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ABSTRACT 

 

 The iron-sulfur (Fe-S) proteins are a major class of metalloproteins, with metal sites 

consisting of varying numbers of iron and sulfur atoms. Most Fe-S proteins are electron transfer 

proteins involved in processes such as respiration, photosynthesis, and nitrogen fixation. The 

reduction potentials of these proteins determine the driving forces for their electron transfer. For 

a given redox site, reduction potentials of non-homologous proteins can span a range of ~1 V, 

while those of homologous proteins can span a range of ~400 V. Here, a method for calculating 

the reduction potentials of metalloproteins is presented in which the redox site or inner sphere 

contribution is calculated by density functional theory (DFT) and the protein or outer sphere 

contribution is calculated by Poisson-Boltzmann (PB) continuum electrostatics. Reduction 

potentials calculated using the DFT+PB method are in excellent agreement with the experimental 

values for several Fe-S proteins. Moreover, the calculations show that for the outer sphere, the 

protein fold makes the largest contribution while the sequence tunes it. Furthermore, they show 

that the fold contribution is determined mainly by the burial of the redox site within the protein 

and the polarization of the protein environment around the redox site. Based on this, an electret-

dielectric spheres (EDS) model is developed in terms of Rp, a measure of the redox site burial 



 

iv 
 

and ϕp, the electrostatic potential at the redox site. The DFT+PB method is also used to identify 

sequence determinants of reduction potentials, which can be tested by site-specific mutagenesis 

experiments. 

Finally, a new class of Fe-S proteins have recently been discovered that behave as 

scaffold proteins for the assembly of Fe-S clusters in proteins. However, although crystal 

structures of the primary scaffold, IscU, and a proposed secondary scaffold, IscA, have been 

solved, the mode of binding of Fe-S clusters to these proteins is still unclear. Molecular 

dynamics simulations of these proteins were performed to elucidate the binding. Based on the 

simulations, two cysteines in IscA are identified that could be involved in the initial binding of a 

cluster. 
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Chapter 1: Introduction 

 

1.1 Fe-S Proteins 

 

 Metalloproteins are ubiquitous in living systems and are known to serve a variety of roles 

as redox proteins and enzymes. The iron-sulfur (Fe-S) proteins, are an important class of 

metalloprotein with nearly fifty distinct protein folds ligated to clusters of different numbers of 

iron and sulfur atoms (Figure 1.1).1 The smallest Fe-S cluster consists of a single iron ligated to 

four cysteine residues, which is found in the rubredoxins. Larger clusters include the [2Fe-2S] 

cluster bound by four cysteine residues as in ferredoxins from plants and algae2 or by to two 

cysteine and two histidine residues as in the Reiske proteins of the cytochrome bc1 complex.3 In 

addition, the [3Fe-4S] cluster bound by three cysteine residues and the [4Fe-4S] cluster bound by 

four cysteine residues are found in ferredoxins from bacteria.2 Even larger clusters have been 

found such as the [8Fe-8S] catalytic site in the all-iron nitrogenase.2 

Most Fe-S proteins serve as electron transfer proteins, which are essential for respiration, 

photosynthesis, and nitrogen fixation. One of the most important characteristics of electron 

transfer proteins is their reduction potentials, which determine the driving force for electron 

transfer reactions they participate in. The reduction potential for a given redox site in different 

proteins can span a range of 1 V as seen for the [4Fe-4S] proteins, which have a range from -700 

mV to 400 mV.1 Furthermore, for a given Fe-S protein fold, the sequence can tune the reduction 

potential by 400 mV.4 This range of reduction potentials allows Fe-S proteins to server a variety 

of biological functions. In addition, the variety of protein folds and redox sites makes Fe-S  
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Figure 1.1. Illustrations of Fe-S sites with sulfur as yellow spheres and iron as green spheres. The 

sulfur of the ligated ligands are also shown. 
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proteins ideal for studying the factors that determine the reduction potentials of electron transfer 

proteins. 

Recently, a new class of Fe-S protein has been discovered that is involved in the 

assembly of Fe-S clusters. While Fe-S clusters can be formed spontaneously in many Fe-S 

proteins in the presence of free iron and sulfur, in many cases Fe-S cluster biogenesis requires a 

complex assembly machinery due the toxicity of iron and inorganic sulfur in cells.5 This 

machinery utilizes scaffold proteins to assemble Fe-S clusters with sulfur from a cysteine 

desulfurase and iron from an unknown source. Two proteins, an A-type and a U-type Fe-S 

assembly protein, assemble [2Fe-2S] clusters and transfer these clusters into apoproteins.2 Both 

proteins have three cysteine residues that are required for [2Fe-2S] cluster assembly.6 A fourth 

residue is proposed to come either from another protein, an Asp or His rescue ligand, or a free L-

cysteine. Crystal structures of the protein with and without a cluster have been solved;7-11 

however it appears that the cluster-bound structure may not be the biologically relevant 

structure.9, 11 Additionally, the U-type scaffold can assemble a [4Fe-4S] cluster from two [2Fe-

2S] clusters.12, 13 Since mechanisms for fusion of two [2Fe-2S] clusters have been studied for 

analogs,14 elucidation of the mechanism in the U-type scaffold is of considerable interest. 

Here, both types of Fe-S proteins are studied using computational methods. First, the 

reduction potentials of Fe-S electron transfer proteins are studied using an electrostatics method 

in Chapters 2-5. Second, two Fe-S assembly proteins are studied by molecular dynamics in 

Chapter 6.  

 

 

1.2 Computational Approaches to Studying Fe-S Proteins 
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Calculation of the Reduction Potential 

 The standard reduction potential, E° for the reduction of a species A, 

 A	  +	  e-‐	  →	  A-‐ (1) 

is related to the standard free energy for the reduction reaction, ΔG°, through the Nernst 

equation:  

 -nFE° = ΔG° (2) 

where n is the number of electrons transferred and F is Faraday’s constant. ΔG° can be further 

decomposed as 

 ΔG° ≈ ΔGin + ΔGout + ΔGSHE (3) 

where ΔGin is the inner sphere contribution, ΔGout is the outer sphere contribution, and ΔGSHE/F 

= 4.43 V is the absolute electrode potential for the standard hydrogen electrode (SHE). In a 

protein, the inner sphere can be defined as the redox site only, i.e., the metal plus its direct 

ligands, while the outer sphere includes the rest of the protein and solvent.  

ΔG° can be calculated from a thermodynamic cycle for the reduction of a protein (Figure 

1.2). ΔGin can be calculated as the change in energy of the redox site in the oxidized versus 

reduced states. Quantum mechanical electronic structure calculations are required for 

calculations of the inner sphere energies and density functional theory (DFT) is generally 

accepted as an accurate and efficient method for treating transition metal complexes.15 Niu and 

Ichiye have determined ΔGin using broken symmetry (BS) DFT calculations for analogs of iron-

sulfur protein redox sites in the gas phase.16 The calculated adiabatic detachment energy (ADE) 

was calibrated to the measured value for the same analogs, also in gas phase, by electrospray 

ionization-photoelectron spectroscopy (EI-PES).17-20 The best agreement between the calculation  
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Figure 1.2. Diagram illustrating the thermodynamic cycle used to calculate ΔG°. 
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and experiment was obtained using B3LYP and double-zeta basis sets.16 Additionally, these DFT 

calculations confirmed that ΔGin for the Fe-S clusters is relatively independent of environment,16 

although the ligand dihedral conformation may tune ΔGin by ~ 200 mV.21 

This allows ΔGout to be calculated as  

 ΔGout = ΔGsol(An-1) - ΔGsol(An) (4) 

where ΔGsol(An) is the solvation energy for a redox site A with a net charge n. Here, the protein 

is considered as part of the solvent, so ΔGsol is calculated as the change in free energy between 

the redox site surrounded by protein and solvent and the redox site in vacuum. The redox site and 

protein are modeled atomistically with each atom given a radius and partial charge. X-ray crystal 

structures from the Protein Data Bank22 provide the atomic coordinates for the protein and redox 

site. The redox site is assigned a dielectric value of 1 (εc). The protein is assigned a dielectric (εp) 

between 1 and 10 to account for the dielectric relaxation.23 The solvent is modeled implicitly by 

a dielectric (εs) of 78, this is the dielectric constant of water (measured experimentally). From 

this model, the solvation energy, ΔGsol, is calculated as the change in free energy between the 

redox site partial charges, protein partial charges, εc, εp, and εs and the redox site partial charges 

in a vacuum. The change in free energy of the protein upon oxidation, ΔGout, can be calculated as 

the change ΔGsol between the reduced and oxidized redox site.  

 

1.3 Summary of Proteins 

 

Redox Proteins 

 Redox proteins vary greatly in their size, redox site, and reduction potential. Three Fe-S 

proteins, the high potential iron proteins (HiPIP), ferredoxins (Fd), and the iron-protein of 
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nitrogenase (FeP) all contain [4Fe-4S] redox sites ligated by four cysteine residues, but vary in 

molecular weight, tertiary structure, redox couple, and E°. The availability of crystal structures 

for multiple homologous proteins from several [4Fe-4S] folds makes these proteins ideal for 

analyzing environmental contribution to E°.  

 

HiPIP. In the late 1960s, a [4Fe-4S] protein was found in purple phototropic bacteria with an 

unusually high E° between +50 and +500 mV,24 which was named high potential iron-sulfur 

protein or HiPIP. Its function was unknown until the early 1990s when it was found to behave as 

an electron donor to the tetraheme cytochrome subunit of the photosynthetic reaction center25 in 

photosynthetic bacteria.26 HiPIPs are also found in other organisms, but its function in these 

organisms remains unknown.27  

The general structure of HiPIP is a [4Fe-4S] redox site buried in a hydrophobic 

environment. HiPIPs range between 55 and 85 residues with the [4Fe-4S] are bound by four 

cysteine residues in a CX2CXaCXbC ligation pattern, where a is 12 to 16 residues and b is 13 to 

15 residues. The remaining residues do not have significant secondary structure and form loops 

around the redox site (Figure 1.3). Furthermore, residues immediately surrounding the Fe-S 

cluster tend to be hydrophobic, which may stabilize the [4Fe-4S]3+ redox state. This allows for a 

1-/2- redox couple with a high E°. The short sequence and hydrophobic core results in a 

conserved fold with very little secondary structure.28  

Despite the lack of a secondary structure, the small size of the protein and its conserved 

binding motif allow for a highly conserved HiPIP fold despite having a low sequence identity of 

9.6% amongst the known sequences. This sequence diversity has made HiPIP a target for 

evolutionary studies between the different organisms that contain a HiPIP. 
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Figure 1.3. Folds of a HiPIP, Fd, and FeP. The redox site is shown as balls and sticks. 
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Bacterial Ferredoxin. The term ‘ferredoxin’ (Fd) was coined by D.C. Wharton of the DuPont 

Co. to describe the iron-containing protein found in Clostridium pasteurianum.29 Since then, the 

term has been applied to bacterial and plant Fe-S proteins. Plant Fd contain a [2Fe-2S] redox site 

while bacterial Fd contain one or two [4Fe-4S] or [3Fe-4S] redox sites and are responsible for 

electron transfer in aerobic and reducing conditions in photosynthesis and metabolic pathways.24 

Among the 2[4Fe-4S] ferredoxins, the range of E° is between -0.65 and 0.00 V.30 The size of 

ferredoxin ranges from 55 or 82 residues in a βαββαβ fold, referred to as the “ferredoxin fold”. 

Each cluster is bound by four cysteines in a CX2CX2CXaC ligation pattern,30 where a is ~20-40 

residues. The redox site in ferredoxin is not as buried within the protein, having some solvent 

exposure (Figure 3). Along with a more polar environment, the Fd redox site stabilizes a more 

negative oxidation state, undergoing a 2-/3- redox couple versus the 1-/2- redox couple of HiPIP.  

 

Fe Protein of Nitrogenase. Nitrogenase is a catalytic enzyme responsible for biological nitrogen 

fixation. The enzyme can be found in microbes called diazatrophs and is composed of two 

component proteins.31 The smaller component is a MgATP-dependent electron donor, which 

contains a [4Fe-4S] redox site and is called the iron-protein (FeP). FeP is ~64 kDa homodimer 

bridged by a [4Fe-4S] redox site (Figure 3). Each chain contributes two cysteine residues to the 

redox site with roughly 35 residues between Fe-ligated cysteines from the same chain. Most 

interestingly, FeP is able to achieve an all-ferrous redox site when binding two ATP molecules, 

allowing it to transfer two electrons to dinitrogenase.32 The all-ferrous FeP has been crystallized 

by Rees and coworkers, but does not possess a major structural change capable of explaining the 

stability of the [4Fe4S]0,33 which instead has been attributed to the large solvent accessibility.33  
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Fe-S Scaffold Proteins 

 Biological assembly of Fe-S clusters requires a complex system of proteins found 

primarily in the mitochondria, but also in the nucleus of eukaryotes. There are three known 

assembly systems, named isc, suf, and nif. All three systems require a cysteine desulfurase to 

acquire inorganic sulfur and a scaffold protein to assemble the clusters. The scaffold protein 

acquires iron and inorganic sulfur and forms a [2Fe-2S] or [4Fe-4S] cluster, and transfers the 

cluster to a target protein. The transient nature of the cluster means that the scaffold proteins 

must balance stability and transferability. The isc assembly system contains two proposed 

scaffold proteins, IscU and IscA.  

 

IscA. IscA is an 11-kDa protein belonging to the isc iron-sulfur cluster assembly system. In 

Escherichia.coli, the protein contains three cysteines per monomer at residues 35, 101, 103, 

which follows the common CXaCXC iron-binding motif, where a is 66.IscA appears to be most 

stable as a dimer in solution2 and is found as a tetramer in crystal structures.7, 8 However, the 

biologically relevant dimer is not clear from the crystal structure no is the mode of binding the 

cluster to the protein. 

 

IscU. The primary Fe-S assembly scaffold, IscU, is a 18 kDa protein that contains three cysteine 

residues that bind a [2Fe-2S] cluster in a CX25-27CX44C binding motif.34 An aspartic acid is 

proposed to either act as a fourth ligand or have an electrostatic role in transferring the cluster. 

Mutations of this aspartic acid to an alanine prevent Fe-S cluster formation, due to irreversible 

binding a [2Fe-2S] cluster with a conserved histidine in IscU that behaves as the fourth ligand. 
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The Asp37Ala structure has been crystallized and is the only IscU structure to contain a Fe-S 

cluster. Additionally, dimerization of the [2Fe-2S]-loaded IscU can form a [4Fe-4S] cluster and 

transfer it into an apo-aconitase.13 However, it is not clear if this is a biologically relevant 

function of the protein. 

 

 

1.4 Summary of Results 

 

Probing the Environmental Contribution to the Reduction Potential 

A method for calculating the reduction potential for a redox protein versus the standard 

hydrogen electrode is presented in Chapter 2. Equation 2 is solved using ΔGin values previously 

calculated by Niu and Ichiye16 and ΔGout calculated using Poisson-Boltzmann (PB) continuum 

electrostatics. This combination of DFT and PB calculations is referred here as the DFT+PB 

method. The main focus of Chapter 2 is on the methodology for the PB calculations and aspects 

of the these calculations that affect the accuracy of E°. E° calculated from crystal structures of 

six homologs of the [4Fe-4S] protein HiPIP and two [4Fe-4S] analogs was found to be in good 

agreement with the experimental E°.  

The contributions of the protein fold and sequence for [4Fe-4S]-containing proteins are 

compared in Chapter 3. The absolute reduction potentials for HiPIP, Fd, and FeP calculated by 

the DFT+PB method were found to be in quantitative agreement with electrochemical reduction 

potentials. The contribution of the protein fold is shown to be larger than that of the side chains 

and consistent among homologous proteins, but different between non-homologous proteins. 

This indicates that the fold is the major environmental factor in determining the reduction 
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potential, while the specific amino acid sequence tunes the reduction potential for a given 

species. Furthermore, the contribution of the fold is determined by the burial of the redox site 

within the protein and the orientation of dipoles in the backbone and near the redox site. 

The contribution of the protein fold to E° can be further characterized by two quantities. 

First, burial of the redox site within the low dielectric of the protein results in a decrease in the 

reduction potential. The burial can be quantified by an effective radius, Rp, which is calculated as 

the Born-like radius for the redox site in the protein cavity. Second, the polarization of the 

peptide around the redox site establishes a potential on the redox site. The fixed polarization of 

the protein can be considered an electret, which is a material with quasi-permanent electrical 

polarization, analogous to a permanent magnet.35 This electret is quantized by the potential, ϕp, it 

establishes. Both factors are characteristic of the protein fold, while the potential due to the 

backbone polarization is further tuned by the side chains. In Chapter 4, an electret, dielectric 

spheres model (EDS) for a redox protein, defined in terms of Rp and ϕp, is presented. The EDS 

model demonstrates that for a redox site with a net charge Q, the dielectric response free energy 

is a function of Q2 while the electret energy is a function of Q. Moreover, Rp and potential due 

only to the backbone, ϕbb, are shown to be characteristic of the protein fold. Finally, for a redox 

site that can undergo multiple redox couples, Rp and ϕp are used to identify the possible couples 

within the biological range of reduction potentials. 

In Chapter 5, the DFT+PB method is used to identify sequence determinants that 

differentiate E° between redox proteins from different species of bacteria. First, HiPIP and Fd 

species with known sequences and reduction potentials were divided in classes based on the 

similarity of their sequence and reduction potential. For proteins with crystal structures, the 

electrostatic contribution of each residue is calculated using the DFT+PB method. The 
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contribution of residues conserved within class of protein, but different between classes are 

compared. If these residues or groups of residues have significantly different contributions 

between classes, then the residues are considered sequence determinants of the reduction 

potential. Plotting these individual contributions onto simple diagrams of the protein structure 

serve as a method to compare the burial and contribution of the residue. Sequence determinants 

identified by this method are good mutation candidates since they exist in homologous proteins 

and are unlikely to disrupt the fold of the protein. 

 

Conformational Sampling of Scaffold Proteins 

The structure and function of scaffold proteins in the biogenesis of Fe-S proteins is 

addressed in Chapter 6. Molecular dynamics simulations of IscA were performed to determine 

the mobility of the cysteine residues to provide insight into the binding of Fe and inorganic 

sulfur. While a greater simulation time is required to fully sample all conformations of the IscA 

cysteine residues, geometries were captured that demonstrate possible IscA binding modes for 

the dimer and tetramer. Additionally, the stability of the [2Fe-2S]-bound scaffold protein IscU 

was studied by molecular dynamics. The role of Asp37 in Fe-S assembly was studied by 

simulating [2Fe-2S]-bound IscU. An initial simulation of the Asp37Ala Escherichia coli IscU 

with a [2Fe-2S] cluster bound by three Cys and His105 was performed. Unfortunately, 

parameters of the [2Fe-2S] cluster were too flexible to accurately describe the cluster. 

 

1.5 Concluding Remarks  

The solvent and protein environments of a redox site contribute to the reduction potential 

for an electron transfer protein. This can be seen in the broad range of reduction potentials 
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associated with the variety of protein folds and redox sites in Fe-S proteins. Utilizing the 

reduction potential of a redox protein as a probe of the protein environment, the electrostatics 

due to the protein fold are the second largest determinant to the reduction potential after the 

intrinsic redox energy of the redox site. The environmental contribution can be characterized by 

the burial of the redox site in the protein defined by Rp and the potential due to the explicit 

atomic partial charges, ϕ. These fundamental quantities can differentiate the stable redox couples 

of [4Fe-4S] containing proteins and could be extended to other proteins with multiple redox 

couples. They can also identify protein-protein conformations that affect the redox activity of a 

metal site. For instance, the relationship between burial of a redox site and its reduction potential 

have been used by Ichiye and coworkers to suggest the biologically relevant dimer of 

rubrerytherin from the crystallized tetramer.36 Moreover, the methods developed to compare the 

contributions of individual residues to the reduction potential are capable of identifying sequence 

determinants that lead to the diversity in E° among the different species.  

The DFT+PB methodology from Chapter 2 has already been implemented as the redox 

module of the CHARMM Interface and Graphics (CHARMMing) website,37 which is hosted and 

maintained by the laboratory of Dr. Bernard R. Brooks at the National Institutes of Health. 

CHARMMing has been developed as a web based tool, located at www.charmming.org, to set up 

and perform calculations in the molecular mechanics package, CHARMM.38 The primary use of 

this web interface is as a learning tool for performing calculations on biological molecules. In 

this regard, the redox methodology is ideal since a biologically significant calculation can be 

performed in 20 minutes, versus several months for a molecular dynamics simulation. 

The ability to determine the impact of the protein environment on an active site is a 

critical step to engineering proteins with specific electron transfer properties. The work presented 
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here provides tools to assist in the design of such electron transfer systems. Rp, ϕ, and the ability 

to identify sequence determinants can be used to design proteins with novel reduction potentials. 

As the methods for predicting and analyzing E° become available on the CHARMMing website, 

researchers will be able to design specific electrostatic interactions between the protein and 

redox site and predict the effect on E°.  

Finally, elucidating the assembly mechanism of Fe-S clusters provides insight into the 

biogenesis of Fe-S clusters. For example, the proposed fusion of 2[2Fe-2S] clusters into one 

[4Fe-4S] cluster by IscU13, 39 can be compared to the proposed fission mechanism for the [4Fe-

4S].40 While the work in Chapter 6 is a preliminary study of these proteins, it does provide 

insights into the flexibility of the ligated cysteines in IscA and a starting point for developing 

parameters for the [2Fe-2S] cluster in IscU. 
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Chapter 2: Calculating Standard Reduction Potentials of Metalloproteins 

 

2.1 Abstract 

 

 The oxidation-reduction potentials of electron transfer proteins determine the driving 

forces for the electron transfer reactions they participate in. While the type of redox site 

determines the intrinsic energy required to add or remove an electron to it, the electrostatic 

interaction energy between the redox site and its surrounding environment can greatly shift the 

redox potentials. Here, a method for calculating the reduction potential versus the standard 

hydrogen electrode, E, of a metalloprotein using a combination of density functional theory and 

continuum electrostatics is presented. This work focuses on the methodology for the continuum 

electrostatics calculations, including various factors that may affect the accuracy. The 

calculations are demonstrated using crystal structures of six homologous HiPIPs, which give E 

that are in excellent agreement with experimental results. 

 

2.2 Introduction 

 

Electron transfer reactions play an important role in many bioenergetic processes.1 Most 

of the electron carriers in these reactions are proteins, which have redox sites that undergo 

oxidation-reduction reactions. The reduction potentials of these proteins are an essential 

functional characteristic because they determine the driving forces for electron transfers, with the 

favorable direction toward the redox site of higher reduction potential. At the lower end of 

biological range is the splitting of water into H+ and O2 at an oxidation potential of -0.8 V, which 
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occurs in photosynthesis, while the higher end is formation of water at a reduction potential of 

+0.8 V, which occurs in respiration.1 However, proteins contain only a limited number of 

different types of redox sites to cover this range, so electron transfer pathways rely on the protein 

environment to tune the reduction potential to the appropriate value. For instance, the [4Fe-4S] 

redox sites are used in different stages of the electron transport chains in the mitochondrial 

respiratory complex I2 and the chloroplastic photosystem I;3 the former has a chain of  six [4Fe-

4S] redox sites with reduction potentials spanning a range between -0.3 and -0.1 V are used to 

shuttle electrons across the membrane.4 

The effects of the protein environment on the reduction potential can be understood by 

considering electron transfer as simply the reduction reaction for a redox site A  

 Am + e-  Am-1 (1) 

where m is the net charge of the redox site in the oxidized state. The standard reduction potential 

against the hydrogen electrode, E°, for A can be related to the free energy ΔG° of the above 

reduction reaction using the Nernst equation 

 -nFE° = ΔG° = ΔG + ΔGSHE (2) 

where n is the number of electrons being transferred and F is the Faraday constant. In the second 

equality, ΔG° is separated into ΔG, the absolute free energy for the reduction reaction (Eqn. 1) 

and ΔGSHE, the free energy for the removal of an electron from the standard hydrogen electrode 

(SHE). In addition, ΔG can be further decomposed into contributions arising from the redox site, 

which is referred to as the inner sphere, and the surrounding environment, which is referred to as 

the outer sphere,  

  ΔG ≈ ΔGin + ΔGout (3) 



 

 23 

where the inner sphere contribution ΔGin is the intrinsic energy required to add an electron to the 

redox site and the outer sphere contribution ΔGout is the change in the interaction energy of the 

redox site with environment upon reduction of the redox site. For a simple ion in solution, the 

ion is the inner sphere and the solvent is the outer sphere while for a small molecule in solution, 

it may be preferable to define only the redox active part of the molecule as the inner sphere while 

the outer sphere may include parts of the ligands not directly bonded to the metals, in addition to 

the solvent. For a redox site in a metalloprotein, the inner sphere is defined as the metal plus its 

ligands while the outer sphere consists of the protein and surrounding solvent. Thus, to the extent 

that the protein does not affect the electronic structure of the redox site, the outer sphere 

contribution is responsible for differences in reduction potentials between different proteins. 

Computational studies have played an important role in understanding reduction 

potentials of metalloproteins. Many earlier studies of proteins have assumed that ΔGin for a given 

redox site is constant, independent of the protein it is found in, and thus have focused on 

understanding relative values of E° between different proteins with the same redox site rather 

than E°. For instance, Warshel and co-workers have calculated relative E° for [4Fe-4S] proteins 

via the protein-dipoles-Langevin dipoles (PDLD) method5 and Gunner and Honig have 

calculated relative E° of heme proteins using Poisson-Boltzmann (PB) continuum electrostatics.6 

In addition, Ichiye and coworkers have calculated differences in E° of as little as 0.05 V due to 

specific residues referred to sequence determinants in iron-sulfur proteins7-11 using molecular 

mechanics combined with bioinformatics analysis. 

