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Supplementary figures 

 

Fig. S1. Ligand-binding to wild-type rNTSR1, NTSR1-H4X, and NTSR1-H4X
ΔD12. (A–C) Competition ligand binding of 

HL488-NTS8–13 with ligands used for crystallization. Binding was measured in membranes from cells expressing (A) wild-type 

rNTSR1, (B) the crystallized receptor variant with DARPin (NTSR1-H4X) or (C) without DARPin fusion (NTSR1-H4X
ΔD12). Data 

are shown as mean values ± SEM from 5–9 independent experiments performed in duplicates. Note that due to the ~40-fold 

increased affinity of the tracer peptide (HL488-NTS8–13) for NTSR1-H4 compared to wild-type rNTSR1, the competition curves in 

panel (A) cannot be directly compared with those in panels (B) and (C). Instead, see Ki values reported in table S2.  
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Fig. S2. Overview of the new crystallization chaperone design. (A) Fusion site. Top row: C-terminal end of TM7 (cyan), helix 

8 (light green) and beginning of C-terminal region (light blue) in rNTSR1. Bottom row: N-terminal region of DARPin D12 (grey). 

Middle row: crystallized fusion construct NTSR1-H4X. It is a fusion of the C-terminal end of TM7 of rNTSR1 (cyan) via a shared 

helix (orange) to DARPin D12 (grey). Corresponding parts of the amino acid sequence are aligned to rNTSR1 TM7 in the top row, 

and to DARPin D12 in the bottom row. The first two residues of the N-terminus of DARPin D12 were omitted, and four point 

mutations, namely L3K, G4A, K5R and A13K (all colored in red) were introduced. (B) Representative overview structure of 

NTSR1-H4X, here in complex with the orthosteric ligand SRI-9829. The protein is shown in cartoon representation, the ligand 

SRI-9829 as spheres. NTSR1-H4 is colored cyan, SRI-9829 pale cyan, the shared helix orange, DARPin D12 grey. Of note, the C-

terminal region of the crystallized fusion construct, colored magenta, which includes a short linker sequence followed by a cleaved 

3C protease site (see Methods), turned out to be partially α-helical and established crystal contacts. ECL: extracellular loop; ICL: 

intracellular loop.  
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Fig. S3. Representative pictures of crystals obtained in this study. (A) Crystals of NTSR1-H4X grown by vapor diffusion in 

complex with NTS8–13. (B–F) Crystals of NTSR1-H4X grown in lipidic cubic phase (LCP) in complex with (B) SRI-9829, (C) RTI-

3a, (D) SR48692, (E) SR142948A, and (F) in the apo state. (G, H) Crystals of NTSR1-H4bmX grown in LCP in complex with (G) 

SR48692 and (H) NTS8–13. Photo Credit: Mattia Deluigi using a Rock Imager 1000 (Formulatrix), Department of Biochemistry, 

University of Zurich.   
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Fig. S4. Examples of crystal packing for crystals obtained by LCP and vapor diffusion crystallization. (A–C) LCP crystal 

packing in the space group C2221 viewed along the (A) a-axis, (B) b-axis, and (C) c-axis of the unit cell, where two antiparallel 

molecules (colored in red and yellow) form a main crystallization interface. (D–F) LCP crystal packing in the space group C121 

viewed along the (D) a-axis, (E) b-axis, and (F) c-axis of the unit cell, where two antiparallel molecules (colored in cyan and orange) 

form a main crystallization interface. (G–I) Vapor diffusion crystal packing in the space group P212121 viewed along the (G) a-

axis, (H) b-axis, and (I) c-axis of the unit cell, where two molecules (colored in green and blue) form a main crystallization interface. 

Molecules lying in the back plane are displayed transparent. Ligands have been omitted for clarity.  
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Fig. S5. Electron density of ligands co-crystallized with NTSR1-H4X. (A–E) Electron density of (A) NTS8–13 (two Gly residues 

of the co-crystallized ligand, GPGG-NTS8–13 (see Methods), are also visible in the density), (B) SRI-9829, (C) RTI-3a, (D) 

SR48692, and (E) SR142948A. Fo−Fc electron density maps are shown in green mesh contoured at 3.0 σ. 2Fo−Fc electron density 

maps are shown in blue mesh contoured at 1.0 σ. Ligands are shown as sticks. All ligands could be unambiguously placed in the 

electron density.  
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Fig. S6. Electron density in key receptor regions in the structures of NTSR1-H4X. (A–F) Electron density in the complexes 

with (A) NTS8–13, (B) SRI-9829, (C) RTI-3a, (D) SR48692, (E) SR142948A, and (F) for the apo structure. L234 is a mutation of 

NTSR1-H4 (V in wild-type rNTSR1). The ligands are shown as thin sticks and colored as in fig. S5. 2Fo−Fc electron density maps 

are shown in blue mesh contoured at 1.0 σ. Cβ indicates that the electron density for the remaining part of the side chain is missing.  
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Fig. S7. The fusion of DARPin D12 to the C-terminus of TM7 does not cause significant structural deviations in the 7TM 

bundle. Superposition of NTS8–13-bound NTSR1-H4, either fused to DARPin D12 (NTSR1-H4X, colored in yellow) or unfused 

(PDB ID: 4BWB (9), colored in blue). The root-mean-squared deviation for Cα atoms (RMSDCα) in the 7TM bundle corresponds 

to only 0.55 Å. The receptor backbone and NTS8–13 are depicted in cartoon representation. H8 (in the unfused construct) and the 

