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NMR Modeling and Chemical Shift Tensor Calculation of 

the Retinal System 

S.1. NMR calculations and modeling for the dark adapted structure 

S.1.1 Modeling Protocol 

Structure: T. Okada et al. (1) Crystal Structure of Rhodopsin at 2.2Å (1U19.pdb) 

1. All molecules of unit A are extracted and stored as coordinate file A_1U19.coo (COSMOS-

NMR). 

2. Bond types of the protein part are corrected. The X-ray method does not give correct bond 

lengths for some groups. The bond types are needed in force field calculations. 

3. Palmitoyl groups are not taken into account, see Okada et al. (1). 

4. The Hg2+ and Zn2+ are substituted by water molecules. The same procedure was used by Okada et 

al. 

5. Charged groups are assigned to the protein part. Two versions are created: (i) Glu 181 and Glu 

122 are protonated and treated as uncharged, see Fahmy et al. (2) and Yan et al. (3) and a second 

version (ii) where Glu 181 is charged. 

6. Hydrogen atoms are added and subjected to a short geometry optimization to avoid close Van der 

Waals contacts.  

7. Hydrogen bridges of the protein backbone are introduced as distance constrains to preserve the 

general structure in MD simulations and global minima search. 

8. To heal out Van der Waals contacts from the automatic hydrogen generation the molecular model 

was annealed from 10K to 300K and 1053 coordinate files were saved as MD snapshots. During 

this process 317 backbone N-H...O-C hydrogen bonds were used as constrains to preserve the 

overall structure of the protein. 

9.  For geometry optimization with 13C chemical shifts the data of Frähmcke et al. (4) are used (see 

Table 5, column exp. Rhc), which are the average of the results reported in Refs. (5,6,7,8,9,10,11). 
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10. The 1053 structures are geometry optimized with the 13C chemical shifts as constraints (12). 

The atomic charges and 13C chemical shifts were calculated at every step of the geometry 

optimization (conjugated gradient method).  

11. From the 1053 structures the 20 with the lowest pseudo-energy were selected. These 20 

structures are used in all further investigations. 

12. The hydrogen atom H12 was replaced by a fluorine atom (F12) and the 20 fluorinated structures 

were geometry optimized. This free geometry optimization (without constraints) will change only 

the next surrounding of the fluorine atom. 

13. The 20 structures were geometry optimized with the isotropic 19F chemical shifts of F12 (δ=-

95.0 ppm/CFCl3) as constraints. In this process the 19F chemical shift tensor of the F12 was 

calculated (BPT parameter file: cs19f_tzvpp_mp2_ns_ref.pol). 

S.1.2 Results for the dark state (rhodopsin) 

S.1.2.1 13C CS optimized backbone structure  

We have to keep in mind that the 13C chemical shifts are obtained from molecules that are 

embedded within the membrane bilayer with its 7 membrane spanning helices. To preserve the 

global features of the protein part of the X-ray structure the hydrogen bridges of the backbone were 

used as additional constraints. Because no long range distance constrains are introduced some parts 

of the molecule shifted from its original position. The loop regions changed most but these regions 

 

Figure S1: Overlay of the original structure of 

rhodopsin (1U19; turquoise) with a CS 

optimized structure with 13C chemical shifts of 

retinal and backbone hydrogen bridges as 

constraints (red). Only the protein backbone is 

displayed. 
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are supposed to be flexible in the membrane bound state. The RMS deviation of the distance 

constraints for the backbone hydrogen bridges was 0.2 Å and this deviation indicates how well the 

general features of the structure are reserved (Fig. S1). 

S.1.2.2 13C CS optimized retinal structure  

In the following we use the term "best structure" for the one with the lowest CS pseudo-energy and 

consequently the lowest RMS deviation between calculated and experimental chemical shifts. 

The overlay of the backbone of the X-ray structure of retinal (Figure S2a) with the CS optimized 

structure gave a RMS deviation of 0.39 Å conserving all features of the X-ray structure for the best 

structure.  

