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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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C H A P T E R 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.

I R O N -S U L F U R P R O T E I N S
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).

2

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 2.63.2 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 noncoordinating 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

C A L C U L A T I N G 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
7

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 + ΔG out +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
8

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 5site 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) 4site; 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 longrange 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
10

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.

14

C H A P T E R 2.
REDUCTION POTENTIAL CALCULATIONS
THERMOPHILUS

OF THE

F E -S C L U S T E R S

IN

THERMUS

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], [4Fe4S], 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 oneelectron 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,
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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(1)

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[2Fe2S] 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 exchangecorrelation 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(4methylimidazolate)]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
22

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 proteinredox 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[4Fe4S]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.
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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.

0.0

E° (V) →

−0.2
−0.4
−0.6
−0.8
−1.0
a
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Direction of Electron Flow →
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Q

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[2Fe2S]) 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[4Fe4S] 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

O F A [2F E -2S] I N T H E

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[4Fe4S], 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[4Fe4S]H, and 6[4Fe-4S]) around -0.29 V and low potential clusters (2[2Fe-4S], 3[4Fe4S], 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[2Fe2S] 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 M O D E L

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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C H A P T E R 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), pseudotwo-fold-symmetric91 protein containing two [4Fe-4S]2+/1+ clusters (or [Fe4S4(SR)4]2-/3redox 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 highresolution (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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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 = −𝑘B 𝑇 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 = −𝑘B 𝑇 ln 𝑃R 𝑋 /𝑃R 𝑋!"#
Δ𝐺P 𝑋 = −𝑘B 𝑇 ln 𝑃P 𝑋 /𝑃P −𝑋!"#

+ Δ𝐺°

(4)
(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 !
!∗!

𝑋min 𝑋∗

(6)

𝑋min !

(7)

and are related to the reorganization energy
𝜆=

!B !
!!∗!

𝑋R − 𝑋P

and the activation energy
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!

=

!!B !
!∗!

Δ𝐺 ‡ =

(!!!!°)!

(8)

!!

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

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

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,
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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 meansquare 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, C , N) coordinates of the protein
α

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-/2reference 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.
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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 Nand 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
Charged groups
Polar side chains
Backbone
Protein
Ions
Water
Solution
Total

〈ΔV〉0
(kcal/mol)
15.92
-3.52
-0.46
11.95
-7.19
-11.83
-19.02
-7.08

〈[ΔV-〈ΔV〉]2〉01/2
(kcal/mol)
6.29
2.90
3.97
7.81
21.29
19.68
30.80
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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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

Cluster I

Cluster II

〈[ΔV-〈ΔV〉2]〉bind1/2
(kcal/mol)
3.6

2

〈τbind〉
(ns)
0.20

〈ΔV〉bind
(kcal/mol)
-2.0

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

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

Ion

Residue

Nbind

Cl

Arg29

K
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On the other hand, potassium binds frequently to Asp, Glu, and the Cterminus, 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
Ions
Solution
Charged groups
Protein

Water
0.129
0.728
-0.056
-0.073

Ions
1.000
0.774
-0.123
-0.138

Solution
0.744
1.000
-0.121
-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
Ions
Water
Solution
Protein

ff

τf (ns)

τs (ns)

0.63
0.59
0.51
0.81

0.21
0.28
0.22
0.12

2.55
3.31
3.34
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, reoriented 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.
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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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OF
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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 CuS(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,
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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 PoissonBoltzmann (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 LRCωPBEh/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
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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)

(D)

(C)

(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,
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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.

P O I S S O N -B O L T Z M A N N C A L C U L A T I O N S
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

4.3.1.

AND

DISCUSSION

ASSESSMENT

OF THE

REDOX SITE GEOMETRY

First, the geometries of Lac and Pc redox site analogs calculated using M06/631G**, 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 CuSγ(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) < CuSδ(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
(1)
1.95
Cu-Nδ1(H37)
2.12
Cu-Sγ(C84)
1.95
Cu-Nδ1(H87)
2.77
Cu-Sδ(M92)
Nδ1(H37)-Cu-Nδ1(H87) 100.9
131.6
Nδ1(H37)-Cu-Sγ(C84)
119.0
Nδ1(H87)-Cu-Sγ(C84)

reduced Pc

(2)

(3)

Exp.

(1)

(2)

(3)

Exp.

2.01

2.01

1.91

1.98

2.07

2.08

1.98

2.17

2.16

2.07

2.26

2.23

2.26

2.18

2.02

2.02

2.06

2.01

2.14

2.13

2.10

2.72

2.75

2.82

2.35

2.64

2.53

2.71

102.2

101.6

97.2

100.1

99.7

100.2

99.3

132.9

127.5

131.7

120.0

126.7

122.8

133.8

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) < CuSγ(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.

1.93
1.99
2.00
2.07
Cu-Nδ1(H431)
2.11
2.15
2.15
2.19
Cu-Sγ(C503)
1.93
1.99
2.01
2.03
Cu-Nδ1(H508)
N/A
N/A
N/A
3.51
Cu-Cδ(L513)
Nδ1(H431)-Cu-Nδ1(H508) 102.8 104.1 104.6 103.8
127.1 126.3 128.0 125.6
Nδ1(H431)-Cu-Sγ(C503)
130.1 129.6 126.9 130.5
Nδ1(H508)-Cu-Sγ(C503)

1.92

2.02

2.00

-

2.14

2.20

2.20

-

1.97

2.12

2.11

-

N/A

N/A

N/A

-

104.4

100.4

104.1

-

138.6

139.3

142.3

-

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

R E D O X S I T E R E G I O N Next,

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 M06/631(++)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
M06/6-31G**
M06/6-31(++)LG**//M06/6-31G**
M06/DZVP2
mPBE/def2-SVP
mPBE /def2-SVPD//mPBE /def2-SVP

Pc analog

Lac analog

4.564
4.940
5.292
4.852
5.155

4.960
5.253
5.552
5.179
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.

1.0

E°calc (V)

0.5
0.0
−0.5
−1.0
−1.0

−0.5

0.0
0.5
E°exp (V)

1.0

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.
1.0

E°calc (V)

0.8
0.6
0.4
0.2
0.0
0.0

0.2

0.4 0.6
E°exp (V)

0.8

1.0

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 C A L C U L A T I O N S

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
mPBE/def2-SVP
mPBE/def2-SVPD//mPBE/def2-SVP

5.618
5.100
5.394

-5.786
-5.168
-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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1.0

E°calc (V)

0.8

Sc
Ac
Pc
Rc
Lac

0.6
0.4
0.2
0.0
0.0

0.2

0.4 0.6
E°exp (V)

0.8

1.0

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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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 BernalFowler145, 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 porbitals 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 porbital 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-ofplane 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 dipolequadrupole-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, selfdiffusion 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/µ02 = Θi(QM)/[µ0(QM)]2

(5.1)

Ωi/µ03 = Ωi(QM)/[µ0(QM)]3

(5.2)

and

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 Θ22 – 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

multipoles used here along with those of a few selected models appear in Table 5.1.

93

. The

Table 5.1. The multipole moments and Lennard-Jones parameters for several water
models..a
µ0
(D)

Source

Θ0
Θ2
Ω0
Ω2
Θ 2/ µ 02
Ω2/µ0-Θ2
2
2
(DÅ) (DÅ) (DÅ ) (DÅ ) (1010 statC-1) (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

a

All 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.
b
Dipole from ref. 28, quadrupole from ref. 29
c
Uses 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 LennardJones 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 NoséHoover176-177 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.
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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
(5.5)

C = Cvib + C pol + Cni + Cx

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
1
C pol = − ( µgas − µliquid )2 / α gas
2

(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 / (6πη L)

(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/µ02, 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/µ02 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) TIP5PE 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

a

2.24
183

72
184

Experimental values for ρ and ε come from ref. , for ΔHvap come from ref.
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 5.4. The heat of vaporization
ΔHvap as a function of temperature at 1
atm. SSMP (red), TIP4P-Ew95 (green),
TIP5P-E150 (blue), and experiment187
(black).
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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).
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Figure 5.5. The self-diffusion coefficient
D as a function of temperature at 1 atm.
SSMP (red), TIP4P-Ew95 (green), TIP5PE150 (blue), and experiment185 (dashed
black) and experiment189-190 (dotted black).
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Figure 5.6. The dielectric permittivity ε
as a function of temperature at 1 atm.
SSMP (red), TIP4P-Ew95 (green), TIP5PE150 (blue), and experiment191 (black).
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The temperature dependence of SSMP was also examined. The data for TIP4PEw 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 TIP4PEw 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), TIP4PEw (green), TIP5P-E150 (blue), and
experiment187 (black). The scale of the ρ
axis is different from Figure 5.3.
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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).
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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).
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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 TIP5PE 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/µ02 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

C H A P T E R 2.

