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ABSTRACT  

Electron transfer reactions play an important role in biological processes such as 

photosynthesis, respiration, and nitrogen fixation. Here, the electron transfer properties of 

iron-sulfur (Fe-S) proteins and blue copper proteins are investigated. The reduction 

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

most important determinant of the reduction potential is the primary coordination sphere, 

or the type and number of metal ion(s) and the geometry of the redox site with its 

coordinating ligands. However, for a given redox site, the reduction potentials can vary 

by ~1 V for non-homologous proteins and ~0.3 V for homologous proteins. Therefore, 

the protein matrix and solvent environment around the redox site are important factors 

that are responsible for tuning the reduction potential to serve a variety of biological 

functions. 

 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 and solvent environment or outer sphere 

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

Reduction potentials calculated using the DFT+PB method are in good agreement with 

the experimental values for and the nine Fe-S clusters in respiratory complex I. 
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Moreover, the method used here is a useful computational tool to study other questions 

about complex I. In addition, the method is being extended to the blue copper proteins. 

The protein matrix and surrounding solution are investigated in a long 10 

microsecond molecular dynamics simulation of 2[4Fe-4S] ferredoxin, a small electron 

shuttle protein, at very dilute ionic concentration (~0.04 M KCl) similar to the conditions 

of the rate measurement. The potassium ions form a “cloud” favoring the product due to 

the arrangement of negatively charged groups of the protein, which suggests a possible 

mechanism for an electron shuttle protein. Finally, since most of the computer time for 

molecular dynamics simulations is spent calculating water-water interactions, a fast and 

efficient water model was developed for biological simulations. 
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 CHAPTER 1. 

INTRODUCTION 

1.1.  ELECTRON TRANSFER PROTEINS 

Electron transfer reactions play an important role in biological processes such as 

photosynthesis, respiration, and nitrogen fixation. Metalloproteins are common electron 

carriers in these biological processes since the reduction potentials of the redox sites can 

easily be tuned to mediate electron transfer between different donor and acceptor redox 

partners. Biology utilizes a limited number of metal ions to catalyze electron transfer 

processes and the most common transition metals in biological systems are iron and 

copper.1 Metalloproteins can be classified into three major classes: blue copper proteins, 

iron-sulfur (Fe-S) proteins, and cytochromes. Here, the electron transfer properties of 

blue copper proteins and Fe-S proteins are investigated. 

The reduction potentials of iron- and copper-containing proteins span over a ~ 1.5 

V range, from -0.65 V to +1.00 V in Azotobacter chroococcum ferredoxin and Homo 

sapiens ceruloplasmin, respectively.2-3 The most important determinant of the reduction 

potential is the primary coordination sphere, or the type and number of metal ion(s) and 

the geometry of the redox site with its coordinating ligands. Generally, Fe-S proteins 

have lower reduction potentials (-0.65 to +0.46 V), while blue copper proteins have 

higher reduction potentials (+0.18 to +1.00 V).4 However, for a given redox site in 

different proteins the reduction potentials can vary by ~0.3 V, as seen for [2Fe-2S] 

ferredoxin, which ranges from -0.45 V to -0.15 V.5 Therefore, the protein matrix and 
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solvent environment around the redox site are important factors that are responsible for 

tuning the reduction potential to serve a variety of biological functions. The primary 

coordination sphere of the redox site, protein structure and function of Fe-S proteins and 

blue copper proteins are discussed in the following sections. 

1.1.1.  IRON-SULFUR PROTEINS 

Iron-sulfur (Fe-S) proteins are found in all kingdoms of life and play crucial 

roles in biological processes such as photosynthesis and respiration. Fe-S proteins 

have diverse structural motifs that allow them to accommodate a wide range of 

reduction potentials. As a result, Fe-S proteins react with different redox partners and 

serve as electron carriers in various biological processes. 

The number of iron and inorganic sulfur atoms in the Fe-S cluster classifies 

different Fe-S proteins (Figure 1.1). Rubredoxins have the smallest Fe-S cluster, 

[Fe(Cys)4]2-/1-, which consists of one iron coordinated to four Cys ligands. In 

ferredoxins, larger [Fe2S2(Cys)4]3-/2- and [Fe4S4(Cys)4]3-/2- clusters are coordinated by 

four Cys ligands. While Cys is the most common ligand in Fe-S proteins, different 

ligands can further tune the reduction potential. For example, Rieske proteins are 

high-potential [Fe2S2(His)2(Cys)2]1-/0 proteins where two of the Cys ligands are 

replaced by two His residues. Furthermore, large protein complexes contain multiple 

Fe-S cofactors. For example, bacterial respiratory complex I contains nine Fe-S 

clusters: two [Fe2S2(Cys)4]3-/2-, six [Fe4S4(Cys)4]3-/2- and one [Fe4S4(His)(Cys)3]2-/1- 

(Figure 1.2). 
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Figure 1.1. Redox site structures for different classes of Fe-S proteins. 

 

 

Figure 1.2. Crystal structure of Thermus thermophilus respiratory complex I (PDB 
ID: 4HEA). Subunits in the hydrophobic membrane domain are shown with gray ribbons 
and subunits in the peripheral domain are shown with colored ribbons. Fe-S clusters are 
shown as brown and yellow spheres and flavin mononucleotide is shown in stick format.  
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1.1.2.  BLUE COPPER PROTEINS 

Blue copper proteins contain a single Type 1 or (T1) copper ion in the redox 

site and serve as electron transfer agents in a variety of organisms ranging from 

bacteria to humans. Blue copper proteins are distinct from other copper proteins 

because of the redox site geometry and spectroscopic features. The T1 redox site 

structure is conserved and consists of a single copper ion coordinated to two His 

imidazoles and one Cys thiolate. In the oxidized Cu(II) state, the Cu-N(His) bond 

length is 1.9-2.1 Å and the Cu-S(Cys) bond length is 2.1-2.3 Å. The copper-thiolate 

bond gives rise to an intense blue color, due to a strong electronic absorption at ~600 

nm.6 

Weaker interactions involving a distant axial ligand are less conserved and 

characterize different blue copper proteins (Figure 1.3). For example, a (S)Met is 2.6-

3.2 Å from the copper ion in blue copper proteins such as amicyanin, plastocyanin, 

and rusticyanin; while a (O)Gln is ~2.2 Å from the copper ion in stellacyanin. The T1 

copper site also exists in multicopper oxidases such as laccase, which has a non-

coordinating Leu or Phe present in the axial position. In addition to the T1 copper 

site, multicopper oxidases have a buried trinuclear copper site consisting of one Type 

2 (T2) site and two Type 3 (T3) sites. The T2 copper is coordinated to two His 

imidazoles and either a water or OH- molecule and each T3 copper is coordinated to 

three His imidazoles and bridged together through a OH- or O2- molecule.7 
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 (A) (B) (C) 

Figure 1.3. Redox site structures for different classes of blue copper proteins. The 
axial ligand is: (A) Met in amicyanin, plastocyanin, and rusticyanin; (B) Gln in 
stellacyanin; and (C) Leu or Phe in laccase. 

 

The T1 copper site is present in either single- or multi-domain proteins. Most 

blue copper proteins, such as stellacyanin, amicyanin, azurin, plastocyanin, and 

rusticyanin, constitute a single domain of ~90-150 residues that adopt a cupredoxin 

fold, which consists of a β-barrel fold defined by two β sheets. These small, soluble 

proteins shuttle electrons between donor and acceptor redox partners. For example, 

plastocyanin is found in cyanobacteria, plants, and algae and mediates electron 

transfer in photosynthesis where it shuttles electrons from cytochrome f to P700+ in 

photosystem I. 

The T1 copper site is also present in multi-domain proteins that have multiple 

copper ions. Multicopper oxidases, such as ascorbate oxidase, laccase, and 

ceruloplasmin, contain four copper ions. In addition to the T1 copper site, a trinuclear 

copper site, consisting of one T2 and two T3 copper centers, is located ~12 Å away. 

The T1 copper site is located in a cupredoxin-like fold, while the T2 and T3 coppers 

are located in between domains. Multicopper oxidases oxidize substrates at the T1 

copper site and reduce oxygen to water at the trinuclear site.  For example, laccase is 

found in plants and fungi and oxidizes aromatic substrates, such as phenols, in order 
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to reduce oxygen to water. The blue copper proteins studied here include stellacyanin, 

amicyanin, plastocyanin, rusticyanin, and laccase.  

Blue copper proteins undergo electron transfer by cycling through the 

oxidized Cu(II) and reduced Cu(I) states. The reduction potentials of blue copper 

proteins are positive and span a wide range from +0.18 V to +1.00 V in Rhus 

vernicifera stellacyanin and Homo sapiens ceruloplasmin, respectively.3, 8 Generally, 

proteins with a Gln axial ligand have the lowest reduction potentials (+0.18 V)8-9. 

Proteins with a Met axial ligand have intermediate reduction potentials (+0.29 to 

+0.38 V)10-12, with the exception of rusticyanin, which has a higher potential of +0.68 

V13. Laccases, which have a non-coordinating Leu/Phe in the axial position have the 

highest reduction potentials (+0.55 to +0.79 V)3, 14-16. 

1.2.  DETERMINANTS OF REDUCTION POTENTIALS 

Reduction potentials are functional characteristics of electron transfer proteins 

that determine the driving force (∆E°) for electron transfer, with the favorable direction 

toward the redox site with a higher potential. The most important determinant of the 

reduction potential is the primary coordination sphere. However, non-covalent 

interactions in the secondary coordination sphere are important for tuning the reduction 

potential. First, solvent exposure can increase the reduction potential of a metal cluster 

because the solvent shields the negative charge upon reduction since the dielectric 

constant of water (εW = 78) is higher than that of the protein (εP = 4). Second, electrostatic 

interactions between the metal center and a positively charged residue will increase the 

reduction potential, while the opposite is observed for negatively charged residues. 
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Finally, hydrogen bonding interactions with the backbone or side chain can modulate the 

reduction potential. 

1.3.  COMPUTATIONAL METHODS FOR CALCULATING E° 

Many studies have been performed to elucidate the factors that determine the 

reduction potential of electron transfer proteins. Previously reported methods for 

calculating the reduction potential of copper proteins include continuum electrostatics 

methods,17 molecular dynamics (MD) simulations,18 density functional theory (DFT),19 

and quantum mechanics/molecular mechanics methods.20 However, most methods 

calculate relative reduction potentials rather than absolute reduction potentials. Although 

high-level computational methods can be accurate they are too time consuming for 

practical use. 

The Density Functional Theory + Poisson-Boltzmann (DFT+PB) method has 

been shown to give good calculated reduction potentials in comparison to experimental 

measurements for a variety of aqueous [4Fe-4S] proteins, including homologues of 

ferredoxins, HiPiPs, and nitrogenase.21-24 In DFT+PB, the reduction energy of the Fe–S 

redox site is calculated using highly benchmarked DFT methods, in which the functionals 

and basis sets were chosen based on excellent agreement with electron detachment 

energies of multiple Fe–S analogs and other iron compounds measured by electrospray 

photoelectron spectroscopy.25 The protein response to the reduction of the redox site is 

calculated from the interaction of the protein environment, which is treated as an 

electrostatic continuum, with a partial charge representation of the redox site, where the 

partial charges were also from DFT calculations with the same functionals and basis 

sets.21  
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The process of electron transfer from the donor redox site to the acceptor redox site 

 D− + A→D+ A−  (1.1) 

is characterized by ΔG°, the overall free energy of the reaction. ΔG° is related to the 

reduction potential E° of the donor and acceptor by the Nernst equation 

 ΔG = −nFE°  (1.2) 

where n is the number of electrons transferred and F is the Faraday constant. For the 

reduction reaction A + e− → A−, the reduction potential E° is related to the reaction free 

energy ΔG° by 

 −nFE° = ΔG° ≈ ΔGin +ΔGout+ΔGSHE  (1.3) 

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

be further 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 in 

interaction energy between the redox site and its environment upon reduction, and ΔGSHE 

= 4.43 eV26, the free energy for the electron in the standard hydrogen electrode. ΔGin is 

determined primarily by the redox site type and can be obtained from quantum 

mechanical calculations of the redox site in the oxidized and reduced state. ΔGout is 

determined by the protein and solvent environment and can be obtained from continuum 

electrostatics calculations of the system in the oxidized and reduced state.  

1.4.  WATER MODELS  

Water has many unique and anomalous properties, which make it essential for life 

as we know it. These properties are generally attributed to the tetrahedral network of 

hydrogen bonds between water molecules; however, even though water is the most 
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ubiquitous and the most studied liquid on this planet, the molecular features that give rise 

to this network are still not completely clear.27 Therefore, it is not surprising that water is 

difficult to model using empirical potential energy functions in computer simulations.  

The molecular properties that ultimately give rise to the hydrogen-bonded 

network of the liquid come from the charge distribution due to the nuclei and electron 

density comprising the molecule. A water molecule in the gas phase has long been known 

from experiment to have a large dipole moment28 and a large quadrupole moment.29 It is 

also generally accepted that a water molecule in the liquid phase has an even larger 

average dipole moment due to the average electronic polarization by the environment; 

empirical water models that include the average effects of polarization by increasing the 

moments are referred to as nonpolarizable.30-31 The simplest are “3-site” models in which 

“partial charges” are placed only on the nuclei (Figure 1.4). Since 3-site models have 

quadrupole moments even smaller than the gas phase quadrupole, “4-site” models move 

the negative partial charge from the oxygen to a dummy site slightly away from the 

oxygen center along the dipole vector towards the hydrogens to increase the quadrupole. 

In another strategy, the “5-site” models split the negative partial charge onto two dummy 

sites on each side of the molecular plane in tetrahedral directions with respect to the 

hydrogens, based on the idea of “lone pairs” due to sp3 hybridization. However, these 5-

site models have even smaller quadrupoles than 3-site models. 
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 (A) (B) (C) 

Figure 1.4. Structure of the different types of site models for water: (A) 3-site; (B) 4-
site; and (C) 5-site models. 

 Given the complexity of the electron density distribution, many nonpolarizable 

empirical potential energy functions are able to reproduce many properties of liquid water 

in simulations surprisingly well with both 4- and 5-site models although both types have 

notable deficiencies.32 Although the deficiencies have generally been attributed to the 

lack of electronic polarizability, an alternative (or additional) explanation is that both the 

large quadrupole and out-of-plane character are important. Furthermore, it was shown 

that the diffusion coefficient and the dielectric permittivity depend on the local and long-

range structure, respectively, of water and therefore assess different features of water 

structure.33 However, partial charges on at least six sites are required to reproduce both a 

large quadrupole and out-of-plane character,34 which leads to greater computational time.  

 The balance of accuracy and efficiency of a water model is important for one of 

the major uses of water in simulations today, which is as the solvent for biological 

macromolecules. Simple 3-site water models may be good enough for many problems, 

such as when the focus of interest is an active site deeply buried in a large protein. 

However, the macromolecule-water interactions are critical in other problems involving 
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differences in solvation, such as protein folding, or large surface-to-volume ratios, such 

as peptides and small proteins, disordered regions of proteins, membranes, and nucleic 

acids.  

 Considering the accuracy of describing the electrostatics, although “partial 

charges” are often used to describe charge distributions of a molecule at a conceptual 

level, they are not an accurate description of electron density. In fact, the electrostatic 

potential due to a charge distribution can be described by a multipole expansion outside 

of the charge distribution, which becomes exact in the limits of infinite distances or 

infinite order of multipoles.35-36 For a water molecule, it has been shown as necessary to 

include multipoles up to the octupole because the octupole is the first moment that breaks 

the tetrahedral symmetry of the positive charge from the hydrogens and the negative 

charge from the p-orbital density.37-38  

 Another consideration is efficiency, since ultimately a quantum mechanical 

description is necessary to accurately describe water. A partial charge model has the 

advantage of conceptual simplicity over a multipole expansion, since Coulomb’s law is 

used to describe the interactions between partial charges while the multipole expansion of 

the interaction energy between molecules involves higher order tensor multiplications. 

The implementation of a computationally fast module for multipole interactions, referred 

to as MPOLE,39 into the CHARMM molecular mechanics/dynamics program40 affords 

the opportunity for exploring accurate and efficient multipole models of water for 

biological simulations.  In Chapter 5, a single-site multipole (SSMP) model for liquid 

water is developed using MPOLE,39 in the CHARMM molecular mechanics/dynamics 

program.40 
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1.5.  SUMMARY OF RESULTS 

In Chapter 2, the DFT+PB method, which has been successful for calculating the 

reduction potential of [4Fe-4S] proteins, is extended to respiratory complex I. The 

methods for the ΔGout calculations were expanded to account for the large protein 

structure (> 2,600 residues) and the Fe-S clusters buried in the interior of the protein 

complex. In Chapter 3, a long 10 microsecond molecular dynamics simulation of 

ferredoxin was performed on a special-purpose supercomputer to investigate the electron 

transfer properties. In Chapter 4, the DFT+PB method is extended to the blue copper 

proteins. The methods for the ΔGin calculations were expanded to account for the labile 

copper redox site. Since most of the computer time for molecular dynamics simulations is 

spent calculating water-water interactions, a fast and efficient water model was developed 

for biological simulations. In Chapter 5, a single-site multipole (SSMP) model for liquid 

water is developed using MPOLE,39 in the CHARMM molecular mechanics/dynamics 

program.40 The objectives, motivation, and results are summarized for each Chapter 

below. 

In Chapter 2, the DFT+PB method is used to calculate the reduction potentials of 

the nine Fe-S clusters in bacterial Thermus thermophilus respiratory complex I. A variety 

of factors that can affect reduction potentials are considered. Here, the effects of salt 

concentration of the aqueous environment, protonation state of ionizable residues, and 

burial of clusters in large protein complexes are investigated. The results show that the 

reduction potentials of the Fe-S clusters are between ~ -0.24 and -0.45 V. Moreover, the 

results indicate that fluctuations in the local environment can cause fluctuations in the 

reduction potentials, which may explain why different experimental reduction potential 
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profiles are observed. This is now a computational tool that can be used to investigate 

other questions about the mechanism of electron transfer in complex I. 

In Chapter 3, long 10 microsecond molecular dynamics simulations of 

Clostridium acidurici ferredoxin are performed in very dilute ionic solutions. 

Investigating the distribution of ions at the protein surface is important for understanding 

protein stability and function. However, simulations near physiological ionic 

concentrations are difficult given the large scale of simulation needed to have sufficient 

water molecules for a dilute solution. Here, the residence times of ions at the protein 

surface and how quickly the distribution approaches equilibrium are investigated. 

In Chapter 4, the DFT+PB method is extended to blue copper proteins. Different 

functionals and basis sets than those that were used for the [4Fe-4S] redox site analogs 

were explored to calculate the inner sphere energy. Here, a computational tool for 

calculating the reduction potential of a variety of blue copper proteins is developed. Since 

the structures of >100 blue copper proteins have been determined by X-ray 

crystallography in the Protein Data Bank, this method can be used to predict the 

reduction potential of blue copper proteins from different proteins, organisms, mutants, or 

under different experimental conditions.  

In Chapter 5, a single-site multipole (SSMP) model for liquid water is developed 

using MPOLE,39 in the CHARMM molecular mechanics/dynamics program.40 The 

multipoles up to the octupole from QM/MM calculations are used in simulations of liquid 

water in the CHARMM program. The Lennard-Jones parameters are the only adjustable 

parameters, which are fit to give good radial distribution functions compared to 

experiment as well as the liquid state properties of density, heat of vaporization, self-
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diffusion coefficient, and dielectric permittivity at 298 K and 1 atm. The temperature and 

pressure dependence of these properties is then explored. Results are compared to 

different types of site models; specifically, SPC/E, TIP3P, TIP4P-Ew, and TIP5P-E. 
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 CHAPTER 2. 

REDUCTION POTENTIAL CALCULATIONS OF THE FE-S CLUSTERS IN THERMUS 

THERMOPHILUS RESPIRATORY COMPLEX I 

 

Chapter 2 submitted in part as: Tran, K. N.; Niu, S.; Ichiye, T., Reduction Potential 

Calculations of the Fe-S Clusters in Thermus thermophilus Respiratory Complex I. J. 

Comput. Chem. 2018, (Submitted). 

 

Author contributions: 

K.N.T. performed the Poisson-Boltzmann calculations and data analysis. S.N. performed 

the Density Functional Theory calculations. 

 

2.1.  INTRODUCTION 

Electron transfer reactions play an important role in biological processes such as 

photosynthesis, respiration, and nitrogen fixation. Metalloproteins are common electron 

carriers in these biological processes, presumably because the reduction potentials of the 

redox sites can easily be tuned by the protein environment. For instance, in the 

respiratory chain, electrons are transferred through a series of protein complexes via 

cofactors with generally increasing reduction potential E° from NADH with E°exp = -0.32 

V to O2 with E°exp = +0.82 V. Complex I (NADH:quinone oxidoreductase) serves as the 
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entry point for electrons into the respiratory chain41 and plays a central role in cellular 

energy production, providing ~40% of the proton flux required for ATP synthesis. In 

addition, it is a major source of reactive oxygen species, which can damage 

mitochondrial DNA, and has been implicated in human neurodegenerative diseases.42 

 Complex I is the largest enzyme in the respiratory chain, consisting of two 

domains that form a characteristic L-shaped structure. The hydrophobic membrane 

domain is embedded in the inner membrane in mitochondria or cytoplasmic membrane in 

bacteria while the hydrophilic peripheral domain protrudes into the mitochondrial matrix 

or bacterial cytoplasm, respectively. The bacterial enzyme is a simpler version of the 

mitochondrial enzyme and contains fourteen core subunits (seven in the peripheral 

domain and seven in the membrane domain) that are conserved in all complexes I. At the 

beginning of the electron transport chain, NADH reduces a non-covalently bound flavin 

mononucleotide (FMN) in the peripheral domain and then electrons are passed through a 

series of seven iron-sulfur (Fe-S) clusters in that domain over 95 Å to a lipid-soluble 

quinone in the membrane domain. Three different types of Fe-S clusters are found: 

[Fe2S2(Cys)4], [Fe4S4(Cys)4] and [Fe4S4(Cys)3(His)], abbreviated here as [2Fe-2S], [4Fe-

4S], and [4Fe-4S]H, respectively.  In the bacterial Thermus thermophilus enzyme, these 

cofactors are found in five of the nine subunits comprising the peripheral domain (Figure 

2.1A). Besides the seven Fe-S clusters (denoted as 1[4Fe-4S], 2[2Fe-2S], 3[4Fe-4S], 

4[4Fe-4S]H, 5[4Fe-4S], 6[4Fe-4S], and 7[4Fe-4S]) that form the chain, two additional 

Fe-S clusters (denoted as a[2Fe-2S] and b[4Fe-4S]) appear to lie outside the main redox 

chain because they are further from any other cluster than the typical 12 to 14 Å electron 

transfer distance found in biology (Figure 2.1B). In particular, cluster a[2Fe-2S] is 
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located 22.3 Å from 1[4Fe-4S], the nearest cluster, and is conserved across all species; 

while cluster b[4Fe-4S] is located 24.2 Å from 3[4Fe-4S], the nearest cluster, and is only 

found in some bacteria. The terminal cluster in the chain, 7[4Fe-4S], reduces 

menaquinone (E°exp = -0.08 V) in bacteria or ubiquinone (E°exp = +0.11 V) in Escherichia 

coli and mitochondria.43 
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(A) (B) 

 

 

 

Figure 2.1. The structure of T. thermophilus complex I. (A) peripheral domain and (B) 
center-to-center distances (Å) between cofactors. The cofactor label color matches the 
subunit color. Structure and distances from (PDB ID: 4HEA).  
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Determining the reduction potentials of the Fe-S clusters in complex I is essential 

for understanding the function of complex I. However, although the reduction potentials 

of the Fe-S clusters in submitochondrial44-45 and bacterial46-47 membranes have been 

studied by potentiometric titrations monitored by electron paramagnetic resonance (EPR), 

the small and overlapping signals are difficult to distinguish. Overexpressed isolated 

subunits48-49 give clear signals but the E° values may differ from the intact complex due 

to differences in the environment. Additionally, EPR signals and reduction potentials 

apparently vary between species. 

