,). These patameters are
often determined in in vitro assays under equilibrium conditions, where drug and target
concentrations remain constant over time*. However, these conditions do not capture the
complexity of an open system, such as the human body, in which ligand concentrations vary
over time due to pharmacokinetic processes such as absorption, distribution, metabolism
and excretion (ADME)®. Therefore, it was proposed that the petiod of time for which
a drug is bound to the target and can exert its pharmacological action is more predictive
for drug efficacy i vivo™. The formation of the drug-target, or ligand-receptor, complex
is described by two processes; the association of the ligand to the target, defined by the
association rate constant (£,,), and thereafter the dissociation from the target, defined the
by dissociation rate constant (&) (Figure 1.2). Subsequently, the ratio between the £
and the £,, values can be defined as the kinetic affinity (Kp)». These rate constants can be
adequately determined in 7z vitro assays and the residence time (RT), as a desctiption of the
time a ligand is bound to the receptor, can be defined as the reciprocal of the dissociation
rate constant™.

The primary focus since the introduction of the concept has been on the investigation and
optimization of RT since a drug is only effective when bound to its target. An increased
RT is generally hypothesized to explain the longer duration of 7 vive efficacy. However, it
is dependent on the disease whether a short or long RT ligand is preferred**. A prolonged
duration of action, as a consequence of a long-acting agonist, may be sustained long after

Association

Binding

Dissociation

Time

Figure 1.2 Graphical representation of target binding kinetics.

(a) The dynamic process of ligand binding and unbinding to and from a GPCR is characterized by the association rate
constant (&,,) and the dissociation rate constant (£,g) of the ligand. (b) Binding of a (radio)ligand can be measured over
time until equilibrium (plateau) is reached. In the absence of free ligand, the ligand can dissociate from the target over
time. This figure incorporates drawings from Servier Medical Art (smart.servier.com).
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the drugis cleared from the bloodstream, i.e., along RT could challenge the pharmacokinetic
parameters of a ligand®. On the other hand, slowly dissociating antagonists, known as
insurmountable antagonists, inhibit or attenuate endogenous receptor signaling by sustained
receptor blockade for a certain amount of time and as such regulate the native response®.
The duration of receptor blockade can be increased with the use of irreversible, covalent,
binders”. Moteovet, kinetic selectivity of ligands, charactetized by an increased RT for
the target of interest, while having a shorter RT for off-target proteins, could contribute
to a high target selectivity iz vivo even in the absence of selectivity in equilibrium assays®.
Nevertheless, the lifetime of the protein target may limit the utility of long RT ligands, as
long RT ligands will be degraded along with the protein in the case of a rapid turnover of
the target i vivo™.

Initially, the association rate constant was thought to be diffusion controlled and as such
would remain equal to the diffusion rate limit (~10* - 10° M's")*. Nevertheless, various
studies have reported different association rate constants, which rejects this hypothesis
and emphasizes that the £,, value is a ligand-specific parameter®. Consequently, the
determination of £,, values is becoming increasingly more important. However, opposed
to the &, value, the £,, value is physicochemically and pharmacologically constrained
and highly depends on the ligand concentration®. This suggests that increasing the ligand
concentration, i.e., the dose, can compensate for a low £, value. On the other hand, a high
k. value can increase the local concentration of ligand, which in turn will increase the
chances of rebinding, Ultimately, this provides the possibility of extending the intracellular

36442 Tn the case of a

RT and as such increase the duration of the pharmacological effect
RT shorter than the pharmacokinetic parameters, increasing the association rate constant
may provide an alternative strategy to enhance the target occupation®”. Furthermore, a high
koq value may allow for mote rapid therapeutic action, which could be favorable dependent

on the disease type™.

Importantly, investigation of the drug-target binding kinetics of ligands has been shown,
albeit retrospectively, to contribute to the success of several matrketed drugs on GPCRs*. In
the case of the muscarinic M; receptor antagonist tiotropium, the sustained bronchodilation
in chronic obstructive pulmonary disease (COPD) patients is attributed to the slow
dissociation rate (RT 27 h) while fast dissociating antagonists with similar affinities and
potencies provided less bronchoprotection®. Furthermore, tiotropium has a kinetic subtype
selectivity for the muscarinic M; receptor over the muscarinic M, receptor, despite similar
affinities for both receptors®. This highlights the importance of investigation of drug-
target binding kinetics in early drug discovery programs for a more rational selection of hit
candidates.

1.3 Allosteric modulation

Another approach of targeting GPCRs is by allosteric modulation of the receptor opposed
to more traditional orthosteric binding, Orthosteric ligands bind to the same site as the
endogenous ligand(s), i.e., the orthosteric binding site, whereas allosteric ligands target
a topogtaphically distinct binding site*’. While orthosteric binding sites are under strong
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evolutionary selection and as such highly conserved among receptor families, allosteric
binding sites share a lower sequence homology and are thus generally less conserved
between receptor subtypes which might be dtiven by a need for specificity’*. Consequently,
allosteric ligands can provide a greater subtype selectivity***. While orthosteric binding sites
of membrane receptors are usually found at the extracellular site, the locations of allosteric
binding sites are divetse and span the entite receptor surface™. Allosteric modulators are
usually devoid of intrinsic agonistic properties, but upon simultaneous binding with an
endogenous or orthosteric agonist they can alter the affinity and efficacy of the orthosteric
ligand (Figure 1.3)*°'. Allostetic modulators that negatively affect affinity and/or efficacy
of an orthosteric ligand are called negative allosteric modulators (NAMs), while positive
allosteric modulators (PAMs) enhance these parameters (Figure 1.3a,b). Finally, neutral
allosteric ligands (NALSs) occupy the allosteric binding pocket without affecting the affinity
and/or efficacy of the orthosteric ligand but they prevent further binding of PAMs or
NAMs (Figure 1.3¢)**% On top of the increased selectivity, allostetic modulators provide
more beneficial properties. In the presence of high concentrations of endogenous ligand,
allosteric modulators can still decrease the affinity and/or efficacy of the endogenous ligand.
Particulatly, in disease conditions with increased concentrations of endogenous ligands

C Neutral allosteric

O ligand

a Positive allosteric

o modulator

b  Negative allosteric

o modulator

3 E} ]
= - -
& & 9 &
+ @
NAM
log [agonist] (M) log [agonist] (M) log [agonist] (M)
1
Figure 1.3 Graphical representation of allosteric modulation.

Allosteric modulators bind to a binding site topographically distinct from the orthosteric binding site and can affect the
binding and functional effect of orthosteric ligands. (a) Positive allosteric modulators (PAMs) enhance the affinity and
efficacy of the orthosteric ligand, while (b) negative allosteric modulators (NAMs) inhibit the affinity and efficacy of the
orthosteric ligand. (c) Neutral allosteric ligands (NALs) occupy the allosteric binding pocket without affecting the affinity
or efficacy of the orthosteric ligand but prevent further binding of PAMs or NAMs. This figure incorporates drawings
from Servier Medical Art (smart.servier.com).
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this insurmountability of allosteric modulators may play an important role®”. Moreovet,
allosteric modulators have a ‘ceiling effect’, i.c., there is a limit to the pharmacological effect
that can be mediated via allosteric binding due to saturation of the effect once the allosteric
site is fully occupied®*.

Despite these advantages of allosteric over orthosteric targeting, very few allosteric
modulators of GPCRs have made it to the market™. The first GPCR allostetic modulator
that was approved by the United States Food and Drug Administration (FDA) for clinical
use was cinacalcet™?. Cinacalcet is a PAM for the calcium-sensing receptor (CaR), a class
C GPCR, and is used for treating parathyroid cancer and secondary hyperparathyroidism.
Moreover, advanced clinical trials are ongoing with several allosteric modulators for class A
GPCRs, such as PAM Mevidalen (LY3154207), which enhances the affinity of dopamine
for the dopamine D, receptor and is currently investigated for the symptomatic treatment
of patients with Parkinson disease™ .

1.4 Biased signaling

Biased signaling, also known as ligand bias, biased agonism or functional selectivity, reflects
the ability of a ligand to preferentially activate one pathway over another (Figure 1.4)>5,
This concept may become important if a specific signaling pathway is associated with
efficacy and the other one with inducing side effects™. The rationale behind biased signaling
is that different agonists can stabilize different active conformations of the receptor and
consequently affect the coupling efficiency to transducets.

Biased signaling has already been described for GPCR families with multiple endogenous
agonists, such as the chemokine and opioid receptors®®2. Moreover, exogenous biased
agonists have been designed and studied, and even biased allosteric modulators (BAMs)
are emerging®”. For GPCR agonists, bias is most often studied between G protein
coupling and B-arrestin recruitment. However, bias may also occur within the G protein
or B-arrestin families®*®. Nevertheless, studying ligand bias is very complex and many
factors may confound conclusions drawn about bias®. This can relate to the cellular
background, referred to as system bias, by different concentrations and stoichiometry of
receptort, transducers and effectors®. Alternatively, the experimental setup could introduce
observational bias, which may be due to an artificially high level of signal amplification or
the choice of specific time points®*.

Clinical relevance of biased agonists has only very recently been acknowledged, evident
by the FDA approval of the first biased agonist oliceridine in 2020 to adults experiencing
moderate to severe acute pain®. Oliceridine, a p-opioid receptor agonist, was at the time
described to be biased towards G protein activation over B-arrestin recruitment. However,
its therapeutic efficacy due to a biased profile is currently disputed and may relate to its
partial agonism in one pathway®. Retrospectively more biased ligands ate already on the
market but were previously not described as such. An example is carvedilol, a commonly
used B-blocker, which is a functional antagonist for G protein-mediated signaling but an
agonist for B-arrestin-mediated signaling®.

15
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Figure 1.4 Graphical representation of biased signaling.

(a) A balanced agonist equally activates two pathways, such as G protein and B-arrestin signaling. (b) A G protein-biased
agonist preferentially activates G protein signaling, while B-arrestin signaling is reduced or absent. (c) A B-arrestin-
biased agonist preferentially activates B-arrestin signaling, while G protein activation is reduced or absent. This figure
incorporates drawings from Servier Medical Art (smart.servier.com).

1.5 Endocannabinoid system

A family of class A GPCRs are the cannabinoid receptors (CBRs). The CBRs are part of
the endocannabinoid system (ECS) in the human body along with their endogenous ligands,
N-arachidonoylethanolamide (anandamide or AEA) and 2-arachidonoylglycerol (2-AG), and
their respective metabolizing enzymes™ "% Specifically, N-acylphosphatidylethanolamine-
specific phospholipase D (NAPE-PLD) and diacylglycerol lipase (DAGL) are involved in
the biosynthesis of AEA and 2-AG, respectively, but formation may also occur via parallel
routes and proteins. The degradation of AEA and 2-AG is primarily mediated by fatty-
acid amide hydrolases (FAAH) and monoacylglycerol lipase (MAGL), respectively”. The
endocannabinoids (eCBs) AEA and 2-AG activate two types of CBRs, the cannabinoid
CB, and CB, teceptors (CBjR and CB,R)"% The receptors detive their name from the
discovery that active components from Cannabis sativa, such as the main psychoactive
constituent A’-tetrahydrocannabinol (A’-THC), bound and activated these GPCRs. CB;R
and CB,R share an overall homology of 44% and an even larger homology of 68% in their
seven transmembrane domains which includes theit ligand binding domains™. Howevet,
the receptors display a distinct tissue expression. CB,R is highly expressed in the central
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netrvous system and is responsible for the psychotropic effects of A’-THC. It is involved in
the regulation of various physiological functions, including memory, learning and appetite.
Although CB,R expression in brain regions is heavily debated, it is evident that this receptor
is predominantly expressed on immune cells and lymphatic organs. Consequently, activation
of CB,Rs plays a significant role in the regulation of several inflammatory processes™".
After activation both CB;R and CB,R couple to Gu, proteins, which in turn inhibits cAMP
production in cells. Furthermore, activation can lead to activation of pERK and G protein-
coupled Inward Rectifying K*-channels (GIRKSs) as well as recruitment of B-arrestin-1
and 2%7%"". CB,R can additionally bind Goy,,5 proteins and activate their corresponding
transduction pathways®, which has not been shown for CB,R.

Currently, several drugs are on the market that rely on components from Cannabis sativa
or synthetic analogs thereof”. Dronabinol, synthetic A’THC, is prescribed to patients
suffering from anotexia, cachexia and chemotherapy-induced emesis™. Similatly, a synthetic
A’-THC analog, Nabilone, is also approved for its antiemetic effects and specifically used
for the treatment of chemotherapy-induced nausea and vomiting (CINV)™. Cannabidiol
(CBD), marketed as Epidiolex, is prescribed to patients over 1 year old with severe forms of
epilepsy such as the Lennox-Gastaut and Dravet syndrome™. Furthermore, CBD-containing
oils and infused beverages are sold over the counter to the general public®. Finally, mixtures
of A>THC and CBD, e.g., Sativex® (1:1 ratio) are approved for the treatment of multiple
sclerosis-associated spasticity®. Nevertheless, Dronabinol and Nabilone bind and activate
both CBR and CB,R, whetreas CBD exerts its effects via various additional proteins™*.
As activation of CBjR is associated with the psychoactive effects of cannabinoid ligands,
selective activation of CB,R may provide a therapeutically interesting treatment strategy
without inducing psychotropic effects®.

1.6 Therapeutic potential for CB,R

The protective effect of CB,R activation has been indicated for neuroinflammatory
and neurodegenerative disorders, including severe diseases as Alzheimer’s disease (AD),
Parkinsons’s disease (PD), multiple sclerosis (MS) and amyotrophic lateral sclerosis
(ALS), via dampening the inflammatory responses®®. Furthermore, a reduction in the
inflammatory response, by inhibition of leukocyte proliferation and reduced sectetion of
pro-inflammatory cytokines, may be beneficial in autoimmune diseases such as arthritis,
scleroderma and inflammatory bowel disease (IBS)*. CB,R agonists could also provide
antinociceptive effects in various pain conditions, both in acute and persistent pain as well
as for neuropathic pain®’. Moreovet, increased CB,R levels have been teported in various
cancer types, and agonists are described to have antitumor effects on top of the current
palliative use of cannabinoid-based treatments®™".

To date, a large diversity of selective CB,R agonists has been developed for preclinical
investigation, which increases our understanding of targeting CB,R¥. Multiple CB,R agonists
have progressed to clinical development since 2010, but the majority has been discontinued
due to a variety of reasons including a narrow safety margin, lack of pharmacological
effect, or development has been halted due to practical reasons such as the closure of the

17
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company”. Challenges in the poor preclinical to clinical translation of CB,R agonists have
been hypothesized to include, but are not limited to, a lack of translational animal models
for proper biological evaluation or the potential of differential signaling bias at the receptor

level although disease relevant pathways have not yet been demonstrated’#,

1.7 Aim and outline of this thesis

The potential for incorporating novel concepts in early phases of drug discovery to provide
a more accurate translational perspective has been receiving increasing attention. However,

93,94

limited number of studies are available for CB,R agonist binding kinetics™*, allosteric

modulation® or biased signaling’®"¢10!

and they are generally considered as individual
concepts. Therefore, 5 about time that we further investigate and connect these novel
concepts on CB,R to improve our molecular pharmacological understanding of targeting
the receptor. In this thesis, the target-binding kinetics and biased signaling of CB,R agonists
are explored, as well as allosteric modulation of the receptor by small molecules. To this
end, state-of-the-art assays are used in conjunction with the design of novel methodologies.
Central to the investigation of CB,R pharmacology is providing an overall kinetic view on

drug discovery.

Chapter 2 provides a step-by-step protocol for the quick and straightforward investigation
of B-arrestin-2 recruitment to stimulated CB,R and CB;R by agonists and inverse agonists,
which is further applied in Chapter 5. Chapter 3 reports a novel assay to simultaneously
and kinetically detect cAMP signaling and B-arrestin-2 recruitment after CB,R stimulation
in one cellular system. This multiplex assay is applied to a set of clinically relevant CB,R
agonists and the time-dependency of biased signaling is explored. Functional and binding
kinetics are combined to obtain a holistic overview of the kinetic context of agonist-
mediated CB,R. Chapter 4 describes the extensive profiling of a novel hydrophilic CB,R-
selective ligand, LEI-102, by the use of structural, zz vitro and in vivo experimentation.
Combining mutagenesis data and target binding kinetics suggests a distinct entry pathway
for lipophilic agonists. In Chapter 5, allosteric modulation of CB,R by small molecules is
explored. CBD-DMH emerged from a newly adapted radioligand dissociation assay and
is further screened on allosteric and orthosteric behavior in 7 vitro assays, including the
methodology described in Chapter 2. In Chapter 6, a translation to the patient is made by
investigation of the effect of cancer-associated mutations in CB,R on receptor activation
and ligand binding. Finally, Chapter 7 provides an overall conclusion of the novel findings
described in this thesis and new perspectives and opportunities for drug discovery on CB,R
and other GPCRs.
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Cellular assay to study 3-arrestin-2 recruitment to the cannabinoid receptors

Abstract

Cannabinoid CB; and CB, receptors (CB;R and CB,R) are G protein-coupled receptors
(GPCRs) that activate a variety of pathways upon activation by (partial) agonists, including
the G protein pathway and the recruitment of B-arrestins. Differences in activation level of
these pathways leads to biased signaling. In this chapter, we desctibe a detailed protocol to
characterize the potency and efficacy of ligands to induce or inhibit -arrestin-2 recruitment
to the human CB,R and CB,R using the PathHunter® assay. This is a cellular assay that uses
a B-galactosidase complementation system which has a chemiluminescent read-out and can
be performed in 384-well plates. We have successfully used this assay to characterize a set of
reference ligands (both agonists, antagonists, and an inverse agonist) on human CB,R and
CB,R, of which some examples will be presented here.
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Introduction

2.1 Introduction

Cannabinoid CB, and CB, receptors (CB;R, CB,R) are members of the G protein-coupled
receptot (GPCR) superfamily’. Due to their localization, they regulate distinct physiological
processes such as the control of cognition, memory and motor function for CB;R, while
CB,R modulates (neuro)inflammatory processes®. Both receptors couple mostly to Goyy,
proteins to inhibit the activity of adenylate cyclase, activate the mitogen-activated protein
kinase (MAPK) pathway and influence several ion channels*'. Additionally, upon agonist
stimulation CB;R and CB,R both recruit B-arrestin-2 to inactivate the receptors due to
desensitization and internalization, but they only have a weak interaction with B-arrestin-1%".

Following GPCR activation, some ligands preferentially modulate specific pathways over
others. This concept of biased signaling, biased agonism or functional selectivity may
increase drug effectiveness by selectively targeting the signaling pathways involved in the
therapeutic effects and to move away from on-target side effects through other pathways®°.
This concept has also been thoroughly investigated and reviewed for both CB,R and CB,R,
indicating biased signaling between G proteins and B-arrestin-2'"-%,

To characterize the potency and efficacy of cannabinoid receptor ligands to recruit
B-arrestin-2, we have employed the previously reported B-arrestin PathHunter® assay'*?".
This assay is an easy-to-use endpoint assay that has shown to deliver reproducible results and
was successfully applied to measure 3-arrestin-2 recruitment for a variety of cannabinoid
receptor ligands? . In this assay, B-arrestin-2 activity is measured in live cells by using a
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Figure 2.1 Schematic representation of the B-arrestin recruitment assay.

Upon activation of the receptor by a ligand (1), the inactive B-arrestin-EA complex is recruited to the receptor (2). This
induces the complementation with the ProLink™ enzyme fragment (PK) to form an active $-galactosidase enzyme
(3). The enzyme then reacts with the substrate in the PathHunter® detection reagent mixture (4), which results in a
chemiluminescent signal that is directly related to the amount of B-arrestin-2 recruited to the activated receptor (5).
The complemented enzyme remains receptor bound, but this is not shown in the figure for clarity reasons. This figure
incorporates drawings from Servier Medical Art (smart.servier.com).
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Cellular assay to study 3-arrestin-2 recruitment to the cannabinoid receptors

B-galactosidase fragment complementation technology and a chemiluminescent read-out
(Figure 2.1)**%". The DiscoverX PathHunter" cell lines overexpress a GPCR of interest, in
this case either the human CB,R or CB,R, which are tagged at the C-terminus by a small
donor fragment of B-galactosidase called ProLink™ (PK). Additionally, these cells stably
co-express B-arrestin-2, which is fused with the catalytically inactive N-terminal deletion
mutant fragment of the B-galactosidase, i.e. the enzyme acceptor (EA)*. Activation of
CBiR or CB,R will cause recruitment of the B-arrestin-EA complex to the PK-tagged
receptor, which induces the complementation of the two enzyme fragments. Subsequently,
this results in the formation of an active 3-galactosidase. The active enzyme is able to
convert an added substrate into a chemiluminescent product!***. The light emission by
this product is directly related to the activity of the B-galactosidase, and thus the level of
B-arrestin-2 recruitment to the receptor after ligand binding??*%, In addition, its 384-well
format enables high-throughput screening, a useful feature in early drug discovery research.

Of note, recent observations have shown that kinetics of cell signaling processes are
important for the interpretation of agonist behavior and biased signaling®*% As a
consequence, novel B-arrestin assays have been developed which focus on a kinetic readout
such as the bioluminescence resonance energy transfer (BRET) assays™ and the luminescent
NanoBiT assay™. In these assays, the receptor of interest is transfected into a chosen cell
system. This provides an added advantage, since the effect of “system bias”, i.e., bias caused
by differential expression or amplification of second messengers depending on tissue or cell
background, can be eliminated by the use of one cell system®*. We envision that the field of
cannabinoid receptor research will also move into the direction of kinetic signaling assays to
further explore the concept of biased signaling.

2.2 Materials

All buffers and solutions are prepared using Millipore water (deionized using a MilliQ
A10 Biocel™, with a 0.22 pm filter) and analytical grade reagents and solvents. Buffers are
prepared at room temperature (rt) and stored at 4 °C, unless stated otherwise. Cannabinoid
receptor reference ligand CP55,940 was obtained from Sigma Aldrich (St. Louis, MO),
JWH133 was from Tocris BioScience (Bristol, United Kingdom), SR144528 and SR141716A
were from Cayman Chemical Company (Ann Arbor, MI) and WIN55,212-2 was received
from Hoffman-La Roche (Basel, Switzerland).

2.2.1 Cell Culture

1. Cells: PathHunter® CHO-K1 B-Arrestin Cell Line CNR1 or CNR2 (DiscoverX),
overexpressing the CBjR or CB,R respectively. In this thesis, these cells are named
CHOKI1hCB,_bgal or CHOK1hCB,_bgal.

2. Phosphate buffered saline (PBS): 1.9 mM KH,PO,, 136.9 mM NaCl, 8.0 mM
Na,HPO,, 3.4 mM KCIl.

3. Trypsin solution: 0.25% trypsin in PBS, containing 0.44 mM EDTA.
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Methods

4. Cell culture medium: Ham’s F12 Nutrient Mixture supplemented with 10% (v/v)
fetal calf serum (FCS), 2 mM Glutamax, 50 ng/mL Penicillin/Streptomycin, 800
pg/mlL G418 and 300 pg/ml. Hygromycin. The antibiotic stock solutions can be
pre-made and stored at -20 °C. Once the medium is made, store at 4 °C, but warm
to 37 °C before use.

10 cm o culture dishes.

To count cells prior to seeding into plates, an automatic cell counter can be used,
such as a TC10™ automated cell counter.

Chapter 2

222  Assay

1. Ligandsare prepared as DMSO stock solutions prior to testing, for example as 10 mM
stocks. However, the endocannabinoids (anandamide and 2-arachidonoylglycerol)
are unstable in DMSO, and therefore stock solutions (e.g., 10 mM) are prepared in
acetonitrile. Stock solutions of most ligands ate stable at -20 °C, but one should
always be cautious with using stock solutions for longer periods of time. Product

stability and purity should be checked regulatly.

2. Cells are seeded into white walled, solid bottom 384-well assay plates with low
fluorescence background (see Note 1 and 2).

2.2.3 Detection and data processing

1. Detection is done with the PathHunter detection kit® (DiscoverX). The detection
mixture is prepared as follows (see Note 3): Cell assay buffer = 19 parts, Substrate
Reagent 1 = 5 parts, Substrate Reagent 2 = 1 part, according to the manufacturer’s
protocol®.

2. Measurement of the plates can be done by any multimode, or luminescence plate
reader, for example a Wallac EnVision™ 2104 Multilabel reader.

3. Analysis of raw experimental data can be performed using the nonlinear regression
curve fitting program GraphPad Prism 9.0.

2.3 Methods

All procedures should be carried out at rt, unless specified otherwise.

2.3.1 Cell culture

1. The CHOKIhCB,_bgal and CHOK1hCB, bgal cells are subcultured twice a week
when reaching ~85-90% confluency on 10 cm o plates in cell culture medium in a
humidified atmosphere at 37 °C and 5% CO,.
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2.
3.
4
5

Remove medium from the plate and wash the cells with 5 mL PBS.

Add 1 mL trypsin solution and incubate at 37 °C for maximally 5 minutes.

Gently detach the cells and resuspend in 4 mL cell culture medium.

Subculture the cells according to their confluence in fresh cell culture medium, for
example in a ratio between 1:12-1:20. Each subculture step is one passage.

For the assay, cells should be passaged at least 3X and no more than 24X (max. 3
months in culture). Additionally, do not let the cells grow >90% confluency prior
to harvesting for the assay.

2.3.2  Ligands under investigation

High throughput screening can be performed using a single high concentration of
each ligand (Z’ factor > 0.7%). Often a final concentration of 10 uM is used. Full
dose-response curves of ligands are necessary for determination of their potency
and efficacy.

Stock solutions of ligands under investigation are made in DMSO or acetonitrile.
These stock solutions should be diluted to the desired concentration in cell culture
medium. Make sure there is an equal amount of organic solvent (e.g., DMSO
or acetonitrile) present in every dilution (se¢ Note 4). For (inverse) agonistic
assays, compound dilutions should be 5X the desired final concentration, while
for antagonistic assays (and the ECg, of a reference agonist) the pre-made
concentrations should be 10x the desired final concentration.

In all assays the E,,, of a reference full agonist should be taken along (e.g., CP55,940
at 1 uM final concentration).

When investigating activation by the endocannabinoids, cells should be
preincubated for 30 minutes with 50 pM phenylmethylsulphonyl fluoride
(PMSEF, final concentration) prior to endocannabinoid treatment (se¢ Note 5).

233 Cell seeding

Remove the medium and wash the cells with 5 mL PBS.

Harvest the cells with 1 mL trypsin solution and incubate for maximally 5 min. at
37 °C and 5% CO.,.

Inactivate the trypsin solution by addition of 4 mL cell culture medium.
Transfer the cells to a Falcon tube and spin down (5 min. at 1000 rpm/200 X g).

Resuspend the pellet well in 1 mL cell culture medium and count living cells in an
automated cell counter by addition of 10 uL cell suspension to 10 uLL Trypan Blue.

Dilute the cells further with cell culture medium to get a density of 250,000 cells/
mL (= 5,000 cells/well).

Add 20 pL of cell suspension per well of the 384-well plate. Make sure that you
fill enough wells for control measurements: only medium (negative control),

30



Methods

unstimulated cells with organic solvent equal to assay (basal activity), cells
stimulated by a full agonist, e.g, CP55,940 (positive control), cells stimulated by
ECy) of reference agonist (positive control in case of an antagonistic assay).

Incubate cells overnight (between 16-18 houts) at 37 °C and 5% CO,.

234 Cell stimulation and incubation
2.3.4.1  Antagonistic assay

Dilute antagonists of interest into cell culture medium to 10X the desired final
concentration (se¢ Note 4).

Add 2.5 pLL antagonist solution per well.
Incubate 30 min. at 37 °C and 5% CO.,.

Add 2.5 pul. of a 10X ECg; solution of CP55,940 to all wells (ECg, of CP55,940
needs to be determined prior to this assay), including wells for background
measurements.

Incubate 90 min. at 37 °C and 5% CO.,.

2.3.4.2  Agonistic assay

Dilute agonists of interest into cell culture medium to 5X the desired final
concentration (se¢ Note 4).

Add 5 plL agonist solution per well.

Incubate 90 min. at 37 °C and 5% CO.,.

2.3.4.3  Inverse agonistic assay

Dilute inverse agonists of interest into cell culture medium to 5% the desired final
concentration (see Note 4).

Add 5 pL inverse agonist solution per well.
Incubate 6 houts at 37 °C and 5% CO..

235 Detection and measurements

Add 12.5 ul./well of detection mixture to all wells.
Incubate 60 min. in the dark at rt.

Measure the chemiluminescent response by a multimode or luminescence plate
reader (see Note 6).
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23.6 Data analysis

Raw experimental data is analyzed using the nonlinear regression curve fitting program
GraphPad Prism. All data points are corrected for all background conditions (negative
control and basal activity). The response of (inverse) agonists is normalized to the maximum
effect of a reference agonist (e.g,, 1 uM CP55,940) and the response of antagonists is
normalized to the ECg, of a reference full agonist (e.g.,, CP55,940). Basal activity of the cells
is set at 0%. Potency, inhibitory potency, or efficacy values (ECs, 1Cs, ot E,,,,, tespectively)
of ligands can be obtained by choosing the nonlinear regression option “log (agonist or
inhibitor) vs response”.

23.7 Results

We applied the protocol described here to characterize the well-known cannabinoid
receptor reference ligands CP55,940, WIN55,212-2, JWH133, SR141716A (Rimonabant)
and SR144528 (see Figure 2.2 and Table 2.1). We found that our findings correlate well

with literature!®3%,
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Figure 2.2 Dose-response cutves of cannabinoid ligands on B-arrestin recruitment in PathHunter®

CHOK1hCB,_bgal or CHOK1hCB, bgal cells.

B-arrestin recruitment after activation for 90 min with increasing concentrations of (a, d) agonists, (b, €) pre-incubation
with the ECy, concentration of CP55,940 followed by antagonist treatment or (c) stimulation with (inverse) agonist for
6 hours on human CB,R or CB,R. Basal activity of the cells was set at 0% and the efficacy was calculated as (a, c, d)
a percentage of the maximum effect induced by 1 uM CP55,940 or (b, ¢) ECq, concentration of CP55,940 (25 or 46
nM for CB,R and CB,R, respectively). Data represent the mean = SEM from at least three independent experiments
performed in duplicate. Figure adapted from Soethoudt ez a/. (2016) and Xia ez al. (2018)*'.
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Table 2.1 Potency and efficacy data of cannabinoid receptor ligands obtained with the PathHunter®
B-arrestin recruitment assay.
hCBR hCB,R
Agonists pECs = SEM Eonux (Y0) T SEM* pEC; = SEM E,.. (%) £ SEM
CP55,940 8.37 £ 0.08 102+1 833+ 0.18 101 + 1
WINS55,212-2 6.30 £0.17 105+ 7 8.04 £ 0.31 72+9
JWH133 5.50 + 0.01 31+4 7.97 £0.15 93+ 13
Antagonists pICs, = SEMP pICs £ SEM
SR141716A 8.24 £ 0.06 5.31 £ 0.05
SR144528 5.56 £ 0.11 712+ 0.19
Inverse agonist pICs, £ SEM* E.in (%) = SEM pICs £ SEM E.in (%) £ SEM
SR14716A 6.25£0.18 -15%5 N.D. N.D.

* Maximum effect (E,,) is determined as percentage of the maximum effect induced by 1 uM CP55,940. * Inhibitory
potency (pICs) determined in the antagonistic assay by pre-incubation with ECg, of CP55,940 followed by antagonist

treatment.

© Inhibitory potency (pICs) as obtained from the inverse agonistic assay in the absence of any agonist. ¢

Maximum inhibition (E,,) is determined in an inverse agonistic assay and normalized to the maximum effect induced by
1 uM CP55,940. Data represent the mean + SEM from at least three independent experiments performed in duplicate.

N.D. = not determined.

2.4 Notes

Perkin Elmer’s white walled, solid bottom CulturPlate 384-well assay plates are
delivered in a sterile environment. They should be kept that way by opening them
only in an appropriate flow cabinet. Do not touch the plates at the bottom since
greasy fingerprints can give extra background and/or decrease reading efficiency
of the plate reader. Also make sure there is no dust in the wells which will give extra
background and will increase well-to-well variation.

When working with 384-well plates, edge (or well-position) effects might occur due
to differing evaporation rates of the outer wells compared to the central wells. This
problem could be overcome by for example pre-incubation of the seeded cells at rt
for at least 30 minutes before transferring the plate to the incubator. Alternatively,
the less insulated outer wells could be filled with a fluid (sterile water/PBS/culture
medium) and discarded from the expetiment or a Breathe-Easy® sealing membrane
(Sigma-Aldrich) could be used.

All PathHuntet™ detection reagents should be aliquoted in Eppendotf tubes and
stored at -20 °C upon receipt. Reagents can only be thawed and refrozen twice.
When the reagents are used for the detection mixture, they are thawed to rt in
the dark and then mixed in the previously mentioned ratio. Once the detection
mixture is made, it is stable for 24 hours at rt in the dark.

Stock solutions of ligands under investigation are made in DMSO or acetonitrile.
Always make sure that there is an equal amount of organic solvent present in every
dilution (=1%) to avoid effects of the solvent. To obtain an equal concentration
of organic solvent in every dilution, a dilution setries in 100% DMSO or
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acetonitrile should be made that is no less than 100X (agonist and inverse agonist)
or 200X (antagonist or ECg, reference agonist) the desired final concentration.
Dilute this series accordingly in cell culture medium to 5X or 10X the desired
final concentration, depending on whether an agonistic or antagonistic assay is
performed. Make sure there is also an equal amount of DMSO or acetonitrile in
the wells for background measurements.

5. The endocannabinoids can be degraded by a variety of enzymes like fatty acid
amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL). To prevent this
degradation in the assay, the cells should be preincubated with a serine protease
inhibitor, for example PMSE, before addition of the endocannabinoids.

6. The exposure time to read samples can depend on the instrument used. For
example, the settings for a Wallac EnVision™ 2104 Multilabel reader should be:

a. Instrument settings: EnVision Single emission with single emission mirror

block.
b. Filters:
i.  Emission filter: Luminescence 700
ii. Mirror module: Luminescence

iii. Install the emission filter in the Emission Filter Slide correctly.

The filters must occupy adjacent slots in the Emission Filter
Slide.

c.  The mirror needs to be manually changed to the top position within the
machine and selected in the software before use.

d. Allow the lamp to warm up for at least 10 min.
e. Use protocol LUM Single (1.0 s read).
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Kinetic multiplex assay to assess biased signaling of clinical agonists at CB,R

Abstract

Studying biased signaling of G protein-coupled receptors (GPCRs) holds promise for the
identification of ligands with a better therapeutic window. However, proper examination
of biased signaling remains challenging by risking introduction of system or observation
bias. Therefore, we developed a novel multiplex assay that simultaneously and kinetically
detects cAMP production and B-arrestin-2 recruitment in the same well. To investigate
the applicability of the kinetic multiplex assay, we investigated seventeen clinically tested
agonists for the cannabinoid CB, receptor (CB,R), a promising GPCR for treating tissue
injury and inflammation. Additionally, we included four widely used preclinical agonists
and the endocannabinoids. Kinetic binding parameters were determined to extensively
profile each agonist. Time-dependent activation was investigated by applying endpoint,
semi-kinetic and kinetic analyses. Agonist-mediated CB,R activation and signaling was time
sensitive for several agonists, including Nabilone and LY-2828360, whereas this did not
apply to the endocannabinoids. Similar potency and efficacy parameters were obtained
from semi-kinetic and kinetic methods of analysis, while the latter provided additional
signaling rate constants £, and £&,. Fast CB,R engagement (&,,) of agonists resulted in
increased affinity and potency, while slowly dissociating agonists extended the interaction
between CB,R and B-arrestin-2. Moreover, superagonists Tedalinab, Olorinab, PRS-211375
and ART-27.13 were charactetized by fast 4, values. No significant biased signaling was
observed in our system. Altogether, this chapter accentuates the potential of multiplexing
functional responses and petforming kinetic analyses to provide an extensive preclinical
profile for agonists that may better predict their /# »ivo pharmacological effects. Ultimately,
providing a full kinetic context for binding and activation of GPCR ligands could advance
drug discovery efforts.
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31 Introduction

Biased signaling, also known as ligand bias, biased agonism or functional selectivity, describes
the ability of a ligand to preferentially activate one pathway over another by stabilizing
distinct conformations of the receptor'™. Bias on G protein-coupled receptors (GPCRs) is
most frequently observed between G proteins and -arrestins but may also occur amongst
the G protein or B-arrestin family subtypes®. Consequently, activation of distinct pathways
by an agonist may lead to different biological effects. Therefore, studying biased signaling
may provide the potential to increase the therapeutic window if a specific signaling pathway
is associated with efficacy, while another with side effects'™*’. Recently, this was exemplified
by the FDA approval of the first GPCR biased agonist, oliceridine, for the u-opioid receptor
to treat moderate to severe acute pain in adults®. G protein signaling after p-opioid receptor
activation improved antinociception, while B-arrestin recruitment was related to adverse
effects such as respiratory repression’.

The in vitro study of biased signaling, however, is challenging and influenced by many
factors"'*!!. Different receptot, transducer or effector levels, or stoichiometry between these
components in various cellular backgrounds may introduce system bias"'?. Furthermore,
interpretation of biasis dependent on the choice of reference ligand, such as a tool compound
to report ‘ligand benchmark-bias’ or the endogenous ligand for quantification of ‘ligand
physiology-bias’. A tool compound with a balanced profile across studied pathways allows
for the identification of ‘ligand pathway-bias™. Moteovet, most commonly used functional
assays are employed as endpoint assays, i.e., measured at one specific time point. However,
agonist-mediated receptor activation may change over time and could be influenced by
the dynamics and kinetics of the ligand-receptor interaction'’. The importance of kinetic
context for biased signaling was first highlighted in a study on the dopamine D, receptor,
which demonstrated that the direction of ligand bias changed over time and conclusions
on bias were therefore highly dependent on the selected time point”. In addition, biased
agonists displayed a longer residence time (RT) at the receptor compared to the endogenous
agonist . Functional parameters have previously been correlated to the target-binding
kinetics of agonists at several GPCRs'*'%. Important developments in the field such as the
TRUPATH platform, which allows for screening of biased G protein signaling in separate
assays, are made to include the kinetic context of signaling'”'®. Nevertheless, the majority
of studies that report on biased signaling are performed with separate cellular assays for
the different signaling pathways, use endpoint assays and/or do not quantify the kinetic
signaling traces with fit-for-purpose mathematical analyses. Thus, a novel design of 7 vitro
assays and methods of data analysis to report functional parameters in conjunction with
kinetic parameters, such as binding kinetics and signaling constants, is warranted to study
the iz vitro pharmacology profile of candidate drugs'*".

Targeting of cannabinoid CB, receptor (CB,R) has demonstrated great potential in preclinical
studies for the treatment of autoimmune conditions, pain and diseases with an inflammatory
component. This receptor is predominantly expressed on immune cells and plays a key role
in the regulation of several inflammatory processes via activation by the endocannabinoids
(eCBs) anandamide (AEA) and 2-arachidonoylglycerol (2-AG)*'=*. To date, the focus has

been on activation of CB,R to enhance immunosuppressive effects™?. A recent review by
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Brennecke ¢# a/. analyzed all granted patents for CB,R ligands since 2010 and described at
least twenty CB,R agonists that have progressed to clinical development®. Of these, only
three are currently on the market that are described to non-selectively activate CB,R, i.e.,
Dronabinol; a synthetic A’-tetrahydrocannabinol (A’-THC), Nabilone; a synthetic A>"THC
analogue and cannabidiol (CBD) (Figute 3.1, Table 3.1)*'*. Additionally, combinations
of THC and CBD have been approved for the treatment of multiple sclerosis-associated
spasticity?’. Of note, we recently demonstrated that CBD does not bind or activate CB,R,
and the therapeutic effect might be due to polypharmacology at other proteins®®. Five
CB,R agonists are currently still in clinical trials, whereas the development of the remaining
agonists has been discontinued due to a variety of reasons®. Several issues have been
hypothesized to explain the poor preclinical to clinical translation, including, but not limited
to, a lack of translational animal models or differential signaling bias at the receptor level.
In various studies, biased signaling of diverse agonists and inverse agonists at CB,R has been
investigated® . A large consensus study combined the results from several independent
academic and industry laboratoties for a well-defined set of commonly used CBR ligands™.
All ligands were screened on activation in five separate iz vitro endpoint assays, i.e., GTPyS
binding, cAMP production, [-arrestin-2 recruitment, pERK stimulation and GIRK

Table 3.1 Clinical CB,R agonists, developmental status and indications.

Highest phase

of development Status Indication(s)

Agonist

Appetite loss, anorexia, chemotherapy-induced

Dronabinol Launched Active .
nausea and vomiting

Nabilone Launched Active Chemotherapy-induced nausea and vomiting

Cannabidiol Launched Active Dravet syndrome, Lennox-Gastaut syndrome

Lenabasum Phase 3 Active Derrna.tornyosltlls, cystic ﬁbrosls, diffuse cutaneous
systemic sclerosis, systemic lupus erythematosus

Olorinab Phase 2 Active Inflammatory bowel disease-related pain

CMX-020 Phase 2 Active Osteoarthritis, knee osteoarthritis, pain, chronic pain

Cannabinol Phase 2 Active Chronic insomnia disorder, epidermolysis bullosa

KN 387271 Phase 2 Discontinued Traumatic brain injury, stroke

GW-842166X  Phase 2 Discontinued Dental and musculoskeletal pain

S-777469 Phase 2 Discontinued Atopic dermatitis, pruritis

LY-2828360 Phase 2 Discontinued Osteoarthritic knee pain

PRS-211375 Phase 2 Discontinued Dental pain, coronary artery bypass graft

ART-27.13 Phase 1 Active Anorexia, pain, gi.chcxla, chemotherapy-induced
nausea and vomiting

NTRX-07 Phase 1 Active Alzheimer’s disease, neuropathic pain

EHP-101 Phase 1 Discontinued MultlplAe sclerosis, scleroderma, cutaneous systemic
sclerosis o )

Tedalinab Phase 1 Discontinued Neuropathlc pain, osteoarthritis, inflammatory pain
disorders

TAK-937 Phase 1 Discontinued Stroke

Information obtained from Brennecke ez a/. (2021)25 and clinicaltrails.gov (accessed in January 2024).

42



Introduction

activation. The most prominent bias at CB,R was found between inhibition of cAMP
production and B-arrestin-2 recruitment, although bias factors remained low compated to
other GPCRs. Furthermore, agonists HU308, HU910 and JWH133 were most balanced
between all pathways and were thus recommended by the authors for use in further bias
studies. To the best of our knowledge, bias at CB,R has not been studied with a focus on the

kinetic context and in general little is known about the binding kinetics of CB,R agonists.
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Figure 3.1 Chemical structures of cannabinoid CB, receptor agonists used in this study.

Benchmark agonists (HU308, HU910, JWH133 and CP55,940) and endocannabinoids (AEA, 2-AG). Clinical agonists
ordered on highest phase of clinical development reached (in January 2024): launched (Dronabinol, Nabilone,
Cannabidiol), phase 3 (Lenabasum), phase 2 (Olorinab, CMX-020, Cannabinol, KN 387271, GW-842166X, S-777469,
LY-282360, PRS-211375), phase 1 (ART-27.13, NTRX-07, EHP-101, Tedalinab, TAK-937) with alternative names in
between brackets.
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Here, we aimed to develop a novel multiplex assay that simultaneously detects cAMP
production and B-arrestin-2 recruitment after receptor activation in a time-dependent
manner in a single well. Seventeen CB,R agonists that were examined in clinical trials were
screened to investigate the applicability of this novel multiplex assay (Figure 3.1, Table
3.1). These agonists encompassed various chemotypes, clinical development phases and
indications (Figure 3.1, Table 3.1), which are further specified in a review by Brennecke
et al®. 'This highlights the broad spectrum of CB,R drug discovery and the adaptability
of CB,R to accommodate distinct agonists in the orthosteric binding pocket that can all
activate the receptor. Furthermore, we included four widely used preclinical agonists and
the endocannabinoids as benchmarks. Affinity and binding kinetics of the agonists were
determined to ensure interaction with CB,R and to obtain a more complete preclinical
profile of the agonists. We explored the time-dependency of receptor activation by use of
various methods of data analysis for the multiplex assay, i.e., endpoint, semi-kinetic and
kinetic. We found that there were different time-dependent effects in inhibition of cAMP
production and B-arrestin-2 recruitment and that time-dependency vatied per agonist used.
Moteover, results from the semi-kinetic and kinetic analyses were well correlated, while
the kinetic analysis additionally provided signaling rate constants &, and £&,. Superagonists
in B-arrestin-2 recruitment, i.c., agonists with higher efficacy compared to full agonist
CP55,940, were characterized by fast £ values, whereas not all agonists with fast £ values
behaved as superagonists. Moreover, a quick engagement of agonists with the receptor, i.c.,
fast association rate constant £,,, resulted in high affinity and kinetic potency (pIRs). In our
novel multiplex system, we did not detect statistically significant bias for any of the agonists
relative to HU308. However, small differences were observed in trends for bias signaling,
which were in some cases dependent on the method of analysis. Altogether, this study
highlights and provides the potential of multiplexing functional readouts and including a
kinetic view to CB,R drug discovery programs, which can be extended to other GPCRs for
an improved screening of biased signaling.

3.2 Results
3.2.1 Detection of binding affinity and kinetics of agonists at CB,R

The investigated agonist set including benchmark agonists, endocannabinoids and clinical
agonists displayed a high variety in chemotypes (Figure 3.1). Moreover, the agonists were
highly diverse in terms of lipophilicity (LogD, K,,LogP), solubility, brain lipid binding,
membrane permeation and protein binding (Table $3.1), providing a structurally and
chemically diverse set of agonists to demonstrate the applicability of the new signaling
assay.

Prior to the development of the new signaling assay, all agonists were screened for their
binding affinity and binding kinetics at CB,R in [PHJROG6957022 binding assays to ensure
interaction with CB,R (Figure 3.2, Table 3.2). From PHJRO6957022 displacement assays,
it was observed that most agonists displayed affinity for CB,R, which ranged from a
moderate pK value of 6.30 £ 0.07 for AEA to high affinities below 10 nM for CP55,940,
Dronabinol, ART-27.13, Tedalinab and TAK-937 (Table 3.2). In contrast, cannabidiol
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(CBD), GW-842166X and EHP-101 were not able to displace PHJRO6957022 even at high
concentrations, indicative of no affinity for CB,R.

Allagonists for which affinity could be determined wete subjected to competition association
assays to determine their binding kinetics at CB,R (Figure 3.2, Table 3.2). The association
of PHJRO6957022 to CB,R was followed for 2 h in the absence (control) ot presence of an
1Cy, concentration of competing agonist. Agonists with similar residence times (RT) to the
radioligand used, such as CP55,940, displayed an association cutve with a similar shape to
the control curve (Figure 3.2a). Agonists with a longer RT compared to [PHJRO6957022,
such as HU308 presented a characteristic overshoot (Figure 3.2b). On the other hand,
a slowly ascending curve was characteristic for agonists with a shorter RT compared to
the radioligand, such as 2-AG and Tedalinab (Figure 3.2c,d). Using the Motulsky-Mahan
equation, the kinetic binding parameters £,, and £&.,; were determined and subsequently
these patameters were converted into engagement time (ET) for 1 uM of agonist and RT,
respectively. ETs differed by 260-fold, with the fastest engagement to CB,R for CP55,940
of below 1 s, and the slowest ETs for HU308 and AEA of 144 + 48 s and 152 * 10 s,
respectively (Table 3.2). On the other hand, RTs only differed 44-fold. Dronabinol had the
shortest interaction with CB,R as represented by a RT of 2.1 + 1.0 min, while TAK-937
displayed the longest RT of 93.2 = 13.9 min (Table 3.2). Of note, due to the fast binding
kinetics of CMX-020, CBN and KN 387271, their binding kinetics could not be quantified

as these fell outside the assay’s resolution.
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Figure 3.2 Evaluation of CB,R target binding kinetics of representative benchmark agonists
CP55,940 and HU308, endocannabinoid 2-AG, and clinical agonist Tedalinab.

Competition association assay with ["HJROG6957022 on CB,R in the absence (control) or presence of an ICs,
concentration of representative competing agonists with (a) similar, (b) longer or (c, d) shorter receptor residence
time (RT) compated to control, i.e., the radioligand used. Benchmark agonists are turquoise hexagons (®), 2-AG coral
diamonds (#) and clinical agonist Tedalinab black circles (®). Data are shown as mean = SEM from three independent

experiments performed in duplicate.
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To obtain a better understanding of the relationship between the affinity and kinetic binding
parameters several correlation plots were constructed (Figure 83.1). The equilibrium pK;and
kinetic pKp, values were significantly correlated, validating the competition association assay
(R?0.93, p <0.0001) (Figure S3.1a). Furthermore, association rate constant 4,, significantly
correlated with affinity (R* 0.78, p <0.0001), while dissociation rate constant £ did not
correlate to affinity (Figure 83.1b,c). This indicated that fast association is the driving
factor for high affinity on CB,R. The kinetic map, which presents the connection between
kon (X-axis), &g (y-axis) and kinetic affinity K, (diagonals lines), highlighted the diversity of
combinations between £,, and £, to reach similar affinities. Furthermore, it indicated no
clear clustering of groups of agonists based on one of the binding parameters, underlining

the chemical diversity of the agonists (Figure S3.1d).

