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Chapter 5

Characterization of a covalent hH4R partial agonist.

Abstract
The recently proposed binding mode of 2-aminopyrimidines to the human histamine H 4
receptor (hH4R) suggests an interaction between the 2-amino group of these ligands with a
glutamic acid residue E1825.46 in transmembrane (TM) helix 5 of hH4R. Interestingly,
substituents at this 2-position of the pyrimidine are also in close proximity to cysteine
residue C983.36 in TM3. We hypothesized that an ethenyl group at this position could form a
covalent bond with C983.36 by functioning as Michael acceptor. A covalent pyrimidine
analogue would not only prove the proposed binding mode, it would also be a valuable tool
in H4R research, amongst other things, enabling additional studies with respect to ligand
residence time and firmly stabilizing a specific receptor conformation.
We designed and synthesized 4-(4-methylpiperazin-1-yl)-6-phenyl-2-vinylpyrimidine
(VUF14480), and pharmacologically characterized this compound in hH4R radioligand
binding, G protein activation, and -arrestin2 recruitment experiments. The reactivity of
VUF14480 as a covalent binder was both chemically and pharmacologically assessed.
VUF14480 is a partial agonist in hH4R-mediated G protein signalling and -arrestin2
recruitment. VUF14480 bound covalently to the hH4R with submicromolar affinity. Serinesubstitution of C983.36 prevented this covalent interaction.
The possible covalent interaction of VUF14480 with C983.36 confirmed our previously
proposed 2-aminopyrimidine binding pose. VUF14480 will be an interesting tool
compound to stabilize hH4R in a specific conformation.

Introduction
The human histamine H4 receptor (hH4R) belongs to the G protein-coupled receptor
(GPCR) subfamily of four histamine receptors. The hH4R is considered to be an important
receptor in the regulation of inflammatory processes [1], and therapeutic intervention at this
receptor is suggested to be beneficial for disorders like allergic asthma, pruritus and
rheumatoid arthritis.[2] Many H4R antagonists like indolecarboxamides and pyrimidines
have been discovered since the identification of this histamine receptor in 2000 [3,4]
(Figure 1a). The indolecarboxamide JNJ 7777120 was one of the first selective H 4R
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antagonists resulting from a high throughput screening campaign followed by lead
optimization [5] (Figure 1a). Although this compound was originally described as an
antagonist by inhibiting histamine-induced Gi protein signalling, it was only recently
discovered that JNJ 7777120 is a partial agonist in -arrestin2-mediated signalling.[6,7]
More rational approaches such as scaffold optimization and hopping or fragment-based
drug design led to the development of 2,4-diaminopyrimidines, quinoxalines and
quinazolines as H4R antagonists, respectively.[8-10]

Figure 1.

A) Chemical structures of hH4R antagonists. JNJ 7777120, Compound 10
from Janssen Pharmaceutica [11], pyrimidine VUF10460, VUF14480 and
VUF14481. B) Binding mode of VUF10460 in the previously validated hH4R
homology model [18] based on the hH1R crystal structure template.[20] The
amino group at position 2 of 2-aminopyrimidines interacts with E1825.46 [18].
In addition, substituents at this position are also in close proximity to C983.36
as indicated by the green dotted line (distance ring carbon to thiol group of
C983.36 is 4.2 Å). The backbone of transmembrane (TM) helices 5, 6 and 7
(right to left) are presented as yellow helices, TM3 is presented as yellow
ribbon in the front. Important binding residues are depicted as ball-and-stick
models with grey carbon atoms. Oxygen, nitrogen sulfur, and hydrogen
atoms are coloured red, blue, orange, brown, and lightblue, respectively. Hbonds between VUF10460 and hH4R are depicted by black dotted lines.

Computer-aided drug discovery makes it possible to gain more insight into the shape and
properties of GPCR ligand-binding pockets. Three-dimensional models based on the
88
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rhodopsin [12] or beta adrenergic 2 receptor (ADRB2) X-ray structures [13], in
combination with site-directed mutagenesis and structure-activity (SAR) data, were used to
identify interactions points in the hH4R that are crucial for ligand binding.[14-19] In 2011,
the more closely related doxepin-bound histamine hH1R crystal structure was
published.[20] Recently, we investigated the binding mode of indolecarboxamides and 2aminopyrimidines in the binding pocket of hH4R on the basis of a hH1R crystal structurebased homology model (Figure 1a, b).[18,21] The proposed binding mode of 2aminopyrimidines involves a strong interaction between the 2-amino substituent and
glutamic acid residue E1825.46 in transmembrane (TM) helix 5 of hH4R (Superscript residue
numbers are according to the Ballesteros Weinstein numbering[22]. Residues in
extracellular loop 2 have been numbered 45.x, in which 45 refers to the position between
helix 4 and 5 and x refers to a number that indicates its position relative to conserved
cysteine residue 45.50[23]). Moreover, the model predicts that substituents at position 2 of
the pyrimidine are in close proximity (<2Å) to cysteine residue C983.36 in TM3 (Figure 1b).
In addition, substituents of considerable size are allowed at this position without loss in
affinity (Figure 1a, compound 10). Interestingly, the nucleophilic thiol side chain of
cysteines can form an irreversible bond with unsaturated carbonyl groups (i.e. Michael
acceptor).[24-28] Hence, we hypothesised that introduction of an ethenyl at position 2 of
the pyrimidine ring might result in a compound that can covalently interact with C98 3.36.
Covalent binders are considered useful as tool compounds, e.g., when studying the protein
structure. Especially in the current era, where numerous GPCR crystal structures are being
elucidated, the need for a ligand that has a long residence time might be beneficial for cocrystallization with its receptor.[29] Moreover, a covalent interaction in the binding pocket
can unequivocally confirm a proposed ligand-binding pose.
In this study, we describe the rational design of the pyrimidine VUF1448 (Figure 1a) that
covalently binds and partially activates the hH4R. The pyrimidine compound contains a
Michael acceptor that is in close proximity to C983.36, which was identified as anchor point
for covalent interaction.
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Methods
Materials

-

Cell culture media were bought from PAA (Pasching, Austria),

3

[ H]-histamine (10.6 – 15.3 Ci•mmol-1) and [35S]-GTPS (1250 Ci•mmol-1) were purchased
from Perkin Elmer. Chemicals and reagents were obtained from commercial suppliers and
were used without further purification. L-glutathione reduced was bought from SigmaAldrich and L-cysteine ethyl ester hydrochloride was purchased from Janssen Chimica.
Synthesis of VUF14480 and VUF14481 is described in supplementary data.

