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  Hemes are important redox cofactors. They are found in a variety of proteins and 

show a diversity of functions. The free energy of heme reduction in different proteins is 

found to vary over more than 18 kcal/mol. It is a challenge to determine how proteins 

manage to achieve this enormous range of Ems with a single type of redox cofactor. 

Proteins containing 141 unique hemes of a-, b- and c-type, with bis-His, His-Met and 

aquo-His ligation were calculated using Multi-Conformation Continuum Electrostatics 

(MCCE). The experimental Ems range over 800 mV from -350 mV in cytochrome c3 to 

450 mV in cytochrome c peroxidase (vs. SHE). The quantitative analysis of the factors 

that modulate heme electrochemistry includes the interactions of the heme with its 

ligands, the solvent, the backbone, and sidechains. MCCE calculated Ems are in good 

agreement with measured values. The overview of heme proteins with known structures 

and Ems shows the lowest and highest potential hemes are c-type, while the b-type hemes 

are found in the middle Em range. In solution, bis-His ligation lowers the Em by ≈205 mV 
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relative to hemes with His-Met ligands. The bis-His, aquo-His and His-Met ligated b-type 

hemes all cluster about Ems which are ≈200 mV more positive in protein than in water. In 

contrast, the low potential bis-His c-type hemes are shifted little from in solution, while 

the high potential His-Met c-type hemes are raised by ≈300 mV from solution. The 

analysis shows that no single type of interaction can be identified as the most important 

in setting heme electrochemistry in proteins. Therefore, different proteins use different 

aspects of their structures to modulate the in situ heme electrochemistry.  

       Quinones play important roles in mitochondrial and photosynthetic energy 

conversion acting as intramembrane, mobile electron and proton carriers between 

catalytic sites in various electron transfer proteins. They display different affinity, 

selectivity, functionality and exchange dynamics in different binding sites. The 

computational analysis of quinone binding sheds light on the requirements for quinone 

affinity and specificity. The affinities of ten oxidized, neutral benzoquinones (BQs) were 

measured for the high affinity QA site in the detergent solubilized Rhodobacter 

sphaeroides bacterial photosynthetic reaction center. Multi-Conformation Continuum 

Electrostatics (MCCE) was then used to calculate their relative binding free energies by 

Grand Canonical Monte Carlo sampling with a rigid protein backbone, flexible ligand 

and side chain positions and protonation states. Van der Waals and torsion energies, 

Poisson-Boltzmann continuum electrostatics and accessible surface area dependent 

ligand-solvent interactions are considered. The affinities are dominated by favorable 

protein-ligand van der Waals rather than electrostatic interactions. Each quinone appears 

in a closely clustered set of positions. Methyl and methoxy groups move into the same 

positions as found for the native quinone.  
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Chapter I. Introduction 
 

All living beings are made of cells, the smallest structural and functional unit of 

organisms. The simplest forms of life are isolated cells that breed by dividing in two. 

Higher organisms, such as human being, have groups of cells carrying out specific 

functions and are linked by complicated system of cellular communication.  

A living cell is composed of a restricted set of elements. Four of them are C, H, N and 

O, which make up nearly 99% of the cells’ weight.1 Biological molecules are formed by 

simple combinations of these atoms and certain structures repeatedly recur, such as 

methyl (-CH3), hydroxyl (-OH), carboxyl (-COOH). Broadly speaking, cells contain just 

four major families of small organic molecules: the sugars, the fatty acids, the amino 

acids and the nucleotides.  

The studies of the structures and functions of proteins are the focus of this dissertation. 

The amino acids are the building blocks of proteins. They all contain a central α-carbon 

atom, a carboxylic acid group, an amino group and a side chain that varies. There are 20 

common amino acids in proteins, which occur over and over again in all proteins. To a 

large extent, cells are made of proteins, which amount to more than half of their dry 

weight.1 They control the shape and structure of the cell.  

Proteins consist of polypeptide chains formed of amino acids. The associations of the 

side chains of the amino acids with each other and with water establish non-covalent 

bonds, which lead the polypeptide chain to fold into one particular and energetically 

favorable conformation. The chemical properties of a protein, which largely determines 
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its biological functions, depend on its exposed surface residues. When side chain 

activities are not sufficient enough, proteins bind substrates for the extension of its 

functional versatility. There are a variety of substrates and cofactors that are employed in 

protein. Cytochrome c proteins use hemes for electron transfer while flavoproteins use 

flavin to perform the same function.2  

Many proteins bind multiple substrates to accomplish more complicated chemical 

reactions. The bacterial reaction centers, which will be studied here, convert light energy 

into electrochemical potential across the membrane, which requires in total 9 cofactors. A 

pair of bacteriochlorophlls absorbs light energy and release one electron. They don’t 

release another e- until they have been reoxidized. One bacteriochlorophll and one 

bacteriopheophytin pass the electron to the primary quinone QA. The ubiquinone at QB 

site gathers 2 electrons from QA and takes up 2 protons to form QH2, the product of the 

reaction. The three other cofactors, an iron, a second bacteriochlorophll and a second 

bacteriopheophytin, are not functional.  Another example of a multi-cofactor protein is 

cytochrome c oxidase. It’s a membrane protein that generates a proton gradient. All the 

redox-active cofactors are held by subunit I and II. Subunit II contains the di-nuclear 

CuA, which serves as a one-electron donor/acceptor. Meanwhile subunit I binds hemes a, 

a3, and CuB. Heme a3 and CuB form the “bi-nuclear” center where dioxygen reduction to 

water occurs releasing energy to pump the protons.  

This dissertation concentrates on two types of cofactors: hemes and quinones. Hemes 

are common electron carriers, which are largely found in cytochrome proteins. A major 

challenge for understanding the relationship between protein structure and function is to 

recognize the forces that proteins use to modify the behavior of bound ligands. The 
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simplicity of the heme electrochemistry with its one electron oxidation/reduction 

reaction, the extreme range of modification of the chemistry in situ and the wealth of data 

and structures allows in depth computational study of this group of proteins. Earlier 

calculations on heme proteins analyzed either one protein 3-5, or several proteins covering 

a small range of Ems.6,7 The work reported here is the first using a single method to 

analyze proteins with hemes covering an Em spread of 800 mV, almost twice as large as 

the 450 mV range previously explored.7 Most bis-His, His-Met, and aquo-His ligated 

heme containing proteins with known Ems as of March 2007 were analyzed. Using the 

standard continuum electrostatics analysis there are no free parameters in the Em 

calculation as long as the appropriate Em of the heme with the ligand in solution (Em,sol) is 

known.4 The study here will be used to explain how proteins modulate heme 

electrochemistry. 

