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Zusammenfassung

Zusammenfassung

Der weitreichende Einfluss von Histamin-H3-Rezeptoren (H3R) im zentralen Nervensystem
verdeutlicht das Potenzial inversen Agonisten/Antagonisten in der Therapie neurologischer und
neurodegenerativer Erkrankungen. Pitolisant ist der einzige zugelassene selektive inverse HizR
Agonist zur Behandlung von Narkolepsie und exzessiver Tagesschlifrigkeit (EDS). Zusitzlich
laufen aktuell weitere klinischen Studien von Pitolisant zur Behandlung von Autismus und Prader-

Willi Syndrom Patienten.

Im ersten Teil dieser kumulativen Arbeit ist das Design und die Untersuchung neuer Grundgeriiste
fiir H3R bzw. Dopamin-D»- und D3-Rezeptor Liganden beschrieben. Die in vitro Evaluierung und
das Docking flihrten zu optimierten Grundgeriisten und zeigen die unterschiedlichen Vorteile der
angewandten Design Strategien (,,Scaffold Hopping*, bioisosterer Austausch und Linker-Variation)
als niitzliche Instrumente in der Entwicklung neuer Liganden als Grundlage fiir Struktur-basiertes

Wirkstoffdesign.

Die komplexen Mechanismen neurodegenerativer und neurologischer Erkrankungen, wie Morbus
Parkinson oder Autismus, erschweren die Entwicklung von Arzneimittel mit ausreichender
Wirksamkeit. Multitarget-Liganden (MTDL) bieten mit gezieltem Angriff verschiedener Targets in
einem Molekiil den Vorteil durch synergistische Effekte eine verbesserte Wirksamkeit erzielen zu
konnen. Der zweite Abschnitt dieser Dissertation betrachtet die Entwicklung neuer Dual-target und
MTDL mit dem Fokus auf Kombinationen von H3R Liganden mit Strukturelementen von Dopamin
D3 Rezeptor (D3R), Acetycholin- (AChE) und Butyrylcholinesterase (BuChE), L-Typ Ca**-Kanal
oder Sigma Rezeptor Liganden. Die Piperazin-basierten Liganden erzielten ausgewogene
Affinitdten an H3R und D3R. Piperidin-basierte Liganden in MTDL sind zur Erzielung nanomolarer
Affinitéten flexibler einsetzbar. Die Inhibition der entwickelten Dual-target Liganden (H3;R/Ca*")
wurde an spezifischen Ca’*-Kanilen (Cav1.2 und Cav1.3) untersucht, angesichts der potenziellen
Anwendung in der Therapie bei Morbus Parkinson und Autismus. Die Kombination aus H3R und

Sigma-Rezeptor-Inhibition fiihrte zu einer Leitstruktur mit vielversprechender Wirksamkeit in

neuropathischen Schmerzmodellen.

Zusammenfassend présentiert diese Arbeit durch die optimierten Grundgeriiste und die entwickelten
MTDL wertvolle Einblicke in die pharmakologischen Eigenschaften und gegenseitigen Einfliisse
der Strukturkombinationen mit dem Potential zur Weiterentwicklung von vielseitig einsetzbaren

Liganden fiir die Behandlung neurologischer oder neurodegenerativer Erkrankungen.






Abstract

Abstract

The broad influence of histamine H3 receptor (H3;R) in the central nervous system highlights the
untapped potential of inverse agonists in the treatment of neurological and neurodegenerative
diseases. Pitolisant remains the only approved selective H3R inverse agonist in the treatment of
narcolepsy and excessive daytime sleepiness. In addition, further clinical trials of pitolisant are

currently ongoing for the treatment of patients with autism and Prader-Willi syndrome.

The first part of this cumulative thesis describes the design and investigation of new scaffolds for
H;3R and dopamine D2 and D3 receptor ligands. The in vitro evaluation and docking led to optimized
scaffolds, demonstrating the distinct advantages of the applied design strategies (scaffold hopping,
bioisosteric exchange, and linker variation) as valuable tools in the development of new ligands,

providing a basis for structure-based drug design.

The complex mechanisms of neurodegenerative and neurological diseases, such as Parkinson’s or
autism, make it challenging to develop drugs with sufficient efficacy. Multitarget-directed ligands
(MTDLs) offer the advantage of achieving better efficacy through synergistic effects by modulating
different targets within a single molecule. The second section of this dissertation examines the
development of new dual-target directed ligand (DTDLs) and MTDLs focusing on H3R ligands in
combination with structural elements of dopamine D3 receptor (D3R), acetylcholine- (AChE) and
butyrylcholinesterase (BuChE), L-type Ca*" channel, and sigma receptor ligands. The piperazine
based ligands achieved balanced affinities to the H;R and D3;R. While the piperidine based ligands
are more flexible for application in MTDL achieving nanomolar affinities. Inhibition of the
developed DTDLs (H3;R/Ca*") was investigated on specific Ca** channels (Cav1.2 and Cayl1.3),
given their potential application in the treatment of Parkinson’s disease and autism. The
combination of H3R and sigma receptor inhibition resulted in a lead structure with promising

efficacy in neuropathic pain models.

In summary, this work presents valuable insight into the pharmacological properties and mutual
influences of the structural combinations through the optimized scaffold and the developed
multitarget ligands, with potential for further development of versatile ligands for the treatment of

neurological and neurodegenerative diseases.






1.1 Histamine

1 Introduction

A substantial number of approved drugs exert their effects by targeting G protein-coupled receptors
(GPCRs). This group of proteins remains a key focus for drug research due to their pharmacological
accessibility and broad involvement in pathophysiological pathways. Essentially, aminergic GPCRs
lead the list of most approved drugs among other GPCRs, with the dopamine 2 receptor at the top.*
? Second comes the histamine 1 receptor for which the first antihistamines were discovered by

Fourneau and Bovet, setting a milestone for further development.'”

1.1 Histamine

The ubiquitously distributed biogenic amine histamine (2-(1H-imidazol-4-yl)ethylamine) is a local
mediator that modulates various physiological processes of gastrointestinal, cardiovascular, central,
peripheral, and immune system.!! Versatile effects of histamine include acting as an inflammatory
mediator of the immune system, increase acid production in the stomach, local vasodilatation in the
skin and lungs, and the role as a neurotransmitter in the central nervous system (CNS).!!: 2 Thereby,
it modulates the sleep-wake rhythm, temperature regulation, learning and memory processes,
inflammation, gastric acid secretion, and further physiological processes.” - 1> 4 Early discovery
mainly investigated the influence of histamine due to its role in allergic reactions, but the
involvement in vast parts of physiological and pathophysiological processes, peripheral and in the
CNS, could gradually be uncovered. In the meantime, histamine release from mast cells in the
gastrointestinal tract (GIT) is assumed as an immune response against the gut microbiome, which
appears as GIT infection, inflammation, and tumor genesis, or lack of histamine 3 receptor (H3R)
in mice impacts autoimmunity and immunomodulation, highlighting the fundamental role of

histamine in acquired and innate immunity.'?

Under physiological conditions, histamine is protonated at the N*-position, but another tautomer
exists, in which the imidazole moiety carries the proton at position one (%).!> The biosynthesis of
histamine from L-histidine is catalyzed by histidine decarboxylase (HDC) to histamine in the
tuberomammillary nucleus (TMN), in mast cells and basophils.” '® !7 Therefore, histidine
bioavailability, HDC expression, as well as the histamine 3 autoreceptor on somata or axonal
varicosities, regulate the rate of histamine biosynthesis and release through a negative feedback
mechanism.'® ' Additionally, the release of histamine in the CNS is modulated by other
transmitters, including muscarinic (MiR), adrenergic (02R), and peptidergic receptors among

others.'®
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Peripherally or in the CNS, histamine is stored in mast cells, basophils, other immune cells,
enterochromaffin-like cells, cell somata, and axon varicosities.'" '® 2° Neuronal, the vesicular
monoamine transporter carries histamine into vesicles and release is triggered by different stimuli
(e.g., action potential).?! Degranulation of mast cells with release of histamine and further
inflammatory mediators is initiated by binding of specific antigens (e.g., allergens) as immune
stimulators, neuropeptides, cytokines, platelet activation factor, and peptides of the complement
system.?? 23 Histamine N-methyltransferase (HNMT) and diamine oxidase metabolize histamine
mainly intracellular resp. extracellular either to the inactive N'-methylhistamine or the imidazolyl
acetic acid (Figure 1).2* Monoamine oxidase B (MAO B) further metabolizes N*-methylhistamine

to N'-methylimidazoyl acetic acid.?2°
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Figure 1: Biosynthesis, metabolism of histamine in histaminergic neurons.’

The following section provides a brief overview of the histaminergic neurons and histamine’s role
in the CNS, accompanied by the histaminergic projections (Figure 2). TMN is located in the
posterior hypothalamus and is considered the same nucleus producing histamine besides y-
aminobutyric acid (GABA).'® 2’ Histaminergic neurons spread widely in and surrounding TMN
with ascending projections to hypothalamus, hippocampus, thalamus, cortex, basal ganglia,

hippocampus and amygdala, and descending projections to spinal cord and brain stem.!%2% 2 TMN

2



1.1 Histamine

network enables fast transition from sleep to wakefulness but concurrently prevents rapid repetitive
change of the states whereby histamine release mainly leads to arousal by encouraging wakefulness
through activation of basal forebrain cholinergic and raphe serotonergic neurons.>* Ca?* contributes
to repetitive firing of histaminergic neurons, leading to histamine release from dendrites, and N-

and P-type currents are sensitive to histamine H3R activation.'! !

TMN is modulated and regulated by a broad spectrum of signals; for example, in rats, afferent inputs
originate from the anterior hypothalamus, prefrontal and subicular cortex, dorsal tegmentum, and
the fifth ventricle.'® Excitatory inputs include glutamate, aminergic neurons (dopamine and
serotonin), cholinergic neurons, and nucleotides (e.g., ATP or ADP). Glycine and GABAergic
neurons inhibit histaminergic neurons, thereby promoting sleep. In contrast, presynaptic p receptors
excite TMN neurons via the inhibition of GABAergic neurons. Nociceptin is found in fibers near
histaminergic somata of the TMN region and inhibits TMN neurons via activation of K'i; channels.
The neuropeptides orexin A and B (hypocretin 1 and 2) arouse histaminergic neurons.'¢ Histamine
regulates essential elements of metabolism and food intake in hypothalamic areas'®, such as
corticotropin-releasing hormone or hypothalamic histamine, which lead to glucagon-like peptide 1
(GLP-1) induced suppression of feeding habits. Thyrotropin-releasing hormone excites most TMN

neurons, and endocannabinoids enhance histamine release in the TMN region.'® 3

Tuberomammillary
nucleus of
posterior
hypothalamus

to parietal lobe
cortex

to striatum
to hyppocampus

and amygdala

to frontal lobe cortex
to occipital lobe
cortex

to posterior pituitary

to midline thalamic

to medulla 7 region
oblongata
. to ventral tegmentum
to spinal cord \ 1 and substantia nigra

Figure 2: Histaminergic projections from TMN (adapted from reference 3 34).
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1.2 Histamine receptors

Histamine receptors (HxR) belong to the rhodopsin class A-like G-protein coupled receptors
according to their amino acid sequence.!! These integral membrane proteins contain an extracellular
N terminus, an intracellular C terminus, and seven transmembrane helices interconnected by three
intracellular and three extracellular loops (ECL). In general, GPCR ligand binding leads to
conformational changes that elicit interactions with intracellular transducers, heterotrimeric G-
proteins, GPCR kinases, and B-arrestins. GPCRs are structurally dynamic and comprise different
states, namely inactive, transitional, active, or apo state. The transmembrane domain (TM) is highly
conserved, forms the ligand-binding pocket, and is essential for transmembrane signal
transduction.’>> Some GPCRs activate more than one G protein.*® Besides ligand-induced signaling,
GPCRs have constitutive activity, defined as conformational change from inactive to active state
and spontaneous signaling without ligand binding. Therefore, many GPCR antagonists are inverse
agonists, stabilizing the inactive state of the receptor.>” 3® GPCR heterogeneity increases through
transcriptional and post-transcriptional diversity, as well as homo- or heterodimerization.* 3’
Receptor densities are controlled by agonist-induced desensitization, which hampers the receptor
from being permanently responsive, or rather, resensitization. Alterations of desensitization and/or

resensitization can contribute to pathophysiological conditions.*#!

In the case of histamine receptors, four subtypes are classified based on receptor genes and distinct
receptor polypeptide sequences: histamine HiR, HoR, H3R, and H4R.! **** The total number of
histamine receptor isoforms is significantly higher due to alternative splicing, particularly for the
human Hs and Ha receptors.*’ Histamine binding is subtype-dependent, with affinities to H;R and
H4R being higher than to the other subtypes.*> The section below provides a brief overview of the
signal cascades, discovered ligands/drugs, and the structure of the four histamine receptors, along

with a summary of their properties in Table 1.

The first discovered histamine receptor subtype is the HiR, ubiquitously distributed, e.g., in the
hypothalamus, cortex, thalamus, aminergic and cholinergic brainstem nuclei, and glia, blood cells,
and vessels.!"" ' The brain regions are neuroendocrine, nutritional state, and behavioral control
areas.*® Human HiR is generally Ggii-coupled, and activation leads to the stimulation of
phospholipase C (PLC). PLC cleaves phosphatidylinositol 4,5-bisphosphate into inositol 1,4,5-
trisphosphate (IP3) and diacylglycerol, resulting in the activation of protein kinase C (PKC), which
catalyzes Ser/Thr phosphorylation of multiple proteins and release of intracellular Ca?".'"#7 Signal
transduction was also observed through Gi/, coupling activating AMP-kinase, nuclear factor kappa

B (NFkB), nitric oxide (NO) synthases and phospholipase Az (PLAz). Activation of effector

4



1.2 Histamine receptors

molecules results in the release of cyclic guanosine monophosphate (cGMP), NO, and arachidonic
acid.!"> 1® Increased intracellular Ca** induces vasoconstriction of large blood vessels and smooth
muscle cells in the lung. Stimulation of NO formation causes dilatation of small blood vessels. HiRs
are expressed in peripheral tissues, including the skin, lung, GIT, and cardiovascular system, as well
as in the CNS.!">26 H;R activation manifests in allergic reactions such as skin redness, swelling of
nasal mucous membranes, heavy breathing, and itching.*® HiR signaling involves synergistic and
bidirectional effects. Depending on the timing and coherence of the receptor activation, HiRs can
oppose or amplify HoR functions.'® HiR inverse agonists stabilize the inactive state of the receptor
and are widely applied as antiallergic treatments for allergic rhinitis and chronic urticaria (e.g.,
loratadine or cetirizine (Figure 3)). Due to the sedative profile of first generation HiR inverse
agonists, these are primarily used for motion sickness or sleep disorders (e.g., diphenhydramine,

doxylamine).*

HiR is evidently expressed as homomeric and oligomeric structures.!! First crystal structure of the
H;R was reported by Shimamura et al., as a mutant human H;R complexed with doxepin (3.1 A
resolution).>® They stabilized the inactive receptor state by replacing the third intracellular loop with
T4 lysozyme fusion protein. The resolved crystal structure extended our knowledge of binding
properties not only for HiR but also for other histamine receptors. Strong hydrophobic interactions
of the aromatic moieties of doxepin with Trp248 (TM6) have been demonstrated.’® A recent study
by Xia et al. resolved the first cryo-EM structure in Gq complex in active conformation, in which
receptor activation by histamine, with residues of TM3 and TM6 compressing the extracellular side
of the binding pocket, leading to intracellular Gq signal transduction, was described.’! Followed by
another cryo-EM in the apo state bound to different antihistamines (mepyramine, astemizole, and
desloratadine). Wang et al. identified, besides a secondary ligand-binding site (ECL2, TM2, TM3,
and TM7), a deep hydrophobic cavity in which the phenyl group of antihistamines inserts, blocking
the toggle switch movement of residue Trp428 (TM6). Interestingly, apparent differences to other
histamine receptors in the main pocket were reported, e.g., residues Tyr108 (TM3), Asn198 (TM5),

and Phe432 (TM6) are in close contact with tested antihistamines.*

The histamine H2R is also expressed ubiquitously and in the CNS, mainly distributed in the
amygdala, cortex, basal ganglia, and hippocampus.'! H2R is coupled primarily to the Gs-protein
activating adenylate cyclase (AC), which results in increased intracellular cAMP. Protein kinase A
(PKA) and the transcription factor cyclic AMP response element binding (CREB) are thereby
activated, key regulators of neuronal physiology and plasticity. Additionally, cCAMP interacts

directly with the hyperpolarization-activated cyclic nucleotide-gated channel 2. The calcium-
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activated K" conductance is blocked by PKA-dependent phosphorylation. HoR inhibits PLA; and
the release of arachidonic acid.!" 7 Additionally, Gg11 coupling is for H2R, resulting in increased
intracellular Ca®" and IP3. Currently, the therapeutic use of H2R is limited to inverse agonists (e.g.,
famotidine (Figure 3), ranitidine) in the treatment of gastric and duodenal ulcers, gastroesophageal
reflux disease, and dyspepsia.!’> 7 However, some studies have demonstrated the efficacy of
famotidine in schizophrenia patients®, implicating a potential new therapeutic area. In mice with
deficient HoRs, the appearance of cognitive deficits, impaired hippocampal long-term potentiation,
nociception, gastric, and immune functions indicates that dysfunctional H2Rs are involved in further
pathophysiological processes.'¢ Lack of histamine leads to downregulation of H2R expression in a
tissue-specific manner. HiR and HoR may be arranged as heterodimers, presenting functional cross-
talk such as cross-desensitization and modulation through complex signaling networks.’* Kock et
al. disclosed cryo-EM of HzR in active conformation bound to histamine with Gs protein (3.4 A) in
a nanodisc approach, which presents new insights into histamine interactions with the receptor and

critical residues for selectivity.>

Ha4R is a Gi-coupled receptor with structural similarities to the H3R, but its expression pattern differs,
with more peripheral expression, particularly on eosinophilic granulocytes.!! %57 H4R is expressed
on mast cells, monocytes, dendritic cells, basophils, and natural killer cells.!">>® H4Rs are associated
with inflammatory responses, including cell recruitment, chemotaxis, upregulated adhesion
molecule expression, chemokine release, and cytokine modulation.>® %% The therapeutic potential of
H.R ligands in inflammatory and allergic diseases is still to be explored.’® However, preclinical and
clinical data support that H4R plays a role in atopic skin disease and pruritus.®! H4sR-deficient mice
revealed H4sR modulation of various neurophysiological processes, namely locomotor activity,
nociception, anxiety, and feeding behavior.®? H4R agonists resulted in the upregulation of
interleukin 31 (IL-31) and AP-1 in vitro.®> To date, no H4R ligand has made it a registered drug.
JNJ-7777120 (Figure 3) was the first selective HsR antagonist®, and many compounds entered

clinical trials, but lack of efficacy is the main reason for failure in clinical trials.%

In patients with atopic dermatitis, high H4R expression indicates involvement in the
pathophysiology, and histamine plays a role in the upregulation of IL-18 and activation of
eosinophils.®® Cryo-EM structure of H4R-Gi complexes with histamine and further agonists
(clozapine, VUF6884, clobenpropit) demonstrates different binding modes of histamine in H4R
compared to that of HiR. Whereas histamine occupies TM3 and TMS5 in HiR binding, in H4R,
histamine binds only on the TM7 side (n-m network). Larger ligands (clobenpropit and clozapine)

also occupy the TM3 and TMS5 sides. Presumably, E182 (TMS) is a regulator for receptor activation
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that may facilitate the design of H4R ligands.®’” At the same time, histamine and agonist imetit bound
to H4R in complex with Gq was reported.®® This recently gained insights into ligand binding in
various states and interactions with the receptor facilitate the development of selective ligands for

each receptor subtype.

J
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Figure 3: Examples of inverse agonists/antagonists to the histamine receptors and their binding
affinities to the respective receptor.'!

The H3R was discovered by J.-C. Schwartz’s group in 1983.!° The 70-kDa protein consists of 445
amino acids, and its gene is located on chromosome 20q13.33, comprising either two introns and
three exons or three introns and four exons.®”’! The most prominent signaling pathways of H3R are
shown in Figure 4. H3R is negatively coupled to Gi/, proteins, inhibiting N- and P/Q-type voltage-
gated Ca®" channels and AC.”>7 H3R activation induces increased intracellular Ca?>* by PLC
activation and IP3 formation.”" 7% 77 In contrast, HsR decreases depolarization-induced Ca®" in
histaminergic neurons of the hypothalamus and in striatal neurons. Modulation of neurotransmitter
release through the Gy, subunit activating G-protein inwardly rectifying K™ channels (GIRK) may
lead to inhibition of synaptic transmission.”® H3R activation is crucial for presynaptic autoinhibition
as a negative feedback mechanism. Through crosstalk with other GPCRs, Gg11 signaling and
activation of PLA», Akt/GSK-3p, and MAP kinase pathways are involved in axonal and synaptic
plasticity.”" 7% 8% In sympathetic nerve terminals, Na'/H" exchanger activity is attenuated, resulting
in inhibition of noradrenaline (NA) release.®!# High constitutive activity of HsR was demonstrated
both in vivo and in vitro, with the suggestion that a short amino acid sequence in the sixth TM is

responsible.®?
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Figure 4: Main signaling cascades of H3R.!!- %

Abbreviations: AA — arachidonic acid, AC — Adenylatcyclase, Akt — protein kinase B, cAMP - cyclic adenosine
monophosphate, CREB — cAMP response element binding protein, PKA — protein kinase A, PLC — phospholipase C,
IP; — Inositoltriphosphate, ERK1 — GSK3p — glycogen synthase kinase 3, GIRK — G-protein gated inwardly rectifying
K* channel

RNA sequencing data have revealed the expression of multiple H3R isoforms in the brain and tissue-
specific distribution; however, the functional significance of H3R isoforms remains poorly explored.
H3R splicing across species reveals evolutionary dissonance and conservation, indicating that
species-specific control mechanisms and isoform-specific interactions and effects are feasible.
Twenty-four human isoforms identified by cloning and/or RNA sequencing, including canonical
isoform hH3R-445, extended hH3sR-453 (C-terminal tail), and shorter hH3R-365.%° Interestingly,
Gao et al. found that the short hH3R is constitutively more active and binding properties of agonist
and antagonist/inverse agonist differ between hH3R-445 and hH3R-365 isoforms namely binding
affinities of agonists are lower to the short isoform in contrast to binding affinities of inverse
agonists which are lower at the canonical isoform.*> Complexity of isoforms and their expression
have rendered it challenging to explore the importance of all H3R isoforms.!! Insight into isoform

functionality may pave the way for precise pharmacological treatment and targeted therapeutics.

As previously described, H3R acts either as an autoreceptor on axons of TMN neurons, dendrites,
and somata, resulting in the inhibition of histamine biosynthesis and release from varicosities, and

thus inhibiting signal transmission, or as a heteroreceptor.'® 3¢ High densities of H3R are found in

8



1.2 Histamine receptors

the amygdala, striatum, nucleus accumbens, hippocampus, cerebral cortex, cerebellum, substantia
nigra (SN), and brain stem. H3 heteroreceptors regulate the release of various transmitters, including
biogenic amines, acetylcholine (ACh), glutamate, GABA, and peptides.'! ' Genetic linkage studies
in knockout (KO) mice suggest that the loss of H3R function is linked to reduced locomotion,
metabolic syndrome, late-onset obesity, behavioral disorders, increased leptin and insulin levels,
and neuroinflammatory diseases.'® Recently, a crystal structure of H3R was revealed, unleashing
new possibilities for ligand design and discovery of ligand-receptor interactions.’’ Interestingly,

homo- and heterodimers are shown, e.g., with DiR and D,R.!3- 888
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Table 1: Overview of the properties, distribution, ligands and effects from the four histamine

receptors*, !> 16:47.50,9
HiR H>R HsR H4R
G-protein coupling Gog/11 Gos Gi/o Giio
Smooth muscle,
vascular cells,
neuronal and Smooth muscle Hematopoietic
lial cells vascular cells, Striatum cells
& immune system, . ]
(thalamus, arietal cells basal ganglia, CNS in
Location hypothalamus, p CNS (basal’ nucleus discussion
septum, ganglia accumbens, (amygdala,
hippocampus, hi am, cerebral cortex, thalamus, cortex,
olfactory bulb, ppocampus, hippocampus hippocampus,
amygdala, spinal cord)
arcnoyrftged;)la, cerebral cortex) p
epithelial cells
Impromidine Nu-Methyl 4
Aconists Histamine AIr)n tamnine histamine, Methylhistamine,
& Histaprofiden UR-AK 24 Imepip, VUF-8430,
Imetite ST-1006
Doxepin, Ranitidine, Pitolisant, INJ-7777120,
Antagonists Levocetirizine, Cimetidine, ABT-239, SENS-1111,
Loratadine Famotidine, DL-77 JNJ-3975879,
cAMP?, cGMP,
phospholipase
Ct 2+
. cAMP1, AC,c- cAMP|, Ca™'1, 2
Cellular effects phosp }Il)th ase fos, C-Jun, MAP kinase? CQIXIII; tigaase TT ’
phosph(’)lipase PKC, p70S6K
Az, NF-xB,
Ca2+T
dorders, doders, Inflammatory
Pathophysiological L . . . diseases, e.g.
allergic Gastric ulcer schizophrenia, > e
effect ) . ) asthma, pain,
reactions, pain, epilepsy, 1
emesis depression allerey
Hlstamgl;é | affinity 46 51 29 2.1

*1 increase, | decrease, CNS — central nervous system, cCAMP — cyclic Adenosine monophosphate, cGMP — cyclic
Guanosine monophosphate, AC — adenylylcyclase, MAP — Mitogen-activated protein

10



1.3 Histamine H3 receptor ligands

1.3 Histamine H3 receptor ligands

At the beginning of H3R ligand discovery, structures were imidazole-based, oriented on histamine
itself yielded in the antagonist thioperamide and agonist R*-methylhistamine (RAMH) as selective
ligands over HiR and HaR.”! Despite the selectivity of these ligands, thioperamide revealed to be
hepatotoxic, and the first-pass metabolism of RAMH is extensive, but the tritiated agonist proved
to be a good radioligand.”? Ciproxifan was very potent in vivo, but performed poorly in toxicity
tests.”® Extensive development led to many promising imidazole-based ligands, among other imetit,

t%°, imoproxifan®®,

methimepip, immethridine, BP2-94 (FUB94), ['*’IJiodoproxyfan®*, clobenpropi
and FUB-407"7. For some imidazole-based agonists, low selectivity over H4R was detected after the
discovery of H4R in the early 2000s.°® BP2-94 (FUB94), and SCH50971 increased sleep time and/or
sedation in preclinical animal models.”® Cipralisant, also known as GT-2331'%, was one of the first

H;R ligands in phase II clinical trials for ADHD.!%!

Cloning and functional expression of the human H3R enabled the simplified screening of new

t.”> The discovery of various isoforms by alternative mRNA

compounds at the human targe
splicing®® and sequence differences in the transmembrane domains, including pharmacological
variations in animal species'®?, complicates the interpretation of preclinical data and highlights

translational hurdles in the development of novel drug candidates.

Simultaneously, a crucial step in the development of H3R antagonists/inverse agonists was the
replacement of imidazole with nitrogen-containing heterocycles. Thereby, major drawbacks of
imidazole-containing compounds, such as poor brain penetration and interaction with cytochrome
P450 enzymes (CYP), including drug-drug interactions, liver toxicity, extrapyramidal symptoms,
and inhibition of adrenal steroid synthesis, and selectivity over H4R, were improved and/or
avoided.!! 19 104 Ganellin et al. described one of the first potent nonimidazole derivatives
containing pyrrolidine, with the lead compound UCL 1972!%, followed by numerous potent
nonimidazole H3R inverse agonists/antagonists comprising different structural elements as
replacements for imidazole. The benzofuran ABT-239 with basic amide methylpyrrolidine is a
potent H3R antagonist with promising results in preclinical studies for schizophrenia and cognitive
disorders, but an unfavorable toxicity profile due to human ether-a-go-go-related gene (hERG)
affinity and consequently QT prolongation.!? Cardiovascular side effects caused by the antitarget
hERG are one of the main reasons for failure in drug development or even withdrawal from the
market after approval.!?” Cardiac hERG encodes a voltage-gated K* channel contributing to cardiac
repolarization and QT intervals. Inhibition of hERG leads to QT prolongation, and consequently,

arrhythmias and cardiotoxic effects. Therefore, avoiding hERG interactions and employing design-
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out strategies for structural optimization are highly recommended.'®® Point out the importance of
early toxicological screening in drug development to modify structural elements responsible for
adverse events in the early research stages. The design of H3R agonist without imidazole is more

difficult, and only a few are described yet, e.g, VUF 16839.4

On account of H3Rs’ localization in the CNS, a key property of ligands targeting H3R is blood-brain
barrier (BBB) permeability.!” The BBB is a tight membrane that allows only low molecular weight
molecules (<400-600 Da) to enter by passive diffusion. Increased lipophilicity enhances BBB
permeability, with the limitation that high lipophilicity may result in substantial side effects due to
longer retention times and drug accumulation.'!'® "' Furthermore, P-gp, multidrug resistance-
associated membrane proteins, transport drugs from the CNS back into the blood by ATP-dependent
efflux pumps'!? and thus represent an additional protection mechanism between the periphery and
the CNS. Therefore, ligands should not only be BBB-permeable but also non-P-gp substrates to

obtain clinical efficacy by systemic administration.

The approval of Pitolisant (FUB649, BF2.649, or tiprolisant) by the European Medicines Agency
(EMA) and the U.S. Food and Drug Administration (FDA) was a milestone in the development of
H;R ligands.!'® "% The N-piperidyl derivative (Figure 3) is still the only approved H3R
antagonist/inverse agonist on the market, showing high selectivity (nearly hundred various human
receptors or channels at 100 nM (K; (hH3R) = 0.3-1.0 nM).!!® The application for narcolepsy with
or without cataplexy was extended by EMA with the approval for the treatment of excessive daytime
sleepiness (EDS) in obstructive sleep apnea (OSA).!!¢ In practice, gradual dosing to max. 18 mg/day
(EDS in OSA) resp. 36 mg/day (narcolepsy). While preclinical and clinical safety found single
doses up to 120 mg acceptable without severe adverse events. Toxic properties were only seen at
very high doses (several orders of magnitude higher than necessary to saturate cerebral H3Rs) and
present as behavioral manifestations, mainly convulsive episodes. It is of great importance that
plasma levels alleviate at the end of the day to avoid disturbing sleep at night due to waking effects.
Pharmacokinetic decay is mainly driven by CYP3A4 and 2D6 hydroxylation, followed by opening
of the piperidine ring as a soluble major metabolite inactive at H3R and principal elimination

pathway through urine.!
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Figure 5: Structures and affinity values of imidazole and non-imidazole based H3;R agonist and
antagonist.!

Among others, the most common motifs for bioisosteric exchange are pyrrolidine (e.g., UCL-
2190'"7), piperidine (e.g., FUB-833!'%), and piperazine (e.g., Bavisant® (Figure 5)). Extensive
structure-activity relationship studies disclosed a blueprint for H3R antagonists/inverse agonists
(Figure 6). The basic amine moiety is separated from the eastern part by a linker to the central core,
which is primarily hydrophobic and connected to the eastern region. The eastern region is more

flexible, permitting basic amines, polar or non-basic moieties.' '

Pitolisant (Figure 3) binding site is located within the transmembrane below the extracellular loop,
where Glu206 (TMS5) forms a salt bridge with the piperidine, the hydroxyl of Tyr374 (TM6) is H-
bonded with the central oxygen of the ligand, Phe198 and/or Tyr189 make n-stacking interactions
with the para-chlorophenyl group.'?°
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Western part Eastern part

! \ l \

lonic
interaction
= =
TM3 TM5 TM6 ™7 T-TT

% % stacking
> 2 H-bond
X=N, O, S (heteroatom)

Figure 6: Blueprint for H3R pharmacophores and common protein-target interaction with the H;R

TMs 87,119, 121

Abbreviation: TM — transmembrane domain

The crystal structure of H3R bound to PF-03654746 (Figure 5) was resolved in an inactive state at
2.6 A resolution by Peng et al. in 2022. In this study, hydrogen bonds between N-ethylcarboxamide
and carbonyl residues with Glu395 (TM7), and hydrophobic interactions with Tyr91 (TM2), were
identified. Moreover, a cholesterol-binding site was identified with the potential for allosteric
modulation. In molecular docking studies, the binding modes of various H3R antagonist/inverse
agonists (Pitolisant (Figure 3), GSK189254A (Figure 7), LML134, Clobenpropit (Figure 5),
INJ5207852, GSK334429 (Figure 7), MK-0249, PF-03654746 (Figure 5), Bavisant (Figure 5),
Thioperamide (Figure 5)) were investigated; however, it should be noted that docking scores were
lower than the experimental K; values. Conserved salt bridges with Asp114 (TM3) and protonated
nitrogen atoms, and strong hydrophobic contacts at the bottom of the pocket were established.®’
Common interactions with the H3R are ionic interaction of basic moieties with Aspl114 (TM3), =n-
stacking with the aromatic cluster of TM6, TM5 determines the functional selectivity and Trp402

(TM7) is a conserved residue.®”- 12!

In a recent study, cryo-EM structures of Zhang et al., all four histamine receptors in complex with
their main G protein bound to histamine, determined important conserved residues for histamine
recognition in H3R: Asp114 (TM3) for the recognition of histamine by a hydrogen bond with the
delta nitrogen of the imidazole, Asp114 (TM3)-Tyr115 (TM3)-Tyr374 (TM6) as critical motif for
histamine recognition, as well as Phe398 (TM?7) and Trp402 (TM7) n-n stacking with imidazole.!??
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1.3 Histamine H3 receptor ligands

In this study, distinct binding orientations of histamine were identified in HiR and H2R compared
to H3R and H4R, with approximately a 180° rotation. In addition, Leu401 (TM?7) of H3R and GIn347
(TM7) of H4R were identified for the selectivity of the piperidine ligand immethridine (Figure 5).!%?
Conserved residues and ligand recognition of H3R facilitate the design of specific ligands and pave

the way for agonist and inverse agonist development.
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1.4 CNS Disorders Associated with H3R

The H3R has been implicated in various neurological and neurodevelopmental disorders, including
Alzheimer's disease (AD) and Parkinson’s disease (PD), schizophrenia, sleep disorders, attention
deficit hyperactivity disorder (ADHD), autism spectrum disorder (ASD), and depression.'!: 123
However, the breakthrough to marketed pharmaceuticals is still limited to Pitolisant for the
treatment of narcolepsy and EDS in obstructive sleep apnea. The reasons for the failure of H3R
ligands in clinical trials are heterogeneous, inter alia, insufficient efficacy, lack of separation
between side effects and efficacy, and strategic decisions of sponsors.!?* Ongoing clinical trials of
Pitolisant for additional indications such as ASD in children and adolescents (phase II in active
status)'** and prader willi syndrome (phase III in recruiting status)'?® underline unexploited
capabilities of H3R ligands to date. Recently, promising results of a phase Il clinical trial for EDS
in patients with prader willi syndrome were published.'?® Furthermore, the safety profile of

Pitolisant has been demonstrated since its approval, and an investigation into a pregnancy registry

is recruiting '?” and for children '3, highlighting its tolerability.

The following chapter discusses the potential therapeutic applications and the underlying
pathophysiological mechanisms of H3R ligands, as well as the verified and potential effects of H3R

modulation in diseases.
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1.4.1 Sleep disorders

Sleep impairment leads to deficits in attention, executive function, and processing speed, promoting
impulsivity, emotional lability, and depression. Sleep disorders in neurodegenerative diseases are
common and may contribute to the progression and severity of neurodegeneration. Furthermore, the
glymphatic pathway is predominantly active during sleep and is proposed to play a critical role in
the clearance of extracellular neurotoxic waste. Lack of sleep promotes the propagation of tau and
neuroinflammation. Therefore, addressing sleep disorders in neurodegenerative diseases is
inevitable. Sleep disorders vary from increased arousal, loss of rapid eye movement (REM) sleep,

or increased time to REM sleep initiation.'?’

Narcolepsy is a chronic sleep disorder with onset in adolescence and characterized by EDS.!*°
Genetic and environmental factors cause immune-mediated selective loss or malfunction of orexin
neurons in the lateral hypothalamus. Consequently, patients suffer from reduced quality of life and
socioeconomic impact. A distinction is made between narcolepsy type 1 (NT1) and type 2 (NT2),
with similar clinical profiles, with the exception that cataplexy is only present in NT1. The
symptoms are sleep paralysis, disturbed sleep, impaired wakefulness, abnormal REM sleep, and
hallucinations. Narcolepsy may also be a comorbidity, e.g., in Parkinson’s disease.!*! In NT1
patients, approximately 90% of the wake-promoting neuropeptide hypocretin (HCRT or orexin)
signal is lost, which is in contrast to NT2. The hypothesis of NT1 pathogenesis involves the
autoimmune destruction of orexin-producing neurons in the hypothalamus, and immune-related
genetic and environmental factors. The clinical spectrum and mechanism leading to orexin loss are
not entirely clarified. Symptomatic treatment has shown good efficacy and safety, encompassing a
broad spectrum of substance classes, including modafinil, sodium oxybate, solriamfetol,
methylphenidate, and the already described H3R antagonist Pitolisant.'** Neither a drug combats the
cause of the disease, nor an approved drug modulates orexin receptors directly. However, orexin
agonists are in the development for narcolepsy to directly reduce the orexin deficiency and manage
multiple aspects of the syndromic condition of narcolepsy.'*? Although the oral orexin 2 receptor
agonist TAK-994 showed good efficacy, hepatotoxic effects in clinical trials led to no further
consideration as a potential treatment!3?, several other candidates are in development, such as ALKS
2680, a selective orexin 2 agonist'>* '3 in phase 2 and 3 clinical trials for NT1 and NT2 or TAK-

861 in clinical trial for the treatment of NT1.136 137

HsR inverse agonists, such as Pitolisant, activate histaminergic neurons with a wake-promoting
effect. This drug has fewer limitations compared to other narcolepsy treatments, e.g., low abuse

potential and fewer side effects. Increased numbers of histamine neurons and decreased histamine
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1.4.1 Sleep disorders

release have been observed in patients with narcolepsy.!**1*’ Furthermore, the interplay between
HCRT and histamine plays a role in maintaining wakefulness and arousal throughout the day.
Enhancement of wake-promoting neurons by histaminergic neurons suppresses sleep-promoting
neurons.'?! Samelisant (SUVN-G3931 (Figure 5)) is a novel morpholine-based H3R inverse
antagonist under investigation for the treatment of NT1 and NT2. Phase 2 clinical trials resulted in
an improvement in daytime sleepiness, as determined by ESS score, and phase 3 clinical trials are
planned.® These clinical trials found fewer side effects and improved cardiovascular safety
compared to that of Pitolisant; however, the study’s duration limits its validity. Phase 3 clinical
trials will show whether samelisant has a favorable safety profile and whether its efficacy can be

demonstrated in larger patient groups.

Furthermore, Pitolisant reduced daytime sleepiness in patients with obstructive sleep apnea.
Obstructive sleep apnea is associated with multiple comorbidities such as EDS, fatigue, stroke,

arrhythmia, coronary heart disease, and metabolic dysfunction.!*!
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1.4.2 Addiction

Alcohol use disorder (AUD) is a major health risk with high mortality. Pharmacological treatment
plays a crucial role as a counterpart to psychological interventions.'#? Pharmacological interventions
in the therapy of AUD focus on the prevention of relapses and complete avoidance or reduction of
alcohol intake. Currently, approved drugs for AUD have versatile mechanisms of action. Disulfiram
inhibits the enzyme responsible for alcohol decay, acetaldehyde dehydrogenase, leading to an
increased concentration of acetaldehyde in the blood. Consequently, unpleasant effects of alcohol
intake are initiated, including nausea, flushing, vomiting, sweating, and even cardiovascular effects.
Due to its mechanism, it only acts in a preventive manner by deterring the consequences of a relapse.
Acamprosate is generally considered safe, although its mechanism of action is not fully understood.
It conceivably restores the imbalance between neuronal excitation and inhibition, presumably
through N-methyl-D-aspartic acid (NMDA) receptor action and metabotropic glutamate receptor
5.1 However, it failed in the COMBINE study to be useful for relapse prevention, with different
outcomes of studies attributed to genetic factors or study design, notably in detoxified patients,
alcohol abstinence was maintained. Naltrexone is a pu-, k-, and d-opioid receptor antagonist and
decreases dopamine release in the nucleus accumbens. It reduces the quantity of alcohol intake and
recurrence to heavy drinking in consequence to the contrast desirable alcohol effects.!*? Similar is
nalmefene, an opioid modulator at p, 6 (antagonist), and x (partial agonist) that decreases alcohol
consumption and heavy drinking days in patients with high drinking risks with moderate adverse

events.'®

H3R is expressed in many brain areas involved in alcohol drinking and reward, as the
mesocorticostriatal system and amygdala.!! Alcohol affects GABA, glycine, and glutamatergic
NMDA receptors.!** 4> H3R inverse agonists may be beneficial in the treatment of AUD, and some
H3R antagonists (thioperamide (Figure 5), clobenpropit (Figure 5), ciproxifan, JNJ-39220675, JNJ-
10181475, DL77, ST-1283) demonstrated reduced alcohol intake in vivo in mice or rats.'*® The
clinical trial of Pitolisant for AUD was terminated due to strategic reasons of the sponsor.'4” A phase
2 clinical trial of the H3R inverse agonist BP1. 3656 with low daily doses (30 to 90 pug) from
Bioprojet for AUD is completed.'*® This compound was removed from the website pipeline of

Bioprojet and will presumably not be pursued '*

presumably due to insufficient efficacy as
indicated by the results of the primary outcome on EudraCT.!>° The question remains open whether

other H3R ligands may be beneficial in AUD therapy.

Besides the possible application in AUD, H3R is also indicated as a pharmacotherapeutic target in

other addictive disorders. Upregulation of H3R expression in opioid use disorder patients due to
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chronic opioid use is presumably induced by modulation of histaminergic neurotransmission. This
adaptive mechanism may modulate opioid tolerance and analgesia. In animal models, the opioid
fentanyl combined with H3;R agonists and RAMH showed synergistic effects. Whether the
upregulation is a compensatory mechanism for opioid analgesia tolerance and whether H3R ligands

could serve as a therapeutic intervention needs to be elucidated.!®!
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1.4.3 Neuropathic pain

Neuropathic pain is defined as pain initiated or directly caused by primary lesions or dysfunction of
the somatosensory system. This complex condition can be differentiated between peripheral (Ap,
AJ, and C fibers) and central neuropathic pain, depending on the anatomical location of the lesion
or disease.'*? The pathophysiological mechanisms of neuropathic pain are multidimensional and not
completely understood. Symptoms include allodynia, hyper-, and hypoalgesia occurring as
spontaneous pain, among others, induced, for example, by trauma, vascular disease, nerve
compression, neurological diseases, metabolic syndrome, drugs, or infectious diseases.!> Despite
pharmacological treatment, for most patients, freedom from pain cannot be achieved. Prevalence
lies between 7 and 10%, and a realistic therapeutic goal is pain reduction by more than 30%.'>* Due
to the lack of freedom from pain, essential goals in treatment are improvement of sleep quality,
quality of life, functionality, maintaining the ability to work, and social activities. Pharmacotherapy
remains necessary for neuropathic pain treatment.!>> Monotherapy with currently available drugs is
associated with limited efficacy and dose-related side effects. The combination of two or more
analgesic drugs may improve efficacy, e.g., combination of opioid and gabapentin, but side effects
increase and are dose-limiting.!> Opioids combined with antidepressants or gabapentinoids and
gabapentinoids with antidepressants are applied, demonstrating synergistic effects but not
outstanding efficacy.!>® The already available drugs applied in the therapy of neuropathic pain either

by registration or in off-label use (Table 2).

Neuropathic pain models in the development of novel drugs have some limitations: reliable and
objective measures of behavioral response, adequacy of outcome measures, and a multimodal

mechanism underlying the development of neuropathic pain.'>’

The lack of effective pharmacotherapeutic treatment comprising low side effects and long-term

efficacy confirms a definite demand for new therapeutic strategies in neuropathic pain management.

Histamine is a key molecule for the transmission of nociceptive signals, being antinociceptive in
the CNS and nociceptive in the peripheral nervous system (PNS). While excitatory histamine
signaling in nociceptive pathways is associated with increased pain, inhibition of histamine
receptors is neuroprotective, exhibiting antinociceptive effects. All histamine receptors may be
involved in nociception and, consequently, neuropathic pain, but the exact role of each receptor and

whether mutual influences exist need further elucidation.’

22
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Table 2: Drugs, their mechanism of action, side effects and applications in the treatment of

neuropathic pain,!8-163
Dru Mechanism of Side effects Application
g action/ effect pp
Amﬂirlp ty}me NA and 5-HT anticholinergic and Neuropathic pain
(tricyclic transporters, neurologic effects fibromyalgia
antidepressant) activation £ yas
SSNRI Nausea, raised blood
Duloxetine Diabetic peripheral pressure/administration, Painful diabetic
(SSNRI) DETIpHe restricted authorization, neuropathy
neuropathic pain . .
diabetic polyneuropathy
Venlafaxine Not authorized, but Symptomatic
(SSNRI) SSNRI medication of choice in treatment of
other guidelines neuropathic pain
GABA
. Decreases release of Neurological symptoms Postherpetic
Gabapentin glutamate, . . .
. ) as fatigue, dizziness, neuralgia
norepinephrine and
substance P
Postherpetic
GABA, a20 subunit Neurological sympioms neuralgia
Pregabalin of calcium channel 8 Ymp painful diabetic
as fatigue, dizziness .
neurons peripheral
neuropathy
Postherpetic
uR agonist and NA Nausea/vomiting, n;uralgla, peripheral
Tramadol and 5-HT reuptake N o diabetic neuropathy,
e constipation, dizziness . o
inhibitor spinal cord injury,
polyneuropathy
Substance abuse, suicide .
. . . L Rapid onset of
Morphine 1R agonist risk and driving .
i . analgesic effect
1mpairment
uR agonist and kR Substg nee abus§ ’.SmClde Rapid onset of
Oxycodone . risk and driving .
antagonist . . analgesic effect
impairment
Lidocain Block of sodium Skin reaction Postherpetic
channels (erythema or rash) neuralgia

Abbreviation: GABA — y-aminobutyric acid, pR — p opioid receptor, kR — x opioid receptor, 5-HT — 5-
Hydroxytryptamine, NA — Noradrenaline, SSNRI — selective serotonin and noradrenaline reuptake inhibitor

H3R is distributed in the spinal cord, primary sensory neurons, dermal tissue, dorsal root ganglia,

periaqueductal gray area, and superior cervical ganglia regions, modulating pain transmission.”® ¢+

165 H3R has been found in both the ascending nociceptive pathway and the descending pain control

pathway, both of which are critical for the transmission of nociception. Studies on H3R inverse

agonists and agonists in neuropathic pain models have presented contradictory results. Indeed, the

various animal models, dosages, administration routes, and outcome measures contribute to the

complexity of result interpretation and the difficulty in drawing the correct conclusions by clearly

23



Introduction

proving the influences of H3R ligands in the modulation of neuropathic pain. The study findings of
thioperamide (an H3R and H4R inverse agonist) are controversial due to a lack of selectivity and
different effects depending on the route of administration and dose.!*¢"1° However, several selective
H;R antagonists (e.g., GSK189254, A-960656) have demonstrated analgesic effects in animal
models of neuropathic pain, which are listed along with their respective H3R affinity in Figure 7.
Mechanical and cold hypersensitivity were reduced to a comparable extent to the clinically relevant
drugs pregabalin and gabapentin.!®* 1% 170 The analgesic effect appears to involve histamine release
in the locus coeruleus, modulation of descending noradrenergic pathways, and R
desensitization.!”"> 17> Despite the low affinity of S38093, chronic administration led to
antihyperalgesia in two neuropathic pain models, and other effects cannot be excluded.'®® Efficacy
against mechanical hypersensitivity, but not thermal, proves the modality-specific action
presumably due to selective effect on H3R expressing A-fibers rather than C-fibers. Co-expression
of H3R and transient receptor potential melastatin 8 (TRPMS&) on Ao fibers may contribute to cold
hypersensitivity. Popiolek-Barczyk et al. (2018) investigated E-162, a selective H3R antagonist, in
mouse pain models, demonstrating analgesic effects and the contribution of spinal HiR, as
evidenced by the lower analgesic outcome observed when HiR inhibition using pyrilamine resulted

in a lower analgesic effect.!”?

GSK189254 A-960656

K, =0.26 nM K =21 nM

SAe
>7Q N i IN . O\'/\/\/\O OO

GSK334429 E-162
K;=0.32 nM K, =55 nM
NH,
o
@,/\/\O
S38093
K;,=1200 nM

Figure 7: H3R ligands and their binding properties tested in neuropathic pain models.!7% 173-176
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1.4.4 Neurodegenerative diseases

Parkinson’s Disease

PD is a neurodegenerative condition characterized by the presence of bradykinesia with rigidity,
rest tremor, or both, provoked by multiple causes (e.g., genetically or sporadic) that are not fully
known.!”” Some gene mutations (SNCA, LRRK2, PRKN, PINK1, and GBA) are involved in PD
development, and environmental factors such as toxins, head injuries, and pesticide exposure are
associated with PD.!”” Besides the primary symptoms, various non-motor symptoms, including
mental and emotional manifestations, constipation, urinary, skin, and sleep problems, cognitive
symptoms and dementia, muscle cramps and dystonia, pain, fatigue, and loss of energy, difficulties
in swallowing and chewing, also occur in PD patients.!””> 1”® This clinical syndrome is multifaceted
and comprises individual characteristics. The non-motor effects are substantially involved in the
progression of PD, and no disease-modifying therapy is available to date.!”® The pathophysiology
of PD is complex, and individual manifestations seem that treatment of the disease cause for all
disease forms by a single pharmacological intervention is unlikely. Processes differ from prodromal
and early to later stages of the disease.'” Pathophysiology interplay of aberrant a-synuclein
aggregation, dysfunction of mitochondria, lysosomes, vesicle and synaptic transport, and
neuroinflammation. Neuronal death of dopaminergic neurons in the SN pars compacta is
characteristic of PD and accelerates during the progression of the disease. Loss of nigrostriatal
dopamine cells causes a gradient of striatal dopamine depletion, resulting in an imbalance between
the direct (dopamine D; receptor) and indirect (dopamine D- receptor) pathways through the basal
ganglia, which leads to bradykinesia. New insights assume compensatory alterations of brain
activity in areas that are initially unaffected by the pathology of PD, leading to a shift toward more
anterior corticostriatal circuits and recruitment of cortical regions less connected to the basal

ganglia.!”’

Currently, pharmacotherapy focuses on the symptomatic treatment of disabilities. Symptoms of
individual PD patients and treatment goals vary from patient to patient, emphasizing the need for
personalized therapeutic options.!”” "8 First-line treatment focuses on the improvement of motor
symptoms by increasing dopamine in the SN either with dopamine agonists (e.g., pramipexole)
and/or levodopa (a precursor of dopamine), MAO-B inhibitors (e.g., safinamide, rasagiline), and
COMT inhibitors (e.g., entacapone).!”® ¥ Co-medication is used to treat non-motor symptoms with
emphasis on behavioral and psychological symptoms to maintain independence in daily life
activities, improve quality of life, prevent dopaminergic side effects, and avoid care dependency.

For example, adjunctive therapies are cholinergic AChE inhibitors (rivastigmine) for mild to
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moderate dementia in PD and the atypical antipsychotic clozapine for PD-related psychosis.!” 18

182 Despite the reasonable control of motor symptoms in the early stages of PD with levodopa,
efficacy decreases in later stages, accompanied by motor fluctuations, e.g., dyskinesia.'8% 184
Tavapadone is a selective dopamine Di/Ds receptor partial agonist (Di1R Ki=9nM, DsR
Ki= 13 nM) with promising results in phase III clinical trials as an adjunctive treatment for PD with
motor fluctuations. Besides, the first of its class ligand is also under investigation in clinical trials

as monotherapy for PD.!85 186

H;sRs are co-expressed on dopaminergic and glutamatergic neurons in the striatum and SN, brain
regions directly involved in PD.!87- 18 H3Rs are present on glutamatergic and dopaminergic afferents
from SN pars compacta and cerebral cortex, modulating the release of other neurotransmitters
within the basal ganglia.!®” % H3R potentiates D2R but inhibits DR action, among others, by
functional heterodimers with DiR and D2R can form on spiny projection neurons.®® ¥ In PD,
alterations in the histaminergic system, including elevated brain histamine, increased H3R mRNA
levels, morphology, and density changes of histaminergic fibers, indicate a possible contribution to
disease pathophysiology.!*® 1°! Despite this, the number of histaminergic neurons in TMN and

expression of HDC do not appear to be altered in PD.!%* 193

H3Rs modulate dopaminergic signaling through indirect mechanisms in rodent models. Histamine
can increase the dopaminergic inhibitory effects of D2R in medium spiny neurons and mitigate D1R
effects. Additionally, presynaptic H3Rs result in the inhibition of cortical and thalamic excitatory

projections in medium spiny neurons.?!

6-OHDA rats, as a PD model treated with HDC inhibitor (a-fluoromethylhistidine), exhibit a
significant decrease in rotation behavior induced by apomorphine.'* °> Thioperamide increases
histamine in the brain and alleviates apomorphin-induced behavioral responses in rats and may also
rescue memory impairment in the mouse model of PD.!*° In summary, these observations emphasize
the role of the dysregulated histaminergic system in PD and the potential benefits of H3R

modulation.

Alzheimer’s Disease

AD is a progressive neurodegenerative disorder with advanced deterioration of quality of life for
patients and a primary health issue with increasing prevalence.!”” Cognitive impairment is often
accompanied by neurobehavioral symptoms (e.g., apathy, anxiety, and depression).'”® Loss of

cholinergic neurons and diminished ACh, as well as elevated activity of NMDA receptors on
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glutamatergic neurons, appear in AD patients.!” Aggregated amyloid B-peptides (AP) and
intracellular neurofibrillary tangles (NFTs) containing phosphorylated tau (t) accumulate leading to
progressive synaptic and neuronal loss.?’ Despite the immense efforts, disease cause remains
uncovered to date, and besides the amyloid cascade hypothesis, non-amyloid hypotheses including
neuroinflammation, t, and neuroprotection are under discussion.!”® The multifaceted characteristics
require complex pharmacological and non-pharmacological treatment and interventions, depending
on the state of disease.’”! Therapeutic goals are delaying the course of the disease, alleviation of
symptoms, delayed admission to nursing homes, improvement of quality of life, and relief for
relatives. Cognitive enhancing pharmacological management focuses on symptomatic treatment,
and cognitive enhancing drugs include acetylcholinesterase (AChE) inhibitors (e.g., rivastigmine)

and the NMDA antagonist memantine.'®’

In the last decade, several biological drugs have been approved as AD treatments, including
Aducanumab (Aduhelm™) by the FDA in 2021. The antibody reduces amyloid B-plaques in mild
cognitive impairment and AD, but the clinical benefits are limited, and approval was
controversial.?*> 2% Two further antibodies against amyloid plaques for the treatment of mild
cognitive impairment and mild dementia were approved by the FDA, namely Lecanemab-irmb
(Legembi™) and Donanemab-azbt (Kisunla™). The latter is an amyloid B-directed antibody that
binds only to insoluble amyloid-B.2°* 2% However, the application of these antibodies for AD is
debatable in terms of patient benefits. The EMA declined to approve donanemab, concluding that
the benefits do not outweigh the serious adverse events, including brain swelling and bleeding.?%
Despite progress in approving biological treatments for AD, the disease-modifying effect has not
been ensured. The costs of development and manufacturing of daily doses are significantly higher

compared to those of small molecules.

Histamine receptors are highly expressed in brain areas responsible for cognition, and the
neurotransmitter is assumed to be a key modulator in cognition. Higher mRNA levels of H3R splice
variants were observed in the brains of patients with AD symptoms, but H3R densities in the
prefrontal cortex of AD patients appear to be unchanged.?’” 2%® The number of histaminergic
neurons and the activity of HDC in AD patients remain unaltered. However, mRNA fluctuations
are lost in some patients with AD.?*2% H3;R KO mice perform similarly to wild-type mice in novel
object recognition and passive avoidance learning, and interestingly, the performance is better in
spatial learning task suggesting task depending role of histamine in rodents.?!® Several studies
investigated properties of H3R antagonists in cognitive models with emerging positive effects on

cognitive decline.*® Procognitive properties suggest potential utility in dementia, and some H3;R
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ligands (GSK-239512, ABT-288, and S38093 (Figure 7)) made it to phase 2 clinical trials. However,

cognitive improvement remained modest or was not clinically meaningful compared to placebo.?'!"
213 Further studies suggest the neuroprotective effect of the HsR antagonist via CREB and GSK3p

214,215 and in a recent study of Pitolisant, restoration of cognitive deficits was demonstrated

pathways
in mice linked to the lysosomal system rather than the neuronal activity of histamine.?!® Clinical
trials are limited by the number of H3R antagonists investigated, however, the mechanism for the

discrepancy between preclinical observations and clinical trials remains unclear.
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1.4.5 Psychiatric disorders

Schizophrenia

Schizophrenia is a neurological disorder with episodic progression and clinically apparent positive
and negative symptoms. People with schizophrenia can be affected by the disorder for a lifetime,
with generally lower life expectancy.?!” Positive symptoms are mainly present in acute, psychotic
episodes, including delusions, hallucinations, and disorganized speech, and at least one of these
symptoms has to be present. In contrast, the negative symptoms are persistent, such as psychomotor,
drive disorder, and affectivity. Moreover, disorganization, cognitive, and affective disorders, and
comorbidities such as substance abuse, post-traumatic stress disorder, depression, and suicidality
are common in schizophrenia patients. The onset of schizophrenia is usually in early adulthood, and
somewhat earlier in men than in women.?'® Multiple pharmacotherapeutic options are available with
different modes of action, mainly affecting dopamine transmission, among other neurotransmitter
systems. Antipsychotics are grouped into the typical class (first generation), like haloperidol, and
the atypical class, clozapine (second generation), aripiprazole, and cariprazine (third generation),
which are shown in Figure 8. Even though the second and third generation of antipsychotics led to
reduced extrapyramidal side effects, the available treatments mainly show good improvement of
positive symptoms, and efficacy on negative domains is limited.?'* 22 Furthermore, multiple side

effects, such as weight gain or extrapyramidal effects, alleviate patient compliance.??!- 2?2
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Figure 8: Structures of first, second, and third generation antipsychotics in the treatment of

schizophrenia.??’

Recently, a new approval of Cobenfy® that contains xanomeline and trospium chloride for the

treatment of schizophrenia in adults as the first antipsychotic drug that targets cholinergic receptors.
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Xanomeline is a muscarinic receptor agonist (MR and M4R) with a secondary effect on
dopaminergic alterations. Trospium is an antimuscarinic molecule that counteracts the peripheral

adverse effects of xanomeline.?**

The role of H3R in schizophrenia has been implicated in several studies, with the principal focus on
cognitive impairment.!7# 225226 However, the procognitive effects of H3R antagonist demonstrated
in rodents were not verified in controlled, double-blind trials of Pitolisant and other H3R inverse
agonists given in addition to antipsychotics.!”® Upregulated HsR expression was observed in the
prefrontal cortex of individuals with schizophrenia postmortem.??® H3R is present presynaptically

on glutamate, dopamine, ACh, serotonin, NA, and GABAergic neurons.!!

Clozapine is an
antipsychotic drug that acts as a potent HiR partial inverse agonist, weak H2R full inverse agonist,
and as a moderate H3R and H4R agonist. These binding properties may contribute to the
antipsychotic, but also the sedative profile of the drug.??’” Recent PET studies of schizophrenia
patients implicate that H3R levels are not altered but potentially disrupted histaminergic modulation

of executive function.?® In summary, further studies are necessary investigating HsR antagonist

influence in schizophrenia patients to prove H3R modulation in schizophrenia patients.

Depression

The prevalence of major depressive disorder is 15-20% and is often accompanied by comorbidities,
higher mortality, and increased risk of suicide.??® 2** It is a central public health issue worldwide
with high heritability. Bidirectional relationships of comorbidities such as bipolar disorder,
schizophrenia, substance use disorder, anxiety, and neurodegenerative diseases hamper confirmed
diagnosis.”*! Predominant and persistent symptoms are cognitive, affective, and behavioral
disorders, depressed mood, anhedonia, weight changes, and loss of interest.?*?> Several hypotheses
are discussed for the pathological mechanism of major depressive disorder, namely, hypothalamic-
pituitary-adrenal axis dysfunction, monoamine, inflammatory, genetic, and epigenetic anomalies,
and structural as well as functional brain remodeling hypothesis. However, none of the hypotheses
provides a complete explanation of the pathological mechanism. The complexity of the disease not
only limits accurate diagnostics, but the choice and possibilities of pharmacological strategies are
also limited.”** Even though antidepressants improve symptoms of some patients, recurrence after

discontinuation of antidepressants and insufficient effect are major issues.??% 233234

Neuropathology and molecular mechanisms of major depressive disorder remain to be elucidated,

but stress is an etiology proposed to play a fundamental role, especially by chronic activation of
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stress response pathways.?*> 236 Imbalances of monoamines such as dopamine, norepinephrine, and
serotonin are also implicated in the pathology of major depressive disorder.?** These monoamines
synergistically regulate different aspects of mood and are dysregulated in depression. For example,
extracellular serotonin levels in blood, urine, and cerebrospinal fluid are lower than in healthy
humans. Moreover, the noradrenergic system in the locus coeruleus is impaired, with decreases in
norepinephrine transporters and increased os-adrenergic receptors.??’” Dopamine plays a role in
motivation, concentration, pleasure, reward, emotions, and psychomotor speed. Chronic stress
induces neuroadaptation that attenuates dopamine-mediated reward pathways following depression
and fatigue associated with changes in dopamine function. Serotonin is involved in cognition, sleep,
circadian rhythms, motor activity, and other biological functions, and selective serotonin reuptake
inhibitors (SSRIs) such as fluoxetine are widely used in depression. Drawbacks of these therapeutic
options are partial lack of clinical efficacy, adverse events, and patient compliance.?*” Delayed
effects of SSRIs may be attributable to long-term neuroplasticity deficits and restorage needs
chronic treatment. Chronic treatment with antidepressants is associated with increased transmission
of serotonin in the locus coeruleus and neuroplasticity in specific brain regions.?*> 2*® Some
antidepressants show high affinity to o1R, like the SSRIs fluvoxamine and sertraline. The
antidepressant like effects of oiR agonists are demonstrated in several preclinical and clinical
studies, however, the clinical outcome is indecisive, and none are approved for the treatment of
depression yet.?*> %0 Recently, the widely applied anesthetic drug ketamine was repurposed and
approved as a nasal spray in combination with SSRI or SNRI for treatment resistant depression and
major depressive disorder by the FDA and EMA. The FDA extended the use of the rapidly acting
drug as a standalone therapy in 2025. Esketamine mitigates symptoms of depression rapidly, but

NMDAR antagonists can lead to serious side effects, e.g., abuse and cognitive impairment.4!- 242

Several studies have postulated a convergence between H3zR antagonists and antidepressant resp.
anxiolytic effects in rodents. It is suggested that precognitive and antidepressant effects are induced
by H3;R modulation of glutamatergic transmission.”*” For example, clobenpropit increased
hippocampal plasticity and decreased immobility in forced swim test by H3R inhibition and thereby
disinhibition of H;R and H:R in the hippocampus.’*® Ciproxifan alleviates depression-like
behavior.?** ST-1283 demonstrated anxiolytic effects and alleviates depression-like behaviors in
mice in multiple tests (open field test, elevated plus maze, depression, forced swim test, tail
suspension test, novelty suppressed feeding test).*> JNJ10181457 improves depression-like
behavior in mice in the tail suspension test and release of proinflammatory cytokines.?*® Compound
3h  (3,5-dimethyl-N-(2-methyl-4-((285,3'S)-2-methyl-[ 1,3'-bipyrrolidin]-1'-yl)phenyl)isoxazole-4-

carboxamide), an inverse agonist of H3R with a favorable safety profile, displayed antidepressant-
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like effects in the forced swimming test in rats.’*’ However, clear evidence of the association

between depression and H3R is still missing and needs further elucidation.

Autism spectrum disorder

Patients with ASD exhibit social deficits and repetitive sensory-motor behaviors. Due to the
versatile characteristics, no reliable biomarkers are available, and diagnosis is currently based solely
on behavior. According to the DSM-5, the following aspects must be fulfilled: social
communication and/or interaction impairment, sensory anomalies, and repetitive behavior (e.g.,
restricted interests and hyper/hyposensitivity). The symptoms must be present in early development
and cause impairment in current functioning without another explanation. Various levels of

intellectual disability are possible.?*®

Pathophysiological differences include functional brain and subtle anatomical changes, e.g., evident
in electroencephalography. More than 100 genes and genomic regions are associated with ASD, but
the knowledge of genetic components has not shown clear benefits yet. Presumably, complex
interactions in the development of children’s brain activity and behavior cause altered synaptic
signaling and gene expression. Treatment aims to interfere with specific behaviors, joint attention,
language, and social engagement through psychosocial interventions. In contrast, pharmacological
treatment should improve associated symptoms such as irritability and comorbidities, including
anxiety, Tourette syndrome, ADHD, and depression.’**>*! Genetic risk factors of Tourette
syndrome match those of ASD, and both neurodevelopmental disorders may be associated with the
upregulated microglia activation, neuroinflammation, and dysfunction of basal ganglia circuits.
Furthermore, a family association study has shown that nonsense mutations in the HDC gene are
associated with TS.?*> ASD can be classified into syndromic and nonsyndromic based on apparent
clinical criteria.?>® Although some pharmacological treatment options are available, the
improvement of social interaction is only a secondary effect. Currently applied medicinal products

and the respective treated symptoms are displayed in Table 3.