To get insight in selectivity over CBR, binding affinities of all agonists were determined in
[PH]CP55,940 displacement assays at this receptor (Table 3.2). Agonists CBD, GW-842166X
and EHP-101 were devoid of CBjR affinity, as was the case for CB,R. As expected, no
pronounced selectivity for either CBR was found for the endocannabinoids or CMX-020, a
2-AG derivative. Similatly, no selectivity was observed for CP55,940, Dronabinol, Nabilone,
Lenabasum, Cannabinol, KN 387271 and TAK-937. A maximum 150-fold selectivity for
CB,R was found for Tedalinab and more than 15-fold CB,R selectivity was detected for
HU910, LY-2828360, PRS-211375 and ART-27.13. Furthermore, exclusive CB,R affinity
was observed for HU308, JWH133, Olorinab, S-777469 and NTRX-07.

To draw connections between molecular descriptors of CB,R agonists and their binding,
vatious correlation plots were constructed (Figure S3.2). None of the physicochemical
parameters PSA, LogD or LogP of the agonists were correlated with either affinity (pK)
or association and dissociation rate constants £,, and &, (Figure S$3.2). This suggested
that the overall lipophilicity of the molecules, represented by different parameters, is not
predictive for equilibrium or kinetic binding parameters at CB,R. Altogether, structurally
and chemically diverse CB,R agonists varied greatly in affinity for CB,R and selectivity over
CB,R. Affinity was predominantly driven by association rate constants of the agonists, but
a general kinetic profile was not observed for the structurally diverse agonists investigated
in this study.

<« Table 3.2 (continued legend)

>4 Binding parameters of agonists on CB,R were determined in [PH|JRO6957022 displacement (affinity pK;) and
competition association (association, £,,, and dissociation, £, rate constants) assays on CHOK1_hCB,bgal membranes
at 10 °C. < Engagement time (ET) of the agonist to the receptor was determined for 1 uM agonist by employing equation
2 and is expressed in seconds (s), whereas 4, is expressed in M s™'. ¢ Residence time (RT) was determined following
equation 3 and is expressed in min, whereas £, is expressed in s. f Kinetic Kp, values were determined using equation 4.
#Binding affinity (pK;) of agonists on CB;R was determined in ’H]CP55,940 displacement assays on CHOK1_hCB,bgal
membranes at 25 °C and " CB,R selectivity was calculated using equation 1 or in the absence of CB,R affinity defined as
at least fold over highest concentration tested (10 uM). Values represent the mean £ SEM of at least three independent
experiments performed in duplicate (# indicates the number of biological replicates). N.A is not applicable, N.D. is not
detectable. T CB,R data previously published”.
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3.2.2 Development and validation of a kinetic multiplex assay for CB,R

To investigate biased signaling in one cellular system and in a kinetic context, we developed
a novel multiplex assay. The new signaling assay incorporated two luminescent technologies
for detection of inhibition of cAMP production, via Gu; activation, and B-arrestin-2
recruitment after CB,R activation to improve the detection of potential biased signaling
of clinically relevant agonists. The inhibition of cAMP production was measured via the
GloSensor technology, which was visualized by addition of GloSensor cAMP reagent.
The NanoBiT technology was used to detect 3-arrestin-2 recruitment to CB,R for which
Vivazine was used as substrate (Table $3.2). The two technologies were combined in a
multiplex assay to simultaneously measure both signaling events under the same assay
conditions and in the same cellular background, and as such improve the validity of any
observed signaling bias.

The multiplex assay was validated using full agonist CP55,940 as a reference (Figure 3.3). The
pGloSensor plasmid was transfected into HEK293T cells already stably expressing CB,R-
SmBIT and LgBiT-B-arrestin-2 (Table S3.2). After transfection, the cells were equilibrated
with either cAMP reagent, Vivazine or a combination of cAMP reagent and Vivazine (i.e.,
termed “multiplex reagent”) for 2 hours. Subsequently, cells were stimulated with 1 pM FSK
to increase cAMP levels prior to inhibition due to CB,R activation, which did not induce any
detectable B-arrestin-2 recruitment (Figure S3.3). After 1 hour, cells were stimulated with
increasing concentrations of CP55,940 and the responses for the three different reagents
were monitored on the cAMP channel (595 nm filter) and B-arrestin channel (460 nm filter).
Specific luminescent signals were only detected on the cAMP channel, but not the B-arrestin
channel, for cells that were pre-equilibrated with cAMP reagent (Figure 3.3a,b). [7ce versa,
in the presence of Vivazine, luminescent signals were only evident on the B-arrestin channel
and not the cAMP channel (Figure 3.3c,d). Pre-equilibration with the multiplex reagent
resulted in the detection of CB,R activation on both channels, and the traces were similar to
the individually observed cAMP and [-arrestin responses (Figure 3.3a-f). To quantify the
results, the area under the curve (AUC) was determined from all time traces and presented
in dose-response curves (Figure 3.3g,h). This confirmed the lack of agonist-mediated
responses measured on the cAMP channel for Vivazine only, whereas the pECs, values of
CP55,940 obtained with cAMP reagent or multiplex reagent were similar, 8.86 and 8.55,
respectively (Table S$3.3). Similarly, CP55,940-induced B-arrestin-2 recruitment was only
measured in the presence of Vivazine or multiplex reagent, which resulted in similar pECs,
values, i.e., 8.20 and 8.16, respectively.

As this protocol clearly distinguished between the responses obtained for inhibition of
cAMP production and B-arrestin-2 recruitment of full agonist CP55,940, we continued
screening the remaining benchmark agonists, endocannabinoids and clinical agonists with
the FSK-induced multiplex assay.

48



cAMP reagent

Vivazine

Multiplex reagent

AUC

(net 54-150 min)

Inhibition of cAMP Inhibition of cAAMP

Inhibition of cAMP

production (cps) production (cps)

production (cps)

cAMP channel
(595 nm)

T T T 1
100 120 140 160

Time (min)

10000

8000 .
6000 .
4000
2000

0 - -

T T T 1
100 120 140 160
10000 Time (min)
8000
6000

4000

2000

. %‘*“.‘s‘..'.'.o’ s.l'.

0 (0, SR VRS 2k
.
2000
1

B T T T T T
60 80 100 120 140

Time (min)

160
400000

300000 °

t b

200000

100000

o-{m=-

100000+ FH—T—T—T— T

o M09 8 7 6
& log [CP55,940] (M)
Figure 3.3

log [CP55,940] (M)

-11
Vehicle

log [CP55,940] (M)

-11
Vehicle

log [CP55,940] (M)

-11
Vehicle

~&- cAMP reagent

Vivazine

Multiplex reagent

Results

B-arrestin channel

i
]
' b (460 nm)
! log [CP55,940] (M.
: 20000 g [ ,940] (M)
| = 6
, =~ 15000 . 7
] 2
9 = 8
1 g w 10000
] 2 5 = 9
| -1
' Eg 5000 10
Vo
] -
N § R 11
: = Vehicle
: 5000 T T T T 1
'y 60 80 100 120 140 160
]
! 20000 Time (min) log [CP55,940] (M)
| = 6
]
: 215000- L = 7
[N n = 8
'8 o 100004
' 2§ 1 = 9 (3o}
82 -
: 5 .2 50004 F -10 o
' < E [ ] N
' H - o
H = 0-#
' = Vehicle ]
! =000 :
' 000 T T T T 1 (@)
: £ 60 80 100 120 140 160
i i log [CP55,940] (M
: 20000 Time (min) g [ ,940] (M)
] = 6
]
' —~ 15000 = 7
! e
R = 8
'og & 10000
> TR
' § “é 9
v 8 .E 5000+ -10
oS & 11
' g 04
' = Vehicle
]
' 5000 T T T T 1
' h 60 80 100 120 140 160
' 1200000 Time (min)
: o cAMP reagent
' 900000 - - Vivazine
] .
z —4— Multiplex reagent
! U'E 600000 P &
P 5E
]
v <% 300000
' &
]
' 0O m=--
]
-300000-H F—T—T—T— T
oy M09 8 7 6
& log [CP55,940] (M)

A

Validation and characterization of the multiplexed cAMP production and B-arrestin-2

recruitment assay on HEK293T CB,R-SmBiT LgBiT-B-arrestin-2 cells with full agonist CP55,940.

Representative forskolin- and vehicle-corrected time traces of CP55,940 stimulation on HEK293T CB,R-SmBiT LgBiT-
B-arrestin-2 cells pre-equilibrated with (a, b) only cAMP reagent, (c, d) only Vivazine, or (e, f) multiplex reagent (cAMP
reagent and Vivazine) for 2 h at 25 °C. The signals were simultaneously recorded at the (a, ¢, ¢) cAMP channel (595
nm) and (b, d, f) B-arrestin channel (460 nm). Area Under the Curve (AUC) was determined from the time traces
after detection on the (g) cAMP channel or (h) B-arrestin channel. Data are shown as mean from a (a-f) representative

experiment or (g-h) mean of two independent experiments all performed in duplicate.
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3.2.3 Characterization of time traces by benchmark agonists, endocannabinoids and
clinical agonists in the multiplex assay

All benchmark agonists, endocannabinoids and clinical agonists were screened in the
multiplex assay and the signaling time traces at different concentrations of agonist were
recorded in the two specific readouts (Figure 3.4, $3.4-83.7, Table 3.3, 3.4). Typically,
at high concentrations of agonist the inhibition of cAMP production increased for the
first 20 minutes after which the signals decreased with a tendency to teturn to baseline
levels, although a complete return was not observed within the selected assay time (Figure
3.4, S3.4, S3.5). At lower concentrations of agonist, the inhibition of cAMP production
increased, although at a lower rate than with high agonist concentrations, to reach a steady
plateau within our assay time.

Strikingly, for several clinical agonists (AEA, Dronabinol, CBD, Lenabasum, CMX-020,
CBN, KN 387271, GW-842166X, NTRX-07 and EHP-101), the cAMP production by 10
uM of agonist did not return to basal levels, whereas by 1 uM agonist it did (Figure S3.4,
$3.5). Of note, CBD and EHP-101 only modified cAMP levels at 10 uM. Intriguingly, 10
puM Olorinab induced a small inhibition of cAMP levels, which quickly returned to forskolin
baseline levels and even further increased cAMP levels (Figure S3.5a). To this end, the
cAMP production of saturating concentrations (>100x K value) or 10 uM of all agonists
was Investigated in parental HEK293T cells devoid of CB,R expression (Figure S3.8).
For multiple agonists (Dronabinol, CBD, Lenabasum, Olorinab, CMX-020, CBN, KN
387271, GW-842166X, LY-2828360, ART-27.13, NTRX-07 and TAK-937), we observed
CB,R-independent cAMP responses. Consequently, for these agonists 10 uM was removed
from the dose-response curves in the semi-kinetic and kinetic analysis, i.e., the methods of
analysis using the full time traces.

In almost all cases, a high concentration of agonist induced a quick increase in 3-arrestin-2
recruitment, which fell back to a steady state above baseline (Figure 3.4, S3.6, S3.7).
On the other hand, lower concentrations of agonist caused recruitment of B-arrestin-2,
which increased towards a steady plateau above baseline. No increase in luminescence, as a
consequence of B-arrestin-2 recruitment to CB,R, was observed for any concentration of
CBD or EHP-101, while a small increase in luminescence was obsetved by 10 and 1 uM
GW-842166X (Figure S3.6i, S3.7Kk).

An advantage of the multiplex assay is the possibility of observing the difference in
initiation of the two signaling events over time, which was visualized for agonists CP55,940,
HU308, HU910, 2-AG, PRS-211375 and Tedalinab at a saturating concentration (Figure
3.4, S3.4-S3.7). In all cases, the peak response of B-arrestin-2 recruitment was reached
earlier than the peak response of the inhibition of cAMP production. The peak response
for both B-arrestin-2 recruitment and inhibition of cAMP production for PRS-211375 was
markedly higher than the peak responses of CP55,940-mediated activation (Figure 3.4a.e).
Similarly, the peak response for B-arrestin-2 recruitment by Tedalinab was higher than by
CP55,940, while the cAMP peak responses were similar (Figure 3.4a.f). Moreover, agonist-
induced differences between the steepness of the decline phase after the peak responses are
observed. For instance, a steep decline in B-arrestin-2 recruitment is observed for CP55,940,

50



Inhibition of cAMP Inhibition of cAMP

Inhibition of cAMP
production (cps)

production (cps)

production (cps)

Results

2-AG, PRS-211375 and Tedalinab, while the decline is more moderate for HU308 and
HU910. Altogether, the shape of the curves is a first indication towards agonist-mediated

differences in functional responses. In particular, differences in maximal effect are observed,
but the time traces also accentuate variations in the responses over time.
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Kinetic functional characterization of representative agonists CP55,940, HU308, HU910,

2-AG, PRS-211375 and Tedalinab in the multiplex assay on HEK293T CB,R-SmBiT LgBiT-B-arrestin-2 cells.

Representative forskolin- and vehicle-corrected time traces for inhibition of cAMP production (left y-axis) and
B-arrestin-2 recruitment (right y-axis) by (a) 1 uM CP55,940, (b) 10 uM HU308, (c) 10 uM HU910, (d) 10 uM 2-AG, (e)
10 uM PRS-211375 or (f) 1 uM Tedalinab in the multiplex assay on CB,R. Data are shown as mean from a representative

experiment all performed in duplicate. Representative dose-dependent time traces of all agonists can be found in Figures
3.54-3.87.
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3.24 Endpoint quantification of CB,R activation by benchmark agonists,
endocannabinoids and clinical agonists in the multiplex assay

To quantify the effects of the benchmark agonists, endocannabinoid and clinical agonists in
the multiplex assay, their potency and efficacy values were determined with three different
methods of analysis. Initially, all data was analyzed at four different time points to investigate
the time-dependency of activation. To this end, dose-response curves of cAMP production
and B-arrestin-2 recruitment wete created for 7.5, 15, 30 and 60 min after agonist addition
(Figure S$3.9-83.12). Note that, no dose-response curves could be generated for 90 min
after agonist addition as cAMP production returned to vehicle conditions for all agonist
concentrations. No potency values could be determined for the inhibition of cAMP
production or B-arrestin-2 recruitment by CBD, GW-842166X or EHP-101, which is in
line with their lack of CB,R affinity (Table 3.2, S3.4, S$3.5). Potency and efficacy values
were only quantified for the early (7.5 min) and late (60 min) time point and the differences
between those were calculated (Figure 3.5, Table S3.4, S3.5).

Potency and efficacy values of HU910, JWH133, AEA, 2-AG, Dronabinol, Lenabasum,
CBN, KN 387271, S-777469 and Tedalinab remained unaffected over time (Figure
3.5, 83.9b,c.f,j, S3.10f]1, Table S3.4). On the other hand, potency values for CP55,940,
Nabilone, Olorinab, PRS-211375, ART-27.13 and TAK-937 were significantly increased
over time, whereas there was no time-dependent effect on efficacy (Figure 3.5, $3.9d,h,
$3.10a,h,i,m, Table S3.4). Interestingly, NTRX-07’s potency was significantly decreased
over time, while a seeming increase in efficacy was not statistically significant (Table S3.4).
While no pEC;, value could be determined for LY-2828360 after 7.5 min (pEC5, <10 uM),
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Figure 3.5 Time-dependent effect on potency and efficacy of benchmark agonists, endocannabinoids
and clinical agonists in the multiplex assay on HEK293T CB,R-SmBiT LgBiT-B-arrestin-2 cells.

Differences in potency (ApECs) and efficacy (AE,,,) from (a) cAMP production and (b) B-arrestin-2 recruitment
assays by benchmark agonists, endocannabinoids and clinical agonists after 60 min of stimulation compared to 7.5
min. Benchmark agonists are turquoise hexagons (®), endocannabinoids coral diamonds (#) and clinical agonists black
circles (®). Data are shown as mean from at least three independent experiments performed in duplicate.
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its potency increased over time to 7.45 * 0.38 (Figure S3.9g, Table S3.4). Alternatively,
HU308’s potency was not dependent on time, but its efficacy was significantly increased
from partial (78 £ 4%) to full agonism (106 £ 7%, Figure 3.5, $3.9a, Table S3.4).

The potency and efficacy of HU308 and 2-AG for B-arrestin-2 recruitment were not
dependent on time (Figure 3.5, S3.11af, Table S3.5). Endocannabinoid AEA’s potency
was unaffected by longer incubation, but AEA’s efficacy was significantly increased to 53
t+ 3% after 60 min compated to 26 £ 0% at 7.5 min (Figure 3.5, 83.11e, Table S3.5). The
potency of the seventeen remaining agonists was significantly increased over time with
varying effects on efficacy. Specifically, the efficacy was significantly increased for HU910,
JWH133, CP55,940, Dronabinol, CMX-020, KN 387271, 1.Y-2828360 and TAK-937,
while the efficacy of Nabilone, Lenabasum, CBN, S-777469, PRS-211375 and NTRX-07
remained unaffected (Figure 3.5, $3.11, $3.12, Table S3.5). On the other hand, the efficacy
of Tedalinab was significantly decreased over time, and a similar trend was observed for

Olotinab and ART-27.13 (Figure 3.5, $3.12a,i,], Table S3.5).

This method of analysis showed that activation by certain agonists is not time-dependent,
wheteas for other agonists potency and/or efficacy might be incteased or decteased over
time, and this may differs depending on functional assay. Furthermore, it suggests that
interpretation of results is highly dependent on the selected time point for data analysis, i.c.,
endpoint analyses (and assays) can influence conclusions on ligand function and bias.

3.2.5  Semi-kinetic quantification of CB,R activation by benchmark agonists,
endocannabinoids and clinical agonists in the multiplex assay

To incorporate the kinetic time traces, a second semi-kinetic method of analysis was
pursued, which is commonly used to analyze time traces obtained from functional assays.
To this end, the AUC of the full 90 min of activation was plotted against the agonist
concentration and potency and efficacy values were determined for cAMP production and
B-arrestin-2 recruitment. For agonists that showed CB,R-independent cAMP production
(Dronabinol, CBD, Lenabasum, Olorinab, CMX-020, CBN, KN 387271, GW-842166X,
LY-2828360, ART-27.13, NTRX-07 and TAK-937), the curves were analyzed up to 1 uM in
cAMP production (Figure S3.8-83.10). Furthermore, no potency values were determined
for CBD, GW-842166X and EHP-101 due to their lack of cAMP production or B-arrestin-2
recruitment, which is in line with their lack of CB,R affinity (Table 3.2- 3.4).

Potency values determined for inhibition of cAMP production spanned a wide range.
Dronabinol and CBN displayed the lowest potencies with pECs, values of 5.66 £ 0.06 and
5.70 £ 0.05, respectively, whereas agonists CP55,940, ART-27.13 and Tedalinab were full
agonists and exhibited sub nanomolar potency with pECs, values of 9.15 £ 0.16, 9.5 + 0.27
and 9.38 * 0.25, respectively (Table 3.3). HU308, HU910, 2-AG, Nabilone, Lenabasum,
CMX-020, PRS-211375 and NTRX-07 behaved as full agonists with E,, values >90%, but
with lower potency values compared to the before mentioned agonists, i.e., pECs, values
between 6.15 * 0.17 and 7.80 * 0.17.
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Kinetic multiplex assay to assess biased signaling of clinical agonists at CB,R

Secondly, the recruitment of B-arrestin-2 to CB,R was determined in the multiplex assay
(Table 3.4). Potency values, calculated from the AUC-derived dose-response curves, ranged
from 5.90 % 0.14 for 2-AG to 8.54 £ 0.04 for CP55,940. Various degrees of partial agonism
were observed in the agonist set. HU910, JWH133 were full agonists with E,,, values >
90%, while Olorinab, PRS-211375, ART-27.13 and Tedalinab recruited B-arrestin-2 to
CB,R with a higher efficacy than reference full agonist CP55,940 with E,,, values of 114 +
1%, 108 £2%, 107 +1% and 137 £ 5%, respectively, and could therefore be described as
superagonists in this readout. All remaining fourteen agonists displayed partial agonism in
B-arrestin-2 recruitment with E, . values between 10 and 90%.

3.2.6  Kinetic quantification of CB,R activation by benchmark agonists, endocannabinoids
and clinical agonists in the multiplex: assay

To use the kinetic data to its fullest potential, kinetic signaling parameters were calculated
using the kinetic mathematical model by Hoare ¢f al, i.c., currently the only equations
available for such analysis®. The initial rate (IR) was determined for each time trace and the
kinetic potency (pIRs) and kinetic efficacy (IR,,,) were obtained from the generated dose-
response IR curve. Furthermore, the signaling rate constants £, and &, were determined at
a saturating concentration of agonist, i.e, 10 pM or 1 uM agonist (Table 3.3, 3.4). From
the kinetic trace fits, peak responses were obtained and also used to generate dose-response
curves for parameter quantification. However, these results were identical to the AUC data
and therefore not further analyzed (data not shown). No potency values were determined
for CBD, GW-842166X and EHP-101 due to their lack of inhibition of cAMP production
or B-arrestin-2 recruitment to CB,R, which is in line with their lack of CB,R affinity (Table
3.2-3.4).

Based on the shape of the agonist-induced inhibition of cAMP production time traces, a
statistical comparison between two rise-and-fall equations was performed, i.e., the simpler
‘rise-and-fall to baseline’ which describes a decline of signaling, and more complex ‘rise-
and-fall to steady state’, which describes a decline to levels above baseline. The first fit
was statistically preferred for inhibition of cAMP production. The kinetic potencies ranged
from plRs, values of 5.73 £ 0.21 for AEA to 8.53 * 0.14 for Tedalinab (Table 3.3). A
large variety in kinetic efficacy was observed with full agonists HU308, CP55,940, 2-AG,
Lenabasum, KN 387271, PRS-211375, ART-27.13 and Tedalinab displaying IR, values
over 90%. All other twelve agonists displayed partial agonism, which ranged from 10 + 1%
for CBN to 89 £ 9 % for HU910. Moreover, two signaling rate constants £, and £, for the
agonist-mediated inhibition of cAMP production were calculated, where the rising phase of
the curve is characterized by £, and the fall phase by £,. These constants were determined
at saturating concentrations of agonist, i.e., 10 pM for most agonists and 1 pM for potent
agonists CP55,940, ART-27.13, Tedalinab and TAK-9337 (Table 3.3). Values for 4, ranged
from 0.04 £ 0.01 min™ for slowly activating agonist CBN to 0.30 + 0.11 min™ for faster
agonist KIN 387271, a difference of maximally 7.5-fold, while 4, values differed maximally
10-fold between fastest agonist Olotinab (0.042 + 0.015 min™) and slowest detectable
agonist Nabilone (0.004 = 0.001 min™).
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Based on the shape of the B-arrestin-2 recruitment traces, a statistical comparison between
the two available rise-and-fall fits was performed, i.e., ‘rise-and-fall to baseline’ and ‘rise-
and-fall to steady state’ equations, where in this case the latter was statistically preferred.
The kinetic potencies ranged from plRs, values of 5.19 £ 0.02 for AEA to 7.5 * 0.07
for Tedalinab (Table 3.4). Superagonists Olorinab, PRS-211375, ART-27.13 and Tedalinab
displayed high IR,,,, values of 157 + 2%, 133 + 12%, 148 + 3% and 234 +10%, respectively,
while 2-AG behaved as a full agonist with a kinetic efficacy of 90 = 17%. All thirteen
remaining agonists displayed partial agonism in B-arrestin-2 recruitment to CB,R with IR,
values ranging from 4 + 1% for Dronabinol to 80 £ 10% for HU308. The two signaling
rate constants £, and 4, for the agonist-mediated B-arrestin recruitment were determined
at saturating concentrations of agonist, i.e, 10 pM for most agonists and 1 pM for potent
agonists (Table 3.4). The rising phase of the curve and corresponding parameter £, only
differed less than 4-fold from slow agonist JWH133 (0.18 & 0.01 min™) to faster agonist
CMX-020 (0.63 £ 0.11 min™). The rate constant of the fall phase 4, showed major differences
with a maximal 32-fold difference between fastest agonist Tedalinab (0.063 £ 0.008 min™)
and slowest detectable agonist Dronabinol (0.002 + 0.001 min™).

The kinetic mathematical model allowed for a robust quantification of agonist-mediated
inhibition of cAMP production and B-arrestin-2 recruitment. The two potency values from
the semi-kinetic and kinetic analyses, i.e., pECs, and pIRs, respectively, correlated for both
the inhibition of cAMP production (R* 0.73, p < 0.0001) and B-arrestin-2 recruitment (R?
0.90, p < 0.0001) (Figure S3.13a,). Furthermore, efficacy E,,,, and kinetic efficacy IR,
values were well correlated for both pathways (R? 0.44, p 0.0006 and R* 0.80, p < 0.0001)
(Figure $3.13b.j). The signaling rate constants, & and £, of the agonists were not predictive
for the kinetic potencies for either inhibition of cAMP production or 3-arrestin recruitment
(Figure S3.13c,d,k,l). However, £, values from the inhibition of cAMP production were
significantly correlated with AE,,, values from the time-dependent analysis, i.e., agonists
with fast £, values tended to gain efficacy over time (Figure S3.13g). For B-arrestin-2
recruitment signaling parameters, only a fast &, value positively correlated with AE, . values,
wheteas no statistically significant correlation was found between £, values and AE,,,
values (Figure S3.130,p). Interestingly, superagonists relative to CP55,940 in -arrestin-2
recruitment were characterized by a decrease in efficacy over time, i.e., negative AE,,, values,
and all displayed fast 4, values (Figure S3.130). Lastly, the interplay between inhibition of
cAMP production and B-arrestin-2 recruitment was investigated in terms of the kinetic
parameters. Kinetic potency values for all agonists in inhibition of cAMP production and
B-arrestin-2 recruitment were significantly correlated (R? 0.93, p < 0.0001) and only differed
maximally 10-fold, indicating no overall pathway bias in the diverse agonist set (Figure
$3.13q). Similatly, kinetic efficacy (IR, values were significantly correlated (R? 0.53, p
0.0002) (Figure S3.13r). On the contrary, signaling rate constants £, and £, values were not
correlated between the two readouts (p 0.7044, p 0.4600) (Figure $3.13s,t).

Altogether, investigation of benchmark agonists, endocannabinoids and clinical agonists in
the multiplex assay highlighted the diversity of signaling potencies and efficacies at CB,R
within this large set of agonists. Furthermore, it emphasized the possibility and importance
of kinetic evaluation, including kinetic mathematical analysis, of receptor signaling, The
kinetic mathematical equations allowed quantification of common pharmacological
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parameters, although with a kinetic context, i.e., kinetic potency (pIRs,) and kinetic efficacy
(IR ). Moreover, signaling rate constants £, and £, could be determined, which were not
correlated between inhibition of cAMP production and B-arrestin-2 recruitment suggesting
these parameters may play a role in biased signaling.

3.2.7  Exploration of the kinetic context of CB,R agonists

To investigate whether kinetic binding parameters of CB,R agonists could be predictive
for signaling parameters various correlation plots were generated (Figure $3.14). A fast
association with CB,R was significantly correlated with kinetic potencies pIRs, in both
inhibition of cAMP production (R?* 0.66, p < 0.0001) and B-arrestin-2 recruitment (R* 0.73,
p < 0.0001) (Figure S3.14a,i). In other words, the faster engaging agonists displayed higher
kinetic functional potencies than the slowly engaging agonists. In contrast, no correlation
was found between association rate constants and kinetic efficacy IR, or the time-
dependent increase in efficacy in either readout (Figure $3.14b,d.j,l). Unexpectedly, a quick
engagement did not correlate with a quick activation, evident by the lack of statistically
significant correlations between association rate constant £,, and signaling constant £, for
either inhibition of cAMP production (R? <0.01, p 0.8045) or B-arrestin-2 recruitment (R?
0.03, p 0.5064) (Figure S3.14c k).

Dissociation rate constants 4, wete not correlated with pIRs, nor IR, in both inhibition of
cAMP production (R* 0.02, p 0.5736; R* 0.12, p 0.1512) or B-arrestin-2 recruitment (R* 0.04,
p 0.4569; R? 0.06, p 0.3127) (Figure S3.14e,f,m n). On the contraty, a statistically significant
correlation was observed for £, values and time-dependent differences in efficacy for
inhibition cAMP production (R* 0.34, p 0.0139), but not B-arrestin-2 recruitment (R* <0.01,
p 0.9673) (Figure S3.14h,p). Specifically, fast dissociating agonists displayed an increase
in cAMP efficacy over time (Figure S3.14h). Furthermore, no statistically significant
correlations were found between dissociation rate constants and signaling (deactivation) rate
constants £, in cAMP production (R* < 0.01, p 0.8798) or B-arrestin-2 recruitment (R? 0.19,
p0.0705) (Figure S3.14g,0). Although, a small trend was displayed for slow dissociating

agonists and slow deactivation in B-arrestin-2 recruitment (Figure S3.140).

Altogether, these correlations highlight that optimization of association rate constants
rather than dissociation rate constants may contribute to high kinetic potencies but does
not affect kinetic efficacy. Nevertheless, agonists with a fast dissociation rate constant might
gain efficacy over time in inhibition of cAMP production and a fast £, may play a role in
deactivation of B-arrestin-2 recruitment. This emphasizes the importance of providing a
full kinetic overview of agonist-mediated CB,R signaling.

3.2.8  Determination of ligand bias at CB,R

Ultimately, biased signaling at CB,R was investigated by using the different methods of
analysis, 1.e., an endpoint, a semi-kinetic and a kinetic analysis. The operational model was
used to derive transduction coefficients LogR from the inhibition of cAMP production and
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B-arrestin-2 recruitment dose-response curves. To investigate the time-dependency of bias
and the impact of different analysis strategies, the model was applied to the dose-response
curves generated after 7.5 and 60 min of agonist activation (endpoint), AUC (semi-kinetic)
and IR (kinetic) determination. In all cases, the LogR values were normalized to most
balanced agonist HU308 resulting in ALogR for each agonist per pathway. Subsequently,
these ratios were compared per agonist between the cAMP and B-arrestin-2 pathways,
which presented the relative bias AALogR (Figure 3.6, Table S3.6). As mentioned earlier,
CBD, GW-842166X and EHP-101 failed to activate (or bind to) CB,R, and consequently no
LogR values were calculated for these agonists.

No clear preference for either pathway was observed for Olorinab, S-777469, ART-
27.13, NTRX-07 and Tedalinab relative to HU308 using any of the methods of analysis.
HU910 displayed a slight preference for inhibition of cAMP production over 3-arrestin-2
recruitment in the endpoint analysis after 7.5 and 60 min of activation, whereas in the
semi-kinetic determination the preference flipped to B-arrestin-2 recruitment and no clear

7.5 min 60 min AUC IR
t . * : cAMP
HU308 2
HU910
JWH133+4 1
CP55,940
wl  — 0
2-AGH
Nabilone
-2
Lenabasum+ B-arrestin-2
Olorinab+ - N.D

CMX-020
Cannabinol -
KN 387271
S-777469
LY-2828360
PRS-211375
ART-27.13
NTRX-07
Tedalinab
TAK-937

Figure 3.6 Quantification of biased agonism between inhibition of cAMP production and
B-arrestin-2 recruitment by benchmarks agonists, endocannabinoids and clinical agonists determined in the
multiplex assay on CB,R using an endpoint, semi-kinetic or kinetic analysis.

The dose response cutves of all agonists based on endpoint (i.e., 7.5 and 60 min after agonist addition), semi-kinetic
(AUC) or kinetic (IR) analysis were analyzed using the operational model of agonism to obtain transduction coefficients
LogR, which were normalized to the balanced agonist HU308 per pathway (ALogR ratios). The bias between the
two pathways was reported as AALogR and is shown in the heatmap. Blue indicates bias towards cAMP production,
whereas red indicates bias towards B-arrestin-2 recruitment. Agonists for which bias could not be determined (N.D.)
due to absence of a dose response curve are presented in grey. CBD, GW-842166X and EHP-101 are omitted from
the heatmap due to lack of receptor affinity and activation. One-way ANOVA was performed to analyze differences in
AALogR values of agonists compared to HU308 (* p<0.05). Data are mean from at least three independent experiments
performed in duplicate. Bias factors can be found in Table 3.56.
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bias was observed when analyzing the kinetic dose-response curves. On the other hand,
after 7.5 min of activation, Nabilone and PRS-211375 demonstrated a small bias towards
B-arrestin-2 recruitment over inhibition of cAMP production relative to HU308, but the
preference for -arrestin-2 recruitment was attenuated after 60 min of activation, as well
as in the semi-kinetic and kinetic analysis. Time-dependent bias was observed for JWH133,
AEA, 2-AG, CBN, KN 387271 evident by switched preferences after either 7.5 or 60 min
of activation. A bias towards B-arrestin-2 recruitment over inhibition of cAMP production
was observed for Dronabinol in the endpoint and semi-kinetic analysis, whereas the bias
was flipped towards inhibition of cAMP production in the kinetic analysis. No bias factor
could be calculated for 1.Y-2828360 after 7.5 min of activation due to the absence of a
complete dose-response curve in the inhibition of cAMP production, while potency could
be determined in B-arrestin-2 recruitment. This may suggest that at the eatly time point
LY-2828360 is strongly biased towards 3-arrestin-2 recruitment over inhibition of cAMP
production, which is also observed in the semi-kinetic and kinetic analysis although slightly
less pronounced. Although trends in biased signaling were observed for all other agonists,
no statistically significant bias between inhibition of ¢cAMP production and B-arrestin-2
recruitment was found relative to HU308 in our system independent of the method of
analysis used. However, in general a small trend towards B-arrestin bias may be observed for
several agonists (Figure 3.6).

Ultimately, we explored whether CB,R binding kinetics could be predictive for the degree
of bias. To maintain the kinetic context, correlation plots were generated for association
and dissociation rate constants and the AALogR values obtained from kinetic analysis. No
statistically significant correlation was found between £,, ot £, values and AALogR values

of the agonists (R2 <0.01, p 0.9865; R2 0.15, p 0.1296) (Figure S3.14q,r).

Altogether, no statistically significant bias was observed for any of the agonists between the
inhibition of ¢cAMP production and B-arrestin-2 recruitment determined in our multiplex
assay. Small differences were observed in trends for biased signaling, which were in some
cases dependent on the method of analysis (Figure 3.6, Table S3.6).

3.3 Discussion

Ligand bias is an emerging concept that holds great promise to advance drug discovery by
selectively targeting therapeutic relevant signaling pathways'~. However, examination of
ligand bias 7n witro is rather challenging, and experiments need to be designed with great
caution to reduce system ot obsetrvation bias'. To this end, we developed a novel multiplex
assay that simultaneously detects cAMP production and B-arrestin-2 recruitment in a kinetic
manner in the same cells. We demonstrated the applicability of this kinetic multiplex assay
on CB,R by screening a large panel of diverse agonists (Figure 3.1, Table 3.1).

Multiplex assays have been designed to better capture the complexity of biological
measurements as opposed to results obtained from a single screening unit. Most multiplex
applications rely on fluorescent labeling, but multiplex luciferase reporters have also

emerged for detection of genes as indicator of downstream signaling”*’. Nevertheless, these
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technologies often rely on sequential analysis of two (or more) luciferases by quenching the
light of the first enzyme before addition of the second substrate. On top of this, cells
often need to be lysed, which removes the dynamic context of signaling events*™*. In the
multiplex assay presented in this study, we successfully combined the GloSensor technology
for capturing differences in cAMP production and NanoBiT for B-arrestin-2 recruitment
to CB,R (Figure 3.3, Table $3.3), which generated similar potency values for reference
agonist CP55,940 as previously seen in literature®>42,

To investigate the time-dependency of activation and the impact of data analysis approaches,
we analyzed the multiplex data using three methods: 1) as endpoint, i.e., after 7.5 and 60 min,
2) semi-kinetic AUC analysis, both methods provide the traditional potency and efficacy
values, and 3) kinetic analysis using mathematical models that provided kinetic potency and
kinetic efficacy based on initial rates (pIRsy, IR,,,) and signaling rate constants 4, and £,
Since the recent introduction of these novel curve fitting models, they are carefully being
incorporated in pharmacological studies to aid more accurate characterization of ligand-
receptor interactions for a variety of receptors and pathways>**'. Importantly, the impact
of the chosen method of data analysis became clear in ligand bias analyses (Figure 3.6,
Table S3.6). A trend in increased bias towards cAMP over time was observed for HU910,
while the slight cAMP bias of TAK-937 was attenuated and 2-AG switched from cAMP
preference at 7.5 min to B-arrestin-2 preference after 60 min. These results are in line with
results on the dopamine D, receptor, where it was demonstrated that ligand bias could
change over time'?. Biased signaling at CB,R has never been investigated in a kinetic context
and, to our knowledge, experiments have always been conducted in different functional
(endpoint) assays with different cellular backgrounds, which could potentially introduce
system bias*'***¥. Furthermore, incubation times with agonists spanned a wide range
from 5 min to 90 min and sometimes even differed between assays within the same study.
However, our results clearly demonstrate that time-dependence should be considered when
studying biased signaling to reduce the effect of system and observation bias and thus draw
proper conclusions on ligand bias.

To this end, the semi-kinetic and kinetic analyses were employed to reduce the influence
of time and use the obtained signaling time traces to their fullest extent. In general, the
observed potency values for inhibition of cAMP production and [-arrestin-2 recruitment
were slightly lower compared to literature®***-%. On the other hand, Lin ¢# a/. observed no
B-arrestin-2 recruitment to CB,R after activation by LY-2828360, whereas in our multiplex
assay we found a low potency for 1.Y-2828360 although with low efficacy (Table 3.4)™.
Not only were previously reported pharmacological parameters determined at specific time
points, but the performed assays also relied on lysis of cells or measurement of cAMP
accumulation and/or irreversible B-arrestin-2 recruitment and thus removing the dynamic
context. Noteworthy, we observed strong correlations between the potency and efficacy
values from the semi-kinetic (AUC) compared to the kinetic analysis for both inhibition
of cAMP production and B-arrestin-2 recruitment (Figure S3.13), which indicates that
the novel kinetic analyses are fit to rapport ‘classical’ pharmacological parameters, such
as potency and efficacy. Moreover, the observed statistically significant correlations
between the pIRs, and IR, values from inhibition of cAMP production and [-arrestin-2
recruitment suggest a lack of bias in the overall agonist set. However, the signaling rate
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constants £&; and 4, were not correlated and as such may contribute to the small trends in
bias that wete observed for Dronabinol and 2-AG. We envision that kinetic analysis, or
eatly time point analysis, in iz vifro assays generates parameters that better predict the i
vivo pharmacological effects, i.c., starting GPCR activation and signal transduction without
interference of artificial regulation mechanisms®. As such, kinetic potency (pIRs;) and
efficacy (IR,,,) as well as signaling rate constant £, require more attention. Interestingly, a
faster engagement (,,) of agonists with CB,R correlated with both a higher affinity as well
as a higher potency in both inhibition of cAMP production and B-arrestin-2 recruitment
(Figure S3.1b, S3.14a,i), and as such is a driving force for CB,R binding and activation.
While a quick engagement with CB,R did not result in a quick activation (£;), we found that
superagonists Olorinab, PRS-211375, ART-27.13 and Tedalinab in B-arrestin-2 recruitment
were characterized by fast signaling rate constants 4, in the kinetic analysis. However, not all
agonists with fast £, values behaved as superagonists. Although no correlation was found for
4. and affinity or potency (Figure S3.1c, $3.14e,m), we observed that slowly dissociating
agonists exhibited slow deactivation of -arrestin-2 recruitment, which may suggest that
extended agonist binding results in a longer receptor interaction with B-arrestin-2. Since
the introduction of the target binding kinetics concept, the primary focus has been on
optimization of RT, rather than on association rate constants®'. However, this study cleatly
indicates that optimization of the association rate constants for CB,R agonists is equally
valuable to improvement of the dissociation rate constants.

The applied kinetic signaling models do not only allow for quantification of signaling
parameters, but the shape of the traces may also be indicative of regulation mechanisms.
Our inhibition of cAMP production data, after corrections and inversion, was best fit by
the ‘Baseline then rise-and-fall to baseline’ model, which was also previously reported for
cAMP production after activation of the adenosine A; receptor and B,-adrenoceptor***.
This shape is generally described for second messenger signaling when there is no additional
regulation of signaling by inhibitors, such as phosphodiesterase (PDE) inhibitors*. Agonist-
dependent differences were observed in the time traces. Some agonists, such as Tedalinab,
displayed a steep decrease of the inhibition of cAMP production, which was also reflected
by higher signaling rate £, values (Figure 3.4f, Table 3.3). Yet the exact mechanism behind
these differences requires more experimental validation, which could benefit from the use
of PDE inhibitors to simplify the system*. On the other hand, the B-arrestin-2 recruitment
time traces were analyzed using the ‘Baseline then rise-and-fall to steady state’ model
(Figure 3.4, Table 3.4), which has been previously used for B-arrestin-2 recruitment time
traces to othet GPCRs*. As a general model, the ‘fise-and-fall to steady state’ equation
was generated to capture complex regulation mechanisms, which in the case of 3-arrestin-2
recruitment has been hypothesized to refer to receptor desensitization, internalization,
recycling to the cell membrane or degradation®. Several studies have reported that agonist-
stimulated CB,R also undergoes these processes™ ™. Grimsey ¢ a/. described that HU308-
induced internalization of CB,R did not result in degradation of the receptor, but rather
recycling of the receptor to the cell membrane. However, a remaining proportion of the
receptors was not recycled nor degraded but remained in the cytoplasm®. The remaining
luminescence above baseline in our assays, as a measure for complementation of CB,R
and B-arrestin-2, may reflect the proportion of receptors that have been internalized,
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but not (yet) recycled or degraded (Figure 3.4, S83.6, S3.7). Furthermore, since signaling
rate constants £, and £, are not assigned to particular regulation mechanisms, the exact
mechanisms, i.e., internalization, recycling or degradation, upon CB,R activation by the
different agonists cannot be deciphered. This would require additional investigation to
reveal differential agonist-dependency for initiation of B-arrestin-mediated internalization,
recycling, or degradation at CB,R, alike results found at the B,-adrenergic receptor®.
Altogether, this study advocates the use of the kinetic multiplex assay with novel analyses
to determine potency and efficacy in a kinetic context with the advantage of additional
signaling rate constants £, and £&,, which can reveal differences between agonists that are
otherwise overlooked.

For proper use of the Black-Leff operational model for bias analysis the maximal response
of the system needs to be accurately estimated® 2. Several agonists displayed superagonism
in B-arrestin-2 recruitment compared to full agonist CP55,940, which was most prominent
for Tedalinab (Table 3.3, 3.4). Therefore, Tedalinab was used as full agonist, which
also improved the fits on all other agonists (data not shown). Similar to previous work,
benchmark agonists HU308, HU910 and JWH133 remained balanced between the two
studied pathways (Figure 3.6, Table S3.6)%. Although some trends towards biased signaling
were observed, none of the calculated AALogR values were significantly different from
balanced agonist HU308 (Figure 3.6, Table $3.6). Previously reported biased signaling of
CB,R agonists (bias factors ranging between 0.0015 and 90) may have been influenced by
system and observational bias due to the use of a biased reference agonist, different cellular
backgrounds, time points and measutrements used to report bias amongst pathways®'*>-357,
FDA approved p-opioid receptor biased agonist oliceridine only displayed a bias factor
of 3 for G protein activation over [-arrestin-2 recruitment, while bias factors up until
85 have been reported on the same teceptor®®. Nevertheless, more recent studies have
hypothesized that the partial agonism of oliceridine may be responsible for the beneficial
therapeutic effect rather than its biased profile®. It is important to note that bias factors
only provide a ratio compared to a selected reference agonist in a specific system, which
aids in prioritizing or selecting agonists for further testing in therapeutically relevant systems
ot #n vivo models". In this study, we did not observe significant degrees of bias signaling
for the clinically relevant CB,R agonists, which may be the reason for failure of several
of these agonists in clinical trails. However to date, the mechanism of therapeutic effects
at CB,R and the potential importance of biased signaling is largely unknown. To prove
whether signaling bias on CB,R has therapeutic relevance, the mechanism should be further
explored. This may be done by 7 vitro in relevant native cell background and/or 7 vive
by knockout studies of B-arrestin-2 or Go; proteins to specify which signaling pathway is
therapeutically relevant!".

In conclusion, this study describes the development and application of a novel multiplex
assay that simultaneously detects cAMP production and B-arrestin-2 recruitment in a time-
dependent manner in the same cells. We demonstrate that agonist-mediated CB,R activation
and biased signaling is time sensitive dependent on the specific agonist used. Similar potency
and efficacy parameters can be obtained from semi-kinetic and kinetic methods of analysis,
while the latter additionally provides signaling rate constants that may accentuate differences
between agonist-dependent signaling and bias. Moreover, this study demonstrates the
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importance of fast agonist engagement (£,,) with CB,R for increased affinity and potency,
while slowly dissociating agonists extended the interaction between CB,R and B-arrestin-2.
We envision that kinetic parameters that capture the eatly response, such as pIRs, IR, and
signaling rate constant 4, could be applied to 7z vitro studies as better predictors of their
pharmacological effects 7z vivo. Ultimately, combining these parameters with binding kinetics
results in more extensively profiled GPCR agonists to advance future drug discovery efforts.

3.4 Materials and methods
34.1 Chemical and reagents

ROG6957022 and [PPHJROG6957022 (specific activity 82.83Cimmol™") were synthesized
in-house as previously published . [PH]CP55,940 (specific activity 108.5Cimmol™
#NET1051250UC), [PS]GTPyS (specific activity 1250 Cimmol™ #NEG030H250UC),
and GF/C filter plates (#6055690) were purchased from Revvity (Waltham, MA,
USA). Bicinchoninic acid (BCA) and BCA protein assay reagent were obtained from Pierce
Chemical Company (Rockford, IL, USA). CP55,940 (#C1112), AMG630 (#SMIL0327),
and DL-dithiothreitol (DTT, #646563) wete obtained from Sigma-Aldrich (Saint Louis,
MO, USA). Tedalinab (#T013730) and forskolin (FSK, #F701800) were from Toronto
Research Chemicals. A*-THC (#12068) and 1.Y-2828360 (#26791) from Cayman Chemical
(Ann Arbor, MI, USA). Anandamide (AEA, #1339), 2-Arachidonylglycerol (2-AG,
#1298), JWH-133 (#1343), cannabidiol (CBD, #1570), cannabinol (CBN, #3130) and
phenylmethylsulfonyl fluoride (PMSF, #4486) were purchased from Tocris Bioscience
(Bristol, UK). GDP (#]61646) was from Thermo Fisher Scientific (Waltham, MA, USA),
EHP-101 (#HY-128872) from MedChemExpress (Monmouth Junction, NJ, USA) and
HU308 (#H800010) was obtained from LKT Laboratories (St. Paul, MN, USA). Nabilone,
Lenabasum, Olorinab, CMX-020, KN 387271, GW-842166X, S-777469, PRS-211375,
ART-27.13, NTRX-07 and TAK-937 were provided by F. Hoffmann-La Roche Ltd (Basel,
Switzerland) and HU910 was a kind gift from Pal Pacher (NIH, MD, USA). FuGENE® 6
Transfection Reagent (#E2692), Nano-Glo® Vivazine™ Substrate (#N2581), GloSensor™
cAMP reagent (HE1291) and pGloSensor™-22F cAMP Plasmid (#E2301) were from
Promega (Madison, W1, USA) and 96-well solid white flat bottom microplates (#3917) were
obtained from Corning (Corning, NY, USA). All buffers and solutions were prepared using
Millipore water (deionized using a MilliQ A10 Biocel™ with a 0.22 um filter) and analytical
grade reagents and solvents. Buffers wetre prepared at room temperature (rt) and stored at
4°C, unless stated otherwise.

3.4.2  Physicochemical properties and pharmacokinetic properties determination
3.4.2.1  Lipophilicity

For the determination of the octanol/water distribution coefficient (LogD), the Carriet-
Mediated Disttibution System (CAMDIS)-assay was used as described previously®.
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34.2.2  Kinetic agueons solubility (Lysa)

The compounds’ solubility was assessed in a phosphate buffer with a pH of 6.5, originating
from a 10 mM stock solution in DMSO that had been evaporated. For each compound,
two samples were desiccated and reconstituted in the pH 6.5 phosphate buffer. Post-
dissolution, the solutions underwent filtration and wete subsequently diluted to three distinct
concentrations. RapidFire mass spectrometry analysis was conducted on these dilutions.
Quantification of each compound was achieved using a calibration curve comprising six
points, which was established using the initial DMSO solution.

3.4.2.3  Lipid membrane binding assay (Limba LogDbrain)

The Lipid Membrane Binding Assay (LIMBA LogDbrain) was conducted consistent with
previously published methods, allowing for high to medium throughput analysis®.

