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Figure S1. Root-mean-square deviation (RMSD), expressed in Å, of the protein backbone of the rhodopsin 
secondary structure from the models: bWT, hWT, hM207R, and hM207RDSB for the 75 ns MD production. 
The mean values and their standard deviations (gray rectangles) are shown within each graph. 
 

 

 

 

 

 

 

 

 

 

 

 

 



  
 

Figure S2.  Root-mean-square deviation (RMSD), expressed in Å, of the backbone of the residues 
contained in the rhodopsin binding pocket and in the inter-helice O2 gateways from the models: bWT, 
hWT, hM207R, and hM207RDSB for the 75 ns MD production.  The mean values and their standard 
deviations (gray rectangles) are shown within each graph. 
 



  
 

Figure S3.  Root-mean-square deviation (RMSD), expressed in Å, of the 11-cis-retinal linked to the opsin 
at Lys296 in bWT, hWT, hM207R, and hM207RDSB models for the 75 ns MD production.  The mean 
values and their standard deviations (gray rectangles) are shown within each graph. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

  

 

 
Figure S4.  Superimposition of the protein backbone of the crystalline structure 1U19 (bovine rhodopsin, 
in yellow), homology model of bWT rhodopsin (in blue), and five equilibrated MD conformations (1-5, 
in orange-purple-green-red-black).  

 
 
 
 



   

 

 

 

 

 

  
Figure S5.  O2-PMF isosurfaces calculated at the contour values -1.0 (in red solid) and 1.0 (in gray 
wireframe) kT for equilibrated rhodopsin structures embedded in a water box: a) bWT; b) hWT; c) 
hM207R; and d) hM207RDSB. Red or orange transparent lines are placed on the most favorable region 
crossed by the routes AE, BE, FE or GE into the network of the O2 pathways inside rhodopsins. Schematically, 
the trajectory of each route is drawn from the solvent (out of the iso-energy surface representation) to the 
β-ionone ring (in yellow licorice). Both Lys296 and the rest of the 11-cis-retinal structure are in licorice 
representation and colored according to atom types. The N-terminal end is proximal to the reader and the 
C-terminal end is distal. In the hWT model (b), there is no a network of pathways for O2 to travel toward 
the chromophore; in this view, the overlapping and apparent regions favorable to place dioxygen near the 
β-ionone ring correspond to those located above and far from the retinal binding pocket. 



 

 

 

 

 

 

 

 
Figure S6.  Pathways of O2 migration from the aqueous solvent to the β-ionone ring (yellow licorice) in 
bWT (pathways A and B at the H5 ─ H6 gate), hM207R (pathway F at the H6 ─ H7 gate) and hM207RDSB 

(pathway G at the H5 ─ H6 gate) rhodopsins as obtained from calculations of Voronoi diagrams and 
implicit ligand sampling. The respective geometrical tunnels (in blue or green) and energy-enabled 
routes (in red or orange) are shown in solid surface representation. In hWT, the VD tunnel CG (blue solid 
surface) does not match spatially with the lowest-energy route CE (red transparent surface) ending far 
away from the retinal ring, which prevents the viability of an O2 pathway. Protein structures are 
represented in gray cartoon with helices labels. 



 

 

 

 

 

 

 

 

 

 

 

Figure S7.  Matching of energy-enabled routes (in red or orange solid surface) with VD tunnel sets (top 
clusters in blue or green lines) for the passage of molecular oxygen from the solvent to the retinal ring (in 
yellow licorice) in bWT (route AE ─ cluster AGC, route BE ─ cluster BGC; H5 ─ H6 gate), hM207R (route 
FE ─ cluster FGC; H6 ─ H7 gate), and hM207RDSB (route GE ─ cluster GGC; H5 ─ H6 gate). In hWT, CG (in 
blue line) is the only tunnel from the cluster analysis identified for the region nearest to route CE (in red 
solid surface). Gatekeeper residues, Lys296, and the retinal (except the ring) are shown in licorice and 
colored according to atom types. The protein structure is represented in gray cartoon, showing the H5 ─ 
H6 and H6 ─ H7 gates. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S8. Tunnel clusters EGC (in purple lines) and DGC (in orange lines) that are energy-unable to 
transport O2 in the hWT structure and correspond to the spatial analogous for the pathways F and G in 
hM207R and hM207RDSB, respectively. The lowest-energy path CE for the hWT system is shown in red 
solid surface and the nearest top geometrical tunnel CG in blue line. The retinal structure (except the ring) 
covalently linked to Lys196 is shown in licorice and colored according to atom types. The retinal ring is 
shown in yellow. The protein structure is represented in gray cartoon with helix labels in black. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S9. Superimposition of MD snapshots of the human WT and M207R mutant rhodopsins: a) hWT 
vs hM207R, RMSD: ~4.2 Å; b) hWT vs hM207RDSB, RMSD: ~5.1 Å; and c) hM207R vs hM207RDSB, 
RMSD: ~3.7 Å. hWT, hM207R and hM207RDSB are in orange, green and purple, respectively. Helices 
implicated in the passage of O2 are labeled in white. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure S10. Superimposition of the residues of the rhodopsin binding pocket corresponding to the 
QM/MM optimized snapshots of a) bWT; RMSD = 0.52 Å and b) hWT; RMSD = 0.42 Ǻ. The average 
RMSD value between bWT and hWT snapshots was 0.89 Å. 
 

 



 

Table S1. Structural quality evaluation for the models: bWT, hWT, hM207R, and 
hM207RDSB. 