The determination of the reduction potential of a[2Fe-2S] could clarify its role. 

For instance, a[2Fe-2S], which is 13.5 Å from FMN, has been proposed to accept an 

electron from the FMNH� intermediate to reduce reactive oxygen species production 

since FMN (E°exp = -0.39 V) is reduced by NADH by a single two-electron reaction but it 

must donate one electron at a time to the Fe-S clusters since Fe-S clusters are strict one-

electron acceptors.50 However, a[2Fe-2S] is only reduced by NADH in the intact complex 

(peripheral and membrane domains) from E. coli and a flavoprotein subcomplex (Nqo1 

and Nqo2 subunits containing a[2Fe-2S], FMN, and 1[4Fe-4S]) from E. coli and Bos 

taurus but not in complex I from T. thermophilus or B. taurus. Thus, it may instead serve 

a structural role such as assembly or stability.51  

In addition, determination of the reduction potentials of the Fe-S clusters in the 

main redox chain is necessary to the nature of the electron transfer reactions in Complex 

I. One proposal is that the clusters give rise to an isopotential profile with similar 

reduction potentials of about -0.25 V that make an ‘electron wire’, with the exception of 
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the terminal 7[4Fe-4S] cluster, which has the most positive reduction potential of about -

0.05 to -0.15 V.52 Another proposal is an alternating reduction potential profile, which 

implies a roller coaster mechanism in which electrons gain energy from steep drops in 

energy in order to climb uphill in energy.53-55 Since the multitude of Fe-S clusters in 

complex I make it difficult to unambiguously differentiate the individual clusters, 

computational methods may serve as useful tool to characterize the E° of the Fe-S 

clusters and elucidate the mechanism of electron transfer in complex I. 

The Density Functional Theory + Poisson-Boltzmann (DFT+PB) method21 has 

been shown to give good reduction potentials in comparison to experimental 

measurements for a variety of aqueous [4Fe-4S] proteins, including homologues of 

ferredoxins, HiPiPs, and nitrogenase.21-24, 56 In this method, the absolute E° versus the 

standard hydrogen electrode (SHE) is determined, not just a relative value. The absolute 

E° is decomposed approximately as 

 -nFE° = ΔG° ≈ ΔGin + ΔGout + ΔGSHE, (1) 

where n is the number of electrons transferred, F is the Faraday constant, ΔGin and ΔGout 

are the inner and outer sphere free energies of reduction, respectively, and ΔGSHE /F = 

4.43 eV26 is the absolute electrode potential for the SHE. Then, ΔGin is calculated as the 

difference in free energy calculated using DFT between an oxidized and reduced redox 

site analog in the gas phase and ΔGout is calculated as the difference in the interaction 

energy calculated using PB of the partial charges from DFT of the oxidized and reduced 

redox site with the surrounding protein and solvent. In the previously mentioned 

calculations, the ΔGin of the Fe–S redox site has been calculated using highly 

benchmarked DFT methods, in which the functionals and basis sets were chosen based on 
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good agreement with electron detachment energies of multiple Fe–S analogs and other 

iron compounds measured by electrospray photoelectron spectroscopy as well as some 

coupled cluster calculations.25 In addition, ΔGout was calculated using the partial charges 

for the redox site from the same DFT calculations.21  

The structural characterization of respiratory complex I paves the way for 

DFT+PB calculations of the reduction potentials of the clusters. The first atomic 

resolution X-ray crystal structure of complex I was solved for the peripheral domain of T. 

thermophilus complex I (3.3 Å resolution, PDB ID: 2FUG57). Later, the resolution was 

improved to 3.1 Å resolution and included the oxidized and reduced NADH-bound 

enzyme (PDB ID: 3I9V and 3IAM, respectively58). In addition, the crystal structure of 

the peripheral and membrane domains together were solved for T. thermophilus with 

fewer unresolved coordinates for the peripheral domain (3.3 Å resolution, PDB ID: 

4HEA59). Although the structure of mitochondrial complex I has been resolved using 

electron microscopy for Ovis aries (3.9 Å resolution, PDB ID: 5LNK60) and B. taurus 

(4.3 Å resolution, PDB ID: 5LDW61); the only X-ray structure of mitochondrial complex 

I is from Y. lypolytica at 3.6 Å resolution (PDB ID: 4WZ762).  

In the present study, the DFT+PB approach is used to calculate the reduction 

potentials of the nine Fe-S clusters in T. thermophilus complex I. The crystal structure of 

T. thermophilus complex I at 3.3 Å resolution (PDB ID: 4HEA59) was selected for the 

DFT+PB calculations because it is the highest resolution X-ray structure of the peripheral 

domain thus far and requires building fewer coordinates for unresolved residues. 

Additionally, it is the smallest structurally characterized complex I with ~2,600 residues 

in the peripheral domain, so that it requires less computational time for developing and 
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testing a computational tool for studying complex I. First, a variety of factors that can 

affect reduction potentials are considered including the effects of salt concentration of the 

aqueous environment, protonation state of ionizable residues, and burial of clusters in 

large protein complexes. Then, these results are discussed in light of questions about 

electron transfer in respiratory complex I discussed above, including the role of a[2Fe-

2S] and the electron wire versus roller coaster mechanisms. 

2.2.  METHODS 

The ΔGin and partial charges of [Fe4S4(SCH3)4]3-/2- are from previous BS-DFT 

calculations using the NWChem program package63 with the B3LYP exchange-

correlation functional64-65 at extra fine levels of numerical integration as previously 

described. Briefly, the geometries of each redox state were optimized using the 6-31G** 

basis sets66 and the vibrational analysis for the free energies and CHELPG67 electrostatic 

potential (ESP) charges were calculated at the level of the geometry optimization. Single 

point energies with sp-type diffuse functions added into the 6-31G** basis set on the 

sulfurs were calculated from the 6-31G** geometries. ΔGin were calculated as SCF 

energy differences of the optimized oxidized and reduced states, with additional terms for 

the free energy from vibrational analysis.  Here, the ΔGin and partial charges of 

[Fe2S2(SCH3)4]3-/2-, [Fe4S4(SCH3)3(4-methyl-3H-imidazole)]2-/1- , and [Fe4S4(SCH3)3(4-

methylimidazolate)]3–/2– were calculated using the same methods described above for 

[Fe4S4(SCH3)4]3-/2-. In addition, since it was not possible to determine the redox layers for 

the [Fe4S4] redox sites, the partial charges for all irons were assumed to be equivalent, all 

inorganic sulfurs were assumed to be equivalent, all cysteinyl sulfurs were assumed to be 

equivalent, and all carbons were assumed to be equivalent. The ΔGin and partial charges 
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for all of the clusters and redox couples used here are given in Table A.1 and Table A.2, 

respectively. 

The coordinates for the hydrophilic peripheral domain of complex I from bacterial 

T. thermophilus (PDB ID: 4HEA59) were obtained from the Protein Data Bank (PDB)68. 

Calculations were performed for the two molecules in the asymmetric unit of the crystal 

structure, which are denoted as molecules A and B. Although the redox site structures are 

similar between molecules A and B (Fe-S cubane RMSD = 0.25 Å), the protein structures 

show significant changes (heavy atom RMSD = 2.76 Å). Hydrogen coordinates were 

built using CHARMM version 37b2.40 Coordinates for the 95 unresolved residues located 

at the termini and loops were built using MODELLER69 while holding the known 

coordinates fixed. To examine the effects of neighboring subunits, the reduction 

potentials of the clusters were also calculated only using coordinates for the subunit that 

the cluster is bound by, which are referred to as in the “isolated subunit”. However, no 

relaxation to the solution environment was considered.  

The ΔGout were calculated using APBS 1.4.170, a program for solving the 

Poisson–Boltzmann equation and summarized briefly here. The redox site was defined to 

include all metal ligands up to the Cβ for side chains of the protein.  The Connolly 

surface71 with a probe of radius r = 1.4 Å defines both the protein-water and the protein-

redox site boundaries. Partial charges for the protein and atomic radii of the protein and 

redox sites were from the CHARMM22 parameters.72 The PROPKA program73 was used 

to predict the pKa of ionizable residues in the protein environment at pH 7. The 

assumption is made that any ionizable species whose pKa is shifted to above pH 7 in the 

protein while a free amino acid in solution would have a pKa below 7 becomes 
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protonated and vice versa. The partial charges and atomic radii for FMN were taken from 

studies of the flavin-binding light-oxygen-voltage-sensing domains of plant 

phototropins.74 The dielectric regions are separated into cluster (εc = 1), protein (εp = 4), 

and the environment is aqueous solvent (εw = 78) and the ionic concentration was set to 

100 mM NaCl. For calculations of an isolated subunit in aqueous solution, a 96.3 Å × 

125.1 Å × 96.3 Å box with 321 × 417 × 321 grid points in each direction was used, at a 

constant 0.3 Å grid spacing. For calculations of the peripheral domain, a 125.1 Å × 134.7 

Å × 173.1 Å box with 417 × 449 × 577 grid points in each direction was used, at a 

constant 0.3 Å grid spacing. To determine the contribution of a residue to E°, a second E° 

calculation was performed in which the partial charges for the atoms in the residue were 

set to zero. The difference between the two E° calculations gives the contribution of the 

residue.  

For the two new clusters investigated here, [2Fe-2S] and [4Fe-4S]H, there were 

ambiguities in assigning the redox couples, which were resolved by the assignment that 

results in the higher E°. The [2Fe-2S] clusters can be reduced at either iron (iron atom 

numbers are preserved from the PDB). For a[2Fe-2S] in the Nqo2 subunit, E°calc is 0.133 

V higher in the peripheral domain and 0.314 V higher in the isolated Nqo2 subunit when 

Fe2 is reduced compared to when Fe1 is reduced, so reduction at Fe2 was assigned for 

a[2Fe-2S]. For 2[2Fe-2S] in the Nqo3 subunit, E°calc is 0.093 V higher in the peripheral 

domain and 0.100 V higher in the isolated Nqo3 subunit when Fe1 is reduced compared 

to when Fe2 is reduced, so reduction at Fe1 was assigned. In addition, cluster 4[4Fe-

4S]H, which is uniquely coordinated to three Cys and one His via the Nε atom and can 

either be protonated or deprotonated at the Nδ site (i.e., His0 or His-1, respectively). For 
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His115 in the Nqo3 subunit, E°calc is 0.601 V higher in the peripheral domain and is 0.433 

V higher in the isolated Nqo3 subunit with His0 compared to His-1 so the neutral charge 

state for the His ligand was assigned. 

2.3.  RESULTS 

Reduction potentials E°calc were calculated for the nine Fe-S clusters in the 

peripheral domain of T. thermophilus complex I in solution. All of the reduction 

potentials reported here were calculated with the protonation state of the ionizable residue 

in the protein environment accounted for as described in the Methods and in 0.1 M NaCl, 

since the ionic concentration of the experimental reduction potential measurements are ~ 

0.05 to 0.15 M NaCl52, 55, 75-76 , unless indicated otherwise.   

Of the 753 ionizable residues in the peripheral domain (115 Asp, 243 Glu, 67 His, 

133 Lys, and 195 Arg), 30 residues in molecule A (12 Asp, 14 Glu, 2 His, 2 Lys) and 31 

residues in molecule B (11 Asp, 15 Glu, 3 His, 2 Lys) were predicted to have a shift in 

pKa such that the predicted protonation state at pH 7 differs from that of the free amino 

acid in solution (Table A.3). Since most changes involved neutralization of acidic groups, 

molecule A is predicted to have a net charge of -23 e and molecule B of -22 e when all of 

the clusters are in the oxidized state, compared to the net charge of -49 e based on the 

free amino acid pKa values. Of these, about half were too far from any cluster (greater 

than ~15 Å) to have a significant effect on the reduction potential. The reduction 

potentials were also calculated with the protonation state of the ionizable residues for the 

free amino acid, which were generally shifted by -0.3 V more negatively (data not 

shown). Although no claim is made about the accuracy of the predicted pKa values, given 

the large number of buried ionizable residues in complex I, the general trend of 
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neutralizing the numerous acidic residues appears reasonable. Thus, while the pKa shifts 

of specific residues should be experimentally verified before attaching significance, the 

results here should be viewed in light of how such pKa shifts could affect the reduction 

potential of the Fe-S clusters in complex I.  

Three factors that can influence the reduction potentials were investigated: 1) salt 

concentration, 2) fluctuations in the protein structure, and 3) neighboring subunits. 

Residues are labeled with a prefix indicating the subunit (e.g. 3Glu36 is Glu36 in the 

Nqo3 subunit) and distances are measured between the center-of-mass of the ionizable 

group to the center-of-mass of the Fe-S cluster. Since the calculated reduction potentials 

for b[4Fe-4S] are too low to be reduced by NADH in the isolated subunit (E°calc,iso = -

0.723 ± 0.024 V) or in the peripheral domain (E°calc,peri = -0.711 ± 0.032 V) and the 

cluster is located 24.2 Å from 3[3Fe-4S], it is not discussed further. 

  



 27 

 

  

Figure 2.2. Reduction potentials of a[2Fe-2S] in the isolated Nqo2 subunit as a 
function of NaCl concentration. Calculated potentials from T. thermophilus (blue) and 
experimental potentials from T. thermophilus (black), E. coli (green), and B. taurus 
(magenta). Error bars for the calculated potentials indicate the difference between the two 
molecules in the asymmetric unit of the crystal structure. 

 

2.3.1.  SALT CONCENTRATION 

The effects of salt concentration were investigated for a[2Fe-2S] in the 

isolated Nqo2 subunit (see Methods) in aqueous solution because experimental data 

exists for Nqo2 from T. thermophilus, E. coli, and B. taurus at 0.01, 0.1, 0.5, and 2.0 

M NaCl.49, 51 This cluster is at the protein surface in the isolated subunit, so salt 

effects are expected to be larger. The calculated reduction potentials for a[2Fe-2S] 

from T. thermophilus compare well against experimental reduction potentials in the 

slope of E° with increasing ionic strength (Figure 2.2). Although the calculated 

values are ~0.05 V lower compared to experiment in the one-to-one comparison for 
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a[2Fe-2S] from T. thermophilus, the shift is small especially since the ΔGin for the 

[2Fe-2S] redox site analogs were not tested as extensively against experiment as the 

[4Fe-4S] redox sites were. Perhaps more significant is that the protein structure for 

the isolated subunit was taken directly from the crystal structure of complex I without 

taking into account the structural changes that occur upon assembly which are likely 

to be important since the cluster is at an interface between subunits in the complex, so 

the agreement with experiment is surprisingly good. The reduction potentials were 

also calculated for the clusters in the peripheral domain and E°calc was positively 

shifted by about +0.09 V with 0.1 M NaCl compared to 0.0 M NaCl (data not shown). 

2.3.2.  FLUCTUATIONS IN THE PROTEIN STRUCTURE 

To estimate the effect of fluctuations in protein structure on reduction 

potentials, values for the eight conserved clusters in complex I were calculated 

separately using structures from either molecule A or B of the unit cell (see Methods) 

(Figure 2.3). The major reason that fluctuations in protein structure can give rise to 

differences in E° appears to be because the local environment around ionizable 

residues in the interior of the protein can influence their protonation state. Of the 

ionizable residues with predicted protonation states at pH 7 that are different from the 

free amino acid in solution, eleven were predicted to have different protonation states 

between molecules A and B but only four of these residues (2Glu123, 3Glu36, 

2Glu59, 9His41) are close enough to a cluster (within ~15 Å) so that its reduction 

potential is significantly influenced. The differences in the contribution of the two 

protonation of these four residues states to the total reduction potential of the nearest 
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cluster are summarized (Table 2.1) and the differences that contribute more than 0.10 

V are described below.  

 

 

Figure 2.3. Calculated reduction potentials for the eight conserved Fe-S clusters in 
complex I. Reduction potentials were calculated with the protonation state of the 
ionizable residue accounted for as described in the Methods and in 0.1 M NaCl. 
Reduction potentials for clusters in the peripheral domain for molecule A (red), the 
peripheral domain for molecule B (green), and the isolated subunits (black). Error bars 
for the isolated subunits indicate the difference between subunits derived from molecules 
A and B. 
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Table 2.1. The ionizable residues within 15 Å of a cluster predicted to have pKa such 
that the protonation state at pH 7 would differ between molecule A and B. The pKa 
in molecule A (upper sign) and molecule B (lower sign) and the change in the 
protonation. The nearest cluster and the contribution of the ionizable residue to a 
difference in its reduction potential between A and B, ΔΔE°calc, are also reported. 

 

Ionizable 
Residue pKa Protonation Change Nearest 

Cluster 

 ΔΔE°calc 
(V) 

2Glu123 6.31 ∓ 0.71 Glu− → Glu0 a[2Fe-2S]  0.12 

3Glu36 6.94 ∓ 0.21 Glu− → Glu0 2[2Fe-2S]  0.12 

3Glu36 6.94 ∓ 0.21 Glu− → Glu0 3[4Fe-4S]  0.14 

2Glu59 7.17 ± 0.27 Glu− → Glu0 3[4Fe-4S]  0.07 

9His41 2.88 ± 0.06 (Nδ)His → (Nε)His 6[4Fe-4S]  0.16 
 

 

For a[2Fe-2S], the +0.11 V more positive reduction potential in molecule B 

than A (Figure 2.3) is mainly due to 2Glu123, whose Oε1 atom is 6.20 Å from the Sγ 

cluster ligand (Figure 2.4A). 2Glu123 is predicted to have pKa values of 5.60 and 

7.02 in A and B, respectively, so that the contribution of 2Glu123 to the reduction 

potential is +0.12 V higher in B than A (Table 2.1). The pKa of 2Glu123 is predicted 

to be raised by ~2.7 pKa units from the free amino acid pKa because it is buried in the 

interior of the protein. In addition, it is raised even more in molecule B because 

1His350 is slightly further from 2Glu123 in B (Hδ of 1His350 is 0.05 and 0.06 Å 

further from Oε2 and Oε1 of 2Glu123, respectively, in B than in A). 
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(A) (B) (C) 

 

Figure 2.4. Ionizable residues (A) 2Glu123; (B) 3Glu36; and (C) 9His41 whose 
predicted pKa shifts such that the predicted protonation state of the ionizable 
residue changes between molecules A and B of the asymmetric unit. Structure and 
bond distances are from molecule A (PDB ID: 4HEA). 

The +0.16 and +0.13 V more positive reduction potentials in molecule B 

relative to A for 2[2Fe-2S] and 3[4Fe-4S], respectively, (Figure 2.3) are mainly due 

to 3Glu36. The Oε1 of 3Glu36 is 10.04 Å from the Sγ cluster ligand in 2[2Fe-2S] and 

the Oε1 is 7.91 Å from the inorganic sulfur in 3[4Fe-4S] (Figure 2.4B). 3Glu36 is 

predicted to have pKa values of 6.73 and 7.14 in A and B, respectively, so that the 

contribution of 3Glu36 is +0.12 and +0.14 V higher in B than A for cluster 2[2Fe-2S] 

and 3[4Fe-4S], respectively (Table 2.1).  

 The -0.16 V more negative E° in molecule B relative to A of 6[4Fe-4S] is mainly 

due to 9His41, whose Nε is 3.47 Å from the inorganic sulfur of 6[4Fe-4S] (Figure 

2.4C). 9His41 is predicted to be protonated at Nε in molecule A but at Nδ in molecule 

B. Protonation at Nε is favored for molecule A because the Nε of 9His41 is 0.15 Å 

closer to the Oε1 of 9Glu105 than in molecule B. In addition, protonation at Nδ is 

favored for molecule B because the Nδ of 9His41 is 0.06 Å closer to the Oδ1 of 

9Asp118 and 0.06 Å closer to the Oδ2 of 9Asp135. 
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2.3.3.  NEIGHBORING SUBUNITS  

For small water-soluble proteins, the reduction potential can be quite different 

when in complex with a redox partner than in the monomer. However, relatively few 

complexes of these structures have been crystallized because they are generally 

transient. In contrast, for complex I, the structure of the complex is known but not the 

separated subunits. The effects of being in the complex are estimated by comparing 

the structure of the isolated subunit directly from the crystal structure, thus replacing 

the low dielectric environment of the neighboring subunits with a high dielectric 

continuum. Buried ionizable residues that contribute to the reduction potential of the 

Fe-S clusters in the complex were identified (Table A.4) and their effects on the 

reduction potential are discussed below. 

Cluster a[2Fe-2S] in the Nqo2 subunit is near the surface of Nqo2 so it 

exhibits the largest change in reduction potential (+0.45 V) when the neighboring 

subunits are removed. In the peripheral domain, cluster a[2Fe-2S] is surrounded by 

hydrophobic residues from the Nqo2 subunit (2Leu86, 2Val133, 2Gly126, 2Leu125) 

and the neighboring Nqo1 subunit (1Pro98 and 1Gly99). In molecule A, the lower 

potential in the complex is due to six Glu within 13 Å of a[2Fe-2S] (Figure 2.5A). 

Residues 2Glu94, 2Glu123, and 2Glu143 (located 11.3, 9.0, and 10.6 Å from a[2Fe-

2S]) each contribute ~ -0.07 V to the E° of a[2Fe-2S] in the complex compared to the 

isolated subunit, where the residues are shielded by solvent. In addition, residues 

1Glu97, 1Glu137, and 1Glu351 (located 12.1, 11.6, and 12.9 Å from a[2Fe-2S]) in 

the neighboring Nqo1 subunit each contribute ~ -0.10 V to the E° in the complex 

while these residues are no longer present in the isolated subunit. As mentioned 
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before, residues 1Glu97 and 2Glu123 are predicted to be protonated in the peripheral 

domain of molecule B, resulting in a +0.11 V higher potential than A. 

 

(A) (B) 

  

(C) 

 

Figure 2.5. Charged residues that contribute to the reduction potential of the Fe-S 
clusters. (A) a[2Fe-2S] in the Nqo2 (red) subunit (FMN is hidden for clarity); (B) 1[4Fe-
4S] in the Nqo1 subunit (turquoise), 2[2Fe-2S] and 3[4Fe-4S] in the Nqo4 subunit 
(green) (4[4Fe-4S]H and b[4Fe-4S] are hidden for clarity); and (C) 4[4Fe-4S]H in the 
Nqo4 subunit (green), 5[4Fe-4S] and 6[4Fe-4S] in the Nqo9 subunit (blue), 7[4Fe-4S] in 
the Nqo6 subunit (purple). Fe-S clusters are shown as spheres and residues are shown as 
sticks.  
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Cluster 1[4Fe-4S] in the Nqo1 subunit and clusters 2[2Fe-2S] and 3[4Fe-4S] 

in the Nqo3 subunit of molecule B have lower potential when the neighboring 

subunits are removed. These clusters are all located at the interface between the Nqo1 

and Nqo3 subunits (Figure 2.5B). Cluster 1[4Fe-4S] has a lower potential by -0.07 V 

when the neighboring subunits are removed because 1Arg360 and 3Arg46 (located 

8.9 and 9.4 Å from 1[4Fe-4S]) contribute ~0.15 V more to the reduction potential of 

1[4Fe-4S] in the complex compared to the isolated subunit, where they are shielded 

by solvent. For molecule B, the reduction potentials of 2[2Fe-2S] and 3[4Fe-4S] are 

lower by ~0.18 V when the neighboring subunits are removed mainly because 

3Glu36 (located ~10.9 Å from 2[2Fe-2S] and 3[4Fe-4S]) is predicted to be in the 

protonated state in the complex (see previous section) while it becomes deprotonated 

when shielded by solvent. 

