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 G-protein-coupled receptors: classification, signal transduction 

and ligand characterization 

With over 800 identified G-protein-coupled receptors (GPCRs)1, the GPCR superfamily 

represents the largest human membrane protein family and its members are among the most 

popular targets for marketed drugs and in drug discovery/development.2,3 Vertebrate GPCRs 

can be categorized into five major classes [rhodopsin (largest class), glutamate, secretin, 

adhesion and frizzled/taste2], which are further divided into subfamilies based on their 

sequence similarity.1,4 GPCRs are proteins with an extracellular amino (N)-terminus, an 

intracellular carboxyl (C)-terminus and seven hydrophobic membrane-spanning helices 

(TM1 – TM7).5 The intracellular parts of GPCRs are involved in signaling mechanisms, while 

the extracellular region and the transmembrane domain are important for ligand binding.6 

GPCRs can recognize a variety of extracellular stimuli (e.g. biogenic amines, peptides, proteins, 

lipids and ions) and transduce the resulting signals by coupling to intracellular proteins 

(besides heterotrimeric G-proteins, e.g. arrestin7 and kinases8), which subsequently activate 

effectors and trigger cellular responses.3 

In Figure 1.1 the G-protein- and β-arrestin mediated signaling cascades of GPCRs are 

schematically illustrated. The active state of a GPCR binds to the heterotrimeric G-protein, 

consisting of the subunits α, β and γ, and subsequently causes a guanosine nucleotide 

exchange [guanosine diphosphate (GDP)/guanosine triphosphate (GTP)] in the α subunit.9 

Afterwards, the ternary complex (GPCR/Gαβγ) dissociates into the GPCR, the Gα-GTP subunit 

and the Gβγ complex.9 The α subunit can be divided into four major isoforms, namely the Gαs-, 

Gαi-, Gαq/11- and Gα12/13 proteins10,11 comprising GTPase activity, which converts GTP to GDP.9 

The subsequent influence on effector proteins depends on the type of the α subunit, to which 

the GPCR is predominantly coupled to.9 The Gαs protein translocates the adenylyl cyclase (AC) 

and activates its enzymatic activity, which leads to the formation of cyclic adenosine 

monophosphate (cAMP) from adenosine triphosphate (ATP). By contrast, the coupling to Gαi 

causes a decrease in AC activity. The interaction with Gαq/11 activates effectors from the 

phospholipase C (PLC)-β class, which catalyze the formation of inositol triphosphate (IP3) and 

diacylglycerol (DAG) from phosphatidylinositol bisphosphate. The increase in IP3
 subsequently 
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triggers the release of Ca2+ into the cytosol. Gα12/13 activates e.g. Rho. The Gβγ complex acts 

as a signal transducer as well, modulating e.g. PLCs and ion channels. The G-protein-mediated 

signaling is halted by the hydrolysis of GTP and the reformation of the heterotrimeric 

G-protein.12 

 

Figure 1.1. Schematic illustration of the G-protein-(A) and β-arrestin (B) mediated signaling cascades of GPCRs. Modified 
from Iliopoulos-Tsoutsouvas et al.13 (A) Agonist binding to GPCRs promotes a conformational change of the receptor (active 
state), which initiates coupling to the heterotrimeric G-protein (Gαβγ) and a guanosine nucleotide (GDP/GTP) exchange 
occurs. Subsequently, the ternary complex (GPCR/Gαβγ) dissociates and the dissociated subunits (Gαx-GTP and Gβγ) regulate 
their respective effector proteins such as adenylyl cyclase (AC), phospholipase C (PLC) , Rho and ion channels, which 
themselves regulate further downstream effectors. The hydrolysis of GTP to GPD and the reassembly of the heterotrimeric 
G-protein stop G-protein-mediated signaling. For a more detailed description see text. (B) The G-protein-coupled receptor 
kinase (GRK) mediates phosphorylation of the active state of a GPCR under consumption of ATP, which induces binding of β-
arrestin. A conformational change in β-arrestin causes interactions with downstream effectors to initiate signaling and 
triggers desensitization or internalization of the GPCR followed by degradation or recycling to plasma. For a more detailed 
description see text. 

Besides the signaling mediated by G-proteins, GPCRs are also known to be involved in 

G-protein-independent signaling pathways.12 Intensively studied is the coupling of arrestin, 

induced by G-protein-coupled receptor kinase (GRK)-mediated phosphorylation of the active 

conformation of a GPCR under consumption of ATP.14 Of the four arrestin isoforms only 

arrestin-2 and arrestin-3, also known as β-arrestin1 and β-arrestin2, are distributed 
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ubiquitously.14 The coupling of β-arrestin to the cytosolic surface of the GPCR initially 

terminates G-protein signaling by steric hindrance.14,15 A subsequent conformational change 

in β-arrestin allows interactions with further downstream proteins, triggering the 

desensitization15 of a GPCR or its internalization16 (via clathrin-coated pits) into endosomes 

followed by degradation or recycling of the GPCR to the plasma membrane17. Additionally, 

β-arrestin is involved in the activation of downstream effectors e.g. mitogen-activated protein 

kinase (MAPK).18,19 

To describe the pharmacological effect of ligands interacting with GPCRs, several receptor 

models have been proposed, e.g. the ternary complex model20 and the extended ternary 

complex model21. These are classic “two state” models in which the GPCR adopts two 

conformations, the active and the inactive. In the latter model, both states are at equilibrium 

and able to spontaneously isomerize without agonist binding.22 Agonists predominantly bind 

to the active state of the receptor, stabilize it and induce G-protein activation. The activation 

of a GPCR in the absence of an agonist is called constitutive (basal) activity and is described 

for numerous GPCRs.23 Inverse agonists bind preferably to the inactive state and decrease the 

constitutive activity of the receptor. Antagonists bind, without affecting the equilibrium, to 

both states and therefore inhibit the binding of (inverse) agonists. Indeed, the “two state” 

model helps to fundamentally understand the basic concept of GPCR pharmacology. 

Nonetheless, there is strong evidence that a GPCR can adopt a variety of active and inactive 

conformations upon ligand binding, which lead to different physiological responses.24,25 This 

reflects the complexity of GPCRs, which is based on e.g. orthosteric ligand binding26, 

allosterism27, G-protein selectivity28, G-protein independent signaling14, receptor 

desensitization15 and internalization16, as well as receptor oligomerization29.  
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 Molecular tools for GPCRs: an overview 

GPCRs constitute a long-standing therapeutic target as they are involved in a plethora of 

biological and (patho)physiological processes and interact i. a. with relatively small 

endogenous ligands, the action of which can be mimicked by synthetic molecules.3,30 Over the 

years, the strategical development of GPCR ligands, such as biomolecules (e.g. peptides, 

proteins and biogenic amines) but also synthetically derived small molecules, on one hand led 

to the discovery of new drug candidates2 and on the other hand built a set of so called 

“molecular tools” (or “pharmacological tools”). Such tools support the basic research of 

molecular pharmacology of GPCRs31, with respect to e.g. receptor-ligand-interactions, 

subtype selectivity, (biased) signaling, allosterism and receptor oligomerization, and therefore 

contribute to a better understanding of their (patho)physiological roles.  

In principle, the most basic molecular tools for GPCRs are ligands, which bind to the 

endogenous ligand (orthosteric) binding site of a particular receptor and act as full agonists, 

partial agonists, inverse agonists or neutral antagonists. An overview of more specialized 

molecular tools is given in the following. In Figure 1.2, the underlying concepts of the herein 

described molecular tools to study GPCRs are illustrated schematically. 

 Biased ligands 

The finding that a GPCR adopts numerous conformations, thereby activating different 

signaling pathways induced by ligand binding, point to the complexity of GPCR signaling.32-35 

Such selective stimulation of intracellular effectors (e.g. different G-proteins or β-arrestins) is 

termed e.g. functional selectivity36 or biased agonism37. Biased agonism of GPCRs depends on 

ligand binding and the specific activation of distinct effector proteins (ligand bias), but also on 

the stoichiometric ratio of G-proteins, arrestins or other signaling partners (system bias) in 

different cell types and/or tissues (dynamic bias).38 In terms of drug development, biased 

agonists are considered promising drug candidates, because adverse effects are hypothesized 

to correlate with the activation of unfavorable signaling pathways for several receptors.39,40 

For example, an induction of β-arrestin at the µ-opioid receptor is postulated to be involved 

in severe side-effects.41,42 In that regard, a G-protein-biased agonist (PZM2143) was reported. 

However, G-protein bias of PZM21 and lacking respiratory depression could not be confirmed 
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in an independent study44. These contradictory results point out that the pharmacology and 

the (patho)physiological relevance of biased agonism at GPCRs are still barely understood. 

Therefore, not only robust experimental techniques and mathematical models which allow 

reliable quantification of signaling bias, but also rationally designed biased ligands as 

molecular tools are highly needed.38 

 Allosteric ligands 

Another class of molecular tools, the quality of action of which can be explained by the 

principle of functional selectivity, are allosteric ligands. These ligands do not bind to the 

orthosteric binding site, but to distinct – allosteric – regions of GPCRs and stabilize a distinct 

receptor conformation.27,45 Therefore, the compounds can have a modulatory effect 

(allosteric modulator) on binding and activity of orthosteric ligands.27,45 Moreover, allosteric 

(inverse) agonists themselves affect binding of intracellular effector proteins (e.g. 

G-proteins).27,45 The muscarinic acetylcholine M2 receptor constitutes the first GPCR assigned 

to allosteric modulation46-48 and several allosteric modulators46,47,49,50 have been described. 

As molecular tools, allosteric modulators can contribute to investigations on subtype 

selectivity, allosteric cooperativity and GPCR signaling.27,45 Moreover, allosteric modulators 

were co-crystallized with their GPCRs, e.g. as in case for the M2 receptor51, the chemokine 

receptors52-54 and the β2-adrenoceptor55. These structures contribute not least to a better 

understanding of allosterism at GPCRs but also to a rational design of optimized allosteric 

ligands.45 

 Bivalent ligands 

There is growing evidence that GPCRs can form homo- or hetero-oligomeric complexes, which 

are suggested to have biological or even therapeutic relevance.29,56-58 The bivalent ligand 

approach has been applied at GPCRs to study receptor dimerization59-61 and to develop ligands 

with improved receptor affinities/potencies and/or subtype selectivity62-67. Homo- and 

heterobivalent ligands basically consist of two pharmacophoric units (monomeric orthosteric 

ligands) connected by a spacer of appropriate length and chemical composition.68 For bridging 

two orthosteric sites of neighboring receptors, the length of the spacer is crucial (rule of 

thumb, derived from opioid receptors: 22-32 Å66,69). Besides the bridging of protomers, 

additional binding modes are possible for bivalent ligands, especially if the spacer is not 
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sufficient in length: e.g. monovalent binding to the orthosteric site of the receptor but also 

binding to another region at the same receptor.70 The improvements in affinities/potencies of 

bivalent ligands compared with those of the corresponding monomeric ligands, which have 

been achieved for some GPCRs (see above), can be explained by a significantly lower entropy 

of the ligand-receptor complex by having one pharmacophore closely localized to its binding 

site upon binding of the other pharmacophore.67,68  

An alternative idea of cooperative binding is the concept of bitopic (dualsteric) 

ligands – hybrid molecules that concomitantly occupy an orthosteric and an allosteric site on 

a receptor via two distinct pharmacophores.27,68,70 Within a GPCR family, allosteric binding 

sites are less conserved than orthosteric binding sites, e.g. as for the muscarinic acetylcholine 

receptors71-74. Hence, they can be exploited by applying the bitopic ligand approach to 

improve receptor affinity and subtype selectivity.27,75-79 Moreover, bitopic ligands can 

contribute to the assessment of allosteric cooperativity and GPCR signaling.27,76,79,80 

 Covalent ligands 

Another interesting class of molecular tools for GPCRs are covalently binding ligands. These 

ligands, initially termed as affinity labels, are defined as high affinity compounds bearing 

reactive substructures, which bind irreversibly to specific amino acid residues in the binding 

site of a GPRC of interest.81,82 The cross-linking moiety is either intrinsically reactive and mostly 

of electrophilic nature (e.g. isothiocyanates, disulfides, Michael acceptors or nitrogen 

mustards) or it requires an activation step that leads to a reactive chemical species.81,82 An 

example of the latter is the photoconversion of so-called photoaffinity labels. Irradiation 

produces a highly reactive chemical substructure, e.g. a carbene or a nitrene, which 

subsequently leads to covalent binding of the ligand to the receptor.81 Although photoaffinity 

labels have already been developed for GPCRs (e.g. for opioid receptors), their application is 

associated with drawbacks (e.g. photoactivation often requires tissue/cell-damaging UV-light 

and can cause unwanted side-reactions).81 Therefore, intrinsically electrophilic covalent 

ligands gained attraction in the field of GPCRs and were described for e.g. opioid 

receptors81,83,84, β1- and β2-adreneroceptors85-87, the histamine H3 receptor88, the dopamine 

D2 receptor89 and the muscarinic acetylcholine M2 receptor90. They have already been 

involved in the early identification of GPCR binding sites and in investigations on the function 
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of GPCRs and receptor reserve.86 Moreover, covalent ligands gained recent interest as tools 

for structural studies of GPCRs in distinct functional receptor states.83,85,87,90 

 Photochromic ligands 

As an intersection between medicinal chemistry and photochemistry, photopharmacology 

rapidly has emerged in the field of GPCR research over the last six years.91 Here, light-sensitive 

photochromic compounds are used, which are expected to provide beneficial spatiotemporal 

precision in investigations on receptor signaling.92,93 Such molecular tools contain a 

photo-switchable moiety (e.g spiropyrans94, diarylethenes95-97, fulgides/fulgimides96,97 or 

azobenzenes95,97-99), which can isomerize (cis/trans isomers), induced by illumination with 

distinct wavelengths. Thereby the chemical/optical properties and ideally appreciably the 

biological effect (e.g. binding affinity, functional activity) of a photochromic ligand at its GPCRs 

can be altered.91 Up to date, photochromic ligands have been described for e.g. µ-opioid 

receptors100, histamine receptors99,101,102, dopamine receptors96,103, the chemokine receptor 

CXR398, the neuropeptide Y Y4 receptor97 and the muscarinic acetylcholine M1 receptor104,105. 

Azobenzenes are mainly used as photoswitches, due to benefits with respect to facile 

synthesis, relatively high quantum yields, appreciable change in the end-to-end distance of 

the cis/trans isomers, relatively high yields of the isomers and low photobleaching.91,95 

However, there are several limitations of azobenzenes as photoswitches worth considering in 

the context of data interpretation and application in cell/tissue-based or in vivo experimental 

settings, which include: the scarcely quantitative light-induced isomerization, the frequent 

necessity for tissue-damaging UV light to initiate switching, the liability to reduction by 

glutathione and the toxicity of the photoswitch and its potential metabolites.95 

 Labeled ligands 

Among molecular tools for GPCRs, labeled compounds, namely radio- and fluorescent ligands, 

are of central importance for investigations on receptor-ligand-interactions. 

 Radiolabeled ligands  

Radioligands constitute the first labeled molecular tools and their application in GPCR binding 

studies started to gain attraction in the late 1960s.106,107 A crucial factor in the design of a 

radioligand is the choice of a suitable radioisotope with a sufficient specific activity that allows 
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the detection of low-level receptor binding.108 The commonly used radioisotopes for labeling 

endogenous ligands, but also synthetically derived (inverse) agonists / antagonists for GPCRs 

are tritium (3H) and 125I.109 Tritium has a long half-life (12.4 years) in comparison to 125I 

(59.6 days).110 Therefore, once synthesized, tritiated ligands can be used longer in 

pharmacological studies (up to years) than 125iodided compounds (up to 4 weeks).110,111 

Additionally, the handling of tritiated ligands is more convenient because shielding is not 

necessary due to its low emission energy (max: 0.018 MeV).110 In contrast, 125I-labeled ligands 

have higher specific activities108,110, thus being useful probes for binding studies if the receptor 

density is very low or the amount of tissue is small.111 Moreover, the high  energy of 

125iodided ligands enables a direct detection of radiation rather than by scintillation 

counting.112 

Besides the selection of an appropriate radioisotope, additional criteria must be taken into 

consideration for the design of radioligands: First of all, it should be evaluated whether an 

agonist or antagonist should be radiolabeled, since agonists bind to the active conformation 

of a GPCR, but antagonists target the active and the inactive state.111 Furthermore, the 

labeling strategy and the purification should be simple and lead to high radiochemical yield 

and purity of the radioligand to avoid an unreasonable environmental burden. The radioligand 

should be soluble in the used buffers/media and chemically stable under experimental 

conditions.108 Most importantly, the radioligand should bind selectively and with high affinity 

at the GPCRs of interest (at least in the one- to two-digit-nM range), while showing low 

nonspecific binding.111 

Radioligands have been developed for e.g. the histamine113,114-, the neuropeptide115-120-, and 

the muscarinic acetylcholine M2
76,79 receptors and applied in radioligand binding assays, such 

as saturation binding-, kinetic binding- and competition binding experiments. Radioligands are 

frequently used to determine affinities of unlabeled ligands at the GPCRs of interest in 

moderate to high throughput and allow investigations on different receptor binding modes 

(e.g. allosteric binding).109 

In autoradiography, tritiated or 125iodided GPCR ligands can be applied as well.117,118,121-125 

A radioligand can be detected in a sample (e.g. tissue section areas) by apposition to a 

photographic emulsion in the dark and by subsequent silver grain revelation.126 
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Autoradiography allows the localization of a radioligand bound to its receptors, but also its 

quantification, because the density of an autoradiography image is quasi-linear to the 

radioactive content.126  

Over the years, an increased level of safety and legal requirements and high costs for 

laboratory equipment, maintenance and waste disposal have caused a decline in the use of 

radioligands in pharmacological studies. Nevertheless, radioligand binding experiments are 

still unparalleled with respect to sensitivity and robustness.  

By contrast, a class of radiolabeled probes emerging in the field of GPCRs are positron 

emission tomography (PET) tracers.127-133 PET is a powerful imaging technique – based on 

annihilation of a positron and an electron – that can be used for diagnostics in e.g. oncology, 

neurology and cardiology.134 Radionuclides used in PET imaging are positron emitting isotopes 

with short half-lives (e.g. 18F, 11C, 124I or 68Ga), which are incorporated in a ligand that binds to 

the target of interest (e.g. GPCR).134 

 Fluorescently labeled ligands 

Over the last decades, fluorescent ligands have increasingly become valuable complementary 

tools to radioligands for investigations on ligand-receptor-interactions at GPCRs.115,135-140 

In general, fluorescent probes are not affected by the above-mentioned disadvantages of 

radioligands (see section 1.2.6.1).13  

A fluorescent ligand basically consists of a pharmacophore, a linker and a fluorophore, 

whereas the precursors of the fluorophore (e.g. pyrylium-, cyanine- and bodipy dyes) can be 

either readily synthesized or purchased.13 As described above for radioligands, fluorescent 

ligands should fulfill the following requirements for good performance: high receptor 

selectivity/-affinity, low non-specific binding, high solubility in media and chemical stability 

under assay conditions and suitable spectral properties as well as appreciable quantum 

yields.13 Nonetheless, the development of fluorescent probes can be challenging, because 

labeling of small GPCR ligands with comparably bulky fluorophores is often accompanied by a 

decrease in affinity at the target receptor.13  

Compared to radioligands, fluorescent ligands are superior molecular tools in imaging studies 

on receptor localization and trafficking in tissue or distinct cells by applying e.g. confocal 
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microscopy136 or high content imaging139. Moreover, fluorescent ligands can be applied in 

receptor binding experiments, such as saturation-, kinetic- and competition binding assays. 

Various techniques were employed, for instance flow cytometry115,136,139 or fluorescence 

polarization141, but also Förster/bioluminescence resonance energy transfer 

(FRET/BRET)142,143.  

The FRET/BRET-techniques are based on the radiationless energy transfer from a donor (e.g. 

tagged GPCR) to an acceptor (e.g. fluorescent molecular tool), which subsequently emits light. 

A sufficient overlap of the donor emission spectrum and the acceptor excitation spectrum, 

but also close proximity (1 – 10 nm144) and an optimal orientation of the dipole moments of 

the acceptor and donor are requirements for FRET/BRET.143 For FRET assays, the GPCR has to 

be N-terminally tagged, either covalently [e.g. with enhanced green-fluorescent protein 

(eGFP)] or non-covalently (e.g. with fluorescent antibodies).143 In contrast, luciferase enzymes 

[e.g. NanoLuc (NLuc)145], which oxidize their substrates (e.g. furimazine) to generate 

bioluminescence, are used as donors in BRET assays. Since no external light source is needed 

for BRET, lower signal-to-noise ratios can be achieved. By contrast to e.g. radioligand binding 

assays, the FRET/BRET-techniques enable real-time binding experiments using live cells by 

making washing and filtration steps dispensable (i.e. also no influence on the thermodynamic 

equilibrium of the receptor-ligand complex). This is especially useful when performing kinetic 

binding experiments with fluorescent probes, since a high temporal resolution (ms-scale) can 

be achieved.143  
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Figure 1.2. Schematic illustration of the concepts of the herein described molecular tools to study GPCRs. Basic molecular 
tools: a ligand binds to the orthosteric binding site of a GPCR and acts as an agonist, inverse agonist, or antagonist. Biased 
ligands: for instance, a ligand binds to the orthosteric binding site of a GPCR and causes the activation of G-proteins over the 
recruitment of β-arrestins. Allosteric ligands: a ligand binds to the allosteric binding site of a GPCR and modulates the binding 
and/or the biological effect of an orthosteric ligand and/or induces a biological effect itself. Bivalent ligands: ligands, which 
consist of two pharmacophoric units and a spacer of appropriate length and chemical composition. For these ligands, several 
binding modes at GPCRs are possible. Covalent ligands: a ligand, which contains an electrophilic cross-linking moiety. A 
covalently bound ligand, for instance to the orthosteric site of a GPCR, stabilizes a distinct receptor conformation, which 
allows investigations on receptor structure. Photochromic ligands: for instance, azobenzenes can isomerize (trans/cis) by 
illumination with a distinct wavelength. The cis/trans isomers may reveal e.g. different binding affinities and/or functional 
activities by binding to e.g. the orthosteric binding site of a GPCR. Labeled ligands: a radioligand constitutes e.g. an orthosteric 
ligand, which is labeled with a radioisotope. A fluorescent ligand consists of e.g. an orthosteric ligand, a linker and a 
fluorescent label. The labeling allows the quantification and the localization of the receptor-bound ligand. Furthermore, 
fluorescent ligands can be applied in BRET-based binding assays. 
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 The histamine H3 and H4 receptors: characteristics and clinical 

candidates 

The biological effects of the biogenic amine histamine (Figure 1.4) are mediated by its 

interaction with four histamine receptor subtypes, namely the histamine H1-4 receptors, which 

all belong to the rhodopsin-like family of GPCRs.4 Initially, the H1R and H2R were 

pharmacologically characterized146,147 and subsequently cloned148,149. In 1983, the 

pharmacological identification150 of the H3R followed, but it took 16 years for the human 

ortholog to be cloned151.152 Furthermore, cloning of the H3R from other species (rat151,153, 

guinea pig154, mouse155 and Rhesus monkey156) revealed a high conservation between these 

receptor orthologs of approx. 92%.157 

In 2000/01, the histamine H4 receptor was cloned and deorphanized158-164, and revealed a 

rather high sequence homology with the H3R (approx. 40% overall and approx. 58% within the 

TM domains). The identification of the H4R subsequently led to the cloning of several species 

orthologs, which comprise a substantially different receptor sequence compared to the 

human H4R sequence (approx. 70% homology).165,166 Only the Cynomolgus monkey ortholog 

displays a higher homology of 92%.167 In comparison to the H1R and H2R, the endogenous 

agonist histamine binds with higher affinity to the H3R and H4R.168 While the activated H1R and 

H2R couple to Gαq/11 and Gαs proteins, respectively, the H3R and H4R activate predominantly 

Gαi/o proteins.5 

 The (patho)physiological role of the H3R and clinical candidates  

The H3R is mainly expressed in the central nervous system (CNS) and subsidiary in periphery 

(e.g. gastrointestinal- and respiratory tract and cardiovascular system).152,169 The human and 

rodent H3Rs are known to signal in an agonist-independent, constitutive manner.152 

Constitutive activity was not only found for the recombinant human and rat H3Rs, but also for 

native rodent H3Rs.170-172 In the CNS, the H3R acts as an autoreceptor and inhibits the synthesis 

and the release of histamine.169 As a pre-synaptic heteroreceptor, the H3R regulates the 

release of several neurotransmitters, e.g. acetylcholine and glutamate.169  

The role of the H3R, predominantly in numerous CNS functions (e.g. sleep-wake regulation and 

locomotor activity)169,173, renders it a promising therapeutic target for the treatment of e.g. 
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narcolepsy174,175, Parkinson’s disease176,177, schizophrenia178, epilepsy179,180, pain181,182 and 

multiple sclerosis183,184. Recently, the H3R antagonist pitolisant185 (Figure 1.3), developed by 

Bioprojet, was approved in the EU and the US for the treatment of narcolepsy.175 Currently, 

there are numerous clinic trials on a variety of additional indications, e.g. excessive day-time 

sleepiness in narcolepsy or Parkinson’s disease, obstructive sleep apnea, schizophrenia and 

drug abuse.169 Besides pitolisant, inverse agonists/antagonists, like GSK-189254 and 

GSK-239512186 (Figure 1.3), completed clinical trials in e.g. hyperalgesia, Alzheimer’s 

disease187, schizophrenia188 or multiple sclerosis184.169 Additionally, Johnson & Johnson (JNJ) 

completed several clinical studies for Attention Deficit Hyperactivity Disorder (ADHD) with the 

benzamide JNJ-31001074189 (Figure 1.3).169 With the results of a trial with e.g. PF-03654746190 

(Figure 1.3), the role of the H3R in the treatment of allergic rhinitis could be confirmed.169 

 The (patho)physiological role of the H4R and clinical candidates 

Although the H3R and H4R display similarities with respect to receptor structure, substantial 

differences are worth mentioning: 

While the H3R is mainly expressed in the CNS, the expression of H4R in the central and 

peripheral nervous system is still controversially discussed and needs further research.191,192 

The H4R is known to be mainly expressed in hematopoietic cells (e.g. dendritic cells, mast cells, 

eosinophils and T-lymphocytes)193-195, and also in colonic epithelial cells196 and epidermal 

tissue (i.e. in keratinocytes in the prickle cell layer and granular layer of the epidermis197). 

Based on its expression profile and experimental evidence, the H4R is suggested to play a 

(patho)physiological role in autoimmune and allergic disorders (e.g. pruritus198,199, atopic 

dermatitis200, bronchial asthma201, ulcerative colitis202 and rheumatoid arthritis203) and in 

cancer204,205. As a consequence of the above-mentioned low sequence homology between the 

human H4R and its rodent orthologs, high constitutive activity was predominantly observed 

for the human H4R in recombinant and overexpressing systems.168,206,207 Moreover, for the 

endogenous agonist histamine (Figure 1.4) substantial differences in affinities and potencies 

across the orthologs were observed.208-210  

Up to date, only three clinical candidates for the H4R are known worth mentioning.204 One of 

them is JNJ-39758979211 (Figure 1.3), which revealed promising results in preclinical and phase 

1 studies198,212 with healthy volunteers.204 A phase 2a trial213 in adults suggests its potential in 
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eosinophilic asthma.204 In adults with atopic dermatitis214 it reduced pruritus, but caused 

drug-induced agranulocytosis, hampering its clinical use.204 To overcome such drug-induced 

side effects, a structurally different H4R antagonist, namely toreforant (Figure 1.3), was 

developed and safely applied in clinical trials215 with patients with rheumatoid arthritis, 

asthma and psoriasis.204 In a phase 2 study, toreforant reduced symptoms of rheumatoid 

arthritis, but failed to reveal significant improvements in a follow up trial216.204 Moreover, 

toreforant showed no beneficial effect on eosinophilc asthma217.204 The selective H4R 

antagonist ZPL-3893787218 (Figure 1.3) was investigated in a phase 2a trial200,219 with patients 

with moderate to severe atopic dermatitis and supports the antipruritic and 

anti-inflammatory effect of H4R antagonists.204 In summary, the data of the clinical studies 

implicate that clinical candidates with less side effects are needed, and that further research 

has to be conducted to deepen the understanding of the (patho)physiological role of the H4R. 

The application of translational animal models constitutes a critical aspect of this research. 

However, the low sequence homology between the human and e.g. the rodent H4R impedes 

the development of ligands with comparable pharmacological properties.  

 

Figure 1.3. Structures of selected clinical candidates for the histamine H3 and H4 receptors. 



 
General introduction 

 

-16- 

 Molecular tools for the histamine H3 and H4 receptors 

Over the years a plethora of (inverse) 

agonists/antagonists, partly radio- 

and/or fluorescently labeled, were de-

scribed for the H3R and H4R as 

molecular tools. Not surprisingly, due 

to the high sequence homology several 

imidazole containing ligands, initially 

developed for the H3R, revealed com-

parable high affinities and potencies at 

the H4R (≤ three-digit-nM range). Apart 

from the endogenous ligand histamine 

(Figure 1.4), comparable affinities and 

potencies were reported for several 

H3R agonists [e.g. homohistamine, 

imbutamine, impentamine, Nα-methylhistamine150, (R)-α-methylhistamine220, imetit221 and 

immepip222 (Figure 1.4)], but also for H3R inverse agonists/antagonists [e.g. thioperamide223, 

clobenpropit221 and iodophenpropit224 (Figure 1.4)].168,225,226 With respect to the quality of 

action, only impentamine and clobenpropit revealed substantial differences at the H4R: 

Impentamine acts as an antagonist and clobenpropit revealed partial agonistic activity at the 

H4R.168 As an inverse agonist at the H4R168, thioperamide is frequently used as reference 

compound. 

First improvements with respect to subtype selectivity for the H3R over H4R were achieved by 

methylation of immepip, which led to methimepip227 (Figure 1.4), a highly potent and selective 

H3R agonist.168,226 The first described highly potent H4R agonists with moderate to pronounced 

subtype selectivity were VUF-8430228 and 4(5)-methylhistamine147,168 (Figure 1.5), 

respectively. VUF-8430 derived from the H2R agonist dimaprit, whereas 4(5)-methylhistamine 

was initially described as an agonist for the H2R.  

Other H2R agonists, for instance impromidine and their NG-acylated derivatives, showed higher 

potencies at the H4R as well, whereas no subtype selectivity over the H3R was observed.226 

Figure 1.4. Structures of the endogenous histamine receptor agonist 
histamine and selected molecular tools for the histamine H3 
receptor. 
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Structural modifications led to 

e.g. UR-PI294114 (Figure 1.5), a 

highly potent H3,4Rs agonist with 

substantial selectivity over the 

H1R and H2R. To further improve 

subtype selectivity towards the 

H4R, the acylguanidine motif was 

replaced by a less basic 

cyanoguanidine. In combination 

with further structural variations 

highly potent H4R agonists [e.g. 

UR-PI376229 and trans-(+)-

(1S,3S)-UR-RG98230 (Figure 1.5)] 

with improved selectivity over 

the H3R (≈ 30-fold and > 100-fold, 

respectively) and negligible 

activities at the H1,2R were 

achieved. 

In 2006, Johnson & Johnson 

introduced the 2-arylbenzimi-

dazoles231 as new compound class. Its histamine and spinaceamine derivatives (Figure 1.5) 

constitute highly potent H4R agonists with pronounced selectivity over the H3R (up to 

2700-fold232) and almost no affinity at the H1,2Rs.232,233  

Besides the search for H4R selective ligands, there is also an interest in finding ligands 

comprising comparable functional profiles at the H4R and H1R to investigate their interlinked 

role in inflammatory processes, suggested in literature234-238. 

For many imidazole containing ligands class-related issues were observed, e.g. cytochrome 

P450 inhibition and off-target activity.239 Therefore, the design of new H3R and H4R agonists 

and most importantly antagonists focused on non-imidazoles, aiming at improved drug-like 

properties for further applications in vivo and in the clinic. Examples of non-imidazole inverse 

Figure 1.5. Structures of selected molecular tools for the histamine H4 
receptor. 
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agonists/antagonists for the H3R are the aforementioned clinical candidates GSK-189254, 

GSK-239512, JNJ-3100104 and pitolisant (Figure 1.3) as well as the recently published 

covalent88 and photochromic99 ligands.  

In the search for highly potent and subtype selective non-imidazole inverse 

agonists/antagonists for the H4R, a high-throughput campaign led to the indole carboxamide 

JNJ-7777120240 (Figure 1.5). Since then, JNJ-7777120 has widely been used as a standard 

antagonists in animal models to investigate the (patho)physiology of the H4R.152 However, in 

vitro agonism at species orthologs (e.g. mouse and rat H4Rs)207,209,210, β-arrestin 

recruitment241,242 and off-target effects at higher concentrations209 were observed for 

JNJ-7777120, which should be taken into account when interpreting in vivo data.  

The finding of extreme bias for JNJ-7777120 subsequently led to extensive screening of H4R 

ligands for functional selectivity243,244, which uncovered Gαi protein or β-arrestin2 preferred 

signaling within and between different chemical classes. Nonetheless, biased H4R signaling is 

still an unexplored area and screening for functional selectivity constitutes a promising 

approach in the development of new H4R ligands. The identification of biased ligands as 

molecular tools might help to unravel the contribution of these distinct pathways in H4R 

(patho)physiology.243  

For the H4R, species-dependent discrepancies with respect to potencies and even in the 

quality of action were not only found for histamine (Figure 1.4) or JNJ-7777120 (Figure 1.5), 

but also for several H4R ligands in recombinant systems.207-210,245 To improve the translational 

value of animal models, new molecular tools for the H4R are needed, comprising balanced 

functional profiles across the species with a special emphasis on the most important 

laboratory animals like mice and rats. With 2,4-diaminopyrimidine-type agonists246-248 

(example see Figure 1.5) and antagonists [e.g. JNJ-39758979, (Figure 1.3)] this aim was 

achieved. While the antagonist JNJ-39758979 has already been probed in clinical studies (see 

section 1.3.2), the agonists constitute promising molecular tools for studying the 

(patho)physiological role of the H4R, which is still far away from being completely 

understood.226 
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 Radiolabeled molecular tools for the H3R and H4R 

With respect to radiolabeled molecular tools, several PET tracers have been described for the 

H3R so far.152,169 Among them is the 11C-labeled GSK-189254 (structure of “cold” ligand see 

Figure 1.3), which has been used to quantify the expression of the H3R in human brain 

in vivo.249 Additionally, 125iodided and tritiated ligands were applied in radioligand binding 

studies at the H3R, namely the agonists [3H]histamine150, [3H]Nα-methylhistamine250, 

[3H](R)-α-methylhistamine251 and [3H]UR-PI294114, but also the inverse agonists/antagonists 

[3H]thioperamide252 and [125I]iodophenpropit224,253 (structures of “cold” ligands see Figure 1.4 

and Figure 1.5). Moreover, [125I]iodoproxyfan254,255 has proven useful as a high affinity H3R 

radioligand, revealing binding affinities in the two-digit picomolar range.254  

For binding studies at the human H4R, the radioligands [3H]histamine160,164,165,207,208, 

[3H]UR-PI294114, [125I]iodophenpropit168 and [3H]JNJ-7777120168,256 (structures of “cold” 

ligands see Figure 1.4 and Figure 1.5) found application in recombinant systems, but have 

several drawbacks that are discussed in detail in chapter 3. In our laboratory, 

[3H]UR-DEBa176257 was developed, which constitutes the first highly affinic radioligand 

enabling comparative and robust binding studies at the H4R species orthologs, namely the 

human, mouse and rat H4 receptors (for details see chapter 3). 

 Fluorescently labeled molecular tools for the H3R and H4R 

Besides radiolabeled molecular tools, also numerous fluorescent probes140,258-260 for the H3R 

have been developed. Among them, the highly affinic and subtype selective fluorescent H3R 

antagonist bodisilant140 (Figure 1.4), which proved useful for receptor imaging in human H3R 

overexpressing cells and human brain tissue. Nonetheless, its rather unfavorable spectral 

properties (λabs = 468 nm; λem = 493 and 563 nm140) can cause interference with cellular 

autofluorescence and preclude a potential application as a molecular tool in BRET-based 

binding studies.  

Despite some efforts to develop fluorescent ligands for the H4R, only a few compounds 

[e.g. Bodipy-FL-histamine261 and Py-5 labeled 2-arylbenzimidazole262 (Figure 1.5)] with weak 

affinities at the human H4R were described.142,261,262 By contrast, the commercially available 

clobenpropit-BODIPY-630/650 was successfully applied in BRET-based binding studies142 at the 
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human H3,4Rs. However, its versatile application is associated with drawbacks, which are 

discussed in chapter 4.  

Just recently, the first highly affinic, comprehensively characterized and versatile fluorescent 

probe for the human H3R and the H4R species orthologs was described.263 On one hand, 

UR-DEBa242263 proved suitable for comparative BRET-based binding studies at the human H3R 

and the human and mouse H4Rs. On the other hand, it can support investigations on the 

expression of the H4R by enabling the localization of the human H4R in live cells. For further 

details see chapter 4. 
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Over the years, the histamine H3 and H4 receptors have emerged as promising therapeutic 

targets within the histamine receptor family (H1-4R). Just recently, pitolisant, an H3R 

antagonist, was approved for the treatment of narcolepsy.1 At present, several H3R inverse 

agonists/antagonists attained clinical trials for various indications.2 By contrast, for the H4R 

only three worth mentioning candidates reached clinical studies on atopic dermatitis, 

psoriasis, asthma or rheumatoid arthritis.3 Possible reasons for this low outcome are the not 

fully elucidated expression pattern4-7 of the H4R and the marked species [human (h), mouse 

(m), rat (r)]-dependent differences8-10, regarding affinities, potencies and/or even the quality 

of action of several H4R ligands. Consequently, the translational value of rodent animal models 

is compromised. Such models are crucial for the development of new drug candidates and for 

investigations on the (patho)physiological role of the H4R. 

Radio- and fluorescent ligands with a balanced affinity-/functional profile at the H4R species 

orthologs can be valuable molecular tools to gain a deeper understanding of the H4R by means 

of rodent animal models. Although several radioligands have been successfully applied at the 

hH4R in recombinant systems11-14, no radioligand is known to be eligible for comparative and 

robust binding studies at the h/m/rH4Rs. Furthermore, highly affinic fluorescent ligands are 

strongly needed to contribute to investigations on the expression of the H4R. In addition to 

their application in imaging, e.g. confocal microscopy, these molecular tools can be applied in 

bioluminescent resonance energy transfer (BRET)-based binding studies as well. Advantages 

of such studies include e.g. a medium to high-throughput performance and a high temporal 

resolution. For the H3R, several well-characterized radio-12,15-19 and fluorescent20-22 ligands 

have been described. However, only two commercially available and poorly characterized 

fluorescent ligands were applied in BRET-based binding studies23, which are not only 

expensive, but show also less than ideal spectral properties. 

Therefore, this thesis aimed at the development of two complementary molecular tools: on 

one hand, a high affinity radioligand that can be used for comparative binding studies at the 

h/m/rH4Rs. On the other hand, an extensively characterized fluorescent ligand, which enables 

localization studies of the hH4R in live cells and comparative BRET-based binding studies at the 

NanoLuc (NLuc)-tagged h/mH4Rs and hH3R. 
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To achieve the first goal, the following requirements of a potential radioligand were defined: 

a convenient radiolabeling procedure, a high degree of (radio)chemical purity/stability and a 

reasonable specific activity. Moreover, apart from comparable efficacies at the h/m/rH4Rs, 

the radioligand should reveal binding constants in the one- to two-digit-nM range and a low 

nonspecific binding around the Kd value. Therefore, it was aimed at the synthesis of a library 

of 2,4-diaminopyrimidines, based on the structure of the equipotent h/m/rH4Rs agonist 

(R)-4-(3-aminopyrrolidin-1-yl)-N-neopentylpyrimidin-2-amine24. It was intended to 

structurally modify position 4 of the molecule by introducing (cyclic) aliphatic amines (partly 

methylated, propionylated or guanidinylated), histamine, and some of its homologs, while 

keeping the neopentylamine in position 2. The compounds had to be characterized by 

radioligand binding and in functional assays. The results of functional assays at the human and 

rodent H4Rs should guide the selection of target structures for radiolabeling. Finally, the 

tritiated 2,4-diaminopyrimide had to be analytically and pharmacologically characterized. 

In order to meet the second aim, histamine and several homologs were chosen as 

pharmacophores to be labeled with the fluorophore pyrylium-525 (Py-5, 4-{(1E,3E)-4-

[4-(dimethylamino)phenyl]buta-1,3-dienyl}-2,6-dimethylpyrylium tetrafluoroborate), with or 

without the introduction of a propylene spacer. The Py-5 label, as it is well-suited for an 

NLuc-based BRET assay, convinced due to its spectral properties, its small size, and the 

convenient labeling procedure. As described for the developed radioligand, the library of 

fluorescent probes had to be investigated by applying radioligand binding and functional 

assays. The compound with highest binding affinities and/or potencies (at least in 

two-digit-nM range) at the hH3R and the h/mH4Rs was planned to be extensively characterized 

by using e.g. confocal microscopy, BRET-based binding assays and flow cytometry. 
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 Introduction 

The human histamine H4 receptor (hH4R) was discovered at the turn of the millennium as the 

latest member of the histamine receptor family (H1-4Rs)1-7 and is expected to be a promising 

target for the treatment of disorders of the immune system (e.g. rheumatoid arthritis, 

bronchial asthma).8,9 The expression and a potential physiological role of the H4R in the brain 

was controversially discussed in the literature.10 For investigations on the (patho)physiology 

of the H4R, mouse and rat became the most important laboratory animals.11 However, the 

pharmacological evaluation of the rodent histamine H4 receptors (mH4R, rH4R) is 

compromised by species-dependent discrepancies regarding the potencies (e.g. 3.01 , 

3.0212, and 3.0313) and/or the quality of action (e.g. 3.0414, 3.0515 and 3.0614) of standard 

ligands for the hH4R (Figure 3.1).16-18 These differences are probably caused by the 

substantially different constitutive activities of the H4R species orthologs4,17,19,20 and the low 

sequence homology (68 – 69%21) of the mH4R and the rH4R with the hH4R.  

For radioligand binding studies at the H4R, only four radioligands [[3H]3.014,5,16,21,22, [3H]3.0212, 

[3H]3.0514,23 and [125I]iodophenpropit14 (not shown)] were reported, but their use is limited: 

due to the low potencies at the rodent receptors (Figure 3.1) in combination with the specific 

activity of 10 – 25 Ci/mmol of the commercially available labeled histamine [3H]3.01, relatively 

high amounts of radioligand and the receptor protein are required for binding studies.12 

Additionally, binding experiments with [3H]3.01 revealed either significantly different binding 

constants [Kd (nM): 5 – 9 (hH4R); 42 – 78 (mH4R); 134 – 178 (rH4R)]21-24 at the receptor 

orthologs or failed16 at the mouse and rat H4Rs. Iodophenpropit is a high-affinity hH4R ligand 

(pKi: 7.914). Nonetheless, the use of [125I]iodophenpropit as a radioligand is limited due to the 

poor chemical stability, short half-life of the 125I-label (59.4 days) in comparison to 3H-labeled 

ligands (12.4 years) and the need to follow special safety precautions (e.g. shielding) during 

preparation and handling.12 The radiolabeled agonist [3H]3.0212 (Figure 3.1) was developed 

for the hH3R and hH4R with comparably high affinities at both receptor subtypes. By contrast, 

the potency of 3.02 at the mH4R and rH4R was in the three-to four-digit-nM range (Figure 3.1) 

in a functional assay with a proximal readout ([35S]-GTPγS assay17). Therefore, [3H]3.02 is 

inappropriate for radioligand binding experiments at the mH4R or rH4R. Binding studies with 

[3H]3.05 revealed comparably high affinities at the h/m/rH4Rs.23 By contrast, saturation 
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binding experiments with [3H]3.05 in our laboratory25 were only feasible at the hH4R 

expressed in Sf9 membranes, accompanied by a high level of nonspecific binding (30 – 40% of 

total binding around the Kd)25. Additionally, the substantial species-dependent differences in 

the quality of action of 3.05 in several functional assays (e. g. [35S]-GTPγS17 and luciferase 

reporter gene18 assays) may compromise H4R radioligand binding studies across species. 

