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Docking of virtual libraries identifies small-
molecule agonists of neurotensin receptors
with analgesic activity

Nicolas Panel 1,11, Duy Duc Vo1,2,11 , Harald Hübner 3,11, Mattia Deluigi 4,
Szymon Pach 1, Félix Bélair5, Dorothee Weikert 3,6, Christoph Klenk 4,7,
Mark Hilge4, Niharika Shiva 8, Isabelle Brochu5, Jean-Michel Longpré 5,
Frida Bällgren 9, Aljona Saleh 9, Huabin Hu1, Jon Kapla 1, Stefanie Kampen1,
Israel Cabeza de Vaca 1, Jan Kihlberg 2, Nina Wettschureck 8,10,
Philippe Sarret 5 , Andreas Plückthun 4 , Peter Gmeiner 3,6 &
Jens Carlsson 1

Peptide-activated G protein-coupled receptors (GPCRs) play crucial roles in
numerous diseases, but remain difficult therapeutic targets due to the chal-
lenges in developing small-molecule drugs. Here, we explore structure-based
strategies to identify small-molecule agonists of neurotensin (NTS) receptors,
which hold promise for developing non-opioid analgesics. Chemical libraries
of drug-likemolecules arefirst designedbasedon a receptor-peptide complex,
and then 14.5 million compounds are computationally docked to the orthos-
teric binding site of the NTS1 receptor. A set of 39 top-ranked compounds is
synthesized, and seven of these are experimentally confirmed to activate the
NTS1 receptor. Structure-guided optimization yields NTS1 ligands with sig-
naling signatures distinct from the endogenous peptide, and these com-
pounds also exhibit high affinity for the NTS2 receptor. High-resolution crystal
structures of two agonists bound to the NTS1 receptor confirm predicted
binding modes and reveal key determinants of activation. In vivo, the com-
pounds produce robust antinociception in rodents without inducing hypo-
tension, consistent with a contribution of NTS2 receptor activity. To facilitate
broader application of our virtual screening approach to peptide-binding
GPCRs, we provide access to tailored chemical libraries containing billions of
readily synthesizable compounds.

G protein-coupled receptors (GPCRs) constitute the largest family of
eukaryoticmembrane proteins and transmit extracellular signals, such
as hormones and neurotransmitters, into the cell. The >800 human
GPCRs recognize a broad range of ligands, ranging from small mole-
cules to peptides and proteins1,2, and have garnered considerable
attention as therapeutic targets3. Although ~34% of all approved drugs

target GPCRs3, only a quarter of therapeutically relevant receptors
have been exploited, leaving ampleopportunities for developing novel
treatments3,4.

Among the human non-sensory GPCRs, more than 100 are
modulated by peptides. These receptors have numerous physiological
functions and are often key drug targets in oncology, endocrinology,
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and neurology5–7. Notable examples include opioid receptors, acti-
vated by analgesics, and angiotensin receptors, targeted by anti-
hypertensive drugs. Despite the therapeutic relevance of peptide-
binding GPCRs, many members within this group remain unexplored
as drug targets due to difficulties associated with identifying small
molecules or peptides with drug-like properties. Peptide ligands often
suffer from poor metabolic stability and limited membrane perme-
ability. In contrast, small molecules generally offer better oral bioa-
vailability and may penetrate the blood-brain barrier more
effectively7,8. However, the development of potent small-molecule
drugs thatmimic the functions of considerably larger peptide agonists
remains a significant challenge.

G protein-coupled neurotensin receptors (NTSRs) are promising
drug targets for pain management9, neurodegenerative and neu-
ropsychiatric diseases10,11. The two receptor subtypes, NTS1R and
NTS2R, are activated by the endogenous 13–amino-acid peptide ago-
nist neurotensin (NTS) and share high sequence homology (64%)12.
NTS1R is expressed both centrally and peripherally and couples to
multiple G proteins, with Gq as the primary signaling pathway. In
contrast, NTS2R is largely restricted to the central nervous system
(CNS), and the signaling profile of this subtype remains poorly
understood12,13. Both NTS1R and NTS2R are involved in the anti-
nociceptive effects of NTS9,14,15, and drugs targeting these receptors
could provide a safer alternative to opioid analgesics, which are
associated with serious side effects such as addiction, respiratory
depression, and tolerance16–18. Although NTS and its derivatives are
potent agonists, these peptides generally have poor pharmacokinetic
properties and a limited ability to cross the blood-brain barrier.
Despite extensive academic and industrial efforts, only a few drug-like
ligands forNTSRs have been identifiedover the past three decades19–24.
Furthermore, no small-molecule NTSR agonist has yet advanced to
clinical trials25. While no high-resolution structures of NTS2R are
available, studies of NTS1R using crystallography and cryo-EM pro-
vided detailed insights into the molecular mechanisms underlying
ligand recognition and receptor activation24,26–33.

In this work, we explore whether structure-based design can
accelerate the discovery of small-molecule ligands for peptide-
activated GPCRs and develop an approach for generating tailored
chemical libraries for this target class. Millions of compounds are
computationally docked into the orthosteric binding site of
NTS1R

24,26,27, and top-ranked compounds are synthesized and eval-
uated experimentally. We identify diverse agonist scaffolds, which are
further optimized, and the three most potent agonists are extensively
evaluated in signaling assays. Crystal structures of NTS1R in complex
with two agonists are determined, providing insights into the mole-
cular basis of ligand binding and receptor activation. The discovered
ligands also show high affinity and selectivity for the NTS2R subtype
and exhibit analgesic effects in a rodent pain model. Given the rapidly
increasing number of GPCR-peptide complex structures, we believe
our approach may be applicable to a large number of drug targets. To
further expedite ligand discovery efforts for peptide-binding recep-
tors, we make our tailored chemical libraries publicly accessible.

Results
Design of chemical libraries tailored for neurotensin receptors
We analyzed crystal structures of rat NTS1R (rNTS1R) bound to
the six C-terminal residues of NTS (NTS8–13, Arg8–Arg9–
Pro10–Tyr11–Ile12–Leu13) to identify critical interactions for receptor
activation24,34. The anionic C-terminal carboxylate (Leu13) of the potent
agonist NTS8–13 is the most deeply buried residue in the binding site,
and a network of interactions involving a salt bridgewith R3276.54 and a
hydrogen bond with Y1463.29 links the agonist to conserved micro-
switches involved in activation (superscripts represent Ballesteros
−Weinstein numbering35)24. The importance of these interactions is
supported by complex structures with the small-molecule agonists

RTI-3a and SRI-9829, which are also anchored by a C-terminal leucine
in the binding site (Fig. 1a-b) and mimic the interactions of the last
three or four residues of NTS8–13, respectively

24. Furthermore, chemi-
cal modifications to the C-terminal leucine side chain of small-
molecule agonists can transform an agonist into an inverse agonist,
underscoring its role in receptor activation (Fig. 1a)20,22. As 75% of the
binding site residues interacting with Tyr11–Ile12–Leu13 are conserved
between NTS1R and NTS2R, and RTI-3a binds to both subtypes, com-
pounds designed based on the NTS1R structure were also expected to
be relevant for NTS2R.

Two virtual chemical librarieswere designedbasedon the analysis
of the receptor-peptide complexes (Fig. 1b). Given the importance of
the C-terminal carboxylate group, we first identified commercially
available anionic compounds in the ZINC database36. The resulting
diverse library contained 8.2 million compounds of a size suitable for
interacting with the pockets occupied by the C-terminal residues of
NTS8–13. However, only 0.2% of these compounds contained a
C-terminal leucine, a key feature in NTS1R activation. To improve
coverage of the relevant regions of chemical space, a second virtual
library was generated by connecting a C-terminal leucine to commer-
cial building blocks using an amide coupling reaction. This focused
library contained 6.3 million compounds accessible via in-house
synthesis and included larger molecules to reach a database size
comparable to the diverse library. The vastmajority of the compounds
in the diverse and focused libraries represented novel chemical
structures that, to the best of our knowledge, had never been syn-
thesized previously.

Structure-based docking for NTS1R agonists
The molecular docking screens were performed using the crystal
structure of a stabilized form of rNTS1R (NTSR1–H4x) in complex with
the small-molecule partial agonist RTI-3a (PDB accession code:
6ZA8)24. After modifying the structure to match the human NTS1R
(hNTS1R) sequence and optimizing docking parameters37, we screened
the 14.5 million compounds from the two virtual libraries against the
orthosteric binding site using the programDOCK3.738. The top-scoring
10%of each compound librarywas then clusteredbasedon topological
similarity to identify diverse candidate molecules. The 1000 top-
ranking clusters from each library were visually inspected, and 23 and
16 compounds were selected from the diverse and focused library,
respectively (Supplementary Tables S1-2). Priority was given to com-
pounds forming the same polar interactions as the C-terminal leucine
of NTS8–13 but featuring diverse chemical groups in the subpockets
occupied by the peptide and small-molecule agonists. We also con-
sidered contributions to ligand binding that are not accurately cap-
tured by the docking scoring function, following standard virtual
screening practices. Compounds were deprioritized based on several
commonly used criteria, including ligand strain, unsatisfied polar
atoms in the ligand or binding site, and unlikely tautomeric or ioni-
zation states37,39. Finally, the 39 compounds were either ordered from
commercial make-on-demand libraries (diverse library) or synthesized
in-house (focused library; the detailed synthetic procedures are
described in the Supplementary Methods).

Functional screening of designed compounds
We first evaluated the 39 selected compounds for their Gq-promoted
activity at hNTS1R by measuring inositol-monophosphate (IP1 or IP)
accumulation at three concentrations (10, 30 and 100 μM). The EC50

and Emax values were determined for the compounds exhibiting a
significant and concentration-dependent response (Supplementary
Figs. S1-2). Among the 23 compounds from the diverse library, only
compound 1 was active and showed weak potency (EC50 = 47 µM,
Emax = 95%; Fig. 1b). Interestingly, six active compounds (24–29) from
the focused librarywere identifiedwith EC50 values ranging from 1.9 to
40 µM, reflecting a substantially higher hit rate (Fig. 1b and
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Supplementary Fig. S2). Compounds 24 and 25 showed the highest
potencies (EC50 = 1.9 and 4.5 μM, respectively) and exhibited high
efficacy agonism at hNTS1R (Emax >80%, Fig. 1c). In contrast to the
reference agonists, the leucine moiety in these two compounds is

connected via an amide bond to a six-membered aromatic ring, which
was predicted to occupy the same pocket as Ile12 in the NTS8–13 com-
plex. In addition, substituents extended into the region occupied by
Tyr11 and the pocket formed by the extracellular ends of the
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Fig. 1 | Identification of NTS1R agonists by structure-based virtual screening.
aChemical structures of full agonists NTS8–13 and SRI-9829, partial agonistRTI-3a,
and inverse agonist SR48692. The C-terminal chemical groups anchoring the
compounds in the NTS1R binding site are indicated by the dotted squares. Mod-
ification of the C-terminal leucine of RTI-3a alters ligand efficacy from partial to
inverse agonist. b Molecular docking of two virtual libraries to the orthosteric site
of hNTS1R. The receptor is shown as a gray cartoon with side chains of the binding
site and NTS8–13 in sticks. NTS8–13 is shown as blue sticks, and hydrogen bonds are
depicted as yellow dashed lines. Residue numbers correspond to the hNTS1R.
Chemical structures of screening hits from the focused and diverse library are

shown in the left and right panels, respectively. EC50 and Emax values were deter-
mined in inositol-monophosphate (IP1 or IP) accumulation assays relative to NTS1R
activation by NTS8–13. cConcentration-response curves of compounds 24 and 25 in
the IP1 accumulation assays relative to NTS1R activation by NTS8–13. Data indicate
mean ± SEM of n = 7 (24) and n = 9 (25) independent experiments. d Predicted
binding modes of the two most potent hits, compounds 24 and 25. The hNTS1R is
shown as a gray cartoon with ligands and side chains of the binding site in sticks.
Receptor-ligand hydrogen bonds are shown as yellow dashed lines. Residue num-
bers correspond to the hNTS1R. Source data are provided as a Source Data file.
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transmembrane helices 2 and 7 (TM2 and TM7) in the RTI-3a com-
plex (Fig. 1d).

Structure-guided optimization
Compared to the full agonist SRI-9829 (EC50 = 0.33 µM, Emax = 104%)
and the partial agonist RTI-3a (EC50 = 0.25 µM, Emax = 59%), com-
pounds 24 and 25 are approximately 7- and 16-fold less potent in
inducing IP1 generation, respectively. To further optimize these
ligands, we carried out additional rounds of virtual library generation,
molecular docking, compound synthesis, and IP1 accumulation assays.
In total, 35 and 60 analogs of compounds 24 and 25, respectively, were
synthesized. Optimization of compound 24 (scaffold a: compounds
1a–35a, Fig. 2 and Supplementary Table S3) resulted in compounds
with improved potencies, whereas the analogs of compound 25
(scaffold b: compounds 1b–60b, Supplementary Fig. S3 and Table S4)
exhibited comparable or lower activity. The detailed synthetic proce-
dures are described in the Supplementary Methods.

Aiming to optimize compound 24, we first explored the possibi-
lity of replacing the 5-methylthiophen-2-yl group at position 3 (Fig. 2a
and Supplementary Table S3). The structure of NTS1R bound toRTI-3a
indicated that larger substituents could be accommodated by the
TM2-TM7 pocket. Using in silico Suzuki coupling, we generated a vir-
tual library of 5,683 unique molecules with drug-like properties
(Fig. 2b). Based on docking calculations, we identified compounds that
maintained the key interactions with Y1453.29 and R3226.54, and exten-
ded into the TM2-TM7 pocket, e.g., by forming van der Waals inter-
actions with H3437.32 and Y3467.35. The selected substituents were
based on either five- or six-membered aromatic rings that varied in
size, polarity, and shape. A set of 21 compounds was synthesized, and
several of these activated hNTS1R with potencies comparable to
compound 24. Importantly, the presence and position of the methyl
group on the thiophene ring of 24 were important for activity. As no
substantial improvement in potency was observed among the first set
of analogs, we maintained the 5-methylthiophen-2-yl group and
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Fig. 2 | Structure-guided optimization of compound 24. a Experimentally eval-
uated compounds targeting the NTS8–13 Tyr11 pocket (orange box) and the TM2-
TM7 pocket (green box) in hit optimization. NTS1R and designed ligands are shown
as a gray cartoon and sticks, respectively. Mean EC50 values were determined in IP1

accumulation assays relative to NTS1R activation by NTS8–13 from n = 2 (1a, 3a, 18a,
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of chemical libraries. Source data are provided as a Source Data file.
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instead focused on optimizing position 5 of the tetrazole moiety in
compound 24. In this case, we identified compounds extending into
the pockets occupied by Tyr11 of NTS8–13 in the NTS1R-peptide com-
plex, as the Tyr11 side chain is essential for high-affinity binding
(Fig. 2b)40. From a virtual library of 10,500 compounds based on tet-
razole condensation, we selected 12 diverse substituents predicted to
interact with residues in the extracellular loops, e.g., H131ECL1, V223ECL2,
and T225ECL2. Of the seven analogs demonstrating improved potency,
28a (EC50 = 0.15μM, Emax = 101%), 29a (EC50 = 0.41μM, Emax = 101%),
and 30a (EC50 = 0.46μM, Emax = 98%) were the most promising
(Fig. 2a). The aromatic substituents of these compounds were all
predicted to overlap with the position of the Tyr11 phenol ring in the
NTS8–13 complex. Additional controls for 28a and 30a confirmed the
orthosteric engagement of these ligands and that hNTS1R mediates
their agonistic activity (Supplementary Fig. S4a-c). The identified
agonists displayed potencies and efficacies comparable or superior to
those of the most potent small-molecule agonists described to date,
such as SRI-9829 (EC50 = 0.33 µM, Emax = 104%). Compounds 28a and
30a both comply with Lipinski’s rule of five41 and are, apart from the
leucine moiety, structurally dissimilar to the reference agonists SRI-
9829 and RTI-3a (Supplementary Table S5).

In order to assess the role of the leucine moiety in receptor acti-
vation, we also replaced its side chain with a bulkier adamantyl group.
Previous work has shown that this substitution can result in a com-
pound with inverse agonist activity at NTS1R (Fig. 1a)20,22. This is con-
sistent with the idea that antagonists and inverse agonists expand the
orthosteric binding site, leading to TM helix orientations less compa-
tiblewithGprotein coupling42. Interestingly, introducing an adamantyl
moiety into compound 28a to give 35a yielded an agonist with only
slightly reduced efficacy (Emax = 81%) and potency
(EC50 = 0.44 µM) (Fig. 3a).

Signaling signatures of small-molecule agonists
To assess the pharmacological profiles of the identified ligands, we
evaluated the ability of three compounds (28a, 30a, and 35a; Fig. 3a)
and reference ligandsRTI-3a and SRI-9829 to activate NTS1R (Table 1).
NTS1R is a relatively promiscuous GPCR that primarily couples to the
Gq protein. The receptor also activates the Gs and Gi/o protein families
and thereby modulates the activity of adenylyl cyclase. Moreover,
NTS1R tightly interacts with β-arrestins that mediate receptor desen-
sitization, play an important role in receptor internalization, and
scaffold signaling processes (Fig. 3b)13.

