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A Abstract

A Abstract

Neurodegenerative diseases gathered high attention, although limited knowledge regarding
pathogenesis, drug-target interactions and limited scaffold variations present a serious challenge for
drug development. This cumulative thesis describes the preclinical evaluation of novel compounds
directed at aminergic G protein-coupled receptors and the development of a novel in vitro evaluation
tool for drug-target interactions. Compounds include natural products as well as synthetic small
molecules that were tested for invitro affinity at histamine, dopamine and serotonin receptor

subtypes in radioligand displacement assays.

The therapeutic utility of curcumin extracts for the treatment of inflammatory diseases was evaluated
at the so far neglected histamine H, receptor (H4R) and three natural compounds were found as rare
non-amine scaffolds (chapter 3). By screening of a series of novel pyrrolo[2,3d]pyrimidines, inspired
by natural products, their selectivity for the histamine Hs receptor (HsR) became apparent and was
supported by in silico studies (chapter 4). Because this is a novel scaffold class for the target, structural
modifications based on known HsR ligands were performed. The new series displayed improved
receptor affinity and provides a novel lead class of HsR ligands (chapter 5). In vitro evaluation of
(homo)piperidine ether derivatives confirmed affinity at the HsR and the compounds were thus
considered for in vivo testing that revealed a promising preclinical agent for the treatment of epilepsy

(chapter 6).

The combination of a known dopamine receptor scaffold (in this case talipexole) with derivatization
patterns such as (2,3-dichlorophenyl)piperazines or (2-methoxyphenyl)piperazines resulted in a small
series of novel bitopic ligands targeting the dopamine D, and D3 receptors (D,/DsRs) (chapter 7). They
were designed with bioisosteric exchange of catechol moieties with aminothiazoles in mind and two
compounds displayed improved binding affinity at D,/DsRs compared to talipexole. A 1-(5-fluoro-4'-
methoxy-[1,1'-biphenyl]-2-yl)piperazine derivative (TP-22) was recently discovered as serotonin 5-HT>
receptor agonist and was now identified to be a potent ligand at dopamine D; and Ds receptors,
contributing to mode of action studies (chapter 8). To complement in vitro drug profiling of novel
compounds, a drug-target residence time assay at D,/DsR was developed (chapter 9). Evaluation at the
D3R revealed unusual dissociation of the recently marketed cariprazine, which was confirmed via

dynamic modelling in silico.

The evaluated compounds expand their respective scaffold libraries and will ultimately increase
discovery chances for successful clinical agents. Most importantly, the exploration of novel drug design
approaches such as specific residence times grants pharmacological tools to improve our

understanding of drug-target interactions.




A Zusammenfassung

A Zusammenfassung

Neurodegenerative Erkrankungen gewinnen an Interesse, obwohl begrenztes Wissen in Bezug auf
Pathogenese, Arzneistoff-Zielstruktur-Interaktionen und eingeschriankte Arzneistoffgerist-
Variationen eine ernst zu nehmende Hiirde fiir die Arzneistoffentwicklung darstellt. Diese kumulative
Dissertation beschreibt die praklinische Evaluierung neuer Verbindungen, die gegen aminerge
G-Protein-gekoppelte Rezeptoren gerichtet sind und die Entwicklung eines neuartigen in vitro
Evaluierungstools von Arzneistoff-Zielstruktur-Interaktionen. Die Verbindungen beinhalten
Naturstoffe und synthetische niedermolekulare Verbindungen, die in Radioliganden-Bindungsstudien

auf in vitro Affinitat zu Histamin-, Dopamin- und Serotonin-Rezeptor-Subtypen getestet wurden.

Der therapeutische Einsatz von Curcumin Extrakten in der Behandlung inflammatorischer
Erkrankungen wurde am bisher vernachlassigten Histamin-Hs-Rezeptor (H4R) evaluiert und drei
Naturstoffe wurden als seltene, nicht-Amin-Grundgeriist identifiziert (Kapitel 3). Testung einer Reihe
neuartiger Pyrrolo[2,3d]pyrimidine, inspiriert durch Naturstoffe, zeigte Hs-Rezeptor (H3R)-Selektivitat,
was durch in silico Studien bestatigt wurde (Kapitel 4). Da dies ein neues Grundgerust fir diese
Zielstruktur darstellt, wurden Strukturmodifikationen anhand bekannter HsR-Liganden durchgefiihrt.
Die neue Serie wies verbesserte Rezeptor-Affinitdt auf und liefert eine neue Leitstruktur fur HsR-
Liganden (Kapitel 5). In vitro Evaluierung von (homo)Piperidine-Ether-Derivaten bestatigte HsR-
Affinitdt und die Verbindungen wurden fiir invivo Testung vorgeschlagen, die einen

vielversprechenden praklinischen Kandidaten zur Therapie der Epilepsie hervorbrachten (Kapitel 6).

Die Kombination bekannter Dopamin-Rezeptor-Ligandengeriiste (in diesem Fall Talipexol) mit
Derivatisierungs-Mustern wie (2,3-Dichlorophenyl)piperazinen oder (2-Methoxyphenyl)piperazinen
resultierte in einer kleinen Reihe neuartiger bitopischer Liganden, die sich gegen Dopamin D»- und Ds-
Rezeptoren (D,/DsR) richten (Kapitel 7). Sie wurden vor dem Hintergrund des bioisosteren Austauschs
der Catechol-Struktur durch Aminothiazole entwickelt und zwei Verbindungen zeigten erhéhte D,/DsR-
Affinitat im Vergleich zu Talipexol. Ein 1-(5-Fluoro-4'-methoxy-[1,1'-biphenyl]-2-yl)piperazine-Derivat
(TP-22) wurde kiirzlich als Serotonin 5-HT;-Rezeptor-Agonist entdeckt und nun als potenter Ligand an
Di- und Ds-Rezeptoren identifiziert, was Wirkmechanismus-Studien unterstitzt (Kapitel 8). Um in vitro
Evaluierung neuartiger Verbindungen zu ergdnzen, wurde ein Assay zur Bestimmung der
Arzneistoff-Zielstruktur-Besetzungsdauer an D,/DsR entwickelt (Kapitel 9). Evaluierung am D3R zeigte
eine ungewohnliche Dissoziation des kirzlich zugelassenen Arzneistoffs Cariprazin, die durch

dynamische Simulation in silico bestatigt werden konnte.

Die evaluierten Verbindungen bereichern ihre jeweilige Grundgerist-Bibliothek und erhéhen letztlich
die Entdeckungschance erfolgreicher klinischer Liganden. Vor Allem ermoglicht die Erforschung
neuartiger Entwicklungs-Ansatze, wie spezifischer Besetzungsdauern, pharmakologische Werkzeuge

die unser Verstandnis der Arzneistoff-Zielstruktur-Interaktionen vertiefen.
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1 General introduction and theoretical background

1.1 Biogenic amines in drug development

Biogenic amines are a heterogeneous group consisting of amines, derived from de-novo synthesis,
(endogenic amines), decarboxylation of endogenic amino acids or from decarboxylation of exogenic
amino acids (exogenic amines) (Jairath et al., 2015). They include heterocyclic and/or aromatic amines
such as histamine, tryptamine, serotonin, dopamine, tyramine and phenylethylamine (Figure 1) as well
as aliphatic amines (e. g. spermidine, cadaverine, ethylamine) (Erdag et al., 2018; Jairath et al., 2015).
Biogenic amines can have precursor functions for essential biochemical structures (e. g. dopamine for
noradrenaline) (Meiser et al., 2013) or can be products of protein catabolism (e. g. cadaverine) (loan
etal., 2017). Besides involvement in metabolism, they can also display biological activities (Schildkraut,
Kety, 1967). This work will focus on biogenic amines that act as neurotransmitters. Dopamine was
originally considered to be the precursor for adrenaline and noradrenaline (Fahn, 2008). Its function
as neurotransmitter was only discovered in the 1960s and today it is a neurophysiological key player
(Fahn, 2008; Jaber et al., 1996). Histamine was identified early as a bioactive amine involved in
peripheral and central processes. The discovery of the histamine Hs receptor, mainly expressed in the
central nervous system (CNS), emphasized histamine’s regulatory function (Arrang et al.,, 1983;
Emanuel, 1999; Haas et al., 2008). Bioactive biogenic amines evoke their pharmacological effects
through interaction with a variety of targets such as G protein-coupled receptors (GPCRs), ion channels
or metabolic enzymes such as monoamine oxidases (Frederick, Stanwood, 2009; Rudnick, Clark, 1993).
Imbalances in biogenic amine levels are a key factor in many pathophysiological processes, e.g.
dopamine in schizophrenia (Abi-Dargham et al., 2000) or histamine in inflammation (Kubes, Kanwar,
1994). Hence, they provide valid targets for drug development in numerous application fields (Aral et
al., 1984; Frederick, Stanwood, 2009; Maas, 1975). By designing structural analogues, it is possible to
compensate pathophysiological imbalances or modulate their pharmacological responses. Most of

these analogous compounds are small molecules, as they mimic the naturally occurring biogenic
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amines (Figure 1).
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Figure 1: Chemical structures of selected biogenic amines.




1.1 Biogenic amines in drug development

Drug molecule types Receptor family targets

enzyme, plant
extracts,
proteins 3%

dopamine 11%

eptides 5%
BEp 5 other 23%

histamine 14%

serotonin 12%
adrenoceptors

20%

opioid 7%

small molecules

92% acetylcholin 12%

Figure 2: Approved drug's molecule types and receptor family targets among GPCRs. Modulated after GPCRdb and Hauser
(Hauser et al., 2017).

Design and synthesis of small molecules is rather straightforward and they constitute a rewarding
outcome in drug development approaches (Schreiber, 2000). Additionally they promise good biological
activity and display high drug-likeness (Lipinski et al., 2001). For those reasons more than 90% of
approved drugs, targeted towards GPCRs, are small molecules and 37% of those target dopamine,
histamine or serotonin receptor subtypes (Figure 2) (Hauser et al., 2017). Through the advances in
X-ray crystallography, many molecular targets were identified and elucidated from a structural point
of view (Cherezov et al., 2007; Shimamura et al., 2011; Wang et al., 2018). This gave novel insights into
drug-target interactions (Chien et al., 2010) and allowed for more accurate “virtual screenings” (Lionta
et al.,, 2014; Sabatucci et al., 2018). When combined with comprehensive in vitro hit-compound
libraries, these studies grant useful information for the evaluation of structure-activity relationships

(SARs), the design of novel scaffolds and on the basics of target modulation by biogenic amines.




1.1.1 Drug-target interactions of biogenic amines at GPCRs

1.1.1 Drug-target interactions of biogenic amines at GPCRs

Modulating biological responses by targeting aminergic GPCRs has become a major aspect in drug
design, with 35% market share for this target class (Sriram, Insel, 2018). Based on the evaluation of
genetic and structural homology, they are divided in class A (rhodopsin-like), class B (secretin-like),
class C (glutamate-like) and Adhesion and Frizzled/Taste GPCRs (Fredriksson et al., 2003). This work
will focus on the most common class A. Structurally, they consist of seven transmembrane domains
(TMDs, Figure 3) that usually form a pore, where ligands can enter towards the orthosteric binding site
(OBS) and other interaction sites (Venkatakrishnan et al., 2013). The OBS in aminergic GPCRs offers a
highly conserved aspartate residue in TMD3 that interacts with the biogenic amines, which are
positively charged under physiological conditions (Huang, 2003). A so-called “ionic lock”, polar
interactions between the E/DRY motif (glutamic acid/aspartic acid, arginine, tyrosine) of TMD3 and
amino acids on TMD6, stabilizes the inactive receptor state (Vogel et al., 2008). The TMDs are
connected by three extracellular loops (ECLs), three intracellular loops (ICLs) as well as an extracellular
amino and an intracellular carboxyl terminus (Figure 3) (Latorraca et al., 2017). The ECLs, especially
ECL2, contribute to binding interactions in a distinctive way for each receptor families
(Venkatakrishnan et al., 2013; Wheatley et al., 2012). So far only a disulfide bond between ECL2 and
Cys>?°in TMD3 was discovered as a common feature (Shi, Javitch, 2004; Wheatley et al., 2012). This
high structural diversity is probably one of the reasons for ligand specifity among GPCRs as there is
evidence for its modulation of drug-target interactions (Wheatley et al., 2012). Among the ICLs ICL3
stands out, as it provides most structural diversity and is thought as one of the modulators of G protein
selectivity for different GPCRs (Katritch et al., 2012). Binding of activating ligands results in
conformational changes of the receptor (e.g. outward shift of TMD®6). This leads to intracellular
recruitment of G proteins, which consist of one a-subunit (Ga) and a dimeric By-subunit (GBy) (Hilger
et al., 2018). Both subunits are responsible for further intracellular signal cascades after receptor
activation, following their dissociation and exchange of guanosine di- by triphosphate (GDP/GTP)

(Hilger et al., 2018).
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Figure 3: Schematic representation of GPCRs and G proteins




1.1.1 Drug-target interactions of biogenic amines at GPCRs

G proteins are divided into Gs, Gi/Go, Gq and G113 (Elefsinioti et al., 2004; Syrovatkina et al., 2016). Gs
coupled proteins stimulate the adenylyl cyclase (AC), leading to an increase in 3°,5"-cyclic adenosine
monophosphate (cAMP) concentration, thereby increasing the activity of proteinkinase A (PKA)
(Milligan, Kostenis, 2006). G; coupled proteins lead to a decreased activity of the AC and hence a less
activated PKA (Marinissen, Gutkind, 2001). By addressing G,, the phospholipase C-f (PLCB) is activated,
increasing levels of inositol (1,4,5)-trisphosphate (IP3) and diacylglycerol (DAG), followed by calcium
ion (Ca%") release and proteinkinase C (PKC) activation, respectively (Billups et al., 2006). G1,/13 proteins
are less common (Syrovatkina et al., 2016). GBy are able to influence Ca?* and potassium ion (KY)
channels, AC and PLCPB (Hilger et al., 2018). This signal diversity is amplified, because the biological
effects of GPCRs are also controlled by G protein independent mechanisms such as B-arrestin
recruitment (DeWire et al., 2007). In order to prevent overexcitation, intracellular receptor sides can
be phosphorylated by GPCR kinases, tagging the receptor for B-arrestin recruitment that leads to
disruption of the GPCR-G protein complex (Grady et al., 1997) and receptor internalization (Grady et
al., 1997; Marinissen, Gutkind, 2001). Latest research revealed that B-arrestins are also able to
coordinate members of the mitogen-activated protein kinase (MAPK) pathway. By recruiting a tyrosine
kinase (c-SRC) to the receptor, they can indirectly initiate the activation of ERK (DeWire et al., 2007,
Luttrell et al., 1999). The two known isoforms B-arrestin 1 and 2 act as chaperone molecules that
facilitate interaction of members of the ERK, JNK3 or p38 pathways by spatial orientation or initiate
activation by direct phosphorylation (DeWire et al., 2007). The spectrum of known targets that are
influenced by B-arrestins is rapidly increasing, including other kinases and even nuclear responses
(DeWire et al., 2007; Povsic et al., 2003; Witherow et al., 2004). An implication of these B-arrestin
mediated pathways in drug action was shown for example with antipsychotic agents (Allen et al.,

2011). However, the applicability for drug design remains a topic of high interest.

The sheer diversity of GPCRs and proteins involved in the signal cascade is challenging for the
evaluation of drug-target interactions, but gets more complex by the existence of different ligand
types. Receptor agonists bind to the receptor and evoke the same response as the endogenous ligand.
Neutral antagonists block the receptor’s binding site, so that the endogenous ligand is unable to evoke
its physiological response (Pleuvry, 2004). Either way, a pathophysiological dysregulation can be
compensated. While agonists preferably stabilize an active state of the receptor and shift the
active/inactive population ratio towards more active receptors (Figure 4A), antagonists prevent
binding of other ligands without altering the ratio (Weis, Kobilka, 2018). Several GPCRs exhibit a basal
receptor activity even in absence of agonists, a term referred to as constitutive activity (Sadée et al.,
2005; Smit et al., 1996). Ligands that reverse this basal activity, stabilize an inactive receptor state and

shift the population ratio accordingly are considered inverse agonists (Figure 4A) (Weis, Kobilka, 2018).




1.1.1 Drug-target interactions of biogenic amines at GPCRs

Many ligands, which have been formerly described as antagonists are now considered inverse agonists
(Bakker et al., 2000; Chidiac et al., 1994). Partial agonists lead to an activation of the receptor, but do
not evoke full receptor response, when compared to the endogenous ligand (lower intrinsic activity)
(Lawler et al., 1999). However, when directly competing with a full agonist, they behave as functional
antagonist due to competition for the binding site (Lieberman, 2004). Biased agonist can activate
different signal cascades (GPCR dependent and independent) with different intensity and functionality
(Berg, Clarke, 2018). It has to be noted that these classifications can depend on the assay conditions

and different set-ups can yield different results for a given ligand (Berg, Clarke, 2018).

The evaluation of GPCR crystal structures (Chien et al., 2010; Shimamura et al., 2011; Wang et al.,
2018) confirmed the existence of allosteric binding sites (ABSs) and secondary binding pockets (SBPs).
ABSs are regions of a protein where ligands can bind and change receptor confirmation, thereby
positively or negatively influencing other ligands in their binding to the OBS (Figure 4B) (Changeux et
al., 1984). SBPs are binding pockets on the extracellular side of the protein or in proximity to the OBS
that can further contribute to drug-target interactions (Ludlow et al., 2015). Compounds directed at
the ABS or the SBP instead of the highly conserved OBS, are discussed to have increased chances of
displaying higher selectivity and subtype specifity (Fronik et al., 2017; Lane et al., 2013). This can be
realised by designing ligands that address the OBS and SBP simultaneously (bitopic ligands, Figure 4C)
(Kihhorn et al., 2011). The presented drug-target interactions are not only valuable for the design of

new compounds, but also require re-evaluation of currently used evaluation methods.
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Figure 4: Schematic aspects of drug-target interactions at GPCRs. (A) Influence on receptor states by agonists, inverse agonists
and antagonist. (B) Allosteric modulation, ABS: allosteric binding site, AL: allosteric ligand, L: ligand, OBS: orthosteric binding
site,. (C) Representation of a secondary binding pocket (SBP), BL: bitopic ligand.
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1.1.2 Scaffold evaluation in the field of biogenic amines

1.1.2 Scaffold evaluation in the field of biogenic amines

Because insights into crystal structures, binding behaviour and target modulation are rapidly growing,
a constant need exists to expand scaffold libraries of clinically active compounds and to understand
underlying biomolecular mechanisms via pharmacological tools. Early stages of aminergic drug
development can be inspired by the scaffold of the endogenous ligands themselves (Bleicher et al.,
2003; Mocking et al., 2016). Derivatization of serotonin resulted for example in sumatriptan, used in
the treatment of migraines (Figure 5) (McCrory, Gray, 2003). However, such compounds may be prone
to adverse drug effects due to a high analogy to the endogenous ligands and poor receptor selectivity.
Furthermore, endogenous ligands can display metabolic weak points (e.g. susceptibility to oxidation
of the catechol structure in dopamine (Segura-Aguilar et al., 2014)) that usually limit therapeutic
application of closely related derivatives. Hence, moieties with improved binding affinity or selectivity,
optimized pharmacokinetics as well as superior clinical efficacy and safety are emphasized. Natural
compounds display large structural heterogeneity, are easily accessible and provide high hit rates in
in vitro screenings as they inherit a biological activity for their hosts (Breinbauer et al., 2002). For
example, ergotamine, isolated from Claviceps purpurea, interacts with serotonin and dopamine
receptors and its vasoactive properties have been successfully used in the treatment of migraine
(Graham, Wolff, 1938). Nowadays, therapy limiting cardiac effects call a use of this drug into question
(Meyler, 1996). The synthetic derivatization towards bromocriptine (Figure 5) led to a dopamine and
serotonin receptor agonist, still used in the treatment of Parkinson’s disease (Lieberman et al., 1976).
The combination of endogenous scaffolds, natural compound libraries and the possibilities of synthetic
derivatization yields a reasonable approach to expand compound libraries at a given target (Bleicher
et al., 2003). It has to be noted that many diseases are not exclusively related to one specific biogenic
amine but are rather multifactorial in nature (de Strooper, 2010; Riess, Kriiger, 1999). Hence, for some
applications, the research became focused on compounds that act on a particular set of different
targets (Morphy et al., 2004). The fusion of two pharmacophores (Figure 5) generates a novel scaffold
that requires affinity at the selected receptors and selectivity towards adverse targets. However, this
attempt displays new challenges, as the design and evaluation of these drugs can take more effort
than previously, as seen with the extensive evaluation for bromocriptine (Figure 5) (Morphy, Rankovic,

2006).

In order to find new clinical entities, initial leads can be found in high- to medium-throughput assays
of (natural) compound libraries (Bleicher et al., 2003) or by rational re-evaluation of plant extracts and
drugs that are known for their action in another application field (drug repositioning) (Pushpakom et
al., 2018). By combining the results of in vitro screenings with in silico structure-based drug design, hit

compounds can be optimized and characterized once more in vitro for novel leads in an iterative




1.1.2 Scaffold evaluation in the field of biogenic amines

process (Klebe, 2000). Preclinical lead compounds should then be evaluated in appropriate in vivo
models. The joined expertise of drug researchers results in the development of a preclinical agent
awaiting its clinical prospects. The better knowledge on drug-target interactions is gathered, the higher
are the demands for clinical agents and pharmacological tools. Hence, assay design, scaffold design

and evaluation are major topics for researchers in drug development as well as in basic target research.
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Figure 5: Structures of natural products and synthetic derivatives. Values are median pK; values at the respective targets
obtained from the IUPHAR DB (Harding et al., 2018). Blue and green boxes represent respective scaffolds that can be found
in multi-target-directed ligands.
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1.2 Selected biogenic amines

1.2.1 Histamine and its receptors

Histamine (2-(1H-imidazol-4-yl)ethan-1-amine) orchestrates a wide array of effects, taking an active
part in the CNS, immune modulation and peripheral processes. It is derived by decarboxylation of the
amino acid L-histidine exclusively via the L-histidine decarboxylase (Figure 6) and is metabolized by
N-methyltransferase to N™-methylhistamine (Shahid et al., 2009). Monoamine oxidase lead to
subsequent oxidative deamination in the CNS, while diamine oxidase is mainly responsible for
peripheral metabolization of histamine (Green et al., 1987, Mondovi et al., 2013). It exerts its
pharmacological effects via four class A GPCRs (Table 1) (Bongers et al., 2010). While Hi, H, and Hs
receptors are expressed in various brain regions, the existence of Hs receptors (H4Rs) in the brain is
still a topic of debate (Connelly et al., 2009; Haas, Panula, 2016). However, all four receptors are
abundantly expressed in the periphery (Mocking et al., 2016), contributing to their diverse application
fields (Table 1). The histamine H; receptor represents a major target for antihistaminergic agents in
the treatment of allergic symptoms, motion sickness and sleep disorders, while H, receptor antagonists
are widely known for their action against esophageal reflux and gastrointestinal ulcers (Blandina,
Passani, 2016). As the histamine Hs and HiRs are rather novel targets compared to the H; and H;
receptors, their therapeutic potential is still underexplored. The H; receptor (HsR) is mainly localised
in the CNS, where the constitutively active autoreceptor modulates the synthesis and release of
histamine via negative feedback loops (Arrang et al., 1983). HsRs are G; coupled, but also initiate PLC,
MAPK, phosphatidylinositol 3-kinase and phospholipase A2 pathways via GBy (Nieto-Alamilla et al.,
2016). Additionally, HsRs have been linked to the release of other neurotransmitters such as dopamine,
acetylcholine and serotonin, etc. (Nieto-Alamilla et al., 2016). These effects are likely caused by
inhibition of voltage-gated Ca?* channels and activation of G protein-gated inwardly rectifying K* (GIRK)
channels via GBy (Nieto-Alamilla et al., 2016; Sander et al., 2008; Torrent et al., 2005). By its abundant
receptor distribution and neurotransmitter modulation, histamine takes an active part in the
regulation of sleep-wake cycles as well as social and cognitive behaviours. This profile presents the HsR
as an interesting target for multifactorial neurological disorders, such as Parkinson’s disease (PD),
Alzheimer’s disease and schizophrenia (Hu, Chen, 2017) that are characterized by an imbalance of

several neurotransmitters.

0
N L-histidine decarboxylase N NH,
N NH, N
H L-histidine H histamine

Figure 6: Chemical structures of L-histidine and histamine.
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Table 1: Properties of histamine receptor subtypes. The pK; values are medians derived by the IUPHAR Database.

HiR H2R HsR HaR
Coupling (Hough, 2001) Gq Gs Gi/o Gi/o
Histamine pK;
4.2 4.3 8.0 7.8
(Harding et al., 2018)
Established applications Allergy, Esophageal reflux, Sleep disorders, Inflammation*,
and research fields (*) sleep disorders, gastrointestinal schizophrenia*, asthma*, allergy*,
(Hu, Chen, 2017; Panula et motion sickness ulcer PD*, epilepsy*, pruritus*®, immune
al., 2015) Alzheimer’s disease* modulation*
Tissue distribution Ubiquitously Ubiquitously Ubiquitously Immune system,
(Panula et al., 2015) (immune cells, CNS, (gastrointestinal, (CNS, peripheral mast cells, colon,
lung, blood vessels) | smooth muscle cells, | system, lung, heart, bone marrow,
heart, uterus, CNS) gastrointestinal) liver, lung

Currently HsR agonists as well as inverse agonists/antagonists are under investigation for their
application in given research fields (Nieto-Alamilla et al., 2016). The HsR challenges researchers with
species differences in receptor structure and isoform specific pharmacology. Most prominently the
protein sequence of rodents (rats, mouse, guinea pig) differs to those of humans or monkeys in two
amino acids (residues 119, 122), located in proximity to Asp114 in TMD3 (Nieto-Alamilla et al., 2016;
Stark et al., 2001). Additionally, the human HsR displays a variety of splicing-based isoforms that inherit
characteristic coupling behaviour and ligand binding (Nieto-Alamilla et al., 2016). These differences
resulted in discrepant in vitro studies and unsuccessful translation to in vivo models, which is one of
the reasons why many ligands required re-evaluation after their initial discovery (Hancock, 2006;
Sander et al., 2008). In addition, the H4R displays a high sequence similarity to the H3R (58% in the
TMD) (Mocking et al., 2016), causing a lack of pharmacological discrimination between HsR and HiR
binding. This led to misinterpretations of H3R binding affinities, as the H4R existence was still unknown
in the beginning of H3R drug development. Thus compounds regarded as selective were later found to
be unselective or only slightly preferring the HsR (Liu et al.,, 2001). Early agonists (e.g.
a-methylhistamine, imetit) constitute of 4-monosubstituted imidazoles, designed based on the
scaffold of histamine itself (Figure 7) (Mocking et al., 2016). With initial antagonist (e. g. clobenpropit,
thioperamide) substitution patterns of the imidazole are more variable (Nieto-Alamilla et al., 2016).
The presence of Glu206 in the OBS of HsR as well as the H4R (not in HiRs and H3Rs), is considered as
one reason for poor subtype selectivity, reported with imidazole-based compounds (Axe et al., 2006;

Nieto-Alamilla et al., 2016). Furthermore, the imidazole may be afflicted with insufficient
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pharmacokinetic properties such as poor blood-brain barrier penetration and CYP interactions
(Ishikawa et al., 2010; Nieto-Alamilla et al., 2016; Young et al., 1988). To improve selectivity and
pharmacokinetic properties of novel antagonists, research focuses on non-imidazolic compounds
(Sander et al., 2008). The imidazole moiety was thought to be necessary for agonists (Leurs et al.,
1995), but recent research suggests otherwise (Ghoshal et al., 2018). Modern scaffolds contain a basic,
aliphatic amine (blue, Figure 7) that is connected to a lipophilic region and usually an electron-rich
aromatic core. The basic part interacts with Asp114, while the lipophilic moiety modulates selectivity
and pharmacokinetic features (Sander et al., 2008). It has to be noted, that in some instances, e.g.
pitolisant, the basic amine was reported to bind to other motifs than the aspartate (Ghamari et al.,
2019b). The two parts are connected by an alkyl linker (red, Figure 7) often comprising additional
hydrophilic characteristics (green, Figure 7) (Sander et al., 2008), as seen with one of the first potent,
non-imidazole-based HsR antagonists, UCL-1972 (Figure 7). The natural compound aplysamine-1
(Figure 7) was also evaluated as HsR antagonist and based on the proposed scaffold, further
derivatization of this basic pharmacophore resulted in promising novel HsR antagonists, supporting the
use of natural compounds in drug development at GPCRs (Swanson et al., 2006). To date only one
compound surpassed the clinical evaluation, despite a large substance library with suitable in vitro
receptor affinities. The inverse agonist/antagonist pitolisant (Wakix®) is approved for the treatment of
narcolepsy with and without cataplexy (Dauvilliers et al., 2019; Syed, 2016) and was just recently

approved for its use in excessive daytime sleepiness in adults with narcolepsy by the FDA.

</: Il/\/NHz O,ZE;ND_@ ) /@AHJ\SN\NEH/)
H cl

histamine thioperamide clobenpropit
H3R 8.0 H3R 7.3 H3R 8.6
H,R 7.8 H,4R 6.9 H,R 8.1
Br CH;
N NHZ (o) N {©) ’11
T % O ot
CH, H,C
h O,N N “Br
(R)/(S)-a-methylhistamine UCL-1972 ClH aplysamine-1
3
H;R 8.2/7.2 H3R 7.4 H3R 7.5
H,R 6.6/5.4 H,4R n.a. H,R>6
(0]
O T O ﬁ“ﬁ
N NH, a K/N K/NW
H imetit pitolisant INJ-31001074 (bavisant)
H;R 8.8 H3R 8.6 H3R 8.3
H,R 8.2 H,4R 4.5 H,R>6
inverse agonists/
agonists antagonists

Figure 7: Reported scaffolds of H3R ligands. The pK; values are medians from (Harding et al., 2018; Letavic et al., 2015; Lim et
al., 2005; Panula et al., 2015; Swanson et al., 2006). N.a. not available.
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As HsR modulation was found to be beneficial in sleep disorders and cognitive impairments that
accompany neurodegenerative disorders (Sadek et al., 2016b), pitolisant is currently under
investigation for the adjuvant treatment of other neurodegenerative diseases (NCT01072968,
NCT01066442) and single-patient case studies for its use in Prader-Willi syndrome are ongoing (Pullen
et al., 2019). Currently about 20 H3R selective antagonists/inverse agonists are in clinical evaluation,
mostly related to sleep disorders, allergic rhinitis, Alzheimer's disease and attention deficit
hyperactivity disorder (ADHD) (Ghamari et al., 2019a). In addition to pitolisant, JNJ-31001074
(bavisant) (Figure 7) is currently under investigation for excessive daytime sleepiness in PD
(NCT03194217), while a study for ADHD revealed no effectivity (Ghamari et al., 2019a). Several of the
reported ligands have no disclosed results so far, or trials were terminated without information or due
to a lack of in vivo activity (Egan et al., 2012; Griebel et al., 2012; Herring et al., 2012). The interest in
HsR agonists and inverse agonists/antagonists was increased by the pioneering nature of pitolisant and
related compounds. However, drug development lacks novel scaffolds to bring forth additional clinical

candidates to further validate the HsR as clinical target.

In 1994 Raible et al. postulated the existence of a fourth histamine receptor subtype localised on
eosinophils (Raible et al., 1994), which eventually led to the cloning of the HsR (Liu et al., 2001;
Nakamura et al., 2000; Oda et al., 2000). It is mainly located in the periphery and in cells of the immune
system (mast cells, eosinophils, haematopoietic stem cells), contributing to inflammatory events and
immune modulation (Zampeli, Tiligada, 2009). A high expression on special cancer cell lines, especially
in breast cancer (Medina et al.,, 2011), constitutes a possible target for cancer therapy or the
overcoming of chemotherapy resistance (Nicoud et al.,, 2019). Due to uncertain pharmacological
implications and the modulatory effects of the receptor it is still discussed whether inverse
agonists/antagonist or agonist possess higher therapeutic applicability, although antagonists are
nowadays favoured by drug development (Thurmond, 2015). The blueprint for H4R is not as extensively
studied as for other histaminergic receptors, given its rather recent discovery. However, due to the
high sequence similarity between H4Rs and HsRs, selectivity evaluation is standard procedure for novel
ligands at both receptors nowadays. As already discussed, imidazole-containing compounds mostly
lack the required binding selectivity (Mocking et al., 2016), but neither H4R agonist nor antagonists
require imidazole-based scaffolds (Smits et al., 2009). To allow for interaction with aspartate in the
OBS, antagonists can be designed with a basic amine within an aliphatic ring that is connected to a
heteroaromatic group, further substituted with lipophilic residues for hydrophobic interaction in the
receptor (Mocking et al., 2016). To date JNJ-7777120 (Figure 8) is one of the few selective compounds
for the H4R. It never proceeded towards the clinical market due to poor pharmacokinetics, despite

in vitro and in vivo results suggesting anti-inflammatory, analgesic and antipruritic properties (Corréa,
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dos Santos Fernandes, 2015). Nevertheless, it is of great relevance as reference compound and
pharmacological tool due to its biased action as inverse agonist/antagonist on [>**S]GTPyS binding and
partial agonist at the B-arrestin/ERK pathway (Rosethorne, Charlton, 2011). Heterocyclic analogues of
INJ-7777120 (e.g. benzothiophenes, Figure 8) displayed significantly reduced H4R activity (Karcz et al.,
2010), while 2-methyloctahydropyrrolo[3,4-c]pyrroles could improve affinity at the H4R but display
poor pharmacokinetics as well (Lane et al., 2012). The compound JNJ-39758979 (Figure 8) went into
clinical trial for histamine-induced pruritus (NCT01068223) and moderate atopic dermatitis
(NCT01497119) (Thurmond, 2015). While the trial for histamine-induced pruritus completed with
promising results (Kollmeier et al., 2014), the trial on moderate atopic dermatitis had to be terminated
due to events of agranulocytosis (Murata et al., 2015; Thurmond, 2015). A trial in asthmatic patients
(NCT00946569) failed to meet its defined endpoint, but the authors recommend further evaluation of
HiR antagonist in eosinophilic asthma based on their subgroup analysis (Kollmeier et al., 2018).
Toreforant (Figure 8) just recently completed several phase |l studies on rheumatoid patients. A phase
Ila study was terminated early due to a serious adverse event (NCT00941707) (Thurmond et al., 2016).
Another study on toreforant’s mode of action was terminated before reaching the endpoint (Boyle et
al.,, 2019), due to its lack of significant efficacy in a previously phase Ilb study (NCT01679951)
(Thurmond et al., 2016). Promising clinical candidates for the H4R are sparse, impeding evaluation of
the receptors pharmacological potential. Major challenges arise by poor selectivity, poor

pharmacokinetics and a difficult translation of in vitro findings, mostly from rodents, to the clinics.

CH3

) )\/\/ .
N N
W@ER SR STl
N NHZ N
INJ-7777120 benzothiophene analogue JNJ-39758979 toreforant
HsR 5.3 HaR n.a. H3R 6.0 HsR 6.7
H,R 8.1 H,R > 6 H,R 7.8 H,R 8.1

Figure 8: Selected H4R ligands. The pK; values are reported as medians (Harding et al., 2018; Thurmond et al., 2017). N.a. not
available.
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1.2.2 Dopamine and its receptors

Dopamine (4-(2-aminoethyl)catechol), a catecholic biogenic amine, is one of the key players in the CNS
as well as the vegetative nervous system. Its bioformation in the CNS starts with the hydroxylation of
L-tyrosine via tyrosine-3-hydroxylase (TH) to form levodopa (L-DOPA, L-3,4-dihydroxyphenylalanine)
in neurons of the substantia nigra and the ventral tegmentum (Ayano, 2016; Meiser et al., 2013).
Subsequent decarboxylation by the DOPA decarboxylase (DDC, aromatic L-amino acid decarboxylase,
Figure 9) leads to dopamine that can be stored in synaptic vesicles (Fahn, 2008; Meiser et al., 2013).
Latest results suggest the existence of another pathway, that involves oxidation of tyramine by CYP2D6
enzymes (Wang et al., 2014). Dopamine transporters (DAT) are responsible for synaptic reuptake of
released neurotransmitter, while mitochondria associated monoamine oxidase (MAO) and
catechol-O-methyltransferase (COMT) in surrounding glia cells catalyse its further metabolization
(Figure 9, 10) in collaboration with alcohol and aldehyde dehydrogenases (Lindemann, Hoener, 2005;
Meiser et al., 2013). These proteins are also prominent targets for treatment of dopamine related
diseases. Once released into the synaptic cleft, dopamine acts via five class A GPCRs (Table 2), of which
presynaptic D, autoreceptors initiate a negative feedback loop, thereby regulating dopamine
transmission (Figure 10) (Ford, 2014). Dopamine receptors are divided into two groups characterized
by their signaling cascades and protein sequences (Kebabian et al., 1972). The D,-like receptor
subfamily comprises G, coupled G proteins and includes the D, D; and the D4 receptors (Jackson,

Westlind-Danielsson, 1994; Kebabian et al., 1972).
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Figure 9: Formation, biometabolization and -degradation of dopamine.
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Figure 10: Dopamine formation, metabolization and signal transduction. Modified after (Knab, Lightfoot, 2010; Meiser et al.,
2013). AC: adenylyl cyclase; AD: aldehyde dehydrogenase; COMT: catechol-O-methyltransferase; DAT: dopamine transporter;
DDC: DOPA decarboxylase; DOPAC: 3,4-dihydroxyphenylacetic acid; HVA: homovanillic acid; LAT: L-amino acid transporter;
MAO: monoamine oxidase; MT: 3-methoxy-tyramine; TH: tyrosine-3-hydroxylase; VMAT: vesicular monoamine transporter.

The D2R and the D3R display a sequence identity of around 50% in the total sequence and 79% in the
TMD (Sokoloff et al., 1990), but different tissue distribution, receptor density and pharmacology. The
high similarity requires thorough selectivity evaluation of novel compounds, to distinguish
pharmacological contributions. Sequence identity of the D4R with the D2R and D3R is far lower with
around 50% in the TMDs (Civelli et al., 1991). Differences in dopamine’s signaling are not only caused
by different couplings and tissue distributions, but also by existing splicing homologues in the D,-like
family (Gingrich, Caron, 1993). Although reported for all receptor subtypes, pharmacological significant
differences were most prominently found for the human D,-short (hD2sR) and D,-long (hD2R) splicing
variants that differ in 29 amino acids in ICL3 (Grandy et al., 1989). Based on a mainly presynaptic
localisation, the DxsR is suggested to be the autoreceptor, responsible for the negative feedback loop
on dopamine release. The DyR is primarily localised postsynaptically and seems to be the target of
several antipsychotic agents (Centonze et al., 2002; Usiello et al., 2000). The ability to differentiate
these contributions in vivo remains controversial. High- and low-affinity states of dopamine receptors
challenge drug-target evaluations even further, as both receptor states are differently favoured and
influenced by agonists and antagonists and are modulated differently by signal transducers, leading to
conflicting assay results (de Lean et al., 1982; Sibley et al., 1982). The D; and Ds receptors belong to
the D;-like subfamily, distinguished by a G coupling protein (Table 2) (Jackson, Westlind-Danielsson,
1994). Similar to the D,/DsRs, they share a sequence identity of 79% in the TMDs (Demchyshyn et al.,

2000) with variations in tissue distribution and receptor density, alike.
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Dopaminergic transmission is most commonly subdivided in the mesolimbic, mesocortical,
nigrostriatal and tubero-infundibular pathways (Figure 11) (Ayano, 2016; Butini et al., 2016). While
mesolimbic projections are related to reward, emotion and perception, mesocortical areas influence
cognition, memory, attention and emotional behaviour (Ayano, 2016). Accordingly, these pathways
are under investigation for the treatment of drug abuse, schizophrenia and ADHD. The nigrostriatal
pathway is best known for its involvement in the planning and execution of movements (Ayano, 2016),
hence a target for PD, restless-legs syndrome (RLS) or chorea Huntington. In contrast to these, the
tubero-infundibular projection is a common off-target of dopaminergic treatment strategies, resulting
in some of its adverse drug effects (ADE) (Butini et al., 2016). The D1R is widely represented in all brain
areas (Jaber et al., 1996; Meador-Woodruff et al., 1996; Mishra et al., 2018; Palacios et al., 1988). It is
involved in emotion, memory/learning, reward, attention, cognition and motoric activity (Kim et al.,
2015; Koob et al., 1998; Lynch, 1992; Mishra et al., 2018). CNS distributions of the DsR are far more
limited (Ayano, 2016; Mishra et al., 2018). Participation of the receptor in memory and learning
processes is highly probable (Mishra et al., 2018; Missale et al., 1998). The D;R is found in nearly every
part of the brain, with high expression in the striatum (Meador-Woodruff et al., 1996), but also in the
substantia nigra, ventral tegmental area, olfactory bulb and the amygdala (Ayano, 2016; Mishra et al.,
2018; Takahashi et al., 2010). Given its high density in different areas, the receptor is involved in
emotion, learning, behaviour and motoric activity. Receptor distribution of the D3R is more distinct,
mainly localised in the islands of calleja and the striatum, which is why the receptor is suggested to be
involved in limbic functions (Meador-Woodruff et al., 1996). Receptor density of the D4R in the CNS is

not as abundant and ligands are mainly investigated for use in cognitive disorders (Mishra et al., 2018).

