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Fig. S1. Cryo-EM of the NPY/PP–YR–Gi1 complexes. (A to F) Results for the NPY–Y1R–Gi1 

complex. (A) Representative cryo-EM image. (B) 2D averages. (C) Data processing workflow. 



 
 

 
 

(D) Cryo-EM map colored according to local resolution (Å). (E) Gold-standard Fourier shell 

correlation (FSC) curve showing an overall resolution at 3.2 Å. (F) Cross-validation of model to 

cryo-EM map. FSC curves for the final model versus the final map and half maps are shown in 

black, red, and green, respectively. (G to L) Results for the NPY–Y2R–Gi1 complex. (G) 

Representative cryo-EM image. (H) 2D averages. (I) Data processing workflow. (J) Cryo-EM 

map colored according to local resolution (Å). (K) Gold-standard FSC curve showing an overall 

resolution at 3.4 Å. (L) Cross-validation of model to cryo-EM map. (M to R) Results for the PP–

Y4R–Gi1 complex. (M) Representative cryo-EM image. (N) 2D averages. (O) Data processing 

workflow. (P) Cryo-EM map colored according to local resolution (Å). (Q) Gold-standard FSC 

curve showing an overall resolution at 3.0 Å. (R) Cross-validation of model to cryo-EM map.  



 
 

 
 

 



 
 

 
 

Fig. S2. Cryo-EM density maps of the NPY/PP–YR–Gi1 structures. (A) Cryo-EM density 

map and model of the NPY–Y1R–Gi1 structure are shown for all transmembrane helices, ECL1, 

ECL2, and ECL3 of Y1R, the N- and C-terminal regions of NPY (NPY-N and NPY-C), and Gai1 

a5-helix. (B) Cryo-EM density map and model of the NPY–Y2R–Gi1 structure are shown for all 

transmembrane helices, ECL1, ECL2, and ECL3 of Y2R, the N- and C-terminal regions of NPY 

(NPY-N and NPY-C), and Gai1 a5-helix. (C) Cryo-EM density map and model of the PP–Y4R–

Gi1 structure are shown for all transmembrane helices, ECL1, ECL2, and ECL3 of Y4R, the N- 

and C-terminal regions of PP (PP-N and PP-C), and Gai1 a5-helix. 

  



 
 

 
 

 

Fig. S3. Structural comparison of the NPY/PP–YR–Gi1 complexes. (A to C) Conformational 

changes of F6.44 and W6.48 in the active and inactive YR structures. (A) The structures of NPY–

Y1R–Gi1 and Y1R–UR-MK299 (PDB ID: 5ZBQ) are colored blue and gray, respectively. The C 

terminus of NPY is shown as purple spheres. The residues W6.48 and F6.44 in the two structures 

are shown as sticks. The red arrows indicate the conformational changes of W6.48 and F6.44 in the 

active NPY–Y1R–Gi1 structure relative to the inactive Y1R–UR-MK299 structure. (B) The 

structures of NPY–Y2R–Gi1 and Y2R–JNJ31020028 (PDB ID: 7DDZ) are colored orange and 

pink, respectively. The C terminus of NPY is shown as green spheres. The red arrows indicate 

the conformational changes of W6.48 and F6.44 in the active NPY–Y2R–Gi1 structure relative to 

the inactive Y2R–JNJ31020028 structure. (C) The structures of PP–Y4R–Gi1 and Y1R–UR-

MK299 are colored cyan and gray, respectively. The C terminus of PP is shown as yellow 



 
 

 

spheres. The red arrows indicate the conformational changes of W6.48 and F6.44 in the active PP–

Y4R–Gi1 structure relative to the inactive Y1R–UR-MK299 structure. (D to F) Conformational 

changes of the intracellular region of the receptors in the active and inactive YR structures. (D) 

The structures of NPY–Y1R–Gi1 and Y1R–UR-MK299 are shown in an intracellular view. The 

Gai1 a5-helix is colored light green. The red arrows indicate the movements of the intracellular 

tips of helices VI and VII in the NPY–Y1R–Gi1 structure relative to the Y1R–UR-MK299 

structure. (E) The structures of NPY–Y2R–Gi1 and Y2R–JNJ31020028 are shown in an 

intracellular view. The red arrows indicate the movements of the intracellular tips of helices VI 

and VII in the NPY–Y2R–Gi1 structure relative to the Y2R–JNJ31020028 structure. (F) The 

structures of PP–Y4R–Gi1 and Y1R–UR-MK299 are shown in an intracellular view. The red 

arrows indicate the movements of the intracellular tips of helices VI and VII in the PP–Y4R–Gi1 

structure relative to the Y1R–UR-MK299 structure. (G) Comparison of Gi1 conformation in the 

NPY/PP–YR–Gi1 complexes. The NPY–Y1R–Gi1 structure is colored blue (Y1R), light blue 

(Gai1), and gray (Gbg). The NPY–Y2R–Gi1 structure is colored orange (Y2R), light gold (Gai1), 

and pink (Gbg). The PP–Y4R–Gi1 structure is colored cyan (Y4R), light green (Gai1), and 

magenta (Gbg). (H) Comparison of the receptor helical bundle and Gai a5-helix conformations 

in class A GPCR–Gi structures. The structures of NPY–Y1R–Gi1, NPY–Y2R–Gi1, PP–Y4R–Gi1, 