If hydrogen 12 is substituted with fluorine the optimization with the 19F CS yields the number 18 of 

the 13C CS optimized structures as best structure (see Figure S2b). The RMS deviation to the 

structure number 1 is 0.67Å. This deviation is caused by the slightly other conformation of the 6 

membered ring. The difference of the structures is not primarily caused by the optimization but 

mostly by the selection of another structure that fits better to the 19F isotropic CS. 

Inspecting all 20 models (section S.1.1 step 11) some different conformers of the retinal showed up. 

15 out of the 20 best structures, including the best structure, retained the original conformation of 

the retinal (Figure S3 top). Two structures display a slightly different orientation of the 6 membered 

ring (Fig. S3, bottom). In three structures (Fig. S3, middle) the retinal backbone conformation was 

changed. In 17 of 20 structures the torsion angle C9-C10-C11-C12 is cis (values between -24.5° to 

6.5°, -25.5 for the best model) whereas this angle flips to trans (values between 168 to -170°) in 

 

 

Figure S2a: RMS overlay of the retinal backbone 

of the X-ray structure (grey) with the CS 

optimized structure (blue). 

Figure S2b: Overlay of the best 13C CS optimized 

structure (in gray) with the best 19F CS optimized 

structure (blue). 
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these 3 structures (Fig. S3, middle). This retinal conformation occurs also in isorhodopsin that was 

investigated by Nakamichi et al.  (13,14). Their X-ray structure contains two Retinals in the 

asymmetric unit with C10-C11-C12-C13 torsion angles of 166.9° and 166.4°. The coloring of the 

bonds should only indicate that there is an alternating π-bond length. Since the 13C chemical shift 

strongly depends on the valence of the π-bonds, this parameter will be adjusted in the course of the 

geometry optimization. 

The resulting 13C chemical shifts for the best structure are compared with the experimental values in 

Table S1.  

 Figure S3: Retinal conformers 

that appeared within the 20 best 

13C CS optimized structures of 

the dark adapted form 

(rhodopsin). 

The coloring of the bonds only 

indicates that there is an 

alternating π-bond length. For 

further explanation see text. 
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The largest deviation with 11.5 ppm comes from sp3 ring carbon atom C3 (Table S2). The RMS 

deviation of calculated and measured 13C chemical shifts including this carbon is 3.6 ppm. Upon 

eliminating this largest difference it is observed that on average the calculated values are by 1.869 

ppm too small. Since this difference may be caused by the theoretical reference or by an 

experimental reference shift it is recommended to re-reference the values using the mean as 

Table S1: Calculated and experimental 13C chemical shifts of retinal in rhodopsin (11-cis) 

Carbon site 13C CS Exp. 1) 

/ppm 

TMS 

13C CS BPT 

/ppm 

TMS 

13C CS BPT 

/ppm 

referenced 

Difference2) 

/ ppm 

C1_RET 

C2_RET 

C3_RET 

C4_RET 

C5_RET 

C6_RET 

C7_RET 

C8_RET 

C9_RET 

C10_RET 

C11_RET 

C12_RET 

C13_RET 

C14_RET 

C15_RET 

C16_RET 

C17_RET 

C18_RET 

C19_RET 

C20_RET 

34 

40 

20 

34 

130 

137 

132 

139 

148 

127 

141 

132 

168 

121 

165 

30 

26 

21 

13 

16 

34.276 

34.944 

31.47 

33.988 

129.721 

134.114 

130.115 

137.206 

146.513 

127.596 

137.173 

130.481 

164.25 

116.062 

162.14 

24.637 

24.902 

21.023 

13.483 

15.865 

36,145 

36,813 

- 

35,857 

131,59 

135,983 

131,984 

139,075 

148,382 

129,465 

139,042 

132,35 

166,119 

117,931 

164,009 

26,506 

26,771 

22,892 

15,352 

17,734 

2,145 

-3,187 

- 

1,857 

1,59 

-1,017 

-0,016 

0,075 

0,382 

2,465 

-1,958 

0,35 

-1,881 

-3,069 

-0,991 

-3,494 

0,771 

1,892 

2,352 

1,734 

1) Data taken from Frähmke et al. (4), which are the average of the results reported in Refs. 

