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ABSTRACT: The histamine Hj receptor (H;R) is considered an
attractive drug target for various neurological diseases. We here
report the synthesis of UR-NR266, a novel fluorescent H;R ligand.
Broad pharmacological characterization revealed UR-NR266 as a
sub-nanomolar compound at the HjR with an exceptional
selectivity profile within the histamine receptor family. The
presented neutral antagonist showed fast association to its target
and complete dissociation in kinetic binding studies. Detailed
characterization of standard H;R ligands in NanoBRET competi-
tion binding using UR-NR266 highlights its value as a versatile
pharmacological tool to analyze future H;R ligands. The low
nonspecific binding observed in all experiments could also be
verified in TIRF and confocal microscopy. This fluorescent probe
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allows the highly specific analysis of native H3R in various assays ranging from optical high throughput technologies to biophysical
analyses and single-molecule studies in its natural environment. An off-target screening at 14 receptors revealed UR-NR266 as a

selective compound.

B INTRODUCTION

The histamine H; receptor (H;R) is a seven-transmembrane
domain receptor and belongs to the superfamily of G-protein
coupled receptors (GPCRs).' The H;R represents one of four
members of the histamine receptor family and mediates its G-
protein-dependent signaling mainly via G;-proteins.”” Due to
the fact that the H3R is almost exclusively expressed in the
brain,"*7¢ it is an interesting target for numerous diseases of
the central nervous system, such as Parkinson’s,” Hunting-
ton’s,®” and Alzheimer’s diseases,' as well as tic disorders."" In
2016, the inverse agonist pitolisant entered the market as the
first (and until now only) drug targeting the H;R for the
treatment of narcolepsy.'” In addition, pitolisant has shown
promising results in initial studies for the treatment of Prader—
Willi Syndrome."” Accordingly, the H;R is a highly interesting
target for CNS-related diseases and urgently needs to be
studied in more detail at the molecular level.

Fluorescently labeled ligands and related methods have
gained increasing importance in modern GPCR research. The
methods to be mentioned here include resonance energy
transfer (RET) assays, fluorescence anisotropy, and fluores-
cence correlation spectroscopy. Over the last decade, time-
resolved Forster/bioluminescence resonance energy transfer
(TR-FRET/BRET) techniques have become increasingly
important in the study of ligand binding at GPCRs to provide

© XXXX American Chemical Society

WACS Publications A

information on ligand—receptor interactions.'* "¢ Among
many imaging technologies, total internal reflection fluores-
cence (TIRF) microscopy represents the most advanced
method for single-molecule imaging of individual proteins
within (or close to) the plasma membrane.'”'® Although
several fluorescent H3;R ligands have already been re-
ported,"”~** none of them has been shown to be suitable for
single-molecule studies. We therefore aimed to develop a tool
suitable for single-molecule imaging and as a tracer probe for
binding studies of new putative drug candidates for the H;R in
a recently developed NanoBRET binding assay that can be
employed in high throughput analyses.”

B RESULTS AND DISCUSSION

Design Rationale. Fluorescent receptor ligands can be
considered as a combination of three distinct parts: the parent
ligand, often referred to as a pharmacophore, a linker region,
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Scheme 1. Synthesis of the Pharmacophoric H;R Scaffold 5 (A) and the Linking PEG Structure 9 (B)“
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“Reagents and conditions: (a) 1-Br-3-Cl-propane, K,CO;, MeCN, reflux, 18 h, 89%; (b) piperidine, Na,CO5, KI, MeCN, reflux, 20 h, 76%; (c)
ethyl isonipecotate, NaBH(OAc);, CHCL,, rt, overnight, 95%; (d) 2 N HCl, THF, rt, overnight, 92%; (e) methane sulfonyl chloride, NEt;, DCM,

rt, overnight, 78%; (f) NaN,;, EtOH/DMF (4:1), reflux, overnight, 90%; (g) PPh;, 1 N HCl/THF/EtOAc (5:1:5), rt, overnight, 77%.

Scheme 2. Synthesis of the S-TAMRA-Labeled Fluorescent H;R Ligand 12“
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“Reagents and conditions: (a) 1. 5, EDC-HCI, HOBt, DIPEA, DCM/DMF (1:1), rt, 30 min; 2. 9, 100 °C, MW, 30 min, 65%; (b) 1. 10, PPh;,
THEF, 4 h, 45 °C; 2. H,0, 2 h, 45 °C, 60%; (c) 1. 11, S-TAMRA NHS ester, NEt;, DMF, rt, 2.5 h; 2. 10% aq. TFA, rt, 15 min, 82%.

and a fluorescent dye. Each of them has to be chosen
depending on the intended use of the final fluorescent ligand.**

The Hj receptor antagonist JNJ-5207852, one of the most
affine Hj receptor ligands reported so far, has been used as the
parent ligand. Besides its high H;R affinity, it shows an
excellent selectivity not only within the histamine receptor
family but also with respect to 50 other different targets.”
These properties combined with synthetic accessibility and
good water solubility make it an excellent pharmacophore for a
fluorescent ligand. Structure activity relationships showed a
high tolerance of the ligand toward structural changes at the
para position of the benzylic piperidine moiety.”® Thus, this
position of the molecule has been chosen to attach the linker
via an amide group.

In terms of the linker moiety, a flexible polyethyleneglycol-
based (PEG-based) structure with a length of 13 atoms was
used, which we assumed would be sufficient to reach outside
the binding pocket, thus reducing the probability of a negative
impact of the linker on ligand binding. PEG-based linkers are
often used in fluorescent ligands, as they are chemically stable,

show higher water solubility than alkylic structures, and are less
susceptible to interact with cell membranes.””

The choice of the fluorescent dye must be taken carefully for
any fluorescent ligand and depends mainly on the intended
application of the ligand. With the aim of a versatile fluorescent
ligand for use in the NanoBRET binding assay and
fluorescence microscopy, the S-TAMRA fluorescent dye was
chosen. The suitability of this dye for NanoBRET binding has
been shown for different receptors,''¢ as it led to a better
signal to noise ratio and less adhesion to the plastic vessel than,
e.g, BODIPY labeled ligands at the H, receptor.”
Furthermore, S-TAMRA was reported as a fluorescent dye
for single molecule imaging in TIRF microscopy,zg’30 and due
to its hydrophilicity, it is less prone to interact with cell
membranes than BODIPY,”" resulting in a lower nonspecific
binding in fluorescence microscopy techniques.

Chemistry. The synthesis of the fluorescent ligand’s
pharmacophore § was carried out, following publications by
Apodaca et al. and Wingen et al. with minor modifications,
obtaining excellent yields (Scheme 1A).”>*® Starting from 4-
hydroxybenzaldehyde (1), 2 was obtained in a nucleophilic
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Figure 1. Representative isotherms from saturation binding experiments with 12 at the NLuc-hH;R (A, NanoBRET) and at the wild-type hH;R (B,
flow cytometry), both stably expressed in HEK293 cells.

Table 1. Comparison of Thermodynamic and Kinetic Binding Constants of 12 at the Wild-Type hH;R and the NLuc-hH;R

flow cytometry
pKy (sat)”
12 9.71 + 0.04

NanoBRET binding
ko (min~')

0.16 £+ 0.01

ko (min™! nM™")
0.71 + 0.04

pKy (kin)€
9.66 + 0.15

Tgies” (min)

645 + 0.62

Tassd (mln)

197 + 0.14

pKy (sat)?
9.80 + 0.07

kobs i (min_ ! )

0.51 £+ 0.02

compound

“Data represent mean values + SEM from three independent experiments each performed in duplicate. Flow cytometric measurements performed
with HEK293-SP-FLAG-hH,R (wild-type hH;R) cells. *Data represent mean values + SEM from three independent experiments each performed
in triplicate. NanoBRET binding experiments performed with live HEK293 cells stably expressing the NLuc-hH;R. “Data represent mean values =+
SEM from four independent experiments. 9Association time constant: 7, = 1/kg,. Data represent mean values + CI (95%) from four independent
experiments. “Dissociation time constant: 7g = 1/k.s Data represent mean values + CI (95%) from four independent experiments.fAssociation
rate constant: kg, = (kops — kog)/c(12). Indicated errors were calculated according to the Gaussian law of error propagation. 8Ky (kin) = kog/kon;

pKy (kin) = —log Ky (kin). Indicated errors were calculated according to the Gaussian law of error propagation.

substitution reaction with 1-bromo-3-chloropropane. The
same reaction type using piperidine resulted in aldehyde 3. A
reductive amination with ethyl isonipecotate, using sodium
triacetoxyborohydride as a reductive agent in chloroform,
yielded 4. Acid catalyzed hydrolysis of 4 afforded the free acid
5 as a dihydrochloride.”