Clusters 4[4Fe-4S]H, 5[4Fe-4S], 6[4Fe-4S], and 7[4Fe-4S] exhibit more 

positive reduction potentials when the neighboring subunits are removed. As above, 

in all cases residues in the same subunit as the cluster become shielded by solvent in 

the isolated subunit while residues in different subunits no longer contribute in the 

isolated subunit. Clusters 4[4Fe-4S]H and 5[4Fe-4S] are located at the interface of the 

Nqo3 and Nqo9 subunits, while 6[4Fe-4S] and 7[4Fe-4S] are located at the interface 

of the Nqo9 and Nqo6 subunits and are buried by the Nqo4 subunit (Figure 2.5C). 

The reduction potential of 4[4Fe-4S]H is raised by +0.07 V because 3Asp118 and 

3Asp132 (located 7.3 and 9.9 Å from 4[4Fe-4S]H, respectively) contribute ~ -0.12 

and -0.14 V, respectively, more to the reduction potential of 4[4Fe-4S]H in the 

complex compared to the isolated subunits. The reduction potential of cluster 5[4Fe-
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4S] is raised by +0.09 V when the Nqo3 subunit is removed because 3Glu248 

(located 10.5 Å from 5[4Fe-4S]) contributes -0.15 V to the E° of 5[4Fe-4S] in the 

complex while is not present in the isolated subunit. Cluster 6[4Fe-4S] is also in the 

Nqo9 subunit and the reduction potential of 6[4Fe-4S] is raised by +0.09 V when the 

Nqo4 and Nqo6 subunits are not present because 9Glu105 and 9Glu106 (located 10.6 

and 10.5 Å from 6[4Fe-4S], respectively) contribute ~ -0.06 and -0.11 V to the 

reduction potential of 6[4Fe-4S] in the complex compared to the isolated subunit. 

Finally, the reduction potential of 7[4Fe-4S] is raised by +0.31 V when the Nqo4 and 

Nqo9 subunits are removed because 6Glu49 (located 9.6 Å from 7[4Fe-4S]) 

contributes -0.15 V to the reduction potential of 7[4Fe-4S] in the complex compared 

to the isolated subunit. In addition, 4Asp86 (located 13.9 Å from 7[4Fe-4S]) 

contributes -0.11 V to the reduction potential of 7[4Fe-4S] in the complex but is not 

present in the isolated subunit. 

2.4.  DISCUSSION 

2.4.1.  ROLE OF A[2FE-2S] IN THE ELECTRON TRANSFER CHAIN 

As mentioned in the introduction, the role of the conserved a[2Fe-2S] remains 

enigmatic because it is reduced in the isolated subunit for most species but reduced 

only in the intact complex from E. coli but not other species. The calculated reduction 

potential for a[2Fe-2S] in the isolated subunit (E°calc,iso = -0.454 ± 0.006 V) is 

reducible by NADH but that in the peripheral domain (E°calc,peri = -0.899 ± 0.077 V) is 

too low to be reduced by NADH. The calculated potentials are consistent with EPR 

studies of the intact complex of T. thermophilus (in 0.05 M KCl and 0.02 M NaCl) in 

which a[2Fe-2S] is not reduced by NADH.77-78 Thus, the possible role for a[2Fe-2S] 
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as an acceptor of the second electron from FMN is not supported by the calculations 

since calculated reduction potential is too low for the transfer to be favorable. 

However, in these calculations, FMN was modeled in the fully oxidized state and the 

reduction potential of a[2Fe-2S] may be different in the presence of reduced 

FMNH2/FMNH� or bound NADH/NAD+. 

2.4.2.  REDUCTION POTENTIAL PROFILE AND MECHANISM OF 

ELECTRON TRANSFER 

The results indicate that since many ionizable sidechains in complex I appear 

to have pKa near 7 because they are buried in complex I, differences in the protein 

structure, as small as 0.1 to 0.2 Å, may be sufficient to shift them slightly above or 

below 7, which could change their protonation state. Since proteins are dynamic with 

structural fluctuations that can easily be 1 Å or more, these structural fluctuations 

may play a role in tuning the reduction potential of a cluster up and down by 

changing the favored protonation state of buried ionizable residues. To examine how 

fluctuating protonation states could affect electron transfer, a reduction potential 

profile for electron transfer through the Fe-S clusters was constructed using the 

calculated reduction potentials using structures from molecule A and from molecule 

B (Figure 2.6A), and compared to experiment (Figure 2.6B,C,D). The y-axis with 

the reduction potentials was reversed so that favorable changes go “downhill”. 

Experimental potentials (black) were used for the FMN (E°exp = -0.39), menaquinone 

(E°exp = -0.08), and ubiquinone (E°exp = +0.11) cofactors.43 
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Figure 2.6. Reduction potential profile for the seven Fe-S clusters in the electron 
transfer chain. (A) Calculated potentials of molecule A (red) and molecule B (green) 
from T. thermophilus. Experimental potentials from (B) B. taurus, (C) Y. lypolytica, and 
(D) E. coli where the asterisk indicates experimental potentials that have not been defined 
unambiguously. 
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As also mentioned in the introduction, the reduction potential profile of 

complex I is difficult to determine by experiment because of the similar clusters, and 

so profiles determined by different groups are quite different. For instance, the 

experimental reduction potential of clusters 1[4Fe-4S], 2[2Fe-2S], 3[4Fe-4S], 4[4Fe-

4S], 5[4Fe-4S], and 6[4Fe-4S] were reported to be isopotential at ~ -0.25 V for B. 

taurus complex I (in 0.05 M NaCl) 52, 75 (Figure 2.6B). On the other hand, the 

reduction potentials for Y. lypolytica complex I (in 0.15 M NaCl)55 alternates between 

high potential clusters (1[4Fe-4S], 3[4Fe-4S], 5[4Fe4-S] and 7[4Fe-4S]) and low 

potential clusters (2[2Fe-2S], 4[4Fe-4S]H, and 6[4Fe-4S]) (Figure 2.6C), although 

the reduction potentials of 5[4Fe-4S] and 6[4Fe-4S] were not been defined 

unambiguously. Finally, the potential profile resembles both an isopotential and 

alternating profile for E. coli complex I (in 0.07 M NaCl)76 (Figure 2.6D) although 

the three clusters in the center of the chain (2[2Fe-2S], 3[4Fe-4S] and 4[4Fe-4S]H) 

were not defined unambiguously. 

Interestingly, the calculated reduction potential profile for molecule A 

resembles a nearly alternating profile with high potential clusters (1[4Fe-4S], 4[4Fe-

4S]H, and 6[4Fe-4S]) around -0.29 V and low potential clusters (2[2Fe-4S], 3[4Fe-

4S], 5[4Fe-4S] and 7[4Fe-4S]) around -0.41 V. On the other hand, the calculated 

reduction potential profile for molecule B is more similar to an isopotential profile 

since clusters 1[4Fe-4S] to 4[4Fe-4S]H are roughly isopotential at about -0.29 V, 

while clusters 5[4Fe-4S] and 6[4Fe-4S] are lower (~ -0.41 V). One implication of the 

two calculated profiles is that the differences in profiles from experiment may be due 

to slight differences in experimental conditions that favor different protonation states. 
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In particular, although the distances between the cofactors and the core subunits are 

conserved among species, the local environment around the clusters may be different 

between species (i.e. residues may be different or in different orientations), giving 

rise to the different profiles observed for different species. 

Another implication is these fluctuating reduction potentials may actually play 

a role in the electron transfer. For instance, the longest electron transfer distance is 

16.9 Å between 4[4Fe-4S]H and 5[4Fe-4S] and it is also the largest uphill difference 

in reduction potential (-0.11 and -0.17 V for molecule A and B, respectively). A roller 

coaster mechanism suggests that such barriers can be overcome by a steep downhill 

difference in the previous step such as seen in the calculated profile of molecule A, in 

which there is a +0.16 increase in reduction potential from 3[4Fe-4S] to 4[4Fe-4S]H. 

Thus, a favorable path for an electron could begin with the protein looking like 

molecule B with its profile, which is mostly downhill or flat, and then a structural 

fluctuation could lead to the deprotonation of 3Glu36, which would lead to a 

reduction potential profile like that of molecule A, so that the electron could gain 

energy from the downhill 3[4Fe-4S] to 4[4Fe-4S]H step in order to get over the uphill 

between 4[4Fe-4S]H and 5[4Fe-4S] step. In addition, if 7[4Fe-4S] is reduced but 

quinone is not present to accept the electron, the more negative potentials for 2[2Fe-

2S] and 3[4Fe-4S] in the A profile may be favored to prevent FMN from reducing 

another NADH molecule.  

2.4.3.  APPLICATIONS FOR THE DFT+PB MODEL OF COMPLEX I 

The DFT+PB model of complex I presented here can be easily used to 

investigate other questions about complex I. The calculations of ΔGin are reported 
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here and the calculations of ΔGout for the peripheral domain take ~130 minutes using 

a single processor and require 31 GB of memory. Besides the effects studied here, 

this model can be used to identify mutations that cause shifts in the reduction 

potential to study the effect on the efficiency of electron transfer. The effect of 

cofactor binding on the reduction potential can also be investigated by modeling 

NADH, FMN, and quinone in different oxidation states. Additionally, the role of 

supernumerary subunits and their effect on the reduction potential could be tested. 

Calculations could also be performed on protein subcomplexes, which may be easier 

to experimentally isolate and assign EPR signals than the intact complex. Finally, the 

effect of two or more electrons in the chain on the reduction potential of a cluster (i.e. 

the effect of neighboring clusters in the reduced state) could be investigated.  

2.5.  CONCLUSION 

 In this study, the DFT+PB method was used to calculate the reduction potentials 

of the nine Fe-S clusters in T. thermophilus complex I. The calculated reduction 

potentials of the seven Fe-S clusters in the main chain are between ~ -0.24 and -0.45 V, 

of similar magnitude to the experimental values. On the other hand, the reduction 

potentials of the two clusters outside of the main chain are lower than -0.71 V so that they 

would not be reduced by NADH, and thus support structural roles for them. The most 

suggestive result is that fluctuations in the local environment may cause fluctuations in 

the reduction potentials due to changes in the protonation state of ionizable residues, 

which may explain why different experimental potential profiles are observed as well as 

suggesting a dynamic mechanism for enhancing electron transfer. Moreover, this is now a 
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computational tool that can be used to investigate other questions about the mechanism of 

electron transfer in complex I. 
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 CHAPTER 3. 

A POTASSIUM CLOUD DRIVES ELECTRON TRANSFER IN A BACTERIAL 

FERREDOXIN: A LONG MOLECULAR DYNAMICS SIMULATION STUDY 

 

Chapter 3 to be submitted in part as: Tran, K. N.; Ichiye, T., A Potassium Cloud Drives 

Electron Transfer in a Bacterial Ferredoxin: A Long Molecular Dynamics Simulation 

Study. J. Phys. Chem. B 2018, (To be submitted). 

 

3.1.  INTRODUCTION 

Electron transfer proteins play a vital role in transporting and utilizing energy in 

the cell. One of the most important puzzles in electron transfer proteins is how the protein 

matrix and solvent surrounding the redox centers affect rates of electron transfer, which 

occurs over relatively large distances at fast rates. Examining how the protein and solvent 

facilitates the electron transfer is essential in developing a fundamental understanding of 

these biological systems as well as for bioengineering applications. 

The rate of electron transfer is a function of the media through which the transfer 

occurs, in addition to the oxidation and reduction energies of the donor and acceptor 

species, respectively. For nonadiabatic electron transfer, the equilibrium environment will 
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affect the rate of electron transfer via the free energy of activation whereas in adiabatic 

transfer, the environmental dynamics can appear in the frequency factor as well.79 Marcus 

theory80 describes the contribution of the media, or environment, to the activation barrier 

to the electron transfer ∆G‡ in terms of the environmental reorganization energy λ and the 

driving force ∆Go. Assuming that the reaction coordinate is the polarization of the 

environment and the free energy for a given state as a function of the reaction coordinate 

is parabolic, ∆G‡ = (λ + ∆Go)2/(4λ). The Marcus parameters (∆G‡, λ, and ∆Go) can be 

measured experimentally or calculated from computer simulations. In the latter, the 

environmental polarization is defined as the energy gap between the reactant and product 

states so that the free energy as a function of the reaction coordinate can be constructed 

from molecular dynamics (MD) simulations of the donor-acceptor pair using methods 

introduced by Warshel81 and widely used by others82-84 or from mean and mean-square 

fluctuations of the energy gap assuming Gaussian statistics.85-86 

 For electron transfer in proteins, the donor and acceptor are the co-factors of the 

protein (or proteins) that undergo oxidation or reduction, respectively, and the 

environment of the donor and acceptor consists of the protein matrix and the surrounding 

solution. The transfer is considered to be nonadiabatic, and the equilibrium contribution 

of the environment of several proteins have been studied in simulations87-89. Results 

indicate that solvent slaved modes and/or ionic effects may be important factors in 

reducing the reorganization energy for water-soluble electron transfer proteins that shuttle 

electrons around the cell.88-89 Unlike co-factors in large electron transfer proteins located 

in the membrane, the co-factors in these electron shuttle proteins are close to the surface 

and thus are more heavily influenced by solvent. However, comparisons with experiment 
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have been limited because the rate is also a function of the coupling constant between the 

donor and acceptor in the frequency factor, which can be difficult to determine, as well as 

knowledge of the binding interface when the donor and acceptor are in different proteins. 

The latter can be resolved by examining intramolecular transfer, or transfer within stable 

complexes.  

The 2[4Fe-4S] ferredoxins are ideal for model studies of electron transfer in 

biology. They are a group of small iron-sulfur electron transfer proteins that take part in a 

wide range of biological functions, both as water soluble proteins and as subunits of 

complexes found in respiration and photosynthesis.5, 90 The protein studied in this work is 

Clostridium acidurici ferredoxin (CaFd), which is a small (5.9 kDa, 55 residues), pseudo-

two-fold-symmetric91 protein containing two [4Fe-4S]2+/1+ clusters (or [Fe4S4(SR)4]2-/3- 

redox sites, including the cysteinyl ligands) (Figure 3.1). The clusters are separated by 

~12 Å (center-to-center intercluster distance), a typical distance in electron transfer in 

biology. Since the donor and acceptor are both [4Fe-4S] clusters, their contribution to the 

driving force can be assumed to be identical, making it much like the canonical Fe2+-Fe3+ 

self-exchange in polar solvent, with the further advantage that the distance and 

orientation of the donor and acceptor are known. Interestingly, the negatively charged 

groups including Asp, Glu, and the C-terminus are divided almost evenly between the 

pseudosymmetric halves of the protein as are the Arg and N-terminus (Figure 3.1), 

which presumably further reinforces the equipotential nature of the environments of the 

clusters. CaFd has also been extensively studied by biophysical techniques. It has a high-

resolution (0.94 Å) crystal structure92 and the intramolecular electron transfer between 

the two redox sites has been determined by NMR studies to occur at a rate of 6.5 ± 1.3 µs-
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1.93 In addition, sequence determinants of its reduction potential have been identified94 

and the free energy for electron transfer has been studied in molecular dynamics 

simulations88. 

 

 

Figure 3.1. The structure of CaFd(PDB ID: 2FDN). The 2[4Fe-4S] clusters and 
charged residues are highlighted using stick representation. The charged groups near 
cluster I (left of figure) are Arg29, Glu15, Asp27, Asp28, Glu6, Asp50) and the charged 
groups near cluster II (right of figure) are N-term, Glu17, C-term, Asp39, Asp35, Asp33), 
where negatively charged groups are red and positively charged are blue.  

 
 In the previous study of CaFd, the free energy for electron transfer was examined 

in short 3 ns MD simulations of the 3−/2− reactant (R) state and 2−/3− product (P) state, 

where the n/m notation refers to the net charges on cluster I/II, including the ligands.88 

The short length of the simulations made the results qualitative, especially because of the 

incomplete sampling of the large contribution due to the ions. However, when longer 

simulations were attempted, more problems became apparent such as the coupling of the 

donor and acceptor of the protein with the ion cloud of the acceptor and donor of an 

image protein, respectively. The small box size meant that the protein concentration is 
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high (~20 mM) and the ionic concentration is also high (~0.17 M NaCl) compared to the 

experimental studies to study the electron transfer rate of ferredoxin, which used 0.5 to 

2.2 mM protein samples in 0.02 M potassium phosphate buffer.93  

In the present study, MD simulations are used to investigate CaFd in the oxidized 

2−/2− state. A 70 Å simulation box size was used so that the protein and ionic 

concentrations of ~5 mM and ~0.04 M, respectively, are close to the experimental 

conditions. TIP4P-Ew95, a water model that demonstrates better pure liquid properties, 

was utilized and the ions were potassium and chloride, to better mimic both the 

experimental studies93 and what is found in the cell. A long 10 µs simulation was 

performed on Anton96, a special-purpose computer for MD simulations of biomolecules, 

to allow ions to sample a larger phase space. The energy gap is calculated from the 

simulations and then the probability distributions of the gap and free energy curves for 

the 2−/2− reference state are calculated. In addition, free energy curves for the 3−/2− R 

state and 2−/3− P state are estimated from the reference state using a procedure based on 

removing bias due to umbrella sampling. Contributions of various components of the 

protein and solvent are investigated separately, focusing on the effects of ion and solvent 

mobility. 

3.2.  METHODS 

The initial structure for the MD simulations was based on the crystal structure of 

CaFd (PDB ID: 2FDN92) in the oxidized 2−/2− state, so the protein has a net −12 e 

charge. The setup was performed in CHARMMing97 and summarized briefly here; 

default protocols were used except as noted. The CHARMM36 all-atom nonpolarizable 

potential energy parameter set72, 98-99 was used for the protein and ions while TIP4P-Ew95 
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parameters were used for water. In addition, parameters based on vibrational 

spectroscopy88 and partial charges from B3LYP/6-31G** calculations of 

[Fe4S4(SCH3)4]21 were used for the redox sites.  

CHARMM version c36a640 was used for the preparation of simulations run on 

Anton. Periodic boundary conditions and the particle mesh Ewald (PME) summation 

algorithm with a k-space grid spacing of about 0.49 Å were used. The protein was 

solvated in a 70 Å cubic simulation box of equilibrated water and then neutralized in 

~0.04 M KCl, which resulted in 11,160 water molecules, 13 potassium ions, and 1 

chloride ion. Subsequently, the system was minimized with 200 steps of steepest descent 

and 1000 steps of adopted basis Newton Raphson minimization.100 The equilibration 

simulation utilized the leapfrog Verlet algorithm with a 1 fs time step and was maintained 

in the NVT ensemble with the Nosé–Hoover thermostat.101 The system was heated at 1 

atm from 98 K to 298 K every 100 ps, and then equilibrated for 5 ns with coordinates 

saved every 50 ps. The equilibrated system was then transferred to Anton96. The 

production simulation used the multigrator102 integration method with a 1 fs time step and 

was maintained in the NVT ensemble with the Nosé–Hoover thermostat.101 The system 

was run for 10 µs with coordinates saved every 200 ps for analysis. Analyses were 

performed using CHARMM version c36a640. 

The free energy of the 2−/2− state as a function of a reaction coordinate X can be 

calculated from P(X), the probability of being at X, via 

 Δ𝐺! 𝑋 =  −𝑘B𝑇 ln [𝑃! 𝑋 /𝑃! 0 ] (1) 

where kB is the Boltzmann constant, T is the temperature, and the subscript ‘0’ is used to 

denote the 2−/2− reference state. The reaction coordinate X is defined as the difference in 
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electrostatic potential energy ΔV between the R state and the P state for a given nuclear 

configuration r 

 𝑋 ≡  Δ𝑉 𝐫 = 𝑉! 𝐫 − 𝑉! 𝐫  (2) 

where in the α = R or P state,   

 𝑉! 𝐫 = !!"!!
!!"!,!!!!,!  (3) 

where D is the donor, A is the acceptor, qβi are the partial charges of D or A in state α, qj 

are the partial charges of the atoms in the environment, and rij is the distance. P(X) was 

obtained from simulation by a histogram of X, which was constructed by binning X into 

intervals of 10 kcal/mol. In addition, X0 is the mean value of X and 𝜎!! = 𝑋 − 𝑋! !
! is 

the mean square fluctuations of X in the reference state 

Similarly, the free energy of the R and P states, ΔGR and ΔGP, respectively, as a 

function of the reaction coordinate X can be calculated from the respective Pα(X) via 

 Δ𝐺R 𝑋 =  −𝑘B𝑇 ln 𝑃R 𝑋 /𝑃R 𝑋!"#  (4) 

 Δ𝐺P 𝑋 =  −𝑘B𝑇 ln 𝑃P 𝑋 /𝑃P −𝑋!"# + Δ𝐺° (5) 

where ΔGo is the overall free energy of the reaction and ±Xmin are the location of the 

minima in ΔGR and ΔGP, respectively. Xmin is given in terms of XR and XP, the mean 

values of X in the R and P states, respectively, by 𝑋!"# = !
!(𝑋! − 𝑋!), 𝑋∗ =

!
!(𝑋! + 𝑋!). 

These quantities are related by Zhou et al. and Tan et al.85, 88.  

 Δ𝐺° =  !
B!

!!∗!
𝑋R! − 𝑋P! =  !!

B!
!∗!

𝑋min𝑋∗ (6) 

and are related to the reorganization energy 

 𝜆 =  !
B!

!!∗!
𝑋R − 𝑋P ! =  !!

B!
!∗!

𝑋min
! (7) 

and the activation energy 
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 Δ𝐺‡ =  (!!!!°)
!

!!
 (8) 

Thus, ΔG° can be determined by eq 6 if Xα, α = R, P, are known from short simulations in 

the α state, or Xmin and thus Xα, α = R, P, can be determined by eq 6 if ΔG° is known 

from experiment. 

Here, Pα(X) are estimated from P0(X). First, probabilities for a hypothetical 

2.5−/2.5− state denoted by a subscript ‘∗’ are obtained from the reference state assuming 

 𝑉∗ 𝑋 ≈ !
!
𝑉!(𝑋) (9) 

If the statistics are Gaussian, this implies that the mean square fluctuations in the 

hypothetical state are 𝜎∗! =
!
!
𝜎!! and 𝑋∗ = 𝑋!. 

 𝑃∗ 𝑋 ≈ [!!(!)/[!!(!)]
!
!

