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ABSTRACT 

 
Iron-sulfur proteins are a class of proteins that contain an iron-sulfur cluster and 

have functions often involving electron transfer processes in cells. The rubredoxins are 

iron-sulfur proteins that have a range of potentials from -61 to 40 mV, and other 

homologous proteins such as rubrerythrin increase the range.  Moreover, site-specific 

mutations can tune the potentials by about 50 to 100 mV. Here, reduction potentials are 

predicted for wild-type proteins from five different bacteria, as well as site-specific 

mutants in Clostridium pasteurianum. The approach uses a Poisson-Boltzmann 

calculation of the interaction energy of the cluster with the protein, where the partial 

charges come from density functional theory calculations. By adding the intrinsic energy 

calculation of cluster, also obtained from density functional theory calculations, absolute 

reduction potentials are obtained.  
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Introduction 

Iron-sulfur proteins are a class of proteins that contain an iron-sulfur cluster and 

have functions often involving electron transfer processes in cells. They are found in a 

wide variety of organisms and, because of their importance throughout nature, studies of 

these proteins including their structure-function relationships and their formation in the 

cell are essential.1 Iron-sulfur proteins include high potential iron-sulfur proteins 

(HiPIPs), ferredoxins (Fds), and rubredoxins (Rds).1-2 The simplest are the rubredoxins, 

which contain a redox site consisting of a single iron ligated to four cysteine residues, 

commonly represented as [Fe(SR)4]n, where n is the oxidation state. The name rubredoxin 

comes from the red coloring of the cluster when it is in the (1-) state. They have a similar 

size range (45-54 residues). All rubredoxins contain two Cys-X-X-Cys sequences, which 

provide the four cysteines that ligate to the iron to form the cluster. The cluster is located 

close to the protein surface (Figure 1), and is tetrahedrally ligated to the four cysteines.3 

Rubredoxins are highly similar4 in the structure of their backbone and have ~50 to 60% 

sequence identity.4  
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Figure 1. Depiction of 4 rubredoxins (Pyrococcus furiosus,  Desulfovibrio vulgaris, Clostridium 
pasteurianum, and Desulfovibrio gigas) aligned, showing the Fe(SR)4 cluster and its position (See Methods 

for references). 
 

Previous studies have focused on calculating relative reduction potentials and 

understanding how the protein affects the reduction potential. Warshel and co-workers 

have developed a method of calculating reduction potentials using the Protein-Dipoles-

Langevin-Dipoles (PDLD) model,5-6 which treats the protein as a collection of charged, 

polarizable atoms, while treating the solvent molecules as orientable point dipoles on a 

grid3 and has been applied to a range of biological systems.7-8 The PDLD model has been 

reasonably successful in predicting relative reduction potentials in such proteins as 

cytochrome c9-10 and iron-sulfur proteins.3  
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Our previous work has generally used atomistic approaches that treat the protein 

as well as the solvent explicitly, in defining molecular dynamics studies of rubredoxin 

that have explored the factors controlling the reduction potential.4, 11-14 This work has 

shown that for rubredoxins the backbone and polar side chains play a major role,13 and 

charged side chains play a minor role, since they are located at the surface and are 

dielectrically shielded by the surrounding solvent water.4 In addition, differences between 

a higher reduction potential class and a lower potential class were attributed to the residue 

at position 44.4, 12 A valine at the 44 position shifts the backbone further from the Fe-S 

cluster due to the side chain occupying more space (Figure 2), when an alanine or glycine 

at the 44 position means the side chains occupy less space allowing the backbone to shift 

closer to the cluster, which causes a ~50 mV shift to a higher reduction potential.12 

Finally, our group has found a water gating mechanism by Leucine 41 in Clostridium 

pasteurianum rubredoxin.15 Molecular dynamics simulations of both the oxidized and 

reduced form of the protein showed that in the oxidized form, the gate opened and closed 

but no water entered, while in the reduced form, the gate remained open for the duration 

of the simulation, with two waters approaching at 3.2 Å from the cysteine 9 residue, 

which is one of the four cysteine residues that ligates to the iron center. In the reduced 

form, the water is more likely to enter due to the attraction to the stronger electronegative 

potential of the cluster.15 
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Figure 2. Depiction of the shift in backbone due to the V44A mutation (red) in Cp rubredoxin.  
 