Table A.1. The ΔGin (eV) of the redox site analogs at the B3LYP/631(++)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/631G** level.
Redox Site Analog

Atom

[Fe2S2(SCH3)4]n
Fe
S
Sγ
Cβ
H

n = 2Fe3+
0.924
-0.731
-0.723
-0.053
0.09

Fe
1.127
-0.969
-0.828
-0.103
0.09

Fe
S
Sγ
Cβ
H

n = 20.744
-0.681
-0.703
-0.04
0.09

n = 30.848
-0.863
-0.844
-0.071
0.09

Fe
S
Sγ
Cβ
H

n = 10.796
-0.67
-0.659
-0.02
0.09

n = 20.896
-0.809
-0.767
-0.042
0.09

Fe
Sγ
Cβ
Hβ
S
Fe
Cβ
Hβ
Cγ
Nδ
Hδ
Cδ
Hδ
Cε
Hε
Nε
Hε
Nε

0.796
-0.61
-0.011
0.09
-0.645
0.374
-0.148
0.09
0.118
-0.2
0.32
-0.149
0.1
-0.059
0.13
0.014
0.130
0.014

0.786
-0.784
-0.075
0.09
-0.785
0.295
-0.161
0.09
0.128
-0.253
0.32
-0.269
0.1
-0.062
0.13
0.14
0.130
0.140

[Fe4S4(SCH3)4]n

[Fe4S4(SCH3)3(4-MeI)]n
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n = 33+

Fe2+
0.942
-0.969
-0.921
-0.074
0.09

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
9 His 41*
7 His 90*
4 Glu 54*
2 Glu 123*
3 His 613*
4 His 199*
1 Lys 355
6 Lys 86
3 Glu 198*
3 Glu 36*
3 Asp 302*
1 His 87*
2 His 174
1 Glu 95
3 Asp 237
6 Asp 76
2 Glu 59*
4 His 38
7 Asp 39
1 Asp 404
3 Glu 473
1 Asp 94
4 Glu 102
9 Asp 128
3 Glu 179
4 Glu 347
6 Asp 55
5 Glu 73
3 Glu 193
3 Glu 415
4 Asp 406
3 Glu 250
3 Asp 21
3 Asp 165
4 Asp 94
3 Glu 405
5 Glu 115
7 Glu 34

Molecule A

Molecule B

pKa(protein)

Nearest Cluster

(Nε)
(Nδ)
(0)
(-)
(Nε)
(Nδ)
(0)
(0)
(-)
(-)
(0)
(Nδ)
(+)
(0)
(0)
(0)
(0)
(+)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)

(Nδ)
(Nε)
(-)
(0)
(Nδ)
(Nε)
(0)
(0)
(0)
(0)
(-)
(+)
(+)
(0)
(0)
(0)
(-)
(+)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)
(0)

2.88 ± 0.06
5.47 ± 0.12
6.08 ± 0.99
6.31 ± 0.71
6.69 ± 0.01
6.79 ± 0.04
6.82 ± 0.08
6.88 ± 0.09
6.90 ± 0.13
6.94 ± 0.21
6.98 ± 0.07
7.01 ± 0.05
7.02 ± 0.02
7.08 ± 0.04
7.09 ± 0.02
7.13 ± 0.08
7.17 ± 0.27
7.18 ± 0.01
7.23 ± 0.20
7.28 ± 0.02
7.28 ± 0.01
7.34 ± 0.04
7.45 ± 0.41
7.46 ± 0.15
7.50 ± 0.03
7.63 ± 0.17
7.70 ± 0.22
7.72 ± 0.06
7.78 ± 0.01
7.82 ± 0.01
7.93 ± 0.00
8.22 ± 0.07
8.25 ± 0.14
8.33 ± 0.04
8.42 ± 0.01
8.58 ± 0.03
9.90 ± 0.13
10.25 ± 0.04

6[4Fe-4S]
1[4Fe-4S]
7[4Fe-4S]
a[2Fe-2S]
b[4Fe-4S]
7[4Fe-4S]
1[4Fe-4S]
7[4Fe-4S]
3[4Fe-4S]
3[4Fe-4S]
b[4Fe-4S]
1[4Fe-4S]
a[2Fe-2S]
a[2Fe-2S]
b[4Fe-4S]
7[4Fe-4S]
3[4Fe-4S]
7[4Fe-4S]
5[4Fe-4S]
1[4Fe-4S]
b[4Fe-4S]
a[2Fe-2S]
6[4Fe-4S]
6[4Fe-4S]
4[4Fe-4S]H
7[4Fe-4S]
7[4Fe-4S]
7[4Fe-4S]
2[2Fe-2S]
b[4Fe-4S]
7[4Fe-4S]
6[4Fe-4S]
2[2Fe-2S]
3[4Fe-4S]
7[4Fe-4S]
b[4Fe-4S]
7[4Fe-4S]
4[4Fe-4S]H
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Distance to Cluster
(Å)
5.5
18.8
34.6
9.1
18.3
33.8
8.7
17.2
16.0
10.9
18.2
28.9
16.8
10.6
14.8
24.6
14.9
18.4
19.0
8.9
22.7
13.6
23.1
20.9
11.8
25.4
19.7
28.4
13.1
15.6
15.4
22.8
11.1
14.7
13.8
13.9
32.8
18.0

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.

a[2Fe-2S]
a[2Fe-2S]
a[2Fe-2S]
a[2Fe-2S]
a[2Fe-2S]
a[2Fe-2S]

1 Glu 97*
1 Glu 137
1 Glu 351
2 Glu 94
2 Glu 123*
2 Glu 143

Distance to Cluster
(Å)
12.1
11.6
12.9
11.3
9.0
10.6

1[4Fe-4S]
1[4Fe-4S]

1 Arg 360
3 Arg 46

8.9
9.4

0.04
N/A

0.19
0.15

0.19
0.14

2[2Fe-2S]
2[2Fe-2S]

3 Glu 36*
3 Glu 129*

11.3
10.6

-0.05
-0.06

-0.11
-0.14

0.01
-0.14

3[4Fe-4S]
3[4Fe-4S]

3 Glu 36*
3 Glu 129*

10.9
10.1

-0.06
-0.07

-0.12
-0.14

0.02
-0.14

4[4Fe-4S]H
4[4Fe-4S]H

3 Asp 118
3 Asp 132

7.3
9.9

-0.07
-0.05

-0.19
-0.19

-0.18
-0.20

5[4Fe-4S]

3 Glu 248

10.5

N/A

-0.15

-0.15

6[4Fe-4S]
6[4Fe-4S]

9 Glu 105
9 Glu 106

10.6
10.5

-0.04
-0.02

-0.10
-0.13

-0.10
-0.12

7[4Fe-4S]
7[4Fe-4S]

6 Glu 49
4 Asp 86

9.6
13.9

-0.02
N/A

-0.17
-0.11

-0.17
-0.11

Cluster

Residue
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ΔE°iso
(V)
N/A
N/A
N/A
-0.02
-0.03
-0.02

ΔE°peri,A
(V)
-0.09
-0.11
-0.09
-0.07
-0.13
-0.07

ΔE°peri,B
(V)
0.01
-0.09
-0.11
-0.10
-0.01
-0.07

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

-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)

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

E°calc,iso

a

E°exp,isob

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
E°calc,A
a[2Fe-2S]

a

E°calc,B

E°calc,AVG

peripheral domain
E°calc,A

E°calc,B

E°calc,AVG

-0.450

-0.458

-0.454

-0.954

-0.845

-0.899

-0.381

-0.384

-0.383

-0.341

-0.291

-0.316

-0.461

-0.462

-0.462

-0.452

-0.289

-0.371

-0.502

-0.509

-0.505

-0.450

-0.317

-0.383

-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

1[4Fe-4S]
2[2Fe-2S]

b

3[4Fe-4S]
4[4Fe-4S]H

c

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

-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)

-0.368 ± 0.005

-0.550 ± 0.006

-0.383 ± 0.002

-0.316 ± 0.035

-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[2Fe-2S] a
1[4Fe-4S]
2[2Fe-2S]

b

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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0.0
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7
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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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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)

-100
-90
-80
-70
-60
-50
-40
-30
-20
-10
0
10
20
30
40
50
60
70
80
90
100
110
120

0.00022
0.00196
0.00610
0.01722
0.03464
0.05662
0.07582
0.09586
0.10896
0.11992
0.13196
0.11744
0.08802
0.06034
0.03788
0.02330
0.01256
0.00698
0.00272
0.00100
0.00042
0.00004
0.00002

ΔG0(X)
ΔGR(X)
ΔGP(X)
(kcal/mol) (kcal/mol) (kcal/mol)
3.79
2.49
1.82
1.21
0.79
0.50
0.33
0.19
0.11
0.06
0.00
0.07
0.24
0.46
0.74
1.03
1.39
1.74
2.30
2.89
3.41
4.80
5.21

6.36
5.34
4.42
3.58
2.83
2.17
1.60
1.11
0.71
0.40
0.18
0.05
0.00
0.04
0.17
0.39
0.69
1.08
1.56
2.13
2.78
3.53
4.36

2.11
1.52
1.02
0.60
0.27
0.02
-0.13
-0.20
-0.18
-0.07
0.13
0.41
0.79
1.25
1.79
2.43
3.15
3.96
4.86
5.85
6.92
8.08
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
200 < t < 600
400 < t < 800
600 < t < 1000
800 < t < 1200
1000 < t < 1400
1200 < t < 1600
1400 < t < 1800
1600 < t < 2000
1800 < t < 2200
2000 < t < 2400
2200 < t < 2600
2400 < t < 2800
2600 < t < 3000
2800 < t < 3200
3000 < t < 3400
3200 < t < 3600
5200 < t < 5600

