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Supplementary figures 

 

 

Supplementary Figure 1. Binding mechanisms. Along the induced fit pathway, the conformational 
change occurs after binding, and along the selected-fit pathway, the conformational change precedes 
binding. Here R1 and R2 represent the ground-state and excited-state conformations of the free protein, 
L represents the ligand, and R1L and R2L represent the excited-state and the ground-state conformations 
of the bound complex respectively. 
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Supplementary Figure 2. The quality control of the synthesized 19F peptide analogues of NT. 
Peptide purity was assessed by analytical reverse-phase (C18) HPLC (left panels) and the peptide 
identity by Mass Spectrometry (right panels). The analytical HPLC chromatograms and corresponding 
MS spectrum are labelled by peptide name.  
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Supplementary Figure 3. Functional characterization of the NT peptides used in this 
study. The cell-surface binding of peptides to (a) wt-rNTS1 and enNTS1 (b) rNTS1-R213L. The 
competition binding curves are for NT8-13 (black circles), Y11tfmF-NT8-13 (red triangles). 
Cy5-labellled NT8-13 and FAM-labelled NT8-13 was used as a fluorescent competitor for 
investigating the binding. (c) G-protein activation and (d) β-arrestin recruitment assays 
showing the dose response curves for NT8-13 (blue curves) and Y11tfmF-NT8-13 (pink 
curves) against wt-rNTS1 (closed symbols/solid line) and rNTS1-R213L (open symbols/dotted 
line). (e) BRET assays for G-protein activation by enNTS1 in response to NT8-13 (blue) and 
Y11tfmF-NT8-13 (pink). It is noteworthy that the variant enNTS1 used in this study does not 
signal through β-arrestin. (f) The equilibrium inhibitory constant (Ki) and half maximal 
effective concentration (EC50) for the peptides is presented as Log Ki and Log EC50, 
respectively, ± standard error of mean (SEM). Data points are represented as the mean of 
quadruplicate experiments (n = 4) ± standard error of mean (SEM) in (a) and triplicate 
experiments ± SEM for the rest of assays. The signal in the presence of different concentrations 
of ligand is normalized against the signal of FAM-NT8-13 or Cy5-NT8-13 in the absence of 
competitor and is presented as percent FAM-NT8-13 or Cy5-NT8-13 binding. 
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Supplementary Figure 4. Alignment of wt-rNTS1 and enNTS1. enNTS1was evolved by directed 
evolution methods from rNTS1.1 Thermostabilizing mutations are highlighted in blue on the crystal 
structure of rNTS1 (PDB: 4xee). Residue 213 which is leucine in enNTS1 and arginine in rNTS1 is 
highlighted in green, G50 located in the N-terminal region that was mutated to the unnatural amino acid 
trifluoromethyl-phenylalanine (p-tfmF) is in red. W339 whose fluorescence we speculate is sensitive to 
NT is in purple. NT is shown in orange. 
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Supplementary Figure 5. 19F-NMR spectra of Y11tfmF-NT analogues in complex with enNTS1. 
19F NMR spectra of Y11tfmF-NT1-13 (a) in the free state in solution, (b) in phosphate buffer 
supplemented with 0.4% DDM, (c) in complex with enNTS1 and (d) in the presence of enNTS1 and 
excess amounts of unlabelled NT. These spectra show that binding of Y11tfmF-NT to enNTS1 results 
in two signals.  19F NMR spectra (e) of Y11tfmF-NT1-13, (f) Y11tfmF-NT8-13 and (g) P10A-Y11tfmF-
NT8-13 in complex with enNTS1. The major populated states in receptor complexes of Y11tfmF-NT1-
13 and Y11tfmF-NT8-13 are assigned as S1 and S2 (red dashed lines). The presence of both peaks in 
the truncated peptide and P10A mutant proposes that the presence of the two major peaks in the bound 
states are not due to cis/trans isomerization of prolines. The blue dotted lines in a-g represent the signal 
from the free peptide. All the spectra are referenced to the signal of 20 µM TFA internal standard at -
75.66 ppm. 
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Supplementary Figure 6. Effect of G protein binding on the conformational dynamics of 
extracellular surface of enNTS1-R213. 19F spectrum of (a) Y11tfmF-NT8-13 in the presence of excess 
enNTS1-R213 and (b) Y11tfmF-NT8-13 in the presence of excess enNTS1-R213 in the presence of 5-
fold excess chimeric Gαiq that was expressed and purified as previously described.2 The blue dotted line 
shows the free peptide.  
 

