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Abstract

Molecular imaging has revolutionized the practice of medicine and patient healthcare. The use of
targeted imaging tools have enabled the non-invasive and selective interrogation of biological
processes triggering pathology. This approach includes a variety of complementary techniques such
as PET, MRI, and optical imaging. In particular, fluorescent probes allow for the synergistic evaluation
of the drug, the target, and treatment response in real-time and excellent spatiotemporal resolution.
Generally, three main components should be considered for the design of a fluorescent probe: () a
recognition element (ligand or pharmacophore) that tolerates further chemical functionalization while
preserving its affinity and selectivity towards the protein-target, (%) an appropriate reporter unit
(fluorophore), and (ziz) a linker that combines these two functionalities. Each of these constituents
poses unique challenges for the successful design of a molecular probe as their selection will strongly

depend on the imaging technique the probe will be applied to (Chapter 1.).

The presented thesis displays a case in which the design, synthesis, and pharmacological
characterization of highly specific imaging probes led to the labeling of two relevant drug targets. In
both projects, a modular synthesis strategy enabled the assembly of ligand and fluorophore units

tailored for specific optical imaging applications.

The first part of this thesis described the development of fluorescent ligands to trace the cannabinoid
type 2 receptor (CB2R) (Chapter 2.). This receptor is known to be strongly up-regulated in pathological
conditions correlated with the onset of inflammation and, thus, represents an important protein-target
for both therapeutic and diagnostic purposes. Exploiting a preclinical CB:R agonist drug as
recognition element, investigations on suitable linker length, composition, and placement were
conducted. Of particular interest was to avoid detrimental interactions of the linker-reporter construct
with the CB:R, while providing a linker trajectory that reaches the extracellular space, i.c., outside the
receptor binding pocket. This strategy resulted in the generation of a robust platform where binding

affinity and selectivity were largely independent of fluorophore attachment.

The second part of this thesis aimed at the synthesis of imaging ligands containing multiple targeting
moieties, i.e., multivalent for applications in the early detection of pancreatic cancer (PDAC) (Chapter
3.). Here, probe design was based on the fourfold derivatization of the cyclen scaffold to develop a
“clickable’ platform encompassing three terminal maleimides and one alkyne. This cyclen-based

platform enabled the onme-pot assembly of PDAC-targeted agents which were labeled with two different



cyanine fluorophores. These fluorescent compounds displayed high specificity for the detection of

PDAC in cell-based assays in comparison to their respective non-targeted controls.



Kurzfassung

Molekulare Bildgebung hat die klinische Praxis der Patientenversorgung grundlegend verindert. Der
Einsatz zielgerichteter Reportermolekiile hat es ermoglicht, biologische Prozesse als Ausléser von
Krankheiten nichtinvasiv und selektiv zu untersuchen. Diese Methodologie vereint eine Reihe
komplementirer Verfahren einschlieBlich PET, MRI und optischer Bildgebung. Insbesondere
Fluoreszente Sonden erméglichen die synergistische Bewertung von Medikamenten, Targets, und
Therapieansprache in Echtzeit mit ausgezeichneter ridumlicher und zeitlicher Auflésung. Im
Allgemeinen miissen drei grundlegende Komponenten fiir das Design einer fluoreszenten Sonde
berticksichtigt werden: (7) ein Erkennungselement (Ligand oder Pharmakophor), welches chemische
Funktionalisierungen unter Erhaltung seiner Affinitit und Selektivitit zum Protein-Target toleriert,
(¢) eine geeignete Reportereinheit (Fluorophor), und (7%) ein Linker, welcher beide Funktionalititen
verbindet. Jedes dieser Bestandteile stellt spezifische Anforderungen an das erfolgreiche Design einer
molekularen Sonde und hingt stark vom Bilgebungsverfahren ab, fir das die Sonde eingesetzt werden

soll (Kapitel 1).

Die vorliegende Arbeit behandelt das Design, die Synthese und die pharmakologische
Charakterisierung hochspezifischer bildgebender Sonden, welche weiterfiihrend zur Untersuchung
von zwei pharmakologisch relevanten Targets eingesetzt wurden. In beiden Projekten ermoglichte
eine modulare Synthesestrategie die Verkniipfung spezifischer Liganden mit Reportereinheiten,

welche jeweils auf spezielle Anwendungen optischer Bildgebung zugeschnitten sind.

Der erste Teil dieser Arbeit beschreibt die Entwicklung fluoreszenter Sonden fiir die Untersuchung
des Cannabinoid Typ 2 Rezeptors (CB.R) (Kapitel 2). Die starke Hochregulierung dieses Rezeptors
wird mit pathologischen Zustinden assoziiert, die hauptsichlich von Entzindungsprozessen
ausgelost werden. CB2R stellt daher ein wichtiges Protein-Target fiir sowohl therapeutische als auch
diagnostische = Ansitze dar. Ausgehend von einem priklinischen CB:R Agonisten als
Erkennungselement wurden geeignete strukturelle Verkniipfungspunkte fiir einen Linker sowie der
Einfluss von Linkeraufbau und —Linge untersucht. Von besonderer Bedeutung war es dabei, eine
Linkertrajektorie zu finden, die aus der Bindungstasche des Proteins in die umgebende Matrix reicht
und gleichzeitig abtrigliche Interaktionen zwischen Linker-Reporter Konstrukt und Rezeptor zu

vermeiden. Diese Strategie resultierte in einer robusten synthetischen Plattform, bei der



Bindungsaffinitit und —Selektivitit Uberwiegend unbeeinflusst von der Art des angebrachten

Farbstoffs sind.

Der zweite Teil der Arbeit befasst sich mit der Synthese fluoreszenter Sonden zur Fritherkennung von
Bauchspeicheldrisenkrebs (PDAC), die multivalent mit Targeting-Einheiten versehen sind (Kapitel
3). Das Sondendesign basiert auf einem vierfach derivatisiertem Cyclengertst zur Entwicklung einer
,.klickbaren Plattform, die aus drei terminalen Maleimid-Funktionalititen und einem Alkin besteht.
Diese cyclenbasierte Plattform ermdglichte die Eintopfsynthese von PDAC zielgerichteten Sonden,
welche jeweils mit zwei verschiedenen Cyaninfarbstoffen markiert wurden. Die Sonden wiesen hohe
Selektivititen fiir die Detektion von PDAC in zellbasierten Assays im Vergleich zu ihren nicht-

zielgerichteten Kontrollen auf.



Abbreviation List

2-AG
4-DMAP
pM

Acc.
ACN

aq.

Boc

BRCA2

Bu
cAMP
CBR
Cbz
cHex

cRGD

Cyclen

DBU
DIAD
DMAP
DMSO
DMTMM

DOTA

DOTP

DPC4

ee

2-Arachidonoylglycerol
4-Dimethylaminophthalimide
Micromolar (10-¢ M)
Acceptor

Acetonitrile

Aqueous

tert-Butoxycarbonyl

Breast cancer type 2 susceptibility
protein

Butyl

Cyclic AMP, refers to ECsp assay
Cannabinoid type 1 receptor
Carboxybenzyl

Cyclohexane

Cyclic RGD

Cyanine fluorophore
1,4,7,10-Tetraazacyclododecane
Duplet
1,8-Diazabicyclo[5.4.0Jundec-7-ene
Diisopropyl azodicarboxylate
N,N-Dimethylaminopyridine
Dimethyl sulfoxide

4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholin-4-ium chloride

1,4,7,10-Tetraazacyclododecane-1,4,7,
10-tetraacetic acid

1,4,7,10-Tetraazacyclododecane-1,4,7,
10-tetra(methylene phosphonic acid)

Decapentaplegic homolog 4 protein

Enantiomeric excess

2,5-DHAP
9-BBN

Ac

AEA
AlogP

BOP-CI

BTFFH

CA 19-9
CBD
CB2R
CDI
CHO
CuAAC

Cyclam
Cys

dba
DCM
DIPEA
DMF
DMT
DO3A

DOTAM

DPBS

dppf

ECso

2,5-Dihydroxyacetophenone
9-Borabicyclo[3.3.1]nonane
Acetyl
N-Arachidonoylethanolamide
Atomic logP

Benzyl

Bis(2-oxo-3-oxazolidinyl)phosphinic
chloride

Fluoro-dipyrrolidinocarbenium hexa-
fluorophosphate

Carbohydrate antigen 19-9
Cannabidiol

Cannabinoid type 2 receptor
1,1'-Carbonyldiimidazole
Chinese Hamster Ovary

Copper assisted azide-alkyne
cycloaddition

1,4,8,11-Tetraazacyclotetradecane
Cysteine

Dibenzylideneacetone
Dichloromethane
Diisopropylethylamine
Dimethylformamide
Dimercaptotriazine

Tri-fert-butyl 2,2',2"-(1,4,7,10-tetraaza-
cyclododecane-1,4,7-triyl)triacetate

1,4,7,10-Tetrakis(carbamoylmethyl)-
1,4,7,10-tetraazacyclododecane

Dulbecco’s phosphate buffered saline
1,1'-Ferrocenediyl-bis(diphenylphos-
phine)

Half maximal effective concentration



cCB
EDTA
EGFR
ESI

et al.
FACS
FDG
GPCR

HATU

HMDS
HSTU

LC-MS

LE

MALDI

m-CPBA
Memb.
MPLC

ms

NAPE-PLD

Endocannabinoid
Ethylenediaminetetraacetic acid
Endothelial growth factor receptor
Electrospray ionization

Etalli (“and others”)
Fluorescence-activated cell sorting
Fluorodeoxyglucose

G protein-coupled receptor
Human

1-[Bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b]pyridinium 3-oxid
hexafluorophosphate

Hexamethyldisilazane

N,N,N',N'-Tetramethyl-O-(N-succin-

imidyl)-uronium hexafluorophosphate
Hertz (s1)
Identification

Intracellular loop

Isopropyl

Equilibrium dissociation constant (M)
Observed rate of association (min)
Association rate constant (M-lminT)

Liquid chromatography—mass
spectrometry

Ligand efficiency
Multiplet

Matrix-assisted laser desorption/
ionization

meta-Chloroperoxybenzoic acid
Membrane

Medium-pressure liquid chromatography
Milliseconds (103 s)

N-Acylphosphatidylethanolamine
phospholipase D

ECL
eff.
equiv.
Et
FAAH
FDA
Fmoc
GRK
HEK
HBTU

HPLC
HTRF

1Cso
ICG
ICP-MS

Ki

Kot
KRAS
LDA

MAPK

Me
MFI
MRI

NBD

Extracellular loop

Efficacy

Equivalents

Ethyl

Fatty acid amide hydrolase

Food and Drug Administration
Fluorenylmethoxycarbonyl

GPCR kinases

Human Embryonic Kidney
N,N,N',N'-Tetramethyl-O-(1H-benzo-

triazol-1-yl)uronium hexafluorophos-

phate
High-pressure liquid chromatography

Homogeneous time-resolved
fluorescence

Half maximal inhibitory concentration
Indocyanine green

Inductively coupled plasma mass
spectrometry

Coupling constant
Inhibitory constant (M)
Dissociation constant (min)
Kirsten rat sarcoma gene

Lithiumdiisopropyl amide

Mouse
Molar (mol/TL)

Mitogen-activated protein kinase

Methyl

Mean fluorescence intensity
Magnetic resonance imaging
Not applicable

7-Nitrobenzofurazan



NBS
n.d.
NHS
nm

NMR

Ol

pAfBPP
PAMPA

PBS
PDAC
PEG
PFP
ppm
PTP
PyBOP

qRT-PCR

ref

tpm
RT
SAR
SFC
SNAP
SPAAC

SPIO
STED

T
T3P

N-Bromosuccinimide
Not determined
N-Hydroxysuccinimide
Nanometer (109 m)

Nuclear magnetic resonance

Optical imaging
Partition coefficient
Photoaffinity-based protein profiling

Parallel artificial membrane permeability
assay

Phosphate buffered saline
Pancreatic ductal adenocarcinoma
Polyethylene glycol
Perfluorophenol

Parts per million

Plectin-1 targeting peptide

Benzotriazole-1-yl-oxy-tris-pyrrolidino-
phosphonium hexafluorophosphate

Real-time quantitative reverse trans-
cription polymerase chain reaction

Relative centrifugal force
Rotations per minute

Residence time (min)

Structure activity relationship
Superecritical fluid chromatography
Type of self-labeling protein tag

Strain-promoted azide-alkyne
cycloaddition

Superparamagnetic iron oxide

Stimulated emission depletion

Triplet
Longitudinal relaxation

Propanephosphonic acid anhydride

NCS
nHep
NIR
nM
NOTA

OP
p53
PALM
PanIN

Pd/C
PDB
PET
PI
PSA

py-

quant.

R¢

r.t.

SERS
SiR
sol.

SPECT

SST>R
STORM

T

Tacn

Isothiocyanate
n-Heptane
Neat-infrared
Nanomolar (10 M)

2,2'2"-(1,4,7-Triazonane-1,4,7-triyl)tri-
acetic acid

Optimization
Tumor protein p53 gene
Photoactivated localization microscopy

Pancreatic intraneoplasia

Palladium on charcoal

Protein data bank

Positron emission tomography
Photoacoustic imaging

Polar surface area

Pyridine

Quartet

Quantitative

Retention factor

Room temperature

Singlet

Surface-enhanced Raman spectroscopy
Silicon-Rhodamine fluorophore
Solution

Single-photon emission computed

tomography
Somatostatin type 2 receptor

Stochastic optical reconstruction
microscopy

Temperature
Transverse relaxation

1,4,7-Triazonane



TATE

TBTA

TETA

THC
TOF

Ts

VS.

wT

Octreotate, cyclic peptide targeting
SST>R

Tris(benzyltriazolylmethyl)amine

2,2' 2" 2"-(1,4,8,11-Tetraazacyclotetra-
decane-1,4,8,11-tetrayl)tetraacetic acid

A%-Tetrahydrocannabinol

Time-of-flight

Tosyl

Volume

Versus

Wild-type

TBAF

TBTU

TFA

THF
TR-FRET

[OAY)
VEGFR2

tetra-IN-Butylammonium fluoride

2-(1H-Benzotriazole-1-y])-1,1,3,3-
tetrameth-ylaminium tetrafluoroborate

Trifluoroacetic acid

Tetrahydrofuran

Time-resolved fluorescence resonance
energy transfer

Ultraviolet

Vascular endothelial growth factor
receptor 2

Weight



1. Motivation and Background

1.1. Molecular Imaging

In 1665, Robert Hooke described in the essay “Micrographia” his observations using a microscope,
including compartment-like structures in cork samples — which he termed cells.!" The foundations of
modern light microscopy were established 200 years later by Ernst Abbe with the demonstration that
the resolution of a focusing light microscope is limited by diffraction.” In the same decade, Rudolf
Virchow founded the field of cellular pathology by correlating the understanding of diseases with
cellular abnormalities.”! The emergence of the synthetic fluorescent dye industry'® — in particular, the
synthesis and commercialization of fluorescein by Adolf von Bayer in 1871F — aided Paul Ehtlich in
developing his innovative cellular staining techniques,”’ which lastly evolved into the magic bullet
concept.! However, it was only after the discovery of the X-ray by Wilhelm Conrad Réntgen in 1895
that the first medical image was generated.” The image featured Ms. Rontgen hand weating her
wedding ring on the fourth finger. Over the following 125 years, the understanding of the cell,
microscopy techniques, and anatomical imaging have vastly improved upon. Nowadays, image
acquisition is performed at highly sophisticated instruments in a time-dependent manner with

resolutions evolving up the nanometer range.

With the ultimate goal of “seeing for believing”, scientists are motivated to decipher the underlying
cellular and molecular mechanisms of action driving both health and disease. Methods to directly see
into cells or see into the body have become essential tools for the study, diagnosis, and monitoring of
pathologies. Seeing is, however, not always possible in biology as size, sensitivity, resolution, and
additional concerns hamper an accurate investigation. Much research efforts have been directed
toward understanding the function of specific genes and proteins, from subcellular compartments to
humans, in a high-resolution, non-invasive, time, and costly manner. In the past two decades, the
molecular imaging field has grown exponentially as it allows for the visualization, characterization, and
tracing of biologic pathways at the cellular and molecular level.” Traditionally, medical imaging has

been exploited for diagnostic purposes, enabling the identification and localization of diseased tissues.



In contrast to solely anatomy-based imaging techniques, molecular imaging has the potential to

provide functional characterization of the molecular processes involved in pathology.

Technological advances in imaging modalities i.e. laser, camera, and processing tools have largely
impacted health care. The principles of molecular imaging can be now tailored to diverse imaging
modalities, including positron emission tomography (PET)"" and single-photon emission computed

13]

tomography (SPECT),""! magnetic resonance imaging (MRI),"? ultrasound,"” photoacoustic imaging

[16]

(PD)," optical imaging (OI),"”! and Raman spectroscopy.''” These technologies differ in spatial and
temporal resolution, depth penetration, energy expended for image generation (ionizing or non-
ionizing), availability of imaging probes, and the respective detection threshold of probes."™ ' As
each technology encounters particular limitations and challenges, choosing the appropriate readout
strongly depends on the scientific question and specific research aims. At present, molecular imaging
applications in medicine range from target validation™ and target engagement studies!"” at drug
development and pre-clinical stages to precision prevention and early diagnosis of diseases!"*>?" up

to intraoperative imaging.m]

Besides the unprecedented development of imaging technology, targeted imaging ligands have played
a central role in highlighting subcellular components that would be otherwise invisible under
anatomical imaging analysis. The discovery and exploitation of imaging agents have evolved from
more traditional pharmacological approaches — where advantage was taken from individual natural
products and drugs for probe generation — to the current higher throughput methodologies, including
phage display, DNA-encoded library screening, and fragment-based approaches.” These tools can
be applied to tackle the biological and chemical space more systematically as they allow, e.g., to study
molecular pathways, to thoroughly validate new pharmacological targets, and to transition therapeutics
into the human situation. Yet, one major concern in the field is the use of pootly characterized imaging
agents which may confound the interpretation of data and misleading biological conclusions about
target relevance. Recent publications from both academia and pharmaceutical industry underscore the
need for robust and reliable probes that are both chemically and pharmacologically fully
characterized.™ Therefore, the evaluation of several parameters, including stability, water solubility,

cell permeability, on- and off-target effects, potency, and selectivity is of paramount importance.
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Figure 1.1. Molecular imaging probe platforms developed in this thesis. A) CB2R-selective fluorescent ligand
template and B) multivalent fluorescent agent targeting pancreatic cancer.