Site-directed mutagenesis of C983.36 and construction of hH4R-Rluc8 and -arrestin2mVenus -

The C983.36S was constructed via polymerase chain reaction (PCR)-

mediated mutagenesis. WT-hH4R (pcDEF3) was amplified in the presence of 0.1 mM
dNTPs and 10 U Pfu polymerase and: 10 pM forward plasmid primer (5’CATTCTCAAgCCTCAgACAgTgg-3’) in combination with 10 pM reverse mutagenesis
primer (5’-cagatgctgtagacaacagatag-3’), and 10 pM forward mutagenesis primer (5’CTATCTgTTgTCTACAgCATCTg-3’) in combination with 10 pM reverse plasmid primer
(5-gAgCTCTAgCATTTAggTgACAC-3’). The PCR program consisted of 25 cycles of
95˚C-30s, 60˚C-30s, 72˚C-60s. The two PCR products were isolated from agarose gel. The
PCR products from both mutagenesis reactions were fused in a self-primed PCR and
subsequently amplified using flanking primers PCR program: 25 cycles of 95C-30s, 55C30s, 72C-90s. Fused PCR products were isolated from agarose gel, digested with KpnI and
XbaI and inserted into the expression vector pcDEF3. Obtained C983.36S DNA was
sequence verified.
Construction of hH4R-Rluc8 was described previously.[30] -arrestin2-mVenus construct
was created using the same procedure. DNA plasmid encoding the mVenus protein was a
kind gift of dr. J.A. Javitch (Columbia University, New York, USA).[31]

Cell Culture, Transfection, and Membrane Preparation

-

HEK293T

cells

were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 50 IU•mL-1 penicillin, and 50 μg•mL-1 streptomycin at 37°C and
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5% CO2. Two million cells were seeded per 10 cm dish one day prior to transfection.
Approximately 4xE6 cells were transfected with 5 μg of cDNA using the PEI method.
Briefly, for binding experiments: 2.5 μg hH4R(-C983.36S) cDNA was supplemented with
empty pcDEF3 plasmid to total of 5 μg cDNA, for BRET-based -arrestin2 recruitment: 1
µg hH4R(-C983.36S)-Rluc8 and 4 µg -arrestin2-mVenus, were mixed with 20 μg of 25 kDa
linear polyethyleneimine in 500 μL of 150 mM NaCl. This transfection mix was incubated
at 22°C for 10–30 min. Meanwhile, medium in 10 cm dish was replaced with 6 mL of fresh
culture medium and transfection mix was then added dropwise to the cells. Two days after
transfection, transfected cells were washed once with phosphate buffered saline (PBS) and
subsequently scraped from their culture dish in 1 mL of PBS. Crude membrane pellets were
collected by centrifugation at ~2000 g for 10 min at 4°C and stored at −20 °C until further
use.

S-alkylation of glutathione or cysteine ethylester by VUF14480 or VUF14481 VUF14480 and VUF14481 were mixed with glutathione or cysteine ethylester in a
1:1 molar ratio and incubated overnight at 22°C. The incubated mixtures were subsequently
separated and analysed by liquid chromatography–mass spectrometry (LCMS).

[3H]-Histamine displacement binding.

-

Crude membrane pellet was dissolved

in 50 mM Tris-HCl (pH7.4 at 22°C) and incubated with increasing concentrations (10 pM –
100 µM) of indicated compounds for 1 hour. [3H]-Histamine (~10 nM) was added and
incubated for 1.5 hour with crude membrane suspensions. Reaction was terminated by
filtration through a PEI (0.5%) soaked GF/C plate (Perkin Elmer), followed by three
washes with ice-cold 50 mM Tris-HCl (pH 7.4 at 4°C). Microscint O scintillation fluid was
added and radioactivity was counted in a Wallac Microbeta counter.

Membrane preparation for [35S]-GTPS binding

-

Two days after transfection,

cells were washed with 2 ml PBS and harvested in 2.5 ml membrane buffer (15 mM Tris, 1
mM EGTA, 0.3 mM EDTA and 2 mM MgCl2 (pH 7.4 at 4°C). Cell homogenate was
sonicated for 20 seconds and centrifuged for 30 min, 2,000 g at 4°C. Supernatant was
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aspirated and membrane pellet was resuspended in 250 μl Tris-sucrose (20 mM Tris and
250 mM sucrose, pH 7.4 at 4°C) per dish. Membranes were stored at -80°C until further
use.

[35S]-GTPS binding assay

-

Membranes (10 µg/well) were incubated in

GTPS assay buffer (50 mM Hepes, 100 mM NaCl, 10 mM MgCl2, pH 7.4 at 22°C,
supplemented with 0.2 µg•µl-1 saponin, 3 µM GDP and 0.5 nM [35S]-GTPS) with
increasing amount (1 nM – 10 µM) of indicated compounds for 1 hour at 22°C. [ 35S]GTPγS binding was terminated by rapid filtration through unifilter GF/B plates (Perkin
Elmer). Filterplates were washed three times with ice-cold washing buffer (50 mM TrisHCl and 5 mM MgCl2, pH 7.4 at 4°C). Microscint O scintillation fluid was added and
radioactivity was counted in a Wallac Microbeta counter.