The synthesis of the linker (Scheme 1B), which is necessary
for the connection of the pharmacophore with the fluorophore,
started from the commercially available tetraethylene glycol 6.
In the first step, mesylate groups were introduced (7) as good
leaving groups, followed by subsequent treatment with sodium
azide to afford 8.7*% A selective “Staudinger’-type reduction
of a single azide group in a biphasic water/ethyl acetate
mixture afforded the final linker 9 with 77% yield.**

Subsequently, 5 was coupled with 9 using EDC/HOBt as
coupling rea(gents under microwave irradiation to afford
product 10,”° which was reduced to the primary amine 11
by a “Staudinger” reaction (Scheme 2). In the final step, 11
was coupled with the 5S-TAMRA NHS ester in DMF to afford
fluorescent ligand UR-NR266 (12, Scheme 2).%% After
preparative HPLC purification, 12 was obtained with high
purity (99%) and yield (82%). The fluorescent ligand was
further examined for its chemical stability in aqueous solution
and showed no decomposition within an incubation period of
6 months (cf. Figure SI, Supporting Information (SI)).
Fluorescence properties of 12 (in PBS containing 1% bovine
serum albumin (BSA)) were ascertained by recording its
excitation and emission spectra shown in Figure S2 (SI) and
measuring the quantum yield (® = 35.09% (in PBS), ® =
33.31% (in PBS + 1% BSA); cf. Table S1 in the SI). The S-
TAMRA-labeled ligand exhibited an excitation maximum at
555 nm and an emission maximum at 585 nm.

Pharmacological Characterization. The first step in the
pharmacological characterization of the fluorescent ligand 12,
structurally derived from the H;R antagonist JNJ-5207852
(JNJ)** (Figure S4, SI), was the investigation of the binding
behavior in different assays. To achieve one of our main goals,

the compound was tested for suitability in the NanoBRET
binding assay at the NLuc-hH;R stably expressed in HEK293
cells. BRET saturation binding experiments provided a binding
constant for 12 in the sub-nanomolar range (pK; = 9.80 +
0.07, cf. Figure 1A; Table 1) and very low nonspecific binding.
In order to investigate a potential influence of the receptor
modification on ligand binding, 12 was additionally examined
in flow cytometry using wild-type hH;R cells (HEK293-SP-
FLAG-hH;R) (cf. Figure 1B).

The receptor affinity of 12 to wild-type HyRs (pKy = 9.71 +
0.04, Table 1) was in the same range as for the NLuc-hH;Rs
showing no significant difference (p < 0.0S, two-tailed t-test).
This experimental setup further confirmed the minimal
nonspecific binding of this ligand observed in the BRET
assay. To further characterize the fluorescent tracer, radio-
ligand competition binding experiments were performed at the
H, R, providing information on receptor subtype selectivity
within the histamine receptor family. The ligand exhibited
receptor affinity to the H;R in a sub-nanomolar range with a
pK; of 9.52 + 0.08 and an outstanding selectivity profile being
at least 100,000-fold selective toward the human H;R, H,R and
H,R (cf. Figure 2; Table 2). Precursor compounds 4, 5, and 11
and reference compound JNJ-5207852 (JNJ) displayed H;R
affinities in the same range (Table 2). While pK; data of 4 are
in very good agreement with literature data (9.56 vs 9.64°),
we saw a difference for compound 5 (8.80 vs 7.89°°).

Being aware of the fact that the fluorescent ligand’s
pharmacological mode of action is crucial, e.g, since an
agonist might distort apparent affinities of competitive ligands
due to internalization processes and induction of ternary
complex formation (ligand/H;R/G-protein), we wanted to
gain insights into the functional behavior of 12. Therefore, we
employed a recently developed BRET-based G;, biosensor
detecting G protein activation as a decrease in BRET between
NLuc-tagged G, and cpVenus-tagged Gﬂ.37 We first
determined the potency of the selective H;R agonist imetit
using the Gj, biosensor and HEK293A cells overexpressing the
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1207 enantiomers RAMH and SAMH, a phenomenon that has been
100+ described several times at the hH,R (Table 3).*0%~%

Z 804 o HR Fluorescence Microscopy. To visualize the binding and

(i. 607 o H1R dissociation kinetics of the fluorescent ligand, we used confocal

E a0{ H2R microscopy imaging. In this experiment, time-lapse images of

3 20 o H3R HEK293-SP-FLAG-hH,R cells were acquired (Figure 6).

0 4 —o Compared to the kinetic NanoBRET experiments, we used

10 times higher concentrations of 12 to facilitate visualization

421110 9 8 7 6 5 -4 with a confocal microscope. After the addition of 12 (¢ = S

log c(12)/M nM), the fluorescence signal on the cell surface increased and

. . o . Lo reached a plateau within 4 min (Figure 7A). The fluorescent
Figure 2. Displacement curves from radioligand competition binding . 1 . o .\
. . . ligand’s dissociation was initiated by the addition of 2.5 uM
experiments performed with compound 12 and the respective . S i
radioligands (cf. Table 2 footnotes). clobenpropit (500-fold excess). The addition of clobenpropit

(after 220 s) decreased the fluorescence signal, indicating the
dissociation of 12 (Figure 7B). We observed a 7 value of 0.48

wild-type H,R (Figure S3, SI) 37 Ag expected, 12 acted as a + 0.07 min for the association and 3.50 + 0.46 min for the
) * ) . . . .

neutral antagonist (Figure 3A) revealing a pK, value of 9.04 + dlssogatlon of the ﬂuorescen.t ligand (Table .4)' These

0.03 in competition experiments with the selective H;R agonist experiments demonstrated again that the 'bmdmg of the

imetit (Figure 3B). However, before using 12 as a molecular ﬂuoresc.ent ligand to tbe H;3R occurs very rf"P{dly and that the

tool to characterize other H,R ligands, the kinetic behavior of bound ligand can be displaced completely, similar to the results

the fluorescent ligand should be determined first. The observed in the BRET binding assay. Due to the use of
NanoBRET setup is ideally suited for this purpose due to different concentrations (see above), a difference in k., values
the possibility to perform real-time kinetic measurements. 500 was to be eXP?CtEd (cf. Tables 1 and 4). However, the; kon and
pM 12 was used to measure ligand association at the H;R kg values, which would be expected to be the same, differ by a

(Figure 4). Ligand binding to the receptor saturated after factor of nearly 2 (cf. Tables 1 and 4). This could be a result of
about 15 min (7, = 1.97 + 0.14 min), and the ligand fully the receptor’s modification with the NanoLuc, which may
dissociated with a tau (z) value of 6.45 + 0.62 min upon influence the binding kinetics. Consequently, the kinetic pKjy
addition of an excess of clobenpropit (500-fold, ¢ = 250 nM, values from the NanoBRET (pKj = 9.66 + 0.15) and confocal

Figure 4; Table 1). All kinetic parameters describing the experiments (pKy = 9.10 + 0.06) differ but are still in good

binding of 12 in the BRET binding assay are presented in agreement, so both assays can be considered complementary
Table 1. (cf. Tables 1 and 4). Additionally, we tested the photo-

The complete reversibility of receptor binding makes the bleaching properties of 12 by immobilizing the fluorescent
fluorescent ligand a suitable tool for use in competition binding ligand in a 0.5% agarose film in 1 M final concentration. In
studies, in our case, performed with a selection of standard these experiments, the ligand shows negligible photobleaching
H;R agonists and antagonists (see structures in Figure S4, SI). (4%, N = 4) after 20 min, which is unlikely to affect the
We selected histamine (his),”® imetit (imet),” (R)-(-=)-a- observed association and dissociation kinetics of 12. The

methy1h1stam1ne (RAMH),* and (S)-(+)-a- rnethylh1stam1ne biphasic curve describing the photobleaching properties is
(SAMH)* as agonists and clobenproplt (clob),*! Z27743747 shown in Figure $28 in the SIL

(Z-cmpd),*”* thioperamide (thio),* pitolisant (pito),” and Due to the low nonspecific binding and the high affinity of
JNJ-5207852 (JNJ)** as the inverse agonists/antagonists. For our compound, we wondered about its suitability for total
all ligands, total displacement could be determined with Hill internal reflection fluorescence (TIRF) single-molecule mi-
slopes around 1 (Figure S). Overall, our data are in good croscopy as shown previously for a few other fluorescent
agreement with data from the literature (cf. Table 3), apart GPCR ligands.‘“’)_51 Indeed, its favorable properties were
from RAMH and SAMH showing larger deviations. However, confirmed in microscopy experiments and allowed the
it is remarkable that the assay can distinguish between the two acquisition of single-molecule TIRF movies in the presence

Table 2. Binding and Functional Data of 12 on Human Histamine Receptor Subtypes

radioligand competition binding” H;R selectivity Gy, activation”
pK; K (H1,2,4R)/ K; (H;R) pKy

compound  hHR N hH,R? N hH,;R® N hH,R N hH, , R hH,RS N

12 <4 3 <4 3 9.52 + 0.08 3 <4 3 >100,000 9.04 + 0.03 3

4 n.d. n.d. 9.56 + 0.12 3 n.d. n.d.