!!!∗!
 (10) 

In addition, it can be assumed that 𝜎!! = 𝜎!! = 𝜎∗! , which appears to be a good 

approximation for CaFd based on the previous work.88 The probability distribution can be 

obtained P∗ via a charging formula;84, 103 however, this was found to be a poor 

approximation for proteins.88-89 Instead, we propose 

 𝑃!/! 𝑋 = 𝑐e
±!!"#!

!∗!  [!!(!)/[!!(!)]
!
!

!!!∗!
 (11) 

because of the non-linear response of the protein104 where Xmin is from eq 6. 

Average quantities were calculated from the simulation using two types of error 

analyses. When the correlation time τ was available, errors for mean and root mean-

square fluctuations were estimated as (2τ/τMD)1/2σ, where σ2 is the mean-square 

fluctuations calculated over the simulation and τMD = 10 µs is the length of simulation.105 

For the average and standard deviations of diffusion coefficient D were calculated from 
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slopes of the first 10 ns of the mean-square displacement (MSD) of the molecule as a 

function of time using 100 ns blocks, where the entire 10 µs was utilized for ions and the 

entire solution while only the 500 ns was used for water since the value was stable 

throughout the simulation.  

To probe the electrostatic interactions between the ions and the protein, the radial 

distribution function, g(r), was calculated using an interval of 0.2 Å. The first minimum 

of the g(r) was used to determine the ion binding cutoff distance. Potassium was 

considered bound to the negative groups if it was within 3.4 Å of the oxygen atoms from 

the carboxylate group; while chloride was considered bound to the positive groups if it 

was within 3.6 Å of the nitrogen atom. To eliminate over-counting binding events, an ion 

that was bound to both atoms of a charged side chain group was considered a single 

binding event. In addition, an ion that was bound to either atom of the charged group 

from the same residue in subsequent frames was considered to be the same binding event.  

Since the simulation results are saved every 200 ps, the resolution of residence 

times for binding events is ± 100 ps so that the number of binding events is a lower limit 

and average lifetime of binding is an upper limit.  

3.3.  RESULTS 

Overall, the conformational stability of CaFd during the simulation was good. The 

root-mean-square deviation of backbone atom (C, Cα, N) coordinates of the protein 

structure from the crystal structure is 0.98 ± 0.22 Å and the average radius of gyration is 

10.02 ± 0.08 Å. 
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3.3.1.  PROBABILITY DISTRIBUTIONS OF THE ENERGY GAP AND FREE 

ENERGY CURVES 

The probability distribution of the electrostatic energy gap for the 2-/2- 

reference state was calculated from the simulation (Figure 3.2A). The probability is 

fairly symmetric about ΔV = 0 since the redox sites have the same charge in the 

reference state and also reflects the pseudosymmetric distribution of charged groups 

in CaFd (Figure 3.1). However, the average energy gap is 〈ΔV〉0 = -7 ± 31 kcal/mol 

since the distribution is slightly skewed.  

 

 
 
  

Figure 3.2. Probability distributions of the electrostatic energy gap ΔV of the 
reference charge state. (A) the protein (red), solution (blue), and total system (black), 
(B) the solution (blue) and its components: ions (magenta) and water (cyan), and (C) the 
protein (red) and its components: backbone (magenta), polar side chains (cyan), and 
charged groups (green). The ΔV is reversed to reflect that ΔV > 0 favors the reactant state 
and ΔV < 0 favors the product state.  
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To understand the origin of the skewed probability distribution, the 

distributions of various components were also examined separately (Figure 3.2), 

along with their contributions to the average and fluctuations of energy gap (Table 

3.1). In what follows, the protein contribution is broken down into backbone, polar 

side chains, and charged groups, which includes both charged side chains and the N- 

and C- termini, while the solution refers collectively to both ions and water. The 

distribution for the protein contribution is shifted towards the reactant while that for 

the solution contribution is shifted towards the product (Figure 3.2A), as also seen in 

the respective contributions to the energy gap (Table 3.1).  In addition, the sharply 

peaked distribution of the protein contribution indicates the protein is restrained in 

motion due to its well-defined average structure while the broad distribution of the 

solution contribution indicates considerable mobility, which are also reflected in the 

fluctuations of the energy gap (Table 3.1). In particular, for the protein contribution 

(Figure 3.2C), the backbone and polar side chains essentially do not favor either the 

product or reactant while the charged groups favor the reactants, while for the 

solution contribution (Figure 3.2B), both the ions and water favor the products. Thus, 

both ions and water help to balance the charged groups of the protein.  
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Table 3.1. Average electrostatic energy gap and root mean-square fluctuations for 
the reference charge state for various components of the system. Based on the 
relaxation times for protein and solution, errors for former are estimated as ± 0.8 kcal/mol 
and the latter as ± 1.1 kcal/mol (see Methods). 

 
 

Component 〈ΔV〉0 
(kcal/mol) 

〈[ΔV-〈ΔV〉]2〉0
1/2 

(kcal/mol) 
Charged groups 15.92 6.29  
Polar side chains -3.52  2.90  
Backbone -0.46  3.97  
Protein 11.95  7.81  
Ions -7.19  21.29  
Water -11.83  19.68  
Solution -19.02  30.80  
Total -7.08  30.68  

 

The free energy curve of the reference state was calculated from the 

probability distribution using eq 1 (Figure 3.3A), which also shows the skew toward 

the products seen in the probability distribution (Figure 3.2). In addition, the free 

energy curves for the reactant and product charge states were also estimated from the 

reference probability distribution using eq 4, 5, and 12 (Figure 3.3B). The mean 

values for each state assuming the experimental value of ΔG° = 6 meV, XR = +6 and 

XP = −20 kcal/mol, also reflect the skew in the reference state. The simulation values 

of the total system (Table 3.1) were also used to calculate the Marcus parameters 

using eq 7 and 8 as λ = 0.26 kcal/mol and ΔG‡ = 0.01 kcal/mol, respectively. The 

values of the Marcus parameters are generally smaller than the previous work,88 as 

elaborated on in the Discussions.  
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 (A) (B) 

Figure 3.3. Calculated free energy curve. (A) the reference state ΔG0 and (B) the 
reactant ΔGR (red) and the product ΔGP (blue) states. The solid lines are parabolic fits of 
the simulation data. 

 
 

3.3.2.  THE CONTRIBUTION OF THE SOLUTION 

The distribution and dynamics of the ions, which along with water molecules 

have greater mobility than the protein in the 2−/2− state, are studied in detail since the 

ions make the largest contribution per atom to the energy gap (Table 3.1) given that 

only thirteen potassium ions and one chloride ion are in the simulation. The 

distribution of ions around the [4Fe-4S] sites was evaluated by calculating the radial 

distribution function, g(r), for potassium and chloride relative to the center-of-mass of 

the [4Fe-4S] cubane for clusters I and II (Figure B.1). The gFeS-K(r) for cluster I has 

two peaks at 8.0 and 9.6 Å, which indicates ion binding while that for cluster II has 

several peaks from 11 to 15 Å. On the other hand, the gFeS-Cl(r) show chloride is 

equally distributed about cluster I and II and stays away from the protein surface. 
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The long 10 µs simulation made it possible to observe ion binding events to 

the charged groups, so the number of binding events Nbind observed during the 

simulation, average lifetime of the binding events 〈τbind〉, and average energy gaps 

during the binding event 〈ΔV〉bind were calculated (Table B.2). Chloride only appears 

to bind in N-terminus once and Arg29 twice with 〈τbind〉 ≈ 0.2 ns during the 10 µs 

simulation. Although there is only one chloride in the simulation, the low number of 

binding events observed is likely due to the net -12 e charge of CaFd as indicated by 

gFeS-Cl(r) (Figure B.1). However, the low value of 〈ΔV〉bind during these events also 

indicates that chloride binding does not significantly affect the overall 〈ΔV〉. 

Table 3.2. The number of binding events, average lifetime, and average and 
standard deviation electrostatic energy gap for chloride binding to nitrogen of 
positive groups and potassium to carboxylate oxygens of negative groups. Note that 
Nbind is a lower limit and 〈τbind〉 is an upper limit since the sampling is only every 0.2 ns. 

 

Cluster Ion Residue Nbind 〈τbind〉 
(ns) 

〈ΔV〉bind 
(kcal/mol) 

〈[ΔV-〈ΔV〉2]〉bind
1/2 

 (kcal/mol) 

Cluster I 

Cl Arg29 2 0.20 -2.0 3.6 
K Glu6 914 0.23 3.0 26.6 
K Glu15 1255 0.25 -0.2 27.6 
K Asp27 1764 0.23 0.2 28.2 
K Asp28 1250 0.25 2.9 26.0 
K Asp50 8554 0.48 0.6 27.5 

       

Cluster II 

Cl N-term 1 0.20 2.4 NA 
K Asp35 2623 0.24 -10.0 29.0 
K Glu17 2327 0.26 -4.3 28.5 
K C-term 2243 0.26 -7.1 29.3 
K Asp39 4273 0.36 -10.5 30.0 
K Asp33 2069 0.25 -9.4 29.6 
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On the other hand, potassium binds frequently to Asp, Glu, and the C-

terminus, with slightly more events near cluster I (Nbind = 13,737) than cluster II (Nbind 

= 13,535) (Table B.2). The binding events are relatively short, generally with 〈τbind〉 ≈ 

0.3, but frequent at an average rate of ~0.27 events per ns. The residue with the 

greatest affinity for potassium is Asp50, which is in a loop between the last α-helix 

and the last β-sheet near cluster I (Figure 3.1), as indicated by the largest Nbind = 8554 

and the longest 〈τbind〉 ≈ 0.5 ns. The backbone oxygens of Ala44, Gly45, and Cys47 in 

the α-helix further stabilize the potassium binding to Asp50 (6043, 5823, and 4878 

binding events, respectively). Since Nbind are lower for the other negatives groups 

near cluster I (between 914 and 1763) than those near cluster II (between 2069 and 

2623) while 〈τbind〉 are similar, potassium bound to Asp50 may drive other potassium 

away from the other negative groups near cluster I so they are closer to the negative 

groups of cluster II. The residue with the second greatest affinity is Asp39, which is 

near cluster II, with the second largest Nbind = 4273 and the second longest 〈τbind〉 ≈ 

0.4 ns. Interestingly, when potassium is bound near cluster I, 〈ΔV〉bind is close to zero 

while when potassium is bound near cluster II, 〈ΔV〉bind is shifted negatively by up to 

10 kcal/mol and thus significantly favors the product. In other words, the slight 

difference in the energy gap of the protein contribution, which is due mainly to the 

charged groups (Figure 3.1, Table 3.1), is balanced when potassium binds near 

cluster II.  

 The normalized cross-correlations, or covariances, between the fluctuations of the 

ions, water, and the protein are also examined (Table 3.2). While the solvent is highly 

correlated with the water and the ions individually, the correlation between the ions 
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and water is low. Thus, both the ions and water make significant but almost 

independent contributions to the solution fluctuations. Also, while the solution is 

somewhat anti-correlated with the protein, as can be expected, this appears to be due 

mostly to the ions since the covariance of protein with the ions is almost the same as 

that of the protein with the entire solution. In addition, since the covariances of the 

charged groups alone are almost the same as those of the entire protein, the main 

coupling of the solution and the protein is apparently through the ions and the charged 

groups of the protein. 

Table 3.3. The covariances between fluctuations in the solution, ions, water, protein, 
and charged groups. 

 
cij Water Ions Solution 
Ions 0.129 1.000 0.744 
Solution 0.728 0.774 1.000 
Charged groups -0.056 -0.123 -0.121 
Protein -0.073 -0.138 -0.142 

 

The dynamics of the solution is examined further since solution is free to 

move throughout a sample and gives rise to the large distribution of ΔV in the 

simulations. To examine the dynamics, the time correlation function C(t) 

= 〈ΔV(0)⋅ΔV(t)〉/〈ΔV2〉 was calculated for the ions, water, and solution for the entire 

10 us trajectory, and C(t) was fit to a double exponential decay where the fast and 

slow relaxation times are τf and τs, respectively, and ff is the fraction of the fast 

relaxation (Table 3.3, Figure B.2). The timescales of the protein and solution are 

quite different, since τs of the solution component is ~3.3 ns, while that of the protein 

is ~100 ns. For comparison, the diffusion coefficients of potassium, chloride, and 
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water in the simulation are DK = 1.25 ± 0.05, DCl = 1.35 ± 0.26, and DTIP4P-Ew = 2.43 

± 0.01 10-9 m2/s or 102 Å2/ns, respectively. 

Table 3.4. The relaxation times for the solution and its components, ions and water, 
(fit from 0 to 20 ns) and for the protein (fit from 0 to 500 ns).  

 

Component ff τf (ns) τs (ns)  
Ions 0.63 0.21 2.55   
Water 0.59 0.28 3.31  
Solution 0.51 0.22 3.34  
Protein 0.81 0.12 105  

 

Overall, the large number of negative residues apparently causes the 

potassium ions have greater probability of being near CaFd so that they form a 

positive cloud (Figure 3.4). The greatest density of potassium is near the half of the 

protein containing cluster II, on the β-sheet side. Defining a molecular coordinate 

frame with a center at halfway between the centers-of-mass of each cluster and with 

positive z-direction pointing to cluster I, the average projection of the center-of-mass 

of the potassium cloud onto the z-axis 〈Rz〉, which shows that the cloud is closer to 

cluster II. Since the potassium cloud extends further from cluster II in the negative z 

direction than the furthest charged group of the protein, it favors the product state 

more than the charged groups disfavor it. 
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Figure 3.4. Density of potassium ions around CaFd. Structure is rotated 90° from 
Figure 3.1, with helices at top. Coordinates from every 10 ns of the 10 us simulation, re-
oriented and aligned to the [4Fe-4S] clusters. Ions are within 35 Å of the center between 
the two clusters. A z-axis is shown as a line between the two clusters and a xy-plane is 
shown through the center.  

 

3.4.  DISCUSSION 

The 10 µs simulation was essential for adequate sampling of the very dilute ionic 

solution (0.04 M KCl) around the highly negatively charged CaFd (-12e), which was 

close to the concentrations in the experimental measurement of the electron transfer rate. 

Since τs of the solution component is ~3.3 ns, while that of the protein is ~100 ns, 

independent samples of the solution are at least 7 ns long while those of the protein are at 

least 200 ns long, so there are ~ 50 independent samples in the simulation. The free 

energy curves for the R and P states are similar to previous work,88 even though the new 

curves are calculated from the 2−/2−  reference distribution while the curves in the 

previous work were calculated directly from separate simulations of the 3−/2−  R state 
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and the 2−/3− P state. The values of the Marcus parameters (λ = 0.26 kcal/mol and ΔG‡ = 

0.01 kcal/mol, respectively) are smaller the previous work (λ = 4.3 ± 3 kcal/mol and ΔG‡ 

= 0.8 ± 0.6 kcal/mol, respectively).88 However, since both reactant and product states 

were simulated, the previous could use a calculated ΔG° = -0.6 ± 0.4 kcal/mol, which 

was larger than the experimental value used here of ΔG° = -0.14 kcal/mol. Moreover, 

differences with the previous simulations are expected since each was only 3 ns in length. 

The current work shows that the solution contribution to the energy gap has a relaxation 

time of over 3 ns so that at least 7 ns are needed for a single independent sample while 

the protein has a relaxation time of over ~100 ns so that at least 200 ns are needed. This 

means that there are 50 independent samples of the energy gap in the 10 µs simulation. 

Moreover, the estimated σR = σP = 28 kcal/mol here while it was ~18 kcal/mol in the 

previous work, which indicates that the potassium ions were not able to explore enough 

conformational space in the previous work. 

However, the product is favored by 〈ΔV〉 = -7 kcal/mol even though the protein 

negatively charged groups favor the reactant because the solution environment favors the 

product. The main coupling is between the ions and the charged groups of the protein. 

Interestingly, the slight bias in the distribution of the negatively charged groups of the 

protein favors a potassium cloud around cluster II, which extends further than the 

contribution of the charged groups of the protein. Thus, the potassium cloud induced by 

the protein appears to provide the driving force for the favored transfer, rather than the 

protein itself. Because the ion contribution is much more mobile than the protein 

contribution, this leads to greater fluctuations in the energy gap and thus lower 

reorganization energy, so that the activation energy is lower and predicted rate is higher. 
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A potassium cloud forms around CaFd forms, potassium from the cloud bind to and 

dissociate from each negatively charged groups. The 10 µs simulation allowed adequate 

sampling of binding to show that binding to negative groups near cluster I is associated 

with small energy gaps while binding to the negative groups near cluster II, which occurs 

every ~0.75 ns, is associated with energy gaps favoring the product state. In addition, 

since chloride binding is a rare event but with apparently little effect on the energy gap, 

inadequate sampling of chloride binding probably has little effect on the free energy 

curve. 

The dynamics of the solution is examined further since solution is free to move 

throughout a sample and gives rise to the large distribution of ΔV in the simulations. The 

solution contribution to the energy gap has a slow relaxation time of τ = 3.3 ns compared 

the dielectric relaxation of water (τD = 8.1 ps) assumed to drive electron transfer between 

small molecules in aqueous solution.  In particular, the ion contribution is most important 

since the contribution of an ion is based on which cluster it is nearer to, which require 

translational diffusion, while the contribution of a water molecule is based the orientation 

of its dipole, which only requires fast rotation. Since the diffusion coefficient of 

potassium in the simulation is DK = 125 ± 5 Å2/ns, the migration time for a potassium ion 

to travel from one cluster to the other cluster (12 Å) is ~1.2 ns. For instance, dissociation 

of an ion from a residue does not automatically change the net charge balance between 

cluster I and II, which requires diffusion of an ion being nearer one cluster to being 

nearer the other cluster. In fact, one may expect rebinding of the potassium to another 

residue near cluster II or binding of a different potassium on the cluster II side to any 

residue near cluster II over net movement of potassium to the cluster I side.  



 62 

 

3.5.  CONCLUSION 

Overall, the results here show that while the energy gap due to the protein favors 

the reactant, that due to the surrounding aqueous solution favors the product. Since total 

energy gap favors the product, this means the favored direction of electron transfer is 

determined by the solution environment rather than directly by the protein. Interestingly, 

the potassium ions form a “cloud” favoring the product due to the arrangement of 

negatively charged groups of the protein. These findings have implications for the 

operation of electron shuttle proteins within the cell. 
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 CHAPTER 4. 

REDUCTION POTENTIAL CALCULATIONS OF BLUE COPPER PROTEINS 

 

Chapter 4 to be submitted in part as: Tran, K. N.; Niu, S.; Miller, C.; Ichiye, T., 

Reduction Potential Calculations of Blue Copper Proteins. J. Comput. Chem. 2018, (To 

be submitted). 

 

Author contributions: 

K.T., S.N., and C.S. performed the Density Functional Theory calculations. K.N.T. 

performed the Poisson-Boltzmann calculations and data analysis. 

 

4.1.  INTRODUCTION 

 Blue copper proteins (BCPs) play an important role in electron transfer in cells, 

mostly by acting as electron shuttles. The primary coordination sphere of BCPs is 

conserved and characterized by a type one (T1) copper site with a single copper ion 

coordinated to three ligands: one (Sγ)Cys thiolate and two (Nδ)His imidazoles. In 

addition, weaker interactions involve a distant axial ligand that is less conserved.  The 

protein imposes a distorted tetrahedral arrangement on the redox site for both the 

oxidized Cu(II) and reduced Cu(I) states, which is thought to promote fast electron 

transfer in BCPs by lowering the reorganization energy.106-107 The electronic structure of 

the T1 site has been characterized spectroscopically, showing that metal to ligand charge 

transfer between the copper ion and Cys thiolate gives rise to an intense absorption band 
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near 600 nm resulting in the characteristic blue color108-110 while the covalency of the Cu-

S(Cys) bond leads to a small parallel hyperfine splitting in the electron paramagnetic 

resonance spectrum.111  

 The reduction potentials of blue copper proteins are positive and span a wide 

range from +0.18 V in Rhus vernicifera stellacyanin to +1.00 V in Homo sapiens 

ceruloplasmin.3, 8 The distant axial ligand appears to be an important determinant of the 

reduction potential and characterizes different BCPs. For example, the axial ligand is a 

(Sδ)Met (2.6 to 3.2 Å from the copper) in BCPs such as amicyanin, plastocyanin, and 

rusticyanin. These proteins have intermediate reduction potentials (+0.29 to +0.39 V)10-12, 

with the exception of rusticyanin, which has a higher potential of +0.68 V13. If instead, 

the axial ligand is a (Oε)Gln (~2.2 Å from the copper) such as in stellacyanin, these 

proteins generally have the lowest reduction potentials (+0.18 to +0.26 V)8-9. In addition, 

the T1 copper site also exists in larger multidomain proteins such as laccase, a 

multicopper oxidase, which has a non-coordinating Leu or Phe in the axial position (~3.7 

Å from the copper ion). Low potential laccases (+0.55 V)14 have a Leu in the axial 

position while high potential laccases (+0.79 V)16 have a Phe. However, given the range 

of polar to nonpolar residues found in the axial position, it is not clear whether the effects 

of this residue on the reduction potential are electronic or can be considered purely 

electrostatic. 

 Computational approaches can provide a means of determining the nature of the 

effects of the axial ligand. However, computational studies of the reduction potentials of 

BCPs have generally focused on either the redox site or the protein so that only relative 

reduction potentials can be examined. For instance, density functional theory (DFT) has 
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been used to explore the electronic structure of a redox site analog.112 In addition, 

continuum electrostatics methods have been used to study the 800 mV range in reduction 

potentials of five different BCPs17 and changes in reduction potential of 30 azurin 

mutants with respect to the wild-type.113 In addition, while QM/MM studies of 

plastocyanin and rusticyanin with the redox site embedded in the protein have been 

performed,114 the values were shifted to obtain the experimental values for plastocyanin 

so that only relative reduction potentials were given. However, relative reduction 

potential as opposed to absolute reduction potential makes it difficult to determine 

whether differences are due to the redox site, the protein, or both.  

A computational approach to determining the absolute reduction potential is the 

Density Functional Theory + Poisson-Boltzmann (DFT+PB) method.21 It has been shown 

to give good reduction potentials in comparison to experimental measurements for a 

variety of aqueous Fe-S proteins, including homologues of ferredoxins, HiPiPs, and 

nitrogenase,21-24, 56 as well as respiratory complex I115. In this method, the absolute 

reduction potential E° versus the standard hydrogen electrode (SHE) is determined, not 

just a relative value. E° is decomposed approximately as 

 -nFE° = ΔG° ≈ ΔGin + ΔGout + ΔGSHE, (1) 

where n is the number of electrons transferred, F is the Faraday constant, ΔGin and ΔGout 

are the inner and outer sphere free energies of reduction, respectively, and ΔGSHE /F = 

4.43 eV 26 is the absolute electrode potential for the SHE. Then, ΔGin is calculated using 

density functional theory (DFT) as the difference in free energy between an oxidized and 

reduced redox site analog in the gas phase and ΔGout is calculated using Poisson-

Boltzmann (PB) continuum electrostatics as the difference in the interaction energy of the 
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partial charges from DFT of the oxidized and reduced redox site with the surrounding 

protein and solvent. In the previously mentioned calculations, ΔGin of Fe–S redox sites 

were calculated using highly benchmarked DFT methods, in which the functionals and 

basis sets were chosen based on good agreement with electron detachment energies of 

multiple Fe–S analogs and other iron compounds measured by electrospray photoelectron 

spectroscopy as well as coupled cluster calculations.25 In addition, ΔGout was calculated 

using the partial charges for the redox site from the same DFT calculations.21 

To extend the DFT+PB method to copper proteins, DFT calculations have been 

assessed for two copper complexes, [Cu(SCH3)2]1-/0 and [Cu(NCS)2]1-/0, and compared 

against crystallographic and valence photoelectron spectroscopy data.116 The results show 

that DFT with range-separated functionals and double-ζ basis sets are able to model the 

electronic structure and geometry of the copper complexes.116 In particular, reasonable 

agreement was found for M06/DZVP2 functional/basis set and for a single-point energy 

calculation with LRC-ωPBEh/def2-SVPD of a geometry that was optimized with LRC-

ωPBEh/def2-SVP;  the best agreement with experiment was for the latter. 