BRET-based -arrestin2 recruitment

-

One day post transfection, cells were

seeded in a poly-L-lysine coated white bottom 96 wells plate. Next day, the medium was
aspirated and replaced with PBS. Coelenterazine-h (5 µM final) and indicated ligands (10
µM final) were added to the cells and incubated for 20 minutes at 37°C. Subsequently,
BRET (em. 535 nm) and Rluc8 (em. 460 nm) were measured on a Victor3. BRET ratios
(BRET divided by Rluc8 emission signal) were corrected for BRET ratios measured in cells
that only express hH4R (C983.36S)-Rluc8.

Pre-incubation experiments prior to heterologous displacement binding

-

Crude membrane fractions were pre-incubated for 1 hour at 22°C on a roller bench
with either 50 mM Tris-HCl or increasing amounts (100 nM – 10 µM) of VUF14480,
VUF14481 or JNJ 7777120. Next, treated membrane fractions were washed three times
with 1ml 50 mM Tris-HCl (pH 7.4). Washing includes incubation for 10 minutes at 22°C
on a roller bench and every 2 minutes a 30 second vortexing step. Finally, membranes were
dissolved in 50 mM Tris-HCl. 50 µl pre-treated membranes were subsequently used in
previously described [3H]-histamine binding studies.
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Data analysis and statistical procedures

-

All data was analysed with GraphPad

Prism 5 software. Homologous and heterologous displacement binding data was fitted to a
one-site competition model. Functional concentration response curves were fitted to a
three-parameter concentration-response model. Statistical analyses were performed using
an unpaired t-test (**** p<0.0001; *** p<0.001; **p<0.01; *p<0.05).

Construction three-dimensional binding mode models for VUF14481 and VUF14480 in
the hH4R binding pocket

-

The binding mode of 2-aminopyrimidines was used as

an initial binding model.[18] The 2-amino group was removed and rebuilt using MOE
version 2011.10.[32] The models were subjected for energy minimization using the
MMFF94x force field with fixed position of the backbone atoms of the protein.

Results
Synthesis 4-(4-methylpiperazin-1-yl)-6-phenyl-2-vinylpyrimidine (VUF14480) and 2methyl-4-(4-methylpiperazin-1-yl)-6-phenylpyrimidine (VUF14481)

-

VUF14480 was designed and synthesized based on the previously suggested
binding mode of 2-aminopyrimidines (Figure 1b) and the hypothesis that an ethenyl
substituent at position 2 of the pyrimidine scaffold can act as Michael acceptor.[33,34] Due
to the electron-deficient heteroaromatic pyrimidine ring, the ethane residue is polarized so
that the nucleophilic thiol side-chain of cysteine can react at the -carbon of the alkene.
Furthermore, based on the binding model of 2-aminopyrimidines (Figure 1b) the thiol from
C983.36 displays a conformation towards the proposed 2-ethenylpyrimidine, which is
favourable for the Michael type addition reaction.[28] As a control, we synthesized
VUF14481 with a methyl substituent at the 2-position and a similar proposed binding
mode, but without the option to function as Michael acceptor (Figure 1a, supplementary
info).

Covalent binding of VUF14480 and VUF14481 to glutathione or cysteine ethylester

-

VUF14480 and VUF14481 were first tested for their ability to react with either
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glutathione or cysteine ethylester. To this end, both compounds were mixed with either
glutathione or cysteine ethylester in a 1:1 molar ratio and incubated overnight at 22°C. The
incubated mixtures were subsequently separated and analysed by LCMS (Figure 2).
Incubation of VUF14480 with gluthathione resulted in a reaction product (588 g•mol -1),
which corresponds to the sum of the masses of VUF14480 (281 g•mol-1) and glutathione
(307 g•mol-1). In addition, we observed a peak with mass 295 g•mol-1 that could be
explained by a reaction product that is double protonated. (i.e. the m/z ratio consequently
resulted in m+2/2). The reaction between VUF14480 and cysteine ethylester yielded an
expected mass peak of 430 g•mol-1 as well as 216 g•mol-1 that corresponded to a double
protonated product. Moreover, we observed a small peak of 281 g•mol-1, which equals the
mass of compound VUF14480. In contrast, control compound VUF14481 did not react with
either glutathione or cysteine ethylester in a covalent manner and only the mass of the
initial starting compounds were detected (Figure 2, Table 1).

Table 1.

LCMS analysis of glutathione or cysteine ethylester addition reaction to
VUF14480 and VUF14481. VUF14480 and VUF14481 were incubated in a
1:1 molar ratio to glutathione or cysteine ethylester. Reaction products were
analysed by LCMS.

Compound

Retention time
(min)

Observed
mass
(g mol-1)

Expected mass
(g mol-1)

VUF14480

2.57-2.68

281

281

VUF14481

1.56-1.77

269

269

Glutathione

307

Cysteine ethylester

149

VUF14480 +
Glutathione

1.98-2.12

588 / 295

588

VUF14481 +
Glutathione

1.51-1.72 / 1.11-1.24

269 / 307

269 / 307

VUF14480 +
Cysteine ethylester

2.24-2.40

430 / 216 /
281

430

VUF14481 +
Cysteine ethylester

1.53-1.76

269

269 / 149
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Figure 2.