3.4.2.4  Passive membrane permeability assay (PAMPA)
The PAMPA assay was carried out as a high-throughput experiment as previously described®®.
3.4.2.5  Human plasma protein binding (free fraction %)

Human plasma with EDTA as an anticoagulant was sourced from BioreclamationI VT (New
York, USA)®™. To determine the free fraction of a agonist, a 96-well equilibrium dialysis
device with a Teflon build and a 150 pL half-cell volume was used. This device featured a
membrane with a molecular weight cut-off between 12 and 14 kDa, chosen to reduce non-
specific binding. Both the test compound and a known reference, diazepam, were assessed
in groups ranging from 2 to 5 wells, starting at a concentration of 1000 nM. Each well was
filled with equal amounts of a plasma sample containing the test compound or diazepam
and a blank dialysis buffer, specifically Soerensen’s buffer. The pH of the plasma and buffer
was adjusted to 7.4 on the day of the experiment. The dialysis unit was then incubated at 37
°C with 5% CO, for 5 hours, which is generally sufficient for equilibrium to be reached for
most small molecules under 600 Da. Following incubation, the samples were prepared for
LC-MS/MS analysis. Each protein binding assessment was conducted in triplicate to ensure
accuracy. The integrity of the dialysis membrane was verified by measuring the unbound
fraction of diazepam in each well. At equilibrium, the concentration of the unbound drug
in the plasma should equal that in the buffer, allowing for the calculation of the unbound
fraction as the buffer concentration post-dialysis divided by the plasma concentration
post-dialysis, multiplied by 100. Additionally, the recovery of the device was evaluated by
comparing the concentration of the compound in the plasma before and after dialysis, with
acceptable recovery rates ranging from 80% to 120% for the data to be considered valid.

34.2.6  P-glycoprotein-mediated efflux ratio

The generation of human P-gp efflux ratio values was conducted as previously reported®.
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34.3 Cell culture and membrane preparation

For functional assays, human embryonic kidney 293T cells (HEK293T, ATCC #CRL-3210)
and HEK293T cells stably expressing full-length hCB,R-SmBIT and LgBiT-B-arrestin-2
constructs (HEK293T CB,R-SmBiT LgBiT-B-arrestin-2, a kind gift by Christophe Stove,
Ghent University, Belgium ') were grown in monolayers. Both cell lines were cultured
in Dulbecco’s Modified Eagle’s Medium supplemented with 10% FCS, 2 mM Glutamax,
100 TU/mL penicillin and 100 p/mL streptomycin in a humidified atmosphete at 37 °C
and 5% CO,. For binding assays, Chinese Hamster Ovary (CHO) cells stably expressing
hCB,R or hCB,R (CHOK1_hCB,bgal, #93-0706C2 and CHOK1_hCB;bgal, #93-0959C2,
PathHunter EA Parental cell line, female, DiscoverX) were cultured in Ham’s F12 Nutrient
Mixture supplemented with 10% (v/v) fetal calf serum (FCS), 2 mM Glutamax, 100 IU/
mL penicillin, 100 pg/mL streptomycin, 300 pg/mL hygromycin and 800 ng/ml. G418 ina
humidified atmosphete at 37 °C and 5% CO,. All cells were subcultured twice weekly when
reaching 80-90% confluence on 10 or 15 cm o plates by trypsinization and used for further
experiments within 20 passages.

344 Membrane preparation
HEK293T CB,R-SmBIiT LgBiT-B-arrestin-2, CHOK1_hCB,bgal and CHOK1_hCB,bgal

cells were harvested when reaching 80-90% confluence in 15 cm o plates after one week
subculture at a 1:15, 1:6 or 1:6 ratio, respectively. The cells were detached by scraping into 5
mL phosphate-buffered saline (PBS) and subsequently centrifuged at 2,000 X g for 5 min.
Pellets were resuspended in ice-cold Ttis buffer (50 mM Tris-HCI, pH 7.4) and homogenized
with an Ultra Turrax homogenizer (IKA-Werke GmbH & Co. KG, Staufen, Germany).
Cytosolic and membrane fractions were separated using an Optima LE-80 K ultracentrifuge
(Beckman Coulter, Inc., Fullerton, CA) at 100,000 X g for 20 min at 4 °C. The membrane
fractions were subjected to another round of homogenization and centrifugation. The
final pellets were resuspended and homogenized in ice-cold Tris buffer and subsequently
aliquoted and stored in 100 pL aliquots at -80 °C. Membrane protein concentrations wete
determined using a BCA protein determination assay, as described by the manufacturer
(Pierce BCA protein assay kit)™

34.5  PHJRO6957022 binding assays

[PHJROG6957022 displacement and competition association assays have previously been
described with the main difference that the incubation temperature was changed to 10 °C
for improved separation of kinetic differences®. In short, CHOK1_hCB,bgal or HEK293T
CB,R-SmBIT LgBiT-B-arrestin-2 membranes were thawed and subsequently homogenized
using the Ultra Turrax homogenizer. For experiments with endocannabinoids and CMX-
020, membranes were preincubated for 30 min with 50 uM PMSFE. The reactions were carried
out in 100 pL assay buffer (50 mM Tris-HCl (pH 7.4), 0.1% (w/v) bovine serum albumin
(BSA)) containing 1 pg (CHOK1_hCB,bgal) or 10 ng (HEK293T CB,R-SmBIT LgBiT-B-
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arrestin-2) of membrane protein and 1.5 nM [PHJRO6957022. Incubations were performed
at 10 °C. Therefore, assay buffer, (radio)ligands and membranes were precooled to 10 °C
ptior to the experiment. Nonspecific binding (NSB) was determined using 10 pM AM630
and vehicle (i.e., acetonitrile for endocannabinoids and CMX-020, and DMSO for all other
compounds) concentrations were constant and kept < 1% in all samples. Total radioligand
binding (TB) did not exceed 10% of the amount added to prevent ligand depletion. For all
assays, incubations were terminated by rapid vacuum filtration with ice-cold 50 mM Tris-
HCI (pH 7.4), 0.1% (w/v) BSA buffer through Whatman GF/C filters using a Filtermate
96-well harvester (Revvity, Waltham, MA, USA). Filters were dried for at least 30 min at
55 °C and subsequently 25 pl. MicroScint scintillation cocktail was added per well. Filter-
bound radioactivity was measured by scintillation spectrometry using a Microbeta® 2450
counter (Revvity, Waltham, MA, USA).

3.4.5.1  Displacement assays

Binding affinity of all clinical agonists for CB,R was determined in displacement assays
using radioligand and six increasing concentrations of competing compound (ranging from
0.01 oM to 10 pM) on CHOK1_hCB,bgal membranes. Homologous displacement assays
were performed on HEK293T CB,R-SmBiT LgBiT-B-arrestin-2 membranes with three
concentrations of [PHJRO6957022 of ~0.5 nM, ~1.5 nM and ~5.0 nM in the presence
of competing RO6957022 (ranging from 0.01 nM to 1 uM) in assay buffer. The reaction
mixture was incubated for 2 h at 10 °C, after which incubations were terminated and
receptot-bound radioactivity was determined as desctibed in section 3.4.5 PH]RO6957022
binding assays.

34.5.2  Competition association assays

Binding kinetics were assessed in competition association experiments using radioligand
and competing compound at its ICs, concentration obtained from displacement assays.
Competition was initiated by addition of CHOKI1_hCB,bgal membrane homogenates at
different time points for 2 h, after which incubations were terminated and receptor-bound
radioactivity was determined as described in section 3.4.5 PH]R0O6957022 binding assays.

34.6  PHJCP55,940 displacement assays

Binding affinity for CB,R was determined in [PH]CP55,940 displacement assays. CHOK1_
hCB,bgal membranes were homogenized and diluted to 2.5 pg protein per well in assay buffer
(50 mM Tris-HCl (pH 7.4), 5 mM MgCl,, 0.1% (w/v) BSA). Membranes wete incubated with
six increasing concentrations (ranging from 0.01 nM to 10 uM) of competing compound
in the presence of 1.5 nM [PH]CP55,940. Incubations were for 2 h at 25 °C. NSB was
determined using 10 uM SR141716A and vehicle (i.e., acetonitrile for endocannabinoids and
CMX-020, and DMSO for all other compounds) concentrations were constant and kept <
1% in all samples. TB did not exceed 10% of the amount added to prevent ligand depletion.
Incubations were terminated as described in section 3.4.5 PH]R06957022 binding assays
except using ice-cold wash buffer containing 50 mM Tris-HCI, 5 mM MgCl,and 0.1% BSA.
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34.7 Multiplexed cAMP production and [-arrestin-2 recruitment assay

Inhibition of cAMP production and B-arrestin-2 recruitment after CB,R activation were
measured using the GloSensor™ and NanoBiT® technologies, respectively, in 2 multiplexed
manner. To this end, HEK293T CB,R-SmBiT LgBiT-B-arrestin-2 cells were seeded as 2 X
106 cells on 10 c¢m o plates to reach 60% confluence on the day of transfection. The next
day, cells were transfected with 10 pg pGloSensot™-22F cAMP plasmid using FuGENE®
6 transfection in a 3:1 reagentDNA ratio ™. In short, a mix of 10 pg GloSensor plasmid
and 30 uL. FuGENE® 6 was incubated in 850 pL. Opti-MEM™ at room temperature (rt)
for 15 minutes. The mixture was added to the cells without replacing the medium. Cells
wete left to grow overnight at 37 °C with 5% CO, to reach ~90% confluence. The next
day, transfected cells were seeded at a density of 50,000 cells/well in poly-D-lysine treated
solid white, flat bottom 96-well plates in culture medium and incubated for another 22-24
h at 37 °C with 5% CO,. On the assay day, the culture medium was replaced by 30 uL assay
medium (CO, independent medium + 10% (v/v) FCS) and 50 pL equilibration reagent
in assay medium. The equilibration reagent for the GloSensor™ only contained 4% (v/v)
GloSensot™ cAMP reagent, NanoBiT® reagent contained 2% (v/v) Vivazine™ substrate
and the “multiplex reagent” contained a combination of the two reagents, i.e., 2% (v/v)
Vivazine™ substrate and 4% (v/v) GloSensor™ cAMP reagent. The plate was incubated at
25 °C for 2 h in the datk after which baseline cAMP levels and B-arrestin recruitment were
measured for 7.5 min in the plate reader using the protocol as described below.

To induce cAMP production, cells were prestimulated with 1 uM forskolin (IFSK) until
reaching a stable plateau of cAMP production. Specifically, induction of cAMP production
was initiated by addition of 10 puLL FSK mixture and luminescence was monitored for 52.5
min in the plate reader. For experiments with endocannabinoids or CMX-020, the FSK
prestimulation mixture additionally contained 50 uM phenylmethylsulfonyl fluoride (PMSF).
Immediately after, cells were stimulated with 10 pL increasing concentrations of compound
of interest (ranging from 0.01 nM to 10 uM). Compounds were added using a MINI 96
portable electronic pipette to ensure no time delay INTEGRA Biosciences, Tokyo, Japan).
The maximal response was determined by 1 uM CP55,940 and vehicle (i.e., acetonitrile for
endocannabinoids and CMX-020, and DMSO for all other compounds) concentrations
were constant and kept < 1% in all samples. Luminescence was measured for another 90
min in the plate reader resulting in a total read time of 150 min.

The simultaneous luminescent signals were measured in a Wallac EnVision 2104 Multilabel
reader (Revvity, Waltham, MA, USA). To this end, the individual signals were detected by
two emission filters in a dual luminescent manner. Specifically, the Cy3 595 filter (595/60
nm, barcode 229) was used to detect the cAMP responses and emission filter NanoBRET
Blue (460/80 nm, barcode 703) was used to detect B-arrestin-2 recruitment to CB,R. Each
wavelength was measured for 250 ms/well and the total interval between plate repeats was

90 s.

To investigate cAMP responses independent of CB,R, the same protocol was applied to
parental HEK293T cells, but only using the GloSensor™ equilibration reagent containing
4% (v/v) GloSensot™ cAMP reagent.
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34.8 Data analysis and statistics

All experimental data were analyzed using GraphPad Prism 9.0 (GraphPad Software Inc.,
San Diego, CA, USA). All values obtained are means * standard error of the mean (SEM)
of at least three independent experiments performed in duplicate, unless stated otherwise.

3.4.8.1  Displacement assays

[PHJROG6957022 (CB,R) and [’H]CP55,940 (CB,R) assays were baseline-corrected with NSB
and normalized to this value (0%) and TB (100%). The equilibrium dissociation constant (Kp)
of [PHJROG6957022 and receptor expression level (By,,) wete calculated from homologous
displacements by non-linear regression analysis, using the “one-site homologous” model.
The half-maximal inhibitory concentrations (pICsy) of the compounds in PHJRO6957022
and [PH]CP55,940 displacement assays were obtained by non-linear regression analysis
of the displacement curves and further converted into inhibitory constant pK; using the
Cheng-Prusoff equation” with the expetimentally determined Ky values 0.78 nM and 0.84
nM, respectively (data not shown). CB,R selectivity of the compounds was determined
when two pK values were obtained using Equation 3.1:

Selectivity=10® B2R-pE; CBIR) (Equation 3.1)

3.4.8.2  Competition association assays

From [PHJRO6957022 competition association assays, the £,, and £, values of compounds
of interest were determined by non-linear regression analysis, using the “kinetics of
competitive binding” model as described by Motulsky and Mahan™:

K, =4 [1]'107+£,
Ky =45[1]-107+ 4,

S= \/ (K, -Kyp)+4-£y ks [L)-[1]-10°®
K=0.5(K,+Ky+S)
K,=0.5(K,+K-S)
_ Bmax"é1 ’ [L]loi)

KK
V)= ky (KK N ky-Ke (K kK (KX
KK K¢ K

Where [L] is the radioligand concentration per experiment (~1.5 nM), I is the ICs,
concentration of compound (nM), X is the time (s), and Y is the specific binding of
the radioligand (dpm). K, and K, are the observed association rate constants (£,,) of
the radioligand and the compound of interest, respectively. 4, and 4; are the association
rate constants (£,, in M's™) of PHJROG6957022 (determined per experiment) and the
compound of interest, respectively. Similarly, £, and 4, are the dissociation rate constants
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(ko in s7) of [PTHJRO6957022 (experimentally determined at 4.3 X 10* s, data not shown)
and the compound of interest, respectively. The engagement time (ET in seconds) of the
compounds of interest was determined at 1 uM of compound using Equation 3.27:

1
ET= 100 (Equation 3.2)

The residence time (RT in min) was calculated using Equation 3.3':

RT= (Equation 3.3)

’é()ff " 60
The association and dissociation rate constants were used to calculate the kinetic Ky, using
Equation 3.4:

£
I <1) — off

(Equation 3.4)

on

3.4.8.3  Inbibition of forskolin-induced cAMP production (multiplex: signal 1)

Functional forskolin-induced cAMP data from the multiplex assay was analyzed based on an
endpoint, semi-kinetic and kinetic approach. Forskolin-induced cAMP responses after 7.5,
15, 30 and 60 min of agonist addition were baseline-corrected with the vehicle response and
normalized to 1 uM CP55,940. Dose-response curves were generated and pEC;, and E,,,
values were determined using non-linear regression curve fitting log(agonist) vs. response’
(three parameters).

Forskolin-induced cAMP time traces from the multiplex assay was corrected for well-to-well
variation by subtracting the mean of the baseline measurement and subsequently subtracting
the mean of the final five FSK measurements. Next, vehicle response was subtracted, and
the data was inverted to represent inhibition of ¢cAMP production. The agonist-induced
inhibition of cAMP production was quantified by taking the net area under the curve (AUC)
from the final five FSK measurements until the end of agonist measurement (54 - 150
min). Dose-response curves were generated and pEC;, and E,,,, values were determined
using non-linear regression curve fitting log(agonist) vs. response’ (three parameters) after
normalization to 1 uM CP55,940.

The agonist-induced inhibition of cAMP production was further kinetically analyzed by
applying the ‘Baseline then rise-and-fall to baseline time course’ equation according to
Hoate ef a%. This equation (3.5) was provided as a plug-in, which was downloaded into
GraphPad Prism’":

R . X
Y=IF <X<X0, Baseline, Baseline+ ( (e"ezo‘"x“)—e’k1 Qk‘»))) (Equation 3.5)

ki-ky

Where IR’ is a fitting constant (cps min), which is equal to the initial rate of signaling and
represented by the initial linear phase of signal generation after receptor activation, X is the
time (min), X, is the time at which the signal starts, and Y is the luminescent signal (cps). £
and £; ate the observed signaling rate constants (min™), where £, is constrained to be greater
than 4&,. When time traces did not fall back to baseline in the assay time, as was the case for
lower agonist concentrations, the ‘baseline then rise to steady state time course’ was fitted
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according to Equation 3.6:

Y=IF (X<XO, Baseline, SSR - ( 1—e”é(x’x(‘))+Baseline) (Equation 3.6)

Where SSR is the steady-state response representing the maximal activation as time reaches
infinity (cps), X is the time (min), X, is the time at which the signal starts, and Y is the
luminescent signal (cps). £ is the observed signaling rate constant (min™).

Dose-response curves were generated from the Initial Rate data and pIRs, and IR, values
were determined using non-linear regression curve fitting ‘log(agonist) vs. response’ (three
parameters) after normalization to 1 uM CP55,940. More detailed information on the use
of these models and a step-by-step procedure can be found in Supplementary methods
3.81.2.1.

34.84  [-arrestin-2 recruitment (multiplex: signal 2)

Functional 3-arrestin-2 recruitment data from the multiplex assay was analyzed based on
an endpoint, semi-kinetic and kinetic approach. Recruitment of B-arrestin-2 after 7.5, 15,
30 and 60 min of agonist addition were baseline-corrected with the vehicle response and
normalized to 1 uM CP55,940. Dose-response curves were generated and pECs, and E,,,,
values were determined using non-linear regression curve fitting log(agonist) vs. response’
(three parameters).

Functional B-arrestin-2 recruitment time traces from the multiplex assay was corrected for
well-to-well variation by subtracting the mean of the baseline (final five FSK measurements
count as baseline) and subsequently vehicle response was subtracted. The B-arrestin-2
recruitment to CB,R was quantified by taking the net area under the curve (AUC) from
the baseline measurements until the end of agonist measurement (54 - 150 min). Dose-
response curves were generated and pEC5, and E,,,,, values were determined using non-linear
regression curve fitting ‘log(agonist) vs. response’ (three parameters) after normalization to
1 uM CP55,940.

The B-arrestin-2 recruitment was further kinetically analyzed by applying the ‘Baseline then
rise-and-fall to steady state time course’ equation according to Hoare e a/*. 'This equation
(3.7) was provided as a plug-in, which was downloaded into GraphPad Prism’":

Y=IF (X<XO, Baseline, Base]ine+SSR( 1-D - e'/el(X'X“)+(D—1)e'/€2(X'X“)) (Equation 3.7)

Where SSR is the steady-state tesponse representing the maximal activation as time reaches
infinity (cps), D is a unitless fitting constant, X is the time (min), X, is the time at which the
signal starts, and Y is the luminescent signal (cps). £, and £, are the observed signaling rate
constants (min™), where £, is constrained to be greater than 4,. Initial rate can be calculated
using Equation 3.8:

IR=SSR(D - £,-(D-1),) (Equation 3.8)
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When time traces did not fall back to baseline in the assay time, as was the case for lower
agonist concentrations, the ‘baseline then rise to steady state time course’ was fitted as
described for 3.4.8.3 Inhibition of forskolin-induced cAMP production.

Dose-response curves were generated from the Initial Rate data and pIRs, and IR,,,, values
were determined using non-linear regression curve fitting ‘log(agonist) vs. response’ (three
parameters) after normalization to 1 uM CP55,940. More detailed information on the use

of these models and a step-by-step procedure can be found in Supplementary methods
3.81.2.2.

3.4.8.5  Bias calculation

Dose-response curves from the endpoint analysis (early and late time point), semi-kinetic
AUC and kinetic initial rate analysis for all compounds and for each functional readout
were analyzed using the Black and Leff operational model to calculate the transduction
coefficient Log(t/K,) or LogR values as previously desctibed®”®. In the model, the slope
(n) was set to 1, basal to 0 as the data was baseline corrected and E,,,,, was set to the maximal
activation in the system (Tedalinab). For each functional readout, the LogR value of the
agonists was compatred to most balanced agonist HU308 generating transduction ratios

ALogR using Equation 3.9:

ALOgR 000ist =LOgR gonist1-0gR11u308 (Equation 3.9)

The relative bias of each agonist between the cAMP and B-arrestin-2 pathway, represented
as AALogR, was calculated using Equation 3.10:

AALOgRag(mist :ALOgRagonist, cAMP‘ALOgRag(mist, B-arrestin (Equation 3 10)

Ultimately, the bias factor was calculated as the inverse logarithm of the AALogR values
using Equation 3.11:

Bias factor=10"A108Raonis (Equation 3.11)

Statistical analysis was performed on AALogR values to test for significance of ligand
bias relative to balanced agonist HU308. To this end, a one-way ANOVA with Dunnett’s
multiple comparisons test was performed. p < 0.05 was considered statistically significant.
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Supplementary methods

3.81 Supplementary methods
3.81.1  PPS]GTPyS assays

G protein activation of CB,R was measured by binding of [PS]JGTPyS as previously
desctibed”. In short, HEK293T CB,R-SmBiT LgBiT-B-atrestin-2 membrane homogenates
(5 ng) were diluted in assay buffer (50 mM Tris-HCI, 5 mM MgCl,, 150 mM NaCl, 1 mM
EDTA, 0.05% BSA (w/v) and 1 mM DT, freshly prepated each day) and supplemented
with 5 ug saponin and 1 uM GDP to a total volume of 100 pL. For endocannabinoid and
CMX-020 samples, the membranes were additionally preincubated for 30 min with 50 uM
PMSE. To determine pEC;, and E,,,. values, increasing concentrations of compound of
interest (ranging from 0.01 nM to 10 uM) were incubated with [*S]GTPyS (0.3 nM) for 90
minutes at 25 °C while shaking at 400 rpm. The basal activity was measured in the presence
of vehicle and the maximal response was determined by 10 pM CP55,940. Vehicle (i.e.,
acetonitrile for endocannabinoids and CMX-020, and DMSO for all other compounds)
concentrations were constant and kept < 1% in all samples. Incubations were terminated
by rapid vacuum filtration with ice-cold 50 mM Tris-HCI (pH 7.4) and 5 mM MgCl, buffer
through Whatman GF/C filters using a Filtermate 96-well harvester (PerkinElmer). Filters
were dried for at least 30 min at 55 °C and subsequently 25 pl. MicroScint scintillation
cocktail was added per well. Filter-bound radioactivity was measured by scintillation
spectrometry using a Microbeta® 2450 counter (Revvity, Waltham, MA, USA).

3.81.2  Data analysis
3.81.2.1 Inbibition of forskolin-induced cANMP production (step-by-step)

The inhibition of cAMP production can be kinetically analyzed for each agonist
concentration by applying time coutse equations according to Hoare e 2/*. The equations
can be downloaded from https://www.pharmechanics.com/time-course-tool-pack. The
following directions are for GraphPad Prism v9.0, which requires some manual calculations.
In newer versions more parameters are already calculated by the software.

1. Insert all time trace data per concentration in Prism and add vehicle in column A.

i. The model requires X values to be greater than 0. Enter the time values as they are
in reality, with baseline starting at 0 min. This allows X, the signal rise start time,
to be a fitted parameter in the analysis resulting in better fits.

il. Insert average of the five baseline measurements in the top row for ease of
cotrection, without an X value.

iii.  For the same reason, add the average of the final five FSK measurements in the
bottom row, without an X value.

2. Cortrect for well-to-well variation by first subtracting the average of the baseline
measurement and subsequently average of the FSK measurement.

i Select ‘Repeated measures’ in the baseline correction in GraphPad Prism, which
will use the values from the specific well when you have duplicates.
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3.

Correct for vehicle and invert the data by transforming the Y values using Y= 0 -Y.

4. Allow Prism to compare between two non-linear fits based on the time trace using the

.

1ii.

iv.

Vi.

5.

L.

F-test:

Use simplest model first ‘Baseline then rise to steady state’ and compare to the
more complex model ‘Baseline then rise-and-fall to baseline’.

Constrain the following parameters for better fitting results:
a. DBaseline then rise to steady state:

7. X, must be greater than 0

2. Baseline no constraint

3. SteadyState must be greater than 0

4. & must be greater than 0
b. Baseline then rise-and-fall to baseline
X, must be greater than 0
Baseline no constraint
Initial Rate must be greater than 0
£, NO constraint

4, must be greater than 0

N I N

4; must be greater than 1 times £,

c.  Don’t constrain X, to the time of agonist addition as there might be a delay in
the response, which will now be captured by the model.

d. Don’t constrain Baseline to allow some more flexibility of the model.

For all curves manually change the Initial Value (in the corresponding tab) for X,
to the time of agonist addition or slightly before.

a. This helps the model to better guess when your baseline run-in period turns
into a response.

Only analyze the data from the final five FSK measurements (baseline) to the end
of the assay.

In the ‘Confidence’ tab change the Confidence Intervals (CI) of the parameters to
the ‘Symmetrical (asymptotic) approximate CI” if you do not need the CI.

a. This mainly allows for a quicker fitting of the curves and does not influence
the calculation of the fitted parameter but will only not report the CI.

From these analyses, the Initial Rate, Peak Response (given as SteadyState), and 4,
and £, values are determined.

The inactive concentrations, i.e., concentrations at which no inhibition of cAMP
production is detected anymore, can also be analyzed to determine the slope. This will
be (close to) 0.

Use the ‘Straight line time course’ equation as described by Hoare e a/* with
default parameters. The reported slope is the same as initial rate.

78



Supplementary methods

3.81.2.2 [-arrestin-2 recruitment (step-by-step)

The B-arrestin-2 recruitment data can be kinetically analyzed for each agonist concentration

by applying time course equations according to Hoare e @/*’. The equations can be
downloaded from https://www.pharmechanics.com/time-course-tool-pack. The following
ditections are for GraphPad Prism v9.0, which requires some manual calculations. In newer
versions more parameters are already calculated by the software.

1.

i

il.

2.

1.

3.

Insert all time trace data per concentration in Prism and add vehicle in column A.

The model requires X values to be greater than 0. Enter the time values as they are
in reality, with baseline starting at 0 min. This allows X, the signal rise start, to be
a fitted parameter in the analysis resulting in better fits.

Insert the average of the final five FSK measurements (to represent baseline) in the
bottom row for ease of correction, without an X value.

Cortrect for well-to-well variation by subtracting the FSK measurement.

Select ‘Repeated measures’ in the baseline correction in GraphPad Prism, which
will use the values from the specific well when you have duplicates.

Cortrect for vehicle.

4. Allow Prism to compare between two non-linear fits based on the time trace using the

il.

iii.

F-test:

Use simplest model first ‘Baseline then rise to steady state’ and compare to the
more complex model ‘Baseline then rise-and-fall to steady state’.

Constrain the following parameters for better fitting results:
a. DBaseline then rise to steady state:
7. X, must be greater than 0
2. Baseline no constraint
3. SteadyState must be greater than 0
4. & must be greater than 0
b. Baseline then rise-and-fall to baseline
X, must be greater than 0
Baseline no constraint
SteadyState must be greater than O
D must be greater than 0
£ NO constraint

4, must be greater than 0

NS R N =

4, must be greater than 1 times 4,

c.  Don’t constrain X, to the time of agonist addition as there might be a delay in
the response, which will now be captured by the model.

d. Don’t constrain Baseline to allow some more flexibility of the model.

For all curves manually change the Initial Value (in the corresponding tab) for X,
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to the time of agonist addition or slightly before.

a.  This helps the model to better guess when your baseline run-in period turns
into a response.

iv. Only analyze the data from the final five FSK measurements (baseline) to the end
of the assay.

v.  Inthe ‘Confidence’ tab change the Confidence Intervals (CI) of the parameters to
the ‘Symmetrical (asymptotic) approximate CI” if you do not need the CL

a. This mainly allows for a quicker fitting of the curves and does not influence
the calculation of the fitted parameter but will only not report the CI.

vi. From these analyses, the £, and £, values are determined, but Initial Rate and Peak
Response need to be calculated™:

IR=SSR(D - £;-(D-1)4,)

1 D-1)4,
In

ko~ D4,

Peak response=SSR(1-De#1 " Peak time 1y )4z - Peak time

Peak time=

5. The inactive concentrations, i.e., concentrations at which no inhibition of B-arrestin-2
recruitment is detected anymore, can also be analyzed to determine the slope. This will
be (close to) 0.

i, Use the Straight line time course’ equation as described by Hoare e /> with
default parameters. The reported slope is the same as initial rate.

3.81.2.3 [PSIGTPyS assays

Functional agonist responses from the [**S]JGTPyS binding assays were baseline-corrected
with the basal activity and normalized to 10 uM of CP55,940. pECs, and E,,,,, values were
determined using non-linear regression curve fitting ‘log(agonist) vs. response’ (three
parameters).
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Figure 3.51 Correlation plots between affinity and binding kinetic parameters of benchmark

agonists, endocannabinoids and clinical agonists from PH]R06957022 binding assays on CB,R.

Correlation plots with parameters from ["HJ[RO6957022 binding assays on CB,R comparing (a) equilibrium affinity pK;
and kinetic affinity pKp, (b) p£,, and pK;, and (c) p&.; and pK;. (d) Kinetic map representing the relationship between
Pons PAor and pKp. Benchmark agonists are turquoise hexagons (@), endocannabinoids coral diamonds (#) and clinical
agonists black circles (®). Data are mean from at least three independent experiments performed in duplicate. The solid
line represents a linear correlation between the parameters and the dotted lines indicate the 95% confidence interval. R
values represent a measure of goodness-of-fit of the simple linear regression and p < 0.05 indicate a slope statistically
significant different from 0.
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Figure 3.52 Correlation plots between physicochemical parameters and binding affinity and binding

kinetic parameters for benchmark agonists, endocannabinoids and clinical agonists on CB,R.

Correlation plots comparing (a) distribution coefficient LogD, (b) polar surface area PSA and (c) calculated partition
coefficient K, LLogP with equilibrium affinity pK. Correlation plots comparing (d) LogD, (e) PSA and (f) K, LogP
with association rate constant p&,,. Correlation plots comparing (g) LogD, (h) PSA and (i) K, LogP with dissociation
rate constant p&.g. Benchmark agonists are turquoise hexagons (®), endocannabinoids coral diamonds () and clinical
agonists black circles (®). Data are mean from at least three independent experiments performed in duplicate. The solid
line represents a linear correlation between the parameters and the dotted lines indicate the 95% confidence interval. R
values represent a measure of goodness-of-fit of the simple linear regression and p < 0.05 indicate a slope statistically
significant different from 0.
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Figure 3.S3 Raw time traces from the multiplexed cCAMP production and B-arrestin-2 recruitment

assay on HEK293T CB,R-SmBiT LgBiT-B-arrestin-2 cells with full agonist CP55,940.
Representative luminescent time traces indicative of (a) cAMP production and (b) B-arrestin-2 recruitment simultaneously

recorded in the multiplex assay on HEK293T CB,R-SmBiT LgBiT-B-arrestin-2 cells. Baseline luminesce was measured
for 7.5 min prior to forskolin (FSK) addition to induce cAMP production. After 1 h, cells were stimulated with increasing
concentrations of agonist CP55,940 and luminescence was recorded for 90 min. Data are shown as mean from a

representative experiment performed in duplicate.
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Time traces of inhibition of cAMP production by benchmark agonists, endocannabinoids,

launched and clinical agonists from the multiplex assay on HEK293T CB,R-SmBiT LgBiT-B-arrestin-2 cells.
Representative forskolin- and vehicle-corrected time traces for inhibition of cAMP production by increasing
concentrations of (a-d) benchmark agonists, (e, f) endocannabinoids, clinical agonists that (g-i) are on the market or (j)
reached phase 3. Data are shown as mean from a representative experiment performed in duplicate.
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Time traces of inhibition of cAMP production by benchmark agonists, endocannabinoids,

launched and clinical agonists from the multiplex assay on HEK293T CB,R-SmBiT LgBiT-B-arrestin-2 cells.
Representative forskolin- and vehicle-corrected time traces for inhibition of c¢AMP production by increasing

concentrations of clinical agonists that (a-h) reached phase 2 or (i-m) phase 1. Data are shown as mean from a
representative experiment performed in duplicate.
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Time traces of B-arrestin-2 recruitment by benchmark agonists, endocannabinoids,
launched and clinical agonists from the multiplex assay on HEK293T CB,R-SmBiT LgBiT-B-arrestin-2 cells.
Representative vehicle-corrected time traces for B-arrestin-2 recruitment to CB,R by increasing concentrations of (a-d)
benchmark agonists, (e, f) endocannabinoids, clinical agonists that (g-i) are on the market or (j) reached phase 3. Data ate
shown as mean from a representative experiment performed in duplicate.
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HEK293T CB,R-SmBiT LgBiT-B-arrestin-2 cells.
Representative vehicle-corrected time traces for B-arrestin-2 recruitment to CB,R by increasing concentrations of
clinical agonists that (a-h) reached phase 2 or (i-m) phase 1. Data are shown as mean from a representative experiment

performed in duplicate.
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Figure 3.S8 CB;R-independent modulation of cAMP production by benchmark agonists,

endocannabinoids and clinical agonists in a forskolin-induced cAMP assay on HEK293T cells.
Representative time traces of 10 or 1 uM (a) benchmark agonists and endocannabinoids, agonists that are (b) launched

or clinically investigated in phase 3, (c, d) phase 2, (¢) phase 1. Data are shown as mean from a representative experiment
performed in duplicate.
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endocannabinoids, launched and clinical agonists from the multiplex assay on HEK293T CB,R-SmBiT
LgBiT-B-arrestin-2 cells.
Inhibition of cAMP production at 7.5, 15, 30 or 60 min after addition of increasing concentrations of (a-d) benchmark

agonists, (e, f) endocannabinoids, clinical agonists that (g-i) are on the market or (j) reached phase 3. Efficacy was

calculated as percentage of the maximum effect induced by 1 pM CP55,940 at the specific time point. Data are shown

as mean = SEM from at least three independent experiments performed in duplicate.
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Figure 3.511 Time-dependent B-arrestin-2 recruitment to CB,R by benchmark agonists,

endocannabinoids, launched and clinical agonists from the multiplex assay on HEK293T CB,R-SmBiT
LgBiT-B-arrestin-2 cells.

Recruitment of B-arrestin-2 at 7.5, 15, 30 or 60 min after addition of increasing concentrations of (a-d) benchmark
agonists, (e, f) endocannabinoids, clinical agonists that (g-i) are on the market or (j) reached phase 3. Efficacy was
calculated as percentage of the maximum effect induced by 1 pM CP55,940 at the specific time point. Data are shown
as mean = SEM from at least three independent experiments performed in duplicate.
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Time-dependent B-arrestin-2 recruitment to CB,R
by clinical agonists from the multiplex assay on HEK293T CB,R-SmBiT
LgBiT-B-arrestin-2 cells
Recruitment of B-arrestin-2 at 7.5, 15, 30 or 60 min after addition of increasing
concentrations of clinical agonists that (a-h) reached phase 2 or (i-m) phase 1.
Efficacy was calculated as percentage of the maximum effect induced by 1 uM
CP55,940 at the specific time point. Data are shown as mean + SEM from at
least three independent experiments performed in duplicate.
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Supplementary figures

« Figure 3.513 Correlation plots between parameters from the multiplex cAMP production and
B-arrestin-2 recruitment assay on CB,R for benchmark agonists, endocannabinoids and clinical agonists.
Correlation plots with forskolin-induced cAMP production parameters from the multiplex assay comparing (a) potency
pEC;, and kinetic potency pIRs, (b) efficacy E,,, and kinetic efficacy IR, (c) signaling rate constant p&; and pIRs, (d)
signaling rate constant p&, and pIRs, (¢) p4&, and IR, (f) pk, and IR, (2) pk and AE,,,, from the time-dependent
analysis and (h) p&, and AE,,,,. Correlation plots with B-arrestin-2 recruitment parameters from the multiplex assay
comparing (i) pECs, and pIRs, (j) E... and IR, (k) p&; and pIRs, () p4, and pIRs, (m) pk; and IR,,,, (n) p4; and
1R,..., (0) pk and AE,,, from time-dependent analysis and (p) p4, and AE,,,. Correlation plots comparing cAMP
production and B-arrestin recruitment in terms of kinetic parameters from the two readouts (q) IRy, (r) IR, signaling
rate constants (s) p&; and (t) pk,. Benchmark agonists are turquoise hexagons (®), endocannabinoids coral diamonds
(®) and clinical agonists black circles (®). Data are mean from at least three independent experiments performed in
duplicate. The solid line represents a linear correlation between the parameters and the dotted lines indicate the 95%
confidence interval. R? values represent a measure of goodness-of-fit of the simple linear regression and p < 0.05
indicate a slope statistically significant different from 0.
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Supplementary figures

« Figure 3.514 Correlation plots between binding affinity, binding kinetic parameters and parameters
from the multiplex assay on CB;R for benchmark agonists, endocannabinoids and clinical agonists.
Correlation plots compating association rate constant pk,, with cAMP production parameters from the multiplex assay
(a) kinetic potency pIRs, (b) kinetic efficacy IR,,,,, (c) signaling rate constant p4;, (d) AE,,, from the time-dependent
analysis and dissociation rate constant p&.; with cAMP production parameters from the multiplex assay (e) pIRs, (f)
IR, (g) signaling rate constant p4&, and (h) AE,,.. Correlation plots comparing association rate constant pk,, with
B-arrestin-2 recruitment parameters from the multiplex assay (i) pIRs, (j) IR, (k) signaling rate constant p4&;, (I) AE,,,
from the time-dependent analysis and dissociation rate constant pk,; with cAMP production parameters from the
multiplex assay (m) pIRs, (n) IR, (0) signaling rate constant p&;, and (p) AE,,,. Correlation plots between target binding
kinetic parameters and bias parameters comparing (q) p4&,, and AALogR, and (r) p£, and AALogR. Benchmark agonists
are turquoise hexagons (@), endocannabinoids coral diamonds (@) and clinical agonists black circles (®). Data are
mean from at least three independent experiments performed in duplicate. The solid line represents a linear correlation
between the parameters and the dotted lines indicate the 95% confidence interval. R* values tepresent a measure of
goodness-of-fit of the simple linear regression and p < 0.05 indicate a slope statistically significant different from 0.
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Supplementary tables

Table 3.S2 Assay characteristics of functional assays used in this study for investigation of agonist-
mediated activation of CB,R.
Assay GloSensor™ NanoBiT® [**S]GTPyS binding
Transducer/Effector cAMP B-arrestin-2 G protein
Endpoint or kinetic Kinetic Kinetic Endpoint
fﬁumeiﬁf)’:.m orspanfordata . 5, o 54150 min 90 min
System Live cells Live cells Membrane fractions
Cell line HEK293T CB,R-SmBIT LgBiT-B-arrestin-2
Receptor expression levels® 11 £ 2 pmol/mg
Measured process Production Recruitment Binding
Measured molecule cAMP CB,R-SmBIiT [PS]GTPyS
Measured molecule 2 (if any)  N.A. LgBiT-B-arrestin-2 N.A.
Temperature 25°C 25°C 25°C
Signal detection Luminescence (Fluc) Luminescence (NLuc) Radioactivity
Reference ligand for bias HU308
:llsesf:;ence ligand for E,,,, per CP55.940
Multiplex possibilities With NanoBiT With GloSensor N.A.

* Determined in [PHJRO6957022 homologous displacement assays on HEK293T CB,R-SmBiT LgBiT-B-arrestin-2
membrane fractions. N.A. is not applicable.

Table 3.83 Validation and characterization of the multiplexed cAMP production and B-arrestin-2
recruitment assay on HEK293T CB,R-SmBiT LgBiT--arrestin-2 cells with full agonist CP55,940.

cAMP channel B-arrestin channel
Reagent PEC;, PEC;,
cAMP reagent 8.86 (8.85; 8.80) N.A.
Vivazine N.A. 8.20 (8.28; 8.12)
Multiplex reagent 8.55 (8.58; 8.53) 8.16 (8.13; 8.20)

Potency values (pEC;, and pIRs,) of CP55,940 on inhibition of forskolin-induced cAMP production and B-arrestin-2
recruitment obtained from the multiplex assay by quantification of AUC. Data are mean from two independent
experiments performed in duplicate with individual values between brackets. N.A is not applicable.

«— Table 3.S1 (continued legend)

* Molecular weight (MW). ® Polar surface area (PSA) calculated as surface sum of all polar atoms in the molecule.
¢ Distribution coefficient (LogD) experimentally determined in 0.025 M phosphate/1-octanol buffer at pH 7.4. ¢
Calculated partition coefficient value (cLogP) from experimentally determined octanol-water partition coefficient (IK).
¢ Solubility of agonist in aqueous (0.05 M phosphate) buffer at pH 6.5 after lyophilization from DMSO stock. © Lipid
Membrane Binding Assay (LIMBA) LogD to determine non-specific binding of agonists to brain lipids at pH 7.4. ¢
Parallel artificial membrane permeability assay (PAMPA) for determination of membrane permeation coefficient values
(Pe) at pH 7.4 or 6.4 (*). " P-glycoprotein (P-gp) transport efflux ratio. Values represent the mean of a single experiment
or the mean £ SD of at least two independent experiments. N.A. is not applicable due to restrictions. N.D. is not
detectable due to intrinsic properties of agonists.

99

Chapter 3



Kinetic multiplex assay to assess biased signaling of clinical agonists at CB,R

Table 3.54 Inhibition of forskolin-induced cAMP production by benchmark agonists,
endocannabinoids (eCB) and clinical agonists determined in the multiplex assay on CB,R after 7.5 or 60 min.
7.5 min 60 min
Agonist PECs, ftmlaa (:lth;c((t]j:;ation pECs, imlaa (:l;:c(zi:r)ation

.« HU308 6.75 £ 0.46 78t 4 7.03 £ 0.35 106 £ 7*

‘é HU9I10 8.19 £ 0.37 108 + 11 8.59 £ 0.40 102+ 8

g JWH133 6.76 £ 0.44 916 7.96 +0.18 84+ 4

a CP55,940 8.04 +0.22 104+ 6 9.41 + 0.08* 108 £ 8

m AEA 5.37 £ 0.17 127 £10 559 £0.13 185+ 46

E 2-AG 6.57 £ 0.38 101 £17 5.86 £ 0.19 109 £ 29
Dronabinol 6.03 £0.15 27%9 5.62 £ 0.04 103 £ 29
Nabilone 6.64 £0.10 78 £ 11 7.95 £ 0.17* 90 £ 8
Cannabidiol N.D. 23+ 4 N.D. 134 + 617
Lenabasum 6.39 £0.24 160 + 54 6.07 £0.11 240 £ 48
Olotrinab 6.83 +0.08 90 + 31 8.05 £ 0.08* 6320
CMX-020 N.D. 196 £ 28 5.49 £ 0.07 461 £ 114
Cannabinol 6.351+0.35 38+13 549 +0.23 132+ 35

= KN 387271 6.53 +0.37 109 £ 18 5.70 £ 0.17 272+ 66

é GW-842166X  N.D. 146 £ 58 N.D. 183 + 59%

S S-777469 6.75+0.17 90 + 22 714 +0.13 80+ 13
LY-2828360 N.D. 20+ 7 7.45+0.38 28+ 6
PRS-211375 6.44 £ 0.11 70+ 7 7.33 +0.28* 96 + 10
ART-27.13 8.20 £0.17 131 £ 29 9.44 + 0.206* 101 £ 16
NTRX-07 6.31£0.13 148 £ 45 5.84 £ 0.02* 219 £ 66
EHP-101 N.D. 33£9 N.D. 123 + 22%
Tedalinab 9.01 £ 0.42 103 + 10 9.53+0.16 93+7
TAK-937 6.89 £0.12 105+ 18 8.79 £ 0.19* 93 £ 11

Potency (pEC;) and efficacy (E,,,) values were determined from dose-response curves derived from the cAMP time
traces in the multiplex assay analyzed at 7.5 and 60 min after agonist addition, respectively. “In the absence of a DRC,

maximal activation (%) was determined at 10 pM of agonist. Multiple unpaired t-tests were performed to analyze

differences in potency and efficacy at 60 min compared to 7.5 (* p<0.05). Data are mean from at least three independent
experiments performed in duplicate. N.A is not applicable, N.D. is not detectable.
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Table 3.S5 B-arrestin-2 recruitment by benchmark agonists, endocannabinoids (eCB) and clinical
agonists determined in the multiplex assay on CB,R after 7.5 or 60 min.
7.5 min 60 min
. E,... or activation E,... or activation

Agonist PECs at 10 pM (%) PECs, at 10 uM (%)

x HU308 5.66 £ 0.02 72t 4 6.08 £0.19 8838

g HU9I10 6.02 £ 0.02 72%3 6.61 £ 0.04* 104 + 6*

g JWH133 5.92£0.07 762 6.53 £ 0.06* 111 + 3%

- CP55,940 7.62 + 0.06 103+ 0 8.97 £ 0.09* 107 £ 0%

m AEA 5.57 £0.02 26£0 6.02 £ 0.05 53 £ 3*

3 2-AG 5.78 £ 0.16 93+ 10 5.95 % 0.11 83+ 10
Dronabinol 6.66 £ 0.08 5£0 7.25 £ 0.08* 14 £ 2%
Nabilone 6.51 £ 0.06 64£9 7.80 £ 0.09* 7214
Cannabidiol N.A. N.A. N.A. N.A. (35
Lenabasum 5.79 £ 0.04 90+ 7 6.57 £ 0.02* 107 £ 12 §
Olorinab 6.47 £ 0.03 143 £12 7.47 +0.03* 121 £ 11 g“
CMX-020 6.59 +0.10 16£0 7.06 + 0.05* 27+ 1% 5
Cannabinol 628 +0.14 5%1 6.99 + 0.18* 17+5

- KN387271 7.38 £ 0.06 43+1 7.90 £ 0.08* 61 £ 2%

3]

§  GW-842166X  N.D. 27+8 N.D. 56 + 11#

S S-777469 6.31 £0.06 65t5 6.76 £ 0.08* 78£8
LY-2828360 6.37 £0.07 1210 7.22 £ 0.07* 20 £ 1*
PRS-211375 6.09 £0.11 117+7 7.11 £0.15% 107£3
ART-27.13 7.70 £ 0.13 154 + 24 9.10 £ 0.22* 123+ 16
NTRX-07 6.35£0.10 48 £ 14 6.88 £ 0.14* 56+ 18
EHP-101 N.A. N.A. N.A. N.A.
Tedalinab 7.87 £ 0.06 184+ 8 8.85 £ 0.09* 122 + 5%
TAK-937 7.21 £0.12 32%3 8.55 £ 0.09* 64 £ 10*

Potency (pEC;) and efficacy (E,,,) values were determined from dose-response curves derived from the B-arrestin-2

time traces in the multiplex assay analyzed at 7.5 and 60 min after agonist addition, respectively. “In the absence of a

DRC, maximal activation (%) was determined at 10 pM of agonist. Multiple unpaired t-tests were performed to analyze
differences in potency and efficacy at 60 min compared to 7.5 (* p<0.05). Data are mean from at least three independent

experiments performed in duplicate. N.A is not applicable, N.D. is not detectable.
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Table 3.87

G protein activation by benchmark agonists, endocannabinoids (eCB) and clinical

agonists determined in [**S]GTPyS assays on CB,R.

Agonist pECs E,. (%)
» HU308 6.79 £ 0.10 72+ 1
é HU9I10 7.01 £ 0.25 65+ 1
g JWH133 7.02 +0.11 85+ 6
. CP55,940 8.54 +0.11 91 %2
m AEA 6.67 £ 0.17 25+ 1
% 2-AG 6.54 + 0.15 6716
Dronabinol N.D. -5 E 7
Nabilone 7.31 £ 0.10 97 +8
Cannabidiol ~ N.D. -36 + 5%
Lenabasum 7.04 £ 0.08 =x2
Olorinab 7.87+0.13 88+ 2
CMX-020 N.D. 3+ 4%
Cannabinol N.D. 16 £ 5%
= KN 387271 7.46 £ 0.12 50%3
é GW-842166X N.D. 21 £ 3*
© S-777469 6.92 + 0.06 83%5
LY-2828360 N.D. 9+ 4%
PRS-211375 7.50 + 0.09 94+ 2
ART-27.13 9.06 + 0.10 106 £ 3
NTRX-07 6.66 + 0.03 715
EHP-101 N.D. -4 +15%
Tedalinab 8.33 £ 0.20 105+ 5
TAK-937 8.73 + 0.34 21+2

Potency (pECy), efficacy (E,,) values were determined from dose-response

curves. *In the absence of a DRC, maximal activation (%) was determined at

10 uM agonist. Data are mean from at least three independent experiments

performed in duplicate. N.D. is not detectable
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Structural basis of selective CB,R activation

Abstract

Cannabinoid CB, receptor (CB,R) agonists are investigated as therapeutic agents in the
clinic. However, their molecular mode-of-action is not fully understood. Here, we report the
discovery of LEI-102, a CB,R agonist, used in conjunction with three other CBR ligands
(APD371, HU308 and CP55,940), to investigate the selective CB,R activation by binding
kinetics, site-directed mutagenesis, and cryo-EM studies. We identify key residues for CB,R
activation. Highly lipophilic HU308 and the endocannabinoids, but not the more polar
LEI-102, APD371 and CP55,940, reach the binding pocket through a membrane channel
in TM1-TM7. Favorable physico-chemical properties of LEI-102 enable oral efficacy
in a chemotherapy-induced nephropathy model. This chapter delineates the molecular
mechanism of CB,R activation by selective agonists and highlights the role of lipophilicity
in CB,R engagement. This may have implications for GPCR drug design and sheds light on
their activation by endogenous ligands.
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Introduction

4.1 Introduction

Preparations of the plant Cannabis sativa have been used for centuries in the treatment
of various diseases, including cancer and neuropathic pain'. The synthetic version of its
psychoactive constituent, A’-tetrahydrocannabinol (THC, Figure 4.1), is in FDA approved
drugs Marinol® or Syndros® (dronabinol). The extracted version of THC is one of the active

®

constituents of oromucosal spray Sativex® (nabiximols). These drugs are primarily used

for the treatment of chemotherapy-induced nausea, enhancement of appetite in cachexic
AIDS-patients, and to alleviate the spasticity and pain associated with multiple scleroses®*.
However, THC-based therapies are associated with clinically undesired psychotropic and
cardiovascular adverse effects and challenging pharmacokinetic properties due to their high

lipophilicity that may limit their therapeutic efficacy’’.