Quinones are very important lipid soluble electron carriers. Different types of 

quinones were selected by nature for different proteins. The aim here is to compute 

binding affinities to shed light on the range of native binding sites that are observed to 

accommodate quinones. The initial target is the primary quinone (QA) binding site of the 

photosynthetic reaction centers of Rps. sphaeroides. Calculations of ligand affinities 

combine search functions to generate ligand poses in the protein and scoring functions to 

rank their energies.  

1.1 Heme 
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1.1.1 Heme and heme proteins 

Hemes are redox active cofactors found in a variety of proteins. It consists of a large 

heterocyclic ring system called protoporphyrin IX with an iron in the center. Four 

nitrogen atoms on the heme porphrin are ligated to the center iron atom.  

     

Figure 1-1  Structures of heme a, b, c, and d. 

Back in the 1920s, heme proteins were classified on the basis of the position of their 

lowest energy absorption band in the reduced state, such as cytochromes a(605 nm), 

b(~565nm), and c(550 nm).15 Among them, the most common heme tetrapyrrole 

macrocycle is heme b, also called protoheme. (See Figure 1-1) It has four methyl groups, 

two vinyl groups and two propionates on the ring. It serves as the basic structure from 

which heme a and c are biosynthetically derived.16 Heme c is the most structurally similar 

to heme b. (See Figure 1-1) The thioether bonds to cysteine covalently link the heme 

macrocycle replacing the vinyl groups. This type of heme is most often found in 
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cytochrome c proteins. Cytochrome c proteins typically carry a CXXCH sequence motif 

from which the two cysteines link to the porphyrin macrocycle and the histidine binds to 

the iron. Other heme types, such as a, d, o, are also derivatives of heme b and relatively 

rare in proteins.  

Protein scaffolds bind hemes via axial ligands bound to the iron, the polar interactions 

with the propionates and hydrophobic interactions with the heme macrocycle. The axial 

ligands are provided by protein via amino acid side chains that contain oxygen, nitrogen 

or sulfur atoms. Fufezan et al used a non-redundant heme protein database to study heme 

binding motif.17 In the non-redundant database, the most common ligand is histidine with 

82.6% of the 132 hemes having at least one histidine ligand. More histidine ligands were 

observed for c-type hemes (95.1%) than b-type hemes (71.8%). Other common ligands 

include Met, Asn and Asp. The most frequently observed ligation motifs are the bis-

histidine and mono-histidine with a free ligation site, which together make up 71% of the 

total heme non-redundant database. 

Besides the axial ligands to the heme that determine the basic heme electrochemistry, 

the interaction of nearby amino acids in the protein also modulates heme function. The 

heme binding sites are dominated by hydrophobic residues, such as Leu, Ile, Met, etc.18 

The interactions with the hydrophobic residues are important for heme binding energies. 

They are essential for proteins like myoglobin, which mainly binds five-coordinated 

hemes and lacks the covalent bond for the c type heme.19,20 At least one aromatic residue 

(Phe, His, Trp and Tyr) near the heme are observed in the majority of heme protein 

structure. They stablize the heme cofactor by π-stacking or edge-to-face interactions.21 

Polar residues are also seen in the binding site. They make a contribution by forming 



	
   6	
  

hydrogen bonds and regulate the electrostatic protein environment. Heme propionate 

groups can interact with polar residues. They are often seen salt-bridged to Arg resides. 

All these polar interactions are critical to modifying the electrochemical properties of the 

hemes.  

A group of versatile and important proteins incorporate hemes as cofactors. These 

proteins carry out diverse biological functions. For example, c type cytochromes are 

responsible for electron transport in respiratory pathways.22,23 Cytochromes P450 carry 

out substrate oxidation.24 Heme proteins also play roles that do not involve redox 

reactions, in sensing, storing and transporting small ligands 25, metal ions 26 and gases 

such as oxygen and carbon monoxide.27,28 The release of cytochrome c from the 

mitochondria into the cytosol initiates programmed cell death.29,30 Several six-coordinate 

heme proteins, such as cyt cd1, are known to swap ligands upon oxidation/reduction to 

gate the electron-transfer event.31 In addition, heme has become a favored cofactor to be 

bound to de novo designed and bioinspired proteins to generate new functionality.32-34  

1.1.2. The Redox Potentials of Hemes 

In biological electron transfer chains, the cofactor midpoint redox potential controls 

the direction of favorable transport between individual cofactors.35,36 Thus, the in situ 

heme Em determines the role the protein will play. Reported heme Ems cover an enormous 

range of 1000 mV from -550 mV for His-Tyr b type heme in HasA37 to 450 mV for His-

Met c type heme in cytochrome c Peroxidase38. This represents a shift of 23.5 kcal/mol 

for the reduction reaction, equivalent to a protein changing the pKa of a given residue 

type by 17.4 pH units.  
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The redox potential of the heme proteins are fundamentally coupled to the difference 

in heme binding affinity in the oxidized/reduced states. The 23.5 kcal/mol change in Em 

values represents a 1018 shift in the ratio of the ferric (Fe III) and ferrous (Fe II) heme 

association constants. Thus high-potential heme proteins are more stable and tightly 

bound in their reduced states, while low-potential heme proteins are more stable in the 

oxidized state. This property can facilitate heme release from the transport ligand. For 

example, the heme acquisition system A (HasA) has an extremely low reduction potential 

of -550 mV vs SHE. That indicates a very tight ferric heme affinity (Kd≈10pm) and a 

very weak ferrous heme affinity (Kd≈10µm).37 This protein extracts heme from 

hemoglobin in oxidized state and delivers it to HasR receptor in reduced state.  