A1R–Gi (PDB ID: 6D9H), µOR–Gi (PDB ID: 6DDE), CB1–Gi (PDB ID: 6N4B), NTSR1–Gi 

(PDB ID: 6OS9), and rhodopsin–Gi (PDB ID: 6CMO) are colored blue, orange, cyan, gray, 

magenta, green, pink, and dark red, respectively. Only the helical bundle and Gai a5-helix in 

each structure are shown for clarity. (I to K) Cartoon putty view of the NPY/PP–YR–Gi1 

structures showing dynamics of the peptide binding pockets. (I) NPY–Y1R–Gi1; (J) NPY–Y2R–

Gi1; (K) PP–Y4R–Gi1. Graphics were generated with PyMOL using B-factor putty. When bound 



 
 

 
 

to Y1R, the N terminus of NPY and the surrounding receptor regions are well defined, 

represented by thin lines (I). Upon binding to Y2R and Y4R, the N-terminal parts of NPY and PP 

exhibit more flexibility, represented by thick lines (J, K). (L) Sequence alignment of the human 

NPY peptides. Colors represent the similarity of residues: red background, identical; red text, 

strongly similar. The alignment was generated using UniProt (http://www.uniprot.org/align/) and 

the graphic was prepared on the ESPript 3.0 server (http://espript.ibcp.fr/ESPript/cgi-

bin/ESPript.cgi).     

  



 
 

 
 

 

Fig. S4. Schematic representation of interactions between NPY and Y1R or Y2R, and 

between PP and Y4R analysed by LigPlot+ (62). (A to C) Interactions between Y1R and NPY. 

(A) Interactions between Y1R and the N-terminal residues Y1-P13 of NPY. (B) Interactions 

between Y1R and the residues A14-I31 in the a-helical region of NPY. (C) Interactions between 



 
 

 
 

Y1R and the C-terminal residues T32-Y36 of NPY. The stick drawings and labels of Y1R 

residues and NPY residues are colored blue and purple, respectively. The polar interactions are 

indicated by green dashed lines. (D to F) Interactions between Y2R and NPY. (D) Interactions 

between Y2R and the N-terminal residues Y1-P13 of NPY. (E) Interactions between Y2R and the 

residues A14-I31 in the a-helical region of NPY. (F) Interactions between Y2R and the C-

terminal residues T32-Y36 of NPY. The stick drawings and labels of Y2R residues and NPY 

residues are colored orange and green, respectively. (G to I) Interactions between Y4R and PP. 

(G) Interactions between Y4R and the N-terminal residues A1-T13 of PP. (H) Interactions 

between Y4R and the residues P14-L31 in the a-helical region of PP. (I) Interactions between 

Y4R and the C-terminal residues T32-Y36 of PP. The stick drawings and labels of Y4R residues 

and PP residues are colored cyan and yellow, respectively.  



 
 

 
 

 

Fig. S5. Biphasic binding at YRs. (A) NanoBRET binding assay at Nluc-Y1R with different 

labelling positions of NPY using cell membrane preparations. NPY was labelled with TAMRA 

at its N terminus (black), the endogenous residue K4 (green) or an engineered K18 replacing the 

native A18 (blue). Addition of TAMRA to the N terminus of NPY reduces the affinity compared 

to K18(TAMRA)-NPY, while addition of the fluorophore to K4 results in no detectable BRET 

window. Curves represent biphasic fits, and the three-parameter logistic fit is shown as a dashed 

line for comparison. The high-affinity state of K18(TAMRA)-NPY binding is indicated by a 

black dashed box. (B) Binding of the same peptide variants as in (A) at Nluc-Y1R measured in 



 
 

 
 

intact cells is overall similar. (C) A Y1R construct carrying T4 lysozyme (T4L) in ICL3 which 

sterically hinders G protein interaction shows reduced fraction of high-affinity binding, 

suggesting that the G protein allosterically stabilizes high-affinity binding of NPY at Y1R. (D) IP 

accumulation assays confirm severely impaired activity of the ICL3-T4L fusion construct of Y1R 

to activate the G protein. (E) NanoBRET binding assay at Nluc-Y2R with different labelling 

positions of NPY using cell membrane preparations. All the NPY peptides exhibited biphasic 

binding with K18(TAMRA)-NPY showing the highest BRET window and wild type-like 

affinity. Curves represent biphasic fits. The high-affinity state of K18(TAMRA)-NPY binding is 

indicated by a black dashed box. (F) Binding of the same peptide variants as in (E) at Nluc-Y2R 

measured in intact cells is overall similar. (G) A Y2R construct carrying flavodoxin in ICL3 

which sterically hinders G protein coupling is devoid of detectable high-affinity binding, 

suggesting that the G protein allosterically stabilizes the high-affinity binding of NPY at Y2R. 