1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

2
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

12479
4133
1791
921
478
276
168
110
74
43
25
18
9
2
2
2
1
1

3626
695
139
22
7
4
0
2
1
0
0
0
0
0
0
0
0
0

1766
370
76
22
7
2
0
0
0
0
0
0
0
0
0
0
0
0

17874
5198
2006
965
492
282
168
112
75
43
25
18
9
2
2
2
1
1

Total

1

2

20533

4496

2243

27275
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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).
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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.
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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.
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Figure B.5. The radial distribution function of: (A) potassium from the negative
groups (blue) and (B) chloride from the positive groups (red).
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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
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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
Nδ
Cγ

-0.157
-0.039
0.132

-0.222
-0.188
0.190

-0.132
-0.070
0.094

-0.182
-0.179
0.120

-0.226
-0.198
0.220

-0.287
-0.292
0.296

Cε
Nε
Cδ

0.035
-0.212
-0.093

0.082
-0.272
-0.153

0.056
-0.219
-0.064

0.077
-0.285
-0.128

-0.020
-0.110
-0.135

-0.006
-0.178
-0.217

SMe

Cβ
Sγ

-0.006
-0.167

-0.085
-0.697

-0.014
-0.323

-0.087
-0.717

-0.069
-0.328

-0.157
-0.683

ImMe

Cβ
Nδ
Cγ
Cε
Nε
Cδ

-0.103
-0.237
0.214
0.014
-0.152
-0.128

-0.242
-0.395
0.380
0.011
-0.180
-0.238

-0.114
-0.293
0.245
0.054
-0.164
-0.120

-0.217
-0.436
0.324
0.048
-0.222
-0.192

-0.218
-0.233
0.184
0.063
-0.188
-0.065

-0.229
-0.196
0.122
0.004
-0.221
-0.143

SMeEt

Cβ
Cγ
Sδ
Cε

-0.236
0.108
-0.292
-0.141

-0.259
0.138
-0.341
-0.180

-0.227
0.114
-0.331
-0.126

-0.262
0.146
-0.432
-0.149

-0.270
-0.140
-0.090
-0.220

-0.270
-0.140
-0.090
-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
Nδ
Cγ
Cε
Nε
Cδ

-0.158
-0.172
0.264
-0.014
-0.136
-0.143

-0.184
-0.250
0.312
0.007
-0.190
-0.220

-0.146
-0.215
0.252
0.000
-0.137
-0.130

-0.154
-0.178
0.221
-0.030
-0.179
-0.204

-0.230
-0.205
0.222
-0.016
-0.116
-0.129

-0.269
-0.296
0.301
-0.001
-0.182
-0.213

Cβ
Sγ

0.020
-0.145

-0.080
-0.626

0.010
-0.294

-0.051
-0.646

-0.059
-0.336

-0.154
-0.687

Cβ
Nδ
Cγ
Cε
Nε
Cδ

-0.142
-0.140
0.175
0.025
-0.166
-0.102

-0.175
-0.067
0.198
-0.059
-0.187
-0.196

-0.116
-0.183
0.136
0.063
-0.188
-0.066

-0.183
-0.046
0.252
-0.093
-0.164
-0.238

-0.212
-0.203
0.152
0.039
-0.156
-0.085

-0.268
-0.113
0.198
-0.064
-0.176
-0.195
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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
PdAc
PlPc
AvPc
PnPc
DcPc
MaLac
TfRc

0.260
0.294 ± 0.006
0.336 ± 0.005
0.340 ± 0.005
0.379 ± 0.002
0.387
0.470 ± 0.010
0.683 ± 0.010

CmLac
ThLac
ToLac

0.750 ± 0.005
0.780 ± 0.010
0.790 ± 0.010

0.341
0.400 ± 0.003
0.441 ± 0.008
0.532 ± 0.026
0.409 ± 0.039
0.420
0.503 ± 0.009
0.469
(0.723)
0.700 ± 0.043
0.752 ± 0.002
0.738

0.08
0.11
0.11
0.19
0.03
0.03
0.03
-0.21
(0.04)
-0.05
-0.03
-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
AvPc
PnPc
DcPc

105
106
99
102

Met
Met
Met
Met

2.05
2.07
1.97
1.93

2.25
2.13
2.17
2.26

2.08
2.10
2.02
2.07

2.61
2.77
2.76
2.92

TfRc

154

Met

2.04

2.26

1.89

2.89

MaLac
CmLac
ThLac
ToLac

559
499
499
499

Leu
Phe
Phe
Phe

1.97
2.52
2.04
2.53

2.17
2.09
2.16
2.11

2.01
2.21
2.00
2.37

3.70
3.61
3.77
3.68
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Table C.5. Residue count and net charge for Pc and Lac proteins.
# residues

X

Asp

Glu

His*

Lys

Arg

Net Charge (e)

138

Gln

6

5

3

3

3

-4

PdAc

105

Met

4

9

3

8

2

-2

PlPc
AvPc
PnPc
DcPc

105
106
99
102

Met
Met
Met
Met

6
5
7
6

5
4
8
9

2
1
0
0

7
9
6
8

1
1
0
0

-2
+2
-8
-6

TfRc

154

Met

9

4

3

14

0

+2

MaLac
CcLac
CmLac
ThLac
ToLac

559
503
499
499
499

Leu
Leu
Phe
Phe
Phe

47
34
33
39
29

14
19
7
8
2

10
9
7
9
6

9
7
9
9
7

25
19
15
15
12

-21
-21
-10
-17
-6

Protein
CcSc

* 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
Exp.
mPBE/def2-SVPD//mPBE/def2-SVPD
mPBE/def2-SVPD// mPBE/def2-SVP
M06/DZVP2

[Cu(SCH3)2]1-/0

ADEe

VDEe

ADEe

VDEe

4.860
4.662
4.660
4.434

4.920
4.729
4.714
4.460

3.200
2.895
2.882
2.800

3.430
3.348
3.286
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

Exp.
mPBE/def2-SVPD//mPBE/def2-SVPD
mPBE/def2-SVPD// mPBE/def2-SVP
M06/DZVP2

4.925
4.729 (4.435)
4.714 (4.435)
4.460 (2.939)

134

3.437
3.348 (3.048)
3.286 (3.075)
3.147 (1.361)

Lac analog
not available
(5.687)
5.770 (5.633)
5.726 (3.973)
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Table D.1. Uncorrected ΔHvap and D for SSMP.
Temperature

Pressure

ΔHvap

D

(K)

(atm)

(kcal/mol)

(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

135

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.
rOO

θOO

φµµ

θµµ

(Å)

(°)

(°)

(°)

Hbcis

2.80

½θtet

90

0

Single Point Energy and

Hbnlp

2.80

½θtet

90

½θtet

Potential Energy Functions

Hbtrn

2.80

½θtet

90

θtet

SbS

2.80

100

0

180

Hbtrn*

2.91

58

90

113

SbS

2.76

103

0

180

Hbtrn*

2.90

58

90

114

SbS

2.75

103

0

180

Calculation

Constrained Geometry
Optimization
Geometry Optimization

Conformation

* 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.

137

APPENDIX E
RIGHTS

AND

PERMISSIONS

138

BIBLIOGRAPHY

1.
Underwood, E., Trace Elements in Human and Animal Nutrition. Elsevier
Science: 2012.
2.
Armstrong, F. A.; George, S. J.; Thomson, A. J.; Yates, M. G. Direct
Electrochemistry in the Characterisation of Redox Proteins: Novel Properties of
Azotobacter 7fe Ferredoxin. FEBS Lett. 1988, 234, 107-110.
3.
Machonkin, T. E.; Zhang, H. H.; Hedman, B.; Hodgson, K. O.; Solomon, E. I.
Spectroscopic and Magnetic Studies of Human Ceruloplasmin: Identification of a
Redox-Inactive Reduced Type 1 Copper Site. Biochemistry 1998, 37, 9570-9578.
4.
Bertini, I., Biological Inorganic Chemistry: Structure and Reactivity. University
Science Books: 2007.
5.
Meyer, J. Iron-Sulfur Protein Folds, Iron-Sulfur Chemistry, and Evolution. J.
Biol. Inorg. Chem. 2008, 13, 157-170.
6.
Solomon, E. I.; Baldwin, M. J.; Lowery, M. D. Electronic Structures of Active
Sites in Copper Proteins: Contributions to Reactivity. Chem. Rev. 1992, 92, 521-542.
7.
Piontek, K.; Antorini, M.; Choinowski, T. Crystal Structure of a Laccase from the
Fungus Trametes Versicolor at 1.90-Å Resolution Containing a Full Complement of
Coppers. J. Biol. Chem. 2002, 277, 37663-37669.
8.
Reinhammar, B. R. M. Oxidation-Reduction Potentials of the Electron Acceptors
in Laccases and Stellacyanin. Biochim. Biophys. Acta 1972, 275, 245-259.
9.
Nersissian, A. M.; Valentine, J. S.; Immoos, C.; Hill, M. G.; Hart, P. J.; Williams,
G.; Herrmann, R. G. Uclacyanins, Stellacyanins, and Plantacyanins Are Distinct
Subfamilies of Phytocyanins: Plant-Specific Mononuclear Blue Copper Proteins. Protein
Sci. 1998, 7, 1915-1929.
10. Gray, K. A.; Knaff, D. B.; Husain, M.; Davidson, V. L. Measurement of the
Oxidation-Reduction Potentials of Amicyanin and C-Type Cytochromes from Paracoccus
Denitrificans. FEBS Lett. 1986, 207, 239-242.
11. Pascher, T.; Karlsson, B. G.; Nordling, M.; Malmström, B. G.; Vänngård, T.
Reduction Potentials and Their Ph Dependence in Site-Directed-Mutant Forms of Azurin
from Pseudomonas Aeruginosa. Eur. J. Biochem. 1993, 212, 289-296.
12. McLeod, N.; D., D.; Freeman, H. C.; Harvey, I.; Lay, P. A.; Bond, A. M.
Voltammetry of Plastocyanin at a Graphite Electrode: Effects of Structure, Charge, and
Electrolyte. Inorg. Chem. 1996, 35, 7156-7165.