Moreover, [3H]3.05 is not commercially available and a customer commissioned synthesis 

would be expensive.25 

 

Figure 3.1. Structures and functional data of known hH4R ligands obtained from [35S]-GTPγS-binding assays17 on the human 
(h), mouse (m) and rat (r) H4R receptors. 

Due to the aforementioned drawbacks of the reported radioligands for the H4R, we were 

aiming at a new radioligand as a molecular tool, allowing comparative and robust binding 

studies at the h/m/rH4Rs with the following characteristics: convenient synthesis (e.g. by 

methylation26 or propionylation27 in the last synthetic step), high degree of 

chemical/radiochemical purity and stability, high specific activity, low nonspecific binding 

(< 20% of total binding), binding constants (Kd values) in the one- to two-digit-nM range and 

comparable intrinsic activities at the h/m/rH4Rs. Therefore, a set of 2,4-diaminopyrimidines 
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was prepared, based on the structure of 3.3328,29 (Scheme 3.1), which was reported as an 

equipotent agonist at the human and rodent H4Rs29. For structural modification (cyclic) 

aliphatic amines, histamine 3.01, and some of its homologs were introduced in position 4 of 

the 2,4-diaminopyrimidine scaffold, whereas in position 2, a neopentylamine moiety was kept 

constant (Scheme 3.1). Some cyclic aliphatic amines were methylated, propionylated or 

guanidinylated (Scheme 3.1). Initially, the structure-affinity relationships of the small library 

were explored at the hH4R. The selection of target structures for radiolabeling was based on 

the results of various functional assays at the human and the rodent H4R species variants. 
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 Results and discussion 

 Chemistry 

Heating the amine precursors 3.07 – 3.18 (structures see Scheme A 3.1 – Scheme A 3.3 and 

Figure A 3.1, source or synthesis see in section 3.5.1) with the 2,4-dichloropyrimidine 3.19 

(Scheme 3.1) in a microwave reactor or in a round-bottom flask28 under basic conditions in 

isopropyl alcohol (i-PrOH), the intermediates 3.20 – 3.31 (Scheme 3.1) were prepared 

(synthesis see in section 3.5.2). Subsequently, a second nucleophilic substitution reaction of 

3.20 with an excess of 2,2-dimethylpropan-1-amine was performed in a protic solvent (i-PrOH) 

and in the presence of N,N-diisopropylethylamine (DIPEA) using a microwave reactor over 

6 hours to get the Boc-protected 2,4-diaminopyrimidine 3.32 (Scheme 3.1). After removal of 

the protection group under acidic conditions [trifluoroacetic acid (TFA)], the desired 

2,4-diaminopyrimidine 3.33 was obtained in good yield (78.4%). Basically, target compounds 

3.34 – 3.44 were prepared under comparable conditions, starting with intermediates 

3.21 – 3.31. For the preparation of 3.44, deprotection was unnecessary.  

Treating the Boc-protected intermediate 3.32 with an excess of LiAlH4 (5 equiv) in anhydrous 

tetrahydrofuran (THF)30, the monomethylated 2,4-diaminopyrimidine 3.45 was obtained in 

moderate yield (43.1%) after refluxing for 7 h (Scheme 3.1).  

Target compounds 3.33 – 3.35 were methylated under Eschweiler-Clarke conditions using 

formaldehyde and formic acid to give the mono- or dimethylated 2,4-diaminopyrimidines 

3.46 – 3.48 (Scheme 3.1).  

The guanidinylations of 3.33 – 3.35 using 1,3-bis(tert-butoxycarbonyl)-2-methyl-2-

thiopseudourea25 and HgCl2 under basic conditions were performed as previously described31. 

Subsequent deprotection under acidic conditions led to 3.49 – 3.51 (Scheme 3.1).  

Compound 3.33 was propionylated under basic conditions using 1-propionylpyrrolidine-2,5-

dione, based on a previously described procedure27 to give 3.52 (Scheme 3.1).  

All target compounds (Scheme 3.1) were purified by preparative high-performance liquid 

chromatography (HPLC) to obtain the respective TFA salts in high chemical purity (> 96%) (for 

details see in section 3.4). 
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Scheme 3.1. Synthesis of the 2,4-diaminopyrimidines 3.33 – 3.52. 

 

Reagents and conditions: (I) 3.07 – 3.18 (see in section 3.5.1), DIPEA, i-PrOH, 120 °C (microwave), 1 h, 72.5% (3.20), or 
55 – 85 °C, 4 – 20 h, 64 – 95% (3.21 – 3.31) (see in section 3.5.2); (IIa) 3.20, 2,2-dimethylpropan-1-amine, DIPEA, i-PrOH, 
130 °C (microwave), 6 h, 96.1% (3.32), (IIb) 3.32, TFA, DCM, rt, 8 h, 78.4% (3.33); (IIIa) 3.21 – 3.30, 2,2-dimethylpropan-1-
amine, DIPEA, i-PrOH, 120 – 130 °C (microwave), 5 – 11 h, (IIIb) TFA, DCM, rt, 7 – 18 h, 14 – 65% (3.34 – 3.43); (IV) 3.31, 
2,2-dimethylpropan-1-amine, DIPEA, i-PrOH, 120 °C (microwave), 4 h, 17.4% (3.44); (V) LiAlH4, anhydrous THF, 70 °C, 7 h, 
43.1% (3.45). (VI) 3.33 – 3.35, formic acid/formamide 1/1 (v/v), 95 °C, 3 – 5 h, 49 – 73% (3.46 – 3.48); (VIIa) 3.33 – 3.35, 
1,3-bis(tert-butoxycarbonyl)-2-methyl-2-thiopseudourea, HgCl2, TEA, DCM, rt, 6 h, (VIIb) TFA, DCM, rt, 5 – 7 h, 25 – 40% 
(3.49 – 3.51); (VIII) 3.33, 1-propionylpyrrolidine-2,5-dione, DIPEA, DCM, rt, 24 h, 57.0% (3.52). 
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 Investigations on chemical stability 

The chemical stability of 3.43 (UR-DEBa148), 3.46 (UR-DEBa176), 3.48 and 3.49 was 

investigated in phosphate-buffered saline (PBS, pH 7.4) at 23 °C and over a time period of 24 h. 

Under these conditions, the investigated 2,4-diaminopyrimidines proved stable (for graphs 

see Figure A 3.33 – Figure A 3.36 in section 3.5.5.3, for details see section 3.4.4). 

 Structure affinity and subtype selectivity relationships of the target 

compounds (3.33 – 3.52) at the human histamine receptors 

With the 2,4-diaminopyrimdines, radioligand competition binding experiments were 

performed to investigate their structure-affinity relationships at the hH4R and their subtype 

selectivity over the hH1-3Rs. The binding constants (pKi values) at the hH1-4R, expressed in 

membrane preparations of Sf9 insect cells, are presented in Table 3.1. The structures of the 

synthesized 2,4-diaminopyrimidines are depicted in Table 3.1.  

The (R)-3-aminopyrrolidine 3.3328,29 and the homopiperazine 3.3528 revealed comparable high 

affinities at the hH4R (pKi = 8.07 and 7.88, respectively). Selectivity over the hH3R was 

improved for 3.35 (≈ 30-fold compared to 3.33), whereas 3.33 was almost equi-affinic. In 

comparison to 3.35, the hH4R affinity of the piperazine 3.3428 was reduced (≈ 14-fold), which 

is remarkable because the difference is only one methylene group in the aliphatic ring. The 

selectivity over hH3R was comparable. By introducing an ethylenediamine moiety into 3.34, 

and thereby adding an additional basic primary amine to the eastern part of the molecule and 

increasing flexibility, the decrease in hH4R affinity was striking (3.36: pKi < 5). The coupling of 

ethylenediamine, 3-aminopyrrolidine or 4-aminopiperidine to the 4-position of the pyrimidine 

core (3.37, 3.39 and 3.40) via the primary amine function was not successful in gaining affinity 

for the hH4R and hH3R (pKi < 7.0). An additional H-bond donor and/or an increased flexibility 

in the aliphatic amine motif seemed not to be tolerated by the hH4R and hH3R. By contrast, an 

elongation of the alkine chain, as for the propylenediamine 3.38, improved affinity for the 

hH4R (≈ 6-fold compared to 3.37) and the selectivity over the hH3R (≈ 105-fold) was striking.  

Despite the fact that imidazole-containing compounds lack subtype selectivity32, in 3.41 – 3.44 

the endogenous ligand histamine 3.01 and some of its homologs, previously used as 

precursors in the development of hH4R ligands12,33-36, were merged with the 
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2,4-diaminopyrimidine chemotype. Interestingly, the histamine derivative 3.41 and 

homohistamine derivative 3.42 showed comparably weak hH4R affinities (pKi = 6.69 and 6.35, 

respectively), while selectivity for the hH3R increased with the elongation of the alkine chain 

of the histamine analog (3.41: ≈ 20-fold; 3.42: ≈ 50-fold). Spinaceamine, the rigid congener of 

histamine 3.01, was merged with the 2-arylbenzimidazole chemotype by Johnson & Johnson 

in 2010 to gain subtype selectivity for the hH4R (≈ 2700-fold36). With the introduction of 

spinaceamine in the 4-position of the 2,4-diaminopyrimidines high affinity for the hH4R (3.43, 

UR-DEBa148: pKi = 8.29) was obtained. Unfortunately, with respect to subtype selectivity, 

3.43 was almost equi-affinic at the hH3R. Compound 3.44 revealed weak affinities (pKi ≤ 6.22) 

for all receptor subtypes with a tendency for the hH2R.  

Mono (3.4528)- and dimethylation (3.46, UR-DEBa176) of the pyrrolidine derivative 3.33 

revealed comparably high affinities at the hH4R (pKi = 8.42 and 7.93, respectively). 

Interestingly, the selectivity over the hH3R increased with the number of introduced methyl 

groups (3.45: ≈ 4-fold compared to 3.33; 3.46: ≈ 8-fold compared to 3.33). Nonetheless, the 

introduction of methyl groups did not increase the bulkiness very much, which might explain 

this finding. It is more likely that the H-bond donor group in the pyrrolidine derivatives 

3.33 and 3.45 is more relevant for hH3R binding than for binding to the hH4R. Methylation of 

3.34 and 3.35 did not effect hH4R affinity (3.47: pKi = 6.94; 3.48: pKi = 7.20) or subtype 

selectivity over the hH3R (3.47: ≈ 1.1-fold compared to 3.34; 3.48: ≈ 1.7-fold compared to 

3.35).  

The bioisosteric replacement of primary and secondary amines by a guanidine was previously 

proven effective in case of several selective hH3R and hH4R agonists (e.g. 3.0212, 3.0313, see 

Figure 3.1). This concept was transferred to the 2,4-diaminopyrimidine scaffold. 

Guanidinylation of 3.33, 3.34 and 3.35 led to a decrease in affinity for the hH4R (3.49: ≈ 8-fold 

compared to 3.33; 3.50: ≈ 3-fold compared to 3.34; 3.51: ≈ 204-fold compared to 3.35) and 

affinities at the hH3R were weak as well (pKi < 6.0). This illustrates that the introduction of a 

bulky but polar H-bond donor group was not well tolerated by the hH4R and the hH3R.  

Strikingly, structural modification by introducing a propionyl moiety into 3.33, and thereby 

reducing the basicity of the molecule, resulted in a marked decrease in affinity for the hH4R 

(3.52: ≈ 390-fold compared to 3.33) and the hH3R (3.52: ≈ 219-fold compared to 3.33).  
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The 2,4-diaminopyrimidines with pKi values > 6.0 at the hH4R showed distinct subtype 

selectivity over the hH1R and the hH2R (Table 3.1).  

Aiming at a new radioligand for comparative binding studies at hH4R orthologs, selected 

2,4-diaminopyrimidines with pKi values > 7.0 at the hH4R (3.33, 3.35, 3.38, 3.43, 3.45, 3.46, 

3.48 and 3.49) were further assessed in a luciferase reporter gene- and β-arrestin2 

recruitment assay at the h/m/rH4Rs. Their ortholog selectivity was studied to identify 

compounds with comparable potencies and efficacies across the H4R species variants. 

Table 3.1. Affinities at the hH1-4Rs and subtype selectivity profile of the 2,4-diaminopyrimidines. 

 

No. 
 

R 
 

pKi  
fold 

selectivity 

    hH4R hH3R hH2R hH1R  H3R/H4R H2R/H4R 
           

3.33 
 

 

 
8.07 ± 0.10a 7.86 ± 0.14c < 5.0 < 5.0  1.62 > 1175 

           

3.34 
 

 

 
6.73 ± 0.02a < 5.0c < 5.0 < 5.0  > 53.7 > 53.7 

           

3.35 
 

 

 
7.88 ± 0.06b 6.20 ± 0.06d < 5.0 < 5.0  47.9 > 759 

           

3.36 
 

 

 
< 5.0a < 5.0c < 5.0 < 5.0  1.00 1.00 

           

3.37  
 

 6.69 ± 0.14a 6.16 ± 0.04c < 5.0 < 5.3  3.39 > 49.0 
           

3.38  
 

 7.44 ± 0.05b 5.42 ± 0.17c,d < 6.0 < 5.0  105 > 27.5 
           

3.39 
 

 

 
6.51 ± 0.02b 6.69 ± 0.21c,d < 6.0 < 5.0  0.66 > 3.42 

           

3.40 
 

 

 
5.72 ± 0.16b 5.46 ± 0.01c,d < 6.0 < 5.0  1.82 > 0.52 

           

3.41 
 

 

 
6.69 ± 0.07b 8.02 ± 0.07d n.d. n.d.  0.05 n.a. 

           

3.42  
 

 6.35 ± 0.04b 8.03 ± 0.04d n.d. n.d.  0.02 n.a. 
           

3.43 
 

 

 
8.29 ± 0.13a 8.48 ± 0.04c < 5.0 < 5.0  0.65 > 1950 

           

3.44 
 

 

 
< 5.0a < 5.0c 6.22 ± 0.03 < 5.3  1.00 < 0.06 

           

3.45 
 

 

 
8.42 ± 0.07b 7.56 ± 0.11c,d < 5.0 < 5.0  7.24 > 2630 

           

3.46 
 

 

 
7.93 ± 0.04a 6.84 ± 0.07c < 6.0 < 5.0  12.3 > 85.1 
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No. 
 

R 
 

pKi  
fold 

selectivity 

    hH4R hH3R hH2R hH1R  H3R/H4R H2R/H4R 
           

3.47 
 

 

 
6.94 ± 0.08a 5.26 ± 0.04c < 5.0 < 5.0  47.9 > 87.1 

           

3.48 
 

 

 
7.20 ± 0.05a 5.75 ± 0.14c < 6.0 < 5.0  28.2 > 15.9 

           

3.49 
 

 

 
7.16 ± 0.06a,b 5.95 ± 0.07c < 6.0 < 5.0  16.2 > 14.5 

           

3.50 
 

 

 
6.20 ± 0.01a 5.22 ± 0.04c < 5.0 < 5.3  9.55 > 15.9 

           

3.51 
 

 

 
5.57 ± 0.13b < 5.0c < 5.0 < 5.0  > 3.72 > 3.72 

           

3.52 

 

 

 

5.48 ± 0.08b 5.52 ± 0.15c,d < 5.0 < 5.0  0.91 > 3.02 

           

Competition binding determined at cell membranes of Sf9 insect cells expressing the hH4R + Giα2 + β1γ2, hH3R + Giα2 + β1γ2, 
hH2R-Gsαs or hH1R + RGS4. Radioligands for hH4R: [3H]3.01 (cfinal = 10 nMa or 40 nMb); hH3R: [3H]Nα-methylhistamine 
(cfinal = 3 nM)c or [3H]3.0212 (cfinal = 2 nM)d; hH2R: [3H]UR-DE25727 (cfinal = 20 nM); hH1R: [3H]pyrilamine (cfinal = 5 nM). The pKi 
values represent means ± SEM. Data represent 2 – 3 (for pKi values ≤ 6.22) or 3 – 4 (for pKi values > 6.22) independent 
experiments, each performed in triplicates. Fold selectivity was calculated based on the ratio of the Ki values of the respective 
compound at the hH4R, hH3R and hH2R. n.d.: not determined. n.a.: not applicable. 

 Functional characterization of selected target compounds at the h/m/rH4Rs 

The potencies (pEC50 values) and the efficacies (α values) of the selected 

2,4-diaminopyrimidines, which were obtained in the luciferase reporter gene assay and the 

β-arrestin2 recruitment assay at the H4R orthologs, are presented in Table 3.2. Functional 

assays with distal (reporter gene) and proximal (β-arrestin2) readouts allow a comprehensive 

investigation on the ortholog selectivity of 3.33, 3.35, 3.38, 3.43, 3.45, 3.46, 3.48 and 3.49. Of 

note, due to the distal readout, the luciferase reporter gene assay implies signal 

amplification.18 In this study, this was reflected by the discrepancies in the functional profiles 

of the 2,4-diaminopyrimidines obtained from the different functional assays at all H4R 

orthologs. In the luciferase reporter gene assay, all investigated 2,4-diaminopyrimidines (3.33, 

3.35, 3.38, 3.43, 3.45, 3.46, 3.48 and 3.49) appeared as partial to full agonists with high pEC50 

values (> 7.0) at the h/m/rH4Rs (Table 3.2). While 3.33, 3.35 and 3.38 revealed potencies and 

efficacies comparable between species (balanced functional profiles) in the reporter gene 
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assays, 3.48 and 3.49 showed unbalanced functional profiles among the H4R orthologs (Table 

3.2). In the β-arrestin2 recruitment assays, 3.33, 3.35, 3.38, 3.48 and 3.49 appeared as partial 

agonists at the receptor orthologs, but potencies, especially at the mouse and/or rat H4Rs 

were weak (pEC50 < 7.0) (Table 3.2). By contrast, the spinaceamine 3.43 (UR-DEBa148) showed 

(partial) agonistic activities in the sub-nM range in the luciferase reporter gene assays and in 

the one- to two-digit-nM range in the β-arrestin2 recruitment assays at the h/m/rH4Rs.  

Using the potencies and the efficacies obtained from luciferase reporter gene- and the 

β-arrestin2 recruitment assays at the h/m/rH4Rs, a bias analysis for 3.33, 3.35, 3.38, 3.43, 3.45, 

3.46, 3.48 and 3.49 (Figure A 3.2 in section 3.5.3) was performed as described by van der 

Westhuizen et al.37 based on the operational model of agonism38-42, using histamine 3.01 as 

reference agonist. The bias analysis accounts for several assay specific effects, such as the 

aforementioned signal amplification. Other effects, including cross-talks between different 

signaling, influence the determined bias profile, too. Nevertheless, it can be taken as a hint at 

functionally selective signaling profiles of the investigated 2,4-diaminopyrimdines. Based on 

this analysis, 3.33, 3.43, 3.45, 3.46, 3.48 and 3.49 showed a preference for the G-protein 

mediated pathway [∆∆log (τ/KA) > 0] for at least one of the investigated receptor orthologs, 

whereas 3.35 and 3.38 were found to have a balanced bias profile [∆∆log (τ/KA) ≈ 0] (Figure A 

3.2 in section 3.5.3).  

Additionally, the 2,4-diaminopyrimidines with pKi values < 7.0 at the hH4R (3.34, 3.36, 3.37, 

3.39 – 3.42, 3.44, 3.47 and 3.50 – 3.52) were screened for activity at the mH4R and the rH4R 

in the β-arrestin2 recruitment- and luciferase reporter gene assays applying three distinct 

concentrations (cfinal = 100 nM, 1 µM, 10 µM) for each compound in the agonist mode and/or 

the antagonist mode (α < 0.1) (Table A 3.1 in section 3.5.4). For all investigated compounds, 

no indication for ortholog selectivity for the mH4R or rH4R was found. 
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In view of a radioligand for comparative binding studies at the h/m/rH4Rs, three 

2,4-diaminopyrimidines 3.43, 3.45 and 3.46 qualified as potential candidates, having high 

potencies (pEC50 > 7.0) and comparable efficacies across all analyzed H4R orthologs in both 

functional assays. As a number of important requirements should be fulfilled for 

radiosynthesis, 3.43 and 3.45 were not considered for tritium labeling. First of all, the labeled 

moiety should be introduced in the last synthetic step under as mild and controllable reaction 

conditions as possible. The labeling reagent should be easy to handle and should not be too 

reactive. Moreover, according to the ALARA principle (“As Low As Reasonable Achievable”; 

see Recommendation of the International Commission on Radiological Protection, e.g IRCP 

Publication 2643 and 10344), the reaction should lead to a high radiochemical yield and as little 

radioactive side-products and waste as possible. Finally, the “hot” compound should be easy 

to purify without the need for complex work-up procedures and too specialized equipment. 

Therefore, 3.46 (UR-DEBa176) was favored due to its convenient synthesis by controlled 

mono-methylation of an excess of 3.45 with a tritium labeled reagent (e.g. methyl nosylate 

[methyl-3H] or methyl iodide [methyl-3H]) (Figure 3.2). 

 Synthesis, analytical characterization, and long-term stability of [3H]3.46  

The tritium-labeled 2,4-diaminopyrimidine [3H]3.46 ([3H]UR-DEBa176) was prepared by 

treating an excess of the methylamine precursor 3.45 with commercially available methyl 

nosylate [methyl-3H] ([3H]3.53) in the presence of K2CO3 at room temperature (Figure 3.2). 

Methyl nosylate [methyl-3H] was favored over the commonly used volatile methyl iodine 

[methyl-3H] due to technical reasons (handling, safety precautions). The desired radioligand 

[3H]3.46 ([3H]UR-DEBa176) was isolated by reverse phase (RP)-HPLC in a radiochemical yield 

of 29% (108.5 MBq) and of a high radiochemical purity of 99%. The specific activity amounted 

to 1.59 TBq/mmol (43.08 Ci/mmol) and the final activity concentration was adjusted to 

58.1 MBq/mL (1.6 mCi/mL). Radioligand [3H]3.46 revealed a high chemical stability over a 

storage period of 11 months at -20 °C in EtOH/H2O (70/30) (Figure 3.2). 
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Figure 3.2. Synthesis (A), analytical characterization (B) and long-term stability (C) of [3H]3.46. (A) Synthesis of [3H]3.46 by 
a monomethylation reaction of the amine precursor 3.45 with the radiolabeled precursor [3H]3.53. Reagents and conditions: 
(I) K2CO3, MeCN, rt, 22 h, 29% (radiochemical yield of [3H]3.46). (B) Chromatograms of [3H]3.46, spiked with the “cold” 3.46, 
recorded 4 days after synthesis and (C) after 11 months of storage at -20 °C in EtOH/H2O (70/30) using radiometric and UV 
detection (for details see section 3.4.5). 

 Saturation binding experiments with [3H]3.46 at the h/m/rH4Rs  

Saturation binding experiments with [3H]3.46 were performed with homogenates of 

HEK293T-SF-His6-CRE-Luc cells co-expressing the hH4R, mH4R or rH4R. Representative 

saturation binding curves and the corresponding Scatchard plots are depicted in Figure 3.3. 

[3H]3.46 bound to all H4R orthologs in a saturable manner, revealing comparable pKd values at 

the h/m/rH4Rs of 7.39 ± 0.02, 7.77 ± 0.02 and 7.66 ± 0.01, respectively (Figure 3.3, Table 3.3). 

The pKd values for [3H]3.46 were in agreement with the pKi or pEC50 values obtained in the 

competition binding assay (hH4R) or in the β-arrestin2 recruitment assays (h/m/rH4Rs) for the 

unlabeled 3.46 (Table 3.1, Table 3.2, Table 3.3). The nonspecific binding is low, amounting 

11 – 17% of total binding at concentrations around the Kd (Figure 3.3). The maximal number 

of binding sites (Bmax) resulted in approx. 3.9 (hH4R), 2.0 (mH4R) and 2.9 (rH4R) pmol · mg-1 

soluble homogenate protein. 
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Figure 3.3. Representative data from saturation binding experiments at the hH4R, mH4R or rH4R, co-expressed in 
homogenates of HEK293T-SF-His6-CRE-Luc cells. Total binding (black curve), specific binding (red curve) and nonspecific 
binding [dashed line, determined in the presence of 3.06 (1000-fold excess)] of [3H]3.46 are depicted. Insets: Scatchard 
transformations of shown specific binding curves. The experiments were performed in triplicate. Error bars of specific binding 
and in the Scatchard plots were calculated according to the Gaussian law of error propagation. Error bars of total and 
nonspecific binding represent SEMs. 

 Kinetic binding experiments with [3H]3.46 at the h/m/rH4Rs 

Kinetic binding experiments with [3H]3.46 were performed with homogenates of HEK293T-SF-

His6-CRE-Luc cells co-expressing the hH4R, mH4R or rH4R. Representative nonlinear and linear 

plots for the association and dissociation of [3H]3.46 are shown in Figure 3.4. Association was 

complete after 25 minutes for all three H4R orthologs. After 30 minutes, the residual specific 

binding of [3H]3.46 reached approx. 30% at the h/m/rH4Rs, which might be partly explained 

by (pseudo)irreversible binding. This phenomenon was observed before, with respect to 

radioligands for several GPCRs.27,45-47 Nonetheless, the kinetically derived dissociation 

constants [Kd (nM) = koff/kon = 59 ± 18 (hH4R), 34 ± 12 (mH4R) and 34 ± 6 (rH4R)] were in a good 

agreement with the pKd values obtained from saturation binding experiments (Table 3.3). 
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Figure 3.4. Comparison of the kinetic binding experiments with [3H]3.46 at the hH4R, mH4R or rH4R, co-expressed in 
homogenates of HEK293T-SF-His6-CRE-Luc cells. (A) Representative associations of [3H]3.46 (cfinal = 40 nM, hH4R; 
cfinal = 20 nM, mH4R; cfinal = 30 nM, rH4R) as a function of time (kobs, observed association rate constant). Insets: 
transformation of the depicted association kinetics using ln [B(eq)/(B(eq) – B(t))] versus time. (B) Representative dissociation of 
[3H]3.46 (preincubation: 30 – 45 min, cfinal = 40 nM, hH4R; cfinal = 20 nM, mH4R; cfinal = 30 nM, rH4R) in the presence of 3.06 
(1000-fold excess) as a function of time (koff, dissociation rate constant), showing an incomplete monophasic exponential 
decline [plateau: 33.4% (hH4R), 31.3% (mH4R), 33.5% (rH4R)]. Insets: transformation of the depicted dissociation kinetics using 
ln [(B(t) – B(plateau))/(B(0) – B(plateau))] versus time. Each experiment was performed in triplicates. Error bars represent propagated 
errors according to the Gaussian law of error. 

Table 3.3. Comparison of kinetic and thermodynamic binding constants of [3H]3.46 at the h/m/rH4Rs. 

H4R 
 

Kd (sat)a / nM 
 

pKd (sat)a 
 

Kd (kin)b / nM 
 

kobs
c / min-1  

 
kon

d / min-1 · nM-1 
 koff

e / min-1 
t1/2

e / min 
             

h 
 44.4; 39.3 

44.9; 36.6 
 

7.39 ± 0.02 
 

59 ± 18 
 

0.19 ± 0.02 
 

0.0019 ± 0.0005 
 0.113 ± 0.010 

6.2 ± 0.6 
             

m 
 15.2; 17.8; 

16.4; 18.8 
 

7.77 ± 0.02 
 

34 ± 12 
 

0.19 ± 0.02 
 

0.0035 ± 0.0013 
 0.1204 ± 0.0093 

5.8 ± 0.4 
             

r 
 22.1; 21.8; 

21.5 
 

7.66 ± 0.01 
 

34 ± 6 
 

0.205 ± 0.006 
 

0.0032 ± 0.0005 
 0.11 ± 0.01 

6.6 ± 0.7 
             

aEquilibrium dissociation constant determined by saturation binding on homogenates of HEK293T-SF-His6-CRE-Luc cells 
co-expressing the respective receptor; Kd values were transformed into pKd values for each experiment and indicated pKd 
values represent means ± SEM from 3 – 4 independent experiments each performed in triplicate. bKinetically derived 
dissociation constant [Kd (kin) = koff/kon] (means ± propagated error). cObserved association rate constant represents 
means ± SEM from 2 – 3 independent experiments each performed in triplicate at homogenates of HEK293T-SF-His6-CRE-Luc 
cells co-expressing the respective receptor. dAssociation rate constant [kon = (kobs – koff)/[RL]] (means ± propagated error). 
eDissociation rate constant and derived half-life represent means ± SEM from 2 – 3 independent experiments each performed 
in triplicate at homogenates of HEK293T-SF-His6-CRE-Luc cells co-expressing the respective receptor. 
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 Competition binding experiments with [3H]3.46 at the h/m/rH4Rs 

Competition binding experiments with [3H]3.46 and with several standard ligands 

(3.01 and 3.04 – 3.06) for the hH4R were performed with homogenates of HEK293T-SF-His6-

CRE-Luc cells co-expressing the hH4R, mH4R or rH4R (Table 3.4, Figure 3.5). At the hH4R, the 

pKi values of the inverse agonists/antagonists (3.05 and 3.06) were in good agreement with 

the published data. In contrast, for the investigated agonists (3.01 and 3.04) slightly lower 

affinities were observed for the hH4R in comparison to the literature, most distinctive for 

histamine 3.01, with 0.8 orders of magnitude. These discrepancies might reflect the different 

efficacies of the radioligands used. While [3H]3.46 appeared as a partial agonist, the standard 

hH4R radioligands [3H]3.01 or [3H]3.02 reveal full agonistic activities18. In this context, the 

unknown and varying G-protein expression levels in the different assay systems can carry 

weight as well. A report on competition binding studies at the 5-HT2A receptor48 supports this 

hypothesis, showing that the affinities of agonists depend on the intrinsic efficacy of the used 

radioligand. Nonetheless, the affinities of all analyzed standard ligands at the mH4R and rH4R 

fit in the ranges defined by their pEC50 and/or pKb values, derived from different functional 

assays with different signal readouts (Table 3.4). Therefore, [3H]3.46 allows comparative 

binding studies at the h/m/rH4Rs. 

 

Figure 3.5. Radioligand displacement curves for 3.01 and 3.04 – 3.06 from competition binding experiments performed 
with [3H]3.46 at the hH4R (cfinal = 40 nM), mH4R (cfinal = 20 nM) or rH4R (cfinal = 30 nM), co-expressed in homogenates of 
HEK293T-SF-His6-CRE-Luc cells. Data represent mean values ± SEM of independent experiments (3 – 4, hH4R; 5 – 6, mH4Rs; 
4 – 5, rH4R), each performed in triplicate. 
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Table 3.4: Comparison of the determined binding data (pKi) of unlabeled hH4R ligands (3.01, 3.04 – 3.06), using [3H]3.46 as 
radioligand at the H4R orthologs, to reference data. 

No.  pKi / pEC50 or pKb / (α) 

  hH4R  mH4R  rH4R 
  [3H]3.46a referenceb  [3H]3.46a referencec-f  [3H]3.46 

a referencec-f 
          

3.01  7.22 ± 0.07 7.8 – 8.2[1, 3-6]  6.31 ± 0.06 
5.2 – 7.1 

(1.0) 
 5.71 ± 0.06 

4.3 – 6.5 
(1.0) 

          

3.04  7.25 ± 0.07 7.6 – 8.4[1, 3-6]  6.79 ± 0.05 
6.1 (0.2)c 
6.7 (0.6)f 

 6.57 ± 0.04 
6.3 (0.0)c 
6.8 (0.4)f 

          

3.05  7.30 ± 0.09 7.2 – 8.4[1-6]  6.94 ± 0.05 
6.1 – 6.9, 7.6 
(-0.2 – 0.6) 

 6.91 ± 0.10 
6.1 – 8.2 

(0.2 – 0.5) 
          

3.06  6.45 ± 0.07 6.3 – 7.3[1-6]  7.13 ± 0.05 
6.5, 7.1 – 7.6 
(-0.4 – 0.0) 

 6.56 ± 0.03 
5.9 – 6.9 

(-0.2 – 0.0) 
          

aData from competition binding experiments (pKi) with [3H]3.46 (cfinal = 40 nM, hH4R; cfinal = 20 nM, mH4R; cfinal = 30 nM, rH4R) 
for hH4R standard ligands (3.01, 3.04 – 3.06), determined at the human, mouse or rat H4Rs, co-expressed in homogenates of 
HEK293T-SF-His6-CRE-Luc cells. The pKi values represent means ± SEM and were determined in independent experiments 
(3 – 4, hH4R; 5 – 6, mH4Rs; 4 – 5, rH4R), each performed in triplicate. bData from radioligand competition binding experiments 
with [1] [3H]3.02 or [2-6] [3H]3.01, performed on: [1] membrane preparations of Sf9 insect cells, stably expressing the 
hH4R-RGS19 fusion protein + Gαi2 + Gβ1γ2

12, [2] membrane preparations of Sf9 insect cells, stably expressing the hH4R-RGS19 
fusion protein + Gαi  + Gβ1γ2

16, [3] membrane preparations of Sf9 insect cells, stably expressing the hH4R + Gαi2 + Gβ1γ2
17,33,49, 

[4] homogenates of SK-N-MC-cells, stably expressing the hH4R14, [5] membranes from SK-N-MC cells, stably expressing the 
hH4R3,23,50, or [6] homogenates of HEK293T cells, stably expressing the hH4R22,24. cData from [35S]GTPγS assays17, performed on 
Sf9 cell membranes expressing the mH4R or rH4R + Gαi2 + Gβ1γ2. dData from steady-state [32P]GTPase assays16, performed on 
Sf9 cell membranes expressing the mH4R or rH4R + Gαi2 + Gβ1γ2 + GAIP. eData from β-arr2 recruitment assays in HEK293T cells, 
stably expressing the mH4R or rH4R-ELucC/ELucN-β-arrestin2 construct.  fData from CRE-controlled luciferase reporter gene 
assays18 in HEK293T cells, stably expressing the mH4R or rH4R. 
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 Conclusion 

Here we report on the development of the 2,4 diaminopyrimidine-type radioligand 

[3H]UR-DEBa176 ([3H]3.46) enabling robust comparative binding studies at the h/m/rH4Rs 

[pKd = 7.4, 7.8, 7.7, respectively; low nonspecific binding (11 – 17%, ~ Kd); fast 

association/dissociation kinetics (25 – 30 min)]. Therefore, extensive investigations on the 

prepared 2,4-diaminopyrimidines with respect to their affinities at the hH4R and their 

functional profiles at the h/m/rH4Rs in different assays (luciferase reporter gene-, β-arrestin2 

recruitment assays) were conducted. On one hand, 3.43 (UR-DEBa148) was found to exhibit 

subnanomolar potencies at the h/m/rH4Rs in luciferase reporter gene assays (pEC50 = 9.9, 9.6, 

10.3, respectively) and was slightly G-protein biased. On the other hand, (partial) agonist 3.46 

(UR-DEBa176), with comparable potencies at the h/m/rH4Rs (pEC50 (reporter gene) = 8.7, 9.0, 

9.2, respectively), was found to constitute the “cold” form of a potential radioligand. 

Subsequently, by employing commercially available methyl nosylate [methyl-3H] ([3H]3.53), 

[3H]UR-DEBa176 ([3H]3.46) was obtained in a radiochemical yield of 29% and of a high 

radiochemical purity of 99%. As a molecular tool [3H]UR-DEBa176 ([3H]3.46) allows 

pharmacological investigations on the H4R with respect to translational animal models (e.g. 

early stage characterization of novel molecular tools or potential drug candidates in 

radioligand binding assays at the h/m/rH4Rs). To conclude, the herein presented SAR results 

and especially [3H]UR-DEBa176 ([3H]3.46) should support the future development of 

h/m/rH4Rs ligands and can help to further unravel the (patho)physiological role of the H4R. 
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 Experimental section 

 General experimental conditions 

Chemicals and solvents were purchased from Acros Organics B. V. B. A. (Geel, Belgium), Alfa 

Aesar & Co. KG (Karlsruhe, Germany), Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany), 

TCI Deutschland GmbH (Eschborn, Germany), Tocris Bioscience (Bristol, UK) and Merck KGaA 

(Darmstadt, Germany) and were used without further purification. All solvents were 

purchased in analytical grade or distilled prior to use and stored over molecular sieves (4 Å). 

Acetonitrile (gradient grade) for HPLC was obtained from Merck KGaA (Darmstadt, Germany). 

Millipore water was used for the preparation of HPLC eluents. Deuterated solvents for nuclear 

magnetic resonance (NMR) spectroscopy were from Deutero GmbH (Kastellaun, Germany). 

For column chromatography Merck silica gel 60 (0.040 – 0.063 mm) was used. Flash 

chromatography was performed on an Intelli Flash-310 Flash-Chromatography Workstation 

from Varian Deutschland GmbH (Darmstadt, Germany). Reaction controls were performed 

using thin layer chromatography (TLC) on Merck silica gel 60 F254 thin layer chromatography 

(TLC) aluminium sheets (visualization either by UV radiation (λ = 254 or 310 nm) or staining 

with ninhydrine or vanillin, respectively). For microwave-driven reactions a Biotage Initiator 

microwave synthesizer (Biotage AB, Uppsala, Sweden) was used. NMR spectra were recorded 

on a Bruker Avance 300 (7.05 T, 1H 300 MHz; 13C 75 MHz), Bruker Avance III HD 400 (9.40 T, 

1H 400 MHz; 13C 101 MHz) or Bruker Avance III HD 600, equipped with a cryogenic probe (14.1 

T, 1H 600 MHz; 13C 151 MHz) (Bruker BioSpin GmbH, Karlsruhe, Germany) with 

tetramethylsilane (TMS) as an external standard. Multiplicities are specified with the following 

abbreviations: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br (broad signal) 

and quat. (quaternary carbon atom). The coupling constants (J values) are given in hertz (Hz). 

High-resolution mass spectrometry (HRMS) analysis was performed on an Agilent 6540 UHD 

Accurate-Mass Q-TOF LC/MS system (Agilent Technologies, Santa Clara, CA, USA) using an 

electrospray ionization (ESI) source. Melting points (mp) were determined (if applicable) on a 

Büchi 530 (Büchi GmbH, Essen, Germany) and were uncorrected. Preparative HPLC was 

performed on a Knauer device (Berlin, Germany), comprising two K-1800 pumps and a K-2001 

detector. An Interchim puriFlash C18 HQ 15 UM (120G Flash COLUMN 15 µm) with a flow rate 

of 50 mL/min or a Phenomenex Kinetex 5u XB-C18 (250 × 21.2 mm) with a flow rate of 15 or 
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20 mL/min were used as stationary phases. Mixtures of 0.1% TFA (A) and MeCN (B) served as 

the mobile phase. The detection wavelength was set to 220 nm. All compound solutions were 

filtered through polytetrafluoroethylene (PTFE) filters (25 mm, 0.2 µm, Phenomenex Ltd., 

Aschaffenburg, Germany) prior to injection. The solvent of the collected fractions was 

removed under reduced pressure followed by lyophilization using an Alpha 2-4 LD apparatus 

(Martin Christ GmbH, Osterode am Harz, Germany) equipped with a RZ 6 rotary vane vacuum 

pump (Vacuubrand GmbH & Co. KG, Wertheim, Germany). For all target compounds, 10 mM 

stock solutions in dimethyl sulfoxide (DMSO) and 20 mM HCl (1/1) were prepared in 

polypropylene reaction vessels (1.5 mL) with a screw cap (Süd-Laborbedarf GmbH, Gauting, 

Germany). Analytical HPLC analysis (purity control and determination of the chemical stability 

of compounds) was performed with a system from Agilent Technologies (Series 1100) 

composed of a binary pump equipped with a degasser (G1312A), autosampler (ALS, G1329A), 

thermostated column compartment (COLCOM, G1316A) and diode array detector (DAD, 

G1315B). A Phenomenex Kinetex-XB C18 (2.6 µm, 100 mm × 3 mm) was used as a stationary 

phase at a flow rate of 0.8 mL/min. Mixtures of 0.5% TFA (A) and MeCN + 0.5% TFA (B) served 

as the mobile phase. The following linear gradient was applied throughout: A/B (v/v) 

0 – 30 min, 90/10 – 10/90; 30 – 33 min, 10/90 – 5/95; 33 – 40 min, 5/95. For all analytical 

runs, the oven temperature was set to 30 °C and detection was performed at 220 nm. The 

injection volume for purity controls was 60 µL of a 100 µM solution (10 mM stock solution 

diluted with starting eluent, A/B 90/10). Retention (capacity) factor (k) was calculated based 

on the determined retention time (tR) according to k = (tR – t0)/t0 (t0 = dead time = 3.21 min). 

 Compound characterization 

The synthesized compounds 3.08, 3.09, 3.11 – 3.15, 3.20 – 3.52, 3.61 and 3.63 – 3.67 were 

characterized by 1H- and 13C-NMR spectroscopy, HRMS and melting point (if applicable) (1H-, 

13C-NMR spectra for selected target structures see Figure A 3.3 – Figure A 3.22 in section 

3.5.5.1). Additionally, compounds 3.08, 3.09, 3.11 – 3.13, 3.15, 3.20 – 3.52, 3.61, 

3.63 and 3.65 – 3.67 were characterized by 2D-NMR spectroscopy (1H-COSY, HSQC, HMBC). 

The intermediate compounds 3.07 and 3.10 were characterized by 1H-NMR spectroscopy, 

HRMS and melting point (if applicable). The purity of the target compounds (3.33 – 3.52) was 
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> 96% throughout, determined by RP-HPLC (220 nm) (conditions see in section 3.4.1; 

chromatograms see Figure A 3.23 – Figure A 3.32 in section 3.5.5.2).  

The comment regarding the NMR spectra (1H, 13C) of the target 2,4-diaminpyrimidines, 

substituted with unsymmetrical cyclic aliphatic amines in the 4-position (3.33, 3.35, 3.43, 3.45, 

3.46, 3.48, 3.49, 3.51 and 3.52) is the following: the slow rotation around the amine bond on 

the NMR time scale resulted in two isomers (ratios are given in the experimental protocols), 

which were evident in the 1H- and 13C-NMR spectra.  

 Synthesis of the target compounds (3.33 – 3.52) 

General procedure for 3.33 – 3.43 

The respective 4-amino-2-chloropyrimidine (1 equiv), DIPEA (1.5 – 6 equiv) and 

2,2-dimethylpropan-1-amine (2 – 6 equiv) were dissolved in i-PrOH. The reaction mixture was 

stirred in the microwave reactor for 5 – 11 h at 120 – 130 °C. After removing the solvent under 

reduced pressure the product was purified by chromatography or automated flash-

chromatography. The residue was dissolved in dichloromethane (DCM), TFA was added and 

the mixture was stirred at rt until the removal of the protection group was complete (7 – 18 h). 

The crude product was purified by preparative HPLC. 

(R)-4-(3-Aminopyrrolidin-1-yl)-N-neopentylpyrimidin-2-amine bis(2,2,2-trifluoroacetate) 

(3.33)28. According to the general procedure, the title compound was prepared in the 

microwave reactor (6 h, 130 °C, 4 bar, 3 min prestirring) from 3.20 (400 mg, 1.34 mmol), DIPEA 

(456 µL, 2.68 mmol) and 2,2-dimethylpropan-1-amine (475 µL, 4.06 mmol) in i-PrOH (4 mL). 