(H) IP accumulation assays confirm that ICL3-flavodoxin fusion construct of Y2R does not 

activate the G protein. (I) NanoBRET binding assay at Nluc-Y4R with different labelling 

positions of PP using cell membrane preparations. PP was labelled with TAMRA at its N 

terminus (black) or the residue K22 (blue, the residues M17 and M30 were substituted with 

norleucine). K22(TAMRA),Nle17,33-PP showed higher affinity and BRET window compared to 

the PP peptide with the fluorophore labelled at the N terminus. Curves represent biphasic fits, 

and the three-parameter logistic fit is shown as a dashed line for comparison. The high-affinity 

state of K22(TAMRA),Nle17,33-PP binding is indicated by a black dashed box. (J) NanoBRET 

binding assay at Nluc-Y4R with different labelling positions of PP using intact cells. The 

signalling window of high-affinity binding (KD ~10 nM) is significantly enhanced, indicated by a 

black dashed box. (K) Sterically blocking G protein interactions by different fusion proteins 



 
 

 
 

introduced into the ICL3 of Y4R does not significantly alter PP binding, in contrast to Y1R and 

Y2R (panels C and G). (L) IP accumulation assays confirm that the ICL3-flavodoxin/T4L fusion 

constructs of Y4R are unable to activate the G protein. (M) Displacement of K18(TAMRA)-NPY 

from the high-affinity binding state (labelling concentration: 10-9.5 M) by NPY and the antagonist 

JNJ-31020028 at the wild-type Y2R in isolated membranes, both have sub-nanomolar Ki values. 

(N) Displacement of K18(TAMRA)-NPY from the low-affinity binding state (labelling 

concentration: 10-6.5 M) by NPY and the antagonist JNJ-31020028 at the wild-type Y2R in 

isolated membranes. While the antagonist retains its subnanomolar Ki, NPY has significantly 

lower affinity, corroborating two distinct, G protein-related affinity states for the peptide agonist. 

All data are shown as mean ± SEM from at least three independent experiments performed in 

technical triplicate.   



 
 

 
 

 

Fig. S6. Live-cell fluorescence microscopy of the eYFP-fused wild-type YRs and YR 

mutants in transiently transfected HEK293 cells. (A) Y1R and mutants; (B) Y2R and mutants; 

(C) Y4R and mutants. All receptor variants were predominantly expressed in the cell membrane 

comparable to the wild-type receptors. Scale bars, 20 μm.   



 
 

 
 

 

Fig. S7. Comparison of the ligand binding sites in YRs. (A) The binding site for the peptide 

residue Y1 in YRs. The structures of NPY–Y1R–Gi1, NPY–Y2R–Gi1, and PP–Y4R–Gi1 are shown 

in cartoon representation and colored light blue (Y1R) / pink (NPY), gold (Y2R) / light green 

(NPY), and light cyan (Y4R) / yellow (PP). The peptide residue Y1 in the three structures are 

shown as purple, green, and yellow sticks, respectively. The extra protrusion in the C-terminal 

region of ECL2 in Y2R, which may prevent the entrance of the NPY N terminus into the receptor 

helical bundle, is highlighted with a red dashed box. (B) Binding poses of the C terminus of 

NPY/PP at the YRs. The structures of NPY–Y1R–Gi1, NPY–Y2R–Gi1, and PP–Y4R–Gi1 are 

superimposed on the receptors. The residues T32-Y36 in NPY or PP are shown as sticks. Only 

the receptor in the NPY–Y1R–Gi1 complex is shown for clarity. The red arrows indicate the 

movements of the Ca atoms of the NPY residues R33 and Q34 in the NPY–Y2R–Gi1 complex 



 
 

 
 

relative to the counterparts in the Y1R and Y4R complexes. (C) Comparison of the binding sites 

for NPY and UR-MK299 at Y1R. The C-terminal residues T32-Y36 of NPY and the antagonist 

UR-MK299 are shown as purple and yellow sticks, respectively. The receptor only in the NPY–

Y1R–Gi1 structure is shown for clarity. (D) Comparison of the binding sites for NPY and JNJ-

31020028 at Y2R. The C-terminal residues T32-Y36 of NPY and the antagonist JNJ-31020028 

are shown as green and cyan sticks, respectively. The receptor only in the NPY–Y2R–Gi1 

structure is shown for clarity. (E to G) The binding cavity for the peptide residue Y36 in YRs. 

(E) The receptor in the NPY–Y1R–Gi1 structure is shown in both cartoon and surface 

representations. The NPY residue Y36 is shown as purple sticks. Several receptor residues that 

form interactions with the side chain of Y36 are displayed as blue sticks. (F) The receptor in the 

NPY–Y2R–Gi1 structure is shown in both cartoon and surface representations. The NPY residue 

Y36 is shown as green sticks. The counterparts of the receptor residues shown in panel E that 

have shorter side chains are displayed as orange sticks. (G) The receptor in the PP–Y4R–Gi1 

structure is shown in both cartoon and surface representations. The PP residue Y36 is shown as 

yellow sticks. Several receptor residues that form interactions with the side chain of Y36 are 

displayed as cyan sticks. 

  



 
 

 
 

Table S1. NPY/PP-induced IP accumulation assays of wild-type (WT) and mutant YRs 
using the chimeric Ga protein Ga∆6qi4myr. 

