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Summary: 
For many cytochromes P450 (P450), the electrons are transferred from the 
reductase to the P450 via a [2Fe-2S] cluster ferredoxin (e.g. putidaredoxin, 
terpredoxin or adrenodoxin). A similar role is played by several plant-type 
ferredoxins to transfer electrons from photosystem I to NADP+. Other 
ferredoxins like E. coli ferredoxin are probably involved in the biogenesis 
of iron-sulfur clusters. To understand what modulates the redox potential 
of the metal center in the different proteins, we have developed a method 
to calculate redox potentials from first principles. In calculations for 
Anabaena PCC7119 ferredoxin, we found that certain changes in protein 
structure upon a change in redox state have a strong influence on the redox 
potential. Preliminary results indicate that the same mechanism may be 
important for determining the redox potentials of other ferredoxins. 
 
Introduction: 

The small iron-sulfur proteins of the [2Fe-2S] cluster 
ferredoxin family have been under intensive investigation in recent years 
because of their importance in electron transfer reactions, such as those in 
the P450 system and in photosynthesis. Some of these iron-sulfur cluster 
proteins are very well characterized biochemically (Grinberg et al 2000) 
and structurally by crystallography and NMR (see references below). 
Nevertheless, it is still unclear how the redox potential is modulated by the 
protein. The effect of mutants cannot be predicted and the results from 
experiments are often counter-intuitive (Zöllner et al. 2002). 

Considering the P450 system, NMR structures have been 
determined for putidaredoxin and terpredoxin but these do not give an 
accurate picture of the region around the iron-sulfur cluster because of line 
broadening at the iron-sulfur center or the replacement of Fe3+ by Ga3+ for 
structure determination (Kostic et al. 2002). The crystal structures of 
adrenodoxin show residues 4-108 (Müller et al. 1998) or 6-111 (Pikuleva 
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et al. 2000) of the 128 residues in the oxidized state, but the structure of 
the C-terminal part is unknown. It is most likely unstructured in the 
oxidized state, but might adapt a more rigid conformation in the reduced 
state. Whether adrenodoxin acts as a monomer or dimer is under debate 
(Beilke et al. 2002). 

The structural data are much clearer for plant-type ferredoxins 
involved in photosynthesis. There are high-resolution crystal structures of 
Anabaena ferredoxin in both the oxidized and reduced states (Morales et 
al. 1999) (see Figure 1) and there are also structures of several mutants 
available (Hurley et al. 1997). Consequently, we have first applied our 
methodology to compute redox potentials to Anabaena ferredoxin and then 
applied it to ferredoxins in the P450 system. 

In the following sections, we give a brief outline of the 
method used, present results of calculations on Anabaena and E. coli 
ferredoxins and on adrenodoxin, and finally discuss the effects modulating 
the redox potential and their potential importance in [2Fe-2S] cluster 
ferredoxins. 
 
Methods: 

Our approach is to combine a density function theory 
quantum mechanical treatment of the iron-sulfur cluster with a classical 
electrostatics treatment of the surrounding protein environment. The 
protocol is similar to that published earlier (see Ullmann et al. 2002 and 
references therein; Li et al. 1998).  

The quantum mechanics calculation is used to obtain the 
difference in the energy of the iron-sulfur center in the two redox states in 
vacuum (∆Hox→red

vac). It also provides the electrostatic potential to which 
point charges at the coordinates of the atoms of the iron-sulfur cluster are 
fitted. The fitted atomic partial charges for the metal center and standard 
force field atomic charges for the protein are used in Poisson-Boltzmann 
electrostatics calculations to compute the difference in the solvation energy 
(∆∆Gox→red

solv) of the metal center in the protein and water in the two redox 
states. 

The redox potential (Eredox) is then calculated using a 
thermodynamic cycle (see Figure 2): 

Eredox = - (∆Hox→red
vac + ∆∆Gox→red

solv)/F + ∆SHE 
 
Here, F is the Faraday constant (23.06 kcal/(mol V)) and ∆SHE is the 
standard potential of the hydrogen electrode (-4.43 V). 
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Results: 
The redox potential measured for Anabaena ferredoxin varies 

over a range of about 60 meV (see Table 1), and depends on the method 
used by different authors (see discussion in Hurley et al. 1997). The redox 
potentials calculated previously differ by over 100 meV from the closest 
experimental value. 

We calculated the redox potential either using a single protein 
conformation or including treatment of conformational changes present in 
the different crystal structures of Anabaena ferredoxin and in the modeled 
hydrogen atom positions. When taking only a single conformation into 
account, we failed to reproduce the experimental results by over 500 meV, 
although we reproduced very well the results of Li et al., 1998 (who based 
their calculations on a single structure). On the other hand, when the 
change in protein conformation on redox state change is accounted for in 
the calculations, we obtained much better agreement with experiment.  

For E. coli ferredoxin and adrenodoxin (residues 4-108), 
crystal structures are only available for the oxidized state. Our calculation 
without treating conformational change has about the same difference 
compared to experiment as the respective calculation for Anabaena 
ferredoxin. Therefore, we expect that adrenodoxin also undergoes 
conformational changes upon reduction, which might be similar to those in 
Anabaena ferredoxin as the energetic contribution to the redox potential is 
about the same. 
 
Conclusions: 

Our combined quantum mechanics/continuum electrostatics 
method provides a promising approach to compute the redox potentials of 
ferredoxins from first principles. The results show that it is necessary to 
account for conformational changes upon a change in redox state in order 
to obtain results in agreement with experiments. However, the modeling 
work necessary also leads to larger uncertainties in the calculated redox 
potential values.  

The order of magnitude of the contribution to the redox 
potential due to conformational change seems to be the same for the 
studied ferredoxin and adrenodoxin proteins. Further investigations will 
show whether there is a common mechanism for modulating their redox 
potential by conformational changes. 
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Figure Captions: 
 
Figure 1.  Structure of Anabaena ferredoxin showing the location of 
secondary structure elements and the iron-sulfur cluster (Fe: green; S: 
yellow). 
 
Figure 2.  Scheme showing thermodynamic cycle used to compute the 
redox potential (see text). 
 
Table 1. Experimental and calculated Redox Potentials  
 

Method Eredox [meV] Reference  
Anabaena PCC7119 Ferredoxin 

Experiment -440 ± 15 Hurley et al. 1993 
Experiment -382 ± 1-3 Hurley et al. 1997 
Calculated -955 Li et al. 1998 
Calculated -267 Stephens et al. 1996 
Calculated -653 Stephens et al. 1996 
Calculated (without 
conformational change) -957 ± 13 

 
Present work 

Calculated (with 
conformational change) 

 
-450±120 

 
Present work 

E. coli Ferredoxin 
Experiment -380 Kakuta et al. 2001 
Calculated (without 
conformational change) -931 ± 27 

 
Present work 

Bovine Adrenodoxin 
Experiment  (wild-type) -273 Uhlmann 1995 
Experiment  (residues 4-108) -344 Uhlmann et al. 1997 
Calculated (residues 4-108) 
(without conformational 
change) -886 ± 20 

 
 
Present work 
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Figure 1. Structure of Anabaena ferredoxin showing the location of 
secondary structure elements and the iron-sulfur cluster (Fe: green; S: 
yellow). 
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Figure 2.  Scheme showing thermodynamic cycle used to compute the 
redox potential (see text). 
 