 Although these earlier studies have provided much insight into reduction potentials of 

metalloproteins, it is difficult to evaluate different methods for calculating the protein 

contribution since deviations from experiment can be attributed to the missing inner sphere 



 

 24 

contribution. Thus, the calculations of reduction potentials versus the standard hydrogen 

electrode (SHE) for [4Fe-4S] proteins by Noodleman, Case, Bashford and co-workers using 

broken-symmetry (BS) density functional theory (DFT) to calculate ΔGin and PB electrostatics to 

calculate ΔGout are an important step forward.12 However, more recent studies13 indicate that 

inner sphere redox energies calculated with the BP86 functional used in those studies are off by 

almost 1 V compared to electrospray ionization - photoelectron spectroscopy (EI-PES) 

detachment energies of [4Fe-4S] cluster analogs measured by Wang and co-workers.14-16 

Recently, our group has predicted E° vs. SHE for [4Fe-4S] proteins that are in excellent 

agreement with experiment using a simple additive approach we refer to as DFT+PB in which 

ΔGin is obtained by BS-DFT calculations of gas phase redox site analogs and ΔGout is obtained 

by PB calculations of the redox site in the protein using partial charges from the BS-DFT 

calculation.
17

 A key factor has been our calibration of the functionals and basis sets for the BS-

DFT calculations by comparing the calculated detachment energies of redox site analogs in the 

gas phase against EI-PES data, with the best agreement with B3LYP and double-zeta basis sets.
18

 

Our BS-DFT calculations also confirm that ΔGin for the iron-sulfur clusters is relatively 

independent of environment,
18

 since environmental factors, such as hydrogen bonds to the redox 

site, have a small effect on the adiabatic detachment energy of the redox site, which is mainly 

electrostatic,
19

 although the ligand dihedral conformation may tune it by ~ 200 mV.
20

 Another 

key factor in the DFT+PB method is the accuracy of the calculation of ΔGout by PB, which is 

dependent on factors such as the grid used for the finite difference solution of the PB equation 

and the protein structure used as input. Finally, the value of ΔGSHE, which can also be considered 

the solvation free energy of a proton,21 comes from the half-cell potential for the SHE, which is 

equal to -ΔGSHE/F. IUPAC recognizes ΔGSHE as 4.44 eV, which is determined as summation of 
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the free energy for the atomization of hydrogen, the ionization free energy of a hydrogen atom, 

and the solvation free energy of H+.22 Another commonly accepted value is 4.43 eV determined 

by Reiss and Heller23 using a thermodynamic cycle for the removal of an electron from a 

saturated Pt electrode. One of the lowest values for ΔGSHE is 4.28 eV, which is calculated similar 

to the IUPAC value; however, the solvation free energy of H+ does not include potential 

difference at the vacuum/water interface.24  

Here, the focus is on the calculation of ΔGout by PB continuum electrostatic methods. 

First, the procedure for obtaining ΔGout from quantities reported by typical PB equation solvers 

is described, including our techniques to reduce errors from the grid approximations. Next, the 

effects of the grid and of different partial charges of the redox site atoms on ΔGout are assessed. 

Finally, factors concerning the protein and the structure used that may affect the results are 

assessed. For instance, the oxidation state of the protein crystal may affect ΔGout since the 

protein will relax in response to the charge state of the redox site. Also, the assignment of the 

nitrogen and oxygen of the carboxamides of asparagines and glutamines near the redox site could 

affect ΔGout since the assignment can be difficult in x-ray crystallographic studies due to their 

similar electron density, which has led to an estimated 15% error in the assignment.25, 26 In 

addition, the protonation of histidines near the redox site could affect ΔGout.27  

 

2.3 Methods 

 

All protein crystal structures were obtained from the Protein Data Bank28. Crystal 

structures of six HiPIP species were utilized: Rhodocyclus tenuis (Rt) [1ISU] at 1.50 Å 

resolution29, Rhodoferax fermentans (Rf) [1HLQ] at 1.45 Å resolution30, Ectothiorhodospira 
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vacuolata (Ev) [1HPI] at 1.80 Å resolution31, Ectothiorhodospira halophila (Eh) [2HIP] at 2.50 

Å resolution32, Thermochromatium tepidum (Tt) [1IUA] at 0.72 Å33, 0.80 Å34, 0.95 Å, and 1.40 

Å resolution, Chromatium vinosum (Cv) [1CKU] at 1.20 Å resolution,35 and the H42Q mutant of 

Chromatium vinosum (Cv) [1B0Y] at 0.93 Å resolution.36 For crystal structures containing more 

than one molecule in the asymmetric unit, the calculated energies were averaged over all 

structures with the exception of Eh; Chain B from the Eh structures contained unusual Fe-S bond 

lengths so it was not utilized.  In addition, residue 11 of the H42Q mutant of CvHiPIP was 

labeled as an asparagine in the crystal structure in disagreement with the wild-type sequence so it 

was replaced by an aspartic acid as in the wild-type. Hydrogen atoms were added to the crystal 

structures with the HBUILD facility in CHARMM 35b1.37 Crystal structures of the redox site 

analogs [Fe4S4(SEt)4]38 [COZXUK] and [Fe4S4(S-t-Bu)4]39 [COTTUM] were obtained from the 

Cambridge Structure Database:40 

The contributions E° other than Gout (Eqn. 3) were from previous work. The Gin and 

CHELPG41 partial charges are from BS-DFT calculations of [Fe4S4(SCH3)4]n, n =1-,2-,3-, in 

vacuum at the B3LYP/6-31G(++)S**//B3LYP/6-31G** level of theory/basis set by Niu and 

Ichiye.18 At this level, the adiabatic detachment energy (ADE) of the electron calculated for 

[Fe4S4(SCH2CH3)4]2- is 0.21 eV, compared to the experimental value of 0.29 ± 0.10 eV from gas 

phase photoelectron spectroscopy.42 For the conformation in which Cβ-S-Fe-Si (where Si is the 

cluster sulfur on the opposite plane from the iron) dihedral angles, χ3, were ~60° in one redox 

layer and ~-60º in the other redox layer, Gin = -0.23 eV for the 1-/2- couple and Gin = 3.45 eV 

for the 2-/3- couple.18 The ΔGSHE = 4.43V was determined by Reiss and Heller.23 

 The Poisson continuum electrostatic calculations were performed using APBS,43 a 

program for solving the PB equation. In addition, these calculations can be performed using our 
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implementation for redox calculations in CHARMMing,44 a web-based interface for the program 

CHARMM.37 Although the ionic concentration here is zero, the calculations are referred to as 

‘‘PB’’ following common practice. Unless otherwise noted, calculations were performed in a 

51.2 Å x 51.2 Å x 51.2 Å cubic grid with a grid spacing of 0.2 Å x 0.2 Å x 0.2 Å. Charges were 

mapped onto the dielectric grid with a cubic B-spline discretization and a multiple Debye-Hückel 

boundary condition was applied to all calculations.  

The protein in solution has three dielectric regions representing the redox site, the 

protein, and the solvent, with permittivities ɛc, ɛp, and ɛs, respectively. While there is debate over 

the value and significance of ɛp,45 ɛp = 4 is used here as a standard value that has been used 

successfully for many proteins to account for reorientational and electronic polarizability.46 A 

permittivity of ɛs = 78 is used for water and of ɛc = 1 for the redox site. The three-region 

dielectric maps were constructed from two sets of dielectric maps. In the first, grid points within 

the Connolly surface47 of the redox site, determined with a probe radius of 1.4 Å, were assigned 

ɛc = 1 while grid points outside were assigned ɛp = 4 while in the second, all grid points within 

the Connolly surface of the protein, again determined with a probe radius of 1.4 Å, were 

assigned ɛp = 4 while those outside were assigned ɛs = 78. The dielectric boundaries in both sets 

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.48 Using the DXMATH program, which installs 

with APBS, the final map was constructed by adding the dielectric maps together and subtracting 

ɛp = 4 from each grid point to account for the over-counting. The atomic radii are taken from the 

CHARMM22 parameter set;49 specifically, Rmin is 1.07 Å for Fe and 2.00 Å for inorganic sulfur 

while the cysteinyl ligands were given the same radii as the protein cysteine atoms. The partial 

charges were also from CHARMM22 except the partial charges for the redox site (Table 2.1) 
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were from the BS-DFT calculations.18 The assignments of the mixed-valance layers for all 

HiPIPs were based on NMR experiments for CvHiPIP in which the first two Cys in the sequence 

bind the “top” layer and the second two Cys bind the “bottom” layer, with the top layer being the 

more oxidized layer.50 

The redox site analogs [Fe4S4(SEt)4] and [Fe4S4(S-t-Bu)4] in DMF also had  three 

dielectric regions representing the redox-active part of the analog, the outer sphere ligands, and 

the solvent with permittivities ɛc, ɛp, and ɛs, respectively. Heavy atoms and attached hydrogens 

beyond the carbon directly bonded to the sulfur were considered part of the outer sphere; 

therefore, the inner sphere is [Fe4S4(SCH2)4] for the ethyl analog and [Fe4S4(SC)4] for the t-butyl 

analog and the outer sphere consists of the terminating methyl groups. The definition of the 

dielectric regions was as for the protein except that a probe radius of 3.7 Å was used to define the 

Connolly surface of the molecule. Except as noted, ɛc = 1 for the redox site, ɛp = 4 for the outer 

sphere methyl groups, and ɛs = 37 for the solvent. The partial charges for the redox site were the 

same as for the protein while partial charges of outer sphere methyls for [Fe4S4(SEt)4] were -0.27 

e for the carbons and 0.09 e for the hydrogens so that each analog had net integer charge. Since 

the thiolate ligands can rotate in solution, the calculations were performed for both analogs with 

χ3 = 180° which is the crystal values for [Fe4S4(S-t-Bu)4]2- and χ3 = 69° for one layer and χ3 = -

69° for the other layer, which are the crystal values for [Fe4S4(SCH2CH3)4]2-, where χ3 is the C-

Sγ-Fe-So' dihedral angle defined with So' on the opposite layer from Fe and Sγ. In addition, for 

[Fe4S4(SEt)4] with χ3 = 69°, -69°, the χ2 (Fe- Sγ-C-C) was 107° for the top layer and -107° for 

the bottom layer to match the χ2 of the methyl group in [Fe4S4(S-t-Bu)4] with the greatest 

interaction with the [4Fe-4S] core. 
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The absolute free energy G for the reduction reaction of a protein (Eqn. 1) can be 

calculated using a thermodynamic cycle (Figure 2.1). The overall reduction can be separated into 

the reduction of the redox site in vacuum, and the solvation of the redox site in both the oxidized 

and reduced states. Thus, Gout is the difference in ΔsolG(A), the solvation energy of the redox 

site A, between the oxidized (m) and reduced (m-1) states 

 ΔGout = ΔsolG(Am-1) - ΔsolG(Am) (4) 

where ΔsolG(A) is the interaction energy of the redox site with both the surrounding protein and 

the solvent; i.e.,  

 ΔsolG(Am) = G(Am in protein and solvent) - G(Am in vacuo) - G(protein and solvent only)  (5) 

If the same structure is used for the protein to calculate ΔsolG(Am) for the oxidized and reduced 

states, then the last term in Eqn. 5 cancels in Eqn. 4. In addition, for comparisons between 

different proteins, all structures are aligned by the redox site to reduce errors arising from 

extrapolation of the partial charges onto the grid. Redox site atoms are identical in the solvated 

(i.e. in the protein and solvent) and in the reference state (i.e. in vacuo); thus, here the thiol 

sulfurs in the reference state are terminated by methylene groups. 

 

2.4 Results and Discussion 

 

The calculation of E° vs. SHE for HiPIPs using our DFT+PB method is demonstrated 

here using six different HiPIPs. First, the effects of the grid and the partial charges are examined, 

followed by various factors of the protein and the crystal structures. Finally, calculations of E° 

for two analogs in solution are presented. 

Grid 
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Figure 2.1. Thermodynamic cycle for determining ΔGout. The solvation energies (ΔGsol) are 
calculated as the solvation of the redox site in the protein and continuum solvent.  
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The dependence of ΔGout on grid spacing and the orientation of the molecule is 

demonstrated for TtHiPIP in Figure 2.2. Calculations were performed at grid spacings between 

0.6 and 0.1 Å, and, at each grid spacing, the protein and dielectric maps were rotated at 10° steps 

around the z-axis for 90° degrees. All other parameters, such as the size of the calculation grid, 

were kept constant. At the larger grid spacings, the results were affected considerably by the 

orientation of the protein within the grid, indicating that the grid was too coarse so that the 

mapping of partial charges onto the grid is dependent on the grid. In addition, -ΔGout/F decreases 

with r, most likely due to the method used to smooth the boundary between regions. The grid 

spacing dependence began to level and variation due to orientation began to decrease at grid 

spacings below 0.3 Å. A single calculation of HiPIP using a 0.2 Å grid took 17 minutes of CPU 

time and required 4 GB of memory, while at 0.1 Å took 17.5 hours and required over 30 GB of 

memory (memory requirements are greater than 200 B per grid point). While the computational 

time at a 0.1 Å grid spacing is feasible for small proteins, the 0.2 Å grid spacing is deemed 

sufficient since the E˚ are only 2 to 3 mV larger, which is within the error of the DFT+PB 

approximation, with much greater computational efficiency. 

Redox Site Partial Charges 

 The dependence on partial charges of the redox site was examined by calculating ΔGout 

using charges from calculations using the B3LYP/6-31G(++)S**//B3LYP/6-31G** level/basis 

set and the B3LYP/DZVP2 level/basis set (Table 2.1). Although the B3LYP/6-

31G(++)S**//B3LYP/6-31G** charges were significantly more polarized than the 

B3LYP/DZVP2 charges, the calculated values of ΔGout for the six HiPIPs differ by only 0.007 ± 

0.004 V from the DZVP2 charges calculated at the 6-31G** geometry and 0.015 ± 0.004 from 

the DZVP2 charges calculated at the DZVP2 geometry (Table 2.2).  
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Figure 2.2. Calculated ΔGout as a function of grid spacing for monomers A (green) and B (red) 

and the average of A and B (blue) of TtHiPIP. Error bars were calculated as the standard 

deviation of the values calculated for different orientation of the protein on the grid. 
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Table 2.1 Partial charges are from BS-DFT calculations of [Fe4S4(SCH3)4]n, n =1-,2-,3-, in 
vacuum at the B3LYP/6-31G(++)S**//B3LYP/6-31G**, B3LYP/DZVP2//B3LYP/6-31G**, or 
B3LYP/DZVP2 levels of theory/basis. 

 

Layer Charges Geometry Atom  1-  2-  3-  
Top 6-31G(++)s** 6-31G** Fe  0.7920  0.7440  0.8400  

 6-31G(++)s** 6-31G** S  -0.6070  -0.6810  -0.8930  
 6-31G(++)s** 6-31G** S  -0.5440  -0.7030  -0.8650  
 6-31G(++)s** 6-31G** C  -0.0170  -0.0400  -0.0820  
 6-31G(++)s** 6-31G** H  0.0900  0.0900  0.0900  

Bottom 6-31G(++)s** 6-31G** Fe  0.6190  0.7440  0.8550  
 6-31G(++)s** 6-31G** S  -0.5100  -0.6810  -0.8320  
 6-31G(++)s** 6-31G** S  -0.5780  -0.7030  -0.8220  
 6-31G(++)s** 6-31G** C  -0.0150  -0.0400  -0.0610  
 6-31G(++)s** 6-31G** H  0.0900  0.0900  0.0900  

Top DZVP2 6-31G** Fe  0.5940  0.5931  0.7220  
 DZVP2 6-31G** S  -0.4770  -0.5640  -0.7950  
 DZVP2 6-31G** S  -0.4700  -0.6472  -0.8170  
 DZVP2 6-31G** C  -0.0400  -0.0619  -0.0970  
 DZVP2 6-31G** H  0.0900  0.0900  0.0900  

Bottom DZVP2 6-31G** Fe  0.4630  0.5931  0.7390  
 DZVP2 6-31G** S  -0.3900  -0.5640  -0.7400  
 DZVP2 6-31G** S  -0.5080  -0.6472  -0.7860  
 DZVP2 6-31G** C  -0.0320  -0.0619  -0.0860  
 DZVP2 6-31G** H  0.0900  0.0900  0.0900  

Top DZVP2 DZVP2 Fe  0.6090  0.5940  0.7340  
 DZVP2 DZVP2 S  -0.4840  -0.5590  -0.7980  
 DZVP2 DZVP2 S  -0.4750  -0.6490  -0.8280  
 DZVP2 DZVP2 C  -0.0420  -0.0660  -0.0870  
 DZVP2 DZVP2 H  0.0900  0.0900  0.0900  

Bottom DZVP2 DZVP2 Fe  0.4730  0.5940  0.7600  
 DZVP2 DZVP2 S  -0.3940  -0.5590  -0.7590  
 DZVP2 DZVP2 S  -0.5220  -0.6490  -0.7890  
 DZVP2 DZVP2 C  -0.0250  -0.0660  -0.0930  
 DZVP2 DZVP2 H  0.0900  0.0900  0.0900  
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Table 2.2. E° calculated with different redox site partial charges denoted by basis set used for 
energy calculation. Gin = -0.23 eV was used for both partial charge sets. 
 

Species 
E° (V) 

6-31G(++)s**/6-
31G** 

DZVP2/6-
31G** DZVP2/DZVP2 Experiment Reference 

Cv 0.384 0.392 0.370 0.36 27 

Tt 0.334 0.343 0.320 0.32 51 

Eh 0.104 0.104 0.084 0.11 51 

Ev 0.222 0.227 0.205 0.15 51 

Rf 0.350 0.363 0.342 0.33 52 

Rt 0.418 0.423 0.400 0.35 53 
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The effects of the assignment of the partial charges on the redox site atoms were also 

examined since the charge is distributed in two redox layers (Table 2.1).12 In the 2- state, both 

layers are equivalent with a minority spin delocalized in each layer, giving each iron has a formal 

charge of 2.5+. However, in the 1- state, the top layer is oxidized so that there are two Fe3+, 

while the bottom layer still has the delocalized minority spin and two Fe2.5+ while in the in the 3- 

state, the top layer is reduced so that there are two Fe2+, while the bottom layer still has the 

delocalized minority spin and two Fe2.5+. Since the partial charges for the top and bottom layer 

are identical for the 2- state, ΔGout is dependent on the assignment of redox layers for the 1- or 3- 

states only. According to the scalar and dipolar coupling of the redox site to hydrogens of the 

cysteinyl ligands by 2D NMR of CvHiPIP, the delocalized oxidized (top) layer in the 1- state 

contains the irons bound to Cys 43/46 while the reduced (bottom) layer contains those bound to 

Cys61/75.50 This assignment is also consistent with the distortion of the [4Fe-4S] cubane in the 

crystal structure, where the Fe-S bond lengths between the redox layers are ~0.05 Å shorter than 

the intralayer bond lengths in the 1- state according to our DFT studies.54 Different assignment of 

the redox layers in TtHiPIP leads to a ~0.03 V range in E˚ (Table 2.3). The largest devations 

occur when the iron bound to Cys43/75 are assigned to one layer while the irons bound to 

Cys46/61 are assigned to the other. This is because the Cys75 backbone interacts with the 

inorganic sulfurs bridging the irons bound to Cys43 and Cys75 (Figure 3); thus leading to greater 

stabilization of negative charge on these two irons and more negative ΔsolG([Fe4S4(SCH3)4]1-) 

when the reduced layer is assigned as Cys43/75 and more positive ΔsolG([Fe4S4(SCH3)4]1-) when 

the oxidized layer is assigned Cys43/75. All of the other assignments including the assignment in 

accord while experiment give similar ΔsolG since the stabilization by the Cys75 backbone amide 

is for irons on each layer. 
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Table 2.3. Calculated ΔsolG([Fe4S4(SCH3)4]1-) and E° for different redox layer assignments for 
TtHiPIP. 
 

Top Layer Bottom Layer ΔsolG (V) E° (V) 
*Cys 43, Cys 46 Cys 61, Cys 75 -2.428 0.334 

  Cys 43, Cys 75 Cys 46, Cys 61 -2.444 0.318 

  Cys 46, Cys 75 Cys 43, Cys 61 -2.428 0.335 

  Cys 61, Cys 75 Cys 43, Cys 46 -2.429 0.334 

  Cys 46, Cys 61 Cys 43, Cys 75 -2.411 0.351 

  Cys 43, Cys 61 Cys 46, Cys 75 -2.428 0.335 

*Experimentally determined layer 
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Figure 2.3. TtHiPIP redox site with cysteine residues labeled. 
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Oxidation State of Crystal Structure. 

The oxidation state of the protein crystal structure will also affect the calculated E°. Due 

to the difficulty of preventing oxidation of the crystal structure before the diffraction data is 

collected, most of the HiPIP structures have been solved at the 1- oxidation state. While this is 

appropriate for calculating ΔGout for the 1-/2- redox couple, the reduced crystal structure may be 

more appropriate for calculating ΔGout for the 2-/3- redox couple. In the case of TtHiPIP, four 

crystal structures have been solved at four different resolutions, with one structure solved in the 

2- oxidation state (Table 2.4). The RMSD between the oxidized and reduced structures is 

relatively small except for the 0.8 Å resolution structure, which is due to differences far from the 

redox site (Figure 2.4). Since E° for the 2-/3- state has been measured as -0.91 V for Rhodopila 

globiformis HiPIP,55 this actually increases the deviation with experiment for this couple. E° for 

the oxidized structures shows a range of less than 20 mV for the three structures from different 

resolutions. On the other hand, E° for the reduced crystal structure is higher than the oxidized 

structures in both redox couples, which indicates that the reduced structure is more capable of 

stabilizing a negative charge at the redox site, corresponding to an increase in polarization 

around the redox site.  

N/O Assignment in Amides Groups. 

The effect on ΔGout of the assignments of oxygen and nitrogen atoms in amide groups 

near the redox site was also examined. For each of the HiPIPs with the N and O assignment 

interchanged from the crystal E° for all Asn and Gln within 8 Å of the redox site. Of the six 

structures, only RfHiPIP has no change in E° when the O and N are interchanged (Table 2.5) 

since the amine and carbonyl dipoles in Gln45 are perpendicular to the redox site. E° for Cv, Tt, 

Eh and Ev HiPIP is slightly higher by 10 to 60 mV for the interchanged O and N, and the  
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Table 2.4. E° for TtHiPIP from different crystal structures solved at different resolutions and 
oxidation states. E°exp(1-/2-) is 0.32 V. The RMSD is calculated relative to the reduced crystal 
structure. 
 

Crystallized  

Oxidation State 

Resolution 

(Å) 

E° (1-/2-) 

 (V) 

E° (2-/3-) 

(V) 

RMSD 

(Å) 

Oxidized 0.72 0.342 -0.712 0.206 
Oxidized 0.80 0.334 -0.728 0.697 
Oxidized 1.40 0.337 -0.711 0.133 
Reduced 0.95 0.377 -0.681 0.000 
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    a      b 
 

 

 

Figure 2.4. TtHiPIP in the oxidized state at 0.72 Å (green), 0.80 Å (grey) and 0.95 Å (red) 

resolution and in the reduced state at 1.40 Å (blue) resolution aligned by a) the redox site and b) 

the backbone. 
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Table 2.5. E° for the HiPIPs with the nitrogen and oxygen atoms of Asn or Gln with the crystal 
structure assignment and E° when those atoms are exchanged. 

Species Residue 

E° (V) 

Crystal 

Assignment 
N/O Exchanged Experiment 

Cv Asn 45 0.384 0.394 0.36 
Tt Asn 45 0.334 0.390 0.32 
Eh Asn 33 0.104 0.138 0.11 
Ev Asn 36 0.222 0.272 0.15 
Rf Gln 45 0.350 0.349 0.33 
Rt Gln 27 0.418 0.366 0.35 

Rt (chain a) Gln 27 0.414 0.433 0.35 
Rt (chain b) Gln 27 0.423 0.299 0.35 
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interacting energy of the relevant Asn is more favorable for the crystal assignment. On the other 

hand, the E° of Rt HiPIP is nearly 50 mV lower when the N and O of Gln27 are interchanged. 

Gln 27 has different conformations in chain A and B (Figure 2.5). In chain A, Gln 27 is oriented 

away from the redox site, so N-O interchange has little effect on E° while in chain B, the side 

chain of Gln 27 forms a hydrogen bond with the redox site in the crystal structure so that the N-

O interchange breaks the hydrogen bond and reduces E° by 0.124 V. Although the interaction 

energy favors the crystal assignment (Table 2.6), it is possible that the Asn is rotating between 

the two conformations resulting in a net lower E°. 

 

His Protonation State.  

The effect of protonation state of ionizable residues near the redox site on ΔGout was also 

examined. For example, CvHiPIP has been shown to change E° with pH and mutating His42 to 

Gln removes the pH dependence on E° above pH 5.56 E° calculated for wild-type CvHiPIP with a 

neutral and protonated His42 and for H42Q CvHiPIP in good agreement with experimental 

values (Table 2.7). In particular, the 20 mV increase in E° for the protonated His versus the 

neutral His42 or H42Q mutant is in excellent agreement with experiment. 

 

Calculated vs. Experimental E°.  

At 0.2 grid spacing, the calculated E° are in good agreement with the experimental values 

(Figure 2.6). The calculated E° are somewhat higher than the experimental values, which may be 

due to the errors in ΔGin such as using the gas phase analog approximation. Devation in the 

relative values of E° for the individual HiPIPs are more likely to arise from the PB method; 

however the agreement is excellent. 
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Table 2.6. Interaction energy of an Asn or Gln near the oxidized redox site with the nitrogen and 
oxygen atoms of the side chain in the crystal structure assignment and E when those atoms are 
exchanged. 
 

Species Residue 
Interaction Energy (kcal/mol) 

Crystal Assignment N/O Exchanged 

Cv Asn 45 -53.7 -25.3 
Tt Asn 45 -53.1 -23.3 
Eh Asn 33 -65.2 -40.0 
Ev Asn 36 -43.2 -31.4 
Rf Gln 45 -39.7 -41.2 
Rt Gln 27 -56.8 -33.5 

Rt (chain a) Gln 27 -58.1 -37.2 
Rt (chain b) Gln 27 -55.6 -29.7 
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 a b 
 

 

Figure 2.5. Asn27 in a) chain A and b) chain B of RtHiPIP. 
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Table 2.7. E° for CvHiPIP with His 42 at different protonation states. 
 