 More recently, we have developed a method to calculate the absolute reduction 

potential as the sum of the intrinsic reduction energy of the cluster, the change in the 

interaction of the cluster with the protein and solvent environment, and the energy of the 

electron in the standard hydrogen electrode. Our previous work demonstrated the 

accuracy of our calculation of the oxidation energy of the cluster itself, using a 

combination of density functional theory (DFT) photoelectron spectroscopy (PES) 

experiments.16 Specifically, the functionals and basis sets were calculated by comparing 

oxidation energies for our calculation with PES experiments. Moreover, although the 

oxidation of an [Fe(SCH3)4]1- analog can be studied experimentally by photoelectron 

spectroscopy, the oxidation of an [Fe(SCH3)4]2- analog cannot be due to its instability in 

the gas phase. However, it can be determined indirectly via a thermodynamic cycle using 

PES data of an [Fe(SCH3)3]1- analog.16  

In addition, our previous work has shown that the environment contribution can 

be calculated using continuum electrostatics and partial charges of the cluster in the 
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oxidation state from the DFT.17 Classical electrostatics can be used to treat 

macromolecules, such as proteins, in aqueous solvent by solving the Poisson-Boltzmann 

(PB) equation numerically for the protein represented as partial charges in a given low 

dielectric continuum cavity, surrounded by the solvent that is represented by a high 

dielectric continuum.18 This approach is similar to that of Noodleman and Case,19 

although our DFT studies have been calibrated against the PES energies. Our previous 

work focusing on proteins containing the [Fe4S4(SR)4]  cluster, namely the high potential 

iron-sulfur proteins (HiPIP), ferredoxins and the nitrogenase iron-proteins, shows that 

this approach can accurately predict reduction potentials.17 This study aims to test the 

effectiveness of these continuum calculations on rubredoxins, which contain the 

[Fe(SR)4] cluster.  

 

Methods 
 

All crystal structures were obtained from the Protein Data Bank.20 Crystal 

structures of five wild type rubredoxins were from Clostridium pasteurianum (Cp) at 

1.10 Å resolution [1IRO],21 Pyrococcus furiosus (Pf) at 0.95 Å resolution [1BRF],22 

Desulfovibrio vulgaris (Dv) at 0.92 Å resolution [1RB9],23 Desulfovibrio gigas (Dg) at 

0.68 Å resolution [2DSX],24 and Pyrococcus abyssi (Pa) at 1.79 Å resolution [1YK5].25 

In addition, crystal structures of six Cp Rds were from Clostridium pasteurianum V44A 

(Cp V44A) at 1.60 Å resolution [1C09],26 Clostridium pasteurianum V44G (Cp V44G) at 

2.00 Å resolution [1T9O],27 Clostridium pasteurianum V44A G45P (Cp V44A G45P) at 

1.50 Å resolution [1T9P],27 Clostridium pasteurianum V44L (Cp V44L) at 1.80 Å 

resolution [1T9Q],27 Clostridium pasteurianum L41A (Cp L41A) at 1.36 Å resolution 
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[1SMM].28 For crystal structures containing more than one protein in the asymmetric unit 

or multiple side chain conformations, the calculated reduction potentials were averaged 

over all structures. The experimental reduction potentials in the wild type Rds25, 29-32 and 

the Cp mutants26-28 were obtained from the literature. Molecular graphics images were 

generated using VMD.33  

A reduction reaction goes as follows, 

� 

A+ e− → A− 

In this reaction, A refers to the iron-sulfur cluster within a protein, which is [Fe(SR)4]- 

specifically for rubredoxins, where R represents either a methyl or methylene group. The 

reduction potential, E°, of the given reaction is calculated via the free energy, ΔG, using 

the Nernst Equation 

� 

ΔG = −nFE° 

where n is the number of electrons and F is Faraday’s constant. The free energy can be 

approximately decomposed into the following.  

-nFE˚ = ∆G° ≈ ∆Gin + ΔGout + ΔGSHE 

The inner sphere or intrinsic energy, ΔGin, is due to the energy required to add an electron 

to the redox site, the change upon reduction in the interaction energy of the redox site 

with the environment or outer sphere component, ΔGout, and the ΔGSHE = 4.43 eV is the 

free energy for the electron in the standard hydrogen electrode.34  

The ΔGin was obtained from DFT calculations35 at the B3LYP/6-

31G(++)s**//B3LYP/6-31G** level35-40 and the B3LYP/DZVP2 level35-36, 41 of 

Fe(SCH3)4
1-/2- 42 using methods described previously16, 43 with the program NWChem.44 