The crude product was purified by chromatography [eluent: DCM/MeOH (v/v) 100/0 – 95/5, 

SiO2 50 g] to give 3.32 as pale, yellow sticky foam (450 mg, 96.1%). Rf = 0.45 (DCM/MeOH 

92.5/7.5). 1H-NMR (400 MHz, DMSO-d6): δ (ppm) 7.72 (d, J = 5.8 Hz, 1H), 7.18 (br, 1H), 6.43 

(br, 1H), 5.67 (d, J = 5.8 Hz, 1H), 4.22 – 3.07 (m, 7H), 2.20 – 1.73 (m, 2H), 1.39 (s, 9H), 0.87 (s, 

9H). 13C-NMR (101 MHz, DMSO-d6, HSQC, HMBC): δ (ppm) 162.56 (quat., 1C), 160.61 (quat., 

1C), 155.71, 155.44 (quat., 1C), 93.77, 78.31 (quat., 1C), 52.00, 51.84, 50.17, 44.53, 32.85, 

30.76, 28.68 (3C), 27.99 (3C). HRMS (ESI): m/z [M+H]+ calcd for [C18H32N5O2]+ 350.2551, found 

350.2564. C18H31N5O2 (349.48). Deprotection of 3.32 (140 mg, 0.401 mmol) in DCM (4 mL) and 

TFA (0.6 mL) followed by preparative HPLC (Interchim puriFlash C18 HQ 15 UM 120G Flash 
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COLUMN 15 µm; gradient 0 – 30 min: A/B (v/v) 95/5 – 38/62, tR = 9.5 min) afforded 3.33 as 

colorless hygroscopic foam (150 mg, 78.4%). Rf = 0.3 (DCM/1.75 M NH3 in MeOH 90/10). 

RP-HPLC (220 nm): 99.9% (k = 1.81). Ratio of configurational isomers evident in NMR: ca. 

1:1.4. 1H-NMR (600 MHz, DMSO-d6): δ (ppm) 12.47 (br, 1H), 8.43 (m, 1H), 8.22 (m, 3H), 7.88 

(m, 1H), 6.21 (d, J = 7.0 Hz, 1H), 4.10 – 3.49 (m, 5H), 3.22 (m, 2H), 2.41 – 2.01 (m, 2H), 0.90 (s, 

9H). 13C-NMR (151 MHz, DMSO-d6, HSQC, HMBC): δ (ppm) 159.54 (quat., 1C), 159.43 (quat., 

1C), 158.55(q, J = 33.0 Hz, TFA), 153.43, 142.51, 116.64 (q, J = 296.9 Hz, TFA), 95.44, 51.29, 

50.51, 50.48, 49.45, 48.62, 45.02, 44.84, 32.26 (quat., 1C), 28.90, 28.18, 27.14 (3C). HRMS 

(ESI): m/z [M + H]+ calcd for [C13H24N5]+ 250.2026, found 250.2033. C13H23N5 · C4H2F6O4 

(249.36 + 228.05). 

N-Neopentyl-4-(piperazin-1-yl)pyrimidin-2-amine bis(2,2,2-trifluoroacetate) (3.34)28. 

According to the general procedure, the title compound was prepared in the microwave 

reactor (7 h, 120 °C, 4 bar, 3 min prestirring) from 3.21 (800 mg, 2.68 mmol), DIPEA (917 µL, 

5.39 mmol) and 2,2-dimethylpropan-1-amine (953 µL, 8.14 mmol) in i-PrOH (10 mL). The 

crude product was purified by chromatography [DCM/MeOH (v/v) 100/0 – 95/5, SiO2 80 g] to 

give a colorless sticky foam (470 mg, 50.2%). Rf = 0.3 (DCM/MeOH 95/5). Deprotection (90 mg, 

0.26 mmol) in DCM (2 mL) and TFA (0.5 mL) followed by preparative HPLC [column: 

Phenomenex Kinetex 5u XB-C18 250 × 21.2 mm; gradient: 0 – 30 min: A/B (v/v) 95/5 – 43/57, 

flow 15 mL/min, tR = 14 min] afforded 3.34 as colorless hygroscopic foam (112 mg, 90.2%). 

Rf = 0.4 (DCM/1.75 M NH3 in MeOH 90/10). RP-HPLC (220 nm): 98.4% (k = 1.65). 1H-NMR 

(300 MHz, MeOH-d4): δ (ppm) 7.80 (d, J = 7.5 Hz, 1H), 6.50 (d, J = 7.5 Hz, 1H), 4.16 (m, 4H), 

3.40 (m, 6H), 0.98 (s, 9H). 1H-NMR (600 MHz, DMSO-d6): δ (ppm) 12.92 (br, 1H), 9.26 (br, 2H), 

8.56 (s, 1H), 7.97 (d, J = 7.4 Hz, 1H), 6.52 (d, J = 7.4 Hz, 1H), 3.96 (m, 4H), 3.23 (m, 6H), 0.90 (s, 

9H). 13C-NMR (151 MHz, DMSO-d6, HSQC, HMBC): δ (ppm) 161.17 (quat., 1C), 158.89 (q, 

J = 32.4 Hz, TFA), 153.73 (quat., 1C), 143.67, 116.83 (q, J = 297.5 Hz, TFA), 94.28, 51.36, 42.21 

(2C), 40.04 (2C), 32.26 (quat., 1C), 27.10 (3C). HRMS (ESI): m/z [M + H]+ calcd for [C13H24N5]+ 

250.2026, found 250.2029. C13H23N5 · C4H2F6O4 (249.36 + 228.05). 

4-(1,4-Diazepan-1-yl)-N-neopentylpyrimidin-2-amine bis(2,2,2-trifluoroacetate) (3.35)28. 

According to the general procedure the title compound was prepared in the microwave 
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reactor (5.5 h, 130 °C, 3 bar, 3 min prestirring) from 3.22 (110 mg, 0.352 mmol), DIPEA 

(120 µL, 0.689 mmol) and 2,2-dimethylpropan-1-amine (83 µL, 0.70 mmol) in i-PrOH (2 mL). 

The crude product was purified by automated flash chromatography [gradient 0 – 20 min: 

DCM/MeOH (v/v) 100/0 – 95/5, SF 10 – 4 g] to give a colorless sticky foam (50 mg, 39.1%). 

Rf = 0.3 (DCM/MeOH 95/5). Deprotection (50 mg, 0.14 mmol) in DCM (2 mL) and TFA (0.3 mL) 

followed by preparative HPLC [column: Phenomenex Kinetex 5u XB-C18 250 × 21.2 mm; 

gradient: 0 – 30 min: A/B (v/v) 95/5 – 33/67, flow 20 mL/min, tR = 11 min] afforded 3.35 as 

colorless hygroscopic foam (34 mg, 50.1%). Rf  = 0.5 (DCM/1.75 M NH3 in MeOH 80/20). 

RP-HPLC (220 nm): 97.5% (k = 1.86). Ratio of configurational isomers evident in NMR 

performed in DMSO-d6: ca 1:1.5. 1H-NMR (400 MHz, MeOH-d4): δ (ppm) 7.78 (d, J = 7.4 Hz, 

1H), 6.46 (d, J = 6.9 Hz, 1H), 4.21 (t, J = 5.3 Hz, 1.3H), 4.04 (m, 1.4H), 3.81 (t, J = 6.1 Hz, 1.3 H), 

3.50 – 3.31 (m, 6H), 2.20 (m, 2H), 0.99 (s, 9H). 1H-NMR (600 MHz, DMSO-d6): δ (ppm) 12.84 

(br, 1H), 9.08 (m, 2H), 8.49 (m, 1H), 7.92 (m, 1H), 6.45 (m, 1H), 4.13 – 3.62 (m, 4H), 3.41 – 3.11 

(m, 6H), 2.04 (m, 2H), 0.91 (s, 9H). 13C-NMR (151 MHz, DMSO-d6, HSQC, HMBC): δ (ppm) 

161.68 (quat., 1C), 158.84 (q, J = 32.2 Hz, TFA), 153.58 (quat., 1C), 153.49 (quat., 1C), 143.11, 

143.01, 116.87 (q, J = 298.2 Hz, TFA), 94.61, 51.31, 46.85, 45.64, 44.35, 44.27, 44.23, 44.13, 

43.10, 32.20, 32.14, 27.12 (3C), 24.42, 24.13. HRMS (ESI): m/z [M + H]+ calcd for [C14H26N5]+ 

264.2183, found 264.2183. C14H25N5 · C4H2F6O4 (263.39 + 228.05). 

4-[4-(2-Aminoethyl)piperazin-1-yl]-N-neopentylpyrimidin-2-amine tris(2,2,2-

trifluoroacetate) (3.36). According to the general procedure, the title compound was 

prepared in the microwave reactor (9 h, 120 °C, 1 bar, 3 min prestirring) from 3.23 (110 mg, 

0.322 mmol), DIPEA (110 µL, 0.632 mmol) and 2,2-dimethylpropan-1-amine (114 µL, 

0.974 mmol) in i-PrOH (2 mL). The crude product was purified by chromatography 

[DCM/MeOH (v/v) 100/0 – 90/10, SiO2] to give a pale, yellow sticky foam (80 mg, 63.4%). 

Rf = 0.4 (DCM/MeOH 90/10). Deprotection (80 mg, 0.20 mmol) in DCM (4 mL) and TFA 

(0.7 mL), followed by preparative HPLC [column: Phenomenex Kinetex 5u XB-C18 

250 × 21.2 mm; gradient: 0 – 30 min: A/B (v/v) 90/10 – 24/76, flow 15 mL/min, tR = 10 min] 

afforded 3.36 as colorless hygroscopic foam (56 mg, 44.0%). RP-HPLC (220 nm): 99.9% 

(k = 1.55). 1H-NMR (300 MHz, MeOH-d4): δ (ppm) 7.71 (d, J = 7.6 , 1H), 6.44 (d, J = 7.6 Hz, 1H), 

4.07 (m, 2H), 3.79 (m, 2H), 3.30 – 3.09 (m, 4H), 2.87 – 2.65 (m, 6H), 0.97 (s, 9H). 1H-NMR 
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(600 MHz, DMSO-d6): δ (ppm) 12.60 (br, 1H), 8.42 (br. 1H), 7.90 (m, 4.5H), 6.53 (d, J = 7.3 Hz, 

1H), 3.86 (m, 4H), 3.24 – 2.63 (m, 10H), 0.90 (s, 9H). 13C-NMR (151 MHz, DMSO-d6, HSQC, 

HMBC): δ (ppm) 160.69 (quat., 1C), 158.65 (q, J = 33.0 Hz, TFA), 153.62 (quat., 1C), 143.27, 

116.64 (q, J = 296.2 Hz, TFA), 94.19, 53.32, 51.47, 51.32, 44.29, 42.19, 34.90 (2C), 32.28 (quat., 

1C), 27.10 (3C). HRMS (ESI): m/z [M + H]+ calcd for [C15H29N6]+ 293.2448, found 293.2451. 

C15H28N6 · C6H3F9O6 (292.43 + 342.07). 

N4-(2-Aminoethyl)-N2-neopentylpyrimidine-2,4-diamine bis(2,2,2-trifluoroacetate) (3.37). 

According to the general procedure, the title compound was prepared in the microwave 

reactor (6 h, 120 °C, 1 bar, 3min prestirring) from 3.24 (150 mg, 0.550 mmol), DIPEA (140 µL, 

0.82 mmol) and 2,2-dimethylpropan-1-amine (194 µL, 1.65 mmol) in i-PrOH (2 mL). The crude 

product was purified by automated flash chromatography [gradient 0 – 20 min: DCM/MeOH 

(v/v) 100/0 – 90/10, SF 10-4 g] to give a colorless sticky oil (160 mg, 90.0%). Rf = 0.45 

(DCM/MeOH 90/10). Deprotection (120 mg, 0.371 mmol) in DCM (2.5 mL) and TFA (0.5 mL) 

followed by preparative HPLC [Phenomenex Kinetex 5u XB-C18 250 × 21.2 mm; gradient 

0 – 30 min: A/B (v/v) 95/5 – 38/62; flow: 15 mL/min; tR = 12.5 min] afforded 3.37 as colorless 

hygroscopic foam (120 mg, 71.7%). RP-HPLC (220 nm): 99.9% (k = 1.61). 1H-NMR (300 MHz, 

MeOH-d4): δ (ppm) 7.62 (d, J = 7.3 Hz, 1H), 6.10 (d, J = 7.0 Hz, 1H), 3.77 (t, J = 6.0 Hz, 2H), 3.33 

(m, 2H), 3.22 (t, J = 6.1 Hz, 2H), 0.99 (s, 9H). 1H-NMR (600 MHz, DMSO-d6): δ (ppm) 12.31 (br, 

1H), 8.98 (s, 1H), 8.40 (s, 1H), 7.99 (br, 3H), 7.73 (d, J = 7.0 Hz, 1H), 6.04 (d, J = 7.0 Hz, 1H), 3.61 

(m, 2H), 3.23 (m, 2H), 3.03 (m, 2H), 0.90 (s, 9H). 13C-NMR (151 MHz, DMSO-d6, HSQC, HMBC): 

δ (ppm) 162.84 (quat., 1C), 158.71 (q, J = 32.3 Hz, TFA), 154.32 (quat., 1C), 141.45, 116.89 (q, 

J = 297.4 Hz, TFA), 97.42, 51.16, 37.99, 37.62, 32.16 (quat., 1C), 27.08 (3C). HRMS (ESI): m/z 

[M + H]+ calcd for [C11H22N5]+ 224.1870, found 224.1874. C11H21N5 · C4H2F6O4 

(223.32 + 228.05). 

N4-(3-Aminopropyl)-N2-neopentylpyrimidine-2,4-diamine bis(2,2,2-trifluoroacetate) (3.38). 

According to the general procedure, the title compound was prepared in the microwave 

reactor (7 h, 120 °C, 2 bar, 3 min prestirring) from 3.25 (250 mg, 0.872 mmol), DIPEA (222 µL, 

1.27 mmol) and 2,2-dimethylpropan-1-amine (616 µL, 5.26 mmol) in i-PrOH (2 mL). The crude 

product was purified by automated flash chromatography [gradient 0 – 20 min: DCM/MeOH 
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(v/v) 100/0 – 95/5, SF 10 – 4 g] to give a colorless sticky oil (200 mg, 68.0%). Rf = 0.4 

(DCM/MeOH 90/10). Deprotection of (190 mg, 0.563 mmol) in DCM (2 mL) and TFA (0.5 mL) 

followed by preparative HPLC [column: Phenomenex Kinetex 5u XB-C18 250 × 21.2 mm; 

gradient: 0 – 30 min: A/B (v/v) 92/8 – 49/51, flow 20 mL/min, tR = 11 min] afforded 3.38 as 

colorless hygroscopic foam (188 mg, 71.7%). RP-HPLC (220 nm): 99.9% (k = 1.80). 1H-NMR 

(300 MHz, MeOH-d4): δ (ppm) 7.56 (d, J = 7.3 Hz, 1H), 6.05 (d, J = 7.2 Hz, 1H), 3.58 (t, J = 6.7 Hz, 

2H), 3.01 (m, 2H), 1.99 (m, 2H), 0.98 (s, 9H). 1H-NMR (600 MHz, DMSO-d6, HSQC, HMBC): 

δ (ppm) 12.05 (br, 1H), 8.90 (br, 1H), 8.28 (br, 1H), 7.82 ( br, 3H), 7.69 (d, J = 7.0 Hz, 1H), 6.03 

(d, J = 7.0 Hz, 1H), 3.43 (m, 2H), 3.22 (m, 2H), 2.85 (m, 2H), 1.81 (m, 2H), 0.91 (s, 9H). 13C-NMR 

(151 MHz, DMSO-d6): δ (ppm) 162.28 (quat., 1C), 158.48 (q, J = 31.4 Hz, TFA), 154.27 (quat., 

1C), 141.21, 117.06 (q, J = 299.2 Hz, TFA), 97.16, 51.21, 37.50, 36.83, 32.14 (quat., 1C), 27.12 

(3C), 26.54. HRMS (ESI): m/z [M + H]+ calcd for [C12H24N5]+ 238.2026, found 238.2032. 

C12H23N5 · C4H2F6O4 (237.35 + 228.05). 

N2-Neopentyl-N4-(pyrrolidin-3-yl)pyrimidine-2,4-diamine bis(2,2,2-trifluoroacetate) (3.39). 

According to the general procedure, the title compound was prepared in the microwave 

reactor (8 h, 120 °C, 2 bar, 3 min prestirring) from 3.26 (200 mg, 0.669 mmol), DIPEA (180 µL, 

1.06 mmol) and 2,2-dimethylpropan-1-amine (237 µL, 2.03 mmol) in i-PrOH (2 mL). The crude 

product was purified by chromatography [DCM/MeOH (v/v) 100/0 – 90/10, SiO2 30 g] to give 

a pale yellow sticky oil (160 mg, 68.4%). Rf = 0.4 (DCM/MeOH 90/10). Deprotection (150 mg, 

0.430 mmol) in DCM (2 mL) and TFA (0.5 mL) followed by preparative HPLC [column: 

Phenomenex Kinetex 5u XB-C18 250 × 21.2 mm; gradient: 0 – 30 min: A/B (v/v) 

90/10 – 52/48, flow 20 mL/min, tR = 10.5 min] afforded 3.39 as colorless hygroscopic foam 

(97 mg, 47.3%). RP-HPLC (220 nm): 99.9% (k = 1.73). 1H-NMR (300 MHz, MeOH-d4): δ (ppm) 

7.64 (d, J = 7.2 Hz, 1H), 6.10 (d, J = 7.2 Hz, 1H), 4.74 (m, 1H), 3.52 (m, 6H), 2.29 (m, 2H), 0.99 

(s, 9H). 1H-NMR (600 MHz, DMSO-d6): δ (ppm) 12.42 (br, 1H), 9.15 (br, 3H), 8.50 (m, 1H), 7.76 

(d, J = 7.1 Hz, 1H), 6.06 (d, J = 7.1 Hz, 1H), 4.55 (m, 1H), 3.45 (m, 1H), 3.40 – 2.98 (m, 5H), 2.27 

(m, 1H), 1.95 (m, 1H), 0.91 (s, 9H). 13C-NMR (151 MHz, DMSO-d6, HSQC, HMBC): δ (ppm) 

162.17 (quat., 1C), 158.76 (q, J = 32.0 Hz, TFA), 154.22 (quat., 1C), 141.82, 116.95 (d, 

J = 298.5 Hz, TFA), 97.10, 51.23, 49.90, 49.30, 43.80, 32.17 (quat., 1C), 29.49, 27.07 (3C). HRMS 
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(ESI): m/z [M + H]+ calcd for [C13H24N5]+ 250.2026, found 250.2031. C13H23N5 · C4H2F6O4 

(249.36 + 228.05). 

N2-Neopentyl-N4-(piperidin-4-yl)pyrimidine-2,4-diamine bis(2,2,2-trifluoroacetate) (3.40). 

According to the general procedure, the title compound was prepared in the microwave 

reactor (7 h, 120 °C, 2 bar, 3 min prestirring) from 3.27 (250 mg, 0.799 mmol), DIPEA (204 µL, 

1.17 mmol) and 2,2-dimethylpropan-1-amine (282 µL, 2.41 mmol) in i-PrOH (2 mL). The crude 

product was purified by automated flash chromatography [gradient 0 – 20 min: DCM/MeOH 

(v/v) 100/0 – 95/5, SF 10 – 4 g] to give a colorless sticky oil (120 mg, 41.3%). Rf = 0.4 

(DCM/MeOH 90/10). Deprotection (110 mg, 0.303 mmol) in DCM (2 mL) and TFA (0.5 mL) 

followed by preparative HPLC [column: Phenomenex Kinetex 5u XB-C18 250 × 21.2 mm; 

gradient: 0 – 30 min: A/B (v/v) 90/10 – 47/53, flow 20 mL/min, tR = 10 min] afforded 3.40 as 

colorless hygroscopic foam (100 mg, 67.2%). RP-HPLC (220 nm): 99.9% (k = 1.76). 1H-NMR 

(300 MHz, MeOH-d4): δ (ppm) 7.59 (d, J = 7.3 Hz, 1H), 6.06 (d, J = 7.3 Hz, 1H), 4.30 (m, 1H), 

3.32 (m, 6H), 2.24 (m, 2H), 1.80 (m, 2H), 0.98 (s, 9H). 1H-NMR (600 MHz, DMSO-d6): δ (ppm) 

12.29 (br, 1H), 9.92 (d, J = 6.4 Hz, 1H), 8.81 (br, 1H), 8.63 (br, 1H), 8.41 (m, 1H), 7.71 (d, 

J = 7.1 Hz, 1H), 6.03 (d, J = 7.0 Hz, 1H), 4.13 (m, 1H), 3.32 (m, 2H), 3.22 (m, 2H), 3.06 (m, 2H), 

2.03 (m, 2H), 1.66 (m, 2H), 0.90 (s, 9H). 13C-NMR (151 MHz, DMSO-d6, HSQC, HMBC): δ (ppm) 

161.67 (quat., 1C), 158.66 (q, J = 47.3 Hz, TFA), 154.32 (quat., 1C), 141.54, 117.06 (q, 

J = 298.6 Hz, TFA), 97.12, 51.15, 45.20, 41.72 (2C), 32.19 (quat., 1C), 27.52 (2C), 27.12 (3C). 

HRMS (ESI): m/z [M + H]+ calcd for [C14H26N5]+ 264.2183, found 264.2185. C14H25N5 · C4H2F6O4 

(263.39 + 228.05). 

N4-[2-(1H-Imidazol-4-yl)ethyl]-N2-neopentylpyrimidine-2,4-diamine bis(2,2,2-

trifluoroacetate) (3.41). According to the general procedure, the title compound was 

prepared in the microwave reactor (11 h, 130 °C, 4 bar, 3 min prestirring) from 3.28 (150 mg, 

0.322 mmol), DIPEA (330 µL, 1.89 mmol) and 2,2-dimethylpropan-1-amine (230 µL, 

1.97 mmol) in i-PrOH (2 mL). The crude product was purified by automated flash 

chromatography [gradient 0 – 20 min: DCM/MeOH (v/v) 100/0 – 90/10, SF 10-4 g] to give a 

colorless sticky foam (65 mg, 39.1%). Rf = 0.4 (DCM/MeOH 90/10). Deprotection (60 mg, 

0.12 mmol) in DCM (2 mL) and TFA (0.5 mL) followed by preparative HPLC [Phenomenex 
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Kinetex 5u XB-C18 250 × 21.2 mm; gradient 0 – 30 min: A/B (v/v) 85/15 – 28/72; flow: 

20 mL/min; tR = 8 min] afforded 3.41 as colorless hygroscopic foam (21 mg, 36.0%). RP-HPLC 

(220 nm): 99.0% (k = 2.02). 1H-NMR (300 MHz, MeOH-d4): δ (ppm) 8.84 (s, 1H), 7.56 (d, 

J = 7.2 Hz, 1H), 7.38 (s, 1H), 6.02 (d, J = 7.0 Hz, 1H), 3.80 (t, J = 6.5 Hz, 1H), 3.28 (m, 2H), 3.07 

(t, J = 6.5 Hz, 1H), 0.97 (s, 9H). 1H-NMR (600 MHz, DMSO-d6, +10 µL TFA): δ (ppm) 11.98 (br, 

3H), 9.00 (s, 1H), 8.89 (m, 1H), 8.24 (m, 1H), 7.67 (m, 1H), 7.44 (s, 1H), 6.00 (d, J = 6.9 Hz, 1H), 

3.66 (m, 2H), 3.19 (m, 2H), 2.94 (m, 2H), 0.89 (s, 9H). 13C-NMR (151 MHz, DMSO-d6, +10 µL 

TFA, HSQC, HMBC): δ (ppm) 162.46 (quat., 1C), 158.49 (q, J = 37.4 Hz, TFA), 154.24 (quat., 1C), 

141.33, 133.99, 130.64 (quat., 1C), 116.39, 115.42 (q, J = 291.6 Hz, TFA), 97.22, 51.24, 39.33, 

32.12 (quat., 1C), 27.11 (3C), 23.60. HRMS (ESI): m/z [M + H]+ calcd for [C14H23N5]+ 275.1979, 

found 275.1983. C14H22N5 · C4H2F6O4 (274.37 + 228.05). 

N4-[3-(1H-Imidazol-4-yl)propyl]-N2-neopentylpyrimidine-2,4-diamine bis(2,2,2-

trifluoroacetate) (3.42). According to the general procedure the title compound was prepared 

in the microwave reactor (10 h, 130 °C, 3 bar, 3 min prestirring) from 3.29 (140 mg, 

0.292 mmol), DIPEA (300 µL, 1.72 mmol) and 2,2-dimethylpropan-1-amine (206 µL, 

1.75 mmol) in i-PrOH (2 mL). The crude product was purified by automated flash 

chromatography [gradient 0 – 20min: DCM/MeOH (v/v) 100/0 – 90/10, SF 10-4 g] to a 

colorless sticky foam (100 mg, 64.5%). Rf = 0.45 (DCM/MeOH 90/10). Deprotection (70 mg, 

0.13 mmol) in DCM (2 mL) and TFA (0.5 mL), followed by preparative HPLC [Phenomenex 

Kinetex 5u XB-C18 250 × 21.2 mm; gradient 0 – 30 min: A/B (v/v) 90/10 – 33/67, flow: 

20 mL/min; tR = 10.5 min] afforded 3.42 as hygroscopic foam (35 mg, 51.4%). RP-HPLC 

(220 nm): 99.9% (k = 2.23). 1H-NMR (300 MHz, MeOH-d4): δ (ppm) 8.82 (m, 1H), 7.55 (d, 

J = 7.3 Hz, 1H), 7.35 (s, 1H), 6.04 (d, J = 7.2 Hz, 1H), 3.56 (t, J = 6.8 Hz, 2H), 3.27 (m, 2H), 2.82 

(t, J = 7.7 Hz, 2H), 2.02 (m, 2H), 0.96 (s, 9H). 1H-NMR (600 MHz, DMSO-d6, +10 µL TFA): δ (ppm) 

11.89 (br, 3H), 8.98 (m, 1H), 8.81 (m, 1H), 8.13 (m, 1H), 7.67 (m, 1H), 7.43 (s, 1H), 6.02 (d, 

J = 7.0 Hz, 1H), 3.40 (m, 2H), 3.15 (m, 2H), 2.69 (t, J = 7.5 Hz, 2H), 1.89 (m, 2H), 0.87 (s, 9H). 

13C-NMR (151 MHz, DMSO-d6, +10 µL TFA, HSQC, HMBC): δ (ppm) 162.32 (quat., 1C), 158.49 

(q, J = 37.4 Hz, TFA), 154.26 (quat., 1C), 141.15, 133.89, 132.67 (quat., 1C), 115.63, 115.46 (q, 

J = 290.2 Hz, TFA), 97.19, 51.20, 39.20, 32.16 (quat., 1C), 27.11 (3C), 27.00, 21.41. HRMS (ESI): 
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m/z [M + H]+ calcd for [C15H25N6]+ 289.2135, found 289.2136. C15H24N6 · C4H2F6O4 

(288.40 + 228.05). 

N-Neopentyl-4-(1,4,6,7-tetrahydro-5H-imidazo[4,5-c]pyridin-5-yl)pyrimidin-2-amine 

bis(2,2,2-trifluoroacetate) (3.43). According to the general procedure, the title compound 

was prepared in the microwave reactor (7.5 h, 130 °C, 3 bar, 3 min prestirring) from 3.30 

(200 mg, 0.418 mmol), DIPEA (220 µL, 1.26 mmol) and 2,2-dimethylpropan-1-amine (150 µL, 

1.27 mmol) in i-PrOH (3 mL). The crude product was purified by automated flash 

chromatography [gradient 0 – 20 min: DCM/MeOH (v/v) 100/0 – 90/10, SF 10-4 g] to give a 

yellow sticky oil (160 mg, 72.4%). Rf = 0.3 (DCM/MeOH 90/10). Deprotection (75 mg, 

0.14 mmol) in DCM (2 mL) and TFA (0.4 mL) followed by preparative HPLC [column: 

Phenomenex Kinetex 5u XB-C18 250 × 21.2 mm; gradient: 0-30 min: A/B (v/v) 95/5 – 33/67, 

flow 15 mL/min, tR = 13.5 min] afforded 3.43 as colorless hygroscopic foam (30 mg, 41.1%). 

RP-HPLC (220 nm): 96.2% (k = 1.97). Ratio of configurational isomers evident in NMR 

performed in DMSO-d6: ca. 1:1.1. 1H-NMR (300 MHz, MeOH-d4): δ (ppm) 8.79 (s, 1H), 7.81 (d, 

J = 7.5 Hz, 1H), 6.57 (m, 1H), 4.69 (m, 2H), 4.21 (m, 2H), 3.34 (m, 2H), 2.94 (m, 2H), 0.99 (s, 9H). 

1H-NMR (600 MHz, DMSO-d6): δ (ppm) 13.96 (br, 2H), 8.86 (s, 1H), 8.47 (br, 1H), 7.97 (d, 

J = 7.3 Hz, 1H), 6.61 (m, 1H), 5.00 – 3.00 (1 proton (NH+) presumably superimposed by H2O), 

4.91 (m, 2H), 4.12 (m, 2H), 3.24 (m, 2H), 2.83 (m, 2H), 0.91 (s, 9H). 13C-NMR (151 MHz, 

DMSO-d6, HSQC, HMBC): δ (ppm) 161.79 (quat., 1C) 158.72 (q, J = 32.3 Hz, TFA), 153.65 (quat., 

1C), 143.82, 133.68, 125.76 (quat., 1C), 124.13 (quat., 1C), 116.90 (q, J = 297.8 Hz, TFA), 94.47, 

51.42, 42.94, 42.86, 40.04, 32.26 (quat., 1C), 27.09 (3C), 20.82, 20.76. HRMS (ESI): m/z [M + H]+ 

calcd for [C15H23N6]+ 287.1979, found 287.1982. C15H22N6 · C4H2F6O4 (286.38 + 228.05). 

N4-(2-{[(5-Methyl-1H-imidazol-4-yl)methyl]thio}ethyl)-N2-neopentylpyrimidine-2,4-

diamine bis(2,2,2-trifluoroacetate) (3.44). The title compound was prepared in the 

microwave reactor (4 h, 120 °C, 3 bar, 3 min prestirring) from 3.31 (110 mg, 0.388 mmol), 

DIPEA (132 µL, 0.756 mmol) and 2,2-dimethylpropan-1-amine (137 µL, 1.17 mmol) in i-PrOH 

(3 mL). After the solvent was removed under reduced pressure the residue was dissolved in 

DCM (5 mL). The organic phase was washed with H2O (3 × 2 mL) and brine (5 mL) and dried 

over MgSO4. The crude product was purified by chromatography [DCM/MeOH (v/v) 
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100/0 – 92.5/7.5, SiO2 13 g] and preparative HPLC [column: Phenomenex Kinetex 5u XB-C18 

250 × 21.2 mm; gradient: 0-30 min: A/B (v/v) 85/15 – 52/48, flow 15 mL/min, tR = 14.5 min] to 

yield 3.44 as colorless hygroscopic foam (38 mg, 17.4%). RP-HPLC (220 nm): 98.9% (k = 2.55). 

1H-NMR (300 MHz, MeOH-d4): δ (ppm) 8.75 (s, 1H), 7.56 (d, J = 7.3 Hz, 1H), 6.05 (d, J = 7.2 Hz, 

1H), 3.88 (s, 2H), 3.68 (t, J = 6.8 Hz, 2H), 2.77 (t, J = 6.8 Hz, 2H), 2.33 (s, 3H), 0.96 (s, 9H). 

1H-NMR (600 MHz, DMSO-d6): δ (ppm) 14.24 (br, 3H), 8.99 (m, 1H), 8.88 (s, 1H), 8.39 (m, 1H), 

7.69 (d, J = 7.0 Hz, 1H), 6.05 (d, J = 7.0 Hz, 1H), 3.86 (s, 2H), 3.55 (m, 2H), 3.19 (m, 2H), 2.68 (t, 

J = 6.7 Hz, 2H), 2.24 (s, 3H), 0.98 (s, 9H). 13C-NMR (151 MHz, DMSO-d6, HSQC, HMBC): δ (ppm) 

162.32 (quat., 1C), 158.59 (q, J = 31.4 Hz, TFA), 154.29 (quat., 1C), 141.40, 133.03, 125.94 

(quat., 1C), 125.71 (quat., 1C), 117, 07 (q, J = 299.9 Hz, TFA), 97.10, 51.22, 39.74, 32.11 (quat., 

1C), 29.81, 27.07 (3C), 23.13, 8.57. HRMS (ESI): m/z [M + H]+ calcd for [C16H27N6S]+ 335.2012, 

found 335.2017. C16H26N6 S · C4H2F6O4 (334.49 + 228.05). 

(R)-4-[3-(Methylamino)pyrrolidin-1-yl]-N-neopentylpyrimidin-2-amine bis(2,2,2-

trifluoroacetate) (3.45)28. In an argon-flushed Schlenk flask 3.32 (480 mg, 1.37 mmol) was 

dissolved in anhydrous THF (10 mL). LiAlH4 (267 mg, 7.04 mmol) was added in portions and 

the reaction was stirred at 70 °C for 7 h. The reaction was cooled to 0 °C, quenched with H2O 

(3 mL) and extracted with DCM (3 × 30 mL). The organic phases were combined, washed with 

brine (50 mL) and dried over MgSO4. The crude product was purified by chromatography 

[DCM/1% NH3 (aq) in MeOH (isocratic): 90/15 (v/v), SiO2 30 g] and preparative HPLC [column: 

Phenomenex Kinetex 5u XB-C18 250 × 21.2 mm; gradient: 0 – 30 min: A/B (v/v) 

90/10 – 38/62, flow 20 mL/min, tR = 9 min] to yield 3.45 as colorless hygroscopic foam 

(290 mg, 43.1%). RP-HPLC (220 nm): 99.8% (k = 1.88). Ratio of configurational isomers evident 

in NMR performed in DMSO-d6: ca 1:1.5. 1H-NMR (300 MHz, MeOH-d4): δ (ppm) 7.74 (d, 

J = 7.4 Hz, 1H), 6.22 (m, 1H), 3.88 (m, 5H), 3.47 – 3.20 (m, 2H), 2.80 (s, 3H), 2.41 (m, 2H), 0.98 

(m, 9H). 1H-NMR (600 MHz, DMSO-d6): δ (ppm) 12.83 (br, 1H), 9.18 (m, 2H), 8.52 (m, 1H), 7.90 

(m, 1H), 6.20 (d, J = 6.9 Hz, 1H), 3.97 – 3.56 (m, 5H), 3.23 (m, 2H), 2.64 (s, 3H), 2.42 – 2.12 (m, 

2H), 0.90 (s, 9H). 13C-NMR (151 MHz, DMSO-d6, HSQC, HMBC): δ (ppm) 159.57 (quat., 1C), 

159.46 (quat., 1C), 158.97 (q, J = 32.6 Hz, TFA), 153.55 (quat., 1C), 143.53, 116.78 (q, 

J = 297.1 Hz, TFA), 95.44, 95.33, 57.37, 56.53, 51.30, 49.11, 48.79, 45.02, 44.85, 32.27 (quat., 
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1C), 31.22, 31.07, 27.13 (3C), 27.01, 26.66. HRMS (ESI): m/z [M + H]+ calcd for [C14H26N5]+ 

264.2183, found 264.2182. C14H25N5 · C4H2F6O4 (263.39 + 228.05). 

General procedure for 3.46 – 3.48 

The respective 2,4-diaminopyrimidine bis(hydrotrifluoroacetate) (3.33 – 3.35) was dissolved 

in formic acid/formamide (1/1 v/v, 1.6 mL) and stirred at 95 °C until conversion was complete. 

Subsequently, the reaction mixture was quenched with saturated NaHCO3 (aq) and extracted 

with EtOAc. The organic phases were combined, washed with brine and dried over MgSO4. 

After the solvent was removed under reduced pressure the product was purified by 

preparative HPLC. 

(R)-4-[3-(Dimethylamino)pyrrolidin-1-yl]-N-neopentylpyrimidin-2-amine bis(2,2,2-

trifluoroacetate) (3.46). According to the general procedure, the title compound was 

prepared from 3.33 (150 mg, 0.314 mmol) over 5 h. The reaction mixture was quenched with 

saturated NaHCO3 (aq) (7 mL) and extracted with EtOAc (2 × 100 mL). The organic phases were 

combined, washed with brine (100 mL) and dried over MgSO4. After removing the solvent 

under reduced pressure, the product was purified by preparative HPLC [column: Phenomenex 

Kinetex 5u XB-C18 250 × 21.2 mm; gradient: 0 – 30 min: A/B (v/v) 90/10 – 43/57, flow 

15 mL/min, tR = 12 min] to yield 3.46 as colorless hygroscopic foam (90 mg, 56.7%). Rf = 0.4 

(DCM/1.75 M NH3 in MeOH 90/10). RP-HPLC (220 nm): 99.3% (k = 1.89). Ratio of 

configurational isomers evident in NMR performed in DMSO-d6: ca 1:1.5. 1H-NMR (300 MHz, 

MeOH-d4): δ (ppm) 7.74 (m, 1H), 6.22 (m, 1H), 3.94 (m, 5H), 3.30 (m, 2H), 2.99 (m, 6H), 2.46 

(m, 2H), 0.98 (m, 2H). 1H-NMR (600 MHz, DMSO-d6): δ (ppm) 12.50 (br, 1H), 10.54 (br, 1H), 

8.35 (br, 1H), 7.92 (m, 1H), 6.22 (m, 1H), 4.00 (m, 2H), 3.87 (m, 0.6H), 3.74 (m, 1.6H), 3.55 (m, 

1H), 3.25 (m, 1.8H), 2.85 (s, 6H), 2.29 (m, 2H), 0.90 (m, 9H). 13C-NMR (151 MHz, DMSO-d6, 

HSQC, HMBC): δ (ppm) 159.50 (quat., 1C), 159.41 (quat., 1C), 158.62 (q, J = 32.2 Hz, TFA), 

153.47 (quat., 1C), 142.70, 116.87 (q, J = 298.1 Hz, TFA), 95.37, 95.18, 63.76, 63.00, 51.30, 

51.24, 47.92, 47.78, 45.60, 45.52, 41.50 (2C), 32.30 (quat 1C), 32.23 (quat., 1C), 27.14 (3C), 

26.02, 25.86. HRMS (ESI): m/z [M + H]+ calcd for [C15H28N5]+ 278.2339, found 278.2342. 

C15H27N5 · C4H2F6O4 (277.42 + 228.05). 
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4-(4-Methylpiperazin-1-yl)-N-neopentylpyrimidin-2-amine bis(2,2,2-trifluoroacetate) 

(3.47)28. According to the general procedure, the title compound was prepared from 3.34 

(150 mg, 0.314 mmol) over 5 h. The reaction mixture was quenched with saturated 

NaHCO3 (aq) (7 mL) and extracted with EtOAc (2 × 100 mL). The organic phases were combined, 

washed with brine (100 mL) and dried over MgSO4. After removing the solvent under reduced 

pressure, the product was purified by preparative HPLC [column: Phenomenex Kinetex 5u 

XB-C18 250 × 21.2 mm; gradient: 0 – 30 min: A/B (v/v) 95/5 – 43/57, flow 15 mL/min, 

tR = 13.5 min] to yield 3.47 as colorless hygroscopic foam (75 mg, 48.6%). Rf = 0.6 (DCM/1.75 

M NH3 in MeOH 90/10). RP-HPLC (220 nm): 98.7% (k = 1.67). 1H-NMR (300 MHz, MeOH-d4): 

δ (ppm) 7.82 (d, J = 7.5 Hz, 1H), 6.52 (d, J = 7.4 Hz, 1H), 4.71 – 3.31 (m, 10H), 2.96 (s, 3H), 0.98 

(s, 9H). 1H-NMR (600 MHz, DMSO-d6): δ (ppm) 12.84 (br, 1H), 10.67 (br, 1H), 8.57 (br, 1H), 7.99 

(d, J = 7.3 Hz, 1H), 6.54 (d, J = 7.4 Hz, 1H), 5.26 – 3.02 (m, 10H), 2.82 (s, 3H), 0.90 (s, 9H). 

13C-NMR (151 MHz, DMSO-d6, HSQC, HMBC): δ (ppm) 161.19 (quat., 1C), 158.83 (q, 

J = 32.4 Hz, TFA), 153.76 (quat., 1C), 143.92, 116.89 (q, J = 298.6 Hz, TFA), 94.25, 51.67, 51.33 

(2C), 42.10, 39.92 (2C), 32.29 (quat., 1C), 27.09 (3C). HRMS (ESI): m/z [M + H]+ calcd for 

[C14H26N5]+ 264.2183, found 264.2184. C14H25N5 · C4H2F6O4 (263.39 + 228.05). 

4-(4-Methyl-1,4-diazepan-1-yl)-N-neopentylpyrimidin-2-amine bis(2,2,2-trifluoroacetate) 

(3.48). According to the general procedure, the title compound was prepared from 3.35 

(80 mg, 0.16 mmol) over 3 h. The reaction mixture was quenched with saturated NaHCO3 (aq) 

(5 mL) and extracted with EtOAc (3 × 30 mL). The organic phases were combined, washed with 

brine (50 mL) and dried over MgSO4. After removing the solvent under reduced pressure, the 

product was purified by preparative HPLC [column: Phenomenex Kinetex 5u XB-C18 

250 × 21.2 mm; gradient: 0 – 30 min: A/B (v/v) 95/5 – 33/67, flow 15 mL/min, tR = 13 min] to 

yield 3.48 as colorless hygroscopic foam (60 mg, 72.8%). Rf = 0.8 (DCM/1.75 M NH3 in MeOH 

80/20). RP-HPLC (220 nm): 99.1% (k = 1.84). Ratio of configurational isomers evident in NMR 

performed in DMSO-d6: ca 1:1.7. 1H-NMR (300 MHz, MeOH-d4): δ (ppm) 7.78 (m, 1H), 6.43 (m, 

1H), 3.72 (m, 10 H), 2.96 (m, 3H), 2.32 (m, 2H), 0.99 (m, 9H). 1H-NMR (600 MHz, DMSO-d6): 

δ (ppm) 12.78 (br, 1H), 10.24 (br, 1H), 8.47 (br, 1H), 7.94 (d, J = 7.1 Hz, 1H), 6.45 (m, 1H), 3.93 

(m, 6H), 3.20 (m, 4H), 2.82 (m, 3H), 2.16 (m, 2H), 0.90 (s, 9H). 13C-NMR (151 MHz, DMSO-d6, 

HSQC, HMBC): δ (ppm) 161.76 (quat., 1C), 161.67 (quat., 1C), 158.71 (q, J = 32.0 Hz, TFA), 
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153.55 (quat., 1C), 153.38 (quat., 1C), 143.29, 142.99, 116.88 (q, J = 298.5 Hz, TFA), 94.63, 

94.56, 54.76, 54.74, 54.59, 54.52, 51.33, 46.52, 45.13, 43.46, 43.27, 42.73, 41.20, 32.17 (quat., 

1C), 27.12 (3C), 23.20, 22.95. HRMS (ESI): m/z [M + H]+ calcd for [C15H28N5]+ 278.2339, found 

278.2340. C15H27N5 · C4H2F6O4 (277.42 + 228.05). 

General procedure for 3.49 – 3.51 

The respective 2,4-diaminopyrimidine bis(hydrotrifluoroacetate) (3.33 – 3.35) (1 equiv), 

1,3-bis(tert-butoxycarbonyl)-2-methyl-2-thiopseudourea (1.2 equiv), HgCl2 (1.5 equiv) and 

triethylamine [TEA (10 equiv)] were suspended in DCM and stirred at rt for 6 h. The suspension 

was filtered through a Cellite® pad and the filtrate was concentrated under reduced pressure. 

The crude product was purified by chromatography. After the removal of the protection group 

with TFA in DCM (5 – 7 h), the product was purified by preparative HPLC. 

