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ABSTRACT

G protein-coupled receptors (GPCRs) are the largest family of human membrane
proteins and represent one of the most important classes of pharmacological targets
for drugs. Among these, the cannabinoid (CB) receptor subtypes CB, and CB, have
emerged as attractive targets due to their roles in various pathophysiological
processes. Growing evidence indicates that cannabinoids can additionally interact
with other GPCRs beyond CB; and CB, receptors, in particular with the orphan
receptors GPR18 and GPR55. Both receptors have potential as drug targets, but
conflicting findings have presented significant challenges in their validation for

therapeutic application.

The present study aimed to design, synthesize, evaluate, and characterize tool
compounds, for GPR18, CB; and CB; receptors. Through screening campaigns,
structure—activity relationship (SAR) analysis, and broad pharmacological evaluation,

several potent and reliable tools were developed.

For GPR18, the initial hit compounds PSB-KD107 (ECs, = 0.562 uM) and PSB-KD477
(ECs0 = 0.454 uM) were used as starting points to yield more potent and selective
agonists, including PSB-KK1415 (ECs, = 0.0191 pM), PSB-KK1445 (ECs, = 0.0454 pM),
and PSB-KK1418 (ECs, = 0.0711 uM). These compounds present the most potent
(PSB-KK1415), most selective (PSB-KK1445) and most efficacious (PSB-KK1418)
GPR18 agonists known to date. Additionally, PSB-KK1846 was identified as the most
potent antagonist for GPR55, with an ICso of 0.884 pM. The new agonists were found
to display minimal species differences. In contrast, A°-tetrahydrocannabinol (THC) -
a standard tool compound for this receptor, acted as a weak partial agonist at the

mouse GPR18 receptor, and therefore cannot be used for mouse studies of GPR18.

For CB,receptors, a fluorinated indole derivative, demonstrated high selectivity over
other CB and CB-like receptors and exhibited a favorable profile in metabolic stability
assays, making it a promising candidate for radiotracer development for positron
emission tomography (PET). Diindolylmethane (DIM) and its derivatives were

optimized to generate tool compounds for CB, receptors with distinct
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pharmacological properties. PSB-19837 (ECs, = 0.0144 uM) was identified as the
most potent CB, agonist in the present series. PSB-19571 exhibited biased agonism
toward B-arrestin (6-fold preference for B-arrestin-2 over G-protein signaling), while
PSB-18691 showed a Ga-protein bias (20-fold preference for G-protein over B-

arrestin-2 signaling).

A further study focused on the adenosine A,x receptor, presenting the crystal
structure of the receptor bound to the partial agonist LUF5834, with an atomic
resolution of 2.3 A. Structural studies revealed previously unobserved binding
interactions, including the interaction of the phenolic group of LUF5834 with
transmembrane helix Ill, and an ionic lock between the extracellular loops.
Pharmacological studies confirmed that LUF5834 acts as a partial agonist, likely

stabilizing an equilibrium between active and inactive receptor states.

In conclusion, the present work identified, optimized and broadly characterized small
molecules that serve as potent tool compounds for GPR18 and CB; receptors. In
addition, structural and pharmacological studies on the adenosine A.x receptor
provided valuable insights into the mechanism of partial agonism at this prototypic

GPCR.
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OVERVIEW AND SUMMARY Chapter 1

1. OVERVIEW AND SUMMARY

G protein-coupled receptors (GPCRs) are involved in numerous physiological and
pathophysiological processes. They represent one of the most targeted protein
families in drug discovery, with over 30% of approved drugs acting on GPCRs. Despite

theirimportance, many GPCRs remain underexplored.

One of these receptors is the orphan cannabinoid-like GPR18, which has been
associated with immune regulation, cancer, and inflammatory diseases, making it a
promising drug target. However, the exploration of GPR18 is hindered by the lack of
reliable and selective tool compounds. The phytocannabinoid A°®-
tetrahydrocannabinol (THC) has been proposed to activate GPR18, but it exhibits
much higher potency at cannabinoid (CB) receptors which limits its utility for GPR18
research. In the past years, two lipids - A-arachidonylglycine (NAGLly), an arachidonic
acid metabolite, and Resolvin D2 (RvD2), a metabolite of docosahexaenoic acid
(DHA) - were proposed as GPR18 agonists. However, these findings have proven

impossible to reproduce, and the stability issues of RvD2 further complicate its use.

Another GPCR relevant to immune regulation, cancer, and inflammatory processes is
the CB, receptor. Unlike GPR18, the CB, receptor has been extensively studied, and
many ligands have been developed. However, no drugs targeting CB, receptors have
reached the market, primarily due to off-target side effects. To address this challenge,
alternative strategies to modulate CB, receptors need to be explored, potentially
through new pathways or mechanisms such as the development of biased ligands or

allosteric modulators.
This work aims to address the following key questions:

i) Canreliable and selective tool compounds for the enigmatic GPR18 receptor
be developed and characterized?
ii) Cannovelligands fortargeting the CB.receptor be identified, and how do they

interact with CB, receptor?

To answer these questions, the present work focuses on the design, synthesis, and

evaluation of small molecules as reliable tool compounds to modulate GPCRs,
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particularly the CB receptors and the CB-like receptor GPR18. Initial steps include
screening campaigns using a proprietary compound library, followed by structure—
activity relationship (SAR) studies, and a variety of pharmacological studies to
elucidate and validate the mechanisms of action of the optimized compounds. This

work consists of five interconnected publications presented in chapters 3.1 to 3.5.

Chapter 3.1, "Discovery of tricyclic xanthines as agonists of the cannabinoid-
activated orphan G protein-coupled receptor GPR18," lays the groundwork for GPR18
research by identifying tricyclic xanthine derivatives as the first potent and selective
agonists for exploring GPR18. These findings provide a novel scaffold for further
optimization and drug development, paving the way for exploring GPR18 as a

therapeutic target in immune diseases and cancer.

Studies to further explore GPR18 and to develop agonists with improved properties is
continued in chapter 3.2. This chapter, "Potent, selective agonists for the
cannabinoid-like orphan G protein-coupled receptor GPR18: a promising drug target
for cancer and immunity," introduces novel, bicyclic xanthine derivatives designed on
the basis of the tricyclic xanthine scaffold. The newly developed agonists show high
potency and selectivity for GPR18. These new compounds were evaluated against
both human and mouse GPR18, addressing species differences that had previously
been a limitation in the study of this receptor. Comprehensive pharmacological in
vitro evaluation was conducted to validate these GPR18 agonists as excellent tool
compounds. Additionally, selectivity evaluation identified a compound capable of
blocking GPR55, another orphan cannabinoid-like receptor. The development of
these tool compounds may help in advancing GPR18 (and GPR55) research and

validate them as a potential drug targets for cancer and immune disorders.

The work described in chapter 3.3 and 3.4 focuses on the development of novel tool
compounds for CB receptors, especially the CB, receptor, a validated target in
immune regulation. Chapter 3.3 “ Development of high-affinity fluorinated ligands for
the cannabinoid subtype 2 (CB;) receptor and the in vitro evaluation of a radioactive
tracer for imaging” explores the development and characterization of high-affinity
fluoro-substituted indole derivatives to study CB, receptors. The SARs of these indole
derivatives were investigated, and the best compound was radiolabeled for use as

2
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imaging agents in positron emission tomography (PET) studies. In vitro evaluation of
the new radiotracer in autoradiography studies confirmed that it is a valuable tool for

CB. receptor imaging.

Further exploration of CB, receptor modulation is presented in chapter 3.4 "Design,
synthesis, and structure-activity relationships of diindolylmethane (DIM) derivatives
as cannabinoid CB: receptor agonists.” DIM, a naturally occurring compound and a
partial agonist at CB, receptors, served as a starting compound. Systematic
modifications of DIM identified key structural elements that enhanced CB, receptor
affinity and selectivity, enabling the modulation of the efficacy of DIM derivatives from
partialto full agonistic activity. The developed compounds exhibited diverse signaling
profiles, including biased agonism and presumed allosteric binding. Thus, they

represent versatile tools for studying CB,receptor signaling.

Finally, chapter 3.5, shifted the focus to the well-established adenosine A receptor
(A22AR). This study on “Structural and functional insights into the partial agonism of
LUF5834 at the adenosine Az, receptor,” utilized an optimized receptor construct to
elucidate previously unobserved interactions of the partial agonist LUF5834.
Structural studies revealed interactions, e.g. that of the phenolic group of LUF5834
with transmembrane helix lll, and an ionic lock between extracellular loops, while
pharmacological evaluation demonstrated LUF5834’s partial agonism. These
findings suggest that LUF5834 can bind to the inactive state of the adenosine Az
receptor and may induce a distinct receptor conformation, in contrast to full agonists
that favor the active state. This work provides insights into receptor stabilization and
describes a combined structural-functional approach, thereby advancing our

understanding of partial agonism in GPCR pharmacology.
The main findings of the present work are summarized as follows:

i) The development of potent and selective agonists for GPR18 resulted
in the introduction of novel tool compounds, including the first potent and
selective agonists, which provide are and reliable tools for exploring the
receptor’s physiological roles and therapeutic potential (chapter 3.1 and

chapter 3.2)
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i)

i)

CB. receptor activity can be modulated by different classes of
compounds such as fluorinated indole derivatives (chapter 3.3) and
diindolylmethane derivatives (chapter 3.4). The developed "®F-labeled PET
ligand serves as a tool for CB. receptor imaging. DIM derivatives allow for
the investigation of biased signaling and allosteric modulation. The
tunability of DIM and its derivatives, from partial agonists to full agonists
with biased signaling profiles, highlights their potential as novel tool
compounds for CB; receptors.

Finally, the crystal structure of the adenosine A, receptor bound to the
partial agonist LUF5834 (chapter 3.5) revealed previously unobserved

binding interactions and provided insights how partial agonists may act.

Together, these publications contribute significantly to the development of tool

compounds for GPCR research, that are required to investigate receptor

modulation and to advance our understanding of cannabinoid receptors,

cannabinoid-like GPR18, and adenosine receptors all of which have great

potential as drug targets. The combined structural and functional approaches

presented in this work offer a framework for future GPCR-targeted drug discovery.
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2. INTRODUCTION
2.1. G protein-coupled receptors

Cells in multicellular organisms communicate with their environment through a
complex signal transduction system that enables the exchange of information
between the extracellular and intracellular environments. Plasma membrane
proteins are the first responders to extracellular signals. They bridge the
communication between the external environment and the machinery of the cell.’
Among these membrane proteins, G protein-coupled receptors (GPCRs), also known
as 7 transmembrane (7TM) domain receptors, represent the largest family of plasma

membrane proteins involved in signal transduction.?

GPCRs play an importantrole in detecting and transmitting external signals to initiate
cellular responses. They constitute the largest human protein family, with over 830
members identified in the human genome.?® Given their large number, it is not
surprising that GPCRs are ubiquitously expressed throughout the human body,
modulating diverse essential physiological processes such as vision, taste, olfaction,
and the regulation of hormones and neurotransmitters.®® As they modulate various
biological functions, these receptors are activated by physically and chemically
diverse extracellular signals. These include photons, ions (such as H*, Zn*, Ca?%),
odorants, amino acids, peptides/proteins (e.g. chemokines), nucleotides, hormones
(e.g. estrogen, angiotensin), lipids, and various small molecules (e.g.
neurotransmitters, natural products).® This diversity makes GPCRs the largest
druggable protein family in humans. Remarkably, more than 30% of all approved

drugs target GPCRs, underscoring their significance for therapeutic interventions.™

Accordingto the canonical model, the binding of an agonistto a 7TM receptorinduces
a conformational change of the receptor, facilitating the recruitment of effector
proteins such as heterotrimeric guanine nucleotide-binding proteins (G proteins) or
B-arrestins (Figure 2.1). While the terms 7TM and GPCR are sometimes used
interchangeably, cellular and structural studies have proposed that 7TM receptors
may be able to transmit signals independently of G proteins activation. The proposed
alternative signaling pathway, mediated by B-arrestins, has led to the designation of

such receptors as arrestin-coupled receptors.” "3

5




INTRODUCTION Chapter 2.1

Receptor Extracellular

Receptor

Intracellular

16 Ga proteins
. 5 GB proteins
Gy 13 Gy proteins

B-Arrestin

4 Arrestins

Figure 2.1 Structural representation of a G protein-coupled receptor (GPCR) coupled to a heterotrimeric G protein
(A) and to B-arrestin (B) embedded in a lipid bilayer. A small molecule ligand (yellow) interacts with the receptor
(blue) at its binding site, inducing the coupling of heterotrimeric G protein subunits consisting of Ga (cyan) and
GBy (vellow gray) to the receptor In humans, there are 16 Ga proteins, 5 GBS proteins, and 13 Gy proteins involved
in GPCR signal transduction. A ligand can also promote the recruitment of B-arrestin (red) to the receptor. Four
different arrestins are known to modulate GPCR signaling, namely arrestin-1, arrestin-2 (or B-arrestin-1), arrestin-
3 (or B-arrestin-2) and arrestin-4. The cannabinoid type 1 (CB;) receptor is used to illustrate the model (PDB ID
Yerx (CB;1 receptor bound to HU210 in complex with GaiB1yz)"* and 8wu1 (CB; in complex with p-arrestin).” The
lipid bilayer was modelled using MemProtMD.®

All GPCRs consist of extracellular regions comprising the N-terminus and three
extracellular loops (ECL, ECL1-ECL3) , the transmembrane region that consists of
seven transmembrane a-helices (TM1-TM7), intracellular regions that contains three
intracellular loops (ICL, ICL1-ICL3) and the C-terminus (Figure 2.2). The pocket
formed by the 7TM bundles of class A GPCRs serves as a binding site for orthosteric
ligands —the site where the endogenous ligand binds, while the intracellular region is
responsible for coupling with downstream effector proteins such as G proteins and
arrestins. The 7TM bundle may also serve as a binding site for allosteric ligands —
distinct sites on the receptor other than the orthosteric binding site to which ligands

can bind.




INTRODUCTION Chapter 2.1

N-terminus

Extracellular
ECL2

Membrane

Intracellular

Figure 2.2 Representation of the secondary structural characteristics of GPCRs. All GPCRs contain an amino
terminus (N-terminus) and seven transmembrane a-helices (TM1-TM?7) connected by extracellular loops (ECLs)
and intracellular loops (ICLs). The transmembrane regions are located within the lipid bilayer. Ligands (yellow) can
interact with GPCRs at various binding sites. If a ligand binds at the same site as the endogenous ligand, referred
to as the orthosteric site and it is a competitive ligand, whereas if a ligand binds at a different site, an allosteric
binding site is observed for allosteric modulators. CP55,940 (orthosteric agonist) and ORG27569 (allosteric
modulator) bound to the CB; receptor is used to illustrate the model (PDB ID 6kqi)."”” TM: transmembrane, ICL: and
intracellular loops, ECL: extracellular loops.

GPCRs are classified using the two following criteria: a) based on sequence similarity
and ligand types (A-F classification) '® ' and b) based on chromosomal positions and
evolutionary relationships (GRAFS classification).> 2° These classification methods

often overlap; they are widely used to categorize and characterize GPCRs.

On the basis of sequence similarity and ligand type, GPCRs are categorized into six
major classes: Class A (rhodopsin-like), Class B (secretin-adhesion receptor family),
Class C (metabotropic glutamate), Class D (fungal mating pheromone receptors),
Class E (cyclic AMP receptors), and Class F (frizzled/smoothened). Classes D and E
are not found in vertebrates. Class A is the largest and most diverse group,
encompassing receptors that bind small ligands such as biogenic amines, small
peptides, and chemokines. For these receptors, the ligand-binding site is typically

located within the transmembrane domains. Class B is the second largest group.
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Receptorsin this class that bind larger molecules, such as peptides or proteins, often
have ligand-binding sites in their extracellular loops or long N-terminal regions. Class
C is the smallest group of GPCRs and is characterized by a long N-terminal region.
Activation of these receptors involves dimerization, a unique feature compared to
other classes. Class Fincludes the Frizzled and Smoothened receptors, which exhibit
complex mechanisms of agonist activation. These receptors are primarily involved in
developmental signaling pathways and play critical roles in cellular differentiation
and growth.” 2" The representation of this classification system is depicted in Figure

2.3.

In the GRAFS classification system, GPCRs are divided into five categories based on
chromosomal position and evolutionary relationships: glutamate, rhodopsin,
adhesion, frizzled, and secretin (Figure 2.3). This classification aligns with the A-F
system, where the glutamate family corresponds to Class C, the rhodopsin family to
Class A, the secretin and adhesion families to Class B, and the frizzled family to Class
F. This approach also allows for the construction of phylogenetic trees to explore
evolutionary relationships. Among these, the rhodopsin family is the largest GPCR
family, characterized by conserved motifs such as the NSxxNPxxY motif in TM7 and
the DRY motif (or D(E)-R-Y(F)) at the boundary between TM3 and the intracellular loop
(ICL2).

Within the rhodopsin family, further sub-classification is based on receptor-ligand
relationships, dividing it into four main groups: a-branch (mostly amine-binding
GPCRs), B-branch (GPCRs binding known peptides), y-branch (peptide-and
neuropeptide-binding receptors (but also other types of ligands)), and &-branch
(olfactory receptors, purine receptors, lipid receptors, and glycoprotein receptors,

and many orphan receptors).>2°
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Figure 2.3 Classification of GPCRs according to the A-F classification system (top) and the GRAFS classification
system (bottom). Representative structures of GPCRs are shown for Class A (rhodopsin-like - HU210 bound to the
CB; receptor, PDBID: Serx)", Class B (secretin/adhesion — Glucagon-like peptide 1 (GLP-1) bound to GLP-1R, PDB
ID: 5vaif?, Class C (glutamate — quisqualate bound to the metabotropic glutamate 5 (mGlu5) receptor, PDB ID:
6n51F°, and Class F (Frizzled — 24(S),25-epoxycholesterol bound to the smoothened receptor, PDB ID: 60T0)~.
Receptors are shown as cartoons (blue), with ligands bound to their orthosteric binding sites depicted in yellow.
The phylogenetic tree of the GRAFS is adapted from Stevens et al.?*®> with modifications and permission (order
number 5778260708718). GPCRs are named according to their Uniprot entry name. Orphan GPCRs are
highlighted in brown on the phylogenetic tree, while GPCRs explored in this thesis are highlighted in red (GPR18 is
an orphan receptor). Data of orphan receptors were taken from Alexander et. al.?’ and Joost et al.?°
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Many class A GPCRs are orphan receptors (Figure 2.3, indicated with brown color),
meaning their endogenous ligands have yet to be identified. Despite the lack of
knowledge about their natural ligands, these receptors are known to play significant
roles in various pathophysiological processes.?’” For instance, GPR18, a class A
orphan receptor, has been found to be overexpressed in human melanoma. Silencing
its expression using small interfering RNA (siRNA) was shown to enhance apoptosis

in melanoma cells.®

Traditionally, identifying the endogenous ligand(s) of a GPCR has been considered
essential for understanding its function and mechanisms. This knowledge is often
viewed as a prerequisite for developing therapeutic agents targeting these receptors.’
However, studying endogenous ligands presents several challenges. These ligands
are typically present at very low concentrations, sometimes lack selectivity, and are
metabolically unstable, making experimental studies difficult and hard to interpret.
In such cases, developing surrogate ligands as tool compounds offers an alternative
approach.?® 3 These synthetic ligands could mimic the properties and function of
endogenous ligand, and can be used to probe the functions and pathophysiological

roles of orphan receptors.

2.2. Signaltransduction of GPCRs

Signal transduction via GPCRs begins when a ligand, acting as an agonist, binds to
the receptor. This interaction induces a conformational change in the receptor,
causing outward movement of the transmembrane helices and rearrangement of
microswitches within the transmembrane region. These structural shifts create a
cytoplasmic interface, enabling engagement with intracellular transducers such as
heterotrimeric G proteins, B-arrestins, and GPCR kinases (GRKs) (Figure 2.1 and
Figure 2.4). The heterotrimeric G protein consists of three subunits: Ga, G, and Gy.
GB and Gy form stable heterodimers, with five known GB subtypes and 12 Gy
subtypes. Ga subunits are divided into 4 (four) subfamilies: Gas (Gas and Gaor), Gay
(Gaiiz, Gao, Gaz, and Gay), Gaq (Gay, Gaiq, and Gaiss), and Gauzs (Gasz and Gays). In

humans, there are four arrestins: two visual arrestins (arrestin-1 and arrestin-4)

10
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expressed exclusively in photoreceptor cells, and two non-visual arrestins (arrestin-2
or B-arrestin-1 and arrestin-3 or B-arrestin-2), which are ubiquitously expressed.
Similarly, there are seven GRKs (GRK1-7) expressed in the human body. GRK1 and
GRK7 are specific to the retina, GRK4 is primarily found in the brain, kidneys, and

testes, while GRKs 2, 3, 5, and 6 are expressed throughout the body.

When heterotrimeric G proteins engage with an activated receptor, the receptor
catalyzes the exchange of guanosine diphosphate (GDP) for guanosine triphosphate
(GTP) in the Ga subunit (Figure 2.4). This exchange causes the GTP-bound Ga subunit
to dissociate from the GBy dimer. Both Ga-GTP and GBy can independently modulate
effector proteins such as adenylyl cyclase (AC) and phospholipase C (PLC), leading
to changes in the levels of second messengers like cyclic adenosine monophosphate
(cAMP) or inositol 1,4,5-trisphosphate (IP;). These messengers, subsequently,

activate downstream signaling pathways to elicit diverse cellular responses.

In the canonical signaling pathway, Gy, after dissociation, recruits GRKs from the
cytosol to phosphorylate the intracellular loops and C-terminal tail of the receptor.
This phosphorylation facilitates the recruitment of B-arrestins, which play dual roles
in signal modulation. Firstly, B-arrestins sterically hinder further G protein coupling,
effectively "arresting" G protein signaling. Secondly, they were proposed to inhibit
downstream signaling by scaffolding components Llike cyclic nucleotide
phosphodiesterases (PDEs - which degrade the second messenger cAMP), or
extracellular-signal regulated kinases (ERK). Following B-arrestin recruitment, the
receptor undergoes internalization, leading to desensitization. Internalized receptors
may be directed to lysosomes for degradation, transported to the Golgi apparatus for

processing, or recycled back to the cell surface for resensitization.

Recent studies have proposed two distinct mechanisms by which B-arrestins are
recruited to the activated GPCRs. *'** The first proposed mechanism involves the
interaction of the phosphorylated carboxyl terminus of GPCRs with the N-terminal
domain of B-arrestins, resulting in a "partially engaged" or "tail" binding mode. In the
second mechanism, B-arrestins bind to both the phosphorylated C-terminus and the
intracellular loop (ICL3) within the transmembrane bundle of the receptor, forming a
"fully engaged" or "core" binding mode.* Interestingly, these two binding modes lead

11
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to different cellular outcomes. The “tail” binding mode primarily facilitates receptor
internalization and subsequent signaling or modulation of signaling mediated by the
B-arrestin-receptor complex (proposed as [-arrestin-dependent modulation of
signaling). In contrast, the “core” binding mode, while less critical for receptor
internalization, plays a significant role in receptor desensitization (B-arrestin protein
binds to phosphorylated GPCRs, thereby blocking the binding of G proteins or causing

"uncoupling" from G-proteins).3" 32338

B-Arrestin and G protein binding to GPCRs were thought to be mutually exclusive, as
seen with the core binding mode. However, the discovery of the tail binding mode
introduces the possibility of simultaneous B-arrestin and G protein engagement. This
allows for the formation of a "supercomplex," where the receptor simultaneously
interacts with a B-arrestin in the tail conformation and a heterotrimeric Ga protein
(Figure 2.4).3239-42 This “supercomplex” enables the receptor to exhibit both G protein
signaling and B-arrestin-dependent modulation of signaling, providing a layer of

complexity in GPCR signaling.
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Figure 2.4 GPCRs’ life cycle and signal transduction mechanism. Upon ligand binding, the GPCR undergoes
conformational changes that enable interactions with intracellular transducers such as heterotrimeric G proteins,
B-arrestins, and GPCR kinases (GRKs). The heterotrimeric G protein, consisting of Ga, GB, and Gy subunits, is
activated when the receptor facilitates GDP-to-GTP exchange in the Ga subunit. This activation causes the
dissociation of Ga-GTP from the GBy dimer, allowing both Ga-GTP and GBy to regulate downstream effectors, such
as adenylyl cyclase (AC) and phospholipase C (PLC), which modulate second messengers like cyclic adenosine
monophosphate (CAMP) and inositol 1,4,5-trisphosphate (IPs). IPs will induce the calcium ions (Ca?*) release from
intracellular stores such as the endoplasmic reticulum. Subsequently, The GBy dimer recruits GRKs to
phosphorylate the receptor, promoting [-arrestin recruitment. B-Arrestins desensitize GPCRs by preventing
further G protein coupling and facilitate receptor internalization. Internalized receptors may undergo lysosomal
degradation, be trafficked to the Golgi apparatus, or be recycled back to the plasma membrane. [-Arrestins can
adopt two distinct binding modes when engaging phosphorylated GPCRs: the “tail” binding mode, involving the
receptor's C-terminal tail, and the “core” binding mode, which additionally engages intracellular loops (ICL3). The
“tail” binding mode promotes receptor internalization and -arrestin-dependent modulation of signaling, whereas
the “core” binding mode primarily mediates receptor desensitization. In some cases, a supercomplex is formed,
where the receptor interacts with both [-arrestins (in the tail binding mode) and a heterotrimeric G protein,
enabling simultaneous G protein and B-arrestin-dependent modulation. AC: adenylyl cyclase; ATP: adenosine
triphosphate; cAMP: cyclic adenosine monophosphate; GDP: guanosine diphosphate; Ga: G protein alpha
subunit; GB: G protein beta subunit; Gy: G protein gamma subunit; GTP: guanosine triphosphate; GRK: G protein-
coupled receptor kinase; ICL3: intracellular loop 3; IPs: inositol 1,4,5-trisphosphate; PLC: phospholipase C. The
figure is created with Biorender.
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2.3. Ligands acting at GPCRs: Orthosteric and allosteric ligands

Traditional concepts describe GPCRs as existing in a dynamic equilibrium between
"off" (inactive) and "on" (active) conformational states with ligands influencing this
equilibrium to trigger downstream signaling. Accordingly, ligands are classified as full
agonists if they elicit a maximal response (maximum efficacy, induced 100% receptor
activation, Ema), partial agonists if they generate a submaximal response even at
saturating concentrations (<100% receptor activation), and antagonists if they lack
intrinsic efficacy but competitively inhibit the effects of agonists.*® 4 As research
methods advanced, it became evident that GPCRs can exhibit varying levels of basal
or constitutive activity, where they can adopt active signaling states even in the
absence of ligands. This discovery highlighted the fact that GPCRs are not simple on—
off switches but are versatile systems capable of adopting multiple conformations in
response to different ligands. Antagonists, in this context, are further classified into
neutral antagonists, which block agonist effects without affecting constitutive

activity, and inverse agonists, which reduce constitutive activity.*

Agonists, partial agonists, and antagonists typically interact with the orthosteric site,
the primary binding site forendogenous agonists that activate GPCRs (see Figure 2.2).
In addition to orthosteric modulation, it is known that GPCRs can also be regulated
allosterically by molecules that bind to distinct allosteric sites (allosteric binding

site).

Table 2-1. Several types of allosteric modulators. Data is taken from Kenakin et al.*°

Ligand

Definition

Pharmacological effect

Allosteric agonist

Molecule that binds to a
site on the receptor distinct
from the orthosteric binding
site

Produces a cellular
response which may be
modulated by orthosteric
agonism (potentiation,
additivity, or inhibition)

PAM (Positive allosteric
modulator)

Molecule that binds to a
site on the receptor distinct
from the orthosteric binding
site to potentiate the
orthosteric agonist
response

No direct effect on its own;
enhances the response of
the orthosteric agonist when
present
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Ligand Definition Pharmacological effect
PAM-agonist (positive ago- | A PAM with additional Produces a direct agonist
allosteric modulator) efficacy to produce a response in sensitive

response even without
orthosteric agonist

tissues; enhances the
orthosteric agonist response
when the agonist is present

NAM (Negative Allosteric
Modulator)

Molecule that binds to a
site on the receptor distinct
from the orthosteric binding
site to inhibit the
orthosteric agonist
response

No direct effect on its own;
blocks the response of the
orthosteric agonist when
present

NAM-agonist

A NAM with additional
efficacy to produce a
response even without
orthosteric agonist

Produces a direct agonist
response in sensitive
tissues; blocks the natural
agonist response when the
orthosteric agonist is
present

PAM-antagonist

A NAM that increases
receptor affinity for the
agonistin its presence

Increases the agonist's
affinity for the receptor but
reduces its efficacy (in
functional assays)

Allosteric modulators are distinct from orthosteric agonists and antagonists; they
exhibit unique pharmacological characteristics. The orthosteric binding pocket of
many GPCRs is highly conserved across receptor subtypes, making it challenging to
develop highly selective ligands. In contrast, allosteric binding sites tend to be less
conserved, offering a greater opportunity to design receptor-specific molecules that
could selectively bind to this site. This allows for precise modulation of GPCR
signaling, typically in the presence of the endogenous ligand. An example is the
positive allosteric modulator (PAM) LY3154207, developed for the dopamine type 1
receptor (D4R), which underwent clinical trials for the treatment of Parkinson’s
disease and schizophrenia.*” Current Parkinson’s disease treatments, such as
levodopa and dopamine, and synthetic agonists like pramipexole, are associated with
significant limitations, including low safety margins, cognitive impairment, and
seizure risks at high doses. LY3154207, as a DR PAM, enhances GPCR-G protein
selectivity and favorable a pharmacokinetic and

coupling with high

pharmacodynamic profile. In both animal and human studies, LY3154207

demonstrated reduced adverse effects compared to traditional therapies and
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avoided the bell-shaped dose-response relationships typical of many D+R agonists.*’
These advantages suggest its potential as a safer and more effective alternative for

managing Parkinson’s disease and schizophrenia.

Another example of an allosteric modulator is ORG27569, a PAM antagonist at the
CB, receptor. ORG27569 has been shown to increase the binding affinity of CP55,940,
a CB receptor agonist, while simultaneously reducing its efficacy.*® The CB, receptor
inverse agonist Rimonabant (binding to the orthosteric site) was initially used as an
appetite suppressant but was withdrawn from the market due to severe adverse
effects. ORG27569 has been found to reduce food intake without affecting the

analgesic and cataleptic effects mediated by orthosteric CB; agonists.*%°

2.4. Cannabinoid receptors

The term "cannabinoids" originally referred to the collective chemical name for a
group of terpenoids containing a C,, aromatic hydrocarbon, which are naturally found
in the Cannabis sativa plant.®' However, today, the term is used not only for naturally
occurring compounds, but also for synthetic compounds or endogenous ligands that
can mimic the actions of plant-derived cannabinoids.®?% The naturally occurring
compounds are referred to as “phytocannabinoids,” the synthetic compounds are
called “synthetic cannabinoids,” and the endogenous ligands are known as

“endocannabinoids”.’® %

The first phytocannabinoid isolated from Cannabis was cannabinol (CBN) .%®
Interestingly, pure CBN was not initially tested for biological activity. Instead, its
activity was assumed based on observations from crude cannabis extracts, leading
to the conclusion that CBN was the active component of the plant. Subsequently,
other phytocannabinoids, cannabidiol (CBD) and A°-tetrahydrocannabinol (THC)
were isolated, and their chemical structures were elucidated.?” %8 CBN was later
identified as a degradation product of other phytocannabinoids, formed under heat
and acidic conditions, which is present only in minor amounts in the plant extract. In
contrast, THC and CBD are the main components of cannabis extracts %57:5° Further

studies revealed that these compounds primarily exist in the plant as carboxylates,
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known as cannabinoid acids, which serve as precursors to the neutral
cannabinoids.®%2 Cannabinoid acids undergo decarboxylation with age or heating,
forming neutral cannabinoids responsible for most pharmacological effect. To date,

more than 140 phytocannabinoids have been identified in Cannabis.®

Despite the recognition of THC and CBD as the most active components of Cannabis,
their cellular targets initially remained unknown. However, it was clear that cannabis
extracts exert significant physiological effects in vivo.®® The initial studies on the
cellular target of cannabinoids were made by Howlett et al. by incubating
neuroblastoma (C1300) cells with cannabinoids. These studies demonstrated that
cannabinoids, particularly A°-THC, reduced cAMP accumulation.® This reduction as
attributed to the inhibition of adenylyl cyclase activity in cell-derived membranes.®
This response was further shown to be modulated by guanine nucleotide,®®
suggesting the presence of a membrane-bound receptor (GPCR) coupled to Gai-

proteins responsible for the observed effects.

Due to the high lipophilicity and challenges in isolating phytocannabinoids, efforts
were made to develop better tool compounds. This led to the synthesis of CP55940,
a potent and efficacious cannabinoid receptor agonist developed through a
collaboration of Howlett’s lab and scientists at Pfizer.?”-¢8 Using tritiated CP55940 and
radioligand binding studies, the primary cellular target of cannabinoids was
identified, with the highest expression found in the brain. This receptor was termed
“cannabinoid receptor.” Independent cloning efforts confirmed the presence of this

receptor in both rat and human tissues.®7°

Three years later, a second GPCR responsive to cannabinoids was discovered,
predominantly expressed in macrophages rather than the brain. This receptor was
cloned using HL-60 promyeloblast cells and identified primarily in peripheralimmune
cells.”" The first receptor was subsequently named cannabinoid type 1 (CB,) receptor,
while the second one was named cannabinoid type 2 (CB,) receptor.”? Since these
discoveries, the term "cannabinoid" has been expanded to include any molecule

capable of binding to one of the cannabinoid receptors.”®
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Advancements in cannabinoid receptor research and the development of tool
compounds facilitated the discovery of endogenous ligands for cannabinoid
receptors. Using organs with high receptor expression, deorphanization of the
receptors was conducted. Porcine brains were extracted to isolate lipids, and
radioligand binding assays were employed to assess their interactions with CB
receptors. Through labor-intensive isolation procedures, a lipid from the brain extract
was identified that activated CB receptors. This lipid, named anandamide
(arachidonoylethanolamide, AEA), is a metabolite of arachidonic acid. When injected

into rodents, AEA mimicked the behavioral effects of THC.®”

Following a similar methodology, lipid molecules were extracted from canine gut and
mouse tissues, with radioligand binding assays used to study their interactions with
CB receptors. After extensive isolation and structural elucidation, this approach led
to the identification of 2-arachidonoylglycerol (2-AG) as a second endogenous ligand
for CB receptors.’*7®> Both AEA and 2-AG are now recognized as endocannabinoids,

the endogenous ligands of cannabinoid receptors.
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Figure 2.5 Structures of phytocannabinoids, synthetic cannabinoids, and endocannabinoids acting at human

cannabinoid type 1 (CB1) and human cannabinoid type 2 (CBz) receptors. Selected compounds investigated in
clinical trials are depicted. Data adapted from Naikoo et al.”, Pertwee et al.””, Howart et al.®, and Kosar et al.”®
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CB, and CB, receptors are GPCRs belonging to the d-branch of the class A,
rhodopsin-Llike family. Both receptors are primarily coupled to the Ga; protein family.%3
The CB, receptor is predominantly expressed in the brain and other parts of the
central nervous system (CNS) , where it plays a role in learning, memory, motor
control, sensation, and CNS repair mechanisms.®>7°%2 |t has been suggested that the
CB. receptor plays important role in various pathophysiological conditions, such as
Alzheimer’s disease, schizophrenia, and Huntington's disease. Furthermore, the CB;
receptor is involved in modulating physiological functions that are relevant to treat
conditions like obesity, cardiovascular disorders, hepatic disorders, neuropsychiatric
disorders, and neuropathic or inflammatory pain.’> 7982 |n contrast, the CB, receptor
is mainly expressed on immune cells and in the periphery, including the
cardiovascular, respiratory, and gastrointestinal systems. It is also expressed in the
CNS, though to a lesser extent as compared to the CB1receptor. The CB, receptor is
increasingly recognized as a promising drug target for inflammatory and autoimmune
diseases, as well as liver and kidney fibrosis and osteoporosis.® 8 Activation of the
CB. receptor in immune cells mediates immunosuppressive effects, such as
inhibiting cell proliferation, inducing apoptosis, and suppressing cytokine and
chemokine production. These effects contribute to tissue repair and limit tissue injury

in various pathological conditions.”® 8®

Inverse agonists or antagonists targeting CB, receptor may offer therapeutic benefits.
While CB. activation is generally protective of tissue injury or inflammation, it can
have detrimental effects in certain pathological conditions, such as specific cancers
and infections. In these cases, the protective activation of CB, receptor may
exacerbate tissue damage. 7% 8 For instance, during infections with live pathogens,
immune system suppression may promote secondary infections, leading to further
tissue injury. Similarly, in certain cancers, where the immune system plays an
important protective role for controlling cancer growth, CB, activation may be

counterproductive. 78 8°

In the past years, numerous CB receptor ligands have been developed. However,
despite this progress, no drug targeting CB receptors has been approved for clinical

use (Table 2-2 and Figure 2.5). Several clinical trials focusing on CB,-selective ligands

20



INTRODUCTION Chapter 2.4

have been launched but were terminated after phase 1 or phase 2 due to lack of
efficacy. More recently, clinical trials have focused on inflammatory and
immunomodulatory targets rather than specific diseases. One highly selective CB;
receptor antagonist has entered clinical trials for the treatment of solid tumors. All
those drugs are targeting the orthosteric binding site. Although much is still unknown
about allosteric modulators of CB, receptors, the possibility that different ligand-
dependent CB. receptor conformations can lead to distinct pharmacological

responses suggests that there is potential for new therapeutic strategies.

Table 2-2 Selected compounds investigated in clinical trials that target cannabinoid receptors. Data are taken
from Naikoo et al.”® and Kosar et al.”®

Drug Indication Target
A°-THC (Dronabinol® Appetite loss, chemotherapy Unselective CB,/CBireceptor
Syndros® Marinol®) induced nausea and vomiting agonist, possibly interacts with
(CNIV), anorexia, cancer pain further receptors.®
Nabilone (Cesamet® | Chemotherapy induced nausea Unselective CB,/CBreceptor,
Canemes®) and vomiting (CNIV) might be interact with other
receptors
ADP-371 (Olorinab) Irritable Bowel Selective CB,receptor agonist,
Syndrome low brain penetration in rat®
(phase I clinical trial)
T7-816 Advanced cancer Selective CB,receptor agonist
(lung, renal cell and (phase Il clinical trial)
ovarian cancer)
HU-308 Dry eyes, Uveitis Selective CB,receptor agonist,
(Onternabez) exhibit brain penetration in mice®’
(phase I clinical trial)
CNTX-6016 Neuropathic and general pain Selective CB,receptor antagonist
(phase Il clinical trial)
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2.5. G protein-coupled receptor 18 (GPR18)

G protein-coupled receptor 18 (GPR18) is an orphan 7TM receptor belonging to the
class A, rhodopsin-like GPCR family. It is composed of 331 amino acids and is
expressed across various species in addition to humans, such as mouse (UniProt ID:
Q8K1Z6), rats (UniProt ID: A1A5S3), Cynomolgus monkeys (UniProt ID: Q4R613), and
cattle (UniProt ID: Q3TOE9). Comparative analysis reveals a high degree of similarity
across species (>80%), with the highest similarity observed in monkeys (99.1%), as
shown in Table 2-3. This suggests a conserved binding sites across these GPR18

orthologues.

Table 2-3 Protein similarity (identity) of GPR18 across species.

HUMAN MONKEY BOVINE MOUSE RAT
HUMAN 99.1 94.6 93.4 92.4
(97.3) (89.2) (85.8) (84.9)
MONKEY 99.1 94.9 93.7 92.7
(97.3) (88) (85.2) (84.3)
BOVINE 94.9 95.2 92.7 92.7
(89.4) (88.2) (85.5) (84.9)
MOUSE 93.4 93.7 92.5 97.0
(85.8) (85.2) (85.2) (95.2)
RAT 92.4 92.7 92.5 97.0
(84.9) (84.3) (84.6) (95.2)

Percent similarity is shown above, while percentidentity is indicated in parentheses “()”.

GPR18 was first described by Samuelson et al., who identified the mouse GPR18
(mGPR18). It shares significant nucleotide similarity with the rat py-opioid receptor
(44.5% nucleotide sequence identity). Subsequently, Gantz et al. identified human
GPR18 (hGPR18) in canine gastric mucosa cells and the human colon cancer cellline

Colo 320 DM. -89

In humans, GPR18 is located on chromosome 13932, near GPR183 (13932.3), a
GPCR known to be activated by 7a,25-dihydroxycholesterol. °°-°3 Sequence alignment
on the protein level shows a 37% similarity between GPR18 and GPR183, the highest
among GPCRs. Furthermore, GPR18 and GPR183 share overlapping expression

patterns, with high expression in peripheral blood mononuclear cells and moderate
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expression in lung tissue.’® ° These observations suggest potential functional and

evolutionary links between the two receptors.

GPR18 is widely expressed across various organs (Table 2-4). It is abundantly
expressed in lymphocytes® but shows minimal or no expression in several major
organs, including the heart, lung, liver, kidney, pancreas, colon, skeletal muscle,
ovary, placenta, prostate, adrenal medulla, and adrenal cortex.®® A more detailed
expression profiling study revealed high expression of GPR18 in peripheral blood
leukocytes, the brainstem, cerebellum, striatum, ovary, testis, thymus, and thyroid.
Moderate or low expression was observed in most brain regions (e.g., amygdala,
cerebral cortex, frontal cortex, hippocampus, and thalamus) and other tissues such
as the adrenal gland, colon, intestine, kidney, liver, muscle, prostate, skin, spleen,

and stomach.?

Table 2-4 Expression level of GPR18 in various human tissues and organs. Data are taken from Vassilatis et al.,®
Wang et al.,* and Gantz et al.%

EXPRESSION LEVEL ORGANS
HIGH Brainstem, cerebellum, striatum, thyroid, thymus, lymphoid
tissues, lymphocytes, peripheral blood leukocytes, ovary,
and testis
MEDIUM TO LOW Most brain regions, skin, adrenal gland, liver, stomach,

intestine, colon, spleen, kidney, muscle, and prostate.

NO EXPRESSION Heart, lung, adrenal cortex, adrenal medulla, pancreas,
kidney, colon, skeletal muscle, ovary, placenta, prostate.

GPR18 has been implicated in pathological conditions, including overexpression
during melanoma metastasis®” and in the blood of osteoarthritis patients.®®
Additionally, recent studies suggest that GPR18 may serve as a versatile B-cell marker
for prognosis in human cancers such as sarcoma, head and neck squamous cell
carcinoma, lung adenocarcinoma, liver hepatocellular carcinoma, cervical
squamous cell carcinoma and endocervical adenocarcinoma, adrenocortical
carcinoma, breast invasive carcinoma, brain lower grade glioma, and uveal
melanoma.®® High expression of GPR18 in immunological and hematological tissues,
led to the hypothesis that GPR18 might play a physiological role in immunological or

hematological functions.t® 8 The human genome-wide association studies (GWAS)
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have linked GPR18 with three diseases namely Crohn's disease, ulcerative colitis, and
inflammatory bowel disease.’® No natural variants of GPR18 have been identified to

date.

Several ligands have been proposed as agonists for GPR18 (Figure 2.6), including
lipid-derived compounds like N-arachidonoylglycine (NAGLy)'® and Resolvin D2'%?, as
well as various cannabinoids such as O-1602, THC, and AEA.'%'% The latter finding
has led to speculations that GPR18 might represent another type of cannabinoid
receptor, similar to GPR55."°""" However, findings regarding these interactions have
been contradictory. Among the proposed ligands, only THC has consistently
demonstrated activity in our experiments and produced reproducible results across
laboratories, making it a suitable candidate for pharmacological in vitro
assessments. However, in vivo studies pose greater challenges, as THC exhibits
much higher affinity and activity at classical cannabinoid receptors. Moreover, THC is
only a weak partial agonist at mouse GPR18, as shown in the next chapter of this
study. Therefore, the development of reliable tool compounds that are specific to
GPR18 is essential for further investigation. These compounds will be discussed in

greater detail in the subsequent chapters.
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Figure 2.6 Ligands proposed to activate GPR18 through various signaling pathways. While several ligands, such as
NAGly and RvD2, have been reported to modulate GPR18 via different G proteins, these findings remain
unconfirmed due to conflicting results. Ga: G protein alpha subunit; 5: G protein beta subunit; y: G protein gamma
subunit; AC: adenylyl cyclase; ATP: adenosine triphosphate; cAMP: cyclic adenosine monophosphate; IPs: inositol
1,4,5-trisphosphate; NAGly: N-Arachidonoylglycine; PLC: phospholipase C; RvD2: Resolvin D2; THC: A°-
tetrahydrocannabinol. The figure is created with Biorender.

The signaling pathways regulated by GPR18 are not well understood, leaving a
significant gap between its activation and the resulting physiological effects. Several

studies suggest GPR18 may be coupled to the Gaio,'®" % Ga,,'" "° and Gas,'%% 2
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protein families. However, other studies have failed to replicate these findings. Lu et
al. showed that GPR18 does not couple with Gay,, Gas, Ga,, and Gas;s when stimulated
by NAGLly."® Similarly, Finlay et al. observed a lack of response of GPR18 upon NAGly
stimulation in human embryonic kidney (HEK293) and Chinese hamster ovary (CHO)
cell lines across multiple assay systems.'*Yin, et al. found no B-arrestin recruitment
following NAGLly stimulation of GPR18.""° Inoue et al. utilized a transforming growth
factor-a (TGF-a)shedding assay to detect GPCR activation and found that GPR18
remained unresponsive to NAGLly stimulation.”® Further studies by Lu et al.'” and
Wonjo et al."”™ using guanine nucleotide exchange supported by nucleotide-
decoupled G proteins (denoted as Ga-4A), demonstrated that GPR18 showed low
constitutive activity and does not couple with any G protein (Ga;, Gas, Gaus, Gass, and

G,) during nucleotide exchange.

Given these inconsistencies, any conclusions regarding the physiological outcomes
of GPR18 activation should be made with caution, as the link between GPR18 and its
proposed agonists remains inconsistent and elusive. A more comprehensive
understanding of the pathways involved is crucial for determining the therapeutic

potential of GPR18.
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3. RESULTS AND DISCUSSION

3.1. Publication I: Discovery of tricyclic xanthines as agonists of the
cannabinoid-activated orphan G protein-coupled receptor GPR18

ClaraT. Schoeder,* Andhika B Mahardhika,* Anna Drabczynska, Katarzyna Kiec¢-
Kononowicz, and Christa E. Muller

*fauthors contributed equally to this work

The article is reprinted with permission from Schoeder, C. T.; Mahardhika, A. B.; Drabczyriska, A.;
Kie¢-Kononowicz, K.; Miller, C. E. Discovery of tricyclic xanthines as agonists of the cannabinoid-
activated orphan G protein coupled receptor GPR18. ACS Med. Chem. Lett. 2020, 77, 2024-2031.
DOI: 10.1021/acsmedchemlett.0c00208. Copyright 2020 American Chemical Society.

Supplementary information for this work can be found in the Appendix .

Publication summary and contributions

The G protein-coupled receptor 18 (GPR18) is classified as an orphan G protein-
coupled receptor (GPCR).?" It exhibits prominent expression in immune cells and
tissues, such as spleen, thymus, lymphocytes, pro-inflammatory macrophages, and
microglia.® % 101. 102, 112, 119 |tg expression pattern suggests potential involvement in
various pathological processes, immune responses, inflammation, wound healing,
and cancer.%® 192.120.121 Consequently, GPR18 has emerged as potential therapeutic

target.

Despite their great potential as novel drugs, only very few agonists and antagonists
for GPR18 have been described so far. Several lipidic and lipid-like compounds have
been proposed as putative agonists for GPR18. N-Arachidonoylglycine (NAGLly), an
analog of anandamide, was proposed as an endogenous agonist for GPR18.'"
However, several research groups failed to observe NAGly-induced GPR18 activation,
leaving GPR18 still an orphan receptor.’4'"® Resolvin D2 (RvD2), a docosahexaenoic
acid metabolite, was later proposed as another endogenous agonist for GPR18."%2
However, again, this could not be confirmed independently. Thus, reliable tool
compounds to study GPR18 are urgently needed. A screening campaign on several
orphan receptors revealed that the cannabinoid A°-tetrahydrocannabinol (THC) could

induce B-arrestin recruitment via human GPR18, which suggested a connection
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between GPR18 and cannabinoid (CB) receptors, and thus GPR18 was proposed as

the third cannabinoid receptor subtype, besides CB; and CB,."07:110.115

THC is the only proposed GPR18 agonist that could be confirmed in our laboratory.’?*
124 However, THC has limited solubility, and is much more potent at the CB receptor
subtypes, CB; and CB,, than at GPR18.5" 125 Moreover, it also interacts with the lipid-
activated orphan receptor GPR55,'% 27 making THC not well suitable as a tool

compound for exploring GPR18.

In order to identify a new class of GPR18 agonists, a screening campaign was
conducted in our group using a B-arrestin-2 recruitment assay. The screening
campaign yielded a solitary hit, the tricyclic xanthine derivative 5 (PSB-KD107,
6,7,8,9-tetrahydro-9-[2-(1 H-indol-3-yl)ethyl]-1,3-dimethylpyrimido[2,1-flpurine-2,4

(1H,3H)-dione), which had previously been characterized as a moderately potent Axa
adenosine receptor antagonist.’® Concentration-dependent activation of GPR18 by

compound 5 yielded an ECso value 0of 0.562 + 0.113 pM.

Further characterization of 5 showed a superior profile compared to THC in efficacy
(191% of the efficacy observed with THC, set as 100%). This implies that THC exhibits
partial agonistic activity relative to the novel GPR18 agonist 5 and has lower potency.
We further characterized the selectivity profile of 5 versus the related orphan receptor
GPR55 (using the identical B-arrestin assay system), and versus cannabinoid
receptors (using radioligand binding). Compound 5 showed neither an ability to
promote B-arrestin-2 recruitment via GPR55 nor binding to either CB: and CB;

receptors.

Subsequently, the structure-activity relationships (SARs) were studied (Figure 3.1):
The presence of an indole moiety was found to be essential. The substitution of the
methyl groups in agonist 5 with the larger ethyl residue resulted in a significant
decrease in GPR18 activity, suggesting limited size of the binding pocket of GPR18.
Most modifications on the annelated six-membered tetrahydropyrimidine resulted in
decreased potency and/or decreased selectivity for GPR18, except for the expansion

of the 6-membered annelated ring to a 7-membered ring (compound 16, PSB-KD477).
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Extension of the annelated ring size is prefered
n=3 > n=2 > n=1
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Figure 3.1 Structure-activity relationship of tricyclic xanthines derivatives as GPR18 agonists (top) and the
structures of PSB-KD107, PSB-KD477 and compound 17 as GPR18 agonists.

Dr. Schoeder and | previously showed that PSB-CB27 could block THC-induced
GPR18 in a dose-dependent manner with a competitive mechanism of inhibiton.'*
Thus, we investigated if PSB-CB27 could also block 5-induced GPR18 activation.
Interestingly, the GPR18 activation curves of 5 in the presence of PSB-CB27 showed
that PSB-CB27 did not inhibit 5-induced GPR18 activation. This may suggest the
presence of distinct binding sites or receptor conformations that are targeted by the
structurally diverse GPR18 agonists, namely the lipid-like THC and the heterotricyclic
xanthine derivative 5, and it is unlikely that the xanthine-based agonist shares the

same binding site with THC.

To further investigate agonist 5, GPR18 was activated with both the “partial” GPR18
agonist THC and the xanthine-type “full” agonist 5 at the same time. In the presence
of the "full" agonist 5, THC behaved as an antagonist in a dose-dependent manner,
indicating that THC is indeed a partial agonist at GPR18. Interestingly, the presence of
a fixed concentration of THC on the concentration-response curve of agonist 5,
showed an indication of allosterism between these two agonists. This suggests that

the two agonists may indeed have different binding sites.

The newly discovered GPR18 agonists showed superior characteristics compared to

the standard GPR18 agonist THC. These compounds represent the first selective
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surrogate ligands for GPR18. These GPR18 agonists will be further optimized to obtain
better agonists in terms of potency and selectivity. They will enable further studies

and validation of the (patho)-physiological roles of GPR18.

In this article, the data from the screening campaign was obtained by Dr. Schoeder,
while | performed all the additional experiments together with Dr. Schoeder. | also
conducted the structure-activity relationship analysis, analyzed the data, and wrote

the paper in cooperation with Prof. Christa Muller.
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ABSTRACT: GPR18 is a rhodopsin-like orphan G-protein- 2251

o
coupled receptor (GPCR) that is activated by the natural igo HaCs Nq
cannabinoid (CB) A’-tetrahydrocannabinol (THC). It is highly . 153: I A | )N
expressed in immune cells and represents a promising new drug £ 125 o~ N N \’@
target. However, THC is much more potent in activating CB 100+ « CHs /

751 5, PSB-KD107 N
50+
describe the first non-lipid-like agonists for GPR18 based on a 21 -5

receptors than GPR18, and several other proposed lipidic agonists
for GPRI18 have not been independently confirmed. Herein we

GPR18 activation (%)
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tricyclic xanthine-derived scaffold, along with initial structure— 109 10 107 10 105 104 A -Tetrahydrocannabinol

activity relationships. PSB-KD107 (5) and PSB-KD477 (16) [Compound], M

displayed significantly higher potency and efficacy than THC,

determined in a GPR18-dependent f-arrestin recruitment assay, and were found to be selective versus the CB-sensitive receptors
CB,, CB,, and GPRSS. Structure—activity relationships were steep, and indole substitution was crucial for biological activity. These
first selective agonists, which are structurally distinct from the lipidic agonist(s), will allow target validation studies and may
eventually contribute to the deorphanization of GPR18.

KEYWORDS: Agonist, f-Arrestin, GPR18, Orphan receptor, Tetrahydrocannabinol, Xanthine

F irst described in 1997, GPR18 is an orphan G-protein-
coupled receptor (GPCR) that is located in the §-branch
of class-A, rhodopsin-like GPCRs." The receptor is predom-
inantly expressed in cells and tissues of the immune system
including the spleen, thymus, lymphocytes, pro-inflammatory
macrophages,z_9 and microglia.lo’11 Furthermore, expression
in the testis>'? and cancer cells'>'* has been reported. Recent
findings showed that GPR18 is also expressed in the eye and
upregulated upon corneal damage, where it contributes to
wound healing.ls’16 Thus GPRI18 expression suggests its CHg
involvement in immunomodulatory and inflammatory pro-

cesses, wound healing, and cancer progression, which makes it
a promising new drug target. H
In the past years, various lipidic and lipid-like physiological H3H03 o

compounds have been proposed as agonists for GPR18. In

2006, Kohno et al. suggested N-arachidonoylglycine (Figure 1, 3 A% Tetrahydrocannabinol (A%-THC) 4 Resolvin D2 (RvD2)
NAGly, 1), a metabolite of anandamide, to act as an
endogenous ligand of GPR18 based on its effects in Ca®*
mobilization and cAMP accumulation assays in several cell
lines expressing GPRI18.” The cAMP-mediated signal by

CHg

CHgy

Figure 1. Structures of proposed GPR18 agonists.

NAGly was abolished by pertussis toxin pretreatment, implying Special Issue: Medicinal Chemistry: From Targets to | " ¥t ey
that NAGly activates GPR18 via Ga; proteins. These findings Therapies I L
were supported by McHugh et al., who performed experiments Received: April 20, 2020

using the microglial cell line BV-2 and the endometrial cell line Accepted: June 11, 2020

HEC1b.'” According to their results, GPR18 appeared to be Published: June 17, 2020

activated by abnormal cannabidiol (2) and A’-tetrahydrocan-
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Table 1. Agonistic Potencies of Xanthine Derivatives at GPR18 and GPRSS Determined in f-Arrestin Recruitment Assays

/>——N

o q
HaCo N
SO
07N N R

0 0
HBC\N)Jt[N/\I HiC o~
N\
O)\N I N/>/ R O}\N
|

)
2N
N R'

H3C CHg CHj
CHs;
5-15 16 17-18 19
Compound R! Human GPR18 Human GPRSS
Agonistic activity Antagonistic activity Agonistic activity Antagonistic activity
(% activation)® (% inhibition)* (% activation)* (% inhibition)®
[Efficacy J* [Efficacy J*
ECso £ SEM (uM) ICs0% SEM (uM) ECso= SEM (pM) ICso+ SEM (uM)
Previously proposed GPR18 agonists
NAGly For structure see Fig. 1 >10 (10%) >10 (15%) n.d.¢ n.d.

2 Abnormal cannabidiol ~ For structure see Fig. 1 >10 (-50%) >10 (42%) >10 (7%) >10 (33%)
3 THC For structure see Fig. 1 3.37 £1.19¢ n.d. >10 (-4%) 14.2 £5.2%7
[100%]

4 Resolvin D2 For structure see Fig. 1 >10 (20%) nd. n.d. n.d.
Tricyclic xanthine derivatives
5 PSB-KD107 ; 0.562+0.113 nd. >10 (-5%) >10 (20%)
K [191%]
N
H
6 . >10 (2%) >10 (-4%) >10 (-16%) >10 (17%)
#_CHs
7 ;e >10 (26%) >10 (-18%) >10 (-4%) >10 (34%)
- _-CHs
8 yre >10 (40%) >10 (-13%) >10 (18%) >10 (-4%)
\/\O/CH3
9 f >10 (-1%) >10 (19%) >10 (10%) >10 (-18%)
NN
CH3
10 ; >10 (39%) >10 (12%) >10 (4%) >10 (-3%)
\/]\l /\CH3
H3C
11 cl >10 (6%) >10 (47%) >10 (-9%) >10 (1%)
12 ;\/\© >10 (2%) >10 (21%) >10 (16%) >10 (-10%)
13 ?:v\@\ >10 (14%) >10 (0%) >10 (10%) >10 (-29%)
Cl
14 e; >10 (-2%) >10 (-19%) >10 (-6%) >10 (-90%)
\/\@\ B
(0) 3
15 ; o >10 (-39%) >10 (-30%) >10 (15%) >10 (32%)
\/\C[ \CH3
O,CH3
16 PSB-KD477 ;\/\E@ 0.454 +0.156 nd. >10 (38%) >10 (21%)
K [171%]
N
H
2025 https://dx.doi.org/10.1021/acsmedchemlett.0c00208
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Table 1. continued

Compound R! Human GPR18 Human GPRSS
Agonistic activity Antagonistic activity Agonistic activity Antagonistic activity
(9 activation)® (9% inhibition)* (9 activation)® (% inhibition)®
[Efficacy J* [Efficacy J*
ECso+ SEM (uM) ICs0 + SEM (uM) ECso+ SEM (pM) ICs0+ SEM (uM)
17 5.68 £ 1.54 n.d. >10 (20%) >10 (27%)
\; [146%]

N
H

18 ; >10 (22%) >10 (9%) >10 (13%) >10 (-40%)

: OH

19 ; >10 (-12) >10 (15) >10 (38%) >10 (-4%)
N
H

“Compounds were tested at a concentration of 10 yM. Effects were normalized to the signal induced by 10 uM THC (GPR18) or 1 uM LPI

(GPRSS). bEfﬁcacy relative to the maximal effect of the standard agonist (GPR18, 30 uM THC; GPRSS, 10 uM LPI) set at 100%. “Percent

inhibition of a7gonist effect (GPR18, 10 uM THC; GPRSS, 1 uM LPI) by test compound at 10 zM. “n.d,, not determined. “Literature value: ECyy =
2

4.61 + 0.50.

nabinol (THC, 3), both of which promoted cell migration.”’18

These results suggested that GPR18 might be a novel type of
cannabinoid (CB) recepto1‘.19’20 Console-Bram et al. supported
these results with their findings that NAGly and THC
produced increases in intracellular Ca®" levels and induced
mitogen-activated protein kinase (MAPK) activation. How-
ever, these authors reported that only THC, and not NAGly,
was able to modulate GPR18 activity in f-arrestin recruitment
assays.”' Similar results were obtained by Yin et al** and
Rempel et al,>*** who did not detect GPR18 activation in -
arrestin recruitment assays upon stimulation with NAGly. In
fact, several groups failed to observe GPRI8 activation by
NAGly in a number of assays, including those measuring G-
protein-dependent signaling. 22526 1y et al. reported the lack
of GPR18 modulation by NAGly using electrophysiological
experiments.”” Finlay et al. performed a thoroughly controlled
study reporting that in several functional assays under various
conditions, GPR18-dependent effects on Gay or G, signaling
by NAGly were observed in neither Chinese hamster ovary
(CHO) nor human embryonic kidney (HEK) cells recombi-
nantly expressing GPR18.°® These findings are in agreement
with results from our laboratory”**” (and unpublished results).

Besides NAGly, the polyunsaturated fatty acid metabolite
resolvin D2 (RvD2, 4) was proposed to act as an endogenous
GPR18 agonist promoting the resolution of bacterial infections
via GPR18.” However, this finding still awaits independent
confirmation, and in our hands, 4 was not able to activate
GPR18 (see Table 1).

Up to now, the only published GPR18 agonist that has been
functional in our hands is THC. It allowed us to develop the
first GPR18 antagonists, lipophilic heterocyclic compounds
that were characterized to be competitive versus THC.>»****
However, THC is lacking GPRI18 selectivity due to its
interaction with both CB receptor subtypes, CB; and CB,,
and with the lipid-activated orphan receptor GPRS5.”

Contradictory reports and inconsistent results on GPRI8
and its proposed ligands severely hamper the current GPR18
research. Moreover, the lack of selectivity of the confirmed
agonist THC complicates the evaluation of GPRI18 in

2026
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biological systems. Thus, potent and selective agonists are
urgently needed as tool compounds to explore the (patho)-
physiological roles of GPR18 and to allow its validation as a
drug target.

Here we describe the discovery and initial structure—activity
relationships (SARs) of a novel class of GPR18 agonists that
are derived from a non-lipid-like heterotricyclic xanthine
scaffold.

Results and Discussion. To identify GPR18 agonists, we
screened sublibraries of our proprietary compound collection
(https://www.pharmchem1l.uni-bonn.de/www-en/
pharmchem1-en/mueller-laboratory/compound-library) using
a f-arrestin recruitment assay that is based on enzyme
complementation technology.”> GPR18 and f-arrestin-2 were
tagged with complementary parts of $-galactosidase. Upon j-
arrestin recruitment to the tagged receptor, the enzyme is
completed and can hydrolyze an added substrate, resulting in a
luminescence signal. This assay thus detects GPCR activation
regardless of the G-protein signaling pathway and is specific for
the investigated GPCR.* Artifacts, such as false-positive
signals, are rare and can be controlled by performing the
same assay using cell lines that express different GPCRs. Our
GPR18 agonist screening campaign provided a single hit, the
tricyclic xanthine derivative § (Figure 2).

Xanthine § contains an annelated tetrahydropyrimidine ring
that is substituted by an indolylethyl residue (Table 1). This
compound had previously been identified as a moderately
potent anta§onist for the human adenosine A,, receptor (K; =
4.56 uM).*® We subsequently determined the concentration-
dependent activation of GPRI8 by $ and calculated an ECg,
value of 0.562 + 0.113 uM (Figure 3).

We observed a significantly higher maximal effect for agonist
S as compared with the standard agonist THC, namely, 191%
of THC efficacy (= 100%). This means that THC behaves as a
partial agonist in comparison with the new agonist 5. Thus §
shows superior potency and efficacy.

To confirm that the effect observed for § was mediated by
GPR18 activation and to study its selectivity, the compound
was additionally tested at the related orphan GPCR GPRSS

https://dx.doi.org/10.1021/acsmedchemlett.0c00208
ACS Med. Chem. Lett. 2020, 11, 2024-2031
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Figure 2. Screening of a compound sublibrary for GPR18 agonistic
activity using a f-arrestin enzyme complementation assay. The human
GPR18 was recombinantly expressed in CHO cells. Compound 5 was
identified as a hit. Data were normalized to the effect observed for
GPRI18 activation by 10 uM A’-THC (corresponding to its ECy,) set
at 100%.
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Figure 3. Concentration—response curves of hit compound § (ECs, =
0.562 + 0.113 uM) and A>-THC (ECs, = 3.37 + 119 uM)
determined in a f-arrestin enzyme complementation assay using
CHO cells stably expressing the human GPRI18. Data were
normalized to the maximum effect of A>-THC (set at 100%). Data
points shown are mean values of three independent experiments, each
performed in duplicate.

using the same assay system. GPRSS was chosen because it
shares with GPR18 the ability to interact with cannabinoids.
Compound 3§, tested at a high concentration of 10 M, neither
induced f-arrestin recruitment in CHO cells stably expressing
GPR5S nor blocked GPRSS activation by its agonist
lysophosphatidylinositol (LPI) (Table 1). This is a strong
indication that § is selective for GPR18 over GPRSS. However,
because we measured f,-arrestin recruitment only, which is
well described for GPRSS,*! and not f3,-arrestin recruitment, it
cannot be fully excluded at present that the compound might
interact with GPRSS when differently assayed. The same
applies to a potential bias toward G-protein signaling,””~**
When tested in radioligand binding studies at CB receptors,
GPR18 agonist 5, tested at a high concentration of 10 uM,
showed no significant displacement of the CB receptor-specific
radioligand at either CB; or at CB, receptors. It also did not
show any increase in radioligand binding that could have been
indicative of positive allosteric CB receptor modulation. This
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implies that $ is also selective versus both CB receptor
subtypes, although an allosteric modulation of the CB receptor
function cannot be fully excluded.

Encouraged by these findings, we further studied the SARs
of this new class of GPRI18 agonists.

Chemistry. Tricyclic xanthines 5—9, 11—15, 18, and 19
were synthesized as previously described.’*®**™*" The new
compounds 10, 16, and 17 were obtained according to the
following procedure (Scheme 1): Theophylline (I) was

Scheme 1. Synthesis of Tricyclic Xanthine Derivatives 11,
16, and 17°
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“Reagents and conditions: (a) HBr, NaClO;, CH;COOH, 60°C; (b)
1-bromo-3-chloropropane, benzyltriethylammonium chloride
(BTEAC), K,COj, acetone, reflux; (c) 2-aminoethanol, reflux; (d)
PBr;, CHCl;, reflux; (e) diethylamine, propanol, reflux; (f) 1,4-
dibromobutane for 16, 1,2-dibromoethane for 17, BTEAC, K,CO;,
acetone, reflux; (g) 3-(2-aminoethyl)-indole, 2-methoxyethanol,
reflux.

brominated with HBr in the presence of NaOCl,, yielding 8-
bromotheo})hyﬂine (II) according to a previously described
procedure.”® Compound II was then alkylated at N7 with 1-
bromo-3-chloropropane and N,N-diisopropylethylamine
(DIPEA) as a base, resulting in 8-bromo-7-(3-chloropropyl)-
1,3-dimethyl-3,7-dihydro-1H-purine-2,6-dione (III). Xanthine
III was then cyclized by the reaction with 2-aminoethanol,
yielding the tricyclic compound 9-(2-hydoxyethyl)-1,3-
dimethylpyrimido[2,1-f Jpurine-2,4-dione (IV), which was
subsequently brominated using PBr; yielding V. The final
product 10 was obtained by the nucleophilic substitution of V
with excess diethylamine. For the synthesis of products 16 and
17, 8-bromotheophylline (II) was alkylated either with 1,4-
dibromobutane or with 1,2-dibromoethane using benzyltri-

https://dx.doi.org/10.1021/acsmedchemlett.0c00208
ACS Med. Chem. Lett. 2020, 11, 2024-2031
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ethylammonium chloride (BTEAC) as a phase-transfer
catalyst, resulting in 7-(2-bromoethyl)-8-bromotheophylline
(VI) or 7-(4-bromobutyl)-8-bromotheophylline (VII), respec-
tively. Compounds VI and VII were then cyclized with 3-(2-
aminoethyl)indole in dimethylformamide (DMF) or 2-
methoxyethanol, yielding diazepino- and imidazo-[2,1-f]-
purine-2,4-diones 16 and 17. The structures of the synthesized
compounds were confirmed by MS, UV, IR, and 'H NMR
spectra. The purity of all compounds was confirmed to be
>95%.

Structure—Activity Relationships. To study initial SARs,
we modified the indolylethyl substituent on the xanthine core.
Any replacement of the indolyl residue with other aromatic or
aliphatic substituents (see 6—15 and 18) abolished the GPR18
activity. (See Table 1.) This indicates the importance of the
indole residue attached to the tricyclic xanthine scaffold for
GPRI18 agonistic activity.

Previously, we had reported on several natural products
bearing indole moieties, which were able to inhibit THC-
induced GPR18 activation.*®*” In fact, these compounds had
been the first antagonists described for GPR18. In light of the
present findings, the observed requirement of an indole moiety
not only for agonists but also for various antagonists suggests
that the reported antagonists and the newly discovered
agonists may share the same binding site on GPR18.

Next, we studied the tricyclic xanthine core itself. Extension
of the annelated six-membered tetrahydropyrimidine ring
present in agonist 5 to a seven-membered ring appeared to
slightly increase the activity (16, PSB-KD477, ECy, 0.454 +
0.156 uM). However, decreasing the ring size to a five-
membered imidazolidine ring significantly reduced the activity
by about 10-fold (17, EC, = 5.68 + 1.54 uM).

Agonist 16 was also somewhat more potent at GPRSS (38%
activation at 10 zM) and at the CB, receptor (46% inhibition
of radioligand binding at 10 yM) than lead structure 5. (See
Table 1 and Table S1.) Therefore, we continued modifying the
more selective derivative, the six-ring-annelated xanthine
derivative .

In a subsequent step, we investigated the substituents in the
N1- and N3-positions of the xanthine core. Replacement of the
methyl groups in agonist S (which are also present in the
naturally occurring xanthine alkaloids caffeine and theophyl-
line) by the longer propyl residues (compound 19) drastically
reduced the GPR18 activity. These steep SARs indicate limited
space in the binding pocket of GPR18.

None of the compounds evaluated in this study, including
those that showed no GPRI18-agonistic activity, inhibited
THC-induced f-arrestin recruitment in GPR18-expressing
cells (Table 1). This shows that the investigated tricyclic
compounds that failed to activate GPR18 also did not block
the receptor.

Finally, we characterized the new agonist § by trying to
block its effect by the THC-competitive GPR18 antagonist
PSB-CB-27 (20; see Figure 4).** In our previous study, we had
shown that 20 was able to completely block THC-induced
GPR18 activation in a fS-arrestin recruitment assay, displaying
an ICy, value of 0.650 uM. Agonist S was employed at a
concentration of 1 uM, which corresponds to its ECg, value,
and inhibition of its effect by GPR18 antagonist 20 was studied
(Figure 4). Surprisingly, antagonist 20 was not able to fully
inhibit GPR18 activation induced by the tricyclic xanthine
agonist § (IC, value of 0.944 uM, 65% maximal inhibition;
see Figure 4).
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Figure 4. Concentration-dependent inhibition of GPRI8 activation
by an ECg, concentration of the GPR18 agonist THC (blue curve)
and the GPR18 agonist 5 (red curve). ICy, values were 0.650 uM (vs
THC, complete inhibition) and 0.944 uM (vs S, 64% maximal
inhibition), determined in a f-arrestin enzyme complementation assay
using CHO cells stably expressing the human GPR18 receptor. Data
points are means of three independent experiments, each performed
in duplicate.

These results may be indicative of different binding sites or
receptor conformations to which the structurally very different
GPRI18 agonists, the lipid-like THC, on the one hand, and the
heterotricyclic xanthine derivative S, on the other hand, are
binding. Whereas the lipophilic antagonist 20 appears to bind
to the same binding site as the lipid-like agonist THC, this is
probably not the case for the xanthine-based agonist.

To confirm this hypothesis, we studied the concentration-
dependent activation of GPR18 by xanthine agonist § in the
absence and in the presence of different concentrations of the
lipidic antagonist 20. In fact, increasing concentrations of 20
led to a lowering of the maximal effect induced by agonist S.
No significant rightward shift of the concentration—response
curve could be observed (Figure §), and the ECy, values were
not significantly different from each other. (See Table S2.)
This is consonant with an allosteric mechanism of inhibition
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Figure 5. Activation of GPR18 by § in the absence and presence of
different concentrations of 20. ECy, values and maximum effects are
collected in Table S2. Determined by the f-arrestin enzyme
complementation assay using CHO stably expressing the human
GPR18 receptor. Data points shown are means of three independent
experiments performed in duplicate.

https://dx.doi.org/10.1021/acsmedchemlett.0c00208
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for antagonist 20 versus the xanthine-type agonist S. In
contrast, antagonist 20 had previously been shown to block
GPR18 activation bZ the lipidic GPR18 agonist THC in a
competitive manner. 8

As a next step, we studied the effects of combining the lipid-
like “partial” GPR18 agonist THC with the xanthine-type “full”
agonist S in the f-arrestin recruitment assay. In Figure 6A, the
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Figure 6. (A) Effects of fixed concentrations of xanthine agonist $ on
the concentration—response curve of THC. (B) Effects of fixed
concentrations of THC on the concentration—response curve of
xanthine-derived agonist 5. Activation of the human GPR18 expressed
in CHO cells was determined in f-arrestin recruitment assays. Data
points shown are means of three independent experiments performed
in duplicate.

effects of fixed concentrations of xanthine agonist 5 on the
concentration—response curve of THC are shown. In Figure
6B, results of the reverse experiment are shown, in which the
effects of fixed concentrations of THC on concentration-
dependent GPRI8 activation by xanthine agonist 5 were
studied. Xanthine agonist S, used at its ECy, value of 1 uM,
was able to increase the basal response of low concentrations
of THC. However, at high concentrations of the xanthine
agonist S, at which it showed maximal GPRI18 activation, its
effect was inhibited by THC in a concentration-dependent
manner (Figure 6A). This behavior is typical for partial
agonists. Along the same lines, concentration-dependent
activation of GPR18 by the xanthine agonist 5 was partly
inhibited by 3 yuM of THC and inhibited by >70% at a high
concentration of 10 uM THC (Figure 6B). Unfortunately, we
could not add even higher concentrations of THC due to its
limited water solubility. These observations clearly indicate
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that THC is a partial agonist at GPR18 in comparison with the
novel xanthine-derived agonist 5, and THC can even act as a
GPRI18 antagonist in the presence of the more efficacious
agonist. These results highlight the superior properties of the
newly discovered GPR18 agonist scaffold. It is interesting to
note in this context that THC also behaves as a partial agonist
at both CB receptor subtypes.**™**

In conclusion, we discovered a novel class of surrogate
agonists for the orphan GPCR GPRI18 and investigated
preliminary SARs, which were found to be steep. The new
scaffold is characterized by a tricyclic dimethylxanthine core
substituted by an indole ring attached via an ethylene bridge.
Agonist S, which showed a submicromolar ECg, value, was
more potent and much more efficacious that the standard
GPR18 agonist THC. These new GPRIS8 agonists represent
suitable lead structures for further optimization to obtain
potent and selective tool compounds. They will likely
contribute to a breakthrough in the field of GPR18 research,
allowing future target validation studies.
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Publication summary and contributions

The orphan G protein-coupled receptor GPR18 was initially discovered and
characterized in 1996 by Samuelson and Gantz during the search for a novel gastrin-
releasing hormone (novel bombesin) receptor.8® 8 At the chromosome level, GPR18
closely clustered with the EBI2 receptor (GPR183) and the lipid receptors for cysteinyl
leukotriene receptor 1 and 2 (CysL1 and CysL2 receptors).** GPR18 is expressed in
various tissues such as brain, heart, lungs, liver, and pancreas with its highest
expression observed in the cells associated with the immune system such as spleen,
thymus, peripheral blood leukocytes, and lymph nodes. Additionally, GPR18 is found
in several cancer cell lines.? 8:97.99.101 These expression patterns suggest that GPR18

may play a crucial role in cancer and immune diseases.

Several attempts have been made in recent years to identify the cognate ligand for

GPR18, most of which have focused on lipid or lipid-like molecules. For example, V-
arachidonoylglycine (NAGly) and Resolvin D2 (RvD2) have been proposed as
endogenous agonists for GPR18.'°" 192 Additionally, cannabinoids such as A°-
tetrahydrocannabinol and cannabidiol were reported to activate GPR18.10608. 115
However, GPR18 still remains an orphan receptor because many of the published

data could not be reproduced in other laboratories.
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Previously, we reported on a new class of non-lipid-like compounds, tricyclic-
xanthine derivatives, as potent and selective GPR18 agonists.'® The tricyclic
structure does not allow straightforward extensive exploration. Thus, in this
manuscript, we further explored a novel scaffold, bicyclic xanthines, introducing

substituents at the M-, A3-, and A/7-xanthine positions (Figure 3.2).

Modification and

(0] (0]
H3C optlmlzatlong 1 N/
\N
M J@Pat

— 0 N N

RS /i

i N

H

PSB-KD477 Modification and
Lead compound optimization

Figure 3.2 Strategy for the exploration and modification of the lead compound PSB-KD477. Reprinted (adapted)
with permission from Mahardhika et. al."*° Copyright © 2024 American Chemical Society.

In this manuscript, we extensively investigated 68 newly developed and synthesized
compounds. These compounds were tested for activity at human GPR18 using the
PathHunter B-arrestin-2 assay. Additionally, potential species differences were
assessed by testing them at mouse GPR18. Selectivity studies were conducted
versus cannabinoid (CB) receptors (CBs and CB, receptors) and the CB-like receptor,
GPR55. Selected compounds were additionally tested at GPR183, which possesses
the highest sequence identity with GPR18. Further confirmation of GPR18 activity was
obtained using bioluminescent resonance energy transfer (BRET) assays, confirming

that the compounds mediate their effects through GPR18.

Structure-activity relationship (SAR) studies at human GPR18 revealed steep SARs
(Figure 3.3):

e At the M- and A3-xanthine positions, methyl substituents were found to be
the most favorable. Larger substituents were not tolerated, indicating limited
space within the binding pocket of GPR18.

e The AN7-xanthine moiety was divided into several categories: linear and
branched aliphatic residues, unsaturated residues, and aromatic residues.

Linear substituents such as methyl and ethyl showed an increase in potency
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compared to PSB-KD107. However, increasing the alkyl chain length did not
further increase GPR18 potency. Branched and unsaturated residues showed
a slight increase in potency compared to PSB-KD107, while substituents with
high electron density at this position were not preferred.

e The most significant potency difference was observed with aromatic residues
at the AN7-xanthine position. A halogenated benzyl substituent showed the
highest potency at this position. Specifically, p-fluorobenzyl (50), p-
chlorobenzyl (51), and p-bromobenzyl (52) derivatives exhibited a significant
increase in potency at human GPR18 as compared to the unsubsituted benzyl
moiety. However, disubstituted benzyl groups at the A7-xanthine position did
not provide higher potency compared to the mono-substituted compounds.
Substitution at this position with hydrophilic moieties resulted in a loss of
activity at GPR18, highlighting the importance of lipophilic residues for GPR18

activity.

Some analogous observations were made at the bicyclic scaffold as with the tricyclic
lead compound, PSB-KD107. An indolylethylamino residue at the xanthine core was
essential for GPR18 agonistic activity, while substitution with other residues led to a
complete loss of activity. This suggests that the presence of an indole moiety,

connected to a xanthine moiety, is crucial for GPR18 activation.

Atthe human GPR18, we discovered compound 51 to be the most potent agonist with
an ECs of 0.0191 uM (>20-fold more potent compared to PSB-KD107), in fact, the

most potent GPR18 agonist known to date.
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Figure 3.3 Structure-activity relationships of bicyclic xanthine derivatives as GPR18 agonists (top) and the
structures of GPR18 agonists and GPR55 antagonists in the present paper (bottom). Efficacy (Ema) values
compared to the maximum effect of THC in the assay system (set as 100%). Selectivity was assessed versus
GPR55, CB;, CB> and GPR183 receptors. Reprinted (adapted) with permission from Mahardhika et. al.’*°
Copyright© 2024 American Chemical Society.