Due to the heterogeneity of ASD with varying principal symptoms, several therapeutic options are
required. Furthermore, only associated symptoms or comorbidities such as ADHD or anxiety are
treated with the available drugs to date.>*® Prescriptions are mostly off-label, bearing the risk of
overmedication and insufficient effect due to interindividual differences. Furthermore, side effects
of these drugs, such as weight gain from atypical antipsychotics, aggression from stimulants, or
emotional flattening with SSRIs, deteriorate patient compliance.?*> 2>* Hence, a preferable safety
profile needs to be considered for novel drug discovery. Treatments targeting the cause of the

disease and focusing on improving social and communication skills are still in development.
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Table 3: Drugs in use for specific symptoms of ASD.?# 254,255

Drug or drug class Symptoms
Methylphenidate
Atomoxetine ADHD
Guanfacine
Risperidone Agitation,
irritability,
.. aggression,
Aripiprazole self-injury.,
severe tantrums
) ) ) Aggression,
Atypical antipsychotics self-injury
tantrum
SSRI Anxiety,
repetitive behaviors
Psychostimulants
Hyperactivity
Opioid antagonists (e.g., naltrexone)

Abbreviations: ADHD — attention deficit hyperactivity disorder, SSRI — selective serotonin reuptake inhibitor

De novo deletions in HNMT suggest a possible influence of the histaminergic system in ASD, the
comorbidity with Tourette syndrome, and their similar pathophysiological mechanism indicates that
the histaminergic system may be involved in repetitive behavior.?>? In particular, increased HsR
activity in the striatum might contribute to repetitive behavior in ASD patients. H3R antagonist
alleviates repetitive behaviors in BTBR mice.”*® H3;R blockade improved social deficits in
phencyclidine (PCP) exposed mice.?*” Ciproxifan improved sociability and decreased stereotypy in
valproic acid (VPA) induced ASD.?*®%° E169 demonstrated memory-enhancing capabilities with
efficacy in modulating cognitive impairment and enhancing short-term recognition memory in
mice.?*® ST-2223 with HsR and D2/DsR properties improved anxiety.?® The HsR antagonist and
ACHhE inhibitor E100 alleviated VPA-induced autistic, stereotypic, and repetitive behaviors in mice
model of ASD.2%! DL77 mitigates autistic behavior in the VPA-induced mouse model but failed to
restore anxiety and hyperactivity.”® These preclinical studies indicate the benefits of H3R
antagonists in ASD patients, but clinical trials are needed to unravel the effect of H3R antagonists

in ASD patients.
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1.5 Dual- and Multi-targeting directed ligands

In the field of drug discovery, the paradigm of ‘one molecule, one target’ dominated for many years.
Nevertheless, highly selective ligands targeting individual proteins often fail to provide adequate
therapeutic efficacy. In diseases with simple pathophysiological mechanisms and clear disease
causes, traditional single-target drugs are feasible. Nevertheless, the influence of multiple receptors,
enzymes, and signaling pathways in the pathophysiology of complex diseases demands

sophisticated solutions.!?* 262

Polypharmacology is frequently applied in multifactorial diseases, either as a drug cocktail or
coformulation. For example, the dopamine agonist pramipexole is combined with the catechol-O-
methyltransferase inhibitor entacapone or the MAO-B inhibitor safinamide with COMT inhibitors
for the treatment of PD.!'®® The applications of drug cocktails are versatile, but the main goal is
increased efficacy and/or prevention of adverse events, e.g., a non-steroidal anti-inflammatory drug
with proton pump inhibitors to reduce heartburn.?> Administration of drug cocktails is accompanied

by poor patient compliance, different pharmacokinetics, and may result in severe adverse events.?%*

265

Coformulations such as tablets containing multiple active pharmaceutical ingredients improve
patient compliance and efficacy. Technologically developed formulations are challenging in a
physicochemical and pharmacokinetic manner. Especially if the combined active pharmaceutical
ingredients have different technological requirements and a mutual influence on pharmacokinetics.
The flexibility of dosing is limited, for example, with non-separable tablets or if only a specific
strength is manufactured.?®® However, Corbilta® is a successful example of a coated tablet with

levodopa, carbidopa, and entacapone for the treatment of PD.26¢ 267

The development of new drug candidates with high efficacy and preferable toxicological properties,
lacking severe adverse events, is becoming increasingly complex due to stricter regulatory
requirements. Moreover, the lack of definite targets involved in pathophysiology or the cause of
disease hinders drug discovery. Multitarget-directed ligand (MTDL) development has moved into
the spotlight of CNS disease recently.'?* Formerly, the main reason for MTDL discovery was by
serendipity, such as the antipsychotic haloperidol (see Figure 8) or imipramine, a tricyclic
antidepressant, found by serendipity acting as a potent SSRI with NA reuptake inhibition and acting
as a HiR and mAChR antagonist.?6®

The opportunities of MTDL and dual-target directed ligands (DTDL) include synergistic effects,

higher efficacy and safety, and a simplified dose schedule.?®? Taking antipsychotic drugs as an
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example, the atypical antipsychotic drug clozapine (Figure §) acts as a dopamine DR agonist, 5-
HT2aR and mAChR antagonist. This target combination leads to antipsychotic effects (D2R),
reduction of side effects (5-HT2aR, mAChR), and an overall improvement of positive and negative
symptoms in schizophrenia. Moreover, the antipsychotic drug Cariprazine (Figure &) acts as
dopamine D3R and D>R partial agonist (pKi=10.07, 9.31), 5-HT1aR partial agonist (pKi=8.59), 5-
HT2aR antagonist (pKi= 7.73), and 5-HT2sR (pKi= 9.24), and HiR (pK; =7.63). The interplay of
several targets improves cognitive and negative symptoms (D3 and D;R), acts as an anxiolytic and

mood stabilizing agent (5-HT1aR), and reduces extrapyramidal side effects (5-HT24R).26% 27

Challenges in the development of MTDL include its large molecular weight due to combined
pharmacophores, the selection of targets for combination, and the fact that higher drug promiscuity

may result in unforeseen side effects.??

The identification of target combinations can be realized with several strategies. Rational
combinations can be based on clinical observations, such as aripiprazole or cariprazine (Figure §).
Moreover, phenotypic screening in cell systems and animal models, as well as in silico techniques,
such as network pharmacological methods or machine learning, are valuable tools for target
selection.?®’ In-silico techniques require wet lab validation. High-throughput screening of effective
compounds for another target is indeed time-consuming, but it can still result in hit identification.
Thereafter, affinities and selectivity are improved during lead optimization. The lead ligand’s
physicochemical and pharmacokinetic properties, and biological activities are improved. The
challenges of MTDLs improvement are conserving activities on all targets and reducing activities

at off-targets.?®?

MTDLs are classified into linked, fused, or merged ligands depending on the structural overlap of
the pharmacophores. In contrast, for the linked MTDLs, known pharmacophores are linked to one
molecule via stable or biodegradable linkers, the fused ligands do not contain a linker, and the
pharmacophores of the desired targets are fused. The merged approach has the highest overlap of
pharmacophores. Linked pharmacophores are the most straightforward approach to generating
MTDLs, eliminating the need for excessive structural optimization. This strategy is of great interest
for target delivery, e.g., antibody-drug conjugates in cancer therapy, imaging purposes, and
modulation of pharmacokinetic properties. However, this approach often results in large molecules,
hindrance of the linker, and bioavailability issues.?> 2! One example, among others, is the dual-
targeting fluorescent ligand UR-NR266 with a polyethylenglycol linker.?’> Linker chemistry is
decisive as it can either support the properties of the MTDL, e.g., polarity and solubility, or impact

biological activities towards selected targets, e.g., with steric hindrance. Non-cleavable or cleavable
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linkers, such as hydrazone or disulfide linkers, can be applied depending on the purpose of the
MTDL. In the fused class, two or more molecules are fused without the necessity of a linker, and
the merged class composite ligands with similar core structural elements interact with two or
multiple targets. The main pitfall of this class is promiscuity without selectivity to the intended

targets.262’ 267,271

A holistic and rational approach to target and ligand selection, balancing desired activities, is
necessary to accomplish selectivity, in addition to biological activity at multiple targets. The
validation of target combinations and elucidation of tolerant positions of structural elements are
helpful in achieving this. The strategy of lead generation depends on the type of MTDL, and the
knowledge-based approach focuses on known pharmacophores of selective ligands for multiple
targets combined into a single compound. An alternative strategy is design-in, in which potent and
selective compounds that modulate the two targets are employed for MTDL development. The first
pharmacophore is designed into the second and subsequently modified for dual or multiple potency.
Similarity of structural features is essential for achieving potency on the selected targets. In an
optimal scenario, the central building block of both ligands is the same, and only the configuration
of substituents differs. This approach is beneficial for known selective ligands with detailed
structure-activity relationships. This helps identify adaptable positions and determine whether
scaffold hopping might be applicable. In comparison, the design-out approach starts with an
unselective ligand that modulates multiple targets of interest. The development focuses on structural

adaptation toward selectivity and reducing the potency of unintended targets.?6> 267
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1.5.1 Targets for combination in DTDLs and MTDLs

The last decades have seen a growing trend towards MTDLs in the field of H3R.'?* Selective ligands
were in the focus of the area, although dual target properties of some H3R antagonists were already
described more than 20 years ago, e.g., H3R and HiR for allergy and inflammation, NO donor
properties with guanidine derivatives (neuromodulator), and H3R antagonist with inhibition of
HNMT.?”® Renewed interest in MTDLs has developed in recent years, with several concepts of

target combinations.'?* Targets of interest include other GPCRs such as dopamine D,R and D3R,

2274 0275

adenosine A1 and Aza receptors, e.g., ST-1992"% serotonin receptors, e.g., ST-2300°"°, and/or

enzymes such as cholinesterases and monoamine oxidases, e.g., contilisant!?’

. Understanding the
causes of disease leads to the best target combinations, and this chapter presents specific

combinatory targets (Figure 9) focusing on their impact on disease pathophysiology and case studies

of already described MTDLs.
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Figure 9: Schematic representation of dual- and multi-target directed ligand combinations described
in this thesis (adapted from reference 27%).
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Dopamine Receptors

Dopamine receptors are GPCRs distinguished into five receptor subtypes, Di-DsR. The receptors
are grouped into D1/Ds (D1-like) that are mainly Gs-coupled receptors, and D2/D3/Ds (D2-like)
which are mainly Gio-coupled receptors.?’’2” Dopamine is a neurotransmitter involved in multiple
CNS circuits, influencing, among others, motivation, cognition, emotions, and motor function. An
imbalanced dopamine system in the CNS is associated with mood disorders, schizophrenia, and PD.
Dopaminergic innervations are present in the nigrostriatal, mesocortical, mesolimbic, and

tuberoinfundibular regions?3% 28!

with D1-like receptors postsynaptically and D2-like receptors pre-
and postsynaptically.?®? Affinity of dopamine to the receptor subtypes varies, and higher sensitivity
of presynaptic receptors may induce biphasic effects of these receptors, which means suppression
at low and stimulation at high doses.?®® DR is located pre- and postsynaptically, with two main
splicing variants, the short Das (mainly presynaptic) and long Dz (mainly postsynaptic) elicit
distinct functions.?®*?%” While presynaptic inhibition of dopamine release initiates neuromodulation
leading to reduced locomotion, postsynaptic inhibition of DoR improves motor activity. For D3R

and D4R, splicing variants were also found, but their functional characteristics are less well

characterized.?8% 2%

Antipsychotics mainly affect dopamine receptors, and the occurrence of extrapyramidal side effects,
namely akathisia, parkinsonism, dystonia, and tardive dyskinesia, is caused by the inhibition of
striatal dopamine receptors.’® Even though the antipsychotic effect is an interplay of several
neurotransmitters, the main part is the inhibition of dopamine receptors in the mesolimbic area. The
dopaminergic system is associated with depression, and some dopaminergic agonists have shown
antidepressant effects in preclinical studies.?”! Dopamine agonists and DA reuptake inhibitors may
have therapeutic effects on depression.?”?> As already mentioned in section 1.4.4, dopamine D,R
agonists such as pramipexol or ropinirole are used in the treatment of PD. Moreover, MAO B and
COMT inhibitors increase dopamine by inhibiting dopamine decay.?”* DiR is involved in cognitive
processes such as learning, attention, and memory, motor functions, and reward, indicating it is a

potential target in PD, but to date, no selective ligand is available.?*?

H;3R antagonist alone or as MTDL with MAO-B inhibition increases dopamine concentration and
achieves improvements in cognitive impairment '%°. Some examples are displayed in Figure 10. The
dual ligand AG-0029 (Figure 10), featuring a merged D>R/D3R partial agonistic and HzR
antagonistic pharmacophore, ameliorates motor symptoms and improves cognition in vivo (in rats).
Receptor occupancy study implies that higher doses are required for therapeutic effect at H3R in

vivo compared to the dopaminergic occupancy, with the emphasis on the balanced activity at both
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targets.”®* ST-2223 (Figure 10) is a merged MTDL with H3R pharmacophore and part of the D;R
selective inverse agonist BP-897 with H3 and D2/D3R affinity and demonstrating improvement of
autism-like behavior.?*® LINSO1 compounds are dihydrobenzofuranyl-piperazine derivates with
H;R and moderate to weak D»/Ds affinities.?*>2%¢ ST-713 (Figure 10) comprising chlorpromazine
and H3R pharmacophore showed high affinity at H3R and D»/D3;R with additional moderate affinity
to HiR, HiR, DiR and DsR. In mice, ST-713 ameliorates autism-like behavior.?*’” Compound 11
(Figure 10) combines H3R pharmacophore and the neuroleptic amitriptyline (H3;R, Hi, moderate D>,
D3, Dy, and Ds).2*8

ST-2223 AG-0029
H; K;=4.8 nM H; IC50 =111 nM
D, K; =19.8 nM D, EC5,=0.08 nM
D;K; =2.0nM
O/\/\O/C! O\'/\/\O
11 ST-713

H; K;=3.50 nM H; K;=1.21 nM
D; K; =243 nM D, K; =41 nM
H; K; = 686 nM D; K; =50 nM

Figure 10: MTDLs comprising dopamine (orange) and H3 (blue) receptor pharmacophores and their

respective activity at the targets 236 294 297. 298
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Cholinesterases

Acetylcholinesterase (EC 3.1.1.7, AChE) and Butyrylcholinesterase (EC 3.1.1.8, BuChE) are
enzymes responsible for the hydrolysis of the neurotransmitter ACh in the synaptic cleft.?® The
difference between cholinesterase enzymes is their substrate specificity, kinetics, expression
pattern, and activity in different brain regions, e.g., BuChE affinity for ACh is lower.’*-392 AChE
inhibitors increase ACh levels in synapses and elevate central excitability with neuroprotective
effects on the stimulation of nicotinic and muscarinic ACh receptors, which improve cognitive
functions in AD patients.?**-3% The AchE inhibitors donepezil, rivastigmine, and galantamine are
still the first-line treatment of AD but lack long-term effect in progressed AD.*°® During the
progression of AD, AChE levels decrease, and drug efficacy deteriorates, but BuChE levels can
increase, presumably as a compensatory mechanism.**” BuChE inhibitors may be a possible strategy

in advanced AD, and selective ligands are assumed to be neuroprotective.3%!- 3%

Many structurally diverse MTDLs that combine cholinesterase inhibition and H3R antagonism have
already been described (Figure 11). The most prominent is contilisant (Figure 11), combining good
affinity to H3R, good MAO B, and MAO A inhibition, as well as moderate cholinesterase inhibitory
activity and antioxidative properties demonstrated restorage of cognitive deficit in vivo.'” Later
moderate affinity to 6i1R of contilisant (Figure 11) was established.’” Isoflavones with HsR and
AChE inhibition.?!%3!! The tacrine derivative FUB 833 (Figure 11) has additional HNMT inhibition
(IC50=48 nM) .!'® The merged ligand UW-DM-71 (Figure 11) combines balanced H3R affinity and
AChE inhibition with moderate BuChE.?!?> Compound 23 (Figure 11) is a xanthone derivative
comprising a merged H3;R and AChE pharmacophore, which showed an enhancing effect on drug-

induced amnesia in rats and analgesic effects in neuropathic pain models in mice and rats.>!?
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Figure 11: MTDL with H3R (blue) and AChE and/or BuChE pharmacophore (yellow) and their

respective activity at the targets,!0% 118 312,313
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L-type calcium channels

Intracellular Ca®* signals control Ca®*-dependent cellular processes, and Ca** ion inward current
drives membrane depolarization, contributing to the electrical activity of cells.’!* Ca?" channels
contribute to transmitter secretion, endocrine system, learning, memory, muscle contraction, heart
pacemaker activity, and sensory functions.*'* *!> Voltage-gated Ca>" channels are classified in L-
type (LTCCs), P/Q-, N-, R-, and T-type calcium channels.?! LTCCs are divided into four channel
subtypes, namely Cavl.l (CACNAIS), 1.2 (CACNAIC), 1.3 (CACNAID) and 14
(CACNAIF)3!731 LTCCs consist of five subunits either a1, a2, f, d and y component.*'> The pore-
forming oi-subunit is highly conserved and depicts mutation sensitive region.’'* In the CNS,
primarily Cay1.2 and 1.3 are expressed >2°, but these are also located peripheral on the sinoatrial
node, atrial myocytes, or chromaffin cells with impact on heart, brain, and endocrine cells (see

Figure 12).321:322

Cay1.2 Cay1.3

* Fear memory
N * Amygdala: longterm potentiation
Ch—r * drug-taking and emotional behavior
* Dopaminergic neurons: oxidative
stress, D, autoreceptor response

* Hippocampus: spatial memory
* Amygdala: fear memory
* drug-taking and emotional behavior

* Vascular system: arterial myogenic
tone, vascular resistance

* Sinoatrial node (AV node): action
potential

* Cardiomyocytes inotropy, contraction —
(atria, ventricles)

» Sinoatrial node (AV node): pacemaking
* Cardiomyocytes: atrial excitability

* Insulin secretion * B-cell mass maintenance

* Chromaffin cells: spontaneouos
activity, adrenaline secretion
* Adrenal cortex: aldosterone secretion

* Chromaffin cells: adrenaline secretion

(%A ¢
+ Intestinal and bladder: smooth muscle =</ ¢ * Auditory and vestibular hair cells
contraction

Figure 12: Main functions of Cay1.2 and Cav1.3 (adapted from *22).

The section below focuses on these two LTCCs due to their localization in the brain, their role in

CNS disease pathophysiology, possible therapeutic applications, and previous studies of MTDLs.
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In the brain, both channels are primarily located postsynaptically, modulating neuronal firing with
an impact on multiple pathways. Cay1.2 is involved in spatial memory, long-term potentiation,
emotional behavior, and addiction, while Cay1.3 regulates both short- and long-term potentiation
and is associated with memory learning and emotional behavior. The calcium channels activate at
different voltages, namely Cavl.3 at more negative voltages (9-15 mV), and the proportion of

Cav1.2 in the brain was detected nine times higher.3!# 315323

Calcium channel blockers like isradipine (Figure 13) and amlodipine are widely applied in the
treatment of cardiac diseases and as antihypertensives.?!> The tolerability of these drugs is proved
during many years of application therefore repurposing of calcium channel blockers was extensively
studied in recent years.*?* Isradipine (Figure 13) was investigated in clinical trials for PD, adjunctive
for bipolar depression, cognitive improvement in schizophrenia and schizoaffective disorder, but

325328 or the trial was terminated due to insufficient recruitment and

efficacy was not persuasive
study delay*?’. The disease modifying effect was evaluated in the clinical trial for PD, and it was
considered that the dose (10 mg/day) may be insufficient to achieve neuroprotective effects and
questioned whether the timing of administration post diagnosis was too late.**° The influences of
dihydropyridines (DHP) on brain functions in humans at therapeutic doses were found to be low,
however, alterations of metaplasticity have been demonstrated.’!> 3! It has to be noted that
interpretation of experimental results is complex, for example differentiation between current
components of different calcium channels (e.g. Cayvl and Cay2) in native tissue or in vivo
experiments is challenging due to the contribution of several calcium channels to total Ca®" current
and complexity increases even more due to the possible association of a1 subunit with all B subunits,
alternative splicing and interaction with various modulatory proteins.*'**!> Moreover, a major issue
in several in vivo experiments concerned the use of supratherapeutic doses leading to cardiovascular
effects.®!> Multiple Ca** channelopathies of these LTCC subtypes are discovered, and these genetic
variations are associated with multiple human diseases.’!* Symptoms of the rare genetic disease
Timothy syndrome are ASD like behavior, such as repetitive and social behavior, and ADHD. This
syndrome is caused by a mutation of the pore-forming a; subunit of Cayl.2 and suggests that
enhanced Cav1.2 may also contribute to other neuropsychological disorders like ASD.*?!>3%2 Single
nucleotide polymorphism of Cay1.2 is associated with ASD, schizophrenia, and major depressive
disorder in genome-wide association studies.*** Furthermore, Cay1.3 dysfunction is associated with
a neurodevelopmental disorder showing symptoms such as hyperactivity, autistic behavior, and

intellectual disability.*??
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Isradipine cp-PYT

Figure 13: The structures of exemplary LTCC modulators.

Both Ca?" channels modulate pain sensitization in dorsal spinal neurons, suggesting their
involvement and potential therapeutic benefit in neuropathic pain. For example, it is assumed that

Cav1.3 inhibition might be beneficial for spasticity treatment in spinal cord injury patients.>??

Increased intracellular Ca®" levels are correlated with mitochondrial dysfunction, oxidative stress,
or even cellular death and are associated with neurodegenerative disorders, including AD and PD.!”®
LTCCs have been reported to play a part in dopaminergic neuron vulnerability in SN by contributing
to oxidative stress and thereby may be involved in PD progression.*?! Even though both Ca*'
channels are expressed in SN dopaminergic neurons, it is believed that especially Cav1.3 selective
blockers allow therapeutic targeting of these neurons. Dose-limiting side effects of DHPs could be
avoided, which are caused by Cay1.2 inhibition in blood vessels.*?" 3?2 The pyrimidine-2,4,6-trione
cp-PYT (Figure 13) was first described as a selective Cay1.3 modulator with low potency, but
following evaluation in another lab showed inconclusive results.>**3*¢ Dopamine receptors
modulate Cay1.3 on medium spiny neurons, namely, D1R amplifies and D2R diminishes channel
opening. Loss of dopaminergic neurons in the SN pars compacta in PD consecutively results in
degeneration of dendritic spines on striatal medium spiny neurons. Dysregulated Ca*" influx via
Cayl.3 is involved in the degeneration, and this is presumably triggered by lower modulation of
Cay1.3 by dopaminergic receptors.**’ Interestingly, downregulation and genetic silencing of Cay1.3

in the striatum decreased dyskinesia in rats.?*% 3%

Recently, the first MTDLs with the combination of H3R pharmacophore and calcium channel
inhibition were reported by Malek et al. as a potential treatment for AD.>**3*! In their studies,
MTDLs were designed to exhibit calcium channel inhibition, H3;R antagonism, and ChE inhibition.
Both lead compounds, 3p and 3e (Figure 14), restored cognitive impairment in vivo, despite their
differing properties at the desired targets. While the DHP 3p (Figure 14) showed a more balanced
but less potent activity profile (HsR Ki= 565 nM, BuChE ICsp = 7.83 uM, Ca** channel blockade
ICs0=21 uM), the dihydropyrimidine 3e (Figure 14) is more potent at H3R and AChE inhibition

but weaker calcium channel inhibition.** **! These studies indicate that these target combinations
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may be beneficial in neurodegenerative disease. However, activity on specific Ca®" channels was

not explored, and further studies are necessary to achieve balanced activity on all targets.

F5
A0 CNJ—/J

@

3e 3p
Hs K, = 0.3 nM H, K, = 565 nM
Ca?* channel IC5q = 72.8 uM Ca?* channel IC5q = 21 uM
AChE ICs, = 67 nM BUChE ICy, = 7.83 uM

BUChE ICyy = 1.28 puM

Figure 14: MTDL with H3R (blue) and calcium channel (red) pharmacophore and their respective

activity at the targets.34%-34!

46



1.5.1 Targets for combination in DTDLs and MTDLs

Sigma receptors

Sigma receptors (o1 and o> receptors) are structurally and genetically unrelated endoplasmic
reticulum membrane proteins that are located in lipid raft-containing cholesterol and sphingolipids
of the plasma membrane.>*? 34> Despite the structural and genetic differences, the binding pockets
of the two proteins are remarkably similar, and they modulate closely related cellular activities.
Both targets are involved in neurological and neurodevelopmental disorders, namely AD, PD, pain,
depression, and Huntington’s disease.** &R Consists of four transmembrane helices and is
primarily expressed in the CNS, breast, colon, stomach, esophagus, and lung. In addition, iR is
highly expressed in cancer cells. 61R is an endoplasmic reticulum-associated molecular chaperone
protein that can translocate to the plasma membrane, interact, and modulate the activity of other
proteins such as IP3R, ion channels, and small molecule G-protein (Racl). Regulation and
modulation of voltage-regulated and ligand-gated ion channels (Ca?*, K", Na*, CI', and SK channels,
NMDA and IP3 receptors) by 61R inhibits voltage-gated ion channels and potentiates ligand-gated

channels.>**

o1R Agonists have neuroprotective, mood-modifying, analgesic, or cognitive effects. Activation of
o1R has been suggested to be involved in the development of neuropathic pain and upregulation of
spinal cord 61R during the induction phase of neuropathic pain. KO mice failed to develop
mechanical allodynia, implicating 1R antagonist as a potential analgesic strategy.>** Clinical
studies in healthy and neuropathic pain patients of the selective 1R antagonist E-52862 alleviated
diabetic neuropathy and chronic pain with a good safety profile.>** 346 The neuroprotective effect of
o1 receptor ligands is linked to regulation of intracellular calcium homeostasis. In PET experiments,
downregulation of 61R was observed in early-stage PD patients.>*’ PRE-084 stimulates 1R and
demonstrates an improvement of spontaneous forelimb use in 6-OHDA-lesioned mice.
Furthermore, increased density of dopaminergic fibers, modest recovery of dopamine levels, and
upregulation of neurotrophic factors (brain-derived neurotrophic factor and glial cell line derived

neurotrophic factor) indicate involvement of 61R in PD.>*

oiR 1is highly expressed in the CNS and research has primarily focused on pain and

neurotransmission.** Some o1R variants (G-241T/C-240T (rs.1799729) and A61C (r5.1800866))

may be involved in AD development.** In early stages of AD, oiR decreases in the brain 3%% 33!

possibly associated with higher vulnerability of neuronal cells to amyloid B-mediated toxicity and
cell death.?*? 1R controls T-phosphorylation by encouraging p35 turnover, as supported by KO and

353

overexpression experiments>~, and KO in hippocampal neurons leads to decreased dendritic spine

formation.*>#336 Blacarmesine, an 1R activator, demonstrated promising results in an early AD
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phase IIb/III clinical trial.>>” CT1812 is a 62R antagonist in phase 2 clinical trials for AD with
positive outcomes and clear benefits. The compound could also be a potential cure-modifying
therapy, not only for symptomatic relief.>>® In addition to the influence of 61R on pain, the 2R has
recently emerged as a target for the treatment of pain. Several ligands demonstrated antinociceptive
properties in neuropathic pain models, but the understanding of the mechanism of action is limited

to date.’%

For several H3R inverse agonists (JNJ-5207852, PF-3654746 (Figure 5), GSK189254 (Figure 7),
ABT-239, Pitolisant (Figure 3), S 38093-2), o1R affinity was shown recently, suggesting o1
modulation should be considered interpreting the effects of these compounds.**® Furthermore, for
the already described contilisant, later 61R agonism was demonstrated with the implication to
restore cognitive impairment induced by LPS in vivo.3? The piperazine derivative KSK94 (Figure
15) with high affinity for H3R and preference for 62R over 61R was studied in vivo in an obesity
model, reducing the development of obesity in rats.>*% 3! The activity in neuropathic pain models
was only evaluated for the piperidine-based dual H3R and 1R antagonists, e.g., KSK68 (Figure 15).
These dual target ligands demonstrated promising antinociceptive activity in several in vivo pain

models.>%°

Nz N~
KSK94 KSK68
H; K, = 7.86 nM Hy K= 7.7 nM
o, K; = 2958 nM o, K;= 3.6 nM
o, K;=75.2 nM o, K;=22.4 nM

Figure 15: MTDL with H3R (blue) and sigma receptor (green) pharmacophore and their respective
activity at the targets.*%°
Abbreviation: n.d.
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2 Scope and Objectives

This dissertation aims to develop, evaluate biologically, and optimize novel multi-target directed
ligands, with special emphasis on the histamine H3 receptor. Almost a decade after the approval of
Pitolisant, it remains the only approved drug targeting H3R in the treatment of the orphan disease
narcolepsy and obstructive sleep apnea. Multi-target directed ligands offer the possibility, through
synergistic effects, to pave the way for further therapeutic areas of H3;R antagonists/inverse agonists

in neurological and neurodegenerative diseases.

Structure-based drug design requires detailed knowledge of structure-activity relationships and
pharmacokinetic properties. Therefore, the first part of this work aims to design, identify, and
evaluate novel scaffolds targeting histamine and dopamine receptors utilizing scaffold hopping,
isosteric replacement, and linker variation. The design strategies are complemented by in vitro
studies, pharmacokinetic property calculations, and molecular docking, which provide early drug-

target evaluation and safety profiling to guide future applications and lead generation.

The second part of this thesis aims to explore novel multi-targeted ligands with a key focus on the
histamine H3 receptor, in combination with complementary CNS targets involved in neurological
and neurodegenerative diseases. Three sets of target combinations will include GPCRs (D3R), o
receptors, enzymes (AChE/BuChE), and ion channels (Cav1.2 and Cav1.3) to explore and compare
various co-targets. The first set of ligands will be piperazine-based, while the second and third sets
are piperidine-based dual-targeting ligands. The focus lies on early pharmacological evaluation for
the identification and mutual influences of key structural aspects of these multi-target ligands.
Extensive pharmacological and pharmacokinetic screening of the sigma receptor-MTDLs will be
conducted to achieve an in-depth analysis of these ligands. The study of the barely investigated
combination with calcium channels will focus on the pharmacological characterization of these dual

target ligands on specific Ca®>* channels
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ARTICLE INFO ABSTRACT

Keywords:

Tistamine 13 receptor
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Molecular docking

Molecular dynarnics simulalion
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Synthesis

During the past decades, histamine H; receplors have received widespread attention in pharmaceutical research
due to their involvement in pathophysiology of scveral discases such as neurodegencrative disorders. In this
context, blocking of these receptors is of paramount importance in progression of such diseases. In the current
investigation, novel histamine Hy receptor ligands were designed by exploiting scaffold-hopping drug-design
strategy. We inspected the designed molecules in terms of ADME properties, drug-likeness, as well as toxicity
profiles. Additionally molecular docking and dynamics simulation studies were performed to predict binding
mode and binding free energy calculations, respectively. Among the designed structures, we selected compound
d2 and its demethylated derivative as examples [or synthesis and aflinily measurement. In vitro binding assays of
the synthesized molecules demonstrated that d2 has lower binding affinity (K; — 2.61 pM) in radioligand
displacement assay to hHzR than that of demethylated form (K; = 12.53 pM). The newly designed compounds
avoid of any toxicity predictors resulted from extended in silico and experimental studies, can offer another

scaffold for histamine H3R antagonists for [urther structure activity relationship studies.

1. Introduction

Histamine as biogenic multifunctional amine is involved in wide
variety of physiological processes via four distinet subtypes of G-protein
coupled histamine receptors (Hy, Ha, Hj, and Hy). Since the identifica-
tion of H; receptors over the nearly four decades, versatile potential of
this receptor in physiological processes have been elucidated [1]. This
receptor is located pre-synaptically as auto- and heteroreceptor in cen-
tral nervous system (CNS) responsible for modulating the release of
histamine and other neurotransmitters such as acetylcholine, y-amino-
butyric acid (GABA), dopamine, serotonin, and noradrenaline via a
negative feedback mechanism [2]. For the past decades of research, the
importance of H3R in neurological disorders has been well explored and
hence it can be considered as a therapeutic potential target in such
diseases. Attention deficit hyperactivity disorder (ADHD), Alzheimer’s
cisease, schizophrenia, learning and memory disorders, Parkinson’'s
disease and sleep disorders, and epilepsy are examples of neuronal ab-
normalities and impairments that can be treated by H3R antagonists and

inverse agonists [3]. Based on ever growing number of H3R related
candidate molecules in different phases of clinical trials [4], it is antic-
ipated that these types of agents might become drugs of future in
neurodegenerative diseases beneficial especially for elderly population.

Launching a therapeutic agent from idea to market necessitates
considerable amounts of time and cost in a process known as drug design
and discovery. Shortening this process is a high priority for scientists
working in this field. Undoubtedly, integration of computational ap-
proaches and experimental methods synergistically fulfill this task in a
timely and cost effective manner. The main objectives followed in
computer-aided drug design (CADD) are: i) filtering the large libraries
against target of interest in a procedure called “virtual screening” to
reach the bioactive leac compouncdls, ii) lead optimization step in order
to achieve favorable compounds in terms of developmental potential
[5].

The key elements in the context of leac optimization are scaffold
hopping and bioisosteric replacement aiming to improve potency, drug-
like properties and safety profiles of the lead compounds. Scaffold

* Corresponding authors at: Biotechnology Research Center, Tabriz University of Medical Sciences, Tabriz, Iran (M. Hamzeh-Mivehroud) and Heinrich Heine
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hopping (or lead hopping) is defined as structural decoration of a given
molecule by replacing the available scaffolds for introducing new che-
motypes with improved properties. Indeed, the main emphasis of scaf-
fold hopping has been put on altering the properties of the molecule by
moving it into novel chemical space while retaining the biological ac-
tivity. This approach is routinely employed for a number of reasons such
as prohibited structural motifs responsible for toxicity, unwanted side
effects, metabolic liabilities, and undesirable physicochemical proper-
ties. Evidently, chemical synthesizability of the designed compounds
should be taken into account in rational drug design. The most principal
approaches in scaffold hopping are shape matching, pharmacophore
searching, fragment replacement and similarity search [6-8].

The only marketed histamine HsR antagonist/inverse agonist is
pitolisant (Wakix®) approved by the European Medicines Agency
available in the European Union for treatment of narcolepsy with or
without cataplexy [9,10]. However, there is ongoing interest in identi-
fication of novel histamine HzR antagonists/inverse agonists for treat-
ment of neurological impairments and still some of them are in clinical
trials for a range of indications [11-21]. Previously, we have identified
two compounds capable of binding to HgR in the submicromolar K;
range using radioligand displacement studies [22]. The introduced lead
compounds were also functional in terms of antagonist activity [23]. The
aim of the present study was structural optimization of these computa-
tionally identified lead compounds in order to improve physicochemical
properties useful in neurological disorders.

2. Results
2.1. Scaffold-hopping analysis

In the current study, scaffold-hopping analysis was used on previ-
ously identified H3R antagonists (Fig. 1) aiming to improve biological
activity and eliminate potential toxicophores. The procedure was started
with exhaustive fragmentation of these molecules along the single non-
ring bonds followed by selection of each portion serving as a query for
database search using bioisosteric replacement tool implemented in

a

¢

Aromatic/Hydrophobic |

{
i
5\ moiety

Cl

Bioorganic Chemistry 117 (2021) 105411

Spark program. To this end, the resulting fragments were subjected to
iterative seeking procedure for finding similar bioisosters and fragments
to that of original entity in terms of shape and electronic properties in
the region of interest. Based on the calculated field point patterns, the
fragments were derived from ChEMBL and Zinc database available in
Spark program. Upon the generation of virtual library, a diverse array of
ligands with novel chemotypes were sorted out based on a scaled score
called bioisostere factor (BIF%). The greater positive value of BIF score
is indicative of favorable bioisostere with higher similarity to the starter
molecule from geometrical viewpoint. Likewise, the negative BIF value
reflects that the fragment is not appropriate for the replaced moiety.
Finally, top-scoring entities were carefully inspected according to the
features associated with field and shape scores, radial plots, and unsta-
ble/reactive functionality.

2.2. ADME, Drug-Likeness and toxicity property analysis

The retrieved compounds from scaffold-hopping analysis were
filtered on the basis of pharmacokinetic and drug-likeness parameters
calculated by SwissADME online webserver. Fig. 2 and Supplementary
Table S1 represent the structure of top-ranked candidates with desirable
physicochemical parameters, pharmacokinetics, drug-likeness, and
medicinal chemisty friendliness. The selected compounds were pre-
dicted to be of orally bioavailable inferred from their optimal physico-
chemical properties fall within desired range. Furthermore, it was
predicted that the compounds were expected to have the ability for
gastrointestinal absorption and blood-brain barrier (BBB) permeability.
Moreover, all the selected candidates encompassed the different drug-
likeness properties proposed by Lipinski [24], Ghose [25], Egan [26],
Muegge [27], and Veber [28]. Additionally, the molecules were free
from potentially problematic fragments reported in promiscuous com-
pounds using pan-assay interference compounds (PAINS) [29] and
Brenk [30] filters. The tendency of the selected compounds for being
substrate of P-glycoprotein (P-gp) and cytochrome P450 enzymes were
also investigated and shown in Supplementary Table S1. The other
critical factor considered in the filtering process was synthetic

. N
s S

inker \ Basic moiety

N .

Fig. 1. (a) Schematic representation of the pharmacophore model proposed for H;R antagonists along with structure of previously identified compounds as starter
molecules for scaffold hopping analysis (b) Calculated field point patterns represented for the query molecules. Negatively charged field points are shown in blue;
positively charged field points are red; van der Waals/shape field points are displayed in yellow; centers of hydrophobicity are shown in orange. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Chemical structures of designed compounds as H;R antagonists.

tractability of the designed molecules. The analysis demonstrated that
the chemical synthesis of all the proposed molecules is feasible deduced
from low synthetic accessibility score shown in Supplementary Table S1.
The candidate molecules were also investigated according to their
possible binding affinity towards HsR using SwissTargetPrediction
webserver and those compounds with highest probability of affinity to
H3R were progressed to the next steps of analyses. To gain insight into
CNS drug likeness of the candidates, MPO analysis was performed across
a range of physicochemical property space determining CNS perme-
ability. The result of MPO analysis for the selected compounds presented
in Supplementary Table S2 showed that all molecules passed the
threshold of MPO score considered for marketed CNS drugs (MPO
desirability score > 4 in a scale of 0-6). For toxicological profile analysis

TYR-374

- MET-378 y’
N WY

"4 | 4 “

of the selected compounds, OpenVirtualToxLab platform was used.
Based on predicted TP values for the selected compounds shown in
Supplementary Table S3, most of them are categorized in class O in the
scale of toxicity alert suggesting the possible safety of the candidate
molecules.

2.3. Molecular docking and calculation of binding free energy for ligand-
receptor complex

Following applying different filtering criteria on the designed com-
pounds, molecular docking calculations were used to determine the
binding mode of the selected candidate molecules towards H3R using
GOLD program. I'ig. 3 provides 2D and 3D illustrations for d2 compound

Tyass

Fig. 3. (@) 3D representation of compound d2 docked into the binding site of HsR generated by PyMol program (version 1.7 X). The ligands and the main interacting
residues are displayed as sticks. Only the side chains of the interacting residues from receptor are shown for further clarity. (b) 2D illustration of the interactions
between compound d2 and HsR generated by LigPlot program.
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as representative of all compounds docked into the binding site of HgR.
Analysis the docking results showed that the most important amino
acids interact with HgR are: Tyr“s, Tyrlsg, G1u2°6, Tyr374, Met373,
Tyr*®*. The predominant interactions observed for the selected mole-
cules are: n-n stacking, ionic, and hydrogen bond interactions. The
phenyl ring in hydrophobic/aromatic moiety of the compounds is
engaged in n-n stacking with Tyr'®® and Tyr>®*. The ionic interaction is
established between Glu?°® and nitrogen of basic moiety. Tyr'1® and
Tyr®”4 make H-bonds with the linker (cf. Supplementary Fig. S4).

The best docked solution in complex with H3R was subjected toa 50
ns molecular dynamics studies using AMBER package. Prior to proceed
to binding free energy calculations, the stability of each system was
evaluated based on conformational and energy analyses. Analysis of MD
trajectory throughout the production period revealed that all the sys-
tems were adequately equilibrated and stable judged from calculated
potential energy and root mean square deviation (RMSD) for each sys-
tem (Supplementary Fig. S5). During the simulation period, the snap-
shots were extracted every 100 ps from the MD trajectory to be used for
calculation of binding free energies using MM-PBSA/GBSA methodolo-
gies. The results of free energy values (AG) for ligand-receptor com-
plexes can be found as Supplementary Table S6 online.

2.4. Chemistry

The synthesis has been performed by straight forward procedure
from the boc-protected amine 1, which alcohol functionality was
transformed into amine 3 via Mitsonobu reaction and hydrazinolysis.
The amine was transformed into isocyanate 4 by reaction with tri-
phosgene, and then this isocyanate was taken for a convenient coupling
to the 7-chlorinated 1,2,3,4-tetrahydroisochinoline derivative. Depro-
tection, or methylation and then deprotection led to the proposed lead
structures 7 and 9 (d2), respectively (Fig. 4).

3. Human histamine Hj receptor in-vitro assay

The result of human H3R in-vitro assay using [3H]—N°’—methy].hist—
amine revealed affinity of the selected compound d2 to hH3R in low
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micromolar range. The demethylated d2 showed lower affinity to hHgR.
Displacement curves of normalized data and determined K;j-values of d2,
demethylated d2 and pitolisant (as reference) are shown in Fig. 5. In
comparison to pitolisant affinity estimates of d2 are about 2 log units
lower.

4, Materials and methods
4.1. Molecular field-based scaffold hopping

Computationally guided fragment and bioisosteric replacement tool
implemented in Spark program (version 10.5.6; Cresset®, Cambridge-
shire, UK) [32,33] was employed for performing scaffold hopping
analysis on two previously identified potential lead compounds [22]. To
accomplish this purpose, the starting compounds were fragmented in
different portions followed by iterative experiments for finding similar
fragments in terms of shape, pharmacophoric features, hydrophobicity,
and electronic properties in region of interest, Following the creation of
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[
& - demethylated d2
7 % K = 12.53 uM
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Fig. 5. Displacement of [*H]-N*-methylhistamine (¢ 2 nM, K4
d2 (K; 2.61 [1.19-5.72] pM), demethylated d2 (7) (K; 12.53 [4.79-32.76]
uM) and pitolisant (K;  0.022 [0.002-0.250] plM). The assay were performed
on HEK-293 cell membranes expressing the hH;R. Data are expressed as mean
values + SEM (three independent experiments, each performed in duplicates).
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Fig. 4. Synthesis of compounds. Reagents and Conditions: (a) phthalimide, DEAD, PPh;, THF; (b) hydrazine, EtOH; (c) triphosgene, sat. NaHCOgz;, DCM; (d) DIPEA,

DCM; (e) HCI sat. in dioxane; (f) MaH, Mel, THF;
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the virtual library, the newly designed molecules were scored based on
similarity of calculated fields to that of original compound.

4.2. In silico ADME and drug-likeness properties and toxicity assessment

The resulting compounds were comprehensively scrutinized ac-
cording to the drug-likeness, ADME, and toxicity profiles. SwissADME
web server (http://www.swissadme.ch) was used to compute physico-
chemical properties and predict pharmacokinetic and drug-likeness, and
medicinal chemistry parameters [ 34]. Compounds fulfilled all the drug-
likeness filtering criteria with desired ADME properties were selected for
further evaluations. In addition, for predicting the potential target for
the designed compounds in a chemical-pharmacological space, Swis-
sTargetPrediction web server was employed [35]. In order to predict
blood-brain barrier (BBB) permeability for the selected compounds, a
drug-likeness central nervous system multiparameter optimization (CNS
MPO) algorithm [31] proposed by Pfizer was applied. The CNS MPO
score is calculated using the physiochemical parameters important for
CNS drugs including: molecular weight (MW); lipophilicity as calculated
partition coefficient (Clog P); calculated distribution coefficient at pH
7.4 (Clog D); ionization constant of the most basic center (pK,) (ACD/
Labs, version 6.00); topological polar surface area (TPSA) and number of
hydrogen bond donors (HBDs). For calculation of ClogP, Bio-Loom
program (version 5, Biobyte®) and for computing Clog D and pK,,
ACD/Labs software (version 6.00) were utilized. For toxicity assessment,
off-target binding affinity profile of the candidate molecules were
evaluated using OpenVirtualToxLab platform (version 5.8) [36,37]. In
this platform, a thermodynamic-dependent parameter known as toxic
potential (TP) is determined based on the flexible docking of a given
query to 16 validated off-target proteins using 4D Boltzmann scoring
criterion calculated for ligand-receptor complexes. The target proteins
consist of nuclear receptors (androgen receptor (AR), estrogen receptor
o (ERx), ERp, glucocorticoid receptor (GR), mineralocorticoid receptor
(MR), progesterone receptor (PR), liver X receptor (LXR), peroxisome
proliferator-activated receptor v (PPARy), thyroid receptor o (TR«), and
TRp, cytochrome P450 enzyme family (1A2, 2C9, 2D6, 3A4), cytosolic
transcription factor (aryl hydrocarbon receptor (AhR)) and potassium
ion channel (hERG).

4.3. Molecular docking and binding free energy calculation studies

Following inspection of the designed compounds in terms of drug-
likeness, ADME, CNS penetrability properties, and toxicity assessment,
the candidate molecules were subjected to molecular docking experi-
ment according to the procedure described previously [22]. Briefly,
molecular docking of the retrieved compounds into the previously
modeled structure of the H3R [22] was conducted on a LINUX operating
environment using GOLD program (version 5.0; CCDC Inc., Cambridge,
UK) [38,39]. For defining the binding site, a geometric center was
assigned based on the important amino acids involved in the binding
pocket and all atoms in a 10 A radius around the geometric center was
set as the binding site of molecular docking. Moreover, two sets of dis-
tance constraints (1.5-3.5 A) consisting of Tyrlgg and Glu?®® residues in
H3R model were applied in order to simulate the n-r stacking and ionic
interactions observed for pitolisant structure [22]. For n-n stacking,
phenyl groups of Tyr189 and designed compounds are considered
whereas in the case of ionic interaction, electrostatic interaction be-
tween oppositely charged oxygen atom from Glu?°® and nitrogen atom
of piperidine/pymrolidine ring from the designed molecules were
imposed. During the semi-flexible protein-ligand docking calculations,
theresidues side chains engaged in the calculations were permitted to be
flexible whereas the backbone atoms were considered rigid. Finally, the
best docking pose among the solutions was selected on the basis of
GoldScore fitness function and processed for molecular dynamies (MD)
simulation analysis.

All the MD calculations were executed by Assisted Model Building
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with Energy Refinement (AMBER) package (version 14) [40,41] oper-
ating on a Linux-based (Cent0S-6.8) GPU workstation consisting of four
NvidiaK40M (each has 12 GB RAM and 2880 cuda cores), 2X Intel Xeon
E5-2697 v2, 2.7 GHz (total of 48 cores), total RAM = 128 GB. The co-
ordinate files for all ligands, protein, as well as ligand-protein com-
plexes were generated by antechamber and LEaP module of AMBER. The
FF14SB and GAFF force fields were applied for parameterization of
protein and ligand, respectively. Then, the appropriate number of
counter jons was added to electrostatically neutralize the total charge of
the system. The neutralized complex was solvated using a rectangular
box of explicit TIP3P water with buffering distance of 12 A from the
periphery of complex. Prior to MD simulation, different steps of mini-
mization, heating, and equilibration were performed using Sander
module of AMBER. Initially, energy minimization of solvated system
was performed using 500 steps of steepest descent method followed by
500 steps of conjugate gradient algorithm. Afterwards, the system was
gradually heated up from O to 300 K for 50 ps with subsequent 50 ps
density equilibration at 300 K. The final equilibration of the system was
conducted under constant pressure at 300 K for 500 ps using a 2 fs time
step.

By applying SHAKE algorithm, all bonds involving hydrogen atoms
were constrained. The SHAKE algorithm was employed to constrain all
the bond lengths involving hydrogen atoms. Furthermore, a final 50 ns
MD production was carried out by applying Particle Mesh Ewald (PME)
method to treat long-range electrostatics interactions using GPU version
of the PMEMD program. Periodic boundary conditions were used for all
MD calculations without utilizing any constraint to either the ligand or
the protein molecules. The simulation trajectory was obtained by
capturing the coordinates every 10 ps during 50 ns of production period.
Following the MD simulation, postprocessing of the trajectory was
conducted using CPPTRAJ module implemented in AMBER. Moreover,
the trajectory was also analyzed for calculation of binding free energy
using Molecular Mechanics Poisson-Boltzmann Surface Area (MM-
PBSA)/Generalized-Born Surface Area (GBSA) available in AMBER
package [40,42]. Binding free energy for ligand-protein complexes was
determined by summing up molecular mechanics energies, solvation-
free energies, and entropic terms followed by averaging over the
extracted equilibrated snapshots derived from MD simulation trajectory
and presented as the average value. During the calculation of interaction
energy, water molecules and counter ions were excluded. The interior
and exterior dielectric constant was set to 1.0 and 80 for solute and the
surrounding solvent, respectively.

Binding free energy (AGpinding) i5 calculated according to the
following equation:

AGuinging = Guater(compier) — [Guateriprotein) + Grarer(tigand)) [€D)]

where the terms denoted by Gwater(complex)x Gwater(protein) and Gwater(ligand)
refer to free energies of complex, protein, and ligand, respectively. Free
energy for each species is obtained based on the following equations:

G = Ego; + Grobvation — TS (2)
Eyos = B + Eyay + Eegec 3
Eit = Evona + Eangie + Etorsion [C))
Grossion = Gpotor T Gom—polar 5

In the above equations, G demonstrates the calculated average free
energy, Egs shows the standard force-field energy, Gelvation indicates
solvation free energy and TS is vibrational entropy term. Eg,g consists of
internal strain energy (Eiy) in the gas phase, non-covalent van der Waals
(Evdw) and electrostatic (Eelec) energies. The E;,¢ consists of strain en-
ergies caused by deviation of the bonds (Epend), angle (Eange), and tor-
sion angles (Erors) from their equilibrium values. Gpolar and Guon-polar
represent the polar and non-polar contributions to the solvation free
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energy. The polar contribution is obtained from Poisson-Boltzmann or
Generalized Born model whereas the non-polar contributions are
determined by the calculation of solvent accessible surface area (SASA)
based on the linear combinations of pairwise overlaps (LCPO) method
[43]. In this work, the entropy contribution of the solute was ignored by
considering similar solute entropy contribution on binding free energy
for all the complexes.

4.4. Synthesis procedure

All starting materials have been obtained from Acros Organics (Geel,
Belgium), Apollo Scientific (Cheshire,UK), Sigma Aldrich (part of Merck
KGa Group, Darmdstadt, Germany), VWR (Darmstadt, Germany), and
were used without further purification. Sorbent: Kieselgel 60
(0.04-0.063 mm) for column chromatography (Macherey-Nagel, Diiren,
Deutschland, Acros Organics, Geel, Belgien). Flash chromatography:
Biotage Isolera™ Spektra Systems with ACI™ and Assist (Biotage,
Uppsala, Sweden Stationary phase: Sfaer Silica D (Biotage, Uppsala,
Sweden). Column capacity: 10 g, 25 g, 50 g, 100 g. Mass spectra have
been determined using Advion Mass Express (Advion, Ithaca, USA). The
expression CMS uses Edwards RV12 rotary vane pump and The CETAC
ASX-7000 auto-sampler platform. Atmospheric-pressure chemical joni-
zation (APCI) (constant current O — 15 pA) and electrospray ionization
(ESI) (constant voltage 0 — 5 kV) were used as a method of ionization,
operating in both positive and negative mode. Data have been shown as
[M + H*]*. And [M—H'] ~Footprint - Width: 27 em (10.6 in); Depth:
54,9 ¢cm (21.6 in) rate range: Expression CMS :10 pL/min to 0.5 mL/min
(ESI), 10 pL/min to 1.0 mL/min (APCI), nebulization gas: 0.5 L/mi,
heated desolvation/APCI gas: 1 to 10 L/min. Mass calibration stability
of + 0.1 Da over the defined mass range (10 — 1200 for S systems and
10-2000 for L systems) over 12 h, Linear dynamic range of 5 x 10% The
abundance of naturally occurring isotopes is accurately produced from
the full-scan mass spectra. The expression CMS system Voltage: 100-240
VA, Frequency: 50-60 Hz CMS Fuse: 6 Amps, Max Power Consumption:
600 VA. NMR Spectroscopy: 'H and >C NMR spectra of compounds of
interest were measured at Bruker Avance III — 300 (Year 2010) and
Bruker Avance III — 600 (Year 2011) Bruker, Germany. As NMR solvents
were used CDClz and DMSO-ds and tetramethylsylane was used as a
standard.. Chemical shifts are given as parts per million (ppm) and been
reported as: s (singlet), brs (broaden singulet), d (doublet), dd (double of
doublets), ddd (double of double of doublets), dt (double of triplets), t
(triplet), q(quartet), quint(quintet) or m (multiplet), Coupling constant
(J) were given in Hertz (Hz).

Compounds purity was determined by liquid chromatography-mass
spectrometry (LC-MS) Elute SP (HPG 700) Bruker Daltronics and
amaZon speed ion Trap LC/MSn System (ESI-MS), Method: Alternating
ion-Polarity :on; Scan Range: m/z: 80-1200; Nebulizer: Nitrogen, 15 Psi;
Dry Gas: Nitrogen, 8 L/min, 200 °C; Massrange Mode: UltraScan; Col-
umn: Intensity Solo 2 C18 (100 mm * 2.1 mm); Temperature: 50 °C;
Mobile phase: A. water hypergrade for LC-MS with 0.1 % formic acid (v/
v) (Merck); B. Acetonitrile hypergrade for LC-MS (for LC-MS); Method of
Analysis: 0-4 min 98 % A, 4-5 min gradient 95% A, 5-9 min 95 % A,
9-16 min gradient 5% A, 16-17 min. gradient to 0% A, reconditioning:
17-18 min. gradient to 98 % A, 18-21 min 98 % A.

Synthetic route started using Mitsunobu reaction of compound (1)
and phtalimide . Resulting compound (2) was deprotected to amine with
hydrazine under reflux in ethanol [44]. Free amine, after derivatisation
to isocyanate (4) [45] reacted with compound (5) in THF to form urea
compound (6). Methylation of (6) afforded after deprotection of Boc
compound d2 (9). Deprotection of compound (6) afforded demethylated
compound d2 (7) [46].

4.4.1. tert-Butyl 4-(3-(1,3-dioxoisoindolin-2-ylpropyDpiperidine-1-
carboxylate (2) [44]

To a solution of tert-butyl 4-(3-hydroxypropyl)piperidine-1-carbox-
ylate (1) (1.2 g, 4.9 mmol) and phthalimide (1.2 eq., 880 mg, 6.0 mmol)
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in THF (20 mL) was added PPhg (1.5 eq., 1.9 g, 7.3 mmol) and DEAD
(1.5eq. 1.27 g, 7.3 mmol) at RT. The resulting mixture was stirred at RT
overnight and diluted with EtOAc (100 mL) . The organic layer was
washed with brine (20 mL x 2) and dried over anhydrous MgSO,4. The
organic phase was concentrated and the residue was purified by flash
chromatography (hexane/EtOAc 3/1) to afford tert-butyl 4- (3- (1, 3-
dioxoisoindolin-2-y1) propyl) piperidine-1-carboxylate (1.41 g, 77 %) ;
APCIm/z (-): 372,6 ([M—H*]); 1H NMR: 5 [ppm] (300 MHz, DMSO-ds)
58.00-7.70 (m, 4H), 3.90 (d, J = 13.1 Hz, 2H), 3.55 (t, J = 7.1 Hz, 2H),
2.64 (m, 2H), 1,70-1,50 (m, 4H), 1,37 (s, 9H), 1.25-1.05 (m, 3H), 0.92
(qd, J =12.5 Hz, 4.3 Hz, 2H);

4.4.2. tert-Butyl 4- (3-aminopropyl) piperidine-1-carboxylate (3) [44]

To a solution of tert-butyl 4- (3- (1, 3-dioxoisoindolin-2-yl) propyl)
piperidine-1-carboxylate (2) (1.41 g 3.8 mmol) in 25 mL EtOH was
added 60 % hydrazine hydrate (3 mL) . The mixture was stirred at reflux
for 3 h and then the solid was filtered off. The filtrate was concentrated
under reduced pressure and the residue was suspended in DCM (50 mL)
and filtered. The filtrate was concentrated to give the crude tert-butyl 4-
(3-aminopropyl) piperidine-1-carboxylate (800 mg, 95) which was used
in next step directly. Yield (800 mg, 87 %); APCI m/z(+): [(M + H")] ™
243.3; 'H NMR: & [ppm] (300 MHz, DMSO-dg) 6 3.90 (d, J = 13.1 Hz,
2H), 3.40 (bs, 2H), 2.65 (m, 2H), 2.50 (m, 2H), 1,60(m, 2H), 1,37 (m,
12H), 1.25-1.05 (m, 2H), 0.92 (qd, J = 12.5 Hz, 4.3 Hz, 2H);

4.4.3. tert-Butyl 4-(3-isocyanatopropyDpiperidine-1-carboxylate (4) [45]

To a vigorously stirred mixture of tert-butyl 4- (3-aminopropyl)
piperidine-1-carboxylate (3) (400 mg, 1.65 mmol) in DCM (6 mL) and
saturated NaHCO3 (6 mL), cooled at 0 °C was added triphosgene (490
mg, 1.65 mmol). After 1 h at 0 °C the mixture was diluted with DCM and
the layers were separated. Organic layer was dried over MgSO,4 and
evaporated to dryness. Yield (320 mg, 72 %); APCIm/z(+): [(M +H)] T
269.3; 'H NMR: & [ppm] (300 MHz, DMSO-dg) & 3.98 (d, J = 13.0 Hz,
2H), 2.74 (m, 2H), 1.63 (i, 4H), 1.45 (s, 10H), 1.37 — 1.20 (i, 2H), 1.01
(qd, J = 12.4, 4.3 Hz, 2H).

4.4.4. tert-Butyl 4-(3-(7-chloro-1, 2,3,4-tetrahydroisoquinoline-2-
carboxamido )propyDpiperidine-1-carboxylate (6) [46,47]

tert-Butyl 4-(3-isocyanatopropyl)piperidine-1-carboxylate (4) (180
mg, 0.7 mmol), DIPEA (1.2 eq, 1.1 mmeol, 188 uL) and 7-chloro-1,2,3,4-
tetrahydroisoquinoline hydrochloride (5) (0.9 mmol, 150 mg) were
dissolved in 20 mL of THF and stirred at RT over 48 h. The reaction
mixture was evaporated to dryness and portioned between DCM (50 mL)
and water (30 mL). Water layer was extracted with DCM twice more.
Collected organic layers were dried over MgSO4 and the residue was
purified by silica gel chromatography (hexane/EtOAc 1/3) to afford tert-
butyl  4-(3-(7-chloro-1,2,3,4-tetrahydroisoquinoline-2-carboxamido)
propyl)piperidine-1-carboxylate (146 mg, 50 %); APCI m/z(+): [(M +
HHI1T 437.1; 'H NMR:5 [ppm] (300 MHz, DMSO-de) & 7.28-6.97 (m,
3H), 6.53 (t, J=5.4Hz, 1H), 4.44 (s, 2H), 3.88 (d, J =13.1 Hz, 2H), 3.49
(t,J = 5.9 Hz, 2H), 2.99 (q, J = 6.8 Hz, 2H), 2.78-2.52 (mn, 4H), 1.97 (s,
2H), 1.59 (s, 2H), 1.36 (s, 12H), 1.01-0.77 (m, 2H);

4.4.5. 7-Chloro-N-(3-(piperidin-4-yDpropyl)-3,4-dihydroisoquinoline-2
{1H]-carboxamide hydrochloride (7)
tert-Butyl-4-(3-(7-chloro-1,2,3,4-tetrahydroisoquinoline-2-carbox-
amido)propyl)piperidine-1-carboxylate (6) (140 mg, 0.33 mmol) was
dissolved in 2 mL of saturated HCI solution in dioxane and left stirring
for 1 h. Reaction mixture was coevaporated a three times with dioxane.
The crude product was washed with Et20 to afford pure 7-chloro-N-(3-
(piperidin-4-yl)propyl)-3,4-dihydroisoquinoline-2[1H]-carboxamide
hydrochloride (90 mg, 73 %); APCI m/z(+): [(M + H")]* 336.2; 'H
NMR: & [ppm] (300 MHz, DMSO-de) & 8.95 (bs, 2H), 7.31-7.05 (m, 3H),
6.64 (s, 1H), 4.47 (s, 2H), 3.49 (¢, J = 7.1 Hz, 2H), 3.29-3.10(m, 2H),
3.01 (t, J = 7.1 Hz, 2H), 2.88-2.66 (m, 4H), 1.89-1.65 (m, 2H),
1,54-1.05 (m, 7H);); 13C NMR (75 MHz, DMSO-dg) & 157.23, 136.68,
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133.80, 130.41, 130.22,126.04, 125.82, 60.68, 45.03, 43.03, 40.85,
40.16, 39.05, 32.78, 29.16, 28.30, 27.48; LC-MS (ESI-(4+)): 95.3 %
336.09 [M 4+ HT]T;

4.4.6. tert-Butyl-4-(3-(7-chloro-N-methyl-1, 2, 3,4-tetrahydroisoquinoline-
2-carboxamido JpropyDpiperidine-1-carboxylate (8) [46]

tert-Butyl  4-(3-(7-chloro-1,2,3,4-tetrahydroisoquinoline- 2-carbox-
amido)propyl)piperidine-1-carboxylate (6) (250 mg, 0.57 mmol) was
dissolved in 30 mL of THF and excess of NaH (60 % on oil, 100 mg) was
added). The reaction mixture was allowed to stir at RT for 3 h. After
three hours an excess of methyl iodide (5.0 mL) was added and the
stirring was continued over night). Reaction mixture was evaporated to
dryness and purified by flash chromatography (hexane/EtOAc, 1/3) to
afford tert-butyl 4-(3-(7-chloro-N-methyl-1,2,3,4-tetrahydroisoquino-
line-2-carboxamido)propyl)piperidine-1-carboxylate (173 mg, 68 %).
APCI m/z(+): [(M + HD]* 450.3; 'H NMR: & [ppm] (300 MHz,
DMSO-dg) 6 7.30-7.12 (m, 3H), 4.27 (s, 2H), 3.89 (d, J = 13.1 Hz, 2H),
3.40-3.32 (m, 2H),3.11 (t, J = 7.3 Hz, 2H), 2.80 (m, 5H), 2.61 (m, 2H),
1.54 (m, 3H), 1.38 (s, 9H), 1.24 (s, 2H) , 1.13 (m, 2H), 1.01-0.79 (m,
2H);

4.4.7. 7-Chloro-N-methyl-N-(3-(piperidin-4-yDpropyD-3,4-
dihydroisoquinoline-2{1H]-carboxamide (9)

tert-Butyl-4-(3-(7-chloro-N-methyl-1,2,3,4-tetrahydroisoquinoline-
2-carboxamido)propyl)piperidine-1-carboxylate (8) (200 mg, 0.44
mmol) was dissolved in 4 mL of saturated HCI solution in dioxane and
left stirring for 1 h. Reaction mixture was coevaporated a three times
with dioxane. The crude product was purified by column chromatog-
raphy (DCM/MeOH (sat-NHz) 95/5) to afford (9): (102 mg, 66 %). APCI
m/z(+): [(M + HD]T 351.0; 'TH NMR: & [ppm] (300 MHz, CDClg) §
7.17-6.84 (1, 3H), 4.26 (s, 2H), 3.37 (t, J = 5.8 Hz, 2H), 3.11 (t, J=7.5
Hz, 2H), 2.93 (d, J = 10.4 Hz, 2H), 2.79 (d, J = 2,4 Hz, 6H), 2.05-1.71
(m, 2H), 1.65-0.98 (mn, 9H); °C NMR (75 MHz, CDCls) & 164.65,
135.82, 133.01, 131.62, 130.17, 126.54, 126.21, 53.44, 50.34, 48.61,
44,87, 44.41, 36.51, 36.26, 35.63, 33.50, 31.90, 28.14, 24.24 ; LC-MS
(ESI-(+)): 95.1 % 336.00 [M + H']™;

4.5. Human histamine Hz receptor in-vitro assay

Compounds were tested in HsR binding studies in-vitro as reported
previously [48] Click or tap here to enter text.. Briefly summarized,
crude hH3R membrane extracts from HEK-293 cells stably expressing
the hH3R were incubated with several concentrations of test compounds
and [3H]—N°‘»methy]histamjne (2 nM, Kp = 3.08 nM). The cell line was
kind gift from Prof. J.-C. Schwartz, Bioprojet Pharma, France. Non-
specific binding was determined using pitolisant (10 pM final concen-
tration). Obtained data in duplicates from at least three independent
experiments were analyzed with GraphPad Prism 7 (San Diego, CA,
USA) using non-linear regression. K; values were transformed from ICsq
according to Cheng-Prusoff [49]. Statistical analysis of pK; values was
performed and converted to mean K; values and 95% confidence
intervals.

5. Discussion

According to the profound impact of histamine Hg receptors in
modulating the release of histamine and other important neurotrans-
mitters in central nervous system, these receptors deserve much
consideration as an important target in neurological disorders. Since
neurotransmitter deficiency in CNS has been implicated in several
neurological disorders, developing histamine HgR antagonists/inverse
agonists is of paramount importance in this line of research. Drug design
and discovery pipeline is a multiobjective optimization process neces-
sitates contribution of various disciplines. In view of this, computational
approaches are inevitable part of pharmaceutical research accelerating
the identification of novel therapeutic agents in early stages of rational
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drug design. Scaffold hopping technique as structural optimization
strategy in medicinal chemistry aims to improve the key parameters of
any bioactive compound in terms of safety and efficacy. In the current
study, scaffold-hopping analysis was performed on previously identified
compounds [22] to find potentially bioisosteric substructures with
similar shape and electronic properties in order to develop novel mol-
ecules with improved pharmacokinetic and physicochemical attributes
while simultaneously lacking of any potentially toxic fragments. For this
purpose, a variety of scaffolds are shuffled based on the calculated field
points. This replacement was noticeable especially for compound 3
containing indole and piperazine moieties reported as structural ele-
ments frequently observed in promiscuous compounds [50].

The newly designed molecules containing favorable bioisosteres
with high similarity to the starter molecule were carefully scrutinized on
the basis of BIF scores, radial plots, and unstable/reactive functional
groups. The obtained candidate molecules were inspected in terms of
drug-likeness, ADME, selectivity towards HsR, and toxicity. The
designed molecules were predicted to have high intestinal absorption.
The majority of the candidates showed no inhibition of drug metabo-
lizing isoforms of CYP450 enzymes. Moreover, no violation of rules
determining drug-likeness were observed for the selected compounds.
Since CNS penetration is essential for H3R ligands, the calculated MPO
score demonstrated the possible brain permeability for the designed
compounds within the defined threshold. The off-target activity pre-
diction for the selected compounds revealed lower potential of candi-
date molecules to be toxic. To predict the mode of interaction of the
selected molecules with H3R, molecular docking was conducted. Anal-
ysis the results indicate the key residues interact with different moieties
of the candidate molecules are: Tyr'®® (TM5) and Tyr>** (TM7) involved
in hydrophobic interaction in hydrophobic/aromatic moiety, '[yrus
(TM3) and Tyr®’* (TM6) interact with the linker, and Glu?>% (TMS5) in
ionic interaction with basic moiety. The results are in agreement with
the other investigations reported previously [51-58]. The results of
binding free energy values (AG) for the designed molecules presented
(cf. Supplementary Table S6) revealed that the binding affinity for the
majority of them are lower compared to pitolisant implying the suitable
predicted affinity of the designed compounds towards H3R.

In the next step, compound d2 was considered as a representative for
the designed compounds for synthesis and affinity measurement. This
compound has a high synthetically feasible structure associated with the
necessary features considered for screening and is lacking any stereo-
centers. Moreover, among the compounds it is the only one that passed
all the lead-likeness criteria. In addition, it possess the lowest TPSA in
this set of compound proving the potential new lead structure.

In accordance with the results of binding free energy values, d2
showed lower binding affinity in radioligand displacement assay to
hH3R than that of pitolisant. Demethylation into compound 7 led to
decreased affinity. Although, experimental determined affinity of d2 is
not in the submicromolar Kj-range as previously identified compounds
[22], binding affinities are in good agreement with molecular docking
simulations and offer another scaffold for histamine H3R antagonists
[4,59,60].

6. Conclusion

Substantial progress in developing histamine HgR antagonists/in-
verse agonists has been made in the past decades owing to the significant
role of Hj receptors in neurological diseases. In this investigation, we
sought to identify novel HgR antagonists by applying computational
approaches integrated with experimental validation. For this purpose,
scaffold-hopping technique was utilized to design novel compounds
based on calculated field point patterns on previously identified Hs
antagonists using ChEMBL and Zinc database. Following the filtering the
compounds on the basis of pharmacokinetic, drug-likeness and toxicity
parameters, the selected compounds were subjected to molecular
docking and dynamics simulation studies in order to predict the binding
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mode and binding free energy estimation, respectively. Considering the
predicted features as well as synthetic tractability of the designed
compounds, d2 compound was selected for synthesis. The biclogical
evaluation using radioligand displacement study revealed micromolar
K; values for d2 and its demethylated derivative. The presented novel
histamine Hj ligands with the new 1,2,3,4-tetrahydroisoquinoline
element can provide a safe and promising framework for further opti-
mization through medicinal chemistry oriented strategies.
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Supplementary Table S1. Calculated physicochemical, pharmacokinetic, drug-likeness, and medicinal chemistry properties of lead compounds

Molecular Descriptor d1 42 43 d4 ds d6
Physicochemical Properties
Formula Ca0H30CIN3O2 C19H25CINGO CysH2sCIN; O C1sH27CIN:0; C21H32CIN 02 CaH30CIN;O3
Molecular weight 379.92 g/mol 349.90 g/mol 365.9 g/mol 354.87 g/mol 393.95 g/mol 407.93 g/mol
Num. rotatable bonds 6 6 7 8 7 7
Num. H-bond acceptors 3 2 3 4 3 4
Num. H-bond donoers 1 1 0 1 1 1
Molar Refractivity 113.15 107.05 108.22 99.81 117.95 118.15
TPSA 47.02 A 35.58 A2 36.02 A2 53.01 A2 47.02 A 64.00 A2
Pharmacokinetic properties
GI absorption High High High High High High
BBB permeant Yes Yes Yes Yes Yes Yes
P-gp substrate Yes Yes Yes No Yes Yes
CYPIA2 inhibitor No No No No No No
CYP2C19 inhibitor No No No No No No
CYP2CY inhibitor No No No No No No
CYP2D6 inhibitor Yes Yes Yes Yes Yes Yes
CYP3A4 inhibitor No No Yes No No No
Log K} (skin permeation) -6.96 cm/s -6.36 cm/s -6.87 cm/s -6.70 cm/s -6.79 em/s -721 emis
Druglikeness
Lipinski Yes Yes Yes Yes Yes Yes
Ghose® Yes Yes Yes Yes Yes Yes
Veber® Yes Yes Yes Yes Yes Yes
Egan® Yes Yes Yes Yes Yes Yes
Muegge? Yes Yes Yes Yes Yes Yes
Bioavailability Score 0.55 0.55 0.55 0.55 0.55 0.55
Medicinal Chemistry properties
Lead-likeness® No; 1 violation: = No; 1 vielation: No: 2 vielations: No: 1 violation: No: 1 violation:

MW=350 Yes MW=350 MW=350, Rotors>7 MW=350 MW=350
Synthetic accessibility 2.96 2.78 343 262 3.08 3.06

2
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Molecular Descriptor 47 48 d9 d1o di1
Physicochemical Properties

Formula CholTpsCING O C1ol6CIN3O, CiolpsCIN3O3 CyyH3oCIN;O5 CioHsCINZO,
Molecular weight 393.91 g/mol 363.88 g/mol 379.88 g/mol 407.93 g/mol 363.88 g/mol
Num. rotatable bonds 6 6 7 7 6
Num. II-bond acceptors 4 3 4 4 3
Num. H-bond donors 1 1 0 1 2
Molar Refractivity 11335 107.25 108.42 118.15 105.56
TPSA 64.09 A2 52.65 A 53.09 Az 64.09 A2 59.57 A
Pharmacokinetic properties

GT absorption High High High High High
BBB permeant Yes Yes Yes Yes Yes
P-gp substrate Yes Yes Yes Yes Yes
CYP1A2 inhibitor No No No No No
CYP2C19 inhibitor No No No No No
CYP2C9 inhibitor No No No No No
CYP2D6 inhibitor Yes Yes Yes Yes Yes
CYP3A4 inhibitor Ne No Yes No No
Log K, (skin permeation) -7.39 cm/s -7.18 ems =737 cmis -7.21 cm/s -6.45 em/s
Druglikeness

Lipinski Yes Yes Yes Yes Yes
Ghose® Yes Yes Yes Yes Yes
Veber® Yes Yes Yes Yes Yes
Egan® Yes Yes Yes Yes Yes
Muegge? Yes Yes Yes Yes Yes
Bioavailability Score 0.55 0.55 0.55 0.55 0.55

Medicinal Chemistry properties
TLead-likeness® No; 1 violation: No; 1 violation:

MW=350 MW=350 MW=350
Synthetic accessibility 2.94 2.74 3.43

No; 1 violation:

No; 1 violation:

MW=350
3.06

No: 1 violation:

MW=350
248

*Ghose filter: 160 = MW < 480, < WLOGP = 5.6; 40 = MR = 130; 20 = atoms = 70.
bVeber filter: Rotatable bonds < 10, TPSA = 140,

‘Cgan filter: WLOGP = 5.88; TPSA < 131.6.