The presented thesis illustrates a case in which the design, synthesis, and characterization of highly
specific imaging probes led to the labeling of two relevant drug targets: the cannabinoid subtype 2
receptor (CB.R) (Figure 1.1.A) and plectin-1 (Figure 1.1.B). Altogether, the fluorescently labeled
platforms shown in Figure 1.1. derived from highly versatile precursors which were carefully designed
and optimized to suit an array of biologically and pharmacologically relevant investigations. The two
following sections give a brief introduction of commonly used molecular imaging modalities as well
as highlight the key aspects of probe design and how imaging tools help to circumvent the intrinsic

drawbacks of each imaging technique.

1.2. Molecular Imaging Modalities — Overview and Applications

X-ray medical imaging has rapidly progressed, becoming the foundation of numerous modern
diagnostic imaging procedures, including mammogtraphy, tomography, and angiography.”! By the
1950s, the administration of contrast agents containing barium or iodine allowed the identification
and treatment of several cancers and pathologies in the gastrointestinal tract and brain. With the
emergence of radioactivity, nuclear medicine promptly joined the arsenal of imaging modalities. The
two most prominent tests in nuclear medicine today are single-photon emission computed
tomography (SPECT) and positron emission tomography (PET) scanning. While SPECT utilizes
gamma rays detived from radionuclides, such as ”™TC, "I, and '"'In, from which 3D images are

25

reconstructed by computer analysis,” PET is based on the detection of high-energy photon pairs

produced during annihilation collision between a positron and an electron as source for readout.?"
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Most PET is based on positron-emitting isotopes of "*F, *Cu, and ®Ga which have typically short
half-lives. Thus, incorporation of such isotopes into PET imaging tracers must occur in a cyclotron
near the PET facility for immediate application. Both SPECT and PET techniques share similar
strengths and drawbacks as they display unlimited depth penetration and high sensitivity, having the
ability to provide detailed metabolic information, but are restricted by low spatial resolution, lack of

anatomical information and high costs.

Ultrasound was first used clinically in the 1970s.””" Conversely to X-ray and nuclear medicine which
require ionizing radiation, ultrasound is based solely on sound waves.” In particular, tomographic
images are generated by the reflection of sound waves as they pass through tissues. This technique
offers high spatial resolution and provides excellent anatomical features for coregistration with
molecular information. Despite plenty of targeted imaging agents that have been designed for
ultrasound applications, these molecules have often large sizes (>250 nm), which may hamper tissue
penetration.” Therefore, ultrasound is commonly used for noninvasive imaging of the abdomen and

pelvis, including imaging the fetus during pregnancy.

Magnetic resonance imaging (MRI) and optical imaging (OI) also evolved during the 1970s."” Both
modalities have the advantage of not requiring ionizing radiation and have considerably impacted the
(bio)medical imaging field. The ability of MRI to provide soft tissue discrimination allowed clinicians
to obtain eatlier diagnoses. MRI images are generated from differences in longitudinal (77) and
transverse (T2) relaxation times of a specific active nucleus, such as 'H and "F, in different tissues
when specific radiofrequency pulse sequences are applied.”"! By exploring proton density, perfusion,
diffusion, and biochemical contrasts, MRI has the advantages of high spatial resolution and good
depth penetration, offering anatomic, physiologic, and metabolic information. The primary limitation
of MRI is its low sensitivity, which is partially overcome by longer acquisition times and the use of
imaging agents for contrast enhancement. Especially, targeted paramagnetic, e.g., gadolinium(I1I)
complexes and superparamagnetic, e.g., iron oxide nanoparticles (SPIO) contrast agents increase
signal contrast in the tissue of interest by disturbing the local magnetic field, either Ti or T5.°" In
particular, these agents are indirectly detected by their effect on bulk water molecules and the
magnitude of this effect is strongly influenced by their chemical properties.”” Taking advantage of
these tunable properties, state-of-art MRI contrast agents are being explored as activatable tools,
whose signal is modulated upon physiological changes, e.g., pH, enzymatic activity, and temperature.

In the clinics, the vast majority of MRI contrast agents are composed by small, hydrophilic
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gadolinium(II1)-based complexes.” The chelating cage has the important role of reducing the
inherent toxicity of gadolinium(I1I) ions and enhancing its excretion of the human body. These tools
are primary indicated for imaging lesions of the central nervous system, with secondary applications

bearing liver and angiographic imaging.

Optical imaging (OI) is one of the most successful imaging modalities for preclinical studies, as it
allows for real-time monitoring of molecular events in a highly sensitive, throughput, and inexpensive
fashion. Recent clinical applications of OI comprise image-guided surgery” and ophthalmic,
cardiovascular, and cancer imaging.” Particularly for 7z vivo applications, this modality covers a range
of techniques which can be divided into bioluminescence and fluorescence imaging. Whilst
bioluminescence imaging depends on luciferase expression, an enzyme available in nature and
responsible for the glowing of some insects, jellyfish, and bacteria, fluorescence imaging detects light
emitted from fluorescent reporters, including organic dyes,” quantum dots,” and lanthanides.” A
major advantage of fluorescence imaging is the possibility of multichannel imaging experiments by
simultaneously applying multiple fluorophores containing different photophysical properties.”
Fluorescence emissions in the visible region (400—650 nm) usually have limited utility for 7z vivo
imaging settings due to attenuation and scattering of light as well as interference caused by
autofluorescence from endogenous substances, including cytochromes and hemoglobin. These
drawbacks are minimized in the near-infrared (NIR) window (650-900 nm) which enables deeper
penetration depths — up to 10 cm.*” In addition, many new technologies and techniques have been
developed that allow for combinations of deeper and faster, imaging at a higher resolution. For
example, two-photon fluorescence microscopy allows for imaging thick samples, e.g., tissues both 7
vitro and in vivo by applying pulsed NIR excitation light."!! The excitation occurs when fluorescent
molecules absorb two photons simultaneously, thereby producing higher energy (700-1000 nm). This
effect increases penetration depth, while limiting bleaching and phototoxicity. Alternatively, the
nonlinear properties of fluorescent molecules, e.g., switching behaviors and on/off states enable to
surpass the light diffraction limit.*? The so-called super-resolution or nanoscopy techniques have
demonstrated to resolve images in a 10-100 nm resolution range. Current super resolution methods
fundamentally differ in the excitation mode of fluorophores and in the detection of emitted photons.
Most common approaches for biological imaging are photoactivated localization microscopy
(PALM),™ stochastic optical reconstruction microscopy (STORM),* and stimulated emission

depletion (STED).*!
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During the 1990s, photoacoustic imaging (PI) emerged as a new non-invasive imaging methodology.*’

This technique typically uses short-pulsed electromagnetic radiation as probing energy, while detecting
ultrasound generated by photon absorption and thermoelastic expansion. The photoacoustic effect
can be either generated by endogenous, e.g., cytochromes and hemoglobin, or exogenous absorbers,
e.g., porphyrin-based derivatives. Because ultrasound undergoes considerably less scattering and
attenuation in tissue compared with light, PI provides high spatial resolution and deep tissue
penetration. Modern photoacoustic devices enable real-time visualization of physiological,
morphological, vascular, and molecular details of diseased tissues.”’! Such measurements, however,

still lack sensitivity in detection and image acquisition.

Raman scattering of light by molecules was first observed by Raman and Krishnan in 1928, however,
it was only in the late 1990s that this technology has been applied to characterize biological systems.*’
Raman spectroscopy explores monochromatic light, from the NIR up to the ultraviolet (UV) range,

to generate the Raman scattering effect, i.e., inelastic scattering of photons,*”

which is dependent on
the vibrational modes associated with chemical bonds within the analyzed sample. During such
experiments, each compound displays unique energy levels which it translates to a specific spectrum

P For example, the Raman spectrum of a cell or tissue can provide detailed

or Raman fingerprint.
information on their chemical composition in a non-invasive manner.”'! As spontaneous Raman
events are of low-probability, being detected only in a small fraction of the scattered light (circa 1 in
107, Raman spectroscopy lacks the required sensitivity for clinical applications.” To enhance
sensitivity and penetration depth, variations of the Raman spectroscopy technique have been
developed over the years, allowing for imaging studies to be conducted 7 vivo.”" In particular, surface-
enhanced Raman spectroscopy (SERS) explores metal nanoparticles, usually gold or silver, in
combination with fluorophores, such as cyanine (Cy) dyes, to increase Raman scattering. This

approach enables image acquisition with superior sensitivity over label-free analysis with the possibility

of multiplexing, i.e., detecting multiple analytes, thereby improving diagnostic specificity.

Currently, various imaging modalities can be used to access specific molecular targets — certainly,
depending on the application, some techniques are better suited than others. Nevertheless, no single
modality is perfect and sufficient to provide all the necessary information on the structure and function
of a subject. For example, PET displays high sensitivity but poor spatial resolution, MRI has good

resolution yet low sensitivity and OI offers real-time images with remarkably high sensitivity and

14



[16b, 17

resolution but has limited penetration depth. I"The general characteristics of the imaging modalities

here described are summarized in Table 1.1. and Figure 1.2.

Table 1.1. General characteristics and brief comparison of the imaging modalities described here.[1>. 1]

Modalit Type of Most Common Sensitivityl2] Spatial Penetration  Clinical Costslc] Information
Y Radiation Contrast Agents  (mol/L) Resolution[’] Depth Availability provided
High-  Radioisotopes, such Hich L Metabolic, 3D
SPECT  energy as ®Tc, !n, 251, G 80 5-5\;@ >500 mm Yes High biodistribution of
¥ rays 7Lu ( ) O SPECT tracers
Lower-  Radioisotopes, such Very hioh Lo Metabolic, 3D
PET encrgy a1, IIC, #Ca, | o1 0512) (12 r;”m) >500 mm Yes  Very high biodistribution of
¥ rays 68Ga, 897t PET tracers
High- Microbubbles gty Very high Anatomical
Ultrasound frequency (encapsulated inert . 10-150 mm Yes Moderate . .
sound 0as) characterized  (30-800 um) information
Gd?*and Mn?* 3D anatomy.
Radio complexes, SPIO, Low High . . I
MRI waves 1F enriched (105-10) (< 100 ) >500 mm Yes Very high Ph} slologlcal
compounds information
Very high 7n
. Fluorophores, . vitro (10 — 100 Optical Real-time
(0)} Kﬁ{b }16 Lci quantum dots, a Oljf%tol—ﬂ) nm); 1-10 mm guided Low functional
& lanthanides Moderate in vivo surgery information
(1-3 mm)
Photosensitizers: Functional and
. NIR dyes, gold Not fully Very high . .
PI NIR light nanorods, carbon characterized (80-1000 pm) 10 mm Emerging Moderate ‘anatomlf:al
nanotubes information
High Functional
Raman  Visible light metal nanoparticles Very high information,
SERS  tonear UV with fluorophores (C?:l(%%i{?le <100 nm Up to 50 mm No Moderate molecular and

chemical content

2] Ability to detect the probe relative to the background; [Pl Measure of the accuracy and detail of graphic displayed
in the images; I This includes the cost of equipment and cost per study; 14! Sensitivity limits not determined.
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Figure 1.2. Comparison of the resolution and penetration depth of the discussed imaging modalities.
Usually, resolution decreases as depth increases, rendering modalities such as PET and MRI suitable for imaging
whole organs 7 vivo whereas modalities with higher resolution such as OI are best suited for ex viwo and in vitro
imaging at the sub-cellular level.
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Amongst all these methodologies, the design of appropriate imaging probes is key to distinguish
particular biological mechanisms of action and to reflect this information in the format of images.
Therefore, it is presumable that important breakthroughs in the molecular imaging field will be largely
due to the interdisciplinary efforts of synthetic chemists, molecular biologists, biomedical and imaging

scientists.

1.3. Molecular Imaging Probes

Besides the preferred imaging read-out, molecular imaging relies on the appropriate target or
biomarker selection and the generation of reliable targeted imaging ligands. With the advance of
genomics and proteomics as well as the increased knowledge on disease etiology, however, target
identification has become an extremely faster process than probe development.” As a consequence,
the pathophysiological rote of several pharmacological relevant targets remain uncharted due to the
lack of appropriate chemical tools. Because of the central role of contrast agents in molecular imaging
investigations, the design and validation of these molecules is one of the major research interests

within the field.['7 5l

By definition, imaging probes are thoroughly chemically characterized small molecules of well-defined
biological affinity and selectivity which are used to visualize and investigate complex biological
systems.” The underlying differences between molecular imaging tools and conventional drugs
reside in their distinctive application purposes, design strategy, and characterization.”” For example,
drugs are intended to treat abnormalities, and thus, may act on multiple targets in a
polypharmacological approach to produce the desired clinical benefits. Whereas imaging ligands must
be extremely selective to deliver accurate diagnostic information and address specific questions related
to functional aspects of the target in the context of the disease — e.g., determining downstream
signaling cascades related to specific phenotypes and investigating the mode-of-action of a
pharmacophore. In particular, such tools enable the synergistic evaluation of the drug, the target, and
the biological response, providing means for scientists and clinicians to identify and elucidate the
molecular mechanisms triggering disease. In addition to their clinical applications which include

disease diagnoses, assessment of treatment response, and surgery-guided options, imaging agents are
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now an important component of drug development.'® *** During early drug discovery research,
labeled derivatives are used to determine expression levels of the target and its function, providing
information related to biodistribution, pharmacokinetics, target engagement, toxicity, and dose

selection of drug candidates.¥

A molecular imaging probe is generally constituted of three main components: (7) a reporter or
contrast enhancing unit, (%) a recognition element (ligand or pharmacophore) that tolerates further
chemical functionalization while preserving its affinity and selectivity towards the target, and (7z) a
linker that separates these two functionalities (Figure 1.3.)."”) Each of these constituents represents
unique challenges for the design of a successful probe. The reporter unit produces the signal for
imaging purposes and its nature will depend on the application of the probe in a respective imaging
modality. Signal agents span from radionuclides for PET and SPECT to magnetic complexes for MRI
up to fluorophores for OI, PI, and Raman-based SERS (see Table 1.1., Section 1.2.). The recognition
element directs the probe to the site of interest and interacts with the target of a particular biological
process. Any targeting ligand, such as drugs, natural products, endogenous molecules, peptides,
proteins, antibodies and its fragments, can be exploited as recognition element. By connecting the
reporter with the recognition element, the linker minimizes the interaction between these two
moieties, thereby, avoiding detrimental effects of the often bulky and charged signal agent with the
target. Importantly, the linker composition has a significant impact on the pharmacology and
biodistribution of the probe.!! Thus, the length, flexibility, hydrophilicity, and charges are key features
to be considered during linker selection. Another crucial aspect is the linker attachment point at the

ligand as choosing the “wrong” position may lead to complete loss in affinity and/or selectivity./””

In general, the composition of molecular imaging probes can be categorized into three major
approaches: the linear, the multivalent, and the multimodal (Figures 1.3. to 1.5.).°" The linear design
is probably the most common approach and involves the coupling of the ligand with the reporter unit
through a linker (Figure 1.3.A). One example of this labeled ligand class was developed for targeting
the somatostatin type 2 receptor (SST2R) which is known to be overexpressed in a variety of cancers.””
The cyclic peptide octreotate (TATE, 1.1, Figure 1.3.B) was selected as recognition element for
labeling at the N-terminus with a Sulfo-Cy5 dye (1.2, Figure 1.3.C). In a cell-based assay using cancer
cells expressing the SST2R, compound 1.2 displayed an ICso of 106 nM which corresponds to a fivefold

decrease in potency when compared to the parent TATE structure (1.1: 1Cso of 20 nM).* Therefore,

17



this case study demonstrates how the introduction of a signal agent can influence the overall binding

properties of the ligand conjugate.
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Figure 1.3. The linear probe design strategy combines the recognition element of choice with the reporter
unit through a linker. A) Schematic representation of this design strategy, B) structure of the recognition element
TATE chosen for probe development (1.1),4 and C) SST>R-targeted fluorescent probe 1.2.164 Modified after K.
CHEN et all>"]

The combination of multiple ligands via covalent linkage to a template generates multivalency (Figure
1.4.A). Many studies have described the benefits of compound multimerization to enhance target
avidity and 7z vive retention times at the site of interest.”” For this design strategy, a delivery vehicle,

[66

such as a nanocapsule, can also function as a linker.) For example, multiple units of the TATE
peptide (1.1, Figure 1.3.B) were employed for assembling the SST>R-targeted liposomal PET tracer

1.3 (Figure 1.4.B)." The TATE peptides were conjugated via thiol-maleimide Michael- addition type
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Figure 1.4. The Multivalent probe design combines multiple recognition elements and the reporter unit via
covalent linkage to a template. A) Schematic representation of this design strategy, B) multivalent somatostatin

type 2 receptor-targeted PET tracer 1.3,1671 and C) monovalent SST>R-targeted control 1.4.1°1 Modified after K. CHEN
et all>7)
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reaction to a PEG-ylated liposomal drug cartier with an encapsulated “*Cu positron emitter. PET
images applying multivalent derivative 1.3 demonstrated very good z vivo uptake at the tumor region
in comparison to surrounding healthy tissues. Moreover, this uptake was twofold higher than the

monovalent TATE-tracer 1.4 (Figure 1.4.C) which was used as control for these PET expetiments.*”
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Figure 1.5. The dual-imaging design combines the recognition element with several reporters to enable
complementary imaging read-outs. A) Schematic representation of this design strategy and B) dual-OI and PET
probe 1.5 targeting the SST>R.[8 Modified after K. CHEN ez a/[>7]

Alternatively, the ligand can be conjugated to several reporter units for dual-imaging applications
(Figure 1.5.A).1°" %I Using this concept, the advantages of two imaging modalities are combined, whilst
at the same time reducing the disadvantages of both. However, the synthesis of such a compound is
an extremely challenging task as it requires a ligand with two amenable positions for conjugating both
linker-reporter unit constructs. Each signal agent introduces a large amount of steric bulk to the probe
scaffold which can significantly alter the pharmacology and physicochemical properties compared to
the unconjugated recognition element. The TATE peptide (1.1, Figure 1.3.B) served as starting point
for the synthesis of a multimodal OI and PET agent containing a NIR-dye at the side chain of the
lysine amino acid and a *“Cu-DOTA group at the N-terminus (1.5, Figure 1.5.B).*! These
modifications led to a 19-fold loss in activity towards the SST>R when compared to the unlabeled

peptide (1.1).
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The best design approach for probe development will depend on the specific target and imaging
modality and to achieve optimal performance, each component of the construct must be thoroughly
investigated.”” As illustrated by the TATE-based ligands (Figures 1.3. to 1.5.), the conjugation of the
linker and reporter unit affects the structure, physicochemical and pharmacological properties of the
recognition element. Therefore, the imaging probe should be considered as a completely new
pharmacological entity when compared to the parent ligand and be fully characterized before its use
in further studies. Overall, imaging agents should display good solubility and stability in aqueous media
in order to avoid unwanted aggregation, be readily available in pure form, and have known cell
permeability."” High-quality probes are pharmacologically well characterized, exhibiting high potency
and selectivity profiles. Moreover, such tools need to demonstrate target engagement and, in some
cases, even modulate a relevant biochemical pathway in cells. These parameters require experimental
characterization not only from cell-free assays but also from multiple cellular test settings and/or
whole animal assessment. Evaluation of these properties provides a robust characterization of the
imaging ligand and helps to determine their suitability for exploratory biology. In addition, to minimize
off-target effects and avoid false conclusions, the use of precisely designed control derivatives with

distinct recognition elements and/or inactive analogs is of utmost importance.