Table 2: Properties of dopamine receptor subtypes. Values of the pK; are derived by the IUPHAR Database (Harding et al.,
2018) and are reported as medians.

D4R D2R DsR D4R DsR
Coupling Gs Gifo Gi/o Gi/o Gs
Dopamine pK; 5.5 6.6 7.3 7.6 6.1
Established application | Schizophrenia*, | Schizophrenia®, | Schizophrenia®, | Schizophrenia*, Substance
for antagonists () and substance emesis®, motor depression*, substance abuse*
agonists (°) abuse* disorders®, substance abuse*
and promising depression* abuse*, motor
research fields (*) disorders®
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Figure 11: Schematic representation of dopaminergic pathways in the brain. Modified after creative commons CC BY-SA 4.0.

Given the resolved crystal structure of the D;R and the D3R, drug design focuses on these two receptors
and approaches the challenges depicted by their high similarity. Clinical candidates and applied ligands
for the DR are numerous. Antagonists such as chlorpromazine and haloperidol or domperidone and
metoclopramide are applied in the treatment of schizophrenia and nausea, respectively (Figure 12)
(Kovac, 2000; Leucht et al., 2008). Agonists such as rotigotine and ropinirole are used in the treatment
of PD (Figure 12) (Fox et al., 2011). However, most of the compounds targeting the D,R lack reasonable
selectivity profiles towards other dopamine receptors and even show considerable affinity towards
other neurotransmitter receptors (Butini et al., 2016). Although in some instances specific off-target
activity may aid multifactorial approaches (Butini et al., 2016), the design of D,/DsR selective ligands,
is a major goal to evaluate neurobiological mechanisms specific to the receptor subtypes. Sumanirole
(Figure 12) was one of the first highly selective agonists designed for the DR (McCall et al., 2005) and
even proceeded to phase lll clinical trial in PD (NCT00036218). However, it failed to excel over the
existing therapeutic approaches and thus further evaluations were terminated (Barone et al., 2007).
The design of D3R selective compounds experienced progression in the last years (Blagg et al., 2007,
Cao et al., 2018). Cariprazine (Figure 12) was the first ligand on the market that displayed significant
DsR preference and appears highly promising for an innovative treatment of schizophrenia and
depression (Kiss et al., 2010). The D;R and the DsR were successfully crystallised in complex with
risperidone and eticlopride (Figure 12), respectively (Chien et al., 2010; Wang et al., 2018). This allowed
structural insights into ligand binding to the receptors, aiding rational drug design of selective ligands.
Typical dopaminergic ligands contain a basic amine for interacting with Asp11033? (Asp114332 in D,;R)
in TMD3. The amine is connected via an alkyl linker to an aromatic core with hydrogen-bond acceptor
capacities. Hydrophobic interactions with phenylalanine (Phe345,346), valine (Val111,189) and serine
(Ser192,193) in TMD3/5/6 contribute to the binding of eticlopride in the D3R (Chien et al., 2010).
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Figure 12: Structures of selected D,/DsR ligands. pK; values are reported as medians derived from the IUPHAR Database
(Harding et al., 2018).

The hydrophobic pocket formed by isoleucine (lle183 in D3R, lle184 in D;R) in ECL2 contribute to the
binding of both ligands (Chien et al., 2010; Wang et al., 2018). The elucidation of a SBP near the
extracellular regions of the D3R and different orientation of the SBP in the D2R promises advances in
subtype selective drug design (Chien et al., 2010; Wang et al., 2018). As the SBPs are not as highly
conserved as the OBS and display different spatial orientation, the design of bitopic ligands, extended
towards the SBP became a promising strategy to improve selectivity at D,/DsRs (Newman et al., 2012;
Omran et al., 2018). While a 2,3-dichloro-4-phenylpiperazine was implemented successfully in DR as
well as in D3R ligands, an aryl amide with a 4-carbon linker is used to increase D3R selectivity (Newman
et al., 2012). However, the determination of a SBP also reinforces the need for careful evaluation of
binding data, as previous assays have rarely been evaluated with regards to this topic. The lack of
selective radiolabelled ligands for the DR and D3R impedes further evaluation of pharmacological
differences. A lack of selectivity among dopamine receptor ligands results in major ADE in the
treatment of PD and schizophrenia (Seeman, 2006). In the case of schizophrenia, the treatment with
primarily D,R selective antagonist is unable to address all symptoms sufficiently and requires
researchers to re-evaluate treatment approaches. Hence, the receptor’s SBP supplies interesting

drug-target interactions for exploration by novel assays and pharmacological tools.
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1.3 Biogenic amines in Parkinson’s disease

Parkinson’s disease (PD) is a highly multifactorial disease within the neurodegenerative cluster. A
progressive loss of dopaminergic cells in the pars compacta of the substantia nigra (SN), leads to an
imbalanced transmission in the basal ganglia (Moore et al., 2005). This results in typical movement
disorders with cardinal symptoms such as tremor, rigor, bradykinesia and postural instability (Bereczki,
2010). They can be accompanied by cognitive, vegetative or psychiatric symptoms (Chaudhuri,
Schapira, 2009). PD’s pathophysiology is not conclusively elucidated but certainly multifactorial in
nature. Neurodegenerative inclusions (“Lewy Bodies”) (Moore et al.,, 2005), oxidative stress,
neuroinflammation and mitochondrial dysfunction greatly contribute to the loss of dopaminergic cells
(Segura-Aguilar et al.,, 2014). Notably the products of dopamine’s oxidation itself (quinones,
aminochromes) are discussed to be neurotoxic (Segura-Aguilar et al., 2014). This is one of the reasons
for increased development of dopaminergic ligands, lacking a catechol scaffold. Up until today motor
symptoms in PD are treated mostly symptomatically and this thesis reports on the dopaminergic
approaches among those. Researchers were able to link dopamine to PD and found striatal dopamine
deficiency responsible for the motor symptoms only in the 1960s (Ehringer, Hornykiewicz, 1960; Fahn,
2008; Hornykiewicz, 1966). The application of levodopa (Madopar®) for PD in 1973 was ground
breaking and is still one of the most effective treatments for the motor symptoms (Fox et al., 2011).
Dopamine itself is unable to penetrate the blood-brain barrier, while levodopa, as precursor, is taken
up through an active carrier. To prevent peripheral metabolization of the prodrug, DDC inhibitors
(e. g. benserazid, carbidopa) or COMT inhibitors (e.g.entacapone, tolcapone) are usually
co-administered (Rinne, Moélsa, 1979; Seeberger, Hauser, 2009). However, levodopa is discussed to
display negative effects on disease progression (Lipski et al., 2011), inter- and intra-individual
pharmacokinetics (Nomoto et al., 2009) and evokes levodopa-induced dyskinesia (Ahlskog, Muenter,
2001). Because symptomatic treatment of PD requires a lifelong therapy, drug development requires
agents with similar efficacy to levodopa, but without its drawbacks. Dopamine receptor agonists
display high, but unselective affinity at D,/D3Rs as well as activity at other aminergic receptors. Ergoline
derivatives (e.g. bromocriptine, lisuride) display off-target interactions and questionable safety
profiles and have been superseded by non-ergoline dopamine receptor ligands like pramipexole,
rotigotine, talipexole, piribedil, ropinirole and apormorphin (Figure 13) (Davie, 2008). To overcome
unselective dopaminergic activation, the D3R gathered interest. The receptor was found to be
downregulated in PD patients (Ryoo et al., 1998), while animal models confirmed a link between D3R
upregulation and levodopa-induced dyskinesia (Bézard et al., 2003; Bordet et al., 1997). In vivo studies
with a D3R selective partial agonist (BP 897, Figure 13), revealed a reduction of levodopa-induced

dyskinesia (Bézard et al., 2003), but also non-motor symptoms may be addressed by D3R agonists
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(Carnicella et al., 2014). Novel scaffolds are required to improve D3R selectivity and catechol’s poor
pharmacokinetic. D3R selectivity could be achieved by extension and derivatization of the linker chain
length in bitopic ligands (Newman et al., 2012), while a bioisosteric exchange of catechol moieties may
decrease metabolization steps by COMT and CYP enzymes (Segura-Aguilar et al., 2014). Typical
exchanges include (aromatic) heterocycles, containing an amino or hydroxyl moiety (Boeckler,
Gmeiner, 2006) and were performed with pyrroles, pyrazoles and aminothiazoles (Bach et al., 1980;
McQuaid et al., 1989; Schneider, Mierau, 1987), among others. However, profound SAR studies on

hydrogen-bond donor and acceptor capacities in catechol bioisosteres are sparse to date.

Dopaminergic treatment significantly reduces typical motor symptoms, but is not able to treat
associated symptoms that reduce quality of life likewise. Psychological non-motor symptoms include
depression, cognitive impairments and sleep disorders (Seppi et al., 2011). New evidence supports
involvement of the HsR in the progression of PD and non-motor symptoms. While histamine levels in
PD patients were found to be increased, levels of a corresponding metabolite (N-methylhistamine)
were not increased (Rinne et al., 2002). An increased H3R expression was also shown by mRNA levels
and radioligand binding studies (Anichtchik et al., 2001), although these findings were not confirmed
by other investigations (Goodchild et al., 1999). However, researchers proved an HsR mediated D1/D,R
modulation and even presented data suggesting the existence of Hs-D,R heteromers in vitro with an
inhibitory relationship (Ferrada et al., 2008). This substantiates the involvement of HsR signal
transduction on dopamine-mediated transmission. Together with the clinical potential of pitolisant
and JNJ-31001074 for excessive daytime sleepiness in PD, the recent results indicate high applicability
of HsR ligands in the treatment of PD and related cognitive impairments. Due to the multifactorial scale
of the disease and the need for lifelong treatment, it is necessary to expand and improve

pharmacophore scaffolds for dopamine as well as histamine receptor subtypes.
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Figure 13: Structures and receptor affinities of selected dopamine receptor agonists, used in the treatment of PD. The pK;
values are reported as medians derived by the IUPHAR DB (Garcia-Ladona, Cox, 2003; Harding et al., 2018; Millan et al., 2002).
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Schizophrenia is one of the most prominent psychotic disorders regarding inner experience, emotions
and behaviour. As it represents a complex syndrome, pathophysiological evaluation is impeded
(Fischer, Carpenter, 2009). Dopamine’s involvement in the pathogenesis (“dopamine hypothesis”) was
originally postulated as high doses of antipsychotic agents evoked PD-like symptoms (Meltzer, Stahl,
1976; Seeman, 2006; Shen et al., 2012) and was later confirmed by binding assays at D;Rs (Seeman et
al., 1976; Seeman, 2006). However, the dopamine hypothesis fails to explain insufficient treatment,
despite sufficient D,R blockade in some patients and especially fails to elucidate clozapine’s high
clinical efficacy, although its DR affinity is only moderate (Pilowsky et al., 1992). Today there is
evidence that a hyperactivity of D2Rs in the mesolimbic pathway (Meltzer, Stahl, 1976) is combined
with a disturbance in D;R and D3R signal transduction (Okubo et al., 1997; Simpson et al., 2014).
However, evidence for D;R involvement is contradictory (Abi-Dargham et al., 2002; Karlsson et al.,
2002). In addition imbalances in serotonin and glutamate/GABA transmission may also evoke psychosis
(Stahl, 2013; 2016). Due to the lack of specific tracers, the disorder is diagnosed and characterized by
the occurrence of specific symptoms, divided into positive and negative symptoms. Positive symptoms
include behaviours and perceptions that are intensified in patients (e.g. hallucinations or delusions).
They are linked, although not exclusively, to increased dopaminergic transmission in mesolimbic brain
regions (Stahl, 2018). Negative symptoms are characterized by a lack of perception or behaviour (social
withdrawal, depression or cognitive impairments) (Cerveri et al., 2019). Their origin is the topic of
recent research and is discussed to be highly multifactorial. DsR imbalances, serotonin-dopamine
interactions, DiR hypotransmission and reduced activity of the nucleus caudate were all shown as

possible targets (Meltzer et al., 2003; O'Donnell, Grace, 1998; Shen et al., 2012; Simpson et al., 2014).

Accordingly, antipsychotics can be divided in two classes, characterized by their clinical profile. Typical
antipsychotic agents (Figure 14, e.g.chlorpromazine) reduce positive symptoms by D,/Ds;R
antagonism in mesolimbic areas, but display an increased risk for extrapyramidal side effects (EPS,
characteristic motoric facial and limb disorders) (Stahl, 2018). Clozapine (Figure 14) was the first
antipsychotic agent with significantly less EPS (Stille, Hippius, 1971) and thereby introduced the class

III

of “atypical” antipsychotic agents (Griinder et al., 2009). The reason for this lower incidence is not fully
elucidated but focuses on dopaminergic, serotonergic and adrenergic transmission (Griinder et al.,
2009; Kapur, Seeman, 2001; Meltzer et al., 1989; Pilowsky et al., 1997; Wadenberg et al., 2007). A
second generation of atypical antipsychotic agents entered the market with aripiprazole (Abilify®,
Figure 14) in 2004. It displays characteristic partial agonism at D,/Ds and 5-HT1aRs, combined with

antagonism at 5-HT,aRs. Partial agonists are thought to stabilize neurotransmitter fluctuations, while
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simultaneously allowing essential receptor activation by peaks in dopamine levels, which presumably

decreases ADE (Grunder et al., 2009; Pulvirenti, Koob, 2002).

Negative symptoms show poor response to most of the antipsychotic agents. Up to now, only
cariprazine, amisulpride, olanzapine (Figure 14) and quetiapine show clinical efficacy on negative
symptoms (Cerveri et al.,, 2019). The pharmacological profiles differ remarkably and no common
mechanism was found responsible for their action. Cariprazine (Vraylar®, Reagila®) was approved 2015
in the USA for the treatment of schizophrenia and acute manic or mixed episodes associated with
bipolar | disorder. In 2017 the European commission approved it for the use in schizophrenia as well
(Ragguett, McIntyre, 2019). It acts as partial agonists at D,/DsRs and 5-HTiaRs, while showing
antagonism on 5-HT,a and 5-HT2sRs (Calabrese et al., 2019) and possesses similar structural features
to aripiprazole. However, aripiprazole does not work significantly well on negative symptoms. This
difference, gave a new stimulus to evaluate structural features and pharmacological mechanisms
responsible for action against negative symptoms. Although both ligands are partial agonists,
cariprazine displays an increased D3R preference, which raises interest for mode of action studies. D3R
modulation was linked to improved cognitive functions in several studies (Laszy et al., 2005; Millan et
al., 2007; Nakajima et al., 2013), although these findings were majorly concluded by antagonism at the
receptor. Long-term cariprazine administration was able to increase D3R expressions (Calabrese et al.,
2019; Choi et al., 2014) but did not influence 5-HT.aR levels as strong as aripiprazole (Calabrese et al.,
2019; Choi et al., 2014; Tarazi et al., 2001). Such receptor regulations are strongly linked to B-arrestin.
The involvement of B-arrestin recruitment in antipsychotic activity was shown in vitro and in mice
models (Allen et al., 2011; Masri et al., 2008), although the in vivo study found agonistic actions
responsible, while in vitro results suggest an antagonism as mode of action. Hence, the therapeutic
effects of D3R or B-arrestin biased targeting are contradictory or not conceivable yet, but motivate
further investigation in clinical profiles of antipsychotic agents.
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Figure 14: Structures and pK; values of selected antipsychotic agents (Harding et al., 2018; Seeman, Tallerico, 1998).
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The “fast-off hypothesis” of antipsychotics was originally discussed for EPS and atypicality (Kapur,
Seeman, 2001), but may reveal new insights for negative symptoms as well. As neurotransmitter levels
underlie a steady fluctuation in vivo, the binding period of active agents in vitro seems to be a
reasonable surrogate parameter to assess their pharmacological impact on neurotransmitter
regulation. The aim of drug-target residence time (DTRT) evaluations is to mimic physiological
conditions and to translate pharmacokinetic in vitro profiles to in vivo clinical profiles (Guo et al., 2014).
Ligand binding to its receptor is a constant association and dissociation in vivo but usually reaches a
steady state in vitro. The time that it takes a given ligand to dissociate from 50% of the initial receptor
occupancy (ti2dissociation, Figure 15) can be transformed into its dissociation rate constant (kof;, €q. 1,
RT = 1/kos) (Guo et al., 2014). The observed kinetic rate constant (kops) is derived from the time it takes
the ligand to reach 50% receptor occupancy (ti,association, Figure 15, eq. 2) (Bosma et al., 2017). Its
association rate constant (kon), is derived from kobs taking the drug’s concentration [L] and its ko into
account (eq. 3) (Bosma et al., 2017). As kon is affected by the ligand’s concentration and a steady
dissociation, it has only limited information value in vivo. Additionally, the association of a drug is
influenced by tissue distribution or clearance in vivo and limited by diffusion rates of the target and
ligand in vitro (Copeland et al., 2006). The ko on the other hand is not biased by these parameters and
depicts a cleaner surrogate for drug-target interactions (Copeland et al., 2006). Usually a prolonged RT
offers a prolonged pharmacological effect, as long as it exceeds the pharmacokinetic elimination
half-life (Vauquelin, van Liefde, 2006). In the case of schizophrenia, a long RT could be beneficial to
stabilize neurotransmitter fluctuations continuously (Vauquelin, van Liefde, 2006), but at the same
time a lasting receptor blockade is linked to the occurrence of EPS (Griinder et al., 2009; Guo et al.,
2014). An inverse correlation between this mechanism-based toxicity and a short RT at the D,R was
shown, as typical antipsychotic agents displayed long RT at the D, while most of the atypical agents
dissociated rapidly from the receptor (Kapur, Seeman, 2000). A fast off-rate of atypical agents such as
clozapine (Langlois et al., 2012) could allow receptor activation in response to sudden peaks in

dopamine levels that would lead to EPS, if the receptor was still blocked.

In2

. _ . _1
Equation 1 koff = W [min™"]

. _ In2 -
Equation 2 Kops = —tl/zassociation [min™"]
Equation 3 kobs = kon * [L] + kopp
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Figure 15: Schematic representation of t;/; of association and dissociation.

In vivo data of the atypical agent clozapine and the typical agent haloperidol did support these in vitro
findings (Jones et al., 2000). Accordingly, JNJ-37822681 is reported as specific D,R antagonist, that
displays invitro dissociation kinetics comparable to clozapine and was found as promising
antipsychotic agent, with low EPS incidence (Langlois et al., 2012). The “fast-off theory” at the D;R is
however unable to explain cariprazine’s and aripiprazole’s differences as comparison revealed only
little variation in RT at the DR so far (0.49 min and 0.14 min?) (Klein Herenbrink et al., 2016).
However, data on D3R RT is only sparse and underexplored to date. Furthermore, evaluation of DTRT
at the dopamine receptors could be insufficient, as the published assays and results did apply
mathematical methods for monomolecular reaction steps only. Considering the reported SBP and
different receptor states, dopamine receptor-drug interactions are more likely steps of higher order
and recent evaluations might have been oversimplified. Although the D2R doesn’t seem as likely target,
the D3R might reveal novel insights into the mode of action for negative symptoms. Evaluating DTRT
requires novel assays and demands close collaboration of in vitro, in silico and in vivo specialist to

interpret and assess its clinical impact (Schuetz et al., 2017).
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Scaffold evaluation represents one of the main tasks in preclinical drug development. This work aims
to improve the existing drug design at aminergic GPCRs, by evaluating natural products and natural

product inspired compounds as well as drug-target interactions that were recently underexplored.

The H4R represents a target at which only few compounds show considerable affinity and the
evaluation of novel scaffolds is necessary to improve clinical recognition of this target. Thorough SARs
investigation will be possible, by more active compounds. In this work natural compounds will be

evaluated at the H4R to generate inspiration for novel scaffolds.

In this work natural product inspired compounds will be evaluated at the HsR and derivatized, based
on recent SAR studies to increase the number of HsR active ligands. A larger substance library may
increase the chance to overcome insufficient in vivo efficacy and advance this target in the awareness
of neurological drug designers. Therefore a series of non-imidazole-based compounds will be
pharmacologically characterized for their histamine receptor subtype affinity, to forward them into

preclinical evaluation.

The design and evaluation of bitopic D,/DsR ligands and the exploration of bioisosteric exchange in
dopamine receptor ligands can further contribute to the treatment of dopamine related neurological
disorders. This work will report on the pharmacological characterization of a small series of bitopic
dopamine receptor ligands to contribute to this topic. Given a high overlap of dopamine and serotonin
receptor subtypes a preclinical serotonin receptor agonist will also be evaluated at the dopamine
receptor subtypes to complement its pharmacological characterization. New binding pockets in the
dopamine receptor subtypes require novel in vitro investigation tools, as recently used assays are not
sufficient to describe non-monomolecular binding interactions into detail. One aspect of this thesis will
be the evaluation of a novel drug-target residence time assay to address this and to complement

preclinical drug evaluation of novel compounds.

This cumulative thesis aims to expand scaffold libraries of histamine and dopamine receptor ligands
by natural compounds, natural compound inspired motifs, bitopic ligands and ligands with more than
one target. As the preclinical in vitro evaluation of novel compounds requires innovative assays, a focus
was set on the design and evaluation of a new, indirect radioligand displacement assay to assess the

DTRT of dopamine D,/Ds receptor ligands.
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Abstract

Objectives The aim was to evaluate the activity of seven
medicinal, anti-inflammatory plants at the hH4R with focus
on defined chemical compounds from Curcuma longa.
Materials Activities were analyzed with membrane
preparations from Sf9 cells, transiently expressing the
hH4R, G,;» and Ggp,y> subunits.

Methods From the methanolic extract of C. longa cur-
cumin (1), demethoxycurcumin (2) and bis(4-hydroxy-
cinnamoyl)methane (3) were isolated, purified with HPLC
(elution-time 10.20, 9.66, 9.20 min, respectively) and
together with six additional extracts, were characterized via
radioligand binding studies at the hH4R.

Results Compounds from C. longa were the most potent
ligands at the hH4R. They exhibited estimated K; values of
4.26-6.26 uM  (1.57-2.31 pg/mL) (1); 6.66—8.97 \M
(2.26-3.04 pg/mL) (2) and 10.24-14.57 uM (3.16-4.49 pg/
mL) (3) (95% CI). The estimated K; value of the crude extract
of curcuma was 0.50-0.81 pg/mL. Fractionated curcumin and
the crude extract surpassed the effect of pure curcumin with a
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K;value of 5.54 pMor 2.04 pg/mL [95% CI (4.47-6.86 pM),
(1.65-2.53 pg/mL)].

Conclusion Within this study, defined compounds of C.
longa were recognized as potential ligands and reasonable
lead structures at the hH4R. The mode of anti-inflammatory
action of curcumin was further elucidated and the role of
extracts in traditional phytomedicine was strengthened.

Keywords Curcuma longa - Natural compounds -
hH4R - Inflammatory diseases - Phenylpropanoids

Introduction

The evaluation of the fourth human histamine receptor
subtype (hH4R) revealed its crucial role in chemotaxis,
inflammation and autoimmune disorders [1]. Drug research
on the hH4R is highly interested in antagonists, due to their
suggested potential in the treatment of inflammatory dis-
eases [2].

Natural products have been a source for therapeutic
agents for ages [3] and a high amount of currently used
biologically active agents are natural product inspired
compounds or their derivatives [4]. They are a well-studied
source for pharmaceutical development and provide high
hit rates in pharmacological screenings as lead-compounds
[5]. Therefore, drug discovery and development are highly
interested in novel drugs and bioactive lead-compounds out
of nature’s kitchen [6]. Plants and spices like curcuma,
thyme, saffron, cumin, and ephedra species are well
reported for their use in traditional medicine, especially
against inflammatory events [7-11] and could meet the
demands for drug development by supporting natural-based
compounds for treating inflammatory diseases. A well
investigated representative of these plants is Curcuma
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longa L., a perennial herb of the Zingiberaceae (ginger)
family [12]. It has traditionally been used to treat various
conditions [13] and extensive research in vitro and in vivo
during the last few decades revealed that C. longa pos-
sesses anti-inflammatory effects [14]. Its inhibition of NF-
kB (nuclear factor ‘kappa-light-chain-enhancer’ of acti-
vated B-cells), Akt-phosphorylation (protein kinase B),
m-TOR activation (mechanistic target of rapamycin) and in
contrast an activation of AMPK (5" AMP-activated protein
kinase) in inflammatory events are well reported, but its
mode of action is still not conclusively investigated [15].

The aim of the current study is to evaluate the activity of
different plant extracts from traditional phytomedicine
approaches at the hHyR with a focus on defined chemical
structures from C. longa. All seven plants were investi-
gated because of their traditional use against inflammatory
events and could support the treatment of those. Especially
curcuma’s purified and isolated compounds display dif-
ferent structural features from any previously known
ligands and may provide new directions for selective and
specific scaffolds for the hH4R, opening new ways in
treating inflammatory diseases. In doing so the anti-in-
flammatory mode of action of curcuma can be further
elucidated, supporting its rational use in the adjuvant
treatment of inflammatory diseases.

Materials and methods

Curcuma longa L. for the first extract was purchased from
Al Alim-Medicinal Herb Center (Zippori, Israel), all other
herbs and C. longa for the repeated measurement were
gathered by the Institute of the Qasemi Research Centre
(Baka EL-Garbya, Israel). Pure curcumin was kindly pro-
vided by Prof. Dr. Gunter Eckert, Frankfurt/Germany,
another batch as curcumin 2 was purchased from Sigma
Aldrich.

Plant extract preparation

Each extract stems from one plant sample, except for C.
longa, that was extracted from two different samples. The
respective plant parts were chosen, because of their most
common use in traditional phytomedicine. 20 mL of
methanol were added to 2 g of the dried plant material.
Samples were sonicated for 120 min at 45 °C and left for
2 h. The liquid was made to pass through a 0.4 um filter
and concentrated by a rotary vacuum evaporator.

HPLC experiments

The analytical HPLC (High performance liquid chro-
matography) was a Waters Alliance (e2695 separations

@ Springer

module) with a 2998 Photodiode Array detector (PDA).
The preparative HPLC system consisted of a 3535 qua-
ternary gradient module with a 996 PDA detector. The
analytical experiments were run on an ODS column of
Waters (XBridge, 4.6 ID x 150 mm, 5 pm, guard column
of Xbridge ODS, 20 mm x 4.6 mm ID, 5 pum). The
mobile phase consisted of acidified water at pH 3 adjusted
with phosphoric acid (A) and acetonitrile (B). Linear
gradient started at 55% of (A) and 45% of (B) to reach
30% (A) and 70% (B) in 13 min then to 100% (B) in
1 min keeping it at 100% (B) for 5 min and back to 55%
(A) in 1 min. PDA wavelengths ranged from 200 to
600 nm. The flow rate was set to 1 mL/min, the injection
volume was 10 pL and the column temperature was at
room temperature. The three major fractions were rein-
jected to the prep-HPLC with an ODS column (Agilent
PrepHT C18, 22.2 x 250 mm, 10 pm). The elution pro-
gram was set as in the analytical mode, the flow rate was
20 mL/min and 1 mL injection volume. Fractionation of
the methanolic crude extract of C. longa by preparative
HPLC lead to isolation of three purified compounds (1, 2,
3) (purity >90%). The isolated compounds were further
determined by HR-ESI-MS (High-resolution electrospray
ionization mass spectrometry) in positive mode (LTQ-
Orbitrap XL hybrid ion trap with a high resolution
Orbitrap detection system, Thermo Scientific, USA).

Membrane preparation

Cell culture and membrane preparation were performed
according to Schneider and Seifert [16] to gain membrane
preparations from SfO cells transiently expressing the
hH4R, the G, and Gg,, subunits. Briefly, Sf9 cells were
cultured in spinner flasks at 28 °C and 100 rpm in Sf9
medium [with 5% (v/v) fetal bovine serum and 10 pL/mL
penicillin/streptomycin]. 3 x 10° cells/mL was infected
with a baculovirus solution (1:100), containing the human
histamine Hy receptor and the Gy and Ggy,o subunits.
48 h after infection cells were harvested and membrane
preparation was performed at 4 °C. The infected Sf9 cells
were centrifuged at 1000 rpm for 10 min. The resulting
pellet was resuspended in phosphate buffered saline
(PBS) and centrifuged again at 1000 rpm for 10 min.
Afterwards the pellet was resuspended in 15 mL lysis
buffer [80 pM benzamidine, 20 pM leupeptin,
200 pM phenylmethyl sulfonylfluoride (PMSF), in Hy
binding buffer (13 mM MgCl,, | mM EDTA and 75 mM
Tris/HCL, pH 7.4)] per 100 mL cell suspension. After
homogenization in a hand potter the suspension was
centrifuged at 500 rpm for 5 min and the supernatant was
centrifuged for 20 min at 18,000 rpm. The resulting pellet
was resuspended in lysis buffer, homogenized and cen-
trifuged for 20 min at 18,000 rpm. The pellet was
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Software Inc., San Diego, CA, USA). The K; values were
calculated from the ICs, values using the Cheng—Prusoff
equation [18]. Values of binding data obtained are means
of three experiments, each performed as triplicates.
Values of binding data obtained by eleven and ten point
measurements are means of three independent experi-
ments run in at least duplicates. Binding data is given as
95% confidence intervals and are complemented by
means for six, eight, ten and eleven point measurements.
One-point measurements are reported as means with the
respective ranges.

Results

The methanolic extracts of C. longa, Crocus sativus, Nigella
sativa, Thymus serpyllum, Cuminum karamani (Carvon
coptikum), Cuminum cyminum and Ephedra foeminea
(Table 1) were tested for their inhibition of radioligand
binding at the hH4R from purified membrane preparations.

The plant extracts displayed poor activity at the receptor
(<50% inhibition at 5 pg/mL), with the exception of the
methanolic extract of C. longa that showed strong activity
(complete inhibition at 10 pg/mL) (Table 2). As extracts
(A)—(F) showed low affinities, their further evaluation was
discontinued after two independent experiments in this
rough pre-screening.

bis-(4-hydroxycinnamoyl)methane

Due to its superior affinity the methanolic curcuma
extract was further purified, which resulted in three
chemically defined compounds (1-3). Curcumin (1),
demethoxycurcumin 2), and bis-(4-hydroxy-cin-
namoyl)methane (3), 1,7-bis(4-hydroxyphenyl)hepta-1,6-
diene-3,5-dione) (Fig. 1) were collected using a preparative
HPLC, eluting at 10.20 (1), 9.66 (2) and 9.20 min (3),
respectively (purity >90%), and showing UV—Vis spectra
with 4., at 425 nm (1), 421 nm (2) and 416 nm (3).

The compounds and the crude extract were able to
inhibit radioligand binding at the hH4R by more than 70%
in measurements at 10 pg/mL. Compound (1) showed
highest inhibition of the three isolated compounds with
89% (1) >77% (2) >71% (3) inhibition, while the strongest
activity was shown for the crude extract with a complete
inhibition of radioligand binding (adjusted p value <0.05)
(Fig. 2; Table 2). Statistical analysis showed, that the
comparison of the crude extracts activity against the three
compounds (1)—(3) was significant (adjusted p values
<0.05), activity comparison of compound (1) against (2)
was significant (adjusted p value = 0.03) and comparisons
of activities from compound (1) against (3) and compound
(3) against (2) were not significant.

The tested compounds and the crude extract showed
clear concentration-response effects in radioligand binding
studies. Competition binding assays resulted in 95% con-
fidence intervals for the estimated K; values ranging

~ ~,

(0] (0]
HO. . l OH
Z N X
O OH
Curcumin
~o
HO. OH
. = NN l
(o] OH
Demethoxycurcumin
HO. OH
U
(0] OH

bis-(4-hydroxycinnamoyl)methane

Fig. 1 Chemical structures of the fractionated compounds, curcumin, demethoxycurcumin, and bis-(4-hydroxy-cinnamoyl)methane
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Fig. 2 Percentual inhibition of radioligand binding at hH,R of
curcumas extract and fractions (1)~(3) (10 pg/mL) n = 3 independent
experiments each performed in triplicates. Data are given as mean
with the respective ranges

between 1.57-2.31 pg/mL (1), 2.26-3.04 pg/mL (2) and
3.16-4.49 pg/mL  (3). This led to molar values of
4.26-6.26 pM (1), 6.66-8.97 UM (2) and 10.24-14.57 uM
(3), respectively (Table 3), for the purified compounds.
Highest activity was shown for the crude extract with an
estimated 95% confidence interval for the K; value span-
ning 0.50-0.81 pg/mL, indicating a synergistic effect of all
compounds.

It is noteworthy that the crude extract as well as the
isolated curcumin (1) showed stronger binding to the hH4R
than pure curcumin with a K; value of 5.54 pM [95% CI
(4.47-6.86 uM)] or 2.04 pg/mL [95% CI (1.65-2.53 pg/
mL)]. For verification, the evaluation was repeated with a
second extract preparation from Curcuma longa. It dis-
played a K; value of 9.36 pg/mL [95% CI (4.96-17.68 pg/
mL)], while a second batch of pure curcumin (curcumin 2)
confirmed the first measurement with a measured K; value
of 4.97 uM [95% CI (3.26-7.57 pM)] or 1.83 pg/mL [95%
CI (1.20-2.79 pg/mL)] (Fig. 3; Table 3).

Discussion

The study showed a superiority of C. longa crude extract
and isolated curcumin in contrast to pure curcumin. This
could be due to the presence of glycosides, complex car-
bohydrates or associated plant compounds like other

Table 3 Estimated 95% CI and K; values of curcumas crude extract,

polyphenols, that are not detectable in the used detector
system, but are known for inheriting anti-inflammatory
effects [19]. Although not yet tested at the hHyR, their
attendance could result in synergistic effects in the in vitro
testing-systems. The superiority of extracts in comparison
to purified compounds is well reported [20] and could be
one reason why clinical studies that used pure curcumin
instead of extracts cannot confirm the in vitro activity often
reported. The discrepancy in activity between different
batches of the same extract may be caused by the natural
deviation of compound composition in plants. The com-
pounds concentration and composition strongly depends on
the environmental conditions, gathering seasons and
extraction conditions. Though a thorough standardization
method is essential for the therapies success when using
plant extracts. Although JNJ-7777120, a well-studied ref-
erence hH R antagonist, displays a K; value of 22.26 nM,
compounds showing activity in low micromolar concen-
trations could serve as potential lead structures for
designing optimized and structurally novel hHyR ligands
[21]. Achievable plasma concentrations of curcumin in
in vivo testings are in the same range as affinities in our
in vitro H, studies of curcumins methanolic extracts and
isolated compounds. Thus, an interaction with the Hy
receptor has to be considered when assessing anti-inflam-
matory effects of curcumin and its extracts. In humans
peak plasma levels of curcumin after the oral dosing of 8 g
were 1.77 uM [22]. The simultaneous application of piper
alkaloids (2 g/kg curcumin + 20 mg/kg alkaloids) resulted
in maximal serum concentrations of 0.18 pg/mL [23] and
special formulations like nanocurcumin [24] or poly lactic-
co-glycolic acid encapsulated curcumin [25] are on the rise
to improve its bioavailability. Complex carbohydrates that
are attendant in most extracts could further enhance
bioavailability of the extracts [26]. At the same time cur-
cumin displays very low toxicity even at high doses up to
12 g per day [22] allowing application of reasonable
therapeutic doses in anti-inflammatory treatment. Although
curcumin has traditionally been used against inflammatory
diseases and in vitro as well as in vivo data supports the
anti-inflammatory effects, the clinical effectiveness as well
as the main molecular target still needs to be proven. This
led to a wide discussion whether or not the pharmacolog-
ical use of curcumin and its derivatives should be

the compounds (1)—(3) and pure curcumin

Crude extract Crude extract 2 Curcumin Curcumin 2 Compound (1) Compound (2) Compound (3)
K; - 9.36 2.04 1.83 1.90 - -
(95% CI) pg/mL. (0.50-0.81) (4.96-17.68) (1.65-2.53)  (1.20-2.79) (1.57-2.31) (2.26-3.04) (3.16-4.49)
MW g/mol - - 368.39 368.39 368.39 338.36 308.33
K; - - 5.54 497 5.17 - -
(95% CI) uyM (4.47-6.86) (3.26-7.57) (4.26-6.26) (6.66-8.97) (10.24-14.57)
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recommended and how in vitro investigations may be
interpreted [27]. Certainly pure curcumin will not be the
miracle cure of inflammations, but considering the com-
prehensive scientific data of its activity against
inflammatory targets [15] the adjuvant treatment of
inflammation with curcumin can be considered. Thereby,
the bioavailability of a given formulation, the composition
of bioactive compounds in an extract or capsule and a
potential affinity optimization of the lead-compounds could
be taken into account.

In conclusion, our research reveals that among other
inactive plant extracts, C. longa and three of its isolated
compounds display affinity at the hH4R, despite not
showing typical structure motifs [28]. They are not posi-
tively charged at physiological pH value and do not contain
the aminergic structure of typical imidazole or non-imi-
dazole hH4R ligands. Thus, dicinnamoyl methanes might
depict reasonable lead structures for novel scaffolds in
hH4R targeting. Further evaluation of different derivatives
will be necessary to allow a thorough structure—activity
relationship evaluation, as there are only minor structure
differences between the three compounds.

Although the hH,R plays an important role in chemotaxis,
inflammation and autoimmune disorders, at recent date there
are no approved drugs on the market, leaving the develop-
ment of new ligands at this receptor highly desired. We found

@ Springer
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that the crude extract of C. longa displays higher potency
than its purified compounds. This illustrates the advantages
of using complex extracts in pharmaceutical therapy as they
sometimes surpass their isolated compounds in therapeutic
potency due to synergistic effects [29]. When using extracts
in pharmacotherapy it is important to take care of the natu-
rally deviating compound concentrations in plants and a
thorough standardization method of extracts is essential for a
phytotherapy’s success. The conclusive data of in vitro as
well as in vivo results of pharmacologic investigations can
support the use of C. longa, especially extracts, in the adju-
vant treatment of inflammatory diseases when combined
with modern, orthodox medicine.

Within this study, we were able to evaluate seven dif-
ferent natural extracts at the hH4R and identified curcumin
derivatives as potential lead for future drug development.
Thereby, we further characterized curcumins mode of
action on molecular targets in fighting inflammatory events
and extended the lead structure database of biologically
active compounds at the hH4R.
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This work describes the microwave assisted synthesis of twelve novel histamine H; receptor ligands. They
display pyrrolo[2,3-d]pyrimidine derivatives with rigidized aliphatic amines as warheads. The compounds were
screened for HsR and H4R binding affinities in radioligand displacement assays and the most potent compounds
were evaluated for H3R binding properties in vitro and in docking studies. The combination of a rigidized HzR
warhead and the pyrrolo[2,3-d]pyrimidine scaffold resulted in selective activity at the H; receptor with a pK;

value of 6.90 for the most potent compound. A bipiperidine warhead displayed higher affinity than a piperazine
or morpholine motif, while a naphthyl moiety in the arbitrary region increased affinity compared to a phenyl
derivative. The compounds can be starting points for novel, simply synthesized histamine Hj receptor ligands.

