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Supplemental Data 

Supplementary Table 1. List of all crystallized GPCRs including the main modifications in the 

constructs. 

  



 

Class A 

Family Receptor Truncation Stabilizing Mutations Other Mutations Chimera Crystallization PDB IDs 
Tool Method 

Amine 

β1 adrenergic 
turkey 

ΔN 3-32,  
ΔC 368-483,  
ΔICL3 244-271, 277-278 

R068S, M090V, Y227A, A282L, F327A, 
F338M 

C116L (exp.),  
C358A (palm.)   VD 2VT4, 2YCW, 2YCX, 

2YCY, 2YCZ 

ΔN 3-32,  
ΔC 368-483,  
ΔICL3 244-271 

R068S, M090V, Y227A, A282L, F327A, 
F338M 

C116L (exp.),  
C358A (palm.)   VD 

2Y00, 2Y01, 2Y02, 2Y03, 
2Y04, 4AMI, 4AMJ, 4GPO, 
3ZPR, 3ZPQ 

ΔN 3-32,  
ΔC 368-483,  
ΔICL3 244-271 

R068S, M090V, Y227A, A282L, F327A, 
F338M, I129V, D322K, Y343L 

C116L (exp.), 
C358A (palm.)   LCP 4BVN 

β2 adrenergic 
human 

ΔC 366-413  N187E (N-gly)  Fab5 VD 2R4R 

ΔN 1-24,  
ΔC 366-413  N187E (N-gly)  Fab5 VD 2R4S 

ΔC 366-413,  
ΔICL3 234-259  N187E (N-glyc.) T4L ICL3  LCP 2RH1 

ΔC 349-413,  
ΔICL3 234-259 E122W N187E (N-glyc.) T4L ICL3  LCP 3D4S, 3NY8, 3NY9, 3NYA 

ΔC 366-413,  
ΔICL3 234-259  N187E (N-glyc.) T4L ICL3 Nb80 LCP 3P0G 

ΔN 1-23,  
ΔC 349-413,  
ΔICL3 234-259  

N187E (N-glyc.),  
H93C (cov. lig.) T4L ICL3  LCP 3PDS 

ΔN 1-28,  
ΔC 366-413,  
ΔICL3 235-263  

N187E (N-glyc.),  
H93C (cov. lig.),  
M96T (exp), M98T (exp) 

T4L N-term Nb6B9 LCP 4QKX 

ΔN 1-28,  
ΔC 366-413  

N187E (N-glyc.),  
M96T (exp.), M98T (exp.) T4L N-term Nb35 LCP 3SN6 

ΔN 1-28,  
ΔC 366-413,  
ΔICL3 235-263  

N187E (N-glyc.),  
M96T (exp.), M98T (exp.) T4L N-term  LCP 4GBR 

ΔN 1-28,  
ΔC 366-413,  
ΔICL3 235-263  

N187E (N-glyc.),  
M96T (exp.), M98T (exp.) T4L N-term Nb6B9 LCP 4LDE, 4LDL, 4LDO 



!
Class A 

Family Receptor Truncation Stabilizing 
Mutations Other Mutations Chimera Crystallization PDB IDs 

Tool Method 

Amine 

dopamine D3 
human ΔICL3 222-318 L119W   T4L ICL3  LCP 3PBL 

histamine 1 
human 

ΔN 1-19,  
ΔICL3 222-404    T4L ICL3  LCP 3RZE 

serotonin 1B 
human 

ΔN 1-32,  
ΔICL3 240-305 L138W   bRIL ICL3  LCP 4IAR 

ΔN 1-32,  
ΔICL3 240-303 L138W   bRIL ICL3  LCP 4IAQ 

serotonin 2B 
human 

ΔN 1-35,  
ΔC 406-481,  
ΔICL3 249-313 

M144W   bRIL ICL3  LCP 4IB4, 4NC3 

M2 muscarinic 
acetylcholine 
human 

ΔICL3 218-376  N2D (N-glyc.), N3D (N-glyc.), N6D (N-glyc.), N9D (N-glyc.) T4L ICL3  LCP 3UON 