 

CvHiPIP E°
cal 

(V) E°
exp 

(V)
a

 

H42 Charged 0.407 0.377 

H42 Neutral 0.384 0.355 

H42Qb 0.391 0.357 
a
Babini et al. Inorg. Chim. Acta. 1998. 275-276, 230-233. 

b
From PDB ID 1B0Y 
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Figure 2.6. Comparison of experimental (see Table 2.2 for references and Methods for 

abbreviations) versus calculated E° for the HiPIPs. From left to right, Eh, Ev, Tt, Rt, Rf, and Cv 

HiPIPs. 
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Analogs. 

E° was calculated for [Fe4S4(SEt)4] and [Fe4S4(S-t-Bu)4] in DMF. The dielectric 

permittivity of the methyl groups was assigned as either εCH3 = 1, which is the same as the rest of 

the analog, or as εCH3 = 4, which is consistent with the assignment in the proteins. In addition, 

two conformations of each analog were examined, which differed in the χ3 angle. A χ3 = 180° is 

the crystal values for [Fe4S4(S-t-Bu)4]2- and χ3 = 69° for one layer and χ3 = -69° for the other 

layer are the crystal values for [Fe4S4(SEt)4]2-. As a whole, the assignment of εCH3 > 1 seems 

more logically consistent with protein calculations, although it is not clear if εCH3 should equal εp 

(Table 2.8 ). The two conformations of χ3 were examined since the confirmation in situation 

differ from the crystal structure (Figure 2.7). 

  

2.5 Conclusions 

 

Reduction potentials for HiPIP and [4Fe-4S] redox site analogs are calculated here in 

good agreement with experimental values using the DFT+PB method. The inner-sphere 

contribution was previously calculated by DFT while the outer sphere contribution is calculated 

here by PB continuum electrostatics as the change solvation energy of the redox site upon 

reduction. Several factors were examined that can affect the accuracy of the calculation. For 

instance, a grid spacing of 0.2 Å gives good results with reasonable computational times and 

memory requirements. Also, the results are relatively insensitive to the partial charges varying 

over a range of ~20 mV using partial charges calculated with different basis sets that vary by 

~0.1 e for the sulfurs. In addition, the results are also very insensitive to the assignment of the  
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Table 2.8. Calculated E° (V) for [4Fe-4S] redox site analogs in DMF. The geometry indicates 
the dihedral orientation of 3 = S-Fe-Sγ-Cβ. 

        *geometry in crystal structure 
 

 

Molecule 3 εCH3 = 1 εCH3 = 4 E°exp (V) 
[Fe4S4(SEt)4]1-/2-

 69°, -69°* 0.09 0.21 N/A 

[Fe4S4(SEt)4]2-/3-
 69°, -69°* -0.75 -0.53 -0.92, -1.09 

[Fe4S4(SEt)4]1-/2-
 180°, 180° 0.09 0.19 N/A 

[Fe4S4(SEt)4]2-/3-
 180°, 180° -0.69 -0.52 -0.92, -1.09 

[Fe4S4(S-t-Bu)4]1-/2- 180°, 180°* -0.30 -0.13 0.12 
[Fe4S4(S-t-Bu)4] 2-/3- 180°, 180°* -1.23 -0.92 -1.18 
[Fe4S4(S-t-Bu)4]1-/2-

 69°, -69° -0.48 -0.23 0.12 

[Fe4S4(S-t-Bu)4] 2-/3-
 69°, -69° -1.46 -1.03 -1.18 
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Figure 2.7. Fe4S4(SEt)4 a) in its crystal structure geometry and b) in the Fe4S4(S-t-Bu)4 geometry 
and Fe4S4(S-t-Bu)4 c) in its crystal structure geometry and d) in the Fe4S4(SEt)4 geometry. Inter-
layer Fe-S bonds show in black.  

a 

b 

c 

a 
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redox layers, although specific interactions may cause greater sensitivity. The resolution of the 

crystal structure for high resolution structures (i.e. better than 1.5 Å) also has little effect, (less 

than ~10mV) while the oxidation state of the protein in the crystal structure appears to have a 

somewhat larger effect. On the other hand, the assignment of the nitrogen and oxygen atom of 

Asn and Gln that are close to the redox site may affect the E° by over 100 mV, and the 

possibility that the side chain is rotating between the two possible conformations must also be 

considered. Finally, the protonation state of histidines near the redox site can affect E°. 

Moreover, since the calculated E° predict the experimental shift in wild-type CvHiPIP with pH 

attributed to His42 as well as the shift between the wild-type and the H42Q mutation, the 

DFT+PB method can be used to predict the protonation state of nearby histidines that affect E°. 
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Chapter 3. Fold versus Sequence Effects on the Driving Force for Protein Mediated 

Electron Transfer 

Previously published in: Perrin Jr., B.S. and Ichiye, T. Fold versus Sequence Effects on the 
Driving Force for Protein Mediated Electron Transfer. Proteins: 2010; 78, 2798-2808. 

 

3.1 Abstract 

 

Electron transport chains composed of electron transfer reactions mainly between proteins 

provide fast, efficient flow of energy in a variety of metabolic pathways. Reduction potentials are 

essential characteristics of the proteins because they determine the driving forces for the electron 

transfers. Since both polar and charged groups from the backbone and side chains define the 

electrostatic environment, both the fold and the sequence will contribute. However, while the 

role of a specific sequence may be determined by experimental mutagenesis studies of reduction 

potentials, understanding the role of the fold by experiment is much more difficult. Here, 

continuum electrostatics and density functional theory calculations are used to analyze reduction 

potentials in [4Fe-4S] proteins. A key feature is that multiple homologous proteins in three 

different folds are compared: six high potential iron-sulfur proteins, four bacterial ferredoxins, 

and four nitrogenase iron proteins. Calculated absolute reduction potentials are shown to be in 

quantitative agreement with electrochemical reduction potentials. Calculations further 

demonstrate that the contribution of the backbone is larger than that of the side chains and is 

consistent for homologous proteins but differs for non-homologous proteins, indicating that the 

fold is the major protein factor determining the reduction potential while the specific amino acid 

sequence tunes the reduction potential for a given fold. Moreover, the fold contribution is 
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determined mainly by the proximity of the redox site to the protein surface and the orientation of 

the dipoles of backbone near the redox site. 

 

3.2 Introduction 

 

Metalloproteins are found throughout living organisms and perform a variety of different 

functions, most commonly as electron carriers for such important biological processes as 

respiration, photosynthesis, and nitrogen fixation.1 Biological electron transport entails moving 

electrons quickly and efficiently over distances of 10 to 30 Å by a process in which electrons hop 

between redox sites,2, 3 which include iron-sulfur clusters, hemes, and chlorophylls. Protein-

mediated electron-transfer offers several evolutionary advantages over small-molecule mediated 

transfer. For instance, the protein may serve as a scaffold to hold the redox site at a desired 

location, such as in the membrane, or provide a recognition site for an electron donor or 

acceptor. In addition, the protein can alter the electron transfer properties of the redox site by 

providing a well-defined electrostatic environment for the redox site that differs from aqueous 

environment of the cell. Specifically, the electrostatic potential created by the protein can change 

the redox site’s reduction potential, which determines the driving force for an electron transfer 

reaction, to a value optimal for a specific electron transfer. Moreover, since the reduction 

potential is a direct probe of the local electrostatic potential at the redox site, studies of reduction 

potentials are important for understanding the underlying molecular basis of electrostatic 

environments in proteins, such as the active site of an enzyme on its activity. 

Because the protein environment around the redox site is defined by the three-

dimensional structure of the polypeptide chain, the question arises as to the relative contributions 
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of the fold versus the sequence to the reduction potential of a protein. It is well known that 

similar folds generally indicate similar functions while the specific sequence can tune the 

function. However, it is less obvious that similar folds of metalloproteins indicate similar redox 

properties while the specific sequence can tune the redox properties.4, 5 In fact, an early proposal 

was that the reduction potential of a protein was controlled by its net charge.6 Consequences are 

that single mutations will rarely destroy functionality by causing large changes in reduction 

potential since the overall fold is generally robust with respect to mutations but also that single 

mutations may tune the reduction potential to optimize a given electron transfer chain by causing 

small changes in the reduction potentials. 

The preponderance of homologous proteins with the same redox site that have vastly 

different sequences and yet similar electrochemical reduction potentials support the idea that the 

fold must be a major contributor. However, quantifying the contribution of the fold to reduction 

potentials by experiment is difficult and mostly indirect. Thus, calculations provide an important 

means of examining the different contributions to the electrochemical potential. For the 

reduction reaction A + e! "A- , the reduction potential E° is related to the reaction free energy 

ΔG° by 

 !nFEo = "Go # "Gin +"Gout +"GSHE  (1) 

where n is the number of electrons and F is Faraday’s constant.7 Furthermore, ΔG° can be 

approximately decomposed into ΔGin, the inner sphere or intrinsic energy required to add an 

electron to the redox site, ΔGout, the outer sphere or change upon reduction in the interaction 

energy of the redox site with its environment, and ΔGSHE = 4.43 eV, the free energy for the 

electron in the standard hydrogen electrode.8 ΔGin is determined primarily by the type of redox 

site and can be obtained from quantum chemical calculations of the redox site in both oxidation 
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states. On the other hand, ΔGout is determined mainly by the electrostatic environment created by 

the protein and surrounding solvent and can be obtained from classical electrostatic calculations 

of the system in both oxidation states.  

The iron-sulfur proteins, which are ubiquitous and play numerous roles in essential 

biological processes, are ideal for addressing the role of fold versus sequence. Fe-S proteins most 

commonly contain [Fe(SR)4], [Fe2S2(SR)4], [Fe4S4(SR)4], or [Fe3S4(SR)4] clusters, and the same 

cluster can be found in many different folds. The synthetic clusters of Holm and co-workers9 

enable comparisons of a redox site cluster in a protein with the same cluster in solution, thus 

probing the advantages of protein mediated versus small-molecule mediated electron transfer. 

The small water soluble Fe-S proteins from bacteria are idea for calculations and mutational 

studies. Moreover, small Fe-S proteins have been proposed as primordial electron carriers10, 11 

and thus may help define the essential features of protein-mediated transfer. 

A classic problem in the Fe-S proteins is the origin of the vastly different reduction 

potentials of the high-potential iron-sulfur proteins (HiPIPs) versus the [4Fe-4S]-ferredoxins 

(Fds), which both contain the [Fe4S4(S-Cys)4] cluster, but under physiological conditions only 

the 1-/2- couple is accessible to the HiPIPs and only the 2-/3- couple is accessible to the Fds. In 

addition, the iron protein (FeP) from nitrogenase has a [Fe4S4(S-Cys)4] cluster that can access the 

2-/3- and apparently even the 3-/4- couples under physiological conditions.12 HiPIP and Fd are 

similar in size, while FeP is significantly larger and all three have very different folds (Figure 

3.1). The stabilization of different couples between the HiPIPs and Fds has been attributed to the 

backbone and solvent dipoles by calculations5, 13, 14 and experiment,15 although the relative 

importance of hydrogen bonding versus simple polar interactions is still not clear. Specifically, 

based on calculations of three ferredoxins and one HiPIP, Warshel has proposed that the  
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Figure 3.1. Folds of Tt HiPIP, Ca Fd, and Av FeP.  
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backbone is a major differentiating factor between the different folds, while the solvent dipoles 

differentiate the ferredoxins.14, 16 Additionally, when the folds are identical, sequence 

determinants have bee identified that cause shifts in reduction potentials of 50 to 100 mV in the 

rubredoxins17, 18 and ferredoxins19 as well as bound water molecules that also play key roles in 

the rubredoxins20-22 and in ferredoxins23, 24. However, differences in the electronic structure of 

the cluster in the HiPIPs versus the Fds25, 26 and electronic perturbation of the cluster by water15 

have also been attributed to cause part of the difference, although perturbations due to hydrogen 

bonds are apparently small27 and the dihedral angles of the ligands appear to be more 

important28. Thus, while the major role of the backbone and thus the fold in the reduction 

potential has been discussed4, 5, unraveling the importance of the cluster, fold, and sequence by 

calculation have been hindered because of the difficulty in separating electronic versus protein 

effects. Moreover, systematic studies of multiple homologs have not been performed to establish 

the consistency of the fold contribution. 

Here, the nature of the protein environmental contribution is examined in high-resolution 

crystal structures of six HiPIPs, four Fds, and two FePs plus an ADP-bound FeP and a FeP 

homolog (all four will be referred to as FeP proteins), looking for consistencies within a fold and 

differences between folds. The intrinsic contributions ΔGin are from broken symmetry density 

functional theory (BS-DFT) calculations,26, 29 which we have calibrated to predict adiabatic and 

vertical dissociation energies of a variety of Fe-S clusters in the gas phase that are in good 

agreement with photoelectron spectroscopy.30-33 The environmental contributions ΔGout are 

calculated using the model developed by Honig and co-workers34, 35 in which the Poisson or 

Poisson-Boltzmann (PB) equation is solved numerically for the protein represented as partial 

charges in a low dielectric continuum cavity and the surrounding solvent represented as a high 
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dielectric continuum. The use of high-resolution crystal structures rather than molecular 

dynamics mechanics simulations assures that the structures used for the calculations are not 

dependent on the force field since our work indicates that the reduction potential is very sensitive 

to the exact geometry near the cluster.19, 36 The two calculations can be performed separately for 

Fe-S proteins as shown by Noodleman, Case, and co-workers.13 Our calculated ΔGin and ΔGout 

together with ΔGSHE (Eqn. 1) are shown here to give reduction potentials in excellent agreement 

with electrochemical measurements. By separating the contributions of the protein cavity and the 

backbone, which determines the fold effects, and the side chains, which determine the sequence 

effects, the calculations demonstrate that the protein cavity and backbone contributions are 

consistent within a given protein fold but differ between folds for the six HiPIPs, four Fds, and 

four FePs. The calculations also show that the protein fold is the major protein factor 

determining the reduction potential while the specific amino acid sequence tunes the reduction 

potential for a given fold. Finally, the calculations show that the protein fold contributes mainly 

by determining the proximity of the redox site to the protein surface and by defining the number, 

location, and orientation of the dipoles of backbone within ~10 Å of the redox site center. 

 

3.3 Methods 

 

All crystal structures were obtained from the Protein Data Bank (PDB).37 Crystal 

structures of six HiPIPs were from Rhodocyclus tenuis (Rt) at 1.50 Å resolution [1ISU]],38 

Rhodoferax fermentans (Rf) at 1.45 Å resolution [1HLQ],39 Ectothiorhodospira vacuolata (Ev) at 

1.80 Å resolution [1HPI],40 Ectothiorhodospira halophila (Eh) at 2.50 Å resolution [2HIP],41 

Thermochromatium tepidum (Tt) at 0.80 Å resolution [1IUA],42 and Chromatium vinosum (Cv) 
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at 1.20 Å resolution [1CKU]43. In addition, crystal structures of four Fds were from Clostridium 

acidiurici (Ca) at 0.94 Å resolution [2FDN],44 Peptostreptococcus asaccharolyticus (Pa) at 2.00 

Å resolution [1DUR],45 Pseudomonas aeruginosa (Pr) at 1.32 Å resolution [2FGO],46 and 

Chromatium vinosum (Cv) at 2.10 Å resolution [1BLU].47 Also used were crystal structures of 

the ADP-free Fe protein from Azotobacter vinelandii (Av) solved at 2.2 Å resolution 

[1G5P,2NIP],48-50 the ADP-bound Av Fe protein (Av-ADP) solved at 2.15 Å resolution [1FP6],48 

the ADP-free Fe Protein from Clostridium pasteuranium (Cp) solved at 1.93 Å resolution 

[1CP2],49 and the homologous L protein (BchL) from Rhodobacter sphaeroides (Rs) solved at 

1.63 Å [3FWY].51 A crystal structure for Fe4S4(SCH2CH3)4
52 from the Cambridge Structure 

Database was used for the analog in solution calculations [CCSD code: COZXUK]. 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 with the 

exception of Eh HiPIP because one of its structures contains unusual Fe-S bond lengths and thus 

was not utilized. In addition, since two structures of Av FeP were solved at the same resolution 

with the same R-factor, their results were also averaged. The experimental reduction potentials in 

the HiPIPs for 1-/2-42, 53, 54 and the 2-/3-55 couples, in the Fds for the 1-/2-56 and 2-/3- couples,46, 57, 

58 and the FePs for the 2-/3-59, 60 couple were obtained from the literature. The value for the 1-/2- 

couple of the FePs is assumed based on the value for the 2-/3-. 

The ΔGin were obtained from BS-DFT calculations at the B3LYP/6-

31G(++)S**//B3LYP/6-31G** level of Fe4S4(SCH3)4
1-/2-/3- with the dihedral angles C-S-Fe-Si 

(where Si is the cluster sulfur on the opposite plane from the iron) of approximately 60° in one 

plane and -60º in the other plane in vacuum (Niu & Ichiye unpublished results, see also 

Supplementary Material) using methods described previously30 with the program NWChem.61 At 
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this level, the adiabatic detachment energy (ADE) of the electron calculated for 

Fe4S4(SCH2CH3)4
2- without and with zero point energy (ZPE) corrections are 0.191 and 0.243 

eV, respectively, compared to the experimental value of 0.29 eV from gas phase photoelectron 

spectroscopy.32 The ΔGin including corrections for ZPE and entropy and the electrostatic 

potential charges along with more details on the calculations are given the supplementary 

material. 

The ΔGout were obtained from Poisson continuum electrostatic calculations of the cluster 

in the protein surrounded by a continuum solvent utilizing APBS,62 a program for solving the 

Poisson-Boltzmann equation. Although the ionic concentration here is zero, the calculations are 

referred to as “PB” following common practice. Details for the calculations are given 

elsewhere63 and are summarized here. The reference system consists of the cluster; i.e., the iron 

and inorganic sulfurs, and the ligating cysteinyl sulfurs, β-carbons, and β-hydrogens. ΔGout is the 

difference in solvation energy of the cluster between the oxidized and reduced states.  

 !Gout = !Gsolv ([Fe4S4(SR)4 ]n"1)"!Gsolv ([Fe4S4(SR)4 ]n )  (2) 

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

[Fe4S4(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 [Fe4S4(SCH3)4]n in vacuum. 

Missing atoms were added to the crystal structures and hydrogen positions were optimized using 

CHARMM. The HiPIPs and Fds were calculated within a 51.2 Å cubic grid and the FePs were 

calculated with a 76.8 Å cubic grid; 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 parameters;64 

the partial charges for the cluster were from the BS-DFT calculations (see supplementary 

material). The Connolly surface, i.e., the surface outlined by a probe of radius r = 1.4 Å rolling 
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over the van der Waals surfaces of the solute atoms,65 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.66 In addition, although there is debate over what εp signifies and what its value 

is,67 εp = 4 is used here as a standard value that has been used successfully for many proteins to 

account for reorientational and electronic polarizability.34  

 The environmental contributions to the reduction potential were separated as follows. The 

protein cavity was defined by the Connolly molecular surface of the entire protein including the 

cluster using the experimental structure. The contribution of the cavity ΔGcav was defined as 

ΔGout for an empty protein cavity in water by setting all the protein partial charges (excluding the 

cluster) equal to zero with εp = 1, and the contribution of the dielectric-filled cavity ΔGεp was 

defined similarly except εp = 4. The contribution of the backbone ΔGbb was defined as ΔGout 

calculated for only the backbone atom charges in the entire protein cavity filled with εp = 4; here, 

the side chain for each residue, with the exception of proline and FeS-ligated cysteines, was 

replaced with a hydrogen atom and the atomic partial charges were set to those of glycine. 

Backbone contributions of each residue were obtained as the difference between ΔGbb and the 

free energy calculated with the partial charges of that residue equal to zero. Finally, ΔGbb(in) and 

ΔGbb(out) were calculated by setting the partial charges of all residues equal to zero that either did 

not have or did have, respectively, a backbone atom within a cutoff of a redox site inorganic or 

cysteinyl sulfur within the entire protein cavity with εp = 4. 

 

3.4 Results and Discussion 
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The experimental reduction potentials for the [Fe4S4] proteins follow the trend HiPIPs < 

Fds < FePs for the 1-/2- and 2-/3- couples (Table 3.1). The reduction potential for the 1-/2- 

couple of the Fds and FePs is presumably so positive that it is not generally accessible by 

experiment and has been measured as 0.73 V for Clostridium pasteurianum Fd.56 Similarly, the 

reduction potential for the 2-/3- couple of HiPIPs is presumably so negative that it is also not 

generally accessible and has been measured as -0.91 V for Rhodopila globiformis HiPIP.55 The 

reduction potentials calculated by DFT and PB (Eqn. 1) using the experimental geometries for 

each protein are in excellent agreement with experimental reduction potentials (Figure 3.2a). The 

effects of the resolution of the crystal structures on the calculated reduction potentials were 

examined by calculating the deviation of the values calculated from multiple structures in the 

asymmetric unit or multiple side chain conformations in the deposited structure as well as the 

deviation of the calculated from the experimental values (Figure 3.2b).  The deviation of the 

calculated values from the structures is approximately less than |ΔE°| < ∼-0.04 +0.06R eV and 

the deviation from experiment is approximately less than |E°calc - E°exp| < ∼-0.04 +0.09R eV, 

where R is the resolution. Moreover, other calculations indicate that the larger deviation for Cp 

Fd in the non-biological 1-/2- couple is due to preference for a dihedral transition in the 1- state 

in the gas phase found in the Fd conformation but not the HiPIP conformation that is restrained 

by the protein; this leads to a more positive value of –ΔGin/F for the 1-/2- couple of Fd (Niu & 

Ichiye, unpublished work). We now take advantage of this agreement between the calculated 

reduction and experimental reduction potentials to examine what gives rise to the differences 

between the HiPIPs,  Fds, and FePs.  
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Table 3.1. Intrinsic and environmental contributions (-ΔGin/F and -ΔGout/F, respectively) to the 

calculated reduction potentials, and calculated and experimental reduction potentials (E°) vs. 

SHE for different proteins, all in V. Superscripts on proteins indicate couple of the redox site. 

 

Protein -ΔGin/F -ΔGout/F Calc. E° Exp. E°* 
HiPIP1-/2- 0.26 4.43 ± 0.11 0.31 ± 0.11 0.27 ± 0.11 
Fd1-/2- 0.26 4.62 ± 0.15 0.44 ± 0.15 0.73 
FeP1-/2- 0.26 4.83 ± 0.10 0.66 ± 0.10 >>0 
HiPIP2-/3- -3.48 7.13 ± 0.10 -0.78 ± 0.10 -0.91 
Fd2-/3- -3.48 7.32 ± 0.16 -0.59 ± 0.16 -0.54 ± 0.15 
FeP2-/3- -3.48 7.64 ± 0.06 -0.28 ± 0.08  -0.35 ± 0.09 
a For references for experimental values, see methods. The reduction potential for FeP1-/2- was assumed from FeP2-/3- 
measured potentials. 
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Figure 3.2. Left: Comparison of experimental (see Table 3.1 for references and Methods for 

abbreviations) versus calculated reduction potentials for the 2-/3- (below dashed line) and 1-/2- 

(above dashed line) couples. From left to right, Fe4S4(S CH2CH3)4 (purple), Rg/Rt HiPIP (red), 

Cv, Pr, Pa, and Ca Fds (blue), Av-ADP, Av, and Cp FePs (green), Eh, Ev, Tt, Rt, Rf, and Cv 

HiPIPs (red), and Cp/Cv Fd (blue). Right: The absolute deviation in E° between different side-

chain conformations in the crystal structure (circles) and proteins from the same asymmetric unit 

(diamonds) is analyzed with respect to the crystal structure resolution, indicating that higher 

resolution crystals have more precise calculated reduction potentials. Similarly, the calculated 

reduction is closer to the experimental values for higher resolution structures. 
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Intrinsic versus environmental contribution. Since the focus here is on the environmental 

contribution ΔGout, the intrinsic contribution ΔGin for a given redox couple was assumed to be 

identical for all proteins. The DFT calculations indicate that the 2- state is slightly more sTable 

3.than the 1- state in vacuum since -ΔGin/nF was 0.26 V for the 1-/2- couple but that further 

reduction of the cluster was very unfavorable in vacuum since -ΔGin/nF was -3.48 V for the 2-/3- 

couple (Table 3.1), respectively. However, our recent studies indicate that differences in the 

dihedral angles of the cysteinyl ligands for the different folds may alter the intrinsic 

contribution,28 mainly for the  1-/2- couple of the Fds (unpublished results) so here we focus on 

the 2-/3- couple where the variation may be less (Table 3.I).  Since the contribution of the 

electron in the electrode also disfavored reduction by -ΔGSHE/F = 4.43 eV, ΔGout must be a large 

positive contribution to the electrochemical reduction potential.  

The PB results for ΔGout indicate that the environmental contribution due to the protein 

and surrounding water was similar for proteins with the same fold but differed by 200 to 300 mV 

between proteins with different folds (Table 3.I). Another factor may be that the cluster is less 

buried in the Fds than in the HiPIPs5, 13 and is even less buried in the FePs. Since the proximity 

of the cluster to the protein surface determines how close the high-dielectric solvent can come to 

the cluster, more buried clusters should have a less positive -ΔGout/F.  

Fold versus sequence contributions. The fold determines the size and shape of the protein 

cavity, the location of the cluster in the cavity, and the arrangement of the partial charges of the 

backbone while the sequence determines the arrangement of the partial charges of the side 

chains. Thus, the fold contribution should be characteristic of the backbone irrespective of the 

sequence. However, separating contributions of the backbone and side chains is difficult since 

the PB model assumes the protein is a set of partial charges in a dielectric continuum, which is 
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difficult to partition. Here, to determine the contributions of fold versus sequence, the total PB 

calculated reduction potential for a series of hypothetical solutes was considered, in which each 

solute becomes progressively more like the final protein model. In each case, the cluster is in the 

same protein cavity surrounded by water (see Methods), but the cavity is either empty with εp = 1 

(Figure 3.3a), filled with a dielectric of εp = 4 referred to as the dielectric-filled cavity (Figure 

3.3b), filled with a dielectric of εp = 4 and backbone charges turned on referred to as the 

backbone+dielectric cavity (Figure 3.3c), or filled with a dielectric of εp = 4 and all protein 

charges turned on (Figure 3.3d), which is simply the standard Honig model of the protein.35 The 

reduction potentials of each of the hypothetical molecules are shown only for the 2-/3- couple 

(Figure 3.4) since the results were essentially the same for the 1-/2- couple except for the scale.  