LCMS analysis of glutathione addition to VUF14480 and VUF14481.
VUF14480 (top panel) or VUF14481 (bottom panel) were mixed with
glutathione in a 1:1 molar ratio and incubated overnight at 22°C. The
incubated mixtures were subsequently separated and analysed by LCMS. Top
panel). Reaction product (588 g•mol-1; m+1) was formed that corresponded
to the mass of VUF14480 (280 g•mol-1) and glutathione (307 g•mol-1). Peak
with mass 295 g•mol-1 (m+2/2) corresponded to a double protonated product.
Bottom panel) VUF14481 (269 g•mol-1; m+1) and glutathione (307 g•mol-1;
GSSG m+2/2) could only be detected separately and no product was formed.
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Determination of hH4R affinity for compounds VUF14480 and VUF14481

-

To

determine their binding affinity for the hH4R, both compounds were tested in a
heterologous [3H]-histamine displacement experiment (n=3). VUF14480 and VUF14481
have comparable binding affinities for the hH4R in the low micromolar range (pKi=6.3±0.1
and pKi=6.5±0.1, respectively) (Table 2, Figure 1a). Importantly, it should be noted that the
pKi value of the possible covalent binder VUF14480 is not a true pKi value due the absence
of equilibrium binding between both competing ligands and receptor.
Table 1.

Construct

Overview of the pharmacological characterization of VUF14480 and
VUF14481 on hH4R(-C983.36S). Bmax and Kd values were obtained via a [3H]histamine saturation binding experiment and pKi values* were determined via
a heterologous displacement binding experiment on crude membrane
fractions of HEK293T cells expressing hH4R. Data shown are average ±
SEM values from at least three experiments performed in triplicate.
Bmax
Kd
(pmolmg-1) (nM)

pEC50 ([35S]-GTPS)

pKi

HA

VUF14481

VUF14480*

HA

VUF14481

VUF14480

hH4R-WT

1.3±0.1

7±1

8.1±0.1

6.4±0.1

(6.3±0.1)

7.5±0.2

6.3±0.2

6.0±0.2

hH4RC983.36S

1.3±0.2

27±6

7.2±0.1

6.8±0.2

(5.8±0.1)

6.4±0.2

6.2±0.2

6.2±0.3

Construct

Bmax
(pmolmg-1)

Emax ([35S]-GTPS)

Kd
(nM)

(% of HA)
HA

VUF14481

VUF14480

hH4R-WT

1.3±0.1

7±1

100±4

49±5

59±8

hH4RC983.36S

1.3±0.2

27±6

100±6

46±7

32±5

* pKi values are calculated using the Cheng-Prusoff equation, however in the presence of a
covalent compound (i.e. VUF14480) equilibrium binding between radioligand, competitor
and receptor is not established. Therefore it should be noted that for VUF14480 no true pK i
values could be obtained.
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Functional characterization of VUF14480 and VUF14481

-

Functional

characterization in a GTPS binding assay on hH4R-expressing membranes (n=3) showed
that VUF14480 is a partial agonist (Emax=60±8%) in comparison to histamine
(Emax=100±4%, pEC50=7.5±0.2). The potency of compound VUF14480 (pEC50= 6.0±0.2) is
comparable to its affinity (pKi=6.3±0.1) (Figure 3a, table 2). In addition, VUF14481 was
also identified as partial hH4R agonist (Emax=49±5%) with a potency (pEC50=6.3±0.2) that
corresponded to its affinity (pKi=6.4±0.1) (Figure 3a, table 2). Moreover, both VUF14481
and VUF14480 induced -arrestin2 recruitment to the hH4R as evaluated in a BRET-based
assay (n=3) that could be inhibited by preincubation with the H3R/H4R antagonist
thioperamide (Figure 3b). Interestingly, -arrestin2 recruitment upon VUF14480
stimulation could not be completely blocked by thioperamide, which might be caused by
the possible covalent, non-displaceable interaction of VUF14480 with the hH4R.

Figure 3.
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Functional characterization of VUF14480 and VUF14481. A) GTPS binding
assay. Membranes (10 µg/well) from cells expressing hH4R were incubated
with increasing amount (1 nM – 10 µM) of histamine (), VUF14481 () or
VUF14480 () for 1 hour at 22°C. B) BRET-based -arrestin2 recruitment
assay. Cells expressing the hH4R-Rluc8 and -arrestin2-mVenus were
incubated with 10 µM histamine (HA), VUF14480 or VUF14481 in absence
(open bars) and presence (hatched bars) of thioperamide (10 µM) for 20
minutes at 37°C. Results shown are from at least three pooled experiments
performed in triplicate. Data was normalized to the histamine response
(100%) and fitted to a three-parameter response model. Error bars indicate
SEM values.

Characterization of a covalent hH4R partial agonist.
Investigating the covalent interaction of compound VUF14480 with hH4R

Chapter 5
-

Identification of both compounds as partial hH4R agonists prompted us to investigate the
irreversible character of compound VUF14480 by determining its capacity to irreversibly
block [3H]-histamine hH4R binding sites. To this end, crude membrane fractions of
HEK293T cells, expressing the hH4R, were pre-incubated for 1 hour with increasing
concentration (100 nM – 10 µM) of VUF14481, VUF14480 or the selective H4R ligand JNJ
7777120. Pre-treated membrane fractions were then washed very extensively to ensure
dissociation of compounds that were not covalently bound. Pre-treatment with VUF14480
resulted in a concentration-dependent decrease (5-50%) in specific [3H]-histamine binding.
However, the affinity of histamine for the hH4R was not affected by VUF14480 pretreatment (Figure 4a). In contrast, membrane fractions pre-treated with VUF14481 (Figure
4b) or JNJ 7777120 (Figure 4c) showed no decrease in specific [3H]-histamine binding,
ensuring the efficiency of the washing procedure, even for JNJ 7777120, which has a long
residence time.

Figure 4.