THC exerts its therapeutic effects mostly via the G protein-coupled receptors (GPCRs)
cannabinoid CB, and CB, receptors (CB;R and CB,R), which have 68% sequence identity
in their seven transmembrane (ITM) domains'. Both receptors are activated by the
endogenous signaling lipids anandamide (AEA) and 2-arachidonoylglycerol (2-AG) (Figure
4.1), the two main endocannabinoids. The CB,R, which is the most abundantly expressed
GPCR in the central nervous system (CNS) is responsible for the psychotropic side
effects of THC" ™. It plays a role in memory, learning, neurogenesis, neuronal migration,
and synaptogenesis. Furthermore, its presence in many organ tissues belies more non-
neurological functions'. The CB,R is mainly found on the cells of the immune system and
is upregulated under pathophysiological conditions'®!". Its activation in general is associated
with anti-inflammatory responses in tissue injury of the liver, heart, kidney, colon, and brain
as determined in various preclinical models'®*. Based on preclinical studies it is thought
that selective CB,R agonists may retain and exceed certain therapeutic properties of THC
without inducing psychotropic side effects®.

Vatious academic and industrial groups have developed selective CB,R ligands®. HU308
(Figure 4.1) was the first selective CB,R agonist to be reported that displayed anti-
inflammatory and analgesic properties in mouse models without inducing CNS-side effects'.

— — OH

AS.THC AEA 2-AG

OH

, SO
o, NH OH | > o P F A
~o NZ YN I o
He ™ T N N\/EO N ﬁ‘:N)=°
- N E J O/NH N
o H )= 2S5
N)\\ ) o o 0.
LN
HU308 APD371 LEI-101 LEI-102
Figure 4.1 Chemical structures.

Shown are the main constituent of Cannabis sativa A’-tetrahydrocannabinol (THC), and the two major endocannabinoids
anandamide (AEA) and 2-arachidonoylglycerol (2-AG), as well as non-selective CBR agonist CP55,940 and CB,R
agonists HU308, APD371, LEI-101, and LEI-102.
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Structural basis of selective CB,R activation

However, poor physico-chemical properties (e.g. low solubility, high lipophilicity) of HU308,
which has a calculated logarithm of octanol-water partition coefficient (cLogP) of 8.0%, and
its analogs prevented the successful clinical translation of this class of cannabinoid-based

drugs.

A next generation of CB,R ligands was developed with improved drug-like properties. For
instance, Olotinab® (APD371, Figure 4.1) is the most polar CB,R agonist reported to date
with a cLogP of -0.4%. A phase 2a small-scale safety and tolerability trial in 14 patients with
chronic abdominal pain associated with Crohn’s disease showed mild-to-moderate adverse
events and an improvement in abdominal pain scores”’. We have previously disclosed
pyridinylbenzylimidazolidine-2,4-dione derivatives as selective CB,R agonists and studied
their affinity, target binding kinetics and potency as a function of their lipophilicity, which
resulted in the discovery of the orally available and peripherally restricted selective CB,R
agonist LEI-101 (Figure 4.1)*". It is intriguing that the CB,R binding pocket tolerates a
wide array of ligands with very different scaffolds and hydrophobicity. For example, HU308
has a 2-billion-fold higher lipophilicity than APD371. Despite the tremendous progress in
the field of CB,R drug discovery, we still do not have any molecular understanding on how
these CB,R agonists selectively activate CB,R over CB,R.

Recently, three-dimensional structures of the CB,R and CB,R have been elucidated in both
the active and inactive states by crystallography or cryo-electron microscopy (cryo-EM) and
the binding modes of divetse ligands and their activation mechanism wete reported™ .
Remarkably, those structures revealed that CB,R and CB,R possess a highly similar,
lipophilic orthosteric agonist binding pocket, which makes it challenging to explain the
selective activation of CB,R. To date, no structural studies with selective CB,R agonists
have been reported that could aid in understanding the molecular basis of CB,R selectivity.

Here, we present the discovery of LEI-102, a potent and selective CB,R agonist with good
physicochemical and biological properties. LEI-102 is used in conjunction with CB,R
selective agonists APD371 and HU308, and nonselective agonist CP55,940 to investigate
the activation mechanism of CB,R. For this study, we combine ligand-target binding
kinetics, site-directed mutagenesis, and cryo-EM methods. We find that CB,R has a distinct
activation mechanism compared to CB;R. Additionally, we find that the physico-chemical
properties of the ligands influence their entry pathway into the receptor. Highly lipophilic
ligands, such as HU308 and the endocannabinoids, may reach the binding pocket through
the membrane, whereas more polar ligands, such as LEI-102, APD371 and CP55,940, enter
the receptor via an alternative route. Furthermore, we show that the favorable physico-
chemical properties of LEI-102 and CB,R selectivity underscore its promising iz vivo
efficacy via oral administration in a chemotherapy-induced nephropathy model without
inducing CNS-mediated side effects. Together, these studies enhance our insights into how
certain physicochemical properties of ligands translate to iz vive activity and changes their
engagement to GPCRs.
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Results

4.2 Results
4.2.1 LEI-102 as a high affinity and potent CB,R-selective agonist

To obtain a selective CB,R agonist with beneficial physico-chemical properties, LEI-
102, a pyridinylbenzylimidazolidine-2,4-dione derivative, was designed and synthesized
(Figure 4.S1). LEI-102 combined an isobutyl substituent on the imidazolidine with an
aminotetrahydropyran to replace the cyclopropyl and thiomorpholine 1,1-dioxide in LEI-
101, respectively. LEI-102 had a cLogP of 2.1 as calculated by ChemDraw 19.0 (Table
4.81). The inhibitory constant (pK)), potency (pECsy) and intrinsic activity (E,,,) of LEI-
102 were determined in PHJRO6957022 displacement assays on stably expressing CB,R
membranes and [*S]JGTPyS G protein activation assays using HEK293T membranes
transiently expressing recombinant hCB,R or hCB,R, respectively (Table 4.S2). APD371,
HU308, CP55,940 and the endocannabinoids AEA and 2-AG were also explored. LEI-102
had a high binding affinity for CB,R (pK; 8.0 = 0.1) and was more potent than the selective
CB,R agonists APD371 and HU308. LEI-102 did not bind CBR, thetreby showing at least
1000-fold selectivity (Table 4.83). In G protein activation assays, LEI-102 activated the
receptor as a partial agonist (E,,. 76 * 1 %) with a pECs, value of 6.9 = 0.2 (Table 4.S2).

4.2.2  Distinct target binding kinetic profiles of CB,R agonists

To quantify the ligand-target binding kinetic parameters of the agonists in more detail,
we performed displacement and competition association assays with ['HJRO6957022 on
membranes stably expressing hCB,R (Table 4.82). The equilibrium K; and kinetic Ky, values
were well correlated, validating the competition association assay. First, we determined the
dissociation rate constants (£,) of all agonists and converted these into a residence time
(RT). LEI-102 had a RT of 16 min, which was around half that of APD371 (45 min)
and CP55,940 (32 min), whereas HU308 had the longest RT at the receptor of 71 min
(Table 4.S2). Endocannabinoids 2-AG and AEA had the shortest RT, both approximately
7 min. Of note, we found that the association rate constants (k,,) varied greatly between
the different agonists, ranking from fast to slow engagement CP55,940 > LEI-102 > 2-AG
> APD371 > HU308 = AEA. The calculated engagement time (ET) to CB,R at 1 uM of
each agonist further emphasized that CP55,940 arrived at CB,R within one second, whereas
APD371, LEI-102 and 2-AG needed between 16 and 40 s to reach the CB,R binding site.
Interestingly, HU308 and AEA took 143 and 152 s to bind CB,R, respectively. In view of
the distinct target-binding kinetic profiles of the four synthetic CB,R agonists, we decided
to elucidate their binding poses in the CB,R using cryo-EM.

4.2.3 Owerall similar structural comparison of CB,R-G; in complex with different agonists

To obtain the stable complex sample of CB,R-G; bound with LEI-102, APD371, HU308,
or CP55,940, a similar procedure was used as for our previous AM12033-CB,R-G; complex
preparation (PDB: 6KPF). Single particle analysis of the cryo-EM samples yielded a normal
global map for CB,R-LEI-102-G;-scFv16, CB,R-APD371-G;-scFv16, CB,R-HU308-
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G-scFv16 and CB,R-CP55,940-G;-scFv16, complex, at 2.9 A, 3.0 A, 3.0 A and 2.9 A,
respectively (Figure 4.2, 4.52-4.S5, Table 4.84). The ligand, receptor and G protein in
the isolated complex were cleatly visible in the cryo-EM maps (Figure 4.2, 4.S6). The
overall structures of the four complexes were comparable, with root mean square deviation
(RMSD) of the Ca atoms of the receptors are around 0.35 A. The ligand binding interfaces
of the four CB,R and G; complexes were similar to each other, and to those of the previous
AM12033-CB,R-G; or WIN55212-2-CB,R-G; complex structures.

4.24 The binding mode of LEI-102 in CB,R

A clear electron density in the orthosteric ligand binding pocket in the LEI-102-CB,R-G;
complex resulted in the unambiguously defined binding pose of LEI-102 (Figure 4.S6a).
LEI-102 predominantly interacted with the residues in the binding pocket via hydrophobic
interactions (Figure 4.3a, 4.87a). The isobutyl substituent of LEI-102 showed interactions
with residues S90*% (Ballesteros-Weinstein numbering in supetscript), F106*%, K109*%,
and 1110*¥ in CB,R. The imidazolidine-2,4-dione forms n-n interaction with F94%%* and
showed further hydrophobic interactions with F106** and P184%“'2, The benzyl formed an
aromatic interaction with F183%“2 and hydrophobic interactions with F87*%" and S2857.
The phenyl ring in the cote of LEI-102 formed a cationrn interaction with F183%“2 and
T-shaped n-w interaction with F2817%. The pyridine had hydrophobic contacts with F117%%
and W258%%, The aminotetrahydropyran sidechain protruded into the long channel and
formed hydrophobic interactions with residues 1110*%, T114%% T186"“"%, Y1905, 1.191>%,
W194>4 and M265°%. Additionally, a hydrogen bond was formed with T114** (Figure
4.87a).

4.2.5 The binding mode of APD371 in CB,R

APD371 mainly formed hydrophobic and aromatic interactions with residues from ECL2,
TM2, TM3, TM5, TM6 and TM7 (Figure 4.3b, 4.S7b). The carbonyl group of APD371
formed a putative hydrogen bond with S285”* and a hydrophobic interaction with F87%%.
The pyrazole and pyrazine cores of APD371 formed aromatic interaction with F183512,
Furthermore, the pyrazine cote formed hydrophobic contacts with T114%% 11862 1.191>4
and W194°>*. The (5)-1-hydroxy-3,3-dimethylbutyl head formed hydrophobic contacts with
residues M2GNermines - §9(260 194264 F106>%, 1110°% and V113**2. The cyclopropyl group
formed hydrophobic contacts with F1173% W1945% W258%* and V261",

4.2.6 The binding mode of HU308 in CB,K

Theinteractions between HU308 and CB,R were hydrophobic, including residues from ECL2,
TM2, TM3, TM5, TM6 and TM7 (Figure 4.3c, 4.57c). The phenyl of 2,6-dimethoxyphenyl
cote formed hydrophobic intetactions with F87%%, F183"“* and S285™%, the C2-methoxy
formed hydrophobic contacts with A2827% and S285%, and the C6-methoxy formed
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CB,R-HU308 CB,R-CP55,940

Figure 4.2 Cryo-EM structures of CB,R-G; complexes.

Cryo-EM density maps of (a) LEI-102 (Dark green), (b) APD371 (Sky blue), (c) HU308 (Olive), and (d) CP55,940
(Teal) bound CB,R in complex with Ga; (Slate), GB (Salmon), Gy (Pale green), scFv16 (Violet purple). (e-l) Overall
structures of CB,R-G; complexes and enlarged view of orthosteric pocket of (f) LEI-102, (h) APD371, (j) HU308, and
(1) CP55,940 using the same color codes as (a—d), with agonists shown as cornflower blue (LEI-102), orange (APD371),
dark salmon (HU308) and purple (CP55,940) sticks, respectively.

hydrophobic contacts with 1110>%, V113*2and T114°%, respectively. The dimethylheptyl
chain of HU308 extended into the long channel and formed hydrophobic interactions with
residues from ECL2 (F183F92), TM3 (T114°%, F117%%), TM5 (W1945%). The 1,1-dimethy
formed hydrophobic interactions with residues F87>7, F117°%, F2817% and S$285™*. The
bicyclic head of HU308 formed hydrophobic interactions with M26Nemines F106>2, 111032,
S90%%, F94%%4 P184"'2 and the 2-methanol formed a hydrophobic interaction with F94*¢
(Figure 4.S7c¢).
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4.2.7 The binding mode of CP55,940 in CB,K

CP55,940 adopted an L-shape conformation in the orthosteric binding pocket (Figure 4.3d,
4.86d). The cyclohexanol group formed hydrophobic interactions with F94*% 1.182"¢12
F183%2 ‘and P184""2. The hydroxyl group established a hydrogen bond with 1.182F"2 and
the hydroxypropyl formed hydrophobic contacts with F87%%7, $90*¢", F91%6! 1110°*%, and
V113** The phenol core formed hydrophobic interactions with F87>%7, F183F¢2 F2817%
and S285"%, and its hydroxyl additionally formed a hydrogen bond with S285™%. The
dimethyl formed hydrophobic interactions with F183%°2 F2817% M265%%, F87*%, F1173%
and C288"*. The dimethylheptyl alkyl chain of CP55,940 extended into the long channel
and formed hydrophobic interactions with residues 1110%%, F1832 T1865™2 W194°4,
T114*% and F117°% (Figure 4.87d).

4.2.8 LEI-102 and APD371 require H95*% for G Protein activation in CB,R

To study the mechanism of CB,R activation, five residues in the binding pocket were
further characterized based on the complex structures (Figure 4.3). Six CB,R mutants were
created, ze. four residues (S2857%, H95*%, 1110°* and F117*%) were replaced by alanine,
as these are conserved between CB,R and CB)R, and two others (I1110°%, V261%*") wete
substituted by the hCBR reciprocal residue leucine. All mutants were sufficiently expressed
at the cell surface as determined with an ELISA (Figure 4.S8, Table 4.S5). To characterize
the binding mechanisms of LEI-102, APD371, HU308 and CP55,940, their responses were
investigated by [PH]CP55,940 displacement and [**S]GTPyS binding assays. Of note, in
the PH]CP55,940 displacement assay, only the CB,R-1110**L mutant showed a sufficient
binding window (data not shown). This prevented the affinity determination of the four
agonists on other mutant receptors. Five mutant receptors, except CB,R-F117%A, were still
active in the [*S]JGTPyS functional assay, thereby allowing us to study the receptor activation
mechanism (Figure 4.4a-d, Table 4.S6). All four synthetic agonists were unable to activate
CB,R-F117**A, which indicated an important role of this residue in the activation of CB,R.

The potency of LEI-102 was significantly increased at the CB,R-1110**L mutant to a pECs,
value of 7.8 £ 0.1 in the G protein activation assay, while the binding affinity remained
similar to wild type (WT) receptor (Figure 4.4a, Table 4.S6, 4.S7). Three mutations CB,R-
1110°*A, CB,R-S285"*A and CB,R-V261%*'L had no significant effect on the potency of
LEI-102 in the functional assay. In contrast, the potency on mutant receptor CB,R-H95*%A
was significantly reduced for LEI-102. No gain in binding affinity for the swap mutant in
CB,R-1.359%3'V was found with LEI-102 (Table 4.S3, 4.S8).

APD371 acted as a full CB,R agonist with a pECs, value of 7.9 & 0.1 and a higher maximal
activation compared to that of CP55,940 in the functional assay (Table 4.S2). Mutant
receptor CB,R-1110*#L did not affect the G protein response of APD371 (Figure 4.4b,
Table 4.86), while the binding affinity was significantly reduced to a pK; of 7.1 = 0.0
(Table 4.87). APD371 potency was not affected by mutant receptors CB,R-I1110°*A or
CB,R-S285"*A. The responses of APD371 for CB,R-H95*“A and CB,R-V261*5'L wete
significantly impacted with 158-fold and 10-fold drop in potency, respectively (Table 4.S6).
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Figure 4.3 Key interactions between CB,R and agonists.

Key residues involved in a LEI-102, b APD371, ¢ HU308, and d CP55,940 binding in CB,R-G; complex structures. The
amino acids involved in interactions are shown as sticks, hydrogen bonds are highlighted with yellow dashed lines. Same
color codes as in Figure 4.2.

Thus, we uncovered a crucial role for CB,R-H95*% in G protein activation of CB,R by LEI-

102 and APD371. It’s role in stabilizing Furthermore, LEI-102 activation was increased for
the CB,R-1110*?L. mutant, while APD371 activation relied on CB,R-V261¢3!,

4.2.9  An important role for S285"7° and 17261°’" in CB,R activation by HU308 and
CP55,940

The potency and affinity of HU308 on CB,R were not affected by the CB,R-1110°**L swap
mutant (Figure 4.4c, Table 4.56, 4.57). In addition, activation of mutant receptors CB,R-
1110°**A and CB,R-H95%%A by HU308 was not affected with pECs, values of 6.4 * 0.5 and
6.6 £ 0.6, respectively. The maximum activation level of mutant receptor CB,R-S285"*A
was unaffected compared to WT receptor, but a significant 15-fold loss in potency was
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observed. Lastly, CB,R-V261%°'L, had a significant loss of potency, Ze. more than 120-fold
lower (Figure 4.4c, Table 4.S6).

Similar to HU308, the potency of CP55,940 on CB,R was not affected by the CB,R-1110*%
mutations compared to WT in the G protein activation assay, nor was its binding affinity for
CB,R-1110**L. (Figure 4.4d, Table 4.S6, 4.S7). In response to CP55,940, mutant receptors
CB,R-5285"*A and CB,R-V261%*'L were significantly affected with decreased pECs, values
of 6.7 £ 0.1 and <5, respectively. Moreover, the potency of CP55,940 was significantly
affected on the CB,R-H95*%A with a 40-fold decrease compated to WT receptor (Figure
4.4d, Table 4.56). No gain in potency or affinity was observed for the swap mutant CB;R-
1.359%5'V for either HU308 or CP55,940 (Table 4.S3, 4.S8).

Taken together, this showed that CB,R-S285™* and CB,R-V261%! were crucial for HU308
and CP55,940 to activate the G protein at CB,R, where CP55,940 additionally required an
interaction with CB,R-H95%%,

4.2.10  HU308 and endocannabinoids gain access via membrane entry

Our detailed ligand-target binding kinetic analysis revealed that the highly lipophilic HU308
and anandamide had a very slow on-rate compared to the other ligands. Since it has previously
been postulated that ligands of lipid receptors may gain access to the binding pocket via a
membrane channel, we examined two potential ligand entry pathways at CB,R, ie. either via
ECL2 or via a membrane channel in TM1 and TM7. To this end, four additional mutant
receptors were created. Three residues in the ECL2 of CB,R, which were different from
CB|R, were mutated towards the reciprocal CB,R tesidues, ze. CB,R-1.185"*H, CB,R-
L1825 and CB,R-E181F"°D. In the fourth mutant receptor, four residues in TM1 and
TM?7 that align the potential membrane channel in CB,R were mutated to the reciprocal
CBR residues and combined as a quadruple mutant, ie. CB,R-K279"#T, CB,R-K33'**(Q),
CB,R-V36'*T and CB,R-C40'S (termed “CB,R-Quadruple™" ). Next, we tested all four
synthetic agonists and the two endocannabinoids on these four CB,R mutant receptors
in [PH]CP55,940 and [*S]GTPyS assays. Only CB,R-1.185"“?H and CB,R-Quadruple™"’
were evaluated in the PH]CP55,940 displacement assays due to insufficient binding window
for the other two mutant receptors (data not shown). The binding affinities of the agonists
were not affected for mutant receptors CB,R-L185%“?H and CB,R-Quadruple™"” (Table
4.87). Interestingly, the potencies of LEI-102, APD371 and CP55,940 in the functional
assay were not significantly affected for any of the mutant receptors, whereas HU308 and
the endocannabinoids were less potent on CB,R-L.182""*] (Figure 4.4e-j, Table 4.S6).
Additionally, the endocannabinoids showed a decteased potency on CB,R-L1815D, but
not on CB,R-L185"“"*H. Of note, HU308 and both endocannabinoids completely lost theit
ability to activate CB,R in the CB,R-Quadruple™"” mutant, suggesting that this may be an
important access point to the receptor binding pocket for these agonists (Figure 4.4g,i-j).
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Characterization of G protein activation of wild type (WT) and mutant CB,R by synthetic

Dose-response curves for G protein activation of WT and mutants that are located in the CB,R binding pocket by (a)
LEI-102, (b) APD371, (c) HU308, and (d) CP55,940. (e—j) Dose response cutves for G protein activation of WT and
mutants that are proposed to be involved in ligand entry of CB,R via either the ECL2 or membrane access by (e) LEI-
102, (f) APD371, (g) HU308, (h) CP55,940, (i) AEA and (j) 2-AG. (a—j) The maximum activation level of WT CB2R
was set to 100% while the basal levels were set to 0%. Data ate presented as mean®SEM of at least three individual

experiments performed in duplicate.
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4.2.11  LEI-102 attennates cisplatin-induced nephrotoxicity withont CB,R-mediated side
effects

In view of the excellent physico-chemical properties of LEI-102 and its selective CB,R
agonist profile, we investigated the compound in a well-established 77 »ivo model of kidney
inflammation and injury induced by cisplatin. In this model CB,R activation is associated
with protective effects®. Cisplatin (25 mg/kg, i.p.) induced marked elevations of serum
creatinine and blood urea nitrogen levels (functional markers of kidney injury) 72 h following
cisplatin injection in wild type mice compared with vehicle-treated control animals. LEI-102
showed a dose-dependent attenuation of the functional markers of cisplatin-induced kidney
injury both when administered p.o. (orally) or i.p. (Figure 4.5a). Renal dysfunction was also
accompanied by morphological damage to the kidney tubules determined by histological
examination following PAS staining. LEI-102 (10 mg/kg) significantly decreased tubular
injury as determined by this staining (Figure 4.5b). Marked increases in oxidative and
nitrative stress markers (4-HNE and 3-nitrotyrosine) were observed in kidneys of cisplatin-
treated mice determined by immunostaining and quantitative ELISA. Furthermore, LEI-
102 (10 mg/kg by i.p. ot p.o.) decreased lipid peroxidation and protein nitration (Figure
4.5c,d). Additionally, the pro-inflammatory cytokines TNFa and IL1J3 that were elevated
due to the cisplatininduced injury were attenuated in LEI102 treated mice (Figure 4.5¢).
Importantly, the protective effects of LEI-102 against cisplatin-induced renal dysfunction
and tubular damage (Figure 4.5f), histopathological injury (Figure 4.5g) and markers of
oxidative-nitrative stress (Figure 4.5h,i) were abolished in CB,R knockout mice, which had
enhanced kidney injury/dysfunction compared to their wild types.

To determine whether LEI-102 maintained its selectivity for CB,R over CB;R 7 vivo, LEI-
102 was tested in the mouse tetrad assay for CB;R activity'®. In this assay, four consecutive
behavioral tests, related to anti-nociception, hypothermia, catalepsy, and spontaneous
activity, were performed 120 min after administration of the agonist. LEI-102 (25mg/kg,
p.o.) did not produce any effects in the tetrad assay as compared with vehicle. There were
no effects on nociceptive behavior assessed in tail withdrawal test nor on body temperature

— Figure 4.5 CB,R agonist LEI-102 attenuates cisplatin-induced renal dysfunction, oxidative stress,
and inflammation in a CB,R-dependent manner.

(a) Cisplatin-induced renal dysfunction 72 h after administration to mice as evidenced by increased serum levels of blood
urea nitrogen (BUN) and creatinine (CREA), which were attenuated by CB,R agonist LEI-102 in a dose-dependent
manner when administered either i.p. or p.o. (*p <0.001 vs. vehicle group, #p <0.001 vs. cisplatin group). (b) Periodic
Acid-Schiff (PAS) staining in representative kidney sections from cisplatin treatment samples showing protein cast,
vacuolation, and desquamation of epithelial cells in the renal tubules which are attenuated with LEI-102. Tubular
damage score from kidney sections is shown (*p<0.001 vs. vehicle group, #p <0.001 vs. cisplatin group). (c) The
cisplatin-induced nitrative and oxidative stress (nitrotyrosine staining (top row) and HNE staining (bottom row)) in
representative kidney sections were also attenuated by LEI-102. (d) This was confirmed by quantitative determination
of protein nitration and HNE adducts formation by ELISA (*p<0.001 vs. vehicle group, #p <0.001 vs. cisplatin
group). (¢) The cisplatin-induced kidney pro-inflammatory cytokine expressions were also attenuated by the CB2R
agonist. (*p <0.001 vs. vehicle group, #p <0.05 vs. cisplatin group). (f) The protective effects of LEI-102 on cisplatin-
induced kidney dysfunction (BUN and CREA) and tubular injury (tubular damage score) (*p <0.001 vs. vehicle WT
or KO group, #p <0.05 vs. cisplatin WT group), histopathological injury (g), nitrative (h) and oxidative stress (i) were
abolished in CB,R knockout mice. All results are means + SEM of n=6/group for panels (a, b, d, ¢, f). Closed and open
symbols are used for male and female mice respectively (4 males and 2 females/group). In panels (a, b, d), and (¢) one-
way ANOVA followed by Tukey’s post hoc test for multiple comparisons wete used, in panel f unpaired two-tailed t-test
was used. p<0.05 was considered statistically significant.
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(Figure 4.6 upper row). No cffect was found on locomotor behavior (Figure 4.6 lower
row) in case of distance travelled, time spent mobile, or running speed of mice. Nor was
catalepsy observed following administration of LEI-102. These results indicated that LEI-
102 (or one of its metabolites) did not produce CB;R-mediated CNS-side effects at doses
up to 25mg/kg (p.o.). Hence, the CB,R agonist LEI-102 maintained its selectivity over
CB,R i1 vivo.
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Figure 4.6 The CB,R agonist LEI-102 does not induce cannabimimetic CB;R-mediated effects

(Tetrad assay) in vivo.

LEI-102 (25mg/kg, p.o.) did not affect nociceptive behavior assessed in tail withdrawal test and body temperature, as
compared with mice receiving vehicle (upper row). No effects on locomotor behavior were found (lower row). Results
are means £ SEM; n =8 per group.

4.3 Discussion

So far, several crystal and cryo-EM CBR structures have been resolved in which non-selective
agonists adopt a nearly identical binding position in the orthosteric pocket, regardless of the
receptor’*. In this study, we aimed to generate a better understanding of the binding and
activation mechanism of CB,R-selective agonists. Therefore, we combined ligand-target
binding kinetics, site-directed mutagenesis, and cryo-EM studies to investigate the activation
mechanism of CB,R for the introduced CB,R selective agonist LEI-102 supplemented with
agonists APD371, HU308 and CP55,940 on a molecular level. Furthermore, we investigated
potential hotspots for CB,R/CBR selectivity by creating swap mutants and discovered a
ligand entry pathway for CBR agonists and endocannabinoids.

First, our data revealed a crucial role for CB,R-F117%% as replacement by alanine resulted
in a complete loss of G protein activation by all tested agonists (Figure 4.4a-d, Table
4.86). It has been shown that the CB;R counterpart F200** plays an important regulatory
role in activation as part of the “twin toggle switch” with CB;R-W356%4 %, In contrast,
CB,R-W258* has been described to be solely tesponsible for activation as a toggle
switch without the help of CB,R-F117*% in structural studies, since the conformation
of CB,R-F117** in agonist-bound structures is comparable to the conformation in the
antagonist-bound CB,R structure as well as the CB;R agonist-bound structures™*. Our
mutational data further supports this hypothesis, as we do not see the same constitutive
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activity pattern (Table 4.86) as observed by McAllister ez al. for the reciprocal CB,R-F220%
excluding CB,R-F117*% from a suppressive function®. Togethet, this data provides strong
supportt for a different, but important, role for F117*% in CB,R activation.

In CB;R, water-mediated interactions between CB;R-H178% CB,;R-S3837* and bound
ligands have previously been shown with  silico modelling"®!. The importance of
CB,R-S383" for classical synthetic cannabinoids such as AM11542, AM841 and CP55,940
was further emphasized in CB;R-S3837*A mutants™. This is in line with the observation
that removal or methylation of the phenolic OH on classical cannabinoids, such as in
1.-759656, JTWH-133 and HU308, always affords selectivity over CB,;R'"#. Non-classical
agonists, such as WIN55,212-2, do not form a hydrogen bond with CB;R-S383™* and
consequently are not affected by an alanine mutation®”. This translates to our results that
CP55,940 and HU308 are more affected by the CB,R-$285"*A mutation than LEI-102 and
APD371 (Figure 4.4a-d, Table 4.S3). The decrease in activation is at least 30-fold smaller
for CB,R than CB,R*. The elucidated cryo-EM structures of our four agonists did not
show direct intetactions with CB,R-H95%%, though we cannot rule out its role in stabilizing
the surrounding residues. The large effect seen on G protein activation of CB,R-H95*%A
by LEI-102, APD371 and CP55,940 (Figure 4.4a-d, Table 4.56) must therefore stem from
an indirect interaction, supporting the polar network hypothesis between CB,R-H95*% and
CB,R-S2857% in CB,R.

Residues at position 6.51 have previously been described to be involved in the binding
sites of w, 8, and x opioid receptors, the dopamine D2 receptor and adenosine receptors,
and could play a role in ligand binding selectivity between different subtypes*. In our
studies, introduction of the bulkier CBR leucine on this position in CB,R-V261°5'L
reduced the G protein activation by APD371, HU308 and CP55,940, while LEI-102 could
still be accommodated in the binding pocket (Figure 4.4a-d, Table 4.56). Furthermore,
with the swap mutant CB,R-1.359*'V we found a trend in partial recovery of displacement
of PH]CP55,940 by the CB,R selective agonists LEI-102, HU308 and APD371, although
not significant (Table 4.83). This supports a role of this residue in selectivity of agonists
in CB,R.

The ECL2 has frequently been implicated to be important for GPCR activation and some
GPCRs even use their ECL2 as a ligand to auto-activation®’. There are distinct differences
between the conformations of ECL2 in CB;R and CB,R. In antagonist-bound CB,R crystal
structures, the ECL2 dips into the binding pocket, interacting with the ligand and inducing
the inactive conformation®% The inactive state of CB,R, however, does not expand like
CB,R and instead the ECL2 acts more as a lid on the binding pocket in active and inactive
CB,R, akin to active CB;R*. A key distinction seen in the CB;R crystal structures with
AMG538 and taranabant, is the ionic lock formed by CB;R-E100Nmins (CB,R-1.17) and
CB,R-H270%“? (CB,R-L185)*"*2. We observed improved binding of [H]CP55,940 for
LEI-102 and HU308 with the CB,;R-H270"“"?[, mutation, while the non-selective agonists
showed no change (Table 4.83). Through the loss of this ionic lock, selectivity over CB;R
is partially lost, showing that expulsion of ECL2 upon ligand entry may play an important
role in selectivity.
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In recent years, computational studies have suggested that lipophilic ligands for various
GPCRs, such as the opsin receptor, sphingosine-1-phosphate receptor 1 (S§1P;) and
cannabinoid receptors, might gain access to the binding pocket through lateral diffusion
via a membrane channel between TM1 and TM77*:4! We experimentally examined this
membrane entry pathway by creating a CB,R quadruple mutant (K33'%2Q), V36'*°I, C40'*°S
and K2797**T) for which we obsetved a significant loss of potency and a corresponding
trend in reduced affinity, although not significant, for HU308 and the endocannabinoids
(Figure 4.4e-j, Table 4.56, 4.57). These compounds are more lipophilic than LEI-102 and
APD371, making them more suitable to traverse the membrane to enter between TM1 and
TM?7. Notably, HU308 and anandamide also showed a substantially longer ET in our assays
compared to the other agonists (Table 4.S2). This might suggest a possible relationship
between a slower association and membrane channel entry at the CB,R. Likewise, for a
peptide GPCR a trend in reduced association rate was found with inctreasing lipophilicity™.
Nevertheless, this is in contrast with the mechanism at the o,-adrenoceptor at which
lipophilic compounds had a faster association rate®. This shows the diversity in drug-target
binding kinetics as receptor-specific properties and thus the importance of investigating
these mechanisms for individual receptors™.

The discovery of a membrane access channel for endocannabinoids on the CB,R is also
intriguing from a physiological perspective. Endocannabinoids are produced on demand
and act as autocrine or paracrine effectors in the immune system regulating the migration
of CB,R-expressing immune cells'”. Our results suggest that endocannabinoids first have
to travel through the plasma membrane via lateral diffusion to reach the receptor. This may
suggest that the trafficking and cellular uptake of endocannabinoids could be regulated
through extracellular or intracellular vesicles that merge with the plasma membrane.
Regardless of the exact mechanism of endocannabinoid trafficking, this study provides
experimental evidence of a membrane channel located between TM1 and TM7 in CB,R that
is being used by the endocannabinoids to enter the receptor.

The ligands of the CB,R, such as the phytocannabinoids and endocannabinoids, are
typically very lipophilic, which comes at a cost of reduced solubility, increased off-target
activity and poot pharmacokinetic propetties'®®. Thus, balancing lipophilicity of a drug
candidate is an important goal in medicinal chemistry. The first generation of experimental
drugs targeting the CB,R mimicked the plant-based cannabinoids. Consequently, they were
highly lipophilic and suffered from poor clinical translation'’. New generations of CB,R
agonists have optimized physico-chemical properties. For instance, LEI-102 and APD371
are orders of magnitude more hydrophilic than HU308. Remarkably, they can bind the same
binding pocket in CB,R as HU308. Our data revealed that LEI-102 and APD371 do not
enter the receptor via the membrane channel like HU308, but gain access most likely via the
extracellular space. LEI-102 and APD371 also form a specific (indirect) polar interaction
network with H95*% to activate CB,R, which is not observed for HU308. This flexibility of
the CB,R binding pocket to be activated by a diverse set of chemotypes allows to select for
a chemotype with more drug-like properties. This notion is supported by the oral efficacy of
LEI-102 in the chemotherapy-induced nephropathy model and lack of CNS-adverse side
effects (Figure 4.5, 4.6).
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Targeting CB,R with agonists is a promising avenue for the treatment of autoimmune
diseases, neuroinflammation and various forms of tissue injury/inflammation/fibrosis in the
liver, heart, brain, and kidney"”. In this study we show that LEI-102 protects against cisplatin-
induced nephropathy in a CB,R-dependent manner by attenuating kidney inflammation
and injury (Figure 4.5). We also show that CB,R knockout mice develop more severe
nephropathy compared to their wild types suggesting protective role of endocannabinoid-
CB,R signaling during kidney injury. These results are consistent with protective effects of
CB,R agonists in vatious models of kidney injury/diseases and deletetious effect of CB,R
deletion in these models®?>>%,

In conclusion, we have discovered LEI-102 as a selective CB,R agonist that is efficacious
in attenuating tissue injury in chemotherapy-induced nephropathy model without inducing
CNS-mediated side effects. Using LEI-102 and five other CBR agonists we have shown that
the physicochemical properties determine not only pharmacokinetic properties of ligands,
but also how they engage with their target. Altogether, we elucidated several important
molecular mechanisms for selective engagement and activation of the CB,R, which may
have implications for drug design and lipid signaling at GPCRs in general.

4.4 Materials and methods
4.4.1 General materials for functional assays

Monoclonal M2 mouse anti-FLLAG primary antibody (#F3165) was putrchased from Sigma-
Aldrich (Zwijndrecht, the Netherlands), while secondary goat anti-mouse HRP-conjugated
antibody (#115-035-003) was bought from Jackson ImmunoResearch Laboratories (West
Grove, PA, USA). Bicinchoninic acid (BCA) ad BCA protein assay reagent was obtained
from Pierce Chemical Company (Rockford, I, USA). PHJROG6957022 (specific activity
82.83 Ci mmol™) was custom synthesized at E. Hoffman-La Roche Ltd (Basel, Switzetland).
[P*S]|GTPyS (specific activity 1250 Ci mmol! #NEG030H250UC), [’H]CP55,940 (specific
activity 108.5 Ci mmol! #NET1051250UC) and GF/C filter plates (#6055690) were
purchased from Revvity (Waltham, MA, USA). CP55,940 (#C1112), AM630 (#SMIL.0327)
and DL-dithiothreitol (DTT, #0646563) were obtained from Sigma-Aldrich, HU308
(#H800010) was from LKT Laboratories (St. Paul, MN, USA), APD371 was provided by
F. Hoffmann-T.a Roche Ltd, anandamide (AEA, #1339), 2-Arachidonylglycerol (2-AG,
#1298) and phenylmethylsulfonyl fluoride (PMSF, #4486) were purchased from Tocris
Bioscience (Bristol, UK) and GDP (#]616406) was from Thermo Fisher Scientific (Waltham,
MA, USA). All buffers and solutions were prepared using Millipore water (deionized using a
MilliQ A10 Biocel with a 0.22 um filter) and analytical grade reagents and solvents. Buffers
are prepared at room temperature (rt) and stored at 4 °C, unless stated otherwise.

4.4.2 Cell lines

Spodoptera frugiperda (5f9) cells were used for CB,R-G; co-expression for cryo-EM studies.
5P cells were grown in ESF 921 medium (Expression systems) at 27 °C and 125 rpm.
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For transfections, human embryonic kidney 293 T (HEK293T; female, ATCC #CRL-3210)
cells were grown as monolayers in culture medium i.e. Dulbecco’s Modified Eagle’s Medium
(Sigma-Aldrich #6540), supplemented with 10% fetal calf serum (Sigma-Aldrich #EF7524),
2 mM L-glutamine (Sigma-Aldrich #G8541), 100 TU/mL penicillin and 100 pg/mL
streptomycin (Duchefa Biochemie #P0142 and #S0148) under a humidified atmosphere
at 37 °C with 5% CO,. Subculture was done twice a week at 80 - 90% confluence on 10
cm o plates by trypsinization. CHO cells stably expressing hCB,R (CHOK1_hCB,bgal;
PathHunter EA Parental Cell line, female, DiscoverX #93-0706C2) or hCB;R (CHOK1_
hCB,bgal; PathHunter EA Parental Cell line, female, DiscoverX #93-0959C2) were cultured
in Ham’s F12 Nutrient Mixture (Sigma-Aldrich #4888) supplemented with 10% fetal calf
serum, 2 mM L-glutamine, 100 IU/mL penicillin, 100 pg/ml. streptomycin, 300 pg/
mL hygromycin (Bio-Connect #ANT-HG-5) and 800 nug/mL G418 (Bio-Connect #SC-
29065B) in a humidified atmosphere at 37 °C with 5% CO,. Cells were subcultured twice a
week when reaching 80 - 90% confluence on 10 or 15 cm o plates by trypsinization.

4.4.3 Synthesis of LLEI-102 (Figure 4.S1)

All reagents and solvents were purchased from commercial sources and were of analytical
grade (Sigma-Aldrich, BroadPharm®). Reagents and solvents wete not further purified before
use. All moisture sensitive reactions were performed under inert atmosphere. Solvents were
dried using 4 A molecular sieves prior to use when anhydrous conditions were required.
Water used in reactions was always demineralized. Analytical Thin-layer Chromatography
(TLC) was routinely performed to monitor the progression of a reaction and was conducted
on Merck Silica gel 60 F254 plates. Reaction compounds on the TLC plates were visualized
by UV irradiation (A,s,) and/or spraying with potassium permanganate solution (IK;CO; (40
2), KMnO, (6 g), and H,O (600 mL)), ninhydrin solution (ninhydrin (1.5 g), n-butanol (100
mL) and acetic acid (3.0 mL)) or molybdenum solution (NH,){MO:4H,0O (25 g/L) and
(NH,),Ce(SO)4-H,O (10 g/L) in sulfuric acid (10%)) followed by heating as appropriate.
Purification by flash column chromatography was performed using Screening Devices
B.V. silica gel 60 (40-63 um, pore diameter of 60 A). Solutions were concentrated using
a Heidolph laborata W8 4000 efficient rotary evaporator with a Laboport vacuum pump.

Analytical purity was determined with Liquid Chromatography-Mass Spectrometry (LC-
MS) using a Finnigan LCQ Advantage MAX apparatus with electrospray ionization (ESI),
equipped with 2 Phenomenex Gemini 3 um NX-C18 110A column (50x4.6mm), measuring
absorbance at 254 nm using a Waters 2998 PDA UV detector and the m/z ratio by using an
Acquity Single Quad (Q1) detector. Injection was with the Finnigan Surveyor Autosampler
Plus and pumped through the column with the Finnigan Surveyor LC pump plus to be
analyzed with the Finnigan Surveyor PDA plus detector. Samples were analyzed using
eluent gradient 10% — 90% ACN in MilliQ water (+ 0.1% TFA (v/v)).

For purification by mass guided preparative High-Performance Liquid Chromatography
(Prep-HPLC) the Waters AutoPurification HPLC/MS apparatus was used with a Gemini
prep column 5 pm 18C 110 A (150x21.2mm), Waters 2767 Sample manager, Waters 2545
Binary gradient module, Waters SFO System fluidics organizer, Waters 515 HPLC pump M,
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Waters 515 HPLC pump L attached to a Waters SQ detector Acquity Ultra performance LC.

'H, ®C, 'TH-COSY and HSQC Nuclear Magnetic Resonance (NMR) spectra were recorded
on a Bruker AV 300 (300/75 MHz), AV 400 (400/100 MHz) or AV 500 (500/125 MHz)
spectrometer at ambient temperature using CDCl; as solvent. Chemical shifts (8) are
referenced in parts per million (ppm) with tetramethylsilane (TMS) or CDCl; resonance
as the internal standard peak (CDCl;/'TMS, 6 0.00 for 'H (TMS), 8 77.16 for PC (CDCL)).
Multiplicity is reported as s = singlet, d = doublet, dd = doublet of doublet, t = triplet, q
= quartet, p = quintet, m = multiplet. Coupling-constants (]) are reported in Hertz (Hz).

(6-bromo-3-fluoropyridin-2-yl)methanol (2): To a solution of 6-bromo-3-fluoro-2-
methylpyridine (1, 10.7 g, 56.3 mmol, 1 eq) under an inert atmosphere at 0 °C in DCM (370
ml) was added portion-wise 7-CPBA (23.6 g, 70-75%, 100 mmol, 1.8 eq). The reaction
mixture was stirred at room temperature (rt) for 4 days. Sat. NaHCO; and sat. Na,S,0; was
added (1:1, v/v) and the layers were separated. The aqueous layer was extracted thrice with
DCM. The combined organic layer was dried over MgSO,, filtered, and concentrated under
reduced pressure. To the residue was added TFAA (17 mL, 122 mmol, 2.2 eq) at 0 °C. After
15 minutes the temperature was increased to 55 °C for 3 h. The mixture was concentrated
under reduced pressure, redissolved in DCM and sat. Na,CO; was added. The layers were
separated and the organic layer was washed with sat. NaHCOj;. The solvent was evaporated
and the crude was dissolved in THF:MeOH (20:1, v/v) and K,CO; (18.2 g, 132 mmol, 2.3
eq) was added. After 17 h H,O was added and the layers were separated. The aqueous layer
was extracted thrice with EtOAc. The combined organic layers were dried over MgSO,,
filtered, and the solvent evaporated under reduced pressure. The crude was purified with
flash column chromatography (10-20% EtOAc in pentane) to yield 5.79 g (19.7 mmol, 35%)
of a white solid. '"H-NMR (500 MHz, CDCl;) 8 7.42 (ddt, ] = 8.5, 3.5, 0.7 Hz, 1H), 7.29 (t, ]
= 8.5 Hz, 1H), 4.80 (d, ] = 3.3 Hz, 2H). "CNMR (126 MHz, CDCl;) 8 156.10 (d, ] = 256.2
Hz), 148.74 (d, ] = 19.1 Hz), 135.01 (d, ] = 2.9 Hz), 128.17 (d, ] = 4.2 Hz), 126.09 (d, ] =
19.8 Hz), 59.07.

(6-bromo-3-fluoropyridin-2-yl)methyl methanesulfonate (3): To a cooled (0 °C)
mixture of (6-bromo-3-fluoropyridin-2-yl)methanol (1.6 g, 7.8 mmol, 1 eq) and Et;N (2.5
ml, 17.9 mmol, 2.3 eq) in dry THF (40 mL) was added dropwise MsCl (1.0 mL, 12.9 mmol,
1.7 eq). After stirring at rt for 1 h the solution was concentrated under reduced pressure.
DCM and H,O were added and the layers were separated. The aqueous layer was extracted
thrice with DCM. The combined organic layers were washed with brine, dried over MgSO,,
filtered, and the solvent evaporated under reduced pressure to yield 1.65 g (5.8 mmol, 75%)
of an yellow solid. "H-NMR (500 MHz, CDCly) 8 7.52 (dd, ] = 8.6, 3.5 Hz, 1H), 7.37 (¢, ]
=8.5Hz, 1H), 5.33 (d, ] = 2.1 Hz, 2H), 3.13 (s, 3H). *C-NMR (126 MHz, CDCl;) 8 157.82
(d, ] = 261.3 Hz), 142.15 (d, ] = 16.0 Hz), 130.74 (d, ] = 4.4 Hz), 127.06 (d, ] = 20.4 Hz),
65.50 (d, J = 1.6 Hz), 38.39.

N-((6-bromo-3-fluoropyridin-2-yl)methyl)tetrahydro-2 H-pyran-4-amine 4):
(6-Bromo-3-fluoropyridin-2-yl)methyl methanesulfonate (1.49 g, 5.3 mmol, 1 eq), K,CO;
(1.6 g, 11.6 mmol, 2.2 eq) and tetrahydro-2H-pyran-4-amine (0.66 mL, 6.7 mmol, 1.3 eq)
wete suspended in acetonitrile and stirred at 50 °C for 6 h, then an additional 3 days at
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rt. After dilution with DCM and H,O the layers were separated. The aqueous layer was
extracted thrice with DCM. The combined organic layers were dried over MgSO,, filtered,
and the solution evaporated under reduced pressure. The crude was purified with flash
column chromatography (20-100% EtOAc in pentane) to yield 1.01 g (3.5 mmol, 67%) as
a yellow oil. '"H-NMR (300 MHz, CDCl;) 8 7.40 (dd, ] = 8.6, 3.6 Hz, 1H), 7.35 — 7.26 (m,
1H), 4.08 — 3.95 (m, 4H), 3.42 (td, | = 11.6, 2.2 Hz, 2H), 2.74 (tt, ] = 10.5, 4.1 Hz 1H), 1.89
(ddd, J = 12.7, 4.5, 2.3 Hz, 2H), 1.52 (dtd, ] = 13.1, 11.0, 4.5 Hz, 2H). "C-NMR (75 MHz,
CDClL) 8 157.12 (d, ] = 255.9 Hz), 149.21 (d, ] = 17.0 Hz), 127.83 (d, | = 4.2 Hz), 125.97
(d, ] = 21.2 Hz), 66.76, 53.64, 44.90, 33.59.

2-((4-bromobenzyl)amino)acetamide (6): To a mixture of 4-bromobenzaldehyde (5, 9.2
¢ (49.7 mmol, 1.1 eq) and 2-aminoacetamide hydrochloride (5.06 g, 45.8 mmol, 1.0 eq) in
MeOH:H,O (170 mL, 5:1, v/v) was added NaOH (2.06 g, 51.5 mmol, 1.1 eq) and left to
stir at rt overnight. NaBH, (3.6 g, 95.2 mmol, 2.1 eq) was added and the solution was stirred
overnight at rt. The solution was acidified to pH 3 with 2 M HCI, then neutralized with
sat. aqueous NaHCO;. Methanol was evaporated under reduced pressure and the resulting
slurry was filtered to yield 11.0 g (45.2 mmol, 91%) of a white solid. '"H-NMR (300 MHz,
methanol-d,) 8 7.69 — 7.59 (m, 2H), 7.47 — 7.38 (m, 2H), 4.22 (s, 2H), 3.81 (s, 2H).

1-(4-bromobenzyl)imidazolidine-2,4-dione (7): To a suspension of 2-((4-bromobenzyl)-
amino)acetamide (10.0 g, 40.1 mmol, 1,0 eq) in acetonitrile (300 mL) were added CDI (13.86
g, 85.5 mmol, 2.1 eq) and DMAP (10.2 g, 83.5 mmol, 2.1 eq). The mixture was heated to
60 °C under inert atmosphere for 70 h. HCI (1 M, 250 mL) was added and the aqueous
layer extracted thrice with EtOAc. The combined organic layers were washed with H,O and
brine, dried over MgSO,, filtered, and the solvent evaporated under reduced pressure. The
crude was purified with flash column chromatography with dry loading over Celite (5-10%
acetone in DCM) to yield 3.95 g (14.7 mmol, 37%) of a yellow solid. "H-NMR (300 MHz,
CDCl;) 8 7.83 (bs, 1H), 7.56 — 7.45 (m, 2H), 7.20 — 7.10 (m, 2H), 4.49 (s, 2H), 3.79 (s, 2H).
BC-NMR (75 MHz, CDCl;) & 132.41, 129.95, 77.58, 77.16, 76.74, 50.36, 46.01.