The ligand coordination determines a starting value for the redox potential of the heme 

complex. The measured Em of bis-His microperoxidases (MPs) in aqueous solution is 

≈-220 mV39 vs SHE while the potential is -15 to -70 mV vs SHE40,41 for the His-Met 

type. Based on the hard-soft acid-base principle,42 the Fe(II) is softer than Fe(III) and 

binds softer ligands, such as Met, more tightly, while the Fe(III) binds harder ligands, 

such as His, more tightly. This is consistent with the measured redox potentials shown 

above. The bis-His ligand type binds more tightly to the oxidized heme and less tightly to 

the reduced heme than the His-Met type, which results in a lower Em for the bis-His type 

heme in the absence of other interactions. The five-coordinate hemes bind a water or 

hydroxide as a sixth ligand. The measured solution Em for His-water heme is -120 mV 

and -200 mV for His-hydroxyl,43 which lies between that of -15 mV for His-Met type to 

-220 mV for bis-His type. Thus water and hydroxyl are relatively harder ligands than Met 

but still softer than His ligand.  
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In addition to the intrinsic factors that affect the heme redox potentials, the protein 

environment also greatly modulates the heme Ems. Among the heme proteins calculated 

in this thesis, the bis-His heme proteins have the largest Em span of 650 mV from low 

potential bis-His c heme in soluable cyt. c3 (-350 mV) to high potential bis-His a heme in 

membrane protein cyt c oxidase (300 meV).44 This is a ≈1012 difference in the binding 

affinities between the oxidized/reduced heme states. The other two heme types included 

in the calculation are the His-Met and aqua-His. The His-Met type is high potential heme 

proteins with Ems ranging from -60 mV in photosynthesis reaction centers to 450 mV in 

cyt c peroxidase. The aqua-His type is in the middle Em range with a smaller observed Em 

span from -260 mV to 103 mV. Other His ligand, such as His-Tyr, which is not 

calculated here, has a large Em range as the bis-His type from -550 mV (HasA) to 287 

mV (cyt cd1).18  

The redox potential for all these heme types are shifted from the solution values 

displaying the effects of the protein environment. The bis-His heme proteins favors 

oxidized hemes lowering the Ems as well as reduced hemes raising the Ems. The redox 

potentials for the His-Met type hemes are mostly increased with some by as much as 

≈500 mV. This trend shows that His-Met heme proteins bind reduced heme tighter than 

the oxidized heme. The aqua heme types exhibit the smallest Em variation from the 

solution values. This is probably because the five-coordinate hemes are mostly situated 

close to the protein surface thus altered less electrochemically by the protein. 

1.1.3. Calculations of Heme Ems 

Cytochrome Ems have been analyzed by various computational techniques to 

understand how the protein modifies the heme electrochemistry. Studies have used 
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classical continuum electrostatics (CE),3,4,6,45 MultiConformation Continuum 

Electrostatics (MCCE),7,44 Protein Dipoles Langevin dipoles (PDLD); semi-microscopic 

PDLD (PDLD/S) analysis;46,47 Molecular Dynamics (MD),48 and QM and QM/MM49 

methods. Calculations on the Rhodopseudomonas viridis reaction center, which have four 

hemes with Ems spanning 450 mV, successfully identified the high- and low-potential 

hemes.4,50 Mao investigated a variety of soluble cytochromes with Ems spanning 450 mV 

using MCCE, comparing the ways different protein folding motifs modulate the 

electrochemistry.7 A variety of studies have shown the importance of the propionic acids, 

which are peripheral ligands to the heme in determining the Em and the pH dependence of 

the Ems.3,51,52 

Many of the methods that analyze heme Ems in proteins are conceptually similar to 

those that calculate residue pKas in proteins, analyzing how the protein shifts the proton 

or electron affinity of a site.53-58 However proteins are found to shift heme Ems over a 

much larger range than amino acid pKas. Thus protein pKas are usually measured from 

pH 2 to 11 where proteins remain stable.8,53,59 While the observed pKas for a given 

residue type range over only a few pH units,60,61 some highly perturbed species can be 

found where the protein shifts the pKas by as much as 4-5 pH units 62,63.  This represents 

a shift in free energy of ionization of 240-300 meV, much smaller than found routinely 

for the shifts in heme Ems.  

The earliest analysis of heme protein electrochemistry focused on how the desolvation 

of the heme in the protein will raise the Em relative to that found for a heme in water.64-66 

Modern continuum electrostatics techniques then combine continuum electrostatics 

energies and Monte Carlo sampling of the possible combinations of ionization states in a 
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protein. This analysis starts with a reference pKa,sol or Em,sol in water for each group of 

interest calculating only the shift in pKa or Em when the group is moved into the 

protein.54 The free energy of the reaction is assumed to be shifted by the change in 

solvation energy and by electrostatic pair-wise interactions with charges and dipoles 

between the water and protein, which are calculated by the Poisson-Boltzmann (PB) 

equation67 or Generalized Born methods.68,69 Monte Carlo sampling establishes the 

Boltzmann distribution as a function of pH and Eh, yielding the calculated pKas and Ems 

within the protein.  There have long been arguments about the most appropriate value for 

the protein dielectric constant. Different values have been tried, from as low as 48,70,71 to 

860, 206,72 and to as high as 80.73 There have also been methods using non-uniform 

dielectric constants.74,75 All these represent different levels of averaging the response to 

changes in charge.  

MCCE adds extensive rotamer sampling to the sampling of ionization states found in 

traditional continuum electrostatic calculations. This added degree of freedom raises the 

local effective dielectric response and improves the match between observed and 

calculated Ems or pKas.7,8,76 MCCE has proven to be a good tool in calculating pKas and 

Ems of residues and cofactors in proteins.7,11,51,77-79  

1.2 Quinone in Reaction Center 

1.2.1. The purple photosynthetic bacteria reaction center  

All reaction centers (RCs) from green plants, algae or photosynthetic bacteria carry 

out the same function, which is to convert light energy into high energy oxidizing and 

reducing products by charge separation. These products are then passed on to subsequent 

electron transport chains. The energy will ultimately drive ATP synthesis and ion 
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transport.80 Over the years, the RC has been an important testing ground for the 

understanding of electron transfer theories and quinone binding. The rich experimental 

dataset of thermodynamic and kinetic measurements has allowed this protein to be used 

for developing methods for computational analysis on large transmembrane proteins.81 

Based on the identity of the terminal electron acceptors, the reaction centers are classified 

into two basic types: Type I (or Fe-S type) and Type II (or pheophytin-quinone type). 82 

Type I reaction centers are found in green, brown sulfur bacteria (Chlorobiaceae and 

Heliobacteriaceae), PS I bacteria (Cyanobacteria) and PSI in plants, while Type II RCs 

are found in all purple bacteria, green bacteria (Chloroflexaceae) and plant PS II. 83 

In the mid-1980s, the structures of the Type II reaction centers of purple 

photosynthetic bacteria, Rhodopseudomonas viridis and Rhodobacter sphaeroides, were 

determined by X-ray crystallography.84,85(Figure 1-2) This was a critical breakthrough in 

photosynthesis research. Ever since then, these complexes, which appear to have some 

common design features to all reaction centers, have been subjected to extensive 

structural and functional analysis. 
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Figure 1-2 The reaction center from Rhodobacter sphaeroides. (PDB ID: 1AIJ) 

The functional core of the purple RC complex is a non-identical heterodimer (subunits 

L and M). The axis of the twofold symmetry is oriented perpendicular to the plane of the 

membrane. (Figure 1-2) A third subunit H caps the LM dimer on the cytosolic side of the 

membrane, which stabilize the protein structure and is involved in the proton uptake. The 

LM dimer binds all the active cofactors, including 4 bacteriochlorophylls (BChl), 2 

bacteriopheophytins (BPhe), 2 ubiquinones and an iron atom.  