 Here, the DFT+PB approach was used to calculate the reduction potentials of 

BCPs. Since structurally similar redox site analogs have not been synthesized for the T1 

site, the performance of the functionals and basis sets for geometry and energetics were 

assessed using plastocyanin (Pc) and laccase (Lac). The Pc and Lac redox site analogs 

were calculated using DFT with functionals and basis sets that were found best in the 

previous work on [Cu(SCH3)2]1-/0 and [Cu(NCS)2]1-/0.116 The Pc analog consisted of the 

copper, the three main ligands, and the axial Met while the Lac analog consisted of only 

the copper and the three main ligands since the axial ligand is nonpolar and far from the 



 67 

copper. The optimized geometries of the redox sites were compared to crystal structures 

of the respective proteins to assess geometry performance and reduction potentials 

calculated using the DFT+PB approach were compared to experiment for four 

homologous Pc proteins and four homologous Lac proteins to assess energetics 

performance. In addition, the reduction potentials for Pc, amicyanin (Ac), and rusticyanin 

(Rc) were calculated with the Met axial ligand treated classically as part of the protein 

and quantum mechanically as part of the redox site to determine if the axial ligand can be 

treated classically as it was for the Lac proteins. Finally, the reduction potentials of Lac, 

Pc, Ac, Rc, and stellacyanin (Sc) (Figure 4.1) were calculated using the DFT+PB 

approach.  
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 (A) (B) (C) 

 

 (D) (E) 

Figure 4.1. Protein crystal structures. (A) PnPc (PDB ID: 4DPB), (B) PdAc (PDB ID: 
1AAC), (C) TfRc (PDB ID: 1RCY), (D) CsSc (PDB ID: 1JER), and (E) CcLac (PDB ID: 
1HFU). 
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4.2.  METHODS 

4.2.1.  DENSITY FUNCTIONAL THEORY CALCULATIONS 

The gas-phase redox site analogs of Pc and Lac were constructed from 

crystallographic protein structure coordinates obtained from the Protein Data Bank 

(PDB)68. The Pc analog was from oxidized Populus nigra (PnPc) at 1.33 Å resolution 

(PDB ID: 1PLC117) and the Lac analog was from oxidized Coprinus cinereus (CcLac) 

at 1.68 Å resolution (PDB ID: 1H5U118. The Pc redox site analog included the copper 

ion with its three main ligands (His37, Cys84, and His87) and the axial Met92 ligand 

(located 2.76 Å from Cu). The Lac redox site analog included the copper ion with its 

three main ligands (His396, Cys452, and His457); however, the axial Leu462 ligand 

was excluded (located 3.64 Å from Cu). For each coordinating ligand, a hydrogen 

atom replaced the Cα atom and the bond distance to the Cβ was reduced to 1.11 Å. In 

other words, the redox site analogs were [Cu(N2C4H6)2(SCH3)X]0/1+, such that 

(N2C4H6) is a 4-methyl-1H-imidazole that models Nδ(His), (SCH3) is a 

methanethiolate that models Sγ(Cys), and the axial ligand X is a methylthioethane 

(SCH3CH2CH3) that models Sδ(Met) for the Pc analog; while the non-coordinating 

Leu was excluded for the Lac analog (Figure 4.2). Hydrogen coordinates were built 

using the CHARMM40, 100 program with the CHARMM2272 force field and 

minimized with 100 steps of steepest descent while fixing heavy atom coordinates. 

The reaction scheme for the reduction of the redox site analog is: 

 [Cu(II)(N2C4H6)2(SCH3)X]1+ + e- à [Cu(I)(N2C4H6)2(SCH3)X]0 (2) 

such that the total charge on the oxidized Cu(II) and reduced Cu(I) species are 1+ e 

and 0 e, respectively.   
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 (A) (B)  

 

 

Figure 4.2. Redox site analog structure of: (A) Pc or [Cu(ImMe)2(SMe)(SMeEt)]0/1+ 
and (B) Lac or [Cu(ImMe)2(SMe)]0/1+. 

 

 The initial DFT calculations were performed in the gas phase with the Q-Chem 

4.0119 software package using an extra fine integration grid. Several different double-ζ 

basis sets were tested based on the previous studies of [Cu(SCH3)2]1-/0 and 

[Cu(NCS)2]1-/0.116  The first three, 6-31G**120-122, DZVP2123, and def2-SVP124, are 

double-ζ basis sets with polarization functions. The next two, 6-31(++)LG**121, 125 

and def2-SVPD126, contain diffuse functions where the subscript indicates that diffuse 

functions were added only to the ligand atoms. The M06127 and LRC-ωPBEh128 

functionals were tested; the latter used 10% Hartree-Fock exchange, which was found 

to perform better in the previous work,116 and is referred to here as mPBE for 

“modified PBE”. Geometry optimization of the redox site analogs was performed 

using M06/6-31G**, M06/DZVP2, and mPBE/def2-SVP. To mimic the rigidity that 

the protein backbone imposes on the axial ligands, the hydrogen coordinates at the Cα 
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position were fixed during the geometry optimization. Single-point energy 

calculations were performed on the optimized oxidized and reduced structures using 

M06/6-31(++)LG**, M06/DZVP2, and mPBE/def2-SVPD. Previous work showed 

that adding diffuse functions to the sulfur atoms in iron-sulfur proteins improved the 

description of the redox site energetics while having a negligible effect on the 

geometry.129 If the energy is calculated using a different method than the geometry 

optimization, the notation level2/basis2//level1/basis1 is used in which level1/basis1 

calculations are for the geometry optimization and level2/basis2 calculations are used 

for single-point energies of the level1/basis1 geometry. Adiabatic detachment 

energies, ADE, of the redox site analogs were calculated as the difference in the 

single-point energies: 

 ADE = −∆𝐸! = − 𝐸!!
!(𝐴!)− 𝐸!!(𝐴)  (3) 

where A- is the reduced species, A is the oxidized species, and Ee is the calculated 

electronic energy for the molecule in the superscript at the optimized geometry of the 

molecule in parenthesis.  

 Partial charges for the redox site were calculated from CHELPG67 electrostatic 

potential (ESP) calculations on the optimized structure at the same level of theory as 

the geometry optimization. The partial charges for the aliphatic and aromatic 

hydrogens were given the same value as the CHARMM22 force field and the 

remainder of the charges were adjusted so that the total charge on the hydrogen and 

the heavy atom to which it is attached remains the same as the CHELPG value (Table 

C.1 and Table C.2 of the Supplementary Material). 
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 For the final evaluation of ΔGin, the calculations were performed in the gas phase 

with the NWCHEM63 software package using an extra fine integration grid. The 

geometry used as a starting point in these calculations was the final geometry of the 

previous calculations but with no constraints. ΔGin was calculated according to: 

 ∆𝐺!" = 𝐸!!
!(𝐴!)− 𝐸!!(𝐴) + 𝐸!"#!

!(𝐴!)− 𝐸!"#! (𝐴) − 𝑇 𝑆!"!#$!! (𝐴!)− 𝑆!"!#$! (𝐴)  (3) 

where Evib and Stotal are the calculated vibrational energy and total entropy at 298 K, 

respectively. 

4.2.2.  POISSON-BOLTZMANN CALCULATIONS 

The ΔGout were calculated using APBS70, a program for solving the Poisson–

Boltzmann equation and summarized briefly here. The dielectric regions were 

separated into redox site (εc = 1), protein (εp = 4), and the environment is aqueous 

solvent (εw = 78). The redox site region was defined to include the copper ion and the 

ligand atoms up to the Cβ of the side chain residues.  The Connolly surface71 with a 

probe of radius r = 1.4 Å defines the protein-redox site and the protein-water 

boundaries. The partial charges and atomic radii for the protein (i.e. residues that are 

not in the redox site) were from the CHARMM22 force field.72 For the redox site, 

partial charges were from the DFT optimized structures, as described earlier. The 

radius of copper is 1.87, the default radius for Cu in NWChem that is also used for 

the CHELPG calculations, and the radii for the ligand atoms are equivalent to the 

protein residue atoms. For all proteins except Lac, a 77 Å × 77 Å × 77 Å box with 

385 × 385 × 385 grid points in each direction was used, at a constant 0.2 Å grid 

spacing. Since Lac is much larger, a 89.8 Å × 89.8 Å × 89.8 Å box with 449 × 449 × 
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449 grid points in each direction was used, at a constant 0.2 Å grid spacing. The ionic 

concentration was 0.10 M NaCl. 

Protein crystal structures for the APBS calculations were obtained from the 

PDB.68 Crystal structures of four homologous Pc proteins were from: Phormidium 

laminosum (PlPc) at 1.45 Å resolution (PDB ID: 2Q5B130), Anabaena variabilis 

(AvPc) at 1.60 Å resolution (PDB ID: 2GIM131), Populus nigra (PnPc) at 1.00 Å 

resolution (PDB ID: 4DPB132), and Dryopteris crassirhizoma (DcPc) at 1.70 Å 

resolution (PDB ID: 1KDJ133) and four homologous Lac proteins were from: 

Melanocarpus albomyces (MaLac) at 1.30 Å resolution (PDB ID: 2Q9O134, Cerrena 

maxima (CmLac) at 1.76 Å resolution (PDB ID: 3DIV135), Trametes hirsuta (ThLac) 

at 1.80 Å resolution (PDB ID: 3FPX136), and Trametes ochracea (ToLac) at 2.60 Å 

resolution (PDB ID: 2HZH137). In addition, crystal structures from three different 

BCPs were from: Cucumis sativus stellacyanin (CsSc) at 1.60 Å resolution (PDB ID: 

1JER138), Paracoccus denitrificans amicyanin (PdAc) at 1.31 Å resolution (PDB ID: 

1AAC139), and Thiobacillus ferrooxidans rusticyanin (TfRc) at 1.90 Å resolution 

(PDB ID: 1RCY140). For crystal structures containing more than one molecule in the 

asymmetric unit, the calculated reduction potentials were averaged over all structures.  

The structures were subject to further modification. The protonation state of 

the ionizable residues were assessed using the program PROPKA.73 Since most of the 

experimental reduction potentials were for small proteins at pH 7, so generally all His 

residues were singly protonated at the Nδ atom, Glu and Asp residues were in the 

negatively charged form, and Arg and Lys were in the positively charged form. 

However, since TfRc is an acidophile that is redox-active at pH 2 and the 
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experimental reduction potential were measured at the same pH, the four Glu, nine 

Asp, and three non-ligating His were protonated in the calculations. The tri-nuclear 

copper site of Lac is assumed to remain oxidized so that the copper ions were each 

given a 2+ e charge and the T3 coppers are bridged by an OH- and the T2 copper is 

ligated to a water molecule. Hydrogen coordinates were built using the CHARMM40, 

100 program with the CHARMM2272 force field and minimized with 100 steps of 

steepest descent while fixing heavy atom coordinates.  

4.3.  RESULTS AND DISCUSSION 

4.3.1.  ASSESSMENT OF THE REDOX SITE GEOMETRY 

First, the geometries of Lac and Pc redox site analogs calculated using M06/6-

31G**, M06/DZVP2, and mPBE/def2-SVP were compared to the crystal structures 

of laccase and plastocyanin. Overall, the different DFT methods gave similar results 

(Figure 4.3). 
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 (A) (B) 

Figure 4.3. Structural alignment of the optimized redox site analog with the protein. 
(A) optimized oxidized Pc analogs to oxidized PnPc protein (PDB ID: 1PLC) and (B) 
optimized oxidized Lac analogs to oxidized CcLac protein (PDB ID: 1HFU). Crystal 
structure (gray), M06/6-31G** (blue), M06/DZVP2 (green), and mPBE/def2-SVP (pink). 
Black atoms indicate the hydrogen atom at the Cα position that was held fixed during 
geometry optimization. 

 

The Pc redox site analog includes the H37, C84, H87, and M92 ligands 

(Table 4. 1). In the oxidized Pc crystal structure, Cu-Nδ1(H37) is 0.15 Å shorter than 

Cu-Nδ1(H87); however, after geometry optimization, the calculated Cu-His bond 

lengths are approximately equal for the oxidized Pc analogs. In addition, the Cu-

Sγ(C84) bond lengths are longer by ~ +0.08 Å in the DFT optimized structures 

relative to the crystal structure, while the Cu-Sδ(M92) bond lengths are shorter by ~ -

0.06 Å compared to the crystal structure. Upon reduction, the M-L bond lengths for 

Cu-Nδ1(H37), Cu-Sγ(C84), and Cu-Nδ1(H87) increases by ~ +0.08 Å in the reduced 
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Pc analog compared to the oxidized Pc analog, while the axial Cu-Sδ(M92) distance 

decreases by ~ -0.08 to -0.42 Å. In addition, the order of M-L bond lengths is 

consistent with experiment (Cu-Nδ1(H37) < Cu-Nδ1(H87) < Cu-Sγ(C84) < Cu-

Sδ(M92)). 

Table 4.1. Calculated bond lengths (Å) and angles (°) of Pc redox site analogs. 
Structures optimized with: (1) M06/6-31G**, (2) M06/DZVP2, and (3) mPBE/def2-SVP. 
Experimental values are from oxidized and reduced PnPc (PDB ID: 1PLC and 4DPC, 
respectively). 

	 oxidized Pc  	 reduced Pc  

 (1) (2) (3) Exp. 	 (1) (2) (3) Exp. 
Cu-Nδ1(H37) 1.95 2.01 2.01 1.91 		 1.98 2.07 2.08 1.98 

Cu-Sγ(C84) 2.12 2.17 2.16 2.07 	 2.26 2.23 2.26 2.18 

Cu-Nδ1(H87) 1.95 2.02 2.02 2.06 	 2.01 2.14 2.13 2.10 

Cu-Sδ(M92) 2.77 2.72 2.75 2.82 	 2.35 2.64 2.53 2.71 

Nδ1(H37)-Cu-Nδ1(H87) 100.9 102.2 101.6 97.2 	 100.1 99.7 100.2 99.3 

Nδ1(H37)-Cu-Sγ(C84) 131.6 132.9 127.5 131.7 	 120.0 126.7 122.8 133.8 

Nδ1(H87)-Cu-Sγ(C84) 119.0 113.6 119.9 121.0 		 108.5 114.1 114.2 114.1 
 

 The Lac redox site analog includes H431, C503, and H508 ligands but excludes 

the L513 axial ligand. All of the M-L bond distances are shorter in the optimized 

structure relative to the Lac protein crystal structure (~ -0.10 Å for Cu-Nδ1(H431); ~ 

-0.05 Å for Cu-Sγ(C503) and Cu-Nδ1(H508)). Upon reduction, the M-L bond 

distances for Cu-Sγ(C503) and Cu-Nδ1(H508) increases by ~ +-0.04 and +0.09 Å in 

the reduced Lac analog compared to the oxidized Lac analog. Although the crystal 

structure for reduced Lac is not available, the order of the M-L bond length is 

consistent with the reduced Pc protein (Cu-Nδ1(H431) < Cu-Nδ1(H508) < Cu-

Sγ(C503)). 
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Table 4.2. Calculated bond lengths (Å) and angles (°) of Lac redox site analogs. 
Structures optimized with (1) M06/6-31G**, (2) M06/DZVP2, and (3) mPBE/def2-SVP. 
Experimental values are from oxidized CcLac (PDB ID: 1HFU); the reduced protein is 
not available.

	 oxidized Lac  	 reduced Lac  

 (1) (2) (3) Exp. 	 (1) (2) (3) Exp. 
Cu-Nδ1(H431) 1.93 1.99 2.00 2.07 		 1.92 2.02 2.00 - 

Cu-Sγ(C503) 2.11 2.15 2.15 2.19 	 2.14 2.20 2.20 - 

Cu-Nδ1(H508) 1.93 1.99 2.01 2.03 	 1.97 2.12 2.11 - 

Cu-Cδ(L513) N/A N/A N/A 3.51 	 N/A N/A N/A - 

Nδ1(H431)-Cu-Nδ1(H508) 102.8 104.1 104.6 103.8 	 104.4 100.4 104.1 - 

Nδ1(H431)-Cu-Sγ(C503) 127.1 126.3 128.0 125.6 	 138.6 139.3 142.3 - 

Nδ1(H508)-Cu-Sγ(C503) 130.1 129.6 126.9 130.5 		 116.9 120.2 113.4 - 
 

In summary, all of the methods tested give reasonable geometries compared to 

experiment. For the oxidized Pc redox site analog, M0/6-31G* give slightly better 

geometries compared to the Pc crystal structure while for the reduced analog, 

M06/DZVP2 give slightly better geometries. For the oxidized Lac analog, 

mPBE/def2-SVP and M06/DZVP2 have similar geometries with somewhat better 

agreement with experiment. In addition, mPBE/def2-SVP and M06/DZVP2 give the 

most similar M-L bond lengths in all cases. 

4.3.2.  ASSESSMENT OF THE ENERGETICS AND REDOX SITE REGIONNext, 

the energetics and redox site region were evaluated using reduction potentials 

calculated by the DFT+PB method to compare to experimental reduction potentials of 

plastocynanin12, 133, 141-142 and laccase14, 16. Single-point energy calculations using 

M06/6-31(++)LG**, M06/DZVP2, and mPBE/def2-SVPD of the optimized oxidized 

and reduced structures were performed to calculate the ADE (Table 4.3). As a first 
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estimate, only the ADE were used since ΔEvib and ΔStotal are smaller corrections. The 

calculated ADE of the redox site analogs do not follow the same trend compared to 

the calculated VDE of the small Cu analogs.116 From the benchmark studies, the VDE 

of the small Cu complexes that were calculated using mPBE/def2-

SVPD//mPBE/def2-SVP gave the best agreement compared to the experimental 

value, although underestimating it by ~ -0.16 V, while M06/DZVP2 and M06/6-

31(++)LG**//M06/6-31G** underestimated the experimental value by ~ -0.37 and -

0.75 V, respectively. However, for the redox site analogs, the ADE calculated using 

mPBE/def2-SVPD// mPBE/def2-SVP is intermediate between M06/DZVP2 and 

M06/6-31(++)LG**. In addition, using the default LRC parameters with 20% HF 

exchange increases ADE. 

Table 4.3. Calculated ADE (eV) for the Pc and Lac analogs. 

Single Point Energy // Geometry Optimization Pc analog Lac analog 
M06/6-31G** 4.564 4.960 
M06/6-31(++)LG**//M06/6-31G** 4.940 5.253 
M06/DZVP2 5.292 5.552 
mPBE/def2-SVP 4.852 5.179 
mPBE /def2-SVPD//mPBE /def2-SVP 5.155 5.441 
 

The effect of the functional/basis set used for the calculations was examined 

by calculating the reduction potential E°calc (estimated with ADE rather than ΔGin) for 

four homologous Pc proteins and four homologous Lac proteins using partial charges 

from the respective redox site analog and comparing with experiment E°exp (Figure 

4.4). E°calc from M06/DZVP2 gave the best agreement with E°exp although it 
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underestimated the experimental values by ~ -0.18 V for the Pc proteins and ~ -0.24 

V for the Lac proteins. Based on this, the remaining calculations use M06/DZVP2. 

 

Figure 4.4. Estimated reduction potentials for Pc and Lac proteins calculated using 
the ADE from their corresponding redox site analogs. ADE were calculated using 
M06/6-31(++)LG**//M06/6-31G** (blue), M06/DZVP2 (red), and mPBE/def2-SVPD// 
mPBE/def2-SVP (green). From left to right: PlPc, AvPc, PnPc, DcPc, MaLac, CmLac, 
ThLac, and ToLac. 

 

Next, the treatment of the axial ligand on the E° was evaluated for proteins 

that have a Met axial ligand (Ac, Pc, and Rc), which vary in Cu-thiolate bond 

distance from 2.2 to 2.9 Å. E° (using the ADE) was calculated either assuming that 

the Met axial ligand is in the redox site region so that the Pc redox site analog is used 

for the redox site or that the Met ligand is in the protein region so that the Lac redox 

site analog is used for the redox site (Figure 4.5). E°calc increases systematically by ~ 

only +0.05 V for all of the proteins when the Lac analog is used compared to the Pc 

analog, which indicates the axial Met ligand can be treated electrostatically as part of 
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protein region as opposed to quantum mechanically in the redox site region. Thus, the 

axial ligand for all of the blue copper proteins is treated as part of the protein region. 

 

Figure 4.5. Estimated reduction potentials for BCPs that have a Met axial ligand. 
Ac, Pc and Rc treating the Met as part of the redox site (red) or as part of the protein 
(cyan). ADE were calculated using M06/DZVP2. From left to right: PdAc, PlPc, AvPc, 
PnPc, DcPc and TfRc.  

 

4.3.3.  DFT+PB CALCULATIONS OF THE BLUE COPPER PROTEINS 

ΔGin (with ΔEvib and ΔStotal) for the three-coordinate redox site analog was 

calculated using M06/DZVP2, mPBE/def2-SVP, and mPBE/def2-

SVPD//mPBE/def2-SVP (Table 4.4). As described in the Methods, the initial 

geometry was from the geometry optimized Lac analog, which used constraints, 

except that all constraints were removed. Overall, ΔGin calculated using M06/DZVP2 

gave the best agreement with the experiment, since even with ΔEvib and ΔStotal, the 

value using mPBE/def2-SVPD//mPBE/def2-SVP was too low. 
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Table 4.4. Calculated ADE and ΔGin (eV) for the three-coordinate redox site 
analogs. 

Single Point Energy // Geometry Optimization ADE ΔGin 
M06/DZVP2 5.618 -5.786 
mPBE/def2-SVP 5.100 -5.168 
mPBE/def2-SVPD//mPBE/def2-SVP 5.394 -5.462 
 

ΔGin for the three-coordinate redox site analog from M06/DZVP2 was used to 

calculate reduction potentials for BCPs with a Gln axial ligand (Sc), a Met axial 

ligand (Ac, Pc, and Rc), a non-coordinating Leu (MaLac) and a non-coordinating Phe 

(CmLac, ThLac, and ToLac) (Figure 4.6, Table C.3). The calculated reduction 

potential of all of the BCPs match well with experimental values9-10, 12-14, 16, 133, 141-142 

over a range of almost 0.6 V, with four different ligands. The importance of the 

correct protonation state of the ionizable side chains is clear in TfRc, which has a 

reduction potential measured at pH 2, since not considering the protonation state 

results in a calculated value that is ~ -0.25 V lower than in Figure 4.6. Thus, the axial 

ligand appears to affect the reduction potential mainly as an electrostatic contribution. 
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Figure 4.6. Reduction potentials for BCPs using the Lac redox site. ΔGin were 
calculated using M06/DZVP2. Sc (red), Ac (green), Pc (cyan), Rc (blue) and Lac 
(magenta). Error bars for the calculated reduction potentials indicate the difference 
between the two molecules in the asymmetric unit of the crystal structure. From left to 
right: CsSc, PdAc, PlPc, AvPc, PnPc, DcPc, MaLac, TfRc, CmLac, ThLac, and ToLac. 