DARPin (in the fused construct) have been omitted for clarity.   
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Fig. S8. NTSR1-H4X bound to full agonists (FA) adopts a virtually identical conformation in the extracellular half as 

previously reported active-state structures. (A, B) Superposition of NTSR1-H4X with NTSR1-ELF (PDB ID: 4XEE (10)), both 

bound to NTS8–13. (A) TM I–VII, ECL1–3, and key residues in orthosteric pocket and ECL3, and (B) NTS8–13 binding mode, as 

viewed from the membrane plane. In the extracellular half, both structures are virtually identical and exhibit a RMSDCα of only 0.7 

Å, including ECL1–3. Additionally, the ligand and the surrounding interacting residues adopt highly similar conformations in both 

structures. L234 is a mutation of NTSR1-H4 (V in wild-type rNTSR1). The receptor backbone, key residues, and NTS8–13 are 

colored as indicated in the legend. (C, D) Superposition of the hNTSR1 : JMV449 (FA) : Gi1 complex (PDB ID: 6OS9 (12)) with 

NTSR1-H4X bound to (C) NTS8–13 (FA) and (D) SRI-9829 (FA), viewed from the extracellular side. The ligands, the DARPin, and 

Gi1 have been omitted for clarity.   
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Fig. S9. NTSR1-H4X crystallizes in a signalling-inactive conformation at the intracellular side. (A, B) Superposition of the 

hNTSR1 : JMV449 (FA) : Gi1 complex (PDB ID: 6OS9 (12)) with NTSR1-H4X bound to (A) NTS8–13 (FA) and (B) SRI-9829 (FA), 

viewed from the intracellular side. FA: Full Agonist. The receptor backbone is depicted in cartoon representation and colored as 

indicated in the legend. Gi1, the DARPin, and the ligands have been omitted for clarity.   
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Fig. S10. NTSR1-H4X and NTSR1-H4bmX bound to inverse agonists adopt an apparently fully closed conformation at the 

intracellular side. (A) Superposition of NTSR1-H4X bound to NTS8–13 (FA) with the complexes of SR48692 (IA) and SR142948A 

(IA), viewed from the intracellular side. (B) Superposition of NTSR1-H4bmX bound to NTS8–13 (FA) with the complex of SR48692 

(IA), viewed from the intracellular side. FA: Full Agonist; IA: Inverse Agonist. The receptor backbone is depicted in cartoon 

representation and colored as indicated in the legend. The DARPin and the ligands have been omitted for clarity. 
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Fig. S11. Electron density of ligands co-crystallized with NTSR1-H4bmX. (A, B) Electron density of (A) SR48692 and (B) 

NTS8–13. Arg8 of NTS8–13 was not modelled as it was not visible in the Fo−Fc electron density map. Fo−Fc electron density maps are 

shown in green mesh contoured at 2.5 σ. 2Fo−Fc electron density maps are shown in blue mesh contoured at 1.0 σ. Ligands are 

shown as sticks. The protein has been omitted for clarity. Both ligands could be unambiguously placed in the electron density.  
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Fig. S12. Electron density in key receptor regions in the structures of NTSR1-H4bmX. (A–C) Electron density for the SR48692 

complex within (A) the orthosteric pocket and ECL3, (B) the interhelical polar network, and (C) the hydrophobic core. (D) Electron 

density for the NTS8–13 complex within the orthosteric pocket and ECL3. The receptor backbone and the side chains are represented 

as in Fig. 3. L234 is a mutation of NTSR1-H4bm (V in wild-type rNTSR1). The ligands are shown as thin sticks. SR48692 is 

colored brown, NTS8–13 dark green. 2Fo−Fc electron density maps are shown in blue mesh contoured at 1.0 σ. Cβ indicates that the 

electron density for the side chain is missing. The receptor N-terminus and the DARPin have been omitted for clarity. ECL2 has 

been omitted in panel (B), TM5 in panel (C).  
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Fig. S13. Ligand-induced conformational changes do not depend on the orientation of the DARPin fusion, the space group 

or the crystallization method. (A–C) Orientation of the DARPin fusion in the complexes of (A) NTS8–13 (FA), (B) SR142948A 

(IA) and SR48692 (IA), (C) SRI-9829 (FA), RTI-3a (PA), and in the apo structure. FA: Full Agonist; PA: Partial Agonist; IA: 

Inverse Agonist. The GPCR domains were superposed. The ligands have been omitted for clarity. (A) The complexes with NTS8–13 

were solved in the space groups P212121 (NTSR1-H4X) or C121 (NTSR1-H4bmX), however, their conformation is virtually identical 

(cf. Fig. 2D). (B) The complexes with SR48692 were solved in the space groups C121 (NTSR1-H4X) or P212121 (NTSR1-H4bmX), 

but exhibit the same ligand-induced conformational changes (cf. Fig. 2, C and D). The complex of NTSR1-H4X with SR142948A 

was solved in the space group C121. (C) Finally, the complexes of NTSR1-H4X with SRI-9829 and RTI-3a, as well as the apo 

structure, were all solved in the space group C2221, nevertheless they display conformational differences as shown in Fig. 6, B and 