The calculated reduction potentials for the cluster in the empty protein cavities (εp = 1) in 

water (Figure 3.3a; Figure 3.4, gray) relative to in vacuum indicate that solvating the cavity with 

water increased the reduction potential by 3 to 5 V, which accounts for 40 to 45% of the total –

ΔGout/F. Moreover, the magnitude of the increase was highly dependent on the effective size of 

the cavity.  

The calculated reduction potentials for the cluster in dielectric-filled (εp = 4) cavities 

(Figure 3.3b; Figure 3.4, red) relative to the empty protein cavities (Figure 3.4, gray) indicate 

that filling the cavity with a dielectric by increasing εp from 1 to 4 increased the reduction 

potential by 1.5 to 3 V, which accounts for another 20 to 25% of the total –ΔGout/F. However, 

the dependence of the potential on the effective size of the protein decreased as εp increased, in 

agreement with the concentric-sphere model as εp increased from 1 to 4, so that the Fds were 

only ~0.15 V higher than the HiPIPs, and the FePs were only ~0.2 V higher than the Fds. This  
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Figure 3.3. Illustration of the stepwise solvation of Rt HiPIP:  (a) the solvent-excluded protein 

cavity, (b) the dielectric-filled cavity, (c) the backbone in the dielectric filled cavity, and (d) the 

entire protein.  
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Figure 3.4. Contributions corresponding to the stepwise solvation illustrated in Figure 3.3 for the 

HiPIPs, Fds, and FePs (see text for abbreviations) in the 2-/3- couple of [Fe4S4(SR)4]. 

Contributions for the vacuum cavity (grey), the dielectric-filled cavity (red), the entire backbone 

(blue), and the entire protein (yellow) are given in V. 
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Figure 3.5. Contributions of cavity (red), outer (pink) and inner (light blue) parts of the 

backbone divided at the cutoff, and entire backbone (dark blue) to the reduction potential, all in 

V. For HiPIP, Fd, and the first set of FeP values, the cutoff is 5.5 Å. For the second set of FeP 

values, the cutoff is 15.5 Å. 
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implies that filling the cavity with even a relatively low dielectric negated much of the 

differences between the folds found in solvating the empty cavity.  

The calculated reduction potentials of the backbone+dielectric cavities (Figure 3.4, blue) 

relative to the dielectric-filled cavities (Figure 3.3c; Figure 3.4, red) indicate that the effects of 

the fold via the arrangement of the backbone increased the reduction potential by another ~0.4 to 

~0.9 V, and the positive values of the changes indicate that the backbone in all three proteins was 

apparently organized to favorably solvate the cluster. The addition of the backbone increased the 

differences between the folds so that the Fds went from ~0.15 V higher for the dielectric-filled 

cavities to ~0.4 V higher for the backbone+dielectric cavities than the HiPIPs and the FePs went 

from ~0.2 V higher for the dielectric-filled cavities to ~0.33 V higher for the backbone+dielectric 

cavities than the Fds. Moreover, each fold had a different backbone contribution, indicating the 

backbone contribution was characteristic of the fold. 

Finally, the calculated reduction potentials for the entire proteins (Figure 3.3d; Figure 3.4, 

yellow) relative to the backbone+dielectric cavities (Figure 3.4, blue) indicate that the effects of 

the sequence via the net contribution of the side chains were smaller than that of the fold since 

they caused changes of no more than ~0.3 V. Moreover, the contribution of the side chains 

caused the reduction potentials to vary both above and below the backbone value and they 

lowered the potential for the Fds and the FePs. Therefore, the potential appeared to be tuned by 

the side chains, i.e., the sequence, with respect to the relatively constant value set by the 

backbone, i.e. the fold. 

Overall, the solvent made a large contribution to the reduction potential, which was 

modulated by the proximity of the cluster to the surface of the protein cavity and the difference 

between the dielectric constant inside and outside the cavity, and the backbone made another 
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large contribution. Moreover, examining the average and standard deviations of the 

environmental contributions of the dielectric cavities, -ΔGεp/F, and backbone+dielectric cavities, 

-ΔGbb/F, the contributions of both the location of the cluster in the cavity and the backbone were 

characteristic for each fold and helped to define differences in the fold contributions; i.e., 

considering the standard deviations, the values for each fold were distinctly different. Moreover, 

compared to the total environmental contribution, -ΔGout/F, the average backbone+dielectric 

contribution was within 0.2 V of the average total contribution while the standard deviations of 

the dielectric cavity and the backbone+dielectric were much less than the total contribution, 

indicating that the fold contribution was relatively constant and characteristic of the fold while 

the side chains tuned the backbone contribution. 

Localization of the fold contribution. A relatively local region of the protein may be 

responsible for most of the fold contribution to potential since it arises from the backbone 

dipoles and dipolar interactions die off rapidly. To determine which part of the protein is 

important, the contribution of each peptide group (minus the side chain) was calculated (see 

methods) as a function of the distance between the center of the C-N peptide bond and the 

nearest cysteinyl or inorganic sulfur of the redox site were examined for each fold; results for Tt 

HiPIP, Ca Fd, and Av FeP are shown (Figure 3.6) since results for the other proteins with the 

same folds were similar. The largest contributions were within 5.5 Å of a cluster sulfur, and were 

both positive and negative in the HiPIPs, only positive in the Fds, and mostly positive in the 

FePs. In this region, the amide hydrogens point toward the cluster and the carbonyl oxygens 

point away from the cluster in Fd (Figure 3.7b) and Fe protein (Figure 3.7c), but are randomly 

oriented in HiPIP (Figure 3.7a). 
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Figure 3.6. Contribution of each peptide group to the potential as a function of the distance 

between the center of the N-C bond and nearest redox site sulfur for Tt HiPIP (red), Ca Fd 

(blue), and Av FeP (green). Blue lines indicate the maximum possible contribution of a peptide 

calculated as 
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Figure 3.7. Local region around the cluster in (a) HiPIP, (b) Fd and (c) FeP defined by having a 

backbone atom with 5.5 Å of an inorganic or cysteinyl sulfur of the cluster. 
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Since the largest contributions to the potential appear to come from residues close to the 

cluster (Figure 3.6), the solvation free energy was also calculated (see Methods) for hypothetical 

solutes that had only backbone peptide groups outside or inside of a cutoff, -ΔGbb(out)/F (Figure 

3.5, pink) or -ΔGbb(in)/F, (light blue), respectively, but with a dielectric filled protein cavity 

determined by the entire protein (Figure 3.5, red column). For a cutoff of 5.5 Å, -ΔGbb(out)/F was 

generally close to -ΔGεp/F, implying that the outer part of the backbone does not significantly 

contribute to the solvation free energy, while -ΔGbb(in)/F was generally close to -ΔGbb/F (Figure 

3.5, dark. blue column), implying that just the inner part of the backbone gives rise to most of the 

backbone contribution. Since the cysteinyl sulfurs and inorganic sulfurs are 3.9 and 2.2 Å from 

the cluster center, respectively, most of the backbone contribution apparently came from residues 

within ~10 Å of the cluster center. 

However, although most of the backbone contribution appeared to be very local, the 

region outside is still important because it defines the low dielectric cavity of the entire protein. 

For example, although the close values of  -ΔGbb(in)/F and -ΔGbb/F simply implies that the 

peptide partial charges beyond 5.5 Å from redox site sulfurs did not contribute much, the 

solvation energy of a fragment consisting of the inner residues with a low dielectric cavity 

defined only by these residues is much larger. Thus, although the location of the cluster relative 

to the cavity surface is important, the size of the low dielectric cavity cannot be ignored. 

Moreover, contributions of the polypeptide can extend beyond 5.5 Å. For example, the Fe 

protein is much larger than the HiPIPs or Fds and so the number density of peptide groups as a 

function of peptide-sulfur distance (Figure 3.6) is large well past 15 Å for the FePs unlike the 

other two. For a cutoff of 5.5 Å in FeP, -ΔGbb(out)/F was slightly higher than -ΔGεp/F and 

-ΔGbb(in)/F was slightly lower than -ΔGbb/F so that the residues within 5.5 Å of redox site sulfurs 
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accounted for ~75% of the backbone contribution. However, for a cutoff of 15.5 Å, -ΔGbb(out)/F 

was essentially equal to -ΔGεp/F and -ΔGbb(in)/F was essentially equal to -ΔGbb/F so that the 

remaining 25% of the backbone contribution came mainly from many small contributions 

between 5.5 and 15.5 Å of a redox site sulfur, or ~10 to ~20Å of the cluster center (Figure 3.6).   

 

3.5 Conclusions 

 

The protein environment plays an important role in protein-mediated electron transfer in 

part by poising poises the reduction potentials of the redox sites at specific values. Moreover, 

mutational studies of the reduction potential are an exquisite experimental probe of the local 

electrostatic environment, which also can be important in the catalytic activity of enzymes. The 

combined results of the DFT calculations of the intrinsic contribution and the PB calculations of 

the environmental contribution reproduce the experimental reduction potentials remarkably well. 

Using structures from multiple homologous proteins in three different folds, we examined 

consistencies within a fold and differences between folds to separate the contributions of fold 

versus sequence. 

The results here indicate that the fold plays the major role in determining the reduction 

potential while the side chains tune the reduction potential, here by less than ~0.3 V with respect 

to the backbone. In addition, while the fold could potentially affect the reduction potential by the 

size and shape of the cavity, the cluster location within the cavity, and the arrangement of the 

backbone partial charges around the cluster, the results here indicate that the proximity of cluster 

to the cavity surface is more important than the size of the protein. Also, the results indicate that 

the extent of polarization for the backbone around the cluster is important, especially within ~10 
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Å of the cluster center. Moreover, in examining six HiPIPs, four Fds, and four FeP or FeP related 

proteins, the results were consistent within a fold but differed between the folds, particularly 

when only the cavity and/or the backbone contributions were considered. Thus, the contributions 

the backbone were characteristic for each fold and helped to define differences in the fold 

contributions while the side chains mainly tuned the backbone contribution and were responsible 

for greater variation within a fold. 

More generally, the results here indicate that the local environment plays the largest role 

in determining the redox potentials, since the potential is raised by oriented polar groups to the 

cluster, whether from the solvent or the protein. Thus, reduction potentials for proteins with the 

same environment for the cluster (i.e. similar binding motif) should have similar reduction 

potentials whether the motif is found in a small aqueous protein or in a large protein complex, 

with or without a bound redox partner, as long as the cluster does not become more or less 

buried. Thus, binding far from the cluster will have little effect. However, for a cluster close to 

the surface, binding across the most solvent exposed face (as is often the case for a redox 

partner) may lower the reduction potential unless the partner is also polarized in the same 

direction as the solvent it replaces with respect to the cluster. 
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Chapter 4. Characterizing Protein Environmental Effects on the Reduction Potentials of 
Metalloproteins 
 

4.1 Abstract 

 

An electron transfer protein plays a critical role in determining its reduction potential by 

burying its redox site in a tunable, low-dielectric environment. The two most important factors 

are the degree of burial of the redox site within the protein, which determines a dielectric 

response energy, and the degree of permanent polarization of the polypeptide around the redox 

site, which gives rise to an electret energy. Both factors are controlled mainly by the fold of the 

protein, and the latter is further tuned by the sequence. Here, the burial of the redox site is 

characterized by the dielectric radius of the protein Rp, which is an effective Born-type radius for 

the protein, and the polarization of the polypeptide is characterized by the protein electret 

potential φp, which is the average electrostatic potential at the metal atoms. An electret-dielectric 

spheres (EDS) model is then defined in terms of Rp and φp, which demonstrates that for a redox 

site of charge Q, the dielectric response free energy is a function of Q2 while the electret energy 

is a function of Q.  In addition, Rp and the backbone contribution to φp are shown to be 

characteristics of the fold of a protein. Finally, the values of Rp and φp for a protein with a redox 

site that can undergo different redox couples such as the [4Fe-4S] site are shown to be predictive 

of the most likely couple for the protein under physiological conditions. In particular, the results 

indicate that nitrogenase iron-protein is able to access both the [4Fe-4S]2+/1+ and [4Fe-4S]1+/0 

couples because the redox site is very exposed to the solvent. 
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4.2 Introduction 

 

In bioenergetic processes, electrons move over long distances by electron transfer 

reactions between electron carriers, which are generally redox sites within electron transfer 

proteins. The reduction potentials E° of the redox sites determine the driving force for the 

reactions, with more favorable electron flow toward the redox site with larger E°. Since Nature 

uses the same redox sites for many different processes, the protein environment surrounding each 

redox site must play a critical role in tuning E°; for instance, the electron transport chains in 

respiration, photosynthesis, and nitrogen fixation utilize some of the same redox sites repeatedly 

but with different E° at different steps along the chains. Thus, determining how the protein 

environment tunes E° is essential for understanding the structure-function relationship in electron 

transfer proteins.  

Computational studies have played an important role in understanding reduction 

potentials of metalloproteins. Since E° is proportional to the negative of ΔG, the free energy for 

the reduction reaction, the energetics can be divided into the inner sphere contribution ΔGin, 

which is the intrinsic energy required to add an electron to the redox site, and the outer sphere 

contribution ΔGout, which is the change in the interaction energy of the redox site with the 

protein and solvent upon reduction of the redox site. Many earlier studies of proteins have 

assumed that ΔGin for a given redox site is constant, independent of the protein it is found in, and 

thus have focused on understanding relative values of E° between different proteins with the 

same redox site rather than E°. For instance, Warshel and co-workers have calculated relative E° 

for [4Fe-4S] proteins via the protein-dipoles-Langevin dipoles (PDLD) method1 and Gunner and 

Honig have calculated relative E° of heme proteins using Poisson-Boltzmann (PB) continuum 
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electrostatics.2 In addition, Ichiye and coworkers have calculated differences in E° of as little as 

0.05 V due to specific residues referred to sequence determinants in iron-sulfur proteins3-7 using 

molecular mechanics combined with bioinformatics analysis. 

 Although these earlier studies have provided much insight into reduction potentials of 

metalloproteins, it is difficult to evaluate different methods for calculating the protein 

contribution since deviations from experiment can be attributed to the missing inner sphere 

contribution. Thus, the calculations of reduction potentials versus the standard hydrogen 

electrode (SHE) for [4Fe-4S] proteins by Noodleman, Case, Bashford and co-workers using 

density functional theory (DFT) to calculate ΔGin and PB electrostatics to calculate ΔGout are an 

important step forward.8 However, more recent studies9 indicate that inner sphere redox energies 

calculated with the BP86 functional used in those studies are off by almost 1 V compared to 

electrospray ionization - photoelectron spectroscopy (EI-PES) detachment energies of [4Fe-4S] 

cluster analogs measured by Wang and co-workers.10-12 

Recently, our group has predicted E° vs. SHE for [4Fe-4S] proteins that are in excellent 

agreement with experiment using a simple additive approach we refer to as DFT+PB in which 

ΔGin is obtained by DFT calculations of gas phase redox site analogs and ΔGout is obtained by 

PB calculations of the redox site in the protein using partial charges from the DFT calculation.13 

A key factor has been our calibration of the functionals and basis sets for the DFT calculations 

by comparing the calculated detachment energies of redox site analogs in the gas phase against 

EI-PES data, with the best agreement using B3LYP and double-zeta basis sets.9 Our DFT 

calculations also confirm that ΔGin for the iron-sulfur clusters is relatively independent of 

environment,9 although the ligand dihedral conformation may tune it by ~ 200 mV.14 Because of 

the good agreement with experiment, these calculations have been useful in decomposing the 
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various contributions of the protein to E° since the contribution of the redox site is now known. 

In particular, these calculations show that the two major factors differentiating ΔGout between 

proteins are the degree of burial of the redox site in the low-dielectric cavity of the protein and 

the degree of permanent polarization of the polypeptide surrounding the redox site.13  

The degree of burial of the redox site within the protein cavity is important in 

determining the free energy contribution to E° due to the dielectric response of the surroundings. 

The dielectric response free energy arises mainly from the orientational polarization of the polar 

species in the environment (i.e., protein and solvent) by the charge of the redox site, which 

creates an electric field at the redox site. In the case of an ion in solution, the dielectric response 

free energy can be understood in terms of the Born solvation free energy, which is negative, so 

the magnitude increases as the magnitude of the charge increases, the radius of the ion decreases, 

or the dielectric constant of the solvent increases; specifically for the reduction of a neutral or 

negative ion, the change in the solvation free energy will lead to an increase in E°. Thus, iron-

sulfur analogs have a higher E° in more polar solvents15 since the iron-sulfur redox sites 

consisting of the iron-sulfur core plus the ligands are all neutral or negative. On the other hand, 

for the redox site of a protein in aqueous solution, the protein itself can be considered to be a 

cavity filled with a low dielectric so that both the low protein dielectric and the high solvent (i.e., 

water) dielectric will contribute to the dielectric response energy, and similar to the simple ion 

case, the smaller the protein cavity, the greater the magnitude of the dielectric response free 

energy tend to be. However, the redox site in a protein tends to be close to the surface of the 

protein and thus the solvent dielectric, so greater proximity to the protein surface will also 

increase the magnitude of the dielectric response free energy. Previous results indicate the 

proximity to the surface, which is dependent on the fold of the protein, is actually more 
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important than the size of the protein.13 Thus, in comparing [4Fe-4S] proteins (Figure 4.1), the 

high potential iron protein (HiPIP) has the lowest E° because its redox site is buried in a 

hydrophobic pocket, ferredoxin (Fd) has higher E° because its redox site is partially exposed to 

solvent, and the nitrogenase iron protein (FeP) has the highest E° because its redox site is the 

most exposed.13  

However, the protein is a not a simple dielectric continuum, so that the polar and charged 

groups of the polypeptide do not respond to the change of charge of the redox site freely as in 

simple solvents. For instance, the polypeptide in several Fe-S proteins16, 17 and cyt c2 is polarized 

around redox site such that it creates a positive electrostatic potential at the redox site and, in 

contrast to the polarization that occurs when a charged species is introduced into a dielectric 

material, this polarization persists even in the limit of zero charge of the redox site.16 Thus, such 

a protein is an “electret”, which is a material with quasi-permanent electrical polarization, 

analogous to a permanent magnet,18 and the electrostatic potential at the redox site due to the 

electret can be referred to as the electret potential. The quasi-permanent polarization of the 

protein electret is maintained by the hydrogen-bonded, three-dimensional structure of the 

protein, which restrains the orientational polarization of the polypeptide, although fluctuations of 

the polypeptide about its average structure also gives rise to a dielectric response. However, the 

electret contribution is most likely to be more important in tuning the reduction potential to a 

specific value since it is easier to change the electrostatic potential by mutation than the degree 

of burial of the redox site. 

Thus, the polypeptide can contribute to the total electrostatic potential at the redox site by a 

dielectric response, governed by how buried the redox site is within the low dielectric protein 

cavity, and an electret, governed by the three-dimensional structure and sequence of the protein. 
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Figure 4.1. Fold of TtHiPIP, CaFd, and AvFeP (Top) and PfRd, TaCyt c, and PlPc.(Bottom). 
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Since both the burial of the redox site and the electret of the protein are important in 

determining ΔGout and thus E°, quantifying each is useful for comparing the properties of 

different proteins; however, both are difficult to quantify. For instance, the solvent accessible 

surface area (SASA)19 of the redox site can distinguish between partially exposed sites but 

cannot be used to compare completely buried sites, which is important since the distance from 

the surface affects the dielectric response free energy even for a completely buried site. In 

addition, the number of hydrogen bonds to the redox site may be indicative of the polarization of 

the backbone; however, the contribution of each hydrogen bond is highly dependent on the 

orientation and distance.20  

Here, protein contributions to reduction potentials are explored in a series of redox 

proteins. First, two physical quantities are defined: the dielectric radius of the protein Rp is an 

effective Born-type radius, which is used to measure the degree of burial of the redox site within 

the protein, and the protein electret potential φ is the electrostatic potential due to protein 

averaged over the values at each metal site, which is used to measure the degree of permanent 

polarization of the protein surrounding the redox site. Both quantities are calculated in this work 

using continuum electrostatic calculations of a crystal structure of the protein of interest. Next, 

the behavior of the electret-dielectric sphere (EDS) model, which assumes that a redox-active 

protein can be approximated as a redox site in a sphere of radius Rp filled with a continuous 

dielectric medium and an electret that gives an electrostatic potential φ at the redox site, is 

compared to the behavior of a full continuum electrostatic calculation of the protein. The EDS 

model is then used to explore how the two factors contribute to the redox properties of a protein. 

Finally, the practical uses of Rp and φ are explored. Specifically, Rp and φ are shown to be 

characteristic of the fold of a protein and, for a redox site that can undergo different redox 
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couples such as the [4Fe-4S] site, only certain values of Rp and φp are shown to be consistent 

with reduction potentials that are within the physiological range for each couple. The proteins 

examined here are homologous proteins from three families of [4Fe-4S]-proteins: HiPIP, 

ferredoxin (Fd), and nitrogenase iron protein (FeP), plus an example from each of three more 

families of redox proteins: the [1Fe]-protein rubredoxin (Rd), the blue-copper protein 

plastocyanin (Pc), and the heme-protein cytochrome c (cyt c). 

 

4.3 Methods 

 

 In the DFT+PB approach,13 the total E° versus the standard hydrogen electrode (SHE) is 

decomposed as 

 -nFE° = ΔG° ≈ ΔGin + ΔGout + ΔGSHE (1) 
 
where n is the number of electrons transferred, F is the Faraday constant, ΔGin is the inner sphere 

contribution due to the redox site, ΔGout is the outer sphere contribution due to the protein and 

solvent, and ΔGSHE/F = 4.43 eV is the absolute electrode potential for the SHE. ΔGin is 

calculated using DFT as the difference in energy between an oxidized and reduced redox site 

analog in the gas phase and ΔGout is calculated using continuum electrostatics as the change in 

the interaction energy of the redox site with the surrounding protein and solvent upon reduction 

of the redox site.  

Two physical quantities are defined here to characterize a metalloprotein. Here, they are 

calculated utilizing continuum electrostatics calculations of a protein in a dielectric continuum 

solvent. Since partial charges for redox sites are not always available, these two quantities are 

defined such that partial charges of the redox site are not necessary, and thus require only 
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parameters available in standard protein force fields. First, the dielectric radius of the protein Rp 

is defined using the Born solvation free energy equation as 

 R =
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where Q = -1, εin = εp is the permittivity of the protein, εout = εw is the permittivity of the aqueous 

environment, and ΔsolGtest is the calculated solvation free energy for a test system. Here, ΔsolGtest 

is calculated using the PB equation for a system consisting of test charges located at the metals 

of the redox site in which the protein cavity has a permittivity εp and the solvent has a 

permittivity εw (Figure 4.2F). The test charges are equal to Q/M, where M is the number of the 

metal atoms in the redox site, but otherwise there were no charges in the protein. Next, the 

protein electret potential, φp, is defined as the average of the electrostatic potential at each metal 

atom in the redox site. Here, it is calculated for a system in which partial charges of the protein 

(but not the redox site) are now included, the redox site cavity has a permittivity εc = 1, the 

protein cavity has a permittivity εp, and the solvent has a permittivity εw (Figure 4.2G). The 

backbone contribution to the effective potential, φbb, is defined similarly except the partial 

charges of the side chain of each residue except for the four cysteinyl ligands and proline 

residues were replaced with the partial charge of a hydrogen.1 The contributions of polar (φplr), 

positively charged (φpos), negatively charged (φneg), and hydrophobic (φnon) side chains are the 

difference between the backbone contribution and the potential obtained when the respective side 

chains partial charges are added back to the backbone model. (The polar side chains are Gln, 

Asn, His, Thr, Met, Ser, Tyr, Cys.)  

The EDS model is a means of understanding the ΔGout from a full PB calculation into a 

physical model based on the two quantities Rp and φp. It is based on the assumption that a redox- 
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Figure 4.2. Diagram for the EDS model. A) The atomistic description of the protein by the PB 

methods. B) The solvation energy for point charges at metal atoms within the redox site cavity 

with εi = 1 and εout = 4, which can be represented by E) the Born radius for a point charge with 

the same dielectric conditions. C) The solvation energy for point charges at metal atoms within 

the protein cavity with εi = 4 and εout = 78, which can be represented by F) the Born radius for a 

point charge with the same dielectric conditions. D) The electret potential, φ, at the metal 

positions at the redox site is equal to G) the potential due to the polarization of the protein 

environment. 
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Figure 4.3. Comparison of experimental versus calculated reduction potentials for the 2-/3- 

(below dashed line) and 1-/2- (above dashed line) couples is shown. From left to right, Fe4S4(S 

CH2CH3)4 (purple), Rg/RtHiPIP (red), Cv, Pr, Pa, and CaFds (blue), Av-ADP, Av, and CpFePs 

(green), Eh, Ev, Tt, Rt, Rf, and CvHiPIPs (red), and Cp/CvFd (blue). References for the 

experimental values are given in the Methods.  
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active protein can be modeled as a point charge inside two concentric dielectric spheres 

immersed in a dielectric continuum solvent. The point charge inside the inner sphere represents 

the redox site while the outer sphere represents the protein. In addition, the outer sphere can have 

an associated electret. The solvation free energy for this model is 
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where Q is the net charge of the redox site, Rc is the radius of the redox site, Rp is radius of the 

protein, εc = 1 is the permittivity of the redox site, εp is permittivity of the protein, εw is the 

permittivity of water, and φp is the electret potential.  Note that Q is the total charge of the redox 

site including both the metals and ligands, not just the formal charges of the metals. The first two 

terms are an extension of the Born solvation free energy equation for a point charge Q inside two 

concentric dielectric spheres in a dielectric continuum, which has been used by Warshel to give a 

physical picture of the protein environment.21 The last term arises from the interaction of Q with 

φp, the permanent electrostatic potential due to the protein electret. Thus, the outer sphere 

contribution to E° in the EDS model is 

! 