1-(4-bromobenzyl)-3-isobutylimidazolidine-2,4-dione ~ (8): To  solution  of
1-(4-bromobenzyl)imidazolidine-2,4-dione (2.00 g, 7.4 mmol, 1,0 eq) in anhydrous DMF
(18 mL) were subsequently added K,CO; (3.08 g, 22.3 mmol, 3,0 eq) and 1-bromo-2-
methylpropane (1.62 mL, 14.9 mmol, 2,0 eq) and the mixture was stirred for 20 h at rt.
The mixture was filtered and the filtrate diluted with diethyl ether and washed thrice with
water (3 x 50 mL). The combined organic layers were washed with brine, dried (MgSO,),
filtered, and concentrated under reduced pressure. The crude was purified with flash column
chromatography (10-40% EtOAc in pentane) to yield 2.12 g (6.52 mmol, 88%) of a white
solid. LCMS (LCQ Fleet, 10 90%): t, = 7.00 min, m/z: 325.17 [M+H]*, 327.08 [M+H]*
(Br). "HNMR (300 MHz, CDCly) 8 7.47 (d, ] = 8.3 Hz, 2H), 7.14 (d, ] = 8.3 Hz, 2H), 4.52
(s, 2H), 3.74 (s, 2H), 3.33 (d, | = 7.4 Hz, 2H), 2.15 - 2.04 (m, 1H), 0.91 (d, ] = 6.8 Hz, 6H).
BC NMR (75 MHz, CDCly) § 169.57, 156.78, 134.41, 131.79, 129.48, 121.77, 60.01, 48.61,
45.98, 45.71, 28.57, 19.70.

3-isobutyl-1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)imidazolidine-
2,4-dione (9): A mixture of 1-(4-bromobenzyl)-3-isobutylimidazolidine-2,4-dione (0.50 g,
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1.54 mmol, 1 eq), KOAc (0.66 g, 6.76 mmol, 4.4 eq) and bis(pinacolato)diboron (0.59 g, 2.31
mmol, 1.5 eq) in DMF (10 mL) was sonicated for 15 min under argon flow. Subsequently,
Pd(dppf)CL, (0.07 g, 0.09 mmol, 0.06 eq) was added and the mixture was stirred at 75 °C for
20 h. The mixture was cooled to rt, diluted with EtOAc (100 mL) and water (10 mL) and
the layers were separated. The water layer was extracted thrice with EtOAc (3 X 20 mL).
The combined organic layers were extracted with sat. aqueous NaHCO;, water and brine,
dried (MgSOy), filtered, and concentrated under reduced pressure. The raw product was co-
evaporated with CHCI; and used in the next step without further purification.

1-(4-(5-fluoro-6-(((tetrahydro-2 H-pyran-4-yl)amino)methyl) pyridin-2-yl)benzyl)-3-
isobutylimidazolidine-2,4-dione (LEI-102): To a degassed mixture of IN-((6-bromo-
3-fluoropyridin-2-yl)methyl)tetrahydro-2H-pyran-4-amine (4, 0.29 g, 1.0 mmol, 1,0 eq),
3-isobutyl-1-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl)imidazolidine-2,4-dione
9, 0.56 g, ~1.5 mmol, crude) and K,CO; (1.29 g, 6.0 mmol, 6,0 eq) in toluene:ethanol (10
ml, 4:1, v/v) was added under argon atmosphere Pd(PPh;), (0.18 g, 0.10 mmol, 0.1 eq) .
The resulting mixture was stitred for 18 h at 75 °C, subsequently cooled to rt and filtered.
The filtrate was diluted with EtOAc and washed with water and brine, dried (MgSO,),
filtered, and concentrated under reduced pressure. The crude was purified with flash
column chromatography (0-20% MeOH in EtOAc) to yield 0.24 g of a white solid (0.53
mmol, 53%). Further purification with preparative HPLC resulted in a yield of 0.204 g (0.45
mmol, 45%). LCMS (LCQ Advantage, 10 90%): t, = 5.32 min, m/z: 455.27 [M+H]*, 908.93
[2M+H]*. HRMS (ESI+) m/z: caled. for C,;H:,FN,O5 [M+H], 455.245; found, 455.245. 'H
NMR (400 MHz, CD;CN) 6 8.05 (d, /] = 8.3 Hz, 2H), 7.86 (dd, ] = 8.7, 3.6 Hz, 1H), 7.61 (t,
J=9.0Hz, 1H), 7.34 (d, ] = 8.1 Hz, 2H), 4.53 (s, 2H), 4.45 (s, 2H), 3.93 (dd, ] = 11.4, 4.4
Hz, 2H), 3.77 (s, 1H), 3.47 (tt, ] = 11.8, 3.8 Hz, 2H), 3.30 (td, ] = 11.9, 1.9 Hz, 2H), 3.24 (d,
J =73 Hz, 2H), 2.05 (br d, /] = 13.3 Hz, 2H), 1.99 (dt, /] = 13.2, 6.6 Hz, 1H), 1.83 (qd, ] =
12.1, 4.5 Hz, 2H), 0.88 (d, ] = 6.7 Hz, 6H). "C NMR (100 MHz, CD;CN) & 171.54, 157.25
(d, J = 226.6 Hz), 156.12, 153.03 (d, ] = 4.5 Hz), 140.51 (d, ] = 16.1 Hz), 138.83, 137.70,
129.13, 128.22, 125.56 (d, | = 18.8 Hz), 122.81 (d, ] = 4.3 Hz), 118.38, 66.55, 55.55, 50.30,
46.81 (d, ] = 7.9 Hz), 42.95, 30.02, 28.32, 20.32.

4.4.4 Constructs

The N-BRIL fused wild type (WT) human CB,R construction and co-expression of
G protein for cryo-EM study were performed using the similar procedure as described
before™. In brief, the WT human CB,R was modified to contain a fusion protein BRIL to
improve the protein expression and thermostability, along with a 10XHis-tag and a FLAG-
tag at the N-terminal. The CB,R, Go;; and Gy, subunits were cloned into the pFastBac
vector separately using cloning kits.

4.4.5 Expression and purification of CB,R-GScfv16 complexes

Methods of complex expression and purification in the current study have been described
previously. The CB,R and G; heterotrimer were co-expressed in S/ insect cells using
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the Bac-to-Bac Baculovirus Expression System (Invitrogen). Cells were infected with three
separate virus preparations for CB,R, Ga, and Gpfp, at a ratio of 1:2:2 at a cell density
of 2.5X10° cells/mlL. After 48 h, the cell culture was collected by centrifugation and the
cell pellets were stored at -80 °C until use. The cell pellets were thawed and lysed in the
hypotonic buffer of 10 mM HEPES (pH 7.5), 10 mM MgCl,, 20 mM KCl with EDTA-
free complete protease inhibitor cocktail tablets (Roche, #5056489001). The CB,R-G;
complex was formed in membranes by addition of 25 pM agonist (LEI-102, APD371,
HU308 and CP55,940, respectively) and 2 units of apyrase (NEB, #MO0398S) in the
presence 500 pg scFv16. The lysate was incubated for overnight at 4 °C and discard the
supernatant by centrifugation at 186,000 X g for 30 min. Subsequently, the solubilization
buffer containing 50 mM HEPES (pH 7.5), 100 mM NaCl, 0.75% (w/v) lauryl maltose
neopentyl glycol (LMNG, Anatrace, #4216588), 0.15% (w/v) cholesterol hemisucinate
(CHS, Sigma-Aldrich, #C6512) supplemented with 25 pM agonist and 2 units of apyrase
(NEB) were added to solubilize complexes for 2 h at 4 °C. Insoluble material was removed
by centrifugation at 186,000 X g for 30 min and the supernatant was immobilized by batch
binding to TALON IMAC resin (Clontech, #635507) including 20 mM imidazole over 6 h
at 4 °C. Then, the resin was packed and washed with 15 column volumes (CVs) of washing
buffer T containing 25 mM HEPES (pH 7.5), 100 mM NaCl, 10% (v/v) glycerol, 0.1%
(w/v) LMNG, 0.02% (w/v) CHS, 30 mM imidazole and 20 uM agonist, and 15 CVs of
washing buffer IT containing 25 mM HEPES (pH 7.5), 100 mM NaCl, 10% (v/v) glycerol,
0.03% (w/v) LMNG, 0.006% (w/v) CHS, 50 mM imidazole and 20 pM agonist. After that,
the protein was eluted using 3 CVs of elution buffer containing 25 mM HEPES (pH 7.5),
100 mM NaCl, 10% (v/v) glycerol, 0.01% (w/v) LMNG, 0.002% (w/v) CHS, 250 mM
imidazole and 25 uM agonist. Finally, the complex was concentrated using the centrifugal
filter with 100 KD molecular weight cutoff and loaded onto a Superdex200 10/300 GL
column (GE Healthcare) with buffer containing 20 mM HEPES (pH 7.5), 100 mM NaCl,
0.00075% (w/v) LMNG, 0.00025% GDN (Anatrace, #GDN101), 0.0001% (w/v) CHS,
100 uM TCEP. The fractions consisting of purified CB,R-G; complex were collected and
concentrated to 0.8-1.0 mg/ml for electron microscopy experiments.

4.4.6 Cryo-EM grid preparation and data collection

For cryo-EM grids preparation of the CB,R-G; complexes, 3 ul. of the concentrated
protein was loaded to a glow-discharged holey carbon grid (CryoMatrix Amorphous alloy
film R1.2/1.3, 300 mesh), and subsequently were plunge-frozen in liquid ethane using a
Vitrobot Mark IV (Thermo Fisher Scientific). The chamber of Vitrobot was set to 100%
humidity at 4 °C. The sample was blotted for 2.5 s with blot force 2. Cryo-EM images were
collected on a Titan Krios microscope operated at 300 kV equipped with a Gatan Quantum
energy filter, with a slit width of 20 eV, a Gatan K2 summit direct electron camera (Gatan).
Images were taken at a dose rate of 8¢’/ A%/s with a defocus range of -0.8 to -2.0 pm using
SerialEM software® in EFTEM nanoprobe mode, with 50 pm C2 aperture, at a calibrated
magnification of 130,000 corresponding to a magnified pixel size of 1.04 A. The total
exposure time was 8.1 s and 45 frames were recorded per micrograph.
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4.4.7 Cryo-EM image processing

The cryo-EM data processing was petformed with CryoSPARC®. For CB,R-Gay-scFv16-
APD371/LEI-102/HU308/CP55,940 dataset, a total of 7443, 5282, 7530 and 6473
movies were collected, respectively. For all datasets, patch motion correction was used for
beam-induced motion correction. Contrast transfer function (CTF) parameters for each
micrograph were determined by patch CTF estimation. Using Blob Picker in CryoSPARC
to auto pick particles in the first 500 micrographs of CB,R-Ga;-scFv16-APD371 complex
dataset and then 258347 particles were extracted to conduct 2D classification. 9277
particles in good 2D patterns were selected as templates to pick better particles. 5,239,870,
3,398,611, 4,653,294 and 3,595,875 particles extracted, respectively, in a 256 A box were
divided into three hundred two-dimensional (2D) class averages with a maximum alignment
resolution of 6 A. Then, 1,152,146, 762,471, 355,832 and 440,292 particles were selected
from good 2D classification after two round 2D classification, individually. Following 2D
classification, these particles were subjected for ab initio reconstruction into four classes.
After heterogeneous refinement, homogeneous refinement, non-uniform refinement and
local refinement of the best-looking dataset in CryoSPARC, the final map has an indicated
global resolution of 3.08 A, 2.98 A, 2.97 A and 2.84 A at a Fourier shell correlation (FSC)
of 0.143, respectively. Local resolution was determined using the Bsoft package with half
maps as input maps®.

44.8 Model building and refinement

For CB,R-G;-scFv16 complex, the CB,R-AM12033 cryo-EM structure and G; protein in
CB,R were used as the starting model. The model was docked into the EM density map
using Chimera®, followed by iterative manual adjustment and rebuilding in COOT® and
phenix.real_space_tefine in Phenix®. The model statistics were validates using MolProbity™.
Structural figures were prepared in Chimera and PyMOL (http://www.pymol.otg). The
final refinement statistics are provided in Table 4.84. The extent of any model overfitting
during refinement was measured by refining the final model against one of the half-maps

and by compating the resulting map versus model FSC curves with the two half-maps and
full model.

4.4.9 Generation of mutants

The WT CB;R and CB,R genes were subcloned into vector pcDNA3.1 with an N-terminal
HA signal peptide and FLAG-tag. Mutations were introduced by QuikChange PCR (as
described by suppliet).

4.4.10  Transfection

24 h prior to transfection, HEK293T cells were seeded on 10 cm o plates to reach
approximately 50% confluence at the start of transfection. The cells were transfected
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with 10 pg plasmid DNA of WT hCB,R or hCBR receptor, or mutant receptor using
the calcium phosphate precipitation method™. In short, a DNA-calcium mix was made
containing 270 mM CaCl, and 10 pg plasmid DNA to which Hank’s Balanced Salt Solution
(HBSS; 280 mM NaCl, 10 mM KCl, 1.5 mM Na,HPO, and 50 mM HEPES) was added in
a 1:1 (v/v) ratio and mixed by aeration to create consistent calcium phosphate precipitates.
For transfection, 1 mlL. DNA-calcium mix was added per 10 cm o plate, followed by a 48 h
incubation under a humidified atmosphete at 37 °C with 5% CO,.

4.4.11  Enzgyme-linked immnnosorbent assay (ELISA)

Receptor expression after transfection was measured in an enzyme-linked immunosorbent
assay (ELISA). After 24 h of transfection, HEK293T cells were detached with phosphate-
buffered saline (PBS)/EDTA and seeded into a stetile 96-well poly-D-lysine coated plate at
a density of 100,000 cells per well and kept under a humidified atmosphere at 37 °C with 5%
CO,. After an additional 24 h, cells were washed with PBS and fixed with 4% formaldehyde
for 10 min at RT. Cells were washed twice with Tris-buffered saline (TBS) and were blocked
with TBS supplemented with 0.1% TWEEN 20 (ITBST) and 2% BSA (w/v)) for 30 min at
rt while shaking. Subsequently, the cells were incubated with monoclonal M2 mouse anti-
FLAG primary antibody (1:4000) for 2 h at rt while shaking. After removal of the antibody,
the cells were washed three times with TBST and incubated with the secondary goat anti-
mouse HRP-conjugated antibody (1:10,000) for 1 h at rt while shaking, After a final wash
with TBS, the cells were treated with 3,3’,5,5-Tetramethylbenzidine (TMB, Sigma-Aldrich
#T0440) in the dark for maximally 10 min at rt to visualize immunoreactivity. The reaction
was quenched with 1 M H;PO, and absorbance was read at 450 nm with a Wallac EnVision
2104 Multilabel reader (Revvity).

4.4.12  Membrane preparation

For membrane preparation, HEK293T cells were harvested 48 h after transfection. Cells
were detached by scraping into 3 mL of PBS and subsequently centrifuged at 2000 X
g for 5 min. Pellets were resuspended in ice-cold Tris buffer (50 mM Tris-HC, pH 7.4)
and homogenized with an Ultra Turrax homogenizer IKA-Werke GmbH & Co. KG,
Staufen, Germany). Cytosolic and membrane fractions were separated using a high-speed
centrifugation step of 31,000 rpm in a Beckman Optima LE-80K ultracentrifuge with Ti70
Rotor for 20 min at 4 °C. After a second cycle of homogenization and centrifugation, the
final pellets were resuspended in 50 mM Tris-HCl pH 7.4, 5 mM MgCl, and stored in 100 pL.
aliquots at -80 °C until use. CHOK1_hCB,bgal and CHOK1_hCBbgal cells were harvested
when reaching 90% confluence in 15 cm o plates after one week subculture at a 1:6 ratio.
Membrane preparation followed a similar procedure as described above. Final membrane
pellets were resuspended in 50 mM Tris-HCI pH 7.4 and stored in 100 pL aliquots at -80
°C until use. Membrane protein concentrations were determined using a BCA protein
determination assay as desctibed by the manufacturer™.
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4.4.13  PHJRO6957022 competition association assays

For assessment of kinetic agonist binding at hCB,R, [PHJROG957022 competition
association assays were executed. These assays were previously described with the main
difference of incubation at 25 °C compared to 10 °C for identification of more distinct
kinetic differences™. In shott, prior to kinetic assessment of agonist binding, the affinity
(ICsp) of the agonists at the hCB,R was determined in PHJROG6957022 displacement
assays. CHOK1_hCB,bgal were thawed, homogenized, and subsequently diluted to 1 pg
protein per well. When studying endocannabinoids, membranes were preincubated with
50 uM PMSF for 30 min. Membranes were incubated with ~1.5 nM [PHJRO6957022 and
six increasing concentrations of competing agonists in a total volume of 100 uL assay
buffer (50 mM Tris-HCl (pH 7.4), 0.1% (w/v) BSA). Incubations were done for 2 h at
10 °C to reach equilibrium. Subsequently, in competition association assays, agonists were
incubated at their ICs, concentration in the presence of ~1.5 nM [PHJRO6957022 in a
total volume of 100 pL assay buffer at 10 °C. Competition was initiated by addition of
membrane homogenates at different time points for 2 h. Nonspecific binding (NSB) was
determined with 10 uM AM630 and organic solvent (DMSO or acetonitrile) concentrations
were <1% in all samples. Total radioligand binding (ITB) did not exceed 10% of the amount
added to prevent ligand depletion. Incubations were terminated by rapid vacuum filtration
with ice-cold 50 mM Tris-HCl (pH 7.4), 0.1% (w/v) BSA buffer through Whatman GF/C
filters using a Filtermate 96-well harvester (Revvity). Filters were dried for at least 30 min
at 55 °C and subsequently 25 pL. MicroScint scintillation cocktail (Revvity #6013621) was
added per well. Filter-bound radioactivity was measured by scintillation spectrometry using
a Microbeta® 2450 counter (Revvity).

4.4.14  [PS]GTPyS binding assays

G protein activation by agonists LEI-102, APD371, HU308, CP55,940 AEA and 2-AG
was measured by binding of radiolabeled [*S]GTPyS to the cannabinoid receptors as
previously described®. In short, transient HEK293T membrane homogenates (10 ug/
well) were diluted in assay buffer (50 mM Tris-HCI (pH 7.4), 5 mM MgCl,, 150 mM
NaCl, 1 mM EDTA, 0.05% BSA (w/v) and 1 mM DT'T, freshly prepared every day) and
were pretreated with 10 pg saponin and 1 pM GDP. For endocannabinoid samples, the
membranes were additionally pretreated for 30 minutes with 50 uM PMSF before agonist
addition. To determine the G protein activation, the membranes were incubated with 10
puM or six increasing concentrations of agonist (ranging from 0.01 nM to 1 uM) for 30
minutes at rt. Basal receptor activity was determined in the presence of vehicle only (0.2%
DMSO/acetonitrile). [°S)JGTPyS (0.3 nM) was added and the mixtutre was co-incubated for
an additional 90 minutes at 25 °C while shaking at 400 rpm. Filtration was performed and
filter-bound radioactivity was determined as described in section 4.4.13 [PH]R06957022
competition association assays except for using ice-cold 50 mM Tris-HCI (pH 7.4), 5
mM MgCl, buffer.
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4.4.15  PHJCP55,940 homologons and heterologons displacement assays

Agonist affinity (Kj) on WT and mutant receptors was determined in [PH]CP55,940
displacement assays. The amount of transient HEK293T membrane, ranging from 0.75 pg
to 10 ug protein per well, was chosen to obtain a specific [’H]CP55,940 binding window of
1200-1500 disintegrations per minute (dpm) except for the CB,R-Quadruple™"” mutant, for
which a window of ~500 dpm could be obtained using 20 pg protein per well. Membranes
were thawed and subsequently homogenized using the Ultra Turrax homogenizer. For the
endocannabinoid assays, the membranes were preincubated for 30 min with 50 uM PMSE
Homologous displacement assays wete petformed with 1.5 nM final concentration [*H]
CP55,940 and when necessary supplemented with an additional concentration of 0.55 nM
[’H]CP55,940 in the presence of competing CP55,940 (ranging from 0.01 nM to 1 uM)
in assay buffer (50 mM Tris-HCl (pH 7.4), 5 mM MgCl,, 0.1% (w/v) BSA). Heterologous
displacement assays were executed for LEI-102, APD371, HU308, AEA and 2-AG using
1.5 nM final concentration ["H]CP55,940 with one concentration (10 uM) or six increasing
concentrations (ranging from 0.1 nM to 10 uM) in assay buffer. For both assays, binding
was initiated by addition of membrane homogenates to reach a final volume of 100 uL.
NSB was determined using 10 uM CP55,940 and organic solvent (DMSO or acetonitrile)
concentrations were <1% in all samples. TB did not exceed 10% of the amount added
to prevent ligand depletion. Incubation was done for 2 h at 25 °C to reach equilibrium.
Filtration was performed and filter-bound radioactivity was determined as described in
section 4.4.13 PH]JR0O6957022 competition association assays except for using ice-cold
50 mM Tris-HCI (pH 7.4), 5 mM MgCl,, 0.1% (w/v) BSA buffer.

4.4.16  Cisplatin-induced nephropathy

Ten to twelve-week-old male/female C57BL./6] mice were obtained from The Jackson
Laboratory (Bar Harbor, ME, USA). CB, receptor knockout mice (CB,R™/") and their wild-
type littermates (CB,R*/*) were developed as described previously and had been backcrossed
toa C57BL/6] background™. All animals were keptin a temperature-controlled environment
with a 12h light—datk cycle and wete always allowed free access to food and water.

The well-established model of cisplatin-induced nephropathy was used®. Mice (CB,R”-
and CB,R"/*) were sactificed 72h after a single injection of cisplatin (cis-diamine platinum
(IT) dichloride (Sigma#P4394) 25mg/kg i.p.; freshly dissolved in physiological saline) by
cervical dislocation under deep anesthesia with 5% isoflurane, for collection of blood and
tissue samples. LEI-102 was given i.p. or by oral gavage (p.o.) at 0.3, 3.0 and 10mg/kg
every day, starting 1.5h before the cisplatin exposure. The drug was dissolved in a vehicle
of DMSO:Tween 80:saline, 1:1:18. After administration of LEI-102, mice were killed by
cervical dislocation under deep anesthesia with 5% isoflurane, for collection of blood and
tissue samples at the time described in the figure. All animal experiments were approved by
the National Institute on Alcohol Abuse and Alcoholism Animal Care and Use Committee.
The tetrad assay in mice has previously been described in detail®.
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4.4.17  Biochemistry, Histopathology, Immunostaining, Real-Time PCR

Markers of kidney dysfunction (BUN and CREA), histopathology (PAS staining),
immunostaining or ELISA for 3-nitrotyrosine (3-NT; Cell Biolabs #STA-305) and
4-hydroxynonenal (4-HNE; Cell Biolabs#STA-838), and real-time PCR (Primers from
Qiagen, SYBER Green Vita ScientificHMEIF01301, High-Capacity cDNA Reverse
Transcription Kit, Thermo Fisher Scientific#4368813) for inflammatory cytokines were
petformed as previously described®. Tubular damage scores were determined based on the
percentage of tubules showing epithelial necrosis where 0= normal; 1, < 10%; 2, 10-25%;
3, 26-75%; 4, > 75%. Tubular necrosis was defined as the loss of the proximal tubular
brush border, blebbing of ff apical membranes, tubular epithelial cell detachment from the
basement membrane, or intraluminal aggregation of cells and proteins. The morphometric
examination was performed in a blinded manner. Ten fields were scored from each mouse
kidneys at 200X magnification, and average scores were determined for each mouse. For
final quantification graph, average tubular damage scores of six mice/group were plotted.

4.4.18  Quantification and statistical analysis

All experimental data were analyzed using GraphPad Prism 9.0 (GraphPad Software Inc.,
San Diego, CA). All values obtained are means * standard error of the mean (SEM) of at
least three independent experiments performed in duplicate, unless stated otherwise.

From [PHJRO6957022 competition association assays, the £,, and 4. were determined

by non-linear regression analysis, using the “kinetics of competitive binding” model as
described by Motulsky and Mahan™:

K, =4 [L]'107+4,
Ky =45[1]-107+ 4,

S:\/(Ka—l<b)2+4~,é1 ks [L]-[1]1 o8
I<f:0'5(l<a+l<b +S)
I<s:O'5(I<a+I<b‘S)
_ Bmax"él'[L]'loi)

KK
[Y]=Q AR + ks (KX LKy (K X)
KeK K¢ K,

Where [L] is the radioligand concentration per experiment (~1.5 nM), I is the ICs,
concentration of agonist (nM), X is the time (s), and Y is the specific binding of the
radioligand (dpm). K, and K, are the observed association rate constants (&, of the
radioligand and the agonist of interest, respectively. £, and £&; are the association rate
constants (k. in M's™) of PHJROG6957022 (determined per experiment) and the agonist of
interest, respectively. Similarly, &, and £, are the dissociation rate constants (. in s™) of [’H]
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ROG6957022 (experimentally determined at 4.3 X 10* s, data not shown) and the agonist
of interest, respectively. The engagement time (ET in seconds) of the agonists of interest
was determined at 1 uM of agonist using the equation ET= 1/(£,, + 10°). The residence
time (RT in min) was calculated using the equation RT=1/(£, - 60)”. The association and
dissociation rate constants were used to calculate the kinetic Kp using: Kp = &4/ &0

[®S]GTPyS agonist responses on hCB,R constructs were baseline-corrected for the
individual mutant’s basal activity. The responses were normalized to the basal activity of
the construct (0%) and top of the CP55,940 (for WT responses only) or WT curve (for
mutants, 100%). The potency (pECs) and efficacy (E,,,) values were obtained by non-
linear regression to a sigmoidal concentration-effect curve with a Hill slope of 1 by using
the “log(agonist) vs response (thtee parameters)” model. [*S]GTPyS data from hCB,R
constructs were expressed as fold over the mutant’s basal activity to also quantify the effects
of CB,R selective agonists.

Displacement assays were baseline-corrected with NSB and normalized to this value (0%)
and TB (100%). The equilibrium dissociation constants (Kp) of PH]CP55,940 on different
mutants were calculated from homologous displacements by non-linear regression analysis,
using the “one-site homologous” model. The half-maximal inhibitory concentrations (pICs)
of the agonists in [PH]CP55,940 and PHJROG6957022 assays were obtained by non-linear
regression analysis of the homologous and heterologous displacement curves and further
converted into inhibitory constant pK; using the Cheng-Prusoff equation”. In which the
experimentally determined Ky, for each construct was used for [’H]CP55,940 assays or 0.78
oM for [PHJRO6957022 assays (data not shown).

Differences in pECs, E,.., pKp and pK; values for each mutant compared to WT were
analyzed using a one-way Welch’s ANOVA with Dunnett’s T3 multiple comparisons test or
an unpaired Student’s t-test with Welch’s correction. Significant differences are displayed as
*p < 0.05;%* p < 0.01, ¥* p < 0.001 and **** p < 0.0001.

For the animal experiments all the values are represented as mean + SEM. Statistical analysis
of the data was performed by analysis of variance (ANOVA) followed by Tukey’s post hoc
test for multiple comparisons or t-test if appropriate. The analysis was conducted using
GraphPad Prism 9 software. p <0.05 was considered statistically significant.

4.4.19  Data and code availability

The atomic coordinates for CB,R-LEI-102-G;-scFv16, CB,R-APD371-G;-scFv16, CB,R-
HU308-G;-scFv16 and CB,R-CP55,940-G;-scEFv16 have been deposited in the Protein
Data Bank with the accession codes 8GUT, 8GUQ, 8GUS and 8GUR. The EM maps for
CB,R-LEI-102-G;-scFv16, CB,R-APD371-G;-scFv16, CB,R-HU308-G;-scFv16 and CB,R-
CP55,940-G;-scFv16 have been deposited in EMDB with the codes EMD-34279, EMD-
34276, EMD-34278 and EMD-34277, respectively.
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4.81 Supplementary figures
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Figure 4.51 Synthetic route of LEI-102.

Reagents and conditions: a) step 1: m-CPBA (1.8 eq), 0 °C-rt, DCM, 4 days; step 2: TFAA (2.2 eq), 55 °C, 3 h; step
3: K,CO;5 (24 eq), THF:McOH (20:1), 17 h, 35% (three steps); b) Et;N (2.3 eq), MsCl (1.7 eq), THE 0 °C-rt, 1 h,
75%; ¢) K,CO5 (2.2 eq), tetrahydro-2H-pyran-4-amine (1.3 eq), ACN, 50 °C, 3 h, 67%; d) step 1: 2-aminoacetamide
hydrochloride (1.0 eq), NaOH (1.1 eq), MeOH:H,O (5:1), rt, 18 h; NaBH, (2.1 eq), 18 h, 91% (two steps); ¢) CDI (2.1
eq), DMAP (2.1 eq), ACN, 60 °C, 70 h, 37%; f) K,CO; (3.0 eq), 1-bromo-2-methylpropane (2.0 eq), DME, rt, 20 h, 88%;
) KOAc (4.4 eq), bis(pinacolato)diboron (1.5 eq), Pd(dppf)CI2 (0.06 eq), DME, 75 °C, 20 h; h) 4 (1.0 eq), 9 (1.5 eq),
IGCO; (6.0 eq), PA(PPhy), (0.1 eq), toluene:EtOH (4:1), 75 °C, 18 h, 45% (two steps).
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Figure 4.S2 CB,R-G;-Scfv16-LEI-102 complex preparation and cryo-EM data processing.

(a) Representative size-exclusion chromatography elution profile of CB,R complex. Fractions corresponding to the main
peak of monomers are indicated. (b) Coomassie blue staining of the CB,R-G;-scFv16 complex. (c) Representative cryo-
EM micrograph of the CB,R-G;-scFv16 complex. Scale bar: 50 nm. (d) Representative 2D averages (box size: 256 A)
showing diverse secondary structure features. (¢) Flow chart of cryo-EM single particle analysis of the CB,R-G;-scFv16
complex. (f) Local resolution map of the CB,R-Gi-scFv16 complex. (g) Fourier shell correlation curves of the CB,R-
Gi-scFv16 complex.
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Figure 4.S3 CB,R-G;-Scfv16-APD371 complex preparation and cryo-EM data processing.

(a) Representative size-exclusion chromatography elution profile of CB,R complex. Fractions corresponding to the main
peak of monomers are indicated. (b) Coomassie blue staining of the CB,R-G;-scFv16 complex. (c) Representative cryo-
EM micrograph of the CB,R-G;-scFv16 complex. Scale bar: 50 nm. (d) Representative 2D averages (box size: 256 A)
showing diverse secondary structure features. (¢) Flow chart of cryo-EM single particle analysis of the CB,R-G;-scFv16
complex. (f) Local resolution map of the CB,R-Gi-scFv16 complex. (g) Fourier shell correlation curves of the CB,R-
Gi-scFv16 complex.
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Figure 4.54 CB,R-G;-Scfv16-HU308 complex preparation and cryo-EM data processing.

(a) Representative size-exclusion chromatography elution profile of CB,R complex. Fractions corresponding to the main
peak of monomers are indicated. (b) Coomassie blue staining of the CB,R-G;-scFv16 complex. (c) Representative cryo-
EM micrograph of the CB,R-G;-scFv16 complex. Scale bar: 50 nm. (d) Representative 2D averages (box size: 256 A)
showing diverse secondary structure features. (¢) Flow chart of cryo-EM single particle analysis of the CB,R-G;-scFv16
complex. (f) Local resolution map of the CB,R-Gi-scFv16 complex. (g) Fourier shell correlation curves of the CB,R-
Gi-scFv16 complex.
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Figure 4.S5 CB,R-G;-Scfv16-CP55,940 complex preparation and cryo-EM data processing.

(a) Representative size-exclusion chromatography elution profile of CB,R complex. Fractions corresponding to the main
peak of monomers are indicated. (b) Coomassie blue staining of the CB,R-G;-scFv16 complex. (c) Representative cryo-
EM micrograph of the CB,R-G;-scFv16 complex. Scale bar: 50 nm. (d) Representative 2D averages (box size: 256 A)
showing diverse secondary structure features. (¢) Flow chart of cryo-EM single particle analysis of the CB,R-G;-scFv16
complex. (f) Local resolution map of the CB,R-Gi-scFv16 complex. (g) Fourier shell correlation curves of the CB,R-
Gi-scFv16 complex.
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€ CBRG-HU308 comples

™7 HU308

d  CBR-G-CP55,940 complex

LCL2 G5 CP55,940

Figure 4.S6 Representative cryo-EM density map of the CB,R-G;-scFv16 complex.

(a-d) EM density map and models are shown for all transmembrane helices, ECL2, ligand and «5 helix of Go; (GH5)
in (a) LEI-102, (b) APD371, (c) HU308 and (d) CP55,940 bound CB,R-G;-scFv16 complex. Same color codes as in
Figure 4.2.
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Figure 4.87 Schematic representation of interactions between CB,R and agonists.

(a-d) Schematic 2D representation of the binding pocket of agonist (a) LEI-102, (b) APD371, (c) HU308 and (d)
CP55,940. Hydrophobic amino acids are colored in green, polar amino acids are colored in cyan, basic amino acids are

colored in purple.
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Supplementary tables

Receptor expression as determined by ELISA for (a) CB,R and (b) CB;R WT and mutants. Data are expressed as mean
+ SD of at least two experiments performed in quintuplicate.

4.82 Supplementary tables

Table 4.81 Physico-chemical properties of the investigated ligands.
Compound  cLogP sLogP TPSA MW Number Number  Number
A) (g/mol) Rotatable Bonds HBD HBA
A-THC 7.24 5.74 29.5 314.5 4 1 2
2-AG 6.89 5.03 66.8 378.6 17 2 4
AEA 6.18 5.24 49.3 347.5 16 2 2
CP55,940 5.82 5.66 60.7 376.6 10 3 3
HU308 8.00 6.63 38.7 414.6 10 1 3
APD371 -0.35 0.70 107.0 357.4 4 2 6
LEI-102 2.07 3.58 74.8 454.5 8 1 5

All values were calculated using RDKit KNIME nodes version 4.5.0.v202207051536, apart from cLogP which was
calculated using ChemDraw 19.0.
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Table 4.83 Characterization of cannabinoid CB, receptor mutations in [’H]CP55,940 displacement
assays.
LEI-102 APD371 HU308 CP55,940 AEA 2-AG
Construct l()IIéZ M) Displacement (%) pK? pK® pK?
83+ 0.1
WwWT (5.24) 177 19217 67 83+ 0.1 63+01 506£02
L193**1 N.D. N.D. N.D. N.D. N.D. N.D. N.D.
A
= - 8.6 0.2
L3595V (2.80) 25%6 18+9 41+10 85+ 0.1 63+01 59%01
y 84102
H2705¢2L (3.70) 475 8§+3 46+ 3 84101 63100 55%02
g 8.6+ 01
g I1267°°’L e 5;) 25+%3 2417 -7+19 8.6+ 0.1 64+01 061%02
< .
g 8.7+0.2
S D266"“E (L.91) 38+ 10 12+7 34%5 8.7 0.1 6701 59%01
| .
w81 E02 -
Quadruple™" (8.36) 26 £10 0£25 -13+£22 81%02 64+00 53%00

Mutations are shown in the numbering of the cannabinoid CB, receptor (CB;R) amino acid sequence, as well as the
Ballesteros and Weinstein GPCR numbering system. *® Percentage of [PH]CP55,940 displacement by 10 uM compound
or binding affinity (pKj) were determined in [PH]CP55,940 displacement assays on HEK293T membranes transiently
expressing CBR constructs. All values are presented as the mean £ SEM of at least three independent experiments
performed in duplicate. One-way Welch ANOVA with Dunnett’s T3 posthoc test was used to analyze differences in pKy,
or pK;values compared to WT. N.D. is not determined. BP is binding pocket.
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Table 4.54 Cryo-EM Data collection, model refinement, and validation statistics.
CB,R- CB,R- CB;R- CB;R-
LEI-102-G; APD371-G; HU308-G; CP55,940-G;
Data collection and processing
Magnification 105,000 105,000 105,000 105,000
Voltage (kV) 300 300 300 300
Electron exposure (e—/A?) 60 60 60 60
Defocus range (um) -1.0~-2.0 -1.0~-2.0 -1.0~-2.0 -1.0~-2.0
Pixel size (A) 0.52 0.52 0.52 0.52
Symmetry imposed C1 C1 C1 C1
Images (no.) 5,282 7,443 7,530 6,473
Initial particle images (no.) 3,398,611 5,239,870 4,653,294 3,595,875
Final particle images (no.) 762,471 1,152,146 355,832 440,292
Map resolution (A) 2.98 3.08 2.97 2.84
FSC threshold 0.143 0.143 0.143 0.143
Map resolution range (A) 2.9~6.0 2.9~6.0 2.9~6.0 2.7~5.0
Refinement
Initial model used (PDB code) 6KPF 6KPF G6KPF 6KPF
Map sharpening B factor (A?) -104.2 -118.6 110.8 -100.9
Model composition
Non-hydrogen atoms 8,812 8,801 8,817 8,888
Protein residues 1,137 1,137 1,137 1,139
Ligands 1 1 1 1
B factors (A?)
Protein 68.00 61.04 68.91 68.22
Ligand 76.90 104.87 67.91 85.48
R.m.s. deviations
Bond lengths (A) 0.003 0.009 0006 0.010
Bond angles (°) 0.57 1.24 0.69 1.80
Validation
MolProbity score 1.82 1.04 1.83 1.46
Clashscore 12.29 5.04 12.11 7.74
Poor rotamers (%o) 0.00 0.32 0.00 0.00
Ramachandran plot
Favored (%) 96.60 94.46 96.43 97.86
Allowed (%) 3.40 5.54 3.57 2.14
Disallowed (%) 0.00 0.00 0.00 0.00
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Table 4.S5 Cell surface expression levels of cannabinoid receptor constructs in ELISA.
CB.R ﬁl‘ﬁisfif I:nock) CB.R ﬁﬁﬁisféf rrilock)
wT 1.9+05 wWT 20+02

. I110°¥L 1.9+02 L1931 1.1£03

__“é 1110°*A 1.2£0.0 L193*¥A N.D.

;5 S285"¥A 1.5+0.1 83837*A N.D.

T FUPFA 1.6£03 F200°A ND.

= H95*¢A 1.6 £0.0 H178*¢A N.D.
V261¢%'L 1.4%05 L3595V 1.9+05

» L185°°“H 30208 H270"°2L 29%15

;.E) L1825k 1.8£0.1 12675¢2L 20+04

-:§D E1815¢“D 1.6 £ 0.4 D2665“E 27+1.6

A Quadruple™"’ 20£0.6 Quadruple™" 32+1.0

Mutations are shown in the numbering of the cannabinoid CB, (CB,R) or CB, receptor (CB;R) amino acid
sequence as well as the Ballesteros and Weinstein GPCR numbering system. Data are presented as fold over
mock (empty pcDNA3.1 vector) and are mean £ SD of at least two individual experiments performed in.
N.D. is not determined.
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Table 4.S6 Characterization of cannabinoid CB, receptor mutations in G protein activation assays.
LEI-102 APD371 HU308
Construct Basal* pECs° E.. (%) pECs E, o (%) pECs, E, o (%)
wT 1.0£0.0 69102 103+ 3 79101 109+ 3 711202 105+ 3
- I10*¥L 1.0+ 0.0 78 0.1%  91%3 6.7+03 101 £7 6.7+04 122 £12
% 1110°**A 1.0+ 0.1 7.0+ 0.6 36+13 6.6 £ 0.6 28 + 9%* 64£05 27 £ 10%*
gl; 82857FA 0.9£0.0 63+03 45 + 8* 65%03 49 £ 6* 5.9 £0.1%% 65+ 18
E F117°%A 0.8+0.1 N.D. 1111 N.D. 2+ 6% N.D. 5+ 11%*
a H95*A 0.9£0.0 <5 647 571 0.2%% 5010 6.6+ 0.6 67 £ 16
V261¢%'L 0.8+ 0.0 64100 L gfrbk 69+ 02%  oE2¥ <5 26 £ 7%
» L185°“H 1.2%0.1 6901 217 £ 21 8.0+0.1 183 £ 16 6.8+£0.2 146 £ 8
g L1825 0.8£0.0x 74£08 11 £ 8* 6.6%04 17 £ 4005 <5 10 £ 7%*
%} E181°°D 0.9£0.0 6.9 0.6 28 £13 6.9%£0.6 39 + 6** 70£0.7 32 & Feexx
A Quadruple™*” 0.9 +0.0 62102 27 & 5% 84101 35 £ 7* N.D. 1£9%
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Supplementary tables

CP55,940 AEA 2-AG
Construct PECs Enw (%)  pECy Enu (%) PECy Epe (%)
WT 85403  99+3 63+02 1067 59+01 85+2

. I10°2L 94+02  96+3 N.D. ND. N.D. N.D.

%; 1110°2A 87404  30+200c  ND, N.D. N.D. N.D.

;:5 S28577A 67014 25455  ND ND. N.D. ND.

T OFUTeA N.D. 1+14 ND. ND. N.D. ND.

B Hosea 69+ 02%  68+11 ND. ND. N.D. ND.
V261°51L <5 12+ 7%  ND. ND. N.D. N.D.

> LI185°H 89+04 142416  66+00 210+61 59+02 171+16

5 Liszraen 88E0.8 19+ 2%0er <5 S5H17F <5 15 + 9%

%} E1815¢2D 79405  19+10 <5 144 50 <5 22+ 15

S Quadruple™” 81+02 18+ 14 <5 24+ TR <5 6 & 4rrk

Mutations are shown in the numbering of the cannabinoid CB, receptor (CB,R) amino acid sequence
as well as the Ballesteros and Weinstein GPCR numbering system. wbe Basal activity, potency (pECs)
and efficacy (E,,) values were obtained from [*S]GTPyS assays on HEK293T membranes transiently
expressing CB,R constructs. The percentage maximum effect at 10 pM (E,,, in %) and the fold basal
activity values were calculated compared to WT. pECs, <5 was reported when the curve fit was not finished.
Binding pocket mutations were not assessed for endocannabinoids. Values are presented as the mean +
SEM of at least three independent experiments performed in duplicate. One-way Welch ANOVA with
Dunnett’s T3 posthoc test or Welch’s t-test was used to analyze differences in pECs, and E,,,, values
compared to WT (*p < 0.05, ** p < 0.01, #** p < 0.001, **** p < 0.00001). N.D. is not determined.
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Table 4.87 Characterization of cannabinoid CB, receptor mutations in [’H]CP55,940 displacement assays.
LEI-102  APD371 HU308 CP55,940 AEA 2-AG
Construct Eﬁ’)n(KD’ pK? pK? pK? pK? pK? pK?
91£0.0
wWT 077 7.5%0.1 8.0+ 0.0 78+£02 92%£02 62%01 58+ 0.1
+
% 1110*¥L ?(5265 02 79100 71X£00%*¢  73+£01 91%0.1 61£01 58=%0.1
92%0.1
° L1855¢“H 73101 7.7%0.1 72200 94%0.1 63%x01 64%02
£ B 0.60)
8 9.0 £0.1
s ™17 MY
- Quadruple™" (1.08) 6802 6703 71204  92%0.1 5603 <5

Mutations are shown in the numbering of the cannabinoid CB, receptor (CB,R) amino acid sequence as well as the Ballesteros
and Weinstein GPCR numbering system. ** Binding affinities (pKp, pK;) wete determined in [’H]CP55,940 displacement assays
on HEK293T membranes transiently expressing CB,R constructs. pK; <5 was reported when the curve fit was not finished.
All values are presented as the mean £ SEM of at least three independent experiments performed in duplicate. One-way Welch
ANOVA with Dunnett’s T3 posthoc test was used to analyze differences in pK values compared to WT (*p < 0.05, ** p < 0.01,
*k p < (0.001). Mutations 1110°#L, $2857*A, F117**A, H95*A, V261¢'L, L185"“] and E181“D could not be assessed
due to lack of specific binding window. BP is binding pocket.

Table 4.S8 Characterization of cannabinoid CB; receptor mutations in G protein activation assays.

Construct Basal* LEI-102 APD371 HU308 CP55,940 AEA 2-AG
wWT 1.0 £0.0 1.0£0.1 1.0+ 0.0 0.8£0.0 12401 1.2+0.1 1.3+0.1

o, L193*¥1 N.D. N.D. N.D. N.D. N.D. N.D. N.D.

a L3595V 0700 1.1%01 1.1£01 0.9%0.1 14£02 14£02 14£02

>  H270°°“L 0.7£0.00 1200 1.1£0.0 12+01¢ 1.6%0.1 1.4%0.1 1.5+0.1

;&; 12675°2L 1.1£0.0 1.0£0.0 0.9£0.0 0.8£0.0 1.0 £ 0.0 1.0£0.1 1.1£0.0

%) D266"°E 0.7£0.0* 1101 09+£0.1 0.8+0.1 1.4%0.1 1.31+0.1 1.5£02

=

Quadruple™ 0.6 0.1 1.2+0.1 1.1+0.0 0.9£0.0 1.8+ 0.1* 1.6%0.1 1.8 £0.1*

Mutations are shown in the numbering of the cannabinoid CB, receptor (CB;R) amino acid sequence as well as the Ballesteros

and Weinstein GPCR numbering system. * Basal activity is expressed as fold over WT. Agonist-mediated activation values were
obtained from [*S]GTPyS assays on HEK293T membranes transiently expressing CB,R constructs using 10 pM agonist, and
are expressed as fold over its basal. Values are presented as the mean £ SEM of three independent experiments performed in
duplicate (7 indicates the number of biological replicates). One-way Welch ANOVA with Dunnett’s T3 posthoc test was used
to analyze differences in activation values compared to WT (*p < 0.05, ** p < 0.01, ##* p < 0.001, **** p < 0.00001). Exact p
values are given between square brackets. N.D. is not determined. BP is binding pocket.
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Dual allosteric and orthosteric pharmacology of CBD-DMH

Abstract

Cannabinoid CB, receptor (CB,R) is a class A G protein-coupled receptor (GPCR)
involved in a broad spectrum of physiological processes and pathological conditions. For
that reason, targeting CB,R might provide therapeutic opportunities in neurodegenerative
disorders, neuropathic pain, inflammatory diseases, and cancer. The main components from
Cannabis sativa, such as A’-tetrahydrocannabinol (A’-THC) and cannabidiol (CBD), have
been therapeutically exploited and synthetically-derived analogs have been generated. One
example is cannabidiol-dimethylheptyl (CBD-DMH), which exhibits anti-inflammatory
effects. Nevertheless, its pharmacological mechanism of action is not yet fully understood
and is hypothesized for multiple targets, including CB,R. The aim of this study was to
further investigate the molecular pharmacology of CBD-DMH on CB,R while CBD
was taken along as control. These compounds were screened in equilibrium and kinetic
radioligand binding studies and various functional assays, including G protein activation,
inhibition of cAMP production and B-arrestin-2 recruitment. In dissociation studies, CBD-
DMH allostetically modulated the radioligand binding. Furthermore, CBD-DMH negatively
modulated the G protein activation of reference agonists CP55,940, AEA and 2-AG, but
not the agonist-induced B-arrestin-2 recruitment. Nevertheless, CBD-DMH also displayed
competitive binding to CB,R and partial agonism on G protein activation, inhibition
of cAMP production and B-arrestin-2 recruitment. CBD did not exhibit such allosteric
behavior and only very weakly bound CB,R without activation. This chapter shows a dual
binding mode of CBD-DMH, but not CBD, to CB,R with the suggestion of two different
binding sites. Altogether, it encourages further research into this dual mechanism which
might provide a new class of molecules targeting CB,R.
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Introduction

5.1 Introduction

The cannabinoid CB, and CB, receptors (CBR and CB,R) are class A G protein-coupled
receptors (GPCRs) that are responsible for signal transduction of the endocannabinoid
system (ECS)!. Both receptors couple primatily to Goy/, proteins and recruit B-arrestin
upon stimulation by agonists, such as the endocannabinoids anandamide (AEA) and
2-arachidonoylglycerol (2-AG)**. Howevet, due to the distinct localization of these receptors,
they regulate different processes. CB;R is the most abundant GPCR in the central nervous
system and involved in the regulation of cognition and memory. On the contrary, CB,R is
primarily expressed on cells of the immune system and modulates (neuro)inflammatory
processes’. Therefore, specific targeting of CB,R might provide opportunities in the
treatment of a variety of pathological conditions charactetized by low-grade inflammation,
such as neuropathic pain, inflammatory bowel disease, neurodegenerative disorders, and
cancer”.

The main components of Cannabis sativa A’-tetrahydrocannabinol (A-THC) and
cannabidiol (CBD), and synthetically-derived analogs have been therapeutically exploited
to target CB,R®. Over the years, CBD has received increasing attention due to its vatiety
of therapeutic effects, including antiepileptic, anti-inflammatory, analgesic, and anti-
cancer properties as well as neuroprotective and neuromodulatory functions in Parkinson’s
disease™. Currently, Epidiolex® (CBD) and Sativex® (1:1 CBD: A’~THC) atre approved
for the treatment of Dravet syndrome, Lennox-Gastaut syndrome and multiple sclerosis-
associated spasticity’. Additonally, CBD has been brought to the attention of the public
as component of oils or infused beverages that can be obtained without a presctiption'.
However, the pharmacological mechanism of action of CBD is not yet fully understood
and has been linked to interactions with various targets via contradicting mechanisms®!'-"3.