Consistent with our primary screen, the Gq-biosensor assays
confirmed full agonist properties for 28a and 30a, with slightly lower
potencies. Interestingly, these small-molecule agonists showed
superior efficacy (Emax = 131% and 126%, respectively) compared with
NTS8–13 (Fig. 3d and Table 1). The relative efficacy of the partial agonist
35a was slightly lower (Emax = 86%), but superior compared to the
reference ligand RTI-3a (Emax = 47%). Compounds 28a and 30a were
also full agonists in the Gi1 activation assay (EC50 = 2.6 and 6.0μM,
Emax = 104% and 121%), similar to the profile of SRI-9829
(EC50 = 3.0μM, Emax = 107%), while the adamantane derivative 35a
showed only weak partial agonism in this assay (EC50 = 2.1μM,
Emax = 31%; Fig. 3d-e and Table 1). Interestingly, neither 28a, 30a, and
35anorSRI-9829orRTI-3a induced substantial accumulationof cAMP
in NTS1R-expressing HEK293T cells (Fig. 3f and Table 1). In contrast,
compounds 35a and RTI-3a fully inhibited the effect of 20 nMNTS8–13
on the intracellular cAMP concentration. Thus, while acting as Gq

agonists, these ligands showed functional antagonism for the coupling
of NTS1R to the Gs protein, with potencies (IC50) of 5.0 µM and 2.5 µM,
respectively (Fig. 3g and Table 1). For 28a, 30a, and SRI-9829, inhibi-
tion of the NTS8–13 effect was only observed at higher ligand con-
centrations (IC50 > 30 µM).

In the PathHunter β-arrestin-2 recruitment assay43, 28a, 30a, 35a,
and SRI-9829 showed very similar efficacies in the presence (Emax =

89–93%, Fig. 3h and Table 1) and in the absence (Emax = 98–107%,
Supplementary Fig. S4d) of overexpressedGRK2, whileRTI-3awas less
effective (Emax = 61% and 69%, respectively). Although the over-
expression of GRK2 did not have a substantial impact on efficacy,
ligand potency increased 1.7- to 3.3-fold for the small-molecule ago-
nists upon co-transfection of this Gβγ-dependent kinase

44. For NTS8–13,
potency did not increase uponGRK2 co-expression (EC50-GRK2 = 1.1 nM,
EC50+GRK2 = 1.6 nM), suggesting that the peptide agonist does not
require enhanced kinase expression to induce efficient β-arrestin
recruitment. Additional BRET-based experiments measuring the
recruitment of β-arrestin-mVenus to a hNTS1R-Rluc8 fusion protein
confirmed the strong agonist properties of 28a, 30a, and also 35a,
which showed the highest potency (EC50 = 1.6 µM, Emax = 89%) among
the identified ligands (Supplementary Fig. S4e).

Overall, the peptide NTS8–13 potently activates Gq, Gi, and Gs

proteins and recruits β-arrestin-2 (EC50 = 0.63–12 nM), while our small-
molecule agonists 28a, 30a, and 35a display micromolar potencies
with a distinct signaling signature. These compounds lead to the
activation of Gq and Gi proteins and promote β-arrestin-2 recruitment,
but inhibit signaling via Gs proteins.

Agonist-dependent binding of an allosteric modulator to NTS1R
Previous drugdiscovery efforts identified the allostericmodulatorSBI-
553, which binds to an intracellular site of NTS1R (Fig. 3b) and biases
the receptor toward β-arrestin recruitment28,45. The magnitude and
direction of the allosteric modulation can vary depending on the
orthosteric agonist, potentially providing an additional avenue for
developing therapeutics46. To explore the potential to leverage such
probe dependence in drug discovery targeting NTS1R, we conducted
NanoBRET-based binding experiments using an hNTS1R-Nanoluc
fusion protein and a fluorescent allosteric ligand derived from SBI-
553 (PJ125, compound 14 in ref. 47, Fig. 3b). Compounds 28a, 30a, 35a,
and SRI-9829 enhanced the binding of PJ125 (Fig. 3i and Table 2).
While the efficacy of SRI-9829 and 28a was close to that of NTS8–13
(Emax = 82–89%), enhancement of allosteric binding by compounds
30a and 35a was slightly weaker (Emax = 50–63%). All four small
molecules exhibited similar EC50 values (2.7–7.4 µM, Table 2), which
are in the same range as their potencies determined in the different
NTS1R G protein activation and β-arrestin recruitment assays (Table 1).
Interestingly, the reference ligand RTI-3a did not substantially
increase PJ125 binding, suggesting that its relatively weak partial
agonism is not sufficient to exhibit positive cooperativity with the
allosteric probe.

Complex structures of NTS1R with compounds 28a and 30a
confirm the predicted agonist binding modes
To gain atomic insight into the interactions of the promising small-
molecule agonists 28a and 30a with NTS1R, we performed co-
crystallization with NTSR1–H4X

24, a construct derived from rNTS1R.
NTSR1–H4was stabilized in the presence of NTS8–13

48, and is therefore
likely conformationally biased in the extracellular part toward the
agonist-bound, active state. This is corroborated by the ~12- and 1700-
fold higher affinities of NTSR1–H4X for NTS8–13 and SRI-9829,
respectively, compared to wild-type rNTS1R, whereas the affinities for
inverse agonists are reduced by 20–40-fold (Supplementary
Table S6)24. In agreement with these observations, compounds 28a
and 30a show strong conformational selectivity for NTSR1–H4X (>100-
fold) compared to the wild-type receptor, with affinities of 167 and
41 nM, respectively (Supplementary Table S6). In the presence of
compound 28a or 30a, crystals obtained in lipidic cubic phase dif-
fracted to 3.1 Å resolution. After refinement of thepolypeptide chainof
NTSR1–H4X, the 2Fo–Fc maps confirmed the bound orientation and
conformation of compounds 28a (Fig. 4a) and 30a (Fig. 4b). For data
collection and refinement statistics, see Supplementary Table S7.
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Fig. 3 | In vitro biological activity of compounds 28a, 30a, and 35a. a Chemical
structures of compounds 28a, 30a, and 35a. b hNTS1R signaling and interactions
with orthosteric and allosteric ligands (PDB accession code: 8FN0). c IP1 accumu-
lation assays showedhigh efficacy forNTS1R activation,n = 15 (28a, 30a); 8 (35a); 13
(SRI-9829, NTS8-13); 17 (RTI-3a); while BRET-based sensing of the activation of (d)
Gq proteins and (e) Gi proteins reveals reduced potency and, in particular for
compound 35a, reduced efficacy (n = 4–8, see Table 1). f The small molecules do
not induce cAMP accumulation and are thus unable to activate Gs proteins, n = 5
(SRI-9829); 6 (NTS8-13); 3 (other compounds). g The small molecules inhibit the

effect of 20nMNTS8–13, thus acting as functional antagonists forNTS1RGs-coupling
(n = 3–5, see Table 1). h Among the three identified agonists, compound 35a is the
most potent small-molecule agonist for the recruitment of β-arrestin-2 in the pre-
sence of GRK2 (n = 3–6, see Table 1). i NanoBRET-based binding assay monitoring
the agonist-enhanced binding of the fluorescent probe PJ125 (derived from SBI-
553), which recognizes an intracellular allosteric pocket of NTS1R,n = 10 (NTS8-13); 6
(35a); 5 (other compounds). c–i Data show mean ± SEM of n = 3–17 independent
experiments, each performed in duplicate. Source data are provided as a Source
Data file.
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The fully refined complexes with compounds 28a and 30a
revealed the interactions of the agonists with the receptor (Fig. 4c-d).
Compounds 28a and 30a bind to NTS1R in a manner similar to the
C-terminal tripeptide Tyr11–Ile12–Leu13 of NTS8–13 (Fig. 4e-f). In parti-
cular, the position, orientation, and interactions of the leucine moiety
for both small-molecule complexes are virtually identical to the cor-
responding residue in the NTS8–13 complex (PDB accession code:
6YVR24). In the adjacent site, the phenyl ring of compounds 28a and
30a occupies a region filled by the side chain of Ile12 in the NTS8–13
complex (Fig. 4e-f), forming extensive hydrophobic interactions with
F1282.65, F3316.58, Y3477.31, and Y3517.35. In themeta position of the phenyl
ring, the two small-molecule ligands feature a methylthiophene sub-
stituent surrounded by residues from the extracellular ends of TM2
and TM7, an area that is unoccupied in the NTS8–13 complex. The
methyl group of the thiophene maintains van der Waals interactions
with the methyl groups of I1292.66 and M3527.36, while its sulfur is
positioned approximately 3.5 Å above the aromatic ring of Y3517.35. The
tetrazole ring in the alternative meta position of the phenyl ring of the
agonists essentially accounts for the peptide bond between Ile12 and
Tyr11 as well as the CH2 group of Tyr11 in the NTS8–13 complex. In
compound 30a, a toluene in the ortho position of the tetrazole ring

occupies a region filled by the aromatic ring of Tyr11 (Fig. 4f) and
interacts with F1282.65 and V224ECL2. In contrast, for compound 28a, the
hammerhead-shaped electron density in the 2Fo–Fc map observed
before ligand inclusion suggests the presence of two distinct con-
formations for the tetrazole-thiophene moiety (Supplementary
Fig. S5a). Hence, the thiophene substituent may not only adopt an
orientation comparable to that of the toluene moiety in compound
30a (Fig. 4e-f), but alsoa conformation similar to theoneof Pro10 in the
NTS8–13 complex (Supplementary Fig. S5b-c).

Comparison of the computationally predicted binding modes of
compounds 28a and 30a with the experimentally determined com-
plexes showed that the interactions of the core ligand scaffold—com-
prising the leucine, phenyl ring, and the amide linking these groups—
were nearly identical. The regions occupied by the methylthiophene
and aryl tetrazole substituents were also correctly identified. However,
the experimental structures also revealed weaknesses in the docking
models. The specific interactions formed by the methylthiophene and
aryl tetrazole, as well as the shapes of the subpockets accommodating
these substituents, differed between the predicted and experimental
structures. In addition, the torsional angle between the phenyl and
thiophene rings adopted a strained conformation in themodels. These

Table 1 | Activities of compounds for G protein activation and β-arrestin recruitment by hNTS1R in HEK293 cells

Gq
a Gi

b cAMPc β-arrestin-2d

EC50 [µM]e Emax [%]f EC50 [µM]e Emax [%]f IC50 [µM]g EC50 [µM]d Emax [%]e

28a 1.1 ± 0.17 131 ± 7 (7) 2.6 ± 0.42 104 ± 8 (4) 51 ± 4.1 (5) 9.7 ± 3.2 89 ± 7 (4)

30a 1.8 ± 0.28 126 ± 6 (7) 6.0 ± 1.0 121 ± 7 (4) 31 ± 7.0 (5) 6.8 ± 1.2 90 ± 4 (4)

35a 3.2 ± 0.65 86 ± 5 (8) 2.1 ± 0.52 31 ± 5 (6) 5.0 ± 0.58 (5) 3.1 ± 0.18 93 ± 5 (4)

SRI-9829 0.98 ±0.13 112 ± 8 (4) 3.0 ± 0.52 107 ± 2 (4) 70 ± 6.7 (3) 2.2 ± 0.32 86 ± 9 (3)

RTI-3a 1.7 ± 0.45 47 ± 6 (6) n.c. h 30 ± 4 @30µM (4) 2.5 ± 0.08 (4) 2.7 ± 0.22 61 ± 4 (3)

NTS8–13 0.00063 ± 0.00009 100 (6) 0.0016 ±0.00048 100 (8) EC50: 0.012 ± 0.0012 (6)j 0.0016 ±0.00034 100 (6)
a Gq activation assessed by BRET between Gαq-RlucII and Gβ1Gγ2-GFP10.
b Gi activation assessed by BRET between Gαi1-RlucII and Gβ1Gγ2-GFP10.
c Inhibition of cAMP accumulation by 20 nM NTS8–13 measured with the cAMP GloSensor.
d β-arrestin-2 recruitment assessed with the PathHunter assay with hNTS1R-PK in the presence of GRK2.
e Mean potency ± SEM.
f Mean efficacy ± SEM relative to the maximum effect of NTS8–13 and number (n) of individual experiments.
g Inhibitory potency of the ligands and number (n) of individual experiments.
h n.c., no full concentration-response curve was observed, and potency was therefore not calculated.
j Potency [µM] derived from assays in agonist mode.

Table 2 | Affinities of designed compounds and reference ligands for the orthosteric binding pocket of the human NTS1R and
NTS2R, and effects on the binding of the allosteric fluorescent NTS1R ligand PJ125

[3H]UR-MK300a PJ125 bindingb

NTS1R NTS2R NTS2R selectivityc NTS1R-Nluc

Ki (µM) ± SEM nd Ki (µM) ± SEM nd Ki(NTS1R)/Ki(NTS2R) EC50 (µM) ± SEMe Emax (%) ± SEMf ng

28a 29 ± 5.7 8 0.680 ± 0.14 5 43 7.2 ± 1.1 82 ±6 5

30a 55 ± 11 5 0.690 ± 0.13 10 80 7.4 ± 0.94 63 ± 4 5

35a 7.9 ± 1.7 6 0.022 ± 0.0021 5 360 2.7 ± 0.41 50 ± 5 6

SRI-9829 50 ± 10 5 0.170 ± 0.037 6 294 5.6 ± 0.88 89 ± 8 5

RTI-3a 0.80 ± 0.17 6 2.0 ± 0.38 8 0.4 n.c.h <5 5

NTS8–13 0.00036 ± 0.000052 8 0.00041 ± 0.000076 9 0.88 0.023 ± 0.0044 100 10

SR142948A 0.00063 ± 0.000096 6 0.031 ± 7.0 6 0.020 --- --- 0
a Binding affinity determined by radioligand displacement using membranes from HEK293T cells expressing the respective receptor.
b Increase in PJ125 binding to the intracellular allosteric pocket of hNTS1R determined by NanoBRET with 0.68 µM PJ125 and membranes from HEK293T cells expressing hNTS1R-Nluc.
c Calculated with the mean Ki.
d Number of individual experiments, each performed in triplicate.
e Increase of fluorescent probe binding relative to the effect of NTS8–13.
f Potency derived from three-parameter non-linear regression.
g Number of individual experiments, each performed in duplicate.
h Not calculated (n.c.).
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discrepancies led to ligand root-mean-squaredeviations (RMSDs) from
the crystal structures of 2.4 and 2.6Å for compounds 28a and 30a,
respectively (Fig. 4g-h).

Molecular basis of full and partial agonism
The RTI-3a complex24 formed the basis for designing the small-
molecule agonists 28a and 30a. In contrast to the partial agonist RTI-
3a, the two compounds 28a and 30a are full agonists of both rat and
human NTS1R for Gq activation (Fig. 3c and Supplementary Fig. S6).
This raises the question of which molecular determinants are
responsible for the differences in the pharmacological properties of
these agonists.

In the small-molecule complexes, the methylthiophene sub-
stituent of compounds 28a and 30a, as well as the chloroquinoline
substituent of RTI-3a, extend into a pocket partially blocked by the
side chains of V57Nter and H3487.32 in the NTS8–13 complex (Fig. 5a). In
particular, in the RTI-3a complex, the side chain of H3487.32 is rotated
by approximately 180˚ and stabilized by a strong Cl-π interaction
between its Nδ1 and the chloro substituent of the quinoline moiety
(Fig. 5b)24,49. In contrast, in the compound 28a and 30a complexes, the
orientation of the H3487.32 side chain is largely undefined, indicating
increased flexibility in this receptor region (Fig. 5c). Furthermore, the
methylthiophene substituent in the complexes of compounds 28a and
30a is rotated by approximately 60˚ relative to the bulky chlor-
oquinoline moiety in the RTI-3a complex. Consequently, the orienta-
tion of the H132ECL1 side chain is poorly defined in the compound 28a
and 30a complexes, while it maintains hydrophobic interactions with
the chloroquinoline group in the RTI-3a complex. Finally, it should be
noted that the two small-molecule agonists lack interactions mimick-
ing Arg8–Arg9–Pro10, which are important for NTS binding to NTS1R
(Supplementary Fig. S7)40. These differences in receptor-ligand inter-
actions likely contribute to the lower affinities of compounds 28a and
30a compared to RTI-3a and NTS8–13 (Supplementary Table S6).

Comparisons of the structures also provided insights into the
molecular basis of the different ligand efficacy profiles. In the com-
plexes of compounds 28a and 30a, not only the orientation of the side
chains of H132ECL1 and H3487.32, but also those of W339ECL3 and F3447.28

aredisordered (Fig. 5d). This contrastswith theRTI-3a complex,where
the bulky chloroquinoline group allows for hydrophobic interactions
with the side chains of W339ECL3 and F3447.28 (Fig. 5e). While the sta-
bilization of these side chains may be energetically favorable, it results
in a 1–3Å shift of the backbone of residues 333–350 relative to the
NTS8–13 complex (Fig. 5f). In particular, the chloroquinoline group
induces an outward shift at the beginning of TM7 (residues 342–348)
compared to the complexes of compounds 28a, 30a, and NTS8–13. As
the backbone of residues 333–350 in the compound 28a and 30a
complexes aligns much more closely with the NTS8–13 complex, this
difference may be correlated with the increased efficacy of com-
pounds 28a and 30a compared toRTI-3a and related to the inclination
of TM6 and TM7 responsible for access of the C-terminal helix of Gα.