Muegge: 200 < MW < 601
and Num. H-bond donors < 5
Lead-likeness: 250 = MW = 350; XLOGP = 3.5; and Rotatable bonds < 7.

0; -2 = XLOGP =5; TPSA = 150; Num. rings < 7; No of carbons > 4; Num. heteroatoms > 1; Num. rotatable bonds = 15; Num. II-bond acceptors < 10;
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Supplementary Table S2. Physicochemical attributes of selected compounds used for calculation of

MPO score
Compound MW cLogP cLogD TPSA pKa HBD MPO score*
d1 379.92 223 0.91 47.02 14.86 1 4.69
d2 349.90 3.87 0.85 35.58 11.23 1 4.18
d3 365.90 3.58 0.92 36.02 9.31 0 4.81
d4 354.87 1.75 -0.3 53.01 14.77 1 4.83
ds 393.95 2.76 1.37 47.02 14.87 1 4.59
dé 407.93 2.57 1.33 64.09 14.02 1 4.49
d7 393.91 2.29 0.80 64.09 14.02 1 4.59
ds8 363.88 3.03 -0.02 52.65 10.84 1 4.79
d9 379.88 2.98 1.02 53.09 9.06 0 533
d1o 407.93 2.82 1.26 64.09 14.03 1 4.49
dil 363.88 1.81 -1.15 59.57 14.87 2 4.47
4
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Supplementary Table S3. In silico toxicity evaluation of candidate molecules. The calculated binding affinities (ICso, Molar) for selected candidates against all 16
target proteins as well as toxic potential using VirtualToxLab are shown.

£ =3 = 5 g 2 2 2 z Z 8 z 2 g 3 2 2 3
z = = & = 3 f = g = ; f =
£ B e} g = <

5 9 ¢ & =

d1 0.52 2.32E-06 NB NB NB L64E-05  792E-05 5.67E-06  498E-08 644E-07  3.75E-05 2.03E-05  305E-07 131E-05  4.62L-05 NB
a 0.51 2.24E-05 2.77E-05 NB 9.44E-05 6.59E-05 NB 1.18E-06 ~ 633E-07 837E-08 3.04E-05 5.07E-05 485E-06 9.62E-06 190E-06 153E-06
a3 044 NB NB NB NB 631E-05  833E-05 7.30E-07  4.77E-06  3.36E-07 NB 839E-05  246E-05  2.18E-05 NB 1.51E-05
a4 0.39 1.01E-06 NB NB NB NB NB 1.05E-05  1.21E-06  324E-06 NB NB 7.35E-06  6.08E-05 NB 6.38E-06
das 0.52 1.17E-06 NB NB NB NB NB 9.46E-07 1.89E-07  4.19E-08 NB 937E-06  3.29E-03 NB NB NB
a6 0.47 1.64E-07 NB NB NB NB NB 5.00E-05  1.04E-05 1.36E-06 4.49E-05 NB 842E-05  1.55E-05 NB 6.83E-05
a7 0.39 7.85E-06 NB NB NB NB NB 195E-06 1.57E-06 187E-06 NB 2.72E-06 100E-05 3.03E-05 7.27E-05 NB
d8 0.66 151E-06 NB 3.99E-05  1.60E-05 550E-05  6.06E-05 6.TIE-07  2A43E-05 242609 1.05E-05 S41E-05 3650-05 2.10E-06 5.15E-05  2.04E-05
d9 0.41 NB 2.74E-06 NB NB NB NB 1.12E-05 6.60E-07 NB 9.80E-05  9.14E-05 2 .85E-05 NB NB
daio 0.46 4.09E-07 NB NB NB NB NB 8.18E-05 1.89E-07 NB 8.03E-06  3.38E-06 NB NB NB
di1 0.43 3.35E-07 NB NB NB NB NB 7.98E-05 3 49E-07 NB NB 2 40E-05 7 42E-05 NB NB

AR: Androgen receptor: AhR: Aryl hydrocarbon receptor, ERa: Estrogen receptor a; ERi: Estrogen receptor 32 GR: Glucocorticoid receptor: hERG: LXR: Liver X receptor: MR: Mineralocorticoid receptor; PR: Progesterone

receptor, TRe.: Thyroid receptor oz TRB: Thyroid receptor i; NBmot binding. TP is a measure of toxic potential derived from normalized binding affinities in respect to series of proteins with known adverse effects. Toxic alerts

are defined as:

Class 0: TP = 0.3(
ClassT: 0.5 < TP
Class IL: 0.6 < TP
Class TI:
Class IV:

none); 0.3 < TP < 0.4 (low); 0.4 < TP = 0.5 (moderate)
<= 0.6 (elevated)
igh)
< TP = 0.8 (Very high)
0.8 {Extreme)

<0.7 (hi
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3.1 Guided rational design with scaffold hopping leading to novel histamine Hj3 receptor ligands
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3.1 Guided rational design with scaffold hopping leading to novel histamine H3 receptor ligands
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Supplementary Fig. S4. (a) 3D representation of designed d1 — d11 docked into the binding site of HsR
generated by PyMol program (version 1.7.x). The ligands and the main interacting residues are displayed
as sticks. Only the side chains of the interacting residues from receptor are shown for further clarity. (b) 2D
illustration of the interactions between compounds d1 — d11 and H3R generated by LigPlot program.
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3.1 Guided rational design with scaffold hopping leading to novel histamine Hj3 receptor ligands
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Supplementary Fig. S5. The results of molecular dynamics simulation analyses on ligand-HsR complexes.
Panels a and b show the plot of root mean square deviation (RMSD) fluctuation in a 1 to 50 ns molecular
dynamics simulation for ligand-Hs;R complexes and ligands, respectively. Panels ¢ and d indicate potential
energies for the ligand-Hs complexes and designed compounds during 50 ns molecular dynamics
simulation, respectively.
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Supplementary Table S6. Calculated mean values of
binding free energies for the complex of docked candidate
molecules and HsR using Generalized-Born, AGsinding (c8)
and Poisson—Boltzmann, AGgindging @) method for 50 ns
MD simulation. Standard deviations are shown in
parentheses.

Compound AGginding GB) AGginding #B)
d1 -42.90(+3.35) -34.21(x3.61)
d2 -39.84(+4.20) -34.20(+4.12)
d3 -46.94(+3.55) -41.37(+4.67)
d4 37.05(:3.98)  -29.74(+3.99)
ds -41.84(+2.93) -33.36(+3.86)
dé -43.87(+4.90) -36.02(+5.54)
d7 -46.53(+4.82) -39.34(+4.90)
48 B2.19(3.97)  -26.98(+5.34)
9 4417(:6.00)  -35.03(+6.44)
d10 4193(:4.18)  -35.01(+4.50)
di1 -36.12(+4.15) -28.62(+4.49)

Pitolisant -36.96(+3.48) -31.47(+3.66)

11
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3.1 Guided rational design with scaffold hopping leading to novel histamine Hj3 receptor ligands

Supplementary Table S7. Spectral and LC-MS Data for Compounds 7 (AZ1147)
and 9 (AZ1161B).

Compound Spectrum List Report

Analysis Info Acquisition Date 11/3/2020 6:45:57 PM
Analysis Name  D:\Data\Reinheit\2020\new software'03112020\AZ 1147_2_1_339 — Blank_1_1_331.d

Method new2ab2bis100 50 loop pasa wasch5eq3min_339.m Operator demo

Sample Name  AZ 1147 Instrument amaZon speed ETD
Comment Original analysis: 'AZ 1147_2_1_338.d'

Subtracted analysis: 'Blanlli |_331.d" (Xpose, 0.5s, 5)

Acquisition Parameter

lon Source Type ESI lon Polarity Negative Alternating lon Pclarity  on
Mass Range Mode  UltraSean Scan Begin 80 miz Scan End 1200 miz
Accumuiation Time 200C ps RF Level 53 % Trap Drive 448
SPS Target Mass 350 miz Averages 6 Spectra
Imensé
X10 >
H
1.59 i
1.04
0.5
0.0 S
] 2 4 6 8 10 12 18 Time [min]
#  RT [min] Area SIN_ Arsa Frac. %
1 130 701908760 19377 34
2 149 19485216768  29146.8 95.3
3 153 264919472 880.2 13
Compound Spectrum List Report
Analysis Info Acquisition Date 2/23/2021 €:22:50 PM
Analysis Name  D:\Data\Reinheiti2021\23022021\AZ 11618_2_1_106 — Blank_1_1_7¢.d
Method ab2bis100 50 loop pasa waschSeg3min_106.m Operator demo
Sample Name  AZ1161B Instrument amaZon speed ETD
Comment Original analysis: 'AZ 1161B_2_1_106.d",

Subtractsd analysis: 'BIank_W:ﬂjB.d’ (Xpose. 0.5s, 5)

Acquisition Parameter

lon Scurce Type ESl lon Polarity Negative Alternating lon Polerty  on
Mass ?ange Moda UttraScan Scan BE;M 80 m/z Scan End 1200 m/z
Accumulation Time 2000 ps RF Leve 59 % Trap Crive 448
SPS Tﬂ’gﬂ( Mass 350 miz Averages 5 Spectva
Intens.
1097
3
23
1
04 1 T S e
2 4 6 & 10 12 18 Time [min]
# RT [min] SIN Area Frac. % Max. m/z
1 146 77423 49 366.13
2 15.1 59003.3 95.1 350.13

12
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Supplementary Table 8. "H-NMR and "*C-NMR Spectra for Compounds 7 (AZ1147) and 9 (AZ1161B).
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Abstract: Continuing with our program to obtain new histamine I13 receptor (I13R) ligands, in this
work we present the synthesis, [13R affinity and in silico studies of a series of eight new synthetically
accessible purine derivatives. These compounds are designed from the isosteric replacement of the
scaffold presented in our previous ligand, pyrrolo[2,3-d]pyrimidine ring, by a purine core. This
design also considers maintaining the fragment of bipiperidine at C-4 and aromatic rings with
electron-withdrawing groups at N-9, as these fragments are part of the proposed pharmacophore.
The in vitro screening results show that two purine derivatives, 3d and 3h, elicit high affinities to
the I13R (Ki values of 2.91 and 5.51 nM, respectively). Both compounds are more potent than the
reference drug pitolisant (K; 6.09 nM) and show low toxicity with in vitro models (1Cs5 > 30 uM on
HEK-293, SH-SY5Y and Hep(G2 cell lines). Subsequently, binding modes of these ligands are obtained
using a model of HaR by docking and molecular dynamics studies, thus determining the importance
of the purine ring in enhancing affinity due to the hydrogen bonding of Tyr374 to the N-7 of this
heterocycle. Finally, in silico ADME properties are predicted, which indicate a promising future for
these molecules in terms of their physical-chemical properties, absorption, oral bioavailability and
penetration in the CNS.

Keywords: histamine Hj receptor; H3R ligands; purines; in silico studies; ADME prediction

1. Introduction

The histamine 3 receptor (I13R) belongs to a superfamily of G protein-coupled recep-
tors (GPCRs) and has received great interest in recent years due to its distribution, mainly
in the central nervous system, acting as an auto- and heteroreceptor and regulating the
release of histamine itself and other neurotransmitters, such as acetylcholine and dopamine,
among others [1-3]. Antagonists or inverse agonists of this receptor prevent the activation
of the H3R and therefore, due to negative feedback, increase the concentration of histamine
and the other neurotransmitters mentioned above. Therefore, these are being investigated
as therapeutic alternatives in neurodegenerative diseases such as Alzheimer’s and Parkin-
son’s, as well as in disorders such as narcolepsy and attention deficit hyperactivity disorder.
In present times, the I13R inverse agonist pitolisant (Wakix, Figure 1) is the only drug
approved by the EMA for the treatment of narcolepsy with or without cataplexy and for
obstructive sleep apnea, which has increased interest in the clinical applications of novel
H3R inverse agonists or antagonists [4,5].
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https:/ /www.mdpi.com /journal / pharmaceuticals

83



Publications

Pharmaceuticals 2022, 15, 573

20f14

Z\ /\N
N/\/\OQ\/H)\‘\ N NAQN //\ N N~2_<N/(:©
Q ) C Cu N%Cl% C Qu N4CI

/

o, o

Pitolisant Contilisant

A\

Cl

=

Aromatic
NN .

. 8 I N Arbitrary
Bas_l:: ( N‘CN—WN _TEVG  zone
moeity N %/

X
This work

Figure 1. Chemical structures of H3R ligands containing piperidine moiety, and the proposed
structures in this work.

In this regard, many series of compounds with great structural diversity have been
synthesized [6]. However, there is a common pharmacophore consisting of a basic moiety,
separated by a linker (often saturated alkyl chains) from an aromatic zone attached to an
arbitrary scaffold that is generally hydrophobic [7]. First generation H3R ligands usually
contain imidazole-based scaffolds, with regard to histamine structure [8]. Otherwise, the
second generation of H3R ligands, the imidazole heterocycle, is replaced by piperidine
moieties [9].

In recent years, several H3R ligands that contain the piperidine heterocycle in their
structure have been reported. Contilisant (Figure 1) was reported to display H3R antago-
nism as well as cholinesterase and MAO-B inhibition [10]. Zhang et al. published a series
of lactams that contain several basic scaffolds in their structure, in which compound I
shows great affinity for the H3R and selectivity against the HiR [11]. On the other hand,
our research group has reported several pyrrolo[2,3-d]pyrimidines substituted in position
C-4 with the bipiperidine moiety, obtaining affinities for H3R in the nanomolar range
and highlighting compounds II and III, which show K; values of 126 and 6.0 nM, respec-
tively [12,13]. Our previous antecedents suggest that derivatives with a higher affinity for
H3Rs are obtained using bipiperidine as a basic moiety, whereas in the arbitrary zone, the
best results have used aromatic rings with electron-withdrawing groups (EWG).

In order to improve affinity to the H3R, in this work we propose the use of purine
heterocycle as a pyrrolo[2,3-dJpyrimidine bioisostere while maintaining the aforementioned
substitution patterns present in III (Figure 1). Purine heterocycle is selected because this
scaffold is part of several compounds with diverse biological activities [14-17]. Moreover,
this heterocycle significantly improves pharmacological activities and physicochemical
properties [18]. In addition, the effects of EWG on the aromatic ring at N-9 are considered
as well as the replacement of a hydrogen atom at the C-2 position by a chlorine atom. Later,
the synthesized purine derivatives are evaluated for their affinity to the human H3R and
the most promising compounds are evaluated for their cytotoxicity on cell lines. Finally,
docking and molecular dynamic studies are carried out to understand the effects of chemical
modifications on affinity to the H3R. Considering the great need to find new therapeutic
alternatives for the treatment of neurodegenerative diseases, this work contributes to
medicinal chemistry through the discovery of easily accessible compounds with high
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affinity to the H3R, with low toxicity in the cell lines evaluated and with a promising

ADME profile.

2. Results and Discussion
2.1. Chemistry

The general synthetic procedures to obtain 6-([1,4"-bipiperidin]-1’-y1)-9-aryl-9H-purines
3a—d and 6-([1,4"-bipiperidin]-1"-yl)-9-aryl-2-halo-9H-purines 3e-h are summarized in
Scheme 1. The derivatives 2a—h were synthesized by nucleophilic substitution among
the commercially available 6-chloro-9H-purine derivatives 1a—b and the respective benzyl
halide, in low to moderate yields. In this first step, a mixture of N-9 and N-7-alkylated
purines were obtained in a proportion of 4:1, respectively. In a second step, a nucleophilic
substitution (SyAr) reaction was achieved with N-9 substituted purines, using bipiperidine,
providing the target compounds 3a—h, with good yields (>60%). The chemical structures of
the purine derivatives were established based on their spectral properties (IR, 111 NMR,
13C NMR and HRMS, see experimental section and Supplementary Materials).

®

N

C, ®

cl N
NTX~N a) N7 XN b) NTX—N
|)\£ > — > — | >

X)\N/ N X)\N/ N X)\N/ N

1a X=H \ \ | /

1b X=Cl L s
2a X=H; R=4-F 3a X=H; R=4-F
2b X=H; R=4-Cl 3b X=H; R=4-Cl
2¢ X=H; R=4-CN 3¢ X=H; R=4-CN
2d X=H: R=2,6-diC| 3d X=H; R=2,6-diCl
2e X=Cl; R=4-F 3e X=Cl: R=4-F
2f X=Cl; R=4-C| 3f X=Cl: R=4-Cl
2g X=Cl; R=4-CN 3g X=Cl; R=4-CN
2h X=CI; R=2,6-diCl 3h X=CI; R=2,6-diCl

Scheme 1. Synthesis of purine derivatives 3a-h. Reagents and conditions: (a) Benzyl halides, K,COs,
CHj3CN, reflux, 2-4 h, 19-48%. (b) Bipiperidine, DIPEA, ethanol, reflux, 1-2 h, 41-66%.

2.2. H3R Affinity

Compounds 3a—h were screened for their affinities to the human H3R by performing
competitive radioligand binding assays using [PH]N*-methylhistamine as a radioligand
(Table 1). All compounds presented K; values in the nanomolar range, confirming that
the purine heterocycle provides derivatives with a high affinity to the receptor and that
some substitution patterns are important in structure—activity relationships. Firstly, the
presence of a chlorine atom at the C-2 position maintains or slightly decreases affinity to
H3R, as observed in 3a—d versus 3e-h compounds. In the arbitrary zone, the presence
of the p-fluorophenyl portion yields the derivatives with the lowest affinity (3a and 3e),
and this is an interesting result that correlates with our previous works [13]. Finally, the
substitution in N-9 with 2,6-dichlorobenzyl provides the most active derivatives of this
series, 3d and 3h, which present K; values of 2.91 nM and 5.51 nM, respectively, being even
better than those presented by pitolisant (Figure 2). In this case, a purine scaffold appears
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to increase affinity to HzR compared to derivatives with pyrrolo[2,3-d]pyrimidine [13], but
this observation is not decisive, since this tendency is not observed in other derivatives.

Table 1. Affinities to the H3R of compounds 3a-h and reference ligand pitolisant.

Compound Substitution Pattern K; (nM) ?
X R [95% CI nM]
3a H 4-F 105 [79.6-140]
3b H 4-Cl 39.4[8.78-177]
3c H 4-CN 28.8[9.90-83.7]
3d H 2,6-diCl 2.91[1.31-6.44]
3e Cl 4-F 94.6 [47.5-189]
3f Cl 4-Cl 44.6[14.2-141]
3g Cl 4-CN 77.8[29.2-207]
3h Cl 2,6-diCl 5.51[1.17-25.9]
Pitolisant 6.09[2.28-16.3]

2 K| values were determined by [PH]N*-methylhistamine binding assay at the human histamine H;R. Values
represent affinity as mean values and as cotresponding confidence intervals (CI195%) of at least three independent
experiments in duplicate.

[*HIN®-methylhistamine displacement
by purine derivatives

150+ .

: 3d K = 2.91 nM
] + 3hK =551nM
: - Pitolisant K; = 6.09 nM

P

~

100+

o
<

(=]

41 10 9 8 7 6 524
-log(c [mol/1]}

Normalized Specific Binding [%]

Figure 2. Displacement of [PH]N*-methylhistamine (c = 2 nM, K4 = 3.08 nM by 3d (K; = 2.91 nM),
3h (K; = 5.51 nM) and pitolisant (K; = 6.09 nM). The assay was performed on HEK-293 cell mem-
branes stably expressing the human HjR. Data are expressed as mean values 4= SEM (at least three
independent experiments, each performed in duplicate).

2.3. Cytotoxicity Assays

The potential general nephrotoxic, neurotoxic and hepatotoxic effects of selected H3R
ligands 3d and 3h were investigated to determine their influence on the viability of normal
HEK-293, neuroblastoma SH-SY5Y and hepatoma Hep(G2 cell lines by a colorimetric MTT
reduction assay (Table 2). Tested compounds showed similar and weak influences on the
viability of all examined cell lines, which may indicate that both compounds would not be
potentially cytotoxic in future in vivo studies.

Table 2. Cytotoxicity of selected compounds 3d and 3h.

. ICsp (uM) ®
Cell line 3d 3h
HEK-293 69.14 + 13.95 54.31 +3.54
SH-SY5Y >100 32.38 £4.75
HepG2 57.57 +£12.02 33.76 + 4.29

# ICsp values were determined in three independent experiments in triplicate in the range 0.1 to 100 uM.
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2.4. Docking Studies

Although the crystal structure of the H3R receptor is not yet available, the inactive
H3R model was downloaded from the GPCRdb website (https://gpcrdb.org, accessed
on 1 November 2021), which comes from homology modelling using the crystal of the
histamine H; receptor (PDB ID: 3RZE) as a template [19]. Subsequently, an energetic
minimization of the residues was performed to adjust the dihedral angles of each amino
acid. According to the literature, the critical residues of the orthosteric binding pocket are
Aspl14 and Glu206. Both residues assist in recognizing the endogenous ligand (Figure S1),
forming salt bridges of the carboxylates of these residues with the cationic amines of the
synthesized ligands [20].

Molecular docking studies were carried out to understand the binding mode of the
most active compound, 3d, within the H3zR binding site. A standard protocol was used to
perform induced-fit docking, which generated four binding poses for 3d. The four best
poses were analyzed based on their docking scores and polar and non-polar interactions.
The best poses showed docking scores of —10.23 kcal /mol with interaction with Asp114
and of —9.18 kcal/mol with Glu206 (Figure S2). Therefore, the lowest energy pose was
selected, and the other synthesized compounds were screened. Once the pose was obtained
for each ligand, an MM-GBSA calculation was performed, energetically minimizing the
residues composing the binding site at about 6 A from the center of mass of the ligands.
Finally, the binding free energy was calculated for each of them (Table 3). With an RZof0.71,
the correlation between the estimated affinity energy and the experimental data (-logKj)
was reached, indicating that the resulting posture is the best representative of biological
activity and affinity with this receptor (Figure 3).

Table 3. Biological activity in K; values and binding free energy calculated with MM-GBSA.

Biological Activity Binding Free Energy
K; nM) —logK; kcal/mol
3a 105.0 6.98 —59.21
3b 394 740 —57.72
3c 28.8 7.54 —64.10
3d 2.9 8.54 —76.98
3e 94.5 7.02 —66.08
3f 4.6 7.35 —64.97
3g 77.8 7.11 —64.56
3h 5.5 8.26 —75.10

-logKi vs kcal/mol

-50
R2 = 0.71
3b ConfidenceInterval 95%
3a L]

S -60 b
£
©
o
X

-70

-80

6.5 7.0 7.5 8.0 8.5 9.0

-logKi
Figure 3. Correlation graph for binding free energy predicted activity (kcal/mol) and -logK; values.

Ligand-receptor interactions can be divided into three regions constituting the synthe-
sized ligands (Figure 4), where the basic moiety interacts firstly with a hydrophobic pocket
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(hydrophobic pocket 1, HP1) composed of three aromatic rings of residues Tyr91, Phe398
and Trp402. In addition, there is an electrostatic interaction between the cationic amine of
piperidine with Asp114. Next, the aromatic region of purine forms a m-stacking interaction
with Tyr115 and a hydrogen bond with the N-7 of purine core with the hydroxyl of Tyr374.
Finally, the halogenated aromatic region interacts with a second hydrophobic pocket (11P2)
consisting of Tyr374, Trp371, Phe207 and Phe367. This region interacts favorably with the
electron-deficient ring of the synthesized ligands, and halogen substitution has a direct
impact on the favorable hydrophobic interaction, with the para-position being the least fa-
vorable due to a steric hindrance it causes with Phe207, which coincides with substitutions
in the ortho-position being the most active, as is the case for compounds 3d and 3h.

HP2

" vd

7
\\@, n"»‘ ) wrsI:v‘ .
q 3

Ph!zl"f'\\Jx »
ms ¢ N hn

Figure 4. Binding mode of 3d in the HsR model.

The same protocol was repeated to obtain the best poses with pitolisant, considering
the interaction of protonated piperidine with Asp114 and Glu206. TTowever, the difference
in affinity energy between both poses was not so vast (Figure 5). Additionally, apart from
an electrostatic interaction of the carboxylate with Asp114 or Glu206 (regardless of what
the case may be), the ether oxygen interacts, forming a hydrogen bond with Tyr374, thus
highlighting the importance of this residue for the affinity for the binding site.

X7

IFD -7.85 kcal/mol

a o’
[
(MS v
B Tyr374

W 4

Figure 5. (A) The best pose of pitolisant interacting with Asp114; (B) The best pose of pitolisant
interacting with Glu206; (C) The overlap between the best pose achieved for 3d and pitolisant.
2.5. Molecular Dynamic Studies

To understand the affinity differences between the most active compound and the less
active compound, molecular dynamics of 50 ns were performed with the ligand-receptor
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complexes of compound 3d (most active compound) and 3a (least active compound). We
considered the phospholipids that constitute the lipid membrane and a solvated system
(water), and we obtained a transmembrane system.

The trajectories were analyzed with the Simulation Interaction Diagram module of the
Schrodinger Suite. The ligand—protein interactions revealed the residues that persist the
most during molecular dynamics. The HgR-3d complex interacts with Asp114 with almost
99% during the whole trajectory, with an average distance of 2.06 A between the amine
proton of the piperidine and the carboxylate, whereas 3a has an interaction with 88% of
the molecular dynamics with an average distance of 2.22 A (Figure 6). Another important
aspect is the presence of hydrogen bonding of Tyr374 with the N-7 of purine in compound
3d with a presence of 36%, which, in turn, caused an enhanced m-stacking interaction with
Trp371 with 45% during molecular dynamics.

Tyr115 %
B Asp114 y -
o'e
99% \ 84%
i 90% }

H ol H
N Phe192 N NN
% N.*/ .
| 52% 40% N | 91%

N
36%
N-- 0% N
HO: Phe398 Phe398
\_~

NH
Y, Tyr374 F

Trp371

3d 3a

Figure 6. Binding modes of 3d (A) and 3a (B) during the 50 ns MD simulations at HzR. Red dotted
lines represent hydrogen bonds, blue lines represent hydrophobic interactions and violet lines
represent 7-cation interactions. Percentages represent specific interactions during the simulation.

The molecular dynamics of the H3R-3a system demonstrates the importance of the
halogen atom in the para position of the aromatic ring and its low biological activity, which
responds to the steric hindrance generated by the halogen with the Phe207 residue, causing
a very poor interaction with Tyr374 and Trp371 but improving hydrophobic interactions
with Tyr115 and Phe192.

Considering the molecular dynamics results, both systems, HzR-3d and H3R-3a,
reveal positive interactions at the binding site. However, 3d interacts preferentially with
TMé domain residues (Trp371 and Tyr374). In contrast, 3a interacts with Tyr115, a residue
belonging to TM3, and with Phe192, an amino acid residue belonging to the extracellular
loop (Figure 6). Therefore, the inverse agonist action of the most active compound (3d) may
be explained by the interaction between the TM3 (Asp114) and TM6 (Trp371 and Tyr374)
domains, similar to that which occurs with other synthesized ligands that have a similar
mechanism of action [21,22].

2.6. In Silico ADME and Drug-Likeness Properties

Employing the SwissADME online webserver [23], compounds 3a-h were analyzed to
predict their physicochemical properties, in relation to absorption, bicavailability and blood—
brain barrier (BBB) permeability. Lipinski’s rule establishes that an orally bioavailable drug
should not violate the following criteria: <5 hydrogen bond donors (HBD); <10 hydrogen
bond acceptors (HBA); a MW of <500 g/mol; and a log p value of <5 [24]. Moreover,
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Veber et al. described the magnitude of PSA and the number of rotatable bonds as criteria
to rate oral bioavailability. Veber’s rule states that, to be orally bioavailable, a molecule
should have either a PSA < 140 A and <10 rotatable bonds (NRB) or <12 HBD and HBA
in total and <10 rotatable bonds [25]. As shown in Table 4, compounds 3a—h accomplished
the drug-likeness criteria described by Lipinski and Veber; hence, they are expected to
have good oral bioavailability. Moreover, according to the brain or intestinal estimated
permeation method (BOILED-Egg), all compounds should have good gastrointestinal
absorption and should cross the blood—brain barrier [26], and this is an important result
considering the CNS distribution of the H3R. Furthermore, the SwissADME server resolved
that compounds 3a-h should have no pan-assay interference liability (PAINS). In addition,
the SwissADME server indicated that the bioavailability radar chart for 3d was within
the desired range (pink region) for six parameters used for oral absorption prediction:
flexibility (FLEX), lipophilicity (LIPO), solubility (INSOLU), size and polarity (POLAR) and
saturation (INSATU) (Figure 7), which can foresee their predicted good oral bioavailability.

Table 4. In silico ADME and drug-likeness properties of compounds 3a-h.

Compound MW (g/mol) NRB HBA HBD TPSA cLogP GI Absorption BBB Permeant
3a 394.49 4 5 0 50.08 3.26 High Yes
3b 410.94 4 4 0 50.08 3.48 High Yes
3¢ 401.51 4 5 0 73.87 2.76 High Yes
3d 445.39 4 4 0 50.08 3.91 High Yes
3e 428.93 4 5 0 50.08 3.82 High Yes
3f 445.39 4 4 0 50.08 4.04 High Yes
3g 435.95 4 5 0 73.87 3.30 High Yes
3h 479.83 4 4 0 50.08 4.58 High Yes

MW: molecular weight; NRB: number of rotatable bonds; HBA: number of hydrogen bond acceptors; HBD:
number of hydrogen bond donors; cLogP: consensus Log p value; TPSA: topological polar surface.

¥ i

(J
‘N / SN
2z 7
O L
cl. J \/
Y=\ -Cl
\J
3d

Figure 7. The bioavailability radar chart of 3d. The pink area indicates the range of the values of the
optimal oral bicavailability property, and the predicted properties are shown as red lines. The radar
was generated by SwissADME (http://www.swissadme.ch/index.php, accessed on 30 March 2021).

3. Materials and Methods
3.1. Chemistry

Melting points were determined on a Thermogeréte Kofler apparatus (Reichert, Werke
A.G., Wien, Austria) and were uncorrected. All reagents were purchased from Sigma-
Aldrich (St. Louis, MO, USA) unless otherwise specified. The NMR spectra were recorded
atNMR Bruker AV 400 or 200 MHz. Chemical shifts were given in parts per million relative
to TMS ['H and 13C, § (SiMey) = 0]. Most NMR assignments were supported by additional
2D experiments. HRMS-ESI-MS experiments were carried out using a high-resolution mass
spectrometer, Exactive™ Plus Orbitrap, ThermoFisher Scientific (Bremen, Germany). Thin
layer chromatography (TLC) was performed using Merck GF-254 type 60 silica gel. Column
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chromatography was carried out using Merck silica gel 60 (70-230 mesh). Compound purity
> 95% was determined by HPLC Shimadzu 10-ADvp (Shimadzu, Kioto, Japén) with a C18
column (Kinetex 5u XB-C18), an acetonitrile /water (0.1% formic acid) mobile phase and a
flow rate of 1 mL/min for 15 min.

3.1.1. General Procedure for the Synthesis of 2a—h Derivatives

A mixture of purines 1a-b (1.0 mmol), the respective benzyl halide (1.2 mmol) and
potassium carbonate (3.0 mmol) in acetonitrile (5 mL) were stirred for 3 h, and then the
mixture was filtered and evaporated under vacuum. The products were separated by flash
chromatography on silica gel eluted with dichloromethane.

6-Chloro-9-(4-fluorobenzyl)-9H-purine 2a. White solid, yield 37%, m.p. 135-138 °C.
(lit. 129-131 °C) [27]. 'H NMR (400 MHz, CDCl3) & 8.95 (s, 1H), 8.30 (s, 1H), 7.51 (dd,
J =85, 5.2 Hz, 2H), 7.23 (t, ] = 8.5 Hz, 2H), 5.61 (s, 2H). 13C NMR (101 MHz, CDCl3) 6
164.10-161.63 (d, Jop = 248.6 Hz), 152.23, 151.77, 151.20, 144.78, 131.49, 130.44-130.41 (d,
Yer = 3.4 Hz), 129.97-129.89 (d, 3]cr = 8.4 Hz), 116.40-116.18 (d, 2Jcr = 21.8 Hz), 47.24. 1°F
NMR (376 MHz, CDCl3) & —112.32 (1F).

6-Chloro-9-(4-chlorobenzyl)-9H-purine 2b. White solid, yield 34%, m.p. 134-136 °C.
(lit. 130-133 °C) [27]. 'H NMR (200 MHz, CDCl3) 6 8.77 (s, 1H), 8.14 (s, 1H), 7.30 (q,
] = 8.5 Hz, 4H), 5.43 (s, 2H). 13C NMR (50 MHz, CDCls) & 152.27, 151.74, 151.23, 144.77,
134.94, 133.00, 131.42, 129.46 (2C), 129.32 (2C), 47.25.

4-((6-Chloro-9H-purin-9-ylymethyl)benzonitrile 2c. White solid, yield 38%, m.p. 205
207 °C.TH NMR (200 MHz, CDCl3) § 8.77 (s, 1H), 8.18 (s, 1H), 7.67 (d, | = 7.8 Hz, 2H), 7.42
(d, ] = 8.0Hz, 2H), 5.54 (s, 2H). 13C NMR (50 MHz, CDCl3) § 152.44, 151.75, 151.51, 144.71,
139.66, 133.02 (2C), 131.48, 128.41 (2C), 117.97, 112.95, 47.34.

6-Chloro-9-(2,6-dichlorobenzyl)-9H-purine 2d. White solid, yield 36%, m.p. 188-191 °C.
(lit. 186-188 °C) [27]. TH NMR (400 MHz, CDCl3) 5 8.79 (s, 1H), 7.93 (s, 1H), 7.43 (d,
] = 8.2 Hz, 2H), 7.38-7.29 (m, 1H), 5.73 (s, 2H). 13C NMR (101 MHz, CDCl3) § 152.11, 151.81,
151.06, 144.31, 136.78, 131.37, 131.26, 129.87, 129.06 (3C), 43.13.

2,6-Dichloro-9-(4-fluorobenzyl)-9H-purine 2e. White solid, yield 43%, m.p. 133-136 °C.
(lit. 120-122 °C) [27]. TH NMR (200 MHz, CDCl) § 8.07 (s, 1H), 7.33 (dd, ] = 8.3, 5.2 Hz,
2H), 7.08 (t, ] = 8.4 Hz, 2H), 5.39 (s, 2H). 13C NMR (50 MHz, CDCl3) § 165.44-160.49 (d,
1fer = 249.0 Hz), 153.26, 153.06, 151.96, 145.35, 130.66, 130.16-129.99 (d, 3Jcr = 8.4 Hz, 2C),
129.93-129.87 (d, 4Jcr = 3.4 Hz), 116.63-116.20 (d, 2Jcr = 21.9 Hz, 2C), 47.36.

2,6-Dichloro-9-(4-chlorobenzyl)-9H-purine 2f. White solid, yield 48%, m.p. 158-160 °C
(lit. 162-164 °C) [27]. TH NMR (200 MHz, CDCl3) 5 8.08 (s, 1H), 7.36 (d, ] = 8.5 Hz, 2H),
7.26 (d, ] = 8.5 Hz, 2H), 5.39 (s, 2H). 13C NMR (50 MHz, CDCls) § 153.31, 153.06, 152.00,
145.31, 135.17, 132.49, 130.62, 129.58 (2C), 129.43 (2C), 47.35.

4-((2,6-Dichloro-9H-purin-9-ylymethyl)benzonitrile 2g. White solid, yield 19%, m.p.
199-202 °C. TH NMR (200 MHz, CDCl3) 6 8.12 (s, 1H), 7.70 (d, | = 7.9 Hz, 2H), 7.42 (d,
] = 8.0 Hz, 2H), 5.50 (s, 2H). 13C NMR (50 MHz, CDCl3) § 153.59, 153.05, 152.36, 145.18,
139.11, 133.13 (2C), 130.65, 128.47 (2C), 117.88, 113.21, 47.39.

2,6-Dichloro-9-(2,6-dichlorobenzyl)-9H-purine 2h. White solid, yield 22%, m.p. 183-
186 °C. 'THNMR (200 MHz, CDClz) § 7.89 (s, 1H), 7.54-7.30 (m, 3H), 5.70 (s, 2H). 13C NMR
(50 MHz, CDCls) 6 153.11, 151.77, 144.82, 136.79, 131.56 (2C), 130.43, 129.37, 129.10 (3C), 43.34.

3.1.2. General Synthetic Procedure to Obtain Substituted Purines 3a-h

The N-benzyl-purines 2a-h (1.0 mmol), 4-piperidinopiperidine (2.0 mmol), triethy-
lamine (3.0 mmol) and ethanol (5 mL) were added to a microwave reaction flask, and the
reaction mixture was irradiated for 15 min at 80 °C. Then, the solvent was evaporated
under vacuum, and the crude product was purified by column chromatographic on silica
gel using a (8:2) chloroform/methanol mixture.

6-([1,4-Bipiperidin]-1"-y1)-9-(4-fluorobenzyl)-9H-purine 3a. White solid, yield 49%,
m.p. 138-139 °C. 'H NMR (400 MHz, CDCly) 5§ 8.57 (s, 1H), 7.90 (s, 1H), 7.47 (t, ] = 6.4 Hz,
2H), 7.23 (t, | = 8.4 Hz, 2H), 5.76 (bs, 2H), 5.53 (s, 2H), 3.25 (t, | = 12.3 Hz, 2H), 2.93 {t,
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J =109 Hz, 1H), 2.81 (s, 4H), 2.25(d, ] = 12.1 Hz, 2H), 1.95-1.77 (m, 6H), 1.67 (bs, 2H). 13C
NMR (101 MHz, CDCly) § 163.81-161.35 (d, Jcr = 247.2 Hz), 153.75, 152.71, 150.94, 137.88,
131.73-131.69 (d, 4Jcr = 3.2 Hz), 129.55-129.47 (d, *Jcr = 8.3 Hz), 119.79, 116.05-115.83 (d,
2Jcr = 21.7 Hz), 63.03, 50.12, 46.33, 44.91, 27.91, 25.83, 24.43. 1°F NMR (376 MHz, CDCl3) &
—113.57 (1F). HRMS calcd. for (CosHo7FNg [M + HJ*'): 395.2354. Found: 395.2350. HPLC
purity: 99.97%.
6-([1,4"-Bipiperidin]-1"-yl)-9-(4-chlorobenzyl)-9H-purine 3b. White solid, yield 55%,
m.p. 156-157 °C. 'H NMR (400 MHz, CDCl3) & 8.30 (s, 1H), 7.65 (s, 1H), 7.19 (d, ] = 29.2 Hz,
4H), 5.48 (s, 2H), 5.26 (s, 2H), 2.98 (b.s, 2H), 2.52 (b.s, 5H), 1.96 (b.s, 2H), 1.73-1.40 (m, 8H).
13C NMR (101 MHz, CDCly) & 153.73, 152.72, 150.92, 137.83, 134.39, 129.13 (2C), 128.98 (2C),
119.73, 62.92, 50.12, 46.31, 44.99, 27.99, 25.99, 24.52. HRMS calcd. for (CpaHa7CINg [M +
HIJ*): 411.2058. Found: 411.2057. HPLC purity: 99.39%.
4-((6-([1,4-Bipiperidin]-1-y1)-9H-purin-9-yl)methyl)benzonitrile 3c. White solid, yield
41%, m.p. 136-138 °C. 'H NMR (400 MHz, CDClz) 6 8.29 (s, 1H), 7.71 (s, 1H), 7.58 (d,
J=83Hz 2H),7.30 (d, ] = 8.2 Hz, 2H), 5.50 (s, 2H), 5.38 (s, 2H), 3.01 (t, ] = 11.9 Hz, 2H),
2.63 (ddd, J=11.4,75,3.4 Hz, 1H), 2.58-2.45 (m, 4H), 1.98 (d, | = 12.6 Hz, 2H), 1.64-1.50 (m,
6H), 1.41 (d, ] = 5.1 Hz, 2H). 13C NMR (101 MHz, CDCl) 6 153.74, 152.86, 150.88, 141.19,
137.72, 132.74 (2C), 127.99 (2C), 119.69, 118.28, 112.17, 62.82 (2C), 50.14 (2C), 46.43 (2C),
44.96, 28.04, 26.03 (2C), 24.53. HRMS calcd. for (CozHoyNy [M + HJ*): 402.2401. Found:
402.2398. HPLC purity: 96.83%.
6-([1,4’-Bipiperidin]-1-y1)-9-(2,6-dichlorobenzyl)-9H-purine 3d. White solid, yield
59%, m.p. 172173 °C. TH NMR (400 MHz, CDCl) § 8.23 (s, 1H), 7.30 (s, 1H), 7.23 (s, 1H),
7.17-7.09 (m, 1H), 545 (s, 2H), 5.37 (s, 2H), 2.85 (t, ] = 12.4 Hz, 2H), 2.51 (t, ] = 11.4 Hz,
1H), 2.40 (s, 4H), 1.83 (d, ] = 12.3 Hz, 2H), 1.54-1.40 (m, 7H), 1.28 (d, ] = 4.4 Hz, 2H). 13C
NMR (101 MHz, CDClg) & 153.71, 152.53, 150.93, 137.05, 136.85, 130.85, 130.82, 128.84 (2C),
119.52, 62.98 (2C), 50.11 (2C), 44.94, 42.47 (2C), 27.97, 26.01 (2C), 24.54. HRMS calcd. for
(CooHpCloNg [M + HI*): 445.1669. Found: 445.1668. HPLC purity: 95.68%.
6-([1,4'-Bipiperidin]-1’-y1)-2-chloro-9-(4-fluorobenzyl)-9H-purine 3e. White solid, yield
58%, m.p. 140-142 °C. THNMR (400 MHz, CDCl) § 7.82 (s, 1H), 7.47 (dd, | = 8.3, 5.5 Hz,
2H),7.23 (t, ] =85 Hz, 2H), 5.65 (bs, 2H), 5.47 (s, 2H), 3.24 (s, 2H), 2.90-2.81 (m, 1H), 2.75 (s,
4H), 2.20 (d, | = 12.4 Hz, 2H), 1.90-1.71 (m, 6H), 1.65 (d, | = 4.6 Hz, 2H). 13C NMR (101 MHz,
CDCl3) 6 163.86-161.40 (d, Jcr = 247.6 Hz), 154.19, 153.82, 152.14, 138.04, 131.35-131.32 (d,
4T ep = 3.3 Hz), 129.78-129.69 (d, *Jcr = 8.3 Hz), 118.54, 116.09-115.88 (d, 2Jcr = 21.7 Hz), 62.63,
50.15, 46.39, 44.79, 28.04, 26.12, 24.59. 1F NMR (376 MHz, CDCl3) & —113.25 (1F). HRMS
caled. for (CooHagCIENg [M + HJ™): 429.1964. Found: 429.1963. HPLC purity: 98.26%.
6-([1,4-Bipiperidin]-1-yl)-2-chloro-9-(4-chlorobenzyl)-9 H-purine 3f. White solid, yield
59%, m.p. 139-141 °C. TH NMR (400 MHz, CDCl3) § 7.60 (s, 1H), 7.28 (d, ] = 8.4 Hz, 2H),
7.18(d, ] =8.4 Hz, 2H), 542 (s, 2H), 5.25 (s, 2H), 3.01 (s, 2H), 2.63 (ddd, ] = 11.5, 8.3, 3.5 Hz,
1H), 2.57-2.46 (m, 4H), 1.97 (d, | = 12.6 Hz, 2H), 1.67-1.49 (m, 6H), 1.42 (d, ] = 5.0 Hz, 2H).
13C NMR (101 MHz, CDCls) § 154.22, 153.81, 152.14, 138.04, 134.37, 134.00, 129.20 (2C),
129.19 (2C), 118.52, 62.62 (2C), 50.14 (2C), 46.38 (2C), 44.85, 28.03, 26.11 (2C), 24.58. HRMS
caled. for (CooHpsCloNg [M + HJT): 445.1669. Found: 445.1669. HPLC purity: 98.96%.
4-((6-([1,4"-Bipiperidin]-1-yl)-2-chloro-9H-purin-9-yl)methyl)benzonitrile 3g. White
solid, yield 66%, m.p. 187-188 °C. TH NMR (400 MHz, CDClz) § 7.69-7.53 (m, 3H), 7.32 (d,
J=7.2Hz, 2H), 5.62 (bs, 2H), 5.36 (bs, 2H), 3.04 (bs, 2H), 2.66 (bs, 1H), 2.56 (bs, 4H), 2.01 (d,
J=11.2 Hz, 2H), 1.62 (bs, 6H), 1.44 (bs, 2H). 13C NMR (101 MHz, CDCl3) § 154.43, 153.82,
152.16, 140.77, 137.92, 132.81 (2C), 128.17 (2C), 118.50, 118.23, 112.40, 62.62 (2C), 50.17 (2C),
46.46 (2C), 27.99, 26.00 (2C), 24.51. HRMS calcd. for (CozHysCINy [M + H]*): 436.2011.
Found: 436.2008. HPLC purity: 96.58%.
6-([1,4"-Bipiperidin]-1’-y1)-2-chloro-9-(2,6-dichlorobenzyl)-9H-purine 3h. White solid,
yield 52%, m.p. 88-89 °C. TH NMR (400 MHz, CDCl3) § 7.22 (d, ] = 11.4 Hz, 2H), 7.14 (dd,
J=88,73Hz, 1H), 539 (s, 2H), 5.21 (bs, 2H), 2.85 (s, 2H), 2.53-2.42 (m, 1H), 2.41-2.26 (m,
4H),1.81(d, J = 12.6 Hz, 2H), 1.52-1.34 (m, 7H), 1.27 (d, ] = 5.0 Hz, 2H). 13C NMR (101 MHz,
CDCls) 5 154.01, 153.77, 152.15, 137.19, 136.88, 131.01, 130.35, 128.86 (2C), 118.38, 62.67 (2C),
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50.12 (2C), 45.06, 42.74 (2C), 27.99, 26.10 (2C), 24.58. HRMS calcd. for (CanHasClsNg [M +
H]*): 479.1279. Found: 479.1280. HPLC purity: 96.93%.

3.1.3. Human Histamine H3 Radioligand Displacement

Radioligand displacement assays at the human histamine H3R were performed, as
published previously [28]. In summary, the compounds were incubated with membrane
preparations of HEK-293 cells stably expressing the human histamine HzR (20 ug/well)
and [*H]N*-methylhistamine (2 nM, Kp = 3.08 nM) in 200 pL of binding buffer (10 mM
MgClp, 100 mM NaCl and 75 mM Tris/HCI, pH 7.4) for 90 min. At least three independent
experiments of each compound in duplicate were conducted with 11 concentrations. Ob-
tained data was analyzed with GraphPad Prism 7 (San Diego, CA, USA) using non-linear
least squares fit and the equation “one site competition” (representative Figures given in
the SI). K; values were calculated according to the Cheng-Prusoff equation [29] and are
reported as means with a 95% confidence interval. Statistical analyses were performed on
the -logK; values and were converted to mean K; values and a 95% confidence interval.
Differences are considered significant if 95% confidence intervals are not overlapping.

3.1.4. Cell Cultures

Cultures of HEPG2 (ATCC-HB-8065 TM), HEK293 (ATCC CRL-1573 TM) and SHSY-5Y
(ATCC CRL-2266 TM) cell lines were used as experimental models. Cells were maintained
in a DMEM culture medium supplemented with 10% Foetal Bovine Serum (FBS), in an
incubator at 37 °C and a humidified atmosphere with 5% CO;. Cells were seeded on
culture plates, were allowed to grow for 24 h and then were treated with the synthesized
compounds for 48 h with 100, 10, 1 and 0.1 uM concentrations. Negative cell death control,
corresponding to untreated cells, and positive cell death control, corresponding to cells
treated with 10% SDS, were maintained.

3.1.5. Cytotoxicity Assays

Ina colorimetric MTT reduction assay [30], sterile 96-well culture plates were used. An
amount of 2000-2500 cells per well were seeded. Upon completion of treatment, the culture
medium was vacuum aspirated and washed with 1x PBS, and then 100 uL of 0.5 mg/mL
MTT solution was added for a period of 4 h at 37 °C for formazan crystal formation. At the
end of the 4 h, 100 uL of 10% SDS in HCl was added and kept overnight in an incubator at
37 °C to dissolve the formed crystals. The absorbance of each well was measured on the
Synergy HTX microplate reader at 570 nm wavelength.

3.1.6. Docking Studies

The 3D structures of the compounds that were synthesized were built using OECHEM,
followed by protonation states, and they were adjusted to a pH of 7.2 using FixpKa
from the QUACPAC package (QUACPAC 2.1.3.0: OpenEye Scientific Software, Santa Fe,
NM. http:/ /www.eyesopen.com, accessed on 1 November 2021). The conformers were
generated using OMEGA software [31]. The H3R model was downloaded from the GPCR
database (https://gpcrdb.org, accessed on 1 May 2022) [32-34]. The preparation of the
proteins was performed with Schrodinger Suite 2021-1 [35], and the minimization was
performed in the presence of restraints to maintain the protein conformation utilizing force
field, OPLS4 [36].

The molecular docking studies were carried out with the induced-fit docking pro-
tocol [37,38], considering possible interactions with Asp114 or Glu206. The best poses
were refined with the MM-GBSA method [39] in order to obtain the binding free energy
by taking into account the solvation energies of the interacting molecules in addition to
the molecular mechanics (MM) energies. The contribution of polar solvation energies was
computed by the generalized Born (GB) implicit solvent model, whereas the nonpolar
contribution of the solvation energy was dependent on solvent-accessible surface area (SA).
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The interactions of residues in the active site were identified usinga 6 A radius around the
docked position as a reference.

3.1.7. Molecular Dynamics

The molecular dynamic simulation was carried out with Desmond software (Schrodinger
Release 2021-1: Desmond Molecular Dynamics System, D. E. Shaw Research, New York,
NY, USA, 2021. Maestro-Desmond Interoperability Tools, Schrédinger, New York, NY,
USA, 2021). The ligand-receptor complexes were inserted into the POPC membrane, were
solvated and were ionized up to a concentration of 0.15 M NaCl using the Membrane
Builder module from the System Builder. The protein orientation was defined based on the
OPM database [40]. Orthorhombic periodic boundary conditions were set up to specify
the shape and size of the repeating unit buffered at 10 A distances. The simulated systems
were first relaxed with 2000 steps of minimization, and then they were gradually heated
from 0 to 310 K by repeating 500-step MD simulations every cycle. Except for the lipid tails,
which were left to equilibrate for 250 ps, the systems were then fixed. The simulation was
then changed to NPT conditions and equilibrated for 2.5 ns while constraining the protein
with an initial force constant of 10 kcal/mol? that was gradually reduced to 8, 6, 4, 2, 1,
0.5 and 0.05 kcal/mol? every 250 ps of the MD simulation. Finally, the systems were run
for 50 ns without any limits. The OLPS4 force field described proteins, lipids, and ions. In
the production phase, a timestep of 2 fs was used, and PME (Particle Mesh Ewald) was
used to tackle long-range electrostatic interactions. Langevin dynamics were used to keep
the temperature at 310 K. The Simulation Interaction Diagram module (Schrodinger Suite
2021-1) and the PyMOL program (The PyMOL Molecular Graphics System, Version 2.0
Schrodinger, LLC., New York, NY, USA) were used to analyze the results.

4. Conclusions

In this work, we synthesized eight new purine derivatives in a simple manner and
in good yields that include the classical pharmacophore of the H3R ligands. The results
of the affinity assays show that all these derivatives bind to receptors with K; values on
the nanomolar scale (2.91-105 nM), and compound 3d presented the best affinity with a K;
value of 2.91 nM, which is better than pitolisant. Furthermore, 3d showed low cytotoxicity
for the kidney, liver and neuroblastoma cell lines. By in silico studies, the importance of the
N-7 purine scaffold in the stabilization of the ligand-receptor complex through a hydrogen
bond interaction with the Tyr374 residue at the binding site could be determined. Finally,
the predicted ADME properties indicated that these derivatives fulfill all the requirements
for good absorption and penetration into the CNS.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph15050573/51, Figure S1: Graphical representation of histamine
at the H3R binding site; Figure S2: The two best poses were achieved with the induced-fit docking
protocol for 3d at the H3R binding site. (A) Piperidine oriented toward Asp114, and (B) piperidine
oriented toward Glu206; Figure 53: The RMSD of the two studied complexes (3a in red and 3d in blue)
was obtained during 50 ns of MD simulations; Figure S4: The root means square deviation (RMSF)
values of each residue averaged over two trajectories for 3a (red line) and 3d (blue line); Figure 55:
(A) Histogram plot of the contact H3R-3a system. (B) Timeline plots represent of the interactions
and contact with 3a; Figure 56: (A) Histogram plot of the contact H3R-3d system. (B) Timeline plots
represent of the interactions and contact with 3d; Figure 57: Graphical representations of 3a and 3d
properties in the binding site.
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Mass spectra compound 3a
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3.2 Substituted purines as high-affinity histamine H3 receptor ligands

Mass spectra compound 3¢
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Mass spectra compound 3e
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3.2 Substituted purines as high-affinity histamine H3 receptor ligands

Mass spectra compound 3g
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HPLC compound 3a
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3.2 Substituted purines as high-affinity histamine H3 receptor ligands

HPLC compound 3¢
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HPLC compound 3e

Shimadzu CLASS-VP V6.14 SP2
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3.2 Substituted purines as high-affinity histamine H3 receptor ligands

HPLC compound 3g
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S1. Histamine and HzR

The simulation of the histamine and H3R was carried out by superimposing the 3RZE

(inactive conformation) and 7DFL (active conformation) crystals. Subsequently, the ligand

is removed from the 3RZE crystal and the receptor from the 7DFL crystal. As a result, the

new model depicts the arrangement of the amino acids Asp114 and Glu206 in relation to

histamine's primary amine and imidazole orientation.

TM3
/

TM5 |
206 |

Figure S1. Graphical representation of histamine at the HsR binding site.

IFD -10.23 kcal/mol IFD -9.18 kcal/mol

Figure S2. The two best poses were achieved with the induced-fit docking protocol for 3d at

the H3R binding site. (A) Piperidine oriented toward Aspl14, and (B) piperidine oriented

toward Glu206.
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3.2 Substituted purines as high-affinity histamine H3 receptor ligands

S2. Molecular dynamics analysis
S2.1. RMSD of systems 3a and 3d

The Root Mean Square Deviation (RMSD) is a metric for calculating a group of atoms' average change
in displacement concering a reference frame. It is calculated for each frame of the trajectory. For frame
x,the RMSD is:

N

RMSD = %Z ('r{(tx)) - (ri(tref))z

i=1

where A is the number of atoms in the atom selection; #.ris the reference time (typically the
first frame is used as the reference, and it is regarded as time 7 = 0); and 7’ is the position of
the selected atoms in frame x after superimposing on the reference frame, where frame x is

recorded at time #.. The procedure is repeated for every frame in the simulation trajectory.

5 I ’1 i T \ : !
9 } ‘,-\.:" X l,| : ”“.Ilf,ufl"-‘wl.‘»\{“',g
I f # A
W g
- 3a
~3d
20 30 40 50

Time (ns)

Figure S3. The RMSD of the two studied complexes (3a in red and 3d in blue) was obtained

during 50 ns of MD simulations.

The above plot shows the RMSD evolution of a protein (left Y-axis) in angstrom (A). All protein
frames are first aligned on the reference frame Ca of the protein, and then the RMSD is calculated

based on the atom selection.
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Monitoring the RMSD of the protein can give insights into its structural conformation
throughout the simulation. RMSD analysis can indicate if the simulation has equilibrated; its
fluctuations towards the end of the simulation are around some thermal average structure.
Changes of the order of 1-3 A are perfectly acceptable for small, globular proteins. However,
more extensive changes indicate that the protein undergoes a significant conformational
change during the simulation. For example, the H3R-3a system increases its RMSD from 20
ns onwards, the cause of which lies in the displacement of 3a at the binding site due to the
low affinity achieved for the halogenated aromatic fragment of the hydrophobic pocket 2
(HP2). In contrast, the H3R-3d system has a better affinity for HP2, achieving a more stable
RMSD (~3.5 A).

S2.2. RMSF of systems 3a and 3d

The Root Mean Square Fluctuation (RMSF) is useful for characterizing local changes along
the protein chain. The RMSF for residue 7 is:

~ =

RMSF; =

T
Z( T (t) TL(tref))
t=1

where 7 is the trajectory time over which the RMSF is calculated, tref is the reference time, 7;
is the position of residue # ' is the position of atoms in residue i after superposition on the
reference, and the angle brackets indicate that the average of the square distance is taken over
the selection of atoms in the residue. On this plot, peaks indicate areas of the protein that

fluctuate the most during the simulation.
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3.2 Substituted purines as high-affinity histamine H3 receptor ligands

" - 3a
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Residues

Figure S4. The root means square deviation (RMSF) values of each residue averaged over

two trajectories for 3a (red line) and 3d (blue line).

S2.3. Ligand-protein contacts

Protein interactions with the ligand can be monitored throughout the simulation. As shown
in the plot below, these interactions can be categorized by type and summarized. Protein-
ligand interactions (or 'contacts') are categorized into four types: Hydrogen Bonds,
Hydrophobic, lonic, and Water Bridges. The stacked bar charts are normalized throughout
the trajectory: for example, a value of 0.7 suggests that the specific interaction is maintained
70% of the simulation time. The threshold was 0.3 (dot line in red of Figure S5-A and S6-A)

residue interactions with the respective ligand.

In Figure S5-B and S6-B, the top panel shows the total number of specific contacts the protein
makes with the ligand for the trajectory (blue graphic). The bottom panel shows which
residues interact with the ligand in each trajectory frame. Some residues make more than one
specific contact with the ligand, which is represented by a darker shade of orange, according

to the scale to the right of the plot.
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Figure S5. (A) Histogram plot of the contact H3R-3a system. (B) Timeline plots represent
of the interactions and contact with 3a.
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3.2 Substituted purines as high-affinity histamine H3 receptor ligands
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Figure S6. (A) Histogram plot of the contact H3R-3d system. (B) Timeline plots represent
of the interactions and contact with 3d.

According to the H3R-3a system are Asp114, Phel92, Glu206, Tyr374, and Phe398, the 0.3
threshold and only Asp114, Tyr115, and Phe378 exceed 80% during molecular dynamics. In
contrast, the H3R-3d system has Asp114, Tyr115, Cys118, Trp371, Tyr374, Phe398, Trp402,
exceeding the 0.3 thresholds; however, the amino acids Asp114, Trp371, and Tyr374 exceed
80% during molecular dynamics, a pattern of interactions similar to that achieved with

pitolisant (10.1111/cbdd.13471)
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S2.4. Ligand properties in the binding site

The properties of the ligand give a clear idea about the global interactions affecting the ligand
at the binding site, such as the evolution of its RMSD, the radius of gyration, Molecular
surface area, Solvent accessible surface area and Polar Surface area, whose properties are

defined as:

Ligand RMSD: Root mean square deviation of a ligand with respect to the reference
conformation (typically, the first frame is used as the reference, and it is regarded as time

t=0).

The radius of Gyration (rGyr): Measures the 'extendedness' of a ligand and is equivalent to

its principal moment of inertia.

Molecular Surface Area (MolSA): Molecular surface calculation with 1.4 A probe radius.

This value is
equivalent to a van der Waals surface area.

Solvent Accessible Surface Area (SASA): Surface area of a molecule accessible by a water

molecule.

Polar Surface Area (PSA): Solvent accessible surface area in a molecule contributed only by

oxygen and nitrogen atoms.
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Figure S7. Graphical representations of 3a and 3d properties in the binding site.
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Abstract
Dopamine D,-like receptors, especially D, and D3 receptor subtypes, are important

Correspondence targets of antipsychotic agents. Many of these antipsychotics share an aliphatic
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linker element between a protonable amine group and an acyl-like moiety. Here, we
have modified this aliphatic linker into phenylmethyl and phenylethyl linkers
substituted in different positions. The design, synthesis, and in vitro evaluation of 18
dopamine D, and D3 receptor ligands were performed in this study. Using a
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radioligand displacement assay, all ligands were found to have modest nanomolar
affinity to D,R and D3R. N-(4-{2-[4-(2-Methoxyphenyl)piperazin-1-yl]ethyl}phenyl}
acetamide (6¢) demonstrates the highest D3R and DR affinity values (pK; values of
7.83 [D2R] and 8.04 [D3R]}, featuring a slight preference to D3R. This derivative can
be taken as a reference structure for the development of a new class of D,R and DsR

ligands.

KEYWORDS

Do receptor, D3 receptor, ligands, linker, SAR

1 | INTRODUCTION

homology, they have different bicchemical responses and pharmaco-

logical properties.®*

Moticn, emotions, and cognition are regulated by dopamine and
multiple human disorders have been related to dysfunctions of the
dopaminergic system, especially human brain diseases such as
psychiatric disorders, schizophrenia, drug addiction, Parkinson's
disease, and Huntington's disease.™! Functions and dysfunctions of
dopaminergic transmission are mediated by the interaction of
dopamine with its own receptors which belong to the rhodopsin-
like A class of G-protein coupled receptors (GPCRs) sharing the
characteristics of seven transmembrane domains. Dopamine recep-
tors are divided into two classes: D4-like receptors that groups D4
and Ds receptors, D,-like that groups D», D3 and Dy rec:eptorsA[21

Although these two subfamilies have a high level of structural

Dopamine Ds-like receptors are considered the main targets for
treatment of dopamine-related disorders above mentioned, but the
majority of medications cause severe side effects as a result of
preferential binding to other monoamine receptors or to off-target
receptors.[sl Accordingly, selective ligands of dopamine receptor
subtypes are necessary for effective therapy, especially preferring D»
and D3 receptor ligands have become a possible solution to the onset
of undesired effects,[é'ﬂ thus extensive medicinal chemistry efforts
have been made to discover dopamine D,R/D3R ligands in the last
decades.[®?]

Substituted N-phenylpiperazine based ligands represent a prom-

10]

ising option in this matter? and the related pharmacophore model

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
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has been considered for this study. It is characterized by four
subunits: an aryl group, an acyl function, a spacer and a basic region,
represented by a substituted aryl-piperazine system.!'' Indeed, the
structural elements shown in the model are crucial for intrinsic
affinity and some preclinical candidates (e.g., BP897)1*2 or commer-
cially available drugs like cariprazine!™® feature these or related core
moieties. For example, the aryl-piperazine binds the orthosteric
binding site (OBS) and the acyl region could bind a secondary binding
pocket (SBP) (Figure 1), which have been found among crystal
structures of D,R and DzR.!I**!% In details, the piperazine is
pasitioning into the OBS which affects eventually the binding at
SBP and creates in protonated form a salt-bridge bond with residue
Asp110 of the third transmembrane domain {TM-3) located in both of
receptors.!*417! The arylamide moiety or related ones act as H-bond
acceptors and donors and might contain a lipophilic residue that
allowed diverse modifications including cycloalkyl, aryl, heteroaryl or
biphenyl substituents among the structural developments. So, the
opposite parts of the pharmacophore model have been objects of
numerous variations except the spacer, that was represented mostly

OBS

P
@ﬁu "\) Aryl Piperazine

Aryl Amide TM3-Asp binding nitrogen

Cl

Cariprazine

FIGURE 1 Schematic representation of pharmacophore model of
selective D3R ligands with some compounds bearing the core
moieties. OBS, orthosteric binding site; SBP, secondary binding
pocket; TM-3, third transmembrane domain.

by a n-butyl chain. Modifications have been applied such as hydroxy
or fluor substituents with the purpose of directing the butyl chain to
engender an efficient conformation of the ligand inside binding
pockets.*® Generally, a simple alkyl chain of four carbons seems to
be the most suitable structure to respect the two most important
requirements for optimal D,R/D3R binding properties: linearity and
extension.!*”’ Nevertheless, the development of a marketed drug
such as cariprazine demonstrated that a variation of the butyl chain is
possible and can lead to a further optimization of D,R and D3R
binding properties.?°22! The innovation of this drug lies in its
structure: the 1,4-disubstituted cyclohexyl unit, used as a linker, is a
conformational restriction that reduces the overall number of
possible conformations and, as a consequence, favors the molecular

(23]

recognition by the target receptor, in this case D; and Dj

receptors.

1241 e report herein a

Inspired by this type of lead optimization,
new set of conformationally restricted 1-(2-methoxyphenyl)
piperazine derivatives presenting nanomolar affinity for D, and D3
dopamine receptors. The compounds were designed as aromatic
analogs of the drug cariprazine having 1-(2-methoxyphenyl) pipera-
zine moiety for the OBS and a simple methylamide function for SBP
which is bioisosterically similar to the urea group supported by
cariprazine (Figure 2). We use the piperazine unit presented in BP897
because it is a potent D,R/D3R ligand that inhibits cocaine-seeking
behaviors without having primary rewarding effects, so it can be used
for therapy of drug addiction associated with mental disorders.?*
We propose an aromatic linker with two variations: phenylmethyl and
phenylethyl. For each variation, we have evaluated the substitution
patterns in ortho, meta and para positions to analyze which
conformation is respecting the linearity concept of C4-chain. In
addition, we have provided further variations of the amide group of
D,;R/D3R selective pharmacophore model using nitro or cyano as
electron-withdrawing group (EWG), aniline, methanamine and acet-
anilide as electron-donating group (EDG) in different positions thanks
to the changeable western end position of our proposed linkers.

2 | RESULTS AND DISCUSSION
2.1 | Chemistry

The synthesis of compounds l1la-c and 2a-c was carried out
according to our previous study by Hackling et al. with slight
modifications.'?®! Conditions of alkylation between related benzoni-
trile halides and 1-(2-methoxyphenyl) piperazine were modified by
changing the solvent. Whereas, the reduction of cyano group was
performed differently by using the catalyst Raney-Ni leading to the
formation of primary amines 2a-¢ which were acylated with acetic
anhydride and triethylamine in dichloromethane to obtain phenyl-
methyl linker derivatives 3a-c. To synthetize the phenylethyl linker
derivatives 6a-c, two different alkylating methods were performed.
Compounds 4a, 4b were obtained through the alkylation between
1-(2-methoxyphenyl) piperazine and corresponding halides (Method
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3.3 Aromatic linker variations in novel dopamine D> and D3 receptor ligands

DI BIASE €T AL

Cl

Cariprazine
K; (D;) = 0.69 nM
K (D3) =0.085 nM

CN

(HzN-CHy-)
(H;CCONH-CH,-)
NO,

NH,
(H;CCONH-)

2754

romatic lin

ARCH PHARM DPRG—122

Archiv der Pharmazie

S {

BP897
Ki (Dz) =60.7 nM
K; (D3) 20.92 M

FIGURE 2 Concept of D,R/D3R ligands described in this study. The blue moieties are the bioisosteric substitutions of urea. The red moieties
represent the aryl-piperazine derived from the second lead compound BP897. The areas marked green show the two new linkers explored

in this study.