 

The results show that the axial ligand in BCPs can be treated as part of the 

protein instead of the redox site also have a practical implication. Since the redox site 

for BCPs is conserved, the inner sphere contribution can be re-used for different 

BCPs. Although the DFT+PB method is an approximation, it can be used as cheaper, 

faster, and more accurate alternative to higher level computational methods that 

appear to be more accurate but use low level DFT methods that cannot reproduce the 

redox site energetics. Thus, the DFT+PB method can be used to estimate the 

reduction potential of BCPs with different axial ligands and from different organisms. 

Additionally, the effects of mutations or complexation with the donor/acceptor redox 

partner on the reduction potential can be probed.  
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4.4.  CONCLUSION 

 
 The reduction potentials of five different blue copper proteins (stellacyanin, 

amicyanin, plastocyanin, rusticyanin, and laccase), which have four types of axial ligands 

(Gln, Met, Leu, and Phe) and experimental reduction potentials ranging from +0.26 to 

+0.79 V, were calculated using the DFT+PB method. Of the functionals and basis sets 

tested here, M06/DZVP2 gave better calculated reduction potentials compared to 

experiment. In addition, whether the axial ligand was considered part of the protein or 

part of the redox site was found to make little difference. Thus, the axial ligand of the 

blue copper proteins appears to affect the reduction potential mainly as an electrostatic 

contribution. 
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 CHAPTER 5. 

A SINGLE-SITE MULTIPOLE MODEL FOR LIQUID WATER 

 

Chapter 5 previously published in part as: Tran, K. N.; Tan, M. L.; Ichiye, T., A single-

site multipole model for liquid water. J. Chem. Phys. 2016, 145, 034501. © 2016 with 

permission extending to all reproduced content. 
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5.1.  INTRODUCTION 

 Water has many unique and anomalous properties, which make it essential for life 

as we know it. These properties are generally attributed to the tetrahedral network of 

hydrogen bonds between water molecules; however, even though water is the most 

ubiquitous and the most studied liquid on this planet, the molecular features that give rise 

to this network are still not completely clear.27 Therefore, it is not surprising that water is 

difficult to model using empirical potential energy functions in computer simulations. 

Furthermore, although ab initio molecular dynamics simulations hold promise, they have 
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neither reached the accuracy nor the computational efficiency for typical problems 

involving water today.  

 The molecular properties that ultimately give rise to the hydrogen-bonded 

network of the liquid come from the charge distribution due to the nuclei and electron 

density comprising the molecule. A water molecule in the gas phase has long been known 

from experiment to have a large dipole moment28 and a large quadrupole moment.29 It is 

also generally accepted that a water molecule in the liquid phase has an even larger 

average dipole moment due to the average electronic polarization by the environment; 

empirical water models that include the average effects of polarization by increasing the 

moments are referred to as nonpolarizable.30-31 The simplest are “3-site” models in which 

“partial charges” are placed only on the nuclei; widely used 3-site models include 

SPC/E143 and TIP3P144. Since 3-site models have quadrupole moments even smaller than 

the gas phase quadrupole, “4-site” models move the negative partial charge from the 

oxygen to a dummy site slightly away from the oxygen center along the dipole vector 

towards the hydrogens to increase the quadrupole. The 4-site models include Bernal-

Fowler145, TIP4P144, and many current models such as TIP4P-Ew95 and TIP4P/2005.146 In 

another strategy, the “5-site” models split the negative partial charge onto two dummy 

sites on each side of the molecular plane in tetrahedral directions with respect to the 

hydrogens, based on the idea of “lone pairs” due to sp3 hybridization. The 5-site models 

include BNS147, ST2148 and more current models such as TIP5P149 and TIP5P-E.150 

However, these models have even smaller quadrupoles than 3-site models. 

 Quantum mechanical (QM) studies of water molecules have also provided 

information about the charge distribution. Large basis sets using methods that account for 
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electron correlation were found necessary to reproduce the experimental dipole and 

quadrupole moments in the gas phase151-152 In addition, sp3 hybridization has long been 

discounted and the three highest occupied molecular orbitals are best characterized as p-

orbitals on the oxygen.153 QM studies of water molecules in the liquid phase have been 

more difficult because of the computational power needed. Ab initio molecular dynamics 

studies using plane wave basis sets and density functional theory have shown the increase 

in the dipole moment in the liquid phase, although the exact values depend on how the 

electron density is partitioned between molecules.154-155 Quantum mechanical – molecular 

mechanical (QM/MM) studies in which one water is treated quantum mechanically using 

large basis sets and electron correlation methods while the surrounding water is treated as 

partial charges156-157 also show the increase in dipole moment over the gas phase. The 

dipole moments obtained in both types of QM studies agree well those from a mean field 

approach to extracting the dipole from the refractive index (2.95 ± 0.2 D)158 and from an 

analysis of structure factors from x-ray and neutron diffraction (2.9 D).159 However, they 

are generally somewhat larger than in empirical models for liquid water.30 Also, the 

QM/MM studies show a somewhat smaller increase in the quadupole and octupole 

moments. In addition, a study showed that the multipoles through the octupole could only 

be reproduced via partial charges if partial charges were placed on six sites: the three 

nuclei, two out-of-plane dummy sites almost co-linear with the oxygen to reflect the p-

orbital character of the highest occupied molecular orbital, and a dummy site in the 

molecular plane similar to the 4-site models.34 

 Given the complexity of the electron density distribution, many nonpolarizable 

empirical potential energy functions are able to reproduce many properties of liquid water 
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in simulations surprisingly well with both 4- and 5-site models although both types have 

notable deficiencies.32 Although the deficiencies have generally been attributed to the 

lack of electronic polarizability, an alternative (or additional) explanation is that both the 

large quadrupole and out-of-plane character are important. In support of the latter, a 

recent comparison of thirteen water models showed that the degree of symmetry 

governed by the out-of-plane charge, which is measured by the octupole, and the 

magnitude of the quadrupole appear correlated with reproducing different liquid 

properties.33 In particular, it was shown that these two molecular properties govern the 

nature of the tetrahedral order of the first hydration shell, which is described by order 

parameters for the magnitude S2 and symmetry ΔS2, so that a direct correlation between 

the multipole moments and the tetrahedral order parameters was made. Since S2 and ΔS2 

were also shown to correlate with liquid properties, these liquid properties were shown to 

depend on the multipoles. Furthermore, it was shown that the diffusion coefficient and 

the dielectric permittivity depend on the local and long-range structure, respectively, of 

water and therefore assess different features of water structure.33 However, partial 

charges on at least six sites are required to reproduce both a large quadrupole and out-of-

plane character,34 which leads to greater computational time. Given the reasonable 

properties of the more recent models, and the increased computational time of additional 

partial charges, the obvious question is whether it is worthwhile to seek improved 

empirical models, or if they are “good enough”, particularly when water is being modeled 

as a solvent and not the main focus of interest. 

 The balance of accuracy and efficiency of a water model is important for one of 

the major uses of water in simulations today, which is as the solvent for biological 
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macromolecules. Simple 3-site water models may be good enough for many problems, 

such as when the focus of interest is an active site deeply buried in a large protein. 

However, the macromolecule-water interactions are critical in other problems involving 

differences in solvation, such as protein folding, or large surface-to-volume ratios, such 

as peptides and small proteins, disordered regions of proteins, membranes, and nucleic 

acids. One problem in current nonpolarizable empirical site models is that they predict 

the wrong hydration number of small cations such as sodium and potassium,160 indicating 

that the aqueous solvation of charged species is incorrect. Another problem is that they 

are not able to predict the deep minimum in the partial molar volume of ethanol in water 

at low concentrations of ethanol,161-162 which was one of the initial experiments leading to 

current notions about the nature of the hydrophobic effect. Disturbingly, this indicates 

that the hydrophobic effect may not be modeled properly in common water models. Yet 

another problem is found in TIP3P, which is widely used for solvating biomolecules; 

namely, it has a self-diffusion coefficient that is about 2½ times too large (see below). 

This indicates that coupling of allosteric or collective motions of proteins to solvent may 

be misrepresented since the dynamics of solutes are determined by the dynamics of the 

solvent. 

 Considering the accuracy of describing the electrostatics, although “partial 

charges” are often used to describe charge distributions of a molecule at a conceptual 

level, they are not an accurate description of electron density. In fact, the electrostatic 

potential due to a charge distribution can be described by a multipole expansion outside 

of the charge distribution, which becomes exact in the limits of infinite distances or 

infinite order of multipoles.35-36 For a water molecule, it has been shown as necessary to 
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include multipoles up to the octupole because the octupole is the first moment that breaks 

the tetrahedral symmetry of the positive charge from the hydrogens and the negative 

charge from the p-orbital density.37-38 In addition, the success of the soft-sticky dipole-

quadrupole-octupole (SSDQO) model of water in reproducing the electrostatic potential, 

as well as liquid state properties in computer simulations, of common water models using 

multipoles from the models indicates that it is sufficient.38, 163 Furthermore, when the 

multipoles were optimized to reproduce properties of liquid water at 25°C and 1 atm,164 

the resulting SSDQO1 parameters were able to predict accurate properties of water as a 

function of temperature and pressure as well as the minimum in the partial molar volume 

of ethanol in ethanol-water mixtures.161 

 Another consideration is efficiency, since ultimately a quantum mechanical 

description is necessary to accurately describe water. A partial charge model has the 

advantage of conceptual simplicity over a multipole expansion, since Coulomb’s law is 

used to describe the interactions between partial charges while the multipole expansion of 

the interaction energy between molecules involves higher order tensor multiplications. 

However, once the equations are programmed into a computer program, a multipole 

expansion of the interaction energy can gain in efficiency for a complex charge 

distribution because only one distance needs to be calculated between the molecules 

while n2 distances need to be calculated for a model with n partial charges per molecule, 

but multipole expansions can also lose in efficiency due to the tensor multiplications. 

This was partially solved in the SSDQO formalism by truncating at the 1/r5 term, which 

includes the dipole-octupole and quadrupole-quadrupole interactions, and further 

approximating the 1/r5 term by including only lower order tensor multiplications.38 More 
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recently, the implementation of a computationally fast module for multipole interactions, 

referred to as MPOLE,39 into the CHARMM molecular mechanics/dynamics program40 

affords the opportunity for exploring accurate and efficient multipole models of water for 

biological simulations. MPOLE gains its efficiency by solving the multipole expansions 

via an efficient spherical harmonic approach within a particle mesh Ewald (PME) 

framework. However, the MPOLE module truncates in order of multipole rather than in 

power of distance. The importance of truncating in power of distance has recently been 

demonstrated for water since the higher order multipoles are large165 and appropriate 

modifications have been made in the CHARMM program. These studies also 

demonstrated that the exact expansion to 1/r5 can mimic the electrostatics of a 3-site 

model in simulations of liquid water with approximately the same computational 

efficiency. 

 As a final note, although nonpolarizable models can account for the average 

polarization in the homogeneous liquid phase since the average environment of a given 

water molecule is the same, empirical models with electronic polarization should perform 

better in inhomogeneous phases and there are current reviews of polarizable models in 

the literature.166-167 However, a good polarizable model should also exceed the 

performance of the best nonpolarizable model for the homogeneous liquid but this goal 

has been relatively elusive.168 Since the effects of explicit electronic polarization added to 

a site model may include correcting for deficiencies in the gas phase model such as the 

lack of gas phase out-of-plane charge density in a 4-site model, this type of unphysical 

polarization may lead to other errors. In particular, only a few polarizable models have 

both large quadrupoles and out-of-plane character built into the unpolarized partial 
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charges169-170 even though they are also present in the gas phase. Thus, a good 

nonpolarizable water model serves as a standard for polarizable models. In particular, it 

can serve as a standard for inhomogeneous environments in biological problems, where 

the balance between the accuracy possible in good models for polarization must be 

balanced by the computational efficiency of nonpolarizable models. 

 Here, a single-site multipole (SSMP) model for liquid water is developed using 

MPOLE,39 in the CHARMM molecular mechanics/dynamics program.40 Although the 

SSDQO1 parameters have been shown to be very accurate for reproducing properties of 

liquid water, the SSDQO model utilizes the abovementioned approximation for the 1/r5 

term while here the exact 1/r5 term is used for SSMP. In addition, the multipoles can now 

be obtained from the QM/MM calculations of the higher multipole moments of water34 

rather than by fitting them as parameters as in the original SSDQO1 parameters. 

Therefore, here the multipoles up to the octupole from QM/MM calculations are used in 

simulations of liquid water in the CHARMM program. Since the QM/MM calculations 

do not account for charge exchange and overlap between the QM water and the 

neighboring water molecules, an ad hoc method for considering these effects in the 

multipoles is also presented. Finally, a standard 12-6 Lennard-Jones potential is used for 

SSMP to simplify combining rules with typical force fields for biomolecules, while 

SSDQO1 utilized a 1/r9 repulsion. The Lennard-Jones parameters are the only adjustable 

parameters, which are fit to give good radial distribution functions compared to 

experiment as well as the liquid state properties of density, heat of vaporization, self-

diffusion coefficient, and dielectric permittivity at 298 K and 1 atm. The temperature and 

pressure dependence of these properties is then explored. Results are compared to 
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different types of site models; specifically, SPC/E, TIP3P, TIP4P-Ew, and TIP5P-E were 

chosen because they have been used with Ewald-type methods generally used in 

simulations of biological macromolecules in explicit water. In addition, while TIP4P-Ew 

and TIP4P/2005 were both optimized to give good properties of water over a range of 

temperatures and give similar results, TIP4P-Ew was developed for use as a solvent 

model in biomolecular simulations. Thus, TIP4P-Ew tends to be better near 298 K 

especially for the dielectric permittivity while TIP4P/2005 is better over a wider range of 

temperatures. 

5.2.  METHODS 

The geometry and multipole moments (µ0
(QM), the dipole; Θ0

(QM) and Θ2
(QM), the 

linear and planar quadrupoles; and Ω0
(QM) and Ω2

(QM), the linear and cubic octupoles) are 

from the QM/MM calculations of a water-like cluster.34 The geometry (OH bond length 

of 0.965 Å and HOH bond angle of 105.9°) gives rise to the moments of inertia, but does 

not affect the electrostatics. Additional calculations were performed to test the QM 

methods; however, methods used for the original calculations were judged superior so 

these are summarized in the supplementary material in Table D.1.171 Since the multipoles 

were calculated for a central QM water molecule surrounded by four hydrogen bonded 

MM water molecules, partitioning the electron density of the central water molecule was 

not necessary. Here, charge transfer and overlap between this molecule and its neighbors 

was accounted for by assuming a reduction in the spread of charge. Thus, the dipole was 

reduced from µ0
(QM) to a new value µ0 and the quadrupole and octupole moments were 

scaled according to 
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 Θi/µ0
2 = Θi

(QM)/[µ0
(QM)]2 (5.1) 

and 

 Ωi/µ0
3 = Ωi

(QM)/[µ0
(QM)]3 (5.2) 

where i = 1, 2. The value of µ0 was constrained so that the magnitude of the tetrahedral 

order parameter of the hydration shell S2  

  S2 = 〈½ Σj P2(uj ⋅ dj)〉 (5.3) 

where P2 is the second order Legendre polynomial, d is the unit vector between the 

central water and the jth nearest neighbor, u is the unit vector between the central water 

and nearest of four corners of a perfect tetrahedron, and j is summed over the four nearest 

neighbors,33 was predicted to be the same as predicted from the moments of SSDQO1. In 

other words, subject to the constraint 

  S2(predicted) = 0.52 + 0.038 Θ2
2 – 0.057 µ0 (Ω2 + 5/4 Ω0) (5.4) 

where S2(predicted) is the predicted order parameter based on the moments, which is 

equal to 0.76 for SSDQO1 based on its moments, and Eqn. 4 is from ref. 33. The 

multipoles used here along with those of a few selected models appear in Table 5.1. 
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Table 5.1. The multipole moments and Lennard-Jones parameters for several water 
models..a 

 

Source µ0 
(D) 

Θ0 
(DÅ) 

Θ2 
(DÅ) 

Ω0 
(DÅ2) 

Ω2 
(DÅ2) 

Θ2/µ0
2 

(1010 statC-1) 
Ω2/µ0-Θ2 

(1010 statC-1) 
σ 

(Å) 
ε 

(kcal/mol) 

Exp gas phaseb 1.86 0.11 2.57 NA NA 0.74 NA NA NA 

MP2 gas phase 1.86 0.11 2.54 -1.35 1.91 0.73 0.40 NA NA 

MP2/4MM 2.49 0.13 2.93 -1.73 2.09 0.47 0.29 NA NA 

SPC/E 2.35 0.00 2.04 -1.57 1.96 0.37 0.41 3.166 0.155 

TIP3P 2.35 0.23 1.72 -1.21 1.68 0.31 0.42 3.151 0.152 

TIP4P-Ew 2.32 0.21 2.16 -1.53 2.11 0.40 0.42 3.164 0.163 

TIP5P-E 2.29 0.13 1.56 -1.01 0.59 0.30 0.16 3.097 0.178 

SSDQO1c 2.12 0.00 2.13 -1.34 1.15 0.47 0.25 3.433 0.089 

SSMP 2.28 0.11 2.46 -1.33 1.61 0.47 0.29 3.275 0.106 
aAll values have been rounded for ease of comparison so it is suggested to refer to the 
original papers for the exact values of each model. 
bDipole from ref. 28, quadrupole from ref. 29 
cUses approximate multipole expansion and a 1/r9 repulsion. 
 
  

The Lennard-Jones 12-6 parameters, σ and ε, were allowed to vary. Initial values 

were chosen such that the 1/r6 (i.e., dispersion) coefficient was near the quantum 

mechanical value of 625 kcal-Å6/mol for the water dimer.172 However, since the Lennard-

Jones parameters account for a variety of differences between the empirical potential and 

the real potential between two water molecules, the final value of the dispersion was 

somewhat lower. 

 Molecular dynamics (MD) simulations and analysis were performed using the 

molecular mechanics package CHARMM version c40a2.40 The multipole expansion for 
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the interaction energy truncated at the quadrupole is evaluated using the MPOLE 

module39 and a separate dipole-octupole 1/r5 term is added explicitly. MPOLE uses the 

particle mesh Ewald (PME) method for the long-range interactions,173 with a β-spline 

coefficient equal to 6, a k value of 0.55 Å-1, and a real space truncation at 7 Å for all 

possible interactions between dipoles and quadrupoles; in addition, the dipole-octupole 

term is calculated in real space only and is turned off at long-distances using the 

CHARMM switching function from 5 to 7 Å since it is short-ranged. The Lennard-Jones 

potential was turned off at long-range using the CHARMM switching function from 8 to 

10 Å. The cutoff for the pair and image lists was 12 Å, which were updated heuristically. 

Since orientations are needed for the multipole operations, sites at the hydrogens were 

generated according to the QM/MM geometry to define a molecular coordinate system 

centered on the oxygen of each molecule; the SHAKE174 algorithm was then used to 

maintain this geometry. 

 The MD simulations employed the leapfrog Verlet algorithm175 with a time step 

of 1 fs and cubic periodic boundary conditions. The simulations were prepared using 

coordinates from a pre-equilibrated periodic cubic box of 512 water molecules. Initially, 

velocities were assigned according to a Gaussian distribution at a given temperature 

every 200 fs for 50 ps and then scaled every 1 ps if the temperature is outside a 5 K range 

for 250 ps. The simulations then ran unperturbed in the NPT ensemble using the Nosé-

Hoover176-177 thermostat-barostat. Timings for these simulations are reported in the 

supplementary materials in Table D.2.171 After a period of equilibration as noted below, 

the average properties were calculated using coordinates at 1 ps interval. 



 96 

 The properties used in assessing the Lennard-Jones parameters were the radial 

distribution function g(r), density ρ, heat of vaporization ΔHvap, diffusion coefficient D 

and dielectric permittivity ε. ΔHvap was calculated using the average intermolecular 

potential energy and volume for the liquid to obtain the enthalpy of the liquid, the ideal 

gas enthalpy for the gas, and a correction for the rigid, nonpolarizable model 

 C =Cvib +Cpol +Cni +Cx  (5.5) 

 where Cvib, Cpol, Cni and Cx are the vibrational, polarization, nonideal gas, and 

pressure effects, similar to ref. 95. According to ref. 95, Cx was found to be small and 

therefore neglected and Cpol was given by 

 Cpol = − 1
2
(µgas − µliquid )

2 /α gas  (5.6) 

where µgas and µliquid are the dipole moments of water in the gas and liquid phases 

respectively, and αgas is the mean polarizability of a water molecule in the gas phase. 

Here, µgas and αgas were the same as in ref. 95 while µliquid was from the model being 

simulated; Cvib and Cni were obtained by interpolation of the values in ref. 95. D was 

calculated from the mean-square O-O displacement as a function of time. A correction 

for the simulation size dependence of D178 was calculated by 

 D = DPBC + 2.83729kBT / (6πηL)  (5.7) 

where DPBC is diffusion coefficient calculated directly from the simulation, L is the 

simulation box length, and η is the viscosity. However, while ref. 178 used the viscosity 

calculated for each simulation, here the experimental viscosity of water at each 

temperature179 was used; values for T = 260 K and below were obtained by extrapolation 
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of a polynomial fit of the experimental data. ε was calculated using conducting boundary 

conditions.180 

 To optimize the Lennard-Jones parameters, different values were simulated at T = 

298 K and P = 1 atm for 1.2 ns; the last 1 ns of the trajectory was used for a preliminary 

analysis based on the g(r), ρ, and ΔHvap. For selected sets of parameters with good g(r), 

ρ, and ΔHvap, an additional 4 ns was simulated and used to calculate D and ε (i.e., a total 

of 1.2 ns equilibration, 4 ns production). For selected sets of these parameters with good 

ρ, ΔHvap, D and ε, additional simulations at temperatures from 238 to 318 K at 20 K 

intervals at P = 1 atm were performed. For these simulations, the equilibration time was 

1.2 ns and the production runs were 4 ns. A final set of parameters was chosen from these 

simulations based on the temperature dependence of these properties. 

 The final results reported here are at temperatures from 238 to 338 K at 20 K 

intervals with an additional temperature of 268 K with P = 1 atm and at pressures of 500, 

1,000, 5,000, and 10,000 atm with T = 298 K. These results were from more extensive 

simulations than used during the optimization of the Lennard-Jones parameters, and 

generally consisted of 1.2 ns of equilibration and 12 ns of production run. To estimate 

error bars, standard deviations were calculated by dividing the 12 ns trajectories into 

three 4-ns segments. For the 238 and 258 K at 1 atm simulations and for the 1,000 and 

5,000 atm at 298 K simulations, two additional 12 ns trajectories from different seeds 

were generated and error bars were estimate by averaging the three 12-ns segments. 

While further optimizations of the Lennard-Jones parameters or the multipole moments 

could be done to improve agreement with temperature dependence, testing of the current 

choice of parameters with solutes was deemed more important than more exact fitting of 
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temperature dependence. In addition, since no pressure dependent data for TIP4P-Ew 

appears in ref. 95, TIP4P-Ew was simulated at pressures of 500, 1,000, 5,000, and 10,000 

atm with T = 298 K using conditions similar to ref. 95; i.e., 512 molecules with 0.2 ns of 

equilibration and very short 6 ns production runs. 