(R)-1-{1-[2-(Neopentylamino)pyrimidin-4-yl]pyrrolidin-3-yl}guanidine bis(2,2,2-

trifluoroacetate) (3.49). According to the general procedure, the title compound was 

prepared from 3.33 (200 mg, 0.419 mmol), 1,3-bis(tert-butoxycarbonyl)-2-methyl-2-

thiopseudourea (146 mg, 0.503 mmol), HgCl2 (171 mg, 0.629 mmol) and TEA (600 µL, 

4.33 mmol) in DCM (5 mL). The crude product was purified by chromatography [DCM/MeOH 

(v/v) 100/0 – 95/5, SiO2 40 g] to give a pale yellow sticky oil (120 mg, 58.3%). Rf = 0.4 

(DCM/MeOH 90/10). Deprotection of (100 mg, 0.203 mmol) in DCM (5 mL) and TFA (2 mL), 

followed by preparative HPLC [column: Phenomenex Kinetex 5u XB-C18 250 × 21.2 mm; 

gradient: 0 – 30 min: A/B (v/v) 85/15 – 28/72, flow 15 mL/min, tR = 11.5 min] afforded 3.49 as 

colorless hygroscopic foam (72 mg, 68.3%). Rf = 0.2 (DCM/1.75 M NH3 in MeOH 90/10). 

RP-HPLC (220 nm): 99.8% (k = 2.21). Ratio of configurational isomers evident in NMR 

performed in DMSO-d6: ca 1:1.7. 1H-NMR (300 MHz, MeOH-d4): δ (ppm) 7.70 (m, 1H), 6.20 (m, 

1H), 4.30 (m, 1H), 4.40 – 3.48 (m, 4H), 3.39 – 3.28 (m, 2H), 2.29 (m, 2H), 0.97 (s, 9H). 1H-NMR 

(600 MHz, DMSO-d6): δ (ppm) 12.44 (br, 1H), 8.36 (m, 2H), 7.87 (m, 1H), 7.40 (m, 4H), 6.20 (m, 

1H), 4.26 (m, 1H), 3.81 (m, 1H), 3.71 – 3.41 (m, 3H), 3.22 (m, 2H), 2.27 (m, 1H), 1.98 (m, 1H), 

0.90 (s, 9H). 13C-NMR (151 MHz, DMSO-d6, HSQC, HMBC): δ (ppm) 159.60 (quat., 1C), 159.47 

(quat., 1C), 159.02 (q, J = 31.8 Hz, TFA), 156.46 (quat., 1C), 153.49 (quat., 1C), 153.45 (quat., 

1C), 142.43, 142.32, 116.92 (q, J = 297.8 Hz, TFA), 95.52, 95.27, 52.06, 51.94, 51.29, 51.27, 
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50.44, 49.65, 45.24, 45.16, 32.27 (quat., 1C), 32.23 (quat., 1C), 30.63, 29.77, 27.15 (3C). HRMS 

(ESI): m/z [M + H]+ calcd for [C14H26N7]+ 292.2244, found 292.2247. C14H25N7 · C4H2F6O4 

(291.40 + 228.05). 

4-[2-(Neopentylamino)pyrimidin-4-yl]piperazine-1-carboximidamide bis(2,2,2-

trifluoroacetate) (3.50). According to the general procedure, the title compound was 

prepared from 3.34 (200 mg, 0.419 mmol), 1,3-bis(tert-butoxycarbonyl)-2-methyl-2-

thiopseudourea (146 mg, 0.503 mmol), HgCl2 (171 mg, 0.630 mmol) and TEA (600 µL, 

4.33 mmol) in DCM (5 mL). The product was purified by chromatography [DCM/MeOH (v/v) 

100/0 – 95/5, SiO2 25 g] to give a yellow oil (200 mg, 97.1%). Rf = 0.3 (DCM/MeOH 95/5). 

Deprotection (180 mg, 0.366 mmol) in DCM (3 mL) and TFA (1 mL), followed by preparative 

HPLC [column: Phenomenex Kinetex 5u XB-C18 250 × 21.2 mm; gradient: 0 – 30 min: A/B (v/v) 

90/10 – 38/62, flow 15 mL/min, tR = 12.5 min] afforded 3.50 as colorless hygroscopic foam 

(48 mg, 25.2%). Rf = 0.05 (DCM/MeOH 90/10). RP-HPLC (220 nm): 99.9% (k = 2.02). 1H-NMR 

(300 MHz, MeOH-d4): δ (ppm) 7.76 (d, J = 7.6 Hz, 1H), 6.43 (d, J = 7.5 Hz, 1H), 4.23 – 3.32 (m, 

9H), 0.98 (s, 9H). 1H-NMR (600 MHz, DMSO-d6): δ (ppm) 12.47 (br, 1H), 8.31 (br, 1H), 7.92 (d, 

J = 6.9 Hz, 1H), 7.57 (br, 4H), 6.49 (d, J = 7.4 Hz, 1H), 3.87 (br, 4H), 3.58 (m, 4H), 3.21 (br, 2H), 

0.90 (s, 9H). 13C-NMR (151 MHz, DMSO-d6, HSQC, HMBC): δ (ppm) 160.97 (quat., 1C), 158.58 

(q, J = 31.2 Hz, TFA), 156.22 (quat., 1C), 153.77 (quat., 1C), 143.63, 117.15 (q, J = 300.0 Hz, 

TFA), 94.29, 51.35, 43.86 (2C), 42.91, 42.58, 32.28 (quat., 1C), 27.13 (3C). HRMS (ESI): m/z 

[M + H]+ calcd for [C14H26N7]+ 292.2244, found 292.2247. C14H25N7 · C4H2F6O4 

(291.40 + 228.05). 

4-[2-(Neopentylamino)pyrimidin-4-yl]-1,4-diazepane-1-carboximidamide bis(2,2,2-

trifluoroacetate) (3.51). According to the general procedure, the title compound was 

prepared from 3.35 (250 mg, 0.509 mmol), 1,3-bis(tert-butoxycarbonyl)-2-methyl-2-

thiopseudourea (177 mg, 0.610 mmol), HgCl2 (207 mg, 0.762 mmol) and TEA (705 µL, 

5.09 mmol) in DCM (5 mL). The product was purified by chromatography [DCM/MeOH (v/v) 

100/0 – 95/5, SiO2 35 g] to give a pale yellow sticky foam (240 mg, 93.2%). Rf = 0.3 

(DCM/MeOH 95/5). Deprotection (230 mg, 0.45 mmol) in DCM (5 mL) and TFA (1 mL), 

followed by preparative HPLC [column: Phenomenex Kinetex 5u XB-C18 250 × 21.2 mm; 



[³H]UR-DEBa176: a 2,4-diaminopyrimidine-type radioligand enabling binding studies at the 
human, mouse and rat histamine H₄ receptors 

 

-76- 

gradient: 0 – 30 min: A/B (v/v) 90/10 – 48/52, flow 20 mL/min, tR = 12 min] afforded 3.51 as 

colorless hygroscopic foam (116 mg, 48.2%). Rf = 0.05 (DCM/MeOH 95/5). RP-HPLC (220 nm): 

99.8% (k = 2.09). Ratio of configurational isomers evident in NMR performed in DMSO-d6: ca 

1:1.4. 1H-NMR (300 MHz, MeOH-d4): δ (ppm) 7.75 (d, J = 7.5 Hz, 1H), 6.43 (m, 1H), 4.15 (m, 

1.2H), 3.97 (m, 1.5 H), 3.79 (m, 3H), 3.64 (m, 2H), 1.98 (m, 2H), 0.98 (m, 9H). 1H-NMR (600 MHz, 

DMSO-d6): δ (ppm) 12.74 (br, 1H), 8.41 (br, 1H), 7.91 (m, 1H), 7.51 (br, 4H), 6.45 (d, J = 7.4 Hz, 

1H), 3.59 (m, 10H), 1.83 (m, 2H), 0.90 (s, 9H). 13C-NMR (151 MHz, DMSO-d6, HSQC, HMBC): δ 

(ppm) 161.25 (quat., 1C), 158.86 (q, J = 31.5 Hz, TFA), 155.93 (quat., 1C), 153.84 (quat., 1C), 

153.76 (quat., 1C), 143.60, 117.07 (d, J = 297.8 Hz, TFA), 94.15, 51.39, 47.42, 47.30, 46.86, 

46.73, 46.72, 46.67, 46.34, 46.02, 32.15 (quat., 1C), 27.13 (3C), 25.17, 24.08. HRMS (ESI): m/z 

[M + H]+ calcd for [C15H28N7]+ 306.2401, found 306.2402. C15H27N7 · C4H2F6O4 

(305.43 + 228.05). 

(R)-N-{1-[2-(Neopentylamino)pyrimidin-4-yl]pyrrolidin-3-yl}propionamide 2,2,2-

trifluoroacetate (3.52). 3.33 (100 mg, 0.209 mmol), DIPEA (630 µL, 3.70 mmol) and 1-

propionylpyrrolidine-2,5-dione (70 mg, 0.45 mmol) were dissolved in DCM (5 mL). The 

reaction was stirred at rt for 24 h. The solvent was removed under reduced pressure and the 

crude product was purified by preparative HPLC [column: Phenomenex Kinetex 5u XB-C18 

250 × 21.2 mm; gradient: 0 – 30 min: A/B (v/v) 81/19 – 38/62, flow 20 mL/min, tR = 11 min] to 

yield 3.52 as colorless hygroscopic powder (50 mg, 57.0%). RP- HPLC (220 nm): 97.9% 

(k = 3.34). Ratio of configurational isomers evident in NMR: ca 1:1.4. 1H-NMR (600 MHz, 

DMSO-d6): δ (ppm) 12.30 (br, 1H), 8.24 (br, 1H), 8.10 (m, 1H), 7.83 (m, 1H), 6.17 (m, 1H), 4.36 

(m, 1H), 3.67 (m, 3H), 3.46 (m, 0.5H), 3.32 (m, 0.5H); 3.21 (m, 2H), 2.07 (m, 3H), 1.89 (m, 1H), 

0.98 (m, 3H), 0.90 (m, 9H). 13C-NMR (151 MHz, DMSO-d6, HSQC, HMBC): δ (ppm) 172.92 

(quat., 1C), 159.36 (quat., 1C), 159.27 (quat., 1C), 158.63 (q, J = 32.0 Hz, TFA), 153.40 (quat., 

1C), 142.07, 116.90 (q, J = 298.7 Hz, TFA), 95.51, 95.34, 52.32, 52.22, 51.25, 48.40, 47.55, 

45.47, 45.41, 32.22 (quat., 1C), 30.48, 29.61, 28.26, 27.15 (3C), 9.73. HRMS: (ESI) m/z [M + H]+, 

calcd for [C16H28N5O]+: 306.2288, found 306.2291. C16H27N5 · C2HF3O2 (305.43 + 114.02). 
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 Chemical stability 

The chemical stability of 3.43, 3.46, 3.48 and 3.49 was investigated in PBS (pH 7.4) at 23 °C 

over 24 h. For this purpose, 200 µM dilutions in PBS (stock solution: 10 mM in DMSO) were 

prepared and incubated. After 0, 1, 5 and 24 h, 100 µL of this solution was added to 100 µL of 

MeCN/0.5% TFA 10/90 (v/v). This solution was filtered through PTFE-filters prior to analysis 

by RP-HPLC (conditions for analytical HPLC see section 3.4.1, graphs see Figure A 3.33 – Figure 

A 3.36 in section 3.5.5.3). Injection volume: 70 µL; k = 2.02 (3.43), k = 1.95 (3.46), k = 1.89 

(3.48), k = 2.26 (3.49).  

 Synthesis of radioligand [3H]3.46 

Compound [3H]3.46 was essentially prepared according to a previously described 

radiolabeling protocol45, using succinimidyl [3H]propionate as tritiated precursor, with the 

following modifications:  

The amine precursor 3.45 was methylated with commercially available methyl nosylate 

[methyl-3H] ([3H]3.53), dissolved in MeCN (specific activity 60 – 80 Ci/mmol, 

2.22 – 2.96 TBq/mmol, activity concentration 100 mCi/mL, Biotrend Chemikalien GmbH, Köln, 

Germany). Therefore, in a 2 mL reaction vessel with a screw cap, 11.5 µL of a solution of 3.45 

in acetone (67.8 mM, 0.775 µmol, 6.2 equiv) and pestled K2CO3 (6.378 µmol, 51 equiv) were 

suspended in MeCN (124.3 µL) and transferred into a glass ampule containing 100 µL of 

[3H]3.53 in MeCN (0.125 µmol, 1 equiv, 10 mCi). The 2 mL reaction vessel was washed with 

124.3 µL of MeCN and the same volume was transferred to the reaction mixture, too. The 

reaction mixture was stirred at room temperature for 22.5 h, before the reaction was 

quenched with 40 µL of TFA (aq) (10%). The solvent was removed in a vacuum concentrator 

within 45 min. The residual material was diluted to a final volume of 800 µL with a mixture of 

MeOH/0.05% TFA 8/92 (v/v) for the purification, using an analytical HPLC system (Waters 

GmbH, Eschborn, Germany) consisting of two 510 pumps, a pump control module, a 

486 UV/Vis detector, and a Flow-one/Beta series A-500 radio detector (Packard Instrument 

Company, Meriden, CT, USA). As the stationary phase, a Luna C18 (3 µm, 150 mm × 4.6 mm, 

Phenomenex, Aschaffenburg, Germany) column was used at a flow rate of 0.7 mL/min. The 

mobile phase consisted of MeOH + 0.05% TFA (A) and 0.05% TFA (B). Isolation of [3H]3.46 was 

realized by performing 10 HPLC runs with injection volumes of 80 µL (only UV detection at 
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220 nm), applying the following conditions: 0 – 26 min, A/B 18.5/81.5; 26 – 27 min, 

18.5/81.5 – 95/5; 27 – 34 min, 95/5; tR ~ 25 min. The fractions containing the radioligand were 

collected in 2-mL reaction vessels with screw caps and the volumes were reduced in a vacuum 

concentrator to a final volume of 163.3 µL. After EtOH (381 µL) was added, the solution was 

transferred to a 3-mL borosilicate glass vial with conical bottom (Wheaton, NextGen 3 mL 

V-vials). The reaction vessels were washed twice with EtOH/H2O 70/30 (v/v) and the volumes 

were combined to obtain the tentative stock solution (846 µL). For quantification, a four-point 

calibration curve with unlabeled 3.46 [0.5, 1, 2, 5 µM in MeCN/0.05% TFA (v/v) 8/92] was 

constructed. For this purpose, the above described HPLC system was used under the following 

modified conditions: 0 – 16 min, MeCN + 0.04% TFA/0.05% TFA 12/88; 16 – 19 min, 

12/88 – 95/5; 19 – 26 min, 95/5; injection volume: 100 µL; flow rate 1 mL/min; UV detection 

at 220 nm; tR = 15.0 min. An aliquot of the tentative stock (2µL) was diluted with MeCN/0.05% 

TFA [8/92 (v/v)] (128 µL), and 100 µL of this solution was analyzed by HPLC. Two µL was added 

to 3 mL of Rotiszint eco plus (Carl Roth, Karlsruhe, Germany) and 5 replicates were counted 

with a LS 6500 liquid scintillation counter (Beckmann Coulter Biomedical, München, 

Germany). This procedure was repeated. The molarity of the tentative stock was calculated 

from the mean of the peak areas and the determined calibration curve. A solution of [3H]3.46 

[cfinal = 1 µM in MeCN/0.05% TFA (8/92 v/v)] was spiked with unlabeled 3.46 [cfinal = 1 mM, in 

MeCN/0.05% TFA (8/92 v/v)] and analyzed by HPLC (0 – 15 min, MeCN + 0.04% TFA/0.05% TFA 

10/90 – 32.5/67.5; 15 – 25 min, 32.5/67.5 – 90/10; 25 – 35 min, 90/10; flow rate 0.8 mL/min; 

injection volume 100 µL; UV detection at 220 nm) and radiometric detection [flow rate of the 

liquid scintillator (Rotiszint eco plus/MeCN (85/15 v/v): 4 mL/min)] to confirm the chemical 

identity (tR = 11.1 min) and to determine the radiochemical purity (99%). After storage 

at -20 °C for 11 months, this experiment was repeated, giving a radiochemical purity of 94%. 

Calculated specific activity: 1.59 TBq/mmol (43.08 Ci/mmol). The final activity concentration 

was adjusted to 58.1 MBq/mL (1.6 mCi/mL) by adding EtOH/H2O (70/30 v/v) to come to a 

molarity of 36.4 µM. Radiochemical yield: 108.54 MBq, 29%. 
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 Cell culture, transfection and preparation of cell membranes and 

homogenates 

General procedures for the generation of the recombinant baculovirus, the culture of Sf9 cells 

and the membrane preparation were described previously.16,51 The generation and culture of 

HEK293T-SF-hH4R-His6-CRE-Luc, HEK293T-SF-mH4R-His6-CRE-Luc and HEK293T-SF-rH4R-His6-

CRE-Luc cells were described previously.18 In contrast to the published procedure, HEK293T-

SF-mH4R-His6-CRE-Luc cells were cultured in the presence of 700 µg/mL of hygromycin B 

(MoBiTec GmbH, Göttingen, Germany). Cell homogenates were prepared after growing the 

cells in 30 culture dishes (145 cm2) to 80% confluency in a humidified atmosphere (95% air, 

5% CO2, 37 °C), using Dulbecco’s modified eagle’s medium (DMEM) (Sigma-Aldrich Chemie 

GmbH, Taufkirchen, Germany) and 10% fetal calf serum (FCS) (Biochrom GmbH, Berlin, 

Germany). Subsequently, the cells were rinsed with PBS (10 mL/dish, 100 mM NaCl, 80 mM 

Na2HPO4, 20 mM NaH2PO4, pH 7.4) and scraped off the dish using a sterile cell scraper in the 

presence of a harvest buffer52 [7 mL/dish, 10 mM tris(hydroxymethyl)aminomethane 

hydrochloride (Tris-HCl), 0.5 mM ethylenediaminetetraacetic acid (EDTA), 5.5 mM KCl, 

140 mM NaCl, pH 7.4]. After centrifugation [1000 revolutions per minute (rpm), 10 min], the 

cells were suspended in ice-cold homogenate buffer52 (15 mL, 50 mM Tris-HCl, 5 mM EDTA, 

1.5 mM CaCl2, 5 mM MgCl2, 120 mM NaCl, pH 7.4) and supplemented with protease inhibitors 

(SigmaFAST™, Cocktail Tablets, EDTA-free, Sigma-Aldrich Chemie GmbH, Taufkirchen, 

Germany). Afterwards, the cells were lysed (20,000 rpm/min, 5 × 5 s, ice-cooled, Ultra-

TURRAX®, Janke & Kunkel, IKA®-Werke GmbH & Co. KG, Staufen, Germany), and the lysate 

was centrifuged (23,000 rpm, 45 min, 4 °C, Optima™-L70-Preparative Ultracentrifuge, 

Beckmann Coulter, München, Germany). The remaining pellets were suspended in ice-cold 

binding buffer51 (15 mL, 12.5 mM MgCl2, 1 mM EDTA, 75 mM Tris-HCl, pH 7.4), homogenized 

with a Dounce homogenizer (10 times, ice-cooled) and stored at -80 °C in small aliquots 

(0.2 mL, 0.5 mL). 

HEK293T cells, stably expressing xH4R-ELucC/ELucN-β-arrestin2 (x = h, m, r) were generated 

as follows: the cDNAs, encoding the C-terminal luciferase fragment of the emerald luciferase 

(ELucC)53 fused to the C-terminus of either hH4R, mH4R or rH4R, were generated by replacing 

the hH1R in the previously described pcDNA4 hH1R-ELucC vector54 by each xH4R cDNA without 
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their stop codons. Then, HEK293T cells stably expressing the ELucN-β-arrestin2 construct54 

were stably transfected with each pcDNA4 xH4R-ELucC vector as described.54 The HEK293T-β-

arr2-hH4R, HEK293T-β-arr2-mH4R and HEK293T-β-arr2-rH4R cells were cultivated as previously 

described for HEK293T-β-arr2-hH1R cells.54 

 Radioligand binding experiments  

Competition binding experiments on membrane preparations of Sf9 insect cells, expressing 

the hH1R + RGS4, hH2R-Gsαs, hH3R + Giα2 + β1γ2 or hH4R + Giα2 + β1γ2, were essentially 

performed as described previously55 with the following modifications: the experiments were 

performed in 96-well plates (PP microplates 96 well, Greiner Bio-One GmbH, Frickenhausen, 

Germany) in a total volume of 100 µL, containing 5 – 25 µg (hH4R), 24 – 35 µg (hH3R), 15 µg 

(hH2R) and 23 µg (hH1R) of soluble membrane protein and 0.2% bovine serum albumin (BSA). 

Used radioligands:  

hH1R: [3H]pyrilamine (cfinal = 5 nM, specific activity 20.0 Ci/mmol, Kd = 4.5 nM55, Hartmann 

Analytics GmbH, Braunschweig, Germany),  

hH2R: [3H]UR-DE25727 [resynthesized by Dr. Sabrina Biselli (data not published): cfinal = 20 nM, 

specific activity 33.0 Ci/mmol, Kd = 12.1 nM],  

hH3R: [3H]UR-PI29412 ([3H]3.02) (cfinal = 2 nM, specific activity 93.3 Ci/mmol, Kd = 1.1 nM) or 

[3H]Nα-methylhistamine (cfinal = 3 nM, specific activity 85.3 Ci/mmol, Kd = 8.6 nM56, Hartmann 

Analytics GmbH, Braunschweig, Germany) and  

hH4R: [3H]histamine ([3H]3.01) [cfinal = 10 or 40 nM, (depending on the used batches), specific 

activity 25.0 Ci/mmol, Kd = 14.7 nM or 45 nM (depending on the batches), Biotrend 

Chemikalien GmbH, Köln, Germany]  

For competition binding, saturation binding and kinetic binding experiments with [3H]3.46, 

the radioligand solution [36.4 µM in EtOH/H2O 70/30 (v/v)] was mixed with a solution of 

“cold” 3.46 [36.4 µM in EtOH/H2O 70/30 (v/v)] (1/3) due to economic reasons. The HEK293T-

SF-hH4R-His6-CRE-Luc-, HEK293T-SF-mH4R-His6-CRE-Luc- or HEK293T-SF-rH4R-His6-CRE-Luc 

cell homogenates were thawed and sedimented by centrifugation (16, 100 × g, 4 °C, 10 min) 

before the supernatant was discarded. The pellets were suspended in ice-cooled binding 

buffer to come to 1.8 µg (hH4R), 2.8 µg (mH4R) and 3.1 µg (rH4R) protein per µL of binding 
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buffer. The experiments were performed in 96-well plates (PP microplates 96 well, Greiner 

Bio-One GmbH, Frickenhausen, Germany) in a total volume of 100 µL containing 18 µg (hH4R), 

28 µg (mH4R), 31 µg (rH4R) homogenate protein and 0.2% BSA. After different incubation 

periods at room temperature, the previously described procedure55 for competition binding 

experiments using Sf9 cell membranes was followed. 

In competition binding experiments, the final concentration of [3H]3.46 was 40 nM (hH4R) 

30 nM (rH4R) or 20 nM (mH4R), while increasing concentrations of unlabeled ligands (3.01, 

3.04, 3.05 and 3.06) were applied. The plates were shaken at 250 rpm for 60 min.  

For the analysis of the data obtained from experiments on Sf9 membranes, total binding [in 

disintegrations per minute (dpm)] was plotted versus log (concentration competitor) and 

normalized [1.0 = bound radio ligand (dpm) in the absence of competitor, 0.0 = nonspecifically 

bound radioligand (dpm) in the presence of 3.01 (cfinal = 10 µM, hH3,4R), diphenhydramine 

(cfinal = 10 µM, hH1R) or famotidine (cfinal = 100 µM, hH2R)]. For competition binding 

experiments at HEK293T-CRE-Luc cell homogenates total binding (dpm) was plotted versus 

log (concentration competitor) and normalized [1.0 = bound radioligand (dpm) in the absence 

of a competitor, 0.0 = nonspecifically bound radioligand (dpm) in the presence of 3.06 

(cfinal = 100 µM, h, m, r H4R)]. Applying a four-parameter logistic equation [log-(inhibitor) vs 

response-variable slope] (GraphPad Prism Software 7.1, GraphPad Software Inc., San Diego, 

CA, USA), pIC50 values were obtained. The pKi values were calculated based on the 

Cheng-Prusoff equation57. 

Saturation binding experiments were conducted with various concentrations of [3H]3.46, 

while nonspecific binding was determined in the presence of 3.06 (1000-fold excess to each 

concentration of [3H]3.46). The plates were shaken at 250 rpm for 60 min. Specific binding 

data (dpm) were plotted against the free radioligand concentration (nM) and analyzed by a 

two-parameter equation describing hyperbolic binding to obtain Kd and Bmax values (GraphPad 

Prism 7.1). The free radioligand concentration is the difference between the amount of 

specifically bound radioligand (nM) (calculation includes the amount of specifically bound 

[3H]3.46 in dpm, the specific activity of [3H]3.46 and the volume per well) and total radioligand 

concentration. Nonspecific binding data were fitted by linear regression (GraphPad Prism 7.1). 
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For association experiments, the h, m or rH4R expressing homogenates were incubated with 

[3H]3.46 (cfinal = 40 nM hH4R, cfinal = 30 nM rH4R, cfinal = 20 nM mH4R). Incubation was stopped 

after different time points (0 – 45 min) by addition of 3.06 (1000-fold excess to the [3H]3.46 

concentration). Nonspecific binding was determined in the presence of 3.06 (1000-fold excess 

to the concentration of [3H]3.46). The plates were shaken at 250 rpm throughout. In 

dissociation experiments, the h, m or rH4R expressing homogenates were incubated with 

[3H]3.46 (cfinal = 40 nM hH4R, cfinal = 30 nM rH4R, cfinal = 20 nM mH4R) for 30 min, before 3.06 

(1000-fold excess to the concentration of [3H]3.46) was added at different time points 

(0 – 90 min). For the determination of the nonspecific binding, the procedure was performed 

identically, but 3.06 (1000-fold excess to the concentration of [3H]3.46) was added during the 

incubation step. The plates were shaken at 250 rpm throughout. The specific binding data 

(dpm) from association experiments were analyzed by a three-parameter equation describing 

exponential incline (GraphPad Prism 7.1) to a maximum to obtain kobs (observed association 

rate constant) and B(eq) (maximum of specifically bound radioligand), used for the calculation 

of specifically bound radioligand (B(t)) in %, which is plotted over time. In dissociation 

experiments, B(t) (%) were plotted over time and analyzed by a three-parameter equation 

describing exponential decline (GraphPad Prism 7.1) to obtain the dissociation rate constant 

koff and B(plateau) (%, bottom of specifically bound radioligand).  

 Luciferase reporter gene assay  

The luciferase reporter gene assay, using HEK293T-SF-hH4R-His6-CRE-Luc, HEK293T-SF-mH4R-

His6-CRE-Luc or HEK293T-SF-rH4R-His6-CRE-Luc cells, was performed as described 

previously18, applying the following modifications: 

After seeding 0.8 × 105 (hH4R) and 1.6 × 105 (r,mH4Rs) cells per well (160 µL) into colorless 

flat-bottomed 96-well plates (Greiner Bio-One GmbH, Frickenhausen, Germany), they were 

allowed to attach for 17 – 24 h in a humidified atmosphere (95% air, 5% CO2, 37 °C), using 

DMEM without phenol red supplemented with 5% (v/v) FCS. A stock solution (10 mM) of 

forskolin (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) in DMSO was used to prepare 

the feed solution in DMEM without phenol red [5% (v/v) FCS]. Forskolin solution (20 µL, 

cfinal = 0.5 µM for hH4R, cfinal = 1.0 µM for m/rH4Rs) and 20 µL of a 10-fold concentrated 

solution of the respective compound in various concentrations [10 mM stock solutions (see in 
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section 3.4.1) diluted with DMEM] was added. The cells were incubated for 5 h in a humidified 

atmosphere (95% air, 5% CO2, 37 °C). The final DMSO concentration in the assay did not 

exceed 1%. Afterward, all media were discarded, followed by the addition of 80 µL of lysis 

buffer18 to each well. The cells were shaken at room temperature for 30 – 45 min (180 rpm). 

For the luminescence measurement, 40 µL of the lysate was transferred to a white 

flat-bottomed 96-well plate (Greiner) and was supplemented with 80 µL of luciferase assay 

buffer18 (120 µL/well). Luminescence, expressed as RLUs (relative light units), was measured 

for 1 s per well using the GENios Pro microplate reader (Tecan GmbH, Grödig/Salzburg, 

Austria) or the EnSpire multimode reader (PerkinElmer Inc., Waltham, MA,USA). Data were 

processed by plotting the RLUs versus log (concentration agonist) followed by a normalization 

(1.0 = forskolin-stimulated luciferase activity, 0.0 = induced change in forskolin-stimulated 

luciferase activity caused by 10 µM of the endogenous agonist histamine 3.01) and 

transformation step (standard function: Y = 1.0 – Y). The analysis of the data was performed 

applying a four-parameter logistic equation [log(agonist) vs response – variable slope, 

GraphPad Prism 7.1]. 

 β-Arrestin2 recruitment assay  

The recruitment of the β-arrestin2 was measured via split-luciferase complementation. 

Agonist potencies were determined using HEK293T cells, stably expressing xH4R-ELucC/ELucN-

β-arrestin2 (x = h, m, r), using the GENios Pro microplate reader (Tecan GmbH, 

Grödig/Salzburg, Austria) as previously described for HEK293T-β-arr1-H1R and HEK293T-β-

arr2-H1R cells.54 Data were processed by plotting the RLUs versus log (concentration agonist) 

followed by a normalization step (agonist mode: 1.0 = maximum of β-arrestin2 recruitment 

caused by 100 µM of the endogenous agonist histamine 3.01, 0.0 = basal activity). The 

normalized data were analyzed by applying a four-parameter logistic equation [log(agonist) vs 

response – variable slope,GraphPad Prism 7.1]. In antagonist mode, the solutions containing 

the antagonist were pre-incubated for 15 min before a solution of 3.01 in H2O (cfinal = 10 µM) 

was added. Data from antagonist mode were processed by plotting the RLUs versus log 

(concentration antagonist) followed by a normalization step (1.0 = β-arrestin2 recruitment 

caused by 10 µM of the endogenous agonist 3.01, 0.0 = basal activity). 
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 Appendix 

 Source or preparation of the amine precursors (3.07 – 3.18) 

Some amine precursors (3.07 – 3.15) had to be prepared prior their use in the synthesis of the 

2-chloro-4-aminopyrimidines 3.21 – 3.31. Therefore, several procedures were applied as 

depicted in Scheme A 3.1 – Scheme A 3.3. Compound 3.16 was purchased from TCI 

Deutschland GmbH (Eschborn, Germany), 3.1734 and 3.1834,58 were provided by Dr. Patrick Igel 

(Figure A 3.1). Compound 1,3-Bis(tert-butoxycarbonyl)-2-methyl-2-thiopseudourea25 was 

provided by Dr. Paul Baumeister. 

The mono-Boc-protected diamines 3.07 – 3.12 (Scheme A 3.1) were prepared by applying the 

respective diamines 3.54 – 3.59 in an excess (2 – 3 equiv), while boc anhydride was slowly 

added at 0 °C.59 The amine precursor 3.13 (Scheme A 3.1) was prepared via boc-protection of 

bromoethan-1-amine hydrobromide 3.60 to give 3.61, followed by a Finkelstein reaction60 in 

a microwave reactor with 3.54, sodium iodide and K2CO3 in acetone.  

Scheme A 3.1. Synthesis of the Boc-protected amines 3.07 – 3.13. 

 

Reagents and conditions: (I) Boc anhydride, DCM, 0 °C  or 0 °C → rt, 2 – 7 h, 60 – 98%; (II) 
Boc anhydride, DIPEA, DCM, 0 °C → rt, overnight, 80.1%; (III) 3.54, NaI, K2CO3, acetone, 
110 °C (microwave), 10 min, 65.1%. 

To come to the trityl-protected histamine 3.14 (Scheme A 3.2), histamine dihydrochloride 3.62 

and phthalic anhydride were refluxed in toluene using a Dean-Stark apparatus to give 

phthalimide 3.63.61 The following introduction of the trityl group was realized in the presence 
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of TEA. Finally, the liberation of the primary amine from the trityl- and phthaloyl-protected 

histamine 3.64 was performed via Ing-Manske hydrazinolysis as a variation of the Gabriel 

synthesis.33 

Scheme A 3.2. Synthesis of 2-(1-Trityl-1H-imidazol-4-yl)ethan-1-amine 3.14 

 

Reagents and conditions: (I) phthalic anhydride, TEA, toluene, 5 h, 110 °C, 
46.1%; (II) trityl chloride, TEA, 24 h, rt, 78.8%; (III) N2H5OH, EtOH abs., 24 h, 
rt → 0 °C, 72.2%. 

The spinaceamine dihydrochloride 3.65 was obtained by a modified Pictet-Spengler 

reaction62-64 with 3.62 and dimethoxymethane in 0.01 M HCl (aq) (Scheme A 3.3). 

Cbz-protection of the secondary amine with benzyl succinimidyl carbonate gave 3.66 (Scheme 

A 3.3). After trityl-protection of the imidazole moiety, 3.67 was converted to the 

trityl-protected spinaceamine 3.15 via hydrogenolysis25 (Scheme A 3.3). 

Scheme A 3.3. Synthesis of 3-Trityl-4,5,6,7-tetrahydro-3H-imidazo[4,5-c]pyridine 3.15 

 

Reactions and conditions: (I) dimethoxymethane, 0.01 M HCl, overnight, reflux, 79.5%; 
(II) benzyl succinimidyl carbonate, TEA, DCM/DMF 4/1 (v/v), 1 h, rt, 48.1%; (III) trityl 
chloride, TEA, MeCN, overnight, rt, 78.4%; (IV) Pd/C, H2, MeOH, 4 h, rt, 89.0%. 

 

Figure A 3.1. Structures of the amine precursors 3.16 – 3.18. 
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 Synthesis of compounds 3.07 – 3.13 

tert-Butyl piperazine-1-carboxylate (3.07)65,66. 3.54 (1.00 g, 11.6 mmol) was dissolved in DCM 

(10 mL) and cooled to 0 °C. A solution of boc anhydride (1.30 g, 5.96 mmol) in DCM (4 mL) was 

added slowly. The reaction could warm to rt for 5 h to turn to a colorless suspension. The 

colorless solid was filtered off. The filtrate was concentrated under reduced pressure and cold 

H2O (20 mL) was added. After another filtration step, the aqueous phase was basified to pH 12 

with saturated K2CO3 (aq) and the product was extracted with methyl tert-butyl ether 

(MTBE, 3 × 80 mL). After washing with brine (70 mL) and drying over MgSO4 the solvent was 

removed under reduced pressure to give 3.07 as colorless solid (810 mg, 73.0%), mp 45 – 47 °C 

(lit 45 – 46 °C)65. Rf = 0.2 (DCM/1.7 M NH3 in MeOH 95/5). 1H-NMR (300 MHz, CDCl3): δ (ppm) 

3.33 (m, 4H), 2.75 (m, 4H), 1.68 (s, 1H), 1.45 (s, 9H). HRMS (ESI): m/z [M + H]+ calcd for 

[C9H19N2O2]+ 187.1441, found 187.1441. C9H18N2O2 (186.26). 

tert-Butyl 1,4-diazepane-1-carboxylate (3.08)67,68. 3.55 (1.8 g, 18 mmol) was dissolved in 

DCM (30 mL) and cooled to 0 °C. A solution of boc anhydride (1.0 g, 4.6 mmol) in DCM (13 mL) 

was added slowly. The reaction was stirred for 2 h to turn to a colorless suspension. After cold 

H2O (50 mL) was added, the mixture was basified to pH 12 with 5% NaHCO3 (aq) and the product 

was extracted with DCM (2 × 100 mL). After washing with brine and drying over MgSO4 the 

solvent was removed under reduced pressure to give 3.08 as colorless oil (900 mg, 98.1%). 

Rf = 0.2 (DCM/2% NH3 (aq) in MeOH 90/10). 1H-NMR (400 MHz, CDCl3): δ (ppm) 3.53 – 3.26 (m, 

4H), 2.95 – 2.58 (m, 5H), 1.86 – 1.66 (m, 2H), 1.43 (s, 9H). 13C-NMR (101 MHz, CDCl3, HSQC, 

HMBC): δ (ppm) 155.58 (quat., 1C), 79.46 (quat., 1C), 49.27, 48.11, 46.03, 45.31, 30.18, 28.57 

(3C). HRMS (ESI): m/z [M + H]+ calcd for [C10H21N2O2]+ 201.1598, found 201.1602. C10H20N2O2 

(200.28). 

tert-Butyl (2-aminoethyl)carbamate (3.09)69. 3.56 (918 µL, 13.7 mmol) was dissolved in DCM 

(80 mL) and cooled to 0 °C. A solution of boc anhydride (1.0 g, 4.6 mmol) in DCM (40 mL) was 

added slowly. After stirring under ice-cooling for 5 h, the mixture turned to a colorless 

suspension. The colorless solid was filtered off. The filtrate was concentrated under reduced 

pressure and cold H2O (100 mL) was added. After basification to pH 12 with saturated 

K2CO3 (aq) the product was extracted with MTBE (3 × 200 mL). After washing with brine 
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(100 mL) and drying over MgSO4 the solvent was removed under reduced pressure to give 

3.09 as colorless oil (440 mg, 59.9%). Rf = 0.2 (DCM/MeOH 90/10). 1H-NMR (400 MHz, 

DMSO-d6): δ (ppm) 6.56 (s, 1H), 2.90 (m, 2H), 2.51 (m, 2H), 1.80 (br, 2H), 1.37 (s, 9H). 13C-NMR 

(101 MHz, DMSO-d6, HSQC, HMBC): δ (ppm) 155.67 (quat., 1C), 77.37 (quat., 1C), 43.67, 41.61, 

28.25 (3C). HRMS (ESI): m/z [M + H]+ calcd for [C7H17N2O2]+ 161.1285, found 161.1285. 

C7H16N2O2 (160.22). 

tert-Butyl (3-aminopropyl)carbamate (3.10)70,71. 3.57 (568 µL, 6.74 mmol) was dissolved in 

DCM (40 mL) and cooled to 0 °C. A solution of boc anhydride (736 mg, 3.37 mmol) in DCM 

(20 mL) was added slowly. After stirring under ice-cooling for 7 h, the mixture turned to a 

colorless suspension. The colorless solid was filtered off. The filtrate was concentrated under 

reduced pressure and cold H2O (30 mL) was added. After basification to pH 12 with saturated 

K2CO3 (aq) the product was extracted with MTBE (3 × 100 mL). After washing with brine 

(100 mL) and drying over MgSO4 the solvent was removed under reduced pressure to give 

3.10 as colorless oil (530 mg, 90.2%). Rf = 0.1 (DCM/1.7 M NH3 in MeOH 90/10). 1H-NMR 

(300 MHz, CDCl3): δ (ppm) 4.95 (s, 1H), 3.17 (m, 2H), 2.77 (t, J = 6.0 Hz, 2H), 2.10 (s, 2H), 1.63 

(m, 2H), 1.43 (s, 9H). HRMS (ESI): m/z [M + H]+ calcd for [C8H19N2O2]+ 175.1441, found 

175.1463. C8H18N2O2 (174.24). 

tert-Butyl 4-aminopiperidine-1-carboxylate (3.11)72,73. 3.58 (974 µL, 9.19 mmol) was 

dissolved in DCM (60 mL) and cooled to 0 °C. A solution of boc anhydride (1.0 g, 4.6 mmol) in 

DCM (30 mL) was added slowly to the reaction. After stirring under ice-cooling for 5 h, the 

mixture turned to a pale red suspension. The pale red crystals were filtered off. The filtrate 

was concentrated under reduced pressure and cold H2O (30 mL) was added. After basification 

to pH 12 with saturated K2CO3 (aq) the product was extracted with MTBE (3 × 70 mL). After 

washing with brine and drying over MgSO4 the solvent was removed under reduced pressure 

to give 3.11 as colorless powder (660 mg, 71.6%), mp 106.4 – 110.4 °C. Rf = 0.2 (DCM/1.7 M 

NH3 in MeOH 90/10). 1H-NMR (300 MHz, DMSO-d6): δ (ppm) 3.80 (m, 2H), 2.73(m, 3H), 1.64 

(m, 4H), 1.38 (s, 9H), 1.06 (m, 2H). 1H-NMR (400 MHz, CDCl3): δ (ppm) 4.02 (m, 2H), 3.03 – 2.58 

(m, 3H), 1.94 – 1.67 (m, 4H), 1.45 (s, 9H), 1.33 – 1.16 (m, 2H). 13C-NMR (101 MHz, CDCl3, HSQC, 

HMBC): δ (ppm) 154.96 (quat., 1C), 79.57 (quat., 1C), 48.96, 42.73 (2C), 35.48 (2C), 28.57 (3C). 



[³H]UR-DEBa176: a 2,4-diaminopyrimidine-type radioligand enabling binding studies at the 
human, mouse and rat histamine H₄ receptors 

 

-88- 

HRMS (ESI): m/z [M + H]+ calcd for [C10H21N2O2]+ 201.1598, found 201.1601. C10H20N2O2 

(200.28). 

tert-Butyl 3-aminopyrrolidine-1-carboxylate (3.12)74,75. 3.59 (816 µL, 9.30 mmol) was 

dissolved in DCM (50 mL) and cooled to 0 °C. A solution of boc anhydride (1.0 g, 4.6 mmol) in 

DCM (20 mL) was added slowly. After stirring under ice-cooling for 7 h the mixture turned to 

an orange suspension. The off-white solid was filtered off. The filtrate was concentrated under 

reduced pressure and cold H2O (30 mL) was added. After basification to pH 12 with saturated 

K2CO3 (aq) the product was extracted with MTBE (3 × 150 mL). After washing with brine and 

drying over MgSO4 the solvent was removed under reduced pressure to give 3.12 as pale 

yellow oil (610 mg, 71.2%). Rf = 0.3 (DCM/1.7 M NH3 in MeOH 90/10). 1H-NMR (300 MHz, 

DMSO-d6): δ (ppm) 3.49 – 3.09 (m, 4H), 2.85 (m, 1H), 1.92 – 1.44 (m, 4H), 1.38 (s, 9H). 1H-NMR 

(400 MHz, CDCl3): δ (ppm) 4.12 (m, 2H), 2.88 – 2.60 (m, 3H), 1.75 – 1.59 (m, 4H), 1.44 (s, 9H). 

13C-NMR (101 MHz, CDCl3, HSQC, HMBC): δ (ppm) 154.84 (quat., 1C), 79.66 (quat., 1C), 43.45, 

43.13, 38.25, 28.55 (3C), 28.09. HRMS (ESI): m/z [M + H]+ calcd for [C9H19N2O2]+ 187.1441, 

found 187.1444. C9H18N2O2 (186.26). 

tert-Butyl [2-(piperazin-1-yl)ethyl]carbamate (3.13)47. 3.60 (7.00 g, 24.5 mmol) and DIPEA 

(8.52 mL, 50.0 mmol) were dissolved in DCM (30 mL) and cooled to 0 °C. A solution of 

boc anhydride (6.0 g, 27 mmol) in DCM (20 mL) was added slowly. The reaction could warm 

to rt overnight. After H2O (50 mL) was added, the mixture was acidified to pH 5 with 2 M HCl. 

The organic phase was separated, washed with 10% NaHCO3 (aq) (50 mL) and brine (50 mL), 

and dried over MgSO4 followed by the removal of the solvent under reduced pressure. The 

product was purified by automated flash chromatography (isocratic, DCM 100%, SF 25-40 g) 

to give 3.6176,77 as pale yellow oil (4.4 g, 80.1%). Rf = 0.6 (PE/EtOAc 80/20). 1H-NMR (400 MHz, 

CDCl3): δ (ppm) 5.00 (s, 1H), 3.49 (m, 2H), 3.43 (m, 2H), 1.42 (s, 9H). 13C-NMR (101 MHz, CDCl3, 

HSQC, HMBC): δ (ppm) 155.69 (quat., 1C), 79.85 (quat., 1C), 42.44, 32.80, 28.42 (3C). HRMS 

(ESI): m/z [M + Na]+ calcd for [C7H14BrNaNO2]+ 248.0080, found 248.0082. C7H14BrNO2 

(224.10). 