NPY-induced IP accumulation of Y1R 
Mutants EC50  

(nM) 
EC50 
ratio† 

pEC50 ± 
SEM‡ 

Span‡,§ 
(% of WT) n|| Expression¶  

(% of WT) 
WT 5.1 1  8.28 ± 0.03 100 ± 1 25 100 
Construct 1# 1.7 0.3 8.76 ± 0.16 101 ± 6 3 102 ± 12 
F28NA†† 19 4  7.71 ± 0.09* 145 ± 5*** 3 118 ± 3 
E29NA 4.5 1 8.33 ± 0.05 130 ± 2** 3 91 ± 7 
D32NA 8.4 2  8.07 ± 0.10 115 ± 4 3 142 ± 3*** 
C932.57A 4.6 1 8.32 ± 0.05 108 ± 1 3 134 ± 7*** 
T972.61A 86 17  7.06 ± 0.11*** 103 ± 4 4 158 ± 2*** 
Y1002.64A 554 109  6.25 ± 0.09*** 101 ± 4 3 148 ± 2*** 
T1012.65A 18 4  7.73 ± 0.09* 95 ± 3 3 87 ± 4 
D1042.68A 114 22  6.94 ± 0.13*** 105 ± 6 3 131 ± 3*** 
Q1203.32A 32 6  7.49 ± 0.12*** 83 ± 4 3 97 ± 1 
C1213.33W 1,393 273  5.85 ± 0.18*** 100 ± 10 7 124 ± 6* 
I1243.36A 12 2  7.90 ± 0.10 104 ± 4 3 118 ± 1 
I1243.36W 833 163  6.08 ± 0.10*** 115 ± 6 4 103 ± 1 
F1734.60A 7.8 2  8.10 ± 0.09 131 ± 4** 3 114 ± 3 
P183ECL2A 16 3  7.78 ± 0.12 145 ± 7*** 3 111 ± 3 
F184ECL2A 230 45  6.63 ± 0.12*** 135 ± 7*** 3 100 ± 4 
T188ECL2A 31 6  7.50 ± 0.08*** 155 ± 5*** 3 84 ± 2 
D190ECL2A 1.2 0.2 8.90 ± 0.12 124 ± 5 3 95 ± 2 
Y192ECL2A 3.6 1  8.44 ± 0.10 81 ± 3 4 118 ± 3 
V197ECL2A 7.2 1  8.13 ± 0.12 115 ± 5 3 93 ± 2 
F199ECL2A 18 4  7.74 ± 0.10* 104 ± 4 3 90 ± 2 
D200ECL2A 102 20  6.99 ± 0.14*** 125 ± 7 5 124 ± 4* 
D2055.32A 5.5 1  8.25 ± 0.09 41 ± 1*** 3 53 ± 11*** 
R2085.35A 4.8 1  8.31 ± 0.14 83 ± 4 3 83 ± 4 
T2125.39A 9.6 2  8.01 ± 0.13 112 ± 5 4 100 ± 3 
L2155.42A 8.0 2  8.09 ± 0.11 97 ± 4 3 59 ± 1*** 
Q2195.46A 543 107  6.26 ± 0.08*** 120 ± 4 3 100 ± 1 
L2796.51A 50 10  7.29 ± 0.10*** 100 ± 4 3 56 ± 8*** 
F2826.54A 431 85  6.36 ± 0.10*** 98 ± 4 3 97 ± 4 
N2836.55A 2,369 465  5.62 ± 0.16*** 108 ± 10 5 68 ± 3*** 
F2866.58A 37 7  7.42 ± 0.11*** 114 ± 5 4 132 ± 5*** 
D2876.59A nd nd nd nd 5 110 ± 3 
I292ECL3A 9.7 2  8.01 ± 0.11 120 ± 6 4 112 ± 2 
T295ECL3A 9.1 2  8.04 ± 0.12 118 ± 6 3 96 ± 1 
H2987.31A 561 110  6.25 ± 0.13*** 178 ± 11*** 3 102 ± 2 
N2997.32A 746 146  6.12 ± 0.11*** 121 ± 7 3 100 ± 3 
F3027.35A 13 3  7.87 ± 0.14 84 ± 4 3 93 ± 2 
H3067.39A 10 2  7.98 ± 0.10 117 ± 4 3 75 ± 4* 

NPY-induced IP accumulation of Y2R 
Mutants EC50  

(nM) 
EC50 
ratio† 

pEC50 ± 
 SEM‡ 

Span‡,§ 
(% of WT) n|| Expression¶ 

(% of WT) 
WT 0.90 1 9.05 ± 0.05 100 ± 2 26 100 
Construct 2# 0.50 1 9.30 ± 0.11 95 ± 5 3 92 ± 6 
L40NA†† 2.0 2  8.70 ± 0.13 98 ± 5 3 95 ± 8 
T1072.61A 16 18  7.80 ± 0.12*** 82 ± 4 3 137 ± 11 
Y1102.64A 12 13 7.93 ± 0.11*** 114 ± 5 3 114 ± 9 
Q1303.32A 29 32 7.54 ± 0.11*** 85 ± 4 3 134 ± 15 
G1313.33W 6.8 8 8.17 ± 0.14*** 94 ± 5 4 97 ± 1 
V1343.36A 6.8 8  8.17 ± 0.10*** 139 ± 6*** 3 88 ± 9 
V1343.36W 25 28  7.60 ± 0.09*** 96 ± 3 3 76 ± 9 
L1834.60A 1.4 2  8.86 ± 0.09 130 ± 5** 3 106 ± 6 
I192ECL2A 1.1 1  8.94 ± 0.13 106 ± 6 3 96 ± 7 
I194ECL2A 1.5 2  8.82 ± 0.10 115 ± 5 3 118 ± 7 
I195ECL2A 1.0 1  9.01 ± 0.11 104 ± 5 3 114 ± 12 
F198ECL2A 0.80 1 9.10 ± 0.13 116 ± 6 3 136 ± 3 
I200ECL2A 4.4 5 8.36 ± 0.13*** 119 ± 6 3 96 ± 14 