The physiological effects of histamine are facilitated by four G
protein coupled receptors (GPCRs). ' Hy, Ha, Hs, and Hy receptors be-
long to the same family but differ in their structure, signalling me-
chanisms, function, tissue distribution and ligand binding. Histamine
Hs receptors (HzRs) are spread mainly in sympathetic and para-
sympathetic neurons of the CNS, regulating the release of various
neurotransmitters such as histamine, dopamine, serotonin, acetylcho-
line and noradrenaline. As ligands at the receptor are known for
modulating memory functions and arousal, the human H3R gained in-
terest of the pharmaceutical industry due to its involvement in
pathologies such as schizophrenia, Alzheimer's disease and sleep dis-
orders.”

A general pharmacophore for ligands at the HsR contains a basic
moiety connected by a linker (mostly an alkyl) to a central core, which
can be further substituted by an arbitrary region.” The basic moiety and
the linker display the functional framework, essential for receptor
binding, while the arbitrary region is mainly responsible for potency
and pharmacokinetic properties.” The first generation H3R ligands
usually contained imidazole-based scaffolds, with regard to histamines
structure.” Although they displayed high potency, the nucleus resulted
in lack of selectivity and pharmacokinetic issues (e.g. interaction with
cytochrome P450 enzymes).” Hence, several non-imidazolic ligands
have been synthesized and successful replacement was accomplished

* Corresponding author.
E-mail address: ccespino@uc.cl (C. Espinosa-Bustos).

https://doi.org/10.1016/j.bmcl.2018.07.023

with piperidine moieties. This led to pitolisant (Fig. 1), which was
approved by the EMA for the treatment of narcolepsy in 2016. With JNJ
7737782 (Fig. 1), the alkylspacer was rigidized and a morpholine
structure was added in the arbitrary region. The structure displayed
beneficial pharmacokinetic properties (e.g. short half-life), affinity re-
mained high and the compound increased wakefulness in rats.” Com-
pound I (Fig. 1) was developed as centrally acting antagonist with a
bipiperidine structure. It displayed high activity in vitro as well as in vivo
with optimized pharmacokinetic properties.®

On the other hand, pyrrolo[2,3-d]pyrimidine scaffolds are present
in many anti-inflammatory,” antitumor'’ and anti-infective com-
pounds.' "' Though the combination of the HsR pharmacophore and
2,4,7-trisubstituted pyrrolo[2,3-d]pyrimidine as central core could be
promising for developing H;R ligands with additional pharmacological
properties. As the pyrrolo[2,3-d]pyrimidine scaffold exhibits low mi-
cromolar affinity at the H4 receptor,'” all compounds were screened for
their H4 receptor binding properties as well.

Thus, we synthesized rigidized modifications of piperidine moieties
in this work, as those are reported to deliver high affinities at the HsR
and provide beneficial pharmacokinetic properties.

In this work, we show the microwave-assisted synthesis of twelve
new pyrrolo[2,3-d]pyrimidine derivatives with several rigidized ali-
phatic amines as warheads and different hydrophobic arbitrary

Received 17 April 2018; Received in revised form 11 July 2018; Accepted 12 July 2018
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* Published in8.

Fig. 2. Inhibition of radioligand binding at the hH3R and hH4R. Compounds
were tested at 1 uM in two independent experiments, each as triplicate. Values
are calculated relative to specific binding (mean% =+ range).
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Fig. 3. A) Global structure of H;R (homology model) B) Main interactions of 3f in the binding cavity of H;R. C) Electrostatic potential of the binding cavity. Red:
negative charge; Blue: positive charge; white: non-charge (color scale values in kT/e).

moieties. As the presence of the pyrrolo[2,3-d]pyrimidine scaffold
could cause a loss in selectivity all compounds were screened for HsR
and H4R binding affinities. Selected compounds were further evaluated
for their H3R binding properties in vitro and in docking studies. The
general synthetic procedure for preparation of 2,4,7-trisubstituted
pyrrolo[2,3-d]pyrimidine is outlined in Scheme 1. The derivatives 2a-¢
were obtained by nucleophilic substitution among the commercially
available 2,4-dichloro-7H-pyrrolo[2,3-d]pyrimidine 1 and the corre-
sponding alkyl halide, in good yields.'* In a second step, microwave-
assisted reaction, using different cyclic amines, furnished the target
compounds 3a-l, with good yields (> 60%). The chemical structures of
the compounds were established based on their spectral properties (IR,
'H NMR,'°C NMR and HRMS, see supplementary and ESI).

The compounds 3a to 31 were screened for their inhibition of [®H]
Na-methylhistamine binding to the hH3R and for their ability to inhibit
[*H]histamine binding to the hH4R at 1 uM. A cut off for further eva-
luation was set at 80% inhibition. At the H3R the compounds 3b, 3f and
3j showed strongest inhibition of radioligand binding with inhibition
values of 96% (3b) and 95% (3f, 3j) (Fig. 2). No compound showed
relevant inhibition at the hH4R. As only compounds 3b, 3f and 3j
surpassed the threshold, they were further evaluated at the hH;R. Al-
though 3c did not reach the threshold, this compound was investigated
as a representative for those below the cut off. The compounds showed
clear dose-response effects at the HzR with pK; values shown in Table 1.
Ligand efficiency metrics for assessing as thumb-rule metric on drug-
likeliness of compounds 3b, 3¢, 3f and 3j were calculated.'® For novel
compounds, lipophilic ligand efficiency (LLE) values should increase,
while lipophilicity-corrected ligand efficiency (LELP; also: ligand-effi-
ciency-dependent lipophilicity) values should decrease, ranging be-
tween —10 and 10 to optimize drug likeliness (see supplementary).
Calculation revealed that improved binding affinity in the compounds
comes with a decrease of LLE values (halfed from 3c to 3j) and an
increase of LELP values (nearly doubled from 3c to 3j).'”

To evaluate the main interactions between the hHsR and the com-
pounds a three-dimensional model of the receptor was obtained by
homology modelling (Fig. 3A). The 3D structure shows interactions
between the basic moiety of 3f and Asp114, which is essential for re-
ceptor activation (Fig. 3B).'° In addition aromatic residues (Tyr115,
Tyr374, Phel92, Phe193 and Phe398) stabilized the binding of the li-
gand with a negative electrostatic potential inside the cavity (Fig. 3C)
and both anion/m and cation/nt could be generated inside the cavity.
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The energy values of the H;R and the ligands are listed in Table 1. 3f
and 3j showed lower values than 3b and 3¢, which is consistent with
experimental results.

In conclusion, using a microwave assisted synthesis allows rapid and
easy preparation of different 2,4,7-trisubstitued pyrrolo[2,3-d]pyr-
imidine derivatives. Radioligand binding showed that the combination
of typical structure motifs for the H3R and the pyrrolo[2,3-d]pyrimidine
scaffold resulted in selective activity at the hH3R. The presence of a
bipiperidine in the warhead increased affinity, compared to a piper-
azine or morpholine motif. These findings support the activity of bipi-
peridine moieties at the hH5R as in I. The addition of a more lipophilic
moiety in the arbitrary region revealed improved binding kinetics as
shown with compounds 3f and 3j. This is also supported by the docking
studies, as the binding pocket stabilizes a more lipophilic substituted
compound preferably. Although calculated pharmacokinetic values are
not favourable for bipiperidine compounds, they substantiate the
pharmacokinetic superiority of morpholine structures as reported for
JNJ-7737782.7 The given compounds display moderate, but selective
activity at the hH3R and can be starting points for novel, simply syn-
thesized ligands. Within this work, the in vitro efficiency of piperidine,
especially bipiperidine derivatives compared to other aliphatic het-
erocycles in HsR binding was re-affirmed.
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General information

Microwave-assisted reactions were carried out in a Microwave Synthesis Reactor
Monowave 300 (Anton Paar GmbH, Graz, Austria), in 10 mL sealed vials. Melting points
were determined on a Thermogerate Kofler apparatus (Reichert, Werke A.G., Wien, Austria)
and were uncorrected. Nuclear magnetic resonance spectra were recorded on a Bruker AM-
400 apparatus using CDCl3 solutions containing TMS as internal standard. HPLC-MS
experiments were performed on an Exactive Plus Orbitrap MS (Bremen, Germany). Mass
spectra were obtained on an HP 5988A spectrometer (Hewlett-Packard, Palo Alto, CA, USA).
Thin layer chromatography (TLC) was performed using Merck GF-254 type 60 silica gel.
Column chromatography was carried out using Merck silica gel 60 (70-230 mesh).

7-Benzyl-2,4-dichloro-7H-pyrrolo[2,3-d]pyrimidine (2a). White solid, yield 67 %. 'H NMR
(400 MHz, CDCls) § 7.38 — 7.28 (m, 3H), 7.24 —7.20 (m, 2H), 7.17 (d, J = 3.6 Hz, 1H), 6.60 (d,
J = 3.6 Hz, 1H), 5.41 (s, 2H). 3C NMR (101 MHz, CDCls) & 152.71, 152.16, 152.10, 135.68,
129.63, 129.05 (2C), 128.41, 127.82 (2C), 116.30, 100.48, 48.60.

2,4-Dichloro-7-(naphthalen-1-ylmethyl)-7H-pyrrolo[2,3-d]pyrimidine (2b). White solid,
yield 50 %, mp 128 — 130 °C. *H NMR (400 MHz, CDCl3) § 7.94 — 7.82 (m, 3H), 7.52 — 7.45
(m, 2H), 7.44 — 7.39 (m, 1H), 7.26 (d, J = 7.0 Hz, 1H), 7.01 (d, J = 3.6 Hz, 1H), 6.51 (d, / = 3.6
Hz, 1H), 5.82 (s, 2H). *3C NMR (101 MHz, CDCls) & 152.78, 152.09, 152.04, 133.91, 131.09,
130.80, 129.60, 129.48, 128.99, 127.16 (2C), 126.36, 125.35, 122.77, 116.41, 100.38, 46.50.

2,4-Dichloro-7-(naphthalen-2-ylmethyl)-7H-pyrrolo[2,3-d]pyrimidine (2c). White solid,
yield 89 %, mp 108 — 110 °C. *H NMR (400 MHz, CDCl3) & 7.87 — 7.83 (m, 3H), 7.72 (s, 1H),
7.58 —7.50 (m, 2H), 7.35 (d, J = 8.4 Hz, 1H), 7.23 (d, / = 3.5 Hz, 1H), 6.65 (d, J = 3.4 Hz, 1H),
5.60 (s, 2H). 3C NMR (101 MHz, CDCl3) & 152.75, 152.22, 152.15, 133.24, 133.05 (2C),
129.68, 129.09, 127.86, 127.78, 126.94, 126.68, 126.55, 125.34, 116.35, 100.56, 48.75.

7-Benzyl-2-chloro-4-(4-methylpiperazin-1-yl)-7H-pyrrolo[2,3-d]pyrimidine (3a). Yellow
solid, yield 87 %, mp 108-111 °C. *H NMR (400 MHz, CDCls) & 7.31 —7.23 (m, 3H), 7.15 (d, /
= 6.7 Hz, 2H), 6.79 (d, J = 3.7 Hz, 1H), 6.43 (d, J = 3.7 Hz, 1H), 5.30 (s, 2H), 3.98 — 3.90 (m,
4H), 2.53 — 2.45 (m, 4H), 2.32 (s, 3H). 13C NMR (101 MHz, CDCls) & 157.41, 153.43, 152.64,
136.91, 128.77 (2C), 127.85, 127.72 (2C), 123.55, 101.61, 101.28, 54.87 (2C), 47.99, 46.14,
45.49 (2C). HRMS for (C18H21CINs [M+H]*). Calcd: 342.1480. Found: 342.1484.

4-([1,4'-Bipiperidin]-1'-yl)-7-benzyl-2-chloro-7H-pyrrolo[2,3-d]pyrimidine  (3b). Brown
solid, yield 93 %, mp 131-133 °C. *H NMR (400 MHz, CDCl3) § 7.31 - 7.21 (m, 3H), 7.16 (d, J
= 6.7 Hz, 2H), 6.78 (d, J = 3.7 Hz, 1H), 6.42 (d, J = 3.7 Hz, 1H), 5.30 (s, 2H), 4.76 (d, J = 13.3
Hz, 2H), 3.10 — 2.98 (m, 2H), 2.59 (t, / = 11.3 Hg, 1H), 2.55 — 2.47 (m, 4H), 1.94 (d, J = 12.3
Hz, 2H), 1.67 - 1.50 (m, 6H), 1.50 — 1.36 (m, 2H). 13C NMR (101 MHz, CDCl3) 6 157.17, 153.52,
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152.58, 136.97, 128.75 (2C), 127.83, 127.73 (2C), 123.36, 101.72, 101.19, 62.59 (2C), 50.20,
47.97 (2C), 45.59 (2C), 27.90 (2C), 26.21, 24.65. HRMS for (CzsH»sCINs [M+H]*). Calcd:
410.2106. Found: 410.2109.

4-(1-(7-Benzyl-2-chloro-7H-pyrrolo[2,3-d]pyrimidin-4-yl)piperidin-4-yl)morpholine  (3c).
Brown solid, yield 95 %, mp 126-128 °C. *H NMR (400 MHz, CDCl3) 6 7.31 — 7.22 (m, 3H),
7.16 (d, J=6.7 Hz, 2H), 6.79 (d, J = 3.7 Hz, 1H), 6.42 (d, J = 3.7 Hz, 1H), 5.30 (s, 2H), 4.73 (d,
J=13.3 Hz, 2H), 3.74 — 3.68 (m, 4H), 3.16 — 3.04 (m, 2H), 2.61 — 2.42 (m, 5H), 1.95 (d, J =
12.0 Hz, 2H), 1.55 (ddd, J = 15.9, 12.3, 4.0 Hz, 2H). *C NMR (101 MHz, CDCls) & 157.18,
153.50, 152.59, 136.93, 128.76 (2C), 127.85, 127.73 (2C), 123.46, 101.65, 101.22, 67.17
(2€), 61.92,49.73 (2C), 47.99, 45.14 (2C), 28.16 (2C). HRMS for (C22H27CINsO [M+H]*). Calcd:
412.1899. Found: 412.1902.

7-Benzyl-2-chloro-N-(2-morpholinoethyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine (3d). White
solid, yield 92 %, mp 115-117 °C. *H NMR (400 MHz, CDCls) & 7.33 — 7.21 (m, 3H), 7.16 (d, J
= 6.6 Hz, 2H), 6.79 (d, J = 3.6 Hz, 1H), 6.35 (d, J = 2.9 Hz, 1H), 5.84 (s, 1H), 5.30 (s, 2H), 3.72
—3.65 (m, 6H), 2.62 (t, J = 5.9 Hz, 2H), 2.52 — 2.44 (m, 4H). 13C NMR (101 MHz, CDCls) &
153.97, 136.95, 128.77 (2C), 127.87, 127.69 (2C), 124.08, 66.96 (2C), 56.81, 53.26 (2C),
47.96 (2C). HRMS for (C19H23CINsO [M+H]?). Calcd: 372.1586. Found: 372.1589.

2-Chloro-4-(4-methylpiperazin-1-yl)-7-(naphthalen-1-ylmethyl)-7H-pyrrolo[2, 3-
d]pyrimidine (3e). Yellow solid, yield 62 %, mp 96 — 98 °C. 'H NMR (400 MHz, CDCl3) 6 7.98
—7.93 (m, 1H), 7.88 = 7.79 (m, 2H), 7.52 — 7.46 (m, 2H), 7.40 (t, J = 7.6 Hz, 1H), 7.22 (d, J =
6.9 Hz, 1H), 6.68 (d, J = 3.5 Hz, 1H), 6.38 (d, J = 3.5 Hz, 1H), 5.76 (s, 2H), 3.96 (d, J = 4.4 Hz,
4H), 2.55 — 2.48 (m, 4H), 2.33 (s, 3H). 3C NMR (101 MHz, CDCls) & 157.44, 153.41, 152.46,
133.82, 132.04, 131.26, 129.03, 128.75, 126.83 (2C), 126.12, 125.32, 123.40, 123.25,
101.50, 101.34, 54.86 (2C), 46.14, 46.04 (2C), 45.47. HRMS for (C22H23CINs [M+H]"). Caled:
392.1636. Found: 392.1642.

4-([1,4'-Bipiperidin]-1'-yl)-2-chloro-7-(naphthalen-1-yImethyl)-7H-pyrrolo[2,3-
djpyrimidine (3f). White solid, yield 83%, mp 168 — 169 °C. 'H NMR (400 MHz, CDCl3) & 7.83
—7.74 (m, 1H), 7.72 = 7.60 (m, 2H), 7.34 — 7.27 (m, 2H), 7.23 (t, J = 7.6 Hz, 1H), 7.04 (d, J =
6.9 Hz, 1H), 6.49 (d, J = 3.4 Hz, 1H), 6.20 (d, J = 3.4 Hz, 1H), 5.58 (s, 2H), 4.60 (d, J = 13.0 Hz,
2H), 2.88 (t, J = 12.4 Hz, 2H), 2.47 — 2.29 (m, 5H), 1.77 (d, J = 12.1 Hz, 2H), 1.46 — 1.41 (br,
6H), 1.31 — 1.22 (m, 2H). 13C NMR (101 MHz, CDCls) & 157.21, 153.50, 152.41, 133.81,
132.11, 131.28, 129.00, 128.73, 126.82 (2C), 126.11, 125.32, 123.29, 123.19, 101.63,
101.25, 62.55, 50.21 (2C), 46.03, 45.58 (2C), 27.94 (2C), 26.28 (2C), 24.69. HRMS for
(C27H31CINs [M+H]"). Calcd: 460.2263. Found: 460.2269.

4-(1-(2-Chloro-7-(naphthalen-1-ylmethyl)-7H-pyrrolo[2,3-d]pyrimidin-4-yl)piperidin-4-

yl)morpholine (3g). White solid, yield 77%, mp 148 — 150 °C. *H NMR (400 MHz, CDCl3) &
8.01—7.93 (m, 1H), 7.91 - 7.73 (m, 2H), 7.51 — 7.45 (m, 2H), 7.40 (t, J = 7.6 Hz, 1H), 7.22 (d,
J=7.0Hz, 1H), 6.67 (d, J = 3.5 Hz, 1H), 6.37 (d, J = 3.5 Hz, 1H), 5.75 (s, 2H), 4.74 (d, / = 13.2
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Hz, 2H), 3.73 — 3.65 (m, 4H), 3.10 (t, J = 12.3 Hz, 2H), 2.60 — 2.43 (m, 5H), 1.95 (d, J = 12.1
Hz, 2H), 1.63 — 1.50 (m, 2H). 13C NMR (101 MHz, CDCls) 6 157.22, 153.49, 152.43, 133.82,
132.08, 131.27, 129.02, 128.74, 126.83 (2C), 126.12, 125.32, 123.27 (2C), 101.55, 101.28,
67.28 (2C), 61.83, 49.78 (2C), 46.04, 45.13 (2C), 28.23 (2C). HRMS for (C26H25CIN5O [M+H]*).
Calcd: 462.2055. Found: 462.2059.

2-Chloro-N-(2-morpholinoethyl)-7-(naphthalen-1-yImethyl)-7H-pyrrolo[2,3-d]pyrimidin-
4-amine (3h). White solid, yield 99%, mp 88 —90 °C. 'H NMR (400 MHz, CDCl3) § 7.99 — 7.89
(m, 1H), 7.89 = 7.76 (m, 2H), 7.48 — 7.44 (m, 2H), 7.38 (t, J = 7.6 Hz, 1H), 7.22 (d, J = 8.8 Hz,
1H), 6.67 (d, J = 3.3 Hz, 1H), 6.30 (s, 1H), 5.87 (s, 1H), 5.74 (s, 2H), 3.74 — 3.65 (m, 6H), 2.62
(t, J=5.7 Hz, 2H), 2.47 (s, 4H). 3C NMR (101 MHz, CDCls) 6 157.28, 153.94, 133.82, 132.09
(2C), 131.23, 129.03, 128.76, 126.83 (2C), 126.75 (2C), 126.13, 125.32, 123.96, 123.20,
66.93 (2C), 56.81 (2C), 53.25 (2C), 45.99. HRMS for (C23HsCINsO [M+H]*). Caled: 422.1742.
Found: 422.1746.

2-Chloro-4-(4-methylpiperazin-1-yl)-7-(naphthalen-2-ylmethyl)-7H-pyrrolo[2, 3-
d]pyrimidine (3i). Yellow oil, yield 92%. 'H NMR (400 MHz, CDCl3) § 7.78 = 7.71 (m, 3H), 7.61
(s, 1H), 7.47 — 7.40 (m, 2H), 7.27 (d, J = 8.5 Hz, 1H), 6.81 (d, J = 3.5 Hz, 1H), 6.43 (d, /= 3.5
Hz, 1H), 5.50 (s, 2H), 4.00 — 3.89 (m, 4H), 2.56 — 2.45 (m, 4H), 2.31 (s, 3H). 3C NMR (101
MHz, CDCls) 6 157.44, 153.48, 152.69, 134.35, 133.28, 132.91, 128.71, 127.84, 127.72,
126.63,126.39, 126.18, 125.63, 123.59, 101.72, 101.32, 54.87 (2C), 48.15, 46.14, 45.50 (2C).
HRMS for (C22H23CINs [M+H]*). Calcd: 392.1636. Found: 392.1640.

4-([1,4'-Bipiperidin]-1'-yl)-2-chloro-7-(naphthalen-2-yImethyl)-7H-pyrrolo[2,3-
djpyrimidine (3j). White solid, yield 75%, mp 162 — 163 °C. *H NMR (400 MHz, CDCls) 6 7.60
—7.47 (br, 3H), 7.40 (s, 1H), 7.28 — 7.19 (br, 2H), 7.07 (d, J/ = 6.5 Hz, 1H), 6.59 (s, 1H), 6.22 (s,
1H), 5.24 (s, 2H), 4.56 (d, J = 10.9 Hz, 2H), 2.81 (d, J = 11.1 Hz, 2H), 2.36 — 2.29 (br, 5H), 1.72
(d, J = 9.5 Hz, 2H), 1.37 - 1.21 (m, 8H). 23C NMR (101 MHz, CDCl3) § 157.18, 153.55, 152.60,
134.42, 133.28, 132.89, 128.68, 127.84, 127.71, 126.62, 126.37, 126.16, 125.65, 123.40,
101.85,101.23, 62.53,50.19 (2C), 48.12, 45.58 (2C), 27.92 (2C), 26.26 (2C), 24.68. HRMS for
(C27H31CINs [M+H]"). Calcd: 460.2263. Found: 460.2268.

4-(1-(2-Chloro-7-(naphthalen-2-ylmethyl)-7H-pyrrolo[2,3-d]pyrimidin-4-yl)piperidin-4-
yl)morpholine (3k). White solid, yield 65%, mp 156 — 157 °C. *H NMR (400 MHz, CDCl3) &
7.85 — 7.76 (m, 3H), 7.66 (s, 1H), 7.52 — 7.44 (br, 2H), 7.32 (d, J = 7.9 Hz, 1H), 6.85 (s, 1H),
6.47 (s, 1H), 5.50 (s, 2H), 4.78 (d, /= 12.3 Hz, 2H), 3.73 (s, 4H), 3.13 (t, J = 12.1 Hz, 2H), 2.65
—2.48 (br, 5H), 1.98 (d, J = 11.2 Hz, 2H), 1.59 (d, J = 10.5 Hz, 2H). 13C NMR (101 MHz, CDCl3)
6 157.20, 153.54, 152.63, 134.40, 133.28, 132.90, 128.70, 127.84, 127.72, 126.63, 126.39,
126.18, 125.65, 123.47, 101.78, 101.26, 67.27 (2C), 61.82, 49.77 (2C), 48.14, 45.15 (2C),
28.23 (2C). HRMS for (C2sH2sCINsO [M+H]*). Calcd: 462.2055. Found: 462.2057.

2-Chloro-N-(2-morpholinoethyl)-7-(naphthalen-2-yImethyl)-7H-pyrrolo[2,3-d]pyrimidin-
4-amine (3!). White solid, yield 92 %, mp 161-162 °C. 'H NMR (400 MHz, CDCls) & 7.89 —
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7.75 (m, 3H), 7.66 (s, 1H), 7.56 — 7.44 (m, 2H), 7.33 (dd, J = 8.5, 1.2 Hz, 1H), 6.87 (d, /= 3.6
Hz, 1H), 6.42 (d, J = 2.9 Hz, 1H), 5.93 (s, 1H), 5.51 (s, 2H), 3.85 —3.73 (m, 6H), 2.68 (t, / = 5.9
Hz, 2H), 2.54 (d, J = 4.0 Hz, 4H). 13C NMR (101 MHz, CDCls) & 157.24, 154.01, 134.40 (2C),
133.28, 132.91, 128.72, 127.83, 127.73, 126.60 (2C), 126.40 (2C), 126.20, 125.59, 124.12,

66.94 (2C), 56.82, 53.26 (2C), 48.13 (2C). HRMS for (C23H2sCINsO [M+H]*). Calcd: 422.1742.
Found: 422.1746.
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'H NMR for 3¢
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!H NMR for 3d
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!H NMR for 3e
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'H NMR for 3f
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'H NMR for 3g
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!H NMR for 3h

C EspinosaE 208

|

21000
20000
- 19000
[ 18000
17000
- 16000
[~15000
[ 14000
[~13000
[ 12000
[ 11000
[~10000
9000
8000
7000
6000
5000
4000
3000
[~2000

1000

[~-1000

l‘ﬂl‘ﬂL J MJWL J|\, ,]‘IL

T
85 8.0 7.5 7.0 6.5 6.0 4.5

13C NMR for 3h

C.Espinosa-CE-205

—66.93

— 5681

—s53.25
—45.99

F-2000

F700

650

[~600

550

[~500

450

400

350

300

[-250

200

150

100

210 200 190 180 170 160 150 140 130 120 110 100 90 80
f1 (ppm)

13

52



4 New lead elements for histamine H3 receptor ligands in the pyrrolo[2,3-d]pyrimidine class

IH NMR for 3i
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'H NMR for 3j
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General structures

For the generation of models by homology in the different receptors, Modeller v9.15
software was used (Andras Fiser et al, 2003). For each receiver, 50 models were generated
using standard parameters. It was further necessary to carry out a refinement of the
receiver loops. Based on the internal score function (DopeScore) the best 3 models were
selected for each receptor.

In the best selected models, a validation was carried out using the web servers ProSA
(https://www.came.sbg.ac.at/prosa.php) and Molprobity
(http://molprobity.biochem.duke.edu/), which perform a conformational and energetic
evaluation of the structure, based on the results obtained, the selection of the final
structure for each receiver was carried out.

Ligand optimization

The ligands were built and optimized energetically by Spartan 8.0 software. A level of
Hartree-Forck theory and a set of bases 6-31 * were used.

Molecular coupling

In the analysis of the interactions that take place between receptor-ligand, the molecular
couplings realized between the receivers under study, the software AutoDock 4.0 was used.
In the realization of the maps of the grid, a box of 60 x 60 x 60 points was used, with a
spacing of 0.375 A. For the rest of the parameters, the default conditions established by the
program were used.

Histamine Hs receptor

For the generation of the human Histamine H3 receptor model, it was used as template the
model created for HiR. The amino acid sequence of the receptor Human histamine Hz was
obtained from the NCBI database (https://www.ncbi.nlm.nih.gov/protein/AAH96840.1). An
alignment of these sequences was performed on the Multalin web server, of which a
representative segment is observed in Figure 1, where it can be seen that these sequences
have a very low amino acid identity, but the segments of greatest interest are preserved.
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secuencia_humano_32/1-458 MPRVVVLET ICLVTVG LML LYBVRSERKBHTVGNLY IVSEBSVARL | AVVMEMNEEL Y LEBMS KIMSLEBRPLEL
P1:h dhumana/1-360 VTEAFFMSLVAFA | MLGNA] ILBFVVDKNEBRHRSSYFFLNEA I S@FF (VISIBLYBMPHTEF - EMDFEBKE | BV

Figure 1

In the creation of the model, the same conditions described for the generation of the
histamine H; receptor model were used. 50 possible models were generated and 3 better
ones were selected, based on an energy criterion. Then, a validation of the selected models
was carried out, values that can be observed in Table 1. In the results of the Ramachandran
representation, 92.62% of favored rotamers were obtained as a result for the human H1
model.

Table 2. The dope score values of each selected model and the values delivered in the
evaluation of these are represented by the prosa and molprobity web servers

Dope Score Prosa Molprobity (%)
Modelo 44 -41135 -3.89 91.09
Modelo 46 -41132 -3.48 92.62
Modelo 50 -41104 -3.53 92.11

The analysis of the receptor-ligand complex was carried out observing if the amino acids
described in literature are preserved and the potential molecular interactions that occur in
the binding cavity. Molecular coupling was performed to the structure created for the
histamine Hs receptor and the coordinates of amino acid Asp80 were used as a grid center,
which has been described in literature that is close to the site where histamine binds. The
ligands studied in the human histamine Hs receptor interact in the binding site described in
literature (Shimamura et al., 2011).
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Interactions

Compound

Interaction (distance A)

Energy (Kcal/mol)

-6.22

-6.18

-8.63

T-shape = F364 — C19 (3.48)

T-shape = Y155 —C15 (3.32)

T-shape = W337 —C22 (2.93)
n—mn=Y81-C20(3.0)
m-n=Y340-C23(3.4)
anion-rt = D80 — C9 (4.0)

T-shape = W337 — C28 (4.52)
T-shape = Y115 —C8 (3.25)
T-shape = Y340 - C26 (4.15)

T-shape = F364 —C22 (3.3)
m—-mn=Y81-C26 (3.69)
T -0 = Y360 - C16 (3.66)
anién-m = D80 - C20 (3.56)
catién - m= Y81 — N24(3.29 A)

T-shape = Y340 —C8 (4.35)
T-shape= F364 — C6 (3.43)
T-shape= F333 - €31 (3.20)
n—m=Y81-C8(3.26)
n—T0= W337 - C16 (3.16)
-1 =F158 - C27 (4.02)
anién-nt = E172 —C8 (4.0)
anion-rmt = D80 —C22 (4.5)
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O T-shape = Y155 — C14 (3.41)

N T-shape = Y340 — C26 (3.30)
(lj T-shape = Y81 - C20 (3.44)
N T-shape = W76 —C8 (3.81)

)Nl\ ) 8.1 T-shape = W337 - C22 (3.02)
N -1t = Y360 - C31 (4.07)

CO anién- = D80 — C9 (3.91)

3 anién-mt = E145 — C8 (3.35)

catién - = Y340 — N24(3.66)

Ligand efficiency metrics 12

Ligand LLE LELP
3b 2.2 13.91
3c 3.0 10.39
3f 1.5 18.77
3j 16 18.58
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ARTICLE INFO ABSTRACT

Dedicated to Prof. Peter Proksch on his 65"
birthday

Keywords:

Heterocycles

Histamine

G-protein coupled receptor
Natural products

HzR

Microwave-assisted synthesis

Inspired by marine compounds the derivatization of the natural pyrrolo[2,3-d]pyrimidine lead scaffold led to a
series of novel compounds targeting the histamine Hs receptor. The focus was set on improved binding towards
the receptor and to establish an initial structure-activity relationship for this compound class based on the lead
structure (compound V, K; value of 126 nM). As highest binding affinities were found with 1,4-bipiperidines as
basic part of the ligands, further optimization was focused on 4-([1,4-bipiperidin]-1"-yl)-pyrrolo[2,3-d]pyr-
imidines. Related pyrrolo[2,3-d]pyrimidines that were isolated from marine sponges like 4-amino-5-bromo-
pyrrolo[2,3-d]pyrimidine (compound IIT), showed variations in halogenation pattern, though in a next step the
impact of halogenation at 2-position was evaluated. The chloro variations did not improve the affinity compared
to the dehalogenated compounds. However, the simultaneous introduction of lipophilic cores with electron-
withdrawing substitution patterns in 7-position and dehalogenation at 2-position (11b, 12b) resulted in com-
pounds with significantly higher binding affinities (K; values of 7 nM and 6 nM, respectively) than the initial lead
structure compound V. The presented structures allow for a reasonable structure-activity relationship of pyrrolo
[2,3-d]pyrimidines as histamine H; receptor ligands and yielded novel lead structures within the natural com-

pound library against this target.

1. Introduction

Natural products are a highly appreciated source for novel lead
compounds, as they are pre-designed for biological activity by natural
optimization and provide with large structural heterogeneity high hit
rates in pharmacological screenings.' A remarkable amount of currently
used therapeutics are natural compounds or are at least inspired by
nature (e.g. antibiotic or cytostatic agents).” The combination of high
hit rates and a given drug-likeness motivates researchers to re-in-
vestigate compounds, already applied for a certain application field, for
the use in other areas as well. One of the most investigated drug targets
to date, is the class of G-protein coupled receptors (GPCRs). Among
these, the four subtypes of the histamine receptor represent a highly
diverse target class as the different receptors are involved in allergy,
gastric acid secretion, inflammation or even neurodegenerative dis-
eases.” Recent research on the histamine Hy receptor (H;R) emphasizes
its crucial role in the central nervous system. The presynaptic H; au-
toreceptors modulate histamine release in the central nervous system

* Corresponding authors.

E-mail addresses: ccespino@uc.cl (C. Espinosa-Bustos), stark@hhu.de (H. Stark).

https://doi.org/10.1016/j.bmc.2019.05.042

and due to its heterodimerization with non-histaminergic receptors also
a variety of other neurotransmitters such as dopamine, acetylcholine or
noradrenaline.” Owing to its involvement in the pathophysiology of
Alzheimefs disease, attention deficit hyperactivity disorder and schi-
zophrenia (amongst others), it became apparent that targeting the HzR
may reduce the cognitive impairments of those diseases.” The search for
agents targeting the receptor led to the investigation of two natural
ligands, that were found as novel potential lead structures.” Compound
I (Fig. 1, K; value of 30nM) was isolated from the marine sponge
Aplysina sp. and inspired the design of a variety of novel non-imidazole-
based ligands.® Derivatization of the basic moiety and the spacer length
of the bromotyrosine derivative led to the discovery of non-imidazole
compounds like pitolisant (Fig. 2) that display high activity and opti-
mized scaffolds towards the H3R. In a similar manner, various mod-
ifications were performed with the natural compound conessine”
(compound II, Fig. 1) that was also found to be an H3R antagonist. One
attempt aimed for rigidizing the alkaloid, while others attempted to
aromatize and simplify the scaffold, resulting in H3R antagonists like

Received 15 March 2019; Received in revised form 5 April 2019; Accepted 28 May 2019

Available online 29 May 2019
0968-0896/ © 2019 Elsevier Ltd. All rights reserved.
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Fig. 1. Natural compounds targeting the H3R and inspired the presented drug

design approach.
g
N

lead structure
compound V

compound Iil pitolisant
Fig. 2. General blueprint for HsR ligands and structures of pitolisant and the
lead structure. Blue: basic amine, red: central core, green: arbitrary region.

compound III (Fig. 2), displaying affinities in the low nanomolar
ranges.”

Although the compound library for targeting the H3R is increasing
rapidly, to date, only one ligand passed clinical evaluation and entered
the market. Pitolisant, an inverse HsR agonist has been approved for the
treatment of narcolepsy by the EMA in 2016 and is currently under-
going clinical phase II and III studies for cognitive enhancement in
patients with schizophrenia or Parkinsofis diesease.”'” The ligand ad-
heres to the typical blueprint of H3R ligands (Fig. 2). It consists of a
basic aliphatic amine moiety (blue), responsible for binding to the re-
ceptor, and a linker, most often an alkyl linker, connecting the amine to
the central core (red). Through a second linker the core is connected to
an arbitrary, lipophilic region (green), which aids in improving se-
lectivity.'" As shown with compounds III and pitolisant the derivati-
zation of natural products can lead to novel compounds, adhering to
this blueprint, with promising activities at the HsR. Though the drug
research community at GPCRs is in constant search for novel scaffolds
inspired by Mother Nature.

3195
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Pyrrolo[2,3-d] pyrimidines are a class of natural compounds that
were found in several marine organisms, like sponges or algae. The
brominated analogue compound IV (Fig. 1) for example, was isolated
from Echinodictyum sp. and is a promising inhibitor of the adenosine
kinase.'? The compound class is known to provide promising results in
anti-inflammatory and anti-infectious assays in various studies.” " As
the pathophysiology of neurodegenerative diseases involves in-
flammatory events too, multiple treatment strategies focus on the anti-
inflammatory properties of novel substances.'” HsR antagonists are
reported to improve cognitive functions in neurodegenerative diseases,”
though the synergistic effect of targeting the HsR and the known anti-
inflammatory properties of pyrrolo[2,3-d]pyrimidines'® may aid cur-
rent drug development of neurological diseases. Though we recently
conducted the combination of the natural pyrrolo[2,3-d]pyrimidines
with the general pharmacophore of HsR ligands to expand possible
application fields towards neurodegenerative diseases.'® The novel li-
gands showed selectivity for the H3R compared to the H;R and dis-
played promising structure-activity relationships (SARs). Among the
tested derivatives, a 1,4-bipiperidine warhead as the basic moiety of the
molecule was superior to morpholines or piperazines regarding its af-
finity towards the HzR, with the most active compound (compound V,
Fig. 1) displaying a K; value of 126 nM. Based on these results we went
for a rationalized drug optimization approach to improve pharmaco-
logical activity of the novel scaffold. As morpholines are frequently
used in the design of HsR ligands,'” the first derivatization introduced
morpholines as basic group (Y = O, Fig. 3) and into the lipophilic core
at 7-position of the pyrrolo[2,3-d]pyrimidine (R, Fig. 3). A second focus
was set on the impact of halogenation at 2-position (X, Fig. 3), as
pyrrolo[2,3-d]pyrimidines isolated from marine organisms are typically
halogenated, as seen with compound IV. To complete the SAR in-
vestigation R was derivatized by introducing varying lipophilic re-
sidues. All compounds were tested for their HsR binding affinities and
screened for selectivity towards the H4R. The goal of this study was to
optimize the existing pharmacophore of pyrrolo[2,3-d]pyrimidines and
to increase H3R binding affinity compared to compound V. In doing so,
the class of H3R ligands can be expanded by natural inspired com-
pounds that may facilitate the jump from bench to bedside.

2. Material and methods
2.1. Materials

Melting points were determined on a Kofler Thermogerate appa-
ratus and were uncorrected. All reagents were purchased from Sigma-
Aldrich, unless otherwise specified. The NMR spectra were recorded on
NMR Bruker AV 400. Chemical shifts were given in parts per million
relative to TMS ['H and 13C, 5(SiMe4) = 0]. Most NMR assignments
were supported by additional 2D experiments. HRMS-ESI-MS experi-
ments were carried out using a Thermo Scientific Exactive Plus Orbitrap
Spectrometer. Thin layer chromatography (TLC) was performed using
Merck GF-254 type 60 silica gel. Column chromatography was carried
out using Merck silica gel 60 (70-230 mesh). Radioligands [*HIN®-
methylhistamine and [*H]histamine were purchased at PerkinElmer.

0 )

oI

N N
X=Cl, H, NH,
oy
CI/L\N N )(J\\N N — Yoo,
“r
R= Morph-CH, Ph-4-C|,ph-4-F,
C Ph-4-CN,Ph-2,6-diCT
compound V

Fig. 3. Possible derivatization strategies of the initial lead structure.
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Scheme 1. Reagents and conditions. a) 2-(Chloroethyl)morpholine, KxCOs,
MeCN, reflux, 6 h. b) 4-(Piperidin-4-yl)morpholine, EtOH, NEt;, 80°C, mw,
15 min. c¢) Bipiperidine, EtOH, NEts, 80 °C, mw, 15 min. d) Benzyl halides,
K,CO3, CH5CN, reflux, 3 h.