3.61 (900 mg, 4.02 mmol), 3.54 (1.40 g, 16.3 mmol), NaI (903 mg, 6.02 mmol) and K2CO3 

(834 mg, 6.03 mmol) were suspended in acetone (45 mL) and stirred as fractions (3 × 15 mL) 
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at 100 °C for 10 min in the microwave reactor (prestirring 3 min, 2 – 3 bar). The fractions were 

combined, and the colorless salt was filtered off. The filtrate was concentrated under reduced 

pressure. Cold H2O (100 mL) was added and the product was extracted with DCM (3 × 100 mL). 

The organic layer was washed with brine (100 mL) and dried over MgSO4. The product was 

purified by automated flash chromatography [gradient (I) 0 – 20 min: DCM/2% NH3 (aq) in 

MeOH (v/v) 100/0 – 90/10; gradient (II) 20 – 35 min: DCM/2% NH3 (aq) in MeOH (v/v) 

90/10 – 80/20, SF 15 – 12 g] to give 3.13 as pale yellow oil (600 mg, 65.1%). Rf = 0.1 

(DCM/2% NH3 (aq) in MeOH 90/10). 1H-NMR (400 MHz, CDCl3): δ (ppm) 5.00 (s, 1H), 3.20 (m, 

2H), 2.86 (m, 4H), 2.41 (m, 6H), 2.26 (s, 1H), 1.42 (s, 9H). 13C-NMR (101 MHz, CDCl3, HSQC, 

HMBC): δ (ppm) 156.08 (quat., 1C), 79.23 (quat., 1C), 57.84, 54.16 (2C), 45.97 (2C), 37.01, 

28.52 (3C). HRMS (ESI): m/z [M + H]+ calcd for [C11H24N3O2]+ 230.1863, found 230.1873. 

C11H23N3O2 (229.32). 

 Synthesis of 3.1478,79 

2-[2-(1H-Imidazol-4-yl)ethyl]isoindoline-1,3-dione (3.63)79. 3.62 (1.0 g, 5.4 mmol), phthalic 

anhydride (970 mg, 6.55 mmol) and TEA (2.30 mL, 16.5 mmol) were dissolved in toluene and 

stirred at 110 °C for 5 h using a Dean Stark apparatus. After adding H2O (30 mL), the mixture 

was basified with alkaline brine to pH 10 and the product was extracted by EtOAc (3 × 150 mL). 

The organic phases were combined, dried over MgSO4 and the solvent was removed under 

reduced pressure to give the titled compound as colorless powder (600 mg, 46.1%), 

mp 182 – 183 °C (lit 189 – 191 °C)80. Rf = 0.6 (DCM/MeOH/TEA 85/14/1). 1H-NMR (400 MHz, 

DMSO-d6): δ (ppm) 11.80 (br, 1H), 7.83 (m, 4H), 7.51 (d, J = 1.0 Hz, 1H), 6.81 (m, J = 1.0 Hz, 

1H), 3.79 (t, J = 7.4 Hz, 2H), 2.83 (t, J = 7.4 Hz, 2H). 13C-NMR (101 MHz, DMSO-d6, HSQC, 

HMBC): δ (ppm) 167.63 (quat., 2C), 134.80, 134.21 (2C), 133.87 (quat., 1C), 131.54 (quat., 2C), 

122.86 (2C), 116.21, 37.62, 25.56. HRMS (ESI): m/z [M+H]+ calcd for [C13H12N3O3]+ 242.0930, 

found 242.0933. C13H11N3O3 (241.25). 

2-[2-(1-Trityl-1H-imidazol-4-yl)ethyl]isoindoline-1,3-dione (3.64)79. 3.63 (570 mg, 

2.36 mmol) and TEA (494 µL, 3.54 mmol) were dissolved in dimethylformamide (DMF,10 mL) 

and cooled to 0 °C. Trityl chloride (988 mg, 3.54 mmol) was added slowly and the reaction 

could warm to rt for 24 h. After removing the solvent under reduced pressure the product was 

purified by automated flash chromatography [gradient 0 – 60 min: petroleum ether 
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(PE)/EtOAc (v/v) 100/0 – 30/70, SF 15-12 g] to give the titled compound as colorless crystals 

(900 mg, 78.8%), mp 181 – 182 °C. Rf = 0.15 (PE/EtOAc 67/33). 1H-NMR (400 MHz CDCl3): 

δ (ppm) 7.85 – 7.63 (m, 4H), 7.34 – 7.01 (m, 16 H), 6.53 (m, 1H), 3.97 (t, J = 7.0 Hz, 2H), 2.95 

(t, J = 7.0 Hz, 2H). 13C-NMR (101 MHz, CDCl3): δ (ppm) 168.12 (2C), 142.50 (3C), 138.75, 137.75, 

133.74 (2C), 132.21 (2C), 129.77 (6C), 127.96 (6C), 127.92 (3C), 123.17 (2C), 118.65, 75.06, 

38.05, 27.36. HRMS (ESI): m/z [M+H]+ calcd for [C32H26N3O2]+ 484.2025, found 484.2020. 

C32H25N3O2 (483.57). 

2-(1-Trityl-1H-imidazol-4-yl)ethan-1-amine (3.14)78,79. 3.64 (850 mg, 1.76 mmol) and 

hydrazine monohydrate (513 µL, 10.5 mmol) were suspended in EtOH abs. (10 mL). The 

reaction was stirred at rt overnight. Before the colorless precipitate was filtered off, the 

reaction mixture was stored in the fridge for 2 h. After the filtrate was concentrated under 

reduced pressure, the product was purified by automated flash chromatography [gradient 

0 – 35min: DCM/3.5 M NH3 in MeOH (v/v) 100/0 – 85/15, SF 15-12 g] to give the titled 

compound as colorless foam (450 mg, 72.2%), mp 123 – 125 °C (lit 126 – 128 °C)81. Rf = 0.2 

(DCM/3.5 M NH3 in MeOH 85/15). 1H-NMR (400 MHz, CDCl3): δ (ppm) 7.39 – 7.02 (m, 16H), 

6.59 (s, 1H), 3.02 (t, J = 6.4 Hz, 2H), 2.71 (t, J = 6.3 Hz, 2H). 13C-NMR (101 MHz, CDCl3): δ (ppm) 

142.55 (3C), 139.13, 138.74, 129.85 (6C), 128.14 (6C), 125.94 (3C), 118.73, 75.30, 41.56, 31.15. 

HRMS (ESI): m/z [M+H]+ calcd for [C24H24N3]+ 354.1970, found 354.1969. C24H23N3 (353.47). 

 Synthesis of 3.1525 

4,5,6,7-Tetrahydro-3H-imidazo[4,5-c]pyridine dihydrochloride (3.65)25,62,63. 3.62 (2.0 g, 

10.9 mmol) and dimethoxymethane (965 µL, 10.9 mmol) were dissolved in 0.01 M HCl (aq) 

(90 mL). The reaction was stirred at reflux conditions overnight to turn to a yellow solution. 

The mixture was evaporated to dryness. The remaining solid was stirred in EtOH (30 mL) for 

2 h, filtered off and dried under reduced pressure to give a colorless powder (1.7 g, 79.5%), 

mp 265 – 267 °C dec (lit 267 – 269 °C dec)63. 1H-NMR (400 MHz, MeOH-d4): δ (ppm) 8.97 (s, 

1H), 4.50 (s, 2H), 3.68 (t, J =  6.1 Hz, 2H), 3.16 (t, J =  6.1 Hz, 2H). 13C-NMR (101 MHz, MeOH-d4, 

HSQC, HMBC): δ (ppm) 135.79, 126.38 (quat., 1C), 122.01 (quat., 1C), 42.34, 40.98, 19.21. 

HRMS (EI+, GC-MS): m/z [M]+• calcd for [C6H9N3]+• 123.0791, found 123.0793. C6H9N3 · Cl2H2 

(123.16 + 72.92). 
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Benzyl 3,4,6,7-tetrahydro-5H-imidazo[4,5-c]pyridine-5-carboxylate (3.66)25,82. 3.65 (1.0 g, 

5.1 mmol) and TEA (2.1 mL, 15 mmol) were dissolved in DCM (80 mL) and cooled to 0 °C. A 

solution of benzyl succinimidyl carbonate (1.3 g, 5.2 mmol) in DMF (20 mL) was slowly added 

and the reaction could warm to rt for 1 h. After H2O (50 mL) was added, the mixture was 

basified to pH 10 with saturated NaHCO3 (aq) and the product was extracted by DCM 

(2 × 50 mL). The organic phases were combined, washed with brine (50 mL) and dried over 

MgSO4 followed by the removal of the solvent under reduced pressure to give a yellow sticky 

oil (620 mg, 48.1%). Rf  = 0.35 (DCM/MeOH 90/10). 1H-NMR (400 MHz, CDCl3): δ (ppm) 8.50 

(br, 1H), 7.53 (s, 1H), 7.34 (m, 5H), 5.15 (s, 2H), 4.55 (s, 2H), 3.77 (m, 2H), 2.67 (t, J = 4.9 Hz, 

2H). 13C-NMR (101 MHz, CDCl3, HSQC, HMBC): δ (ppm) 155.87 (quat., 1C), 136.61 (quat., 1C), 

134.26, 129.68 (quat., 1C), 128.25 (2C), 128.21 (2C), 127.98, 125.26 (quat., 1C), 67.52, 42.84, 

41.95, 22.16. HRMS (ESI): m/z [M+H]+ calcd for [C14H16N3O2]+ 258.1237, found 258.1239. 

C14H15N3O2 (257.29). 

Benzyl 3-trityl-3,4,6,7-tetrahydro-5H-imidazo[4,5-c]pyridine-5-carboxylate (3.67)25. 3.66 

(1.3 g, 5.1 mmol) and TEA (1.4 mL, 10 mmol) were dissolved in MeCN (150 mL). Trityl chloride 

(1.4 g, 5.1 mmol) was added slowly and the reaction was stirred at rt overnight. After 

removing the solvent under reduced pressure the product was purified by automated flash 

chromatography [gradient 0 – 25 min: DCM/MeOH (v/v) 100/0 – 95/5, SF 15-20 g] to give the 

titled compound as yellow foam-like solid (2.0 g, 78.4%), mp 84 – 86 °C. Rf = 0.2 (DCM/MeOH 

95/5). 1H-NMR (400 MHz, CDCl3): δ (ppm) 7.41 – 7.27 (m, 14H), 7.11 (m, 7H), 5.13 (br, 2H), 

4.58 (br, 2H), 3.46 (m, 2H), 1.65 (br, 2H).13C-NMR (101 MHz, CDCl3, HSQC, HMBC): δ (ppm) 

155.25 (quat., 1C), 141.63 (quat., 3C), 141.22 (quat., 1C), 138.19, 136.68 (quat., 1C), 135.02 

(quat., 1C), 130.03 (6C), 128.57 (2C), 128.32 (2C), 128.22(6C), 128.18 (3C), 127.91, 74.95 

(quat., 1C), 67.28, 43.73, 41.35, 24.36. HRMS (ESI): m/z [M+H]+ calcd for [C33H30N3O2]+ 

500.2333, found 500.2337. C33H29N3O2 (499.61). 

3-Trityl-4,5,6,7-tetrahydro-3H-imidazo[4,5-c]pyridine (3.15)25. 3.67 (2.0 g, 4.0 mmol) was 

dissolved in MeOH (80 mL), 10% Pd/C (w/w) (200 mg, 1.88 mmol) was added and a stream of 

hydrogen was delivered by a glass tube directly in the stirred solution. After 4 h the TLC 

indicated complete conversion. The reaction was filtered through Cellite® pad and the solvent 

was removed under reduced pressure to give 3.15 as yellow sticky foam (1.3 g, 89.0%). Rf = 0.1 
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(DCM/MeOH 90/10). 1H-NMR (400 MHz, CDCl3): δ (ppm) 7.31 – 7.28 (m, 10H), 7.11 (m, 6H), 

3.90 (s, 2H), 2.76 (t, J = 5.6 Hz, 2H), 2.32 (br, 1H), 1.55 (t, J = 5.5 Hz, 2H).13C-NMR (101 MHz, 

CDCl3, HSQC, HMBC): δ (ppm) 141.83 (quat., 3C), 137.33, 130.14 (6C), 128.10 (6C), 128.00 (3C), 

127.38 (quat., 1C), 126.71 (quat., 1C), 74.75 (quat., 1C), 44.93, 43.61, 25.93. HRMS (ESI): m/z 

[M+H]+ calcd for [C25H24N3]+ 366.1965, found 366.1968. C25H23N3 (365.48). 

 Synthesis of the 4-amino-2-chloro pyrimidines (3.20 – 3.31) 

General procedure 

2,4-Dichloropyrimidine (3.19, 1 equiv) and DIPEA (1.5 – 3.0 equiv) were dissolved in i-PrOH. 

The respective amine 3.07 – 3.18 (1.0 – 1.2 equiv) was added and stirred in the microwave 

reactor at 120 °C for 1 h or in a round bottomed flask at 55 – 85 °C for 4 – 20 h. After removing 

the solvent under reduced pressure the product was purified by chromatography or 

automated flash-chromatography. 

tert-Butyl (R)-[1-(2-chloropyrimidin-4-yl)pyrrolidin-3-yl]carbamate (3.20)28. According to the 

general procedure the title compound was prepared in the microwave reactor (2 bar) from 

3.19 (2.0 g, 13 mmol), DIPEA (3.4 mL, 20 mmol) and 3.16 (2.8 g, 15 mmol) in i-PrOH (14 mL). 

The crude product was purified by chromatography [PE/EtOAc (v/v) 100/0 – 50/50, SiO2 180 g] 

to give 3.20 as pale yellow powder (2.9 g, 72.5%), mp 111.0 – 113.8 °C. Rf = 0.3 

(PE/EtOAc 50/50). 1H-NMR (400 MHz, CDCl3): δ (ppm) 7.97 (d, J = 6.0 Hz, 1H), 6.17 (d, 

J = 5.8 Hz, 1H), 4.88 (br, 1H), 4.31 (br, 1H), 3.88 – 3.23 (m, 4H), 2.01 (m, 2H), 1.42 (s, 9H). 

13C-NMR (101 MHz, CDCl3, HSQC, HMBC): δ (ppm) 161.14 (quat., 1C), 160.38 (quat., 1C), 

156.16, 155.40 (quat., 1C), 102.17, 80.13 (quat., 1C), 52.71, 50.0, 44.90, 31.31, 28.44 (3C). 

HRMS (ESI): m/z [M+H]+ calcd for [C13H20ClN4O2]+ 299.1269, found 299.1273. C13H19ClN4O2 

(298.77). 

tert-Butyl 4-(2-chloropyrimidin-4-yl)piperazine-1-carboxylate (3.21)28,83. According to the 

general procedure the title compound was prepared from 3.19 (470 mg, 3.15 mmol), DIPEA 

(816 µL, 4.80 mmol) and 3.07 (600 mg, 3.22 mmol) in i-PrOH (12 mL) at 55 °C for 16 h. The 

crude product was purified by chromatography [DCM/MeOH (v/v) 100/0 – 97.5/2.5, SiO2 90 g] 

to give 3.21 as colorless powder (860 mg, 91.3%), mp 169.5 – 171.6 °C. Rf = 0.3 
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(DCM/MeOH 97.5/2.5). 1H-NMR (400 MHz, CDCl3): δ (ppm) 8.05 (d, J = 6.2 Hz, 1H), 6.40 (d, 

J = 6.2 Hz, 1H), 3.72 – 3.49 (m, 8H), 1.47 (s, 9H). 13C-NMR (101 MHz, CDCl3, HSQC, HMBC): 

δ (ppm) 162.69 (quat., 1C), 160.49 (quat., 1C), 157.10, 154.63 (quat., 1C), 101.38, 80.62 (quat., 

1C), 43.90 (2C), 42.95 (2C), 28.47 (3C). HRMS (ESI): m/z [M+H]+ calcd for [C13H20ClN4O2]+ 

299.1269, found 299.1274. C13H19ClN4O2 (298.77). 

tert-Butyl 4-(2-chloropyrimidin-4-yl)-1,4-diazepane-1-carboxylate (3.22) (CAS: 1696857-87-

0). According to the general procedure the title compound was prepared from 3.19 (800 mg, 

5.37 mmol), DIPEA (1.4 mL, 8.2 mmol) and 3.08 (1.1 g, 5.5 mmol) in i-PrOH (20 mL) at 55 °C 

for 5 h. The crude product was purified by chromatography [PE/EtOAc (v/v) 75/25 – 50/50, 

SiO2 80 g] to give 3.22 as colorless powder (1.3 g, 77.4%), mp 100.1 – 104.0 °C. Rf = 0.3 

(PE/EtOAc 50/50). 1H-NMR (400 MHz, CDCl3): δ (ppm) 8.00 (d, J = 6.1 Hz, 1H), 6.33 (d, 

J = 5.9 Hz, 1H), 4.04 – 3.20 (m, 8H), 1.91 (m, 2H), 1.38 (s, 9H). 13C-NMR (101 MHz, CDCl3, HSQC, 

HMBC): δ (ppm) 162.23 (quat., 1C), 160.57 (quat., 1C), 156.88, 155.18 (quat., 1C), 101.14, 

80.10 (quat., 1C), 48.70, 47.71, 46.82, 45.91, 28.39 (3C), 25.02. HRMS (ESI): m/z [M+H]+ calcd 

for [C14H22ClN4O2]+ 313.1426, found 313.1430. C14H21ClN4O2 (312.80). 

tert-Butyl {2-[4-(2-chloropyrimidin-4-yl)piperazin-1-yl]ethyl}carbamate (3.23). According to 

the general procedure the title compound was prepared from 3.19 (100 mg, 0.671 mmol), 

DIPEA (228 µL, 1.34 mmol) and 3.13 (170 mg, 0.741 mmol) in i-PrOH (10 mL) at 85 °C for 5 h. 

The crude product was purified by automated flash-chromatography [gradient 0 – 20 min: 

DCM/MeOH (v/v) 100/0 – 93/7, SF 10-4 g] to give 3.23 as colorless powder (150 mg, 65.5%), 

mp 89.1 – 92.0 °C. Rf = 0.45 (DCM/MeOH 90/10). 1H-NMR (400 MHz, CDCl3): δ (ppm) 8.02 (d, 

J = 6.2 Hz, 1H), 6.36 (d, J = 6.2 Hz, 1H), 4.96 (br, 1H), 3.65 (m, 4H), 3.25 (m, 2H), 2.51 (m, 6H), 

1.44 (s, 9H). 13C-NMR (101 MHz, CDCl3, HSQC, HMBC): δ (ppm) 162.66 (quat., 1C), 160.91 

(quat., 1C), 157.45, 156.03 (quat., 1C), 101.30, 79.47 (quat, 1C), 57.33, 52.46 (2C), 44.01 (2C), 

37.18, 28.54 (3C). HRMS (ESI): m/z [M+H]+ calcd for [C15H25ClN5O2]+ 342.1691, found 342.1695. 

C15H24ClN5O2 (341.84). 

tert-Butyl {2-[(2-chloropyrimidin-4-yl)amino]ethyl}carbamate (3.24)84. According to the 

general procedure the title compound was prepared 3.19 (100 mg, 0.671 mmol), DIPEA 

(172 µL, 1.01 mmol) and 3.09 (120 mg, 0.749 mmol) in i-PrOH (10 mL) at 85 °C for 16 h. The 
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crude product was purified by automated flash-chromatography [gradient 0 – 20 min: 

PE/EtOAc (v/v) 100/0 – 50/50, SF 10-4 g] to give 3.24 as colorless powder (130 mg, 71.2%), 

mp 128.8 – 130.7 °C. Rf = 0.25 (PE/EtOAc 50/50). 1H-NMR (400 MHz, CDCl3): δ (ppm) 7.95 (m, 

1H), 6.26 (m, 2H), 5.08 (m, 1H), 3.65 – 3.25 (m, 4H), 1.41 (s, 9H). 13C-NMR (101 MHz, CDCl3, 

HSQC, HMBC): δ (ppm) 163.95 (quat., 1C), 160.80 (quat., 1C), 157.28, 157.01 (quat., 1C), 

104.66, 80.08 (quat., 1C), 42.51, 40.01, 28.44 (3C). HRMS (ESI): m/z [M+H]+ calcd for 

[C11H18ClN4O2]+ 273.1113, found 273.1117. C11H17ClN4O2 (272.73). 

tert-Butyl {3-[(2-chloropyrimidin-4-yl)amino]propyl}carbamate (3.25)85. According to the 

general procedure the title compound was prepared from 3.19 (200 mg, 1.34 mmol), DIPEA 

(343 µL, 2.02 mmol) and 3.10 (281 mg, 1.61 mmol) in i-PrOH (5 mL) at 55 °C for 4 h. The crude 

product was purified by chromatography [DCM/MeOH (v/v) 100/0 – 97.5/2.5, SiO2 40 g, 

height 12 cm] to give 3.25 as pale yellow crystals (280 mg, 72.8%), mp 112.6 – 120.8 °C. 

Rf = 0.3 (DCM/MeOH 95/5). 1H-NMR (400 MHz, CDCl3): δ (ppm) 7.92 (m, 1H), 6.28 (m, 2H), 

4.97 (br, 1H), 3.46 (m, 2H), 3.19 (m, 2H), 1.71 (m, 2H) 1.43 (s, 9H). 13C-NMR (101 MHz, CDCl3, 

HSQC, HMBC): δ (ppm) 163.73 (quat., 1C), 160.73 (quat., 1C), 156.98, 155.55 (quat., 1C), 

104.93, 79.73 (quat., 1C), 37.08, 37.21, 29.84, 28.48 (3C). HRMS (ESI): m/z [M+H]+ calcd for 

[C12H20ClN4O2]+ 287.1269, found 287.1276. C12H19ClN4O22 (286.76). 

tert-Butyl 3-[(2-chloropyrimidin-4-yl)amino]pyrrolidine-1-carboxylate (3.26) (CAS: 945895-

38-5). According to the general procedure the title compound was prepared from 3.19 

(200 mg, 1.34 mmol), DIPEA (343 µL, 2.02 mmol) and 3.12 (275 mg, 1.48 mmol) in i-PrOH 

(5 mL) at 55 °C for 5 h. The crude product was purified by chromatography [DCM/MeOH (v/v) 

100/0 – 97.5/2.5, SiO2 45 g, height 13 cm] to give 3.26 as pale yellow crystals (380 mg, 94.9%), 

mp 126.1 – 130.1 °C. Rf = 0.35 (DCM/MeOH) 95/5). 1H-NMR (400 MHz, CDCl3): δ (ppm) 7.98 

(m, 1H), 6.38 (m, 2H), 3.73 – 3.08 (m, 7H), 1.44 (s, 9H). 13C-NMR (101 MHz, CDCl3, HSQC, 

HMBC): δ (ppm) 163.14 (quat., 1C), 160.19 (quat., 1C), 155.52, 154.66 (quat., 1C), 104.15, 

80.00 (quat., 1C), 51.71, 51.34, 51.09, 44.00, 28.59 (3C). HRMS (ESI): m/z [M+H]+ calcd for 

[C13H20ClN4O2]+ 299.1269, found 299.1275. C13H19ClN4O2 (298.77). 

tert-Butyl 4-[(2-chloropyrimidin-4-yl)amino]piperidine-1-carboxylate (3.27)86. According to 

the general procedure the title compound was prepared from 3.19 (200 mg, 1.34 mmol), 
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DIPEA (343 µL, 2.02 mmol) and 3.11 (323 mg, 1.61 mmol) in i-PrOH (5 mL) at 55 °C for 5 h. The 

crude product was purified by chromatography [DCM/MeOH (v/v) 100/0 – 97.5/2.5, SiO2 40 g, 

height 12 cm] to give 3.27 as pale yellow sticky oil (273 mg, 65.1%). Rf = 0.35 

(DCM/MeOH 95/5). 1H-NMR (400 MHz, CDCl3): δ (ppm) 7.94 (m, 1H), 6.29 (d, J = 6.00 Hz, 1H), 

5.74 (br, 1H), 4.31 – 3.58 (m, 3H), 3.10 – 2.73 (m, 2H), 2.15 – 1.88 (m, 2H), 1.43 (m, 11H). 

13C-NMR (101 MHz, CDCl3, HSQC, HMBC): δ (ppm) 162.74 (quat., 1C), 160.39 (quat., 1C), 

155.61, 154.68 (quat., 1C), 103.78, 79.91 (quat., 1C), 48.28, 42.38 (2C), 31.67 (2C), 28.43 (3C). 

HRMS (ESI): m/z [M+H]+ calcd for [C14H22ClN4O2]+ 313.1426, found 313.1430. C14H21ClN4O2 

(312.80). 

2-Chloro-N-[2-(1-trityl-1H-imidazol-4-yl)ethyl]pyrimidin-4-amine (3.28). According to the 

general procedure the title compound was prepared from 3.19 (200 mg, 1.34 mmol), DIPEA 

(350 µL, 2.06 mmol) and 3.14 (570 mg, 1.61 mmol) in i-PrOH (20 mL) at 85 °C for 17 h. The 

crude product was purified by automated flash-chromatography [gradient 0 – 30 min: 

DCM/MeOH (v/v) 100/0 – 95/5, SF 10-8 g] to give 3.28 as pale yellow foam-like solid (400 mg, 

64.0%), mp 67.7 – 73.8 °C. Rf = 0.2 (DCM/MeOH 95/5). 1H-NMR (400 MHz, CDCl3): δ (ppm) 

7.91 (m, 1H), 7.37 (d, J = 1.3 Hz, 1H), 7.35 – 7.27 (m, 9H), 7.16 – 7.04 (m, 6H), 6.61 (s, 1H), 6.21 

(d, J = 5.8 Hz; 1H), 5.99 (br, 0.5H), 3.64 (m, 2H), 2.79 (t, J = 6.2 Hz, 2H). 13C-NMR (101 MHz, 

CDCl3, HSQC, HMBC): δ (ppm) 163.68 (quat., 1C); 160.80 (quat., 1C), 159.13, 142.41 (quat., 

3C), 138.84, 129.80 (6C), 128.19 (9C), 118.98, 104.90, 75.39 (quat., 1C), 53.54 (quat., 1C), 

41.29, 27.15. HRMS (ESI): m/z [M+H]+ calcd for [C28H25ClN5]+ 466.1793, found 466.1800. 

C28H24ClN5 (465.99). 

2-Chloro-N-[3-(1-trityl-1H-imidazol-4-yl)propyl]pyrimidin-4-amine (3.29). According to the 

general procedure the title compound was prepared from 3.19 (100 mg, 0.671 mmol), DIPEA 

(340 µL, 2.00 mmol) and 3.1734 (296 mg, 0.81 mmol) in i-PrOH (10 mL) at 85 °C for 20 h. The 

crude product was purified by automated flash-chromatography [gradient 0 – 20 min: 

DCM/MeOH (v/v) 100/0 – 93/7, SF 10-4 g] to give 3.29 as colorless powder (287 mg, 89.1%), 

mp 136.7 – 138 °C. Rf = 0.3 (DCM/MeOH 90/10). 1H-NMR (400 MHz, CDCl3): δ (ppm) 7.89 (m, 

1H), 7.45 (m, 1H), 7.38 – 7.30 (m, 9H), 7.17 – 7.07 (m, 6H), 6.58 (m, 1H), 6.20 (d, J = 5.6 Hz, 

1H), 5.87 (br, 0.5 H), 3.43 (m, 2H), 2.66 (m, 2H), 1.95 (m, 2H). 13C-NMR (101 MHz, CDCl3, HSQC, 
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HMBC): δ (ppm) 163.78 (quat., 1C), 160.93 (quat., 1C), 159.15, 142.37 (quat., 3C), 139.98, 

129.81 (9C), 128.26 (6C), 118.55, 104.90, 75.75 (quat., 1C), 53.55 (quat., 1C), 41.27, 28.31, 

25.41. HRMS (ESI): m/z [M+H]+ calcd for [C29H27ClN5]+ 480.1950, found 480.1954. C29H26ClN5 

(480.01). 

5-(2-Chloropyrimidin-4-yl)-1-trityl-4,5,6,7-tetrahydro-1H-imidazo[4,5-c]pyridine (3.30). 

According to the general procedure the title compound was prepared from 3.19 (250 mg, 

1.68 mmol), DIPEA (571 µL, 3.36 mmol) and 3.15 (700 mg, 1.92 mmol) in i-PrOH (10 mL) at 

85 °C for 4 h. The crude product was purified by chromatography [DCM/MeOH (v/v) 

100/0 – 97.5/2.5, SiO2 80 g] to give 3.30 as yellow foam-like solid (610 mg, 76.0%), 

mp 115.2 – 120.3 °C. Rf = 0.3 (DCM/MeOH) 97.5/2.5). 1H-NMR (400 MHz, CDCl3): δ (ppm) 8.03 

(d, J = 6.1 Hz, 1H), 7.42 (m, 1H), 7.36 – 7.30 (m, 9H), 7.14 – 7.09 (m, 6H), 6.37 (d, J = 6.2 Hz, 

1H), 4.52 (s, 2H), 3.78 (m, 2H), 1.72 (m, 2H). 13C-NMR (101 MHz, CDCl3, HSQC, HMBC): δ (ppm) 

163.05 (quat., 1C), 157.50, 157.38 (quat., 1C), 141.47 (quat., 3C), 138.42, 134.13 (quat., 1C), 

129.96 (6C), 128.30 (9C), 126.95 (quat., 1C), 101.82, 75.14 (quat., 1C), 44.69, 41.11, 24.04. 

HRMS (ESI): m/z [M+H]+ calcd for [C29H25ClN5]+ 478.1793, found 478.1791. C29H24ClN5 (478.00). 

2-Chloro-N-(2-{[(5-methyl-1H-imidazol-4-yl)methyl]thio}ethyl)pyrimidin-4-amine (3.31). 

According to the general procedure the title compound was prepared from 3.19 (100 mg, 

0.671 mmol), DIPEA (342 µL, 2.01 mmol) and 3.18 (197 mg, 0.807 mmol) in i-PrOH (5 mL) at 

55 °C for 5 h. The crude product was purified by chromatography [DCM/1.75 M NH3 in MeOH 

(v/v) 97.5/2.5 – 90/10, SiO2 20 g] to give 3.31 as clear sticky oil (160 mg, 84.0%). Rf = 0.2 

(DCM/1.75 M NH3 in MeOH 95/5). 1H-NMR (400 MHz, MeOH-d4): δ (ppm) 7.82 (m, 1H), 7.48 

(m, 1H), 6.40 (d, J = 6.1 Hz, 1H), 3.73 (s, 2H), 3.51 (m, 2H), 2.64 (t, J = 6.9 Hz, 2H), 2.20 (s, 3H). 

13C-NMR (101 MHz, MeOH-d4, HSQC, HMBC): δ (ppm) 165.20 (quat., 1C), 161.52 (quat., 1C), 

155.71, 134.66, 130.16 (quat., 1C), 128.02 (quat., 1C), 105.94, 40.99, 31.32, 27.22, 10.21. 

HRMS (ESI): m/z [M+H]+ calcd for [C11H15ClN5S]+ 284.0731, found 284.0735. C11H14ClN5S 

(283.78). 
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 Bias analysis for selected target compounds  

 

Figure A 3.2. Bias analysis for compounds 3.33, 3.35, 3.38, 3.43, 3.45, 3.46, 3.48 and 3.49 performed on the basis of the 
pEC50 and α values obtained from luciferase reporter gene- and β-arrestin2 recruitment assays at the h/m/rH4Rs, as 
described by van der Westhuizen et. al.37, using histamine (3.01) as reference agonist. A ∆∆log (τ/KA) ratio = 0 indicate an 
equal activation of the G-protein- and β-arrestin2 pathways, while a ∆∆log (τ/KA) ratio ≠ 0 indicates a preference for one signal 
pathway over the other. Error bars represent the propagated error. 

 Screening of selected target compounds for activity at the m/rH4Rs  

Three distinct concentrations (cfinal = 100 nM, 1 µM, 10 µM) for each ligand with pKi 

values < 7.00 at the hH4R (3.34, 3.36, 3.37, 3.39 – 3.42, 3.44, 3.47 and 3.50 – 3.52) were 

screened for activity at the m/rH4Rs in luciferase reporter gene- and β-arrestin2 recruitment 

assays (see sections 3.4.8 and 3.4.9) in agonist and/or antagonist mode (performed if α < 0.1). 

Data were processed and normalized as described above for the respective functional assay 

and were plotted as bar graphs (GraphPad Prism Software 7.1). The pEC50/pIC50 values and the 

efficacies (α) were estimated (Table A 3.1). 
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Table A 3.1. Screening of compounds with pKi values < 7.00 at the hH4R for activity at the mH4R and rH4R in luciferase 
reporter gene- and β-arrestin2 recruitment assays. 

No.  pEC50 or pIC50 / (α) 

  mH4R  rH4R 
  reporter gene β-arr2  reporter gene β-arr2 
       

3.34 
 ≤ 7.0 ≤ 6.0  ≤ 7.0 ≤ 6.0 
 (1.06 ± 0.01) (≥ 0.1)  (1.01 ± 0.01) (≥ 0.3) 

       

3.36 
 n.d. < 5.0  n.a < 5.0 
 - (< 0.1)  (≤ 0.2) (< 0.1) 

       

3.37 
 < 7.0 < 5.0  n.a < 5.0 
 (≥ 0.4) (≤ 0.2)  (≤ 0.2) (< 0.1) 

       

3.39 
 ≤ 7.0 ≤ 6.0  ≤ 7.0 ≤ 6.0 
 (≥ 0.8) (≥ 0.3)  (0.93 ± 0.04) (≤ 0.2) 

       

3.40 
 ≤ 6.0 < 5.0  ≤ 6.0 < 5.0 
 (≥ 0.4) (< 0.1)  (≥ 0.6) (< 0.1) 

       

3.41 
 ≤ 8.0 ≤ 6.0  ≤ 8.0 ≤ 7.0 
 (1.05 ± 0.04) (≥ 0.1)  (1.04 ± 0.05) (≤ 0.2) 

       

3.42 
 ≤ 8.0 ≤ 6.0  ≤ 7.0 n.d. 
 (0.49 ± 0.01) (0.002 ± 0.001)  (0.48 ± 0.01) (0.021 ± 0.001) 

       

3.44 
 ≤ 7.0 < 5.0  n.a. < 5.0 
 (≥ 0.4) (< 0.1)  (≤ 0.2) (< 0.1) 

       

3.47 
 ≤ 8.0 ≤ 6.0  n.d. ≤ 6.0 
 (0.96 ± 0.03) (≥ 0.4)  n.d. (≥ 0.5) 

       

3.50 
 ≤ 7.0 ≤ 6.0  ≤ 7.0 ≤ 6.0 
 (1.01 ± 0.05) (≥ 0.3)  (1.00 ± 0.02) (≥ 0.5) 

       

3.51 
 ≤ 6.0 < 5.0  ≤ 6.0 < 5.0 
 (≥ 0.4) (< 0.1)  (≥ 0.6) (< 0.1) 

       

3.52 
 ≤ 7.0 < 5.0  ≤ 6.0 ≤ 6.0 

 (1.02 ± 0.01) (< 0.1)  (> 0.8) (≤ 0.2) 
       

Data of luciferase reporter gene assay, using HEK293T-SF-mH4R-His6-CRE-Luc or HEK293T-SF-rH4R-His6-CRE-Luc cells and 
β-arrestin2 recruitment assay, using HEK293T-β-arr2-xH4R cells (x = m, r) and applying three distinct concentrations 
(cfinal = 100 nM, 1 µM, 10 µM) of the respective compound in agonist mode or antagonist mode (α < 0.1). In antagonist mode, 
solutions containing the antagonist were pre-incubated for 15 min before histamine 3.01 (cfinal = 10 µM) was added. Data 
represent estimated values (some α values represent mean values ± SEM) of two independent experiments each performed 
in triplicate. The intrinsic activity (α) of histamine was set to 1.0 and α values of other compounds were referred to this value. 
n.d.: not determined. n.a.: not applicable.  



[³H]UR-DEBa176: a 2,4-diaminopyrimidine-type radioligand enabling binding studies at the 
human, mouse and rat histamine H₄ receptors 

 

-99- 

 1H-NMR, 13C-NMR spectra and RP-HPLC chromatograms 

 1H-NMR and 13C-NMR spectra of selected target compounds  

 
Figure A 3.3. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.33. 
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Figure A 3.4. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.33. 
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Figure A 3.5. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.35. 



[³H]UR-DEBa176: a 2,4-diaminopyrimidine-type radioligand enabling binding studies at the 
human, mouse and rat histamine H₄ receptors 

 

-102- 

 
Figure A 3.6. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.35. 
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Figure A 3.7. 1H-NMR spectrum (600 MHz, DMSO- d6) of compound 3.38. 
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Figure A 3.8. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.38. 
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Figure A 3.9. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.41. 
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Figure A 3.10. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.41. 
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Figure A 3.11. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.43. 
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Figure A 3.12. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.43. 
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Figure A 3.13. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.44. 
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Figure A 3.14. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.44. 
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Figure A 3.15. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.45. 
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Figure A 3.16. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.45. 
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Figure A 3.17. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.46. 
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Figure A 3.18. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.46. 
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Figure A 3.19. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.48. 
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Figure A 3.20. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.48. 



[³H]UR-DEBa176: a 2,4-diaminopyrimidine-type radioligand enabling binding studies at the 
human, mouse and rat histamine H₄ receptors 

 

-117- 

 
Figure A 3.21. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 3.49. 
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Figure A 3.22. 13C-NMR spectrum (151 MHz, DMSO-d6) of compound 3.49. 
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 RP-HPLC chromatograms: purity control of the target compounds 

(3.33 – 3.52) 

 
Figure A 3.23. RP-HPLC chromatograms (purity control, conditions see section 3.4.1) of 3.33 and 3.34 at 220 nm. 

 
Figure A 3.24. RP-HPLC chromatograms (purity control, conditions see section 3.4.1) of 3.35 and 3.36 at 220 nm. 

 
Figure A 3.25. RP-HPLC chromatograms (purity control, conditions see section 3.4.1) of 3.37 and 3.38 at 220 nm. 
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Figure A 3.26. RP-HPLC chromatograms (purity control, conditions see section 3.4.1) of 3.39 and 3.40 at 220 nm. 

 
Figure A 3.27. RP-HPLC chromatograms (purity control, conditions see section 3.4.1) of 3.41 and 3.42 at 220 nm. 

 
Figure A 3.28. RP-HPLC chromatograms (purity control, conditions see section 3.4.1) of 3.43 and 3.44 at 220 nm. 
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Figure A 3.29. RP-HPLC chromatograms (purity control, conditions see section 3.4.1) of 3.45 and 3.46 at 220 nm. 

 
Figure A 3.30. RP-HPLC chromatograms (purity control, conditions see section 3.4.1) of 3.47 and 3.48 at 220 nm. 

 
Figure A 3.31. RP-HPLC chromatograms (purity control, conditions see section 3.4.1) of 3.49 and 3.50 at 220 nm. 
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Figure A 3.32. RP-HPLC chromatograms (purity control, conditions see section 3.4.1) of 3.51 and 3.52 at 220 nm. 

 RP-HPLC chromatograms: chemical stability of 3.43, 3.46, 3.48 and 3.49  

 
Figure A 3.33. RP-HPLC chromatograms (chemical stability at 23° C in PBS, conditions see section 3.4.4) of 3.43 at 220 nm. 
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Figure A 3.34. RP-HPLC chromatograms (chemical stability at 23° C in PBS, conditions see section 3.4.4) of 3.46 at 220 nm. 

 
Figure A 3.35. RP-HPLC chromatograms (chemical stability at 23° C in PBS, conditions see section 3.4.4) of 3.48 at 220 nm. 
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Figure A 3.36. RP-HPLC chromatograms (chemical stability at 23° C in PBS, conditions see section 3.4.4) of 3.49 at 220 nm. 
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 Introduction 

The histamine H3 and H4 receptors (H3R, H4R), as well as the other histamine receptor subtypes 

(H1,2Rs), belong to the superfamily of G-protein-coupled receptors (GPCRs). While the H3R is 

expressed in the central nervous system and acts as a presynaptic receptor1, the H4R is mainly 

expressed in hematopoietic cells2 and is considered a potential drug target for the treatment 

of disorders of the immune system2,3 (e.g. rheumatoid arthritis, bronchial asthma, and 

pruritus). The expression of the H4R in monocytes, neutrophiles and in the central and 

peripheral nervous system is controversially discussed in literature.4-8 Moreover, marked 

species [e.g. human (h), mouse (m) and rat (r)]-dependent differences9-11 regarding affinities, 

potencies and/or even the quality of action of H4R ligands were reported.  

Besides the endogenous agonist histamine 4.01, several (inverse) agonists and antagonists, 

including some radiolabeled compounds, were described for the H3R and H4R over the years 

(e.g. 4.0212, 4.0313, 4.0414,15 and 4.0513, Figure 4.1). The 2,4-diaminopyrimidines 4.06 

(UR-DEBa176) and 4.07 (UR-DEBa148) were recently identified as highly potent agonists at 

the h/m/rH4Rs, and [3H]4.06 constitutes the first radioligand enabling robust binding studies 

at these H4R orthologs16 (Figure 4.1).  

Over the last decades, fluorescent ligands have become more and more valuable alternatives 

to radioligands for investigations on ligand-receptor interactions at GPCRs, e.g. by means of 

fluorescence microscopy and flow cytometry.17-19 Fluorescent ligands offer advantages over 

radiolabeled ligands with regard to safety, legal issues, waste disposal and costs.19 Moreover, 

fluorescent probes can be used in resonance energy transfer-based assays [e.g. 

bioluminescent resonance energy transfer (BRET) between an N-terminally NanoLuc 

(NLuc)- tagged receptor and a fluorescent probe] which allow real-time detection of the 

receptor binding on living cells.20,21 Over the years, several fluorescently labeled compounds 

for the H1R22,23, H2R24-26 and H3R27-29 were developed. Among the latter, bodilisant 

4.0827(Figure 4.1) constitutes the latest described fluorescent probe for the H3R, showing high 

affinity and subtype selectivity. BRET-based binding studies at the hH3R and hH4R were 

previously described by Mocking et al.20 using the commercially available 

clobenpropit-BODIPY-630/65020 and BODIPY-FL-histamine 4.0930 (Figure 4.1). In that study, 
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saturation binding experiments with 4.09 revealed only moderate affinity (Kd = 427 nM20) at 

the NLuc-hH3R and no detectable specific binding on NLuc-hH4R expressing cells. Therefore, 

4.09 turned out inappropriate for comparable binding studies at the hH3,4Rs. In contrast, 

clobenpropit-BODIPY-630/650 displayed binding constants in the 2-digit-nM range at both 

receptor subtypes, which enabled competition binding experiments with several H3,4Rs 

ligands.  

 

Figure 4.1. Structures of selected H3R and H4R (inverse) agonists and antagonists including fluorescent ligands. 

However, clobenpropit-BODIPY-630/650 has some major disadvantages as it is expensive, its 

chemical structure is not disclosed, and analytical data (e.g. compound identity/purity and 

physicochemical/optical properties) are unavailable from the suppliers. To the best of our 

knowledge, its applicability in flow cytometry and in confocal microscopy at the hH4R but also 

its affinity to rodent H4Rs have not been reported yet. Finally, for BRET-based assays using 

NLuc as the bioluminescent donor, fluorophores exhibiting larger Stokes shifts (i.e. excitation 

using blue light, emission of red light) would be more appropriate (e.g. Figure A 4.1 in 

section 4.5.2).  