In view of the promising therapeutic possibilities of CBD, various derivatives have been
synthesized over the years. One such derivative is cannabidiol-dimethylheptyl (CBD-DMH)
in which the pentyl side chain of CBD is replaced for a dimethylheptyl chain (Figure 5.1)!.
Similar to CBD, CBD-DMH is devoid of any psychotropic activity and has been shown to
possess anti-inflammatory effects by reducing the levels of vatious pro-inflammatory genes
and key inflammatory mediators, such as nitric oxide and reactive oxygen intermediates'*"".
Additionally, CBD-DMH induced apoptosis in myeloblastic cells, but not healthy control
cells'. Fride e a/ further demonstrated efficacy and anti-inflammatory activity of CBD-
DMH in vivo”. These beneficial effects of CBD-DMH have been hypothesized to be
mediated via various proteins, such as CB,R, CB,R, adenosine A,, receptor and an
anandamide transporter'>"1" Interestingly, low (orthosteric) affinity of CBD-DMH to
CB,R has been found, but also allosteric modulation of downstream signaling pathways
has been speculated® . Nevertheless, the exact molecular mechanisms remain unknown.

Inview of the therapeutic possibilities, we aimed to investigate the molecular pharmacological
effect of CBD-DMH on CB,R, while close analog CBD was taken along. The possibility
of an allosteric interaction with CB,R was explored in equilibrium and kinetic radioligand
binding studies in which all commercially available proclaimed allosteric modulators of
the ECS were screened for validation (Figure 5.1)*. Of these, only CBD-DMH displayed
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allosteric properties on CB,R and was further characterized in radioligand binding assays
and functional studies. CBD-DMH demonstrated competitive binding to CB,R and
(partial) agonism on G protein activation, inhibition of cAMP production and B-arrestin-2
recruitment. Additionally, CBD-DMH negatively impacted the affinity of a set of reference
ligands. Furthermore, in the presence of CBD-DMH the G protein activation of CP55,940
and 2-AG was impaired, which was not observed in B-arrestin-2 recruitment assays to
CB,R. This chapter shows that CBD-DMH has allosteric interactions with CB,R, but also
competitively binds to the receptor with orthosteric ligands. It therefore invites further
research into this dual mechanism of CBD-DMH to CB,R which might provide a new class
of molecules targeting CB,R.

(Ini Q,° » H H
cl { HN—\_<;>_N/:> @%NIN\QCI

ORG27569 PSNCBAM-1 ZCZo11
H
H
GAT211 (rac) GAT229 (S) B-caryophyllene

HoN

N/)~w2

CBD-DMH CBD CP55,940
o OH o
A,o N o f
| S H ~~ — — o OH = — N/\/OH
H
LN Z ° - ~—
N —~—
o
RO6957022 2-AG AEA
Figure 5.1 Chemical structures of reported allosteric modulators and references ligands of the

endocannabinoid system.
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Results

5.2 Results
5.2.1 Screening of CBD-DMH . and proclaimed allosteric modulators of ECS on CB,R

To explore the molecular pharmacological profile of CBD-DMH on CB,R, it was screened
in single point displacement assays using inverse agonist [PHJRO6957022 and agonist [*H]
CP55,940 along with ten proclaimed ECS modulators for reference (Figure 5.1, 5.2a, Table
5.1). ZCZ011, GAT211, GAT228, GAT229 and CBD-DMH displaced ['HJRO6957022
between 18 and 42% when tested at 10 uM, whereas ORG27569 and CBD displaced the
radioligand more than 50% at this concentration. PSNCBAM-1, B-caryophyllene and
pregnenolone did not displace PHJROG957022 at all and pepcan-12 slightly increased
the specific binding of [PHJRO6957022. Using ['H]CP55,940, six compounds displaced
the radioligand between 17 and 45%, but only 10 uM CBD and CBD-DMH displaced
the agonistic radioligand for 65% and 105%, respectively. Compounds B-caryophyllene,
pregnenolone and pepcan-12 did not influence [PH]CP55,940 binding.

To investigate allosteric effects of CBD-DMH and the ECS modulators, radioligand
dissociation assays were executed. For a quick screening of all compounds, a single point

b
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Figure 5.2 Screening of reported allosteric modulators of the ECS in radioligand binding assays on
hCB,R.

(a) Displacement of [PHJRO6957022 or [’H]CP55,940 by 10 uM compound. (b) Dissociation of ['H[RO6957022 from
hCB,R at 10 °C with indicated half life time (t.)). (c) Binding of PHJROG6957022 after 27 min of dissociation (t..)
from hCB,R induced by 10 uM AMG630 in the absence (control) or presence of 10 uM of compound. (d) Dissociation
curves of [PHJRO6957022 from hCB,R induced by 10 uM AMG630 in the absence (control) or presence of increasing
concentrations of CBD-DMH or 10 pM CBD. Total binding (TB) of specific radioligand was set to 100%. Data are
shown as mean £ SD from at least (a,c) two or (b,d) three independent experiments performed in duplicate.
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Table 5.1 Screening of reported allosteric modulators of the ECS in radioligand binding assays on
hCB,R.
Compound ([;jH] R0O6957022 . [3.H] CP55,940 . [{H] 306957:)22
splacement (%) displacement (%) binding (%)
Control N.A. N.A. 51%5
ORG27569 68+£3 45+3 52+2
PSNCBAM-1 2%1 18+ 4 53+8
2CZ011 30£1 34+7 58t 14
GAT211 (rac) 21£3 175 57+2
GAT228 (R) 34£6 37£8 54t 4
GAT229 (S) 18+ 12 25%3 57%5
B-caryophyllene 811 2%6 49+12
Pregnenolone 8118 1£6 54£0
Pepcan-12 3111 04 52+3
CBD 51%6 65%5 51£5
CBD-DMH 42+ 8 105+ 3 75 £ 9%

Values represent the mean £ SD of at least two individual experiments performed in duplicate. * Percentage ['H]
ROG6957022 displacement from hCB,R in the presence of 10 uM compound after 2 h. ® Percentage [’H]CP55,940
displacement from hCB,R in the presence of 10 uM compound after 2 h. © Percentage ['HJ[RO6957022 binding after 27
minutes of dissociation from hCB,R induced by 10 uM AM630 in absence (control) or presence of 10 uM compound.
One-way ANOVA with Dunnett’s multiple comparisons test was used to analyze differences in specific binding compared
to control (*p < 0.05). N.A. is not applicable.

[PHJROG6957022 dissociation assay was designed. In the presence of 10 uM AMG630,
dissociation of [PHJRO6957022 followed a monophasic decay until full dissociation was
reached after approximately 180 min, where its dissociation half-life (t,,) was 27 minutes,
ie., the point where 50% of the radioligand was still bound (Figure 5.2b). Subsequently,
all eleven compounds were screened in a single point PHJRO6957022 dissociation assay at
t,, of 27 minutes of dissociation, i.e., the time point that equally allows for the observation
of an increase or decrease in radioligand dissociation rate (Figure 5.2c). Only CBD-DMH
significantly increased the specific binding of PHJROG6957022 to 75 + 9% compared to 51
* 5% of control (Figure 5.2¢c, Table 5.1). Interestingly, close analog CBD did not change
the specific binding (51 £ 5%). To further quantify these effects, a full curve dissociation
in the presence of CBD-DMH and CBD was performed (Figure 5.2d, Table 5.2). CBD-
DMH drastically altered the dissociation of [PHJRO6957022, which could not be quantified
in the three hour timeframe. Therefore, the incubation time was extended to five hours and
time points were distributed to capture the full response. The dissociation rate constant (&)
of PHJROG6957022 was significantly reduced in the presence of 1 and 3 pM CBD-DMH
with &, values of 0.007 + 0.002 min™ and 0.005 * 0.001 min™, respectively, compared
to 0.019 & 0.005 min" in the control condition. Furthermore, even after 5 h incubation
in the presence of 10 pM CBD-DMH this parameter could no longer be quantified, as
the radioligand’s dissociation was extremely impaired. The £, of [PHJROG6957022 in the
presence of 10 uM CBD was also significantly reduced to 0.013 + 0.001 min™, but this was
less than 2-fold from control and is therefore not considered biologically relevant (Figure

5.2d, Table 5.2).
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Table 5.2 Dissociation rate constants in the absence and presence of increasing concentrations of
CBD-DMH or 10 pM CBD in [*’H]ROG6950722 dissociation assays.

Modulator ko (min)
Control 0.019 £ 0.005

+ 1 uM CBD-DMH 0.007 £ 0.002%%*
+ 3 uM CBD-DMH 0.005 £ 0.001#**
+ 10 pM CBD-DMH N.D.

+ 10 uM CBD 0.013 £ 0.001*

Values represent the mean * SD of at least three individual
experiments performed in duplicate. One-way ANOVA with
Dunnett’s multiple comparisons test was used to analyze differences
in A&, compared to vehicle (*p < 0.05, ** p < 0.01, *** p < 0.001,
R p < 0.00001). N.D. is not determined.

Together, the results from the screening assays suggest a weak competitive interaction of
ORG27569 and CBD with PPH]CP55,940 at CB,R, while CBD weakly and CBD-DMH
morte potently displaced [PHJRO6957022. Interestingly, CBD-DMH is also an allostetic
enhancer of PHJRO6957022 binding at CB,R, indicating a second possible binding site.
Notably, none of the other compounds exhibit evident allosteric enhancement or inhibition.
Therefore, the binding mechanism of CBD-DMH is further explored, while taking CBD
along as control.

5.2.2  Alffinity of orthosteric reference ligands in the absence or presence of CBD-DMH
and CBD

The competitive behavior of CBD-DMH and CBD was further investigated in full curve
displacement assays with PHJRO6957022. CBD-DMH displayed a pK; value of 6.46 £ 0.20,
while a remaining 20% of [PHJRO6957022 was not displaced (Figure 5.3a, Table 5.3).
CBD only showed weak displacement at 10 uM, as such its affinity for CB,R could not be
determined (Figure 5.3a).

As allosteric modulation can be probe-dependent, the modulating effect of CBD-DMH and
CBD was investigated on the binding of vatious reference ligands. Specifically, modulation
of CP55,940 (which was also used as a radioligand in the screen, Figure 5.2a), and two
endogenous agonists, i.e., 2-AG and AEA, was evaluated and compared to their effect on
unlabeled RO6957022. To this end, PHJROG6957022 displacement assays in the absence
or presence of increasing concentrations of CBD-DMH or 3 uM CBD were performed
(Figure 5.3, Table 5.3). The control conditions reflected the increased displacement of
[PHJRO6957022 in the presence of incteasing concentrations of CBD-DMH from 0% up
to 80% and 20% displacement in the presence of 3 uM CBD, which corresponded well to
their values in the displacement curves (Figure 5.3).

For both inverse agonist RO6957022 and agonist CP55,940 a trend in decreased apparent
affinity (pICs;) was found in the presence of increasing concentrations of CBD-DMH
(Figure 5.3c,d, Table 5.3). Specifically, their apparent affinities were significantly decreased
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Table 5.3 Apparent affinity (pK;) of CBD-DMH or apparent affinity (pIC;) of orthosteric ligands
in the absence or presence of CBD-DMH and CBD as determined in [PH]R06957022 displacement assays.
Modulator CBD-DMH R06957022 CP55,940 2-AG AEA
Control 6.46 = 0.20 8.39 £ 0.49 8.78 £ 0.28 6.20 £ 0.16 5.58 £ 0.16
+0.03uM CBD-DMH  N.A. 8.30 £ 0.32 8.62 £ 0.26 6.14 £ 0.06 549 £0.17
+ 0.3 uM CBD-DMH N.A. 7.97 £0.12 8.52 = 0.63 6.06 = 0.21 5.57 £0.25
+ 3 uM CBD-DMH N.A. 6.99 £ 0.55%  7.04 £ 0.92*% 5.01 £ 0.20%06% 447 £ 0.50%*
+ 3 uM CBD N.A. 8.04 +0.45 8.60 £ 0.36 5.88 £0.05 545+ 0.14

Values represent the mean + SD of at least three individual experiments performed in duplicate. pK; (CBD-DMH)
and pIC;, values of orthosteric reference ligands in the absence (control) or presence of increasing concentrations of
CBD-DMH or 3 uM CBD were obtained from ["HJRO6957022 displacement assays on membranes stably expressing
hCB,R. One-way ANOVA with Dunnett’s multiple comparisons test was used to analyze differences in pICs, compared
to control (*p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.00001). N.A. is not applicable.

in the presence of the highest concentration of 3 uM CBD-DMH by 25- and 54-fold,
respectively. Similarly, the apparent affinities of endogenous agonists 2-AG and AEA were
significantly reduced in the presence of 3 uM CBD-DMH by 15- and 13-fold compared to
control condition. However, 3 uM CBD did not statistically significant affect the apparent
affinity of any orthosteric ligand (Figure 5.3c-f, Table 5.3). This further confirms the
lack of allosteric modulation by CBD at CB,R, whereas CBD-DMH impaired the apparent
affinity of the inverse agonist, synthetic agonist, and endogenous agonists at CB,R.
Nevertheless, CBD-DMH also competes with RO6957022 for binding to CB,R.

5.2.3 Ga; protein activation by CBD-DMH and modulation of orthosteric reference
agonists in the absence or presence of CBD-DMH and CBD

[**S]GTPyS binding assays were performed to investigate Goy protein activation by CBD-
DMH and CBD. CBD-DMH behaved as a partial agonist with a pECs, value of 7.42 +
0.14 and E,,,, value of 69 £ 5% compared to full agonist CP55,940 (Figure 5.4a, Table
5.4). CBD did not induce any Gua; protein activation on CB,R. Furthermore, this agonistic
effect of CBD-DMH was also observed in a cAMP assay with a potency of 8.05 + 0.28, i.e.,
cAMP production was inhibited by CBD-DMH at CB,R (Table 5.4).

To evaluate the modulatory effect of CBD-DMH and CBD on Gu; protein activation
induced by orthosteric agonists CP55,940, 2-AG and AEA, functional [*S]JGTPyS binding
assays wete performed in the absence and presence of increasing concentrations of CBD-
DMH and 0.3 uM CBD (Figure 5.4, Table 5.4). Firstly, the basal conditions reflected the
partial agonistic behavior of CBD-DMH for Ga; protein activation, which was not observed
for CBD (Figure 5.4). Secondly, a dose-dependent negative modulation of CP55,940-
incuded Goy; protein activation was observed in the presence of CBD-DMH (Figure 5.4b).
Specifically, pECs, values were significantly decreased from 8.90 £ 0.45 to 7.01 £ 0.46 in the
presence of 0.3 uM CBD-DMH (Table 5.4). On the other hand, CBD did not modulate
CP55,940 activation of CB,R. Neither CBD-DMH nor CBD affected the maximum
activation level by CP55,940. Although not statistically significant, a trend was observed
that CBD-DMH dose-dependently decreased the potency of 2-AG, without affecting its
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Affinity and modulation of affinity of orthosteric ligands by CBD-DMH and CBD.

(2) PHJROG6957022 displacement by CBD-DMH and CBD. [PHJRO6950722 displacement by (b) orthosteric inverse
agonist RO6957022, orthosteric agonists (c) CP55,940, (d) 2-AG and (e) AEA in the absence (control) or presence of
increasing concentrations of CBD-DMH or 3 uM CBD. Data are shown as mean £ SD from at least three independent

experiments performed in duplicate.

maximum activation (Figure 5.4c, Table 5.4). CBD did neither statistically significant affect
the potency of 2-AG nor AEA (Figure 5.4c,d, Table 5.4). Finally, AEA-induced G protein
activation was differently impacted by CBD-DMH compared to the other agonists, as the
level of activation induced by CBD-DMH was higher than AEA efficacy (Figure 5.4a).
Hence, the increasing concentrations of AEA caused the level of CBD-DMH activation to
be brought back to the maximal AEA activation level. Noteworthy, the lowest CBD-DMH
concentration tested (0.03 uM) resulted in a level of G protein activation equal to AEA’s
efficacy, i.e., resulting in a flat dose-response curve.
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Figure 5.4 G protein activation and modulation thereof by CBD-DMH and CBD.

(a) [*S]GTPyS binding by CBD-DMH and CBD compared to full agonist CP55,940. Modulation of orthosteric
agonists (b) CP55,940, (c) 2-AG and (d) AEA-induced [*S]GTPyS binding in the absence (control) or presence of
increasing concentrations of CBD-DMH or 0.3 uM CBD. Data are shown as mean & SD from at least three independent
experiments performed in duplicate.

In conclusion, we observed partial agonism of CBD-DMH, but not CBD, in G protein
activation and cAMP assays on CB,R. Moreover, CBD-DMH, but not CBD, also negatively
modulated agonist-induced Gua; protein activation.

524 [arrestin-2 recruitment by CBD-DMH and modunlation of orthosteric reference
agonists in the absence or presence of CBD-DMH and CBD

Another functional assay was performed to investigate the effect of CBD-DMH and
CBD on B-arrestin-2 recruitment to CB,R. CBD-DMH behaved as a partial agonist on
B-arrestin-2 recruitment with a pECs, value of 6.92 * 0.13 and 47 * 15% activation
compared to CP55,940 (Figure 5.5a, Table 5.4). Furthermore, CBD did not induce
(-arrestin-2 recruitment to CB,R.

The modulatory effect of CBD-DMH and CBD on B-attrestin-2 recruitment by CP55,940,
2-AG and AEA to CB,R was further examined in this assay (Figure 5.5, Table 5.4). As
expected, the basal conditions reflected the partial agonism of CBD-DMH on B-arrestin-2
recruitment to CB,R (Figure 5.5a). Similar to the G protein activation results, no
statistically significant modulation by CBD was detected for CP55,940, 2-AG or AEA-
induced B-arrestin-2 recruitment (Figure 5.5b-d, Table 5.4). CBD-DMH did not induce
a dose-dependent negative modulation of CP55,940, 2-AG or AEA-induced B-arrestin-2
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Figure 5.5 B-arrestin-2 recruitment and the modulation thereof by CBD-DMH and CBD.

(a) B-arrestin-2 recruitment by CBD-DMH and CBD compared to full agonist CP55,940. Modulation of agonists (b)
CP55,940, (c) 2-AG and (d) AEA-induced B-arrestin-2 recruitment in the absence (control) or presence of increasing
concentrations of CBD-DMH or 1 uM CBD. Data are shown as mean + SD from at least three independent experiments
performed in duplicate.

recruitment, in contrast to G protein activation results (Figure 5.5b-d, Table 5.4).
Interestingly, modulation of AEA-induced B-arrestin-2 recruitment by highest concentration
of 1 uM CBD-DMH could not be determined due to an already maximal activation of the
receptor by CBD-DMH.

Altogether, we found partial agonism of CBD-DMH, but not CBD, in B-arrestin-2
recruitment assays similar to the G protein activation assays. However, unlike in G protein
activation assays, no modulation of CBD-DMH or CBD was observed on any agonist-
induced B-arrestin-2 recruitment to CB,R.

5.3 Discussion

For centuries, components from Cannabis sativa, such as CBD, have been used for
medicinal purposes’. Recently, the FDA approved Epidiolex®, a pure CBD solution, for
the treatment of severe pediatric seizure disorders®’. Furthermore, CBD has attracted the
attention of the general public as a wonder drug that can be obtained over the counter.
However, its pharmacological profile is still not fully understood and seems to be
attributed to polypharmacology, i.c., activity at multiple targets''***. Meanwhile, synthetic
CBD derivates have been synthesized including CBD-DMH". CBD-DMH showed anti-
inflammatory effects in various in vitro models, and furthermore showed efficacy in an in
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vivo arachidonic acid-induced inflammation model> "', Nevertheless, the exact molecular
mechanism of CBD-DMH remains unknown but has been hypothesized to be mediated
by vatious proteins including CB,R*?. Therefore, we aimed to further characterize the
molecular pharmacological effect of CBD-DMH on this receptor. One of the proposed
mechanisms of CBD-DMH on CB,R has been attributed to allosteric modulation®.
Allosteric modulation, i.e., binding of a ligand at a binding site distinct from the orthosteric
site, presents several advantages over orthosteric targeting of receptors®. This includes the
lack of intrinsic agonistic properties indicating allosteric modulators can only modify the
binding or signaling of a second ligand, e.g., the endogenous ligand. Furthermore, allosteric

2526

modulators bear the possibility of a higher subtype selectivity™*. This class of molecules

might present a different strategy for targeting CB,R.

To investigate the allosteric behavior of CBD-DMH, radioligand binding dissociation
assays were petformed in which commercially available proclaimed ECS modulators were
taken along for reference (Figure 5.1)*. Alteration of the dissociation rate constant (£,g)
of an orthosteric ligand has been desctibed as a typical hallmatk of allosteric interactions
and can consequently lead to altered affinity and/or potency of the orthosteric ligand at
the receptor™?’. We screened CBD-DMH and the proclaimed modulators of the ECS in a
single point dissociation assay at CB,R for a quick insight into their dissociation modulating
properties (Figure 5.2¢, Table 5.1)%. CB,R allostetic modulators ORG27569, PSNCBAM-1,
2CZ2011, GAT211 (rac), GAT229 (S), and pregnenolone did not alter radioligand binding
in these assays, which confirmed their lack of allosteric interaction with CB,R%. Previously
reported CB,R negative allosteric modulators (NAMs) 3-caryophyllene and CBD, and positive
allostetic modulator (PAM) pepcan-12 did not change the binding profile in our assays®=>'.
To the best of our knowledge, dissociation experiments to identify the allosteric mechanism
have only been performed for B-caryophyllene and pepcan-12 using PH]CP55,940°*%". The
use of a biphasic radioligand such as ['H]CP55,940 may complicate the determination of
accurate kinetic parameters for unlabeled ligands due to the preference for different binding
states®. This issue is circumvented in our assays by using the monophasic PHJRO6957022.
Furthermore, pepcan-12 did not induce a statistically significant shift in agonist potency
in [PS]JGTPyS or cAMP assays’. Intriguingly, several studies report agonistic behavior of
B-caryophyllene by showing affinity for CB,R and G protein mediated signaling™?*. As we
aimed to investigate allosterism in this project (which we did not observe), this compound
was not taken along in sequential functional studies.

The only compound allosterically affecting the binding of the radioligand on CB,R was
CBD-DMH (Figure 5.2c, Table 5.1). Thetefore, the allosteric modulation by CBD-DMH
was further investigated in a full curve dissociation assay (Figure 5.2d, Table 5.2). A dose-
dependent decrease of [PHJRO6957022 binding was observed in the presence of CBD-
DMH and further quantified by significantly reduced £, values, which corroborates an
allosteric enhancing effect on inverse agonist RO6957022 at CB,R**. Of note, CBD
was included in this and all consecutive assays as control compound next to CBD-DMH.
Examination of CBD showed no statistically significant allosteric modulation (Figure
5.2a), very weak competitive binding (Figure 5.3a) but no potency on CB,R (Figure 5.4a,
5.5a, Table 5.3, 5.4). Evidently, CBD might bind orthosteric to CB,R, but with a very low,
non-detectable potency in all our assays, which contrasts with previous assumptions that
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CBD acts as a partial agonist or allosteric modulator at CB,R*%.

The modulating effect of CBD-DMH was further investigated on the affinity and potency
of reference orthosteric ligands in various binding and functional assays. The orthostetic
ligands used in this study were inverse agonist RO6957022, reference orthosteric agonist
CP55,940 and endogenous agonists 2-AG and AEA to account for potential probe
dependence of CBD-DMH, i.e., differential effects on different (types of) ligands (Figure
5.1)* The inclusion of the endocannabinoids to our study is a valuable addition since
this reflects physiological conditions and provides insight into how physiological effects
might be altered®. A negative allosteric modulation phenotype of CBD-DMH was found
in G protein activation assays in which the potency of CP55,940 was significantly reduced
with increasing concentrations of CBD-DMH (Figure 5.4b, Table 5.4). Although not
statistically significant, a similar effect by CBD-DMH was observed on the potency of 2-AG
(Figure 5.4c, Table 5.4). The modulation of AEA-mediated G protein activation was less
apparent due to the higher level of partial agonism of CBD-DMH compared to AEA,
which probably overshadows the allosteric action on potency (Figure 5.4a,d, Table 5.4).
However, in the presence of various concentrations of CBD-DMH, we observed a higher
G protein activation than by AEA alone, where in combination with higher concentrations
of AEA the maximal AEA level was observed (Figure 5.4d). Together, this suggests that
CBD-DMH is a NAM for G protein activation by CB,R agonists.

Nonetheless, this allosteric effect of CBD-DMH was not sustained in B-arrestin-2
recruitment assays (Figure 5.4b-d, Table 5.4), which might indicate that CBD-DMH
behaves as a biased allosteric modulator, i.e., demonstrating preference for modulating one
pathway over another®. In the study by Tham e o/, CBD-DMH was desctibed as a PAM
of CP55,940-dependent cAMP inhibition in contrast to the NAM effect on upstream G
protein activation found in our study®. Secondly, pathway-specific allostery was desctribed
with a NAM effect on CP55,940-dependent B-arrestin-1 recruitment. It is important to
note that in this specific study, recruitment of B-arrestin-1 was investigated in contrast to
B-arrestin 2 in our study. It has been previously described that B-arrestin-1 has a weaker
affinity for CB,R than [-arrestin-2, which might suggest different signaling mechanisms
and could thetefore be differently impacted by binding of CBD-DMH?Y. Even though we
did not find a pronounced effect on B-arrestin-2 recruitment to CB,R, we also found a
pathway-specific allostery between the G protein and B-arrestin-2 signaling. Importantly,
our experiments also highlight the importance of including different chemotypes and
types of agonists, i.e., agonists and inverse agonists, for investigating probe dependency™.
Namely, G protein activation by agonists CP55,940 and 2-AG was negatively impacted
by CBD-DMH, whereas inverse agonist RO6957022 binding was positively modulated in
dissociation studies. Furthermore, these results might be a first indication towards transducer
dependency and a biased allosteric effect of CBD-DMH towards G protein activation over
B-arrestin-2 recruitment™.

While studying the allosteric behavior of CBD-DMH, we also observed competitive or
agonistic behavior in several assays. We found competitive displacement of the highest
concentration of CBD-DMH with both [PHJRO6957022 and [PH]CP55,940 (Figure
5.2a, Table 5.1). This was further quantified by a low affinity of CBD-DMH for CB,R in
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displacement studies, which suggests that CBD-DMH competes with "HJRO6957022 for
the orthosteric binding site (Figure 5.3a, Table 5.3). Although, not further analyzed, Tham
et al. also found this competitive binding of CBD-DMH with [*H]CP55,940 and a similar
low affinity is previously reported with [*'H]-HU-243 to CB,R**. Intetestingly, the binding
could not be fully inhibited in our studies (Figure 5.3a, Table 5.3), which is indicative of
the formation of a ternary complex of binding of PHJRO6957022 to the orthostetic site,
while CBD-DMH occupies the allosteric site”.

For all tested reference ligands, a decreased apparent affinity was observed in presence
of the highest concentration (3 uM) of CBD-DMH (Figure 5.3b-e, Table 5.3), which
further highlights the competitive interaction at the orthosteric binding site. The different
conclusions obtained from the PHJROG6957022 dissociation and displacement assays with
regard to CBD-DMH’s mechanism of action highlight the importance of employing both
these assays, as these expose the allosteric and competitive interactions by CBD-DMH,
respectively.

The agonistic effect of CBD-DMH was further observed in the various functional assays,
whete CBD-DMH elicited partial G protein activation and B-arrestin-2 recruitment
compared to full agonist CP55,940 with moderate pECs, values and hill slopes close to unity
(Figure 5.4a, 5.5a, Table 5.4). No agonistic effect of CBD-DMH on cAMP inhibition was
described in the study by Tham ez a/, but the apparent upward shift of the CP55,940 curve
in the presence of increasing concentrations of CBD-DMH would compare to the agonistic
effect we also observed and quantified for CBD-DMH on NKH477-induced inhibition of
cAMP levels (Table 5.4)%. Our results together stress the duality of CBD-DMH, which
is not a pure allosteric modulator, but rather a NAM-agonist due to having two different

interactions with CB,R from which it modulates and activates the receptor®’.

Ligands with two different binding interactions have previously been described for the
muscarinic M, receptor, where bitopic ligands might adopt a dualsteric binding mode,
bridging the orthosteric and allosteric site or purely bind to the allosteric binding site®.
This allosteric binding pocket has been crystallized for the muscarinic M, receptor and
sits directly above the orthosteric site’. Recently, a study by Yuan e 4/ identified seven
potential allosteric sites for CB,R of which ‘site H’ was the most promising binding site,
which resembles the allosteric site from the M, receptor and is close to the orthosteric
binding pocket of CB,R*. This site located just above the orthosteric pocket has also been
referred to as the extracellular vestibule, ligand entry site or outer vestibule. It is a region in
which ligands might pre-engage before moving deeper into the orthosteric binding pocket.
Nevertheless, allosteric ligands could bind here without continuing to the orthosteric pocket
and execute allostetic actions such as changing the orthostetic ligand-binding kinetics?”*. The
duality of CBD-DMH described in this paper can be well explained by it having interactions
at a yet to be identified allosteric binding site, but also by its binding to the orthosteric
site. These orthosteric interactions might be directed by the dimethylheptyl moiety that
CBD-DMH has opposed to CBD’s pentyl chain. These side chain substitutions generally
enhance the activity of cannabinoids'®. Evidently, it is a common structural feature for CB,R
agonists such as CP55,940, HU308 and HU910 and is described to interact with various
amino acids in the orthosteric binding pocket in Chapter 4*. To dive further into the exact
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binding mechanism of CBD-DMH at CB,R, structural elucidation of CB,R in conjunction
with CBD-DMH by docking and molecular dynamic studies could be performed. These
should be supported with z» vitro mutagenesis studies for validation of resultant predicated
positions. Together this might aid in obtaining a better idea of the dual pharmacology of
CBD-DMH at CB,R.

In conclusion, this chapter provides a dual profile of CBD-DMH with both allosteric
and orthosteric effects on CB,R, although it does not identify the exact binding site(s) of
CBD-DMH. Interestingly, CBD-DMH partially activates both G protein and B-arrestin-2
recruitment, while it is a PAM for an inverse agonist, and a NAM for synthetic and
endogenous agonists. In case of the latter, it only modulates G protein activation and not
B-arrestin-2 recruitment suggesting a biased allosteric mechanism. Furthermore, in these
robust fundamental assays we could not confirm any potent interaction of CBD with CB,R.
Hence, the beneficial effects of CBD can still be attributed to polypharmacology, but most
likely not via CB,R. Together, this study invites further research into identifying the dual
molecular pharmacology of CBD-DMH at CB,R, which might provide a new class of
molecules targeting CB,R.

5.4 Materials and methods
54.1 Chemicals and reagents

Compounds AMG630, CP55,940, GAT228, GAT229, GAT211, pregnenolone and
PSNCBAM-1 were obtained from Sigma-Aldrich (St. Louis, MO, USA). Pepcan-12 (RVD-
HP«), (-)-cannabidiol (CBD), anandamide (AEA), 2-arachidonoylglycerol (2-AG) and
phenylmethylsulfonyl fluoride (PMSF) were bought from Tocris Bioscience (Bristol, United
Kingdom). ZCZ011 was received from Axon Medchem (Groningen, the Netherlands),
while B-caryophyllene was obtained from Bio-Connect (Huissen, the Netherlands), and
(-)-5-cannabidiol-dimethylheptyl (CBD-DMH) was from Bio-Techne Ltd (Abingdon,
United Kingdom). RO6957022 and PHJROG6957022 (specific activity 82.8 Ci/mmol)
were custom-synthesized and custom-labeled, respectively, by F. Hoffmann-L.a Roche Ltd
(Basel, Switzerland). PH]CP55,940 (specific activity 108.5 Ci/mmol), guanosine 5-O-[y-
thio]triphosphate ([*S]JGTPYS, specific activity 1250 Ci/mmol) and GF/C filter plates were
purchased from Revvity (Waltham, MA, USA). The PathHunter and cAMP Hunter detection
kits were obtained from DiscoverX (Fremont, CA, USA). Bicinchoninic acid (BCA) and
BCA protein assay reagent were purchased from Pierce Chemical Company (Rockford, 1L,
USA). All other chemicals were of analytical grade and obtained from standard commercial
sources. Buffers and solutions were prepared at room temperature (rt) using Millipore water
(deionized using a MilliQ A10 Biocel™, with a 0.22 um filter).

54.2 Cell culture

CHO cells stably expressing hCB,R (CHOKI1_hCB,bgal, DiscoverX) were cultured in
Ham’s F12 Nutrient Mixture supplemented with 10% (v/v) fetal calf serum (FCS), 2 mM
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Glutamax, 100 TU/mL penicillin, 100 pg/ml streptomycin, 300 pg/ml. hygromycin and
800 pg/mL G418 in a humidified atmosphere at 37 °C and 5% CO,. Cells were subcultured
twice-weekly when reaching 80-90% confluence on 10 or 15 cm ¢ plates by trypsinization.
All experiments were done within 20 passages.

5.4.3  Membrane preparation

CHOKI1_hCB,bgal cells were harvested when reaching 90% confluence in 15 cm o plates
after one week subculture at a 1:6 ratio. The cells were detached by scraping into 5 mL
phosphate-buffered saline (PBS) and subsequently centrifuged at 2000 X g for 5 min. Pellets
were resuspended in ice-cold Tris buffer (50 mM Tris-HCI, pH 7.4) and homogenized with
an Ultra Turrax homogenizer IKA-Werke GmbH & Co. KG, Staufen, Germany). Cytosolic
and membrane fractions wete separated using an Optima LE-80 K ultracentrifuge (Beckman
Coulter, Inc., Fullerton, CA) at 100,000 X g for 20 min at 4 °C. This homogenization and
centrifugation cycle were repeated a second time. The final pellet was resuspended and
homogenized in ice-cold Tris buffer and subsequently aliquoted and stored in 100 uL
aliquots at -80 °C. Membrane protein concentrations were determined using a BCA protein
determination assay, as desctibed by the manufacturer (Pierce BCA protein assay kit)*.

544 PHJROG6957022 binding assays

[PHJRO6957022 binding assays have previously been described with the main difference
that the incubation temperature was changed to 10 °C for improved separation of kinetic
differences®. In short, CHOKI1_hCB,bgal membranes were thawed and subsequently
homogenized using the Ultra Turrax homogenizer. For experiments with endocannabinoids,
membranes were preincubated for 30 min with 50 uM phenylmethylsulfonyl fluoride (PMSF).
The reactions were carried out in 100 pL assay buffer (50 mM Tris-HCI (pH 7.4), 0.1%
(w/v) bovine serum albumin (BSA)) containing 1 pg of membrane protein and 1.5 nM [*H]
ROG957022. Incubations were performed at 10 °C. Therefore, assay buffer, (radio)ligands
and membranes were precooled to 10 °C prior to the experiment. Nonspecific binding (NSB)
was determined using 10 pM AM630 and vehicle (i.e., acetonitrile for endocannabinoids,
and DMSO for all other compounds) concentrations were constant and kept < 1% in all
samples unless stated otherwise. Total radioligand binding (IB) did not exceed 10% of the
amount added to prevent ligand depletion. For all assays, incubations were terminated by
rapid vacuum filtration with ice-cold 50 mM Tris-HCl (pH 7.4), 0.1% (w/v) BSA buffer
through Whatman GF/C filters using a Filtermate 96-well harvester (Revvity). Filters were
dried for at least 30 min at 55 °C and subsequently 25 uL. MicroScint scintillation cocktail
was added per well. Filter-bound radioactivity was measured by scintillation spectrometry
using a Microbeta? 2450 counter (Revvity).

5.4.4.1  Dissociation assays

For all dissociation assays, membranes were pre-incubated with radioligand for 2 h at 10
°C. PHJRO6957022 dissociation was initiated by addition of 10 uM AMG30 as displacer at
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different time points for 3 h. The allosteric screen was performed in single point dissociation
assays by addition of displacer in the absence (control) or presence of 10 uM (f.c.) compound
for a total incubation of 27 minutes (i.e., dissociation half-life of the radioligand in this assay).
In full curve modulatory dissociation assays, the amount of receptor-bound radioligand was
determined at different time points up to 3 h (CBD) or 5 h (CBD-DMH) upon addition
of the displacer in the absence (control) or presence of increasing concentrations of CBD-
DMH or 10 uM CBD. Final DMSO concentrations were increased to 1.5% to improve
solubility. Incubations were terminated and receptor-bound radioactivity was determined as
described in section 5.4.4 [PH]R06957022 binding assays.

5.4.4.2  Displacement assays

For displacement assays, membranes were incubated with 10 uM or six increasing
concentrations of competing ligand (ranging from 0.01 nM to 10 uM) in the absence
(control) or presence of increasing concentrations of CBD-DMH or 3 uM CBD. To prevent
precipitation in the assay, the maximum modulatory concentrations of CBD-DMH and
CBD were set to 3 uM and all other CBD-DMH concentrations were chosen to be evenly
distributed over its displacement curve. The reaction mixture was incubated for 2 h at 10 °C
after which incubations were terminated and receptor-bound radioactivity was determined

as described in section 5.4.4 [PH]JR06957022 binding assays.

54.5  PHJCP55,940 displacement assays

For single point [PH]CP55,940 displacement assays, CHOK1_hCB,bgal membranes were
homogenized and diluted to 1.5 ng of membrane protein per well in assay buffer (50 mM
Tris-HCl (pH 7.4), 5 mM MgCl,, 0.1% (w/v) BSA). Membranes were incubated with 10
uM of competing ligand in the presence of 1.5 nM [PH]CP55,940. Incubations wete for
2 h at 25 °C. NSB was determined using 10 pM AM630 and DMSO concentrations were
constant and kept < 1% in all samples. TB did not exceed 10% of the amount added to
prevent ligand depletion. Incubations were terminated as desctibed in section 5.4.4 [*H]
R0O6957022 binding assays except using ice-cold wash buffer containing 50 mM Tris-HCI,
5 mM MgCl,and 0.1% BSA.

54.6  [PSIGTPyS binding assays

G protein activation of CB,R was measured by binding of [*S]|GTPyS as previously
described in Chapter 4*. In short, CHOK1_hCB,bgal membrane homogenates (5 ug) were
diluted in assay buffer (50 mM Tris-HCI, 5 mM MgCl,, 150 mM NaCl, 1 mM EDTA, 0.05%
BSA (w/v) and 1 mM DTT, freshly prepared each day) and supplemented with 5 pg saponin
and 1 uM GDP to a total volume of 100 uL. For endocannabinoid samples, the membranes
were additionally preincubated for 30 min with 50 uM PMSE. To determine pEC;, and E,,,,
values, increasing concentrations of ligand of interest (ranging from 0.01 nM to 10 uM) in
absence (control) or presence of increasing concentrations of CBD-DMH or 0.3 uM CBD
were preincubated for 30 min at rt. To prevent precipitation in the assay, the maximum
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modulatory concentrations of CBD-DMH and CBD were set to 0.3 pM and all other CBD-
DMH concentrations were chosen to be evenly distributed over its displacement curve. Basal
activity was determined in the presence of vehicle (i.e., acetonitrile for endocannabinoids,
and DMSO for all other compounds) or specific CBD-DMH/CBD concentration only and
the maximal response was determined by 10 pM CP55,940 or specific ligand of interest.
[**S]GTPyS (0.3 nM) was added, and the samples were incubated for 90 min at 25 °C
while shaking at 400 rpm. Incubations were terminated as described in section 5.4.4 [°H]
R0O6957022 binding assays except using ice-cold wash buffer containing 50 mM Tris-HCI
and 5 mM MgCL,.

54.7  ¢AMP Hunter™ assays

Inhibition of cAMP production by CB,R stimulation in CB,R-overexpressing cell lines
was measured using the cAMP Hunter™ assay enzyme fragment complementation
chemiluminescent detection kit as described before and following the manufacturer’s
protocol (DiscoveRx, Fremont, CA)Y. Briefly, CHO-K1 cells overexpressing human
CB,R were plated into a 96 well plate (10,000 cells/well) and incubated overnight at 37
°C and 5% CO,. Media were aspirated and replaced with 30 pL of cell assay buffer. Cells
were treated for 30 min at 37 °C with 15 pL. of 3X dose-response solutions of samples
prepared in presence of cell assay buffer containing a 3X 25 uM NKH477 solution (a
water soluble analog of forskolin) to stimulate adenylate cyclase and enhance basal cAMP
levels. Following stimulation, cell lysis and cAMP detection were performed as per the
manufacturer’s protocol. Luminescence was measured using a GloMax Multi Detection
System (Promega, Italy).

5.4.8  PathHunter [-arrestin-2 recruitment assays

B-arrestin-2 recruitment to CB,R was measured using the PathHunter 3-arrestin recruitment
assay kit as described in Chapter 2*. In short, CHOK1_hCB,bgal cells were seeded at
a density of 5,000 cells/well in solid white-walled 384-wells plates in culture medium as
desctibed in section 2.2 and incubated overnight at 37 °C and 5% CO,. For expetriments
with endocannabinoids, the cells were preincubated for 30 min at 37 °C and 5% CO, with
50 uM PMSE To determine pEC;, and E,,,, values, cells were stimulated with increasing
concentrations of ligand of interest (ranging from 0.01 nM to 10 uM) in absence (control)
or presence of increasing concentrations of CBD-DMH or 1 uM CBD for 90 min at 37 °C
and 5% CO,. To prevent precipitation in the assay, the maximum modulatory concentrations
of CBD-DMH and CBD were set to 1 uM and all other CBD-DMH concentrations were
chosen to be evenly distributed over its displacement curve. Basal activity was determined in
the presence of vehicle or specific CBD-DMH/CBD concentration only and the maximal
response was determined by 10 uM CP55,940 or specific ligand of interest. Vehicle (i.c.,
acetonitrile for endocannabinoids, and DMSO for all other compounds) concentrations
were constant and kept < 1% in all samples. Subsequently, cells were loaded with 12.5 pl.
detection reagent prepatred according to suppliers protocol” and incubated for 1 h in the
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dark at rt to detect B-galactosidase enzyme activity. Luminescence was measured on an
Envision multilabel plate reader (Revvity).

54.9  Data analysis

All experimental data were analyzed using GraphPad Prism 9.0 (GraphPad Software Inc.,
San Diego, CA). All values obtained are means * standard deviation (SD) of at least three
independent experiments performed in duplicate, unless stated otherwise.

PHJROG957022 and PH]CP55,940 assays were baseline-corrected with NSB and normalized
to this value (0%) and TB (100%). Dissociation rate constants (&) were determined by the
‘one-phase decay exponential decay’ analysis. The half-maximal inhibitory concentrations
(pICs) of the agonists in [PHJRO6957022 displacement assays were obtained by non-linear
regression analysis of the displacement curves. Values from direct competition curves were
further converted into inhibitory constant pK using the Cheng-Prusoff equation® with the
experimentally determined dissociation constant (Kp) value 0.78 nM (data not shown). The
modulation in apparent affinities was investigated on the level of the pICs, values and the
Cheng-Prusoff equation was not applied due to the possibility of CBD-DMH altering the
Kp crucial for the analysis.

Functional agonist responses from the [*S]JGTPyS binding assays and B-arrestin-2
recruitment assays were baseline-corrected with the basal activity and normalized to 10 pM
of CP55,940 (orthosteric effect) or control response (allosteric modulation). pECs, and E, .
values were determined using non-linear regression curve fitting ‘log(agonist) vs. response’.
On reference agonist data the ‘three parameters’ fit was used, whereas for CBD-DMH and
CBD the variable slope (four parameter) fit was applied. This gave freedom to observe both
agonistic and allosteric mechanisms of these unknown compounds. Data from the cAMP
assay were normalized to NKH477 stimulus alone as 100%. The percentage of response
was calculated using the following formula:

mean RLU et sample- mean RLUNki1477

% response=100 - 1-
mean RLU, g0~ mean RLUyq477

pEC;, values were determined using non-linear regression curve fitting ‘log(agonist) vs.
response (three parameters)’.

Differences in pICs, and pECs, values were analyzed using an ordinary one-way ANOVA
with Dunnett’s multiple comparisons test or an unpaired Student’s t-test with Welch’s
correction. Significant differences are displayed as * p < 0.05, ** p < 0.01, *** p < 0.001
and *¥** p < 0.0001.
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Impact of cancer-associated mutations on receptor function of CB,R

Abstract

Cannabinoid CB, receptor (CB,R) activation has shown beneficial effects as a potential
anticancer treatment strategy. Nevertheless, mutations in CB,R ate found in patient-detived
tumor samples, which might affect the protective effects mediated via CB,R. Therefore, we
aimed to investigate the effect of cancer-associated CB,R mutations on endocannabinoid
binding and activation, as well as the druggability of these mutant receptors. To this end,
receptor expression of ten mutant CB,Rs was assessed in an ELISA, followed by a G protein
activation screen with an inverse agonist as tool compound to assess receptor state, i.e., basal
activity. Furthermore, G protein activation by endogenous and synthetic reference ot clinical
agonists was assessed and radioligand binding assays were executed to investigate the impact
on binding of the radioligand, an endogenous agonist and two clinical agonists. Expression
levels of receptors with mutations in the transmembrane domains were similar to wild
type (WT), whereas mutations in the flexible regions altered expression levels and receptor
state. Furthermore, mutations in the binding pocket and structurally close to a conserved
motif markedly affected receptor activation, while mutations in the N- and C-termini were
less likely to alter activation. Radioligand binding was reduced for the majority of mutant
CB,Rs. Affinity of the other agonists was only moderately affected on mutant receptors
N11Ntem D24NemN | A28273T and P348% ™S, Overall, our results indicate that cancer-
associated mutations in CB,R can impact the expression, agonist binding and activation
of the receptor. This highlights the importance of precision medicine and patient genome
screening prior to administration of cannabinoid-based therapies.
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Introduction

6.1 Introduction

Cancer is an extraordinarily complex disease due to the diversity in cancer genotypes and
phenotypes'. A large cancer genome mutation analysis revealed that in 20% of all human
cancers G protein-coupled receptors (GPCRs) were found to be mutated and specific
conserved motifs were more prone to mutations*™. Furthermore, GPCRs are involved
in cancer-relevant signaling pathways and are therefore hypothesized to be interesting
targets for anticancer drugs®*®. Nevertheless, the effect of GPCR mutations on cancer
progression or druggability is largely unknown®’. Previous studies on cancet-associated
mutations for adenosine A;, A,y and Ay receptors, as well as CC chemokine receptor 2
(CCR2) showed the impact of such mutations on receptor functionality and druggability,
undetlining the importance to study them’!
GPCR mutations from patient-derived cancer samples revealed novel GPCRs implicated in
cancer development, including the cannabinoid CB, receptor (CB,R)?.

. Moreover, a recent large investigation on

CB,R is part of the endocannabinoid system (ECS) along with the cannabinoid CB; receptor
(CB,R), the endocannabinoids 2-arachidonoylglycerol (2-AG) and anandamide (AEA), and
their metabolizing enzymes'>. CB,R is primarily located on immune cells and as such is
involved in the regulation of inflammatory processes!*. Nevertheless, dysregulation or
altered expression levels of CB,R have been described for a variety of diseases, including

cancer!>1

. In various cancer types, such as gliomas, human epidermal growth factor
2 (HER2) positive breast tumors and non-small-cell lung cancer, elevated CB,R levels
have been reported'™. It was shown that these increased levels were correlated with a
poor patient prognosis and tumor malignancy, as well as a higher probability to develop
metastases. Moreover, endogenous CB,R expression has also been shown to suppress colon

tumorigenesis.

Nevertheless, this also provides the opportunity to therapeutically exploit CB,R, which is
substantiated by previously described antitumor effects of cannabinoids that have been
extensively reviewed??. The protective effects of cannabinoids via CB,R activation
are regulated through a large variety of pathways and proteins. In HER2 positive breast
cancer, non-selective cannabinoid A’-tetrahydrocannabinol (A-THC) disrupted the
heteromerization of HER2 with CB,R, which consequently triggered antitumor responses
in both #n vitro and in vivo models”. Moreover, A’ THC has been shown to downregulate
matrix metalloproteinase-2 expression in gliomas, which in turn inhibited glioma cell
invasion®. These effects were mimicked by CB,R selective agonist JWH133 to further
supportt the protective effect via CB,R activation®. The antitumor effects of JWH133 have
been further described in various cancer types, including breast, colon, lung, brain, and
skin cancer by inhibition of tumor cell proliferation and migration as well as attenuation
of angiogenesis'®*?. Similarly, WIN55,212-2 has been reported to inhibit growth of
malignant skin tumor cells and increased the number of apoptotic cells, while impairing
tumor vasculatization®. Recently, a phase 11 trial with Sativex®, an oromucosal spray with A’-
THC and cannabidiol (CBD), showed promising results on the overall survival of patients
with recurrent glioblastoma and follow-up clinical trails will focus on the improvement of

®29

disease outcomes after treatment with Sativex®”. However currently, cannabinoid-based

therapies are prescribed to cancer patients experiencing chemotherapy-induced nausea and
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vomiting (CINV) or cancer-related anorexia as palliative strategies®. Hereto, Dronabinol
(A°-THC) and Nabilone are approved drugs and ART-27.13 has completed clinical phase I
studies for cancer-related anorexia'®.