ΔICL3 233-374  N2D (N-glyc.), N3D (N-glyc.), N6D (N-glyc.), N9D (N-glyc.)  Nb9-8 LCP 4MQS, 4MQT 

M3 muscarinic 
acetylcholine 
rat 

ΔN 1-56,  
ΔICL3 260-481    T4L ICL3  LCP 4DAJ, 4U14, 4U15, 4U16 

!
!
!
!
!
!
!
!
!
!
!
!
!
!
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Class A 

Family Receptor Truncation Stabilizing Mutations Other 
Mutations Chimera Crystallization PDB IDs Tool Method 

Peptide 

neurotensin 1 
rat 

ΔN 1-42,  
ΔC 397-424,  
ΔICL3 269-299 

A86L, E166A, G215A, L310A, F358A, V360A   T4L ICL3  LCP 4GRV 

ΔN 1-49,  
ΔC 389-424,  
ΔICL3 280-295 

A86L, H103D, H105Y, A161V, R167L, R213L, 
V234L, I253A, H305R, F358V, S362A     VD 3ZEV 

ΔN 1-49,  
ΔC 389-424,  
ΔICL3 273-290 

A86L, H103D, H105Y, A161V, R167L, R213L, 
V234L, I253A, H305R, F358V, S362A     VD 4BUO 

ΔN 1-49,  
ΔC 389-424,  
ΔICL3 280-295 

S83G, A86L, T101R, H103D, H105Y, L119F, 
M121L, E124D, L125V, R143K, D150E, 
A161V, R167L, C172R, A177H, M208V, 
R213L, V234L, V240L, I253A, N262R, K263R, 
H305R, V313M, C332V, F342A, T354S, 
F358V, S362A 

    VD 4BV0 

ΔN 1-49,  
ΔC 389-424,  
ΔICL3 280-295 

S83G, A86L, T101R, H103D, H105Y, L119F, 
M121L, E124D, R143K, D150E, A161V, 
R167L, R213L, V234L, K235R, V240L, I253A, 
I260A, N262R, K263R, H305R, C332V, 
F342A, T354S, F358V, S362A 

    VD 4BWB 

angiotensin II type 1 
human  

ΔN 1, 7-16  
ΔC 320-359   bRIL N-term  LCP 4YAY 

chemokine CCR5 
human 

ΔC 320-352,  
ΔICL3 224-226 C58Y, G163N, A233D, K303E   Rubredoxin 

ICL3  LCP 4MBS 

chemokine CXCR4 
human 

ΔC 326-352 L125W   T4L ICL3  LCP 3OE6 

ΔC 320-352 L125W   T4L ICL3  LCP 3ODU, 3OE8 

ΔC 320-352, ΔICL3 
229-230 L125W T240P (uncoup.) T4L ICL3  LCP 3OE9, 3OE0 

ΔC 320-352,  
ΔICL3 229-230 L125W T240P (uncoup.), 

D187C (cov. lig.) T4L ICL3  LCP 4RWS 

!
!
!



Class A 

Family Receptor Truncation Stabilizing 
Mutations Other Mutations Chimera Crystallization PDB IDs Tool Method 

 δ-opioid 
mouse 

ΔN 1-35,  
ΔC 343-372,  
ΔICL3 245-250 

   T4L ICL3  LCP 4EJ4 

Peptide 

δ-opioid 
human 

ΔN 1-35,  
ΔC 339-372   P37S (Xtal) bRIL N-term  LCP 4N6H, 4RWA, 

4RWD 

κ-opioid 
human 

ΔN 2-42,  
ΔC 359-380,  
ΔICL3 S262  I135L (exp.) T4L ICL3  LCP 4DJH 

μ-opioid 
mouse 

ΔN 6-51,  
ΔC 361-398,  
ΔICL3 264-269    T4L ICL3  LCP 4DKL 

nociceptin/orphanin FQ 
human 

ΔN 1-43, 
ΔC 341-370    bRIL N-term  LCP 4EA3 

PAR1 
human 

ΔN 1-85,  
ΔC 396-425,  
ΔICL3 V302  N250G (N-glyc.), N259S (N-glyc.) T4L ICL3  LCP 3VW7 

orexin 2 
human 

ΔC 329-386,  
ΔICL3 255-293    glycogen synthase ICL3  LCP 4S0V 

!
!
!
!
!
!
!
!
!
!
!
!
!
!