139

13. Blake, R. C.; White, K. J.; Shute, E. A. Effect of Divers Anions on the ElectronTransfer Reaction between Iron and Rusticyanin from Thiobacillus Ferrooxidans.
Biochemistry 1991, 30, 9443-9449.
14. Kiiskinen, L.-L.; Kruus, K.; Bailey, M.; Ylösmäki, E.; Siika-aho, M.; Saloheimo,
M. Expression of Melanocarpus Albomyces Laccase in Trichoderma Reesei and
Characterization of the Purified Enzyme. Microbiology 2004, 150, 3065-3074.
15. Schneider, P.; Caspersen, M. B.; Mondorf, K.; Halkier, T.; Skov, L. K.;
Østergaard, P. R.; Brown, K. M.; Brown, S. H.; Xu, F. Characterization of a Coprinus
Cinereus Laccase. Enzyme Microb. Technol. 1999, 25, 502-508.
16. Shleev, S. V.; Morozova, O. V.; Nikitina, O. V.; Gorshina, E. S.; Rusinova, T. V.;
Serezhenkov, V. A.; Burbaev, D. S.; Gazaryan, I. G.; Yaropolov, A. I. Comparison of
Physico-Chemical Characteristics of Four Laccases from Different Basidiomycetes.
Biochimie 2004, 86, 693-703.
17. Li, H.; Webb, S. P.; Ivanic, J.; Jensen, J. H. Determinants of the Relative
Reduction Potentials of Type-1 Copper Sites in Proteins. J. Am. Chem. Soc. 2004, 126,
8010-8019.
18. Wei, C.; Lazim, R.; Zhang, D. Importance of Polarization Effect in the Study of
Metalloproteins: Application of Polarized Protein Specific Charge Scheme in Predicting
the Reduction Potential of Azurin. Proteins: Structure, Function, and Bioinformatics
2014, 82, 2209-2219.
19. Hadt, R. G.; Sun, N.; Marshall, N. M.; Hodgson, K. O.; Hedman, B.; Lu, Y.;
Solomon, E. I. Spectroscopic and Dft Studies of Second-Sphere Variants of the Type 1
Copper Site in Azurin: Covalent and Nonlocal Electrostatic Contributions to Reduction
Potentials. J. Am. Chem. Soc. 2012, 134, 16701-16716.
20. Hu, L.; Farrokhnia, M.; Heimdal, J.; Shleev, S.; Rulíšek, L.; Ryde, U.
Reorganization Energy for Internal Electron Transfer in Multicopper Oxidases. J. Phys.
Chem. B 2011, 115, 13111-13126.
21. Perrin, B. S.; Niu, S.; Ichiye, T. Calculating Standard Reduction Potentials of
[4fe-4s] Proteins. J. Comput. Chem. 2013, 34, 576-582.
22. Perrin, B. S.; Ichiye, T. Fold Versus Sequence Effects on the Driving Force for
Protein-Mediated Electron Transfer. Proteins: Struct., Funct., Bioinf. 2010, 78, 27982808.
23. Perrin, B. S.; Ichiye, T. Identifying Residues That Cause Ph-Dependent Reduction
Potentials. Biochemistry 2013, 52, 3022-3024.
24. Perrin, B. S., Jr.; Ichiye, T. Characterizing the Effects of the Protein Environment
on the Reduction Potentials of Metalloproteins. J. Biol. Inorg. Chem. 2013, 18, 103-110.
25. Niu, S.; Ichiye, T. Density Functional Theory Calculations of Redox Properties of
Iron-Sulphur Protein Analogues. Mol. Simul. 2011, 37, 572-590.
26. Reiss, H.; Heller, A. The Absolute Potential of the Standard Hydrogen Electrode:
A New Estimate. J. Phys. Chem. 1985, 89, 4207-4213.
140

27.

Ball, P. Water — an Enduring Mystery. Nature 2008, 452, 291-292.

28. Clough, S. A.; Beers, Y.; Klein, G. P.; Rothman, L. S. Dipole Moment of Water
from Stark Measurements of Ho, Hdo, and D2o. J. Chem. Phys. 1973, 65, 2254-2259.
29. Verhoevan, J.; Dymanus, A. Magnetic Properties and Molecular Quadrupole
Tensor of the Water Molecule by Beam-Maser Zeeman Spectroscopy. J. Chem. Phys.
1970, 52, 3222-3233.
30. Ichiye, T. Water in the Liquid State: A Computational Viewpoint. Adv. Chem.
Phys. 2014, 155, 161-200.
31. Ichiye, T., Water Models: Looking Forward by Looking Backward. In ManyBody Effects and Electrostatics in Multi-Scale Computation of Biomolecules, Cui, Q.;
Meuwly, M.; Ren, P., Eds. Pan Stanford Publishing, Singapore: in press.
32. Vega, C.; Abascal, J. L. F. Simulating Water with Rigid Non-Polarizable Models:
A General Perspective. Phys. Chem. Chem. Phys. 2011, 13, 19663-19688.
33. Tan, M.-L.; Cendagorta, J. R.; Ichiye, T. The Molecular Charge Distribution, the
Hydration Shell, and the Unique Properties of Liquid Water. J. Chem. Phys. 2014, 141,
244504.
34. Niu, S.; Tan, M.-L.; Ichiye, T. The Large Quadrupole of Water Molecules. J.
Chem. Phys. 2011, 134, 134501.
35.

Jackson, J. D., Classical Electrodynamics. 3rd ed.; Wiley: New York, N.Y., 1975.

36.

Stone, A. J., The Theory of Intermolecular Forces. Clarendon: Oxford, 1996.

37. Kusalik, P. G.; Patey, G. N. On the Molecular Theory of Aqueous Electrolyte
Solutions. I. The Solution of the Rhnc Approximation for Models at Finite
Concentration. J. Chem. Phys. 1988, 88, 7715-7738.
38. Ichiye, T.; Tan, M.-L. Soft Sticky Dipole-Quadrupole-Octupole Potential Energy
Function for Liquid Model: An Approximate Moment Expansion. J. Chem. Phys. 2006,
124, 134504.
39. Simmonett, A. C.; Pickard IV, F. C.; Schaefer III, H. F.; Brooks, B. R. An
Efficient Algorithm for Multipole Energies and Derivatives Based on Spherical
Harmonics and Extensions to Particle Mesh Ewald. J. Chem. Phys. 2014, 140, 184101.
40. Brooks, B. R.; Brooks, C. L., III; MacKerell, A. D., Jr.; Nilsson, L.; Petrella, R. J.;
Roux, B.; Won, Y.; Archontis, G.; Bartels, C.; Boresch, S., et al. Charmm: The
Biomolecular Simulation Program. J. Comput. Chem. 2009, 30, 1545-1614.
41. Sazanov, L., A Structural Perspective on Respiratory Complex I: Structure and
Function of Nadh:Ubiquinone Oxidoreductase. Springer: 2012.
42. Schapira, A. H. V. Human Complex I Defects in Neurodegenerative Diseases.
Biochim. Biophys. Acta 1998, 1364, 261-270.
43. Prince, R. C.; Leslie Dutton, P.; Malcolm Bruce, J. Electrochemistry of
Ubiquinones. FEBS Lett. 1983, 160, 273-276.