Though the structure of the purple bacterial reaction center is pretty symmetrical, the 

electron pathway occurs exclusively via A cofactors.83 The primary donor (P*) absorbs 

light energy and forms an excited state. It passes one electron via BChl (BA) to the BPhe 
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(HA). All these occur on a time scale of few picoseconds. The BPhe (HA) further transfers 

the electron to the primary quinone, QA, which takes ≈0.2 ns. From QA
-, the electron 

crosses the symmetry axis and reaches the secondary quinone, QB. This is a much slower 

process of 10-100 µs.  

The positively charged P+ captures a second electron from the nearby cytochrome so 

returns to the ground state. Following the same pathway, the QB is doubly reduced to 

QH2 with the uptake of 2 protons from the solution. It then leaves the RC and diffuse into 

the membrane. The QB site binds a new oxidized quinone (Q) from the membrane pool. 

Thus the net proton uptake by RCs is the result of quinol production, which requires 2H+ 

per 2e-. The essential principle illustrated here is that the reaction centers uses light 

energy to transfer electrons from weak electron donor (P*) to strong electron donor 

(quinone in reduced state). The excitation energy stored in the electron will generate the 

electrochemical gradient over the membrane, which will be used later in ATP synthesis.  

1.2.2. Quinones 

Quinones are the most important lipid-soluble electron and proton carriers in the 

membranes of mitochondria, chloroplasts and oxygenic bacteria.86,87 They transfer 

electrons between proteins carrying out the proton-coupled electron transfer reactions that 

generate transmembrane proton gradients.88,89 Quinone redox chemistry occurs in specific 

binding sites in these proteins, which select for different quinones90 and that modulate in 

situ quinone chemistry.91-93 The biological quinone redox reactions shift the quinone 

between stable quinone and hydroquinone (quinol) species, requiring two electron and 

two proton transfers. The tuning of affinity, specificity and electrochemistry in quinone 
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sites is of prime importance since the intermediate, singly reduced semiquinone is a 

source of reactive oxygen species (ROS).94-97 

As quinones function as intermediaries in the bioenergetic transfer chain there are 

quinone binding sites in many proteins. The Krebs cycle products yield QH2 via NADH2 

or succinate oxidation in NADH-DH (complex I) and succinate-DH (complex II).98 In 

aerobic respiration, the cytochrome bc1 complex gives electrons from QH2 to cyt c93,99, 

which in turn provides the electrons to reduce O2 to water in cytochrome c oxidase. 

Different organisms can use different quinones. Animals and plants use only ubiquinone 

(UQ) in their mitochondrial membrane electron transfer proteins, while plants and algae 

use plastoquinone and phylloquinone in their chloroplast photosynthetic reactions. 

Bacteria use a mixture of quinones including UQ, menaquinone and rhodoquinone for 

photosynthetic and other transmembrane, bioenergetic reaction. Quinone binding sites are 

also the targets for anti-malarial drugs100; nafuredin, an antibiotic101 and herbicides102 and 

can be the source of harmful reactive oxygen species.   

Quinones are seen in a slowly growing list of membrane protein crystal structures, 

including in photosynthetic reactions centers of bacteria (RCs) (QA, QB)103, PSI and PSII, 

cytochrome bc1 and b6f oxidoreductases (Qo, Qi)104,105, quinol-fumarate reductase 

(QP,QD)106, succinate dehydrogenase97 and the enzyme DsbB.107 However, inspection of 

the quinone binding sites does not provide a well-defined binding motif.108 Binding sites 

have from 1 to 6 aromatic residues (Phe, Tyr and Trp) within 4Å of the quinone ring and 

tail.  Some are parallel extensions of the quinone ring or over the ring in tilted or parallel 

orientations. The two quinone oxygens are hydrogen bond acceptors when the quinone is 

oxidized (Q) or donors to the neutral reduced cofactor (QH2). Hydrogen bond partners 
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include the ionizable Glu, Asp, Lys; the polar His, Ser, Tyr, and backbone NH. The 

number of hydrogen bond partners varies from 0 as for one of the two quinone binding 

sites in Escherichia coli fumarate reductase to 5 as in RCs. Water molecules are seen in 

about two thirds of the quinone binding sites. 

1.2.3. The acceptor quinone (QA) of the bacteria reaction center 

In Rba. Sphaeroides bacterial reaction center, the QA is a ubiquinone-10 (UQ-10). 

(Figure 1-3) The crystal structure shows that the two carbonyl oxygens of the quinone are 

hydrogen bonded: O1 to the peptide NH of Ala M260 and O4 to the NδH of His M219. 

The bond lengths are 2.84 and 2.79 Å respectively. Residues that come to close contacts 

with the QA are shown in figure 1-3. They are mostly hydrophobic with a few polar 

residues. 

 

Figure 1-3 The QA binding site of the Rba. sphaeroides reaction center. 

The bacterial reaction centers of photosynthetic bacteria (RCs) have proved to be a 

useful and robust system for experimental studies of quinone electrochemistry and 

binding.109-111 The electrochemical midpoints, Ems, of QA
91 and QB

112,113 of Rb. 
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sphaeroides RC have been measured, even down to cryogenic temperature.114,115 

Computational analysis has followed. The Q to Q•- Em of the native UQ in the QA and QB 

sites have been satisfactorily calculated in wild type9,11,71,116,117 and mutant RCs118. 