In the second part of the manuscript, we evaluated the relationship between human
and mouse GPR18 activity of the newly developed agonists. As predicted, the
potencies of these new agonists at human and mouse receptors were closely
correlated, suggesting a virtually identical binding site for GPR18 in both species.
Both species have high sequence similarity (90% sequence similarity) and sequence
identity (86% sequence identity). Interestingly, THC, a cannabinoid which activates
human GPR18,'"%: 123129 only weakly activated mouse GPR18. This suggests that our
newly developed compounds could serve as promising tool compounds for

investigating GPR18 in mice which has, so far, not been possible.
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In a subsequent part of the manuscript, the selectivity of the newly synthesized
compounds was assessed. Assays were conducted at CB, and CB, receptors (using
radioligand binding assays), atthe CB-like receptor GPR55, and at the human GPR183
using B-arrestin-2 assays. We discovered that 50 (PSB-KK1445) is the most selective
GPR18 agonist, while 51 (PSB-KK1415) is the most potent agonist, the latter showing
micromolar affinity and partial agonistic activity at cannabinoid receptors.
Compound 64 (PSB-KK1418) behaved as the most efficacious GPR18 agonist.
Additionally, we discovered compound 82 (PSB-1833) to act as a selective GPR55
antagonist (ICso 1.74 pM) while 76 (PSB-1846) is the most potent GPR55 antagonist
with an ICso 0f 0.884 uM.

Next, we attempted to block the effect of 51-induced GPR18 activation with the
published antagonist PSB-CB27."?* Interestingly PSB-CB27 failed to block the effect
of B1-induced GPR18 activation, while it was able to inhibit THC-induced GPR18
activation. This indicates a different binding site for THC as compared to 51, which

was supported by docking studies using a homology model of GPR18.

Moreover, we demonstrated GPR18 activation-induced B-arrestin-2 recruitment by 51
using another assay system based on bioluminescence resonance energy transfer
(BRET) in different cell line (HEK293), thereby confirming the GPR18 activity of 51 in
an orthogonal assay. GPR18 acts as an atypical GPCR lacking any G protein

activation.

In this manuscript, | performed biological experiments together with Dr. Schoeder. |
developed the B-arrestin-2 assays for CB1, CB,, and GPR183 receptors and the BRET-
based B-arrestin-2 assay for GPR18. | created all figures, analyzed structure-activity
relationships, and wrote the manuscript together with Prof. Dr. Christa Mdller with

support by the other authors.
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ABSTRACT: The human orphan G protein-coupled receptor
GPR18, activated by A’-tetrahydrocannabinol (THC), constitutes
a promising drug target in immunology and cancer. However,
studies on GPR18 are hampered by the lack of suitable tool
compounds. In the present study, potent and selective GPRI1S8
agonists were developed showing low nanomolar potency at
human and mouse GPR18, determined in f-arrestin recruitment
assays. Structure—activity relationships were analyzed, and
selectivity versus cannabinoid (CB) and CB-like receptors was
assessed. Compound 51 (PSB-KK1415, EC, 19.1 nM) was the
most potent GPR18 agonist showing at least 25-fold selectivity
versus CB receptors. The most selective GPR18 agonist S0 (PSB-

° Novel class of GPR18 agonists
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KK144S, ECy, 45.4 nM) displayed >200-fold selectivity versus both CB receptor subtypes, GPRSS, and GPR183. The new GPR18
agonists showed minimal species differences, while THC acted as a weak partial agonist at the mouse receptor. The newly discovered
compounds represent the most potent and selective GPRI18 agonists reported to date.

B INTRODUCTION

G protein-coupled receptors (GPCRs) constitute the largest
family in the human proteome, and approximately one-third of
all approved drugs interact with GPCRs as their targets." GPR18
is an orphan GPCR, first described in 1997, which was found in
the search for a new gastrin-releasing peptide receptor using a
relaxed stringency polymerase chain reaction.” The receptor is
localized on chromosome 13q32, in close proximity to the
related GPR183 (13q32.3),” which was recently found to be
activated by 7a,25-dihydroxycholesterol.* GPR18 is predom-
inantly expressed by cells and tissues associated with the
immune system (e.g., spleen, thymus, peripheral blood
leukocytes, and lymph nodes), and on cancer cells.”*~"*
Therefore, it is of great interest as a novel potential drug target
for immune diseases and cancer, including immuno-oncology.
While agonists are expected to activate the immune system,
antagonists may display anti-inflammatory and immunosup-
pressive effects.”'® However, due to the lack of potent
pharmacological tool compounds, validation of GPR18 as a
drug target has so far not been feasible.

In the past years, several attempts have been made to identify
endogenous agonist(s) as well as surrogate ligands for GPR18.
N-Arachidonoylglycine (NAGly, 1, Figure 1) was proposed to

© 2024 American Chemical Society
9896

ACS Publications
-4 a4

be the cognate agonist of GPR18 based on calcium mobilization
and cAMP accumulation assays in K562 and Chinese hamster
ovary (CHO) cells recombinantly expressing GPR18, indicating
Gy and Gy, protein coupling of GPR18.° Several years later,
cannab1n01ds including abnormal-cannabidiol (Abn-CBD, 2)
and A’-tetrahydrocannabinol (THC, 3) were reported to
activate GPR18, suggesting that it might be a novel type of
cannabinoid (CB) receptor.'*™"? In 2015, a docosahexaenoic
acid-derived lipid, the specialized pro-resolving mediator
Resolvin D2 (RvD2, 4), was proposed as an endogenous
GPRI18 agonist reported to display low nanomolar potency in
CHO cells stably expressing GPR18.” Thus, an important role
for GPR18 in the resolution of inflammation was suggested. The
effect of RvD2 was found to be insensitive to pertussis toxin
(PTX), but not to cholera toxin (CTX) pretreatment,
suggesting the involvement of G, protein coupling of
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Figure 1. Structures of proposed GPR18 agonists. Only compound 3, $, and 6 were confirmed in our hands to act as agonists of the human GPR1S8,

while 1, 2, and 4 were found to be inactive.

o
1
Hsc\N1 Nﬁj’& Modification and R °N N
) e
)\3 ' /> N optimization él\ | />—-NH
(e} [}] N I:',} (o) [?j N
H,C N R® 7k

N
6PSBKDATT N 10-83 H

Lead compound

Figure 2. Design of novel GPR18 agonists based on the tricyclic lead structure 6 with a bicyclic xanthine core (see Table 1 for R', R* and R7).

Scheme 1. Variation of the N1-Position, Synthesis of Compounds 10 and 12—18“
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2\)& ? - = 2\ L p—er )\)k/[ )—Br
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|
CHs, CHg CHj;
7 8 9a-g
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Rz
9a, 12: R1— Ethyl HoN .
9b, 13: R'= Propy! o CH;
9c, 14: R'= Butyl RigesN
9d, 15: R'= Propargyl 253 A 93/>*NH /
9e, 16: R'= Isobutyl 07N N H
9f, 17: R'= Cyclohexylmethyl CHj ) -~
9g, 18: R'= Benzyl N
H
10, 12-18

“Reagents and conditions: (a) 40% HBr, NaClO; (yield: 46%); (b) K,CO;, DMF, alkyl or arylalkyl halide, 70 °C, 4 h (yields: 33—62%); (c)
tryptamine, triethylamine (TEA), propanol, microwave, 300 W, 140 °C, 10 bar, 1 h (yields: 28—66%).

GPR18.7*° Interestingly, the same research group had
previously reported that RvD2 effects were sensitive to pertussis
toxin in endothelial cells, indicating that RvD2 exerted its effects
via G; protein-coupled receptors.u’22 In contrast, several
research groups failed to observe any activation of GPRI18 by
physiological lipids, neither by NAGly nor by RvD2, using a
variety of assays and cell lines.”*”>* Despite a multitude of
studies conducted with the aim to elucidate the (patho)-
physiological roles and signaling mechanisms of GPR18, and to
identify its cognate agonist(s), the receptor still remains orphan,
and its function is poorly understood.””°

In our laboratory, we confirmed that out of the previously
reported lipid-like agonists, only THC activates the human
GPRI1S, inducing S-arrestin recruitment at micromolar concen-

9897

45

trations (ECs, 3.37 ﬂM).23’24’31’32 However, due to its potent
interaction with both CB receptor subtypes, CB, and CB,,** and
with another orphan receptor, GPR55,** pharmacological
studies employing THC as a GPR18 agonist in more complex
biological systems, such as native cell lines and tissues, or even in
vivo, are difficult to interpret.

Recently, we discovered the first GPR18 agonists with
submicromolar potency (ECs, values of around S00 nM), the
indole-substituted tricyclic xanthine derivatives PSB-KD107 (5)
and PSB-KD477 (6) (Figure 1) utilizing a f-arrestin recruitment
assay based on enzyme (galactosidase) complementation.”
These compounds showed selectivity for GPR18 versus CB
receptors and the CB-like receptor GPRSS. Here, we describe
the discovery, optimization, and structure—activity relationships

https://doi.org/10.1021/acs.jmedchem.3c02423
J. Med. Chem. 2024, 67, 9896—9926
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Scheme 2. Synthesis of N7-Substituted Xanthine Derivatives 11, 21—28, 31—43, and 47—53, 56—66“
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N
19a or 19b, X = Bror Cl 20a-20n, 29a-ac, X = Br or Cl 11, 21-28, 31-43, 47-60, 61-66

11, 20a: R”= Methyl 20h, 27: R’= Proparagy! 29a, 31: R"= Benzyl 29r, 48: R7= 4-(CH3NHSO,)-Benzyl

20b, 21: R’= Ethyl 20i, 28: R’= Pent-3-ynyl 29b, 32: R7= 2-F-Benzyl 29s, 49: R”= 4-(CH3(CH,),NHSO,)-Benzy!

20c, 22: R= Propyl 20j, 62: R7= (CHj,),Cyclohexyl 29c, 33: R’= 2-Cl-Benzyl 29t, 50: R7= 4-F-Benzyl

20d, 23: R7= Butyl 20k, 63: R”= (CH,),Ph 29d, 34: R7= 2-Br-Benzyl 29u, 51: R7= 4-Cl-Benzyl

20e, 24: R"= Propenyl 201, 64: R7= (CH,);Ph 29e, 35: R"= 3-F-Benzyl 29v, 52: R"= 4-Br-Benzyl

20f, 25: R”= Isopentyl 20m, 65: R”= (CH,)3-O-Ph 29f, 36: R7= 3-Cl-Benzyl 29w, 53:R7= 4-NO,-Benzyl

20g, 26: R7= Butenyl 20n, 66: R”= (CH,)3-0-(4-Cl)Ph 29g, 37: R7= 3-Br-Benzy! 29x, 56: R"= 2-Cl,6-Cl-Benzyl
29h, 38: R7= 3-OCHj;-Benzyl 29y, 57: R"= 2-Cl,4-Cl-Benzy!
29i, 39: R’= 4-CHj-Benzyl 29z, 58: R’= 3-F,4-Cl-Benzy!
29j, 40: R'= 4-CF3-Benzyl 29aa, 59: R= 3-Cl,4-Cl-Benzyl
29n, 41: R7= 4-OCH;-Benzyl 29ab, 60: R"= 3-F 4-F-Benzyl
290, 42: R7= 4-((CH3),CH)-Benzyl 29ac, 61: R”= 3-Cl,4-F-Benzyl
29p, 43: R7= 4-(CH3CO,)-Benzyl
29q, 47: R7= 4-(NH,S0,)-Benzyl

“Reagents and conditions: (a) K,CO;, DMF, alkyl or arylalkyl halide, room temperature (RT), 18 h; (b) tryptamine, TEA, propanol, microwave,
300 W, 140 °C, 10 bar, 1 h (compd. 11, 21—28, 31—42, 50—53, 56—57, 59, 62—66), or tryptamine, DIPEA, NMP, 145 °C, 18 h (compd. 43, 47—

49, 58, 60—61); yields 29—90%.

Scheme 3. Synthesis of N7-Substituted Xanthine Derivative 30
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“Reagents and conditions: (a) BBr;, DMF, § °C, 3 h (yield: 62%); (b) Cs,CO5, DMF, 60 °C, 2.5 h (yield: 32.5%); (c) tryptamine, DIPEA, NMP,

145 °C, 18 h (yield: 56%).

(SARs) of a novel, heterobicyclic class of GPR18 agonists based
on our previous lead structures § and 6. We obtained the first
GPR18 agonists with potency in the low nanomolar range
combined with high selectivity versus related receptors. The
compounds showed only minor species differences between
human and mouse GPR18. In contrast to THC, which acted as a
very weak partial agonist at the mouse receptor, the new
compounds displayed high efficacy at both human and mouse
GPR18. Other previously proposed and disputed agonists, in
particular NAGly (1), AbnCBD (2), and RvD2 (4) were
inactive under a variety of conditions and in a range of
concentrations, 2 even showing moderate inverse agonistic
activity at GPR18.

9898
46

B RESULTS AND DISCUSSION

Design. In our previous study in which we discovered the
tricyclic xanthine derivatives 5 and 6 as novel GPR18 agonists,
an indoylethyl substitution was found to be important for
GPRI18 activation (see Figure 1). In the present study, we kept
this residue but removed the third, saturated ring of the tricyclic
core to allow higher flexibility and the possibility to easily
introduce a variety of substituents into the N7-position of the
xanthine scaffold (see Figure 2). This was inspired by the fact
that a larger 7-membered ring (in 6) had led to a somewhat more
potent compound compared to a 6-membered ring (in S, see
Table 1).

A series of indolylethylaminoxanthine derivatives 10—83
(Tables 1 and 2) was synthesized according to Scheme 1
(modifications at the Nl-position of the xanthine core),

https://doi.org/10.1021/acs.jmedchem.3c02423
J. Med. Chem. 2024, 67, 9896—9926
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Scheme 4. Synthesis of N7-Substituted Xanthine Derivatives 43—46“
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“Reagents and conditions: (a) LIOH-H,0, THF, RT, overnight (yield: 64%); (b) 1-propylamine, TEA, T3P, DCM, RT, overnight (yield: 5%); (c)
NH,Cl, NH,0H, 100 °C, 3 days (yield: 35%).

Scheme S. Synthesis of N7-Substituted Xanthine Derivatives 54 and 55
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“Reagents and conditions: (a) Pd/C, H,, methanol, RT, 7 h (yield: 39%); (b) acetic anhydride, DCM, RT, 1 h (yield 4%).

Scheme 6. Synthesis of the N3-Substituted Xanthine Derivatives 74—83
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! E 73a, 75: R3= CH,CH, 73f, 80: R%= CH,CH,F
83 73b, 76: R%= CH,CHCN 73g, 81° R®= (CH,),0¢(0)CH3
73¢, 77: R3= CH,C=CH 73h, 82: R3= CH,Ph

73d, 78: R3= CH,CH,CHj4 83: R3= CH,CH,OH

“Reagents and conditions: (a) Methyl iodide, (NH,),SO,, HMDS (yield: 71%); (b) (i) aq AcOH/NaNO,, (ii) Na,S,0,, NH,OH (yield: 77%);
(c) 4-chlorobenzaldehyde, CH,CO,H, H,O (yield: 75%); (d) NaBH,CN, CH;CO,H (yield: 70%); (e) triethyl orthoformate, 145 °C, S h (yield:
92%); (f) N-chlorosuccinimide, THF, RT, 16 h (yield: 81%); (g) K,COs, DMF, alkyl or arylalkyl halide, RT, 18 h; (h) tryptamine, DIPEA, NMP,
145 °C, 18 h (yield: 12—65%); (i) KOH, MeOH, 65 °C, 18 h (yield: 63%).

Schemes 2—6 (modification at the N7-position), and Scheme 7
(modification at the N3-position). Moreover, to probe the

9899 https://doi.org/10.1021/acs,jmedchem.3¢02423
J. Med. Chem. 2024, 67, 9896—9926
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Scheme 7. Synthesis of the N3-Substituted Xanthine Derivative 75
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75
“Reagents and conditions: (a) (CH;C0O),0, AcOH (yield: 38%); (b) (i) NaNO,, (ii) Na,$,0, (yield: 77%); (c) HCOOH, NaOH (yield: 79%);
(d) HBr, NaClO; (yield: 82%); (e) 1-chloro-4-(chloromethyl)benzene, DIPEA (yield: 73%); (f) methyl iodide, K,CO; (yield: 68%); (g)
tryptamine, TEA, propanol, microwave, 300 W, 140 °C, 10 bar, 1 h (yield: 46%).

Scheme 8. Synthesis of Compounds 87—91“
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90: R'=CI

91: R'=Cl, R?=0OMe, R*=OMe

“Reagents and conditions: (a) K,COs, benzyltriethylammonium chloride (TEBA), benzyl chloride, acetone, 15 h reflux (yield: S1-68%); (b)
phenylethylamine derivative, 2-methoxyethanol, reflux 11—16 h (yield: 23—35%); (c) 48% HBr, reflux, 30 min (yield: 24—43%).

necessity of the indolyl moiety in combination with the new Substituted 8-bromo- or 8-chloro-theophylline derivatives 20a—
bicyclic xanthine scaffold, we replaced the indolyl residue with n and 29a—ac underwent a reaction with tryptamine in propanol
different aromatic residues (see Scheme 8 and Table 2). in the presence of a base. This reaction was carried out using

Syntheses. The target compounds were synthesized by either microwave irradiation or conventional heating to yield the
multistep reaction sequences applying previously published final products 11, 21—28, 31—43, 47—60, 61—66 (Scheme 2).
procedures. Compounds 10 and 12—18 were prepared from Demethylation of 29k by BBr; in DMF led to the
commercially available theobromlne (7) which was subjected to corresponding p-hydroxybenzyl derivative 291 (Scheme 3).
bromination at the 8-position.”® The resulting 8-bromotheo- Initially, we were almlng to alkylate the p-hydroxy moiety of 291,
bromine (8) was alkylated at the Nl-position using the based on literature.*® Thus, 291 was reacted with 1-bromo-2-
appropriate alkyl or arylalkyl halide in dimethylformamide fluoroethane in the presence of Cs,COj5 as a base in DMF. These
(DMF) in the presence of potassium carbonate, yielding 9a—g. turned out to be very harsh conditions since many undesired
The final products 10 and 12—18 were prepared by substitution products were formed, the most abundant one being 29m. This
of the 8-bromotheobromine derivatives 8 and 9a—g with the compound was formed by the alkylation of the debenzylated
commercially available tryptamine in propanol under microwave xanthine derivative with an excess of 1-bromo-2-fluoroethane.
irradiation in a closed vessel with controlled power, temperature, The side-product 29m was isolated and further reacted with
and pressure. tryptamine to yield 30 (Scheme 3).

Next, we introduced a variety of substituents at the xanthine The benzoic acid methyl ester 43 was hydrolyzed by the
N7-position (Schemes 2—S5). 8-Chlorotheophylline (19a) or 8- addition of lithium hydroxide in tetrahydrofuran (THE) to
bromotheophylline (19b) was used as a starting material. N7- obtain carboxylic acid 44 (Scheme 4). Compound 44 was
Alkylation was performed in DMF with various alkyl or arylalkyl subsequently treated with 1-propylamine in the presence of the
bromides in the presence of potassium carbonate as a base. N7- coupling reagent propanephosphonic acid anhydride (T3P) and

9900 https://doi.org/10.1021/acs,jmedchem.3¢02423
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triethylamine (TEA) in dichloromethane (DCM) furnishing
amide 46. Compound 43 was also directly reacted with
ammonium hydroxide in the presence of ammonium chloride
at 100 °C to yield carboxamide derivative 45 (Scheme 4).

The syntheses of the aniline derivative 54 and the anilide 55
(Scheme S) were carried out starting from nitrobenzyl derivative
53. Reductive hydrogenation of 53 in the presence of Pd on
carbon yielded the p-aminobenzyl derivative $4, which was
subsequently acetylated with acetic anhydride in DCM
furnishing 55 (Scheme S).

The synthesis of xanthine derivatives bearing different N3-
substituents was performed according to Scheme 6. Commer-
cially available 6-aminouracil (67a) was subjected to selective
methylation with methyl iodide at the N3-position after
silylation with hexamethyldisilazane (HMDS) to provide
67b.%” Subsequent nitrosylation at C5 with sodium nitrite in
aqueous acetic acid followed by reduction with sodium
dithionite in the presence of ammonium hydroxide led to 68a.
The reaction of 68a with 4-chlorobenzaldehyde in the presence
of acetic acid yielded imine 69, which was subsequently reduced
using sodium cyanoborohydride to yield the S-benzylaminour-
acil derivative 70. Subsequently, ring closure reaction with
triethyl orthoformate led to xanthine 71. Chlorination at C8 was
achieved with N-chlorosuccinimide (NCS) in THF resulting in
the key intermediate 72. For the synthesis of the target
compounds 74—83, compound 72 was alkylated at N3 with
various (ar)alkyl halogenides in the presence of K,COj to afford
1,3,7,8-tetrasubstituted xanthine derivatives 73a—h. Coupling of
72, and 73a—h, respectively, with tryptamine yielded the final
products 74—83 (Scheme 6). Compound 83 was obtained by
hydrolysis of 81 using potassium hydroxide in methanol at 65 °C
for 18 h.

N3-Ethyl-substituted xanthine derivative 75 was obtained by
an alternate reaction sequence (see Scheme 7). Condensation of
N-ethylurea (84) and cyanoacetic acid (8S5) yielded uracil
derivative 67c. Nitrosation followed by reduction provided
diaminouracil derivative 68b. After ring closure by condensation
with formic acid and subsequent condensation in the presence of
sodium hydroxide, xanthine 68c was isolated. Subsequent
bromination at the 8-position afforded 68d. Alkylation at N7 was
performed with p-chlorobenzyl bromide to provide 68e, which
was subsequently methylated at N1 yielding the tetrasubstituted
xanthine derivative 68f. Finally, product 75 was obtained by a
reaction of 68f with tryptamine under microwave irradiation.

Next, we replaced the indolyl moiety with aromatic residues,
which were introduced as depicted in Scheme 8. The
intermediate 8-bromo-7-(4-chlorobenzyl)-1,3-dimethylxan-
thine derivatives 86a—86b were obtained by alkylation reaction
of the commercially available 8-bromotheophylline (19a) with
the appropriate benzyl bromide derivatives. The target
compounds 87, 89, and 91 were synthesized by the substitution
of 86a—86b with the appropriate phenylethylamine derivative in
2-methoxyethanol as a solvent. Demethylation of 89 and 91
using an aqueous hydrogen bromide solution afforded the
corresponding catechol derivatives 88 and 90.

Altogether, 68 new final products were prepared by multistep
reactions. The structures and purities were confirmed by 'H and
13C NMR spectroscopy, in addition to HPLC-UV/MS analysis.
Purities of all products were determined by HPLC-UV at 220—
400 nm and confirmed to be at least 95% for all final products.

Biological Evaluation. The new 8-(indolylethylamino)-
xanthine and 8-(phenylethylamino)xanthine derivatives were
investigated to assess their agonistic activity at human GPRI8
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and to study their structure—activity relationships. In our
previous study, we had reported on the first nonlipid-like GPR18
agonists, tricyclic xanthine derivatives (compounds § and 6)
representing novel agonists of the human GPRI18 with ECs,
values of 0.562 M and 0.454 uM, respectively.*” In the present
study, we investigated a newly designed indolylethylamino-
xanthine scaffold. The employed f-arrestin recruitment assay,
based on a f-galactosidase complementation assay, was shown
to be highly specific for GPR18.>® This is because GPR18 was C-
terminally fused with a small part of f-galactosidase (termed
ProLink), while the complementary part of the f-galactosidase
was fused with f-arrestin-2. Upon GPRI8 activation, f-arrestin
is recruited to the C-terminal domain of GPR18, and the f-
galactosidase reassembles to become functional resulting in a
luminescence signal in the presence of a suitable substrate
(Figure S1). This assay is robust and reliable, while false
positives are rare.”***~** All compounds were initially screened
at a concentration of 10 yM. For the test compounds that
showed receptor activation of greater than 50%, full concen-
tration—response curves were determined to calculate ECj,
values. For this purpose, THC was used as a standard GPR18
agonist, and data were normalized to its effect at a high
concentration of 10 #M. For the compounds that showed less
than 50% activation, potential antagonistic activity was
measured. To confirm that the effect observed by the
compounds was mediated by GPR18 activation, all compounds
were additionally tested at the related orphan receptor GPRSS,
activated by lysophosphatidylinositol (LPI), in the same assay
system.”" Selectivity versus cannabinoid receptors was assessed
by radioligand binding assays using membrane preparations of
Chinese hamster ovary cells (CHO-K1) stably expressing either
human CB; or CB, receptors. Subsequently, selected potent
compounds were additionally tested in CHO-f-arrestin cell
lines stably expressing human GPR183, human CB,, or human
CB, receptors, respectively. GPR183 was selected due to its
close phylogenetic relationship with GPR18, which is
demonstrated by the shared chromosomal origin and similar
expression patterns.”*” Furthermore, GPR183 exhibits the
highest amino acid similarity with GPR18 (37% sequence
similarity) among class A GPCRs. The activation of GPR183
using the established cell line was confirmed using its cognate
agonist 7a,25-dihydroxycholesterol.*> Potency (ECs,) and
efficacy (maximum response compared to the standard agonist
at the corresponding receptor) of each potent compound was
determined. In order to study potential species differences, we
additionally examined all compounds at mouse GPRIS8
(mGPR18) using the same assay system.

Standard Compounds Previously Published as GPR18
Agonists. Initially, we tested several previously published
GPR18 agonists in our test system for comparison. In addition
to the tricyclic xanthine derivatives PSB-KD107 (5) and PSB-
KD477 (6), the physiological lipids NAGly (1) and resolvin D2
(3), and the cannabinoids THC (3) Abn-CBD (2) were studied.
Besides § and 6, only THC (3) was confirmed to activate human
GPR18, while Abn-CBD and resolvin D2 did not significantly
activate the receptor at concentrations ranging from 0.0001 to
10 uM. Abn-CBD (2), which had previously been reported to
stimulate GPR18 and to promote cell migration'®** was unable
to activate GPR18, which is in agreement with findings reported
by another research group.** Interestingly, we observed that 2
reduced the basal activity of human GPR18, an effect that was
less pronounced at mouse GPR18, and which was not seen at
other related orphan GPCRs, namely GPRSS (see Table S1)

https://doi.org/10.1021/acs.jmedchem.3c02423
J. Med. Chem. 2024, 67, 9896—9926
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Table 1. Potencies of 8-(Indolylethylamino)xanthine Derivatives as Agonists of Human and Mouse GPR18
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Chapter 3.2

/ / 7
10-18 21-66 74 -82
R'or R7 or R? B-Arrestin recruitment assay
Human GPR18 Mouse GPR18
Agonistic activity Agonistic activity
(% activation)® (% activation)®
[Efficacy)’ [Efficacy]”
ECso + SEM (pM) ECso = SEM (uM)
Previously proposed and published GPR18 ag s
1 NAGly (1) For structure see Fig. 1 >10 (10%)¢ >10 (4%)
2 Abnormal For structure see Fig. 1 >10 (-50%)° >10 (-5%)
cannabidiol
(2)
3 THC (3) For structure see Fig. 1 3.37+1.19¢ >10 (10%)
[100%]
4 Resolvin D2 For structure see Fig. 1 >10 (26%) >10 (4%)
(O]
5 PSB-KD107  For structure see Fig. 1 0.562 +0.113¢ 1.78 £0.62
5) [191%] [104%]
6 PSB-KD477  For structure see Fig. 1 0.454 +0.156¢ 0.583+0.214
(6) [171%] [111%]
Substitution of the N1-position (R')
10 H >10 (14%) >10 (12%)
11 _CH,3 0.902 +0.148 2.97+1.02
I:LLL, [132%] [132%]
12 ??27/\CH3 >10 (30%) >10 (35%)
13 ‘%%/\/CH;‘ >10 (15%) >10 (23%)
14 5" CH, >10 (11%) >10 (11%)
15 ‘%{\ >10 (18%) >10 (19%)
16 K/\‘/CHs >10 (5%) >10 (16%)
CH3
17 ;&/\O >10 (13%) >10 (24%)
18 z/\@ >10 (37%) >10 (24%)
Substitution of the N7-position (R”)
21 {?Q??/\CHa 0.190 + 0.043 0.379 +0.055
[113%] [85%]
22 CH3 0.196 + 0.059 0.299 + 0.109
N [127%] 181%]
23 ‘,?QZI/\/\CH 0.151 +0.045 0.207 +0.038
3 [103%] [111%]
24 __CH, 0.169 + 0.041 0.379 +0.079
5N [80%] [84%]
25 CHj >10 (30%) >10 (37%)
‘1,‘7/\)\ CH,
26 ‘%aa,/\/% 0.111 +0.015 /89%] 0.447 +0.119
CH [80%]
27 K 0.247 +0.036 0.318 +0.033
E/\\\CH [90%] 7108%]
28 i’"‘/ N 0.254+0.010 0.371 +0.102
X [90%] [102%]
CH3
9902 https://doi.org/10.1021/acs,jmedchem.3¢02423
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Table 1. continued
R'or R7 or R? B-Arrestin recruitment assay
Human GPR18 Mouse GPR18
Agonistic activity Agonistic activity
(% activation)® (% activation)®
[Efficacy]’ [Efficacy]’
ECso = SEM (uM) ECso = SEM (uM)
Substitution of the N7-position (R7)
30 F 1.39 + 0.60 2.64 £0.05
I~
* [43%)] [85%]
31 573 0.149 + 0.056 0.194 + 0.053
: [134%] [116%]
k) F 0.137 £ 0.032 0.128 £0.018
s [123%] [106%]
33 Cl 0.0604 +0.0122 0.157 + 0.007
” [169%] 196%]
34 Br 0.189 + 0.027 0.156 + 0.013
” [148%] [92%]
35

F 0.115 % 0.046 0.301 £ 0.046
‘%z/\©/ [139%] [106%]

36 (PSB- cl 0.0711 £ 0.0174 0.220 £ 0.062

KK1448) {\@/ [85%)] [134%]

Br 0.101£0.013 0.180 £ 0.033
2/\@/ [134%] [101%]
38 % o. 0.166 + 0.024 0.245 £ 0.030

: /\©/ CHs [122%] [108%]
39 % 0.0246 = 0.051 0.0463 £ 0.0058
[117%] [95%]
cH
40 % 0.136 £ 0.017 0.216 + 0.066
[111%] [112%]
CF
41 % 0.138 £ 0.013 0.171+0.013
on [121%] [96%]
o/ 3

37

42 ‘11'1 0.352 + 0.096 0.150 +£ 0.019
o [111%] 187%]
3
CHj
43 '%% 0.469 + 0.074 0.488 + 0.083
o [125%] [93%]
CHy
(e]
44 3{\@\ >10 (8%) >10 (%)
_OH
C
i
(o)
45 ‘3{[ 3.60 +0.19 4.00 £ 0.611
NH, [88%] [87%]
(6]
9903 https://doi.org/10.1021/acs,jmedchem.3¢02423
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Table 1. continued

R'or R’ or R? B-Arrestin recruitment assay
Human GPR18 Mouse GPR18
Agonistic activity Agonistic activity
(% activation)® (% activation)®
[Efficacy]® [Efficacy]’
ECso = SEM (uM) ECso = SEM (uM)
Substitution of the N7-position (R7)
46 ‘???z 1.41+0.29 1.27+£0.31
[98%] [147%]
N
\,/\CH3
(0]
47 ‘z??z 6.64 £2.68 10.9+0.8
[70%] [95%]
NH;
//S\\
(O]
48 ‘2722 3.67+1.07 3.63+0.24
H [116%] [99%]
felie)
49 ‘1‘1{ 0.584 + 0.150 1.30 £ 0.05
50% 80%
MH~en, [50%] [30%]
RN
[o2e]
50 (PSB- ‘v,?? 0.0454 + 0.081 0.124 +0.056
KK1445) [84%] [79%]
F
51 (PSB- % 0.0191 + 0.0034 0.0541 + 0.0241
KK1415) [141%)] [100%]
Cl
52 '2% 0.0724 + 0.547 0.058 + 0.008
[65%] [105%]
Br
53 i‘ll 0.0426 + 0.0155 0.280 +0.194
. [98%] [155%]
NO,
54 ¥ 0.261 + 0.041 0.241 +0.032
[112%)] [110%]
NH,
55 ‘2?72 o 0.218 +0.008 0.281+ 0.025
J\ [109%] [124%]
N~ cHs
56 Cl 0.347 £0.0136 0.559 + 0.050
% [45%] [101%]
Cl
57 Cl 0.0642 +0.0308 0.244 + 0.026
” [72%] [104%]
Cl
58 La% F 0.0801 +0.0131 0.121 +0.029
K /\©: [110%] [102%]
Cl
59 ‘zzlz cl 0.0741 + 0.023 0.0900 + 0.0301
/\CK /82%] [102%]
c
60 ‘219 F 0.142 +£0.019 0.161 + 0.039
k /\@: [113%)] [122%]
F
61 % Cl 0.193 +0.028 0.251+ 0.042
K /\@: [110%] [122%]
F
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Table 1. continued

Rlor R7 or R? B-Arrestin recruitment assay
Human GPR18 Mouse GPR18
Agonistic activity Agonistic activity
(% activation)® (% activation)®
[Efficacy]’ [Efficacy]®
ECso + SEM (uM) ECs = SEM (uM)
Substitution of the N7-position (R”)
62 0.102 + 0.024 0.127+0.013
[103%] [100%]
63 0.442 +0.152 0.288 + 0.071
[155%] [108%]
64 (PSB- "?,2 0.120 + 0.027 0.223 +0.043
KK1418) [176%] [104%]
65 -5?2/\/0 0.229 + 0.048 0.334 +0.080
\© [64%] 188%]
66 /\/O 0.417 +0.173 0.444 +0.084
% \©\ [64%] [84%]
Cl
Substitution of the N3-position (R*)
74 H 0.206 + 0.023 0.290 +0.019
[100%] [93%]
75 ?‘z,/\CH 0.0950 + 0.0069 0.297 + 0.037
’ 185%] [91%]
76 (PSB-1846) K 1.22+0.17 0.981 +0.242
%‘/\\\N [70%] [97%]
77 >10 (18%) >10 (14%)
. N
Ny
78 ??%/\/CH;; >10 (45%) >10 (46%)
79 ?'b,/\CF 0.486 + 0.072 0.711+0.101
* [75%] [83%]
80 ‘za%/\/ F 0.351+0.017 0.398 + 0.089
. [78%] [93%]
82 | (PSB-1833) ?{\@ >10 (4%) >10 (4%)
83 ??;,/\/OH 1.63+0.13 1.20 + 0.54
[80%] [103%]

“Compounds were initially tested at a concentration of 10 uM. Effects were normalized to the signal induced by 10 uM THC (ECg, for human
GPR18) or 0.3 uM of 51 (ECg, for mouse GPR18) set as 100%. For compounds that activated GPR18 by more than 50%, dose—response curves
were recorded. ECy, values are shown in bold. bEﬂicacy relative to the maximal effect of the standard agonist (30 uM THC for human GPR18; 3
UM of 51 for mouse GPR18) set at 100%. “Data from Schoeder et al.*>

and GPR183 (no effect at 10 #M, data not shown). This implies
that the decrease in basal activity induced by 2 was specific for
GPR18. When tested as an antagonist, 2 was able to inhibit
THC-induced GPR18 activation by up to 42% (at 10 uM).
These results imply that Abn-CBD may act as an inverse agonist
at GPR18.

Moreover, we assessed GPRIS8 activation by RvD2 (4)
(Figure S2A,B). Chiang et al. had reported activation of the
human GPR18 by 4 with a significant effect at 10 nM in a j-
arrestin recruitment assay, and a subnanomolar ECy, value.” In
our hands, RvD2 did not show GPRI18 activation in
concentrations up to 10 #M.*> An explanation could be that
activation might only be observed at low concentrations, and not
at high concentrations due to potential interfering effects.”
However, we could not observe any effects of RvD2 on GPR18
tested in concentrations ranging from 0.1 nM to 10,000 nM,
neither at the human nor the mouse receptor, using stock
solutions of RvD2 either in DMSO or in ethanol (Figure S2A).
Since RvD2 may be rapidly degraded, we assessed its purity by
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LC-MS analysis, which was confirmed to be >95% (Figures S3
and S4).

In Table S1 all determined activities are collected, and Hill
slopes for concentration-activation curves were calculated,
which ranged from 1.0 to 2.2 for mouse GPR18, and from 0.9
to 2.3 for the human receptor. Apart from a few exceptions,
mostly for compounds showing moderate potency, the Hill
slope did not significantly differ from unity (see Table S1).

Structure—Activity Relationships at Human GPR18.
The focus of the present study was on investigating the
substitution pattern of the xanthine core, since we assumed,
based on previous studies, that an indolyl substituent may be
important for interaction with GPR18.*"***¢ Extension of the 6-
membered tetrahydropyrimidine ring in the previously pub-
lished tricyclic xanthine derivative § (ECgo 0.562 uM) to a 7-
membered ring in compound 6 had slightly increased potency
(ECso 0.454 uM). Thus, there might be space in the pocket
where that part of the molecule binds. The tricyclic structure is
rather rigid and does not provide straightforward opportunities
for substitution. Instead, we extensively varied the substitution

https://doi.org/10.1021/acs.jmedchem.3c02423
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Table 2. Potencies of 8-(Phenylethylamino)-Substituted Xanthine Derivatives at GPR18 and GPRSS in Comparison to
Corresponding 8-(Indoylethylamino)-Substituted Xanthines, Determined in f-Arrestin Recruitment Assays

CHs \_}\Q EHy \_2/3 CH,
N i
51 87-89 90-91
R Human GPR18 Human GPRS5
Agonistic activity Antagonistic Agonistic Antagonistic
(% activation)® activity activity activity
[Efficacy]® (% inhibition)® (% activation)® (% inhibition)®
[Efficacy]®
ECso + SEM ICs0 = SEM (uM) ECso = SEM ICso + SEM
M) M) M)
51 See structure 0.0191 + 0.0034 n.d¢ >10 (8%) >10 (43%)
above [141%]
87 4-OH >10 (3%) >10 (19%) >10 (15%) >10 (22%)
88 3,4-OH >10 (4%) >10 (32%) >10 (3%) >10 (31%)
89 3,4-OCH; >10 (4%) >10 (7%) >10 (-1%) >10 (-4%)
57 See structure 0.0642 + 0.0308 n.d >10 (-5%) >10 (-4%)
above [72%]
90 3,4-OH >10 (-10%) >10 (31%) >10 (-14%) >10 (38%)
91 3,4-OCH; >10 (1%) >10 (13 %) >10 (2%) >10 (29%)

“Compounds were tested at a concentration of 10 M. Effects were normalized to the signal induced by 10 yuM THC (ECg, for human GPR18) or
1 uM of LPI (ECg, for human GPRSS) set as 100%. ECg, values are shown in bold. Efﬁcacy relative to the maximal effect of the standard agonist
(human GPR18, 30 uM THC; GPRSS 10 4M LPI) set at 100%. “Percent inhibition of agonist effect (human GPR18, 10 M THC; GPRSS, 1 uM

LPI) by test compound at 10 M. 9n.d = not determined.

pattern of the xanthine core at the N7-position. Additionally, we
performed modifications at the N1- and the N3-position,
respectively) to explore the structure—activity relationships of
this new bicyclic class of GPR18 agonists based on a xanthine
scaffold (see Table 1). The optimal residues in the tricyclic series
had been methyl in the N1- as well as in the N3- position.*”

As a first series of derivatives, we investigated compounds
substituted at the N1-position either with different alkyl residues
(10—17) or with a benzyl group (18). The N1-unsubstituted
3,7-dimethyl derivative 10 was inactive, while the 1-methyl
derivative, 8-(3-indoylethylamino)caffeine (11), showed an
ECs, value of 0.902 yM. This indicated that substitution is
required at the Nl-xanthine position, as in the tricyclic lead
compound S5, which is also methyl-substituted at the
corresponding position. Replacement of the methyl group by
larger substituents such as ethyl (12), propyl (13), or butyl (14)
abolished GPR18 activity (ECs, > 10 M), indicating a limited
size of the binding pocket at this position. These inactive
compounds were further tested as antagonists but did not inhibit
THC-induced GPR18 activation, proving that they are too large
to bind to the receptor.

Next, we explored the N7-position of the xanthine scaffold
while retaining methyl groups at the N1- and N3-position. First,
we investigated the effects of linear and branched aliphatic
residues. Ethyl substitution (in 21, ECyy 0.190 uM) showed
increased potency compared to the 7-methyl-substituted
compound 11 (ECgy 0.902 uM), and was also more potent
than the tricyclic lead compound § (ECs, 0.562 uM). However,
increasing the length of the alkyl chain did not further increase
agonistic activity (propyl derivative 22, ECs, 0.196 uM), or at
least not significantly (butyl derivative 23, ECs, 0.151 uM). We
then investigated the effects of branched aliphatic and
unsaturated substituents at this position. Allyl-substituted
derivative 24 (ECsy 0.169 uM) and butenyl derivative 26
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(ECyp 0.111 uM) showed potency comparable to that of the
propyl derivative 22 (ECg, 0.196 uM) while the propargyl
derivative 27 was slightly less potent (ECs, 0.247 uM).
Interestingly, the introduction of a terminal double bond (in
24 and 26) or a triple bond (in 27), resulting in an increased
electron density, led to reduced efficacy (80 and 90% for 24 and
27, respectively, as compared to 127% for the propyl derivatives
22).If the propargyl group (in 27) was extended to a pent-3-ynyl
residue (in 28), potency and efficacy were unaltered. The
fluoroethyl derivative 30 was 7-fold less potent compared to the
nonfluorinated ethyl derivative 21. This may indicate that high
electron density close to the N7-xanthine position is not well
tolerated. A branched 3-methyl-2-butenyl residue (in 25) led to
an almost inactive compound.

In the next step, the effects of introducing aromatic residues
were evaluated. Benzyl substitution (in 31, EC, 0.149 uM) led
to increased potency compared to methyl substitution in 11
(ECs 0.902 M) resulting in a similarly potent agonist as the
butyl-substituted derivative 23 (ECg, 0.151 uM), but endowed
with higher efficacy (134% vs 103%). Since benzyl derivative 31
showed relatively high potency as well as eflicacy, it was selected
as anew lead compound, and various substituents on the benzyl
residue were explored.

The introduction of a fluorine atom at the ortho-position of
the phenyl ring 32 (ECs, 0.137 #M) did not have a significant
impact on potency compared to the unsubstituted benzyl
derivative 31 (ECg, 0.149 uM). However, 2-chlorobenzyl
substitution (33) resulted in increased potency as well as
efficacy (ECs value of 0.0604 uM, 169% maximal activation).
Replacement by the larger bromine in 34 reduced potency
(ECso 0.189 uM). Various substituents at the meta-position,
namely m-F (35, ECy,0.115 uM), m-Br (37, EC4, 0.101 uM), or
m-OCH; (38, ECy, 0.166 uM), resulted in potencies
comparable to that of unsubstituted benzyl derivative 31

https://doi.org/10.1021/acs.jmedchem.3c02423
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Figure 3. (A) Concentration-dependent activation of human GPR18 by § (ECs, 0.562 M), 21 (ECg, 0.190 uM), 31 (ECs, 0.149 uM) and 39 (ECs,
0.0246 uM). (B) Concentration-dependent activation of human GPR18 by 5 (ECs, 0.562 uM), 50 (ECs, 0.0454 uM), 51 (ECg, 0.0191 uM) and 64
(ECs 0.120 uM). CHO-K1 cells recombinantly expressing human GPR18 were used for f-arrestin enzyme complementation assays. Data points
represent means + SEM of at least three independent experiments. In the absence of a physiological agonist, data were normalized to the maximum

activation of GPR18 induced by THC (at 30 uM, set as 100%).

(ECso 0.149 pM). An exception was for the meta-chloro-
substituted derivative 36 (ECs, 0.0711 uM, which showed
similar potency as the so far most potent 0-Cl-benzyl derivative
33. However, its efficacy was slightly lower (85% maximal effect)
compared to the other meta-substituted 7-benzylxanthine
derivatives (122—135%).

Next, we investigated substitution in the para-position of the
phenyl ring. The introduction of a methyl group (39, ECs,
0.0246 uM) increased potency by 6-fold compared to the
unsubstituted 31 (ECs, 0.149 uM). Bioisosteric replacement of
the methyl group by trifluoromethyl in 40 (ECs, 0.136 M) was
less beneficial showing comparable potency to the unsubstituted
benzyl derivative 31. Increasing the size of the substituent in the
p-methoxybenzyl derivative 41 (ECg, 0.138 uM), the 4-
isopropylbenzyl derivative 42 (ECy, 0.352 uM), the 4-
amidobenzyl derivative 45 (ECs, 3.60 uM), the 4-propylami-
dobenzyl derivative 46 (ECs, 1.41 uM) and the 4-
sulfonamidobenzyl derivative 47 (ECs, 6.64 uM) reduced the
potency.

Introducing a highly polar carboxylate function (44, ECy, >
10 M) or an amide (45, EC;, 3.60 uM) into the para-position
of the benzyl substituent led to a large decrease in potency.
Interestingly, the substitution of the sulfonamide of 47 (ECy,
6.64 M) with a propyl residue (49, EC, 0.584 uM) partially
restored potency, but decreased efficacy.

Subsequently, we investigated substitution in the para-
position with halogen atoms, namely p-fluorobenzyl (50), p-
chlorobenzyl (51), and p-bromobenzyl (52) derivatives. This
resulted in a significant increase in potency at GPR18. In fact, p-
chlorobenzyl derivative 51 (PSB-KK1415) was the most potent
GPRI18 agonist of the present series with an EC, value 0f 0.0191
uM (Figure 3). The p-fluorobenzyl derivative S0 and the p-
bromobenzyl derivative 52 were slightly less potent with ECy,
values of 0.0454 and 0.0724 uM, respectively. The rank order of
potency, as well as efficacy, was p-Cl > p-F > p-Br. The p-
halogen-substituted benzylxanthine derivatives showed signifi-
cant differences in efficacy: p-Cl (141% maximal effect
compared to the maximal effect of THC) > p-F (84%) > p-Br
(65%). A p-nitro-substitution was also well tolerated (53, ECs,
0.0426 uM, 98%), while an amino residue (in 54) reduced
potency by 6-fold (ECg, 0.261 uM, 112% efficacy). Acetylation
of 54 resulting in the p-acetylaminobenzylxanthine derivative 55
did not alter the potency or efficacy of the compound (ECs,
0.218 4M, 109%).
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At this point, we concluded that chloro-substitution was
superior in all positions on the benzyl group, ortho (33, ECy,
0.0604 uM), meta (36, ECy, 0.0711 uM), as well as para (51,
ECs, 0.0191 uM). Therefore, our next strategy was to combine
substituents. We focused on halogen substitution since they had
so far provided the highest potency. 2,6-Dichlorobenzyl
substitution in compound 56 (ECg, 0.347 uM) reduced
potency (by 6-fold) compared to the monosubstituted 33
(ECqy 0.0604 uM). 2,4-Dichlorobenzyl substitution in 57 was
also not additive, but showed similar potency (ECs, 0.0642 M)
as the ortho-chloro derivative 33 (ECs, 0.0604 ;M) and even
reduced potency compared to the p-substituted compound 51
(ECyo 0.0191 pM). Further combinations (p-Cl, m-F; ECq,
0.0801, 58), m, p-di-Cl (59, ECy, 0.0741 uM) or m, p-di-F (60,
ECg, 0.142 uM), all led to reduced potency compared to the
mono-p-chloro-substituted front-runner 51. This indicates that
the benzyl group is flexible and, for example, the m-Cl-benzyl
derivative 36 may bind in a slightly different conformation
compared to the p-Cl-benzyl derivative 51, to optimally interact
with the binding pocket for the chlorine atom.

Next, we explored the effects of different linkers between the
xanthine core and the phenyl ring (in compounds 63—66), and
of a replacement of the phenyl ring. Exchange of the phenyl ring
in 63 by a nonaromatic cyclohexyl ring, (62, ECs, 0.102 uM,
103% efficacy), improved potency but not efficacy. Phenylethyl
(63, ECy, 0.442 uM, 155%), phenylpropyl (64, ECy, 0.120 uM,
176%) or phenoxyethyl (65, ECsy 0.229 uM, 64%) and p-
chloro-phenoxyethyl (66, ECs, 0.417 uM, 64%) residues all
maintained similar potency as the unsubstituted benzyl
derivative, but different efficacies were observed. The following
rank order of efficacy was phenylpropyl (64, 176%) >
phenylethyl (63, 155%) > cyclohexyl (62, 103%) > phenox-
yethyl (65, 64%) =~ p-chlorophenoxyethyl (66, 64%). While the
p-chlorobenzyl derivative 51 (PSB-KK1415) displayed the
highest agonistic potency at human GPR18, the phenylpropyl
derivative 64 (PSB-KK1418) behaved as the most efficacious
agonist. This implies that at the N7-position of the xanthine
core, a lipophilic residue is important for high potency, and the
nature of the substituent has a significant effect on the
compound’s efficacy. Some flexibility seems to be required
(see, for example, 62 and 63), and also electronic effects appear
to play an important role (see, for example, 64 and 65).

After settling on the 4-chlorobenzyl residue (see compound
51) as the optimal substituent at the N7-position, we next
modified the N3-position by introducing various aliphatic and

https://doi.org/10.1021/acs.jmedchem.3c02423
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Figure 4. Structure—activity relationships of 8-substituted xanthine derivatives as GPR18 agonists.
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aromatic residues (in 74—82). Replacing the methyl group at
the N3-position by hydrogen (in 74, EC, 0.206 uM, 100%)
decreased potency by 11-fold compared to 51 (ECs, 0.0191 M,
141%). Introducing longer residues such as ethyl (75, ECs,
0.0950 uM, 85%) or propyl (78, ECyo > 10 uM) also reduced
potency. Both, the introduction of more polar residues, for
example, propionitrile 76 (ECg, 1.22 uM, 70%) or hydrox-
ypropyl (83, ECy, 1.63 uM, 80%), and an increase in the size of
the substituent leading to benzyl derivative (82, ECs, > 10 uM)
were not well tolerated by GPR18. Introducing a small halogen-
substituted alkyl group, difluoroethyl (71) or fluoroethyl (80),
neither improved potency nor efficacy compared to the N3-
methyl-substituted xanthine derivative 51. Thus, the small and
lipophilic methyl group is superior compared to other
substituents at the N3-position.

In the next step, we investigated the role of the
indolylethylamino moiety by replacing it with different aromatic
rings (compounds 87—91). Interestingly, none of the
compounds was able to activate the human GPR18 suggesting
that the indolylethylamino moiety is indeed essential for
GPR18-agonistic activity. We had observed a similar phenom-
enon with the previous tricyclic lead compound 5, where the
replacement of the indolylethyl moiety by other aromatic rings
abolished GPR18 activity. Our results indicate a similar binding
mode of bi- and tricyclic xanthine derivatives confirming our
design concept for novel GPR18 agonists.

Figure 4 summarizes the structure—activity relationships of
the investigated class of xanthine derivatives that were developed
based on the rational design and optimization of a novel lead
structure, leading to highly efficacious compounds with low
nanomolar potency.
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Structure—Activity Relationships at Mouse GPR18.
Next, we investigated the new GPR18 agonists at mouse GPR18
(mGPRI18) to study potential species differences. The mouse
receptor was selected because the majority of preclinical studies
are performed in mice. In addition to the new agonists, we tested
several standard compounds previously claimed to activate the
human GPR18 (hGPR18), at the mouse ortholog mGPR18
utilizing -arrestin recruitment assays (Tables 1 and S1). NAGly
(4) was not able to induce mGPR18 activation, consistent with
its lack of activity at hGPR18. THC (3), which acts as an agonist
at the human hGPR18 (ECs, 3.37 uM Table 1) and serves as a
standard GPRI18 agonist, only showed very weak maximal
activation of f-arrestin recruitment at mGPR18 (see Figure SA).
Thus, we further tested the behavior of THC, which appeared to
act as a partial agonist at mGPRI18 as compared to the highly
efficacious agonist 51. A partial agonist will behave as an
antagonist in the presence of a full agonist, reducing the
maximum effect of the full agonist. Thus, the effects of a range of
THC concentrations were tested vs the ECy, concentration of
the new GPR18 agonist 51 (Figure SS). In fact, THC inhibited
S1-induced GPRI18 activation in a dose-dependent manner with
an ICy, value of 6.93 M. This confirms that THC acts as a
moderately potent partial agonist at mGPR18 with extremely
low intrinsic activity.

The original tricyclic lead structures, 5 and 6, were able to
induce f-arrestin recruitment via mGPRI18 activation (ECq,
mGPR18 1.78 iM, and 0.583 M, respectively, Table 1, Figure
SA) with similar potency as compared to the hGPR18 (ECs,
hGPRI18, 0.562 uM, and 0.454 M, respectively). Moreover, the
most potent compound of the present series, 51, displayed high
potency at the mGPR18 (ECy, mGPR18 0.0541 uM, similar to

https://doi.org/10.1021/acs.jmedchem.3c02423
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its EC5y at hGPR18 0f 0.0191 uM). Since the efficacy of THC at
the mGPRI18 was very weak, and in the absence of a
physiological GPR18 agonist, we subsequently used 51 as a
reference agonist in experiments at the mGPR18 (Tables 1, S1
and Figure SB).

As depicted in Figure 5B, the correlation of the pECy, values
at hGPR18 and mGPR18 was high (R 0.89), indicating a high
similarity between the binding sites of GPR18 in both species.
This is not surprising since there is a high sequence similarity
and identity between hGPR18 and mGPR18 (90% sequence
similarity and 86% sequence identity, see Figure S6). On the
other hand, THC, which activated hGPR18, behaved only as a
weak partial agonist at mGPR18. Thus, the novel indolylethyl-
aminoxanthine derivatives will serve as valuable tool compounds
for preclinical studies in mice. They are, in fact, the first class of
agonists with proven potency on mGPRIS8, and are thus
available for studies in mice.

Selectivity. Since GPR18 is considered a putative
cannabinoid receptor, along with GPRSS, we investigated
whether the present series of compounds also interacted with
GPRSS, CB; and CB, receptors in order to assess the
compounds’ selectivity using the same assay system. A
comparison of all data is depicted in Figure 6 as a heatmap.
Data are collected in Tables 1 and S1.

The majority of the tested compounds displayed activity at
GPR18, although certain compounds exhibited (additional)
interaction with the CB, receptor, while only a few compounds
interacted with the CB; receptor. No agonistic activity was
observed at GPRSS for any of the compounds, but some
compounds were able to block GPRSS at high, micromolar
concentrations. This data indicates that most of the newly
developed compounds exhibit selectivity for GPRI18 as
compared to the CB receptors and the CB-like receptor,
GPRSS. Most of the compounds that showed antagonistic
activity at GPRSS belong to the group of xanthine derivatives
with various substituents at the N3-position. Compound 76
bearing a cyanoethyl residue at N3 displayed an IC, value of
0.884 uM at GPRSS. Replacement by a propynyl residue, having
a terminal triple bond, in compound 77 led to an only slightly
less potent compound at GPRSS (ICg, of 1.99 uM). Larger
substituents such as benzyl 82 were also tolerated by GPRSS. In
fact, compound 82 (PSB-1833) was the most selective GPRSS
antagonist of the present series, with an ICs, value of 1.74 uM,
while 76 (PSB-1846) was the most potent GPRSS antagonist
(ICs 0.884 uM). The most potent GPR18 agonist of the
present series, 51 (GPR18, ECs, 0.0191 yM), did not show any
effect on GPRSS, neither agonistic nor antagonistic activity.

Additionally, we tested the best GPR18 agonist of the present
series, 51, at GPR183, a GPCR that is phylogenetically most
closely related to GPR18>*” using a f-arrestin recruitment assay
(Figure S7). 7a,25-Dihydroxycholesterol was employed as the
cognate agonist of GPR183, showing an ECy, value of 0.0244
UM (see Figure S7, literature ECy, value: 0.0381—0.0794 uM
(B-arrestin assay) ).**" Compound 51 did not activate GPR183
(1% activation at 10 #M), even at a high concentration of 30 uM
(3% activation at 30 #uM), demonstrating its GPR18-selectivity
over GPRSS as well as GPR183.

Most of the compounds that were binding to CB receptors
possess a large, lipophilic substituent at the xanthine N7-position
(R7) or the xanthine N3-position (R®), respectively. The N7-
substituted 2-chlorobenzyl derivative 33 that showed nanomolar
potency at GPR18 (ECy, GPR18 0.0604 uM), displayed high
selectivity versus the cannabinoid receptors (CB, and CB, K; >
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least three independent experiments (Tables 1 and S1). “Tested as
agonist at human GPR18 (f-arrestin recruitment assay). "Tested as
agonist at human GPRSS (f-arrestin recruitment assay). “Tested as
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10 uM, Table S1). The replacement of chlorine by bromine in
34 or shifting of the halogen to the meta-position resulting in the
3-chlorobenzyl derivative 35 and the 3-bromobenzyl derivative
37 resulted in somewhat increased binding to the CB, receptor
(CB, K; values of 1.69, 0.896, and 0.344 ;M for 34, 36 and 37,
respectively).

Compound 39, bearing a 4-methylbenzyl moiety at the
xanthine N7-position, exhibited low micromolar binding affinity
for the CB, receptor (K; 3.48 uM, 55% maximal displacement of
radioligand binding) and for the CB, receptor (K; 0.827 uM,
87% maximal displacement of radioligand binding), still
possessing >30-fold selectivity for GPR18 (ECg, 0.0246 uM)
versus CB receptors.

Introducing even larger N7-substituents such as 4-methoxy-
benzyl (41) abolished CB, binding but retained CB, receptor
affinity (CB, K; 1.41 uM). Similarly, a p-isopropylbenzyl residue
(42) resulted in high-affinity binding at the CB, receptor but low
affinity for the CB, receptor (K; 6.28 uM and 0.150 uM for CB,
and CB, receptors, respectively, see Figure 7 and Table S1).

The most potent GPR18 agonist of the present series, 51
(GPR18 ECs; 0.0191 M), also displayed (moderate) binding
affinity for CB, (K; 1.18 uM) and CB, receptors (K; 0.481 uM),

https://doi.org/10.1021/acs.jmedchem.3c02423
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but still exhibited at least 25-fold selectivity (Table SI).
Interestingly, replacing the 4-chlorobenzyl for a 4-fluorobenzyl
residue (in 50) abolished binding to both cannabinoid receptor
subtypes. GPR18 agonist 50 is therefore the most selective
compound of this series with high agonistic potency at GPR18
and >100-fold selectivity.

Since the compounds had so far only been tested in
radioligand binding assays at the cannabinoid receptors, we
further investigated the functional effects of the most potent
compound 51 at the G; protein-coupled cannabinoid receptors.
To this end, we tested 51 in cyclic adenosine monophosphate
(cAMP) assays and in f-arrestin recruitment assays. In /-
arrestin assays, 51 demonstrated a maximum activation of the
cannabinoid receptors of approximately 12% (CB,) and 27%
(CB,) (Figure 7). As a reference, we utilized the potent CB,/
CB, agonist CP55,940, and the partial agonist THC (compound
3). Compound 3 (THC), which is known to be a partial agonist
at cannabinoid receptors, exhibited a maximum activation of
about 22% (at CB,, see Figure 7A) and 35% (at CB,, see Figure
7B), relative to the full agonist CP55,940 at a concentration of
10 M. This finding is in close agreement with literature
data.>®>* Additional cCAMP experiments (Tables S2 and S3)
confirmed weak partial activation of human CB, by S1 (30%
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max. activation of the receptor) and CB, receptors (30% max.
activation of the receptor), whereas THC, which acts as a partial
agonist at CB receptors, showed a maximal activation of 49 and
51% at CB, and CB, receptor, respectively (Tables S2 and S3).
We conclude that the best GPR18 agonist of the present series
can interact with cannabinoid receptors only at high
concentrations showing just weak partial activation.

Confirmation of GPR18 Activation. To confirm that the
observed luminescence was in fact mediated by specific
activation of GPR18, we pursued two strategies: (i) investigation
of GPR18 activation in an orthogonal assay, and (ii) testing of
the compounds at another class A GPCR using the same assay
system (see selectivity results above).

As an alternative to the enzyme complementation assay in
CHO cells (DiscoverX PathHunter), a bioluminescence
resonance energy transfer type 1 (BRET') assay was employed
to measure f-arrestin-2 recruitment by GPRI8 in human
embryonic kidney (HEK293) cells. For this assay, the human
GPR18 was C-terminally fused with enhanced Yellow
Fluorescent Protein (eYFP), while Renilla luciferase (Rluc)
was fused to the N-terminus of $-arrestin-2. Upon stimulation of
GPR18 with an agonist, -arrestin will be translocated to the C-
terminus of GPR18, bringing eYFP and Rluc in close proximity.

https://doi.org/10.1021/acs.jmedchem.3c02423
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The addition of coelenterazine as a substrate for Rluc allows the
calculation of BRET ratios by comparing the luminescence
(from Rluc) to the fluorescence values (from eYFP). An increase
in the BRET ratio is observed when Rluc-f-arrestin-2 is in close
proximity to GPR18-eYFP due to the activation of GPRIS.
Since only the receptor and f-arrestin-2 are tagged, the signal
specifically indicates the interaction between GPR18 and f-
arrestin-2 (Figure S1). We selected the potent agonist 51 for
testing in this orthogonal assay. As expected, 51 induced p-
arrestin recruitment in a dose-dependent manner (Figure 8A,
ECg, 0.0384 M) with comparable potency as that determined
in the enzyme complementation assay (Table 1). Thus, the
recruitment of f-arrestin by 51 was not cell-type or assay-
dependent and is clearly due to GPR18 activation.

In contrast, and in agreement with several previous studies, we
could not detect any G protein coupling of GPR18.>>*73%>3753
Several 7-transmembrane (7TM) proteins share similarities
with GPCRs but function differently, primarily by recruiting
arrestin upon agonist stimulation. These are termed atypical
GPCRSs or arrestin-biased receptors.*® Our findings suggest that
GPR18 may belong to this receptor family, like, e.g., GPR27,%’
and GPR173.°° Although these receptors lack typical GPCR
signaling, they have been shown to play roles in (patho)-
physiological processes, especially in cancer and immunological
diseases. For instance, activation of GPR27 has been associated
with an increase in cytosolic lactate levels and modulation of
hepatocellular carcinoma progression,””*® while GPR173
activation has been linked to cell migration.>®

Blockade of GPR18 Activation by Antagonists. Only a
few GPRIS8 antagonists have been described to date. We
recently reported the first GPRI18 antagonists based on an
imidazothiazinone core structure and optimized them to reach
submicromolar potency.”* PSB-CB27 (92) inhibited THC-
induced GPRI8 activation in S-arrestin enzyme complementa-
tion assays in a concentration-dependent manner (ICg, 0.650
UM, see Figure 8B).>*“! Based on molecular modeling studies,
and supported by experimental results, we hypothesized that
GPR18 harbors two different agonist binding sites: a lipid-like
site that is targeted by THC (blocked by the antagonist 92), and
a peptide- or nucleotide-like binding site occupied by the
tricyclic xanthine derivatives.**°"

Antagonist 92 (PSB-CB27) showed moderate inhibition of
GPRI18 activation induced by the xanthine-derived agonist 51
(ICs59-89 uM vs 51, extrapolated value due to limited solubility,
see Figure 8B), while it was 20-fold more potent in blocking
THC-induced GPR18 activation (ICs, 0.487 uM). In both
cases, an agonist concentration corresponding to its ECg, value
was employed. Thus, the xanthine agonist 51, similar to the
tricyclic lead structure S, likely binds to a different binding site
on GPRI8 than the lipid-like agonist THC.*>*"

Physicochemical and Pharmacokinetic Properties — A
Preliminary Assessment. We further assessed selected
agonists with regard to their physicochemical and pharmacoki-
netic properties. The computational tool pkCSM (https://
biosig.lab.ug.edu.au/pkesm)®* was employed to predict the
compounds’ properties (see Table 3). The molecular weight of
the compounds is below 500 g/mol which characterizes them as
small, drug-like molecules. They were predicted to display high
permeability and intestinal absorption, although they may be P-
glycoprotein (P-gp) substrates and therefore subject to efflux
transport. Low brain permeability is suspected.

The most potent agonist, 51, was experimentally evaluated for
its metabolic stability in human and rat liver microsomes. The
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Table 3. Prediction of Physicochemical and Pharmacokinetic
Properties of Selected Compounds®

Compound No. 26 36 50 S1 64 76
MW (g/mol) 392 463 446 463 457 488
log P* 221 352 312 352 366 322
Caco2 permeability” 094  0.96 1.0 1.1 091 0.26
log P,,, X 107¢

intestinal absorption” 93 92 92 91 91 91
(% absorbed)

P-glycoprotein (P-gp) YES YES YES YES YES  YES
substrate

BBB permeability” -043 -035 -037 -03S -0.16 -—047
(log BB)

“Computed using pkCSM (https://biosig.lab.uqg.edu.au/pkcsm).
bCalculated using Chemdraw. “Log P,,,: Logarithm of the apparent
permeability. Log P,,, > 0.90 means high permeability. “Intestinal
absorption <30% poorly absorbed. “BBB: Blood brain barrier, log BB

> 0.3 readily crosses BB; < —1 poor distributed to the brain.

compound was metabolized during the incubation period of 120
min resulting in a number of metabolites that were detected by
LC-MS (Figure S8). After 2 h of incubation in human liver
microsomes, 32.8% of 51 remained intact, while 62.9% remained
intact when incubated with rat liver microsomes. Verapamil, a
therapeutic drug used for the treatment of cardiovascular
diseases, and known to undergo hepatic metabolism,** was used
as a control under the same conditions. For comparison, 30.8%
(human) and 37.3% (rat) of verapamil remained intact (see
Figure S8A,B). The metabolic pathways of 51 observed in both
species mainly resulted in mono- and dihydroxylated derivatives,
consistent with CYP450-induced metabolism®* (Figure S8).
Hydroxylation of the main metabolite of 51 likely occurred at
the indole moiety (see Figure S8C). This indicates some
stability of 51, particularly in rats, but there will also be the need
for further structural optimization, e.g., reducing lipophilicity
and increasing metabolic stability.

Molecular Modeling Studies. To provide a rationale for
the observed structure—activity relationships, binding poses
were predicted usin§ our recently published homology model of
the human GPR18.°' The homology model was generated by a
multitemplate approach based on the X-ray crystal structures of
the murine y-opioid receptor, the human P2Y| receptor, and the
zebrafish lysophosphatidic acid receptor LPA6 as templates
(PDB-IDs: 5CIM, 4XNV, and 5XSZ, respectively).”>™¢
Agonists were docked into the equilibrated apo receptor form,
and final docking positions were selected based on the best
induced-fit docking (IFD) score. The putative binding mode of
the most potent agonist 51 is presented in Figure 9.

Compound 51 is predicted to bind in the upper portion of the
receptor directed toward the extracellular lumen, which is a
common binding site for class A GPCRs.®® The xanthine core is
proposed to bind in a binding pocket formed by polar (Arg78*,
Lys174%°"2, Arg191%*) and lipophilic (Val102*%, Leul56*,
Phe248%%!, Met2757*) residues, as well as residues with mixed
properties (Thr101**%, Thr27277°, Asn276”*). The methyl
group at N1 is proposed to be directed toward a subpocket
formed by Met275”* and Asn276”*. H-bond interactions
between the oxygen atom at the 2-position of the xanthine core
and Argl91°*, and of the oxygen at the 6-position with
Arg78>% and Asn2767* are feasible. The methyl group at N3
was placed close to Phe248%*! which may engage in additional
interactions with the xanthine core structure. The p-
chlorobenzyl group binds in a subpocket containing several

https://doi.org/10.1021/acs.jmedchem.3c02423
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Figure 9. Proposed binding mode of agonist S1. (A) Docked pose of S1 in complex with the homology model of the human GPR18 shown with
residues suggested to form the binding pocket. The receptor is displayed in cartoon representation, the amino acid residues (white) and compound 51
(orange) are represented as stick models. Oxygen atoms are colored in red, nitrogen atoms in blue, and chlorine in green. (B) Schematic 2D
representation of the binding pocket. Lipophilic amino acids are colored in yellow, hydrophilic ones in blue, aromatic ones in red, and amino acid
residues with mixed properties are shown in green. The homology model of GPR18 was generated by a multitemplate approach based on the X-ray

crystal structures of the murine y-opioid receptor (PDB ID: 5CIM),” the human P2Y, receptor (PDB-ID: 4XNV),%’

lysophosphatidic acid receptor LPA6 (PDB-ID: 5XSZ)% as templates.

and the zebrafish

aromatic residues (Tyr21'¥, Tyr29'¥, Tyr81*%, Tyr§2>%*)
that may engage in 77— interactions with the ring system.
Additional cation—7 interactions with Lys161%"* are plausible
for the phenyl moiety. The chloro substituent of the p-
chlorobenzyl group likely points toward a lipophilic surface
formed by the side chains of Leu97**® and Cys1725"%. The
indole moiety was placed in a lipophilic binding cavity formed by
Tyr21'3, 11e1755¢12, Phe248%%!, Cys251%%% Leu255%%,
Tyr26473, Ala2697%, and Thr27173, where it forms an H-
bond interaction with the backbone of Tyr2647'. Furthermore,
n—nx stacking with Phe248%%! and Tyr2647>' may stabilize the
binding of the moiety in this region.

The proposed interaction motif of agonist 51 differs from the
presumed binding mode and binding site of THC and
antagonist 92 (PSB-CB27) ,61 which are likely interacting with
the so-called “lipid binding site”, confirming our previous
experimental results.>> According to our docking study,
compound 51 exhibits only limited partial overlap with the
proposed binding site of THC at GPRI18, the xanthine core of

51, and the alkyl chain of THC occupying the same volume
(Figure 10).

Compounds 50 and 51 only differ in the para-benzyl
substituent (p-fluoro in 50 and p-chloro in 51), yet they exhibit
different selectivity vs cannabinoid receptors. To explore this
further, we overlaid 51 in its proposed binding mode at GPR18
with the published crystal structures of the CB; (in complex with
AM11542, PDB ID: SXRA)® and CB, receptor (complexed
with AM 10257, PDB ID: SZTY, Figure $9).”° The structure of
CB, bound to AM11542 closely resembles that of CB, bound to
AM10257. The adamantyl group of AM10257 extends toward a
hydrophobic site formed by Phe170>%, Phe174*¢!, Phe177*%,
and His178%%. Similarly, the tricyclic tetrahydrocannabinol ring
system of AM11542 interacts with Phe87*%7, Phe91*¢,
Phe94>%*, and His95*®. Interestingly, the p-chlorobenzyl
moiety of 51 also appears to extend into this hydrophobic
region, suggesting that lipophilicity at this position may play an
important role in the binding of the compound to the CB
receptors. Indeed, reducing the lipophilicity of this substituent
to p-fluorobenzyl in SO resulted in reduced affinity to CB

https://doi.org/10.1021/acs.jmedchem.3c02423
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RESULTS AND DISCUSSION

Journal of Medicinal Chemistry

Chapter 3.2

pubs.acs.org/jmc

V/

Figure 10. Overlay of proposed binding modes of agonist 51 (orange)
and THC (violet). The receptor conformations are displayed in cartoon
representation according to the color of their respective ligands (stick
models). Oxygen atoms are colored in red, nitrogen atoms in blue, and
chlorine in green.

receptors, while increasing the lipophilicity to p-bromobenzyl in
52 maintained affinity for the CB receptors.

Based on the docking studies, we investigated the structure—
activity relationships (SARs) of the xanthine derivatives. To this
end, we computationally assessed the quality of the ligand—tarﬁet
interactions using the drug discovery dashboard SeeSAR.”"”*
SeeSAR allows the editing and redocking of ligands with a
subsequent assessment of their overall estimated affinity, as well
as contributions of individual atoms using the HYDE
algorithm.”® Individual contributions are visualized as green
(representing good binding) and red spheres (representing bad
binding) together with a numerical value for the binding free
energy, which, in turn, allows us to derive the effects of molecule
modifications on potency. Furthermore, SeeSAR can be used to
detect inter- and intramolecular clashes. The observations are
summarized in Table S4.

In the series of derivatives modified in position N1, only
methyl substitution (11, ECg, 0.902 M) was tolerated, whereas
other substituents (in compounds 10, 12—18) resulted in a >10-
fold decrease in potency (ECg, > 10 uM). We observed limited
space for N1-substituents in the proposed binding pocket due to
Thr101** and Met275"*. The preference for the methyl
substitution in comparison to the unsubstituted nitrogen atom
may be due to lipophilic interactions with Met27574%.

The putative binding site for substituents in position N7 is
characterized by several aromatic and lipophilic residues. The
most potent compounds bear substituted benzyl groups.
Compounds containing a lipophilic meta- (35—38) or para-
substituted benzyl group (39, 50—53, 57—59) in position N7
were the most active ones in the present series. The distances
between the para-chlorine of 51 and the lipophilic residues
Tyr812‘63, Leu97°%, and Cys1725" amount to 3.9, 3.3, and 4.0
A, respectively, according to the model, which is in the range for
van der Waals contacts.”* The superiority of chlorine over
fluorine (60, 61) and bromine may be explained by its optimal
occupation of the binding pocket due to its size and its
propensity to interact with the above-mentioned residues.”
Similar interactions for meta-substituted derivatives are likely, as
vacant volume is available in the unoccupied subpocket formed
by Arg78>%, Leu97>*, and Gly98>*. Replacement of lipophilic
groups by a hydrophilic amino group (54) led to an
approximately 10-fold decrease in potency which can be
rationalized by the lack of optimal H-bond interaction partners
in the binding environment. Compounds bearing bulky para-
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substituents (40—49, and 55) were more than 10-fold less
potent than 51, likely due to steric clashes with Tyr81*%,
Leu97°%%, and Cys1725C"%. Interestingly, increasing the lipo-
philic part of the terminal substituent resulted in enhanced
agonistic potency, likely due to an induced conformational shift
for the sulfonamide-containing benzyl moiety. Redocking with
SeeSAR proposed H-bond interactions between the nitrogen of
the sulfonamide group and the backbone of Cys1725“"* and
lipophilic interactions between the propyl group and Tyr21'%,
Tyr82%%, and the alkyl chain of Lys174%“"%. The unsubstituted
compound 31 and the ortho-substituted derivatives (32—36)
were somewhat less potent than their para-substituted analogs
(~3-fold). In the case of the ortho-substituted derivatives (32—
34, 56, 57), interactions between the halogen substituent and
Arg78*% and the backbone of Gly98*?, and Thr101** are
feasible. Compounds containing a larger linker between the
phenyl ring and the xanthine core (63, 64) exhibited similar
potency as 31, indicating conformational adaptation in the
binding pocket. A nonaromatic cyclohexylethyl group was also
well tolerated, which can be explained by the overall high
lipophilicity of the binding pocket. The introduction of an ether
group in the linker resulted in 65 and 66 which were slightly less
potent than compound 64, likely due to the hydrophilic
properties of the oxygen atom. It is expected that the terminal
phenyl ring of compounds containing a larger linker reaches a
different binding position than those with a methylene linker
because the introduction of chlorine in compound 66 did not
lead to increased potency as it was observed for benzyl-
substituted compounds.

Compounds lacking an aromatic group at N7 were
approximately 10-fold less potent (21—24, 26—28) compared
to 51, or even more (25), possibly because of missing 7—7-
interactions with Tyr21'%', Tyr29'%, Tyr81>%, and Tyr82>%*.

The N3-methylated 51 exhibited the highest agonistic
potency (ECs, 0.0191 uM) in the series of N3-substituted
derivatives. Removal of the methyl group led to a 10-fold
decrease in potency (74, ECg, 0.206 uM likely due to a loss of
lipophilic interactions between the N3 methyl group of 51 and
Phe248%Y). Introduction of ethyl, 2-fluoroethyl, or 2,2,2-
trifluoroethyl substitution (in 75, 79—80) resulted in derivatives
with 5-, 25-, and 18-fold decreased potency compared to 51
(ECyp 0.0950 uM, 0.486 M, 0.351 uM, respectively). Further
introduction of larger substituents in position N3 greatly
diminished the agonistic potency of the derivatives with a
more than 50-fold decrease in potency (76—78, 81—83). These
results suggest that the binding cavity accommodating the N3-
substituent of the xanthine derivatives provides limited space
which is best occupied by a methyl group. This is supported by
the fact, that the nonfluorinated ethyl group was somewhat
tolerated, while its potency decreased upon additional
introduction of fluorine or oxygen atoms. Compound 82,
containing a bulky benzyl group at N3, was the least potent
derivative of the series showing negligible activation at 10 zM.
Figure 11 summarizes the analysis of the structure—activity
relationship and the derived binding pocket interactions.

B CONCLUSIONS

We designed a new class of GPR18 agonists, synthesized 68
novel indolylethylaminoxanthine derivates, and tested their
activity as agonist at GPR18. Steep structure—activity relation-
ships were observed. Systematic optimization based on SAR
analysis yielded potent GPRI8 agonists with nanomolar
potency. Compound 51 (PSB-KK1415), ECy, 0.0191 uM, is

https://doi.org/10.1021/acs.jmedchem.3c02423
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Figure 11. Schematic representation of the proposed binding mode of
the xanthine derivatives, represented by the most potent agonist S1.

the most potent agonist described so far, displaying >25-fold
selectivity versus cannabinoid receptors. Compound 50 (PSB-
KK1445, ECy; 0.0454 M) is the most selective GPR18 agonist
of the present series (determined vs cannabinoid receptors CB,
and CB, and vs the cannabinoid-like receptor, GPRSS). These
compounds are the most potent GPR18 agonists described to
date and the first ones that show high selectivity versus related
GPCRs. Investigation of the indolylethylaminoxanthine deriv-
atives at mouse GPR18 showed a close correlation between both
species, human GPR18 and mouse GPR18 (R*= 0.8943). In
contrast, THC which activates the human GPR18, showed
extremely low efficacy at the mouse GPR18.

Substitution of indolylethylaminoxanthine at the N3-position
increases the antagonistic potency at GPRSS. Compound 82
bearing a benzyl moiety at the xanthine N3-position (PSB-1833)
was the most selective GPRSS antagonist with an IC, value of
1.74 uM, while the cyanoethyl-substituted 76 (PSB-1846) was
found to be the most potent GPRSS antagonist in this class of
compounds with an ICg, of 0.884 yM.

These novel GPR18 agonists will be useful tool compounds to
investigate the roles of GPR18 in health and disease. Moreover,
they may serve as lead structures for the development of
multitarget drugs, especially those with activity at GPR18 and
CB, receptors, which might be useful for treating inflammatory
and immune diseases.

B EXPERIMENTAL SECTION

Synthesis. Starting materials, reagents, and solvents were used as
purchased from ABCR, Alfa Aesar, Sigma-Aldrich, Activate Scientific,
or Fluorochem. The progress of the reactions was monitored by thin-
layer chromatography (TLC, Merck, 0,2 mm silica gel 60 F254)
followed by analytical LC-MS. Column chromatography was
performed on silica gel, 0.060—0.200 mm, pore diameter ca. 6 nm.
All synthesized compounds were finally dried in a vacuum at 8—12 Pa
(0.08—0.12 mbar). "H and *C NMR data were collected either on a
Varian-Mercury-VX 300 MHz, Bruker Avance 400 or 500 MHz NMR
spectrometer or JEOL FT-NMR 500 at 500 MHz ('H) or 126 MHz
(3C) or on a Bruker Ascend 600 MHz NMR spectrometer at 600 MHz
(*H) or 151 MHz (*C). DMSO-d, was employed as a solvent at 303 K,
unless otherwise noted. Chemical shifts are reported in parts per million
in relation to the deuterated solvent: DMSO, § (*H) 2.50 ppm; § (**C)
39.52 ppm; CDCly, 6 ("H) 7.26 ppm; 6 (**C) 77.16 ppm. Coupling
constants J are given in Hertz, and spin multiplicities are given as singlet
(s), doublet (d), doublet of doublet (dd), triplet (t), quartet (q),
multiplet (m), and broad signal (br). The purities of isolated final
products were determined by HPLC coupled to a diode array detector
(DAD) measuring UV absorption from 200 to 950 nm, and
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electrospray ionization (ESI) mass spectrometer (Applied Biosystems
API2000 LC-MS/MS, HPLC Agilent 1100) using a Phenomenex Luna
3 4 C18 column (50 X 2.00 mm) (HPLC UV/ESI-MS) or a Waters
TQD mass spectrometer coupled with a Waters ACQUITY UPLC
(UPLC-MS). The compounds were dissolved at a concentration of 1.0
mg/mL in acetonitrile containing 2 mM ammonium acetate. Then, 10
UL of the sample was injected into an HPLC column, and elution was
performed with a gradient of water/acetonitrile (containing 2 mM
ammonium acetate) from 90:10 to 0:100 for 20 min at a flow rate of 300
uL/min, starting the gradient after 10 min. The purity of the
compounds was in almost all cases >95%, unless otherwise noted.