141

44. Ingledew, W. J.; Ohnishi, T. An Analysis of Some Thermodynamic Properties of
Iron-Sulphur Centres in Site I of Mitochondria. Biochem. J 1980, 186, 111-117.
45. Zwicker, K.; Galkin, A.; Dröse, S.; Grgic, L.; Kerscher, S.; Brandt, U. The
Redox-Bohr Group Associated with Iron-Sulfur Cluster N2 of Complex I. J. Biol. Chem.
2006, 281, 23013-23017.
46. Meinhardt, S. W.; Kula, T.; Yagi, T.; Lillich, T.; Ohnishi, T. Epr Characterization
of the Iron-Sulfur Clusters in the Nadh: Ubiquinone Oxidoreductase Segment of the
Respiratory Chain in Paracoccus Denitrificans. J. Biol. Chem. 1987, 262, 9147-9153.
47. Leif, H.; Sled, V. D.; Ohnishi, T.; Weiss, H.; Friedrich, T. Isolation and
Characterization of the Proton-Translocating Nadh: Ubiquinone Oxidoreductase from
Escherichia Coli. Eur. J. Biochem. 1995, 230, 538-548.
48. Yano, T.; Sklar, J.; Nakamaru-Ogiso, E.; Takahashi, Y.; Yagi, T.; Ohnishi, T.
Characterization of Cluster N5 as a Fast-Relaxing [4fe-4s] Cluster in the Nqo3 Subunit of
the Proton-Translocating Nadh-Ubiquinone Oxidoreductase from Paracoccus
Denitrificans. J. Biol. Chem. 2003, 278, 15514-15522.
49. Zu, Y.; Di Bernardo, S.; Yagi, T.; Hirst, J. Redox Properties of the [2fe-2s] Center
in the 24 Kda (Nqo2) Subunit of Nadh:Ubiquinone Oxidoreductase (Complex I)‚Ä†.
Biochemistry 2002, 41, 10056-10069.
50. Sazanov, L. A. Respiratory Complex I: Mechanistic and Structural Insights
Provided by the Crystal Structure of the Hydrophilic Domain†. Biochemistry 2007, 46,
2275-2288.
51. Birrell, J. A.; Morina, K.; Bridges, H. R.; Friedrich, T.; Hirst, J. Investigating the
Function of [2fe-2s] Cluster N1a, the Off-Pathway Cluster in Complex I, by
Manipulating Its Reduction Potential. Biochem. J 2013, 456, 139-146.
52. Ohnishi, T. Iron–Sulfur Clusters/Semiquinones in Complex I. Biochim. Biophys.
Acta 1998, 1364, 186-206.
53. Reda, T.; Barker, C. D.; Hirst, J. Reduction of the Iron‚Àísulfur Clusters in
Mitochondrial Nadh:Ubiquinone Oxidoreductase (Complex I) by Euii-Dtpa, a Very Low
Potential Reductant‚Ä†. Biochemistry 2008, 47, 8885-8893.
54. Roessler, M. M.; King, M. S.; Robinson, A. J.; Armstrong, F. A.; Harmer, J.;
Hirst, J. Direct Assignment of Epr Spectra to Structurally Defined Iron-Sulfur Clusters in
Complex I by Double Electron‚Äìelectron Resonance. Proc. Natl. Acad. Sci. 2010, 107,
1930-1935.
55. Bridges, H. R.; Bill, E.; Hirst, J. Mössbauer Spectroscopy on Respiratory
Complex I: The Iron--Sulfur Cluster Ensemble in the Nadh-Reduced Enzyme Is Partially
Oxidized. Biochemistry 2012, 51, 149-158.
56. Tan, M.-L.; Perrin, B. S.; Niu, S.; Huang, Q.; Ichiye, T. Protein Dynamics and the
All-Ferrous [Fe4s4] Cluster in the Nitrogenase Iron Protein. Protein Sci. 2016, 25, 1218.
57. Sazanov, L. A.; Hinchliffe, P. Structure of the Hydrophilic Domain of Respiratory
Complex I from Thermus Thermophilus. Science 2006, 311, 1430-1436.
142

58. Berrisford, J. M.; Sazanov, L. A. Structural Basis for the Mechanism of
Respiratory Complex I. J. Biol. Chem. 2009, 284, 29773-29783.
59. Baradaran, R.; Berrisford, J. M.; Minhas, G. S.; Sazanov, L. A. Crystal Structure
of the Entire Respiratory Complex I. Nature 2013, 494, 443-448.
60. Fiedorczuk, K.; Letts, J. A.; Degliesposti, G.; Kaszuba, K.; Skehel, M.; Sazanov,
L. A. Atomic Structure of the Entire Mammalian Mitochondrial Complex I. Nature
2016, 538, 406.
61. Zhu, J.; Vinothkumar, K. R.; Hirst, J. Structure of Mammalian Respiratory
Complex I. Nature 2016, 536, 354-358.
62. Zickermann, V.; Wirth, C.; Nasiri, H.; Siegmund, K.; Schwalbe, H.; Hunte, C.;
Brandt, U. Mechanistic Insight from the Crystal Structure of Mitochondrial Complex I.
Science 2015, 347, 44-49.
63. Valiev, M.; Bylaska, E. J.; Govind, N.; Kowalski, K.; Straatsma, T. P.; Van Dam,
H. J. J.; Wang, D.; Nieplocha, J.; Apra, E.; Windus, T. L., et al. Nwchem: A
Comprehensive and Scalable Open-Source Solution for Large Scale Molecular
Simulations. Comput. Phys. Commun. 2010, 181, 1477-1489.
64. Becke, A. D. Density-Functional Thermochemistry. 3. J. Chem. Phys. 1993, 98,
5648-5652.
65. Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-Salvetti CorrelationEnergy Formula into a Functional of the Electron Density. Phys. Rev. B 1988, 37, 785789.
66. Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J., Ab Initio Molecular Orbital
Theory. Wiley: New York, 1986.
67. Breneman, C. M.; Wiberg, K. B. Determining Atom-Centered Monopoles from
Molecular Electrostatic Potentials. The Need for High Sampling Density in Formamide
Conformational Analysis. J. Comput. Chem. 1990, 11, 361-373.
68. Berman, H. M.; Westbrook, J.; Feng, Z.; Gilliland, G.; Bhat, T. N.; Weissig, H.;
Shindyalov, I. N.; Bourne, P. E. The Protein Data Bank. Nucleic Acids Res. 2000, 28,
235-242.
69. Sali, A.; Blundell, T. L. Comparative Protein Modelling by Satisfaction of Spatial
Restraints. J. Mol. Biol. 1993, 234, 779-815.
70. Baker, N. A.; Sept, D.; Joseph, S.; Holst, M. J.; McCammon, J. A. Electrostatics
of Nanosystems: Application to Microtubules and the Ribosome. Proc. Natl. Acad. Sci.
2001, 98, 10037-10041.
71. Connolly, M. Solvent-Accessible Surfaces of Proteins and Nucleic Acids.
Science 1983, 221, 709-713.
72. MacKerell, A. D.; Bashford, D.; Bellott; Dunbrack, R. L.; Evanseck, J. D.; Field,
M. J.; Fischer, S.; Gao, J.; Guo, H.; Ha, S., et al. All-Atom Empirical Potential for
Molecular Modeling and Dynamics Studies of Proteins. J. Phys. Chem. B 1998, 102,
3586-3616.
143

73. Olsson, M. H. M.; Søndergaard, C. R.; Rostkowski, M.; Jensen, J. H. Propka3:
Consistent Treatment of Internal and Surface Residues in Empirical Pka Predictions. J.
Chem. Theory Comput. 2011, 7, 525-537.
74. Freddolino, P. L.; Dittrich, M.; Schulten, K. Dynamic Switching Mechanisms in
Lov1 and Lov2 Domains of Plant Phototropins. Biophys. J. 2006, 91, 3630-3639.
75. Ohnishi, T.; Nakamaru-Ogiso, E. Were There Any “Misassignments” among
Iron–Sulfur Clusters N4, N5 and N6b in Nadh-Quinone Oxidoreductase (Complex I)?
Biochim. Biophys. Acta 2008, 1777, 703-710.
76. Euro, L.; Bloch, D. A.; Wikström, M.; Verkhovsky, M. I.; Verkhovskaya, M.
Electrostatic Interactions between Fes Clusters in Nadh:Ubiquinone Oxidoreductase
(Complex I) from Escherichia Coli. Biochemistry 2008, 47, 3185-3193.
77. Meinhardt, S. W.; Wang, D. C.; Hon-nami, K.; Yagi, T.; Oshima, T.; Ohnishi, T.
Studies on the Nadh-Menaquinone Oxidoreductase Segment of the Respiratory Chain in
Thermus Thermophilus Hb-8. J. Biol. Chem. 1990, 265, 1360-1368.
78. Hinchliffe, P.; Carroll, J.; Sazanov, L. A. Identification of a Novel Subunit of
Respiratory Complex I Fromthermus Thermophilus†. Biochemistry 2006, 45, 44134420.
79. Maroncelli, M.; Macinnis, J.; Fleming, G. R. Polar Solvent Dynamics and
Electron-Transfer Reactions. Science 1989, 243, 1674-1681.
80. Marcus, R. A.; Sutin, N. Electron Transfers in Chemistry and Biology. Biochim.
Biophys. Acta 1985, 811, 265-322.
81. Warshel, A. Dynamics of Reactions in Polar Solvents. Semiclassical Trajectory
Studies of Electron-Transfer and Proton-Transfer Reactions. J. Phys. Chem. 1982, 86,
2218-2224.
82. Kuharski, R. A.; Bader, J. S.; Chandler, D.; Sprik, M.; Klein, M. L.; Impey, R. W.
Molecular Model for Aqueous Ferrous–Ferric Electron Transfer. J. Chem. Phys. 1988,
89, 3248-3257.
83. Carter, E. A.; Hynes, J. T. Solute-Dependent Solvent Force Constants for Ion
Pairs and Neutral Pairs in a Polar Solvent. J. Phys. Chem. 1989, 93, 2184-2187.
84. Tachiya, M. Relation between the Electron-Transfer Rate and the Free Energy
Change of Reaction. J. Phys. Chem. 1989, 93, 7050-7052.
85. Zhou, H. X.; Szabo, A. Microscopic Formulation of Marcus’ Theory of Electron
Transfer. J. Chem. Phys. 1995, 103, 3481-3494.
86. Ichiye, T. Solvent Free Energy Curves for Electron Transfer Reactions: A
Nonlinear Solvent Response Model. J. Chem. Phys. 1996, 104, 7561-7571.
87. Muegge, I.; Qi, P. X.; Wand, A. J.; Chu, Z. T.; Warshel, A. The Reorganization
Energy of Cytochrome C Revisited. J. Phys. Chem. B 1997, 101, 825-836.
88. Tan, M.-L.; Dolan, E. A.; Ichiye, T. Understanding Intramolecular Electron
Transfer in Ferredoxin: A Molecular Dynamics Study. J. Phys. Chem. B 2004, 108,
20435-20441.
144

