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Introduction

G protein-coupled receptors (GPCRs) represent the largest 
superfamily of integral membrane proteins in the human 
genome.1 These seven-helical-transmembrane receptors 
transduce extracellular signals to trigger an intracellular 
response and are therefore involved in many intracellular 
signaling and regulatory processes. The physiological rele-
vance and exposed location of GPCRs at the boundary of 
the cell brings them into focus as highly attractive targets 
for drug discovery campaigns.2 However, the poor biophys-
ical properties of GPCRs, their limited natural abundance, 
and their low intrinsic stability when isolated from the cel-
lular environment still present major challenges for this tar-
get class. As a consequence, the number of techniques to 
study GPCR interactions with their ligands are limited. 
Whole-cell screening, cell membrane preparations, or 
vesicle- based approaches are all excellent strategies to pre-
serve GPCR stability and integrity in an environment close 
to the natural one, but these systems often lack sufficient 

receptor levels for ligand screening experiments, especially 
with the typical initial low-affinity hits found in high-
throughput screening (HTS).

The original approaches in industry to GPCR screen-
ing campaigns mainly relied on radioactivity-based 
assays, such as the scintillation proximity assay (SPA).3 
Although widely used and well established, such assays 
have serious drawbacks regarding cost-effectiveness, 
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The development of cell-free high-throughput (HT) methods to screen and select novel lead compounds remains one 
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HT fluorescence polarization (FP) assay for the neurotensin receptor type 1 (NTS1) was developed. The assay operates 
in a 384-well format and is tolerant to DMSO. From a library screen of 1272 compounds, 12 (~1%) were identified as 
primary hits. These compounds were validated in orthogonal assay formats using surface plasmon resonance (SPR), which 
confirmed binding of seven compounds (0.6%). One of these compounds showed a clear preference for the orthosteric 
binding pocket with submicromolar affinity. A second compound revealed binding at a nonorthosteric binding region and 
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radioactive waste creation, and effective handling of 
expensive reagents, especially the SPA beads. During the 
last decade, fluorescence-based screening techniques 
have started to provide a low-cost and simple nonradioac-
tive alternative. Among others, assays based on fluores-
cence polarization (FP) enable the detection of two 
binding partners in homogeneous solution, one of which 
is fluorescently labeled, and this assay is especially suit-
able when the molecular weight difference between the 
ligand and receptor is large.4 Upon binding of a fluoro-
phore-labeled ligand to its interaction partner, the effec-
tive molecular radius of the fluorophore ligand increases, 
as it is now complexed to the receptor, resulting in a 
slower intramolecular tumbling rate. The emitted light of 
the fluorophore complex retains more intensity in the 
polarization plane, whereas the unbound fluorophore 
ligand emits less polarized light due to rapid tumbling. 
Consequently, the detection of the polarization intensities 
of a fluorophore–ligand conjugate in the presence and 
absence of its cognate receptor serves as a direct measure-
ment of the bound fraction of a ligand. In addition, it is 
straightforward to use such an assay principle for compe-
tition binding experiments, thus allowing measurements 
of the binding of nonlabeled ligands and identification of 
new interaction partners in a screening format.

The application of FP assays in HTS campaigns against 
a variety of protein targets,5 including GPCRs,6,7 has already 
been demonstrated. However, the lack of appropriate fluo-
rescent probes and the narrow dynamic range due to rela-
tively low receptor densities after expression, unspecific 
binding events, and intrinsic cell fluorescence have ham-
pered the utilization of FP-based HTS campaigns for 
GPCRs.8 Recent breakthroughs in the molecular engineer-
ing of GPCRs9 opened up new avenues for in vitro analysis 
of this protein class with biophysical methods by generating 
receptor variants with significantly increased expression 
yields and stability in solubilized and purified form.

The neurotensin receptor type 1 (NTS1) belongs to GPCR 
subfamily A (rhodopsin-like receptors) and binds the neu-
rotransmitter neurotensin (NTS), a 13-amino-acid peptide, 
which acts as a natural agonist and is distributed throughout 
the central nervous system.10 Although NTS1 is involved in 
several diseases, including hypothermia, inflammation, can-
cer, addiction, and Parkinson’s disease,11–13 cell-based 
screening approaches have yet to improve the availability of 
small-molecule entities specifically targeting NTS1.14 
Recently, the generation of stabilized and purified NTS1 
receptor forms suitable for screening studies has been opti-
mized through various rounds of directed evolution, leading 
to the isolation of highly stable and soluble receptor 
mutants.15–18 Crystal structures of several agonist-bound 
mutants, generated by directed evolution, revealed that the 
mutations do not influence the known orthosteric binding 
pocket of NTS1.19 This makes the generated NTS1 receptor 
variants ideal protein reagents for in vitro applications such 

as FP-based HTS in order to identify novel agonists and 
antagonists of this important target.

Here, we describe the development of a cell-free HT FP 
assay to detect novel small-molecule binders of the GPCR 
NTS1. We selected the NTS1 mutant NTS1-H417 as a proof-
of-concept receptor due to its superior stability in detergent 
and the ready availability of a fluorescently labeled peptide 
agonist of neurotensin (NTS). Competition binding experi-
ments with known NTS1 ligands were carried out to opti-
mize the assay for 384-well HT format and determine 
relative compound binding affinities. A competitive HT- 
compatible pilot screen was performed using a subset of the 
Library of Pharmacologically Active Compounds (LOPAC 
1280). Competitive binding hits from the FP measurements 
were validated in an orthogonal in vitro assay based on sur-
face plasmon resonance (SPR). Confirmed hits were further 
characterized for downstream signaling activity in cells 
expressing the NTS1 wild-type receptor.