!
!

Class A 

Family Receptor Truncation Stabilizing Mutations Other 
Mutations Chimera Crystallization PDB IDs Tool Method 

Nucleotide – like 

adenosine A2A 
human 

ΔC 317-412,  
ΔICL3 209-221    T4L ICL3  LCP 3EML, 3QAK 

ΔC 317-412 L48A, A54L, T65A, Q89A N154A (N-glyc.)   VD 2YDO, 2YDV 

ΔC 317-412 A54L, T88A, R107A, K122A, L202A, 
L235A, V239A, S277A N154A (N-glyc.)   VD 

3PWH, 3REY, 
3RFM, 3UZA, 
3UZC 

ΔC 317-412  N154Q (N-glyc.)  Fab2838 VD 3VG9 

ΔC 317-412,  
ΔICL3 210-217    bRIL ICL3  LCP 4EIY 

purinergic P2Y1  
human ΔICL3 248-252 D320N   rubredoxin ICL3  LCP 4XNV, 4XNW 

purinergic P2Y12 
human   D294N   bRIL ICL3  LCP 4NTJ, 4PXZ, 4PY0 

Lipid 

sphingosine-1-
phosphate 
human 

ΔC 327-382,  
ΔICL3 232-244    T4L ICL3  LCP 3V2W, 3V2Y 

GPR40/FFAR1 
Human ΔICL3 211-212 L42A, F88A, G103A, Y202F   T4L ICL3  LCP 4PHU 

lysophosphatidic 
acid 1 

ΔC 326-364   bRIL ICL3  LCP 4Z34, 4Z35 

ΔC 326-364  D204C, V282C 
(S-S) bRIL ICL3  LCP 4Z36 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 

Class A 

Family Receptor Truncation Stabilizing 
Mutations Other Mutations Chimera Crystallization PDB IDs 

Tool Method 

Rhodopsin 
bovine 

       VD 1F88, 1HZX, 1L9H, 1U19, 1GZM, 
2PED, 2G87, 2HPY, 3OAX 

WT     Gta peptide VD 3PQR, 3PXO, 4J4Q 

     ArrFL-1 
peptide VD 4PFX 

stabilized  N2C, D282C (S-S)     VD 2J4Y 

constitutively 
active mutants 

 N2C, D282C (S-S) E113Q (CAM)  Gta peptide VD 2X72 

 N2C, D282C (S-S) M257Y (CAM)  Gta peptide VD 4A4M 

disease mutants 
 N2C, D282C (S-S) G90D (CAM)   VD 4BEZ 

 N2C, D282C (S-S) G90D (CAM)  Gta peptide VD 4BEY 

opsin (apo)       VD 3CAP 

opsin (apo)      Gta peptide VD 3DQB 

Rhodopsin 
squid squid      VD 2ZIY, 2Z73, 3AYN, 3AYM 

 
NOTE: rhodopsin structures of poor resolution (> 3.5 Å; 2I35, 2I36, 2i37), and those obtained through reinterpretation of published data (3C9L, 3C9M) are not included in the table.  
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 