Identified ligands show high affinity and selectivity for the
NTS2R subtype
Competitive binding studies were performed to determine whether
compounds 28a, 30a, and 35a act as orthosteric agonists and to
characterize their selectivity profiles (Table 2). In agreement with
orthosteric binding, the three ligands displaced the labeled NTS8–13
derivative [3H]UR-MK30050 from the hNTS1R orthosteric site at high
concentrations. The calculated affinities (Ki = 29 µM for 28a, Ki = 55 µM
for 30a, and Ki = 7.9 µM for 35a) were comparable to that of the
reference full agonistSRI-9829 (Ki = 50 µM)butweaker than that of the
partial agonist RTI-3a (Ki = 0.80 µM). In contrast, the binding affinities
for NTS8–13 and the reference antagonist SR142948A were up to
150,000-fold higher (0.36 nM and 0.63 nM, respectively). Notably,
binding experiments with hNTS2R and rNTS2R revealed substantially
higher affinities than those for hNTS1R (hNTS2R: Ki = 22–690nM;
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Fig. 4 | NTSR1-H4x complex structures with small-molecule agonists 28a
and 30a. a, b NTSR1-H4x in complex with 28a (a) and 30a (b). Chicken wires show
the electron density of the 2Fo–Fc map contoured at 1σ before inclusion of the
agonists. Refined agonists are depicted in green and blue, respectively. c, d Inter-
actions of NTSR1-H4x with 28a (c) and 30a (d). Hydrogen bonds and salt bridges

are shown as yellow dots. a–d display identical orientations. e, f Superpositions of
conformer A of 28a (e) and 30a (f) onto the three C-terminal residues (NTS11–13) of
the endogenous agonist (yellow).g,hComparisonof computationalmodels (gray)
and experimentally determined bindingmodes of conformer A of 28a (g) and 30a
(h) (in green and blue, respectively).
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rNTS2R Ki = 8–22 nM, Supplementary Table S8), thus demonstrating
selectivity of compounds 28a, 30a, and 35a for this subtype. Among
the tested smallmolecules, compound 35a showed the highest affinity
and selectivity for hNTS2R (360-fold, Ki = 22 nM). This further distin-
guishes the identified scaffold from the reference agonist RTI-3a and
the antagonist SR142948A that exhibit a preference for the hNTS1R
subtype. The reasons for the relatively lowNTS1R affinities of the small-
molecule agonists (Table 2), aswell as for their high affinities forNTS2R
(Table 2) and the stabilized NTS1R variant (Supplementary Table S6),
are provided in the discussion. In comparison with the reference
agents SRI-9829, RTI-3a, NTS8-13, and the NTS2R-selective peptide
agonist NT15051,52, functional assays with digested murine left-
ventricular heart tissue revealed that 1 µM of compounds 28a, 30a,
and 35a inducea significant formation of IP1 inwild-type but notNTS2R
knockout (KO)mice, confirming that the ligands act asNTS2R agonists.
NTS2R agonism of 35a and SRI-9829 was also statistically significant
when tested at 100nM (Supplementary Fig. S8). Finally, the selectivity
of compounds 28a, 30a, and 35awas further assessed throughbinding
assays on six additional humanGPCRs related to antinociception (µOR,
κOR, δOR, 5-HT1A,α2A, andAPJ receptors; Supplementary Table S9). All
compounds were strongly selective for the hNTS2R subtype, and
compound 35a exhibited more than 600-fold higher affinity for
hNTS2R than for all the other GPCRs evaluated.

Analgesic activity of selective high-affinity NTS2R agonists
NTS1R and NTS2R have emerged as promising targets for the devel-
opment of non-opioid pain-relieving medications, with both subtypes
contributing to the antinociceptive effects of the NTS peptide9,14,15.

However, NTS1R activation is also associated with the regulation of
cardiovascular function, thermoregulation, and gastrointestinal moti-
lity, which may limit its therapeutic utility53–55. In contrast, selective
modulation of NTS2R is predicted to produce analgesia while mini-
mizing adverse effects40,56–58. We evaluated the analgesic effectiveness
of three high-affinity NTS2R ligands (28a, 30a, and 35a) in rats using
the formalin persistent pain model59. When administered intrathecally
at an equimolar dose (1200 nmol/kg), each compound significantly
reduced formalin-induced nocifensive behaviors (licking, biting,
shaking, and paw lifting) across the inflammatory phase (Fig. 6a-d).
Compound 28awas further evaluated in the tail-flick assay to assess its
efficacy in an acute thermal nociception paradigm. Intrathecal
administration of 28a produced a robust, time-dependent increase in
tail-flick latency, indicative of antinociceptive activity (Fig. 6e). To
determine receptor subtype involvement, animals were pretreated
with either the non-selective neurotensin receptor antagonist
SR142948A20,60 or the selective NTS2R antagonist NTRC84458,61. Both
antagonists fully abolished the analgesic effect of compound 28a in
the tail-flick test (Fig. 6e-f). These findings are consistent with the
known expression of NTS2R on peripheral sensory neurons and within
the spinal dorsal horn62,63. Finally, unlike NTS8–13, which induced a
marked hypotensive response, intravenous administration of com-
pounds 28a, 30a, and 35a did not affect blood pressure, supporting a
favorable safety profile for these NTS2R ligands (Supplementary
Fig. S9). Together, these results are consistent with the hypothesis that
the compounds elicit analgesia via modulation of NTS2R, although the
potential involvement of NTS1R cannot be entirely excluded and war-
rants further investigation, e.g., using KO animals.
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respectively.
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We further characterized the pharmacokinetic profile of com-
pound 28a in rats. Following intravenous administration of 5mg/kg,
total plasma concentrations declined from 98 µM at 5min to 0.1 µM at
6 h, and were below the lower limit of quantification (LLOQ) at 24 h.
The estimated plasma half-life, terminal volume of distribution, and
clearance of compound 28a were 2.8 h, 1.4 L/kg, and 90mL/h,
respectively (Supplementary Fig. S10). Cerebrospinal fluid (CSF) and
brain tissue were collected between 2 and 24 h post-administration
(Supplementary Table S10). Concentrations of compound 28a were
below LLOQ in all brain samples (<4 nM) and in the majority of CSF
samples (<2 nM). These results indicate that compound 28a is largely
peripherally restricted and does not cross the blood-brain barrier to a
significant extent.

Ultra-large chemical libraries tailored for peptide-binding
receptors
Our virtual screens for NTSR agonists leveraged the fact that the
C-terminal amino acid of the peptide agonist is firmly anchored in the
orthosteric binding site (Fig. 1). To assess the broader applicability of
this approach, we analyzed available bioactivity and structural data for
all peptide-binding GPCRs. Ligands of 83 peptide-binding GPCRs were
available in theChEMBLdatabase64, and the vastmajority of thesewere
peptides (84%), underscoring the scarcity of small-molecule ligands.
Among the non-peptide ligands, we identified 144 molecules contain-
ing a single terminal amino acid thatmatched the endogenous agonist
peptide of the target, whichwas the coredesign principle of our virtual
libraries (Supplementary Fig. S11). Notably, among the nine GPCRs
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(AUC) of the formalin test (0–60min post-injection). P-values: 28a vs vehicle,
p =0.0495; 30a vs vehicle, p =0.0302; 35a vs vehicle, p =0.0261.
e, f Antinociceptive effects of 28a in the tail-flick thermal nociception assay, when
administered alone or in combination with the non-selective neurotensin receptor

antagonist SR142948A or the selective NTS2R antagonist NTRC844 (5000nmol/
kg). Data are expressed asmean ± SEM. Pain score: n = 7 (vehicle); n = 5 (28a); n = 6
(30a, 35a). Tail-flick latency: n = 7 (vehicle, 28a); n = 6 (SR142948A,NTRC844with
28a). Time-course data in the tail-flick assay were analyzed by two-way ANOVA
followed by Dunnett’s multiple comparisons test. AUC data were analyzed using
one-way ANOVA with Dunnett’s correction for multiple comparisons. * p <0.05, **
p <0.01, and **** p <0.0001 versus vehicle. Source data are provided as a Source
Data file.
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binding these ligands, there were established drug targets (e.g.,
angiotensin and opioid receptors), as well as emerging therapeutic
targets such as ghrelin and C3a receptors. Structural analyses further
revealed that, as for NTS1R, the C-terminal residue of the peptides is
anchored in the orthosteric binding site of angiotensin and C3a
receptors65,66. In contrast, the N-terminal residue plays the same role in
the μ-opioid and ghrelin receptors (Fig. 7)67,68. In all four cases, the
small-molecule ligands contained the terminal amino acid that is
anchored in the binding site. These observations suggest that our
strategy can be applied to other targets.

Recently, the number of GPCR-peptide structures has increased
rapidly, and there are several suitable targets for our approach (e.g.,
neurokinin, apelin, motilin, and formyl-peptide receptors) (Supple-
mentary Fig. S12). To enable virtual screens for chemical probes, we
share a chemical database containing 4.7 billion compounds based on
N- or C-terminal amino acids, which can be readily synthesized from
commercially available building blocks (AANCHOR library: AminoAcid
N/C-termini Hybrids Optimized for Receptors, https://doi.org/10.5281/
zenodo.15094801, Supplementary Fig. S13).

Angiotensin II
receptor 2

IC50= 79 nMKi= 41 nM Ki= 55 nM IC50= 32 nM

Phe Arg Tyr Gly

Anchoring amino acidsReagents:
Make-on-demand & in stock

Drug-like products:
AANCHOR library

Amide coupling at the N/C-termini
Generation of 4.7 billion products

b

a C-Terminus N-Terminus
C3a Anaphylatoxin

chemotactic receptor
µ Opioid 
receptor

Ghrelin 
receptor

Fig. 7 | General applicability of the virtual screening strategy. a Experimental
structures of four GPCRs in complexwith peptides (angiotensin II receptor 266, C3a
anaphylatoxin chemotactic receptor65, μ-opioid receptor67, ghrelin receptor68 with
PDB accession codes 6JOD, 8I95, 8F7Q, and 7W2Z, respectively). Peptide agonists
with their C-terminal residue deeply buried in the orthosteric binding site are
highlighted in orange, while peptides anchored by their N-terminal residues are
shown in blue. Potent ligands based on a single amino acid are shown below each
structure (from the ChEMBL database, IDs: 219839, 231405, 361274, and 400814)64.

In each structure, the amino acid in the small-molecule ligandmatches the terminal
residue of the endogenous peptide agonist that is anchored in the binding site. The
virtual screening approach developed in this study is hence applicable to all of
these drug targets. Four additional targets for our approach are shown in Supple-
mentary Fig. S12. b Generation of AANCHOR (Amino Acid N/C-termini Hybrids
Optimized for Receptors), a database of compounds that can be synthesized from
commercially available building blocks using amide coupling. A detailed descrip-
tion of the database is available in Supplementary Fig. S13.
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Discussion
Threemain findings emerged from our structure-based virtual screens
for small-molecule agonists of the neurotensin G protein-coupled
receptors, a family of challenging peptide-binding drug targets. First,
non-peptide agonists of NTS1R were identified through the computa-
tional docking of two virtual chemical libraries. The most potent
agonists were discovered from a library specifically designed for the
target, an approach we believe is generally applicable to peptide-
binding receptors. Second, structure-guided optimization led to the
discovery of agonists with signaling signatures distinct from the native
peptide. Crystal structures of the receptor-agonist complexes con-
firmed the computational models and helped rationalize structure-
activity relationships. Finally, low-nanomolar NTS2R selective com-
pounds produced analgesia in a rodent model, providing starting
points for the development of novel drugs to treat pain.

Development of small-molecule agonists for peptide-binding
GPCRs is challenging because such compounds must both capture
the key pharmacophoric features for receptor activation andmaintain
drug-like properties. Our study demonstrates that access to the
structures of receptor-peptide complexes can accelerate small mole-
cule discovery by guiding the design of libraries covering the chemical
space relevant for the target. At the time of our virtual screen, several
hundredmillion compoundswere commercially available viamake-on-
demand libraries36, but only a very small fraction of these were anions
or contained a C-terminal leucine. This unexpected limitation of the
commercial chemical spacemay have contributed to the fact that only
one of the selected compounds (4%) from the diverse (anion-based)
library activated NTS1R. Our focused library provided orders of mag-
nitude better coverage of the relevant chemical space than the com-
mercial databases and resulted in a nine-fold higher hit rate (38%) than
the diverse library. For comparison, a high-throughput screen of sev-
eral hundred thousand compounds for NTS1R agonists resulted in a hit
rate of less than 0.1%69. These observations agree with recent studies
demonstrating that focused libraries can enable efficient ligand dis-
covery for GPCRs recognizing small molecules, e.g. serotonin and
cannabinoid receptors70,71. The increased hit rate does come at the
expense of novelty, as part of the endogenous agonist is used as a
template for the library. This strategy is therefore most suitable for
challenging targets expected to yield low virtual screening hit rates,
which includesmanypeptide-bindingGPCRs.Webelieveour approach
to design chemical libraries can be generally applicable to peptide-
binding targets, and we share a unique database containingmore than
four billion compounds. Crystal structures of NTS1R bound to com-
pounds 28a and 30a confirmed that the overall binding modes of the
agonists were correctly predicted, but also illustrated well-known
limitations of docking algorithms, including the lack of induced fit and
poor treatment of ligand strain energy72. In future work, efficiency in
both ligand discovery and optimization could be enhanced by
machine-learning methods for accelerated library screening and
compound selection, molecular dynamics simulations to guide analog
design, and computational tools for synthesis planning and prediction
of pharmacokinetic properties73–76.

Structural comparisons of GPCRs bound to diverse agonists can
shed light on the mechanism of receptor activation and enable the
design of ligands exhibiting specific efficacy profiles77,78. In the case of
NTS1R, even small changes in the chemical structure of the ligands can
have a major impact on efficacy. An intriguing example is the partial
agonist RTI-3a, which was derived from the inverse agonist SR48692
by replacing its adamantyl group with a leucine20,22. The terminal leu-
cine is a hallmark of nearly all NTS1R agonists, but the efficacy profiles
of the small molecules containing this moiety range from antagonism
to partial and full agonism, with signaling signatures distinct from
NTS8–13. While RTI-3a is only a weak partial agonist, compounds 28a
and 30a identified in the present study exhibit full agonism. Addi-
tionally, and contrary to expectations, compound 35a carrying an

adamantyl group instead of leucine is a strong partial agonist. Col-
lectively, these results show that a fine balance of interactions in the
orthosteric site determines agonist efficacy. In particular, the NTS
peptide and small-molecule agonists stabilize the extra-
cellular inclination of TM6, TM7, and ECL3 to different extents, which
could indirectly influence the G protein binding site. The ligand
binding site conformations observed in the crystal structures may
hence account for the differential abilities of the agonists to activate
Gq, Gi, and Gs. As the Gα subtypes have unique C-terminal sequences,
and sometimes differ in their tiltwhen interactingwith the intracellular
receptor interface, ligands stabilizing distinct receptor conformations
could promote the activation of a subset of signaling pathways.
Moreover, the interaction with β-arrestin is generally considered to
require smaller openings on the cytoplasmic face, causedby thehelical
tilt induced by agonists79. The recently determined structures of
NTS1R-agonist complexes bound to G proteins and β-arrestin will pave
the way for a deeper understanding of themolecular basis of pathway-
specific receptor activation28–33.

Our results provide insights into why identifying small-molecule
NTS1R agonists with high affinity has proven so difficult. While NTS8–13
binds with subnanomolar affinity to both NTS1R and NTS2R, the small-
molecule full agonists discovered in this study (28a and 30a) and by
others (e.g., SRI-9829)24 exhibit only micromolar affinities for NTS1R.
Surprisingly, these small-molecule agonists display nanomolar affi-
nities for NTS2R, despite the highly conserved orthosteric sites. A
plausible explanation for this intriguing disparity in affinities is the
possible bias of NTS1R and NTS2R for inactive or active-like con-
formational states, respectively. The substantially higher affinities of
compounds 28a, 30a, and SRI-9829 for our stabilized receptor NTSR1-
H4X, compared to wild-type NTS1R, can be likely attributed to the
conformational bias of NTSR1-H4X toward an active-like state in the
extracellular region with high affinity for agonists24. This suggests that
wild-type NTS1R primarily adopts inactive conformations in the apo
state, with a high energetic cost required to stabilize the active-like
state of the orthosteric site observed by crystallography of NTSR1-H4X
with agonists. Conversely, active-like conformations with high agonist
affinity could be more easily accessible for NTS2R, as supported by its
pronounced constitutive activity80. GPCR activation frequently
involves compaction of the orthosteric site, augmenting receptor-
ligand interactions and enhancing agonist affinity77. In this context, the
Arg8–Arg9–Pro10 residues of NTS8–13 are crucial for stabilizing the
inward inclinations of TM6, TM7, ECL3, and the N-terminal region,
which contract and occlude the NTS1R orthosteric site24. The small-
molecule agonists essentially lack interactions mimicking those of
Arg8, Arg9, and Pro10, likely preventing the stabilization of high
agonist-affinity states in wild-type NTS1R. However, further compound
optimization to form interactions in these subpockets would lead to
increased molecular weight, illustrating the challenges inherent in the
development of small-molecule agonists of peptide-binding GPCRs.
Access to structural data and more detailed understanding of the key
interactions driving ligand binding will facilitate the design of agonists
with drug-like properties.

The extensive research efforts focused on NTS1R and NTS2R have
been driven by their potential as drug targets for treating pain, sub-
stance abuse, Parkinson’s disease, and schizophrenia10,11. For central
nervous system disorders, small molecules are generally considered
more suitable therapeutic agents than peptides. Compound 28a,
which demonstrated antinociceptive effects in two pain models and
possesses drug-like properties, represents a promising starting point
for furtheroptimizationof pharmacokinetic properties,withparticular
focus on improving blood-brain barrier penetration. There are several
promising strategies for the development of small-molecule drugs
targeting NTSRs. A major challenge in targeting the NTSRs is to avoid
the undesired side effects caused by NTS1R activation. A first potential
strategy is to develop ligands that selectively activate signaling
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pathways with therapeutic effects, while avoiding those associated
with side effects81. The β-arrestin-biased allosteric modulator SBI-810
of NTS1R was recently reported to exhibit promising activity in animal
models of acute and chronic pain without leading to the side effects
caused by G protein activation82. Our study shows that it is possible to
design small-molecule orthosteric agonists with distinct signaling
signatures. The scaffolds discovered in this study may provide a
starting point for developing a portfolio of biased NTS1R agonists.
However, clear connections between specific signaling signatures and
the desired pharmacological outcomes in vivo remain to be estab-
lished. Furthermore, we discovered that binding of an allosteric
modulator to NTS1R depended on the orthosteric small-molecule
agonist used. This intriguing probe-specific behavior may reflect the
extent of helix movement elicited by different ligands, which could be
leveraged in drug discovery by using combination therapy46. A second
strategy to avoid NTS1R-associated side effects is identifying selective
ligands of the NTS2R subtype, a promising target for the treatment of
acute and chronic pain9,14,15. Compounds 28a, 30a, and 35a are small-
molecule agonists of this target that show analgesic effects in vivo.
Notably, compound 35a shows very high affinity for NTS2R, and
because this ligand is selective for this subtype, no hypotensive side
effects were observed. These findings underscore the potential of
NTS2R ligands to provide safer and more effective alternatives to
opioids for pain management.