5.3.   RESULTS AND DISCUSSION 

 The multipole moments for SSMP and several other models (SPC/E, TIP3P, 

TIP4P-Ew, TIP5P-E) are given in Table 5.1. Also, the moments are given for the original 

QM/MM calculation of a water-like cluster at the MP2/aug-cc-pVQZ level/basis set,34 

referred to as MP2+4MM. Θ2/µ0
2, which is a measure of the relative magnitude of the 

quadrupole, and Ω2/µ0-Θ2, which is a measure of the out-of-plane character,33 for the 

different models are also given in Table 5.1. While SSMP has a dipole similar to 

common site models, comparing Θ2/µ0
2 shows that the quadrupole is larger, reflective of 

quantum mechanical studies of the liquid phase. In addition, comparing Ω2/µ0-Θ2, which 

is zero if the negative charges are anti-symmetric to the positive charges in charge and 

distance to the oxygen, is intermediate between TIP5P-E and TIP4P-Ew, indicating 

significant out-of-plane character. The final set of Lennard-Jones parameters for SSMP 

are also given in Table I, which are used in the rest of the results presented. 
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Figure 5.1. Radial distribution functions g(r) at 298 K and 1 atm for water. (a) the 
OO function and (b) the OH function and the HH function, shifted upwards by 1.5. SSMP 
(red), TIP3P (magenta), TIP4P-Ew (green), TIP5P-E (blue), experiment181 (dashed 
black), and experiment182 (dotted black). 

 

 

 

 

 

Figure 5.2. Spatial distribution functions of water around a water molecule. Water 
molecule (red and white stick) in the pure liquid, with the red surface indicating a 
probability density greater than 3 for (a) SSMP, (b) TIP3P, (c) TIP4P-Ew, and (d) TIP5P-
E at 298 K and 1 atm. 
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Table 5.2.  Selected properties of water at ~300K and 1 atm. 

Source ρ 
(g/cm3) 

ΔHvap 
(kcal/mol) 

D 
(10-5 cm2 s-1) ε 

Exp 0.997 10.52 2.30 78 

SPC/E 0.995 10.55 2.87 69 

TIP3P 0.979 9.27 5.76 94 

TIP4P-Ew 0.991 10.50 2.61 66 

TIP5P-E 1.003 9.71 3.03 101 

SSDQO1 0.993 9.31 2.67 73 

SSMP 0.995 10.54 2.24 72 
a Experimental values for ρ and ε come from ref. 183, for ΔHvap come from ref. 184 and for 
D come from ref. 185. Values for models other than SSMP come from the supplementary 
material for ref. 33 except for ΔHvap, which were from the same simulations as in the 
supplementary material but reported here for the first time. Corrections for ΔHvap and D 
for all models have been added as noted in Methods. 
 

 

Simulations of SSMP at 298 K and 1 atm give properties that agree well with 

experiment. The radial distribution functions g(r) of SSMP water agree well with 

experimental functions,181-182 as do the other models studied here except TIP3P (Figure 

5.1). The spatial distribution functions186 of the nearest neighbors (Figure 5.2) show 

SSMP is similar to both TIP4P-Ew and TIP5P-E, although perhaps closer to TIP4P-Ew, 

in the asymmetric order around the hydrogens versus the “lone pair” directions, with a 

defined separation of the neighbors near the oxygen into two lobes in the lone pair 

directions. In addition, the density ρ, heat of vaporization ΔHvap, diffusion coefficient D, 

and dielectric permittivity ε at 298 K and 1 atm of SSMP water were calculated with the 

corrections described in Methods, which agree well with experimental values (Table 
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5.2). The uncorrected values of D and ΔHvap for SSMP are given in the supplementary 

material in Table D.3.171 Values for these quantities for the abovementioned models are 

also given; these come from ref. 33 but the corrections for ΔHvap and D have also been 

included. With the correction for D, it is apparent that the site models all tend to be too 

fast, indicating that they are a little understructured while SSMP is very slightly 

overstructured, based on the correlation of D with the degree of order of the first 

hydration shell.33 In addition, ε of SSMP is much better than either TIP4P-Ew, which is 

too low, and TIP5P-E, which is too high, characteristic of 4-site and 5-site models, 

respectively.33 This indicates that the degree of symmetry between neighbors in the 

hydrogen and “lone pair” directions is correct based on the correlation of ε with the 

asymmetry of the first hydration shell.33 Since the 3-site models give the worst agreement 

with experiment and more information on them appear in many other sources,30-31 no 

further comparisons were made here. 
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Figure 5.3. The density ρ  as a function 
of temperature at 1 atm. SSMP (red), 
TIP4P-Ew95 (green), TIP5P-E150 (blue), 
and experiment187-188 (black).  

Figure 5.4. The heat of vaporization 
ΔHvap as a function of temperature at 1 
atm. SSMP (red), TIP4P-Ew95 (green), 
TIP5P-E150 (blue), and experiment187 
(black). 

 

Figure 5.5. The self-diffusion coefficient 
D as a function of temperature at 1 atm. 
 SSMP (red), TIP4P-Ew95 (green), TIP5P-
E150 (blue), and experiment185 (dashed 
black) and experiment189-190 (dotted black). 

Figure 5.6. The dielectric permittivity ε 
as a function of temperature at 1 atm. 
 SSMP (red), TIP4P-Ew95 (green), TIP5P-
E150 (blue), and experiment191 (black). 
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The temperature dependence of SSMP was also examined. The data for TIP4P-

Ew and TIP5P-E are from references 95 and 150, respectively, except that the corrections 

for ΔHvap and D have also been included. For ρ, SSMP generally falls between TIP4P-Ew 

and TIP5P-E in reproducing the experimental results except at the highest temperatures 

(Figure 5.3). However, only the Lennard-Jones parameters were varied for SSMP, 

whereas the partial charges, positions of dummy sites, and Lennard-Jones parameters 

were optimized for good ρ and ΔHvap temperature dependence in TIP4P-Ew and good ρ 

temperature dependence in TIP5P-E. All three models underestimate the density at very 

high temperatures while they bracket experiment at low temperatures. In particular, the 

temperature of maximum density TMD is 270 K for SSMP, which is similar to the TIP4P-

Ew value of 273K and in reasonable agreement with the experimental value of 277 K. As 

in prior studies,33 a D in good agreement with experiment at 298 K is correlated with a 

TMD that is in good agreement with experiment since both are determined by the order of 

the nearest neighbors. Also, the ΔHvap temperature dependence is quite good for SSMP 

and comparable to TIP4P-Ew, while TIP5P-E is worse (Figure 5.4), although TIP5P-E 

was parameterized without considering corrections for being a rigid, nonpolarizable 

model. In addition, the temperature dependence of D for SSMP is excellent and in much 

better agreement with experiment than either TIP4P-Ew or TIP5P-E (Figure 5.5). 

Finally, the temperature dependence of ε for SSMP is in good agreement with experiment 

near 298 K compared to either TIP4P-Ew or TIP5P-E; however, the slope is somewhat 

too steep (Figure 5.6). Since the average dipole moment decreases with temperature in 

simulations of the QDO polarizable model for water, one of the few or perhaps only 

polarizable water model that reproduces the temperature dependence of ρ, ΔHvap, and 
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ε,192 the overestimate appears to be due to using average polarization appropriate to 298 

K. In addition, the error bars at 238 K indicate that even with the extra sampling noted in 

the methods, the sampling is insufficient to obtain a reliable value of ε, as noted for 

similar sampling for TIP4P-Ew;95 however, the sampling appears sufficient for ρ, ΔHvap, 

and D based on the error bars. This is because ε is dependent on the long-range structure 

of the liquid while ρ, ΔHvap, and D are much more dependent on the local structure.33 
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Figure 5.7. The density ρ  as a function 
of pressure at 298 K. SSMP (red), TIP4P-
Ew (green), TIP5P-E150 (blue), and 
experiment187  (black). The scale of the ρ 
axis is different from Figure 5.3. 

Figure 5.8. The heat of vaporization 
ΔHvap as a function of pressure at 298 
K. SSMP (red), TIP4P-Ew (green), 
TIP5P-E150 (blue), and experiment187 
(black). 

 

Figure 5.9. The self-diffusion coefficient 
D as a function of pressure at 298 K. 
SSMP (red), TIP4P-Ew (green), and 
experiment185, 189-190 (black). 

Figure 5.10. The static dielectric 
permittivity ε as a function of pressure 
at 298 K. SSMP (red), TIP4P-Ew (green), 
and experiment 191 (black). The scale of 
the ε axis is different from Figure 5.6. 
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In addition, the pressure dependence of SSMP was examined. The data for TIP5P-

E are from ref. 150, respectively, except that the corrections for ΔHvap have also been 

included, and the data for TIP4P-Ew were generated here. The pressure dependence of ρ 

for SSMP is good at lower pressures (Figure 5.7). This is because it has the best ρ at 1 

atm, although it appears to be somewhat more compressible than experiment at high 

pressure. No experimental data was available for the pressure dependence of ΔHvap was 

available but SSMP appears reasonable since it is close to TIP4P-Ew (Figure 5.8). Also, 

D for SSMP is close to experiment while TIP4P-Ew is somewhat too high compared to 

experiment (Figure 5.9), as might be predicted from the 1 atm values, and both show the 

evidence of a slight decrease at high pressures as in experiment. Finally, the pressure 

dependence of ε for both SSMP and TIP4P-Ew appears poor compared to experiment 

(Figure 5.10). However, the statistics are insufficient. The TIP4P-Ew simulations were 

very short (6 ns), which is insufficient time to obtain a converged value of ε. The SSMP 

simulations were longer, and the additional sampling at 1,000 and 5,000 atm appears to 

give converged values ε; however, the dependence of ε on the long-range structure may 

mean insufficient sampling of long-range structure, which has a much longer time scale 

especially at high pressures where fluctuations are smaller. (Note, given the unreliability 

of ε from the 1,000 and 5,000 atm simulations, the 10,000 atm results are not shown in 

Figure 5.10) Alternatively, the apparent discrepancies between SSMP and experiment 

could be due to changes in electronic polarization at higher pressures. More sampling at 

higher pressures with different starting conditions is needed to obtain reliable values of ε 

for each model. However, based on the low temperature results, the results for ρ, ΔHvap 

and D are adequately sampled since they depend on the short-range order. 
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5.4.  CONCLUSION 

A nonpolarizable model of water referred to as SSMP (single-site multipole) that 

uses only a single site on the oxygen of a water molecule for use in computer simulations 

is presented here. The single-site is the center of a 12-6 Lennard-Jones potential and a 

multipole moment expansion up to 1/r5 term, so that the octupole effects are included. 

Using scaled moments from a QM/MM of a liquid-like cluster, only the Lennard-Jones 

parameters are optimized so that the simulated liquid properties for SSMP are in good 

agreement with the experimental values for g(r), ρ, ΔHvap, D and ε at 298 K and 1 atm. 

Also, the simulated temperature and pressure dependence of these liquid properties are in 

reasonable agreement with experiment, which is remarkable since the charge distribution 

and Lennard-Jones parameters of both TIP4P-Ew95 and TIP4P/2005146 were optimized to 

give good temperature dependence. Further optimization of the parameters, especially if 

the multipole moments are allowed to vary slightly, could improve the temperature and 

pressure dependence over a wider range. However, the average polarization is a function 

of temperature192 and potentially pressure, so that optimization for good temperature and 

pressure dependence over the entire range might degrade performance near standard 

temperatures and pressures. Instead, our preference is to determine multipole moments 

for a range of temperatures and pressures, and optimize Lennard-Jones parameters for 

each. In addition, the testing the solvation properties of this set of parameters is of greater 

priority. In particular, the SSMP parameters will be tested for how well they reproduce 

properties of ethanol-water mixtures compared to SSDQO1, which has been shown to be 

better than several site models. Reproducing these properties is essential for 

understanding how well hydrophobic interactions are being modeled. 
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These results also further demonstrate the importance of not only the large 

quadrupole but also out-of-plane character in determining a wide range of properties for 

liquid water. In particular, while a larger quadrupole has been suggested to reduce the 

dielectric permittivity,193-194 more recent results have suggested that the out-of-plane 

character will increase the dielectric permittivity by increasing the symmetry of the 

hydration shell and thus the long-range order of the liquid.33 In particular, SSMP has a 

larger value of Θ2/µ0
2 than the models described here but a value of Ω2/µ0-Θ2 that is is 

between the three- and four-point models with no out-of-plane charge and the five-point 

model with out-of-plane charge. Thus, since SSMP has more out-of-plane character as 

indicated by its octupole moment, the dielectric permittivity is quite good, which further 

suggests that the long-range order is good. 

Finally, these results show that SSMP is able to get properties that are of similar 

quality or better than four- and five-site models, but with the computational efficiency of 

three-site models using the MPOLE module in CHARMM. 
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 APPENDIX A 

FOR CHAPTER 2. 

 

Table A.1. The ΔGin (eV) of the redox site analogs at the B3LYP/6-
31(++)SG**//B3LYP/6-31G** level. 

 

 

Redox Site Analog ΔGin 

[Fe2S2(SMe)4]3-/2-  4.507 

[Fe4S4(SMe)4]3-/2-  3.453 

[Fe4S4(SMe)3MeHIm]2–/1– 0.704 

[Fe4S4(SMe)3MeIm]3–/2– -3.382 
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Table A.2. Partial atomic charges (e) of the redox site analogs at the B3LYP/6-
31G** level. 

Redox Site Analog Atom  	   
[Fe2S2(SCH3)4]n 	 n = 2- 	 n = 3- 

	 	 Fe3+ 	 Fe3+ Fe2+ 

	 Fe 0.924 	 1.127 0.942 

	 S -0.731 	 -0.969 -0.969 

	 Sγ -0.723 	 -0.828 -0.921 

	 Cβ -0.053 	 -0.103 -0.074 
		 H 0.09 	 0.09 0.09 
[Fe4S4(SCH3)4]n 	 n = 2- 	 n = 3- 	
	 Fe 0.744 	 0.848 	
	 S -0.681 	 -0.863 	
	 Sγ -0.703 	 -0.844 	
	 Cβ -0.04 	 -0.071 	
		 H 0.09 	 0.09 	
[Fe4S4(SCH3)3(4-MeI)]n 	 n = 1- 	 n = 2- 	
	 Fe 0.796 	 0.896 	
	 S -0.67 	 -0.809 	
	 Sγ -0.659 	 -0.767 	
	 Cβ -0.02 	 -0.042 	
	 H 0.09 	 0.09 	
	 	 	 	 	 	
	 Fe 0.796 	 0.786 	
	 Sγ -0.61 	 -0.784 	
	 Cβ -0.011 	 -0.075 	
	 Hβ 0.09 	 0.09 	
	 S -0.645 	 -0.785 	
	 Fe 0.374 	 0.295 	
	 Cβ -0.148 	 -0.161 	
	 Hβ 0.09 	 0.09 	
	 Cγ 0.118 	 0.128 	
	 Nδ -0.2 	 -0.253 	
	 Hδ 0.32 	 0.32 	
	 Cδ -0.149 	 -0.269 	
	 Hδ 0.1 	 0.1 	
	 Cε -0.059 	 -0.062 	
	 Hε 0.13 	 0.13 	
	 Nε 0.014 	 0.14 	

 Hε 0.130  0.130  
  Nε 0.014  0.140  
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Table A.3. Ionizable residues predicted to have pKa such that the predicted 
protonation state at pH 7 would be different from ionizable residues in solution 
(Asp-, Glu-, Lys+, Arg+). The asterisk denoting that the ionizable residue would have 
different protonation states in A and B. The net charge in A and B and average pKa of A 
and B are also given. The nearest cluster and the distances between the ionizable residue 
and the cluster are also reported. Distances were measured from the center-of-mass of the 
atoms: the iron atoms for the Fe-S clusters; the OD1 and OD2 atoms for Asp; the OE1 
and OE2 atoms for Glu; and the NZ atom for Lys. 
 
Ionizable Residue Molecule A Molecule B pKa(protein) Nearest Cluster Distance to Cluster  

(Å) 
9 His  41* (Nε) (Nδ) 2.88 ± 0.06 6[4Fe-4S] 5.5 
7 His  90* (Nδ) (Nε) 5.47 ± 0.12 1[4Fe-4S] 18.8 
4 Glu  54* (0) (-) 6.08 ± 0.99 7[4Fe-4S] 34.6 
2 Glu 123* (-) (0) 6.31 ± 0.71 a[2Fe-2S] 9.1 
3 His 613* (Nε) (Nδ) 6.69 ± 0.01 b[4Fe-4S] 18.3 
4 His 199* (Nδ) (Nε) 6.79 ± 0.04 7[4Fe-4S] 33.8 
1 Lys 355 (0) (0) 6.82 ± 0.08 1[4Fe-4S] 8.7 
6 Lys  86 (0) (0) 6.88 ± 0.09 7[4Fe-4S] 17.2 
3 Glu 198* (-) (0) 6.90 ± 0.13 3[4Fe-4S] 16.0 
3 Glu  36* (-) (0) 6.94 ± 0.21 3[4Fe-4S] 10.9 
3 Asp 302* (0) (-) 6.98 ± 0.07 b[4Fe-4S] 18.2 
1 His  87* (Nδ) (+) 7.01 ± 0.05 1[4Fe-4S] 28.9 
2 His 174 (+) (+) 7.02 ± 0.02 a[2Fe-2S] 16.8 
1 Glu  95 (0) (0) 7.08 ± 0.04 a[2Fe-2S] 10.6 
3 Asp 237 (0) (0) 7.09 ± 0.02 b[4Fe-4S] 14.8 
6 Asp  76 (0) (0) 7.13 ± 0.08 7[4Fe-4S] 24.6 
2 Glu  59* (0) (-) 7.17 ± 0.27 3[4Fe-4S] 14.9 
4 His  38 (+) (+) 7.18 ± 0.01 7[4Fe-4S] 18.4 
7 Asp  39 (0) (0) 7.23 ± 0.20 5[4Fe-4S] 19.0 
1 Asp 404 (0) (0) 7.28 ± 0.02 1[4Fe-4S] 8.9 
3 Glu 473 (0) (0) 7.28 ± 0.01 b[4Fe-4S] 22.7 
1 Asp  94 (0) (0) 7.34 ± 0.04 a[2Fe-2S] 13.6 
4 Glu 102 (0) (0) 7.45 ± 0.41 6[4Fe-4S] 23.1 
9 Asp 128 (0) (0) 7.46 ± 0.15 6[4Fe-4S] 20.9 
3 Glu 179 (0) (0) 7.50 ± 0.03 4[4Fe-4S]H 11.8 
4 Glu 347 (0) (0) 7.63 ± 0.17 7[4Fe-4S] 25.4 
6 Asp  55 (0) (0) 7.70 ± 0.22 7[4Fe-4S] 19.7 
5 Glu  73 (0) (0) 7.72 ± 0.06 7[4Fe-4S] 28.4 
3 Glu 193 (0) (0) 7.78 ± 0.01 2[2Fe-2S] 13.1 
3 Glu 415 (0) (0) 7.82 ± 0.01 b[4Fe-4S] 15.6 
4 Asp 406 (0) (0) 7.93 ± 0.00 7[4Fe-4S] 15.4 
3 Glu 250 (0) (0) 8.22 ± 0.07 6[4Fe-4S] 22.8 
3 Asp  21 (0) (0) 8.25 ± 0.14 2[2Fe-2S] 11.1 
3 Asp 165 (0) (0) 8.33 ± 0.04 3[4Fe-4S] 14.7 
4 Asp  94 (0) (0) 8.42 ± 0.01 7[4Fe-4S] 13.8 
3 Glu 405 (0) (0) 8.58 ± 0.03 b[4Fe-4S] 13.9 
5 Glu 115 (0) (0) 9.90 ± 0.13 7[4Fe-4S] 32.8 
7 Glu  34 (0) (0) 10.25 ± 0.04 4[4Fe-4S]H 18.0 
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Table A.4. Clusters and buried ionizable residues within 15 Å An asterisk indicates 
that the ionizable residue would have different protonation states in molecules A and B. 
Distances are given between the ionizable residue and the cluster measured from the 
center-of-mass of the atoms: the iron atoms for the Fe-S clusters; the OD1 and OD2 
atoms for Asp; the OE1 and OE2 atoms for Glu; and the NZ atom for Lys. The 
contribution of the ionizable residue to the reduction potentials of the cluster in the 
isolated subunit (ΔE°iso), peripheral domain of molecule A (ΔE°peri,A) and peripheral 
domain of molecule B (ΔE° peri,B) are also given.  

 

 
Cluster Residue Distance to Cluster 

(Å) 
ΔE°iso 

(V) 
ΔE°peri,A 

(V) 
ΔE°peri,B 

(V) 
a[2Fe-2S] 1 Glu  97* 12.1 N/A -0.09 0.01 
a[2Fe-2S] 1 Glu 137 11.6 N/A -0.11 -0.09 
a[2Fe-2S] 1 Glu 351 12.9 N/A -0.09 -0.11 
a[2Fe-2S] 2 Glu  94 11.3 -0.02 -0.07 -0.10 
a[2Fe-2S] 2 Glu 123* 9.0 -0.03 -0.13 -0.01 
a[2Fe-2S] 2 Glu 143 10.6 -0.02 -0.07 -0.07 

      
1[4Fe-4S] 1 Arg 360 8.9 0.04 0.19 0.19 
1[4Fe-4S] 3 Arg  46 9.4 N/A 0.15 0.14 

      
2[2Fe-2S] 3 Glu  36* 11.3 -0.05 -0.11 0.01 
2[2Fe-2S] 3 Glu 129* 10.6 -0.06 -0.14 -0.14 

      
3[4Fe-4S] 3 Glu  36* 10.9 -0.06 -0.12 0.02 
3[4Fe-4S] 3 Glu 129* 10.1 -0.07 -0.14 -0.14 

      
4[4Fe-4S]H 3 Asp 118 7.3 -0.07 -0.19 -0.18 
4[4Fe-4S]H 3 Asp 132 9.9 -0.05 -0.19 -0.20 

      
5[4Fe-4S] 3 Glu 248 10.5 N/A -0.15 -0.15 

      
6[4Fe-4S] 9 Glu 105 10.6 -0.04 -0.10 -0.10 
6[4Fe-4S] 9 Glu 106 10.5 -0.02 -0.13 -0.12 

      
7[4Fe-4S] 6 Glu  49 9.6 -0.02 -0.17 -0.17 
7[4Fe-4S] 4 Asp  86 13.9 N/A -0.11 -0.11 
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Table A.5. Calculated potentials (V) for a[2Fe-2S] in the isolated Nqo2 subunit. The 
protonation state of the ionizable residues accounted for as described in Section 2.2. Error 
bars for the calculated potentials indicate the difference between the two molecules in the 
asymmetric unit of the crystal structure. 