Class B 

Receptor Truncation Stabilizing Mutations Other Mutations Chimera Crystallization PDB IDs Tool Method 

glucagon 
human 

ΔN 1-122,  
ΔC 433-477    bRIL N-

term  LCP 4L6R 

corticotropin-releasing factor 1 
human 

ΔN 1-103,  
ΔC 374-444,  
ΔICL2 221-223 

V120A, L144A, W156A, S160A, K228A, F260A, 
I277A, Y309A, F330A, S349A, Y363A   T4L ICL2  LCP 4K5Y 

!
Class C 

Receptor Truncation Stabilizing Mutations Other Mutations Chimera Crystallization PDB IDs Tool Method 

metabotropic glutamate type 1 
human 

ΔN 1-580,  
ΔC 861-1194    bRIL N-

term  LCP 4OR2 

metabotropic glutamate type 5 
human 

ΔN 2-568,  
ΔC 837-1153 E579A, N667Y, I669A, G675M, T742A, S753A   T4L ICL2  LCP 4OO9 

!
Smoothened 

Receptor Truncation Stabilizing Mutations Other Mutations Chimera Crystallization PDB IDs Tool Method 

smoothened 
human 

ΔN 1-189,  
ΔC 556-787    bRIL N-

term  LCP 4JKV, 4N4W 

ΔN 1-189,  
ΔC 556-787,  
ΔICL3 434-440    bRIL ICL3  LCP 4O9R, 4QIM, 

4QIN 

!
!
!
!



Viral GPCRs 

Receptor Truncation Stabilizing Mutations Other Mutations Chimera Crystallization PDB IDs Tool Method 

chemokine US28 
human cytomegalovirus 

       LCP 4XT3 

ΔN 1-9,  
ΔC 310-354     Nb7 LCP 4XT1 
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Supplementary Table 2. Ligand and mutagenesis data for selected GPCRs. Ligand data 

include the number of ligands found in the ChEMBLdb for each receptor (and how many of 

those are similar to the co-crystallized ligands). Mutation data include the number of ligands 

used in mutagenesis studies, the number of mutants and positions mutated, and the 

combination of mutants and ligands. See the footnotes for details. 

  



GPCR 

Ligand data Mutagenesis data 

chemical structurea 
 nameb: PDBid 

# totalc 

[# similard] 

# of ligands in 
mutagenesis 

studies 

[# of protein 
ligands]e 

#mutantsf 

[positionsg] 
#mutant-

ligand 
comb.h 

Aminergic receptors 

 β1AR 

 

isoproterenol: 2Y031 
salbutamol: 2Y041 
dobutamine: 2Y00/2Y011 
carmoterol: 2Y021 

1191 
 

[106] 
19 

33 
 

[27]  
1492 

 

Carazolol: 2YCW3 
Carvedilol: 4AMJ4 
Bucindolol: 4AMI4 
Cyanopindolol: 2VT45/  
2YCX3/2YCY3/4BVN5 
I-cyanopindolol: 2YCZ 

 
arylpiperazine 19: 3ZPQ6 
arylpiperazine 20: 3ZPR6 

β2AR 

 

epinephrine: 4LDO7 
hydrox.bnz.isopr.:4LDL7 
BI-167107: 
3P0G8/3SN69/4LDE7 
FAUC50: 3PDS 
4QKS10 

1352 
 

[187] 
39  

171 
 

[91]  
2982 

 

alprenolol: 3NYA11 
carazolol: 2RH112/4GBR 
VS hit: 3NY911 
ICI-118,551: 3NY811 

 

timolol: 3D4S13 

D3R 

 

eticlopride: 3PBL14 
 

2668 
 

[18]  
31 20 [18]  1442 

M2 
 

(R)-3-quinuclidinyl 
benzilate: 4MQS15 

1546 
 

[43] 
38 41 [32]2 2072 

 

LY2119620: 4MQT16 

 
iperoxo: 4MQT16 
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M3 

 

tiotropium: 4DAJ17/ 
4U1418/4U1518/4U1618 

1385 
 

[15]  
24 68 [55]  2242 

H1R 

 

doxepin : 3RZE19 
1201 

 
[5] 

31 28 [16]  2382 

5HT1B 

 

ergotamine: 4IAR20,21 
 1040 

 
[2/253] 

18  37 [23]  12421-23 
dihydroergotamine: 
4IAQ20,21 

5HT2B 

 

ergotamine: 4IB420,21 
 

1104 
 

[11/64]⭐ 
6 20 [20] 6321-23 

Chemokine receptors 

CCR5 

!