A), while the precursor 4¢c was made activating first the alcohol with
methane sulfonyl chloride and then alkylating it with the piperazine A
{Method B). The nitro precursors 4a-c were reduced first into
anilines (5a-c) using the catalyst Pd/C 10% under H, atmosphere and
subsequently were coupled with acetic anhydride to amides 6a-c
following the procedure, used for derivatives 3a-c. All synthetic
approaches are shown in Scheme 1. All compounds shown in this
study were obtained as free base derivatives and crystallized
preferentially as hydrochlorides (1a-b, 3a, 3¢, 4a-c, 6¢). To comply
this, a standard procedure was adapted by literature'®”" and applied
using Et,0O as a solvent to solubilize the free base compounds and
adding a solution of HCl in dioxane {2M). Precursor 1c, amide
derivatives 6a, 6b, aliphatic primary amines 2a-c and aromatic

primary amines 5a-c were obtained as free base solids in Et;O due to

their insolubility properties. Compound 3b featured to have problems
with the obtaining of hydrochloride, we believed the reason could be
related to its meta orientation, therefore oxalic acid was used to form
the corresponding crystallized salt according to the previous
literature.!?®!

2.2 | Pharmacology and SAR

In this study, affinity was tested in radioligand displacement assays
for human isoforms of the dopamine D, short receptor (D,.R) and
D4R according to a general procedure already described.2? 3%
Briefly, the membranes expressing the human dopamine D,,R and

DaR were prepared through extraction from CHO-K1 cells. [*H]
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X=Cl, Br A

1a<c
1a: R=2-CN
1b: R=3-CN
1¢: R =4-CN

s

2a-c
2a: R=2{H;N-CHz)
2b; R= 8-(HoN-CHg-)
2c: R= 4-(H,N-CHz)

3a-c
3a: R= 2-(H;CCONH-CHy-)
3b: R= 3-(HsCCONH-CHz-)
3c: R= 4-{HyCCONH-CHy)

DI BIASE T AL

Archlv der Pharmazle

H;CO
~ )§
NC—— + (\N

Method A:

N Br OH
OZN@/\/ + A + A
Z O.N

Method B:

g ,

'

4a-b 4c
4a: R= 2-NO;
4b: R=3-NO,

e

$

i S
R——
=
5a-c
5a: R=2-NH;
5b: R= 3-NH,
Sc: R= 4-NH,
c
0
N
i N \/I
R——
=

6ac
6a: R= 2-{H;CCONH-)
8b: R= 3-(Hs;CCONH-)
6e: R= 4{HyCCONH-)

SCHEME 1 Synthesis of compounds 3a-c, 6a-c, and the corresponding precursors and intermediates. Reagents and conditions: (a) KoCQg,
acetonitrile, reflux, 3 h; (b) Raney-Ni, NH3/MeQOH, H, 5 bar, 40°C, 16 h; () Ac,O, EtzN, CH,Cly, reflux, 3 h; Method A: {d) K,COs, DMF, 130°C,
4 min, uW; Method B: (€) methane sulfenyl chloride, EtzN, CH2Cly, 0°C, 15 min; (f) K2COj, acetenitrile, reflux, 16 h; (g) Pd/C 10%, Ha,

MeOH, RT, 18 h.

Spiperone has been used as a radicligand and haloperidol to measure
unspecific binding and as reference for these assays. The affinity
values with the corresponding confidence intervals (Cls) and the ratio
indices are listed inTahle 1 for the phenylmethyl linker and in Table 2
for the phenylethyl linker derivatives.

Although chemical characterization for 1a-c, 2a-c, 3¢, 5¢, and 6¢
and different pharmacological evaluations for 1¢c and 3¢ can be found

(2632341 5 novel scientific viewpoint has been

in previous literature,
reported in this study focusing on aromatic motif variations to

evaluate possibly new SAR with an efficient and simple chemistry.
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TABLE 1  Structures, physicochemical properties, and biclogical data of ligands with substituted phenylmethyl linker.
1 (DR} ("M} (95% Ratio
Name Structure mp (°C) clogP? confidence interval [CI]} I (D3R} (nM} (95% CI)  (D,R/D3R}"
Haloperidol o ! 152 3.08 2.61(2.02, 3.39) 13.5 (104, 17.4) 02
o
o
F
1a "'°°© 243-245° 345 1453 (542, 3898} 9498 (3968, 22,732) 0.2
Lo
CN
H;CO. .
1b j@ 232 345 498 (165, 1499) 2030 (1241, 3322) 02
N
AT
1c s 116-118° 345 580 (143, 2353) 1711 (119, 2459) 0.3
NC. I/\N
|oUS:
2a "’°°:© 189.5¢ 275 7003 (3558, 13782) 35,795 (24,359, 52,600} 0.2
QO
HaN
2 "'WJO 167-170° 275 1135 (465, 2771) 2402 (1674, 3445) 05
N
"3"\/©\r'(>
2 "’°°j© 97-99° 275 774 (347, 1725) 627 (321, 1223) 1.2
HaN' N
AGVS
H:CO, :
3a :@ 204 258 126 (62.1, 254) 415 (179, 965) 03
( j N
a NS
H,CJLN
H
H;CO, 4
3b Kj 84 2.58 413 (246, 695) 889 (315, 2511) 05
H N
H,c\g,u N
3c 222° 258 324 (101, 1042) 205 (65.8, 638.6) 1.6

o H,co:©
H'CJLﬂ/\Q\’ rﬂ

®Log P values calculated using MarvinSketch by ChemAxon.
bRatio Ki{(D,R}/K{(D3R).

“(Re)Crystallized from Et,O.

d(Re-)Crystallized from EtOAc.
¢(Re-)Crystallized from EtOH.

Indeed, all compounds show modest to low nanomelar affinity values
on both target receptors. Comparing the two linkers proposed in this
study, we can affirm that phenylethyl spacer is providing higher
binding properties than the phenylmethyl one. The amide derivatives
3a-c and 6b,c demonstrate having better binding properties than the
corresponding precursers and intermediates. It is not the case for 6a
because 4a and 5a showed better affinity values than the
corresponding amide analogous. If the positions of the amide group
are considered (ortho, meta, para), a progressive increase of the
affinity values toward both receptors is observed. Interestingly, only
derivative 3a shows a different tendency with better K; values than
6a. The para derivatives 3¢ and 6¢ show a slight preference for D3R
over DsR, the phenylethyl linker with 4-substituent on the aromatic

ring is fully respecting the key points of evaluated pharmacophore

(19261 |, contrast, a bent conformation

model: linearity and extension.
represented by ortho and meta substitutions for both linkers is giving
a slight preference toward dopamine D, over Ds and, as a
consequence, the derivatives 3ab and 6ab have a different
pharmacological profile compared to the one of para isomers.
Concerning electron density, we can affirm two concepts: (1) The
presence of an EWG as nitro or cyano instead of an EDG as amide,
aniline or methanamine decreases the affinity to both receptors.
(2) The amide unit is working better than the aniline or methanamine
function as EDG in terms of hinding properties. Of course, the
difference of affinity values between the synthetized ligands depends

on structural conformation and H-bond/acceptor properties of the
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TABLE 2 Structures, physicochemical properties, and biclogical data of ligands with substituted phenylethyl linker.
K (D4R} (nM) (95% K; (DR} ("M} Ratio
Name Structure mp (°C) clogP? confidence interval [CI]} (95% Cl} (D2R/D3R)"
Haloperidal dﬁ@}l 152 3.08 261 (2.02, 3.39) 135 (104,17.4) 0.2
F)@J\/\/
42 "'m]:j 203-205° 3.84 221 (23.8, 2044) 294 (142, 609) 0.8
N’
(I\/Q
NO,
b m“]@ 194-196° 3.84 365 (66.5, 2000) 239 (82.5, 693) 15
N
@/\/O
0;
H;CO,
4 :@ 222¢ 3.84 206 (55.0, 768} 160 (79.0, 325) 13
N
l@/\/(\)
O,N
5a "'m:@ 97.8° 3.10 236 (94.7, 588) 434 (106,1781) 05
N
a\r(\)
NH,
b "Mm 109.6° 3.10 219 (52.6, 913) 195 (65.0, 584) 11
N
(PNQ
H2
HyCO,
5c ):j 87.4° 3.10 75.6 (34.3, 167) 106 (51.5, 219) 0.7
N
@/\/"\)
HyN
H4CO. .
6a j@ 115 321 498 (330, 750) 1179 (621,2237) 04
N
@\/\,ﬂ\)
NH
o)‘cn.
6b "'°°j:) 124 321 193 (87.8, 424} 201 (153, 263) 0.9
N
Q/\»(\)
Qs NH
T.
14.9 (5.94, 37.4) 924.10,207) 16

6c E’:'):jg 296¢ 321
]
e JL= ,©/\’

ALog P values calculated using MarvinSketch by ChemAxon.
PRatio Ki(D2ZR)/Ki(D3R}.

“{Re)Crystallized from Et,O.

9d(Re-)Crystallized from iPrOH.

amide group, but manipulation of electron density is a further factor
that can play an important role in binding the secondary pocket of DR
and DsR. For instance, compound 6c¢ presents a pharmacological
profile 100-fold better than 4c, this optimization is not found in 5¢
even though it has an EDG like 6c. The latter aspect is also evident for

the phenylmethyl linker derivatives (Table 1) whereby intermediates
2a-c have higher K; values than corresponding precursors 1a-c and
methylamide ligands (3a-c) have the best profiles. Regarding the other
phenylethyl ligands, a different situation is observed for 4a, 5a, and 6a,

in which the precursor shows better binding properties. We believe

130

asuaar] suowwo,) aaTEaI) ajqEandde Ay £q paWISA0S 3R SA[OILE YO ‘9530 SN 3] KR IqY] AUIIO) A3[TA)L O (SHOIPHOI-PUR-SULIRY W00 Aa] LA ATRIqTRUIHO)) SAI) SUONTPUOL) PUe Sk L 3y 23§ “[§707/70/20] U0 ARIqF] SUNUO A3[iA ‘120005707 9PTE/Z001 D /10 p/w00 Kaun ATeIqNauT0 /S dnY WO papEO[uMed ‘g b0T ‘bRIFIZST
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the reason could be the bent conformation and the steric hindrance > .
particularly for 6a, because the values among 4a and 5a are g g Tj "
comparable. However, the pharmacoclogical behavior with a positive ez é 2 zc =
trend through the change of EWG with EDG is found again for 4b, 5b, o B
and 6b albeit with little intensity. 2 3
Compound 6c¢ is the most promising part of this work with low 5 E; g
nanomolar affinity at both receptors (D2R Kij=14.9nM, D3R 'ﬁ ,—‘: _EI
Ki=9.2 nM). The structure of é6c shows that para substitution with S E éo : é’- 2
phenylethyl linker variation is a suitable orientation for binding the E g o g
target receptors. The innovation of aromatic spacers proposed in this ™ > Z -
study is the inclusion of an aromatic ring in the linker itself and not in B 2 ¢ 3
the carbonyl function, as it is represented by the pharmacophore = Rl o
model. In this sense, the area of the ligand, where the acyl function is § 2B 2
supposed to be, becomes a possibility of infinite modifications that :o: o
allow to investigate deeply the SBP area of D4R and D3R. Therefore, g g £ 2 2 =
derivative 6c can be conceived as a reference structure for further = >, “ %
SAR studies to develop more interesting dopamine D, and Dj 3 i z 2 > f‘%
receptor ligands. E
L2 =]
o< K} 4
2.3 | Insilico evaluation of compound éc 87 o . . . 3 ;:
ol & £ &£ ¢& 2 £
The physicochemical properties of 6¢, haloperidol and cariprazine have > ? E
been evaluated through the pkCSM online tool.®5! Derivative 6¢ is = g, E
fully respecting the Lipinski's rulel®®! because it features four H-bond & E % §
acceptors, one H-bond donor, the molecular weight is lower than 500 g E.v _g E
and its cLogP is lower than 5. Regarding ADMET properties, some key -é E % § %
features, that are relevant to the drug-likeness profile of target g 82 g g g ‘g §
compound, have been analyzed, therefore values of 6c¢ have been = R @
compared with the ones shown by marketed drugs like haloperidel and § é g % § %
cariprazine. The comparison of ADMET in silico prediction is listed in § é fa' § § %
Table 3 whereby para acetamide derivative features a profile very % g g :c_:f : g : g fa s
similar to reference compounds. Indeed, 6¢ shows slightly better Z él\r i g
solubility in water and intestinal absorption, comparable distribution 5 g ; 'Q %O
values confirming that 6c¢ has an elevated grade of absorption by % ?‘é . % 2 ;;
passive diffusion. As well as the satisfactory value of Blood-Brain g ‘“:.’ 'é g 2 é g
Barrier (BBB) permeability indicates that the most promising anilide 2 %1 2 wé T % §
can be a suitable tool for mental diserder, which requires physico- :{.Z i E'g g S g % é E
chemical parameters that are in line with marketed drugs haloperidol § - g ; g
and cariprazine. The target derivative is supposed to be a substrate of g 2 g ﬁ 4
CYP2Dé6 and CYP3A4 which are two main isoforms of cytochrome ; g o 7 %" 3 g
P450 responsible for drug metabolism. Nevertheless, in silico predic- ; E @ E Z § ::I: 2
tions assess that éc is likely going to be cytochrome P450 inhibitor :é E E g E ‘g o g
(CYP1A2, CYP2D6, and CYP3A4) which is observable also in the 3 g -E - PR R 2 " S £
considered drugs with the difference that haleperidol is inhibiting E R g § ? _g
CYP2D6 and CYP3A4 while cariprazine only CYP2D4. One main g o i é Tg %
difference is related to toxicity data, showing that 6¢ may have < é f>. ‘:'5 K] % é
mutagenic characteristics due to the positiveness of AMES toxicity test :‘_g g Q E Ng <Y - % § :.% ;
and it could lead to long QT syndrome-fatal ventricular arrhythmia. In E Q § E] g <|r' T' ? E -;'Z g g
conclusion, lead derivative 6¢ has promising drug-likeness profile that o o 3 2 '-S % ;‘: T
can be easily compared to ones of marketed drugs like haloperidol and w N 5 g § 2o a\;
cariprazine, but parameters relative to toxicity hamper possible in vivo n_n' g Tgv- ‘%‘ ° {‘é E % ‘;
screenings. Nevertheless, the structure of éc is still open to infinite DE = T B8N © ? =&
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variations that might improve toxicity profile and binding properties of

phenylethyl linker reported here.

3 | CONCLUSION

All 18 synthesized compounds showed interesting affinity values on
both D2R and DsR. Most of the compounds revealed a slight
preference toward D4R over D3R (1a-c, 2a,b, 3ab, 4a, 5a, 5¢, 6a,b),
whereas 2¢, 3c, 4b,c, 5b, and 6¢ showed minor tendency to D3R over
D4R, Compound 6c showed the best pharmacological profile with the
highest binding properties at both receptors: pK{D,R)=7.83 and
pKi(D3R) = 8.04. SAR evaluation of this work demonstrated that linear
and extended conformation of dopamine D2R and D3R ligands can
also be represented by the linkers proposed here: phenylmethyl and
phenylethyl. In particular, the second phenethyl spacer has been
shown to be a promising alternative to the widely used chain of four
carbon atoms and the cyclohexylethyl linker.137:381 Furthermore, an
EDG in combination with phenethyl linker leads to higher affinity
than an electron withdrawing group, especially if EDG is represented
by an amide unit.

Considering the results obtained, compound 6c¢ can be taken as a
new starting point for the development of selective dopamine D4R

and D3R ligands characterized by a new aromatic spacer.

4 | EXPERIMENTAL
41 | Chemistry
411 | General

All starting materials were obtained from Sigma-Aldrich. Analytical
thin-layer chromatography was performed on ALUGRAM® silica gel
60-UV,5,4 plates and visualized by UV light (Macherey-Nagel) and
preparative column chromatography was performed on a silica gel
60M, 0.04-0.063mm (Macherey-Nagel). H-NMR spectra were
recorded on a Bruker Advance Il spectrometer (Bruker) at 300/
600MHz and “®C-NMR spectra at 75 and 150 MHz The chemical
shifts for *H-NMR and *3C-NMR were referenced to TMS via
residual solvent signals (*H, CDCls at § = 7.26 ppm; *3C, CDCl; at
§=77.36 ppm; *H, DMSO-d, at §=2.50 ppm; *°C, DMSO-d, at
§ = 39.43 ppm) to identify the signals of protons bonded to aromatic
ring Ar = aryl-moiety; Ar-Pip = aryl-piperazine moiety. Chemical shifts
are given as parts per million (ppm) and reported as follows:
s (singlet), d (doublet), dd (double of doublets), t (triplet), q (quartet),
p (pentet), or m (multiplet). The coupling constant (J) is given in Hertz
(Hz). Melting points were determined on a M-564 Bichi melting point
apparatus (Blichi). Microwave reactions were performed with sealed
microwave vials designed for 0.5-2 mL reaction volumes in a Biotage
Initiator 2.0 oven (Biotage). Mass values for identity of target
compounds were determined on Advion APCl mass spectrometer

express CMS in negative and positive mode (Advion) and data are

shown as [M+H*]". Solvents have been evaporated using a Rotavapor
R Il (Blichi) with a PC 3001 VARIO Chemie Vacuum pump
(Vacuubrand) and CVC 3000 Vacuum controlling system. The
compounds have been dried with the high-vacuum pump (Hybrid-
Pumpe RC 6; Vacuubrand). Purity determination of the described
ligands was performed with LC connected to low-resolution mass
spectrometer for 1a-c, 3a-c, 4a-c, 6a-c, and connected to a high
resclution mass spectrometer for 2a-c¢ and 5a-c. LC-MS and LC/HR-
MS data are shown as [M+H*]" with purity grade in brackets (%). The
stock solutions for LC-MS measurements (approximately 1 mg/mL)
were diluted with methanol hyper grade for LC-MS and concentra-
tions of approximately 0.1-0.2mg/mL were obtained (injection:
2 pL). Relative purity of the compounds was determined. lon-trap LC/
MS analysis was made with this LC system: Elute SP LC System
(Bruker Daltonics) with vacuum degasser, binary pump, autosampler,
column oven. Column: Intensity Solo 2 C18 (100 x 2.1 mm); Temper-
ature: 40°C; Mobile phase: A. water hypergrade for LC-MS with 0.1%
formic acid (v/v) (Merck); B. Acetonitrile hypergrade for LC-MS (for
LC-MS); Flow Rate: 0.2 mL/min; MS-System: amaZon speed ETD ion
Trap LC/MS System (Bruker Daltonics); lonization: electron spray;
Polarity: positive; Alternating ion-Polarity:on; Scan Range: m/z:
80-1200; Nebulizer: Nitrogen, 15 Psi; Dry Gas: Nitrogen, 8 |/min,
200°C; Mass range Mode: Ultra Scan. Methods of LC-MS measure-
ments: (Method 1 for 1a-¢, 3a-c, 4a-b, 6a-c): Analysis: 0-4 min 98%
A, 4-5 min gradient 98%-95% A, 5-9 min 95% A, 9-16 min gradient
95%-5% A, 16-17min. gradient 5%-0% A, reconditioning:
17-18 min gradient to 0%-98% A, 18-21min 98% A. (Method 2
for 4c): Analysis: 0-4 min 95% A, 4-14 min gradient 95%-20% A,
14-16 min gradient 20%-5% A, 16-17 min. gradient 5%-0% A,
reconditioning: 17-18 min. gradient to 95% A, 18-21min 95% A.
(Method 3 for 2a-c¢ and 5a-c¢); MS-System: compact (Bruker
Daltonics); lonization: electron spray; Polarity: positive; Scan range:
m/z: 50-1300; Nebulizer: Nitrogen, 1.8bar; Dry Gas: Nitrogen,
9 L/min, 220°C; Mass range mode: Ultra Scan. Quantification was
done using Extracted lon Chromatograms (EIC, for Pitolisant
297 + 1.5, for internal standard 220.5 = 1.0). Analysis: 0-4 min 98%
A, 4-8 min gradient 98% to 95% A, 5-10 min 95% A, 10-20 min
gradient 95%-2% A, reconditioning: 20-22 min gradient 2%-98% A.
The InChl codes of the investigated compounds, together with

affinity values, are provided in Supporting Information.

41.2 | General procedure for the synthesis of {[4-
{2-methoxyphenyl)piperazin-1-yllmethyl}benzonitrile
precursors {1a-c)?¢!

Following the corresponding reference literature,?®!  1-(2-
methoxyphenyl) piperazine (1.1 eq.) and K»COj3 (1.1 eq.) were added
at room temperature to a solution of the respective halide
benzonitrile (1 eq.) in 20 mL acetonitrile and then heated to reflux
for 3 h. After cooling to ambient temperature, the inorganic solid was
removed by filtration and acetonitrile was removed under reduced

pressure. Afterward, the crude reaction was solubilized in ethyl
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acetate. The organic phase was washed with an aqueous sclution of
HCl 1M, which was then neutralized with NaOH &M and an
extraction with dichloromethane was performed three times. The
organic layers were combined and dried with Mg,5Q,. The obtained
crude was purified by column chromatography in SiO, with
dichloromethane/methanol 98:2 to obtain the pure benzonitrile
precursors la-c.

2-{[4-(2-Methoxyphenyl)piperazin-1-yl]methyl}benzonitrile
hydrochloride (1a): Yellow oil. Yield = 95%. The obtained product was
solubilized in Et,O and a solution of HCl in dioxane (2M) was added
drop by drop. A white precipitate of HCl salt was obtained which was
recrystallized in iPrOH. *H-NMR (300 MHz, CDClg) § = 13.31 (s, 1H),
7.82(ddd, J = 7.6, 1.4 Hz, 1H Ar), 7.69 (td, J = 7.6, 1.4 Hz, 1H Ar), 7.60
(dt, J=7.5Hz, 1H Ar), 7.48 (td, J=7.5, 1.4 Hz, 1H Ar), 6.97-6.82
(m, 4H Ar-Pip), 3.76 (s, 3H), 3.70 (s, 2H), 2.95 (s, 4H), 2.56 (t, 4H).
13C-NMR (75 MHz, DMSO-d) & = 151.82, 139.26, 139.17, 133.43,
133.12, 132.36, 130.37, 123.49, 120.78, 118.29, 117.22, 113.92,
112.05, 56.59, 55.37, 51.28, 46.66. LC-MS (ESI[+]) m/z [M
+H'T" = 308.12 (98.22%); MS (APCI [+]) m/z [M+H*]* calculated for
[CigH2oN3Ol": 308.1, found 308.2. M =343.40g/mol (HCl salt).
mp = 243-245°C (Et,0).

3-{[4-(2-Methoxyphenyl)piperazin-1-yllmethyl}benzonitrile
hydrochloride (1b): Light-yellow oil. Yield =76%. The obtained
compound was solubilized in Et2O and a selution of HCl in dioxane
(2M) was added drop by drop. A white precipitate of HCI salt was
obtained which was recrystallized in iPrOH. TH-NMR (300 MHz,
DMSO-d,) 6§ =11.38 (s, 1H), 8.17 (t, 1H Ar), 7.99 (ddt, J =7.8 Hz, 2H
Ar), 7.70 (t, J = 7.8 Hz, 1H Ar), 7.06-6.86 (m, 4H Ar-Pip), 4.45 (d, 2H),
3.78 (s, 3H), 3.51-3.00 (m, 8H). °C-NMR (75 MHz, DMSO-d)
6=151.80, 139.20, 136.40, 135.18, 133.00, 131.11, 129.81, 123.44,
120.76, 118.24, 112.01, 111.64, 57.39, 55.32, 50.78, 46.60. LC-MS
(ESI [+]) m/z [M+H*]" = 308.16 (97.53%); MS (APCI [+]) m/z [M+H*]*
calculated for [CqgH2oN301*: 308.1, found 308.3. M = 343.40 g/mol
(HCl salt). mp =232°C (Et,Q).

4-{[4-(2-Methoxyphenyl)piperazin-1-yllmethyl}benzonitrile
(1) Yellow oil. Yield = 88%. The pure product was obtained as a
solid by crystallization in diethyl ether. TH-NMR (300 MHz, CDCls)
§=7.68-7.58(m, 2H Ar), 7.53-7.45 (m, 2H Ar), 7.04-6.83 (m, 4H Ar-
Pip), 3.86 (s, 3H), 3.62 (s, 2H), 3.10 (d, 4H), 2.65 (t, 4H). *°C-
NMR = (75 MHz, CDCly) § 152.56, 144.45, 141.57, 132.26, 129.73,
123.10, 121.25, 119.07, 11843, 111.65, 111.16, 62.75, 55.58,
53.66, 50.84. LC-MS (ESI [+]) m/z [M+H']" = 308.15 (99.38%); MS
(APCI [+]) m/z [M+H']" calculated for [C1oH2,N5O]": 308.1, found
307.9. M =307.40 g/mol (free base). mp = 116-118°C (Et,O).

413 | General procedure for the synthesis of {[4-
{2-methoxyphenyl)piperazin-1-yllmethyl}
phenylmethanamine intermediate derivatives (Za—c)m’]

Adapted from Hackling et al., %! the catalyst Raney-Ni 50%-50% (1.5
eq.) was added into a solution of NaOH (20 mL) and it was stirred for
1h at 90°C to activate the catalyst. Then the mixture was washed
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first with water and then with methancl three times each. Finally, the
methanolic solution of activated catalyst was added to the solution of
respective benzonitrile precursor (1 eq.) in ammonia/methanocl
(10mL). The reaction mixture was stirred at 40°C under H,
atmosphere into autoclave for 16 h. Afterward, the reaction was
filtered off with Celyte through Buchner filter, the solution was
concentrated under reduced pressure. The pure intermediates 2a-c
were obtained by celumn chromatography in SiQ, with dichloro-
methane/methanol 95:5.

(2-{[4-(2-Methoxyphenyl)piperazin-1-yllmethyl}phenyl)
methanamine (2a): White solid. Yield = 96%. The pure product was
obtained as a solid by crystallization in diethyl ether. *H-NMR
{300 MHz, CDCly) § = 7.36-7.18 (m, 4H Ar), 6.98 (ddt, 1H Ar-Pip),
6.91-6.81 (m, 3H Ar-Pip), 3.91 (s, 2H), 3.85 (s, 3H), 3.60 (s, 2H), 3.35
(s, 2H), 3.04 (s, 4H), 2.68 (t, 4H). *C-NMR (75MHz, CDCl)
6=152.22, 142.22, 141.14, 136.02, 131.34, 129.58, 128.34,
127.00, 122.98, 120.98, 118.25, 111.16, 61.66, 55.36, 53.17,
50.73, 44.78. LC/HR-MS (ESI [+]) m/z [M+H']*=312.2068
(99.05%); MS (APCI [+]) m/z [M+H*]" calculated for [Cq9H24N50]™:
312.2, found 312.2. M=31143g/mol (free base). mp=189.5°
C (Et;,0).

(3-{[4-(2-Methoxyphenyl)piperazin-1-yllmethyl}phenyl)
methanamine (2b): White solid. Yield = 92%. The pure product was
obtained as a solid by crystallization in diethyl ether. 1H-NMR
{300 MHz, CDCly) 6 =7.25-7.11 (m, 4H Ar), 6.94-6.81 (m, 3H Ar-
Pip), 6.77 (dd, 1H Ar-Pip), 3.79 (s, 2H), 3.77 (s, 3H), 3.50 (s, 2H), 3.01
{t, J=4.8Hz, 4H), 2.58 (t, J=4.8Hz, 4H), 1.85 (s, 2H). *C-NMR
(75 MHz, CDCl3) 6 = 152.28, 143.07, 141.41, 138.38, 128.46, 128.08,
127.93, 12591, 122.87, 120.98, 11823, 111.15, 63.19, 55.36,
55.32, 53.39, 50.65, 46.39. LC/HR-MS (ESI [+]) m/z [M
+H'T" = 312.2005 (100%); MS (APCI [+]) m/z [M+H*]" calculated for
[C1oH2eN5Ol : 312.2, found 312.3. M=311,43g/mol (free base).
mp = 167-170°C (Et,Q).

(4-{[4-(2-Methoxyphenyl)piperazin-1-yllmethyl}phenyl)
methanamine (2c): White sticky oil. Yield = 86%. The pure product
was obtained as a solid by crystallization in diethyl ether. *H-NMR
(300 MHz, CDCl3) § 7.25 (d, 2H Ar), 7.22-7.17 (m, 2H Ar), 6.95-6.76
(m, 4H Ar-pip), 3.78 (s, 2H), 3.77 (s, 3H), 3.50 (s, 2H), 3.01
(t, J=4.8Hz, 4H), 2.58 (t, J=4.8Hz, 4H), 1.80 (5, 2H). “*C-NMR
(75 MHz, CDClg) 6 = 152.28, 141.91, 141.40, 136.61, 129.60, 127.05,
122.86, 120.98, 118.23, 111.15, 62.88, 55.32, 53.31, 50.65, 46.19.
LC/HR-MS (ESI [+]) m/z [M+H']" = 312.2068 (96.24%); MS (APCI [+])
m/z [M+H'T" calculated for [CqoHo4N3OJ: 312.2, found 312.0.
M =311.43 g/mol (free base). mp = 97-99°C (Et,O).

41.4 | General procedure for the synthesis of 1-{2-
methoxyphenyl)-4-(nitrophenethyl)piperazine
precursors (4a, 4b): Method A

Into a microwave vial of 0.5-2 mL the corresponding bromide (1 eq.),
1-(2-methoxyphenyl) piperazine (1.25 eq.), and K,CO5 (1.25 eq.)
were added with dimethylformamide (1 mL). The reaction mixture
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was stirred in the microwave oven for 4 min at 130°C. After the
removal of inorganic salts by filtration and evaporation of DMF under
reduced pressure, the crude was solubilized in EtOAc. The organic
phase was washed with HCI 1M three times, the aqueous layers were
combined and neutralized with NaOH 6M. The basic agueous phase
was extracted with dichloromethane three times and the organic
layers were combined, dried over Mgs5Q4, and concentrated under
reduced pressure. The obtained crude was purified by column
chromatography in dichloromethane/methanol 98:2 to have the
desired NO,-derivatives.

1-(2-Methoxyphenyl)-4-(2-nitrophenethyl)piperazine hydrochloride
(4a): Light yellow oil. Yield = 50%. The product was solubilized in Et,O
and a solution of HCl in dioxane (2M) was added drop by drop. A white
precipitate of HCl salt was obtained which was recrystallized in iPrOH.
1H-NMR (300 MHz, CDCl3) § = 12.98 (s, 1H), 7.91 (dd, 1H Ar), 7.53 (td,
1H Ar), 7.44-7.32 (m, 2H Ar), 7.04-6.83 (m, 4H Ar-Pip), 3.87 (s, 3H),
3.75-3.46 (m, 8H), 3.38 (s, 2H), 3.24 (s, 2H). **C-NMR (75 MHz, CDCly)
6=159.56, 149.63, 134.58, 133.93, 129.04, 126.03, 125.45, 124.75,
121.48, 119.32, 11821, 111.70, 57.60, 55.70, 52.54, 47.69, 28.59. LC-
MS (ESI [+]) m/z [M+H'T" =342.17 (100%); MS (APCI [+]) m/z [M+H']"
calculated for [CigH24N3O5]": 342.1, found 342.2. M =377.41g/mol
{HCI salt) mp = 203-205°C (Et,Q).

1-(2-Methoxyphenyl)-4-(3-nitrophenethyl)piperazine hydrochloride
{4b): Yellow oil. Yield = 60%. The product was solubilized in Et,O and a
solution of HCl in dioxane (2M) was added drop by drop. A white
precipitate of HCl salt was obtained which was recrystallized in iPrOH.
1H-NMR (300 MHz, CDClg) 6 = 12.98 (s, 1H), 8.15-8.04 (m, 2H Ar), 7.57
(dt, 1H Ar), 7.46 (t, 1H Ar), 7.06-6.83 (m, 4H Ar-Pip), 3.87 (s, 3H),
3.18-3.09 (m, 4H), 2.96 (dd, 2H), 2.78-2.70 (m, 6H). *C-NMR (75 MHz,
CDCl3) 6 =155.04, 152.50, 150.97, 13547, 13043, 126.64, 12383,
123.57, 122.85, 121.68, 114.94, 112.20, 55.88, 51.88, 51.83, 48.00,
29.97. LC-MS (ESI [+]) m/z [M+H']" = 342.17 (100%); MS (APCI [+]) m/z
[M+H'T"  calculated  for [CigHouN3Qs]": 3421, found 341.9.
M =377.41 g/mol (HCI salt). mp = 194-196°C (Et,0).

41.5 | General procedure for the synthesis of 1-(2-
methoxyphenyl)-4-(4-nitrophenethyl) piperazine
derivative {(4c): Method B

2-(4-nitrophenyl) ethan1-ol was solubilized in dichloromethane (20 mL).
Into this solution methane sulfonyl chloride (1.1 eq.) and triethylamine
(1.5 eq.) were added. The reaction mixture was stirred for 15 min in an
ice bath. Then, the crude solution of reaction was washed with iced
water, HCl 1M and a saturated aqueous solution of NaHCO3. The
organic phase was dried over Mg,50, and concentrated under reduced
pressure. No further purification was needed to perform, the mesylated
product was obtained with quantitative yield and used directly for the
following step of synthesis. So, 1-(2-methoxyphenyl) piperazine (leq.)
and K,COj3; (1 eq) were added into a solution of 4-nitrophenethyl
methane sulfonate in ACN (15 mL) at room temperature. The reaction
mixture was left to stir 16 h at reflux. After that, the inorganic salts were

filtered off and ACN was removed under reduced pressure. The crude

oil was solubilized in EtOAc and washed with HCI 1M. The acidic
agueous solution was neutralized with NaOH 6M and extracted with
dichloromethane three times. Organic layers were combined, dried over
Mg,SQO,4 and then concentrated under reduced pressure. The crude
yellow oil was purified by column chromatography in SiO, with
dichloromethane/methanol 98:2.

1-(2-Methoxyphenyl)-4-(4-nitrophenethyl)piperazine hydro-
chloride (4c): Yellow oil. Yield =71%. The free base product was
solubilized in Et,O and a solution of HCI in dioxane (2M) was added
drop by drop. A white precipitate of HCl salt was obtained which was
recrystallized in iPrOH. *H-NMR (300 MHz, DMSO-d,) § = 10.61 (s,
1H), 8.19-8.12 (m, 2H Ar), 7.59-7.52 (m, 2H Ar), 6.98-6.82 (m, 4H
Ar-Pip), 3.77 (s, 3H), 3.66-3.54 (m, 6H), 3.25 {dd, 4H), 3.03 (t, 2H).
BBC-NMR (75 MHz, DMSO-d,) § = 151.83, 146.51, 145.46, 139.02,
130.13, 123.78, 120.87, 118.41, 112.02, 55.44, 55.28, 51.03, 46.93,
39.25, 29.05. LC-MS (ESI [+]) m/z [M+H']" = 342.13 (100%); MS
(APCI [+]) m/z [M+H*]* calculated for [Cq9H»4N305]": 342.1, found
342.0. M = 377.41 g/mol (HCI salt). mp = 222°C (Et,0).

41.6 | General procedure for the synthesis of
aniline intermediate derivatives {(5a-c)

A round bottom flaks with two necks was charged by the
corresponding nitre precursor (1 eq) and Pd/C 10% (1 eq.) in
methanoel (15 mL). Subsequently, the flask was purged first with N5
atmosphere to make dry conditions and then with H, atmosphere.
The reaction was stirred at room temperature for 18 h. Afterward,
the mixture was filtered off with Buchner filter on Celyte, the
solution was concentrated under reduced pressure and there was no
need for any further purification.

2-{2-[4-(2-Methoxyphenyl)piperazin-1-yl]lethy}aniline (5a): White
solid. Yield=79%. The pure product was obtained as a solid by
crystallization in  diethyl ether. *H-NMR (300 MHz, CDCly)
6=7.08-6.98 (m, 3H Ar), 6.97-691 (m, 2H Ar/Ar-pip), 6.91-6.84
(m, 1H Ar-pip), 6.76-6.64 (m, 2H Ar-pip), 4.03 (s, 2H), 3.87 (s, 3H), 3.13
(s, 4H), 2.87-2.63 (m, 8H). ¥C-NMR (75 MHz, CDCl;) § = 152.28,
145.22, 141.18, 13027, 127.38, 125.81, 123.03, 121.01, 118.53,
118.20,115.83,111.22,58.82, 55.37, 53.68, 50.71, 29.95. LC/HR-MS
(ESI [+]) m/z [M+H'T" = 312.2088 (100%); MS (APCI [+]) m/z [M+H']*
calculated for [CioH2gN5Ol': 312.2, found 312.0. M =2311.43 (free
hase). mp = 97.8°C (Et,0).

3-{2-[4-(2-Methoxyphenyl)piperazin-1-yllethyl}aniline (5b): Yel-
low solid. Yield = 92%. The pure product was obtained as a solid
by crystallization in diethyl ether. *H-NMR (300 MHz, CDCly)
6=7.12-6.84 (m, 5H Ar/Ar-pip), 6.67-6.50 (m, 3H Ar-pip), 3.87
(s, 3H), 3.76-3.49 (m, 2H), 3.14 (t, 4H), 2.83-2.58 (m, 8H). 3C-NMR
(75MHz, CDCly) 6=152.29, 146.48, 141.61, 141.36, 129.34,
122.93, 121.01, 119.06, 118.23, 115.51, 112.95, 111.17, 60.60,
55.39, 53.46, 50.69, 33.64. LC/HR-MS (ESI [+]) m/z [M+H']* =
312.2128 (100%); MS (APCI [+]) m/z [M+H']" calculated for
[C1oH2N3O1*: 311.2, found 312.0. M =311.43 (free base). mp =
109.6°C (Et,0).
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(5:)[3311
Light orange solid. Yield = 85%. The pure product was obtained as a
solid by crystallization in diethyl ether. *H-NMR (300 MHz, DMSO-
dg) 6 =7.02-6.83 (m, 6H Ar/Ar-pip), 6.53-6.46 (m, 2H Ar-pip), 4.83
(s, 2H), 3.77 (s, 3H), 2.97 (t, 4H), 2.64-2.52 (m, 6H), 2.50-2.42 (m, 2H).
13C_.NMR (75 MHz, DMSO-ds) & = 151.93, 146.50, 141.27, 128.94,
127.23, 122.27, 120.80, 117.83, 113.94, 111.86, 60.54, 55.26, 53.00,
50.04, 32.03. LC/HR-MS (ESI [+]) m/z [M+H']" =312.2120 (100%);
MS (APCI [+]) m/z [M+H']" calculated for [C1oH2¢N5O]*: 312.2, found
311.9. M=31143 (free base). mp = 87.4°C (Et,O).

4-{2-[4-(2-Methoxyphenyl)piperazin-1-yl]lethyl}aniline

41.7 | General procedure for the synthesis of the
amide products (3a-c and 6a-c)

A mixture of respective amine (1 eq.), acetic anhydride (1.1 eq.), and
triethylamine (1 eq.) in dichloromethane (30 mL) was stirred at reflux
for 3 h. Then, the reaction mixture was washed with water and a
saturated solution of NaHCOj; was dried over Mg,50, and
concentrated under reduced pressure. Finally, a purification through
column chromatography in SiO, with dichloromethane/ammonia in
methanol ¢5:5 was performed to obtain the pure derivatives.
N-(2-{[4-(2-Methoxyphenyl)piperazin-1-yl]methyl}benzyl)
acetamide hydrochloride (3a): Light brown oil. Yield = 88%. The pure
compound was sclubilized in Et,O and a sclution of HCl in dioxane
(2M) was added drop by drop into it. A white precipitate of HCl salt
was obtained which was recrystallized in a solution of iPrOH/EtOH
1:1. *H-NMR (300 MHz, DMSO-dg) §=10.93 (s, 1H), 9.05 (t,
J=5.9Hz, 1H), 7.67 (dd, 1H Ar), 7.53-7.31 (m, 3H Ar), 7.07-6.85
{m, 4H Ar-Pip), 4.53 (d, 2H), 4.41 (d, J=5.9Hz, 2H), 3.79 (s, 3H),
3.57-2.99 (m, 8H), 1.89 (s, 3H). *C-NMR (150 MHz, DMSO-dy)
§=170.12, 151.85, 139.80, 139.08, 132.63, 129.98, 129.93, 127.47,
127.37,123.71, 120.85, 118.38, 112.04, 55.73, 55.43, 51.06, 46.81,
40.06, 22.48. LC-MS (ESI [+]) m/z [M+H*]" = 354.18 (96.27%); MS
(APCI [+]) m/z [M+H*]* calculated for [CoqHogN3Q5]™: 354.2, found
354.0. M = 389.47 g/mol (HCI salt). mp = 204°C (Et,Q).
N-(3-{[4-(2-Methoxyphenyl)piperazin-1-yllmethyl}benzyl)
acetamide hydrogenoxalate (3b): Brown ocil. Yield=67%. The
obtained pure product was solubilized in EtOAc and stirred at room
temperature during the dropwise addition of oxalic acid (1.1 eq.)
solution in EtOAc. Then the obtained oxalic salt was recrystallized in
iPrOH. *H-NMR (300 MHz, DMSO-d,) 6= 8.37 (t, J=5.9 Hz, 1H),
7.40-7.23 (m, 4H Ar), 7.02-6.84 (m, 4H Ar-Pip), 4.27 (d, J = 5.9 Hz,
2H), 3.97 (s, 2H), 3.77 (s, 3H), 3.08 (s, 4H), 2.93 (s, 4H), 1.88 (s, 3H).
13C-NMR (75 MHz, DMSQ-d,) & = 168.99, 162.76, 162.39, 157.87,
151.90, 139.83, 128.83, 128.37, 127.03, 126.99, 122.76, 120.76,
118.06, 112.00, 60.56, 55.29, 51.93,48.56, 41.96, 22.47. LC-MS (ESI
[+ m/z [M+H']* =354.20 (99.91%); MS (APCI [+]) m/z [M+H']"
calculated for [C1H2gN3O5]": 354.2, found 354.2. M = 443.50 g/mol
(oxalic salt). mp = 84°C (EtOAc).
N-(4-{[4-(2-Methoxyphenyl)piperazin-1-yl]methyl}benzyl)
acetamide hydrochloride (3¢)®2k Yellowish oil. Yield = 89%. The pure

compound was solubilized in EtOH and a solution of HCI in dioxane
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(2M) was added drop by drop. A white precipitate of HCI salt was
obtained which was recrystallized in a solution of i-PrOH/EtOH 1:1.
1H-NMR (300 MHz, DMSO-dg) § = 11.12 (s, 1H), 8.43 (t, J = 5.9 Hz,
1H), 7.61-7.55 (m, 2H Ar), 7.33 (d, 2H Ar), 7.06-6.83 (m, 4H Ar-Pip),
4.34 (d, 2H), 4.28 (d, J = 5.9 Hz, 2H), 3.56 (s, 3H), 3.50-3.29 (m, 4H),
3.22-2.99 (m, 4H), 1.88 (s, 3H). **C-NMR (150 MHz, DMSO-d,)
6=169.25,151.83, 141.12, 139.12, 131.61, 127.91, 127.46, 123.67,
120.81, 118.35, 111.96, 58.24, 55.38, 50.55, 46.71, 41.78, 22.57.
LC-MS (ESI [+]) m/z [M+H']" = 354.18 (100%); MS (APCI [+]) m/z [M
+H*1* calculated for [Cy1H2gN305]": 354.2, found 354.1.
M =389.47 g/mol (HCI salt). mp = 222°C (EtOH).

N-(2-{2-[4-(2-Methoxyphenyl)piperazin-1-yllethyl}phenyl)
acetamide (6a): Pink solid. Yield =74%. The pure product was
obtained as a solid by crystallization in Et;O. H-NMR (300 MHz,
DMSQO-dg) 6= 9.53 (s, 1H), 7.42-7.34 (m, 1H Ar), 7.28-7.06 (m, 3H
Ar), 6.99-6.83 (m, 4H Ar-Pip), 3.77 (s, 3H), 2.98 (t, J =4.6Hz, 4H),
2.76(dd, 4H), 2.59 (t, J = 4.6 Hz, 4H), 2.07 (s, 3H). *>*C-NMR (75 MHz,
DMSO-d,) 6=168.25 151.97, 141.23, 136.22, 134.60, 129.49,
126.06, 125.75, 125.13, 122.26, 120.81, 117.87, 112.04, 58.58,
55.30, 53.00, 49.97, 28.57, 23.36. LC-MS (ESI [+]) m/z [M
+H'T* = 354.19 (99.97%); MS (APCI [+]) m/z [M+H*]* calculated for
[C21H2aN305]": 354.2, found 354.1. M=2353.47 g/mol (free base).
mp = 115°C (Et,0).

N-(3-{2-[4-(2-Methoxyphenyl) piperazin-1-yllethyl}phenyl)acetamide
(6b): White solid. Yield = 74%. The pure product was obtained as a solid
by crystallization in Et,O. *H-NMR (300 MHz, DMSO-d) 6 =9.85 (s, 1H),
747-7.36 (m, 2H Ar), 7.19 (t, 1H Ar), 6.96-6.85 (m, 5H Ar/Ar-Pip), 3.77
(s, 3H), 2.95 (d, 4H), 2.72 (dd, 2H), 2.56 (t, 6H), 2.02 (s, 3H). *C-NMR
(75 MHz, DMSO-d,) 6§ = 168.08, 151.95, 141.28, 140.85, 139.18, 128.37,
123.31, 122.20, 120.80, 119.18, 117.84, 116.68, 112.03, 59.68, 55.29,
5291, 49.98, 32.84, 23.88. LC-MS (ESI [+]) m/z [M+H']"=354.18
(99.45%); MS (APCI [+]) m/z [M+H']" calculated for [CaqHagN3Q5]™
354.2, found 354.2. M = 353.47 g/mol (free base). mp = 124°C (Et,O).

N-{4-{2-[4-(2-Methoxyphenyl)piperazin-1-yllethyl}phenyl)
acetamide hydrochloride (6¢)®% Light yellow oil. Yield = 90%. The
free base product was selubilized in iPrOH and a solution of HCl in
dioxane (2N) was added drop by drop. A white precipitate of HCl salt
was obtained which was recrystallized in iPrOH. TH-NMR (300 MHz,
DMSO-dg) 6=10.59 (s, 1H), 9.84 (s, 1H), 7.50-7.44 (m, 2H Ar),
7.18-7.12 (m, 2H Ar), 6.95-6.85 (m, 4H Ar-Pip), 3.77 (s, 3H),
2.96 (t, 5H), 2.70 {(dd, 2H), 2.55 (g, 5H), 2.02 (s, 3H). “*3C-NMR
(75 MHz, DMSQO-d,) &= 168.25, 151.82, 139.40, 138.12, 131.35,
128.90, 123.48, 120.85, 119.24, 118.26, 111.92, 56.30, 55.37,
51.20, 46.94, 28.76, 23.98. LC-MS (ESI [+]) m/z [M+H']" =354.19
(96.77%); MS (APCI [+]) m/z [M+H*]" calculated for [CyqHagN3Os]™:
354.2, found 354.0. M = 389.47 g/mol (HCl salt). mp = 296°C (iPrOH).

4.2 | Biological assays
All compounds were tested in D,.R and D3R binding studies in vitro
as described previously.[”’m’ In brief, compounds were tested at

seven appropriate concentrations in a radicligand displacement
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assay. The affinity at human recombinant dopamine receptors was
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determined by incubation of test compounds, membrane prepara-
tions from CHO-K1 cells stably expressing hD,sR/hD3zR and
radioligand for 120 min. As radioligand [*H]spiperone was used for
D,sR/D3R. Bound radioligand was harvested through GF/B filters
(Perkin Elmer) by washing three times with distilled water and
measured using liquid scintillation counting. Nonspecific binding
was determined using 10 uM Haloperidol. Obtained data from at
least three independent experiments in triplicates were analyzed
with GraphPad Prism 7 using nenlinear regression (one site
competition on logarithmic scale). Cheng-Prusoff equation[39] was
used to transform ICsy to K; values. Statistical analysis was
performed on pK; values and transformed into mean K; values and

corresponding 95% Cls.
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4-{2-[4-(2-Methoxyphenyl) piperazin-1-yl]ethyl}aniline (5¢)
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3-{2-[4-(2-Methoxyphenyl)piperazin-1-yl]ethyl}aniline (5b)
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3.3 Aromatic linker variations in novel dopamine D> and D3 receptor ligands

3C-NMR
diBlase 4871.1id o oflen
DB - 484 =k I
882 RBz33R88N Ny B s 0 30000
HeT BRKRIZBREAS S L pa
nyy O888NDDO0 NN I BEBRER &
PNy jpiaiele J> NV \
{25000
20000
15000
£10000
L5000
i |
| ‘ J \ ] |
| UL
AR b oy . el i st o
2o T2do 190 "o "o T 1do Tafo T 1do Tl Tado "o Tido Tdb TEb T Teb Tsb Tab T H T AT T4 D
1 (ppm)
Acquisition Parameter
Source Type ES| lon Polarity Positive Set Nebulizer 1.8 Bar
Focus Not active Set Dry Heater 220°C
Scan Begin 50 miz Set Capillary 4500V Set Dry Gas 9.0 Umin
Scan End 1300 miz Set End Plate Offset  -500V Set Divert Valve Waste
Intens. BPC +All MS, Smoothed (0.16,1,GA]| Intens, UV Chromatogram, 200-800 nm)
x105 [mau)
i x104 i
3 1.0
0.5
2
1 0.0 —J
-0.5
0 T T T T T T T
5 10 15 Time [min] 5 10 15 20 Time [min]
Intens. UV Chromatogram, 254 nm)
[mauU]
60 3
40
20
0
5 10 15 20 Time [min]
# __ RT[min] Area SIN z___FWHM [min] __ Area Frac. %
1 1 1 I
2 153 4158154 840 01 100.00
3 153 278.06 943 01 100.00
Cmpd 1, 15.3 min
Imenss.: +MS, 15.2-16.3min #9758-10489, -Peak Bkgrnd
1021
54 "
i 193.1335 1o
L | 312.2088
11
1 J
i
0l
200 400 600 800 1000 1200 m/z
m/z: 312.2088 (M+1)
27

149



Publications
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3.3 Aromatic linker variations in novel dopamine D> and D3 receptor ligands

BC-NMR
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3.3 Aromatic linker variations in novel dopamine D> and D3 receptor ligands

BC-NMR
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3.3 Aromatic linker variations in novel dopamine D> and D3 receptor ligands

3C-NMR
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3.3 Aromatic linker variations in novel dopamine D> and D3 receptor ligands

BC-NMR
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3.3 Aromatic linker variations in novel dopamine D> and D3 receptor ligands

3C-NMR
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3.3 Aromatic linker variations in novel dopamine D> and D3 receptor ligands

B3C-NMR
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3.3 Aromatic linker variations in novel dopamine D> and D3 receptor ligands

3C-NMR
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Publications
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3.3 Aromatic linker variations in novel dopamine D> and D3 receptor ligands

3C-NMR
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3.3 Aromatic linker variations in novel dopamine D> and D3 receptor ligands

3C-NMR
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3.3 Aromatic linker variations in novel dopamine D> and D3 receptor ligands

3C-NMR
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3.3 Aromatic linker variations in novel dopamine D> and D3 receptor ligands

3C-NMR
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3.3 Aromatic linker variations in novel dopamine D> and D3 receptor ligands

3C-NMR
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ARTICLE INFO ABSTRACT

Keywords: Multitargeting ligands on enzymes and receplors may generate a profile for a potential treatment ol cognitive

NTlllrifarget ligand impairment. Considering this, a set of 21 substituted aryl-alkyl-piperazines were designed, prepared and tested

gii :_‘g"": for their binding affinities at histamine Hs and dopamine Ds receptors (HsR and D3R, respectively) as well as
5R ligan

acetyl- and butyrylcholinesterases (AChE/BChE) as potentially synergistic profile. Initial screening of the com-
pounds at HzR and D3R was done at 1 or 10 uM and 100 uM at AChE and BChE assays. The most promising
compounds were then evaluated in full concentration-response curves to estimate the K; and 1Cs values. Results
showed that several compounds were ligands at HyR (n = 10), D3R (n = 6), AChE. (n = 3), and BChE (n = 9).
Compounds LINSO5006 (K; HsR 2.8 uM; D3R 0.7 uM; ICsn0 BChE 26.3 uM) and LINSO5015 (K; HaR 1.1 pM; D3R
3.1 uM; ICs0 AChL 97.8 puM; BChL 43.7 M) are highlighted since presented affinity in three different. These
results suggest that methylpiperazine moiety led to balanced activity at all three classes of targets, and longer
linker provided the best affinities. These compounds presented high ligand efficiency values (LE > 0.3) and may

Cholinesterase inhibitors
Procognitive agents

have adequate pharmacokinetic profile as suggested by calculated physicochemical properties.

1. Introduction

Designed multiple ligands (DMLs), also referred as multitarget
compounds, are molecules designed to interact with more than one
target with a single molecule, in a different approach from the classical
drugs designed from the “one drug, one target” paradigm,” which pro-
poses that by interacting with selected key targets, a positive network
effect can be achieved on a given condition, leading to increased ther-
apeutic response. This is especially desirable when designing drugs for
CNS disorders that involve cognitive decline that involves a network
effect of several distinct brain areas and systems and therefore a complex
treatment. However, such complex therapeutic regimen can lead to low
adherence, poor efficacy and increased risk for toxicity, especially if
considering elderly pat‘lents.J

The design of DMLs is not a trivial task, since the structural re-
quirements for binding to each target must be consicdered in a single
molecule, and indeed the selection of pharmacological targets should be
carried out with some criteria."” When the targets require similar

* Corresponding authors.

structural features for ligand binding, merging pharmacophores in a
single molecule is a feasible strategy for ligand design.” Regarding this,
the histamine Hj receptor (H3R), dopamine D3 receptor (DsR) and
cholinesterases (ChEs, acetyl - AChE and butyryl - BChE) were selected
as targets for their role in cognitive processes and pharmacophore re-
quirements for ligand binding.

The role of histamine in cognition mace the H3R widely explored as
drug target for cognitive disorders.”® HsR is a presynaptic auto/hetero-
receptor in the CNS and thus it may control the production and release of
several neurotransmitters including dopamine, acetylcholine and his-
tamine itself. Therefore, by blocking H3R, an increase in the activity of
such neurotransmitters is expected. In addition to histamine, dopamine
is also related to cognition, especially by the activation of D3R.” This
receptor is mainly expressed in prefrontal cortex, hippocampus and
amygdala as an auto-receptor; thus the blockace of this receptor, simi-
larly to the H3R, may result in increased dopamine levels in these areas,
improving the cognition.”” Lastly, the relationship of acetylcholine with
cognition is evicdent, once the main treatment for cognitive decline

E-mail addresses: stark@hhu.de (H. Stark), joao fernandes@unifesp.br (J.P.S. Fernandes).
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involves the inhibition of AChE and/or BChE by donepezil, galantamine,
rivastigmine and several other drugs.>®° However, the inhibition of
cholinesterases only provides limited therapeutic benefit in short-term
due to solely increasing acetylcholine levels but no other
neurotransmitters.

The possible interactions and cross-reactivity of dopamine, hista-
mine and acetylcholine neurotransmission is just a cutout of a complex
network (Figure 1). By blocking the presynaptic receptors HsR/D3R and
reducing the hydrolysis rate of acetylcholine by inhibiting the ChEs, a
synergistic effect may be achieved to improve the cognitive process at
the end. Considering this panorama and these selected targets, in this
work we designed a set of compounds as multitarget agents for binding
at H3R, D3R and cholinesterases. Since the ligands of such targets share
similar characteristics, we adopted the merging strategy to design such
compounds, which were prepared and assessed for their binding affinity
at H3R, D3R, AChE and BChE.

2. Results and discussion

The compounds were designed considering the structural re-
quirements for binding at the selected targets (Figure 2). The general
structure for histamine H3R ligands is comprised of a lipophilic region
(usually an aromatic system) and a basic moiety attached by a variable
linker group with 4-8 atoms.”!%!! These characteristics are related to
the interactions that HgR antagonists perform on the target. The lipo-
philic group performs hydrophobic interactions, while the ionized basic
group interacts with a Asp3.32 residue (conserved in several biogenic
amine receptors, including dopamine receptors) through a salt brigde.'?
Compounds with variable structure are reported in literature, but
compound KSK29 (Figure 2) is a representative compound containing
the 4-pyridinyl substituent in the piperazine group, which performs
specific interaction leading to increased affinity at HgR.'?

Interestingly, the ligands at DgR and inhibitors of ChEs have also
structural similarities with the general structure of H3R antagonists.
Ligands at D3R usually present an aromatic system (to bind at the sec-
ondary binding pocket, SBP) and a basic moiety (to interact with
Asp3.32) frequently represented by arylpiperidines or arylpiperazines
(to bind at the orthosteric binding pocket, OBP), separated by a linker
group.”'" BP897 is a representative compound with submicromolar
affinity at D3R containing a phenylpiperazine moiety in as basic unit and
an amide group as connecting group. However, HsR antagonists
frequently have oxygen instead of NH in the connecting group, raising
important question about the influence of this amide on H3R affinity.

Bioorganic & Medicinal Chemistry 78 (2023) 117132

Finally, inhibitors of ChEs have more variable structures, but done-
pezil is an example of a potent inhibitor of AChE containing two aro-
matic groups (to interact with tryptophan residues from the peripherical
anionic site, PAS, and the catalytic anionic site, CAS, of the enzyme) and
a basic nitrogen in between.”!*1° Several ChEs inhibitors roughly fit to
this structural framework,'” including compound DQNY represented in
Figure 2. Considering these pharmacophore elements, we designed a set
of compounds namely LINSO5 by merging the stuctural frameworks
presented in H3R, D3R and ChEs ligands. The compounds are comprised
by an aromatic region represented by naphthyl or benzofuranyl groups
and a basic moiety represented by N-substituted piperazines. These
groups are separated by a variable linker group with 2 or 3 methylene
units and a connecting functional group (ether, ester or amide) to
explore the optimal distance between the aromatic and basic function-
alities for each target, as well as the influence of the connecting group on
the affinities. Although esters may present considerable metabolic
instability in vivo, it is important to emphasize that the aim was to
explore the role of the hydrogen bond donor or acceptor group in the
connecting group.

The compounds were synthesized by conventional organic reactions
that resulted in satisfactory over all yields (Schemes 1 and 2). The ethers
01-09 were prepared from the corresponding naphthols by reacting
with 1,2-ethane or 1,3-propane dibromides, using potassium carbonate
as base, leading to yields between 51 and 60 % of the purified ether
products 1a-1d. Afterwards, these products were reacted with the N-
substituted piperazine (methyl, phenyl or 4-pyridyl) by similar manner
to yield 40 to 97 % of the target compounds (Scheme 1). The esters
10-20 were prepared by reacting the acyl chlorides and the corre-
sponding chloroalkanols (2-chloroethanol or 3-chloropropancl) in
presence of TEA as base, leading to excellent yields. The amide 2f was
obtained when 3-chloropropylamine was employed (Scheme 2). The
same synthetic protocol used for the ethers was applied to obtain the
target compounds 10-21 from the esters 2a-2e or amide 2f. Final
compounds were converted to their respective salts of maleic acid and
used in this form in the assays in order to increase their water solubility.

The compounds were assessed for their affinity at H3R and D3R, as
well as ChEs (Tables 1 and 2), and summarized SAR information is
described in Figure 3. Seven compounds were identified as ligands of
two different classes of targets (07, 08, 11, 16, 19, 20 and 21) while
compounds 06 and 15 were ligands of three classes. These compounds
showed adequate physicochemical properties to predict high gastroin-
testinal (GI) absorption after oral administration and ability to cross the
blood brain barrier (BBB), as suggested by the calculation at SwissADME

cholinergic
neuron
= ACh <
or (AR LN e
d . a AChE
Mo 2\ QY g2\ naminae
- A o % neuron
oo A_AQG .
g I e} B 0o o Oo
D,R |]|]|:| DA AAA AO OO\QHZR
“ O

6 m DR mAChR

post-synaptic cell

D,R/D5R

© oo
NACHR |y Q\ o

e N

H.R

Figure 1. Possible interaction between the dopamine (DA), histamine (HA) and acetylcholine (ACh) neurotransmission. The blockade of D;R and H;R may increase
the ACh release from cholinergic terminals, while ACh half-life may be increased with the inhibition of ChEs, leading to increased activation of cholinergic muscarinic

(mAChR) and/or nicotinic (nAChR) receptors.
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Figure 2. Conception for designing the LINSO50XX compounds.

1a: Aryl 1- Naphthyl, n=1
1b: Aryl = 2-Naphthyl; n=1
1c: Aryl = 1-Naphthyl; n=2
1d: Aryl = 2-Naphthyl; n =2

LINS05001: AryI =1-Naphthyl; n=1; R=Me
LINSO5DQ: Aryl = 2-Naphthyl; n=1; R=Me
LINS05003: Aryl = 1-Naphthyl; n=1; R=Ph
LINS05004: Aryl = 2-Naphthyl; n=1; R=Ph
LINS05005: Aryl = 1-Naphthyl; n=2; R=Me
LINS05006: Aryl = 2-Naphthyl; n=2; R=Me
LINS05007: Aryl = 1-Naphthyl; n=2; R=Ph
LINS05008: Aryl = 2-Naphthyl; n=2; R=Ph
LINS05009: Aryl = 1-Naphthyl; n=1; R=4-Py

Scheme 1. General preparation of the final ethers. (i) «,w-dibromoalkan, K,CO3, ethanol, reflux, 18-24 h; (ii) R-piperazine, K;COj, KI, ACN, reflux, 24-48 h.
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2a: Aryl =1-Naphthyl; n=1;Z=0
2b: Aryl =2-Naphthyl; n=1;Z=0
2c: Aryl = 1-Naphthyl; n=2;Z=0
2d: Aryl = 2-Naphthyl; n=2.Z=0
2e: Aryl= 2-Benzofurany|
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2f: Anyl = 2-Benzofural
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LINS05010: Aryl = 1-Naphthyl, n=1; R=Me; Z=
LINS05011: Aryl = 2-Naphthyl; n=1; R=Me; Z=
LINS05012: Aryl = 1-Naphthyl; n=1; R=Ph; Z=
LINS05013: Aryl = 2-Naphthyl; n=1,R=Ph; Z=
LINS05014: Aryl = 1-Naphthyl; n=2; R=Me; Z=
LINS05015: Aryl = 2-Naphthyl; n=2; R=Me; Z=
LIN505016 Aryl = 1-Naphthyl; n=2; R=Ph; Z=
LIN805017 Aryl = 2-Naphthyl; n=2; R=Ph; Z=
LINSO5018 Aryl = 2-Benzofuranyl; n=2; R=Me; Z=
LIN505019 Aryl = 2-Benzofuranyl; n=2; R=Ph; Z =
LINSOSOZO Aryl = 2-Benzofuranyl; n=2;, R=4-Py, Z=0
LIN305021 Aryl = 2-Benzofuranyl; n=2; R=4-Py; Z=NH

Scheme 2. General preparation of the final cthers. (i) a,@-alkoxy or alkylamine chloride, TEA, DCM, 60 °C, 3 h; (ii) R-piperazine, K,COjy, KI, ACN, reflux, 24-48 h.
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Table 1
Screening of the LINSO5 compounds at HsR, DsR and ChEs.
Compound LINSO50XX 9% inhibition (£5D) at 1 9% inhibition (+SD) at
or 10 pM 100 p
hH;R hD;R eeAChE egBChE
o1* g 213+ 335+ 20.4 + 64.9 +
g o S 9.8 9.5 7.5 1.8
02° “ N 39.3 + 152+ 83+60 484+
9 o 16.2 136 8.8
03 @ 39.8 + 345+ 53+£39 262+
e 15.6 11.0 6.3
o~ N
04" M\j’© 233+ 45.0 + 7.8+£85 175+
. 16.3 7.2 8.6
T
05° O 70.0 + 47.8 + 457 + 60.2 +
o N 7.8 10.2 7.7 2.8
CJ LN
06* OO 80.5 + 22.8 + 48.8 £ 70.0 £
S 9.0 21.4 9.9 12.1
Ln
07" O 26.3 + 59.7 + 229 + 22.7 £
Cre O 5.4 3.1 10.1 4.6
os® “ 36.8 + 80.5 + 1.7 + 65.7 +
oe o ’\@ 12.6 53 4.0 11.0
09® «@ 54.0 + 377 + 62.2 + 65.4 +
TN 97 11.6 2.1 1.6
/\/N\)
10° O 69.0 + 49.7 + 40.1 + 383+
@ Oy 7.9 15.5 4.0 6.8
° LA
11° 78.2 + 53.7 & 436 + 74.8 +
OO TS SN 6.4 11.9 6.8 0.5
& LN,
12 O . 713+ 52.8 + 33.0 + 241+
O ‘/‘O 6.8 10.1 17.5 14.1
13 615+ 32.8 + 31.6 + 36.5 +
d °“"O© 53 24.4 10.9 8.9
14 ? 83.8 + 715+ 39.0 + 50.6 +
O 07N 6.2 9.4 2.6 52
9 )
15° ? 96.3 + 77.7 £ 457 £ 85.1+
OO '\AQ 10.1 10.7 8.0 7.4
16 101.2 + 86.2 + 242 + <10
0 17.6 9.0 3.8
17° 40.8 + 65.3 + 236 + 16.6 +
W‘&@ 16.8 14.1 8.1 7.9
18 823+ 2.0+ 445+ 317+
-
¥ G\ 8.4 35.0 3.6 2.8
19 .1 - 80.8 £ 49.2 + 47.0 £ 46.8 £
QU ,.\@ 6.1 16.6 7.6 8.2
20" 88.8 + 18.0 + 63.6 £ 49.9 +
1.5 8.6 2.8 5.6
21° 80.5 £ 235+ 49.1 & 54.5 &
L 6.5 8.9 4.0 8.2
Pitolisant 99.8 +
5.9
Haloperidol 100.2 +
2.0
Donepezil >95
Neostigmine >95

@ 10 uM at hH3R and AD,R; ®1 yM at AHsR and AD;R.
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platform (Table 4).'® Most compounds should not be P-glycoprotein
substrates, suggesting high bioavailability and penetration into the CNS.

Regarding the binding affinity at H3R, the results showed that the
carbonyl-containing compounds (ester and amides) are better ligands
than the ether analogues, since only the ethers 06 and 07 presented
considerable affinity to this receptor, suggesting the involvement of the
carbonyl in a specific interaction with HgR. It is possible to note that
only compounds containing the propylene linker showed important af-
finity to HsR, and none of the ethylene-containing compounds were
reasonably active on such receptor. The carbonylated compounds are
one-atom longer than the ether counterparts, also suggesting that longer
linkers play a role in the affinity to H3R. Moreover, it is possible that
compounds containing a basic nitrogen farther from the aromatic region
present higher affinity at H3R, as corroborated by other reports from
literature.”! >’ The phenylpiperazine derivatives showed lower affinity
to H3R than the methylpiperazines. None of these compounds showed
relevant affinity to H4R (cf. Supporting Information), despite the high
sequence similarity of this receptor with the HzR.

Previous works from literature reported that the 4-pyridylpiperazine
moiety may increase the affinity at HgR by performing specific in-
teractions at HsR by hydrogen-bond formation and n-r interactions.'"'?
Taking advantage of this structural motif, compounds 09, 20 and 21
were prepared and assessed. Compounds 20 and 21 were the best of the
series as HgR ligands, showing nanomolar affinity (0.27 and 0.91 pM,
respectively), while compound with shorter linker (09) presented low
affinity at H3R (Table 2). Since compound 20 has higher affinity at H3R
than the amide analogue 21, it is suggested that presence of a hydrogen
bond acceptor (-O-) from ester group has positive role on the affinity,
while the donor (-NH-) from amide decreases the binding affinity at
H3sR.