Methods
Ethics statement
All experimental procedures were approved by the Animal Care
Committee of the Université de Sherbrooke (protocol no. 035 − 18B)
and conducted in accordance with the guidelines of the Canadian
Council on Animal Care.

Computational chemistry
Generation of the focused and diverse chemical libraries. The
diverse chemical library was generated by extracting anionic mole-
cules from the ZINC15 database (purchasability = “Wait OK”, reactivity
= “Clean”, 350Da < Molecular Weight (MW) < 400Da, clogP <3.5, pH =
“Ref-Mid”, Charge = −1)36. The total size of the library was 8,226,610
unique compounds. The focused chemical library was generated by
connecting building blocks to the amino group of leucine by an amide
coupling reaction. Building blocks containing a carboxylate, a methyl
ester or an ethyl ester as reactive functional groups were extracted
from the ZINC15 library36 (purchasability = “Wait OK”, reactivity =
“Clean” and MW<400Da) by using substructure searches and che-
mical property filtering with OECHEM 2.1.3 and OMEGA/FILTER
3.1.2.283. The RDKit package84 was then used to generate the final
compounds by reacting the building blocks with the amino group of
the leucine. Finally, all compounds with an MW above 460Da were
removed, resulting in a library of 6,345,793 unique compounds. The
focused librarywas thenprepared fordockingusing theZINCdatabase
protocol36. For each molecule, tautomers and protonation states with
>20% occupancy (pH range 6.9−7.9) were considered using cxcalc
version 18.9.085, and up to 200 conformations were generated using
OMEGA86.

Molecular docking. Molecular docking was performed using the
program DOCK3.738. The structure of the stabilized rNTS1R bound to
the partial agonist RTI-3a (PDB accession code: 6ZA8)24 was prepared
using PyMOL version 2.3.0 (Schrödinger, http://www.pymol.org/
pymol). Mutations were introduced into the structure to create a
model of the hNTS1R, and the residue numbers in this section corre-
spond to the hNTS1R. Protonation states of ionizable residues Asp, Glu,
Lys, Arg, and His were automatically assigned to their most probable
state at pH 7 by the program reduce87. Binding site residues His131ECL1

and His3437.32 were protonated at the ε and δ positions, respectively.

The dipole moments of the Tyr1453.29, Thr225ECL2, and Tyr3427.31 side
chain hydroxyl groups were increased to favor polar interactions with
these residues37. The grids needed to calculate the docking score
(electrostatic, van der Waals and desolvation energies) were prepared
using DOCK3.7. In the calculation of electrostatic potentials using
QNIFFT88,89, a set of sphereswas added on the protein surface to define
the boundary between solute and solvent. A second set of spheres was
used to prepare the grids that determine ligand desolvation penalties.
Control calculations to optimize docking performance were primarily
performed using a set of 14 diverse NTS1R agonists from the ChEMBL
database64 and 951 property-matched decoys90. In addition, four sets
of property-unmatched decoys were generated to assess the balance
between electrostatic interactions and desolvation energies. These
decoys had the net charge shifted by –2, –1, +1, and +2 relative to the
NTS1R agonists (365, 703, 923, and 818 decoys, respectively). We then
evaluated different radii of the spheres (0.2–2.0 Å, a total of 121
combinations)37. Based on ligand enrichment (quantified using the
adjusted LogAUC90) and redocking ofRTI-3a, we selected values of 1.6
and 1.2 Å for the electrostatic and ligand desolvation spheres, respec-
tively. The heavy atoms of RTI-3awere used to define the binding site
by generating 41 matching spheres onto which pre-calculated con-
formations of the docked compound were superimposed. In the
screening of the chemical libraries, DOCK3.7 typically sampled thou-
sands of compound orientations within the receptor binding site and,
for each orientation, scored hundreds of pre-calculated conforma-
tions. The lowest-energy pose of each compound was subsequently
refined by 500 steps of rigid-body minimization, and the resulting
docking score was used to rank the library38. The diversity among the
top-ranked compounds was increased by clustering the top 10% top-
scoring molecules using ECFP4-based fingerprints implemented in
RDKit84 and a Tanimoto coefficient of 0.6 and 0.5 for the focused and
diverse chemical library, respectively. The best scoring member of the
cluster was chosen as a representative, and 1,000 compounds from
each library were visually inspected to select compounds for synthesis
and experimental evaluation. Compounds selected from the docking
calculations were either purchased from commercial make-on-
demand libraries (Supplementary Table S11) or synthesized in-house
(detailed synthetic procedures are described in the Supplementary
Methods).

Generation of chemical libraries for hit optimization. In a first
iteration of optimization of compound 25, in-house synthesis was
combined with selections from the Enamine REAL Space make-on-
demand database91. Substructure searches in the Enamine REAL Space
database were performed with OpenEye’s OEToolkits83. In parallel,
virtual libraries of analogs substituted at either positions 1 or 6 on the
pyrazolo[3,4-b]pyridyl scaffold were generated from commercially
available building blocks from the ZINC15 database (subset = “building
block”, purchasability level = “50”, reactivity = “clean”)36. Building
blocks containing unique acetyl, halogen or boronic acid reactive
groups compatible with condensation or Suzuki coupling reactions at
position 6 and alkyl/aryl halides and hydrazine containing building
blocks compatible with an alkylation reaction at position 1 were
identified with OpenEye’s OEToolkits83. The RDKit package84 was used
to generate the final compounds by reacting the building blocks with
the core scaffold, leading to a virtual library of 4,445 and 5,633 unique
analogs substituted at positions 1 and 6, respectively. In a second
iteration of optimization, substructure searches for 1,6-disubstituted
pyrazolo[3,4-b]pyridine-4-carboxylic acid and acid halides were per-
formed in the Enamine REAL Space database and Enamine building
block library. The substructure search included a methylene linker at
position 1 or analogs thereof (carbonyl and sulfonyl linkers). For
position 6 of the pyrazolo[3,4-b]pyridine, cyclopropyl, 2,5-dimethyl-
furan- or -thiophene-3-yl, phenyl, and azines were included in the
searches.
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In the case of compound 24, a virtual chemical library of analogs
substituting the 5-methylthiophen-2-yl at position 3 with other five-
and six-membered ring moieties was first generated. Aryl halide
(24,892molecules) andboronic acid (4,388molecules) building blocks
were retrieved from Enamine. The RDKit package84 was then used to
generate a virtual library through in silico Suzuki coupling, which
contained 5683 unique molecules with an MW less than 500Da. In a
second step, sets of buildingblocks needed to explore substitutions on
the tetrazole moiety of compound 24 were obtained from Enamine,
and these libraries contained 39,000 carboxylic acids and 800 acyl
halides. If multiple reaction sites were possible (e.g., for dicarboxylic
acids), all combinations of products were generated. In silico tetrazole
condensation returned a total of 69,976 compound 24 derivatives. In
addition, the amine groups in the acyl halide and carboxylic acids were
deprotected from the fluorenylmethyloxycarbonyl (Fmoc), tert-
butyloxycarbonyl (Boc), benzyloxycarbonyl (Cbz), and benzyl (Bn)-
groups in thefinal products, returning approximately 9,000additional
compounds. After removing duplicates, the library contained 10,500
unique compound 24 derivatives with an MW less than 500Da.

Analysis of ligands and experimental structures of peptide-
binding GPCRs. A set of 91 human peptide-binding GPCRs was
retrieved using theGPCRdbweb services (https://gpcrdb.org/services/
receptorlist/)6. Bioactivity data for these GPCRs were obtained from
the ChEMBL database (version 34)64. Only bioactivity data from pub-
lished literature (document type = “Publication”) were considered, and
ligands with reported Ki, Kd, IC50, or EC50 values better than 10 µM for
the GPCRs were extracted. Molecular structure standardization,
including the removal of salts and minor components, tautomeriza-
tion, and charge neutralization, was then performed using the can-
SARchem registration workflow92. The resulting data set contained
41,266 unique ligandswith activity at 83 of the peptide-bindingGPCRs.
After filtering for compounds containing an amidated amino acid
moiety, 6708 ligands remained. Out of these ligands, non-peptide
small molecule ligands containing N- or C-terminal moieties were then
identified using SMARTS-based filtering in KNIME 4.6.3 with RDKit
extension84,93. A set of 297 unique non-peptide compounds (i.e., not
containing two consecutive alpha-amino acid moieties connected by
an amide bond) with activity at 37 different peptide-binding GPCRs
were identified. These compounds and receptors were then further
analyzed by comparing with the endogenous peptide ligands and all
available experimental structures of these GPCRs, which were
obtained using the GPCRdbweb services (https://gpcrdb.org/services/
ligands/peptides/). In this case, we included ligands complexed with
receptors from all species. The analysis revealed 144 unique ligand-
receptor pairs, corresponding to 135 unique compounds, with nine
ligands sharing activities at two receptors.

Generation of the AANCHOR library: amino acid N/C-termini
hybrids optimized for receptors. Chemical libraries tailored for
peptide-binding GPCRs were generated by amide coupling reactions
between: (1) The backbone carboxylic acid and amino group of 20
proteinogenic amino acids, their N-formylated, and C-amidated deri-
vatives and (2) acyl halides, carboxylic acids/carboxylates, esters, and
compounds containing a primary or secondary amino group (or ana-
logs of thereof: hydrazines, hydroxylamines). The acylation and amine
building blocks (2) were obtained from the Chemspace in-stock library
(686,000 compounds) and Enamine REAL Space (39 billion
compounds)91. The acylation and amine building blocks were stratified
according to their theoretical reactivity to prevent potential side
reactions (i.e. self-coupling, mixtures of regioisomers, or oligomer-
ization). Each building block was allowed to contain only one of the
most reactive groups and zero of the more reactive groups, e.g. the
carboxylic acids were allowed to have maximally one carboxylic acid
and no acyl halide, primary or secondary amine. The RDKit package84

was then used to generate the final compounds by reacting amino
acids with the prefiltered building blocks (amino acids + acyl halides,
carboxylic acids, esters, amines; C-amidated amino acids + acyl
halides, carboxylic acids, esters; N-formylated amino acids + amines).
Finally, all productmolecules with a heavy atom count greater than 28
were removed (approximately MW < 500Da), resulting in a library of
over 4.7 billion unique drug-like compounds.

In vitro biological assays
Cell culture. HEK293T cells (gift from the Chair of Physiology, FAU
Erlangen-Nürnberg) and HEK293 cells stably expressing β-arrestin2
tagged to the PathHunter enzyme acceptor, a fragment of β-
galactosidase (β-arrestin HEK293, DiscoverX), were maintained in a
humidified atmosphere at 37 °C and 5% CO2 in DMEM-F12 (Gibco Life
Sciences) supplemented with 10% fetal bovine serum (FBS),
100 µgmL−1 penicillin, 100 µgmL−1 streptomycin and 2mM
L-glutamine. For the β-arrestin HEK293 cells, additional 150 µgmL−1

hygromycinwas added.Cellsweregrownon 10 cmdishes, subcultured
every 3–4 days, and regularly confirmed to be free of mycoplasma
contamination using the MycoalertPlus detection kit (Lonza).

IP1 accumulation assays for hNTS1R and NK1 receptor. Determina-
tion of the Gq signaling by NTS1R was measured applying the IP-One
HTRF® assay (Revvity-Cisbio, Codolet, France) according to the man-
ufacturer’s protocol and as described previously94. In brief, HEK-293T
cells were grown to a confluence of approx. 70% and transiently
transfected with 0.5 µg of the plasmid encoding the human NTS1R
(cDNAResource Center, Bloomsberg, PA) and 2.5 µg of amockplasmid
applying theMirus TransIT-293 transfection reagent (Peqlab, Erlangen,
Germany). For control experiments with the human neurokinin 1 (NK1)
receptor, 0.5 µg of a NK1 receptor encoding plasmid was used instead.
After one day, cells were detached from the culture dish, seeded into
black 384-well plates (10,000 cells/well, Greiner Bio-One, Frick-
enhausen, Germany) and maintained for 24 h at 37 °C. Cells were
incubated with the compounds (final concentration range 0.01 nM to
100μM) in duplicate for 90min at 37 °C. For inhibition assays with
SR142948A, cells were preincubated with 1.0 µM of the test com-
pounds for 30min, before the serial dilutions of SR142948A were
added, and the incubation was continued for 60min. The accumula-
tion of second messenger was stopped by adding detection reagents
(IP1-d2 conjugate and Anti-IP1cryptate-TB conjugate) and monitoring
time-resolved FRET with a Clariostar plate reader equipped with the
respective filter sets (BMG Labtec, Ortenberg, Germany). FRET-ratios
were calculated as the ratio of emission intensity of the acceptor (665/
10 nm) and the donor intensity (620/10 nm). Raw FRET-ratios were
normalized to buffer conditions (0%) and the maximum effect of
NTS8–13 (100%). For screening purposes, ligand effects were analyzed
at three different concentrations (10, 30, and 100 µM), while subse-
quently determined full concentration-response curves were analyzed
using the four-parameter equation implemented in GraphPad Prism
10.2 for Windows (GraphPad Software, La Jolla, USA) to derive the
maximum efficacy (Emax) and ligand potency (EC50). For each com-
pound, n = 2–17 independent experiments were performed with each
concentration in duplicate.

IP1 accumulation assays for rNTS1R. Ligand-induced IP1 accumulation
was measured essentially as described previously24. HEK293T cells
were transiently transfected with a pcDNA5 expression vector encod-
ing rNTS1R and were seeded at 20,000 cells per well in poly-L-lysine-
coated 384-well plates (Greiner). 48 h after transfection, cells were
washed with assay buffer (10mM HEPES pH 7.4, 1mM CaCl2, 0.5mM
MgCl2, 4.2mMKCl, 146mMNaCl, 5.5mMglucose, 0.2% (w/v) BSA) and
incubated for 2 h at 37 °Cwith a concentration range of ligands diluted
in assay buffer supplemented with 50mM LiCl. IP1 accumulation was
determined using the HTRF IP-One kit (Cisbio) according to the
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manufacturer’s protocol. Fluorescence intensities weremeasured on a
SPARK fluorescence plate reader (Tecan). To generate concentration-
response curves, data were analyzed by a three-parameter logistic
equation in GraphPad Prism software (version 6.07).

IP1 accumulation assays with digested murine left-ventricular
heart tissue. IP1 production was determined using the IP-One Gq-
HTRF kit (Revvity Germany GmbH, 62IPAPEB) according to the man-
ufacturer’s instructions. Left ventricles were digested using dispase
(1.2 units/mL), collagenase II (2mg/mL), and elastase (0.02mg/mL) in
serum-free DMEM, then washed and resuspended in 1× stimulation
buffer (8000 cells in 7μL). 7μL cells/well were seeded into a white
opaque 384-well plate (PerkinElmer, 6007680), then 7 µL/well of
ligand solution dissolved in stimulation buffer were added to produce
the following final concentrations: Phenylephrine (50 µM, Sigma-
Aldrich), NTS8-13 (10 nM, Abcam), NT15051 (100 nM), 28a (100 nM and
1 µM), 30a (100 nM and 1 µM), 35a (100 nM and 1 µM), SRI-9829
(100 nM and 1 µM), and RTl-3a (100 nM and 1 µM). Cells were incu-
bated in the presence/absence of ligands for 30min at 37 °C, 5% CO2.
After this, samples were processed in accordance with the manu-
facturer’s instructions. The HTRF signals were determined under Ter-
bium cryptate mode with FlexStation 3 (Molecular Devices) at 620 nm
(donor) and 665 nm (acceptor), and the results were calculated based
on the extrapolation from the standard curve equation using SoftMax
Pro 7 software. Differences in protein input between wildtype and
NTS2R-KO were adjusted based on BCA protein measurements. Sta-
tistical analyses were performed using GraphPad Prism 10 (version
10.1.2). NTS2R-KO mice were generated as described in ref. 52

Gq/Gi1 protein activation. TheNTS1R-mediated activationofGq andGi1

proteins was determined by BRET based on the separation of RlucII-
Gαq or RlucII-Gαi1 from Gβ/Gγ2-GFP10 as described previously95,96. In
brief, HEK293T cells weredetached from their culturedish, diluted to a
density of 2.5 ∙ 105 cellsmL−1 and transfected in suspension using PEI
(25 kDa, linear) at a 3:1 reagent to DNA ratio. Per 3 ∙ 105 cells, 100 ng of
the NTS1R plasmid together with the BRET biosensor at a receptor:-
Gα:Gβ:Gγ ratio of 2:1:2:5, and the total DNA amount was completed to
1 µg with single-stranded DNA (ssDNA, Sigma Aldrich) for the activa-
tion of Gq. Similarly, transfections for the activation of Gi were con-
ducted with 200 ng of the receptor plasmid together with the BRET
biosensor at a receptor:Gα:Gβ:Gγ ratio of 4:1:2:8. Directly after trans-
fection, cells were transferred to white 96-well plates (Greiner BioOne,
20,000 cells/well) and cultured for 48 h at 37 °C, 5%CO2. On the day of
the assay, the medium was replaced by PBS followed by an equilibra-
tion period of 45min at 37 °C. Ligand stock solutions (in DMSO) were
diluted in PBS and incubated for 30min at 37 °C. Five minutes before
the measurement, coelenterazine 400a (Iris Biotech) was added at a
final concentration of 5 µM. Bioluminescence was recorded using a
Clariostar plate reader (BMG Labtech, Ortenberg, Germany) equipped
with the respective filter set (410–80 nm (donor) and 515–30nm
(acceptor)), and BRET was determined as the ratio of the light emitted
by the acceptor divided by the signal emitted from the donor.
Responses were normalized to the maximum effect of NTS8–13 (100%)
and basal conditions (0%). Concentration-response curves were ana-
lyzed using the algorithms for four-parameter non-linear regression
implemented in GraphPad Prism 10.2 for Windows. For each com-
pound, n = 3–8 independent experiments were performed, with each
concentration in duplicate.

cAMP accumulation. To determine NTS1R-mediated Gs activation,
accumulation of cAMP was measured with the GloSensor cAMP assay
(Promega, Madison, USA) according to the manufacturer’s protocol.
HEK293T cells were transfectedwith 1 µg NTS1R (in pcDNA3.1) and 2 µg
of the 22F-GloSensor plasmid (Promega), a fusion of firefly luciferase
to a cAMP binding domain, using TransIT293. 24 h after transfection,

cells were detached with culture medium, and 10,000 cells/well were
distributed to a white 384-well plate (Greiner BioOne). Cells were
cultured for 24 h at 37 °C in 5% CO2, before the medium was replaced
with 20 µL of assay buffer (3% GloSensor cAMP Reagent in HBSS). Cells
were equilibrated for 60min in the dark at room temperature, before
basal luminescence wasmeasured with a Clariostar plate reader (BMG
Labtech). Ligand stock solutions diluted with HBSS were added (5 µL)
and cells were incubated with the ligands for 30min in the dark at
room temperature. For inhibition assays, cells were incubated for
15min with the test compounds at various concentrations, before
20 nMNTS8–13 were added, and cells were incubated for further 15min.
Luminescence was recorded with a Clariostar plate reader (BMG Lab-
tech) and the obtained signals were normalized to basal conditions
(0%) and the maximum response of NTS8–13 (100%). Concentration-
response curves were analyzed with the algorithms for four-parameter
non-linear regression in GraphPad Prism 10.2 to derive the relative
efficacy (Emax) and potency (EC50). For each compound, n = 3-6 inde-
pendent experiments were performed, with each concentration in
duplicate.