Materials and Methods

Materials

Tris and DMSO were obtained from Carl Roth GmbH + 
Co. KG (Karlsruhe, Germany). NaCl, SR142948, and 
LOPAC 1280 were obtained from Sigma-Aldrich Chemie 
GmbH (Munich, Germany). The detergents dodecyl-β-d-
maltopyranoside (DDM) and 2,2-didecylpropane-1,3-bis-
β-d-maltopyranoside (MNG-3) were obtained from 
Anatrace (Maumee, OH). NTS8-13, NTS8-13–HiLyte647, 
and HiLyte647 were obtained from AnaSpec, Inc. 
(Fremont, CA). The mutated peptide NTS8-13_A11A12 
was synthesized by JP Peptide Technologies (Berlin, 
Germany). Black-and-white 384-well, low-volume, non-
binding microtiter plates were purchased from Greiner 
Bio-One GmbH (Frickenhausen, Germany).

NTS1 Expression Construct

The rat NTS1 variant, NTS1-H4, was expressed in 
Escherichia coli, as described previously.20 NTS1-H4 was 
N-terminally truncated at amino acid E44 and at G390 at 
the C-terminus, where it was fused via a glycine–glycine–
glycine–serine (GGGS)6 linker to an Avi-tag. Amino acids 
E273-T290 of intracellular loop 3 were deleted and the two 
potential free cysteines, C386 and C388, at the C-terminus 
of the receptor were both mutated to alanine to facilitate 
protein purification and subsequent experiments without 
perturbing signaling functionality of NTS1-H4. E. coli cells 
harboring NTS1-H4 were grown overnight at 37 °C in 1 L 
of 2YT medium supplemented with 1% (w/v) glucose and 
100 µg/mL ampicillin. A fermenter (Bioengineering D558, 
Wald, Switzerland) containing 50 L of 2YT, 0.5% (w/v) glu-
cose, and 100 µg/mL ampicillin was inoculated using the 
entire 1 L preculture and grown to an OD600 of 2.5 at 37 °C. 
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Receptor expression was induced with 1 mM isopropyl-β-
d-thiogalactopyranoside (IPTG) and cells were cultivated at 
28 °C overnight. In addition, 1 µM biotin was added after 
induction to ensure efficient in vivo biotinylation of 
expressed NTS1-H4 at the C-terminal Avi-tag. Cells were 
harvested after overnight expression and cell pellets were 
frozen in liquid nitrogen and stored at −80 °C.

NTS1 Purification

To purify the receptor, 25 g of frozen E. coli pellet was 
thawed and resuspended at room temperature in 50 mL of 
solubilization buffer, containing 100 mM HEPES, pH 8.0, 
20% (v/v) glycerol, and 400 mM NaCl. All the following 
steps were carried out at 4 °C. A half milliliter of 1 M 
MgCl2 (5 mM), 2 mg of DNase I, 200 mg of lysozyme, and 
20 mL of a detergent mixture composed of 0.2% (w/v) cho-
lesteryl hemisuccinate Tris salt (CHS) and 2% (w/v) DDM 
were added to the resuspended cell pellet. The mixture was 
incubated for 30 min, followed by cell lysis via mild soni-
cation for 30 min in an ice-water bath. After cell lysis, 0.4 
mL of 5 M imidazole was added and the mixture was incu-
bated for another 30 min. The suspension was centrifuged 
for 30 min at 28,000 rcf. The supernatant was mixed with 5 
mL of TALON resin (Clontech, Mountain View, CA), 
which had been preequilibrated with IMAC binding buffer 
(25 mM HEPES, pH 8.0, 10% [v/v] glycerol, 600 mM 
NaCl, 0.3% [w/v] DDM, and 15 mM imidazole) and incu-
bated for 2 h on a rolling device. Subsequently, the mixture 
was loaded into an empty PD10 column (GE Healthcare, 
Uppsala, Sweden), which was then washed with 50 mL of 
IMAC binding buffer. Elution of bound protein was per-
formed with 15 mL of IMAC elution buffer containing 25 
mM HEPES, pH 8.0, 10% (v/v) glycerol, 150 mM NaCl, 
0.3% (w/v) DDM, and 250 mM imidazole. Five hundred 
microliters of 1.6 mg/mL HRV 3C protease was added to 
the elution and incubated for 1 h at 4 °C, followed by addi-
tion of 250 µL of 10% (w/v) MNG-3 and incubation for 1 
h at 4 °C. The cleaved protein was diluted threefold with 
SP binding buffer (10 mM HEPES, pH 7.0, 10% [v/v] glyc-
erol, and 0.01% [w/v] MNG-3) and was loaded onto a 
PD10 column containing 2.5 mL of sulfopropyl (SP) 
Sepharose beads (Sigma-Aldrich) preequilibrated with SP 
binding buffer. The resin was washed with 15 mL of SP 
binding buffer, followed by 12.5 mL of SP wash buffer (10 
mM HEPES, pH 7.7, 10% [v/v] glycerol, 35 mM NaCl, 
and 0.01% [w/v] MNG-3) and 2 mL of SP binding buffer. 
NTS1-H4 was eluted with 12 mL of SP elution buffer (10 
mM HEPES, pH 7.0, 10% [v/v] glycerol, 350 mM NaCl, 
and 0.01% [w/v] MNG-3). Eluted receptor was concen-
trated in an Amicon-15 Ultra concentrator with a 50 kDa 
cutoff (Millipore, Billerica, MA) to a final volume of less 
than 1 mL. Concentrated NTS1-H4 was subjected to pre-
parative size exclusion chromatography using a Superdex 

200 10/300 GL column (GE Healthcare), which had been 
preequilibrated with 10 mM HEPES, pH 8.0, 150 mM 
NaCl, and 0.01% (w/v) MNG-3. Peak fractions corre-
sponding to NTS1-H4 were pooled (final volume 3–4 mL) 
and concentrated in an Amicon-4 Ultra concentrator with a 
50 kDa cutoff to a final protein concentration of approxi-
mately 50 µM. Purified and concentrated NTS1-H4 was 
mixed with 10 mM HEPES, pH 8.0, 150 mM NaCl, 0.01% 
(w/v) MNG-3, and 50% (v/v) glycerol to yield a final glyc-
erol concentration of 25%. Aliquots of 10–100 µL were 
frozen in liquid nitrogen and stored at −80 °C for later 
usage.