 
 

 
 

A202ECL2W 6.6 7  8.18 ± 0.09*** 111 ± 4 3 81 ± 14 
T204ECL2A 0.30 0.3 9.47 ± 0.11 60 ± 3*** 3 87 ± 10 
E205ECL2A 21 23 7.68 ± 0.10*** 66 ± 3*** 3 95 ± 5 
E210ECL2A 0.50 1  9.31 ± 0.14 107 ± 6 3 109 ± 14 
E211ECL2A 0.90 1  9.06 ± 0.08 93 ± 3 3 93 ± 10 
Y2195.38A 4.8 5  8.32 ± 0.13*** 94 ± 5 3 103 ± 1 
L2275.46A 0.70 1 9.15 ± 0.08 105 ± 4 3 95 ± 10 
H2856.52A 3.0 3 8.52 ± 0.18* 86 ± 6 3 87 ± 14 
F2876.54A 6.6 7 8.18 ± 0.11*** 76 ± 3 4 111 ± 33 
Q2886.55A 3.3 4 8.48 ± 0.13* 67 ± 3** 3 110 ± 15 
V2916.58A 1.3 1  8.89 ± 0.13 125 ± 7* 3 111 ± 5 
D2926.59A 133 148 6.88 ± 0.09*** 84 ± 3 3 105 ± 10 
Q296 ECL3A 0.60 1  9.19 ± 0.10  104 ± 4 3 129 ± 9 
L298ECL3A 1.8 2  8.74 ± 0.10 114 ± 5 3 126 ± 12 
D299ECL3A 1.0 1 9.02 ± 0.20 85 ± 7 3 110 ± 16 
K301ECL3A 2.7 3  8.58 ± 0.14 94 ± 5 3 95 ± 3 
Y3037.31A 1.1 1  8.95 ± 0.15 82 ± 5 3 107 ± 13 
H3117.39A 137 152 6.86 ± 0.09*** 92 ± 4 3 38 ± 7* 

PP-induced IP accumulation of Y4R 
Mutants EC50 

(nM) 
EC50 
ratio† 

pEC50 ± 
SEM‡ 

Span‡,§ 
(% of WT) n|| Expression¶  

(% of WT) 
WT 0.80  1  9.11 ± 0.04 100 ± 2 18 100 
Construct 3# 0.50 1  9.34 ± 0.18 178 ± 13*** 3 59 ± 4 
C942.57A†† 3.9 5  8.40 ± 0.16 102 ± 6 3 108 ± 5 
T982.61A 323 404  6.49 ± 0.16*** 91 ± 7 3 94 ± 2 
Y1012.64A 8.7 11  8.06 ± 0.10*** 108 ± 4 3 132 ± 6 
D1052.68A 430 538  6.37 ± 0.14*** 68 ± 5** 3 257 ± 17*** 
Q1213.32A 5.6 7  8.25 ± 0.15* 93 ± 6 3 102 ± 10 
C1223.33W nd nd nd nd 4 138 ± 14 
V1253.36A 11 14  7.95 ± 0.11*** 80 ± 4 3 150 ± 11 
V1253.36W 168 210  6.78 ± 0.16*** 64 ± 5* 3 87 ± 2 
F1744.60A 0.90 1  9.05 ± 0.13 78 ± 4 3 142 ± 2 
V183ECL2A 0.60 1  9.20 ± 0.07 93 ± 3 3 111 ± 17 
F184ECL2A 31 39  7.51 ± 0.18*** 106 ± 8 3 99 ± 10 
H185ECL2A 1.1 1  8.98 ± 0.15 108 ± 7 3 107 ± 12 
N187ECL2A 1.5 2  8.81 ± 0.11 135 ± 6* 3 90 ± 3 
H188ECL2A 4.5 6  8.35 ± 0.15* 115 ± 7 3 98 ± 11 
K190ECL2A 1.5 2  8.82 ± 0.18 84 ± 6 3 81 ± 12 
L192ECL2A 11 13  7.97 ± 0.19*** 92 ± 7 3 106 ± 4 
T202ECL2A 0.70 1  9.15 ± 0.15 102 ± 6 3 86 ± 16 
R2115.35A 1.8 2  8.75 ± 0.13 84 ± 4 3 93 ± 16 
T2155.39A 1.0 1  8.99 ± 0.10 88 ± 4 3 71 ± 5 
L2185.42A 5.3 7  8.28 ± 0.09* 100 ± 4 3 60 ± 1 
Q2225.46A 689 861  6.16 ± 0.11*** 105 ± 7 3 102 ± 4 
L2816.51A 51 64  7.29 ± 0.15*** 87 ± 6 3 72 ± 5 
H2826.52A 5.3 7  8.27 ± 0.12* 92 ± 4 3 85 ± 4 
F2846.54A 42 52  7.38 ± 0.15*** 120 ± 8 3 153 ± 21* 
N2856.55A 32 41  7.49 ± 0.09*** 85 ± 3 3 86 ± 5 
E2886.58A 1.1 1  8.94 ± 0.11 95 ± 5 3 138 ± 30 
D2896.59A 515 644  6.29 ± 0.17*** 89 ± 8 3 120 ± 12 
H292ECL3A 0.50 1  9.32 ± 0.15 121 ± 8 3 100 ± 8 
E293ECL3A 7.3 9  8.13 ± 0.14** 101 ± 6 3 100 ± 3 
I295ECL3A 13 16  7.90 ± 0.09*** 102 ± 4 3 56 ± 8 
I297ECL3A 0.50 1  9.30 ± 0.19 100 ± 8 3 68 ± 8 
N3017.32A 16 19  7.81 ± 0.10*** 99 ± 4 3 48 ± 4 
F3047.35A 184 230  6.74 ± 0.18*** 98 ± 8 3 58 ± 3 
H3087.39A 5.0 6  8.30 ± 0.19* 36 ± 3*** 3 86 ± 13 