(5,6,7,8,9,10,11). 

2) RMSD without C3: 1.93 ppm 
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reference. The RMS deviation of the re-referenced values is 1.93 ppm. The reason for the large 

deviation of C3 may originate in the existence of other ring conformers of the 6 membered ring. For 

instance, the torsion angle C1-C2-C3-C4 for the best dark model is 62° and in the light adapted 

structure this angle has flipped to -64°. 

S1.2.3 19F CS optimized retinal structure in the dark state (rhodopsin) 

The calculations reveal a large deviations of the isotropic 19F shifts in comparison to the 

experimental value (-95.0 ppm / CFCl3). The calculated value of the best structure is with -114.2 

ppm by 19.2 ppm too small. If we shift all calculated tensor values by 19.2 ppm we obtain tensor 

values that compare well with the experiment (Table S2).  

The next non bonded neighbor of the fluorine is Hα1 of glycine 114 with a distance of 1.768Å (Fig. 

S4a). This short contact resembles a hydrogen bridge and will have large influence on the fluorine 

Table S2: Calculated 19F principal tensor elements of F12 in comparison to the experimental values 

Tensor component Experimental values / 

ppm CFCl3 

Calculated values 

 uncorrected 

 / ppm CFCl3 

corrected for  

Δ-isotropic shift 

11 

22 

33 

-41.7 

-99.9 

-143.4 

-54.0 

-124.0 

-164.1 

-34.8 

-104.8 

 -144.9 

 

 

Table S3: Calculated 19F principal tensor elements of F12 for deprotonated Glu-181 in comparison to the 

experiment. All calculated values are shifted by 15.6 ppm to the experimental isotropic value. 

Tensor 

component 

Experimental value / 

ppm CFCl3 

Calculated values 

 uncorrected 

 / ppm CFCl3 

corrected for  

Δ-isotropic shift 

11 

22 

33 

-41.7 

  -99.9 

 -143.4 

-47.3 

-126.7 

  -157.8 

-31.7 

-111.1 

 -142.2 
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chemical shift.  The model with the shortest contact has the smallest difference to the experimental 

isotropic CS value. There is a clear tendency that the calculated isotropic CS gets larger negative 

values with growing distance of the shortest F...H contact (Fig. S4b). The 5th best model has a 

shortest distance of 2.481 to Hß3 of ALA 117 and an isotropic CS value of -126.76 ppm. An 

important contribution to the ligation shift in comparison with the similar compound in solution 

therefore lies in short F...H contacts to partial positive hydrogen atoms of the protein backbone or 

side chains, mainly Hα1 of glycine 114, and188, Hß of alanine 117 and Hɣ of threonine 118. 

It is not surprising that the span of the experimental tensor is somewhat smaller than that of the 

calculated tensor (Table S2), since even at 200K there is always a narrowing of the static tensor by 

internal motions. 

S1.2.4 The Effect of the Protonation of Glu 181 on the 19F CS  

The proton was removed from the COOH-group of Glutamate 181 and this group was treated as a 

carboxylate (COO-) group. This was done for the 20 best structures. These molecules were now 

optimized with the experimental isotropic 19F chemical shift as constraint. The resulting best 

isotropic shift was with -110.6 ppm (experiment -95.0 ppm) slightly better than in the case of the 

protonated Glu 181 (-114.2 ppm). The corresponding tensor elements are presented in Table S3. 

The surrounding of the fluorine was similar with Glu-181 protonated or deprotonated. When 

corrected for the difference in isotropic CS the calculated tensor element values in Table S3 

 

 

Figure S4a: Short contacts of fluorine to hydrogens of the 

protein binding pocket in the best structure. 

Figure S4b: Isotropic 19F CS depends on shortest contact 

distance between the fluorine and hydrogens of the protein 

binding pocket in a family of structures. 
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correspond quite well with the experimental ones, but are less close then when Glu-181 is 

protonated (Table S2).  