FP Assay Development

A concentration series of NTS1 receptor was incubated in 
the presence of 5 nM labeled peptide (NTS8-13–HiLyte647) 
in assay buffer containing 20 mM Tris, pH 8.0, 150 mM 
NaCl, and 0.01% (w/v) MNG-3 to determine a suitable 
receptor concentration. In order to assess the effect of 
DMSO on the assay readout, solvent concentrations rang-
ing from 0% to 3% (v/v) were tested. Binding competition 
was tested at increasing concentrations of the truncated 
natural receptor agonist (NTS8-13) and a receptor antago-
nist (SR142948) in the presence of 12.5 nM NTS1 and 5 
nM NTS8-13–HiLyte647 (competition assay format). FP 
was detected for all experiments after 1 h of incubation at 
25 °C and 80% humidity on an EnVision Multimode reader 
(PerkinElmer, Waltham, MA) using a Cy5 FP-Filter set. 
Based on the emission data, FP values were calculated for 
each well. FP values are expressed in units of milli-P (mP), 
where P = (F|| – F⊥)/(F|| + F⊥). For the final assay configu-
ration, automated liquid dispensing (MultiDrop Combi, 
Thermo Fisher Scientific, Waltham, MA) was used to 
reduce the total assay volume from 20 µL to 10 µL per well.

HT-Compatible FP Competition Assay

For screening of the LOPAC set, compounds were trans-
ferred to black, 384-well, low-volume plates using an Echo 
555 (Labcyte, San Jose, CA) liquid handler. Each com-
pound was tested in duplicate at a final concentration of 10 
µM and 1% (v/v) DMSO in the assay buffer. NTS1 receptor 
(12.5 nM final concentration) and NTS8-13–HiLyte647 (5 
nM final concentration) were dispensed with a MultiDrop 
Combi Reagent Dispenser and incubated for 60 min at 25 
°C and 80% humidity in the presence of compound, control 
1% (v/v) DMSO (vehicle control), or 100 nM SR142948 
(positive control). Five nanomol of HiLyte647 (10 µL/well) 
or 5 nM labeled peptide (NTS8-13–HiLyte647, 10 µL/well) 
were included as additional controls in all assay plates. Data 
were processed with ActivityBase (IDBS, Guildford, UK) 
and were normalized against signals of the control wells 
(vehicle and positive control). Z′ values were calculated,21 
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where Z′ describes the relation of the separation between 
positive and negative controls and their spreads according 
to Z′ = 1 – (3σp – 3σn)/|μp – μn|, where σ is the standard 
deviation, μ is the mean, and subscripts p and n denote posi-
tive and negative controls, respectively. A Z′ factor greater 
than 0.5 represents an optimal difference between positive 
and negative controls, below 0.5 is still an acceptable ratio, 
whereas a Z′ factor less than 0 constitutes signal overlap of 
the positive and negative controls.

The most potent and pharmacologically interesting com-
pounds from the primary screen were tested in 11-point 
dose–response studies (four replicate wells per condition). 
Dose–response curves were fitted using a sigmoidal four-
parameter fit and pIC50 values were determined (GraphPad 
Prism, GraphPad Software, San Diego, CA).

SPR Screening

The best-performing compounds were investigated in an 
orthogonal approach using SPR. All SPR measurements 
were performed on a BiacoreT100 instrument (GE 
Healthcare) at 20 °C. A CMD500L chip (XanTec, Düsseldorf, 
Germany) was prepared according to the manufacturer’s 
instructions. For receptor immobilization, a 50 µg/mL neu-
travidin solution in 50 mM MES, pH 5.0, was used. The 
receptor was then captured by neutravidin via the in vivo 
biotinylated C-terminal Avi-tag in running buffer (50 mM 
Tris, pH 7.4, 150 mM NaCl, 0.1% [w/v] DDM, 2% DMSO), 
achieving 2000–3000 RU. NTS1 integrity and binding 
activity after coupling were verified by injections of a 
mutated NTS8-13 peptide comprising two alanine muta-
tions at positions 11 and 12, with previously determined 
binding characteristics.22 All compounds were initially 
screened at concentrations of 50 µM in duplicates. Screening 
was performed against immobilized apo-receptor and a 
blank reference surface. Ligand association was monitored 
over 60 s and dissociation over 300 s at a flow rate of 50 µL/
min. Measurements were double-referenced and processed 
with Scrubber2 software (BioLogic Software, Campbell, 
Australia). After visual inspection of the binding curves, 
seven compounds were chosen for further evaluation in 
dose–response experiments with concentrations ranging 
from 0.04 to 10 µM on free and blocked receptor surfaces. 
Blocking of the orthosteric NTS1 binding site was achieved 
by preinjections of 200 nM NTS8-13 (agonist) or 200 nM 
SR14948 (antagonist); both are high-affinity binders with 
remarkably slow off-rates.22

Functional Assays

For functional assays, HEK293 cells, stably expressing rat 
NTS1 wild-type, were produced using the HEK293 T-Rex 
Flp-In cell system (Thermo Fisher Scientific). Cells were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with tetracycline-free 10% fetal calf serum 
(FCS). NTS1 expression was induced by addition of 1 µg/
mL tetracycline to the medium. After 24 h, cells were har-
vested and signaling activity was measured in 384-well 
plates with competitive homogeneous time-resolved fluo-
rescence (HTRF) assays for cyclic AMP (cAMP) using the 
cAMP Dynamic 2 kit, and for inositol-1 phosphate (IP1) (a 
metabolite of inositol trisphosphate [IP3]) using the IP-One 
TB assay kits (both from Cisbio, Codolet, France), accord-
ing to the manufacturer’s instructions. The truncated pep-
tide agonist NTS8-13 and the small-molecule antagonist 
SR142948 served as assay controls.