C. The complex of NTS8–13 with NTSR1-H4X yielded diffraction-quality crystals by vapor diffusion methods, whereas all other 

structures were obtained from crystals grown in lipidic cubic phase. Crystal contacts (not shown here) were analysed for all 

structures.   
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Fig. S14. Binding pocket of SR48692-bound NTSR1-H4X and superposition of the SR48692 binding mode in the complexes 

with NTSR1-H4X and NTSR1-H4bmX. (A) Detailed interactions of SR48692 with the receptor, viewed from the extracellular 

side. The ligand is shown as sticks and is colored pink. Interacting receptor residues are shown as sticks in pale green. L234 is a 

mutation present in NTSR1-H4 (V in wild-type rNTSR1). The side chains of F344 and Y347, which possibly interact with the 

ligand, were not well resolved by their electron density and were therefore not modelled. Polar interactions are depicted by dashed 

blue lines. The DARPin has been omitted for clarity. (B) Comparison of the binding mode of SR48692 bound to NTSR1-H4X and 

to NTSR1-H4bmX, colored in pink and brown, respectively. After superposition the receptor has been omitted for clarity.  
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Fig. S15. Steric effects of the isobutyl and adamantyl groups of agonists and inverse agonists, respectively. (A–C) 

Superposition of the NTS8–13 (FA) and SR48692 (IA) complexes of NTSR1-H4bmX, showing (A) the tilting of TM6 at F3316.58 and 

(B) highlighting the space occupied by the isobutyl chain of Leu13 and by F3316.58 as well as (C) the space occupied by the adamantyl 

moiety and by F3316.58, viewed from the membrane plane. FA: Full Agonist; IA: Inverse Agonist. The NTS8–13 complex is colored 

in dark green, the SR48692 complex in brown. (D–F) Superposition of the NTS8–13 (FA) complex of NTSR1-ELF (PDB ID: 4XEE 

(10)) and the SR48692 (IA) complex of NTSR1-H4bmX, showing (D) the tilting of TM6 at F3316.58 and (E) highlighting the space 

occupied by the isobutyl chain of Leu13 and by F3316.58 as well as (F) the space occupied by the adamantyl moiety and by F3316.58, 

viewed from the membrane plane. The NTS8–13 complex is colored in green-cyan, the SR48692 complex in brown. Side chains are 

shown as sticks and are colored as the corresponding backbone. The isobutyl chain of Leu13 and the adamantyl moiety of SR48692 

are shown as sticks and as van-der-Waals spheres, while the rest of the ligands as thin sticks. F3316.58 is also shown as van-der-

Waals spheres. TM4, ECL2, TM5, and TM7 have been omitted for clarity.  
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Fig. S16. Basal activity of rNTSR1 mutants compared to wild-type rNTSR1. Time-dependent IP1 accumulation measured in 

COS-7 cells transiently transfected with wild-type rNTSR1 or receptor mutants. To increase basal activity for IP1, all samples were 

co-transfected with Gαq. Data were normalised to the IP1 response of the same receptor construct after stimulation with 10 µM 

NTS8–13 for 120 min (NTS8–13 ctrl). Data are shown as mean values ± SEM from 4–7 independent experiments performed in 

duplicates.  
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Supplementary tables 

Table S1. Mutations of NTSR1-H4 compared to wild-type rNTSR1. 

Sequential  B-W wild-type rNTSR1 NTSR1-H4 

83 1.51 S G 

86 1.54 A L 

101 2.38 T R 

103 2.40 H D 

105 2.42 H Y 

119 2.56 L F 

121 2.58 M L 

124 2.61 E D 

143 3.26 R K 

150 3.33 D E 

161 3.44 A V 

167 3.50 R L 

213 4.69 R L 

234 5.35 V L 

235 5.36 K R 

240 5.41 V L 

253 5.54 I A 

260 5.61 I A 

262 5.63 N R 

263 5.64 K R 

305 6.32 H R 

332 6.59 C V 

342 7.26 F A 

354 7.38 T S 

358 7.42 F V 

362 7.46 S A 

NTSR1-H4 has also been termed HTGH4 elsewhere (9, 35). In NTSR1-H4bm, the mutations E1242.61D, D1503.33E, F3587.42V and 

S3627.46A were reverted to the wild-type residues. B-W: Ballesteros-Weinstein numbering system.  
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Table S2. Competition ligand binding of HL488-NTS8–13. 

Construct Ki (nM) 

  NTS8–13 SRI-9829 RTI-3a SR48692 SR142948A 

rNTSR1 1.81 

(1.31–2.50) 

3227 

(2002–5204) 

183 

(132–252) 

19.6 

(12.3–31.2) 

1.98 

(1.61–2.44) 

NTSR1-H4X 0.04 

(0.03–0.06) 

6.65 

(4.29–10.3) 

774 

(470–1276) 

736†† 

(493–1097) 

39.5† 

(28.7–54.3) 

NTSR1-H4X
ΔD12 0.05 

(0.04–0.06) 

6.48 

(4.36–9.62) 

730 

(518–1027) 

691†† 

(495–966) 

27.3† 

(20.4–36.6) 

Binding experiments were carried out on membranes from cells expressing rNTSR1 and the crystallized receptor variant with 

DARPin (NTSR1-H4X) or without DARPin fusion (NTSR1-H4X
ΔD12) in the presence of different concentrations of unlabelled 

ligands as a competitor. Data are shown as mean values (95% CI in parentheses) from 5–9 independent experiments performed in 

duplicates.  

†Direct KD measurements by surface plasmon resonance (SPR) spectroscopy in detergent micelles indicated a higher affinity (~0.5 

nM) (66), but the reasons for this discrepancy are currently unclear, leading to a possible underestimation of the affinity of 

SR142948A for NTSR1-H4 in competition experiments in cell membranes. 

††A higher affinity (~87 nM) has been reported in detergent micelles when A647-NTS8–13 was used as the tracer peptide (34), also 

suggesting that competition experiments in cell membranes might underestimate the affinity of SR48692 for NTSR1-H4. 
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Table S3. Data collection and refinement statistics of NTSR1-H4X structures. 