Likewise, the affinity of many compounds for the QA site of Rb. sphaeroides RCs have 

been measured, providing a qualitative picture of the importance of the quinone ring 

substituents and the tail structure.90,119-125 However, there has been little computational 

analysis of quinone affinity. This is largely because calculations of binding affinity126-129 

are far more challenging than for Ems and pKas.54,55,130  

All methods introduce simplifications in protein and ligand degrees of freedom and 

in the complexity of the scoring functions in sake of computational speed.131,132 The 

fastest techniques use a rigid receptor and ligand, allowing only translation and 

rotation.133 More refined methods provide the ligand with flexibility and the protein with 

optional limited flexibility (e.g. DOCK134, AutoDock135, FlexE136, GOLD137). Inevitably 

conformational freedom greatly expands the size of the problem. The relative protein-

ligand interaction energies are evaluated with functions that range from simple statistical 

functions as found in QSAR138, to MM-PBSA or MM-GBSA139,140 methods which use 

standard Molecular Dynamics (MD) bonded and non-bonded parameters and continuum 

electrostatics (CE) analysis141 to more complete physics-based approaches with 

significant computational cost, such as alchemical free energy calculations142 or DFT 

analysis.143   

MCCE, a new MM-PBSA type method, which carries many novel features will be 

used here. It was developed for analysis of Em and pKa values and has been used 

extensively in the analysis of the quinone electrochemistry in RCs.8-11 MCCE has also 
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been applied to analyze ion binding,12 which represents an extension of the program to 

determine small molecule affinity. The binding of ten fully oxidized neutral 

benzoquinone (BQ) substitutes at the QA site of the Rhodobacter sphaeroides 

photosynthetic reaction center will be calculated. The considered interactions between the 

protein and the ligand combine molecular mechanics non-electrostatic interactions and 

Poisson-Boltzmann continuum electrostatics interactions. The binding affinity is 

determined with Grand Canonical Monte Carlo sampling, allowing flexible side chains13 

and multiple binding modes14 within a rigid backbone. Unlike almost all simulations, 

which need to pre-assign the ionization states of the protein and ligand, all protonation 

and redox states for each residue and cofactor can change in the MC sampling that 

determines the ligand affinity.  
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Chapter II. Analysis of heme electrochemistry 
2.1 Methodology: Em calculations in MCCE 

Protein Selection: All structures were obtained from the Protein Data Bank.144 Forty-two 

different heme-containing proteins (63 pdb files, 96 structures, 141 hemes) with 

experimental Ems spanning 800 mV were examined. These proteins range in size from 

the 76 residue cyt. c553 to the 1212 residue bc1 complex. Most structures are solved by X-

ray crystallographer with a resolution of 2.5Å or better. When there are multiple copies of 

a protein in one PDB file, each independent copy was analyzed separately, keeping all 

results. Three NMR structures were considered here (cytochrome b5 1AW3, cytochrome 

b5 1B5A, cytochrome b562 1QPU), all of which contain a single structure in the PDB file. 

With the exception of a single heme a in cytochrome c oxidase, there are only b- and c-

type hemes included, with ligand types of bis-His, His-Met or aquo-His. All crystal 

waters were deleted from the structures. Five coordinate hemes, with a single protein 

ligand, were fitted with an aquo ligand. This can be a water or hydroxyl, with a pKa that 

is dependent on the heme oxidation state.43 A dielectric constant of 80 was applied to the 

surrounding water. Protein cavities were filled with continuum water. The default value 

for the protein dielectric constant was 4. 

Three membrane proteins are included: bovine bc1 complex, Rhodobacter 

sphaeroides cyt. c oxidase, and the Rhodopseudomonas viridis reaction center. The 

hemes in the reaction center are in an extra-membrane cytochrome c subunit, which was 

isolated and analyzed independently. These heme Ems are not affected by removing the 

other three transmembrane subunits (Gunner unpublished results). A membrane slab of 
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~35Å was built for cyt. c oxidase and the bc1 complex using the program IPECE.77,145 

IPECE is embedded in MCCE as an optional procedure. Membranes were assigned a 

dielectric constant of 4. In cyt c oxidase, the Em for the bis-his heme a was calculated 

with all other cofactors fixed in their oxidized states.  

MCCE: Multi-conformation continuum electrostatics (MCCE) is a semi-empirical 

method combining classical continuum electrostatics and molecular mechanics.8,9,60 It 

samples the ionization state of each residue and cofactor in the protein as a function of Eh 

and pH. Version MCCE2.4 was used here. In MCCE, the protein backbone and the heme 

ring heavy atoms are fixed. MCCE generates rotamers in 60º steps around each rotatable 

bond for both ionizable and non-ionizable sidechains and the heme propionic acids. Each 

possible conformation or ionization state for a residue is called a conformer.  All pairs of 

conformers with only modest clashes (<5 kcal/mol) have their positions optimized. All 

acidic and basic residues have conformers for the neutral and ionized states and multiple 

hydroxyl positions are found in different conformer. Solution of the finite-difference 

Poisson-Boltzmann equation using DelPhi67 yields an energy look-up table, which 

contains the electrostatic conformer-conformer pairwise interactions and reaction field 

energy for each conformer. A salt concentration of 0.15 M, a water probe radius of 1.4 Å 

and a 2.0 Å Stern ion-exclusion radius were used. Protein residues were assigned PARSE 

charges and radii.146 Focusing runs give a final resolution better than 2.0 grids/Å.147 The 

non-electrostatic van der Waals interactions and torsion energies were calculated with 

standard AMBER parameters.148 For a protein with ~110 residues, ~1200 conformers are 

made, with each conformer representing a choice of atomic position and ionization state 

for a sidechain, chain termini or cofactor. For every protein microstate, a single 
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conformer was selected for each residue. Monte Carlo sampling calculates the Boltzmann 

distribution of all conformer ionization states and positions at 25°C. Each calculation 

result reported here was the average of two independent Monte Carlo sampling runs. The 

total energy for one microstate (∆Gn) is:   

€ 

ΔGn = δn,i 2.3miRT(pH − pKsol,i) + niF(Eh − Emsol,i)[ ] + (ΔΔGrxn,i + ΔGpol,i){ }
i=1

M

∑

+ δn,i
i=1

M

∑ δn,i(ΔGij )
j= i+1

M

∑
           (1)                              

RT is 0.59 kcal/mol. F is the Faraday constant. δn,i is 1 for the conformer i that is 

occupied and 0 for all other conformers in the residue. mi is 1 for bases, -1 for acids and 0 

for all other groups. ni is the number of electrons. M is the total number of conformers in 

the protein. pKsol,i and Em sol,i are the pKa and midpoint potential in solution for residue. 

