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Structure of rhodopsin as given
in the protein data bank (PDB
entry: 1u19). The two
examined centres are
designated as “His100” and
“His195” since these are the
residues where studied
mutations occur. The
presence/lack of an asterisk in
the amino acid name
differentiates between the two
polypeptide chains building the
metal centres.



Gibbs energies (in kcal/mol) of Zn2+/ Ca2+ [A] and Zn2+/ Cu2+ [B] competition for binding
EDTA in aqueous solution. Theoretical values are from B3LYP/6-31+G(3d,p)/SMD
calculations whereas the experimentally obtained numbers are from Ref. [Schmid, R. W.;
Reilley, C. N. A Rapid Electrochemical Method for the Determination of Metal Chelate
Stability Constants. J. Am. Chem. Soc. 1956, 78, 5513–5518].

Validation of the calculation protocol



Gibbs energies of formation in 
kcal/mol for B3LYP/6-31+G(3d,p) 

optimized octahedral (red), 
[Zn(AAM)(H2O)5]

2+/+, and 
tetrahedral (green), 

[Zn(AAM)(H2O)3(H2O)2]
2+/+,  

structures.

ε = 30ε = 4

Modeling interactions of Zn2+

with different amino-acid 
models in octahedral/ 

tetrahedral geometry and 
evaluating the impact of the 

environment



Modeling the reactions of mutations in two 
Zn2+- containing rhodopsin centres

ΔGε in kcal/mol of formation of
mutated His100Phe [A] (in green), and
His195Phe [B]/ Lys [C] (in orange)
centres. The three-letter abbreviations
refer to the amino acids as follows: His
– histidine, Phe – phenylalanine, and
Lys – lysine, as modeled in accordance
to the corresponding AAMs used in the
current study.



ΔGε in kcal/mol of
competition between
the native Zn2+ and
the “alien” Ca2+[A] /
Cu2+ [B] for binding
the His100-centre. All
structures are fully
optimized at the
B3LYP/6-31+G(3d,p)
level.el.

Competition of Ca2+/ Cu2+ alien ions with the native Zn2+ for binding the 
“His100” centres



ΔGε in kcal/mol of
competition between
the native Zn2+ and
the “alien” Ca2+[A] /
Cu2+ [B] for binding
the His100-centre. All
structures are fully
optimized.G(3d,p)
level.

Competition of Ca2+/ Cu2+ alien ions with the native Zn2+ for binding the 
“His195” centres



The provided calculations shed light on the enigmatic function of the zinc cation in two studied centres

of the key protein rhodopsin:

1) The preference of Zn2+ toward tetrahedral in comparison to octahedral geometry was shown for the

model amino acid residues from the studied metal-binding sites. These observations fall in line with

abundant (but not systematic) data in literature both from experimental and theoretical point of view.

2) The effect of some mutations was studied and found to deprive the centres of their ability to bind the

native Zn2+, thus rendering the protein impaired in comparison to its native form.

3) Finally, the competition between the cognate Zn2+ and other biogenic cation such as Ca2+/ Cu2+ for

binding in the corresponding “His100“ and “His195” centres was evaluated by modeling the attack of these

cations on the Zn2+ - bound structures (flexible or rigid centres). The provided ΔGε values indicate the

inability of the calcium cation to substitute for the cognate zinc, but clearly show the competitiveness of

Cu2+. Nevertheless, although Zn2+ can be outcompeted thermodynamically by Cu2+, the Zn2+ binding sites

could still be well protected from Cu2+ attack as the cytosolic concentration of the latter is 106-108 times

lower than that of the former.
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