[3H]-histamine binding to hH4R-expressing HEK293T cell membranes preincubated with compounds VUF14481, VUF14480 or JNJ 7777120. Crude
membrane fractions of hH4R transfected cells were pre-incubated with
increasing concentrations (-0 µM, -0.1 µM, -1 µM, -10 µM) of
VUF14480 (A), VUF14481 (B) or JNJ 7777120 (C) at 22°C for 1 hour. Pretreated membranes fractions were washed at least three times very
extensively with 50 mM Tris-HCl before further incubation at 22°C for 1
hour with ~10 nM [3H]-histamine and increasing amounts (10 pM – 10 µM)
of non-labelled histamine. Curves are fitted to a one-site competition-binding
model. Data shown are pooled data from three experiments performed in
triplicate, error bars indicate SEM values.
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C983.36 as anchor point for the covalent bond

-

Although

the

above-

mentioned binding experiment indicates a covalent interaction of VUF14480 with hH4R, it
does not confirm the hypothesized interaction with the C983.36 residue. We therefore
mutated the C983.36 residue into a serine residue. [3H]-histamine binds with a ~4-fold lower
affinity to HEK293T membranes expressing C983.36S as compared to hH4R WT (i.e.
Kd=27±6nM and Kd=7±1nM, respectively) as measured in equilibrium saturation binding
experiments (n=3, data not shown). Protein expression levels of hH4R-C983.36S and hH4RWT were comparable with Bmax values of 1.3±0.2 and 1.3±0.1 pmol•mg-1 protein,
respectively. Affinities of VUF14481 and VUF14480 for the hH4R-C983.36S mutant were
determined in a heterologous [3H]-histamine displacement binding. VUF14481 shows an
affinity of pKi 6.8±0.2 for hH4R-C983.36S, which is not significantly (p>0.05) higher than
observed for the hH4R WT (pKi=6.4±0.1). In contrast, VUF14480 has an affinity of 5.8±0.1
for hH4R-C983.36S, which is slightly lower, but not significantly (p>0.05) different than its
affinity for hH4R WT (pKi=6.3±0.1). Efficacy (Emax) values for VUF14481 do not differ
significantly (p>0.05) for hH4R-C983.36S (46±7%) and hH4R WT (49±5%) (Figure 3a and
5a). In contrast, a significant (p<0.01) decrease in Emax was observed for VUF14480 on
hH4R-C983.36S (32±5%) compared to hH4R WT (59±8%). Potency values of VUF14481
(pEC50=6.2±0.2) and VUF14480 (pEC50=6.2±0.3) to induce G protein activity were
comparable to their respective affinities (pKi=6.8±0.2 and pKi=5.8±0.1) for this mutant.
Although the possible covalent interaction between C983.36 and VUF14480 does not
contribute to binding affinity and consequently potency, this bond seemed to stabilize an
active hH4R conformation. Histamine showed a decreased potency (pEC50=6.4±0.2)
compared to its affinity (pKi=7.2±0.1) for the hH4R-C983.36S (Figure 5a). In contrast, only a
minor decrease in potency (pEC50=7.5±0.2) was observed for histamine at the hH4R WT
(pKi=8.1±0.1). A BRET-based -arrestin2 recruitment assay (n=3) revealed that histamine,
VUF14481 and VUF14480 all induced -arrestin2 recruitment to the hH4R-C983.36S
(Figure 5b), which was less pronounced for VUF14480 and VUF14481 than observed for
the WT hH4R. Interestingly, the full inhibition of VUF14480-induced -arrestin2
recruitment to hH4R-C983.36S by H3R/H4R antagonist thioperamide (Figure 3b) but not to
hH4R WT (Figure 5b), confirmed the hypothesized covalent interaction between
VUF14480 and C983.36.

99

Characterization of a covalent hH4R partial agonist.

Figure 5.

Chapter 5

Functional characterization of VUF14480 and VUF14481 on hH4R-C983.36S.
A) GTPS binding assay. Membranes (10 g/well) from cells expressing
hH4R-C983.36S were incubated with increasing amount (1 nM – 10 M) of
histamine (), VUF14481 () or VUF14480 () for 1 hour at 22°C.
B) BRET-based -arrestin2 recruitment assay. Cells expressing the hH4RC983.36S-Rluc8 and -arrestin2-mVenus were incubated with 10 M
histamine (HA), VUF14480 or VUF14481 in absence (open bars) and
presence (hatched bars) of thioperamide (10 M) for 20 minutes at 37°C.
Results shown are from at least three pooled experiments performed in
triplicate. Data was normalized to the histamine response (100%) and fitted
to a three-parameter response model. Error bars indicate SEM values.

Next, the hH4R-C983.36S mutant was tested in a similar pre-incubation binding experiment
as conducted for the WT to test if VUF14480 was able to decrease total [3H]-histamine
binding. Pre-incubation of membrane fractions expressing hH4R-C983.36S with either
VUF14480 (Figure 6a) and VUF14481 (Figure 6b) followed by extensive washing to
remove non-covalently bound ligands, did not decrease the specific [3H]-histamine binding.
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Figure 6.

[3H]-histamine binding to hH4R-C983.36S expressing HEK293T cell
membranes pre-incubated with VUF14480 or VUF14481. Crude membrane
fractions of hH4R-C983.36S transfected cells were pre-incubated with
increasing concentrations (-0 µM, -0.1 µM, -1 µM, -10 µM) of
VUF14480 or VUF14481 at 22°C for 1 hour. Pre-treated membranes were
subsequently washed extensively and at least three times with 50 mM TrisHCl before further incubation at 22°C for 1 hour with ~10 nM [3H]-histamine
and increasing amounts (10 pM – 10 µM) of non-labelled histamine. Curves
are fitted to an one-site competition-binding model. Data shown are pooled
data from three experiments performed in triplicate, error bars indicate SEM
values.

Binding models for VUF14481 and VUF14480 in the hH4R binding pocket.

- Binding

models for VUF14481 and VUF14480 were constructed based on our previously published
2-aminopyrimidine binding pose in hH4R [18] and in combination with the newly identified
covalent interaction of VUF14480 with C983.36. Whereas VUF14481 binds to the hH4R in a
non-covalent manner (Figure 7a), close proximity between the ethenyl group at position 2
of the pyrimidine scaffold and C983.36 resulted in formation of a covalent bond between
VUF14480 and C983.36 (Figure 7b).
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Figure 7.