HEK-293 cells stably expressing the human Hj receptor were kindly
gifted by Prof. Dr. Jean-Charles Schwartz (Bioprojet, France). Sf9-hH,-
Gaiy-GPByv2 cells were a kind donation by Prof. Dr. Seifert.

2.2. Methods

2.2.1. Chemical part

For the synthesis of pyrrolo[2,3-d]pyrimidin-7-yl-ethylmorpholine
derivatives 3a-c and 4a-c, a simple synthetic strategy was used (Scheme
1). Pyrrolo[2,3-d]pyrimidines 1a-c¢ (1eq.), 2-chloroethylmorpholine
(2eq.) and potassium carbonate (3 eq.) were mixed in acetonitrile and
the reaction mixture was stirred at 90 °C for 6 h, obtaining the corre-
sponding 2a-c derivatives. Subsequently, the target compounds were
obtained through a microwave-assisted aromatic nucleophilic sub-
stitution reaction. The bipiperidine and morpholino-piperidine scaf-
folds were incorporated in the 4-position of the heterocycle using
triethylamine and ethanol as the solvent.

The derivatives 9a-12a and 9b-12b were synthesized from the
pyrrolopyrimidines 1a-b according to Scheme 1. In a first synthetic
step, an N-alkylation reaction was performed using various benzyl ha-
lides in acetonitrile under reflux conditions and then mediated by mi-
crowave-assisted conditions the bipiperidine fragment was added.
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2.2.2. Chemistry
2.2.2.1. General synthetic procedure to obtain 4-(2-(4-chloro-7H-pyrrolo
[2,3-d]pyrimidin-7-yl) ethyl)morpholine derivatives 2a-c. A mixture of the
corresponding  pyrrolopyrimidine (1.0 mmol),  4-(2-chloroethyl)
morpholine (2.0mmol) and potassium carbonate (3.0mmol) in
acetonitrile (5mL) was stirred for 6 h, then the mixture was filtered
and evaporated under vacuum. The products were separated by flash
chromatography on silica gel eluting with methanol/methylene
chloride 1:20.
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2.2.2.1.1. 4-(2-(2,4-Dichloro-7H-pyrrolo[2,3-d]pyrimidin-7-yl)ethyl)
morpholine 2a. Light brown solid, yield 76%, Mp 79-80°C. "H NMR
(400 MHz, CDCl3) & 6.91 (d, J = 3.6 Hz, 1H, H6), 6.33 (d, J = 3.6 Hz,
1H, HS), 4.13 (t, J = 6.5 Hz, 2H, 2 x H1"), 3.67-3.57 (m, 4H, 2 x H5’
and 2 x H7"), 2.67 (t, J = 6.5Hz, 2H, 2 x H2"), 2.53-2.43 (m, 4H,
2 x H4 and 2 x H8"). '*C NMR (101 MHz, CDCl3) § 158.42, 153.41,
152.52, 126.24, 110.66, 99.49, 66.94 (2C), 57.94, 53.66 (20), 41.67.

2.2.2.1.2. 4-(2-(4-Chloro-7H-pyrrolo[2, 3-dJpyrimidin-7-yl)ethyl)
morpholine 2b. Brown solid, yield 77%, Mp 126-128°C. 'H NMR
(400 MHz, CDCly) § 8.57 (s, 1H, H2), 7.32 (d, J = 3.6 Hz, 1H, H6),
6.54 (d, J=3.6Hz, 1H, H5), 4.34 (t, J=6.3Hz, 2H, 2 x H1"),
3.65-3.56 (m, 4H, 2 x H5 and 2 x H7"), 2.72 (t, J = 6.3Hz, 2H,
2 x H2"), 2.51-2.39 (m, 4H, 2 x H4’and 2 x H8). "*CNMR (101 MHz,
CDCl3) 6 162.48, 151.96, 151.03, 150.43, 129.73, 117.42, 99.25, 66.88
(2C), 58.04, 53.57 (2C), 42.02.

2.2.2.1.3. 4-Chloro-7-(2-morpholinoethyD-7H-pyrrolo[2,3-d]
pyrimidin-2-amine 2c. White solid, yield 75%, Mp 133-135 °C. 'H NMR
(400 MHz, CDCl3) & 6.91 (d, J = 3.6 Hz, 1H, H6), 6.33 (d, J = 3.6 Hz,
1H, H5), 5.04 (s, 2H, NH5), 4.13 (t, J = 6.5 Hz, 2H, 2 X H1"), 3.69-3.50
(m, 4H, 2 x H5 and 2 x H7’), 2.67 (t, J = 6.5Hz, 2H, 2 x H2"),
2.51-2.40 (m, 4H, 2 x H4’ and 2 x H8"). >C NMR (101 MHz, CDCl;)
8 158.45, 153.41, 152.51, 126.23, 110.63, 99.48, 66.94, 57.94, 53.66,
41.67.

2.2.2.2. General synthetic procedure to obtain 4-(2-(4-([1,4’-Bipiperidin]-
17-yl)-7H-pyrrolo[2,3-d]pyrimidin-7-yl) ethyl)morpholine derivatives 3a-c
and 4a-c. Compounds 2a-c and (1.0 mmol), 4-piperidinopiperidine or
4-(piperidin-4-yl)morpholine (3.0 mmol), triethylamine (4.5 mmol) and
ethanol (5mL) were added to a microwave reaction flask and the
reaction mixture was irradiated for 15min at 80 °C. Then the solvent
was evaporated under vacuum and the crude product was purified by
column chromatography on silica gel using chloroform/methanol
(10:1) mixture.
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2.2.2.2.1. 4-(2-(2-Chloro-4-(4-morpholinopiperidin-1-yl)-7H-pyrrolo
[2,3-d]pyrimidin-7-yl)ethyl)morpholine 3a. Brown oil, yield 95%. 'H
NMR (400 MHz, CDCls) & 6.96 (d, J=3.6Hz, 1H, H6), 6.40 (d,
J = 3.7Hz, 1H, H5), 4.72 (d, J = 13.3 Hz, 2H, H2” and H6"), 4.21 (t,
J =6.3Hz, 2H, 2 X H1), 3.71-3.67 (m, 4H, 2 X H9” and 2 X H11"),
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3.66-3.62 (m, 4H, 2 x H5" and 2 x H7"), 3.14-3.00 (m, 2H, H2” and
H6"), 2.68 (t, J = 6.3 Hz, 2H, 2 x H2"), 2.56-2.52 (m, 4H, 2 x H8” and
2 x H12"), 2.51-2.43 (m, 5H, 2 x H4’, 2 x H8" and H4"), 1.95 (d,
J = 12.8 Hz, 2H, H3” and H5”), 1.54 (ddd, J = 15.9, 12.5, 4.1 Hz, 2H,
H3” and H5”). '*C NMR (101 MHz, CDCl3) § 157.13, 153.17, 152.35,
124.13, 101.24, 100.92, 67.25 (2C), 66.98 (2C), 61.88, 58.19, 53.65
(20), 49.78 (2C), 45.13 (2C), 41.68, 28.24 (2C). HRMS m/z 435.2270
[M+H™"] (caled. for Co,Hs,CINGO,, 435.2201).

2.2.2.2.2. 4-(1-(7-(2-Morpholinoethyl)-7H-pyrrolo[2,3-d]pyrimidin-4-
yDpiperidin-4-y)morpholine 3b. Light brown solid, yield 65%, Mp
114-115°C. 'H NMR (400 MHz, CDCl3) & 8.29 (s, 1H, H2), 6.99 (d,
J = 3.6Hz, 1H, H6), 6.43 (d, J = 3.6 Hz, 1H, H5), 4.75 (d, J = 13.3 Hz,
2H, H2” and H6"), 4.27 (t, J = 6.5 Hz, 2H, 2 X H1"), 3.71-3.66 (m, 4H,
2% H9” and 2 x H11”), 3.66-3.61 (m, 4H, 2 x H5 and 2 x H7’),
3.12-3.01 (m, 2H, H2” and H6"), 2.71 (t, J = 6.5Hz, 2H, 2 x H2’),
2.57-2.52 (m, 4H, 2 x H8” and 2 x H12”), 2.52-2.43 (m, 5H, 2 x H4’,
2 x H8 and H4”), 1.94 (d, J = 11.4 Hz, 2H, H3” and H5”), 1.55 (ddd,
J = 24.1,12.3, 4.1 Hz, 2H, H3” and H5”). ">*C NMR (101 MHz, CDCl;) §
156.87, 151.19, 151.14, 123.87, 103.08, 100.59, 67.29 (2C), 66.98
(2C), 62.16, 58.22, 53.68 (2C), 49.78 (2C), 45.24 (2C), 41.80, 28.29
(2C). HRMS m/z 401.2660 [M+H"] (caled. for CuHauNgOa,
401.2599).

2.2.2.2.3. 7-(2-Morpholinoethyl)-4-(4-morpholinopiperidin-1-yl)-7H-
pyrrolo[2,3-d]pyrimidin-2-amine 3c. Light brown solid, yield 22%, Mp
153-155 °C. 'H NMR (400 MHz, CDCl3) & 6.70 (d, J = 3.6 Hz, 1H, H6),
6.29 (d, J = 3.6 Hz, 1H, H5), 4.70 (d, J = 13.2 Hz, 2H, H2” and H6"),
4.52 (s, 2H, NH»), 4.11 (t, J = 6.7 Hz, 2H, 2 x H1’), 3.71-3.65 (m, 8H,
2 x H5, 2 x H7’, 2 x H9” and 2 x H117), 2.97 (t, J = 12.0 Hz, 2H,
H2” and H6”), 2.67 (t, J = 6.7 Hz, 2H, 2 X H2"), 2.56-2.49 (m, 4H,
2 x H8”and 2 x H12"), 2.48-2.41 (m, 5H, 2 X H4’, 2 x H8 and H4"),
1.89 (d, J = 11.7 Hz, 2H, H3” and H5"), 1.51 (ddd, J = 24.2, 12.2,
3.9Hz, 2H, H3” and H5”). '*C NMR (101 MHz, CDCls) § 158.72,
157.62, 153.62, 121.03, 100.97, 97.13, 67.30 (2C), 66.98 (2C), 62.29,
58.13, 53.71 (2C), 49.74 (2C), 45.06 (2C), 41.46, 28.23 (2C). HRMS m/
2 416.2768 [M+H™] (caled. for CyH33N;O,, 416.2708).

2.2.2.2.4. 4-(2-(4-([1,4’-Bipiperidin]-1’-yl)-2-chloro-7H-pyrrolo[2, 3-
d]pyrimidin-7-yDethyDmorpholine 4a. Yellow oil, yield 87%. 'H NMR
(400 MHz, CDCl3) 8 6.96 (d, J = 3.6 Hz, 1H, H6), 6.40 (d, J = 3.7 Hz,
1H, H5), 4.76 (d, J = 13.3 Hz, 2H, H2” and H6"), 4.21 (t, J = 6.3 Hz,
2H, 2 x H1"), 3.65-3.61 (m, 4H, 2 x H5" and 2 x H7’), 3.08-2.98 (m,
2H, H2” and H6"), 2.67 (1, J = 6.3 Hz, 2H, 2 X H2"), 2.64-2.58 (m, 1H,
H4"), 2.57-2.51 (m, 4H, 2 x H8” and 2 x H12"), 2.48-2.43 (m, 4H,
2 X H4, 2 % H8"), 1.96 (d, J = 12.0 Hz, 2H, H9” and H11"), 1.65-1.52
(m, 6H, 2 x H3”, 2 x H5”, H9” and H11”), 1.46-1.38 (m, 2H,
2 x H10). *C NMR (101 MHz, CDCly) & 157.09, 153.16, 152.34,
124.11, 101.22, 100.95, 66.98 (2C), 62.67, 58.19, 53.65 (2C), 50.17
(2C), 45.51 (2C), 41.68, 27.79 (2C), 26.00 (2C), 24.52. HRMS m/z
433.2477 [M+H™] (caled. for Cy3H33CINGO, 433.2418).

2.2.2.2.5. 4-(2-(4-([1,4’-Bipiperidin]-1’-yl)-7H-pyrrolo[2, 3-d]
pyrimidin-7-yDethyDmorpholine 4b. Brown solid, yield 72%, Mp
110-112°C. '"H NMR (400 MHz, CDCls) § 8.31 (s, 1H, H2), 7.02 (d,
J = 3.6 Hz, 1H, H6), 6.44 (d, J = 3.6 Hz, 1H, H5), 4.84 (d, J = 13.3 Hz,
2H, 2 x H2"), 4.29 (t, J = 6.5Hz, 2H, 2 X H1"), 3.71-3.60 (m, 4H,
2 % H5 and 2 x H7"), 3.06 (t, J = 12.4 Hz, 2H, H2” and H6"), 2.84 (t,
J=10.9Hz, 1H, H4”), 2.76-2.61 (m, 6H, 2 x H2’, 2 x H8” and
2 x H12”), 2.52-2.46 (m, 4H, 2 x H4, 2xH8), 209 (d,
J=11.9Hz, 2H, H9” and H11%), 1.81-1.60 (m, 6H, 2 x H3",
2 x H5”, H9” and H11”), 1.49 (br, 2H, 2 x H10”). '’C NMR
(101 MHz, CDCl3) § 156.72, 151.22, 151.06, 124.08, 103.10, 100.48,
66.97 (2C), 63.31, 58.20, 53.67 (2C), 50.05 (2C), 45.35 (2C), 41.80,
27.33 (2C), 25.17 (2C), 24.01. HRMS m/z 399.2867 [M+H "] (calcd.
for CaoHz4Ng0, 399.2811).

2.2.2.2.6. 4-([1,4’-Bipiperidin]-1’-yl)-7-(2-morpholinoethyl)-7H-
pyrrolo[2,3-d]pyrimidin-2-amine 4c. White solid, yield 39%, Mp
146-148°C. 'H NMR (400 MHz, CDCls) & 6.68 (d, J = 3.6 Hz, 1H,
H6), 6.27 (d, J = 3.6 Hz, 1H, H5), 4.73 (d, J = 13.3 Hz, 2H, H2” and
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H6"), 4.57 (s, 2H, NH,), 4.09 (t, J = 6.7 Hz, 2H, 2 x H1"), 3.68-3.61
(m, 4H, 2 x H5 and 2 x H7"), 2.92 (t, J = 12.1Hz, 2H, 2 x H2’),
2.71-2.61 (m, 3H, H2”, H4” and H6"), 2.60-2.54 (m, 4H, 2 x H8” and
2 x H127), 2.48-2.43 (m, 4H, 2 x H4, 2 x H8"), 1.94 (d, J = 12.0 Hz,
2H, H9” and H11”), 1.68-1.50 (m, 6H, 2 x H3”, 2 x H5”, H9” and
H117), 1.50-1.33 (m, 2H, 2 x H10”). *C NMR (101 MHz, CDCl,) §
158.72, 157.52, 153.55, 121.09, 100.96, 97.10, 66.95 (2C), 63.20,
58.09, 53.69 (2C), 50.06 (2C), 45.30 (2C), 41.51, 27.53 (2C), 25.62
(2C), 24.31. HRMS m/z 414.2976 [M+H"] (caled. for CaoHasNO,
414.2914).

2.2.2.3. General synthetic procedure to obtain N-benzyl-pyrrolo[2,3-d]
pyrimidine derivatives 5a-8a and 5b-8b. A mixture of 4-chloro-7H-
pyrrolo[2,3-d]pyrimidine or 2,4-dichloro-7H-pyrrolo[2,3-d]pyrimidine
(1.0mmol), the respective benzyl halide (1.2mmol) and potassium
carbonate (3.0 mmol) in acetonitrile (5 mL) was stirred for 3 h, then the
mixture was filtered and evaporated under vacuum. The products were
separated by flash chromatography on silica gel eluting with methylene
chloride.
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2.2.2.3.1. 2,4-Dichloro-7-(4-chlorobenzyl)-7H-pyrrolo[2,3-d]
pyrimidine 5a. White solid, yield 72%, Mp 129-131°C. 'H NMR
(400 MHz, CDCl3) § 7.24 (d, J = 8.4 Hz, 2H, H3’ and H5"), 7.12-7.07
(m, 3H, H6, H2’ and H6"), 6.55 (d, J = 3.6 Hz, 1H, H5), 5.31 (s, 2H, N-
CH,). ™C NMR (101 MHz, CDCl) § 152.84, 152.21, 152.11, 134.41,
134.18, 129.40, 129.24 (2C), 129.15 (2C), 116.30, 100.73, 47.93.
HRMS m/z 311.9857 [M+H "] (calcd. for C;3HgCl;N3, 311.9814).
2.2.2.3.2. 2,4-Dichloro-7-(4-flucrobenzyl)-7H-pyrrolo[2,3-d]
pyrimidine 6a. White solid, yield 67%, Mp 96-98°C. 'H NMR
(400 MHz, CDCl3) 8 7.43 (dd, J = 8.4, 5.3 Hz, 2H, H3’ and H5’), 7.37
(d, J = 3.6 Hz, 1H, H6), 7.23 (t, J = 8.6 Hz, 2H, H2’ and H6"), 6.81 (d,
J = 3.6Hz, 1H, H5), 5.58 (s, 2H, N-CH,). '*C NMR (101 MHz, CDCl;) §
162.65 (d, Jor = 247.6Hz), 152.78, 152.14, 152.06, 131.53 (d,
Jer = 3.3Hz), 129.68 (d, Jor = 8.3Hz, 2C), 129.41, 116.31, 116.01
(d, Jer = 21.7 Hz, 2C), 100.63, 47.91. HRMS m/z 296.0152 [M+H"]
(caled. for C,3HgCl,FN3, 296.0111).
2.2.2.3.3. 4-((2,4-Dichloro-7H-pyrrolo[2,3-d]pyrimidin-7-yDmethyl)
bengonitrile 7a. White solid, yield 56%. Mp 175-177°C. 'H NMR
(400 MHz, CDCl3) & 7.54 (d, J = 8.2Hz, 2H, H3’ and H5"), 7.22 (d,
J = 8.1Hz, 2H, H2’ and H6"), 7.13 (d, J = 3.6 Hz, 1H, H6), 6.58 (d,
J = 3.6 Hz, 1H, H5), 5.41 (s, 2H, N-CHy). 1*C NMR (101 MHz, CDCly) §
153.04, 152.37, 152.18, 140.98, 132.82 (2C), 129.46, 128.15 (2C),
118.22,116.31, 112.36, 101.14, 48.08. HRMS m/z 303.0199 [M+H™"]
(calcd. for C,4HgCl;Ny4, 303.0155).
2.2.2.3.4. 2,4-Dichloro-7-(2,6-dichlorobenzyl)-7H-pyrrolo[2,3-d]
pyrimidine 8a. White solid, yield 64%, Mp 140-142°C. 'H NMR
(400 MHz, CDCl3) § 7.24 (d, J = 8.0 Hz, 2H, H3" and H5), 7.14 (dd,
J =87, 7.3Hz, 1H, H4"), 6.83 (d, J=3.7Hz, 1H, H6), 6.38 (d,
J = 3.7 Hz, 1H, H5), 5.52 (s, 2H, N-CH,). '*C NMR (101 MHz, CDCl;)
8§ 152.56, 152.10, 151.94, 136.90, 130.93 (2C), 130.70, 128.90 (2C),
128.45, 116.18, 100.44, 43.67. HRMS m/z 345.9467 [M-+H™"] (calcd.
for C13H7Cl4N3, 345.9421).
2.2.2.3.5. 4-Chloro-7-(4-chlorobenzyl)-7H-pyrrolo[ 2, 3-d]pyrimidine
5b. White solid, yield 46%, Mp 144-145 °C. "H NMR (400 MHz, CDCl;)
§8.73 (s, 1H, H2), 7.38-7.33 (m, 2H, H3’ and H5"), 7.26 (d, J = 3.6 Hz,
1H, H6), 7.22 (d, J = 7.6 Hz, 2H, H2’ and H6"), 6.70 (d, J = 3.6 Hz, 1H,
H5), 5.49 (s, 2H, N-CH,). '*C NMR (101 MHz, CDCl3) § 152.37, 151.14,
151.00, 134.78, 134.19, 129.16 (2C), 128.98 (2C), 128.83, 117.51,
100.26, 47.84. HRMS m/z 278.0246 [M+H™"] (calcd. for C;3HgCloN3,
278.0210).
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2.2.2.3.6. 4-Chloro-7-(4-fluorobenzyl)-7H-pyrrolo[2,3-dJpyrimidine
6b. White solid, yield 56%, Mp 103-105 °C 'H NMR (400 MHz, CDCl)
§8.69 (s, 1H, H2), 7.27-7.22 (m, 3H, H6, H3* and H5), 7.07-7.00 (m,
2H, H2’ and H6"), 6.65 (d, J = 3.6 Hz, 1H, H5), 5.45 (s, 2H, N-CH,). *C
NMR (101 MHz, CDCly) § 162.53 (d, Jor = 247.2 Hz), 152.28, 151.08,
150.92, 132.11 (d, Jor = 3.3 Hz), 129.46 (d, Jop = 8.3 Hz, 2C), 128.84,
117.50, 115.89 (d, Jer = 21.7Hz, 2C), 100.13, 47.80. HRMS m/z
262.0542 [M+H™] (caled. for C,3HgCIFN3, 262.0507).

2.2.2.3.7. 4-((4-Chloro-7H-pyrrolo[2,3-d]pyrimidin-7-yl)methyl)
benzonitrile 7b. White solid, yield 59%, Mp 157-159°C. 'H NMR
(400 MHz, CDCl3) & 8.59 (s, 1H, H2), 7.55 (d, J = 8.2Hz, 2H, H3"
and H5"), 7.22 (d, J = 8.1 Hz, 2H, H2" and H6", 7.16 (d, J = 3.6 Hz,
1H, H6), 6.61 (d, J = 3.6 Hz, 1H, H5), 5.46 (s, 2H, N-CHy). °C NMR
(101 MHz, CDCl3) § 152.60, 151.18 (2C), 141.55, 132.77 (2C), 128.80,
127.99 (2C), 118.28, 117.53, 112.23, 100.69, 48.04. HRMS m/z
269.0589 [M+H*] (caled. for C;4HoCIN,, 269.0552).

2.2.2.3.8. 4-Chloro-7-(2,6-dichlorobenzyl)-7H-pyrrolo[2,3-d]
pyrimidine 8b. White solid, yield 51%, Mp 151-153°C 'H NMR
(400 MHz, CDCls) & 8.59 (s, 1H, H2), 7.24 (d, J = 8.1 Hz, 2H, H3’
and H5"), 7.18-7.06 (m, 1H, H4"), 6.87 (d, J = 3.7 Hz, 1H, H6), 6.40 (d,
J = 3.7 Hz, 1H, H5), 5.59 (s, 2H, N-CH,). '*C NMR (101 MHz, CDCl3) §
152.09, 151.15, 150.76 (2C), 136.89, 131.25, 130.71, 128.85 (20),
127.81, 117.32, 100.02, 43.42. HRMS m/z 311.9857 [M+H™"] (calcd.
for C13HgClsN;, 311.9815).

2.2.2.4. General synthetic procedure to obtain substituted pyrrolo[2,3-d]
pyrimidines 9a-12a and 9b-12b. The N-benzyl-pyrrolo[2,3-d]
pyrimidine 5a-8a or 5b-8b (1.0mmol), 4-piperidinopiperidine
(3.0 mmol), triethylamine (4.5 mmol) and ethanol (5mL) 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 chloroform/methanol (10:1) mixture.
10"

2.2.2.4.1. 4-([1,4’-Bipiperidin]-1"-yl)-2-chloro-7-(4-chlorobenzyl)-
7H-pyrrolo[2,3-d]pyrimidine 9a. White solid, yield 53%, Mp 97-99 °C.
'H NMR (400 MHz, CDCl3) § 7.24 (d, J = 7.9 Hz, 2H, H3’ and H5"), 7.09
(d, J = 8.2Hz, 2H, H2’ and H6"), 6.77 (d, J = 3.5Hz, 1H, H6), 6.43 (d,
J = 3.6 Hz, 1H, H5), 5.26 (s, 2H, CH,), 4.78 (d, J = 13.2Hz, 2H, H2”
and H6”), 3.05 (t, J = 12.5 Hz, 2H, H2” and H6"), 2.72 (t,J = 11.3 Hz,
1H, H4"), 2.60 (br, 4H, 2 x H8” and 2 x H12"), 2.02 (d, J = 12.1 Hz,
2H. H9” and H11”), 1.73-1.53 (m, 6H, 2 x H3”, 2 X H5”, H9” and
H11”), 1.45 (d, J = 4.6 Hz, 2H, 2 X H10”). *C NMR (101 MHz, CDCl;)
§ 157.09, 153.56, 152.54, 135.47, 133.76, 129.05 (2C), 128.94 (20C),
123.28, 101.91, 101.22, 62.80, 50.14 (2C), 47.34, 45.41 (2C), 27.56
(20), 25.62 (2C), 24.27. HRMS m/z 444.1716 [M+H"] (caled. for
C23H2sClLNs, 444.1657).

2.2.2.4.2. 4-([1,4"-Bipiperidin]-1‘-yD)-2-chloro-7-(4-fluorobenzyl)-7H-
pyrrolo[2,3-d]pyrimidine 10a. White solid, yield 57%, Mp 129-130 °C.
'H NMR (400 MHz, CDCl) & 7.17 (dd, J = 8.3, 5.4 Hz, 2H, H3’ and
H5), 6.98 (t, J = 8.6 Hz, 2H, H2’ and H6"), 6.79 (d, J = 3.6 Hz, 1H,
H6), 6.44 (d, J=3.7Hz, 1H, H5), 5.28 (s, 2H, CH,), 4.79 (d,
J =13.3Hz, 2H, H2” and H6”), 3.06 (t, J = 12.1 Hz, 2H, H2” and
H6”), 2.73-2.64 (m, 1H, H4”), 2.61-2.53 (m, 4H, 2 x H8” and
2 x H12”), 2.00 (d, J = 12.2Hz, 2H, H9” and H11”), 1.70-1.55 (m,
6H, 2 x H3”, 2 x H5”, H9” and H11”), 1.50-1.37 (m, 2H, 2 x H10").
3¢ NMR (101 MHz, CDCl;) § 162.37 (d, Jop = 246.5Hz), 157.11,
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153.53, 152.48, 132.77 (d, Jor = 3.3 Hz), 129.47 (d, Jor = 8.2 Hz, 2C),
123.22, 115.65 (d, Jop = 21.6 Hz, 2C), 101.85, 101.21, 62.70, 50.16
(2C), 47.29, 45.47 (2C), 27.70 (2C), 25.86 (2C), 24.42. '°F NMR
(376 MHz, CDCl;) § —114.37. HRMS m/z 428.2012 [M+H"] (calcd.
for Cy3H,,CIFN5, 428.1961).

2.2.2.4.3. 4-((4-((1,4’-Bipiperidin]-1’-yl)-2-chloro-7H-pyrrolo[2,3-d]
pyrimidin-7-yl)methyl)benzonitrile 11a. White solid, yield 77%, Mp
158-160°C. 'H NMR (400 MHz, CDCly) § 7.56 (d, J = 8.2Hz, 2H,
H3" and H5"), 7.22 (d, J = 8.1 Hz, 2H, H2’ and H6"), 6.82 (d, J = 3.7 Hz,
1H, H6), 6.49 (d, J = 3.7 Hz, 1H, H5), 5.37 (s, 2H, CH,), 4.79 (d,
J = 13.3 Hz, 2H, H2” and H6"), 3.08 (t, J = 12.0 Hz, 2H, H2” and H6"),
2.77-2.66 (m, 1H, H4”), 2.66-2.53 (m, 4H, 2 x H8” and 2 x H12"),
2.03 (d, J = 12.1 Hz, 2H, H9” and H11”), 1.72-1.61 (m, 6H, 2 x H3”,
2 x H5", H9” and H11”), 1.46 (d, J = 5.0 Hz, 2H, 2 x H10”). '3C NMR
(101 MHz, CDCly) § 157.08, 153.71, 152.59, 142.41, 132.56 (2C),
127.97 (2C), 123.22, 118.50, 111.71, 102.38, 101.18, 62.66, 50.16
(20), 47.51, 45.41 (2C), 27.65 (2C), 25.71 (2C), 24.31. HRMS m/z
435.2058 [M+H™] (calcd. for Cy4H,,CING, 435.1999).

2.2.2.4.4. 4-([1,4’-Bipiperidin]-1’-yl)-2-chloro-7-(2,6-
dichlorobenzyl)-7H-pyrrolo[2,3-d]pyrimidine 12a. White solid, yield
65%, Mp 94-95°C. '"H NMR (400 MHz, CDCl3) & 7.24 (d, J = 8.0 Hz,
2H, H3' and H5"), 7.15-7.11 (m, 1H, H4*), 6.42 (d, J = 3.7 Hz, 1H, H6),
6.23 (d, J = 3.7 Hz, 1H, H5), 5.46 (s, 2H, CHy), 4.66 (d, J = 13.3Hz,
2H, H2” and H6”), 2.92 (t, J = 12.1 Hz, 2H, H2" and H6"), 2.58 (t,
J = 10.9 Hz, 1H, H4"), 2.47 (br, 4H, 2 x H8” and 2 x H12"), 1.88 (d,
J =12.2Hz, 2H, H9” and H11”), 1.63-1.43 (m, 6H, 2 x H3”, 2 x H5”,
H9” and H11”), 1.36-1.22 (m, 2H, 2 x H10”). *C NMR (101 MHz,
CDCl3) § 157.06, 153.31, 152.52 (2C), 137.04, 131.58, 130.44, 128.72
(2€), 121.99, 101.48, 101.20, 62.82, 50.12 (2C), 45.42, 43.39 (2Q),
27.56 (2C), 25.69 (2C), 24.32. HRMS m/z 478.1327 [M+H™"] (caled.
for CasHasClaNs, 478.1265).

2.2.2.4.5. 4-([1,4'-Bipiperidin]-1’-yl)-7-(4-chlorobenzyl)-7H-pyrrolo
[2,3-d]pyrimidine 9b. Brown solid, yield 47%, Mp 103-104 °C. 'H NMR
(400 MHz, CDCl;) § 8.45 (s, 1H, H2), 7.36 (d, J = 8.1 Hz, 2H, H3’ and
H5", 7.22 (d, J = 8.0 Hz, 2H, H2’ and H6), 7.00 (d, J = 3.1 Hz, 1H,
H6), 6.60 (d, J=3.2Hz, 1H, H5), 545 (s, 2H, CH,), 4.97 (d,
J =13.0Hz, 2H, H2” and H6"), 3.19 (t, J = 12.5Hz, 2H, H2” and
H6"), 3.00 (t, J=11.1Hz, 1H, H4”), 2.83 (br, 4H, 2 x H8” and
2 x H127), 2.22 (d, J = 11.6 Hz, 2H, H9” and H11”), 1.94-1.77 (m,
6H, 2 x H3”, 2 x H5”, H9” and H11”), 1.61 (s, 2H, 2 x H10"). '°C
NMR (101 MHz, CDCl3) § 156.74, 151.44 (2C), 135.87, 133.56, 128.88
(20), 128.79 (2C), 123.38, 103.05, 101.41, 63.28, 50.02 (2C), 47.30,
45.30 (2C), 27.23 (2C), 25.01 (2C), 23.90. HRMS m/z 410.2106 [M
+H*] (caled. for Ca3H2gCINs, 410.2048).

2.2.2.4.6. 4-([1,4"-Bipiperidin]-1'-yD-7-(4-fluorobenzyl)-7H-pyrrolo
[2,3-d]pyrimidine 10b. Brown solid, yield 58%, Mp 118-120°C. 'H
NMR (400 MHz, CDCly) 6 8.61 (s, 1H, H2), 7.42 (dd, J = 8.2, 5.5Hz,
2H, H3’ and H5"), 7.23 (t, J = 8.6 Hz, 2H, H2’ and H6’), 7.15 (d,
J = 3.6Hz, 1H, H6), 6.74 (d, J = 3.6 Hz, 1H, H5), 5.60 (s, 2H, CH,),
5.11 (d, J = 13.3Hz, 2H, H2” and H6”), 3.33 (t, J = 12.2Hz, 2H, H2”
and H6”), 3.07 (t, J = 11.5Hz, 1H, H4"), 2.93 (br, 4H, 2 x H8” and
2 x H12), 2.34 (d, J = 12.0 Hz, 2H, H9” and H11"), 2.06-1.84 (m, 6H,
2 X H3", 2 x H5”, H9” and H11"), 1.75 (d, J = 4.9 Hz, 2H, 2 x H10").
13 NMR (101 MHz, CDCly) § 162.30 (d, Jor = 246.1 Hz), 156.79,
151.46, 151.42, 133.16 (d, Jo = 3.2 Hz), 129.19 (d, Jor = 8.2 Hz, 2C),
123.27, 115.61 (d, Jor = 21.6 Hz, 2C), 103.05, 101.36, 63.20, 50.08
(2C), 47.24, 45.40 (2C), 27.43 (2C), 25.34 (2C), 24.11. 'F NMR
(376 MHz, CDCl3) 8§ —114.67. HRMS m/z 394.2402 [M+H™"] (calcd.
for Cp3HasFNs, 394.2346).

2.2.2.4.7. 4-((4-([1,4"-Bipiperidin]-1’-yl)-7H-pyrrolo[2,3-d]
pyrimidin-7-yDmethyDbenzonitrile 11b. Brown solid, yield 52%, Mp
101-103°C. '"H NMR (400 MHz, CDCl3) § 8.32 (s, 1H, H2), 7.57 (d,
J = 8.1Hz, 2H, H¥ and H5'), 7.22 (d, J = 8.0 Hz, 2H, H2’ and H6"),
6.90 (d, J = 3.5Hz, 1H, H6), 6.53 (d, J = 3.5 Hz, 1H, H5), 5.43 (s, 2H,
CH,), 4.84 (d, J = 13.2 Hz, 2H, H2” and H6"), 3.08 (t, J = 12.4 Hz, 2H,
H2” and H6"), 2.77 (t, J = 11.3Hz, 1H, H4"), 2.68-2.57 (br, 4H,
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2 x H8” and 2 x H12"), 2.06 (d, J = 11.9Hz, 2H, H9” and H11"),
1.77-1.56 (m, 6H, 2 x H3”, 2 x H5”, H9” and H117”), 1.47 (s, 2H,
2 x H10”). '®C NMR (101 MHz, CDCl3) § 156.83, 151.69, 151.52,
142.84, 132.56 (2C), 127.77 (2C), 123.15, 118.55, 111.61, 102.99,
101.94, 63.05, 50.14 (2C), 47.53, 45.43 (2C), 27.59 (2C), 25.54 (2C),
24,23. HRMS m/z 401.2448 [M+H™"] (calcd. for C,4H,5Ng, 401.2392),
2.2.2.4.8. 4-([1,4’-Bipiperidin]-1’-yD)-7-(2,6-dichlorobenzyl)-7H-
pyrrolo[2,3-d]pyrimidine 12b. White solid, yield 51%, Mp 122-124 °C.
'H NMR (400 MHz, CDCls) & 8.27 (s, 1H, H2), 7.24 (d, J = 8.0 Hz, 2H,
H3’ and H5"), 7.12 (t, J = 8.0 Hz, 1H, H4"), 6.52 (d, J = 3.6 Hz, 1H,
H6), 6.25 (d, J=3.7Hz, 1H, H5), 552 (s, 2H, CH.), 4.73 (d,
J =13.4Hz, 2H, H2” and H6"), 3.01-2.77 (m, 3H, H2”, H6” and
H4"), 2.67 (br, 4H, 2 x H8” and 2 x H12"), 2.04 (d, J = 11.7 Hz, 2H,
H9” and H11”), 1.72 (br, 4H, 2 X H3” and 2 x H5”), 1.57 (qd,
J =121, 3.6 Hz, 2H,), 1.40 (s, 2H, 2 x H10”). '3C NMR (101 MHz,
CDCl3) & 156.63, 151.51, 151.17 (2C), 136.98, 131.93, 130.36, 128.72
(2C), 122.18, 103.01, 100.97, 63.65, 49.93 (2C), 45.14 (2C), 43.10,
26.83 (2C), 24.41 (2C), 23.54. HRMS m/z 444.1716 [M+H™] (calcd.
for Ca3Ha7CloNs, 444.1655).

2.2.3. Pharmacological part

2.2.3.1. Radioligand displacement assays at the H3R. Radioligand
displacement assays at the human histamine H;R were performed as
published previously.'® Briefly, membrane preparations of HEK-293
cells stably expressing the human histamine H3R (20 pg/well) were
incubated with the compound and [3H]N“-methylhistamine (2nM) in
200 pL of binding buffer (10 mM MgCl;, 100 mM NaCl and 75 mM Tris/
HCI, pH 7.4) for 90 min. Compounds were tested in duplicates with 11
concentrations in at least three independent experiments. Data was
analyzed with GraphPad Prism 7, using non-linear least squares fit and
equation “one site competition” (representative Figures given in the SI).
K; values were calculated according to the Cheng-Prusoff equation.’”
Values are reported as means with the 95% confidence interval. All
statistical operations were performed on the pK; values and converted
afterwards to mean K; values and the 95% confidence interval.
Differences are considered significant if 95% confidence intervals are
not overlapping.

2.2.3.2. Radioligand displacement assays at the H,R. H4R radioligand
displacement assays were performed as described previously.” Briefly,
Sf9 cell membrane preparations, expressing the human histamine H;R
(40 pg/well), were co-incubated with the compound and [*H]histamine
(10nM) in 200 pL for 60 min. Compounds were tested in duplicates
with at least five concentrations in two independent experiments. Data
was analyzed with GraphPad Prism 7.

3. Results and discussion

The first synthesized set (compounds 3a-3c and 4a-4c) consisted of
compounds bearing a morpholine group instead of the lipophilic core
(R) that was connected to the pyrrolo[2,3-d]pyrimidine via an ethyl
linker. All compounds displayed marked affinity at the HsR without
H4R affinity (K; value > 10 pM). The general introduction of the mor-
pholine group instead of a lipophilic core improved binding affinity
slightly, when compared to compound V (K; value 126 nM), with K;
values below 50 nM for derivatives 4a and 4b, although results were
not significant. By comparing binding affinities of series 3 to 4 (Table 1)
the pharmacodynamic superiority of 1,4-bipiperidine moieties (series
4) as basic warhead (Y = CHj;), compared to 4-(piperidin-4-yl)mor-
pholines (series 3), was once more verified.'® The exchange towards
the 1,4-bipiperidine resulted in a significant increase of binding affinity.
Derivatization at position 2 (X) gave no significant difference between
chlorinated compounds or the unsubstituted central core but revealed a
pronounced loss of affinity for the aminated compounds (3¢, 4c¢). Due
to these findings, only compounds 4a and 4b were further derivatized.

In compounds 9a-12a the 4-([1,4’-bipiperidin]-1*-yl)-2-chloro-7H-
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Table 1
Affinities at the HsR of compounds 3a-3c¢, 4a-4¢, 9a-12a and 9b-12b.

)

N
N
“r

Compound Substitution pattern K; (nM)*

[95% CI nM]

X Y R

3a ¢l o Morph-CH," 317

[135;743]
3b H o Morph-CH, 374

[162;865]
3c NHy 0 Morph-CH; 848

[386;1866]
4a [el} CH; Morph-CH, 22

[11;45]
4b H CH; Morph-CH, 31

[16;62]
4c NH, CH, Morph-CH; 121

[49;301]
9a a CHy Ph-4-CI* 42

[14;127]
9b H CH Ph-4-Cl 26

[15;46]
10a cl CH, Ph-4-F! 30

[11;81]
10b H CHy Ph-4-F 35

[10;120]
11a a CH; Ph-4-CN° 18

[5;66]
11b H CH, Ph-4-CN 7

[4;11]
12a cl CHaz Ph-2,6-diCl' 54

[25;116]
12b H CH Ph-2,6-diCl 6

[2;19]

* K; values were measured at the human histamine HsR. Membrane pre-
parations of HEK-293T cells expressing the H3R (20 pg/well) were incubated
with the compound of interest and [*H]N“-methylhistamine (2nM) in 200 uL
for 90 min.