Since all calculations used B3LYP, reference to the functional will be dropped 
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henceforth. Partial charges for the cluster were calculated using CHELPG45 at the 

DZVP2/6-31G**, 6-31G(++)s**, and DZVP2 levels and were compared to previously 

calculated cluster charges by Case and co-workers19 (Table 1). At this level, the adiabatic 

detachment energy of the electron calculated for Fe(SCH3)4
2- without and with zero-point 

energy (ZPE) corrections are -1.76 and -1.68 eV at the 6-31G(++)s**//6-31G** level, 

respectively, and   -1.56 and -1.48 eV at the DZVP2 level,42 respectively, compared with 

the experimental value of -1.64 eV from gas phase thermodynamic cycle and PES 

oxidation energies and DFT dissociation energies.16 The ΔGin are 1.63 eV at the 6-

31G(++)s**//6-31G** level and 1.46 eV at the DZVP2 level  

The ΔGout were obtained from Poisson continuum electrostatic calculations of the 

cluster in the protein surrounded by a continuum solvent using APBS,46 a program for 

solving the PB equation. Although the ionic concentration here is zero, the calculations 

are referred to as “PB” following common practice. The reference system consists of the 

cluster; that is, the iron, the ligating cysteinyl sulfurs, ß-carbons, and ß-hydrogens. ΔGout 

is the difference in solvation energy of the cluster between the oxidized and reduced 

states.  

∆Gout = ∆Gsolv(Fe(SR)4
n-1) - ∆Gsolv(Fe(SR)4

n) 

The solvation energy of oxidation state n is the difference between the free energy of 

[Fe(SCH3)4]n in the protein plus the surrounding solvent (note the extra hydrogen is 

considered a link atom with zero charge) and the free energy of [Fe(SCH3)4]n in vacuum. 

Missing atoms were added to the crystal structures, hydrogen positions were optimized, 

and interaction energies between side chains and the protein were calculated for specific 

residues using CHARMM.47 The rubredoxins were calculated within a 46.0 Å cubic grid 
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and a grid spacing of 0.2 Å was used for all calculations. The atomic radii and partial 

charges (except for the cluster) were from CHARMM22 parameters48; the partial charges 

for the cluster were from the respective DFT calculations from which the ΔGin was 

calculated. The Connolly surface, that is, the surface outlined by a probe of radius r = 1.4 

Å rolling over the van der Waals surfaces of the solute atoms,49 was used for both the 

protein-water and the protein-redox site boundaries. After assigning dielectric values to 

each grid point based on the boundaries defined by the Connolly surfaces, the boundaries 

were smoothed by reassigning the value for each grid point as the average of the original 

values of the grid point and its eight nearest neighbors.50 In addition, although there is 

debate over what εp signifies and what its value is,8 εp = 4 is used here as a standard value 

that has been used successfully for many proteins to account for reorientational and 

electronic polarizability.18 
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 Case19 DZVP2/6-
31G** 

6-13G(++)s** DZVP2 

Fe 0.900 1.204 1.240 1.160 

S -0.708 -0.841 -0.880 -0.820 

C -0.197 -0.140 -0.110 -0.150 

H 0.090 0.090 0.090 0.090 

(a) 

 Case19 DZVP2/6-
31G** 

6-13G(++)s** DZVP2 

Fe 0.812 1.000 1.180 1.000 

S -0.507 -0.594 -0.655 -0.590 

C -0.126 -0.086 -0.070 -0.090 

H 0.090 0.090 0.090 0.090 

(b) 

 Case19 DZVP2/6-
31G** 

6-13G(++)s** DZVP2 

ΔGin 1.46 1.46 1.63 1.46 

(c) 

Table 1. Partial charges used for the [Fe(SCH3)4] (a) reduced and (b) oxidized cluster and (c) respective 
ΔGin in eV. 

 

Results 

.  
Effects of grid spacing 

The first test was to find the proper grid spacing. The wild-type Cp Pa, Pf, Dv, 

and Dg were calculated at grid spacings of 0.4 Å, 0.2 Å, and 0.1 Å using DZVP2/6-

31G** partial charges and the corresponding ΔGin (Figure 3). Increasing the grid spacing 

results in a decrease in the calculated reduction potential but the results appear converged 
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as the grid spacing is reduced to 0.2 Å so only that grid spacing will be reported in the 

remaining results 

.
 

Figure 3. Summary of all rubredoxin reduction potentials for wild type protein, Left to right: Cp, Pa, Dv, 
Dg, and Pf. 