High-resolution mass spectra (HR-MS) were recorded on a UPLC-
MS/MS system consisting of a Waters Acquity I-Class Plus UPLC
(Waters Corporation, Milford, MA, USA) coupled to a Waters Synapt
XS mass spectrometer (electrospray ionization mode). Chromato-
graphic separations were carried out using the Acquity UPLC BEH
(bridged ethylene hybrid) C18 column; 2.1 X 100 mm, and 1.7 ym
particle size, equipped with an Acquity UPLC BEH C18 VanGuard
precolumn; 2.1 X § mm, 1.7 ym particle size. The column temperature
was maintained at 40 °C, and the samples were eluted applying a
gradient from 95 to 0% of eluent A and S to 100% of eluent B over 10
min at a flow rate of 0.3 mL min~" (eluent A: water/formic acid (0.1%,
v/v); eluent B: acetonitrile/formic acid (0.1%, v/v)). Chromatograms
were recorded using a Waters e4 PDA detector. Spectra were analyzed
from 200 to 700 nm with 1.2 nm resolution and a sampling rate of 20
points/s. MS detection settings of the Waters Synapt XS mass
spectrometer were as follows: source temperature 150 °C, desolvation
temperature 250 °C, desolvation gas flow rate 600 L h7!, cone gas flow
100 L h™', capillary potential 3.00 kV, cone potential 30 V. Nitrogen
was used for both nebulizing and drying gas. The data were obtained in
a scan mode ranging from 50 to 1000 m/z in 0.2 s intervals. Leu-
enkephalin was used as a mass reference. The data acquisition software
was MassLynx V 4.2 (Waters).

General method 1 (GP1) and general method 2 (GP2) are reported
in the SI (for 9a—g, 10, and 12—18, respectively).

General Method 3 (GP3): Synthesis of 8-Chloro-7-alkyl/arylalkyl-
1,3-dimethyl-3,7-dihydro-1H-purine-2,6-dione (20a—n). In a 100
mL flask containing 8-chlorotheophylline or 8-bromotheophylline (1
equiv), K,COj; (2 equiv) and DMF were added, and the mixture was
stirred for 30 min. Then, the appropriate alkyl or arylalkyl bromide (1.5
equiv) was added to the reaction mixture, which was vigorously stirred
at room temperature for 18 h. The reaction mixture was poured onto
ice-cold water (0 °C) and acidified with 2N aq. HCI solution. The
precipitate was collected by filtration, then washed twice with 5 mL
water, and the obtained products were used for the next reaction
without further purification.

General Method 4 (GP4): Synthesis of 8-((2-(1H-Indol-3-yl)ethyl)-
amino)-7-alkyl/arylalkyl-1,3-dimethyl-3,7-dihydro-1H-purine-2,6-
diones (11,21-28, 30—43, 47—53, 56—66). A mixture of the
appropriate 8-chloro-7-alkyl/arylalkyl-1,3-dimethyl-3,7-dihydro-1H-
purine-2,6-dione (20a—n) (1 equiv), tryptamine (2 equiv), and
DIPEA (3.6 equiv) in NMP was added into a sealed tube, and the
mixture was heated at 145 °C overnight. The reaction was monitored by
TLC, using the eluent DCM: methanol (9.5:0.5) until completion of
the reaction was indicated. The solvent was evaporated, followed by the
addition of water. The resulting mixture was extracted three times using
ethyl acetate and then washed twice with water and brine. Finally, it was
dried over anhydrous MgSO,. The solution was filtered and
subsequently evaporated. The compound was purified by column
chromatography or by recrystallization to yield the target compounds.

8-((2-(1H-Indol-3-yl)ethyl)amino)-1,3,7-trimethyl-3,7-dihydro-
1H-purine-2,6-dione (11). Synthesized according to GP4; purification
by column chromatography with a gradient of DCM: methanol (100:0
to 80:20); yield 62%; m.p.: 262—263 °C; "H NMR (400 MHz, DMSO-
dg) 8 10.82 (br, 1H, NH,,40.), 7.65 (d, ] = 7.8 Hz, 1H, Ar—H), 7.33—
7.36 (m, 1H, Ar—H), 7.16—7.21 (m, 2H, NHCH, and Ar—H), 7.07 (td,
J=7.4,12Hz, 1H, Ar—H), 6.96—7.01 (m, 1H, Ar—H), 3.57—3.62 (m,
2H,NHCH,), 3.55 (s, 3H, N3CH}), 3.39 (s, 3H, N1CHj,), 3.18 (s, 3H,
N7CH,), 2.98—3.03 (m, 2H, NHCH,CH,); '*C NMR (DMSO-d¢) &
ppm: 154.6, 1533, 151.5, 149.0, 136.7, 127.8, 123.2, 1214, 118.8,

https://doi.org/10.1021/acs.jmedchem.3c02423
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118.7, 112.1, 111.8, 102.3, 43.9, 30.2, 29.7, 27.6, 26.0. UPLC-MS (m/
z): 353.09 [M + H]*; C;sH,0N4O, (calculated MW: 352.40). Purity
(UPLC-MS): 100%; t, = 4.97.
8-((2-(1H-Indol-3-yl)ethyl)Jamino)-7-ethyl-1,3-dimethyl-3,7-dihy-
dro-1H-purine-2,6-dione (21). Synthesized according to GP4;
purification by column chromatography with a gradient of DCM:
methanol (100:0 to 80:20); yield 65%; m.p.: 234—235 °C; "H NMR
(500 MHz, DMSO-d,) & 10.78 (br, 1H, NH,,4,1.), 7-61 (d, ] = 7.4 Hz,
1H, Ar—H), 7.30 (d, ] = 8.0 Hz, 1H, Ar—H), 7.17 (t, ] = 5.4 Hz, 1H,
Ar—H), 7.13 (d, ] = 1.7 Hz, 1H, Ar—H), 7.03 (t, ] = 7.5 Hz, 1H,
NHCH,), 6.92—6.96 (m, 1H, Ar—H), 4.00 (g, ] = 6.9 Hz, 2H, N7CH,),
3.52—3.57 (m, 2H, NHCH,), 3.35 (s, 3H, N3CH,), 3.14 (s, 3H,
N1CHj;), 2.96 (t, ] = 7.5 Hz, 2H, NHCH,CH,), 1.13 (t, ] = 7.2 Hz, 3H,
N7CH,CH;); *C NMR (DMSO-d¢) § ppm: 153.7, 153.1, 151.6,
149.3,136.8,127.9,123.3,121.4,118.9, 118.7, 1122, 111.9, 101.6, 43.9,
380, 29.8, 27.7, 26.0, 15.3. UPLC-MS (m/z): 367.18 [M + HJ*;
Ci1oH,,N40, (calculated MW: 366.43). Purity (UPLC-MS): 97.4%;
=35.38.
8-((2-(1H-Indol-3-yl)ethyl)amino)-1,3-dimethyl-7-propyl-3,7-di-
hydro-1H-purine-2,6-dione (22). Synthesized according to GP4;
purification by column chromatography with a gradient of DCM:
methanol (100:0 to 80:20); yield 58%; m.p.: 206—207 °C; "H NMR
(400 MHz, CDCL,) 6 8.23 (br, 1H, NH, 4,.), 7.66 (d, ] = 7.8 Hz, 1H,
Ar—H), 7.42 (d, ] = 8.2 Hz, 1H, Ar—H), 7.25 (td, ] = 7.6, 1.17 Hz, 1H,
Ar—H), 7.14-7.19 (m, 1H, Ar—H), 7.07 (d, J = 2.3 Hz, 1H, Ar—H),
3.80—3.87 (m, 4H, N7CH,, NHCH,), 3.58 (s, 3H, N3CHj,), 3.39 (s,
3H,N1CH,), 3.16 (t, ] = 6.5 Hz, 2H, NHCH,CH,), 1.55—1.66 (m, 2H,
N7CH,CH,), 0.82 (t, ] = 7.4 Hz, 3H, N7CH,CH,CH;); *C NMR
(CDCL,) 6 ppm: 153.9, 152.6, 151.8, 136.5, 127.3,122.5, 122.2,119.7,
118.6, 112.7, 111.4, 102.9, 44.8, 43.9, 29.8, 27.7, 25.4, 22.7, 10.8.
UPLC-MS (m/z): 381.04 [M + H]*; C,yH,,N4O, (calculated MW:
380.45). Purity (UPLC-MS): 97.4%; t, = 5.77.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-butyl-1,3-dimethyl-3,7-dihy-
dro-1H-purine-2,6-dione (23). Synthesized according to GP4;
purification by column chromatography with a gradient of DCM:
methanol (100:0 to 80:20); yield 59%; m.p.: 160—161 °C; "H NMR
(500 MHz, DMSO-d6) & 10.78 (br, 1H, NH, 4...), 7.61 (d, ] = 7.5 Hz,
1H, Ar—H), 730 (d, J = 8.0 Hz, 1H, Ar—H), 7.09—7.14 (m, 2H,
NHCH, and Ar—H), 7.03 (t, ] = 7.5 Hz, 1H, Ar—H), 6.92—6.96 (m,
1H, Ar—H), 3.95 (t, ] = 6.9 Hz, 2H, N7CH,), 3.52—3.58 (m, 2H,
NHCH,), 3.35 (s, 3H, N3CHS,), 3.14 (s, 3H, N1CH,), 2.96 (t, ] = 7.2
Hz, 2H, NHCH,CH,), 1.51 (dt, J = 14.3, 7.2 Hz, 2H, N7CH,CH,),
1.20 (dg, J = 14.8, 7.1 Hz, 2H, N7CH,CH,CH,), 0.82 (t, ] = 7.2 Hz, 3H,
N7CH,CH,CH,CH;); *C NMR (DMSO-d;) 6 153.9, 153.1, 151.6,
149.2,136.8,127.9,123.3, 121.4,118.9,118.7, 1122, 111.9, 101.9, 43.9,
42.7,31.8,29.8,27.7,26.0, 19.6, 14.2. UPLC-MS (m/z): 395.16 [M +
H]* CyHyNO, (calculated MW: 394.48). Purity (UPLC-MS):
99.3%; tg = 6.25.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-allyl-1,3-dimethyl-3,7-dihy-
dro-1H-purine-2,6-dione (24). Synthesized according to GP4;
purification by column chromatography with a gradient of DCM:
methanol (100:0 to 80:20); yield 44%; m.p.: 139—142 °C; "H NMR
(500 MHz, DMSO-d6) & 10.81 (br, 1H, NH, 4...), 7.64 (d, ] = 7.6 Hz,
1H, Ar—H), 732 (d, J = 7.6 Hz, 1H, Ar—H), 7.13—7.18 (m, 2H,
NHCH, and Ar—H), 7.05 (td, ] = 7.5, 1.5 Hz, 1H, Ar—H), 6.94—7.00
(m, 1H, Ar—H), 5.78—5.92 (m, 1H, N7CH,CH), 5.09 (dd, ] = 10.3,
147 Hz, 1H, N7CH,CHCH,), 493 (dd, J = 17.0, 1.2 Hz, 1H,
N7CH,CHCH,), 4.66 (d, ] = 4.7 Hz, 2H, N7CH,), 3.53—3.63 (m, 2H,
NHCH,), 3.39 (s, 3H, N3CH}), 3.16 (s, 3H, N1CH;), 2.97 (t,] = 7.6
Hz, 2H, NHCH,CH,); "*C NMR (DMSO-d;) & ppm: 154.0, 153.1,
151.8, 149.2, 136.7, 133.4, 127.7, 123.3, 1214, 118.8, 118.7, 116.9,
112.0, 111.8, 101.6, 44.7, 43.8, 29.7, 27.6, 25.9. UPLC-MS (m/z):
379.21 [M + H]% Cy0Hp,NO, (calculated MW: 378.44). Purity
(UPLC-MS): 97.4%; t, = 5.88. HR-MS (ESI-QTOF) caled for
CyoHy NGO, [M + H]*: 379.1882; found: 379.1873.
8-((2-(1H-Indol-3-yl)ethyl)amino)-1,3-dimethyl-7-(prop-2-yn-1-
yl)-3,7-dihydro-1H-purine-2,6-dione (27). Synthesized according to
GP4; purification by column chromatography with a gradient of DCM:
methanol (100:0 to 80:20); yield 39%; m.p.: 167—168 °C; "H NMR
(300 MHz, DMSO-d,) & 10.79 (br, 1H, NH,,4,1.), 7-65 (d, ] = 7.6 Hz,
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1H, Ar—H), 7.44 (t, ] = 5.6 Hz, 1H, NHCH,), 7.33 (d, ] = 8.2 Hz, 1H,
Ar—H), 7.18 (d, ] = 1.8 Hz, 1H, Ar—H), 7.02—7.09 (m, 1H, Ar—H),
6.95—7.01 (m, 1H, Ar—H), 491 (d, ] = 2.3 Hz, 2H, N7CH,), 3.56—
3.64 (m, 2H, NHCH,), 3.37 (s, 3H, N3CH,), 329 (t, ] = 2.1 Hz, 1H,
N7CH,CCH), 3.17 (s, 3H, NICH,), 299 (t, J = 7.3 Hz, 2H,
NHCH,CH,); "*C NMR (DMSO-d) 6 ppm: 154.3, 153.2, 151.4,
149.5,136.7,127.7,123.3,121.4,118.8,118.7,111.9,111.8,101.1, 78.9,
75.8, 43.8, 32.8, 29.7, 27.6, 25.9. UPLC-MS (m/z): 377.22 [M + H]*;
Cy0H,0NgO, (calculated MW: 376.42). Purity (UPLC-MS): 95.3%; tg
=5.48.
8-((2-(1H-Indol-3-yl)ethyl)amino)-1,3-dimethyl-7-(pent-2-yn-1-
yl)-3,7-dihydro-1H-purine-2,6-dione (28). Synthesized according to
GP4; purification by column chromatography with a gradient of
DCM:methanol (100:0 to 80:20); yield 90%; m.p.: 202—203 °C; 'H
NMR (300 MHz, DMSO-d,) 5 10.81 (br, 1H, NH,,;...), 7.64 (d, ] = 7.6
Hz, 1H, Ar—H), 7.30-7.37 (m, 2 H, NHCH, and Ar—H), 7.17 (d, ] =
2.3 Hz, 1H, Ar—H), 7.05 (td, ] = 7.6, 1.2 Hz, 1H, Ar—H), 6.94—7.00
(m, 1H, Ar—H), 4.87 (s, 2H, N7CH,), 3.55—3.64 (m, 2H, NHCH,),
3.36 (s, 3H, N3CHS,), 3.16 (s, 3H, N1CH,), 2.98 (t, ] = 7.6 Hz, 2H,
NHCH,CH,), 2.08—2.18 (m, 2H, N7CH,CCCH,), 0.99 (t, ] = 7.6 Hz,
3H, N7CH,CCCH,CH;); "*C NMR (DMSO-d;) 6 ppm: 154.1, 153.1,
1514, 149.3, 1367, 127.7, 123.2, 121.4, 118.8, 118.7, 112.0, 111.8,
101.1, 86.4, 74.4, 43.7, 33.0, 29.7, 27.6, 25.9, 14.0, 12.1. UPLC-MS (m/
z): 405.13 [M + H]*; Cp,H,,N4O, (calculated MW: 404.47). Purity
(UPLC-MS): 100.0%; t;, = 6.27.
8-Chloro-7-(4-methoxybenzyl)-1,3-dimethyl-3,7-dihydro-1H-pu-
rine-2,6-dione (29k). Synthesized according to GP3; yield 86%; m.p.:
179 °C; '"H NMR (600 MHz, DMSO-dy): 6 7.28 (d, J = 8.7 Hz, 2H,
Ar—H), 6.91 (d, ] = 8.7 Hz, 2H, Ar—H), 5.45 (s, 2H, N7H,), 3.72 (s,
3H, -OCH,), 3.39 (s, 3H, N3CH,), 3.24 (s, 3H, N1CH,); '*C NMR
(151 MHz, DMSO): 5 159.0, 153.9, 150.6, 146.8, 137.6, 129.0, 127.4,
114.1, 107.1, 55.1, 47.9, 29.5, 27.7; LC-MS (m/2): 334.9 [M + H];
C,5H;5CIN,O; (calculated MW: 334.7). Purity (HPLC UV (254 nm)-
ESI-MS): 96.3%.
8-Chloro-7-(4-hydroxybenzyl)-1,3-dimethyl-3,7-dihydro-1H-pu-
rine-2,6-dione (29I). 29k (50 mg, 0.15 mmol) was given into a 50 mL
round-bottomed flask and dissolved in DCM (1.5 mL). The mixture
was stirred and cooled to § °C in an ice bath. Then, a 1 M solution of
BBr; in DCM (0.6 mL) was added dropwise over 10 min. The reaction
was kept stirring for 3h. Then, it was quenched by dropwise addition of
2 mL methanol and the solution was extracted with 20 mL DCM three
times. The combined organic phases were further washed once with 20
mL of a saturated aq. solution of NaHCOj; and dried over MgSO,. After
filtration, the solution was evaporated and the product was purified by
column chromatography (DCM: methanol, 9.5:0.5); yield 62%; m.p.:
196 °C; 'H NMR (600 MHz, DMSO-d,): 6 9.49 (s, 1H, —OH), 7.16
(d,]=8.5Hz, 2H, Ar—H), 6.72 (d, ] = 8.5 Hz, 2H, Ar—H), 5.39 (s, 2H,
N7H,), 3.38 (s, 3H, N3CH,), 3.24 (s, 3H, N1-CH,); *C NMR (151
MHz, DMSO) § 157.1, 153.7, 150.7, 146.6, 137.4, 128.9, 125.5, 115.2,
106.9,47.9,29.3,27.5; LC-MS (m/z): 321.0 [M + H]*; C,,H;CIN,O4
(calculated MW: 320.7). Purity (HPLC UV (254 nm)-ESI-MS):
93.7%.
8-Chloro-7-(2-fluoroethyl)-1,3-dimethyl-3,7-dihydro-1H-purine-
2,6-dione (29m). 291 (25 mg, 0.075 mmol) and Cs,CO; (73 mg, 0.23
mmol) were given into a sealed tube and dissolved in DMF (1 mL)
upon stirring for 15 min. Then, 1-bromo-2-fluoroethane (0.01 mlL,
0.113 mmol) was added, and the mixture was stirred and heated at 60
°C for 2.5h. When no further reaction progress was detected, the
reaction was quenched with 10 mL of ice-cold water to precipitate the
product, which was subsequently filtered off. Yield 32.5%; LC-MS (m/
z): 261.1 [M + H]* CoH,,CIFN,O, (calculated MW: 260.6). The
crude was used without further purification for the next step.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(2-fluoroethyl)-1,3-dimethyl-
3,7-dihydro-1H-purine-2,6-dione (30). Synthesized according to GP4;
purification by flash column chromatography (DCM: methanol,
9.5:0.5); yield 56%; m.p.: decomposition at 230 °C; "H NMR (600
MHz, DMSO-d;) 6 10.81 (br, 1H, NH, 4...), 7.64 (d, ] = 7.8 Hz, 1H,
Ar—H), 7.35—-7.29 (m, 2H, Ar—H and NHCH,), 7.16 (d, ] = 2.4 Hz,
1H, Ar—H), 7.06 (t, ] = 7.5 Hz, 1H, Ar—H), 6.98 (t, ] = 7.4 Hz, 1H, Ar—
H), 4.63 (dt, ] = 5.0, 47.2 Hz, 2H, CH,F), 4.36 (dt, ] = 5.1, 24.5 Hz, 2H,
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CH,CH,F), 3.61-3.56 (m, 2H, NHCH,CH,), 3.40 (s, 3H, N3-CH,),
3.30 (s, 3H, N1-CHj), 2.99 (t, ] = 7.5 Hz, 2H, NHCH, CH,); *C NMR
(151 MHz, DMSO) 6§ 154.2, 151.15, 149.0, 136.3, 127.4, 122.9, 121.0,
118.4,118.3,111.7,111.5,101.5, 82.3, 81.2,43.5, 43.0, 42.8,29.4, 27 .3,
25.5; LC-MS (m/z): 385.1 [M + H]*; C,oH,FN,O, (calculated MW:
384.4). Purity (HPLC UV (254 nm)-ESI-MS): 98.5%. HR-MS (ESI-
QTOF) caled for CoH,,FN4O,Na [M + Nal*: 407.1608; found:
407.1602.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-benzyl-1,3-dimethyl-3,7-di-
hydro-1H-purine-2,6-dione (31). Synthesized according to GP4;
purification by column chromatography with a gradient of DCM:
methanol (100:0 to 80:20); yield 59%; m.p.: 183—184 °C; '"H NMR
(300 MHz, CDCl;) 6 8.05 (br, 1H, NH; 4.), 7-61 (d, ] = 7.82 Hz, 1H,
Ar—H), 7.40 (d, J = 8.2 Hz, 1H, Ar—H), 7.20—7.27 (m, 4H, Ar—H),
7.12—=7.17 (m, 1H, Ar—H), 7.01 (dd, J = 7.8, 1.6 Hz, 2H, Ar—H), 6.75
(d, ] = 1.2 Hz, 1H, Ar—H), 5.19 (s, 2H, N7CH,), 4.28—4.35 (m, 1H,
NHCH,), 3.76 (q, ] = 6.3 Hz, 2H,NHCH,), 3.60 (s, 3H, N3CHj), 3.41
(s, 3H, N1CH,), 3.02 (t, J = 6.5 Hz, 2H, NHCH,CH,); '*C NMR
(CDCLy) & ppm: 154.1, 152.9, 151.7, 136.4, 135.2, 129.0, 128.0, 127.2,
127.1, 1224, 122.1, 119.6, 118.6, 112.2, 111.3, 102.9, 46.6, 43.4, 29.9,
27.7, 25.2. UPLC-MS (m/z): 429.12 [M + H]*; C,,H,,N,O,
(calculated MW 428.50). Purity (UPLC-MS): 100.0%; t; = 6.32.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(2-fluorobenzyl)-1,3-dimeth-
yl-3,7-dihydro-1H-purine-2,6-dione (32). Synthesized according to
GP4; purification by column chromatography with a gradient of DCM:
methanol (100:0 to 80:20); yield 34%; m.p.: 202—203 °C; '"H NMR
(500 MHz, DMSO-d;) & 10.76 (br, 1H, NH ;4,1.), 7.60 (d, ] = 8.0 Hz,
1H, Ar—H), 7.33 (t, ] = 5.6 Hz, IH, NHCH,), 7.25—7.31 (m, 2 H, Ar—
H),7.16—7.21 (m, 1H, Ar—H), 7.00—7.08 (m, 3H, Ar—H), 6.92—6.95
(m, 1H, Ar—H), 6.66—6.70 (m, 1H, Ar—H), 5.33 (s, 2H, N7CH,),
3.54-3.59 (m, 2H, NHCH,), 3.40 (s, 3H, N3CHj;), 3.09 (s, 3H,
NI1CH,), 2.94 (t, ] = 7.5 Hz, 2H, NHCH,CH,). UPLC-MS (m/z):
447.42 [M + HJ% CpH,FNO, (calculated MW 446,49). Purity
(UPLC-MS): 100.00%; t, = 6.45. HR-MS (ESI-QTOF) calcd for
CoH,,ENO, [M + H]*: 447.1945; found: 447.1946.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(2-chlorobenzyl)-1,3-di-
methyl-3,7-dihydro-1H-purine-2,6-dione (33). Synthesized according
to GP4; purification by column chromatography with a gradient of
DCM: methanol (100:0 to 80:20); yield 52%; m.p.: 209—210 °C; 'H
NMR (300 MHz, DMSO-d,) 6 10.77 (br, 1H, NH,,4..), 7.62 (d, ] = 7.6
Hz, 1H, Ar—H), 7.48 (dd, ] = 7.6, 1.8 Hz, 1H, Ar—H), 7.39 (t, ] = 5.6
Hz, 1H, NHCH,), 7.19—7.33 (m, 3H, Ar—H), 7.10 (d, ] = 2.3 Hz, 1H,
Ar—H), 7.01-7.07 (m, 1H, Ar—H), 6.92—6.99 (m, 1H, Ar—H), 6.49
(dd, J = 7.3, 1.5 Hz, 1H, Ar—H), 5.34 (s, 2H, N7CH,), 3.54—3.62 (m,
2H, NHCH,), 3.43 (s, 3H, N3CH,), 3.09 (s, 3H, N1CH,), 2.96 (t, ] =
7.3 Hz, 2H, NHCH, CH,); "*C NMR (DMSO-d;) & ppm: 154.6, 153.1,
151.5, 149.5, 136.7, 135.0, 131.5, 129.7, 129.1, 128.0, 127.7, 126.2,
123.3, 121.3, 118.8, 118.7, 112.0, 111.8, 101.6, 44.3, 43.7, 29.8, 27.5,
25.8. UPLC-MS (m/z): 463.38 [M + H]*; C,,H,;CIN;O, (calculated
MW: 462.94). Purity (UPLC-MS): 100.00%; t = 6.51. HR-MS (ESI-
QTOEF) caled for C,H,,CIN,O, [M + H]": 463.1649; found:
463.1646.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(2-bromobenzyl)-1,3-di-
methyl-3,7-dihydro-1H-purine-2,6-dione (34). Synthesized according
to GP4; purification by column chromatography with a gradient of
DCM: methanol (100:0 to 80:20); yield 43%; m.p.: 222—223 °C; 'H
NMR (300 MHz, DMSO-d,) 6 10.77 (br, 1H, NH,,4.1.), 7.59—7.67 (m,
2H, Ar—H), 7.41 (t, ] = 5.6 Hz, 1H, NHCH,), 7.16—7.33 (m, 3H, Ar—
H),7.10 (d, ] = 1.8 Hz, 1H, Ar—H), 7.01-7.07 (m, 1H, Ar—H), 6.92—
6.99 (m, 1H, Ar—H), 6.41—6.46 (m, 1H, Ar—H), 5.28 (s, 2H, N7CH,),
3.54-3.62 (m, 2H, NHCH,), 3.43 (s, 3H, N3CHj;), 3.09 (s, 3H,
N1CH,), 2.96 (t,] = 7.3 Hz, 2H, NHCH,CH,); "*C NMR (DMSO-dg)
& ppm: 154.6, 153.1, 151.5, 149.5, 136.7, 136.4, 133.3, 129.4, 128.5,
127.7,126.3,123.3,121.6,121.3,118.8,118.7, 112.0,111.8, 101.5, 46.7,
43.7, 29.8, 27.5, 25.8. UPLC-MS (m/z): 509.38 [M + H]%;
C,,H,3BrNO, (calculated MW: 507.39). Purity (UPLC-MS):
96.5%; ty = 6.89.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(3-fluorobenzyl)-1,3-dimeth-
yl-3,7-dihydro-1H-purine-2,6-dione (35). Synthesized according to
GP4; purification by column chromatography (DCM: methanol,
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9.3:0.7); yield 30%; mp 95.3 °C; 'H NMR (600 MHz, DMSO-dy) &
10.78 (br, 1H, NH,,4,1.), 7.37 (t, ] = 5.7 Hz, 1H, Ar—H), 7.36—7.32 (m,
2H, Ar—H and NHCH,), 7.10 (d, J = 2.3 Hz, 1H, Ar—H), 7.09 (d, ] =
2.6 Hz, 1H, Ar—H), 7.08—7.04 (m, 2H, Ar—H), 7.01 (d, ] = 7.9 Hz, 1H,
Ar—H), 6.98 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H, Ar—H), 5.30 (s, 2H,
N7CH,), 3.63—3.59 (m, 2H,, NHCH,CH,), 3.41 (s, 3H, N3-CH,),
3.17 (s, 3H,, N1-CH;), 2.98 (t, ] = 7.5 Hz, 2H, NHCH, CH, ); *C NMR
(151 MHz, DMSO) § 163.1, 161.4, 153.9, 152.9, 151.1, 149.1, 140.03,
139.98, 136.4, 130.7, 130.6, 127.4, 123.14, 123.11, 122.9, 121.0, 118 .4,
118.3, 114.4, 114.2, 114.1, 114.0, 111.6, 111.5, 101.3, 44.9, 43.5, 29.4,
27.3,25.5; LC-MS (m/z): 447.3 [M + H]*; C,,H,;FNO, (calculated
MW: 446.4). Purity (HPLC UV (254 nm)-ESI-MS): 97.7%. HR-MS
(ESI-QTOF) caled for C,,H,,FN,O, [M + H]*: 447.194S; found:
447.1937.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(3-chlorobenzyl)-1,3-di-
methyl-3,7-dihydro-1H-purine-2,6-dione (36). Synthesized according
to GP4; purification by column chromatography with gradient of
DCM: methanol (100:0 to 80:20); yield 59%; m.p.: 152—153 °C; 'H
NMR (500 MHz, DMSO-d,) 6 10.76 (s, 1H, NH,,4.1.), 7.60 (d, J = 8.0
Hz, 1H, Ar—H), 7.38 (t, ] = 5.7 Hz, 1H, NHCH,), 7.28—7.32 (m, 4H,
Ar—H), 7.06—7.09 (m, 2H, Ar—H), 7.00—7.04 (m, 1H, Ar—H), 6.92—
6.96 (m, 1H, Ar—H), 525 (s, 2H, N7CH,), 3.54—3.59 (m, 2H,
NHCH,), 3.36 (s, 3H, N3CHj,), 3.13 (s, 3H, NICH;), 2.94 (t, ] = 7.5
Hz, 2H, NHCH,CH,); *C NMR (DMSO-d¢) & ppm: 43.8, 45.2,
101.6, 111.8, 112.0, 118.7, 118.8, 121.4, 122.1, 123.2, 126.4, 127.7,
130.3,130.7, 131.2, 136.7, 140.2, 149.4, 151.4, 153.2, 154.2. UPLC-MS
(m/z): 463.44 [M + H]; C,,H,3CINGO, (calculated MW: 462.94).
Purity (UPLC-MS): 100.0%; tg = 6.83. HR-MS (ESI-QTOF) calcd for
Cy4H,,CINSO, [M + H]*: 463.1649, found: 463.1645.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(3-bromobenzyl)-1,3-di-
methyl-3,7-dihydro-1H-purine-2,6-dione (37). Synthesized according
to GP4; purification by column chromatography with gradient of
DCM: methanol (100:0 to 80:20); yield 41%; m.p.: 162—163 °C; 'H
NMR (300 MHz, DMSO- dy) & 10.78 (br, 1H, NH, 4.), 762 (d, J =
7.62 Hz, 1H, Ar—H), 7.38—7.48 (m, 3H; NHCH, and Ar—H), 7.32 (d,
J=7.62Hz, 1H, Ar—H), 7.24 (m, ] = 7.62, 7.62 Hz, 1H, Ar—H), 7.09—
7.16 (m, 2H, Ar—H), 7.05 (td, ] = 7.6, 1.2 Hz, 1H, Ar—H), 6.93—6.99
(m, 1H, Ar—H), 527 (s, 2H, Ar—H), 3.55—3.64 (m, 2H, NHCH,),
3.39 (s, 3H, N3CH,), 3.15 (s, 3H, N1CHj,), 2.96 (t, J = 7.3 Hz, 2H,
NHCH,CH,); *C NMR (DMSO-d¢) & ppm: 154.2, 153.2, 1514,
149.4, 140.2, 136.7, 131.2, 130.7, 130.3, 127.7, 126.4, 123.2, 122.1,
121.4, 118.8, 118.7, 112.0, 111.8, 101.6, 45.2, 43.8, 29.8, 27.7, 25.9.
UPLC-MS (m/z): 509.38 [M + H]*; C,,H,3BrN¢O, (calculated MW:
507.39). Purity (UPLC-MS): 99.4%; t = 6.93.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(3-methoxybenzyl)-1,3-di-
methyl-3,7-dihydro-1H-purine-2,6-dione (38). Synthesized according
to GP4; purification by column chromatography with gradient of
DCM: methanol (100:0 to 80:20); yield 57%; m.p.: 158—159 °C; 'H
NMR (300 MHz, DMSO-dy) 6 10.78 (s, 1H, NH;,4.1.), 763 (d, ] = 7.6
Hz, 1H, Ar—H), 7.30—7.38 (m, 2H, Ar—H and NHCH,), 7.20 (t, ] =
7.9 Hz, 1H, Ar—H), 7.10 (d, J = 2.3 Hz, 1H, Ar—H), 7.05 (td, ] = 7.6, 1.2
Hz, 1H, Ar—H), 6.93—7.00 (m, 1H, Ar—H), 6.78—6.84 m, 2H, Ar—H),
6.73 (d, ] = 7.6 Hz, 1H, Ar—H), 5.24 (s, 2H, N7CH,), 3.68 (s, 3H,
OCHj;), 3.55-3.63 (m, 2H, NHCH,), 3.39 (s, 3H, N3CHj,), 3.15 (s,
3H, NI1CH,), 2.96 (t, ] = 7.6 Hz, 2H, NHCH,CH,); *C NMR
(DMSO-dg) 6 ppm: 159.7, 154.3, 153.2, 151.5, 149.4, 139.0, 136.7,
130.1, 127.7, 123.3, 121.4, 119.5, 118.8, 118.7, 113.6, 112.9, 112.0,
111.8,101.7,55.4,45.6,43.8,29.7,27.7,25.9. UPLC-MS (m/z): 459.45
[M + H]*; C,sH,4N¢O5 (calculated MW: 458.52). Purity (UPLC-MS):
100.0%; ty = 6.36.
8-((2-(1H-Indol-3-yl)ethyl)amino)-1,3-dimethyl-7-(4-methylben-
zyl)-3,7-dihydro-1H-purine-2,6-dione (39). Synthesized according to
GP4; purification by column chromatography with a gradient of DCM:
methanol (100:0 to 80:20); yield 41%; m.p.: 181—182 °C; '"H NMR
(300 MHz, CDCL,) 6 8.09 (br, 1H, NH, 4,,.), 7-60 (d, ] = 8.2 Hz, 1H,
Ar—H), 7.39 (d, ] = 8.2 Hz, 1H, Ar—H), 7.20—7.26 (m, 1H, Ar—H),
7.09—7.16 (m, 1H, Ar—H), 6.96—7.01 (m, 2H, Ar—H), 6.85—6.90 (m,
2H, Ar—H), 6.79 (d, ] = 2.3 Hz, 1H, Ar—H), 5.11 (s, 2H, N7CH,), 4.19
(t,] = 5.6 Hz, 1H, NHCH,), 3.71 (q, ] = 6.5 Hz, 2H, NHCH, ), 3.56 (s,
3H, N3CH;), 3.39 (s, 3H, N1CH;), 3.00 (t, ] = 6.5 Hz, 2H,
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NHCH,CH,), 2.29 (s, 3 H, CH,); *C NMR (CDCl,) § ppm: 154.1,
153.3, 151.8, 148.7, 137.7, 136.4, 132.2, 129.6, 127.2, 127.0, 122.4,
122.1, 119.6, 118.7, 112.4, 111.3, 102.9, 46.3, 43.3, 29.7, 27.7, 25.3,
21.1. UPLC-MS (m/z): 443.43 [M + H]*; C,sH,4N¢O, (calculated
MW: 442.52). Purity (UPLC-MS): 100.0%; t; = 6.73.

8-((2-(1H-Indol-3-yl)ethyl)amino)-1,3-dimethyl-7-(4-
(trifluoromethyl)benzyl)-3,7-dihydro-1H-purine-2,6-dione (40). Syn-
thesized according to GP4; purification by column chromatography
with gradient of DCM: methanol (100:0 to 80:20); yield 51%; m.p.:
237-238 °C; '"H NMR (500 MHz, DMSO-d,) & 10.79 (br, 1H,
NH,,qo10), 7-.57—7.63 (m, 3H, Ar—H), 7.40 (t, ] = 5.2 Hz, 1H, NHCH,),
7.28—7.33 (m, 3H, Ar—H), 7.10 (br, 1H, Ar—H), 7.02 (t, ] = 7.2 Hz,
1H, Ar—H), 6.91—6.96 (m, 1H, Ar—H), 5.33 (br, 2H, N7CH,), 3.55—
3.61 (m, 2H, NHCH,), 3.37 (s, 3H, N3CH,), 3.11 (s, 3H, NI1CH,),
2.95 (t, ] = 7.2 Hz, 2H, NHCH,CH,); *C NMR (DMSO-d;) § ppm:
154.4, 153.3, 151.5, 149.5, 142.4, 136.7, 128.1, 127.8, 126.0, 125.9,
123.4,123.3, 121.4, 118.9, 118.7, 112.0, 111.9, 101.7, 45.4, 43.8, 29.8,
27.7,25.8. UPLC-MS (m/z): 497.41 [M + H]*; CysH,3F3NO, (MW
496.49). Purity (UPLC-MS): 97.4%; t; = 6.85.

8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(4-methoxybenzyl)-1,3-di-
methyl-3,7-dihydro-1H-purine-2,6-dione (41). Synthesized according
to GP4; purification by column chromatography with a gradient of
DCM: methanol (100:0 to 80:20); yield 61%; m.p.: 114—115 °C; 'H
NMR (500 MHz, DMSO-dy) 6 10.79 (s, 1H, NH,4..), 761 (d, J = 8.0
Hz, 1H, Ar—H), 7.29—7.33 (m, 2 H, Ar—H and NHCH,), 7.13—7.16
(m, 2H, Ar—H), 7.10 (d, ] = 2.3 Hz, 1H, Ar—H), 7.03 (ddd, ] = 8.0, 6.9,
1.2 Hz, 1H, Ar—H), 6.95 (ddd, ] = 8.0, 6.9, 1.2 Hz, 1H, Ar—H), 6.77—
6.80 (m, 2H, Ar—H), 5.16 (s, 2H, N7CH,), 3.66 (s, 3H, OCHj,), 3.55—
3.60 (m, 2H, NHCH,), 3.35 (s, 3H, N3CH};), 3.14 (s, 3H, N1CHj,),
2.95 (t, ] = 7.5 Hz, 2H, NHCH,CH,); *C NMR (DMSO-d;) § ppm:
159.2, 154.2, 153.3, 151.5, 149.5, 136.8, 129.6, 129.3, 127.8, 123.4,
121.5, 118.9, 118.8, 114.4, 112.1, 111.9, 101.7, 55.6, 45.2, 43.8, 29.8,
27.8, 25.9. UPLC-MS (m/z): 459.45 [M + H]*; C,sH,(NsO;
(calculated MW: 458.52). Purity (UPLC-MS): 96.8%; ty = 6.08.

8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(4-isopropylbenzyl)-1,3-di-
methyl-3,7-dihydro-1H-purine-2,6-dione (42). Synthesized according
to GP4; purification by column chromatography with a gradient of
DCM: methanol (100:0 to 80:20); yield 47%; m.p.: 209—210 °C;'H
NMR (500 MHz, DMSO-dy) 6 10.78 (s, 1H, NH,4..), 761 (d, ] = 8.0
Hz, 1H, Ar—H), 7.29—7.33 (m, 2H, NHCH, and Ar—H), 7.06—7.11
(m, SH, Ar—H), 7.03 (s, 1H, Ar—H), 6.92—6.96 (m, 1H, Ar—H), 5.20
(s, 2H, N7CH, and Ar—H), 3.55—3.60 (m, 2H, NHCH,), 3.36 (s, 3H,
N3CH,), 3.13 (s, 3H, N1CH,), 2.95 (t, J = 7.5 Hz, 2H, NHCH,CH,),
2.75-2.81 (m, 1H, CH(CH,),), 1.11 (d, J = 7.2 Hz, 6H, CH(CH;,),).
UPLC-MS (m/z): 471.42 [M + H]*; C,,H;(N4O, (calculated MW:
470.58). Purity (UPLC-MS): 98.6%; t; = 7.12. HR-MS (ESI-QTOF)
caled for C,,H; NgO, [M + H]*: 471.2508, found: 471.2517.

Methyl 4-((8-((2-(1H-Indol-3-yl)ethyl)amino)-1,3-dimethyl-2,6-
dioxo-1,2,3,6-tetrahydro-7H-purin-7-yl)methyl)benzoate (43). Syn-
thesized according to GP4; purification by column chromatography
(DCM: methanol, 9.8:0.2); yield 63%; m.p.: 194—195 °C; 'H NMR
(500 MHz, DMSO-dy) & 10.78 (s, 1H, NH,,4..), 7-88 (d, ] = 8.4 Hz,
2H, Ar—H), 7.62 (4, ] = 7.9 Hz, 1H, Ar—H), 7.39—-7.32 (m, 2H,
NHCH, and Ar—H), 7.27 (d, ] = 8.4 Hz, 2H, Ar—H), 7.11 (d,] = 2.3
Hz, 1H, Ar—H), 7.06 (t, ] = 8.1 Hz, 1H, Ar—H), 6.97 (t, = 7.9 Hz, 1H,
Ar—H), 5.36 (s, 2H, N7CH,), 3.83 (s, 3H, OCHj,), 3.65—3.56 (m, 2H,
HNCH,), 3.41 (s, 3H, N3CH,), 3.15 (s, 3H, N1CH,), 2.98 (t, ] = 7.4
Hz, 2H, NHCH,CH,); "*C NMR (126 MHz, DMSO-d;) § 165.9,
153.9, 152.7, 151.0, 148.9, 142.5, 136.2, 122.8, 120.9, 118.3, 118.2,
111.5,111.3,101.2,94.5, 52.1,45.2,43.3,29.3,27.1,25.3; LC-MS (m/
z): 487.1 [M + H]%; C,sHyNeO, (calculated MW: 486.5). Purity
(HPLC UV (254 nm)-ESI-MS): 98.2%.

4-((8-((2-(1H-Indol-3-yl)ethyl)amino)-1,3-dimethyl-2,6-dioxo-
1,2,3,6-tetrahydro-7H-purin-7-yl)methyl)benzamide (45). A mixture
of 43 (0.03 g, 0.062 mmol) and NH,Cl (0.013 g, 0.25 mmol) was
suspended in NH,OH (0.2 mL). The mixture was heated to 100 °C and
stirred for 3 days at this temperature. During this time a precipitate
formed, which was filtered off and washed with water (3 X 20 mL), then
crystallized from methanol to yield the product as a white solid. Yield
35%; m.p.: 267—268 °C; "H NMR (600 MHz, DMSO-d,) & 10.79 (s,
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1H, NH,, 1), 7-88 (s, 1H, Ar—H), 7.79 (d, ] = 8.4 Hz, 2H, NH,), 7.64
(d,] = 7.9 Hz, 1H, Ar—H), 7.38 (m, 1H, Ar—H), 7.35—7.30 (m, 2H,
NHCH, and Ar—H), 7.24 (d, ] = 8.3 Hz, 2H, Ar—H), 7.11 (s, 1H, Ar—
H), 7.06—7.05 (m, 1H, Ar—H), 6.98 (t, ] = 7.4 Hz, 1H, Ar—H), 5.33 (s,
2H, N7CH,), 3.66—3.52 (m, 2H, HNCH,), 3.41 (s, 3H, N3CH,), 3.16
(s, 3H, N1CH,), 3.02—2.94 (t, ] = 7.4 Hz, 2H, NHCH,CH,); LC-MS
(m/z): 472.2 [M + H]*; C,sH,sN, 05 (calculated MW: 471.5). Purity
(HPLC UV (254 nm)-ESI-MS): 96.8%.
4-((8-((2-(1H-Indol-3-yl)ethyl)amino)-1,3-dimethyl-2,6-dioxo-
1,2,3,6-tetrahydro-7H-purin-7-yl)methyl)-N-propylbenzamide (46).
Compound 44 (0.2 g, 0.42 mmol) and T3P (266 mg, 0.42 mmol, as a
50% solution in DCM) were dissolved in 1 mL of DCM. Then, a
solution of propylamine (0.03 mL, 0.378 mmol) and TEA (0.1 mL, 0.76
mmol) in DCM (1 mL) was added dropwise cooling the mixture in a
water/ice bath. The reaction mixture was kept stirring overnight at RT.
Then, an extraction was performed with 20 mL of ethyl acetate and 20
mL of a saturated aq. solution of NaHCO; three times. The organic
phase was dried over MgSO, and then concentrated by rotary
evaporation. Purification by column chromatography (DCM: meth-
anol, 9.5:0.5) led to the title product as a white solid; yield 5%; m.p.:
259-263 °C; '"H NMR (600 MHz, DMSO-ds) & 10.80 (s, 1H,
NH, 40), 835 (t, ] = 5.7 Hz, 1H, CONH), 7.75 (d, ] = 8.3 Hz, 2H, Ar—
H), 7.64 (d,] = 7.8 Hz, 1H, Ar—H), 7.40 (t, ] = 5.7 Hz, 1H, NHCH,),
7.34 (d,] = 8.1 Hz, 1H, Ar—H), 7.24 (d, ] = 8.0 Hz, 2H, Ar—H), 7.13—
7.11 (m, 1H, Ar—H), 7.06 (t, ] = 6.9 Hz, 1H, Ar—H), 6.98 (t,] = 7.4 Hz,
1H, Ar—H), 5.33 (s, 2H, N7CH,), 3.64—3.57 (m, 2H, HNCH,), 3.41
(s, 3H, N3CH,), 3.20 (q, ] = 6.9 Hz, 2H,, CH,CH,CH,), 3.16 (s, 3H,
NICHS,), 2.98 (t, ] = 7.5 Hz, 2H, NHCH,CH,), 1.51 (dt, ] = 7.3 Hz,
2H, CH,CH,CH,;), 0.87 (t, ] = 7.4 Hz, 3H, CH,CH;); *C NMR (151
MHz, DMSO-dy) 6 165.9, 153.8, 152.7, 150.9, 148.9, 139.9, 136.2,
133.9, 127.3, 127.2, 126.7, 122.8, 120.9, 118.3, 1182, 111.5, 1114,
101.2,45.1,43.4,40.9,29.3,27.2, 25.4,22.3, 11.4; LC-MS (m/z): 514.2
[M + H]*; C,3H;,N,O; (calculated MW: $13.6). Purity: 95.0%. HR-
MS (ESI-QTOF) caled for C,gH;N,O;Na [M + Na]*: 536.2381,
found: 536.2360.
4-((8-((2-(1H-Indol-3-yl)ethyl)amino)-1,3-dimethyl-2,6-dioxo-
1,2,3,6-tetrahydro-7H-purin-7-yl)methyl)benzenesulfonamide (47).
Synthesized according to GP4; purification by column chromatography
(DCM: methanol, 9.5:0.5); yield 37%; m.p.: 243—244 °C; "H NMR
(600 MHz, DMSO-dy) 5 10.78 (s, 1H, NH,,4,..), 7.76 (d, ] = 8.3 Hz,
2H, Ar—H), 7.65 (d, ] = 7.9 Hz, 1H, Ar—H), 7.42 (t, ] = 5.6 Hz, 1H,
Ar—H), 7.35=7.32 (m, 3H, NHCH, and Ar—H), 7.31 (s, 2H, NH,),
7.13(d,J=2.0 Hz, 1H, Ar—H), 7.07 (t, = 7.5 Hz, 1H, Ar—H), 6.98 (t, ]
= 7.4 Hz, 1H, Ar—H), 5.36 (s, 2H, N7CH,), 3.64—3.58 (m, 2H,
HNCH,), 3.42 (s, 3H, N3CH;), 3.16 (s, 3H, N1CH,), 3.01-2.97 (m, 2
H, NHCH,CH,); '*C NMR (151 MHz, DMSO-d,) 5 153.8, 152.7,
150.9, 148.9, 143.0, 141.0, 136.2, 127.3, 1272, 125.9, 122. 8, 120.9,
118.3, 1182, 111.5, 111.4, 101.2, 45.0, 43.4, 29.3, 27.2, 25.4; LC-MS
(m/z): 508.2 [M + H]*; C,,H,sN,0,S (calculated MW: 507.5). Purity
(HPLC UV (254 nm)-ESI-MS): 99.3%.
4-((8-((2-(1H-Indol-3-yl)ethyl)amino)-1,3-dimethyl-2,6-dioxo-
1,2,3,6-tetrahydro-7H-purin-7-yl)methyl)-N-methylbenzenesulfo-
namide (48). Synthesized according to GP4; purification by column
chromatography (DCM: methanol, 9.5:0.5); yield 29%; m.p.: 169—170
°C; "H NMR (600 MHz, DMSO-d,) § 10.78 (s, 1H, NH , 401), 7.71 (d,
J =83 Hz,2H, Ar—H), 7.63 (d, ] = 7.9 Hz, 1H, Ar—H), 7.41—7.38 (m,
2H, Ar—H and SO,NH-), 7.36—7.33 (m, 3H, NHCH, and Ar—H),
7.13(d,J =2.0 Hz, 1H, Ar—H), 7.06 (t, ] = 7.4 Hz, 1H, Ar—H), 6.97 (t, ]
= 74 Hz, 1H, Ar—H), 5.37 (s, 2H, N7CH,), 3.65—3.55 (m, 2H,
HNCH,), 3.42 (s, 3H, N3CH,), 3.15 (s, 3H, N1CH,), 2.98 (t, = 7.4
Hz, 2H, NHCH,CH,), 2.39 (d, J = 5.0 Hz, 3H, SO,NHCH,); *C
NMR (151 MHz, DMSO-dy) § 153.8,152.8, 151.0, 149.9, 141.7, 138.3,
136.3, 1274, 127.3, 126.9, 122.8, 120.9, 118.3, 1182, 111.5, 1114,
101.2, 45.0, 43.3, 28.6, 27.2, 25.3; LC-MS (m/z): 522.5 [M + H]%;
CysH,,N,0,S (calculated MW: 521.5). Purity (HPLC UV (254 nm)-
ESI-MS): 93.6%.
4-((8-((2-(1H-Indol-3-yl)ethyl)amino)-1,3-dimethyl-2,6-dioxo-
1,2,3,6-tetrahydro-7H-purin-7-yl)methyl)-N-propylbenzenesulfona-
mide (49). Synthesized according to GP4; purification by column
chromatography (DCM: methanol, 9.8:0.2); yield: 38%; m.p.: 240.3—

https://doi.org/10.1021/acs.jmedchem.3c02423
J. Med. Chem. 2024, 67, 9896—9926




RESULTS AND DISCUSSION

Journal of Medicinal Chemistry

Chapter 3.2

pubs.acs.org/jmc

241.5 °C; 'H NMR (600 MHz, DMSO-d) 6 10.82 (s, 1H, NH,4..),
7.72(d, J = 8.29 Hz, 2H, Ar—H), 7.63 (d, ] = 7.86 Hz, 1H (Ar—H), 7.53
(t,J = 5.06 Hz, SO,NH), 7.40 (t, ] = 5.66 Hz, 1H, NHCH,), 7.34 (d, ] =
8.28 Hz, 3H, Ar—H), 7.13 (d, ] = 2.36 Hz, 1H, Ar—H), 7.06 (t, ] = 7.58
Hz, 1H Ar—H), 6.98 (t, ] = 7.44 Hz, 1H, Ar—H), 5.37 (s, 2H, N7CH,),
3.61 (dt, J = 6.19, 8.23 Hz, 2H, NHCH,CH,), 3.42 (s, 3H, N3-CH,),
3.16 (s,3H,N1-CHj), 2.98 (t, ] = 7.52 Hz, 2H, NHCH, CH,), 2.66 (q, ]
=6.36 Hz, 2H, CH,CH,CHj,), 1.36 (h, ] = 7.31 Hz, 2H, CH,CH,CH,),
0.78 (t, J = 7.36 Hz, 3H, CH,CH;); "*C NMR (151 MHz, DMSO-d;) 6
154.0, 152.9, 151.2, 149.2, 141.7, 139.8, 136.4, 127.6, 127.4, 1269,
123.0, 121.1, 118.5, 118.4, 111.7, 111.5, 101.4, 45.2, 44.5, 43.5, 29.6,
27.4,25.5,22.6, 11.3; LC-MS (m/z): 550.5 [M + H]*; C,,H;,N,0,S
(calculated MW: 549.6). Purity (HPLC UV (254 nm)-ESI-MS):
97.6%. HR-MS (ESI-QTOF) calcd for C,,H;;N,0,SNa [M + Na]*:
572.2050, found: 572.1957.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(4-fluorobenzyl)-1,3-dimeth-
yl-3,7-dihydro-1H-purine-2,6-dione (50). Synthesized according to
GP4; purification by column chromatography with a gradient of DCM:
methanol (100:0 to 80:20); yield 32%; m.p.: 176—178 °C; '"H NMR
(300 MHz, DMSO-dg) 6 10.79 (s, 1H, NH,,401), 7.62 (d, J = 7.6 Hz,
1H, Ar—H), 7.31-7.39 (m, 2H, Ar—H), 7.21-7.28 (m, 2 H, Ar—H),
7.02—7.13 (m, 4H, NHCH, and Ar—H), 6.93—6.99 (m, 1H, Ar—H),
5.24 (s, 2H, N7CH,), 3.60 (q, J = 6.5 Hz, 2H, NHCH,), 3.38 (s, 3H,
N3CH,), 3.16 (s, 3H, N1CHj,), 2.97 (t, ] = 7.3 Hz, 2H, NHCH, CH,);
3C NMR (DMSO-dg) & ppm: 161.9, 154.1, 153.2, 151.4, 149.4, 136.7,
133.7, 129.8, 127.7, 123.3, 121.4, 118.8, 118.7, 115.7, 112.0, 111.8,
110.0, 101.5, 45.0, 43.7, 29.7, 27.7, 25.8. UPLC-MS (m/z): 447.14 [M
+ H]*; C,4H,3FNGO, (calculated MW: 446.49). Purity (UPLC-MS):
98.9%; ty = 6.46. HR-MS (ESI-QTOF) calcd for C,,H,,FN,O, [M +
H]": 447.194S, found: 447.1945.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(4-chlorobenzyl)-1,3-di-
methyl-3,7-dihydro-1H-purine-2,6-dione (51). Synthesized according
to GP4; purification by column chromatography with a gradient of
DCM: methanol (100:0 to 80:20); yield 62%; m.p.: 217—218 °C; 'H
NMR (400 MHz, CDCl;) § 8.07 (br, 1H, NH; 4,.), 7-61 (d, ] = 7.8 Hz,
1H, Ar—H), 7.44 (d, ] = 8.2 Hz, 1H, Ar—H), 7.25—7.28 (m, 1H, Ar—
H), 7.11-7.18 (m, 3H, CSH, Ar—H), 6.86—6.90 (m, 2H, Ar—H), 6.78
(d, J = 2.4 Hz, 1H, Ar—H), 5.11 (s, 2H, N7CH,), 4.11 (br, 1H,
NHCH,), 3.75 (q, ] = 6.1 Hz, 2H, NHCH,), 3.59 (s, 3H, N3CHj,), 3.40
(s, 3H, N1CH,), 3.05 (t, ] = 6.26 Hz, 2H, NHCH,CH,); *C NMR
(CDCl;) 6 ppm: 154.2, 151.7, 136.4, 133.8, 133.7, 129.1, 128.4, 127.2,
122.5, 122.1, 119.7, 118.6, 112.1, 111.4, 102.8, 45.9, 43.4, 29.8, 27.7,
25.0. UPLC-MS (m/z): 463.22 [M + H]*; C,,H,;CINO, (calculated
MW: 462.94). Purity (UPLC-MS): 98.5%; t; = 6.87. HR-MS (ESI-
QTOF) caled for CyH,,CINGO, [M + H]": 463.1649, found:
463.1646.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(4-bromobenzyl)-1,3-di-
methyl-3,7-dihydro-1H-purine-2,6-dione (52). Synthesized according
to GP4; purification by column chromatography with a gradient of
DCM: methanol (100:0 to 80:20); yield 45%; m.p.: 155—156 °C; 'H
NMR (300 MHz, DMSO-dy) 6 10.80 (s, 1H, NH,, 4.;.), 7.62 (d, ] = 8.2
Hz, 1H, Ar—H), 7.43—7.48 (m, 2H, Ar—H), 7.40 (t, ] = 5.6 Hz, 1H,
NHCH,), 7.33 (d, ] = 7.6 Hz, 1H, Ar—H), 7.10—7.15 (m, 3H, Ar—H),
7.02—7.08 (m, 1H, Ar—H), 6.92—6.99 (m, 1H, Ar—H), 5.24 (s, 2H,
N7CH,), 3.59 (q, ] = 6.6 Hz, 2H, NHCH, ), 3.38 (s, 3H, N3CHj), 3.14
(s, 3H, N1CH;), 2.97 (t, ] = 7.3 Hz, 2 H, NHCH,CH,); *C NMR
(DMSO-ds) 6 ppm: 154.2, 153.2, 151.4, 149.4, 137.0, 136.7, 131.8,
129.8,127.7,123.3,121.4,121.0,118.8,118.7, 112.0,111.8, 101.5, 45.2,
43.7, 29.7, 27.7, 25.8. UPLC-MS (m/z): 509.08 [M + HJ]%;
C,H,;BrNGO, (calculated MW: 507.39). Purity (UPLC-MS):
98.2%; ty = 6.98. HR-MS (ESI-QTOF) calcd for C,,H,,BrN(O, [M
+ H]": 507.1144, found: 507.1143.
8-((2-(1H-Indol-3-yl)ethyl)amino)-1,3-dimethyl-7-(4-nitroben-
zyl)-3,7-dihydro-1H-purine-2,6-dione (53). Synthesized according to
GP4; purification by column chromatography with a gradient of DCM:
methanol (100:0 to 80:20); yield 41%; m.p.: 198—199 °C; '"H NMR
(500 MHz, DMSO-d,) §10.78 (d, ] = 1.2 Hz, 1H, NH , 4.1.), 8.09—8.12
(m, 2H, Ar—H), 7.59 (d, ] = 8.0 Hz, 1H, Ar—H), 7.41 (t, ] = 5.58 Hz,
1H, NHCH,), 7.34 (d, ] = 8.88 Hz, 2H, Ar—H), 7.30 (d, ] = 8.0 Hz, 1H,
Ar—H), 7.08 (d, J = 2.3 Hz, 1H, Ar—H), 7.00~7.05 (m, 1H, Ar—H),
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6.91-6.95 (m, 1H, Ar—H), 5.37 (s, 2H, N7CH,), 3.56—3.61 (m, 2H,
NHCH,), 3.37 (s, 3H, N3CH,), 3.11 (s, 3H, N1CHj), 2.96 (t, ] = 7.2
Hz, 2H, NHCH,CH,). UPLC-MS (m/z): 47412 [M + H]%
C,4H,3N,0, (calculated MW: 473.49). Purity (UPLC-MS): 98.3%;
tp = 6.32.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(4-aminobenzyl)-1,3-di-
methyl-3,7-dihydro-1H-purine-2,6-dione (54). Compound 53 (0.223
g, 0.47 mmol) was dissolved in methanol and Pd/C (27.88 mg) was
added. Argon was flushed into the flask before hydrogen gas was
introduced. The reaction was kept stirring under H, for 7h. Then it was
stopped, and the solution was diluted with S0 mL ethyl acetate, to
completely dissolve the product, and the solution was filtered through
Celite under reduced pressure, followed by purification by column
chromatography (DCM: methanol, 9.5:0.5 to 8.5:1.5); yield 39%; m.p.:
137 °C; "H NMR (600 MHz, DMSO-d;) 6 10.79 (s, IH, NH;, 4..), 7-66
(d,] = 6.8 Hz, 1H, Ar—H), 7.35 (d, ] = 8.1 Hz, 1H, Ar—H), 7.20 (t, ] =
5.7 Hz, 1H, NHCH,), 7.13 (d, ] = 2.3 Hz, 1H, Ar—H), 7.07 (ddd, ] =
1.1,7.0, 8.1 Hz, 1H, Ar—H), 7.00—6.95 (m, Ar—H), 6.47 (d, ] = 8.5 Hz,
2H, Ar—H), 5.08 (s, 2H, N7CH,), 4.98 (s, 2H, -NH,), 3.60 (m, 2H,
NHCH, ), 3.38 (s, 3H, N3-CH,), 3.19 (s, 3H, N1-CH, ), 2.98 (t, = 7.3,
7.8 Hz, 2H, NHCH,CH,);"3C NMR (151 MHz, DMSO) § 153.6,
152.8, 151.0, 148.8, 148.0, 136.3, 128.4, 127.3, 124.0, 122.8, 120.9,
118.3,118.2,113.7, 111.6, 111.4, 101.2, 45.0, 43.4,29.2, 27.2, 25.5; LC-
MS (m/z): 4442 [M + H]*; C,,H,sN,O, (calculated MW: 443.5).
Purity (HPLC UV (254 nm)-ESI-MS): 100%. HR-MS (ESI-QTOF)
caled for C,yH,sN,O,Na [M + Nal*: 466.1962, found: 466.1926.
N-(4-((8-((2-(1H-Indol-3-yl)ethyl)lamino)-1,3-dimethyl-2,6-dioxo-
1,2,3,6-tetrahydro-7H-purin-7-yl)methyl)phenyl)acetamide (55).
Compound 54 (0.062 g, 0.14 mmol, 1 equiv) was suspended in
DCM (10 mL). Acetic anhydride (0.026 mL, 0.28 mmol, 1.2 equiv) was
added and the mixture was stirred at RT for 1 h. The solvent was
removed under reduced pressure and the crude product was partitioned
between 20 mL of a saturated aq. Na,COj solution and 20 mL of ethyl
acetate and extraction was performed three times. The organic phase
was dried over MgSO, and concentrated by evaporation. Purification
was achieved by column chromatography (DCM: methanol, 9.5:0.5);
yield: 4%; m.p.: 167 °C; "H NMR (600 MHz, DMSO-d,) 6 10.77 (s,
1H, NH, 40, 9.89 (s, 1H, NHCO), 7.65 (d, ] = 6.7 Hz, 1 H, Ar—H),
7.47 (d,] = 8.5 Hz, 2H, Ar—H), 7.34 (d, ] = 8.2 Hz, Ar—H), 7.31 (t, ] =
5.7 Hz, 1H, NHCH,), 7.15 (d, ] = 8.5 Hz, 2H, Ar—H), 7.11 (d, = 2.2
Hz, 1H, Ar—H), 7.06 (ddd, ] = 1.2, 7.0, 8.2 Hz, 1H, Ar—H), 6.98 (ddd, ]
=1.0,7.0,8.0 Hz, 1H, Ar—H), 5.22 (s, 2H,N7CH,), 3.61—3.57 (m, 2H,
NHCH,), 3.40 (s, 3H, N3-CH};), 3.17 (s, 3H, N1-CH};), 2.97 (t,] = 7.3
Hz, 2H, NHCH,CH,), 2.01 (s, 3H, COCH,). *C NMR (151 MHz,
DMSO) § 167.8, 153.3, 152.3, 150.6, 148.5, 138.0, 135.8, 1312, 127.1,
126.8,122.3,120.5,118.8,117.9,117.8,111.1, 110.9, 100.8, 44.5, 43.0,
28.8, 26.8, 25.0, 23.5; LC-MS (m/z): 486.3 [M + H]*; C,sH,,N,0,
(calculated MW: 485.5). Purity (HPLC UV (254 nm)-ESI-MS):
95.9%. HR-MS (ESI-QTOF) calcd for C,4H,,N,0;Na [M + Na]*:
508.2024; found: 508.2068.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(2,6-dichlorobenzyl)-1,3-di-
methyl-3,7-dihydro-1H-purine-2,6-dione (56). Synthesized according
to GP4; purification by column chromatography with a gradient of
DCM: methanol (100:0 to 80:20); yield 61%; m.p.: 190—191 °C; 'H
NMR (300 MHz, CDCL,) & 8.13 (br, 1H, NH, 4,1.), 7.49 (d, ] = 7.6 Hz,
1H, Ar—H), 7.34—7.39 (m, 1H, Ar—H), 7.21 (td, J = 7.6, 1.2 Hz, 1H,
Ar—H), 7.05—7.13 (m, 3H, Ar—H), 6.96—7.03 (m, 1H, Ar—H), 6.85
(d,J=2.3Hz, 1H, Ar—H), 5.64 (s,2H,N7CH,), 4.18 (t, ] = 5.9 Hz, 1H,
NHCH,), 3.71 (q,] = 6.5 Hz, 2H, NHCH,), 3.56 (s, 3H, N3CH,), 3.41
(s, 3H, N1CHj,), 2.92 (t, ] = 6.5 Hz, 2H, NHCH,CH,); *C NMR
(CDCl;) 6 ppm: 154.2,153.2, 151.8, 148.2, 136.5, 135.9, 130.2, 129.4,
1289, 127.4, 1223, 121.8, 119.4, 118.7, 112.3, 111.1, 103.9,43.3, 42.7,
29.7,27.8,25.2. UPLC-MS (m/z): 497.12 [M + H]*; C,,H,,CL,N,O,
(calculated MW: 497.38). Purity (UPLC-MS): 96.6%; t = 6.95.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(2,4-dichlorobenzyl)-1,3-di-
methyl-3,7-dihydro-1H-purine-2,6-dione (57). Synthesized according
to GP4; purification by column chromatography with a gradient of
DCM: methanol (100:0 to 80:20); yield 56%; m.p.: 188—189 °C; 'H
NMR (500 MHz, DMSO-dg) 6 10.77 (d, J = 1.43 Hz, 1H, NH,,4...),
7.64 (d, J = 2.29 Hz, 1H, Ar—H), 7.59 (d, ] = 7.7 Hz, 1H, Ar—H), 7.38
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(t,J=5.7Hz, 1H, NHCH,), 7.25—7.31 (m, 2H, Ar—H), 7.09 (d, ] = 2.3
Hz, 1H, Ar—H), 7.00—7.04 (m, 1H, Ar—H), 6.91—6.95 (m, 1H, Ar—
H), 6.47 (d, ] = 8.3 Hz, 1H, Ar—H), 5.27 (s, 2H, N7CH,), 3.53—3.58
(m, 2H, NHCH,), 3.41 (s, 3H, N3CHj), 3.07 (s, 3H, N1CHj), 2.94 (t,
J = 7.5 Hz, 2H, NHCH,CH,). UPLC-MS (m/z): 497.19 [M + H]%;
Cy,H,CLNGO, (calculated MW: 497.38). Purity (UPLC-MS):
100.0%; tx = 7.33. HR-MS (ESI-QTOF) calcd for C,,H,,CLNO,
[M + H]*: 497.1260, found: 497.1256.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(4-chloro-3-fluorobenzyl)-
1,3-dimethyl-3,7-dihydro-1H-purine-2,6-dione (58). Synthesized ac-
cording to GP4; purification by column chromatography (DCM:
methanol, 9.8:0.2); yield 529; m.p.: 139—140 °C; 'H NMR (600 MHz,
DMSO-dy) 6 10.79 (s, 1H, NH, 450.), 762 (d, J = 7.9 Hz, 1H, Ar—H),
7.49 (t,] = 8.1 Hz, 1H, Ar—H), 7.38 (t, ] = 5.6 Hz, 1H, NHCH,), 7.34
(d,J= 8.1 Hz, 1H, Ar—H), 7.28 (dd, J = 10.2, 1.6 Hz, 1H, Ar—H), 7.12
(d, ] =2.0 Hz, 1H, Ar—H), 7.06 (t,] = 7.5 Hz, 1H, Ar—H), 7.00 (d, ] =
8.5 Hz, 1H, Ar—H), 6.97 (t, ] = 7.4 Hz, 1H, Ar—H), 5.27 (s, 2H, 2H,
N7CH,), 3.61 (q, ] = 6.4 Hz, 2H, HNCH,), 3.40 (s, 3H, N3CHj,), 3.16
(s,3H,N1CH,;), 2.98 (t, ] = 7.4 Hz, 2H, NHCH,CH,); "*C NMR (151
MHz, DMSO-dg) & 157.8, 156.2, 153.7, 152.8, 151.0, 149.0, 138.8,
138.7, 136.3, 130.7, 127.3, 124.2, 124.2, 122.8, 120.9, 118.5, 118.4,
118.3, 118.2, 115.7, 115.6, 111.5, 111.4, 101.1, 44.5, 43.3, 29.3, 27.2,
25.4; LC-MS (m/z): 481.1 [M + H]*; CyH,,CIEN,O, (calculated
MW: 480.9). Purity (HPLC UV (254 nm)-ESI-MS): 96.9%.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(3,4-dichlorobenzyl)-1,3-di-
methyl-3,7-dihydro-1H-purine-2,6-dione (59). Synthesized according
to GP4; purification by column chromatography with a gradient of
DCM: methanol (100:0 to 80:20); yield 57%; m.p.: 203—204 °C; 'H
NMR (300 MHz, DMSO-d) 6 10.79 (s, 1H, NH, 1), 7.61 (d, ] = 7.6
Hz, 1H, Ar—H), 7.50—7.54 (m, 2H, Ar—H), 7.40 (t, ] = 5.6 Hz, 1H,
NHCH,), 7.33 (d, ] = 8.2 Hz, 1H, Ar—H), 7.01-7.14 (m, 3H, Ar—H),
6.92—6.99 (m, 1H, Ar—H), 5.25 (s, 2H, N7CH,), 3.56—3.64 (m, 2H,
NHCH,), 3.38 (s, 3H, N3CH,), 3.15 (s, 3H, N1CH;), 2.97 (t, ] = 7.3
Hz, 2H, NHCH,CH,); *C NMR (DMSO-d) § ppm: 154.1, 153.2,
151.4, 149.5, 138.6, 136.7, 131.5, 131.2, 130.5, 129.7, 127.8, 127.7,
123.2, 121.4, 118.8, 118.7, 112.0, 111.8, 101.5, 44.8, 43.8, 29.8, 27.7,
25.8. UPLC-MS (m/z): 497.12 [M + H]*; C,,H,,CL,N4O, (calculated
MW: 497.38). Purity (UPLC-MS): 100.0%; t = 7.32. HR-MS (ESI-
QTOF) caled for CyH,;CLN,O, [M + HJ*: 497.1260, found:
497.1256.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(3,4-difluorobenzyl)-1,3-di-
methyl-3,7-dihydro-1H-purine-2,6-dione (60). Synthesized according
to GP4; recrystallization from methanol; yield 47%; m.p.: 171—-172 °C;
"H NMR (500 MHz, DMSO-d) 6 10.77 (s, 1H, NH,451.), 7-62 (d, J =
7.9 Hz, 1H, Ar—H), 7.38—7.28 (m, 4H, NHCH, and Ar—H), 7.11 (d, ]
=2.3 Hz, 1H, Ar—H), 7.06 (t, ] = 7.5 Hz, 1H, Ar—H), 7.03—7.00 (m,
1H, Ar—H), 6.99—6.95 (m, 1H, Ar—H), 5.25 (s, 2H, N7CH,), 3.67—
3.54 (m, 2H, HNCH,), 3.40 (s, 3H, N3CHj;), 3.17 (s, 3H, N1CHj,),
2.98 (t, ] = 7.4 Hz, 2H, NHCH,CH,); '*C NMR (126 MHz, DMSO-
dg) 6 153.7, 152.8, 151.0, 149.0, 136.3, 134.7 (t, ] = 4.5 Hz), 127.2,
124.0 (dd, J = 6.9, 3.4 Hz), 122.8, 120.9, 118.3, 118.2, 117.6, 117.5,
116.5, 116.4, 111.5, 111.4, 101.1, 44.3, 43.3, 29.3, 27.2, 25.3; LC-MS
(m/z): 464.18 [M + H]%; C,,H,,F,N4O, (calculated MW: 464.4).
Purity (HPLC UV (254 nm)-ESI-MS): 98.1%.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(3-chloro-4-fluorobenzyl)-
1,3-dimethyl-3,7-dihydro-1H-purine-2,6-dione (61). Synthesized ac-
cording to GP4; recrystallization from methanol; yield 53%; m.p.: 193—
194 °C; '"H NMR (500 MHz, DMSO-d,) 6 10.77 (s, 1H, NH,_41.), 7-62
(d,J=7.9Hz, 1H, Ar—H), 7.50 (dd, ] = 7.2, 2.2 Hz, 1H, Ar—H), 7.38 (t,
J = 5.6 Hz, 1H, NHCH,), 7.35—7.28 (m, 2H, Ar—H), 7.19-7.14 (m,
1H, Ar—H), 7.12 (d, ] = 2.3 Hz, 1H, Ar—H), 7.06 (t, ] = 7.5 Hz, 1H,
Ar—H), 6.97 (t,] = 7.9 Hz, 1H, Ar—H), 5.25 (s, 2H, N7CH,), 3.67—
3.55 (m, 2H, HNCH,), 3.40 (s, 3H, N3CHj), 3.17 (s, 3H, N1CH,),
2.98 (t, J = 7.4 Hz, 2H, CH,); '3C NMR (126 MHz, DMSO-d,) 6
157.5, 155.5, 153.6, 152.8, 151.0, 149.0, 136.3, 134.9 (d, J = 3.7 Hz),
129.4, 127.9, 127.8, 127.2, 122.8, 120.9, 119.4, 119.3, 118.3, 118.2,
117.1, 116.9, 111.5, 111.4, 101.0, 44.2, 43.3, 29.3, 27.2, 25.3; LC-MS
(m/z): 480.15 [M + H]*; C,,H,,CIFN,O, (calculated MW: 480.9).
Purity (HPLC UV (254 nm)-ESI-MS): 97.5%.
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8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(2-cyclohexylethyl)-1,3-di-
methyl-3,7-dihydro-1H-purine-2,6-dione (62). Synthesized according
to GP4; purification by column chromatography with a gradient of
DCM: methanol (100:0 to 80:20); yield 56%; m.p.: 215—216 °C; 'H
NMR (300 MHz, CDCly) § 8.21 (br, 1H, NH ; 41), 7.64 (d, ] = 8.2 Hz,
1H, Ar—H), 7.40 (d, ] = 8.2 Hz, 1H, Ar—H), 7.23 (td, ] = 7.6, 1.2 Hz,
1H, Ar—H), 7.10-7.17 (m, 1H, Ar—H), 7.06 (d, ] = 2.3 Hz, 1H, Ar—
H), 4.22 (t,] = 5.3 Hz, 1H, NHCH,), 3.78—3.87 (m, 4H, NHCH, and
N7CH,), 3.56 (s, 3H, N3CH,), 3.37 (s, 3H, N1CH,), 3.13 (t, ] = 6.5
Hz, 2H, NHCH,CH,), 1.52—1.68 (m, 6 H, N7CH,CH, and
cyclohexane), 1.34—1.44 (m, 2H, cyclohexane), 1.09—1.16 (m, 3H,
cyclohexane), 0.75—0.86 (m, 2H, cyclohexane); '*C NMR (CDCl;) §
ppm: 153.9, 152.5, 151.8, 148.5, 136.5, 127.3, 122.5, 122.2, 119.7,
118.6, 112.6, 111.4, 102.7, 43.7, 41.3, 36.7, 35.2, 32.8, 29.8, 27.7, 26.3,
26.0, 25.3. UPLC-MS (m/z): 449.48 [M + H]*; C,sH;,,N4O,
(calculated MW: 448.57). Purity (UPLC-MS): 100.0%; ty = 7.73.
8-((2-(1H-Indol-3-yl)ethyl)amino)-1,3-dimethyl-7-phenethyl-3,7-
dihydro-1H-purine-2,6-dione (63). Synthesized according to GP4;
purification by column chromatography with a gradient of DCM:
methanol (100:0 to 80:20); yield 48%; m.p.: 189—190 °C; '"H NMR
(400 MHz, CDCl,) 6§ 8.18 (br, 1H, NH, 4...), 7.62 (d, ] = 8.2 Hz, 1H,
Ar—H), 7.42 (d, ] = 7.8 Hz, 1H, Ar—H), 7.25 (td, J = 7.5, 1.0 Hz, 1H,
Ar—H), 7.13-7.18 (m, 4H, Ar—H), 7.01 (d, J = 2.4 Hz, 1H, Ar—H),
6.95 (dd, ] = 6.5, 2.9 Hz, 2H, Ar—H), 4.12 (t, ] = 6.7 Hz, 2H, N7CH,),
3.58—3.60 (m, 3H, N3CH,), 3.51-3.56 (m, 2H, NHCH,), 3.43 (s, 3H,
N1CHj,), 2.96 (t, ] = 6.7 Hz, 2H, NHCH, CH,), 2.88 (t, ] = 6.9 Hz, 2H,
N7CH,CH,); *C NMR (CDCl;) 6 ppm: 153.9, 151.7, 138.0, 136.7,
128.9, 128.8, 127.3, 127.0, 122.4, 122.0, 119.6, 118.7, 112.6, 111.3,
102.4,45.7,43.8, 36.3, 30.1,27.8,25.8. UPLC-MS (m/z): 443.15 [M +
H]* CysHyeNgO, (calculated MW: 442.52). Purity (UPLC-MS):
97.29%; ty = 6.61.
8-((2-(1H-Indol-3-yl)ethyl)Jamino)-1,3-dimethyl-7-(3-phenylprop-
yl)-3,7-dihydro-1H-purine-2,6-dione (64). Synthesized according to
GP4; purification by column chromatography with a gradient of DCM:
methanol (100:0 to 80:20); yield 52%; m.p.: 128—129 °C; 'H NMR
(400 MHz, CDCI3) § 8.06 (br, 1H, NH; 4,.), 7.63 (d, ] = 7.8 Hz, 1H,
Ar—H), 7.36—7.39 (m, 1H, Ar—H), 7.18—7.27 (m, 4H, Ar—H), 7.12—
7.17 (m, 1H, Ar—H), 7.03—7.07 (m, 2H, Ar—H), 6.97 (d, ] = 2.4 Hz,
1H, Ar—H), 3.88-3.93 (m, 2H, N7CH,), 3.75-3.80 (m, 2H,
NHCH,), 3.58 (s, 3H, N3CHj,), 3.40 (s, 3H, N1CH,), 3.10 (t, J =
6.5 Hz, 2H, NHCH,CH,), 2.56 (t, ] = 7.6 Hz, 2H, N7CH,CH,CH,),
1.93 (dt, J = 15.0, 7.6 Hz, 2H, N7CH,CH,CH,); "*C NMR (CDCl;) §
ppm: 153.9, 151.7, 140.6, 136.4, 128.5, 128.2, 127.2, 126.2, 122.4,
122.2, 119.7, 118.6, 112.5, 111.4, 102.7, 43.6, 42.7, 32.4, 30.3, 30.0,
27.7, 25.3. UPLC-MS (m/z): 457.17 [M + H]*; C,cH,sN(O,
(calculated MW: 456.55). Purity (UPLC-MS): 100.0%; t; = 6.89.
HR-MS (ESI-QTOF) caled for CyqH,oN O, [M + HJ*: 457.2352,
found: 457.2360.
8-((2-(1H-Indol-3-yl)ethyl)amino)-1,3-dimethyl-7-(2-phenox-
yethyl)-3,7-dihydro-1H-purine-2,6-dione (65). Synthesized according
to GP4; purification by column chromatography with a gradient of
DCM: methanol (100:0 to 80:20); yield 43%; m.p.: 135—136 °C; 'H
NMR (300 MHz, CDCl;) § NMR (300 MHz, CDCI3) & 8.04 (br, 1H,
NH ,.40), 7.70 (d, ] = 7.6 Hz, 1H, Ar—H), 7.34—7.38 (m, 1H, Ar—H),
7.05—7.24 (m, SH, Ar—H), 6.87—6.94 (m, 1H, Ar—H), 6.40 (d, ] = 8.2
Hz, 2H, Ar—H), 5.37 (t, ] = 5.6 Hz, 1H, NHCH,), 4.35—4.40 (m, 2H,
N7CH,), 420 (t, ] = 4.4 Hz, 2H, N7CH,CH,), 3.84 (q, ] = 6.5 Hz, 2H,
NHCH,), 3.55 (s, 3H, N3CHj,), 3.37 (s, 3H, NICH;), 3.17 (t, ] = 6.5
Hz, 2H, NHCH,CH,); "*C NMR (CDCl;) 6 ppm: 157.4, 154.8, 154.2,
151.8, 148.9, 136.5, 129.5, 127.3, 122.4, 122.0, 121.6, 119.6, 118.8,
114.1,112.8,111.4, 102.7, 68.4, 43.7, 43.4, 29.7, 27.6, 25.7. UPLC-MS
(m/z): 459.17 [M + H]*; C,H,¢N4O; (calculated MW: 458.52);
Purity (UPLC-MS): 99.3%; t = 6.63.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(2-(4-chlorophenoxy)ethyl)-
1,3-dimethyl-3,7-dihydro-1H-purine-2,6-dione (66). Synthesized ac-
cording to GP4; purification by column chromatography with a
gradient of DCM: methanol (100:0 to 80:20); yield $3%; m.p.: 191—
192 °C; 'H NMR (300 MHz, DMSO-d,) & 10.82 (s, 1H, NH ,4.1.),
7.63 (d,] =7.6 Hz, 1H, Ar—H), 7.33 (d, ] = 8.2 Hz, 1H, Ar—H), 7.17—
7.30 (m, 4H, Ar—H and NHCH,), 7.02—7.09 (m, 1H, Ar—H), 6.94—
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7.00 (m, 1H, Ar—H), 6.76—6.81 (m, 2H, Ar—H), 4.34—4.39 (m, 2H,
N7CH,), 4.14 (t, ] = 5.6 Hz, 2H, N7CH,CH,), 3.61 (q, ] = 6.5 Hz, 2H,
NHCH,), 3.37 (s, 3H, N3CHS,), 3.16 (s, 3H, N1CH,), 3.00 (t, ] = 7.0
Hz, 2H, NHCH,CH,); *C NMR (DMSO-d;) & ppm: 157.3, 154.6,
153.1, 151.4, 149.3, 136.7, 129.6, 127.8, 124.9, 1232, 121.4, 118.8,
118.7, 116.5, 112.1, 111.8, 101.8, 66.7, 43.8, 42.2, 29.7, 27.7, 25.8.
UPLC-MS (m/z): 493.13 [M + H]*; C,sH,sCIN4O; (calculated MW:
492.96); Purity (UPLC-MS): 100.0%; tp = 7.14.