Criteria Parameter 1U19a bWT hWT hM207R hM207RDSB 

PROCHECK Most favored 
regions* 78.5 90.5 ± 2.6b 90.2 ± 0.8 91.2 ± 2.3 91.2 ± 2.2 

 Additional 
allowed regions* 16.2 8.3 ± 1.8 8.4 ± 0.4 7.3 ± 1.5 7.2 ± 1.4 

 Generously 
allowed regions* 3.6 1.0 ± 0.4 0.9 ± 0.5 1.3 ± 0.6 1.4 ± 0.5 

 Disallowed 
regions* 1.7 0.3 ± 0.5 0.4 ± 0.4 0.3 ± 0.4 0.2 ± 0.4 

 Overall G-factor 
 

0.2 
 

-0.2 ± 0.2 -0.3 ± 0.4 -0.2 ± 0.2 -0.2 ± 0.2 

       

WHAT_CHECK 
(Z-score) 

Fine Packing 
Quality Control 

 
-1.1 

 
-1.2 ± 0.3 -0.9 ± 0.2 -0.9 ± 0.2 -0.6 ± 0.1 

       

Verify-3D 3D/1D Profile 
(≥ 0.2) 

 
72.4 

 
80.1 ± 6.9 82.1 ± 3.9 76.7 ± 2.2 80.1 ± 2.3 

 

a Chain-B crystal. 
b Mean ± standard deviation calculated from the starting structure of each molecular dynamics (MD) 
simulation and five snapshots obtained from the MD sampling, the latter were used subsequently for the 
quantum mechanics/molecular mechanics optimizations (values obtained from the homology model and 
five equilibrated rhodopsin conformations by each system). 
*Expressed in percent (90 % is the threshold at resolution 2.0 Å, using PROCHECK). 

 

A high structural quality was identified for all 3D models obtained from the homology 

modeling and from equilibrated MD trajectories. In general, the evaluated parameters of 

the 3D models show average values that are better or very similar to those obtained for 

the crystalline starting structure (PDB code: 1U19), Table S1. The 3D/1D profiles with 

values very close to 80 % exhibit an appropriate compatibility of the 3D environment for 

each residue in the primary structure for all models. Both the Z-score values above -1.5 

for the fine packing quality control and the G-factor values above -0.5 show that the 

models are good structures without structural anomalies. In the Ramachandran plot, all 

3D models show that more than 90 % of their amino acid residues are placed within the 

most favored regions. All these results show the internal consistency (i.e. appropriate 3D-

1D compatibility, structural packing, and stereochemistry) of our 3D models. 



 

In Table S2, average heavy atom distances are shown for amino acid residues with 

acceptor and donor groups that can form hydrogen interactions in the rhodopsin binding 

pocket (RBP). These distance values indicate that the hydrogen bond network is perturbed 

inside the RBP in both mutants when compared with both WT rhodopsins, as expected, 

due to the structural arrangement induced by M207R substitution. A significant loss of 

the salt bridge Glu113 ─ Lys296 is confirmed in hM207RDSB. In addition, hM207RDSB 

exhibits heavy atom distances that are unfavorable for the hydrogen bond interactions 

Glu113 ─ Ser186, Glu113 ─ Thr94, and Glu181 ─ Tyr268. The last two, and the 

interaction Tyr268 ─ Tyr191 are also less favorable in hM207R mutant than in hWT.  

The stabilizing salt bridge Glu113 ─ Lys296 is preserved in hM207R, although the 

average distance Glu113 ─ Lys296 is slightly larger in the hM207R mutant compared 

with hWT.  Both mutants exhibit shorter heavy atom distances for the potential hydrogen 

 
 
Table S2. Average heavy atom distances expressed in Å for the rhodopsin binding 
pocket. The distance values are calculated from 5000 equilibrated rhodopsin 
conformations used for Implicit Ligand Sampling and Voronoi Diagram calculations for 
the models: bWT, hWT, hM207R, and hM207RDSB. 

Heavy-Atom Distances bWT hWT hM207R hM207RDSB 

OE2Glu113-NZLys296 2.65 ± 0.08 2.67 ± 0.09 2.67 ± 0.09 10.69 ± 2.15* 

OE1Glu113-NZLys296 3.45 ± 0.31 3.42 ± 0.31 3.58 ± 0.68 10.68 ± 2.24 

OE2Glu113-OGSer186 4.00 ± 0.30 3.90 ± 0.31 3.83 ± 0.65 9.83 ± 1.75 

OE2Glu113-OG1Thr94 4.28 ± 0.55 2.85 ± 0.47 4.36 ± 0.62 7.58 ± 1.82 

OE2Glu181-OHTyr268 4.28 ± 0.41 4.08 ± 0.51 4.22 ± 0.41 4.64 ± 0.45 

OE1Glu181-OHTyr192 2.92 ± 0.52 6.07 ± 0.41 2.73 ± 0.13 3.78 ± 0.59 

OE1Glu181-OHTyr191 5.75 ± 0.59 6.14 ± 0.53 5.41 ± 0.39 3.45 ± 0.39 

OHTyr268-OHTyr191 3.25 ± 0.41 3.07 ± 0.28 3.36 ± 0.37 3.00 ± 0.33 

OGSer186-OG1Thr94 5.02 ± 0.44 5.83 ± 0.43 4.82 ± 0.68 4.74 ± 0.33 

*Significant differences for heavy-atom hydrogen distances are highlighted in italic. 



interactions Glu181 ─ Tyr191 and Glu181 ─ Tyr192 than those calculated for the human 

normal counterpart. In general, the hydrogen-bond network pattern around the 11-cis-

retinal is more perturbed when going from hM207R to hM207RDSB. 