Search for Analogs

Two of the profiled compounds served as a source for the 
identification of structural analogs: compound 06 (lorata-
dine) and compound 08 (eprosartan mesylate). Respective 
SMILES strings were identified and profiled on the public 
access database ZINC (http://zinc15.docking.org/).23 Using 
the Tanimoto coefficient,24 a set of compounds based on 
structural similarity to compounds 06 and 08 were deter-
mined. The final set included analogs with a Tanimoto coef-
ficient ranging from 1 to 0.67 for compound 06 and from 1 
to 0.6 for compound 08, which corresponds to a structure 
similarity between 100 – 67% and 100 – 60%, respectively. 
From these identified compounds, five analogs (four based 
on 06 and one from 08) were chosen for an additional round 
of experimental analysis in FP, SPR, and functionality 
assays.

Results

FP Assay Development

To determine the amount of NTS1-H4 receptor needed for 
an adequate FP signal window, a broad range of receptor 
concentrations were tested at constant NTS ligand concen-
trations. An NTS1 concentration of 12.5 nM in the presence 
of 5 nM NTS8-13–HiLyte647 resulted in an FP signal 
increase by ~50 mP compared with negative controls, which 
represented an acceptable assay window for HT studies. To 
evaluate the specificity of the NTS1/NTS8-13–HiLyte647 
interaction, nonlabeled NTS8-13 (agonist) and SR142948 
(antagonist) were added as competitors to fixed concentra-
tions of NTS1 (12.5 nM) and labeled NTS8-13 peptide (5 
nM). Both agonist and antagonist competed with the labeled 
ligand and the FP signal was reduced to baseline (~180 mP) 
at the highest added concentrations (Suppl. Fig. S1). 
Calculated IC50 values for the unlabeled NTS8-13 and 
SR142948 were 4.5 ± 0.1 nM and 11.3 ± 0.2 nM, respec-
tively. To exclude any subsequent effects of the convention-
ally used solvent DMSO on signal quality, the measurements 
were repeated in the presence of 0%–3% (v/v) DMSO. The 
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FP signal showed no change at DMSO concentrations up to 
3.0%. Overall, the assay was compatible with HTS require-
ments (Suppl. Fig. S1).

FP Assay Screening

Based on the benchtop assay configuration, an NTS1 com-
petition assay protocol was developed for semiautomated 
screening with SR142948 (at 100 nM, 1% DMSO final) as 
positive control and DMSO (1% v/v) as the vehicle/nega-
tive control. The LOPAC (1272 compounds) was screened 
for potential interaction with NTS1-H4. Screening was per-
formed in duplicates for each compound and the duplicates 
were positioned on different assay plates (Fig. 1). In order 
to assess data quality, Z′ values were calculated for all assay 
plates using the screening software ActivityBase. Z′ values 
were between 0.33 and 0.52, slightly higher than previously 
reported values of an NTS fluorescein-based HT assay.25

Each of the plates used for screening contained 16 nega-
tive (GPCR + NTS8-13–HiLyte647) and 16 positive 
(GPCR + NTS8-13–HiLyte647 + SR142948) control 
wells. The average FP values of the positive and negative 
control wells (n = 64; 4× plates in total) were 236 ± 7 and 
186 ± 5 mP, respectively, thus resulting in a screening win-
dow of up to 50 mP. Furthermore, the average inhibition 
from compound duplicates was calculated and a compound 
was assigned as a hit when the FP value dropped to <205 
mP, corresponding to a potential inhibition of NTS8-13–
HiLyte647 binding by >50%. When applying such a thresh-
old, 12 compounds could be identified, which resulted in a 
hit rate of 0.9%. In total, 12 compounds with inhibition 
above 50% and a further 3 compounds with FP inhibition 
between 35% and 50% were selected for dose–response 
analysis. The highest compound concentration in dose–
response experiments was 10 μM. For most of the tested 
compounds, this concentration was not high enough to 
achieve full inhibition of the NTS8-13–HiLyte647 binding 
and consequently the dose–response curves were not always 
fully defined (Fig. 1).

SPR Screening and Hit Conformation

Selected hits were evaluated in an orthogonal screening 
using SPR with the same NTS1 variant, NTS1-H4.22 After 
immobilization of NTS1-H4 and during the screening pro-
cedure, receptor integrity was monitored by injections of an 
NTS8-13 peptide variant (NTS8-13_A11,A12), which 
could be eluted due to its lower affinity compared with the 
wild-type peptide.22 All putative NTS1 FP screen hits were 
initially tested in duplicates at a concentration of 50 µM 
against the immobilized NTS1-H4 receptor. A blank refer-
ence without any immobilized protein was included in all 
SPR experiments to assess nonspecific surface interactions. 
The single-concentration SPR studies confirmed 8 of the 15 

hits (compounds 02, 03, 04, 06, 08, 13, 14, and 15), and 
these were progressed to dose–response analyses. KD val-
ues were calculated with a kinetic fit using both a 1:1 
Langmuir binding model and equilibrium analysis (Fig. 2, 
Suppl. Fig. S2). A broad range of affinities was found for 
the tested compounds, spanning from 0.8 µM up to 40 µM. 
In some cases, determined KD values are considered only as 
estimates of binding affinity since saturation of binding 
could not be achieved at the applied compound concentra-
tions (Suppl. Fig. S2). Concentrations higher than 10 µM 
resulted in a pronounced shift of the SPR response, most 
likely due to compound aggregation effects. For four com-
pounds, reliable KD values could be determined (com-
pounds 03, 08, 13, and 15), of which compounds 08 and 15 
showed the strongest binding affinity with KD values of 
around 0.9 µM. For three compounds, only approximate KD 
values could be estimated (02, 06, and 14), and for the 
remaining compound (04), a KD could not be determined. 
The experimental data for the analyzed compounds are 
summarized in Figure 3.