Maraviroc: 4MBS24 
1793 

 
[96] 

26 [15] 148 [103] 104825,26 

CXCR4 

 

 

1T1t: 3ODU24 
166 

 
[18] 

35 
 

[19] 
112 [86] 58325,27 

Peptidea CVX15: 3OE0/3OE6/ 
3OE8/3OE928 

Chemokinea vMIP-II: 4RWS29 

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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Opioid receptors 

OPRD 
 

naltrindole: 4EJ431/4N6H32 

2461 
 

[333] 
44 67 [45]23,32 34023,32 

 

PRD_001256: 
4RWA/4RWD33 

OPRM 

 

 β-funaltrexamine: 4DKL34 
2678 

 
[198] 

35 35 [25]  13323 

OPRK 

 

JDTic: 4DJH35 
2755 

 
[37] 

26 45 [37] 11923,35 

OPRX 

 

NFQ: 4EA336 1078 [20] 25  12 [12] 4823,36 

Adenosine receptors 

A2AR 

!

Adenosine: 2YDO37 

NECA: 2YDV37  

UK-432097: 3QAK38 

3447 
 

[556] 
71  48 [32] 47339 !

ZM241385: 3EML 
40/3PWH41/3VG942/3VGA42 

!

XAC: 3REY41 
caffeine: 3RFM 41 

!

1,2,4-triazine 4g: 3UZA43 
1,2,4-triazine 4e: 3UZC43 
 

!
!
!
!
!
!
!
!
!
!
!
!
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Purinergic receptors 

P2Y12 !

2MeSADP: 4PXZ46 
2MeSATP: 4PY046 

906 
 

[92] 
3 

 
 
 

10 [10] 
 
 
 

1239,46,47 

!

AZD1283: 4NTJ47 

P2Y1 !

MRS2500: 4XNW48 

301 
 

[191] 
4 53 [31] 9739,48 

!

BPTU: 4XNV48 

Proteinase-activated receptors 

PAR1 

!

Vorapaxar: 3VW749 
574 

 
[236] 

1 3 [3] 549 

Lipid receptors 

S1P1 
!

ML056: 3V2W50/3V2Y50 
1241 

 
[32] 

14 53 [27] 11550,51 

FFAR1 

!

TAK-875: 4PHU44 
539 

 
[71] 

7 15 [10] 4744,45 

Neurotensin receptors 

NTR1 
Peptidea! NTS(8-13): 

4GRV50/3ZEV52 253 
7 

[3] 
56 [50]! 13123 

Orexin receptors 

OX2R 

!

Suvorexant: 4S0V53 
576 

 
[52] 

7 
 

[3]!
22 [21]! 118 !

!
!
!
!
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Secretin-like receptors 

CRF1 

!

CP-376395: 4K5Y54 
1404 

 
[6] 

20 
 

[11]!
185 [170]!! 28954-56!

GCGR $! 4L6Ri) 57 710 6 

[5]57 

217 [145] 26055 

Metabotropic glutamate receptors 

mGluR1 

 

FITM: 4OR2i 58 
476 

 
[22]j 

12  37 [26]  90X 59,60 

mGluR5 
 

mavoglurant: 4OO9i 60 
1415 

 
[32]j 

16 70 [33]  253 59,60  

Frizzled receptors 

SMO 
 

!

LY2940680: 4JKV61 

355 
 

[32]!
16! 13 [12]! 5860,62,63 

!

ANTA XV: 4QIM63 

!