 

Clostridium pasteurianum mutants 

The comparison of wild types involves many differences between the proteins, 

which may obscure the underlying reasons for the poor correlation.  However, crystal 

structures for several mutants of Cp have been constructed, including mutants at residue 

44. Experimentally a single-point mutation at residue 44 to a smaller side chain increases 
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the reduction potential, while a single-point mutation to a larger side chain decreases the 

reduction potential by changing backbone amide hydrogen bonds to the cluster. 

Interestingly, the calculations show a good correlation with the experiment for all except 

the wild type structure, which is too positive (Figure 4). 

 
 

Figure 4. Comparison of Clostridium pasteurianum (Cp) wild type and various mutations studied 
(0.2 grid spacing).  

 

Effects of cluster radius 

The cluster radius was varied by expanding the cluster-sulfur radius to examine 

whether including more of the hydrogen bonded species into the low dielectric region 
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would improve the correlation for the Cp wild-type and mutants with experiment. 

DZVP2/6-31G** partial charges and corresponding ΔGin were used. The expansion of 

the radius was found to vary the reduction potential (Figures 5-11), however it did not 

improve the correlation with experiment. 

 

 

Figure 5. Comparison of calculated vs. experiment for Cp wild type and its mutants with an expanded 
cluster-sulfur radius 0.25. 
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 Figure 6. Comparison of calculated vs. experiment for Cp wild type and its mutants with an expanded 
cluster-sulfur radius 0.50. 
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Figure 7. Comparison of calculated vs. experiment for Cp wild type and its mutants with an expanded 
cluster-sulfur radius 0.75. 
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Figure 8. Comparison of calculated vs. experiment for Cp wild type and its mutants with an expanded 

cluster-sulfur radius 1.00. 
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 Figure 9. Comparison of calculated vs. experiment for Cp wild type and its mutants with an expanded 
cluster-sulfur radius 1.25. 
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Figure 10. Comparison of calculated vs. experiment for Cp wild type and its mutants with an expanded 
cluster-sulfur radius 1.50. 
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 Figure 11. Comparison of calculated vs. experiment for Cp wild type and its mutants with an expanded 
cluster-sulfur radius 2.00. 

 

Asparagine and Glutamine  

The oxygen and nitrogen of asparagine and glutamine cannot be distinguished 

clearly in x-ray diffraction data of proteins so the assignments were examined for the Cp 

wild-type and mutants to see if this improved the correlation with experiment. 

 

 

 

 



  19 

Protein 
(resolution) 

Χ2 (A)  Χ2 (B) ΔEint w/ 
GLN 48 (A) 
(kcal/mol) 

ΔEint w/ 
GLN 48 (B) 
(kcal/mol) 

E° (V) 

Cp V44L (1.80) -62.39 117.61 -40.570 -34.797 -0.387 
Cp wt (1.10) -54.37 125.69 -51.120 -28.393 -0.299 

Cp L41A (1.36) -47.12 132.80 -39.809 -38.391 -0.324 
Cp V44A (a) 

(1.60) 
-59.46 120.54 -52.444 -27.751 -0.287 

Cp V44A (b) 
(1.60) 

-26.59 153.76 -45.115 -32.985 -0.342 

Cp V44A (c) 
(1.60) 

-70.77 109.08 -44.067 -38.801 -0.341 

Cp V44AG45P 
(a) (1.50) 

-74.61 106.40 -48.157 -36.260 -0.276 

Cp V44AG45P 
(b) (1.50) 

-49.55 129.92 -51.940 -27.931 -0.294 

Cp V44AG45P 
(c) (1.50) 

-54.32 124.97 -53.970 -25.268 -0.271 

Cp V44G (a) 
(2.00) 

-59.75 121.13 -50.301 -27.154 -0.222 

Cp V44G (b) 
(2.00) 

-51.43 126.75 -53.335 -28.853 -0.310 

Cp V44G (c) 
(2.00) 

-10.95 170.29 -50.488 -34.817 -0.241 

Table 2. Reduction potentials of Cp wild-type and mutants compared to their Χ2 angles for GLN 
48. Those in red have inconsistent Χ2 values. DZVP2/6-31G** partial charges and respective ΔGin were 

used in E° calculations. 
 