"GEDS = " solG(Qred ) # " solG(Qoxd ), where Qoxd and Qred 

are the net charge of the redox site in the oxidized and reduced states, respectively. Rp and φp are 

the two quantities described above.  

The calculation of Rc is similar to the calculation of Rp using Eqn. 2 where now εin = εc is 

the permittivity of the redox site and εout = εp is the permittivity of the protein. However, unlike 

Rp, Rc is sensitive to the exact distribution of the charges (i.e., using test charges at the metals for 

the [4Fe-4S] redox site gives Rc = ~3.4 Å while using the partial charges of the redox site 

corresponding to the 1-, 2-, and 3- states gives Rc = ~3.3, ~4.0, and ~4.2 Å) and the first term is 

large. Thus, Rc is calculated using the partial charges of the redox site atoms in Eqn. 2 as the 
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solution of the difference ΔsolGtest(Qred) - ΔsolGtest(Qoxd). For the [4Fe-4S] redox site, ΔsolGtest(2-) - 

ΔsolGtest(1-) gives 4.34 Å while ΔsolGtest(3-) - ΔsolGtest(2-) gives 4.38 Å, so the 2-/1- couple is 

used. Additionally, Rc are 3.46 Å for [Fe(SCH2)4] for the 1-/2- couple of the Rds and 3.35 Å for 

the blue copper site for the 1+/0 couple of Pc. Thus, ΔGin and the first term of Eqn. 2, which 

corresponds to the solvation of the redox site in the protein dielectric, require energies and partial 

charges, respectively, from a quantum mechanical calculation of the redox site while the latter 

two terms of Eqn. 2 depend only on protein parameters and do not require information from the 

quantum mechanical calculation of the redox site.  

 Here, all solvation energies and electrostatic potentials were calculated using APBS22, a 

program for solving the Poisson-Boltzmann equation. The methods have been described fully 

elsewhere13 so are summarized briefly here. In all cases, the ionic concentration was set to zero 

so the Poisson equation was actually solved; however, calculations were referred to as “PB” 

according to common practice. The protein and redox site cavities were defined by the Connolly 

surfaces of the respective atoms, with radii from the CHARMM22 parameters.23 Partial charges 

for the protein were also from the CHARMM22 parameters.23 Partial charges from our previous 

DFT calculations were used for the [4Fe-4S],(Niu & Ichiye, unpublished results) [1Fe],(Luo & 

Ichiye, unpublished results) and blue-copper(Miller & Ichiye, unpublished results) redox sites 

while CHARMM22 parameters were used for the heme, where the total charge of each redox site 

is an integer. The dielectric permittivity were chosen as εc=1, εp=4, and εw=78; εp is generally 

accepted to be between 1 and 10,21 so εp=4 was chosen as a value that has been used successfully 

for many calculations. HiPIP, Fd, Rd, Pc, and cyt c were mapped onto a 51.2 Å x 51.2 Å x 51.2 

Å box with 257 grid points in each direction while FeP was mapped onto a 76.8 Å x 76.8 Å x 

76.8 Å box with 385 grid points in each direction, at a constant 0.2 Å spacing for all proteins. 
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The electrostatic potential at a metal was calculated as the average over the potential at the eight 

grid points surrounding it. A solvation free energy ΔsolG was calculated as the change in free 

energy between the solvated protein including the redox site and the redox site alone in vacuum. 

The reduction free energy ΔGout was calculated as the change in solvation energy upon reduction 

of the redox site; i.e., the difference in the solvation energy between the oxidized and reduced 

redox site. 

Crystal structures of the proteins were obtained from the Protein Data Bank (PDB) and 

are listed in Table 4.1.24 Missing heavy atoms in the crystal structure were added from 

CHARMM 22 proteins parameters and hydrogen atom positions were added with HBUILD in 

CHARMM25 version 35b1. 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 with the exception of Eh HiPIP because one of its structures contains 

unusual Fe-S bond lengths and thus was not utilized. The crystal structure for Fe4S4(SCH2CH3)4 

(COZXUK) 26 was obtained from the Cambridge Structural Database.27 The experimental 

reduction potentials in the HiPIPs for 1-/2-28-30 and the 2-/3-28 couples, in the Fds for the 1-/2-31 

and 2-/3- couples,32-34 and the FePs for the 2-/3-35, 36 couple were obtained from the literature. 

The redox site was defined to include all ligands to the metals, with only the side chain 

atoms beginning with Cβ for side chain ligands. Thus, for the [4Fe-4S] proteins, it was defined as 

the [4Fe-4S] core plus the cysteinyl side chains [Fe4S4(SCH2)4] while for rubredoxin, it was 

defined as the iron plus the cysteinyl side chains [Fe(SCH2)4]. The redox site for PlPc was 

defined as the copper ion and His39, His92, Cys89, and Met97, [Cu(SCH2)(CH3SCH2)Im2] and 

for Ta cyt c as the heme plus His18 and Met80, [Heme(CH3SCH2)Im], where Im refers to the 

imidazole ring plus the side chain.  
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Table 4.1. List of crystal structures utilized in this study. 
 
Protein Source PDB ID/ 

CCSD code 
Res. 
(Å) Ref. 

HiPIP Chromatium vinosum (Cv) 1CKU 1.20 37 
HiPIP Thermochromatium tepidum (Tt) 1IUA 0.80 38 
HiPIP Ectothiorhodospira halophila (Eh) 2HIP 2.50 39 
HiPIP Ectothiorhodospira vacuolata (Ev) 1HPI 1.80 40 
HiPIP Rhodoferax fermentans (Rf) 1HLQ 1.45 41 
HiPIP Rhodocyclus tenuis (Rt) 1ISU 1.50 42 
Fd Chromatium vinosum (Cv) 1BLU 2.10 43 
Fd Pseudomonas aeruginosa (Pr) 2FGO 1.32 33 
Fd Peptostreptococcus asaccharolyticus (Pa) 1DUR 2.00 44 
Fd Clostridium acidiurici (Ca) 2FDN 0.94 45 
FeP Clostridium pasteuranium (Cp) 1CP2 1.93 46 
FeP ADP-bound Azotobacter vinelandii (Av-ADP) 1FP6 2.15 47 
FeP Azotobacter vinelandii (Av) 1G5P,2NIP 2.2 46, 48 
FeP L protein (BchL) from Rhodobacter 

sphaeroides (Rs) 3FWY 1.63 49 

Rd Pyrococcus furiosus (Pf) 1BRF 0.95 50 
Pc Phormidium laminosum (Pl) 3CVB 1.40 51 
cyt c Thunnus alalunga (Ta) 3CYT 1.80 52 
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4.4 Results and Discussion 

Calculations of Rp and φp 

The effective protein radii Rp (Eqn. 2) were calculated for each of the proteins studied 

here to measure the dielectric response energy (Table 4.2). The values of Rp follow the order Cyt 

c > HiPIPs > Fd ≈ Pc > Rd > FeP, which is consistent with how buried the redox site appears in 

the crystal structures (Figure 4.1). A visual comparison of spheres of radius Rp centered on the 

redox site superimposed on the protein cavity (Figure 4.5) also supports this. On the other hand, 

Rp is relatively independent of the size of the protein as measured by the molecular weight or 

number of residues (Table 4.2), showing that the degree of burial is more important than the 

actual size in determining the magnitude of Rp. In addition, the range in Rp is around 4% for 

homologous proteins for each of the three types of [4Fe-4S] proteins while the difference 

between non-homologs was bigger, indicating that Rp is characteristic of the protein fold. 

However, within a set of homologous proteins, the size of the protein appears to have more of an 

effect. Thus, the proximity of the redox site to the surface, which is a function of the fold, is the 

most important factor in determining Rp, while the size of the protein cavity itself for a given fold 

will further tune the value of Rp, showing that Rp quantifies our previous qualitative observations 

about the burial of the redox site and the protein cavity for the [4Fe-4S] proteins.13 

Next, the protein electret potentials φp were calculated for each of the proteins as a 

measure of the polarization of the protein (Table 4.3). The values of φp follow the order Pc < 

HiPIP < Cyt c < Rd ≈ Fd < FeP and the values of φbb, the contribution of just the backbone to φp, 

become even more markedly different with a slightly different order Pc < Cyt c < HiPIP < Rd < 

Fd ≈ FeP. (Note: Moreover, while the large φp is not reflected in the experimental E°, it may be  
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Table 4.2.  Comparison of redox protein molecular weights and numbers of residues against the 
calculated Rp. 

 
 
 
 
 

Source Protein Molecular Weight Number of Residues Rp (Å) 
Cv HiPIP 9264.64 85 10.65  
Tt HiPIP 9145.54 83 10.61  
Eh HiPIP 8284.14 71 10.49  
Ev HiPIP 8176.24 71 10.25  
Rf HiPIP 8212.64 75 9.88  
Rt HiPIP 6655.84 62 9.83  
Cv Fd 9767.38 82 9.14  
Pr Fd 9805.58 82 8.96  
Pa Fd 6260.48 55 8.72  
Ca Fd 6243.48 55 8.65  
Cp FeP 59142.48 538 6.44  
Av-ADP FeP 63537.68 578 6.42  
Av FeP 63537.68 578 6.24  
Av0 FeP 63537.68 578 6.75  
Rs FeP 69733.88 536 6.03  
Pf Rd 5900.60 53 6.70  
Pl Pc 11465.90 105 8.86  
Ta Cyt c 11416.20 104 11.24  

Average HiPIP 8290 ± 900 75 ± 9 10.3 ± 0.4  

Average Fd 8019 ± 2000 69 ± 16 8.9 ± 0.2  

Average FeP 63988 ± 4400 558 ± 24 6.4 ± 0.3  
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A       B 
 
Figure 4.4. A) –ΔsolGout/F versus –ΔsolGEDS/F for HiPIP (red), Fd (blue), FeP (green), Pc (cyan), 

and Rd (orange) for the full proteins (filled) and only the protein cavities (empty) at the 1- 

oxidation state are shown. B) –ΔGout/F versus –ΔGEDS/F for the 1-/2- (circles) and 2-/3- 

(squares) redox couples. 
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Figure 4.5. The cavities formed by the Connolly surfaces of TtHiPIP, CaFd, and AvFeP (top row, 

left to right) and Ta cyt c, Pl Pc, and Pf Rd (bottom row, left to right) are shown in white, with a 

red sphere of radius Rp located at the center of the metal sites.  
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Table 4.3. Electret potential φ at the redox site due to the full protein and backbone explicit 
charges. Changes in φ  due to adding polar, positive, and negative residues to the backbone 
models.  
 
 

φ (eV) 
Source Protein 

Protein 
Net 

Charge φp φbb φplr φpos φneg φnon 

Cv HiPIP -2 0.524 0.394 0.043 0.203 -0.136 0.019 
Tt HiPIP -1 0.449 0.365 0.024 0.164 -0.121 0.016 
Eh HiPIP -10 0.130 0.364 -0.020 0.070 -0.251 -0.034 
Ev HiPIP -6 0.299 0.288 0.030 0.127 -0.153 0.004 
Rf HiPIP +5 0.460 0.409 -0.006 0.158 -0.111 0.009 
Rt HiPIP +5 0.478 0.352 0.082 0.184 -0.143 0.002 
Cv Fd -18 0.462 0.742 -0.025 0.035 -0.288 -0.002 
Pr Fd -9 0.505 0.786 -0.051 0.050 -0.284 0.002 
Pa Fd -10 0.736 0.821 -0.019 0.031 -0.100 0.004 
Ca Fd -13 0.669 0.805 -0.017 0.038 -0.154 -0.002 
Cp FeP -18 0.860 0.888 0.036 0.704 -0.758 -0.005 
Av-ADP FeP -32 0.528 0.841 0.003 0.687 -1.008 0.007 
Av FeP -32 0.574 0.792 0.047 0.678 -0.948 0.011 
Av(0+) FeP -32 0.614 0.788 0.046 0.721 -0.928 -0.010 
Rs FeP -14 0.630 0.717 0.028 0.732 -0.866 0.012 
Pf Rd -8 0.594 0.677     
Pl Pc -4 0.054 0.120     
Ta Cyt c +9 0.474 0.205     
Average HiPIP  0.39±0.15 0.36±0.04 0.03±0.04 0.15±0.05 -0.15±0.04 0.00±0.02 
Average Fd  0.59±0.13 0.79±0.03 -0.03±0.02 0.04±0.01 -0.21±0.09 0.00±0.00 
Average FeP  0.64±0.13 0.80±0.07 0.04±0.02 0.71±0.02 -0.90±0.09 0.01±0.01 
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more representative of the all-ferrous protein in terms of hydrogen bonding and may be an 

artifact of the crystallization.46-48) Previously, we have noted that the backbone of the [4Fe-4S] 

protein folds appears to become increasingly more polarized by inspection of the crystal 

structure according to the order predicted by φp.13 The backbone is the major contributor to φp, 

and interestingly, there is little correlation with the net charge of the proteins, indicating that the 

electrostatic contributions of the backbone are more important for determining the average 

polarization for a specific fold. Examining the [4Fe-4S] proteins, the variation in φp with a set of 

homologs is smaller than the variation between folds and especially the variation in the backbone 

contribution φbb, becomes very small within a set of homologs, indicating each fold has a 

characteristic value. Thus, the arrangement of the backbone, which is determined by the fold, 

leads to the largest contribution to φp, while the side chains, which are determined by the specific 

sequence, tune φp, showing that φp quantifies our previous qualitative observations for 

contribution of various groups to the permanent polarization energy of the [4Fe-4S] proteins.13 

The contributions of the different types of side chains to φp for the polar (φplr), positively 

charged (φpos), negatively charged (φneg), and nonpolar (φnon) residues were also calculated for 

each of the proteins (Table 4.3). Individually, the negative and positively charged side chains 

make the largest contributions, but tend to cancel each other. In addition, the range of values of 

the polar side chain contributions indicate that altering certain polar side chains may have 

significant effects as indicated by our earlier studies of the ferredoxins7 and the rubrerythrin 

versus rubredoxins.6 As a whole, for examining side chain contributions, an analysis of the 

separate contributions in full PB calculations of ΔGout as in Chapter 5 is preferable to analysis of 

the separate contributions to φp. 
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One important caveat in the calculation of φp is that it has not been demonstrated for each 

of the proteins that the protein is actually forming an electret; in other words, that the degree of 

polarization persists even as the charge of the redox site approaches zero. Molecular dynamics 

simulations are one way of testing this, as was done previously for rubredoxin16 and other iron-

sulfur proteins.17 In addition, comparisons of calculated E° using crystal structures of oxidized 

and reduced Tt HiPIP indicate that the dielectric polarization that is present due to the non-zero 

charge of the redox site may lead to an overestimation of φp by no more than ~0.04 V.53 

Electret-Dielectric Spheres Model.  

 The electret-dielectric spheres model was first used to test how well the calculated Rp 

and φp represent the redox site burial and electret of a full PB calculation of the protein. 

Although good agreement is expected since these quantities are derived from PB calculations 

albeit from a slightly different charge distribution of the redox site, the agreement also 

demonstrates that the EDS model is a way of decomposing the full PB calculation.  

First, the representation of the dielectric contribution to the solvation of a redox site by 

the two concentric spheres of radius Rc and Rp (i.e., the first two terms of Eqn 3) was tested by 

comparing ΔsolGEDS for a point charge of 1- with φp = 0, εc=1, εp=4, and εw=78, to a PB 

calculation of the redox site with partial charges for the 1- state in the protein cavity (without any 

protein partial charges) in solution, with εc=1, εp=4, and εw=78 (Figure. 4.4A, open circles). The 

good agreement indicates that the dielectric response is mimicked well by a protein sphere of 

radius Rp since the first term is by definition the same in both calculations. Next, the 

representation of the protein dielectric by the φp was tested by comparing ΔsolGEDS now 

calculated with φp equal to the appropriate value for the protein to a full PB calculation of 

ΔsolGout (Figure 4.4A, filled circles). The good agreement now indicates that the electret response  
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is also modeled well by φp. Thus, the ΔGout obtained from a full PB calculation of the redox site 

with partial charges in the protein cavity defined by the Connolly surface containing the partial 

charges of the protein can be modeled using ΔsolGEDS obtained from a simple model of a point 

charge inside two concentric dielectric spheres and an constant electrostatic potential 

contribution, which is a function of Rc, Rp, and φp.  

Next, the EDS model was used to test how well the free energy of reduction in the EDS 

model ΔGEDS can model the response to a change in the charge of the redox site. The reduction 

free energies ΔGEDS = ΔsolGEDS(Qred)  - ΔsolGEDS(Qoxd) for point charges 1-/2- and 2-/3- in the 

concentric dielectric spheres of radius Rc and Rp with the appropriate φp are also very close to the 

full PB calculation of ΔGout where the redox site has partial charges corresponding to the 1-/2- 

and 2-/3- states and the protein is represented by the protein partial charges inside the Connolly 

surface (Figure 4.4c). Again, this is not completely surprising since both methods are determined 

using PB electrostatics. However, the important implication of the agreement of the EDS model 

with the full PB calculation is that the EDS model breaks down the solvation free energy into a 

dielectric response contribution, which depends on Q2, and an electret contribution, which 

depends on Q. Thus, the degree of burial of the redox site will have a greater effect on the E° of 

redox sites with a larger absolute net charge, while the electret contribution to E° will be 

independent of the net charge. In addition, when the protein docks to a redox partner, Rp will 

increase if the redox site is buried by the redox partner but φp will be relatively unaffected so that 

only the dielectret response contribution to E° is expected to change significantly. 

Classifying Redox Properties of Metalloproteins. 

A plot of Rp versus φbb shows that the burial of the redox site and the polarization of the 

backbone differ between non-homologous proteins but are relatively consistent within a given 



	   	   	  

116	  

fold (Figure 6). In general, a smaller value of Rp will stabilize larger magnitudes of charge while 

a more positive value of φbb will tend to stabilize a more negative couple; however, it is also 

governed by the stability of the redox site itself so comparisons of non-homologous proteins with 

different redox sites cannot predict the couple.  However, from the plot, Pc with a 0/1- couple 

and HiPIP with a 1-/2- couple have larger Rp and smaller φbb while Fd with a 2-/3- couple has an 

intermediate Rp and large φbb and FeP with a 2-/3- and possibly a 4-/3- couple has a small Rp and 

large φbb. Rd with a 1-/2- couple has a small Rp and large φbb much like FeP, but as mentioned 

before, it has a very different redox site. Thus, one can compare how different redox site burial 

and protein polarization can lead to different couples for different redox sites, whereas a 

comparison of the experimental reduction potentials combines all factors into one number.  

The values of Rp and φp are particularly interesting when comparing proteins with the 

same redox site when the site can achieve multiple redox couples, such as the [4Fe-4S] clusters. 

Since we have determined ΔGin for three redox couples (-0.232 eV for 1-/2-, 3.452 eV for 2-/3-, 

and 6.54 eV for 3-/4-), the range of values of Rp and φp that correspond to a biological range of 

Eº from -0.6 V to 0.4 V can be found by solving Eqn. (3). When the values of Rp and φp for the 

[4Fe-4S] proteins are plotted along with the ranges consistent for each couple, the HiPIPs fall in 

the range corresponding to the 1-/2- couple, the Fd fall within the range corresponding to the 2-

/3- couple (Figure 4.7). This map also predicts that FeP fall in the overlapping ranges 

corresponding to the 2-/3- and 3-/4- couples, so that the all ferrous redox site proposed to 

contribute two electrons to the nitrogenase catalytic site is stabilized by a combination of both a 

small Rp, meaning an exposed redox site, and a large φp, meaning a large positive polarization of 

the protein. 
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Figure 4.6. Rp versus φbb for cyt c (purple), HiPIP (red), Fd (blue), FeP (green), Pc (cyan), and 

Rd (orange).  
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Figure 4.7. Rp versus φp for HiPIP (red), Fd (blue), and FeP (green). The shaded area indicates 

the combination of Rp and φp that results in a E° between 0.4 V and E° = -0.6 V with  ΔGin = -

0.232 eV (horizontal lines) for the 1-/2- couple, ΔGin = 3.452 eV (vertical lines) for the 2-/3- 

couple, or ΔGin = 6.54 eV (diagonal lines) for the 3-/4- couple. 
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4.5 Conclusions 

 

 The outer sphere contributions to the reduction potential for six types of metalloproteins 

are examined here in terms of the two contributions that have previously identified as important, 

namely, the degree of burial of the redox site inside the protein and the permanent polarization of 

the protein around the redox site. These two contributions are quantified in terms of the dielectric 

radius of the protein, Rp, which measures the degree of redox site burial and is defined as a Born-

type effective radius of the protein cavity, and the protein electret potential, φp, which measures 

the permanent polarization and is defined as the average electrostatic potential at metal sites. 

Using PB calculations, Rp is shown to be determined mainly by the burial of the redox site within 

the protein, with only slight dependence on the total size of the protein while φp is shown to be 

due mainly to the backbone, although the side chains can alter the values somewhat. Thus, Rp 

and φp are mainly a function of the fold of the protein, but φp can be tuned by the sequence, 

which is consistent with our previous findings on the effects of fold and sequence.13 

The EDS model is a simple model of a redox protein that can be used to break down the 

total outer sphere response component of the reduction potential into the dielectret response 

energy and the electret energy. The agreement between ΔGEDS and ΔGout demonstrates that Rp 

and φp characterize the two. In addition, the EDS model is a simple model that demonstrates how 

the two factors will affect the reduction potential, since the dielectric response energy determined 

by Rp is dependent on Q2. Therefore, redox site burial become more important in proteins with an 

increasing absolute net charge on the redox sites, while the electret potential φp is dependent on 

Q so the sign for both φ and Q are important for determining the contribution of the protein 

partial charges to E°. Furthermore, it shows that the contribution of the electret potential φp 
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relative to the contribution of the dielectric response determined by Rp becomes less important as 

the magnitude of Q increases. 

The definitions of Rp and φp provide a useful way of quantitating comparisons of how 

redox site burial and protein polarization contribute to the redox properties of different proteins. 

Rp and φp, or better yet φbb, are characteristics of the fold and therefore are useful in identifying 

how an unknown protein may behave, especially in comparison to a known protein with the 

same redox site but perhaps different fold. In particular, Rp, and φp are shown to be useful in 

identifying the physiological couple for the different proteins with the [4Fe-4S]. Furthermore, 

FeP is shown to have values Rp and φp that are consistent with both the 2-/3- and the 3-/4- 

couple, and provides an explanation that both the greater exposure of the redox site and the 

greater polarization of the protein around the redox site than either Fd or HiPIP are responsible 

for FeP being able to achieve the 3-/4- state. 

Overall, the results here show that Rp and φp are useful physical quantities that measure 

the redox site burial and the protein polarization around the redox site. As a caveat, as mentioned 

above, the methods here do not easily distinguish between the part of the electrostatic potential 

that arises from semi-permanent polarization as opposed to charge-induced polarization. 

However, comparisons of φp for structures of oxidized and reduced Cv HiPIP indicate that this 

effect is small53 and molecular dynamics also support the idea of semi-permanent polarization in 

the Fe-S proteins.7, 16 Further molecular dynamics simulations can be performed to investigate 

this further for other proteins. In addition, while all the studies here were performed using PB 

calculations, it is also possible to obtain them from molecular dynamics simulations. φp is easy to 

calculate, but Rp would have to be derived from Eqn. 3. 
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Chapter 5. Sequence Tuning of Reduction Potentials of Metalloproteins 

 

5.1 Abstract 

 

The reduction potential of an electron transfer protein is one of its most important functional 

characteristics. While the type of redox site and the protein fold are the major determinants of the 

reduction potential of a redox active protein, its amino acid sequence may tune the reduction 

potential as well. Thus, homologous redox-active proteins can often be divided into different 

classes, with each class characterized by a different function and a slightly different 

characteristic reduction potential. The residues that give rise to these difference are referred to as 

sequence determinants of the reduction potential, and site-specific mutation of a sequence 

determinant should change the reduction potential from the value of one class to another class. 

Here, a procedure for identifying sequence determinants of reduction potentials that combines 

energetic and bioinformatics analysis of homologous proteins is presented, utilizing the [4Fe-

4S]-ferredoxins and the [4Fe-4S]-HiPIPs as examples. Graphical tools to aid in the analysis are 

also shown. 

 

5.2 Introduction  

 

Metalloproteins are ubiquitous proteins that perform a variety of functions, of which 

electron transfer is perhaps the most important. The standard reduction potential E° of an 

electron transfer protein is one of its most important functional characteristics since it determines 

the driving force for electron transfer between a donor and an acceptor. Although the type of 
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redox site is a major factor in determining the reduction potential of a protein, the protein 

environment may modulate the E° of a protein over a range of 1 V. For instance, the iron-protein 

of nitrogenase (FeP), bacterial ferredoxin (Fd), and high potential iron-sulfur proteins (HiPIP) 

have different folds but all contain [4Fe-4S] redox sites with reduction potentials ranging from -

700 to +400 mV, with each fold having a characteristic value.1 In addition, the reduction 

potential of homologous proteins that have different functions can differ on the order of 100 mV 

because of sequence differences.   

The small, water-soluble iron-sulfur electron-transfer proteins are useful for 

understanding relationships between sequence and reduction potential because of the wealth of 

experimental data. One example is the 2[4Fe-4S] Fd, which are characterized by a pseudo-two-

fold symmetric 55-residue core such that the two [4Fe-4S] clusters have similar backbone 

structure around them, with numerous examples found in bacteria as well as subunits of 

Photosystem I and Respiratory Complex I.2, 3 In the simple Fd consisting of only the core ~55 

residues, the two clusters have similar reduction potentials of ~430 mV.1, 4 On the other hand, 

cluster I has a ~200 mV lower reduction potential in another class of Fd that has an insertion in 

the cluster II binding motif and a C-terminal helix that binds near cluster II, which will be 

referred to here as II-insertion Fd.5 In addition, cluster II has a 200 mV lower reduction potential 

in yet another class of Fd that has an insertion in the cluster I binding motif that makes it into a 

[3Fe-4S] cluster and a C-terminal helix that binds near cluster I, referred to [3Fe-4s][4Fe-4S] 

Fd.6-8 Another example is the HiPIPs, which are characterized by a buried [4Fe-4S] cluster with 

loops of different lengths surrounding it. The smallest HiPIPs found in Rhodospirillaceae have 

reduction potentials of ~350 mV, while the slightly larger HiPIPs found in 

Ectothiorhodospiraceae have reduction potentials of ~150 mV but the even larger HiPIPs found 
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in Chromaticeae have reduction potentials similar to the smallest HiPIPs.6, 7 Determining the 

origin of these differences is critical in understanding the sequence-structure-function 

relationships of these proteins. 