Compounds with high affinity at dopamine Ds-like receptors
frequently present an arylpiperazine moiety,>” and thus insertion of the
phenylpiperazine motif was considered on the design of the multitarget
compounds. Compounds bearing this motif (07, 08, 16 and 19) showed
submicromolar affinities at D3R, although it usually does not provide
selectivity over DR (Tables 1 and $1).>"*” For instance, compounds 07
and 08 presented similar affinity at both D,R (0.48 and 0.28 pM,
respectively) and D3R. The 4-pyridylpiperazine motif was also consid-
ered to obtain affinity at both D3R and H3R, but unfortunately com-
pounds 09, 20 and 21 did not show important affinity to D3R, suggesting
that 4-pyridinyl group affects the affinity at DsR. Compounds containing
2-methoxyphenyl or 2,3-dichlorophenyl piperazine were reported with
high affinity and certain selectivity towards DsR,”” however arylpiper-
azine analogues generally present low affinities at HsR, except for the 4-
pyridylpiperazine containing analogues."

Regarding the inhibitory activity on ChEs, the compounds showed
general preference to inhibit BChE over AChE. Although we expected
that compounds with longer linkers could have better inhibitory activ-
ity, no important differences were noted when comparing ethylene and
propylene compounds, suggesting that variations in the linker region
poorly affected the activity. Literature suggests that compounds with
long linker region usually present higher inhibitory activity at ChEs,’
however Queda et al.”’ and Bautista-Aguilera et al.'® reported com-
pounds containing short linkers with considerable inhibition at AChE.

On the other hand, variations in the basic group influenced the
inhibitory activity. The methylpiperazine compounds 01, 05, 06, 11 and
15 showed considerable activity on BChE, suggesting that this motif
leads to higher affinity for this enzyme. Compounds 09 and 20 that bear
the 4-pyridylpiperazine moiety showed affinity at both AChE and BChE,
suggesting this fragment is important for the activity on AChE. The
compounds that contain phenylpiperazine as basic motif showed poor
inhibitory activity at ChEs. Considering that ChEs may hydrolyze esters,
a kinetic study with compound 20 was performed to investigate if this
compound could serve as substrate. The result revealed that this com-
pound is a competitive inhibitor of AChE and is not hydrolyzed by this
enzyme (see Supplementary Information). It is also important to
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Table 2
Affinity data to the sclected compounds at HyR, D3R and ChEs.

Bioorganic & Medidnal Chemistry 78 (2023) 117132

Compound LINSO50XX K [uM] (C1 95 %)

1Cso [NM] (€L 95 %)

hH;R hD;R eeAChE egBChE
01 n.d. n.d. n.d. 58.9
(25.1-134.1)
05 n.d. n.d. n.d. 78.5
(27.0-207.0)
06 2.8 0.70 n.d. 26.3
(1.6-5.1) (0.06-7.10) (11.1-51.8)
o7 4.0 0.92 n.d. n.d.
(25 6.2) (0.41 2.07)
08 =10 0.34 n.d. 53.7
(0.25-0.47) (34.7-83.7)
09 n.d. n.d. 53.7 (33.7 85.8) 40.7
(32.8 53.5)
11 22 = 10 n.d. 57.5
(1.2 4.0) (13.8 242.8)
14 3.7 = 10 n.d. n.d.
(0.9-15.4)
15 1.1 31 97.8 43.7
(0.6-2.3) (0.7-13.2) (74.1-129.1) (7.5-253.7)
16 19 0.86 n.d. n.d.
(0.9-3.7) (0.40-1.70)
18 33 =10 nd. n.d.
(1.9-5.9)
19 1.7 1.4 n.d. n.d.
(0.5-6.0) (0.2-8.5)
20 0.27 =10 57.2 97.7
(0.1-0.77) (38.1-85.8) (71.5-138.6)
21 0.91 =10 n.d. 85.1
(0.7-1.19) (49.1-144,9)
Pitolisant 13.4 nM
(9.0-19.9)
Haloperidol 53.7 nM
(4.0 71.9)
Donepezil 7.3 nM
(3.2-17.2)
Neostigmine 0.16
(0.12-0.22)
n.d.: not determined.
Minor influence \( Z Basic moiety

2-benzofuranyl: 1 H;R 1 AChE <j
1-naphthyl: t H;R 1 D;R

2-naphthyl: 1 all targets

N-phenyl: 1 DsR | H3R, AChE

N
N-pyridyl: 1 H;R , AChE | D;R
e ,ﬂ ﬂ '\t\ )I:> N-methyl: equilibated

Propylene linker:
T all targets

Connecting group:
-0-=-COO0- > CONH-

Figure 3. Summarized SAR information obtained from the results of this work.

mention that these esters were stable under assay conditions.
Considering compounds with dual activity, three compounds con-
taining the phenylpiperazine moiety (07, 08 and 16) showed nanomolar
affinity at DR (K; 0.92, 0.34 and 0.86 uM, respectively) along with
considerable affinity to H3R (compounds 07 and 16, K; 4.0 and 1.9 uM,
respectively) or BChE (compound 08, ICs, 53.7 uM). These data re-
inforces the importance of the phenylpiperazine fragment to the affinity
at dopamine receptors, although the methylpiperazine compound 06
showed the higher LE value at D3R. On the other side, the compounds

containing the 4-pyridylpiperazine motif and longer linker 20 and 21
had moderate nanomolar affinities at HsR along with considerable in-
hibition of ChEs. Compound 20 must be highlighted due its high potency
at H3R and inhibitory activity against both AChE (ICg; 57.2 uM) and
BChE (IC5p 97.7 uM).

From the results, it is possible to note that compounds containing a
propylene methylpiperazine moiety (06 and 15) presented triplex af-
finity at H3R, D3R and ChEs. They represent suitable candidates for
multitarget purposes, since they presented equilibrated activity in each.
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This is important in the multitarget perspective, especially when
considering the synergistic effect that HsR/DgR antagonism and ChE
inhibition may cause in the ACh levels on synaptic cleft (Figure 1).
Compound 15 showed ligand activity in all tested targets, presenting
much equilibrated activity in each (K; HsR 1.1, D3R 3.1 uM; ICs9 AChE
97.8, BChE 43.7 uM). On the other hand, compound 06 must be high-
lighted due its higher LE values at HgR, DgR and BChE (0.38, 0.42 and
0.31, respectively), better stability and offers opportunities for future
modifications.”® It is known that during development process, the mo-
lecular weight (MW) frequently increases, leading to negative influence
on LE values, and therefore compounds like 06 (with lower MW than
that of 15) are considered more interesting prototypes for additional
modification. Moreover, both compounds had high predicted GI ab-
sorption and BBB permeability, suggesting that they may be orally
bioavailable and properly reach the CNS (Table 3), although future
modification should be considered on ester moiety of compound 15 as
potential motif for hydrolysis to increase its metabolic stability in vivo.

In summary, compounds with multitarget activity at HsR, D3R and
ChEs were identified with adequate physicochemical profile. These
compounds are noteworthy prototypes for further modifications in order
to increase the potency and optimize the pharmacological potential. It is
important to stress that this is one of the first reports reporting com-
pounds with triplex activity at HsR, DgR and ChEs, and thus these
compounds should be considered useful additional examples of such
profile.

3. Material and methods
3.1. Reagents and equipment

Chemicals were obtained in adequate purity from Sigma-Aldrich Co.
(Saint Louis, MO, USA) and LabSynt Co. (Diadema, Brazil) and used
without any further purification. 'H and ®C NMR spectra were recorded
on a Bruker Ultrashield 300 spectrometer, operating at 300 and 75 MHz,
respectively, using CDCl3 or DMSO-d, as solvents and tetramethylsilane
(TMS) as internal standard. Chemical shifts (3) were determined from
TMS and are reported in parts per million (ppm). Coupling constants (J)
are reported in units of Hertz (Hz), if applicable. All NMR data was
obtained using the compounds as free bases. Elemental analysis was

Bioorganic & Medicinal Chemistry 78 (2023) 117132

performed for the hydrogenmaleate salts in a Perkin Elmer 2400 CHNS
elemental analyzer. Data is reported as the percentage of each element.

The Electrophorus electricus AChE (eeAChE) and BChE from equine
serum (egBChE) were obtained from Sigma-Aldrich Co. Stock solutions
of the enzymes were prepared as indicated by the supplier. For cholin-
esterase assays, test compounds (as hydrogenmaleate salts), donepezil
hydrochloride and neostigmine mesylate were prepared as stock solu-
tions from 1 mM to 100 uM. The assay was performed in a microplate
spectrophotometer (PowerWave HT, BioTek).

3.2. Synthesis of the compounds

General procedure for the preparation of ether intermediates (1a-1d). In
a flask, 3 mmol of the adequate naphthol, 9 mmol of the alkyl dibromide
(1,2-dibromoethane or 1,3-dibromopropane) and 3 mmol of KoCO3 were
added with 20 mL of ethanol. The reaction mixture was stirred under
reflux for 18-24 h until completion (TLC monitoring). The solvent was
evaporated, and the residue was taken up in 20 mL of ethyl acetate,
washed with 2 x 20 mL of water and the organic layer was dried over
anhydrous Na,SO,4 and evaporated. The crude oil was purified through
column chromatography using hexane:AcOEt (9:1) as eluent (Scheme
1).

1-(2-Bromoethoxy)naphthalene (1a). Yellowish oil. Yield 51 %. 1y
NMR (300 MHz, CDClg) é 8.27 (dd, J = 6.2, 3.3 Hz, 1H), 7.73 (dd, J =
6.2, 3.3 Hz, 1H), 7.43 (n, 2H), 7.40 (dd, J = 8.1 Hz, 1H), 7.27 (1, J=8.1
Hz, 1H), 6.64 (dd, J = 7.3, 1.6 Hz, 1H), 4.28 (t, J = 6.2 Hz, 2H), 3.62 (¢, J
= 6.2 Hz, 2H). Spectral data in accordance to Pomilio et al.”?®

2-(2-Bromoethoxy)naphthalene (1b). Colorless oil. Yield 57 %. g
NMR (300 MHz, CDClg) & 7.81-7.68 (i, 3H), 7.50-7.41 (m, 1H), 7.36
(dd, J=11.0, 4.0 Hz, 1H), 7.22-7.10 (i, 2H), 4.42 (t, J = 6.3 Hz, 2H),
3.71 (t, J = 6.3 Hz, 2H). Spectral data in accordance to Guo et al. 26

1-(3-Bromopropoxy)naphthalene (Ic). Colotless oil. Yield 58 %. 'H
NMR (300 MHz, CDClg) & 8.23 (dd, J = 6.3, 3.3 Hz, 1H), 7.78-7.81 (in,
1H), 7.50-7.32 (i, 4H), 6.82 (d, J = 7.3 Hz, 1H), 4.28 (1, J = 6.0 Hz,
2H), 3.70 (t, J = 6.0 Hz, 2H), 2.33 (quint, J = 6.0 Hz, 2H). Spectral data
in accordance to Tada et al.”’

2-(3-Bromopropoxy)naphihalene (1d). Colorless oil. Yield 60 %. 'H
NMR (300 MHz, CDClg) & 7.74-7.80 (i, 3H), 7.48 (1, J = 6.9 Hz, 1H),
7.44 (t, J = 6.0 Hz, 1H), 7.15-7.19 (11, 2H), 4.26 (t, J = 6.0 Hz, 2H), 3.68

Table 3
LE analysis and pharmacokinetic prediction for the multitarget compounds, carried out with the Swiss ADME prediction tools."”
Compound LINSO50XX LE GI absorption BBB permeant P-gp substrate
H;R D:R AChE BChE
06 “-/\/\“ 0.38 0.42 - 0.31 High + No
SN
(N
07 F 1 0.28 0.32 - - High + Yes
08 - 0.34 - 0.22 High + Yes
11 0.35 - - 0.26 High + No
PPN .
o Ln
15 i 0.35 0.33 0.24 0.26 High + No
° N,
OO T
16 ? 0.28 0.30 - - High + No
G Y
19 b 0.29 0.30 - - High + No
N%
20 M 0.33 - 0.22 0.20 High + No
0.21 High + Yes

21 m 0.31 = =
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(t, J = 6.4, 2H), 2.39-2.45 (quint, J = 6.0, 2H). Spectral data in accor-
dance to Sword et al.”®

General procedure for the preparation of ester intermediates (2a-2f). Ina
flask, the adequate acyl chloride (naphthalene or 2-benzofurancarbonyl
chloride, 2 mmol), the alkoxyl chloride (2-chloroethanol or 3-chloropro-
panol, 6 mmol) and triethylamine (TEA, 2 mmol) were added to 15 mL
of dichloromethane (DCM). The mixture was stirred at 60 °C for 1-4 h
(TLC monitoring). The resulting solution was washed with 2x 20 mL of
saturated aqueous NaHCO3 solution and 20 mL of water. The organic
layer was dried over anhydrous Na»SO4 and evaporated, giving
analytically pure products (Scheme 2).

2-Chloroethyl naphthalene-1-carboxylate (2a). Yellowish oil. Yield 79
%. 'H NMR (300 MHz, CDCls) §8.93 (d, J = 8.6 Hz, 1H), 8.23(d, J=7.3
Hz, 1H), 7.99 (d, J = 8.2 Hz, 1H), 7.84 (d, J = 7.8 Hz, 1H), 7.63-7.57 (I,
1H), 7.54-7.43 (m, 2H), 4.62 (t, J = 5.6 Hz, 2H), 3.83 (t, J = 5.6 Hz, 2H).

2-Chloroethyl naphthalene- 2-carboxylate (2b). Yellowish oil. Yield 70
%. 'H NMR (300 MHz, CDCl3) & 8.61 (s, 1H), 8.05 (dd, J = 8.6, 1.5 Hz,
1H), 7.92 (d, J = 7.8 Hz, 1H), 7.84 (d, J = 8.9 Hz, 2H), 7.59-7.46 (m,
2H), 4.60 (t, J = 5.7 Hz, 2H), 3.83 (t, J = 5.7 Hz, 2H). Spectral data in
accordance to Sattenapally et al.”’

3-Chloropropyl naphthalene-1-carboxylate (2¢). Yellowish oil. Yield
95 %. 'H NMR (300 MHz, CDClg) & 8.90 (d, J = 8.6 Hz, 1H), 8.17 (dd, J
= 7.3, 1.0 Hz, 1H), 8.03 (d, J = 8.2 Hz, 1H), 7.89 (d, J = 8.0 Hz, 1H),
7.66-7.45 (m, 3H), 4.57 (t, J = 6.2 Hz, 2H), 3.74(t, J = 6.2 Hz, 2H), 2.29
(quint, J = 6.2 Hz, 2H).

3-Chloropropyl naphthalene-2-carboxylate (2d). Yellowish oil. Yield
85 %. H NMR (300 MHz, CDCl3) & 8.59 (s, 1H), 8.04 (dd, J = 8.6, 1.2
Hz, 1H), 7.94 (d, J = 7.8 Hz, 1H), 7.86 (d, J = 8.6 Hz, 2H), 7.62-7.49 (n,
2H), 4.53 (t, J = 6.2 Hz, 2H), 3.67 (t, J = 6.2 Hz, 2H), 2.27 (quint, J =
6.2 Hz, 2H).

3-Chloropropyl benzofuran-2-carboxylate (2e). Yellowish oil. Yield 59
%. 'HNMR (300 MHz, CDCls) & 7.68 (d, J = 7.8 Hz, 1H), 7.59 (d, J = 8.4
Hz, 1H), 7.54 (s, 1H), 7.49-7.41 (m, 1H), 7.30 (m, 1H), 4.54 (1, J = 6.1
Hz, 2H), 3.71 (t, J = 6.1 Hz, 2H), 2.26 (quint, J = 6.1 Hz, 2H).

Synthesis of N-(3-chloropropyDbenzofuran-2-carboxamide (2f). The
procedure was performed following the same protocol for ester prepa-
ration, but using the 3-chloro-1-propylamine as reactant. After the re-
action was completed, the solution was washed with 2x 15 mL aqueous
HCl 0.1 M, 2x 15 mL of aqueous NaOH 0.1 M and 15 mL of water. The
organic layer was dried over anhydrous Na,SO,4 and evaporated, giving
analytically pure product as colorless oil (Scheme 2). Yield 95 %. 'H
NMR (300 MHz, CDClg) é 7.67 (d, J = 7.8 Hz, 1H), 7.55-7.36 (m, 3H),
7.35-7.22 (m, 1H), 6.82 (br.s, 1H), 3.7 (tt, J = 6.5, 3.4 Hz, 4H), 2.15
(quint, J = 6.5 Hz, 2H).

General procedure for the preparation of final compounds (LINS05001-
LINS05021). In a flask, the adequate intermediate 1a-1d (0.5 mmol),
the substituted piperazine (1 mmol for 1-phenylpiperazine and 1-(4-
pyridyl)piperazine, and 2 mmol for 1-methylpiperazine), K,CO3 (2
mmeol) and KI (2 mmol) were added with 15 mL of acetonitrile. The
reaction was stirred under reflux up to 48 h (TLC monitoring), and af-
terwards the solvent was evaporated. The residue was taken up with 15
mL of dichloromethane and washed with 2 x 15 mL of water. The
organic layer was dried over anhydrous NaSO4 and evaporated. The
crude material was purified through column chromatography using
DCM:MeOH (9:1) as eluent (Schemes 1 and 2). The NMR data was ob-
tained for the final compounds as free bases. These were converted into
salts of maleic acid to increase buffer solubility in the assays by
neutralization with excess of maleic acid and precipitation of the ob-
tained salts in diethyl ether.

1-Methyl-4-{2-(1-naphthyloxy)ethylpiperazine (LINS05001). Yellow
ish oil. Yield 97 % 'H NMR (300 MHz, CDCls) § 8.30-8.20 (1, 1H),
7.80-7.77 (m, 1H), 7.53-7.30 (m, 4H), 6.80 (d, J = 7.4 Hz, 1H), 4.29 (t,
J=5.7Hz, 2H), 2.98 (t, J = 5.7 Hz, 2H), 2.71 (br.s5, 4H), 2.49 (br.5, 4H),
2.30 (s, 3H). °C NMR (75 MHz, CDClg) § 154.5, 134.5, 127.5, 126.4,
125.9, 125.7, 125.2, 122.1, 120.4, 104.8, 66.6, 57.2, 55.1, 53.6, 46.0.
Elemental anal. caled. for Cy7HpN20.2C4H404: C 59.75, H 6.0, N 5.75

Bioorganic & Medicinal Chemistry 78 (2023) 117132

%. Found: C 59.7, H 6.0, N 5.6 %.
1-Methyl-4-[2-(2-naphthyloxy)ethyl]piperazine (LINS05002). Yellow
ish oil. Yield 88 %. 'H NMR (300 MHz, CDCl3) & 7.81-7.66 (m, 3H),
7.47-7.38 (m, 1H), 7.33 (dd, J = 10.9, 4.0 Hz, 1H), 7.20-7.09 (m, 2H),
4.23(t, J = 5.8 Hz, 2H), 2.89(t, J = 5.8 Hz, 2H), 2.67 (br.s, 4H), 2.51 (br.
s, 4H), 2.31 (s, 3H). 1*C NMR (75 MHz, DMSO) & 155.6, 133.0, 128.7,
127.9,126.9, 126.1, 125.8, 123.0, 118.1, 106.2, 64.6, 54.9, 52.0, 49.3,
41.7. Elemental anal. caled. for C17HpNo0.2C4H404: € 59.75, H 6.0, N
5.75 %. Found: C 59.8, H 6.05, N 5.6 %.
1-[2-(1-Naphthyloxy)ethyl]-4-phenyl-piperazine (LINS05003). White
solid. Yield 63 %. 'H NMR (300 MHz, CDCl3) & 8.33-8.22 (m, 1H),
7.80-7.77 (m, 1H), 7.53-7.31 (m, 4H), 7.29-7.19 (m, 2H), 6.91 (d, J =
8.1 Hz, 2H), 6.83 (dd, J = 15.1, 7.5 Hz, 2H), 4.31 (t, J = 5.6 Hz, 2H),
3.23-3.15 (m, 4H), 3.00 (t, J = 5.6 Hz, 2H), 2.83-2.77 (m, 4H). °C NMR
(75 MHz, CDCly) 6 154.6, 151.4, 134.6, 129.2, 127.6, 126.5, 125.9,
125.8,125.3, 122.1, 120.5, 119.8, 116.1, 104.9, 66.7, 57.4, 53.8, 49.3.
Elemental anal. caled. for CypHpgN»O.C4H4O04: C 69.6, H 6.3, N 6.25 %.
Found: C 69.6, H 6.3, N 6.2 %.
1-[2-(2-Naphthyloxy)ethyl]-4-phenyl-piperazine (LINS05004). Yellow
ish solid. Yield 56 %. H NMR (300 MHz, CDCl,) & 7.82-7.68 (m, 3H),
7.43 (dd, J = 11.1, 4.0 Hz, 1H), 7.31-7.22 (mn, 3H), 7.21-7.12 (m, 2H),
6.94(d, J=8.0 Hz, 2H), 6.86 (t, J = 7.3 Hz, 1H), 4.28 (t, J = 5.8 Hz, 2H),
3.28-3.23 (m, 4H), 2.95 (t, J = 5.8 Hz, 2H), 2.82-2.76 (m, 4H). 13C NMR
(75 MHz, CDCly) 6 156.1, 150.3, 135.6, 129.9, 129.6, 129.2, 128.8,
128.1,127.2,127.1, 124.4,120.3, 119.0, 116.3, 107.8, 55.5, 52.3, 46.6.
Elemental anal. caled. for CooHogN20O.C4H404: C 69.6, H 6.3, N 6.25 %.
Found: C 69.6, H 6.3, N 6.15 %,
1-Methyl-4-[3-(1-naphthyloxy)propylipiperazine (LINS05005). Yel-
low solid. Yield 60 %. 'H NMR (300 MHz, CDCls) & 8.30-8.22 (m, 1H),
7.79-7.76 (m, 1H), 7.51-7.29 (m, 4H), 6.79 (d, J = 7.2 Hz, 1H), 4.16 (¢,
J = 6.2 Hz, 2H), 2.86-2.32 (m, 10H), 2.28 (s, 3H), 2.15-2.04 (m, 2H).
13¢ RMN (75 MHz, DMSO) & 154.4, 134.5, 128.0, 127.0, 126.7, 125.8,
125.4,121.9, 120.4, 105.6, 66.1, 54.0, 52.9, 50.3, 43.1, 26.0. Elemental
anal. caled. for CigH4N50.C4H404: C 60.4, H 6.2, N 5.4 %. Found: C
60.6, H6.1, N 5.1 %.
1-Methyl-4-[3-(2-naphthyloxy)propylipiperazine (LINS05006). Yel-
low oil. Yield 38 %. 'H NMR (300 MHz, CDCly) & 7.77-7.67 (m, 3H),
7.42 (dd, J = 11.0, 4.0 Hz, 1H), 7.32 (dd, J = 11.0, 3.9 Hz, 1H),
7.16-7.10 (m, 2H), 4.11 (¢, J = 6.3 Hz, 2H), 2.33-2.78 (m, 10H), 2.30 (s,
3H), 2.09-1.96 (m, 2H). 1*C NMR (75 MHz, DMSO) & 156.9, 134.7,
129.8,128.9,128.0, 127.1, 126.9, 124.1, 119.1, 107.1, 65.9, 53.9, 52.9,
50.3, 43.1, 25.9. Elemental anal. caled. for C;gH»4N20.C4H404: C 60.4,
H 6.2, N 5.4 %. Found: C 60.0, H 5.9, N 5.5 %.
1-[2-(1-Naphthyloxy)propyl]-4-phenyl-piperazine (LINS05007). Yell
owish solid. Yield 72 %. 'H NMR (300 MHz, CDCls) § 8.33-8.23 (in, 1H),
7.84-7.74 (m, 1H), 7.54-7.32 (mn, 4H), 7.24-7.27 (m, 2H), 6.94 (d, J =
7.9 Hz, 2H), 6.85 (dd, J = 12.8, 6.7 Hz, 2H), 4.23 (t, J = 6.2 Hz, 2H),
3.24(t, J=7.0 Hz, 4H), 2.67-2.73 (m, 6H), 2.25-2.09 (i, 2H). °C NMR
(75 MHz, CDCly) 6 156.9, 151.3, 134.6, 129.4, 129.1, 129.0, 127.6,
126.7, 126.4, 123.6, 119.8, 118.9, 116.1, 106.7, 66.2, 55.3, 53.3, 49.1,
26.7. Elemental anal. calcd. for CorHpgNO.C4H404: C 69.6, H 6.3, N
6.25 %. Found: C 69.8, H 6.1, N5.9 %.
1-[2-(2-Naphthyloxy)propyl]-4-phenyl-piperazine (LINS05008). Yell
owish solid. Yield 57 %. 'H NMR (300 MHz, CDClg) § 7.80-7.68 (i, 3H),
7.43 (1, J = 7.5 Hz, 1H), 7.37-7.20 (m, 3H), 7.13-7.17 (mn, 2H), 6.94 (d,
J = 8.0 Hz, 2H), 6.86 (t, J = 7.3 Hz, 1H), 4.17 (¢, J = 6.3 Hz, 2H),
3.29-3.17 (m, 4H), 2.63-2.70 (m, 6H), 2.09 (quint, J = 6.9 Hz, 2H). 1*C
NMR (75 MHz, CDCl3) 6 156.9, 151.3,134.6,129.4, 129.1, 129.0, 127.6,
126.7, 126.4, 123.6, 119.8, 118.9, 116.1, 106.7, 66.2, 55.3, 53.3, 49.1,
26.7. Elemental anal. calced. for CosHzaN2O.C4H4O04: C 69.6, H 6.3, N
6.25 %. Found: C 69.75, H 6.35, N 6.0 %.
1-[2-(1-Naphthyloxy)ethyl]-4-(4-pyridyl)-piperazine ~ (LINS05009).
White solid. Yield 45 %. 'H NMR (300 MHz, CDCls) §8.32-8.18 (m, 3H),
7.85-7.73 (m, 1H), 7.54-7.30 (m, 4H), 6.84-6.76 (m, 1H), 6.61 (d, J =
5.6 Hz, 2H), 4.29 (t, J = 5.4 Hz, 2H), 3.32(t, J = 6.0 Hz, 4H), 2.98 (, J =
5.3Hz, 2H), 2.74(t, J = 6.0 Hz, 4H). **C NMR (75 MHz, CDCl;) 5 155.0,

185



Publications

C.M.8.Q. Arantha et al.

154.4, 149.7, 134.6, 127.6, 126.5, 125.9, 125.7, 125.3, 122.0, 120.5,
108.3, 104.9, 66.6, 57.2, 53.1, 46.0. Elemental anal. calcd. for
Co1Ho3N30.2C4H04: C 61.6, H 5.5, N 7.4 %. Found: C 61.45, H 5.9, N
7.05 %.

2-(4-Methylpiperazin-1-yDethyl naphthalene-1-carboxylate (LINS050
10). Yellow oil. Yield 21 %. 'H NMR (300 MHz, CDCl) §8.92 (d, J= 8.5
Hz, 1H), 8.16 (d, J = 7.2 Hz, 1H), 8.02 (d, J = 8.2 Hz, 1H), 7.89 (d, J =
7.9 Hz, 1H), 7.65-7.45 (m, 3H), 4.55 (t, J = 5.8 Hz, 2H), 2.86 (t, J = 5.8
Hz, 2H), 2.69 (br.s, 4H), 2.56 (br.s, 4H), 2.34 (s, 3H). 13C NMR (75 MHz,
CDCl3) 6 167.6, 133.8, 133.3, 131.3, 130.1, 128.5, 127.7, 127.4, 126.2,
125.9, 124.5, 62.4, 56.6, 55.1, 53.0, 45.8. Elemental anal. calcd. for
C18H2N205.2C4H404: C 58.8, H 5.7, N 5.2 %. Found: C 58.4, H5.2, N
5.5 %.

2-(4-Methylpiperazin-1-yDethyl naphthalene-2-carboxylate (LINS050
11). Yellow oil. Yield 17 %. 'H NMR (300 MHz, CDCl3) & 8.60 (s, 1H),
8.05 (dd, J = 8.6, 1.5 Hz, 1H), 7.96 (d, J = 7.8 Hz, 1H), 7,88 (d, J = 8.5
Hz, 2H), 7.63-7.50 (m, 2H), 4.52 (1, J = 6.0 Hz, 2H), 2.85 (t, J = 6.0 Hz,
2H), 2.67 (br.s, 4H), 2.50 (br.s, 4H), 2.30 (s, 3H). 13C NMR (75 MHz,
CDCly) 6 166.7, 135.6, 132.5, 131.1, 129.4, 128.3, 128.2, 127.8, 127.5,
126.7, 125.3, 62.8, 56.7, 55.1, 53.4, 46.0. Elemental anal. calcd. for
C18H2oN205.2C4H404: C 58.8, H 5.7, N 5.3 %. Found: C 58.4, H 5.4, N
5.0 %.

2-(4-Phenylpiperazin-1-ylethyl naphthalene-1-carboxylate (LINS0501
2). Yellow oil. Yield 78 %. 'H NMR (300 MHz, CDCl,) 58.93 (d, J = 8.7
Hz, 1H), 8.17 (dd, J=7.3, 1.1 Hz, 1H), 8.02 (d, J = 8.2 Hz, 1H), 7.88 (d,
J =7.7 Hz, 1H), 7.65-7.43 (m, 3H), 7.31-7.20 (m, 2H), 6.93(d, J=7.9
Hz, 2H), 6.85 (t, J = 7.3 Hz, 1H), 4.58 (t, J = 5.8 Hz, 2H), 3.23 (t, J= 5.0
Hz, 4H), 2.90 (t, J = 5.8 Hz, 2H), 2.77 (t, J = 5.0 Hz, 4H). >*C NMR (75
MHz, CDCls) 6 167.6, 151.3, 133.9, 133.3, 131.3, 130.1, 129.1, 128.6,
127.8, 127.5, 126.3, 125.9, 124.5, 119.8, 116.1, 62.4, 56.8, 53.5, 49.2.
Elemental anal. caled. for Co3H4N204.C4H404: C 68.05, H5.9, N 5.9 %.
Found: C 67.9, H 5.5, N 5.8 %.

2-(4-Phenylpiperazin-1-yDethyl naphthalene-2-carboxylate (LINS0501
3). Yellow solid. Yield 45 %. 'H NMR (300 MHz, CDCls) & 8.62 (s, 1H),
8.07 (d, J = 8.5 Hz, 1H), 7.97 (d, J = 7.4 Hz, 1H), 7.89 (d, J = 8.6 Hz,
2H), 7.65-7.50 (m, 2H), 7.30-7.21 (m, 2H), 6.94 (d, J = 8.0 Hz, 2H),
6.86 (t, J = 7.3 Hz, 1H), 4.57 (t, J = 5.9 Hz, 2H), 3.24 (t, J = 4.5 Hz, 4H),
2.91 (t, J = 6.0 Hz, 2H), 2.79 (1, J = 4.5 Hz, 4H). 1°C NMR (75 MHz,
CDCly) 6 166.7, 151.3, 135.6, 132.5, 131.2, 120.4, 120.1, 128.3, 128.2,
127.8, 127.5, 126.7, 125.3, 119.8, 116.1, 62.7, 56.8, 53.5, 49.2.
Elemental anal. caled. for CpsH24N20».C4H404: C 68.05, H5.9, N 5.9 %.
Found: C 67.8, H 5.5, N 5.7 %.

3-(4-Methylpiperazin-1-yDpropyl naphthalene-1-carboxylate (LINSO5
014). Yellow oil. Yield 18 %. 'H NMR (300 MHz, CDCl3) §8.90 (4, J =
8.5 Hz, 1H), 8.17 (d, J = 6.6 Hz, 1H), 8.03 (d, J = 8.3 Hz, 1H), 7.89 (d, J
= 7.8 Hz, 1H), 7.65-7.46 (m, 3H), 4.47 (t, J = 6.2 Hz, 2H), 2.73-2.39
(m, 10H), 2.35 (s, 3H), 2,03 (quint, J = 6,2 Hz, 2H). 1*C NMR (75 MHz,
CDCly) 6 167.6, 133.9, 133.3, 131.4, 130.1, 128.5, 127.7, 127.4, 126.2,
125.8, 124.5, 63.6, 55.2, 55.1, 53.2, 46.0, 26.3. Elemental anal. caled.
for C1oH24N202.2C4H40,4: C 59.55, H 5.9, N 5.1 %. Found C 59.65, H 5.7,
N 5.2 %.

3-(4-Methylpiperazin-1-yDpropyl naphthalene-2-carboxylate (LINSO
5015). Yellow oil. Yield 20 %. 'H NMR (300 MHz, CDCls) 6 8.60 (s, 1H),
8.08-8.02 (m, 1H), 7.96 (d, J = 7.7 Hz, 1H), 7.88 (d, J = 8.5 Hz, 2H),
7.62-7.51 (mn, 2H), 4.44 (t, J = 6.5 Hz, 2H), 2.81-2.38 (mn, 10H), 2.35 (s,
3H), 2.08-1.95 (m, 2H). 3C NMR (75 MHz, CDCl3) & 166.8, 135.5,
132.5, 131.0, 120.4, 128.3, 128.2, 127.8, 127.6, 126.7, 125.2, 63.5,
55.0, 54.9, 52.7, 45.7, 26.3. Elemental anal. calcd. for CgH24N205.2-
C4H404: C 59.55, H 5.9, N 5.1 %. Found: C 59.2, H5.7, N 5.1 %.

3-(4-Phenylpiperazin-1-yDpropyl naphthalene-1-carboxylate (LINSO5
016). Yellow oil. Yield 81 %. 15 NMR (300 MHz, CDCl3) §8.91 (d, J =
8.6 Hz, 1H), 8.18 (dd, J = 7.2, 0.9 Hz, 1H), 8.02 (d, J = 8.2 Hz, 1H), 7.88
(d, J = 7.9 Hz, 1H), 7.66-7.45 (m, 3H), 7.26 (dd, J = 12.8, 3.6 Hz, 2H),
6.93 (d, J = 8.1 Hz, 2H), 6.85 (t, J = 7.3 Hz, 1H), 4.50 (t, J = 6.5 Hz, 2H),
3.27-3.16 (1, 4H), 2.71-2.54 (m, 6H), 2.06 (quint, J = 6.9 Hz, 2H). 1°C
NMR (75 MHz, DMSO) § 167.7, 150.1, 135.9, 134.0, 133.9, 130.9,
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130.6, 129.6, 129.3, 128.4, 127.0, 125.5, 125.4, 120.5, 116.4, 62.8,
53.6, 51.7, 46.4, 23.9. Elemental anal. calcd. for CoqHo6N205.C4H404: C
68.5, H 6.1, N 5.7 %. Found: C 68.1, H 5.7, N 5.5 %.

3-(4-Phenylpiperazin-1-yDpropyl naphthalene-2-carboxylate (LINSOS5
017). Yellow solid. Yield 87 %. 'H NMR (300 MHz, CDCl3) & 8.61 (s,
1H), 8.07 (d, J = 8.6 Hz, 1H), 7.96 (d, J = 7.8 Hz, 1H), 7.88 (d, J = 8.5
Hz, 2H), 7.63-7.49 (n, 2H), 7.30-7.22 (1, 2H), 6.93 (d, J = 8.1 Hz, 2H),
6.86 (t, J = 7.3 Hz, 1H), 4.47 (t, J = 6.4 Hz, 2H), 3.23 (1, J = 6.0 Hz, 4H),
2.73-2.58 (m, 6H), 2.08 (quint, J = 6.0 Hz, 2H). 1°C NMR (75 MHz,
CDCls) 6 166.8, 151.3, 135.6, 132.5, 131.0, 129.4, 129.1, 128.3, 128.2,
127.8, 127.6, 126.7, 125.3, 119.8, 116.1, 63.6, 55.2, 53.3, 49.1, 26.3.
Elemental anal. caled. for Co4HogN202.C4H404: C 68.5, H 6.1, N 5.7 %.
Found: C 68.2, H5.8, N 5.8 %.

3-(4-Methylpiperazin-1-yDpropyl benzofuran-2-carboxylate (LINSOS
018). Yellow oil. Yield 38 %. 'H NMR (300 MHz, CDCls) 6 7.69 (d, J =
7.8 Hz, 1H), 7.60 (d, J = 8.4 Hz, 1H), 7.52 (s, 1H), 7.49-7.41 (i, 1H),
7.34-7.28 (m, 1H), 4.44 (t, J = 6.5 Hz, 2H), 2.71-2.36 (mn, 10H), 2.32 (s,
3H), 1.99 (quint, J = 6.4 Hz, 2H). '*C NMR (75 MHz, CDClg) & 159.6,
155.7, 145.6, 127.6, 127.0, 123.8, 122.8, 113.8, 112.4, 64.0, 55.1, 54.9,
53.2, 49.0, 26.2. Elemental anal. caled. for Cy7Hx»N03.2C4H404: C
56.2, H 5.7, N 5.2 %. Found: C 56.1, H 5.9, N 5.3 %.

3-(4-Phenylpiperazin-1-yDpropyl ~ benzofuran-2-carboxylate  (LINS
05019). Yellow solid. Yield 21 %. 'H NMR (300 MHz, CDCls) & 7.68 (d,
J=7.8Hz, 1H), 7.60 (d, J= 8.4 Hz, 1H), 7.53 (s, LH), 7.45 (dt, J = 8.3,
1.2 Hz, 1H), 7.33-7.23 (i, 3H), 6.92 (d, J = 8.0 Hz, 2H), 6.85 (t, J=7.3
Hz, 1H), 4.47 (t, J = 6.6 Hz, 2H), 3.21 (t, J = 4.5 Hz, 4H), 2.69-2.61 (m,
4H), 2.57 (t, J = 7.3 Hz, 2H), 2.03 (quint, J = 6.0 Hz, 2H). *C NMR (75
MHz, CDClg) 5 159.7, 155.8, 151.3, 145.6, 129.1, 127.7, 127.0, 123.8,
122.8, 119.7, 116.1, 113.9, 112.4, 63.9, 55.0, 53.3, 49.1, 26.2.
Elemental anal. caled. for CosHoaN203.C4H404: C 64.9, H 5.9, N 5.8 %.
Found: C 64.6, H5.9, N 5.7 %.

3-{4-(4-PyridyDpiperazin-1-yljpropyl benzofuran-1-carboxylate (LIN
$05020). Yellowish solid. Yield 49 %. 'H NMR (300 MHz, CDCl3) § 8.26
(d, J = 4.2 Hz, 2H), 7.68 (d, J = 7.8 Hz, 1H), 7.59 (d, J = 8.4 Hz, 1H),
7.53 (s, 1H), 7.45 (dt, J = 8.3, 1.2 Hz, 1H), 7.31 (t, J = 7.6 Hz, 1H), 6.65
(d, J = 4.2 Hz, 2H), 448 (t, J = 6.5 Hz, 2H), 3.37-3.27 (i, 4H),
2.63-2.51 (m, 6H), 2.02 (quint, J = 6.9 Hz, 2H). 1°C NMR (75 MHz,
CDClg) 6 159.6, 155.7, 155.0, 149.7, 145.5, 127.7, 126.9, 123.9, 122.8,
113.9, 112.4, 108.3, 63.8, 54.8, 52.6, 45.9, 26.1. Elemental anal. calcd.
for CpyHpgN303.2C4H404: C58.3, H5.2, N 7.0 %. Found C 58.4, H 5.45,
N 7.15 %.

3-[4-(4-PyridyDpiperazin-1-yljpropyl benzofuran-1-carboxylate (LIN
$05021). White solid. Yield 49 %. 'H NMR (300 MHz, CDCl3) & 8.68 (br.
s, 1H), 8.32 (d, J = 6.4 Hz, 2H), 7.65-7.61 (n, 1H), 7.44 (d, J = 0.8 Hz,
1H), 7.24-7.15 (m, 2H), 7.10-7.00 (m, 1H), 6.72 (d, J = 6.4 Hz, 2H),
3.64 (q, J = 5.6 Hz, 2H), 3.56-3.45 (n, 4H), 2.75-2.61 (m, 6H), 1.85
(quint, J =5.9 Hz, 2H). 1°C NMR (75 MHz, CDCls) §158.7, 154.5, 150.3,
150.3, 149.3, 127.7, 126.7, 123.7, 122.7, 111.2, 110.1, 108.5, 58.3,
52.8, 46.0, 40.1, 24.6. Elemental anal. calcd. for Co1HpgN402.2C4H404:
C 58.4, H 5.4, N 9.4 %. Found C 58.2, H 5.3, N 9.5 %,

3.3. Binding assays at human H3R and D3R

The hydogenmaleate salts of the compounds were assessed using
radioligand displacement assays at the human HgR and D3R as reported
previously.”*%%! The assessment at the human HsR and DsR were
performed using radioligand displacement assays following the previ-
ously reported method. The compounds were initially screened at single
concentration of 1 or 10 pM (Table 1). For the most interesting, full
concentration response curves were performed. The binding affinity
constants (K;) were calculated through non-linear regression (results are
depicted in Table 2). Selected compounds were also tested at the human
H4R and DR for selectivity assessment (Table S1), following similar
conditions,**°
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3.4. Inhibition of cholinesterases

The compounds (as hydrogenmaleate salts) were evaluated for their
inhibitory activity on eeAChE and egBChE in a 96-well microplate
following the Ellman’s method as described by our group.”” The assay is
based on the generation of thiocholine from the enzyme-catalyzed hy-
drolysis of acetylthiocholine (ATCI), which reacts with 5,5-dithiobis-
2-nitrobenzoic acid (DTNB) to form the yellowish products detected in
the spectrophotometer.”® In each well, 100 pL of DTNB, 20 uL of the
enzyme (eeAChE or egBChE), 40 UL of phosphate buffer (pH 7.0 or 8.0,
respectively) and 20 pL of each compound were added. Donepezil hy-
drochloride and neostigmine mesylate were used as pharmacological
standards. The plates were incubated at 37 °C for 15 min and then 20 pL
of ATCI solution was added, and then monitored every 3 min over 30
min at 415 nm wavelength. The obtained data (average + standard error
mean, SEM) is presented as percentage of enzymatic activity in Table 1.
This data was used to estimate the concentration to reduce the activity
by 50 % (ICsp) through non-linear regression, and expressed as -logICsg
(pICso &+ SEM). These data are presented in Table 2.

3.5. Prediction of physicochemical and pharmacokinetic properties

Selected compounds had their physicochemical properties calculated
by the SwissADME on-line platform (https://www.swissadme.ch).'® The
tool uses these physicochemical descriptors to predict pharmacokinetic
parameters such as gastrointestinal (GI) absorption, ability to cross the
blood-brain barrier (BBB) and probability to be a substrate and/or in-
hibitor of P-glycoprotein (P-gp), CYP enzymes and other functionalities.
The results are presented in Table 3.

3.6. Ligand efficiency analysis

The selected compounds had their ligand efficiency (LE) values
calculated following the classical formulae: LE = pK; or pICsg x 1.37/HA
where HA is the number of non-hydrogen atoms in the compound.”* The
obtained values are described for each target in Table 3.
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1-Methyl-4-[2-(1-naphthyloxy)ethylpiperazine (LINS05001). 'H NMR (300 MHz,
CDCls) 6 8.30-8.20 (m, 1H), 7.80-7.77 (m, 1H), 7.53-7.30 (m, 4H), 6.80 (d, J = 7.4
Hz, 1H), 4.29 (t, J = 5.7 Hz, 2H), 2.98 (t, J = 5.7 Hz, 2H), 2.71 (br.s, 4H), 2.49 (br.s,
4H), 2.30 (s, 3H). "*C NMR (75 MHz, CDCls) & 154.5, 1345, 127.5, 126.4, 125.9,

125.7,125.2,122.1,120.4,104.8, 66.6, 57.2, 55.1, 53.6, 46.0.

190



3.4 Multitargeting approaches to cognitive impairment: Synthesis of aryl-alkylpiperazines and
assessment at cholinesterases, histamine H3 and dopamine D3 receptors

S3

Cecilia

FNEEMP BYNTRATEHLUBRER cRg BBBEER g
ERRNOTTIO0HMN AH o ANE 0 omoBno
nnnnnnnnnnnnnnn SYY €1 00 0 e R g 28000
S L U et 5 i | L
{’ 26000
( [
{ f ‘ [ 24000

)yl [ )] -

[ 18000
[ 16000
[ 14000
[ 12000
[ 10000
[ 000
[ 000

4000

P T -

A s b 4
S50l o obol -2000
5588 & REG A E
e ] ERLE
T 95 " 90 " 8k " 80 ' 75 ' 70 " 6% ' 60 ' 55 ' S0 ' 45 ' 40 ' 36 30 ' 25 ' 20 " 15 ' 10 ' 06 ' 00 " 0s
f1 (ppm)
ecilia
2NEEMRSS FREABHER B4 n EngngCNnoon - 13000
w NEneenos g [ BHRORRYAREAE 2 [
[} il g o) E| b BEREFAEBARAR <
| e Gt | [ e R | 12000
11000
10000
5000
8000
[ 7000
6000
[ s000
4000
3000
2000
i [ 1000
|
" | J “u:J l 4 \ | | \ [ | L°
f f
-1000
180 150 140 130 120 110 180 El 70 &0 Ed 40 30 20 0 L -To

i)
f1 {ppm)

1-Methyl-4-[2-(2-naphthyloxy)ethyl]piperazine (LINS05002). 'H NMR (300 MHz,
CDCl3) & 7.81-7.66 (m, 3H), 7.47-7.38 (m, 1H), 7.33 (dd, J = 10.9, 4.0 Hz, 1H),
7.20-7.09 (m, 2H), 4.23 (t, J = 5.8 Hz, 2H), 2.89 (t, J = 5.8 Hz, 2H), 2.67 (br.s, 4H),
2.51 (br.s, 4H), 2.31 (s, 3H). '*C NMR (75 MHz, DMSO) 5 155.6, 133.0, 128.7, 127.9,
126.9,126.1,125.8,123.0,118.1,106.2, 64.6, 54.9,52.0, 49.3, 41.7.
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1-[2-(1-Naphthyloxy)ethyl]-4-phenyl-piperazine (LINS05003). 'H NMR (300 MHz,
CDCls) & 8.33-8.22 (m, 1H), 7.80-7.77 (m, 1H), 7.53-7.31 (m, 4H), 7.29-7.19 (m,
2H), 6.91 (d, J=8.1 Hz, 2H), 6.83 (dd, J = 15.1, 7.5 Hz, 2H), 4.31 (t, J = 5.6 Hz, 2H),
3.23-3.15 (m, 4H), 3.00 (t, J = 5.6 Hz, 2H), 2.83-2.77 (m, 4H). *C NMR (75 MHz,
CDCls) 5 154.6, 151.4, 134.6, 129.2, 127.6, 126.5, 125.9, 125.8, 125.3, 122.1, 120.5,
119.8,116.1,104.9, 66.7, 57.4, 53.8, 49.3.
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1-[2-(2-Naphthyloxy)ethyl]-4-phenyl-piperazine (LINS05004).
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H NMR (300 MHz,
CDCls) & 7.82-7.68 (m, 3H), 7.43 (dd, J = 11.1, 4.0 Hz, 1H), 7.31=7.22 (m, 3H),
7.21-7.12 (m, 2H), 6.94 (d, J = 8.0 Hz, 2H), 6.86 (t, J = 7.3 Hz, 1H), 4.28 (t, J = 5.8
Hz, 2H), 3.28-3.23 (m, 4H), 2.95 (t, J = 5.8 Hz, 2H), 2.82-2.76 (m, 4H). 13C NMR (75
MHz, DMSO) & 156.1, 150.3, 135.6, 129.9, 129.6, 129.2, 128.8, 128.1, 127.2, 1271,
124.4,120.3,119.0, 116.3, 107.8, 55.5, 52.3, 46.6.
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1-Methyl-4-[3-(1-naphthyloxy)propyijpiperazine (LINS05005). 'H NMR (300 MHz,
CDCI3) 6 8.30-8.22 (m, 1H), 7.79-7.76 (m, 1H), 7.51-7.29 (m, 4H), 6.79 (d, J = 7.2
Hz, 1H), 4.16 (t, J = 6.2 Hz, 2H), 2.86-2.32 (m, 10H), 2.28 (s, 3H), 2.15-2.04 (m,
2H). 3C RMN (75 MHz, DMSO) & 154.4, 134.5, 128.0, 127.0, 126.7, 125.8, 125.4,
121.9,120.4,105.6, 66.1, 54.0, 52.9, 50.3, 43.1, 26.0.
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1-Methyl-4-[3-(2-naphthyloxy)propyljpiperazine (LINS05006). 'H NMR (300 MHz,
CDCl3) 8 7.77-7.67 (m, 3H), 7.42 (dd, J = 11.0, 4.0 Hz, 1H), 7.32 (dd, J = 11.0, 3.9
Hz, 1H), 7.16-7.10 (m, 2H), 411 (t, J = 6.3 Hz, 2H), 2.33-2.78 (m, 10H), 2.30 (s,
3H), 2.09-1.96 (m, 2H). '*C NMR (75 MHz, DMSO) & 156.9, 134.7, 129.8, 128.9,
128.0,127.1,126.9,124.1,119.1,107.1,65.9, 53.9, 52.9, 50.3, 43.1, 25.9.
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1-[2-(1-Naphthyloxy)propylJ-4-phenyl-piperazine (LINS05007). '"H NMR (300 MHz,
CDCls) & 8.33-8.23 (m, 1H), 7.84-7.74 (m, 1H), 7.54-7.32 (m, 4H), 7.24-7.27 (m,
2H), 6.94 (d, J=7.9 Hz, 2H), 6.85 (dd, J = 12.8, 6.7 Hz, 2H), 4.23 (t, J = 6.2 Hz, 2H),
3.24 (t, J = 7.0 Hz, 4H), 2.67-2.73 (m, 6H), 2.25-2.09 (m, 2H). *C NMR (75 MHz,
CDCls) 8 156.9, 151.3, 134.6, 129.4, 129.1, 129.0, 127.6, 126.7, 126.4, 123.6, 119.8,
118.9,116.1,106.7, 66.2, 55.3, 53.3, 49.1, 26.7.
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1-[2-(2-Naphthyloxy)propyl]-4-phenyi-piperazine (LINS05008). 'H NMR (300 MHz,
CDCI3) 8 7.80-7.68 (m, 3H), 7.43 (t, J = 7.5 Hz, 1H), 7.37-7.20 (m, 3H), 7.13-7.17
(m, 2H), 6.94 (d, J = 8.0 Hz, 2H), 6.86 (t, J = 7.3 Hz, 1H), 417 (t, J = 6.3 Hz, 2H),
3.29-3.17 (m, 4H), 2.63-2.70 (m, 6H), 2.09 (quint, J = 6.9 Hz, 2H). "*C NMR (75
MHz, CDCIs) 5 156.9, 151.3, 134.6, 129.4, 129.1, 129.0, 127.6, 126.7, 126.4, 123.6,
119.8,118.9,116.1,106.7, 66.2, 55.3, 53.3, 49.1, 26.7.
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1-[2-(1-Naphthyloxy)ethyl]-4-(4-pyridyl)-piperazine (LINS05009). '"H NMR (300 MHz,
CDCls) 6 8.32-8.18 (m, 3H), 7.85-7.73 (m, 1H), 7.54-7.30 (m, 4H), 6.84-6.76 (m,
1H), 6.61 (d, J = 5.6 Hz, 2H), 4.29 (t, / = 5.4 Hz, 2H), 3.32 (t, J = 6.0 Hz, 4H), 2.98 (t,
J =5.3 Hz, 2H), 2.74 (t, J = 6.0 Hz, 4H). '*C NMR (75 MHz, CDCls) & 155.0, 154.4,
149.7, 134.6, 127.6, 126.5, 125.9, 125.7, 125.3, 122.0, 120.5, 108.3, 104.9, 66.6,

57.2,53.1, 46.0.
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2-(4-Methylpiperazin-1-yl)ethy! naphthalene-1-carboxylate (LINS05010). 'H NMR
(300 MHz, CDCI3) 68.92 (d, J=8.5 Hz, 1H), 8.16 (d, J=7.2 Hz, 1H), 8.02 (d, /= 8.2
Hz, 1H), 7.89 (d, J = 7.9 Hz, 1H), 7.65-7.45 (m, 3H), 4.55 (t, J = 5.8 Hz, 2H), 2.86 (t,
J = 5.8 Hz, 2H), 2.69 (br.s, 4H), 2.56 (br.s, 4H), 2.34 (s, 3H). 3C NMR (75 MHz,
CDCIs) 6 167.6, 133.8, 133.3, 131.3, 130.1, 128.5, 127.7, 127.4, 126.2, 125.9, 124 .5,

62.4, 56.6, 55.1, 53.0, 45.8.
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2-(4-Methyipiperazin-1-yl)ethyl naphthalene-2-carboxylate (LINS05011). 'H NMR
(300 MHz, CDClIs) & 8.60 (s, 1H), 8.05 (dd, J = 8.6, 1.5 Hz, 1H), 7.96 (d, J = 7.8 Hz,
1H), 7,88 (d, J = 8.5 Hz, 2H), 7.63-7.50 (m, 2H), 4.52 (t, /= 6.0 Hz, 2H), 285 (t, J =
6.0 Hz, 2H), 2.67 (br.s, 4H), 2.50 (br.s, 4H), 2.30 (s, 3H). '*C NMR (75 MHz, CDCls)
5 166.7, 135.6, 132.5, 131.1, 129.4, 128.3, 128.2, 127.8, 127.5, 126.7, 125.3, 62.8,
56.7,55.1,53.4, 46.0.
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2-(4-Phenylpiperazin-1-yl)ethyl naphthalene-1-carboxylate (LINS05012). 'H NMR
(300 MHz, CDCl3) 68.93 (d, J=8.7 Hz, 1H), 8.17 (dd, J= 7.3, 1.1 Hz, 1H), 8.02 (d, J
= 8.2 Hz, 1H), 7.88 (d, J = 7.7 Hz, 1H), 7.65-7.43 (m, 3H), 7.31-7.20 (m, 2H), 6.93
(d, J=79Hz 2H),6.85(, J=7.3 Hz, 1H), 458 (t, J = 5.8 Hz, 2H), 3.23 (t, J=5.0
Hz, 4H), 2.90 (t, J = 5.8 Hz, 2H), 2.77 (t, J = 5.0 Hz, 4H). '3C NMR (75 MHz, CDCls) &
167.6, 151.3, 133.9, 133.3, 131.3, 130.1, 129.1, 1286, 127.8, 127.5, 126.3, 125.9,
1245,119.8,116.1,62.4, 56.8, 53.5, 49.2.
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2-(4-Phenylpiperazin-1-yl)ethyl naphthalene-2-carboxylate (LINS05013). 'H NMR
(300 MHz, CDCls) 6 8.62 (s, 1H), 8.07 (d, J = 8.5 Hz, 1H), 7.97 (d, J = 7.4 Hz, 1H),
7.89 (d, J = 8.6 Hz, 2H), 7.65-7.50 (m, 2H), 7.30-7.21 (m, 2H), 6.94 (d, J = 8.0 Hz,
2H), 6.86 (t, J = 7.3 Hz, 1H), 457 (t, J = 5.9 Hz, 2H), 3.24 (t, J = 4.5 Hz, 4H), 2.91 (,
J =6.0 Hz, 2H), 2.79 (t, J = 4.5 Hz, 4H). '*C NMR (75 MHz, CDCls) & 166.7, 151.3,
135.6, 132.5, 131.2, 129.4, 129.1, 128.3, 128.2, 127.8, 127.5, 126.7, 125.3, 119.8,

116.1,62.7, 56.8, 53.5, 49.2.
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3.4 Multitargeting approaches to cognitive impairment: Synthesis of aryl-alkylpiperazines and
assessment at cholinesterases, histamine H3 and dopamine D3 receptors
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3-(4-Methylpiperazin-1-yl)propyl naphthalene-1-carboxylate (LINS05014). 'H NMR
(300 MHz, CDCI3) 68.90 (d, J = 8.5 Hz, 1H), 8.17 (d, J=6.6 Hz, 1H), 8.03 (d, /=83
Hz, 1H), 7.89 (d, J = 7.8 Hz, 1H), 7.65-7.46 (m, 3H), 4.47 (t, J = 6.2 Hz, 2H), 2.73-
2.39 (m, 10H), 2.35 (s, 3H), 2,03 (quint, J = 6,2 Hz, 2H). '3C NMR (75 MHz, CDCl3) 5
167.6, 133.9, 133.3, 131.4, 130.1, 128.5, 127.7, 127.4, 126.2, 125.8, 124.5, 63.6,
55.2,55.1,53.2, 46.0, 26.3.
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3-(4-Methylpiperazin-1-yl)propyl naphthalene-2-carboxylate (LINS05015). '"H NMR
(300 MHz, CDCI3) & 8.60 (s, 1H), 8.08-8.02 (m, 1H), 7.96 (d, J = 7.7 Hz, 1H), 7.88
(d, J = 8.5 Hz, 2H), 7.62-7.51 (m, 2H), 4.44 (t, J = 6.5 Hz, 2H), 2.81-2.38 (m, 10H),
2.35 (s, 3H), 2.08-1.95 (m, 2H). '*C NMR (75 MHz, CDCls) 5 166.8, 135.5, 132.5,
131.0, 129.4, 128.3, 128.2, 127.8, 127.6, 126.7, 125.2, 63.5, 55.0, 54.9, 52.7, 45.7,
26.3.
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3-(4-Phenylpiperazin-1-yi)propyl naphthalene-1-carboxylate (LINS05016). 'H NMR
(300 MHz, CDCl3) 8.91 (d, J = 8.6 Hz, 1H),8.18 (dd, J=7.2,0.9 Hz, 1H), 8.02 (d, J
=8.2Hz, 1H), 7.88 (d, J = 7.9 Hz, 1H), 7.66-7.45 (m, 3H), 7.26 (dd, J = 12.8, 3.6 Hz,
2H), 6.93 (d, J = 8.1 Hz, 2H), 6.85 (t, J = 7.3 Hz, 1H), 4.50 (t, J = 6.5 Hz, 2H), 3.27-
3.16 (m, 4H), 2.71-2.54 (m, 6H), 2.06 (quint, J = 6.9 Hz, 2H). '3C NMR (75 MHz,
DMSO) & 167.7, 150.1, 135.9, 134.0, 133.9, 130.9, 130.6, 129.6, 129.3, 128.4,
127.0,125.5,125.4,120.5, 116.4,62.8, 53.6, 51.7, 46.4, 23.9.
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3-(4-Phenylpiperazin-1-yl)propyl naphthalene-2-carboxylate (LINS05017). 'H NMR
(300 MHz, CDCIs) 6 8.61 (s, 1H), 8.07 (d, J = 8.6 Hz, 1H), 7.96 (d, J = 7.8 Hz, 1H),
7.88 (d, J = 8.5 Hz, 2H), 7.63-7.49 (m, 2H), 7.30-7.22 (m, 2H), 6.93 (d, J = 8.1 Hz,
2H), 6.86 (t, J = 7.3 Hz, 1H), 4.47 (t, J = 6.4 Hz, 2H), 3.23 (t, J = 6.0 Hz, 4H), 2.73-
2.58 (m, 6H), 2.08 (quint, J = 6.0 Hz, 2H). '*C NMR (75 MHz, CDCls) & 166.8, 151.3,
135.6, 132.5, 131.0, 129.4, 129.1, 128.3, 128.2, 127.8, 127.6, 126.7, 125.3, 119.8,

116.1,63.6, 55.2, 53.3, 49.1, 26.3.
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3-(4-Methylpiperazin-1-yl)propyl benzofuran-2-carboxylate (LINS05018). 'H NMR
(300 MHz, CDCl3) 6 7.69 (d, J = 7.8 Hz, 1H), 7.60 (d, J = 8.4 Hz, 1H), 7.52 (s, 1H),
7.49-7.41 (m, 1H), 7.34-7.28 (m, 1H), 4.44 (t, J = 6.5 Hz, 2H), 2.71-2.36 (m, 10H),
2.32 (s, 3H), 1.99 (quint, J = 6.4 Hz, 2H). *C NMR (75 MHz, CDCls) 5 159.6, 155.7,
145.6,127.6,127.0,123.8,122.8,113.8,112.4,64.0,55.1,54.9, 53.2, 49.0, 26.2.
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3-(4-Phenylpiperazin-1-yl)propyl benzofuran-2-carboxylate (LINS05019). 'H NMR
(300 MHz, CDCls) 8 7.68 (d, J = 7.8 Hz, 1H), 7.60 (d, J = 8.4 Hz, 1H), 7.53 (s, 1H),
7.45 (dt, J = 8.3, 1.2 Hz, 1H), 7.33-7.23 (m, 3H), 6.92 (d, J = 8.0 Hz, 2H), 6.85 {t, J =
7.3 Hz, 1H), 4.47 (t, J = 6.6 Hz, 2H), 3.21 (t, J = 4.5 Hz, 4H), 2.69-2.61 (m, 4H), 2.57
(t, J = 7.3 Hz, 2H), 2.03 (quint, J = 6.0 Hz, 2H)."*C NMR (75 MHz, CDCl3) & 159.7,
155.8, 151.3, 145.6, 129.1, 127.7, 127.0, 123.8, 122.8, 119.7, 116.1, 113.9, 1124,

63.9, 55.0, 53.3, 49.1, 26.2.
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3-[4-(4-Pyridyl)piperazin-1-ylJpropyl benzofuran-1-carboxylate (LINS05020). '"H NMR
(300 MHz, CDCl3) 6 8.26 (d, J = 4.2 Hz, 2H), 7.68 (d, /= 7.8 Hz, 1H), 7.59 (d, J = 8.4
Hz, 1H), 7.53 (s, 1H), 7.45 (dt, J=8.3,1.2 Hz, 1H), 7.31 (t, J= 7.6 Hz, 1H), 6.65 (d, J
= 4.2 Hz, 2H), 4.48 (t, J = 6.5 Hz, 2H), 3.37-3.27 (m, 4H), 2.63-2.51 (m, 6H), 2.02
(quint, J = 6.9 Hz, 2H). "*C NMR (75 MHz, CDCls) 5 159.6, 155.7, 155.0, 149.7,
1455,127.7,126.9,123.9,122.8,113.9, 112.4,108.3, 63.8, 54.8, 52.6, 45.9, 26.1.
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3-[4-(4-Pyridyl)piperazin-1-yljoropyl benzofuran-1-carboxylate (LINS05021). '"H NMR
(300 MHz, CDClIs) & 8.68 (br.s, 1H), 8.32 (d, J = 6.4 Hz, 2H), 7.65-7.61 (m, 1H), 7.44
(d, J = 0.8 Hz, 1H), 7.24-7.15 (m, 2H), 7.10-7.00 (m, 1H), 6.72 (d, J = 6.4 Hz, 2H),
3.64 (q, J = 5.6 Hz, 2H), 3.56-3.45 (m, 4H), 2.75-2.61 (m, 6H), 1.85 (quint, J = 5.9
Hz, 2H). '3C NMR (75 MHz, CDCls) 6 158.7, 154.5, 150.3, 150.3, 149.3, 127.7,
126.7,123.7,122.7,111.2,110.1,108.5, 58.3, 52.8, 46.0, 40.1, 24 6.
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Table S1. Screening of the LINSOS5 compounds at H4sR and D2R.

Compound %inhibition (+tSD) at 1 or 10 yM
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210 uM at AHaR and AD3R; b1 uM at AH3R and hDsR. n.t.: not tested

Kinetic studies

The protocol was performed with the same substrate from inhibition assays (ATCI)
with concentrations varying from 0.25 to 4 mM, and same concentrations to DTNB
and enzymes. The study was performed for compound 20 as inhibitor, in
concentrations varying from 10 to 75 uM. The experiments were performed in
triplicate. The Vmaxapp and Kwmapp values of the Michaelis-Menten kinetics were
estimated through non-linear regression from substrate/velocity curves. Obtained
data was used to build the Linewearver-Burk plot by using linear regression. The
results from kinetic studies (Figure S1) suggest that the mechanism for inhibition of
the eeAChE by compound 20 occurs through competitive inhibition. Increasing
concentrations of the inhibitor affected only the Kwapp value but not the Vmaxapp value,
leading to an intercept of the linear regression lines on the velocity axis of the

Lineweaver-Burk plot.
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Figure S1. Lineweaver-Burk plot showing competitive inhibition of eeAChE activity by

compound 20.
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Abstract

The challenging development of drugs for neurological diseases caused by multifactorial characteristics
and imbalances of several neurotransmitters and ions in the CNS demonstrates the importance for new
therapeutic options. Multitarget-directed ligands might be advantageous for these indications since they
act simultancously on multiple involved targets and synergistic effects are conceivable. Herein, we
report the design, synthesis and biological evaluation of dual target directed ligands by combining a
histamine H;R antagonist structural motif to various pharmacophores for Ca?* channel inhibition
including dihydropyridines and dihydropyrimidines. Besides the H;R affinitics, we were particularly
interested in the activity at two specific L-type Ca?* channels (Cay 1.2 and Cay 1.3) due to their potential
pathophysiological role for several neurological disorders, including Parkinson’s disease. Compounds
3f (1-(2,6-dimethyl-4-phenyl-5-(4-(3-(piperidin-1-y)propoxy)benzoyl)-1,4-dihydropyridin-3-yl)ethan-
1-one) and Sb ( 1-cyclohexyl-3-(3-(4-(3-(piperidin- 1-yl)propoxy)phenyl)propyl)urea) were identified as
lead compounds with nanomolar affinity to the H;R (K values of 1.56 nM and 8.41 nM, respectively)
and micromolar Ca** channel inhibition (Cay 1.2 IC; = 25.5 and 103.9 uM, Cay 1.3 IC5, = 40.9 and 43.5
pM) and were further evaluated for their use-dependency. Interestingly, the keto-substituted
dihydropyridine 3f with Hy;R pharmacophore linked directly to the dihydropyridine showed the best H;R
affinity. The urea derivatives with cyclohexyl side chain (Sa, Sb and Se) showed a preference for Cay1.3.
The results of this study provide new insights in the structure activity relationship of these dual-
actingligands and are essential for lead structure optimization to accomplish balanced dual inhibitory

effects.

Keywords: Multitarget-directed ligand, histamine H; receptor, calcium channel, Parkinson’s disease,

neurological disease
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Introduction

Histamine is a biogenic amine and neurotransmitter, which stimulates four subtypes of G-protein
coupled receptors (H;-H,R). In the central nervous system (CNS), histamine plays a role in cognition,
memory, and the sleep-wake cycle. The histamine H;R is mainly located in the CNS [1] acting pre- and
postsynaptically as control for the synthesis and release of histamine and other neurotransmitters such
as dopamine or noradrenaline [2]. Several histamine H; receptors (H;R) antagonists/inverse agonists
showed potential in modulating memory and cognition, mood and sleep-wake cycle and therefore
suggesting its potential role in neurodegenerative and neurocognitive diseases [3]. Much effort has been
made to develop drug candidates targeting the HyR for the treatment of Parkinson’s disease (PD),
Alzheimer disease (AD), schizophrenia, depression, and other cognitive disorders [4, 5]. Nevertheless,
pitolisant presents so far the only approved drug as H; receptor antagonist/inverse agonist for the
treatment of narcolepsy with or without cataplexy [6-8]. The indications of pitolisant were extended
with the authorization of Ozawade® by EMA for excessive daytime sleepiness in obstructive sleep
apnea in 2021[9]. In addition, preclinical and clinical failure rates in CNS diseases are higher than for
non-CNS medicinal products. Low efficacy, safety concerns, the multifactorial characteristics and the
lack of understanding the entire underlying mechanism(s) of neurological diseases challenge the

development of new drugs [10].

In recent years, multitarget directed ligands (MTDL) became increasingly important in the development
of drugs for multifactorial diseases to overcome these drawbacks. Rational design of target combinations
can lead to innovative drug candidates with several advantages over the single target approach[11].
Synergistic effects with increased therapeutic efficacy, higher compliance, and simplified therapeutic
regimen are just a few to mention here [12]. Despite this, balanced activity on the carefully selected

targets and avoidance of off-targets effects is important for the successful development of MTDL [13].

Malek et al. [14, 15] described the design and evaluation of multitarget directed ligands combining H;R
antagonism, Ca?* channel inhibition and acetyl- (AChE) and butyrylcholinesterase (BuChE) inhibition

as potential lead compounds for AD. Their lead compounds 3p (or Han 25) [14] and 3¢ [15] (shown in
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Figure 1) showed promising effects in-vivo in an AD mouse model despite their low potencies for Ca?*

channels (ICso 21 pM and 72.8 uM, respectively).