∆∆Grxn,i is the desolvation energy, the loss of reaction field energy when conformer i is 

moved from solution to protein. ∆Gpol,i is the pair-wise electrostatic and nonelectrostatic 

interaction between the conformer i and the backbone dipoles. ∆Gij is the electrostatic 

and nonelectrostatic interaction between two conformers. A detailed description of the 

method can be found in.7,8,11,60,77  

Midpoint Reduction Potential (Em) Calculation: MCCE follows the percentage of group 

ionization for each residue or cofactor as a function of pH or Eh (Eqn. 1). The 

midpointredox potential is the Eh where half of the hemes are oxidized. The MCCE 

procedure keeps all protonation states in equilibrium with the heme as it changes redox 

state during the titration. This allows the proton uptake coupled to electron transfer to be 

determined from the number of protons bound to the ionizable groups as a function of the 
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cofactor redox state. The default calculations are carried out at pH 7. The following 

proteins were analyzed at alternate pH where the Em was measured: cyt c3 3CAO, 3CAR 

at pH 7.6; cyt c3 1CZJ at pH 8.1; cyt c 1M1R at pH 9.0.  

The influence of the protein on the Em can be determined from:  

€ 

Em = Em,sol −ΔGprotein /nF                                                                                                  (2)  

∆Gprotein/nF is the effect of the protein on the free energy of the redox reaction.54 This 

term can be decomposed in MCCE calculation as: 

€ 

ΔGprotein = (ΔΔGrxn + ΔGpol ) + ΔGres,prop + ΔGres,prot                                                             (3)  

 This incorporates the difference in the loss in reaction field energy (desolvation energy) 

moving from solvent to protein (∆∆Grxn), the change in interaction with the backbone 

dipoles (∆Gpol) and contributions from the electrostatic interaction with the propionates 

(∆Gres,prop) and the rest of the protein (∆Gres,prot).  In each case the difference between the 

interaction of the oxidized and reduced heme with the protein determines the resultant Em 

shift. ∆∆Grxn always destabilizes heme oxidation, raising Ems64,65,149 because the solvation 

energy loss is always greater for the more highly charged oxidized heme. Ionized 

propionates always have favorable interaction (∆Gres,prop) with the heme, lowering Ems. 

∆Gpol and ∆Gres,prot depend on the protein context. They are as likely to favor the reduced 

as the oxidized heme.  

Heme-ligand Complex: Heme, its axial ligand sidechains and, for the c-type hemes, the 

Cys sidechains that are covalently bound to the hemes, are treated together as a single 

unit with an oxidized or reduced conformer. The backbone atoms for the residues that 



	
   22	
  

function as ligands are considered part of the protein backbone. The two propionates are 

treated as independently ionizable groups.  

The measured Em of –220 mV (vs. SHE) of bis-His microperoxidases (MPs) in 

solution was used as the solution Em (Em,sol) for the bis-His hemes.39 The Em,sol of -15 mV 

derived from site-directed mutation from bis-His to His-Met axial ligands40,41 was used 

for His-Met hemes (see Mao et al for a more complete discussion7). 

Five-coordinate hemes bind a water or hydroxide as a sixth ligand. Solution pKa 

(pKa,sol) and Em,sol of this heme complex were also taken from measurements on 

microperoxidase.150,151 The hydroxyl pKa,sol is 9.6 in the ferric and 10.9 in the ferrous 

heme. Em,sol is -120 mV for His-water heme and -200 mV for hydroxyl-His heme.43,152,153 

The reference reaction field energy (∆Grxn,sol) of the heme complex was 

precalculated by DelPhi for each ligand-heme complex by moving the heme with the 

axial ligands from dielectric constant of 4 to 80 in the reduced and the oxidized states. In 

calculations with a protein dielectric constant of 8, the heme complex was moved from 

e=8 to 80 in Delphi to generate ∆Grxn,sol. The Cys peripheral ligands were included in the 

atomic structure of the c-type heme complex. The propionic acids, which are considered 

as independently ionizable groups, were removed. The same procedure was carried out to 

generate the solution reaction field energy for the ionized and neutral acids and bases.60  

The propionates are given at least two protonated conformers, with a proton on 

either carboxylic oxygen, and one deprotonated conformer.7 Each of these can have 

multiple heavy atom rotamers if these can be accommodated in the protein structure. 

Protonated conformers have a total charge of zero, while deprotonated ones have -1.00. A 
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standard solution pKa of 4.9 for carboxyl group was used for propionates.154 The 

reference reaction field energies are -2.5 kcal/mol for the protonated conformers and -

18.23 kcal/mol for the deprotonated conformer. 

The default calculations use a metal centered charge distribution on the hemes.4 

This has -0.5 charge on each heme ring nitrogen atom and +2 or +3 charge on the iron in 

the reduced or oxidized state respectively.4 Ligand side chains have PARSE charges on 

each atom, with a net charge of zero in both the neutral and ionized heme complex. In 

addition, a Mulliken charge set was obtained by Gaussian03 calculation with HF/6-31G 

and B3LYP/6-31G basis sets for the His-Met c-type heme155 and results were compared 

with those obtained with the metal centered charge. Here charges of +1.20 and +1.34 

were assigned to the iron in reduced and oxidized heme. All ligands, His, Met, Cys, have 

a non-zero net charge in each state. The total heme complex (including two propionates) 

has -2 and -1 charge. With the heme reduced, the covalently attached propionic acid each 

has an assigned net charge of -1. However, when the heme is oxidized there is a charge 

shift diminishing the assigned propionic acid charge to -0.81. A -1.00 charge is assigned 

to each of the propionates in the calculation regardless of the heme oxidation state. The 

missing +0.38 charge was evenly added to each atom in the plane of the oxidized heme. 

Electrostatic potential charge (ESP) and natural bond orbital (NBO) charges for the bis-

His c-type heme were also obtained using Jaguar156 (Zhang et al. in preparation). The iron 

should have a positive atomic charge. Thus with positively charged heme iron of +0.69 

and +1.04 in reduced and oxidized, NBO charges appear to be more physically 

reasonable than a -0.65 and -0.23 charge on iron in ESP.   
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2.2 Calculated contribution of different electrostatic energy terms to Em 

MCCE interprets the in situ midpoint redox potential as shifted from solution by 

the protein because of the loss in the self (reaction field) energy (∆∆Grxn), which always 

favors heme reduction raising Ems,64,65 and pair-wise electrostatic interactions with 

backbone dipoles, propionic acids and charged or polar side chains (∆Gpol, ∆Gres,prop and 

∆Gres,prot) (Eqn. 3, Table 2-1, Figure 2-1).7,43,145 The method allows decomposition of 

these electrostatic terms to determine what features yield the observed electrochemistry 

in each protein. This new analysis of proteins with an Em range of 800 mV overturns 

some conclusions from an earlier MCCE study analyzing a group of higher potential 

hemes with Em,expt spanning 450 mV from -102 to 350 mV.7 

      