S2. NMR calculations and modeling for the light activated structure 

(Meta II) 

S2.1 Modeling Protocol 

Structure: X. Deupi et al. (15) (PDB ID 4A4M)  

1. All molecules of the asymmetric unit that were given in the PDB file 4A4M are extracted and 

stored as coordinate file A_4A4M.coo (COSMOS-NMR). The structure consisted of the 

metarhodopsin-II in complex with G protein alpha subunit (GαCT). 

2. The single and conjugated double bond types of the protein and GαCT are corrected. The X-ray 

method does not give bond lengths precise enough for automated bond search. The correct single 

and double bonds are needed for force field calculations. 

3. Hydrogen atoms are added and subjected to a short geometry optimization to avoid close Van der 

Waals contacts. The main source of these Van der Waals contacts are water oxygen atoms and the 

orientation of the water hydrogen atoms is selected at random. 

4. Charged groups are assigned to the protein and the GαCT part of the system.  

 

Figure S5: Overlay of the original structure 4A4M (turquoise) with a CS optimized structure with 13C 

chemical shifts of retinal and backbone hydrogen bridges as constraints (red). Only the protein 

backbone is displayed. 
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5. Hydrogen bridges of the protein and GαCT backbone are introduced as distance constrains to 

preserve the general structure in MD simulations and global minima search. 

6. To heal out VdW contacts from the automatic hydrogen generation the molecular model was 

annealed from 10K to 300K and 1053 coordinate files were saved as MD snapshots. During this 

process 317 backbone N-H...O-C hydrogen bonds were used as constrains to preserve the overall 

structure of the protein. 

7. All 1053 snapshots are geometry optimized using the COSMOS-NMR force field. The backbone 

hydrogen bond distances are used as constraints to avoid larger distortion of the original structure. 

8. The 1053 structures are geometry optimized with 13C chemical shifts of the Retinal part to 

generate structures that display a surrounding of the active site that resembles as close as possible 

the conditions that are present in the NMR investigations.  For geometry optimization with 13C 

chemical shifts the data of Smith et al. (16) (also see Frähmcke et al. (4) Table 5, column exp. Rhd) 

are used. 

The atomic charges and 13C chemical shifts were calculated at every step of the geometry 

optimization (conjugated gradient method) (12).  

9. From the 1053 structures the 20 with the lowest pseudo-energy were selected. These 20 

structures are used in all further investigations. 

10. The 20 best structures were geometry optimized with the isotropic 19F constraint (-130.0 ppm 

CFCl3) to adjust the surrounding of the fluorine to experimental conditions. In this process the 19F 

chemical shift tensor of the F12 was calculated (BPT parameter file: cs19f_tzvpp_mp2_ns_ref.pol). 

 

Figure S6: RMS overlay of the atoms of retinal in Meta II of the X-ray structure 

(grey) with the 13C CS optimized structure (blue). 
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S2.2 Results for the light adapted structure (Meta II) 

S2.2.1 13C CS optimized backbone structure 

Comparing the original backbone structure with the best 13C chemical shift optimized structure (Fig. 

S5) we state that all general features of the protein are conserved. The 314 backbone hydrogen 

bonds were used as distance constraints in the MD simulation and in the first geometry optimization 

without chemical shifts. The RMS deviation of the distance constraints for the backbone hydrogen 

bridges was 0.21 Å. When we do not count shorter distances (they do not violate constraints) we 

arrive at an RMS deviation of only 0.08 Å. 

S2.2.2 13C CS optimized retinal structure  

The X-ray structure and the 13C CS optimized structure of the retinal in Meta II are very similar and 

the RMS deviation is only 0.43 Å (see Figure S6). 

 

Figure S7: RMS overlay of the atoms of retinal of the 13C CS optimized structure 

(grey) with the 19F CS optimized structure (blue).. 