SPR Competition Screening

SPR-based competition binding assays were performed to 
determine the potential specificity of the compounds for 
the orthosteric binding pocket of the NTS1 receptor. For 
this purpose, dose–response experiments with the three 
highest concentrations of soluble compounds were 
repeated in the presence of a preblocked binding pocket. 
Blocking was accomplished by injecting an excess of 
agonist (truncated peptide NTS8-13) or antagonist 
(SR142948) before each injection of compound. Both 
controls NTS8-13 and SR142948 bind orthosterically, 
and a recent study has shown that their competitive 
behavior can be seen in SPR.22 Injections of the low-
affinity NTS8-13 derivative NTS8-13_A11,A12 con-
firmed completeness of blocking as no binding of 
NTS8-13_A11,A12 was observed after treatment of the 
receptor with either NTS8-13 or SR142948. All tested 
compounds showed almost identical binding behavior in 
the NTS- and SR-blocked measurements (Fig. 2, Suppl. 
Fig. S3) with the exception of compound 08, which shows 
a complete loss of binding on both blocked receptor sur-
faces. The remaining six compounds (compounds 02, 03, 
06, 13, 14, and 15) showed very similar binding responses 
on both blocked and unblocked receptor surfaces. This 
observed RU signal at the blocked surface suggests that 
binding does not occur at the orthosteric pocket. 
Compound 04 showed no binding at all.

Functional Activity on Mammalian Cells

A potential effect of identified hit compounds on intracel-
lular signaling was assessed in functional assays using 
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HEK293 cells stably expressing the rat NTS1 wild-type. 
The NTS1 receptor is known to elicit intracellular responses 
mainly via G proteins Gq and Gs.

26,27 Stimulation of these 
pathways can be measured by changes either in the level of 
IP1 (a metabolite of IP3) for Gq or in the level of cAMP for 
Gs. Both pathways are known to be activated by the natural 
peptide NTS, which preferentially stimulates the Gq 

pathway. The signal stimulation of each compound for the 
Gq- and Gs-mediated pathway was measured at a single 
concentration of 100 µM. To test for unspecific signaling 
(independent of NTS1), compounds were tested in parallel 
on parental HEK293 cells without NTS1 gene integration 
(control cells). NTS8-13 and SR142948 served as controls 
for agonistic and antagonistic functionality.

Figure 1. Results of the FP screen against NTS1. Upper left panel: A subset of the LOPAC was tested in duplicates at a 
concentration of 10 µM (filled circles); each axis depicts one replicate. The following controls were included on all assay plates: DMSO 
(vehicle control, ) and SR142948 (positive control, ). As reference, several wells containing only HiLyte647 () were also included. 
Fifteen candidates were chosen based on their inhibition potencies in the primary screen (filled red circles) (see text for selection 
criteria). Pearson’s correlation coefficient r between the two experiments was calculated with GraphPad Prism. Other panels: Dose–
response studies of the chosen compounds were measured in titration curves up to a 10 µM concentration. Data points represent the 
mean ± SEM from duplicate measurements. Curves were fitted using a four-parameter fit in GraphPad Prism.
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Two compounds (compounds 02 and 06) resulted in 
increased IP1 levels, pointing toward activation of the Gq 
pathway (Fig. 4A). Not surprisingly, both compounds are 
not as effective as the positive control NTS8-13. Compound 
02 triggers levels of 450 nM IP1 and compound 06 levels of 
300 nM IP1, thus achieving half or one-third of the NTS18-
13 level (800 nM), respectively, and they have to be applied 
at substantially higher concentrations (100 μM) than the 
native peptide agonist (1 µM).

In the case of compound 02, a small increase of IP1 level 
(300 nM) was detected in the control cells as well (Fig. 4A, 
grey bars), whereas compound 06 displayed agonistic activ-
ity of the Gq pathway only on cells with expressed NTS1 
receptor. Interestingly, none of the initially selected com-
pounds displayed an increased level of intracellular cAMP 

level at the measured concentration. Thus, none of them 
appear to stimulate signaling via the Gs pathway (Suppl. 
Fig. S4). To exclude any cell line-specific effects, the 
experiments stated above were repeated using CHO cells. 
All measurements with CHO cells stably expressing rat 
NTS1 wild-type showed identical signaling results as 
observed for HEK293 cells (data not shown).

An orthosteric or possibly allosteric activity of the com-
pounds was investigated by competitive assays. For this 
purpose, the functional activity of compounds 02 and 06 
and the controls was measured via the Gq/IP3 pathway in 
the presence of the antagonist SR142948 or compound 08, 
as potential antagonistic binders (Fig. 4B). The addition of 
SR142948 led to a signal reduction of the natural control 
agonist NTS8-13, and clearly demonstrated the ability to 

Figure 2. SPR kinetic binding data for compounds 02, 03, 04, 06, 08, 13, 14, and 15, with and without competition by a tight-binding 
orthosteric ligand. Black curves represent the titration series of each compound in duplicates on a free receptor surface. Red lines 
represent kinetic fits using a 1:1 Langmuir binding model. Grey curves represent the three highest concentrations as single injections 
on an agonist-blocked (NTS8-13) receptor surface. Lower right panel: The peptide NTS8-13_A11,A12 served as the control for 
blocking and the integrity of the surface over time. The peptide (200 nM) was injected between each titration series before blocking 
(black curves) and after blocking (grey curves).
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effectively disrupt the signaling activity of this high-affinity 
agonist, as expected for a competitive antagonist with high 
affinity itself. Compound 02 displayed a slightly decreased 
IP1 concentration of around 200 nM in the presence of 
SR142948. Interestingly, compound 06 was still able to 

produce the same amount of IP1 in the SR-blocked cells. 
Thus, the antagonist SR142948 blocks the orthosteric bind-
ing site for NTS8-13 and reduces the signal of compound 
02 by a factor 2, but does not impair compound 06 binding 
and signaling activity. Compound 08 has no effect on the 
functional activity of the four tested compounds. Only in 
the case of compound 06 was an increase from 400 nM to 
600 nM IP1 in the presence of 08 detected.