Computational studies have played an important role in understanding reduction 

potentials of metalloproteins. Since E° is proportional to the negative of ΔG, the free energy of 

reduction, the energetics can be divided into the inner sphere contribution ΔGin, which is the 

intrinsic energy required to add an electron to the redox site, and the outer sphere contribution 

ΔGout, which is the change in the interaction energy of the redox site with the protein and solvent 

upon reduction of the redox site. Many earlier studies have assumed that ΔGin for a given redox 

site is independent of the protein it is found in, and thus have focused on understanding relative 

values of E° between different proteins with the same redox site rather than the value of E°; i.e., 

the reduction potential versus the standard hydrogen electrode (SHE). For instance, Warshel and 

co-workers have calculated relative E° for [4Fe-4S] proteins via the protein-dipoles-Langevin 

dipoles (PDLD) method8 and Gunner and Honig have calculated relative E° of heme proteins 

using Poisson-Boltzmann (PB) continuum electrostatics.9 In addition, Ichiye and coworkers have 

calculated differences in E° of as little as 0.05 V due to specific residues in iron-sulfur proteins13-

17 using molecular mechanics combined with bioinformatics analysis. Later calculations of E° vs. 

SHE for [4Fe-4S] proteins by Noodleman, Case, and co-workers using density functional theory 

(DFT) to calculate ΔGin and PB electrostatics to calculate ΔGout are an important step forward.10 

However, more recent studies11 indicate that inner sphere redox energies calculated using the 

BP86 functional are off by almost 1 V compared to electrospray ionization - photoelectron 

spectroscopy (EI-PES) detachment energies of [4Fe-4S] cluster analogs measured by Wang and 

co-workers.12-14  
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Recently, our group has predicted E° vs. SHE for [4Fe-4S] proteins that are in excellent 

agreement with experiment using a simple additive approach we refer to as DFT+PB in which 

ΔGin is obtained by DFT calculations of gas phase redox site analogs and ΔGout is obtained by 

PB calculations of the redox site in the protein using partial charges from the DFT calculation.15 

A key factor has been our calibration of the functionals and basis sets for the DFT calculations 

by comparing the calculated detachment energies of redox site analogs in the gas phase against 

EI-PES data, with the best agreement for B3LYP and double-zeta basis sets.11 Our DFT 

calculations also confirm that ΔGin for the iron-sulfur clusters is relatively independent of 

environment,11 although the ligand dihedral conformation may tune it by ~ 200 mV.16 Because of 

the good agreement with experiment, these calculations have been useful in decomposing the 

various contributions of the protein to E° since the contribution of the redox site is now known. 

For instance, these calculations show that each fold has a characteristic reduction potential that is 

determined by the burial of the redox site and the permanent polarization of the polypeptide 

around the redox site while the sequence tunes the reduction potential in homologous proteins.15  

Determining how different sequences can tune the reduction potential of homologous 

proteins is important for understanding how sequence can modulate biological function. 

However, identifying sequence determinants, which are residues that give rise to differences in 

reduction potential, is not always straightforward.17 The most obvious causes are charged and 

polar side chains that affect the electrostatic potential at the redox site by virtue of the 

electrostatic contributions of the side chain.5,16,26 More subtly, a valine versus an alanine in the 

rubredoxins affects the electrostatic potential by differentially shifting the protein backbone near 

the redox site, thus altering the reduction potential by ~50 mV.18 Previously, our procedure for 

identifying candidates for site specific mutations17, 19 has been used to identify mutations in the 
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rubredoxins,20 which have been verified experimentally,15,28-31 and the ferredoxins,21 which have 

also been verified experimentally.5,32 In this procedure, homologous proteins that can be divided 

into subclasses each with a different characteristic E° are examined to identify sequence 

determinants that are conserved within the subclass but differ between subclasses that give rise to 

the differences in E° between subclasses. Assuming an amino acid type that gives a consistent E° 

within a subclass is relatively insensitive to the local environment, a mutation to that amino acid 

type in a homolog from a different subclass is likely to be successful. In the first step, the 

electrostatic contributions of each residue in crystal structures of multiple homologous proteins 

with measured E° are examined for potential sequence determinants that correlate with 

differences in E°. Next, these candidates are correlated with sequence data for proteins that have 

measured E° but lack structural data. Finally, the remaining candidates are compared with all 

sequences of homologous proteins regardless of whether they have measured E° or structural 

data. The last two steps take advantage of the much greater sequence data available than 

structural data. 

Here, an improved version of the procedure for identifying sequence determinants of E° 

is presented. In this version, the DFT+PB calculations are utilized, which allow shielding of the 

electrostatic contributions due to both the low dielectric in the protein and the high dielectric in 

the surrounding solvent. The procedure is demonstrated first for the 2[4Fe-4S] Fd, where 

sequence determinants have been previously identified. Next, the procedure is used to predict 

new sequence determinants in the HiPIPs.  

 

5.3 Methods 
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All crystal structures were obtained from the Protein Data Bank (PDB).22 Crystal 

structures of four Fds were from Clostridium acidiurici (Ca) at 0.94 Å resolution [2FDN],23 

Peptostreptococcus asaccharolyticus (Pa) at 2.00 Å resolution [1DUR],24 Pseudomonas 

aeruginosa (Pr) at 1.32 Å resolution [2FGO],5 and Chromatium vinosum (Cv) at 2.10 Å 

resolution [1BLU].25 In addition, crystal structures of six HiPIPs were from Rhodocyclus tenuis 

(Rt) at 1.50 Å resolution [1ISU]],26 Rhodoferax fermentans (Rf) at 1.45 Å resolution [1HLQ],27 

Ectothiorhodospira vacuolata (Ev1) at 1.80 Å resolution [1HPI],28 Ectothiorhodospira halophila 

(Eh2) at 2.50 Å resolution [2HIP],29 Thermochromatium tepidum (Tt) at 0.80 Å resolution 

[1IUA],30 and Chromatium vinosum (Cv) at 1.20 Å resolution [1CKU]31. 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 with the exception of Eh2 

HiPIP because one of its structures contains unusual Fe-S bond lengths and thus was not utilized. 

The experimental E° in the HiPIPs for 1-/2-7, 30, 32 and the 2-/3-7 couples and in the Fds for the 1-

/2-33 and 2-/3- couples5,32 were obtained from the literature.  

The ΔGin were obtained from BS-DFT calculations at the B3LYP/6-

31G(++)S**//B3LYP/6-31G** level of [Fe4S4(SCH3)4]1-/2-/3- in vacuum with the dihedral angles 

C-S-Fe-Si (where Si is the cluster sulfur on the opposite plane from the iron) equal to ~ 60° in 

one plane and ~ -60º in the other plane11 using methods described previously34 with the program 

NWChem.46 ΔGin including the zero point energy correction was -0.232 eV for [Fe4S4(SCH3)4]1-

/2- and 3.452 eV for [Fe4S4(SCH3)4]2-/3-. 

ΔGout for each protein was calculated using Poisson continuum electrostatics for the 

cluster in the protein surrounded by a continuum solvent utilizing APBS,35 a program for solving 

the Poisson-Boltzmann equation. Although the ionic concentration here is zero, the calculations 
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are referred to as “PB” following common practice. Details for the calculations are given 

elsewhere15and are summarized here. The reference system consists of the cluster; i.e., the iron 

and inorganic sulfurs, and the ligating cysteinyl sulfurs, β-carbons, and β-hydrogens. ΔGout is 

calculated as the difference in solvation energy of the cluster between the oxidized and reduced 

states.  

 

! 

"Gout = "Gsolv ([Fe4S4 (SR)4 ]n#1) # "Gsolv ([Fe4S4 (SR)4 ]n )  (2) 

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

[Fe4S4(SCH3)4]n in the protein plus the surrounding solvent and the free energy of 

[Fe4S4(SCH3)4]n in vacuum. The extra hydrogen of the methyl groups is considered a link atom 

with zero charge. A 51.2 Å cubic grid 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 

parameters;36 the partial charges for the cluster were from the BS-DFT calculations. The 

Connolly surface, with a probe of radius r = 1.4 Å,37 was used for both the protein-water and the 

protein-redox site boundaries. The dielectric regions were the redox site(s) with εc = 1, the 

protein with εp = 4, and the solvent with εs = 78.  

The contribution of a residue i was obtained as the difference between ΔGout for the full 

protein and ΔGout calculated with all of the partial charges for residue i including the backbone 

set equal to zero.  

Sequence Alignment 

The Fd sequences were aligned as in Beck et al.21 and Giatas et al.5 and the HiPIP 

sequences were aligned as in Van Dressier et al.38 A consensus residue numbering indicated in 

the sequence alignment will be used for all proteins. 

Semicircle Diagrams 
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Diagrams of the redox proteins in which the protein and redox site are represented as 

spheres of radii Rp and Rc, respectively, where the redox site sphere is located a distance from the 

center of the protein are used to analyze the location of candidates for sequence determinants. S 

is calculated as the distance between the geometric center of the protein and the geometric center 

of the [4Fe-4S] cubane center of the redox site and Rc was previously calculated as 3.7 

Å.(Chapter 4). Rp can then be solved using  

 

  (3) 

 

where εw = 78, Q = 1, and ΔGcav is the solvation energy for point charges at metal positions 

inside the Connolly surface for the protein with εin = 4 and εout = 78.  For proteins with two redox 

sites, Rp is similar for both redox sites, so Rp for cluster I was used for the diagrams. Since the 

contribution of each residue to the electrostatic potential at the redox site is a function mainly of 

the distance from the redox site and the orientation of the residue with respect to the redox site, 

its location can be represented by the vector between the center of the redox site and the Cα. 

Furthermore, since the azimuthal angle is not important, the contributions of each residue can be 

diagrammed as polar vectors on semicircles representing the protein and redox site. For proteins 

with one redox site, the vertical axis is defined as the vector between the center of the redox site 

and the center of the protein. While, for proteins with two redox sites the vertical axis is defined 

as the vector between the two sites. 

 

5.4 Results and Discussion 
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 The studies here are on sequence determinants of differences in E° between subclasses of 

homologous Fds and homologous HiPIPs. Overall, the reduction potentials are in good 

agreement with experiment, as shown below, although the calculated E° tend to be slightly 

higher than the experimental values, which may be due to the influence of the environment on 

ΔGin since it is not accounted for. First, the differences in E° for cluster I and cluster II of the 

simple and the II-insertion Fds are examined, followed by the differences in E° between HiPIPs 

from Rhodospirillaceae, Ectothiorhodospiraceae, and Chromatiaceae. 

Cluster I of the Ferredoxins. 

The calculated E° for cluster I of the ferredoxins are in good agreement with experiment 

(Figure 5.1). Specifically, the ~200 mV lower E° of cluster I of the II-insertion Fd relative to the 

simple Fd is predicted in good agreement with experiment. Three possible sequence 

determinants are identified based on differences in their contributions to the electrostatic 

potential in the color-coded sequence alignment (Figure 5.1). First, at residue 12, a Gly in the 

simple Fds has a contribution of +50 to +60 mV due to the backbone while an Asp in the II-

insertion has a contribution of -20 mV because the negative side chain cancels part of the 

backbone contribution. Next, at residue 51, an Ala in the simple Fds has a contribution of +54 

mV also due to the backbone while the Cys in the II-insertion Fd has a contribution of only ~5 

mV, because of a shift in the backbone as previously noted.21 Finally, at residue 52, a Pro in the 

simple Fd has a slightly larger backbone contribution of 29 mV than the contribution of 7 mV in 

the II-insertion Fd, which is too small to be significant. These three possible sequence 

determinants are also illustrated in the semi-circles diagrams, which show that redox clusters of 

the simple and II-insertion Fd have similar burial, that all of the sequence determinants are close 
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Figure 5.1. Sequence alignment of Fds colored by contribution of each residue to the E° of Cluster I (Top) and Cluster II (Bottom). 

Colors indicate contributions of entire residue to E°. Dark blue are >50 mV, light blue is 50 to 25 mV, white -25 to 25 mV, pink -50 to 

-25 mV, and red is less than -50 mV. Residues are numbered relative to Ca Fd. Residues ligated to the redox site are in bold with a 

line below the alignment connecting the residues. 
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a     b 
 

Figure 5.2. (a) Contribution of sequence determinants identified mapped onto semicircle models 

of simple Fd (top) and II-insertion Fd (bottom). Residues are colored by contribution with dark 

blue are >50 mV, light blue is 50 to 25 mV, pink -50 to -25 mV, and red is less than -50 mV. (b) 

Ca Fd (top) and Pr Fd (bottom) are shown as ribbons with the redox site and sequence 

determinants as balls and sticks.. Cluster I is the upper cluster in both. 
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to the cluster, and that Asp12 in the II-insertion is relatively buried (no, the Asp12 side chain is 

orientated away from the cluster, into the solvent.). 

Next, the candidates are examined in comparison to sequence data. The other sequences 

with measured E° but no structures are consistent with the ones with structures in that the cluster 

II-insertion Fds have a more negative E° (Figure 5.1). At residue 12, all the simple Fd have a Gly 

while all but one II-insertion Fds have an Asp and, at residue 51, all the simple Fd have an Ala 

while all but one II-insertion Fds have a Cys. In addition, the II-insertion Fd with a Gly12 and an 

Ala51 has a measured E° that is ~150 mV higher than Cv and Pr Fd, which is consistent with the 

predicted affects at these two residues. On the other hand, at residue 54, both Pro and Ile are 

found in the simple Fds and all have relatively high E° so in combination with the relatively 

small different in the calculated contribution, a Pro vs a Ile at residue 54 can be ruled out as a 

sequence determinant. In addition, in a much larger sequence analysis with 16 simple and 30 II-

insertion Fds,39 Gly12 is completely conserved in the simple Fd while Asp12 is semi-conserved 

(40% Asp, 40% Gly, 20% other) in the II-insertion Fd and Ala51 is completely conserved in the 

simple Fd while Cys51 is semi-conserved (43% Cys, with 46% of the remaining having a Cys 

one to two residues further C-terminal) in the II-insertion Fd. 

Thus, the analysis predicts a Gly vs an Asp at residue 12 and an Ala vs a Cys at residue 

51 as sequence determinants (Table 5.1). These two sequence determinants have been confirmed 

previously in the literature via site-specific mutations of residue 12 from Asp to Gly in CvFd, 

giving rise to an increase in E° of 77 mV,40 and of residue 51 from Cys51 to Ala51 in PfFd and 

from Cys22 to Ala22 in AvFdI, giving rise to an increase/decrease in E° of 60 mV21 and an 

increase/decrease in E° of 50 mV;41 respectively. 

Cluster II of the Ferredoxins. 
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Table 5.1. Predicted sequence determinants for ferredoxins and ΔE°, the deviation in reduction 

potential relative to the simple Fd  

 
Cluster Residue Number Residue in Residue in ΔE° (mV) 
  Simple Fd II-insert Fd Calc Exp 
I 12 Gly Asp -73 ± 7 -77a 
I 51 Ala Cys -54 ± 8 -50b, -60c 
II 20 Val Asn -36 ± 4 NA 
II 38 Ile Thr -41 ± 10 NA 
II 56-82  (greater burial) -25 ± 3 NA 
 
a Mutation of Asp12 to Gly12 in Cv Fd(ref 33) 
b Mutation of Cys22 to Ala22 in Av FdI(ref 53) 
c Mutation of Cys53 to Ala53 in  Av FdI(ref 17) 
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The calculated E° for cluster II of the simple Fd are in good agreement with experiment. 

However, the E° of cluster II of the II-insertion Fd are too negative, which is most likely due to 

the alteration of the ligand dihedral angles by the insertion between the second and third ligand 

of the ligand binding motif since ΔGin is sensitive to the ligand dihedral angles.16 Here, the 

sequence determinants of the slightly lower (~50 mV) experimental E° for cluster II of the II-

insertion Fd relative to the simple Fd, with the caveat of the too negative E° predicted by the 

DFT+PB method. Two possible sequence determinants are identified: at residue 20, a Val in the 

simple Fds has a contribution of 39 mV while an Asn in the II-insertion has a contribution of 3 

mV and at residue 38, Ile in the simple Fds has a contribution of 51 mV while a Thr in the II-

insertion Fd has a contribution of 10 mV. In all cases, residues 20 and 38 donate a hydrogen 

bond to a redox site sulfur; however, the side-chain of Thr 38 in the II-insertion Fd donates a 

hydrogen bond to Asn20. As Figure 5.3 illustrates, the hydrogen bond between Thr 38 and Asn 

20 is orientated with the oxygen atoms toward the redox site (Figure 5.3), introducing a polar 

contributions that would decrease E° in ferredoxins with these two residues. Also, the semi-

circles diagrams show that redox clusters of II-insertion Fd are more buried than in the simple 

Fd, which can be estimated to give rise to a ~30 mV decrease in the potential using the EDS 

model. 

Next, the candidates are examined in comparison to sequence data. The other sequences 

with measured E° but no structures are also consistent with the ones with structures; in this case 

the simple and cluster II-insertion Fds have similar negative E° (Figure 5.1). The conservation of 

the two candidates is less complete than for cluster I: at residue 20, the simple Fd generally have 

a Val while the II-insertion Fds generally have an Asn and at residue 38, the simple Fd generally 

have a Ile while the II-insertion Fds generally have a Thr. In addition, in the much larger  
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Figure 5.3. Illustration of residue 38, residue 20, and the redox site for  Ca Fd (left) and Pr Fd 

(right). 
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Figure 5.4. Sequence alignment of HiPIPs colored by contribution of each residue to the E° as in Fig. 1. Residues are numbered 

relative to Cv HiPIP. Residues ligated to the redox site are in bold with a line below the alignment connecting the residues. 

Ref 
50 
6 
30 
7 
51 
50 
50 
50 
50 
6 
32 
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50 
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sequence analysis with 16 simple and 30 II-insertion Fds, Val20 is semi-conserved (69% Val) in 

the simple Fd while Asn20 is semi-conserved (50% Asn) in the II-insertion Fd and Val38 is 

semi-conserved (69% Val) in the simple Fd while Thr38 is semi-conserved (73% Thr) in the II-

insertion Fd. 

Thus, the analysis predicts an Val vs an Asn at residue 20 and a Val vs a Thr at residue 

38 as potential sequence determinants of the ~50 mV more negative E° of Cluster II in the II-

insertion Fd, although the greater burial of the cluster in the II-insertion Fd may also contribute 

(Table 5.1). Experimentally, a single mutation of Ile38 to an asparagine for Avid results in a 33 

mV decrease in E°,41 consistent with a 41 mV decrease calculated with the DFT+PB method. 

This also indicated that the hydrogen bond between residues 20 and 38 may not be required for 

the orientation of the Asn side chain. Moreover, the poorer prediction of the total E° of Cluster 

II, the relatively small predicted shifts in E°, and the less definitive results from the sequence 

analysis make these predictions less certain than those for Cluster I. 

Rhodospirillaceae vs. Ectothiorhodospiraceae HiPIP 

The calculated E° for the HiPIPs, in particular the ~200 mV lower E° of the 

Ectothiorhodospiraceae (referred to as Ecto-type) HiPIPs relative to the Rhodospirillaceae 

(referred to as Rhodo-type) HiPIPs, are predicted in good agreement with experiment. No 

possible sequence determinants for the difference in E° are readily identifiable in the color-coded 

sequence alignment (Figure 4). Instead, the N-terminus of the Ecto-type HiPIPs has more 

negatively charged side chains than the Rhodo-type and in particular, residue 9 is a negative 

residue in both the Ecto-type that decreases the calculated E° ~-27 mV. In addition, the redox 

site is also more buried in the Ecto-type than the Rhodo-type HiPIP based on the semi-circle 

diagrams (Figure 5), which can be estimated to decrease E° by ~13 mV using the EDS model. 
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Again, candidates can be compared to sequence data. Three other Rhodo-type HiPIPs and 

two Ecto-type HiPIPs have both sequences and reduction potentials. The reduction potentials for 

the all Rhodo-type sequences are consistent to those with structures, where all reduction 

potentials are >300 mV. Rhodocyclus gelatinosus (Rge) HiPIP is similar in sequence length to Rf 

HiPIP with both containing a positive loop at positions 25-38, while HiPIPs from Rhodocyclus 

tenuis, strain 3761 (Rt3) and Rhodopila globiformis are more similar to that from Rhodocyclus 

tenuis, strain 2761 (Rt), where the loop is mising these residues. Additionally, all Rhodo-type 

HiPIPs have an alanine at position 79. Comparatively, the reduction potentials for Ecto-type 

HiPIPs with sequences are indicative of a lower reduction potential group (Figure 5.5). 

Ectothiorhodospira vacuolata, iso-1 (Ev1) HiPIP has the most positive reduction potential at 

+260 mV, which is at least 100 mV higher than the other Ecto-type HiPIPs. The four Ecto-type 

HiPIP sequences contain a negative residue at position 9, indiciative of the negative loop 

identified above. Additionaly, the similarity in sequences suggests similar burial of the redox site 

in all of the Ecto-type HiPIPs. Moreover, comparing to the sequence data in Heering et al.,7 the 

greater number of negative side chains is found in the sequences of 9 Ecto-type HiPIPs versus 11 

Rhodo-type HiPIPs. 

 Thus, the lower E° found in the Ecto-type compared to the Rhodo-type is predicted to be 

due to the greater burial of the redox site and the negatively charged N-terminus (Table 5.2). 

Because of this, no site-specific mutagenesis experiments are indicated with certainty. Changing 

the number of negative side chains into the N-terminus is a possibility; however, the large 

variability in the structure of the N-terminus makes the outcome less certain. 

Rhodospirillaceae vs. Chromatiaceae HiPIP 
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a.

 
b. 

  

 

Figure 5.5. (a) Contribution of sequence determinants identified mapped onto semicircle models 

of Rhodo-type (top), Ecto-type (middle), and Chroma-type (bottom) HiPIPs. Residues are 

colored as in Figure 2a. (b) CvHiPIP with the protein backbone color indicating the loop regions 

between the four Fe-ligated cysteines. Residues 1 to 42 are blue, 44 to 45 are purple, 47 to 62 are 

green, 64 to 76 are orange, and 78 to 85 are red.  
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Table 5.2. Predicted sequence determinants for HiPIPs and calculated ΔE°, the deviation in 
reduction potential relative to the Rhodo-type HiPIPs 
 

Residue 

Number 

Residue in 

Rhodo-type 

Residue in 

Ecto-type 

Ecto-type 

ΔE° (mV) 

Residue in 

Chroma-type 

Chroma-type 

ΔE° (mV) 

NA - Greater burial -13 ± 2 Greater burial -9 ± 2 

1-20 - Negative loop -28 ± 2 Negative loop -30 ± 1 

28-33 - - - Positive loop -91 ± 21 

79 Ala Ala/Val - Ser +41 ± 13 
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The experimental E˚ are similar between the Chromatiaceae (Chroma-type) and 

Rhodospirillaceae (Rhodo-type) HiPIPs, and the calculated E° for the HiPIPs are in good 

agreement with experiment. However, different factors contribute to their high E˚. For instance, 

in the color-coded sequence alignment (Figure 5.4), an Ala at residue 79 in the Rhodo-type 

HiPIPs has a small contribution of 30 mV due to the backbone while a Ser in the Chroma-type 

has a contribution of 64 mV due mainly to the side chain. In addition, similar to the Ecto-type 

HiPIPs, the N-terminus of the Chroma-type HiPIPs has more negatively charged side chains than 

the Rhodo-type and in particular, residue 11 is an Asp in both the Chroma-type decreases the 

calculated E° by -30 mV. However, the Chroma-type also have two Arg at residues 28 and 33 in 

an insertion with respect to both the Rhodo-type or the Ecto-type that together increase E° by 

~90 mV. Finally, examining the semi-circle diagrams (Figure 5.5), the redox site is also more 

buried in the Chroma-type than the Rhodo-type HiPIP, which can be estimated to reduce E° by 

~9 mV using the EDS model. 

Now comparing to sequence data, residue 79 is also a Ser in the one other Chroma-type 

HiPIP with both sequence and E° data. In addition, in the 11 Chroma-type HiPIPs in Van 

Driessche et al.,38 Ser79 is conserved while in the 11 Rhoda-type, residue 79 is semi-conserved 

for Ala (45%, with the remainder either Leu or Ile) and in the 9 Ecto-type, residue 79 is also 

semi-conserved for Ala (78%, with the remainder Ser or Val). The negatively charged N-

terminus is also found in all 11 Chroma-type HiPIPs. Finally, the Arg28-Arg33 is found in an 

insertion in 10 out of the 11 Chroma-type HiPIPs with one exception having a Lys33 while the 

Rhodo-type and Ecto-type lack the insertion or have a shorter insertion without the two Arg.  

 Thus, the similar E° found in the Chroma-type compared to the Rhodo-type is predicted 

to be due to a compensation of a decrease in E° due to greater burial of the redox site and the 
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negatively charged N-terminus in the Chroma-type by an increase in E° due to the Arg28-Arg33 

string and Ser79 also in the Chroma-type (Table 5.2). In particular, the analysis predicts an Ala 

vs a Ser at residue 79 as potential sequence determinants for the HiPIPs in general. Also, as in 

the Rhodo- vs. Ecto-type case, changing the number of negative side chains into the N-terminus 

or the burial of the redox site could also alter E°, with the same caveats. Finally, the addition or 

subtraction of the Arg28-Arg33 loop could alter E°. 

 

5.5 Conclusions 

 

Understanding how sequence differences lead to differences in reduction potentials is 

essential for understanding sequence-structure-function relationships in redox-active proteins. 