In Table 2, GLN 48 was examined more closely due to the dual conformations of 

the side chains, affecting Χ2. Since GLN 48 has the largest contribution to the reduction 

potential, the interaction energies between the GLN 48 side chain and the entire protein 

were calculated to determine which conformation is favored. Conformation A for Χ2 is 

the favored orientation of the GLN 48 side chain, since it is the lower energy 

conformation for every mutant. Those having an inconsistent Χ2 (seen in red) were not 

included in the overall reduction potential calculation for that given protein because of 

the variation it caused between different molecules within the same crystal structure. 

From this point on all calculations excluded those molecules from the asymmetric unit 

highlighted in red with inconsistent Χ2 angles for GLN 48. This arbitrary assignment of O 

and N also applies to the side chains of ASN residues as well, so the interaction energies 
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and Χ angles were determined, in order to have a consistent and lowest energy 

conformation for ASN 14, ASN 22, and ASN 25 (Tables 3-5). For all four residues, 

conformation A is the lower energy conformation, where a star indicates those that have 

been flipped from their original crystal structure, and is the structure used for basis set 

comparisons and dielectric comparisons. 

Protein name 
(resolution) 

Χ1 
(A) 
ASN 
14 

Χ1 
 (B) 
 ASN 
14 

ΔEint w/ 
ASN 14 
(A) 
(kcal/mol) 

ΔEint w/ 
ASN 14 
(B) 
(kcal/mol) 

Cp V44L* (1.80) -12.24 168.03 -71.87 -38.78 
Cp wt (1.10)  -15.44 162.97 -64.29 -42.21 
Cp L41A* (1.36) -23.46 156.08 -64.63 -44.88 
Cp V44A (a) (1.60) -9.25 169.98 -62.69 -44.01 
Cp V44AG45P (b) 
(1.50) 

-19.25 160.61 -63.94 -42.52 

Cp V44AG45P (c)* 
(1.50) 

-20.67 160.22 -69.56 -39.72 

Cp V44G (a) (2.00) -9.15 170.83 -64.71 -39.48 
Cp V44G (b)* (2.00) -13.22 165.41 -68.49 -37.98 

Table 3. Interaction energies and angles for the two different side chain conformations of ASN 14 for Cp 
wild-type and mutants. 
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Protein name 
(resolution) 

Χ1 
(A) 
ASN 
22 

Χ1 
 (B) 
 ASN 
22 

ΔEint w/ 
ASN 22 
(A) 
(kcal/mol) 

ΔEint w/ 
ASN 22 
(B) 
(kcal/mol) 

Cp V44L* (1.80) -47.20 132.05 -69.07 -40.78 
Cp wt (1.10) -58.71 114.00 -68.19 -38.45 
Cp L41A (1.36) -57.81 122.01 -69.43 -40.20 
Cp V44A (a)* 
(1.60) 

-60.87 116.67 -70.52 -39.52 

Cp V44AG45P (b) 
(1.50) 

-72.34 104.91 -73.32 -35.65 

Cp V44AG45P (c)* 
(1.50) 

-63.60 115.90 -69.15 -39.80 

Cp V44G (a)* 
(2.00) 

-59.31 119.32 -71.07 -38.57 

Cp V44G (b) (2.00) -66.30 112.42 -69.79 -39.96 
Table 4. Interaction energies and angles for the two different side chain conformations of ASN 22 for Cp 

wild-type and mutants. 
 
 
 
 
 

Protein name 
(resolution) 

Χ1 
(A) 
ASN 
25 

Χ1 
 (B) 
 ASN 
25 

ΔEint w/ 
ASN 25 
(A) 
(kcal/mol) 

ΔEint w/ 
ASN 25 
(B) 
(kcal/mol) 

Cp V44L* (1.80) -176.44 3.62 -53.04 -51.11 
Cp wt* (1.10) -174.17 8.38 -53.37 -51.56 
Cp L41A* (1.36) -171.32 8.61 -55.11 -52.76 
Cp V44A (a)* (1.60) -162.90 15.82 -53.03 -51.18 
Cp V44AG45P (b)* 
(1.50) 

-175.42 3.40 -53.16 -51.74 

Cp V44AG45P (c)* 
(1.50) 

-167.29 11.19 -52.46 -51.52 

Cp V44G (a)* (2.00) -159.23 19.93 -42.74 -40.02 
Cp V44G (b)* 
(2.00) 

-175.57 4.17 -53.04 -50.82 

Table 5. Interaction energies and angles for the two different side chain conformations of ASN 25 for Cp 
wild-type and mutants. 
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Effects of different partial charges in ΔGout 

Figure 12 shows the comparison between the Case charges and the different sets 

of our new charges. A positive shift of ~80 mV occurs when going from Case charges to 

our new charges, making them in better agreement with experimental values. Since our 

cluster charges come from the same calculation as the intrinsic contribution and 

furthermore are in better agreement with experimental values, all further calculated 

values reported used our charges. Although there is better agreement, there is still a 

systematic error of ~250 mV using the DZVP2 ΔGin and worse with the 6-

31G(++)s**//6-31G** level. Although the results are worse with the latter, they are in 

better agreement with the PES results for the DZVP2. 
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Figure 12. Comparison of experimental and calculated reduction potentials of Cp wild-type and its 
mutants, showing Case charges versus the different sets of our new charges. 