Ligand NTS8–13 SRI-9829 RTI-3a SR48692 SR142948A apo 

PDB code 6YVR 6Z8N 6ZA8 6ZIN 6Z4Q 6Z66 

Data collection       

Space group P212121 C2221 C2221 C121 C121 C2221 

Cell dimensions       

a, b, c (Å) 89.89 76.67 76.47 212.98 211.92 76.19 

 114.00 213.97 211.20 37.15 36.84 212.99 

 195.42 94.05 93.70 91.21 90.29 94.64 

α, β, γ (˚) 90 90 90 90 90 90 

 90 90 90 113.60 113.65 90 

 90 90 90 90 90 90 

Resolution (Å) 29.62–2.46 29.58–2.80 29.62–2.72 28.57–2.64 28.31–2.92 29.44–3.19 

 (2.65–2.46) (3.13–2.80) (3.01–2.72) (2.97–2.64) (3.32–2.92) (3.44–3.19) 

Rmerge 0.094 (1.711) 0.208 (1.866) 0.259 (2.395) 0.123 (1.206) 0.202 (2.099) 0.33 (3.66) 

Rpim 0.028 (0.555) 0.099 (0.820) 0.106 (0.913) 0.063 (0.612) 0.097 (0.895) 0.094 (1.034) 

I/σ(I) 15.2 (1.6) 5.1 (1.4) 5.2 (1.6) 5.7 (1.2) 5.8 (1.5) 7.7 (1.3) 

CC1/2 0.999 (0.597) 0.982 (0.320) 0.975 (0.435) 0.993 (0.512) 0.989 (0.484) 0.993 (0.316) 

Completeness (%) 93.9 (50.2) 90.4 (59.5) 90.4 (66.2) 85.4 (50.2) 78.2 (23.9) 91.6 (43.3) 

Redundancy 12.0 (10.2) 5.2 (5.9) 6.5 (7.8) 4.5 (4.7) 4.7 (6.4) 13.3 (13.5) 

Refinement       

Resolution (Å) 29.62–2.46 29.58–2.80 29.62–2.72 28.57–2.64 28.31–2.92 29.44–3.19 

No. reflections 59974 (3000) 13189 (660) 13577 (679) 12018 (601) 8671 (434) 10818 (541) 

Mol/ASU 2 1 1 1 1 1 

Rwork/Rfree 0.228/0.237 0.270/0.301 0.281/0.304 0.272/0.315 0.281/0.307 0.286/0.294 

No. atoms       

Protein 7001 3300 3352 3117 3025 3241 

Ligand 131 34 37 41 50 - 

Detergent 167 - - - - - 

H2O 47 - - - - - 

R.m.s. deviations       

Bond lengths (Å) 0.01 0.01 0.01 0.01 0.01 0.01 

Bond angles (˚) 1.67 1.64 1.64 1.68 1.67 1.67 

Statistics were obtained from the STARANISO server (61) (see Methods). Mol/ASU: molecules per asymmetric unit. R.m.s.: root 

mean squared. Highest resolution shell is shown in parentheses.   
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Table S4. Data collection and refinement statistics of NTSR1-H4bmX structures. 

Ligand NTS8–13 SR48692 

PDB code 6Z4V 6Z4S 

Data collection   

Space group C121 P212121 

Cell dimensions   

a, b, c (Å) 69.22 43.52 

 77.53 77.73 

 111.86 158.39 

α, β, γ (˚) 90 90 

 107.22 90 

 90 90 

Resolution (Å) 29.23–2.60 29.34–2.71 

 (2.80–2.60) (3.03–2.71) 

Rmerge 0.453 (2.576) 0.525 (4.678) 

Rpim 0.165 (0.970) 0.198 (1.504) 

I/σ(I) 4.3 (1.5) 4.3 (1.4) 

CC1/2 0.921 (0.458) 0.964 (0.294) 

Completeness (%) 88.9 (36.3) 90.6 (49.8) 

Redundancy 8.5 (7.6) 7.3 (10.2) 

Refinement   

Resolution (Å) 29.23–2.60 29.34–2.71 

No. reflections 14177 (709) 10475 (524) 

Mol/ASU 1 1 

Rwork/Rfree 0.256/0.272 0.273/0.289 

No. atoms   

Protein 3385 3286 

Ligand 47 42 

Detergent - - 

H2O - - 

R.m.s. deviations   

Bond lengths (Å) 0.01 0.01 

Bond angles (˚) 1.65 1.63 

Statistics were obtained from the STARANISO server (61) (see Methods). Mol/ASU: molecules per asymmetric unit. R.m.s.: root 

mean squared. Highest resolution shell is shown in parentheses.  
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Table S5. Intermolecular interactions between NTS8–13 and NTSR1-H4X.  

Ligand moiety  Interaction NTSR1-H4X residue 

Leu13 [O] 

Leu13 [OXT] 

Leu13 (isobutyl) 

Ile12 [amide O] 

H, S 

H 

vdW 

H 

R327 [NH1; 2.5]  

Y146 [OH; 2.6] 

Y146, M204, M208, P227, L234†, I238, F331 

Y347 [OH; 2.6] 

Ile12 (sec-butyl) 

Tyr11 [amide O] 

Tyr11 [amide N] 

Tyr11 [OH] 

Tyr11 [OH] 

Tyr11 (phenyl) 

vdW 

H 

H 

H 

H 

vdW 

F128, H132, Y351 

T226 [OG1; 2.7] 

H348 [NE2; H2O-mediated] 

L55 [amide O; 2.6] 

H132 [amide O; 3.4] 

L55, L213††, V224 

Pro10 (pyrrolidine) 

Arg9 [NE] 

Arg9 [NH1] 

Arg9 [NH2] 