 

 [NaCl] (M) 

 0.01 0.1 0.5 2 

E°calc,iso
a -0.488 ± 0.006 -0.454 ± 0.006 -0.433 ± 0.006 -0.420 ± 0.005 

 (-0.799 ± 0.001) (-0.765 ± 0.001) (-0.745 ± 0.001) (-0.733 ± 0.001) 

     
E°exp,iso

b     
T. thermophilus -0.434 ± 0.005 -0.409 ± 0.005 not avail. -0.371 ± 0.005 

E. coli -0.348 ± 0.005 -0.322 ± 0.005 -0.295 -0.281 ± 0.005 

B. taurus -0.485 ± 0.005 -0.458 ± 0.005 -0.434 -0.414 ± 0.005 
a for (Fe1)2+-(Fe2)3+; in parenthesis for (Fe1)3+-(Fe2)2+ 
b for references for experimental values, see Introduction 
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Table A.6. Calculated reduction potentials (V) for Fe-S clusters in the isolated 
subunit and peripheral domain for molecule A (E°calc,A) and molecule B (E°calc,B). 
Reduction potentials were calculated with the protonation state of the ionizable residue 
accounted for as described in Section 2.2 and in 0.1 M NaCl. 
 

 isolated subunit  peripheral domain 

 E°calc,A E°calc,B E°calc,AVG  E°calc,A E°calc,B E°calc,AVG 

a[2Fe-2S]a -0.450 -0.458 -0.454  -0.954 -0.845 -0.899 

1[4Fe-4S] -0.381 -0.384 -0.383  -0.341 -0.291 -0.316 

2[2Fe-2S] b -0.461 -0.462 -0.462  -0.452 -0.289 -0.371 

3[4Fe-4S] -0.502 -0.509 -0.505  -0.450 -0.317 -0.383 

4[4Fe-4S]Hc -0.189 -0.206 -0.198  -0.286 -0.245 -0.266 

b[4Fe-4S] -0.740 -0.707 -0.723  -0.734 -0.689 -0.711 

5[4Fe-4S] -0.300 -0.324 -0.312  -0.394 -0.414 -0.404 

6[4Fe-4S] -0.143 -0.318 -0.231  -0.244 -0.406 -0.325 

7[4Fe-4S] -0.035 0.004 -0.015  -0.335 -0.312 -0.323 
a for (Fe1)2+-(Fe2)3+ 
b for (Fe1)3+-(Fe2)2+ 
c for His0 ligand 
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Table A.7. Calculated reduction potentials (V) for Fe-S clusters in the isolated 
subunit (E°calc,iso) and peripheral domain (E°calc,peri) in 0.1 M NaCl. The protonation 
state of the ionizable residues like the free amino acid in solution (Asp-, Glu-, (Nδ)His0, 
Lys+, Arg+) (pKa (solution)) and accounted for as described in the Methods (pKa 
(protein)). Error bars indicate the difference between the two molecules in the 
asymmetric unit of the crystal structure. 
 

 pKa (solution)  pKa (protein) 

 E°calc,iso E°calc,peri  E°calc,iso E°calc,peri 

a[2Fe-2S] a -0.441 ± 0.008 -1.231 ± 0.017   -0.454 ± 0.006 -0.899 ± 0.077 

 (-0.757 ± 0.004) (-1.324 ± 0.007)  (-0.765 ± 0.001) (-1.020 ± 0.095) 

1[4Fe-4S] -0.368 ± 0.005 -0.550 ± 0.006  -0.383 ± 0.002 -0.316 ± 0.035 

2[2Fe-2S] b -0.515 ± 0.011 -0.686 ± 0.036  -0.462 ± 0.000 -0.371 ± 0.116 

 (-0.633 ± 0.008) (-0.771 ± 0.028)  (-0.563 ± 0.003) (-0.477 ± 0.096) 

3[4Fe-4S] -0.573 ± 0.005 -0.873 ± 0.001  -0.505 ± 0.005 -0.383 ± 0.094 

4[4Fe-4S]H c -0.218 ± 0.006 -0.628 ± 0.003  -0.198 ± 0.012 -0.266 ± 0.029 

 (-0.642 ± 0.009) (-1.219 ± 0.016)  (-0.621 ± 0.001) (-0.856 ± 0.044) 

b[4Fe-4S] -0.925 ± 0.021 -0.995 ± 0.021  -0.723 ± 0.024 -0.711 ± 0.032 

5[4Fe-4S] -0.317 ± 0.001 -0.598 ± 0.007  -0.312 ± 0.017 -0.404 ± 0.015 

6[4Fe-4S] -0.293 ± 0.021 -0.648 ± 0.002  -0.231 ± 0.124 -0.325 ± 0.114 

7[4Fe-4S] -0.030 ± 0.002 -0.689 ± 0.031   -0.015 ± 0.028 -0.323 ± 0.017 
a for (Fe1)2+-(Fe2)3+; in parenthesis for (Fe1)3+-(Fe2)2+ 
b for (Fe1)3+-(Fe2)2+; in parenthesis for (Fe1)2+-(Fe2)3+ 
c for His0 ligand; in parenthesis for His-1 ligand 
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Figure A.1. Calculated reduction potential profile for the eight conserved Fe-S 
clusters in complex I. Reduction potentials were calculated with the protonation state of 
the ionizable residues in solution (Asp-, Glu-, Lys+, Arg+) and in 0.1 M NaCl. Reduction 
potentials for clusters in the peripheral domain with (Nδ)His0 (dark red) and (Nε)His0 

(pink). Error bars indicate the difference between the two molecules in the asymmetric 
unit of the crystal structure. 

 
E° is higher for clusters 5, 6, and 7 with (Nε)His0 protonation compared to 

(Nδ)His0 protonation. Seven His residues are near clusters 5, 6 and 7, including 4His72, 

4His169, 4His170, 4His327, 4His330, 9His38, and 9His41. 
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Figure A.2. Calculated reduction potential profile for the eight conserved Fe-S 
clusters in complex I. Reduction potentials were calculated with the protonation state of 
the ionizable residues for the free amino acid in solution (Asp-, Glu-, (Nδ)His0, Lys+, 
Arg+) and in 0.1 M NaCl. Reduction potentials for Fe-S clusters in the peripheral domain 
(dark red) and isolated subunit (dark blue). Error bars indicate the difference between the 
two molecules in the asymmetric unit of the crystal structure. 
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Figure A.3. Calculated reduction potential profile for the eight conserved Fe-S 
clusters in complex I. Reduction potentials were calculated with the protonation state of 
the ionizable residue accounted for as described in the Methods. Reduction potentials for 
clusters in the peripheral domain with 0 M NaCl (dashed line) and 0.1 M NaCl (solid 
line). Error bars indicate the difference between the two molecules in the asymmetric unit 
of the crystal structure. 
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 APPENDIX B 

FOR CHAPTER 3. 

 

Table B.1. Charge and Lennard-Jones parameters for TIP4P-Ew water and 
CHARMM36 ions. 

 

Site q (e) σ (Å) ε (kcal/mol) 

O 0.0 3.16435 0.16275 

H 0.52422 N/A N/A 

M -1.04844 N/A N/A 

K+ +1.0 3.14265 -0.087 

Cl- -1.0 4.04468 -0.150 
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Table B.2. Electrostatic potential energy difference (X = ΔV), probability 
distribution of X in the reference charge state (P0(X)), and free energy curve of the 
reference charge state (ΔG0(X)), reactant charge state (ΔGR(X)), and product charge 
state assuming non-zero driving force (ΔGP(X)) for the total system. Boldface 
indicates minimum of ΔG. 

 
X 

(kcal/mol) P0(X) ΔG0(X) 
(kcal/mol) 

ΔGR(X) 
(kcal/mol) 

ΔGP(X) 
(kcal/mol) 

-100 0.00022 3.79 6.36 2.11 
-90 0.00196 2.49 5.34 1.52 
-80 0.00610 1.82 4.42 1.02 
-70 0.01722 1.21 3.58 0.60 
-60 0.03464 0.79 2.83 0.27 
-50 0.05662 0.50 2.17 0.02 
-40 0.07582 0.33 1.60 -0.13 
-30 0.09586 0.19 1.11 -0.20 
-20 0.10896 0.11 0.71 -0.18 
-10 0.11992 0.06 0.40 -0.07 
0 0.13196 0.00 0.18 0.13 
10 0.11744 0.07 0.05 0.41 
20 0.08802 0.24 0.00 0.79 
30 0.06034 0.46 0.04 1.25 
40 0.03788 0.74 0.17 1.79 
50 0.02330 1.03 0.39 2.43 
60 0.01256 1.39 0.69 3.15 
70 0.00698 1.74 1.08 3.96 
80 0.00272 2.30 1.56 4.86 
90 0.00100 2.89 2.13 5.85 
100 0.00042 3.41 2.78 6.92 
110 0.00004 4.80 3.53 8.08 
120 0.00002 5.21 4.36 9.33 
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Table B.3. The number of binding events by residence time for chloride to nitrogen 
of positive groups and potassium to carboxylate oxygens of negative groups. 

 pos-Cl  neg-K  
Residence Time (ps) N-term. Arg  Asp Glu C-term. Total 

0 < t < 400 1 2   12479 3626 1766 17874 
200 < t < 600 0 0  4133 695 370 5198 
400 < t < 800 0 0  1791 139 76 2006 
600 < t < 1000 0 0  921 22 22 965 
800 < t < 1200 0 0  478 7 7 492 
1000 < t < 1400 0 0  276 4 2 282 
1200 < t < 1600 0 0  168 0 0 168 
1400 < t < 1800 0 0  110 2 0 112 
1600 < t < 2000 0 0  74 1 0 75 
1800 < t < 2200 0 0  43 0 0 43 
2000 < t < 2400 0 0  25 0 0 25 
2200 < t < 2600 0 0  18 0 0 18 
2400 < t < 2800 0 0  9 0 0 9 
2600 < t < 3000 0 0  2 0 0 2 
2800 < t < 3200 0 0  2 0 0 2 
3000 < t < 3400 0 0  2 0 0 2 
3200 < t < 3600 0 0  1 0 0 1 
5200 < t < 5600 0 0   1 0 0 1 

Total 1 2  20533 4496 2243 27275 
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(A) (B) 

Figure B.1. The radial distribution function of: (A) potassium and (B) chloride from 
the center of mass of cluster I (green) and cluster II (pink). 

 

 

Figure B.2. The time correlation function of ΔV, C(t) = 〈ΔV(0)⋅ΔV(t)〉 . The ions 
(magenta), water (cyan), solution (blue), and protein (red) and double exponential fits 
(dashed lines) of the solution and its components from 0 to 20 ns. 
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Figure B.3. Time-dependent root-mean-square deviation (RMSD) (Å) for CaFd 
during 10 µs of the molecular dynamics simulation. The RMSD of the protein 
backbone atoms were calculated relative to the crystal structure (PDB ID: 2FDN). 
Average 0.98 ± 0.22 Å. 
 
 
 
 
 

 
 

Figure B.4. Time-dependent radius of gyration (RMSD) (Å) for CaFd during 10 µs 
of the molecular dynamics simulation. Average 10.02 ± 0.08 Å. 
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Distribution of Ions Around Charged Groups in the Protein 

CaFd has eleven charged residues resulting in a net -12 e charge for the oxidized 

2-/2- state. The nine negative groups include six Asp (Asp27, Asp28, Asp33, Asp35, 

Asp39, Asp50), three Glu (Glu6, Glu15, Glu17) and the C-terminus (Ala55) while the 

two positive groups include one Arg (Arg29) and the N-terminus (Ala1). The distribution 

of potassium around the negative groups was determined by evaluating the g(r) for 

potassium from the carboxylate oxygens of the negative groups (Figure B.3A); while the 

distribution of chloride around the positive groups was determined by evaluating the g(r) 

for chloride from the nitrogens of the positive groups (Figure B.3B). The gneg-K(r) has a 

major peak at 2.6 Å and a minor peak at 4.4 Å. The gpos-Cl(r) has a peak at 3.2 Å. In 

addition, the g(r) was evaluated for potassium around the backbone oxygen (Figure 

B.4A) and chloride around the backbone nitrogen (Figure B.4B). The gO-K(r) has a major 

peak at 2.6 Å and gN-Cl(r) does not exhibit a peak. 

  



 125 

(A) (B) 

 

Figure B.5. The radial distribution function of: (A) potassium from the negative 
groups (blue) and (B) chloride from the positive groups (red). 

 
 

(A) (B) 

 
 

Figure B.6. The radial distribution function of: (A) potassium from the backbone 
oxygen (blue) and (B) chloride from the backbone nitrogen (red). 
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Figure B.7. The mean square displacement (MSD) of potassium as a function of 
simulation time for 100-100ns intervals. The diffusion coefficient was computed using 
the slope from the first 10 ns of each 100ns interval. DK = 1.25 ± 0.05 10-9 m2/s 
 
 

 

Figure B.8. The mean square displacement (MSD) of chloride as a function of 
simulation time for 100-100ns intervals. The diffusion coefficient was computed using 
the slope from the first 10 ns of each 100ns interval. DCl = 1.35 ± 0.26 10-9 m2/s 
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Figure B.9. The mean square displacement (MSD) of TIP4P-Ew as a function of 
simulation time for 5-100 ns intervals. The diffusion coefficient was computed using 
the slope from the first 10 ns of each 100 ns interval. DTIP4P-Ew = 2.43 ± 0.01 10-9 m2/s 
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Table C.1. Partial atomic charges (e) for the Pc redox site analog. Calculated using: 
(1) M06/DZVP2; (2) M06/6-31G**; and (3) mPBE/def2-SVP levels of theory. 
 

  (1)  (2)  (3) 
Ligand Atom Cu(II) Cu(I)  Cu(II) Cu(I)  Cu(II) Cu(I) 

- Cu 0.210 0.403   0.385 0.523   0.431 0.297 

          
ImMe Cβ -0.157 -0.222  -0.132 -0.182  -0.226 -0.287 

 Nδ -0.039 -0.188  -0.070 -0.179  -0.198 -0.292 

 Cγ 0.132 0.190  0.094 0.120  0.220 0.296 

 Cε 0.035 0.082  0.056 0.077  -0.020 -0.006 

 Nε -0.212 -0.272  -0.219 -0.285  -0.110 -0.178 

 Cδ -0.093 -0.153  -0.064 -0.128  -0.135 -0.217 

          
SMe Cβ -0.006 -0.085  -0.014 -0.087  -0.069 -0.157 

 Sγ -0.167 -0.697  -0.323 -0.717  -0.328 -0.683 

          
ImMe Cβ -0.103 -0.242  -0.114 -0.217  -0.218 -0.229 

 Nδ -0.237 -0.395  -0.293 -0.436  -0.233 -0.196 

 Cγ 0.214 0.380  0.245 0.324  0.184 0.122 

 Cε 0.014 0.011  0.054 0.048  0.063 0.004 

 Nε -0.152 -0.180  -0.164 -0.222  -0.188 -0.221 

 Cδ -0.128 -0.238  -0.120 -0.192  -0.065 -0.143 

          
SMeEt Cβ -0.236 -0.259  -0.227 -0.262  -0.270 -0.270 

 Cγ 0.108 0.138  0.114 0.146  -0.140 -0.140 

 Sδ -0.292 -0.341  -0.331 -0.432  -0.090 -0.090 
  Cε -0.141 -0.180   -0.126 -0.149   -0.220 -0.220 
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Table C.2. Partial atomic charges (e) for the Lac redox site analog. Calculated using: 
(1) M06/DZVP2; (2) M06/6-31G**; and (3) mPBE/def2-SVP levels of theory. 
 

 

 

  

 
(1)  (2)  (3) 

Atom Cu(II) Cu(I) 
 

Cu(II) Cu(I) 
 

Cu(II) Cu(I) 
Cu 0.214 0.097   0.393 0.074   0.444 0.229 

   
 

  
 

  
Cβ -0.158 -0.184 

 
-0.146 -0.154 

 
-0.230 -0.269 

Nδ -0.172 -0.250 
 

-0.215 -0.178 
 

-0.205 -0.296 
Cγ 0.264 0.312 

 
0.252 0.221 

 
0.222 0.301 

Cε -0.014 0.007 
 

0.000 -0.030 
 

-0.016 -0.001 
Nε -0.136 -0.190 

 
-0.137 -0.179 

 
-0.116 -0.182 

Cδ -0.143 -0.220 
 

-0.130 -0.204 
 

-0.129 -0.213 

   
 

  
 

  
Cβ 0.020 -0.080 

 
0.010 -0.051 

 
-0.059 -0.154 

Sγ -0.145 -0.626 
 

-0.294 -0.646 
 

-0.336 -0.687 

   
 

  
 

  
Cβ -0.142 -0.175 

 
-0.116 -0.183 

 
-0.212 -0.268 

Nδ -0.140 -0.067 
 

-0.183 -0.046 
 

-0.203 -0.113 
Cγ 0.175 0.198 

 
0.136 0.252 

 
0.152 0.198 

Cε 0.025 -0.059 
 

0.063 -0.093 
 

0.039 -0.064 
Nε -0.166 -0.187 

 
-0.188 -0.164 

 
-0.156 -0.176 

Cδ -0.102 -0.196 
 

-0.066 -0.238 
 

-0.085 -0.195 



 131 

Table C.3. Reduction potentials for BCPs using the Lac redox site. ΔGin were 
calculated using M06/DZVP2. Error bars for the calculated reduction potentials indicate 
the difference between the two molecules in the asymmetric unit of the crystal structure. 
The protonation state of the ionizable residues are like the free amino acid in solution 
(Asp-, Glu-, (Nδ)His0, Lys+, Arg+). In parentheses, the protonation state of the ionizable 
residues for TfRc was accounted for as described in the Methods (pH 2). 

 

Protein E°exp (V)  E°calc (V)  ΔE° (V) 
CcSc 0.260   0.341   0.08 
PdAc 0.294 ± 0.006 0.400 ± 0.003  0.11 
PlPc 0.336 ± 0.005 0.441 ± 0.008  0.11 
AvPc 0.340 ± 0.005 0.532 ± 0.026  0.19 
PnPc 0.379 ± 0.002 0.409 ± 0.039  0.03 
DcPc 0.387  0.420  0.03 
MaLac 0.470 ± 0.010 0.503 ± 0.009  0.03 
TfRc 0.683 ± 0.010 0.469  -0.21 
  (0.723)  (0.04) 
CmLac 0.750 ± 0.005 0.700 ± 0.043  -0.05 
ThLac 0.780 ± 0.010 0.752 ± 0.002  -0.03 
ToLac 0.790 ± 0.010 0.738   -0.05 
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Table C.4. Experimental structural comparison of BCPs. 

 

   Metal-Ligand Bond Distance (Å) 
Protein # residues X Cu-Nδ(His) Cu-Sγ(Cys) Cu-Nδ(His) Cu-X 

CcSc 138 Gln 1.96 2.18 2.04 2.21 

       
PdAc 105 Met 1.95 2.11 2.03 2.91 

       
PlPc 105 Met 2.05 2.25 2.08 2.61 
AvPc 106 Met 2.07 2.13 2.10 2.77 
PnPc 99 Met 1.97 2.17 2.02 2.76 
DcPc 102 Met 1.93 2.26 2.07 2.92 

       
TfRc 154 Met 2.04 2.26 1.89 2.89 

       
MaLac 559 Leu 1.97 2.17 2.01 3.70 
CmLac 499 Phe 2.52 2.09 2.21 3.61 
ThLac 499 Phe 2.04 2.16 2.00 3.77 
ToLac 499 Phe 2.53 2.11 2.37 3.68 
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Table C.5. Residue count and net charge for Pc and Lac proteins. 

 
Protein # residues X Asp Glu His* Lys Arg Net Charge (e) 

CcSc 138 Gln 6 5 3 3 3 -4 

         
PdAc 105 Met 4 9 3 8 2 -2 

         
PlPc 105 Met 6 5 2 7 1 -2 
AvPc 106 Met 5 4 1 9 1 +2 
PnPc 99 Met 7 8 0 6 0 -8 
DcPc 102 Met 6 9 0 8 0 -6 

         
TfRc 154 Met 9 4 3 14 0 +2 

         
MaLac 559 Leu 47 14 10 9 25 -21 
CcLac 503 Leu 34 19 9 7 19 -21 
CmLac 499 Phe 33 7 7 9 15 -10 
ThLac 499 Phe 39 8 9 9 15 -17 
ToLac 499 Phe 29 2 6 7 12 -6 
 
* Non-ligating His residues.  
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Table C.6. The calculated and experimental ADEe and VDEe (eV) (without zero 
point vibrational energy) of [Cu(NCS)2]1-/0 and [Cu(SCH3)2]1-/0.   

 

 [Cu(NCS)2]1-/0  [Cu(SCH3)2]1-/0 

 ADEe  VDEe   ADEe VDEe 
Exp. 4.860 4.920   3.200 3.430 

mPBE/def2-SVPD//mPBE/def2-SVPD 4.662 4.729  2.895 3.348 
mPBE/def2-SVPD// mPBE/def2-SVP 4.660 4.714  2.882 3.286 
M06/DZVP2  4.434 4.460  2.800 3.147 
 
 
 
 
 
 
 
 
 
 
 
 

Table C.7. The VDEe (and -εHOMO) (eV) for the small Cu complexes and Lac redox 
site analog. 

 
Single Point Energy // Optimization [Cu(NCS)2]1-/0 [Cu(SCH3)2]1-/0 Lac analog 
Exp. 4.925 3.437 not available 
mPBE/def2-SVPD//mPBE/def2-SVPD 4.729 (4.435) 3.348 (3.048) (5.687) 
mPBE/def2-SVPD// mPBE/def2-SVP 4.714 (4.435) 3.286 (3.075) 5.770 (5.633) 
M06/DZVP2  4.460 (2.939)  3.147 (1.361) 5.726 (3.973) 
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 APPENDIX D 

FOR CHAPTER 5. 

 

Table D.1. Uncorrected ΔHvap and D for SSMP. 

 
Temperature 

(K) 

Pressure 

(atm) 

ΔHvap 

(kcal/mol) 

D 

(10-5 cm2 s-1) 

238 1 12.49 0.07 

258 1 12.08 0.45 

268 1 11.91 0.74 

278 1 11.76 1.07 

298 1 11.47 1.96 

298 500 11.50 1.95 

298 1000 11.53 1.97 

298 5000 11.68 1.54 

298 10000 11.79 0.97 

318 1 11.20 3.05 

338 1 10.93 4.30 
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Table D.2. Water dimer energies (kcal/mol).  

 
Calculation Hbcis Hbnlp Hbtrn SbS 

Single Point Energy -3.98 -4.51 -4.85 -3.93 

Constrained Geometry Optimization NA NA -5.04 -4.01 

Geometry Optimization NA NA -5.09 -4.04 

 
 
 
 
 
 
 
 

Table D.3. Water dimer conformations.  

 

Calculation Conformation 
rOO 

(Å) 

θOO 

(°) 

φµµ 

(°) 

θµµ 

(°) 

Single Point Energy and 

Potential Energy Functions 

Hbcis 2.80 ½θtet 90 0 

Hbnlp 2.80 ½θtet 90 ½θtet 

Hbtrn 2.80 ½θtet 90 θtet 

SbS 2.80 100 0 180 

Constrained Geometry 

Optimization 

Hbtrn* 2.91 58 90 113 

SbS 2.76 103 0 180 

Geometry Optimization 
Hbtrn* 2.90 58 90 114 

SbS 2.75 103 0 180 

* Both the NLP and Hbcis conformation end up in the Hbtrn conformation upon geometry 

optimization. 
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 (a) (b) (c) (d) 

Figure D.1. Schematics of water dimer conformations with angle definitions (a) 
Hbcis, (b) Hbnlp, (c) Hbtrn, and (d) SbS. The center of the coordinate system is defined 
on the oxygen of the left hand water molecule. 
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RIGHTS AND PERMISSIONS 
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