" Morph-CH,, morpholinomethyl.

Ph-4-Cl, 4-chlorophenyl.
Ph-4-F, 4-fluorophenyl.
Ph-4-CN, 4-cyanophenyl.
Ph-2,6-diCl, 2,6-dichlorophenyl.

<
d
e

f

pyrrolo[2,3-d]pyrimidine moiety was connected to differently sub-
stituted benzyl moieties. Inspired by the substitution pattern of pitoli-
sant, the first ligand displayed a 4-chlorophenyl residue, which was
exchanged by several other electron-withdrawing substituted benzyl
derivatives. The compounds showed high affinity at the H3R, without
affinity at the H4R (K; value > 10 uM) and no significant changes in
affinity, based on the derivatization pattern of the benzyl (Table 1).
For the compounds 9b-12b without chlorination on the hetero-
cyclic moiety affinity at the Hs;R increased by increasing electron-
withdrawing properties of the aromatic core (Table 1), while no com-
pound showed considerable affinity at the H4R (K; values > 10 pM). For
compound 11b the increase of binding affinity at the HzR was sig-
nificant when compared to those of 4b (morpholinomethyl as R) or 9b,
the compound with the weakest electron-withdrawing properties. Fur-
thermore, compound 12b is the only compound where dechlorination
led to a significant increase of binding affinity compared to the
chlorinated compound (12a). When compared to compound V the
introduction of a 4-cyanobenzyl moiety (11b) or a 2,6-dichlorobenzyl
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(12b) increased affinity significantly with K; values of 7 and 6 nM, re-
spectively. Although functional studies were not performed on the
scaffold of pyrrolo[2,3-d]pyrimidines, the evidence of many non-imi-
dazole ligands being H3R antagonist or inverse agonists (aplysamine-1,
conessine and pitolisant™”"") could rationalize an in vivo evaluation of
these novel compounds as H3R antagonists/inverse agonists.

Based on the lead structure the presented compounds allow for an
initial structure-activity relationship evaluation for the class of pyrrolo
[2,3-d]pyrimidine as novel H3R scaffolds.

The 1,4-bipiperidine motif in position 4 seems to be crucial for high
affinity towards the H3R (compare series 3 and 4). The introduction of
a 2-morpholinoethyl instead of a 2-naphthylmethyl moiety in position 7
(compounds 3a-3¢, 4a-4¢) improved binding affinity not significantly
compared to compound V. The introduction of an amine group at
position 2 leads to a loss in affinity (series c, significant for 4a to 4c).
For a given structure, with or without chloro substitution in 2-position
did not result in any significant affinity changes (compare 3a to 3b, 4a
to 4b, etc.), except for the most active compound 12b. The introduc-
tion of substituted benzyl moieties at 7-position did not further increase
binding affinity, if chlorinated at 2-position (compounds 9a-12a) and
derivatization pattern of the benzyl did not influence affinity. For
compounds without chloro or amino substitution at 2-position of the
heterocycle (9b-12b) affinity was increased by increasing electron-
withdrawing abilities of the substitution pattern, with the most active
compounds (11b and 12b) displaying significantly higher affinities
than that of compound V.

4. Conclusion

Within this study we were able to synthesize 14 novel pyrrolo[2,3-
d]pyrimidines that adhere to the general pharmacophore of HsR li-
gands. The 1,4-bipiperidine motif as basic centre has proven itself
highly effective for designing HR ligands with superior binding affi-
nity. The arbitrary, lipophilic region was best modulated by benzyl
residues with electron-withdrawing groups. In vivo evaluation of these
nature inspired synthetic pyrrolo[2,3-d]pyrimidines will be highly in-
teresting, as the potential anti-inflammatory properties of this class may
have synergistic effects with the human HsR modulation®' on cognitive
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impairments in neurodegenerative diseases. By that approach drug
development of CNS disorders may be complemented by a new class of
active agents and natural compounds have once more proven their
versatility within the drug research and development community.
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'H NMR for compound 3a
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'H NMR for compound 3b
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'H NMR for compound 3¢
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'H NMR for compound 4a
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'H NMR for compound 4b
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'H NMR for compound 4¢
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'H NMR for compound 9a
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'H NMR for compound 11a
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'H NMR for compound 12a
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'H NMR for compound 9b
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'H NMR for compound 10b
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'H NMR for compound 11b
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'H NMR for compound 12b
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HRMS for compound 3a
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HRMS for compound 3c
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HRMS for compound 4b
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HRMS for compound 9a
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HRMS for compound 11a
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HRMS for compound 9b
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HRMS for compound 11b
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Abstract: A newly developed series of non-imidazole histamine H3 receptor (H3R) antagonists (1-16)
was evaluated in vivo for anticonvulsant effects in three different seizure models in Wistar rats.
Among the novel H3R antagonists examined, H3R antagonist 4 shortened the duration of tonic hind
limb extension (THLE) in a dose-dependent fashion in the maximal electroshock (MES)-induced
seizure and offered full protection against pentylenetetrazole (PTZ)-induced generalized tonic-clonic
seizure (GTCS), following acute systemic administration (2.5, 5, 10, and 15 mg/kg, i.p.). However,
only H3R antagonist 13, without appreciable protective effects in MES- and PTZ-induced seizure,
fully protected animals in the strychnine (STR)-induced GTCS following acute systemic pretreatment
(10 mg/kg, i.p.). Moreover, the protective effect observed with H3R antagonist 4 in MES-induced
seizure was completely abolished when animals were co-administered with the H3R agonist
(R)-ce-methylhistamine (RAMH, 10 mg/kg, i.p.). However, RAMH failed to abolish the full protection
provided by the H3R antagonist 4 in PTZ-induced seizure and H3R antagonist 13 in STR-induced
seizure. Furthermore, in vitro antiproliferative effects or possible metabolic interactions could not be
observed for compound 4. Additionally, the predictive in silico, as well as in vitro, metabolic stability
for the most promising H3R antagonist 4 was assessed. The obtained results show prospective effects
of non-imidazole H3R antagonists as innovative antiepileptic drugs (AEDs) for potential single use
against epilepsy.

Keywords: histamine H3 receptors; antagonists; anticonvulsant; maximal electroshock;
pentylenetetrazole; strychnine; antiproliferative action; metabolic stability

1. Introduction

Epilepsy is considered as a brain disease characterized by repeated seizures due to different
complex causes including idiopathic (ion channel or protein defects), symptomatic stroke, head injury

Int. J. Mol. Sci. 2018, 19, 3386; doi:10.3390/ijms19113386 www.mdpi.com/journal/ijms
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(tumors in the brain or central infectious diseases), metabolic disorders (e.g., imbalance of several
electrolytes, uremia, and hyperglycemia), or genetic mutation of DNA sequences in genes responsible
for encoding various ion channels or neurotransmitter receptors [1,2]. In addition, many patients
diagnosed with epilepsy also show cognitive comorbid features, for example, deficiency in intellectual
ability; impaired learning and memory; and behavioral neuropsychiatric disorders, such as depression,
aggression, or problems in social relationships that intensify the costs for their healthcare [3]. Clinically
obtainable antiepileptic drugs (AEDs) still have a large number of non-responders with the clinical
drawback that around 30% of epileptic patients do not respond to current therapies [4,5]. More than
fifteen new AEDs, including lamotrigine, levetiracetam, retigabine, and perampanel, were approved
during the last twenty-five years [6]. However, numerous AEDs cause several unwanted adverse
effects, with the most common ones being behavioral and cognitive deficiencies, weight gain,
coordination problems, dizziness, and gait disturbance [6]. As long life drug treatment is indispensable,
the search for new and more effective AEDs with improved safety profiles is an imperative therapeutic
goal [5]. Therefore, there is still a high therapeutic need for new medical entities.

Preclinical and clinical studies indicated that several brain monoamines such as serotonin,
dopamine, noradrenaline, histamine, or melatonin play a significant role in seizure activity [7,8].
Previous studies have investigated in the brain histamine’s role in seizure pathophysiology [9,10].
Accordingly, histamine itself is considered as an endogenous anticonvulsant [9,11], while histamine H1
receptor (H1R) antagonists were found to prompt or promote seizures [12,13]. Furthermore, preclinical
experiments in several rodents revealed that inhibition of N-methyltransferase, the histamine
metabolizing enzyme in the central nervous system (CNS), using metoprine elevated the levels
of brain histamine and, therefore, reduced seizure susceptibility [14-17]. On the other hand,
a-fluoromethylhistidine (x-FMH, the histamine synthesizing enzyme in the CNS) escalated seizure
activity in experimental animals as a result of inhibition of histidine decarboxylase (HDC), which
minimized the biosynthesis of brain histamine [18].

Histamine acts by four distinct histamine receptor subtypes (H1IR-H4R), which belong to class A
of the G-protein coupled receptor family [19]. HIR and H2R are largely found in the CNS and periphery,
H3Rs are abundant in the brain, while H4Rs are chiefly expressed in mast cells and leukocytes [20].
Activation of HIR and H2R stimulates slow excitatory postsynaptic potential, while H3Rs is coupled
to G;/Go-proteins, which regulate the biosynthesis and release of brain histamine by acting as
auto-receptors [19,21,22]. Moreover, H3Rs operating as hetero-receptors can also modulate the
release of various other brain neurotransmitters in different brain regions, for example, acetylcholine,
glutamate, gamma-aminobutyric acid (GABA), norepinephrine, serotonin, and dopamine [23].

Previous experimental observations from our research [24-30] and that of other research
groups [18,31-34] signified the anticonvulsant activity of several histamine H3R antagonists,
which could be connected to their antagonistic effects on histamine H3Rs. In different rodent models
of seizure, both the imidazole-based H3R antagonist thioperamide [32,35,36] and non-imidazole-based
H3R antagonists [26-29] reduced seizures or displayed full protective effects in the maximal
electroshock (MES)- and pentylenetetrazole (PTZ)-induced seizure models. Pitolisant (PIT), which is
the first H3R antagonist to reach the market (Wakix®; Bioprojet Pharma—as an orphan drug
for the treatment of narcolepsy [37]), also presented effectiveness in different animal models of
epilepsy [25,33,38], which could not be confirmed so far in clinical trials [34] (Table 1).

Based on the aforementioned preclinical and clinical results, the current study examined the
anticonvulsant effects of newly developed N-alkyl-substituted (homo)piperidine ether derivatives
(1-16) (Table 1). These novel H3R antagonists (1-16) were developed as structural modifications
of PIT and comprise different cycloalkylamine functionalities in the basic part of target ligands,
different alkyl chain lengths (five or six methylene groups), as well as variable positions of
methyl at the basic piperidine ring (3-CHj or 4-CHj) (Table 1). First, their in vitro affinities
on human histamine H3Rs (#H3Rs) were evaluated. Second, their anticonvulsant effects were
examined in the MES-, PTZ-, and strychnine (STR)-induced seizures in male adult rats. The latter

93



6 Studies on anticonvulsant effects of novel histamine H3R antagonists in electrically and
chemically induced seizures in rats

Int. ]. Mol. Sci. 2018, 19, 3386 30f23

in vivo seizure test models were selected based on earlier preclinical observations, in which the
anticonvulsant efficacy of numerous imidazole as well as non-imidazole H3R antagonists was
established [39—-41]. Third, the ability of the CNS penetrant H3R agonist (R)-«-methylhistamine
(RAMH) to counteract the protection provided by the most promising H3R antagonists was
considered. Fourth, the in vitro selectivity profile towards HRs subtypes for compounds with the
most promising anticonvulsant effects was evaluated on human HRs expressed in different cell lines.
Fifth, the absorption-distribution-metabolism-excretion-Toxicology (ADME-Tox) profile of the H3R
antagonist with the most promising anticonvulsant efficacy was further assessed for antiproliferative
activity, for metabolic stability, and for the potential of drug-drug interaction.

2. Material and Methods
2.1. In Vitro Pharmacology

2.1.1. Human Histamine H3 Receptor (hH3R) Binding Affinity for Tested Compounds 1-16

As described previously [28,42,43], the affinity for the human histamine H3R was tested utilizing
radioligand displacement assays with [PH|N*-methylhistamine at membrane preparations from
human embryonic kidney (HEK)-293 cells, stably expressing the receptor. Assays ran in triplicates
with seven concentrations of the test compounds 1-16 (Table 1). The analysis of data was conducted
by the software GraphPad Prism 7 (San Diego, CA, USA), using the “one-site competition” equation.
K; values were calculated from the 50 percent of inhibitory concentration (ICsg) values according to the
Cheng-Prusoff equation [44] (Table 1).

Table 1. In vitro human histamine H3 receptor (hH3R) affinities of ligands 1-16.
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2.1.2. Human Histamine H1 Receptor (hH1R) Binding Affinity for Selected Compounds 4, 7 and 13

Radioligand binding was performed as previously described using membranes from CHO-K1
cells stably transfected with the human H1 receptor (PerkinElmer.,, Waltham, MA, USA) [30,42].
Data were fitted to a one-site curve-fitting equation with Prism 6 (GraphPad Software, city, state,
country) and Kj values were estimated from the Cheng—Prusoff equation [44].

2.1.3. Human Histamine H4 Receptor (hH4R) Binding Affinity for Selected Compounds 4, 7 and 13

HA4R radioligand displacement assays were performed with Sf9 cell membrane preparations,
expressing the hHA4R, as described previously [28,42,43]. Assays ran in triplicates with four appropriate
concentrations of the test compound. Data were analyzed by GraphPad Prism 7, using the “one-site
competition” equation.

2.2. In Vivo Pharmacology

2.2.1. Animals

Inbred male Wistar rats aged between six and eight weeks (body weight: 180-220 g,
Central Animal Facility of the United Arab Emirates (UAE) University, Al Ain/Abu Dhabi, United Arab
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Emirates) were used. Animals were kept in an air-conditioned animal facility room with controlled
temperature (24 £ 1 °C) and humidity (55 & 15%) under a 12-h light/dark cycle. The animals were
allowed free access to food and water. The experiments of the current study were carried out between
09:00 and 12:00, and all procedures were performed according to the guidelines of the European
Communities Council Directive of 24 November 1986 (86/609/European Economic Community
(EEC)) and were previously approved for epilepsy study by the College of Medicine and Health
Sciences/United Arab Emirates University (Institutional Animal Ethics Committee, approval number;
ERA_2017_5676).

2.2.2. Drugs

H3R agonist (R)-o-methylhistamine (RAMH, 10 mg/kg, ip.), pentylenetetrazole
(PTZ, 60 mg/kg, ip.), strychnine (STR, 3.5 mg/kg, ip.), phenytoin (PHT), and valproic
acid (VPA, 300 mg/kg, ip) were purchased from Sigma-Aldrich (St Louis, MI,
USA). H3R antagonists: 1) 3-methyl-1-(5-(naphthalen-2-yloxy)pentyl)piperidine
hydrogen oxalate [45]; (2) 1-(5-(naphthalen-2-yloxy)pentyl)azepane hydrogen oxalate [45];
(3) 3-methyl-1-(6-(naphthalen-2-yloxy)hexyl)piperidine hydrogen oxalate [45]; (4) 1-(6-(naphthalen-
2-yloxy)hexyl)azepane hydrogen oxalate [45]. All other compounds are unpublished to
best of our knowledge: (5) phenyl(4-(6-(piperidin-1-yl)hexyloxy)phenyl)methanone hydrogen
oxalate; (6) (4-(6-(3-methylpiperidin-1-yl)hexyloxy)phenyl)(phenyl)methanone hydrogen oxalate;
(7) (4-(6-(azepan-1-yl)hexyloxy)phenyl)(phenyl)methanone hydrogen oxalate; (8) phenyl(3-(6-(piperidin-1-
yDhexyloxy)phenyl)methanone hydrogen oxalate (unpublished); (9) (3-(6-(3-methylpiperidin-1-yl)
hexyloxy)phenyl)(phenyl)methanone hydrogen oxalate; (10) (3-(6-(azepan-1-yl)hexyloxy)phenyl)
(phenyl)methanone hydrogen oxalate; (11) 1-(6-(4-fluorophenoxy)hexyl)piperidine hydrogen oxalate;
(12) 1-(6-(4-fluorophenoxy)hexyl)-3-methylpiperidine hydrogen oxalate; (13)
1-(6-(4-fluorophenoxy)hexyl)azepane hydrogen oxalate; (14) phenyl(4-(5-(piperidin-1-yl)pentyloxy)phenyl)
methanone hydrogen oxalate; (15) (4-(5-(3-methylpiperidin-1-yl)pentyloxy)phenyl)(phenyl)methanone
hydrogen oxalate; and (16) (4-(5-(azepan-1-yl)pentyloxy)phenyl)(phenyl)methanone hydrogen
oxalate. These synthesized by us in the Department of Technology and Biotechnology of Drugs (Krakow,
Poland) (Table 1) according to methods described previously [24,45]. For the in vivo anticonvulsant
screening, test compounds 1-16, PHT, VPA, and RAMH were suspended in 1% aqueous solution of
Tween 80 and administered intraperitoneally (i.p.) at a volume of 1 mL/kg 30-45 min before the test.
Control animals (negative control) were given an appropriate amount of vehicle (1% aqueous solution of
Tween 80; i.p.) 30-45 min before the test. Doses of all test compounds were expressed in terms of the free
base. For each test compound, a group of six to seven animals was used for the anticonvulsant study
(Table 1).

2.2.3. Maximal Electroshock (MES)-Induced Seizure

As previously described [30,46], the seizures were induced in rats with a 50 Hz alternating current
of 120 mA intensity. The current was applied through ear electrodes for 1 s. Protection against the
spread of MES-induced seizure was defined as the abolition of the tonic hind limb extension (THLE)
component of the seizure [25,29,47]. For the first screening of protective effects of test compounds
1-16 in the MES-induced seizure model, the animals were divided into eighteen groups of seven rats
(n = 7) as follows; group (1) control group injected with vehicle (SAL), group (2) positive control group
in which rats were injected with PHT at a dose of 10 mg/kg (this being the minimal dose of PHT
that protected animals against the spread of MES-induced seizures without mortality), and groups
(3)-(18) animals in the experimental groups were administered H3R antagonists 1-16 at a dose of
10 mg/kg. In another MES experiment in three separate groups of six rats (n = 6), H3R antagonist 4
with the most promising protection in MES model was administered at doses of 2.5, 5, or 15 mg/kg,
i.p. 30-45 min before the MES challenge. In an additional abrogative experiment, the most effective
dose of H3R antagonist 4 was designated for further analysis in which a separate group of six rats
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(n = 6) was co-injected with the selected dose of H3R antagonist 4 (30—45 min prior to MES test) with
RAMH (10 mg/kg, i.p., 15-20 min before MES challenge) (Figure 1, Table 2).
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Figure 1. Dose-dependent protective effect of histamine H3 receptor (H3R) antagonist 4 and effect of
(R)-a-methylhistamine (RAMH) pretreatment on the H3R antagonist 4 provided protection against
maximal electroshock (MES)-induced convulsions. The figure shows the protection provided by
standard antiepileptic drug (AED) phenytoin (PHT, 10 mg/kg, i.p.) and test compound 4 (2.5, 5, 10, and
15 mg/kg, i.p.) on the duration of tonic hind limb extension (THLE) induced in the MES model in rats.
Each value represents mean =+ standard error of mean (SEM) (1 = 6-7). * p < 0.05 vs. sal (saline)-treated
group. ** p < 0.001 vs. (saline)-treated group. * p < 0.05 vs. (2.5 mg)-treated group. ¥ p < 0.05 vs. (5 mg
or 15 mg)-treated groups.

Table 2. Screening of in vivo anticonvulsant effects for H3R antagonists 1-16.
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Table 2. Cont.
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2 50-Hz alternating current of 120 mA intensity applied through ear electrodes for a duration of 15, 60 mg/kg, ©
3.5 mg/kg. —, no protection (not significant from saline-treated group); +, moderate protective effect (tonic hind
limb extension (THLE) duration in the range of 2-5 s, seizure score in the range of 2-4); ++, high protective effect
(THLE duration <1, seizure score 0). MES—maximal electroshock; PTZ—pentylenetetrazole; STR—strychnine.

2.2.4. Chemically-Induced Seizures

In this study and according to previously used protocols, two chemical agents have been used to
induce seizures, namely pentylenetetrazole (PTZ, 60 mg/kg, i.p.) and strychnine (STR, 3.5 mg/kg,
ip.) [27,47]. PTZ 60 mg/kg or STR 3.5 mg/kg were administered i.p. to all groups of seven rats
(n =7), that is, animals pretreated with vehicle or test compounds 1-16. Vehicle, VPA (300 mg/kg,
i.p.), [26,47-49] or test compounds 1-16 (10 mg/kg, i.p.) were systemically administered 30—45 min
before PTZ (60 mg/kg, i.p.) or STR (3.5 mg/kg, i.p.) injection, and animals were directly observed for
any signs of convulsion for a duration of 30 min. The observed scores as well as percent protection
against generalized tonic-clonic seizure (GTCS) were graded and scaled according to the Racine scale
(stage 0, no change in behavior; stage 1, stereotype mouthing, eye blinking, and/or mild facial clonus;
stage 2, head nodding and/or severe facial clonus; stage 3, myoclonic jerk in forelimbs; stage 4, clonic
convulsions in the forelimbs with rearing; stage 5, generalized colonic convulsions associated with loss
of balance [50]) to evaluate the protection provided by the respective test compound against seizures.
The animals were divided into eighteen groups of seven rats (n = 7) and treated as follows.

(1) Control group injected with vehicle + PTZ (SAL group), (2) positive control group in which
rats were injected with VPA (300 mg/kg) + PTZ (VPA group), and animals in the test groups (3)—(18)
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were systemically administered with test compounds 1-16 (10 mg/kg), respectively. An additional
PTZ experiment was conducted using three different groups of seven rats (7 = 7), the H3R ligand with
the most promising protection in PTZ model was administered at doses of 2.5, 5, or 15 mg/kg, i.p.
30-45 min before the PTZ challenge. In an additional abrogative PTZ experiment, the most effective
dose of H3R antagonist 4 was selected for further analysis, namely in a separate group of seven rats
(n = 7), the selected dose of 4 was co-injected (3045 min prior to PTZ test) together with RAMH
(10 mg/kg, i.p., 15-20 min before PTZ challenge) (Figure 2, Table 2). The same experimental procedure
was followed in the STR-induced seizure model applying the reference drug VPA, which was used at a
dose of 300 mg/kg, i.p. (Figure 3, Table 2).
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Figure 2. Anticonvulsant effect of H3R antagonist 4 pretreatment on pentylenetetrazole (PTZ)-induced
convulsion in rats. Valproic acid (VPA, 300 mg/kg, i.p.) and test compound 4 (2.5, 5, 10, and 15 mg/kg,
i.p.) were injected 3045 min before PTZ (60 mg/kg, i.p.) treatments. Values are represented as the
mean + SEM (n = 7). * p < 0.05 vs. (saline)-treated group. ** p < 0.001 vs. (saline)-treated group.
# p < 0.05 vs. (2.5 mg)-treated group. € Full protection.

2.2.5. Statistical Analysis

For statistical comparisons, the software package SPSS 25.0 (IBM Middle East, Dubai, UAE) was
used. All data are expressed as the means &+ standard error of mean (SEM). K; values at the H3R
are given as means with the 95% confidence interval. Following normal distribution assessment, the
anticonvulsant effects observed for H3R antagonists 1-16 in MES-, PTZ-, and STR-induced convulsion
models were analyzed using one-way analysis of variance, followed by the Bonferroni post hoc test for
multiple comparisons. The criterion for statistical significance was set at p < 0.05.
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Figure 3. Anticonvulsant effect of H3R antagonist 13 pretreatment on strychnine (STR)-induced seizure
in rats. Valproic acid (VPA, 300 mg/kg, i.p.) and test compound 13 (2.5, 5, 10, and 15 mg/kg, i.p.) were

injected 3045 min before STR (3.5 mg/kg, i.p.) treatments. Values are represented as the mean + SEM
(n=7).* p <0.001 vs. (saline)-treated group.

2.3. ADME-Tox Properties

2.3.1. Antiproliferative Activity

Human embryonic kidney (HEK)-293 cell line (ATCC CRL-1573) was kindly donated by Prof.
Dr. Christa Miiller (Pharmaceutical Institute, Pharmaceutical Chemistry I, University of Bonn).
Hepatoma HepG2 (ATCC HB-8065) cell line was kindly donated by the Department of Pharmacological
Screening, Jagiellonian University Medical College. The cell cultures’ growth conditions in presence
of H3R antagonist 4 were applied as described before [46,51]. The cells’ viability was assessed after
72 h of incubation with H3R antagonist and the following references: doxorubicin (Sigma-Aldrich)
and carbonyl cyanide 3-chlorophenylhydrazone (CCCP) (Sigma-Aldrich). CellTiter 9%6® AQueous
non-radioactive cell proliferation assay (MTS) was purchased from Promega® and added to each
well in the volume of 20 puL. The cells were then incubated for 2-5 h. The microplate reader EnSpire
(PerkinElmer Ltd., Waltham, MA, USA) was used to measure the absorbance at 490 nm.

2.3.2. Prediction of In Silico Metabolism

The in silico prediction for sites of metabolism of H3R antagonist 4 was performed by MetaSite
5.1.1 provided by Molecular Discovery Ltd. (Borehamwood, Hertfordshire, UK). The most probable
sites of metabolism were predicted during this study by the liver computational model [52] (Figure 5).

2.3.3. Metabolic Stability

Rat liver microsomes (RLMs) purchased form Sigma-Aldrich (St. Louis, MO, USA) were used
for in vitro determination of compound 4’s metabolic stability. The NADPH regeneration system
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was purchased from Promega (Madison, WI, USA). All experiments were performed as described
before [26,45,46]. The reaction mixture was preincubated at 37 °C for 5 min, and then the reaction was
started by adding 50 uL of NADPH regeneration system. The reaction was ended after 120 min by the
addition of cold methanol (200 pL). The mixture was then centrifuged at 14,000 rpm for 15 min and the
ultra-performance liquid chromatography—-mass spectrometry (UPLC/MS) analysis of the supernatant
was conducted. Ion fragment analyses were also performed for metabolic pathways’ determination.

2.3.4. Metabolic Interactions

The metabolic interactions of H3R antagonist 4 were determined by the luminescent P450-Glo™
3A4 and 2D6 assays purchased from Promega®. All enzymatic reactions were performed according to
the manufacturer protocols and as previously described [26]. The references ketoconazole (KE, CYP3A4
inhibitor) and quinidine (QD, CYP2D6 inhibitor) were obtained from Sigma-Aldrich. The luminescence
was measured with a microplate reader EnSpire (PerkinElmer). The final concentration of H3R
antagonist 4 was in the range of 0.1-25 uM, whereas reference inhibitory effects ranged from 0.01 uM
to 10 uM. The IC5, values’ calculations were performed by GraphPad Prism™ software (version 5.01,
San Diego, CA, USA).

3. Results
3.1. Pharmacology

3.1.1. In Vitro Affinities at hH1Rs, hH3Rs, and hH4Rs

The novel ligands 1-16 were tested for their H3R affinity by [PH]N*-methylhistamine
displacement assays on membrane preparations of HEK-293 cells, stably expressing the hH3R (Table 1).
Following assessment of in vivo anticonvulsant effects in MES-, PTZ-, and STR-induced seizure models
for H3R antagonists 1-16, only selected H3R antagonists (4, 7, and 13), with the most promising in vivo
anticonvulsant effects, were further evaluated for their affinity at human histamine H1 (hH1R) and
H4 (hH4R) receptors. The results show that test compounds 1-16 had an H3R affinity of 40-140 nM
compared with the standard H3R antagonist PIT with an H3R affinity of 12 nM (Table 1). Selected
test compounds with the most promising in vivo anticonvulsant effects, namely 4 (1273.0 nM for H1R,
69.3 nM for H3R, >10,000 nM for H4R), 7 (915 nM for H1R, 40.5 nM for H3R, >10,000 nM for H4R), and
13 (1338.0 nM for H1R, 137.2 nM for H3R, >10,000 nM for H4R), showed a selectivity profile toward
H3Rs with at least 10-fold lower affinity at hH1- and H4Rs.

3.1.2. In Vivo Seizure Models

With regard to the MES test, the current one used in the study produced seizures in 100% of
animals without mortality. Likewise, the dose of PTZ and STR used in the present study formed
seizures (score 4-5) in 100% of animals without mortality.

Anticonvulsant Screening of H3R Antagonists 1-16 in MES-Induced Seizure

The preliminary screening for anticonvulsant activities of acute systemic pretreatment with H3R
ligands 1-16 on MES-induced seizures in rats was carried out and the observed results were compared
with the protective effect of the reference antiepileptic drug PHT in MES-induced seizure in rats
(Tables 2 and 3). The obtained results showed that acute systemic administration of PHT (10 mg/kg,
i.p.) and H3R ligands 1-16 (10 mg/kg, i.p.) demonstrated a significant protection against MES-induced
seizures as confirmed by one-way analysis of variance [F(;7,10s) = 8.352; p < 0.001]. Among the H3R
antagonists tested and following post hoc analyses, compound 4 at a dose of 10 mg/kg significantly
exhibited the most promising protective effect in MES-induced seizure when compared with the
saline-treated group with [F(;,12) = 34.608; p < 0.001], and provided comparable protection to that of
PHT with [F(y12) = 1.135; p < 0.308] (Tables 2 and 3, Figure 1). Moreover, the protection observed
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with H3R antagonist 4 at a dose of 10 mg/kg, i.p. was significantly higher than that found for
H3R antagonists 3, 5, 6, 7, 8, and 14 with [F(]y]g) =5.882; p < 0.05], [F(I,IZ) =9.722; p <0.05], [F(le)
= 8.20; p< 005], [P(le) = 6.030; p< 005], [F(l,lz) =11.377; p< 005], and [F(1,12) =7.108; p< 005],
respectively (Table S1, Supplementary Material). On the other hand, the results show that animals
pretreated with 2.5, 5, and 15 mg/kg of H3R antagonist 4 were protected to a significantly lesser extent
against seizures when compared with the H3R antagonist 4 (10 mg)-treated group with [F(y 17y = 6.087;
p <0.05] [Fy,11y = 21.843; p < 0.001], and [F(y,11) = 8.609; p < 0.05], respectively (Figure 1). Moreover, the
abrogation of H3R antagonist 4-provided protection was assessed by systemic co-administration with
CNS penetrant histamine H3R agonist RAMH (10 mg/kg, i.p.). The results showed that co-injection
with CNS penetrant histamine H3R agonist RAMH (10 mg/kg, i.p.) abrogated the H3R antagonist 4
(10 mg)-provided protection with [F; 19y = 0.711; p = 0.419] for the comparison of saline-saline vs. 4 +
RAMH (Figure 2). Notably, RAMH when administered alone did not affect MES-induced seizures
with [F(1 10y = 0.359; p = 0.563] for saline-saline vs. saline-RAMH (Figure 1).

Anticonvulsant Screening for H3R Antagonists 1-16 in PTZ-Induced Seizures

The protective effects of H3R antagonists 1-16 (10 mg/kg, i.p.) were assessed and compared
with the protection obtained for the reference antiepileptic drug VPA in PTZ-induced seizures in
rats (Tables 2 and 3). The results show that acute systemic pretreatment with VPA (300 mg/kg, i.p.)
and H3R antagonists 1-16 delivered a significant protective action against PTZ-induced seizures as
confirmed by applying one-way analysis of variance [F(17,108) = 23.925; p < 0.001] (Tables 2 and 3).
Pairwise comparison of the provided protective effects observed over 30 min revealed that H3R
antagonists 4, 7, and 11 delivered full protective activities when compared with the saline-treated
group (all p < 0.001) (Tables 2 and 3). Similarly, VPA (300 mg/kg, i.p.) provided full protection when
compared with saline-treated group with [F(1 12y = 653.40; p < 0.001] (Tables 2 and 3). Moreover, analysis
of variance revealed that full protection was provided after acute systemic administration with 10
or 15 mg/kg of H3R antagonist 4 (all p < 0.001) (Figure 2, Tables 2 and 3). However, pretreatment
with 2.5 or 5 mg/kg of H3R antagonist 4 provided significantly lower protection when compared with
that provided with 10 or 15 mg/kg of the same compound (all p < 0.05) (Figure 2, Tables 2 and 3).
Furthermore, Figure 2 shows the reversal of H3R antagonist 4-provided protection when co-injected
with 10 mg/kg of histamine H3R agonist RAMH. The observed results showed that RAMH failed to
reverse the H3R antagonist 4-provided protection in PTZ-induced seizure model with [F(; 17) = 2.40;
p = 0.147] for 6-treated group versus 4 + RAMH-treated group (Figure 2). Importantly, RAMH alone
did not affect seizure score when compared with effects of the saline-treated group with p = 0.232
(Figure 2, Tables 2 and 3 ).
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Table 3. Effects of H3R antagonists 4 and 13 on THLE duration, average score, and percentage of provided protection against generalized tonic-clonic seizure (GTCS)
in MES-, PTZ-, and STR-induced convulsion models.

Group MES ®-Induced Seizure Group PTZ P-Induced Seizure Group STR “-Induced Seizure
Average THLE (5) Average Seizure Score :;a":‘;:eéf;."c"s Average Seizure Score a;‘:;::eg_}‘g
SAL 8144117 SAL 471 +0.16 28.57 SAL 5 0
PHT (10 mg) 090 +0.19 * VPA (300 mg) 0.00 + 0.00 100 VPA (300 mg) 0 100
4(25mg) 583+ 1.01* 4(25mg) 229+ 044" 100 4(25mg) — —
4(5mg) 2,50 + 1.21 *+# 4(5mg) 0.71 +0.31 *# 100 4(5mg) - -
4(10 mg) 057 +0.21 5 4(10 mg) 0.00 % 0.00 & 100 4(10 mg) 457 4019 2857
4(15mg) 3.67 + 0.94 4(15mg) 0.00 + 0.00 & 100 4(15mg) - ~
4(10mg) + RAMH 6.17 + 0.59 4(10mg) + RAMH 029 +0.16* 100 4(10 mg) + RAMH - -
SAL + RAMH 7.92 + 0.60 SAL + RAMH 4294025 14.29 SAL + RAMH - -
13 (25 mg) - 13 (25 mg) - - 13 (2.5 mg) 486013 1429
13 (5mg) - 13 (5mg) - - 13 (5mg) 3.00 + 0.31 % 8571
13 (10 mg) 643+ 1.14 13 (10 mg) 2144047 85.71 13 (10 mg) 2,00 + 0.35 100
13 (15 mg) - 13 (15 mg) - - 13 (15 mg) 2174031 100
13 (10 mg) + RAMH - 13 (10 mg) + RAMH - - 13 (10 mg) + RAMH 2144035 100
SAL + RAMH = SAL + RAMH = = SAL + RAMH 4714016 2857

2 50-Hz alternating current of 120 mA intensity applied through ear electrodes for a duration of 1's, ® 60 mg/kg, < 3.5 mg/kg. — not determined. +: means that two compounds were
co-administered to the tested animals. * p < 0.05 vs. (saline)-treated group. ** p < 0.001 vs. (saline)-treated group. # p < 0.05 vs. (2.5 mg)-treated group. ® p < 0.05 vs. (5 mg or 15 mg)-treated
groups. & Full protection. SAL—saline; PHT—phenytoin; VPA—valproic acid; RAHM—(R)-a-methylhistamine.
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Anticonvulsant Screening for H3R Antagonists 1-16 in STR-Induced Seizures

In STR-induced seizure in rats, H3R antagonist 4 with the most promising effect in MES- and
PTZ-induced seizures failed to provide any appreciable protection in STR-induced seizure when
compared with the saline-treated group after 30 min of observation time with [F(; 12) = 4.50; p = 0.055]
(Tables 2 and 3). However, H3R antagonist 13 without protection in MES-induced seizure and with
weak protection in PTZ-induced seizure exhibited a moderate protective effect in STR-induced seizure
when compared with the saline-treated group with [F; 12) = 63.00; p < 0.001] (Figure 3, Table 3). Notably,
the reference antiepileptic drug VPA (VPA 300 mg/kg, i.p.) showed significant protection when
compared with saline-treated group after 30 min observation time with [Fj 1) = 236.308; p < 0.001]
(Figure 3, Tables 2 and 3). Moreover, the results showed that acute systemic pretreatment with H3R
antagonist 13 at a lower dose (2.5 mg/kg, i.p.) failed to exhibit protection against STR-induced seizures
when compared with the saline-treated group with [F(; 15 = 1.00; p = 0.337] (Figure 3, Tables 2 and 3).
Furthermore, no significant differences in the protection provided by H3R antagonist 13 (10 mg/kg,
i.p.) were observed when 5 or 15 mg/kg of the same compound was administered with [F(y 15) = 2.842;
p =0.118] [F(1,12) = 0.079; p = 0.784], respectively (Figure 3, Table 3).

3.2. ADME-Tox Properties

3.2.1. Antiproliferative Assay

The effect of H3R antagonist 4 (0.1-100 uM) on proliferation of HEK-293 and hepatoma HepG2 cell
lines was assessed and compared with the reference cytostatic drug doxorubicin (DX) and hepatotoxin
carbonyl cyanide 3-chlorophenylhydrazone (CCCP) (Figure 4A,B). The results showed that H3R
antagonist 4 significantly decreased proliferation of HepG2 cells only at the highest concentration used
(100 uM), however, decline in proliferation of HEK-293 cells was achieved with two doses of the same
compound, namely 10 and 100 uM (p < 0.001) (Figure 4A,B).
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Figure 4. Antiproliferative effects of H3R antagonist 4. (A) Antiproliferative effects of the reference
drug doxorubicin (DX) and H3R antagonist 4 on HEK-293 cell line after 72 h of incubation.
(B) Antiproliferative effects of the reference drug doxorubicin (DX), hepatotoxin carbonyl cyanide
3-chlorophenylhydrazone (CCCP), and H3R antagonist 4 on HepG2 cell line after 72 h of incubation.
DMSO: dimethyl sulfoxide.
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3.2.2. In Silico Metabolic Stability

The computational procedure MetaSite.5.1.1 provided by Molecular Discovery Ltd. indicated
the sixth position of naphthalene moiety as the most probable site of H3R antagonist 4 metabolism
(blue circle marked; Figure 5). Moreover, the azepane moiety was also shown to be susceptible for
metabolic biotransformations (the darker red color of the marked functional group indicates its higher
probability of being involved in the metabolism pathway; Figure 5). The predicted in silico most
probable metabolic routes included hydroxylation at the sixth position of naphthalene or azepane
group followed by the compound’s oxidative degradation of the aliphatic alkyl chain (data not shown).

mn

Figure 5. Potential sites of metabolism for H3R antagonist 4. The blue circle marks the site involved
in metabolism with the highest probability. Other potential sites are marked with red color; the
darker the color, the higher the probability of involvement in the metabolism pathway (calculated with
MetaSite [53]).

3.2.3. In Vitro Metabolic Stability

The UPLC analysis of the reaction mixture of H3R antagonist 4 incubated for 120 min with rat
liver microsomes (RLMs) showed that ~18% of this compound was converted into four metabolites,
namely M-I-M-1V (Figure 6A). The MS determination of the molecular mass of the main metabolite
M-I (+32 units) and the comparison of the ion fragments analyses of H3R antagonist 4 and metabolite
M-I suggests the double-hydroxylation at the 6-n-hexylazepane moiety as the main metabolic pathway
(Figure 6B). Moreover, the hydroxylation reactions at the naphthalene moiety and at the aliphatic alkyl
chain were also identified (metabolites M-II-M-IV, Figure 6C).
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Figure 6. The metabolic profile of H3R antagonist after incubation of H3R antagonist 4 with rat liver microsomes. The UPLC spectrum obtained two hours post
incubation of H3R antagonist 6 with rat liver microsomes. (A) Around 20% of H3R antagonist 4 was metabolized. (B) Main metabolite MI of H3R antagonist 4 with a
double-hydroxylation identified as the main metabolic route. (C) The mass spectrometry (MS) fragmentation analysis of most probable hydroxylation sites MII-MIV
with rat liver microsomes. Abbreviations: UPLC, ultra-performance liquid chromatography.
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3.2.4. Metabolic Interactions

The results observed in luminescent CYP3A4 P450-Glo™ assay showed no inhibitory effects of
HB3R antagonist 4 on CYP3A4 activity at examined concentrations of 0.1-25 uM (Figure 7A). Moreover,
the observed results in luminescent CYP2D6 P450-Glo™ assay revealed that the inhibitory effect of
H3R antagonist 6 was detected with an ICsy value of 0.67 uM (Figure 7B).
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Figure 7. Effect of H3R antagonist 4 on CYP3A4 and CYP2D6 activity. (A) Effects of ketoconazole

(KE) and H3R antagonist 4 on CYP3A4 activity. (B) Effect of quinidine (QD) and H3R antagonist 4 on
CYP2D6 activity.