89. LeBard, D. N.; Matyushov, D. V. Glassy Protein Dynamics and Gigantic Solvent
Reorganization Energy of Plastocyanin. J. Phys. Chem. B 2008, 112, 5218-5227.
90. Rouault, T. A., Iron-Sulfur Clusters in Chemistry and Biology. De Gruyter:
Berlin, Germany, 2014.
91. Adman, E. T.; Sieker, L. C.; Jensen, L. H. The Structure of a Bacterial
Ferredoxin. J. Biol. Chem. 1973, 248, 3987-3996.
92. Dauter, Z.; Wilson, K. S.; Sieker, L. C.; Meyer, J.; Moulis, J.-M. Atomic
Resolution (0.94 Å) Structure of Clostridium Acidurici Ferredoxin. Detailed Geometry of
[4fe-4s] Clusters in a Protein. Biochemistry 1997, 36, 16065-16073.
93. Kyritsis, P.; Huber, J. G.; Quinkal, I.; Gaillard, J.; Moulis, J.-M. Intramolecular
Electron Transfer between [4fe-4s] Clusters Studied by Proton Magnetic Resonance
Spectroscopy. Biochemistry 1997, 36, 7839-7846.
94. Beck, B. W.; Xie, Q.; Ichiye, T. Sequence Determination of Reduction Potentials
by Cysteinyl Hydrogen Bonds and Peptide Dipoles in [4fe-4s] Ferredoxins. Biophys. J.
2001, 81, 601-613.
95. Horn, H. W.; Swope, W. C.; Pitera, J. W.; Madura, J. D.; Dick, T. J.; Hura, G. L.;
Head-Gordon, T. Development of an Improved Four-Site Water Model for Biomolecular
Simulations: Tip4p-Ew. J. Chem. Phys. 2004, 120, 9665-9678.
96. Shaw, D. E.; Dror, R. O.; Salmon, J. K.; Grossman, J. P.; Mackenzie, K. M.;
Bank, J. A.; Young, C.; Deneroff, M. M.; Batson, B.; Bowers, K. J., et al., MillisecondScale Molecular Dynamics Simulations on Anton. In Proceedings of the ACM/IEEE
Conference on Supercomputing (SC09), ACM: Portland, Oregon, 2009; pp 1-11.
97. Miller, B. T.; Singh, R. P.; Klauda, J. B.; Hodoscek, M.; Brooks, B. R.;
Woodcock, H. L. Charmming: A New, Flexible Web Portal for Charmm. J. Chem. Inf.
Comput. Sci. 2008, 48, 1920-1929.
98. Best, R. B.; Zhu, X.; Shim, J.; Lopes, P. E. M.; Mittal, J.; Feig, M.; MacKerell, A.
D. Optimization of the Additive Charmm All-Atom Protein Force Field Targeting
Improved Sampling of the Backbone Φ, Ψ and Side-Chain Χ1 and Χ2 Dihedral Angles.
J. Chem. Theory Comput. 2012, 8, 3257-3273.
99. MacKerell, A. D.; Feig, M.; Brooks, C. L. Improved Treatment of the Protein
Backbone in Empirical Force Fields. J. Am. Chem. Soc. 2004, 126, 698-699.
100. Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan, S.;
Karplus, M. Charmm: A Program for Macromolecular Energy, Minimization, and
Dynamics Calculations. J. Comput. Chem. 1983, 4, 187-217.
101. Hoover, W. G. Canonical Dynamics: Equilibrium Phase-Space Distributions.
Phys. Rev. A 1985, 31, 1695-1697.
102. Lippert, R. A.; Predescu, C.; Ierardi, D. J.; Mackenzie, K. M.; Eastwood, M. P.;
Dror, R. O.; Shaw, D. E. Accurate and Efficient Integration for Molecular Dynamics
Simulations at Constant Temperature and Pressure. J. Chem. Phys. 2013, 139, 164106.

145

103. King, G.; Warshel, A. Investigation of the Free Energy Functions for Electron
Transfer Reactions. J. Chem. Phys. 1990, 93, 8682-8692.
104. Dolan, E. A.; Yelle, R. B.; Beck, B. W.; Fischer, J. T.; Ichiye, T. Protein Control
of Electron Transfer Rates Via Polarization: Molecular Dynamics Studies of Rubredoxin.
Biophys. J. 2004, 86, 2030-2036.
105. Allen, M. P.; Tildesley, D. J., Computer Simulation of Liquids. Clarendon Press ;
Oxford University Press: Oxford England
New York, 1989; p xix, 385 p.
106. Holm, R. H.; Kennepohl, P.; Solomon, E. I. Structural and Functional Aspects of
Metal Sites in Biology. Chem. Rev. 1996, 96, 2239-2314.
107. Cole, J. L.; Avigliano, L.; Morpurgo, L.; Solomon, E. I. Spectroscopic and
Chemical Studies of the Ascorbate Oxidase Trinuclear Copper Active Site: Comparison
to Laccase. J. Am. Chem. Soc. 1991, 113, 9080-9089.
108. Ryde, U.; Olsson, M. H. M. Structure, Strain, and Reorganization Energy of Blue
Copper Models in the Protein. Int. J. Quantum Chem 2001, 81, 335-347.
109. Pierloot, K.; De Kerpel, J. O. A.; Ryde, U.; Roos, B. O. Theoretical Study of the
Electronic Spectrum of Plastocyanin. J. Am. Chem. Soc. 1997, 119, 218-226.
110. Canters, G. W.; Gilardi, G. Engineering Type 1 Copper Sites in Proteins. FEBS
Lett. 1993, 325, 39-48.
111. George, S. J.; Lowery, M. D.; Solomon, E. I.; Cramer, S. P. Copper L-Edge
Spectral Studies: A Direct Experimental Probe of the Ground-State Covalency in the
Blue Copper Site in Plastocyanin. J. Am. Chem. Soc. 1993, 115, 2968-2969.
112. Olsson, M. H. M.; Ryde, U. The Influence of Axial Ligands on the Reduction
Potential of Blue Copper Proteins. J. Biol. Inorg. Chem. 1999, 4, 654-663.
113. Fowler, N. J.; Blanford, C. F.; Warwicker, J.; de Visser, S. P. Prediction of
Reduction Potentials of Copper Proteins with Continuum Electrostatics and Density
Functional Theory. Chem. Eur. J. 2017, 23, 15436-15445.
114. Olsson, M. H. M.; Hong, G.; Warshel, A. Frozen Density Functional Free Energy
Simulations of Redox Proteins: Computational Studies of the Reduction Potential of
Plastocyanin and Rusticyanin. J. Am. Chem. Soc. 2003, 125, 5025-5039.
115. Tran, K.; Ichiye, T. Reduction Potential Calculations of the Fe-S Clusters in
Thermus Thermophilus Respiratory Complex I. J. Comput. Chem. 2018, (Submitted).
116. Niu, S.; Huang, D.-L.; Dau, P. D.; Liu, H.-T.; Wang, L.-S.; Ichiye, T. Assessment
of Quantum Mechanical Methods for Copper and Iron Complexes by Photoelectron
Spectroscopy. J. Chem. Theory Comput. 2014, 10, 1283-1291.
117. Guss, J. M.; Bartunik, H. D.; Freeman, H. C. Accuracy and Precision in Protein
Structure Analysis: Restrained Least-Squares Refinement of the Structure of Poplar
Plastocyanin at 1.33 a Resolution. Acta Crystallogr. B 1992, 48, 790-811.