Arg8 [NH2] 

Arg8 [NH2] 

Arg8 [NE] 

vdW 

H 

H, S 

H 

H 

H 

Cation-π 

F331, W339, F344, Y347 

F331 [amide O, 3.4] 

D336 [OD1; 2.6] 

I334 [amide O; 2.1] 

D56 [amide O; 3.0] 

D54 [amide O; 2.6] 

F344 [ring center; 4.1] 

Arg8 [CZ] Cation-π F344 [ring center; 3.7] 

For H-bonds (H) and salt bridges (S), the interacting atoms and their distance in Å are indicated in square brackets (cut-off: 3.6 Å; 

No angle terms were considered for H-bonds). Van-der-Waals interactions are abbreviated as vdW (cut-off: 4.5 Å). The term 

“aromatic interaction” is used as described in ref. (67). The analysis of cation-π interactions was based on Arpeggio, a web server 

for calculating and visualizing interatomic interactions in protein structures (http://biosig.unimelb.edu.au/arpeggioweb) (68).   

†V234 in wild-type rNTSR1.  

††R213 in wild-type rNTSR1.  
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Table S6. Intermolecular interactions between SRI-9829 and NTSR1-H4X.  

Ligand moiety  Interaction NTSR1-H4X residue 

Carboxyl [O3] 

Carboxyl [O4] 

H, S 

H 

R327 [NH1; 2.8], R327 [NH2; 3.1] 

Y146 [OH; 2.6] 

Isobutyl vdW Y146, M204, M208, I238, F331 

Amide [N] H Y146 [OH; 3.2] 

Amide [O] H Y347 [OH; 2.3] 

Indole vdW 

Aromatic 

F128, V131, F331, F344, Y347, H348, Y351 

F128, F331, F344, H348, Y351 

Quinoline vdW 

Aromatic 

V224, W339, F344 

W339, F344 

For H-bonds (H) and salt bridges (S), the interacting atoms and their distance in Å are indicated in square brackets (cut-off: 3.6 Å; 

No angle terms were considered for H-bonds). Van-der-Waals interactions are abbreviated as vdW (cut-off: 4.5 Å). The term 

“aromatic interaction” is used as described in ref. (67). The analysis of aromatic interactions was based on Arpeggio, a web server 

for calculating and visualizing interatomic interactions in protein structures (http://biosig.unimelb.edu.au/arpeggioweb) (68). 
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Table S7. Intermolecular interactions between RTI-3a and NTSR1-H4X.  

Ligand moiety  Interaction NTSR1-H4X residue 

Carboxyl [O1] 

Carboxyl [O2] 

Carboxyl [O2] 

H, S 

H, S 

H 

R327 [NH1; 3.2], R327 [NH2; 3.2], R149 [NH1; 3.1] 

R149 [NH1; 3.6] 

Y146 [OH; 2.6] 

Isobutyl vdW Y146, M204, M208, L234†, I238, F331 

Amide [O] H R327 [NH1; 2.7], Y347 [OH; 2.6] 

Pyrazole vdW 

Aromatic 

F128, F331, Y347, Y351 

F128, F331, Y347, Y351 

Dimethoxyphenyl vdW F128, V224, F331 

Chloroquinoline vdW 

Aromatic 

Halogen-π 

F128, H132, W339, F344, Y347, Y351 

H132, W339, Y347, Y351 

H348 

For H-bonds (H) and salt bridges (S), the interacting atoms and their distance in Å are indicated in square brackets (cut-off: 3.6 Å; 

No angle terms were considered for H-bonds). Van-der-Waals interactions are abbreviated as vdW (cut-off: 4.5 Å). The term 

“aromatic interaction” is used as described in ref. (67). The analysis of aromatic interactions was based on Arpeggio, a web server 

for calculating and visualizing interatomic interactions in protein structures (http://biosig.unimelb.edu.au/arpeggioweb) (68). 

Halogen-π interactions are defined as described in ref. (69). 

†V234 in wild-type rNTSR1.  
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Table S8. Competition ligand binding of HL488-NTS8–13 measured in cells expressing wild-type and rNTSR1 mutant 

constructs. 

Construct Ki (nM) 

  NTS8–13 SR48692 SR142948A 

rNTSR1 20.6 (15.3–27.7) 8.29 (6.63–10.4) 1.87 (0.85–4.10) 

rNTSR1(R149M) 1.08 (0.6–1.95)   

rNTSR1(D150A) 16.3 (13.0–20.3)   

rNTSR1(V224A) 192.21 (99.6–371)   

rNTSR1(W321A) 1.38 (1.22–1.56)   

rNTSR1(Y324F) 13.3 (11.6–15.1)   

rNTSR1(R328M) 30.9 (17.2–55.4)   

rNTSR1(W339A) 150 (101–225)   

rNTSR1(F344A) 132 (64.3–272)   

rNTSR1(Y347F) 227 (154–333) 2.82 (1.77–4.47) 0.64 (0.38–1.07) 

rNTSR1(H348A) 120.26 (67.7–214)   

rNTSR1(Y349A) 437 (108–1216)   

rNTSR1(Y351A) 1605.45 (1159.75–2222.44)   

rNTSR1(Y351F) 22.7 (17.53–29.4)   

rNTSR1(N355A) 34.3 (30.8–38.1)     

rNTSR1(F358A) 0.47 (0.37–0.61)   

Binding experiments were carried out on cells expressing wild-type and rNTSR1 mutant constructs in the presence of different 

concentrations of unlabelled ligands as a competitor.  