Since a non-radioactive versatile molecular tool for investigations on the H3R, but especially 

on the H4R is highly needed, we aimed at the development of a comprehensively characterized 

H3,4Rs ligand, which is labeled with a fluorophore ideally suited for BRET-based binding assays, 

allowing comparable binding studies at NLuc-tagged hH3R and h/mH4Rs. Additionally, the 

fluorescent probe should be suitable for flow cytometry and allow the localization of the H4R 

in live cells by confocal microscopy. In general, the development of fluorescent probes is 

challenging because the labeling of small molecules with relatively bulky fluorophores is often 

accompanied by a decrease in affinity at the target receptor.17 Previously, different labeling 
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reagents [e.g. Py-5 4.10, Py-1 4.11, S0436-NHS ester 4.12 or BODIPY 650/665-X-NHS ester 4.13 

(Figure 4.2A)] were used to design fluorescent probes for the H4R.31 Therefore, the high 

affinity and subtype selective 2-arylbenzimidazole-type hH4R agonist 4.1432 (Figure 4.2B) was 

used as a template in our group: the small and polar histamine moiety was replaced by 

different labeling reagents (4.10 – 4.13) while the 2-arylbenzimidazole moiety was kept 

constant (Figure 4.2B). Unfortunately, markedly reduced affinities were obtained for the hH4R 

ligands 4.15 – 4.18.31  

In this study, that approach was followed vice versa, i.e. retaining the polarity and basicity in 

the molecule and thereby gaining affinity at the H3,4Rs (Figure 4.2C). Histamine and several 

homologs were chosen as pharmacophores and were labeled with 4.10, with or without the 

introduction of a propylene spacer. We chose the Py-5 label, as it is well-suited for an 

NLuc-based BRET assay (Figure A 4.1 in section 4.5.2), due to its spectral properties, its small 

size, and the convenient labeling procedure. 

 

Figure 4.2. Rationale for the development of pyridinium Py-5-labeled ligands for the H3,4Rs. (A) Structures of labeling 
reagents (4.10 – 4.13) previously used31 for the design of fluorescently labeled hH4R ligands. (B) Structures of the 
2-arylbenzimidazole-type hH4R agonist 4.1432 and its previously described fluorescently labeled derivatives (4.15 – 4.18)31, 
revealing weak to moderate affinities at the hH3,4Rs. (C) Design strategy for the herein presented Py-5-labeled histamine 
derivatives as fluorescent probes for H3,4Rs. 

Design strategy for the pyridinium labeled histamine derivatives applied in this studyC

N

CH3

CH3
NH

N

1-4

TFA

Py-5N

CH3

CH3

Py-5

TFA

N

N

NH

spacer
Py-5 label:

 small dye

large Stokes shift

excellent optical properties for BRET assay using NLuc

A Structures of labeling reagents

O

H3C

H3C

N

CH3

CH3

BF4
O

H3C

H3C

BF4

N

pyrylium-1 (Py-1)

4.11

pyrylium-5 (Py-5)

4.10

S0436-NHS ester

4.12

BODIPY-650/665-X-NHS ester

4.13

N

CH3H3C
N

H3C
H3C

SO3

O
O

NO
O

4

5 5

O

O

N
O

O

O

N
H

O

HN

F
F

N

B N

Previous approach towards 2-arylbenzimidazole-type fluorescent ligands for the hH4RB

4.14

hH4R: pKi = 9.68

hH3R: pKi = 6.42

N
H

NF
H3CCH3

O

NH

NHN

spacer

R

N

H3C

CH3

TFA
Py-

5

R

4.15

pKi = 5.85

pKi = 5.79

N

H3C

CH3

TFA
Py-

1

R

4.16

pKi = 4.55

pKi = 4.69

O

NH
R

S0436

4.17

pKi = 5.15

pKi = 5.62

O

NH
R

Bodipy-
650/665-X

4.18

pKi = 5.74

pKi = 6.30



UR-DEBa242: a Py-5-labeled fluorescent multipurpose probe for investigations on the 
histamine H₃ and H₄ receptors 

 

-135- 

 Results and discussion 

 Chemistry 

In Scheme 4.1 the syntheses of the H4R fluorescent ligands 4.24 – 4.29 are depicted. According 

to a previously described procedure33, the pyrylium dye Py-5 4.1034,35 (for the structure, see 

Figure 4.2; for the synthesis, see section 4.5.1.1) was used to label the primary amine 

precursors 4.01 ·  2 HCl, 4.19 ·  2 TFA, 4.20 ·  2 TFA, 4.21 ·  2 HBr, 4.22 and 4.23 (for the source 

or synthesis see section 4.5.1) under basic conditions (pH 8 – 9) at room temperature and in 

the dark to rapidly form the pyridinium-labeled compounds 4.24 – 4.29. The transformation 

of the positively charged aromatic heterocycle is accompanied by a change in color (from blue 

to red), which makes the progress of reactions with such chameleon dyes visible.33,34 After the 

conversion was complete, the reactions were quenched with trifluoroacetic acid (TFA), and 

the Py-5-labeled fluorescent ligands 4.24 – 4.29 were purified by preparative high 

performance liquid chromatography (HPLC) to obtain the respective TFA salts in high chemical 

purity (> 95%) (for details see in section 4.4.1). 

Scheme 4.1. Synthesis of the Py-5-labeled fluorescent ligands 4.24 – 4.29. 

 

Reagents and conditions: DIPEA, DMF, rt (dark), 1.5 – 2 h, 19.4 – 70.7%. 

 Investigations on chemical stability  

As a representative of the Py-5 labeled ligands, 4.26 was investigated with regard to chemical 

stability in phosphate-buffered saline (PBS, pH 7.4) at 23 °C, over a time period of 5 or 6 h 

(maximum incubation time in the applied assays) in 96-well Primaria plates (condition A, for 

radioligand binding experiments), white 96-well cell-Grade plates (condition B, for luciferase 

reporter gene-, β-arrestin2 recruitment- and BRET-based binding assays), 1.5-mL microtubes 

(condition C, for flow cytometric binding assays) and Sigmacote-treated 1.5-mL microtubes 
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(condition D). Under conditions A and B 4.26 proved stable (graphs see Figure A 

4.13 and Figure A 4.14 in section 4.5.7.3). Under conditions C and D however, the analysis by 

reverse phase (RP)-HPLC revealed a decrease in the peak areas depending on the incubation 

time (≥ 1 h), while no additional peaks appeared in the chromatograms (Figure A 4.15 and 

Figure A 4.16 in section 4.5.7.3). Since 4.26 proved stable, the decrease in peak areas probably 

resulted from adsorption to the surface of the used vessels, such as under conditions C and D, 

i.e. differential adsorption should be considered upon storage/handling of the fluorescent 

probes.  

 Structure affinity, activity and subtype preference relationships of the 

target compounds (4.24 – 4.29) at the human histamine receptors 

Radioligand competition binding experiments were performed with the fluorescent probes 

4.24 – 4.29 to investigate their structure-affinity and subtype selectivity relationships at the 

hH3,4Rs. For 4.26 and 4.27, the subtype selectivity over the hH1,2Rs was explored. Binding 

constants (pKi values) at the hH1-4Rs, stably expressed in membrane preparations of Sf9 insect 

cells, are shown in Table 4.1 and were compared to binding data of the unlabeled histamine 

derivatives (4.01, 4.19 – 4.21). 

Histamine 4.01 (hH3,4Rs: pKi = 7.73 and 7.90, respectively) was labeled with the Py-5 dye 4.10, 

which caused a marked decline in affinities at the hH4R (4.24: ≈ 155-fold) and the hH3R 

(4.24: ≈ 46-fold), while no subtype preference was obvious. For homohistamine 4.19 (hH3,4Rs: 

pKi = 7.03 and 7.50, respectively), labeling with 4.10 reduced the affinity at the hH4R 

(4.25: ≈ 19-fold) but slightly increased it at the hH3R (4.25: ≈ 8-fold). Interestingly, 4.19 

showed comparable binding constants at the hH3,4Rs, whereas 4.25 revealed preferential 

binding (≈ 50-fold) at the hH3R over the hH4R. In comparison to 4.24, 4.25 revealed higher 

affinities at the hH4R (4.25: ≈ 3-fold) and the hH3R (4.25: ≈ 72-fold). Apparently, the elongation 

of the alkyl chain by one methylene group had a beneficial impact on binding affinities for 

both receptor subtypes. By pursuing this approach, whereby imbutamine 4.20 and 

impentamine 4.21 were labeled, higher affinities were obtained for 4.26 and 4.27 at the hH4Rs 

(4.26: pKi = 7.85; 4.27: pKi = 7.47) and at the hH3R (4.26: pKi = 8.60; 4.27: pKi = 9.04) compared 

to 4.24 ( hH3,4R: pKi = 6.07 and 5.71, respectively ) and 4.25 (hH3,4R: pKi  = 7.93 and 6.23, 

respectively) ). Compound 4.26 was almost equi-affinic at the hH3,4Rs, and labeling of 4.20 
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only had a marginal influence on affinities and subtype preference between the two receptor 

subtypes. Compared to 4.21, 4.27 revealed higher pKi values for both receptor subtypes 

(4.27: ≈ 19-fold, hH4R; 4.27: ≈ 41-fold, hH3R). Moreover, 4.27 showed a preferential binding 

at the hH3R over the hH4R (≈ 37-fold). For 4.26 and 4.27, a distinct subtype preference over 

the hH1R and hH2R was obvious. In summary, by increasing the linker length between the Py-5 

label and the imidazole moiety from an ethylene spacer to a pentylene spacer, hH3R affinities 

increased. In the case of the hH4R, the butylene spacer provided the ideal distance for the 

highest binding affinity (4.26: pKi = 7.85). With regard to hH3,4Rs subtype selectivity, no clear 

correlation with spacer length was observed.  

The introduction of a propylene spacer between the pyridinium and the histamine moieties 

(4.24) yielded compound 4.28. The elongated alkyl chain, containing a secondary amine 

function, was not tolerated by the hH4R (Table 4.1). At the hH3R, 4.28 showed higher binding 

affinity (≈ 63-fold compared to 4.24) and a slight binding preference over the hH4R (≈ 30-fold, 

compared to 4.24). Strikingly, in contrast to 4.14 (hH3,4R: pKi = 6.4 and 9.732, respectively;32 

Figure 4.2), which contains the 2-arylbenzimidazole partial structure instead of the 

fluorescence label (i.e. lacking the pyridinium ion), 4.28 revealed weak affinity at the hH4R 

(pKi = 6.03) and a subtype preference for the hH3R (≈ 69-fold). This makes 4.28 the fluorescent 

ligand with the highest preference for the hH3R in this series.  

Previously, spinaceamine, a rigid analog of histamine (4.01), was merged with a 

2-arylbenzimidazole by Savall et al. to gain high affinity (pKi = 8.532) and subtype selectivity for 

the hH4R (≈ 2700-fold32). With compound 4.29, this concept was transferred to the series of 

pyridinium-labeled ligands. Unfortunately, in comparison to 4.28, compound 4.29 revealed 

low pKi values in the three-digit-nM range at both receptor subtypes.  
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Table 4.1. Affinities at the hH1-4Rs and subtype preference profile of the fluorescent probes. 

 

No. 
 

R 
 

pKi 
 fold 

preference 

    hH4R hH3R hH2R hH1R  H4R/H3R 
          

4.01  -  7.9036 7.7336 - -  0.68 
          

4.19  -  7.5036 7.0336 - -  0.34 
          

4.20  -  7.9036 8.3736 - -  2.95 
          

4.21  -  6.2036 7.4336 - -  17.0 
          

4.24  
 

 5.71 ± 0.08 6.07 ± 0.01 n.d. n.d.  2.29 
          

4.25  
 

 6.23 ± 0.01 7.93 ± 0.06 n.d. n.d.  50.1 
          

4.26  
 

 7.85 ± 0.03 8.60 ± 0.09 5.45 ± 0.05 < 5.32  5.62 
          

4.27  
 

 7.47 ± 0.04 9.04 ± 0.10 5.74 ± 0.07 < 5.32  37.2 
          

4.28  
 

 6.03 ± 0.01 7.87 ± 0.12 n.d. n.d.  69.2 
          

4.29  
 

 6.53 ± 0.05  6.34 ± 0.06  n.d. n.d.      0.65 
          

Competition binding performed on membranes of Sf9 insect cells expressing the hH4R + Gαi2 + β1γ2, hH3R + Gαi2 + β1γ2, 
hH2R-Gsαs or hH1R + RGS4. Radioligands for hH4R: [3H]4.01 (cfinal = 40 nM); hH3R: [3H]4.0212 (cfinal = 2 nM); hH2R: 
[3H]UR-DE25737 (cfinal = 20 nM); hH1R: [3H]pyrilamine (cfinal = 5 nM). The pKi values represent means ± SEM. Data represent 2 
(for pKi values ≤ 6.34) or 3 (for pKi values > 6.34) independent experiments, each performed in triplicate. Fold-preference was 
calculated based on the ratio of the Ki values of the respective compound at the hH4R and hH3R. n.d.: not determined. -: 
compound structure or data not shown. 

Compounds 4.26 and 4.27, which exhibited the highest affinities at the hH3,4Rs, were 

functionally characterized (Table 4.2 and Figure A 4.3 – Figure A 4.4 in section 4.5.4). At the 

hH3R, where the change from a butylene (4.26) to a pentylene spacer (4.27) led to a slight 

increase in affinity (Table 4.1), the extension of the chain length mainly affected the quality of 

action, turning the partial agonist 4.26 into an antagonist (4.27) in a reporter gene assay (Table 

4.2 and Figure A 4.3 – Figure A 4.4). For the hH4R, the opposite effect was observed: the 

inverse agonist 4.26 turned into a partial agonist (4.27), and additionally, the potency 

decreased (Table 4.2 and Figure A 4.3 – Figure A 4.4). This was not only true for G-protein-

dependent reporter gene activity but also for β-arrestin2 recruitment (Table 4.2 and Figure A 

4.3 – Figure A 4.4). Strikingly, when comparing the unlabeled compounds 4.20 and 4.21 with 

their fluorescently labeled derivatives (4.26 and 4.27, respectively) at the hH4R, the 

introduction of the pyridinium label led to an inversion of the quality of action. Compound 
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4.20, an agonist36 in the [35S]GTPγS assay, turned into an inverse agonist (4.26), whereas 4.21, 

an antagonist36, became a partial agonist (4.27). At the hH3R, however, Py-5 labeling of 4.20 

did not alter the quality of action36, whereas 4.21 is a partial agonist36 and 4.27 was an 

antagonist. Incorporation of the pyridinium label predominantly influenced the quality of 

action at the hH4R, suggesting an involvement of the fluorophore in hH4R binding. This 

assumption was supported by molecular dynamics simulations with 4.26 at the hH4R, hinting 

at a role of the Py-5 fluorophore in interactions with the orthosteric binding pocket (Figure A 

4.5 in section 4.5.5). 

Table 4.2. Functional data of 4.26 and 4.27 at the hH3R and the h/mH4Rs. 

 
 

No. 
 

R  pEC50 / pIC50 / pKb / (α) 

 
 

 
 

 hH3R  hH4R  mH4R 

 
 

 reporter gene  reporter gene β-arr2  reporter gene β-arr2 
           

4.01 

 

- 
 8.48 ± 0.09 

(1.00) 
 7.7738 

(1.00) 
7.47 ± 0.12 

(1.00) 
 7.0638 

(1.00) 
5.63 ± 0.07 

(1.00) 
           

4.05 

 

- 
 7.70 ± 0.09 

(-0.68 ± 0.11) 
 6.9238 

(-0.32) 
6.31 ± 0.19 

(-0.10 ± 0.03) 
 6.5238 

(-0.44) 
7.55 ± 0.14 

(-0.02 ± 0.002) 
           

4.26 

 

 

 8.77 ± 0.12 
(0.61 ± 0.03) 

 8.76 ± 0.18 
(-0.34 ± 0.04) 

7.81 ± 0.12 
(-0.09 ± 0.01) 

 7.08 ± 0.06 
(-0.40 ± 0.02) 

7.30 ± 0.04 
(0.00 ± 0.00) 

           

4.27 

 

 

 8.71 ± 0.07 
(-0.06 ± 0.03) 

 7.14 ± 0.10 
(0.23 ± 0.02) 

7.19 ± 0.01 
(0.08 ± 0.01) 

 < 6.64 
(0.01 ± 0.01) 

no potency 
(0.00 ± 0.00) 

           

Data from luciferase reporter gene assays, using HEK293T-SP-FLAG-hH3R-CRE-CBR, HEK293T-SF-hH4R-His6-CRE-Luc or 
HEK293T-SF-mH4R-His6-CRE-Luc cells and β-arrestin2 recruitment assays, using HEK293T-β-arr2-xH4R cells (x = h, m). In 
agonist mode (pEC50, pIC50) the intrinsic activity (α) of histamine 4.01 was set to 1.00 and α values of other compounds were 
referred to this value: α ≥ 0.08 for agonists, α ≤ -0.09 for inverse agonists. In antagonist mode pKb values of neutral antagonists 
were determined in the presence of 4.01 [for hH3R: cfinal = 30 nM; for mH4R: cfinal = 300 nM (reporter gene assay), cfinal = 10 µM 
(β-arr2 recruitment assay)]. The pKb values were calculated based on the Cheng-Prusoff equation39. Data (mean values ± SEM) 
were determined in 2 – 8 (β-arr2) or 3 – 7 (reporter gene) independent experiments, each performed in triplicate or partly in 
duplicate (β-arr2 assays for 4.01, and reporter gene assay for 4.27 at the hH3R). -: compound structure not shown. 

Since 4.26 showed the highest affinity at the hH4R in this series (Table 4.1), its applicability to 

confocal microscopy at HEK293T cells expressing the hH4R was investigated. In a BRET-based 

binding assay employing NLuc, the fluorescent probes with the highest pKi values at the 

hH3,4Rs (4.26 and 4.27) were assessed. Especially 4.26 could be a promising candidate for 

comparable BRET-based binding studies at the H3,4Rs, due to its comparable high affinities at 

the hH3R and hH4R and its ideal optical properties for NLuc-based BRET (Figure A 4.1 in 

section 4.5.2). 
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 Binding of 4.26 at the hH4R determined by confocal microscopy 

Since expression of the H4R is still controversially discussed4-8, we examined whether 4.26 

allows fluorescent staining of hH4R-expressing live cells via confocal microscopy. These 

experiments were performed at recombinant HEK293T-hH4R (total binding of 4.26, 

nonspecific binding of 4.26 in the presence of 4.05 and association of 4.26, followed by its 

dissociation in the presence of 4.05) and HEK293T-wt (wild-type) cells (total binding of 4.26) 

as a negative control. Images were recorded consecutively at a frame rate of 16 s for 30 min 

(total/nonspecific binding of 4.26) or 13.1 min (association/dissociation of 4.26), from which 

selected frames are displayed in Figure 4.3.  

In all experiments 4.26 was added during the second frame yielding a final concentration of 

200 nM. In total binding/association experiments, fluorescence was immediately detected at 

the membrane of HEK293T-hH4R cells, which is in accordance with the results of kinetic BRET 

experiments (Figure 4.5). After an incubation period (> 64 s), fluorescence was also detected 

intracellularly (Figure 4.3A, the first panel, and Figure 4.3B). This finding most likely 

corresponds to internalization of the ligand-receptor complex, since only marginal nonspecific 

internalization was observed within 20 min, when the HEK293T-hH4R cells were pre-incubated 

with a high excess of 4.05 (Figure 4.3A, the second panel) or in the case of HEK293T-wt cells 

(Figure 4.3A, the third panel). In Figure 4.3B, dissociation of 4.26 from the hH4R was initiated 

by the addition of an excess of 4.05 at 5.07 min, leading to a rapid disappearance of 

fluorescence from the cellular membrane within approx. 2 min, which is in accordance with 

the fast kinetics determined in BRET-based assays (Figure 4.5). In contrast, intracellular 

fluorescence remained unchanged (Figure 4.3B). Unexpectedly, 4.26, an inverse agonist at the 

hH4R in a β-arrestin recruitment assay (Table 4.2), was internalized in a receptor-dependent 

manner. This may be taken as a hint to constitutive endocytosis of the hH4R by β-arrestin- or 

even clathrin-independent mechanisms, a process already described for various GPCRs 

(e.g. muscarinic acetylcholine M3 receptor40, β2-adrenoceptor40 or 5-HT2A serotonin 

receptor41,42). Furthermore, the observed internalization of the fluorescent probe 4.26 was in 

agreement with comparatively high nonspecific binding of 4.26 in flow cytometric saturation 

binding experiments (Figure A 4.6 in section 4.5.6.1).  
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Taken together, 4.26 enables time-dependent fluorescent staining of the hH4R expressed in 

HEK293T cells, which renders it a useful molecular tool for hH4R localization and trafficking 

studies.  

 

Figure 4.3. Selected frames from confocal microscopy experiments with 4.26 at HEK293T-hH4R or HEK293T-wt (wild-type) 
cells. (A) Panel 1: for total binding, association was started by the addition of 4.26 (cfinal = 200 nM) to HEK293T-hH4R after 
recording for 16 s (frame 1). Panel 2: nonspecific binding was recorded after preincubation of HEK293T-hH4R cells with 4.05 
(100-fold excess compared to 4.26) at rt for 10 min, followed by the addition of 4.26 (cfinal = 200 nM) after recording for 16 s 
(frame 1). Panel 3: total binding was recorded on HEK293T-wt cells after 4.26 (cfinal = 200 nM) was added at a 16 s (frame 1) 
recording time. (B) Association of 4.26 (cfinal = 200 nM; addition after 16 s) to the hH4R, expressed in HEK293T cells, was 
followed by the initiation of dissociation by adding 4.05 (100-fold excess) at a 5.07 min recording time. Scale bar (depicted in 
A, panel 3, 20 min) represents 50 µm for all frames. 

 BRET-based saturation binding at the NLuc-hH3R and the NLuc-h/mH4Rs 

We investigated BRET-based binding with the Py-5-labeled probes 4.26 and 4.27, which stand 

out due to the highest binding affinities and/or potencies at the hH3R and h/mH4Rs (Table 4.1 

and Table 4.2). For this purpose, HEK293T cells stably expressing  the hH3R, the hH4R or the 

mH4R, N-terminally tagged with NLuc (NLuc-xHxR), were generated. In BRET-based binding, 

only the fraction of receptor-bound fluorescent ligand is quantified, while nonspecifically 

bound ligand is only scantily detected because of the strong distance dependence of 

resonance energy transfer.  

0 min 16 sec 32 sec

total binding

nonspecific

binding

64 sec 5.1 min 14.9 min 20.0 min

 total binding

at HEK293T-wt

A

B 0 min 16 sec 64 sec 4.8 min 5.3 min

association

followed by

dissociation

6.9 min 13.1 min
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To get a comprehensive insight into the binding of the fluorescent ligands, especially in terms 

of nonspecific binding in whole cell systems, we representatively investigated 4.26 in flow 

cytometric saturation binding at the NLuc-hH4R and NLuc-mH4R (Figure A 4.6 in section 4.5.6). 

The obtained pKd values from flow cytometric binding experiments (Table 4.3) were 

comparable to the results from radioligand binding experiments at the hH4R (Table 4.1) and 

from functional assays at the mH4R (Table 4.2). It is striking that 4.26 shows relatively high 

nonspecific binding in this assay at concentrations around the Kd values (Figure A 4.6 in 

section 4.5.6.1). This might be due to binding to intracellular proteins after internalization of 

the fluorescent ligand, which was also observed in confocal microscopy (Figure 4.3).  

As expected, low nonspecific binding was observed in BRET-based saturation binding 

experiments with 4.26 and 4.27, while retaining saturable binding to all investigated receptor 

constructs (NLuc-hH3R, NLuc-hH4R and NLuc-mH4R) (Figure 4.4). The resulting binding 

constants (pKd values; for 4.26, Table 4.3; for 4.27, H3R: pKd = 8.94 ± 0.25; 

hH4R: pKd = 7.11 ± 0.02; mH4R: pKd = 6.79 ± 0.03) were in good agreement with the pKd values 

from flow cytometry, the pKi values from radioligand competition binding (Table 4.1), and/or 

the functional data obtained in reporter gene- or β-arrestin2 recruitment assays (Table 4.2). 

The results confirmed that the N-terminal luciferase tag does not affect ligand binding, which 

is consistent with the findings of Mocking et al.20 for the hH3R and the hH4R. 

In summary, 4.26 and 4.27 both showed high affinities at the NLuc-hH3R. At the 

NLuc-h/mH4Rs, however, 4.26 revealed higher affinities than 4.27 in the BRET-based binding 

assay. To the best of our knowledge, 4.26 is the first fluorescent ligand described for the mH4R. 

Therefore, we subjected 4.26 to an in-depth characterization by BRET-based kinetic and 

competition binding experiments at the NLuc-hH3R and NLuc-h/mH4Rs. 
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Figure 4.4. BRET-based saturation binding of 4.26 and 4.27 at the NLuc-hH3R or NLuc-h/mH4Rs, stably expressed in HEK293T 
cells. Total binding (black curves), specific binding (red curves) and nonspecific binding [dashed lines, determined in the 
presence of 4.05 (300-fold excess over 4.26 for NLuc-hH3R, and 100-fold excess over 4.26 for NLuc-h/mH4Rs)] are depicted. 
The results shown are representative of 3 experiments, each performed in triplicate. Data are presented as means ± error. 
Error bars of total and nonspecific binding represent SEMs, whereas those of specific binding are errors calculated according 
to the Gaussian law of error propagation. 

 BRET-based real-time kinetic binding at the NLuc-hH3R and the 
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binding experiments. Therefore, we performed real-time kinetic experiments with the 

fluorescent ligand 4.26 using the BRET-based binding assay.  

Compound 4.26 showed a rapid one-phase association to all investigated receptor constructs, 

stably expressed in HEK293T cells, and was fully bound after approx. 2 min (Figure 4.5, Table 

4.3). After 5 min of association, dissociation was initiated by the addition of an excess of the 

competitive ligand 4.05, which displaced 4.26 completely from the receptor with a half-life of 

0.25 ± 0.02 min (NLuc-hH3R), 1.15 ± 0.05 min (NLuc-hH4R) and 0.18 ± 0.02 min (NLuc-mH4R) 

(Figure 4.5, Table 4.3). For all experiments, the kinetically derived dissociation constants 

[Kd (kin) = koff / kon] were calculated and were in good agreement with the pKd values 

determined by saturation binding after the equilibrium was reached (Table 4.3). 

 

Figure 4.5. BRET-based specific binding kinetics of 4.26 at the NLuc-hH3R or NLuc-h/mH4Rs, stably expressed in HEK293T 
cells. Association was induced by the addition of 4.26, giving a final concentration of 5 nM (NLuc-hH3R), 50 nM (NLuc-hH4R) 
or 100 nM (NLuc-mH4R). Dissociation was initiated after 5 min by addition of 4.05 (300-fold excess over 4.26 for NLuc-hH3R 
or 100-fold excess over 4.26 for NLuc-h/mH4Rs). The results shown are representative of 3 independent experiments, each 
performed in triplicate. Data are presented as means ± errors. Errors were calculated according to the Gaussian law of error 
propagation. 
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 BRET-based competition binding at the NLuc-H3,4Rs  

BRET-based competition binding experiments at the NLuc-hH3R and NLuc-h/mH4Rs were 

performed to evaluate the potential of 4.26 as a molecular tool, allowing the identification 

and characterization of new unlabeled H3R and H4R ligands. Several well-characterized H3,4Rs 

ligands were investigated using the HEK293T cells described above. The live cells were 

incubated with a distinct concentration of 4.26 (NLuc-hH3R: cfinal = 5 nM; 

NLuc-hH4R: cfinal = 30 nM; NLuc-mH4R: cfinal = 100 nM) and serial dilutions of the respective 

unlabeled ligands 4.01, 4.03 – 4.07 that should be investigated.  

All ligands displaced 4.26 completely from the respective receptor (Figure 4.6). For the 

NLuc-hH3R and NLuc-hH4R, all investigated ligands showed similar affinities (pKi values) in our 

assay setup, compared to published BRET-based binding data obtained with 

BODIPY 630/650-labeled clobenpropit20 as a BRET acceptor (Table 4.4). However, in case of 

agonists we determined lower affinities at both receptors in our BRET experiments compared 

to published results from radioligand binding experiments performed at wild-type receptors 

(Table 4.4). Possible explanations for this observation were discussed by Mocking et al.20. For 

instance, the authors adduced the use of live cells instead of membrane preparations as 

receptor source, the nature of the assay, an allosteric effect of sodium ions, and the influence 

of the quality of action of molecular tools. Receptor-dependent and receptor-independent 

internalization of the fluorescent ligand, as observed for 4.26 at the hH4R by confocal 

microscopy (Figure 4.3), may play a role in the aforementioned discrepancies as well.  

To the best of our knowledge, no BRET-based binding assay for the NLuc-mH4R is described in 

the literature. Therefore, no reference data for this assay is available, but for compounds 4.01, 

4.03 and 4.05, the determined binding constants were in good agreement with results from 

radioligand competition binding experiments on homogenates of HEK293T-SF-His6-CRE-Luc 

cells expressing the mH4R, and functional data from luciferase reporter gene- and β-arrestin2 

recruitment assays for ligands 4.04, 4.06 and 4.07 (Table 4.4). Taken together, the BRET-based 

binding assay utilizing 4.26 offers a robust test system for the characterization of putative new 

ligands for the hH3R and the h/mH4Rs. 
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Figure 4.6. Displacement curves of 4.01 and 4.03 – 4.07 at the NLuc-hH3R [cfinal (4.26) = 5 nM], NLuc-hH4R 
[cfinal (4.26) = 30 nM] or NLuc-mH4R [cfinal (4.26) = 100 nM], stably expressed in HEK293T cells, from BRET-based 
competition binding with 4.26 as BRET acceptor. Data represent means ± SEM of 4 independent experiments, each 
performed in triplicate. 

Table 4.4. Comparison of the BRET-based binding data (pKi) of H3,4R ligands, using 4.26 as a BRET acceptor at the 
NLuc-hH3R and the NLuc-h/mH4Rs, with reference data. 

No.  pKi / pEC50 or pKb / (α) 

  hH3R  hH4R  mH4R 
  4.26a reference  4.26a reference  4.26a reference 
          

4.01 
 

6.50 ± 0.09 
6.3b 

8.0c[1]; 8.0c[9] 
 

6.66 ± 0.05 
6.8b 

7.2 – 8.2c[1, 3-7] 
 

5.67 ± 0.06 6.3c[7] 
          

4.03 
 

9.47 ± 0.04 
9.6b 

9.3c[1]; 8.6c[9] 
 

7.11 ± 0.06 
7.4b 

7.3 – 8.3c[1, 4-7] 
 

6.91 ± 0.01 6.8c[7] 
          

4.04 
 

n.d. - 
 

8.38 ± 0.05 
7.9b 

7.2 – 8.4c[1-7] 
 

7.93 ± 0.05 
6.9c[7] 

7.6 (-0.23)d 
          

4.05 
 

7.36 ± 0.06 
7.3b 

7.4c[1]; 7.3c[9] 
 

6.81 ± 0.08 
7.2b 

6.3 – 7.6c[1-7] 
 

7.18 ± 0.07 7.1c[7] 
          

4.06 
 

n.d. - 
 

7.92 ± 0.08 7.9c[3] 
 

7.51 ± 0.05 
9.0 (0.93)d 
7.3 (0.74)e 

          

4.07 
 

9.27 ± 0.02 8.5c[8] 
 

8.93 ± 0.07 8.3c[3] 
 

8.91 ± 0.05 
9.6 (0.77)d 
7.9 (0.58)e 

          

 aData from BRET-based competition binding experiments (pKi) with 4.26 for H3,4R ligands, determined at the NLuc-hH3R, 
NLuc-hH4R or NLuc-mH4R, stably expressed in intact HEK293T cells. The pKi values represent means ± SEM and were 
determined in 4 – 5 independent experiments, each performed in triplicate. bData taken from Mocking et al., determined by 
BRET-based competition binding experiments with clobenpropit-BODIPY-630/650 at the NLuc-hH3R or NLuc-hH4R, transiently 
expressed in intact HEK293T cells20. cData from radioligand competition binding experiments with [1] [3H]4.02, [2-6] [3H]4.01, 
[7] [3H]4.06, or [8,9] [3H]Nα-methylhistamine performed on: [1] membrane preparations of Sf9 insect cells, stably expressing the 
hH3R + Gαi2 + Gβ1γ2 + RGS4 or the hH4R-RGS19 fusion protein + Gαi2 + Gβ1γ2

12, [2] membrane preparations of Sf9 insect cells, 
stably expressing the hH4R-RGS19 fusion protein + Gαi2 + Gβ1γ2

10, [3] membrane preparations of Sf9 insect cells, stably 
expressing the hH4R + Gαi2 + Gβ1γ2

11,16,36,43, [4] homogenates of SK-N-MC-cells, stably expressing the hH4R13, [5] membranes 
from SK-N-MC cells, stably expressing the hH4R15,44,45 , [6] homogenates of HEK293T cells expressing the hH4R46, 
[7] homogenates of HEK293T-SF-His6-CRE-Luc cells, stably expressing the hH4R or mH4R16, [8] membrane preparations of Sf9 
insect cells, stably expressing the hH3R + Gαi2 + β1γ2

16, or [9] homogenates of SK-N-MC-cells, stably expressing the hH3R13. 
dData from luciferase reporter gene assays, using HEK293T-SF-mH4R-His6-CRE-Luc cells16,38. eData from β-arrestin2 
recruitment assays, using HEK293T-β-arr2-mH4R cells16.  
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 Conclusion 

Here we report on the discovery and the comprehensive characterization of a set of Py-5 

labeled histamine derivatives as fluorescent probes for the hH3R and the h/mH4Rs. 

Radioligand binding studies revealed high affinities in the sub- to the two-digit-nM range at 

the hH3,4Rs, especially for UR-DEBa242 (4.26) and 4.27. Additionally, in luciferase reporter 

gene and β-arrestin recruitment assays, potencies or antagonistic activities in the one- to the 

three-digit-nM range for UR-DEBa242 (4.26, hH3R-partial agonist; hH4R-inverse agonist; 

mH4R-inverse agonist/antagonist) and 4.27 (hH3R-antagonist; hH4R-partial agonist; 

mH4R-antagonist) were obtained. Molecular dynamics simulations with 4.26 at the hH4R 

suggested interactions of the pyridinium moiety with the orthosteric binding pocket. Since 

4.26 showed the highest affinity to the hH4R in this series, confocal microscopy experiments 

were performed and proved it a suitable probe for staining the hH4R in live cells. Comprising 

ideal optical properties as a BRET acceptor for NLuc, 4.26 enables robust and comparative 

BRET-based binding studies at the NLuc-hH3R and NLuc-h/mH4Rs [pKd = 8.78, 7.75, 7.18, 

respectively; fast association/dissociation kinetics (approx. 2 min)]. By applying 4.26 to flow 

cytometry, binding constants in the two-digit-nM range at the NLuc-h/mH4Rs could be 

confirmed. With 4.26, we present an easy-to-synthesize, comprehensively characterized and 

multipurpose fluorescent probe for the H3,4Rs. Compound 4.26 constitutes a useful molecular 

tool for hH4R localization and trafficking studies using confocal microscopy and can therefore 

contribute to investigations with regard to the expression of the H4R in distinct cells or 

potentially even in tissue, which is currently highly controversially discussed in the scientific 

community. Additionally, allowing investigations on ligand-receptor interactions and the 

characterization of novel molecular tools or potential drug candidates in BRET-based binding 

assays at the H3,4Rs, 4.26 represents a valuable complementary tool to radioligands. 

Moreover, as the first fluorescent probe described for the mH4R, 4.26 enables 

pharmacological investigations on the H4R with regard to translational animal models. 
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 Experimental section 

 General experimental conditions 

Chemicals and solvents were purchased from Acros Organics B.V.B.A (Geel, Belgium), Alfa 

Aesar & Co. KG (Karlsruhe, Germany), Merck KGaA (Darmstadt, Germany), Sigma-Aldrich 

Chemie GmbH (Taufkirchen, Germany), TCI Deutschland GmbH (Eschborn, Germany) and 

Tocris Bioscience (Bristol, UK) and were used without further purification. All solvents were 

purchased in analytical grade or were distilled prior to use and stored over molecular sieves 

(4 Å). Acetonitrile for HPLC (gradient grade) was obtained from Merck KGaA (Darmstadt, 

Germany). Millipore water was used for the preparation of HPLC eluents. Deuterated solvents 

for nuclear magnetic resonance (NMR) spectroscopy were obtained from Deutero GmbH 

(Kastellaun, Germany). For column chromatography, Merck silica gel 60 (0.040 – 0.063 mm) 

was used. Flash chromatography was performed on an Intelli Flash-310 

Flash-Chromatography Workstation from Varian Deutschland GmbH (Darmstadt, Germany). 

Reaction controls were performed using thin-layer chromatography (TLC) on Merck silica gel 

60 F254 TLC aluminum sheets and the visualization was realized by UV radiation (λ = 254 or 

310 nm) and staining with ninhydrine or vanillin solutions. For microwave driven reactions, a 

Biotage Initiator microwave synthesizer (Biotage AB, Uppsala, Sweden) was used. NMR 

spectra were recorded on a Bruker Avance 300 (7.05 T, 1H 300 MHz), Bruker Avance III HD 400 

(9.40 T, 1H 400 MHz; 13C 101 MHz) or Bruker Avance III HD 600 equipped with a cryogenic 

probe (14.1 T, 1H 600 MHz) (Bruker BioSpin GmbH, Karlsruhe, Germany) with 

tetramethylsilane (TMS) as an external standard. Multiplicities are specified with the following 

abbreviations: s (singlet), d (doublet), t (triplet), q (quartet), qui (quintet) m (multiplet), 

br (broad signal), quat. (quaternary carbon atom). The coupling constants (J values) are given 

in hertz (Hz). High-resolution mass spectrometry (HRMS) analysis was performed on an Agilent 

6540 UHD Accurate-Mass Q-TOF LC/MS system (Agilent Technologies, Santa Clara, CA, USA) 

using an ESI source. Melting points (mp) were determined (if applicable) on a Büchi B-540 

(Büchi GmbH, Essen, Germany) and were uncorrected. Preparative HPLC was performed on a 

Knauer device (Berlin, Germany) equipped with two K-1800 pumps and a K-2001 detector. A 

Phenomenex Kinetex 5u XB-C18 (250 × 21.2 mm) with a flow rate of 15 or 20 mL/min was used 

as a stationary phase. Mixtures of 0.1% TFA (B) and MeCN (A) were used as the mobile phase. 
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The detection wavelength was set to 220 nm. The solvent of the collected fractions was 

removed by lyophilization using an Alpha 2-4 LD apparatus (Martin Christ GmbH, Osterode am 

Harz, Germany) equipped with an RZ 6 rotary vane vacuum pump (Vacuubrand 

GmbH & Co KG, Wertheim, Germany). For all target compounds, 5 mM stock solutions were 

prepared in dimethyl sulfoxide (DMSO) and stored in aliquots (10 µl) in thin-walled tubes with 

a flat cap (0.2 mL, PEQL 82-0620-A, VWR Life Science Competence Center, Erlangen, Germany) 

at -80 °C. Analytical HPLC analysis was performed with a system from Agilent Technologies 

(Series 1100) composed of a binary pump equipped with a degasser (G1312A), an autosampler 

(ALS, G1329A), a thermostated column compartment (COLCOM, G1316A) and a diode array 

detector (DAD, G1315B). A Phenomenex Kinetex-XB C18 (2.6 µm, 100 mm × 3 mm) was used 

as the stationary phase at a flow rate of 0.8 mL/min. Mixtures of 0.5% TFA (A) and 

MeCN + 0.5% TFA (B) served as the mobile phase. The following linear gradient was applied 

throughout: A/B (v/v) 0 – 30 min, 90/10 – 10/90; 30 – 33 min, 10/90 – 5/95; 33 – 40 min, 

5/95. For all analytical runs, the oven temperature was set to 30 °C, and the detection was 

performed at 220 nm. The injection volume was 60 µL of a 100 µM solution (5 mM stock 

solution diluted with starting eluent, A/B 90/10). The retention (capacity) factor (k) was 

calculated based on the determined retention time (tR) according to k = (tR – t0)/t0 (t0 = dead 

time = 3.21 min).  

 Compound characterization 

All synthesized compounds were characterized by HRMS and melting points (if applicable). 

Additionally, the intermediates 4.19, 4.20, 4.22, 4.23, 4.35 – 4.39, 4.41, 4.42, 4.44 and 4.46 

were characterized by 1H- and 13C-NMR spectroscopy. The pyrylium dye 4.10 and, as 

representatives of the target fluorescent probes, 4.26 and 4.29 were characterized by 1H-NMR 

spectroscopy (for 1H-NMR spectra of 4.26 and 4.29, see Figure A 4.7 and Figure A 4.8 in section 

4.5.7.1). The purity of the fluorescent probes (4.24 – 4.29) was > 95% throughout, determined 

by RP-HPLC (220 nm) (chromatograms see Figure A 4.9 – Figure A 4.12 in section 4.5.7.2). For 

4.26, as representative of the herein presented fluorescent probes, the excitation/emission 

maxima, the absorption coefficients, and the quantum yields were determined in PBS and in 

PBS + bovine serum albumin (BSA, 1%) at 22 °C (Table A 4.1 in section 4.5.2.2). 
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 Synthesis of the target compounds (4.24 – 4.29)  

General procedure 

The respective amine precursors (1 equiv) and N,N-diisopropylethylamine (DIPEA, 

15 – 20 equiv) were dissolved in dimethylformamide (DMF, dry). The pyrylium dye 4.10 

(0.75 – 2 equiv) was dissolved in DMF (dry) (600 µL) and added gradually (3 × 200 µL, every 

15 min) to the reaction. The reaction in the dark was stopped by the addition of TFA after 

stirring at rt for 1.5 – 2 h. The reaction mixture was diluted with MeCN/0.1% TFA 5/95 (v/v) 

and the product was purified by preparative HPLC. 

1-[2-(1H-Imidazol-4-yl)ethyl]-4-{(1E,3E)-4-[4-(dimethylamino)phenyl]buta-1,3-dienyl}-2,6-

dimethylpyridinium hydrotrifluoroacetate trifluoroacetate (4.24). 4.01 · 2 HCl (5.0 mg, 

27 µmol), DIPEA (72.0 µL, 413 µmol), 4.10 (20.0 mg, 54.5 µmol), DMF (0.4 mL), TFA (0.4 mL), 

MeCN/0.1% TFA 5/95 (5 mL). Yield: 70.7% (11.46 mg); preparative HPLC [gradient: 0 – 30 min: 

A/B (v/v) 10/90 – 43/57, flow 20 mL/min, tR = 15 min]. RP-HPLC (220 nm): 98.3% (k = 2.52). 

HRMS (ESI): m/z [M]+ calcd for [C24H29N4]+ 373.2387, found 373.2390. C24H29N4
+ · C4HF6O4

- 

(373.52 + 227.04). 

1-[3-(1H-Imidazol-4-yl)propyl]-4-{(1E,3E)-4-[4-(dimethylamino)phenyl]buta-1,3-dienyl}-2,6-

dimethylpyridinium hydrotrifluoroacetate trifluoroacetate (4.25). 4.19 · 2 TFA (3.0 mg, 

8.5 µmol), DIPEA (30.0 µL, 172 µmol), 4.10 (6.2 mg, 17 µmol), DMF (0.2 mL), TFA (0.2 mL), 

MeCN/0.1% TFA 5/95 (3 mL). Yield: 62.0% (3.24 mg); preparative HPLC [gradient: 0 – 30 min: 

A/B (v/v) 10/90 – 43/57, flow 20 mL/min, tR = 15 min]. RP-HPLC (220 nm): 99.1% (k = 2.63). 

HRMS (ESI): m/z [M]+ calcd for [C25H31N4]+ 387.2543, found 387.2546. 

C25H31N4
+ · C4HF6O4

- (387.55 + 227.04). 