Chapter 5

Proposed binding modes of VUF14481 (A, green) and VUF14480 (B,
magenta) in previously validated hH4R homology model [18]. Rendering and
colour coding is the same as in Fig. 1.
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Discussion and Conclusion
The interaction between ligands and GPCRs is in general reversible. However, covalent
ligand-GPCR interactions are also observed. For example, retinal binds covalently to
rhodopsin via a protonated Schiff base linkage between its aldehyde group and the amino
group of K2967.43 [12], whereas -funaltrexamine binds covalently to the rat µ opioid
receptor [35]. The use of these compounds as valuable tools for structural research and in
identification of accessible amino acids in ligand binding pockets is widely
acknowledged.[36-40] In this study, we use the covalent interaction to confirm a
hypothesised ligand pose in the binding pocket.
A detailed binding mode of 2-aminopyrimidines in the hH4R binding pocket has recently
been postulated, suggesting a strong interaction between the amino group at position 2 of
the pyrimidine and hH4R-E1825.46.[18] Based on this binding mode, we anticipated that
substituents at position 2 of the pyrimidine scaffold are in close proximity to hH4R-C983.36.
We therefore proposed that the nucleophilic thiol group of this cysteine is able to form a
covalent interaction with an ethenyl group at position 2 of the pyrimidine scaffold of
VUF14480, which functions as Michael acceptor. Indeed, VUF14480 is able to form a
covalent adduct with glutathione or cysteine ethylester as evaluated by LCMS analysis. In
line with this, the related structural control VUF14481 did not react with glutathione or
cysteine ethylester.
Both VUF14480 and VUF14481 bind to the hH4R with submicromolar affinities, which is
a 100-fold decrease compared to the previously published 2-aminopyrimidines.[18] This
affinity decrease can be explained by the loss of the interaction between a protonated 2amino group and hH4R-E5.46. In fact, since a similar attenuation (10- to 100-fold) in affinity
for 2-aminopyrimidines was observed when E1825.46 was mutated into a non-charged
glutamine residue.[18]
In contrast to previously described 2-aminopyrimidines antagonists [4], VUF14481 and
VUF14480 partially induced hH4R-mediated G protein activation. The efficacy of
VUF14481 and VUF14480 is not only limited to G protein signalling but extended also to
the recruitment of -arrestin2 to hH4R. It is very intriguing to observe that only a small
replacement of the 2-amino group by a methyl or ethenyl group changes these pyrimidines
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from antagonists (data not shown) into partial agonists. Interestingly, S1113.36 was
previously identified as an important link between histamine binding and conformational
changes in helices 6 and 7 of the histamine receptor H1R.[41] Based on in silico guided
mutagenesis studies, S1113.36 was proposed to act as a rotamer toggle switch that, upon
agonist binding, initiates the activation of the receptor through N1987.45.[41]
Functional experiments are the preferred method to identify covalent antagonists and even
weak partial agonists. A covalent antagonist would not only right shift a concentration
response curve (depending on receptor reserve), but more importantly will (eventually)
decrease the maximal agonist-induced response by reducing the number of available
receptors.[42] Due to the agonism of VUF14480 we tested the covalent character of this
compound by showing its capacity to permanently decrease the number of available
histamine binding sites. Binding experiments are generally not the preferred method to
prove covalent binding of a compound to a GPCR, due to the difficulty to distinguish
irreversible from pseudo-irreversible interactions.[42] To make sure we did not look at
pseudo-irreversibility caused by slow dissociation rates, we used hH4R ligand JNJ 7777120
in our experiments, which was reported to have a relatively slow dissociation rate compared
to other tested hH4R compounds.[43] Extensive washing of membranes that were preincubated with JNJ 7777120 resulted in full recovery of available histamine binding sites.
This proves that extensive washing result in full dissociation of a compound with a
relatively long hH4R residence time. Interestingly, VUF14480, but not VUF14481, was
able to concentration dependently depress specific [3H]-histamine binding, indicating an
irreversible occupancy of the hH4R binding pocket by VUF14480. Similarly, A1 adenosine
receptor antagonist FSCPX was shown to decrease the binding sites in the receptor in a
concentration dependent manner [44].
Based on our 2-aminopyrimidine binding mode in the hH4R, we hypothesized that
VUF14480 covalently interacts with C983.36, located in the third transmembrane helix
(TM3) of hH4R binding site. However, from the pre-incubation experiments we could not
exclude the role of other putative surface-accessible cysteine residues in hH4R. In the hH4R
three cysteine residues are located in the TM helices (i.e. C873.25, C983.36 and C3156.47) and
one is located in extracellular loop (EL)2 (C16445.50). C873.25 is thought to form a disulphide
bridge with the cysteine residue in EL2, which leaves C3156.47 and C983.36 as the two

104

Chapter 5

Characterization of a covalent hH4R partial agonist.