1.4. General Aim of this Thesis

The present thesis aims at the development, characterization, and application of two distinct optical
imaging probe platforms. For both projects, a modular synthesis concept was applied to enable
recognition element and reporter unit selection tailored for a multitude of imaging investigations and

test settings.

The first part of this thesis describes the design, synthesis, and biological iz vitro evaluation of
fluorescent ligands to visualize the cannabinoid type 2 receptor (CB2R), a relevant pharmacological
target correlated with the onset of inflammation (Chapter 2.). The focus was set on the generation of
a CB2R-specific fluorescent probe template based on the linear design approach (Figure 1.3.A, Section

1.3.) exploring two small-molecule recognition elements derived from a CB:R agonist drug discovery
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program from Hofmann La-Roche. In particular, this labeled compound should display high affinity
towards human and mouse CB.R while retaining selectivity over the cannabinoid type 1 receptor
(CBiR) subtype. Assisted by molecular modeling studies performed at Hofmann ILLa-Roche by DRr.
WOLFGANG GUBA, two different attachment sites were investigated at each pharmacophore for linker
conjugation (Section 2.1.1.). For both attachment sites, the linker properties were investigated through
modifications of its length and composition. Of special interest was to identify a robust linker exit
vector pointing towards the extracellular space of the receptor. This design would allow the

introduction of diverse fluorescent dyes useful in a broad range of biological applications.

For the second project, the 1,4,7,10-tetraazacyclododecane (cyclen) scaffold was exploited for the
design of a multivalent probe template (Figure 1.4., Section 1.3.) targeting plectin-1, a cytoskeleton
protein known to be overexpressed in pancreatic cancer (Chapter 3.). A plectin-1 targeting peptide
sequence (PTP, NH,-KTLLPTPC-COOH) was selected as recognition element and two cyanine dyes,
Cy3 and Cy5.5 served as reporter units. A modular synthesis approach was envisioned applying
subsequent ¢/ck chemistry reactions, i.e., biocompatible reactions that are simple to perform, provide
high conversion rates to the product, and are broad in scope.”! While Michael type addition reaction
of cysteines and reactive thiols was planned to introduce three PTP sequences, the cyanine dyes would
be attached through amide coupling or Copper-mediated azide alkyne cycloaddition (CuAAC). To
evaluate the influence of multiple ligands on pancreatic cancer imaging, monovalent control congeners

following the linear design (Figure 1.3.A, Section 1.3.) were additionally synthesized.

22



2. Tracing the Cannabinoid type 2 Receptor with a Fluorescent Probe

Toolbox

2.1. Introduction
2.1.1. G Protein-Coupled Receptors

G protein-coupled receptors (GPCRs) are key mediators of a wide range of cell signaling processes.™
Due to their therapeutic potential in disease modulation and their chemical tractability as membrane
proteins, GPCRs constitute one of the most important druggable human receptor families.™ Tt is
currently estimated that 35% of the approved drugs target GPCRs,™ and these drugs act in diverse
therapeutic areas, including neurological, inflaimmatory, cardiovascular, respiratory, and
gastrointestinal disorders.”” Structure-based tools are largely explored for GPCR drug design and lead
optimization.”” Recent crystal structures have the ability to reveal the three-dimensional structure of

GPCRs, location of bound ligands, and details regarding receptor-ligand interactions.

Generally, GPCRs share a highly conserved structure, consisting of seven transmembrane helices (I
to VII) linked by three intracellular loops (ICLs), and three extracellular loops (ECLs)"" (Figure 2.1.).
The GPCR superfamily is subdivided into classes based on amino acid sequence homology and

common physiological ligands,"

such as neurotransmitters, hormones, cytokines, metabolites, and
odorants.” In particular, the human proteome encompasses five of these subfamilies: thodopsin
(class A), adhesion and secretin (class B), glutamate (class C), as well as frizzled and smoothened (class
F)." Among these, the Rhodopsin family contains the largest number of receptors, including many

well-characterized drug targets. An example of this receptor class is the family of cannabinoid

receptors, which are the subject of this thesis chapter.
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Figure 2.1. General structure of a GPCR. Views from within the membrane plane (%f?) and extracellular side (righ?)
represent the typical seven-pass transmembrane GPCR architecture. The 3D structure shown is from the active state
of the CB2R, a representative class A GPCR, co-crystalized in complex with the agonist AM12033 (PDB 6KPF).[81
Transmembrane domains are colored from the N-terminus (dark blue) to the C-terminus (dark red). ECLs —
extracellular loops, ICLs — intracellular loops.

The activity of a GPCR is defined by its conformational state, which ranges from inactive to multiple
active states.* In the absence of bound ligands, GPCRs exhibit variable basal activities. Upon binding,
each ligand displays a characteristic efficacy, i.e., the ability to activate or deactivate its target, which
affects their pharmacological properties. According to the inherent efficacy, GPCR modulators are

classified as full agonists, partial agonists, antagonists, and inverse agonists (Figure 2.2.).1%’
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Figure 2.2. Representative plots of signaling activity versus ligand concentration illustrating different
GPCR efficacies.

In brief, full agonist binding induces conformational changes to an active state of the receptor,

maximizing signaling response. Likewise, partial agonists also promote receptor activation but elicit
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submaximal stimulation, even at saturating concentrations. Antagonists prevent binding of other
modulators without modifying the basal activity of the target. Conversely, inverse agonists shift the
receptor conformational equilibrium toward inactive conformations, thereby decreasing the level of

activity below that of the unbound receptor.™™

Agonist binding activates the receptor by inducing conformational changes that trigger signal
transduction mediated by G proteins, GPCR kinases (GRKs), and arrestins’®¥ (Figure 2.3.). Coupling
of heterotrimeric G proteins to the receptor generates dissociation of the Ga subunit from the Gy
subunits that regulate different downstream effector proteins, stimulating the production of second
messengers such as cyclic AMP (cAMP), calcium, and phospholipases. Activation of the receptor may
also promote phosphorylation by GRKSs which is followed by coupling to arrestin. Signal transduction
mediated by arrestins leads to receptor desensitization and activation of downstream cascades,
including mitogen-activated protein kinases (MAPKs) and tyrosine kinases. In addition, arrestin
activation stimulates endosomal receptor internalization and subsequent receptor degradation or
recycling to the plasma membrane. The signaling modulation through G protein and arrestin pathways
varies according to the ligand, and those that preferentially modulate one pathway over the others are
referred to as biased ligands.™ Importantly, differences in biased signaling critically affect the

therapeutic properties of drugs acting on GPCRs, and offers new mechanisms for reducing side effects.
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Figure 2.3. Schematic diagram of GPCR signaling. Activated GPCRs induce signal transduction through
independent signaling pathways via either G proteins (%f?) or GPCR kinases (GRKSs) and arrestins (rzgh?). Modified
after D. HILGER ¢ a/®4
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Despite recent advances in the structural characterization of many GPCRs," specific ligand-receptor
interactions that drive the essential conformational changes and ultimately result in activation or
inhibition of receptor-mediated signaling pathways remain uncharted. Understanding the
pharmacology of an unmodified receptor in its native cellular environment and tracing of specific
signaling cascades upon modulation is extremely important for the development of new and more
efficient drugs. Here, molecular imaging provides diverse opportunities to evaluate the chemical

environment and intermolecular interactions of GPCRs.%

In particular, optical imaging (OI)-based
techniques applying fluorescent probe modulators enable real-time visualization of protein trafficking
and monitoring of many dynamic downstream pathways (see Sections 1.2s and 1.3.). Depending on
their photophysical properties, fluorescent ligands can be applied to plenty of spectroscopic
approaches, including confocal microscopy for high-resolution images, fluorescence activated cell
sorting (FACS) for target engagement and selectivity studies, time-resolved fluorescence resonance

energy transfer (TR-FRET) for equilibrium and kinetic binding investigations, and automated confocal

microscopy for high-throughput screening assays."”

2.1.2. Exploring the Cannabinoid Type 2 Receptor (CB:R) as a Drug Target

The therapeutic and psychoactive properties of the plant Cannabis sativa have been known for centuries.
However, research on cannabis chemistry and pharmacology advanced slowly. Over neatly a century,
several unsuccessful attempts were made to isolate in pure form active marijuana constituents and to
elucidate its structures.™ The lack of success of former trials could retrospectively be explained by
the numerous constituents of cannabis with closely related structures and physico-chemical properties,
which hampered their separation. In 1964, MECHOULAM and co-workers”™ were able to obtain and
characterize A’-tetrahydrocannabinol (THC, 2.1), one of the most important active components of
the plant (Figure 2.4.A). Since then, THC (2.1) has been the subject of many scientific investigations
due to its intriguing biological properties.”"! In the eatly 1990s, the endogenous signaling system

responsible for the iz vivo effects of THC (2.1) was finally discovered."
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Figure 2.4. Structures of common plant-derived and endogenous cannabinoids. A) A’-Tetrahydrocannabinol
(THC, 2.1), B) N-Arachidonoylethanolamide (AEA, 2.2), and C) 2-Arachidonoylglycerol (2-AG, 2.3).

The endocannabinoid (eCB) system is a fundamental lipid signaling system present in all vertebrates
and responsible for eliciting multiple physiological processes.” The endogenously synthesized
cannabinoids, also named endocannabinoids, cannabinoid receptors, and the enzymes that metabolize
endogenous ligands are the main constituents of this system. Among the range of endocannabinoids,
the two most well-known lipid-signaling molecules are N-arachidonoylethanolamide (anandamide,
AEA, 2.2, Figure 2.4.B) and 2-arachidonoylglycerol (2-AG, 2.3, Figure 2.4.C)." Unlike most
neurotransmitters, such as acetylcholine, dopamine, and serotonin, AEA and 2-AG are not stored in
vesicles but are rather synthesized when and where they are needed.” The biosynthesis of 2-AG (2.3)
is mainly performed by diacylglycerol lipases and phospholipase C,” and degraded by
monoacylglycerol lipase,”” while AEA (2.2) is produced by N-acylphosphatidylethanolamine
phospholipase D NAPE-PLD),” and metabolized by fatty acid amide hydrolase (FAAH).”

At present only two cannabinoid receptors — cannabinoid type 1 receptor (CBiR) and cannabinoid
type 2 receptor (CB2R) — have been cloned, characterized, and confirmed as key members of the

endocannabinoid system.> 'l

Besides the modulation of various intracellular signal transduction
cascades via G protein, GRK and arrestin signaling pathways, the eCB receptors are known to undergo
ligand dependent biased modulation!"""! and display interspecies differences.""” Cannabinoid receptors
share common features such as structure similarity and signaling mechanisms but largely differ in
tissue distribution."” The CBiR is mainly expressed in the central nervous system — being one of the
most abundant GPCR in the brain — and to a lesser extent in peripheral tissues.!""™ Whereas the CB.R
is found throughout the periphery and is primarily expressed in immune cells, having very low to
undetectable expression levels in the central nervous system (CNS) under basal conditions."”
Immediately after their discovery, these receptors have received considerable attention by both
academic and industrial settings. The potential of CBiR receptors as target for diseases of the CNS
and also peripheral disorders has been limited, however, by the psychoactive side effects derived from

synthetic ligand antagonists — especially due to reports of severe depression and suicide."” Because

of these unwanted responses, cannabinoid research has shifted the focus to CB2R pharmacology. The
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strong upregulation of CB:R, both in the brain and periphery, occurs only under specific pathological
conditions cotrelated with the pharmacological onset of inflammation."”” Therefore, CB2R activation
may provide pharmacological benefits to treat a multitude of inflammatory conditions without
psychotropic effects derived from CB;R modulation. As most of these disorders are not only severely
debilitating but also offer limited choices of available treatment. In particular, CB;R agonist-driven
downstream signaling cascades promote reduction of inflammatory processes by altering microglia
phenotype and stimulating the production of anti-inflaimmatory cytokines."™ There is growing
evidence that impairment of CB2R signaling in inflaimmatory conditions is correlated with several
pathologies, especially organ and tissue injury.!"” Thus, many diseases including kidney, cardiovascular,
gastrointestinal, lung, neurodegenerative, and psychiatric diseases, as well as pain and cancer are

correlated with an impaired eCB system.!""”!

There are several distinct compound classes which have been reported to bind cannabinoid
receptors.'"!! Besides endocannabinoids 2.2 and 2.3 (Figure 2.4.B and 2.4.C), classical cannabinoids
are based on the chemical structure of THC (2.1, Figure 2.4.A), possessing a characteristic tricyclic
core, and synthetic cannabinoids encompass structurally diverse compounds, including

" Due to the sequence similarities between

aminoalkylindoles, diaryl pyrazoles, and bicyclic ligands.!
the cannabinoid receptors, a considerable number of cannabinoids are mixed ligands, i.e., not
discriminate between particular receptor subtypes. Nevertheless, novel synthetic and classical
cannabinoids designed to interact selectively with only one cannabinoid receptor have also been
pursued. In particular, pyridines, pyrimidines, indols, quinolones, oxoquinolines, triazines, and other

ligand series are selective modulators of the CB,R.""> 11

The only approved drugs targeting the eCB system to date are plant-derived and semi-synthetic,
including medical cannabis as well as the isolated phytocannabinoids THC (2.1), cannabidiol (CBD,
2.4), and their analogs or combinations (Figure 2.5.). Drugs containing dronabinol (2.1) and nabilone
(2.5), synthetic THC analogs, are potent dual CB;R/CB:R agonists which are administered for the
treatment of anorexia, cachexia, and chemotherapy-induced sickness."”! In contrast, CBD (2.4) is a
partial agonist of both CBiR and CB2R which is promiscuous to several other targets as well."'* Oral
CBD (2.4) has been launched for treating two forms of epilepsy: Dravet and Lennox-Gastaut
syndromes.""” Moreover, combinations of THC (2.1) and CBD (2.4) are approved in various countries
for spasticity and pain management with clinical trials being evaluated for additional implications, such

as Alzheimer's disease.!''®!
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Figure 2.5. Chemical structure and in vitro binding affinity (Ki) or functional activity (ECso) of CB2R
agonists which are launched or under active clinical development.[!'3>-117 2] The chemical structure of CNTX-
6016 was not disclosed to date, the structure activity relationship (SAR) series of this compound is described on the
patent US10112934B2.1118] h — human, r — rat.

The most advanced selective CB:R agonist under active clinical development are Lenabasum (JBT-
101, 2.6) and Olorinab (APD371, 2.7) (Figure 2.5.). While Lenabasum (2.6) is another
phytocannabinoid which is currently in phase I1I trials for several disorders, including cystic fibrosis,
systemic sclerosis, rheumatoid arthritis, and dermatomyositis.""*9 Olorinab (2.7) is a synthetic
cannabinoid composed of a tricyclic 3—5—5-fused pyrazole 3-carboxamides template that reached

phase 11 trials for abdominal pain in Crohn’s disease and irritable bowel syndrome.!""® "9

Numerous selective CB2R ligands were active in animal models of, e.g., chronic and inflammatory

[112, 119]

pain, (neuro)inflammatiory conditions, and liver and kidney fibrosis, yet only a few drug

candidates are currently tested in clinical trials (Figure 2.5., compounds 2.8 to 2.11). These ligands vary

from endocannabinoid-derived (CMX-020, 2.9) and classical cannabinoid structures (EPH-101, 2.10)
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to more drug-like synthetic cannabinoids (CNTX-6016, 2.8 and NTRX-07, 2.11) and have been mostly
explored for their analgesic and anti-inflammatory properties.'"® '* Despite the promising
experimental observations in preclinical settings, most ligands were discontinued in phase II trials due
to poor therapeutic efficacy.”"! There are many potential factors which contribute to these failures,
including (7) the lack of validation of CB.R as a therapeutic target for the patient cohort, (#) the inability
to translate preclinical iz vitro and 7n vivo pharmacology into the clinic, which is probably related to
differences across species, (7) the lack of appropriate chemical and biological tools for dose selection
in humans, and (7) the absence of target engagement studies and information on the compound’s
mechanisms of action.” Consequently, there is a tremendous need for the development of novel and
well-characterized imaging probes to address CB2R questions regarding target validation, engagement,
and signaling modulation as well as to enable further drug discovery efforts. Ideally, these tools should
have a known pharmacological profile and be devoid of any interspecies difference between rodent

and human CB.Rs to particularly tackle issues (i) and (7).