PP-induced IP accumulation of wild-type Y1R 
Peptides EC50 

(nM) 
pEC50 ± 
SEM‡ 

Span‡,§ 
(% of PP) n|| 

PP 96 7.02 ± 0.08 100 ± 4 4 
K4-PP 12 7.91 ± 0.08 113 ± 4 4 

Y1,K4-PP 3.1 8.50 ± 0.06 104 ± 4 4 



 
 

 
 

†The EC50 ratio, EC50(mutant)/EC50(WT), represents the shift between the WT and mutant curves, 
and characterizes the effect of the mutations on receptor signalling. 
‡Data are shown as mean ± SEM from at least three independent experiments performed in 
technical triplicate. *P<0.01; **P<0.001; ***P<0.0001 by one-way ANOVA followed by 
Dunnett’s post-test, compared with the response of the WT. 
§The span is defined as the window between the maximal NPY/PP response (Emax) and the 
vehicle (no ligand). nd (not determined) refers to data where a robust concentration response 
curve could not be established within the concentration range tested, such that an Emax was not 
reached and therefore span could not be calculated. 
||Sample size; the number of independent experiments performed in technical triplicate. 
¶Protein expression levels of Y1R, Y2R, and Y4R constructs at the cell surface were determined 
in parallel by flow cytometry with an anti-FLAG antibody and reported as per cent compared to 
the WT from three independent measurements performed in triplicate.  
#Construct 1, the Y1R construct used to determine the NPY–Y1R–Gi1 structure; construct 2, the 
Y2R construct used to determine the NPY–Y2R–Gi1 structure; construct 3, the Y4R construct used 
to determine the PP–Y4R–Gi1 structure. 
††All mutations were introduced in the WT. 
  



 
 

 
 

Table S2. Cryo-EM data collection, refinement and validation statistics. 
 NPY–Y1R–Gi1 NPY–Y2R–Gi1 PP–Y4R–Gi1 
Data collection and processing 
Nominal magnification 81,000 165,000 81,000 
Voltage (kV) 300 300 300 
Electron exposure (e−/Å2) 70 60 70 
Defocus range (μm) −1.3 ~ −2.3 −1.3 ~ −2.3 −0.8 ~ −1.5 
Pixel size (Å) 1.045 0.82 1.045 
Symmetry imposed C1 C1 C1 
Initial particle images (no.) 11,739,454 2,822,634 6,297,193 
Final particle images (no.) 423,400 361,477 1,047,385 
Map resolution (Å) 3.2 3.4 3.0 
  FSC threshold 0.143 0.143 0.143 
Map resolution range (Å) 2.5 − 8.0 2.5 − 8.0 2.5 − 5.0 
    
Refinement 
Initial model used (PDB code) 5ZBQ, 6N4B, 

1RON 
7DDZ, 6N4B, 
1RON 

5ZBH, 6N4B, 
1BBA 

Model resolution (Å) 3.6 4.1 3.4 
  FSC threshold 0.5 0.5 0.5 
Map sharpening B factor (Å2) −54 −84 −100 
Model composition    
  Protein residues 914 (6,877 atoms) 910 (6,960 atoms) 909 (6,935 atoms) 
  Ligand residues 36 (279 atoms) 36 (282 atoms) 36 (284 atoms) 
B factors (Å2)    
  Protein 90.3 123.0 67.3 
  Ligand 129.1 160.5 65.2 
R.m.s. deviations    
  Bond lengths (Å) 0.002 0.002 0.002 
  Bond angles (°) 0.474 0.494 0.492 
Validation    
  Molprobity score 1.56 1.73 1.67 
  Clashscore 6.95 8.51 8.62 
  Poor rotamers (%) 0 0 0 
Ramachandran plot    
  Favored (%) 97.01 96.03 96.77 
  Allowed (%) 2.99 3.97 3.23 
  Disallowed (%) 0.0 0.0 0.0 

 
  



 
 

 
 

Table S3. Interactions between NPY peptide and YRs. 
NPY Y1R Y2R PP Y4R 
Y1 F199ECL2 E210ECL2 A1 A2085.32 