8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(4-chlorobenzyl)-1-methyl-
1H-purine-2,6(3H,7H)-dione (74). Synthesized according to GP4 using
8-chloro-7-(4-chlorobenzyl)-1-methyl-3,7-dihydro-1H-purine-2,6-
dione (72) as starting material.; purification by column chromatog-
raphy (DCM: methanol, 9.8:0.2); yield 64%; m.p.: 261—-262 °C; 'H
NMR (500 MHz, DMSO-dg) & 11.65 (s, 1H, N3H), 10.79 (s, 1H,
NH, 4.), 7.55 (d, ] = 7.9 Hz, 1H, Ar—H), 7.36—7.31 (m, 3H, Ar—H
and NHCH,), 7.26 (t, ] = 5.6 Hz, 1H, Ar—H), 7.19 (d, ] = 8.6 Hz, 2H,
Ar—H), 7.10 (d, J = 2.3 Hz, 1H, Ar—H), 7.09—7.04 (m, 1H, Ar—H),
7.00—6.95 (m, 1H, Ar—H), 5.23 (s, 2H, N7CH,), 3.58 (q, ] = 7.1 Hz,
2H, HNCH,), 3.11 (s, 3H, NCH,), 2.96 (t, ] = 7.2 Hz, 2H,
NHCH,CH,); "*C NMR (126 MHz, DMSO-d;) & 154.0, 153.6, 151.0,
148.3, 1363, 136.2, 132.0, 129.0, 128.4, 127.2, 122.7, 120.9, 118.31,
11825, 111.5,111.3, 101.1, 44.5, 43.2, 26.4, 25.2; LC-MS (m/z): 449.1
[M + H]*; C,3H,,CINO, (calculated MW: 448.9). Purity (HPLC UV
(254 nm)-ESI-MS): 99.1%.

General Method 5 (GP5): Synthesis of 8-Bromo-1-alkyl/arylalky!-
3,7-dimethyl-3,7-dihydro-1H-purine-2,6-diones (76—82). Step A: In
a 100 mL flask containing 72 (1 equiv), K,COj; (2 equiv) and DMF
were added, and the mixture was stirred for 30 min. Then, the
appropriate alkylating reagent (1.5 equiv) was added, and the reaction
mixture was vigorously stirred for 18 h. The reaction mixture was
poured onto ice-cold water and acidified by the addition of 2N aq. HCI
solution (pH = 6). The formed precipitate was collected by filtration
and the products (73a—h) were used for the subsequent reaction step
without further purification.

Step B: A mixture of the appropriate 8-chloro-7-(4-chlorobenzyl)-3-
alkyl/arylalkyl —1-methyl-3,7-dihydro-1H-purine-2,6-dione (73a—h)
(1 equiv), tryptamine (2 equiv), and DIPEA (3.6 equiv) in NMP was
added into a sealed tube, and the mixture was heated at 145 °C
overnight. The reaction was monitored by TLC, using the eluent DCM:
methanol (9.5:0.5) until completion of the reaction was indicated. The
solvent was evaporated, followed by the addition of water. The resulting
mixture was extracted three times using ethyl acetate and washed two
times with water and brine. Finally, it was dried over anhydrous MgSO,.
The solution was filtered and subsequently evaporated. The compound
was purified by column chromatography or by recrystallization to yield
the target compounds.

2-(8-((2-(1H-Indol-3-yl)ethyl)Jamino)-7-(4-chlorobenzyl)- 1-meth-
yl-2,6-dioxo-1,2,6,7-tetrahydro-3H-purin-3-yl)acetonitrile (76). Syn-
thesized according to GPS; purification by column chromatography
(DCM: methanol, 9.0:1.0), yield 65%; m.p.: 205—206 °C; "H NMR
(600 MHz, DMSO-d,) 5 10.81 (s, 1H, NH,y.), 7.62 (d, ] = 7.9 Hz,
1H, Ar—H), 7.52 (t, ] = 5.6 Hz, 1H, Ar—H), 7.35—7.34 (m, 3H, Ar—H
and NHCH,), 7.21 (d, ] = 8.4 Hz, 2H, Ar—H), 7.13 (d, ] = 2.1 Hz, 1H,
Ar—H),7.07 (t,] = 7.4 Hz, 1H, Ar—H), 6.99 (t, ] = 7.4 Hz, 1H, Ar—H),
5.26 (s, 2H, N7CH,), 4.98 (s, 2H, N3CH,), 3.62 (q, ] = 6.5 Hz, 2H,
HNCH,), 3.18 (s, 3H, N1CH,), 3.01 (t, J = 7.4 Hz, 2H, NHCH, CH,);
13C NMR (151 MHz, DMSO-dg) 6 153.7, 152.5, 150.1, 147.1, 136.3,
135.8, 132.1, 129.0, 128.5, 127.3, 122.9, 120.9, 118.31, 118.26, 115.7,
111.43, 111.36, 101.3, 44.8, 43.4, 30.6, 27.4, 25.2; LC-MS (m/z): 488.2
[M + H]*; C,sH,,CIN;0, (calculated MW: 487.9). Purity (HPLC UV
(254 nm)-ESI-MS): 98.2%.

8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(4-chlorobenzyl)-1-methyl-
3-(2,2,2-trifluoroethyl)-3,7-dihydro-1H-purine-2,6-dione (79). Syn-
thesized according to GPS; purification by column chromatography
with a gradient of DCM: methanol (9.2:0.8), yield 12%; m.p.: 226—227
°C; 'H NMR (500 MHz, DMSO-d;) 8 10.79 (s, 1H, NH, 4,..), 7.62 (d,
J=7.8 Hz, 1H, Ar—H), 7.49 (t, ] = 5.6 Hz, 1H, Ar—H), 7.35 (m, 3H,
Ar—H and NHCH,), 7.22 (d, ] = 8.5 Hz, 2H, Ar—H), 7.11 (d, ] = 2.3
Hz, 1H, Ar—H), 7.09—7.05 (m, 1H, Ar—H), 6.96 (t, ] = 7.9 Hz, 1H,
Ar—H), 5.26 (s, 2H, N7CH,), 4.75 (q, ] = 9.0 Hz, 2H, N3CH,), 3.63—
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3.54 (m, 2H, HNCH,), 3.19 (s, 3H, N1CH;), 3.01-2.96 (m, 2H,
NHCH,CH,); *C NMR (126 MHz, DMSO-d;) 6 153.5, 152.6, 150.6,
148.0, 136.3, 135.8, 132.1, 129.0, 128.5, 127.3, 125.2, 122.8, 120.9,
118.2,118.1, 111.42, 111.35, 101.1, 44.8, 43.3, 27.5, 25.2; LC-MS (m/
2): 531.1 [M + H]*; C,sH,,CIF;N(O, (calculated MW: 530.9). Purity
(HPLC UV (254 nm)-ESI-MS): 96.7%.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(4-chlorobenzyl)-3-(2-fluo-
roethyl)-1-methyl-3,7-dihydro-1H-purine-2,6-dione (80). Synthe-
sized according to GPS; crystallization from methanol; yield 35%;
m.p.: 196-197 °C; "H NMR (600 MHz, DMSO-d,) & 10.80 (s, 1H,
NH,40), 7.62 (d, ] = 7.9 Hz, 1H, Ar—H), 7.40 (t, ] = 5.6 Hz, 1H, Ar—
H), 7.35—7.34 (m, 3H, Ar—H and NHCH,), 7.22 (d, ] = 8.5 Hz, 2H,
Ar—H), 7.12 (d, ] = 2.0 Hz, 1H, Ar—H), 7.07 (s, 1H, Ar—H), 6.98 (d, ]
= 14.8 Hz, 1H, Ar—H), 5.26 (s, 2H, N7CH,), 4.81—4.62 (m, 2H,
N3CH,CH,), 4.38—4.18 (m, 2H, N3CH,CH,), 3.65—3.54 (m, 2H,
CH,, HNCH,), 3.17 (s, 3H, CH;, N1CH;), 2.99 (d, J = 7.5 Hz, 2H,
NHCH,CH,); 3C NMR (151 MHz, DMSO-d) 6 153.6, 152.7, 150.8,
148.6, 136.3, 136.0, 129.1, 128.5, 127.3, 122.8, 120.9, 1183, 118.2,
111.5,111.4,101.2,81.0,79.9,44.7,43.3,42.9,42.7,27.2,25.3; LC-MS
(m/z): 495.0 [M + H]*; C,sH,,CIFN,O, (calculated MW: 494.9).
Purity (HPLC UV (254 nm)-ESI-MS): 95.8%.
8-((2-(1H-Indol-3-yl)ethyl)amino)-3-benzyl-7-(4-chlorobenzyl)-1-
methyl-3,7-dihydro-1H-purine-2,6-dione (82). Synthesized according
to GPS; purification by column chromatography (DCM: methanol,
9.5:0.5), yield 42%; m.p.: 182—183 °C; "H NMR (600 MHz, DMSO-
dg) 510.79 (s, 1H, NH, 4), 7.57 (d, ] = 7.9 Hz, 1H, Ar—H), 7.44—7.41
(m, 3H, Ar—H), 7.35—7.33 (m, 3H, Ar—H and NHCH,), 7.30 (t, ] =
7.4 Hz, 2H, Ar—H), 7.26—7.22 (m, 3H, Ar—H), 7.10 (d, ] = 2.2 Hz, 1H,
Ar—H),7.05 (t, ] = 8.0 Hz, 1H, Ar—H), 6.89 (t, ] = 7.8 Hz, 1H, Ar—H),
526 (s, 2H, N7CH,), S.14 (s, 2H, N3CH,), 3.65—3.54 (m, 2H,
HNCH,), 3.17 (s, 3H, N1CH};), 3.02—2.95 (m, 2H, NHCH,CH,); *C
NMR (151 MHz, DMSO-d,) § 153.7,152.7, 148.6, 137.1,136.2, 136.0,
132.0, 129.1, 128.4, 128.3, 127.9, 127.34, 127.26, 122.8, 120.9, 1182,
118.1, 111.5, 111.3, 101.1, 45.6, 4.7, 43.3, 27.2, 25.2; LC-MS (m/z):
539.4 [M + HJ]% CyH,,CIN4O, (calculated MW: 539.0). Purity
(HPLC UV (254 nm)-ESI-MS): 95.1%.
8-((2-(1H-Indol-3-yl)ethyl)amino)-7-(4-chlorobenzyl)-3-(2-hy-
droxyethyl)-1-methyl-3,7-dihydro-1H-purine-2,6-dione (83). Com-
pound 81 was synthesized according to GP4 followed by hydrolysis to
give 83. To a solution of 81 (0.04 g, 0.075 mmol) in methanol (S mL),
potassium hydroxide (0.1 g, 1.80 mmol) was added at RT, and the
mixture was stirred at 65 °C for 18h. The reaction mixture was
evaporated to dryness, and the residue was redissolved in DCM (50
mL) and washed with a saturated aq. solution of NaHCO; (3 X 30 mL),
and then with water (2 X 30 mL). The organic layer was dried over
anhydrous magnesium sulfate, and the solvent was removed in vacuo.
The residue was purified by silica gel column chromatography (DCM:
methanol, 9.0:1.0); yield 63%; m.p.: 169—171 °C; "H NMR (500 MHz,
DMSO-dg) 8 10.79 (s, 1H, NH,,40), 7.62 (d, ] = 7.8 Hz, 1H, Ar—H),
7.35-7.33 (m, 4H, Ar—H and NHCH,), 7.22 (d, ] = 8.6 Hz, 2H, Ar—
H),7.13 (s, 1H, Ar—H), 7.07 (t, ] = 7.5 Hz, 1H, Ar—H), 6.99 (t, ] = 7.4
Hz, 1H, Ar—H), 5.26 (s, 2H,N7CH,), 4.80 (s, 1H, OH), 4.05 (t,] = 6.5
Hz, 2H, N3CH,CH,), 3.68 (t, ] = 6.4 Hz, 2H, HN-CH,), 3.60 (q, ] =
6.6, 5.8 Hz, 2H, N3CH, CH,), 3.16 (s, 3H, N1CH;), 2.99 (t, ] = 7.4 Hz,
2H, NHCH,CH,). *C NMR (126 MHz, DMSO-d,) & 153.6, 152.8,
150.8, 148.8, 136.2, 136.0, 129.1, 128.4, 127.3, 122.8, 120.9, 118.31,
118.25,111.5,111.3, 101.1, 57.8, 44.7, 44.6, 43.3, 27.2, 25.20; LC-MS
(m/z): 493.1 [M + HJ"; CyH,sCIN,O; (calculated MW: 492.9).
Purity (HPLC UV (254 nm)-ESI-MS): 95.8%.
p-Arrestin Recruitment Assay (Enzyme Complementation
Assay). Recruitment of f-arrestin-2 to the respective receptor was
detected by using the f-galactosidase enzyme fragment complementa-
tion technology (f-arrestin PathHunter assay, DiscoverX, Fremont,
CA, USA) according to previously published procedures.*****>”¢ In
brief, CHO cells stably expressing the respective receptor were seeded
in a volume of 90 4L into a 96-well plate at a density of 25,000—30,000
cells/well in a suitable growth medium (cell plating reagent 2,
DiscoverX, or OptiMEM, Thermo Fisher) supplemented with 2%
fetal calf serum, 100 U/mL penicillin, 100 yg/mL streptomycin, 800
ug/mL geneticin and 300 2g/mL hygromycin, and incubated for 24 h at
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37 °C. All test compounds were dissolved in DMSO (except for resolvin
D2 (RvD2) which was dissolved either in DMSO or in ethanol,
respectively).

For agonist assays, test compounds were diluted in phosphate-
buffered saline (PBS) containing 10% DMSO and 0.1% bovine serum
albumin, and added to the cells in a volume of 10 uL, followed by
incubation for 90 min at 37 °C. For the determination of baseline
luminescence, PBS buffer (containing 10% DMSO and 0.1% BSA) in
the absence of the test compound was used. For the measurement of
RvD2, RvD2 dissolved in ethanol (Cayman Bioscience) was stored at
—80 °C. Stock solutions of RvD2 were either prepared in DMSO or in
ethanol, and the results were compared. Suitable amounts of RvD2 were
taken out to obtain final concentrations in the assay ranging from 0.1 to
10,000 nM. The solution was subjected to gentle evaporation under a
stream of nitrogen, followed by the addition of DMSO or absolute
ethanol, and predissolution in assay buffer prior to the experiments. The
experiments were carried out according to the procedure described
above for the determination of GPR18 activation (testing of agonists).

An agonist concentration corresponding to the respective ECyg,
concentration (hGPR18: 10 yM THC, mGPR18: 0.3 uM PSB-
KK1415, GPRS5: 1 uM lysophosphatidylinositol, CB;: 0.003 uM
CP55,940, CB,: 0.001 uM CPS55,940) was used as a positive control
(set at 100%) to activate each receptor. For test compounds that
showed at least 50% receptor activation, dose—response curves were
recorded. A suitable control agonist was used at a concentration at
which it showed maximum receptor activation (hGPR18: 30 uM THC,
mGPR18: 3 uM PSB-KK1415, GPRSS: 10 M lysophosphatidylino-
sitol, CB;: 0.1 uM CP55,940, CB,: 0.1 uM CPS55,940) was used for
determination of efficacy (E,). During the incubation period, the
detection reagent was prepared according to the supplier’s protocol and
previously published literature.”***”” After the addition of 50 yL/well
of detection reagent to the cells, the plate was incubated for a further 60
min at room temperature. Finally, luminescence was determined in a
luminometer (TopCount NXT, Packard/Perkin-Elmer).

For the determination of antagonistic properties of the test
compound, the assay was performed as described for agonists, except
that the test compounds were added to the cells in a volume of § L/
well 60 min prior to the addition of the agonist. An agonist
concentration corresponding to its ECg, concentration was used to
activate the receptor (hGPR18: 10 uM THC, mGPR18: 0.3 uM PSB-
KK1415, GPRSS: 1 uM lysophosphatidylinositol, CB;: 0.003 uM
CP55,940, CB,: 0.001 #M CP55,940). Data were obtained from at least
three independent experiments, performed in duplicates. Data were
analyzed using Graph Pad Prism version 10.1.0 (San Diego, CA, USA).

Radioligand Binding Assays at CB; and CB, Receptors.
Competition binding assays were performed as described using the
CB,/CB, agonist radioligand [*H](-)-cis-3-[2-hydroxy-4-(1,1-
dimethylheptyl)phenyl]-trans-4-(3-hydroxypropyl)cyclohexanol
([*H]CP55,940, ARC, American Radiolabeled Chemicals, St. Louis,
MO, USA) in a final concentration of 0.1 nM.”®”®”° As a source for
human CB; and CB, receptors, membrane preparations of CHO cells
stably expressing the respective receptor subtype were employed (30 pg
of protein per vial for CB, assays, 16 ug of protein per vial for CB,
receptor assays). Stock solutions of the test compounds were prepared
in DMSO. The final DMSO concentration in the assays was 2.5%. Data
were obtained from three independent experiments, performed in
duplicates. Data were analyzed using Graph Pad Prism version 10.1.0
(San Diego, CA, USA). For the calculation of K; values, the Cheng—
Prusoff equation and a Ky, value of 2.4 nM ([*H]CP55,940 at hCB,)
and 0.7 nM ([*H]CP55,940 at hCB,) were used.*

cAMP Accumulation Assays at Human CB; and CB,
Receptors. cAMP accumulation at human CB,; and CB, receptors
was determined according to a previously described procedure.”**"*>
In brief, cells were seeded into a 24-well plate at a density of 200,000
cells per well and incubated for 24 h at at 37 °C. Then, the medium was
replaced with Hank’s buffered saline solution (HBSS, Gibco) and the
cells were further incubated for an additional 2 h (37 °C, $% CO,). The
phosphodiesterase inhibitor Ro-20-1724 (4-(3-butoxy-4-methoxyben-
zyl)-2-imodazolidinone) was added at a concentration of 40 uM (20
uL/well), followed by a 10 min incubation period. Subsequently, 15 uL
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of the test compound (diluted in HBSS) was added to each well, and the
cells were further incubated for S min. Forskolin, an adenylate cyclase
activator, was then added at a final concentration of 10 uM, and
incubation continued for 15 min. The final concentration of DMSO in
the assay was 1.9%. The reaction was stopped by adding hot lysis buffer
(100 °C, containing 4 mM EDTA and 0.01% Triton X-100).
Quantification of cAMP was carried out by mixing SO uL of cell
suspension with 30 4L of [*’H]cAMP (3 nM in Tris buffer) and 40 uL of
cAMP-binding protein (50 ug of protein per well in Tris buffer),*
followed by a 1 h incubation on ice. Bound and free radioligand was
separated using GF/B glass fiber filters, and radioactivity was measured
after 9 h of preincubation with a scintillation cocktail (ProSafe PFC+,
Meridian Ltd.). Data were obtained in three independent experiments,
each performed in duplicate.

Human and Rat Liver Microsomal Assays. The in vitro
evaluation of metabolic stability was conducted using human (adult
male and female, M0317, Sigma-Aldrich, St. Louis, MO, USA), or rat
liver microsomes (Sprague—Dawley, male, M9066, Sigma-Aldrich, St.
Louis, MO, USA). The test compound (50 #M) or verapamil (50 M)
was added to the microsome preparation (1 mg/mL) in 10 mM Tris-
HCl buffer (pH 7.4), followed by S min of incubation. The reaction was
initiated by adding SO uL of the NADPH regeneration system
(Promega, Madison, W1, USA) to the mixture, and incubation was
performed for 120 min at 37 °C. The reaction was stopped by the
addition of 200 uL of cold methanol, followed by 15 min of
centrifugation at 14,000 rpm. The supernatant was taken and subjected
to analysis using LC/MS (Waters ACQUITY 8482 TQD).
Fragmentation analysis was conducted on both the starting compound
and the products to determine the structures of major metabolites.

Molecular Modeling. For molecular modeling and docking
studies, the previously published homology model of the human
GPR18 based on the X-ray crystal structures of the murine y-opioid
receptor (PDB-ID: SCIM),*® the human P2Y, receptor (PDB-ID:
4XNV),%” and the zebrafish lysophosphatidic acid receptor LPA6
(PDB-ID: 5XSZ),°° was used.®’ The sequence identities of the
template receptors amount to 24.8, 25.5, and 27.3%, respectively.
Homology models were generated using MODELER (version 9.16,
University of California, San Francisco, CA, USA).84 The equilibrated
apo form receptor model after 50 ns of molecular dynamics simulation
was selected for docking studies.

The IFD module implemented in Maestro Schrodinger (package
release 2016) was selected as the docking method for this study to
address the high conformational flexibility of GPCRs.***° Ligands and
protein were prepared at a physiological pH of 7.4 following the
standard protocol.**”~% The standard IED protocol begins with Glide
ligand docking in which the side chains of the amino acids in the
binding pocket are removed after initial docking.”® The second step
involves Prime to refine the nearby residues and subsequent
optimization of the side chains.”" In the final docking phase, the ligand
is redocked into all induced fit protein structures that were within 30
kcal/mol of the lowest energy structure by using the Glide XP scoring
function. The conformations of the docked ligands within an energy
window of 2.5 kcal/mol were considered. For Glide docking, the
following standard parameters were selected: receptor van der Waals
scaling, 0.50, ligand van der Waals scaling, 0.50, and a maximum of 20
poses per ligand. Residues within 5.0 A of the ligand poses were refined,
and the side chains were optimized. The best docking pose was selected
based on the IFD score.

Assessment of SARs was performed utilizing the drug discovery
dashboard SeeSAR (version 13.0.4).”" Molecules were edited with the
Molecule Editor Mode and were redocked template-based on the best
scoring pose of compound S1 from the previous section. If required,
compounds were transferred to the Docking Mode and redocked
template-based using the standard settings. The derivatives were
analyzed using the labeling functionality of SeeSAR to assess potential
interactions at the binding site with the target structure to elucidate the
individual contributions of single atoms to the overall binding affinity of
the ligands based on the calculated HYDE scores (indicated as spheres)
as well as potential clashes with the binding site.”*”*
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B ABBREVIATIONS
Abn-CBD abnormal-cannabidiol

BSA bovine serum albumin

cAMP cyclic adenosine monophosphate
CB, cannabinoid receptor type 1

CB, cannabinoid receptor type 2

CHO cell Chinese hamster ovary cell

CTX cholera toxin

DMEM  Dulbecco’s modified Eagle’s medium
DCM dichloromethane

DIPEA  N,N-diisopropylethylamine

DMF N,N-dimethylformamide

DMSO  dimethyl sulfoxide

ECy, half-maximal effective concentration
ECL2 extracellular loop 2

EDTA ethylenediamine tetraacetic acid
eYFP enhanced yellow fluorescent protein
FCS fetal calf serum

GPCRs G protein-coupled receptors
GPR18 G protein-coupled receptor 18
GPR183 G protein-coupled receptor 183
GPRS5 G protein-coupled receptor 55
HBSS Hanks’ balanced salt solution

ICy, half-maximal inhibitory concentration
HMDS  hexamethyldisilazane

IFD induced-fit docking

LPA6 lysophosphatidic acid receptor 6
LPI lysophosphatidylinositol

MAPK  mitogen-activated protein kinase
M.p. melting point

NAGly  N-arachidonoylglycine

NCS N-chlorosuccinimide

NMP N-methyl-2-pyrrolidone

P2Y, P2Y purinoceptor 1

PBS phosphate-bufferd saline

PSB Pharmaceutical Sciences Bonn
PTX pertussis toxin

Rluc Renilla luciferase

RvD2 Resolvin D2

SAR structure—activity relationship
T3P propanephosphonic anhydride
TEA triethylamine

THC A’-tetrahydrocannabinol

THF tetrahydrofuran

TLC thin-layer chromatography

TMX transmembrane region X

TRIS tris(hydroxymethyl)aminomethane
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Publication summary and contributions

Cannabinoid (CB) receptors are G protein-coupled receptors that are a part of the
endocannabinoid system (ECS).8 The ECS plays an essential role in neuromodulation
and immune modulation.5> 3- 132 CB receptors are divided into two subtypes:
Cannabinoid type 1 (CB+) receptor and cannabinoid type 2 (CB,) receptor.”” They
share only 44% sequence similarity and 30% sequence identity at the protein level.'3?
CB. receptors are mainly expressed in neurons, brain, skeletal muscle, and
pancreatic islets, while CB, receptors are mainly expressed inimmune and endocrine
organs such as spleen and testis.? '3 13 The CB, receptor was believed not to be
expressed in the brain (hence the CB; receptor is referred to be the “peripheral CB
receptor”). However, due to advances in detection methods, CB, receptors has also
been shown to be expressed in the brain, albeit to a lower extent than the CB;

receptor.'36-140

Due to its expression, the CB; receptor plays an essential role in pain, energy
metabolism, appetite, and musculoskeletal disorders, while the CB, receptor plays a
vital role in inflammation. The CB. receptor is expressed in microglia, and is
upregulated during neuroinflammation.™® 137: 141 Activation of CB, receptors with

agonists causes a switch of microglia from a pro-inflammatory state to an anti-
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inflammatory state, hence reducing the inflammation processes. Due to the essential
role of the CB, receptor in neuroinflammation, it has become an attractive drug
target.’*? In order to detect neuroinflammation, severaltracer molecules targeting CB»
receptors have been developed. However, the low expression of CB, receptors in the
brain, metabolic instability of the tracers, the higher expression of the CB; receptorin
the peripheral system, and lacking selectivity of the tracers versus CB, receptors have

hampered the detection of CB, recepors in the brain.

In this manuscript, a new series of compounds based on an indole-3-yl-
tetramethylcylopropylketone scaffold bearing fluorine atoms was developed, and the
compound’s binding affinity and pharmacological activity at CB, and CB. receptors
was evaluated. The best compound was further labeled with '8F to obtain a positron
emission tomography (PET) radiotracer, and autoradiography measurements were

employed to investigate the distribution of the tracer in mouse organs.

A total of 11 optimized compounds was synthesized by Dr. Daniel Modemann under
supervision of Prof. Dr. Birgit Meller (Gottingen University). Subsequently, their
binding to CB, and CB, receptors was evaluated in radioligand binding experiments.
Additionally, their interaction with the CB-like orphan receptors GPR18 and GPR55
was investigated. (1-(2-Fluoroethyl)-1 H-indole-3-yl)(2,2,3,3-tetramethyl-
cyclopropyl)methanone (5) was chosen as the lead compound because of high
selectivity for the CB, receptor (>207-fold) over the CB, receptor subtype. Further
optimization was carried out to achieve better CB; receptor affinity and selectivity.
Several modifications were performed, such as extending the aliphatic chain at the

M -indole position and/or introducing a methyl moiety at the C2 indole position.

Compound 7 (Figure 3.4, DM102 (1-(3-fluoropropyl)-1+-indole-3-yl)(2,2,3,3-
tetramethyl-cyclopropyl)methanone) was the most selective compound of the
present series (435-fold selective vs. CB, receptor). Thus, further pharmacological
characterization was performed to evaluate the functional properties of 7.
Bioluminescent resonance energy transfer (BRET) measuring G protein dissociation
(Trupath BRET?) was used to evaluate the Gai-protein dissociation pathway, and a

galactosidase enzyme complementation assay (PathHunter) was employed to
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measure B-arrestin-2 recruitment. Compound 7 displayed agonistic activity in both
assays, Ga; protein dissociation assay and B-arrestin recruitment assay, being equally
active in both pathways. It showed comparable potency and efficacy (ECso, Gai-protein
pathway 12.9 nM, ECs, B-arrestin pathway 0.396 nM) to the full standard CB, agonist
CP55,940 (ECso Gai-protein pathway 8.53 nM, ECs, B-arrestin pathway 0.588 nM).
Additionally, it showed high selectivity for the CB. over the CB: receptor - in

agreement with the radioligand binding results.

o (6]
A\ |:"> A\
N N
\\\\F \\\18F
7 ['®F17

CB,/CB, K; ratio : 435-fold
CB; EC5q 0.0129 uM (G protein dissociation assay)
CB, EC5( 0.000396 uM (B-arrestin assay)

Figure 3.4 Structure of compound 7 as the most selective CB: receptor ligand at the present series. The
radioligand ['°F]7 was synthesized for further characterization.

One of the requirements for a tracer to detect CB,receptorsin brain cells is the ability
of the compound to penetrate the blood-brain barrier (BBB). Thus, we evaluated the
logP value and performed central nervous system multiparameter optimization to
evaluate BBB permeability. Compound 7 demonstrated favorably high binding affinity
and selectivity comparable to all other published CB, tracers described to date, in

addition to predicted penetration of the BBB.

The radiosynthesis of 7 yielding ['®F]7 was achieved (34% within 2 hours), with a purity
>99% and a specific radioactivity of up to 1500 GBqg/pumol. We further evaluated the
metabolic stability and identified a metabolite of the radiotracer by using LC/MS. The
fluorine-18 was found to be substituted by hydroxyl during stability tests, yielding 18

(1-(3-hydroxypropyl)-1 H-indole-3-yl)(2,2,3,3-tetramethyl-cyclopropyl)methanone).
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Compound 18 was able to bind to CB; receptors, albeit with lower affinity as
compared to 7 (4.6-fold lower affinity), while still maintaining selectivity against the
CB, receptor (>270-fold). This metabolite could compete with the tracer in binding to
the CB; receptor. However, the metabolite's lower binding affinity will result in its
lower to bind to the CB, receptor. Further characterization revealed that ['®F]7 has a
half-life of 30 minutes. This half-life is within the acceptable range for PET
examinations thus making ['®F]7 a suitable candidate. Autoradiography
measurements using rat spleen tissue revealed that ['®F]7 was able to bind to CB.
receptors, with significantly lower binding observed when known agonists were
employed to block the CB;receptor binding site. This demonstrates the potential of

the compound as a new, highly potent PET tracer.

For this manuscript, | performed radioligand binding experiments and functional
assays for all compounds. | developed and established the B-arrestin assays and
tested selected compounds in this assay. Additionally, | suggested several
compounds to be synthesized to achieve better affinity and selectivity for the CB;
receptor. | prepared figures for the manuscript and wrote the manuscript in
cooperation with Dr. Daniel Modemann, Prof. Dr. Christa E. Mdller, Prof. Dr. Birgit

Meller and all other authors.
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ABSTRACT

The development of neurodegenerative diseases is associated with cerebral inflammation, which acti-
vates resident immune cells of the central nervous system (CNS), namely microglial cells that show an
up-regulation of the cannabinoid subtype 2 receptor (CB3R) expression. Therefore our work aimed to
design and synthesize a radiotracer for the detection of CB,R expression by positron emission tomog-
raphy (PET) allowing an early diagnosis of neurodegenerative diseases. For the development of such a
PET tracer, N-alkyl-substituted indole-3-yl-tetramethylcyclopropylketones served as lead structures due
to their high CB,R potency and selectivity, allowing radiolabeling on the N-alkyl chain. To this end, eight
novel fluorinated N-alkyl-indole-3-yl-tetramethylcyclopropylketones were synthesized, investigated in
radioligand binding studies, and structure-activity relationships were evaluated. The most promising
candidate was (1-(4-fluoropropyl)-1H-indole-3-yl)(2,2,3,3-tetramethyl-cyclopropyl)methanone (K;:
7.88 nM at the CByR, 3430 nM at cannabinoid subtype 1 receptor (CB1R)). A precursor was synthesized,
radiofluorinated with no-carrier-added ['®F]F~ by nucleophilic substitution of a tosyl group, and the
resulting PET ligand was purified, all being performed on a fully automated synthesis module. The tracer
was produced in 34 + 6% radiochemical yield within 2 h and with molar activities of up to 1500 GBq/
umol. A first preclinical evaluation was carried out including determination of logP, metabolic stability by
liver microsomes, and autoradiography. The novel PET tracer for imaging CB;R showed promising results
warranting subsequent clinical evaluation.

© 2022 Published by Elsevier Masson SAS.

1. Introduction

industrialized countries. Common neurodegenerative diseases
include Alzheimer's disease (AD), Parkinson's disease, amyotrophic

The incidence of neurodegenerative diseases increases contin- lateral sclerosis and Huntington's disease [1]. The main common-
uously with the rise in life expectancy and is most prominent in ality of these diseases is the irreversible loss of neurons. Therefore,

Abbreviations: CB,R, cannabinoid subtype 2 receptor; PET, positron emission tomography.
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the diagnosis of neurodegenerative disease in the early stages of
the disease progression is essential to treat the advancing neuron
loss as early as possible [2].

More than 20 years ago, it was shown that neurodegeneration is
associated with cerebral inflammatory processes. This is repre-
sented by the activation of primary immune cells (microglia) in the
surrounding tissue [3]. Activation of microglia has been shown to
be associated with the overexpression of different receptors. One of
them being the peripheral benzodiazepine receptor, also known as
the translocator protein (TSPO). In order to detect neuro-
inflammation, several tracer molecules which bind to TSPO have
been developed for PET imaging. However, TSPO exhibits two
separate binding sites for these tracers with different binding af-
finities. As a consequence, the differential expression of both
binding sites leads to a tri-modal distribution of the binding af-
finities which makes the interpretation of PET images difficult. In
addition, the permeability of the blood brain barrier (BBB) poses a
problem and high non-specific binding interferes with imaging
[4—7], but other options for possible tracers should be explored.

Several studies have shown that the activation of microglia in
the context of inflammatory reactions also leads to an upregulation
of the expression of a cannabinoid receptor (CBR), namely CBzR. In
general, the expression of CByR is very low in the CNS under
physiological conditions [8—10]. In addition, independent studies
have shown the expression of CB;R in the brain and its involvement
in neurodegenerative diseases such as Alzheimer's [11,12], Schizo-
phrenia [13,14], and Parkinson's disease [15,16]. Furthermore, there
have been many attempts to treat neurodegenerative diseases with
CB,R agonists, intending to inhibit the progress of neurodegener-
ative disorder [17].

The cannabinoid system contains two classical receptors, which
belong to the superfamily of G protein-coupled receptors. The CB1R
is primarily expressed in the brain, but also in peripheral organs
[18]. The CB,R is mainly found on peripheral immune cells and is
enriched in immune system-associated tissues, e.g. spleen [19].
Besides CB1R and CByR, further CB-like receptors, including GPR18
[20], GPR55 [21] and GPR119 [22] have been described, to interact
with cannabinoids, but are phylogenetically not closely related to
the classical CBR [23].

Due to its prominent role in neuroinflammation, the CB,R is a
potential target for tracer development in positron emission to-
mography (PET) imaging aimed at performing early in vivo diag-
nostic studies of neurodegenerative diseases. A variety of lead
structures have been evaluated, e.g. those containing oxoquinoline,
pyridine, triazine, oxadiazole, or indole scaffolds, to synthesize
fluorine-18 or carbon-11 radiolabeled tracers with high binding
affinities and selectivity towards CB,R [24—26].

Still, tracer development for CB,R imaging in nuclear medicine
is a difficult task since the tracer needs to fulfill several of criteria
[25,27]: high CBzR affinity and high selectivity over the closely
related CB{R are required, a considerable crossing of the blood-
brain barrier (BBB), and the non-specific binding in brain tissue
should be minimal [28]. High lipophilicity will result in high non-
specific binding of the tracer in the surrounding brain tissue and
the periphery [27]. This behavior causes problems in imaging.
Unfortunately, the majority of CBR ligands display very high lip-
ophilicity, e.g. the natural cannabinoid (—)-A°-trans-tetrahydro-
cannabinol (A-THC) has a logD74 value of 7.7, and the potent
synthetic agonist CP55,940 displays a value of 6.0 [29]. Further-
more, the tracer needs to be stable towards metabolic degradation,
especially the generation of radioactive metabolites that would
disturb imaging of the brain should be prevented. Finally, the tracer
must be produced with high molar radioactivity and without any
relevant impurities, which could disturb the binding of the tracer to
the receptor and thereby lead to low PET image quality. Increased
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receptor expression outside the brain (e.g. spleen) binds the tracer
to a greater extent, but this does not affect imaging if the distances
between the organs are large enough.

Frost et al. developed a series of indole-3-yl-tetramethylcyclo-
propylketone derivatives, which showed high CB,R binding affinity
and selectivity [30,31]. Examples (I, II) with high CBR affinity and
selectivity are given in Scheme 1. Here we report the development
of a new radiotracer based on an indole-3-yl-tetramethylcyclo-
propylketone scaffold as a PET tracer for CB,R imaging. This work
includes the development and synthesis of new fluorine-
containing ligands and their evaluation in binding studies at CB1R
and CB3R. The most promising candidate should be obtained in the
fluorine-18-labeled form and the new PET tracer should be sub-
sequently evaluated in preclinical in vitro studies.

2. Results and discussion
2.1. Synthesis and evaluation of ligands

For the development of new radiopharmaceuticals that could
enable the diagnosis of neurodegenerative disease in the early
stages with PET scans, a variety of different fluorinated molecules
were designed considering binding affinity for CB1R and CB,R. The
synthesis of the target molecules is shown in Scheme 2.

The syntheses of compounds 1 and 2 (see Scheme 2) started
from 1H-indole, or 2-methyl-1H-indole, respectively, using diethyl
aluminum chloride [32]. In comparison to the synthetic approach
by Frost et al. using EtMgBr and ZnCl,, we could increase the yield
from 42% to 87% for 1. Compounds 5—10 were synthesized by N-
alkylation of 1 and 2. Sodium hydride was used for deprotonation of
the indoles and different fluoroalkyl moieties were introduced
using the appropriate bromides or tosylates with very good yields.
Compounds 12 and 13 were synthesized by the introduction of a
tetrahydropyranyl-protected (THP) alcohol, which was subse-
quently hydrolyzed by p-toluenesulfonic acid. Williamson ether
synthesis was performed to obtain the N-(2-fluoroethoxy)ethyl-
substituted indole derivatives 14 and 15.

We subsequently investigated the eight fluorinated indole-3-yl-
tetramethylcyclopropylketones (5—10, 14 and 15, Table 1) and three
additional known compounds (12, 16 and 18) for their interaction
with CB1R and CB3R in radioligand binding assays. Additionally, all
newly synthesized compounds were evaluated on the cannabinoid-
like orphan receptors GPR18 and GPR55.

Compound 5, which contains a fluoroethyl residue on N1 of the
indole moiety, displayed affinity in nanomolar range for the CB;R

(0] @)
\ \
N N
-/ \__/OH
| Il

Ki: 9.2 nM (CB,R) Ki: 2.1 nM (CB,R)
Ki: 4,300 nM (CB4R) Ki: 2,200 nM (CB4R)

Scheme 1. Examples of Indole-3-yl-tetramethylcyclopropylketone derivatives by Frost
et al. inclouding CB;R and CB5R affinities [30].
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Table 1
Affinities and selectivity of investigated compounds for human CB;R and CB,R.
Comp. Radioligand binding assay® CB1R/CB;R selectivity ratio CNS MPO¢!
o,
RR' Human CB;R Human CBR
N_r Ki + SEM (nM) Ki + SEM (nM) (or percent inhibition at 10 uM)
N
R
CP55,940 1.42 + 0.75" 1.28 + 0.44" 1.5
5 '§' 48.3 + 16.1 >10,000 (14%) >207 3.0
H X F
6 % 2,530 + 290 >10,000 (32%) >4 2.7
oHy RF
7 (DM102) % 7.88 +2.59 3,430 + 290 435 2.8
H AL/\F
8 % 81.9 + 38.6 >10,000 nM (43%) >22 2.6
CHy X F
9 % F 1.14 + 0.20 214 +59 188 2.6
H M
10 % F 19.8 + 6.3 374 £ 113 19 24
$CH, X~
14 _§_ F 173 +19 931 + 247 54 3.5
H ”&L/Of
15 g F 10.8 + 6.2 1,290 + 52 119 3.2
-CH, Av\/o\/\
12 H A oH 663 = 127 [56 nM[° >10,000 (4%) [>10,000]° >15 46
16 I M oy 25.8 + 16.3 [9.2 nM] 4200 =+ 440 [4,300 nM|° 161 2.4
-
18 5 372 +50nM[2.1 nM]°  >10,000 nM (38%) [2,200 nM]° >270 42
H »XV\/\OH

3 Affinities were determined in competition binding experiment versus 0.1 nM [*H]CP55,940 as described in the experimental section. K; values represent means + SEM
from three independent experiments. Literature values are given in square brackets for comparison.

b Data from Schoeder et al. from our laboratory, obtained under the same conditions [33,37].

¢ Frost et al. [30], radioligand binding studies versus [*H]CP55,940.

d Central nervous system multiparameter optimization (CNS MPO) calculated [42] with data from ChemDraw (v.16.0).

(Ki = 48.3 nM) combined with high selectivity versus the CB{R
(>200 fold). This compound displays a similar structure to com-
pound 12, which had previously been published as a selective CBaR

agonist [30]. In our radioligand binding assays, we could reproduce
and confirm the binding affinities for these compounds, as well as
other known ligands, all of which showed comparable binding
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affinities as already reported (see Table 1 for details). Next, we tried
to further optimize CB,R potency and selectivity.

Extension of the fluoroethyl to a fluoropropyl chain at the N1-
indole moiety resulted in compound 7, which showed an
increased affinity for the CByR (K;j = 7.88 nM) compared to a
micromolar affinity for the CB{R (Kj = 3427 nM). Thus, we observed
an increase in selectivity (435 fold) compared to compound 5 (207-
fold). A lipophilic and flexible side chain at the N1-indole moiety is
known to have a beneficial effect on CBR affinity, preferably with
respect to the CB1R [33—35]. As we anticipated, replacement of the
fluoropropyl by a fluorobutyl residue (compound 9) increased the
affinity for CB2R as well as at CB1R (CB2R Kj 1.14 nM, CB;R K; 214 nM;
CB1R/CB3R ratio 188, Fig. 1). Thus, compound 9 shows excellent
CB3R affinity, still combined with high selectivity. Replacing the
fluoroalkyl residue with a fluoroethoxyethyl residue (compound
14) neither improved CB,R affinity nor selectivity.

In 2000, Aung et al. had investigated the effects of various alkyl
chains on a naphthoylindole scaffold showing that methyl substi-
tution at the C2 of the indole could lead to an increase in CB3R
selectivity versus CB¢R [36]. Thus, in the next set of experiments,
we studied the effects of methyl substitution at the indole C2 po-
sition. The 2-methyl-substituted indole derivatives 6, 8, 10, and 15
were obtained (Table 1). Most of the resulting compounds exhibi-
ted comparable selectivity or even a decrease in selectivity
compared to the unsubstituted analogs. This indicates that a 2-
unmethylated indole ring is beneficial for CB,R selectivity.

Based on these results, we further continued with compound 7,
which displayed the highest selectivity ratio of all compounds of
the present series (435 fold). As a next step, we performed a
functional characterization of compound 7 utilizing a novel G
protein activation assay, the Trupath BRET? (bioluminescence
resonance energy transfer) G protein dissociation technology [38].

CBR are G; protein-coupled receptors. Agonists activate the re-
ceptors leading to a dissociation of the heterotrimeric G proteins. In
the applied Trupath assay, this is visualized by a decrease in the
BRET signal. As depicted in Fig. 2 A and B, compound 7 displayed
agonistic behavior at both CBR subtypes with ECs¢ of 12.9 nM
(CB2R) and 2,960 nM (extrapolated value) at CBiR. These results
correlate well with the radioligand binding data (Table 1). At the
CB3R, compound 7 acted as a full agonist with comparable efficacy
to the full standard CB1R/CB2R agonist CP55,940 (EC5p 8.53 nM). In
contrast, at the CB1R, compound 7 showed very weak agonistic
activity. A full concentration-response curve could not be per-
formed due to solubility limitations, therefore, the EC5g value had
to be extrapolated. These results confirm the high CB,R-selectivity
of compound 7.
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Encouraged by these results, we further investigated the ability
of compound 7 to induce B-arrestin recruitment, in addition to G;j
protein activation, via the CB;R using an enzyme complementation
assay (Fig. 2 C and D). Compound 7 induced the recruitment of §-
arrestin-2 in a concentration-dependent manner in CHO cells
transfected with the human CB,R displaying an ECsg value of
0.396 nM. In contrast, and as expected, only marginal B-arrestin
recruitment was induced by 7 via CB{R even at a high concentration
(EC50 > 10,000 nM) again indicating the high selectivity of com-
pound 7 for CB;R over CBiR. Compound 7 showed comparable
potency as the standard agonist CP 55,940 in this assay (ECsg
0.588 nM). These results showed that compound 7 behaves as a
non-biased, CB,R-selective agonist that activates both pathways, G;
protein dissociation and B-arrestin recruitment.

The orphan receptors GPR18 and GPR55 have been shown to
interact with CBR ligands, and thus, these receptors might be novel
types of cannabinoid receptors [39,40]. Therefore, we investigated
the possibility that our compounds might interact with these re-
ceptors (Table S1). We could show that none of the compounds of
the present series was able to activate or inhibit GPR18 or GPR55 at
a high concentration of 10 uM. This clearly shows that these com-
pounds are also selective versus GPR18 and GPR55.

In summary, compound 7 exhibits the highest selectivity for the
CB2R with a concomitant high binding affinity. Compound 9 dis-
plays a higher binding affinity, but at the same time shows lower
selectivity versus the CB{R. The central nervous system multipa-
rameter optimization (MPO) is a tool for evaluating CNS drugs in
terms of their permeability by the BBB, among other factors. Lip-
ophilicity, molecular mass, topological polar surface area, hydrogen
bond donor and acidity are used for this evaluation. The score
ranges from O to 6 where 6 is the best score for the drug [41]. The
scores for the compounds in Table 1 were determined from calcu-
lated values. It shows the relationship between CNS MPO score and
structure. An increase in lipophilicity results in a lower score
(5 — 10) whereas more hydrophilic groups perform significantly
better (12,14, 15, and 18). Based on the CNS MPO rating, compound
7 is preferable to 9 because of its better properties. When
comparing radiotracers described in the literature with compound
7, our synthesized tracer exhibits high binding affinity and high
selectivity for the CB2R comparable to CB,R ligands described so far.

2.2. Radiosynthesis and preclinical evaluation of the tracer
The targeted precursor 19 was synthesized for the projected

radiosynthesis of compound ['®F]7. Therefore, compound 1 was
coupled with the THP-protected alcohol 17, and afterwards, the
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Fig. 1. Concentration-dependent inhibition of specific [*H]CP55,940 binding by compounds 5, 7, and 9 at human CB,R (A) and human CB;R (B)..Concentration-dependent inhibition
of specific [°’H]CP55,940 binding experiments were performed as described in the experimental section. Data points represent means + standard error of the mean (SEM) of three

independent experiments. See Table 1 for details.
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Fig. 2. Functional effects of compound 7 and CP55,940 at human CB;R and CB,R. 2A, 2B. determined in recombinant HEK293 cells using the TRUPATH BRET? assay [38]; 2C, 2D.
determined in CHO K1 cells using a B-arrestin recruitment assay based on enzyme complementation. All data were normalized to the maximum effect of CP55,940 at the respective
receptor subtype. The ECsq of CP55,940 in the TRUPATH BRET? assay is 8.53 + 3.64 nM and 1.62 + 0.51 nM for the CB,R and CB4R, respectively; the ECso value of compound 7 is
12.9 + 5.3 nM (for the CB,R) and 2,960 + 980 nM (for the CB4R, extrapolated curve). The ECsq value of CP55,940 in the B-arrestin recruitment assay is 0.588 + 0.216 nM (CB,R) and
1.25 + 0.34 nM (for CB4R), and the ECsq value of compound 7 is 0.396 + 0.061 nM (CB,R). Data points represent means + SEM of at least three independent experiments.

protection group was hydrolyzed. The obtained alcohol 18 was
tosylated to yield the desired compound 19. Thus, the precursor for
the following radiosynthesis (19) was obtained in 75% total yield in
a four-step synthesis starting from 1H-indole (see Scheme 3).

The radiosynthesis of ['®F]DM102 ([*®F]7) (Scheme 4) was per-
formed on a commercially and fully automated synthesis module
(ORA Neptis Perform). In short, the radioactive fluoride was trapped
by solid-phase extraction and eluted with tetrabutylammonium
bicarbonate as aqueous solution. The fluoride was azeotropically
dried by acetonitrile. Then, the precursor was dissolved in anhy-
drous acetonitrile and the radiofluorination was performed at 90 °C
within 5 min. The radioactive tracer was purified by solid-phase
extraction and semipreparative HPLC. In a final step, the tracer
was reformulated to obtain an aqueous solution containing 10%
ethanol (see Fig. 6).

Good radiochemical yields of 34 + 6% (n = 4) were reached within
2 h. The radiochemical yield is isolated and decay corrected in
accordance with the definition by Coenen et al. [42]. The radio-
chemical purity was determined by radio-HPLC (Fig. 3) to be greater
than 99%, and molar activities of up to 1500 GBg/umol were

S g

1. NaH
Br\/\/OTHP

2. TsOH, MeOH
>99%

0
["®FIF-
\ BU4N H003
N
\__/—0Ts MeCN
19 [18F]7

Scheme 4. Radiosynthesis of ['"®F]DM102 (['®F]7). Synthesis of compound ['®F]7 was
performed as described in the experimental section.

achieved.

The novel radioactive tracer was subsequently evaluated in a
variety of different preclinical experiments. The calculated logP
value of 7 was 3.74 (Chem Draw v.16.0). In a shake-flask experiment
using 50 mM phosphate buffer (pH: 7.4) and octanol, an experi-
mental value of 3.83 + 0.04 was obtained confirming the calculated
value (n = 3).

(@)
TsCl, P
o N\
DCM N

86% \__/OTs
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Scheme 3. Precursor synthesis for radiosynthesis of compound ['®F]7.
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Fig. 3. HPLC chromatogram with radiodetection of compound [*®F]7 with co-injection
of non-radioactive 7 for identification. HPLC-conditions: M&N EC 150/3 Nucleodur
100-3 C18ec, 0.6 mL/min 70% MeCN aq + 0.1% trifluoroacetic acid (TFA), UV: 305 nm.
Peaks: 6.194 min (UV detector), 6.292 min (radio detector). UV- and radiodetector are
0.1 min apart.

The metabolic stability of the tracer was studied in vitro in hu-
man liver microsomes (Fig. 4). The detection of non-radioactive
metabolites by LC-MS was carried out using non-radioactive 7 in
a separate assay. In another assay, radioactive metabolites were
detected by thin-layer chromatography (Fig. 4A). The detection of
radioactive metabolites is of great importance for imaging, as their
biodistribution may visal overlay the specific uptake of the radio-
active tracer, especially if their binding properties are unclear.
Additionally, the most common metabolite of fluorinated com-
pounds, fluoride, can be detected significantly better in a radioac-
tive assay. The detection of non-radioactive metabolites by LC-MS
serves as evidence for the complete metabolite detection in the
radioactive assay. For imaging non-radioactive metabolites are only
relevant because of their potential competition with the radioactive
tracer, as far as these metabolites will pass the BBB.

During the metabolism of [®F]7 in the radioactive assay, the
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fluoride-18 is removed from the n-position of the alkyl chain and is
presumably substituted by an —OH group. Further radioactive
metabolites could not be detected The LC-MS analysis confirmed
this assumption and verified the formation of the defluorinated
hydroxypropyl derivative 18(Fig. 4B).

The half-live of [®®F]7 in the assay were interpolated to
110 min.In the complimentary LC-MS studies, the estimated half-
life of 30 min was significantly shorter. This is not surprising, as
the experiments could not be carried out under absolutely identical
conditions. However, both half-lives are in a range that is poten-
tially acceptable for PET examinations, especially since the released
floride is accumulated in the bone and do not pass the BBB.
Nevertheless, the half-life of the assays cannot be directly trans-
ferred to an in vivo experiment but indicates potential problems
with the in vivo application of the substance. Taking this into ac-
count it can be assumed that during an in vivo PET scan, the
radioactive fluoride, which is released from the tracer, will accu-
mulate in the bones including the cranial bone.

The actual effects and the biological half-life have to be investi-
gated in an in vivo PET scan. Wohlfarth et al. [43] investigated the
human hepatocyte-mediated metabolism of XLR-11, which differs
from compound 7 by the substituent on the indole N-atom, namely a
fluoropentyl-group instead of a fluoropropyl residue. Most of the
observed metabolites were due to defluorination, supporting our
results.

Autoradiography of rat spleen tissue sections with known high
CB;R expression revealed the specific binding of compound [*®F]7
to CB,R and the degree of non-specific binding. This technique is
frequently used to illustrate the imaging potential of CBsR tracers.
In the experiment, the first four tissue sections were incubated
with compound ['®F]7 without any receptor blocking which results
in average intensity of 112 + 26 Counts/Pixel (n = 4) (Fig. 5 A). The
CB3R in the next slices were blocked with GW405833 (B, 52 Counts/
Pixel, —53%, n = 2), CP55,940 (C, 56 Counts/Pixel, —50%, n = 2) and
the non-radioactive 7 (D, 63 Counts/Pixel, —44%, n = 2) at 10 uM
(see Fig. 5 B to D).

The differential uptake of the tracer in the tissue illustrates its
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Fig. 4. Metabolite analysis of compound ['®F]7 and 7. Metabolic analysis of ['®F]7 by radioactive (A) and non-radioactive (B) methods. In A the "®F~ is measured and in B
compound 18 is measured besides ['®F]7 respectively compound 7. In A 1-2% of radioactive impurities or artifacts were identified. In B the relative signal intensity of

compound 18 is shown.
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Fig. 5. Autoradiography of rat spleen slices in blocking experiments of compound [*®F]7. Autoradiography of compound ['®F]7 without blocking (A) and compound ['®F]7 after
blocking with 10 M GW405833 as CB,R partial agonist (B), 10 uM CP55,940 as potent non-selective CBR agonist (C) and 10 uM non-radioactive Compound 7 (D). An oval region of
interest was centered in the organic sections for quantification (Intensity/Area-BKG). The background (11 BKG) was subtracted from the measured values. In the diagram results of

quantification is gives as means. Bars represent the standard deviations.

potential for imaging. Despite the blocking of CB,R, the tracer binds
to the tissue in a non-specific manner. This phenomenon is also
described in the literature [27]. In general, the non-specific binding
of CB,R tracers might be a possible disadvantage for their appli-
cation in PET-imaging. However, the degree of non-specific binding
of our newly synthesized tracer is acceptable [44—48].

3. Conclusion

A series of new CB3R ligands were designed and synthesized,
and their binding affinity to CB{R and CB,R was investigated. The
newly developed fluorinated indole-3-yl-tetramethylcyclopro-
pylketone derivatives generally exhibited CB,R selectivity. Com-
pound 7 was selected as the most promising candidate due to its
high CB;R affinity, selectivity and high CNS MPO score. A suitable
precursor for radiosynthesis was produced, and automated syn-
thesis of compound ["®F]DM102 (['8F]7) was performed with a
commercial synthesis module that allows sterile conditions ac-
cording to GMP requirements. The radiosynthesis was carried out
in high yield and delivered the novel tracer with high molar
radioactivity. Preclinical experiments were performed to charac-
terize the developed tracer. The calculated log P value could be
confirmed by an shake-flask-experiment. Microsomal stability
revealed a defluorination of the tracer by liver enzymes. The po-
tential of the tracer could be demonstrated by autoradiography
experiments. Future in vivo experiments to measure biodistribution
and kinetics of the newly developed tracer are warranted.

4. Materials and methods
4.1. Chemistry
All chemicals and solvents were used directly as obtained

commercially (Sigma Aldrich and Carl Roth) unless noted other-
wise. 3-Fluoropropan-1-ol was purchased by Apollo Scientific. 3-
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Bromopropan-1-ol was purchased by Enamine. Indole and 1-
Bromo-4-fluorobutane were purchased by ABCR. Reaction prog-
ress was monitored by thin-layer chromatography, silica gel 60
aluminum plates with F254 as indicator. Column chromatography
was carried out on silica gel 60 (230—400 mesh).

All NMR spectra were recorded either on a Bruker AVANCE Il
400 MHz spectrometer with a BBFO (Broad-
BandFlourineObservation) probe or on a Bruker AVANCE NEO
400 MHz spectrometer equipped with a CPP-BBO probe (Cry-
oProbeProdigy-BroadBandObserve). The samples were prepared
using 5 mm NMR tubes made of borosilicate glass. NMR spectra
were measured at ambient temperature, if not indicated other-
wise. Chemical shifts () are given in ppm relative to TMS using the
residual solvent signals as internal standards. Coupling constants
(J) are reported in Hz and standard abbreviations indicating
multiplicity are used as follows: s singlet, d = doublet,
t = triplet, quint = quintet, m = multiplet, br = broad signal.
Combined abbreviations are derived from their components (e.g.
dd = doublet of doublets).

4.2. General procedure 1 - 1H-indole acylation

The protocol is based on the literature [32]. 2,2,3,3-
Tetramethylcyclopropanecarboxylic acid (1.5 equivalents (eq.))
was dissolved in 10 mL DCM and 2 drops of DMF were added.
Thionyl chloride (2 eq.) was added and the mixture was refluxed for
2 h. Afterwards the solvents were removed in vacuo and the crude
product was used without further purification.1 H-indole (1 eq.)
was dissolved in DCM under Ar. The reaction mixture was cooled to
0 °C by an ice bath and diethylaluminium chloride (1.0 M in hep-
tane, 1.5 eq.) was added dropwise. The mixture was stirred for
30 min and the crude acyl chloride dissolved in DCM was added.
The reaction mixture was stirred for 2.5 h at 0 °C and afterwards
quenched by the slow addition of 30 mL 1 M HCI aq. The aqueous
Phase was extracted 3x by DCM, next the organic phase was
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washed with saturated NaHCO3 aq and brine. The organic phase
was dried over NaySO4 and filtered through a pad of silicate.
Product was recrystallized from DCM/petroleum ether (bp.
40—60 °C; PE).

4.3. General procedure 2 - tosylation

The alcohol (1 eq.) was dissolved in DCM under Argon. The
mixture was cooled to 0 °C and tosyl chloride (1.5 eq.) and pyridine
(3 eq.) were added and the mixture was stirred for 10 min. After-
wards the reaction mixture was allowed to warm to room tem-
perature and stirred for 3 h. The reaction was quenched by the
addition of 30 mL 1 M HCl aqg which was extracted 3x with DCM.
The organic phase was washed with brine, dried over Na;SO4 and
the solvent was removed in vacuo. The product was purified by
flash-chromatography (SiO;, reasonable mixture of EtOAc or
acetone in PE according to Rf given in analytical data).

4.4. General procedure 3 - N-indole alkylation

Compound 1 (1 eq.) was dissolved in 8 mL DMF in a prior dried
round bottom flask under Argon. The mixture was cooled to 0 °C
with an ice bath and NaH (60% dispersion in mineral oil, 2 eq.) were
added. The mixture was stirred for 10 min at 0 °C followed by
30 min at room temperature. The coupling compound (1.5 eq.) was
added and the mixture was stirred at 0 °C for 10 min. Then reaction
mixture was allowed to warm to room temperature and stirred
overnight. The reaction was stopped by the addition of saturated
NH4Cl aq. The aqueous phase was extracted 3x with PE which was
dried over NapSO4. The crude product was purified by flash-
chromatography (SiO,, reasonable mixture of acetone in PE ac-
cording to R¢ given in analytical data).

4.5. General procedure 4 - THP-protection of alcohols

The alcohol (1 eq.) was dissolved in 5 mL DCM and 3,4-Dihydro-
2H-pyran (1.2 eq.) was added, followed by the addition of
TsOH-H30 (0.05 eq.). The reaction mixture was stirred for 3 h and
the organic phase was washed with saturated NaHCO3 aq and brine,
dried over Na;SOg4. The crude product was dried in vacuo and used
without further purification.

4.6. General procedure 5 - Williamson ether synthesis

The alcohol (1 eq.) was dissolved in 5 mL of anhydrous MeCN
under Argon and NaH (60% dispersion in mineral oil, 2 eq.) and 3
(1.2 eq.) was added. Afterwards the reaction mixture was refluxed
for 2.5 h. The reaction was quenched with water and cooled to room
temperature. MeCN was removed in vacuo and the aqueous phase
was extracted 3x with diethyl ether. The organic phase was washed
with 2x water and brine, dried over Na;SOg4. The crude product was
purified by flash-chromatography (SiO;, reasonable mixture of
acetone in PE according to Rr given in analytical data).

(1H-Indole-3-yl)(2,2,3,3-tetramethylcyclopropyl)methanone
(1). 1 was synthesized according to General procedure 1, starting
with 1H-indole (1.50 g, 12.8 mmol). 2.69 g (11.2 mmol, 87% yield)
clear crystals of 1 were obtained. The analytical-data is according to
the literature [30]. Rg: 0.31 (20% acetone in hexane). 'H NMR
(400 MHz, CDCl3) 6 9.20 (s, 1H), 8.51-8.38 (m, 1H), 7.78 (d,
J = 3.0 Hz, 1H), 7.46—7.35 (m, 1H), 7.33—7.18 (m, 2H), 2.00 (s, 1H),
1.40 (s, 6H), 1.32 (s, 6H). 1>C NMR (101 MHz, CDCl3) 6 195.78, 136.47,
130.70, 125.57, 123.51, 122.42, 121.18, 111.52, 41.91, 32.01, 24.15,
17.22. HRMS (ESI, m/z, C16H19NO): [M+H]™ calcd. 242.1539, found
242.1541.

(2-Methyl-1H-indole-3-yl)(2,2,3,3-tetramethylcyclopropyl)
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methanone (2). 2 was synthesized according to general procedure
1, starting with 2-methylindole (1.50 g, 11.4 mmol). 2.79 g faint red
crystals (10.9 mmol, 95% yield) were obtained. The analytical-data
is according to the literature [31]. R¢: 0.38 (20% acetone in hexane).
TH NMR (400 MHz, CDCl3) 6 8.73 (s, 1H), 8.01 (d, J = 7.5 Hz, 1H),
7.34—7.15 (m, 3H), 2.67 (s, 3H), 2.25 (s, 1H), 1.42 (s, 6H), 1.39 (s, 6H).
13C NMR (101 MHz, CDCls) 6 197.8, 141.3, 134.6, 127.0, 122.2, 121.5,
1204, 117.7, 111.0, 44.5, 329, 24.4, 17.2, 14.9. HRMS (ESI, m/z,
C17H21NO): [M+H]" calcd. 256.1696, found 256.1696.
2-Fluoroethyl 4-methylbenzenesulfonate (3). 3 was synthe-
sized according to general procedure 2, starting with 2-
fluorethanol (0.50 mL, 8.5 mmol). 1.68 g (7.7 mmol, 90% yield) of
a colorless oil was obtained. Ry: 0.24 (20% acetone in hexane). 'H
NMR (400 MHz, CDCl3) 6 7.87—7.76 (m, 2H), 7.40—7.31 (m, 2H),
4.66—4.47 (m, 2H), 4.33—4.19 (m, 2H), 2.45 (s, 3H). >C NMR
(101 MHz, CDCl3) 6 145.28, 132.77, 130.07, 128.09, 80.66 (d,
J=173.7 Hz), 68.58 (d, ] = 20.9 Hz), 21.77. "°F NMR (376 MHz, CDCl3)
0 224.65 (tt, ] = 471, 27.2 Hz). HRMS (ESI, m/z, CoH11FOsS):
undetected.
3-Fluoropropyl 4-methylbenzenesulfonate (4). 4 was syn-
thesized according to general procedure 2, starting with 3-
fluoropropanol (0.62 g, 8.0 mmol). 4 was obtained as 2.05 g of a
yellow oil (7.6 mmol, 95% yield). R¢: 0.31 (20% acetone in hexane).
TH NMR (400 MHz, CDCI3) ¢ 7.85—7.75 (m, 2H), 7.41-7.31 (m, 1H),
454 (t,] = 5.6 Hz, 1H), 4.42 (t,] = 5.6 Hz, 1H), 4.16 (t, ] = 6.2 Hz, 2H),
2.45 (s, 3H), 2.04 (ddt, ] = 25.8,11.7, 6.0 Hz, 2H). 3C NMR (101 MHz,
CDCl3) 6 145.09,132.94,130.05,128.03, 79.66 (d, ] = 166.0 Hz), 66.27
(d, J = 4.9 Hz), 30.15 (d, ] = 20.2 Hz), 21.77. °F NMR (376 MHz,
CDCl3) 6 —22341 (tt, ] = 46.9, 25.8 Hz). HRMS (ESI, m/z,
C10H1303FS): [M+Na]* calcd. 255.0462, found 255.0466.
(1-(2-Fluoroethyl)-1H-indole-3-yl)(2,2,3,3-
tetramethylcyclopropyl)methanone (5). Compound 5 was syn-
thesized according to general procedure 2, starting with 1 (0.25 g,
1.0 mmol). 0.26 g of 5 (0.9 mmol, 87% yield) was received as white
crystals. Re 0.38 (20% acetone in hexane). 'H NMR (400 MHz,
CDCl3) ¢ 8.45—8.36 (m, 1H), 7.32—7.19 (m, 3H), 4.72 (dt, ] = 46.9,
4.8 Hz, 2H), 4.40 (dt, ] = 26.3, 4.8 Hz, 2H), 1.91 (s, 1H), 1.32 (s, 6H),
1.27 (s, 6H). 13C NMR (101 MHz, CDCl3) 6 194.84, 136.64, 133.97,
126.54, 123.38, 123.06, 122.48, 120.49, 109.26, 81.85 (d,
J=172.8 Hz), 47.09 (d,] = 21.4 Hz), 41.77,31.92, 24.15,17.12. °F NMR
(377 MHz, CDCl3) 6 —219.70 (tt, ] = 46.9, 26.3 Hz). HRMS (ESI, m/z,
C1gH2oNO): [M+-H]" caled. 288.1758, found 288.1746.
(1-(2-Fluoroethyl)-2-methyl-1H-indole-3-yl)(2,2,3,3-
tetramethylcyclopropyl)methanone (6). 6 was synthesized ac-
cording to general procedure 2, starting with 2 (0.25 g, 1.0 mmol)
which was reacted with 3 (0.32 g, 1.5 mmol, 1.5 eq.). 6 was obtained
as 0.28 g of a faint yellow solid (1.0 mmol, >99% yield). R¢: 0.44 (20%
acetone in hexane). "H NMR (400 MHz, CDCl3) 6 8.05—7.90 (m, 1H),
7.36—7.20 (m, 3H), 4.73 (dt, ] = 46.8, 5.1 Hz, 2H), 4.46 (dt, ] = 23.9,
5.1 Hz, 2H), 2.73 (s, 3H), 2.24 (s, 1H), 1.42 (s, 6H), 1.39 (s, 6H). 1°C
NMR (101 MHz, CDCl3) ¢ 197.71, 141.93, 135.88, 126.69, 122.10,
121.65,120.47,118.33,109.26, 81.68 (d, ] = 173.4 Hz), 44.98, 43.28 (d,
J = 22.3 Hz), 33.23, 24.40, 17.13, 12.24, 12.22. '9F NMR (377 MHz,
CDCl3) 6 —221.08 to —221.57 (m). HRMS (ESI, m/z, C19H24NOF):
[M+H]" caled. 302.1915, found 302.1912.
(1-(3-Fluoropropyl)-1H-indole-3-yl)(2,2,3,3-
tetramethylcyclopropyl)methanone 7 (DM102). 7 was synthe-
sized according to general procedure 2, starting with 1 (0.12 g,
0.5 mmol) which was reacted with 4. 0.12 g of a faint orange solid
(0.4 mmol, 77% yield) was received as the titled compound 7. R¢:
0.48 (20% acetone in hexane). 'H NMR (400 MHz, CDCl5)
0 8.49—8.40 (m, 1H), 7.70 (s, 1H), 7.41-7.35 (m, 1H), 7.34—7.25 (m,
2H), 4.55—4.33 (m, 4H), 2.27 (dquint, ] = 27.0, 6.1 Hz, 2H), 1.96 (s,
1H), 1.37 (s, 6H), 1.33 (s, 6H). '>C NMR (101 MHz, CDCl3) 6 194.75,
136.60, 133.76, 126.60, 123.32, 123.02, 122.40, 120.18, 109.55, 80.47
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(d, ] = 165.9 Hz), 42.80 (d, ] = 4.2 Hz), 41.81, 31.85, 30.81 (d,
J = 20.2 Hz), 24.17,17.15. '9F NMR (377 MHz, CDCl3) 6 —223.07 (tt,
J = 470, 27.2 Hz). HRMS (ESI, m/z, C19gH24FNO): [M+H]" calcd.
302.1915, found 302.1915.
(1-(3-Fluoropropyl)-2-methyl-1H-indole-3-y1)(2,2,3,3-
tetramethylcyclopropyl)methanone (8). 8 was synthesized ac-
cording to general procedure 2, starting with 2 (0.20 g, 0.8 mmol)
which was reacted with 4 (0.27 g, 1.2 mmol, 1.5 eq.). 8 was obtained
as 0.20 g of a faint orange solid (0.6 mmol, 81% yield). R¢: 0.37 (20%
acetone in hexane). 'TH NMR (400 MHz, CDCl5) ¢ 8.06—7.88 (m, 1H),
7.43—7.33 (m, 1H), 7.33—7.18 (m, 2H), 4.46 (dt, ] = 47.0, 5.4 Hz, 1H),
4.32 (t,] = 6.9 Hz, 2H), 2.73 (s, 3H), 2.25 (s, 1H), 2.24—2.09 (m, 2H),
1.42 (s, 1H), 1.40 (s, 1H). '>*C NMR (101 MHz, CDCl3) 6 197.65, 141.72,
135.85, 126.60, 121.98, 121.49, 120.34, 118.01, 109.52, 80.64 (d,
J = 165.8 Hz), 44.90, 38.94 (d, ] = 3.8 Hz), 33.07, 30.63 (d,
J=20.3 Hz), 24.40,17.15,12.10. "°F NMR (376 MHz, CDCl3) 6 —220.89
(tt, ] = 47.0, 28.2 Hz). HRMS (ESI, m/z, CooH26NOF): [M+H]" calcd.
316.2071, found 316.2074.
(1-(4-Fluorobutyl)-1H-indole-3-yl)(2,2,3,3-
tetramethylcyclopropyl)methanone (9). 9 Compound 5 was
synthesized according to general procedure 2, starting with 1
(0.25 g, 1.0 mmol) which was reacted with 1-bromo-4-fluorobutane
(0.24 g, 1.6 mmol, 1.5 eq.). 9 was obtained as 0.33 g of white crystals
(1.0 mmol, >99% yield). R¢: 0.37 (20% acetone in hexane). TH NMR
(400 MHz, CDCl3) ¢ 8.51—8.36 (m, 1H), 7.70 (s, 1H), 7.42—7.22 (m,
3H), 4.51 (dt, ] = 47.2, 5.7 Hz, 2H), 4.25 (t, ] = 7.1 Hz, 2H), 2.14—2.02
(m, 2H), 1.97 (s, 1H), 1.86—1.68 (m, 2H), 1.38 (s, 6H), 1.34 (s, 6H). °C
NMR (101 MHz, CDCl3) ¢ 194.75, 136.65, 133.45, 126.54, 123.15,
122.91, 122.29, 119.97, 109.65, 83.66 (d, ] = 165.7 Hz), 46.64, 41.79,
31.84, 27.80 (d, J = 20.1 Hz), 26.43 (d, J = 4.0 Hz), 24.19, 17.13. '°F
NMR (377 MHz, CDCl3) 6 —218.58 (tt, ] = 47.2, 26.7 Hz). HRMS (ESI,
m/z, CooH26NOF): [M+H]" calcd. 316.2071, found 316.2072.
(1-(4-Fluorobutyl)-2-methyl-1H-indole-3-yl)(2,2,3,3-
tetramethylcyclopropyl)methanone (10). 10 was synthesized ac-
cording to general procedure 2, starting with 2 (0.25 g, 1.0 mmol)
which was reacted with 1-bromo-4-fluorobutane (0.23 g, 1.5 mmol,
1.5 eq.). In addition after flash-chromatography the obtained
product was further purified by RP-chromatography (90% MeCN
aq).9 was obtained as 0.30 g of white crystals (1.0 mmol, 97% yield).
Rt 0.42 (20% acetone in hexane). 'H NMR (400 MHz, CDCl5)
0 8.02—7.91 (m, 1H), 7.39—7.30 (m, 1H), 7.30—7.20 (m, 2H), 4.49 (dt,
J=473,5.7 Hz, 2H), 4.20 (t,] = 7.4 Hz, 2H), 2.73 (s, 3H), 2.25 (s, 1H),
2.02—-1.87 (m, 2H), 1.87—1.70 (m, 2H), 1.42 (s, 6H), 1.39 (s, 6H). 13C
NMR (101 MHz, CDCl3) 6 197.66, 141.63, 135.82, 126.57, 121.83,
121.37,120.32, 117.86, 109.60, 83.68 (d, ] = 165.8 Hz), 44.86, 42.69,
33.01, 27.94 (d, ] = 20.2 Hz), 26.17, 26.13, 24.41,17.17,12.32. °F NMR
(377 MHz, CDCl3) 6 —218.71 (tt, ] = 47.3, 26.2 Hz). HRMS (ESI, m/z,
Cp1HgFNO): [M+H]™ calcd. 330.2228, found 330.2230.
2-(2-Bromoethoxy)tetrahydro-2H-pyran (11). 11 was synthe-
sized according to general procedure 4, starting with 0.50 mL 1-
bromoethanol (7.0 mmol). 1.27 g crude product was obtained.
(1-(2-Hydroxyethyl)-1H-indole-3-yl)(2,2,3,3-
tetramethylcyclopropyl)methanone (12). 12 was synthesized ac-
cording to general procedure 2, starting with 1 (0.53 g, 2.2 mmol)
which was reacted with 11 (0.69 g, 3.3 mmol, 1.5 eq.). Subsequently,
the THP-ether was hydrolyzed with 10 mL 0.05 M TsOH-H,0 in
MeOH within 3 h without prior purification. The reaction was
quenched by the addition of saturated NaHCO3 aq. The aqueous
phase was 3x extracted by DCM and the organic phase was washed
with brine and dried over Na;SO4. Flash-chromatography (SiOo,
20% acetone in PE) was performed and 12 was received as 0.60 g of
faint yellow crystals (2.1 mmol, 96% yield). The analytical-data is
according to the literature [28]. Ry: 0.23 (20% acetone in hexane). 'H
NMR (400 MHz, CDCl3) 6 8.48—8.35 (m, 1H), 7.74 (s, 1H), 7.45—7.23
(m, 3H),4.31 (t,] = 5.0 Hz, 2H), 4.02 (t,] = 5.0 Hz, 2H), 2.36 (brs, 1H),
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1.83 (s, 1H), 1.32 (s, 6H), 1.29 (s, 6H). °C NMR (101 MHz, CDCl3)
0 195.06, 136.71, 134.67, 126.57, 123.23, 122.88, 122.39, 119.87,
109.67, 61.42, 49.34, 41.63, 31.58, 24.12, 17.20. HRMS (ESI, m/z,
C1gH23N03): [M+H] " caled. 286.1802, found 286.1803.
(1-(2-Hydroxyethyl)-2-methyl-1H-indole-3-yl)(2,2,3,3-
tetramethylcyclopropyl)methanone (13). 13 was synthesized ac-
cording to general procedure 2 and compound 12, starting with 2
(0.50 g, 2.0 mmol) which was reacted with 11 (0.61 g, 1.5 mmol, 1.5
eq.) followed by hydrolysis (0.05 M TsOH-H,0 in MeOH). 13 was
obtained as 0.52 g of faint yellow crystals (1.7 mmol, 89% yield). R¢:
0.15 (20% acetone in hexane). "TH NMR (400 MHz, CDCl3) 6 7.98—7.89
(m, 1H), 7.38—7.29 (m, 1H), 7.25—7.16 (m, 2H), 4.28 (t, ] = 5.6 Hz,
2H),3.94 (t,] = 5.6 Hz, 2H), 2.69 (s, 3H), 2.18 (s, 1H), 1.84 (s, 1H), 1.38
(s, 6H), 1.36 (s, 6H). °C NMR (101 MHz, CDCl3) 6 197.81, 142.30,
136.10, 126.64, 121.97, 121.54, 120.35, 118.07, 109.70, 61.45, 45.21,
4496, 33.11, 24.40, 17.16, 12.45. HRMS (ESI, m/z, Ci9H25NO>):
[M+H]* calcd. 300.1958, found 300.1959.
(1-(2-(2-Fluoroethoxy)ethyl)-1H-indole-3-yl)(2,2,3,3-
tetramethylcyclopropyl)methanone (14). 14 was synthesized ac-
cording to general procedure 2, starting with 12 (0.10 g, 0.4 mmol).
0.08 g of 14 (0.2 mmol, 57% yield) was received as white crystals. R¢:
0.24 (20% acetone in hexane). 'TH NMR (400 MHz, CDCl3) 6 8.41 (dt,
J =476, 4.0 Hz, 1H), 7.78 (s, 1H), 7.38—7.29 (m, 1H), 7.29—7.20 (m,
3H), 4.48 (dd, J = 47.6, 4.0 Hz, 2H), 4.33 (t, ] = 5.3 Hz, 2H), 3.86 (t,
J = 5.2 Hz, 2H), 3.62 (dd, ] = 29.7, 4.0 Hz, 2H), 1.93 (s, 1H), 1.33 (s,
6H),1.28 (s, 6H). >C NMR (101 MHz, CDCl3) 6 194.95,136.72,134.72,
126.51,123.10,122.97,122.31,120.01, 109.44, 83.09 (d, ] = 169.7 Hz),
70.65 (d,] = 19.4 Hz), 69.95, 46.80, 41.68, 31.72, 24.12,17.16. '>F NMR
(376 MHz, CDCl3) 6 —222.79 (tt, ] = 47.7, 29.7 Hz). HRMS (ESI, m/z,
CyoH26FNO3): [M+H]™ caled. 332.2020, found 332.2023.
(1-(2-(2-Fluoroethoxy)ethyl)-2-methyl-1H-indole-3-
y1)(2,2,3,3-tetramethylcyclopropyl)methanone (15). 15 was syn-
thesized according to general procedure 5, starting with 13 (0.20 g,
0.7 mmol) which was reacted with 3 (0.18 g, 0.8 mmol, 1.2 eq.). 15
was obtained as 0.17 g of a faint yellow solid (0.5 mmol, 62% yield).
R 040 (20% acetone in hexane). 'H NMR (400 MHz, CDCl5)
0 8.01—7.87 (m, 1H), 7.38—7.28 (m, 1H), 7.25—7.14 (m, 2H), 4.47 (dt,
J =476, 4.1 Hz, 2H), 4.33 (t,] = 5.8 Hz, 2H), 3.81 (t, ] = 5.8 Hz, 2H),
3.60 (dt, J = 29.6, 4.1 Hz, 2H), 2.72 (s, 3H), 2.21 (s, 1H), 1.39 (s, 6H),
1.36 (s, 6H). 13C NMR (101 MHz, CDCl3) ¢ 197.67, 142.41, 135.95,
126.64,121.84,121.44, 120.34, 117.94, 109.57, 83.17 (d, ] = 169.5 Hz),
70.71 (d, ] = 19.5 Hz), 69.83, 44.88, 43.14, 32.97, 24.40, 17.16, 12.38.
19F NMR (377 MHz, CDCl3) 6 —222.97 (tt, ] = 47.7, 29.6 Hz). HRMS
(ESI, m/z, C21H28FNO3): [M+H]" calcd. 346.2177, found 346.2180.
(1-Propyl-1H-indole-3-yl)(2,2,3,3-tetramethylcyclopropyl)
methanone (16). 16 was synthesized according to general pro-
cedure 2, starting with 1 (0.23 g, 1.0 mmol) which was reacted with
1-bromopropane (0.13 mL, 1.4 mmol, 1.5 eq.). 16 was obtained as
0.18 g of a faint yellow solid (0.7 mmol, 70% yield). R¢: 0.60 (20%
acetone in hexane). The analytical-data is according to the litera-
ture [30]. '"H NMR (400 MHz, CDCls) 6 8.51-8.36 (m, 1H), 7.69 (s,
1H), 7.43—7.22 (m, 3H), 4.15 (t, ] = 7.1 Hz, 2H), 2.04—1.87 (m, 3H),
1.38 (s, 6H), 1.33 (s, 6H), 1.01 (t, ] = 7.4 Hz, 3H). 3C NMR (101 MHz,
CDCl3) 6 194.74, 136.77, 133.65, 126.53, 122.98, 122.83, 122.17,
119.73, 109.77, 48.75, 41.76, 31.65, 24.18, 23.41, 17.16, 11.58. HRMS
(ESI, m/z, C19H25NO): [M+H]" calcd. 284.2009, found 284.20009.
2-(3-Bromopropoxy)tetrahydro-2H-pyran (17). 17 was syn-
thesized according to general procedure 4, starting with 1.00 mL 1-
bromoethanol (11.1 mmol). 2.57 g crude product was obtained.
(1-(3-Hydroxypropyl)-1H-indole-3-yl)(2,2,3,3-
tetramethylcyclopropyl)methanone (18). 18 was synthesized ac-
cording to general procedure 1, starting with 1 (0.80 g, 3.3 mmol)
which was reacted with 17 (1.16 g, 5.0 mmol, 1.5 eq.). The crude
product was hydrolyzed without purification. Therefore, the crude
product was dissolved in 10 mL, 0.05 M TsOH-H,0 in MeOH and the
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reaction was stirred for 3 h at room temperature. The reaction was
quenched by addition of saturated NaHCO3 aq which was extracted
3x with DCM. The organic phase was washed with brine, dried over
NaySO4 and the product was isolated by flash-chromatography
(SiO2, 20% acetone in PE). 0.99 g (3.3 mmol, >99%) of 18 was
received as clear crystals. The analytical-data is according to the
literature [30]. Rz 0.19 (20% acetone in hexane). "H NMR (400 MHz,
CDCl3) 6 8.49—-8.35 (m, 1H), 7.73 (s, 1H), 7.46—735 (m, 1H),
7.35—7.21 (m, 2H), 4.35 (t, J = 6.8 Hz, 2H), 3.67 (t, ] = 5.8 Hz, 2H),
2.19-2.07 (m, 2H), 1.98 (s, 1H), 1.83 (s, 1H), 1.37 (s, 6H), 1.33 (s, 6H).
13C NMR (101 MHz, CDCl3) 6 194.98, 136.75, 134.00, 126.50, 123.12,
122.80,122.27,119.89,109.78, 59.17, 43.39, 41.83, 32.38, 31.88, 24.19,
17.16. HRMS (ESI, m/z, C1gH25N05): [M+H]" calcd. 300.1958, found
300.1947.