2.1.3. Imaging Tools to Study the CB:R

The high potential of CB.R as a prime drug target has promoted extensive efforts in drug discovery
and clinical research. However, the underlying receptor-ligand interactions and molecular mechanisms
driving its activation state are yet to be deciphered. The complexity of CB.R as a drug target is twofold.
On the one hand, it belongs to the GPCR family and modulates the eCB lipid signaling system which
are both biological entities characterized by promiscuous regulation of downstream signaling
cascades.” On the other hand, its intriguing functional selectivity due to the bias against a variety of
activation pathways."""™ Together, these features make investigations of physiological responses to
changes and pharmacological manipulations on the level of CB:R extremely challenging tasks.
Therefore, experimental outcomes significantly vary according to the assay’s conditions, e.g., applied
readout, cell type, receptor density, and ligand of choice."™ As a consequence, tissue and cell-type
specific receptor expression profiles remain pootly characterized. In particular, the expression of CB,R

in non-immune brain cells and at which degree its upregulation occurs in pathology are under current

debate, [101b: 108, 125]
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Because any improvement of CB:R agonists as new therapeutics requires a thorough understanding

12 many research efforts have been directed to

of their molecular and cellular mechanisms of action,
the development of new strategies and biological and chemical tools to visualize CB2R. The use of
recombinant expression systems to label CB2Rs with fluorescent and peptide reporters have enabled
initial imaging studies and purification of this receptor.'”” Nevertheless, in more pharmacological
relevant systems, such as native cells and tissues, CB:R is expressed at very low levels, even if the cells

11622, 128]

are known to be responsive to its activatio Attempts on determining CB:R expression profiles

have been made applying standard biochemical techniques, such as qRT-PCR'" and

immunohistochemistry!"”

assays. The major drawbacks of these experiments rely on the poor
correlation of mRNA levels with functional protein and the absence of sufficiently specific antibodies

for both human (h) and rodent (r) CB2R which prevents studies at a cellular or sub-cellular level."

As discussed in the previous sections, chemical probes targeting the CB2R can be applied to determine
its pharmacology, distribution, expression levels, occupancy, and follow signaling cascades both 7 vitro
and zn vive. At present, CB;R-selective PET tracers as well as covalent, fluorescent, biotinylated, and

62a, 132]

photochromic compounds have been reported.[ This section highlights the advances in the

development and applications of these tools.

2.1.3.1. Positron Emission Tomography (PET) Tracer

Positron emission tomography (PET) tracers were extensively used to study CB2R expression at tissue
level.™ This technique, however, lacks the cellular resolution required for many investigations, such
as receptor occupancy and tracing internalization events.” Radioisotope introduction at the
recognition element rarely implies significant structural changes, since a connective linker is not
required (Figure 2.6.). Thus, the synthesis of radiotracers which are highly selective toward CB2R is

considerably more straightforward than for other imaging modalities.

One of the first CB:R-selective PET tracers developed was based on the thiazole A-836339 (2.12), a
CB:R agonist form the Abbott pipeline (Figure 2.6.)."””! The [''C]A-836339 analog (2.13), however,
lacked CB.R specificity iz vivo and displayed low stability.!*” More recently the fluotinated derivative
2.14 have been synthesized with promising results in rodents."”” The first reports of a brain penetrant
radiotracer to display selective CB,R binding explored the oxoquinoline core ([''CINE40, 2.15, Figure

2.6.)."" Besides promising results in rodents, discrepancies between preclinical and first in human
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studies prevent [''C]-tracer 2.15 from further clinical applications.”” In order to improve
pharmacological parameters, such as affinity, plasma protein binding, lipophilicity, and half-life, this
scaffold has undergone several optimization rounds. However, this probe series has still metabolic
and pharmacokinetic issues, including nonspecific binding which limit their use for more relevant 7z

vivo studies.
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Figure 2.6. Structures of CB2R-selective recognition element and PET tracers.[136-138, 140] ‘These ligands are
synthetic cannabinoids which are classified by their functional efficacy at the CB2R. Their literature reported binding
affinities towards CB2R and CBiR of the respective nonradioactive analogs is given below each structure. PET
reporters atre highlighted in red.

Indole derivatives, such as the agonist [''CJGW405833 (2.16) was also applied for biodistribution

(140 1401 Dye to its relatively low binding

experiments both in rodent and rhesus monkey (Figure 2.6.).
affinity, slow washout and nonspecific binding, investigations with this ligand are unlikely to advance.
Recently oxadiazole and pyridine cores were also exploited for the synthesis of PET tracers targeting
the CB.R (Figure 2.6.). The [*F]MA3 (2.17) have demonstrated promising biodistribution in health

¢, [140c, 140d

mice and stronger brain uptake in comparison to previous tracers, but was unspecifi ! From
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an extensive structure activity relationship (SAR) on the 2,5,6-substituted pyridine scaffold, a 5-
methoxyazetidine detivative was identified with best pharmacological profile.'*! Using a fluorinated
derivative this analog (["*F]-2.18, Figure 2.6.), imaging experiments using postmortem human spinal
cord tissues from a patient with amyotrophic lateral sclerosis and a healthy control showed significant
compound uptake at diseased tissues.!**! These promising results indicate that tracer 2.18 will possibly

undergo further evaluation in neuroinflammation models.

Up to now, the poor specificity due to highly lipophilic scaffolds, lack of CB:R selectivity against CBiR,
low chemical stability, unfavorable metabolic fate, and low uptake of these radiotracers in preclinical
applications have hampered the advance of such tracers into clinical settings and the precise
characterization of CB,R expression zz vive. In addition, the higher costs, safety concerns, radioactive
synthesis, storage, and waste management further limit the applicability of PET assays from
investigations. Conversely, covalent, fluorescent, and biotinylated imaging ligands are sensitive tools
that allow for real-time imaging in living cells with a high degree of spatiotemporal resolution,®” while

eliminating radioactive material demand.

2.1.3.2. Covalent Probes

The selective covalent binding to specific amino acids of GPCRs represents a valuable method for
elucidating their structure and function, such as binding site mapping and stabilizing the receptor for
X-ray crystal structure elucidation.!"* Covalent bond formation occurs through two main mechanisms
of activation: (7) spontaneously reactive electrophilic moieties, e.g., reactive thiols, isothiocyanates
(NCS), halomethylketones, and Michael acceptors or (7) light activation of a photoaffinity group, e.g.,
azide, diazirine, and benzophenone. Usually ligands decorated with an electrophilic reactive handle are
called covalent probes and react with nucleophilic amino acid side chains, such as serine, cysteine,
threonine, while the ones containing a photoaffinity label are denominated photoactivatable probes

and are not selective to amino acid types."*!

The MAKRIYANNIS GROUP at the Northeastern University have designed the majority of covalent
probes so far described with the ultimate goal to define structural aspects of ligand recognition in
hCB:R. Initially, this group generated a covalent mixed agonist series by introducing NCS groups at
the THC scaffold."* Despite the lack of selectivity, analog AM841 (2.19, Figure 2.7.) has been used

145

to map the CB:R binding site!” and to investigate the (patho)physiological role of CB.R in
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inflammatory disorders in mouse models."*! Based on the CB:R inverse agonist SR144528 (2.20), the
CB:R-selective diarylpirazole AM1336 (2.21) was synthesized with a NCS-tag (Figure 2.7.) to enable
complementary binding site mapping investigations.!"*’! The same group also explored the THC core

148)

to prepare the first photoactivatable probe with selective CB,R binding (AM967, 2.22, Figure 2.7.).!

Covalent probes:

Classical cannabinoids

NCS

AM841 (2.19)
mixed agonist
Ki (hCByR) = 1.5 nM
K; (hCB4R) = 9.1 nM

Photoactivated probes:

Classical cannabinoids

AM967 (2.22)
CB,R agonist
K;i (hCB,R) = 125 nM
K; (rCB4R) = 1248 nM

Synthetic cannabinoids

N’ cl
a ‘\©\

SR144528 (2.20)
Recognition element
CB,R inverse agonist
K;i (hCB,R) = 0.6 nM
K; (hCB4R) = 400 nM

NCS
AM1336 (2.21)
CB,R inverse agonist
K;i (hCB,R) = 0.5 nM
K; (rCB4R) = 5.8 nM

Synthetic cannabinoids

LEIM21 (2.23)
CB,R inverse agonist
K; (hCB,R) = 63 nM
K; (hCB4R) > 10'000 nM

Figure 2.7. Structures of recognition element and covalent tools to study the CB2R.[14 147149 These ligands
are classified by type of covalent bond formation in covalent and photoactivatable probes and by compound class
as classical and synthetic cannabinoids. Their functional efficacy at the CB2R and literature reported binding affinities
towards CB2R and CB1R are given below each structure; due to plausible covalent binding this values refer to as
“apparent Ki’s”. The covalent reactive moiety is highlighted in red.

The major limitation of covalent tools is the lack of a signal agent, which would enable further imaging
studies. To overcome detection issues, the VAN DER STELT GROUP at the University of Leiden designed
a photoactivatable probe containing both a photoaffinity (diazirine) and a biorthogonal (terminal
alkyne) ligation handle (LEI121, 2.23, Figure 2.7.).'*) Thereby, enabling covalently trapping of hCB,R

upon irradiation, followed by z situ copper azide-alkyne cycloaddition (CuAAC) conjugation of the
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reporter tag in a two-step procedure called photoaffinity-based protein profiling (pAfBPP). The CB.R
inverse agonist 2.23 has been exploited for CB.R visualization in both overexpressing and primary
cells using flow cytometry for target engagement evaluation of unlabeled CB:R ligands. This
compound has great potential for monitoring of endogenous receptor expression and engagement in
human cells. However, the applications of covalent tools are limited due to the irreversible binding,
which is not appropriate for many zz vitro assays, such as kinetic studies and can lead to unfavorable 7

vivo off-target interactions due to unspecific reactivity.

2.1.3.3. Fluorescent Probes

The need for CB:R-selective fluoroprobes with reversible binding modes and improved
physicochemical properties has prompted the synthesis and evaluation of structurally diverse
compounds. Initial efforts used 7# silico tools to design 7-nitrobenzofurazan (NBD)-labeled derivatives
based on JWHO15 (2.24), a highly potent CB2R agonist (Figure 2.8.).""! Introduction of the linket-
NBD construct, however, resulted in a significant loss in CB.R affinity (NBD-2.25). Modifications at
the 3-position of the indole core for identifying less lipophilic linkers led to the discovery of the IN-
alkyl isatin acylhydrazone compound series.™ A fluorescent version of this scaffold containing a
NBD moiety generated the NMP6 probe (2.26) which retained the good affinity and selectivity values

from its parent compound (Figure 2.8.).*4

Confocal imaging and flow cytometry studies using ligand
2.26 showed specific CB2R binding on primary CD4" T cells and B lymphocytes, which was blocked
by preincubation with a CB:R agonist (GW842166X, for ligand structure see SI-1, Supplementary
figure S-1, Section 5.2.1.). Motivated by these results, the N-alkyl isatin acylhydrazone scaffold was
further explored for attachment of the more relevant far-red fluorophore BODIPY 630/650.

However, these attempts led to complete loss in affinity.!">)

Besides PET tracers, the oxoquinoline core also served as precursor for fluorescent ligands (see [''C]-
2.15 tracer, Figure 2.6.). A recent study evaluated different alkyl linker lengths at the N-1 position of
the oxoquinoline scaffold for the attachment of green-emitting fluorophores, including NBD, 4-
dimethylaminophthalimide (4-DMAP) and fluorescein.'* However, as for the scaffold of 2.26, only
one labeled derivative demonstrated CB:R binding, the 4-DMAP-labeled 2.27 (Figure 2.8.).
Compound 2.27 displayed 130 nM affinity for CB.R, being applied for flow cytometry imaging in both

hCB:R over- and endogenously-expressing cells and for confocal microscopy in overexpressing cells.
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Figure 2.8. Structures of recognition elements and CB;R-selective fluorescent probes.[130; 152, 154155 These

probes are classified as synthetic and classical cannabinoids. Their functional efficacy at the CB2R and literature
reported binding affinities towards CB2R and CBiR are given below each structure. Fluorophore structures are
highlighted in red.

However, probe 2.27 suffered from unspecific binding in these expetiments.'>¥

Fluorescent probes bearing classical phytocannabinoid-derived compounds as recognition elements
are currently under evaluation. The VERNALL GROUP from the University of Otago reported a Cy5-
labeled CB.R inverse agonist (2.29, Figure 2.8.) which displayed 42 nM affinity toward the CB:R and
131-fold selectivity over the CBiR."*" Treatment of HEK-cells overexpressing hCB:R with Cy5-
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labeled 2.29 for wide-field fluorescence microscopy analysis showed good selectivity and low
unspecific binding. However, additional attempts to replace the Cy5 dye with other fluorophores, such
as TAMRA and BODIPY were inactive on the hCB:R, underscoring that dye selection and placement

at the pharmacophore strongly influenced probe’s pharmacology.

The most selective and well-validated derivatives up to date were developed by the CARREIRA GROUP
from the ETH Zirich. Linker studies at the HU308 scaffold (2.28, Figure 2.8.), a potent CB.R agonist,
led to double-functionalized CB:R-selective ligands decorated with an electrophile moiety and a
polyethylene glycol (PEG) linker (template 2.30, Figure 2.8.)."*” Several reporter units were attached
to the recognition element-linker template, including biotin, photoswitchable azobenzene and the
NBD, DY480-XI, AttoThiol2, and Alexa488 and 647 dyes.™ The agonist 2.30 labeled with
AttoThiol2 and DY480-XL fluorophores (Figure 2.8.) were the most active with K; values of 4.7 nM
and 21 nM, respectively. These compounds were applied for flow cytometry, confocal microscopy,
and time-resolved fluorescence resonance energy transfer (TR-FRET) assay in both over- and
endogenous expressing cells with good CB:R specificity. Likewise the biotinylated and
photoswitchable analogs were highly potent, but evaluation of their 7z vitro performance has not been

performed yet.

The BAr GROUP from the Vanderbilt University developed the first successful NIR-probes targeting
the CB.R by taking advantage of a different template: the biarylpyrazole mbc94 (2.31, Figure 2.9.).l"""
This compound is a derivative of the CB:R inverse agonist 2.20 (Figure 2.7.) and was successful in
retaining high receptor subtype selectivity and CB:R affinity despite linker and fluorophore
conjugation. In the following years, the same group reported several NIR-2.31 derivatives labeled with
IRDye800CW,** NIR760", IR700DX"" and zwitterionic ZW760!""! fluorophores (Figure 2.9.). In
addition, the quinolone NIR760-Q (2.32)"*” and the pyrazolopyrimidine NIR760-X1.P6(2.33)!"" both
containing the NIR-dye NIR760 were also synthesized by the same research group (Figure 2.9.). These
compounds were applied for CB:R imaging in tumor cells and also for 7z vivo imaging but displayed
high nonspecific binding. Among these derivatives, pyrazolopyrimidine 2.33 had the best selectivity
profiles in the tested cellular settings.""” The therapeutic properties of the photosensitizer IR700DX-
[160, 164]

2.31 were also explored for the treatment of CB;R-positive tumors both 7z vitro and in vive.

Despite the promising results, no further studies exploiting these probes have been reported so far.

37



Cl

NIR760-2.31 IRDye800CW-2.31
" mbc94 (2':_51) Uncharacterized functional efficacy Uncharacterized functional efficacy
Recognition element-linker template K, (RCB,R) = 27 nM K; (NCB,R) = 260 nM
d oR) = i oR) =
Kd (hCB1R) =n.d. Ki (hCB1R) =n.d.

SO3H
IR700DX-2.31 195 ZW760-2.31
Uncharacterized functional efficacy 0;S Uncharacterized functional efficacy
K; (hCB,R) =42 nM Ky (hCByR) = 54 nM.
K; (hCB4R) = n.d. Ky (hCB4R) = n.d.

NIR760-Q (2.32)
Uncharacterized functional efficacy
Ky (hCB,R) = 76 nM
K4 (hCB4R) = n.d.

NIR760-XLP6 (2.33)
Uncharacterized functional efficacy
Kq (hCByR) = 169 nM
K4 (hCB4R) > 10'000 nM

Figure 2.9. Structures of CB2R-selective NIR-probes.['53-163] These probes are based on synthetic cannabinoid
scaffolds and have no described functional characterization. The literature reported equilibrium dissociation constant
(K,) towards CB2R and CB1R are given below each structure. NIR-fluorophorte structures are highlighted in red.
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2.1.3.4. Biotinylated Probes

Indirect generation of fluorescence by bioaffinity probes has also been applied for tracing the CB,R.
These compounds exploit the high affinity of biotin for avidin conjugates to obtain dye conjugation
via a two-step labeling procedure.” A biotinylated version of the HU308 ligand 2.28 (2.34, Figure
2.10.) was conjugated with streptavidin-Alexa488 for the visualization of CB.Rs in rat microglial cells

using confocal microscopy.*

Classical cannabinoid

O

OY\/\AH)CL/\////,H@WQ,TH

(0] S H
L
O/©><\/\/\
\
2.34
CB,R agonist
Ki (hCByR) = 44 nM

K; (hCB4R) > 5'000 nM

Figure 2.10. Structure of CB:R-selective biotinylated probe 2.34.[1%1 The probe’s functional efficacy and

literature reported binding affinities towards CB2R and CB1R are given below the structure. The biotin reporter is
highlighted in red.