 

 

Figure S8: RMS overlay of the 20 best 13C optimized retinal structures in Meta 

II. 
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In the case of the 19F optimized structure (Fig. S7) only small changes are observed and these 

changes are mainly due to selection of the 13th best 13C optimized structure. The RMS deviation of 

the heavy atoms (excluding fluorine) is only 0.26Å. 

Table S4: Calculated and experimental 13C chemical shifts of retinal in Meta II. 

Carbon site 13C CS 

Exp.1)  

/ppm TMS 

13C CS BPT 

/ppm 

referenced 

Difference 2) 

/ppm 

C1_RET_A_401 

C2_RET_A_401 

C3_RET_A_401 

C4_RET_A_401 

C5_RET_A_401 

C6_RET_A_401 

C7_RET_A_401 

C8_RET_A_401 

C9_RET_A_401 

C10_RET_A_401 

C11_RET_A_401 

C12_RET_A_401 

C13_RET_A_401 

C14_RET_A_401 

C15_RET_A_401 

C16_RET_A_401 

C17_RET_A_401 

C18_RET_A_401 

C19_RET_A_401 

C20_RET_A_401 

34 

42 

18 

34 

144 

135 

129 

132 

146 

133 

139 

134 

164 

122 

160 

28 

28 

22 

11 

13 

35.44 

34.71 

26.45 

35.03 

142.96 

134.26 

128.48 

130.23 

144.26 

132.09 

138.91 

131.76 

165.70 

123.18 

152.22 

27.44 

28.68 

23.43 

10.92 

14.07 

1.44 

-7.29 

8.45 

1.03 

-1.04 

-0.74 

-0.52 

-1.77 

-1.74 

-0.91 

-0.09 

-2.24 

1.70 

1.18 

-7.78 

-0.56 

0.68 

1.43 

-0.07 

1.07 

1) Data taken from Frähmke et al. (4)  

2) 13C - RMSD = 3.243 ppm referenced for all retinal carbon values. The 13C - RMSD = 2.808 ppm when 

referenced and eliminating the maximum deviation of carbon 15 of -7.78 ppm  
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All 20 best 13C optimized structures of retinal in Meta II are similar and no other conformers 

appeared in the MD simulation (Fig. S8). As already mentioned not only the retinal backbone is 

different from the dark state model rhodopsin but also the 6 membered ring has another 

conformation. The torsion angle C1-C2-C3-C4 for the best model is -64° (compared to 62° for the 

dark state structure). 

The calculated 13C chemical shifts of the best Meta II structure are tabulated in Table S4, and 

compared to the experimental values. 

Large CS deviations are observed for the CH2 groups of the 6 membered ring (C2 and C3) as in the 

case of the dark adapted structure. A large deviation however appears also for the carbon C15 

connecting the retinal to the protein backbone by a bond to nitrogen. Since we have no constraints 

on the nitrogen the surrounding of C15 is a weaker constraint than the other carbons. This carbon 

atom was therefore excluded for the calculation of the mean reference. The CS RMS deviation 

excluding C15 is 2.8 ppm 

S2.2.3 19F CS optimized retinal structure in Meta II 

The calculated isotropic 19F shifts for the best Meta II model fit much better to the experimental 

value (-130.9 ppm / CFCl3)  than in the case of the dark state model. The calculated value of the 

best structure is with -125.6 ppm by 5.3 ppm too large. If we shift all calculated tensor values by 5.3 

ppm we obtain tensor values that compare well with the experimental values (Table S5). 

The fluorine in the best structure has close contacts to HN of isoleucine 189 (2.410Å) and to Hɛ2 of 

tyrosine 286 (2.621Å, proton on the aromatic ring). The effect of these closest residues on the bond 

polarization cancel each other to a large extent, resulting in a significant decrease of the chemical 

shift. 

  

Table S5: Calculated 19F principal tensor elements of F12 in comparison to the experiment.  

Tensor 

component 

Experimental value / 

ppm CFCl3 

Calculated value / ppm  

ref. isotropic value  

11 

22 

33 

-76.8 

-130.9 

-185.0 

-70.5 

-118.5 

-187.7 
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