The importance of proper Ca?* signaling is evident from a number of human diseases associated with
Ca?* dysregulation [19-21]. Cav1.2 and Cav1.3 L-type Ca?* channels (LTCCs) are expressed in most
excitable cells and are implicated in multiple pathologies including neurological disorders and
neuropsychiatric symptoms [21]. Genetic variants enhancing LTCC activity cause the multisystem
disorder Timothy syndrome (Cavl.2, [22]) or a rare neurodevelopmental disorder (Cavl.3, [23]).
Furthermore, Cav1.3 is linked to mitochondrial oxidative stress in substantia nigra (SN) pars compacta
neurons since they contribute to Ca?* oscillations during autonomous pacemaking and to bursting in
these neurons [24]. This possibly underlies the high vulnerability and subsequent loss of SN pars
compacta neurons in PD, rendering Cav1.3 inhibition a potential disease-modifying strategy in early PD

[25].

The aim of this study is the development of dual target-directed ligands by combination of a histamine
H;R antagonist pharmacophore to that of Ca?* channel inhibitors as potential ligands for neurological
disorders. The investigation of the mutual influence of the combined pharmacophores on the binding
properties is in the focus of this study. In particular, Cay1.3 selective inhibitors are of special interest,
which would spare peripheral vasodilatatory and blood pressure lowering effects, but suitable candidates

have so far not been reported [25, 26].

N-(3-Phenoxypropyl)piperidine as in the H;R antagonist INJ-5207852 [27, 28] fits in the general
pharmacophore model of H;R antagonists and was selected as H;R structural element. In the first series
of compounds, it was combined with widely used dihydropyridine (DHP) LTCC inhibitors [29] and
derivatized. Secondly, two barbituric acid derivatives and urea precursors were designed to include the
pyrimidine-2,4,6,-trione, which were identified as low potency modulators of Cay 1.3 [30-32]. In the last
series, dihydropyrimidines (DHPM) as in the Ca?* channel modulator SQ 32926 [18] were combined
with the H;R pharmacophore to avoid the metabolic instability of DHPs @ [33]. The chemical structures

of known Ca?" channel modulators are displayed in Figure 1. Based on the results of H;R and Ca?*

a Parts of this work are based on the dissertation of S. Zhong.
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channel screening, eight compounds were tested for their selectivity to the H;R. Additionally, we

decided to further evaluate 3f and 5b in patch-clamp experiments for their use-dependency on Cay1.3.

Results and discussion

Chemistry

The synthesis of the symmetric 1,4-DHP (3a-e) has been carried out by Hantzsch DHP synthesis
(Scheme 1) with substituted benzaldehyde (1a-c) and the corresponding P-diketones (2a, 2b) or
iminobutanenitrile (2¢). The substituted B-diketone was prepared by a crossed Claisen condensation
from acetophenone derivative 2d and EtOAc in the presence of NaH and 18-crown-6-ether in THF. The
Claisen product reacted further with NH,OAc in MeOH to obtain the corresponding
iminophenylbutanone derivative 2e. The Knoevenagel condensation product 1d was prepared from
benzaldehyde and acetylacetone with AICl; as catalyst. Compound 3f was obtained from several

convergent synthetic steps (

Scheme 2). Compounds 2e and 1d were radiated in the microwave to obtain the desired asymmetric,
racemized dihydropyridine 3f (yield 22%). The low yield may be caused by the low reactivity of 1d as

Michael acceptor.

The benzylamine and phenyl propylamine derivatives (4a, 4b) were prepared as described previously
[34]. The urea derivatives Sa-d have been synthesized by amines 4a and 4b and cyclohexyl isocyanate
or phenyl isocyanate in THF at ambient temperature (Scheme 3). The derivatives with ethyl linker (Se,
5f) were prepared from tyramine hydrochloride in several subsequent steps. The obtained yields range
from 29 to 70%. The barbituric acid derivatives 6a and 6b were synthesized by acylating N,N-substituted

urea’s with malonic acid in acetic acid anhydride [35].

The DHPM derivatives have been synthesized by using 4-hydroxybenzaldehyde, urea and either
acetylacetone or ethyl acetoacetate. The reaction was catalyzed by HCl or ZrCl, as shown in Scheme 4
[36, 37]. The obtained phenols 7a and 7b reacted with 1-(3-chloropropyl)piperidine resulted to ligands

8a and 8b by Williamson ether syntheses under Finkelstein catalysis. The acylated derivatives 8¢ and
5
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8d were obtained by acylating the 8a and 8b with acetic anhydride in the presence of 4-dimethyl
aminopyridine (DMAP) and triethylamine in a microwave reaction [38]. The dihydropyrimidines were

obtained in yields from 78 to 94%.

Pharmacology

The affinity at the human H;R was determined by radioligand displacement assay as presented in Table
1. All DHP derivatives (3a-f) showed binding affinities to the H;R in the nanomolar range. The
asymmetric derivative 3f with H;R pharmacophore linked directly to the DHP ring showed the lowest
K value of 1.56 nM in this series. The binding affinities increased for derivatives 3¢ and 3d with electron
withdrawing nitro group (70.9nM and 222 nM, respectively). The lowest K; value of the urea
compounds is displayed by the cyclohexyl derivative Sb (8.41 nM). A longer linker length of the
cyclohexyl derivatives (Sa, Sb and Se) tends to increase affinity but this is not statistically significant.
The same trend is observed for the phenyl derivatives (5S¢, 5d and 5f) and the barbituric acid derivatives
(6a and 6b). Derivative 8b of the DHPM derivatives (8a-d) showed the lowest K value of 45.2 nM for.
Varying the ethyl ester and methylketone substitution on the DHPM ring does not influence the binding
properties to the H;R significantly. Overall, the 18 tested compounds demonstrated high affinities at the
H;R in nanomolar concentration range between 1 and 130 nM with clear structure-activity relationships.
Three derivatives (3a, 3f and 5b) are in the low nanomolar range, even surpassing the affinity of

reference compound pitolisant.

Selectivity for H;R over other GPCRs (hH;R and hH,R) of the most promising derivatives was tested.
The H;R affinity of the investigated compounds is at least 40 times lower than to the other histamine

receptors tested. None of the derivates showed affinity at the HyR up to 100 uM.

All synthesized compounds were investigated in a fluorescence-based assay to assess the inhibition of
Ca?* channel subtypes Cay1.2 and Cay1.3. The compounds were screened for their ICs, values if
inhibition at a concentration of 100 uM was higher than 50%. The results are provided in Table 1. Three
DHP derivatives namely 3b [ 14], 3d, and 3f inhibited both Ca?* channel subtypes to the same extent. In
comparison to 3b [14] with ICs, values of 40.9 uM (Cay1.2) and 36.8 pM (Cay1.3), the nitro substitution

(3d) increased the potency for both LTCC isoforms (ICs, 14.0 uM and 11.1 pM, respectively). The
6
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electron-withdrawing substitution on the phenyl ring is similar as in nimodipine, a blood-brain barrier
penetrant drug used for ischemic neurological deficits due to cerebral vasospasms following aneurysmal
subarachnoid hemorrhage [39]. Interestingly, the keto-substituted DHP derivative 3f showed similar
ICs, values as derivate 3b. It is the only asymmetric derivative without para-substituted phenyl ring,
indicating that the para-substitution reduces the potency at the Ca®* channels. None of the derivatives
showed preference for either of the tested LTCCs. This is consistent with the study of Chang et al., in
which DHPs only showed modest preference for Cay 1.3 [40]. The keto substitution at the DHP (3a and
3c) decreased inhibition of the Ca?* channels compared to the ester substitution (3b and 3d). Of the urea
derivatives, Sb and Sd with propyl linker showed the highest inhibition values with 103.9 or 56.4 pM
(Cay1.2) and 43.5 or 43.3 uM (Cay1.3). In comparison to the phenyl derivatives, the cyclohexyl group
led to a tendency towards the Cay 1.3 isoform (Sb, Sd and Se). The barbituric acid (6a and 6b) and
DHPM (8a-8d) compounds showed only minor inhibition of the Ca?* channels. The barbituric acid-
derived calcium channel inhibitors showed weaker inhibition than that reported for the pyrimidine-2,4,6-
trione compound cp-PYT with IC;= 24.3 uM (Cay1.3) with 100-fold selectivity over Cay1.2 [16].
However, the results obtained for cp-PYT are contradictory across different laboratories and show a
high variation due to the determination methods. Huang et al determined Cay1.3inhibition of 43% at 50
uM [32] and comparable Cav1.2 inhibition, and Ortner et al. suggest cp-PYT even as activator due to
altered current kinetics [31]. For the DHPM ester derivative 8d with N3-substitution the inhibition
values are slightly higher with 30.4% (Cay1.2) and 36.0% (Cay1.3) compared to the other three
derivatives. This indicates that N3-substitution and ester functionality are crucial for LTCC inhibition

as in SQ 32926 [18].

In summary, five derivatives with ICs, values in the micromolar range were identified including the
already described derivative 3b [14]. Despite this, none of the compounds showed LTCC inhibition in
the nanomolar range as shown for the control compound isradipine. The decline of LTCC activity of the
DHPs compared to the reference isradipine is probably caused by the keto-substitution and the position
of the linked H;R pharmacophore. Furthermore, we were unable to verify Ca** channel inhibition of
DHPM derivatives as shown by Malek et al [15]. This discrepancy may be attributed to the used cell

line in the Ca** assay namely SH-SYS5Y human neuroblastoma cells. Their lead compound 3e with in-

7
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vivo properties in restoring cognitive function in scopolamine treated AD mice is structurally similar to
compound 8d but differs in the linker length of the H;R pharmacophore and the additional AChE
pharmacophore. This raises the questions on which other Ca?* channel subtype(s) the DHPM of Malek

et al. bind to and to what extent the structural differences influence the binding properties.

The influence of the Ca** channel inhibitor pharmacophores on the H3R affinity is much weaker. Notably
the clectron-withdrawing group in the DHPs leads to decreased H;R affinity and therefore to an
unfavorable interplay of these dual target ligands. High H;R affinity values below 100 nM were achieved
for all tested Ca?* channel pharmacophore combinations with only two exceptions (3d, 5¢). These results
could guide further lead structure optimization if dual inhibitory effect on histamine H;R and LTCC:s is

required.

Due to the low nanomolar H;R affinity and simultaneous LTCC inhibition, compounds 3f and 5b were
further investigated at a concentration of 30 uM in whole-cell patch-clamp experiments with two
different frequencies (0.1 and 1 Hz) to analyze the frequency-dependency at Cay 1.3 (Table 2, Figure
2B). Compound 5b inhibited about 20% of Cay 1.3 current with low potency and its potency was not
increased at a higher frequency suggesting that it does not act in a frequency-dependent manner.
Compound 3f was slightly more potent with an IC,, close to 30 uM at 0.1 Hz stimulation frequency. A
minor, but significant increase in potency was observed at 1 Hz frequency, indicating a weak use-
dependent mechanism of action (unpaired student’s t-test, p<0.01)Despite this, both compounds are
much less potent than the DHP isradipine (ICs, around 100 nM at 0.1 Hz stimulation frequency and

negative holding potential (-89 mV)) [41].

To gain insights into the influence of these compounds on cell viability and to test for their cytotoxic
effects, we screened the compounds for their cytotoxicity in a cell-based assay using neuronal SH-SYSY
cells. Compared to the toxin MPP*, which led to a cytotoxicity of ~90 %, none of these compounds

showed cytotoxic effect at a concentration of 10 uM as shown in Table 1.

Conclusion

We designed dual targeting ligands comprising H;R antagonist pharmacophore merged to various Ca?*

channel inhibitors and identified two derivatives (3f and Sb) with low nanomolar affinity at the human

8
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H;R (K; = 1.56 — 8.41), micromolar LTCC inhibition (Cay1.2 ICs, =25.5 and 103.9 uM, Cay1.3 IC;, =
40.9 and 43.5 pM) and non-existent cytotoxic effects on SH-SYS5Y cells. Our results provide new
insights into the binding properties of the dual-acting ligands. Furthermore, we observed a tendency of
cyclohexyl-3-urea derivatives to Cay1.3 compared to Cayl.2. The study certainly adds to our

understanding of the mutual influence of the linked pharmacophores.

The herein designed compounds are suitable as a starting point for further structural optimization to
obtain desired and balanced binding properties on both investigated targets. Future studies will elucidate
whether such novel multi target directed ligands will prove useful for the treatment of complex

neurological and neurodegenerative diseases such as PD and AD.
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Materials & methods

Human H;, H; and Hy Receptor Radioligand Displacement Assays

Radioligand displacement assays at the human histamine H;R, H;R and H,R were performed, as
published previously [42, 43]. In summary, the compounds were incubated with membrane preparations
of CHO- or HEK-293 cells stably expressing the human histamine HyR (40 pg/well), H;R (20 pg/well)
and HUR (30 pg) and the corresponding radioligand [*H]-Pyrilamine (1nM, Ky = [PH]N®-
methylhistamine (2 nM, Kp, = 3.08 nM) and [3H]-histamine (10 nM, Ky, = 10.6 nM) in 200 pL (H; and
H,) or 100 ulL (Hy) binding buffer (10 mM MgCl,, 100 mM NaCl and 75 mM Tris/HCl, pH 7.4) for
90 or 120 min. At least three independent experiments of each compound in duplicate were conducted
with seven to 11 concentrations. Obtained data was analysed with GraphPad Prism 10 (San Diego, CA,
USA) using non-linear least squares fit and the equation “one site competition”. K; values were
calculated according to the Cheng—Prusoff equation [44] and are reported as means with a 95%
confidence interval. Statistical analyses were performed on the -logK; values and were converted to
mean K values and a 95% confidence interval. Differences are considered significant if 95% confidence

intervals do not overlap.

Ca? Channel Assays

HEK293 cells stably expressing full-length Cav1.2 or C-terminally short Cav1.3 al subunits together
with B3 and 0281 (ts A-Cay 1.2;,wr and ts A-Cay 1.3, respectively [45]) were cultured in DMEM (Sigma-
Aldrich), supplemented with 10% FBS (Gibco), 1% L-Glutamine and Penicillin/streptomycin. Selection
media was applied for one week after thawing with supplementation of Blasticidin S HCI (Gibco),

Hygromycin B and G418.

Cells were seeded onto black, clear bottom 384-well plates (Product number 3764, Corning Life
Sciences) and incubated at 37 °C, 5% CO, for 48h to achieve 100% confluence. Doxycycline (1 pg/ml)
was added to induce expression of o;-subunit. After 7 to 8 hours, cells were washed twice with Krebs-
Hepes buffer (pH 7.4), and Fluo-4 AM dye (4 uM) was added and incubated (37 °C, 5% CQO,) for 45
minutes. Cells were washed twice with Krebs-Hepes buffer and once with HBSS buffer (5 mM Hepes

10
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added, pH 7.4) to remove excess of dye. Compound dilutions were prepared by subsequent dilution of
DMSO stocks (10 mM) to the required concentrations in HBSS buffer. DMSO (1%) was used as control
and isradipine as reference. Final volume of each well was 50 ul.. Measurement was conducted by
Infinite M1000 Pro (Tecan) reader with the following settings: Ag, = 485 nm, Az, = 520 nm bandwidth
10 nm, Gain 90. Each well was measured for 60 s with an interval of one second, after measuring the
baseline for 10 s KCI (final concentration 90 mM) was injected to initiate Ca?* influx. For one-point
measurements at 100 uM, quadruplicate of at least three independent experiments were determined and
analysed as global fit. For compounds with inhibition values > 50%, 1C,, values were determined.
Fluorescence increase after injection was calculated (AF = F,j,x - Fpasaine) and normalized to the mean of
control (1% DMSO). Data were analysed with GraphPad Prism 9 (San Diego, CA, USA). Nonlinear

regression was calculated with log(inhibitor) vs. normalized response — variable slope.

Patch-clamp experiments

Patch clamp recordings were determined on HEK-293T cells stably expressing human Cay1.3s. External
bath solution contains 170 mM choline chloride, 10 mM HEPES, 1 mM MgCl,, 2 mM CaCl,, pH of 7.3
adjusted with CsOH solution. Internal pipette solution contains: 135 mM CsCl, 10 mM Cs-EGTA, 1
mM MgCl,, 10 mM HEPES, 4 mM ATP (pH 7.3). Current—voltage (I-V) relationships were obtained
by 25-ms square pulse depolarizations from the holding potential (HP) of -89 mV (corrected for liquid
junction potential of -9 mV) to different test potentials in 5 mV increments to determine the voltage of
maximal conductance (V,,,,). For the pharmacological experiments cells were depolarized from the
same HP to the V,,, of the individual cell with a frequency of 0.1 or 1 Hz. Cells were perfused with
external bath solution (2 mM Ca?*, flow rate 0.35-0.5 m1l/min) with or without test compounds. Control
recordings were performed daily with bath solution and the application of compounds was started after
three constant control sweeps. Stock solution (10 mM in DMSO) of compounds were diluted to test
concentration of 30 uM in external bath solution. Effects of compounds were corrected assuming linear
current decay in absence of compound. As positive control 3 pM isradipine were applied at the end of
the experiment to fully inhibit L-type current. Data were analyzed using MatLab 9.12.0 (The

Mathworks, Inc.) and Clampfit 10.7 (Axon Instruments). Statistical evaluation (unpaired student’s t-

11
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test) was done with GraphPad Prism 8.0.1 software (GraphPad Software, La Jolla, CA). Data are

presented as mean + SEM.

Cytotoxicity Assay

SH-SYS5Y cells were cultured in MEME (Sigma-Aldrich) containing 10% FBS, 1% L-Glutamine and
non-essential amino acids. Cells were seeded onto 96 well cell culture plates (Product number
83.3924.300, Sarstedt) with a cell density of 8000 cells/well in a volume of 90 ul. and incubated for 24h
(37 °C, 5% CO,). Compound dilutions (10x concentrated) were added to the wells in triplicate at the
concentration of 10 uM and incubated again for 24h (37 °C, 5% CO,). 1-Methyl-4-phenylpyridinium
iodide (MPP") in a concentration of 1 mM was used as positive control and 1% DMSO as negative
control. The media was removed after the incubation time and resazurin (stock concentration 440 uM)
diluted in RPMI buffer (Sigma) was added and incubated for 2h. Fluorescence was measured with a
Tecan Infinite M1000 Pro multimode reader with the following settings: g, = 535 nm, Agy, = 590 nm,
bandwidth 5nm, gain 70. Cell viability was calculated by normalizing data to negative control.

Cytotoxicity was calculated by subtracting cell viability from 100%.

Chemistry

General

All starting materials were obtained from Sigma Aldrich (Merck) and VWR and used without further
purification. Analytical thin-layer chromatography was done on precoated TLC sheets ALUGRAM®
Xtra SIL. G/UC254 (Macherey-Nagel) with visualization under UV light. Mass spectra have been
determined with Advion Mass Express (Advion, Ithaca, USA) and atmospheric-pressure chemical
ionization (APCI+/-) or Bruker UHR-QTOF maXis 4G (Bruker Daltonics, Billerica, USA) and
electrospray ionization (ESI+/-). Melting points were determined with Biichi M-565 (Biichi Flawil,
Switzerland) with an open capillary tube. 'H and 3C NMR spectra were measured at Bruker Avance-II1
300 and Bruker Avance-III 600. Deuterated dimethyl sulfoxide (DMSO-d®) was used as solvent for
NMR and tetramethylsilane as standard. Chemical shifts are given as parts per million (ppm) and

reported as follows: s (singlet), d (doublet), dd (double of doublets), t (triplet), q (quartet), p (pentet), or
12
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m (multiplet). The coupling constant (J) is given in Hertz (Hz). Purification of the compounds was
carried out using flash chromatography Biotage Isolera Spektra Systems with ACI™ and Assist
(Biotage) with SNAP KP-Sil and SNAP KP Sil ULTRA (Biotage) as stationary phase and
dichlormethane and methanol as mobile phase. Solvents have been evaporated with a Rotavapor R 1T
(Biichi) with a PC 3001 VARIO vacuum pump (Vacuubrand) and CVC 3000 Vacuum controlling
system. The compounds have been dried with a high-vacuum pump (Hybrid-Pumpe RC 6; Vaccubrand).
Elemental analysis was performed on Vario MICRO cube Elemental Analyzer (Hanau, Germany).
Liquid chromatography-mass spectrometry (LC-MS) was measured on an Elute SP (HPG 700) Bruker
Daltronics and amaZon speed ion trap LC/MSn system (ESI-MS). Method: Alternating ion polarity on;
scan range: m/z 80-1200; nebulizer: nitrogen 15 Psi; dry gas: nitrogen, § I/min, 200 °C; mass range
mode: UltraScan, column: Intensity Solo 2 C18 (100 x 2.1 mm); temperature: 50 °C; mobile phase: A
(water hypergrade for LC-MS with 0.1 % formic acid (v/v); B (acetonitrile hypergrade for LC-MS);
method 1 analysis: 0-4 min 98% A, 4-5 min gradient to 95% A, 5-9 min 95% A, 9-16 min gradient to

5% A, 16-17 min gradient to 0% A, reconditioning: 17-18 min gradient to 98% A, 18-21 min 98% A.

Method 2: 0-2 min 40% A, 2-24 min gradient to 2% A, 24-25 min gradient to 0% A, reconditioning: 25-
26 min gradient to 40% A. Method 3: 0-4 min 40% A, 4-5 min gradient to 35% A, 5-16 min gradient to
5% A, 16-25 min gradient to 0%, reconditioning: 25-28 min gradient to 40% A. Method 4: 0-4 min 95%
A, 4-16 min gradient to 5% A, 16-17 min gradient to 0% A, reconditioning: 17-18 min gradient to 95%,

18-21 min 95%.

General procedure for the synthesis of dihydropyridine derivatives

Compounds 3a-d were prepared via a modified method reported previously [46] . The aldehyde 1a (for
3a, b), 1b (for 3¢, d) (3a: 2.04 mmol, 3b: 2 mmol, 3¢: 1,85 mmol, 3d: 1 mmol) was dissolved in 1 mL
EtOH. This solution was added to acetylacetone (0.4 mL, 4 mmol) for compound 3a, 3¢ or ethyl
acetoacetate (4 mmol or rather 2 mmol) for compound 3b, 3d and (NH,),CO; (0.31 g, 2 mmol or 1
mmol) in 5 mL H,O. The mixture was heated to 60 °C for 4 h (3a) or 55°C for 18h (3b), respectively
55°C for 4 h (3d). After the completion of the reaction monitored via TLC, the mixture was diluted with

10 mL H;O and extracted with three portions of 20 mL. DCM. The combined organic layer was dried
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with anhydrous MgSO, and concentrated in a rotary evaporator. The residue was purified[45] with
column chromatography using the solvent gradients consisting of DCM and MeOH in ratio from 95:5
to 85:15 as eluents. Compound 3d the product was converted to the corresponding HCl salt by treating

with HCl in 2-propanol.

Compound 3e was synthesized via an adapted method previously reported (Sanad et al, 2016). Aldehyde
la (1 mmol) and 3-aminocrotononitrile (2 mmol) were dissolved in 1 mI. AcOH. This solution was
radiated in the MW at 120 °C for 10 min and poured into crushed ice after completion. To adjust the p/7
of the solution to 9-10 6 M NaOH solution (aq.) was added. The aqueous solution was extracted three
times with 30 mL DCM, the combined organic layer was dried over anhydrous MgSO, and concentrated
in a rotary evaporator. Purification was carried out by column chromatography using a solvent mixture

of DCM and Me¢OH in a ratio of 95:5 as cluent.

For the synthesis of 3f, benzaldehyde and acetyl acetone with DCM catalyzed by AICL; resulted in the
Knoevenagel condensation product 1c¢ after 3 h. 2e was prepared by a crossed Claisen condensation
from derivative 2d with EtOAc, NaH and 18-crown-6-¢ther in THF. NH,OAc¢ in MeOH was added to
the Claisen product of the reaction and boiled under reflux for 2 h to result in derivative 2e. 1c (1.5
mmol) and 2e (1.5 mmol) dissolved in 2 mL EtOH have been heated in a microwave at 160 °C for 15
min. The solvent was removed in rotary evaporator and the residue purified by column chromatography

with a solvent mixture of DCM and MeOH (85:15).

Melting point, NMR, MS, LC-MS and elemental analysis data for final compounds 3a — 3f
(*H and *C NMRs see Figure S1-812)

3a:  3,5-Diacetyl-2,6-dimethyl-4-{4-[3-(piperidin-1-yl)propoxy|phenyl }-1,4-dihydropyridine  (3a).
Light yellow solid, yield 11%, m.p. 151.5 °C. 'H NMR (300 MHz, CDCl;) 6 7.12 (d, J = 8.3 Hz, 2H),
6.74 (d, J = 8.2 Hz, 2H), 6.06 (s, 1H), 5.02 (s, 1H), 3.93 (t, J = 6.4 Hz, 2H), 2.50-2.33 (m, 6H overlap),
2.30 (s, 6H), 2.25 (s, 6H), 1.92 (p, J = 6.5 Hz, 2H), 1.57 (p, / = 5.5 Hz, 4H), 1.48-1.36 (m, 2H). 13C
NMR (75 MHz, CDCLy) & 198.24, 157.83, 142.91, 138.42, 128.58, 114.53, 114.09, 66.53, 56.13, 54.75,
39.40, 30.22, 26.97, 26.10, 24.56, 20.54. APCI-MS (+): m/z 411.4 [M+H]" ,anal. calcd. for C,sH3,N,O5:

C, 73.14%, H, 8.35%, N, 6.82%. Found: C, 72.99%, H, 8.52%, N, 6.52%.
14
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3b: Diethyl-2,6-dimethyl-4- {4-[3-(piperidin- 1-yl)-propoxy]phenyl}-1,4-dihydropyridine-3,5-
dicarboxylate (3b). Yellowish viscous liquid, yield 33%. 'H NMR (300 MHz, DMSO-d%) & 8.74 (s, 1H),
7.03 (d, J = 8.7 Hz, 2H), 6.73 (d, J = 8.7 Hz, 2H), 4.78 (s, 1H), 4.04-3.93 (m, 4H), 3.89 (1, = 6.3 Hz,
2H), 2.37-2.26 (m, 6H, overlap), 2.24 (s, 6H), 1.79 (p, J = 6.6 Hz, 2H), 1.47 (p, J = 5.4 Hz), 1.40-131
(m, 2H), 1.13 (t, / = 7.1 Hz, 6H). 1*C NMR (75 MHz, DMSO-d%) & 167.04, 156.89, 144.97, 140.44,
128.33, 113.74, 102.16, 65.74, 58.95, 55.23, 54.13, 37.97, 26.39, 25.61, 24.17, 18.22, 14.21. APCI-MS
(+): m/z 471.2 [M+H]",anal. calcd. for C,;H;3N,O5: C, 68.91%, H, 8.14%, N, 5.95%. Found: C, 68.82%,

H, 8.42%, N, 5.75%.

3c: 3,5-Diacetyl-2,6-dimethyl-4- {3-nitro-4-[ 3-(piperidin- 1-yl)propoxy Jphenyl }- 1,4-dihydropyridine
(3¢). Yellow solid, yield 14%, m.p. 139.6 °C. *H NMR (300 MHz, DMSO-d¢) 6 9.01 (s, 1H), 7.52 (d,
“J=23Hz 1H), 7.37(dd, #%/ = 8.7, 2.4 Hz, 1H), 7.19(d, J = 8.8 Hz, 1H), 5.04 (s, 1H), 4.09 (t,/ = 6.1
Hz, 2H), 2.37-2.23 (m, 12H, overlap), 2.20 (s, 6H), 1.80 (p, J = 6.5 Hz, 2H), 1.45 (p, J = 5.3 Hz, 4H),
1.39-1.31 (m, 2H). *C NMR (75 MHz, DMSO-d%) & 195.96, 149.83, 145.34, 139.43, 139.04, 133.11,
123.13, 115.01, 112.29, 67.53, 54.79, 54.10, 37.23, 30.44, 26.02, 25.60, 24.14, 19.21. APCI-MS (+):
m/z 456.4 [M+H]* ,anal. calcd. for C,sH33N,05: C, 65.91%, H, 7.30%, N, 9.22%. Found: C, 65.93%, H,

7.55%, N, 8.84%.

3d:  Diethyl-2,6-dimethyl-4-{3-nitro-4-[ 3-(piperidin-1-yl)propoxy]phenyl}-1.,4-dihydropyridine-3,5-
dicarboxylate hydrochloride (3d). Hygroscopic yellow solid, yield 41%, m.p. 111.8 °C. 'H NMR (300
MHz, CDCl;) 6 7.74 (d, 4] = 2.2 Hz, 1H), 7.46 (dd, %/ = 8.6, 2.3 Hz, 1H), 6.87 (d, J = 8.6 Hz, 1H),
6.50 (s, 1H), 4.96 (s, 1H), 4.15 (t,J = 5.4 Hz, 2H), 4.12-4.01 (m, 4H), 3.22-2.93 (m, 6H, overlap), 2.51-
2.38 (m, 2H), 2.35 (s, 6H), 2.02 (br, 4H), 1.65 (br, 2H), 1.21 (t, J/ = 7.1 Hz, 6H). 1*C NMR (75 MHz,
CDCl) 6 167.38, 150.21, 145.16, 141.77, 139.00, 134.45, 125.31, 114.16, 103.14, 66.72, 60.00, 55.20,
53.81, 39.06, 24.18, 22.81, 22.31, 19.56, 14.40. LC-MS (ESDfor C,;H;,N,O, m/z calculated 516.27,

found 516.32 [M+H]" purity 98.5%.

3e:  3,5-Dicyano-2,6-dimethyl-4-{4-[3-(piperidin-1-yl)propoxy |Jphenyl}-1,4-dihydropyridine ~ (3e).
White solid, yield 19%, m.p. 131.6 °C. *H NMR (300 MHz, CDCl,) 8 7.15 (d,J = 8.6 Hz, 2H), 6.87 (d,
J = 8.6 Hz, 2H), 6.71 (br, 1H), 4.26 (s, 1H), 3.99 (t, J = 6.3 Hz, 2H), 2.57-2.35 (m, 6H, overlap=, 2.06
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(s, 6H), 2.03-1.93 (m, 2H), 1.62 (p, J = 5.6 Hz, 4H), 1.52-1.40 (m, 2H). 13C NMR (75 MHz, CDCL) &
158.92, 145.16, 135.11, 128.90, 118.99, 115.05, 85.39, 66.52, 56.03, 54.67, 41.42, 26.70, 25.81, 24.35,

18.56. LC-MS (ESI) for C,3H,sN,O m/z calculated 377.23, found 377.15 [M+H]* purity 96.16%.

3f:  3-Acetyl-2,6-dimethyl-4-phenyl-5-{4-[ 3-(piperidin-1-yl)propoxy]benzoyl}-1,4-dihydropyridine
(3f). Yellow solid, yield 22%, m. p. 74.0 °C. 'H NMR (300 MHz, CDCls) 6 7.52 (d, J = 8.8 Hz, 2H),
7.22-7.13 (m, 2H), 7.13-7.03 (m, 3H, overlap), 6.82 (d, / = 8.8 Hz, 2H), 6.13 (s, 1H), 5.08 (s, 1H), 4.02
(t,J = 6.3 Hz, 2H), 2.56-2.49 (m, 2H), 2.49-2.44 (m, 4H), 2.42 (s, 3H), 2.07 (s, 2H), 2.05-1.92 (m, 2H),
1.73 (s, 3H), 1.62 (p, J = 5.6 Hz, 4H), 1.51-1.39 (m, 2H). 3C NMR (75 MHz, CDCl;) 3 198.86, 197.56,
162.40, 145.78, 145.64, 136.32, 132.47, 131.02, 128.72, 127.12, 126.68, 115.25, 114.29, 109.78, 66.62,
55.87, 54.62, 43.41, 29.60, 26.46, 25.67, 24.24, 20.70, 18.39. LC-MS (ESI) for C;yHssN,0; m/z

calculated 473.28, found 473.23 [M+H]* purity 97.39%.

General procedure of the synthesis of urea derivatives

Compound 5b was synthesized by adding 4 mIL. LiAlH, (1 M) in THF dropwise to a solution of
carboxamide derivative 4b (1.37 mmol) in 20 mL. THF at r.t. The reaction was heated at reflux for 2 h
and quenched with H,O dropwise at 0 °C until no more gas developed. The mixture was filtered, the
filtrate collected and dried in a rotary evaporator. It was dissolved in EtOAc and washed with 20 mL
H,0, 20 mL. 1 M NaOH and 20 mL brine. The organic layer was dried with MgSO, and concentrated in
a rotary evaporator. The obtained product phenylpropylamine derivative was directly used in the next

steps.

Compounds Sa-d were synthesized by dissolving benzylamine derivative 4a (10.2 or 1 mmol,
compound 5a, Sc) or phenylpropylamine derivative 4b (0.5 mmol; compound Sb, 5d) and cyclohexyl
isocyanate (5a:11.9 mmol, Sb: 0.5 mmol) respectively phenyl isocyanate (0.9 mmol; Sc, Sd) in 80 (5a)
or 10 mL (Sb-d) THF at r.t. For compound 5S¢ TEA (2.5 mmol) was added to reveal the primary amine.

The reaction was stirred for 18 h and concentrated in a rotary evaporator.

Compounds Se and 5f were synthesized from Tyramine hydrochloride (1.5 mmol) and TEA (1.95 mmol)

stirred in 25 mL MeCN for 1 h. Subsequently, c-Hexyl or phenyl isocyanate (1.5 mmol) was added to
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the solution and stirred at r.t. for 18 h. 1-(3-Chloropropyl)piperidine (Se: 5 mmol, 5f: 1 mmol), K,CO,
(Se: 20 mmol, 5f: 2.90 mmol) and KI (Se: 0.5 mmol, 5f: catalytic amount) were added to the reaction
mixture. For compound Se 30 mL acetone were added and boiled under reflux for 18 (Se) or 24 h (5f).
After cooling down to r.t., the suspension was filtered and rinsed with 20 mL acetone. The filtrate was

combined, concentrated in a rotary evaporator.

The residues were purified with column chromatography using DCM and MeOH as eluents (gradient
ratio 95:5 to 90:10). To obtain compound 5a, the purified product was treated with HCI in dioxane to

obtain the corresponding salt.

Melting point, NMR, MS, LC-MS and elemental analysis data for final compounds Sa — 5f

('H and 3C NMRs see Figure S13-S24)

Sa: 1-Cyclohexyl-3-{4-[3-(piperidin-1-yl)propoxy|benzyl}urea hydrochloride (5a). White solid, yield
quantitative, m.p. 189.3 °C. 'H NMR (300 MHz, DMSO-d®) 6 11.13 (s, 1H), 7.57 (d, J = 8.6 Hz, 2H),
7.29 (d, J = 8.6 Hz, 2H), 4.53 (s, 2H), 4.43 (t,J = 6.1 Hz, 2H), 3.92-3.70 (m, 3H, overlap), 3.55 (dt,J =
10.5, 5.1 Hz, 2H), 3.28 (dt, J = 12.0, 8.3 Hz, 2H), 2.60 (dq, J = 11.7, 6.1 Hz, 2H), 2.36-1.36 (m, 16H,
overlap), *C NMR (75 MHz, DMSO-d°) § 157.47, 157.03, 133.25, 128.31, 114.26, 65.07, 53.40, 51.94,
47.79, 42.22, 33.29, 25.34, 24.46, 23.28, 21.43. LC-MS (ESI) for C,,H;sN;0, m/z calculated 374.28,

found m/z 374.23 [M+H]" purity 100%.

Sb: 1-Cyclohexyl-3-(3-{4-[3-(piperidin- 1yl)propoxy|phenyl}propyl)urea hydrochloride (Sb). White
solid, yield 55%, m.p. 134.9 °C. 'H NMR (300 MHz, DMSO-d¢) 6 10.61 (s, 1H), 7.10 (d, J = 8.5 Hz,
2H), 6.84 (d, J = 8.6 Hz, 2H), 4.00 (t, / = 6.0 Hz, 2H), 3.50-3.36 (m, 2H), 3.37-3.27 (m, 1H), 3.13 (dt,
J=8.3,5.1Hz, 2H), 2.94 (t, / = 6.9 Hz, 2H), 2.89-2.76 (m, 2H), 2.54-2.43 (m, 2H), 2.18 (dq, / = 11.7,
6.0 Hz, 2H), 1-93-0.89 (m, 18H, overlap). 1*C NMR (75 MHz, DMSO-d®) § 157.43, 156.29, 133.98,
129.08,114.30, 64.98, 53.32,51.88,47.60, 38.57,33.16,31.88,31.47,25.23,24-31,23.24, 22.18, 21.29.

LC-MS (ESI) for C;4,H3oN30, m/z calculated 402.31, found 402.27 [M+H]" purity 95.63%.

Se: 1-Phenyl-3-{4-[3-(piperidin-1-yl)propoxy]benzyl}urea (Sc). White solid, yield 44%, m.p. 145.2 °C.

IH NMR (300 MHz, DMSO-d%) 6 8.47 (s, 1H), 7.39 (dd,J = 8.7, 1.1 Hz, 2H), 7.27-7.15 (m, 4H, overlap),
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6.94-6.82 (m, 3H, overlap), 6.49 (t,J = 5.9 Hz, 1H), 4.21 (d, J = 5.8 Hz, 2H), 3.95 (t, J = 6.4 Hz, 2H),
2.41-2.26 (m, 6H, overlap), 1.83 (p, J = 6.5 Hz, 2H), 1.48 (p, J = 5.5 Hz, 4H), 1.42-1.29 (m, 2H). 3C
NMR (75 MHz, DMSO-d°) & 157.59, 155.16, 140.48, 132.13, 128.64, 128.48, 121.04, 117.64, 114.29,
65.93, 55.18, 54.13, 42.20, 26.32, 25.62, 24.16. LC-MS (ESI) for Cp,H,oN,0, m/z calculated 368.23,

found 368.15 [M+H]" purity 97.90%.

5d: 1-Phenyl-3-(3-{4-[3-(piperidin-1-yl)propoxy]phenyl} propyl)urea hydrochloride (5d). White solid,
yield 58%, m.p. 173.2 °C. *H NMR (300 MHz, DMSO-d¢) 6 10.30 (br, 1H), 8.84 (s, 1H), 7.39 (d, J =
8.0 Hz, 2H), 7.19(t,/ = 7.8 Hz, 2H), 7.14 (d,J = 8.1 Hz, 2H), 6.85 (d,/ = 8.1 Hz, 3H), 6.52 (t./ = 5.6
Hz, 1H), 4.01 (t, / = 6.0 Hz, 2H), 3.45-3.40 (m, 2H), 3.14 (t, / = 7.9 Hz, 2H), 3.05 (q, J = 6.5 Hz, 2H),
2.90-2.81 (m, 2H), 2.55 (t,/ = 7.6 Hz, 2H), 2.16 (dq,J = 11.9, 6.1 Hz, 2H), 1.82-1.74 (m, 4H, overlap),
1.71-1.64 (m, 3H, overlap), 1-42-1.34 (m, 1H). *C NMR (75 MHz, DMSO-d®) § 156.38, 155.38, 140.74,
133.91, 129.28, 128.57, 120.73, 117.38, 114.33, 64.91, 53.45, 52.00, 38.40, 31.78, 31.51, 23.35, 22.38,

21.38. LC-MS (ESI) for C,,H;3N;0, m/z calculated 396.27, found 396.20 [M+H]" purity 95.05%.

Se: 1-Cyclohexyl-3-{4-[3-[piperidin-1-yl)propoxy]|phenethyl}urea hydrochloride (5e). White to light
beige solid, yield 70%, m.p. 160.2 °C. 'H NMR (300 MHz, DMSO-d¢) 8 10.74 (s, 1H), 7.10 (d, / = 8.6
Hz, 2H), 6.85 (d, J = 8.6 Hz,2H), 4.00 (t, / = 6.1 Hz, 2H), 3.46-3.36 (m, 2H), 3.32 (dt,J = 10.0, 3.8 Hz,
1H), 3.21-3.06 (m, 4H, overlap), 2.86 (tdd, /= 12.2,9.1, 3.7 Hz, 2H), 2.58 (t,/ = 7.3 Hz, 2H), 2.18 (dq,
J =116, 6.1 Hz, 2H), 2.58 (t, / = 7.3 Hz, 2H), 2.18 (dq, J = 11.6, 6.1 Hz, 2H), 1.94-0.95 (m, 16H,
overlap). 13C NMR (75 MHz, DMSO-d%) 8 157.40, 156.63, 131.96, 129.62, 114.36, 65.02, 53.41, 51.94,
47.70, 41.14, 35.30, 33.28, 25.33, 24.46, 23.30, 22.31, 21.43. LC-MS (ESI) for C;3H,;;N,0, m/z

calculated 388.30, found 388.27 [M+H]* purity 98.71%.

5f: 1-Phenyl-3-{4-[3-(piperidin-1-yl)propoxy]phencthyl}urea (5f). White to light beige solid, yield
29%, m.p. 133.0 °C. tHNMR (300 MHz, CDCl;) . 7.34-7.22 (m, 4H), 7.14-6.98 (m, 3H, overlap), 6.88
(s, 1H), 6.82 (d, J = 8.6 Hz, 2H), 5.13 (t, / = 5.7 Hz, 1H), 3.99 (t,J = 6.3 Hz, 2H), 3.44 (q,/ = 6.7 Hz,
2H), 2.75 (t, J = 6.8 Hz, 2H), 2.60-2.44 (m, 6H, overlap), 2.10-1.93 (m, 2H), 1.66 (p, J = 5.5 Hz, 4H),

1.55-1.43 (m, 2H). *C NMR (75 MHz, CDCl;) 6 157.68, 156.26, 139.22, 131.31, 129.83, 129.18,
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123.29, 120.56, 114.90, 66.48, 55.98, 54.69, 41.72, 35.51, 26.68, 25.77, 24.33. LC-MS (ESI) for

Cy3H;3; N0, m/z caleulated 382.25, found 382.18 [M+H]* purity 100%.
General procedure for the synthesis of N, N -disubstituted barbituric acid derivatives

Compounds 6a and 6b were synthesized as reported previously [34].The urea derivatives Sa or rather
Se (2 mmol) and malonic acid (2 mmol) were dissolved in 8 mL of (Ac),0. and the obtained mixture
was radiated in the microwave at 60 °C for 10 min. The reaction was quenched by adding 3 mL of H,O
dropwise at 0 °C and the solution was concentrated in the rotary evaporator. The residue was purified
with column chromatography by using solvent mixtures of DCM and MeOH (gradient ratio from 90:10

to 85:15) as eluents. The corresponding salts were obtained by treating with HCI in EtOAc.

Melting point, NMR, MS, LC-MS and elemental analysis data for final compounds 6a,6b (‘\H

and 13C NMRs see Figure S25-S28)

6a: 1-Cyclohexyl-3-{4-[3-(piperidin-1-yl)propoxy|benzyl}-1,3-diazinane-2,4,6-trione hydrochloride
(6a). White solid, yield 78%, m.p. 229.2 °C. 'H NMR (300 MHz, CDCl;) § 12.15 (s, 1H), 7.34 (d, J =
8.7Hz, 2H), 6.77 (d,J = 8.7 Hz, 2H), 4.92 (s, 2H), 4.56 (t, >/ = 12.3, 3.7 Hz, 1H), 4.03 (t,/ = 5.5. Hz,
2H), 3.60 (s, 2H), 3.59-3.49 (m, 2H), 3.12 (dt, J = 10.5, 5.2 Hz, 2H), 2.74-2.56 (m, 4H), 1.68-1.51 (m,
2H), 1.50-1.07 (m, 6H). *C NMR (75 MHz, CDCl;) 5 184.85, 164.80, 158.03, 151.42, 130.88, 129.22,
114.38, 65.05, 55.57, 55.40, 53.55, 44.39, 40.47, 29.11, 26.35, 25.16, 23.91, 22.63, 22.21. LC-MS (ESI)

for CpsH,ysN,0, mv/z calculated 442.27, found 442.23 [M+H]" purity 99.35%.

6b:  1-Cyclohexyl-3-{4-[3-(piperidin-1-yl)propoxy]phenethyl}-1,3-diazinane-2,4,6-trione  hydro-
chloride (6b). White to light beige solid, yield 33%, m.p. 185.4 °C. '"H NMR (300 MHz, CDCl,) 6 12.17
(s, 1H), 7.12 (d, J = 8.5 Hz, 2H), 6.76 (d, J = 8.6 Hz, 2H), 4.56 (tt, **/ = 12.2, 3.7 Hz, 1H), 4.06-3.95
(m, 4H, overlap), 3.61-3.51 (m, 4H, overlap), 3.20-3.07 (m, 2H), 2.35-2.13 (m, 4H), 1.97-1.74 (m, 6H),
1.70-1.51 (m, 2H), 1.50-1.09 (m, 4H). *C NMR (75 MHz, CDCl;) 6 164.91, 164.62, 157.14, 151.21,
130.69, 130.14, 114.49, 65.03, 55.50, 55.41, 53.58, 43.14, 40.34, 33.15, 29.15, 26.38, 25.19, 23.97,
22.64, 22.24. LC-MS (ESI) for C,sH;;,N;O, m/z calculated 456.29, found 456.24 [M+H]" purity

98.62%.
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General procedure for the synthesis of dihydropyrimidine derivatives

Compound 8a, b were synthesized as follows, the Biginelli product 7a (1.91 mmol, for 8a) or 7b (3.33
mmol, for 8b), alkyl chloride 2 (2 or 3.34 mmol), KI (1 mmol or catalytic amoiunt), and K,CO; (6 or 8
mmol) were dissolved in 15 mL DMF respectively 30 mL acetone. The reaction was heated to 70 °C for
40 h. The purification was performed via column chromatography using DCM and MeOH as eluent
(gradient 95:5 to 85:15). The purified product of compound 8a was treated with HCI in EtOAc to obtain

the corresponding salt.

Compounds 8c and 8d were synthesized via a modified method reported previously [37]. Compound 8a
or 8b (1.4 or 0.5 mmol), Ac,O (3.5 or 1.2 mmol), TEA (3.5 or 1.2 mmol), and DMAP (0.28 or 0.1 mmol)
were dissolved in 3 or 1 mL. MeCN. The solution was heated in the microwave to 130 °C for 10 min.
The obtained solution was concentrated in a rotary evaporator and purified with column chromatography

with DCM and MeOH as eluents (ratio from 95:5 to 90:10).

Melting point, NMR, MS, LC-MS and elemental analysis data for final compounds 8a — 8d

(*H and 3C NMRs see Figure S29-S36)

8a: 5-Acetyl-6-methyl-4-{4-[3-(piperidin- 1-yl)propoxy]phenyl}-3,4-dihydropyrimidine-2(1/)-one
hydrochloride (8a). Light yellowish solid, yield 78%, m.p. 228.7 °C. TH NMR (300 MHz, DMSO-d®) &
10.66 (s, 1H), 9.15 (d, 47 = 2.0 Hz, 1H), 7.77 (dd, >4 = 3.6, 2.0 Hz, 1H), 7.16 (d, J = 8.7 Hz, 2H), 6.89
(d,J = 8.7Hz, 2H), 5.20 (d,J = 3.4 Hz, 1H), 4.02 (t, J = 6.0 Hz, 2H), 3.41 (d, J = 12.3 Hz, 2H), 3.19-
3.05 (m, 2H), 2.94-2.76 (m, 2H), 2.28 (s, 3H), 2.25-2.10 (m, 2H), 2.07 (s, 3H), 1.89-1.64 (m, SH,
overlap), 1.45-1.31 (m, 1H). ®C NMR (75 MHz, DMSO-d¢) & 194.34, 157.52, 152.07, 147.89, 136.65,
127.67, 114.43, 109.57, 65.07, 53.37, 53.24, 51.93, 30.19, 23.23, 22.30, 21.41, 18.85. LC-MS (ESI) for

C1Hy0N;0; m/z calculated 372.23 found 372.29 [M+H]* purity 100%

8b: Ethyl-6-methyl-2-0x0-4-{4-[3-(piperidin-1-yl)-propoxy]phenyl}-1,2,3 4-tetrahydropyrimidine-5-
carboxylate (8b). White solid, yield 84%, m.p. 147.4 °C. *H NMR (300 MHz, DMSO-d¢) & 9.14 (d, 4/
=2.0Hz, 1H), 7.65 (dd, %/ 2.1 Hz, 1H), 7.13 (d, / = 8.7Hz, 2H), 6.86 (d, / = 8.7Hz, 1H), 5.08 (d,/ =

3.3 Hz, 1H), 4.07-3.90 (m, 4H, overlap), 2.51-2.31 (m, 6H, overlap), 2.23 (s, 3H), 1.93-1.79 (m, 2H),
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1.59-1.45 (m, 4H), 1.44-1,34 (m, 2H), 1.10 (t,/ = 7.1 Hz, 3H). 1*C NMR (75 MHz, DMSO-d¢) & 165.38,
157.79, 152.15, 148.00, 137.02, 127.40, 114.24, 99.56, 65.77, 59.15, 54.94, 53.85, 53.34, 25.92, 25.20,
23.78, 17.77, 14.11. LC-MS (ESI) for C,,H;,N;0, m/z calculated 402.24, found 402.28 [M+H]* purity

100%.

8c: 3,5-Diacetyl-6-methyl-4-{4-[3-(piperidin- 1-yl)propoxy]phenyl}-3,4-dihydropyrimidine-2(1/)-one
(8c). Beige solid, yield 78%, m.p. 163.7 °C. tH NMR (300 MHz, CDCl,) 6 8.23 (s, 1H), 7.23 (d,/ = 8.7
Hz, 2H), 6.80 (d,J = 8.8 Hz, 2H), 6.64 (s, 1H), 3,95 (t, / = 6.3 Hz, 2H), 2.54 (s, 3H), 2.50-2.34 (m, SH,
overlap), 2.18 (s, 3H), 2.02-1.87 (m, 2H), 1.58 (p, J = 5.5 Hz, 4H, 1.49-1.36 (m, 2H). '*C NMR (75
MHz, CDCl,) 6 195.68, 171.63, 159.20, 151.91, 144.92, 130.55, 128.74, 114.86, 113.46, 66.55, 56.01,
54.71, 53.16, 29.74, 26.76, 26.54, 25.95, 24.46, 18.61. LC-MS (ESI) for C,;;H,;N;0, m/z calculated

414.24, found 414.26 [M+H]" purity 100%.

8d:  Ethyl  3-acetyl-6-methyl-2-0x0-4-{4-[3-piperidin- 1-yl)propoxy]phenyl}-1,2,3,4-tetrahydro-
pyrimidine-5-carboxylate (8d). Light yellowish solid, yield 94%, m.p. 159.2 °C. '"H NMR (300 MHz,
CDCl) 6 8.04 (s, 1H), 7.23 (d, J = 8.7 Hz, 2H), 6.78 (d, J = 8.8 Hz, 2H), 6.56 (s, 1H), 4.15 (q, /= 7.1
Hz, 2H), 3.95 (t, J = 6.3 Hz, 2H), 2.54 (s, 3H), 2.52-2.41 (m, 6H, overlap), 2.40 (s, 3H), 2.02-1.90 (m,
2H), 1.60 (p, J = 5.5 Hz, 4H), 1.49-1.39 (m, 2H), 1.23 (t,/ = 7.1 Hz, 3H). '*C NMR (75 MHz, CDCl,)
8 171.61, 165.15, 158.82, 152.31, 145.10, 132.03, 128.34, 114.53, 105.90, 66.48, 60.61, 56.04, 54.68,
53.18, 26.76, 26.72, 25.87, 24.41, 17.91, 14.35. LC-MS (ESI) for C,,H33N;05 m/z calculated 444.25,

found 444.29 [M+H]* purity 100%.
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Figure 1: Chemical structures and their biological activities of multi target-directed ligands combining H;R
and Ca?* channel inhibition and chemical structures of known Ca?* channel blockers taken as lead motifs
[16.18]. Data for compound 3e [15], for compounds 3j and 3p [14].
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+ 2X)k/R3 — 3a: R2=H, R%=COMe (11%)
R 3b: RZ = H, R%= COOEt (33%)
X0 3c: R%=NO,, R*=COMe (14%)

1a:R'=A,R,=H 2aX=0,R®=COCH,

1b: R' = A, Ry = NO, 2b X =0, R? = COOCH,CH4
2¢ X =NH,R®=CN

Scheme 1: Preparation of symmetric dihydropyridines. Chemicals and conditions: a) (NH4),COs,

corresponding o, p-diketone, H,O, EtOH, 55-60 °C, 4 h; b) AcOH, 120 °C, MW, 10 min.

3d: R?=NO,, R’>=COOEt (41%)
3e: R%=H, R%=CN (19%)
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h; d) EtOH, MW, 160 °C, 15 min; b) NaH, EtOAc, 18-crown-6-ether, THF, reflux, 3 h ¢) NH,;OAc, MeOH, reflux,
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Scheme 3: Syntheses of urea (A, B) and corresponding barbituric acid derivatives (C). Chemicals and
conditions: a) c-hexyl or phenyl isocyanates, THF, r.t. 2 h; b) c-hexyl or phenyl isocyanates, TEA, THF (4c) or
MeCN (4d), r.t.; ¢) K,CO;, KI, acetone (4c) or MeCN (4d), reflux, 18 h; d) Ac,O, MW, 60 °C, 10 min.
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Scheme 4: Biginelli syntheses of dihydropyrimidine derivatives. Chemicals and conditions: a) EtOH, HCI
(37%, aq., catalytic amount), reflux, 18 h; b) EtOH, ZrCl4 (catalytic amount), reflux, 15 h; ¢) acetone, K,CO;, KI,
reflux, 18 h; d) Ac,O, TEA, DMAP, MeCN, 130 °C, MW, 10 min.
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Figure 2: Activity of derivative 3f and 5b over Cay1.2 and Cay1.3 Ca?* channels determined by fluorescence
assay. (A) Concentration response curves for inhibition of Cay1.2 and Cayl.3 under application of various
concentrations. Data are presented as mean + SEM of at least three independent experiments. Inhibition curves of
Cayl.2 and Cayl.3 channels from derivatives 3f and 5b. (B) Remaining Ca** currents (Cay1.3) in patch clamp

experiments at 0.1 and 1 Hz stimulation frequency.
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Table 1: Resulls of radioligand displacement assays of hF;R, hH;R and hHR, and Muorescence Ca?* channel and cylotoxicily assay.

Compound hH; K; b [nM] hH, K; ® [nM] hH, K; ® [nM] Ca,1.2 Cay1.2ICs° Cayl.3 Cay131Cs° Cytotoxicity®
% inhibition®* [uM] % inhibition®  [uM] [%]
Pitolisant 12.1 [7.5-194]
Chlorpheniramine 20.2[12.7-32.0]
INJ7777120 9.6 [5.6-16.3]
Isradipinz 103 (= 6.5) 0.0015 {= 0.0009) 102 (=4.5) 0.0089 {=0.001}

MPP* 893 (+1.9)
3a 3.09 [0.77-12.5] 3942 [674-23071] 100000 238(18.5) 18.7 (1 9.0) 9.2(:3.3)
3b° 114 (521-243] 1869 [515-6780] =100000 698{£122; 409¢=2.5) 929(x38) 3T6{=1.9) -lL5(=5
3¢ 70.9(29.0-174] 27.6(£4.0) 34070 121 (5.9)
3d 222[89-554] 9724 [5419-17449] =100000 96.2(£3.7) 1401.1) 95.0(x49) 11.1{=08) 11.0 (+3.3)
e 29.1 [3.14-270] 2011513 33.0(x92) 091x52)
3 1.56 [0.68-3.60] 2260 [1019-5013] =100000 76.7 (£ 2.6) 255 0.7) $8.1(+3.9) 409 (= 2.0) 3)
Sa 18,6 [7.13-48.5] 4214 [1040-17071] =100000 18.6(+5.9) 231 (104 A .6}
Sh 841 [3.96-119] 1708 [721-4044] =100000 26,9 (1 10.7) 103.9 (+94) $23(18.0) 43.5(- 9.8) S5.0(+1.8)
S¢ 125 [82.5-191] 293 (+7.1) 325(+8.7) 2.4)
5d 154 [2.30-103] 1145 [906-1448] =100000 632(£6.1) 364 (= 3.6) 821(+11.7) 433 (= 3.6) .7
Se 292 [7.6-112] 131193 484 (417.7) 42(:4.9)
5f 210 [1.92-229] 3650 [1511-8818] 100000 31501 7.9) 32.7(+14.7)
6a 98.8(29.0-337] 1253 (£115) 25(x7.6)
6b 34.5 [11.5-104] 16.9(+10.9) 238(+142)
8a 61.5[198-191] 6461} 2.0(=8.5;
8h 452 (13 6-151) 12.9(x88) 18.7(£138;
8¢ 83.9[38.5-183] 10.4(£5.9) 4.5(=7.6) 4.8(=4.3)
8d 773 [57.1-105] 304(x7.9) 36.0(x82) 224(=5.0)

v K, values are presented as mean with confidence interval (95%) of at least three independent experiments,

¢ Data are presented as mean + SEM of at least three independent experiments,

4 One point inhibition values were measured al a concentration of 100 uM.

* Cytotoxicity was calculated by subtracting normalized response (cell viability) from 100%.

rC‘ompound published as 3f from Malek et al with Ca** channel blockade 28%, hH.R K; value of 40 nM [14]

32

248



3.5 Design, synthesis and biological in vitro properties of dual acting ligands as histamine H3
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Table 2: Inhibition of Cay1.3 channels by 30 uM of compounds 3f and 5b determined in patch clamp
experiments. The remaining Ca?" currents [%)] at 0.1 and 1 Hz stimulation frequency is given as mean + SEM (n-
number). Statistics: unpaired student’s t-test **P < 0.01; no significant difference was observed between 0.1 and

1 Hz for 5b.
compound Remaining Ca?* current [%] (n)
0.1 Hz 1 Hz
3t 52.1 + 1.81%* (4) 33.0 £ 4.51%* (4)
5h 83.8+2.56 (3) 78.1+£3.63(3)
Isradipine 1C50=98.1 nM [41] -
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ABSTRACT: In search of new dual-acting histamine H;/sigma-1 receptor ligands, we designed a series of compounds structurally
based on highly active in vivo ligands previously studied and described by our team. However, we kept in mind that within the
previous series, a pair of closely related compounds, KSK67 and KSK68, differing only in the piperazine/piperidine moiety in the
structural core showed a significantly different affinity at sigma-1 receptors (o,Rs). Therefore, we first focused on an in-depth
analysis of the protonation states of piperazine and piperidine derivatives in the studied compounds. In a series of 16 new ligands,
mainly based on the piperidine core, we selected three lead structures (3, 7, and 12) for further biological evaluation. Compound 12
showed a broad spectrum of analgesic activity in both nociceptive and neuropathic pain models based on the novel molecular
mechanism.,

™ chematheropy-induced and

59.121 on November 26, 2024 at 15:52:48 (UTC)

See https://pubs.acs.org/sharingguidelines [or options on how Lo legitimately share published articles

Downloaded via 93.195

1. INTRODUCTION

The treatment of complex, multifactorial diseases by single
target-oriented therapies rarely results in good efficacy. For this
reason, the approach based on the simultaneous modulation of

CNS regions responsible for nociception, H;Rs are also
associated with pain® through the involvement in the central
sensitization of pain.

A range of competitive antagonists/inverse agonists have

multiple targets’ activity captured the interest of the
pharmaceutical industry and academia. The increasing number
of evidence indicates improvement in both the therapeutic
safety and efficacy of multitarget- duected ligands (MTDLs)
compared with single-target dmg\

‘The histamine H; receptor (H;R) is a G protein-coupled
receptor (GPCR) highly expressed in the central nervous
system (CNS), where it acts as an auto- and heteroreceptor to
regulate neurotransmission.” Thus, it has been considered a
relevant target in the treatment of varied disorders, such as
Alzheimer’s discase, schizophrenia, and attention deficit
hyperactivity disorder.* Furthermore, being localized in several

€ 2023 The Authors. Published by
American Chemical Society

< ACS Publications

9658

been discovered and progressed into clinical trials, among
which pitolisant was '1ppruved in 2016 for the treatment of
narcolepsy (Tigure 1). 57 As a consequence, the interest in the
clinical application of novel H;R antagonists, especially those
with multifunctional profiles, has clearly increased.”™">
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Figure 1. Structures of selective and dual-targeling compounds evaluated in clinical trials and obtained in our previous work.**
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Tigure 2. Pharmacophore models for II;R, &R, and o;R ligands. General structures of compounds described in this work.

Importantly, recent studies have shown that some clinically
evaluated H;R antagonists possess additional affinity at sigma-1
receptors, which may play an important role in their

pharmacology and underlie the differences in the reported
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preclinical and clinical efficacy.'>'* For example, JNJ-5207852
was highly selective for H;R compared to the sigma-1 receptor,
and the approved agent pitolisant displayed similar afhnity
toward both receptors (Figure 1).'> Therefore, sigma-1 affinity

https://doi.org/10.1021/acs jmedchem.3c00430
J. Med. Chem. 2023, 66, 2658—9683
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Scheme 1. General Synthetic Pathway for Starting Ethers a—i and Compounds 1-16“

O ka or
HO S s o NS N o
a-i

2

R
B
n=1-4 1-16
R R':
phenyl {1-4, 9-11), piperidine (5-11), n=1(1-8,1215),
4-cyanophenyl (5, 12), 4-methylpiperidine (2), "~ § E‘]’o; 6),
n= N
phenoxy (6, 13), 3-methylpiperidine (1), n=4(11)

N-phenylamine (7, 14),
benzyl {8, 15),
tert-butyl (16)

azepane (3),

pyrrolidine (4),
4-(4-pyridyl)piperidine (12-15),
4-(pyrazin-2-yl)piperazine (16)

“Reagents and conditions: (i) proper a,w-dibromoalkane, CH;CH,CH,ONa, 60 °C: 3 h, reflux: 3 h; (i) proper cycloalkylamine, K,CO;, KI,

EtOH/H,0 (5:1), reflux; §—12 h,

should be always considered when interpreting the in vive
efficacy of novel H:R ligands.

Sigma (o) receptors, initially described as a subtype of
opioid receptors, are now considered a separate class.
Pharmacological studies have distinguished two types of o
receptors, namely, ¢, and 6,."° The sigma-1 receptor (o,R) is a
ligand-regulated chaperone protein that modulates the signal-
ing of proteins (receptors, enzymes) with which it interacts.'®
It is a unique and poorly understood biological target engaged
in physiological mechanisms of learning and memory,
depression, anxiety, and schizophrenia.'” Sigma-1 antagonists
are reported to be effective agents in neuropathic pain, and
although the mechanism of action is not well understood,
several studies suggest the involvement of oRs in the
regulation of ion channel function (including NMDA/GluN
receptors and K'/Ca®*" channels), which are involved in the
pathogenesis of pain.'” Many ion channels are located at the
nociceptor peripheral terminal, affecting neuron excitability
after injury and as a result affecting pain sensation.'” Tn this
context, the highly selective 5, antagonist SIRA (Figure 1) is
in phase II clinical trials for pain treatment, with an intended
indication for enhancing opioid analgesia and amelioration of
neuropathic pain.'®

Considering the clear relation between H;R and o)R, along
with the fact that dual-targeting compounds can lead to several
improvements when compared to selective drugs, great efforts
should be made to develop such ligands for the treatment of
various pain conditions. Answering this challenge, in our recent
studics, we investigated 20 previously reported H;R ligands for
their affinity toward oRs to check whether their high preclinical
in vivo efficacy is related to a synergistic effect of the dual H;R
and ¢/R modulation.'” ™ According to the obtained results,
compounds E377 and KSKé8 (Figure 1) turned out to be
high-affinity histamine H; and &, receptor antagonists with
negligible affinity at the other histamine receptor subtypes and
promising antinociceptive in vivo activity.”” Moreover, the
piperidine moiety in the basic part of those compounds has
been established as a critical structural feature for dual H,/o,
receptor activity as can be seen by comparing the data for
compounds KSK67 and KSK68 (Figure 1). The piperidine
derivatives in protonated form are involved in the essential salt
bridge interaction with Glul72 in the &R binding pocket,
being responsible for the high biological activity of the studied
ligands. As discussed in our previous work, this phenomenon
can be attributed to a change in the protonation state or states
at physiological pH.z; Therefore, in the initial step of designing
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the next series of ligands, we focused on an in-depth analysis of
the protonation states of piperazine vs piperidine derivatives
using crystallography, potentiometric titration, and NMR
spectroscopy measurements in a pH-controlled environment,
Next, we designed a series of 16 new compounds, mainly based
on the piperidine core, with the general structure presented in
Figure 2 and performed their pharmacological characterization
using in vitro methods. Finally, lead compounds were tested in
animal models of nociceptive and neuropathic pain.

2. RESULTS AND DISCUSSION

2.1. Chemistry. The synthesis of the desired final
compounds 1—16 was achieved through the synthetic route
presented in Scheme 1. According to the previously described
pmcedure,lq’zl’zz’zmS the phenoxy alkyl bromides a—i were
obtained mainly by one-step alkylation of commercially
available phenols with 1,3-dibromopropane (a—e), 1,4-
dibromobutane (f, i), 1,5-dibromopentanc (g), or 1,6
dibromohexane (h) in propan-1-ol under reflux conditions.
Obtained precursor bromides were then coupled with 3-
methylpiperidine (1), 4-methylpiperidine (2), azepane (3),
pyrrolidine (4), piperidine (5—11), 4-(piperidin-4-yl)pyridine
(12—-15), or 2-(piperazin-1-yl)pyrazine (16) in a mixture of
ethanol/water with powdered potassium carbonate and a
catalytic amount of potassium iodide. The final products were
obtained as free bases and isolated as oxalate or hydrogen
oxalate salts.

2.2, Protonation Investigation Based on Crystal
Structure Analysis. To determine the potential differences
in the protonation of piperidine and piperazine derivatives, we
selected two pairs of compounds for crystallographic studies,
differing only in the basic part. The first contains the
cyclopropylmethanone derivatives KSK67 and KSK68 ob-
tained in our previous work’*’ (Figure 1), whereas the
second contains two nitrile derivatives: KSK94 (also published
earlier,” >’ Figure 1) and compound 12 (structure in
Pharmacology, Table 2). In the KSK67 and KSK68 oxalate
crystals, the total charge of the main organic compound is +2,
with protonation centers at N1 (pyridine) and NI0
(piperazine/piperidine) nitrogen atoms. The resulting positive
charge is compensated by oxalate anions that form charge-
assisted hydrogen bonds with the mentioned protonated amine
(Figures S1 and S2). An interesting geometry is observed for
N1-H-O3A interaction in structure KSK68 (distances: N1---
03A 2.581 A, N1-H 1.305 A, O3A-H 1.278 A; angle: N1-H-
03A 175.66°), suggesting possible proton transfer between

https://doi.org/10.1021/acsjmedchem.3c00430
J. Med. Chem. 2023, 66, 9658—9683
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Figure 3. The geometrical parameters of the strongest interactions observed in the crystal structure of KSK68 (charge-assisted hydrogen bonds N*-
H--O~ type; distances in dark blue, angles in light green). The weaker basicity of the N1 atom in the pyridine ring is manifested by the hydrogen
shift toward oxalate anion (discussed fragment is depicted with a dashed-line ellipsoid). Displacement ellipsoids of nonhydrogen atoms are drawn
at the 30% probability level. H atoms not involved in the described interactions were removed for figure clarity.

Table 1. Selected Geometrical Parameters Defined for the Determined Crystal Structures”

e =N K
WN10 C5, c13
N / ) /N1o
e @ N \KA (:) v
c12
Cs R N1 - C8

4-pyridylpip fragment 4-pyridylpiperidine fragment
Geometrical parameter Structure
KSK67 KSK68 KSK68 OH KSK67 fb KSKé68 b KSK9%4_fb 12_fb
(mol. total charge) {+2) (+2) +1) (+1) mol.1(0) mol.2¢(0) mol1(+l) mol2(0) )

C4-N7/C7 1350A 1.508A 1.511A 13404 1.514A 1.518A 13514 1360 A 1.507A
N10-C13 1.543A 14924 1.543A 1477 A 1.467 A 1469 A 1.460 A 1481 A 1464 A
C4-N7/C7-C8 124.00°  109.82° 110.75° 123.43° 109.76° 115.00° 120.22° 119.42° 111.97°
C4-N7/C7-C12 125.95° 112.11° 114.68° 124.24° 115.59° 110.96° 119.95° 118.96° 113.78°
C8-N7/C7-C12 110.05°  109.92° 108.22° 110.89° 107.92° 108.25° 115.15° 115.86°  108.93°
C3-C4-N7/C7-C8 —0.92° —65.58° —92.40° 5.92° 15.12° -7431° 169.53° -14.11° 129.33°
C5-C4-N7/C7-C12 -147° -124.30° -35.46° -10.16° 70.06° -19.69° -166.79° 14.98° 72.41°
N1--:N10 6881A 7.031A 7.131A 6.982 A 7079 A 7105 A 70374 7033A  7.107A
N10---Ct, 5545A 5684 A 5.753A 5629 A 5.705 A 5727A 5.658 A 5633A S5T719A
N10--- N7/C7--- Ct 155.78°  150.40° 155.94° 168.00° 151. 68° 153, 78° 174.79° 171.98° 155.57°

“Ct,: geomelrical center of the pyridine ring.

pyridine nitrogen N1 and O3A of the carboxylic group (Figure
3). That may imply weaker basic properties of N1 compared to
the piperidine N10 protonation center for KSK68. This can be
deduced also based on the obtained KSK68 OH crystal
structure, where increased pH led to +1 cation, with sole
protonation at N10 (Figure S3).