 
 

Effects of dielectric region 

Figure 13 shows how the dielectric regions play a critical role in calculating 

reduction potentials. For the three dielectric region calculation, where εcav = 1, εp = 4, and  

εsolv = 78. However, in a four dielectric region calculation, the cavity region is split into 

two different dielectric regions, treating the core of the cluster, the iron center and the 

four cysteinyl sulfurs connected to it with ε = 1 and the methyl groups attached to them, 

which are effectively the bridging atoms between the cluster region and the protein 



  24 

region, as  ε = 2. We see excellent agreement between calculated and experimental values 

when utilizing four dielectric regions, most likely due to the more subtle treatment of the 

dielectric boundary regions surrounding a cluster with a very compact charge making it 

much more sensitive to the boundary regions. Thus, the systematic shift may be due to 

the definition of the dielectric regions. 

 
 

Figure 13. Comparison of experiment versus calculated reduction potentials for all wild type and Cp 
mutants, showing the differences in using four dielectric regions versus three dielectric regions, using 6-

31G(++)** cluster charges and respective ΔGin. 
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Figure 14. Comparison of relative reduction potentials with respect to Cp wild-type with experiment.  
 

A comparison of the reduction potential of the protein in its lower energy 

conformation A and the experimental reduction potential are shown shifted relative to Cp 

wild-type (Figure 14). Our calculations are able to detect the shift in potential due to the 

mutation at residue 44 that is observed in experiment.  

 

 

 



  26 

Discussion 

One problem in the results so far is the systematic error in that the calculated 

reduction potentials are all too low compared to experiment. When the ΔGin from the 

DZVP2 calculation was used, the reduction potentials were ~0.18 V more positive, and 

therefore closer to the experimentally determined values, however, the ΔGin from the 6-

31G(++)** was in better agreement with the ADE from PES experiments. When the 

different sets of cluster charges were used, the calculated values are  ~0.07 V more 

positive with our charges compared with the Case charges. Overall, there is still about a 

0.25 V systematic error in the results.  Dr. Shuqiang Niu has been performing DFT 

calculations with other functionals and comparing against other experimental data 

including the Fe-S bond covalency from near edge X-ray absorption experiments to look 

for the systematic errors.42 In addition, the charge is more concentrated in the smaller 

[Fe(SR)4]  cluster than the [Fe4S4(SR)4]  cluster and so the boundary region between the 

cluster and the protein environment becomes much more critical. By using a more subtle 

transition of cluster to protein through four dielectric regions, it appears that the 

boundaries for the dielectric regions and the dielectric map itself may be the source of 

this systematic shift in potential. 

The second problem was the correlation of the Cp wild-type and mutants with 

experiment was poorer than expected; in particular, the reduction potential was too 

positive. By determining the correct conformation for each asparagine and glutamine side 

chain, the structures were standardized. Structures that had inconsistent side chain 

structures were eliminated, which improved agreement with experiment although wild-

type remained poor, moreover, since the contribution of the mutated residue gives the 
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proper trend, it appears that the underlying cause of the poor agreement of Cp wild-type 

is from inconsistencies in the structure away from the mutation site. 

 

Conclusion 

 The reasons for the systematic error in the calculated reduction potentials were 

elucidated. Our cluster charges from different basis sets gave better ΔGout than the Case 

charges. In addition, while the ΔGin from DZVP2 gave better agreement of the reduction 

potential with experiment, the 6-31G(++)**//6-31G** ADE was in better agreement with 

PES data. Overall, the systematic error appears mainly due to the dielectric boundary. 

The inconsistencies with experiment, especially for the Cp mutants, were due in part to 

inconsistent assignment of the N and O in glutamine and asparagine. Since the trends for 

the contribution of residue 44 alone agree with the experimental reduction potential, it 

appears that the inconsistent results for Cp wild-type are due to inconsistencies in the 

structures at another point. 
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