D200ECL2* E211ECL2  R2115.35 
D2055.32    
R2085.35    
F2866.58    

P2 F2866.58    
I292ECL3    

K4 E182ECL2  E4 H185ECL2 
P183ECL2   N187ECL2 
   H188ECL2 

P5  I194ECL2   
N7 T188ECL2  Y7 K190ECL2 
P8  I195ECL2   
Y20 T188ECL2    
Y21 F28N L40N   

D190ECL2    
   A22 I297ECL3 
L24  I194ECL2 L24 H188ECL2 
    A191ECL2 
R25 E29N D299ECL3 R25 D36N 

D32N K301ECL3  D1052.68 
D1042.68    

H26 T295ECL3 Q296ECL3 R26 H292ECL3 
C296ECL3 L298ECL3  E293ECL3 

I295ECL3 
   I297ECL3 

Y27 P183ECL2  Y27 F184ECL2 
I28 F184ECL2 F198ECL2 I28 L192ECL2 

Y192ECL2    
N29 D1042.68 L298ECL3 N29 N3017.32 

H2987.31 Y3037.31   
N2997.32    

L30 F2866.58 L298ECL3 M30 E2886.58 
I292ECL3    
H2987.31    

I31 V197ECL2 I192ECL2 L31 Y1012.64 
F199ECL2 I200ECL2  F184ECL2 
 A202ECL2  T202ECL2 
 T204ECL2   

T32 Y1002.64 Y1102.64 T32 Y1012.64 
D1042.68 

V197ECL2 
  D1052.68 

R33 Y1002.64 E205ECL2 R33 F2846.54 
T1012.65 Q2886.55  N2856.55 
F2826.54 V2916.58  E2886.58 
N2836.55 D2926.59  F3047.35 
F2866.58 Y3037.31   
F3027.35    

Q34 T972.61 T1072.61 P34 T982.61 
 Y1102.64  Y1012.64 
 Q1303.32  F3047.35 

R35 F1734.60 E205ECL2 R35 Q1213.32 
T2125.39 Y2195.38  F1744.60 
N2836.55 D2926.59  T2155.39 
D2876.59   D2896.59 

Y36 C932.57 T1072.61 Y36 C942.57 
T972.61 Q1303.32  T982.61 
Q1203.32 V1343.36  Q1213.32 
C1213.33 L1834.60  V1253.36 
I1243.36 H2856.52  F1744.60 



 
 

 
 

L2155.42 H3117.39  L2185.42 
Q2195.46   Q2225.46 
L2796.51   L2816.51 
H3067.39   H2826.52 
   H3087.39 
   M3127.43 

*The receptor residues that form polar interactions with the NPY peptide are marked in bold. 
  



 
 

 
 

Table S4. NanoBRET binding assays of TAMRA-labelled NPY/PP at the high-affinity 
binding states of the wild-type YRs and mutants, and verification of the receptor constructs 
and peptides used in the NanoBRET assays. 

Nluc-Y1R binding to K18(TAMRA)-NPY 
Mutants KD (nM) KD ratio† pKD ± SEM‡ BRETmax [netBRET] ± SEM‡ n§ 
WT 4.0 1.0  8.40 ± 0.11 0.019 ± 0.002 13 
ICL3-T4L* 10 2.5 8.00 ± 0.13 0.014 ± 0.003 3 
T972.61A¶ nd nd nd nd 4 
D1042.68A nd nd nd nd 3 
Q1203.32A 13 3.3 7.89 ± 0.23 0.011 ± 0.003 3 
F1734.60A 5.4 1.4 8.27 ± 1.06 0.004 ± 0.005 4 
F184ECL2A nd nd  nd nd 3 
D200ECL2A 5.7 1.4  8.25 ± 1.13 0.005 ± 0.007 4 
R2085.35A 23 5.9 7.64 ± 0.51 0.006 ± 0.004 3 
Q2195.46A nd nd  nd nd 3 
F2866.58A 5.2 1.3  8.29 ± 0.64 0.004 ± 0.003 4 
H3067.39A 5.9 1.5  8.23 ± 0.25 0.005 ± 0.001 3 

Nluc-Y2R binding to K18(TAMRA)-NPY 
Mutants KD (nM) KD ratio† pKD ± SEM‡ BRETmax [netBRET] ± SEM‡ n§ 
WT 0.12 1.0 9.94 ± 0.31 0.0024 ± 0.0004 9 
ICL3-flavodoxin* nd nd nd nd 3 
T1072.61A¶ nd nd nd nd 3 
Q1303.32A 0.32 2.8 9.49 ± 0.76 0.0008 ± 0.0003 3 
L1834.60A 0.23 2.0  9.63 ± 0.50 0.0026 ± 0.0006 3 
I194ECL2A 0.61 5.3 9.21 ± 0.38 0.0018 ± 0.0003 3 
I200ECL2A 1.4 12 8.85 ± 0.17 0.0021 ± 0.0002 3 
E210ECL2A 0.15 1.3 9.81 ± 0.57 0.0024 ± 0.0007 3 
E211ECL2A 0.11 1.0 9.95 ± 0.18 0.0020 ± 0.0003 3 
L2275.46A 0.45 3.8 9.35 ± 0.42 0.0016 ± 0.0005 3 
D299ECL3A 0.09 0.8 10.05 ± 1.06  0.0018 ± 0.0010 3 
H3117.39A nd nd nd nd 3 