Figure 2-1 Energy terms contributing to the Em,calc vs. Em,expt.  
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(a) ∆∆Grxn: loss of reaction field energy (desolvation energy); pairwise interaction with 

(b) ∆Gpol: backbone dipoles; (c) ∆Gres, prop: propionic acids; (d) ∆Gres, prot: sidechains. The 

slope and R2 values for each figure can be found in table 2-1. 
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 # proteins # pdb  Em,expt  Em,cal 

    

All 42 63 Range [-350,450] [-420,336] [3,305] [-158,187] [-522,30] [-261,507] 

   AVE±STD 0±263 -77±207 113±78 24±74 -128±90 53±107 

   Slope n/a 0.728 0.198 0.173 -0.165 0.199 

   R2 n/a 0.898 0.493 0.373 0.223 0.302 

   Slope* n/a 0.969 n/a n/a n/a n/a 

   R2* n/a 0.931 n/a n/a n/a n/a 

bis-His a 1 1 Range 300$ 261 205 131 -522 507 

bis-His b 3 7 Range [-102,100] [-268,100] [85,280] [-23,139] [-243,-47] [-77,345] 

   AVE±STD -12±69 -85±116 147±91 71±59 -120±70 54±160 

   Slope n/a 0.913 0.361 0.267 -0.490 0.988 

   R2 n/a 0.358 0.107 0.114 0.322 0.251 

bis-His c 14 16 Range [-350,149] [-420,2] [3,110] [-158,114] [-185,30] [-146,216] 

   AVE±STD -230±104 -260±85 47±30 -13±62 -89±40 17±73 

   Slope n/a 0.674 0.046 0.272 -0.058 0.427 

   R2 n/a 0.568 0.024 0.164 0.020 0.371 

His-Met b 1 2 Range 168 146 117 18 -44 70 

His-Met c 24 33 Range [-60,450] [0,336] [86,283] [-84,187] [-332,3] [-69,348] 

   AVE±STD 287±101 133±77 169±29 56±75 -168±96 92±77 

   Slope n/a 0.490 0.089 0.239 -0.008 0.173 

   R2 n/a 0.336 0.091 0.083 0.000 0.046 

aqua-His b 2 10 Range 50,103 20,67 246,204 50,40 -139,-117 24,80 

aqua-His c 1 1 Range -260 -186 199 40 -147 -198 

b 6 19 Range   [-102,168] [-268,201] [77,305] [-23,139] [-243,-37] [-77,345] 

   AVE±STD 28±86 -31±127 161±81 59±50 -113±61 55±128 

   Slope n/a 1.344 0.183 -0.143 0.003 0.593 

   R2 n/a 0.687 0.030 0.064 0.000 0.234 

c 34 44 Range [-350,450] [-420,336] [3,283] [-158,187] [-332,30] [-261,348] 

   AVE±STD -10±277 -91±211 101±68 17±75 -124±79 46±88 

   Slope n/a 0.714 0.190 0.175 -0.156 0.180 

   R2 n/a 0.923 0.653 0.399 0.239 0.347 

€ 

ΔΔGrxn

€ 

ΔGpol

€ 

ΔGres,prop

€ 

ΔGres,prot
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bis-His 18 24 Range [-350,300] [-420,261] [3,280] [-158,139] [-522,30] [-146,507] 

   AVE±STD -183±155 -219±141 69±74 3±70 -104±81 35±116 

   Slope n/a 0.755 0.289 0.301 -0.252 0.406 

   R2 n/a 0.749 0.452 0.372 0.283 0.348 

His-Met 24 33 Range [-60,450] [0,336] [77,283] [-84,187] [-332,3] [-69,348] 

   AVE±STD 282±102 133±76 167±30 54±74 -164±97 91±75 

   Slope n/a 0.425 0.121 0.264 -0.127 0.172 

   R2 n/a 0.279 0.131 0.109 0.010 0.050 

aqua-His 3 11 Range -260,50,103 -186,20,67 199,246,204 40,50,40 -147,-139,-117 -198,24,80 

low-potential 13 16 Range [-350,-102] [-420,-99] [-10,223] [-158,114] [-206,30] [-261,101] 

   AVE±STD -251±63 -267±73 50±37 -12±64 -86±38 -3±64 

   Slope n/a 0.877 0.015 0.561 0.176 0.140 

   R2 n/a 0.463 0.000 0.272 0.055 0.012 

mid-potential 10 22 Range [-63,168] [-230,201] [9,305] [-23,139] [-243,-31] [-74,345] 

   AVE±STD 35±78 -28±118 146±78 41±51 -120±59 75±121 

   Slope n/a 1.213 0.258 -0.127 0.108 0.490 

   R2 n/a 0.508 0.045 0.039 0.022 0.127 

high-potential 23 31 Range [215,450] [0,336] [86,283] [-84,187] [-522,3] [-69,507] 

   AVE±STD 314±56 148±85 178±50 63±76 -188±116 116±109 

   Slope n/a 0.737 0.210 0.246 0.092 0.228 

   R2 n/a 0.362 0.118 0.048 0.002 0.026 

 

Table 2-1 Experimental and MCCE calculated Em range for each ligand and heme 
type (mV) 

MCCE calculated energy terms as discussed in methods (meV). Slope*, R2*: Slope and 

R2 after adding a +160 mV offset for His-Met c type hemes. $ Em,expt for bis-His a varies 

from 300 mV, 340 mV to 430 mV in different species. The value for Rb. sphaeroides is 

used in the figures and data analysis. 

∆Grxn: Moving into the protein from the water always destabilizes the more highly 

charged oxidized heme more than the reduced, raising the Em.64,65 Deeply buried hemes 

suffer a bigger loss than more exposed ones. The variation of heme exposure to solvent 
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has been suggested to be a primary determinant of the in site Em.157-159 However, previous 

CE160 and MCCE7 studies found a small range of ∆∆Grxn of only ~130 meV in hemes 

with an Em,expt range of ~ 450 mV and thus suggested that variation in solvation energy is 

not the dominant factor in determining heme Ems. Over the wider Em range covered here, 

∆∆Grxn varies from 3 meV in small soluble tetra-heme cytochrome c protein (Em,expt -248 

mV)161 to 305 mV in the sperm whale myoglobin (Em,expt 50 mV)162. This 302 meV 

range, while significant, is still insufficient to account for the whole range of Em,expt of 

800 mV. In addition, the correlation between ∆∆Grxn and Em,expt shows a slope of only  

~0.2 with an R2 of 0.493 (Table 2-1).  