The crystal structures obtained for the free bases KSK67_b,
KSK68_fb, KSK94_fb, and 12_fb from water/organic solvents
revealed peculiar properties of molecules with 4-pyridylpiper-
azine moiety. Surprisingly, molecules containing the men-
tioned fragment (KSK67 fb and KSK94 fb) did not crystalize
in the neutral form, The pyridine nitrogen of those compounds
is a very strong base and easily protonates in the solution
(Figures S4 and $6). Thus, in the crystal, an iodide salt is
observed. The counter ion I” was introduced during the
synthesis, where the catalytic amount of potassium iodide was
applied (see Chemistry Section 2.1.). An analogous basic
property of N1 is not observed for KSK68 fb and 12 _fb with
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4-pyridylpiperidine moiety. For these samples, crystals with the
neutral form of the compound were obtained (Figures SS and
S7).

The observed strong basic character of N1 in structures
KSK67 fb and KSK94 fb is a consequence of the increased
availability of lone pair electrons correlated with the electron
source at the para position (lone pair of N7 nitrogen atom of
the piperazine ring). The N7-lone pair shift manifests in N7-
C4 bond shortening to ~135 A (Table 1), which implies a
partial double bond character and decreasing pyramidality of
N7 atom. The last observation is confirmed by angles C4-N7-
C8 and C4-N7-C12 being ~120° (Table 1) and defining
nearly flat geometry around N7. The observed change of N7
hybridization from sp® to sp” leads to the quasi-planar mutual
orientation of pyridine and piperazine (torsion angles C3-C4-
N7-C8 and C5-C4-N7-C12 closer to 0/180°; Table 1). Such
effect and geometry are often observed for arylpiperazine
fragments, However, it may strongly depend on substituents or

https://doi.org/10.1021/acs jmedchem.3c00430
J. Med. Chem. 2023, 66, 2658—9683
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Figure 4. Structure and experimental pK, values of KSK compounds and corresponding amino alcohols.
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Figure 5. The protonation states of KSK68 and KSK94 as a function of pH. The species distribution was generated from the CerkoLab software
based on titration curves of investigated compounds (see ligure $8). The equilibria between the species are as follows: KSK68: H,L** = H* + HL",
pK, = 494 and HL" = H* + L*, pK, = 8.38; KSK94: H,L™ = H* + HL", pK, = 6.25 and HL* = H* + L", pK, = 6.65.

heteroatoms in the aromatic fragment.% Nevertheless, the
observed phenomenon is responsible for the rigidity of the 4-
pyridylpiperazine fragment that determines the highly basic
character of N1 as well as the orientation of z-electrons of the
aromatic fragment. This last characteristic may be a strong
geometrical feature responsible for effective ligand—protein
recognition and may explain the observed selectivity of the
investigated compounds containing the 4-pyridylpiperazine
fragment for HyR.

2.3. Determination of the Basicity of Selected
Piperidine and Piperazine Derivatives by Potentiomet-
ric Titration. Several key physicochemical properties that
influence absorption and distribution processes, such as
lipophilicity and solubility, depend on pK,. The ionization
state is a key parameter not only in ADME profiling but also
during ligand—receptor mutual recognition and interaction, as
it usually occurs in an aqueous environment at physiological
pH.

Thus, we evaluated two representative compounds, KSK68
and KSK94, containing a piperidine or piperazine substituted
with a 4-pyridyl moiety in pK, studies. In addition, we tested
the amino alcohol fragments of these compounds to carefully
monitor the influence of individual protonated nitrogen atoms

9662

on the obtained pK, values (Figure 4). Considering the
structural differences between KSK68 and KSK94, it seems
obvious that their different binding potency toward o,R should
be attributed to the change in protonation state at
physiological pH. Based on a previousty modified potentio-
metric procedure,”””® a series of titrations were performed,
and the pK, values were determined using the Kostrowicki and
Liwo algorithm.”>*" Experimental pK, data show that KSK68
exists exclusively in the monoprotonated form in an aqueous
solution at physiological pH (approximately 90% of [HL']
form, Figure $). That explains the surprising result of free base
crystallization attempts where iodide salt was obtained instead
of the neutral form. On the other hand, in the same
environment, KSK94 exists in two forms: the mono Protonated
form [HL*] (20.56%) and the free ligand [L] (77.72%, Figure
5). Experimental data show how replacing the piperidine
system with a piperazine ring drastically affects the acid—base
properties of the molecule. KSK68 can be characterized as a
basic ligand with pK,, = 4.9 (pyridine N) and pK,, = 84
(piperidine N). The pK, values are consistent with those
determined by the same procedure for the corresponding
amino alcohol 3-(4-(pyridin-4-yl)piperidin-1-yl) propan-1-ol
(Figure 4). In contrast to KSK68, the KSK94 compound

https://doi.org/10.1021/acsjmedchem.3c00430
J. Med. Chem. 2023, 66, 9658—9683
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for signals of protons that are adjacent to the nitrogen atoms, which undergo protonation. ‘I'racking these changes in AAS while increasing the
concentration of triflic acid in the solution allows one o assess the order of protonation of individual nitrogen atoms in the molecule {when

nitrogen functions pos
detailed analysis, see the Supporting Information.

ignificant difference in pK,) and determine the integer number of nitrogen atoms that undergo protonation. For a

belongs to the group of ligands with an acidic center located at
the N7 nitrogen of the piperazine ring with a pK,, value of
approximately 1 (Figure 4). A similarly low pK,, value for the
N7 piperazine nitrogen atom was also determined for the
corresponding amino alcohol 3-(4-(pyridin-4-yl)piperazin-1-
yl)propan-1-ol (Figure 4), which is in agreement with the value
obtained for 1-phenyl-4-methyl piperazine reported in the
Moreover, the literature pK, values of l-aryl-4-
propylpiperazines range from 7.59 to 8.39 for the N-CH,-CH,
moiety. The lowest value was determined for 4-nitrophenyl,
and the highest was for 2-methylphenyl derivatives.”

2.4, Protonation Investigation Based on NMR Spec-
troscopy Measurements in the pH-Controlled Environ-
ment. Another attempt to determine the order of protonation

literature.”"

of nitrogen atoms in studied molecules was carried out using
NMR spectroscopy.
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All signals in the "H and *C spectra were assigned based on
2D correlation spectra for compounds KSK68 and KSK94
(piperidine and piperazine derivatives, respectively) to follow
the course of changes in their chemical shifts during titration
with trifluoromethanesulfonic acid (triflic acid or TfOH), one
of the strongest organic acids (pK, ~(—15)). A detailed
description of the chemical shifts upon the addition of triflic
acid is described in the Supporting Information.

In the case of KSK68, the nitrogen atom in the piperidine
ring is protonated first (Figure 6). Protonation of the nitrogen
atom in the pyridine ring begins after full saturation to a molar
ratio of 1.0:1.0. This is clearly visible in the shifts of protons in
the vicinity of individual nitrogen atoms. The sole signal on the
spectrum that shifts toward higher frequencies during the
titration process comes from the H3 proton, which is located
near both nitrogen atoms and links the two rings. The
observed effect is characteristic for systems in which the pK,

https://doi.org/10.1021/acs jmedchem.3c00430
J. Med. Chem. 2023, 66, 2658—9683
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detailed analysis, see the Supporting Information.

values for the two basic centers differ significantly. Here, the
pK, for piperidine nitrogen is higher in value than that for
pyridine nitrogen, which is in line with the theoretical data.
For KSK94, the model is more complicated than for KSK68
(Figure 7). H1, H2, and H3 protons are affected by a change in
the chemical environment at first, with H2 protons being the
least affected. Thus, the proton environment is mostly changed
in the proximity of the pyridine nitrogen atom and near the
piperazine nitrogen closer to the pyridine. Taking further into
account the difference of 94 ppm in "N chemical shift for
pyridine nitrogen, it can be concluded that the nature of the
pyridine nitrogen atom changes dramatically from purely
aromatic to an intermediate form between heterocyclic and
amine. As a consequence, the pyridine nitrogen atom is
protonated first, but the positive charge is transferred to the
piperazine nitrogen atom by appropriate resonance structures.
The second piperazine nitrogen atom is initially unprotonated,
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as indicated by no change in the chemical shift of proton
signals from its immediate vicinity. From an acid molar ratio of
0.6:1.0, protonation of the second nitrogen atom in the
piperazine ring can be observed. The proton signals in the
vicinity of this nitrogen atom broaden by losing multiplicity
and start to move toward higher frequencies. This is analogous
to the first protonation step of KSK68. At this point, both
nitrogen functions protonate at the same time, as both the
aromatic and aliphatic proton signals shift toward higher
frequencies, indicating similar pK, values, with the value of the
first stage being higher. Because of the loss of one symmetry
element and likely conformational stiffening of the piperazine
ring, the signals from the H3 and H4 protons, which were
integrated as four protons, split into axial and equatorial
components, and now each is integrated as two. At a ratio of
1.4:1.0, saturation occurs, and no further changes were
observed despite reaching the molar ratio of 3:0:1.0.

https://doi.org/10.1021/acs jmedchem.3c00430
J. Med. Chem. 2023, 66, 9658—-9683
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Table 2. Structures of Compounds 1—16 and Their in Vitro Binding Affinities at the Human Histamine H; Receptor (hH;R)

and Rat Sigma-1 (6,R) and Sigma-2 (5,R) Receptors’

XIC195%]
Compound n
R! R? hH:R K; [0M] oRK; [IM]  oRK; [DM] oy o, ratio
BN

1 1 phenyl 31[11,90] 1.5[05,41] 17189, 32] 11.3

2 1 /O‘A phenyl 103 [1.7, 62.4] 24[07,82] 16[12,22] 67

3 1 N>\

phenyl 43[14,13.0] 19[06,58] 25[7.6,83] 132

4 1 Cr’*/\ phenyl 19.5 4.7, 81.2] 24[84,66] 65[34,128] 2.7

5 1 4-cyanophenyl 6.2 [1.5, 26] 28[5.7,136] 47[21,105] 1.7

6 1 phenoxy 2.7[1.1,5.8] 18[8.2,39] 103 [48,223] 5.7
7 1 N-phenylamine 5.2 [2.1, 12.6] 48[28,84] 116[70,191] 242

8 1 O)\ benzyl 27.5.0[9.1, 83.4] 5.5[1.1,27] 47 [22, 102] 85

9 2 phenyl 22[7,73] 95 [36, 252] 33[14,74] 03

10 3 phenyl 21.7[3.9, 110* 140[78,251] 19[8.8,41] 0.1

1 4 phenyl 88.9 [42, 187 118[31,449] 46[18,114] 0.4

12 1 4cyanophenyl 7.7 [1.1, 52.5] 45[13,15] 10[56,20] 22

13 1 N)\ phenoxy 242[3.1, 187.6] 56[28,11] 4[08,19] 0.7

R
14 v N-phenylamine 69 [18.8, 253.4] 33[16,7.1] 29[14,59] 88
15 1 benzyl 76.1[18.4,3157]  28[13,6] 99[3.6,27] 35
S0
16 2 Na N\) tert-butyl 5477 [1034,29027]° 7.6 [4, 14] 27[11,67] 3.6
Ly
N
Pitolisant 11.2[6.7,18.4] 0.5¢ 6.5¢ 13
(+)-Pentazocine 43 1465¢ 3407
DTG 124 18 0.1

“Data published in ref 25. Recalculated from data published in ref 24. “Data published in ref 19. “Data published in ref 7. “Data published in ref
61.7Given data represent mean values within the 95% confidence interval (CI).

2.5. In Vitro Pharmacology. 2.5.1. Affinity at H;R and
oRs. In vitro affinity data for the newly synthesized ligands are
assembled in Table 2. Interestingly, almost all compounds
(except 16) showed high affinity at histamine H, receptors
with K values below 100 nM. Moreover, all the described

ligands showed more or less significant activity to both sigma
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receptors but with different binding affinities. In the case of
compound 16, the only piperazine derivative in this series, the
lack of activity toward H,R is related to the pyrazine-2-yl group
in the basic part of the molecule, as discussed in our previous
work.'”*® Nevertheless, 16 was still very active on both sigma
receptors (R K = 7.6 nM, o;R K = 27 nM). The

http: g/10.1021/ac;
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unsubstituted piperidine ring in the basic part of the
compounds seems to be the most influential on affinity at
human H;R (hH;R), as can be seen by comparing compounds
§—7 with their 4-pyridyl analogues 12—14 (hH,R K, = 6.2,2.7,
and 5.2 nM vs 7.7, 24.2, and 69 nM, respectively). Moreover,
this structural relationship is also observed in the case of
ligands 1 and 2, which are methyl analogues of the lead
compound E377 (Figure 1) published in our previous paper”®
(hH;R K, = 31 and 10.3 nM vs 6.2 nM, respectively).
However, for both sigma receptors, 4-pyridylpiperidine
derivatives 12—14 were more potent than unsubstituted
piperidines (5—7), especially when comparing affinity values
toward sigma-1 receptors (6,R K| = 4.5, 5.6, and 3.3 nM vs 28,
18, and 4.8 nM, respectively; o,R K| = 10, 4, and 29 nM vs 47,
103, and 116 nM, respectively). For all the described
piperidine derivatives, the effect of the alkyl chain can only
be observed at the H,R, where the extension of the linker
length decreased the affinity of biphenyl analogues 9, 10, and
11 (hH;R K, = 22, 21.7, and 88.9 nM, respectively). In our
previous work, we found a critical structural feature that
distinguishes the dual Hi/o,Rs ligands and selective H;R-
targeting compou.nds.23 One of the lead structures, KSKé68
with the 4-pyridylpiperidine moiety as the fundamental part of
the molecule, showed high affinity at both histamine H; and o,
receptors, whereas its piperazine analogue KSK67 was highly
selective for H;R (Figure 1). Interestingly, this time, we also
confirmed this structural phenomenon, as can be seen by
comparing the nitrile derivative 12 with its piperazine analogue
KSK94 described in our previous work (Figure 1, hHR K =
7.7 1M and o,R K, = 4.5 nM vs hH,R K, = 7.9 nM and 6,R K,
= 2958 nM, respectively). Again, the piperidine derivative 12
showed dual H;/o,Rs activity, whereas the piperazine-based
compound KSK94 was highly selective for H;R. Taking into
account the selectivity toward sigma-2 receptors in the group
of biphenyl derivatives with three-carbon chains, the highest
values were observed for compounds 1 and 3 (o,/0, ratio 11.3
and 13.2, respectively). Purthermore, extending the carbon
chain from four to six methylene groups significantly reduced
this parameter (ligands 9—11). Aniline derivative 7 showed the
highest ¢,/0, ratio among all described derivatives (24.2).

As lead structures for further evaluation, we selected two
piperidine derivatives, 3 and 7, with high affinity at both H;R
and o,R as well as the highest 0,/0, selectivity factor. In this
choice, we were guided by the fact that the highly selective o,R
antagonist SIRA, so far the only one tested in clinical trials for
pain treatment, showed no affinity at o,R'¥ On the other
hand, bearing in mind recently reported studies with novel
o,R-selective ligands, which suggest that they may also
modulate nociception,33 we included nitrile derivative 12
exhibiting activity toward o,R at a comparable level as toward
H;R and o;R. Moreover, its piperazine analogue, compound
KSK94, was extensively tested in the obesity model in our
previous studies and showed a good safety profile.”

2.5.2. Affinity at Other Histamine Receptors. To check the
selectivity profile of our lead structures, radioligand binding
studies at other histamine receptor subtypes were carried out.
Compounds 3, 7, and 12 in their oxalate forms were tested at
human recombinant histamine H;, H,, and H, receptor
subtypes stably expressed in HEK293T cells. Obtained results
clearly indicate the high selectivity of the tested derivatives
toward human H;R (Table 3).

2.5.3. Intrinsic Activity toward H;R. To identify the lead
compounds’” functional profile, their intrinsic activity was
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Table 3. Radioligand Binding Assay at Human Histamine
H, (hH,R), H, (hH,R), and H, (hH,R) Receptors and
Functional Study at the Human Histamine H; Receptor
(hELR)”

hHR (X, hHR (K hHR (K
[nM] x [CT [nM] = [CI [nM‘ﬁ x [CI hHLR (IC,,
compound 95%]) 95%]1) 95%]) [nM] + SD)
3 7615 >10,000 >10,000 834 + 15.9
[4024;
14,407)
7 >10,000 >10,000 >10,000 83.7 + 2.1
12 653 [259; >10,000 >10,000 215+ 108
1647]
thioperamide 375 + 30
pitolisant 1.96 + 0.80

“Given data represent the mean K; (nM) values within the 95%
confidence interval (CI) (n = 3, triplicate) or the mean ICg, values of
tested compounds in the cAMP assay + standard deviation (n = 2,
triplicate).

tested in a 3',5'-cyclic adenosine monophosphate (cAMP)
accumulation assay in HEK cells expressing human recombi-
nant H,R* All tested compounds reversed the R-a-
methylhistamine inhibition of cAMP production in forskolin-
stimulated cells and were therefore classified as H;R
antagonists/inverse agonists. The IC;, values obtained in the
H;R functional assay are assembled in Table 3.

2.6. In Silico Studies. Molecular Modeling: Docking
Studies and Molecular Dynamics Simulations. In
addition to experimental studies, the protonation states of
compounds were also evaluated in silico using two software
packages: Instant]JChem and Epik (Figure 8). Although there
are slight differences in the numerical values of predicted pK,,
the overall tendencies observed for the performed experiments
are preserved: nitrogen atoms belonging to the piperidine
moieties are characterized by higher pK, values than those of
piperazine, and therefore, they are less likely to protonate at
physiological pH.

To further investigate the influence of structural differences
between the 4-pyridylpiperazine and 4-pyridylpiperidine
moieties on their molecular mechanism of action, the binding
with sigma-1 and histamine H; receptors was evaluated using
molecular modeling methods. Analysis of the binding mode of
KSK94 and 12 to o;R shows coherent binding modes of 4-
pyridylpiperidine/piperazine fragment in comparison to our
previous studies®>** (Figure 9A). However, because of the use
of induced-fit docking, which allows relaxing the binding
pocket and fitting of adjacent amino acids to the molecular
core of compounds, we observed that the 4-cyanophenyl
fragment occupies a hydrophobic pocket with the stabilizing
hydrogen bond (HB) between the nitrile group and the main
chain of Ser99. Then, on the basis of both NMR analysis and
crystallographic results, we decided to dock all protonation and
tautomeric states of KSK94 and 12 using ab initio docking
(quantum polarized ligand docking, QPLD) and energy
calculations applying the Molecular Mechanics Generalized
Born Surface Area (MM-GBSA) method (Table SS, SI). First,
we estimated the energy loss of piperazine derivatives to
piperidine ones for ,R. The result showed that the tautomeric
monoprotonated pyrimidine structure (the most populated
protonation state) of KSK94 has a higher AG value vs 12
(Table 4), indicating a loss of ligand—receptor interaction
energy, which is also reflected in the in vitro results (Table 2).
In the case of the monoprotonated tautomeric form, a loss of

https://doi.org/10.1021/acs 1.3c00420
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Figure 9. Comparison of the binding mode of KSK94 (green) in tautomeric monoprotonated state and 12 (yellow) in the 5,R (PDB ID: 6D]JZ)
(A). Comparison of the binding mode of KSK67 (green) in the tautomeric monoprotonated state and KSK68 (yellow) in the H;R binding site
(homology model) (B). The corresponding salt bridges are marked in red and magenta.
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Table 4. Comparison of Free Binding Energies and Docking Scores of the Most Populated Protonation States with the In Vitro
Activity of KSK67, KSK68, KSK94, and 12 with 6, and H; Receptors

oR H;R
Form Compound ; Docking AG ) Docking AG
KM score [kcal/mol] Ki[nM] score [keal/mol]
— /T \ KSK67 1531 —8.04 —61.24 32 —9.67 —98.11
HN =N" N—E
— / KSK9% 2958 -10.45 —81.44 79 -10.22 -95.71
7 \ KSK68 3.6 -9.56 -99.29 7.7 -10.79 -98.69
N NH*’

— 12 4.5 -11.51 —99.47 7.7 —10.47 —97.64
the essential salt bridge interaction with Glul72 (Figure 9A) methods were applied compared to the previous studies,”
can explain the decrease in biological activity. A similar resulting in different binding modes observed. Analysis of the
correlation between in vitro results and AG value can be previously described KSK68 binding mode showed significant
noticed for KSK67 and KSK68 compounds (Table 4), When changes compared to the results presented here, where a salt
analyzing the interactions of lead compounds, it is worth bridge with Aspl114 (D3.32) was formed. However, the two
noting that ligands 3 and 7 occupy exactly the same place as 12 compound poses are flipped with respect to each other. In our
despite the lack of a heteroaromatic ring connected to the earlier studies, the conformation of KSK68 was almost linear
saturated basic fragment (Figure S25). Notably, enriched by (Figure S24), whereas in the current study, the conformation
the assembled experimental evidence and observations, in this resembles the one observed for the sigma-1 receptor (Figure
study, more complex and sophisticated molecular modeling 9A,B). In fact, four distinct binding modes of H,R ligands have
9667 https://doi.org/10.1021/acs medchem 3c00430
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been reported so far in the literature;**™* however, we
decided to focus on the one that does not involve Glu206. This
orientation was also similar to the alternative binding modes of
ciproxifan in the H,R binding pocket.””** Because of the
expansion of the tertiary amine fragment compared to
ciproxifan (replacement of imidazole with 4-pyridylpiperazine ),
compound 12 additionally forms contacts with Tyr91 (TM3),
Tyr394 (TM7), as well as Glu39S (TM7). To explain the
slight difference in the biological activity of KSK94 and 12
toward H,R (Table 2), ab initio molecular docking of all
protonation and tautomeric forms was performed (Table SS,
SI). The results showed that for the monoprotonated
tautomeric form of KSK94, the loss of the ligand—receptor
interaction energy (AG) is insignificant (Table 4), which is
related to formation of an additional stabilizing salt bridge with
Glu395, which also correlates with the biological activity
observed. Moreover, the compounds occupy the same region
of the binding pocket, and because of the nature of the
homology modeling procedure applied to generate the H;R
model, alternative binding mechanisms cannot be excluded.
For the monoprotonated tautomeric form of KSK67,
compared to KSK68, the AG values are close, which correlate
well with the experimental results (Table 4). The observed salt
bridge with D3.32 (the strongest interaction in ligand—
receptor interactions)*® fixes the position occupied by the
ligands, which can be seen by comparing lead compounds 3
and 7 (Figure $26). The N-phenylamine (7) or phenyl (3)
fragment penetrates deep into the binding pocket because of
its hydrophobic environment and, as with compound 12,
interacts through hydrophobic effects or z—z stacking
interactions (Figure S26).

To confirm the validity of the docking poses discussed
above, the molecular dynamics (MD) simulations were carried
out. The obtained data were analyzed both in terms of the
variation in the ligand-protein contacts as well as via the
examination of ligands” RMSDs. Both approaches confirmed
the stability of the obtained docking poses: the compounds
occupied the same region of the binding pocket during the
whole simulation process, and the patterns of ligand—protein
interactions in general remain the same (Figures S27 and S28).

We are aware of the HjR crystal structure, which was
released in late October 2022 in the PDB repository (PDB ID:
7F61).*” The crystalized complex contains an antagonist in the
binding pocket, PF03654746, as well as the unexpected
cholesterol binding at the allosteric site. According to the
authors, the H;R orthosteric binding pocket is shallow, and
PF03654746 occupies an extended part of it (EBD). To
evaluate the quality of our homology model, we docked
PF03654746 to the model, and we obtained a similar pose to
that observed in the crystal structure (Figure $29). The RMSD
(root-mean-square deviation) of ligands was 1.48 A, and it is
less than the crystal resolution (2.6 A), which indicated that
our model was coherent with the crystal structure. It is worth
to stress that the proposed binding mode of KSK ligands
engaged the same protein helices (especially TM7) and crucial
amino acids.*” For this reason, we decided not to perform in
silico calculations once again using an experimental H;R
structure.

2.7. Determination of Selected ADMET Parameters.
2.7.1. Permeability Profile. During the research and develop-
ment of new drugs directed to the central nervous system,
there is a considerable attrition rate caused by their hampered
access to the brain by the blood—brain barrier. Throughout the

9668

years, several in vifro models have been developed in an
attempt to mimic critical functionalities of the blood—brain
barrier and reliably predict the permeability of drug candidates.
Therefore, the ability of selected compounds (3, 7, 12, and
S1RA) to penetrate across lipid membranes was estimated by a
parallel artificial membrane permeability assay (PAMPA). In
medicinal chemistry, PAMPA is a method that determines the
permeability of substances from a donor compartment through
a lipid-infused artificial membrane into an acceptor compart-
ment; passive diffusion is the predominant absorption
mechanism of most commercial drugs.*® By using UPLC—
MS with an internal standard, the exact quantity of molecules
that penetrated from donor to acceptor wells through the
phospholipid membrane was measured. The results were
expressed as permeability coefficient P, calculated according to
the formulas described in the literature.*” Taking into account
the collected data and comparing them with two standards:
well-permeable caffeine (P, = 10.49 X 107° ¢m/s) and low-
permeable sulpiride (P, = 0.05 X 107° cm/s), it seems justified
to consider the tested molecules as substances with highly
passive transport through biological membranes (Table §). In

Table 5. PAMPA Results (Permeability Coefficient P,) for
Tested Compounds

compound P (107° cm/s)
S1RA 526
3 657
7 10.63
12 12.00
caffeine 1049
sulpiride 0.05

general, compounds with a P, value above 4 X 107° cm/s are
considered permeable, whereas those with a lower value are
considered impermeable. All tested ligands showed P, values
greater than the threshold value.

Moreover, taking into account an intracellular localization of
sigma receptors, the high ability of tested compounds to
penetrate lipid membranes and, at the same time, the
possibility of interacting with R seem to be an important
feature of dual histamine H./o,R ligands.

2.7.2. Serum Metabolic Stability. A successful drug-lead
candidate must possess favorable characteristics, including,
among others, good serum stability; therefore, we decided to
test this parameter for compound 12. Using LC—MS with
imipramine as an internal standard, the exact amount of
molecule remaining in the serum was measured at six time
points (0, 1, 2, 4, 6, and 24 h) for three initial concentrations
(0.1, 0.5, and 1 xM). The response ratio was calculated by
dividing the test peak area by the internal standard peak area
and converted to % of test compound remaining in the serum.
The % of test compound remaining was then plotted vs time
(Figure 10). Upon the curve fitting using a one phase decay
model, the half-life parameter was calculated to characterize
the serum stability of compound 12 (f,,, = 7.7 + 1.4 h). As a
reference drug, we used highly stable atenolol at an initial
concentration of 1 #M. The 9% of atenolol remaining in the
serum after 24 h of incubation was significantly higher than
compound 12 (82.3 vs 17.5%); thus, 12 can be considered a
moderately stable ligand.

2.8. In Vivo Pharmacological Activity. 2.8.1. Safety
Pharmacology: Influence of Lead Compounds on Sponta-

https://doi.org/10.1021/acs jmedchem. 3c00430
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Figure 10. Serum stability of compound 12. The % of test compound

remaining in the serum is plotted vs time, and the curve is fitted using
a one phase decay model.

neous Locomotor Activity and Motor Coordination in the
Rotarod Test. The high sedative activity of analgesics is
considered an undesirable property, which may lead to an
incorrect or ambiguous interpretation of the in vivo results.
Moreover, it may limit the potential clinical application of new
drug candidates. Therefore, we tested the influence of
compounds 3, 7, and 12 on spontaneous locomotor activity
to investigate their sedative properties. The data presented in
Figure S30 indicate that compounds 3 and 7 at the dose of 15
mg/kg showed high and significant sedative effects (F(;5)y =
28.36; p < 0.0001). In contrast, 12 at the same dose decreased
spontaneous locomotor activity, but the effect was not
statistically significant, which proved the less pronounced
sedative property of this compound. It significantly decreased
locomotor activity at the dose of 30 mg/kg (F(33:) = 4.97; p <
0.01). The estimated EDg, value for the ligand in this test was
21.97 mg/kg (Figure S31).

The neurotoxicity of the new compounds can result in
impaired motor functions of the experimental animals, which
may subsequently cause false interpretation of the results of in
vivo tests. Understandably, neurotoxicity is also the frequent
reason for eliminating the tested compound from further
studies. To minimize that risk, we investigated the influence of
our lead structures on motor coordination in the rotarod test,
which is the classical test used for assessing motor coordination
and balance in rodents. It provides a quick and simple
estimation of neuromuscular coordination. During our test, the
vehicle-treated mice did not demonstrate any signs of impaired
motor coordination. The time spent on the rotarod apparatus
was 60 s for each control mouse. Compound 7 at the dose of
15 mg/kg significantly decreased the time spent on the rod at
18 and 24 rpm (F(350, = 31.32; p < 0.0001). Although the
effect of 3 was less pronounced, the compound also
significantly impaired the motor coordination of mice at the
administrated dose (15 mg/kg) and two tested speeds (18 and
24 rpm) (F(310) = 3.33; p < 0.05). Compound 12 at the same
conditions slightly affected motor coordination, but the effect
was not statistically significant (F(3,0, = 2.31; p = 0.107)
(Figure $32). The results showed that 12 is characterized by a
better safety profile than the other two tested compounds.

2.8.2. Antinociceptive Activity in the Formalin Test. The
formalin test is one of the most useful screening models for
testing potentially clinically relevant antinociceptive molecules
because of its ease of administration, standardization, and
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validation with reference drugs.*” The subcutaneous injection
of formalin results in a focal injury that stimulates and then
damages sensory endings. Two distinct phases of nociceptive
response are associated with the immediate activation of
nociceptors and sensitization of spinal reflex circuits during
phase I and II responses, respectively.”’ Moreover, it has been
recently suggested that formalin injection results in patho-
logical changes that resemble those observed in nerve injury.”
The intraperitoneal (ip.) administration of compound 7 prior
to the subcutaneous injection of formalin significantly affected
the duration of the nociceptive response in the acute phase of
the formalin test (F(,4) = 21.36; p < 0.0001). This ligand also
significantly attenuated the late phase of the test (Fiyq) =
16.50; p < 0.0001). The calculated EDs; value in phase I was
found to be 11.9 mg/kg, whereas the EDy, value in phase II
was found to be 11.7 mg/kg (Figure 11b). The treatment with
3 resulted in a significant decrease in nociceptive response in
both the acute phase (Fy3 34 = 43.20; p < 0.0001) and the late
phase (Fz3) = 17.63; p < 0.0001). The potency of the
compound expressed as the EDy, value was slightly lower than
that obtained for the previous compound and was 14.21 and
13.31 mg/kg for the acute and late phases, respectively (Figure
11A). Ligand 12 showed high analgesic activity in the acute
phase (F(y 40 = 13.73; p < 0.0001) and late phase (F(, ) =
9.51; p < 0.0001) of the test (Figure 11C). Interestingly, the
obtained EDy, values (6.17 and 12.32 mg/kg for the acute and
late phase, respectively) reveal the particularly high potency of
this compound in the acute, neurogenic phase, which suggests
that it may affect the mechanisms of neurotransmitter release
from neuronal cells.

Taking all data from preliminary studies, we decided to
select compound 12 for further analysis of its analgesic activity.
Although all three compounds showed significant activity in
the formalin test, the safety profile of 12 was better than the
other ligands. The chosen compound did not affect motor
coordination significantly, and its ED, value in the formalin
test was almost two times lower than that obtained in the
evaluation of the sedative activity. We used other models of
pain to assess the range of analgesic activity of the compound
with particular emphasis on neuropathic pain of different
origins.

2.8.3. Effects of 12 on Capsaicin-induced Nociception.
Because compound 12 had a strong effect on the acute phase
of the formalin test, we decided to evaluate its activity in
capsaicin-induced pain, which is another model of neurogenic
pain. Formalin-induced pain is mainly dependent on the
chemical stimulation of the TRPA1 receptor on somatosensory
nerve endings, whereas capsaicin is an agonist of TRPV1
receptors.™

As shown in Figure 12, the selected compound significantly
decreased the paw licking or biting behavior in that test at all
administrated doses (10, 15, and 30 mg/kg) (F3 54, = 2848, p
< 0.0001). The EDy, value calculated for 12 in the capsaicin
test was 10.32 mg/kg.

The high potency of 12 in both formalin- and capsaicin-
induced pain shows that this compound has the potential to
attenuate neurogenic pain independent of the mechanism of its
induction. This suggests a broad spectrum of activity of this
ligand.

2.8.4. Effects of 12 on Loperamide-Induced Antinocicep-
tion. As it is well known that ¢\R antagonism enhances opioid
analgesia, we tested the effects of compound 12 on
antinociception induced by the opioid agonist loperamide.

https://doi.org/10.1021/acs jmedchem.3c00430
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Figure 11. Antinociceptive activity of 3 (A), 7 (B), and 12 (C) in the
formalin test. Results are shown as time of licking in phase I (0—S min
after intraplantar injection of formalin) and in phase II (15—30 min
after formalin injection). Each value represents the mean + S.E.M. for
8—10 animals. 0: vehicle (1% I'ween 80). Statistical analysis: one-way
ANOVA followed by post ioc Dunnett's test. Statistical significance
compared to vehicle-treated animals: ¥p < 0.05, ¥¥p < 0.01, ¥¥¥p <
0.001, and ***%¥p < 0.0001.

S1RA was used as a ;R reference antagonist and administered
intraplantarly (ipl.) at two doses of SO and 100 yg. Compound
12 was tested at 12.5 and 25 ug. The antinociceptive effect of
the treatments was tested in mice by monitoring the latency to
struggle in response to a nociceptive mechanical stimulus
applied to the paw. The subcutaneous (s.c.) administration of
loperamide (4 mg/kg) induced a minimal (nonsignificant)
increase in the struggle response latency in comparison to the
values from mice treated with its solvent (Figure 13). The
administration of SIRA alone (100 pg) did not change the
response to the mechanical stimulus but significantly and dose-
dependently (S0—100 ug) increased the antinociceptive effect
induced by loperamide and only in the paw injected with the
o\R antagonist (Figure 13). The administration of compound
12 (25 pg) did not have any effect per se but dose-dependently
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(12.5-25 pg) increased the antinociceptive effect of
loperamide at the injected paw, mirroring the effects induced
by S1RA (Figure 13). Hence, the potency of compound 12 to
enhance loperamide-induced antinociception was much higher
than S1RA. Notably, the coadministration of the &R agonist
PRE-084 (75 ug) with SIRA, and also with 12, was able to
markedly reverse the effect of these compounds on
loperamide-induced antinociception (Figure 13). These data
strongly support that not only SIRA but also compound 12 is
a 6, receptor antagonists. Moreover, the effect of SIRA and 12
was also reversed by naloxone-methiodide that is a peripheral
opioid antagonist. This means that the observed pharmaco-
logical effect is due to the peripheral potentiation of opioid
antinociception by sigma-1 receptor antagonism.

In further studies, we used two different models of
neuropathic pain to test the influence of 12 on pain associated
with neuronal tissue damage: the oxaliplatin-induced model
and the chronic constriction injury (CCI) model. The
mechanism of neuron impairment is different in both, which
may relate to the different efficacy of potential treatments. In
the oxaliplatin-induced model, neurons are directly affected by
this chemotherapeutic agent. That leads to mechanical
allodynia resulting from the impaired regulation of ion
channels and destruction of mitochondrial DNA, among
others.”® In CCI, neuropathy impairs peripheral nerve
function, and neuronal damage results from a persistent
mechanical stimulus and its complications such as vascular and
metabolic dysfunctions.

2.8.5. Oxaliplatin (OXPT)-Induced Neuropathy. The
neuropathy manifests as a decrease in the pain threshold and
can be observed in hours or in days after oxaliplatin
administration, which is called the early or late phase of
neuropathic pain, respectively. We tested the influence of
compound 12 on tactile allodynia using the von Frey method 3
h and 7 days after the induction of neuropathy.'”

In the group treated with 12 at the dose of 5 mg/kg (Figure
14), the initial value of 5.53 + 0.34 (baseline) was decreased to
the value of 3.51 # 0.17 (63.5% of the baseline) and 4.30 +
0.08 (77.7% of the baseline) in the early and late phase,
respectively. The single administration of 12 partially reversed
the effect of OXPT in the early phase (88.6% of the baseline;
F3136, 1922) = 7:66, p < 0.01) but not in the late phase. In the
group treated with 12 at the dose of 10 mg/kg, the initial value
of 5.83 + 041 was decreased to the value of 2.94 + 0.36

https://doi.org/10.1021/acs jmedchem.3c00430
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Figure 13. Effects of SIRA and 12 on loperamide-induced antinociception. The results represent the struggle response latency during stimulation
with 450 g pressure in mice intraplantarly (i.pl.) administered SIRA (50—100 pg), 12 (12.5—-25 pg), or saline and treated subcutaneously (s.c.)
with loperamide (4 mg/kg) or its solvent (1% DMSO in ultrapure water). (A) Effect of treatments on the response latency to mechanical
stimulation in the paw i.pl. injected with the &R ligands (ipsi) and in the contralateral paw (contra). (B) Tffect of the i.pl. administration of PRE-
084 (75 ug) and the s.c. administration of naloxone-methiodide (NxM, 2 mg/kg) on the potentiation of loperamide-induced antinociception by
S1RA and 12. Each bar and vertical line represent the mean = SEM of values oblained in six to eight animals. ‘I'wo-way analysis of variance
followed by the Bonferroni test was used to determine statistically significant differences (A and B) between the values obtained in the group
treated with the solvent of the drugs and the rest of the groups (*p < 0.05, *¥p < 0.01), (A) between the ipsi and the contra paws (##p < 0.01), and
(B) between the values of the ipsi paw from loperamide-treated mice injected with SIRA or 12 alone and coadministered with PRT-084 or with the
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Figure 14. Antiallodynic effects of compound 12 in the tactile allodynia evaluated in the von Frey test in oxaliplatin-induced peripheral neuropathy.
Each experimental group consisted of 8—10 animals. **p < 0.01, **¥p < 0.001, and ***¥p < 0.0001 (repeated measures analysis of variance

(ANOVA) followed by Dunnett’s post hoc test) when the groups were compared to oxaliplatin treatment; Ap < 0.05, AMp < 0.01, and AMp < 0.001
(repeated measures analysis of variance ANOVA followed by post hoc Dunnett’s test) when the groups were compared to naive animals.

(50.4% of the baseline) and 3.94 + 0.36 (67.6% of the assigned to four treatment groups: vehicle-treated (i.p.) and
baseline) in the early and the late phase, respectively. The 12-treated (S, 10, and 15 mg/kg, ip.). Baseline measurements
single administration of 12 reversed the effect of OXPT in (basal) for all tests were performed before compound
both the early phase (115.0% of the baseline) and the late injections, and the results are presented as percentages of the
phase (99.8% of the baseline} (Fiys7 2059) = 17.84, p < maximal possible effect (% MPE). We observed a significant
0.0001). In the group treated with 12 at the dose of 15 mg/kg, effect of the tested compound in the von Frey test at all tested

the initial value of 5.60 £ 0.33 was decreased to the value of time points (30 min: F(y 55 = 12.38, p < 0,0001; 90 min:
3.73 + 0.38 (66.6% of the baseline) and 3.88 + 0.27 (69.3% of F3, 260 = 12,65, p < 0.0001; 180 min: Fpy 55 = 6464, p =
the baseline) in the early and late phase, respectively. The 0.0020). In CCl-exposed mice, 12 exhibited significant

single administration of 12 completely reversed the effect of analgesic effects 30 min after injection of § (p < 0.0001) and
OXPT and even elevated the pain threshold above the baseline 10 mg/kg (p = 0.0201) in the von Frey test compared with
in both the early phase (124.3% of the baseline) and the late vehicle-treated animals (Figure 15A). However, a single
phase (123.7% of the baseline) (Fiyz17, 471y = 21.67, p < injection of compound 12 only at a dose of 10 mg/kg
0.0001). increased the withdrawal thresholds in the von Frey test at 90
These results indicate that compound 12 exhibits potency (p < 0.0001) and 180 (p = 0.0014) min after administration
for relieving chemotherapy-induced neuropathic pain (all the (Figure 15A). We also observed a significant effect of
tested doses were significantly active), which confirms its wide treatment on the contralateral paw 90 min after injection
range of analgesic activity and encourages further research. (F3,26) = 5.741, p = 0.0037). Further analysis showed no
2.8.6. Effects of 12 on Neuropathic Pain Symptoms in effects of compound 12 (for doses S and 10 mg/kg) on tactile
CCl-Exposed Mice. Behavioral assessment of 12 was performed allodynia in the von Frey test at all time points after treatment.
14 days after the sciatic nerve injury. Mice were randomly However, 12 at dose 15 mg/kg reduced the withdrawal
9671 https://doi.org/10.1021/acs jmedchem. 300430
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Figure 18. The effects of single i.p. administration of 12 (5, 10 and 15 mg/kg) on mechanical (A, von Frey test) and thermal (B, cold plate test; C,
tail flick test) stimulus on day 14 following CCI to the sciatic nerve were evaluated (n = 7—8 animals per group). The results are presented as
percentages of the maximal possible effect (% MPE; means + SEM). Intergroup differences were analyzed by one-way ANOVA with Bonferroni’s
multiple comparison post hoc test. ¥p < 0.05, ¥¥p < 0.01, and ¥¥¥p < 0.001 vs vehicle-treated group.

threshold 30 and 180 min after injection, although this effect
was not statistically significant at those time points. But 90 min
after injection, we observed a significant effect (p = 0.0056)
(Figure S33). We have also observed a significant effect of
treatment on thermal stimuli as measured in a cold plate test at
all tested time points (38 min: Fy; 55 = 20.77, p < 0.0001; 95
min: F(y 56 = 3242, p < 0.0001; 185 min: F 5y = 16.11, p <
0.0001). Here, analgesic effects of 12 single injection were
observed at 35 min for all tested doses as compared with
control animals (5 mg/kg: p = 0.019; 10 mg/kg: p < 0.0001;
15 mg/kg: p = 0.0004) (Figure 15B). This antihyperalgesic

9672

effect was also observed 95 min after injection (S5 mg/kg: p =
0.0072; 10 mg/kg: p < 0.0001; 1S mg/kg: p = 0.0002) (Figure
15B). However, 185 min after treatment, the analgesic effect
was significant only for doses § (p = 0.0482) and 10 mg/kg (p
< 0.0001). The measurements of spinal responses assessed by
the tail flick test also revealed a significant effect of treatments
(40 min: F(3 55y = 1174, p < 0.0001; 100 min: F3 5y = 35.93,
p < 0.0001; 190 min: F3 55) = 7479, p = 0.001). The analysis
of the tail flick test results (Figure 15C) showed significant
analgesic action of 12 at 40 min (for doses 5 (p = 0.021) and
10 mg/kg (p < 0.0001)) after injection as compared with

https://doi.org/10.1021/acs jmedchem.3c00430
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vehicle-treated mice. At the further time points (100 and 190
min), only the 10 mg/kg dose had significant analgesic effects
(p < 0.0001 and p = 0.0033, respectively) (Figure 15C).

3. CONCLUSIONS

Comprehensive and rational drug discovery requires a
multidisciplinary approach involving many techniques and
methods. A deeper understanding of the molecule’s
physicochemical properties and its conformational preferences
may be very helpful, especially in the case of selective or dual
(multi)-target therapeutic agent design.

In our study, we decided to combine chemical, biological,
and computational methods to reveal molecular properties
responsible for histamine H;R and &R selective or dual-target
binding of the studied compounds. Considering the different
abilities of piperidine and piperazine derivatives substituted
with a 4-pyridyl moiety to form a salt bridge with Glul72 in
the ;R binding pocket, which is a crucial interaction for
ligand—protein complex stability and thus the high biological
activity, we performed an in-depth analysis of their protonation
states with three different methods. In the case of piperidine
derivatives, the crystal structure confirmed the presence of two
protonation centers with higher basic properties of the
piperidine vs pyridine nitrogen atom. In contrast, for the
piperazine derivatives, we observed a strong basic character of
the pyridine nitrogen atom as a consequence of the increased
availability of the lone pair electrons. The former is correlated
with the source of electrons located at the para position,
originated in the piperazine ring’s nitrogen atom with its lone
pair of electrons being involved in the z-electron resonance.
The observed rigidity of the 4-pyridylpiperazine fragment not
only determines the highly basic character of pyridine nitrogen
atom but also strongly defines the spatial orientation of -
electrons of the aromatic fragment. This geometrical feature is
most likely responsible for the effective ligand—protein
recognition and may explain the observed selectivity of the
investigated compounds containing 4-pyridylpiperazine frag-
ment for H;R. Moreover, the order of protonation of
individual nitrogen atoms based on NMR spectroscopy
measurements in a pH-controlled environment stays in
agreement with the crystallographic data for both piperidines
and piperazines. Interestingly, for the piperazine derivative
KSK94, we observed a transfer of the positive charge from the
pyridine nitrogen atom, which was protonated first, to the
piperazine nitrogen through appropriate resonance structures.
This observation is fully consistent with the crystallographic
data and explains the inability of 4-pyridylpiperazine
derivatives to form a salt bridge with Glul72 in the &R
binding pocket. This is caused by the low basicity of the
second piperazine nitrogen atom, which was initially
unprotonated. A series of titrations allowed determining pK,
values of individual nitrogen atoms and recognizing piperidine
derivative KSK68 as a basic ligand with pK,, = 4.9 (pyridine
N) and pK, = 8.4 (piperidine N). In turn, the KSK94
compound belongs to ligands with an acidic center located on
the piperazine nitrogen atom to which the pyridine ring is
directly attached (pK,, = 1). The protonation states of the
compounds were also assessed in silico, and the obtained
results were consistent with the experimental data.

In the next step, we designed and synthesized a series of 16
novel compounds, mainly piperidine derivatives, and deter-
mined their affinity at H3R, o,R, and o,R. We confirmed the

previously described phenomenon and identified a second pair

9673

of similar compounds, differing only in the 4-pyridylpiper-
azine/piperidine core with dual Hi/o;R activity of the
piperidine derivative 12 and no affinity toward &R of its
piperazine analogue KSK94. To further investigate the impact
of structural differences between these moieties on their
molecular mode of action, the binding to &R and H;R was
evaluated using molecular modeling techniques and molecular
dynamics simulations. Both the free binding energies and the
docking scores of the most abundant protonation states
correlated with the in vitro activity of the tested ligands.

As the lead structures for further evaluation, we selected
compounds 3 and 7 with the highest ¢,/0; selectivity factor
(13.2 and 24.2, respectively) and ligand 12 with the same high
o,R activity as for major biological targets. It is well known that
sigma receptors modulate nociception, offering a potential
therapeutic target for pain management, but relatively little is
known about the role of o,R in the pathomechanism of this
condition. Interestingly, recent studies with the highly o,R-
selective compound CM-398 showed that it ameliorates
inflammatory and chronic neuropathic pain in established
mouse models, suggesting possible mediation of nociception
by 02R.** Therefore, it seems reasonable to test triple-targeting
H,/o,/0,R ligand 12 alongside the dual-acting compounds 3
and 7.

All lead structures had no affinity at other histamine receptor
subtypes and were characterized as potent H;R antagonists in
the cAMP accumulation assay. Moreover, we checked their
ability to penetrate lipid membranes by parallel artificial
membrane permeability assay. All tested molecules can be
considered substances with high passive transport through
biological membranes. Taking into account an intracellular
localization of &R, the satisfactory level of lipid membranes
penetration and thus the ability of studied compounds to reach
this biological target seem to be an important feature of dual
Hi/o\R ligands. Furthermore, we also tested the serum
stability of compound 12, and the obtained data clearly
indicate that it can be considered as a moderately stable ligand,
which is relatively rapidly degraded by serum enzymes. This is
associated with the presence of a hydrolysis-susceptible nitrile
group within its structure. On the other hand, this moiety was
one of the key structural element responsible for the
pharmacological activity of 12. Thus, the identification of
other groups in this region, less sensitive to serum enzymes
activity, will be the subject of our further studies. Knowledge of
the permeability profile and stability in plasma of tested ligand
is a very preliminary step in predicting its exposure required for
in vivo efficacy.

Finally, we tested the efficacy of compounds 3, 7, and 12 in
animal models of pain. We started by testing the safety
pharmacology and checked their influence on spontaneous
locomotor activity and motor coordination in the rotarod test.
Compounds 3 and 7 showed high and significant sedative
effects and significantly impaired motor coordination in mice
at the administrated doses. In contrast, the obtained results
showed that 12 is characterized by a better safety profile than
the other two tested compounds; hence, we chose this ligand
for further analysis of its analgesic activity. The high potency of
12 in both formalin- and capsaicin-induced pain shows that
this compound has the potential to attenuate neurogenic pain
regardless of the mechanism of its induction. We then tested
the effect of 12 on antinociception induced by the opioid
agonist loperamide. Administration of compound 12 enhanced
the effect of loperamide, which was markedly reversed by co-
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administration of the o,R agonist PRE-084. These data
strongly support that 12 is a potent o,R antagonist. Finally,
we used two different models of neuropathic pain to test the
influence of 12 on pain associated with neuronal tissue
damage. The obtained results indicate that compound 12 has
the potential to alleviate both chemotherapy-induced neuro-
pathic pain and pain resulting from sciatic nerve damage. This
confirms its broad spectrum of analgesic activity, which may be
related to the dual H;/0R modulation as well as the additional
interaction with o,R. Determining the exact mechanism of
action of compound 12 will be the subject of our further
studies.

4. EXPERIMENTAL PROTOCOLS

4.1. Chemistry. All reagents were purchased from commercial
suppliers and were used without further purification. Melting points
(m.p.) were determined on a MEL-TEMP melting point apparatus II
(LD Inc., USA) and are uncorrected. HPLC analysis were performed
on an Agilent 1290 UHPLC system coupled with an Agilent QTOF
6545 mass spectrometer (a Phenomenex Kinetex 1.7 gm EVO C18
(100 A, 50 X 2.1 mm) reversed-phase column was used). Mass
spectra (LC/MS) were carried out on a system consisting of a Waters
Acquity UPLC coupled to a Waters TQD mass spectrometer.
Retention times (fp) are given in minutes. High-resolution mass
spectrometry (HRMS) was performed on Thermo Scientific Orbitrap
Exploris 240 mass spectrometer. 'H NMR spectra were recorded on a
Varian Mercury 300 MHz PEG spectrometer in DMSO-d;. Chemical
shifts were expressed in parts per million (ppm) using the solvent
signal as an internal standard. Data are reported in the following
order: multiplicity (s, singlet; d, doublet; dd, double of doublets; t,
triplet; tt, triplet of triplets; quin, quintet; qd, quartet of doublets; m,
multiplet; br, broad), approximate coupling constants ] expressed in
hertz (Hz), and number of protons. *C NMR spectra were recorded
on a Varian-Mercury-VX 300 MHz PFG or Bruker 400 MHz
spectrometer at 75 MHz in DMSO-d;. Elemental analyses (C, H, N)
were performed on a Vario El III elemental analyzer (Hanau,
Germany). For CC purification (column chromatography using silica
gel 60 (0.063—0.20 mm); Merck), the following solvent systems were
used: I: petroleum ether/EtOAc (9:1); II: CH,CL,/MeOH (9:1).
Chemical compounds’ names were generated using Chem Draw
Professional 18.0.0.231 (4029).

All final compounds are >95% pure by HPLC analysis.

4.1.1. General Synthetic Procedure for Compounds a—i. All
compounds were obtained using methods described previ-
ously.'”?"?»%° To a solution of freshly prepared sodium 1-
propanolate (0.1 mol, 100 mL), proper substituted phenols (0.1
mol) were added and stirred in room temperature for 5 min. o,@-
Dibromoalkanes (0.2 mol) were then added dropwise in the time of 1
h. The reaction mixture was stirred in 60 °C for 3 h and then refluxed
for another 3 h. After cooling down to RT, the mixture was filtrated
and evaporated. To a rough product, 100 mL of 10% NaOH was
added and left overnight in the cold. To a resulting white oil, CH,Cl,
was added and mixed, and layers were then separated. The organic
layer was dried over sodium sulfate, filtered, and evaporated. The
rough product was used for further reactions after purification.

4.1.1.1. 4-(3-Bromopropoxy)-1,1'-bipheny! (a). Compound pre-
viously described in the literature.”" Obtained 22.13 g of raw product,
purified by CC (1), yield 76%. CAS113795-28-1.

4.1.1.2. 4'-(3-Bromopropoxy)-{1,1'-biphenylj-4-carbonitrile (b).
Compound previously described in the literature.”” Obtained 17.71 g
of raw product, purified by CC (I), yield 56%. CAS134880-32-3.

4.1.1.3. 1-(3-Bromopropoxy)-4-phenoxybenzene (c). Compound
previously described in the literature.”” Obtained 16.59 g of raw
product, purified by CC (I). yield 54%. CAS63457-51-2.

4.1.1.4. 4-(3-Bromopropoxy)-N-phenylanilfine (d). Compound
previously described in the literature.”” Obtained 15.92 g of raw
product, purified by CC (I), yield 52%.

4.1.1.5. 1-Benzyl-4-(3-bromopropoxy)benzene (e). Compound
previously described in the literature.”” Obtained 17.40 g of raw
product, purified by CC (1), yield 57%. CAS60859-24-7.

4.1.1.6. 4-(4-Bromobutoxy)-1,1'-biphenyl (f). Compound previ-
ously described in the literature.* Obtained 12.51 g of raw product,
purified by CC (1), yield 41%. CAS53669-78-6.

4.1.1.7. 4-((5-Bromopentylloxy)-1,1'-biphenyl (g). Compound
previously described in the literature.”* Obtained 7.66 g of raw
product, purified by CC (I), yield 24%. CAS52273-19-5.

4.1.1.8. 4-((6-Bromohexyljoxy)-1,1'-bipheny! (h). Compound
previously described in the literature.” Obtained 8.33 g of raw
product, purified by CC (I), yield 25%. CAS158136-46-0.

4.1.1.9. 1-(4-Bromobutoxy)-4-(tert-butyl)benzene (). Compound
previously described in the literature.”” Obtained 19.68 g of raw
product, purified by CC (I), yield 69%. CAS53669-73-1.

4.1.2. General Synthetic Procedure for Compounds 1-16. All
compounds were obtained using methods described previ-
ously.?*#%** To a suspension of potassium carbonate (8.5
mmol) and a catalytic amount of potassium iodide in water (10
mL), a mixture of proper amine (5 mmol) and compound a—i (§
mmol) i thanol (50 mL) was added as previously de-
scribed.! *> The mixture was then refluxed for 8—12 h (TLC
controlled). After cooling down to room temperature, reaction
mixture was filtrated, evaporated, and purified. To the resulting oil,
100 mL of CH,Cl, was added and washed with 0.5% HCI solution,
0.5% NaOH solution, and water. After drying over anhydrous Na,SO,
and evaporation of the organic layer, the product was further purified
using CC (II). Compounds §, 10, 11, and 16 were obtained as in
previous studies and used in the biological assays with high purity
estimated using LC/MS; details of their synthesis and analyses are
described elsewhere.'****°

4.1.2.1. 1-(3-({1,1'-Biphenylj-4-yloxy)propyl)-3-methylpiperidine
Oxalate (1). White solid, yield 30%, m.p. 169—172 °C, C,,H,,NO-
C,H,0, (MW = 399.49). RP-HPLC: 99.67% (#; = 2.890, k' = 14.21).
'H NMR (500 MHz, DMSO-d;) & ppm: 7.57 (dd, ] = 2.00, 8.31 Hz,
4H), 7.39 (4, J = 7.73 Hz, 2H), 7.24—7.31 (m, 1H), 6.99 (d, J = 8.59
Hz, 2H), 4.04 (t, ] = 6.01 Hz, 2H), 3.28—3.42 (m, 2H), 3.10 (t, J =
7.59 Hz, 2H), 2.71 (t, ] = 10.74 Hz, 1H), 2.43 (br. s,, 1H), 2.11 (quin,
] = 6.80 Hz, 2H), 1.79—1.90 (m, 1H), 1.62—1.78 (m, 3H), 0.95—1.09
(m, 1H), 0.86 (d, ] = 6.59 Hz, 3H). *C NMR (126 MHz, DMSO-d,)
& ppm: 1652, 158.4, 140.3, 1333, 129.4, 1283, 127.3, 126.7, 115.5,
65.7, 58.1, 54.0, 54.0, 52.2, 30.6, 29.1, 24.1, 22.8, 22.8, 19.1. LC—MS:
purity 100.00%, tp = 5.53, (ESI) m/z [M + H]* 310.22. Anal. caled.
for C;3H),NO: C, 69.15; H, 7.32; N, 3.51%. Found: C, 68.94; H,
7.08; N, 3.46%.

4.1.2.2. 1-(3-({1,1'-Biphenyl]-4-yloxy)propyl)-4-methyipiperidine
Oxalate (2). White solid, yield 38%, m.p. 222—224 °C, C,,H,,NO-
C,H,0, (MW = 399.49). RP-HPLC: 97.96% (#; = 2.888, k' = 14.20).
'H NMR (500 MHz, DMSO-d;) & ppm: 7.57 (d, J = 8.59 Hz, 4H),
7.39 (t, ] = 7.73 Hz, 2H), 7.24—7.30 (m, 1H), 6.99 (d, ] = 8.59 Hz,
2H), 4.05 (t, ] = 6.01 Hz, 2H), 3.37 (d, J = 10.60 Hz, 2H), 3.06—3.15
(m, 2H), 2.83 (br. s, 2H), 2.02—2.15 (m, 2H), 1.74 (d, ] = 13.46 Hz,
2H), 1.57 (br. s, 1H), 1.27—1.40 (m, 2H), 0.89 (d, ] = 6.30 Hz, 3H).
BC NMR (126 MHz, DMSO-d;) § ppm: 140.28, 133.34, 129.42,
128.32, 126.71, 115.48, 100.00, 65.60, 24.28. LC—MS: purity 97.76%,
tp = 5.47, (ESI) m/z [M + H]* 310.22. Anal. caled. for C,3;H, NO;:
C, 69.15; H, 7.32; N, 3.51%. Found: C, 68.82; H, 7.53; N, 3.38%.

4.1.2.3. 1-(3-({1,1'-Biphenyl]-4-yloxy)propyl)azepane Oxalate
(3). White solid, yield 38%, m.p. 187—-190 °C, C, H,,NO-C,H,0,
(MW = 399.49). RP-HPLC: 96.06% (t; = 2.875, k' = 14.13). 'H
NMR (500 MHz, DMSO-d;) & ppm: 7.57 (d, ] = 7.73 Hz, 4H), 7.39
(t, J = 7.30 Hz, 2H), 7.27 (t, ] = 7.16 Hz, 1H), 7.00 (d, ] = 8.31 Hz,
2H), 4.05 (t, J = 5.58 Hz, 2H), 2.93—3.40 (m, 6H), 2.10 (br. s., 2H),
1.76 (br. 5., 4H), 1.40—1.63 (m, 4H). *C NMR (126 MHz, DMSO-
d) & ppm: 165.1, 158.4, 1403, 133.3, 129.4, 1283, 127.3, 1267,
115.5, 65.6, 54.3, 54.2, 26.5, 24.5, 23.7. LC—MS: purity 96.08%, t =
5.51, (ESI) m/z [M + H]* 310.22. Anal caled. for Cp3H,)NO;: C,
69.15; H, 7.32; N, 3.51%. Found: C, 68.71; H, 7.08; N, 3.38%.

4.1.2.4. 1-(3-({1,1"-Biphenyl]-4-yloxy)propyl)pyrrolidine Oxalate
(4). White solid, yield 42%, m.p. 204-206 °C, C H,;NO-C,H,0,
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(MW = 371.43). RP-HPLC: 96.58% (t; = 2.768, k' = 13.57). 'H
NMR (500 MHz, DMSO-d,) & ppm: 7.57 (d, ] = 8.31 Hz, 4H), 7.39
(t, J = 7.59 Hz, 2H), 7.23—7.31 (m, 1H), 6.99 (d, ] = 8.59 Hz, 2H),
4.05 (t, ] = 5.87 Hz, 2H), 3.01-3.42 (m, 6H), 2.03—2.13 (m, 2H),
1.89 (br. s, 4H). *C NMR (126 MHz, DMSO-d;) & ppm: 165.0,
158.4, 1403, 1333, 129.4, 1283, 127.3, 126.7, 115.6, 115.5, 65.4,
53.7, 51.9, 25.9, 23.2. LC—MS: purity 100.00%, tz = 5.10 (ESI) m/z
[M + H]* 282.137. HRMS (MALDI): m/z [M + H]* 282.1856.

4.1.2.5. 4'-(3-(Piperidin-1-ylipropoxy)-[1,1'-biphenylj-4-carbon-
itrife Oxalate (5). Compound previously described in the literature.”
‘White solid, yield 37%. RP-HPLC: 95.63% (tp = 2.731, k' = 13.37).
LC—MS: purity 93.82%, t; = 4.64, (ESI) m/z [M + H]" 321.26.
HRMS (MALDI): m/z [M + H]" 321.1966.

4.1.2.6. 1-(3-(4-Phenoxyphenoxy)propyl)piperidine Oxalate (6).
White solid, yield 46%, m.p. 137—140 °C, C,,H,\NO,-C,H,0, (MW
= 401.46). RP-HPLC: 100.00% (t; = 2.808, k' = 13.78). ‘'H NMR
(500 MHz, DMSO-d;) & ppm: 7.26—7.36 (m, 2H), 7.03 (t, ] = 7.30
Hz, 1H), 6.90—6.98 (m, 4H), 6.87 (d, ] = 7.73 Hz, 2H), 3.98 (t, ] =
6.01 Hz, 2H), 2.79-3.36 (m, 6H), 2.00-2.16 (m, 2H), 1.60—1.77
(m, 4H), 1.49 (br. s, 2H). °C NMR (126 MHz, DMSO-d;) & ppm:
1653, 158.5, 1552, 150.1, 130.4, 1232, 121.2, 117.9, 1163, 66.0,
54.0, 52.6, 24.1, 23.1, 22.0. LC—MS: purity 97.09%, t; = 5.19, (ESI)
m/z [M + H]* 312.41. Anal. caled. for C,,H,,NO,: C, 65.82; H, 6.78;
N, 3.49%. Found: C, 65.59; H, 6.61; N, 3.39%.

4.1.2.7. N-Phenyl-4-(3-(piperidin-1-yl)propoxy)aniline Oxalate
(7). White solid, yield 34%, m.p. 130—133 °C, C,,H,(N,0-C,H,0,
(MW = 400.48). RP-HPLC: 99.41% (t; = 2.726, k' = 13.35). 'H
NMR (400 MHz, DMSO-d;) & ppm: 7.87 (br. s, 1H), 7.12—7.22 (m,
2H), 7.04 (d, ] = 9.00 Hz, 2H), 6.83—6.96 (m, 4H), 6.72 (t, ] = 7.24
Hz, 1H), 3.98 (t, ] = 5.87 Hz, 2H), 2.91-3.32 (m, 6H), 2.04—2.20
(m, 2H), 1.63—1.84 (m, 4H), 1.53 (br. s, 2H). *C NMR (101 MHz,
DMSO-ds) & ppm: 165.1, 153.1, 145.4, 136.9, 129.6, 120.6, 118.8,
115.8, 115.4, 65.8, 54.1, 52.6, 24.1, 23.2, 22.0. LC—MS: purity 100%,
tp = 4.88, (ESI) m/z [M + H]* 311.41. Anal. caled. for C,,H,oN,O;:
C, 65.98; H, 7.05; N, 7.00%. Found: C, 66.25; H, 6.89; N, 7.00%.

4.1.2.8. 1-(3-(4-Benzylphenoxy)propyl)piperidine Oxalate (8).
White solid, yield 39%, m.p. 152—155 °C, C, H,;NO-C,H,0,
(MW = 399.49). RP-HPLC: 98.02% (t, = 2.866, k' = 14.08). 'H
NMR (500 MHz, DMSO-d,) & ppm: 7.19—7.29 (m, 2H), 7.03—7.18
(m, SH), 6.81 (d, ] = 8.59 Hz, 2H), 3.94 (t, J = 6.01 Hz, 2H), 3.82 (s,
2H), 2.76—3.43 (m, 6H), 1.98=2.11 (m, 2H), 1.62—1.75 (m, 4H),
1.47 (br. s, 2H). *C NMR (126 MHz, DMSO-d;) § ppm: 165.3,
157.1, 1423, 134.1, 130.2, 129.1, 128.9, 126.4, 115.0, 65.5, 54.0, 52.6,
24.0, 23.1, 22.0. LC—MS: purity 100.00%, t; = 5.35, (ESI) m/z [M +
HJ* 310.47. Anal. caled. for C,;H,sNO;: C, 69.15; H, 7.32; N, 3.51%.
Found: C, 68.46; H, 7.53; N, 3.36%.

4.1.2.9. 1-(4-({1,1'-Biphenyl]-4-yloxy)butyl)piperidine Oxalate
(9). White solid, yield 24%, m.p. 182—185 °C, C, H,,NO-C,H,0,
(MW = 399.49). RP-HPLC: 97.54% (t, = 2.863, k' = 14.07). 'H
NMR (500 MHz, DMSO-d;) & ppm: 7.56 (dd, J = 5.58, 7.59 Hz,
4H), 7.39 (t, ] = 7.73 Hz, 2H), 7.18=7.31 (m, 1H), 6.88=7.06 (m,
2H), 4.00 (t, ] = 5.87 Hz, 2H), 2.72—3.49 (m, 6H), 1.58—1.86 (m,
8H), 1.29—1.58 (m, 2H). *C NMR (126 MHz, DMSO-d,) & ppm:
165.1, 165.1, 165.0, 158.7, 140.3, 133.1, 129.4, 128.3, 127.3, 126.7,
115.5, 67.4, 56.1, 52.5, 26.5, 23.1, 22.0, 20.8. LC—MS: purity 96.17%,
tp = 5.46, (BSI) m/z [M + H]* 310.22. Anal. caled. for C,3H,NO;:
C, 69.15; H, 7.32; N, 3.51%. Found: C, 68.78; H, 7.47; N, 3.31%.

4.1.2.10. 1-(5-({1,1'-Biphenyl]-4-yloxy)pentyl)piperidine Oxalate
(10). Compound previously described in the literature.”* White solid,
yield 66%. RP-HPLC: 98.88% (t; = 2.934, k' = 14.44). LC—MS:
purity 99.60%, tp = 5.81, (ESI) m/z [M + H]" 324.44.

4.1.2.11. 1-(6-({1,1'-Biphenyl}-4-yloxy)hexyl)piperidine Oxalate
(11). Compound previously described in the literature.”* White
solid, yield 60%. RP-HPLC: 100.00% (tp = 3.013, k' = 14.86). LC—
MS: purity 100.00%, t; = 6.18, (ESI) m/z [M + H]" 338.47.

4.1.2.12. 4'-(3-(4-(Pyridin-4-yl)piperidin-1-yl)propoxy)-{1,1'-bi-
phenylj-4-carbonitrife Oxalate (12). White solid, yield 32%, m.p.
157—-160 °C, C,H,;N;0-C,H,0, (MW = 487.56). RP-HPLC:
100.00% (t = 2.431, k' = 11.79). "H NMR (500 MHz, DMSO-d;) &
ppm: 8.40—8.43 (m, 2H), 7.79-7.86 (m, 4H), 7.65—7.69 (m, 2H),
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7.22—7.24 (m, 2H), 7.01=7.04 (m, 2H), 4.04 (t, ] = 6.44 Hz, 2H),
2.95 (d, ] = 11.46 Hz, 2H), 2.48—-2.52 (m, 1H), 2.43 (t, J = 7.16 Hz,
2H), 1.93-2.01 (m, 2H), 1.88 (quin, ] = 6.73 Hz, 2H), 1.69—1.76
(m, 2H), 1.55—1.65 (m, 2H). “C NMR (126 MHz, DMSO-d,) &
ppm: 159.9, 155.3, 150.1, 144.8, 133.3, 128.9, 127.4, 122.9, 115.7,
109.6, 66.6, 55.2, 54.1, 32.6, 26.9. LC—MS: purity 100.00%, t; = 3.54,
(BSI) m/z [M + HJ* 398.12. HRMS (MALDI): m/z [M + HJ*
398.2230.