Functional Activity and Mode of Action

In the functional experiments described above, compound 
06 displayed Gq signaling specifically via NTS1. The sig-
naling behavior of compound 06 and control ligands was 
further tested in a dose-dependent activity assay. Six con-
centrations up to 100 µM of compound 06 were used. 
Higher compound concentrations could not be applied due 
to solubility issues of the compound. Control ligands NTS8-
13 and SR142948 were titrated in 18-point dilution series to 
cover a broader concentration range. NTS8-13 revealed an 
EC50 in the picomolar range (100 pM), whereas SR142948 
did not elicit signaling activity, as expected for an antago-
nistic binder. Although the used concentrations of com-
pound 06 were not sufficient to reach saturation, a clear 
dose-dependent activity at higher micromolar concentra-
tions was observable. An accurate EC50 calculation was 
thus not possible, but an EC50 value in the high micromolar 
range is expected (Fig. 4C).

Competitive functional assays implied an allosteric ago-
nist activity of compound 06. Therefore, a potential modu-
latory effect of compound 06 on NTS8-13 signaling was 
tested directly. For this purpose, cells were preincubated 
with a constant concentration of compound 06, before add-
ing NTS8-13 peptide in a titration series (Fig. 4D). Addition 
of compound 06 did not result in any shift of the EC50 of 
NTS8-13 (~100 pM), but increased the basal signaling 
activity of cells, characterized by higher IP1 level at low 
NTS8-13 concentrations, as expected for a functional 
agonist.

Search for Analogs

To explore a possible structure-guided improvement of the 
identified NTS1 targeting hits, a computational screen of 
analogs was performed. Based on our screening, hit confir-
mation, and functional assay results, compounds 06 and 08 
were chosen as the basis of the search for structurally related 
analogs. Although a reliable binding affinity could not be 
determined for compound 06, it appeared attractive due to 
its NTS1-specific agonistic activity, whereas compound 08 
showed the strongest orthosteric affinity of all hits. In total, 
five new potential analogs with a molecular structure related 
to compound 06 (four analogs) or 08 (one analog) were 
selected for a repeated hit characterization procedure. None 

Figure 3. Summary of measured FP and SPR data. The figure 
shows all binding compounds with their screening name (ID), 
molecular structure, pIC50 values, and KD values calculated from 
a kinetic fit using a 1:1 Langmuir binding model or equilibrium-
based analysis. Compounds without any binding or inhibition 
are marked with N.D. Values in parentheses are estimates 
that correspond to compounds showing no saturation at the 
concentrations that could be reached.
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of the five selected analogs resulted in an increased binding 
inhibition when tested in FP-based dose–response measure-
ments (Suppl. Fig. S5). Analogs 01 and 05 showed no inhi-
bition of NTS8-13 binding at all, whereas compounds 02, 
03, and 04 revealed IC50 values around 5 µM, which are 
comparable to the parental molecules (Fig. 5). In contrast, 
binding affinity measurements indicated that two of the four 
selected analogs of compound 06 showed an improvement 
in their binding affinities, with analog 01 displaying a 
nearly 40-fold enhancement from an estimated 40 µM to 0.9 
µM, and analog 02 showing a 10-fold enhancement to 4 
µM. Analog 03 showed no binding, and analog 04 gave 
similar binding affinities to the parental molecule (Fig. 6A). 
Performed functionality assays showed a loss of signaling 
activity for all four tested analogs of compound 06 (Fig. 6B). 
Thus, an affinity enhancement for some of the analogs was 

achieved, albeit at the expense of the agonistic functional-
ity. Analog 05, the sole analog of compound 08, did not 
show any binding to NTS1 in SPR experiments and no 
influence on signaling activity was observable. The IC50 
and kinetic data of all analyzed analogs are summarized in 
Figure 5.

Discussion

The solubilization and purification of a functionally active 
receptor from the cell membrane should overcome most of 
the limitations of current HT FP screenings carried out with 
whole cells, particularly to reduce autofluorescence signals 
and to remove potential unspecific cellular contaminants. In 
this study, we used the interaction of NTS1 with its peptidic 
agonist NTS as a readout with the aim of developing an FP 

Figure 4. Functional assays on cells. (A) Gq signaling assay by measuring IP1 level (a metabolite of IP3) elicited by agonist NTS8-13 
(1 µM); antagonist SR142948 (1 µM); and compounds 02, 03, 06, 08, 13, 14, and 15 (all at 100 µM) in HEK293 cells, either expressing 
(white) or not expressing (grey) NTS1. (B) IP1 production elicited by NTS8-13 (1 µM), SR142948 (1 µM), and compounds 02 
and 06 (each at 100 µM) in HEK cells, in the absence (white) or presence of the antagonist SR149248 (light grey) (100 µM, cells 
preincubated) or compound 08 (dark grey) (100 µM, cells preincubated). All data points are background corrected and represent 
mean ± SEM from duplicate measurements. (C) Dose-dependent IP1 production of NTS8-13 (), SR142948 (▲), and compound 
06 (). (D) Concentration-dependent IP1 production of NTS8-13 in the presence of 1 µM SR142948 (▲) or compound 06 at 100 µM 
(), 11.1 µM (), 1.23 µM (∆), or buffer only (). Data were background subtracted and normalized to maximal NTS8-13 signaling 
activity. In both cases, each data point represents mean ± SEM. Curves were fitted with a nonlinear regression fit (four parameters) in 
GraphPad Prism.
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HT assay free of cellular components to identify novel 
inhibitors of the receptor–peptide interaction. As the target 
protein, the stabilized mutant NTS1-H4, which evolved by 
cellular high-throughput encapsulation for screening and 
selection (CHESS),18 was used. This mutant showed the 
highest stability in the apo state,18 and its structure has been 
determined.19 This mutant has already proven to be suitable 
for several in vitro screening techniques, such as nuclear 
magnetic resonance (NMR) and SPR, to validate novel 
binding entities.20,22 The focus of the present work was to 
determine the compatibility of a stabilized GPCR variant in 
an FP-based screening setup and to extend the scope toward 
in vitro HTS efforts of this class of membrane proteins.