3-(3-(2,2,3,3-tetramethylcyclopropane-1-carbonyl)-1H-
indole-1-yl)propyl 4-methylbenzenesulfonate (19). 19 was syn-
thesized according to general procedure 3, starting with 18 (0.60 g,
2.0 mmol). In contrast to general procedure 3; 3 eq. of tosyl chloride
were used and the reaction time was prolonged to 24 h. 0.79 g of a
clear oil (1.7 mmol, 86%) of 19 was received. R¢: 0.19 (20% acetone in
hexane). 'H NMR (400 MHz, CDCl3) 6 8.51—8.34 (m, 1H), 7.82—7.68
(m, 3H), 7.39—7.20 (m, 5H), 4.30 (t,] = 6.5 Hz, 2H), 3.99 (t,] = 5.6 Hz,
2H), 2.44 (s, 3H), 2.22 (quint, ] = 6.0 Hz, 2H), 1.98 (s, 1H), 1.36 (s, 6H),
1.32 (s, 6H). 13C NMR (101 MHz, CDCl3) 6 194.89, 145.33, 136.35,
133.93,132.67,130.13, 127.98, 126.62, 123.28, 123.06, 122.40, 120.17,
109.40, 66.84, 42.84, 41.73, 32.05, 29.29, 24.16, 21.79, 17.11. HRMS
(ESI, m/z, Co6H31NO4S): [M+H] " calcd. 454.2047, found 454.2038.

Purity of all in vitro tested compounds was >95% as confirmed
by HPLC measurements (see Supporting Information).

4.7. Radioligand binding studies at CBR

Radioligand binding studies were performed using membrane
preparations from Chinese hamster ovary (CHO) stably expressing
human CB{R and the non-selective CBR agonist radioligand
[2H](-)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-
(3-hydroxypropyl)-cyclohexanol (ARC American Radiolabeled
Chemicals, St. Louis, Mo, USA). A final concentration of 0.1 nM was
used for all of the experiments.

A mixture containing 465 uL of assay buffer (50 mM tris(hy-
droxymethyl)aminomethan (TRIS, Carl Roth GmbH & Co. KG,
Karlsruhe, Gemany), 3 mM MgCl, (Carl Roth GmbH & Co. KG,
Karlsruhe, Gemany), 0.1% BSA, pH 7.4), 15 uL of the test compound
dissolved in DMSO, and 60 pL of [°H]CP55,940 in assay buffer (final
concentration: 0.1 nM), and 60 uL of membrane preparation (in
50 mM TRIS, pH 7.4) in a 96 well plate were incubated for 2 h at
room temperature. DMSO without test compound was used to
measure total binding while unlabeled CP55,940 was used to
determine non-specific binding of the radioligand. The binding was
terminated by rapid filtration through GF/C glass fiber filters (Per-
kin-Elmer, Waltham, MA, USA), presoaked for 0.5 h in 0.3% aq.
polyethyleneimine (Fluka, Sigma Aldrich Corp., St. Louis, MO, USA)
and subsequently dried for 1.5 h at 50 °C. The amount of radioac-
tivity on the filters was measured in a liquid scintillation counter
(Topcount NXT, Packard/Perkin-Elmer) after 10 h of preincubation
with 50 pL of scintillation cocktail (Microscint20, Perkin-Elmer). For
the calculation of K; values, the Cheng-Prusoff equation and Kp
values of 2.4 nM ([>H]|CP55,940 at CB;R) and 0.7 nM ([°H]
CP55,940 at CB,R) were used [49].

4.8. Functional assays at CBiR and CB2R
Functional assays at human CBiR and CB;R were performed

using the TRUPATH BRET? assay system according to literature
[38,50]. All the TRUPATH construct plasmids were a kind gift from
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Bryan Roth (Addgene kit #1000000163). HEK293 cells were seeded
4 h before the experiment in a 6-well-plate (700.000 cells/well).
Transfection was performed using Lipofectamine 2000 (Thermo
Fisher) according to the manufacturer's protocol (DNA mixtures
consisted of Goj;1-Rluc8, 83 and y9-GFP2 and either the human
CB4R or CBzR in pcDNA3.1(+) in a 1:1:1:1 ratio). The cells were
incubated overnight and seeded at a density of 40.000 cells/well in
a 96-well-plate with full growth medium. About 24 h later (48 h
after transfection), the full growth medium was replaced by 60 uL
of HBSS-HEPES buffer subsequently with the addition of 10 pL of
50 uM coelenterazine 400a (Biomol) as substrate. The mixture was
further incubated for 5 min at room temperature. The test com-
pound was prediluted in DMSO and HBSS-HEPES buffer (final
concentration of DMSO is 1%) and was added to the well in a vol-
ume of 30 pL. The mixture was further incubated for 5 min. The
signal produced was measured using a Mitras LB940 plate reader
according to previously published literature [51]. Data were ob-
tained from minimal three independent experiments performed
minimal in duplicates.

4.9. B-Arrestin recruitment assays at CB1R, CB2R, GPR18, and GPR55

R-Arrestin recruitment assays were performed according to
previously published procedures [37]. In brief, CHO cells stably
expressing B-arrestin fused to a mutant of B-galactosidase (f-
arrestin2-EA, DiscoverX, Fremont, CA, USA) and either the human
CB1R or CB3R, GPR18 or the human GPR55 fused to a complemen-
tary part of B-galactosidase (ProLink1) were prepared according to
the manufacturer's protocol. Cells were kept in full growth medium
(F-12 (Nutri-Mix, Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% fetal calf serum (PANBiotech GmbH, Ger-
many), 100 U/mL penicillin, 100 pg/mL streptomycin (Thermo
Fisher Scientific), 800 ug/mL geneticin (Thermo Fisher Scientific)
and 300 pg of hygromycin (InvivoGen, San Diego, CA, USA). About
24 h prior to the experiment, the cells were seeded into 96-well
plates (NUNClon™ Delta Surface, Thermo Fisher Scientific) at a
density of 20.000—30.000 cells/well and kept at 37 °C. The test
compound in assay buffer (PBS supplemented with 0.1% BSA) was
then added to the cells in a volume of 10 pL/well (for agonistic
activity) or 5 uL/well (for antagonistic activity) and incubated for
further 90 min at 37 °C. Subsequently, 50 pL of detection reagent
was added according to a previously described procedure, and the
mixture was incubated for another 60 min. Luminescence signals
were subsequently measured in a TopCount NXT, Packard, Perkin-
Elmer. Three to four independent experiments were performed,
each in duplicates. All pharmacological data were analysed using
GraphPad Prism (GraphPad Inc., La Jolla, CA). The potent and se-
lective GPR18 agonist PSB-KK1415 (0.1 uM, corresponding to ECgg)
was used to stimulate GPR18, while LPI (1 uM, correspond to its
ECgo) was used to stimulate GPR55. CP55,940 as unselective CB
receptors ligand was used to stimulate the CBy and CB, receptor
(0.1 uM, correspond to its maximal receptor activation).

4.10. Radiosynthesis and quality control

After manual pretests with low activities, the radio synthesis,
purification and reformulation was performed fully automatic on
ORA Neptis perform, a commercial synthesis cassette module. The
synthesis sequence was self-assembled, just like the synthesis
cassettes, which were assembled by parts of the Developer Kkits type
1 (see Fig. 6).

The ['8F]F~ was trapped on a QMA-cartridge (Waters Sep-Pak
Accell Plus QMA Carbonate Plus Light Cartridge, 46 mg) and
eluted by 750 pL tert-Butylammonium bicarbonate solution. The
water was evaporated and the fluoride was dried by azeotropic
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distillation using acetonitrile. Next the precursor 19 (9 mg, 20 umol
in 0.5 mL of anhydrous acetonitrile) was added and the reaction
was heated to 90 °C for 5 min. The reaction mixture was quenched
with water and the tracer was separated by solid-phase extraction
(Waters Sep-Pak Plus Light C18). The cartridge was washed with
water and eluted with 1.5 mL MeCN. The eluate was diluted with
1.5 mL water, filtered and injected into the semi.-prep. HPLC (Wa-
ters SunFire C18 OBD Prep Column, 100 A, 5 um, 10 mm x 250 mm,
4.0 mL/min 65% MeCN aq, UV: 305 nm). Afterwards the purified
tracer was reformulated to 10% EtOH aq by SPE (Waters Sep-Pak
Plus Light C18).

The tracer analysis was performed on a radio HPLC by Agilent
(Macherey-Nagel EC 150/3 Nucleodur 100-3 C18ec, 0.6 mL/min 70%
MeCN aq + 0.1% TFA, UV: 305 nm) and a radiodetector (fLumo,
Berthold) (Fig. 3). Molar activity was measured on HPLC, the cali-
bration including the measured value for 1500 GBq/pmol is shown
in the supporting information (Fig. S1).

4.11. Experimental logP measurement by shake-flask-method

A small amount of compound ['®F]7 (0.5 MBg, 5 pL 10% EtOH aq)
was mixed with 1.2 mL 50 mM Phosphate buffer (pH: 7.4) and
1.2 mL OcOH. The mixture was vigorously shaken for 30 min. Af-
terwards the phases were separated and the organic phase was
diluted to 1%.1 mL of the aqueous phase and 1 mL of the 1% organic
phase were measured in a gamma counter (Automatic Gamma
Counter, HIDEX). The obtained data was used to calculate the logP
value of the produced tracer.

4.12. Radioactive microsomal metabolism assay

The time course of compound ['®F]7 metabolism was deter-
mined in human liver microsomes (ThermoFisher). Compound
['F]7 was incubated in a total reaction volume of 500 pL. The re-
action was conducted in 100 mM potassium phosphate buffer (pH
7.4) with 0,5 mg/mL human liver microsomal protein, 1 mM
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NADPH, 125 mM NaCl and 1 mM EDTA.

The reaction mixture was pre-incubated for 3 min at 37 °C. Af-
terwards the reaction was started by the addition of the radioactive
tracer. At each time of measurement, an aliquot (80 uL) was
removed and the reaction was stopped by adding 80 pL acetonitrile.
After stopping the metabolic reactions of the aliquots, the reaction
mixtures were centrifuged at 20,000xg for 10 min at 4 °C. 3 pL of
each supernatant were applied to a silica TLC-plate and developed
with 20% acetone in PE. The developed TLC-plate was exposed to a
phosphor screen over night. The phosphor screen was read by
Typhoon FLA 9500 (GE Healthcare).

4.13. Non-radioactive microsomal metabolism assay

Human liver microsomes (Thermo Fisher Scientific), were used
at a final concentration of 0.5 mg/mL in a reaction mixture with
100 uM NADPH, 1 mM EDTA, 125 mM NaCl in 100 mM potassium
phosphate buffer. The reaction was pre-incubated at 37 °C for 5 min
before addition of 10 nmol/mL 7. After 0 min, 5 min, 10 min, 20 min,
and 30 min, 80 pL of the reaction were removed and quenched in
80 uL cold acetonitrile. The reaction was centrifuged at 4 °C,
3000xg for 30 min and the supernatant was analysed by LC-MS/
MS.

The systems (LC-MS/MS) consisted of a triple quadrupole mass
spectrometer QTRAP 6500 (AB Sciex, Darmstadt, Germany) coupled
to a high performance liquid chromatography (Shimadzu, Duis-
burg, Germany). The chromatographic analytic separation was
performed at room temperature on an Accucore C8 column 50 x 3
mm in size with a particle size of 2.6 pm (Thermo Fisher Scientific,
Germany). Gradient elution was applied using mobile phases con-
sisting of acetonitrile and 0.2% formic acid in water (v/v). The
gradient ran for 10 min with a flow rate of 0.5 mL/min and a sample
volume of 5 pL. Solvent flow starts with 40:60 acetonitrile:formic
acid agq, constantly increased to 100% acetonitrile at 7 min. These
solvent composition was hold to 8 min, followed by 2 min of 40:60
acetonitrile:formic acid aq. For subsequent MS analysis, ionisation

HPLC-Solvent

Vent

HPLC
Waste WFI

1

Fig. 6. Schematic illustration of the synthesis on the module ORA Neptis perform for the radiosynthesis and purification of compound [*®F]7.
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was performed by electrospray, followed by selected reaction
monitoring (SRM) using parameters specific to compound 7 and 18
determined prior.

Transitions of compound 7 and compound 18 precursor ions to
product ions were determined to be m/z 302 to m/z 125 for com-
pound 7 and m/z 300 to m/z 202 for compound 18. Fragmentation
was performed with a collision potential of 30 V for compound 7,
and 35 V for compound 18. Acquisition data was visualized and
analysed using the Sciex software Analyst version 1.6.2 and its
companion software Multiquant. 18 was quantified as percentage of
compound 7 based on the peak area (area %), calculated by
Multiquant.

5. Autoradiography

Autoradiography was performed according to the tritium-
autoradiography by Riihl et al. [52] Briefly, the spleen tissue was
removed rapidly of a sacrificed male Wistar rat, frozen and cut on a
cryostat to 12 um thick slices. The cut slices were stored at —30 °C
until use for autoradiography. For autoradiography the slides were
brought to RT., dried and preincubated for 15 min with buffer A
(50 mM TRIS-HCl + 5% BSA (pH 7.4) at rt.). The slides were
completely dried before incubation for 2 h with compound ['8F]7 in
buffer A (+2% ethanol). CB,R were blocked by GW405833,
CP55,940 and compound 7 in 10,000 nM. Slides were washed twice
for 30 min with buffer B (50 mM TRIS-HCl + 1% BSA (pH 7.4) at
4°(C), followed by a short dip into deionized water at 4 °C. The slides
were dried and exposed to imaging plates over night. The imaging
plates were measured by a phosphor screen. The phosphor screen
was readout by Typhoon FLA 9500 (GE Healthcare).
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AD Alzheimer’s disease

aq aqueous

BBB blood-brain barrier

BKG Background

BRET bioluminiscence resonance energy transfer
CBR cannabinoid receptor

CB{R cannabinoid receptor subtype 1

CB3R cannabinoid subtype 2 receptor

CHO Chinese hamster ovary,

CNS central nervous system

Cnts Counts

DCM dichloromethane

DM102 Compound 7

DMF N,N-Dimethylformamide

DMSO Dimethyl sulfoxide

eq. equivalents

Gj Guanine nucleotide-binding protein subunit alpha-1
LC-MS Liquid Chromatigraphy Mass Spectrometry
MPO multiparameter optimization

PE Petroleum Ether

PET positron emission tomography

RCY radiochemical yields

SEM standard error measurement

TFA Trifluoroacetic acid

(A°-[1]JTHC) (—)-A®-trans-tetrahydrocannabinol

THP Tetrahydropyranyl

tPSA topological polar surface area

TRIS tris(hydroxymethyl)aminomethane.
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Publication summary and contributions

Cannabinoid (CB) receptors are G protein-coupled receptors (GPCRs) that are part of
the endocannabinoid system,? which plays a role in regulating various physiological
processes such as pain, mood, appetite, and immune function.'? CB receptors were
originally discovered as membrane proteins that mediate the effects of the
constitutents present in Cannabis sativa extracts, of which A®-tetrahydrocannabinol
(A®-THC, classical cannabinoid) is the major bioactive compound.®”:74 THC acts as
an agonist at CB, and CB; receptors, and was later found to be a partial agonist at
both CB receptor subtypes, with respect to, (-)-CP 55,940, identified as a potent,

highly efficacious, and non-selective CB receptor agonist.®® 143144

Two subtypes of CB receptors, CB, and CB, receptors exist. CB; receptors are
primarily localized in the central nervous system, where they modulate various
physiological functions, including pain perception, memory, and appetite.’® In
contrast, CB,receptors are mainly expressed by immune cells and peripheral tissues,
where they play a critical role in regulating inflammation and immune responses.”’- &
45 Both, CB1 and CB, receptors, belong to the class A (rhodopsin-like) GPCRs.”” CB;
receptors primarily couple with Gai, proteins, but are able to couple with Gas and Ga,
proteins under certain conditions as well, for example upon high receptor
expression.'® CB, receptors only (or mainly) couple to Gai, proteins.”” Activation of
CB receptors by agonists leads to a cascade of intracellular events. The initial step in

this pathway involves the dissociation of Gai, proteins from the heterotrimeric Gapy
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complex. Gai, proteins are inhibitory proteins that play a crucial role in reducing the
activity of adenylate cyclase, an enzyme family that is responsible for catalyzing the
production of cyclic AMP (cAMP) from ATP. When Gai, proteins dissociate from the
GaBy complex, adenylate cyclase activity is inhibited, leading to a decrease in the

production of cAMP.™

Over the years, there have been extensive studies on the structure-activity
relationships (SARs) of ligands that target cannabinoid receptors, focusing on the
development of ligands that possess similar or distinct structures as compared to
classical cannabinoids or nonclassical cannabinoids. The goal of this study has been
to improve the selectivity of these ligands towards one of the cannabinoid receptor
subtypes or to achieve dual targeting of both receptors.'® % Nabiximol, nabilone,
and dronabinol are example of nonselective CB,/CB, receptor agonists that have
been approved for clinical use.’™™'5? Rimonabant, a selective CB; receptor
antagonist/inverse agonist, was previously approved and marketed as anti-obesity
drug, but was withdrawn due to severe central nervous system side effects, in
particular, an increase in the rate of suicides.’ Nevertheless, CB receptors are still
attractive drug targets because of their critical roles in regulating important

pathophysiological conditions.#8 154.1%5

Plant-derived compounds including those from Cannabis sativa, have provided arich
source of CB; and CB: receptor ligands. 3,3'-Diindolylmethane (DIM) which is a
naturally occurring compound that is found in cruciferous vegetables such as
broccoli, cauliflower, and cabbage, has been found to interact with CB receptors.'®
DIM showed partial agonistic activity at the CB; receptor, while it interacted with the
CB; receptor as an antagonist/inverse agonist.”® Due to its intriguing characteristics
at CB receptors, the structure-activity relationships of DIM and its analogs at CB
receptors were studied in the present project, using 3,3'-diindolylmethane (DIM) as a

lead structure.

In this manuscript, a total of 99 DIM derivatives and analogs were assessed for their
ability to bind to membrane preparations of CHO cells recombinantly expressing
human CB, or CB; receptors, using radioligand competition binding experiments. The
nonspecific agonist radioligand [*H]CP55,940 was used for the assays. Structure-
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activity relationships were established for the test compounds, and functional assays
(cAMP accumulation assays (G protein dependent pathway) and [B-arrestin-2
recruitment (G protein-independent effect)) were subsequently performed for

compounds with high affinity to assess their agonistic or antagonistic activity.

The investigated DIM derivatives are divided into three classes (Figure 3.5):
a) substitution of the indole rings in various positions including symmetrical and
unsymmetrical substitution patterns, b) replacement of the 3,3'-methylene linker
(CH.) by a carbonyl group, and oxidation and or reduction of the diindolylmethane ring
system, ¢) monosubstitution or disubstitution of the 3,3'-methylene linker by alkyl
and aryl residues. Analysis of the SARs revealed that many of the symmetrically
substituted DIM derivatives display higher affinity for the CB. receptor than
unsymmetrically substituted analogs: the presence of halogen or small substituents
at position 4 of both indole rings improved binding affinity, while 5,5'-substituents on
the indole rings resulted in a lower binding affinity. Similar to 5,5'-substituents, the
substitution at either the 6,6'-positions or the 7,7'-positions of DIM did not improve
affinity. In most cases, one unsubstituted indole (free NH) at the DIM core moiety is
necessary for CB, receptor binding. Substitutions on the methylene bridge of 3,3'-
diindolylmethane (DIM) derivatives were generally not well tolerated, resulting in only
moderate potency when compared to unsubstituted analogs. Similar results were
observed with the oxidation or reduction of the diindolylmethane ring system, and
most of these derivatives were not tolerated by CB, receptors. The SARs of DIM and
its analogs at the CB, receptor showed a different profile from the SARs at the CB,
receptor. At the CB; receptor, large and lipophilic substituents are preferable,

irrespective of the position.
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CHsz>H>Cl>F~Br |
H ~ CI > F ~Br > CF3 > CHy ~ OCHz >CO,Me > CHO

F > CN ~Cl ~Br > OCH3 > H > CHj3

RS RY

6 RS
RO,

HN NH

R4 R¥

Aryl substituents reduced CB; receptor binding affinity

At least one free NH important for interaction with the receptor

¢ | Y
Br Br CH3 CN NC
HN: iNH HN: :NH HN: iNH
44 PSB-19571 149 PSB-18691 46 PSB-19837
CBy: ECsp = 0.509 pM (CAMP, Eppay= 85%) CBy: ECs = 0.0652 uM (CAMP, Eay= 89%)  CBy: ECsg = 0.0144 uM (CAMP, Ejay= 95%)

CB,: ECs59 = 0.0450 uM (Arrestin, Epax= 61%) CB,: ECsg = 1.08 UM (Arrestin, Epay= 93%) CBy: ECsg = 0.0149 UM (Arrestin, Enax= 67%)

B-Arrestin-biased CB, agonist Potent, efficacious CB, agonist G protein-biased CB, agonist

Figure 3.5 Structure-activity relationships of diindolylmethane derivatives as cannabinoid CB:receptor agonists
(top) and the structures of CB. agonists in the present paper (bottom). The structure-activity relationships figure
/s reprinted (adapted) with permission from Mahardhika et. al.’®®

Several compounds showed higher binding affinity at the CB, receptor, as compared
to the lead structure DIM. These compounds showed high CB, receptor affinity and
were selective versus the CB; receptor. Interestingly, some of the DIM derivatives
showed an incomplete displacement of [*H]CP55,940 used as a radioligand at the
CB, receptor. This might indicate that DIM derivatives bind to the CB receptors
through a different binding site, possibly an allosteric site, rather than binding to the
same orthosteric binding site as the radioligand. Another possible explanation is that
these derivatives do bind to the orthosteric site, but to a different conformation than

the one recognized by classical cannabinoids.

In order to investigate whether DIM and its derivatives and analogs are agonists or
antagonists at CB receptors, we performed functional studies of selected
compounds using G protein-dependent assays (measuring cAMP concentration), and
determining B-arrestin recruitment. In agreement with earlier reports, the behavior of
DIM was found to be similar to that of THC, acting as a partial agonist in both cAMP

and B-arrestin assays.”® A low correlation between affinity (in binding assays) and
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potency (in functional assays) was observed indicating that DIM derivatives likely act
as allosteric CB. receptor ligands. Several compounds showed biased signaling
either for the G protein-dependent cAMP production pathway, or for B-arrestin
recruitment. The most potent CB; receptor agonist was found to be di-(4-cyano-1H-
indol-3-yl)methane (46, PSB-19837), displaying an unbiased signaling profile (ECso
[cAMP]: 0.0144 puM, ECs [B-arrestin]: 0.0149 uM). In contrast, di-(4-bromo-1H-indol-
3-yl)methane (44, PSB-19571) showed bias towards B-arrestin signaling (ECso [cAMP]:
0.509 uM, ECs, [B-arrestin]: 0.0450 uM), while 3-((1 A-indol-3-yl)methyl)-4-methyl-1 H-
indole (149, PSB-18691) exhibited a G protein signaling bias (ECso[CAMP]: 0.0652 pM,
ECso [B-arrestin]: 1.08 uM). These compounds with varying pharmacological profiles
are valuable tools for investigating CB. receptors. Additionally, a few derivatives of
DIM showed moderate affinity and potency at the CB; receptor, inhibiting CB;-
mediated B-arrestin recruitment. The study's findings suggest an allosteric binding
site for DIM derivatives at CB receptors, and the determined radioligand binding data
may underestimate the compounds' potency. These DIM derivatives can be valuable
tool compounds for investigating the signaling pathways of CB, receptors and the

effects of biased signaling.

In this manuscript, | performed radioligand binding experiments and functional
assays atthe CB, and CB,receptors. | also developed and established the B-arrestin-
2 assays for CB receptors and investigated the selected compounds in this assay.
Additionally, | prepared all figures and the Supporting Information of the manuscript
and wrote the manuscript in cooperation with all authors. The first draft was provided
by myself and Dr. Thanigaimalai Pillaiyar. Prof. Dr. Christa E. Muller created the final

version in cooperation with all authors.
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Abstract

3,3'-Diindolylmethane (DIM), a natural product-derived compound formed upon
ingestion of cruciferous vegetables, was recently described to act as a partial agonist
of the anti-inflammatory cannabinoid (CB) receptor subtype CB,. In the present study,
we synthesized and evaluated a series of DIM derivatives and determined their affinities
for human CB receptor subtypes in radioligand binding studies. Potent compounds were
additionally evaluated in functional cAMP accumulation and B-arrestin recruitment
assays. Small substituents in the 4-position of both indole rings of DIM were beneficial
for high CB, receptor affinity and efficacy. Di-(4-cyano-1H-indol-3-yl)methane (46, PSB-
19837, ECso: cAMP, 0.0144 uM, 95% efficacy compared to the full standard agonist
CP55,940; B-arrestin, 0.0149 uM, 67% efficacy) was the most potent CB, receptor
agonist of the present series. Di-(4-bromo-1H-indol-3-yl)methane (44, PSB-19571)
showed higher potency in B-arrestin (ECso 0.0450 uM, 61% efficacy) than in cAMP
accumulation assays (ECsg 0.509 uM, 85% efficacy) while 3-((1H-indol-3-yl)methyl)-4-
methyl-1H-indole (149, PSB-18691) displayed a 19-fold bias for the G protein pathway
(EC50: cCAMP, 0.0652 uM; B-arrestin, 1.08 uM). DIM and its analogs act as allosteric CB,
receptor agonists. These potent CB, receptor agonists have potential as novel drugs for

the treatment of inflammatory diseases.
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1 | INTRODUCTION

Cannabinoid (CB) receptors belong to the superfamily of G protein-
coupled receptors (GPCRs)™; the CB; receptor is the most highly
expressed GPCR in the brain? In addition, it is also expressed in
peripheral organs such as the lungs, liver, and kidneys.®) The CB,
receptor modulates neurotransmitter release and has been proposed as
a potential drug target for the treatment of pain, neurodegenerative,[4'5]
and metabolic diseases.*”] CB,, receptors are predominantly expressed
on immune cells, including macrophages and leukocytes % and in
organs associated with the immune system, for example, tonsils, spleen,
and thymus.*®*" Therefore, CB, receptors are potential therapeutic
targets for the treatment of inflammatory diseases.'? Both CB

(131 and the activation of

receptor subtypes couple to Gj,, proteins,
these receptors results in the inhibition of adenylate cyclase, which
leads to reduced intracellular cAMP levels.

CBs that target CB receptors are subdivided into three classes:
endocannabinoids, which are naturally produced in the body,
and synthetic CBs

obtained by chemical synthesis.“z’“’ls] The main psychoactive

phytocannabinoids, derived from plants,
component of the herbal drug marijuana, Cannabis sativa, is
A’-tetrahydrocannabinol (A°-THC, 1, Figure 1), a balanced partial
agonist of CB4 and CB, receptors.[*¢*71 |t is used for the therapy
of muscle spasms, nausea, and cachexia, and has the potential for a
number of further indications.*®?! In recent years, a wide range
of synthetic CB4 or CB, receptor agonists has been developed (see
examples 2 and 3 in Figure 1), and several approved nonselective
CB41/CB, receptor agonists such as nabiximol, nabilone, and
dronabinol are in clinical use. Herbal products containing added
synthetic CBs, known as “spice,” have been found on the illicit drug
market.?°21 Due to their illegal use, many synthetic CBs are

included in the list of controlled substances.

OH

CHs Chs

HsC CHy

IO
2 CP55,940

CB: K;=0.5-5nMm("
CB,: K; = 0.7 - 3 nMm(["]

1 A%-THC

CBy: K{=5-80 nM[""]
CB,: K =3 -75 nMm!"]

50
O O )
N | |
HN NH
4DIM
CH, -
3 MWH.O18 CB;: K = 4.3 uM

CB,: K= 1.1 umi3a
CBy: ECs >30 uME2
CB,: ECs = 1.7 uMIEB2

CBy: K = 9.0 nM [21, 29-31]
CBy: K;=2.9 nM [21.29-31]

FIGURE 1 Structures and potencies of selected cannabinoid
receptors agonists
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It is well known that the psychoactive effects of CBs are
mediated by activation of the CB; receptor expressed in the brain.
Selective CB, receptor ligands are expected to be safer since they are
not prone to drug abuse. CB, receptor agonists have been proposed
for the treatment of neurodegenerative and neuroinflammatory
diseases, including Alzheimer's, Huntington's, and Parkinson's dis-
ease, multiple sclerosis, and amyotrophic lateral sclerosis.!??~2%
Moreover, CB, receptor agonists may be effective in the treatment
of irritable bowel syndrome, myocardial infarction, bone disorders,
and different types of cancer.['®2427] However, none of the CB,
receptor ligands studied in clinical trials has thus far received
approval as a drug, primarily because of side effects.[?®27)

Indole represents an important privileged core structure found in
many biologically active natural products and synthetic drugs.[“'zol
Indole constitutes an important scaffold among synthetic CBs (see, e.g.,
3, JWH-018).12+30-32) 3 3"_Djindolylmethane (DIM, 4), a metabolite of
indole-3-carbinol, has been reported to exhibit various biological
activities, including anticancer effects.?*?% In addition to its CB
receptor interaction, DIM has been linked to further biochemical
targets: It has been shown to activate the arylhydrocarbon receptor (at
30 uM),24273% and the immunostimulatory orphan GPCR GPR84 (at
submicromolar concentrations).!*®! Furthermore, it was found to block
the androgen receptor (at a concentration of ca. 50 uM), and the
enzyme histone deacetylase-1 (HDAC-1) at a concentration of 100 uM,
which is close to its solubility limit. In a previous study, Yin et al.
identified DIM as a CB, receptor agonist upon screening of a compound
Iibrary.[34] CB, receptor interaction and activation by DIM were
confirmed in receptor radioligand binding and functional assays
including B-arrestin recruitment, [35$]GTPyS binding, and cAMP
assays.** DIM was reported to display potency in all four assays, with
Ki/ICso values ranging from 0.42 to 1.7 uM. It was found to act as a
partial CB, receptor agonist when compared to the full agonist
CP55,940 (2, Figure 1). DIM was also able to bind to the human CB;
receptor (K; > 4.3 uM) but acted as an antagonist/inverse agonist at that
receptor subtype (ICso 11.1 uM).[34] Recently, we developed a synthetic
method for the preparation of unsymmetrical 3,3'-DIM derivatives and
analogs. Preliminary biological studies of some new DIM derivatives
indicated structure-dependent interactions with CB receptors.®® In the
present study, we selected DIM (4) as a lead structure to perform an in-
depth study of structure-activity relationships (SARs) at the human CB
receptors, mainly with the aim of improving the compound's potency,
efficacy, and selectivity for the CB, receptor subtype. Due to the CB,
receptor selectivity of DIM and its expected allosteric nature, which
might result in functional selectivity, this new class of CB receptor
agonists appeared to be attractive.

2 | RESULTS AND DISCUSSION

2.1 | Chemistry

The synthesis of symmetrical DIM derivatives 40-73 (Table 1,

Scheme 1) without a substituent on the methylene bridge was
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TABLE 1 The binding affinity of 3,3'-diindolylmethane derivatives 4, and 40-73 at human CB; and CB, receptors

4,40-70 71 72 73
Human CB,, receptor Human CB; receptor
Radioligand binding assay
K; = SEM (uM) K; = SEM (uM)
(or percent inhibition of [*H]CP55,940 at 5 pM) (or percent inhibition of [°*H]CP55,940 at 5 pM)
Compound? R? [Maximal inhibition (%)] [Maximal inhibition (%)]
4 (DIM) H 0.690+0.159 5.42+1.00
[98%] [86%]
(1.1)° (4.3)
40 4-CH3 0.845 +0.086 >5 (4%)
[81%]
41 4-OCH3 0.579 +0.157 5.03+2.29
[94%] [79%]
42 (PSB-16357)  4-F 0.279 +0.056 >5 (28%)
[99%]
43 4-Cl 0.332+0.230 0.753+0.048
[93%] [61%]
44 (PSB-19571)  4-Br 0.374+0.074 7.27 £0.45
[100%] [99%]
45 4-NO, >5 (29%) >5 (6%)
46 (PSB-19837)  4-CN 0.339 +0.061 210 (47%)
[99%]
47 5-CH3 2.78+1.36 >5 (26%)
[86%]
48 (PSB-16105)  5-OCHj3 2.84+1.51 5.89+1.28
[83%] [62%]
49 (PSB-15160) 5-F 1.17 £0.33 4.08 +0.22
[100%] [96%]
50 5-CF3 1.98+0.14 9.94 +3.86
[100%] [100%]
51 5-Cl 0.747 £0.067 >5 (6%)
[73%]
52 5-Br 1.27 +0.23 >5 (34%)
[100%]
53 5-CN >5 (30%) >5 (35%)
54 5-NO, 25 (45%) >5 (30%)
55 5-CO,Me 2.99+0.03 >5 (19%)
[71%]

(Continues)
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71

72

73

Compound®
56

57
58

59

60
61 (PSB-16358)

62

63

64 (PSB-16381)

65

66

67
68

69 (PSB-16586)
70 (PSB-16671)

71

72
73

R!
5-CHO

5-CO.H
5-OBn

6-CHg

6-OCHs

6-F

6-Cl

6-Br

7-F

7-OCHg

4-Cl,6-Cl

5-F,6-Cl
4-F5-F

5-F,6-F

5-F,7-F

See structure above

See structure above

See structure above

Data were obtained from Yin et al.*%

Human CB, receptor
Radioligand binding assay

Human CB; receptor

Ki = SEM (uM)

(or percent inhibition of [*H]CP55,940 at 5 pM)

[Maximal inhibition (%)]

7.25+1.39
[71%]

>5 (34%)
>5 (37%)

0.504 +0.252
[76%]

>5 (32%)
0.985 +0.094
[90%]

0.911 £ 0.105
[84%]
3.44+0.56
[100%]

25 (49%)

25 (48%)
0.626 +0.219
[90%]

>5 (36%)
3.04+0.78
[90%]

=5 (59%)
1.10+0.19
[100%]
339+1.14
[68%]

25 (48%)

>5 (3%)

Ki = SEM (uM)

(or percent inhibition of [*H]CP55,940 at 5 pM)

[Maximal inhibition (%)]

>5 (23%)

>5 (-17%)
2.95+0.74
[88%]

>5 (30%)

>5 (26%)

>5 (27%)

0.820 + 0.385
[59%]
5.28£2.02
[100%]

>5 (18%)
>5 (30%)
1.68 £ 0.32
[68%]

>5 (25%)
5.34+1.81
[70%]

>5 (39%)
2.64+0.28
[100%]

>5 (35%)

>5 (45%)

>5 (20%)
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B
R1_:k A\ R2 (a)
N N HCHO (37 % in H,0)
R3
5.39 RS R®
4, 40-73

5-37: R?=R%=H, X =CH
5,4:R"=H, 6,40: R" = 4-CHj,
7,41: R'=4-OCHg, 8, 42: R' = 4-F
9,43: R' = 4-Cl, 10, 44: R" = 4-Br
11, 45: R" = 4-NO,, 12, 46: R' = 4-CN
13, 47: R' = 5-CHs, 14, 48: R' = 5-OCHj,4
15, 49: R" = 5-F, 16, 50: R' = 5-CF4
17, 51: R' = 5-CI, 18, 52: R' = 5-Br
19, 53: R' = 5-CN, 20, 54: R' = 5-NO,

21, 55: R' = 5-CO,Me, 22, 56: R' = 5-CHO

23, 57: R' = 5-CO,H, 24, 58: R' = 5-0OBn

4,40-70: R?=R%®=H, X = CH

25,59: R' = 6-CHj3, 26, 60: R' = 6-OCHj
27,61: R' = 6-F, 28, 62: R' = 6-CI

29, 63: R' = 6-Br, 30, 64: R' = 7-F

31, 65: R' = 7-OCHj, 32, 66: R' = 4-CI,6-CI
33, 67: R' = 5-F,6-Cl, 34, 68: R' = 4-F 5-F
35,69: R' = 5-F,6-F, 36, 70: R' = 5-F 7-F
37,71: R' =R? = H, R% = CH3, X= CH
38,72: R' =R%®=H, R? = CH3, X= CH
39,73:R"=R2=R%=H, X=N

SCHEME 1 Synthesis of diindolylmethane derivatives and analogs 40-73. Reagents and conditions: (a) H,O, 100°C, microwave,
20-180 min, yield 45%-98%. For R R? and R®, see Table 1 and experimental methods for details.

indoles 5-39 with formaldehyde
(37% in water) upon microwave irradiation, according to a previously
developed optimized method.*®) Symmetrical DIMs (100-136,

Table 2, Scheme 2) containing substituents on the bridging methylene

performed by reaction of

group were synthesized by reaction of indoles 5, 7-8, 13-15, 27, 30,
and 32 with various aldehydes or ketones (74-99) in water
in the presence of concentrated sulfuric acid.l®”! Unsymmetrical
DIMs 149-170 (Table 3, Scheme 3) were synthesized based
on two different procedures: (i) reaction of (3-indolylmethyl)
trimethylammonium iodides 137-140 with a range of substituted
indole derivatives (6, 8, 10, 13-15, 17, 21, 23, 20, 30, 37, 38, 141,
142, or 143) in water®® or (ii) decarboxylative coupling of indoles
144-148 with various indolylacetic acid derivatives.*”! The synthesis
of 2-oxoindole derivatives was performed according to reported
procedures (Table 4, Scheme 4) 331

2-Oxoindole derivatives 171 and 172 were reacted with the
appropriate aldehyde (173-174) in ethanol in the presence of
piperidine at 65°C to produce a,B-unsaturated indol-2-one deriva-
tives 175-177. These products were reduced by NaBH, to yield the
corresponding saturated indole-2-one derivatives 178-180 (Table 4,
Scheme 4).

The structures of the newly synthesized compounds were
confirmed by *H- and 3C-NMR spectra. In addition, HPLC analysis
coupled to UV and electrospray ionization mass spectrometry
(LC/UV-ESI-MS) was performed, which was also used to determine
the purity of the compounds. For all compounds, the purity was
above 95%.

2.2 | Pharmacology

All compounds were initially evaluated at a concentration of 5 uM

for their binding affinity to membrane preparations of Chinese

102

hamster ovary (CHO) cells recombinantly expressing either
human CB4 or CB, receptors. The nonspecific agonist radioligand
[®HICP55,940 was used at a concentration of 0.1nM for
competition binding studies at both receptor subtypes.[?*:30:38]
For compounds that showed displacement of radioligand binding
of more than 50%, full concentration-inhibition curves were
determined, and K; values were calculated. Functional assays for
the compounds that showed low micromolar K; values were
performed to evaluate their agonistic (or antagonistic) activity.
The compounds were evaluated in cAMP accumulation assays
according to a described procedure.’?*3%3%! |n addition, agonist-
induced B-arrestin recruitment was measured as a G protein-
independent pathway using a B-galactosidase complementation

assay.l®®]

2.2.1 | Radioligand binding studies and SARs

A total of 99 DIM derivatives and analogs were evaluated for their
binding affinities at the human CB, receptor. The K; value of the lead
structure DIM (4) in our assay system was 0.690 uM, which is
comparable to the reported value of 1.1 uM (see Table 1). SAR
analysis revealed that many of the symmetrically substituted indole
derivatives displayed higher affinity at the CB, receptor when
compared to the unsymmetrically substituted ones. Substitutions
on the methylene bridge of the DIM derivatives were in general not
well tolerated, leading to only moderate potency compared to the
unsubstituted analogs (all results are collected in Tables 1-4).

The effects of substituents at the 4,4'-position of the indole
rings were studied. The following substituents were introduced:
4.4'-dimethyl (40: K; 0.845 uM), 4,4'-dimethoxy (41: K;0.579
uM), 4,4'-difluoro (42: K;0.279 uM), 4,4'-dichloro (43: K;0.332
uM), 4,4'-dibromo (44: K; 0.374 uM), 4,4'-dinitro (45: K;> 5.0 uM),
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TABLE 2 The binding affinity of 3,3'-diindolylmethane derivatives 100-136 at the human CB; and CB, receptors

100-134 135-136
Structure | Structure ||
Human CB, receptor Human CB; receptor
Radioligand binding assay
K; = SEM (uM) K; = SEM (uM)
(or percent inhibition of (or percent inhibition of
[®HICP55,940 at 5 puM) [®HICP55,940 at 5 puM)
Compound R R? [Maximal inhibition (%)] [Maximal inhibition (%)]
Structure |
100 H Me 5.74+0.30 8.15+2.40
[77%] [71%]
101 H Ethyl 0.804 +0.249 2.70+1.86
[97%] [90%]
102 H Propyl >5 (33%) >5 (45%)
103 H Butyl >5 (36%) >5 (-2%)
104 H 4-MePh 2.55+0.28 2.51+0.40
[98%] [100%]
105 H 3-MePh 1.79+0.36 3.56+1.47
[79%] [74%]
106 H 2-MePh 4.55+1.52 298+1.76
[59%] [58%]
107 H 4-EthylPh 1.35+0.56 444 +2.16
[95%] [100%]
108 H 4-IsopropylPh 1.55+0.41 0.832+0.281
[85%] [82%]
109 H 4-MeOPh 2.41+0.02 0.774 +0.169
[73%] [71%]
110 H 3-MeOPh 2.07+£0.75 3.04+1.16
[96%] [91%]
111 H 2-MeOPh 2.72+2.02 1.70+0.41
[59%] [84%]
112 H 2,3-Methylenedioxy-Ph 3.04+£0.22 1.19+0.102
[84%] [84%]
113 H 4-PhenoxyPh >5 (41%) 0.402 +0.306
[80%]
114 H 4-(OH)Ph 7.13+0.617 >5 (43%)
[60%]

103
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TABLE 2 (Continued)
100-134 135-136
Structure | Structure Il
Human CB, receptor Human CB; receptor
Radioligand binding assay
Ki £ SEM (uM) Ki £ SEM (uM)
(or percent inhibition of (or percent inhibition of
[*HICP55,940 at 5 pM) [*HICP55,940 at 5 pM)
Compound R? R? [Maximal inhibition (%)] [Maximal inhibition (%)]
115 H 4-CIPh 3.06+0.90 1.24+0.40
[94%] [92%]
116 H 4-FPh >5 (44%) 3.54 £1.49
[88%]
117 H 4-NO,Ph 1.57 +0.04 0.596 +0.240
[80%] [78%]
118 H Napth-1-yl >5 (9%) >5 (7%)
119 H 7-MeO-napth-1-yl >5 (36%) 0.983+0.463
[69%]
120 H Indol-3-yl >5 (9%) >5 (18%)
121 4-OMe Ph >5 (35%) >5 (44%)
122 4-OMe 4-MeOPh >5 (26%) 0.541+0.173
[88%]
123 5-OMe 4-MePh >5 (42%) 0.414 +0.260
[68%]
124 5-OMe 4-FPh >5 (18%) >5 (34%)
125 5-OMe 4-MeOPh 2.04+0.37 0.176 +0.649
[91%] [83%]
126 5-Me Ph >5 (-8%) >5 (-31%)
127 5-Me 4-MeOPh 1.30+0.45 2.34+0.172
[79%] [76%]
128 5-Me 4-FPh 2.18+0.29 2.69 £0.60
[87%] [92%]
129 5-F Napth-2-yl 2.35+0.19 2.79+0.61
[71%] [80%]
130 4-F Pyridin-4-yl 5.42+0.22 4.96+0.17
[92%] [82%]
131 5-F Pyridin-4-yl >5 (28%) >5 (47%)
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TABLE 2 (Continued)
100-134 135-136
Structure | Structure I

Human CB, receptor Human CB; receptor
Radioligand binding assay
K; £ SEM (uM) K; £ SEM (uM)
(or percent inhibition of (or percent inhibition of
[*HICP55,940 at 5 uM) [*HICP55,940 at 5 pM)

Compound R? R? [Maximal inhibition (%)] [Maximal inhibition (%)]

132 6-F Pyridin-4-yl >5 (29%) 5.03+1.40

[79%]

133 7-F Pyridin-4-yl >5 (14%) >5 (23%)

134 5-Cl Pyridin-4-yl >5 (9%) >5 (9%)

Structure Il

135 H 4-CHj3 0.674 +0.529 25 (44%)
[53%]

136 H 4-OCHs >5 (35%) 2.84 +0.17

[73%]
N O
1.0 N
Oy .8 @
X ” R" "R2
121: R? = Ph, R® = 4-OMe
5,7,8,13-15, 27, 74-99 100-136 122: R? = 4-MeOPh, R® = 4-OMe
30, 32 74-97:R'=H 100-134:R'=H  123: R? = 4-MePh, R® = 5-OMe
) ) ) 124: R? = 4-FPh, R® = 5-OMe
74, 100: R2 = Me, 75, 101: R z Ethyl, 76, 102: Rc = P2|'Opy|, 125: RZ - 4-MeOPh, R3 = 5-OMe
77, 103: R° = Butyl, 78, 104: R“ = 4-MePh, 79, 105: R“ = 3'MePh, 126: R2 = Ph, R3 = 5-Me

80, 106: R? = 2-MePh, 81, 107: R? = 4-EthyIPh,

82, 108: R? = 4-IsopropylPh, 83, 109: R? = 4-OMePh,
84, 110: R?= 3-OMePh, 85, 111: R? = 2-OMePh,

86, 112: R? = 2,3-MethylenedioxyPh
87, 113: R? = 4-PhenoxyPh, 88, 114: R? = 4-(OH)Ph
89, 115: R? = 4-CIPh, 90, 116: R? = 4-FPh, 91, 117: R? = 4-NO,Ph
92, 118: R? = Naphthalen-1-yl, 93, 119: R? = 7-OMe-naphthalen-1-yl
94, 120: R? = Indol-3-yl, 95: R? = Ph, 96: R? = Naphthalen-2-yl,

97: R? = Pyridin-4-yl; 98: R = CH3 R? = 4-MePh,
99: R" = CH3 R? = 4-OMePh,

127:
128:
129:
130:
131:
132:
133:
134;
135:
136:

R? = 4-MeOPh, R® = 5-Me
R? = 4-FPh, R® = 5-Me

R? = Napth-2-yl, R® = 5-F
R? = Pyridin-4-yl, R® = 4-F
R? = Pyridin-4-yl, R® = 5-F
R? = Pyridin-4-yl, R® = 6-F
R? = Pyridin-4-yl, R® = 7-F
R? = Pyridin-4-yl, R® = 5-Cl
R? = 4MePh, R® = H

R? = 4MeOPh, R®=H

SCHEME 2 Synthesis of diindolylmethane derivatives and analogs 100-136. Reagents and conditions: (a) H,O, H,SO4, 5 min, 56%-97%.
See Table 2 and experimental methods for details.
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TABLE 3 The binding affinity of 3,3'-diindolylmethane derivatives 149-170 at the human CB; and the CB, receptors

HN N

H4C
N~
N NH

\
CHs HaC
149-168 169 170
Human CB, receptor Human CB; receptor
Radioligand binding assay
K; = SEM (uM) K; = SEM (uM)
(or percent inhibition of [2HICP55,940 at 5 uM)  (or percent inhibition of [*H]CP55,940 at 5 uM)
Compound R? R? [Maximal inhibition (%)] [Maximal inhibition (%)]
149 (PSB-18691) H 4-Me 0.498+0.176 >10 (35%)
[98%]
150 H 4-F 0.758+0.178 6.09+1.78
[98%] [100%]
151 H 4-Br 0.944 +0.106 31.1+74
[99%] [97%]
152 H 5-OMe 2.32+0.71 >5 (33%)
[87%]
153 H 5-F 3.78+0.30 >5 (20%)
[85%]
154 H 5-Cl 1.21+0.05 4.40+0.40
[93%] [91%]
155 H 5-COMe  n.d® >5 (41%)
156 H 5-CO,H >5 (20%) >5 (=7%)
157 4-Cl 4-Br 0.237 +0.006 4.07 +1.36
[98%] [92%]
158 4-Cl 4-CH3 0.536 +0.058 7.13+1.68
[96%] [89%]
159 5-OMe 4-F 1.17+0.14 >5 (39%)
[97%]
160 5-OMe 5-F 2.44+0.27 >5 (49%)
[88%]
161 5-OMe 7-F 2.82+0.09 >5 (31%)
[91%]
162 5-OMe 4-F, 5-F 3.74+0.14 >5 (36%)
[98%]
163 5-OMe 4-F, 6-F 1.64+0.15 >5 (44%)
[98%]
164 5-OMe 5-Me 1.20+0.28 >5 (48%)
[95%]

(Continues)
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TABLE 3 (Continued)
HsC
= O~ O $)
N I 1
HN oH N NH
3 H;C
149-168 169 170
Human CB, receptor Human CB; receptor
Radioligand binding assay
K; + SEM (uM) K; + SEM (uM)
(or percent inhibition of [*HICP55,940 at 5 uM) (or percent inhibition of [*H]CP55,940 at 5 uM)
Compound R! R? [Maximal inhibition (%)] [Maximal inhibition (%)]
165 5-OH 6-F 12.0+3.2 26.5+12.4
[80%] [82%]
166 5-OMe 6-CF5 8.93+1.10 >5 (44%)
[82%]
167 5-OBn 6-F 1.99 £0.39 1.40 +0.07
[96%] [100%]
168 5-OBn 6-CFs 4.12+0.49 2.87+0.93
[94%] [100%]
169 See above >5 (30%) >5 (16%)
170 See above 0.716 + 0.001 = 10 (53%)
[99%]
?n.d, not determined.
C1e,/-
PRI S N 149:R"=R?=R3=H, R* = 4-Me
(AN RN (a)or (b) 150: R'=R2 = R3 = H, R* = 4-F
R PN 151:R'=R2=R%®=H, R* = 4B
137 1'10 K2 3 152:R'=R?=R%=H, R* =5.0Me
6, 8,10, 13-15, 17, 21, 23, 27 - R _pR2-R3 4
» 9, 19, A1, 21,29, 217, 153:R'"=R?=R3=H,R*=5F
30, 37, 38, 141, 142, 143 149-170 154 R' = R2= R® = H, R* = 5.0
141:R' = H, R? = 6-OH 137:R'=H 155: R' = R?=R%=H, R* = 5-CO,Me
142: R'=H, R? = 4-F, 6-F 138: R' = 5-OCH, 156: R'=R?=R3=H, R* = 5.CO,H
143: R' = H, R? = 6-CF, 139: R' = 5-OBn 157:R'=4-CI,R?=R®=H, R* = 4-Br
140: R' = 5-F 158: R' =4-Cl, R?=R® = H, R* = 4-Me
or 159: R'=5-OMe, R2=R%®=H, R* = 4-F
0 160: R' =5-OMe, R2=R%®=H,R*=5F
161: R' =5-OMe, R?=R3=H,R*=7-F
OH 144:R'"=R?=H 162: R" = 5-OMe, R? =R = H, R* = 4-F 5-F
R2E TN 145: R' = H, R = 4-Cl 163: R' = 5-OMe, R?=R3=H, R* = 4-F 6-F
XN 146: R' = H, R2=4-CH; 164: R' = 5-O0Me, R2= R3= H, R* = 5-Me
R 147:R" = H, R? = 5-0H 165:R' = 5-OH, R2 = R%=H, R* = 6-F
R1 = 2 - 1= 2_R3_- 4 _
144148 148:R" =CH3, R°=H 166: R' = 5-OMe, R = R® = H, R*= 6-CF
167: R'=5-0Bn, R2=R%®=H, R*=6-F
168: R' = 5-OBn, R? = R® = H, R? = 6-CF,
169: R'=R?=H, R®=CH3 R*=H
170: R' = CH3 R?=H, R®=H, R*=4-CH;3

SCHEME 3 Synthesis of diindolylmethane derivatives and analogs 149-170. Reagents and conditions: (a) H,O, 53%-94%. (b) Cu(OAc), - H,0,
acetonitrile (ACN), 115°C, 2 h, 64%-83%. See Table 3 and experimental methods for details.
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TABLE 4 The binding affinity of 2-oxyindole derivatives 175-180 at the human CB; and the CB, receptors

R2 _R?
R! / R!
0 0
N N
H H
175177 178-180

DPhG 11 of 24

Human CB, receptor
Radioligand binding assay

Human CB; receptor

K; £ SEM (uM)

(or percent inhibition of

[*HICP55,940 at 5 pM)
Compound R? R? [Maximal inhibition (%)]

175 H ;‘ﬁ OCHj3 >5 (28%)
Y]
N
H
176 5-F o F 3.42+0.22
¥
N
H

[100%]
177 5-F o OCHs >5 (39%)
<
N
H
178 H e OCHs >5 (33%)
<
N
H

179 5.F v F >5 (20%)
Zfﬁ
N
H
180 5-F e OCHs >5 (41%)
W
N
H

K; £ SEM (uM)

(or percent inhibition of
[*HICP55,940 at 5 uM)
[Maximal inhibition (%)]

>5 (38%)

4.72+0.14

[100%]
9.14+0.87

[100%]
>5 (33%)

>5 (33%)

>5 (16%)

o} R! R? R! R?
R'] H . .
Lo - ) — O~
+ 7
; ) ‘ |
N N
H N O R N O R

171172 173-174 175177 178-180

171:R'=H 173: R' = 5-OCH,4 175: R' = H, R? = 5-OCH,4 178: R' = H, R? = 5-OCHj

172: R'=5-F 174:R' = 5-F 176: R'=5.F, R?=5-F 179:R'=5.F, R? = 5-F
177: R' = 5-F, R? = 5-OCHjs 180: R" = 5-F, R? = 5-OCHj

SCHEME 4 Synthesis of unsaturated and saturated 2-oxoindole derivatives 175-177, and 178-180. Reagents and conditions: (i) (a) piperidine,

ethanol, 65°C, 2 h; (b) NaBH,, ethanol, 65°C, 2 h. See Table 4 and experimental methods for details.
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and 4,4'-dicyano (46: K;0.339 uM). Substituents in that position could
slightly improve potency as compared to the unsubstituted DIM. 4,4'-
Difluoro, 4,4'-dichloro, and 4,4'-dicyano substitution was best
tolerated.

Next, substituents were introduced at the 5,5'-positions of DIM-
yielding compounds 47-58. In general, compounds with 5,5'-
substituents on the indole rings showed, in most cases, lower binding
affinity compared to the 4,4'-substituted DIM derivatives. The 5,5'-
dichloro-DIM (51: K;0.747 uM) exhibited the highest affinity among
all derivatives of this series. Notably, it displayed only 73% maximum
displacement of the radioligand in our assay system. 5,5'-Dimethyl-
DIM (47: K;2.78 uM), 5,5'-dimethoxy-DIM (48: K;2.84 uM), 5,5'-
difluoro-DIM (49: K;1.17 uM), 5,5’-dibromo-DIM (52: K;1.27 uM),
5,5'-ditrifluromethyl-DIM (50: K; 1.98 uM), and 5,5’-dicarboxylic
acid-DIM (57: K; > 5.0 uM) showed moderate affinities, while 5,5'-
diformyl-DIM (56: K;7.25 uM), 5,5'-dicyano-DIM (53: K;> 5.0 uM)
and 5,5'-dinitro-DIM (54: K; > 5.0 uM) were only weakly potent or
inactive at a concentration of 5 uM.

Substitution at the 6,6'-positions of DIM did not improve binding
affinity (see compounds 59-63 in Table 1). Substituents such as 6,6'-
dimethyl (59: K;0.524 uM), 6,6'-difluoro (61: K; 0.985 uM), and 6,6'-
dichloro (62: K;0.911 uM) were tolerated, showing similar affinity as
lead compound 4. Bulkier substituents, namely 6,6'-dimethoxy (60:
Ki5uM) and 6,6'-dibromo (63: K;3.44 uM) reduced the binding
affinity. This is probably caused by limited space in the binding site of
the CB, receptor. We next studied 7,7’-substituted DIM derivatives
(see Table 1). 7,7'-Difluoro-DIM (64: K; > 5 uM) and 7,7’'-dimethoxy-
DIM (65: K; > 5 uM) derivatives were inactive at 5 uM, indicating that
substitutions at the 7,7'-positions are detrimental.

Our next effort was aimed at introducing multiple halogen
substituents (compounds 66-70). In general, this modification tended to
reduce binding affinity irrespective of the positions of the halogen atoms.
Chloro-substitution at the 4- and 6-positions (66: K;0.624 uM) was the
best combination with equipotent binding affinity to lead compound 4. It
was interesting to note that compound 69 was less potent when
compared to its 4,4'-dichloro-DIM analog 43 and slightly more potent
than its 6,6'-dichloro-DIM derivative (62). Other combinations, as
indicated in Table 1 (compounds 67-70), reduced binding affinity. The
1,1'-dimethyl-DIM derivative 71 (K;3.39 uM) reduced binding affinity,
confirming a role for NH in interacting with the CB, receptor. Substitution
of the 2-position as in the 2,2'-dimethyl derivative 72 (K;>5 uM), or
introduction of a nitrogen atom in the 7-position of the indole rings as in
di-(7-azaindolyl)methane (73: K;>5 uM), led to a loss in CB, receptor
binding affinity. These results indicated that substituents at the 4,4'- or
6,6'-positions were well tolerated, and in some cases, especially those
substituted in the 4,4'-positions, could lead to an improvement in binding
affinity compared to lead structure 4. Concentration-inhibition curves for
selected compounds are shown in Figure 2.

In the next set of experiments, we investigated the effects of
substitution of the 3,3'-methylene bridge (C-10) of lead structure
4 (Table 2). A large variety of (aryl)alkyl substituents was introduced.
Methyl substitution (100: K; 5.74 uM) reduced binding affinity, while
ethyl (101: K; 0.804 uM) resulted in an affinity comparable to that of

109

the lead compound. A further increase in the carbon chain length to
propyl (102: K; > 5 uM) and butyl (103: K; > 5 uM) abolished affinity
for the CB, receptor. Introducing aryl substituents at the 3,3'-
methylene bridge either reduced or abolished CB, receptor affinity.
Selected examples included p-tolyl (104: K;2.55 uM), m-tolyl (105:
K; 1.79 uM), o-tolyl (106: K; 4.55 uM), p-anisyl (109: K; 2.41 uM), m-
anisyl (110: K; 2.07 uM) and o-anisyl derivatives (111: K; 2.72 uM), (4-
phenoxy)phenyl (113: K;>5uM), and a 4-hydroxyphenyl (114:
K; 7.13 uM)-substituted derivatives. The combination of substituents
on the indole rings and on the methylene bridge of DIM did not
improve binding affinity (see compounds 121-134, Table 2). Inter-
estingly, a DIM derivative with a quaternary center (135: K;0.674 n
M) showed an equipotent binding affinity to DIM, although the
maximal displacement of radioligand binding was limited to 53% (see
Table 2 and Figure 2b). However, its methoxyl derivative (136:
Ki>5uM) lost the affinity for the CB,

unfavorable interaction when a bulky substituent was present.

receptor, indicating

In summary, the substitution of the methylene bridge of DIM
derivatives did not improve the compounds' binding affinity for the
CB,, receptor, but a few derivatives retained moderate affinity.

As a next step, we investigated a series of unsymmetrically
substituted DIMs for their binding to the CB, receptor (see Table 3).
Initially, only on one of both indole rings a substituent was introduced in
the 4-position. The following rank order of potency was observed: 4-
methyl-DIM (149: K; 0.498 uM) > 4-F-DIM (150: K; 0.758 uM) > 4-Br-
DIM (151: K; 0.944 uM). Thus, these compounds showed comparable
binding affinity as the lead compound DIM. All of them were able to
completely displace the radioligand in our experiments.

Next, mono-substitution at the 5-position of one of the indole rings
was introduced. The following rank order of potency was observed: 5-Cl-
DIM (154: K;1.21 uM) = 5-methoxy-DIM (152: K;2.32 uM) 2 5-F-DIM
(153: K3.78 uM). In general, mono-substitution at the 5-position
appeared to be less advantageous than di-substitution on both indole
rings in that position. We further investigated the behavior of
unsymmetrical DIM derivatives with multiple substitutions, see com-
pounds 157-170. As expected, substituents in the 4-position were found
to yield the best unsymmetrical DIM derivatives. The following rank order
of potency was observed: 4-Cl,4'-Br-DIM (157: K; 0.237 uM) > 4-Cl.4'-
CH5-DIM (158: K;0.536 uM). Both derivatives were able to nearly
completely displace the radioligand. Compounds that have a
5-methoxy or 5-benzyloxy substituent combined with other substituents
only moderate (see compounds 159-168).
5-OCH34'-F-DIM (159: K;1.17 uM), and 5-OCHs,5'-CH3-DIM (164:
K; 1.20 uM) were among the most potent ligands in this series showing

showed affinities

complete displacement of the radioligand. Introducing a polar hydroxyl
group at position 5 of the indole ring (165: K; 12.0 uM) reduced binding
affinity. The N-methylated compound lost binding affinity (169: K; > 5 u
M), but introducing a methyl group at position 4’ of 170 restored affinity
(170: K; 0.716 uM).

We extended the SARs of DIM derivatives by preparing
unsaturated (175-177) and saturated 2-oxyindole derivatives
(178-180; Table 4). Among them, compound 176 showed moderate
binding affinity, but the other compounds lost affinity.
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FIGURE 2 Concentration-dependent inhibition of specific [?H]CP55,940 binding by lead structure 4 (K; 0.690 + 0.159 pM) and analogs 42
(K; 0.279 £0.056 uM), 46 (K; 0.339 £ 0.061 uM), 51 (K; 0.747 £ 0.067 uM), 59 (K; 0.504 + 0.252 uM) and 135 (K; 0.674 £ 0.529 uM) at the human
CB, receptor. Data points represent means = SEM of three independent experiments, performed in duplicates.

[H ~Cl> F ~Br > CF3 > CH3 ~ OCH3 > CO,Me > CHO]

(F>cN~CI~Br > OCH3 > H > CH; )

'
'
'
'
'
'
'
4

(CH3> H > ClI >F~Br]

> Small substituents at position 4 and/or 6 enhanced binding affinity
> Substituents at both indole rings are favorable

Aryl substituents reduced the binding affinity

Ethyl > p-EthylPh ~p-IsopropylPh > pNO,Ph ~m-
MePh > m-OMePh > p-OMePh ~ 0-OMePh > p-
CIPh > p-HydroxyPh

Quarternization is tolerated when Ar = p-Tolyl

FIGURE 3 Structure-activity relationships of diindolylmethane (DIM) derivatives at CB, receptor. See text for details.

The SARs of DIM derivatives at the CB, receptor is summarized in
Figure 3. DIM derivatives represent a new class of CB, receptor ligands
with K; values reaching the submicromolar concentration range. In
general, symmetrically substituted DIMs without substitutions on the
methylene bridge showed similar or higher affinities as compared to the
lead compound DIM. In particular, the presence of halogen at position 4
of both indole rings improved the binding affinity, while aryl substituents
at the methylene bridge reduced it. At least one unsubstituted indole-
NH appears to be required for CB, receptor binding.

110

Some of the DIM derivatives, even very potent ones, showed
incomplete inhibition of [?H]CP55,940 binding, see, for example, 51, 56,
136 (Tables 1 and 2, Figure 2). This may indicate that the DIM
derivatives do not bind to the same binding site as the radioligand, that
is the orthosteric binding site, but act as allosteric agonists. Another
explanation could be that they do bind—at least in part—to the
orthosteric binding site, but to a conformation that differs from the
conformation to which classical CBs are binding or which they are
stabilizing.
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Functional assays at CB, receptors

Next, we studied the functional activity of selected ligands. First, we
performed cAMP accumulation assays as well as B-arrestin recruit-
ment assays for DIM at the CB, receptor to confirm previous
results.°** DIM behaved as a partial agonist in both cAMP and
B-arrestin assays with ECsq values of 0.334 uM (Eax 65% compared

1504
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FIGURE 4 Functional properties of selected compounds

determined in cAMP accumulation assays, in the presence of

forskolin (10 uM). All results were normalized to the maximal

receptor activation by the full agonist CP55,940 at 1 uM.
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FIGURE 5

to 1 uM full agonist of CP55,940) and 0.562 UM (Eax 63% compared
to 0.1 uM full agonist of CP55,940) (see Figures 4 and 5, Table 5).
Thus, DIM behaved similarly as the partial agonist THC, which
displayed E..x values of 59% (cAMP) and 32% (B-arrestin assay),
respectively.

Results for compounds selected for cAMP accumulation studies
are shown in Figure 4. Like DIM, all investigated DIM derivatives
behaved as partial agonists at the CB, receptor, but their efficacy
differed, some of the new compounds being more efficacious than
DIM and significantly more efficacious than THC. Concentration-
response curves were determined for compounds that showed more
than 50% receptor activation at a concentration of 5uM (see
Figure 5). The results are collected in Table 5.

In the cAMP assay, the symmetrical substitution of DIM with
4.4'-difluoro-DIM (42: ECso 0.0551 uM) led to an increase in
agonistic activity. The larger substituents in 4,4'-dibromo-DIM (44:
ECso 0.509 uM) resulted in reduced activity at the CB, receptor.
Surprisingly, the 4,4'-dicyano-DIM derivative 46 (ECso 0.0144 uM)
showed low nanomolar potency; in fact, compound 46 is the most
potent agonist identified in the present series showing full intrinsic
activity at the CB, receptor. The mono-substituted 4-methyl
DIM (149) displayed slightly lower activity at the CB, receptor
with an ECso of 0.0652 uM. Reduced potency was found with
substituted DIM derivatives

unsymmetrical substitution was not favorable for agonistic activity

unsymmetrically indicating that

(b) cAMP accumulation assay
R 125+
&
£ 1007 -e- 1, THC
2 75 -¥- 2, CP55,940
E
2 5o 46
g —— 157
S 25
a - 170
z
o
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5
1012 10-© 10® 10° 10%
[Compound], M

(d) B-Arrestin assay
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(a, b) Activation of the cannabinoid CB, receptor by 4 (ECsg 0.334 +£0.174 uM), 42 (ECso 0.0551 +0.0189 uM), 44 (ECso

0.509 £ 0.100 uM), 46 (EC5n 0.0144 £ 0.0023 uM), 157 (EC50 0.237 £0.081 uM), and 170 (ECsn 0.228 +0.030 uM) determined in cAMP
accumulation assays. All data were normalized to the maximum effect of CP55,940 (1 uM). (c, d) Activation of the cannabinoid CB, receptor by 4
(EC50 0.562 +£0.195 uM), 42 (EC50 0.290 + 0.148 uM), 44 (EC5o 0.0450 +0.0189 uM), 46 (ECso 0.0149 +0.0021 uM), 157 (ECso
0.0385+0.0125 uM), and 170 (ECso 0.0803 + 0.0340 uM) determined in B-arrestin recruitment assays. All data were normalized to the
maximum effect of CP55,940 (0.1 uM). At least three independent experiments were performed in duplicates.
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TABLE 5 The potency of diindolylmethane derivatives as agonists at the human CB, receptor

Human CB, receptor
Radioligand binding assay

K; = SEM (uM)

(or percent inhibition of [°H]
CP55,940 at 5 puM)

cAMP assay

ECso = SEM (uM)
(or percent receptor
activation at 10 uM)

B-Arrestin recruitment assay
ECso = SEM (uM)

(or percent receptor
activation at 10 uM)

AAlog (Emax/
Compound [Maximal inhibition (%)] [efficacy]? [efficacy]® ECs0)°
1 THC 0.00595 + 0.00027 0.00527 +0.00019 0.00142 + 0.00003 0.8
[100%] [59%] [32%]
2 CP55,940 0.000293 + 0.00008 0.00320 + 0.00068 0.00262 + 0.00003 0
[100%] [100%] [100%]
4 DIM Q O 0.690 +0.159 0.334+0.174 0.562 +0.195 0.3
| |
HN NH
[98%] [65%] [63%]
42 Q F . O 0.279 +0.056 0.0551 + 0.0189 0.290 + 0.148 0.9
/ |
HN NH
[99%] [80%] [70%]
44 Q Br B O 0.374+0.074 0.509 +0.100 0.0450 + 0.0189 -0.8
/ |
HN NH
[100%] [85%] [61%]
46 O e e 0.339+0.061 0.0144 + 0.0023 0.0149 + 0.0021 0.2
l I I ’i
HN NH
[99%] [95%] [67%]
149 Q HaC 0.498 +0.176 0.0652+0.0112 1.08+0.37 1.3
l | I ’i
HN NH
[98%] [89%] [93%]
157 ! cl Br 0.237 +0.006 0.237 +0.081 0.0385+0.0125 -0.6
l I I ’i
HN NH
[98%] [87%] [69%]
158 ! Cl - HyC 0.536 +0.058 0.281 +0.109 0.120 +0.045 0.2
l J I ’i
HN NH
[96%] [110%] [51%]
170 Q HaC 0.716 + 0.001 0.228 + 0.030 0.0803 + 0.0340 -0.3
I | i
N NH
H3C
[99%] [89%] [70%]

?Efficacy relative to the maximal effect of the standard agonist CP55,940 at 1 uM set at 100%.
bEfficacy relative to the maximal effect of the standard agonist CP55,940 at 0.1 pM set at 100%.

“Bias factor was calculated as described in experimental section. Negative numbers indicate B-arrestin-biased compounds; positive numbers indicate G
protein-biased agonists. The bias factor is logarithmic: 1 corresponds to a 10-fold bias, and two corresponds to a 100-fold bias.
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at the CB, receptor. Concentration-response curves for selected
compounds are depicted in Figure 5.

We further evaluated these selected compounds in B-arrestin
recruitment assays using an enzyme complementation assay. The
standard agonist CP55,940 was used as a reference agonist. Like in the
cAMP assays, our lead compound DIM (4) showed partial agonistic
activity in the B-arrestin recruitment assays as well (ECsg 0.562 uM, 63%
maximal activation). Thus, DIM showed nearly identical ECsg values in
both the cAMP and the B-arrestin assays (Table 5). 4,4'-Difluoro-DIM (42:
ECso 0.290 uM) exhibited an increase in agonistic activity compared to
lead compound 4 (Figure 5). Surprisingly, introducing larger substituents
like 4,4'-dibromo (44) 4,4'-dicyano (46), or 4-chloro,4’-bromo (157)
increased the potency of the DIM derivatives in the B-arrestin assays
dramatically yielding ECso values of 0.0450, 0.0149, and 0.0385 uM,
respectively.

We calculated bias factors for the most potent agonists,
comparing their effects in G;-dependent cAMP assays with those
determined in B-arrestin assays, as previously described.[ %4
CP55,940 was used as a reference compound (Table 5). A bias factor
of O means no bias between two pathways, whereas a factor of 1
corresponds to a 10-fold preference, and a bias factor of two
corresponds to a 100-fold preference for the G protein-dependent
pathway. The partial agonist THC showed a slight preference for
cAMP over B-arrestin signaling in our assay system (bias factor 0.8-
or 6-fold preference for cAMP compared to B-arrestin signaling). This
finding is well in agreement with published data.*>#%! DIM (4)
displayed a two-fold preference (bias factor 0.3) for cAMP over
B-arrestin signaling. Compound 42 (4,4'-difluoro-DIM) showed a
seven-fold preference (bias factor 0.9) for inhibition of cAMP
accumulation, while 4,4'-dibromo-DIM (44) had the opposite prefer-
ence being biased toward the B-arrestin over the cAMP pathway
(bias factor -0.8). 4,4'-Dicyano-DIM (46) was characterized as a
virtually unbiased agonist (bias factor: 0.2). In fact, 46 was found to

be the most potent non-biased CB, receptor agonist of the present

—~
QO
~

series. The asymmetrical DIM-derivative 149 displayed the strongest
bias towards cAMP over B-arrestin signaling, preferably activating G;-
dependent cAMP over B-arrestin signaling (bias factor: 1.3- or 19-
fold preference). In contrast, unsymmetrically disubstituted DIM
derivatives showed a preference for B-arrestin signaling over G;-
dependent cAMP signaling. This may result in functional antagonistic
activity depending on the employed concentration since receptor
internalization can be expected as a result of B-arrestin recruitment.

Next, we calculated the correlation of the results obtained in
different experiments. The correlation between the potency of the
DIM derivatives in cAMP and B-arrestin assays (Figure 6a) showed a
low correlation. Some agonists are somewhat G; protein-biased,
which would result in longer-lasting activity because receptor
internalization is less pronounced, while others are B-arrestin biased,
which will lead to fast receptor internalization. Additionally, a
comparison of functional and radioligand binding data revealed only
a very low correlation (Figure 6b). This may be explained by the fact
that DIM derivatives bind to a different binding site than the
orthosteric agonist radioligand. Thus, DIM derivatives appear to act

as allosteric CB; receptor agonists.

2.2.3 | Selectivity studies

Radioligand binding studies at the CB; receptor subtype were
results at the CB,

(see Tables 1-4). The results showed that many of the compounds

performed and compared with receptor
were able to bind to the CB; receptor as well. Among them, 6,6’-di-
CI-DIM (62, CB;: K;0.820 uM; CB,: K;0.911 uM) was found to
display comparable binding affinity at both CB; and CB, receptors.
However, only a few compounds displayed CB receptor selectivity.
Selected examples include 58 (K;2.95 uM), 119 (K;0.983 uM), 122
(K;0.541 uM), 123 (K; > 0.414 uM), and 136 (K;> 2.84 uM). Among
these, compound 122 might be further developed in the future to
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FIGURE 6 Correlation plots of radioligand binding data and data obtained in functional assays for diindolylmethane (DIM) derivatives.
(a) Correlation of cAMP versus B-arrestin assays (r? < 0.1; p-value = 0.76). (b) Correlation plot between radioligand binding assays and B-arrestin
assays (denoted in blue-green, r? = 0.193; p-value = 0.27), and correlation plot between radioligand binding assays and cAMP assays (denoted in

red, r? = 0.112; p-value = 0.41).

113




MAHARDHIKA T AL

40
2 304
o
>
2 204
>
e
Q
[
< 104
[72]
0 L l T

FIGURE 7 Selectivity index of selected compounds determined
in radioligand binding assays. The lead structure diindolylmethane
(DIM) and the nonselective THC are shown for comparison.

obtain potent, selective CB; receptor ligands. Importantly, the most
potent CB, receptor ligands, including 4, 42, 44, 46, 149, 157, 158,
and 170, were selective for the CB, versus the CB; receptor
(Supporting Information: Table S2, Figure 7). In contrast to THC,
which is nonselective (see Figure 7), potent, CB,-selective agonists
were discovered among the developed DIM derivatives. DIM (4) itself
showed 8-fold selectivity for the CB, versus the CB; receptor.
Compounds 42 (4,4'-di-F-DIM) and 46 (4,4'-di-CN-DIM) displayed
the highest selectivity, being 36- and 30-fold selective for the CB,
receptor, respectively. Unsymmetrically substituted DIMs such as
149, 157, 158, and 170 showed a slightly lower CB»-selectivity index.

It is important to note that compound 70 (PSB-16671), a potent
GPR84 allosteric agonist (EC5o 0.043 uM) identified by our group,
was shown to bind to both CB; (K;1.10 uM) and CB, receptors
(K; 2.64 uM) with comparable affinities. Mancini et al. recently
reported that the ability of PSB-16671 to activate G proteins in
mouse bone marrow-derived neutrophils was due to “off-target
effects” and not mediated by GPR84.“! This result was further
supported by the inability of a GPR84 antagonist to block the effects
of PSB-16671 on mouse GPR84 in both transfected cells and in the
RAW264.7 cell line. Based on our results that PSB-16671 is able to
interact with both CB receptor subtypes, we suggest that the
observed effects of PSB-16671 could be due to its interaction with
CB receptors natively expressed in the employed cell lines.

In native, nontransfected CHO cells DIM and its derivatives did not
show any inhibition of cAMP accumulation. This clearly shows that the
observed effects of DIM and its derivatives observed in the present study
are due to the activation of the recombinantly expressed CB receptors in
CHO cells. SARs at CB, receptors and GPR84 are quite different, and
both, CB,-selective or GPR84-selective agonists could be developed.
However, one has to carefully choose concentrations—if high concentra-
tions are employed, selectivity may not be given anymore.

We further investigated several DIM derivatives in functional assays
at CB; receptors employing cAMP accumulation as well as
B-arrestin recruitment assays (Table 6, Figure 8, Supporting Information:
Table S3). Interestingly, none of the compounds was active in cAMP

assays at concentrations up to 10 uM, neither as agonist nor as
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antagonist versus the standard agonist CP55,940 (see Supporting
Information: Table S3). However, they showed antagonistic activity in
B-arrestin assays at micromolar concentrations (Table 6, Figure 8). This
indicates once more that DIM derivatives can act as allosteric modulators,
not only of CB, but also of CB; receptors. Depending on their
substitution pattern, they can, in fact, act as biased CB; receptor

antagonists.