β-arrestin-2 recruitment (PathHunter). β-arrestin-2 recruitment was
investigated employing the PathHunter assay asdescribedpreviously43

and according to the manufacter’s protocol (DiscoverX, Eurofins). β-
arrestin HEK293 (expressing β-arrestin fused to the large fragment of
β-galactosidase) were transiently transfected with 0.5 µg of the plas-
mid encoding the NTS1R-PK1 construct (a fusion to a small fragment of
β-galactosidase), together with or without 0.5 µg GRK2 plasmid, and
complemented to a total amount of 3 µg per plate with a mock
pcDNA3.1 plasmid using TransIT293. 24 h after transfection, cells were
detached using Versene (Invitrogen), resuspended in cell plating
reagent 7 (fluorescent β-gal substrate CP7, DiscoverX) and seeded in
white 384-well plates (Greiner BioOne) at a density of 5000 cells/well.
After cultivation at 37 °C, 5% CO2 for 24 h, cells were stimulated with
the test compounds for 90min at 37 °C. 10 µL of the detectionmixwas
added, and chemiluminescence was measured with a CLARIOstar
microplate reader after incubation for 60min in the dark at room
temperature. Data were normalized to the basal luminescence and
maximum response of NTS8–13 and analyzed by four-parameter non-
linear regression using the algorithms of GraphPad Prism 10.2 for
Windows. For each compound, n = 4–12 independent experiments
were performed, with each concentration in duplicate.

β-arrestin-2 recruitment (BRET). The recruitment of β-arrestin-2 was
determined by BRET betweenNTS1R-Rluc8 and β-arrestin-2-mVenus as
described previously47. The transfection was carried out in suspension
as described for the activation of Gq with the following DNA amounts
per 3 ∙ 105 HEK293T cells: 70 ng NTS1R-Rluc8, 200 ng β-arrestin-2-
mVenus, 35 ng GRK2, and 90ng ssDNA. 20,000 cells per well were
directly distributed to white 96-well plates (Greiner BioOne) and
grown for 48 h at 37 °C, 5% CO2. On the day of the assay, the growth
medium was replaced with PBS, and cells were equilibrated for 45min
at 37 °C before ligand dilutions were added. Cells were incubated for
30min at 37 °C and coelenterazine-h (Biomol, 5 µM final concentra-
tion) was added 20min before the measurement. BRET was deter-
mined as described for the activation of Gαq, but with the respective
475/30 nmand 535/30 nmemissionfilters. Responseswerenormalized
to the maximum effect of NTS8–13 (100%) and basal conditions (0%)
and concentration-response curves were analyzed using the algo-
rithms for four parameter non-linear regression in GraphPad Prism
10.2 to derive the compounds’ relative efficacy (Emax) and potency
(EC50). For each compound, n = 4–7 independent experiments were
performed, with each concentration in duplicate.

Radioligand binding assays for hNTS1R, hNTS2R, µOR, κOR, δOR,
5-HT1A, andα2A receptors. Binding affinities of the compounds for the
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hNTS1R and hNTS2R were determined with membrane preparations
from HEK293T cells transiently transfected with the respective
receptor plasmids (cDNAResearchCenter, Bloomsberg, PA) in analogy
to a previously described protocol97. Hence, membranes expressing
the respective receptors (NTS1R: Bmax 7600± 750 fmol/mg protein,
protein concentration 1–4 µg/well; NTS2R: Bmax 850± 120 fmol/mg
protein, protein concentration 6–10μg/well) were incubated together
with the radioligand [3H]UR-MK30050 (specific activity 2.41 TBq/mmol,
KD 0.66 nM) at a final concentration of 0.50–0.70 nM with varying
concentrations of the test compounds for 60min at 37 °C. Non-
specific binding was determined in the presence of 10 µM NTS8-13. For
the determination of binding affinities to related GPCRs, homogenates
from HEK cells were used which were transiently transfected with the
plasmids for the human opioid receptor subtypes µOR, κOR and δOR,
the serotonin receptor 5-HT1A and the adrenergic α2A (all from cDNA
Center). Appropriate membranes (for µOR: Bmax = 6200 fmol/mg
protein, protein concentration of 2 µg/well; for κOR: Bmax = 4500 fmol/
mg protein, protein concentration of 2 µg/well; for δOR: Bmax = 1500
fmol/mg protein, protein concentration of 6 µg/well; for 5-HT1A:
Bmax = 3400 ± 1100 fmol/mg protein, protein concentration of 3-5 µg/
well; for α2A: Bmax = 3000 ± 1600 fmol/mg protein, protein con-
centration of 3–10 µg/well) were incubated with the radioligand [3H]
diprenorphine (from PerkinElmer, Rodgau Germany, specific activity
30Ci/mmol; KD 0.15 nM for µOR, KD 0.070nM for κOR, KD 0.15 nM for
δOR) at a final concentration of 0.2 nM, with [3H]WAY100635 (from
Novandi, Södertälje, Sweden; specific activity 83 Ci/mmol; KD

0.070 nM for 5-HT1A) at 0.2 nM or with [3H]RX821002 (Novandi; spe-
cific activity 51Ci/mmol; KD 0.63 ±0.03 nM for α2A) at 0.5 nM,
respectively. Non-specific binding to µOR, κOR, δOR was measured in
thepresence of 10 µMnaloxoneor 10 µMofunlabeled ligand for 5-HT1A

and α2A. Experiments were performed as described above using dif-
ferent buffer systems (buffer A (50mM Tris, pH 7.4) for µOR, κOR,
δOR, and α2A; buffer B (50mM Tris, 0.1M EDTA, 5mMMgCl2, 100 µg/
mL bacitracin, pH 7.4) for 5-HT1A). Reactions were terminated by rapid
filtration through GF/B filters, dried filters were sealed with scintilla-
tion wax, and bound radioactivity was detected with a MicroBeta2
counter (Perkin Elmer, Rodgau, Germany). Competition binding
curves were analyzed by three-parameter nonlinear regression using
the algorithms implemented in GraphPad Prism10.2 for Windows to
calculate an IC50 value and the derived affinity constantKi according to
the equation of Cheng and Prusoff98. Per compound n = 5–10 inde-
pendent experiments were performed with each concentration in
triplicate.

Radioligand binding assay for rNTS2R. HEK293 cells stably expres-
sing rNTS2R were cultured in DMEM. Culture media were supple-
mented with 10% FBS, 100U/mL penicillin, 100μg/mL streptomycin,
20mM HEPES, and cells were incubated at 37 ◦C in a humidified
chamber at 5% CO2. All media and additives were from Wisent (St-
Bruno, QC). Compounds were first resuspended in 100% DMSO at
100mMand subsequently diluted to a 10-mMworking solution to limit
precipitation. Competitive radioligand binding experiments were
performed by incubating 50μg of freshly prepared cell membranes
with 105 pM [125I]-Tyr3-NT (2200Ci/mmol; Revvity, Waltham, MA, USA)
in binding buffer (50mM Tris-HCl, pH 7.5, 0.2 % BSA, 2% DMSO). The
compounds were tested in dose-response displacement curves at
increasing concentrations ranging from 10−11 to 10−5 M in the final
reaction wells. After 1 h of incubation at room temperature, the bind-
ing reaction mixture was transferred to polyethyleneimine-coated 96-
well-filter plates (Millipore, Billerica, MA). The reactionwas terminated
by filtration, and plateswerewashed three timeswith 170μl of ice-cold
binding buffer. Glass fiber filters were then counted in a gamma-
counter (1470 Wizard2, PerkinElmer). Non-specific binding was mea-
sured in the presenceof 10−5 M unlabeledNTS8–13 and represented <5%
of total binding. IC50 values were determined from the competition

curves as the unlabeled ligand concentration inhibiting half of the 125I-
Tyr3-NTS-specific binding.

Binding data of the dose-response experiments were plotted
using GraphPad Prism 9.3 using the One-site—Fit log (IC50) and nor-
malized to theNTS8–13 curve ranging from 10−11 to 10−5 M and represent
the mean± SEM of the number of experiments indicated in the figure
and performed in duplicate. The IC50 calculated from the competitive
radioligand binding assays was then transformed into Ki values using
the Cheng–Prusoff equation98. The NTS2R Kd was determined
as 0.7 nM.

Radioligand binding assay for the APJ receptor. HEK293 cells
expressing the YFP epitope-tagged human apelin (APJ) receptor were
washed once with PBS and subjected to one freeze–thaw cycle and
cultured in DMEM. Culture media were supplemented with 10% FBS,
100U/mL penicillin, 100μg/mL streptomycin, 20mM HEPES, and
0.4mg/mL G418, and cells were incubated at 37 ◦C in a humidified
chamber at 5% CO2. All media and additives were from Wisent (St-
Bruno, QC). Compounds were resuspended in 100%DMSO at 100mM.
Competitive radioligand binding experiments were performed by
incubating 15μg of cell membranes with 0.2 nM radiolabeled [125I]
[Nle75,Tyr77]Pyr-apelin-1335 (820Ci/mmol) with either Apelin-13 in
increasing concentrations (10–11 to 10–5 M) or a single concentration of
a small molecule (10–4 M). Reactions were incubated for 1 h at room
temperature in a final volume of 200μL in binding buffer (50mMTris-
HCl, pH 7.5, 0.2 % BSA, 2% DMSO). After 1 h of incubation at room
temperature, the binding reaction mixture was transferred to
polyethyleneimine-coated 96-well-filter plates (Millipore, Billerica,
MA). The reactionwas terminated byfiltration, and plateswerewashed
three times with 170μl of ice-cold binding buffer. Glass fiber filters
were then counted in a gamma-counter (1470 Wizard2, PerkinElmer).
Non-specificbindingwasmeasured in thepresenceof 10−5 Munlabeled
Ape-13 and represented <5% of total binding. IC50 values were deter-
mined from inhibition curves as the unlabeled ligand concentration
inhibiting 50% of [125I]-apelin-13 specific binding. Binding data of the
single-dose displacement experiments were normalized to the Ape-13
curve ranging from 10−11 to 10−5 M and expressed in percent of dis-
placement of radiolabeled ligand. The Ape-13 curve was plotted using
GraphPad Prism 10.4 (La Jolla, CA, USA) using the One-site—Fit log
(IC50) and each compound’s percent of [125I] Pyr-Apelin-13 displacement
represents the mean± SEM of two different experiments and per-
formed in duplicate.

HTRF ligand-binding assays for NTSR1-H4x. Ligand binding experi-
ments on cell membranes were essentially performed as described
previously24. All receptor variants were cloned into a mammalian
expression vector containing an N-terminal SNAP-tag (Cisbio). 5 × 106

HEK293T cells in 10 cm Petri dishes were transiently transfected with
receptor constructs using TransIT-293 (Mirus Bio) and 2 µg plasmid
DNA. 48 h after transfection, cells were labeled with 50nM SNAP-
Lumi4-Tb (Cisbio) in assay buffer (20mMHEPES pH 7.5, 100mMNaCl,
3mM MgCl2 and 0.2% (w/v) BSA) for 1.5 h at 37 °C. Thereafter, cells
were washed four times with assay buffer and crude cell membrane
extracts were prepared as described previously99. 0.1–1 µgmembranes
per well were then incubated for 4 h at room temperature in assay
buffer containing fluorescently labeled peptide HL488-NTS8–13 (NTS8–
13 labeled with HiLyte Fluor 488 at the N-terminus) (Eurogentec). For
competition binding, 0.3–5 nM of HL488-NTS8–13 tracer peptide and
the indicated concentration ranges of unlabeled competitor ligands
were used. Fluorescence intensities were measured on a SPARK
fluorescence plate reader (Tecan) with an excitation wavelength of
340 nm and emission wavelengths of 620 nm and 520nm for Tb3+ and
the fluorophore HiLyte Fluor 488, respectively. The ratio of FRET-
donor and -acceptor fluorescence intensities (F520 nm/F620 nm) was
calculated. Total binding was obtained in the absence of competitor,
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and nonspecific binding was determined in the presence of 100μM
unlabeled NTS8–13. Data were normalized to the specific binding for
each individual experiment and were analyzed by global fitting to a
one-site heterologous competition equation with the GraphPad Prism
software (version 6.07). To obtain Ki values, data were corrected for
fluorescent ligand occupancy of each mutant with the Cheng-Prusoff
equation98.

Allosteric ligand binding. Additional binding assays were performed
with the fluorescent ligand PJ125, a TAMRA-labeled derivative of the
allosteric modulator SBI-553, as described previously (compound 14 in
ref. 47). In brief, membranes fromHEK293T expressing an NTS1R-Nluc
fusion protein (20 µL, final protein concentration 2 µg/well) were
incubated in a 384-well plate (Greiner BioOne) together with the
fluorescent probe (PJ125, 5 µL, final concentration 0.68 µM) and 5 µL of
the test ligands in varying concentration in nanoBRET buffer (50mM
Na2HPO4, 50mMKH2PO4, pH7.4, 1mg/mL saponin, 5% FBS) for 90min
at 37 °C. After addition of 5 µL of a furimazine solution (Promega, final
dilution 1:5000) and incubation for 5min at ambient temperature,
BRET measurements were carried out with a Clariostar microplate
reader as described for the Gq/i activation assays but using 475–30nm
and 620–10 nm filters, respectively. Data were normalized to basal
conditions (0%) and the maximum effect of NTS8–13 (100%) and ana-
lyzed using the three-parameter algorithm for non-linear regression
implemented in GraphPad Prism 10.2 for Windows to derive the
ligands’ maximum efficacy (Emax) and potency (EC50) for the
enhancement of allosteric ligand binding at NTS1R. For each ligand,
5-10 independent experiments were performed, with each concentra-
tion in duplicate.

Structural biology experiments
Generation of the NTSR1-H4X construct co-crystallized with com-
pounds 28a and 30a. The amino acid sequence of the NTSR1-H4X
construct that was co-crystallized with compounds 28a and 30a is
reported in Supplementary Fig. S14. This construct was made by
modifying the sequence of wild-type rNTS1R (UniProt ID: P20789) as
follows: introduction of 26 amino acid substitutions as in the pre-
viously reported mutant rNTSR1-H4 (Supplementary Table S12) (note
that the mutation F342→A had not been reported in the original
reference48), deletion of N-terminal residues M1–A49 and ICL3 resi-
dues E273–T290, and fusion of L3717.55 at the C-terminal end of TM7
to the N terminus of the crystallization chaperone DARPin D12 (see
below) via the linker sequence AEDLVEDWE, as depicted in Supple-
mentary Fig. S14 and as previously described24, thereby creating a
GPCR-DARPin shared helix and deleting rNTS1R residues V372–Y424.
Compared to the originally reported DARPin D12100, the DARPin D12
used here and in previous studies involving GPCR-DARPin D12
fusions24,101 was modified as follows: deletion of residues S1 and D2
and introduction of six amino acid substitutions, i.e., L3→K, G4→A,
K5→R, A13→K, L157→A, and N158→A (Supplementary Fig. S14). The
purified NTSR1-H4X construct used for co-crystallization comprises a
cleaved HRV 3 C protease cleavage site at its N-terminal end
(sequence: GP) and a cleaved HRV 3 C protease cleavage site at its
C-terminal end (sequence: LEVLFQ).

Expression ofNTSR1-H4X inEscherichia coli. For expression in E. coli,
the gene encoding the NTSR1-H4X construct described above was
cloned into a previously reported pBR322-derived vector24,102. Briefly,
the resulting expression construct consisted of anN-terminalmaltose-
binding protein (MBP), followed by a His6-tag, a HRV 3C protease
cleavage site (sequence: LEVLFQGP), the receptor construct NTSR1-
H4X described above, a second HRV 3C protease cleavage site
(sequence: LEVLFQGP), followed by thioredoxin A (TrxA) and a
C-terminal His10-tag. The HRV 3C protease cleaves the peptide bond
between Q and G of the above-mentioned cleavage site.