S n.d. n.d. 8.80 + 0.11 3 n.d. n.d.

11 n.d. n.d. 9.40 + 0.10 3 n.d. n.d.

JNJ n.d. n.d. 9.68 + 0.01 3 n.d. n.d.

aCompetltlon binding assay at HEK293-SP-FLAG-hH, R, HEK293-SP-FLAG-hH,R, HEK293-SP-FLAG-hH;R, or HEK293-SP-FLAG-hH,R cells.

bCompetition binding experlment at HEK293A cells stably expressing the G;, BRET sensor with the wild-type hH;R. “Displacement of 5 nM
[3H]mepyramme (K4 = 4.5 nM). Dlsplacement of 20 nM [*H]JUR-DE257*° (K = 66.9 nM). “Displacement of 2 nM [*H]UR-PI294*° (K, =
nM). Dlsplacement of 15 nM [*H]histamine (K; = 15.88 nM). £Inhibition of imetit-induced (¢ = 1 nM, ECg, = 0.85 nM) G;, activation. Data
shown are mean values = SEM of N independent experiments, each performed in triplicate. Data were analyzed by nonlinear regression and were
best fitted to sigmoidal concentration—response curves. Displacement curves are presented in Figures 2 and 3.
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Figure 3. Concentration—response curves (CRCs) for G; activation of 12 in the absence (A) and presence (B) of 1 nM imetit at HEK293A cells
transiently expressing the G;, BRET sensor along with the wild-type hH;R.
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Figure 4. BRET-based specific binding kinetics of the fluorescent ligand 12 at the NLuc-hH;R, stably expressed in HEK293 cells. (A) Graph shows
association of 12 (¢ = 500 pM) to the receptor and dissociation of 12 induced by addition of clobenpropit (c = 250 nM, S00-fold excess) from a
representative experiment. (B) Scatter dot plot displaying the quantification of tau (7) values for association/dissociation of the fluorescent ligand.
Data were analyzed from four independent experiments and are represented as mean + SD.
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Figure S. Displacement curves from BRET competition binding
experiments of the fluorescent ligand 12 (c = 500 pM) and reported
H; receptor ligands at HEK293 cells, stably expressing the NLuc-
hH;R. “Vehicle” denotes the condition where the cells were not
incubated with 12. Abbreviations used: histamine (his), imetit (imet),
(R)-(—)-a-methylhistamine (RAMH), (S)-(+)-a-methylhistamine
(SAMH), clobenpropit (clob), Z27743747 (Z-cmpd), thioperamide
(thio), pitolisant (pito), and JNJ-5207852 (JNJ).

of 3 nM 12 in the imaging buffer with negligible background
fluorescence (Figure 8A). We further tested the labeling
efficiency under these conditions by using a H;R control
construct, which was C-terminally tagged with the photostable
fluorescent protein mNeonGreen. Dual color acquisition
revealed colocalization, a labeling efficiency of 96.1 + 2.1%,
and a nonspecific binding of 2.5 + 0.8% under these conditions
(Figure 8B). Single-particle tracking of the acquired TIRF
movies and subsequent diffusion analysis of the receptor tracks
(Figure 8C,D) showed similar receptor dynamics for the H;R
(diffusion coefficient of 0.085 + 0.006 um?/s) as shown
previously for other class A GPCRs.”>""

Table 3. Binding Data (pK; Values) of Standard H;R
Ligands Determined at the Human H;R in the NanoBRET
Binding Assay”

NanoBRET UR-NR266

(12) references
compound pK; N pK;
his 6.23 + 0.08 4 6.3;' 6.5, 7.6;* 8.0%
imet 7.90 + 0.11 3 8.3;'7 8.8*°
RAMH 7.20 + 0.02 3 8.4;** 8.2;*° 8.3%
SAMH 579 + 0.11 3 6.4;"7 7.6;* 7.2;" 7.3%
clob 9.30 + 0.08 3 9.6;"7 9.5;>* 8.6™
Z-cmpd 7.71 £ 0.01 3 7.4 7.3%
thio 7.28 + 0.18 3 7.3;%7 7.4 7.3%
pito 9.04 + 0.12 3 8.6;"7 8.6%
JNJ 1022 + 0.02 3 9.2
“Data represent mean values = SEM from N independent

experiments, each performed in triplicate. NanoBRET experiments
were performed at live HEK293 cells stably expressing the NLuc-
hH;R as described in the Experimental Section. The standard H3R
ligands used are depicted in Figure S4 in the Supporting Information.
Abbreviations used: histamine (his), imetit (imet), (R)-(—)-a-
methylhistamine (RAMH), (S)-(+)-a-methylhistamine (SAMH),
clobenpropit (clob), Z27743747 (Z-cmpd), thioperamide (thio),
pitolisant (pito), and JNJ-5207852 (JNJ).

Off-Target Studies. Once selectivity within the histamine
receptor family was established, we sought to identify any
binding of 12 to other GPCR groups. We performed an off-
target screen using 14 different GPCRs. Therefore, we used the
BRET-based binding assay with transient NLuc-receptor
expression for our off-target screen. Unfortunately, the capacity
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Figure 6. Time-lapse confocal microscopy images of the fluorescent
ligand 12: imaging of the HEK293-SP-FLAG-hH;R cells treated with
a 5 nM fluorescent ligand displayed a time-dependent increase of the
fluorescence signal on the cell surface, indicating ligand binding to the
H;R. Competing 12 with the unlabeled H;R antagonist clobenpropit
decreased the fluorescence signal in a time-dependent manner
(addition of clobenpropit after 220 s).

of the unpublished NLuc-receptor constructs to bind their
endogenous ligands could not be thoroughly controlled given
the lack of validated fluorescent ligands. Instead, it was only
presumed based on sufficient surface expression of these
constructs and based on the experience that N-terminal
insertion of the NLuc usually does not affect the binding ability
of class A GPCRs.' 7>~ Receptor cell surface expression was
confirmed by an ELISA using a NanoLuc antibody (Cat. No.
MAB100261, Bio-Techne, Minneapolis, MN, USA). Using 200
nM of 12, we observed little off-target effects with only the
muscarinic hM,R and hM,R displaying mild but significant
response (132 + 4.5 and 6.7 + 5.3% of hH;R response,
respectively; Figure 9). Some ligand binding at the hM,R and

hM,R was unsurprising as the binding sites of these receptors
share features with the hH;R, and several characteristics of
known H;R ligands have been proven to be useful in
developing muscarinic antagonists.”®”” It should be noted
that BRET signals from binding experiments to different
NLuc-GPCR constructs can only be compared with caution
given the different N-terminal lengths and localizations of
orthosteric binding pockets. Therefore, the low BRET signals
observed at hM,R and hM,R (only ~10% of the BRET signal
detected with NLuc-hH;R) do not provide a quantitative value
but rather an estimate for the binding of 12 to the receptors.
Nevertheless, we believe that the low BRET signals for the
muscarinic receptors using a maximal concentration of 200 nM
do not indicate any off-target issues, as 12 has sub-nanomolar
affinity for the target hH;R.

B CONCLUSIONS

In UR-NR266 (12), we described a sub-nanomolar affinity
fluorescent ligand at the H;R with an outstanding selectivity
profile within the histamine receptor family. The TAMRA-
labeled neutral antagonist was broadly characterized analyti-
cally and pharmacologically and showed excellent kinetic and
fluorescence properties for further investigations. These results
ensure excellent suitability for the recently described Nano-
BRET assay. The successful use as a fluorescent probe in the
NanoBRET binding assay highlights the versatility of 12 and
its suitability as a powerful tool in the urgently needed research
for new drug candidates at the H3;R. A comprehensive off-
target screening at 14 different receptors reveals 12 as a
selective compound.

Due to its high affinity and exceptional receptor selectivity
combined with high brightness and the proven low nonspecific
binding, 12 shows remarkable results in fluorescence
microscopy and is the first fluorescent ligand to enable single
molecule imaging of the H;R. Furthermore, it allows the
presence of saturating concentrations in the imaging buffer
during single-molecule image acquisition. This accounts for the
obvious advantage of continuous labeling of receptors in the
course of the experiment and compensates for potential
fluorophore photobleaching. Thus, 12 is a versatile tool
suitable for binding and also imaging studies at the H;R. To
the best of our knowledge, this is unique within the panel of
available H;R fluorescent ligands lifting the study of H3R-
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Figure 7. Association and dissociation kinetics of the fluorescent ligand: (A) representative graph displaying the quantification of the fluorescence
signal obtained from experiments as in Figure 1. The fluorescence signal (in arbitrary units) was plotted as a function of time, and association/
dissociation kinetics were calculated by fitting an exponential decay function on the signal (from baseline to saturation, and from saturation to
decay to the baseline). Addition of the competitor clobenpropit after 220 s. (B) Scatter dot plot displaying the quantification of tau (z) values for
association/dissociation of the fluorescent ligand. Five cells from three independent experiments were analyzed. Data are represented as mean +
SD.