2.1.3.5. Current Status and Major Limitations of the Reported Probes targeting the CB:R

Despite the elegant investigations described in this section, no reversible high affinity fluorescently
labeled ligand with favorable photophysical and pharmacological properties is currently available.
Major obstacles encountered in the development of such a set of highly versatile agents is a lack of
understanding of modular agonist probe design based on receptor-ligand interactions. The binding
affinity of such “one-probe-one-dye” conjugates strongly depends on the nature of the attached
fluorescent label, and consequently, they are likely unsuitable for multiple imaging applications.
Furthermore, the highly lipophilic nature of classical cannabinoids derived CB:R ligands, which often
serve as starting points for probe generation, when combined with highly lipophilic dyes,
synergistically leads to high levels of nonspecific membrane binding and insufficient overall properties

for reliable general imaging alpplications.“(’7J
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A further hurdle in the CB:R research field is the poor functional characterization of many CB,R
fluorescent ligands reported. Determination on how the fluorescent tool activates the receptor is of
fundamental importance since a combination of agonist and inverse agonist derived probes allows for
targeting active and inactive states of respective receptor populations and the analysis of trafficking
aspects. Current CB;R fluorescently labeled compounds with reported function and zz witro
applications ate restricted to both irreversible (2.23, Figure 2.7.)'"* and reversible (Cy5-2.29, Figure
2.8)"" inverse agonists, addressing only the inactive state of the receptor. Conversely, approved
drugs targeting the CB2R act as agonists. Therefore, the availability of reversible CB,R-agonist ligands
with direct fluorophore attachment would allow exploration of the clinically more relevant activated
state of CB:R and represent an important breakthrough and contribution to the existing CB.R probe
toolset. The first CB.R fluorescent agonists with a reversible binding mode were recently reported
exploiting the phytocannabinoid-derived HU308 (2.28) as recognition element (analog 2.30, Figure
2.8.).> However, as outlined above, ligand 2.28 displays a highly lipophilic structure, which may

limit biological its applications.

As discussed previously (see Section 1.3.), the generation of high-quality chemical probes involves
broad and in-depth validation using complementary biochemical and cell-based techniques. Additional
evaluation of several parameters, such as chemical stability, water solubility — in particular important
to avoid compound aggregation — membrane permeability, potency and selectivity are essential for the
targeted performance of such probes.” ™ Moreover, extensive pharmacological characterization of
these tools across species is crucial for the clinical development of drugs targeting the CB.R. Ideally,
these labeled compounds should have applicability for rodent and human CB:Rs at the same time to
allow for a clear and well validated translational path from preclinical pharmacological 7z vitro and
animal data to the human situation. Currently, there are no accepted biomarkers monitoring CB2R
functionality which display these characteristics to enable both the interrogation of signaling aspects
of this receptor subtype with confidence as well as an unambiguous interspecies cross-validation of

(pre)clinical dataset.
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2.1.4. Motivation for the Synthesis of a CB:R-Selective Fluorescent Ligand and Specific Aims

The successful development of new drugs targeting the CB2R strongly relies on the determination of
the downstream signaling events driving their agonistic effect.!"” However, the lack of specific and
reliable molecular imaging tools to study CB2R pharmacology currently hampers the exploration of its
therapeutic potential.”* "** 'l The acquisition and validation of such a data set requires the synergistic
combination of diverse microscopic and imaging modalities. As each technique has its intrinsic
readout that correlates to specific fluorophores, the knowledge of CB:R signaling cascades associated
with pathology will likely be built upon structurally and functionally diverse CB,R modulators.
Therefore, molecular imaging probes that can be tunable for multiple applications and have defined

functional activity — particularly agonists — are urgently needed.

Reporter unit:

Reporter — Fluorophores, e.g., NBD and Alexa dyes

HN Linker:
)Z — Placement at the reconition element
] — Composition, e.g., PEG, alkyl

43" — Lenght (n = 1to 4)
- @2( R ition element
R2 N fo) ecognition elemen
I j)kﬂ 3 — CB,R agonist
R X7 >

— High selectivity over CB4R
X=CorN

Figure 2.11. Components considered for the development of a CB:R-specific fluorescent probe: the
appropriate recognition element, linker length and attachment site, and a suitable reporter unit, i.e.,
fluorophore.

The aim of this project was to develop a robust CB2R-selective probe template where binding affinity
and selectivity would be largely independent of the reporter unit attachment (Figure 2.11.). Following
a linear design (see Figure 1.3.A, Section 1.3.), a modular synthesis strategy was adopted for fluorescent
ligand assembling. Paramount for the generation of such a derivative is the selection and optimization
of its structural components — recognition element (pharmacophore), linker, and fluorescent dye. The
recognition element should tolerate further chemical functionalization while preserving its affinity,
functional efficacy, and selectivity towards the target. Furthermore, the linker attachment point at the
pharmacophore, length, and composition are crucial aspects for fine-tuning the overall

physicochemical properties of the probe. To avoid detrimental interactions of bulky and charged
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fluorophores with the receptor,'” the linker would ideally allow for placing of the fluorescent label
outside the receptor in the extracellular space, reaching outside the binding pocket of the receptor.
These considerations were combined with an iz siico structure-based docking approach to guide

synthesis efforts.

The novel fluorescent compounds should be applicable within a range of diverse imaging modalities
while retaining the same recognition element. Therefore, a consistent interaction, i.e. activation
cascades, binding dynamics, and expression profiles, with the CB2R was measured and validated across

complementary techniques.

2.2. Results
2.2.1. Recognition Element Selection and Fluorescent Probe Design

In order to capitalize on agonist drug precursors with optimal affinity, lipophilicity, and drug-likeness,
the 2,5,6-trisubstituted pyrazine RO6839251 (2.35)!"" and pyridine RO6852763 (2.36)!""" which are
derived from a CB:R agonist drug discovery program!™*" """l were selected as starting points for
probe design (Figure 2.12.A, see Table 2.1. for full pharmacological profile). Conceptually this reduces

the risk of unspecific lipophilic interactions arising from phytocannabinoid-like derived ligands.

Physicochemical properties have direct influence on the efficacy, solubility, permeability, and
metabolism of not only drug candidates, but also chemical probes.'” For the identification of
appropriate recognition elements for the development of a CB:R-selective probe, parameters such as
atomic logP (AlogP)!"™ and polar surface area (PSA)""Y were considered. The AlogP is an estimation
of the lipophilicity of a compound (logP) which is based on the incremental contribution of each atom
to the logP. In combination with PSA values, the AlogP can be used as a first predictor of cellular
permeability — which then needs to be confirmed with experimental assays, such as the parallel artificial

membrane permeability assay (PAMPA).I'"™!
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A)

AN - g%r K; (hCB,R) = 0.2 nM
08 N2 o._ hKjratio CB4R/CB3R = 3103
\ ]AN 5 Ki(mCByR)=1.8nM
LN s N°s ALogP = 3.1
F PSA =75 A2

RO6839251 (2.35)

K; (hCB,R) = 0.2 nM
hK; ratio CB;R/CB,R = 21
o~ K{(mCB,R)=1.8nM
ALogP =5.2
PSA =53 A2

RO6852763 (2.36)

Figure 2.12. Selected recognition element scaffolds and in silico studies used for probe design. A) Drug
discovery derived agonists 2.35 and 2.36, used as starting points for the development of CB2R-selective fluorescent
ligands; B) NBD-labeled 2.106 docked into the recently published co-crystal structure of active state CB2R in
complex with agonist AM12033 (PDB 6KPF, for ligand structure see SI-2, Supplementary figure S-1, Section
5.2.1.);81 Polar and hydrophobic amino acid residues are highlighted with blue and light brown colors, respectively;
In silico studies were conducted by DR. WOLFGANG GUBA at Hoffmann La-Roche.

Table 2.1. In vitro pharmacology profiles of recognition elements 2.35 and 2.36.

K; hKi cAMP EC50[”] [nM]
E Li [nM] ratio (%oeff.) MW/ bsaml| LE AlogP [logD
ntry | Ligand Structure CBR/ g/ A7 | @ | @ [l

hCB2R |hCBiR | mCB,;R | CB;R |hCB,R|hCB{R | mCB;R mol]

aony | ®3 | ©n

=
07 | 44 1.9
(o)
2 2.36 irqj},ﬁ%(ov 0.2 5.4 1.8 27 (102) | (99) (99) 4125 53 | 03| 52 |nd
\ H
= (o)

n.d. — not determined. [ Functional potency (cAMP assay), percentage efficacy (%oeff)) given in parenthesis; [
Surface sum of all polar atoms in the molecule; [ Ligand efficiency (LE), i.c., ratio between affinity and molecular
size;11701 [ Calculated partition coefficient values (AlogP) based on the contribution of each atom to the logP;[173! el
Distribution coefficient values measured in a mixture of 1-octanol and water. Reference ligands data described in
the Pharmacological Assessment, Section 5.2.10. Radioligand binding assays performed by ELISABETH ZIRWES and
cAMP functional assays performed by ANJA OSTERWALD at Hoffmann La-Roche.

N
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e

F

The calculated physicochemical properties of the ligands 2.35 and 2.36 are superior to classical
cannabinoids with regard to AlogP and PSA, i.e., standard agonist HU308 (2.28, Figure 2.8., Section
2.1.3.) has an AlogP of 6.7 and a PSA of 27.4 A? whereas the utilized derivatives 2.35 and 2.36 have a
favorable AlogP values of 3.1 and 5.2, and PSA of 75 and 53 A2 respectively (Figure 2.12.A and Table
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2.1.). Both molecules possess subnanomolar affinities for the human (h) CB2R and similar good
binding affinity (Kj) for mouse (m) CB:R with K; values of 2 nM.I""""! Pyrazine 2.35 and pyridine
2.36 also exhibit good binding selectivity over hCBiR, which is very important for the visualization of

CB:R in the central nervous system, where CBiR is highly expressed.

Fluorescent analogs of 2.35 and 2.36 were designed with the support of molecular modeling studies
conducted at Hoffmann La-Roche by DR. WOLFGANG GUBA using the X-ray structure of the active
state of CB:R in complex with the agonist AM12033 (Figure 2.12.B; see Figure 2.1., Section 2.1.1. for
the crystal structure, PDB 6KPF; for ligand structure see SI-2, Supplementary figure S-1, Section
5.2.1.)."" Parent agonists 2.35 and 2.36 possess three potential exit vectors that have been investigated
for the elaboration of an extensive structure activity relationship (SAR) study — the positions 5 and 6
of the heteroaryl group, and the geminal diethyl group (Figure 2.12.A),1"""" thereby providing a basis
for linker placement at different positions. Candidate molecules were docked into the CB:R binding
cavity and prioritized on the likelihood of the linker trajectory to reach the extracellular space. This
analysis suggested two different linker attachment sites preferentially: one at position 6 of the

heteroaryl ring and the other at the geminal diethyl group (Figure 2.13.).

A) Pyrazine 2.35-based probe series: linker attachment at R2

Y N
F

O~ -Dye
N
?Q H

B) Pyrazine 2.35-based probe series: linker attachment at R3

o @ O @
F O\j

/S\/\/\/\ -Dye
N
% N

C) Pyridine 2.36-based probe series: linker attachment at R3

X= C VK ié ‘%{SK\/\O?:}/H‘Dye
¥

S oSS DYe
N
ks N

NBD Alexa 488

L J

Figure 2.13. Modular design of CB:R fluorescent probes and linker attachment strategies. Structure of
recognition element-linker template designed with the guidance of molecular docking for conjugation with
fluorophores, such as NBD and Alexa 488. The docking analysis suggested positions A) R? and B) R3 of the pyrazine
2.35 scaffold, or C) R? of the pyridine 2.36 scaffold as preferred for linker attachment.

Furthermore, 7n silico docking studies indicated that a linker length ranging from one to four

polyethylene glycol (PEG) units would be sufficient to reach out to the extracellular space. For a
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systematic investigation of the optimal linker, probes containing different linker lengths ranging from
one to four ethylene glycol units were planned. PEG was chosen as an appropriate linker template to
address issues of solubility and lipophilicity characteristics for CB:R-targeted ligands. However,
considering the highly lipophilic nature of the CB:R binding cavity, a less polar alkyl linker was
additionally selected in order to confirm the absence of detrimental effects by the pre-organized and
highly hydrated PEG chain along the inner surface of the receptor.'”” For evaluation of binding
affinity and physicochemical aspects, such as water solubility and chemical stability, the small,
inexpensive, and non-charged 7-nitrobenzofurazan (NBD) dye would be initially conjugated to the
probe template. The best ligand-linker systems identified 7z vitro would then be employed for the

introduction of more relevant fluorophores for biological test settings, e.g., Alexa 488 (Figure 2.13.).

2.2.2. Synthesis of the Recognition Element Scaffolds

The synthesis of pyrazine carboxylic acid precursor (2.37) has been described by our collaboration
partners!'™ (Scheme 2.1.). This route commenced with the treatment of commercially available 5-
chloro-pyrazine 2.38 with 3,3-difluoroazetidine and a base to afford derivative 2.39 in a moderate 44%
yield. Bromination of the 6-position of intermediate 2.39 using N-bromosuccinimide (NBS) and
subsequent basic hydrolysis yielded the carboxylic acid 2.41 in a good 71% yield. Compound 2.41 was
converted in a O-alkylation reaction with cyclopropyl-methanol under basic conditions to the desired

pyrazine probe precursor 2.37 in 90%yield.

(@] (@] (0]
F NH
cl” N Dioxane, 45 °C, 22 h N7 CHCl3, 60 °C, 20 h N
2.38

Br.
N N
44% yield FZC/ 75% yield FZC/

2.39 2.40

LiOH

THF, H,0, 5 h, rt.
71% yield

(0] HO (0]
A/O N w KOH Br_ _N
Sy OoH Sy OH
I B DMSO, rt,, 3 h I _
LN 90% yield e LN
F F

Scheme 2.1. Synthesis of pyrazine catboxylic acid building block 2.37.

2.37 2.4
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Picolinic acid 2.42 can be prepared in seven synthetic steps, according to literature procedures.!”" This
approach started with the introduction of a nitrile group at the 2-position of pyridine 2.43 (Scheme
2.2.). The cyclopropyl ring was subsequently installed to the 5-position of the pyridine scaffold using
Suzuki conditions to afford intermediate 2.44 in low 11% yield, over these two synthetic steps.
Treatment of compound 2.44 with 7-chloroperoxybenzoic acid (7-CPBA) afforded N-oxide 2.45
which underwent rearrangement upon trifluoroacetic anhydride treatment. Bromination at the 6-
position of the pyridine scaffold enabled a second Suzuki coupling to introduce the para-fluorophenyl
substitution in moderate yield. The final hydrolysis of the nitrile group afforded the desired acid

building block 2.42, leading to an overall 2% yield.

1) NaCN, DMSO, 100 °C, 2 h -

o
‘ N__F  2)[>—B(OH),, Pdy(dba); ‘ Ny -CN m-CPBA ,{ﬁ\ oN
B N Xantphos, Cs,CO3 & DCM, 60 °C, 12 h ‘ _
Dioxane, 110 °C, 12 h
0, i .
2.43 11% yield, over 2 steps 244 77% yield 2.45

0]
1) OQKCH)Z ,DCM, rt, 12 h

2) CBry PPh3 THF, 40 °C, 12 h

F 52% yield, over 2 steps
1) FOB(OH)Z
o Pd(dppf)Cl,, Cs,CO3 Br
N Dioxane, 110 °C, 12 h N._CN
‘ = OH ‘ A
= 2) NaOH, H,0,90 °C, 2 h =

38% yield, over 2 steps
2.42 2.46

Scheme 2.2. Synthesis of picolinic acid building block 2.42.[11]

The carboxylic acid building blocks 2.37, 2.41, and 2.42 were exploited as pharmacophores for

fluorescent ligand assembling following the design strategies discussed in Figure 2.13. (Section 2.1.2.)

2.2.3. First Approach Towards CB;R-Selective Fluorescent Ligands: Probing the R*-Position

of the Pyrazine Recognition Element as Linker Attachment Point

The initial strategy towards fluorescently labeled analogs containing the 2,5,6-trisubstituted heteroaryl

core as recognition element explored the 6-position of the pyrazine 2.35 scaffold for linker attachment
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point (Figure 2.13.A, Section 2.2.1.). The concept behind the synthesis of this series was based on a
modular approach with linker introduction and fluorophore conjugation as final steps (Scheme 2.3.).
Such an approach would allow for a systematic evaluation of the linker length and composition as well
as dye variation at the advanced probe template 2.60. This intermediate could be prepared from an

amide coupling reaction of carboxylic acid 2.41 (Scheme 2.1., Section 2.2.2.) with amino ester 2.61.

Fluorophore Conjugation
Dye _. N-arylation or Amide Coupling

+
HN

)13%5
evasn

F 2.47 to0 2.52

U 0
Br N
I y o
Amide Coupling N N
HZN)I Linker Introduction

Aryl Ether Formation
é%( — BFI j)& o — and
1 Lo

(e}

2.4

2.54 to0 2.58 2.60 2.61

Scheme 2.3. Synthesis strategy for pyrazine probe series 2.47 to 2.53: Linker introduction at the 6-position
of the pyrazine heteroaryl core.