1-[4-(1H-Imidazol-4-yl)butyl]-4-{(1E,3E)-4-[4-(dimethylamino)phenyl]buta-1,3-dienyl}-2,6-

dimethylpyridinium hydrotrifluoroacetate trifluoroacetate (4.26). 4.20 · 2 TFA (18.0 mg, 

49.0 µmol), DIPEA (171 µL, 982 µmol), 4.10 (22.0 mg, 59.9 µmol), DMF (0.8 mL), TFA (0.6 mL), 

MeCN/0.1% TFA 5/95 (6 mL). Yield: 22.8% (7.01 mg); preparative HPLC [gradient: 0 – 30 min: 

A/B (v/v) 10/90 – 43/57, flow 20 mL/min, tR = 16.5 min]. RP-HPLC (220 nm): 96.4% (k = 2.83). 

1H-NMR (600 MHz, DMSO-d6): δ (ppm) 14.24 (br, 2H), 8.96 (s, 1H), 7.85 (s, 2H), 7.69 (m, 1H), 
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7.45 (m, 3H), 7.00 (m, 2H), 6.71 (d, J = 8.9 Hz, 2H), 6.57 (d, J = 15.2 Hz, 1H), 4.34 (t, J = 7.4 Hz, 

2H), 2.97 (s, 6H), 2.75 (s, 6H), 2.72 (m, 2H), 1.78 (m, 4H). HRMS (ESI): m/z [M]+ calcd for 

[C26H33N4]+ 401.2700, found 401.2701. C26H33N4
+ · C4HF6O4

- (401.58 + 227.04). 

1-[5-(1H-Imidazol-4-yl)pentyl]-4-{(1E,3E)-4-[4-(dimethylamino)phenyl]buta-1,3-dienyl}-2,6-

dimethylpyridinium hydrotrifluoroacetate trifluoroacetate (4.27). 4.21 · 2 HBr (10.0 mg, 

31.7 µmol), DIPEA (85.0 µL, 488 µmol), 4.10 (11.7 mg, 31.9 µmol), DMF (0.2 mL), TFA (0.2 mL), 

MeCN/0.1% TFA 5/95 (3 mL). Yield: 19.4% (3.96 mg); preparative HPLC [gradient: 0 – 30 min: 

A/B (v/v) 10/90 – 48/52, flow 20 mL/min, tR = 17 min]. RP-HPLC (220 nm): 95.7% (k = 3.05). 

HRMS (ESI): m/z [M]+ calcd for [C27H35N4]+ 415.2856, found 415.2862. C27H35N4
+ · C4HF6O4

- 

(415.60 + 227.04). 

1-(3-{[2-(1H-Imidazol-4-yl)ethyl]amino}propyl)-4-{(1E,3E)-4-[4-

(dimethylamino)phenyl]buta-1,3-dienyl}-2,6-dimethylpyridinium 

bis(hydrotrifluoroacetate) trifluoroacetate (4.28). 4.22 (5.0 mg, 9.8 µmol), DIPEA (34.0 µL, 

195 µmol), 4.10 (2.9 mg, 7.9 µmol), DMF (0.2 mL), TFA (0.2 mL), MeCN/0.1% TFA 5/95 (3 mL). 

Yield: 27.6% (1.68 mg); preparative HPLC [gradient: 0 – 30 min: A/B (v/v) 10/90 – 34/66, flow 

20 mL/min, tR = 16 min]. RP-HPLC (220 nm): 95.1% (k = 2.29). HRMS (ESI): m/z [M]+ calcd for 

[C27H36N5]+ 430.2965, found 430.2969. C27H36N5
+ · C6H2F9O6

-(430.62 + 341.06). 

1-{3-(3,4,6,7-Tetrahydro-5H-imidazo[4,5-c]pyridin-5-yl)propyl}-4-{(1E,3E)-4-[4-

(dimethylamino)phenyl]buta-1,3-dienyl}-2,6-dimethylpyridinium 

bis(hydrotrifluoroacetate) trifluoroacetate (4.29). 4.23 (5.0 mg, 9.6 µmol), DIPEA (34.0 µL, 

195 µmol), 4.10 (7.1 mg, 19 µmol), DMF (0.2 mL), TFA (0.2 mL), MeCN/0.1% TFA 5/95 (3 mL). 

Yield: 39.6% (2.98 mg); preparative HPLC [gradient: 0 – 30 min: A/B (v/v) 10/90-43/57, flow 

20 mL/min, tR = 13.5 min]. RP-HPLC (220 nm): 98.9% (k = 2.27). 1H-NMR (600 MHz, DMSO-d6): 

δ (ppm) 8.62 (br, 1H), 7.86 (s, 2H), 7.71 (m, 1H), 7.46 (d, J = 8.9 Hz, 2H), 6.99 (m, 2H), 6.72 (d, 

J = 9.0 Hz, 2H), 6.59 (d, J = 15.3 Hz, 1H), 4.39 (t, J = 8.2 Hz, 2H), 4.03 (br, 2H), 3.99 – 3.33 

(3 protons superimposed by H2O peak), 3.20 (br, 4H), 2.97 (s, 6H), 2.85 (m, 2H), 2.77 (s, 6H), 

2.15 (m, 2H). HRMS (ESI): m/z [M]+ calcd for [C28H36N5]+ 442.2965, found 442.2970. 

C28H36N5
+ · C6H2F9O6

- (442.63 + 341.06). 
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 Chemical stability 

The chemical stability of 4.26 was investigated in PBS (pH 7.4) at 23 °C over 5 or 6 h (maximum 

incubation time in the applied assays). For this purpose, dilutions of 4.26 (200 µM) in PBS 

(stock solution of 4.26: 5 mM in DMSO) were prepared and incubated in flat bottomed 96-well 

plates [(A) Primaria™, REF 353872, surface modified polystyrene, Corning Inc., NY, USA and 

(B) cellGrade™, REF 781965, surface modified polystyrene, Brand GmbH & Co. KG, Wertheim, 

Germany], 1.5-mL microtubes [(C) SafeSeal, REF 72.690.001, polypropylene, Sarstedt AG & Co. 

KG, Nümbrecht, Germany] and 1.5-mL microtubes [(D) SafeSeal microtubes] treated with 

Sigmacote® (SL2, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) according to the 

supplier suggested protocol. After 0, 1, 3 and 5 or 6 h, 100 µL of this solution was added to 

100 µL of MeCN/0.5% TFA 10/90 (v/v). This solution was analyzed by RP-HPLC 

(injection volume: 90 µL; for conditions for analytical HPLC, see section 4.4.1; for graphs see 

Figure A 4.13 – Figure A 4.16 in section 4.5.7.3).  

 Radioligand competition binding 

Radioligand competition binding experiments on membrane preparations of Sf9 insect cells, 

expressing the hH1R + RGS4, hH2R-Gsαs, hH3R + Gαi2 + β1γ2 or hH4R + Gαi2 + β1γ2, were 

essentially performed as described in chapter 316 (section 3.4.7), with the following 

modifications: the experiments were performed in PrimariaTM plates (Corning Inc., NY, USA) 

in a total volume of 100 µL, containing 5 µg (hH4R), 11 µg (hH3R), 15 µg (hH2R) and 28 µg 

(hH1R) of soluble membrane protein and 0.2% BSA (bovine serum albumin). The used 

radioligands are as follows:  

H1R: [3H]pyrilamine (cfinal = 5 nM, specific activity 20.0 Ci/mmol, Kd = 4.5 nM47, Hartmann 

Analytics GmbH, Braunschweig, Germany). 

hH2R: [3H]UR-DE25737 [resynthesized by Dr. Sabrina Biselli (data not published): cfinal = 20 nM, 

specific activity 33.0 Ci/mmol, Kd = 12.1 nM]. 

hH3R: [3H]UR-PI29412 ([3H]4.02) (cfinal = 2 nM, specific activity 93.3 Ci/mmol, 

Kd = 1.1 ± 0.2 nM). 

hH4R: [3H]histamine ([3H]4.01) (cfinal = 40 nM, specific activity 25.0 Ci/mmol, Kd = 45 nM, 

Biotrend Chemikalien GmbH, Köln, Germany). 
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For data analysis, total binding [in disintegrations per minute (dpm)] was plotted versus 

log(concentration competitor) and normalized [1.0 = bound radioligand (dpm) in the absence 

of competitor, 0.0 = nonspecifically bound radioligand (dpm) in the presence of 4.01 

(cfinal = 10 µM, hH3,4Rs), diphenhydramine (cfinal = 10 µM, hH1R) or famotidine (cfinal = 1 mM, 

hH2R)]. Applying a four-parameter logistic equation [log(inhibitor) versus response-variable 

slope] (GraphPad Prism Software 8.1, GraphPad Software Inc., San Diego, CA, USA), pIC50 

values were obtained. The pKi values were calculated based on the Cheng-Prusoff equation39. 

 Luciferase reporter gene assay 

Luciferase reporter gene assays at the hH3R or mH4R were performed using  a cell lysis-based 

technique, such as described in chapter 316 (section 3.4.8). For the hH4R, the procedure was 

modified due to weak adherence of the cells and was performed on live cells to avoid handling 

issues. The generation and cultivation of HEK293T-SF-hH4R-His6-CRE-Luc or HEK293T-SF-

mH4R-His6-CRE-Luc cells were described in chapter 316 (section 3.4.6). A pronounced signal 

depletion was observed in the presence of high concentrations (> 1 µM) of the fluorescent 

ligands during the bioluminescence readout in the case of the hH4R or the mH4R (Figure A 4.2 

in section 4.5.3), which made correctional calculations necessary (Figure A 4.3 and Figure A 

4.4 in section 4.5.4). To avoid such an interference at the hH3R, the firefly luciferase (Luc, 

λmax = 560 nm48), previously used as a reporter, was replaced by a red light-emitting luciferase 

from the click beetle Pyrophorus plagiophthalamus (CBR, λmax = 613 nm49). This led to a better 

separation of the emission spectrum of the luciferase from the excitation spectrum of the 

fluorophore. These cells were generated as follows: the pIRESneo3-SP-FLAG-hH3R construct 

was prepared by replacing the hH4R sequence in the pIRESneo3-SP-FLAG-hH4R vector (see 

section 4.4.8) by the sequence of the hH3R (cDNA Resource Center, Rolla, MO, USA) using the 

PCR protocol for Q5® Hot Start High-Fidelity DNA Polymerase and the NEBuilder HiFi DNA 

Assembly Reaction Protocol (New England Biolabs GmbH, Frankfurt/Main, Germany). The 

quality of the vector was controlled by sequencing (Eurofins Genomics GmbH, Ebersberg, 

Germany). As described for the HEK293T-SP-FLAG-hH4R (see section 4.4.8), a stable HEK293T-

SP-FLAG-hH3R cell line was generated. The best clone in terms of receptor expression 

(HEK293T-SP-FLAG-hH3R K16) was selected and cells were stably co-transfected with the 

pGL4.29 vector encoding the cAMP response element (CRE) and CBR according to the 
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procedure described for the generation of HEK293T-SP-FLAG-hH4R (see section 4.4.8). The 

selection occurred in the presence of 600 µg/mL hygromycin B (MoBiTec GmbH, Göttingen, 

Germany) until stable growth was observed. These cells were further used as a polyclonal 

HEK293T-SP-FLAG-hH3R-CRE-CBR cell line. 

The luciferase reporter gene assay was carried out as follows: cells were seeded [1.8 × 105 

(hH3R), 0.8 × 105 (hH4R) and 1.6 × 105 (mH4R) cells per well (160 µL)] into white 96-well 

cell-GradeTM plates (Brand & Co. KG, Wertheim, Germany), using Dulbecco’s modified eagle’s 

medium (DMEM, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) without phenol red 

supplemented with 5% (v/v) fetal calf serum FCS (Biochrom GmbH, Berlin, Germany). Forskolin 

was used in a final concentration of 1 µM (hH3R, mH4R) or 0.5 µM (hH4R). After the incubation 

for 5 h [humidified atmosphere (95% air, 5% CO2, 37 °C)], for the hH3R and mH4R16 the 

lysis-based technique was followed. Bioluminescence was measured for 1 s per well using the 

GENios Pro microplate reader, the TECAN InfiniteLumi plate reader (Tecan GmbH, 

Grödig/Salzburg, Austria) or the EnSpire multimode reader (Perkin Elmer, Rodgau, Germany).  

For the hH4R, after incubation for 5 h [humidified atmosphere (95% air, 5% CO2, 37 °C)], 20 µL 

of a solution of D-luciferin monopotassium salt (Fisher Scientific GmbH, Schwerte, Germany) 

in DMEM (5% FCS) (cfinal = 1 mM) were added to each well (total volume: 220 µL per well). Live 

cells were incubated for an additional 30 min in a humidified atmosphere (95% air, 5% CO2, 

37 °C), before bioluminescence was measured at 37 °C for 1 s per well with a TECAN 

InfiniteLumi plate reader (Tecan Austria GmbH, Grödig/Salzburg, Austria). 

Data from agonist mode were processed as described in chapter 316 (section 3.4.8). For 

(inverse) agonists, the normalized data were analyzed by applying four-parameter logistic 

equations [log(x) versus response – variable slope, x = agonist or inhibitor] (GraphPad Prism 

8.1) to obtain pEC50 or pIC50 values.  

For the antagonist mode, cells were pre-incubated with solutions containing different 

concentrations of the respective antagonist for 15 min, before forskolin (cfinal = 1 µM for hH3R 

or mH4R), supplemented with histamine 4.01 (cfinal = 30 nM for hH3R, 300 nM for mH4R), was 

added. Data from antagonist mode were processed by plotting the relative light units (RLUs) 

vs log (concentration antagonist) followed by normalization (0.0 = induced change in 

forskolin-stimulated luciferase activity caused by 30 nM or 300 nM of 4.01; 
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1.0 = forskolin-stimulated luciferase activity) and transformation steps (standard function: 

Y = 1.0 – Y). Data analysis was performed applying a four-parameter logistic equation 

[log(antagonist) versus response – variable slope, GraphPad Prism 8.1] to obtain pIC50 values. 

The pKb values were calculated based on the Cheng-Prusoff equation39. 

 β-Arrestin2 recruitment assay 

The recruitment of β-arrestin2 was measured via split-luciferase complementation as 

described in chapter 316 (section 3.4.9) in white 96-well cell-GradeTM plates (Brand & Co. KG, 

Wertheim, Germany). Data from agonist mode were processed as described16. In the 

antagonist mode, cells were incubated with the solutions containing the antagonist for 

15 min, before a solution of histamine (4.01) in H2O (cfinal = 10 µM for mH4R) was added. Data 

from antagonist mode were processed by plotting the RLUs  vs log(concentration antagonist) 

followed by a normalization step (1.0 = β-arrestin2 recruitment caused by 10 µM of 4.01, 

0.0 = basal activity). The normalized data were analyzed by applying a four-parameter logistic 

equation [log(inhibitor) versus response – variable slope] (GraphPad Prism 8.1) to obtain 

pIC50 values. The pKb values were calculated according to the Cheng-Prusoff equation39. Due 

to the emission spectrum of the emerald luciferase (ELuc) employed in this assay, which has 

its maximum at 538 nm50, an interference of the pyridinium fluorophore was observed during 

readout for this assay as well. Effects were observed for > 1 µM concentrations of the 

fluorescent ligands (Figure A 4.2 in section 4.5.3), assessed and subsequently corrected (Figure 

A 4.3 and Figure A 4.4 in section 4.5.4). 

 Confocal microscopy 

For the generation of the HEK293T-SP-FLAG-hH4R cells, the pIRESneo3-SP-FLAG-hH4R vector 

had to be constructed first. The pcDNA3.1 vector encoding the human H4R sequence (hH4R) 

was from the cDNA Resource Center (Rolla, MO, USA). The pIRESneo3 vector was a gift from 

Prof. G. Meister (Institute of Biochemistry, Genetics and Microbiology, University of 

Regensburg, Germany). The hH4R was N-terminally fused to the membrane signal peptide (SP) 

of the murine 5-HT3A receptor and tagged with codon-optimized FLAG-tag using the PCR 

Protocol for Phusion® Hot Start Flex DNA Polymerase (New England Biolabs GmbH, 

Frankfurt/Main, Germany) and cloned into pcDNA3.1 according to the NEBuilder HiFi DNA 
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Assembly Reaction Protocol (New England Biolabs GmbH). Afterward, the SP-FLAG-hH4R 

construct was subcloned into the pIRESneo3 vector via a standard restriction endonuclease 

reaction using NheI-HF and NotI-HF restriction enzymes (New England Biolabs GmbH) yielding 

the pIRESneo3-SP-FLAG-hH4R vector. The quality of the vector was controlled by sequencing 

(Eurofins Genomics GmbH, Ebersberg, Germany).  

The stable HEK293T-SP-FLAG-hH4R cells were generated as follows: the day before 

transfection HEK293T-wt (wild-type) cells were seeded into a 6-well plate (Sarstedt AG & Co. 

KG, Nümbrecht, Germany) at a density of 7.5 × 105 cells/well. The cells were transfected with 

the respective vector using XtremeGENE™ HP (Roche Diagnostics GmbH, Mannheim, 

Germany) according to the manufacturer’s instructions. Two days after transfection, the cells 

were detached by trypsinization and seeded into a 150 mm-culture dish (Thermo Fisher 

Scientific, Dreieich, Germany) in DMEM containing 10% FCS. The cells were allowed to attach 

for 1 day, before geneticin (G418, Biochrom GmbH, Berlin, Germany) was added at a final 

concentration of 1 mg/mL. The medium was changed regularly, until cell colonies became 

visible. Subsequently, the colonies were isolated individually into a 12-well plate (Sarstedt 

AG & Co. KG, Nümbrecht, Germany) and cultured in growth medium containing 600 µg/mL 

G418, until each clone was screened for the best signal in a DMR assay as described 

previously51 with minor modifications: After seeding the cells into the label-free 384-well 

plate, the incubation period was extended to 48 h until the cell layer reached a confluency of 

approx. 90%. The assay temperature was set to 28 °C (instead of 37 °C) and the response to 

4.01 (cfinal = 100 µM) was recorded for 60 min. The best clone in terms of receptor expression 

(HEK-SP-FLAG-hH4R K3) was selected for further experiments. 

Two days prior to the confocal microscopy experiment, a sterile ibiTreat 15 µ-slide chamber 

with 8 wells (Ibidi GmbH, Martinsried, Germany) was coated with Poly-D-Lysin hydrobromide 

(Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) according to the supplier’s protocol. 

After washing once with sterile-filtered PBS (300 µL), the chamber was allowed to dry at rt for 

60 min. The HEK293T-wt or HEK293T-SP-FLAG-hH4R cells were detached from a 75-cm2 flask 

by treatment with trypsin/ethylenediaminetetraacetic acid (EDTA) (0.05%/0.02%), 

centrifuged (500 × g, 5 min) and resuspended in Leibovitz’ L-15 + 5% FCS + 10 mM 

2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) and adjusted to 
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2.66 × 105 cells/mL. In the ibiTreat chamber, 8.0 × 104 cells/well (300 µL) were seeded and 

incubated for 2 days in a humidified atmosphere (37° C, no CO2). On the day of the 

experiment, confluency of the cells was 50 – 70%. Then, 100 µL of the medium was removed 

from each well.  

The working solutions (A – D) of 4.26 and/or 4.05 were prepared from the respective stock 

solutions (see section 4.4.1) immediately before conducting experiments: 

Solution A: 4.26 (600 nM) in L-15 + 5% FCS + 10 mM HEPES 

Solution B: 4.26 (800 nM) in 4.05 (20 µM, L-15 + 5% FCS + 10 mM HEPES 

Solution C: 4.05 (60 µM) in L-15 + 5% FCS + 10 mM HEPES 

Solution D: 4.05 (80 µM) in 4.26 (200 nM, in L-15 + 5% FCS + 10 mM HEPES) 

A total of 100 µL of the working solutions (A – D) were added per well of the ibiTreat chamber 

to reach final volumes of 300 or 400 µL. For total binding/association, 4.26 (cfinal = 200 nM, 

working solution A) was added to HEK293T-SP-FLAG-hH4R cells after recording for 16 s. For 

nonspecific binding, 4.26 was either added to HEK293T-SP-FLAG-hH4R cells 

(4.26: cfinal = 200 nM, working solution B), preincubated with 4.05 (cfinal = 20 µM, working 

solution C) for 10 min, or to HEK293T-wt cells (4.26: cfinal = 200 nM, working solution A) after 

recording for 16 s. For dissociation of 4.26 from the hH4R, 4.05 (cfinal = 20 µM, working solution 

D) was added to HEK293T-SP-FLAG-hH4R cells after recording association of 4.26 

(cfinal = 200 nM, working solution A) for 5.07 min. Movies were acquired with a Zeiss Axiovert 

200 M microscope, equipped with an LSM 510 laser scanner (Carl Zeiss Microscopy GmbH, 

Oberkochen, Germany), in the dark at rt with an oil immersion objective (Plan-Apochromat, 

63 ×, NA 1.4). The following settings were used for the detection of 4.26: excitation, 488 nm 

(10% laser transmissivity); emission, > 560 nm, long pass filter; pinhole, 170 µm; frame rate, 

3.75 (16 s per image). Data from confocal microscopy were processed with the Carl Zeiss 

Zen 2.1 and the ImageJ 1.52i52 software. 

 BRET-based binding assay 

For the cloning of the plasmids, the cDNAs encoding the hH3R or hH4Rs were purchased from 

the Missouri cDNA resource center (Rolla, MO, USA). The plasmid pcDNA3.1 SF-mH4R-His6
38 

was used as a template for the cDNA encoding the mH4R. The H4 receptor sequences were 



UR-DEBa242: a Py-5-labeled fluorescent multipurpose probe for investigations on the 
histamine H₃ and H₄ receptors 

 

-159- 

amplified using standard PCR techniques, introducing a BamHI restriction site at their 5’- and 

an ApaI restriction site at their 3’-ends, and cloned into the pcDNA3.1/myc-HIS (B) vector 

backbone. The plasmid encoding NLuc was provided by Promega GmbH (Mannheim, 

Germany) and used as a template to generate the following sequence: HIndIII (5’) and BamHI 

(3’) restriction sites as well as the membrane signal peptide of the murine 5HT3A receptor 

upstream from the luciferase gene were added to the ends of NLuc by PCR. This sequence was 

cloned into the vector backbone described above generating NLuc-hH4R and NLuc-mH4R 

constructs. The NLuc-hH3R construct was generated by replacing the sequence encoding the 

h/mH4Rs using NEBuilder® HiFi DNA Assembly Master Mix (New England Biolabs GmbH, 

Frankfurt/Main, Germany) after linearization of the vector, amplification of the hH3R by PCR 

and restriction digest with DpnI. All sequences were verified by sequencing (Eurofins 

Genomics GmbH, Ebersberg, Germany). 

HEK293T-wt cells were cultivated in DMEM + 10% FCS in a water-saturated atmosphere 

containing 5% CO2 at 37 °C and were regularly monitored for mycoplasma infection. For 

transfection, cells were seeded at a density of 3 × 105 cells/mL in a 6-well plate (Sarstedt 

AG & Co. KG, Nümbrecht, Germany). The following day, cells were transfected with 2 µg of 

cDNA using the XtremeGene HP transfection reagent (Roche Diagnostics GmbH, Mannheim, 

Germany). After 2 days of incubation in a humidified atmosphere (95% air, 5% CO2, 37 °C), 

transfected cells were transferred to a 15 cm cell culture dish (Sarstedt AG & Co. KG, 

Nümbrecht, Germany) in DMEM + 10% FCS. Geneticin (G418, Biochrom GmbH, Berlin, 

Germany) was added at a final concentration of 1 mg/mL for selection. The medium was 

regularly exchanged until colonial growth could be observed. For maintaining the selected 

cells, the concentration of geneticin in the cell culture medium was reduced to 600 µg/mL. 

For BRET-based binding assays, HEK293T cells, stably expressing the NLuc-GPCR fusion 

constructs, were grown to 80 – 90% confluency and detached from the respective flasks by 

treatment with trypsin/EDTA (0.05%/0.02%) for 5 min at 37 °C 1 day prior to the experiment. 

After centrifugation (600 × g, 5 min), the cell pellet was resuspended in Leibovitz’ 

L-15, + 5% FCS + 10 mM HEPES, and 1.0 × 105 cells/well were seeded in 70 µL (saturation and 

competition binding) or 80 µL (kinetic experiments) of the assay medium into white 96-well 

cell-GradeTM plates (Brand GmbH & Co. KG, Wertheim, Germany). The plates were then 



UR-DEBa242: a Py-5-labeled fluorescent multipurpose probe for investigations on the 
histamine H₃ and H₄ receptors 

 

-160- 

incubated at 37 °C in a humidified atmosphere (no CO2) overnight. For saturation binding 

experiments, serial dilutions (10-fold concentrated with regard to final concentrations) of the 

fluorescent probe (4.26 or 4.27) and 4.05 (300-fold excess over 4.26 or 4.27 for hH3R, 100-fold 

excess over 4.26 or 4.27 for h/mH4Rs, nonspecific binding) were prepared in 

L-15 + 2% BSA + 10 mM HEPES. Ten µL of diluted 4.26 or 4.27 and 10 µL of L-15 (total binding) 

or 4.05 (nonspecific binding) were added to the cells. After 30 min of incubation at 27 °C, 10 µL 

of the pre-diluted substrate furimazine (Promega GmbH, Mannheim, Germany) was added 

and measurement was started immediately. For competition binding experiments, increasing 

concentrations of the competitor (4.01, 4.03 – 4.07) and one fixed concentration of 4.26 

[cfinal (hH3R) = 5 nM, cfinal (hH4R) = 30 nM, cfinal (mH4R) = 100 nM] were added to the cells as 

described above. After incubation at 27 °C for 30 min and the addition of the substrate 

(see above), measurements were started. For kinetic measurements, 10 µL of L-15 

(total binding) or 4.05 (300-fold excess over 4.26 for hH3R or 100-fold excess over 4.26 for 

h/mH4R, nonspecific binding) were added to the cells prior to the experiment. After the 

addition of the substrate (see above), the cells were incubated in the dark at 27 °C for 5 min 

before the measurement was started in well-mode. After one repeat, 50 µL of a 3-fold 

concentrated solution of 4.26 was added using the injector module of the plate reader and 

the association was measured for 5 min. Then, 50 µL of a 4-fold concentrated solution of 4.05 

(300-fold excess over 4.26 for hH3R or 100-fold excess over 4.26 for h/mH4R) were added with 

the injector module to start dissociation and the measurement was continued for additional 

5 min (hH3R, mH4R) or 10 min (hH4R) respectively. All measurements were performed on a 

TECAN InfiniteLumi plate reader (Tecan Austria GmbH, Grödig/Salzburg, Austria) at 27 °C using 

a 460 ± 35 nm band-pass and > 610 nm long-pass filter with an integration time of 100 ms per 

data point for both channels. For the kinetic experiments with 4.26 at the hH4R, integration 

times for both channels were increased to 200 ms per data point. For all experiments at the 

NLuc-hH3R, integration time for the red channel was increased to 1000 ms per data point due 

to a markedly lower signal amplitude in comparison with the NLuc-hH4R, keeping integration 

time for the blue channel at 100 ms per data point. BRET ratios were calculated by dividing 

the acceptor emission (red long-pass filter) by the donor luminescence (blue band-pass filter). 

For all experiments, specific binding was calculated by subtraction of nonspecific binding from 

total binding.  
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For saturation binding experiments, all values were baseline-corrected by subtracting a buffer 

control yielding the “corrected BRET ratio”. Total and nonspecific binding data were fitted by 

the model “One site-total and nonspecific binding” (GraphPad Prism 8.1) using a hyperbolic 

curve fit for total binding and linear regression for nonspecific binding. Specific binding was 

fitted to the model “One site-specific binding”. For each experiment, Kd values obtained from 

the specific binding were transformed into pKd. Means and SEMs were calculated for the 

respective pKd values.  

For competition binding experiments, data were normalized to buffer control (0%) and a 

100%-control only containing fluorescent ligand 4.26 (NLuc-hH3R: cfinal = 5 nM; NLuc-hH4R: 

cfinal = 50 nM; NLuc-mH4R: cfinal = 100 nM) in the absence of competitor. Normalized data was 

fitted applying a four-parameter logistic fit [log(inhibitor) vs response-variable slope] yielding 

pIC50 values. These were transformed into pKi values using the Cheng-Prusoff equation39. 

For kinetic experiments, data were normalized to start values (0%) and the BRET ratio after 

reaching the plateau (100%) and a combined “association then dissociation” model was 

applied yielding estimates for association rate (kon) and dissociation rate (koff) constants. 

Kinetic dissociation constants Kd (kin) were calculated by dividing koff by kon and transformed 

into pKd (kin) for every single experiment. The dissociation half-life of the fluorescent ligand 

4.26 (t1/2) was calculated for each experiment applying the equation t1/2 = ln(2)/koff. For 

pKd (kin) and t1/2, means were calculated, and errors were propagated using the Gaussian law 

of error propagation.  
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 Appendix 

 Source or preparation of the intermediate compounds 

The quatromethine pyrylium dye Py-5 (4.10) was synthesized in accordance to a previously 

described procedure35 by a one-step reaction from 4.30 and 4.31 (commercially available) in 

MeOH (Scheme A 4.1). 

Scheme A 4.1. Synthesis of 4.10 

 

Reagents and conditions: MeOH, reflux, 10 min, 84.6%. 

To obtain the Py-5 labeled target structures 4.24 – 4.29, the amine precursors 4.19 · 2 TFA, 

4.20 · 2 TFA, 4.22 and 4.23 had to be prepared. Compounds 4.01 · 2 HCl and 4.21 · 2 HBr were 

purchased from TCI Tokyo and Tocris, respectively. Compound 4.3253 (Scheme A 4.2) was 

kindly provided by Dr. Patrick Igel. 

Scheme A 4.2. Synthesis of 4.19 · 2 TFA 

 

Reagents and conditions: TFA, DCM, rt, overnight, 72.6%. 

The cleavage of the trityl group in 4.32 with TFA is depicted in Scheme A 4.2. Compound 

4.19 · 2 TFA was purified by preparative HPLC prior use in the labeling reaction with 4.10. 
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Scheme A 4.3. Synthesis of 4.20 · 2 TFA 

 

Reactions and conditions: (I) K2CO3, KI, DMF, 100 °C, 18 h, 73.2%; (II) urea, Br2, MeOH, 
rt, 5 h, 43.1%; (III) formamide, 160 °C, 5 h, 41.3%; (IV) trityl chloride, TEA, MeCN, rt, 
overnight, 81.6%; (V) hydrazinium hydroxide, n-BuOH, rt, overnight, 100.8%; (VI) TFA, 
DCM, rt, 6 h, 58.6%. 

In Scheme A 4.3 the preparation of 4.20 · 2 TFA is depicted. The synthesis started from a 

reaction of the commercially available 6-chlorohexan-2-one (4.33) and phthalimide (4.34) to 

obtain 4.35.53 The subsequent regioselective bromination of 4.35 afforded 4.36 by performing 

the reaction in MeOH and in the presence of urea.53 In contrast to the published procedure53, 

the formation of the imidazole in 4.37 was realized by using formamide instead of 

formamidine to react with the α-bromoketone 4.36 in a Bredereck synthesis (Scheme A 4.3). 

To afford the trityl- and phtaloyl-protected imbutamine 4.38, the introduction of the trityl 

group in 4.37 was performed as reported for the histamine derivative in chapter 316 

(section 3.5.1). Compound 4.38 was primarily synthesized for the use in different projects. The 

liberation of the primary amine in 4.38 was performed via Ing-Manske hydrazinolysis as a 

variation of the Gabriel synthesis, essentially as previously described36 for histamine and 

imbutamine analogs. (Scheme A 4.3) After the cleavage of the trityl group in 4.39, the 

imbutamine 4.20 · 2 TFA was purified by preparative HPLC prior use in the labeling reaction 

with 4.10 (Scheme A 4.3). 
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Scheme A 4.4. Synthesis of 4.41 and 4.42 

 

Reagents and conditions: (I) Boc anhydride, DIPEA, DCM, 0 → rt, 20 h, 88.8% 
(4.41); (II) trifluoroacetic anhydride, TEA, DCM, 0 → rt, overnight, 91.0% (4.42). 

The synthesis of the amine precursors 4.22 and 4.23 (Scheme A 4.5) started with the 

commercially available 4.40, which was protected with boc anhydride54 or trifluoroacetic 

anhydride55 to give 4.41 and 4.42, respectively (Scheme A 4.4). The subsequent alkylation 

reaction towards the histamine derivative (4.44) was performed in a microwave reactor under 

basic conditions, using 4.41 and an excess of 4.43 [synthesis and analytical characterization 

see in chapter 316 (section 3.5.1.2)] (Scheme A 4.5). In terms of improving the yield, the 

spinaceamine derivative 4.46 was prepared by a similar approach, using 0.9 equivalent of 4.45 

[synthesis and analytical characterization see in chapter 316 (section 3.5.1.3)] and the 

TFA-protected alkyl bromide 4.42, instead of the Boc-protected alkyl bromide 4.41 (Scheme A 

4.5). Cleavage of the protecting groups in 4.44 and 4.46 using trifluoroacetic acid (Boc- and 

Trityl group) and K2CO3 (TFA group) afforded the desired amine precursors 4.22 and 4.23 

(Scheme A 4.5). Additionally, 4.22 and 4.23 were purified by preparative HPLC prior use in the 

labeling reaction with 4.10.  

Scheme A 4.5. Synthesis of 4.22 and 4.23 

 

Reagents and conditions: (I) 4.41, TEA, MeCN, 70 °C (microwave), 20 min, 56.0% (4.44); (II) TFA, DCM, rt, 
overnight, 61.2%; (III) 4.42, TEA, MeCN, 110 °C (microwave), 50 min, 43.8%; (IVa) K2CO3, MeOH/H2O 12/1 
(v/v), rt, overnight; EtOAc, rt, 2 h, (IVb) TFA, DCM, rt, overnight, 59.5%. 
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 Synthesis of 4.10 

4-{(1E,3E)-4-[4-(Dimethylamino)phenyl]buta-1,3-dienyl}-2,6-dimethylpyrylium 

tetrafluoroborate (4.10)34,35. 4.30 (400 mg, 2.28 mmol) (TCI) and 4.31 (630 mg, 3.00 mmol) 

(Alfa Aesar) were dissolved in MeOH (5 mL) and stirred at reflux conditions for 10 min to 

obtain a blue solution. The solvent was removed under reduced pressure and the crude dye 

was purified via column chromatography [isocratic, CHCl3/MeOH 90/10 (v/v), SiO2] to give 

4.10 as blue crystals (708 mg, 84.6%). Rf = 0.5 (CHCl3/MeOH 90/10). 1H-NMR (300 MHz, 

MeOH-d4): δ (ppm) 8.17 (m, 1H), 7.59 (d, J = 9.0 Hz, 2H), 7.51 (s, 2H), 7.43 (d, J = 14.7 Hz, 1H), 

7.15 (m, 1H), 6.80 (d, J = 9.1 Hz, 2H), 6.58 (d, J = 14.5 Hz, 1H), 3.12 (s, 6H), 2.63 (s, 6H). HRMS 

(ESI): m/z [M]+ calcd for [C19H22NO]+ 280.1696, found 280.1695. C19H22BF4NO (367.19). 

 Synthesis of 4.19 · 2 TFA 

3-(1H-Imidazol-4-yl)propan-1-amine bis(2,2,2-trifluoroacetate) (4.19 · 2 TFA)56 (· 2 HCl53). 

4.32 (100 mg, 0.272 mmol) was dissolved in dichloromethane (DCM, 1 mL) and TFA (0.5 mL). 

The reaction mixture was stirred at rt overnight. After removing the solvent under reduced 

pressure the residue was purified by preparative HPLC [gradient: 0 – 30 min: A/B (v/v) 

10/90 – 15/85, flow 15 mL/min, tR = 4.5 min] to give 4.19 · 2 TFA as pale yellow oil (69.8 mg, 

72.6%). Rf = 0.01 (DCM/MeOH 90/10). 1H-NMR (400 MHz, MeOH-d4, COSY): δ (ppm) 8.78 (m, 

1H), 7.36 (s, 1H), 3.00 (t, J = 7.7 Hz, 2H), 2.85 (t, J = 7.7 Hz, 2H), 2.05 (qui, J = 7.7 Hz, 2H). 

13C-NMR (101 MHz, MeOH-d4, HSQC): δ (ppm) 163.21 (q, J = 35.0 Hz, TFA), 134.97, 133.96 

(quat. 1C), 118.21 (q, J = 294.5 Hz, TFA), 117.11, 39.71, 27.37, 22.33. HRMS (ESI): m/z [M + H]+ 

calcd for [C6H12N3]+ 126.1026, found 126.1028. C6H11N3 · C4H2F6O4 (125.18 + 228.05). 

 Synthesis of 4.20 · 2 TFA 

2-(5-Oxohexyl)isoindoline-1,3-dione (4.35)53,57. 4.33 (10.0 g, 74.3 mmol), K2CO3 (20.5 g, 

148 mmol), 4.34 (10.9 g, 74.1 mmol) and a catalytic amount of potassium iodide (100 mg, 

0.602 mmol) was suspended in DMF (90 mL). The reaction mixture was stirred at 100 °C for 

18 h. After ice cold H2O (400 mL) was added, the product was extracted by DCM (3 × 200 mL). 

The organic phases were combined, washed with saturated NaHCO3 (aq) (150 mL), 2% HCl (aq) 

(200 mL) and brine (200 mL). After drying over MgSO4, the solvent was removed under 

reduced pressure. The product was purified by automated flash chromatography 
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[gradient 0 – 30 min: petroleum ether (PE)/EtOAc 100/0 – 70/30 (v/v), SF 25-40g] to give 4.35 

as white crystals (13.3 g, 73.2%), mp 58.8 – 60.2 °C (lit 63 °C)53. Rf = 0.25 (PE/EtOAc 75/25). 

1H-NMR (400 MHz, CDCl3, COSY): δ (ppm) 7.75 (m, 4H), 3.67 (t, J = 6.9 Hz, 2H), 2.47 (t, 

J = 7.1 Hz, 2H), 2.11 (s, 3H), 1.60 (m, 4H). 13C-NMR (100 MHz, CDCl3, HSQC, HMBC): δ (ppm) 

208.43 (quat., 1C), 168.48 (quat., 2C), 134.02 (2C), 132.19 (quat., 2C), 123.30 (2C), 42.95, 

37.57, 30.04, 28.02, 20.87. HRMS (ESI): m/z [M + H]+ calcd for [C14H16NO3]+ 246.1125, found 

246.1130. C14H15NO3 (245.28). 

2-(6-Bromo-5-oxohexyl)isoindoline-1,3-dione (4.36)53. 4.35 (13.0 g, 53.0 mmol) and urea 

(3.20 g, 53.3 mmol) were suspended in MeOH (40 mL). Bromine (8.50 g, 53.2 mmol) was 

added. The reaction mixture turned from a red solution to a pale yellow suspension at rt over 

5 h. The precipitated product was filtered and washed with MeOH (10 mL). The residual 

solvent was removed under reduced pressure and the pale red product was crystallized from 

DCM/hexane to give 4.36 as white solid (7.4 g, 43.1%), mp 114.3 – 115.7 (lit 112 – 113 °C)53. 

1H-NMR (400 MHz, CDCl3, COSY): δ (ppm) 7.76 (m, 4H), 3.87 (s, 2H), 3.69 (t, J = 6.7 Hz, 2H), 

2.71 (t, J = 6.9 Hz, 2H), 1.67 (m, 4H). 13C-NMR (101 MHz, CDCl3, HSQC, HMBC): δ (ppm) 201.63 

(quat., 1C), 168.49 (quat., 2C), 134.07 (2C), 132.16 (quat., 2C), 123.34 (2C), 39.04, 37.42, 34.30, 

27.86, 20.95. HRMS (ESI): m/z [M + H]+ calcd for [C14H15BrNO3]+ 324.0230, found 324.0236. 

C14H14BrNO3 (324.17). 

2-[4-(1H-Imidazol-4-yl)butyl]isoindoline-1,3-dione (4.37)53. 4.36 (7.00 g, 21.6 mmol) was 

suspended in formamide (50 mL). The reaction mixture was stirred at 160 °C for 5 h. After 

saturated NaHCO3 (aq) (100 mL) was added, the product was extracted by DCM (4 × 200 mL). 

The organic phases were combined, washed with 3% HCl (aq) (2 × 100 mL) and brine (200 mL). 

After drying over MgSO4, the solvent was removed under reduced pressure and the product 

was purified by automated flash chromatography in two fractions [gradient 0 – 30 min: 

DCM/MeOH 100/0 – 90/10 (v/v), SF 15-12 g] to give 4.37 as brown oil (2.4 g, 41.3%). Rf = 0.25 

(DCM/MeOH 90/10). 1H-NMR (400 MHz, MeOH-d4, COSY): δ (ppm) 7.97 (s, 1H), 7.78 (m, 4H), 

6.95 (s, 1H), 3.68 (t, J = 6.6 Hz, 2H), 2.68 (t, J = 6.9 Hz, 2H), 1.69 (m, 4H). 13C-NMR (101 MHz, 

MeOH-d4, HSQC, HMBC): δ (ppm) 169.81 (quat., 2C), 136.81 (quat., 1C), 135.38 (2C), 135.33, 

133.32 (quat., 2C), 124.05 (2C), 117.66, 38.38, 28.90, 27.45, 26.12. HRMS (ESI): m/z [M + H]+ 

calcd for [C15H16N3O2]+ 270.1237, found 270.1238. C15H15N3O2 (269.30). 
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2-[4-(1-Trityl-1H-imidazol-4-yl)butyl]isoindoline-1,3-dione (4.38)58,59. 4.37 (2.00 g, 

7.43 mmol), trityl chloride (3.10 g, 11.1 mmol) and triethylamine (TEA, 1.50 mL, 10.8 mmol) 

were dissolved in MeCN (200ml). The reaction mixture was stirred at rt overnight. The solvent 

was removed under reduced pressure. The product was purified by automated flash 

chromatography in two fractions [gradient 0 – 30 min: PE/EtOAc 90/10 – 40/60 (v/v), 

SF 15-20 g] to give 4.38 as pale yellow powder (3.1 g, 81.6%), mp 164.4 – 166.4 °C. Rf = 0.2 

(PE/EtOAc 50/50). 1H-NMR (400 MHz, CDCl3, COSY): δ (ppm) 7.74 (m, 4H), 7.20 (m, 16 H), 6.51 

(s, 1H), 3.67 (t, J = 6.7 Hz, 2H), 2.56 (t, J = 6.6 Hz, 2H), 1.68 (m, 4H). 13C-NMR (101 MHz, CDCl3, 

HSQC, HMBC): δ (ppm) 168.43 (quat., 2C), 142.69 (quat., 3C), 141.39 (quat., 1C), 138.42, 

133.87 (2C), 132.30 (quat., 2C), 129.87 (6C), 128.05 (6C), 127.98 (3C), 123.19 (2C), 118.02, 

75.10, 37.94, 28.26, 28.05, 26.74. HRMS (ESI): m/z [M + H]+ calcd for [C34H30N3O2]+ 512.2333, 

found 512.2337. C34H29N3O2 (511.63). 

4-(1-Trityl-1H-imidazol-4-yl)butan-1-amine (4.39)59,60. 4.38 (1.00 g, 1.95 mmol) and 

hydrazinium hydroxide (475 µL, 9.76 mmol) were dissolved in n-BuOH (20 mL). The reaction 

was stirred at rt overnight. The precipitated white solid was filtered off. The filtrate was 

concentrated under reduced pressure to give crude 4.39 as yellow sticky oil (750 mg, 101%). 

1H-NMR (400 MHz, CDCl3, COSY): δ (ppm) 7.30 – 7.23 (m, 10H), 7.10 – 7.01 (m, 6H), 6.45 (s, 

1H), 3.16 (br, 2H), 2.66 (t, J = 7.0 Hz, 2H), 2.47 (t, J = 7.4 Hz, 2H), 1.52 (m, 4H). 13C-NMR 

(101 MHz, CDCl3, HSQC, HMBC): δ (ppm) 142.67 (quat., 3C), 141.74 (quat., 1C), 138.36, 129.88 

(6C), 128.09 (6C), 128.06 (3C), 117.86, 75.18 (quat., 1C), 41.65, 32.74, 28.22, 26.66. HRMS 

(ESI): m/z [M + H]+ calcd for [C26H28N3]+ 382.2278, found 382.2280. C26H27N3 (381.52). 