possible interaction sites. Interestingly, C3156.47 has been described as the site for the
covalent bond between hCB2R and ligand AM841.[45,46] However, this residue is located
outside the proposed binding pocket of hH4R and might only be accessible for ligands that
can enter the GPCR via the lipid bilayer as has been proposed for AM841.[47] Serine
substitution of hH4R-C983.36 prevented the decrease in [3H]-histamine binding sites as
observed for WT hH4R upon pre-incubation of VUF14480, confirming the role of this
residue in the formation of the covalent bond. It is noted that in the dopamine D2 receptor
C1183.36 was identified as a solvent accessible residue pointing into the binding cavity using
methanethiosulfonate reagents.[48] Moreover, C3.36 in alpha adrenoreceptors 2A, 2B and
2C, was shown to covalently interact with the reactive aziridinium derivative of
phenoxybenzamine.[49] Collectively, substantial evidence that this conserved cysteine
residue (present in 24 out of 42 bioaminergic receptors and 30 out of 369 non-olfactory
human GPCRs [50] is accessible for ligands in these aminergic GPCR families.
In conclusion, the rational design of a covalent hH4R ligand has successfully led to the
synthesis and pharmacological identification of 4-(4-methylpiperazin-1-yl)-6-phenyl-2vinylpyrimidine (VUF14480). This compound is hypothesized to bind covalently to the
hH4R-C983.36 residue and partially induced hH4R-mediated G protein activation and arrestin2 recruitment. Moreover, our observations confirmed the previously proposed
binding mode of 2-aminopyrimidines.[18] The possible covalent partial hH4R agonist
VUF14480 would be a useful tool to stabilize the receptor into an active confirmation and
further investigate the structure of the active hH4R, as recently shown for agonist FAUC50
that covalently binds 2AR H2.64C and facilitates GPCR crystallisation.[29]
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Appendix. Supplementary data
Chemical Synthesis:
Nucleophilic aromatic substitution of 2,4,6-trichloro-pyrimidine 3 with 4methylpiperazine 4 was followed by a Suzuki reaction with phenylboronic acid 6 which led
to intermediate 7. An additional Suzuki reaction either with trimethylboroxine 8 or with
potassium vinyltrifluoroborate 9 led to the final compounds VUF14480 and VUF14481.
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Supplementary figure 1. Synthesis scheme of pyrimidine derivates VUF14480 and
VUF14481. (I) dichloromethane, N-ethyl-diisopropylamine,
0°C, 16 h; (ii) dichloro[1,1’-bis(diphenylphosphino)ferrocene]
palladium
(II)
dichlormethane
adduct,
Cs2CO3,
tetrahydrofurane, 1-methyl-2-pyrrolidinone, water, 80°C, 16 h;
(iii) dichloro[1,1’-bis(diphenylphosphino)ferrocene] palladium
(II) dichlormethane adduct, Cs2CO3, tetrahydrofurane, 1methyl-2-pyrrolidinone, water, 100°C, 16 h.