An effective screening performance in an FP assay for-
mat requires an optimal signal window that is dictated pre-
dominantly by the selected fluorescently labeled ligand. To 
identify the ideal ligand for the anticipated NTS1 receptor 
screening, we evaluated two key parameters, ligand binding 
affinity and the spectral behavior of the conjugated fluoro-
phore. First, strong binding is a requirement to resolve a 
wide range of potential inhibitor potencies,28 but it should 
still allow the binding and competition of weakly interact-
ing compounds when screening large small-molecule com-
pound libraries. Therefore, the first seven amino acids of 
the natural peptide NTS were truncated to maintain the high 
affinity of the peptide in the picomolar range and concomi-
tantly focus the mode of competition toward the amino 
acids that are buried within the receptor binding pocket. 
Second, studies showed a reduced sensitivity of red-shifted 
fluorophores to colored compounds in FP screenings,29 
which tend to absorb at shorter wavelengths. Thus, a 
HiLyte647 dye was conjugated at the nonburied N-terminus 
of the NTS8-13 peptide.19 The resulting conjugate still 
binds NTS1 with a low nM affinity (data not shown). 
Various concentrations of NTS1 were analyzed to identify 
the optimal fluorescent ligand/receptor ratio for a suitable 
screening window. Based on our findings, the assay was 
further miniaturized for a 384-well format to potentially 
allow HTS of large compound libraries. Initial competition 
studies against unlabeled peptide NTS8-13 and the small-
molecule antagonist SR149248 resulted in inhibition poten-
cies (IC50) of 5 nM (NTS8-13) and 11 nM (SR149248). 
Although the absolute IC50 values were not corrected for 
potential ligand depletion and thus should not be taken as 
true affinities, the loss of polarization in the presence of 
both ligands demonstrated the specific detection and mea-
surable inhibition of the peptide–receptor interaction.

The optimized assay setup was used to perform a pilot 
screen using the LOPAC with a total of 1272 compounds. 
The developed assay has an acceptable utility for screening, 
demonstrated by its calculated Z′ value (~0.4), which repre-
sents a satisfactory signal difference between positive and 
negative controls for an HTS assay.21 Twelve compounds 
(0.9% hit rate) with a cutoff inhibition rate of >50%, and a 
further three attractive compounds with inhibition between 
35% and 50%, were identified. Subsequent FP dose–
response measurements confirmed the inhibition effect of 
the molecules with IC50 values between 1 and 15 µM, a 
typical range for primary hits. Furthermore, the initial hits 
were confirmed by orthogonal screening (Fig. 1). The 
orthogonal screening was necessary to remove “false posi-
tives,” since the competitive nature of the FP-based readout 
in principle does not discriminate between compounds that 
compete with the natural peptide or potentially disturb 
receptor integrity. The binding of seven compounds (0.6% 
hit rate) was reconfirmed in SPR screenings with binding 
affinities in the range of 0.9 µM for the most affine binders 

Figure 5. Summary of measured FP and SPR data for the 
analogs of compound 06. The figure shows all analog compounds 
with their screening name (ID), ligand structure, pIC50 values, 
and KD values calculated from a kinetic fit of SPR data using 
a 1:1 Langmuir binding model or equilibrium-based analysis. 
Compounds without any binding or inhibition are marked with 
N.D. Values in parentheses are estimates that correspond to 
compounds without saturation at the highest concentrations 
reachable. The parts marked in red represent the molecular 
changes from the corresponding parental molecule.
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(compounds 08 and 15) to ~40 µM for the weakest (com-
pound 06) (Figs. 2 and 3). Strikingly, only compound 08 
(eprosartan mesylate) showed a loss of binding in the com-
petitive binding assays in SPR, whereas the other six tested 
compounds showed almost identical responses when tested 
on blocked receptor, which implies an allosteric binding 
mode (grey curves in Fig. 2).

The predominantly observed allosteric binding behavior 
of hits was rather unexpected. Due to the competitive nature 
of the initial FP screening, we assumed that we would select 
binders that predominantly block the orthosteric binding 
pocket and interfere with the NTS peptide upon binding. Our 
SPR competition experiments, however, revealed that bind-
ing of most of the hits was not affected by either the reagents 
used for blocking the orthosteric receptor binding pocket, the 
peptidic agonist NTS8-13, or the small-molecule antagonist 
SR149248 (Fig. 2, Suppl. Fig. S3). Obviously, the major dif-
ference in the two screening approaches is the presence of a 
fluorescent dye in the FP assay setup. A repetition of com-
petitive SPR measurements with the NTS–HiLyte647 pep-
tide used in FP clearly demonstrated that in the presence of 
compound 06 the binding of the dye-conjugated peptide is 
inhibited, whereas this effect is not seen for the unlabeled 
peptide itself (Suppl. Fig. S6). Although the respective 

peptide was point-mutated (Y11A) to weaken its affinity (30 
pM to 2 nM), which shortens its dissociation time to achieve 
a fast SPR screening of several concentrations, the mutation 
does not influence its binding epitope.22 Consequently, the 
bulky HiLyte647 dye outside the peptide binding pocket 
must have contributed to the observed competition behavior 
of compounds for the NTS1-NTS interaction and has thus, 
fortuitously, allowed it to probe nonorthosteric binding 
regions. Nevertheless, we could also identify one compound 
(compound 08) that acts as an expected orthosteric competi-
tor, as highlighted by competition with both labeled and unla-
beled peptides (Suppl. Figs. S6 and S7). Interestingly, at 
lower compound concentrations the binding competition was 
more effective for NTS1-H4 than for NTS1_wt (Suppl. Fig. 
S8), which might be explained by conformational stabiliza-
tion of the NTS1-H419 and thus a more accessible binding 
epitope for compound 08.