Here, an improved method for identifying sequence determinants using crystal structures and 

sequence data for homologous proteins is presented. By identifying sequence determinants that 

are found consistently within a subclass of homologous proteins that have a characteristic 

reduction potential, site-specific mutagenesis of these residues from the type found in one 

subclass to that found in another subclass is likely to be successful in shifting the potential since 

the residue type has the same effect in different local environments. Electrostatic calculations of 

crystal structures are used to identify residues that contribute differently to the electrostatic 

potential at the redox site while comparisons with sequence data take advantage of the vastly 

greater amount of sequence versus structural data to examine the robustness of a candidtate for 

mutation. The major improvement here is that the DFT+PB method allows comparison with the 

experimental standard reduction potential, thus giving greater certainty to the predictions, as well 

as accounting for dielectric screening. 
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The method is demonstrated first for the ferredoxins, which are characterized by a very 

similar 55-residue core. A Gly vs an Asp at residue 12 and an Ala vs a Cys at residue 51 are 

identified as sequence determinants of the reduction potential of Cluster I, in good agreement 

with existing experimental data. Next, an Val vs an Asn at residue 20 and a Val vs a Thr at 

residue 38 are identified as possible sequence determinants of the reduction potential of Cluster 

II of the ferredoxins. In addition, the method is also demonstrated for the HiPIPs, which are a 

more difficult case because of the large variability in the loops. An Ala vs. a Ser at residue 79 is 

identified as a possible sequence determinant. Furthermore, the differences in reduction potential 

are attributed mainly to negatively or positively charged loops and degree of burial of the redox 

site, which are more difficult to predict reliably. 
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Chapter 6. A Molecular Dynamics Study on the Roles of IscA and IscU in Iron-Sulfur 

Cluster Assembly 

 

6.1 Abstract 

The proteins IscU and IscA are found in a bacterial iron sulfur cluster (Fe-S) assembly 

system that regulates, assembles, and inserts clusters into Fe-S proteins. While IscU is the 

primary scaffold for Fe-S cluster assembly, IscA is proposed to act as a secondary scaffold 

protein or as an iron donor for IscU. In both cases, the mechanism of cluster formation is still 

unknown. Crystal structures of each protein bound to [2Fe-2S] clusters provide insight into the 

Fe-S binding ligands; however, the biological cluster-binding motif is still unknown. In 

Escherichia coli IscU, mutation of Asp37 to an alanine results in irreversible binding of a [2Fe-

2S] cluster in the IscU monomer. Here, the role of quaternary protein structure on the flexibility 

of the potential iron-binding site is examined in molecular dynamics simulations of the apo IscA 

dimer and tetramer and of the Asp37Ala IscU mutant bound to a [2Fe-2S] cluster. 

 

6.2 Introduction 

Iron-sulfur proteins are essential for the electron transfer that drives respiration, 

photosynthesis, and nitrogen fixation. In most cases, the Fe-S site is composed of multiple iron 

and sulfur atoms in a [2Fe-2S] or [4Fe-4S] cluster ligated to four cysteine residues. While many 

of these clusters can assemble within their target proteins without the need for accessory 

proteins, three known assembly networks exist, which are named by the operon from which they 

are encoded.  The iron-sulfur cluster (isc) system is found in eubacteria and most eukarya as the 

primary assembly system, which is essential for cell growth. The sulfur formation (suf) system is 

found in bacteria, archea, plants, and parasites and is essential only under the extreme conditions 
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of oxidative stress or iron starvation.1 Finally, the aptly named nitrogen fixation (nif) system, 

found in nitrogen-fixing organisms,2 is essential for nitrogen fixation. Each of these assembly 

systems contains at least one protein proposed to act as a scaffold for iron-sulfur assembly. This 

protein is responsible for acquiring sulfur from a cysteine desulfurase and iron from an unknown 

source to form [2Fe-2S] or [4Fe-4S] clusters, which are transferred to an apo-ferredoxin. The isc, 

suf and nif systems contain U-type proteins called, IscU, SufU, and NifU, respectively, which act 

as the main scaffold and an A-type proteins called iscA, sufA, and nifiscA; respectively, which 

may play a regulatory role under redox stress.3, 4  

IscA is an 11-kDa protein belonging to the isc iron-sulfur cluster assembly system. 

Dimeric IscA and its homologues have been found to bind a range of iron-sulfur clusters, 

assemble these clusters into larger clusters, and transfer these clusters to the appropriate apo-

proteins.2 Along with its scaffolding capabilities, evidence also exists for IscA to repair oxidized 

iron-sulfur clusters, in vivo.5 An essential feature for any of these proposed roles is that the 

cluster must be only marginally stable in the scaffold protein; otherwise the cluster cannot be 

transferred to the target. Unfortunately, several structures solved by X-ray crystallography6-9 and 

NMR spectroscopy6 have given an incomplete picture. In all but one structure, no cluster is 

present and the residues thought to be responsible for cluster formation are found in disordered 

regions. Unfortunately, the only IscA crystal structure solved with a bound Fe-S cluster is a 

domain-swapped tetramer, which does not agree with biochemical data identifying the 

biologically relevant holo-IscA to be a dimer.7 Fortunately, the structures contain enough 

information to provide starting coordinates for a molecular dynamics study on the factors that 

influence Fe-S cluster binding stability.  

Escherichia coli IscA contains 107 residues and exists in solution as 65% dimer and 35% 

tetramer.8 The protein contains three cysteines per monomer at residues 35, 99, and 101, which 
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follow the common CXnCXC iron-binding motif. Dimerization occurs in an orientation that pulls 

a loop containing Cys35 into the middle of the other monomer with the closest cysteines located 

on the tail of the other monomer (Figure 6.1). This conformation lacks a fourth cysteine, leading 

to a proposal that either the tails must cross over the protein to bind an Fe-S cluster or that two 

dimers must come together and form a tetramer in which the tail from each dimer can interact 

and bind an Fe-S cluster. The possible cysteine sulfur positions that each conformation can 

achieve determines the binding cluster size.  

In the simplest case, IscA has been show to bind one Fe2+ for every two monomers by 

UV-visible absorbance spectroscopy.5 The presence of multiple iron clusters was ruled out due to 

the lack of acid-labile sulfide in IscA. After incubation with apo-IscU, IscA was shown to donate 

its iron for the formation of [2Fe-2S] formation in the IscU.5,12-15 This data has led to a proposal 

for the role of IscA to be an iron donor for the isc system. This is contrary to studies that have 

shown that the fratraxin ortholog CyaY acts as an iron donor for this system.9 A comparison of 

the Fe2+ binding of both proteins found that IscA is a much better iron donor except under 

oxidative stress, where IscA iron-binding is inhibited and fratraxin became the main iron 

donor.10  

In contrast to IscA binding single iron, other spectroscopic methods have shown the 

ability for IscA and its suf and nif homologues, sufA and NifIscA, to form larger clusters. EPR 

and Mossbauer spectroscopy of these proteins have shown spectra indicative of [2Fe-2S] and 

[4Fe-4S] clusters bound by four cysteine residues.3, 11, 12 All three proteins contain a conserved 

CXnCGCG motif and are found primarily as homodimers.5, 8, 13 For Synechocystis SufA, 

mutagenesis of these conserved cysteines revealed a complete lack of iron-binding when either 

tail cysteine residue was removed.8 Cys44Ala (analogous to Cys35Ala in E. coli) retained the 

ability to bind [2Fe-2S] clusters, but at lower concentrations. In addition, incubation of [2Fe-2S]  



 

161 
 

 

Figure 6.1. IscA dimer with cysteine residues in CPK. Tail residues were built in using 

CHARMM. 
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loaded SufA with an apo-isc-binding protein resulted in transfer of a [2Fe-2S] cluster to a [2Fe-

2S] or [4Fe-4S] site. Despite evidence of [4Fe-4S] cluster binding to Synechocystis SufA, this 

aspect is considered inconclusive.8 However, a similar study of Erwinia chrysanthemi SufA 

showed strong evidence of [4Fe-4S] binding by Mossbauer spectroscopy.13 For E. coli NifIscA 

evidence of [2Fe-2S] and [4Fe-4S] binding was also present.14  

The ambiguity in the spectroscopic studies can be found in the crystallographic results. 

Three X-ray crystal structures have been solved for IscA. The first two published structures were 

of E. coli IscA in the tetrameric arrangement. Both tetramers consist of two dimeric partners 

similar to that shown in Figure 6.1. The structures lacked an iron-sulfur cluster and the last 9 – 

10 residues of each monomer were disordered. This missing region contained the CGC motif 

shown to bind iron-sulfur clusters.8 The first E. coli crystal structure (PDB ID 1R95)15 consists 

of two tetramers (A and B), shown in Figure 6.2. The second E. coli structure (PDB ID 1S98)16 

was crystallized with the selenomethionine substitution of Lys69 and contains only tetramer A. 

The lack of tetramer B may be due to the different crystallization conditions which led to 

packing in a different space group or to the selenomethanione substitution. Furthermore, the 

1S98 tetramer contains two salt bridges between the two dimeric partners possibly signifying a 

more stable tetramer.  

The third crystal structure (PDB ID 1X0G)7 is of Thermosynechococcus elongates IscA, 

which is also a tetramer, but contains two [2Fe-2S] clusters. These clusters are bound by the 

three cysteines of one monomer and the Cys103 (analogous to Cys101 in E. coli) from the 

nearest monomer. This structure further differs from those previously solved due to a domain-

swapped region between two diagonally oriented monomers of the tetramer, which is not seen in 

the other pair of monomers. The domain swap can most clearly be seen in the 2-dimensional 

projections shown in Figure 6.3. The red and green monomers of 1S98 and 1X0G have the same  
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Figure 6.2. IscA tetramer configurations from the labeled crystal structure. 
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Figure 6.3. Tetrameric IscA shown as a 2D projection of α-helicies (cylinders) and β-sheets 

(arrows). The 1S98/1R95 tetramer is on the left and 1X0G is on the right. The tetramers are 

colored by monomer and iron-sulfur clusters are illustrated as yellow boxes with red borders. 
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fold with the exception of the tail region missing in the E. coli structures. The domain swap 

between the grey and blue monomers has some resemblance to the other monomers, but greatly 

alters the quaternary interactions. This tetramer seems to be stabilized by chemical rescue of the 

native holo-IscA by Cys103 of the domain-swapped protein dimer. This structure provides a 

possible mode of [2Fe-2S] binding, but the high salt concentrations used in crystallization 

conditions leads to questions of the biological relevance of the structure. Among the 

homologues, NifIscA has yet to be crystallized, but the NMR and crystal structures of SufA and 

IscA reveal a similar fold. The major difference between the structures lies within their 

quaternary interactions. In comparison, SufA has been crystallized in a less symmetric dimer 

with no significant tetrameric form. One significant difference between the SufA and IscA 

crystal structures is that SufA contains one of the two tail regions in the dimer conformation. 

There is no evidence that this structure is anything other than an artifact of crystallization, 

particularly because this structure also lacked a bound iron-sulfur cluster. 

Most recently, in vivo studies have shown IscA to be required for cluster formation under 

highly oxidative conditions. The absence of IscA has not been shown to result in a null growth 

phenotype unless the cell is cultured under elevated oxygen levels (~40% O2).17 This, and the 

ability for IscA to bind a wide range of clusters, has lead to a third proposal of IscA to act as a 

repair protein for oxidized clusters. In addition reduction of the iron-bound IscA removed a 

signal indicative of a S=3/2 spin state by EPR.5 

The primary scaffold protein, IscU, is found mainly as a monomer at physiological 

conditions with minor, yet significant concentration of dimers.14 In vitro studies of E. coli have 

shown that a disulfide bond between Cys 63 of two monomers may form in the IscU dimer. In 

the presence of S-loaded IscS, the disulfide bond is transferred with IscS forming one S-loaded 

IscU and one covalently linked IscU/IscS for each IscU dimer.18 While complexed, desulfurase 
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activity still exists in IscS, allowing for the assembly of a [2Fe-2S] within the IscU protein. A 

recent crystal structure of the IscU-IscS complex shows a heterodimer in which two IscU 

monomers are bound to one IscS dimer.19 Iron is proposed to come from Cyay/Fratraxin while 

IscU is bound to the IscS dimer.9, 20 The cluster bound IscU disassociates from IscS as either a 

dimer or a monomer and binds another IscU to form a dimer. It has been shown in vitro that the 

binding of two [2Fe-2S]-loaded IscU monomers can form a dimer containing a [4Fe-4S] cluster 

fused from the two original clusters.21 The cluster bound dimer is picked up by HscB and 

transferred to HscA where IscU undergoes an ATP-driven conformational change, which 

enhances the ability of IscU to transfer the cluster to an apo-protein.22 Additionally, IscU has 

been shown to assemble a [4Fe-4S] cluster from two [2Fe-2S] clusters.21, 23 While computational 

studies have discussed possible mechanisms for the fusion of two [2Fe-2S] clusters,24 a 

biological example would help support a mechanism. 

Several attempts have been made to determine the structure of cluster bound-IscU. The 

crystal structure of zinc-bound E. coli IscU gave initial insight into the binding site of the FeS 

cluster. In the crystal structures, three cysteines and one aspartic acid bind in a tetrahedral 

conformation to the zinc ion.25, 26 Mutation of this aspartic acid has shown a decrease in IscU 

activity due to irreversible binding of cluster loaded IscU and IscS.27 This mutation was utilized 

to crystallize and solve the [2Fe-2S]-loaded IscU structure.28 In this structure, the [2Fe-2S] 

cluster is ligated to the three cysteines and a semi-conserved histidine. Currently, it is unclear if 

the histidine is behaving as a rescue ligand in the absence of the aspartic acid or if it serves as the 

fourth biological ligand. In the second case, the aspartic acid may have an electrostatic effect on 

the ability of IscU to transfer the cluster. Finally, solution structures of apo-IscU have been 

solved for the monomer only. These structures have the advantage of capturing the mobility of 

the N and C-terminus, which is disordered in all x-ray structures.  
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Due to the contradictory and inconclusive experimental data, especially the crystal 

structures, a simulation of the complete IscA structure can explore the mobility of the isc binding 

cysteines. Moreover, the simulations may provide possible sites for site-specific mutagenesis that 

could stabilize Fe-S cluster binding for the E. coli IscA. Molecular dynamics (MD) simulations 

were chosen as an initial method for studying this system in order to examine the dynamic range 

of possibly conformations, especially of the tail region. 

Here, MD simulations are performed on the IscA dimers to demonstrate the large 

flexibility in the tail region. So far, simulations of the tetramer show that a convenient tail 

orientation for cysteine binding can be reached on the MD timescale. Overall, these studies will 

lead to a better understanding on the process of cluster assembly (and disassembly) in a protein. 

More specifically, these studies will elucidate the factors that influence the disordered state of 

the apo-protein tail region, as well as the factors that lead to the marginal stability of scaffold-

bound cluster relative to those formed in target proteins. Possibilities include the flexible nature 

of the tail even in the cluster-bound state or, perhaps, the lack of a fourth cysteine ligand. Finally, 

a simulations of the [2Fe-2S]-bound crystal structure of IscU was prepared to study the role of 

Asp 37 in the stability of a [2Fe-2S] on the protein.  

 

6.3 Methods 

Molecular dynamics simulations and analysis were performed using the molecular 

mechanics and dynamics program package CHARMM 27.29 Using procedures similar to our 

previous studies,30, 31 the simulation were carried out in the microcanonical ensemble with a 

target temperature of 300 K. The potential energy function used the parameters of CHARMM 22 

protein parameters for the IscA simulations and CHARMM 22 with CMAP for the IscU 

simulation.29 Parameters for the [2Fe-2S] cluster in the IscU protein are discussed below. All 
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hydrogens were treated explicitly, and all bonds containing hydrogens were constrained to their 

equilibrium bond lengths using the SHAKE algorithm.32 Van der Waals forces were switched 

smoothly to zero using an atom-based force-switch method33 between 10 and 14 Å. The 

nonbonded and image atom lists, which used a cut off distance of 15 Å, were updated 

heuristically. Electrostatic long-range forces were treated using particle mesh Ewald 

summation,34 with a grid spacing of 1 Å, a β-spline coefficient equal to 6, and a κ value of 0.34. 

The time step was 1 fs.  

 

Simulations of IscA 

The coordinates of residues 113 – 122 for the 1R95 dimer, 1R95 tetramer, and 1S98 

dimer were generated from the internal coordinates of residues 112 – 122 of the SufA crystal. 

The backbone carbons and nitrogen of residue 112 of IscA and SufA were aligned and then the 

coordinates of residue 112 of SufA were deleted. The coordinates of the side chain for the IscA 

tail were then generated from the CHARMM 22 topology file. The SufA tail internal coordinates 

overlapped with the protein atoms in the 1S98 tetramer when aligned by residue 112. Therefore, 

coordinates for residues 113 – 122 of the 1S98 tetramer were added as an extended chain of 

amino acids (Figure 6.4). 

The crystal structure of wild-type E. coli IscA (1R9515 and 1S9816) with crystal waters 

were obtained from the Brookhaven Protein Databank (PDB).35 Coordinates for the polar 

hydrogens for the protein and the crystal waters were then generated in and minimized using 100 

steps of the steepest decent method. The solution state simulation of IscA was carried out at 300 

K. The protein was further solvated by placing the protein into a pre-equilibrated 80 × 80 × 80-Å 

or 72 × 72 × 72-Å cubic box of TIP3P36 water containing 17576 and 13824 water molecules, 

respectively. Counterions were then placed in the system by replacing a water molecule with an  



 

169 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4. Starting coordinates of IscA dimers and tetramers. 
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ion near each charged group in the protein to make the system net neutral, followed by a 

minimization of the solvent environment by steepest decent for 100 steps. The final system for 

each simulation is listed in Table 6.1. The simulation was performed using the CRYSTAL 

facility in CHARMM under P1 cubic periodic boundary conditions with a = b = c = 80 (72) Å 

and α = β = γ = 90°. Finally, the entire system was allowed to move, starting with 50 ps 

assigning velocities every 0.1 ps followed by 100-ps scaling velocities every 0.1 ps. The 

simulation was then allowed run unperturbed for 10 ns. The distances between each counterion 

and its closest charged group at the start of the simulation were monitored throughout the 

production run. The average distances were 5 ± 1 Å when the counterions were added in, 10 ± 11 

Å at t = 150 ps (just before the 1-ns data collection began), and 44 ± 15 Å at t = 1150 ps (1 ns 

into the 10-ns data collection) for the 1R95 dimer. Similar results were found for the 1R95 

tetramer as well as the 1S98 dimer and tetramer. Thus, counterions apparently do not stick to the 

original charged side chain they were placed near and the solution was well equilibrated. To 

measure the mobility of the tail region in each simulation, the average structure of the oligomer 

was calculated from the coordinates every 0.5 ps for the entire 10 ns of simulation time. The 

backbone of the full protein was then oriented by best fit to the average protein structure at 

intervals of 0.5 ps. The root-mean-squared deviation (RMSD) of the last 10 residues of each 

monomer was then calculated. 

 

Simulation of IscU 

Simulation of IscU required parameterization of a [2Fe-2S] cluster bound by three 

cysteines and one histidine residue. This residue closely resembles the Rieske redox site, which 

contains a [2Fe-2S] redox site with one iron ligated to two cysteine residues and the other iron 

ligated to two histidines. Parameters for the IscU cluster were then modified from the Rieske  



 

171 
 

Table 6.1. Summary of simulations. 

Protein PDB ID Sim. Time 

(ns) 

Dimensions 

(Å3) 
Orientation #TIP3P/Na+/Cl- 

IscA 1R95 10.0 72 x 72 x 72 Dimer 12309/34/26 

IscA 1S98 10.0 72 x 72 x 72 Dimer 12329/34/26 

IscA 1R95 10.0 80 x 80 x 80 Tetramer A 14853/68/52 

IscA 1S98 5.0 80 x 80 x 80 Tetramer A 14480/68/52 

IscU 2Z7E 1.0 67 x 67 x 67*  Monomer 6136/19/13 

*Truncated dodecahedron 
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parameters by replacing the parameters for one histidine with parameters for an iron-ligated 

cysteine. The resulting parameters are contained in the appendix.   

The crystal structure of Asp37Ala Aquifex aeolicus IscU28 with crystal waters was 

obtained from the Brookhaven Protein Databank (PDB).35 Hydrogen coordinates for the protein 

and the crystal waters were then built in and minimized with 100 steps of steepest decent. The 

solution state simulation of IscU was carried out at 300 K. The protein was further solvated in a 

pre-equilibrated rhombic dodecahedron box (a = b = c = 66.9478 Å and α = 60°, β = 60°, and γ = 

60°) of TIP3P36 water containing 6205 water molecules. Counterions were then placed in the 

system by replacing a water molecule with an ion near each charged group in the protein to make 

the system net neutral. This was followed by a minimization of the solvent environment by 

steepest decent for 500 steps. The final system for each simulation is listed in Table 6.1. The 

simulation was performed using the CRYSTAL facility in CHARMM under P1 cubic periodic 

boundary conditions with a = b = c = 64 Å and α = β = γ = 90°. Finally, the entire system was 

allowed to move, starting with 50 ps assigning velocities every 0.1 ps followed by 200-ps scaling 

velocities every 0.1 ps. The simulation was then allowed run unperturbed before 1 ns.  

 

6.4 Results & Discussions 

Simulations of IscA 

The dimer simulations were analyzed after 10 ns of simulation time. A full 10 ns of 

simulation time was collected for the 1R95 tetramer while only 5.2 ns of data was collected for 

the 1S98 tetramer. Analysis was performed by measuring protein mobility through RMSD of 

backbone atoms for selected residues with the average position of those atoms. The ability for an 

oligiomer to bind iron was approximated by sulfur-sulfur distances within the species. 
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RMSD of oligomeric species. The RMSD for tail coordinates from the average structure as a 

function of time (Figure 6.5) revealed a larger deviation of the tail positions in the dimer than 

tetramer. The large RMSD value at 0 ps for the dimer simulations indicates that the average 

structure is quite different than the initial structure. This can be expected due to the arbitrary 

starting coordinates. The low RMSD (<5Å) for tail B of the 1S98 dimer corresponds to a hairpin 

conformation that is stabilized by a loop region of that protein and the Cys35 of its dimeric 

partner. This conformation can be seen in Figure 6.7. 

 

Sulfur-sulfur distances. For the dimer simulations, the distances between the sulfur atoms of 

Cys99 or Cys101 of one monomer and the Cys35 of its dimeric partner were calculated as a 

function of time (Figure 6.6). To give a reference distance to which iron binding may be capable 

the longest S-S distance for a [2Fe-2S] cluster from the Nakai crystal structure7 is 5.94 Å. This 

value is consistent with the same S-S distance in other [2Fe-2S] crystal structures. S-S distances 

of 1R95 in Figure 6.6 clearly shows no S-S distance below the indicated reference line after 100 

ps of simulation time. Over the course of the simulation, the tail cysteine residues are shown to 

move away from the Cys35 of the dimeric partner. In comparison, the 1S98 dimer shows a quick 

drop at 500 ps in the distance between Cys99 of monomer A and Cys35 of monomer B (Figures 

6.1). As the simulation continues, this distance increases while the distance between Cys99 of 

monomer B and Cys35 of monomer A decreases reaching a stable distance approaching the 

reference line. Figure 6.7 provides a snapshot of these two residues after 9161.5 ps of simulation 

time. 

Based on the sulfur-sulfur distances in the tetramer simulation, the Fe-binding cystienes 

most likely be Cys101 and Cys 99 from monomers located diagonally from each other in the 

tetramer. This orientation can most clearly be seen in the 2-dimensional projection of the  
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Figure 6.5. RMSD of the IscA tail during the production run for each simulation. Backbone 

atom coordinates for residues 98 – 107 with respect to their deviation from their average 

coordinates was calculated. For all simulations, the tail region RMSD is show in red for 

monomer A and blue for monomer B. Tail regions for monomers C and D of the tetramer are 

shown in green and grey, respectively. 
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Figure 6.6. Distance between sulfur atoms for dimer simulations. Sulfur - sulfur distances were 

calculated between cysteine residues over the production run. Distance between the sulfurs on 

CysA35 and CysB99 are shown in red while that for CysA35 and CysB101 is shown in blue. 

CysB35 and CysA99 and CysB35 and CysA101 sulfur distance are green and grey, respectively. 

The black line at 5.94 Å indicates the longest S-S distance between sulfurs of the same cluster in 

the 1X0G structure. 
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Figure 6.7. 1S98 dimer at t = 9161.5 ps of simulation time. A CysA99 and CysC101distance of 

5.05 Å is indicated by the dashed line. 
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tetramer in Figure 6.3. These distances are plotted with time in Figure 6.8. The S-S distances for 

the tetramer are clearly much lower than in the dimer simulations. In particular, the tail cysteine 

of monomer B and that of monomer D come within less than 6 Å of each other, indicating that 

they could be close enough to bind a cluster. A snapshot of the 1S98 tetramer after 4490 ps of 

simulation time (Figure 6.9) illustrates conformation of these residues within a possible Fe-S 

binding distance.  Moreover, Cys99 or Cys101 do not interact with Cys35 in the tetramer 

simulations, indicating that this residue may not be available to bind Fe in the tetramer. 

 

Simulation of IscU 

 After 1 ns of simulation time, the geometry of the [2Fe-2S] cluster bound to IscU 

deviated from the crystal structure geometry. After minimization by 100 steps of SD, the iron 

and bridging sulfur atoms lost their planar conformation and took a bent conformation (Figure 

6.10) due to a rotation around the Fe-S bonds, which brought the side chain of His106 closer to 

that of Cys107. This conformation persisted over the 1 ns of simulation time. The cause of the 

conformational change may be due to the minimum energy dihedral angles being too small 

causing an artificial strain in the cluster. The deformation of the cluster could also be caused by 

the relaxation His106 and Cys107. In this case, a higher barrier of rotation of the Fe-S bond 

would maintain the experimental cluster geometry. Adjustment of the [2Fe-2S] parameters is 

required to simulate the [2Fe-2S]-bound IscU. 