Expression was carried out in E. coli BL21 cells having a deletion of
the fhuA2 gene to confer phage T1 resistance (New England Biolabs),
similarly as previously described24. A starter culture of cells harboring
the pBR322-derived expression plasmid (described above) was grown
overnight at 37 °C in 2×YT medium containing 1% (w/v) glucose and
100 µg/mL ampicillin. Expression cultures (1 L) consisting of 2×YT,
0.2% (w/v) glucose and 100 µg/mL ampicillin were inoculated with the
starter culture to anOD600 nm of ~0.05 and grown at 37 °C to anOD600

nm of ~0.5, followed by induction with 1mM isopropyl-β-D-
thiogalactopyranoside (IPTG) and cultivation for ~18 h at 28 °C. Cells
were harvested by centrifugation at 5000× g for 20min at 4 °C. The
cell pellet was resuspended with Resuspension Buffer (100mMHEPES
pH 8.0 at 4 °C, 30% (v/v) glycerol, 400mM NaCl) at 4 °C, frozen in
liquid nitrogen, and stored at –80 °C.

Purification of NTSR1-H4X for crystallization in the lipidic
cubic phase. Purification of NTSR1-H4X for crystallization in the lipidic
cubic phasewas carried out similarly as previously described24. 100mL
of frozen resuspended cells (see above, corresponding to ~33 g of
pellet) were thawed and all the following stepswere carried out at 4 °C.
250mg of lysozyme (Sigma-Aldrich), 625μL of 1M MgCl2, and 625μL
of 10mg/mL DNase I (Roche) were added and the mixture stirred for
1 h. Subsequently, receptorswere solubilizedby incubationwith 2% (w/
v) n-dodecyl-β-D-maltopyranoside (DDM, Anatrace) and 0.2% (w/v)
cholesteryl hemisuccinate (CHS, Sigma-Aldrich) for 2 h while stirring,
followed by sonication for 30min (15min sonication, 5min pause,
15min sonication) using a Sonifier 250 (Branson) at a duty cycle of 30%
and output 5. The lysate containing detergent-solubilized receptors
was adjusted to 20mM imidazole final concentration, pH 8.0 at RT,
and centrifuged at 20,000× g for 30min. The supernatant was
adjusted to 0.05mg/mL DNase I (Roche) and rolled overnight with
25mL of TALON Superflow resin (GE Healthcare) equilibrated with
Talon Wash Buffer I (25mM HEPES pH 8.0 at 4 °C, 10% (v/v) glycerol,
600mMNaCl, 0.1% (w/v) DDM, 5mMMgCl2, 2mM2-mercaptoethanol
(2-ME), 20mM imidazole pH 8.0 at RT). Subsequently, the resin was
washed with 11 column volumes (CV) of Talon Wash Buffer I followed
by 5 CV of TalonWash Buffer II (25mMHEPES pH 8.0 at 4 °C, 10% (v/v)
glycerol, 150mM NaCl, 0.1% (w/v) DDM, 2mM 2-mercaptoethanol,
20mM imidazole pH 8.0 at RT). Protein elution was carried out with
3.8 CV of Talon Elution Buffer (25mM HEPES pH 7.0 at 4 °C, 10% (v/v)
glycerol, 150mMNaCl, 0.1% (w/v)DDM,2mM2-ME, 250mM imidazole
pH 8.0 at RT). The eluted protein was concentrated in four Vivaspin 20
concentrators (100 kDa molecular weight cut-off, Sartorius) to total
5mL and subsequently desalted using two PD-10 G-25 columns (GE
Healthcare) equilibratedwithG-25 Buffer (10mMHEPESpH7.0 at 4 °C,
10% (v/v) glycerol, 50mM NaCl, 0.025% (w/v) DDM, 2mM dithio-
threitol (DTT)) according to the manufacturer’s instructions. The
protein sample was incubated overnight with HRV 3C protease (pro-
duced in-house) to cleave off the fusion proteins MBP and TrxA from
the receptor construct described above. The protein mixture was
slowly loaded onto 2.5mL of SP Sepharose cation-exchange chroma-
tography resin (GE Healthcare) equilibrated with G-25 Buffer. To
increase the receptor yield, the flow-through of the SP-column was
loaded onto another 2.5mL of SP Sepharose cation-exchange chro-
matography resin. Both SP-columnswerewashedwith 5 CV of SPWash
Buffer I (10mM HEPES pH 7.0 at 4 °C, 10% (v/v) glycerol, 35mM NaCl,
0.025% (w/v) DDM, 2mM DTT, pH adjusted to 7.7 at 4 °C using 0.1M
NaOH) andwith 5 CV of SPWashBuffer II (10mMHEPES pH 7.0 at 4 °C,
10% (v/v) glycerol, 0.025% (w/v) DDM, 0.005% (w/v) CHS, 2mM DTT)
to remove the fusion proteins MBP and TrxA. Protein elution was
carried out from both SP-columns in six fractions of 1mL, 1mL, 2mL,
2mL, 1mL, and 1mL, respectively, using SP Elution Buffer (10mM
HEPES pH 7.5 at RT, 10% (v/v) glycerol, 500mM NaCl, 0.015% (w/v)
DDM, 0.003% (w/v) CHS, 2mM DTT). Fractions containing
~0.5–2.1mg/mL of NTSR1-H4X receptor construct (and having an
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A260nm/A280nm ratio ≈ 0.55–0.7) were combined and adjusted with SP
Elution Buffer to ~0.7mg/mL. Protein concentrations were determined
by absorbance at 280 nm using a Nanodrop 2000 spectrophotometer
(Thermo Fisher Scientific). Purified apo NTSR1-H4X was incubated
overnight with 150 µM of either compound 28a or 30a (prior to com-
plexation with the apo receptor, the proper ligand amount was
desiccated in a tube starting from a stock dissolved in DMSO). Sub-
sequently, 2.4mLof the receptor-ligand samplewas concentratedwith
a Vivaspin 2 concentrator (100 kDa molecular weight cut-off, Sartor-
ius) to 26μL for reconstitution into the lipidic cubic phase (LCP).

Crystallization of NTSR1-H4X in the lipidic cubic phase. Con-
centrated ligand-bound NTSR1-H4X (see above) was reconstituted in
the lipidic cubic phase (LCP) by mixing the concentrated receptor
sample with molten monoolein (Sigma-Aldrich) supplemented with
10% (w/w) cholesterol (Sigma-Aldrich) at a protein-to-lipid ratio of
20:32 (v/v), using the two-syringemethod (100 µL syringes, Hamilton).
Crystallization trials were carried out at 20 °C in 96-well glass sandwich
plates (SWISSCI) with a 120 µm spacer. A Crystal Gryphon LCP crys-
tallization robot (Art Robbins Instruments) was used to dispense 40 nL
boli and to cover them with 800 nL of precipitant solution. The plates
were immediately sealed with a cover glass and incubated at 20 °C in a
Rock Imager 1000 (Formulatrix). Optimized crystals of NTSR1-H4X in
the presence of compound 28a grew in 100mM Na acetate pH 4.5
(Hampton Research), 350mMK citrate tribasic (Hampton Research),
30% (v/v) PEG400 (Sigma-Aldrich), and 50μM 28a. Optimized crystals
of NTSR1-H4X in the presence of compound 30a grew in 100mM Na
cacodylate pH 5.6 (Hampton Research), 350mMK citrate tribasic
(Hampton Research), 30% (v/v) PEG400 (Sigma-Aldrich), and 50μM
30a. Optimized crystals are shown in Supplementary Fig. S15. Crystals
were harvested by picking the entire LCP bolus at room temperature
with MicroMeshes (MiTeGen) and flash frozen in liquid nitrogen
without adding further cryoprotectant.

Data collection, structure determination, and structural analysis.
X-ray data were recorded fromNTSR1–H4x crystals, obtained in lipidic
cubic phase (LCP) under various conditions in the presence of either
compound 28a or 30a. The measurements were performed at beam-
line P13, operated by EMBL Hamburg at the PETRA III storage ring. All
datawere analyzedwith the autoPROC toolbox103 thatmakes useof the
data processing package XDS104 and the scaling program AIMLESS105.
The best LCP crystals diffracted to 3.1 Å resolution and suffered from
substantial anisotropy, which we corrected with the program
STARANISO106. The structures were determined by molecular repla-
cement using the program PHASER107 with the coordinates of
NTS1R–H4x of an earlier published NTS8–13 complex (PDB ID: 6YVR)24.
Refinement of the polypeptide chains of NTSR1–H4x with REFMAC5108

and model building in Coot109 unequivocally revealed the binding of
compounds 28a and 30a, respectively. As the ratio of unique reflec-
tions toparameters to be refinedwas below1,weused ISOLDE110 within
ChimeraX111, which enabled flexible fitting in conjunction with mole-
cular dynamics. Both complex structures were finalized with one
round of REFMAC5108 refinement and were validated with the help of
the MolProbity112 module within the Phenix program package113. For
detailed data collection and refinement statistics see Supplementary
Table S7.

In vivo efficacy study
Animal housing and acclimatization. Adultmale Sprague-Dawley rats
(250−400 g, 8–10 weeks; Charles River Laboratories, St-Constant,
Québec, Canada) were housed in groups of four in transparent, closed
cages containing aspen bedding, under control environment condi-
tions (12 h light/dark cycle, 22 °C and 50% humidity) with ad libitum
access to food and water. Prior to behavioral testing, rats were accli-
matized for three days to handling and to the testing devices in a quiet,

dedicated housing room. All behavioral experiments were performed
in the same quiet room by both female and male experimenters to
minimize stress and reduce potential experimenter-related bias.

Formalin pain test. The analgesic efficacy of each compound was
evaluated using the formalin-induced tonic painmodel59. Animalswere
randomly assigned to treatment groups, and all experiments were
conducted by two experimenters blinded to treatment conditions.
Compounds were resuspended in vehicle composed of 16% DMSO,
42% water and 42% lipid-based buffer (0.09M sodium carbonate,
0.25% N,N-dimethylacetamide, 0.25% Kolliphor EL). Each small mole-
cule was administered via intrathecal (i.t.) injection at a dose of
1200nmol/kg. Five minutes later, rats received a 50μl intraplantar
injection of diluted 2% formaldehyde (equivalent to 5% formalin; Bio-
shop, Burlington, Canada) into the plantar surface of the right hind
paw. Immediately following formalin injection, rats were placed indi-
vidually into transparent Plexiglas chambers (30 × 30 × 30 cm) posi-
tioned over amirror angled at 45°, allowing unobstructed visualization
of the paws. Spontaneous nocifensive behaviors were recorded con-
tinuously for 60min. Intraplantar injection of formalin produced the
characteristic biphasic nocifensive response, consisting of an acute
phase (0−9min post-injection), reflecting direct activation of periph-
eral nociceptors and a prolonged inflammatory phase (21−60min
post-injection), associated with central sensitization.

Nociceptive behaviors were quantified using a weighted pain
score59. Behaviors were scored in 3-min blocks during 60min by
measuring the time spent in each of four behavioral categories: 0,
injected paw comparable to the contralateral paw; 1, reduced weight
bearing on the injected paw; 2, elevation of the injected paw without
surface contact; 3, licking, biting, or shaking of the injected paw.
Higher scores corresponded to greater pain intensity. A weighted pain
score, ranging from 0 to 3, was calculated for each time interval using
the following formula (1 × T1 + 2 × T2+ 3 × T3)/180, where T1, T2, and
T3 represent the time (in seconds) spent in behavioral categories 1, 2,
and 3, respectively, during each 180-s interval. Data were analyzed and
plotted using GraphPad Prism v10.3. Areas under the curve (AUCs)
were calculated for each rat. Group comparisons for bar graph
representation were performed using one-way ANOVA followed by
Dunnett’s multiple comparisons test. All error bars represent
mean± SEM.

Tail-flick test. Acute thermal nociception was assessed using the tail-
flick test, a well-established assay for evaluating pain sensitivity and
analgesic efficacy. The distal portion of the tail was immersed in a
temperature-controlled water bath at 52 °C, and a cut-off latency of
10 s was imposed to prevent tissue damage. Tail-flick latency, defined
as the time elapsed between tail immersion and rapid tail withdrawal,
was used as the index of nociceptive sensitivity. Prior to testing, ani-
mals were individually acclimatized to handling and to the behavioral
apparatus for 5min per day over three consecutive days. On the test
day, baseline tail-flick latencies were recorded before drug injection.
Under light anesthesia, compound 28a was administered intrathecally
at a dose of 1200 nmol/kg, either alone or in combination with a well-
characterized non-selective NTSR antagonist (SR142948A20,60) or an
NTS2R-selective antagonist (NTRC84458,61). SR142948A (5000nmol/
kg) was prepared in a vehicle containing 6% DMSO, 47%water and 47%
lipid-based buffer (0.09M sodium carbonate, 0.25% N,N- dimethyla-
cetamide, 0.25% Kolliphor EL). NTRC844 (5000nmol/kg) was dis-
solved in 45% DMSO, 45% water, and 10% Kolliphor EL. Antagonists
were administered intrathecally 10min prior to compound 28a.

Thermal nociception was assessed every 10min for up to 60min
following i.t. administration of compound or vehicle. Data were ana-
lyzed and plotted using GraphPad Prism 10.6 and are expressed as
mean± SEM (n = 6–7 animals per group). Time-course data were ana-
lyzed using two-way ANOVA followed by Dunnett’s multiple
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comparisons test. Areas under the curve, (AUCs; 0-60min), were cal-
culated for each animal and analyzed using one-way ANOVA test fol-
lowed by Dunnett’s multiple comparisons test.

Blood pressure test. Rats were anesthetized with ketamine/xylazine
(87mg/kg: 13mg/kg, i.p.) and placed in supine position on a heating
pad. Mean arterial blood pressure (ΔMABP) was measured through a
catheter (PE 50 filled with heparinized saline) inserted in the right
carotid artery and connected to a Micro-Med transducer (model TDX-
300, USA) linked to a blood pressureMicro-Med analyzer (model BPA-
100c). Another catheter (PE 10 filled with heparinized saline) was
inserted into the left jugular vein for bolus injection of 0.9% vehicle or
each compound to be tested. Blood pressure was recorded each sec-
ond for up to 300 s following intravenous injection. Blood pressure
data were plotted using GraphPad Prism 10.3.

In vivo pharmacokinetics study
Plasma, CSF and brain tissue sample collection. Twelve male Spra-
gue Dawley rats (Charles River), with mean body weight of 250g,
received a single intravenous (i.v.) dose of compound 28a at 5mg/kg.
For animal IDs 1-6, plasma, brain, and cerebrospinal fluid (CSF) were
collected at a single time point after dosing, i.e., either at 2 h (animals
1–3) or at 6 h (animals 4-6). For animal IDs 7-12, serial plasma samples
were collected at 5, 15, and 30min, and 1, 2, 4, 6, and 24 h post-dose,
followed by terminal collection of brain and CSF. Terminal brain and
CSF samples were therefore obtained at 2 h (animals 1–3), 6 h (animals
4–6), and 24h (animals 7–12) after dosing. Plasma, brain, and CSF
samples were collected into Eppendorf® Safe-Lock microcentrifuge
tubes (0.5mL and 1.5mL, polypropylene, colorless, low-binding sur-
face; Eppendorf), and stored frozen until further processing. For
administration, compound 28a was formulated in a vehicle of DMSO,
lipidic buffer, and water (1:4:5, v/v/v). The lipidic buffer contained
0.09M sodium carbonate, 0.25% N,N-dimethylacetamide, and 0.25%
Kolliphor EL.

Chemicals and materials. The experiments were performed using
a 10mM dimethyl sulfoxide (DMSO) stock solution of compound 28a.
The internal standards carbutamide (BCS, CAS no. 339-43-5) and war-
farin (cat no A2250) were purchased from Sigma-Aldrich. Acetonitrile
(AcN, LiChrosolv., LC-grade) and methanol (MeOH; LiChrosolv®, mass
spectrometry grade) were purchased from Merck. Formic acid (FA;
HiPerSolvChromanorm®)was purchased fromVWR.MilliQwater (mQ-
H2O; Milli-Q® SQ 200P Ultrapure Water Dispensing Module
(ZSQ200UPT0, SQPAK™ Quanta polishing cartridge), 18.2 MΩ·cm at
25 °C, Millipore) was used for preparation of mobile phase A and iso-
tonic phosphate buffer. The isotonic phosphate buffer (67mM,pH7.4)
was prepared in house by dissolving Na2HPO4·2H2O (Sigma-Aldrich,
Cas No: 10028-24-7), KH2PO4 (Sigma-Aldrich, Cas No. 7778-77-0), and
NaCl (Merck, Cas No. 7647-14-5) in MilliQ water. Kolliphor was pur-
chased from Sigma-Aldrich (Cas No. 61791-12-6).

Sample preparation for bioanalysis. Brain tissue representing the
whole brain was weighed in Precellys® Hard Tissue Homogenizing
CK28 tubes (2mL, polypropylene co‑polymer) containing inert 2.8mm
zirconium oxide beads. For each mg of tissue, 3 × 1.03 µL of 0.1 % for-
mic acid in AcN:MeOH (1:1, v/v) was added (1:3, w:v) to aid homo-
genization. The tissue was homogenized for 30 s at 5000 rpm with a
Minilys, centrifuged at 7000 rpm for 15min, and the supernatant was
collected. To prevent detector saturation, the dosing solution was
diluted 300‑fold in plasma (1:299, v:v). High‑concentration plasma
samples (5‑ and 15‑min samples from animals 7–12 and the 240‑min
sample from animal 7) were diluted 10‑fold (5:45, v:v) before pre-
paration. Twenty µL of undiluted and diluted plasma, brain homo-
genate supernatant, undiluted CSF, and diluted dosing solution were
precipitated with 180 µL acetonitrile containing 100 nM carbutamide
and 100 nM warfarin as internal standards. After centrifugation for
20min at 2465 × g at 4 °C, the supernatant was transferred to a

Corning® 96‑well storage microplate (round‑bottom, clear poly-
propylene, non‑sterile; product no. 3365) and injected onto the
column.