146

118. Ducros, V.; Brzozowski, A. M.; Wilson, K. S.; Ostergaard, P.; Schneider, P.;
Svendson, A.; Davies, G. J. Structure of the Laccase from Coprinus Cinereus at 1.68 a
Resolution: Evidence for Different `Type 2 Cu-Depleted' Isoforms. Acta Crystallogr. D
2001, 57, 333-336.
119. Shao, Y.; Molnar, L. F.; Jung, Y.; Kussmann, J.; Ochsenfeld, C.; Brown, S. T.;
Gilbert, A. T. B.; Slipchenko, L. V.; Levchenko, S. V.; O'Neill, D. P., et al. Advances in
Methods and Algorithms in a Modern Quantum Chemistry Program Package. Phys.
Chem. Chem. Phys. 2006, 8, 3172-3191.
120. Hariharan, P. C.; Pople, J. A. The Influence of Polarization Functions on
Molecular Orbital Hydrogenation Energies. Theor. Chem. Acc. 1973, 28, 213-222.
121. Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. S.; DeFrees,
D. J.; Pople, J. A. Self-Consistent Molecular Orbital Methods. Xxiii. A Polarization-Type
Basis Set for Second-Row Elements. J. Chem. Phys. 1982, 77, 3654-3665.
122. Rassolov, V. A.; Pople, J. A.; Ratner, M. A.; Windus, T. L. 6-31g* Basis Set for
Atoms K through Zn. J. Chem. Phys. 1998, 109, 1223-1229.
123. Godbout, N.; Salabub, D. R.; Andzelm, J.; Wimmer, E. Optimization of GaussianType Basis Sets for Local Spin Density Functional
Calculations. Part I. Boron through Neon, Optimization Technique and Validation.
Can. J. Chem. 1992, 70, 560-571.
124. Weigend, F.; Ahlrichs, R. Balanced Basis Sets of Split Valence, Triple Zeta
Valence and Quadruple Zeta Valence Quality for H to Rn: Design and Assessment of
Accuracy. Phys. Chem. Chem. Phys. 2005, 7, 3297-3305.
125. Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. V. R. Efficient
Diffuse Function-Augmented Basis Sets for Anion Calculations. Iii. The 3-21+G Basis
Set for First-Row Elements, Li–F. J. Comput. Chem. 1983, 4, 294-301.
126. Rappoport, D.; Furche, F. Property-Optimized Gaussian Basis Sets for Molecular
Response Calculations. J. Chem. Phys. 2010, 133, 134105.
127. Zhao, Y.; Truhlar, D. The M06 Suite of Density Functionals for Main Group
Thermochemistry, Thermochemical Kinetics, Noncovalent Interactions, Excited States,
and Transition Elements: Two New Functionals and Systematic Testing of Four M06Class Functionals and 12 Other Functionals. Theor. Chem. Acc. 2008, 120, 215-241.
128. Rohrdanz, M. A.; Martins, K. M.; Herbert, J. M. A Long-Range-Corrected
Density Functional That Performs Well for Both Ground-State Properties and TimeDependent Density Functional Theory Excitation Energies, Including Charge-Transfer
Excited States. J. Chem. Phys. 2009, 130, 054112.
129. Niu, S.; Wang, X.-B.; Nichols, J. A.; Wang, L.-S.; Ichiye, T. Combined Quantum
Chemistry and Photoelectron Spectroscopy Study of the Electronic Structure and
Reduction Potentials of Rubredoxin Redox Site Analogues. J. Phys. Chem. A 2003, 107,
2898-2907.
130. Bukhman-DeRuyter, Y. S.; Fromme, R.; Grotjohann, I.; Schlarb-Ridley, B.; Mi,
H.; Fromme, P., Unpublished data.
147

131. Schmidt, L.; Christensen, H. E. M.; Harris, P. Structure of Plastocyanin from the
Cyanobacterium Anabaena Variabilis. Acta Crystallogr., Sect. D: Biol. Crystallogr.
2006, 62, 1022-1029.
132. Kachalova, G. S.; Shosheva, A. C.; Bourenkov, G. P.; Donchev, A. A.; Dimitrov,
M. I.; Bartunik, H. D. Structural Comparison of the Poplar Plastocyanin Isoforms Pca and
Pcb Sheds New Light on the Role of the Copper Site Geometry in Interactions with
Redox Partners in Oxygenic Photosynthesis. J. Inorg. Biochem. 2012, 115, 174-181.
133. Kohzuma, T.; Inoue, T.; Yoshizaki, F.; Sasakawa, Y.; Onodera, K.; Nagatomo, S.;
Kitagawa, T.; Uzawa, S.; Isobe, Y.; Sugimura, Y., et al. The Structure and Unusual Ph
Dependence of Plastocyanin from the Fern Dryopteris Crassirhizoma. J. Biol. Chem.
1999, 274, 11817-11823.
134. Hakulinen, N.; Andberg, M.; Kallio, J.; Koivula, A.; Kruus, K.; Rouvinen, J. A
near Atomic Resolution Structure of a Melanocarpus Albomyces Laccase. J. Struct. Biol.
2008, 162, 29-39.
135. Lyashenko, A. V.; Zhukova, Y. N.; Mikhailov, A. M., Unpublished data.
136. Polyakov, K. M.; Fedorova, T. V.; Stepanova, E. V.; Cherkashin, E. A.; Kurzeev,
S. A.; Strokopytov, B. V.; Lamzin, V. S.; Koroleva, O. V., Unpublished data.
137. Lyashenko, A. V.; Zhukhlistova, N. E.; Gabdoulkhakov, A. G.; Zhukova, Y. N.;
Voelter, W.; Zaitsev, V. N.; Bento, I.; Stepanova, E. V.; Kachalova, G. S.; Koroleva, O.
V., et al., Unpublished data.
138. Hart, P. J.; Eisenberg, D.; Nersissian, A. M.; Valentine, J. S.; Herrmann, R. G.;
Nalbandyan, R. M. A Missing Link in Cupredoxins: Crystal Structure of Cucumber
Stellacyanin at 1.6 Å Resolution. Protein Sci. 1996, 5, 2175-2183.
139. Cunane, L. M.; Chen, Z.-W.; Durley, R. C. E.; Mathews, F. S. X-Ray Structure of
the Cupredoxin Amicyanin, from Paracoccus Denitrificans, Refined at 1.31 a Resolution.
Acta Crystallogr., Sect. D: Biol. Crystallogr. 1996, 52, 676-686.
140. Walter, R. L.; Ealick, S. E.; Friedman, A. M.; Blake II, R. C.; Proctor, P.;
Shoham, M. Multiple Wavelength Anomalous Diffraction (Mad) Crystal Structure of
Rusticyanin: A Highly Oxidizing Cupredoxin with Extreme Acid Stability. J. Mol. Biol.
1996, 263, 730-751.
141. Balme, A.; Hervás, M.; Campos, L.; Sancho, J.; De la Rosa, M.; Navarro, J. A
Comparative Study of the Thermal Stability of Plastocyanin, Cytochrome C6 and
Photosystem I in Thermophilic and Mesophilic Cyanobacteria. Photosynth. Res. 2001,
70, 281-289.
142. de Silva, D. G. A. H.; Beoku-Betts, D.; Kyritsis, P.; Govindaraju, K.; Powls, R.;
Tomkinson, N. P.; Sykes, A. G. Protein-Protein Cross-Reactions Involving Plastocyanin,
Cytochrome F and Azurin: Self-Exchange Rate Constants and Related Studies with
Inorganic Complexes. J. Chem. Soc., Dalton Trans. 1992, 2145-2151.
143. Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; Hermans, J.,
Interaction Models of Water in Relation to Protein Hydration. In Intermolecular Forces,
Pullman, B., Ed. Reidel: Dordrecht, Holland, 1981; pp 331-341.
148

144. Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein, M. L.
Comparison of Simple Potential Functions for Simulating Liquid Water. J. Chem. Phys.
1983, 79, 926-935.
145. Bernal, J. D.; Fowler, R. H. A Theory of Water and Ionic Solution, with Particular
Reference to Hydrogen and Hydroxyl Ions J. Chem. Phys. 1933, 1, 515-548.
146. Abascal, J. L. F.; Vega, C. A General Purpose Model for the Condensed Phases of
Water: Tip4p/2005. J. Chem. Phys. 2005, 123, 234505-234501-234512.
147. Ben-Naim, A.; Stillinger, F. H. J. Chem. Phys.
148. Stillinger, F. H.; Rahman, A. Improved Simulation of Liquid Water by Molecular
Dynamics. J. Chem. Phys. 1974, 60, 1545-1557.
149. Mahoney, M. W.; Jorgensen, W. L. A Five-Site Model for Liquid Water and the
Reproduction of the Density Anomaly by Rigid, Nonpolarizable Potential Functions. J.
Chem. Phys. 2000, 112, 8910-8922.
150. Rick, S. W. A Reoptimization of the Five-Site Water Potential (Tip5p) for Use
with Ewald Sums. J. Chem. Phys. 2004, 120, 6085-6093.
151. Xantheas, S. S.; Dunning Jr., T. H. The Structure of the Water Trimer from Ab
Initio Calculations. J. Chem. Phys. 1993, 98, 8037-8040.
152. Xantheas, S. S.; Dunning Jr., T. H. Ab Initio Studies of Cyclic Water Clusters
(H2o)N, N = 1-6. I. Optimal Structures and Vibrational Spectra. J. Chem. Phys. 1993, 99,
8774-8782.
153. Herzberg, G., Molecular Spectra and Molecular Structure: Iii. Electronic Spectra
and Electronic Structure of Polyatomic Molecules. D. Van Nostrand Co., Inc.: Princeton,
NJ, 1967; p 145.
154. Sprik, M.; Hutter, J.; Parrinello, M. Ab Initio Molecular Dynamics Simulations of
Liquid Water: Comparison of Three Gradient-Corrected Density Functionals. J. Chem.
Phys. 1999, 105, 1142-1152.
155. Delle Site, L.; Alavi, A.; Lynden-Bell, R. M. The Electrostatic Properties of
Water Molecules in Condensed Phases: An Ab Initio Study. Mol. Phys. 1999, 96, 16831693.
156. Coutinho, K.; Guedes, R. C.; Costa Cabral, B. J.; Canuto, S. Electronic
Polarization of Liquid Water: Converged Monte-Carlo-Quantum Mechanics Results for
the Multipole Moments. Chem. Phys. Lett. 2003, 369, 345-353.
157. Osted, A.; Kongsted, J.; Mikkelson, K. V.; Åstrand, P.-O.; Christiansen, O.
Statistical Mechanically Averaged Molecular Properties of Liquid Water Calculated
Using the Combined Coupled Cluster/Molecular Dynamics Method. J. Chem. Phys.
2006, 124, 124503-124516.
158. Gubskaya, A. V.; Kusalik, P. G. The Total Molecular Dipole Moment for Liquid
Water. J. Chem. Phys. 2002, 117, 5290-5302.
159. Badyal, Y. S.; Saboungi, M.-L.; PRice, D. L.; Shastri, S. D.; Haeffner, D. R.;
Soper, A. K. Electron Distribution in Water. J. Chem. Phys. 2000, 112, 9206-9208.
149