The preparation of amino ester 2.61 as a chloride salt has been already described by using a two-step
synthetic route starting from diphenylmethylene protected glycine 2.62 (Scheme 2.4.).'"*! However,
attempts on performing the a,x-diethylation reaction of glycine 2.62 in one-pot to intermediate 2.64
were unsuccessful, even with increased amounts of base potassium bis(trimethylsilyl)amide — from 2.2
up to 6 equivalents. Full conversion to the desired compound was not observed at any attempted
condition, instead, a mixture of starting material 2.62 with mono- (2.63) and diethylated (2.64)
intermediates were obtained. The separation of these precursors also turned out to be challenging due
to the nearly identical retention factors (R¢) values under a variety of solvent systems. This procedure

led to extremely low amounts of isolated product (3% overall yield).
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To improve the outcome of this reaction, the dialkylation step was divided into two separated
reactions as shown in Scheme 2.4. (Synthetic route A). First, deprotonation of the a-carbon of glycine
2.62 using 3 equivalents of cesium carbonate, followed by alkylation using iodoethane gave
monoethylated compound 2.63 in good 59% yield. The second a-alkylation of the carbonyl group was
performed using 1.5 equivalents of potassium bis(trimethylsilyl)amide and gave diethyl intermediate
2.64 in very good 80% yield. However, after acidic deprotection of the diphenylmethylene protective

group, amino ester 2.61 could be isolated in 6% yield.

Synthetic Route A
O -, Cs,CO4 <1, [(CH3)3SilNK
O SN O DMF 0°Ctort, 30h O~ THF, -50°Ctort, 24 h
% 59% yield 80% yield
2.62 2. 63 2.64
1M aq. HCI
Et,0,0°Ctort, 15h
Synthetic Route B 6% yield

1) SOCI, EtOH,0to 78 °C, 5 h
2) Benzaldehyde, Et3;N
j}( DCM, MgSOQy, r.t., 30 h é%( 1M aq. HCI
N o 3)"1, [(CHa3)sSiloNK ©AN I " Ey0,0°Ctort, 151
THF, -50 °C tor.t., 24 h
2.65 88% yield, over 3 steps 2.66 64% yield

Scheme 2.4. Synthesis of amino ester intermediate 2.61 via the two investigated synthetic routes.

To circumvent the issues related to the Synthetic route A, the approach for the o,a-dialkylation of
amino esters reported by LU and collaborators!'™ was adapted for the preparation of building block
2.61 (Scheme 2.4., Synthetic route B). Starting from aminobutyric acid 2.65, classical Fischer
esterification conditions, followed by protection of the primary amine using benzaldehyde led to the
formation of an amino ester intermediate. Subsequent a-alkylation of the carbonyl group using the
same conditions as for diphenylmethylene 2.64 afforded diethyl ester 2.66. Benzylidene deprotection
under acidic conditions afforded the chloride salt form of amino ester 2.61 in 64% yield, without the
need for chromatographic purification. The use of diphenylmethylene or benzylidene protective
groups was crucial for the o,a-dialkylation of the amino acid building blocks since it prevented

untoward N-alkylations.

The amide coupling of carboxylic acid 2.41 with amino ester 2.61 was carried out using 4-(4,6-

dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholin-4-ium chloride (DMTMM) as coupling reagent to
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afford probe template 2.60 in 61% yield (Scheme 2.5.). Subsequent screening of the linker length and
composition was performed using PEG chains ranging from zero to five ethylene glycol units and an
alkyl chain (Scheme 2.5.). Introduction of N-Boc protected linkers was achieved using potassium
hydroxide in dimethyl sulfoxide. The consecutive deprotection of the Boc group under acidic
conditions allowed for the final N-alkylation labeling step to yield NBD-pyrazine derivatives 2.47 to
2.53. The synthesis of compound 2.47 bearing a methylene linker was accomplished with a slight

modification of the main procedure, by introducing the NBD dye to the linker before conjugation to

probe template 2.60.
) o)
BFIN\]AOH DMTMM, DIPEA BrINjAN Onr
N
7C/N N~ DCM,rt, 1h N" N7 °
F then 2.61,r.t., 24 h F7C/
F F
o
2.41 61% yield 2.60
NO, Linker, KOH
N DMSO, rt, 20 h
o\ —
N I?oc
HN HN

T 1) TFA To
DCM, 0 °Ctort, 2h @
o o
oL N o 2) NBD-CI, Cs,COj 0__N é%(o
B Né%f ~ DMF, 0°Ctordt., 24 h N ~
_ H Z H o
N N
F

O
N N
F7C/
F F
2.47:n =0, 16% yield 2.67:n =1, 30% yield
2.48:n =1, 17% yield 2.68:n =2, 26% yield
2.49: n =2, 26% yield 2.69: n = 3, 22% yield
2.50: n = 3, 2% yield 2.70: n = 4, 5% yield
2.51: n =4, 20% yield 2.71:n =5, 15% yield
2.52: n =5, 42% yield 2.72: hexyl chain, 11% yield

2.53: hexyl chain, 35% yield
Linker = B°°\H%\/O7E5/\0H : for .67 to 2.71 and 2.48 to 2.52
BOC‘N/\/\/\/OH :for2.72 and 2.53
H
Scheme 2.5. Synthesis of pyrazine-based NBD-labeled probes 2.47 to 2.53.

The low yields obtained for compounds 2.67 to 2.72 can be mainly attributed to the observed chemical
instability of the formed aryl ether intermediates under these conditions. At the 6-position of the
pyrazine core, PEG linkers underwent hydrolytic cleavage, particularly upon heating (40 °C), limiting

the alternative synthetic approaches that could be applied.
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The fluorescently labeled NBD-ligands and selected pyrazine-linker intermediates were submitted to
in vitro evaluation of their binding affinity towards the CB.R and selectivity over the CB:R subtype
(Table 2.2.).

Table 2.2. Linker studies at the 6-position of the heteroaryl cote of pyrazine 2.35 and selected unlabeled
intermediates.

R (0]
0N j)k é%(o\/ hK ratio
: SN KhCB,R K hCBR o MW
Entry  Ligand F NIN/ Ho § [nM]z (] ((::BEZRR/ [g/mol] AlogPl2l logDIb]
F R=
1 2.67 By >10000  >10000  ~ 5596 32 nd
2 2.68 B°°‘H(’\/O95/\§ >100000  >10°000 - 6037 3.1 3.5
3 2.69 B°°‘H(’\/°95/\§ >10000  >10000  ~ 6477 30 40
4 2.70 B°°\H4/\/O9;/\§ >10000 >10000 - 018 28 39
5 2.71 B°°‘H(’\/O9g/\§ >100000  >10°000 - 7358 27 3.7
6 2.72 o N y 958 4470 5 5717 49 nd
7 2.54 NSOl >10000  >10000  ~ 4595 16 11
8 2.55 NSOy >10000  >10000  ~ 5035 15 07
9 2.56 HN SOy >10000  >10000  ~ 5476 14 05
0 257 HN SOy >10000  >10000  ~ 5917 nd. nd
1 258 NSOy >10000  >10000 - 6357 L1 004
12 2.59 HN o~~~ 1213 1762 2 4715 33 15
13 247 N y ¥4 3219 1 5785 35  nd
14 248 NEP IOy >10000 2624 <03 6226 34 30
15 249 A >10000  >100000  ~ 6666 33 33
16 250 NBD\M\/O%/\; >10000  >10000  ~ 7107 nd nd,
17 25 NEP IOy >10000  >10000 -~ 747 30 31
18 252 NEP SOy >10000  >10000 - 7988 29 31
19 253 PPN y 1658 >10000  >6 6346 51  nd

n.d. — not determined. [l Calculated pattition coefficient values (AlogP) based on the contribution of each atom to
the logP;[173 Pl Distribution coefficient values measured in a mixture of 1-octanol and water. Reference ligands data
described in the Pharmacological Assessment, Section 5.2.10. Radioligand binding assays performed by ELISABETH
ZIRWES at Hoffmann La-Roche.
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The radioligand binding assays were performed by ELISABETH ZIRWES at Hoffmann ILa-Roche using
membrane preparations of Chinese Hamster Ovary (CHO) cells overexpressing either human CB,R
or CBiR. None of the conjugated derivatives, however, exhibited the appropriate affinity for hCB2R.
In addition, these molecules displayed insufficient stability in buffered aqueous media with linker

hydrolytic cleavage observed over time.!"™”

2.2.4.Second Approach Towards CB;R-Selective Fluorescent Ligands: Probing the R’-

Position with an Ether Functionality for Linker Attachment

Due to the lack of affinity, selectivity, and chemical stability of the first approach, the geminal diethyl
moiety (R’-exit vector, Figure 2.13.B and C, Section 2.2.1.) was investigated for the development of

recognition elements 2.35 and 2.36 fluorescent analogs.

Fluorophore Conjugation
N-arylation or

Amide Coupling ~---__ Dye . .
Tl Linker Introduction
HN Williamson Ether ~ H2N
2\ Synthesis
o) 0
1-4 57-4
(0] (0] HO
i hiy hiy
(0] (0] (0]
Ligand N ~ Ligand H ~ Ligand H ~
2.73 2.74 2.75: Ligand = 2.37
2.76: Lingand = 2.42
F
Ligand =

A/o N 2
:[ j/ or
. 7C/N N

F ‘ Pz

%

X

2.37 2.42

Scheme 2.6. Synthesis strategy for linker introduction through an ether linkage at the germinal diethyl
portion of recognition elements 2.35 and 2.36.
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To allow for a straightforward introduction of different linkers, a modifiable ligation handle was
required at this position. Several probe templates were docked by DR. WOLFGANG GUBA at Hoffmann
La-Roche into the binding pocket of the hCBiR crystal structure in complex with antagonist AM6538

181

(for ligand structure see SI-4, Supplementary figure S-1, Section 5.2.1.),""" which was the only
cannabinoid receptor crystal structure reported by the beginning of this project. According to the 7
silico analysis, preferred linker attachment groups would not participate in hydrogen bonding. Thus,
proton donating groups should be avoided at the linker portion. In addition, the configuration of the
chiral center generated at the a-carbon of this probe template was deemed not influential for iz vitro

potencies. In order to address these criteria, derivatives containing an ether linkage were initially

pursued (Scheme 2.6.).

Key building blocks for this synthetic pathway were alcohols 2.75 and 2.76. The synthesis of these
compounds was achieved through a hydroboration-oxidation stepwise reaction sequence of an alkene
precursor. Similar as for the preparation of amino ester 2.6, alkene 2.78 was obtained using an adapted
procedure from the literature!'™ (Scheme 2.7.). The base required for a-carbon deprotonation had,
however, to be exchanged from potassium bis(trimethylsilyl)amide to lithium diisopropyl amide
(LDA) for a better outcome (up to 98% yield). Using this protocol, alkene 2.78 was obtained in 4

synthetic steps from aminobutyric acid 2.65 without the need for chromatographic purification.

1) SOCl, 1) x"g,, LDA V4
EtOH,0to 78 °C,5h THF, =78 °C tor.t., 24 h
HaN~ O SN O - X o
2 J 2) Benzaldehyde, EtzN @ o 2) 1M aq.HClI CIH3N ~
DCM, MgS0Oy, r.t., 30 h Et,0,0°Ctort, 15h (0]
93% yield, over 2 steps 96% yield, over 2 steps
2.65 2.77 2.78

Scheme 2.7. Synthesis of amino ester intermediate 2.78.

The acid precursors 2.37 and 2.42 were conjugated to amino ester 2.78 using amide coupling
conditions (Table 2.3.). Due to the low reactivity of both carboxylic acids and the tertiary amine, the
coupling reagent used for this conversion had to be optimized. Using diisopropylethylamine (DIPEA)
as a base in dichloromethane at room temperature, the uronium coupling reagents, ie., 1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium ~ 3-oxid  hexafluorophosphate
(HATU), N,N,N',N'-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluoro-phosphate (HBTU),
and 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate (TBTU) (Table 2.3,
entries 1 to 3) as well as benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate

(PyBop, Table 2.3., entry 4), bis(2-oxo-3-oxazolidinyl)phosphinic chloride (BOP-CI, Table 2.3., entry
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5), and DMTMM (Table 2.3., entry 6) were tested for their efficiency in generating amides 2.79 and
2.80.

The best outcomes were obtained when BOP-CI was employed for the coupling of picolinic acid 2.42
with amine 2.78 (Table 2.3., entry 5) and DMTMM for the amide formation between pyridine
carboxylic acid 2.37 and amine 2.78 (Table 2.3., entry 6). Importantly, these conditions were further
exploited for subsequent amide coupling reactions involving the carboxylic acids 2.37 and 2.42.
Applying a hydroboration-oxidation reaction sequence,"* treatment of allyl amides 2.79 and 2.80 with
9-borabicyclo[3.3.1]nonane (9-BBN) afforded the desired alcohols 2.75 and 2.76 in good yields
(Scheme 2.8.).

74
0 " 0
Conditions
M M o
Ligand OH Ligand H ~
(6]
2.37: pyrazine 2.79: Ligand = 2.37
2.42: pyridine 2.80: Ligand = 2.42
Table 2.3. Coupling agents tested for the synthesis of amides 2.79 and 2.80.
Entry Coupling Agent Result (Pyrazine 2.79) Result (Pyridine 2.80)
1 HATU No conversion No conversion
2 HBTU No conversion No conversion
3 TBTU 32% No conversion
4 PyBOP 41% 24%
5 BOP-CI No conversion 54%
6 DMTMM 72% 12%

Reaction conditions: carboxylic acid 2.37 or 2.42 (1.0 equiv.), amino ester 2.78 (1.0 equiv.), coupling agent (1.1 equiv.),
DIPEA (5.0 equiv.), DCM (2 mL), room temperature, 24 h. For ligand structures see scheme 2.6.

HO

7

Q 1) 9-BBN, THF, rt., 36 h Q
o )’k o
Ligand N ; Ligand N
9 H 2) EtOH, r.t., 30 min, then 9 H

o NaOH, H,0, 0 °C, 1h 0
2.79: Ligand = 2.37 2.75: Ligand = 2.37, 64% yield
2.80: Ligand = 2.42 2.76: Ligand = 2.42, 99% yield

Scheme 2.8. Hydroboration-oxidation stepwise reaction of pyrazine 2.79 and pyridine 2.80.

The following etherification step to generate probe precursor 2.74 (Scheme 2.6.) was particularly
challenging. Both pyrazine and pyridine alcohols 2.75 and 2.76 (1.0 equiv:) were submitted to aliphatic
ether formation conditions with tosyl- and triflate-activated PEG alcohols containing either N-Boc

protected amine or a terminal azide for dye conjugation (1.5 equiv.). (Se¢e Supplementary table S-1,
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Section 5.2.2. for more detailed information on the tested conditions.) For these attempts, different
bases such as sodium hydride (7 to 12 equiv.), potassium zr#-butoxide (7 equiv.) and lithium bases
(LDA, LiIHMDS, and nBulli, 1.2 equiv.) were screened under varied temperatures ranging from —
78 °C to room temperature for lithium bases and up to 70 °C heating for inorganic bases and in
distinct solvents systems, such as tetrahydrofuran and dimethylformamide. However, none of these
test settings led to N-Boc protected 2.74. In particular, no conversion of starting material was
observed when reactions were carried out at lower temperatures, and starting material degradation
occurred with temperature increase. Moreover, the reaction duration (8 to 48 h) and the addition of
more equivalents of base did not lead to an improved outcome. Therefore, an alternative approach

for linker attachment was subsequently pursued.

2.2.5.Small SAR of Unlabeled Ligands: Exploring Alternative Functionalities for Linker

Attachment at the R*-Position

The challenges encountered at the aliphatic ether formation step highlighted the poor suitability of
this strategy for linker placement at the germinal diethyl portion of ligands 2.35 and 2.36 (Scheme 2.6.,
Section 2.2.4.). Therefore, a more general and reliable ligation handle was required for approaching
this probe series. A prospective structure activity relationship (SAR) study was conducted to explore
the tolerance of putative new conjugation sites at the pharmacophore. This analysis was also suitable
for probing the relevance of the second ethyl substitution at the a-carbon as well as the preferred
enantiomeric configuration of the scaffold. To this end, unlabeled derivatives of 2.35 and 2.36 coupled

to natural and non-proteinogenic, i.e., unnaturally encoded, amino esters were synthesized.

2.2.5.1. Design and Synthesis of SAR Ligands

Natural amino acids, including cysteine, methionine, and tyrosine were selected for SAR investigations
since their side chains provided potential thiol and phenol handles for linker conjugation. The

respective thio- and aryl ether conjugates are accessible through a variety of mild reaction conditions,
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which was crucial to avoid recognition element degradation upon linker installation. Both ether groups
also had the advantage of not being hydrogen bond donors. Therefore, to suppress proton donating
effects of the respective side chains, all amino acids were used as methyl ether conjugates (Scheme
2.9.). In addition, (5)- and (R)-enantiomers of methionine were evaluated for the influence of the
ligand’s chirality to CB.R binding. Amino ester derivatives of the selected natural amino acids were
generated and conjugated to carboxylic acids pyrazine 2.37 and pyridine 2.42 using the previously

established amide coupling conditions to afford the CB,R unlabeled ligands 2.81 to 2.88 (Scheme 2.9.).

Amino ethyl ester, DIPEA R

i BOP-Ci or DMTMM )OL
Ligand OH Ligand N™* O
DCM, rt, 24 h Ho§
2.37: pyrgzjne (S)-2.81: Ligand = 2.37, R = SCH3 50% yield
2.42: pyridine (S)-2.82: Ligand = 2.37, R = CH,SCHj; 53% yield

(R)-2.83: Ligand = 2.37, R = CH,SCH; 85% yield
(S)-2.84: Ligand = 2.37, R = phenyl-4-OCH;_48% yield
(S)-2.85: Ligand = 2.42, R = SCH; 36% yield

(S)-2.86: Ligand = 2.42, R = CH,SCH;, 48% yield
(R)-2.87: Ligand = 2.42, R = CH,SCH; 41% yield
(S)-2.88: Ligand = 2.42, R = phenyl-4-OCH; 38% yield

Scheme 2.9. Synthesis of SAR ligands 2.81 to 2.88 based on natural amino acids. Amino ethyl ester derivatives
of: (5)-cysteine (2.89, R = SCH3), (§)-methionine (R = CH2SCH3), (R)-methionine (R = CH2SCH3), and ()-tyrosine
(2.90, R = phenyl-4-OCH3) were applied. For ligand structures see scheme 2.6., Section 2.2.4.