3 | CONCLUSIONS

In conclusion, a series of 99 symmetrical and unsymmetrical DIM
derivatives and analogs were synthesized and evaluated with the aim
to optimize their CB, receptor affinity, selectivity, and efficacy, of
which 44-46, 50, 105, 106, 108, 110, 111, 113, 119, 124, 125, 135,
136, and 165 are new compounds not previously reported in the
literature. Compounds 42, 44, 46, 149, 157, 158, and 170 displayed
high CB, receptor binding affinity and selectivity versus the CB,
receptor. When they were investigated in functional assays, namely
cAMP accumulation, and B-arrestin recruitment assays, the com-
pounds behaved as CB, receptor agonists. However, only low
correlations between affinity determined in binding assays and
potency measured in functional assays were observed strongly
hinting at allosteric interactions. Some of the compounds showed
biased signaling either for G protein-dependent cAMP production or
for B-arrestin recruitment. Di-(4-cyano-1H-indol-3-yl)methane (46,
PSB-19837, ECso [cCAMP]: 0.0144 pM, ECsq [B-arrestin]: 0.0149 uM)
was the most potent unbiased CB, receptor agonist. On the other
hand, di-(4-bromo-1H-indol-3-yl)/methane (44, PSB-19571, ECsq
(cAMP): 0.509 uM, ECsq (B-arrestin): 0.0450 uM) is biased toward
B-arrestin signaling, while 3-((1H-indol-3-yl)methyl)-4-methyl-1H-
indole (149, PSB-18691, ECso [cAMP]: 0.0652 uM, ECso [B-
arrestin]: 1.08 uM) is a G;-protein biased CB, receptor agonist. These
tool compounds possessing different pharmacological profiles will be
useful for studying CB, receptors. Few DIM derivatives of the
present series showed moderate affinity and potency at the CB;
receptor, inhibiting CB;-mediated B-arrestin recruitment (109, 113,
122, and 123). Our results clearly point to an allosteric binding site
for DIM derivatives at CB4 and CB, receptors, and the determined
radioligand binding data actually underestimate the compounds'
potency in most cases. These DIM derivatives can serve as valuable
tool compounds to elucidate the role of different signaling pathways

activated by CB, receptors.

4 | EXPERIMENTAL
41 | Chemistry
411 | General

All commercially available reagents were used as purchased (Acros,
Alfa Aesar, Sigma-Aldrich, ABCR or TCI). Solvents were used without
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TABLE 6 Pharmacological evaluation of diindolylmethane derivatives at the human CB; receptor
Human CB; receptor
B-Arrestin recruitment
cAMP assay (agonistic assay (antagonistic
Radioligand binding assay activity) activity)
K; = SEM (uM) ECso = SEM (uM) IC50 = SEM (uM)
(or percent inhibition of (or percent receptor (or percent receptor
[®HICP55,940 at 5 pM) activation at 10 uM) inhibition at 10 uM)
Compound [Maximal inhibition (%)] [efficacy]® [Maximal inhibition (%)]°
THC 0.00387 + 0.00091 0.00326 +0.00017 n.d®
[51%]
CP55,940 0.00192 + 0.00140 0.00336 + 0.00057 n.d
[100%] [100%]
43 0.753 £0.048 >10 (2%) 210 (43%)
[61%]
62 0.820 + 0.385 >10 (11%) >10 (35%)
[59%]
109 0.774 £0.169 >10 (1%) 6.09 +£0.50
[71%] [91%]
113 0.402 +0.306 >10 (0%) 4.43+0.61
[80%] [94%]
122 0.541+0.173 >10 (0%) 3.06 £0.29
[88%] [91%]
123 0.414 +0.260 >10 (-10%) 6.43 +0.45
[68%] [95%]

@Efficacy relative to the maximal effect of the standard agonist CP55,940 at 1 uM set at 100%.
PInhibition compared to the ECgo of CP55,940 (0.001 uM) at the human CB; receptor, set at 100%.

“n.d, not determined.
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FIGURE 8 Concentration-inhibition curve of compound 109
(IC50 6.09 £0.50 uM), 113 (IC50 4.43 £0.61 uM), and 122 (ICs5o 3.
06 +0.29 uM) at the human CB; receptor, measured in B-arrestin
assays. CP55,940 at its ECgp (0.001 uM) was used to activate the
receptor. Data represent mean values + standard error resulting from
three independent experiments, performed in duplicates.
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additional purification or drying except for dichloromethane, which
was distilled over calcium hydride. Thin layer chromatography (TLC)
using aluminum sheets with silica gel 60 F254 was employed to
monitor the reactions (Merck). Column chromatography was per-
formed with silica gel 0.060-0.200 mm, pore diameter ca. 6 nm. For
microwave reactions, a CEM-Focused Microwave Synthesis type
Discover apparatus was used. All synthesized compounds were
finally dried in a vacuum at 8-12 Pa (0.08-0.12 mbar) using a sliding
vane rotary vacuum pump (Vacuubrand GmbH). *H-, 3C NMR, and
13Capt NMR data were collected on a Bruker Avance 500 MHz NMR
spectrometer at 500 MHz (*H), or 126 MHz (*3C), respectively. If
indicated, NMR data were collected on a Bruker Ascend 600 MHz
NMR spectrometer at 600 MHz (*H), or 151 MHz (*3C), respectively.
DMSO-ds was employed as a solvent at 303 K unless otherwise
noted. Chemical shifts are reported in parts per million (ppm) relative
to the deuterated solvent; that is, DMSO, & 'H: 2.49 ppm; °C:
39.7 ppm. Coupling constants J are given in Hertz and spin
multiplicities are given as s (singlet), d (doublet), t (triplet), g (quartet),
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sext. (sextet), m (multiplet), br (broad). Melting points were deter-
mined on a Biichi 530 melting point apparatus and are uncorrected.
The purities of isolated products were determined by ESI-mass
spectra obtained on an LCMS instrument (Applied Biosystems API
2000 LCMS/MS, HPLC Agilent 1100) using the following procedure:
the compounds were dissolved at a concentration of 1.0 mg/ml in
acetonitrile containing 2 mM ammonium acetate. Then, 10 ul of the
sample were injected into an HPLC column (Macherey-Nagel
Nucleodur® 3 pl C18, 50 x 2.00 mm). Elution was performed with a
gradient of water/acetonitrile (containing 2 mM ammonium acetate)
from 90:10 to 0:100 for 20 min at a flow rate of 300 pl/min, starting
the gradient after 10 min. UV absorption was detected from 200 to
950 nm using a diode array detector. Purity of all compounds was
determined at 254 nm. The purity of the compounds was generally
>95%. Compounds 44-46, 50, 105, 106, 108, 110, 111, 113, 119,
124, 125, 135, 136, and 165 are new, and not previously reported in
the literature.

The InChl codes of the investigated compounds, together with

some biological activity data, are provided as Supporting Information.

4.1.2 | General procedure for the synthesis
of diindolylmethane derivatives

General procedure for the preparation of 4, 40-73%

The appropriate indole (5-41, 10 mmol) and formaldehyde (38%)
(5 mmol) in water (5 ml) were microwave-irradiated for the required
period of time at 100°C. The mixture was diluted with water (50 ml)
and extracted with ethyl acetate (2 x 50 ml) after the reaction was
completed. The combined organic layers were rinsed with brine, dried
over MgSQy,, filtered, and evaporated to dryness under reduced
pressure. The crude product was purified by silica gel column
chromatography. Compounds 4, 40-43, 47-49, 51-62, 63, 64-73

were previously reported.[33]

Di[4-bromo-indol-3-ylJmethane (44). The compound was synthesized
by reaction of 4-bromoindole (10, 10 mmol) with formaldehyde (38%)
(5 mmol) in water (5 ml). The product was isolated as a brown solid
(82% vyield, 166 mg). *H NMR (600 MHz, DMSO-d,) & 11.31 (S, 2H,
NH), 7.37 (dd, J = 8.1, 0.9 Hz, 2H, Ar), 7.13 (dd, J = 7.6, 0.8 Hz, 2H, Ar),
6.95 (t, J=7.8 Hz, 2H, Ar), 6.85 (dd, J = 2.0, 0.9 Hz, 2H, Ar), 4.79-4.41
(m, 2H, CH,). *3C NMR (151 MHz, DMSO) & 138.12 (C8), 125.71
(C7), 124.84 (C5), 122.58 (C6), 122.08 (C2), 115.55 (C4), 113.37 (C7),
111.38 (C3), 23.56 (CH,). LC-MS (m/z): positive mode 405 [M+H]'";
Purity by HPLC-UV(254 nm)-ESI-MS: 96.0%.

Di[4-nitro-indol-3-yllmethane (45). The compound was synthesized by
reaction of 4-nitroindole (11, 10 mmol) with formaldehyde (38%)
(5 mmol) in water (5ml). The product was isolated as a brown solid
(69% vyield, 116 mg). *H NMR (500 MHz, DMSO-ds) & 8.09 (dd,
J=8.1, 6.3Hz, 2H, Ar), 7.81 (d, J= 3.2 Hz, 2H, Ar), 7.37 (t, J = 8.0 Hz,
1H, Ar), 7.04 (d, J = 3.2 Hz, 1H, Ar), 6.65 (t, J = 7.3 Hz, 2H, Ar), 4.21 (d,
J=7.4Hz, 2H, CH,)."®Capt NMR (126 MHz, DMSO-d,) & 139.48
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(C4), 137.73 (C8), 122.41 (C2), 120.69 (C6), 118.37 (C7), 117.52 (C5
and C7), 101.11 (C3), 29.33 (CH2). LC-MS (m/z): positive mode 337
[M+H]**: Purity by HPLC-UV(254 nm)-ESI-MS: 97.0%.

Di[4-cyano-indol-3-ylJmethane (46). The compound was synthesized
by reaction of 4-cyanoindole (12, 10 mmol) with formaldehyde
(38%) (5 mmol) in water (5ml). The product was isolated as a
yellow solid (69% yield, 102 mg). *H NMR (600 MHz, DMSO-dy) &
11.62 (s, 2H, NH), 7.72 (dd, J=8.2, 0.8 Hz, 2H, Ar), 7.47 (dd,
J=7.3,0.8Hz, 2H, Ar), 7.22 (dd, J=8.2, 7.4 Hz, 2H, Ar), 7.14 (d,
J=2.1Hz, 1H, Ar), 4.73 (s, 2H, CH,). 13C NMR (151 MHz, DMSO-
de) 6 136.94 (C9), 127.22 (C7), 125.86 (C5), 121.03 (C2), 119.51
(Cé6), 117.19 (CN), 114.02 (C7), 100.69 (C3), 20.60. LC-MS (m/z):
positive mode 297 [M+H]*: Purity by HPLC-UV(254 nm)-ESI-
MS: 96.0%.

Di[5-trifluoromethylindol-3-ylimethane (50). The compound was syn-
thesized by reaction of 5-trifluoromethylindole (16, 10 mmol)
with formaldehyde (38%) (5 mmol) in water (5 ml). The product
was isolated as a yellow solid (78% vyield, 149 mg). *H NMR
(600 MHz, DMSO-dy) 6 10.82 (s, 2H, NH), 7.32-7.26 (m, 3H, Ar),
7.26 (d, J=2.3Hz, 2H, Ar), 7.21 (dd, J = 10.1, 2.5 Hz, 2H, Ar), 6.85
(dd, J=9.2, 2.6 Hz, 2H, Ar), 4.05 (s, 2H, CH,). *C NMR (151 MHz,
DMSO-dg) 6 133.20 (C9), 127.46 (C8), 127.40 (CF3), 125.12 (C5),
118.37 (C2), 114.34 (C4), 112.38 (C6), 112.32 (C7), 108.88 (C3),
20.86 (CH,). LC-MS (m/z): positive mode 383 [M+H]*: Purity by
HPLC-UV(254 nm)-ESI-MS: 96.0%.

General procedure for the synthesis of 100-136/33441
Concentrated sulfuric acid (1 equiv.) was added to a stirred mixture of
the suitable indole (5, 7, 8, 13-15, 27, 30, or 32; 3.1-6.7 mmol) and
the appropriate aldehyde or ketone (74-99; 1.5-3.3 mmol, 0.5 equiv.)
diluted in water (5 ml). The aqueous suspension was dissolved in ethyl
acetate and rinsed with brine once the reaction was completed. The
organic layer was dried over MgSQ,, filtered, and evaporated to
dryness under reduced pressure. Silica gel column chromatography
was used to purify the crude product. Compounds 100-104,°°!
107,4°1109,5%1 112, 31 114-117, 31 118,4%1 120,1*%1 121-122,14%
123,153 126-1344°! were previously reported.

3,3"-(m-Tolylmethylene)di(indole) (105). The compound was synthe-
sized by reaction of indole (5, 3.1 mmol) with 3-methylbenzaldehyde
(79, 1.5 mmol) in water (5 ml). The product was isolated as a brown
solid (76% vyield, 397 mg). *H NMR (500 MHz, DMSO-d) 6 10.75 (s,
2H), 7.36-7.31 (m, 2H, Ar), 7.27 (d, J=7.9 Hz, 2H, Ar), 7.18 (s, 1H,
Ar), 7.13 (dd, J=4.0, 1.1 Hz, 2H), 7.02 (dd, J=8.1, 7.1 Hz, 2H, Ar),
7.00-6.93 (m, 1H, Ar), 6.85 (dd, J=8.0, 7.1 Hz, 2H, Ar), 6.80 (dd,
J=8.5,6.7Hz, 2H, Ar), 5.77 (s, 1H, CH-), 2.23 (s, 3H, CH3). 3C NMR
(126 MHz, DMSO-dg) 6 145.06 (C-3"), 137.01 (C-1"), 136.68 (C9),
129.04 (C8), 128.00 (C-2"), 126.77 (C-5"), 126.58 (C-4"), 125.49 (C-
6"), 123.63 (C5), 120.94 (C6 and C4), 119.18 (C2), 111.53 (C3), 40.26
(C10), 21.16 (CHg). LC-MS (m/2): positive mode 337 [M+H]**; Purity
by HPLC-UV(254 nm)-ESI-MS: 97.0%.
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3,3'-(o-Tolylmethylene)di(indole) (106). The compound was synthe-
sized by reaction of indole (5, 3.1 mmol) with 2-methylbenzaldehyde
(80, 1.5 mmol) in water (5 ml). The product was isolated as a brown
solid (79% yield, 412 mg). *H NMR (500 MHz, DMSO-dy) & 10.75 (s,
2H, NH), 7.34 (dd, J = 8.1, 0.8 Hz, 2H, Ar), 7.21 (d, J = 7.9 Hz, 2H, Ar),
7.16 (dd, J=7.3,0.7 Hz, 1H, Ar), 7.07 (dd, J = 7.9, 6.5 Hz, 2H, Ar), 7.02
(dd, J=8.1, 5.2 Hz, 3H, Ar), 6.84 (dd, J=8.0, 7.1 Hz, 2H, Ar), 6.66 (d,
J=1.7Hz, 2H, Ar), 594 (s, 1H, CH), 2.33 (s, 3H, CHa). *C NMR
(126 MHz, DMSO-dg) 6 143.91 06 (C-2"), 136.77 06 (C-1"), 135.50
06 (C-9), 130.15 06 (C-8), 127.96 (C-5"), 126.84 (C-4"), 125.85 (C-6"),
125.62 (C-5), 124.03 (C-2), 120.97 (C-5), 119.02 (C-6), 118.29 (C-4),
111.58 (C-3), 40.29 (C10), 19.26 (CH3). LC-MS (m/z): positive mode
337 [M+H]**; Purity by HPLC-UV(254 nm)-ESI-MS: 96.0%.

(108). The compound
(5, 3.1mmol) with
4-isopropylbenzaldehyde (82, 1.5 mmol) in water (5 ml). The product
was obtained as a brown solid (68% yield, 385 mg). *H NMR (500
MHz, CDCl53) 6 7.87 (s, 2H, NH), 7.39 (d, J= 8.0 Hz, 2H, Ar), 7.33 (d,
J=8.2Hz, 2H, Ar), 7.25 (d, J=7.6 Hz, 2H, Ar), 7.15 (d, J = 7.3 Hz, 2H,
Ar), 7.14-7.08 (m, 2H, Ar), 6.99 (t, J = 7.5 Hz, 2H, Ar), 6.65 (s, 2H, Ar),
5.84 (s, 1H, CH-), 2.97-2.72 (m, 1H, CH), 1.22 (d, J=6.9 Hz, 6H,
2CH3). 3C NMR (126 MHz, CDCl3) § 146.44 (C-4"), 141.21 (C-9),
136.67 (C-8), 128.49 (C-2"), 127.13 (C-6"), 126.18 (C-3" and C-5"),
123.52 (C-2), 121.83 (C-6), 119.98 (C-5), 119.12 (C-4), 110.96 (C3,
and C7), 39.74 (C10), 33.71 (CH), 20.63 (2xCHs). LC-MS (m/z):
positive mode 365 [M+H]'*: Purity by HPLC-UV(254 nm)-ESI-
MS: 98.0%.

3,3'-[(4-Isopropylphenyl)methylene]di(indole)

was synthesized by reaction of indole

3,3'-[(3-Methoxyphenyl)methylene]di(indole) (110). The compound
was synthesized by reaction of indole (5, 3.1 mmol) with 3-
methoxybenzaldehyde (84, 1.5 mmol) in water (5 ml). The product
was obtained as a brown solid (82% vyield, 449 mg). *H NMR (500
MHz, DMSO) § 10.77 (s, 2H, NH), 7.33 (d, J = 8.1 Hz, 2H, Ar), 7.28
(d,J=7.9Hz, 2H, Ar), 7.17 (t, )= 7.9 Hz, 1H, Ar), 7.02 (t, J = 7.5 Hz,
2H, Ar), 6.91 (dd, J=12.5, 5.0 Hz, 2H, Ar), 6.88-6.80 (m, 4H, Ar),
6.74 (d, J=2.6 Hz, 1H, Ar), 5.81 (d, J = 19.6 Hz, 1H, CH-), 3.66 (s,
3H, OCHg). 3C NMR (126 MHz, DMSO) 6 159.23 (C-3"), 146.77
(C-1"), 136.69 (C-5"), 129.08 (C-9), 126.77 (C8), 123.63 (C6),
120.96 (C2), 119.20 (C-6"), 118.43 (C4), 118.04 (C5), 114.63 (C-
2"), 111.54 (C-4"), 110.79 (C3), 54.97 (CH, CH3). LC-MS (m/z2):
positive mode 353 [M+H]**; Purity by HPLC-UV(254 nm)-ESI-
MS: 96.0%.

3,3'-[(2-Methoxyphenyl)methylene]di(indole) (111). The

was synthesized by reaction of indole (5, 3.1 mmol) with 2-

compound

methoxybenzaldehyde (85, 1.5 mmol) in water (5ml). The product
was obtained as a brown solid (79% yield, 432 mg). *H NMR (500
MHz, DMSO) 6 10.70 (s, 2H, NH), 7.32 (d, J = 8.1 Hz, 2H, Ar), 7.20 (d,
J=7.9Hz, 2H, Ar), 7.18-7.05 (m, 2H, Ar), 7.04-6.95 (m, 3H, Ar), 6.83
(dd, J=7.6, 0.9 Hz, 2H, Ar), 6.80 (dd, J=7.4, 1.0Hz, 1H, Ar), 6.71 (d,
J=1.7Hz, 2H, Ar), 6.20 (s, 1H, CH-), 3.79 (s, 3H, OCHj). *C NMR
(126 MHz, DMSO) & 156.42 (C-2"), 136.70 (C-9), 132.81 (C-6"),
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129.24 (C-1"), 127.10 (C-4"), 126.88 (C-8), 123.67 (C-2), 120.88 (C-
5"), 120.15 (C-4), 119.00 (C-6), 117.93 (C-5), 111.51 (C-3" and C-3),
55.72 (OCHj3). LC-MS (m/z): positive mode 353 [M+H]*; Purity by
HPLC-UV(254 nm)-ESI-MS: 96.0%.

3,3"-[(4-Phenoxyphenyl)methylene]di-(indole) (113). The compound was
(5, 31 mmol) with 4-
phenoxybenzaldehyde (87, 1.5 mmol) in water (5ml). The product was
obtained as a yellow solid (71% vyield, 387 mg). *H NMR (500 MHz,
CDCls) 6 7.89 (d, J=2.4 Hz, 2H, Ar), 7.43-7.37 (m, 2H, Ar), 7.34 (dd,
J=8.2,0.9 Hz, 2H, Ar), 7.32-7.26 (m, 4H, Ar), 7.17 (dd, J = 8.2, 7.0 Hz, 2H,
Ar), 7.11-7.03 (m, 1H, Ar), 7.03-6.95 (m, 4H, Ar), 6.95-6.89 (m, 2H, Ar),
6.65 (dd, J=2.4, 1.0Hz, 2H, Ar), 5.86 (s, 1H, CH). 13C NMR (126 MHz,
CDCl3) & 157.48 (C-1"), 155.30 (C-4"), 139.01 (C-9), 136.69 (C-1"),
129.90 (C-2"), 129.62 (C-6"), 127.00 (C-3"" and 5"), 123.52 (C2), 122.93
(C-3"), 121.95 (C-5"), 119.91 (C-6), 119.75 (C-2"" and 6"'), 118.73 (C7),
118.61 (C4), 111.05 (C3), 60.40 (C10). LC-MS (m/z): positive mode 415
[M+H]**; Purity by HPLC-U (254 nm)-ESI-MS: 96.0%.

synthesized by reaction of indole

3,3'-[(7-Methoxynaphth-1-yl)methylene]di(indole)  (119). The com-
pound was synthesized by reaction of indole (5, 3.1 mmol) with 7-
methoxy-1-naphthaldehyde (93, 1.5mmol) in water (5ml). The
product was obtained as a brown solid (89% vyield, 556 mg).*H
NMR (500 MHz, CDCl3) 6 7.94-7.86 (s, 2H, NH), 7.70-7.61 (m, 2H,
Ar), 7.59 (d, J=8.9Hz, 1H, Ar), 7.46 (dd, J=8.4, 1.8Hz, 1H, Ar),
7.42-7.37 (m, 2H, Ar), 7.34 (dd, J=8.2, 0.8 Hz, 2H, Ar), 7.23 (s, 1H,
Ar), 7.15 (dd, J = 8.2, 7.0 Hz, 2H, Ar), 7.10 (d, J = 2.6 Hz, 1H, Ar), 7.07
(dd, J=8.9, 2.5 Hz, 1H, Ar), 6.97 (dd, J = 8.0, 7.1 Hz, 2H, Ar), 6.65 (dd,
J=22, 1.0Hz, 2H, Ar), 6.01 (s, 1H, CH-), 3.89 (s, 3H, OCHs). **C
NMR (126 MHz, CDCl;) 6 157.29 (C-OCHy), 139.31 (C9), 136.70
(naphthyl), 133.32 (naphthyl), 129.37 (naphthyl), 129.03 (naphthyl),
128.22 (C8), 127.11 (naphthyl), 126.60 (naphthyl), 126.59 (naphthyl),
123.72 (C2), 121.92 (Cé), 119.98 (C5), 119.96 (C4), 119.74
(naphthyl), 110.99 (C7), 105.64 (C3), 55.29 (C10), 40.08 (OCHa).
LC-MS (m/z): positive mode 403 [M+H]**; Purity by HPLC-UV(254
nm)-ESI-MS: 96.0%.

3,3-[(4-Fluorophenyl)methylene]di(5-methoxyindole) (124). The com-
pound was synthesized by reaction of 5-methoxyindole (14,
3.1 mmol) with 4-methoxybenzaldehyde (83, 1.5 mmol) in water
(5ml). The product was obtained as a brown solid (82% vyield,
510 mg). *H NMR (500 MHz, DMSO-d,) & 10.66 (d, J = 2.4 Hz, 2H,
NH), 7.28-7.12 (m, 2H, Ar), 6.63 (s, 1H, Ar), 6.52 (dd, J = 2.4, 0.8 Hz,
2H, Ar), 6.35 (dd, J = 6.3, 2.3 Hz, 2H, Ar), 5.89 (s, 1H, CH), 3.59 (s, 6H,
2x OCHg). 13C NMR (126 MHz, DMSO-dy) 6 161.55 (C-4"', J =257
Hz), 155.66 (C5), 138.11 (C-1"), 130.02 (C-2" and C-6"), 129.95 (C-9),
122.25 (C8), 121.75 (C2), 120.17 (C-3" and C-5"), 116.75 (C6),
114.28 (C7), 114.12 (C3), 104.89 (C4), 55.13 (2 x OCH3). LC-MS (m/
2): positive mode 401 [M+H]**; Purity by HPLC-UV(254 nm)-ESI-
MS: 99.0%.

3,3'-[(4-Methoxyphenyl)methylene]di(5-methoxyindole) (125). The com-

pound was obtained by reaction of 5-methoxyindole (14, 3.1 mmol) with
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4-fluorobenzaldehyde (90, 1.5 mmol) in water (5 ml). The product was
isolated as a brown solid (78% yield, 485mg). *H NMR (500 MHz,
DMSO-dg) 6 10.58 (d, J = 2.5 Hz, 2H, NH), 7.23 (dd, J = 10.9, 8.7 Hz, 4H,
Ar), 6.86-6.79 (m, 2H, Ar), 6.77 (dd, J=2.4, 0.8 Hz, 2H, Ar), 6.71 (d,
J=25Hz, 2H, Ar), 6.68 (dd, J = 8.7, 2.5 Hz, 2H, CH-), 3.70 (s, 3H, OCH5),
3.59 (s, 6H, 2 x OCH,). 3C NMR (126 MHz, DMSO-dy) 6 157.42 (C-4""),
152.75 (C5), 137.12 (C-1"), 131.96 (C9), 129.32 (C8), 127.13 (C-2"
and C-6"), 124.30 (C2), 118.17 (C-3" and C-5"), 113.48 (C5), 112.06 (C6),
110.58 (C3), 101.73 (C7), 55.42 (C10), 55.07 (3xOCHj;). LC-MS
(m/2): positive mode 413 [M+H]**; Purity by HPLC-UV(254 nm)-ESI-
MS: 99.0%.

3,3"-[1-(p-Tolyl)ethane-1,1-diyl]di(indole) (135). The compound was
synthesized by reaction of indole (5, 3.1 mmol) with 1-(p-tolyl)
ethan-1-one (98, 1.5 mmol) in water (5 ml). The product was obtained
as a brown solid (74% yield, 402 mg). *H NMR (500 MHz, DMSO-d,)
6 10.73 (d, J=1.8 Hz, 2H, Ar), 7.32 (s, 2H, Ar), 7.28-7.13 (m, 2H, Ar),
7.07 (d, J=8.1Hz, 2H, Ar), 7.02 (d, J = 8.0 Hz, 2H, 2H), 6.99-6.90 (m,
2H, Ar), 6.74 (dd, J= 8.0, 7.0 Hz, 2H, Ar), 6.65-6.63 (m, 1H, Ar), 3.30
(s, 3H, CHs), 2.24 (s, 3H, CH3). 3C NMR (126 MHz, DMSO-ds) &
145.16 (C-1"), 137.19 (C9), 134.67 (C-4""), 128.69 (C8), 127.87 (C-3""
and C5"'), 126.32 (C-2"" and C6""), 123.44 (C2), 123.20 (C6), 121.40
(C5), 120.52 (C4), 117.81 (C7), 111.82 (C3), 42.94 (C10), 28.86 (CHa).
LC-MS (m/z): positive mode 351 [M+H]'*; Purity by HPLC-UV(254
nm)-ESI-MS: 96.0%.

3,3'-[1-(4-Methoxyphenyl)ethane-1,1-diyl]di(indole) (136). The com-
pound was synthesized by reaction of indole (5, 3.1 mmol) with 1-
(p-anisyl)ethan-1-one (99, 1.5 mmol) in water (5 ml). The product was
obtained as a brown solid (79% yield, 450 mg). *H NMR (500 MHz,
DMSO-dy) 6 10.72 (s, 2H, NH), 7.32 (d, J = 8.1 Hz, 2H, Ar), 7.27-7.15
(m, 2H, Ar), 7.07 (s, 2H, Ar), 7.00-6.91 (m, 2H, Ar), 6.83-6.76 (m, 2H,
Ar), 6.75 (dd, J = 8.0, 0.9 Hz, 2H, Ar), 6.71 (dd, J = 8.6, 1.7 Hz, 3H, Ar),
165.3.70 (s, 3H, OCHs), 2.19 (s, 3H, CH3). ¥3C NMR (126 MHz,
DMSO-dg) § 157.13 (C-4""), 140.57 (C9), 137.20 (C-1"'), 126.22 (C-
2"" and Cé"'), 123.42 (C8), 123.30 (C2), 121.16 (C6), 120.53 (C5),
118.00 (C4), 112.96 (C-3"" and C5™), 111.65 (C3), 55.01 (OCHa),
42.62 (C10), 29.33 (C10). LC-MS (m/z): positive mode 367 [M+H]*;
Purity by HPLC-UV(254 nm)-ESI-MS: 97.0%.

General Procedure for the synthesis of 149-170/°%

A. (3-Indolylmethyl)trimethylammonium iodides
(137-140, 1.6 mmol) and the appropriate indole derivative (6-8,
13-15, 17, 21, 27, 30, 37, 38, 141, 142, or 143; 3.2 mmol) were

dissolved in H,O (5ml) in a 50ml sealed tube. The reaction

Procedure

mixture was heated at 80°C upon stirring. After completion of
the reaction, which was monitored by TLC, the mixture was
allowed to cool to room temperature. The compound that
precipitated on the tube wall was dissolved in ethyl acetate
(10 ml), after the water had been decanted from the mixture. The
resulting solution was dried over Na,SO4 and the product was

purified by recrystallization or column chromatography.
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Procedure B. In a 50ml sealed tube, the appropriate indole
derivative (6-8, 13-15, 17, 21, 27, 30, 37, 38, 141, 142, or 143;
1.14 mmol) and Cu(OAc),-H,O (0.57 mmol) were given to a
solution of a 2-(1H-indol-3-yl)acetic acid derivative (144-148;
0.57 mmol) in ACN (5 ml). The reaction mixture was stirred for 2 h
at 115°C. The mixture was cooled to room temperature when the
reaction was completed as monitored by TLC. The reaction
mixture was poured into water and extracted with 2 x 25 ml of
ethyl acetate. The mixed organic layers were washed with a brine
solution (25 ml), dried over Na,SO,, and evaporated to dryness
under reduced pressure. Recrystallization or column chromatog-
raphy was used to purify the crude product.

Compounds 149-151,%¢ 152-153[3¢371 154361 155-156 [333¢
157-158% 159-164" 165-1687 169,59 and 170/ have
previously been reported.

3-[(6-Fluoroindol-3-yl)methyl]indole-5-ol (165). The compound was
synthesized according to procedure B by
fluorolindole (27, 0.57 mmol) with 2-(5-hydroxy-1H-indol-3-yl)
acetic acid (147, 0.57 mmol) in ACN (5ml). The product was
obtained as a brown solid (78% yield,125 mg). *H NMR (600 MHz,
DMSO-dg) 6§ 12.25 (s, 1H, NH), 11.09 (s, 1H, NH), 10.73 (s, 1H, OH),
7.66 (d, J=8.4Hz, 2H, Ar), 7.50 (d, J=7.8Hz, 1H, Ar), 7.36 (d,
J=8.5Hz, 1H, Ar), 7.31 (d, J=8.1Hz, 1H Ar), 7.24 (s, 1H, Ar), 7.09
(s, 1H, Ar), 7.02 (t, J=7.4Hz, 1H, Ar), 6.91 (t, J=7.4Hz, 1H, Ar),
4.16 (s, 2H, Ar). 3C NMR (151 MHz, DMSO-d,) & 168.62 (C6,
J =287 Hz), 139.04 (C-5'), 136.56 (C-9'), 127.24 (C9), 126.86 (C8),
124.59 (C8'), 122.88 (C2), 122.28 (C-2'), 120.95 (C-4'), 118.74
(C3), 118.21 (C5), 115.75 (C6), 113.99 (C-3'), 111.47 (C-5'), 111.15
(C-7"), 20.95 (C10). LC-MS (m/z): positive mode 281[M+H]**: purity
by HPLC-UV(254 nm)-ESI-MS: 96.0%.

reaction of 6-

General procedure for the synthesis of 175-177

2-Oxindole (171-172, 37 mmol) in absolute ethanol was treated with
the appropriate indolecarboxaldehyde (173-174; 41 mmol) and
piperidine (16 mmol). After heating the mixture at 65°C for 2 h, the
solvent was evaporated under reduced pressure. The residue was
dissolved in 50ml of water and extracted with ethyl acetate
(2 x 30 ml). The combined organic layer was washed with brine, dried
over MgSQy, and evaporated to dryness. The product was purified by
silica gel column chromatography. Compounds 175-177 have

previously been reported.[33]

General procedure for the synthesis of 178-180

NaBH, (12 mmol) was added portion-wise over a period of 5-10 min
at room temperature to a solution of the appropriate 2-oxindole
derivative (175-177, 10 mmol) in ethanol (20 ml), and the reaction
mixture was heated at 65°C for 2h. Once the reaction was
completed, the mixture was cooled to rt, and the ethanol was
evaporated under reduced pressure. The residue was dissolved in ice
water and extracted with 2x50ml of ethyl acetate. The organic
layers were combined, washed with brine, dried over MgSQOy, filtered,

and evaporated under reduced pressure. The resulting product was
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purified by column chromatography using a mixture of petroleum

ether and ethyl acetate. Compounds 178-180 have been described

previously.[®%!

4.2 | Pharmacological/biological assays
4.2.1 | Radioligand binding assays at CB; and CB,
receptors

Competition binding assays were performed using the nonselective
CB receptor agonist radioligand [3H](-)-cis-3-[2-hydroxy-4-(1,1-
dimethylheptyl)phenyl]-trans-4-(3-hydroxypropyl)cyclohexanol ([3H]
CP55,940, final 0.1nM) as
described.®84¢471 Membrane preparations of CHO cells stably

concentration previously
expressing either human CB; or CB, receptor were used (CBj:
30 pg of protein/well and CB,: 16 ug of protein/well) for all of the
radioligand binding experiments. Stock solutions of the DIM
derivatives were prepared in DMSO. The mixture containing 15 ul
of the test compound in DMSO, 60 ul of [BH]CP55,940 solution in
assay buffer (50 mM TRIS, 3 mM MgCl,, 0.1% bovine serum albumin
[BSA], pH 7.4), 60 ul of membrane preparation and 465 pl of assay
buffer was incubated for 2 h at room temperature (final DMSO conc.
in the assay was 2.5%). Incubation was terminated by filtration
through GF/C glass fiber filters (presoaked for 0.5h in 0.3% ag.
polyethyleneimine solution). Total binding was determined by adding
DMSO without test compound, while nonspecific binding was
determined in the presence of 10 uM of unlabeled CP55,940. The
filter was then dried for 1.5 h at 50°C. Radioactivity on the filters was
determined in a liquid scintillation counter (Top count NXT, Packard/
Perkin-Elmer) after 10 h of preincubation with 50 ul of scintillation
cocktail (Multiscint 25, Perkin-Elmer). Data were obtained in
minimum of three independent experiments, performed in duplicates.
For the calculation of K; values, the Cheng-Prusoff equation and Kp
values of 2.4 nM ([*H]CP55,940 at CB,) and 0.7 nM ([*H]CP55,940 at
CB,) were used.®!

42.2 | cAMP accumulation assays at human CB;
and CB,, receptor

The inhibition of adenylate cyclase activity was determined
according to a described procedure in the literature using a
competition binding assay for cAMP quantification in CHO cells
stably expressing the CB, or the CB, receptor subtype, respec-
tively.?1291 Briefly, cells were seeded into a 24-well plate
(200,000 cells/well) and incubated for 24 h. On the day of the
assay, the medium was exchanged for Hank's buffered saline
solution (HBSS, Gibco) and the cells were further incubated for
another 2 h. About 20 pl of 40 uM Ro0-20-1724 (4-(3-butoxy-4-
methoxybenzyl)-2-imodazolidinone) as phosphodiesterase inhibi-
tor was added into each of the wells. After 10 min incubation, 15 pl
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of test compound (diluted in HBSS) was added to the mixture and
the cells were further incubated for another 5 min. The adenylate
cyclase activator, forskolin (final concentration 10 uM), was added
to the mixture, and incubation was continued for a further 15 min.
The final DMSO concentration was 1.9%. The reaction was
stopped by lysis of the cells with hot lysis buffer (100°C; 4 mM
EDTA, 0.01% Triton X-100). The cAMP quantification was
performed by mixing 50 pl of cell suspension, 30 ul of [°’H]cAMP
(3nM inTris buffer), and 40 pl of cAMP-binding protein (50 pg per
well in Tris buffer). The mixture was incubated for 1h on ice.
Bound and free radioligand were separated through GF/B glass
fiber filters, and the radioactivity was measured after 9h of
preincubation with a scintillation cocktail (LumaSafeplus, Perkin-
Elmer). Data were obtained from three independent experiments,
performed in duplicates.

423 |
receptor

B-Arrestin assays at human CBq and CB,

B-Arrestin recruitment assays based on galactosidase enzyme
complementation assay (DiscoverX) were performed according to
previously published.*®! Briefly, CHO B-arrestin2 cells stably
transfected either human CB4-prolinkl or human CBs-prolink1
were seeded in the density of 30,000 cells/well (CB;), or 20,000
cells/well (CB5), and incubated for 24 h. On the day of the assay,
about 10 ul of the test compound was added and the cells were
further incubated for another 90 min. CP 55,940 (0.1 uM) was
used as the standard agonist for maximal response. For antagonis-
tic activity, the test compounds (5 pl) were added to the wells, and
incubated for 60 min at 37°C, and then the agonist at its ECgo was
added (5 pl) and the mixture was incubated for another 90 min at
37°C. The galactosidase activity was measured by lysis of the cells
according to the manufacturing protocol. The luminescence was
measured with an LBMitras 940 plate reader (Berthold, Bad
Wildbad). A minimum of three independent experiments was
performed, each in duplicate.

42.4 | Operational model to determine the bias
factor of the agonists

The pathway bias was calculated as described by Winpenny et al.[4*4%]
and Pillaiyar et al.“?) The E, .y (max activation in %) and the ECsg (in M)
for each compound were used to obtain the transduction ratio (log
(Emax/ECso). The transduction ratio within a pathway (Alog(E nax/ECso))
was calculated by subtracting the transduction ratio of the agonist (log
(Emax/ECsp) of the test compound) from the transduction ratio of the
reference compound CP55,940 (log(Eax/ECs0) of CP55,940 regarding
the same pathway. Ligand bias (or bias factor) between two pathways
(AAlog(Emax/ECs0)) was determined by calculating the difference
between the transduction ratio (Alog(Emax/ECs0)) of one pathway and
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the transduction ratio of the other pathway (Alog(Eax/ECs0) CAMP -
Alog(Emax/ECs0) B-arrestin).
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Publication summary and contributions

Adenosine, a naturally occurring molecule in the body, plays a crucial role in
transcellular signaling.'®” %8 |t activates adenosine receptors, G protein-coupled
receptors (GPCRs), and is involved in many physiological and pathological
processes.'® % There are four subtypes of adenosine receptors (ARs) : the A; and A;
receptors, which primarily couple with Ga; proteins, and the A, and Az receptors,
which couple with Gas proteins.’ The A2AR, is highly expressed in the central
nervous system (CNS) and in smooth muscle, and has been shown to play an
important role in Alzheimer’s and Parkinsons’s disease as well as in cardiovascular
diseases.’®>"% A,sARs are abundantly expressed by immune cells and are upregulated

in cancer cells. Thus, they are promising drug targets forimmunotherapy of cancer.

Several nucleoside and non-nucleoside derivatives have been developed that
activate Ax,AR, being full agonists (for example, N-ethylcarboxamidoadenosine,
NECA) or antagonists (for example 3-(3-hydroxypropyl)-7-methyl-8-(m-
methoxystyryl)-1-propargylxanthine, MSX-2).®® In 2001, based on screening a
campaign by Bayer, the first class of non-nucleosidic AR agonists was discovered
which has partial agonistic activity at ARs.'®® Subsequent development by lJzerman et
al. showed that LUF5833 (2-amino-6-[(1H-imidazol-2-ylmethyl)sulfanyl]-4-phenyl-
3,5-pyridinedicarbonitrile) and LUF5834 (2-amino-4-(4-hydroxyphenyl)-6-[(1H-
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imidazol-2-ylmethyl)sulfanyl]-3,5-pyridinedicarbonitrile were potent partial Az;AR
agonists.'® Later on, in 2021, a crystal structure of LUF5833 bound to an inactive
state of the human AxsAR was published.’®® The “Stabilized Receptor” (StaR)
crystallization construct A.x-StaR2-bRIL which contains nine point mutations
(A54252L, T8833°A, R1073°°A, K122443A, L202%53A, L235%%7A, V239%4'A, S277742A and
N154 ECt2A), two of which are inside the orthosteric binding pocket (T88%%¢A and
S277742A), was employed. The authors were not able to obtain the co-crystal

structure of LUF5384, featuring an additional phenolic group.

In the present paper, the crystal structure of LUF5834 bound to an optimized
construct of the A2xAR (A2a-PSB2-bRIL; bRIL is thermostabilized apocytochrome b se)
and its pharmacological characterization was studied. The study provides insights on
how a partial agonist may bind to the inactive state of a GPCR. The Ax.-PSB2-bRIL
construct featuring only two mutations, S913*°K and N154f°?A | showed advantages
over the Axx-StaR2-bRIL construct. The crystal structure showed a resolution of 2.43
A. Similar to LUF5833, LUF5834 binds to the orthosteric site of the A.AR.
Interestingly, T88%3%¢ showed an interaction with the phenolic group of LUF5834 - a
feature which could not have been observed in the previously used construct of A2,AR
due to its T88%3%A mutation. Additionally, an ionic lock between H264E° and E1698¢12

was observed which was not present in the prior structure.

Radioligand binding evaluation of the partial agonist LUF5834 demonstrated its ability
to displace both an agonist radioligand ([*H]JNECA) and an antagonist radioligand
([BHIMSX-2) with a lower affinity value versus the agonist radioligand compared to the
antagonist. LUF5834 was able to bind to the previously published inactive-state
crystallization constructs, whereas full agonists for the A;AR were unable to bind to

these constructs.

A G protein dissociation assay was used to investigate the functional activity LUF5834
at the AxAAR. This assay measures the direct dissociation of heterotrimeric G proteins
upon AzAR stimulation, providing a more upstream measurement compared to
traditional second messenger assays. The Gassys combination was used to monitor
receptor activation. Similar to radioligand binding experiments, the full agonist NECA

and the partial agonist LUF5834 were not able to activate the A;.AR crystal constructs
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since they are stabilized in their inactive state. Interestingly, LUF5834 was not able to
activate the wild-type A2AAR under standard experimental conditions. However, when
a higher DNAamountwas used to express a high level of the wild-type A2.AR, LUF5834
was able to activate the A2AAR in a dose-dependent manner. Since a a partial agonist
will act as antagonistin the presence of a full agonist, LUF5834 in the presence of the
full agonist NECA was tested at the wild-type AxAR. LUF5834 was found to inhibit
NECA-induced A2,AR activation, confirming that LUF5834 is indeed a partial agonist,

the intrinsic activity of which is expression level dependent on the receptor.

In conclusion LUF5834 binds to inactive and active states of the A.,AR, potentially
stabilizing an equilibrium between these states or inducing a different conformation
between the active and inactive states. In contrast, the full A2sAR agonist NECA

exhibits affinity only for the active state which it stabilizes.

In this manuscript, | performed the extensive pharmacological characterization of
LUF5834 and NECA at the A;sAR. The author wrote the manuscriptin cooperation with
Dr. Tobias Claff, Prof. Dr. Christa E. Muller, and all other authors.
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ABSTRACT: The adenosine A,, receptor (A,,AR) belongs to the
rhodopsin-like G protein-coupled receptor (GPCR) family, which
constitutes the largest class of GPCRs. Partial agonists show
reduced efficacy as compared to physiological agonists and can
even act as antagonists in the presence of a full agonist. Here, we
determined an X-ray crystal structure of the partial A,,AR agonist
2-amino-6-[ (1H-imidazol-2-ylmethyl)sulfanyl]-4-p-hydroxyphenyl-
3,5-pyridinedicarbonitrile (LUF5834) in complex with the A,,AR
construct A,,-PSB2-bRIL, stabilized in its inactive conformation
and being devoid of any mutations in the ligand binding pocket.
The determined high-resolution structure (2.43 A) resolved water
networks and crucial binding pocket interactions. A direct
hydrogen bond of the p-hydroxy group of LUF5834 with T88>*¢ was observed, an amino acid that was mutated to alanine in
the most frequently used A,,AR crystallization constructs thus preventing the discovery of its interactions in most of the previous
A pAR co-crystal structures. G protein dissociation studies confirmed partial agonistic activity of LUF5834 as compared to that of
the full agonist N-ethylcarboxamidoadenosine (NECA). In contrast to NECA, the partial agonist was still able to bind to the
receptor construct locked in its inactive conformation by an $91**K mutation, although with an affinity lower than that at the native
receptor. This could explain the compound’s partial agonistic activity: while full Aj,AR agonists bind exclusively to the active
conformation, likely following conformational selection, partial agonists bind to active as well as inactive conformations, showing
higher affinity for the active conformation. This might be a general mechanism of partial agonism also applicable to other GPCRs.
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Adenosine receptors (ARs) are G protein-coupled receptors
(GPCRs) involved in many physiological and pathological
processes in the body.”” They are subdivided into four
subtypes, A, A,,, Ayp, and A;. The adenosine A,, receptor
(AjsAR) is a drug target for cardiac imaging (agonists) and
Parkinson’s disease (antagonists).3’4 Moreover, A;,AR antag-
onists have potential for the treatment of Alzheimer’s disease>®
and for the immunotherapy of cancer.” The latter indication is
due to the fact that adenosine accumulates in the micro-
environment of cancer cells leading to immune cell blockade,
cancer cell proliferation, and metastasis.® In recent years, the
A,AR has been intensively studied as a prototypic class A,
rhodopsin-like GPCR by structural biology and computational
approaches.”'?

ARs are activated by the nucleoside adenosine and its
derivatives, e.g.,, NECA (Figure la).Ina screening campaign in
2001, 2-amino-4-phenyl-3,5-pyridinedicarbonitrile derivatives
were discovered as the first class of potent non-nucleoside-
derived AR agonists.11 Later on, it was found that most of
them acted as partial agonists'>~"* showing lower efficacy than

© 2024 The Authors. Published by
American Chemical Society
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the cognate agonist adenosine, unless the receptors are
massively overexpressed. Subsequently, derivatives with high
selectivity for either the AJAR, e.g, capadenoson, or the
A5 AR, e.g., BAY60—6583, were developed and pharmacologi-
cally evaluated (for structures see Figure la). Based on the
original discovery, Beukers et al. (re)synthesized different
partial agonists and analyzed their binding affinities and
potencies at all four AR subtypes.'* The most potent
derivatives in their study were the phenyl-substituted 2-
amino-6-[ (1H-imidazol-2-ylmethyl)sulfanyl]-4-phenyl-3,5-
pyridinedicarbonitrile (LUFS833) and the corresponding p-
hydroxyphenyl derivative LUFS834 (Figure la). A crystal
structure of the A, AR in complex with the partial agonist
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Figure 1. Overview of discussed AR agonists and crystallization constructs. (a) Chemical structure of full and partial AR agonists. (b—d)
Architecture of selected Ay AR crystallization constructs, highlighting the location of employed point mutations by red spheres.

LUFS833 (3.12 A resolution) was previously obtained, but its gain more insight into the interactions of this important partial
moderate resolution did not allow to observe some details, agonistic scaffold. Herein, we describe the cocrystal structure
such as water networks."”> The p-hydroxyphenyl-substituted of A,,-PSB2-bRIL with LUF5834 at 2.43 A resolution. The
compound LUF5834 represents a generally utilized, commer- structural data are complemented by radioligand binding and
cially available tool compound for studying the A, AR in G protein dissociation assays to characterize the mode of
particular, and ARs in general.lé_19 The authors reported that action of LUFS5834 at the wild type (wt) A;,AR and its
they “also attempted to obtain a receptor crystal structure with crystallization construct.

LUF5834 but were unsuccessful“.'> Importantly, the “Stabi-

lized Receptor” (StaR) crystallization construct A,,-StaR2- B RESULTS AND DISCUSSION

bRIL*® (bRIL refers to thermostabilized apocytochrome
by, RIL*") utilized in that study contains two mutations inside
the orthosteric binding pocket (T88>*¢A and $2777**A, Figure
1b—d). Although the binding affinity (determined vs. the
antagonist radioligand [*H]ZM24138S) of the hydroxyphenyl

The crystal structure of the A,,AR in complex with LUF5834
was determined at 2.43 A resolution (Table 1) using the
optimized crystallization construct A,,-PSB2-bRIL*® that
contains two point mutations: (1) a thermostabilizing
mutation in the sodium binding pocket (S913¥K)****> and

deriva.tive LUF58347 Z‘z’as repor.ted to be unaffec.ted by the (2) a glycosylation site removal mutation (N154°°?A).>* The
mutations, the $277""°A mutation was found to increase the $913¥K mutation constraints the A,,AR in a constitutively
, 22
compound’s efficacy. inactive state with all common activation micoswitches
In the present study, we determined the crystal structure of unambiguously in the inactive conformation.’® The partial

LUFS834 in complex with the recently d2e3veloped optimized A,,AR agonist LUF5834 is bound to the orthosteric binding
crystallization construct A,,-PSB2-bRIL™ (PSB refers to pocket with a refined occupancy of 0.7 (Figure 2a). The 3-

Pharmaceutical Sciences Bonn) that contains less mutations cyano group of LUFS5834 (for numbering, see Figure 2b)
than other frequently used Ay, AR crystallization constructs forms a direct hydrogen bond to N253%%° (Figure 2a). The
and does not have any mutation in the orthosteric binding site. interaction with N253%% is further strengthened by a water-
In addition, we aimed to improve the structural resolution to mediated hydrogen bond of the 2-amino group. The second

1416 https://doi.org/10.1021/acsptsci.4c00051
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Table 1. Data Collection and Refinement Statistics”

A,,-PSB2-bRIL-LUFS$834 (PDB ID S8RLN)

Data collection
C222,
39.56, 179.69, 140.45
16837 (843)
12.1 (12.9)
89.85—2.43 (2.59—2.43)
2.365, 2.568, 2.460

space group
cell dimensions a, b, ¢ (A)
no. of unique reflections
multiplicity

resolution (A)

max. resolution aniso. (A)

Roeae 0.264 (2.201)
Ryim 0.076 (0.609)
CC,y), 0.997 (0.493)
mean I/ol 7.9 (1.3)
completeness spherical 86.4 (25.0)
completeness ellipsoidal 90.8 (33.5)
Wilson B (A?) 43.05
Refinement

resolution (A) 70.23—2.43 (2.58—2.43)
no. reflections work/test set 16825/866
Ryone 0.2029 (0.2301)
Riee 0.2813 (0.3715)
no. atoms (non-hydrogen)

Ay,AR 2358

bRIL 697

LUFS5834 37

lipids, polyethylene glycol (PEG), and 232

waters
B-factors (A?)

AyuAR 43.05

bRIL 76.06

LUFS5834 48.68

lipids, PEG, and waters 50.7
rmsd bonds (A) 0.013
rmsd angles (deg) 1422
Ramachandran favored (%) 96.88
Ramachandran allowed (%) 3.12
Ramachandran outliers (%) 0.00
rotamer outliers (%) 3.10
MolProbity clashscore 9.72

“Data from a single crystal was collected. The statistics for the highest
resolution shell are shown in parentheses.

cyano group in position S is connected to H278”* via a water
molecule (Figure 2a). Aromatic 7—rz stacking interaction
between the pyridine moiety and F1685 is observed, similar
to the binding of other structurally diverse Aj,AR ligands in
previously reported A, AR structures.”””” The imidazole
moiety of LUF5834 is located in a pocket shaped by Y9',
A632° §672%5 126772, Y2717%, and 12747%. The basic
imidazole (pK, estimated to be 6.30 by the program
Chemaxon, https://chemaxon.com/) is predominantly proto-
nated under the crystallization conditions performed at pH 5.2
forming a weak direct hydrogen bond to Y9'** (N—O distance
3.6 A, Figure 2c). The phenolic group of LUFS5834 faces
toward the sodium binding pocket and is in contact with
W246%% of the CxWP motif and with L249%%! (Figure 2d).”*
It was previously reported that L249%%!, present in the A,,AR,
is responsible for the A,3AR selectivitz of the structurally
related BAY60-6583 over the A,,AR*’ This amino acid
represents the only difference in the binding pocket of the
A,,AR compared to that of the A,pARs (AjAR: 1249%%;
ApAR: V250%"). An L249%°'V mutation in the A, AR
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Figure 2. Ligand binding pocket of LUF5834 in the A,,AR. (a)
Overview of the LUF5834 binding pocket. The polder omit map of
LUFS834 is shown in green mesh (contoured at 35). (b) Chemical
structure of LUF5834. (c) Binding mode of the imidazole moiety of
LUFS834 to a pocket represented by the protein surface (colored
according to the nearby protein atom types). (d) Enlarged view of the
interaction of the phenol moiety of LUF3834 with T88>3¢. The C4—
C1'—0 angle (175.6°) deviates by 4.4° from the linearity of a perfect
aromatic system.

transformed BAY60-6583 into a dual A,,,A,3AR partial agonist
showing equal potency at both receptors.””

The close proximity of the phenolic OH group to W246%4
forces the aromatic ring into a bent structure. The C4—C1'—0O
angle (for numbering see Figure 2b) deviates by 4.1° from
linearity; this deviation may in fact be even larger, considering
that the stereochemical restraints enforce planarity of the
phenolic ring in the crystallographic refinement. The OH
group is located close to T88%%, likely participating in a weak
hydrogen bond (O—0 distance 3.9 A) (Figure 2d). T88%*¢ is
mutated to alanine in the A,,-StaR2-bRIL construct which
may contribute to the fact that cocrystallization trials of
LUF5834 with that construct had previously failed.'s T88%% is
conformationally restricted in the constitutively inactive
conformation of A,,-PSB2-bRIL, used in the present study,
as a result of the introduced S91>*K mutation that locks the
receptor in its inactive state.” In fact, T88** had been
observed in two distinct conformations when A,,-AC-bRIL,
the corresponding construct without any mutations, had been
utilized to solve an A, AR cocrystal structure with the
antagonist ZM24138S5 [Protein Data Bank (PDB) entry
4EIY].*”” These results imply somewhat greater flexibility of
T88% in the wt receptor compared to the $913*°K mutant.
Hence, T88** might engage the phenolic OH group of
LUF5834 in the wt receptor in an even more favorable way
since it lacks the conformational restriction imposed by the
S91**¥K mutation in the present structure.

The binding pose of LUFS833, lacking a phenolic OH
group, in the previously published lower-resolution structure'
(PDB ID 7ARO) is similar to the one that we determined for
the phenolic analog LUF5834 (root-mean-square deviation
1.03 A). However, a crucial difference represents the
conformation of H2645"* showing a unique position in the
previous LUFS833 cocrystral structure, with H264F¢%3
pointing toward the extracellular surface (Figure 2a). This

https://doi.org/10.1021/acsptsci.4c00051
ACS Pharmacol. Transl. Sci. 2024, 7, 1415-1425




RESULTS AND DISCUSSION

ACS Pharmacology & Translational Science

Chapter 3.5

pubs.acs.org/ptsci

Aga-PSB2-bRIL

LUF5834 »’!\,
=
Asa-StaR2-bRIL 250652
LUF5833 k 50
PDB 7ARO

S67265 <

Figure 3. Comparison of the ligand binding pockets of LUF$833 (nonphenolic) and LUF5834 (phenolic). (a) Superposition of the ligand binding
pocket of A,,-PSB2-bRIL-LUFS834 (present study) with A,,-StaR2-bRIL-LUFS833 (PDB 7ARO); (b) ligand binding poses and neighboring
amino acids of LUF5833 and the phenolic LUF3834 forming a hydrogen bond with T88%%. Note that T88>* is mutated to alanine in the A,,-

StaR2-bRIL construct.

Table 2. Affinities of NECA and LUF5834 Using Different A,,AR Constructs”

A,,AR construct radioligand cell type
[*H]NECA CHO
Ayp Wt [*HIMSX-2 CHO
[PH]MSX-2 Sf9
Ajp-AC [PH]MSX-2 Sf9
A,4-PSB1-bRIL [PH]MSX-2 Sf9
A,,-StaR2-bRIL [PH]MSX-2 Sf9

NECA LUFS834

pK; [K, nM] pK, + SEM [K, nM]
8.15" [7.06] 8.04 + 0.04™[9.12]
7.00° [99.2] 7.03 + 0.10%%[93.3]
6.257 [563] 7.75 + 0.04[17.8]
6.657 [223] nd.

>100,0007 6.49 + 0.14%%%[324]
>100,0007 7.16 + 0.07%[69.2]

“pK; values were determined as means + standard error of the mean (SEM) from three independent experiments using radioligand binding assays
with antagonist ([*H]MSX-2) or agonist ([*H]NECA) radioligand, respectively, performed with Sf9 insect or CHO cell membranes. A,,-AC refers
to the A,,AR with truncated C-terminus (residues 1-316) which represents the length of the A,,AR used for the crystallization constructs. n.d., not
determined. Statistical analysis was performed to compare pK; values of LUF3834 with its affinity to the wt Aj,AR (Sf9, [PH]MSX-2) using the
one-way-ANOVA (analysis of variance) with Dunnett’s posthoc test: ns not significant, * p < 0.05, ** p < 0.01, *** p < 0.001. bsee De Filippo et

al.* “see De Filippo et al.*® 9see Claff et al’

conformation has not been observed in any other A, AR
structure so far, and the side chain position of H264*“" is not
clearly defined, indicating flexibility. In addition, the side chain
of E169%“" is rotated toward the ligand and interacts with the
imidazole moiety of LUFS833 (Figure 3a). In the A,,AR
structure in complex with LUF5834, H2645“"3 forms an ionic
lock to E169¢"* instead (Figures 2a and 3a), which represents
a frequent feature in A,,AR crystal structures when crystals
grew at acidic or neutral pH values.”*® The pK, value of the
H2645"3 side chain imidazole was calculated to 6.90 using the
propKa®”*" online tool. Thus, it is almost fully protonated at
the pH value used for crystallization (pH 5.2) and is roughly
25% protonated at a physiological pH value of 7.4. This had,
however, no effect on the conformation of the ECL3, which
was found to be the same as in A, AR crystal structures
determined at neutral pH value.”>*°

In comparison to the phenolic LUF5834, LUF5833 is
slightly rotated and shifted toward the extracellular space in the
Ay5-StaR2-bRIL-LUFS833 structure (Figure 3a,b). The two
crystal structures have been determined in the same crystal
form, and a superposition did not indicate significant
differences in crystal packing interactions that might be
responsible for these differences (data not shown).
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Information about the binding affinity of LUFS5833 to the
crystallization construct A,,-StaR2-bRIL had not been
provided in the respective publication of its A, AR cocrystal
structure.”> Herein, phenolic LUF$834 was thoroughly
characterized in radioligand binding and G protein dissociation
assays using wt A yAR as well as different crystallization
constructs (Table 2). First, we determined the affinity of
LUF5834 to the wt A;,AR, recombinantly expressed in
Chinese hamster ovary (CHO) cells, using cell membrane
preparations and two different radioligands: (1) the antagonist
[PH]MSX-2 and (2) the agonist [*H]N-ethylcarboxamidoade-
nosine ([*’H]NECA). When using the antagonist radioligand,
the determined K; value was ~10-fold higher than that
determined versus the agonist radioligand (93.3 nM vs 9.12
nM, p = 0.0016, two-tailed, unpaired ¢ test), consistent with the
(partial) agonistic nature of LUFS5834. In Spodoptera
frugiperdia (Sf9) insect cell membrane preparations, the
affinity of LUF5834 to the wt A, AR, determined with the
antagonist radioligand [*H]MSX-2, was 17.8 nM (Table 2).
Thus, the affinities were almost identical for the wt A, AR
expressed in two different systems, CHO and Sf9 insect cell
membranes, respectively. As the next step, we validated the
binding affinity of LUFS5834 to the stabilized crystallization
constructs. To this end, we used A,,-PSB1-bRIL expressed in

https://doi.org/10.1021/acsptsci.4c00051
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Figure 4. BRET-based Ga, protein dissociation assays with NECA and LUF5834 at different A, AR constructs. Dose—response curves of NECA
and LUF5834 as agonists at low (a) and (c) high A;,AR expression levels of human A,,AR crystallization constructs A,,-PSB1 and A,,-StaR2 with
ICL3-bRIL fusions restored back to wt. Dose—response curves of NECA and LUFS834 as an agonist at low (b) and high (d) A,,AR expression
levels of human A,,AR constructs, A,,-wt and A,4-AC. (e) LUF5834 in the presence of NECA-induced A,,AR Ga,-Gfy dissociation. NECA at its
ECg (ECgy 600 nM) concentration was used to stimulate the A, AR. LUF5834 was able to inhibit the NECA-induced A,,AR Ga,-Gfy
dissociation with an IC, value of 394 + 62 nM. (f) Potency (pECs,) and efficacy (E,,,,) of NECA and LUFS5834 at different A,,AR constructs.
Efficacy relative to the maximal effect of NECA (100 zM) at the wt A,,AR was set at 100%. All experiments were determined in G protein
dissociation assay®” with Ga,-short-Rluc8-Gf3;-Gyy-GFP2 biosensors. Each of the A,,AR constructs was transfected with the amount of 100 ng
DNA per 10° cells (maintained at a ratio of 1:1 within the biosensors) for panel a, b, and e, whereas 250 ng DNA was used for panels ¢ and d,
respectively. Data represent means + SEM of at least three independent experiments.

Sf9 insect cells,” which differs from the construct used for
structure determination in this study, A,,-PSB2-bRIL, only by
a single peripheral mutation introduced to remove a
glycosylation site (N154%C"?A in the crystallized construct,
Figure 1b,d).”” In addition, we studied the affinity of LUF5834
for A,,-StaR2-bRIL. The affinities of LUFS$834 for both
crystallization constructs were lower (18-fold and 4-fold,
respectively, Table 2) than those for the wt A,,AR expressed
in Sf9 insect cells (324 and 69.2 nM). Thus, although the A, ,-
StaR2-bRIL construct contains two mutations inside the ligand
binding pocket that prevent the binding of full agonists,> the
affinity of the partial agonist LUF5834 was only moderately
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affected (Table 2). The general conformational changes
required for agonist binding are likely not impeded by the
mutations in the A,,-StaR2-bRIL construct, i.e., both agonistic
and antagonistic binding pocket conformations may still be
possible. In contrast, the $91>*K mutation in the A,,-PSB1-
bRIL construct stabilizes a constitutively inactive state of the
A,,AR that provides a plausible explanation for the affinity
reduction of LUF5834 in this construct. The full AR agonist
NECA does not bind to either crystallization construct,
whereas it displays submicromolar aflinity to the wt A, AR
and its C-terminally truncated analog (A,,-AC) expressed in
Sf9 insect cells, determined versus the antagonist radioligand

https://doi.org/10.1021/acsptsci.4c00051
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[*H]MSX-2 (Table 2). The GPCR-G protein complex
generally displays higher affinity for agonists than the GPCR
alone.’”** Therefore, the lower affinity of NECA for the wt
A, 5AR expressed in insect cells may originate from the fact that
proper G proteins are lacking.**

Next, we determined the potency and efficacy of LUF5834
at the wt A, AR, A,,-AC, A,,-PSB1, and A,,-StaR2 in
functional assays (Figure 4). Due to steric inhibition of
G protein binding, the bRIL fusion protein was removed, and
the original intracellular loop 3 was restored. We employed a
bioluminescence resonance energy transfer (BRET)-based G
protein dissociation assay’” > by cotransfecting the respective
A uAR gene (ADORA2A) together with a Renilla luciferase
(Rluc8)-coupled Ga, subunit, Gf3;, and Gy, (fused to Green
Fluorescent Protein (GFP)). Two different amounts of A,,AR
plasmid were transfected (100 ng or 250 ng), in order to
modify the expression level of the A, AR receptor.””~* In
either setting, both constructs, A,,-PSB1 and A,,-StaR2, could
not be activated by the full agonist NECA and did not show
any signs of activation by the partial agonist LUF5834 (Figure
4a,c). In contrast, NECA showed a concentration-dependent
activation of both the wt A, AR and A, ,-AC with nM potency
(100 ng transfection) (Figure 4b). Upon the higher expression
level (250 ng plasmid, Figure 4d), the potency of NECA
appeard to slightly decrease for at wt A;,AR (ECg 33.1 nM vs
102 nM, p = 0.0212, two-tailed, unpaired ¢ test), and by 20-fold
for Ay4-AC (ECy 74.1 nM vs 1513 nM, p = 0.0393, two-tailed,
unpaired f test), in contrast to the concept of receptor
reserve."”** The partial agonist LUF3834 barely activated the
wt A,,AR in the cell line with the lower transfection level, but
showed a concentration-dependent activation of the wt A,,AR
with an ECg, value of 56.2 nM and 37% eflicacy in the high-
expressing cells (compared to the maximal effect of NECA (at
100 uM) in the cell line with the high expression level of the
wt Aj,AR, set at 100%, Figure 4b,d). LUFS834 activated A,,-
AC at both A,,AR expression levels (ECy, 182 and 407 nM, p
0.10S, two-tailed, unpaired t test). Therefore, the C-
terminally truncated A, AR construct likely shows higher
expression levels than the wt A,,AR. Our results confirm that
LUF5834 is a partial A,,AR agonist whose intrinsic activity
depends on receptor density. The efficacies of LUF5834 in the
cells with the higher expression level were consistent with
partial agonism (~30—37%) (Figure 4d). Next, we inves-
tigated the effect of LUFS5834 on NECA-induced Ga;
activation employed at its ECg, value (ECg, NECA: 600
nM) (Figure 4e). In this setting, LUFS834 acted as an
antagonist (ICs, = 372 nM), reducing the maximal response of
NECA by approximately 70% at the highest tested
concentration of 100 M LUFS5834.

Despite growing knowledge about structures and inter-
actions of partial agonists, the exact mechanism of partial
activation of GPCRs is not fully understood and may vary
between structurally diverse ligands and receptors.”> A widely
accepted theory for partial agonists assumes that they stabilize
a conformational state which is different from that of a full
agonist.**” They are suggested to thereby induce a lower
afinity state for the G protein and weaker G protein activation,
ultimately leading to less effective nucleotide exchange. This
hypothesis was supported by nuclear magnetic resonance
(NMR) experiments,lé’lg’48 and by allosteric nanobodies.*’
However, cryo-electron microscopy (cryo-EM) structures in
complex with G proteins showed similar (nucleotide-free) G
protein conformations for partial agonists and full agonists, e.g.,
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for the A,sAR**° or for serotonin receptors.”’ While the new
A5)AR structure in complex with the potent partial agonist
LUF5834 does not provide a direct understanding of partial
agonism at the A,,AR, we do show that LUF5834 still binds to
a receptor construct that presents a constitutively inactive
conformation (A,,-PSB1-bRIL), albeit with lower affinity than
to the wt A;,AR. In contrast, we previously showed that the
full agonist NECA does not show any binding to the A,,-
PSB1-bRIL construct (at concentrations of up to 3 mM,
determined vs. the antagonist radioligand [*H]MSX-2),
whereas the affinity of antagonists and of the antagonist
radioligand itself was unaffected.” It is worth noting that
structures of NECA have been solved with**** or without> G
proteins. While intracellular rearrangements and especially the
extent of the outward movement of helix VI are largely
dependent on the presence of G proteins, the ligand binding
pocket in these full agonist-bound structures is identical—
independent of the presence of G proteins—and clearly
distinct from the inactive receptor conformation. Hence,
another explanation for the partial agonistic activity of
LUF5834 may be that it originates from its binding to both
inactive and active states of the A,,AR, whereas full A,,AR
agonists only exhibit affinity for the active state, as supported
by radioligand binding using the full agonist NECA.” Protein
NMR experiments performed with the f,-adrenergic receptor
showed that partial agonists, in contrast to full agonists, indeed
stabilized an equilibrium of both inactive and active
conformations.”” Therefore, the conformational selection of
full A),AR agonists would be restricted to active states, thus
resulting in greater efficacy, in contrast to partial agonists.
Interestingly, NMR'® and single-molecule Forster resonance
energy transfer (smFRET) investigations of the A;,AR in
complex with LUF5834 revealed distinct conformations when
compared to those found for NECA or the antagonist
7ZM241385.%% However, the covalent P,-adrenergic receptor
agonist FAUCS50°* as well as f3,-adrenergic receptor agonists>>
were reported to stably bind to inactive conformations without
G proteins present. Alternatively, the partial agonistic
mechanism of action may also be explained by a combination
of the above-mentioned principles*® and may even be different
for various GPCRs or ligands.

B CONCLUSIONS

The present study offers a detailed elucidation of the
interactions between the A,,AR and the partial agonist
LUF5834, as revealed through high-resolution cocrystal
structure analysis using the optimized crystallization construct
A,,-PSB2-bRIL. LUF5834 was observed to be anchored by
hydrogen bonding to N253%%° and aromatic stacking
interactions to F1685"* whereas its imidazole moiety is
located in a subpocket between helices I and VII. Previous
knowledge of partial agonist binding at the A,,AR was solely
based on a structure of moderate resolution (3.12 A) in
complex with the related partial agonist LUFS833 using the
crystallization construct A,,-StaR2-bRIL which contains
mutations in the ligand binding pocket.”” The new A, AR
structure in complex with LUF5834, determined at a higher
resolution of 2.43 A, revealed similar interactions for LUF5834
but additionally resolved a tight water network within the
binding pocket. T88*% is directly involved in hydrogen
bonding to the phenolic group of LUF5834; this amino acid
was mutated to alanine in the A,,-StaR2-bRIL construct used
for the previous LUFS833 structure. Moreover, our structures
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revealed a well-folded ECL3, similar to previous A,,AR
structures, whereas the A,,-StaR2-bRIL-LUFS5833 structures
showed an unusually folded ECL3."> We showed that, in
contrast to full A, AR agonists,9 LUFS5834 binds to a
constitutively inactive conformation of the A,,AR, albeit with
lower affinity. While many hypotheses on the mechanism
behind partial agonism exist, this dual affinity for both inactive
and active states may explain the decreased efficacy of the
partial agonist LUF5834 as compared to full agonists at the
Aj,AR. Our findings are crucial for advancing knowledge on
GPCR signaling and may have significant implications for
developing new and more effective therapeutic agents targeting
GPCRs.

B METHODS

Expression, Purification, and Crystallization of A,,-
PSB2-bRIL. The A,,-PSB2-bRIL construct was expressed in
Sf9 insect cells and purified as previously described for the
A,,-PSB2-bRIL-Etrumadenant complex.” Briefly, Sf9 insect
cell membranes were prepared by repeated washing with low-
and high-osmotic buffers in the absence of any ligands. The
purified membranes were incubated with 50 yM LUF5834
[obtained from Tocris, cat. no. 4603, and dissolved in dimethyl
sulfoxide (DMSO)] and 2 mg per ml iodoacetamide for 1 h.
Then, proteins were solubilized from the membranes for 3 h at
4 °C with a buffer consisting of 5S mM HEPES pH 7.5 (4 °C),
S mM KCl, § mM MgCl,, 800 mM NaCl, 15% glycerol, 0.75%
(w/v) dodecyl-f-p-maltoside (DDM), and 0.15% (w/v)
cholesteryl hemisuccinate (CHS). Solubilized proteins were
separated from the membranes by centrifugation at 50,000 g.
The supernatant was supplemented with 20 mM imidazole and
incubated with Co**-based immobilized metal affinity
chromatography resin (TALON Superflow, Cytiva), followed
by overnight incubation at 4 °C. The next day, the A,,-PSB2-
bRIL-LUFS5834 complex was purified using gravity flow
chromatography with buffers containing S0 #M LUF5834
and varying imidazole concentrations, as previously de-
scribed.””” Then, the complex was eluted using the final
protein buffer consisting of 25 mM HEPES pH 7.5 (4 °C), 800
mM NaCl, 10% (v/v) glycerol, 220 mM imidazole, 0.025%
(w/v) DDM, 0.005% (w/v) CHS, and 50 uM LUF5834. The
protein complex was concentrated to approximately 30 mg per
ml in the same elution buffer using 100 kDa molecular weight
cutoff concentrators (Vivaspin, Sartorius) and immediately
used for lipidic cubic phase (LCP) crystallization. Mono-
dispersity of the complex and purity were analyzed by
analytical size-exclusion chromatography and sodium dodecyl
sulfate—polyacrylamide gel electrophoresis. The LCP was
produced by mixing protein with a molten lipid mixture
[90% (w/v) 1-oleyl-rac-glycerin (Sigma), 10% (w/v) choles-
terol (Sigma)] in a 2—3 ratio using the two-syringe method.””
The automatic crystallization robot Formulatrix NT8 was used
to overlay 50 nL of the resulting mesophase with 800 uL of
precipitant solution on glass sandwich plates (Marienfeld).
Crystallization plates were sealed and incubated at 20 °C using
a Formulatrix RockImager54 until crystal harvesting. The A,,-
PSB2-bRIL-LUF5834 complex crystallized in the following
precipitant solution: 23% (w/v) PEG400, 90 mM sodium
thiocyanate, 100 mM sodium citrate (pH 5.2), and 2% (w/v)
2,5-hexandiol. Crystals were harvested using micromounts
(MiTeGen) and flash-frozen in liquid nitrogen without further
cryoprotection.
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Crystal Structure Determination. X-ray diffraction data
were collected at 100 K (X-ray wavelength 0.97621 A) using
the European Molecular Biology Laboratory (EMBL) beam-
line P14 of the German Electron Synchrotron (DESY,
Hamburg). Reflections were collected using an EIGER2 16M
detector, while the crystal was rotated for 360° at 0.25°
increments with an exposure of 0.017 s. The data sets were
indexed, integrated, scaled, and converted to structure factor
amplitudes using ISPyB,58 autoPROC,> XDS,*° CCP4,%
POINTLESS,*” AIMLESS,”> and STARANISO.®* Data
collection and refinement statistics are listed in Table 1. The
model of PDB ID 5IU4 was used as the starting model for
refinement with Phenix. Coot® was used for further model
building. The stereochemical restraints for LUFS5834 were
generated with the GRADE web server.”’

As the electron density of the ligand was less well-defined
than that of the surrounding amino acids, we refined the
occupancy of the ligand to a value of 0.7. Two water molecules
(residue numbers 59 and 61, shown in Figure 2A) are
coordinated to the ligand and to protein residues. These water
molecules have distances of only ~2.4 A to the ligand or
protein, but we assume that they bind together with the ligand.
The short distances likely result from the influence of
alternatively occupied water positions in the absence of the
ligand (i.e.,, with occupancy of max. ~0.3) and limitations of
the precision of the refined water positions.

Radioligand Binding Assays. CHO or Sf9 insect cell
preparations recombinantly expressing the desired AR
construct were used for radioligand binding studies as
previously described.”>*® In order to determine A,,AR
binding, the radioligands [*H]MSX-2 (antagonist, 1 nM) or
[PH]NECA (agonist, 10 nM) were employed, respectively.
Assays were performed in SO mM Tris(hydromethyl)-
aminomethan (Tris) buffer pH 7.4 in a final volume of 400
uL. Assays with [*H]NECA contained 10 mM MgCl, in the
buffer. NECA and LUFS$834 were dissolved in DMSO and
incubated with the respective A,,AR membrane preparation
and radioligand at room temperature for 30 min ([*H]MSX-
2), or at 25 °C for 2 h ([PH]NECA) with a final DMSO
concentration of 1%. The membranes were separated from the
free radioligand by filtration through GF/B glass fiber filters
using a cell harvester (Brandel). Filters were presoaked in an
aqueous solution of 0.3% (w/v) polyethylenimine for at least
30 min to reduce nonspecific binding. Radioactivity was
counted after incubation for at least 9 h with a scintillation
cocktail (Beckmann Coulter) using a scintillation counter
(Tricarb 2700TR). Statistical evaluations were performed on
pK; values using ANOVA or Student’s t test (two-tailed,
unpaired) as indicated.

G Protein Dissociation Assays. G protein dissociation
assays were performed with the TRUPATH BRET? assay
[TRUPATH was a gift from Bryan Roth (Addgene kit
#1000000163)].>" All A, AR plasmids were cloned into the
pcDNA3.1(+) plasmid: A, AR-wt, A,,AR with 95 C-terminal
amino acids truncated (Ay,-AC), Aj,-AC containing S91**°K
and N1545°A mutations (A,,-PSB2), and A,,-AC contain-
ing AS4>%7L, T88>*A, R107>%°A, K122*%A, L202%%A,
L2355Y7A, V239%41A, $2777#A, and N154 F°"?A mutations
(A5-StaR2). The TRUPATH BRET? assays were performed
according to previously described procedures in human
embryonic kidney (HEK293) cells employing the combination
of Ga-Rluc8, Gf; and Gy,-GFP2 biosensors.”*****" The
agonists NECA (Santa Cruz Biotechnology) and LUFS834

https://doi.org/10.1021/acsptsci.4c00051
ACS Pharmacol. Transl. Sci. 2024, 7, 1415-1425




RESULTS AND DISCUSSION

ACS Pharmacology & Translational Science

Chapter 3.5

pubs.acs.org/ptsci

(Tocris Bioscience) were dissolved in DMSO while coeleter-
azine400a (CTZ400a, Cayman Chemical), used as a Rluc8
substrate, was dissolved in ethanol. HEK293 cells were
transfected in 6-well plates with Lipofectamine 2000, following
the manufacturer’s protocol. The cells were transfected with
either a 1:1:1:1 DNA ratio (A, receptor construct: Ga,-Rluc8,
Gp;, and Gyy-GFP2)—for the lower expression level, or a
2.5:1:1:1 ratio (A, wt: Ga-Rluc8, Gff;, Gyy-GFP2)—for
higher expression level. The cells were harvested and seeded
into a white 96-well plate 24 h after transfection. All
measurements were conducted approximately 48 h post-
transfection. On the day of the experiment, the medium was
carefully removed and exchanged for 60 uL of assay buffer
(Hank’s Balanced Salt Solution plus 20 mM HEPES, pH 7.4)
and S pg of adenosine deaminase (ADA) per mL of assay
buffer. Agonist solution (NECA or LUFS834) was further
diluted in assay buffer to the desired concentrations and added
to the cells (in a volume of 30 xL) S min after the addition of
CTZ400a (final concentration of CTZ400a: S uM). For
antagonist measurements, LUF5834 was added to the cells in a
volume of 15 uL and incubated for 15 min before the addition
of CTZ400a. NECA (15 uL) was then added S min after the
addition of CTZ400a solution at its ECg, concentrations
(NECA ECg,: 600 nM). BRET? measurements were
performed using an LB Mitras940 instrument with a 395 nm
emission filter for Rluc8 and a 515 nm emission filter for the
GFP2 protein. The BRET? ratio was obtained by dividing the
GFP2 fluorescence by the Rluc8 luminescence. The BRET
Unit (BU) or NET BRET was calculated by subtracting the
BRET ratio values from the test compounds with the vehicle’s
(DMSO) BRET ratio. Data normalization for LUF5834 was
performed by normalizing data to the control (100% activation
= NECA without LUFS834, 0% activation = no agonist).
GraphPad PRISM v10 was used for generating nonlinear
sigmoidal curves with variable slope for all data. Statistical
evaluations were performed on pECs, values using Student’s ¢
test (two-tailed, unpaired).
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The atomic coordinates of the A,,-PSB2-bRIL-LUF5834
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BRET  bioluminescence resonance energy transfer
bRIL thermostabilized apocytochrome bsg,RIL
CHO Chinese hamster ovary

cryo-EM  cryo-electron microscopy

GFP green Fluorescent Protein

GPCR G protein-coupled receptor

HEK human embryonic kidney

NECA  N-ethylcarboxamidoadenosine

NMR nuclear magnetic resonance

PDB Protein Data Bank

PSB Pharmaceutical Sciences Bonn

Rluc Renilla luciferase

SEM standard error of the mean

StaR ”stabilized receptor”
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2-AG
7TM
A2,AR
AC
AEA
AR
BRET
bRIL
cAMP
CB

CB,
CB.
CBD
CBN
CHO
CNS
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ERK
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GLP1
GPCRs
GPR18
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GRK
GTP
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IPs
mGlu5
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NAGly
NAM
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PAM
PDB
PDE
PET

2-Arachidonoylglycerol
7-Transmembrane

Adenosine Az receptor

Adenylyl cyclase
Arachidonoylethanolamide
Adenosine receptor
Bioluminescent resonance energy transfer
Thermostabilized apocytochrome bse:
Cyclic adenosine monophosphate
Cannabinoid

Cannabinoid type1 receptor
Cannabinoid type 2 receptor
Cannabidiol

Cannabinol

Chinese hamster ovary

Central nervous system

Cysteinyl leukotriene receptor 1
Cysteinyl leukotriene receptor
Dopamine type 1 receptor
Docosahexaenoic acid
Diindoylmethane

Extracellular loops
Endocannabinoid system
Extracellular-signal regulated kinases
Guanosine diphosphate
Glucagon-like peptide 1

G protein-coupled receptors

G protein-coupled receptors 18

G protein-coupled receptor 183
GPCR kinases

Guanosine triphosphate

Human embryonic kidney 293 cells
Human GPR18

Intracellular loops

Inositol 1,4,5-trisphosphate
Metabotropic glutamate 5

mouse GPR18
N-Arachidonylglycine

Negative allosteric modulator
N-Ethylcarboxamidoadenosine
Positive allosteric modulator
Protein data ban
Phosphodiesterases

Positron emission tomography
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PLC
RvD2
SARs
siRNA
TGF-a
THC

Phospholipase C

Resolvin D2

Structure—activity relationships
Smallinterfering RNA
Transforming growth factor-a
A°-Tetrahydrocannabinol
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Table S1. Test results for selected compounds at cannabinoid receptors

Human CBi1 receptor

Human CB: receptor

Radioligand binding  Radioligand binding
Compound Structure vs. [PH]CP55,940 vs. [PH]CP55,940
(uM) (uM)

3 THC - 0.00387 + 0.00091 0.0716 + 0.0024
5 PSB-KD107 HaC, 2 >10 (11%) >10 (29%)

N/}N/j

AL S
HaC
4
N

16  PSB-KD477 >10 (24%) >10 (46%)

JI —

SN
N
H
17 o >10 (30% >10 (30%
H3C\N | N/>/\,L ( 0) ( 0)
O)\N N/ \/\E@
&, N
S3
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Table S2. ECso values and maximal receptor activation for concentration-response curves of GPR18 5 in
the absence and presence of different concentrations of PSB-CB-27 (20).