Data are shown as mean values (95% CI in parentheses) from 3–9 independent experiments performed in duplicates. 
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Table S9. NTS8–13-induced IP1 signalling measured in cells expressing wild-type and rNTSR1 mutant constructs.  

Construct EC50 (nM) 

rNTSR1 2.08 (1.44–3.00) 

rNTSR1(R149M) 1.82 (1.46–2.27) 

rNTSR1(D150A) 10.2 (3.17–32.5) 

rNTSR1(V224A) 327 

rNTSR1(W321A) 0.60 (0.27–1.35) 

rNTSR1(Y324F) 0.96 (0.46–2.00) 

rNTSR1(R328M) 39.2 (22.6–67.9) 

rNTSR1(W339A) 88.5 (57.0–137) 

rNTSR1(F344A) 298 (139–639) 

rNTSR1(Y347F) 494 (117–2077) 

rNTSR1(H348A) 159 (67.8–374) 

rNTSR1(Y349A) 492 (262–923) 

rNTSR1(Y351A) 1156.11 (635.44–2103.4) 

rNTSR1(Y351F) 1.36 (0.58–3.15) 

rNTSR1(N355A) 7.55 (1.76–32.4) 

rNTSR1(F358A) 0.32 (0.02–5.75) 

Data are shown as mean values (95% CI in parentheses) from 3–10 independent experiments performed in duplicates. 
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Table S10. Intermolecular interactions between SR48692 and NTSR1-H4bmX.  

Ligand moiety  Interaction NTSR1-H4bmX residue 

Carboxyl [O1] 

Carboxyl [O1] 

Carboxyl [O2] 

H, S 

H 

H, S 

R327 [NH2; 2.4] 

Y351 [OH; 3.6] 

R328 [NH2; 3.0] 

Adamantyl vdW Y146, M208, P227, L234†, I238, F331 

Pyrazole vdW 

Aromatic 

F331, Y351 

F331, Y351 

Dimethoxyphenyl vdW 

Aromatic 

M330, F331, I334, Y347, F350 

Y347 

Chloroquinoline vdW 

Aromatic 

Halogen-π 

F331, F344, Y351 

Y351 

F344 

For H-bonds (H) and salt bridges (S), the interacting atoms and their distance in Å are indicated in square brackets (cut-off: 3.6 Å; 

No angle terms were considered for H-bonds). Van-der-Waals interactions are abbreviated as vdW (cut-off: 4.5 Å). The term 

“aromatic interaction” is used as described in ref. (67). The analysis of aromatic interactions was based on Arpeggio, a web server 

for calculating and visualizing interatomic interactions in protein structures (http://biosig.unimelb.edu.au/arpeggioweb) (68). 

Halogen-π interactions are defined as described in ref. (69).  

†V234 in wild-type rNTSR1.  
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Table S11. Intermolecular interactions between SR142948A and NTSR1-H4X.  

Ligand moiety  Interaction NTSR1-H4X residue 

Carboxyl [O4] 

Carboxyl [O4] 

Carboxyl [O5] 

 

H, S 

H 

H, S 

R327 [NH2; 3.1] 

Y351 [OH; 2.6] 

R327 [NH2; 3.3], R328 [NH1; 3.5] 

Adamantyl vdW Y146, M208, P227, L234†, I238 

Pyrazole vdW 

Aromatic 

Y351 

Y351 

 

Dimethoxyphenyl vdW 

 

M330, I334, F350 

Isopropylphenyl vdW 

Aromatic 

Y351 

Y351 

For H-bonds (H) and salt bridges (S), the interacting atoms and their distance in Å are indicated in square brackets (cut-off: 3.6 Å; 

No angle terms were considered for H-bonds). Van-der-Waals interactions are abbreviated as vdW (cut-off: 4.5 Å). The term 

“aromatic interaction” is used as described in ref. (67). The analysis of aromatic interactions was based on Arpeggio, a web server 

for calculating and visualizing interatomic interactions in protein structures (http://biosig.unimelb.edu.au/arpeggioweb) (68).  

†V234 in wild-type rNTSR1.  
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Table S12. Crystallization conditions yielding optimized crystals of NTSR1-H4X and NTSR1-H4bmX in complex with 

different ligands or in the apo state.  

Construct  Ligand Condition Method 

NTSR1-H4X SRI-9829 100 mM HEPES pH 6.8, 370–520 mM Na citrate, 32% 
(v/v) PEG400, 10 µM SRI-9829 

LCP 

NTSR1-H4X RTI-3a 100 mM HEPES pH 6.6–7.2, 385–550 mM Na citrate, 
30–32% (v/v) PEG400, 10 µM RTI-3a 

LCP 

NTSR1-H4X SR48692 100 mM Bis-Tris pH 6.4, 500 mM K citrate, 30% (v/v) 
PEG400 

LCP 

NTSR1-H4X SR142948A 100 mM Bis-Tris pH 6.5, 400 mM K citrate, 30% (v/v) 
PEG400, 10 µM SR142948A 

LCP 

NTSR1-H4X - (apo) 100 mM Na acetate pH 4.5, 400–475 mM K citrate, 30–
31% (v/v) PEG400 

LCP 

NTSR1-H4bmX NTS8–13 100 mM MES pH 6.2 and 6.3, 350–450 mM ammonium 
tartrate, 30% (v/v) PEG400 

LCP 

NTSR1-H4bmX SR48692 100 mM Na citrate pH 4.8–5.1, 225–460 mM 
ammonium nitrate, 30–32% (v/v) PEG400, 10 µM 
SR48692 

LCP 

NTSR1-H4X NTS8–13 50 mM glycine pH 9.4, 1 M NaCl, 8.3% (w/v) PEG4000 VD 

Crystallization in lipidic cubic phase and by vapor diffusion is abbreviated as LCP and VD, respectively. 
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Supplementary notes 