Nluc-Y4R binding to K22(TAMRA),Nle17,30-PP 
Mutants KD (nM) KD ratio† pKD ± SEM‡ BRETmax [netBRET] ± SEM‡ n§ 
WT 26 1.0 7.58 ± 0.05 0.058 ± 0.0011 7 
ICL3-Flavodoxin_1* 15 0.6 7.83 ± 0.05 0.060 ± 0.0009 4 
ICL3-Flavodoxin_2 56 2.1 7.25 ± 0.04 0.054 ± 0.0009 4 
ICL3-Flavodoxin_3 12 0.5 7.92 ± 0.05 0.055 ± 0.0009 4 
ICL3-Flavodoxin_4 12 0.5 7.94 ± 0.05 0.057 ± 0.0009 4 
ICL3-T4L_5 10 0.4 8.02 ± 0.03 0.067 ± 0.0007 4 
ICL3-T4L_6 12 0.5 7.91 ± 0.04 0.060 ± 0.0009 4 
T982.61A¶ 1,053 41 5.98 ± 0.05 0.045 ± 0.0014 3 
D1052.68A nd nd nd nd 3 
Q1213.32A 285 11 6.54 ± 0.04 0.043 ± 0.0008 4 
F1744.60A 77 3.0 7.11 ± 0.04 0.051 ± 0.0011 3 
F184ECL2A 642 25 6.19 ± 0.06 0.044 ± 0.0016 3 
H188ECL2A 145 5.6 6.84 ± 0.03 0.048 ± 0.0007 3 
L192ECL2A 161 6.2 6.79 ± 0.07 0.051 ± 0.0016 3 
Q2225.46A nd nd nd nd 3 
N2856.55A 576 22 6.24 ± 0.04 0.043 ± 0.0009 3 
D2896.59A 635 24 6.19 ± 0.09 0.049 ± 0.0025 3 
N3017.32A 754 29 6.12 ± 0.03 0.042 ± 0.0008 3 
F3047.35A 923 36 6.04 ± 0.05 0.048 ± 0.0015 3 
H3087.39A nd nd nd nd 3 

Verification of receptor constructs and peptides 

Constructs 

cAMP-induced RLU (fold of forskolin) Saturation binding to membranes of transfected HEK293 
cells 

NPY K18(TAMRA)-NPY 125I-PYY 
EC50  
(nM) 

pEC50 ±  
SEM‡ n§ EC50 

(nM) 
pEC50 ± 
SEM‡ n§ Bmax‡, specific binding 

(fmol/mg protein) KD
‡ (pM) n|| 

Y1R-eYFP 0.05 10.30 ± 0.13  3 0.03 10.47 ± 0.09 3 1,909 ± 143 205 ± 29 3 
Nluc-Y1R-eYFP 0.05 10.33 ± 0.11 3 0.06 10.21 ± 0.16  3 1,154 ± 84 238 ± 33 3 
Y2R-eYFP 0.03 10.50 ± 0.11 3 0.09 10.05 ± 0.10  3 2,207 ± 173 51 ± 9 3 



 
 

 
 

Nluc-Y2R-eYFP 0.04 10.45 ± 0.08 3 0.07 10.17 ± 0.16  3 2,101 ± 111 50 ± 7 3 

Constructs 

IP1 accumulation 
NPY K18(TAMRA)-NPY PP K22(TAMRA),Nle17,30-PP 

EC50  
(nM) 

pEC50 ±  
SEM‡ n§ EC50  

(nM) 
pEC50 ± 
SEM‡ n§ EC50 

(nM)  
pEC50 ± 
SEM‡ n§ EC50 

(nM)  
pEC50 ±  
SEM‡ n§ 

Y1R-eYFP 2.6 8.59 ± 0.03  3 6.7 8.17 ± 0.04  3 / / / / / / 
Nluc-Y1R-eYFP 0.67 9.17 ± 0.03 3 1.8 8.75 ± 0.05 3 / / / / / / 
Y2R-eYFP 0.19 9.72 ± 0.04 3 0.61 9.22 ± 0.07 3 / / / / / / 
Nluc-Y2R-eYFP 0.26 9.59 ± 0.04 3 0.83 9.08 ± 0.06 3 / / / / / / 
Y4R-eYFP / / / / / / 0.27 9.57 ± 0.07 3 0.35 9.45 ± 0.03 3 
Nluc-Y4R-eYFP / / / / / / 0.05 10.28 ± 0.07 3 0.05 10.27 ± 0.08 3 

†The KD ratio, KD(mutant)/KD(WT), represents the shift between the WT and mutant curves, and 
characterizes the effect of the mutations on peptide binding. nd, non-determinable. 
‡Data are shown as mean ± SEM from at least three independent experiments performed in 
technical triplicate.  
§Sample size; the number of independent experiments performed in technical triplicate. 
||Sample size; the number of independent experiments performed in technical duplicate. 
*ICL3-T4L/flavodoxin fusion constructs were used to study the allosteric effect of G protein 
coupling on the high-affinity binding. 
¶All mutations were introduced in the WT. 
  



 
 

 
 

Movie S1. 3D variability analysis of the cryo-EM data of the NPY/PP–YR–Gi1 complexes. 

Particle projections and 3D volumes from RELION 3.1's 3D auto-refine were imported into 

cryoSPARC v3. 3D homogenous reconstruction was executed for each receptor by Non-uniform 

Refinement before the 3D variability analysis. Output volume series were visualized by Chimera. 
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