Dose-response curve ECso £ SEM? Emax (70)
M)

5 alone 0.699 +0.125 100
5+3uM20 0.554+0.216 92
5+10 uM 20 0.190 £ 0.058 75
5+15uM 20 0.171 £0.038 63
5+20uM 20 0.205+0.034 53

*ECs values are not significantly different from each other, (p > 0.05, unpaired t-test).
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B-Arrestin recruitment assays at GPR18 and GPRS55

B-Arrestin recruitment assays were performed according to previously published procedures." ? Briefly,
the Chinese hamster ovary (CHO) cell line expressed B-arrestin fused to a mutant of B-galactosidase (-
arrestin—EA, DiscoverX, Fremont, CA, USA) was stably expressing either the human GPR18-prolink1
or the human GPR55-prolinkl were prepared according to manufacturer protocol and previously
described procedure."* 2 Briefly, the cells were kept in F-12 (Nutri-Mix) medium (Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10% Fetal Calf Serum (FCS, PANBiotech GmbH,
Germany) 100 U/ml Penicillin, 100 pg/ml Streptomycin (Thermo Fisher Scientific, Waltham, MA,
USA), 800 pg/ml Geneticin (Thermo Fisher Scientific, Waltham, MA, USA) and 300 pg Hygromycin
(InvivoGen, San Diego, CA, USA). About 24h prior to the assay, the cells were seeded into 96-well
plates (NUNClon™ Delta Surface, Thermo Fisher Scientific, Rosenkilde, Denmark) at the density of
200 000 cells per well in 90 pL of assay medium (Opti-Mem (Thermo Fisher Scientific, Waltham, MA,
USA), supplemented with 2% FCS, 100 U/ml Penicillin, 100 pg/ml Streptomycin, 800 pg/ml Geneticin
and 300 pg Hygromycin) and incubated for 24h at 37°C and 5-10% CO2. Test compounds were
prepared as stock solution in dimethylsulfoxide (DMSO, 10 mM). Prior to assay, the test compounds
were diluted in DMSO and subsequenty in PBS containing 0.1% bovine serum albumin (BSA, Carl
Roth GmbH & Co. KG, Karlsruhe, Gemany) until the final concentration of DSMO is 1%. Compound
dilutions (10 pL per well) at desired concentration were added into the plate and incubated for 90 min at
37 °C. About 50 pL of detection reagent was employed according to the previously described

procedure!: 2

and incubated for another 60 min at room temperature. Luminescence signals were
subsequently measured in a TopCount NXT, Packard, Perkin-Elmer, for one second per well. Three to
four independent experiments were performed, each in duplicate. All pharmacological data were
analyzed using GraphPad Prism 7.0 or higher (GraphPad Inc., La Jolla, CA). For the human GPR18, A°-
THC as agonist was used in concentration of 10 uM to stimulate the receptor. As maximum response of
the respective agonist A>-THC was used at 30 uM. For the human GPR5S5, LPI was used as agonist in a

concentration of 1 uM, as maximal response at 10 uM.

Radioligand binding studies at cannabinoid receptors

CHO stably transfected with human CB; or CB: receptors were grown and membrane preparations were
prepared as previously described.> Competition binding assays using 30 pg of protein/well for CB; and
8 ng of protein/well for CBz-receptors were performed employing the non-selective CB receptor agonist

radioligand  [*H](-)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-(3-hydroxypropyl)cyclo-
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hexanol ([*H]CP55,940 (ARC American radiolabeled chemicals. St. Louis, MO, USA), final
concentration 0.1 nM). All test compounds were dissolved and further diluted in 100% DMSO. Assay
buffer (465 pL consisting of 50 mM tris(hydroxymethyl)-aminomethan (TRIS, Carl Roth GmbH & Co.
KG, Karlsruhe, Gemany), 3 mM MgCl, (Carl Roth GmbH & Co. KG, Karlsruhe, Gemany), 0.1% BSA,
pH 7.4) was added into the 96-well plate followed by the addition of 15 puL of the test compound in
DMSO, 60 uL of [*H]JCP55,940 (in assay buffer), and 60 pL of membrane preparation (in 50 mM
TRIS, pH 7.4). The mixture was then incubated for 2h at room temperature. The final DMSO
concentration in the assay was 2.5%. Unlabeled CP55,940 (Sigma Aldrich Corp., St. Louis, MO, USA)

at 10 uM was used to determine nonspecific binding while DMSO without test compound was used to
measure total binding. Bound and unbound radioligand were separated by rapid filtration through glass
fiber GF/C-filters (Perkin-Elmer, Waltham, MA, USA), presoaked for 0.5 h in 0.3% aq.
polyethyleneimine (Fluka, Sigma Aldrich Corp., St. Louis, MO, USA) solution using a Brandel 96-well
Harvester (Brandel, Gaithersburg, MD, USA). Filters were washed three times with ice-cold washing
buffer (50 mM TRIS, 0.1% BSA, pH 7.4). Filter was then then dried for 1.5 h at 50 °C. The amount of
radioactivity on the filters was determined using a liquid scintillation counter (Topcount NXT,
Packard/Perkin-Elmer) after 10 h of preincubation with 50 pl of scintillation cocktail (Multiscint 25,
Perkin-Elmer).
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Experimental procedures for the synthesis of tricyclic xanthine derivatives

All starting materials, reagents and solvents were obtained from commercial suppliers (Sigma Aldrich,
Alfa Aesar) and were used without further purification. Melting points were determined in open
capillaries on a MEL-TEMP II apparatus (LD Inc., USA) and were not corrected. IR spectra were
measured as KBr discs on an FT Jasco IR 410 spectrometer. UV spectra were recorded on a Jasco
UV/Vis V-530 apparatus at a concentration of 10° mol/L in methanol. Elemental analysis was
determined with an Elementar Vario-EL III apparatus and were within + 0.4% of the theoretical value.
Thin layer chromatography (TLC) was performed on Merck silica gel 60 F2s4 aluminium sheets. Spots
were detected under UV light. "TH NMR spectra were recorded on a Varian-Mercury-VX 300 MHz PFG
(Varian, Palo Alto, CA, USA) or an FT NMR 500 MHz spectrometer (JNM-ECZ version ECZR) (Jeol
LTD, Akishima, Tokyo, Japan) using the signal of the undeuterated solvent as an internal standard. If
indicated, NMR data were collected on a Bruker Ascend 600 MHz NMR spectrometer at 600 MHz ('H),
or 151 MHz (!3C), respectively. Chemical shifts (8) were expressed in parts per million (ppm). Data are
reported as chemical shift, multiplicity (s, singlet; d, dublet; t, triplet; q, quartet; m, multiplet; br, broad;
ind, indole). *C NMR data were recorded at 125 MHz. The purity of the final compounds was
determined on a Waters TQD mass spectrometer coupled with a Waters ACQUITY UPLC or HPLC
system or on an ESI-LCMS instrument from Applied Biosystems, API 2000 LCMS/MS, HPLC Agilent
1100.

Compound 5 (PSB-KD107)*, compound 6° ¢, compound 7¢, compound 8°, compound 9°, compound
11°, compound 12*, compound 13¢, compound 14*, compound 15*, compound 187, compound 19* were

synthesized as previously described.

9-(2-(Diethylamino)ethyl)-1,3-dimethyl-6,7,8,9-tetrahydropyrimido(2,1-f]purine-2,4(1H,3H)-dione
(10)

A mixture of 9-(2-bromoethyl)-1,3-dimethyl-6,7,8,9-tetrahydropyrimido[2,1-f]purine-2,4(1H,3H)-dione
(V, 1026 mg, 3 mmol) and diethylamine (6 ml, 57 mmol) in propanol (6 ml) was refluxed for 6 h. A
small amount of formed precipitate was filtered off. The filtrate was evaporated in vacuo and the

obtained residue was dissolved in 10 ml of H>O, alkalized with 10% NaOH (till pH 10) and extracted
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with dichloromethane. The organic phase was evaporated and the oily residue together with the filtered
precipitate was crystallized from cyclohexane. The product (430 mg) was obtained as a white solid.
Yield 43%. TLC: R¢= 0.44 (dichloromethane:acetone:propanol:aq. NHz, 5:3:2:0.6). M.p. 164-166 °C;
'"H NMR (300 MHz, CDCls-d) & ppm 1.02 (t, J = 7.18 Hz, 6H, 2xCH>CH3) 2.19-2.17 (m, 2H,
N5CH2CH2CH2N9) 2.57 (q, J = 7.05 Hz, 4H, 2xCH2CH3) 2.65 (t, J = 6.92 Hz, 2H, N9CH,CH:N) 3.36
(s, 3H, N3CH3) 3.43 (t, J = 5.64 Hz, 2H, N9CH>CH2N) 3.49 (s, 3H, N1CH3) 3.58 (t, J = 6.92 Hz, 2H,
CH2N9) 4.20 (t, J = 6.03 Hz, 2H, N3CH>); IR KBr (cm™): 2.966 CH,, CH3, 1698 CO(2), 1662 CO (4);
UV Amax, loge: 301.0, 4.28. Anal Caled for CisH26N6O2 (10) C, 57.47; H, 7.85; N, 25.13; Found: C,
57.16; H, 8.00; N, 25.09. Mol. wt. 334.42. LC/MS (m/z) positive mode 335 [M + H]'*; purity by HPLC-

UV (254 nm)-ESI: 99.0%.

10-(2-(1H-Indol-3-yl)ethyl)-1,3-dimethyl-7,8,9,10-tetrahydro-1H-[1,3]diazepino[2,1-f|purine-
2,4(3H,6H)-dione (16, PSB-KD477)

A mixture of 8-bromo-7-(4-bromobutyl)-1,3-dimethyl-1H-purine-2,6(3H,7H)-dione (VII, 790 mg, 2
mmol) and tryptamine in 10 ml of 2-methoxyethanol (640 mg, 4mmol)) was refluxed for 12 h. The
solvent was evaporated and the residue was crystallized from EtOH. The product (210 mg) was obtained
as a white solid. Yield 27%. TLC: R¢= 0.69 (cyclohexane:dioxane, 1:1). M.p. 191-192°C; '"H NMR (600
MHz, DMSO-ds) 6 1.75 (tq, J = 8.8, 5.5, 4.3 Hz, 2H, CH>), 1.80 (qt, J = 5.6, 2.3 Hz, 2H, CH>), 3.18 (s,
3H, 3-NCH3), 3.11 — 2.99 (m, 2H, CHz, N.CH>), 3.42 (s, 3H, 1-NCH3), 3.40 — 3.34 (m, 2H, ind-CH>),
3.87 —3.62 (m, 2H, ind-CH>), 4.36 — 4.04 (m, 2H, N-CH>), 6.97 (ddd, J = 7.8, 6.9, 1.0 Hz, 1H, ind-H),
7.05 (ddd, J=8.2,6.9, 1.2 Hz, 1H, ind-H), 7.15 (d, /= 2.2 Hz, 1H, ind-H), 7.33 (dt, /= 8.1, 0.9 Hz, 1H,
ind-H), 7.72 (dd, J = 8.0, 1.1 Hz, 1H, ind-H), 10.78 (d, J = 2.6 Hz, 1H, NH). 3C NMR (151 MHz,
DMSO) & 23.35 (indCH2), 25.97 (CHz, 27.44 (N3CH3s), 28.42 (NCH3), 29.44 16 (N1CHs), 45.44 16

(C6), 51.17 (C7), 53.72 (N8C), 103.28 (C4a), 111.65 (C3ind), 118.34 (C7ind), 118.63 (C4ind), 121.07
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(C6ind), 123.00 (C5ind), 127.49 (C3a ind), 136.40(C2 ind), 148.07 (C7a ind), 151.16 (C2153.45), (C4),

158.76. (C8a). C21H24N¢O2 Mol. wt. 392.45. LC/MS (m/z) positive mode 393 [M + H]''; purity by

HPLC-UV (254 nm)-ESI: 100%.

8-(2-(1H-Indol-3-yl)ethyl)-1,3-dimethyl-7,8-dihydro-1H-imidazo[2,1-f]purine-2,4(3H,6 H)-dione
17)

A mixture of 8-bromo-7-(2-bromoethyl)-1,3-dimethyl-1H-purine-2,6(3H,7H)-dione (VI, 740 mg, 2
mmol) tryptamine (640 mg, 4mmol) of in 10 ml of DMF was refluxed for 10 h. The solvent was
evaporated, and the residue was crystallized from EtOH. The product (220 mg) was obtained as a white
solid. Yield 27%. TLC: R¢= 0.38 (cyclohexane:dioxane, 1:1). M.p. 218-220 °C; 'H NMR (500 MHz,
DMSO-ds) 6 ppm: 2.99 (t, J= 7.45 Hz, 2H, indCH) 3.13 (s, 3H, N3CH3) 3.28 (s, 3H, N1CH3) 3.53 (t, J
=7.45 Hz, 2H, CH,N8) 3.85 (def't, 2H, N8CH>) 4.02 (def't, 2H, N5CH>) 6.96 (def't, 1H, C6H, ind) 7.04
(t, J=7.16 Hz, 1H, C5H, ind) 7.18 (d, J = 2.01 Hz, 1H, C2H, ind) 7.30 (d, J = 8.02 Hz, 1H, C4H, ind)
7.55 (d, J = 7.73 Hz, 1H, C7H, ind) 10.82 (br.s. 1H,ind H); '*C NMR (126 MHz, DMSO-ds) & ppm:
23.73(indCHz2), 27.87 (N3CH3), 30.16 (N1CH3), 43.77 (C6), 47.40 (C7), 52.61 (N8C) 102.22 (C4a),
111.55 (C3ind), 111.95 (C7ind), 118.74 (C4ind), 118.85 (C6ind)121.52 (C5ind), 123.48 (C2 ind),
127.61 (C3a ind), 136.76 (C7a ind), 151.45 (C2), 153.07 (C4), 161.30 (C8a). C19H20NcO2 Mol. wt.

364.40. LC/MS (m/z) positive mode 365 [M + H]'*; purity by HPLC-UV (254 nm)-ESI: 98%.
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Synthesis and characterization of products

General method 1 (GP1): Synthesis of 8-bromo-1-alkyl/arylalkyl-3,7-dimethyl-3,7-dihydro-
1H-purine-2,6-dione (9a-g)

A mixture of 8-bromo-3,7-dimethyl-3,7-dihydro-1H-purine-2,6-dione 8 (1.04 g, 4 mmol), 6
mmol of alkyl or arylalkyl chloride, K2COs (1.38 g, 10 mmol), and DMF (10 ml) was heated
at 70 °C for 4h. Water was added to the mixture and the formed precipitate was filtered off and

used for the next reaction without further purification.

General method 2 (GP2): Synthesis of 8-((2-(1H-indol-3-yl)ethyl)amino)-1-alkyl/arylalkyl-
3, 7-dimethyl-3,7-dihydro- 1 H-purine-2,6-diones (10, 12-18)

A mixture of the appropriate 8-bromo-1- alkyl/arylalkyl -3,7-dimethyl-3,7-dihydro-1H-purine-
2,6-dione (9a-g) (0.55 mmol), tryptamine (0.18 g, 1.1 mmol), TEA (0.16 g, 1.6 mmol), and 1
ml of propanol was heated in closed vessels in a microwave oven (300 W, 140 °C, 10 bar) for
1h. The solvent was removed and the residue was treated with ethanol. The products were

purified by crystallization from ethanol or by flash column chromatography over silica gel with

DCM : methanol (100 : 0 to 80 : 20) as eluent.

8-((2-(1H-Indol-3-yl)ethyl)amino)-3,7-dimethyl-3,7-dihydro-1H-purine-2,6-dione  (10):
Synthesized according to GP2; purification by column chromatography with eluent (DCM :
methanol, 100 : 0 to 80 : 20); yield 66%; m.p. 262-265 °C; 'H-NMR (500 MHz, DMSO-ds) &
10.78 (br. s., 1H, NH indote), 10.58 (s, 1H, NH xanthine), 7.61 (d, J=7.73 Hz, 1H, Ar-H), 7.30 (d,
J=28.31 Hz, 1H, Ar-H), 7.15 (s, J =2.00 Hz, 1H, Ar-H), 7.11 (t, J = 5.73 Hz, 1H, NH-CH>),
7.00 - 7.05 (m, 1H, Ar-H), 6.92 - 6.97 (m, 1H, Ar-H), 3.50 - 3.58 (m, 2H, NH-CH>), 3.48 (s,

3H, N7-CH3), 3.25 - 3.29 (m, 3H, N3-CH3), 2.95 (t, J = 7.59 Hz, 2H, CHz-indole); LC-MS
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(m/z): 339.40 [M+H]"; C17H1sNO: (calculated MW: 338.37). Purity (HPLC-UV (220 — 400

nm)-ESI-MS): 100%.

8-((2-(1H-Indol-3-yl)ethyl)amino)-1-ethyl-3,7-dimethyl-3,7-dihydro-1 H-purine-2,6-dione
(12): Synthesized according to GP2; purification by column chromatography with eluent
(DCM : methanol, 100 : 0 to 80 : 20); yield 45%; m.p. 264-266 °C; 'TH-NMR (500 MHz,
DMSO-ds) 6 10.79 (br. s., 1H, NH indole), 7.61 (d, J=7.73 Hz, 1H, Ar-H), 7.30 (d, J=8.02 Hz,
1H, Ar-H), 7.12 - 7.18 (m, 2H, Ar-H and NH-CH>), 7.03 (t, J = 7.30 Hz, 1H, Ar-H), 6.95 (t,
1H, J=7.30 Hz, 1H, Ar-H), 3.82 (q, J = 6.87 Hz, 2H, N1CH>), 3.47 - 3.60 (m, SH, N7-CH3
and NH-CH>), 3.35 (s, 3H, N3-CH3), 2.96 (t, J = 7.59 Hz, 2H, CHz-indole), 1.05 (t, J = 7.02
Hz, 3H, CH3). ). 3C-NMR (126 MHz, DMSO-¢) & 154.6, 153.0, 151.1, 149.1, 136.8, 127.9,
123.3,121.5,118.9,118.7,112.2,111.9,102.4,43.9, 35.6,30.2,29.7,26.0, 13.9; LC-MS (m/z):
367.38 [M+H]"; C19H22N6O> (calculated MW: 366.42). Purity (HPLC-UV (220 — 400 nm)-

ESI-MS): 95.3%.

8-((2-(1H-Indol-3-yl)ethyl)amino)-3,7-dimethyl-1-propyl-3,7-dihydro-1H-purine-2,6-

dione (13): Synthesized according to GP2; purification by column chromatography with eluent
(DCM : methanol, 100 : 0 to 80 : 20); yield 49%; m.p. 255-256 °C; 'TH-NMR (500 MHz,
DMSO-ds) 6 10.79 (br. s., 1H, NH indote), 7.61 (d, J=7.73 Hz, 1H, Ar-H), 7.30 (d, J=8.02 Hz,
1H, Ar-H), 7.11 - 7.20 (m, 2H, Ar-H and NH-CH>), 7.03 (t, /= 7.30 Hz, 1H, Ar-H), 6.95 (t,J
=7.30 Hz, 1H, Ar-H), 3.74 (t, J=7.45 Hz, 2H, N1-CH>), 3.52 - 3.58 (m, 2H, NH-CH>), 3.51
(s, 3H, N7-CH53), 3.35 (s, 3H, N3-CH53), 2.96 (t, J = 7.59 Hz, 2H, CHz-indole), 1.42 - 1.55 (m,
2H, CH,CH:CH3), 0.81 (t, J = 7.45 Hz, 3H, CH2CH3); ¥*C-NMR (126 MHz, DMSO-ds) &

154.6, 153.3,151.3, 149.0, 136.8, 127.9, 123.3, 121.5, 118.9, 118.7, 112.2, 111.9, 102.4, 43.9,
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42.0,30.2,29.7,26.0,21.5, 11.8; LC-MS (m/z): 381.41 [M+H]"; C20H24N0> (calculated MW:

380.45). Purity (HPLC-UV (220 — 400 nm)-ESI-MS): 95.5%.

8-((2-(1H-Indol-3-yl)ethyl)amino)-1-butyl-3,7-dimethyl-3,7-dihydro-1H-purine-2,6-

dione (14): Synthesized according to GP2; purification by column chromatography with eluent
(DCM : methanol, 100 : 0 to 80 : 20); yield 44%; m.p.: 252-253 °C; "TH-NMR (500 MHz,
DMSO-ds) 6 10.78 (br. s., 1H, NH indole), 7.61 (d, J=7.73 Hz, 1H, Ar-H), 7.30 (d, J=8.02 Hz,
1H, Ar-H), 7.11 - 7.18 (m, 2H, Ar-H and NH-CH>), 7.03 (t, /= 7.45 Hz, 1H, Ar-H), 6.95 (t,J
=7.30 Hz, 1H, Ar-H), 3.77 (t, J=7.30 Hz, 2H, N1-CH>), 3.52 - 3.58 (m, 2H, NH-CH>), 3.51
(s, 3H, N7-CHs), 3.34 (s, 3H, N3-CH3), 2.96 (t, J = 7.45 Hz, 2H, CHz-indole), 1.45 —1.51 (m,
2H, NI1CH,CH>), 1.23 - 1.27 (m, 2H, CH,CH3), 0.85 (t, J = 7.45 Hz, 3H, CH3); 3C-NMR
(126 MHz, DMSO-ds) & 154.6, 153.2, 151.3, 149.0, 136.8, 127.9, 123.3, 121.5, 118.9, 118.7,
112.2, 111.9, 102.4, 43.9, 30.4, 30.2, 29.7, 26.0, 20.2, 14.3; LC-MS (m/z): 395.44 [M+H]";

C21H26N6O; (calculated MW: 394.47). Purity (HPLC-UV (220 — 400 nm)-ESI-MS): 95.0%.

8-((2-(1H-Indol-3-yl)ethyl)amino)-3,7-dimethyl-1-(prop-2-yn-1-yl)-3,7-dihydro-1H-

purine-2,6-dione (15): Synthesized according to GP2; purification by column chromatography
with eluent (DCM : methanol, 100 : 0 to 80 : 20); yield 41%; m.p.: 257-258 °C; 'H-NMR (500
MHz, DMSO-ds) 6 10.79 (br. s., 1H, NH indote), 7.60 (d, J = 7.73 Hz, 1H, Ar-H), 7.30 (d, J =
8.02 Hz, 1H, Ar-H), 7.24 (t, J = 5.58 Hz, 1H, NH-CH>»), 7.15 (s, 1H, Ar-H), 7.03 (t, J=7.16
Hz, 1H, Ar-H), 6.91 - 6.98 (m, 1H, Ar-H), 4.51 (d, J=2.00 Hz, 2H, N1CH>), 3.52 - 3.59 (m,
2H, NH-CH>), 3.49 - 3.52 (m, 3H, N7CH3), 3.35 - 3.40 (m, 3H, N3CH3), 3.01 (t, /= 2.29 Hz,
1H, C=CH), 2.96 (t, J = 7.59 Hz, 2H, CH:-indole); 3C-NMR (126 MHz, DMSO-ds) & 154.9,

152.1, 150.8, 149.5, 136.8, 127.8, 123.3 ,121.5, 118.9, 118.8, 112.2, 111.9, 102.2, 80.7, 73.0,
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43.9, 30.3, 30.0, 29.8, 26.0; LC-MS (m/z): 377.36 [M+H]"; C20H20NsO2 (calculated MW:

376.42) . Purity (HPLC-UV (220 — 400 nm)-ESI-MS): 95.1%.

8-((2-(1H-Indol-3-yl)ethyl)amino)-1-isobutyl-3,7-dimethyl-3,7-dihydro-1H-purine-2,6-

dione (16): Synthesized according to GP2; purification by column chromatography with
eluent (DCM : methanol, 100 : 0 to 80 : 20); yield 34%; m.p.: 224-225 °C; 'TH-NMR (500
MHz, DMSO-de) 6 10.79 (br. s., 1H, NH indole), 7.61 (d, J = 8.02 Hz, 1H, Ar-H), 7.30 (d, J =
8.02 Hz, 1H, Ar-H), 7.10 - 7.20 (m, 2H, NH-CH> + Ar-H), 7.03 (t, J = 7.30 Hz, 1H, Ar-H),
6.91 - 6.97 (m, 1H, Ar-H), 3.62 (d, J = 7.45 Hz, 2H, N1CH>), 3.53 - 3.58 (m, 2H, NH-CH>),
3.51 (s, 3H, N7CH3), 3.35 (s, 3H, N3CH3), 2.96 (t, J=7.59 Hz, 2H, CH»-indole), 1.99 (td, J =
6.87, 13.75 Hz, 1H, CH(CH3)2), 0.71 - 0.85 (m, 6H, 2CH3); 1*C-NMR (126 MHz, DMSO-ds)
o 154.7, 153.5, 151.5, 149.1, 136.8, 127.9, 123.3, 121.5, 118.9, 118.7, 112.2, 111.9, 102.3,
47.3,43.9,30.2,29.8, 27.3, 26.0, 20.5; LC-MS (m/z): 395.44 [M+H]"; C21H26NsO2 (calculated

MW: 394.47). Purity (HPLC-UV (220 — 400 nm)-ESI-MS): 96.1%.

8-((2-(1H-Indol-3-yl)ethyl)amino)-1-(cyclohexylmethyl)-3,7-dimethyl-3,7-dihydro-1H-

purine-2,6-dione (17): Synthesized according to GP2; purification by column chromatography
with eluent (DCM : methanol, 100 : 0 to 80 : 20); yield 28%; m.p.: 211-212 °C; 'H-NMR (500
MHz, DMSO-ds) 6 10.79 (br. s., 1H, NH indote), 7.61 (d, J = 7.73 Hz, 1H, Ar-H), 7.30 (d, J =
8.02 Hz, 1H, Ar-H), 7.09 - 7.21 (m, 2H, Ar-H), 7.02 (t, J=7.59 Hz, 1H, Ar-H), 6.90 - 6.97 (m,
1H, Ar-H), 3.60 - 3.69 (m, 2H, N1-CH>), 3.52 - 3.58 (m, 2H, NH-CH>), 3.51 (s, 3H, N7-CH3),
3.34 (s, 3H, N3-CH3), 2.96 (t, J=7.59 Hz, 2H, CH»-indole), 1.56 - 1.71 (m, 3H, cyclohexane),
1.51 (br. s., 3H, cyclohexane), 1.07 (br. s., 3H, cyclohexane), 0.84 - 0.97 (m, 2H, cyclohexane);
IBC-NMR (126 MHz, DMSO-ds) § 154.6, 153.5, 151.5, 149.0, 136.8, 127.9, 123.3, 121.4,

118.9,118.7,112.2,111.9, 102.3, 56.6,46.1, 43.9, 36.7, 30.9, 30.8, 30.2, 29.8, 26.6, 26.0, 25.9,
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19.1; LC-MS (m/2): 435.46 [M+H]"; C24H30N4O; (calculated MW:434.54). Purity (HPLC-UV

(220 — 400 nm)-ESI-MS): 95.4%.

8-((2-(1H-Indol-3-yl)ethyl)amino)-1-benzyl-3,7-dimethyl-3,7-dihydro-1H-purine-2,6-

dione (18): Synthesized according to GP2; purification by column chromatography with eluent
(DCM : methanol, 100 : 0 to 80 : 20); yield 53%; m.p.: 239-241 °C; '"H-NMR (500 MHz,
DMSO-ds) 6 10.79 (br. s., 1H, NH indote), 7.62 (d, J=7.73 Hz, 1H, Ar-H), 7.31 (d, /= 8.02 Hz,
1H, Ar-H), 7.13 - 7.27 (m, 7H, Ar-H), 7.03 (t, /= 7.16 Hz, 1H, Ar-H), 6.95 (m, 1H, J=7.30
Hz, Ar-H), 4.98 (s, 2H, CH2Ph), 3.54 - 3.60 (m, 2H, NH-CH>), 3.52 (s, 3H, N7-CH3), 3.35 -
3.38 (m, 3H, N3-CHz3), 2.97 (t, J = 7.59 Hz, 2H, CH»-indole); 13*C-NMR (126 MHz, DMSO-
de) 8 154.8, 153.1, 151.4, 149.4, 138.8, 136.8, 128.7, 127.9, 127.9, 127.4, 123.3, 121.5, 118.9,
118.8, 112.2, 111.9, 102.4, 43.9, 43.6, 30.3, 29.8, 26.0; LC-MS (m/z): 429.41 [M+H]";

C24H24N6O2 (calculated MW: 428.49). Purity (HPLC-UV (220 — 400 nm)-ESI-MS): 98.2%.

8-((2-(1H-Indol-3-yl)ethyl)amino)-1,3-dimethyl-7-(3-methylbut-2-en-1-yl)-3,7-dihydro-

1H-purine-2,6-dione (25): Synthesized according to GP4; purification by column
chromatography with eluent (DCM : methanol, 100 : 0 to 80 : 20); yield 43%; m.p.: 158-159
°C; 'TH-NMR (500 MHz, DMSO-d6) 4 10.79 (s, 1H, NH indole), 7.61 (d, J=7.45 Hz, 1H, Ar-
H), 7.31 (d, J=8.02 Hz, 1H, Ar-H), 7.13 (d, J/=2.29 Hz, | H, NHCH: and Ar-H), 7.00 - 7.07 (m,
2H, Ar-H), 6.92 - 6.97 (m, 1H, Ar-H), 5.07 - 5.12 (m, 1H, N7CH2CH), 4.61 (d, J/=6.30 Hz, 2H,
N7CH), 3.53 - 3.59 (m, 2H, NHCH>), 3.35 (s, 3H, N3CH5), 3.13 (s, 3H, N1CHs), 2.97 (t,
J=7.16 Hz, 2H, NHCH:CH)), 1.67 (s, 3H, N7CH.CHC(CHs)), 1.59 (s, 3H,
N7CH2CHC(CHj3)2); BC-NMR (DMSO-de) 8 ppm: 154.0, 153.2, 151.5, 149.3, 136.8, 135.8,

127.9,123.3,121.4,120.0,118.9,118.8,112.2,111.9,101.7,43.9, 41.1,29.8, 27.7, 25.9, 25.8,
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18.4. UPLC-MS (m/z): 407.19 [M+H]"; C22H26N6O> (calculated MW: 406.49). Purity (UPLC-

MS): 98.4%; tr = 6.47;

8-((2-(1H-indol-3-yl)ethyl)amino)-7-(but-3-en-1-yl)-1,3-dimethyl-3,7-dihydro-1H-

purine-2,6-dione (26): Synthesized according to GP4; purification by column chromatography
with eluent (DCM : methanol, 100 : 0 to 80 : 20); yield 41%; m.p.: 148-149 °C; 'H-NMR (500
MHz, DMSO-d6) 6 10.80 (s, 1H, NH indote), 7.61 (d, J/=7.73 Hz, 1H, Ar-H), 7.31 (d, J=8.02 Hz,
1H, Ar-H), 7.17 (t, J/=5.73 Hz, 1H, NHCH>), 7.13 (d, J=2.01 Hz, 1H, Ar-H), 7.01 - 7.05 (m,
1H, Ar-H), 6.92 - 6.97 (m, 1H, Ar-H), 5.68 - 5.77 (m, 1H, N7CH,CH>,CHCH>), 4.92 - 4.98 (m,
2H, N7CH.CH,CHCH>), 4.03 (t, J=7.16 Hz, 2H, N7CH>), 3.52 - 3.58 (m, 2H, NHCH>), 3.35
(s, 3H, N3CH3), 3.14 (s, 3H, N1CH), 2.96 (t, J/=7.45 Hz, 2H, NHCH:CH>), 2.32 (q, /=6.87 Hz,
2H, N7CH>CH;). UPLC-MS (m/z): 393.17 [M+H]"; C21H24NsO: (calculated MW: 392.46).

Purity (UPLC-MS): 100.0%; tr = 5.97;

4-((8-((2-(1H-indol-3-yl)ethyl)amino)-1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-7H-

purin-7-yl)methyl)benzoic acid (44): In a 50 mL round-bottom flask, 43 (33 mg, 0.68 mmol)
was dissolved in 4 mL of THF, then an aqueous solution (50%) of LiOH - H>O (0.12 g, 2.72
mmol) was added dropwise. The mixture was kept stirring overnight at RT. When no further
progress was detected, water was added and the pH value was adjusted to 1-2 with 1N-HCI,
which resulted in precipitation. The precipitate was filtered off under reduced pressure, and the
residue was washed with Et;0O, then crystallized from methanol to yield the title compound.
Yield 64%; m.p.: 221-223 °C; 'TH-NMR (500 MHz, DMSO-ds) 4 10.79 (s, 1H, NH indolc), 7.86
(d, /J=8.4 Hz, 1H, Ar-H), 7.63 (d, J=7.9 Hz, 1H, Ar-H), 7.40 — 7.30 (m, 2H, NHCH:> and Ar-
H), 7.24 (d, J=8.5 Hz, 2H, Ar-H), 7.11 (d, J=2.3 Hz, 1H, Ar-H), 7.08 — 7.03 (m, 1H, Ar-H),

6.99 — 6.94 (m, 1H, Ar-H), 5.35 (s, 2H, N7CH>), 3.63 — 3.58 (m, 2H, HNCH>), 3.41 (s, 3H,
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N3CH), 3.15 (s, 3H, NICH3), 3.00 — 2.96 (m, 2H, NHCH,CH>); BC-NMR (126 MHz,
DMSO) § 166.85, 153.54, 152.41, 150.68, 148.62, 141.28, 135.93, 129.15, 126.93, 126.43,
122.46, 120.55,117.96, 117.86, 111.18, 111.03, 100.93, 44.86, 43.00, 28.96, 26.84, 25.02; LC-
MS (m/z): 473.0 [M+H]"; C2sH24NO4 (calculated MW: 472.50). Purity (HPLC-UV (220 — 400

nm)-ESI-MS): 98.9%.

8-Chloro-7-(4-chlorobenzyl)-1-methyl-1H-purine-2,6(3H,7H)-dione (72): To a suspension
of 68a (5 g, 17.9 mmol) in water (50 ml) was added acetic acid (0.5 ml) followed by 4-
chlorobenzaldehyde (6.75 g, 48.02 mmol) over 15 min at room temperature (RT). The solution
was cooled, and the precipitate was filtered under vacuum, washed with cold water (50 ml)
followed by cold acetonitrile to give 69 (6.67 g, 23.99 mmol, 75%). To a suspension of the
product in DCM (50 ml) and methanol (50 ml) was added glacial acetic acid (1.46 g, 24.3
mmol) followed by NaBH3:CN (1.6 g, 25.5 mmol). The reaction mixture was stirred at RT for
2h. Then, glacial acetic acid (0.146 g, 2.43 mmol) and NaBHsCN (0.16 g, 25.5 mmol) were
added, the reaction mixture was further stirred overnight, and a TLC analysis was performed
(eluent: DCM : ethyl acetate, 9:1) to check whether the reaction was completed. After
completion, the reaction mixture was concentrated under reduced pressure, and the formed
precipitate was filtered and washed with cold methanol to yield 70 (4.71 g, 70%). A suspension
of 70 (4.7 g, 16.8 mmol) in triethyl orthoformate (50 ml) was heated to reflux for 5Sh. Then, it
was cooled to RT, and the formed solid was filtered off, washed with diethyl ether (50 ml) and
dried to give 71 (4.47 g, 92%). To a solution of 71 (4.5 g, 15.5 mmol) in THF (70 ml) was
added N-chlorosuccinimide (2.7g, 20.22 mmol), and the mixture was stirred at RT for 16h. The
reaction mixture was dried under vacuum, ice-water (100 ml) was added, and the precipitate
was filtered off and washed with water (3x50 ml) under reduced pressure to give a white

powder of 72. Yield 81%; 'TH-NMR (600 MHz, DMSO-ds) § 12.14 (s, 1H, NH xanthinc), 7.42
S8
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(d, J= 8.4 Hz, 2H, H-Ar), 7.30 (d, J = 8.4 Hz, 2H, H-Ar), 5.49 (s, 2H, N7CHo), 3.17 (s, 3H,
CHs); BC-NMR (151 MHz, DMSO) § 26.91, 47.55, 107.15, 128.78, 129.20, 132.69, 134.55,
137.97, 146.02, 150.65, 154.62; LC-MS (m/z)= 325.2 [M+H]"; C13H10CLbN4O, (calculated

MW: 325.1)

8-((2-(1H-indol-3-yl)ethyl)amino)-7-(4-chlorobenzyl)-3-ethyl-1-methyl-3,7-dihydro-1H-
purine-2,6-dione (75)

Step (a) A mixture of ethyl urea (3.96 g, 45 mmol) and cyanoacetic acid ethyl ester
acid (3.78 g, 45 mmol) in 67 ml of sodium ethoxide was heated at 100 °C for 4h. Then the
solvent was evaporated, and water was added to the residue. The resulting solution was
adjusted to a pH value of 7 by addition of acetic acid. The resulting precipitate was filtered off
and washed with acetone to afford 6-amino-1-ethyluracil. Yield: 2.65 g (38 %).

Step (b) A mixture of 6-amino-1-ethyluracil (3.10 g, 20 mmol) was heated in 45 ml of
50% agq. acetic acid at 60 °C until completely dissolved. Then approx. 1.40 g (20 mmol) of
NaNO; was slowly added until brown fumes began to form. The resulting purple precipitate of
6-amino-1-ethyl-5-nitrosouracil was filtered off, washed with water and dried. The compound
(1.84 g, 10 mmol) was subsequently suspended in 60 ml of an aq. NH3 solution (12.5%), and
the mixture was heated at 70 °C until a clear solution was obtained. Then, approx. 4.1 g of
sodium dithionite was added over a period of 10 min until the color changed from red to yellow.
The resulting solution was concentrated until the product started crystallize and then cooled to
4 °C. The resulting product 5,6-diamino-1-ethyluracil was filtered off, washed with water and
used directly for the next step. Yield: 1.31 g (77 %).

Step (¢) A mixture of 5,6-diamino-1-ethyluracil (1.70 g, 10 mmol) and 15 ml of formic
acid (95-97%) was refluxed for 1h. Then, the excess formic acid was removed in a vacuum

evaporator, and 10 ml of ethanol was added. The resulting precipitate was treated with 15 ml
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of 10% aq. sodium hydroxide solution and refluxed for 45 min. The solution was then cooled
and acidified with 10% aq. HCI solution to a pH value of 5. The formed precipitate of 3-
ethylxanthine was filtered off and dried. Yield: 1.42 g (79 %).

Step (d) A mixture of 3-ethylxanthine (1.44 g, 8 mmol), 99.5% acetic acid (8.8 ml) and
aq. HBr solution (40%, 1.22 ml) was heated in a water bath at 58 °C. After obtaining a clear
mixture, an aq. solution of NaClOs; (0.3 g NaClOs in 2 mL water) was added dropwise. The
resulting mixture was heated for 2h. Then the precipitate of 8-bromo-3-ethylxanthine was
filtered off, washed with water, and dried. Yield: 1.67 g (82%).

Step (e) A mixture of 8-bromo-3-ethylxanthine (1.04 g, 4 mmol), 4-chlorobenzyl
chloride (0.97 g, 4.8 mmol), DIPEA (8 mmol), and DMF (8 ml) were heated at 40 °C for 4h.
Then, water was added, and the resulting precipitate was filtered off, washed with water and
dried. The obtained product (8-bromo-7-(4-chlorobenzyl)-3-ethylxanthine) was used directly
for the next step. Yield: 1.12 g (73%).

Step (f) A mixture of 8-bromo-7-(4-chlorobenzyl)-3-ethylxanthine (0.91 g, 2.4 mmol),
iodomethane (0.25 mL, 4 mmol), and K>COs (0.55 g, 4 mmol) in 4 ml DMF (4 mL) was heated
at 40 °C for 4h. Then, 10 mL water was added, and the resulting precipitate was filtered off,
washed with 5 mL water and dried. The obtained product (8-bromo-7-(4-chlorobenzyl)-3-
ethyl-1-methylxanthine) was used in next step without further purification. Yield: 0.54 g
(68%).

Step (g) Synthetic procedure according to method GP2 affording 8-((2-(1H-indol-3-
yl)ethyl)amino)-7-(4-chlorobenzyl)-3-ethyl-1-methyl-3,7-dihydro-1H-purine-2,6-dione (75).
Purification by column chromatography with eluent (DCM : methanol, 100 : 0 to 80 : 20); yield
46%; m.p.: 211-213 °C; 'TH-NMR (300 MHz, DMSO-ds) & 10.81 (s, 1H, NH indolc), 7.66 (d,
J=7.62 Hz, 1H, Ar-H), 7.40 (t, J/=5.57 Hz, 1H, Ar-H), 7.31 - 7.36 (m, 3H, Ar-H and NHCH>),

7.19 - 7.24 (m, 2H, Ar-H), 7.12 (d, J=2.34 Hz, 1H, Ar-H), 7.02 - 7.09 (m, 1H, Ar-H), 6.93 -
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7.00 (m, 1H, Ar-H), 5.25 (s, 2H, N7CHb), 4.00 (q, /=7.03 Hz, 2H, N3CHb,), 3.54 - 3.63 (m, 2H,
NHCH>), 3.15 (s, 3H, N1CHs), 2.98 (t, J/=7.33 Hz, 2H, NHCH,CH,), 1.23 (t, /=7.03 Hz, 3H,
N3CH.CHj3); BC-NMR (DMSO-ds) & ppm: 154.2, 153.2, 150.9, 148.9, 136.7, 136.5, 132.5,
129.6, 128.9, 127.8, 123.3, 121.4, 118.8, 118.6, 112.0, 111.8, 101.7, 45.1, 43.8, 38.1, 27.6,
25.8, 13.7. UPLC-MS (m/z): 477.18 [M+H]"; C2sHasCINGO (calculated MW: 476.97). Purity
(UPLC-MS): 99.3%; fr = 7.36. HR-MS (ESI-QTOF) calculated for CasHxCINGO, [M+H]":

477.1806; found: 477.1804.

8-((2-(1H-indol-3-yl)ethyl)amino)-7-(4-chlorobenzyl)-1-methyl-3-(prop-2-yn-1-yl)-3,7-

dihydro-1H-purine-2,6-dione (77): Synthesized according to GP5; purification by column
chromatography (DCM : methanol, 9.2 : 0.8), yield 32%; m.p.: 189-190 °C; TH-NMR (500
MHz, DMSO-ds) 6 10.79 (s, 1H, NH indote), 7.67 (d, J = 7.8 Hz, 1H, Ar-H), 7.44 (t,J= 5.6 Hz,
1H, Ar-H), 7.35 — 7.33 (m, 3H, Ar-H and NHCH>»), 7.21 (d, J = 8.5 Hz, 2H, Ar-H), 7.13 (d, J
= 2.2 Hz, 1H, Ar-H), 7.07 (t, J = 7.0 Hz, 1H, Ar-H), 6.99 (t, /= 7.9 Hz, 1H, Ar-H), 5.26 (s,
2H, N7CH»), 4.71 (d, J = 2.4 Hz, 2H, N3CH>), 3.65 — 3.56 (m, 2H, HNCH>), 3.20 (t, J=2.4
Hz, 1H, CH), 3.18 (s, 3H, N1CH3), 3.03 — 2.98 (m, 2H, NHCH,CH>); BC-NMR (126 MHz,
DMSO-ds) 6 153.7, 152.6, 150.1, 147.7,136.2, 135.9, 132.1, 129.0, 128.4, 127.3, 122.8, 120.6,
118.4, 118.2, 111.45, 111.29, 101.6, 78.8, 73.9, 44.7, 43.3, 31.9, 27.2, 25.2; LC-MS (m/z):
487.0 [M+H]"; Ca6H23CINGO> (calculated MW: 486.9). Purity (HPLC-UV (220 — 400 nm)-

ESI-MS): 98.3%.

8-((2-(1H-indol-3-yl)ethyl)amino)-7-(4-chlorobenzyl)-1-methyl-3-propyl-3,7-dihydro-
1H-purine-2,6-dione (78): Synthesized according to GPS5; purification by column
chromatography (DCM : methanol, 9.2 : 0.8), yield 19%; m.p.: 207-208 °C; TH-NMR (600

MHz, DMSO-de) 5 10.80 (s, 1H, NH ingotc), 7.65 (d, J= 7.9 Hz, 1H, Ar-H), 7.39 (t, J= 5.7 Hz,
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1H, NHCH,), 7.35 — 7.34 (m, 3H, Ar-H), 7.21 (d, J = 8.5 Hz, 2H, Ar-H), 7.12 (d, J= 2.2 Hz,
1H, Ar-H), 7.07 (t, J= 7.9 Hz, 1H, Ar-H), 6.97 (t, J= 7.8 Hz, 1H, Ar-H), 5.26 (s, 2H, N7CH,),
3.97 — 3.91 (m, 2H, N3CH,-CHy), 3.61 — 3.55 (m, 2H, CHa, HNCH?>), 3.16 (s, 3H, N1CHz),
3.01 — 2.95 (m, 2H, NHCH,CH,), 1.71 — 1.68 (m, 2H, N3CH2CH.CHs), 0.90 (t, J = 7.4 Hz,
3H, N3CH.CH,CHs); BC-NMR (151 MHz, DMSO-ds) § 153.7, 152.8, 150.7, 148.8, 136.30,
136.06, 132.1, 129.0, 128.5, 127.3, 122.9, 120.9, 118.3, 118.2, 111.5, 111.4, 101.1, 44.68,
44.08, 43.4, 27.2, 25.4, 20.9, 11.1; LC-MS (m/2): 491.3 [M+H]"; Ca6H27CIN4O: (calculated

MW: 490.9). Purity (HPLC-UV (220 — 400 nm)-ESI-MS): 95.3%.

General method 6 (GP6): Synthesis of compound 87, 89, and 91

8-Bromotheobromine (5.18 g, 20 mmol) was refluxed for 15h in 80 mL of acetone with 22
mmol 4-chlorobenzyl bromide, or 2,4-dichlorobenzyl bromide, respectively, in the presence of
K>CO3 (58 mmol) and TEBA (3 mmol). The formed precipitate was filtered off and washed
with 50 ml 15% aq. NaOH solution and subsequently with 100 ml water. The residue was
recrystallized from ethanol. Next, a mixture of 5 mmol of 8-bromo-7-(4-chloro)benzyl-1,3-
dimethyl-3,7-dihydro-1H-purine-2,6-dione or 8-bromo-7-(3,4-dichloro)benzyl-1,3-dimethyl-
3,7-dihydro-1H-purine-2,6-dione with 5.5 mmol of the appropriate amine (4-(2-
aminoethyl)phenol (for 87), or 2-(3,4-dimethoxyphenyl)ethan-1-amine (for 89 and 91))was
refluxed for 11-16h in 2-methoxyethanol. Then, the solution was kept in a refrigerator for a
few hours. The precipitated solid was crystallized from ethanol (87, 89) or purified by column

chromatography (DCM : methanol, 9.8 : 0.20) (91) yielding the final products.

7-(4-Chlorobenzyl)-8-((4-hydroxyphenylethyl)amino)-1,3-dimethyl-3,7-dihydro-1H-
purine-2,6-dione (87): Synthesized according to GP6; crystallized from ethanol; yield 23%;

m.p. 270-273 °C; 'TH-NMR (400 MHz, DMSO-ds) & 9.21 (br. s., 1H, OH), 7.37 (d, 2H, J = 8.6
S12

180



Publication Il Appendix Il

Hz, Ar-H), 7.29 (t, 1H, J = 5.3 Hz, NHCH>»), 7.19 (d, 2H, J = 8.6 Hz, Ar-H), 6.97 (d, 2H, J =
8.2 Hz, Ar-H), 6.66 (d, 2H, J = 8.2 Hz, Ar-H), 5.26 (s, 2H, N7CH>»), 3.48 (q, 2H, J = 6.7 Hz,
NHCH>), 3.37 (br. s., 3H, N3CH3), 3.16 (s, 3H, N1CH3), 2.75 (t, 2H, J = 7.0 Hz, CH,Ph); 13C-
NMR (DMSO-ds, 101 MHz) &: 156.1, 154.0, 153.2, 151.4, 149.3, 136.5, 132.5, 130.1, 129.8,
129.5, 128.9, 115.5, 101.6, 45.1, 44.8, 34.8, 29.8, 27.7; LC-MS (m/z): 440.16 [M+H]";
C22H22CINsO3 (calculated MW: 439.90). Purity (HPLC-UV (220 — 400 nm)-ESI-MS): 100%.
Elemental analysis calculated for C22H22CINsO3: C (60.06%), H (5.04%), N (15.92%); found:

C (59.60%), H (4.71%); N (15.77%).

7-(4-Chlorobenzyl)-8-((3,4-dimethoxyphenylethyl)amino)-1,3-dimethyl-3,7-dihydro-1H-
purine-2,6-dione (89): Synthesized according to GP6; crystallized from ethanol; yield 35%;
m.p. 197-200 °C; 'TH-NMR (400 MHz, DMSO-ds) 8 7.35 (d, 2H, J = 8.22 Hz, Ar-H), 7.28 (t,
1H, J=5.28 Hz, NHCH»), 7.17 (d, 2H, J = 8.61 Hz, Ar-H), 6.76 - 6.86 (m, 2H, Ar-H), 6.66 (d,
1H, J = 8.22 Hz, Ar-H), 5.26 (s, 2H, N7CH>), 3.66 - 3.75 (m, 6H, 20CH3), 3.54 (q, 2H, J =
6.52 Hz, NHCH>), 3.38 (s, 3H, N3CH3), 3.16 (s, 3H, N1CH3), 2.80 (t, 2H, J= 7.04 Hz, CH2Ph);
I3C-NMR (101 MHz, DMSO-ds) & 154.0, 153.2, 151.4, 149.1, 147.7, 136.5, 132.4, 132.2,
129.4, 128.9, 121.1, 113.0, 112.3, 101.6, 56.0, 55.8, 44.6, 35.1, 29.8 , 27.7; LC-MS (m/z):
484.16 [M+H]"; C24H26CINsO4 (calculated MW: 483.95). Purity (HPLC-UV (220 — 400 nm)-
ESI-MS): 100%. Elemental analysis calculated for C24H26CINsO4: C (59.56%), H (5.42%), N

(14.47%); found: C (59.49%); H (5.14%); N (14.38%).

7-(2,4-Dichlorobenzyl)-8-((3,4-dimethoxyphenylethyl)amino)-1,3-dimethyl-3,7-dihydro-
1H-purine-2,6-dione (91): Synthesized according to GP6; purification by column
chromatography (DCM : methanol, 9.8 : 0.2); yield 25%; m.p. 155-157 °C; 'H-NMR (400

MHz, DMSO-d¢) 6 7.68 (d, 1H, J=1.57 Hz, Ar-H), 7.32 (dd, 2H, J = 1.57, 8.22 Hz, Ar-H),
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6.75 - 6.84 (m, 2H, Ar-H and NHCH>»), 6.67 (d, 1H, J=7.83 Hz, Ar-H), 6.46 (d, 1H, J=8.22
Hz, Ar-H), 5.30 (s, 2H, N7CH>), 3.69 (d, 6H, J = 6.26 Hz, 20CH3), 3.53 (q, 2H, J = 6.65 Hz,
NHCH:), 3.42 (s, 3H, N3CH3), 3.10 (s, 3H, N1CH3), 2.80 (t, 2H, J = 7.04 Hz, CH2Ph); 13C-
NMR (101 MHz, DMSO-d¢) 6 154.4, 153.1, 151.4, 149.4, 149.0, 147.7, 134.3, 132.8, 132.4,
132.2,129.2,128.1, 127.6, 121.1, 113.0, 112.3 , 101.5, 55.9, 55.8, 44.6, 44.0, 35.0, 29.8, 27.6;
LC-MS (m/z): 518.19 [M+H]"; C24H25C12N504 (calculated MW: 518.39). Purity (HPLC-UV
(220 — 400 nm)-ESI-MS): 100%. Elemental analysis calculated for C4H2sCloNsO4: C

(55.60%), H (4.86%), N (13.51%); found: C (55.36%), H (4.58%) N (13.42%).

General method 7 (GP7): Synthesis of compounds 88 and 90

3,4-Dimethoxyphenylethylamino derivative 89 or 91 (0.4 mmol) was refluxed for 30 min in 5
mL of 48% aq. hydrobromic acid. After cooling down to RT, saturated aq. sodium carbonate
solution was added to obtain a basic pH value of 7. The precipitated solid was crystallized from
ethanol-water (1:1) (88) or purified by column chromatography (DCM : methanol, 9.0 : 1.0;

90) yielding the final products.

7-(4-Chlorobenzyl)-8-((3,4-dihydroxyphenylethyl)amino)-1,3-dimethyl-3,7-dihydro-1H-

purine-2,6-dione (88): Synthesized according to GP7; crystallized from ethanol-water (1:1);
yield 43%; m.p. 262-264 °C; '"H-NMR (400 MHz, DMSO-d¢) & 8.74 (br. s., 1H, OH), 7.37 (d,
2H, J=8.36 Hz, Ar-H), 7.29 (br. s., 1H, NHCH>), 7.19 (d, 2H, J = 8.36 Hz, Ar-H), 6.58 - 6.67
(m, 2H, Ar-H), 6.43 (d, 1H, J=7.92 Hz, Ar-H), 5.25 (s, 2H, PhCH>), 3.46 (br. s., SH, NHCH:>
+ N3CH3), 3.16 (s, 3H, N1CH3), 2.69 (t, 2H, J = 7.26 Hz, CH,Ph); BC-NMR (101 MHz,
DMSO-ds) 6 154.1, 153.2, 151.4, 149.4, 145.5, 144.0, 136.5, 132.5, 130.4, 129.5, 128.9, 119.8,
116.6,115.9,101.6,45.1, 44.8, 35.0, 29.8, 27.7; LC-MS (m/z): 456.18 [M+H]"; C220H2:CIN504

(calculated MW: 455.89). Purity (HPLC-UV (220 — 400 nm)-ESI-MS): 99.4%. Elemental
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analysis calculated for C;H22CINsO4: C (57.96%), H (4.86%), N (15.36%); found: C

(58.03%), H (4.78%), N (15.14%).

7-(2,4-Dichlorobenzyl)-8-((3,4-dihydroxyphenylethyl)amino)-1,3-dimethyl-3,7-dihydro-

1H-purine-2,6-dione (90): Synthesized according to GP7; purification by column
chromatography (DCM : methanol, 9.2 : 0.8), yield 24%; m.p. 277-279 °C; '"H-NMR (400
MHz, DMSO-de) 6 7.69 (d, 1H, J = 1.57 Hz, Ar-H), 7.35 (dd, 2H, J = 1.76, 8.41 Hz, Ar-H),
6.56 - 6.64 (m, 2H, Ar-H and NHCH>»), 6.50 (d, 1H, J = 8.22 Hz, Ar-H), 6.42 (d, 1H, J=8.22
Hz, Ar-H), 5.31 (s, 2H, PhCH>), 3.44 - 3.50 (m, 2H, NHCH>), 3.43 (s, 3H, N3CH3), 3.11 (s,
3H, N1CH3), 2.68 (t, 2H, J = 7.04 Hz, CH,Ph); BC-NMR (101 MHz, DMSO-ds) & 154.4,
153.1, 151.5, 149.5, 145.5, 144.0, 134.3, 132.8, 132.4, 130.4, 129.2, 128.1, 127.7,119.8, 116.5,
115.9, 101.5, 44.8, 44.0, 35.0, 29.8, 27.6; LC-MS (m/z): 490.14 [M+H]"; C22H21CLbNsO4
(calculated MW: 490.34). Purity (HPLC-UV (220 — 400 nm)-ESI-MS): 100%. Elemental
analysis calculated for CH21CLNsO4: C (53.88%), H (4.32%), N (14.28%); found: C

(53.48%), H (4.14%), N (14.19%).
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Table S1.

Overview of the compounds’ potencies at human and mouse GPR18, human GPR55, and human CB; and CB; receptors

Appendix Il

Compound B-arrestin-2 assay B-arrestin-2 assay B-arrestin-2 assay Radioligand binding assays
Human GPR18 Mouse GPR18 Human GPR55 Human CB, Human CB;
receptor receptor
Agonistic activity Antagonistic Agonistic activity Antagonistic Agonistic Antagonistic Radioligand Radioligand
activity activity activity activity binding binding
vs. [PH]CP55,940| vs. [*H]CP55,940
ECs) £ SEM Global p-value ICs50 £ SEM | ECs9+SEM Global p-value I1Cso £ SEM ECso = SEM ICs0 = SEM Ki £ SEM (uM) Ki £ SEM (uM)
(uM) (or hill slope | (significance)* (uM) (uM) hill slope | (significance)* (uM) (or (uM) (uM) (or or percent or percent
percent value (or percent (or percent value percent (or percent percent displacement of displacement of
receptor receptor receptor receptor receptor receptor [*H]CP55,940 [*H]CP55,940
activation)? inhibition)? | activation)® inhibition)? activation)? inhibition)? (%) (%)
[Efficacy]’ [Efficacy]’ [Efficacy]’
1 NAGly >10 (10%)* n.d n.d >10 (15%)* >10 (4%) n.d n.d >10 (-1%) n.d. n.d. n.d n.d
Abnormal >10 (-50%)f n.d n.d >10 (42%)" >10 (-5%) n.d n.d 13.1+1.6 >10 (7%) * >10 (33%) f n.d n.d
2 cannabidiol
THC 3.37 £1.19F 1.1 0.90 n.d. >10 (10%) n.d n.d n.d >10 (-4%) f 142+52f 0.00390 + 0.0089 | 0.00598 + 0.0030
3 [100%] (ns)
4 Resolvin D2 >10 (26%) n.d n.d n.d. >10 (4%) n.d n.d n.d n.d. n.d. n.d n.d
5 PSB KD- 0.562 =0.113F 1.2 0.71 n.d. 1.78 £ 0.62 12 0.52 n.d >10 (-5%)f >10 (20%)f >10 (11%)F >10 (29%)"
107 [191%] (ns) [104%] (ns)
6 PSB KD- 0.454 £0.156°F 1.3 0.48 n.d. 0.583 £ 0.214 1.3 0.44 n.d >10 (38%)F >10 (21%)f >10 (24%)* >10 (46%)"
477 [171%] (ns) [111%] (ns)
10 >10 (14%) n.d n.d >10 (2%) >10 (12%) n.d n.d >10 (-3%) >10 (8%) >10 (3%) >10 (-6%) >10 (13%)
1 0.902 +0.148 1.0 0.95 n.d 297 +£1.02 1.3 0.61 n.d >10 (-1%) >10 (36%) >10 (10%) >10 (15%)
[132%] (ns) [132%] (ns)
12 >10 (30%) n.d n.d >10 (-28%) >10 (35%) n.d n.d >10 (-8%) >10 (3%) >10 (11%) >10 (29%) >10 (16%)
13 >10 (15%) n.d n.d >10 (-7%) >10 (23%) n.d n.d >10 (3%) >10 (-11%) >10 (22%) >10 (19%) >10 (21%)
14 >10 (11%) n.d n.d >10 (-11%) >10 (11%) n.d n.d >10 (-8%) >10 (25%) >10 (-27%) >10 (20%) >10 (22%)
15 >10 (18%) n.d n.d >10 (-5%) >10 (19%) n.d n.d >10 (-3%) >10 (-2%) >10 (-20%) >10 (-1%) >10 (17%)
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16 >10 (5%) n.d nd >10 (-25%) >10 (16%) nd nd >10 (-6%) >10 (3%) >10 (35%) >10 (6%) >10 (29%)
. >10 (13%) n.d n.d >10 (3%) >10 (24%) n.d n.d >10 (-6%) >10 (10%) >10 (9%) >10 (29%) 1.42 £ 042
[66%]
18 >10 (37%) n.d nd >10 (-45%) >10 (24%) nd nd >10 (-3%) >10 (14%) >10 (-55%) >10 (24%) >10 (31%)
0.190 = 0.043 1.6 0.19 n.d 0.379 + 0.055 12 0.54 n.d >10 (21%) >10 (-11%) >10 (11%) >10 (39%)
21 [113%] (ns) [85%] (ns)
” 0.196 + 0.059 1.0 0.98 n.d 0.299 + 0.109 12 0.75 n.d >10 (48%) >10 (-9%) >10 (8%) >10 (42%)
[127%] (ns) [81%] (ns)
23 0.151 + 0.045 LS 0.37 n.d 0.207 + 0.038 1.7 0.26 n.d >10 (36%) >10 (18%) >10 (18%) 8.14+2.58
[103%] (ns) [111%] (ns) [84%]
24 0.169 +0.041 1.3 0.37 n.d 0.379 +0.079 1.5 0.31 n.d >1 (36%) >1 (-42%) >1 (-24%) >1 (3%)
[80%] (ns) [84%] (ns)
)5 >10 (30%) n.d n.d >10 (-4%) >10 (37%) n.d n.d n.d >10 (39%) >10 (-80%) >10 (20%) >10 (47%)
26 0.111 +0.015 1.3 0.57 >10 (30%) | 0.447 +0.119 LS 0.49 n.d >10 (30%) >10 (-71%) >10 (23%) >10 (36%)
[89%] (ns) [80%] (ns)
0.247 +0.036 1.0 0.87 n.d 0.318 + 0.033 1.4 0.06 n.d >1 (25%) >1 (-18%) >1 (23%) >1 (12%)
27 [90%] (ns) [108%] (ns)
28 0.254+0.010 1.3 0.18 n.d 0.371 +0.102 1.6 0.08 n.d >10 (15%) >10 (-38%) >10 (45%) 1.41£0.13
[90%] (ns) [102%] (ns) [72%]
30 1.39 +0.60 1.0 0.87 n.d 2.64 +0.05 L5 0.36 n.d >10 (-5%) >10 (6%) >10 (12) >10 (7)
[43%] (ns) [85%] (ns)
31 0.149 + 0.056 1.7 0.36 n.d 0.194 = 0.053 1.7 0.15 n.d >10 (14%) >10 (41%) >10 (14%) 3.06 = 1.09
[134%] (ns) [116%] (ns) [100%]
» 0.137 +0.032 1.2 0.71 n.d 0.128 +0.018 LS 0.27 n.d >10 (-8%) >10 (13%) >10 (40%) 2.28 £ 0.89
[123%] (ns) [106%] (ns) [100%]
0.0604 + 1.1 0.58 n.d 0.157 + 0.007 1.2 0.51 n.d >10 (-43%) >10 (10%) >10 (16%) >10 (47%)
33 0.0122 (ns) [96%] (ns)
[169%]
34 0.189 +0.027 1.4 0.37 n.d 0.156 + 0.013 1.6 0.15 n.d >10 (-48%) >10 (23%) >10 (34%) 1.69 £ 0.91
[148%] (ns) [92%] (ns) [72%]
35 0.115 + 0.046 1.0 0.90 n.d 0.301 + 0.046 LS 0.13 n.d >10 (46%) >10 (13%) >10 (35%) 1.47 £ 0.04
[139%)] (ns) [106%)] (ns) [100%)]
PSB- 0.0711 = 1.0 0.90 n.d 0.220 + 0.062 L5 0.19 n.d >10 (33%) >10 (13%) >10 (49%) 0.896 + 0.157
36 KK1448 0.0174 (ns) [134%] (ns) [100%]
[85%]
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0.101+0.013 1.0 0.88 n.d 0.180 = 0.033 LS 0.12 n.d >10 (-27%) >10 (34%) 3.48+1.72 0.344 = 0.104
37 [134%] (ns) [101%] (ns) [55%] [100%]
0.166 = 0.024 1.4 0.15 n.d 0.245 + 0.030 LS 0.21 n.d >10 (-24%) >10 (36%) >10 (36%) 1.62 £ 0.46
38 [122%] (ns) [108%)] (ns) [100%)]
0.0246 + 0.051 1.0 0.92 n.d 0.0463 = 1.2 0.56 n.d >10 (-16%) >10 (35%) 3.91+1.08 0.827 + 0.287
39 [117%] (ns) 0.0058 (ns) [58%] [87%]
[95%]
0.136 +0.017 1.6 0.07 n.d 0.216 + 0.066 L5 0.35 n.d >10 (-6%) >10 (45%) >10 (35%) 1.15+0.48
40 [111%] (ns) [112%] (ns) /85%]
0.138 +0.013 1.1 0.77 n.d 0.171+0.013 1.2 0.42 n.d >10 (-22%) >10 (3%) >10 (34%) 1.41+0.38
4 [121%)] (ns) [96%] (ns) [100%)]
0.352 +0.096 1.6 0.08 n.d 0.150 + 0.019 1.6 0.16 n.d >10 (-10%) >10 (30%) 6.28 £ 4.80 0.150 £ 0.019
42 [111%] (ns) [87%] (ns) [67%] [100%]
3 0.469 + 0.074 1.5 (().1 )1 n.d 0.488 + 0.083 1.4 (()1;3 n.d >10 (3%) ~10 (49%) >10 (47%) >10 (47%)
[125%] ns [93%] ns
44 >10 (8%) n.d n.d >10 (4%) >10 (7%) n.d n.d n.d >10 (1%) >10 (16%) >10 (13%) >10 (2%)
45 3.60 £0.19 1.8 0.07 n.d 4.00+0.611 23 <0.0001 n.d >10 (2%) >10 (37%) >10 (22) >10 (20)
[88%] (ns) [87%] (significant)
16 1.41+£0.29 1.3 0.22 n.d 1.27+0.31 L5 0.66 n.d >10 (6%) >10 (12%) >10 (13) >10 (36)
[98%] (ns) [147%] (ns)
47 6.64 £ 2.68 1.8 0.07 n.d 10.9+£0.8 2.0 0.0037 n.d >10 (2%) >10 (32%) >10 (26) >10 (34)
[70%] (ns) [95%] (significant)
48 3.67+1.07 1.0 0.82 n.d 3.63+0.24 2.0 0.0106 n.d >10 (19%) >10 (33%) >10 (16) >10 (48)
[116%] (ns) [99%] (significant)
0.584 +0.150 1.2 0.53 nd 1.30 £0.05 1.6 0.16 n.d >10 (6%) >10 (23%) 3.01 +0.085 0.478 + 0.069
49 [50%] (ns) [80%] (ns) [70%] [97%]
PSB- 0.0454 = 0.081 1.7 0.11 n.d 0.124 + 0.056 1.7 0.36 n.d >10 (-3%) >10 (26%) >10 (40%) >10 (48%)
S0 1 kK1445 [84%] (ns) [79%] (ns)
PSB- 0.0191 + 1.6 0.36 n.d 0.0541 + 1.2 0.20 n.d >10 (8%) >10 (43%) 1.18 + 0.44 0.481 +0.104
51 KK1415 0.0034 (ns) 0.0241 (ns) [100%] [100%]
[141%] [100%]
0.0724 + 0.547 1.0 0.99 n.d 0.058 + 0.008 1.4 0.25 n.d >10 (13%) >10 (33%) 1.08 £ 0.47 0.749 + 0.344
52 [65%] (ns) [105%] (ns) [70%] [77%]
53 0.0426 + 1.0 0.98 n.d 0.280 + 0.194 1.2 0.58 n.d >10 (-8%) >10 (31%) >10 (31%) 4.89+091
0.0155 (ns) [155%] (ns) [81%]
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[98%]
0.261 + 0.041 1.6 0.16 n.d 0.241 +0.032 1.3 0.30 n.d >10 (17%) >10 (-7%) >10 (24) 4.58 +0.89
>4 [112%] (ns) [110%)] (ns) [83%]
i 0.218 + 0.008 1.4 0.07 n.d 0.281+ 0.025 1.9 0.16 n.d >10 (8%) >10 (15%) >10 (14) 2.32+£0.64
[109%] (ns) [124%] (ns) [83%]
0.347 = 0.0136 1.9 0.35 n.d 0.559 + 0.050 1.8 0.25 n.d >10 (15%) >10 (24%) >10 (45%) 1.09 + 0.24
56 [45%] (ns) [101%] (ns) [79%]
0.0642 + 1.2 0.67 n.d 0.244 £ 0.026 12 0.57 n.d >10 (-5%) >10 (-4%) >10 (2%) >10 (43%)
57 0.0308 (ns) [104%] (ns)
[72%]
0.0801 + 1.3 0.30 n.d 0.121 +0.029 1.7 0.12 n.d >10 (-1%) 6.17£0.75 1.26 + 1.07 2.56 +0.44
58 0.0131 (ns) [102%)] (ns) [82%] [66%]
[110%]
0.0741 + 0.023 12 0.64 n.d 0.0900 + 1.4 0.37 n.d >10 (4%) 2.38 £ 0.65 1.27+0.87 0.999 + 0.090
59 [82%] (ns) 0.0301 (ns) [44%] [63%]
[102%]
0.142£0.019 LS 0.17 n.d 0.161 +0.039 1.8 0.0294 n.d >10 (6%) >10 (41%) >10 (43%) >10 (43%)
60 [113%] (ns) [122%] (significant)
0.193 +0.028 1.2 0.48 n.d 0.251+ 0.042 1.6 0.27 n.d >10 (41%) 7.87 £0.65 >10 (45%) 1.05+ 0.08
61 [110%] (ns) [122%] (ns) [87%]
6 0.102 +0.024 1.6 0.13 n.d 0.127 +0.013 LS 0.17 n.d >10 (-48%) >10 (38%) >10 (47%) 0.786 = 0.045
[103%] (ns) [100%] (ns) [100%]
63 0.442 +0.152 1.8 0.27 nd 0.288 + 0.071 12 0.70 n.d >10 (8%) >10 (45%) >10 (20%) 2.16+0.72
[155%] (ns) [108%] (ns) [100%]
PSB- 0.120 + 0.027 1.7 0.34 n.d 0.223 +0.043 1.3 0.68 n.d >10 (4%) >10 (45%) >10 (37%) 1.79 £ 0.55
64 KK1418 [176%] (ns) [104%] (ns) [100%]
65 0.229 + 0.048 1.4 0.52 n.d 0.334 + 0.080 1.6 0.41 n.d >10 (-8%) >10 (11%) >10 (7%) >10 (30%)
[64%] (ns) [88%] (ns)
66 0.417 +0.173 1.7 0.29 n.d 0.444 + 0.084 LS 0.69 n.d >10 (32%) >10 (17%) >10 (9%) >10 (44%)
[64%] (ns) [84%] (ns)
0.206 + 0.023 1.5 0.11 n.d 0.290 £ 0.019 LS 0.38 n.d >10 (6%) >10 (23%) >10 (50%) >10 (45%)
74 [100%] (ns) [93%] (ns)
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0.0950 + 1.7 0.0381 n.d 0.297 + 0.037 1.2 0.63 n.d >1 (29%) >1 (-55%) >1 (35%) >1 (44%)
75 0.0069 (significant) [91%] (ns)
[85%]
PSB-1846 1.22+0.17 1.8 0.0232 n.d 0.981 + 0.242 1.6 0.34 n.d >10 (4%) 0.884 +0.017 >10 (52%) >10 (50%)
76 [70%] (significant) [97%] (ns)
>10 (18%) n.d n.d >10 (21%) >10 (14%) n.d n.d n.d >10 (-10%) 1.43+0.28 1.58 + 1.35 0.586 + 0.132
77 [69%] [72%]
>10 (45%) n.d n.d >10 (46%) >10 (46%) n.d n.d n.d >10 (-4%) 1.99 £0.18 0.551 + 0.069 1.08 £ 0.01
78 [73%] [79%]
0.486 +0.072 1.8 0.0229 n.d 0.711 +£0.101 1.1 0.57 n.d >10 (-6%) 5.40 £ 0.62 1.67 £ 0.95 1.38 £ 0.33
79 [75%] (significant) [83%] (ns) [73%] [70%]
0.351 +£0.017 1.5 0.17 n.d 0.398 £ 0.089 1.5 0.20 n.d >10 (1%) 2.64+041 0.983 +£0.177 1.06 £ 0.01
80 [78%] (ns) [93%] (ns) [70%] [67%]
82 PSB-1833 >10 (4% n.d n.d >10 (5% >10 (4% n.d n.d n.d >10 (-10%) 1.74 +£ 0.45 ~10 (53% >10 (37%
(53%)
o3 1.63+0.13 22 <0.0001 nd 1.20 +0.54 0.8 0.73 n.d >10 (-4%) >10 (41%) >10 (46%) >10 (41%)
[80%] (significant) [103%)] (ns)
o7 >10 (3%) n.d n.d >10 (19%) n.d n.d n.d n.d >10 (15%) >10 (22%) >10 (45%) 3.82+0.71
[100%]
g8 >10 (4%) n.d n.d >10 (32%) n.d n.d n.d nd >10 (3%) >10 (31%) >10 (45%) 3.02+0.38
[90%]
89 >10 (4%) n.d n.d >10 (7%) n.d n.d n.d nd >10 (-1%) >10 (-4%) >10 (26%) >10 (42%)
90 >10 (-10%) n.d n.d >10 (31%) n.d n.d n.d nd >10 (-14%) >10 (38%) >10 (-17%) >10 (42%)
91 >10 (1%) n.d n.d >10 (13 %) nd nd nd nd >10 (2%) >10 (29%) >10 (31%) ~10 (50%)

2 At the indicated concentration. Effects were normalized to the signal induced by 10 uM THC (human GPR18), or 0.3 uM of 51 (mouse GPR18), or 1 uM LPI (GPR55).

b Efficacy relative to the maximal effect of the standard agonist (30 uM THC for human GPR18 ,or 3 uM 51 for mouse GPR18, or 10 uM LPI for GPR55) set at 100%.
¢ Calculated using GraphPad Prism 10.2 using extra-sum-of-squares F test (embedded in GraphPad Prism); p-values were obtained by F test with a hypothetical Hill slope of 1 (unity), where "ns" indicates not significant. A

“significant” result indicates that the Hill slope is significantly different from 1 (unity).!

4 At the indicated concentration. Effects were normalized to the signal induced by an ECg of a standard agonist at the corresponding receptor (10 uM THC (human GPR18), or 0.3 uM of 51 (mouse GPR18), or 1 uM LPI

(GPRSYS)).
¢ At the indicated concentration. Determined vs. 0.1 nM [*H]CP,55940

fData from Schoeder et al. 20202
¢n.d = not determined
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Table S2. Potency and activity of compound 51 at the human CB; receptor determined in

different assays

Compd. Human CB; receptor
Radioligand cAMP accumulation assays P-Arrestin assays
binding
vs. [*H]CP55,940
Ki £ SEM (uM) Agonistic Antagonistic Agonistic Antagonistic
[max. inhibition ECso = SEM 1Cs0 = SEM ECso = SEM (MM) 1Cs0 = SEM
(%)] (uM) (or (uM) (or percent receptor (LM)
percent receptor (or percent activation) (or percent
activation) receptor [Efficacy]* receptor
[Efficacy]” inhibition)® inhibition)*
3 (THC) | 0.00390 +0.0089 | 0.00321 + n.d° 0.00673 £ 0.00174 n.d.
[100%] 0.0015 [22%)]
[49%]
51 1.18 £ 0.44 >10 (30%) >10 (24%) 0.0982 + 0.0090 7.05 £ 0.76
[100%)] [12%] (64% max
inhibition)

? Efficacy relative to the maximal effect of the standard agonist CP55,940 at 1 uM set at 100%
b Compounds were tested at a concentration of 10 pM. Effects were normalized to the signal

induced by 0.003 uM CP55940
¢ Compounds were tested at a concentration of 10 uM. Effect were normalized to the signal

induced by CP55,940 at 0.1 uM set at 100%

4 Inhibition compared to the ECso of CP55,940 (0.001 uM) at the human CB; receptor, set at 100%
°not determined

S21

189




Publication Il

Appendix Il

Table S3. Potency and activity of compound 51 at the human CB; receptor determined in
different assays

Compd. Human CB; receptor
Radioligand cAMP accumulation assay P-Arrestin assay
binding
vs. [*H]CP55,940,
Ki £ SEM (uM) Agonistic Antagonistic Agonistic Antagonistic
[max. inhibition ECso £ SEM | ICs0 = SEM (HM) ECso £ SEM 1Cs0 = SEM
(%)] (uUM) (or (or percent (uM) (or percent (uM)
percent receptor receptor (or percent
receptor inhibition)® activation) receptor
activation) [Efficacy]* inhibition)¢
[Efficacy]”
3 (THC) | 0.00598 +0.0030 0.00530 + n.d® 0.00142 + n.d
[100%] 0.0020 0.00028
[38%] [35%]
51 0.481 +0.104 >10 (34%) >10 (20%) 0.0245 +0.0127 | 8.00+1.03
[100%] [27%)] (60% max.
inhibition)

 Efficacy relative to the maximal effect of the standard agonist CP55,940 at 1 uM set at 100%
® Compounds were tested at a concentration of 10 uM. Effects were normalized to the signal

induced by 0.003 uM CP55940
¢ Compounds were tested at a concentration of 10 uM. Effect were normalized to the signal

induced by CP55,940 at 0.1 uM set at 100%
4 Inhibition compared to the ECso of CP55,940 (0.003 uM) at the human CB; receptor, set at 100%
°not determined
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Table S4. Modeling observations of compound modifications and their effects on potencies.?

Compound(s)

Figure

Observation [Effect]

10-18

Intra- and inter-molecular clashes with
Thr1013-? and Met27574* for N1-xanthine
substituents larger than methyl. Lacking H-
bond interactions with backbone of
Thr1013-*? and Asn276"4,

[>10-fold decrease in potency compared to

51]

21-30

Absence of interacting functionalities for -
n stacking with Tyr21'3!  Tyr81%6,
Tyr82%%4 and cation-n interactions with
Lys161E¢L2,

[~10-fold decrease in potency compared to

517

32-34

Binding of the ortho-halogen-substituted
benzyl moiety (attached to xanthine-N7) in

82.60 and

a sub-pocket formed by Arg7
Thr1013-2,

[modification tolerated]
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35-37

Binding of the meta-halogen-substituted
benzyl (at xanthine-N7) in a sub-pocket
formed by Arg78*% Leu97>*, and
Gly98*%.

[modification tolerated]

40-48

Potential clashes in a lipophilic sub-pocket
formed by Tyr82*% Leu97°?® and
Cys172ECL2, Challenging binding site
topology for optimal H-bond interactions of
investigated compounds.

[>10-fold decrease in potency compared to

51]

49

Binding at the halogen binding site is not
possible due to limited space. Alkyl chain
projects towards the extracellular lumen;
may engage in lipophilic interactions with
Tyr21'3! Tyr812%3, Tyr82%%4 and Lys174
ECL2 H-bond interaction of sulfonamide
with the backbone of Cysl172E1? s
feasible.

[decreased potency compared to 51, but

more potent than analogs of the series]
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54

para-halogen and p-nitro-benzyl moieties
bind in a lipophilic sub-pocket formed by
Tyr822%4 Leu97>?® and Cys172ECH2,

[most potent compounds of the series]

56-61

No optimal H-bond partners observed for
the p-aminobenzyl residue.
[~10-fold decrease in potency compared to

51

Potential clashes induced by the
substitution pattern, leading to a shift of the
position of the para-substituent compared
to compound 51.