 Through the short simulation time, the protein did not undergo significant conformational 

change (Figure 6.11).  The RMSD of the final coordinates relative to the crystal coordinates were 

<1.5 Å for all backbone atoms and <1.0 Å if the 5 N- and C- terminal residues are not included.  

 

6.5 Conclusions 
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Figure 6.8. Distance between sulfur atoms for tetramer simulations. Sulfur - sulfur distances 

were calculated between cysteine residues through the production run. Distance between the 

sulfurs on CysA99 and CysC101 are shown in red while that for CysA101 and CysC99 is shown 

in blue. CysB99 and CysD101 and CysB101 and CysD99 sulfur distance are green and grey, 

respectively. The black line at 5.94 Å indicates the longest S-S distance between sulfurs of the 

same cluster in the 1X0G structure. 
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Figure 6.9. A close-up of the four possible Fe-S binding cysteines of monomer C and D in the 

1S98 tetramer after 4490 ps of simulation time (left). The same coordinates from a side view 

with the sulfur-sulfur distances labeled as a) CysB101 - CysD99, 3.5Å; b) CysD99 – CysB, 

6.6Å; and c) CysB99 - CysD101, 4.0Å. 
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Figure 6.10. [2Fe-2S] cluster for IscU at the crystal coordinates (carbons are dark gray and 

sulfurs are orange) and after 1 ns of simulation time (carbons are cyan and sulfurs are yellow). 
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Figure 6.11. Alignment of IscU at the crystal coordinates (dark gray) and after 1 ns of simulation 

time (cyan). 
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Molecular dynamics was able to show a large degree of mobility of the last ten residues 

in the IscA dimer. A hairpin formation can be achieved to stabilize the tail region and possibly 

bind an iron cluster with two cysteines from the tail region of one monomer, the Cys35 from its 

dimeric partner and a fourth cysteine, which may be from an acceptor protein. Further analysis of 

the dimer with tail coordinates initially positioned closer together may determine if the dimer can 

bind an Fe-S cluster with only the four tail cysteine sulfurs. 

Simulations of tetrameric IscA showed an increase in protein surface area for the tail 

regions to interact with, greatly reducing its mobility. Interactions of the tails in this oligomeric 

species showed a set of sulfur distances capable of binding a [2Fe-2S] cluster. However, this 

binding mode differs greatly to that obtained in the Nakai structure. A simulation of the Nakai 

structure may reveal the stability the tetramer with a domain swapped region. 

With the two binding modes partially elucidated here, future work will include analyzing 

these simulations with cysteine residues bound to one cluster. These simulations will provide 

insight into the behavior of the remaining cysteines as one Fe-Cys bond is initiated, thus provide 

an idea of the binding sequence of IscA to a cluster. A comparison between different partially 

bound oligomers should give an idea of the more stable binding mode. As the data for the cluster 

binding mode becomes more conclusive, both through the theoretical approach of this paper and 

the experimental work by other groups, more focus will be placed upon exploring the factors that 

lead to transient stability. A snapshot of the 1S98 tetramer after 4490 ps of simulation time 

further demonstrates S-S distances capable of binding a Fe-S cluster. In addition, the two S-S 

pairs are close enough to act as the four cysteines required for Fe-S binding and would form a 

cluster on the surface of the tetramer allowing easy transfer of the cluster. 

Finally, a short simulation of IscU reveals a need for improved parameters for a [2Fe-2S] 

cluster ligated to three cysteines and a histidine. This can be improved by adjusting the minimum 
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energy dihedral angles for the iron-inorganic sulfur bonds or by increasing the barrier of rotation 

for this bond. The IscU simulation provides preliminary insight into the flexibility of IscU and a 

starting point for further MD studies of IscU. 
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APPENDIX B. Supplemental Information for Chapter 3 

 

The ΔGin were obtained for Fe4S4(SCH3)4
1-/2-/3- with the dihedral angles C-S-Fe-Si 

(where Si is the cluster sulfur on the opposite plane from the iron) of approximately 60° 

in one plane and -60º in the other plane in vacuum (ref to Niu & Ichiye paper) using 

methods described previously1 with the program NWChem2 Electrostatic potential 

charges for the cluster were also obtained from the calculations using CHELPG3. Since 

the systems here involve antiferromagnetically spin-coupled interactions, the broken 

symmetry (BS) approach4,5 for the DFT calculations6 was employed to take these 

interactions into account in the exchange-correlation energy functionals. Becke’s three-

parameter hybrid exchange7 and Lee–Yang–Parr correlation functional (B3LYP)8 using 

the 6-31G** basis sets9-12 was utilized for the geometry optimizations and electronic 

structure calculations of the [4Fe-4S] clusters. The calculated oxidation energies were 

refined at the B3LYP/6-31(++)SG**//B3LYP/6-31G** level, where (++)S indicates that 

sp-type diffuse functions were added to the basis set for the sulfur atoms.9-12 In addition, 

zero point energy and entropic terms at 298 K were calculated at the B3LYP/6-31G** 

level. The partial charges were calculated using CHELPG.(61) 
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Computers, Version 4.5. Richland, WA 99352: Pacific Northwest National 
Laboratory; 2003. 
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Table 3.S1. Oxidation energies for the FeS redox site. 
 
 Fe4S4(SCH3)4 
Energy(eV) 2-/1- 3-/2- 
ΔE (without ZPE) 0.139 -3.585 
ΔE (with ZPE) 0.184 -3.523 
ΔG 0.255 -3.478 
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Table 3.S2. Atomic partial charges for the FeS redox site. 
 
 

Redox State Atom 1- 2- 3- 
Fe 0.792 0.744 0.840 
S -0.607 -0.681 -0.893 
Sγ -0.544 -0.703 -0.865 
Cβ -0.017 -0.040 -0.082 
H 0.09 0.09 0.09 
Fe 0.619 0.744 0.855 
S -0.510 -0.681 -0.832 
Sγ -0.578 -0.703 -0.822 
Cβ -0.015 -0.040 -0.061 
H 0.09 0.09 0.09 
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Figure A1. -ΔsolGcav
out(qi)/F vs -ΔsolGcav

out(qA)/F for 1- (A) and 2- (B). i = M or C. 
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Figure A2. ) -ΔsolGcav
out(qi)/F vs -ΔsolGcav

EDS(Ri)/F for point charges (i)  at all atoms (●), only 
metals (n), or at the center of the redox site (▲).  
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Rc: 
 
Rc is dependent on the net charge of the redox site for the [4Fe-4S] proteins is 3.3 Å when Rc is 
calculated for the solvation energy of redox site; however, it is 4.34 Å when calculated from the 
1-/2- redox couple.  Rc=4.34 Å was used for Figures 4A & 4B, whereas Rc=3.3 Å has a larger 
deviation between ΔGEDS and ΔGout. Furthermore, if Rc is calculated from the redox site in the 2- 
or 3- oxidation state, Rc becomes 4.0 Å and 4.2 Å; respectively. In the case of the 2-/3- redox 
couple, Rc increases by only 0.04 Å to 4.38. 
  
 
Figure 4B if Rc = 3.3 Å 

 
 
 
 
	  
	  



	  

198	  

APPENDIX	  C.	  Supplemental	  Information	  for	  Chapter	  4	  
 
Table A1. ΔsolG for TtHiPIP. Energies in eV. -ΔsolGout/F(M) is less than 15% smaller than -ΔsolGout/F(A). 

# System: i = C i = M i = A i = F1 i = F2 
C in two 
spheres* 

1 -G(-1,i,0,1,4,4)/F -42.752 -11.917 -187.896 -2043.158 -‐455.462	   -46.670 

2 -G(-1,i,0,1,1,1)/F -44.143 -13.310 -189.483 -2046.602 -‐456.982	   -48.213 

3 -ΔsolGc/F [1-2] 1.391 1.393 1.588 3.444 1.519	   1.543 

4 -G(-1,i,0,4,4,78)/F -10.875 -3.166 -47.196 -511.485 -‐114.082	   -11.883 

5 -G(-1,i,0,4,4,4)/F -11.036 -3.327 -47.371 -511.651 -‐114.245	   -12.053 

6 -ΔsolGp/F [4-5] 0.161 0.161 0.175 0.166 0.163	   0.171 

7 -ΔsolGc/F+-ΔsolGp/F [3+6]  1.552 1.553 1.763 3.610 1.682	   1.714 

8 -G(-1,i,0,1,4,78)/F -42.590 -11.785 -187.712 -2042.988 -455.297 -46.499 

9 -G(-1,i,0,1,1,1)/F -44.143 -13.310 -189.483 -2046.602 -456.982 -48.213 

10 -ΔsolGout/F [8-9] 1.553 1.525 1.771 3.614 1.684 1.714 

 
F1 (formal charges) - the charge for the thiol sulfurs is -1, the inorganic sulfurs is -2, the irons=+2.75, and the carbon is 0. 
F2 (formal charges) - the charge for the thiol sulfurs is -0.5, the inorganic sulfurs is -1, the irons=+1.25, and the carbon is 0. 
 
*Try the equivalent to Table 1 for the sphere case where i=C, do 1 to 10, but instead of the protein, use two spheres of radius 
3.5 and 10 Angstrom. This is equivalent to solving the two-sphere problem in two steps or in one step
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APPENDIX D. Supplemental Information for Chapter 6 

 

! Added for 2FSH 

MASS   131 FEPO  55.84700 Fe ! 

MASS   132 SPOO  32.06000 S  ! 

MASS   133 SO    32.06000 S  ! 

 

! CHARGES ADAPED FROM toph19ti_Rieske.inp 

! 

RESI 2FSH   -1.0 ! Reduced plant-type Fe-S cluster 

GROU             !         HB21 

ATOM FE1  FEPO    0.7610 ! CB2--SG2    S2 

ATOM FE2  FEPO    0.7840 ! HB22   \   /  \ 

ATOM S1   SPOO   -0.6140 !     (II)FE1    FE2(III) 

ATOM S2   SPOO   -0.6140 ! HB11   /   \  /   \     HB31 

ATOM SG1  SO     -0.5900 ! CB1--SG1    S1     SG3--CB3   S1 is out of the paper 

ATOM CB1  CT3    -0.1650 ! HB12                    HB32 

ATOM SG2  SO     -0.5900 

ATOM CB2  CT3    -0.1650 ! charge of CB = -(0.013+2*0.09)=-0.193 

ATOM SG3  SO     -0.5900 

ATOM CB3  CT3    -0.1650 ! charge of CB = -(0.034+2*0.09)=-0.214 

ATOM H11  HA      0.0600 ! 

ATOM H12  HA      0.0600 ! 

ATOM H13  HA      0.0600 ! 

ATOM H21  HA      0.0600 ! 

ATOM H22  HA      0.0600 !borrow from cys charge 

ATOM H23  HA      0.0600 ! 

ATOM H31  HA      0.0600 ! 

ATOM H32  HA      0.0600 ! 

ATOM H33  HA      0.0600 ! 

ATOM CB   CT2    -0.1170 ! 

ATOM HB1  HA      0.0900 ! 

ATOM HB2  HA      0.0900 ! 

ATOM ND1  NR1    -0.3370 ! 

ATOM HD1  H       0.3310 
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ATOM CG   CPH1    0.1310 

ATOM CE1  CPH2    0.2640 

ATOM HE1  HR1     0.1300 

ATOM NE2  NR2    -0.3370 

ATOM CD2  CPH1    0.0630 

ATOM HD2  HR3     0.1000 

! 

BOND FE1  SG1       FE1  SG2       FE1  S1        FE1  S2 

BOND FE2  SG3       FE2  NE2       FE2  S1        FE2  S2 

BOND SG1  CB1       SG2  CB2       SG3  CB3 

BOND CB1  H11       CB1  H12       CB2  H21       CB2  H22 ! 

BOND CB3  H31       CB3  H32       CB   HB1       CB   HB2 ! 

BOND CB1  H13       CB2  H23       CB3  H33 

! HSD FROM TOP_ALL22_PROT.INP 

BOND CG  CB   ND1 CG   CE1 ND1 

BOND NE2 CD2  ND1 HD1  CD2 HD2  CE1 HE1 

DOUBLE  CG  CD2   CE1  NE2 

IMPR ND1 CG  CE1 HD1  CD2 CG  NE2 HD2  CE1 ND1 NE2 HE1 

IMPR ND1 CE1 CG  HD1  CD2 NE2 CG  HD2  CE1 NE2 ND1 HE1 

! Urey-Bradley bonds - do not use if CHARMM22gX and param19fes2.inp used. 

! Urey-Bradley bonds are now included in the SO-FE-SO bond angles. 

! ANGLEs are redundent, since DIHEDRALs have all the angles. 

DIHE CB1  SG1  FE1  S1 

DIHE CB2  SG2  FE1  S2 

DIHE CB3  SG3  FE2  S1 

DIHE SG1  FE1  S1   FE2 

DIHE SG2  FE1  S2   FE2 

DIHE SG3  FE2  S1   FE1 

DIHE NE2  FE2  S2   FE1 

DIHE CB1  SG1  FE1  S2 

DIHE CB2  SG2  FE1  S1 

DIHE CB3  SG3  FE2  S2 

DIHE SG1  FE1  S2   FE2 

DIHE SG2  FE1  S1   FE2 

DIHE SG3  FE2  S2   FE1 

DIHE NE2  FE2  S1   FE1 
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DIHE CB3  SG3  FE2  NE2 

DIHE FE1  S1   FE2  NE2 

DIHE FE1  S2   FE2  NE2 

DIHE S1   FE2  NE2  CE1 

DIHE S1   FE2  NE2  CD2 

DIHE S2   FE2  NE2  CE1 

DIHE S2   FE2  NE2  CD2 

DIHE SG3  FE2  NE2  CE1 

DIHE SG3  FE2  NE2  CD2 

DIHE FE2  NE2  CE1  ND1 

DIHE FE2  NE2  CD2  CG  

!IC  #1   #2   #3   #4   bond12    ang123  DIHE    ang234  bond34 

! 

PATCH FIRST NONE LAST NONE 

 

PRES PFSH   -1.0 ! Reduced plant-type Fe-S cluster 

GROU             !         HB21 

ATOM 5FE1 FEPO    0.7610 ! CB2--SG2    S2 

ATOM 5FE2 FEPO    0.7840 ! HB22   \   /  \ 

ATOM 5S1  SPOO   -0.6140 !     (II)FE1    FE2(III) 

ATOM 5S2  SPOO   -0.6140 ! HB11   /   \  /   \     HB31 

ATOM 5SG1 SO     -0.5900 ! CB1--SG1    S1     SG3--CB3   S1 is out of the paper 

ATOM 5CB1 CT2    -0.1650 ! HB12                    HB32 

ATOM 5SG2 SO     -0.5900 

ATOM 5CB2 CT2    -0.1650 ! charge of CB = -(0.013+2*0.09)=-0.193 

ATOM 5SG3 SO     -0.5900 

ATOM 5CB3 CT2    -0.1650 ! charge of CB = -(0.034+2*0.09)=-0.214 

ATOM 5H11 HA      0.0900 ! 

ATOM 5H12 HA      0.0900 ! 

ATOM 5H21 HA      0.0900 ! 

ATOM 5H22 HA      0.0900 !borrow from cys charge 

ATOM 5H31 HA      0.0900 ! 

ATOM 5H32 HA      0.0900 ! 

ATOM 5CB  CT2    -0.1170 ! 

ATOM 5HB1 HA      0.0900 ! 

ATOM 5HB2 HA      0.0900 ! 
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ATOM 5ND1 NR1    -0.3370 ! 

ATOM 5HD1 H       0.3310 

ATOM 5CG  CPH1    0.1310 

ATOM 5CE1 CPH2    0.2640 

ATOM 5HE1 HR1     0.1300 

ATOM 5NE2 NR2    -0.3370 

ATOM 5CD2 CPH1    0.0630 

ATOM 5HD2 HR3     0.1000 

! 

DELETE ATOM 1CB 

DELETE ATOM 1SG 

DELETE ATOM 1HB1  ! 

DELETE ATOM 1HB2  ! 

DELETE ATOM 1HG1  ! 

DELETE ATOM 2CB 

DELETE ATOM 2SG 

DELETE ATOM 2HB1  ! 

DELETE ATOM 2HB2  ! 

DELETE ATOM 2HG1  ! 

DELETE ATOM 3CB 

DELETE ATOM 3SG 

DELETE ATOM 3HB1  ! 

DELETE ATOM 3HB2  ! 

DELETE ATOM 3HG1  ! 

DELETE ATOM 4CB 

DELETE ATOM 4HB1 

DELETE ATOM 4HB2 

DELETE ATOM 4ND1 

DELETE ATOM 4HD1 

DELETE ATOM 4CG 

DELETE ATOM 4CE1 

DELETE ATOM 4HE1 

DELETE ATOM 4NE2 

DELETE ATOM 4CD2 

DELETE ATOM 4HD2 

DELETE ATOM 5H13 
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DELETE ATOM 5H23 

DELETE ATOM 5H33 

BOND 5CB1 1CA       5CB2 2CA       5CB3 3CA       5CB  4CA 

ANGL 5H11 5CB1 1CA      5H21 5CB2 2CA      5H31 5CB3 3CA 

ANGL 5H12 5CB1 1CA      5H22 5CB2 2CA      5H32 5CB3 3CA 

ANGL 5SG1 5CB1 1CA      5SG2 5CB2 2CA      5SG3 5CB3 3CA      5CG  5CB  4CA 

ANGL 5CB1 1CA  1N       5CB2 2CA  2N       5CB3 3CA  3N       5CB  4CA  4N 

ANGL 5CB1 1CA  1C       5CB2 2CA  2C       5CB3 3CA  3C       5CB  4CA  4C 

DIHE 1CA  5CB1 5SG1 5FE1      2CA  5CB2 5SG2 5FE1 

DIHE 3CA  5CB3 5SG3 5FE2      4CA  5CB  5CG  5CD2 

DIHE 1N   1CA  5CB1 5SG1      2N   2CA  5CB2 5SG2 

DIHE 3N   3CA  5CB3 5SG3      4N   4CA  5CB  5CG  

!IC  #1   #2   #3   #4   bond12    ang123  DIHE    ang234  bond34 

! 

IC   1N   1C   *1CA 5CB1    0.0000    0.00  120.00    0.00   0.0000 

IC   1N   1CA  5CB1 5SG1    0.0000    0.00  180.00    0.00   0.0000 

IC   1CA  5CB1 5SG1 5FE1    0.0000    0.00  180.00    0.00   0.0000 

IC   2N   2C   *2CA 5CB2    0.0000    0.00  120.00    0.00   0.0000 

IC   2N   2CA  5CB2 5SG2    0.0000    0.00  180.00    0.00   0.0000 

IC   2CA  5CB2 5SG2 5FE1    0.0000    0.00  180.00    0.00   0.0000 

IC   3N   3C   *3CA 5CB3    0.0000    0.00  120.00    0.00   0.0000 

IC   3N   3CA  5CB3 5SG3    0.0000    0.00  180.00    0.00   0.0000 

IC   3CA  5CB3 5SG3 5FE2    0.0000    0.00  180.00    0.00   0.0000 

IC   4N   4C   *4CA 5CB4    0.0000    0.00  120.00    0.00   0.0000 

IC   4N   4CA  5CB  5CG     0.0000    0.00  180.00    0.00   0.0000 

 

 

 

 

BONDS 

! 

!V(bond) = Kb(b - b0)**2 

! 

!Kb: kcal/mole/A**2 

!b0: A 

! 
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!atom type Kb          b0 

! 

! ADDED FOR RESN 2FSH, ORIGIN OF CONSTANTS IS NOTED, BOND LENGTHS MEASURED 

! FROM CRYSTAL STRCTURE WITH PDB ID 2Z7E - BSP 

FEPO OC       0.0       0.00 

FEPO NR2     65.0       2.326 ! FE   NR      65.0       1.98!   FROM NAGAI ET AL(1980) 

FEPO SO      77.00      2.280 ! 

FEPO SPOO    98.0       2.186 ! 

! ALL FROM MLT 

SO   CT2    198.000     1.8180! MLT, borrow from 22 

SO   CT3    198.000     1.8180! MLT, borrow from 22 

 

ANGLES 

! 

!V(angle) = Ktheta(Theta - Theta0)**2 

! 

!V(Urey-Bradley) = Kub(S - S0)**2 

! 

!Ktheta: kcal/mole/rad**2 

!Theta0: degrees 

!Kub: kcal/mole/A**2 (Urey-Bradley) 

!S0: A 

! 

!atom types     Ktheta    Theta0   Kub     S0 

! 

! ADDED FOR RESN 2FSH, ORIGIN OF CONSTANTS IS NOTED, BOND ANGLES 

! FROM CRYSTAL STRCTURE WITH PDB ID 2Z7E - BSP 

SPOO FEPO OC       0.0       0.0 

SO   FEPO OC       0.0       0.0 

FEPO OC   CC       0.0       0.0 

FEPO NR2  CPH1    30.0     146.67   ! CR1E NR   FE      30.0     124.8! FORCE CONSTANT FROM PARMFIX9 

FEPO NR2  CPH2    30.0      86.51   ! CR1E NR   FE      30.0     124.8! FORCE CONSTANT FROM PARMFIX9 

NR2  FEPO SO      50.0      94.39   ! NP   FE   NP      50.0      90.0 

SPOO FEPO NR2     92.20    111.51   3.02   3.643! SAO  FEAO SO      92.20    115.2   3.02   3.82 ! - 

BWB,Averill,Czernuszewicz 

SPOO FEPO SPOO    29.51     91.25   3.02   3.610! 
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FEPO SPOO FEPO    21.59     87.73   6.84   2.690! 

! FROM MLT 

SO   FEPO SO      15.79    109.5    5.758  3.773!  

SPOO FEPO SO      17.0     109.5    3.02   3.692! 

FEPO SO   CT2     25.19    103.0    3.60   3.170! 

FEPO SO   CT3     25.19    103.0    3.60   3.170! 

SO   CT2  HA      46.100   111.3000 !MLT copy from S CT2 HA 

SO   CT3  HA      46.100   111.3000 !MLT copy from S CT2 HA 

SO   CT2  CT1     58.000   112.5000 !MLT copy from S CT2 CT1 

SO   CT3  CT1     58.000   112.5000 !MLT copy from S CT2 CT1 

 

 

DIHEDRALS 

! 

!V(dihedral) = Kchi(1 + cos(n(chi) - delta)) 

! 

!Kchi: kcal/mole 

!n: multiplicity 

!delta: degrees 

! 

!atom types             Kchi    n   delta 

! 

! ADDED FOR RESN 2FSH, ORIGIN OF CONSTANTS IS NOTED 

! FROM CRYSTAL STRCTURE WITH PDB ID 2Z7E - BSP 

CC   OD1  FEPO SO       0.00    2     0.0 ! BSP guess  

CC   OD1  FEPO SPOO     0.00    2     0.0 ! BSP guess 

OC   FEPO SO   FEPO     0.00    2     0.0 ! BSP guess  

OC   FEPO SPOO CT3      0.00    2     0.0 ! BSP guess 

FEPO OC   CC   CT2      0.00    2     0.0 ! BSP guess  

FEPO SPOO FEPO NR2      2.40    3     0.0 ! CH2E SSR  FEAS SBS      2.40      3       0.0! BWB,TI 

SPOO FEPO NR2  CPH1     2.40    3     0.0 ! CH2E SSR  FEAS SBS      2.40      3       0.0! BWB,TI 

SPOO FEPO NR2  CPH2     2.40    3     0.0 ! CH2E SSR  FEAS SBS      2.40      3       0.0! BWB,TI 

FEPO SPOO FEPO NH1      2.40    3     0.0 ! CH2E SSR  FEAS SBS      2.40      3       0.0! BWB,TI 

FEPO SPOO FEPO SO       2.40    3     0.0 ! CH2E SSR  FEAS SBS      2.40      3       0.0! BWB,TI 

FEPO SPOO FEPO SPOO     2.40    2     0.0 ! BSP guess 

SO   FEPO NR2  CPH2     2.40    3     0.0 ! CH2E SSR  FEAS SBS      2.40      3       0.0! BWB,TI 
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SO   FEPO NR2  CPH1     2.40    3     0.0 ! CH2E SSR  FEAS SBS      2.40      3       0.0! BWB,TI 

FEPO NR2  CPH1 HR3      2.40    2     0.0 ! BSP guess 

FEPO NR2  CPH2 NR1      2.40    2     0.0 ! BSP guess 

FEPO NR2  CPH2 HR1      2.40    2     0.0 ! BSP guess 

FEPO NR2  CPH1 CT2      2.40    2     0.0 ! BSP guess 

FEPO NR2  CPH1 CPH1     2.40    2     0.0 ! BSP guess 

! FROM MLT 

X    FEPO SO   X        0.40    3     0.0 ! MLT guess  

X    FEPR SO   X        0.40    3     0.0 ! MLT guess  

X    SO   CT2  X        0.40    3     0.0 ! MLT guess  

X    SO   CT3  X        0.40    3     0.0 ! MLT guess 

 

 

NONBONDED nbxmod  5 atom cdiel shift vatom vdistance vswitch - 

cutnb 14.0 ctofnb 12.0 ctonnb 10.0 eps 1.0 e14fac 1.0 wmin 1.5  

                !adm jr., 5/08/91, suggested cutoff scheme 

! 

!V(Lennard-Jones) = Eps,i,j[(Rmin,i,j/ri,j)**12 - 2(Rmin,i,j/ri,j)**6] 

! 

!epsilon: kcal/mole, Eps,i,j = sqrt(eps,i * eps,j) 

!Rmin/2: A, Rmin,i,j = Rmin/2,i + Rmin/2,j 

! 

!atom  ignored    epsilon      Rmin/2   ignored   eps,1-4       Rmin/2,1-4 

! 

!carbons 

FEPO   0.010000   0.000000     0.650000 ! ALLOW HEM 

                ! Heme (6-liganded): Iron atom (KK 05/13/91) 

SPOO   0.000000  -0.450000     2.000000 ! ALLOW   SUL ION 

                ! adm jr., 3/3/92, methanethiol/ethylmethylsulfide pure solvent 

SO     0.000000  -0.450000     2.000000 ! ALLOW   SUL ION 

                ! adm jr., 3/3/92, methanethiol/ethylmethylsulfide pure solvent 
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