Detailed procedures:
2,4-dichloro-6-(4-methylpiperazin-1-yl)pyrimidine (5) 2,4,6-Trichloro-pyrimidine 3 (3.26
g, 17.77 mmol) and N-ethyl-diisopropylamine (2.30 g, 17.77 mmol) were dissolved in 40
ml dichloromethane. 1-Methylpiperazin 4 (1.78 g, 17.77 mmol) was dissolved in 20 ml
dichlormethane, added slowly to the first solution and stirred for 2 h at 20 °C. The solvent
was removed under reduced pressure and the crude material is purified using method P1,
yielding 2.61 g (59%, 10.56 mmol) of the title compound. Purity by method A1: >95%; RT
= 1.36 min; MS (ESI+) m/z 247/249/251[M+H]+, Cl distribution; HRMS (ESI+) m/z found
247.0519 [M+H]+, C9 H12 Cl2 N4 requires M+ 247.0517; 1H NMR (500 MHz, DMSO) δ
(ppm) 7.03 (s, 1H), 3.74-3.54 (m, 4H), 2.38-2.33 (m, 4H), 2.20 (s, 3H).
2-chloro-4-(4-methylpiperazin-1-yl)-6-phenylpyrimidine
(7)
2,4-dichloro-6-(4methylpiperazin-1-yl)pyrimidine 5 (2.00 g, 8.08 mmol), 2-phenylboronic acid 6 (1.00 g,
8.08 mmol), caesium carbonate (3.41 g, 10.50 mmol) and dichloro[1,1’bis(diphenylphosphino)ferrocene] palladium (II) dichlormethane adduct (330 mg, 0.40
mmol) were suspended in 26 ml of a 3:1:1 mixture of tetrahydrofuran, 1-methyl-2-
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pyrrolidinone and water. The reaction mixture was flushed with argon and stirred for 16 h
at 80 °C. The crude product was purified using method P1, yielding 627 mg (27%, 2.17
mmol) of the title compound. Purity by method A1: >95%; RT = 1.76 min; MS (ESI+) m/z
289/291[M+H]+; HRMS (ESI+) m/z found 289.1214 [M+H]+, C15 H17 Cl N4 requires M+
289.122; 1H NMR (500 MHz, DMSO) δ (ppm) 8.15-8.10 (m, 2H), 7.54-7.49 (m, 3H), 7.34
(s, 1H), 3.76-3.71 (m, 4H), 2.43-2.38 (m, 4H), 2.24 (s, 3H); 13C NMR (125 MHz, DMSO) δ
(ppm) 164.03, 163.49, 159.86, 135.97, 130.79, 128.69, 126.97, 97.33, 54.11, 45.63, 43.81.
2-methyl-4-(4-methylpiperazin-1-yl)-6-phenylpyrimidine (VUF14481) 2-chloro-4-(4methylpiperazin-1-yl)-6-phenylpyrimidine 7 (100 mg, 0.35 mmol), trimethylboroxine 8 (87
mg, 0.69 mmol), caesium carbonate (226 mg, 0.69 mmol) and dichloro[1,1’bis(diphenylphosphino)ferrocene] palladium (II) dichlormethane adduct (25 mg, 0.03
mmol) were suspended in 1.3 ml of a 3:1:1 mixture of tetrahydrofuran, 1-methyl-2pyrrolidinone and water. The reaction mixture was flushed with argon and stirred for 16 h
at 100 °C. The crude product was purified using method P1, yielding 51 mg (54%, 0.19
mmol) of the title compound. Purity by method A1: >95%; RT = 1.57 min; MS (ESI+) m/z
269[M+H]+; HRMS (ESI+) m/z found 269.1764 [M+H]+, C16 H20 N4 requires M+
269.1766; 1H NMR (500 MHz, DMSO) δ (ppm) 8.16-8.10 (m, 2H), 7.51-7.43 (m, 3H),
7.13 (s, 1H), 3.75-3.65 (m, 4H), 2.44 (s, 3H), 2.41-2.34 (m, 4H), 2.22 (s, 3H); 13C NMR
(125 MHz, DMSO) δ (ppm) 166.35, 162.70, 162.00, 137.65, 129.94, 128.49, 126.83, 95.64,
54.31, 45.76, 43.41, 26.15.
2-ethenyl-4-(4-methylpiperazin-1-yl)-6-phenylpyrimidine (VUF14480) 2-chloro-4-(4methylpiperazin-1-yl)-6-phenylpyrimidine 7 (300 mg, 1.04 mmol), potasium
vinyltrifluoroborate 9 (167 mg, 1.25 mmol), caesium carbonate (677 mg, 2,08 mmol) and
dichloro[1,1’-bis(diphenylphosphino)ferrocene] palladium (II) dichlormethane adduct (76
mg, 0.10 mmol) were suspended in 4 ml of a 3:1:1 mixture of tetrahydrofuran, 1-methyl-2pyrrolidinone and water. The reaction mixture was flushed with argon and stirred for 16 h
at 100 °C. The crude product was purified using method P1, yielding 174 mg (60%, 0.62
mmol) of the title compound. Purity by method A1: >95%; RT = 1.81 min; MS (ESI+) m/z
281[M+H]+; HRMS (ESI+) m/z found 281.1766 [M+H]+, C17 H20 N4 requires M+
281.1766; 1H NMR (500 MHz, DMSO) δ (ppm) 8.21-8.15 (m, 2H), 7.53-7.47 (m, 3H),
7.20 (s, 1H), 6.68 (dd, J1 = 17.2 Hz, J2 = 10.3 Hz, 1H), 6.51 (dd, J1 = 17.2 Hz, J2 = 2.1 Hz,
1H), 5.65 (dd, J1 = 10.3 Hz, J2 = 2.1 Hz, 1H), 3.79-3.71 (m, 4H), 2.44-2.38 (m, 4H), 2.23 (s,
3H); 13C NMR (125 MHz, DMSO) δ (ppm) 162.54, 162.40, 161.93, 137.64, 137.43,
130.00, 128.48, 126.80, 122.28, 96.87, 54.23, 45.69, 43.38.
4-phenyl-6-(4-methylpiperazin-1-yl)pyrimidin-2-amine (VUF10460) Synthesis of this
compound is described in a previous publication.[21] Purity by method A1: >95%; RT =
1.35min; MS (ESI) m/z 270 [M+H]+; HRMS (ESI+) m/z found 270.1715 [M+H]+, C15 H20
N5 requires M+ 270.1718; 1H NMR (500 MHz, DMSO) δ (ppm) 8.05-8.01 (m, 2H), 7.457.41 (m, 3H), 6.57 (s, 1H), 6.06 (s, 2H), 3.64-3.59 (m, 4H), 2.37-2.34 (m, 4H), 2.21 (s, 3H);
13
C NMR (125 MHz, DMSO) δ (ppm) 163.66, 163.15, 163.13, 138.44, 129.50, 128.25,
126.63, 88.92, 54.42, 45.81, 43.46.
(5-chloro-1H-indol-2-yl)-(4-methylpiperazin-1-yl)methanone (JNJ 7777120) Synthesis of
this compound is described in a previous publication.[21] Purity by method A1: >95%; RT
= 1.62 min; MS (ESI+) m/z 278/280 (M+H)+, Cl distribution; HRMS (ESI+) m/z found
278.1057 [M+H]+, C14 H17 Cl N3 O requires M+ 278.106; 1H NMR (400 MHz, DMSO) δ
(ppm) 11.74 (br, 1H), 7.64 (d, J = 2.0 Hz, 1H), 7.42 (d, J = 8.6 Hz, 1H), 7.17 (dd, J = 2.1, J
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= 8.7 Hz, 1H), 6.75 (s, 1H), 3.73 (br, 4H), 2.37 (t, J = 5.1, 4H), 2.22 (s, 3H) ); 13C NMR
(125 MHz, DMSO) δ (ppm) 161.5, 134.3, 131.5, 127.8, 124.1, 123.2, 120.3, 113.6, 103.4,
54.6, 45.6.
Proton and Carbon NMR spectra were obtained on a Bruker Advance 400 FT-NMR or
Bruker Advance 500 FT-NMR instrument with chemical shifts (δ) reported relative to
tetramethylsilane as an internal standard.
High-resolution mass spectroscopy data were obtained on a LTQ Orbitrap XL (Thermo
Scientific) equipped with a NSI Source (Advion Nanomate) in ESI positive mode.
Analytical HPLC-MS analyses were conducted using an Agilent 1100 series LC/MSD
system. The analytic method A1 is defined in the supplementary table S1. Compound
purities were calculated as the percentage peak area of the analysed compound by UV
detection at 254 nm. When purity data is not explicitly mentioned the compound displays a
purity > 95%. Preparative high performance chromatography was carried out on a Gilson
system (pump system: 333 & 334 prep-scale HPLC pump; fraction collector: 215 liquid
handler; detector: Gilson UV/VIS 155) using pre-packed reversed phase silica gel columns
from waters. The method for preparative high performance chromatography P1 is defined
in table S1.

Table S1

Chromatography methods
Column a

Phenomenex,
A1

Mercury Gemini, C18,
3 μm, 2 × 20 mm,
40°C

P1

a

Solvent A

Solvent B

Flow rat
[ml/ min]

water pH 8
(buffer: NH3 /

Acetonitril

1.0

Methanol

100

NH4HCO3)

Waters, XBridge,

water pH 8

C18, 10 µm, 30*100

(buffer: NH3 /

mm

NH4CO3)

Gradient b

5%  95%,
2.5 min

20%  85%,
8 min

company, column name, kind of particle, particle size, column dimension, column
temperature; b % of solvent B at gradient start  % of solvent B at gradient end, gradient
time;
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