[~2-fold decrease in potency compared to

51
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63-65

Potential lack of =m-m interactions, good
shape-complementation of the lipophilic
surface.

[comparable potency to 31]

The proposed binding site can
accommodate different linker lengths given
the available space.

[benzyl group displays best linker length]

66

Alternating binding mode, similar to 49,
due to limited space in the lipophilic
binding pocket. No interaction partners for
the ether oxygen can be observed.

[linker length and presence of oxygen lead
to a >20-fold decrease in potency

compared to 51]
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No scoring penalties for the unsubstituted
N3. Methyl group with favorable binding
74 score is absent.

[10-fold decrease in potency compared to

51]

Intramolecular clash between the xanthine
core and the N3-alkyl chain. N3-Ethyl
substitution displays favorable binding
75
scores.

[5-fold decrease in potency compared to

51, but improved potency compared to 74]

Space limitation by Argl91°4% as well as
Asn188°3° Phe248%°! and Phe252%% for
larger N3-xanthine substituents. Required
conformational change may lead to loss of
76-83

optimal geometry for H-bond interactions

between xanthine-O? and Arg191>+,

[>10-fold decrease in potency compared to

51 or complete loss of potency]

#The ligand complexes were evaluated using the HYDE scoring function of SeeSAR, where green
spheres represent favorable contributions of individual atoms to the overall binding affinity, and red

spheres indicate unfavorable contributions.
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A. PathHunter B-Arrestin-2 assay

® ~
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Prolink Functional
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B-Arrestin-2
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B-galactosidase

Appendix Il

B. BRET' B-Arrestin-2 assay

Agonist
GPR18 =y GPR18
B-Arrestin-2

¢ o

Energy transfer
(BRET)

Rluc-

B-Arrestin-2

Figure S1. Principle of B-arrestin recruitment assay used for measuring GPR18 activation. The figure

was created using Biorender®.

A. The PathHunter® assay is based on enzyme (B-galactosidase) complementation.® * Galactosidase

is split into two fragments: a small part (called Prolink) and a complementary part. The Prolink is
fused to the C-terminus of GPRI18 (or another receptor) while the complementary part of
galactosidase is attached to the N-terminus of B-arrestin-2. Upon addition of a GPR18 agonist, -
arrestin-2 is recruited, allowing Prolinkl and the complementary B-galactosidase fragment to
interact, thereby activating the enzyme. The enzymatic activity can be measured by adding a
substrate. The functional galactosidase will hydrolyze the substrate, producing luminescence. The
amount of luminescence produced corresponds to the level of GPR18 activation.

. Bioluminescence resonance energy transfer (BRET') is based on the energy transfer from a donor protein
(Renila luciferase, Rluc) to an acceptor protein (enhanced yellow fluorescent protein, eYFP) in the presence
of the substrate coelenterazine h. In this assay system, eYFP is fused to the C-terminus of GPR18, whereas
Rluc is attached to the N-terminus of B-arrestin2. Upon stimulation of GPR18 by an agonist, it induces the
recruitment of B-arrestin-2, bringing eYFP and Rluc into close proximity. Energy transfer can only occur
when eYFP and Rluc are in such proximity. Rluc oxidizes coelenterazine h, emitting luminescent light at
480 nm. This emission can then excite the eYFP protein, resulting in fluorescent emission at 530 nm. The
BRET ratio is calculated by dividing the Rluc emission signal at 480 nm by the eYFP emission at 530 nm.
The derived BRET ratio is directly proportional to the level of GPR18 activation.
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Figure S2. Concentration-dependent activation of human GPR18 or mouse GPR18 by Resolvin D2
(RvD?2) in the presence of DMSO (A) or ethanol (B). A maximally effective concentration of THC
(30 uM) was used for normalization at the human GPR18 (set at 100%), and compound 51 (3 uM)
was utilized for normalization at the mouse GPRI18 (set at 100%). All data are from B-arrestin
recruitment assays. Data points represent means £ SEM of at least three independent (A) or two
independent experiments (B).

A. The experiments were performed in the presence of DMSO (final concentration of DMSO
1%). RvD2 solution in ethanol (Cayman Bioscience) was stored at -80°C. Solutions were
freshly prepared for each experiment. Required RvD2 amounts were calculated to achieve the
required final concentration of 0.1 — 10,000 nM, taken out of the vial, and subjected to gentle
evaporation under a stream of nitrogen, followed by taking it up in DMSO and diluting it in
assay buffer prior to the experiments.

B. The experiments were performed in the presence of ethanol (final concentration of ethanol
was 0.1%). The procedure was similar to that described in A, except that ethanol was used in
place of DMSO.

The solvent had only minor effects on baseline luminescence.

S29

197



Publication II Appendix Il

MS1 -TIC SCAN ESI Frag=135V Gain=1,0

x10 8
1.04
2 08
g o
0.4
024

1 2 3 4 5 6 8
Time [min]
MS1 +TIC SCAN ESI Frag=138V Gain=1,0

x106 | ]
251 Chemical Formula: C5;H3,05
2.0 Exact Mass: 376.22

Molecular Weight: 376.49

Counts
.

0. f T T T T T T T T T

1 2 3 4 5 6 7 8 ° 10 1" 12 13 14 15
DAD1 Total WL (220.0:600.0 nm)

> 20 Injection peak
51

1.04 l

0.5

o velvy yvwv v
M

MS1 -EIC(374.8-375.8) ESI Frag=135V Gain=1.0

x108
1) 4551
g 5
g &
g 2
L
1
1 2 3 4 5 [] 7 8 H 10 1 12 13 14 15
Time (min]
Signal: DAD1 Total WL (220.0:600.0 nm)
RT [min] Peak MS Base Area Area% Max Peak% Height
Peak m/z
7.483 19.3184 0.0118 0.012 9.156
7.725 86.3425 0.0527 0.054 15.921
7.874 350.100 160642.2214 98.1359 100.000 34229.983
8.342 74.3338 0.0454 0.046 25.184
8.858 970.3384 0.5928 0.604 231.575
9.075 1711.9586 1.0458 1.066 233.392
Signal: MS1 +TIC SCAN ESI Frag=135V Gain=1,0
RT [min] Peak MS Base Area Area% Max Peak% Height
Peak m/z
7.906 359.100 16889995.0513 100.0000 100.000 2688159.476
Sum 16889995.0513
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Figure S3. LC-MS assessment of purity of RvD2 (4) in ethanol. The purity of compound 4 is 98.1%
(retention time at 7.88 min corresponds to the desired compound 4).
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MS1 -EIC(374.9-375.9) ESI Frag=135V Gain=1.0

1 2 3 4 5 6 7 9 10 " 12 13 14 15
Time [min]
Signal: DAD1 Total WL (220.0:600.0 nm)
RT [min] Peak MS Base Area Area% Max Peak% Height
Peak m/z

6.667 155.9494 0.1640 0.168 15.822

7.497 77.8324 0.0818 0.084 15.041

7.730 117.6666 0.1237 0.127 25.597

7.876 92850.6199 97.6148 100.000 21574.099

8.346 57.0171 0.0599 0.061 16.220

8.860 517.6938 0.5443 0.558 130.384

Signal: MS1 +TIC SCAN ESI Frag=135V Gain=1,0
RT [min] Peak MS Base Area Area% Max Peak% Height
Peak m/z
7.908 359.200 9134593.1369 100.0000 100.000 2024892.040
Sum 9134593.1369
Signal: MS1 -TIC SCAN ESI Frag=135V Gain=1,0
RT [min] Peak MS Base Area Area% Max Peak% Height
Peak m/z

7.910 375.200 3581346.9247 100.0000 100.000 777491.823
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Sum  3581346.9247

MS1 +TIC SCAN ESI Frag=135V Gain=1,0RT:7.90780813237041min (Subtracted)
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Figure S4. LC-MS assessment of purity of RvD2 (4) in DMSO. The purity of compound 4 is 97.6%
(retention time at 7.88 min corresponds to the desired compound 4).
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Figure SS. Concentration-dependent inhibition of compound 51-induced mouse GPR18 activation
by THC (3). Compound 51 was used at its ECgo concentration (0.3 uM). THC inhibits 51-induced
mouse GPR18 activation in a concentration-dependent manner with an ICso value of 6.93 + 0.28 pM.
Data points represent means = SEM of at least three independent experiments performed in

duplicates.
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Figure S6. Sequence alignment of human GPR18 (GPR18 HUMAN; Uniprot ID Q14330) and
mouse GPR18 (GPR18 mouse; Uniprot ID Q8K 1Z6). Similar amino acids are highlighted by gray
shading. Sequences were aligned with Clustal Omega. Blast of these two sequences showed 86%
sequence identity and 90% sequence similarity.
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Figure S7. Concentration-dependent activation of GPR183 by 3 (THC) and by 51. 70,25-
Dihydroxycholesterol was used for normalization (the maximal effect observed at 1 uM was set as
100%). All experiments were determined in f-arrestin recruitment assays. 7a,25-
Dihydroxycholesterol was used as the cognate agonist of GPR183 (ECsp 0.0244 + 0.0036 uM). Data
points represent means + SEM of at least three independent.
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Stability of compound 51 in human and rat liver microsomes

Compound 51 (50 pM) was incubated with human or rat liver microsomes (1 mg/ml) in 10 mM Tris-
HCI buffer (pH 7.4) for 5 min. The reaction was initiated by adding 50 pL of the NADPH
Regeneration System into the mixture, and the mixture was further incubated for 120 min at 37 °C.
The reaction was stopped by the addition of 200 pL of cold methanol, followed by 15 min of
centrifugation at 14000 rpm. The supernatant was taken and subjected to analysis by LC/MS (Waters
ACQUITY 8482 TQD).
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Figure S8. Metabolic stability of compound 51 determined in human (A) and rat liver microsomes

(B). MS/MS analyses of 51 and its major metabolite (M 1) found after incubation with human or rat
liver microsomes. The ion fragment of indole moiety increased from m/z 144.05 to m/z 160.00 (red
arrows) after incubation with microsomes.
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Figure S9. Comparison of the proposed binding mode of 51 at GPR18 with those of agonist-bound
CB1 (AM11542-CB; (PDB ID: 5XRA)’ and antagonist-bound CBz receptor (PDB ID: 5ZTY)° crystal
structures. GPR18 is denoted in red, while CB; and CB; are represented in yellow and blue color,
respectively. Amino acid residues constituting the hydrophobic binding pocket are highlighted, and
the hydrophobic surface area is illustrated in mesh form at the figure. Figure created using
ChimeraX.’
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Figure S11. 'H-NMR spectrum of compound 11.
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Figure S12. >*C-NMR spectrum of compound 11.
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Figure S13. 'H-NMR spectrum of compound 12.
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Figure S21. 'H-NMR spectrum of compound 16.
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Figure S23. 'H-NMR spectrum of compound 17.
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Figure S25. 'H-NMR spectrum of compound 18.
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Figure S27. 'H-NMR spectrum of compound 21.
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Figure S29. 'H-NMR spectrum of compound 22.
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Figure S30. >’C-NMR spectrum of compound 22.
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Figure S31. 'H-NMR spectrum of compound 23.
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Figure $32. >*C-NMR spectrum of compound 23.
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Figure S33. 'H-NMR spectrum of compound 24.
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Figure S34. >*C-NMR spectrum of compound 24.
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o GF,
HiC. N
/E\ | )—NH
07 "NT N
CHj 7
N
H
5
Bnly o 3 (383398888 e Ins
Zgrs 5 8 NERSRe2SE g i TRy
AP ‘T' | b3 //FP - T TT I
AN Ll J | " L
152 144 136 128 120 112 104 96 88 80 72 64 56 48 40
Chemical Shift (ppm)
Figure S61. >’C-NMR spectrum of compound 40.
S63

231



Publication Il Appendix Il

0\
b O CH, M03(s) MO1 (t)
30s N !
N
%\ | )—NH MO5(s)  MO2(s)
o N g g3
w o 7o
N M08(ddd)
N |
MO9(ddd)
M11(m)
M12(m) MO7(m)
M10(d) MO6(s)
M13(d) o © ©
M14(s) oo 58 e
' NN o%(f | ©
R I N4 I~ ~ O <
5 oo NSl B |oad
- ~N I ~ @ o N
‘ 1 ’ e
‘JL e e ,71'4 p) e
1.00 1122222231.141.161.212.22 1.98 3.222253.253222.18

I A A N R A R A AR R R AR RN RA AR
1.0 10.5 10.0 9.5 9.0 85 8.0 7.5 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 2.0 1.5 1.0
Chemical Shift (ppm)

Figure S62. 'H-NMR spectrum of compound 41.

\

o
o CH,
HSC\N N
A | )—NH
07 N7 N
CH3 /
N
H
a 10
o o8 o
o g 5 88 5 2
s =] - g} -~ S 0 N
9 N 0o = 0
- 3358 g Tly g%z 3 ] T e 25
3 \Ta g & W3 E 5 T8
I N i
ik L | |
160 152 144 136 128 120 112 104 96 88 80 72 64 56 48 40 32 24
Chemical Shift (ppm)
Figure S63. >’C-NMR spectrum of compound 41.
S64

232




Publication Il

Appendix Il
" CH,
9 //Q/( CHs
H3C\N)tN>_
| Jp—NH
O%\N N
CH, / MOB(m) MO4(s) o1
u M10(m) MO5(s) MO3(t) ;
MO08(m) § o ";}
n «
MOg(s) I

Mo7(s)
M13(s)

Mo2(m)

(Yo}

N~ o<
o\ N D
el o~

7

= — —5.20
3.60
/2.9
=
= 2.79
77
=

— 5
N

2 L41078
©

7
\% .

Lil:?iii‘!
0.961.92 5.09 1.05 1.02
b d g 4 4

—) e h—
1.68 1592.{82.?1 1.950.96 6.00
o 105 100 95 90 85 8o 75 70 65 60 55 50 45 40 35 30 25 20 15 10
Chemical Shift (ppm)
Figure S64. 'H-NMR spectrum of compound 42.
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Figure S70. >*C-NMR spectrum of compound 46.
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Figure S115. "H-NMR spectrum of compound 77.
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Figure S118. >*C-NMR spectrum of compound 78.
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Figure S119. 'H-NMR spectrum of compound 79.
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Figure S122. >*C-NMR spectrum of compound 80.
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Figure S123. '"H-NMR spectrum of compound 82 (PSB-1833).
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Figure S125. 'H-NMR spectrum of compound 83.
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Figure S126. >*C-NMR spectrum of compound 83.
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Figure S127. 'H-NMR spectrum of compound 87.
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Figure S128. >*C-NMR spectrum of compound 87.
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Figure S129. 'H-NMR spectrum of compound 88.
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Figure S130. >*C-NMR spectrum of compound 88.
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Figure S131. 'H-NMR spectrum of compound 89.
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Figure S134. >*C-NMR spectrum of compound 90.
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Figure S135. 'H-NMR spectrum of compound 91.
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Figure S136. >*C-NMR spectrum of compound 91.
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Figure S137. LC-MS assessment of the purity of compound 33.
The purity of compound 33 is 100.0% (retention time: 6.51 min corresponds to the desired
compound 33)
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Figure S138. LC-MS assessment of purity of compound 36.

The purity of compound 36 is 100.0% (retention time: 6.83 min corresponds to the desired

compound 36)
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Figure S139. LC-MS assessment of purity of compound 43.
The purity of compound 43 is 98.8% (retention time: 11.02 min corresponds to the desired

compound 43)
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Figure S140. LC-MS assessment of purity of compound 44.
The purity of compound 44 is 98.3% (retention time: 9.10 min corresponds to the desired
compound 44)
S106

274




Publication Il

Appendix Il

i 1 vvaveLengmanm
B XWC of DAD Spectral Data: 220.0 to 400.0 nm from Sample 1 (FPE-31) of 2020-01-25.wi... Max. 3.4e4 mAU
10.95
% 3.0e4{
§ 2.0e4-
£ 1.0e4-
8 |
g 00’}'1’ """"" —_——————————— = ————— —— — ——
0 2 4 6 8 10 12 14 16 18
Time, min
Peak List for "XWC of DAD Spectral Data: 220.0 to 400.0 nm from Sample 1 (FPE-31) of 2020-01-25.wiff" » Bouionn i
| Time(min) = Area (mAUxmin) | %Area | Height (mAU) %Height | Width (min) | Baseline Type
1 ;jj*63331 _ |3808.0523 3 11.8902 874.0135 23519 10.1400 Base lo Base
2 05681 1.0549e4 52363 |1636.6875 |4.4043 [0.2400 |Base to Base
3  [83928 (6854749 {03403~ 1117680 |0.3008 102933 |Base to Base
450 49,96»19 (8006178 03974 1218128 N :!3.3278 [03267 valley
5  [10.9460 |1.8519e5 SV 1919252 [34312e4 (923336 104667  |BaseloBase )
6 111.5877 4244618 102107 [104.6621 ~ (02816  [0.1600  |Baseto Base
| ™ +Q1:10.910 to 11.144 min from Sample 1 (FPE-31) of 2020-01-25.wiff (Turbo Spray), subt... Max. 6.6e5 cps
514.2
6.0e5
a
Q
é 4.0e5
Z |
S 20e5-
i~ |
B |
00.' — —- - A v — Yy
150 200 250 300 350 400 450 500 550 600 650 700 750 800
m/z, Da
W XiCof +Q1: 513.950 to 514.450 Da from Sample 1 (FPE-31) of 2020-01-25.wiff (Turbo Spr... Max. 5.3e6 cps,
5.306 , 10‘99
& 4.0e6 '
z I
;c’_, 2.0e6 - (
= 4 \
| M
0.0 o N ‘ S . R e S i
2 4 6 8 10 12 14 16 18
Time, min
" TWC of DAD Spectral Data: fro... Max. 5.5e4 mAU| B DAD Spectral Data: 10.873 t0 ... Max. 1100.8 mAU,
10.95 ] 2220
2 ‘ 2 1000] A~
T 4004 S 7 0%
g 0.57 g 500 / ) 294.0
.Oed @ 1 <
g e il ] 13.29 8 i/ \/
< 0.0 I ST = - g 0 - - . .
- 0 5 10 15 20 200 220 240 260 280 300 320 340 360 380
Time, min Wavel.ength, nm

*The purity of compound 46 is 94%

Figure S141. LC-MS assessment of purity of compound 46.

The purity of compound 46 is 94% (retention time: 10.95 min corresponds to the desired compound

46; 2% injection peak; also see NMR spectra, Figure S64 — S65).
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Figure S142. LC-MS assessment of purity of compound 47.

The purity of compound 47 is 97.1% (retention time: 10.03 min corresponds to the desired

compound 47)
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Figure S143. LC-MS assessment of purity of compound 49. .
The purity of compound 49 is 97.6% (retention time: 10.79 min corresponds to the desired

compound 49)
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Figure S144. LC-MS assessment of purity of compound 50.
The purity of compound 50 is 100.0% (retention time: 6.46 min corresponds to the desired

compound 50)
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Figure S145. LC-MS assessment of purity of compound 51.
The purity of compound 51 is 97.2% (retention time: 6.85 min corresponds to the desired

compound 51)
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B XWC of DAD Spectral Data: 220.0 to 400.0 nm from Sample 1 (FPE-44_F1) of 2020-03-0... Max. 1.0e5 mAU
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Peak List for "XWC of DAD Spectral Data: 220.0 to 400.0 nm from Sample 1 (FPE-44_F1) of 2020-03-03.wiff"
| Time(min) | Area(mAUx min) %Area Height (MAU) | %Height Width (min) Baseline Type
1 Jo4788 [1.2941e4 115602 [2396.2280 22475 0.2067 Base to Base
2 |10.4890 |8.1649e5 ~|98.4398 [1.0422e5 197.7525 16000  |BasetoBase
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Figure S146. LC-MS assessment of purity of compound 54.
The purity of compound 54 is 98.4% (retention time: 10.49 min corresponds to the desired

compound 54)
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B XWC of DAD Spectral Data: 220.0 to 400.0 nm from Sample 1 (FPE-45) of 2020-03-05.wi... Max. 6.9e4 mAL
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Peak List for "XWC of DAD Spectral Data: 220.0 to 400.0 nm from Sample 1 (FPE-45) of 2020-03-05.wiff*
| Time (min) | Area (mAUX min) | %Area | Height (mAU) %Height | Width(min) | Baseline Type
1 04633 7938.0589 [1.1978 118732120 24779 0.1467 |BasetoBase
2 06031 ~|2066.5253 03118 |401.4788 05311 0.1667 Base to Base
3 |7.4690 |4392.4018 06628 [545.8189 07220 [0.3533 ~ |Base toBase
4 8.1190 T 1376.7703 " 02077 '“2bqqsggr 10.3449  0.2000 |Base o Base
5 9.5179 3237.8265 04886  |480.2942 /06353 (02533  |Base lo Base
6 10.0770 W 32383889 |0.4886  [684.9703 ~[08061  [0.1867  |Base lo Base
7 106034 62583e5 [94.4333 |6.8345e4 "~ [90.4095  [05733 Base to Base
8 111844  12006.3814 0.3027  [396.5757 05246 01533  |BaseloBase
9 11.5855 _‘gq.osn 05622 |831.8148 1.1004 0.1600  |BaseloBase
10 [123195 18909.6361 |1.3444[1775.0688 _|234817 103267 |BasetoBase
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Figure S147. LC-MS assessment of purity of compound 55. .
The purity of compound 55 is 94.4% (retention time: 10.60 min corresponds to the desired

compound 55)
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W XWC of DAD Spectral Data: 220.0 to 340.0 nm from Sample 1 (NBO-G7) of 2018-09-03.... Max. 1.1e5 mAU
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Peak List for "XWC of DAD Spectral Data: 220.0 to 340.0 nm from Sample 1 (NBO-G7) of 2018-09-03.wiff*
Time (min) Area (mAU x min) %Area Height (mAU) [ % Height Width (min) Baseline Type
1 7.6669 25106e4 3.0225 1463.1331 11.3194 1.0933 Base to Base
11.8016 8.0552e5 96.9775 |[1.0943e5 98.6806 0.4533 Base to Base
"W +Q1: 11.753 to 11.998 min from Sample 1 (NBO-G7) of 2018-09-03.wiff (Turbo Spray) Max. 6.0e5 cps
6.065 - 481.1
g 4.0e5
§ 2.0e5
[
0.0N169:0:181.2.215.3 269.1279.1 337.9 4121 48628 510.9 543.1 . —
150 200 250 300 350 400 450 500 550 600 650 700 750 800
m/z, Da
L. XIC of +Q1: 480.850 to 481.350 Da from Sample 1 (NBO-G7) of 2018-09-03.wiff (Turbo Sp... Max. 5.8e6 cps
5.8¢6 | 11.85
§_ 4.0e6 - ‘
§ 2.0e6 i ‘
£ |
0.0 . . . . L : . '
4 6 8 10 12 14 16 18
Time, min
B TWC of DAD Spectral Data: fro... Max. 1.3e5 mAU ® DAD Spectral Data: 11.680 to ... Max. 1405.9 mAU
A 1.:;«;5J 11.80 P 1406 220 226.0
290.0.298.0
E 105 : g 1ooo 204.0,
§ 5.0e4 g
0.51
é (1 (N | §
0 5 10 15 400
| Time, min WaveLength nm _

Figure S148. LC-MS assessment of purity of compound 58.
The purity of compound 58 is 96.9% (retention time: 11.80 min corresponds to the desired

compound 58)
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Figure S149. LC-MS assessment of purity of compound 59.
The purity of compound 59 is 100.0% (retention time: 7.32 min corresponds to the desired

compound 59)
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@ XWC of DAD Spectral Data: 220.0 to 400.0 nm from Sample 1 (NBO-G66) of 2018-11-14.... Max. 1.1e5 mAU
1.14e5 11.51
o 1.00e5
T 8.00e4
8 6.00e4 {
£ 4004 |
3 2.00e4 i
0.00% e ' . ' y S ' y .
0 2 4 6 8 10 12 14 16 18
Time, min
Peak List for "XWC of DAD Spectral Data: 220.0 to 400.0 nm from Sample 1 (NBO-G66) of 2018-11-14.wiff"
j | Time(min) = Area(mAUxmin) | %Area | Height(mAU) | %Height % Width (min) | Baseline Type
1 05753  1.1968e4 11,6504 17425019 11.4831 02533 Base to Base
‘2 17.9773 1596.8139 0.2202 180.3760 10.1 535 ’0.5467 ;Basa p Base
I3 19.5655 12053.5905 102832 |393.1586 0.3346 |0:2400 |Base to Base
4 98621 12072.7681 0.2858 3952318 0.3364 |0.3000 \Base to Base
5 102125 1467.2263 100644 [105.2154 |0.0896 02533 Base to Base
6 110.7968 784.9286 [0.1082 [155.7528 10.1326 0.2067 |Base to Base
7 111.1074 12562.8177 |0.3534  326.8289 02782 |0.2600 ~ BasetoBase
8 11,5143 16.9943e5 g 196'.’4495’*1'3350?5 i |96.6023 10.4533 |Base to Base
9 111.8735 |2267.5958 10.3127 I215.91'11 0.2093 0.2333 |Base to Base )
10 121275 [19713742 02718 4469564  (0.3804  |0.1533  |BasetoBase
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Figure S150. LC-MS assessment of purity of compound 60.
The purity of compound 60 is 96.4% (retention time: 11.51 min corresponds to the desired

compound 60)

284

S116




Publication Il

Appendix Il

"l XWC of DAD Spectral Data: 220.0 to 340.0 nm from Sample 2 (NBO-G67) of 2018-11-14.... Max. 1.3e5 mAU
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Peak List for "XWC of DAD Spectral Data: 220.0 to 340.0 nm from Sample 2 (NBO-G67) of 2018-11-14.wiff"
Time (min) Area (mAU x min) ] % Area Height (mAU) 1 % Height ! Width (min) I Baseline Type
1 0.5565 10207e4 12155 12420408 (09422 03200 Base to Base
2 11.4846 4778.0494 7105640 1026.5660 107787 02067 Base to Base
3 11.7643 18.1652e5 1963794 | 1.2662e5 196.0460 0.4467 'Base to Base
4 12.1627 1.56598e4 118412  2943.9506 12.2332 |0.3267 Base to Base
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Figure S151. LC-MS assessment of purity of compound 61.
The purity of compound 61 is 96.4% (retention time: 11.76 min corresponds to the desired

compound 61)
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Figure S152. LC-MS assessment of purity of compound 64.
The purity of compound 64 is 100.0% (retention time: 6.89 min corresponds to the desired

compound 64)
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@ XWC of DAD Spectral Data: 220.0 to 400.0 nm from Sample 1 (NBO-G54) of 2018-11-09.... Max. 1.1e5 mAU
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Peak List for "XWC of DAD Spectral Data: 220.0 to 400.0 nm from Sample 1 (NBO-G54) of 2018-11-09.wiff*
| Time (min) | Area(mAUxmin)  %Area | Height(mAU) | %Height | Width(min) | Baseline Type
1 |0.4300  3844.9927 104896  630.3844 10.5588 ;o.zbb’d ~ | BasetoBase
2 10.6857 12585.1019 0.3291 1406.9661 /0.3608 EoAzso’o |Base to Base
3 9.8203 2017.4750 102569 |470.6268 104172 10.1400 Valley
4 9.9001 3092.2872 0.3937 |506.0960 0.4486 0.3000 'Valley
5 11.1742 7.7385e5 |98.5307 |1.1080e5 198.2146 11.1933 'Base to Base
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Figure S153. LC-MS assessment of purity of compound 74.

The purity of compound 74 is 98.5% (retention time: 11.17 min corresponds to the desired

compound 74)
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[ ™ XwWC of DAD Spectral Data: 220.0 to 400.0 nm from Sample 1 (NBO-G46) of 2018-10-24.... Max. 1.3e5 mAU
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Peak List for "XWC of DAD Spectral Data: 220.0 to 400.0 nm from Sample 1 (NBO-G46) of 2018-10-24 .wiff"
Time (min) Area (mAU x min) %Area Height (mAU) % Height Width (min) Baseline Type
1 0.6815 6407.5102 0.6925 |892.6021 0.6739 0.3000 Base to Base
2 10.0031 7014.7801 0.7581 |1317.6910 0.9949 0.2800 Base to Base
3 10.2675 1409.1775 0.1523  |283.6988 02142 |0.2200 Baseto Base
4 10.6038 3115.8860 0.3367  |411.7878 103109 0.3600 Base to Base
5 11.3204 9.0637e5 [97.9555 [1.2931e5 |97.6335 0.7800 Base to Base
6 [120105  [970.0853 10.1048 |2284490  0.1725  |0.1333 Base o Base
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Figure S154. LC-MS assessment of purity of compound 76.

The purity of compound 76 is 97.9% (retention time: 1
compound 76)
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Figure S155. HR-MS assessment of purity of compound 24. HR-MS (ESI-QTOF) calculated for
C20H23N6O2 [M+H]": 379.1882; found: 379.1873.
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Figure S156. HR-MS assessment of purity of compound 30. HR-MS (ESI-QTOF) calculated for
C19H21FNsO2Na [M+Na]™: 407.1608; found: 407.1602.
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Retention Time: 7.048
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Figure S157. HR-MS assessment of purity of compound 32. HR-MS (ESI-QTOF) calculated for
C24H24FNsO2 [M+H]": 447.1945; found: 447.1946.
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Figure S158. HR-MS assessment of purity of compound 33. HR-MS (ESI-QTOF) calculated for
C24H24CIN6O, [M+H]": 463.1649; found: 463.1646.
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Figure S159. HR-MS assessment of purity of compound 35. HR-MS (ESI-QTOF) calculated for
C24H24FN6O, [M+HT': 447.1945; found: 447.1937.

Figure S160. HR-MS assessment of purity of compound 36. HR-MS (ESI-QTOF) calculated for
C24H24CIN6O2 [M+H]": 463.1649, found: 463.1645.
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Figure S161. HR-MS assessment of purity of compound 39. HR-MS (ESI/Q-TOF): m/z calcd for
C25sH27N6O2 [M+H]" 443.2195, found 443.2195
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Figure S162. HR-MS assessment of purity of compound 42. HR-MS (ESI-QTOF) calculated for
C27H31N6O2 [M+H]": 471.2508, found: 471.2517.
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Figure S163. HR-MS assessment of purity of compound 46. HR-MS (ESI-QTOF) calculated for
CasH31N703Na [M+Na]": 536.2381, found: 536.2360.
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Figure S164. HR-MS assessment of purity of compound 49. HR-MS (ESI-QTOF) calculated for
C27H31N704SNa [M+Na]™: 572.2050, found: 572.1957.
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Figure S165. HR-MS assessment of purity of compound 50. HR-MS (ESI-QTOF) calculated for
C24H24FNsO2 [M+H]": 447.1945, found: 447.1945.
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Figure S166. HR-MS assessment of purity of compound 51. HR-MS (ESI-QTOF) calculated for
C24H24CIN6O> [M+H]": 463.1649, found: 463.1646.
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Figure S167. HR-MS assessment of purity of compound 52. HR-MS (ESI-QTOF) calculated for
C24H24BrNeO2 [M+H]": 507.1144, found: 507.1143.
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Figure S168. HR-MS assessment of purity of compound 54. HR-MS (ESI-QTOF) calculated for
C24H25N70:Na [M+Na]": 466.1962, found: 466.1926.
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Figure S169. HR-MS assessment of purity of compound 55. HR-MS (ESI-QTOF) calculated for
Ca6H27N703Na [M+Na]": 508.2024; found: 508.2068.

S130

298



Publication Il

Appendix Il

lon ModBe
QTOF Ms
ES+

cl
cl
o
~ N
N
}\)t )—NH
o] l\‘l N
/

N
H

Retention Time: 7.918 8
Combine: 2023-2073 <
5
<
[<2]
N
a
@
[
<
& &,
¥ g oz |g&:%
N > < wToc
o & =g
N sl._ el
0
= nl
‘ - T \‘\ ||\ Lo ok H\\ bk .
T

T
50 100 150 200 250 300 350 400 450

T T T
500 550 600 650 700 750 800 850 900 950 1000

Figure S170. HR-MS assessment of purity of compound 57. HR-MS (ESI-QTOF) calculated for

C24H23C1hN6O2 [M+H]': 497.1260, found: 497.1256.
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Figure S171. HR-MS assessment of purity of compound 59. HR-MS (ESI-QTOF) calculated for

C24H23C1bN6O2 [M+H]': 497.1260, found: 497.1256.
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Appendix Il

Supplementary information from publication lll:

Development of high-affinity fluorinated ligands for cannabinoid
subtype 2 receptor, and in vitro evaluation of a radioactive tracer for
imaging

The supplementary information of this publication is also available online at:

https://ars.els-cdn.com/content/image/1-s2.0-S022352342200040X-
mmc1.docx
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Supporting Information

Table S1: Activities of investigated compounds at human GPR18 and human GPR55
determined in R-arrestin recruitment assays®.

Comp. Human GPR18 Human GPR55
Agonistic Antagonistic Agonistic Antagonistic
activity (% activity (% activity (% activity (%
activation) inhibition) activation) inhibition)

5 >10 (-4%) >10 (-8%) >10 (-3%) >10 (11%)
6 >10 (-7%) >10 (27%) >10 (-8%) >10 (45)
7 (DM102) >10 (2%) >10 (16%) >10 (-6%) >10 (-2%)
8 >10 (-6%) >10 (42%) >10 (-6%) >10 (31%)
9 >10 (-9%) >10 (46%) >10 (-9%) >10 (44%)
10 >10 (-6%) >10 (45%) >10 (-17%) >10 (32%)
14 >10 (1%) >10 (21%) >10 (—-4%) >10 (9%)
15 >10 (1%) >10 (8%) >10 (-12%) >10 (32%)
12 >10 (-1%) >10 (5%) >10 (-1%) >10 (0%)
16 >10 (0%) >10 (43%) >10 (-16%) >10 (20%)
18 >10 (-5%) >10 (28%) >10 (-1%) >10 (-4%)

aCompounds were tested at a concentration of 10 uM as described in the Experimental Section.
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Figure S1: HPLC calibration of compound 7 concentration vs. UV-signal for determination of
molar activity. Measurement of 1500 GBqg/pmol is marked.
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Purity by HPLC

The purity of the compounds investigated in biological assays was determined by HPLC-UV
(Agilent, column by Macherey-Nagel EC 150/3 Nucleodur 100-3 C18ec). Gradient elution
was applied using a mobile phase A of water containing 0.1% of trifluoroacetic acid (TFA)
and mobile phase B of acetonitrile containing 0.1% TFA. The flow was adjusted to 0.6
mL/min, from 0—10 min with 70% mobile phase B, 30% A. From 10-15 min the percentage of
mobile phase B was increased to 100%. The wavelength of the UV detector was adjusted to
305 nm. The compounds were dissolved in 50% mobile phase A and 50% mobile phase B at
a concentration of 1 mM, and the injection volume was 10 pL.

In the top right corner of the chromatogram an overview is depicted, which is scaled to the
maximum. The red lines in the overview show the zoom of the chromatogram. The measured
purity values correspond to the UV absorbance of the product peak divided by that of the
summed impurities.
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HPLC Blank measurement

Leer | VWD1 A Wavelength=305 nm| 2021-07-0511-43-06+02-00-01 .¢dx
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Thiourea was used to measure column dead time (to), due to the poor
retention on a C18-Phase.
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Compound 5

HPLC

4.692 min (k: 3.1)

99.78%

Appendix IlI
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13C-NMR (APT)
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Compound 6

HPLC:

6.428 min (k: 4.6)

Appendix Il
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13C-NMR (APT)
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Compound 7
HPLC

99.75%

5.905 min (k: 4.2)
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13C-NMR (APT)

APT 2
13C-APT: DM102 in CDCB 15mg
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— 133.76
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Compound 8

HPLC 9.411 min (k: 6.3)

98.23%

Appendix Il
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13C-NMR (APT)
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Compound 9

HPLC

99.77%

6.728 min (k: 4.9)
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13C-NMR (APT)
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Compound 10
HPLC 9.701 min (k: 7.5) 99.73%

DM113 | VWD1A Wavelength=305 nm | 2021-07-05 14-38-16+02-00-10.dx
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13C-NMR (APT)

402ak
DM 113 in CDCI3
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Compound 12

HPLC

2.777 min (k: 1.4)

99.92%

Appendix Il

DM124 | VAWD1A Wavelength=305 nm | 2021-07-05 15-18-30+02-00-12.dx
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13C-NMR (APT)

402ak
DM124 in CDCI3
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Appendix Il
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Compound 14
HPLC

4.816 min (k: 3.2)

98.07%

Appendix Il
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13C-NMR (APT)

402ak
DM 116 in CDCI3
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Compound 15
HPLC 6.621 min (k: 4.2) 98.73%

DM129 | VAWD1A Wavelength=305 nm | 2021-07-05 15-38-03+02-00-13.dx
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13C-NMR (APT)

402ak
DM 129 in CDCI3
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Compound 16
HPLC 8.570 min (k: 6.5) 99.96%
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13C-NMR (APT)
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Compound 18

HPLC

2.957 min (k: 1.6)

Appendix Il

99.23%
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13C-NMR (APT)
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Compound 19
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Appendix IV

Supplementary information from publication IV:

Design, synthesis, and structure-activity relationships of
diindolylmethane derivatives as cannabinoid CB. receptor agonists

The supplementary information of this publication is also available online at:
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Archiv der Pharmazie
Supplemental Material: Novel Compounds and Biological Screening Results
Table S1. InChi keys of Diindolylmethane derivatives and their activtiy at cannabinoid receptors
Compound InChl string Human CB:2 Human CB; Human CB:2 Human CB1 receptor Human CB:2 receptor Human CB1 receptor
number receptor receptor receptor
Radioligand binding assay cAMP assay B-Arrestin recruitment assay
Kix SEM (uM) Ki = SEM (uM) ECso £ SEM (uM) ECso £ SEM (uM) ICs0 = SEM (uM) ECs0 = SEM (uM) ECso £ SEM (uM) ICs0 = SEM (uM)
(or percent (or percent (or percent receptor (or percent receptor (or percent receptor (or percent receptor (or percent receptor (or percent receptor
inhibition of inhibition of activation at 10 M) activation at 10 uM) activation at 10 uM)®! activation at 10 uM) activation at 10 M) activation at 10 uM) !
[*HICP55,940 at [*HICP55,940 at [efficacy] @ [efficacy] @ (Antagonistic activity) [efficacy]© [efficacy] @ (Antagonistic activity)
5 uM) 5 uM) (Agonistic activity) (Agonistic activity) (Agonistic activity) (Agonistic activity)
[Maximal [Maximal
inhibition (%)] inhibition (%)]
1(THC) InChl=18/C21H3002/c1-5-6-7- 0.00595 + 0.00387 + 0.0091 0.00527 + 0.0019 0.00326 + 0.0017 nd 0.00142 + 0.00003 n.d n.d
8-15-12-18(22)20-16-11-14(2)9- 0.0027 [59 %] [51 %] [32 %]
10-17(16)21(3,4)23-19(20)13- [100 %]
15/h11-13,16-17,22H,5-10H2,1-
4H3/t16-,17-/m1/s1
2(CP55940) InChl=1S/C24H4003/c1-4-5-6- 0.000293 + 0.00192 + 0.00320 + 0.0068 0.00336 + 0.00057 n.d 0.00262 + 0.00003 n.d n.d
7-14-24(2,3)19-11-13- 0.0008 0.00140 [100 %] [100 %] [100 %]
21(23(27)16-19)22-17- [100 %] [100 %]
20(26)12-10-18(22)9-8-15-
25/h11,13,16,18,20,22,25-
27H,4-10,12,14-15,17H2,1-
3H3/t18-,20?,22+/m1/s1
4 (DIM) InChl=1S/C17H14N2/c1-3-7-16- 0.690 + 0.159 5.42 +1.00 0.334 £ 0.174 n.d n.d 0.562 + 0.195 n.d n.d
14(5-1)12(10-18-16)9-13-11-19- [98 %] [86 %] [65 %] [63 %]
17-8-4-2-6-15(13)17/h1-8,10- (1.1)@ (4.3)
11,18-19H,9H2
40 InChl=1S/C19H18N2/c1-12-5-3- 0.845 + 0.086 >5 (4 %) n.d n.d n.d n.d n.d n.d
7-16-18(12)14(10-20-16)9-15- [81 %]
11-21-17-8-4-6-
13(2)19(15)17/h3-8,10-11,20-
21H,9H2,1-2H3
M InChl=1S/C19H18N202/c1-22- 0.579 + 0.157 5.03 +2.29 n.d n.d n.d n.d n.d n.d
16-7-3-5-14-18(16)12(10-20- [94 %] [79 %]

14)9-13-11-21-15-6-4-8-17(23-

S2
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42
(PSB-
16357)

43

44
(PSB-
19571)

45

46
(PSB-
19837)

a7

48
(PSB-
16105)

49

2)19(13)15/h3-8,10-11,20-
21H,9H2,1-2H3

InChl=1S/C17H12F2N2/c18-12-
3-1-5-14-16(12)10(8-20-14)7-
11-9-21-15-6-2-4-
13(19)17(11)15/h1-6,8-9,20-
21H,7H2

InChl=1S/C17H12CI2N2/c18-
12-3-1-5-14-16(12)10(8-20-
14)7-11-9-21-15-6-2-4-
13(19)17(11)15/h1-6,8-9,20-
21H,7H2

InChl=1S/C17H12Br2N2/c18-
12-3-1-5-14-16(12)10(8-20-
14)7-11-9-21-15-6-2-4-
13(19)17(11)15/h1-6,8-9,20-
21H,7H2

INCh=1S/C17H12N404/c22-
20(23)14-5-1-3-12-16(14)10(8-
18-12)7-11-9-19-13-4-2-6-
15(17(11)13)21(24)25/h1-6,8-
9,18-19H,7H2

InChl=1S/C19H12N4/c20-8-12-
3-1-5-16-18(12)14(10-22-16)7-
15-11-23-17-6-2-4-13(9-
21)19(15)17/h1-6,10-11,22-
23H,7H2

InChl=1S/C19H18N2/c1-12-3-5-
18-16(7-12)14(10-20-18)9-15-
11-21-19-6-4-13(2)8-
17(15)19/h3-8,10-11,20-
21H,9H2,1-2H3

InChl=1S/C19H18N202/c1-22-
14-3-5-18-16(8-14)12(10-20-
18)7-13-11-21-19-6-4-15(23-
2)9-17(13)19/h3-6,8-11,20-
21H,7H2,1-2H3

InChl=1S/C17H12F2N2/c18-12-
1-3-16-14(6-12)10(8-20-16)5-

0.279 £ 0.056
99 %]

0.332 + 0.230
93 %]

0.374 £ 0.074
[100 %]

>5 (29 %)

0.339 £ 0.061
99 %]

2.78+1.36
[86 %]

2.84+ 1.51
[83 %]

117 £0.33

ARCH PHARM

Archiv der Pharmazie

>5 (28 %)

0.753  0.048
61 %]

7.27+0.45
99 %]

>5 (6 %)

210 (47%)

>5 (26 %)

5.89+1.28

62 %]

4.08 £ 0.22

0.0551 + 0.0189
[80 %]

n.d

0.509 + 0.100

[85 %]

n.d

0.0144 + 0.0023

195 %]

n.d

n.d

n.d

S3

n.d

>10 (2 %)

n.d

n.d

n.d

n.d

n.d

n.d

n.d

>10 (-22 %)

n.d

n.d

n.d

n.d

n.d

n.d
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0.290 + 0.148
[70 %]

n.d

0.0450 + 0.0189

61 %]

n.d

0.0149 + 0.0021

[67 %]

n.d

n.d

n.d

n.d

>10 (5 %)

n.d

n.d

n.d

n.d

n.d

n.d

n.d

>10 (43 %)

n.d

n.d

n.d

n.d

n.d

n.d




Publication IV

(PSB-
15160)

50

51

52

53

54

55

56

57

11-9-21-17-4-2-13(19)7-
15(11)17/h1-4,6-9,20-21H,5H2

InChl=1S/C19H12F6N2/c20-
18(21,22)12-1-3-16-14(6-
12)10(8-26-16)5-11-9-27-17-4-
2-13(7-
15(11)17)19(23,24)25/h1-4,6-
9,26-27H,5H2

INChl=1S/C17H12CI2N2/c18-
12-1-3-16-14(6-12)10(8-20-
16)5-11-9-21-17-4-2-13(19)7-
15(11)17/h1-4,6-9,20-21H,5H2

InChl=1S/C17H12Br2N2/c18-
12-1-3-16-14(6-12)10(8-20-
16)5-11-9-21-17-4-2-13(19)7-
15(11)17/h1-4,6-9,20-21H,5H2

INChl=1S/C19H12N4/c20-8-12-
1-3-18-16(5-12)14(10-22-18)7-
15-11-23-19-4-2-13(9-21)6-
17(15)19/h1-6,10-11,22-
23H,7H2

INChl=1S/C17H12N404/c22-
20(23)12-1-3-16-14(6-12)10(8-
18-16)5-11-9-19-17-4-2-
13(21(24)25)7-15(11)17/h1-4,6-
9,18-19H,5H2

InChl=1S/C21H18N204/c1-26-
20(24)12-3-5-18-16(8-12)14(10-
22-18)7-15-11-23-19-6-4-13(9-
17(15)19)21(25)27-2/h3-6,8-
11,22-23H,7H2,1-2H3

InChl=1S/C19H14N202/c22-
10-12-1-3-18-16(5-12)14(8-20-
18)7-15-9-21-19-4-2-13(11-
23)6-17(15)19/h1-6,8-11,20-
21H,7H2

INCh=1S/C19H14N204/c22-
18(23)10-1-3-16-14(6-10)12(8-
20-16)5-13-9-21-17-4-2-

[100 %]

1.98 £ 0.140
[100 %]

0.747 + 0.067
[73 %]

1.27+0.226
[100 %]

>5 (30 %)

25 (45 %)

2.99 +0.029
71 %]

7.25+1.39
71 %]

>5 (34 %)

ARCH PHARM

[96 %]

9.94 + 3.86
[100 %]

>5 (6 %)

>5 (34 %)

>5 (35 %)

>5 (30 %)

>5 (19 %)

>5 (23 %)

>5 (-17 %)

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

Archiv der Pharmazie

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

S4
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n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d
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n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d




Publication IV

58

59

60

61
(PSB-
16358)

62

63

64
(PSB-
16381)

65

11(19(24)25)7-15(13)17/h1-4,6-
9,20-
21H,5H2,(H,22,23)(H,24,25)

InChl=1S/C31H26N202/c1-3-7-
22(8-4-1)20-34-26-11-13-30-
28(16-26)24(18-32-30)15-25-
19-33-31-14-12-27(17-
29(25)31)35-21-23-9-5-2-6-10-
23/h1-14,16-19,32-33H,15,20-
21H2

INChl=1S/C19H18N2/c1-12-3-5-
16-14(10-20-18(16)7-12)9-15-
11-21-19-8-13(2)4-6-
17(15)19/h3-8,10-11,20-
21H,9H2,1-2H3

InChl=1S/C19H18N202/c1-22-
14-3-5-16-12(10-20-18(16)8-
14)7-13-11-21-19-9-15(23-2)4-
6-17(13)19/h3-6,8-11,20-
21H,7H2,1-2H3

INChl=1S/C17H12F2N2/c18-12-
1-3-14-10(8-20-16(14)6-12)5-
11-9-21-17-7-13(19)2-4-
15(11)17/h1-4,6-9,20-21H,5H2

InChl=1S/C17H12CI2N2/c18-
12-1-3-14-10(8-20-16(14)6-
12)5-11-9-21-17-7-13(19)2-4-
15(11)17/h1-4,6-9,20-21H,5H2

INChl=1S/C17H12Br2N2/c18-
12-1-3-14-10(8-20-16(14)6-
12)5-11-9-21-17-7-13(19)2-4-
15(11)17/h1-4,6-9,20-21H,5H2

InChl=1S/C17H12F2N2/c18-14-
5-1-3-12-10(8-20-16(12)14)7-
11-9-21-17-13(11)4-2-6-
15(17)19/h1-6,8-9,20-21H,7H2

InChl=1S/C19H18N202/c1-22-
16-7-3-5-14-12(10-20-
18(14)16)9-13-11-21-19-

>5 (37 %)

0.504 + 0.252
[76 %]

>5 (32 %)

0.985 + 0.094
[90 %]

0.911 £ 0.105
[84 %]

3.44 1+ 0.56
[100 %]

25 (49 %)

25 (48 %)

ARCH PHARM

Archiv der Pharmazie

2.95+0.749 n.d n.d
[88 %]
>5 (30 %) n.d n.d
>5 (26 %) n.d n.d
>5 (27 %) n.d n.d
0.820 + 0.385 n.d >10 (11 %)
[59 %]
5.28 +2.02 n.d n.d
[100 %]
>5 (18 %) n.d n.d
>5 (30 %) n.d n.d
S5

332

n.d

n.d

n.d

n.d

>10 (13 %)

n.d

n.d

n.d
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n.d

n.d

n.d

n.d

>10 (2 %)

n.d

n.d

n.d

n.d

n.d

n.d

n.d

>10 (35 %)

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d




Publication IV

66

67

68

69
(PSB-
16586)

70
(PSB-
16671)

7

72

73

15(13)6-4-8-17(19)23-2/h3-
8,10-11,20-21H,9H2,1-2H3

InChl=1S/C17H10CI4N2/c18-
10-2-12(20)16-8(6-22-14(16)4-
10)1-9-7-23-15-5-11(19)3-
13(21)17(9)15/h2-7,22-23H,1H2

InChl=1S/C17H10CI2F2N2/c18-
12-4-16-10(2-14(12)20)8(6-22-
16)1-9-7-23-17-5-
13(19)15(21)3-11(9)17/h2-7,22-
23H,1H2

InChl=1S/C17H10F4N2/c18-10-
1-3-12-14(16(10)20)8(6-22-
12)5-9-7-23-13-4-2-
11(19)17(21)15(9)13/h1-4,6-
7,22-23H,5H2

INChl=1S/C17H10F4N2/c18-12-
2-10-8(6-22-16(10)4-
14(12)20)1-9-7-23-17-5-
15(21)13(19)3-11(9)17/h2-7,22-
23H,1H2

InChl=1S/C17H10F4N2/c18-10-
2-12-8(6-22-16(12)14(20)4-
10)1-9-7-23-17-13(9)3-11(19)5-
15(17)21/h2-7,22-23H, 1H2

INChl=1S/C19H18N2/c1-20-12-
14(16-7-3-5-9-18(16)20)11-15-
13-21(2)19-10-6-4-8-
17(15)19/h3-10,12-13H,11H2,1-
2H3

INChl=1S/C19H18N2/c1-12-
16(14-7-3-5-9-18(14)20-12)11-
17-13(2)21-19-10-6-4-8-
15(17)19/h3-10,20-21H,11H2,1-
2H3

INChl=1S/C15H12N4/c1-3-12-
10(8-18-14(12)16-5-1)7-11-9-

0.626 + 0.22
[90 %]

>5 (36 %)

3.04 1 0.781
[90 %]

=5 (59 %)

1.10+0.19
[100 %]

3.39+1.14

[68 %]

25 (48 %)

>5 (3 %)

ARCH PHARM

1.68 £ 0.32
[68 %]

>5 (25 %)

5.34 £ 1.81

[70 %]

>5 (39 %)

2.64+0.28
[100 %]

>5 (35 %)

>5 (45 %)

>5 (20 %)

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

Archiv der Pharmazie

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

S6

333

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d
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n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d




Publication IV

100

101

102

103

104

105

106

107

19-15-13(11)4-2-6-17-15/h1-
6,8-9H,7H2,(H,16,18)(H,17,19)

InChl=1S/C18H16N2/c1-12(15-
10-19-17-8-4-2-6-13(15)17)16-
11-20-18-9-5-3-7-14(16)18/h2-
12,19-20H,1H3

InChl=1S/C19H18N2/c1-2-
13(16-11-20-18-9-5-3-7-
14(16)18)17-12-21-19-10-6-4-8-
15(17)19/h3-13,20-
21H,2H2,1H3

InChl=1S/C20H20N2/c1-2-7-
14(17-12-21-19-10-5-3-8-
15(17)19)18-13-22-20-11-6-4-9-
16(18)20/h3-6,8-14,21-
22H,2,7H2,1H3

INChl=1S/C21H22N2/c1-2-3-8-
15(18-13-22-20-11-6-4-9-
16(18)20)19-14-23-21-12-7-5-
10-17(19)21/h4-7,9-15,22-
23H,2-3,8H2,1H3

INChl=1S/C24H20N2/c1-16-10-
12-17(13-11-16)24(20-14-25-
22-8-4-2-6-18(20)22)21-15-26-
23-9-5-3-7-19(21)23/h2-15,24-
26H,1H3

InChl=1S/C24H20N2/c1-16-7-6-
8-17(13-16)24(20-14-25-22-11-
4-2-9-18(20)22)21-15-26-23-12-
5-3-10-19(21)23/h2-15,24-
26H,1H3

InChl=1S/C24H20N2/c1-16-8-2-
3-9-17(16)24(20-14-25-22-12-6-
4-10-18(20)22)21-15-26-23-13-
7-5-11-19(21)23/h2-15,24-
26H,1H3

InChl=1S/C25H22N2/c1-2-17-
11-13-18(14-12-17)25(21-15-
26-23-9-5-3-7-19(21)23)22-16-

5.7410.30
[77 %]

0.804 + 0.25

[97 %]

>5 (33 %)

>5 (36 %)

2.5510.28
[98 %]

1.79 £ 0.36
[79 %]

4.55+1.52
[59 %]

1.35+0.56
[95 %]

ARCH PHARM

8.15+ 2.40
71 %]

2.70 + 1.86

[90 %]

>5 (45 %)

>5 (-2 %)

2.51+0.40
[100 %]

3.56 % 1.47
[74 %]

2.98+1.76
[58 %]

4441216
[100 %]

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

Archiv der Pharmazie

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

S7
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n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d
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n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d




Publication IV

108

109

110

111

112

113

114

115

27-24-10-6-4-8-20(22)24/h3-
16,25-27H,2H2,1H3

INChl=1S/C26H24N2/c1-
17(2)18-11-13-19(14-12-
18)26(22-15-27-24-9-5-3-7-
20(22)24)23-16-28-25-10-6-4-8-
21(23)25/h3-17,26-28H,1-2H3

InChl=1S/C24H20N20/c1-27-
17-12-10-16(11-13-17)24(20-
14-25-22-8-4-2-6-18(20)22)21-
15-26-23-9-5-3-7-19(21)23/h2-
15,24-26H,1H3

InChl=18/C24H20N20/c1-27-
17-8-6-7-16(13-17)24(20-14-25-
22-11-4-2-9-18(20)22)21-15-26-
23-12-5-3-10-19(21)23/h2-
15,24-26H,1H3

InChl=1S/C24H20N20/c1-27-
23-13-7-4-10-18(23)24(19-14-
25-21-11-5-2-8-16(19)21)20-15-
26-22-12-6-3-9-17(20)22/h2-
15,24-26H,1H3

InChl=1S/C24H18N202/c1-3-9-
20-15(6-1)18(12-25-20)23(17-8-
5-11-22-24(17)28-14-27-22)19-
13-26-21-10-4-2-7-16(19)21/h1-
13,23,25-26H,14H2

InChl=1S/C29H22N20/c1-2-8-
21(9-3-1)32-22-16-14-20(15-17-
22)29(25-18-30-27-12-6-4-10-
23(25)27)26-19-31-28-13-7-5-
11-24(26)28/h1-19,29-31H

InChl=1S/C23H18N20/c26-16-
11-9-15(10-12-16)23(19-13-24-
21-7-3-1-5-17(19)21)20-14-25-

22-8-4-2-6-18(20)22/h1-14,23-

26H

InChl=1S/C23H17CIN2/c24-16-
11-9-15(10-12-16)23(19-13-25-

1.55 £ 0.41
[85 %]

2.4110.02
[73 %]

2.07+0.75
[96 %]

2.72+2.02
59 %]

3.0410.22
[84 %]

>5 (41 %)

71310617
[60 %]

3.06 £ 0.90

ARCH PHARM

Archiv der Pharmazie

0.832 + 0.281 n.d n.d
[82 %]
0.774 + 0.169 n.d >10 (1 %)
[71 %]
3.04+1.16 n.d n.d
[91 %]
1.70 £ 0.41 n.d n.d
[84 %]
1.19+0.102 n.d n.d
[84 %]
0.402 + 0.306 n.d >10 (0 %)
[80 %]
>5 (43 %) n.d n.d
1.24 + 0.398 n.d n.d
S8
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n.d

>10 (10 %)

n.d

n.d

n.d

>10 (-3 %)

n.d

n.d

Appendix IV

n.d

>10 (1 %)

n.d

n.d

n.d

>10 (1 %)

n.d

n.d

n.d

6.09 + 0.50

n.d

n.d

n.d

4.43 £ 0.61

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d




Publication IV

116

117

118

119

120

121

122

21-7-3-1-5-17(19)21)20-14-26-
22-8-4-2-6-18(20)22/h1-
14,23,25-26H

INChl=1S/C23H17FN2/c24-16-
11-9-15(10-12-16)23(19-13-25-
21-7-3-1-5-17(19)21)20-14-26-
22-8-4-2-6-18(20)22/h1-
14,23,25-26H

INChl=1S/C23H17N302/c27-
26(28)16-11-9-15(10-12-
16)23(19-13-24-21-7-3-1-5-
17(19)21)20-14-25-22-8-4-2-6-
18(20)22/h1-14,23-25H

InChl=1S/C29H24N202/c1-32-
25-14-6-12-23-28(25)21(16-30-
23)27(20-11-5-9-18-8-3-4-10-
19(18)20)22-17-31-24-13-7-15-
26(33-2)29(22)24/h3-17,27,30-
31H,1-2H3

InChl=1S/C28H22N20/c1-31-
21-13-12-18-14-20(11-10-
19(18)15-21)28(24-16-29-26-8-
4-2-6-22(24)26)25-17-30-27-9-
5-3-7-23(25)27/h2-17,28-
30H,1H3

InChl=1S/C25H19N3/c1-4-10-
22-16(7-1)19(13-26-22)25(20-
14-27-23-11-5-2-8-17(20)23)21-
15-28-24-12-6-3-9-18(21)24/h1-
15,25-28H

InChl=1S/C25H22N202/c1-28-
21-12-6-10-19-24(21)17(14-26-
19)23(16-8-4-3-5-9-16)18-15-
27-20-11-7-13-22(29-
2)25(18)20/h3-15,23,26-27H,1-
2H3

InChl=1S/C26H24N203/c1-29-
17-12-10-16(11-13-17)24(18-
14-27-20-6-4-8-22(30-
2)25(18)20)19-15-28-21-7-5-9-

94 %]

>5 (44 %)

1.57 +0.04
[80 %]

>5 (9 %)

>5 (36 %)

>5 (9 %)

>5 (35 %)

>5 (26 %)

ARCH PHARM

Archiv der Pharmazie

92 %]
3.54 1 1.49 nd nd
[88 %]
0.596 + 0.240 nd nd
[78 %]
>5 (7 %) nd nd
0.983 + 0.463 nd nd
69 %]
>5 (18 %) nd nd
>5 (44 %) nd nd
0.541 £ 0.173 nd >10 (0 %)
[88 %]

S9
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n.d

n.d

n.d

n.d

n.d

n.d

>10 (31 %)

Appendix IV
nd nd nd
nd nd nd
nd nd nd
nd nd nd
nd nd nd
nd nd nd

>10 (1 %) 3.06 £ 0.29 n.d




Publication IV

123

124

125

126

127

128

129

23(31-3)26(19)21/h4-15,24,27-
28H,1-3H3

InChl=1S/C26H24N202/c1-16-
4-6-17(7-5-16)26(22-14-27-24-
10-8-18(29-2)12-20(22)24)23-
15-28-25-11-9-19(30-3)13-
21(23)25/h4-15,26-28H,1-3H3

InChl=1S/C25H21FN202/c1-
29-17-7-9-23-19(11-17)21(13-
27-23)25(15-3-5-16(26)6-4-
15)22-14-28-24-10-8-18(30-
2)12-20(22)24/h3-14,25,27-
28H,1-2H3

INChi=1S/C26H24N203/c1-29-
17-6-4-16(5-7-17)26(22-14-27-
24-10-8-18(30-2)12-
20(22)24)23-15-28-25-11-9-
19(31-3)13-21(23)25/h4-15,26-
28H,1-3H3

InChl=1S/C25H22N2/c1-16-8-
10-23-19(12-16)21(14-26-
23)25(18-6-4-3-5-7-18)22-15-
27-24-11-9-17(2)13-
20(22)24/h3-15,25-27H,1-2H3

InChl=1S/C26H24N20/c1-16-4-
10-24-20(12-16)22(14-27-
24)26(18-6-8-19(29-3)9-7-
18)23-15-28-25-11-5-17(2)13-
21(23)25/h4-15,26-28H,1-3H3

InChl=1S8/C25H21FN2/c1-15-3-
9-23-19(11-15)21(13-27-
23)25(17-5-7-18(26)8-6-17)22-
14-28-24-10-4-16(2)12-
20(22)24/h3-14,25,27-28H,1-
2H3

InChl=1S/C27H18F2N2/c28-19-
7-9-25-21(12-19)23(14-30-
25)27(18-6-5-16-3-1-2-4-
17(16)11-18)24-15-31-26-10-8-

>5 (42 %)

>5 (18 %)

2.04+0.37
[91 %]

>5 (-8 %)

1.30 £ 0.45
[79 %]

218 0.29
[87 %]

2.35+0.19
[71 %]

ARCH PHARM
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0.414 + 0.26 n.d >10 (-10 %)
[68 %]
>5 (34 %) n.d n.d
0.176 + 0.649 n.d n.d
[83 %]
>5 (-31 %) n.d n.d
2.34+0.172 n.d n.d
[76 %]
2.69 + 0.60 n.d n.d
[92 %]
2.79 + 0.61 n.d n.d
[80 %]
S10

337

>10 (32 %)

n.d

n.d

n.d

n.d

n.d

n.d
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>10 (0 %) 6.43 £ 0.45 n.d
nd nd nd
nd nd nd
nd nd nd
nd nd nd
nd nd nd
nd nd nd
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20(29)13-22(24)26/h1-15,27,30-

31H
130 InChl=1S/C22H15F2N3/c23-16- 5.42+0.22 4.96 £0.17 n.d nd nd n.d nd nd
3-1-5-18-21(16)14(11-26- 92 %] 82 %]

18)20(13-7-9-25-10-8-13)15-12-
27-19-6-2-4-17(24)22(15)19/h1-
12,20,26-27H

131 InChl=18/C22H15F2N3/c23-14- >5 (28 %) >5 (47 %) nd nd nd nd nd nd
1-3-20-16(9-14)18(11-26-
20)22(13-5-7-25-8-6-13)19-12-
27-21-4-2-15(24)10-
17(19)21/h1-12,22,26-27H

132 InChl=18/C22H15F2N3/c23-14- >5 (29 %) 5.03 + 1.40 nd nd nd nd nd nd
1-3-16-18(11-26-20(16)9- 79 %]
14)22(13-5-7-25-8-6-13)19-12-
27-21-10-15(24)2-4-
17(19)21/h1-12,22,26-27H

133 InChl=18/C22H15F2N3/c23-18- >5 (14 %) >5 (23 %) nd nd nd nd nd nd
5-1-3-14-16(11-26-
21(14)18)20(13-7-9-25-10-8-
13)17-12-27-22-15(17)4-2-6-
19(22)24/h1-12,20,26-27H

134 InChl=18/C22H15CI2N3/c23- >5 (9 %) >5 (9 %) nd nd nd nd nd nd
14-1-3-20-16(9-14)18(11-26-
20)22(13-5-7-25-8-6-13)19-12-
27-21-4-2-15(24)10-
17(19)21/h1-12,22,26-27H

135 InChl=1S/C25H22N2/c1-17-11- 0.674 + 0.529 25 (44 %) n.d n.d n.d nd n.d n.d
13-18(14-12-17)25(2,21-15-26- [563 %]
23-9-5-3-7-19(21)23)22-16-27-
24-10-6-4-8-20(22)24/h3-16,26-

27H,1-2H3
136 InChl=1S/C25H22N20/c1- >5 (35%) 2.84+0.171 nd nd nd nd n.d n.d
25(17-11-13-18(28-2)14-12- [73%]

17,21-15-26-23-9-5-3-7-
19(21)23)22-16-27-24-10-6-4-8-
20(22)24/h3-16,26-27H,1-2H3

149 INChl=1S/C18H16N2/c1-12-5-4-  0.498 + 0.176 >10 (35 %) 0.0652 £ 0.0112 nd nd 1.08 +0.37 nd nd
8-17-18(12)14(11-20-17)9-13-
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150

151

152

153

154

155

156

157

10-19-16-7-3-2-6-15(13)16/h2-
8,10-11,19-20H,9H2,1H3

INChl=1S/C17H13FN2/c18-14-
5-3-7-16-17(14)12(10-20-16)8-
11-9-19-15-6-2-1-4-
13(11)15/h1-7,9-10,19-20H,8H2

INChl=1S/C17H13BrN2/c18-14-
5-3-7-16-17(14)12(10-20-16)8-
11-9-19-15-6-2-1-4-
13(11)15/h1-7,9-10,19-20H,8H2

InChl=1S/C18H16N20/c1-21-
14-6-7-18-16(9-14)13(11-20-
18)8-12-10-19-17-5-3-2-4-
15(12)17/h2-7,9-11,19-
20H,8H2,1H3

INChl=1S/C17H13FN2/c18-13-
5-6-17-15(8-13)12(10-20-17)7-
11-9-19-16-4-2-1-3-
14(11)16/h1-6,8-10,19-20H,7H2

InChl=1S/C17H13CIN2/c18-13-
5-6-17-15(8-13)12(10-20-17)7-
11-9-19-16-4-2-1-3-
14(11)16/h1-6,8-10,19-20H,7H2

InChl=1S/C19H16N202/c1-23-
19(22)12-6-7-18-16(9-12)14(11-
21-18)8-13-10-20-17-5-3-2-4-
15(13)17/h2-7,9-11,20-
21H,8H2,1H3

INChl=1S/C18H14N203/c21-
18(23-22)11-5-6-17-15(8-
11)13(10-20-17)7-12-9-19-16-4-
2-1-3-14(12)16/h1-6,8-10,19-
20,22H,7H2

InChl=1S/C17H12BrCIN2/c18-
12-3-1-5-14-16(12)10(8-20-
14)7-11-9-21-15-6-2-4-
13(19)17(11)15/h1-6,8-9,20-
21H,7H2

[98 %]
0.758 + 0.178

[98 %]

0.944 + 0.106
99 %]

2.3210.71
[87 %]

3.780.30
[85 %]

1.21+0.05
93 %]

n.d@

>5 (20 %)

0.237 + 0.006
[98 %]

ARCH PHARM

Archiv der Pharmazie

[89 %]
6.09 + 1.78 n.d n.d
[100 %]
31174 n.d n.d
[97 %]
>5 (33 %) n.d n.d
>5 (20 %) n.d n.d
4.40 +0.40 n.d n.d
[91 %]
>5 (41 %) n.d n.d
>5 (-7 %) n.d n.d
4.07 +1.36 0.237 + 0.081 n.d
[92 %] [87 %]
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n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d
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[93 %]

n.d n.d n.d

n.d n.d n.d

n.d n.d n.d

n.d n.d n.d

n.d n.d n.d

n.d n.d n.d

n.d n.d n.d
0.0385 + 0.0125 n.d n.d

[69 %]
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158

159

160

161

162

163

164

165

InChl=1S/C18H15CIN2/c1-11-
4-2-6-15-17(11)12(9-20-15)8-
13-10-21-16-7-3-5-
14(19)18(13)16/h2-7,9-10,20-
21H,8H2,1H3

InChl=1S/C18H15FN20/c1-22-
13-5-6-16-14(8-13)11(9-20-
16)7-12-10-21-17-4-2-3-
15(19)18(12)17/h2-6,8-10,20-
21H,7H2,1H3

InChl=1S/C18H15FN20/c1-22-
14-3-5-18-16(8-14)12(10-21-
18)6-11-9-20-17-4-2-13(19)7-
15(11)17/h2-5,7-10,20-
21H,6H2,1H3

InChl=1S/C18H15FN20/c1-22-
13-5-6-17-15(8-13)12(9-20-
17)7-11-10-21-18-14(11)3-2-4-
16(18)19/h2-6,8-10,20-
21H,7H2,1H3

INChl=1S/C18H14F2N20/c1-
23-12-2-4-15-13(7-12)10(8-21-
15)6-11-9-22-16-5-3-
14(19)18(20)17(11)16/h2-5,7-
9,21-22H,6H2,1H3

INChl=1S/C18H14F2N20/c1-
23-13-2-3-16-14(7-13)10(8-21-
16)4-11-9-22-17-6-12(19)5-
15(20)18(11)17/h2-3,5-9,21-
22H,4H2,1H3

InChl=1S/C19H18N20/c1-12-3-
5-18-16(7-12)13(10-20-18)8-14-
11-21-19-6-4-15(22-2)9-
17(14)19/h3-7,9-11,20-
21H,8H2,1-2H3

INChl=1S/C17H13FN20/c18-
12-1-3-14-10(8-20-17(14)6-
12)5-11-9-19-16-4-2-13(21)7-
15(11)16/h1-4,6-9,19-21H,5H2

0.536 + 0.058
[96 %]

117+0.136
[97 %]

2.44 1 0.267
[88 %]

2.82 £ 0.09
[91 %]

3.74+0.14
[98 %]

1.64+0.15
[98 %]

1.20 £ 0.28
[95 %]

12.0+3.2
[80 %]

ARCH PHARM
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7.13+£1.68

[89 %]

>5 (39 %)

>5 (49 %)

>5 (31 %)

>5 (36 %)

>5 (44 %)

>5 (48 %)

26.5+12.4
82 %]

0.281 £ 0.1

[110 %]

n.d

n.d

n.d

n.d

n.d

n.d

n.d
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n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d
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0.120 + 0.045

51 %]

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d
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166

167

168

169

170

175

176

177

InChl=1S/C19H15F3N20/c1-
25-14-3-5-17-16(8-14)12(10-23-
17)6-11-9-24-18-7-
13(19(20,21)22)2-4-
15(11)18/h2-5,7-10,23-
24H,6H2,1H3

InChl=1S/C23H17FN20/c24-
17-6-8-20-15(13-26-23(20)11-
17)10-16-14-25-22-9-7-19(12-
21(16)22)27-18-4-2-1-3-5-
18/h1-9,11-14,25-26H,10H2

InChi=1S/C24H17F3N20/c25-
24(26,27)17-6-8-20-15(13-29-
23(20)11-17)10-16-14-28-22-9-
7-19(12-21(16)22)30-18-4-2-1-
3-5-18/h1-9,11-14,28-29H,10H2

InChl=1S/C18H16N2/c1-20-12-
14(16-7-3-5-9-18(16)20)10-13-
11-19-17-8-4-2-6-15(13)17/h2-
9,11-12,19H,10H2,1H3

INChl=1S/C19H18N2/c1-13-6-5-
8-17-19(13)14(11-20-17)10-15-
12-21(2)18-9-4-3-7-
16(15)18/h3-9,11-
12,20H,10H2,1-2H3

INChl=1S/C18H14N202/c1-22-
12-6-7-16-14(9-12)11(10-19-
16)8-15-13-4-2-3-5-17(13)20-
18(15)21/h2-
10,19H,1H3,(H,20,21)/b15-8-

InChl=1S/C17H10F2N20/c18-
10-1-3-15-12(6-10)9(8-20-15)5-
14-13-7-11(19)2-4-16(13)21-
17(14)22/h1-
8,20H,(H,21,22)/b14-5-

InChl=1S/C18H13FN202/c1-
23-12-3-5-16-13(8-12)10(9-20-
16)6-15-14-7-11(19)2-4-

8.93+1.10
[82 %]

1.99 +0.39
[96 %]

412 +0.49
94 %]

>5 (30 %)

0.716 + 0.001
[99 %]

>5 (28 %)

3421022
[100 %]

>5 (39 %)

ARCH PHARM

Archiv der Pharmazie

>5 (44 %) nd nd
1.40 £ 0.07 nd nd
[100 %]
2.87 £0.93 nd nd
[100 %]
>5 (16 %) n.d nd
~10 (53 %) 0.228 + 0.030 n.d
[89 %]
>5 (38 %) n.d n.d
4.72£0.143 nd nd
[100 %]
9.14 £ 0.87 nd nd
[100 %]
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n.d

n.d

n.d

n.d

n.d

n.d

n.d

n.d
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nd nd nd
nd nd nd
nd nd nd
nd nd nd

0.0803 + 0.0340 n.d n.d
[70 %]

nd nd nd

nd nd nd

nd nd nd
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17(14)21-18(15)22/h2-
9,20H,1H3,(H,21,22)/b15-6-

178 InChl=1S/C18H16N202/c1-22- >5 (33 %) >5 (33 %) nd nd nd nd nd nd
12-6-7-16-14(9-12)11(10-19-
16)8-15-13-4-2-3-5-17(13)20-
18(15)21/h2-7,9-
10,15,19H,8H2,1H3,(H,20,21)

179 InChl=1S/C17H12F2N20/c18- >5 (20 %) >5 (33 %) nd nd nd nd nd nd
10-1-3-15-12(6-10)9(8-20-15)5-
14-13-7-11(19)2-4-16(13)21-
17(14)22/h1-4,6-
8,14,20H,5H2,(H,21,22)

180 InChl=1S/C18H15FN202/c1- >5 (41 %) >5 (16 %) nd nd nd nd nd nd
23-12-3-5-16-13(8-12)10(9-20-
16)6-15-14-7-11(19)2-4-
17(14)21-18(15)22/h2-5,7-
9,15,20H,6H2,1H3,(H,21,22)

[a] Efficacy relative to the maximal effect of the standard agonist CP55,940 at 1 uM set at 100 %. [b] Efficacy relative to the maximal effect of the standard agonist CP55,940 at 0.1 uM set at 100 %. [c] Compounds were tested at a
concentration of 10 uM. Effects were normalized to the signal induced by 0.003 uM CP55,940. [d] Efficacy relative to the maximal effect of the standard agonist CP55,940 (0.1 pM) set at 100 %
[e] Compounds were tested at a concentration of 10 uM. Effects were normalized to the signal induced by 0.001 uM CP55,940. [f] not determined
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Supplemental Material

Table S2. Comparison of activities of selected DIM derivatives at human cannabinoid receptors

Compd. Human CB; receptor Human CB; receptor
Radioligand cAMP assay B-Arrestin Radioligand binding
binding assay recruitment assay assay
Ki £ SEM (uM) ECso £ SEM (uM) ECs, £ SEM (M) Ki £ SEM (uM)

(or percent inhibition  (or percent receptor (or percent receptor (or percent inhibition
[*H]ICP55,940 at 5 [*HICP55,940 at 5 pM)
uM) activation at 10 yM) activation at 10 uM)

. . [maximal inhibition (%)]
[maximal inhibition ~ [efficacy] ™ [efficacy] ™
(%)]

1 THC 0.00595 + 0.0027 0.00527 + 0.0019 0.0142 + 0.0003 0.00387 + 0.0091
[100 %] [59 %] [32 %]

2 CP55,940 0.000293 + 0.0008 0.000320 + 0.00068 0.000262 + 0.00003 0.001916 + 0.0014
[100 %] [100 %] [100 %] [100 %]

4 DIM Q O 0.690 + 0.159 0.334+0.174 0.562 + 0.195 5.42 +1.00

| | [98 %] [65 %] [63 %] [86 %]
HN NH
DIM
42 F R 0.279 + 0.056 0.0551 + 0.0189 0.290 + 0.148 >5 (28 %)
Q i \ O [99 %] [80 %] [70 %]
H H
44 Br Br. 0.374 £ 0.074 0.509 + 0.100 0.0450 + 0.0189 [61 7.27 £0.45
%]
Q ] | O [100 %] [85 %] [99 %]
H H
46 0.339 + 0.061 0.0144 + 0.0023 0.0149 + 0.0021 210 (47 %)
[67 %]
[99 %] [95 %]

149 0.498 + 0.176 0.0652 + 0.0112 1.08 +0.37 >10 (35 %)

[98 %] [89 %] [93 %]
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157 0.237 + 0.006
[98 %]
158 0.536 + 0.058
[96 %]
170 HaC 0.716 + 0.001
O [99 %]
I |
H,C

0.237 + 0.081

[87 %]

0.281 + 0.109

[110 %]

0.228 + 0.030

[89 %]

0.0385 + 0.0125
[69 %]

0.120 + 0.045

51 %]

0.0803 + 0.0340
[70 %]

4.07 £ 1.36

[92 %]

7.13 +£1.68

[89 %]

~10 (53 %)

[a] Efficacy relative to the maximal effect of the standard agonist CP55,940 (1 uM) set at 100 %. [b] Efficacy relative to the maximal
effect of the standard agonist CP55,940 (0.1 uM) set at 100 %. [c] Data from Schoeder, et al., 2018
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Table S3. Potency of diindolylmethane derivatives as agonists and antagonist at the human CB, receptor
Compd. Human CB, receptor
Radioligand binding cAMP assay cAMP assay B-Arrestin B-Arrestin
assay L . recruitment assay recruitment
(agonistic assay) (antagonistic (agonistic assay) assay
assay) (antagonistic
assay)
K; * SEM (uM) ECs, £ SEM (M) ICso £ SEM (UM) ECs, £ SEM (M) ICs = SEM (uM)
(or percent inhibition (or percent receptor  (or percent receptor  (or percent receptor (or percent
[*H]CP55,940 at 5 receptor
uM) activation at 10 yM) inhibition at 10 yM)  activation at 10 pM)
) (o] ) activation at 10
[maximal inhibition [efficacy] [efficacy] ¥ pM) @
(%)]
43 0.753 + 0.048 >10 (2 %) >10 (-22 %) >10 (5 %) >10 (43 %)
[61 %]
62 0.820 + 0.385 >10 (11 %) >10 (13 %) >10 (2 %) >10 (35 %)
[59 %]
109 0.774 + 0.169 >10 (1 %) >10 (10 %) >10 (1 %) 6.09 £+ 0.50
[71 %]
113 0.402 + 0.306 >10 (0 %) >10 (-3 %) >10 (1 %) 4.43 £ 0.61
[8 0%]
122 0.541 £ 0.173 >10 (0 %) >10 (31 %) >10 (1 %) 3.06 £ 0.29
[88 %]
123 0.414 + 0.26 >10 (-10 %) >10 (32 %) >10 (0 %) 6.43 £ 0.45
[68 %]

[a] Efficacy relative to the maximal effect of the standard agonist CP55,940 (1 uM) set at 100 %. [b] Compounds were tested at
a concentration of 10 uM. Effects were normalized to the signal induced by 0.003 uM CP55,940. [c] Efficacy relative to the
maximal effect of the standard agonist CP55,940 (0.1 uM) set at 100 %. [d] Compounds were tested at a concentration of 10
uM. Effects were normalized to the signal induced by 0.001 uM CP55,940.
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Figure S1. 'H (500 MHz) & '3C (126 MHz) NMR (DMSO-ds) spectra of di(4-bromo-1H-
indole-3-yl)methane (44)
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Figure S2. 'H (500 MHz) & '3Capt (126 MHz) NMR (DMSO-ds) spectra of di(4-nitro-
1H-indole-3-yl)methane (45)
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Figure S3. 'H (500 MHz) & '3C (126 MHz) NMR (DMSO-ds) spectra of di(4-cyano-1H-
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Figure S4. 'H (500 MHz) & '3C (126 MHz) NMR (DMSO-ds) spectra of 3,3'-(m-tolyl-

methylene)di(1H-indole) (105)
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Figure S5. 'H (500 MHz) & '3C (126 MHz) NMR (DMSO-ds) spectra of 3,3'-(o-tolyl-
methylene)di(1H-indole) (106)
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Figure S6. 'H (500 MHz) & '3C (126 MHz) NMR (CDCls3) spectra of 3,3'-((4-iso-
propylphenyl)methylene)di(7H-indole) (108)
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Figure S7. 'H (500 MHz) & "3C (126 MHz) NMR (DMSO-ds) spectra of 3,3'-((3-
methoxyphenyl)methylene)di(1H-indole)(110)
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Figure S8. 'H (500 MHz) & '3C (126 MHz) NMR (DMSO-ds) spectra of 3,3'-((2-

methoxyphenyl)methylene)di(1H-indole) (111)
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