F https://doi.org/10.1021/acs.jmedchem.1c01089
J. Med. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01089?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01089?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01089?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01089?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01089?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01089?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01089?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01089?fig=fig7&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c01089?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry pubs.acs.org/jmc

Table 4. Kinetic Binding Constants of 12 at the Wild-Type hH;R in Confocal Microscopy

confocal microscopy

compound Kops” (min~") 7,7 (min) kog” (min~") Tiiss. (min) ko (min~! nM™!) pKy (kin)®
12 213 + 0.14 0.48 + 0.07 0.29 + 0.02 3.50 + 0.46 0.37 + 0.03 9.10 + 0.06

“Five cells from three independent experiments were analyzed. Data represent mean values + SEM. Confocal microscopy measurements performed
at HEK293-SP-FLAG-hH;R (wild-type hH;R) cells. “Five cells from three independent experiments were analyzed. Data represent mean values =+
CI (95%). Association time constant: 7, = 1/kqp,. “Five cells from three independent experiments were analyzed. Data represent mean values + CI
(95%). Dissociation time constant: g, = 1/k.g “Association rate constant: k, = (ko — kogr)/c(12). Indicated errors were calculated according to
the Gaussian law of error propagation. °Ky (kin) = kog/k.,; pKg (kin) = —log K (kin). Indicated errors were calculated according to the Gaussian
law of error propagation.
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Figure 8. (A) Top panel: wild-type H; receptors labeled with 3 nM UR-NR266 (12). Bottom panel: single particle tracking of individual wild-type
H; receptors and classification of diffusion classes (magenta = directed diffusion, blue = confined diffusion, cyan = Brownian motion, and brown =
immobile). Shown images are representative of four independent experimental days. (B) Labeling efficiency measured by colocalization of the two
colors in their corresponding detection channels (GFP/Cy3) as shown in the representative image. Labeling efficiencies are for the unlabeled
control 2.5 + 1.8 and 96.1 + 5.2% at 3 nM 12, respectively. Data are mean + SD and originate from three independent experiments. Each data
point refers to one cell. (C) Diffusion analysis based on single-particle tracking gives a diffusion coefficient of 0.085 + 0.006 ym?/s. The diffusion
type classification (D) is composed by 6.9 + 0.8% immobile, 13.5 + 0.7% confined, 73.3 + 1.3% Brownian motion, and 6.3 = 0.3% directed tracks
undergoing the corresponding type of diffusion. Data are mean + SD and originate from three independent experiments. Each data point refers to
one cell.

dependent disease-related functions onto another level. Germany), or TCI Europe (Zwijndrecht, Belgium)) and were used
Especially, the suitability in TIRF and confocal microscopy as received. All solvents were of analytical grade. The §ynth§ses of
makes 12 a valuable tool to further investigate the role of the compounds 2—4 and 7-9 have already been described in the

literature.>>>*3**%%% The fluorescent dye S-TAMRA NHS ester was
purchased from Lumiprobe (Hannover, Germany). Deuterated
solvents for nuclear magnetic resonance ("H NMR and *C NMR)
spectra were purchased from Deutero GmbH (Kastellaun, Germany).
All reactions carried out with dry solvents were accomplished in dry

H;R in the central nervous system, as the H;R was reported to
form heteroreceptor complexes in combination with other
GPCRs and ion channels.””'® This could be of great interest
for research on neurodegenerative diseases, e.g., Alzheimer’s

disease, as these receptor complexes have arisen as promising flasks under a nitrogen or argon atmosphere. For the preparation of
targets to prevent neuronal cell death.” buffers, HPLC eluents, and stock solutions, Millipore water was used.
Column chromatography was accomplished using Merck silica gel

B EXPERIMENTAL SECTION Geduran 60 (0.063—0.200 mm) or Merck silica gel 60 (0.040—.0.063
mm) (flash column chromatography). The reactions were monitored

Chemistry. Commercially available chemicals (4-hydroxybenzal- by thin layer chromatography (TLC) on Merck silica gel 60 F254
dehyde, 1-bromo-3-chloropropane, piperidine, sodium triacetoxybor- aluminum sheets, and spots were visualized under UV light at 254 nm
ohydride, ethyl isonipecotate, tetraethylene glycol, methanesulfonyl by potassium permanganate or ninhydrin staining. Microwave assisted
chloride, EDC, HOBt) and all other chemicals and solvents were reactions were performed on an Initiator 2.0 synthesizer (Biotage,
purchased from standard commercial suppliers (Merck (Darmstadt, Uppsala, Sweden). Lyophilization was done with a Christ alpha 2—4
Germany), Sigma-Aldrich (Munich, Germany), Acros Organics (Geel, LD equipped with a Vacuubrand RZ 6 rotary vane vacuum pump.
Belgium), Alfa Aesar (Karlsruhe, Germany), abecr (Karlsruhe, Nuclear magnetic resonance ("H NMR and *C NMR) spectra were
G https://doi.org/10.1021/acs.jmedchem.1c01089

J. Med. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01089?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01089?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01089?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01089?fig=fig8&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c01089?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

*
%%k %k k
|
%k kk
1
100 | o=
2
CRi—
A
@2
m $ 50
B
£ 254
Ex
£ 41
g7 o= irsissdd i
rrrrrrrrrrirrTrnriTrd
STRORPR P Qe ONNIRNNGE
¢ N

Figure 9. Off-target affinity in BRET binding experiments of the
fluorescent ligand 12 (¢ = 200 nM) in HEK293T cells transiently
expressing NLuc-receptor constructs. Data were normalized to the
hH;R (100%) and empty vector control (0%). Transfection with an
empty pcDNA vector backbone is expressed as “pcDNA”. Receptor
abbreviations are as follows: Hj;, histamine Hj; £, ff; adrenoceptor;
CB,,, cannabinoid receptor type 1/2; As; adenosine A;; mSMO,
mouse smoothened; Djjyong/3 dopamine Dyjpiongzi Myjasa/ass
muscarinic acetylcholine M, /,/3,4/5; AT}, angiotensin II type 1. All
receptor sequences are human, save the smoothened receptor
originating from the mouse. Lines represent mean + SD of four
experiments, with each experimental condition performed in
duplicate. Statistical significance was assessed by one-way ANOVA
followed by Fisher’s LSD post-hoc test against “pcDNA”; *: p < 0.05;
Rk < 0,0001.

recorded on a Bruker (Karlsruhe, Germany) Avance 300 ('H: 300
MHz, C: 75 MHz), 400 (*H: 400 MHz, *C: 101 MHz), or 600
(*H: 600 MHz) spectrometer using perdeuterated solvents. The
chemical shift & is given in parts per million (ppm). Multiplicities
were specified with the following abbreviations: s (singlet), d
(doublet), t (triplet), q (quartet), quin (quintet), m (multiplet),
and br (broad signal) as well as combinations thereof. *C NMR-
peaks were determined by DEPT 135 and DEPT 90 (distortionless
enhancement by polarization transfer). NMR spectra were processed
with MestReNova 11.0 (Mestrelab Research, Compostela, Spain).
High-resolution mass spectrometry (HRMS) was performed on an
Agilent 6540 UHD Accurate-Mass Q-TOF LC/MS system (Agilent
Technologies, Santa Clara, CA) using an ESI source. Preparative
HPLC was performed with a system from Waters (Milford,
Massachusetts, USA) consisting of a 2524 binary gradient module,
a 2489 detector, a prep inject injector, and a fraction collector III. A
YMC-Triart C18 (150 X 20 mm, 5 ym; YMC Co. Ltd., Kyoto, Japan)
served as the stationary phase. As the mobile phase, 0.1% TFA in
Millipore water and acetonitrile (MeCN) were used. The temperature
was 25 °C, the flow rate was 20 mL/min, and UV detection was
performed at 220 nm. Analytical HPLC experiments were performed
on a 1100 HPLC system from Agilent Technologies equipped with an
Instant Pilot controller, a GI1312A Bin Pump, a G1329A ALS
autosampler, a G1379A vacuum degasser, a GI1316A column
compartment, and a G1315B DAD detector. The column was a
Phenomenex Kinetex XB-C18 column (250 X 4.6 mm, S um)
(Phenomenex, Aschaffenburg, Germany), tempered at 30 °C. As the
mobile phase, mixtures of MeCN and aqueous TFA were used (linear
gradient: MeCN/TFA (0.1%) (v/v) 0 min: 10:90, 25—35 min: 95:5,
36—45 min: 10:90; flow rate = 1.00 mL/min, t, = 3.21 min). Capacity
factors were calculated according to k = (g — t,)/t,. Detection was
performed at 220 nm. Furthermore, filtration of the stock solutions
with PTFE filters (25 mm, 0.2 ym, Phenomenex Ltd., Aschaffenburg,
Germany) was carried out before testing. Compound purities
determined by HPLC were calculated as the peak area of the

analyzed compound in % relative to the total peak area (UV detection
at 220 nm). The HPLC purity (see Figure S1, SI) of the final
compound 12 was 99%. The tested compound 12 has been screened
for PAINS and aggregation by publicly available filters (http://zinc15.
docking.org/patterns/home, http://aclvisor.docking.org).60’61 The
compound has not been previously reported as PAINS or an
aggregator. None of the data showed abnormalities, e.g., high Hill
slopes, what could be a hint for PAINS.®'