160. Varma, S.; Rempe, S. B. Coordination Numbers of Alkali Metal Ions in Aqueous
Solutions. Biophys. Chem. 2006, 124, 192-199.
161. Tan, M.-L.; Cendagorta, J. R.; Ichiye, T. Effects of Microcomplexity on
Hydrophobic Hydration in Amphiphiles. J. Am. Chem. Soc. 2013, 135, 4918-4921.
162. Tan, M.-L.; Miller, B. T.; Te, J.; Cendagorta, J. R.; Brooks, B. R.; Ichiye, T.
Hydrophobic Hydration and the Anomalous Partial Molar Volumes in Ethanol-Water
Mixtures. J. Chem. Phys. 2015, 142, 064501.
163. Tan, M.-L.; Lucan, L.; Ichiye, T. Study of Multipole Contributions to the
Structure of Water around Ions in Solution Using the Soft Sticky Dipole-QuadrupoleOctupole (Ssdqo) Model of Water. J. Chem. Phys. 2006, 124, 174505.
164. Te, J. A.; Ichiye, T. Temperature and Pressure Dependence of the Optimized Soft
Sticky Dipole-Quadrupole-Octupole Water Model. J. Chem. Phys. 2010, 132, 114511.
165. Tan, M.-L.; Tran, K.; Pickard, F.; Simmonett, A.; Brooks, B.; Ichiye, T.
Molecular Multipole Potential Energy Functions for Water. J. Phys. Chem. B 2016, 120,
1833-1842.
166. Cieplak, P.; Dupradeau, F.-Y.; Duan, Y.; Wang, J. Topical Review: Polarization
Effects in Molecular Mechanical Force Fields. J. Phys. Condens. Matter 2009, 21,
333102.
167. Lopes, P. E. M.; Roux, B.; MacKerell Jr., A. D. Molecular Modeling and
Dynamics Studies with Explicit Inclusion of Electronic Polarizability: Theory and
Applications. Theor. Chem. Acc. 2009, 124, 11-28.
168. Jorgensen, W. L.; Tirado-Rives, J. Potential Energy Functions for Atomic-Level
Simulations of Water and Organic and Biomolecular Systems. Proc. Natl. Acad. Sci. U.
S. A. 2005, 102, 6665-6670.
169. Tröster, P.; Lorenzen, K.; Tavan, P. Polarizable Six-Point Water Models from
Computational and Empirical Optimization. J. Phys. Chem. B 2014, 118, 1589-1602.
170. Jones, A.; Cipcigan, F.; Sokan, V. P.; Crain, J.; Martyna, G. J. Electronically
Coarse-Grained Model for Water. Phys. Rev. Lett. 2013, 110, 227801.
171. See Supplementary Material at [Url Will Be Inserted by Aip] for Additional
Quantum Mechanical Calculations of Multipole Moments, Cpu Timings for Ssmp, the
Uncorrected Values of D and Δhvap for Ssmp, and Enlarged Versions of Fig. 1.
172. Zeiss, G. D.; Meath, W. J. Dispersion Energy Constants C6(a, B), Dipole
Oscillator Strength Sums and Refractivities for Li, N, O, H2, N2, O2, Nh3, H2o, No and
N2o. Mol. Phys. 1977, 33, 1155-1176.
173. Darden, T. A.; York, D. M.; Pedersen, L. G. Particle Mesh Ewald: An Nlog(N)
Method for Ewald Sums in Large Systems. J. Chem. Phys. 1993, 98, 10089-10092.
174. Rychaert, J. P.; Ciccotti, G.; Berendsen, H. J. C. Numerical Integration of the
Cartesian Equation of Motion of a System with Constraints: Molecular Dynamics of NAlkanes. J. Comput. Phys. 1977, 23, 327-341.

150

175. Verlet, L. Computer "Experiments" on Classical Fluids. Ii. Equilibrium
Correlation Functions. Phys. Rev. 1968, 165, 201-214.
176. Nosé, S. A Unified Formulation of the Constant Temperature Molecular
Dynamics Methods. J. Chem. Phys. 1984, 81, 511-519.
177. Hoover, W. G. Canonical Dynamics: Equilibrium Phase-Space Distributions.
Phys. Rev. A 1985, 31, 1695-1697.
178. Yeh, I.-C.; Hummer, G. System-Size Dependence of Diffusion Coefficients and
Viscosities from Molecular Dynamics Simulations with Periodic Boundary Conditions.
J. Phys. Chem. B 2004, 108, 15873–15879.
179. Weast, R. C., Crc Handbook of Chemistry and Physics. 68 ed.; CRC Press, Inc.:
Boca Raton, Fl, 1987.
180. Neumann, M. The Dielectric Constant of Water. Computer Simulations with the
Mcy Potential. J. Chem. Phys. 1985, 82, 5663-5672.
181. Soper, A. K. The Radial Distribution Functions of Water and Ice from 220 to 673
K and at Pressures up to 400 Mpa. Chem. Phys. 2000, 258, 121-137.
182. Skinner, L. B.; Huang, C.; Schlesinger, D.; Pettersson, L. G. M.; Nilsson, A.;
Benmore, C. J. Benchmark Oxygen-Oxygen Pair-Distribution Function of Ambient
Water from X-Ray Diffraction Measurements with a Wide Q-Range. J. Chem. Phys.
2013, 138, 074506.
183. Lide, D. R., Crc Handbook of Chemistry and Physics. CRC Press: Boca Raton,
1991; Vol. 72.
184. Wagner, W.; Pruss, A. International Equations for the Saturation Properties of
Ordinary Water Substance. Revised According to the International Temperature Scale of
1990. Addendum to J. Phys. Chem. Ref. Data 16, 893 (1987). J. Phys. Chem. Ref. Data
1987, 22, 783-787.
185. Krynicki, K.; Green, C. D.; Sawyer, D. W. Pressure and Temperature Dependence
of Self-Diffusion in Water. Faraday Discussions of the Chemical Society 1978, 66, 199208.
186. Kusalik, P. G.; Svishchev, I. M. The Spatial Structure in Liquid Water. Science
1994, 265, 1219-1221.
187. Wagner, W.; Pruß, A. The Iapws Formulation 1995 for the Thermodynamic
Properties of Ordinary Water Substance for General and Scientific Use J. Phys. Chem.
Ref. Data 2002, 31, 387.
188. Kell, G. S. J. Chem. Eng. Data 1975, 20, 97.
189. Prielmeier, F. X.; Lang, E. W.; Speedy, R. J.; Lüdemann, H.-D. Diffusion in
Supercooled Water to 300 Mpa. Phys. Rev. Lett. 1987, 59, 1128-1131.
190. Prielmeier, F. X.; Lang, E. W.; Speedy, R. J.; H.-D., L. The Pressure Dependence
of Self Diffusion in Supercooled Light and Heavy Water. Ber. Bunsen-Ges. Phys. Chem.
1988, 92, 1111-1117.
151

191. Fernández, D. P.; Goodwin, A. R. H.; Lemmon, E. W.; Levelt Sengers, J. M. H.;
Williams, R. C. A Formulation for the Static Permittivity of Water and Steam at
Temperatures from 238 K to 873 K at Pressures up to 1200 Mpa, Including Derivatives
and Debye–Hückel Coefficients J. Phys. Chem. Ref. Data 1997, 26, 1125.
192. Sokan, V. P.; Jones, A. P.; Cipcigan, F. S.; Crain, J.; Martyna, G. J. Signature
Properties of Water: Their Molecular Electronic Origins. Proc. Natl. Acad. Sci. U.S.A.
2015, 112, 6341-6346.
193. Carnie, S. L.; Patey, G. N. Fluids of Polarizable Hard Spheres with Dipoles and
Tetrahedral Quadrupoles: Integral Equation Results with Application to Liquid Water.
Mol. Phys. 1982, 47, 1129-1151.
194. Rick, S. W. A Reoptimization of the Five-Site Water Potential (Tip5p) for Use
with Ewald Sums. J. Chem. Phys. 2004, 2004, 6085-6093.

152