In view of the therapeutic potential of CB,R agonists and the CB,R mutations found in
cancer patient samples, we aimed to investigate the impact of CB,R cancer-associated
mutations on the functionality of the receptors as well as the implications for drug targeting.
CB,R mutations from the Genomic Data Commons (GDC) were collected and narrowed
down based on occurrence and proximity to the orthosteric binding pocket. Expression
and G protein activation on ten mutant CB,Rs was investigated by screening a variety of
CB,R ligands in [*S]GTPyS assays. The endocannabinoids 2-AG and AEA were screened
to investigate the endogenous implications of mutant CB,Rs (Figure 6.1). Furthermore,
structurally diverse reference agonists CP55,940, WIN55,212-2 and JWH133 and clinically
relevant agonists A-THC, Nabilone and ART-27.13 wete included in this scteen to
determine the effect of mutations on potential drug treatment (Figure 6.1). Agonists 2-AG,
CP55,940, A’ THC and Nabilone were further investigated in binding affinity assays. We
found that mutations in the binding pocket or structurally close to a conserved motif were
detrimental for receptor activation or binding by all tested agonists. This effect was less
pronounced on mutations located in the N- or C-terminus. Furthermore, activation and
binding were differentially affected dependent on the combination of CB,R mutant and
agonist. Altogether, this shows the importance of precision medicine, i.e., investigating
patient CB,R genotype, prior to administration of cannabinoid-based therapies.

— — OH
Coo o
2-AG AEA
T e

o

. SASE

CP55,940 WIN55,212-2 JWH133

7o

3
F
Dronabinol (A%-THC) Nabilone ART-27.13
Figure 6.1 Chemical structures of cannabinoid CB, receptor agonists used in this study.

Endocannabinoids (2-AG and AEA), reference agonists (CP55,940, WIN55,212-2 and JWH133) and clinical agonists
(Dronabinol, Nabilone and ART-27.13). CP55,940, WIN55,2121-2, Nabilone and ART-27.13 are full agonists on CB,R,
whereas 2-AG, AEA, JWH133 are partial agonist (described in Chapter 3 and Soethoudt ez al)®.
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6.2 Results
6.2.1 Selection of cancer-associated CB,R mutations

Mutations found in CB,R in patient solid tumors were retrieved from the GDC, which
resulted in a total of 85 CB,R mutations of which 60 missense mutations. The selection
was narrowed down by applying three inclusion criteria. First, nine amino acids that were
mutated more than once were included. This yielded CB,R mutations N118¥*™K /S, D24
emN], ES0MD, R136*°H/C, S161*L, A199>*T, R236'“*Q, A282"T /S and P348“*™S /L.
(Ballesteros-Weinstein numbering in superscript). Second, presence of mutations in known
conserved GPCR residues or motifs was investigated for inclusion, but no mutations were
found in any of these residues or motifs. Third, mutations in the binding pocket were
included. To this end, all amino acids in a 5 A radius around the ligands, i.e., one antagonist/
inverse agonist and seven agonists, in all available X-ray and cryo-EM CB,R structures were
cross-examined with the mutation list (Figure 6.2a). This resulted in the inclusion of five
mutations F87>*'L, H95*%L,, A2827*T//S and 1.182""*P in the extracellular loop 2 (ECL2)
that were in close proximity to the ligand and therefore deemed part of the orthosteric
binding pocket. Finally, the resulting list of mutations was compared to the natural variants
reported for CB,R in the GPCRdb, which resulted in the exclusion of six mutations (N11™

b

Figure 6.2 Visualization of amino acids in the binding pocket of agonist-bound CB,R and residues
bearing cancer-associated CB,R mutations included in this study.

(a) Representative visualization of amino acids in the binding pocket of active CB,R cryo-EM structure (8GUR) with
agonist CP55,940 (yellow), showing amino acids in a 5 A radius around the agonist (green). (b) Overview of residues
investigated in this study mapped on active structure of CB,R (8 GUR). Note: Residues N11N*™ and P348“*™ could
not be mapped, since these regions were not resolved in the structure. The colors correspond to the inclusion criteria,
i.e., frequency >1 (magenta) or proximity to the orthosteric binding pocket (blue).
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Table 6.1 List of selected cancer-associated mutations in CB,R in our study identified from
different cancer types.

Mutation Primary site Frequency Inclusion criteria
N1N-ermK Bronchus and lung 1 Frequency >1

D24N-temN Skin 2 Frequency >1

E50"*D Corpus uteri, thyroid gland 2 Frequency >1

F87*7L. Corpus uteri 1 Binding pocket

H95>%L Kidney 1 Binding pocket

S161+53L Cervix uteri, bladder 2 Frequency >1

L182Eck2p Brain 1 Binding pocket

A2827T Corpus uteri 1 Frequency >1, binding pocket
A2827%8 Thyroid gland 1 Frequency >1, binding pocket
P348Crmg Brain, skin 2 Frequency >1

Mutations are shown in numbering of the cannabinoid CB, receptor (CB,R) amino acid sequence as well as the
Ballesteros-Weinstein GPCR numbering system.

emS R136>*H/C, A199>**T, R236™"*Q, and P348“*“™L), as they represent genetic variance
and not perse a correlation to cancer. This yielded a final selection of ten mutations on nine
residues due to two mutations (A2827°T/S) applying to two criteria (Table 6.1).

Seven of the nine amino acids investigated in this study were mapped on the active G
protein-bound CB,R structure with agonist CP55,940 (8GUR) (Figure 6.2b). Residues
N11¥e™ and P348““™ could not be mapped on this structure, since these flexible regions
were not tesolved in this, or any other, CB,R structure. Most mutations in the selected set
are located in the top half of the receptor, close to the binding pocket. Mutations on E50'*
and S161*** (and P348“*™) are found in the bottom half of the receptot, i.c., away from
the orthosteric binding pocket. Of note, the selected mutations were found in a variety of
cancer types, including primary tumor sites in skin, corpus uteri and brain (Table 6.1).

6.2.2 Expression and receptor state of CB,R mutants

Plasmids of all ten CB,R mutations were generated and transiently transfected into
HEK293T cells that do not endogenously express CB,R. Wild type (WT) CB,R was
taken along as a control in all assays, which resulted in a total test set of eleven CB,R
constructs. The expression of WT and mutants CB,R on the cell surface after transfection
was examined with an ELISA and quantified as fold over mock, i.e., empty vector (Figure
6.3a, Table 6.2). The level of WT CB,R expression was 1.6 = 0.4 over mock and almost all
mutant receptor constructs were expressed to a similar extend as WT. The expression level
of mutant D24N™N], 2.2 * 0.4, appeared slightly higher compared to WT, although not
statistically significant. Notably, L182F?P was not expressed on the cell surface evident by
a fold expression similar to mock.

To investigate whether the transiently expressed receptors were still functional, G protein
activation assays were performed (Figure 6.3b-j, Table 6.2). The basal activity of all
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receptor constructs was investigated and compared to WT' (Figure 6.3b, Table 6.2). The
basal activity of D24™"“™N was significantly increased compared to WT, whereas all other
mutant receptors had a similar basal activity to WT. Potential constitutive activity of the
receptors was studied by incubation with the known inverse agonist AM630 (Figure 6.3c,
Table 6.2). As expected, decreased levels of activity were observed on WT which was set
to -100%. D24~N™N, the mutant with increased constitutive activity, was inhibited to a
greater extent compared to W, although not statistically significant. Activity of all other
mutants was inhibited to a similar extent compared to WT (Figure 6.3c, Table 6.2). No
inhibition of the constitutive activity of L182F"P was observed, which reflected the lack
of expression as determined by ELISA (Figure 6.3a,c).

Overall, most mutant receptors were expressed, and they maintained similar levels of
constitutive activity compared to WT. Only mutant receptor D24¥*N showed increased
expression on the cell surface compared to WT, and also exhibited a higher level of
constitutive activity.

6.2.3  Activation of CB,R mutants by agonists

G protein activation of all CB,R mutants was investigated for a large set of agonists
with different chemotypes and partial to full agonism (Figure 6.1). Activation of mutant
receptors was compared (and normalized) to WT activation by the specific studied agonist.
To determine the physiological effect of CB,R mutations, activation by endocannabinoids
2-AG and AEA was assessed (Figure 6.3d,e). The endocannabinoids 2-AG and AEA
were able to activate D24Y¥“™N to a greater extent with activation levels of 144 + 18%
and 151 + 41%, respectively, compared to their activation on WT. These activation levels
corresponded to full agonism of WT CB,R by CP55,940 (data not shown). 2-AG activation
was significantly reduced on all other mutant receptors. Specifically, mutant receptors
A2827T and P348“*“™S were activated for 35% relative to WT, whereas all other receptors
were activated less than 17% relative to WT (Figure 6.3d, Table 6.2). AEA activation on
N11NtemK ) A28273T and P348%“™S was between 44% and 66% relative to WT. All other
receptors were activated less than 21% by AEA (Figure 6.3e, Table 6.2).

Furthermore, activation by synthetic CB,R agonists that have been reported in literature
to attenuate cancer progression was studied, which included full agonists CP55,940 and
WIN55,212-2, and partial agonist JWH133 (Figure 6.1, 6.3f-h). For CP55,940, the level
of activation was only similar to WT for H95*%L (108 £ 23%), while it was significantly
decreased on mutant receptors N11N*™K  E50'¥D, F87*°L, S161**L, L182"2P,
A28279T, A2827S and P348““™S and no activation was observed on mutant receptors
E50'D, F87*%L, S161*%L, .182"“"*P (Figure 6.3f, Table 6.2). Interestingly, D24N*™N
was partially activated by CP55,940 compared to WT with a remaining 64 + 24% activation.
WINS55,212-2-mediated G protein activation was observed for all mutant CB,R except for
L182F°*P (Figure 6.3g, Table 6.2). In this case, all receptors were activated to partial
levels compared to WT with activation levels between 17 £ 8% for S161**L and 87 + 7%
for P348“t ™S, Finally, no JWH-133-mediated activation was observed on CB,R mutant
receptors F87%%L, S161*L. and 1.182"“"*P and only low activation was found on E50"D

185

Chapter 6



Impact of cancer-associated mutations on receptor function of CB,R

(14 £ 6%) (Figure 6.3h, Table 6.2). All other mutant receptors were activated for at least
30% relative to WT yet remained partial compared to WT (Table 6.2).

Finally, G protein activation by the structurally diverse clinically relevant agonists Nabilone
and ART-27.13 was investigated (Figure 6.1). No Nabilone-mediated G protein activation
was observed on mutant receptors E50'D, F87%°'L, and 1.182"“"*P (Figure 6.3i, Table
6.2). Low activation of 16 £ 5% and 15 * 11% compared to WT was found on N11NtmIC
and S161*%L, respectively. All other receptors were partially activated compared to W,
with activation levels between 27 £ 3% for A2827*S and 81 + 13% for D24~*"N. ART-
27.13 did not induce any G protein activation on E50'*D, S161**1, and 1.182"“"*P, while
ART-27.13-mediated activation of mutant receptors N11¥*™K F87*L and HI5*¥L was
statistically significant reduced compared to WT with activation levels of 21 £ 2 %, 17 *
4% and 45 £ 5%, respectively, (Figute 6.31,j, Table 6.2). D24~"™N, A2827°T, A2827*§
and P348%“™S were activated at least 49% relative to W'T, whereas only A2827*T could be
fully activated.

Screening of G protein activation by a structurally diverse set of agonists on CB,R mutants
highlighted differences between endocannabinoids, synthetic reference and clinically relevant
agonists. Specifically, CB,R receptors bearing the H95*“L mutation were not activated by
endocannabinoids but were partially activated by all synthetic agonists compared to WT.
Mutations in N- and C-termini moderately impacted receptor activation by all agonists,
wheteas mutations in the binding pocket differently impacted receptor activation dependent
on the agonist at hand.

6.24  Expression levels (B,,,) and binding affinity (Kp) of CB,R mutants

To investigate the binding of various agonists on the mutant receptors, binding experiments
with orthosteric agonist ['H]CP55,940 and inverse agonist PHJROG6957022 were petformed
(Figure 6.4). Initial binding experiments with a high concentration of membranes (20
pg membrane/well) showed that for seven mutant receptors (E50'D, F87>¥L, H95*%L,
S161+%1, 1.1825M2P, A28279T, A2827*S) low levels of PH]CP55,940 binding were detected,
if any, and thus affinity of the ligands could no longer be determined on these mutant
receptors (Figure 6.4a). However, sufficient binding of [PH]CP55,940 was found for

— Figure 6.3 Expression, receptor state and G protein activation of wild type (WT) and mutant CB,Rs
by an inverse agonist, endocannabinoids, reference and clinical agonists.

(a) Expression levels of transiently transfected WT and mutant CB,Rs on HEK293T cells. Mock cells were transfected
with empty pcDNA3.1 vector and expression data is calculated as fold over mock. Data are expressed as mean £ SD
of at least two independent experiments performed in quintuplicate. (b) Basal G protein activation of WT and mutant
CB,Rs and (c) inverse agonism by 10 uM AMG30. G protein activation by 10 uM of endocannabinoids (d) 2-AG
and (¢) AEA, 10 uM of reference agonists (f) CP55,940, (g) WINS55,212-2 and (h) JWH133, and 10 uM of clinical
compounds (i) Nabilone and (j) ART-27.13. The maximum activation level of W by the specific ligand was set to 100%
while specific mutant basal activation levels were set to 0%. Data are presented as mean + SEM of three individual
experiments performed in duplicate.
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Figure 6.4 Specific binding of agonist [PH]CP55,940 and inverse agonist [’H]R06957022 on WT

and mutant CB,Rs.

Specific binding of (a) agonist ["TH]JCP55,940 and (b) inverse agonist ['HJ[RO6957022 to membranes expressing WT or
mutant CB,R (20 pg/well). Homologous displacement experiment with (¢) WT, (d) N11N™K, (¢) D24N*™N and (f)
P348%=mS CB,R using ['H]CP55,940. Homologous displacement experiments with (g) WT and (h) A2827*°T CB,R using
[PHJROG957022. Total binding (I'B) of the radioligand is set to 100% and non-specific binding (NSB) of radioligand was
determined the presence of cold ligand and set to 0%. Data shown are specific radioligand binding of a representative
experiment of at least two (a, b) or three (c-h) experiments performed in duplicate.
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mutant receptors N11NK D24NmN and P348“*™S, which were further characterized
in homologous displacement assays. Similarly, all mutant receptors were screened at the
same high membrane concentration in PHJROG6957022 binding assays (Figure 6.4b). This
resulted in low levels of PHJRO6957022 binding for seven mutant receptors (N11N*™K
E50'D, F87*L, H95*%L, S161*%L, L.182F°2P, A28276S). Similar to the screen with [PH]
CP55,940, sufficient binding of PHJRO6957022 was found for mutant receptors D24
emN and P348“*“™S. However, sufficient binding of the radioligand was also found on
A2827%S with this radioligand. Therefore, binding to this mutant was further charactetized
in PHJRO6957022 binding assays.

Homologous displacements with CP55,940 on WT, N11NeK D24NmN and P348™§
yielded affinities of CP55,940 on these mutants similar to WT with pKp values between
8.4 £ 0.2 and 8.8 = 0.1 (Figure 6.4c-f, Table 6.3). Likewise, the affinity of inverse agonist
R0O6957022 on CB,R was not statistically significant impacted by the A282™*°T mutation
(Figure 6.4g,h, Table 6.3). Homologous displacement experiments with CP55,940 and
ROG6957022 also yielded B,,,, values for receptor expression in the membranes used. By,
values were slightly reduced for N11N¥*"K and D24Y*“™N compared to W'T, whereas it
was significantly reduced for P348““™S to 1.0 + 0.2 compared to 2.3 + 0.5 for WT (Table
6.3). The expression level of A2827*T was 2-fold higher than on WT, but not statistically
significant different (Table 6.3).

Altogether, binding of both radioligands ["H]CP55,940 and PHJRO6957022 was negatively
impacted for six mutant receptors E50'*D, F87>L, H95*®L, S161**L, L182F““P and
A2827S. Nevertheless, binding of [PH]CP55,940 could still be detected on N11¥*™K,
D24%mN and P348““™S, while sufficient binding of PHJROG6957022 was obsetved on
mutant receptors D24N N, A2827*T and P348*™S. The affinity of CP55,940 for N11™
el D24NmN and P348%™S and RO6957022 for A282T was not significantly altered
compared to WT and expression levels were similar to WT, except for P348“*™S which
was reduced.

6.2.5  Binding affinity of reference agonists at CB,R mutants

Binding affinity at N11N*™K, D24N™N, A2827°T and P348“*“™§, i.., the mutants
that still showed sufficient binding, was investigated for a selection of agonists. Since
endocannabinoids 2-AG and AEA behaved similarly on all mutant receptors in G protein
activation assays, only 2-AG was selected for further profiling (Figure 6.3d,e, 6.5a,b).
Similarly, affinity of only Nabilone was examined as activation by Nabilone and ART-27.13
was similarly impacted by all mutant receptors (Figure 6.3i,j). This was supplemented
with affinity determination of clinical agonist A’ THC, which did not yield detectable G
protein activation levels (Chapter 3). The affinity of 2-AG was significantly, yet moderately,
increased on mutant receptors D24¥*™N and P348““™S to 5.8 * 0.1 and 5.6 + 0.1,
respectively, compated to 5.1 £ 0.1 on WT (Figure 6.5a, Table 6.3). Mutation N11N*™IC
did not influence the binding affinity of 2-AG on CB,R. The affinity of 2-AG on mutant
CB,R A2827°%T; as detected in PHJROG6957022 binding assays, was slightly, yet significantly
reduced compared to WT with pK; values of 5.6 £ 0.1 and 6.1 % 0.1, respectively (Figure
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Figure 6.5 Affinity of endogenous agonist and clinical agonists on WT and mutant CB,Rs.

Displacement of [PH]CP55,940 (WT, N11N=K, D24N*™N and P348“*“™S) or PHJRO6957022 (WT and A282*T)
with (a,b) endogenous agonist 2-AG, and (c,d) clinical agonists A>-THC and (e,f) Nabilone. Total binding (I'B) of the
radioligand is set to 100% and non-specific binding (NSB) of radioligand was determined the presence of cold ligand
and set to 0%. Data are the mean £ SEM of at least three experiments performed in duplicate.

6.5b, Table 6.3). Furthermore, the binding affinity of ATHC and Nabilone was not
affected by mutations N11N*mK D24NmN or P348““™S (Figure 6.5c,e, Table 6.3).
Similarly, the affinity of A’ THC was not affected on A2827°T (Figure 6.5d, Table 6.3).
However, binding affinity of Nabilone was significantly reduced to 7.1 + 0.1 on A282™T
compated to 7.6 = 0.1 for WT (Figure 6.5f, Table 6.3). In conclusion, the impact of the
investigated CB,R mutations on binding affinity of reference agonists 2-AG, A>*THC and
Nabilone was agonist-dependent, and if any, only moderate effects were observed.

6.2.6  Structural mapping of cancer-associated CB,R mutations

Mostof the mutations in the CB,R binding pocket negatively affected the activation or binding
by agonists. Strikingly, mutant H95*“L responded differently to the endocannabinoids
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Table 6.3 Expression levels (B,.,) and affinities of CP55,940, RO6957022, 2-AG, A’>-THC and
Nabilone for WT and mutant CB,R determined from radioligand binding assays.
[’H]CP55,940 binding assays [PH]RO6957022 binding assays
Mutation Bonex PKp (Kp (nM)) Bunsx PKp (Kp (nM))
(pmol/mg) (pmol/mg)
wT 23105 8.6 £ 0.0 (2.6) 0.5£0.0 8.8 0.1 (1.5)
N1N-ermK 1.1£02 84+02(41) N.A. N.A.
D24N-emN 19103 8.8+ 0.1(1.7) N.A. N.A.
A28273T N.A. N.A. 1.0£02 8.8£02(1.7)
P348C- g 1.0+0.2 8.8 £0.1(L.7) N.A. N.A.
pKi pKi pK;i pK; pKi pKi
2-AG A°-THC Nabilone 2-AG A°-THC Nabilone
wT 5101 71£01 74101 6101 72£04 7.6+%0.1
N1N-ermK 54£0.0 731£0.2 7.3%0.1 N.A. N.A. N.A.
D24N-temN 58+ 0.1 75101 75102 N.A. N.A. N.A.
A2827T N.A. N.A. N.A. 5.6+ 0.1F 74102 7.1 £ 011
P348C g 56017 7.6%0.1 7.6 0.1 N.A. N.A. N.A.

Values are mean + SEM of three independent experiments performed in duplicate. No affinity and expression values
were determined for mutants E50'D, F87>*L, H95*%L,, S161*%L,, 1.182"°1?P, A2827*S due to no or too low levels
of specific radioligand binding. One-way ANOVA with Dunnett’s multiple comparisons test or an unpaired t-test was
performed to analyzed differences in pKp, B, or pK| values compared to WT (‘p<0.05, “p<0.01, "p<0.001 in [*H]
CP55,940 assays or 1p<0.05, Tp<0.01 in [PH]RO6957022 assays).

compared to synthetic agonists, i.e., activation by 2-AG and AEA was completely abolished
compared to WT, while partial activation remained for all synthetic agonists (Figure 6.3,
Table 6.2). Further structural investigation of this residue demonstrated that H95*% is in
close proximity to the cyclohexanol group of CP55,940 (5.7 A) and as such might interact
with agonists (Figure 6.6a).

Furthermore, differences in activation levels of the A2827*°T and A2827%S CB,Rs, i.c.,
receptors with two different mutations on the same residue, were observed and these also
differently impacted affinity of inverse agonist RO6957022 (Figure 6.3, 6.4). From the
cryo-EM structure with CP55,940, it can be observed that the carbonyl of this residue is
located near the agonist and the hydroxyl on the phenol core of CP55,940 (4.4 A) (Figure
6.6a). The cyclohexanol group of CP55,940 is moved away from the methyl group at a
distance of 6.4-6.7 A.

Finally, mutation E50'*D significantly impacted receptor activation by all agonists and the
binding of [PH]CP55,940 and [PHJRO69557022 was greatly reduced, while the expression
level remained similar to WT (Figure 6.3, 6.4). Closer examination of this residue in the
cryo-EM structure indicated that E50 is structurally close to P2967% in the conserved
NPxxY motif (4.4 A), which might aid in the stabilization of the receptor (Figure 6.Gb).
As such, reduction of the amino acid side chain by the E50"*D mutation might destabilize
the receptor and alter its function.
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Figure 6.6 Structural visualization of residues H95>%, A2827% and E50"¥ in CB,R structure with
agonist CP55,940.

Overview of specific residues investigated in this study mapped on active structure of CB,R (grey; SGUR). (a) Zoom
in on binding pocket with CP55,940 (yellow) and residues H95**> and A2827% (blue). (b) Zoom in on residue E50"*
(magenta) and structurally close NPxxY motif residue P296™ (green).

6.3 Discussion

Cancer is the second leading cause of death globally and research to more efficacious and
safer therapies is constantly ongoing®'. Recently, the role of GPCRs in cancer development
and progression is becoming more acknowledged since GPCR-mediated cell signaling
pathways have been associated with cell migration, survival, and growth’. As such a small
number of GPCR drugs and antibodies ate in clinical ttials as cancer therapies®. Vatious i
vitro and zn vivo studies on different cancer types have also specifically shown the beneficial
effects of CB,R activation?”?. Nevertheless, in 20% of all cancers GPCRs are mutated,
which might interfere with endogenous signaling or targeting of these receptors>*~'!. In this
chapter, we investigated the impact of cancer-associated CB,R mutations on endogenous
binding and activation, as well as the druggability of these mutant receptors by a variety of
CB,R agonists.

Mutations in CB,R were extracted from the GDC and narrowed down to include the
most frequently mutated locations as well as mutations in vicinity to the binding pocket
(Figure 6.2, Table 6.1). The resulting ten mutations were transiently transfected into
HEK293T cells (Figure 6.3a, Table 6.2). Of these, only CB,R with the .182"“"*P mutation
was not expressed on the cell membrane and as such no responses were observed in
functional or binding assays (Figure 6.3, 6.4, Table 6.2). We, in Chapter 4, and others
previously showed that 1.182F"? s involved in binding of diverse agonists since a mutation
to isoleucine (L182“"I) reduced the potency of agonists but not exptession of the
receptor’ . Nevertheless, mutations to or from proline (P) are more often desctibed to
have a detrimental effect on receptor activity and trafficking to the cell membrane as the
rigid backbone of proline provokes a forced turn in the protein sequence”. The swap to
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proline in the ECL2, and close to the binding pocket, thus most likely interferes with the
trafficking of the receptor to the cell membrane and as such is detrimental. This suggests
that patients bearing the CB,R L182"“"*P mutation will no longer benefit from endogenous
protection or respond to cannabinoid-based therapies.

On the other hand, the exchange of proline for serine (S) in the C-terminus (P348“<™S),
distant from the binding pocket, did not prevent receptor trafficking to the cell membrane,
but significantly reduced the expression level of this mutant receptor in binding assays
(Figure 6.3a, Table 6.2, 6.3). Furthermore, we observed reduced G protein activation
levels by this mutant receptor for various agonists compared to WT' (Figure 6.3d-j, Table
6.2). The swap from proline to serine introduces an extra site on the C-terminus for a
post-translational modifications (PTM), which are involved in control of the dynamics of
signaling®™*®. Specifically, setine residues, opposed to proline, on the C-terminus are prone
to phosphorylation, which might initiate the recruitment of B-arrestins and desensitization
or internalization of the receptor’. Similarly, PTMs on the N-terminus of GPCRs have
been described to be involved in the receptor folding, trafficking and regulation of binding
and signaling®™*. Asparagines (N) are prone to N-glycosylation and specifically, CB,R N11™
term was described to be glycosylated in mammalian cell lines, which contributed to a higher
protein stability”. As such, the reduced agonist-mediated G protein activation on CB,R
mutant N11Y¥*™K might be due to losing a glycosylation site (Figure 6.3, Table 6.2)*. In
contrast, the increased basal activity and levels of G protein activation of mutant receptor
D24~temN might be attributed to the gain of a glycosylation site (Figute 6.3b,c, Table 6.2).

In Chapter 4 and other studies, hydrophobic interactions in the orthosteric pocket of CB,R
between F87*5" and/or H95*% and various (inverse) agonists are described®****. Interestingly,
CP55,940-mediated inhibition of ¢cAMP accumulation was investigated on CB,R F87*A
and H95*%A mutants, which revealed a decrease in agonist potency with a small or no
effect on its efficacy™. This contrasts with the loss of or reduced G protein activation by
CP55,940 and other agonists in our studies on F87*'L and H95*“L (Figure 6.3, Table
6.2). Pathway amplification by measurement of downstream second messengers, such as
cAMP, might explain these contrasting results*'. Furthermore, H95*% has been postulated to
maintain a polar network with $2857% around orthosteric ligands, which might be disturbed
in our studies by switching to hydrophobic leucine (L) (Figure 6.6a). Interestingly, the
endocannabinoids wete not able to activate H95*®L CB,R, whereas synthetic agonists
still activated the receptor albeit partially (Figure 6.3). Different functional effects of
endocannabinoids compared to synthetic agonists were previously also reported by Hillger
¢t al. on lymphoblastoid cell lines (LCLs) from individuals with different CB,R genotypes*.
This emphasizes the importance of including various chemotypes to explore the effects of
disease-associated mutations on receptor behavior.

One amino acid in the patient data set was mutated twice, namely A2827%, which was
located close to the binding pocket (Figure 6.6a). Although structurally-related, we found
profound differences between the A282™T and A2827*S mutations. Consistently higher
activation by the different agonists on the A282*T mutant was found compated to
A2827*S (Figute 6.3, Table 6.2). Furthermore, in binding studies only CB,R A2827%T
could be bound by an inverse agonist, whereas binding to A2827*S could not be quantified
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(Figure 6.4, 6.5, Table 6.3). Hydrophobic interactions between A2827* and HU308
have been postulated in Chapter 4, which may be disturbed by the polar residues serine
and threonine (T) in our studies®. Furthermore, this specific residue has previously been
described to shape the ligand entry pathway to the CB,R orthosteric pocket and a mutation
towards phenylalanine (F) occluded the entry pathway for JWH133*. We hypothesize that
the two studied mutations might also interfere with the shaping of the ligand entry pathway.
However, the differences between the two mutants requires more experimental validation.
Nevertheless, it becomes evident that mutations near the orthosteric binding pocket have a
substantial impact on the physiological function and druggability of CB,R.

Mutations E50'*D and S161**L were structurally distant from the binding pocket, yet they
significantly affected G protein activation and binding of agonists to the receptors (Figure
6.3, 6.4a,b, Table 6.2). Two independent cancer genome analysis studies revealed a high
mutational frequency amongst GPCRs of residues at position 1.49 and 4.53**. A key role
for tight packing of transmembrane helices is attributed to $** in several class A GPCRs
and mutations to leucine have been shown to disrupt the structure or activation patterns
of these receptors'™***. Furthermore, in the B,-adrenoceptor residue 1.49 appeared to be
structurally proximal to the conserved NPxxY motif, which is involved in receptor folding,
localization and regulation of signaling*. Upon closer examination of this region in the
CB,R active cryo-EM structure from Chapter 4 (8GUR), we observed that NPxxY residue
P296™ was structurally close to E50™* (Figure 6.6b)*. This suggests that the specific
orientations of E50'* and S161*%* are important for the structural stability and functionality
of CB;R and reduction of the amino acid side chain by the E50"*D mutation might
destabilize and alter receptor function.

It should be noted that conclusions from this study are based on functional screening
results. Therefore, the functional investigation of these mutations should be expanded to
determine the potency of different agonists. As such, the [*S]GTPyS assays that were used
in this screen could be continued or a switch to another G protein-dependent assay could
be made. However, it may be of interest to also include B-arrestin-2 recruitment assays
since we hypothesize that PTMs may differ on the P348“*“™S mutation compared to WT
and consequently could alter 3-arrestin-2 recruitment. Furthermore, to investigate whether
mutations introduce or remove PTMs, SDS-page and mass spectrometry-based quantitative
proteomic experiments might be executed on mutant receptors N11N*K  D24N*"N and
P348¢trmS34 The recently developed a multiplex assay to simultaneously investigate the
inhibition of cAMP production and B-arrestin-2 recruitment (Chapter 3) may serve as
a platform to screen functional responses of mutant receptors. This assay can be easily
adapted to transiently express CB,R mutants, opposed to the B-arrestin-2 recruitment assay
in Chapter 2, and investigate simultaneously their effect on two different pathways. The
kinetic context in this assay might highlight further kinetic differences between the mutants,
which was previously shown for A,, receptor mutation that affected a ligand’s dissociation®.
Morteover, most mutations caused a decrease in sensitivity to agonist stimulation, which
may aid the tumor cells to evade the antitumor effects of CB,R activation. As such these
mutations might be driver mutations, but more research is required to examine whether
they are actually driver or passenger mutations’. Ultimately, expetiments focusing on cancer
processes, such as migration and proliferation, might be executed with CB,R mutants to
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investigate the impact on cancer development and progression. These experiments could
49,50

be extended to cancer relevant cell lines making use of the CRISPR-Cas9 technology
In conclusion, our results indicate that cancer-associated mutations in CB,R can impact
the expression, agonist binding and activation of the receptor. Binding of agonists and
subsequent activation of CB,R was reduced or completely abolished for CB,Rs with
mutations in the binding pocket. Unexpectedly, mutations distant from the binding pocket
also affected the receptor behavior most likely by interfering with conserved motifs or
transmembrane packaging. Ultimately, mutations in the N- and C-terminus altered the
CB,R expression levels possibly due to the introduction or removal of post-translational
modifications. Interestingly, there might be differences between the activation of the
mutant receptors by endogenous and synthetic agonists as we found clear differences
on specifically the H95*%L mutant. Altogether, this study emphasizes the importance of
personalized medicine by examination of the patient’s genetic composition of CB,R prior
to treatment with cannabinoid-based therapeutics. Follow-up experimentation is required
to further investigate the implications of the selected cancer-associated CB,R mutations on
cancer development and progression. Furthermore, the mutant selection can be expanded
to include more mutations from the GDC to obtain a broad understanding of targeting
CB,R in cancer.

6.4 Materials and methods
6.4.1 Chemicals and reagents

Primary rabbit anti-HA tag polyclonal antibody was obtained from ThermoFisher
(Waltham, MA, USA) and secondary goat anti-rabbit HRP-conjugated antibody was from
Jackson ImmunoResearch (Cambridgeshire, UK). Compounds 2-arachidonoylglycerol
(2-AG), anandamide (AEA), WIN55,212-2, JWH133 and phenylmethylsulfonyl fluoride
(PMSF) were bought from Tocris Bioscience (Bristol, UK). CP55,940 was obtained from
Sigma-Aldrich (St. Louis, MO, USA), while Nabilone and ART-27.13 were provided by E
Hoffmann-TLa Roche Ltd (Basel, Switzerland). RO6957022 and [PHJRO6957022 (specific
activity 82.8 Ci/mmol) were custom-synthesized and custom-labeled, respectively, by E
Hoffmann-T.a Roche Ltd. PH]CP55,940 (specific activity 108.5 Ci/mmol), guanosine
5’-O-[y-thio]triphosphate ([**S]GTPyS, specific activity 1250 Ci/mmol) and GF/C filter
plates were purchased from PerkinElmer (Waltham, MA, USA). Bicinchoninic acid (BCA)
and BCA protein assay reagent wetre purchased from Pierce Chemical Company (Rockford,
IL, USA). All other chemicals were of analytical grade and obtained from standard
commercial sources. Buffers and solutions were prepared at room temperature (rt) using
Millipore water (deionized using a MilliQ A10 Biocel™, with a 0.22 um filter).

6.4.2  Data mining and mutation selection

Cancer-associated mutations in CB,R were retrieved from Genomic Data Commons (GDC)
(version 21.0). A selection of missense mutations was made based on a mutation frequency
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>1 or mutation towards two different amino acids. Furthermore, structural importance
was investigated by inclusion of mutations in conserved GPCR regions (x.50, Ballesteros-
Weinstein numbering) or motifs (DRY, CWxP, NPxxY), and mutations in the orthosteric
binding pocket. The orthosteric binding pocket residues were defined in all eight CB,R
X-ray ot cryo-EM structures (6KPC, 6KPE, 6PTO0, 52TY, 8GUQ, 8GUR, 8GUS, 8GUT) by
direct interactions of the ligand with amino acids or amino acids in a 5 A radius around the
ligand. The respective receptor structures were retrieved from the Protein Data Bank (PDB)
using the fetch function in PyMOL Molecular Graphics System version 2.4 (Schrédinger,
LLC.,NY, USA) and hydrogen atoms were added. Using built-in functionality, the selection
of the ligand was expanded to all residues around it within 5 A. All mutations that were
reported as natural variants in the GPCRdb (release Oct. 25, 2019) were excluded from our
study’!.

6.4.3  Plasmid design and isolation

Primers were designed using the QuikChange® Primer Design feature from Agilent
Technologies (Santa Clara, CA, USA) and ordered via Integrated DNA Technologies
(Coralville, IA, USA). An N-terminal 3XHA-tagged human wild type cannabinoid CB,
receptor (WT hCB,R) (cDNA Resource Center; Bloomsburg, PA, USA) cloned into
pcDNA3.1(+) was used as a template for mutations. Mutations were generated with the
QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies) according to the
protocol. In short, 50 ng of the template was mixed with 10 uM forward and reverse primer,
1 pL of deoxyribonucleotide triphosphate (ANTP) mix, 2.5 pL. of 10X reaction buffer and
2.5 U PfuUltra HF DNA polymerase in a total volume of 20 pL. The PCR reaction was
performed in a T100™ Thermal Cycler (Biorad; Irvine, CA, USA) for 22 cycles consisting
of 30 sat 98 °C, 1 min at 55 °C and 10 min at 68 °C. The template DNA was then removed
by incubating the mixture with 5 U of Dpz I restriction enzyme for 2 h at 37 °C before
transforming the plasmids into XI-1 Blue supercompetent cells according to the kit’s
protocol. The plasmids were isolated with the QIAprep mini and midi plasmid purification
kits (Qiagen; Germantown, MD, USA). All mutations were confirmed by double-strain
DNA sequencing (Leiden Genome Technology Center; Leiden, the Netherlands).

6.4.4 Cell culture, transfection, and membrane preparation

Human embryonic kidney 293 T (HEK293T) cells were grown as monolayers in culture
medium i.e., Dulbecco’s Modified Eagle’s Medium, supplemented with 10% fetal calf
serum, 2 mM L-glutamine, 100 IU/mL penicillin and 100 pg/mL streptomycin under a
humidified atmosphere at 37 °C with 5% CO,. Subculture was done twice a week at 80 —
90% confluence on 10 cm o plates by trypsinization.

HEK?293T were transfected with WT or mutant hCB,R as previously described in Chapter
4%2. In short, cells were seeded on 10 cm o plates 24 h prior to transfection to reach
approximately 50% confluence at the start of transfection. The cells were transfected with
10 pg plasmid DNA of WT or mutant hCB,R using the calcium phosphate precipitation
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method. To this end, a DNA-calcium mix was made containing 270 mM CaCl, and 10
pg plasmid DNA to which Hank’s Balanced Salt Solution (HBSS; 280 mM NaCl, 10 mM
KCl, 1.5 mM Na,HPO, and 50 mM HEPES) was added in a 1:1 (v/v) ratio and mixed by
aeration to create consistent calcium phosphate precipitates. For transfection, 1 mLL DNA-
calcium mix was added per 10 cm o plate, followed by a 48 h incubation under a humidified
atmosphere at 37 °C with 5% CO,.

For membrane preparation, transient HEK293T cells were harvested 48 h after transfection.
Cells were detached by scraping into 3 mL of PBS and subsequently centrifuged at 2000
X g for 5 min. Pellets were resuspended in ice-cold Tris buffer (50 mM Tris-HCI, pH
7.4) and homogenized with an Ultra Turrax homogenizer (IKA-Werke GmbH & Co.
KG; Staufen, Germany). Cytosolic and membrane fractions were separated using a high-
speed centrifugation step of 31,000 rpm (100,000 X g) in a Beckman Optima LE-80K
ultracentrifuge with Ti70 Rotor for 20 min at 4 °C. After a second cycle of homogenization
and centrifugation, the final pellets were resuspended in 50 mM Tris-HCI (pH 7.4) and stored
in 100 pL aliquots at -80 °C until use. Membrane protein concentrations were determined
using a BCA protein determination assay as described by the manufacturer®.

64.5  ELISA

Receptor expression after transfection was measured in an enzyme-linked immunosorbent
assay (ELISA). After 24 h of transfection, HEK293T cells were detached with PBS/EDTA
and seeded into a sterile 96-well poly-D-lysine coated plate at a density of 100,000 cells
per well. After an additional 24 h incubation under a humidified atmosphere at 37 °C
with 5% CO,, cells were washed with PBS and fixed with 4% formaldehyde for 10 min
at rt. Cells were washed twice with tris-buffered saline (TBS) and were blocked with TBS
supplemented with 0.1% TWEEN 20 (TBST) and 2% BSA (w/v) for 1 h at rt while shaking,
Subsequently, the cells were incubated with rabbit anti-HA tag polyclonal antibody (1:2500)
for 1 h at rt while shaking, After removal of the antibody, the cells were washed three times
with TBST and incubated with the secondary goat anti-rabbit HRP-conjugated antibody
(1:6000) for 30 min at rt while shaking. After a final wash with TBS, the cells were treated
with 3,3’,5,5’-tetramethylbenzidine (TMB) in the dark for maximally 10 min at rt to visualize
immunotreactivity. The reaction was quenched with 1 M H;PO, and absorbance was read

at 450 nm with a Wallac EnVision 2104 Multilabel reader (Revvity; Waltham, MA, USA).

6.4.6  P°S]GTPyS binding assays

G protein activation by agonists 2-AG, AEA, CP55,940, WIN55,212-2, JWH133, Nabilone,
ART-27.13 and inverse agonist AM630 was measured by binding of radiolabeled [**S]
GTPyS to WT and mutant CB,R as previously described in Chapter 4* In short, transiently
transfected HEK293T membrane homogenates (10 pg/well) were diluted in assay buffer (50
mM Tris-HCl (pH 7.4), 5 mM MgCl,, 150 mM NaCl, 1 mM EDTA, 0.05% BSA (w/v) and
1 mM DTT, freshly prepared every day) and were pretreated with 10 ug saponin and 1 uM
GDP for 30 minutes at rt. For endocannabinoid samples, the membranes were additionally
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preincubated with 50 uM PMSF before agonist addition. To determine G protein activation,
the membranes wete incubated with 10 uM agonist and [**S]|GTPyS (0.3 nM) for 90 minutes
at 25 °C while shaking at 400 rpm. Basal receptor activity was determined in the presence
of vehicle (i.e., acetonitrile for endocannabinoids, and DMSO for all other compounds).
Incubations were terminated by rapid vacuum filtration with ice-cold 50 mM Tris-HCI (pH
7.4) and 5 mM MgCl, wash buffer through Whatman GF/C filters using a Filtermate 96-
well harvester (Revvity). Filters were dried for at least 30 min at 55 °C and subsequently
25 pl. MicroScint scintillation cocktail was added per well. Filter-bound radioactivity was
measured by scintillation spectrometry using a Microbeta? 2450 counter (Revvity).

6.4.7  PHJCP55,940 binding assays

Agonist affinity (Kp, Kj) on WT and mutant CB,R (N11N*mK, D24NemN]| P348tmS) was
determined in [*H]CP55,940 displacement assays. The amount of transiently transfected
HEK293T membranes ranged from 2.5 pg to 20 pg protein per well, i.e., optimized to
obtain a specific [’H]CP55,940 binding window of ~1000 disintegrations per minute
(dpm). Membranes were thawed and subsequently homogenized using the Ultra Turrax
homogenizer. For experiments with endocannabinoids, the membranes were preincubated
for 30 min with 50 uM PMSE. Homologous displacement assays were performed with three
concentrations of [PH]CP55,940 of ~0.7 nM, ~1.5 nM and ~7.0 nM in the presence of
competing CP55,940 (ranging from 0.01 nM to 1 uM) in assay buffer (50 mM Tris-HCI (pH
7.4), 5 mM MgCl,, 0.1% BSA (w/v)). Heterologous displacement assays were performed
using ~1.5 nM final concentration of [PH]CP55,940 with six incteasing concentrations of
2-AG, A’ THC and Nabilone (ranging from 0.1 nM to 10 uM) in assay buffer. In both assays,
binding was initiated by addition of membrane homogenates to reach a final volume of 100
pL. Non-specific binding (NSB) was determined using 10 pM CP55,940. Organic solvent,
i.e., acetonitrile for 2-AG, and DMSO for all other compounds, concentrations were <1%
in all samples. Total binding (TB) did not exceed 10% of the amount added to prevent
ligand depletion. Incubation was done for 2 h at 25 °C to reach equilibrium. Filtration was
petformed and filter-bound radioactivity was determined as described in section 6.4.6 [*S]
GTPyS binding assays except for using ice-cold 50 mM Tris-HCI (pH 7.4), 5 mM MgCl,,
0.1% BSA (w/v) as wash buffer.

6.4.8  PHJROG6957022 binding assays

Agonist affinity (Kp, Kj) on WT and mutant CB,R (A2827*°T) was determined in [*H]
ROG6957022 displacement assays as described in Chapter 5. The amount of transiently
transfected HEK293T membranes ranged from 9 pg to 20 pg protein per well, ie.,
optimized to obtain a specific [PHJ[RO6957022 binding window of ~1000 dpm. Membranes
were thawed and subsequently homogenized using the Ultra Turrax homogenizer. For
experiments with endocannabinoids, the membranes were preincubated for 30 min with 50
uM PMSE. Incubations were performed at 10 °C. Therefore, assay buffer, (radio)ligands and
membranes were precooled to 10 °C prior to the experiment. Homologous displacement
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assays were performed with three concentrations of PHJROG6957022 of ~0.7 nM, ~2.4 nM
and ~8.0 nM in the presence of competing RO6957022 (ranging from 0.01 nM to 1 uM)
in assay buffer (50 mM Tris-HCI (pH 7.4), 0.1% BSA (w/v)). Heterologous displacement
assays wete executed using ~1.5 nM final concentration ["HJROG6957022 with six increasing
concentrations of 2-AG, A>“THC and Nabilone (ranging from 0.1 nM to 10 pM) in assay
buffer. For both assays, binding was initiated by addition of membrane homogenates to reach
a final volume of 100 pL. NSB was determined using 10 pM RO6957022. Ozrganic solvent,
i.e., acetonitrile for 2-AG, and DMSO for all other compounds, concentrations were <1%
in all samples. TB did not exceed 10% of the amount added to prevent ligand depletion.
Incubation was done for 2 h at 10 °C to reach equilibrium. Filtration was performed and
filter-bound radioactivity was determined as desctibed in 6.4.6 [**S]GTPyS binding assays
except for using ice-cold 50 mM Tris-HCI (pH 7.4), 0.1% BSA (w/v) as wash buffer.

6.4.9  Structural mapping

Figures were created based on the experimentally determined cryo-EM structure of G
protein-bound CB,R with agonist CP55,940 in Chapter 4 (PDB: 8GUR)*. Figures wete
generated using PyMOL Molecular Graphics System version 2.4.

6.4.10  Data analysis and statistics

All experimental data were analyzed using GraphPad Prism 9.0 (GraphPad Softwate Inc.;
San Diego, CA, USA). All values obtained are means * standard error of the mean (SEM)
of at least three independent experiments performed in duplicate, unless stated otherwise.

[**S]GTPyS agonist responses on hCB,R constructs were baseline-corrected for the
individual mutant’s basal activity and the responses were normalized to the basal activity
of the specific construct (0%) and maximal activation on WT (100%). Basal activity was
represented as fold over W'T.

Displacement assays were baseline-corrected with NSB and normalized to this value (0%)
and TB (100%). The equilibrium dissociation constants (Kp) of [PH]JCP55,940 or [’H]
ROG6957022 on different mutants were calculated from homologous displacements by
non-linear regression analysis, using the “one-site homologous” model. The half-maximal
inhibitory concentrations (pICs) of the agonists in PH]CP55,940 and PHJROG6957022 assays
were obtained by non-linear regression analysis of the heterologous displacement curves
and further converted into inhibitory constant pK; using the Cheng-Prusoff equation®. For
this conversion, the experimentally determined Ky, for each construct in PH]JCP55,940 or
PHJROG957022 assays was used.

Differences in activation, pKp and pK; values for each mutant compared to WT were
analyzed using a one-way ANOVA with Dunnett’s multiple comparisons test or an unpaired
t-test. Significant differences in activation are displayed as * p< 0.05 and differences in
affinity are displayed as * p < 0.05; ** p < 0.01, *** p < 0.001 and **** p < 0.0001.
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7.1 Conclusions

At least one third of all marketed pharmaceutical drugs interacts with G protein-
coupled treceptors? Nevettheless, a major challenge in the extensive drug discovery and
development process is a high attrition rate of drug candidates in clinical trials®. Almost
half of the failures ate due to lack of clinical efficacy, but also toxicity is a major cause
for attrition®. To this end, novel concepts and approaches in preclinical development are
gaining recognition to provide a more successful translational perspective®. In this thesis,
we focused on the investigation of drug-target binding kinetics, allosteric modulation and
biased signaling on the cannabinoid CB, receptor (CB,R), an interesting GPCR for the
treatment of inflammatory conditions. Here, the findings from the different chapters are
combined and future perspectives and opportunities for drug discovery on CB,R and other
GPCRs are discussed.

7.1.1  Assay development: continuons improvements to provide novel insights on receptor

pharmacology

To improve the preclinical to clinical translational perspective, it is important to develop
and properly use biologically, physiologically, and pharmacologically relevant 7z vifro assays.
Additionally, continuous adaptation of these assays and data analyses may provide novel
insights beyond the initial application®.

In Chapter 2, we provided a comprehensive protocol for the recruitment of [B-arrestin-2
to activated cannabinoid receptors (CBRs). In this chapter, we used the PathHuntet®
technology, which relies on the complementation of two enzyme fragments for the
generation of an active [3-galactosidase that emits a luminescent signal relative to the
amount of complementation. Agonist-mediated activation of CB;R or CB,R induced the
recruitment of [-arrestin-2 to the receptors, which resulted in complementation of the
active 3-galactosidase and a luminescent signal (Figure 2.1). Furthermore, this assay could
be used for the investigation of antagonists and inverse agonists by co-incubation with an
agonist or prolongation of the incubation time, respectively. Altogethet, the PathHuntet™
technology provided an easy-to-use and high-throughput assay for a quick screening of
ligand-induced B-arrestin-2 recruitment to CBRs. As such, we successfully used this assay in
Chapter 5 for a set of ligands to investigate orthosteric and allosteric activation of CB,R.