Synthesis and Analytical Data. 4-(3-Chloropropoxy)-
benzaldehyde (2).”° A suspension of 4-hydroxybenzaldehyde (5.00
g, 40.94 mmol, 1 eq), 1-bromo-3-chloropropane (8.06 mL, 81.88
mmol, 2 eq), and K,CO; (16.85 g, 121.92 mmol, 3 eq) in MeCN was
heated to reflux for 18 h. After cooling to room temperature, the solid
was filtered off and the filtrate was dried in vacuo. The resulting
residue was dissolved in EtOAc and washed with water and brine and
dried over Na,SO,, and the solvent was removed under reduced
pressure. The crude product was purified by column chromatography
(PE/EtOAc 9:1). 2 (7.26 g, 89%) was obtained as a yellow oil. R; =
0.40 (PE/EtOAc 8:1). 'H NMR (300 MHz, CDCL,) 6 9.89 (s, 1H),
7.95—7.75 (m, 2H), 7.09—6.91 (m, 2H), 4.21 (t, ] = 5.9 Hz, 2H),
3.76 (t, ] = 6.2 Hz, 2H), 2.36—2.18 (m, 2H). C NMR (75 MHz,
CDCl,) 6 190.8, 163.7, 132.0, 130.1, 114.8, 64.6, 41.2, 32.0. HRMS
(ESI-MS): m/z [M + H*] calculated for C,,H;,ClO,*: 199.0520,
found 199.0516; C,;oH;,ClO, (198.65).

4-(3-(Piperidin-1-yl)propoxy)benzaldehyde (3).”° 2 (7.22 g, 36.34
mmol, 1 eq), piperidine (5.38 mL, 54.51 mmol, 1.5 eq), Na,CO,
(5.78 g, 54.51 mmol, 1.5 eq), and KI (0.30 g, 1.82 mmol, S mol %)
were heated to reflux in MeCN for 20 h. The solvent was removed
under reduced pressure, and the residue was dissolved in DCM. The
organic phase was washed with water and brine and dried over
Na,SO,, and the solvent was removed under reduced pressure.
Column chromatography (DCM/MeOH 9/1 + 0.1% NEt;) afforded
3 (6.79 g, 76%) as a yellow oil. Ry = 0.48 (DCM/MeOH/7 N NH; in
MeOH 95:4:1). '"H NMR (400 MHz, CDCL,) 6 9.87 (s, 1H), 7.88—
7.74 (m, 2H), 7.06—6.92 (m, 2H), 4.09 (t, ] = 6.4 Hz, 2H), 2.51—
2.31 (m, 6H), 2.06—1.94 (m, 2H), 1.63—1.54 (m, 4H), 1.50—1.38
(m, 2H). ®C NMR (101 MHz, CDCL,;) 6 190.8, 164.2, 132.0, 129.8,
114.8, 66.9, 55.7, 54.7, 26.7, 26.0, 24.4. HRMS (ESI-MS): m/z [M +
H*] calculated for C, H,,NO,*: 248.1645, found 248.1673;
C,sH,NO, (247.34).

Ethyl 1-(4-(3-(Piperidin-1-yl)propoxy)benzyl)piperidine-4-car-
boxylate (4).%° Sodium triacetoxyborohydride (5.35 g, 25.23 mmol,
1.3 eq) was added to a solution of 3 (4.80 g, 19.41 mmol, 1 eq) and
ethyl isonipecotate (3.29 mL, 21.35 mmol, 1.1 eq) in CHCl, at room
temperature, and the reaction was stirred for 20 h. A saturated
solution of sodium bicarbonate was added, and the organic phase was
separated. The aqueous phase was extracted with DCM, the
combined organic phases were washed with brine and dried over
Na,SO,, and the solvent was removed under reduced pressure.
Column chromatography (DCM/MeOH 95/5 + 0.1% NH,) afforded
4 (7.18 g, 95%) as a yellow oil. R; = 0.28 (DCM/MeOH/7 N NH; in
MeOH 95:4:1). 'H NMR (300 MHz, CDCl;) 6 7.22—7.16 (m, 2H),
6.87—6.78 (m, 2H), 4.12 (q, ] = 7.1 Hz, 2H), 3.99 (t, ] = 6.4 Hz, 2H),
341 (s, 2H), 2.83 (d, J = 11.6 Hz, 2H), 2.53—2.36 (m, 6H), 2.32—
2.18 (m, 1H), 2.05—1.90 (m, 4H), 1.91-1.68 (m, 4H), 1.65—1.54
(m, 4H), 1.50—1.39 (m, 2H), 1.24 (t, ] = 7.1 Hz, 3H). '*C NMR (75
MHz, CDCL,) 6 175.3, 158.1, 130.3, 114.2, 66.5, 62.7, 60.3, 56.1, 54.6,
52.8, 41.3, 28.3, 26.8, 25.9, 24.4, 14.2. HRMS (ESI-MS): m/z [M +
H*] calculated for C,3;H;,N,0;": 389.2799, found 389.2800;
Cy;H36N, 0, (388.55).

1-(4-(3-(Piperidin-1-yl)propoxy)benzyl)piperidine-4-carboxylic
Acid Dihydrochloride (5).2° 2 N aqueous HCI was added to a
solution of 4 (2.06 g, 5.30 mmol, 1 eq) in THF and stirred at room
temperature overnight. The solvent was evaporated, and the product
was dried in vacuo. A sticky brown oil was obtained (5, 2.10 g, 92%).
'H NMR (300 MHz, CD,0D) § 7.55—7.47 (m, 2H), 7.07—6.98 (m,
2H), 4.27 (s, 2H), 4.14 (t, ] = 5.8 Hz, 2H), 3.64—3.44 (m, 4H),
3.14-2.92 (m, 4H), 2.72—2.57 (m, 1H), 2.34—1.77 (m, 12H). 3C
NMR (101 MHz, CD;0D) § 173.6, 159.9, 132.8, 121.2, 114.8, 64.9,
59.7, 54.4, 53.1, 51.0, 38.2, 25.3, 23.8, 22.9, 21.3. HRMS (ESI-MS):
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m/z [M + H'] calculated for C,H3;N,05": 361.2486, found
361.2490; C,;H;,N,0; X 2 HCI (433.42).

((Oxybis(ethane-2, 1-diyl))bis(oxy))bis(ethane-2,1-diyl) Dimetha-
nesulfonate (7).°¢ Triethylamine (43.06 mL, 308.92 mmol, 6 eq) was
added at 0 °C to a solution of tetraethylene glycol (6, 10.00 g, 51.49
mmol, 1 eq) and methanesulfonyl chloride (17.69 g, 154.46 mmol, 3
eq) in DCM, and the reaction was stirred at room temperature for 20
h. Water was added, and the organic phase was separated, washed
with brine, and dried over Na,SO,, and the solvent was removed
under reduced pressure. Column chromatography (DCM/MeOH
98/2) afforded 7 (14.03 g, 78%) as a slightly yellow oil. Ry =0.70
(DCM/MeOH 95:5). 'H NMR (300 MHz, CDCL,) § 4.42—4.29 (m,
4H), 3.80—3.70 (m, 4H), 3.69—3.57 (m, 8H), 3.06 (s, 6H). *C NMR
(75 MHz, CDCl;) § 70.6, 70.5, 69.3, 69.0, 37.7. HRMS (ESI-MS):
m/z [M + H'] calculated for C,;oH,3;0,S,": 351.0778, found
351.0783; C1oH,,0,8, (350.40).