Note S1 

The binding mode of the carboxylate, adamantyl, amide, pyrazole and dimethoxyphenyl functional groups 

of SR48692 overlaps well with that of the corresponding groups of SR142948A (Fig. 4F). The binding 

mode of SR48692 as observed in the crystal structures (Fig. 4A, fig. S14, table S10) is consistent with the 

key role in ligand recognition previously assigned to a number of rNTSR1 residues by site-directed 

mutagenesis studies (32). R3276.54 anchors the carboxylate group of SR48692 to the bottom of the binding 

site via ionic interactions, and R3276.54M is devoid of SR48692 binding. Y3517.35 forms polar interactions 

with the carboxylate group, and aromatic and van-der-Waals contacts with the pyrazole and chloroquinoline 

rings. Y3517.35A causes a 200-fold drop in SR48692 affinity. M2084.64 and F3316.58 are part of the 

hydrophobic subpocket targeted by the adamantyl group. Furthermore, F3316.58 forms aromatic interactions 

with the pyrazole ring. M2084.64A and F3316.58A lead to a 10- and 20-fold drop in affinity, respectively. The 

effect of F3587.42A, a 5-fold decrease in affinity, can be likely explained by indirect conformational effects, 

as this mutation leads to constitutive activity (19) and thus preference for the active state. Y3246.51 is 

positioned above F3587.42 and below R3276.54, and Y3246.51A causes a 20-fold drop in affinity, likely by 

modulating the conformation of these residues. Y3477.31F (table S8) causes a decrease in agonist affinity, 

compatible with H-bond formation (Fig. 3, A–C), but does not negatively affect inverse agonist binding, as 

no polar interaction is observed.  
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Supplementary materials and methods 

Synthesis of SRI-9829 and SRI-9788 

All solvents and chemicals were reagent grade, they were purchased from commercial vendors and used as 

received. Solvents used include acetonitrile, tetrahydrofuran (THF), hexane, ethyl acetate (EtOAc), 

dichloromethane (DCM), methanol and water. Flash column chromatography was carried out on a Teledyne 

ISCO CombiFlash Rf system using prepacked silica gel columns. Purity and characterization of compounds 

were established by a combination of HPLC, TLC, mass spectrometry, and NMR analyses. 1H and 13C NMR 

spectra were recorded on a Bruker AVANCE NEO (600 MHz) spectrometer or on a Bruker AVANCE DPX-

400 (400 MHz) spectrometer, and were determined in d6-DMSO or chloroform-d with solvent peaks as the 

internal reference. Chemical shifts are reported in ppm relative to the reference signal, and coupling constant 

(J) values are reported in Hertz (Hz). Mass spectra were obtained using a Thermo Scientific 1100 series/6120 

Quadruple LC/MS (ESI). High resolution mass spectra (HRMS) were obtained using a Thermo Scientific 

EXACTIVE system (ESI). 

(1-(quinolin-8-ylsulfonyl)-1H-indole-3-carbonyl)-L-leucine (SRI-9829). To a solution of methyl (1H-indole-

3-carbonyl)-L-leucinate (45 mg, 0.156 mmol, CAS # 2714399-25-2) in THF (1 ml) was added NaH (60% 

dispersion in oil, 9.4 mg, 0.235 mmol, 1.5 eq) in one portion [methyl (1H-indole-3-carbonyl)-L-leucinate is 

available from Aurora Fine Chemicals, catalog # 191.857.980]. After stirring for 10 minutes, quinoline-8-

sulfonyl chloride (43 mg, 0.189 mmol, 1.2 eq, CAS # 18704-37-5) was added, and the reaction was monitored 

by HPLC for disappearance of the starting material (quinoline-8-sulfonyl chloride is available from Oakwood 

Chemicals, catalog # 067922). After stirring at room temperature for 16 h, the reaction was quenched with 

water (0.5 ml). The crude reaction mixture was directly purified by reverse-phase preparative HPLC 

(CH3CN/H2O) to afford the title compound as a colorless solid. 1H NMR (600 MHz, d6-DMSO) δ 12.6 (broad 

s, 1H), 9.16 (s, 1H), 8.92 (dd, J =4.3 Hz, 1.8 Hz, 1H), 8.79 (dd, J = 7.4 Hz, 1.3 Hz, 1H), 8.74 (d, J = 8.0 Hz, 

1H), 8.53 (dd, J = 8.4 Hz, 1.7 Hz, 1H), 8.44 (dd, J = 8.3 Hz, 1.3 Hz, 1H), 8.15–8.14 (m, 1H), 7.91 (dd, J =8.0 

Hz, J =7.7 Hz, 1H), 7.76–7.74 (m, 1H), 7.69 (dd, J =8.3 Hz, 4.3 Hz, 1H), 7.29–7.23 (m, 2H), 4.54–4.51 (m, 
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1H), 1.88–1.81 (m, 2H), 1.7–1.66 (m, 1H), 1.03 (d, J = 6.5 Hz, 3H), 0.96 (d, J = 6.5 Hz, 3H); 13C NMR (150 

MHz, d6-DMSO) 174.9, 163.6, 152.3, 143.1, 137.6, 136.9, 134.3, 133.6, 133.4, 132.8, 129.1, 128.8, 126.4, 

125.0, 124.2, 123.6, 122.6, 113.8, 113.0, 50.7, 25.1, 23.4, 21.7; ESI-MS (m/z): 466.2 [M+1]+. 