SAG1.5: 4QIN63 

!
SANT-1: 4N4W63 

!
cyclopamine: 4O9R63 

 

a) Conserved scaffolds are shown for ligand series of  β1, β2, 5HT1B, and A2A, while molecular structures of large co-crystallized 
polypeptide/protein ligands of CXCR4, US28, and NTR1 are not displayed; parts of the ligands with high B-factors are colored red;  
b) Co-crystallized ligands that have been investigated in mutation studies are underlined (mutation data extracted from GPCRDB and indicated 
references);  
c) Ligands (60 heavy atoms or lower) extracted from ChEMBLdb with binding affinity (IC50/Ki) or functional potency (IC50/EC50) of at least 10 µM;  
d) Number of ligands with ECFP-4 Tanimoto similarity ≥ 0.4 to a co-crystallized ligand of the corresponding receptor;  
e) Number of unique ligands studied in mutation studies, protein ligands (60 heavy atoms or higher) indicated between brackets;  
f) Number of unique mutants investigated in mutation studies;  
g) Number of unique residue positions investigated in mutation studies;  
h) Number of investigated combinations of mutants and ligands (mutation data extracted from GPCRDB and/or indicated references);  
i) Similarity assessment only with co-crystallized ligands in 7TM domain (not ECD). 
 
!
!
!
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Supplementary files to generate the images in Figure 3. 

3eml_density.pml PyMOL commands to generate Figure 3, top left panel 

3eml_lig_density.pml PyMOL commands to generate Figure 3, bottom left panel 

4eiy_density.pml PyMOL commands to generate Figure 3, top right panel 

4eiy_lig_density.pml PyMOL commands to generate Figure 3, bottom right panel 

In order to run successfully these scripts in PyMOL: 

1. Download the files containing the crystallographic structure and the electron density map of 

each protein. These files can be obtained by navigating, respectively to the Protein Data Bank 

(PDB) (http://www.pdb.org) and the Electron Density Server (EDS) at Uppsala University 

(http://eds.bmc.uu.se/eds/), searching for each PDB code (in this case, 3EML and 4EIY), and 

looking for the ‘Download’ sections. 

In the EDS, in order to generate a 'standard' map for visual inspection of the experimental 

electron density, download the 2mFo-DFc map in CCP4 format. Once downloaded, rename the 

files to '3eml_map.ccp4' and ‘4eiy_map.ccp4’. 

These files (3eml.pdb, 3eml_map.ccp4, 4eiy.pdb, 4eiy_map.ccp4) need to be in the same 

directory where the scripts will be executed. 

2. Initiate a PyMOL session and move to the directory where the structure and electron density 

files are located by using the command ‘cd’ in the command line section of the PyMOL window; 

e.g. 

> cd /Users/johndoe/Documents/Structures 

(See http://www.pymolwiki.org/index.php/Practical_Pymol_for_Beginners for a basic tutorial on 

PyMOL). 
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3. Run the script by typing its name preceded by the symol ‘@, in the command line section of 

PyMOL; e.g. 

> @3eml_density.pml 

These scripts can be opened with any text editor, and modified to obtain different images. 
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Supplementary files to generate the images in Figure 4. 

3eml_bfactors.pml PyMOL commands to generate Figure 4, left panel 

4eiy_bfactors.pml PyMOL commands to generate Figure 4, right panel 

In order to run successfully these scripts in PyMOL: 

1. Download the files containing the crystallographic structure of each protein. These files can 

be obtained by navigating to the Protein Data Bank (PDB) (http://www.pdb.org), searching for 

each PDB code (in this case, 3EML and 4EIY), and looking for the ‘Download’ section. 

These files (3eml.pdb, 4eiy.pdb) need to be in the same directory where the scripts will be 

executed. 

2. Initiate a PyMOL session and move to the directory where the structure files are located by 

using the command ‘cd’ in the command line section of the PyMOL window; e.g. 

> cd /Users/johndoe/Documents/Structures 

(See http://www.pymolwiki.org/index.php/Practical_Pymol_for_Beginners for a basic tutorial on 

PyMOL). 

3. Run the script by typing its name preceded by the symol ‘@, in the command line section of 

PyMOL; e.g. 

> @3eml_bfactors.pml 

These scripts can be opened with any text editor, and modified to obtain different images. 