1-Azido-2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethane (8).> 7
(5.00 g, 1427 g, 1 eq) and sodium azide (3.71 g, $7.08 mmol, 4
eq) were dissolved in EtOH/DMF (4/1) and heated to reflux for 20
h. The solvent was removed under reduced pressure, the residue was
dissolved in Et,O, the organic phase was washed subsequently with
water and saturated ammonium chloride solution and dried over
Na,SO,, and the solvent was removed under reduced pressure. The
product was dried in vacuo. A colorless oil was obtained for 8 (3.14 g,
90%). 'H NMR (300 MHz, CDCL,) § 3.71-3.62 (m, 12H), 3.43—
3.33 (m, 4H). *C NMR (75 MHz, CDCl,) § 70.7, 70.1, 50.7. HRMS
(ESI-MS): m/z [M + H'] calculated for CgH,;;N4O,": 245.1357,
found 245.1359; CgH,NO, (244.26).

2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethan-1-amine (9).>° 8
(2.00 g 8.19 mmol, 1 eq) was dissolved in a mixture of 1 N aqueous
HCI, THF, and EtOAc (5/1/S v/v/v). Triphenylphosphine (2.14 g,
8.19 mmol, 1 eq) in EtOAc was added slowly at room temperature,
and the reaction was stirred overnight. The reaction was basified with
aqueous NaOH solution, the solvent was removed under reduced
pressure, and the crude product was purified by column
chromatography (DCM/MeOH 95/5 + 0.1% NHs). A slightly yellow
oil was obtained for 9 (1.37 g, 77%). Ry=0.32 (DCM/MeOH/7 N
NH, in MeOH 95:4:1). "H NMR (300 MHz, CDCl,) & 3.70—3.59
(m, 12H), 3.40 (m, 2H), 3.04 (t, J = 5.0 Hz, 2H). *C NMR (75
MHz, CDCl,) § 70.5, 70.4, 70.1, 69.9, 69.4, 50.7, 40.4. HRMS (ESI-
MS): m/z [M + H*] calculated for CgH;(N,O;": 219.1452, found
219.1453; CgH{N,O; (218.26).

N-(2-(2-Azidoethoxy)ethyl)-1-(4-(3-(piperidin-1-yl)propoxy)-
benzyl)piperidine-4-carboxamide (10). S (100 mg, 0.23 mmol, 1
eq), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (48 mg, 0.2
mmol, 1.1 eq), 1-hydroxybenzotriazole (34 mg, 0.25 mmol, 1.1 eq),
and DIPEA (119 mg, 0.92 mmol, 4 eq) were dissolved in DMF/DCM
(1/1) in a microwave vial and stirred at room temperature for 30 min.
9 (50 mg, 0.23 mmol, 1 eq) was added, and the reaction was stirred
30 min at 100 °C in a microwave reactor (sealed vial). The solvent
was removed under reduced pressure, and the crude product was
purified by column chromatography (DCM/MeOH 95/5 + 0.1%
NH;). A brown oil was obtained for 10 (85 mg, 65%). R; = 0.36
(DCM/MeOH/7 N NH; in MeOH 90:9:1). 'H NMR (300 MHz,
CDCly) 6 7.20-7.12 (m, 2H), 6.84—6.75 (m, 2H), 6.08 (t, ] = 5.2
Hz, 1H), 3.95 (t, ] = 6.4 Hz, 2H), 3.66—3.55 (m, 10H), 3.53—3.46
(m, 2H), 3.37 (m, 6H), 2.87 (m, 2H), 2.50—2.30 (m, 6H), 2.13—1.84
(m, SH), 1.73 (m, 4H), 1.56 (m, 4H), 1.47—1.33 (m, 2H). 3C NMR
(101 MHz, CDCL,) & 175.1, 158.1, 130.2, 130.2, 114.1, 70.7, 70.6,
70.6, 70.2, 70.1, 69.9, 66.5, 62.6, 56.0, 54.6, 53.0, 50.7, 43.4, 39.0,
28.9,26.8, 25.9, 24.4. HRMS (ESI-MS): m/z [M + H*] calculated for
CyoH,sNOs*: 561.3759, found 561.3767; CyH,gNgOs (560.74).

N-(2-(2-Aminoethoxy)ethyl)-1-(4-(3-(piperidin-1-yl)propoxy)-
benzyl)piperidine-4-carboxamide (11). Triphenylphosphine (60 mg,
0.23 mmol, 1.5 eq) was added to a solution of 10 (85 mg, 0.15 mmol,
1 eq) in THF, and the reaction was stirred for 4 h at 45 °C. Water was
added, and the reaction was stirred for another 2 h at the same
temperature. THF was removed under reduced pressure, and
triftuoroacetic acid (200 yL) was added to the aqueous solution.
The crude product was purified by preparative HPLC. A colorless oil

was obtained for 11 (79 mg, 60%). Ry = 0.22 (DCM/MeOH/7 N
NH; in MeOH 90:9:1). 'H NMR (400 MHz, DMSO-d,) 6 10.05—
9.65 (m, 2H), 8.04 (t, ] = 5.4 Hz, 1H), 7.90 (br s, 3H), 7.45—7.37 (m,
2H), 7.06—6.93 (m, 2H), 427-4.26 (m, 2H), 4.06 (t, ] = 5.9 Hz,
2H), 3.66—3.43 (m, 12H), 3.42—3.28 (m, 4H), 3.26—3.13 (m, 4H),
3.02—2.75 (m, 6H), 2.42—2.29 (m, 1H), 2.20—2.05 (m, 2H), 1.92—
1.54 (m, 9H), 1.46—1.28 (m, 1H). >*C NMR (101 MHz, DMSO-d,)
6 173.3, 159.5, 159.0, 158.7, 133.3, 122.2, 118.5, 115.6, 115.1, 70.2,
70.1, 70.1, 70.0, 69.4, 67.1, 65.5, 59.0, 53.8, 52.6, 51.0, 39.0, 38.9,
26.2,23.9,23.0, 21.7. HRMS (ESI-MS): m/z [M + H*] calculated for
CyoH N,Os™: 535.3854, found $35.3855; ChoHN,Os X 3 TFA
(876.81).

2-(6-(Dimethylamino)-3-(dimethyliminio)-3H-xanthen-9-yl)-5-
((1-oxo-1-(1-(4-(3-(piperidin-1-yl)propoxy)benzyl)piperidin-4-yl)-
5,8,11-trioxa-2-azatridecan-13-yl)carbamoyl)benzoate Dihydrotri-
fluoroacetate (12). 11 (7.89 mg, 9 pmol, 1.5 eq) was dissolved in
DMF (30 uL). NEt; (6.68 mg, 66 umol, 11 eq) and S-
carboxytetramethylrhodamine succinimidyl ester (S-TAMRA NHS
ester) (3.17 mg, 6 ymol, 1 eq) in DMF (60 L) were added, and the
reaction was shaken for 2.5 h in the dark at room temperature. The
reaction was quenched with 10% aqueous TFA (20 pL), and the
crude product was purified by preparative HPLC. A pink solid was
obtained for 12 (5.7 mg, 4.9 ymol, 82%). RP-HPLC: 99%, (t; = 9.84
min, k = 2.07). '"H NMR (600 MHz, DMSO-d,) & 9.84—9.57 (m,
1H), 9.48 (br s, 1H), 8.95 (t, ] = 5.5 Hz, 1H), 8.65 (br s, 1H), 8.28
(d, J = 7.9 Hz, 1H), 8.01 (t, ] = 5.7 Hz, 1H), 7.54 (br s, 1H), 7.45—
7.38 (m, 2H), 7.10—6.97 (m, 4H), 6.94 (br s, 2H), 6.56 (br s, 2H),
4.20 (s, 2H), 4.05 (t, ] = 6.0 Hz, 2H), 3.64—3.43 (m, 18H), 3.29—
3.04 (m, 16H), 2.94—2.82 (m, 4H), 2.39—2.32 (m, 1H), 2.18—2.08
(m, 2H), 2.04—1.60 (m, 9H), 1.45—1.31 (m, 1H). HRMS (ESI-MS):
m/z [M + H'] calculated for CgH; N¢Oo*: 947.5277, found
947.5293; Cg4H,oN4Oy X 2 TFA (1175.23).