In Chapter 3, we continued the development of a B-arrestin-2 recruitment assay for CB,R
by the use of the NanoLuc Binary Technology (NanoBiT®). This technology also relies
on the complementation of two enzyme fragments, but in this case an active NanoLuc
luciferase (NLuc) is generated. The advantage of this system is that the complementation
is reversible, in contrast to the irreversible complementation of the B-galactosidase, and
as such kinetic, real-time analysis of protein-protein interactions is possible. In our assay,
CB,R was C-terminally fused to a small complimentary peptide (SmBiT) and B-arrestin-2
was N-terminally fused to the large peptide (LgBiT) (Figure 7.1). After agonist-mediated
B-arrestin-2 recruitment to CB,R the two subunits interact and form the active NLuc. We
combined this technology with the GloSensor™ technology for the detection of real-time
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inhibition of ¢cAMP production after CB,R activation (Figure 7.1). This biosensor was
developed by circularly permuting a firefly luciferase (Fluc) and inserting a cAMP binding
domain’. Binding of cAMP to the sensor will cause a conformational shift to the active
Fluc. In the presence of the two different substrates both luciferases generate a luminescent
signal with different emission wavelengths. The combination of these two technologies
presented, for the first time, a multiplex assay for the simultaneous and kinetic detection
of cAMP production and B-arrestin-2 recruitment in one well. In this assay, the influence
of system or obsetrvation bias was reduced, i.e., all results were obtained at the same time
and under the same conditions. The applicability of the multiplex assay was shown by
screening a diverse panel of benchmark and clinically tested CB,R agonists. The results were
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Figure 7.1 Schematic representation of the novel multiplex assay for 3-arrestin-2 recruitment and
cAMP production.

Upon activation of SmBiT-tagged CB,R by a ligand the LgBiT-B-arrestin-2 is recruited to the receptor. This induces
complementation to the active NanoLuc luciferase (NLuc), which results in a luminescent signal upon substrate addition.
This process is reversible, and the LgBiT-B-arrestin-2 can uncouple from the receptor, which will reduce the luminescent
signal. Activation of CB,R can also activate the Ga; pathway and subsequently inhibit the adenylyl cyclase, which will
reduce the cAMP levels in the cytosol. These levels can be monitored by the GloSensor technology. Binding of cAMP
to the sensor will cause a conformational shift to the active firefly luciferase (Fluc), which results in a luminescent signal
upon substrate addition. The resulting two luciferases require a different substrate and as such emit light at different
wavelengths, which allows combining them in the multiplex assay for the simultaneous and kinetic measurement of
inhibition of cAMP production and B-arrestin-2 recruitment after CB,R activation. This figure incorporates drawings

from Servier Medical Art (smart.servier.com).
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interpreted via the use of an endpoint, semi-kinetic and kinetic analysis to investigate time-
dependency of agonist-mediated activation as well as the determination of kinetic signaling
parameters. Interestingly, the activation by certain agonists was time sensitive and the potency
increased over time, whereas activation by other agonists was not affected over time. Time-
dependency of activation was further highlighted in the bias determination, which indicated
that agonists such as 2-AG may be (slightly) biased towards cAMP production at early time
points but switch to B-arrestin-2 recruitment bias after a longer incubation time. On the
other hand, clinically relevant agonists Olorinab, S-777469 and ART-27.13 did not display
changes in their bias profiles at different time points. Furthermore, novel mathematical
models were applied to analyze the full time course and calculate kinetic parameters.
Agonists Olorinab, PRS-211375, ART-27.13 and Tedalinab displayed higher efficacy in
B-arrestin-2 recruitment than commonly used full agonist CP55,940, classifying them as
superagonists. These superagonists were characterized by faster signaling rate constants
(&) than CP55,940, but not all agonists with faster £, values demonstrated superagonism.
Nevertheless, independently of the analysis, none of the benchmark or clinically relevant
agonists induced significant signaling bias in cAMP production or B-arrestin-2 recruitment
in our cellular system. This may suggest that the lack of detectable signaling bias could be
the reason for the high attrition rate of CB,R selective agonists in clinical trials. However,
the mechanism of therapeutic effects at CB,R and the potential importance of biased
signaling is still largely unknown. Incorporation of the novel kinetic multiplex assay in eatly
drug discovery programs may aid in a better and more extensive profiling of agonists prior
to selection for (pre)-clinical models. Altogether, we hypothesize that combining the kinetic
signaling parameters with target binding kinetics could provide a holistic overview of kinetic
context for agonist-mediated receptor activation, which may be a better prediction for 7 vivo
efficacy as they capture the eatly signaling responses.

7.1.2  Association rate constant: more than just diffusion

The investigation of drug-target binding kinetics gained attention over two decades ago
when Copeland and colleagues presented it as a better predictor of drug efficacy and safety
in vive®. The initial focus has been on the investigation and optimization of target residence
time (RT), calculated as the reciprocal of the dissociation rate constant (£,g)°. Specifically
since the association rate constant (4,,) was initially thought to be diffusion controlled and
as such would be unaffected by the ligand. Nevertheless, this assumption has been rejected
and the role of the association rate constant has become increasingly more important'.

In Chapter 3 a large and diverse panel of CB,R agonists was screened in radioligand
competition association assays. This yielded £,, and 4. values, which were converted into
target engagement time (ET) at 1 pM of agonist and RT, respectively. The agonists displayed
diverse kinetic profiles in which ETs ranged by 260-fold. It appeared that a fast agonist
association was the driving factor for high affinity on CB,R. Subsequently, all agonists were
screened in the newly developed multiplex assay and kinetic signaling parameters were
determined to obtain a complete overview of agonist-mediated CB,R activation in a kinetic
context. A fast engagement, ie., £,, value, was significantly correlated with high kinetic
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potency. Altogether, this indicates that high affinity and kinetic potency for CB,R is driven
by fast agonist engagement with the receptor.

In Chapter 4, we utilized the £&,, value to predict a novel ligand entry mechanism for
lipophilic agonists. In this chapter, we combined iz silico, in vitro and in vivo methods to
characterize the potent and selective CB,R agonist LEI-102. Four cryo-electron microscopy
(cryo-EM) structures were elucidated with LEI-102, CB,R-selective agonists APD371
(Olorinab) and HU308, and non-selective agonist CP55,940. Based on these structures,
the influence of several amino acids in agonist activation was explored via site-directed
mutagenesis in functional [*SJGTPyS binding assays. Although the overall structures
of the CB,R-Ga; bound complexes with LEI-102, APD371, HU308 or CP55,940 were
similar, the agonists interacted with different amino acids in the orthosteric binding pocket.
Furthermore, two potential ligand entry pathways at CB,R, i.e., either via the extracellular
loop 2 (ECL) ot via a membrane channel between transmembrane domains 1 and 7 (TM1
and TM7), were investigated. By combining results from site-directed mutagenesis studies
and the association rate constants of the agonists, we suggest that highly lipophilic agonist
HU308 and the endocannabinoids (eCBs) may reach the binding pocket via a membrane
channel, whereas more polar ligands LEI-102, APD371 and CP55,940 use an alternative
route. Ultimately, the promising 7 wivo efficacy of oral administration of LEI-102 was
shown in a chemotherapy-induced nephropathy model without inducing central nervous
system (CNS)-mediated side effects.

7.1.3 Dissociation rate constant: more than residence time and efficacy

Additionally in Chapter 3 and 4, the 4., values of all benchmark and clinically tested
CB,R agonists were determined. Residence times ranged from 2.1 min in our assays for
Dronabinol (A’-tetrahydrocannabinol, A>THC) to 93 min for TAK-937. Nevertheless, the
RTs only differed 44-fold in our assays, opposed to the 260-fold difference in £, values.
We observed no statistically significant correlation between £, values and affinity, potency
or efficacy. However, we found that slowly dissociating agonists exhibited slow deactivation
of B-arrestin-2 recruitment, which may suggest that extended agonist binding results in a
longer receptor interaction with B-arrestin-2. This clearly indicates that optimization of
the dissociation rate constants as well as optimization of the association rate constants
is valuable for CB,R agonists. Together, these results emphasize the importance of
understanding drug-target binding kinetics of CB,R agonists and quantification of these
kinetic parameters could be a valuable addition to drug discovery efforts for CB,R.

In Chapter 5 we described an alternative use of the dissociation rate constant to reveal
allosteric interactions with CB,R. All commercially available proclaimed allosteric modulators
of the endocannabinoid system (ECS) were screened in a single point radioligand dissociation
assay to reveal allosteric interactions. This suggested allosteric properties of cannabidiol-
dimethylheptyl (CBD-DMH), but not for structural analog cannabidiol (CBD) or other
compounds. CBD-DMH was further investigated in dissociation assays and was found
to significantly reduce the 4., value of radioligand PHJROG957022 in a dose-dependent
mannet. To this end, CBD-DMH was characterized as a positive allosteric modulator (PAM)
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for an inverse agonist. In functional assays, it behaved as a negative allosteric modulator
(NAM) for synthetic and endogenous agonists in G protein activation assays, but not in
B-arrestin-2 recruitment. Moreover, in these assays CBD-DMH itself behaved as orthosteric
agonist and partially activated both the G protein and B-arrestin-2 recruitment. Together,
this suggests dual allosteric and orthosteric molecular pharmacology of CBD-DMH at
CB;R, which may provide a new class of molecules targeting CB,R.

7.1.4  Precision medicine: feeping the patient in mind

Chapters 2, 3,4, and 5 focused on assay development and targeting of wild type (WT) CB,R.
Yet, in several diseases, including cancer, GPCRs may contain somatic point mutations'".
Despite this, the effect of GPCR mutations on cancer progression or druggability is largely
unknown'*. While targeting of WT CB,R may provide a great therapeutic potential in cancer,
mutations have been observed in cancer patient samples. Therefore, in Chapter 6, we aimed
to investigate the impact of CB,R cancer-associated mutations on the functionality of the
receptor as well as the implications for drug targeting. We selected ten single point mutations
in CB;R from the Genomic Data Commons based on occurrence and proximity to the
orthosteric binding pocket. Receptor expression and G protein activation by endogenous,
synthetic and clinically tested CB,R agonists was investigated for all ten mutant receptots.
Binding affinity of a subselection of these agonists was further tested in radioligand
displacement assays. We found that mutations in the binding pocket or structurally close
to a conserved motif markedly affected receptor activation. Although the activation and
binding were differentially affected dependent on the combination of CB,R mutant and
agonist. This effect was less pronounced on mutations located in the N- or C-termini.
Altogether, this emphasized the importance of precision medicine, i.e., investigating patient
CB,R genotype, prior to administration of cannabinoid-based therapies.

In conclusion, by the development and application of a variety of assays we have increased
the molecular pharmacological understanding of targeting CB,R. The work presented in
this thesis highlights the potential and importance of studying kinetic binding and signaling
parameters for the elucidation of novel ligand entry pathways, allosteric interactions and the
overall agonist-mediated CB,R activation. Moreover, by combining and developing different
biochemical and cellular assays along with the implementation of new methods of analysis,
this thesis presents comprehensive procedures to improve agonist profiling during the initial
phases of drug discovery. These findings could proof valuable for future drug discovery
endeavors on CB,R as well as other GPCRs.
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7.2 Future perspectives
7.2.1 Kinetic traces as indication for mechanism of signaling regulation

The novel multiplex assay that we designed and validated in Chapter 3 provided an elegant
system for the simultaneous assessment of two signaling events after agonist-mediated CB,R
activation. Furthermore, the kinetic nature of this assay offered the opportunity to trace
and analyze the full dynamics of agonist-mediated receptor activation. Equations to fit the
time-trace data have been developed that enable the determination of kinetic parameters,
which could display kinetic differences between agonists'®. It has been hypothesized that
the shape of the trace represents the complexity of signaling and regulatory mechanisms.
Therefore, kinetic parameters could potentially shed light on the different regulation events.
However, a good understanding of the regulation of signaling is crucial, which may vary
depending on the target, agonist or cellular background. Utilizing specific inhibitors of
certain processes or complementary assays may offer more insights into these signaling
mechanisms, as further outlined below.

The best-known regulators of cAMP signaling are phosphodiesterases (PDEs), which
belong to a superfamily consisting of eight different families'’. PDEs play a role in the
rapid degradation of cAMP to AMP'. PDE inhibitors prevent the degradation of cAMP,
resulting in accumulation of cAMP. Often, competitive non-selective PDE inhibitor
3-isobutyl-1-methylxanthine (IBMX) or selective PDE inhibitors rolipram and cilostamide
are used in (endpoint) cAMP assays since an accumulation of the cAMP signal is required for
quantification of the effect'™'®. Our kinetic assay does not require this accumulation and we
therefore deliberately omitted PDE inhibitors from our setup to limit artificial modification
of the system. Nonetheless, addition of IBMX or subtype-selective PDE inhibitors could
be beneficial for studying agonist-mediated effects of G protein activation and subsequent
adenylate cyclase activity independently of cAMP metabolism™"’.

Alternatively, B-arrestin recruitment to the receptor is only the first step in initiation of
potential signaling or regulation mechanisms. As described in Chapter 1, this could terminate
G protein signaling or cause internalization and trafficking of the receptor to endosomes
prior to different receptor fates such as recycling or degradation. Complementary assays
could shed light on the specific receptor fate after agonist-mediated B-arrestin recruitment
to CB,R, and the difference between B-arrestin isoforms. Investigation of trafficking
to endosomes can be done by use of endosomal markers from the Rab-GTPase (Rab)
family. Specially, Rab5 is a marker for early endosomes, Rab4 or Rab11 for the recycling
endosome and Rab7 is used as marker for the late endosome®. Bioluminescence resonance
energy transfer (BRET) assays have been developed to measure relative distances between
a luciferase-tagged GPCR and green or yellow fluorescent protein (GFP or YFP)-tagged
Rab5, Rab4 or Rab7*?". These assays have already been described for CB,R and could
be used to investigate whether agonists, like the data set in Chapter 3, promote the same
receptor fate or if there could be bias in internalization. Nevertheless, caution should be
taken to check whether this process is actually B-arrestin-dependent, and not G protein-
dependent, since it was recently demonstrated that GPCRs may differentially rely on
B-arrestins or G proteins for internalization®.
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Additionally, B-arrestin recruitment could trigger signaling cascades via mitogen-activated
protein kinase (MAPK) and extracellular signal-related kinase 1 and 2 (ERK1/2)%%.
Activation of the ERK1/2 signaling cascade can be measured in a variety of endpoint assays,
or a kinetic assay by the use of a BRET-based sensor>?". However, whether this activation
is B-arrestin-dependent and G protein-independent, or if recruitment of B-arrestin is
nonessential requites a more thorough examination. To this end, CRISPR/Cas9 genome-
edited cell lines with genetic ablation of B-arrestins or G proteins, or in combination with
pharmacological inhibition of G proteins by, for example, Pertussis Toxin (PTX) could help
to discriminate whether there is a dependence on a specific pathway®.

These strategies could be applied to the agonists studied in Chapter 3 to investigate
whether parts of the signaling time traces, and corresponding signaling rate constants,
can be assigned to specific mechanisms. Furthermore, it would be highly interesting to
investigate whether there is bias on another signaling level, which will be expanded upon
in the following paragraphs. Eventually, a comprehensive understanding of signaling
and regulatory mechanisms after agonist-mediated receptor activation is of the utmost
importance to better exploit CB,R, and other GPCRs, for therapeutic purposes. This
becomes particulatly valuable if a biased signaling approach has been confirmed as a
therapeutic strategy. Alternatively, better profiling of agonists targeting novel receptors
could contribute to a deeper understanding of the necessity for biased signaling, This may
benefit from the inclusion of agonists with diverse bias profiles in iz vivo studies to predict
the most therapeutically relevant profile.

7.2.2 Alternative technologies to expand and further develop multiplex: assays

In the multiplex assay from Chapter 3, we combined two luminescent technologies to
measure cAMP production and B-arrestin-2 recruitment after CB,R activation. We
employed the GloSensor™, a permuted firefly luciferase (Fluc) utilizing D-luciferin as
substrate, and the NanoBiT®, which relies on complementation of two parts (BiTs) to form
an active NanoLuc luciferase (NLuc) that requires furimazine as substrate (Figure 7.1).
The luminescent signals could be distinguished due to the distinct emission spectra of the
luciferases. We demonstrated, for the first time, that simultaneous and kinetic detection of
two luminescent readouts was possible without the need for signal quenching or lysis of
the cells. This encourages the exploration of adding more biosensors to expand the current
multiplex assay ot develop othet new multiplex assays, which is explored in more detail in
the following paragraphs. Ultimately, this could contribute to a more efficient and better
screening of compounds and biased signaling for GPCRs.

7.2.2.1  Luciferase-based biosensors

Luciferase-based biosensors are widely employed in biochemical research due to their high
signal-to-background ratio as they do not require excitation light energy like fluorescent
assays®. Vatious luciferases have been used in biochemical assays, each requiring a specific
substrate devoid of cross-reactions with other substrates (Table 7.1)*. Consequently,
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Table 7.1 Examples of luciferases used in biochemical assays with associated substrate and
emission wavelengths (A.,), and the possibility to be used as split luciferase.

Luciferase Substrate Peal emission Split Ref.
wavelength (A..,) luciferase?

Click beetle Green (CBGluc) D-luciferin/ ATP 540 nm Yes U35
Click beetle Red (CBRluc) D-luciferin/ ATP 615 nm Yes 283435
Cypridina (Cluc) Vargulin 465 nm No »
Firefly (Fluc) D-luciferin/ATP 560 nm Yes 728,36
Gaussia (Gluc) Coelenterazine 460 nm Yes 537
NanoLuc (NLuc) Furimazine 453 nm Yes 30,32,38
Renilla (Rluc) Coclenterazine 480 nm Yes 239

luciferases emit light at different wavelengths®. While the use of intact luciferase-based
biosensors such as the GloSensor™ has been limited in GPCR research, split luciferase
assays such as the NanoBiT® are gaining popularity. In Chapter 3 we used the NanoBiT®
for recruitment of B-arrestin-2 to CB,R. Moreover, this technology has been employed
to investigate other signaling processes like G protein dissociation or GRK recruitment
following agonist-mediated GPCR activation®™. In the development of the split segments
of NLuc, BiTs with different affinities for the LgBiT have been designed. For instance, the
NanoBiT® LgBiT and SmBiT segments have a low intrinsic affinity (K, 190 uM) for one
another and consequently, complementation is driven by interaction of the tagged proteins.
Conversely, the HiBiT segment exhibits a very high affinity for LgBiT (K, 700 pM), and this
complementation is used to monitor internalization of GPCRs (Figure 7.2a)*>%. In this case,
a GPCR is N-terminally tagged with a HiBiT segment, which automatically complements
with the extracellularly present LgBiT that is cell impermeable. Upon internalization of the
receptot, a decreased NLuc signal is obsetved due to loss of GPCRs on the cell surface™>.

A similar approach was undertaken with click beetle luciferases (CBluc), which were split
into C- and N-terminal segments®. Because of the ovetlap of the gteen and red CBluc
(CBGluc and CBRluc) C-terminal segments and their distinct N-terminal segments, the
CBGluc C-terminus could serve as a contact point for both CBGluc and CBRIuc N-terminal
segments. Consequently, mixing CBGluc and CBRluc fragments enabled simultaneous
quantification of two pairs of interacting proteins or the interaction of two proteins with
a shared protein®. The latter approach was recently successfully applied to monitor the
simultaneous recruitment of B-arrestin-1 and 2 to the 3-opioid receptor, which could be
distinguished based on the different wavelengths (Figute 7.2b,c, Table 7.1)%.

While split luciferases of Renilla luciferase (Rluc), Fluc and Gaussia luciferase (Gluc) have
not yet been utilized in GPCR pharmacology, they have been designed and applied in
research fields for other targets’*”*. The complementation assays have been employed for
the detection of a variety of protein-protein interactions proving their applicability across
diverse systems. For instance, Rluc complementation assays have been conducted with
Rluc segments tagged to heat shock protein 90 (Hsp90) and ATPase homologue 1 (Ahal),
respectively, to monitor the disruption of these interactions”. On the other hand, a split

firefly luciferase complementation assay has been explored for interactions between virus
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Figure 7.2 Schematic representation of currently available GPCR split luciferase-based and BRET-
based biosensors.

(a) Split luciferase HiBiT to monitor the internalization of a GPCR. Extracellular LgBiT and a N-terminally HiBiT-
tagged GPCR complement to an active NLuc. Upon internalization of the receptor, the NLuc signal will decrease.
(b) Click beetle red luciferase (CBRluc) and (c) click beetle green luciferase (CBGluc) to simultancously quantify the
interaction of two proteins, in this case B-arrestin-1 and 2, with a third protein, the GPCR. (d) BRET to measure the
proximity between the donor (D)-tagged GPCR and acceptor (A)-tagged transducer, in this case B-arrestin. BRET signal
will increase upon recruitment of B-arrestin to the GPCR. (¢) BRET to measure the dissociation of the heterotrimeric
G protein with donor-tagged Ga and acceptor-tagged Gy, which will result in a decreased BRET signal. (f) Enhanced
bystander BRET (ebBRET) to measure the proximity between the donor (D)-tagged membrane anchor and acceptor
(A)-tagged transducer, in this case B-arrestin. BRET signal will increase upon recruitment of B3-arrestin to the GPCR and
thus membrane anchor. Luciferases (BRET donors) only emit light in the presence of substrate, but this is not shown for
clarity reasons. This figure incorporates drawings from Servier Medical Art (smart.servier.com).
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and host proteins in plant leaves®.

Split luciferase assays may present an interesting strategy for multiplexing due to their high
sensitivity for the quantification of protein-protein interactions. Complementation of
NLuc and click beetle segments have already proven useful in GPCR pharmacology, while
split luciferases of Rluc, Fluc and Gluc could open up new avenues for GPCR signaling,
Moreover, novel substrates are developed to shift emission peaks and gain more distinct
spectra. For instance, a new luciferin analogue, Akalumine-HCI, was synthesized to shift
the emission peak of Fluc to the neat-infrared wavelengths (A, 677 nm)*. Nevertheless,
multiplexing split luciferases may require some optimization to ensure no interference of
the split luciferase segments with the GPCR of interest and the protein partner, such as G
proteins or B-arrestins.

7.2.2.2  BRET-based assays

Over the years, bioluminescence tesonance energy transfer (BRET)-based assays have been
widely used in GPCR research. BRET assays rely on the principle of energy transfer between
aluminescent donor and a fluorophore acceptor, both fused to proteins or protein fragments
of interest*. This energy transfer occurs when the donor and acceptor are brought into close
proximity by ligand-binding, protein-protein interactions, or conformational changes. The
resulting ratio between acceptor and donor emission is then used to quantify the effect®.

A wide array of BRET donor and acceptor pairs have been documented in literature (Table
7.2). Initially, commonly used donors were Rluc variants (Rlucll, Rluc8, Rluc8.6), which
emit light between 400 and 535 nm in the presence of the required substrate**. These
were typically combined with fluorescent proteins like enhanced yellow fluorescent protein
(EYEFP), green fluorescent protein (GFP) or its mutant variants (e.g., GFP2 or GFP10)

Table 7.2 Examples of BRET donor and acceptor pairs with associated substrate and excitation
and emission wavelengths (A, and }.,,) found in literature.

Luciferase Fluorophore

(donor) Substrate Aem (acceptor) Rex Aem Ref.
RlucII Coelenterazine h 480 nm EYFP 511 nm 530 nm 2
RlucII Coelenterazine 400a 400 nm GFP2 or GFP 10 400 nm 510 nm 2
RlucII Prolume Purple 405 nm GFP2 or GFP 10 400 nm 510 nm 2
RlucII Coelenterazine 400a 400 nm rGFP 480 nm 508 nm 4445
RluclI Prolume Purple 405 nm rGFP 480 nm 508 nm 4445
Rluc8 Coelenterazine 400a 400 nm GFP2 400 nm 510 nm o
Rluc8 Coclenterazine 480 nm mOrange 548 nm 562 nm o
Rluc8.6 Coelenterazine 535 nm TurboFP635 588 nm 635 nm 8
NLuc Furimazine 453 nm Venus 515 nm 528 nm 50,52
NLuc Furimazine 453 nm mVenus 515 nm 527 nm 351
NLuc Vivazine 453 nm mKATE2 588 nm 633 nm ¥
NLuc Vivazine 453 nm EGFP 488 nm 507 nm i
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serving as acceptors with emission peaks around 510-530 nm**. However, enhanced energy
transfer efficiency has been achieved by combining Rluc with other fluorophores such as
rGFP, mOrange and TurboFP635*444474_ Similarly, improvements on the luciferase donor
have been made by introducing the brighter intact NLuc for NanoBRET assays™. This
allowed pairing with red-shifted fluorophores, thereby enhancing the signal-to-noise ratio
compared to early BRET pairs due to better spectral separation between donor and acceptor
emission®*-2,

The possibilities for BRET-based biosensors to study different components of GPCR
pharmacology are endless and continuous development of BRET-based biosensors has led
to the development of multiple generations, which have been reviewed previously**>3-5,
For example, the earliest biosensors used donor-tagged GPCRs while transducers, such
as B-arrestins or G proteins, were tagged with an acceptor (BRET!, BRET?. Depending
on the mechanism studied, BRET signals could either increase after agonist-mediated
receptor activation, e.g., B-arrestin recruitment, or decrease, e.g., dissociation of Ga and
GpBy subunits as a proxy for G protein activation (Figure 7.2d,e)*. The latter has been
upscaled in the TRUPATH platform, which enables the detection of fourteen G protein
pathways by tagging various Ga, G and Gy subunits with donor and acceptor paits in
separate assays with the same cellular background®. Enhanced bystander BRET (ebBRET)
is the improved BRET-based biosensor technology, which does not require modification of
the GPCR (Figure 7.2f). In this case, the BRET donor is tethered to a cellular compartment
and the translocation of an accepter-fused protein to this compartment can be measured*.
The ebBRET can be used for characterization of trafficking or localization of GPCRs and/
or transducers, as the donor-anchors can be targeted to the plasma membrane but also
endosomal or other membranes**. This offers the opportunity to explore agonist-mediated
signaling across different cellular compartments, a phenomenon referred to as ‘location bias’
by activation of distinct signaling pathways in various subcellular locations®**". Altogether,
BRET-based biosensors have facilitated the study of numerous events following GPCR
activation including G protein activation, GRK and B-arrestin recruitment, desensitization,
internalization, tecycling and dimer formation®*.

The versatility of BRET-based biosensors renders them highly appealing tools for studying
GPCR pharmacology. Nonetheless, multiplexing of BRET-based biosensors in cellular
assays remains unexplored. This could prove very challenging given that two different
emission spectra are measured in BRET-based assays. Incorporating a second biosensor
would require meticulous optimization of donor and acceptor pairs to effectively distinguish
between the different emission spectra.

7.2.2.3  Expanding the multiplex assay

Expanding the multiplex assay as described in Chapter 3 by addition of a biosensor for
dissociation of the heterotrimeric G protein, serving as proxy for G protein activation, may
be a valuable strategy. However, incorporating more biosensors poses vatious significant
challenges due to the emission spectra of the luciferases. First, no luciferase and substrate
pairs with emission spectra >700 nm have been discovered, which would be required
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since NLuc and Fluc signals range from approximately 380 to 580 nm and 500 to 700 nm,
respectively. Secondly, switching the substrate for Fluc from D-luciferin to Akal.umine-HCI
shifts the light emission to between 600 and 800 nm, and as such creates a small opportunity
for integration of a third biosensor. In this case, integration of a CBGluc (A, 540 nm)
biosensor may be the only possibility. However, CBGluc requites D-luciferin as substrate,
which will move the Fluc emission spectrum back to 500 to 700 nm (Table 7.1). Thirdly,
using complemented NLuc as donor for a BRET-based G protein dissociation biosensor
renders challenges as this would require constant interaction of CB,R with (-arrestin
for complementation to the active luciferase. Furthermore, this would requite B-arrestin
recruitment to occur prior to G protein dissociation and remain at a constant level to
prevent reduction of BRET signals due to reduced NLuc emission. Altogether, expanding
the current multiplex presents various limitations. Consequently, exploring novel biosensor
combinations may offer more opportunities for enhancing our understanding of GPCR
pharmacology with particular regard to biased signaling. Moreover, this approach holds
promise for elucidating multiprotein interactions ot unraveling the sequence of signaling/
trafficking events for which a few examples are outlined below.

To capture the effect of agonist-mediated GPCR activation on the B-arrestin level and G
protein level, opposed to the downstream cAMP in our multiplex, one potential strategy
may involve multiplexing the CBluc complementation biosensors CBGluc (A, 540 nm)
and CBRluc (A, 615 nm, Figure 7.2b,c) with NanoBiT® (A, 460 nm). In this case,
B-arrestin-1 and 2 could be tagged by CBGluc and CBRluc, respectively, which would show
the preferred isoform recruitment after activation since either B-arrestin-1 or -arrestin-2
can complement the CBGluc C-term segment. The LgBiT segment could be fused to the
Guo subunit and the SmBiIT segment to the Gy subunit consequently dissociation of the
heterotrimeric G protein, and thus attenuated luminescence, can serve as proxy for G
protein activation®*®,

Alternatively, to better comprehend the effect of isoform-specific 3-arrestin recruitment
and subsequent receptor internalization, the B-arrestin CBluc complementation biosensors
as described above could be combined with the HiBi'T complementation assay by N-terminal
fusion of the HiBiT to the GPCR (Figure 7.2a). This would capture the internalization of
the GPCR and may be correlated to the recruitment of a specific B-arrestin isoform.

In addition to multiplexing split luciferase assays, exploring the potential for multiplexing
two BRET-based biosensors presents an intriguing avenue. While this approach may not
be suitable for simultaneous detection of two transducer proteins, like the G protein and
B-arrestin, due to their likely proximity to one another and to the GPCR, it may hold
promise for determining receptor localization after activation over time. A combination
of NLuc with EGFP and mKATE2 may be a promising starting point due to the far-
red shifted emission spectrum of mKATE2 (Table 7.2). However, careful consideration
is required to prevent that the emission of EGFP causes excitation of mKATE2. In this
case, the trafficking of a NLuc-tagged GPCR to the eatly endosome could be followed
by increased BRET signals for EGFP if in close proximity to Rab5-EGFP. Subsequently,
increased mKATE2 BRET signals would indicate proximity to mKATE2-tagged Rab7 and
thus receptor trafficking to the late endosome (Figure 7.3).
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Nevertheless, multiplexing of biosensors may remain very challenging, and technical and
biological considerations should be made. On the technical side, this would require careful
optimization of protein constructs to preventinterference of (split) luciferase or fluorophore
tags on the intrinsic protein function. Moreover, consideration of the appropriate substrate
or combinations of substrates is essential and spectral overlap should be minimized via
the proper use of suitable equipment to separate the detection of different excitation
and emission wavelengths. Currently, most split luciferase and BRET-based assays are not
applied to physiologically relevant systems as they require modification of proteins and the
modified proteins need to be expressed in large excess to prevent interactions of native
proteins. The competition between modified and native proteins may shield or reduce
the luminescent or BRET signals®. Additionally, endogenous signaling may be altered by
overexpression of these proteins and loss of biased signaling at GPCRs has been reported
in overexpressed systems®’. Solutions are presented in the form of endogenous protein
modification by the CRISPR/Cas9 technology, which maintains the endogenous expression
levels and stoichiometry®. For instance, NLuc fragments have been introduced on native
proteins like B-arrestin-2 in HEK293 cells or atypical chemokine receptor 3 in Hel.a cells for
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Figure 7.3 Possibility for multiplexing two BRET-based biosensors.
Possible multiplex assay setup with NLuc-tagged GPCR, which upon internalization in the early endosome may increase
BRET signals with EGFP-tagged Rab5. Transition to the late endosome would be reflected by increased BRET signaling

with mKATE2-tagged Rab7. This figure incorporates drawings from Servier Medical Art (smart.servier.com).
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NanoBRET/NanoBiT purposes® % While endogenous expression levels and stoichiometry
are maintained in these engineered cell lines, it does not always reflect the heterogeneity of
the human population or the relevant disease tissue. The use of human induced pluripotent
stem cells (hiPSCs) in GPCR pharmacology research is emerging to further increase the
physiological relevance . The use of biosensors in hiPSCs was first demonstrated by Avet
and colleagues, where ebBRET was used to detect the translocation of (heterologous) Goy
proteins to the endogenous sphingosine 1 phosphate receptor-1 (S1P;) in hiPSC-derived
cardiomyocytes®. Nonetheless, in case of successful implementation of these technical
and biological challenges, multiplex assays could contribute greatly to novel insights into
agonist-induced GPCR pharmacology and concepts such as biased signaling.

7.2.3  Intertwining novel concepts to improve drug discovery

As described in Chapter 1 there is great potential for integrating novel concepts in the
carly phases of drug discovery to enhance the translational perspective, and thus decrease
clinical attrition rates. In Chapter 3, the drug-target binding kinetics of CB,R agonists were
investigated and related to their signaling profiles. However, allostetic modulation (Chapter
5) and the impact of single point mutations (Chapter 6) were approached as individual
concepts. Recent findings on other GPCRs suggests that these concepts may be intertwined
in diverse manners and offer new therapeutic possibilities, which will be expanded upon in
the following paragraphs.

7.2.3.1  Biased allosteric modulation

Combining allosteric modulation and biased signaling is a newly emerging approach in drug
discovery that provides spatial, temporal and signal pathway specificity®. Biased allosteric
modulators (BAMs) exert their effect by selectively modulating one pathway activated by an
orthosteric ligand over another pathway while binding to the allosteric binding site®®. The
feasibility of designing and employing BAMs has recently been demonstrated for several
GPCRs in zn vitro and in vivo studies, of which two are further presented below.

For example, a selective B-arrestin-biased NAM was identified for the $3,-adrenoceptor
(B,AR) which in the presence of endogenous agonist antagonized the interaction with
B-atrestin-2 without affecting cAMP production via Go, signaling®. Cutrent clinical
treatments for asthma or chronic obstructive pulmonary disease (COPD) rely on balanced
clinical B,AR agonists”. However, it has been described that the therapeutic effects are
mediated via activation of the Go, pathway, whereas B-arrestins may contribute to the pro-
inflammatory and pathogenic effects in asthma mouse models®. To this end, B-artestin-
biased NAMs may provide a novel class of drugs that modify endogenous 3,AR activation
with improved selectivity on receptor binding and signaling effects.

In the case of the neurotensin receptor 1 (NTSR1), a B-arrestin biased PAM has shown
promise for the treatment of drug addiction in 7 vivo studies®®. Activation of this receptor
offers therapeutic possibilities by restoring homeostatic dopamine signaling, but clinical
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applications have been precluded by the occurrence of severe side effects due to NTSR1’s
involvement in regulation of fundamental physiological processes, such as regulation of
body temperature, blood pressutre and motor control®. Nevertheless, preclinical data showed
that the regulation of addiction-associated behavior in rodents was primarily mediated
via B-arrestin-2. A screening effort led to the discovery of a B-arrestin-2 biased NTSR1
activator, SBI-553. This compound selectively antagonized Ga, signaling in the presence
of endogenous neurotensin (N'TS), while B-arrestin-2-mediated pERK generation was
stimulated. These promising effects of SBI-553 were further exhibited by the attenuation of
psychostimulant-associated behavior in mouse models of drug abuse, without introducing
side effects seen with balanced agonists®.

Altogether, the development of BAMs presents a promising strategy for the design of more
selective drugs for GPCRs that target therapeutic relevant pathways while minimizing side
effects via other pathways®. To date, the mechanism for the desired therapeutic effects at
CB,R and the potential importance of biased signaling is largely unknown. Here, BAMs
could serve as tool compounds to provide more insight into the mechanism of receptor
modulation.

7.2.3.2  Mutations introducing biased signaling

Biased signaling not only refers to the possibility of ligands inducing differential signaling,
as studied in Chapter 3, but it also extends to biased receptors. Single point mutations,
either natural variants in the population or associated with disease, can modify a receptor
to adopt a specific conformation, thereby favoring stimulation of one signaling pathway
over anothet”. Such mutations may play an important role in the disease progression by
stimulation or inhibition of certain pathways. Consequently, genetic variation, and as a result
variation in signaling, could contribute to variations in drug efficacy and toxicity”. To this
end, it is imperative to investigate the impact of mutations on signaling.

Several natural variants in CB,R have been described, of which a glutamine to arginine
point mutation on position 63 (QG63R) is widely reported and has been suggested to affect
several psychiatric disorders®’. Additionally, a substitution of tyrosine for histidine was
found in the C-terminal at position 316 (H316Y) and a high mutant allele frequency of
leucine to isoleucine mutation (I.133I) was found in bipolar disorder patients*" In vitro
studies showed that the CB,R variants Q63R and 1.1331 had similar Goy; activation and
consequently cAMP production as WT but showed distinct GRK and B-arrestin-2 binding;
Specifically, the Q63R mutant showed increased GRK2 and GRK3 binding compared
to WT and consequently increased B-arrestin-2 binding, whereas GRK2, GRK3 and
B-arrestin-2 binding was decreased for CB,R-1.133I*. Another study found compromised
agonist-mediated inhibition of cAMP production on QG63R and H316Y receptors and the
constitutive activity of H316Y, but not Q63R was increased compared to WI7% Of note, all
experiments in this thesis were carried out on CB,R with Q63, 1.133 and H316.

In the case of the cysteinyl leukotriene receptor 2 (CysLTR2), it was found that a leucine to
glutamine mutation on position 129 (1.129*#Q) was a recurrent hotspot in uveal melanoma
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(UVM) patients”. Furthermore, the mutated receptor served as a driver oncogene in
UVM and other melanocytic tumors™. Closer examination revealed that mutant receptor
CysLTR2-L129°*Q was constitutively active with stronger Ga, coupling, while recruitment
of B-arrestins was attenuated compared to the WT receptor, and thus the receptor escaped
down-regulation mechanisms associated with this pathway”.

Studies on disease-associated mutations in extracellular loop 3 (ECL3) of the adhesion
G protein-coupled receptor G1 (ADGRGI1) revealed that mutated receptors ablated the
serum response factor (SRF) response, while the signaling to nuclear factor of activated
T cells (NFAT) pathways was unaffected’. Further elucidation of these signaling events
uncovered mechanistic differences in these two pathways, which were initially brought to
light by studying the disease-associated mutations.

While the precise implications of disease-related mutations in disease progression may not
be fully understood, studying them offers an opportunity for obtaining a fundamentally
better understanding of receptor signaling and their role in pathophysiology. Furthermore,
this may lead to a potentially improved pharmacological strategy for conditions influenced
by these mutations.

7.2.3.3  Mutations altering target-binding kinetics

While natural variants or disease-associated mutations in GPCRs can drastically influence
downstream signaling, licand binding may also be impacted which was desctibed in Chapter
6. The impact of disease-associated mutations on receptor targeting by agonists and
antagonists is generally investigated on the level of equilibrium binding affinity”*, while
the effect on kinetic parameters association and dissociation rate constants (£,, and £,¢) is
less understood. Nevertheless, various studies have reported that single point mutations in
GPCRs, introduced to better understand binding mechanisms, may affect one or both of
these rate constants, and consequently the binding affinity.

A study with mutations introduced into the adenosine A,, receptor (A, R) demonstrated
the differential impact of single point mutations on antagonist dissociation, which was
either decreased, increased or not affected®. Specifically, mutations in the binding pocket on
amino acids typically involved in hydrogen bonding with the ligand prevented the formation
of the hydrogen bonds and as such opened up the pocket and decreased the RT®. On the
other hand, mutations on residues that are involved in the formation of a salt bridge with
the ligands increased the dissociation rate constant of long RT ligands, while the effect on
short RT ligands was less pronounced®. Similatly, in the muscarinic M; receptot, mutations
on residues that were involved in locking the ligand into the receptor drastically decreased
the RT®,

While these studies only focused on the effect of mutations on ligand RT, a study by
Swinney ef al. also explored the effect of mutations in the human CC chemokine receptor
5 on the association rate constant™. They identified a kinetic fingerprint of residues that
differentally affected £,, and/or £, values of the ligand. Similatly, a study on mutations in
A,\R demonstrated that changes in £, values were observed, but that differences in binding
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affinity were often derived from altered £, values. Interestingly, while both £,, and £«
values of ligands for some mutated receptors were affected, the overall binding affinity of
the ligands remained unchanged®.

Altogether, these studies emphasized the influence single point mutations may have on
kinetic binding parameters, which are overlooked when only reporting binding affinity.
Accordingly, investigating target binding kinetics on mutated receptors, natural variants or
disease-associated mutations, contributes to the overall understanding of receptor targeting
and downstream signaling. Ultimately, this could contribute to more accurate selection of
drugs in the application of precision medicine.

7.3 Final notes

In essence, this thesis explored the molecular pharmacological mechanisms of targeting CB,R
via investigation of novel drug discovery concepts such as target binding kinetics, allosteric
modulation and biased signaling. Central to the investigation of CB,R pharmacology was
developing new assays and providing an overall kinetic view, aimed at bringing fresh insights
that could be further integrated into the field of GPCR research. To this end, the development
and application of state-of-the-art and novel cellular and biochemical assays contributed to a
better understanding of agonist-mediated CB,R activation and signaling, which can advance
drug discovery efforts for treatments of diseases that involve CB,R. Finally, it5 about time
that novel concepts for GPCRs are incorporated into early drug discovery programs, where
a kinetic view is applied to provide a better translational perspective.
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Minstens een derde van alle op de markt gebrachte geneesmiddelen grijpen aan op G eiwit-
gekoppelde receptoren (GPCRs). Echter zijn er veel kandidaat-geneesmiddelen die in de
klinische fasen afvallen door een gebrek aan effectiviteit in de mens. Zodoende is er een betere
vertaalslag tussen z vitro preklinische resultaten en 7z vivo effecten nodig voor een succesvoller
translationeel perspectief. Om deze reden zijn nieuwe concepten ontwikkeld en toegepast
die steeds meer erkenning krijgen binnen de vroege stadia van geneesmiddelonderzoek. Dit
proefschrift richt zich specifick op de concepten van receptorbindingskinetiek, allostere
modulatie en voorkeurssignaaltransductie voor de cannabinoide CB, receptor (CB,R), een
veelbelovende GPCR voor de behandeling van ontstekingsaandoeningen.

Hoofdstuk 1 bespreckt de hoofdthema’s die centraal staan in dit proefschrift. Na een
introductie over de structuur, functie en signaaltransductie van G eiwit-gekoppelde
receptoren worden de nieuwe concepten receptorbindingskinetiek, allostere modulatie en
voorkeurssignaaltransductie toegelicht. Hierna wordt het endocannabinoide systeem, waar
CB,R deel van uitmaakt, geintroduceerd en de therapeutische mogelijkheden voor CB,R
activatie besproken.

In Hoofdstuk 2 wordt een uitgebreid protocol beschreven voor het rekruteren van
B-arrestine-2 na activatie van cannabinoide receptoren door agonisten. Het protocol kan ook
gebruikt worden voor binding van antagonisten en inverse agonisten door respectievelijk
co-incubatie met een agonist of verlenging van de incubatietijd. Het hoofdstuk toont aan dat
de PathHunter B-arrestine-2 technologie eenvoudig te gebruiken is voor een snel onderzoek
naar ligand-gemedieerde activatie van cannabinoide receptoren. Deze technologie is verder
toegepast in Hoofdstuk 5 voor het onderzoeken van orthostere en allostere activatie van

CB,R.

Hoofdstuk 3 beschrijft de ontwikkeling van een nieuwe methode om twee verschillende
signaaltransducties na activatie van CB,R te meten. Het combineren van twee luminescente
technologieén presenteert voor het eerst de mogelijkheid om gelijktijdig en kinetisch
cAMP productie en de rekrutering van (-arrestine-2 te detecteren na CB,R activatie. De
toepasbaatheid van deze gecombineerde methode is bewezen door het screenen van
veelgebruikte preklinische en klinisch geteste agonisten voor CB,R. De functionele resultaten
zijn geinterpreteerd via het gebruik van een eindpunt, een semi-kinetische en een kinetische
analyse om de tijdsathankelijkheid van de agonist-gemedicerde CB,R activatie te bepalen.
De bindingskinetick van de agonisten is bepaald in radioligand bindingsstudies voor een
uitgebreide profilering van alle stoffen. Agonist-gemedieerde activatie en signaaltransductie
van CB,R was tijdsgevoelig voor verschillende synthetische agonisten, terwijl dit niet van
toepassing was op de endogene agonisten. Vergelijkbare activatic parameters werden
verkregen uit semi-kinetische en kinetische analysemethoden, terwijl de laatste aanvullende
snelheidsconstanten opleverde voor het beginnen en afnemen van het signaal. Snelle
associatie (£,,) van agonisten met CB,R resulteerde in verhoogde affiniteit en activatie,
terwijl langzaam dissociérende (£,¢) agonisten de interactie tussen CB,R en B-arrestine-2
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vetlengden. Er werd geen significante voorkeurssignaaltransductie waargenomen in ons
systeem. Alles bij elkaar toont dit hoofdstuk de mogelijkheid voor het combineren van
functionele responsen en het uitvoeren van kinetische analyses om GPCR activatie door
agonisten uitgebreid te profileren. Deze profilering creéert de mogelijkheid om de ir vivo
farmacologische effecten van GPCR activatie beter te voorspellen.

Hoofdstuk 4 toont een andere toepassing van de associatiesnelheidsconstante om een nieuw
toegangsmechanisme te voorspellen voor lipofiele agonisten. In dit hoofdstuk zijn in silico,
in vitro en in vivo methodes gecombineerd om een nieuwe selectieve CB,R agonist LEI-102
te karakteriseren. Vier cryo-elektronenmicroscopie (cryo-EM) structuren zijn opgehelderd
met selectieve CB,R agonisten LEI-102, APD-371 en HU308, en niet-selectieve agonist
CP55,940. Op basis van deze structuren is de invloed van verschillende aminozuren op
agonist-gemedieerde receptoractivatie onderzocht door middel van functionele mutagenese
experimenten. Alhoewel de algehele receptor structuren vergelijkbaar waren, hadden
de agonisten verschillende interacties met aminozuren rond de bindingsplaats. Verder
werden twee potenti€le toegangsmechanismes voor de agonisten naar de bindingsplaats
onderzocht, enerzijds via de extracellulaire lus 2 of anderzijds via een membraankanaal
tussen de transmembraandomeinen 1 en 7. Het combineren van de mutagenese data en
de associatiesnelheidsconstanten van de agonisten leidde tot de constatering dat lipofiele
agonisten, zoals HU308 en de endogene agonisten, gebruik lijken te maken van een
membraankanaal om de bindingsplaats te bereiken, terwijl de meer polaire agonisten een
andere route gebruiken. Als laatste werd de veelbelovende 7 vivo werkzaamheid van orale
toediening van LEI-102 aangetoond in een chemotherapie-geinduceerd nefropathiemodel
zonder het veroorzaken van bijwerkingen via het centraal zenuwstelsel.

In Hoofdstuk 5 is een alternatieve toepassing van de dissociatiesnelheidsconstante
beschreven om allostere interacties met CB,R aan het licht te brengen. Positief allostere
interacties met CB,R werden gesuggereerd voor cannabidiol-dimethylheptyl (CBD-DMH),
maar niet structurele analoog cannabidiol (CBD), door het concentratie-afhankelijk
beinvloeden van de dissociatiesnelheidsconstante van een radioactieve inverse agonist. In
functionele experimenten gedroeg CBD-DMH zich als negatieve allostere modulator van
verschillende synthetische en endogene agonisten op de activatie van het G eiwit, maar niet
voor het rekruteren van B-arrestine-2. Daarnaast gedroeg CBD-DMH zich ook als partiéle
orthostere agonist voor G eiwit activatic en B3-arrestine-2 rekrutering. Samen suggereert dit
een dubbele allosteer en orthosteer werkingsmechanisme voor CBD-DMH op CB,R, wat
een nieuwe klasse moleculen zou kunnen opleveren voor CB,R activatie.

In Hoofdstuk 6 wordt de overstap gemaakt naar gemuteerde CB,Rs door het focussen op
mutaties in CB,R die in tumorweefsel van patiénten zijn gevonden. De implicaties op de
functionaliteit van de muteerde receptoren en de doelgerichtheid van geneesmiddelen wordt
onderzocht. Mutaties rond de bindingsplaats of in de buurt van geconserveerde motieven
beinvloedden de receptoractivatie aanzienlijk. De mate van binding en activatie van de
gemuteerde CB,R wisselde afhankelijk van de mutatie-agonist combinatie onderzocht.
De effecten op binding en activatie waren minder uitgesproken voor mutaties in de N-
en C-uiteinden. Dit hoofdstuk benadrukt het belang van het onderzoeken van het CB,R
genotype van patiénten alvorens toediening van geneesmiddelen gebaseerd op CB,R

234



Nederlandse samenvatting

agonisten.

Tot slot vat Hoofdstuk 7 het hele proefschrift samen aan de hand van belangtrijke aspecten
binnen de vroege fasen van geneesmiddelonderzoek. Daarnaast wordt er uitgeweid over
mogelijkheden om het onderzoek beschreven in dit proefschrift te vervolgen met het oog
op nieuwe analyses, verdere ontwikkeling van experimentele methodes en het combineren
van de verschillende concepten die centraal stonden in dit proefschrift.

Alles bij elkaar benadrukt het werk in dit proefschrift het belang van het bestuderen van
kinetische bindings- en activatieparameters voor het ophelderen van orthostere en allostere
activatie van CB,R. Door het combineren en ontwikkelen van verschillende biochemische
en cellulaire methodes samen met de implementatie van nieuwe analysemethodes brengt dit
proefschrift nieuwe mogelijkheden om de profilering van orthostere en allostere liganden
te verbeteren tijdens de vroege fasen van geneesmiddelonderzock. Daarnaast wordt de
toegevoegde waarde van het bestuderen van verschillende CB,R varianten beschreven
voor enerzijds een beter fundamenteel begrip van ligand-receptor interacties, maar ook
de implicaties voor geneesmiddeltoediening aan patiénten met gemuteerde CB,Rs. Deze
waardevolle bevindingen kunnen bijdragen aan de verbetering van toekomstig onderzoek
en ontwikkeling van geneesmiddelen voor CB,R en andere GPCRs.
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