 

 

Supplementary Figure 7. The G50tfmF-NTS1 is expressed in E. coli and purified to homogeneity. 
The size exclusion chromatogram of G50tfmF-R213-NTS1 on a Superdex S200 10/30 increase column 
purified from E. Coli. The pooled fractions containing receptor peak were loaded on SDS-PAGE. The 
marker sizes have been noted next to the marker lane. Source data for this figure are provided as a 
Source Data file. 
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Supplementary Figure 8. 19F NMR spectra of G50tfmF-enNTS1-P51A-R213. (a) The 19F NMR 
spectra of apo G50tfmF-enNTS1-P51A-R213 and (b) in complex with NT8-13. In comparison to 
G50tfmF-enNTS1-R213 the signal for P1 is lost, indicating that P1 and P2 are assigned respectively to 
the cis and trans isomer states of P51. Addition of agonist induces the new population P4 with a small 
P3 population as observed for G50tfmF-enNTS1-R213. The blue and cyan line show the sum and 
residuals of the deconvoluted spectra, respectively. 

 

Supplementary Figure 9. Effect of G protein on the 19F NMR spectrum of G50tfmF-enNTS1-R213. 
19F spectra of (a) apo G50tfmF-enNTS1-R213, (b) G50tfmF-enNTS1-R213 in the presence of excess 
NT8-13, (c) G50tfmF-enNTS1-R213 in the presence of 5-fold excess chimeric Gαiq and (d) G50tfmF-
enNTS1-R213 in the presence of excess NT8-13 and 5-fold excess chimeric Gαiq. 
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Supplementary Figure 10. Statistical analysis of HDX-MS data. Hybrid Woods differential plots 
were generated using Deuteros 2.03 to identify peptides with significant differences in hydrogen-
deuterium uptake (confidence interval of 95%) for each time point in different receptor states. Hybrid 
Woods Differential plots comparing the deuterium uptake of enNTS1 in (a) the presence and absence 
of NT8-13 and (b) the presence and absence of SR142948A. Regions highlighted in blue indicate 
protection upon ligand binding. The dashed lines indicate the confidence limit (Cl). 
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Supplementary Figure 11. Binding of NT to enNTS1.  (a) Real-time traces of binding of NT (from 2 
to 48 nM) to C-terminal avi-tagged enNTS1 immobilized on the surface of a streptavidin Octet sensor. 
(b) Saturation binding curve of NT interaction with enNTS1. Source data for this figure are provided as 
a Source Data file. 
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Supplementary Table 1. The chemical shift and population of conformational states of N-
terminally labelled receptor in the apo and ligand bound states. 
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  δ 19F (ppm) Population (%) 

Receptor Ligand P1 P2 P3 P4 P1 P2 P3 P4 

G50tfmF-enNTS1 
- -62.45 -62.12 -62.09 - 31.8 53.8 14.4 - 

NT8-13 - - -62.06 -61.9 - - 10 90 

G50tfmF-

enNTS1-R213 

- -62.45 -62.12 -62.08 - 31.8 64 4.2 - 

NT8-13  -62.11 -62.06 -61.95  9.3 1.3 89.4 

SR142958A -62.43 -62.11 -62.06  29.3 49 21.7  

G50tfmF-

enNTS1-P51A-

R213 

Apo - -62.11 -62.07 - - 91 9 - 

NT8-13 - - -62.06 -61.83   23 77 
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