Fluorescence Properties. Excitation and emission spectra of 12
were recorded in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM
Na,HPO,, 1.8 mM KH,PO,, pH 7.4) containing 1% BSA (Sigma-
Aldrich, Munich, Germany) using a Cary Eclipse spectrofluorometer
(Varian Inc., Mulgrave, Victoria, Australia) at 22 °C, in acryl cuvettes
(10 X 10 mm, Sarstedt, Niimbrecht, Germany). The slit adjustments
(excitation/emission) were 5/10 nm for excitation spectra and 10/5
nm for emission spectra. Net spectra were calculated by subtracting
the respective vehicle reference spectrum, and corrected emission
spectra were calculated by multiplying the net emission spectra with
the respective lamp correction spectrum. The quantum yield of 12
was determined according to previously described procedures™®>
with minor modifications using a Cary Eclipse spectrofluorometer
(Varian Inc.,, Mulgrave, Victoria, Australia) at 22 °C, using acryl
cuvettes (10 X 10 mm, Sarstedt, Niimbrecht, Germany) and cresyl
violet perchlorate (Biomol GmbH — Life Science Shop, Hamburg,
Germany) as a red fluorescent standard. Absorption spectra were
recorded by UV/Vis spectroscopy (350—850 nm, scan rate: 300 nm/
min, slits: fixed 2 nm) at a concentration of 2 uM for cresyl violet (in
EtOH, Aypgmay = 575 nm) and 12 (in PBS buffer and PBS + 1% BSA,
Aibsmae = 550 nm). The quantum yields were calculated for three
different slit adjustments (exc./em.): 5/5, 10/5, and 10/10 nm. The
means of the quantum yields, absorption and emission maxima, and
absorbance are presented in Table S1 in the Supporting Information.

BRET-Based Saturation/Real-Time Kinetics/Competition
Binding at the NLuc-H3;R. BRET-based saturation/real-time
kinetics/competition binding at the NLuc-H;R were performed as
previously described by Bartole et al. with minor modifications.”® For
the determination of nonspecific binding, clobenpropit (500-fold
excess) was used instead of thioperamide. Dissociation was initiated
by addition of 250 nM clobenpropit (500-fold excess) instead of
thioperamide. For competition binding experiments, 12 was used in a
concentration of 500 pM. Histamine dihydrochloride (his) was from
TCI Chemicals (Tokyo, Japan). Imetit dihydrobromide (imet), (R)-
(—)-a-methylhistamine dihydrobromide (RAMH), (S)-(+)-a-meth-
ylhistamine dihydrobromide (SAMH), clobenpropit dihydrobromide
(clob), and thioperamide maleate (thio) were from Tocris Bioscience
(Ellisville, MO, USA). 227743747 (Z-cmpd) was from Enamine Ltd.
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(Kyiv, Ukraine). Pitolisant hydrochloride (pito) was kindly provided
by Prof. Dr. Katarzyna Kiec-Kononowicz (Jagiellonian University,
Krakow). Significant differences between pKy values were assessed
using a two-tailed t-test (p < 0.05).

Flow Cytometry. Flow cytometric saturation binding experiments
at the Hj receptor were performed with a FACSCanto II flow
cytometer (Becton Dickinson, Heidelberg, Germany) equipped with
an argon laser (488 nm) and a red diode laser (640 and 635 nm).
Fluorescence signals were recorded using the following instrument
settings: excitation: 488 nm, emission: $85 + 21 nm (PE channel). All
samples were prepared and incubated in 1.5 mL cups (Eppendorf,
Hamburg, Germany). Cells were seeded S to 6 days prior to the
experiment in cell culture flasks. On the day of the experiment, the
cells were treated with trypsin/EDTA (0.05%/0.02%) (Sigma-
Aldrich, Munich, Germany), detached, and suspended in the cell
culture medium followed by centrifugation. The cells were
resuspended in Leibovitz’s L-15 medium (Fisher Scientific, Nidderau,
Germany) with 1% BSA (in the following, referred to as L-15
medium). The cell density was adjusted to 100,000 cells/mL. For the
total binding experiments, 2.5 uL of a solution of the fluorescent
ligand (100-fold concentrated to final concentration) in the L-15
medium and 2.5 pL of L-15 medium were added to 245 uL of the cell
suspension. For the nonspecific binding experiments, 2.5 uL of
solution of the fluorescent ligand (100-fold concentrated to final
concentration) and 2.5 uL of a 1 mM solution of clobenpropit in the
L-15 medium were added to 245 uL of the cell suspension. NR266
(12) was used at final concentrations of 0.02—10 nM. All samples
were incubated at 22 °C in the dark under shaking for 1 h. All
experiments were performed in duplicate.

Radioligand Competition Binding. Radioligand competition
binding experiments were performed as previously described by
Pockes et al. with minor modifications.** All experiments were carried
out on whole HEK cells instead of Sf9 membranes. Generation of the
stable HEK293-SP-FLAG-hH,;R and HEK293-SP-FLAG-hH,R cell
lines was conducted as described for the HEK293-SP-FLAG-hH;R
and HEK293-SP-FLAG-hH,R.** Ligand dilutions of 12 were
prepared 10-fold concentrated in L-15 with 1% BSA, and 10 uL/
well was transferred to a flat-bottom polypropylene 96-well microtiter
plate (Greiner Bio-One, Frickenhausen, Germany), as well as 10 uL/
well of the respective radioligand. The cells were adjusted to a density
of 1.25 % 10° cells/mL, and 80 UL of the cell suspension was added to
each well (total volume of 100 uL). All data were analyzed using
GraphPad Prism8 software (San Diego, CA, USA). The normalized
competition binding curves were then fitted with a four-parameter
logistic fit yielding pICsy-values. These were transformed into pK;-
values using the Cheng—Prusoff equation.®’

BRET Measurements of Ligand-Induced G;, Activation. The
Gy, BRET sensor was generated as previously described.’” For the
BRET measurements, HEK293A cells were transiently transfected in a
suspension with wild-type H;R and G;, BRET sensor (1:1 plasmid
ratio) using Lipofectamine 2000 (Thermo Fisher Scientific, Nidderau,
Germany) (2 pL transfection reagent/ug total plasmid) and seeded
onto poly-p-lysine-precoated, white 96-well plates (Greiner Bio-One,
Frickenhausen, Germany) (30,000 cells/well). 48 h after transfection,
cells were washed with HBSS (Gibco/Life Technologies, Carlsbad,
USA) and incubated with a 1/1000 stock solution of furimazine
(Promega, Mannheim, Germany). S min later, baseline BRET was
recorded in three consecutive reads (4 min), 10-fold serial ligand
dilutions or vehicle control was added, and the ligand-induced BRET
ratio was recorded in 17 consecutive reads (36 min). For competition
experiments, cells grown in 96-well plates were washed 48 h after
transfection as described above and incubated with a 1/1000 stock
solution of furimazine along with the indicated concentrations of
compound 12 or ultrapure water (solvent control). After recording
the basal BRET ratio, all wells pre-incubated with 12 were stimulated
with 1 nM imetit. Wells pre-incubated with ultrapure water were
treated with HBSS (vehicle control for imetit treatment). All
experiments were conducted using a CLARIOstar plate reader
(BMG Labtech, Ortenberg, Germany) recording NLuc and cpVenus
emission intensities with 450/80 nm (Gain 3600) and 530/30 nm

(Gain 4000) monochromator settings, respectively, and an integration
time of 0.3 s. Raw BRET ratios were defined as acceptor emission/
donor emission. The three BRET ratios prior to ligand/vehicle
addition were averaged and defined as BRET),,. To quantify ligand-
induced BRET changes, ABRET was calculated for each well and
time point as a percent over basal ([(BRET,, — BRET..)/
BRET),.y] X 100). Subsequently, the average ABRET of vehicle-
treated control wells was subtracted. Ligand concentration response
curves were generated based on vehicle-corrected ABRET measured
as a mean of three subsequent reads, 23 min after ligand addition.

Live Cell Confocal Microscopy. HEK293 cells stably transfected
with a vector plasmid for H;R expression were maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM) (PAN Biotech,
Aidenbach, Germany) supplemented with 10% Fetal Bovine Serum
(FBS) (PAN, Aidenbach, Germany Biotech), 1% L-Glutamine (PAN
Biotech, Aidenbach, Germany), penicillin (100 U/mL), and
streptomycin (100 pg/mL) at 37 °C and 5% CO,. Cells were
passaged every 2—3 days.

For imaging, 300,000 HEK293-H;R cells were seeded on poly-p-
lysine coated coverslips in 6-well plates. 24 h later, coverslips were
transferred to an Attofluor cell chamber (Thermo Fisher Scientific,
Nidderau, Germany) and supplemented with Fluorobrite DMEM
medium (Thermo Fisher, Nidderau, Germany), and then the
chamber was placed on a microscope stage.

Imaging was performed using a Leica SP8 laser scanning confocal
microscope equipped with a 40X/1.25 NA oil immersion objective, a
white light laser (WLL), and photon counting hybrid (HyD)
detectors. For excitation, the WLL was set to 552 nm at 10%
power. Fluorescence was detected within an emission window of
557—764 nm. Image size was set to 512 X 512 pixels, and the
scanning speed was 700 Hz. After adjusting the focus, time-lapse cell
imaging was performed with a 1 s interval between each image. After
imaging for 10 s of baseline, the fluorescent ligand was added by using
a micropipette at a final concentration of 5 nM. After imaging for 4—5
min, clobenpropit was added at a final concentration of 2.5 uM,
maintaining the 5 nM fluorescent ligand concentration, and imaging
was completed after 20 min.