4. Discussion

4.1. In Vitro Histamine H3 Receptor Affinity of Test Compounds 1-16

All novel H3R antagonists were evaluated in the form of hydrogen oxalate salts in radioligand
displacement assays. Tested H3R antagonists 1-16 displayed affinities at the human H3R in
a nanomolar concentration range (Kj: 36-137 nM, Table 1). Compounds 13-15 displayed K; values
similar to that of pitolisant (12 nM, Table 1), while the 4-fluorophenyl derivatives were the least potent
ones (11-13; K;: 83.6-137.2 nM).

4.2. Selectivity of Selected H3R Antagonists towards Other Histamine Receptors (H1 and H4)

4.2.1. Histamine H1 Receptor Affinity

As the two histamine receptors HIR and H3R play a pivotal role in the anticonvulsant activity of
the central histamine [41], selected H3R antagonists (6, 9, and 15) were examined in a binding assay at
the human histamine H1R and showed weak affinities (915 < K; < 1338 nM), being 10-fold lower than
at the H3R.

4.2.2. Histamine H4 Receptor Affinity

As H3R represents the highest degree of homology with H4R [19], the potential interaction with
this receptor subtype for selected H3R antagonists (4, 7, and 13) was evaluated. The observed results
showed that none of the tested H3R antagonists displayed affinity for hH4R (K > 10,000 nM).

4.3. In Vivo Anticonvulsant Activity

The results demonstrated that H3R antagonist 4 exhibited the most promising protection against
MES-induced seizures when animals were administered with 10 mg/kg i.p., and as compared with
the saline-treated group of animals (Tables 2 and 3). However, lower doses (2.5 and 5 mg/kg, i.p.) and
a higher dose (15 mg/kg, i.p.) failed to increase the (10 mg) H3R antagonist 4-provided protection
(Figure 1, Table 3). Accordingly, the observed results show a dose-response relationship of the
protection provided and the presence of a ceiling effect for H3R antagonist 4 in the MES-induced
seizure model achieved with a dose of 10 mg/kg, i.p. (Figure 1, Table 3). Notably, the protective
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effect of H3R antagonist 4 (10 mg/kg, i.p.) was similar to that observed in the group treated with the
reference antiepileptic drug PHT (10 mg/kg, i.p.), and was significantly higher than that observed for
H3R ligands 3, 5, 6, 7, 8, and 14 (Figure 1, Table 1). The latter observations are in agreement with recent
preclinical outcomes that showed a dose-dependent anticonvulsant effect of several H3R antagonists
tested in several animal models of seizures. Also, the present results are in line with earlier observations
for the H3R antagonist PIT in a photosensitivity seizure model in adult patients, and in agreement with
earlier observations for several H3R antagonists tested for their anticonvulsant potential in different
animal models of seizures [25-30,33,40,54]. An additional test in the present study showed that the
protection observed for H3R antagonist 4 was abolished when animals were co-administered with
the CNS penetrant histamine H3R agonist RAMH (10 mg/kg i.p.) (Figure 1, Table 3), proposing
that the provided protective effect of H3R antagonist 4 in the MES-induced seizure model involves,
at least to some extent, H3R blockade provided by H3R antagonist 4. Notably, these observations are
consistent with the earlier preclinical results for numerous imidazole- and non-imidazole-based H3R
antagonists [14,25-30,40,54].

HB3Rs are auto-receptors presynaptically positioned on histaminergic neurons with an inhibitory
effect on the biosynthesis and release of histamine [21]. Therefore, blocking H3Rs by selective H3R
antagonists, such as H3R antagonist 4, would escalate neuronal release of brain histamine, providing
the protection in the MES-induced seizure in rats. The latter proposed mechanism underlying the
anticonvulsant effect of H3R antagonist 4 is also in line with previous preclinical observations in animal
seizure models in which high doses of several centrally acting HIR antagonists used as anti-allergic
drugs promoted the development of convulsions of tested animals, indicating the involvement of
HIR antagonism, and consequently, brain histaminergic neurotransmission in the seizure promotion.
Noticeably, similar protective effects of imidazole-based and non-imidazole-based H3R antagonists
were earlier described to be abolished either by H3R agonists or by centrally acting HIR antagonists,
suggesting an interaction of the H3R antagonism-released histamine with postsynaptically located
H1Rs on neurons [14,25-30,53,54].

In the PTZ-induced seizure mode, acute systemic administration of VPA (100 mg/kg, i.p.) as well
as H3R antagonists 4, 7, and 11 (10 mg/kg, i.p.) showed full protection (Figure 2, Table 3). Furthermore,
the anticonvulsant effects observed for H3R antagonist 4 at lower doses (2.5 and 5 mg/kg, i.p.) or
a higher dose (15 mg/kg, i.p.) showed a dose-dependent protection in the PTZ-induced seizure model
(Figure 2, Table 3). However, the protective effect of H3R antagonist 4 (10 mg/kg, i.p.) was not
reversed when rats were pretreated with RAMH (10 mg/kg, i.p.) before PTZ challenge, suggesting
that the protection observed for H3R antagonist 4 in PTZ-induced seizure is not facilitated through
modulation of central histaminergic neurotransmission (Figure 2, Table 3). The latter observation may
be explained with the differences in the triggers or the mechanisms and types of seizures each model
represents (MES is considered as a model of generalized tonic-clonic seizures, whereas PTZ (60 mg/kg,
i.p.) induces generalized myoclonic and/or tonic-clonic seizures) [11,53-55]. The failure of RAMH
to reverse the protections provided by H3R antagonist 4 might be explained with its capability to
reduce the suppression of glutamatergic and GABAergic synaptic transmission through blockade of
H3 heteroreceptor function in CNS, necessitating additional future investigations of whether H3R
antagonist 4 modulated the release of inhibitory neurotransmitters, for example, GABA [56].

In the STR-induced seizure model, the results showed that acute systemic administration of
H3R antagonists 4, 7, and 11 (10 mg/kg, i.p.) failed to exhibit appreciable protection during 30 min
of the time observation, whereas H3R antagonist 13 with moderate protection in PTZ and without
any considerable protection in MES demonstrated reasonable protection following 30 min during
the time observation (Figure 3, Table 3). Moreover, the lower doses (2.5 and 5 mg/kg, i.p.) as
well as the higher dose (15 mg/kg, i.p.) of H3R antagonist 13 failed to exhibit a dose-dependent
protection against STR-induced seizure in rats (Figure 3, Table 3). In resemblance to the observations
in PTZ-induced seizure, an additional experiment showed that the H3R antagonist 13-provided
moderate protection in STR-induced seizure was not reversed when animals were co-injected with
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10 mg/kg i.p. of the CNS penetrant histamine H3R agonist RAMH 3045 min before STR challenge
(Figure 3, Table 3). These findings in STR-induced seizure further comprehend the present results
for the protective effects of the H3R antagonist 4 in PTZ-induced seizure model, as both models are
considered as chemically-induced seizure models. The latter observations for H3R antagonists 1-16
in the STR-induced seizure model show that the moderate protection provided with H3R antagonist
13 in STR model is also not facilitated through central histaminergic neurotransmission. Notably,
STR is an established competitive antagonist of the inhibitory amino acid glycine. Therefore, the
inability of H3R antagonist 13 to afford a dose-dependent protection against STR-induced seizure
model advocates little or no modulation effect of H3R antagonist 13 on the glycine receptors, because
the mechanisms underlying STR-induced seizures are supposed to be attributed to its blocking activity
on glycine receptors in the brain as well as in the spinal cord [56]. Notably, most marketed AEDs were
not effective in all conducted convulsion models during preclinical drug development. Accordingly,
carbamazepine, oxcarbazepine and PHT were found to be, and are still, highly effective in MES-induced
model in rodents, however, they failed to protect against convulsions in rodents induced by PTZ, STR,
or picrotoxin [57,58]. On the contrary, ethosuximide and tiagabine, which show high protection in
chemically-induced convulsion models in rodents, lack protection in the MES-induced model when
used at nontoxic doses [58]. Nonetheless, the diversity in preclinical activities detected for numerous
AEDs was translated into the clinical utility of PHT, carbamazepine, and oxcarbazepine, but not
ethosuximide or tiagabine, in patients diagnosed with generalized tonic-clonic convulsions.

4.4. ADME-Tox Properties

The most promising H3R antagonist 4 was selected to evaluate its ADME-Tox properties, which
included the determination of the in vitro safety profile by applying eukaryotic cell lines, the in silico
and in vitro determination of the metabolic stability and main metabolic routes, and the in vitro
assessment of potential drug-drug interactions by bioluminescent enzymatic assays.

In order to determine the potential toxicity, the standard colorimetrical MTS test was used.
This test allowed one to follow up the influence of H3R antagonist 4 on the human embryonic
kidney (HEK-293) and hepatoma HepG2 cell lines’ proliferation. The antiproliferative activity of
H3R antagonist 4 differed between both used cell lines. HEK-293 cells were more susceptible for
antiproliferative activity as revealed in the statistically significant decrease of HEK-293 cell line viability
(p < 0.001), which was observed at concentrations of 10 and 100 uM, whereas in the HepG2 cell line,
the antiproliferative effect was achieved only at a concentration of 100 uM (Figure 4A,B). However,
the obtained results for HEK-293 indicated a satisfying safety profile of H3R antagonist 4 in comparison
with the reference DX, which significantly decreased HEK-293 viability at a much lower concentration
(1 pM) (Figure 4A). Moreover, no significant hepatotoxic effect was observed for H3R antagonist 4,
as the reference drug CCCP decreased HEpG2 viability at 10 uM, whereas H3R antagonist 4 only did
so at 100 uM (Figure 4B).

In further in vitro metabolic stability studies, the results observed for H3R antagonist 4 applying
RLMs revealed good metabolic stability of H3R antagonist 4, as only ~18% of the substrate was
metabolized and converted into four different metabolites after 120 min of incubation at 37 °C (Figure 6).
Moreover, the in silico data and the MS fragmentation analyses showed one hydroxylation on the
azepane moiety and another hydroxylation on the hexyl chain, followed by oxidative degradation of
the alkyl chain as the main metabolic routes of H3R antagonist 4 (Figure 5).

Furthermore, H3R antagonist 4 did not affect CYP3A4, whereas CYP2D6 was inhibited in a more
pronounced manner. However, this effect was observed with a 67-fold higher ICs5q (IC5p = 0.67 uM) as
compared with the reference drug QD with a calculated ICsy value of 0.01 uM (Figure 7).

5. Conclusions

The tested series of H3R antagonists showed in vitro affinity at the hH3R in the nanomolar
range. The most promising H3R antagonist 4 having the 1-(6-(naphthalen-2-yloxy)hexyl)azepane
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pharmacophore exhibited an affinity for hH3R (K; = 69.3 nM). The in vivo anticonvulsant results
revealed that H3R antagonist 4 exhibited most promising protection following acute systemic
administration in MES- and PTZ-induced seizure models in rats. Moreover, the protection observed
for H3R antagonist 4 in the MES-induced seizure model was fully reversed when rats were pretreated
with the CNS-penetrant H3R agonist RAMH. However, RAMH failed to abrogate the protective effects
observed for H3R antagonist in PTZ- or STR-induced seizure models, indicating that histaminergic
pathways appear to be involved in the provided anticonvulsant efficacy of H3R antagonist 4 in only
the MES-induced seizure model, but additional pharmacological properties of the compounds or their
metabolites cannot be fully excluded. Moreover, ADME-Tox parameters’ screening revealed satisfying
low cytotoxicity, good metabolic stability, as well as no inhibition of CYP3A4 activity and moderate
inhibition of CYP2D6 activity. Therefore, the overall experimental observations provide promising
potential for the novel H3R antagonist 4 to be used as a potential template for further drug design and
synthesis in the search for potent and active in vivo H3R antagonists, for example, as AED drugs with
a high safety profile. Nonetheless, a battery of additional seizure models with different species is still
required to further corroborate the current results observed for H3R antagonist 4, and to strengthen
the translational value of its potential applicability in the therapeutic management of epilepsy.

Supplementary Materials: Supplementary Materials can be found at http:/ /www.mdpi.com/1422-0067/19/11/
3386/s1.
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Table. Anticonvulsant effects of H3R antagonists 1-16 in MES-, PTZ-, and STR-induced seizures.

MES®*induced PTZ-induced seizure STRe-induced seizure
Group seizure Group Group
Average THLE (s) Average seizure % Protection against Average seizure % Protection against
score GTCS score GTCS
SAL 8.14+1.17 SAL 4.7120.16 28.57 SAL 5.00+0.00 NP
PHT 0.90£0.19" VPA 0.000.00" 100 VPA 0.43+0.27 100
(10 mg) (300 mg) (300 mg)
14 6.43+1.14 1¢ 4.00+0.35 57.14 1d 4.43+0.27 42.86
24 7.86+0.84 24 4.43+0.27 42.86 24 4.57+0.19 28.57
3d 1.29+0.17" 3¢ 4.29+0.17 71.43 3d 4.29+0.39 42.86
44 0.57+0.21" 4 0.00£0.00" 100 44 4.57+0.19 28.57
54 1.71+0.26" 54 4.43+0.34 28.57 54 4.57+0.19 42.86
64 3.00£0.75" 64 4.14+0.24 71.43 64 4.43+0.27 42.86
74 2.00+0.49" 74 0.00+0.00" 100 Ui 4.86+0.13 14.29
84 5.71£1.39° 8¢ 4.29+0.33 57.14 8¢ 4.43+0.19 42.86
94 8.29+1.57 9d 4.57+0.27 28.57 9d 4.57+0.19 42.86
10¢ 6.43+0.75 104 4.43+0.19 57.14 104 4.71x0.17 28.57
114 8.14+0.62 114 0.000.00" 100 114 4.29+0.33 42.86
124 7.86+0.51 124 2.86+0.62° 7143 124 4.43+0.27 42.86
134 6.43+1.14 134 2.14+0.47 85.71 134 2.00+0.35" 100
144 3.14+0.59" 144 3.71x0.56 42.86 144 4.57+0.19 28.57
15¢ 7.14+0.74 15¢ 3.86+0.51" 57.14 15¢ 4.00+0.40 57.14
16¢ 6.57+1.22 164 4.00£0.53 42.86 164 4.43+0.27 42.86
4 5.83+1.01"% 4e 2.29+0.44 100 13¢ 4.86+0.13 14.29
4 2.50£1.217¢ 4 0.71+0.31"* 100 13¢ 3.00+0.31" 85.71
48 3.67+0.94"¢ 48 0.00+0.00# 100 138 2.17+0.31" 100
44+RAMH? | 6.17+0.59 44+RAMH! | 0.29+0.16" 100 13+RAMH¢ | 2.14+0.35 100
SAL+RAMH! | 7.92+0.6 SAL+RAMH¢ | 4.29+0.25" 14.29 SAL+RAMH! | 4.71+0.16 28.57

250-Hz alternating current of 120 mA intensity applied through ear electrodes for a duration of 1560 mg/kg, 3.5 mg/kg. 410 mg/kg, 2.5 mg/kg, '5 mg/kg, 515 mg/kg, and H3R
antagonists 1-16 (10 mg/kg, i.p.) were injected 30-45 min before MES, PTZ (60 mg/kg, i.p) or STR (3.5 mg/kg, i.p.) challenge. The table shows the protective effects of phenytoin
(PHT, 10 mg/kg, i.p.), VPA (300 mg/kg, i.p.) and H3R antagonists 1-16 (10 mg/kg, i.p.) on the duration of tonic hind limb extension (THLE) induced in the maximal electroshock

2

(MES) model in rats. Protective effects in PTZ- and STR-induced convulsion model are expressed as score of seizures for 30 min observation time after PTZ or STR injection,
and percentage generalized tonic-clonic seizures (GTCS) was observed. Dose-dependent effect of H3R antagonist 4 (2.5, 5, 10, and 15 mg/kg, i.p.) on duration of THLE induced
in MES-model in rats. Dose-dependent effect of H3R antagonist 13 (2.5, 5, 10, and 15 mg/kg, i.p.) on seizure score as well as percentage of GTCS in STR-model in rats. Effect
of RAMH (10 mg/kg, i.p.) pretreatment on the protection provided by H3R antagonist 4 (10 mg/kg, i.p.) against MES- and PTZ-induced seizures. Effect of RAMH (10 mg/kg,
i.p.) pretreatment on the protection provided by H3R antagonist 13 (10 mg/kg, i.p.) against STR-induced seizures. Each value represents mean £ SEM (n=6-7). "P< 0.05 vs.
(saline)-treated group. “P<0.001 vs. (saline)-treated group. *P< 0.05 vs. (5 mg)-treated group
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We linked 2-aminothiazoloazepane scaffolds with phenylpiperazine pharmacophores to generate bitopic
dopamine receptor ligands. Highest D,R/DsR binding affinities up to pK; values of 7.74 were observed for

compounds containing a 1-(2,3-dichlorophenyl)piperazinoyl moiety, maintaining affinity with deaminated
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Targeting dopamine receptors in neuropsychiatric diseases
like Parkinson's disease (PD) has become a common
strategy." Although numerous drugs are applied, few
overcome the challenges presented by the receptor's
particularities. Dopamine receptors are divided into two
families according to their G-protein coupling and signalling
pathways: D;-like receptors (D, and D5 receptor subtypes) acti-
vate, while D,-like receptors (D,, D; and D, receptor subtypes)
inhibit adenylyl cyclase. In particular, dopamine D, and D;
receptors (D,R/D;R) are highly investigated for their specific
receptor properties and treatment opportunities for PD or
schizophrenia. Recent research puts emphasis on the develop-
ment of bitopic ligands bearing two pharmacophores to target
the orthosteric binding pocket (OBP) and the secondary allo-
steric binding pocket (SBP) found within the receptors.”* The
SBP is not as highly conserved as the OBP in the D,R and
D;R. Hence, bitopic ligands provide higher subtype selectivity
or modified pharmacodynamic properties such as functional
selectivity or kinetic interaction with additional binding re-
gions.? For the design of bitopic ligands at the D,R and D;R,
various scaffolds are described to yield satisfactory binding af-
finities.””>® They usually contain at least one basic centre to
allow for interaction with the highly conserved aspartate resi-
due in the OBP. Among these promising scaffolds are
(2-methoxyphenyl)piperazines  and  (2,3-dichlorophenyl)-
piperazines as shown in compounds D-210 and D-219 (Fig. 1).
In these compounds, dopamine's catechol moiety is replaced
by a bioisosteric aminothiazole that was found to bind to the
D,R and D;R in nanomolar concentration ranges when
coupled to arylpiperazines.”® The aminothiazole derivative
talipexole (Fig. 1 and Table 1) was developed as a dopamine
D,R/D3R agonist for symptomatic treatment of PD and is ap-
proved by the Japanese Pharmaceuticals and Medical Devices

of Phar
Dii rf, Unid
E-mail: stark@hhu.de

and Medicinal Chemistry, Heinrich Heine University
. 1, 40225 Di ldorf, Germany.
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5,6,7,8-tetrahydro-4H-thiazoloazepine derivatives.

Agency (PMDA). Talipexole features incorporation of its basic
amine into a ring system, thereby lacking stereo-selectivity of
compounds D-210 and D-219. Reducing stereochemistry in
molecules is beneficial for drug development as it facilitates
synthesis and purification and simplifies clinical develop-
ment. Thus, talipexole derivatives were coupled to
arylpiperazines or other motifs via different alkyl linkers, to
achieve bitopic ligands containing two basic centres without
stereo-chemical properties. The second motif did include clas-
sic scaffolds like (2,3-dichlorophenyl)piperazine or (2-methoxy-
phenyl)piperazine, but also unusual motifs to generate more
versatile bitopic compounds. The objective was to modify
their binding selectivity compared to talipexole. Additionally,
the influence of amination or deamination of these amino-
thiazoles was evaluated to explore bioisosteric exchange of
catechols.

2
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i s =
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pK; (hD3) =7.64
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e e
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Fig. 1 Structures and pK; values of dopamine,® talipexole® and bitopic
D,/Ds receptor ligands.”®
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Table 1 [n vitro binding affinities at human dopamine Dys and D3 receptors of bitopic talipexole derivatives

N
R=C 1| NHen)—r?
s

Compound R' n R*

hD,g pK; ¥ (+S.E.M.) hD; pK; X (+S.E.M.)

Talipexole H,N- 1 //

6.21° (£0.02) 7.17° (£0.03)

12a H,N- 4 cl. Cl 7.65 (+0.09) 7.59 (£0.11)
I\
12b H,N- 4 — N= 5.56 (+0.07) 5.42 (£0.11)
PO
13a H- 4 cl gl 7.74 (+0.05) 7.55 (+0.09)
hO-O)
13b H- 4 /. N= 5.60 (+0.09) 5.51 (£0.15)
PN )
13c H- 2 p 4.38 (+0.01) 4.91 (+0.21)
I\
N N
| — 0
13d H- 2 HaC-O 6.82 (+0.15) 6.62 (+0.05)
I\
13e H- 3 H4C-O 7.19 (+0.10) 6.78 (0.13)
2R
PO
13f H- 4 H3C-O 7.07 (+0.07) 6.51 (+0.19)
2
PO
13g H- 4 E- /:)IN 5.20 (£0.27) 5.42 (£0.18)
N b
S
13h H- 4 o § 5.26 (+0.20) 6.35 (£0.17)
N
14 6.75 (+0.21) 6.59 (£0.12)

S =
3 H3C-Q,
N—CH, N—@
3 7

PK; values are derived by incubating membrane preparations from CHO-K1 cells, stably expressing the human D,R (25 ug per well) or D3R (20
ng per well) with the compound and [*H]spiperone (0.2 nM) for 120 min at RT. Data represent the mean (¥) + standard error of mean (S.E.M.)
of at least three independent experiments (two for compounds 13c-13e and 12b), each performed in triplicates with seven appropriate concen-

trations or in duplicates with eleven concentrations.

The three 5,6,7,8-tetrahydro-4H-scaffolds 2-aminothiazolo-
[4,5-dJazepine 6, thiazolo[4,5-d|azepine 8 and thiazolo[5,4-
clazepine 9 were prepared according to Scheme 1. Carboxy-
benzyl (Cbz)-protected piperidone underwent ring expansion
by means of freshly synthesized ethyl diazoacetate 2 and a
Lewis acid to form the azepanone derivative 3. Cleavage of
the B-keto ester with a strong base produced 4. The o-keto
position of 4 was brominated and subsequently converted
with thiourea in a Hantzsch thiazole synthesis, yielding 5, a
mixture of two 2-aminothiazole isomers. Due to their similar
physicochemical properties, the resulting isomers were not
separated, but instead were used without further purification
in the next steps. They were either directly deprotected using
strong acid (6) or deaminated with isopentyl nitrite in THF,
followed by deprotection (8 and 9). Secondary amines 6,

Med. Chem. Commun.

8 and 9 were each isolated by column chromatography after
the deprotection step. The regioisomer of 6 was neither iso-
lated nor used for further synthesis. Alcohols 10a-g were
converted to the respective aldehydes 11a-g by Swern oxida-
tion (Scheme 2). 11g was obtained by deprotection of N-(4,4-
diethoxybutyl)adamantane-1-carboxamide. Aldehydes 11a-h
were used without further purification for reductive
amination of either thiazoloazepane 6, 8 or 9 to form target
compounds 12-14. Compounds were investigated for their
binding affinities (Table 1) by [*H]spiperone displacement
studies in binding buffer (120 mM NacCl, 5 mM KCI, 1 mM
CaCly, 1 mM MgCl, 50 mM Tris) using crude membrane ex-
tracts prepared from stably transfected CHO-K1 cells,
overexpressing human D,g and D; receptors as described pre-
viously.” CHO-K1 cells (American Type Culture Collection,

This journal is © The Royal Society of Chemistry 2019
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Rockville, MD; CCL 61) were transfected using pAXhD2 and
PSVD; plasmids, respectively. CHO-K1 cells for D;R transfec-
tion were deficient in dihydrofolate reductase. The final con-
structs of stably transfected CHO-K1 cell lines for DR and
D3R were kindly donated by Prof. Dr. Shine (Australia) and
Prof. Dr. Sokoloff (France), respectively.

Among bitopic talipexole derivatives, highest affinities at
the D,R and the D;R were found for compounds containing a
1-(2,3-dichloro)piperazine moiety (12a and 13a). Compared to
talipexole,” 12a and 13a showed improved D,R/D;R affinity,
while minor D;R preference is abolished in these bitopic li-
gands. In contrast, tetrathydrobenzothiazoles D-210 and
D-219 (Fig. 1) showed a D;R preference.® Interestingly, a
slight D3R preference was found for adamantane-1-
carboxamide (13h). A pair of 2-aminothiazoles and their de-
aminated analogues (12a & 13a, 12b & 13b) were synthesized
in order to evaluate the impact of the aromatic amino group

This journal is © The Royal Society of Chemistry 2019

on D,R/D;R affinity. Since the deamination was performed
without loss of affinity, the deaminated core motif was cho-
sen as our preferred pharmacophore for the design of further
bitopic dopamine receptor ligands. It has to be noted that de-
amination of compound 13f could contribute to these find-
ings, but was not performed in this small series. Variation of
the alkyl linker lengths between the two pharmacophores of
deaminated 1-(2-methoxyphenyl)piperazine-coupled talipexole
derivatives showed minor influences on D,R/D;R affinity with
a slight tendency for D,R preference with prolonged linker
lengths (13f & 13e > 13d). These findings are in good accor-
dance with bitopic (de)aminated benzothiazoles (compounds
1 and 2, Fig. 1) coupled to analogous arylpiperazine motifs.”
In contrast to this, a small series of structurally related tetra-
thydrobenzothiazoles, e.g., D-210 and D-219 (Fig. 1), achieved
D;R preference, showing negligible affinity differences for
two and four carbon linkers.*' The influence of the highly
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flexible alkyl lengths on dopamine receptor subtype selectivity
remains controversial,” but appears to be less crucial for (de)
aminated thiazoles. However, it would have been interesting to
perform these alterations with compounds 12a and 12b, but
within this small series they were not conducted. The necessity
of the 2-amino moiety for thiazoles as catechol bioisosteres is
also still disputed. In most cases, the amino function was pre-
served due to initial assumptions of its pivotal importance or
completely replaced by different bioisosteric heterocycles.'""
However, the importance and arrangement of hydrogen-bond
donors and acceptors of heterocyclic catechol bioisosteres is
not fully understood. While aromatic planar systems provide
n-stacking interactions with aromatic amino acids in the bind-
ing pocket, endo/exocyclic hydrogen-bond donor properties
(e.g. hydroxyl and amino groups) are hypothesized to be com-
pensable either by hydrophobic interactions or water-mediated
ligand-receptor interactions.'>'* Thus, potent and selective
heterocyclic ligands, lacking hydrogen donor functions or even
non-aromatic, but conjugated bitopic enyne-type ligands are
described.'*'® Modification on hydrogen-bond donor and ac-
ceptor capacities, i.e. deamination of 2-aminothiazole, provides
alterations of physicochemical properties, being determining
factors for drug-likeness and for bioavailability of drug candi-
dates. Accordingly, deaminated thiazoles, providing only pro-
ton acceptor properties, may be novel suitable catechol bio-
isosteres to fit the D,R/D;R binding pocket. However, the
homobivalent compound 13g showed only marginal affinity at
both dopamine receptors. This demonstrates the more domi-
nant impact on receptor binding by the arylpiperazine pharma-
cophore rather than the thiazoloazepane moiety of the
presented bitopic ligands. Repositioning of the azepane nitro-
gen led to the decrease of D,R affinity (13e vs. 14). Although
some of the compounds could improve on binding affinity
compared to talipexole, they lacked the desired selectivity.
Nonetheless, they provide valuable insights into the SAR of bio-
isosteric exchange with aminothiazoles. In silico evaluation of
these compounds could yield a structural rationale for their
lack of selectivity and provide optimization proposals for fur-
ther derivatization of the 5,6,7,8-tetrahydro-4H-thiazoloazepine
motif."”

Conclusions

With advantages over the tetrathydrobenzothiazoles (D-210
and D-219),” synthesized talipexole derivatives are achiral, do
not require stereo-selective synthesis with further characteri-
zation of enantiomers, and therefore may be more favourable
for drug development. With this small series of bitopic
talipexole derivatives, it could be shown that deamination of
bitopic thiazole-type ligands is well tolerated by D,Rs/D;Rs.
By increasing the library of bitopic ligands, further explora-
tion regarding the possibilities of this targeting approach is
facilitated and 1-(2,3-dichloro)piperazines, connected via a
flexible alkyl linker, are proven valuable pharmacophores for
increasing dopamine receptor affinity within bitopic com-
pounds. Synthesis of deaminated thiazoles for adjusting

Med. Chem. Commun.
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physicochemical properties provides suitable scaffolds for
bitopic dopamine D,R/D;R ligands, awaiting prospective
modification for lead optimization to further improve affinity
and modulate subtype selectivity.
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The serotonin receptor subtype 7 (5-HT7R) is clearly involved in behavioral functions
such as learning/memory, mood regulation and circadian rhythm. Recent discoveries
proposed modulatory physiological roles for serotonergic systems in reward-guided
behavior. However, the interplay between serotonin (5-HT) and dopamine (DA) in reward-
related behavioral adaptations needs to be further assessed. TP-22 is a recently
developed arylpiperazine-based 5-HT7R agonist, which is also showing high affinity
and selectivity towards D1 receptors. Here, we report that TP-22 displays D1 receptor
antagonist activity. Moreover, we describe the first in vivo tests with TP-22: first, a
pilot experiment (assessing dosage and timing of action) identified the 0.25 mg/kg i.v.
dosage for locomotor stimulation of rats. Then, a conditioned place preference (CPP)
test with the DA-releasing psychostimulant drug, methylphenidate (MPH), involved three
rat groups: prior i.v. administration of TP-22 (0.25 mg/kg), or vehicle (VEH), 90 min before
MPH (5 mg/kg), was intended for modulation of conditioning to the white chamber (saline
associated to the black chamber); control group (SAL) was conditioned with saline in
both chambers. Prior TP-22 further increased the stimulant effect of MPH on locomotor
activity. During the place-conditioning test, drug-free activity of TP-22+MPH subjects
remained steadily elevated, while VEH+MPH subjects showed a decline. Finally, after
a priming injection of TP-22 in MPH-free conditions, rats showed a high preference
for the MPH-associated white chamber, which conversely had vanished in VEH-primed
MPH-conditioned subjects. Overall, the interaction between MPH and pre-treatment with
TP-22 seems to improve both locomotor stimulation and the conditioning of motivational
drives to environmental cues. Together with recent studies, a main modulatory role of
B5-HT7R for the processing of rewards can be suggested. In the present study, TP-22
proved to be a useful psychoactive tool to better elucidate the role of 5-HT7R and its
interplay with DA in reward-related behavior.

Keywords: reward processing, behavioral ad
synaptic plasticity

, context ion, 5-HT, DA, memory consolidation,
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INTRODUCTION

The neurotransmitter serotonin (5-hydroxy-tryiptamine, 5-HT)
is responsible for multiple physiological functions, including
modulation of behavioral flexibility, cognition and memory
processing, whereas its dysregulation has been often identified
in many psychiatric disorders (Branchi, 2011; Sachs et al., 2015)
as well as in addictive behavior (Miiller and Homberg, 2014).
Serotonergic drugs are widely used for therapy or abused as
recreational drugs. Nevertheless, 5-HT multiple physiological
roles are still under investigation and studies have often provided
conflicting results, probably depending on different functioning
of its many receptor subtypes. Among these subtypes, the
serotonin 7 receptor (5-HT7R) was the last to be discovered,
in 1993 (Bard et al,, 1993). 5-HT7R is positively coupled to
adenylate cyclase (AC) through activation of Gs, resulting in an
intracellular increase of cAMP (Lovenberg et al., 1993; Ruat et al.,
1993), and can also couple with G12, thus modulating neuronal
morphology and increasing the neural network construction
through activation of MMP-9 and Cdc42 (Bijata et al., 2017).
5-HT7R is broadly expressed in the central nervous system
(CNS), with high concentrations in raphe, limbic areas, putamen
and caudate nuclei, as well as in cortical regions (Leopoldo
et al., 2011). 5-HT7R’s wide distribution in the CNS reflects its
involvement in many functions (thermoregulation, circadian
rhythm, sleep, learning, and memory). A dysregulation of
5-HT7Rs has been related to many neuropathological processes
as well as to cognitive and mood dysfunctions, including
anxiety, schizophrenia and depression (Kvachnina et al., 2005;
Hedlund, 2009; Nikiforuk, 2015).

Assessing the exact implication of 5-HT7R in brain
physiologic and pathologic mechanisms is complex because of
the interaction between 5-HT7 and 5-HT1A receptors (Eriksson
etal,, 2012). These two receptor subtypes are localized in the same
brain areas and exert opposite effects on the intracellular levels
of cAMP. Unfortunately, most of the available ligands show a
similar affinity for both receptors. Besides, 5-HT7 and 5-HT1A
receptors can form both homo- and hetero-dimers (Renner etal.,
2012). Functionally, the 5-HT7/5-HT1A hetero-dimerization
decreases 5-HT1A receptor activity without affecting 5-HT7R-
mediated signaling. In addition, hetero-dimerization is involved
in the initiation of the serotonin-mediated 5-HT1A receptor
internalization. A great advancement in this research area
has been obtained with the identification of selective 5-HT7R
antagonists and, more recently, of agonists.

Among these, the brain penetrant selective agonist LP-211
showed to be a suitable tool to elucidate the multiple functions
of 5-HT7R in vivo (Romano et al, 2014). In previous
studies, we investigated the modulatory effects of LP-211 on
learning and memory processing, resulting in alterations of
behavioral parameters (Beaudet et al., 2017; Carbone et al,
2018). In particular, activation of 5-HT7Rs, through LP-211
administration in rats, seems to favor exploration by enhancing
visual consolidation and improving the ability to discriminate a
familiar environment. Furthermore, LP-211 seems to strengthen
the consolidation of emotional components of memory. These
results suggest the potential use of LP-211 in the treatment of

Frontiers in Behavioral Neuroscience | www.frontiersin.org
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diseases that imply cognitive as well as emotional impairments,
including depressive-like behavior (Zhang et al., 2015).

However, the activation of 5-HT7R alone gave contrasting
results in several studies concerning the modulatory effect of
this receptor on the depressive as well as the anxious-like
behavior (Balcer et al., 2019; Maxwell et al, 2019). Indeed,
while some research suggests that the blockade of the 5-HT7R
is responsible for an antidepressant and anxiolytic effect
(Lax et al, 2018), others prove that these same effects are
unexpectedly also mediated by the activation of this receptor
(Zhang et al,, 2015). A possible explanation of this apparent
inconsistency may rely on the synergistic role of both the
serotonergic and the dopaminergic systems in modulating
cognitive as well as emotional functions. Indeed, the exact
direction of the serotonergic effects of drugs seems to depend
on the simultaneous activation (or not) of the dopaminergic
system. As just an example, the chronic administration of
the selective serotonin reuptake inhibitor (SSRi) fluoxetine
selectively upregulates dopamine (DA) DI1-like receptors in
the hippocampus of mice (Kobayashi et al, 2012); recent
findings demonstrate that D1 receptors act as a pivotal
mediator of the antidepressant action of this compound (Shuto
et al, 2018). We underline therefore that, when studying the
possible effects of a 5-HT7R-targeting drug, it is essential
to also monitor for a modulatory dopaminergic intervention.
Conversely, a modulatory serotonergic intervention can well be
suggested, and addressed, for the well-known rewarding effects
of psychostimulants.

In the present study, we tested the novel 5-HT7R agonist, TP-
22, an arylpiperazine derivative structurally related to LP-211, the
more thoroughly investigated agonist. TP-22 exhibited 5-HT7R
agonist properties (Table 1) and improved in vitro metabolic
stability as compared to LP-211 (half-life = 45 min and 15 min,
respectively; Lacivita et al., 2016). TP-22 was able to stimulate
neurite outgrowth in neuronal primary cultures in shorter time
and at a lower concentration than LP-211, showing a comparable
in vivo bio-distribution profile (brain Cmax 515 ng/mL and
540 ng/mL, respectively; Lacivita et al., 2016; Modica et al.,
2018). Starting from the evidence that the administration of
methylphenidate (MPH) causes an upregulation of 5-HT7Rs
(Adriani et al., 2006; Leo et al., 2009), and in light of the several
findings that propose a physiological role for 5-HT in reward
guided behavior (Broderick and Phelix, 1997; Luo et al., 2016;
Fischer and Ullsperger, 2017), we formulated the hypothesis
that a previous administration of a 5-HT?7 agonist could have
modulatory effects on the well-known rewarding and stimulant
MPH effects.

Therefore, we presently performed a conditioned place
preference test (CPP), a common behavioral test for the
associative rewarding effects of drugs in rodents. It is well known

TABLE 1 | Binding affinity profiles (data taken from Lacivita et al., 2016)

K; (nM)
Compound 5-HT7 5-HT1A 5-HT6 D2 Alfa-1
TP-22 255 771 614 522 6.6
LP-211 15 379 1,671 242 226
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that psychostimulant vs. rewarding action can be dissected into
Dl-like vs. D2-like components (Stewart and Vezina, 1989).
As such, we investigated here whether TP-22 also showed
affinity towards either D1/D5 or D2/D3 dopaminergic receptors.
Our goal was to further assess the role of the 5-HT7R in
modulating the reinforcement process, presently triggered by
MPH (Cummins et al.,, 2013). Ultimately, we sought to better
understand the interplay between 5-HT and DA in reward-
related behavioral adaptations.

MATERIALS AND METHODS

All experimental procedures have been approved by the ISS
animal welfare survey board on behalf of the Italian Ministry
of Health (formal license 937/2018-PR, to WA, veterinary
surveillance by G. Panzini). Procedures were carried out in
close agreement with the directive of the European Community
Council (2010/63/EEC) and with the Italian Law guidelines. All
efforts have made to minimize animal suffering and to reduce the
number of animal used, according to the 3Rs principle.

Experiment 1: The Multidose Pilot

Subjects, Rearing and Testing Conditions

Experimental subjects were 15 adult male (Wistar-Han) rats,
born on April 2017 from the colony in our facility (>120 days
old; average weight 420 g). Animals were placed at weaning
in triplets within Plexiglas cages (33 x 13 x 14 cm), in an
air-conditioned room (T 21° & 1°C, relative humidity 60 = 10%)
with a 12 h dark-light cycle (lights turned on at 8.00 PM). Water
and food (Altromin-R, A. Rieper S.p.A., Vandoies, Italy) were
available ad libitum. The experiments were conducted inside the
facility animal room to minimize the impact of transport to a
novel testing room.

Locomotor Activity With TP-22

To assess the dose-related pharmacological effect of TP-22 on
rats’ locomotor activity, we assigned animals to receive more than
one injection following a Latin square design, to complete four
dosage groups:

1. Control subjects, injected with vehicle (2% DMSO in saline
solution, 200 pl/kg i.v.)

2. D25 subjects, injected with a dose of 0.25 mg/kg TP-22 i.v.

3. D12 subjects, injected with a dose of 0.12 mg/kg TP-22 i.v.

4. D06 subjects, injected with a dose of 0.06 mg/kg TP-22 i.v.

The home-cages were carefully placed on a cart, the three
homemate animals were weighed, injected and gently placed
individually in new home-cage-like Plexiglas cages with clean
sawdust, which were immediately positioned in a recording rack.
The experiment was designed so that each homemate out of a
triplet was randomly assigned to receive more than one of the
four planned doses (vehicle, 0.25 mg/kg, 0.12 mg/kg, 0.06 mg/kg)
on separate days in a counterbalanced order. Intravenous (i.v.)
injection was selected as a route of administration of TP-22
since it causes a rapid onset of action, bypassing the first-pass
gastro-intestinal and hepatic metabolism. Furthermore, through
i.v. administration, the possible visceral side effects (due to the
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presence of 5-HT receptors in the gastro-intestinal trait) have
been avoided. After injection, the rats were monitored for a total
of 24 h, of which only the first 4 h after injection were analyzed.