Plasma standards, quality control (QC), and blank samples were
prepared from pooled human plasma from two non‑smoking donors
(citric acid anticoagulant, Uppsala Academic Hospital). Blank, stan-
dards, and QCs for brain homogenate were prepared from one com-
pound‑naïve rat brain. Due to limited compound‑naïve CSF, CSF
samples were quantified using standards andQCs prepared in isotonic
phosphate buffer (67mM,pH7.4). Calibration standards andQCswere
generated by serial dilution of a 10mM stock solution and inter-
mediate solutions in their respectivematrices. Thedosing solutionwas
quantified using a single‑point calibration standard prepared from the
10mM stock in DMSO.

Standard curves were linear across 100–10,000nM (undiluted
plasma), 1000–10,000 nM (diluted plasma), 1–50nM (brain homo-
genate), and 2–50 nM (CSF). Each curve included at least five con-
centration levels meeting the acceptance criteria (precision and
accuracy ≤15%, except ± 20% at the lower limit of quantification,
LLOQ). LLOQs were 100 nM (undiluted plasma), 1000nM (diluted
plasma), 1 nM (brain homogenate), and 2 nM (CSF). At the LLOQ and
higher, analyte peak areas were more than five times the blank
response, fulfilling the ≥ 5:1 signal‑to‑noise requirement. Concentra-
tions measured in diluted samples were corrected by multiplying by
the dilution factor (e.g., four for brain samples) to obtain undiluted
concentrations.

Liquid chromatography and mass spectrometry (UPLC-MSMS)
conditions. An Acquity UPLC system connected to a triple quadrupole
mass spectrometer (XevoTM TQ-S micro, Waters Corp.) was used to
inject aliquots of the processed samples onto an ACQUITY UPLC BEH
C8 column (1.7 µm particle size, 2.1 × 50mm; Waters), kept at 60 °C.
For chromatographic separation a total running time of 2min and the
following gradient (time/% B): 0/1; 0.6/1; 1.4/99; 1.8/99; 1.9/1; 2/99,
were applied. Mobile phases consisted of A) 0.1% formic acid in MilliQ
water, and B) 0.1% formic acid in acetonitrile. The flow rate was set to
0.5mL/min. The injection volume for in vivo samples was 5 µL, and for
the dosing solution 2 µL. Electrospray (ESI+) conditions of the mass
spectrometer operating in multiple reaction monitoring (MRM)mode
were set to: capillary voltage, 3 kV; desolvation gas temperature,
500 °C, and desolvation gas flow, 1000 L/h. MRM transitions are spe-
cified in Supplementary Table S13.

Pharmacokinetic parameter estimation. Pharmacokinetic para-
meters were estimated by non-compartmental analysis (NCA). Total
plasma concentration-time data were used to calculate the area under
the concentration-time curve (AUC) from 0 to 6 h (AUC0-6h) by the
linear trapezoidal method. AUC was extrapolated to infinity (AUC0-inf)
by adding AUCrest, i.e., the ratio of the last measured concentration to
the terminal elimination rate constant. The terminal elimination rate
constant was estimated by log-linear regression of the final three
sampling points (2–6 h),while the distribution-phase rate constantwas
estimated from the first three sampling points (5–30min). The initial
concentration (C0) was obtained by back-extrapolation using the
distribution-phase slope. The terminal half-life (t1/2) was calculated
based on the terminal elimination rate constant. Clearance (CL) was
calculated based on dose and AUC0-inf, and the central volume of
distribution (Vc) was estimated using dose and C0, and the apparent
volume of distributions (Vz and Vss) were estimated based on AUC,
dose, and the terminal elimination rate constant. Three plasma sam-
ples were identified as outliers using the ROUT method (GraphPad
Prism version 10.4.2 for Windows, GraphPad Software, San Diego,
California USA, www.graphpad.com) and were excluded from the
analysis. Estimations normalized to body weight was based on the
average body weight of 250g.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The ZINC15 library is available at https://zinc15.docking.org. The PDB
accession code for the crystal structure used for molecular docking
calculations is 6Z8A. All compounds tested are listed in the Supple-
mentary Information and Source Data File. Chemical identities, puri-
ties (LC/MS), yields and spectroscopic analysis (1H,13C NMR) for
selected active compounds are provided in the Supplementary Infor-
mation. The crystallographic data generated in this study have been
deposited in the PDB under accession codes 9QC1 (compound 28a)
and 9QD4 (compound 30a). The AANCHOR database is available on
Zenodo (https://doi.org/10.5281/zenodo.15094801)114. Source data are
provided with this paper.

References
1. Katritch, V., Cherezov, V. &Stevens, R. C. Structure-functionof the

G protein-coupled receptor superfamily. Annu. Rev. Pharmacol.
Toxicol. 53, 531–556 (2013).

2. Alexander, S. P. H. et al. The concise guide topharmacology 2019/
20: G protein-coupled receptors. Br. J. Pharmacol. 176,
S21–S141 (2019).

3. Lorente, J. S. et al. GPCR drug discovery: new agents, targets and
indications. Nat. Rev. Drug Discov. 24, 1–22 (2025).

4. Congreve, M., de Graaf, C., Swain, N. A. & Tate, C. G. Impact of
GPCR Structures on Drug Discovery. Cell 181, 81–91 (2020).

5. Tikhonova, I. G., Gigoux, V. & Fourmy, D. Understanding peptide
binding in class A G protein-coupled receptors. Mol. Pharmacol.
96, 550–561 (2019).

6. Kooistra, A. J. et al. GPCRdb in 2021: integrating GPCR sequence,
structure and function. Nucleic Acids Res. 49, D335–D343 (2021).

7. Davenport, A. P., Scully, C. C. G., de Graaf, C., Brown, A. J. H. &
Maguire, J. J. Advances in therapeutic peptides targeting G
protein-coupled receptors. Nat. Rev. Drug Discov. 19,
389–413 (2020).

8. Wang, L. et al. Therapeutic peptides: current applications and
future directions. Sig. Transduct. Target. Ther. 7, 1–27 (2022).

9. Kleczkowska, P. & Lipkowski, A. W. Neurotensin and neurotensin
receptors: characteristic, structure–activity relationship and pain
modulation—A review. Eur. J. Pharmacol. 716, 54–60 (2013).

10. Schimpff, R. M. et al. Increased plasma neurotensin concentra-
tions in patients with Parkinson’s disease. J. Neurol. Neurosurg.
Psychiatry. 70, 784–786 (2001).

11. Griebel, G. & Holsboer, F. Neuropeptide receptor ligands as drugs
for psychiatric diseases: the end of the beginning?Nat. Rev. Drug.
Discov. 11, 462–478 (2012).

12. Vincent, J.-P. et al. Neurotensin and neurotensin receptors. Trends
Pharmacol. Sci. 20, 302–309 (1999).

13. Besserer-Offroy, É et al. The signaling signature of the neurotensin
type 1 receptor with endogenous ligands. Eur. J. Pharmacol. 805,
1–13 (2017).

14. Dobner, P. R. Neurotensin and pain modulation. Peptides 27,
2405–2414 (2006).

15. Feng, Y.-P., Wang, J., Dong, Y.-L., Wang, Y.-Y. & Li, Y.-Q. The roles
of neurotensin and its analogues in pain. Curr. Pharm. Des. 21,
840–848 (2015).

16. Chu, L. F., Clark, D. J. & Angst, M. S. Opioid tolerance and hyper-
algesia in chronic pain patients after one month of oral morphine
therapy: a preliminary prospective study. J. Pain 7, 43–48 (2006).

17. Benyamin, R. et al. Opioid complications and side effects. Pain
Physician 11, S105–S120 (2008).

18. Lutfy, K. Opioid crisis—an emphasis on fentanyl analogs. Brain Sci.
10, 485 (2020).

19. Gully, D. et al. Biochemical and pharmacological profile of a
potent and selective nonpeptide antagonist of the neurotensin
receptor. Proc. Natl. Acad. Sci. 90, 65–69 (1993).

20. Gully, D. et al. Biochemical and pharmacological activities of SR
142948A, a new potent neurotensin receptor antagonist. J. Phar-
macol. Exp. Ther. 280, 802–812 (1997).

21. Kling,R.C. et al. Development of covalent ligand–receptor pairs to
study the binding properties of nonpeptidic neurotensin receptor
1 antagonists. ACS Chem. Biol. 11, 869–875 (2016).

22. Thomas, J. B., Navarro, H., Warner, K. R. & Gilmour, B. The identi-
fication of nonpeptide neurotensin receptor partial agonists from
the potent antagonist SR48692 using a calcium mobilization
assay. Bioorg. Med. Chem. Lett. 19, 1438–1441 (2009).

23. Fruscia, P. D. et al. The Discovery of Indole Full Agonists of the
Neurotensin Receptor 1 (NTSR1). Bioorg. Med. Chem. Lett. 24,
3974 (2014).

24. Deluigi, M. et al. Complexes of the neurotensin receptor 1 with
small-molecule ligands reveal structural determinants of full,
partial, and inverse agonism. Sci. Adv. 7, eabe5504 (2021).

25. Sriram, K. & Insel, P. A. G Protein-coupled receptors as targets for
approved drugs: how many targets and how many drugs? Mol.
Pharmacol. 93, 251–258 (2018).

26. Krumm, B. E., White, J. F., Shah, P. & Grisshammer, R. Structural
prerequisites for G-protein activation by the neurotensin receptor.
Nat. Commun. 6, 7895 (2015).

27. Egloff, P. et al. Structure of signaling-competent neurotensin
receptor 1 obtained bydirected evolution in Escherichia coli. Proc.
Natl. Acad. Sci. 111, E655–E662 (2014).

28. Krumm, B. E. et al. Neurotensin receptor allosterism revealed in
complex with a biased allosteric modulator. Biochemistry 62,
1233–1248 (2023).

29. Zhang,M. et al. Cryo-EM structure of an activatedGPCR–Gprotein
complex in lipid nanodiscs. Nat. Struct. Mol. Biol. 28,
258–267 (2021).

30. Kato, H. E. et al. Conformational transitions of a neurotensin
receptor 1–Gi1 complex. Nature 572, 80–85 (2019).

31. Duan, J. et al. GPCR activation and GRK2 assembly by a biased
intracellular agonist. Nature 620, 676–681 (2023).

32. Yin, W. et al. A complex structure of arrestin-2 bound to a G
protein-coupled receptor. Cell Res. 29, 971–983 (2019).

33. Huang,W. et al. Structureof theneurotensin receptor 1 in complex
with β-arrestin 1. Nature 579, 303–308 (2020).

34. White, J. F. et al. Structure of the agonist-bound neurotensin
receptor. Nature 490, 508–513 (2012).

35. Ballesteros, J. A. & Weinstein, H. Integrated methods for the con-
struction of three-dimensional models and computational prob-
ing of structure-function relations in G protein-coupled receptors.
Methods Neurosci. 25, 366–428 (1995).

36. Sterling, T. & Irwin, J. J. ZINC 15 – ligand discovery for everyone. J.
Chem. Inf. Model. 55, 2324–2337 (2015).

37. Bender, B. J. et al. A practical guide to large-scale docking. Nat.
Protoc. 16, 4799–4832 (2021).

38. Coleman, R.G., Carchia,M., Sterling, T., Irwin, J. J. & Shoichet, B. K.
Ligand pose and orientational sampling in molecular docking.
PLoS One 8, e75992 (2013).

39. Fischer, A., Smieško,M., Sellner,M. & Lill, M. A. Decisionmaking in
structure-based drug discovery: visual inspection of docking
results. J. Med. Chem. 64, 2489–2500 (2021).

40. Chartier, M. et al. Design, structural optimization, and character-
ization of thefirst selectivemacrocyclic neurotensin receptor type
2 non-opioid analgesic. J. Med. Chem. 64, 2110–2124 (2021).

41. Lipinski, C. A., Lombardo, F., Dominy, B. W. & Feeney, P. J.
Experimental and computational approaches to estimate solubi-
lity and permeability in drug discovery and development settings.
Adv. Drug Deliv. Rev. 23, 3–25 (1997).

Article https://doi.org/10.1038/s41467-026-74990-1

Nature Communications |         (2026) 17:6970 20

https://zinc15.docking.org
https://doi.org/10.2210/pdb6ZA8/pdb
https://doi.org/10.2210/pdb9QC1/pdb
https://doi.org/10.2210/pdb9QD4/pdb
https://doi.org/10.5281/zenodo.15094801
www.nature.com/naturecommunications


42. Weis, W. I. & Kobilka, B. K. The molecular basis of G protein-
coupled receptor activation. Annu. Rev. Biochem. 87,
897–919 (2018).

43. Budzinski, J. et al. Bivalent ligands promote endosomal trafficking
of the dopamine D3 receptor-neurotensin receptor 1 heterodimer.
Commun. Biol. 4, 1–13 (2021).

44. Matthees, E. S. F. et al. GRK specificity and Gβγ dependency
determines the potential of a GPCR for arrestin-biased agonism.
Commun. Biol. 7, 802 (2024).

45. Pinkerton, A. B. et al. Discovery of β-arrestin biased, orally bioa-
vailable, and CNS penetrant neurotensin receptor 1 (NTR1) allos-
teric modulators. J. Med. Chem. 62, 8357–8363 (2019).

46. Christopoulos, A. Advances in G protein-coupled receptor allos-
tery: from function to structure. Mol. Pharmacol. 86,
463–478 (2014).

47. Vogt, H. et al. Development of a fluorescent ligand for the intra-
cellular allosteric binding site of the neurotensin receptor 1. ACS
Pharmacol. Transl. Sci. 7, 1533–1545 (2024).

48. Scott, D. J., Kummer, L., Egloff, P., Bathgate, R. A. D. & Plückthun,
A. Improving the apo-state detergent stability of NTS1 with CHESS
for pharmacological and structural studies.Biochim.Biophys. Acta
1838, 2817–2824 (2014).

49. Imai, Y. N., Inoue, Y., Nakanishi, I. & Kitaura, K. Cl–π interactions in
protein–ligand complexes. Protein Sci. 17, 1129–1137 (2008).

50. Keller, M. et al. Mimicking of arginine by functionalized nω-
carbamoylated arginine as a new broadly applicable approach to
labeled bioactive peptides: high affinity angiotensin, neuropep-
tide Y, neuropeptide FF, and neurotensin receptor ligands as
examples. J. Med. Chem. 59, 1925–1945 (2016).

51. Held, C. et al. Development of a Metabolically Stable Neurotensin
Receptor 2 (NTS2) Ligand. ChemMedChem 8, 75–81 (2013).

52. Shiva, N. et al. Neurotensin receptor 2 agonismattenuates adverse
cardiac remodeling in preclinical models. Sci. Transl. Med. 18,
eaea9877 (2026).

53. Osadchii, O. E. Emerging role of neurotensin in regulation of the
cardiovascular system. Eur. J. Pharmacol. 762, 184–192 (2015).

54. Zhao, D. & Pothoulakis, C. Effects of NT on gastrointestinalmotility
and secretion, and role in intestinal inflammation. Peptides 27,
2434–2444 (2006).

55. Fantegrossi, W. E., Ko, M. C. H., Woods, J. H. & Richelson, E.
Antinociceptive, hypothermic, hypotensive, and reinforcing
effects of a novel neurotensin receptor agonist, NT69L, in rhesus
monkeys. Pharmacol. Biochem. Behav. 80, 341–349 (2005).

56. Desgagné, M. et al. Development of macrocyclic neurotensin
receptor Type 2 (NTS2) opioid-free analgesics. Angew. Chem., Int.
Ed. 63, e202405941 (2024).

57. Previti, S. et al. Opening the amino acid toolbox for peptide-based
NTS2-selective ligands as promising lead compounds for pain
management. J. Pept. Sci. 29, e3471 (2023).

58. Chartier,M. et al. Pharmacodynamic andpharmacokinetic profiles
of a neurotensin receptor type 2 (NTS2) analgesic macrocyclic
analog. Biomed. Pharmacother. 141, 111861 (2021).

59. Tjølsen, A., Berge,O.-G., Hunskaar, S., Rosland, J. H. &Hole, K. The
formalin test: an evaluation of the method. Pain 51, 5–17 (1992).

60. Betancur, C. et al. Characterization of binding sites of a new
neurotensin receptor antagonist, [3H]SR 142948A, in the rat brain.
Eur. J. Pharmacol. 343, 67–77 (1998).

61. Thomas, J. B. et al. Identification of 2-({[1-(4-fluorophenyl)-5-(2-
methoxyphenyl)-1H-pyrazol-3-yl]carbonyl}amino)tricy-
clo[3.3.1.13,7]decane-2-carboxylic acid (NTRC-844) as a selective
antagonist for the rat neurotensin receptor type 2. ACS Chem.
Neurosci. 7, 1225–1231 (2016).

62. Sarret, P. et al. Potent spinal analgesia elicited through sti-
mulation of NTS2 neurotensin receptors. J. Neurosci. 25,
8188–8196 (2005).

63. Martin, L. et al. Conotoxin contulakin-G engages a neurotensin
receptor 2/R-type calcium channel (Cav2.3) pathway to mediate
spinal antinociception. Pain 163, 1751–1762 (2022).

64. Zdrazil, B. et al. The ChEMBL Database in 2023: a drug discovery
platform spanning multiple bioactivity data types and time peri-
ods. Nucleic Acids Res. 52, D1180–D1192 (2024).

65. Yadav, M. K. et al. Molecular basis of anaphylatoxin binding,
activation, and signaling bias at complement receptors. Cell 186,
4956–4973.e21 (2023).

66. Asada, H. et al. The crystal structure of angiotensin II type 2
receptor with endogenous peptide hormone. Structure 28,
418–425.e4 (2020).

67. Wang, Y. et al. Structures of the entire human opioid receptor
family. Cell 186, 413–427.e17 (2023).

68. Qin, J. et al. Molecular mechanism of agonism and inverse agon-
ism in ghrelin receptor. Nat. Commun. 13, 300 (2022).