Of note, related compounds analogous to SRI-9829 can also be synthesized by an alternate 3-step synthesis, 

which is more easily scaled up. As an example, we give the synthesis of (1-(naphthalen-1-ylsulfonyl)-1H-

indole-3-carbonyl)-L-leucine (SRI-9788) here below. 

Step 1: tert-butyl (1H-indole-3-carbonyl)-L-leucinate. To a mixture of 1H-indole-3-carboxylic acid (0.92 g, 

5.7 mmol), tert-butyl L-leucinate hydrogen chloride (1.4 g, 6.3 mmol) and HATU (2.6 g, 6.8 mmol) in DCM 

(20 ml) was added diisopropylethylamine (3.0 ml, 17.1 mmol). The reaction was stirred at room temperature 

overnight. The mixture was concentrated in vacuo and the residue was dissolved with EtOAc, followed by 

washing with 1 N HCl, water, saturated aqueous NaHCO3 and brine and dried over Na2SO4. The solvent was 

concentrated, and the crude was purified by silica gel flash chromatography to obtain the title compound. 1H 

NMR (400 MHz, CDCl3) δ 9.28 (broad s, 1H), 8.03 (dd, J = 8.0 Hz, 4.0 Hz, 1H), 7.76 (d, J = 3.0 Hz, 1H), 

7.44–7.40 (m, 1H), 7.29–7.23 (m, 2H), 6.69 (d, J = 8.0 Hz, 1H), 4.89–4.83 (m, 1H), 1.87–1.74 (m, 3H), 1.52 

(s, 9H), 1.04–0.95 (m, 6H); 13C NMR (100 MHz, CDCl3) 172.97, 165.03, 136.42, 128.46, 124.63, 122.83, 

121.66, 119.85, 112.08, 111.93, 82.02, 51.37, 42.46, 28.06 (3C), 25.11, 22.90, 22.34; ESI-HRMS (m/z): 

331.2022 [M+1]+.  

Step 2: tert-butyl (1-(naphthalen-1-ylsulfonyl)-1H-indole-3-carbonyl)-L-leucinate. To a mixture of tert-butyl 

(1H-indole-3-carbonyl)-L-leucinate (0.93 g, 2.83 mmol) in THF at 0°C was added NaH (60% in oil 

dispersion, 0.23 g, 5.7 mmol) portion wise. The mixture was allowed to warm to room temperature with 

stirring for 30 min and then re-cooled to 0°C in an ice bath. Naphthalene-1-sulfonyl chloride (0.84 g, 3.7 

mmol) was added slowly and the mixture was allowed to warm to room temperature and stirred overnight. 

The reaction was quenched with saturated aqueous NaHCO3 and extracted with EtOAc, washed with brine 

and dried over Na2SO4. The solvent was concentrated, and the crude was purified by silica gel flash 

chromatography to obtain the title compound. 1H NMR (400 MHz, CDCl3) δ 8.66 (d, J = 8.0 Hz, 1H), 8.30 
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(s, 1H), 8.22 (dd, J = 8.0 Hz, 4.0 Hz, 1H), 8.08 (d, J = 8.0 Hz, 1H), 8.04–8.00 (m, 1H), 7.88 (d, J = 8.0 Hz, 

1H), 7.82–7.78 (m, 1H), 7.65 (td, J = 8.0 Hz, 4.0 Hz, 1H), 7.58–7.52 (m, 2H), 7.32–7.27 (m, 2H), 6.50–6.47 

(m, 1H), 4.80–4.75 (m, 1H), 1.81–1.60 (m, 3H), 1.50 (s, 9H), 1.01–0.98 (m, 6H); 13C NMR (100 MHz, CDCl3) 

172.41, 162.87, 136.13, 134.98, 134.25, 133.08, 129.94, 129.30, 129.20, 128.44, 128.01, 127.43, 127.28, 

125.32, 124.26, 124.10, 123.59, 121.39, 116.72, 113.41, 82.24, 51.43, 42.32, 28.05 (3C), 25.10, 22.87, 22.34; 

ESI-HRMS (m/z): 521.2117 [M+1]+.  

Step 3: (1-(naphthalen-1-ylsulfonyl)-1H-indole-3-carbonyl)-L-leucine. Tert-butyl (1-(naphthalen-1-

ylsulfonyl)-1H-indole-3-carbonyl)-L-leucinate (0.15 g) was dissolved in 30% TFA/DCM (1 ml) at room 

temperature. The reaction was monitored by reverse-phase analytical HPLC. When starting material was 

consumed, the reaction was diluted with MeOH and the solvent was removed in vacuo to obtain the title 

compound as a colorless solid. 1H NMR (400 MHz, d6-DMSO) δ 12.72 (broad s, 1H), 9.14 (s, 1H), 8.65 (t, J 

= 8.0 Hz, 2H), 8.58 (d, J = 8.0 Hz, 1H), 8.41 (d, J = 8.0 Hz, 1H), 8.20–8.15 (m, 2H), 7.83–7.70 (m, 4H), 

7.36–7.28 (m, 2H), 4.53–4.48 (m, 1H), 1.84–1.64 (m, 3H), 1.01 (d, J = 4.0 Hz, 3H), 0.93 (d, J = 8.0 Hz, 

3H); 13C NMR (100 MHz, d6-DMSO) 174.22, 162.59, 136.77, 133.80, 133.66, 131.31, 131.09, 129.73, 

129.21, 129.09, 128.22, 127.58, 126.80, 125.18, 124.83, 124.05, 122.83, 122.37, 114.94, 112.56, 50.27, 

24.51, 22.88, 21.26 (2C); ESI-HRMS (m/z): 465.1477 [M+1]+. 
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