Experimental Apparatus

A recording rack was used to continuously monitor for
locomotion. The ActiviScope system® is an automatic device,
with small passive infrared sensors placed over the top of
each home-cage (ActiviScope; TechnoSmart, Rome, Italy)'.
Locomotor activity cycle was measured as number of infrared
interruptions caused by the movement of the rat (ie., the
infrared source) under the sensor (counts taken at 20 Hz,
i.e, up to 20 counts per second). Data were recorded by a
computer with dedicated software. Scores were automatically
divided into 10-min intervals and then further grouped three
by three to obtain 30-min bins. The access of authorized
personnel to the animal room was not restricted and followed
the routine schedule.

Experiment 2: Conditioned Place
Preference With MPH and TP-22

Subjects, Rearing and Testing Conditions

Experimental subjects were 18 adult male (Wistar-Han) rats born
on April 2017 from the colony in our facility (>240 days old;
average weight 560 g). Animals were placed at weaning in triplets
within Plexiglas cages (33 x 13 x 14 cm), in an air-conditioned
room (T 21° & 1°C, relative humidity 60 £ 10%) with a 12 h
dark-light cycle (lights turned on at 8.00 PM). Water and food
(Altromin-R, A. Rieper S.p.A., Vandoies, Italy) were available
ad libitum. The experiments were conducted inside the facility
animal room to minimize the impact of transport to a novel
testing room.

Experimental Apparatus

The experimental apparatus used for the CPP test is a
Black/White Box (BWB; Adriani et al,, 2012), i.e., a Plexiglas box
with smooth walls and floor (70 x 30 x 35 cm) composed of two
environments separated by a central gray wall placed at a distance
of about 35 ¢cm from end walls. The walls on the longer sides are
gray whereas those on the short margins can be distinguished
by black or white color. To make the two environments more
recognizable, we added additional visual cues: three horizontal
white stripes to the black wall and three vertical black stripes
to the white wall. On the central gray wall there is a door with
an easily removable panel (partition), allowing the experimental
subjects to pass (or not) from one compartment chamber to the
other, when required.

On both longer sides of the box, there are two aluminum
bars equipped with eight photocells connected by cables to a
computer. The software in use is Cage controller 1.27 for Dark
Light for Rat and Mouse® (PRS, Rome, Italy)?, that allows to
score for each subject:

1. Motor activity (beam interruptions per second) in either
chamber

Lwww.newbehavior.com
2www.prsitalia.it
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2. Time spent in each chamber (both forepaws and hindpaws in
a same chamber)

3. Transitions (number of times a subject crosses the door
between the two chambers)

Data were divided into 300 s intervals (bins).

Experimental protocol
This test was carried out under dim light and required nine not
consecutive days divided into four steps (Figures 2-4):

Day 1, initial preference test. ~ The  spontaneous  place
preference of experimental subjects was tested in drug-
free conditions. They were initially placed in the black
chamber (chosen as starting room) and central door was open
during the whole test (15 min). The triplet of rats residing in
each home cage was tested at the same time.
Days 2-7, drug conditioning. On odd days all 18 subjects
were injected with saline solution only and, after injection,
immediately placed in the black chamber. The central door
was closed and animals were forced to remain in the black
chamber for the duration of the session (25 min) in order
to associate the lack of any pharmacological effect with
this environment. On even days subjects were injected with
only saline, 2% DMSO+MPH or TP-22+MPH according
to groups described below and, after the last injection,
immediately placed in the white chamber. The central door
was closed so that animals were forced to stay in the white
side during all the 25-min session, in order to associate
the pharmacological effects with this environment. This
procedure was repeated three times, alternating saline day and
drugs days.
e Day 8, post-conditioning preference test.
The post-conditioning place preference of experimental
subjects was tested in drug-free conditions. This session was
conducted in exactly the same way as the initial preference
test (see above). Rats were placed in the black chamber
as starting room and allowed to freely access and explore
both environments.
e Day 9, post-conditioning preference test with priming. To test
the acute effect of a TP-22 pre-treatment on the place
preference, after a week only the MPH conditioned subjects
were tested again. The rats were injected respectively with
either DMSO 2% or TP-22 and, 1 h and a half after, they were
placed in the black start room for the 15-min free-choice task,
in MPH-free conditions.

Conditioned CPP Drug Conditioning, Place
Preference With MPH and TP-22 Modulation: Drug
Conditioning

Home-cages were carefully placed one by one on a cart adjacent
to the three experimental apparatuses. Rats residing in triplets
within each home-cage were treated and tested at the same time.
Animals were individually injected with intravenous infusions
(200 pl/kg): TP-22 at a dose of 0.25 mg/kg or vehicle, MPH
(5 mg/kg), or saline solution 0.9%. Tests were conducted
during the dark cycle between 9:30 AM and 14:30 PM. In this
experiment, a pre-treatment with TP-22 was administered for
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assessing its modulatory effects on the place conditioning with
MPH and resulting preference. To study modulation by TP-22,
subjects received one administration of TP-22 (or vehicle) 1 h
and a half before MPH and the start of the white-chamber
session. Three experimental groups were therefore formed
(see Table 2):

1. Control subjects (N = 6), injected with saline solution
0.9% immediately before the start of the session in white
chamber (SAL).

2. Subjects pre-injected with vehicle (DMSO at 2% in saline,
N =6) 1 h and a half before, then with MPH dissolved in
saline solution immediately before the start of the session in
white chamber (VEH+MPH).

3. Subjects pre-injected with TP-22 dissolved in vehicle (DMSO
at 2% in saline, N = 6) 1 h and a half before, then with MPH
dissolved in saline solution immediately before the start of the
session in white chamber (TP-22+MPH).

Timing and dose of TP-22 were selected based on the previous
pilot experiment (Experiment 1), in which TP-22 showed its
maximum effect on locomotor activity after 1 h 30 min at the
dose of 0.25 mg/kg.

After exposure to the session in the white chamber, each
subject was gently replaced in his own home-cage. On alternate
days, the same subjects were exposed to the black chamber
following saline injection (“biased” CPP).

Radioligand Displacement Assays at the

Human Dopamine D2 and D3 Receptors

Cell culture and membrane preparations were performed with
slight modifications to Sokoloff et al. (1992). Briefly, CHO cells
containing the D2-short receptor were cultured in DMEM F12
(supplemented with 10% FBS, and 1% penicillin/streptomycin).
CHO cells transfected with D3 receptor were cultured in
DMEM containing 1% glutamine and 10% FBS. After reaching
confluence, the cells were collected in PBS buffer and centrifuged
(3,000% g, 10 min, 4°C). The pellet was resuspended in binding
buffer (1 mM MgCl, 1 mM CaCl,, 5mM KCl, 120 mM NaCl and

TABLE 2 | Experimental groups.

SALINE GROUP

VEH+MPH GROUP

TP-22+MPH GROUP

Initial place preference
test in drug free
conditions.

Drug conditioning:
saline in both black (3x)
and white (3x)
chambers.

Post conditioning
preference test in drug
free conditions.

Initial place preference
test in drug free
conditions.

Drug conditioning:
saline in black chamber
(3x), previous VEH then
MPH in white chamber
(3x).

Post conditioning
preference test in drug
free conditions.

Initial place preference
test in drug free
conditions.

Drug conditioning:
saline in black chamber
(3x), previous TP-22
then MPH in white
chamber (3x).

Post conditioning
preference test in drug
free conditions.

1 Week after

Post conditioning
preference test in MPH
free conditions with
priming (VEH).

Post conditioning
preference test in MPH
free conditions with
priming (TP-22).
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50 mM Tris, pH 7.4), disrupted and centrifuged at 23,000 x g for
30 min (4°C). The resulting pellet was stored in binding buffer at
—80°C for further use.

Radioligand displacement assays were performed as reported
previously (Frank et al., 2018). Briefly, membrane preparations
described above were co-incubated with [*H]spiperone (0.2 nM)
and the test ligand. Non-specific binding was measured
with haloperidol (10 puM). Concentrations required to inhibit
50% of radioligand specific radioligand binding (ICsj) were
determined by using six to nine different concentrations
(0.01 nM-10 pM) of the drug studied in two or three
experiments with samples in duplicate/triplicates. Apparent
inhibition constant (K;) values were determined by non-linear
least-squares fitting and equation “one site competition” using
Prism 7® (GraphPad Software Inc., San Diego, CA, USA).
All statistical operations were performed on the pK; values
and converted afterward to mean K; values and the 95%
confidence interval.

Radioligand Displacement Assays at the

Human Dopamine D1 and D5 Receptors
CHO cells stably expressing the human DA D1 and or
D5 receptor were washed and collected with PBS buffer.
Membrane preparations were obtained as described previously
(Bautista-Aguilera et al., 2017). Membrane preparations (20 and
10 pg/well in a final volume of 0.2 ml binding buffer for DIR
and D5R, respectively) were incubated for 120 min with [*H]-
SCH23390 (0.3 nM) and the test ligand. Nonspecific binding
was measured with fluphenazin (100 pM). Concentrations
required to inhibit 50% of radioligand specific binding (ICsp)
were determined by using 6-9 appropriate concentrations of
the drug studied in two or three experiments with samples in
duplicate/triplicates. Apparent inhibition constant (Kj) values
were determined by non-linear least-squares fitting and equation
“one site competition” using Prism 7® (GraphPad Software Inc.,
San Diego, CA, USA). All statistical operations were performed
on the pKj values and converted afterward to mean K; values and
the 95% confidence interval.

Dopamine D1 Receptor Gs-Mediated

cAMP Accumulation Assay

The agonist and antagonist properties of TP-22 against the
human D1 receptor were evaluated in functional assays
performed at Eurofins® using CHO cells expressing D1 and
according to previously reported protocols (Zhou et al., 1990).
To assess the agonist properties, TP-22 was tested using eight
different concentrations in two experiments with samples in
duplicate. Cellular agonist effect was calculated as % of control
response to the reference agonist DA (ECsy = 24 nM). To
assess the antagonist properties, cells were stimulated with DA
(125 nM) and the effect of TP-22 on cAMP production was
assessed using eight different concentrations in two experiments
with samples in duplicate. The antagonist effect was calculated
as % inhibition of reference agonist response. The standard

3www.eurofins.com
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DIR antagonist SCH 23390 was tested as reference compound
(IC50 =2.9nM, Kb =045 HM)

Statistics

Behavioral Data

Experiment 1

Data were analyzed using StatView II® (Abacus Concepts, CA,
USA) and were processed by analysis of variance (ANOVA).
Analysis was carried out by a split-plot 4 x 8 model (average
n = 10/11 per group) with two independent variables: treatment
(four levels: VEH, D25, D12, D06), and time (eight levels: 30-min
bins from 4 h of registration).

Experiment 2

Data (displayed as mean = SEM) were analyzed using StatView
1I® (Abacus Concepts, CA, USA) and were processed by
ANOVA. For test and priming (days 8 and 9), analysis
was carried out by a split-plot 3 x 3 x 2 model with
three independent variables: treatment (three levels: SALINE,
VEH+MPH and TP-22+MPH), time (3 levels: 05, 10, 15 min
bins), and side (two levels: black side and white side). The
dependent variable was calculated as final preference day minus
initial preference day. Drug conditioning design implied the
same independent variables with addition of a two-level day
(first vs. last) factor.

Level of significance was set at P < 0.05; significant trends at
0.10 < P < 0.05 were also considered whenever effects were then
confirmed by post hoc analysis. Multiple post hoc comparisons
were run by Tukey HSD test, which is protected against the false
positives and may be used even on non-significant ANOVA
effects. Sample size was calculated before starting the experiment:
from values of P = 0.05 and power of 0.80 with expected
increases of 30% in all variables, the appropriate groups should
have N = 6 each. Two experimental subjects showed an overtly
abnormal behavior including lack of interest in environmental
exploration and extreme inactivity during the entire duration
of the experiment. After performing an interquartile
range test, they were identified as outliers and excluded
from the analysis.

Dopamine D1 Receptor Gs-Mediated cAMP
Accumulation Assay

The effect on cAMP accumulation of TP-22 was determined
as a percent of control agonist response or inverse agonist
response and as a percent inhibition of control agonist response.
The ECsp values (concentration producing a half-maximal
response) and ICsg values (concentration causing a half-maximal
inhibition of the control agonist response) were determined
by non-linear regression analysis of the concentration-response
curves generated with mean replicate values using Hill
equation curve fitting. Analysis was performed using custom
software developed at Cerep (Hill software) and validated by
comparison with data generated by the commercial software
SigmaPlot® (SPSS Inc., USA). For the antagonists, the apparent
dissociation constants (Kb) were calculated using the modified
Cheng-Prusoff equation.
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RESULTS

Experiment 1: The Multidose Pilot

Locomotor Activity

Dose-related pharmacological effect on locomotor activity,
after treatment with TP-22, showed a significant trend
(F3.38) = 2.612, P = 0.0653), confirmed by post hocs (see below),
whereas interaction between time and treatment did not show
significance (F(31266) = 0.769, P = 0.7570). Post hoc analysis,
performed with the Tukey HSD test, displayed a significant
difference in dose response between D25 (0.25 mg/kg) and
vehicle (P < 0.05) especially for the time-point of 120 min after
the injection. D12 (0.12 mg/kg) and D06 (0.06 mg/kg) did not
seem to differ from the vehicle control (Tukey threshold = 128.5;
df = 38; k = 3; Figure 1).

Experiment 2: Conditioned Place
Preference With MPH and TP-22

Drug Conditioning Days

We recorded and analyzed activity rates for all three groups
during the first and last drug conditioning sessions. Regarding

LOCOMOTOR ACTIVITY WITH TP-22

COUNTS PER TEN MINUTES

0
30 60 %0 120 150 180 210 240
MINUTES AFTER INJECTION
———0.25mg/kg —— 0.12mg/kg ———006mg/kg = = =Vehicle

FIGURE 1 | Locomotor activity with TP-22. Number of infrared interruptions
(20 Hz sensors) in the home-cage, during eight 30-min bins following injection
(mean + SEM). Dose-related pharmacological effect on home-cage
locometor activity were assessed on 15 Wistar rats in a Latin square design,
to complete four dosage groups: vehicle group, 0.06 mg/kg TP-22 i.v.,

0.12 mg/kg TP-22 i.v., 0.25 mg/kg TP-22 i.v. (counterbalanced across days).
Significant difference in response emerged between 0.25 mg/kg dose and
vehicle, especially for the time-point of 90-120 min after the injection.
*P-value < 0.05.
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the treatment, overall analysis displayed a significantly increased
locomotor activity (p < 0.05) in both TP-22+MPH and
VEH+MPH subjects compared to control subjects (saline
solution; Treatment: F 3 = 16.076, P = 0.0003). There was
also a significant locomotor activity increase in rats who
received TP-22 compared to rats receiving vehicle 1 h and
a half before the MPH injection (VEH+MPH subjects; data
not shown).

It should be noted that locomotor activity was increased
only in the white side (drug associated), as expected. Indeed,
both TP-22+MPH and VEH+MPH subjects showed in this
chamber an enhanced activity (P < 0.01) compared to the black
(and saline-associated) one (Side*Treatment: F(313 = 31.439,
P < 0.0001). Hence, for both these groups locomotor activity
appeared higher on the days of drug administration (white
chamber) compared to those of saline administration (black
chamber), whereas control subjects did not show any difference.
Moreover, on days with drug administration, locomotor activity
of TP-22+MPH subjects was significantly increased (P < 0.01)
compared both to VEH+MPH subjects and control group.
Activity of VEH+MPH group was also significantly enhanced
compared to control group (P < 0.01). On the contrary,
on days with black-side saline administration, locomotor
activities of all the three groups appeared superimposable (data
not shown).

For both TP-22+MPH and VEH+MPH groups analysis
displayed a significantly enhanced locomotor activity during the
last conditioning session compared to the first one (P < 0.01)
only in the white side (associated with drug administration),
denoting a presumable sensitization to the drug effect: of course,
there were no such differences for control group in both sides of
the apparatus (Side*Day* Treatment: F5 3y = 11.367, P = 0.0014).
Notably, TP-22+MPH subjects showed a significantly higher
locomotor activity than VEH+MPH ones, in particular during
the last conditioning session (P < 0.01; Figure 2A). After last
drug administration (white side) TP-22+MPH subjects showed
a significantly increased locomotor activity specifically between
minutes 05 and 10 (P < 0.05), whereas MPH subjects displayed
a constant activity for the entire duration of the conditioning
session (white side: Time*Treatment F(g5) = 5.687, P < 0.0001).
On the contrary, control group showed a clear and significant
decrease in locomotor activity between minutes 05 and 10, as
expected (P < 0.05; Figure 2B).

Post-conditioning Preference Test

We recorded and analyzed time spent in each chamber,
activity rate and transitions for all three groups during the
post-conditioning preference test, in drug-free conditions.
Time spent in the white side after drug conditioning did
not seem significantly different from the initial preference
test and analysis did not show any significant difference
between the three experimental groups except for a slight
preference for the white side displayed by the VEH+MPH
in the first 05 min (Time*Treatment: F45 = 0.356,
P = 0.8374; Figure 3B). Nevertheless, activity rate and
transitions showed an interesting profile. The difference in
VEH+MPH locomotor activity between the post-conditioning
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A DRUG CONDITIONING: ACTIVITY RATE (LAST VS FIRST DAY)
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FIGURE 2 | Drug conditioning phase: activity rate. Mean (& SEM) activity rate measured as number of beam crossing per second during the 25-min session
(VEH+MPH n = 6; TP-22+MPH n = 6; SAL n = 6). Activity rates of subjects were recorded during the first and last drug conditioning sessions for both black
(saline-associated) and white (drug-associated) chambers. (A) TP-22+MPH group displayed a significantly enhanced locomotor activity during the last conditioning
session compared to VEH+MPH subjects as well as to the first session (P < 0.01) only in the white side (associated with drug administration). **P-value < 0.01.
(B) Last session’s activity rate (in the white side) divided into five 300-s intervals. TP-22+MPH subjects showed a significantly increasing locomotor activity,
specifically between 05 and 10 min; VEH+MPH subjects displayed a constant activity for the entire session and control group showed net decrease in locomotor
activity during the last conditioning session. *P-value < 0.05.

preference test and the initial preference test was negative  both VEH+MPH (05-10 and 10-15 min, P < 0.05) and
during the entire session, whereas activity rate of TP-22+MPH  to saline-injected rats (10-15 min, P < 0.05); locomotor
subjects was positive and significantly higher compared to  activity of TP-22+MPH rats also continued to increase over
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A POST-CONDITIONING PREFERENCE TEST: ACTIVITY RATE
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FIGURE 3 | Post-conditioning preference test, Wistar rats were subjected to the conditioning (as illustrated in Figure 2), then to a post-conditioning preference test
in drug-free conditions and results were compared by subtraction with the initial preference test. (A) Activity in either chamber: mean activity rate (+ SEM) measured
as number of beam crossing per second (VEH+MPH n = 6; TP-22+MPH n = 6; SAL n = 6). Activity rate of TP-22+MPH subjects was significantly higher, compared
to both VEH+MPH (05-10 and 10-15 min) and to saline injected rats (10-15 min), and also continued to increase over time. VEH+MPH locomotor activity
(post-conditioning preference test minus the initial preference test) was stably negative during the entire session. *P-value < 0.05. (B) Time (s) spent in the white
chamber: preference for the white chamber during the 15 min test session, measured into three 300-s intervals (VEH+MPH n = 6; TP-22+MPH n = 6; SAL n = 6).

time (Time*Treatment: Fz6 = 2.663, P = 0.0550), an effect
particularly evident in the white side (Side*Time*Treatment:
Fape) = 3.190, P = 0.0294; Figure 3A). Locomotor activity
of saline-injected subjects gradually diminished over time,
as expected.

Even transitions between the two environments were
gradually decreasing for saline-injected subjects as well as for
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VEH+MPH rats, whereas TP-22+MPH subjects crossed the door
dividing the two environments with increasing frequency over
time (Time*Treatment: F(y6) = 2.841, P = 0.0445). Post hoc
analysis displayed a significant difference between TP-22+MPH
and VEH+MPH group in the time interval between 05 and
10 min, whereas there were no differences between both these
groups and saline controls (P < 0.05; data not shown).
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FIGURE 4 | Post-conditioning preference test with priming: time spent in the white side. This test occurred around one week after place-conditioning test
(llustrated in Figure 3). Time (s) spent in the white chamber (mean + SEM) during the 15 min test session, measured into three 300-s intervals (VEH+MPH n = 6;
TP-22+MPH n = 6). Subjects were subjected to a preference test performed 1 h and a half after a “priming” injection: TP-22+MPH rats received TP-22 (0.25 mg/kg
i.v.) whereas VEH+MPH subjects were injected with DMSO 2% in saline; animals received no further injection before being placed in the apparatus, for a MPH-free
choice. Time spent in the white side by TP-22+MPH rats was gradually increasing over time, denoting unexpected attraction; on the contrary, time spent in the white
side by VEH+MPH subjects gradually decreased during the session. *P-value < 0.05, **P-value < 0.01.
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Post-conditioning Preference Test With Priming

‘We recorded and analyzed time spent in each chamber, activity
rate and transitions for TP-22+MPH and VEH+MPH group in
a preference test performed 1 h and a half after a “priming”
injection: the latter was TP-22 for TP-22+MPH subjects and
DMSO 2% for VEH+MPH group. The difference in time spent
in the white side between the “primed” preference test and the
initial preference test was the dependent variable: it was positive
for TP-22+MPH subjects whereas VEH+MPH ones spent less
time in the white side compared to the initial preference test
(Treatment: F(;,g, = 4.883, P = 0.0581).

Furthermore, time spent in the white side by TP-22+MPH rats
was gradually increasing over time whereas VEH+MPH subjects
gradually decreased the time spent in the white side during the
session. There was indeed a significant trend for Time*Treatment
(P = 0.0963) and post hoc analysis showed that time spent in
the white side by TP-224+MPH subjects during the time interval
between 05 and 15 min was significantly higher compared to
VEH+MPH group (P < 0.05), in particular during the last 5-min
(P < 0.01; Figure 4). Regarding activity rate, there were no
significant differences between the two groups. There were no
significant differences in transitions too.

Affinity at Dopamine D1, D2, D3 and

D5 Receptors

The radioligand displacement assays indicated that TP-22
interacted differently with DA receptor subtypes. In fact, the
compound displayed considerable affinities at human DA D1
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(Ki = 3.93 nM) and D5 (K; = 16.9 nM) receptors, whereas it
showed much lower affinities at human DA D2 (K; = 1127 nM)
and D3 (Kj = 1512 nM) receptors (Table 3).

Functional Activity at Dopamine

D1 Receptor

The evaluation of the DA DI receptor Gs-mediated cAMP
accumulation indicated that TP-22 behaved as an antagonist. In
fact, TP-22 alone was not able to induce cAMP accumulation
showing less than 25% effect at the highest validated testing
concentration. In the same assay, the standard agonist DA
showed ECso value of 24 nM. Instead, TP-22 behaved
as a competitive antagonist at D1 receptor being able to
dose-dependently antagonize the agonist response with low and
sub-micromolar potency (ICsp = 0.97 nM; Kj, = 0.16 nM).

DISCUSSION

MPH, commonly prescribed for the treatment of Attention-
Deficit/Hyperactivity Disorder (ADHD), is a psychostimulant
drug whose mechanism of action is indirect DA agonism:
MPH inhibits the DA transporter protein, increasing the DA
concentration in the synaptic cleft (Volkow et al, 2002). Its
psychostimulant vs. rewarding action can be dissected into
D1-like vs. D2-like components (Stewart and Vezina, 1989).
In the present study, we found that prior administration of
the selective 5-HT7R agonist/D1-like receptor antagonist TP-22,
at a dose of 0.25 mg/kg i.v., increased the stimulant effect of
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TABLE 3 | Dopamine receptor subtypes affinities as measured by radioligand
binding experiments.

K; (nM) [95% ClI] (nM) + SEM

D1 receptor D2 receptor D3 receptor D5 receptor
3.93 1,127 1,612 16.9
[1.11;14.00 [605; 2,098] [1,092; 2,003] [10.8; 26.7]
3.93+0.7 1,127 £130 1,512+92 169+ 2.1

Data is expressed as means with the corresponding 95% confidence interval.

MPH on locomotor activity during the subsequent acute and
subchronic administration. Furthermore, after the conditioning
phase, 3 days after the last drug administration, the activity
of TP-22+MPH injected subjects remained steadily elevated,
whereas the MPH-only injected subjects showed a sharp decline
in activity compared to the saline vehicle controls. Finally,
after a priming injection of TP-22 in MPH-free conditions,
rats showed a higher preference for the MPH-associated white
chamber than the vehicle-primed subjects. Overall, compared
to the administration of MPH alone, the interaction between
MPH and prior TP-22 seems to improve the conditioning of
motivational drives to environmental cues, suggesting a main
modulatory role of 5-HT7R in processing of rewarding power
of psychostimulants.

In the first experiment, we characterized a range of TP-22
dosages by means of a recording rack, and found that the
0.25 mg/kg dose was the most effective in altering locomotor
activity: the observed increase, although marginally significant
in the ANOVA, was however fully significant by Tukey post hoc
analysis. The maximum effect was reached an hour and a half
after acute drug administration.

Subsequently, we performed a CPP test with MPH and
its modulation by TP-22 at the selected dose. An initial
preference test was run in order to assess the spontaneous
locomotion and place preference in drug-free conditions. During
the drug conditioning phase, we found that the activity rate of
TP-22 pre-injected rats resulted significantly higher than both
other groups, suggesting a potentiation when compared to the
MPH-only injected subjects.

A possible explanation of this excitatory effect may be an
enhanced drug-induced stimulation. In other words, we may
propose enhanced post-synaptic effects, due to prior activation
of 5-HT7R, related to (even unchanged) DA release by MPH. As
a matter of fact, different studies have demonstrated that 5-HT-
releasing drugs, such as 3,4-methylenedioxy-methamphetamine
(MDMA), are experienced as inducing a more positive mood
by humans, even compared to high doses of amphetamine
(Cami et al., 2000; Tancer and Johanson, 2003; Carhart-Harris
et al, 2015). On the other hand, selective 5-HT releasers
that spare DA are not experienced as pleasurable by humans
(Tancer and Johanson, 2003). Furthermore, the 5-HT7R selective
antagonist, SB-269970, significantly attenuated amphetamine-
induced hyperactivity in mice and rats (Galici et al., 2008; Waters
etal., 2012).

Another relevant feature of TP-22 is that the affinity for
D2 and D3 DA receptors (Tables 1, 3) is far lower than that
for 5-HT7R and D1-like receptors. A few considerations shall
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be put forward. First, we presently found that TP-22 has great
affinity to D1 receptors at which it acts as an antagonist.
According to previous literature, D1 antagonists usually inhibit
the MPH effect on locomotor activity (Claussen et al., 2015).
Therefore, hyperlocomotion induced by TP-22 cannot rely on
its D1 antagonism and is likely due to its action onto 5-HT7R.
However, the dosage of TP-22 producing a peak of locomotion
in the multidose pilot (Experiment 1) was quite low, so that
the engagement of DA system through direct interaction of
TP-22 with such D1 DA receptors might be questioned. In any
case, potentiation of MPH stimulation was not caused by an
additive and direct D1 receptor activation after TP-22 acute
administration. Such notions may confirm a modulatory role of
5-HT7R, recruited by TP-22, on the stimulant effect elicited by
DA-releasing drugs such as MPH.

In the third step, we examined place preference in drug-free
conditions again. MPH-subjects spent slightly more time in
the white (drug-associated) chamber during the first 5-min.
However, interesting results emerged concerning locomotor
activity. Regardless of conditioning effect, MPH-subjects had
a clear-cut decline in activity when exposed in drug-free
to the environment. This was, probably, due to conditioned
inhibitory effects on DA neuronal activity: this resembles the
well-known “down” elicited by psychostimulants like MPH (Shi
et al, 2000; Dela Pefia et al, 2018). Indeed, MPH, as well
as other amphetamine-like psychostimulants, may inhibit DA
neuron firing by increasing extracellular DA and by activating
DA D2 autoreceptors and long-loop feedback pathways. On
the contrary, activity and transitions of TP-22+MPH injected
subjects remained steadily elevated and continued to increase
over time during the post-conditioning test, particularly in the
white side. These results may suggest a long-lasting enhancement
of brain reward activity, due to 5-HT7R action of TP-22. As
an additional possibility, the likely occupancy and incomplete
blockade of D1 receptors, by TP-22 subchronic exposure, may
well prevent the aforementioned DA depletion. Contrarily than
VEH+MPH rats, and similarly to a “rebound” phenomenon,
a receptor upregulation may have occurred in TP-22+MPH
rats, leading to a further increase in locomotor activity during
the post-conditioning test session. On the same reasoning,
D1 antagonism possibly showed by TP-22 may be partly
responsible for the enhanced sensitization to the MPH stimulant
effects, displayed by the TP-22 pretreated subjects during the
conditioning days (subchronic administration).

The fourth step was a place preference test with priming:
this was to assess the eliciting effect of a TP-22 pre-injection.
Notably, the TP-22 pre-injected subjects displayed a clear and
increasing preference toward the white environment, compared
to the vehicle-primed subjects. The latter, conversely, showed a
slight preference for the black chamber, denoting that their slight
preference for MPH-associated chamber had already vanished.
A higher expectation for reward, elicited by just approaching the
white chamber, seems to be the behavioral driving force of TP-
22-primed subjects.

LP-211, as well as other 5-HT7R agonists, showed in
several studies to modulate the construction of neural networks,
hence improving the long-term memory (Meneses et al., 2015;
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Shahidi et al,, 2018). TP-22 is able to stimulate neurite
outgrowth in neuronal primary cultures in a shorter time
and at a lower concentration than LP-211 (Lacivita et al,
2016). Overall, as already highlighted for LP-211, our results
suggest that TP-22 may enhance the consolidation of emotional
components of memory, causing a stronger association to
develop between the environment and the MPH-driven hedonic
experience. Alternatively, or in parallel, TP-22 may potentiate the
consolidation of visual components (Carbone et al., 2018): hence,
the MPH-associated white chamber could be better recalled.
The encoding of novel visuo-spatial information also involves
activation of DA D1/D5 receptors, as demonstrated in several
studies performed on rats (see Lemon and Manahan-Vaughan,
2006, 2012; Hagena and Manahan-Vaughan, 2016).
Nevertheless, the DI1-like receptor antagonism, possibly
shown by TP-22, seems to exclude a direct involvement
of dopaminergic pathways. According to previous literature,
D1/D5 antagonists usually inhibit the acquisition of drug-related
incentive memories, in particular for cocaine CPP memories
(Kramar et al., 2014); on the other hand, D1 receptor antagonism
reduces compulsive-like reward seeking and restores behavioral
flexibility (Barker et al., 2013): as such, TP-22 priming injection is
unlikely to trigger an overt seeking for MPH effects. In this line,
activation of 5-HT neurons promotes patience to wait for future
reward (Miyazaki et al., 2012, 2014; Liu et al., 2014). The theory
assumes that activation of 5-HT neurons increases the subjective
confidence of reward delivery (Li et al., 2016; Miyazaki et al.,
2018). Therefore, after repeated TP-22/MPH pairings established
a CPP, an acute 5-HT7R activation alone (as witnessed by our
“priming” test) seems to trigger a hedonic attraction for the white
MPH-conditioned chamber, in that it potentiates the expectation
of experiencing again a reward therein. Since TP-22 priming
injection per se did not massively affect locomotor activity nor
transitions, it is confirmed that TP-22 alone is only a weak
stimulant; conversely, in the TP-22+MPH group during the
pairing phase, the stimulation was nearly double compared to
MPH alone: effects on these parameters become likely additive.

Implications for Serotonergic Modulation
of Reward

Several theories have been proposed to explain the implication of
5-HT neurons in behavioral modulation, i.e., the “punishment”
theory (Soubrié, 1986; Dayan and Huys, 2009); the “behavioral
inhibition theory” (Miyazaki et al, 2011, 2012); the “mood”
theory (Daw et al., 2002; Savitz et al., 2009). Many authors
have reported modulatory effects on reward processing by
manipulating central 5-HT levels (Roiser et al., 2006; Tanaka
et al,, 2007; Seymour et al, 2012) while others have proved
that the serotonergic system is implied both in punishment and
reward processing (Palminteri et al., 2012; Worbe et al,, 2016;
Scholl et al, 2017). Recent physiological, neuropathological,
and optogenetic studies suggest an interpretation that seems to
reconcile the different and controversial results so far achieved
(Fischer and Ullsperger, 2017). The origin of most of the
forebrain serotonergic innervation is the dorsal raphe nucleus
(DRN), which is functionally interconnected with the ventral
tegmental area (VTA). Recently, novel cell-type specific tracing
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techniques allowed to describe more precisely the structural
connectivity between DRN and VTA. It was found that DRN
projects to VTA mainly via glutamatergic, but additionally via
5-HT co-releasing neurons (McDevitt et al., 2014; Qi et al., 2014).
Tonically stimulating 5-HT neurons in the DRN produces a
weak reinforcing effect (Liu et al., 2014; Fonseca et al., 2015).
Therefore, while DA neurons are critical for driving motivation
(i.e., wanting), 5-HT neurons of DRN may play a major role
in other aspects of rewards, such as consolidation of positive
emotion and predictions via context evaluation. Hence, DA
and 5-HT could provide a combined reward signal, whereas its
dissociation (i.e., 5-HT in absence or reduction of DA) may
encode punishment (see Fischer and Ullsperger, 2017).

Some recent studies can shed light on the persistent state
of excitement showed by TP-22+MPH animals. Several animal
and human studies demonstrate that 5-HT not only transfers
information on short timescales but also acts over protracted
timescales of days and weeks (Cohen et al., 2015; Luo et al., 2016;
Scholl et al., 2017) leading to changes in plasticity, as also proven
through 5-HT7R activation (Jitsuki et al., 2011; Bijata et al.,
2017), and in particular by administration of TP-22 (Lacivita
etal., 2016). Hence, the previous activation of 5-HT7R combined
with the subsequent administration of MPH may have changed
the perception of the white environment. TP-22 was enhancing
the possible consolidation of information about the net benefit of
the current context (white chamber; Luo et al., 2016).

We have been studying such interaction during a decade.
Evidences, emerged from our previous studies, suggested an
interplay between DA neurotransmission and 5-HT7R (Adriani
et al., 2006; Leo et al, 2009). Indeed, MPH administration
to adolescent rats, besides a reduction of basal behavioral
impulsivity, produced a marked and persistent increment of
5-HT7R expression, denoting that MPH-induced effects could
have been mediated, at least in part, by 5-HT7R modulation. Our
present findings suggest that MPH, combined with activation
of 5-HT7R and possibly with D1/D5 antagonism (besides
additive modulatory effect on DA-induced arousal), could be
strongly involved in drug conditioning mechanisms, switching
the MPH-free preference by rats to the previously reward-
associated environment.

CONCLUSION

Further investigation is needed to thoroughly assess the role of
5-HT7Rs in punishment/reward-guided learning, nevertheless,
the present outcomes suggest a direct involvement of 5-HT7R
in modulating reward features, such as conditioned locomotion
and priming of drug seeking. Beyond present results, activation
of 5-HT7R combined with the D1/D5 modulation may lead to
an improvement in behavioral flexibility, therefore to a better
adaptation to adverse situations (Ruocco et al., 2014).

The great potential of targeting together the 5-HT7R and
DIR is noticeable: a putative application may be to trigger
the confidence for rewarding experiences in the presence of
salient environmental cues. Preclinical studies may be useful for
achieving an in-depth understanding of the molecular pathways
involved. This, in turn, will favor the possible future treatment
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of diseases involving a dysregulation of the 5-HT system, such
as depression, ADHD, schizophrenia, as well as alcohol and drug
addiction (Hauser et al., 2015; Lax et al., 2018).
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. evaluated. A potential correlation between kinetics and in vivo profiles, especially cariprazine’s action
on negative symptoms in schizophrenia, is investigated. The binding kinetics of four ligands were

. indirectly evaluated. After the receptor preparations were pre-incubated with the unlabelled ligands,
the dissociation was initiated with an excess of [*H]spiperone. Slow dissociation kinetics characterizes
aripiprazole and cariprazine at the D, receptor. At the D; receptor, aripiprazole exhibits a slow
monophasic dissociation, while cariprazine displays a rapid biphasic behaviour. Functional 8-arrestin
assays and molecular dynamics simulations at the D; receptor confirm a biphasic binding behaviour of
cariprazine. This may influence its in vivo action, as the partial agonist could react rapidly to variations
in the dopamine levels of schizophrenic patients and the ligand will not quantitatively dissociate from
the receptor in one single step. With these findings novel agents may be developed that display rapid,
biphasic dissociation from the D3R to further investigate this effect on in vivo profiles.

Schizophrenia is a group of neurological diseases characterized by specific symptom complexes. Positive symp-
toms, which are exaggerated in schizophrenic patients, include hallucinations or delusions. Negative symptoms

. (e.g. depression or anhedonia) represent the impairment of healthy cognitive behaviour. The origin of the symp-
© toms is not clarified, but a neurotransmitter dysregulation in different parts of the brain is likely. Hyperactive
dopamine transmission and increased D, receptor (D,R) activation may cause positive symptoms. Hypoactive

. dopamine transmission and hence less D, receptor activation in the prefrontal areas may be responsible for nega-
tive symptoms’, D; receptors (D;Rs) seem to contribute to the origin of negative symptoms?, To date schizophre-
nia is treated only symptomatically. Typical first generation antipsychotic drugs reduce the positive symptoms but
display severe and therapy limiting adverse drug effects (ADE) like extrapyramidal motoric symptoms (EPMS).
The second generation, also known as atypical antipsychotic drugs reduce these adverse effects, while remain

. highly effective against positive symptoms. Aripiprazole, an atypical antipsychotic agent, exhibits good efficacy on
the positive symptomatic of schizophrenia and a rather beneficial ADE profile. However it is not able to treat the
negative symptoms of the disease sufficiently. Cariprazine, a novel antipsychotic agent™*, entered the US market in
2016 and obtained European Medicines Agency (EMA) approval in May 2017. Unlike most other antipsychotics

it is effective against negative symptoms in clinical trials’, although the mechanism of this action remains elusive.
Distinct residence times (RTs) are discussed to influence drug profiles in vivo®, although proof of this hypoth-

esis remains pending. As the RT (1/k,q4) determines the duration of receptor occupancy it may influence signal-

. ling pathways or ADE"®, Several studies address the RTs of antipsychotic drugs at the D,R and the correlation to
. efficacy or ADE’, however, to date such approaches have not been made for the D;R. A recent review highlighted
- the relevance of conformational receptor states and biased signalling at G-protein coupled receptors (GPCRs)'’.
: With increasing insights into the crystal structure and signal transduction of GPCRs, it becomes more impor-
. tant to evaluate pharmacological characteristics of novel agents. We hypothesize that cariprazine’s dissociation
© behaviour elucidates possible mechanisms for its action on negative symptoms in schizophrenia. Its profile is
compared to the partial agonist aripiprazole, the antagonist spiperone and the agonist rotigotine. In doing so, the
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Aripiprazole 0.026+0.001 {3} 8.95+0.06(1.1) {3}
Cariprazine 0.041 +0.002 {3} 8.80+0.12(1.6) {3}
Rotigotine 0.11340.029 {3} 7.73£0.10(18.5) {4}
Spiperone 0.028 £0.018 {3} 10.014+0.29(0.1) {4}

Table 1. D,R k.4 and equilibrium dissociation constants (4s.d.) of the unlabelled ligands. pK; are determined
by radioligand displacement assays. D,,R membrane preparations were incubated with [*H]spiperone and
the compound. k rare determined by radioligand dilution assays. D, R membrane preparations were pre-
incubated with the compound. Afterwards dissociation was initiated with an excess of [*H]spiperone. Results
are means = s.d. at least performed with n= 3 independent experiments at room temperature.