4-(1H-Imidazol-4-yl)butan-1-amine bis(2,2,2-trifluoroacetate) (4.20 · 2 TFA) (HBr salt53). 4.39 

(50 mg, 0.13 mmol) was dissolved in DCM (1 mL). TFA (0.7 mL) was added and the reaction 

mixture was stirred at rt for 6 h. After removing the solvent under reduced pressure the 

residue was purified by preparative HPLC [gradient: 0 – 30 min: A/B (v/v) 10/90 – 15/85, flow 

15 mL/min, tR = 4.5 min] to give 4.20 · 2 TFA as pale yellow oil (28 mg, 58.6%). Rf = 0.01 

(DCM/MeOH 90/10). 1H-NMR (400 MHz, MeOH-d4, COSY): δ (ppm) 8.78 (s, 1H), 7.32 (s, 1H), 

2.97 (t, J = 7.7 Hz, 2H), 2.79 (t, J = 7.2 Hz, 2H), 1.74 (m, 4H). 13C-NMR (101 MHz, MeOH-d4, 

HSQC): δ (ppm) 163.14 (TFA), 134.93, 134.75 (quat., 1C), 116.87, 40.21, 27.77, 36.36, 24.73. 
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HRMS (ESI): m/z [M + H]+ calcd for [C7H14N3]+ 140.1182, found 140.1184. C7H13N3 · C4H2F6O4 

(139.20 + 228.05). 

 Synthesis of 4.41 and 4.42 

tert-Butyl (3-bromopropyl)carbamate (4.41)54,61,62. 4.40 (8.70 g, 39.7 mmol) and DIPEA 

(16.7 mL, 95.9 mmol) were dissolved in DCM (80 mL). The reaction mixture was cooled to 0 °C. 

A solution of boc anhydride (10.5 g, 48.1 mmol) in DCM (30 mL) was slowly added. The 

reaction could warm to rt for 20 h and H2O (50 mL) was added. The mixture was acidified to 

pH 5 with 2 M HCl (aq). The organic phase was washed with H2O (50 mL) and brine (50 mL). 

After drying over MgSO4, the solvent was removed under reduced pressure. The product was 

purified by automated flash chromatography (isocratic, DCM 100%, SF 25-40 g) to give 4.41 as 

white solid (8.4 g, 88.8%), mp 36 °C (lit 36 – 38 °C)62. Rf = 0.4 (DCM). 1H-NMR (400 MHz, CDCl3): 

δ (ppm) 4.67 (br, 1H), 3.43 (t, J = 6.5 Hz, 2H), 3.26 (t, J = 6.5 Hz, 2H), 2.04 (qui, J = 6.5 Hz, 2H), 

1.43 (s, 9H). 13C-NMR (101 MHz, CDCl3): δ (ppm) 156.07 (quat., 1C), 79.57 (quat., 1C), 39.12, 

32.83, 30.88, 28.50 (3C). HRMS (ESI): m/z [M + H]+ calcd for [C8H17BrNO2]+ 238.0437, found 

238.0438. C8H16BrNO2 (238.13). 

N-(3-Bromopropyl)-2,2,2-trifluoroacetamide (4.42)55,63. 4.40 (1.0 g, 4.6 mmol) and TEA 

(1.4 mL, 10 mmol) were dissolved in dry DCM (20 mL). The reaction mixture was cooled to 

0 °C. Trifluoroacetic anhydride (650 µL, 4.61 mmol) was added slowly and the reaction mixture 

could warm to rt overnight. DCM (200 mL) was added and the organic phase was washed with 

H2O (2 × 100 mL) and brine (100 mL). After drying over MgSO4, the solvent was removed under 

reduced pressure to give 4.42 as pale yellow oil (980 mg, 91.0%). Rf = 0.4 (PE/EtOAc 73/17). 

1H-NMR (400 MHz, DMSO-d6, COSY): δ (ppm) 9.48 (br, 1H), 3.53 (t, J = 6.5 Hz, 2H), 3.31 (m, 

2H), 2.03 (qui, J = 6.7 Hz, 2H). 13C-NMR (101 MHz, DMSO-d6, HSQC, HMBC): δ (ppm) 156.38 (q, 

J = 36.1 Hz, quat., 1C), 115.89 (q, J = 288.2 Hz, quat., 1C), 37.87, 31.75, 31.31. HRMS (ESI): m/z 

[M + H]+ calcd for [C5H8BrF3NO]+ 233.9736, found 233.9736. C5H7BrF3NO (234.02). 

 Synthesis of 4.22 

tert-Butyl (3-{[2-(1-trityl-1H-imidazol-4-yl)ethyl]amino}propyl)carbamate (4.44). 4.43 

(370 mg, 1.05 mmol), 4.41 (100 mg, 0.420 mmol) and TEA (180 µL, 1.29 mmol) were dissolved 

in MeCN (15 mL). The reaction mixture was stirred in the microwave reactor (1 – 2 bar) at 
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70 °C for 20 min. The solvent was removed under reduced pressure and the residue was 

purified by automated flash chromatography [gradient 0 – 20 min: DCM/MeOH 100/0 – 90/10 

(v/v), SF 10-4 g] to give 4.44 as pale yellow oil (120 mg, 56.0%). Rf = 0.2 (DCM/MeOH 90/10). 

1H-NMR (400 MHz, CDCl3, COSY): δ (ppm) 7.33 (m, 10H), 7.09 (m, 6H), 6.65 (s, 1H), 5.41 (br, 

1H), 3.17 (m, 8H), 2.07 (m, 2H), 1.37 (s, 9H). 13C-NMR (101 MHz, CDCl3, HSQC, HMBC): δ (ppm) 

156.76 (quat., 1C), 142.06 (quat., 3C), 138.44, 136.94 (quat., 1C), 129.78 (6C), 128.34 (6C), 

128.28 (3C), 118.91, 79.70 (quat., 1C), 75.71 (quat., 1C), 48.25, 44.78, 37.04, 28.46 (3C), 26.98, 

23.06. HRMS (ESI): m/z [M + H]+ calcd for [C32H39N4O2]+ 511.3068, found 511.3073. C32H38N4O2 

(510.68). 

N1-[2-(1H-Imidazol-4-yl)ethyl]propane-1,3-diamine tris(2,2,2-trifluoroacetate) (4.22) (free 

base: [CAS 1524210-30-7]). 4.44 (80 mg, 0.16 mmol) was dissolved in DCM (1 mL). 

TFA (0.4 mL) was added and the reaction mixture was stirred at rt overnight. After removing 

the solvent under reduced pressure the residue was purified by preparative HPLC 

[gradient: 0 – 30 min: A/B (v/v) 10/90 – 15/85, flow 15 mL/min, tR = 4.5 min] to give 4.22 as 

pale yellow oil (50 mg, 61.2%). Rf = 0.01 (DCM/MeOH 90/10). 1H-NMR (400 MHz, MeOH-d4, 

COSY): δ (ppm) 8.83 (s, 1H), 7.46 (s, 1H), 3.40 (t, J = 7.4 Hz, 2H), 3.21 (m, 4H), 3.06 (t, J = 7.6 Hz, 

2H), 2.11 (qui, J = 7.7 Hz, 2H). 13C-NMR (101 MHz, MeOH-d4, HSQC): δ (ppm) 163.53 (TFA), 

135.60, 130.33 (quat., 1C), 118.45, 118.27 (TFA), 47.23, 46.00, 37.79, 25.27, 22.56. HRMS (ESI): 

m/z [M + H]+ calcd for [C8H17N4]+ 169.1448, found 169.1450. C8H16N4 · C6H3F9O6 

(168.24 + 342.07). 

 Synthesis of 4.23 

2,2,2-Trifluoro-N-{3-(3-trityl-3,4,6,7-tetrahydro-5H-imidazo[4,5-c]pyridin-5-

yl)propyl}acetamide (4.46). 4.45 (290 mg, 0.793 mmol), 4.42 (210 mg, 0.897 mmol) and TEA 

(250 µL, 1.79 mmol) were suspended in MeCN (15 mL). The reaction mixture was stirred in the 

microwave reactor (1 – 2 bar) at 110 °C for 50 min. The solvent was removed under reduced 

pressure and the residue was purified by chromatography [DCM/MeOH 100/0 – 95/5 (v/v), 

SiO2 47 g, height 14.5 cm] to give 4.46 as pale yellow hygroscopic foam (180 mg, 43.8%). 

Rf = 0.4 (DCM/MeOH 90/10). 1H-NMR (400 MHz, CDCl3, COSY): δ (ppm) 9.46 (br, 1H), 7.33 (m, 

10H), 7.12 (m, 6H), 3.63 (m, 2H), 3.45 (m, 2H), 2.70 (t, J = 5.4 Hz, 2H), 2.51 (m, 2H), 1.75 (m, 

2H), 1.67 (t, J = 5.3 Hz, 2H). 13C-NMR (101  MHz, CDCl3, HSQC, HMBC): δ (ppm) 157.06 (q, 
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J = 36.4 Hz, quat., 1C), 141.69 (quat., 3C), 138.04, 135.54 (quat., 1C), 130.08 (6C), 128.19(6C), 

128.14 (3C), 125.99 (quat., 1C), 116.14 (q, J = 288.1 Hz, quat., 1C), 74.95 (quat., 1C), 57.88, 

52.14, 51.14, 41.13, 24.31, 23.39. HRMS (ESI): m/z [M + H]+ calcd for [C30H30F3N4O]+ 519.2366, 

found 519.2369. C30H29F3N4O (518.58). 

3-(3,4,6,7-Tetrahydro-5H-imidazo[4,5-c]pyridin-5-yl)propan-1-amine tris(2,2,2-

trifluoroacetate) (4.23). 4.46 (100 mg, 0.193 mmol) was dissolved in a mixture of MeOH/H2O 

12/1 (v/v) (3ml). K2CO3 (160 mg, 1.16 mmol) was added and the reaction mixture was stirred 

at rt overnight. The solvent was removed under reduced pressure and EtOAc (2 mL) was 

added. The mixture was stirred at rt for 2 h. The white precipitate was filtered off and the 

filtrate was concentrated under reduced pressure. The obtained crude hygroscopic foam 

(100 mg, 0.237 mmol) was dissolved in DCM (2 mL). TFA (1 mL) was added and the reaction 

mixture was stirred at rt overnight. After removing the solvent under reduced pressure the 

residue was purified by preparative HPLC [gradient: 0 – 30 min: A/B (v/v) 10/90 – 15/85, flow 

15 mL/min, tR = 4.5 min] to give 4.23 as pale yellow oil (60 mg, 59.5%). Rf = 0.01 

(DCM/MeOH 90/10). 1H-NMR (400 MHz, MeOH-d4, COSY): δ (ppm) 8.80 (s, 1H), 4.48 (s, 2H), 

3.67 (t, J = 6.0 Hz, 2H), 3.41 (t, J = 7.8 Hz, 2H), 3.10 (m, 4H), 2.22 (qui, J = 7.7 Hz, 2H). 13C-NMR 

(101 MHz, MeOH-d4, HSQC): δ (ppm) 163.11 (q, J = 35.4 Hz, TFA), 136.04, 126.32 (quat., 1C), 

122.88 (quat., 1C), 118.13 (q, J = 291.7 Hz, TFA), 54.18, 50.82, 48.22, 38.01, 23.90, 19.71. 

HRMS (ESI): m/z [M + H]+ calcd for [C9H17N4]+ 181.1448, found 181.1450. C9H16N4 · C6H3F9O6 

(180.26 + 342.07). 

  



UR-DEBa242: a Py-5-labeled fluorescent multipurpose probe for investigations on the 
histamine H₃ and H₄ receptors 

 

-171- 

 Optical characterization of 4.26 and NLuc 

 Excitation/emission spectra of 4.26 and bioluminescence spectrum of the 

NLuc 

 

Figure A 4.1. Excitation (black line) and corrected emission spectra (red line) of the Py-5-labeled fluorescent probe 4.26 
(c = 4 µM) in PBS supplemented with 1% BSA recorded with a Cary Eclipse spectrofluorimeter at 22°C and with the slit 
combinations (ex./em. slit) 5/10 nm for excitation and 10/5 nm for emission. Bioluminescence spectrum of the NLuc 
(blue line) recorded with a LS50 B luminescence spectrophotometer using a suspension of NLuc-hH4R expressing HEK293T 
cells in Leibovitz’ L-15 + 10% FCS + 10 mM HEPES. 

 Excitation/emission maxima, absorption coefficients and quantum yields 

of 4.26 

Table A 4.1. Excitation/emission maxima, absorption coefficients ε and quantum yields Φ of 4.26, determined in PBS and 
PBS + BSA 1% at 22 °C with cresyl violet perchlorate as reference. 

Buffer λexc,max/λem,max / nm ε / M-1 · cm-1 Φ / % 

PBS, pH 7.42 448/707 30667 2.53 

PBS, pH 7.42 + BSA 1% 481/646 33000 17.22 

 Methods: fluorescence spectroscopy and determination of quantum 

yields 

According to a previously described procedure33, the quantum yields of 4.26 were determined 

in PBS (pH 7.4) and PBS + 1% BSA with cresyl violet perchlorate (Acros Organics B.V.B.A, Geel, 

Belgium) as a red fluorescent standard with slight modifications: Measurements were 

performed with a Cary Eclipse spectrofluorimeter (Varian Inc., Mulgrave, Victoria, Australia) 

and a PerkinElmer Lambda650 UV/Vis spectrophotometer (Perkin Elmer GmbH, Rodgau, 
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Germany). The spectra were recorded in polymethyl methacrylate cuvettes  (12 × 12 × 45 mm, 

4 CLEAR SIDE, ART 01961-00, Kartell S. p. A., Noviglio, Italy) and polystyrene cuvettes 

(10 × 4 ×45 mm, REF 67.742, Sarstedt AG & Co. KG, Nümbrecht, Germany).  

With UV/Vis spectroscopy, the absorption spectra were recorded (350 nm – 800 nm, 

scan rate: 300 nm/min, slits: fixed 2.00 nm) for concentrations of 2 µM (cresyl violet in EtOH, 

λabs,max = 575 nm), 6 µM (4.26 in PBS, λabs,max = 436 nm) or 4 µM (4.26 in PBS + 1% BSA, 

λabs,max = 458 nm) to reach absorbances between 0.1 and 0.2 at the respective absorption 

maximum. The solutions were freshly prepared from a 2 mM (cresyl violet) or 5 mM (4.26) 

stock solution in DMSO. All prepared solutions were immediately protected from light. 

Emission spectra were recorded at three different slit adjustments (ex./em.): 5/5 nm, 10/5 nm 

and 10/10 nm. The emission starting point was 15 nm above λabs,max (excitation wavelength), 

the endpoint was 850 nm. Excitation spectra were recorded at two different slit adjustments 

(ex./em.): 5/10 nm and 10/10 nm. The excitation starting point was 400 nm, the endpoint was 

10 nm below λem,max (uncorrected). The reference spectra were determined with pure solvent. 

For the determination of quantum yields every emission spectrum was corrected (subtraction 

of reference spectrum followed by multiplication with the lamp correction spectrum), 

followed by an integration step. Additionally, the absorbances (cresyl violet in EtOH: A = 0.137; 

4.26 in PBS: A = 0.184; 4.26 in PBS + 1% BSA: A = 0.132) were determined by recording the 

absorption spectra immediately after the recording of emission spectra (~ 20 min after the 

solutions were prepared). The absorbances were obtained from the net absorption spectra. 

The quantum yields were calculated33 for every slit combination (emission) and were averaged 

(Table A 4.1). Representative excitation and emission spectra of 4.26 are depicted in Figure A 

4.1. Excitation/emission maxima and absorption coefficients are presented in Table A 4.1. 

 Methods: bioluminescence spectroscopy 

The bioluminescence spectrum of the NLuc (Figure A 4.1) was determined using a suspension 

of HEK293T cells expressing the NLuc-hH4R (see section 4.4.9) in Leibovitz’ 

L-15 + 5% FCS + 10 mM HEPES. The cells were detached from a 25 cm2 flask by treatment with 

trypsin/EDTA (0.05%/0.02%) for 5 min at 37 °C, centrifuged (500 × g, 5 min) and resuspended 

in 5 mL of medium (see above). 1.5 mL of the cell suspension were transferred to an acrylic 

cuvette (10 x 10 x 45 mm, REF 67.755, Sarstedt AG & Co. KG, Nümbrecht, Germany), the 
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substrate furimazine (Promega GmbH, Mannheim, Germany) was added and the spectrum 

was recorded under constant stirring to prevent sedimentation of the cells. The spectrum was 

recorded using a LS50 B luminescence spectrophotometer (Perkin Elmer GmbH, Rodgau, 

Germany) from 300 to 700 nm (bioluminescence mode with the following settings: 

emission slit: 10 nm, integration time: 1 s). 

 Signal reduction in functional assays caused by 4.26 

In the luciferase reporter gene- and β-arrestin2 recruitment assay for the h/mH4Rs the 

readout is based on the bioluminescence of the firefly (Luc, American firefly Photinus pyralis) 

and the emerald (ELuc, Brazilian click beetle Pyrearinus termitilluminans) luciferase with 

D-Luciferin as their substrate. Due to their green/yellow light-emission (Luc: λmax = 560 nm48; 

ELuc: λmax = 538 nm50), the readouts were influenced when determining Py-5 fluorescent 

probes by an overlap of the excitation spectrum of Py-5 ligands (e.g. 4.26, Figure A 4.1) and 

the emission spectra of the used luciferases.  

The concentration-dependent influence of 4.26 on the bioluminescence-based readout in 

luciferase reporter gene- and β-arrestin2 recruitment assays was assessed using HEK293T-

CRE-Luc cells38 and HEK293T cells, stably expressing NPY Y4R-ELucC/ELucN-β-arrestin264, to 

preclude pharmacological effects of the analyzed ligands as good as possible. The luciferase 

reporter gene assay was performed by applying 1 µM, 5 µM and 10 µM of 4.26 in the presence 

of 1 µM of forskolin. The β-arrestin2 recruitment assay was performed as described 

previously64, while distinct concentrations of 4.26 (1 µM, 5 µM and 10 µM) were investigated 

in the presence of 1 µM of human pancreatic polypeptide (hPP). Results obtained in the 

presence of the different concentrations of the fluorescent ligand were compared to the 

respective control in which only forskolin or hPP was added (Figure A 4.2) using a one-way 

ANOVA and a Dunnett’s post-hoc test (GraphPad Prism 8.2). Significant differences 

(p < 0.0001) were observed for concentrations > 1 µM. Therefore, the raw values obtained for 

the 5 µM concentrations of 4.26 and 4.27 were corrected by increasing the measured values 

by 8.9% (reporter gene) or 13.7% (β-arrestin2), followed by data processing as stated in the 

section 4.4.6 and 4.4.7 for the respective functional assay. The (corrected) 

concentration-response curves of 4.26 and 4.27 (agonist and/or antagonist mode) are 

depicted in Figure A 4.3 and Figure A 4.4.  
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Figure A 4.2. Analysis of the concentration-dependent influence of 4.26 on the bioluminescent-based readout in luciferase 
reporter gene- (A) and β-arrestin2 recruitment (B) assays, using HEK293T-CRE-Luc cells or HEK293T cells, stably expressing 
NPY Y4R-ELucC/ELucN-β-arrestin2. The data was normalized to control [1 µM of forskolin (A) or 1 µM of hPP (B)], maximal 
stimulation of which was defined as 100%. The Y-axes are adapted to improve visibility. Data are presented as means ± SD 
from n = 21 – 24 experiments. A one-way ANOVA and a Dunnett’s post-hoc test (GraphPad Prism 8.2) were applied. 
Significant differences (p < 0.0001) were observed for concentrations 5 µM and 10 µM. 

 Functional characterization of 4.26 and 4.27 at the hH3R and h/mH4Rs 

 

Figure A 4.3. Functional characterization of 4.26 and 4.27 in agonist mode at the hH3R and the h/mH4Rs in (A) luciferase 
reporter gene assays, using HEK293T-SP-FLAG-hH3R-CRE-CBR, HEK293-SF-hH4R-His6-CRE-Luc or HEK293T-SF-mH4R-His6-
CRE-Luc cells and/or (B) β-arrestin2 recruitment assays, using HEK293T-β-arr2-xH4R cells (x = h, m). Colored dots represent 
uncorrected values; hollow dots represent the corrected values by 8.9% (reporter gene) or 13.7% (β-arrestin2) (Figure A 4.2). 
Data was normalized to histamine 4.01 for each receptor, maximal stimulation of which was defined as α = 1.0. The Y-axes 
are adapted to improve visibility. Data are presented as means ± SEM from at least two (β-arrestin2) or three (reporter gene) 
independent experiments, each performed in duplicates or triplicates. The pEC50, pIC50 and the intrinsic activity (α) values of 
4.26 or 4.27 are presented in Table 4.2 in section 4.2.3. 
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Figure A 4.4. Functional characterization of 4.26 and 4.27 in antagonist mode at the hH3R and/or the mH4R in (A) luciferase 
reporter gene assays, using HEK293T-SP-FLAG-hH3R-CRE-CBR or HEK293T-SF-mH4R-His6-CRE-Luc cells and/or in (B) 
β-arrestin2 recruitment assays, using HEK293T-β-arr2-mH4R cells. Colored dots represent uncorrected values; hollow dots 
represent the corrected values by 8.9% (reporter gene) or 13.7% (β-arrestin2) (Figure A 4.2). Data was normalized to 
histamine 4.01 [reporter gene: cfinal = 30 nM (hH3R), cfinal = 300 nM (mH4R); β-arrestin2: cfinal = 10 µM (mH4R)], which was 
defined as α = 1.0. Data are presented as means ± SEM from three independent experiments, each performed in duplicates 
or triplicates. The pKb values of 4.26 or 4.27 are presented in Table 4.2 in section 4.2.3. 

 Molecular dynamics simulations of 4.26 at the hH4R 

 Results 

A potential influence of the pyridinium label in hH4R binding was investigated by induced-fit 

docking and molecular dynamics (MD) simulation (1 µs) using Py-5 labeled imbutamine 4.26 

(Figure A 4.5). During the MD simulation, the pyridinium label of 4.26 rapidly changed its 

conformation, while the part of 4.26 corresponding to imbutamine was less mobile (Figure A 

4.5A). In the cluster 1 binding pose, the imidazole ring of 4.26 formed a hydrogen-assisted salt 

bridge with D943.32 (imidazole N-H) as well as hydrophobic and π-π contacts with F3447.39
 

(Figure A 4.5B). By contrast, the part of 4.26 corresponding to the fluorophore exhibited a π-

π contact with Y953.33 and hydrophobic contacts with Y953.33, W157ECL2, F168ECL2 and F169ECL2. 

Therefore, the Py-5 fluorophore is suggested to play a fundamental role in the receptor 

interactions within the orthosteric binding pocket. 
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Figure A 4.5. MD simulations (1 µs) of the hH4R (homology model based on the inactive state hH1R, PDB ID: 3RZE65) bound 
to 4.26. A) Time course of the 1 µs MD simulation of the hH4R bound to 4.26 showing superimposed snap shots collected 
every 100 ns. B) Cluster 1 binding pose of 4.26, obtained from analysis of the MD simulation trajectories. Amino acids, 
involved in H-bonding, salt bridges (indicated as yellow dashed lines) or π-π interactions (green dashed lines) with 4.26 are 
labeled: D943.32 (HB, SB), Y953.33 (π-π), F3447.39 (π-π) (B). In addition, the Py-5 fluorophore formed hydrophobic contacts with 
Y953.33, W157ECL2, F168ECL2 and F169ECL2, and the imidazole ring with F3447.39 (B). 

 Methods 

To study ligand-receptor interactions of 4.26 at the hH4R, a previously described11,66,67 hH4R 

homology model was used. This model is based on the crystal structure of the inactive state 

hH1R bound to the antagonist doxepin (PDB ID: 3RZE65). Protein preparation (Schrödinger LLC, 

Portland, OR, USA) and the assignment of ionization states were performed as described by 

Pegoli et al.68,69. Disulfide bonds were maintained. 

Induced-fit docking (Schrödinger LLC) of 4.26 to the hH4R was performed to find the initial 

ligand binding pose for subsequent MD simulations. Ligand (4.26) geometries were 

energetically optimized using the LigPrep module (Schrödinger LLC). The pyridinium nitrogen 

of 4.26 was singly protonated, and the imidazole ring was considered in both deprotonated 

(τ-H or π-H) and protonated (τ-H and π-H) states. Structure 4.26 was docked within a box of 

46 × 46 × 46 Å3 around the center of mass of the amino acids D943.32, E1825.46 and Q3477.42 

using the standard protocol. Redocking was performed in the extended precision mode. Based 

on MM-GBSA scores (Schrödinger LLC) and reasonability of the resulting ligand binding poses, 

one pose was selected as input structure for subsequent MD simulation. 

MD simulation of 4.26 bound to the hH4R was essentially performed as described for 

muscarinic receptors by Pegoli et al.69 with the following modifications: The selected 

ligand-receptor complex was aligned to the crystal structure entry of the hH1R (PDB ID: 3RZE65) 
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in the orientations of proteins in membranes (OPM) database.70 The system comprising ligand, 

receptor, membrane [1-palmitoyl-2-oleoyl phosphatidylcholine (POPC)], water molecules and 

ions contained about 73.000 atoms and the initial box size was approximately 

82 × 82 × 120 Å3. Productive-level MD simulation over 1 µs was performed using the CUDA 

version of OpenMM71 7.2. A time step of 2 fs was used because hydrogen mass repartitioning 

(HMR) was not applied. 

Data were collected every 100 ps and analyzed by means of cpptraj (Amber18, University of 

California, San Francisco, CA, USA) every ns. For cluster analysis, the average linkage 

algorithm72 was applied, setting a cluster size of 5. Ligand-receptor interactions were analyzed 

using PLIP 1.4.2.73. For time course illustrations, frames were collected every 100 ns 

(10 frames). Illustrations, showing the molecular structure of the hH4R in complex with 4.26 

(Figure A 4.5), were generated with PyMOL Molecular Graphics system, version 2.2.0 

(Schrödinger LLC). 

 Flow cytometric saturation binding with 4.26 at the NLuc-h/mH4Rs  

 Results 

 

Figure A 4.6. Representative flow cytometric saturation binding experiments with fluorescent ligand 4.26 at the human or 
mouse NLuc-H4Rs, expressed in HEK293T cells. Total binding (black curve), specific binding (red curve) and nonspecific 
binding [dashed line, determined in the presence of 4.05 (100-fold excess to final concentrations of 4.26)] are depicted. The 
experiments were performed in duplicates. Errors of specific binding were calculated according to the Gaussian law of error 
propagation. Error bars of total and nonspecific binding represent the SEM. The Kd and pKd values of 4.26 are presented in 
Table 4.3 in section 4.2.6. 

 Methods 

The flow cytometric saturation binding experiments were performed at HEK293T cells 

expressing the NLuc-hH4R or NLuc-mH4R (see section 4.4.9). A FACSCalibur™ flow cytometer 
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(Becton Dickinson GmbH, Heidelberg, Germany), equipped with an argon laser (488 nm) was 

used by loosely following a previously described procedure33. 

The cells were detached from a 75 cm2 flask by scraping, centrifuged (500 × g, 5 min) and 

resuspended in Leibovitz’ L-15 + 5%FCS + 10 mM HEPES and adjusted to 1 × 106 cells/mL. To 

490 µL of the cell suspension, 4.26 [5 µL, 100-fold serial dilutions: 5 mM stock diluted with 

30% DMSO (L-15 + 5% FCS + 10 mM HEPES)] and L-15 + 5% FCS + 10 mM HEPES (5 µL) were 

added into 1.5-mL micro tubes (Sarstedt AG & Co. KG, Nümbrecht, Germany). Nonspecific 

binding was determined in the presence of 4.05 [100-fold excess with regard to each dilution 

of 4.26 (see above)]. The final concentration of DMSO was approx. 0.3%. After incubation in 

the dark for 45 min at rt, the samples were measured by flow cytometry using an excitation 

wavelength of 488 nm with the following instrumental settings: FSC: E-1, SSC: 280 V, 

Fl-3: 600 V, 670 LP. Data acquisition was stopped after counting 10 000 gated events. The raw 

data were processed with the FlowJo™ V10 software (FlowJo LLC, Becton Dickinson, Ashland, 

OR, USA). Specific binding data (geometrical mean value) were plotted against the 

concentration of 4.26 in nM and analyzed by a three-parameter equation describing 

hyperbolic binding (“one site-specific binding”, GraphPad Prism 8.1) to obtain Kd values. For 

each experiment, Kd values (Table 4.3 in section 4.2.6) obtained from the specific binding were 

transformed into pKd. Means and SEMs were calculated for the respective pKd values (Table 

4.3 in section 4.2.6). Nonspecific binding data were fitted by linear regression. Representative 

flow cytometric saturation binding curves are depicted in Figure A 4.6.  
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 1H-NMR spectra and RP-HPLC chromatograms 

 1H-NMR spectra of the target compounds 4.26 and 4.29 

 
Figure A 4.7. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.26. 
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Figure A 4.8. 1H-NMR spectrum (600 MHz, DMSO-d6) of compound 4.29. 
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 RP-HPLC chromatograms: purity control of the target compounds 

(4.24 – 4.29) 

 
Figure A 4.9. RP-HPLC chromatograms (purity control) of 4.24 and 4.25 at 220 nm, for conditions see section 4.4.1. 

 
Figure A 4.10. RP-HPLC chromatograms (purity control) of 4.26 and 4.27 at 220 nm, for conditions see section 4.4.1. 

 
Figure A 4.11. RP-HPLC chromatograms (purity control) of 4.28 and 4.29 at 220 nm, for conditions see section 4.4.1. 
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Figure A 4.12. RP-HPLC chromatograms (purity control) of blank at 220 nm, for conditions see section 4.4.1. 

 RP-HPLC chromatograms: chemical stability of 4.26 

 
Figure A 4.13. RP-HPLC chromatograms (chemical stability, condition A: PrimariaTM

 plates, 23 °C in PBS) of 4.26 at 220 nm, 
see section 4.4.4. 
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Figure A 4.14. RP-HPLC chromatograms (chemical stability, condition B: cellGradeTM plates, 23 °C in PBS) of 4.26 at 220 nm, 
see section 4.4.4. 

 
Figure A 4.15. RP-HPLC chromatograms (chemical stability, condition C: 1.5 mL microtubes, 23 °C in PBS) of 4.26 at 220 nm, 
see section 4.4.4. 
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Figure A 4.16. RP-HPLC chromatograms (chemical stability, condition D: siliconized 1.5 mL microtubes, 23 °C in PBS) of 4.26 
at 220 nm, see section 4.4.4. 
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Over the years, the histamine H3 and H4 receptors have emerged as promising therapeutic 

targets. By contrast to the H3R, the number of drug candidates for the H4R is highly limited. 

Possible reasons are the not fully elucidated expression pattern of the H4R and the marked 

species [human (h), mouse (m), rat (r)]-dependent differences, regarding affinities, potencies 

and/or the quality of action of several H4R ligands. Consequently, the translational value of 

rodent animal models is compromised. 

Radio- and fluorescent ligands with a balanced affinity-/functional profile at the H4R species 

orthologs can be valuable molecular tools to gain a deeper understanding of the H4R by means 

of rodent animal models. However, no radioligand is known to be eligible for comparative and 

robust binding studies at the h/m/rH4Rs. Furthermore, highly affinic fluorescent ligands are 

strongly needed to contribute to investigations on the expression of the H4R. In addition to 

their application in imaging, e.g. confocal microscopy, these molecular tools could be applied 

in bioluminescence resonance energy transfer (BRET)-based binding studies as well. 

Advantages of such studies include e.g. a medium to high-throughput performance and a high 

temporal resolution. For the hH3R, only two commercially available fluorescent probes were 

previously applied in BRET-based binding assays, but both are poorly characterized and show 

less than ideal spectral properties. 

Therefore, this thesis aimed at the development of two complementary molecular tools: on 

one hand, a high affinity radioligand that can be used for comparative binding studies at the 

h/m/rH4Rs. On the other hand, an extensively characterized fluorescent ligand, which enables 

localization studies of the hH4R in live cells and comparative BRET-based binding studies at the 

NanoLuc (NLuc)-tagged h/mH4Rs and hH3R. 

To achieve the first goal, a library of 2,4-diaminopyrimidines was prepared, based on the 

structure of the equipotent h/m/rH4Rs agonist (R)-4-(3-aminopyrrolidin-1-yl)-N-

neopentylpyrimidin-2-amine (3.33). The parent compound was modified in position 4 by 

introducing (cyclic) aliphatic amines (partly methylated, propionylated or guanidinylated) and 

histamine (homologs). After an initial characterization of the prepared compounds in 

radioligand competition binding assays, the 2,4-diaminopyrimidines with pKi values > 7.0 at 

the hH4R were investigated in luciferase reporter gene- and β-arrestin2 recruitment assays at 

the h/m/rH4Rs to guide the selection of target structures for radiolabeling.  
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On one hand, UR-DEBa148 (3.43) was found to exhibit sub-nM potencies at the h/m/rH4Rs in 

reporter gene assays and was slightly G protein biased. On the other hand, the (partial) agonist 

UR-DEBa176 (3.46), with comparably high potencies at the h/m/rH4Rs in both functional 

assays [e.g. pEC50 (reporter gene assays): 8.7, 9.0, 9.2, respectively], was found to constitute 

the “cold” form of a potential radioligand. By employing [3H]methyl nosylate, [3H]UR-DEBa176 

was obtained (radiochemical purity: 99%; specific activity: 43.1 Ci/mmol) and proved to have 

a high radiochemical stability over a storage period of 11 month (EtOH/H2O 70/30; −20 °C). In 

radioligand saturation binding experiments at the h/m/rH4Rs, [3H]UR-DEBa176 revealed 

comparable binding constants (pKd: 7.4, 7.8, 7.7, respectively), accompanied by a low 

nonspecific binding (11−17% of total binding, ≈Kd). Likewise, the association and dissociation 

kinetics, studied at the h/m/rH4Rs, were comparable (establishment of thermodynamic 

equilibria ≈ 25−30 min). In competition binding experiments, [3H]UR-DEBa176 appeared as 

useful molecular tool to determine h/m/rH4Rs binding affinities of H4R ligands. 

To meet the second aim, a set of histamine (homologs) were labeled with the pyrylium-5 

(Py-5) fluorophore (4.10), with or without the introduction of a propylene spacer. Py-5 was 

chosen, as it is well suited for NLuc-based BRET assays, due to its spectral properties, its small 

size and the convenient synthesis. Radioligand competition binding studies revealed high 

affinities in the sub- to the two-digit-nM range at the hH3,4Rs, especially for the imbutamine 

UR-DEBa242 (4.26) and the impentamine 4.27. UR-DEBa242 was found to be the most notable 

compound in this series: in functional assays (reporter gene-, β-arrestin2 recruitment), 

potencies or antagonistic activities in the one- to the two-digit-nM range were obtained at the 

hH3R (partial agonist), the hH4R (inverse agonist) and the mH4R (inverse agonist/antagonist). 

Since UR-DEBa242 revealed the highest affinity at the hH4R among the synthesized 

compounds, confocal microscopy was performed and proved it a suitable probe for staining 

the hH4R in live HEK293T cells. Comprising ideal optical properties (well-matching excitation 

maximum and large Stokes shift) as a BRET acceptor for NLuc, UR-DEBa242 enabled 

BRET-based saturation binding experiments at the NLuc-hH3R and the NLuc-h/mH4Rs with 

binding constants [pKd: 8.8, 7.8, 7.2, respectively] in good agreement to pKi and/or 

pEC50/pIC50/pKb values from canonical assays. Worth mentioning, in flow cytometric 

saturation experiments, binding constants in the two-digit-nM range at the NLuc-h/mH4Rs 

could be confirmed. BRET-based real-time association and dissociation kinetics with 
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UR-DEBa242 at the NLuc-hH3R and the NLuc-h/mH4Rs were comparable (establishment of 

thermodynamic equilibria ≈ 2 min). Competition binding experiments proved UR-DEBa242 

suitable to determine NLuc-hH3R and NLuc-h/mH4Rs binding affinities of H3,4R ligands. 

In summary, [3H]UR-DEBa176 and UR-DEBa242 constitute the first described highly affinic 

radio- and fluorescent ligands, enabling comparative and robust binding studies at the H4R 

species orthologs. As molecular tools, they can support pharmacological investigations on the 

H4R with respect to translational rodent animal models (e.g. early stage characterization of 

novel molecular tools or potential drug candidates in radioligand binding or BRET-based 

binding assays). Moreover, UR-DEBa242 can contribute to investigations on the expression of 

the H4R by enabling the localization of the hH4R in live cells. Finally, as being 

easy-to-synthesize, comprehensively characterized and, most importantly, ideally suited for 

NLuc-based BRET, UR-DEBa242 represents a superior alternative to the commercially available 

fluorescent ligands, which were previously used in BRET-based binding assays at the 

NLuc-hH3,4Rs. 
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 List of abbreviations 

(aq)   aqueous 

[RL]   concentration of radioligand 

∆∆log (τ/KA)  bias factor 

A   absorbance 

abs.   absolute 

AC   adenylyl cyclase 

ADP   adenosine diphosphate 

approx.  approximately 

ATP   adenosine triphosphate 

AU   absorbance unit 

B(eq)   maximum of specifically bound radioligand 

B(plateau)  bottom of specifically bound radioligand 

B(t)   specifically bound radioligand 

Bmax   maximal number of binding sides 

Boc   tert-butoxycarbonyl 

Bq   Becquerel 

br   broad signal (NMR) 

BRET   bioluminescence resonance energy transfer 

BSA   bovine serum albumin 

calcd   calculated 

cAMP   cyclic adenosine monophosphate 

CAS   chemical abstract service registry number 

CBR red click beetle luciferase from Pyrophorus plagiophthalamus (Germar, 

1841) 

Cbz   benzyloxycarbonyl 

CDCl3   deuterated chloroform 

cfinal   final concentration in the assay 

Ci   Curie 

CNS   central nervous system 
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COSY   correlation spectroscopy 

cpm   counts per minute 

CRE   cAMP response element 

d   doublet (NMR) 

DAG   diacylglycerol 

DCM   dichloromethane 

dec   decomposition 

DIPEA   N,N-diisopropylethylamine 

DMEM   Dulbecco’s modified eagle’s medium 

DMF   N,N-dimethylformamide 

DMR   dynamic mass redistribution 

DMSO   dimethyl sulfoxide 

DMSO-d6  deuterated DMSO 

dpm   disintegrations per minute 

EDTA   ethylenediaminetetraacetic acid 

eGFP   enhanced green-fluorescent protein 

EI   electron ionization 

ELuc   beetle luciferase from Pyrearinus termitilluminans (Costa, 1982) 

em.   emission 

equiv   equivalents 

ESI   electrospray ionization 

EtOAc   ethyl acetate 

EtOH   ethanol 

ex.   excitation 

FCS   fetal calf serum 

FRET   Förster resonance energy transfer 

FSC   forward scatter 

G418   geneticin sulfate 

GC   gas chromatography 

GDP   guanosine diphosphate 

GPCR   G-protein-coupled receptor 
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GRK   G-protein-coupled receptor kinase 

Gsαs   G-alpha subunit s, short isoform 

GTP   guanosine triphosphate 

GTPase  hydrolase enzyme that can bind and hydrolyse GTP  

GTPγS   guanosine-5’-thiotriphosphate 

Gαi2   G-alpha subunit i2 

Gαx   G-alpha subunits s, i, q/11 or 12/13 

Gαβγ   heterotrimeric G-protein 

Gβγ   G-beta/gamma subunit 

h   hour(s) or human 

H1-4Rs   the histamine receptor family 

HB   hydrogen bond 

HEK293T  human embryonic kidney 293T cells 

HEPES   2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid 

HMBC   heteronuclear multiple bond correlation 

HMR   hydrogen mass repartitioning 

HPLC   high performance liquid chromatography 

hPP   human pancreatic polypeptide 

HRMS   high resolution mass spectrometry 

HSQC   heteronuclear single quantum correlation  

IP3   inositol-1,4,5-triphosphate 

i-PrOH   isopropyl alcohol 

J   coupling constants in hertz (Hz) 

k   retention (capacity) factor  

Kd (kin)   kinetically derived dissociation constant 

Kd   dissociation constant (saturation binding experiment) 

kobs   observed association rate constant 

koff   dissociation rate constant 

kon   association rate constant 

L-15   Leibovitz’ L-15 medium 

lit.   value, found in literature 
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LP   long-pass 

Luc   firefly luciferase from Photinus pyralis (Linnaeus, 1767) 

m   mouse, milli or multiplet (NMR) 

m/z   mass-to-charge ratio 

MAPK   mitogen-activated protein kinase 

MD   molecular dynamics 

MeCN   acetonitrile 

MeOH   methanol 

MeOH-d4  deuterated methanol 

min   minute(s) 

mp   melting point 

MTBE   methyl tert-butyl ether 

n-BuOH  n-butanol 

NHS   N-hydroxysuccinimide 

NLuc   NanoLuc luciferase 

NMR   nuclear magnetic resonance 

OPM   orientations of proteins in membranes 

PBS   phosphate-buffered saline 

Pd/C   palladium on activated carbon 

PDB ID   protein database identification number 

PE   petroleum ether 

pEC50   negative logarithm of the half-maximum activity concentration  

PET   positron emission tomography 

Pi   inorganic phosphate 

pIC50   negative logarithm of the half-maximum inhibitory concentration  

pKb negative logarithm of the dissociation constant of the antagonist-

receptor complex, according to Cheng et al., Biochem. Pharmacol. 1973, 

22, 3099-3108. 

pKd (kin)  negative logarithm of the Kd (kin)  

pKd   negative logarithm of the Kd 

https://en.wikipedia.org/wiki/Carl_Linnaeus
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pKi negative logarithm of the dissociation constant of the ligand-receptor 

complex, according to Cheng et al., Biochem. Pharmacol. 1973, 22, 

3099-3108. 

PLC   phospholipase C 

POPC   1-palmitoyl-2-oleoyl phosphatidylcholine 

ppm   parts per million 

PTFE   polytetrafluoroethylene 

q   quartet (NMR) 

quat.   quaternary carbon atom (NMR) 

qui   quintet (NMR) 

QY   quantum yield 

r   rat 

reporter gene  luciferase reporter gene assay 

Rf   retardation factor  

RGS19   regulator of G-protein signaling 19 

RGS4   regulator of G-protein signaling 4 

RLUs   relative light units 

RP   reversed phase 

rpm   revolutions per minute 

rt   room temperature 

s   second(s) or singlet (NMR) 

SB   salt bridge 

SD   standard deviation  

SEM   standard error of the mean 

SF   SuperFlash 

Sf9   insect cell line from Spodoptera frugiperda (Smith, 1797) 

SK-N-MC  human neuroblastoma cell line 

SSC   sideward scatter 

t   time or triplet (NMR) 

t0   dead time 

t1/2   dissociation half-life 



Appendix 

 

-200- 

TEA   triethylamine 

TFA   trifluoroacetic acid 

THF   tetrahydrofuran 

TLC   thin layer chromatography 

TM   transmembrane  

TMS   tetramethylsilane 

tR   retention time 

Tris-HCl  tris(hydroxymethyl)aminomethane hydrochloride 

Trt, trityl  triphenylmethyl  

UV   ultraviolet 

Vis   visible 

wt   wild-type 

α   maximum intrinsic activity relative to reference agonist (e.g. histamine) 

β1γ2   fusion of beta1 subunit and gamma2 subunit 

β-arr2   β-arrestin2 recruitment assay 

ε   molar absorption coefficient 

λ   wavelength 

λabs,max   absorption maximum 

λem,max   emission maximum 

λexc,max   excitation maximum 

Φ   quantum yield  
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