Time-lapse confocal images were processed using the Image]
software. Contrast was adjusted for each file to facilitate the
visualization of the fluorescence signal. Total fluorescence (in
arbitrary units) was plotted as a function of time using the Origin
2018 software. Association and dissociation kinetics were calculated
using the “ExpDec” function in the software. Each kinetic data was
pooled and plotted as a scatter dot-plot using the GraphPad 7
software.

Experiments to demonstrate the photobleaching properties were
performed according to the method described above. The fluorescent
ligand was immobilized in a 0.5% agarose film in 1 uM final
concentration of the fluorescent ligand UR-NR266 (12) and imaged
over a period of 20 min.

TIRF-Imaging. For single-molecule experiments, CHO-cells
(ATTC/LGC Standards, Wesel, Germany) were seeded 24 h before
transfection. Transfection was done 4—6 h before TIRF-imaging using
Lipofectamine 2000 (Thermo Fisher Scientific, Nidderau, Germany).
For each single well of a 6-well cell culture plate (Brand, Wertheim,
Germany), 2 ug of the desired DNA was diluted in 500 uL of Opti-
MEM (Thermo Fisher Scientific, Nidderau, Germany) and mixed
with another dilution containing 6 uL of Lipofectamine 2000
transfection reagent in 500 uL of Opti-MEM. After incubation at
25 °C for 20 min, this mixture (total = 1 mL) was added to a single
well of cell culture plate, containing 1 mL of DMEM-F12 medium
(Thermo Fisher Scientific, Nidderau, Germany). After 4—6 h,
expression levels were sufficient for single-molecule experiments and
the medium was exchanged with a new DMEM-F12 medium.

All TIRF-imaging experiments were performed with transiently
transfected CHO cells as described above. To measure the labeling
efficiency of UR-NR-266 (12), a C-terminally mNeonGreen tagged
H;R was expressed (H3-mNG). Cells were labeled with 10 nM of 12
for 15 min. After labeling, cells were washed once with PBS and taken
for imaging to an Attofluor Cell Chamber (Invitrogen, Carlsbad,
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USA) in sterile filtered PBS (Sigma-Aldrich, Munich, Germany)
containing 3 nM 12. For single-molecule imaging, a TIRF illuminated
Nikon Eclipse Ti2 microscope (Nikon, Tokyo, Japan) equipped with
a 100X 1.49NA automated correction collar objective and 405, 488,
561, and 647 nm laser diodes coupled via an automated N-Storm
module and four iXon Ultra 897 EMCCD cameras (Andor, Tokyo,
Japan) was used. The objective and sample were kept at 20 °C during
imaging. The automated objective collar was on, exposure times were
set to 40 ms, and the perfect focus system (Nikon, Tokyo, Japan) was
activated. Emission of TAMRA was recorded using a Cy3 Filter
(Chroma, Vermont, USA), and mNeonGreen was recorded using a
GFP Filter (Chroma, Vermont, USA).

Image analysis of the obtained TIRF-movies was done by first
cropping the image to the desired size, region, and frame-number
using Fiji.®* Afterward, movies were loaded in the Matlab environ-
ment (MathWorks) using u-Track,®> and requested parameters were
adjusted according to the abovementioned imaging conditions. Spot-
Detection, Tracking, and Motion-Analysis modules were then applied
and analyzed as Freviously described, as well as the assignment of
diffusion classes.”"%®

Off-Target Screening Using the NanoBRET Binding Assay.
The NLuc construct of the mouse smoothened receptor®® was kindly
provided by Prof. Dr. Gunnar Schulte (Karolinska Institutet), the
adenosine A, receptor'® by Prof. Dr. Stephen J. Hill (University of
Nottingham), the f§; adrenoceptor by Dr. Ulrike Zabel (University of
Wiirzburg), the muscarinic acetylcholine M, receptor”* by Dr. Lukas
Gratz (University of Regensburg), and the dopamine D, receptor by
Denise Monnich (University of Regensburg). All other constructs
were made for these purposes by Dr. Lukas Gritz and Dr. Hannes
Schihada. For the BRET-based off-target screening, HEK293T cells
were transiently transfected in a suspension with 1 pg of cDNA per
mL of cell suspension (300,000 cells/mL). The receptors were the
histamine Hj, ; adrenoceptor, cannabinoid receptor types 1 and 2,
adenosine A;, mouse smoothened, dopamine Djyjy,/3, muscarinic
acetylcholine M, /,/3/4/5, and angiotensin II type 1 receptor and were
prepared by replacing the receptor sequence of the NLuc-A;
construct. After S min of incubation, the mixtures were combined
and incubated at room temperature for a further 10 min. HEK293T
cells were suspended at 300,000 cells/mL in DMEM (10% FCS), and
1 mL of cell suspension was added to each receptor/PEI mix. Seeding
consisted of 100 L of cDNA/cell/PEI mixture per well on a poly-p-
lysine (mol wt 70,000—150,000, Sigma-Aldrich, Taufkirchen,
Germany) coated white 96 well plate (cellGrade, Brand, Wertheim,
Germany). Cells were used 36 h after transfection. Media was
aspirated and washed with HBSS/0.5% BSA, before being replaced
with 90 uL of HBSS/0.5% BSA plus furimazine (1:1000 dilution) and
incubated for 5 min at 37 °C. Bioluminescence and fluorescence were
read on the Tecan GENios Pro, using the same parameters as the
other BRET experiments at 37 °C. The baseline was read for S cycles,
and the response post ligand addition was read for another 10 min.
Buffer control and 200 nM 12 were used in duplicate for each
receptor.
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aq, aqueous; a.u., arbitrary units; AU, absorption units; Bg,
becquerel; B,,,, total number of receptors in a sample; br,
broad; BRET, bioluminescence resonance energy transfer;
BSA, bovine serum albumin; CDCl;, deuterated chloroform;
CHO, Chinese hamster ovary cells; CI, confidence interval;
clob, clobenpropit; cpm, counts per minute; CRC, concen-
tration response curve; Cy3, cyanine dye 3; DAD, diode array
detector; dd, doublet of doublets; DIPEA, diisopropylethyl-
amine; DMEM, Dulbecco’s modified Eagle medium; DMSO-
dg, deuterated DMSO; dt, doublet of triplets; EDC-HCI, 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride;
eq, equivalent; EtOAc, ethyl acetate; EtOH, ethanol; FCS,
fetal bovine serum; G418, geneticin; Gay, a-subunit of the G,
protein that mediates inhibition of adenyl cyclase; Gy, G
protein f;- and y,-subunit; HBSS, Hank’s balanced salt
solution; HOBt, 1-hydroxybenzotriazole; H,O, water;
HEK293, human embryonic kidney 293 cells; HEK293T,
human embryonic kidney 293 T cells; HEPES, 2-[4-(2-
hydroxyethyl)piperazin-1-yl]Jethanesulfonic acid; His, hista-
mine; H,Rs, histamine receptor subtype x; imet, imetit; k,
retention (or capacity) factor (HPLC); K, dissociation
constant obtained from functional assays; Kj dissociation
constant obtained from a saturation binding experiment; K;
dissociation constant obtained from a competition binding
experiment; kin, kinetic; kg, observed association rate
constant; kg dissociation rate constant; k,,, association rate
constant; MeCN, acetonitrile; CD;0D, deuterated methanol;
MeOH, methanol; MW, microwave; N, normality; Nano-
BRET, NanoLuc luciferase-based bioluminescence resonance
energy transfer; NEt;, triethylamine; NLuc, NanoLuc frag-
ment; PE, petroleum ether; pECs, negative logarithm of the
half-maximum activity concentration in M; pH, potential or
power of hydrogen; pito, pitolisant; pKj, negative logarithm of

Ky, in M; pK,, negative logarithm of K; in M; ppm, parts per
million; PTFE, polytetrafluoroethylene; RAMH, (R)-(—)-a-
methylhistamine; RP-HPLC, reversed-phase HPLC; Q-TOF,
quadrupole time of flight; RET, resonance energy transfer; sat,
saturation; SAMH, (S)-(+)-a-methylhistamine; SD, standard
deviation; s, second; SEM, standard error of the mean; f,, dead
time; S-TAMRA NHS-ester, S-carboxytetramethylrhodamine
succinimidyl ester; thio, thioperamide; TIRF, total internal
reflection fluorescence; tp, retention time; TR-FRET, time-
resolved Forster resonance energy transfer; 7, association
time constant; Ty, dissociation time constant; WLL, white
light laser; Z-cmpd, 227743747
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