4.1.2.13. 4-(1-(3-(4-Phenoxyphenoxy)propyl)piperidin-4-yl)-
pyridine Oxalate (13). White solid, yield 34%, m.p. 143—146 °C,
CysH N, 0,-C,H,0, (MW = 478.55). RP-HPLC: 100.00% (t; =
2.492, k' = 12.12). *H NMR (500 MHz, DMSO-d;) & ppm: 8.41—
8.43 (m, 2H), 7.28-7.32 (m, 2H), 7.22—7.25 (m, 2H), 7.02 (tt, ] =
7.41, 1.04 Hz, 1H), 6.90—6.96 (m, 4H), 6.86—6.89 (m, 2H), 3.96 (t, ]
=6.30 Hz, 2H), 2.95 (d, ] = 11.46 Hz, 2H), 2.48—2.52 (m, 1H), 2.42
(t, J = 7.30 Hz, 2H), 1.93—2.00 (m, 2H), 1.82—1.89 (m, 2H), 1.72 (d,
J=12.60 Hz, 2H), 1.60 (qd, J = 12.36, 3.58 Hz, 2H). *C NMR (126
MHz, DMSO-d;) & ppm: 158.6, 155.6, 149.8, 130.4, 122.9, 117.8,
116.2, 66.8, 55.2, 54.1, 32.6, 27.0. LC—MS: purity 100.00%, tp = 3.94,
(BSI) m/z [M + H]* 389.23. HRMS (MALDI): m/z [M + HJ*
389.2227.

4.1.2.14. N-Phenyl-4-(3-(4-(pyridin-4-y{)piperidin-1-yl)propoxy)-
aniline Oxalate (14). White solid, yield 38%, m.p. 182—185 °C,
C,H,N,0-C,H,0, (MW = 477.56). RP-HPLC: 100.00% (#; =
2.400, k' = 11.63). 'H NMR (500 MHz, DMSO-d,) & ppm: 8.41—
8.43 (m, 2H), 7.80 (s, 1H), 7.22—7.24 (m, 2H), 7.09-7.13 (m, 2H),
6.97—7.01 (m, 2H), 6.86—6.89 (m, 2H), 6.80—6.84 (m, 2H), 6.66 (it,
J=17.30, 1.15 Hz, 1H), 3.92 (t, J = 6.30 Hz, 2H), 2.97 (4, ] = 10.02
Hz, 2H), 2.48-2.54 (m, 2H), 2.00 (br. s, 2H), 1.84 (quin, ] = 6.73
Hz, 2H), 1.73 (d, ] = 12.03 Hz, 2H), 1.61 (qd, J = 12.32, 3.44 Hz,
2H). *C NMR (126 MHz, DMSO-d;) & ppm: 155.3, 153.6, 150.1,
145.6, 136.6, 129.6, 122.9, 120.8, 118.8, 115.7, 115.3, 66.6, 55.3, 54.0,
32.5, 26.9. LC—MS: purity 100.00%, #; = 3.62, (ESI) m/z [M + H]*
388. HRMS (MALDI): m/z [M + H]* 388.2387.

4.1.2.15. 4-(1-(3-(4-Benzylphenoxy)propyl)piperidin-4-yl)pyridine
Oxalate (15). White solid, yield 41%, m.p. 135—138 °C, C,sH,,N,0-
C,H,0, (MW = 476.57). RP-HPLC: 98.95% (t, = 2.538, k' = 12.36).
'H NMR (500 MHz, DMSO-d;) & ppm: 8.40—8.43 (m, 2H), 7.21—
7.25 (m, 4H), 7.06—7.17 (m, SH), 6.78—6.82 (m, 2H), 3.92 (t, ] =
6.44 Hz, 2H), 3.82 (s, 2H), 3.29 (br. s, 1H), 2.94 (d, ] = 10.88 Hz,
2H), 2.37-2.44 (m, 2H), 1.90—2.04 {m, 2H), 1.83 (quin, ] = 6.80
Hz, 2H), 1.71 (d, ] = 12.03 Hz, 2H), 1.59 (qd, J = 12.32, 3.72 Hg,
2H). *C NMR (126 MHz, DMSO-d;) § ppm: 157.5, 155.3, 150.1,
142.3, 133.7, 130.2, 1289, 122.9, 114.9, 663, 55.5, 55.2, 54.0, 32.6,
26.9. LC—MS: purity 100.00%, t; = 4.17, (BSI) m/z [M + HJ*
387.22. HRMS (MALDI): m/z [M + H]* 387.2434.

4.1.2.16. 2-(4-(4-(4-(tert-Butyl)phenoxy)butyl)piperazin-1-yi)-
pyrazine Oxalate (16). Compound previously described in the
literature.'” White solid, yield 61%. RP-HPLC: 100.00% (t; = 2.874,
k' = 14.13). LC—MS: purity 98.64%, tp = 5.38, (ESI) m/z [M + H]*
370.51.

4.2. pH-Dependent Crystallization and Crystal Structure
Determination. Single crystals were obtained by crystallization in
two sets of samples, oxalate salts of compounds KSK67 and KSK68,
followed by free base samples of KSK67_fb, KSK68_fb, KSK94_fb,
and 12 fb. The KSK67 and KSK68 oxalate salts were initially
crystallized by slow evaporation of the solvent at ambient conditions
from propan-2-ol solution with few drops of water. This procedure
resulted in obtaining crystals suitable for the X-ray experiment. In the
next step, the attempts to crystallize the mentioned samples in three
batches were conducted: (1) from the water solution (solution pH:
4.5—5) and (2) with the addition of 1 M HCI (the solution pH: 3.5)
and (3) 1 M NaOH (solution pH: 7—7.5). KSK68 is more soluble in
H,0 than KSK67. The solubility of both samples increases in acidic
conditions, whereas the addition of alkali leads to rapid precipitation.
The controlled, dropwise addition of NaOH allowed obtaining a clear
solution at equilibrium. The described crystallization procedures of
the oxalate salts resulted in good quality crystals only for KSK68 with
addition of NaOH (named as KSK68 OH). The free base samples of
KSK67_fb, KSK68_fb, KSK94_fb, and 12_fb are not highly soluble
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in water. To solve all samples, an addition of organic solvents mixture
was required: propan-2-ol and acetone (2:1, vv; for KSK67 fb and
KSK68_fb) or propan-2-ol, acetone, and THF (2:5:1, viviv; for
KSK94 fb and 12 fb). The final pH of solutions was in the range
6.5—7. All samples showed very good solubility in acidic conditions
(pH 3.5) and were insoluble after adding the NaOH solution. The
above described crystallization procedures of free bases resulted in
good quality crystals only for the water/organic solutions. X-ray
single-crystal diffraction data sets were collected using an XtaLAB
Synergy-S four-circle diffractometer with a mirror monochromator
and a microfocus Cu Ko radiation source (A = 1.5418 A). The
CryoStream cryostat system was used to allow low-temperature
experiments performed at 100(2) K. The obtained data sets were
processed with the CrysAlisPro software (Rigaku-Oxford Diffraction;
CrysAlisPro Oxford Diffraction Ltd., Abingdon, England, V 1. 171. 36.
2 (release 27-06-2012 CN) 2006). The phase problem was solved
with direct methods using SHELXT.”® Parameters of the obtained
model were refined by full- matrix least-squares on F* using SHELXL-
2014/6.°" Calculations were performed using the WinGX integrated
system (ver. 2014.1).°® Figures were prepared with the Mercury 4.0
software.”” All nonhydrogen atoms were refined anisotropically. All
hydrogen atoms attached to carbon atoms were positioned with the
idealized geometry and refined using the riding model with the
isotropic displacement parameter Uy [H] = 1.2 U,[C]. The
hydrogen atoms attached to nitrogens (N1 and/or N10) as a result
of protonation of the basic center were located on the Fourier
difference map. Hydrogen atoms of water molecules present in the
crystal lattice were, in most cases, defined based on the Fourier
difference map and were refined using the riding model with the
isotropic displacement parameter Uy, [H] = 1.5 U,[O]. In many
cases, restraints on distances and angles (DFIX and DANG
commands, respectively) were required to maintain relatively good
water molecule geometry. Only for structure KSK67, where
interpretation of the Fourier difference map did not allow water
molecules’ hydrogen atoms location, was the CALC-OH predictive
algorithm®™ available in the WinGX suite®® applied. In structures
KSK67, KSK68_fb, and KSK94_fb, a positional disorder within the
molecule was observed. This disorder was modeled based on the
Fourier difference map inspection, and the site occupancies were
determined during the refinement procedure. Crystal data and
refinement results are shown in Tables S1 (for oxalate salts) and S2
(for free bases) in the Supporting Information file. The asymmetric
units of all obtained crystal structures, presenting atom labeling as well
as the positional disordered observed for tested compounds, are
shown in Figures S1—S87 in the SI file. Crystallographic data have been
deposited with the Cambridge Crystallographic Data Centre (CCDC)
as supplementary publication nos. CCDC2245077 (KSK67),
CCD(C2245079 (KSKé68), CCDC2245081 (KSKé68 OH),
CCDC2245080 (KSKé67 fb), CCDC2245078 (KSKé68 fb),
CCDC2245082 (KSK94 fb), and CCDC2245083 (12 fb). Copies
of the data can be obtained, free of charge, on application to CCDC
(e-mail: deposit@ccde.cam.ac.uk).

4.3. Potentiometric Titration. The potentiometric microtitra-
tion was performed in a thermostated 20 mL cell using a CerkoLab
microtitration unit fitted with a pH electrode (Hydromet ERH-13-6).
The electrode was calibrated with the use of buffer solutions: pH =
4.00, 7.00, and 10.00. Titrant T (0.1 M KOH) was standardized
according to the general analytical procedure and protected from
carbon dioxide. Double distilled water with a conductivity of about
0.18 mS/cm was used to prepare all aqueous solutions. DMSO
(HPLC grade, 99.5%) was supplied by Sigma Aldrich. The
concentration of the titrant solution (D) was 0.0025—0.005 M. The
solubilization procedure was follows: The appropriate amount of KSK
compound was dissolved in 1 mL 0.1 M HCl and 1 mL DMSO to
prepare a 25 mL stock solution. The developed solubilization system
can be recommended for poorly soluble derivatives. The analytical
procedure was a follows: volume Vj = 4.5 mL of titrant D was titrated
with 0.1 M titrant T using the CerkoLab System equipped with a §
mL syringe pump. Titrant T was added to titrant D in 0.005 mL
increments with 10 s intervals. pK, values were calculated from the

experimental data points {(Vj,pHj)/j = 1, .., N} according to the
Kostrowicki and Liwo algorithm.*”*"

4.4. NMR Spectroscopy Measurements in the pH-Con-
trolled Environment. NMR spectra were measured on a JEOL
JNM-ECZR 600 MHz spectrometer equipped with a Royal HFX
probe. All measurements were carried out at stable 303 K. DMSO-d;
of purity 99.8% was purchased from Eurisotop and stored over A3
molecular sieves for a few days. Proton spectra were collected from 16
scans and 32,768 points with an acquisition time of 2.42 s and
relaxation delay of 5 s. A standard sequence with one 45° pulse on the
proton channel before acquisition was used. Titrations were
conducted using trifluoromethylsulfonic (triflic) acid purchased
from Sigma-Aldrich with a purity of over 99%. A solution of 0.5 M
concentration in DMSO-d; was made and further used. Analysis of
the results was carried out using the JEOL JASON software.
Titrations were performed by adding successive portions of the
TfOH acid solution to the test compound solution in portions of 0.2
molar equivalents. All spectra and chemical shift tables from the
titration experiments are available in the Supporting Information.

4.5. In Vitro Pharmacology. 4.5.1. Affinity at ¢, and o,
Receptors. Brain and liver homogenates for o,R and &R binding
assays were prepared from male Dunkin-Hartley guinea pigs and
Sprague-Dawley rats, respectively (ENVIGO RMS S.RL. Udine,
Italy), as previously reported.”**** In vitro &R ligand binding assays
were carried out in a Tris buffer (50 mM, pH 7.4) for 150 min at 37
°C. The thawed membrane preparation of the guinea pig brain cortex
was incubated with increasing concentrations of test compounds and
[*H](+)-pentazocine (2 nM) in a final volume of 0.5 mL. Unlabeled
(+)-pentazocine (10 M) was used to measure nonspecific binding.
Bound and free radioligands were separated by fast filtration under
reduced pressure using a Millipore filter apparatus through Whatman
GF 6 glass fiber filters, which were presoaked in a 0.5%
poly(ethyleneimine) water solution. Each filter paper was rinsed
three times with ice-cold Tris buffer (50 mM, pH 7.4), dried at t, and
incubated overnight with scintillation fluid into pony vials. The bound
radioactivity was determined using a liquid scintillation counter
(Beckman LS 6500).°%% In vitro o,R ligand binding assays were
carried out in Tris buffer (50 mM, pH 8.0) for 120 min at rt. The
thawed membrane preparation of rat liver was incubated with
increasing concentrations of test compounds and [PH]DTG (2 nM)
in the presence of (+)fpentazocine (5 uM) as o, masking agent in a
final volume of 0.5 mL. Nonspecific binding was evaluated with
unlabeled DTG (10 #M). Bound and free radioligands were separated
by fast filtration under reduced pressure using a Millipore filter
apparatus through Whatman GF 6 glass fiber filters, which were
presoaked in a 0.5% poly(ethyleneimine) water solution. Each filter
paper was rinsed three times with ice-cold Tris buffer (10 mM, pH 8),
dried at rt, and incubated overnight with scintillation fluid into pony
vials. The bound radioactivity was determined using a liquid
scintillation counter (Beckman LS 6500).”* The K, values were
calculated with the program GraphPad Prism 7.0 (GraphPad
Software, San Diego, CA, USA). The K, values are given as mean
value + CI from at least two independent experiments performed in
duplicate.

4.5.2. Affinity at Histamine Receptors. Compounds (as oxalate
salts) were tested in H;R in vitro binding studies using the methods
described previously.”'~*® Ligands were tested at 5 to 11 appropriate
concentrations in a [*H]N*methylhistamine (Kp 3.08 nM)
radioligand depletion assay to determine the affinity at human
recombinant histamine H;R stably expressed in HEK-293 cells.
Radioligand binding experiments at the H;R, H;R, and H,R were
performed as previously described in Rosier et al” and Bartole et
al.”® The following radioligands and concentrations were used:
[*H]mepyramine (hHR, K; = 5.1 nM, ¢ 5 nM) (Novandi
Chemistry AB, Sédertilje, Sweden), [*H]JUR-DE257 (hH,R, K, =
66.9 nM, ¢ = 50 nM),”” and [PH]UR-P1294 (hH,R, K; = 3.6 M, ¢ =
4 nM)"® at HEK293T-SP-FLAG-hH,R (x = 1, 2, or 4) expressing the
respective hHR. Data represent mean values + CI from three
independent experiments, each performed in triplicate. The
normalized competition binding curves were then fitted with a four-
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parameter logistic fit yielding ICg, values using the Prism 8.4.3
software (GraphPad, San Diego, CA). The K, values were estimated
from the Cheng—Prusoff equation.””

4.5.3. Cyclic Adenosine Monophosphate (cAMP) Accumulation
Assay. The LANCE Ultra cAMP assay (Perkin Elmer), a
homogeneous time-resolved fluorescence resonance energy transfer
(TR-FRET) immunoassay, is designed to measure cAMP produced
upon modulation of adenylyl cyclase activity by GPCRs. The assay is
based on the competition between the europium (Eu) chelate-labeled
cAMP tracer and sample cAMP for binding sites on cAMP-specific
monoclonal antibodies labeled with the ULight dye. For measure-
ment, HEK293 cells expressing hH;R* were resuspended in HBSS
buffer containing 0.1% BSA, HEPES (5 mM), and phosphodiesterase
inhibitor RO-201724 (100 xM) as previously described.”” An
antagonist dose—response experiment was performed in 384-well
white opaque plates using 3000 cells/well stimulated with 3 yM
forskolin and 30 nM (R)-(—)-o-methylhistamine as reference H R
agonist. Cell treatments were performed for 30 min at room
temperature, and the cAMP production was assayed by the addition
of Eu-cAMP tracer and ULight-anti-cAMP solution in detection
buffer according to the manufacturer’s instructions. The TR-FRET
signal was measured 60 min later using the EnVision microplate
reader (Perkin Elmer), and the amount of released cAMP was
calculated based on the cAMP standard curve. Experiments were
conducted twice in triplicates, and IC;, values were determined using
the Prism 8.4.3 software.

4.6. In Silico Studies. Molecular Modeling: Docking Studies
and Molecular Dynamics Simulations. 4.6.1. Structures of the
Receptors. The histamine Hj receptor homology model was built
using the AlphaFold server, " and we chose the model with the
highest values of the predicted local-distance difference test
(pLDDT). The structures of 5,R were retrieved from the Protein
Data Bank’*’® (PDB ID: SHK1,”* SHK2,* 6DJZ,° 6DKo,”*
6DK17°); however, on the basis of the similarity of crystalized ligand
and preliminary research, we choose the crystal structure of &R in
complex with the antagonist haloperidol'” (PDB ID: 6DJZ).

4.6.2. Induced Fit Docking (IFD). The three-dimensional structures
of the ligands were prepared using LigPrep v3.6,”° and the appropriate
ionization states at pH = 7.0 + 0.5 were assigned using Epik v3.4.””
The Protein Preparation Wizard'® was used to assign the bond orders
and appropriate amino acid ionization states and to check for steric
clashes for the sigma-1 crystals. The receptor grid was generated
(OPLS3 force field)” by centering the grid box of the sigma-1
receptor with a size of 8 A on crystalized ligands and the grid box of
histamine H;R with a size of 10 A on D3.32. Automated flexible
docking was performed using Glide v6.9%%% at the SP level.

4.6.3. The QM/MM Optimization. The L-R complexes selected in
IFD procedure were next optimized using the QM/MM approach
using QSite.”” The QM area containing the ligand and the amino acid
side chains interacting with ligands was described by a combination of
DFT hybrid functional B3LYP and LACVP* basis sets, whereas the
rest of the system was optimized using the OPLS3 force field.

4.6.4. Quantum Polarized Ligand Docking (QPLD). The
optimized complexes of KSK68 and 12 were used as a grid for the
next steps. The receptor grids were generated (OPLS3 force field) by
centering the grid box with a size of 8 A on KSK68 and 12. Docking
was performed by the quantum-polarized ligand docking (QPLD)
procedure™ that involves the QM-derived ligand atomic charges in
the protein environment at the 3-21G/BLYP level. For each ligand,
the five poses were obtained.

4.6.5. Binding Free Energy Calculations. GBSA (generalized-
born/surface area) was used to calculate the binding free energy based
on the ligand—receptor complexes generated by the QPLD procedure.
The ligand poses were minimized using the local optimization feature
in Prime, the flexible residue distance was set to 6 A from a ligand
pose, and the ligand charges obtained in the QPLD stage were used.
The energies of complexes were calculated with the OPLS3e force
field and generalized-born/surface area continuum solvent model To
assess the influence of an appropriate tautomeric and protonation

state, the AAG was calculated as a difference between binding free
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energy (AG) of the piperidine monoprotonated derivative and
piperazine analogues.

4.6.6. Molecular Dynamics Simulations. Selected ligand—receptor
complexes underwent MD simulations to confirm the stability of
docking poses obtained in previous stages. They were carried out in
Desmond,"® with the application of the TIP3P solvent model'” and
POPC membrane model in the case of the H;R. The remaining
conditions were as follows: OPLS3e force-field, pressure of 1.01325
bar, temperature of 300 K, orthorhombic box shape with a size of +10
A X +10 A X +10 A, application of the neutralization of the system by
addition of the appropriate number of Cl— ions and relaxation before
simulation, simulation length: 1000 ns. Ligand—protein contacts
occurring during MD simulations were analyzed with the use of the
Simulation Interaction Diagram (Schrédinger Suite).

4.6.7. Protonation Studies. The protonation studies were carried
out in two software packages: Instant]Chem and Epik.”” In the latter
case, water was selected as a solvent.

4.7. Determination of Selected ADMET Parameters.
4.7.1. Permeability across Lipid Membranes. The precoated
PAMPA Plate System Gentest was obtained from Corning {Tewks-
bury, MA, USA). It consists of a 96-well receiver filter plate that has
been precoated with structured layers of phospholipids and a matched
donor microplate. The stock solutions of tested compounds and
reference drugs were diluted in the PBS buffer (pH 7.4) to the final
concentration of 100 #M according to the method described
previously.”" The compounds were applied into the donor wells
(300 L), and PBS buffer was placed in acceptor wells (200 xL).
Plates were incubated in RT for § h. By using the UPLC—-MS
spectrometry (Waters ACQUITY TQD system with the TQ
Detector, Waters, Milford, USA) with an internal standard, the
exact quantity of molecules that penetrated from donor to acceptor
wells through phospholipid membrane was estimated The perme-
ability coefficients (P,, cm/s) were calculated usin§ the formula
provided by the PAMPA Plate System manufacturer.”

4.7.2. Serum Metabolic Stability. Acetonitrile (LC—MS grade),
formic acid (LC—MS grade), and DMSO (HPLC grade) were
obtained from Sigma Aldrich. Imipramine was also acquired from
Sigma Aldrich. Water MilliQ was used for chromatography with 18
MQ-cm.

The plasma was warmed to 37 °C for 10 min, mixed, and
centrifuged to pellet any aggregated protein. Calcium chloride (500
mM, 0.5 mL added to 25 mL of plasma) was then added to the
plasma to allow clot formation. The plasma was centrifuged at 4 °C
for 30 min at 14,000 rpm to remove the clot. The clear supernatant
(serum) was then transferred to an assay plate (249 xL) using the
Bravo Automated Liquid Handling Platform (Agilent Technologies).
The serum was equilibrated to 37 °C, and biotransformation was
initiated by adding 1 #L of the compound solution in DMSO to
achieve final concentrations of 0.1, 0.5, and 1 mM with 250 xL final
incubation volume. Samples (25 xL) were taken at 0, 1, 2, 4, 6, and 24
h and added to 100 yL acetonitrile with 100 nM imipramine as
internal standard for plasma deproteinization. The samples were
vortexed for 1 min and then centrifuged at 4 °C for 30 min at 14,000
rpm. The clear supernatants were analyzed by LC—MS. An Exion
HPLC system consisting of a degasser (DGU-20A) and an
autosampler (SIL-HTA) was used. LC was performed on an analytical
column (Waters BEH C18; 1.7 #m, 50 X 2.1 mm). The mobile phase
consisted of acetonitrile—water with 0.1% formic acid. The flow rate
was 0.5 mL/min with a column compartment temperature of 50 °C
and injection volume of 1 xL.

4.8. In Vivo Pharmacology. 4.8.1. Influence on Spontaneous
Locomotor Activity. This test was carried out according to the
procedure described elsewhere.” The animals were injected (i.p.)
with 12 at doses of 5, 15, and 30 mg/kg and placed in the activity
cages individually (30 min before the experiment). The number of
light-beam crossings was counted in each group during the next 30
min in 10 min intervals.

4.8.2. Influence on Motor Coordination in the Rotarod Test. The
test was carried out on the semiautomatic rotarod apparatus (Rotarod

apparatus Panlab/Harvard Apparatus, LE 8200, Spain) according to
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the method previously described in the literature.”® The mice were
trained for 3 days on the rod rotating at a constant speed of 18
rotations per minute (rpm). During each training session, the animals
were placed on the rod for 3 min with an unlimited number of trials.
On the test day (24 h after the final training trial), 30 min before the
rotarod test, the mice were pretreated (ip.) with the test compound
(15 mg/kg). Then, the animals were tested on the rotarod revolving
at 6, 18, and then 24 rpm. Motor impairments, defined as the inability
to remain on the rotating rod for 1 min, were measured at each speed.

4.8.3. Formalin Test. The procedure used was essentially the same
as that described previously.">” Briefly, 20 uL of 1.5% formalin
solution was injected intraplantarly (ipl) into the mice right hind
paw using a 26-gauge needle. Immediately after formalin injection, the
animals were placed individually in an observation chamber made of
glass and were observed for the next 30 min. The total time (in
seconds) spent on licking the injected paw during periods of 0—5 min
(early phase, neurogenic) and 15—30 min (late phase, inflammatory)
was measured and was considered as an indicator of nociceptive
behavior. Before formalin injection, different groups of mice were
treated ip. with the vehicle (10 mL/kg, negative control) and the
varying doses of 12 (5, 10, 15, and 30 mg/kg).

4.8.4. Capsaicin-Induced Nociception. The procedure used was
similar to that described previously.*® The pain reaction was
induced by the injection of 20 xL of capsaicin solution (1.6 ug/paw
made in PBS) under the skin of the dorsal surface of the mice right
hindpaw. The animals were observed individually in an observation
chamber for 5 min following capsaicin injection. The amount of time
spent licking the injected paw was recorded by means of the
stopwatch and was considered as indicative of pain. The animals were
pretreated with the vehicle (10 mL/kg, negative control) and
investigated compound (10, 15, and 30 mg/kg).

4.8.5. Loperamide-induced Antinociception. Female CD1 mice
(Charles River, Barcelona, Spain) were used in all experiments. The
experiments were performed during the light phase (from 9:00 a.m. to
3:00 p.m.). Animal care was provided in accordance with institutional
(Research Ethics Committee of the University of Granada, Granada,
Spain), regional (Junta de Andalucia, Spain), and international
standards (European Communities Council directive 2010/63).

‘We aimed to test whether compound 12 behaved in vivo as o,
antagonists or agonists. As reference 7, compounds, we used S1IRA
(4-[2-[[5-methyl-1-(2-naphthalenyl) L H-pyraol-3-yl Joxy]ethyl ]-
morpholine hydrochloride), a known selective o) receptor antagonist
(DC Chemicals, Shanghai, China), and PRE-084 (2-[4-
morpholinethyl]1-phenylcyclohexanecarboxylate hydrochloride)
(Tocris Cookson Ltd., Bristol, United Kingdom), a selective o,
receptor agonist.'® SIRA and PRE-084 were dissolved in sterile
physiologic saline {0.9% NaCl). Compound 12 was dissolved in 2%
Tween 80 (Sigma-Aldrich, Madrid, Spain) in ultrapure water and
heated until dissolved before injection. We previously tested that this
solvent did not alter the animals’ behavioral response to the
mechanical stimulation (data not shown). All these compounds (or
their solvents) were administered intraplantarly (ipl) into the right
hind paw in a volume of 20 gL using a 1710 TLL Hamilton
microsyringe (Teknokroma, Barcelona, Spain) with a 30"/-gauge
needle. The ipl injection was made 5 min before nociceptive testing
to minimize systemic absorption of the compounds. When PRE-084
was associated with SIRA or 12, drugs were dissolved in the same
solution and injected together to avoid paw lesions from multiple
injections.

As it is known that o, antagonism can enhance opioid
antinociception and that o, agonism reverses this effect,”” we tested
whether our compound modulated the antinociceptive effect induced
by the opioid agonist loperamide hydrochloride (Sigma-Aldrich).
This drug was dissolved in 1% dimethylsulfoxide (DMSO) (Merck
KGaA, Darmstadt, Germany) in ultrapure water and injected
subcutaneously into the interscapular area in a volume of 5 mL/kg
30 min before behavioral testing. Naloxone methiodide (Sigma-
Aldrich) was used as a peripheral opioid antagonist” and was
dissolved in physiological saline and s.c. administered 5 min before
loperamide injection.

Nociceptive stimulation of the hind paw of the animals was made
with an Analgesimeter (Model 37215, Ugo-Basile, Varese, Italy) as
previously described.”**° After drug administration, mice were gently
pincer grasped between the thumb and index fingers by the skin above
the interscapular area. Then, a blunt cone-shaped paw-presser was
applied at a constant intensity of 450 g to the dorsal surface of the
hind paw until the animal showed a struggle response. The struggle
latency was measured with a chronometer. Evaluations were done
twice alternately to each hind paw at intervals of 1 min between
stimulations.

Statistical analysis was carried out with the two-way analysis of
variance (ANOVA) followed by a Bonferroni post hoc test. ANOVA
was performed with the SigmaPlot 12.0 program. The differences
between values were considered significant when the p value was
below 0.03.

4.8.6. Oxalipiatin-Induced Neuropathy. Neuropathy was induced
by the administration of a single dose (10 mg/kg) of oxaliplatin
(OXPT) dissolved in a 5% glucose solution (Polfa Kutno, Poland).
To assess the sensitivity to mechanical stimuli, the von Frey test was
carried out using the electronic von Frey unit (Bioseb, France). The
apparatus was supplied with a single flexible filament, which was used
to apply increasing force (from 0 to 10 g) against the plantar surface
of the hind paw of the mouse. The crossing of pain threshold resulted
in the paw withdrawal and subsequent recording of the mechanical
pressure that evoked the nocifensive response. The measurement was
done before the OXPT administration and 3 h and 7 days afterward.
The compounds were administrated to the animals with tactile
allodynia observed as a statistically significant decrease in pain
threshold. On the day of the experiment, each mouse was placed in an
observation chamber with a wire mesh bottom and was allowed to
habituate for 1 h. After the habituation period, the mouse pain
threshold was tested three times alternately with at least 30 s gap
between each measurement. The mean of these three consecutive
measurements was taken as the baseline value. The mice with tactile
allodynia were i.p. pretreated with the tested compound, and 30 min
later, the animals were tested again according to the same
procedure.””

4.8.7. Chronic Constriction Injury of the Sciatic Nerve. All animal
procedures were performed following the recommendations of the
International Association for the Study of Pain’ and the NIH Guide
for the Care and Use of Laboratory Animals. Experiments were
approved by the II Local Ethics Committee Branch of the National
Ethics Committee for Experiments on Animals based at the Maj
Institute of Pharmacology, Polish Academy of Sciences, Krakow,
Poland (approval number: 24/2022). Care was taken to minimize
animal suffering and minimize the number of animals used (3R
policy). Adult male albino Swiss CD-1 mice (initially weighing 18—20
g) were purchased from Charles River Laboratories (Hamburg
Germany). The animals were housed in groups of seven under
controlled conditions (temp. 21 + 2 °C; 12 h light/dark cycle, lights
on at 6:00 a.m.) with ad libitum food and water.

The model of chronic constriction injury (CCI) to the sciatic nerve
was established according to Bennett and Xie.”* The surgical method
was performed under isoflurate anesthesia (2% isoflurane in 100%
oxygen with a flow of 1.5 L/min).”® Below the right hipbone, a small
incision was performed, and three ligatures (4/0 silk) around the
sciatic nerve were made (with 1 mm spacing) until a brief twitch in
the respective hind limb was observed. All mice that underwent the
CCI procedure developed hypersensitivity to mechanical and thermal
stimuli. Behavioral tests were performed at day 14 after injury.
Compound 12 was dissolved in 10% DMSO/10% (2-hydroxypropyl)-
p-cyclodextrin/water and administered i.p. at doses 5, 10, and 15 mg/
kg (injection volume 10 mL/kg of body weight). The control group
received the vehicle (10% DMSO/10% (2-hydroxypropyl)-S-cyclo-
dextrin/water).

4.8.7.1. Behavioral Tests. Behavioral experiments were performed
between 8:00 am. and 2:00 p.m. Across the experiments, we
compared vehicle-treated mice with 12-treated animals. Experiments

were performed 30, 90, and 180 min (von Frey test); 35, 95, and 185
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min (cold plate test); and 40, 100, and 190 min (tail flick test) after
the vehicle or 12 administration.

The von Frey test was used to measure mechanical hypersensitivity
as described in a previous publication.”® The animals were placed in
cages with a wire net floor. The reaction (paw withdrawal, shaking, or
licking) of the ipsilateral (Figure 15) and contralateral (Figure $33)
paw of CCl-exposed mice to the mechanical stimulator (calibrated
nylon monofilaments (0.6—6 g; Stoelting)) in serial increments was
observed.

Sensitivity to noxious thermal stimuli was assessed with the cold
plate test (Cold/Hot Plate Analgesia Meter, Columbus Instruments)
as previously described.”® The temperature of the plate was kept at 2
°C, and the cutoff latency was 30 s. The mice were placed on the cold
plate, and the time until lifting of the injured paw was recorded.

The responsiveness to thermally induced pain was determined by a
tail flick analgesic meter (Tail-Flick Unit; Ugo Basile) as previously
described.” Tail flick latency was measured on the dorsal part of the
tail at two-thirds of its length by applying a focused beam of light
(thermal stimulus). The time interval between onset of the thermal
stimulus and withdrawal of the tail from the beam was recorded; the
cutoff latency was 9 s to prevent tissue damage.

4.8.7.2. Data and Statistical Analysis. The behavioral data in
Figure 14 are presented as a percentage of the maximal possible effect
[% MPE = 100% X (measured response — basal)(cutoff value —
basal)] of drug action. In the Supporting Information, the results from
the von Frey test are expressed as pressure (g) applied with the
filament. The behavioral data are presented as mean + SEM. The one-
way ANOVA was performed, and the differences between the groups
were further analyzed with Bonferroni’s post hoc test. Significant
differences between group are indicated when *p < 0.05, ¥*p < 0.01,
and ***p < 0.001. The analysis and charts were prepared using
GraphPad Prism v.9.1.2 { GraphPad Software, La Jolla, CA, USA).
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1. Protonation investigation based on crystal structure analysis

Table S1. Crystal data and final refinement results for structures of oxalate salts.

KSKé67 KSK68 KSK68 OH
Empirical moiety formula C22HaoN3012, CasH30N20s, Ca3HaoN20s,
2 CHO4, 2H O 0.5 CoHxO4 0.5 C204, 4 H2O
Formula weight [g/mol] 581.57 499.53 481.55
Crystal system Monoclinic Monoclinic Triclinic
Space group C2 C2/e p1

Unite cell dimensions

a=15.0969(8) A
b=75.7291(3) A
¢ =30.7622(8) A

a=21.5545(6) A
b=8.4549(2) A
c=282827(8) A

a=85168(5) A
b=9.6493(4) &
c=16.1458(9) A

a=90° a=90° 0=89.241(4)°
B=04.626(3)° B=111.415(3)° B=89.175(5)°
¥=90° ¥=90° =72.737(5)°
Volume [43] 2652.0(2) 4798.4(2) 1266.92(12)
Z 4 8 2
Deatle [Mg/m’] 1.457 1.383 1.262
p [mm] 0.985 0.856 0.783
F(000) 1232 2120 518
Crystal size [mm’] 0.2x0.15x0.02 03x02x0.02 03x02x0.1
® range 2.882° to 75.520° 3.357° to 75.541° 2.737° to 77.567°
-18<h <17, -26 <h <26, -10<h <10,
Index ranges S7T<k<5, -10<k <8, -12<k<9,
-36<1<38 -35<1<34 -20<1<20
Refl. collected 12977 23308 12391
Independent reflections . 4718 . 4842 . 4996
[R(int) = 0.0785] [R(int) = 0.0684] [R(int) = 0.0553]
Completeness [%] to © 99.9 (® 67.684°) 97.2(® 75.541°) 92.6 (® 77.567°)
Absorption correction Multi-scan Multi-scan Multi-scan
Tmin. and Tmax. 0.688 and 1.000 0.778 and 1.000 0.787 and 1.000
Data/ restraints/parameters 4718/ 16 /504 4847/ 1/ 338 4996/ 4/316
GooF on F2 1.101 1.125 1.078
) L . R1=0.0947, R1=10.0694, R1=0.0727,
Final R indices [I>2sigma(D)] wR2=0.2510 wR2=0.2063 wR2=0.2021
L R1=0.0947, R1=10.0733, R1=0.0809,
ARG Y wR2=0.2517 WR2=0.2104 wR2=0.2131
APraz, Apmin [€°A7] 0.632 and -0.585 0.469 and -0.434 0.765 and -0.533
Absolute structure parameter 0.07(14) - -
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nociceptive and neuropathic pain

Table S2. Crystal data and final refinement results for free bases.

KSK67 fb KSK68 fb KSK9%4 b KSK100 _fb
. . C2oHaN30,, 2 Ca5HasN4O,
Empirical moiety formula HL 2 H,0 Ca3H2eN20» HL 2 1,0 CaH7N5O
Formula weight [g/mol] 529.40 364.47 960.93 397.50
Crystal system Monoclinic Monoclinic Monoclinic Triclinic
Space group P2i/n P2, P2i/c P1

Unite cell dimensions

a=109621(1) A
b=89179(1) A
¢=235157(DHA

a=103351(H A
b=11.6636(1) A
c=16.9247(1) A

a=10.4940(1) A
b=173517())A
¢=125.4093(3) A

a=75156(1) A
b=10.7481(1Y A

¢=13.7353() A
a=90° a=90° a=90° a=104.711(1)°
p=94.814(1)° B=105.438(1) B=91.703(1)° P=96.758(1)°
¥=90° ¥=90° ¥=90° ¥=96.212(1%
Volume [A7] 2290.76(3) 1966.57(3) 4624.7(9) 1054.62(2)
Z 4 4 4 2
Dec [Mg/m®] 1535 1.231 1.380 1252
p [mm] 11.251 0.618 5.867 0.603
F(000) 1080 784 1992 424
Crystal size [mm?] 0.3x0.15x0.07 03x0.15x0.1 0.1x0.05x0.02 03x0.2x0.01
® range 3.773° to 80.481° 2.709° to 80.458° 3.084° to 80.621° 3.365° to 80.401°
-14<h<13, -13<h <13, -13<h<13, 9<h<9,
Index ranges -10<k <11, -14<k <13, 20<k<22, -13<k <13,
-29<1<30 -21<1<21 -32<1<31 -17<1<17
Refl. collected 65243 68587 64583 33862
Independent reflections . 4983 . 8403 . 10037 . 4538
[R(nt) =0.0614]  [R@nt)=0.0423]  [R@nt)=0.0761]  [R(int)=0.0506]
Completeness [%] to 99.4(©80.481°)  98.0(©80.458°)  98.9(®80.621°)  98.1 (@ 80.401°)
Absorption correction Multi-scan Multi-scan Multi-scan Multi-scan
Tmin. and Tmax. 0.633 and 1.000 0.830 and 1.000 0.722 and 1.000 0.548 and 1.000
Data/ restraints/parameters 4983 /2/291 8403/1/553 10037 /4/612 4538 /0/271
GooF on F2 1.085 1.051 1.0896 1.071
. L . R1=10.0219, R1=0.0454, R1=0.0578, R1=0.0397,
Final R indices [[>2sigma(D)] wR2=0.0583 wR2=0.1235 wR2=0.1420 wR2=0.1070
I8 s (G i) R1=0.0222, R1=0.0464, R1=0.0634, R1=0.0422,
wR2= 0.0586 wR2=0.1248 wR2=0.1454 wR2= 0.1096
Aprraz, Aprin [ 3] 0.533and -0.832  0391and-0213  1211and-1.014  0.196 and -0.255
Absolute structure parameter - 0.2(2) - -
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Figure S1. A: The asymmetric unit of KSK67 crystal structure with the atom labeling scheme. A positional disorder is observed — the molecule
adopts two alternative conformations in the crystal lattice with site occupancies of 60% and 40% (the less abundant conformation is marked
with C and H-atoms in green and labels with B letters at the end of a symbol). B: The strongest interactions stabilizing crystal lattice (charge-
assisted hydrogen bonds between protonated nitrogen atoms of the main organic compound and oxalate anion & hydrogen bonds involving
water molecules incorporated in the crystal structure). Displacement ellipsoids of non-hydrogen atoms are drawn at the 30% probability level.
H atoms are presented as small spheres with an arbitrary radius .
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3.6 Dual piperidine-based histamine H3 and sigma-1 receptor ligands in the treatment of
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Figure S2. A: The asymmetric unit of KSK68 crystal structure showing the atom labeling scheme. B: The strongest interactions stabilizing
crystal lattice (charge-assisted hydrogen bonds between protonated nitrogen atoms of the main organic compound and oxalate anion &
hydrogen bonds involving neutral oxalic acid molecules as an H-bond donor. Displacement ellipsoids of non-hydrogen atoms are drawn at the
30% probability level. H atoms are presented as small spheres with an arbitrary radius.
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Figure S3. A: The asymmetric unit of KSK68_OH crystal structure presenting the atom labeling scheme. B: The strongest interactions
stabilizing crystal lattice (charge-assisted hydrogen bonds between the protonated nitrogen atom of the piperidine moiety and oxalate anion &
hydrogen bonds involving water molecules incorporated in the crystal structure, forming expanded H-bonds motifs propagating along [100]
axis. Displacement ellipsoids of non-hydrogen atoms are drawn at the 30% probability level. H atoms are presented as small spheres with an
arbitrary radius.
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nociceptive and neuropathic pain

A 023

Figure S4. A: The asymmetric unit of KSK67_fb crystal structure with the atom labeling scheme. The postulated free base was not observed
in the neutral form. Instead, an iodide salt was present, with the protonation center at N1 (pyridine) nitrogen atom, suggesting a strongly basic
character of this molecular fragment. B: The strongest interactions stabilizing crystal lattice. Interestingly, the charge-assisted interaction
between counter-ions was not observed. Both cation and anion are involved in hydrogen bonds with water molecules incorporated in the crystal
structure. Displacement ellipsoids of non-hydrogen atoms are drawn at the 30% probability level. H atoms are presented as small spheres with

an arbitrary radius.
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Figure S5. A: The asymmetric unit of KSK68_fb crystal structure presenting the atom labeling scheme. The asymmetric unit consists of two
independent molecules adopting alternative conformations in the crystal lattice. Additionally, a positional disorder is observed for both
molecules within the eyclopropyl fragment with site occupancies of 53% and 47% for molecules 1 (with label numbers 1-26), and 51% and
49% for molecule 2 (with label numbers 31-56) - the less abundant conformation for each molecule is marked with C and H-atoms in green
and labels with an additional A letter at the end of a symbol. B: The asymmetric unit presenting only the most abundant conformations.
Displacement ellipsoids of non-hydrogen atoms are drawn at the 30% probabilitylevel. H atoms are presented as small spheres with an arbitrary
radius.
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Figure $6. A: The asymmetric unit of KSK94_fb crystal structure with the atom labeling scheme. The asymmetric unit consists of two
independent molecules adopting altemative conformations in the crystal lattice. For one of them (molecule 2 with label numbers 31-60) a
positional disorderis observed for the propyl chain, existing in two alternative conformations (site occupancies 63% and 37%; the less abundant
conformation is marked with C and T1-atoms in green and labels with A letters at the end of a symbol). B: The strongest interactions stabilizing
crystal lattice. Similarly to KSK67_fb, also here a free base form was expected. However, the strongest base (N1 of the pyridine ring in
molecule 1) is protonated and forms an interaction with the corresponding basic center N31 in molecule 2. No charge-assisted interaction
between counter-ions was observed. The iodide anion is involved in hydrogen bonds with water molecules incorporated in the crystal structure.
Water molecules form additional hydrogen bonds with a nitrile nitrogen atom as an acceptor. Displacement ellipsoids of non-hydrogen atoms
are drawn at the 30% probability level. H atoms are presented as small spheres with an arbitrary radius.
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Figure S7. The asymmetric unit of 12_fb crystal structure showing the atom labeling scheme. The crystal is stabilized only by weak interactions
with the predominant number of weak hydrogen bonds with C-H donor. Displacement ellipsoids of non-hydrogen atoms are drawn at the 30%
probability level. H atoms are presented as small spheres with an arbitrary radius.
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2. Determination of the basicity of selected piperidine and piperazine derivatives by
potentiometric titration

12+

10—
— KSK68

— KSK9%4

pH

0 T T T T 1
0.0 0.4 0.8 1.2 1.6 2.0

KOH [mL]

Figure S8. Titration curves of compounds KSK68 and KSK94 used to generate their protonation states.
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3. Protonation investigation based on NMR spectroscopy measurements in pH-
controlled environment

All signals in the 'H and '3C spectra were assigned based on 2D correlation spectra for
compounds KSK68 and KSK94 to follow the course of changes in their chemical shifts during
titration with trifluoromethanesulfonic acid (TfOH).

The spectrum of KSK68 consists two main groups of signals: aromatic and alkyl. The
signals of the methylene groups of the piperidine ring differentiate into equatorial and axial
positions on the spectrum due to the different chemical environment in the ring's chair
conformation. The H3 proton signal is covered by the DMSO-ds signal. All other signals are

separable and have a distinct multiplet structure.

o The addition of the first portion of TfOH in

9/@)%12 the amount of 0.2 molar equivalents does not

4 ; N/é\/'lo cause any fundamental changes in the chemical

1 2\ z g shifts and multiplet structures of the signals in
N the aromatic part of the spectrum and for signals

Figure $9. Structure of KSK68 with numbered hydrogenatoms. ~ 1rom H8 to H12. In contrast, the proton signals
of the piperidine ring and the adjacent proton
signals of H6, H7 shift toward higher frequencies. This signals undergo significant broadening
and loss of multiplet structure. That behaviour can be explained to the occurrence of the
dynamics of the transition of the piperidine ring from the protonated form to the free form of
the nitrogen function, which entails conformational changes that are too slow on the NMR time
scale. The signals of protons closer to the piperidine nitrogen undergo stronger chemical shift
changes. As the titration continues, the protons H1, H1' also shift slightly towards higher
frequencies. This trend is observed until a molar ratio of 1.0 : 1.0 is reached. With this acid
concentration the piperidine ring proton signals and adjacent signals of H6, H7 protons recover
the multiplet structure. It is associated with a shift in exchange dynamics toward the protonated
form only. Further addition of acid does not cause any change in the structure and chemical
shift of the aliphatic signals except for the proton H3 signal, which is the nodal proton between
the pyridine and piperidine ring.
From a ratio of 1.2 : 1.0, the aromatic pyridine signals begin to shift toward higher
frequencies, with shift change values for protons H1, H1' being larger than for H2, H2". The
change in the chemical shifts of the signals for the pyridine protons and H3 continues up to an

acid content of 2.0 : 1.0. Above this value, there is no longer any change in the signal structure
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of compound KSK68 in the NMR spectrum. Only increasing concentrations of free triflic acid

can be observed.
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Figure S10. Proton chemical shifts in increasing molar ratio Figure S11. Proton chemical shifts in increasing molar ratio
of triflic acid to KSK68 for the significant aliphatic signals. of triflic acid to KSK68 for the significant aromatic signals.

Similar to KSK68, the spectrum of KSK94 contains two major groups of signals. The
aromatic part, which is enriched with two signals of an additional ring, and the aliphatic part
with a simplified structure in comparison to the above case of KSK68. In contrast to the
piperidine ring, the signals of protons of H3, H3' and H4, H4' in piperazine ring do not
differentiate into equatorial and axial positions - they appear as single signals with integration
referred as equal to 4. The signals of protons H4, H4' and HS are covered by DMSO-dp signal.

1 Z N Titration with triflic acid to a molar ratio

of 0.6 : 1.0 results in a strong shift of the

4 & 7 aromatic signals HI1, HI1' towards higher
3 R . . o
2 @ : © frequencies. Identical behaviour is observed
1 N
| = for H3, H3' aliphatic protons of the piperazine
a2

Figure $12. Stmcture of KSK4 with munbered yciogen ators ring. The aromatic protons H2, H2' also shift

in the same direction but with lower step
difference values. The remaining aliphatic proton signals show no change in structure or
chemical shift. Further titration with acid cause a decrease in the dynamics of changes in
chemical shifts of aromatic protons, which still occurs but is much more subtle. On the other
hand, significant changes could be observed in the aliphatic range of the spectrum. The signals
of H3, H4, H5 and H6 protons have broadened and lost their multiplet structure. The situation
is analogous to the case of compound KSK68. Ata molar ratio of 1.2 : 1.0, the signals of protons

H3, H3' and H4, H4' start to split into signals originating from protons in axial and equatorial

positions in the piperazine ring. At this acid concentration all aliphatic signals have recovered
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their multiplet structure. Above a ratio of 1:4 : 1.0, there are no more changes in the NMR
spectral image except for increasing TfOH acid content.

As the titration progresses, a very broad signal associated with protonated nitrogen functions
begins to grow out of the baseline in the range of 12 ppm to 14 ppm. At a molar ratio of 0.6 :
0.1 its chemical shift is about 13 ppm. Up to a ratio of 1.0 : 1.0 it shifts toward lower frequencies
resulting in a very broad signal. At 1.2 : 1.0 signal splits into two independent signals at 9.86
ppm and 13.60 ppm, each one corresponds to different protonated nitrogen atom.

For compound KSK94, 'H{'*N} HMBC nitrogen spectra were collected for the free base
form and after the titration was completed. The chemical shift for pyridinic nitrogen before the
addition of acid is -115 ppm relative to nitromethane (0 ppm). The same pyridinic nitrogen after

the titration showed a chemical shift value of -209 ppm. The difference in shifts is 94 ppm.
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Molar ratio of Triflic acid to KSK94 Molar ratic of Triflic acid to KSK94
1 2 — 32 -3b 42 ab 5 6
Figure S13. Proton chemical shifts in increasing molar ratio of Figure S14. Proton chemical shifts in increasing molar ratio of
triflic acid to KSK94 for the significant aromatic signals. triflic acid to KSK94 for the significant aliphatic signals.
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nociceptive and neuropathic pain

All spectra were measured on a JEOL JNM ECZR 600 MHz spectrometer equipped with a
Royal HFX probe. Full structural analysis with assignment of 'H and '3C signals performed

using JASON software.
KSK68

Spectra and structural analysis
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Figure S15. Structure of KSK68 with 'H chemical shifts
applied on.
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Figure $16. Structure of KSK68 with “C chemical shifts
applied on.
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KSK68

Titration experiment

Table $3. Proton chemical shifts of signals of compound KSK68 with increasing TFOH concentration during titration.

Chemical shifts [ppm] in reference to TMS in DMSO-ds

Atom label 1 2 3 da 4b Sa 5b 6 7 8 9 10 11 12

Molarity of
acid
0.0 8.462 7.264 2.513 1.642 1.760 2.011 2.985 2.460 1.927 4.127 7.061 8.030 2.841 0.994
0.2 8.478 7272 2.634 1.690 1.827 2.226 3.117 2.595 1.985 4.143 7.068 8.038 2.845 0.997
0.4 8.495 7.280 2.680 1.739 1.898 2.487 3.261 2.817 2.045 4.160 7.075 8.045 2.849 1.001
0.6 8.512 7.288 2.766 1.789 1.967 2.737 3.407 3.012 2.106 4.176 7.082 8.053 2.854 1.003
0.8 8.528 7.295 2.841 1.835 2.039 2.979 3.554 3.200 2.164 4.192 7.089 8.061 2.858 1.005
1.0 8.556 7.321 2.920 1852 2.108 3.128 3.686 3.318 2.213 4.204 7.094 8.066 2.861 1.007
12 8.629 7.463 2.987 1.860 2.132 3.133 3.698 3323 2215 4.205 7.094 8.066 2.861 1.007
14 8.702 7.608 3.055 1871 2.155 3.139 3.709 3.328 2.218 4.206 7.094 8.066 2.861 1.006
1.6 8.775 7.754 3.127 1.882 2.180 3.141 3.723 3.333 2.219 4.207 7.095 8.066 2.861 1.006
1.8 8.845 7.892 3.188 1.891 2.199 3.159 3.734 3.338 2.219 4.208 7.095 8.065 2.861 1.006
2.0 8.890 7.983 3.234 1.897 2.213 3.155 3.739 3.341 2.227 4.209 7.095 8.065 2.861 1.006
) 8.901 8.006 3.242 1.900 2215 3.153 3.741 3.341 2.227 4.208 7.095 8.065 2.861 1.006
2.4 8.903 8.011 3.245 1.900 2.216 3.155 3.741 3.342 2.226 4.208 7.095 8.065 2.861 1.005
2.6 8.904 8.014 3.247 1.900 2.216 3.155 3.741 3.341 2.225 4.208 7.095 8.064 2.861 1.005
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Figure S17. Stacked 'H spectra of KSK68 with increasing TfOH concentration. Aromatic region of spectrum. Acid concentration is increasing
from the bottom spectrum (no acid) in steps of molar equivalents equal to 0.2.
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Figure S18. Stacked 'H spectra of KSK68 with increasing TfOH concentration. Aliphatic region of spectrum. Acid concentration is increasing
from the bottom spectrum (no acid) in steps of molar equivalents equal to 0.2.
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KSK94

Spectra and structural analysis

4023

Figure S19. Structure of KSK94 with 'H chemical shifts applied on.
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Figure $20. Structure of KSK94 with "*C chemical shifs applied on.
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3C-HSQC Spectrum of KSK94 in DMSO-d6
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KSK9%4

Titration experiment

Table $4. Proton chemical shifts of signals of compound KSK94 with increasing TFOH concentration during titration.

Chemical shifts [ppm] in reference to TMS in DMSO-ds

Atom label 1 2 3a 3b 4a 4b 5 6 7 8 9 10 11
Molarity of acid

0.0 8.168 6.865 3.362 3.362 2.500 2.500 2.500 1.939 4.097 7.069 7.711 7.837 7877
0.2 8.190 6.975 3.470 3.470 2.527 2.527 2.517 1.945 4.101 7.070 7.714 7.839 7.881
0.4 8.211 7.081 3.577 3.577 2.551 2.551 2.540 1.952 4.106 7.070 7.712 7.837 7.876
0.6 8.235 7.177 3.680 3.680 2.604 2.604 2.587 1.969 4.112 7.072 7.715 7.839 7.878
0.8 8.272 7.226 3.769 3.769 2.805 2.805 2.771 2.028 4.124 7.077 7.722 7.841 7.879
1.0 8.313 7.261 3.849 3.849 3.055 3.055 2.990 2.096 4.139 7.084 7.732 7.844 7.882
12 8.359 7297 3.927 3.927 3323 3323 3.215 2.166 4.152 7.091 7.745 7.851 7.890
1.4 8.386 7318 3.498 4.474 3.231 3.720 3.365 2212 4.161 7.095 7.750 7.853 7.892
1.6 8.386 7.318 3.496 4.475 3.230 725 3.367 2213 4.161 7.095 7.750 7.852 7.891
1.8 8.385 7318 3.493 4.475 3232 3.727 3.368 2212 4.161 7.095 7.750 7.853 7.891
2.0 8.385 7318 3.497 4.475 3.232 3.728 3.368 2.213 4.161 7.096 7.749 7.854 7.892
22 8.383 7316 3.494 4.475 3232 3728 3.368 2214 4.160 7.095 7.750 7.854 7.892
24 8.383 7316 3.494 4.475 3.232 3.728 3.368 2.214 4.160 7.095 7.750 7.854 7.892
2.6 8383 7316 3.494 4.475 3.232 3.728 3.368 2214 4.160 7.095 7.750 7.854 7.892
2.8 8.383 7316 3.494 4.475 3.232 3.728 3.368 2.214 4.160 7.095 7.750 7.854 7.892
3.0 8.383 7316 3.494 4.475 3.232 3.728 3.368 2.214 4.160 7.095 7.750 7.854 7.892
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Figure S21. Stacked 'H spectra of KSK94 with increasing TfOH concentration. Aromatic region of spectrum. Acid concentration is increasing
from the bottom spectrum (no acid) in steps of molar equivalents equal to 0.2.
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Figure S22. Stacked 'H spectra of KSK94 with increasing TfOH concentration. Aliphatic region of spectrum. Acid concentration is increasing
from the bottom spectrum (no acid) in steps of molar equivalents equal to 0.2.
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Figure $23. Stacked 'H spectra of KSK94 with increasing TFOH concentration. High frequency region of spectrum. Acid concentration is
increasing from the bottom spectrum (no acid) in steps of molar equivalents equal to 0.2.
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3.6 Dual piperidine-based histamine H3 and sigma-1 receptor ligands in the treatment of

nociceptive and neuropathic pain

4. Insilico studies. Molecular modeling: docking studies and molecular dynamics
simulations

Figure S24. Comparison of the previously described KSK68 binding mode (orange) and that obtained with induced-fit docking (green) at

the 11:R binding site (homology model).
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Figure 825. The binding mode of 3 (navy) (A), 7 (magenta) (B), KSK94 (green) (C) in tautomeric monoprotonated state and 12 (yellow) (D)

in the o,R (PDB ID: 6DJZ).
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Figure 826. The binding mode of 3 (navy) (A), 7 (magenta) (B). KSK94 (green) (C) in tautomeric monoprotonated state and 12 (vellow) (D)

in HaR binding site (homology model).
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Figure S27. Ligand-protein interaction diagrams obtained during MD simulations studies for selected compounds in different protonation
states docked to the o,R (PDB ID: 6DJIZ).
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Figure S28. Ligand-profein inferaction diagrams obtained during MD simulations studies for selected compounds in different protonation
states docked to the H;R binding site (homology model).
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Figure $29. Superposition of the crystalized PF-03654746 (green) in erystal structure of HsR (PDB ID: 7F61) with the binding mode (magenta)
obtained with induced-fit docking to the described homology model.
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Table $5. Comparison of binding free energies and docking scores (for all protonation states) with in vitre activity of KSK67, KSK68, KSK94 and 12 with a. and Hy receptors, The calculated percentage of particular
protonation state were published in our previous studics', For the mono- and diprotonated tautomeric form of KSK94we couldn’t estimate percentage of protonation state at physiological pll.

oR HsR o R HsR
Cale. % of ! : ! :
Form protonation  Compound Compound
£8E K Docking AG K Docking AG K Docking AG K Docking AG
[nM] score [kealimol]  [nM] score [keal/mol] [mM] score [kealmel]  [nM] score [kealimeol]
7N
N N N 208 -7.56 -3423 -8.63 -5797 -9.32 -9.64 <712
— _/
T\ e \
HN N N KSK6&7 1531 -8.04 -61.24 32 -9.67 -98.11 KSK94 2958 -1043 -81.44 79 -10.22
—| _/
TN G
HN N NH -10.53 -73.88 -10.71 -96.25 -1252 11323 -10.38 -99.18
— s

-23.72 -8.65 -53.11 -9.31 -73.15 -9.58

4
N(}—CNH'; 95.69 KSKa8 36 -9.36 -99.29 77 -10.79 -98.69 12 45 -11.514 -9947 -16.47 9764
4
"HN \ NH1 052 -10.278 -99.75 -11.08 -109.89 -12.23 -11148 -10.94 -101.99

a D, Siwek A, Pockes S, Cobos EJ. Marrazzo A, Stark H, Rescitina A, Bojarski AT Amata

Iszc: pafiska K, Podlewska S Dichiara M, Gentile D, Patamia V, Rosier N, Mdannich D. Ruiz Cantero MC, Karcz T, Lazew:
1g Antinociceplive Properties. ACS Chem Newrosci.

E. Kiet-Kononowiez K. Structural and Molecular Tnsight into Piperazine and Piperidine Derivatives as Histamine H; and Sigma-1 Receptor Antagonists with Promi
2022,13(1):1-15
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5. In vivo pharmacological activity
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Figure $30. The influence of 3 and 7 on the spontaneous locomotor activity. Results are shown as number of light beam crossings during 30
min of observation beginning at 30 min after compound administration (i.p.). Each value represents the mean + S.E.M. for 8-10 animals. 0 —
vehicle (1% Tween 80). Statistical analysis: one-way ANOVA followed by post hoc Dunnett's test. Statistical significance compared to vehicle-
treated animals: ~™" p < 0.0001.
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Figure S31. The influence of 12 on the spontaneous locomotor activity. Results are shown as number of light beam crossings during 30 min
of observation beginning at 30 min after compound administration (i.p.). Each value represents the mean+ S.E.M. for 8-10 animals. 0 — vehicle
(1% Tween 80). Statistical analysis: one-way ANOVA followed by post hoc Dunnett's test. Statistical significance compared to vehicle-treated
animals: ** p<0.01.
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Figure $32. The influence of the test compounds 3, 7 and 12 on rotarod test performance (measure of motor coordination). Bar graph plots
the time (sec.) spent on the rotating rod when tested at different speed (6 rpm, 18 rpm and 24 rpm). Each value represents the mean + S.E.M.
for 6-8 animals. Control — mice treated with vehicle (1% Tween 80). Statistical analysis: one-way ANOVA followed by post hoc Dunnett's

test. Statistical significance compared to vehicle-treated animals: “p< 0.05; ™" p<0.0001.
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Figure $33. The effects of single i.p. administration of 12 (5, 10 and 15 mg/kg) on mechanical (von Frey test) stimulus on day 14 following
CCTto the sciatic nerve, were evaluated (n = 7-8 animals per group). The results are presented as means + SEM. Intergroup differences were
analyzed by one-way ANOVA with Bonferroni’s multiple comparison post-hoc test. **p < 0.01 vs vehicle-treated group.
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6. 'H-, BC-NMR spectra, HRMS analysis and HPLC traces
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4 Conclusion and Perspectives

Histamine and its receptors have an underestimated therapeutic potential in neurological and
neurodegenerative diseases. This cumulative dissertation describes the pharmacological evaluation
of novel H3R ligands contributing to the ongoing search for therapeutic strategies against
neurological and neurodegenerative diseases. The first part focused on developing novel structural
elements, while the second part of the dissertation aimed to design and evaluate multi-target directed
ligands bearing an H3R pharmacophore merged or linked to other targets. This reflects the increasing
awareness that complex CNS diseases require multifaceted pharmacological concepts for
therapeutic efficacy.

The scaffold hopping approach was applied for the structural optimization of previously identified

ligands362’ 363

, in terms of pharmacokinetic, physicochemical properties, and toxicity profile. This
led to identifying the easily accessible compound d2 (Figure 16) with favorable ADME and toxicity
values, showing moderate affinity at H3R (K;=2.61 uM) (Chapter 3.1). The affinity at H3R was
evaluated using a radioligand displacement assay to confirm the result of molecular docking studies
and showed concordance with the obtained docking scores. In addition, the demethylated derivative
of d2 showed lower potency at the Hs3R, underscoring the importance of subtle chemical
modifications (e.g., methylation) in modulating receptor affinity. Molecular docking and dynamics
simulations provide mechanistic insights into receptor-ligand interactions: ionic interaction of the
nitrogen with Glu206 (TM5) and hydrogen bonds of the amide with Tyr115 (TM3) and Tyr374
(TM6). The 1,2,3,4-tetrahydroisochinoline scaffold may serve for optimization to obtain higher
potency and retain the predicted safety profile.

In the second study, eight purine derivatives were designed by isosteric replacement of pyrrolo[2,3-

d]pyrimidines 364 363

with purine, resulting in compound 3d (Figure 16) with low nanomolar binding
affinity to the H3R (Ki = 2.91 nM), in the range of the clinically approved drug Pitolisant (Chapter
3.2). The structure-activity relationship analysis indicates that 2,6-dichlorobenzyl derivatives have
the lowest affinity, and ligand-receptor interaction is stabilized by the hydrogen bond of purine with
Tyr374 (TM6). Importantly, predicted physicochemical properties, including blood-brain barrier

permeability and in vitro cytotoxicity properties, are favorable.

Two approaches of structure-based drug design for H3R ligands, namely isosteric replacement and
scaffold-hopping, were applied, demonstrating their complementary strengths: scaffold-hopping for
exploration of diverse chemical scaffolds and isosteric replacement for novel ligands that retain high

potency. The integrative computational approaches are complemented by experimental in vitro
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studies, presenting a valuable tool towards the development of novel CNS-targeted drugs. Since the
crystal structure of H3R was not available at the time of these studies, the computational calculations

were conducted on a homology model of HiR.

OO O

cl

cl

Figure 16: New compounds d2 and 3d.

Dopamine receptors are suitable co-targets due to their modulation of several CNS pathways
involved in schizophrenia and PD, and the co-expression of HsR on dopaminergic neurons. The
third study investigated ligands with phenylmethyl and -ethyl linkers on dopamine D, and Dj
receptors. In the structure-based approach, the western part of Cariprazine and the eastern part of
BP897 were linked by these two aromatic linkers, revealing the phenylethyl linker with low
nanomolar binding affinities at both dopamine receptors. The affinities obtained in radioligand
displacement assays led to compound 6¢ (pKi(D2R) =7.83, pKi(D3R) = 8.04), comprising similar
activity on both targets (Chapter 3.3). The electron-donating group (e.g., amide) and phenethyl

spacer improve affinity to the receptors compared to the electron-withdrawing group.

The first MTDL study focused on a series of substituted piperazines linked to BP897 with the aim
of simultaneous interaction of H3R, D3R, and cholinesterases. Lead compounds LINS05006 and
LINS05015 (Figure 17) exhibited similar activity across the GPCR targets in the micromolar range
(Chapter 3.4). Methylpiperazine moiety and longer alkyl linkers enhanced affinity and balanced
properties. Balanced activity towards all targets is of great importance, as shown by a recent study
of the MTDL AG-0029 with imbalanced dual target properties.?** Different aspects of MTDLs were
investigated with novel insights into binding modes and pharmacological properties of these
ligands. However, the study is limited by the lack of information on functional properties at the
dopamine receptors and the overall micromolar affinity or inhibition values. This study supports the
utility of modular ligand design for investigating novel ligands for H3R, D3R, and cholinesterase

inhibition, with the prospect of lead optimization.
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Dual-acting ligands combining H3R and ion channel inhibition present a class of MTDLs that has
barely been studied. The investigation of this target combination at specific L-type calcium
channels, Cav1.2 and Cav1.3, is novel, which was realized in fluorescence calcium assay. The lead
compounds 3f and Sb (Figure 17) showed no cytotoxic effect, selectivity over other histamine
receptors, and low, respectively, no frequency dependence in patch clamp experiments (Chapter
3.5). The study provides new insights into the binding properties and the mutual influences of this
target combination, demonstrating the flexibility and suitability of the H3; pharmacophore for
MTDL, while balanced pharmacological properties and sufficient inhibition of LTCC are
challenging. These results support previous studies of MTDLs with calcium channel blockers that
could not attain balanced activity even with unspecific calcium channel assay.***3*! The slight
preference of 5b_(Figure 17) for the Cav1.3 channel was found and might be helpful for further

structural optimization towards Cav1.3 selective inhibitors.

The discovery that several HsR antagonists also modulate 6 receptors®® raises questions of these
ligands’ mechanism of action and structure-activity relationships. Systematic analysis of

360 reveals

protonation states comparing recently published piperazine and piperidine-based ligands
that the 4-pyridylpiperazine fragment determines the basic character of pyridine nitrogen and
therefore selectivity for H3;R over 61R (Chapter 3.6). Gained knowledge that piperidine forms a salt
bridge with Glul72 in 1R was utilized to synthesize and evaluate novel dual target compounds.
The in vitro evaluation of H3R, 61R, and 62R affinity revealed three lead compounds, 3 and 7 (Figure
17), with the highest ¢ receptor selectivity values, and compound 12 (Figure 17) with balanced
properties at all three targets. The pharmacological in vitro and in vivo activities are summarized in
Table 4. Extensive in vivo evaluation in multiple neuropathic and inflammatory pain models
demonstrates that compound 12 (Figure 17) is a promising lead with a broad analgesic effect. The

combination of H3R and oR is the most feasible with balanced activity and selectivity, and the in

vivo properties emphasize their potential for future therapeutic application.
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Table 4: Summary of the in vitro and in vivo properties of lead compounds 3, 7, and 12 from

chapter 3.6.3%
3 7 12
H3R K; and ICso [nM] 4.3 and 83.4 5.2 and 83.7 7.7 and 215
o1 Ki [nM] 1.9 4.8 4.5
02 Ki [nM] 25 116 10
P. (10 cm/s) 6.57 10.63 12.00
t12 [h] n.d. n.d. 7.7h
Sedative effect Sedative effect Sedative effect Decreased but not
(rotarod test) significant
Antinociceptive Decrease of Duration of High analgesic effect
activity formalin test nociceptive nociceptive response in acute and late
response in acute  and late phase of test phase
and late phase attenuated
Capsaicin-induced n.d. n.d. Significant effect
nociception
Loperamide-induced n.d. n.d. Dose-dependent
antinociception increase of
antinociceptive
effect
Oxaliplatin induced n.d. n.d. Antiallodynic effect
neuropathy
CCl-exposed mice n.d. n.d. Analgesic effect

Abbreviations: CCI — chronic constriction injury, n.d. — not determined
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Figure 17: Lead structures of multi-target ligands and their pharmacological properties (Chapter 3.4
to 3.6).

In conclusion, rationally designed multitarget ligands integrating in vitro biological evaluation,
medicinal chemistry principles, and computational modeling provide a solid foundation for MTDL
development. The in-depth analysis led to a promising lead compound. However, the early tentative
nature of the herein described MTDL should be augmented with further lead optimization and in
vivo investigation of lead structures to confirm therapeutic relevance. This work offers valuable
insights into pharmacological properties and mutual influence on the desired targets with potential
application in neurological and neurodegenerative diseases. The large heterogeneity in HiR
elements and target combinations with different activities provides numerous rational approaches

to new disease therapies.
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