Non-proteinogenic amino esters bearing 3-methoxypropane and methyl propyl sulfide side chains
were synthesized for comparing the influence of a thioether with an ether linkage to the binding

affinity towards the CB:R (see 2.96, 2.97 and 2.103, Schemes 2.10. and 2.11.).

Et,0,0°Ctort, 15h

O RCH,Br, LDA R BOP-Cl or DMTMM R
THF, -78 °Ctor.t., 24 h DIPEA 0
~ o N o~ . )kN o
O Nﬁf ~ then, 1M aq. HCI CIH3N DCM, r.t., 24 h Ligand i
S o)
2.62 2.91: R = CHCH, 91% yield 2.94: Ligand = 2.37, R = CHCH, 55% yield
2.92: R = CH,CH,0OCH3 82% yield 2.95: Ligand = 2.42, R = CHCH,, 28% yield

2.96: Ligand = 2.37, R = CH,CH,OCH3;, 39% yield
2.97: Ligand = 2.42, R = CH,CH,OCHg3, 28% yield

RCH,Br, LDA R BOP-C| or DMTMM R
/;(o\/ THF, ~78 °Ctort, 24 h DIPEA i
X - o
@N d then, 1M aq. HCI ClHN O~ DCM, r.t., 24 h Ligand N ~
Et,0,0°Ctort, 15h 0 o]
2.77 2.93: R = CH,CH,0CH; 92% yield 2.98: Ligand = 2.37, R = CH,CH,OCHj, 36% yield

2.99: Ligand = 2.42, R = CH,CH,OCH3, 25% yield

Scheme 2.10. Synthesis of non-proteinogenic amino ester building blocks utilized for the preparation of
SAR ligands 2.94 to 2.99.
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Furthermore, derivatives which encompass an ethyl substitution at the quaternary carbon were
additionally prepared to evaluate the relevance of this moiety to the binding affinity (see 2.98, 2.99,
2.102 and 2.104, Schemes 2.10. and 2.11.). For the synthesis of these ligands, diphenylmethylene
protected glycine 2.62 and benzylidene protected 2.77 served as starting points (Scheme 2.10.).
Introduction of the unnatural side chains was achieved using LDA as a base and either bromo-3-
methoxypropane or allyl bromide as alkylating reagents. Subsequent acidic deprotection of the amine
group led to the corresponding amino esters, which were coupled to acid building blocks 2.37 and

2.42 to yield the remaining SAR compounds 2.94 to 2.99 (Scheme 2.10.).

OH
N 1) 9-BBN
o ( r THF, r.t., 36 h o | g
Lo N7 N O 2) EtOH, rt., 30 min, then Ligand 05 Ny O
H o NaOH, H,0, 0°C, 1 h H o
2.79: Ligand = 2.37, R= CH,CH, 2.75: Ligand = 2.37, R = CH,CH3 64% yield
2.80: Ligand = 2.42, R = CH,CHj 2.76: Ligand = 2.42, R = CH,CH,, 99% yield
2.94: Ligand = 2.37,R=H 2.100: Ligand = 2.37, R = H, not accomplished
2.95: Ligand = 2.42, R=H 2.101: Ligand = 2.42, R = H, 34% yield

(o]
1) ASH , DIAD, PhsP
THF, 0 °C, 2h

2) Mel, EtOH
-20°Ctort, 18 h

N\
S

o R

o~
o
2.102: Ligand = 2.37, R= CH,CH3 12% yield, over 2 steps
2.103: Ligand = 2.42, R= H, 16% yield, over 2 steps
2.104: Ligand = 2.42, R = CH,CHj; 25% yield, over 2 steps

g N
Ligand H

Scheme 2.11. Synthesis of non-proteinogenic amino ester building blocks utilized for the preparation of
SAR ligands 2.101 to 2.104.

Methyl sulfide amino esters were obtained in 3 steps from the allyl ligands 2.79, 2.80, and 2.95 (Scheme
2.11.). First, treatment of allyl derivatives with 9-BBN, followed by a base afforded primary alcohols
2.75, 2.76 and 2.101 in moderate to good yields. Standard Mitsunobu conditions with thioacetic acid
were applied to convert the alcohol functionality into a carbonylthio substituent, which could be
cleaved n situ to the respective thiol upon basic treatment. Addition of iodomethane to the reaction
mixture enabled the formation of the SAR ligands 2.102 to 2.104. Several attempts were made for the

synthesis of pyrazine monosubstituted 2.100 as congener of pyridine 2.101, however, the alcohol
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product was not formed at the hydroboration-oxidation step — instead, a complex mixture of
unidentified side products was obtained. Of note, the use of other thiocarboxylic acids for the
Mitsunobu protocol, such as thiobenzoic acic, led to the formation of highly lipophilic byproducts
which required tedious purification and resulted in lower isolated yields than of intermediates 2.102

to 2.104.

2.2.5.2. In vitro Pharmacology of SAR Ligands

Compounds 2.79 to 2.88, 2.94 to 2.99, and 2.101 to 2.104 were subsequently evaluated in radioligand
binding assays using membrane preparations of CHO cells overexpressing either human CB:R or
CBiR which were performed by ELISABETH ZIRWES at Hoffmann La-Roche. The physicochemical
parameters, ie., PSA, AlogP, logD, aqueous solubility, and PAMPA of selected ligands were
determined at Hoffmann ILa-Roche (Scheme 2.12 and Table 2.4.).

These studies indicated significant differences between the recognition element cores and provided
valuable information about the tolerability of substitutions at the amino ester portion (Scheme 2.12
and Table 2.4.). Despite their structural similarity, pyridine 2.36 SAR analogs exhibited surprisingly
higher affinity for CB;R compared to their corresponding pyrazine 2.35 derived congeners. The
influence of the ethyl substitution motive at the a-carbon position on ligand binding was confirmed
as seen by the considerable loss in binding affinities of, e.g., methoxide ligand pairs a- monosubstituted
2.97 vs. a,o-disubstituted 2.99 (cf. hCB2R Kiof 17 nM vs. 1.5 nM, Table 2.4., entries 13 and 14) and
methyl sulfide ligand pairs a- monosubstituted 2.103 vs. a,x-disubstituted 2.104 (cf. hCB.R Kiof 1°263
nM vs. 1.3 nM, Table 2.4., entries 16 and 17). Initial investigations bearing enantiomeric pure (5)- and
(R)-methionine derivatives anticipated a preference of the hCB2R towards (§)-configured derivatives
up to fivefold (e.g., (5)-2.86 vs. (K)-2.87 cf. hCB2R Kiof 12 nM vs. 65 nM, Table 2.4., entries 8 and 9).
Introduction of allyl and anisyl side chains at the pyridine core were well tolerated by the receptor, e.g.,
allyl-2.80 and anisyl-2.88 (cf. hCB:R Kjof 0.8 nM and 34 nM, Table 2.4., entries 2 and 10), indicating
the feasibility for linker conjugation through thiol-ene click-reaction, metathesis, or Mitsunobu
reactions. a,a-Disubstituted thioether 2.104 demonstrated equal potency to hCB.R and selectivity over
hCBiR as the ether analog 2.99 (cf. 2.104: hCB.R K;of 1.3 nM, hK; ratio CB;R/CB,R: 7 vs. 2.99: 1.5
nM, hK; ratio CB1R/CB:R: 4, Table 2.4, entries 17 and 14).
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Natural amino acid-based SAR ligands

s~ s~ (ONg
\
Aﬁ o S N o N o N o
fo) N “'Q(O\/ o N\ N o~ o N\ N o~ o N\ N o~
R PR PR PR
_ H fo) N N/ O N N/ (0] N N/ o)
N
i iy ey oy
F (S)-2.81 F (S)-2.82 F (R)-2.83 F (S)-2.84
K; (hCB,R) = 1'284 nM K; (hCB,R) = 991 nM K; (hCB,R) = 2'188 nM K; (hCB,R) = 40 nM
K; (hCB4R) > 10000 nM K; (hCB4R) = 2'958 nM K; (hCB4R) >10'000 nM K; (\CB4R) = 941 nM
F F
| s~
(0] S (@]
Ns N o _~ N N o _~
| H | H
= O = O
(S)-2.85 (S)-2.86 (R)-2.87 S)-2.88
K; (hCB,R) = 3.2 nM K; (hCB,R) = 12 nM K; (hCB,R) = 65 nM K; (hCBzR) =34 M
K; (hCB4R) = 19 nM K; (hCB4R) = 70 nM K; (hCB4R) = 153 nM K; (hCB4R) = 600 nM

Non-proteinogenic amino acid-based SAR ligands

(0] O/
Aﬁ 4 Aﬁ Aﬁ
(o] (o] (o]
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F7C/N N N N F7C/N N

F
F 2.79 F 2.96 F 2.98
K, (hCB,R) = 16 nM K, (NCB,R) = 3'439 nM K, (hCB,R) = 97 nM
K, (hCB;R) = 2'690 nM K, (hCB;R) > 10'000 nM K, (hCB;R) = 2'939 nM
b |
(o]
(0]
o~ N\ N o~ o~
‘ = H (0]
2.80 2.97 2.99
K, (hCB,R) = 0.8 nM K, (hCB,R) = 17 nM K (hCB,R) = 1.5 nM
K, (hCB;R) = 2.9 nM K, (hCB;R) = 99 nM K, (hCB,R) = 5.6 nM
/
g F

F S/
S
(o}
(0] N\ N O\/ " o o y O o
:[ = H (o] N N ~ A N ~
H \ H
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2.102 2.103 2.104
K; (hCB,R) = 815 nM K; (hCB,R) = 1'263 nM K; (hCB,R) = 1.3 nM
K; (hCB4R) = 5'879 nM K; (hCB4R) = 4'688 nM K; (hCB4R) = 8.5 nM

Scheme 2.12. SAR ligands based on both natural and non-proteinogenic amino acids for evaluation of the
new putative linker conjugation sites within recognition elements 2.35 and 2.36. Compounds with binding
affinities towards the human CB2R lower than 10 nM are highlighted in green. Radioligand binding assays performed
by ELISABETH ZIRWES at Hoffmann La-Roche.
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Table 2.4. SAR studies around the recognition elements pyrazine 2.35 and pyridine 2.36 as well as
evaluation of selected physicochemical properties: Exploration of linker elongation options at the «-
position of the amino acid residue.

PAMPA Pglel
hK ratio Kinetic [10-6 cm/s]
.hCB2R K, hCB:R i [2]
Entty Ligand M S M ™ CBR/ [ 1}’[“\?:)1] P[ng] AlogPP! logDId solubilityldl  %Acceptor/
[nM] [nM] CB,R '8 [ug/mL]  %Membrane/
%Donorlf]
1 2.79 16 2690 169 438.5 75 3.5 d <0.6 2.21
. . . n.d. ) 2769 /28
2 2.80 0.8 29 3 424.5 53 3.5 nd. 3.1 n.d.
3 2.81 1284 >10°000 >8 430.5 76 2.3 3.6 n.d. n.d.
4 2.82 991 2958 3 444.5 77 24 3.6 nd. n.d.
5 2.83 2’188 >10°000 >5 444.5 77 24 3.6 nd 84
’ ) ) ) o 5/77/18
6 2.84 40 941 24 490.5 86 3.6 n.d. <0.1 n.d.
7 2.85 3.2 19 6 416.5 54 4.1 n.d. <0.1 n.d.
8 2.86 12 70 6 430.5 55 4.2 n.d <0.1 112
: ’ ’ o ’ 2/67/31
0
9 2.87 65 153 2 430.5 55 4.2 n.d. n.d. 0/57/43
10 2.88 34 600 18 476.5 64 5.4 n.d. 1.6 n.d.
11 2.96 3439 >10°000 >3 442.5 87 2.2 34 nd 4.27
: ’ ’ ’ o 9/39/52
12 2.98 97 2939 30 470.5 85 3.1 3.3 4.1 058
: ’ o - ' 1/55/44
13 2.97 17 99 6 428.5 65 4.0 33 0.6 066
: ) ) ) ) 1/75/ 24
14 2.99 1.5 5.6 4 456.6 63 4.9 n.d. <0.1 n.d.
15 2.102 815 5’879 7 486.6 76 3.8 n.d n.d 416
’ ’ ’ o o 4/74/22
P c 0
16 2.103 1263 4688 4 444.6 56 4.8 n.d. 1.4 0/61 /40
17 2.104 1.3 8.5 7 472.6 54 5.6 n.d. 29 n.d.

n.d. — not determined. 12l Surface sum of all polar atoms in the molecule; [Pl Calculated partition coefficient values
(AlogP) based on the contribution of each atom to the logP;l173 [ Distribution coefficient values in a water and 1-
octanol mixture; [4 Solubility of the compound when diluted into aqueous environment from DMSO stock solution;
¢l Parallel artificial membrane permeability assay (PAMPA) used to determine membrane permeation coefficient
values (Peg);!17! fl Percentage of compound found in acceptor, membrane and donor. Reference ligands data
described in the Pharmacological Assessment, Section 5.2.10. Radioligand binding assays performed by ELISABETH
ZIRWES at Hoffmann La-Roche. Kinetic solubility and PAMPAassays executed at Hoffmann La-Roche.

To assess the suitability of these compounds as recognition element precursors for probe development,
the characterization of their physicochemical properties was carried out (Table 2.4.). Special emphasis
was put on lipophilicity and membrane permeation since these parameters are relevant for achieving

sufficient exposutes at the CB.R while counterbalancing the highly lipophilic and/or charged nature
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of several fluorophores, such as Alexa- and Rhodamine-based dyes. The linker-dye construct has a
significant impact on the molecular weight (MW) of the structure, thus pharmacophores with lower
masses (MW < 500 g/mol) were preferred. The ability to cross biological membranes is directly
correlated with parameters such as the calculated polar surface area (PSA).!"™ Particularly, a PSA value
less than or equal to 140 A? is an indicator of compound permeation through cellular membranes.'*’
The SAR ligands correspond well to these criteria. While the molecular weight does not exceed 491
g/mol (cf. tyrosine derivative 2.84, Table 2.4., entry 06), all molecules display PSA algorithms below
140 A?(Table 2.4.). The passive membrane permeability of the SAR ligands was evaluated using the
parallel artificial membrane permeability assay (PAMPA) model which was conducted at Hoffmann
La-Roche. This method determines the permeation coefficient (Peg) of substances from a donor
compartment, through a lipid-infused artificial membrane into an acceptor compartment, proving the
concentration of the compound in all tested compartments — donor, membrane, and acceptor.' A
permeation coefficient Per above 0.5x10° cm/s indicates passive membrane permeation, i.e., well
partition of the molecule into the membrane to successfully reach the acceptor compartment. Here,
methoxide pyrazine 2.96 exhibited the highest permeation coefficient and reached acceptor fractions

of 9 % (Table 2.4., entry 11).

The lipophilicity contributes to the solubility, membrane permeability, and potency of ligands, having
a strong impact on their selectivity profile." It is experimentally measured as partition coefficients
(logP) or as distribution coefficients (logD) of the ligand between water and an immiscible organic
solvent, e.g., 1-octanol."* Whereas logP is related solely with the non-ionizable portion of substrate
in solution, logD encompasses both ionized and non-ionized forms of the compound in the solvent
phases and is measured at physiological pH. The lipophilicity of a compound should be adjusted to

186]

enable both good aqueous solubility and membrane permeability (2 < logP < 3).1"*I All tested analogs
displayed logD values in the range of 3.3 to 3.6 (Table 2.4.) This result demonstrated the feasibility of
these ligands to accommodate polar PEG-based linkers while maintaining favorable logD values. In

practice, calculated logP values, such as AlogP,!'™

often replace measured lipophilicity when analyzing
a set of novel ligands. Overall, pyrazine-based derivatives displayed best predicted lipophilicity as the
pyridine series. Their AlogP spams from 2.3 for pyrazine cysteinate 2.81 up to 5.6 for pyridine methyl
sulfide 2.104 (Table 2.4, entries 3 and 17). The kinetic solubility assay provides the concentration of
compound required for its precipitation in aqueous buffer and was conducted at Hoffmann La-

Roche."™ To resemble the conditions in 7z vitro binding assays, this measurement is performed by

adding increased amounts of a solution of the compound in dimethyl sulfoxide into an aqueous buffer
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until precipitation occurs. The SAR analogs with the best kinetic solubility concentrations are the allyl
pyridine 2.80, methoxide pyrazine 2.98, and methyl sulfide pyridine 2.104 with values of 3.1, 4.1, and
2.9 ug/ml, respectively (Table 2.4., entries 2, 12, and 17).

A careful evaluation of the 7# vitro pharmacology generated from SAR compounds (Scheme 2.12. and
Table 2.4.), in combination with the molecular docking observations of linker composition, guided
template selection for subsequent probe development. This analysis indicated that () modifications at
the a-carbon of the amino ester moiety of the recognition element construct were well tolerated by
the hCB2R, demonstrating that this position could provide a good exit vector for linker placement
towards the extracellular portion of the receptor, () the pyridine scaffold provided better binding
affinity profile as the pyrazine ligand series, thus it was selected for further investigations, (#7) the ethyl
group substitution at the a-carbon of the amino ester moiety was crucial for the SAR ligands to attain
single digit nanomolar affinity at hCB2R (cf. 972-fold increase in hCB.R affinity for the o,o-
disubstituted pyridine 2.104 over its monosubstituted congener 2.103, Table 2.4., entries 16 and 17),
() a slight preference (fivefold) of the hCB.R for (§)-configured ligands was observed as seen by the
(§)- and (R)-methionine congeners 2.86 and 2.87, yet both compounds displayed affinities at the
nanomolar range for the hCB:R, (#) the methyl sulfide construct 2.104 demonstrated equivalent

binding and physicochemical properties as the methoxide analog 2.99.