69. Peddibhotla, S. et al. Discovery of ML314, a brain penetrant non-
peptidic β-arrestin biased agonist of the neurotensin NTR1
receptor. ACS Med. Chem. Lett. 4, 846–851 (2013).

70. Kaplan, A. L. et al. Bespoke library docking for 5-HT2A receptor
agonists with antidepressant activity.Nature 610, 582–591 (2022).

71. Grotsch, K. et al. Virtual screening of a chemically diverse
“superscaffold” library enables ligand discovery for a key GPCR
target. ACS Chem. Biol. 19, 866–874 (2024).

72. Lam, J. H. &Katritch, V.Navigating structure-baseddrugdiscovery
with emerging innovations in physics- and knowledge-based
approaches. npj Drug Discov. 2, 29 (2025).

73. Carlsson, J. & Luttens, A. Structure-based virtual screening of vast
chemical space as a starting point for drug discovery. Curr. Opin.
Struct. Biol. 87, 102829 (2024).

74. Papadourakis, M. et al. Alchemical free energy calculations on
membrane-associated proteins. J. Chem. Theory Comput. 19,
7437–7458 (2023).

75. Zhang, K. et al. Artificial intelligence in drug development. Nat.
Med. 31, 45–59 (2025).

76. Shub, L. et al. Autoparty: machine learning-guided visual inspec-
tion of molecular docking results. J. Chem. Inf. Model. 65,
7817–7826 (2025).

77. Warne, T., Edwards, P. C., Doré, A. S., Leslie, A. G. W. & Tate, C. G.
Molecular basis for high-affinity agonist binding inGPCRs.Science
364, 775–778 (2019).

78. Panel, N. et al. Design of drug efficacy guided by free energy
simulations of the β2-adrenoceptor. Angew. Chem., Int. Ed. 62,
e202218959 (2023).

79. Zhang,M. et al. G protein-coupled receptors (GPCRs): advances in
structures, mechanisms and drug discovery. Signal Transduct.
Target. Ther. 9, 1–43 (2024).

80. Richard, F., Barroso, S., Martinez, J., Labbé-Jullié, C. & Kitabgi, P.
Agonism, inverse agonism, and neutral antagonism at the con-
stitutively active human neurotensin receptor 2. Mol. Pharmacol.
60, 1392–1398 (2001).

81. Smith, J. S., Lefkowitz, R. J. & Rajagopal, S. Biased signalling: from
simple switches to allosteric microprocessors. Nat. Rev. Drug
Discov. 17, 243–260 (2018).

82. Guo, R. et al. Arrestin-biased allosteric modulator of neurotensin
receptor 1 alleviates acute and chronic pain. Cell 188,
4332–4349.e21 (2025).

83. OpenEye Scientific Software, Santa Fe, NM. https://www.
eyesopen.com.

84. Landrum, G. et al. rdkit/rdkit: 2019_09_3 (Q3 2019) Release.
Zenodo 10.5281/zenodo.3603542 (2020).

85. ChemAxon. https://www.chemaxon.com.
86. Hawkins, P. C. D., Skillman, A. G., Warren, G. L., Ellingson, B. A. &

Stahl, M. T. Conformer generation with OMEGA: algorithm and
validation using high quality structures from the protein databank

Article https://doi.org/10.1038/s41467-026-74990-1

Nature Communications |         (2026) 17:6970 21

https://www.eyesopen.com
https://www.eyesopen.com
https://www.chemaxon.com
www.nature.com/naturecommunications


and Cambridge Structural Database. J. Chem. Inf. Model. 50,
572–584 (2010).

87. Word, J. M., Lovell, S. C., Richardson, J. S. & Richardson, D. C.
Asparagine and glutamine: using hydrogen atom contacts in the
choice of side-chain amide orientation. J. Mol. Biol. 285,
1735–1747 (1999).

88. Sharp, K. A. Polyelectrolyte electrostatics: Salt dependence,
entropic, and enthalpic contributions to free energy in the non-
linear Poisson–Boltzmannmodel.Biopolymers36, 227–243 (1995).

89. Gallagher, K. & Sharp, K. Electrostatic contributions to heat
capacity changes of DNA-ligand binding. Biophys. J. 75,
769–776 (1998).

90. Mysinger, M. M., Carchia, M., Irwin John, J. & Shoichet, B. K.
Directory of useful decoys, enhanced (DUD-E): better ligands and
decoys for better benchmarking. J. Med. Chem. 55,
6582–6594 (2012).

91. Enamine REAL Space. https://enamine.net/compound-
collections/real-compounds.

92. Dolciami, D. et al. canSAR chemistry registration and standardi-
zation pipeline. J. Cheminform. 14, 28 (2022).

93. Berthold, M. R. et al. KNIME: The Konstanz Information miner. In
Studies in Classification, Data Analysis, and Knowledge Organiza-
tion 319–326 (Springer, 2008).

94. Liu, H. et al. Structure-guided development of selective M3
muscarinic acetylcholine receptor antagonists. Proc. Natl. Acad.
Sci. 115, 12046–12050 (2018).

95. Galés, C. et al. Probing the activation-promoted structural rear-
rangements in preassembled receptor–Gprotein complexes.Nat.
Struct. Mol. Biol. 13, 778–786 (2006).

96. Möller, D. et al. Discovery of G protein-biased dopaminergics with
a pyrazolo[1,5-a]pyridine substructure. J. Med. Chem. 60,
2908–2929 (2017).

97. Hübner, H., Haubmann, C., Utz, W. & Gmeiner, P. Conjugated
enynes as nonaromatic catechol bioisosteres: synthesis, binding
experiments, and computational studies of novel dopamine
receptor agonists recognizing preferentially the D3 subtype. J.
Med. Chem. 43, 756–762 (2000).

98. Cheng, Y. & Prusoff, W. H. Relationship between the inhibition
constant (KI) and the concentration of inhibitor which causes 50
percent inhibition (I50) of an enzymatic reaction. Biochem. Phar-
macol. 22, 3099–3108 (1973).

99. Klenk, C. et al. Formation of a ternary complex among NHERF1, β-
arrestin, and parathyroid hormone receptor. J. Biol. Chem. 285,
30355–30362 (2010).

100. Wu, Y. et al. Rigidly connected multispecific artificial binders with
adjustable geometries. Sci. Rep. 7, 11217 (2017).

101. Deluigi, M. et al. Crystal structure of the α1B-adrenergic receptor
reveals molecular determinants of selective ligand recognition.
Nat. Commun. 13, 382 (2022).

102. Egloff, P., Deluigi, M., Heine, P., Balada, S. & Plückthun, A. A
cleavable ligand column for the rapid isolation of large quantities
of homogeneous and functional neurotensin receptor 1 variants
from E. coli. Protein Expr. Purif. 108, 106–114 (2015).

103. Vonrhein, C. et al. Data processing and analysis with the autoP-
ROC toolbox. Acta Crystallogr. D 67, 293–302 (2011).

104. Kabsch, W. X. D. S. Acta Crystallogr. D 66, 125–132 (2010).
105. Evans, P. R. &Murshudov, G. N. How good aremy data andwhat is

the resolution? Acta Crystallogr. D 69, 1204–1214 (2013).
106. Tickle, I. J. et al. STARANISO. Cambridge, United Kingdom: Global

Phasing Ltd (2018).
107. McCoy, A. J. et al. Phaser crystallographic software. J. Appl. Cryst.

40, 658–674 (2007).
108. Murshudov, G. N., Vagin, A. A. & Dodson, E. J. Refinement of

macromolecular structures by the maximum-likelihood method.
Acta Crystallogr. D 53, 240–255 (1997).

109. Emsley, P. & Cowtan, K. Coot: model-building tools for molecular
graphics. Acta Crystallogr. D 60, 2126–2132 (2004).

110. Croll, T. I. ISOLDE: a physically realistic environment for model
building into low-resolution electron-density maps. Acta Crystal-
logr. D 74, 519–530 (2018).

111. Meng, E. C. et al. UCSF ChimeraX: tools for structure building and
analysis. Protein Sci. 32, e4792 (2023).

112. Williams, C. J. et al. MolProbity:more andbetter reference data for
improved all-atom structure validation. Protein Sci. 27,
293–315 (2018).

113. Liebschner, D. et al. Macromolecular structure determination
using X-rays, neutrons and electrons: recent developments in
Phenix. Acta Crystallogr. D 75, 861–877 (2019).

114. Pach, S. & Carlsson, J. AANCHOR library: Amino Acid N/C-termini
Hybrids Optimized for Receptors. Zenodo https://doi.org/10.
5281/zenodo.15094801 (2025).

Acknowledgements
We thank OpenEye Scientific Software for the use of OEChem and
OMEGA at no cost. We thank Lukas Schneider and Veronika Villiger
(University of Zurich) for helping to prepare the monoolein-cholesterol
mixture.We thank Beat Blattmann of the ProteinCrystallizationCenter at
the University of Zurich for his support during crystallization. Synchro-
tron data were collected at the beamline P13, operated by EMBL Ham-
burg at the PETRA III storage ring (DESY, Hamburg, Germany) and at the
beamline X06SA of the Swiss Light Source at the Paul Scherrer Institute
in Switzerland. We would like to thank Gleb Bourenkov, Kirill Kovalev,
and Takashi Tomizaki for assistance in using the beamlines. We thank
Pawel Baranczewski at the Uppsala University Drug Optimization and
Pharmaceutical Profiling Platform (UDOPP) and Marc-André Dansereau
from the Behavioral Phenotyping Platform at the University of Sher-
brooke for their assistance with the pharmacokinetic study.

Author contributions
N.P., D.D.V., J.Ki. and J.C. conceived the project. N.P. designed virtual
libraries and performed the molecular docking screens under the
supervision of J.C. J.Ka. and S.K. contributed to the generation of the
tailored chemical library. D.D.V. synthesized and characterized com-
pounds under the supervision of J.Ki. Generation of chemical libraries
and compound design in hit optimization were performed by N.P. and
S.P. The cheminformatics analysis of ligands and experimental struc-
tures of peptide-binding GPCRs was performed by S.P. and H.Hu. The
AANCHOR chemical libraries were designed and generated by S.P. and
J.C. Pharmacological compound characterization (radioligand binding
assays for hNTS1R, hNTS2R, µOR, κOR, δOR, 5-HT1A, and α2A receptors
and signaling assays for hNTS1R, hNTS2R, and neurokinin 1 receptors)
and data analysis were performed by H.Hü. and D.W. under the super-
vision of P.G. M.D. expressed, purified, and crystallized the NTSR1-H4X

construct, and harvested the crystals. HTRF ligand-binding and signal-
ing assays (rNTS1R) were designed and conducted by C.K., and M.H.
collected and processed X-ray data and determined and refined the two
complex structures. M.H., M.D., N.P., S.P., and I.C. carried out structural
analyses. Radioligand binding (rNTS2R and APJ receptor), in vivo
analgesic activity andbloodpressuremeasurementswereperformedby
F.Bé. and I.B. and analyzed by F.Bé. and J.M.L. under the supervision of
P.S. N.S. performed and analyzed IP1 accumulation assays with murine
heart tissue, and N.W. analyzed the data and provided materials. F.Bä.
and A.S. analyzed the samples from the in vivo pharmacokinetic study.
All authors contributed to the writing of the manuscript. J.C., P.G., J.Ki,
A.P., and P.S. supervised the work.

Funding
J.C. received funding from the European Research Council (ERC) under
the European Union’s Horizon 2020 research and innovation program
(grant agreement 715052), the Swedish Strategic Research Program

Article https://doi.org/10.1038/s41467-026-74990-1

Nature Communications |         (2026) 17:6970 22

https://enamine.net/compound-collections/real-compounds
https://enamine.net/compound-collections/real-compounds
https://doi.org/10.5281/zenodo.15094801
https://doi.org/10.5281/zenodo.15094801
www.nature.com/naturecommunications


eSSENCE, and the European Biodiversity Partnership Biodiversa+ (Bio-
diversity2Drugs project). The computations were enabled by resources
provided by the National Academic Infrastructure for Supercomputing
in Sweden (NAISS), partially funded by the Swedish Research Council
through grant agreement no. 2022-06725. This study made use of the
NMR Uppsala infrastructure, which is funded by the Department of
Chemistry−BMCand theDisciplinary Domain ofMedicine and Pharmacy.
This project was supported by the Compound Center at the Chemical
Biology Consortium Sweden (CBCS). CBCS is funded by the Swedish
Research Council (dr.nr.2021-00179) and SciLifeLab. D.W. received
funding from the Deutsche Forschungsgemeinschaft (DFG, GRK1910)
and the Dr. Hertha und Helmut Schmauser-Stiftung. A.P. was supported
by the Schweizerische Nationalfonds, grant 31003A_182334. P.G.
received funding from the Deutsche Forschungsgemeinschaft (DFG,
Reinhart Koselleck Project, GM 13/15-1). We thank Prof. Michel Bouvier
(Université de Montréal, Canada) for providing the plasmids for GRK2
and BRET-based G protein activation assays and Dr. Max Keller (Uni-
versität Regensburg, Germany) for providing the NTS1R/NTS2R radi-
oligand [3H]UR-MK300. Open access funding provided by Uppsala
University.

Competing interests
J.C. is a founder of DareMe Drug Discovery Consulting. The remaining
authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-026-74990-1.

Correspondence and requests for materials should be addressed to
Duy Duc Vo, Philippe Sarret, Andreas Plückthun, Peter Gmeiner or
Jens Carlsson.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to thepeer reviewof thiswork. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2026

1Science for Life Laboratory, Department of Cell and Molecular Biology, Uppsala University, Uppsala, Sweden. 2Department of Chemistry-BMC, Uppsala
University, Uppsala, Sweden. 3Department of Chemistry and Pharmacy, Medicinal Chemistry, Friedrich-Alexander-Universität Erlangen-Nürnberg,
Erlangen, Germany. 4Department of Biochemistry, University of Zurich, Zürich, Switzerland. 5Department of Pharmacology-Physiology, Faculty of Medicine
and Health Sciences, Institute de Pharmacologie de Sherbrooke, Université de Sherbrooke, Sherbrooke, QC, Canada. 6FAUNeW – Research Center New
Bioactive Compounds, Friedrich-Alexander-Universität Erlangen-Nürnberg, Nikolaus-Fiebiger-Str. 10, Erlangen, Germany. 7Rudolf Buchheim Institute of
Pharmacology, Justus Liebig University, Giessen, Germany. 8Department of Pharmacology, Max Planck Institute for Heart and Lung Research, Bad
Nauheim, Germany. 9Department of Pharmacy, SciLifeLab Drug Discovery and Development, Uppsala University, Uppsala, Sweden. 10Centre for Molecular
Medicine, Medical Faculty, Goethe University, Frankfurt am Main, Germany. 11These authors contributed equally: Nicolas Panel, Duy Duc Vo, Harald Hübner.

e-mail: duc.duy.vo@kemi.uu.se; philippe.sarret@usherbrooke.ca; plueckthun@bioc.uzh.ch; peter.gmeiner@fau.de; jens.carlsson@icm.uu.se

Article https://doi.org/10.1038/s41467-026-74990-1

Nature Communications |         (2026) 17:6970 23

https://doi.org/10.1038/s41467-026-74990-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:duc.duy.vo@kemi.uu.se
mailto:philippe.sarret@usherbrooke.ca
mailto:plueckthun@bioc.uzh.ch
mailto:peter.gmeiner@fau.de
mailto:jens.carlsson@icm.uu.se
www.nature.com/naturecommunications

	Docking of virtual libraries identifies small-molecule agonists of neurotensin receptors with analgesic activity
	Results
	Design of chemical libraries tailored for neurotensin receptors
	Structure-based docking for NTS1R agonists
	Functional screening of designed compounds
	Structure-guided optimization
	Signaling signatures of small-molecule agonists
	Agonist-dependent binding of an allosteric modulator to NTS1R
	Complex structures of NTS1R with compounds 28a and 30a confirm the predicted agonist binding modes
	Molecular basis of full and partial agonism
	Identified ligands show high affinity and selectivity for the NTS2R subtype
	Analgesic activity of selective high-affinity NTS2R agonists
	Ultra-large chemical libraries tailored for peptide-binding receptors

	Discussion
	Methods
	Ethics statement
	Computational chemistry
	Generation of the focused and diverse chemical libraries
	Molecular docking
	Generation of chemical libraries for hit optimization
	Analysis of ligands and experimental structures of peptide-binding GPCRs
	Generation of the AANCHOR library: amino acid N/C-termini hybrids optimized for receptors

	In vitro biological assays
	Cell culture
	IP1 accumulation assays for hNTS1R and NK1 receptor
	IP1 accumulation assays for rNTS1R
	IP1 accumulation assays with digested murine left-ventricular heart tissue
	Gq/Gi1 protein activation
	cAMP accumulation
	β-arrestin-2 recruitment (PathHunter)
	β-arrestin-2 recruitment (BRET)
	Radioligand binding assays for hNTS1R, hNTS2R, µOR, κOR, δOR, 5-HT1A, and α2A receptors
	Radioligand binding assay for rNTS2R
	Radioligand binding assay for the APJ receptor
	HTRF ligand-binding assays for NTSR1-H4x
	Allosteric ligand binding

	Structural biology experiments
	Generation of the NTSR1-H4X construct co-crystallized with compounds 28a and 30a
	Expression of NTSR1-H4X in Escherichia coli
	Purification of NTSR1-H4X for crystallization in the lipidic cubic phase
	Crystallization of NTSR1-H4X in the lipidic cubic phase
	Data collection, structure determination, and structural analysis

	In vivo efficacy study
	Animal housing and acclimatization
	Formalin pain test
	Tail-flick test
	Blood pressure test

	In vivo pharmacokinetics study
	Plasma, CSF and brain tissue sample collection
	Liquid chromatography and mass spectrometry (UPLC-MSMS) conditions
	Pharmacokinetic parameter estimation

	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