0.05:£0.02 {3} 0.03:£0.02 {3} 0.15+0.08 {3} 8.13:£0.19(7.3) (5}

Aripiprazole

Cariprazine 0.16+0.04 {9} 0.03+0.01 {8} 0.63+0.38 {8} 9.2440.18 (0.6) {6}
Rotigotine 0.07£0.02 {4} 0.04£0.02 {3} 0.18+0.01 {3} 8.44+0.26 (3.7) {3}
Spiperone 0.05-+0.02 {3} 0.02-+0.01 {2} 0.47+0.35 {2} 8.96+0.28 (1.1) {4}

Table 2. D;R kg and equilibrium dissociation constants (4s.d.) of the unlabelled ligands. pK; are determined
by radioligand displacement assays. D;R membrane preparations were incubated with [*H]spiperone and the
compound. kg are determined by radioligand dilution assays. D;R membrane preparations were pre-incubated
with the compound. Afterwards dissociation was initiated with an excess of [*H]spiperone. Results are

means + s.d. at least performed with n =3 independent experiments at room temperature. k4 displays the k4
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Figure 1. Dissociation of aripiprazole and cariprazine from the D,R, determined by dilution assays. After pre-
incubating D,,R membrane preparations with the compounds, dissociation was initiated with an excess of [°H]
spiperone. Figure displays normalized values globally fitted for all experiments (n= 3, triplicates) given as mean
with s.d.

understanding of ligand binding to the D;R could be improved and drug development might benefit from clini-
cally optimized drugs, focused on specific symptoms.

Results

[*H]spiperone kinetic experiments. Dissociation rate constants (k.) of [*H]spiperone are 0.013 min
(£0.003 min ) at the D,R and 0.033min ! (££0.019 min!) at the D;R. The ks of unlabelled spiperone in the
indirect assay matches the k¢ of [*H]spiperone at both receptors (Tables 1 and 2), supporting the applicability of
the dilution method.

D,R kinetic experiments.  Aripiprazole and cariprazine share similar RTs at the D,R with 38 min for arip-
iprazole and slightly faster (24 min) for cariprazine (Table 1, Fig. 1). These results are in accordance to those of
Klein Herenbrink, who found only slight differences at the D,R”. The k¢ of aripiprazole is concordant with stud-
ies performed on rat®!! and human receptors'>"* and the slow dissociation of spiperone”!*-!® is also corroborated.
References, predicting a fast kg of aripiprazole from the D,R™!” and a slow k, for rotigotine'®, are not confirmed.
The measured RTs at the D,R correlate with the drugs’ affinities (radioligand displacement assays, pK; Table 1).
Spiperone and aripiprazole (highest affinities) display the longest RTs, while rotigotine (lowest affinity) shows the
fastest dissociation from the D,R. This correlation of binding kinetics and affinities at the D,R was demonstrated
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Figure 3. Dissociation profiles and f3-arrestin recruitment of aripiprazole and cariprazine at the D;R.

(a,b) Dissociation of aripiprazole (a) and cariprazine (b) from the D;R, determined by dilution assays. D;R
membrane preparations were pre-incubated with the compounds. Dissociation was initiated with an excess

of [*H]spiperone. Figure displays normalized values globally fitted for all experiments (n = 3/9, triplicates)
given as mean with s.d. (c,d) 3-arrestin activation of aripiprazole (c) and cariprazine (d) at the D;R. U20S cells
were incubated with partial agonists for 90 min. Data is normalized, globally fitted for all experiments (n=2,
duplicates) given as mean with s.d.

by Kapur and Seeman'. Spiperone, aripiprazole and cariprazine (slow k,g) share a large, lipophilic aromatic
motif, connected through a linker to a second motif with different hydrogen-bond acceptor and donor groups
(Fig. 2), while rotigotine is missing this diverse motif. In the presented study the antagonist and the partial ago-
nists display a slow dissociation, while the full agonist rotigotine shows fast dissociation from the D,R, which is
supported by their structural and binding properties.

D3R kinetic experiments. The evaluation of kg at the D;R reveals different dissociation behaviours of
aripiprazole and cariprazine (Table 2, Fig. 3a,b). Cariprazine displays a rapid biphasic dissociation behaviour
(p < 0.0001) that is not sufficiently described by a monophasic fit. Dissociation of aripiprazole is slower and
better described by a monophasic fit (p =0.0925). Evaluation of the antagonist spiperone also reveals a slow, but
biphasic (p < 0.0001) dissociation, while the agonist rotigotine displays a monophasic (p =0.0688) dissociation,
not significantly faster than aripiprazole or spiperone. The biphasic dissociation of cariprazine is not altered by the

SCIENTIFICREPORTS | (2018) 8:12509 | DOI:10.1038/s41598-018-30794-y 3
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Figure 4. Ligand heavy atom RMSD during the binding (a: cariprazine, b: aripiprazole) and unbinding (c:
cariprazine, d: aripiprazole) simulations. Black line corresponds to the calculated values, the smoothed curve
is calculated as moving average for 100 points for better visualization. The separate phases of the binding are
indicated on the graph.

addition of guanosine 5'-[(,~-imido]triphosphate (Gpp(NH)p), the absence of sodium in the buffer or the use of
another radioligand ([*H]raclopride).

Functional binding assays at the D;R.  B-arrestin 2 recruitment assays result in ECy, values of 23.7 nM for
aripiprazole and 10.2 nM for cariprazine (monophasic fit). However, a biphasic fit of cariprazine is more appropri-
ate (p =0.0004) with EC,, values of 5.52 nM and 4.19 uM (Fig. 3¢,d). Both are partial agonist in the tested system
with ca. 30% of E,,,.. A statistically non-significant biphasic binding is observed for cariprazine in radioligand
displacement studies with pK; of 8.71 and 11.91. In case of aripiprazole, the biphasic fit is not applicable.

Molecular Modelling. The root-mean-square deviation of atomic positions (RMSD) against the time-
frame in binding trajectories are consistent with the observed biphasic kinetics of cariprazine (Fig. 4a) and the
one-phase kinetics of aripiprazole (Fig. 4b). Upon reaching the receptor surface cariprazine contacts extracellular
loop (ECL) 2 and ECL1, which are guiding it towards the entrance of the binding site. The 3-5 ns period (Fig. 4a)
corresponds to the secondary binding pose (SBP), where cariprazine interacts with extracellular surface residues,
mainly on ECL2, the top part of the transmembrane region (TM) 2 and TM5-7 (Fig. 5a). Key hydrogen-bonds
(H-bonds) with Ser1825°L? and Glu2.65 and hydrophobic interactions (e.g. Val5.39, Pro5.36) contribute to the
stabilization (Fig. 5e). Tyr7.35 helps to isolate the ligand from the orthosteric binding site. After 5ns cariprazine
rearranges in the receptor cavity, enters the orthosteric site, transiently stabilized in a metastable binding pose
(MBP, 10-17.5ns, Fig. 4a) then reaches the final, orthosteric binding pose (OBP, 20-30 ns, Fig. 4a). These two
positions resemble regarding the orientation of the ligand (Fig. 5b,c), however the occupancy of the key H-bond
interaction with Asp3.32 increases from 10% (MBP) to 99% (OBP). Hydrophobic interactions (e.g. Val3.33,
1le1835°12, Phe6.51, Phe5.38, Leu2.64 and Tyr7.35) also contribute to the stabilization (Fig. 5¢) of the binding
mode. Similar to previous molecular dynamic (MD) studies of D,R ligands'®, Tyr7.35 and the ECL2 residues
Ser182, Ile183, Ser184 function as a lock, facilitating the entrance of the ligand into the binding pocket (Fig. 6).
The recently published high resolution structure of the D,R confirms the impact of Ile184 (Ile183 in the D,R)
on the binding kinetics of bivalent ligands (ligands bearing two pharmacophores connected by a linker'*2°-2?).
Aripiprazole also first interacts with the ECL2 of the receptor, then forms a -7 stacking interaction with Tyr7.35.
The lock opens and the ligand enters the binding site. A stable intermediate state was not observed (Fig. 4b); the
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Figure 5. Binding poses and frequent interactions during binding simulations. (a—d) Cariprazine in the
secondary binding pose (a, SBP), metastable binding pose (b, MBP) and the final binding pose (¢, OBP) and
aripiprazole’s final binding pose (d, OBP). The complexes are visualized from the top, the protein is represented
as ribbon, the ligands as green sticks and important residues as light red sticks. Hydrogen bonds are shown as
dashed yellow lines. (e,f) Most frequent interactions of cariprazine in the SBP (e, green), MBP (e, red) and OBP

ligand proceeds till it reaches the OBP and forms the H-bond interaction with Asp3.32, which remains intact
(10-30ns). The orientation of the ligand (Fig. 5d) varies compared to cariprazine, but similar interactions were
also detected (Fig. 5f). Both H-bonds (Asp3.32, Ile1835¢!2) and hydrophobic interactions (e.g. Trp6.48, Phe6.51,
Tyr7.43) stabilize its binding mode. Stability assessments and unbinding simulations suggest that aripiprazole
might also reorient in the binding pocket to a similar pose as cariprazine.

Even though the unbinding simulations offer less reliable structural insight, the trajectories display some
characteristic dissociation features. Cariprazine relocates into the SBP after 17 ns (Fig. 4c) and fully dissociates
after 21 ns. During the unbinding of aripiprazole (Fig. 4d) we could not observe well defined stages, the higher
fluctuations in the RMSD values show less stabilization and the shape of the graph resembles more a one-phase
dissociation kinetics.

Discussion

Cariprazine and aripiprazole display similar dissociation behaviours at the D,R, but differ at the D;R.
Aripiprazole exhibits similar RT at the D3R and the D,R, whereas cariprazine shows the shortest RT and the
most pronounced biphasic behaviour of the tested ligands at the D;R. This could influence cariprazine’s in vivo
action, as it can react rapidly to variations in the dopamine level. Recent research revealed that metastable recep-
tor states may determine binding orientation of bivalent drugs in MD simulations® and may influence their
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Figure 6. Tyr7.35 and ECL2 lock movement during the binding of cariprazine. Distances between the centre
of masses of Tyr7.35 and ECL2 residues Ser182, Ile183, Ser184 and the centre of mass of the three residues
together representing the loop position in the cariprazine binding trajectory to the D;R.

binding kinetics*. Our findings suggest that cariprazine’s biphasic properties are connected to a metastable
binding pose. Different binding poses may influence a biased agonism at the D3R, by stimulating different sig-
nalling pathways depending on the natural ligand’s concentration. It has to be mentioned that there may be other
explanations for the biphasic in vitro behaviour. Given the high affinity and the fast k,q from the D; receptor,
the k,,, should be fast, which could result in rebinding effects in the assay. To check this possibility, different
concentrations of cariprazine (0.2 and 40 times K| value, n = 1) were evaluated, however, the biphasic nature of
its dissociation remained. Although other models may also describe the obtained data, the combination of the
experimental data and the MD simulations strengthen a biphasic in vitro dissociation profile of cariprazine and
a pronounced interaction with different receptor sites. Various studies have shown that the 8-arrestin pathway at
the D,R plays an important role in clinical efficacy of antipsychotics. Genetic 8-arrestin depletion led to a loss in
antipsychotic activity of tested agents with an increase in motoric ADE*‘. A BRET assay revealed the antagonism
of antipsychotic drugs, including aripiprazole, on the D,R mediated f-arrestin recruitment®. Given the biphasic
nature of cariprazines f3-arrestin recruitment and dissociation from the DR, increases in local dopamine con-
centration may not lead to a complete displacement of the ligand, but a certain amount will be able to act at the
target for a longer period.

A recent review? criticizes the use of the RT as sole explanation of a drug’s profile and claims for individual
evaluation of its impact. In the case of antipsychotic agents however, the correlation between RT and drug profiles
seems to be a reasonable hypothesis for different in vivo profiles®. Cariprazine displays a different dissociation
profile than other tested ligands and shows concurring properties in functional assays and MD simulations at the
D;R. Its profile differs especially from aripiprazole, also a highly active antipsychotic, only lacking the effectivity
on the negative symptoms. Therefore, the characteristic receptor interaction may be one possible cause behind the
efficacy of cariprazine on the negative symptoms of schizophrenia.

Although the clinical effects of cariprazine seem to correlate to its binding behaviour at the D3R, there may be
additional factors. The translation of an in vitro/in silico biphasic behaviour to in vivo effects remains to be eluci-
dated and requires more research on the origin of negative symptoms. However, with these findings, it is possible
to rationally develop compounds with biphasic kinetics and characterize them in vivo regarding their effects on
the negative symptomatic. Within this work, we show that:

« Cariprazine and aripiprazole share similar dissociation properties at the D,R
«  Cariprazine and aripiprazole display different dissociation profiles at the D;R
« Cariprazine dissociates faster from the D;R than from the D,R

« Cariprazine exhibits biphasic kinetics at the D;R

« The biphasic behaviour is also observed in functional assays with cariprazine
«  MD simulations support the experiments with structural interpretation.

Recent work'® emphasizes the significance of evaluating and comparing binding modes to understand and
advance drug development. By elucidating the binding profile of cariprazine the insights on receptor interaction
at the D;R were broadened and future evaluation of novel antipsychotic drugs with special focus on the negative
symptoms has gained an interesting aspect. By this, a next step in the understanding and improvement of antip-
sychotic therapy was made and future approaches may benefit from specialized agents for this diverse symptom
complex.
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Methods

Cell culture and membrane preparation of CHO cells expressing the hD,,R and the hD;R.  Cell
culture and membrane preparations were performed as reported previously with modifications?”. CHO cells sta-
bly expressing the human dopamine DR or D;R were cultured in DMEM (with 1% glutamine, 10% FBS, and
1% penicillin/streptomycin for D,, 1% glutamine, 10% dialysed FBS for D,). CHO-D, cells were collected in PBS
buffer, CHO-D; cells in medium and centrifuged at 3,000 x g for 10 min at 4 °C. The pellet was resuspended in
binding buffer (1 mM MgCl,, 1 mM CaCl,, 5mM KClI, 120 mM NaCl and 50 mM Tris, pH 7.7), disrupted and
centrifuged at 23,000 x g for 30 min (4 °C). The resulting pellet was stored in binding buffer at —80°C.

Radioligand displacement assays at the hD,R and the hD;R.  Displacement assays were performed
as reported previously?® with modifications. Briefly, membrane preparations (D, R: 25 pg/well; DyR: 20 pg/well)
were co-incubated with [*H]spiperone (0.2nM) and the test ligand. Nonspecific binding (NSB) was measured
with haloperidol (10 uM) and separation of bound radioligand was performed using VE-water. Assays ran in
triplicates at least in three independent experiments. Data was analysed using non-linear regression and equation
“one site competition”. The K; values were calculated from the ICs; values using the Cheng-Prusoff equation®.

Determination of the [*H]spiperone dissociation rate constants at the D,R and the D;R.  The
kg of [*H]spiperone (RL) was measured, using an excess of haloperidol*’. Cell preparations (D,,R: 25 pg/well;
D;R: 20 pg/well) were incubated (120 min, 250 rpm) with 0.2nM RL in 0.2mL. The dissociation was initiated
at different time points with an excess of haloperidol (0.4 mM stock, 15pL to prevent dilution). Assays ran in
quadruplicates with eleven time points with n =4 at the D,R and n =7 at the D;R. NSB was determined with
haloperidol (10puM), total binding with 0.2 nM RL for the total time of the experiments. Bound RL was separated
as described above. Binding data was analysed using non-linear regression and fitting to “one phase exponential
decay”.

Determination of unlabelled ligands dissociation rate constants at the D,R and the D;R.  The
ko of unlabelled ligands (UL) were measured indirectly by the dilution method, similar as described previ-
ously**", 50 uL of the membrane preparations (D,R: 25 pg/well; D;R: 20 pg/well) were incubated with the UL
at four times its K; value for 120 min, Afterwards the dissociation was initiated at different time points with an
excess of RL (150 uL, 20 times its K}, value). This dilution results in the majority of the receptors being occupied
by RL at the end of the experiment. As the RL may only bind when the UL has dissociated, k,, of the RL reflects
the kg of the UL (Supplementary Fig. S1). To ensure, that the association of the RL occurs without delay to
the dissociation of the UL, the concentration of the RL has to be very high (e.g. 20 times Ky, value). This model
assumes that RL and UL bind to the same binding site. Assays ran in triplicates with eight time points with at least
n =3 independent experiments. Total binding was measured in the absence of UL; at the end of the experiments
80-100% of the total binding were achieved (spiperone and rotigotine 70% at the D;R). Rotigotine was measured
at 5 times its K| value at the D;R. NSB and separation are described above. The k ; were obtained by applying
non-linear regression and fitting to “one phase exponential association” or “two phase exponential association”.
As this indirect method underlies model theories and assumptions the resulting k 4 are approximations that serve
mainly as comparison criteria. The effects of Gpp(NH)p, the omitting of sodium-ions in the buffer and of using
[*H]raclopride as RL were evaluated with the same method (n>2).

Measurement of B-arrestin 2 activation at the D;R by aripiprazole and cariprazine. The
PathHunter® R-arrestin eXpress GPCR assay kit was used to measure -arrestin recruitment at the D3R (pro-
tocol of agonists for aripiprazole and cariprazine). Briefly, U20S cells were incubated at 37°C for 48 h. Agonist
dilutions were added to the respective wells and incubated for 90 min at 37 °C. Afterwards the detection reagent
was added and incubated for 60 min at room temperature in the dark. Luminescence was read with the Infinite
1000 Reader (Tecan). Assays ran in duplicates with n =2 independent experiments. Data was analysed using
non-linear regression and fitting to equations “log(agonist) vs. normalized response - variable slope” and “bipha-
sic”. For biphasic fitting “bottom” was constrained to zero, “top” to 100 and nH1/nH2 to 1.

Molecular modelling approaches at the D3R.  MD simulations were performed on cariprazine and arip-
iprazole. The initial structures were constructed from the D;R X-Ray structure (Protein database entry code:
3PBL)™, mutated residues were transformed to their natural form, eticlopride was removed. The protein was
embedded into a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid bilayer, the complexes were
solvated in TIP3P waters and neutralized with chloride ions. Parameterization was based on Amber ff14SB force
field* and restrained electrostatic potential (RESP)** charges were calculated for the ligands. All preparatory
steps were carried out with the default parameters in the BiKi Life Sciences suite’. The structures were mini-
mized and equilibrated following the default protocol of the program package (see details in the Supplementary
Information). Binding studies against the D;R were carried out applying BiKi Life Sciences MD Binding tool
implemented in GROMACS-4.6.1° as published recently””. This approach is based on adaptive forces attract-
ing the ligand into the predefined binding site, which residues were identified by NanoShaper™ and refined by
visual inspection (Supplementary Table S1). The additional attractive forces between the ligand and the binding
site facilitate the ligand to overcome the barrier of entering the binding pocket; therefore reduce the timescale
of the full binding event into a few 10 ns. The bias was switched off, when the ligand reached the 4 A distance
criteria from the backbone heavy atoms of Ser193. During the 20 replica production runs an 0.2 gaining factor
was applied in the 30 ns long simulations in isothermal-isobaric (NPT) ensemble at 300 K and 1.013 bar pressure.
The binding poses lacking hydrogen bond interaction with the conserved Asp110 were ruled out, the remaining
unbiased trajectories were clustered with GROMACS g_cluster tool by the single-linkage method (1.5 A cut-off)
and their stability was tested with scaled MD. The most stable pose was identified as final binding mode and the
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interaction fingerprints were calculated by IChem® with default settings based on every 10™ frame of the cor-
responding trajectories. The unbinding studies were based on scaled MDs with a scaling factor of 0.4 applying
BiKiNetics tool*. The final binding mode of the MD binding simulations was the starting pose using struc-
tural restraints in canonical (NVT) ensemble at 300 K without the explicit membrane environment. The applied
parameters are summarized in Supplementary Table S1. The ligands were considered fully dissociated, when the
6 A solvation shell around them contained only water molecules.

Data and statistical analysis. In vitro assays were analysed with Prism 6 (GraphPad Software Inc., San
Diego, CA) and are given as means + standard deviation (s.d.). In some instances the number of experiments was
increased to characterize binding properties into detail (e.g. biphasic dissociation of cariprazine). This is marked
in the tables. The signal of the indirect kinetic experiments and the f3-arrestin assays were normalized (zero was
set as zero) to allow comparison of different curve shapes. Significance of biphasic fitting over one-phasic fitting
or “biphasic” over “log(agonist) vs. normalized response” was tested with the globalized data sets using the “extra
sum-of-squares F Test” provided by GraphPad. Comparisons were considered significant if p-value was <0.05
(a=0.05). All in vitro assays were performed at room temperature.

Materials and reagents. [*H]Radioligands were purchased from Perkin Elmer (Waltham, USA).
Cariprazine was synthesized at RCNS, Hungary. The authors confirm the identity and purity of the given com-
pound. The B-arrestin kit was purchased from DiscoverX (Birmingham, UK).

Data availability. The datasets generated and analysed during the current study are available from the cor-
responding author on reasonable request.
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Equilibration protocol for the MD simulations.

The 5000 steps of steepest descent minimization were followed by three equilibration step in canonical (NVT)
ensemble. The temperature was increased from 100 K to 300 K applying the velocity-rescaling temperature
coupling available in the GROMACS program package. The backbone restraints were lifted off after the
second NVT step. Each stage run for 0.1 ns with 2 fs time steps, except in the first stage a 1 fs time step was
applied. The final equilibration step contained 1 ns run in NPT ensemble with 2 fs time steps at 300K and

1.013 bar pressure applying a Parrinello-Rahman barostat.

Table S1: Parameters applied during MD binding and unbinding simulations. Ser193 was set as switch off in the binding simulations

MD protocol Residues

V78 F106 V107 D110 V111 C114 T115 1183

MD Binding attractive residues | F188 V189 S192 S193 S196 W342 F345 F346

H349 T368 T369 V373

T36 V86 L89 E90 F106 V107 D110 V111

BiKiNetics unrestrained MI112 M113 C114 T115 C181 S182 1183 S184
residues F188 V189 1190 S192 S193 V195 S196 W342

F345 F346 H349 T365 S366 T369 V373
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Figure S1: Principle of the dilution method.

Figure Legend
Figure S1: Principle of the dilution method. Receptor preparations are pre-incubated with the UL.

Afterwards the dissociation is initiated with an excess of RL. As the RL may only bind, when the UL has
dissociated the kobs of the RL equals the kofr of the UL.
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10 Conclusions and prospects

This work describes the pharmacological in vitro evaluation of novel scaffolds at aminergic GPCRs.

Thereby, it raises new motivations for subsequent in vivo and in silico evaluation of these scaffolds.

So far, agents targeting the H4R provide only poor efficacy or drug-likeness and none have entered the
market (Thurmond, 2015). In the presented work (chapter 3), an array of methanolic extracts, including
a Curcuma rhizoma extract, were evaluated in vitro (Frank et al., 2017). Curcumin and two derivatives
(Figure 16) emerged as ligands for the H4R, exhibiting moderate, but dose dependent activity in
radioligand displacement assays and providing novel non-amine scaffolds for H4R ligands (Frank et al.,
2017). Curcumin enjoys high popularity as a natural remedy for the treatment of inflammatory
diseases, which is a research field closely connected to the HisR. Many efforts have been made to
increase its status from food supplement to evidence-based clinical agent, but in vivo evidence of its
anti-inflammatory action has not been convincingly presented so far. On the other hand, in vitro
evidence for its action on various targets in the fields of inflammation is steadily growing, making it a
hot topic in natural product research (Mirzaei et al., 2018; Qureshi et al., 2018; Shehzad et al., 2019).
At the same time, criticism regarding false positive results is on the rise, as curcumin displays poor
drug-likeness and belongs to a class of pan-assay interfering compounds (PAINS) (Nelson et al., 2017).
Such problems may occur because of interferences with cells or spectroscopic instruments during
assay readout. In this study, interferences of curcumin are not expected, as the readout is based on
radiometric signals. A non-labeled ligand must compete with a radiolabelled ligand at the binding site,
leaving small risk for false positive signals. Additionally, membrane preparations were used, reducing
the risk of cell-based interference compromising the assay. Interestingly, the crude extract of Curcuma
longa was more active than the pure components of the extract (Frank et al., 2017). This further
suggests that the effects in the assay are not caused by assay interference of curcumin. Although
curcumin depicts a ligand that needs to be evaluated carefully, within this study curcumin derivatives
were determined to be potential non-amine H4R ligands, representing a promising new
pharmacophore at this receptor. The lack of a basic amine in this structure gives indication for a novel
binding mode or unreported binding pocket in the HsR. This would be a profitable prospect for
additional research regarding curcumin’s action in inflammatory diseases at the H4R. Functional assays

on these derivatives could further elucidate the regulatory role of the H4R in inflammation.

o O
O
OH HO bis(4-hydroxy) OH

cinnamoylmethane
Figure 16: Structures of compounds of the methanolic extract of Curcuma rhizomes (chapter 3) (Frank et al., 2017).
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The use of natural product inspired compounds was also successful in the design and evaluation of a
small series of pyrrolo[2,3-d]pyrimidine derivatives as potential H3R ligands (chapter 4). The natural
compound class of pyrrolo[2,3-d]pyrimidines is wusually investigated for anti-infectious
and -inflammatory properties (Jiang et al., 2019; Raju et al., 2019; Shah et al., 2018). Compound
repositioning, by the combination of this scaffold with known H3R moieties, afforded novel H3R ligands
with potentially extended pharmacological properties. This was realised by introducing lipophilic and
basic moieties to the 7-position and 4-position respectively, enabling the possibility to use natural
products as starting point for scaffold evaluation. The first series of novel pyrrolo[2,3-d]pyrimidines
provided selective in vitro HsR affinity, which was complemented by the results of in silico experiments
and presents a novel class of H3R lead compounds (chapter 4, lead A in Figure 17) (Espinosa-Bustos et
al., 2018). Conducting a rationale-based drug optimization approach allowed for the design of a second
series that convinced by increased HsR affinity and selectivity (chapter 5) (Frank et al., 2019). The
effects of dehalogenation at 2-position and electron withdrawing moieties at a benzyl moiety in
7-position gave an impetus for prospective SAR studies (Frank et al., 2019). These ligands provide
valuable insights for derivatization of similar HsR scaffolds in the future, as the changes did result in
low nanomolar affinities (lead B in Figure 17) and the derivatization pattern of the benzyl followed a
trend with increased binding affinity through higher electron-withdrawing capacities of the
substitution. The presented series is rather small and lacks structural modifications that could improve
binding affinities or could explore the derivatization possibilities of the scaffold. Implementation of
piperidinylpropyloxyl groups as basic part or a shift of the lipophilic part to the 6-position present
reasonable prospects for derivatization of this natural compound inspired class. The introduction of
halogens, especially fluorine, into the agents provides interesting alterations to their pharmacokinetic
and physicochemical properties (Hardman, 1991; Purser et al., 2008). Hence, evaluation of

pharmacokinetic properties could be highly interesting and could be performed in a next step.
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Figure 17: Scaffold optimization of natural product inspired compounds (chapter 4 and 5) and representative binding curve
for the most active compound (lead B, chapter 5) (Espinosa-Bustos et al., 2018; Frank et al., 2019).
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Potential lead compounds from in vitro affinity screenings need to be forwarded into in vivo evaluation
and early preclinical in vitro evaluation regarding pharmacokinetic parameters, to improve the existing
scaffolds. A series of (homo)piperidine ether derivative-based HsR ligands, inspired by pitolisant, was
found to present selective HsR activity, which gave motivation for their subsequent in vivo evaluation
as anti-epileptic agents (chapter 6) (Alachkar et al., 2018). Two compounds (4 and 13 in the publication,
Figure 18) emerged as successful, preclinical agents, when they were tested in epilepsy mouse models.
Compound 4 displayed highest potential among the tested substances in maximal electroshock- and
chemically (pentylenetetrazol) induced seizure models (Alachkar et al., 2018). An in silico ADME-Tox
screening and in vitro evaluation of CYP interactions revealed satisfying pharmacokinetic properties,
thereby substantiating a further evaluation of this novel agent (Alachkar et al., 2018). As stated in
chapter 6, further in vivo studies with different species are necessary for the prospective evaluation of
compound 4. This work is an example for the benefits of early in vitro scaffold evaluation. The
presented series was developed by optimizing previous research (Sadek et al., 2016a) on this scaffold

class and allowed for the determined development and characterization of in vivo active ligands.
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induced seizures

Figure 18: Chemical structures of the two most promising compounds in in vivo animal models for epilepsy (chapter 6)
(Alachkar et al., 2018).
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Figure 19: Chemical structures of talipexole, the most active compound bearing a 1-(2,3-dichlorophenyl)-piperazine and the
compound bearing a (2-methoxyphenyl)piperazine (chapter 7) (Stank et al., 2019). The amino moiety (blue) is interesting for
investigating bioisosteric replacement, while the linker length (red) is supposed to yield receptor subtype selectivity.

The previous scaffolds of this work bear only one pharmacophore, directed at one binding site. In
contrast to that, a small series of bitopic D,/DsR ligands was synthesized and pharmacologically
characterized, to address two binding sites with one novel scaffold (chapter 7) (Stank et al., 2019). The
demand for subtype selective dopamine receptor ligands is on the rise and design of bitopic ligands
with a defined linker length and two pharmacophores provides a valuable addition to recent attempts
(Cao et al., 2016; Cao et al.,, 2018; Omran et al., 2018). Combining reported dopamine receptor
preferring pharmacophores with a 5,6,7,8-tetrahydro-4H-thiazolo[4,5-d]azepin-2-amine, inspired by
talipexole, yielded the presented small series of novel, bitopic ligands (chapter 7) (Stank et al., 2019).
Novel hit compounds at D,/DsRs were identified, with the most active compound
(1-(2,3-dichlorophenyl)piperazine derivative, Figure 19), lacking receptor selectivity, but displaying
increased affinity compared to talipexole (Stank et al., 2019). A deamination of the active
5,6,7,8-tetrahydro-4H-thiazolo[4,5-d]azepin-2-amine did not influence selectivity or even receptor
affinity (Stank et al., 2019). An aminated (2-methoxyphenyl)piperazine (Figure 19) was not synthesized,
as the presented series was not an iterative attempt (Stank et al., 2019). Therefore a general statement
regarding the deamination of bioisosteric replacements in these ligands is not possible, but presents a
reasonable approach for further derivatization. The linker length did not influence DsR affinity of the
presented (2-methoxyphenyl)piperazines, but prolongation of the dimethyl linker with tetramethyl
and trimethyl groups resulted in slightly increased D;R affinity (Stank et al., 2019). Previous results
suggested more flexible bitopic ligands should be preferred by the DsR’s SBP, given its different spatial
orientation (Newman et al., 2012; Wang et al., 2018). A reasonable prospect for further elucidation on
this topic might be the linker derivatization of the more active 1-(2,3-dichlorophenyl)piperazines or
in silico evaluations that resolve the binding orientation of the presented ligands. Batitti and colleagues
recently reported on the influence of chirality on the affinity of D3R selective bitopic ligands (Battiti et
al., 2019). Hence, the introduction of achiral 5,6,7,8-tetrahydro-4H-thiazolo[4,5-d]azepines provides
further benefits. It has to be noted that a functional in vitro evaluation of these compounds was not

performed yet, which would be necessary to assess clinical implication of such ligands.
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Figure 20: Chemical structure of TP-22 (chapter 8) (Carbone et al., 2019), including presented receptor affinities for the D;R
and DsR subtype.

The involvement of serotonin and dopamine receptor subtypes and especially their interplay is the
topic of general interest in neurological disorders given a high degree of overlap of the receptor’s
scaffolds. Evaluating N-(4-cyanobenzyl)-6-(4-(5-fluoro-4'-methoxy-[1,1'-biphenyl]-2-yl)piperazin-1-
yl)hexanamide, a 5-HT,R agonist (Figure 20, TP-22), at the dopamine receptor subtypes revealed
in vitro K;i values in the low nanomolar range at the D;R and DsR, with low affinities at D, and DsRs
(chapter 8) (Carbone et al., 2019). Further in vitro evaluation showed antagonist properties at D;Rs
that complement its 5-HT; receptor activity (Carbone et al.,, 2019). In the presented study TP-22
increased the effects of methylphenidate in two animal models, which is surprising given its in vitro
evaluation as D1R antagonist. Agonist behaviour on 5-HT receptor subtypes and antagonist properties
at dopamine receptor subtypes are rarely reported. Animal models that evaluate the in vivo behaviour
of TP-22 at dopamine receptor subtypes, especially D; and DsRs, could elucidate this observation. A
comparison of the RT at the dopamine and serotonin receptor subtypes could also be helpful to bring
the different functionalities into accordance. Nevertheless, the presented results strengthen the
importance of early in vitro evaluation of various receptor subtype affinities and binding modes to
identify pharmacologically striking features that could ease preclinical transition of

multi-target-directed ligands.

The DTRT evaluation promises improved translation of in vitro findings to in vivo behaviour (Daryaee,
Tonge, 2019) and has been linked to clinical profiles in the case of D;R antagonists (Fyfe et al., 2019;
Kapur, Seeman, 2000; 2001). Within the presented study (chapter 9) cariprazine (Vraylar®) showed a
unique in vitro biphasic dissociation profile with a short RT (Figure 21A), among the four test
compounds (Frank et al., 2018). The in vitro results were supported by in silico binding and unbinding
evaluations and complemented by in vitro functional assays for B-arrestin recruitment (Frank et al.,
2018). Aripiprazole, displayed different in vitro as well as in silico D3R binding and unbinding (Figure
21A) but no differences in functionality. Cariprazine was just recently approved as one of the first
ligands for the use in schizophrenia with mainly negative symptoms (Ragguett, Mcintyre, 2019). A
bimolecular and rapid dissociation could enable the D3R to react to peaks in dopamine levels but still

allow for a balanced D3R signaling that is discussed to be disturbed in negative symptoms (Frank et al.,
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2018; Simpson et al., 2014). The differences in DsR RT and unbinding could explain the clinical
variations of aripiprazole and cariprazine, as structural motifs ((2,3-dichloro)piperazines), receptor
affinities as well as functional properties of the two ligands are otherwise comparable. However, this
is speculative and follow-up studies will be necessary to test this hypothesis. Accordingly, two
compounds, structurally related to cariprazine, were synthesized and are currently under evaluation
for their RT (unpublished data). In addition to the identification of novel target-interactions of
cariprazine the presented assay displays an innovative tool for the assessment of DTRTs. Prior RT
evaluations of unlabelled ligands usually neglected drug-target interactions that involve more than one
reaction step (Figure 21B). Especially the often used Motulsky and Mahan equation was until recently
limited to monomolecular binding events. Given the reported SBP (Chien et al., 2010; Wang et al.,
2018) for the D, and D3R this would be insufficient for describing all possible binding interactions. The
published work (chapter 9) is one of the first indirect radioligand assays that addresses this issue. It
was published at the same time as another method that used mathematical modifications of the
Motulsky and Mahan equation for this intention (Guo et al., 2018). While the presented assay does
not allow for evaluation of association times, it has a higher throughput than the method of Guo and
colleagues (up to four compounds per plate instead of one) although the high amount of radiolabelled
ligand (20 times K;) that is required to perform this assay, limits its cost effectiveness. This novel assay
does not require RT characterization of the radiolabelled ligand, although it should bind sufficiently
fast to the receptor. When comparing the total counts per minute of the radiolabelled ligand in
presence of the fastest unlabelled ligand (cariprazine) and the radiolabelled ligand without presence
of competitor, more radiolabelled ligand had bound at respective time points in case of the

radiolabelled ligand without competitor. This supports a sufficiently fast association.
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Figure 21: (A) Dissociation behaviour of cariprazine (left) and aripiprazole (right) at the D3R in vitro (chapter 9) (Frank et al.,
2018). (B) Monomolecular drug-target interactions (left) against bimolecular target interactions (right). L: ligand; P: protein.
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A general drawback of displacement assays is the simplified assumption that radiolabelled and
unlabelled ligand bind exclusively to the same binding sites. Radiolabelling and subsequent RT
evaluation of cariprazine could be helpful in additional studies, to definitely confirm the reported
target-interactions. The presented publication is one of the first published results for DTRT
investigations of unlabelled ligands at the D3R, where others investigated only radiolabelled
compounds (Fasciani et al., 2018; Wood et al.,, 2015). Hence, this work not only sheds light on
cariprazine’s mode of action but also allows for future medium-throughput evaluation of unlabelled
ligands at the D, and DsR. The results further implicate a role of the D3R in the treatment of negative
symptoms in schizophrenia. To which extent dissociation kinetics do influence clinical profiles has to
be evaluated in follow-up studies by comparing dissociation profiles of clinical agents that act as
strongly on the negative symptoms as cariprazine. The in vivo evaluation of compounds that show a

similar dissociation profile will hopefully yield experimental support for this hypothesis.

The presented results address recent issues of histamine, dopamine and serotonin receptor subtype
targeting by exploring novel scaffolds, investigating pathway interactions and implementing new
evaluation tools for a better in vivo translation of in vitro results. The evaluation of natural compounds
and natural compound inspired scaffolds as histamine receptor ligands combines the fields of
pharmaceutical biology and pharmaceutical chemistry and yielded novel compounds with improved
binding affinities and previously unreported scaffolds. Furthermore, this work implemented a novel
DTRT assay that is the first to describe D3R RT of unlabelled ligands and detected unreported binding
interactions of a recently approved antipsychotic agent. By that, it supported mode of action
evaluations for cariprazine and contributed to a better understanding in the treatment of negative

symptoms.
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Serotonin 5-HT7 receptor

Allosteric binding site

Adenylyl cyclase

Adverse drug effects

Attention deficit hyperactivity disorder
Aspartate

Calcium ions

3’,5"-Cyclic adenosine monophosphate
Central nervous system
Catechol-O-methyltransferase
Cytochrome P450

Dopamine D; receptor

Dopamine D, receptor

Dopamine Ds receptor

Dopamine D4 receptor

Dopamine Ds receptor

Diacylglycerol

Dopamine transporter

Database

DOPA decarboxylase

DOPAC:Dihydroxyphenylacetic acid

DTRT:
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FDA:

Ga:

GABA:

Drug-target residence time
Extracellular loop

Exempli gratia

European Medicines Agency
Extrapyramidal side effects

U.S. Food and Drug Administration
G protein a-subunit

y-Aminobutyric acid
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GBy:
GIRK:
GPCR:
GTP:
H:R:
H2R:
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HaR:
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Guanosine diphosphate

G protein By-subunit

G protein-gated inwardly rectifying potassium
G protein-coupled receptor

Guanosine triphosphate

Histamine H; receptor

Histamine H;, receptor

Histamine Hs receptor

Histamine Ha receptor

Intracellular loop

Inositol (1,4,5)-trisphosphate

IUPHAR: International Union of Basic and Clinical Pharmacology

K*:
Kobs:

Kofr:

[L]:
MAO:
MAPK:
OBS:
PD:
PKA:
PKC:
PLCB:
RLS:
RT:
SARs:
SBP:

SN:

Potassium ions

Observed kinetic rate constant
Dissociation rate constant
Association rate constant
Ligands concentration [mol/L]
Monoamine oxidase
Mitogen-activated proteinkinase
Orthosteric binding site
Parkinson’s disease
Proteinkinase A

Proteinkinase C

Phospholipase C-p
Restless-legs syndrome
Residence time
Structure-activity relationships
Secondary binding pocket

Substantia nigra

t1/2ass0: Association half-life time

t1/2disso: Dissociation half-life time
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TH: Tyrosine-3-hydroxylase
TMD: Transmembrane domain

VMAT: Vesicular monoamine transporter
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