Taking these observations into account, linker elongation with a thioether while preserving the diethyl
substitution motive at the a-carbon position (ligand 2.104) was preferred as the best template for

further probe development.

2.2.6. Third Approach Towards CB;R-Selective Fluotescent Ligands: Probing the R’-Position

with a Thioether Functionality for Linker Attachment

The preparation of racemic pyridine-based fluorescent ligands with a thioether handle for linker
installation was developed upon the synthetic route of unlabeled congener 2.104 (Scheme 2.13.). Using
this route, a thio-Mitsunobu reaction was employed to convert pyridine alcohol 2.76 into acethylthio

intermediate 2.115. This key intermediate could be cleaved under basic conditions to the
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corresponding thiol and alkylated 7» situ with the desired linker chains to give recognition element-
PEG-ylated linker constructs 2.110 to 2.113. Treatment of amine probe precursors with NBD chloride
could be performed to access racemic NBD-labeled congeners 2.105 to 2.108.

Dye Conjugation Linker Introduction Thiol Handle
N-arylation or In situ alkylation Thio-Mitsunobu reaction
Amide Coupling ~._ Dye : '
Hl:lx \\ H,

v
v
v
\
v
v
v

(0] 0

\ o i
1-4 AL F )X\ HO
F F '8
s s
— — o — . o .
[0} O N N o~ ‘ A H ~
= 0
‘N\ N o~ ‘N\ H o~ ‘/ H o
J "o = )

2.105 to 2.108 2.110 to 2.113 2115 2.76

Scheme 2.13. Synthesis strategy for pyridine probe series 2.105 to 2.108: Linker introduction through a
thioether linkage at the germinal diethyl portion of the amino ester residue.

Initially, this route was tested applying iodinated azido-PEG2 linker 2.117 as a replacement for
iodomethane, required for the preparation of SAR ligand 2.104 (se¢ Scheme 2.11., Section 2.2.5.).
Linker 2.117 was obtained in 2 steps from azido-PEG2 2.116 with an overall low 18% yield and was
subsequently subjected to identical conditions as for the synthesis of methyl sulfide 2.104 (Scheme
2.14.). Interestingly, azido-probe precursor 2.118 could be isolated in 25% yield from alcohol 2.76,
which is comparable to those previously obtained with iodomethane as an alkylating reagent. These

results demonstrated the feasibility of this synthesis route for liker conjugation.

1) TsCl, EtsN, DMAP

THF, 0°Ctort, 12h
Na’é\/o\)Z/\OH - Na’é\/ogé/\l N3

2) Nal, DMF, 50 °C, 5 h

18% yield, over 2 steps

2.116 2117 ;
(o]

F F S
HO o) S S
ASH, DIAD, PhsP 2.117, EtONa

i THF, 0 °C, 2h 0 o i

. o . 0°C, N o FEtOH,-20°Ctort, 18h N o

0, H 0, H

\/ Ho§ 55% yield \/ Ho T 46% yield \/ HoJ

2.76

2.115 2.118

Scheme 2.14. Synthesis of probe precursor 2.118 using the protocol previously utilized for SAR ligand 2.104.
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A systematic investigation of the optimal linker length was next carried out based on racemic
intermediate 2.115. To this end, a modified procedure for linker installation was adopted to enable a
straightforward synthesis of NDB-labeled 2.105 to 2.109 (Scheme 2.15.). Alternatively to the
iodination step used to prepare compound 2.118 bearing an azido-linker, compound 2.115 was directly
treated with tosyl-PEG linkers 2.124 to 2.127 or tosyl-alkyl linker 2.128 to provide N-Boc protected
2.129 to 2.133. For this conversion, catalytic amounts of potassium iodide (0.3 equiv.) were added in
a Finkelstein type reaction conditions. Consecutive deprotection of the Boc group using trifluoroacetic

acid and NBD conjugation allowed for assembling this probe series.

TsCl, Py.

o I
Boc\H%\/O%‘\/\O/\\S\

\
o

BOC\H’%\/O%“/\OH

DCM, 01040 °C, 12h

2.119:

n=1

in= 2.124:n =1, 100% yield
2120:n=2 2.125: n = 2, 100% yield
2121:n =3 2.126: n = 3, 66% yield
2422:n=4 2.127: n = 4, 94% yield
2.123: hexyl chain 2.128: hexyl chain, 42% yield
Dye
Boc
HN HN
2\ NBD-CI, CsCO; ?
0 DMF, rt., 24h o)
o) E‘n or Eﬂ
F ) F Dye-COOH F
8 2.124 t0 2.128 8 HATU, DIPEA 8
EtONa, Kl DMF, rt., 5h
Q EtOH, —20 °C " 2 o 2 o
‘N\ NN tort, 12h N ~ ‘N\ N ~
2 "0 2 "o 2 "o
2.115 2.129: n =1, 50% yield 2.105: Dye = NBD, n = 1, 49% yield
2.130: n = 2, 49% yield 2.106: Dye = NBD, n = 2, 26% yield
2.131:n =3, 52% yield 2.107: Dye = NBD, n = 3, 49% yield
2.132: n =4, 56% yield 2.108: Dye = NBD, n = 4, 23% yield
2.133: hexyl chain, 51% yield 2.109: Dye = NBD, hexyl chain, 18% yield
2.134: Dye = Alexa 488, n = 2, 36% yield
2.135: Dye = Raman, n = 2, 20% yield
Dye =
NO,
(O
o] ——— N
\N/ \
NBD Alexa 488 Raman dye

Scheme 2.15. Synthesis of pyridine-based racemic probe series labeled with NBD (2.105 to 2.109), Alexa 488

(2.134), and Raman dye (2.135).
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Applying this procedure, NBD-labeled compounds containing different linker lengths ranging from
one to four ethylene glycol units (2.105 to 2.108)and alkyl chain (2.109) were synthesized. Moreover,
to validate the robustness of linker placement at the R’-position of the probe template and the chosen
length, the bulkier and charged reporters Alexa 488 dye (2.134) and Raman dye (2.135) were coupled
to racemic precursor 2.115 using HATU (Scheme 2.15.).

2.2.6.1. In vitro Pharmacology of Racemic Pyridine-based Probes

To verify the feasibility of this design approach with regard to CB2R affinity, the synthesized unlabeled
intermediates and fluorescent ligands were submitted to 7 vitro profiling. These assays were performed
by ELISABETH ZIRWES and ANJA OSTERWALD at Hoffmann La-Roche using membrane preparations
of CHO cells overexpressing both human and mouse CB2R or human CBiR. The 7 vitro results were
used to guide synthesis efforts and select the most suitable linker length for generating high-quality

probes targeting the CB.R (Table 2.5.).

Racemic azido-derivative 2.118 displayed remarkable 60 nM affinity for the human CB.R and eightfold
selectivity over the hCBiR (Table 2.5., entry 1). In addition, unlabeled 2.118 maintained low nanomolar
affinity also towards mouse CB.R (c.f. mCB2R K of 52 nM). In functional cAMP assays this
intermediate was a potent agonist of the CB;R while retaining the high selectivity over hCBR (c.f.
hCB;R ECs of 1.9 nM and mCB;R ECs of 5.4 nM, hECs ratio CB;R/CB2R > 10’000 nM). The
performance of analog 2.118 in binding assays confirmed that linker elongation at the R’-position of

the pyridine scaffold was well tolerated by the CB:R.

Subsequent evaluation of the linker length influence on binding affinity, selectivity, and potency
revealed NBD construct with two ethylene glycol linker units 2.106 as the most favorable with regard
to CB:R affinity (Table 2.5., entry 13). In particular, this NBD-derivative displayed potent agonistic
effect at the human CB.R exhibiting 4.7 nM functional affinity in the cAMP assay towards hCB:R and
128-fold functional selectivity over the hCBR at the (Table 2.5., entry 13). Despite the high PSA
values of racemic NBD-congeners PEG3-2.107, PEG4-2.108, and alkyl-2.109 (>140 A, Table 2.5.,
entries 14, 15, and 16),!"™ these compounds were presumably able to permeate biological membranes

as demonstrated by the PAMPA assay!'™ (cf. 0.65, 0.70, and 0.50 x10°° cm/s, respectively).
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Table 2.5. Linker studies on pyridine 2.36: Elongation vector at the «-position of the amino acid residue.

: & PAMPA
" - K; hK; cAMP ECxld [nM] MW Kin. Pegl]

Ent Probe o [nM] ratio (“oeft.) / PSAM! AlogP logD sol.ld [10-6cm/s]

Y - N A o CBR/ rgi f [A M [ug/ %Acc./

J "5 hCB CB:R mL] %Memb./

2R hCB{R mCB:R hCB:R hCB:R mCB:R % Donotld
1218 NSO 60 4 28 (19'39) >10°000 (59';‘) 6158 116 61 nd <01  nd
2 2129 B°°\HJVV°%/\§ 112 1297 389 12 :872) >10°000 ég) 6458 94 62 nd <03  ad
Boow, f~ O}~ : 36 131 0

3 2130 N F7Y det v 213 7 G0 10000 g 6899 102 61 ad <01 (g,
423 PONENO Ny s s 117 4 é% >10°000 é% 7339 111 60 nd <02  nd
5212 PNy w0 95 s (;% >10°000 (2410 7780 120 59 nd <02  nd
6 2133 Boc/HW\/\; 140 1385 367 10 (2'57) >10°000 (% 6579 8 79 nd. <01  nd
e O)~ 82 06 13 0.29

72110 HN Y0 2000 100 3 B o g ST B 46 27 98
e O)~ 28 822 45 0

8 2111 Hn FTY 38 43 98 1 o g0 gn SB9B 93 45 26 210 (o
PPN 99 146 14 0.28

9 2112 H,N FY 18 T 28 4 g 0 gn 6338 101 44 27 168t
10 2113 wNO%%y 260 164 nd 63 nd nd nd 6779 110 43 nd >723  nd
11 214 MN~S S ~e 27 0 204 nd 75 nd nd. nd 5578 76 63 nd. 03 n.d.

NBD. (~_0)_~_ 171 2059 181
12 2105 N Y 2 s 9 19 0 ) iy 7088 151 64 ad 2 nd.
NBD.  {~_OJ_~ 4.7 600 102

13 2.106 N P 2 W T3 T o e gy 7929 160 63 28 9 nd.
NBD_ {~_0J_~_ 92 789 74 0.65

14 2107 N FTY 2T a0 85 1Tl ge 1y 7999 169 61 ad 14 S
NBD_ (~_0) _~_ 20 121 192 0.70

15 2.108 N Y% 6T 18 16 (0 gy qppy 10 177 60 nd 61, b
H ; 99 928 142 0.50

162009 (g N~y 55 TOT2 1419 a0 oo g T090 143 BT ad 14

17 2134 AMBWOOLY 560 206 ad 57 (;‘;‘) >10°000 (3% 1062 251 53 nd ad /909 1
Raman_ {/\/og\/\ 0.6 790 199 0

18 2.135 N FY 40 T3 nd 18 o0 op e 861199 ad ndoad g,

A — Alexa, n.d. — not determined. @ Functional potency (cAMP assay), percentage efficacy (%oeff) given in
patenthesis; [Pl Surface sum of all polar atoms in the molecule; Il Calculated pattition coefficient values (AlogP) based
on the contribution of each atom to the logP;l173! Il Distribution coefficient values in a water and 1-octanol mixture;
[l Kinetic Solubility (Kin. sol.) of the compound when diluted into aqueous environment from DMSO stock solution;
[fl Parallel artificial membrane permeability assay (PAMPA) used to determine membrane permeation coefficient
values (Peg);[17] [8l Percentage of compound found in acceptor (Acc.), membrane (Memb.), and donor. Reference
ligands data described in the Pharmacological Assessment, Section 5.2.10. Radioligand binding assays performed by
ELISABETH ZIRWES and cAMP functional assays performed by ANJA OSTERWALD at Hoffmann La-Roche. Kinetic

solubility and PAMPA assays were conducted at Hoffmann La-Roche.

To analyze the PEG2 linker length robustness towards different reporter units, bulkier and charged
fluorophores Alexa 488 (2.134) and Raman dye (2.135) were investigated (Table 2.5., entries 17 and
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18). As for NBD-labeled 2.106, analogs 2.134 and 2.135 also exhibited agonist activity at hCB.R with
low nanomolar binding to the target GPCR in both affinity and functional cAMP assays (cf. 2.134:
hCB2R Kj of 3.6 nM and ECs of 12 nM and 2.139: hCB2R Ki of 40 nM and ECs of 0.6 nM).

Consequently, further synthetic efforts towards enantiomerically pure probe scaffolds were conducted

using PEG2 linker lengths.

2.2.7. Synthesis of Enantiomeric Pure Fluorescent CB,R-Probes

The linker attachment at one arm of the geminal diethyl moiety generated a quaternary chiral center
at the a-carbon of the amino ester residue. To understand the influence of the absolute configuration
on compound affinity and activity, enantiomer pairs of N-Boc protected probe precursor 2.130 and

NBD-labeled 2.106 were investigated.

2.2.7.1. Determination of the Absolute Configuration

Suitable chiral resolution strategies for achieving an enantiomeric pure probe series were investigated
in collaboration with KENNETH ATZ, BENJAMIN BERNNECKE, and ANDRE ALKER. Chiral separation of
the racemic mixtures 2.130 and 2.106 through high-pressure liquid chromatography (HPLC) and
supercritical fluid chromatography (SFC) — testing various combinations of chiral columns and solvent
systems — was largely unsuccessful. Due to the high polarity of the PEG component and the flexibility
of both scaffolds, enantiomeric separation of (£)-2.130 and (+)-2.106 was deemed unfeasible. In
addition, these features would likely interfere with the determination of the absolute configuration of
the corresponding enantiomer pairs via crystallography. Therefore, allyl amino ester building block
2.78 was chosen for further optical resolution efforts and determination of the absolute configuration
of advanced intermediates. The rationale behind this decision was the facile preparation of (1)-2.78
in gram scale which would not interfere with the overall yield of the synthetic route. Furthermore,
envisioning future applications of this probe design, modifications at the stage of amino ester 2.78
would allow for a modular synthesis approach to enantiomeric pure derivatives — where the

recognition element, amino ester-PEG2 linker, and fluorophore could be independently prepared.
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Optical resolution of the racemic mixture 2.78 turned out to be extremely challenging. Using

diastereomeric salt formation methods,!'®!

various chiral salts were screened, including camphor
sulfonic acid, mandelic acid, lactic acid, dibenzoyl tartaric acid as well as tartaric acid, using different
solvent and temperature systems (se¢e Supplementary table S-2, Section 5.2.2. for more detailed
information on the tested conditions). Salt pair (25, 35)- and (2R, 3K)-dibenzoyl tartaric acid in

isopropanol gave the best separation results, however they were not satisfactory, leading to maximal

30% enantiomeric excess (e¢) after several recrystallization rounds.

Enzyme-mediated kinetic resolution® attempts using four different commercially available enzymes,
i.e., esterase from porcine liver (PLE), Alcalase® 2.4 L, Lipase Novozyme® 435, and Acylase I from
porcine kidney, did not lead to conclusive results as, in all of the cases, amino ester 2.78 could not be
extracted from the reaction mixture. Furthermore, kinetic resolution via amide coupling was tackled.
This methodology relied on the principle that certain chiral amino acids, such as tosyl-(§)-proline!”
and (R)-O-acetylmandelic acid,”" tend to form preferentially amides with one enantiomer of the

racemic amine. Such a reactivity would lead to the isolation of the unreacted amine partner from the

reaction mixture using either common column chromatography or precipitation techniques.
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Figure 2.14. Chiral HPLC and SFC separation attempts for racemic amino ester 2.78 and different analogs.
Enantiomeric separation of amino ester 2.78, benzylidene protected-2.136, and Cbz protected-2.137 was not
accomplished due to high polarity and lack of UV-signal of these derivatives. Separation of the components of
racemates 2.80 and 2.138 was possible using both techniques as shown by the chiral HPLC chromatograms below
their structure. The chiral separation experiments were conducted by KENNETH ATz at Hoffmann La-Roche,
conditions are described in the Experimental Procedures, Section 5.1.
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Nevertheless, the amide coupling of these chiral compounds with amine 2.78 resulted in a racemic

salt with no enantioselectivity.

Both chiral HPLC and SFC were also applied for the enantiomeric separation of (£)-2.78 and selected
derivatives, including pyridine 2.80, as well as benzylidene (2.136), Cbz (2.137) and Fmoc (2.138)
protected analogs (Figure 2.14.). Using these methodologies, pyridine 2.80 and Fmoc-protected 2.138
could be separated into their enantiomeric pure constituents which were subjected to crystallization
experiments. The use of chiral salts, such as dibenzoyl tartaric acid, did not induced crystal formation
of enantiomer pairs 2.80 and 2.138. To circumvent this issue, the amine group of (-)-2.138 was
modified for introducing different groups which could lead to the formation of a crystalline product,
e.g., tosyl-(§)-proline, tosyl, and (R)-O-acetylmandelic acid. This attempt led to the assignment of
compound (-)-2.138 as the (K)-enantiomer as shown by the X-ray structure of its tosyl-($)-proline

congener 2.139 (Figure 2.15.).

2.139

Figure 2.15. X-ray structure of tosyl-(S)-proline (R)-2.139 derivative used to assign the absolute
configuration of this probe series. The synthesis of compound 2.139 was performed by BE