Furthermore, biological activity of the seven SPR-
confirmed NTS1 binders was examined. None of the tested 
compounds showed Gs signaling activity, but compounds 
02 and 06 triggered IP1 production, corresponding to acti-
vation of Gq-mediated signaling. Compound 02 showed the 
highest IP1 production of all tested compounds, although 
IP1 production was not diminished entirely in the 

Figure 6. Kinetic binding and functional data for the five analogs. (A) SPR kinetic titration of analogs 01–05 with and without 
competition by a tight-binding orthosteric ligand. Black curves represent the titration series of each compound in duplicates on a 
free receptor surface. Red lines represent kinetic fits using a 1:1 Langmuir binding model. Grey curves represent the three highest 
concentrations as single injections on an agonist-blocked (NTS8-13) receptor surface. (B) Gq signaling assay with controls and analogs. 
IP1 level of NTS8-13 (1 µM), SR142948 (1 µM), and parental compounds 06 and 08 and the analogs 01–05 (all at 100 µM) in HEK293 
cells, either expressing (white) or not expressing (grey) NTS1. Data points are background corrected and represent mean ± SEM 
from duplicate measurements.
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NTS1-negative cells. Compound 02, or L-162,313, is a 
small- molecule angiotensin receptor (AT1) agonist and is 
known to signal there via the Gq signaling pathway.30 Thus, 
the compound might bind and activate endogenous AT1 
receptor in HEK293 cells and contribute to the observed 
IP1 levels. Nevertheless, the comparison of the IP1 levels of 
antagonist-blocked and nonblocked NTS1-positive cells 
suggests that L-162,313 also activates NTS1, since the pro-
duction of IP1 is significantly lower when NTS1 is blocked 
by its antagonist SR142948.

Compound 06, or loratadine, is a small-molecule hista-
mine H1 receptor inverse agonist and has no known effects 
on increasing the IP1 level by itself.31 The competition 
assays further indicate that loratadine most likely acts as an 
NTS1 allosteric agonist. Loratadine appears to be able to 
shift NTS1 into a Gq signaling-active conformation even in 
the presence of SR142948. Such a finding is supported by 
our SPR experiments with orthosterically blocked NTS1, in 
which loratadine binding remains unaffected. Further func-
tional experiments indicated that loratadine induces Gq sig-
naling but has no modulatory effect on NTS8-13 potency, as 
the EC50 of NTS8-13 (100 pM) was not altered in the pres-
ence or absence of loratadine.

The third compound tested in more detail was eprosartan 
mesylate (compound 08), which acted as an inhibitor of the 
NTS peptide interaction with NTS1 in both in vitro assays 
(SPR and FP). An agonistic functionality of this compound 
was not detected. However, the binding inhibition of known 
NTS1 agonists in competitive functional cell assays did not 
result in a loss of signaling activity. As compound 08 inhib-
ited binding of tritium-labeled NTS in radioligand binding 
assays, for both the stabilized variant NTS1-H4 and NTS1_
wt at the given concentration used in the functional assay 
(Suppl. Fig. S8), an inherent effect of mutations present in 
NTS1-H4 on compound 08 binding could be excluded. 
Moreover, the lack of an inhibitory effect on NTS-induced 
NTS1 activity most likely results from the difficulty to 
block the downstream signaling cascade upon binding of 
the very potent peptide agonist (EC50 of 100 pM) with a 
very weak antagonist, as an occasional occupancy of the 
receptor by the agonist can hardly be prevented. As observed 
in competition experiments (Suppl. Figs. S7 and S8), bind-
ing of the high-affinity agonist NTS8-13 (KD of 5 pM) can-
not be fully inhibited by compound 08 (KD of 0.87 µM). 
Thus, even in the presence of large amounts of eprosartan 
mesylate, NTS8-13 remains a high-affinity binder with a 
remarkably slow off-rate (KD of 350 pM; Suppl. Fig. S7) 
and occupies a high proportion of NTS1 receptor (Suppl. 
Fig. S8), which apparently results in full activation of 
downstream signaling in the given assay format.

As a first step to characterize the structure–activity rela-
tionships (SARs) of the confirmed hits in more detail, we 
selected structurally related compounds with a similarity of 
around 60% based on the Tanimoto coefficient24 and 

characterized their behavior in the same assay formats as for 
the original hit substances. In this respect, we focused on the 
two most promising hits, eprosartan mesylate as the strongest 
binder and loratadine as the only NTS1-specific compound 
with agonistic activity, to obtain a new subset of structural 
analogs. Analogs 01 and 02 of loratadine indicated an 
improved binding affinity in SPR, but inhibition levels in FP 
assays remained >5 µM. More strikingly, the agonistic activ-
ity was lost for all loratadine analogs. It appears that the ethyl 
ester group of loratadine’s piperidine ring helps to improve 
binding potency but abolishes the ability to activate Gq sig-
naling via NTS1. Analog 05, as sole representative of epro-
sartan mesylate, loses its inhibition and binding ability 
completely. The modification of the imidazole ring seems to 
diminish the binding properties of this compound class.

In conclusion, we could demonstrate the compatibility of 
a stabilized NTS1 receptor variant with an FP-based HTS in 
a cell-free environment. The combination of the two in vitro 
screening techniques, FP and SPR, allows fast screening of 
large numbers of molecules by FP, followed by a more 
detailed characterization of the nature of hit binding using 
SPR. Furthermore, the competitive screening by FP with an 
attached bulky fluorescent dye did not result in the selection 
of orthosteric binders only, as anticipated, but did enable the 
detection of compounds that appear to target allosteric sites 
on the receptor, around the orthosteric binding site, and inter-
fered with binding of the attached dye. Thus, the FP competi-
tion screening apparently allows simultaneous screening for 
orthosteric and allosteric compounds in an HT fashion. By 
doing this, we identified several molecular entities with pre-
viously unknown NTS1 binding properties and, in one case, 
even activation of NTS1-mediated signaling. Consequently, 
the methodological approach established here could easily be 
expanded to larger compound libraries and other members of 
the GPCR family for which stabilized receptor variants exist, 
with the potential to facilitate the development of new tool 
compounds and therapeutic modalities to challenge or previ-
ously undruggable GPCR drug targets.
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