∆Gpol: Each amino acid has an associated backbone amide group, which has a 

dipole moment larger than that of water. Earlier electrostatic surveys of protein 

electrostatics found that on average the protein backbone dipoles are oriented in all 

proteins to make the interior more positive.163 In previous MCCE analysis of heme Ems, 

interactions with the protein backbone were always found to destabilize heme oxidation, 

raising the redox potential.7 Here, as the potential range is expanded to low potential 

hemes and new high potential proteins are added, there are hemes found where the 

backbone dipoles favor oxidation. ∆Gpol ranges from -158 meV in Thermosynechococcus 

elongatus cytochrome c550 (Em,expt -240 mV164) to 187 meV in Rhodobacter sphaeroides 

cytochrome c2 (Em,expt 355 mV165). However, overall there is little correlations between 

∆Gpol and Em,expt (Table 2-1). 

Small differences in protein structure can lead to significant differences in ∆Gpol.  

For example, B. taurus cytochrome b5 (Em,expt -10 mV166) and T. elongatus cyt c550 

(Em,expt -240 mV164) both have a Pro adjacent to the His axial ligand, which makes the 
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most significant contribution to ∆Gpol (Figure 2-2). In cytochrome b5 the Pro raises the 

Em by ≈50 mV while in cytochrome c550 the analogous residue lowers it by a similar 

amount. This difference results from the orientation of the Pro carbonyl, which points 

towards the heme in cyt. c550 and away in b5. The backbone is the one structural element 

that is not optimized in MCCE conformational sampling. The comparison of the results 

calculated with different atomic structures provides the only way to access the variability 

of ∆Gpol for a given protein. 

  

Figure 2-2 Residue backbone dipoles with strong interaction with the heme. 

(a) bovine b5 1CYO with a total ∆Gpol of 123 meV. (b) Cyt. c550 1MZ4 with a total ∆Gpol 

of -158 meV. Distances between the iron and the carbonyl group, amine are labeled in Å. 

The two axial Histidine ligands and one Proline adjacent to the ligand are shown. 

∆Gres,prop: All hemes have two propionic acids as peripheral ligands. When 

ionized, they lower the midpoint potential, favoring heme oxidation. Strong unfavorable 
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interactions between the two propionates can keep them from both being fully ionized. 

The more deeply buried acids lose reaction field energy, which destabilizes ionization 

and also increase the strength of the repulsion between the two propionates.  

Oxidation of the hemes always shifts the pKa of the acid down, leading to proton 

release if the pKa is near the solution pH.7,167, 51 The net charge on the two propionic acids 

is <–1 (>50% ionized) in 114 out of 141 (81%) hemes in the reduced state, with 40% of 

the propionic acids more than 90% ionized. When the hemes are oxidized now 129 

hemes (91%) have their propionic charge between -1 and -2 and 65% are >90% ionized. 

The associated proton release on heme oxidation makes the propionic acids important 

contributors to the pH dependence of many heme Ems.  

The ∆Gres,prop ranges from ≈0 to –522 meV. This is calculated at pH 7 at the Eh 

where the heme is 50% ionized in Monte Carlo sampling (i.e. Eh= Em,calc) (Eqn 1). The 

lowest value is  -522 meV for a deeply buried propionic acid on Heme a in cytochrome c 

oxidase. The deeply buried acid remains charged due to its interactions with two Arg 

(R481, R481) less than 3Å away. Another nearby Arg (R52), a Mg+2 and a Ca+2 ions also 

help stabilize both ionized heme acids. Of course the positive potential from the nearby 

cations will raise the potential at the heme. With the exception of cytchrome c oxidase, 

the most favorable heme-propionate acid interaction is –332 mV in cyt c (Em,expt 260168).  

In the low potential cyt c550 (Em,expt -240 mV164) and high potential cyt c4 (Em,expt 450 

mV169), the propionates are fully protonated at pH 7, so the polar, neutral acids have very 

small unfavorable interaction with the oxidized heme of 30 and 3 meV respectively.  
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The heme redox potential correlates poorly with the fractional propionate 

ionization or with the electrostatic interaction between these attached acids and the rest of 

the heme (Table 2-1, Figure 2-1c). Interestingly, there is a weak negative correlation 

between ∆Gres,prop and Em,expt. This arises because deeply buried, ionized propionic acids, 

which themselves lower the Em, must in turn be surrounded by cations which will tend to 

raise the heme Em. 

Earlier studies by Mao calculated that, in reduced cytochromes, the acids have an 

interaction with the hemes ranging from -40 to -170 meV, while with an oxidized heme, 

it is more favorable, ranging from -60 to -270 meV.7 The interactions reported here on 

the same proteins are more favorable. The differences are due to improvements in the 

MCCE methodology. The earlier calculations used an ad hoc SOFT function,60 which 

weakened strong electrostatic interactions. This was necessary because of the added low 

dielectric material introduced by the multi-conformation method which has all 

conformers present when calculating pairwise interactions.8,60 In contrast, the current 

method uses a more accurate, physical correction for errors in the boundary conditions. 

The pairwise electrostatics interactions between the single conformers from the original 

structure are considered correct. The same interaction is also calculated in the 

multiconformation structure and correction is defined to recover the correct value. The 

same factor applied to all the conformer-conformer electrostatics pairwise interactions 

between the two residues.	
   

∆Gres,prot: The ionizable and polar amino acids in the protein also modify the heme 

redox potential via electrostatic pairwise interactions. Here, ∆Gres,prot varies from -261 

meV in the di-heme peroxidase (Em,expt -260 mV38) to 507 meV in cyt. c oxidase, much 
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larger than the range from -60 to 165 meV found by Mao et al7. As seen in Table 2-1 and 

Figure 2-1d, there is no correlation between the ∆Gres,prot and redox potential.  

2.3 Comparison of the electrochemistry of the different classes of heme 

protein 

2.3.1 b- vs. c-type 

Hemes are attached to the protein by purely non-bonded interactions in the a- or 

b-type hemes or via two Cys linkages in the c-type hemes. In addition, the protein 

provides one or two axial ligands to the heme. The b-type heme, the most common heme 

tetrapyrrole macrocycle, is the structure from which heme a and c are derived17,18. The 

dataset here includes one a-type heme, 118 c-type hemes and 22 b-type hemes. Only bis-

His, His-Met and aquo-His hemes with measured Ems were examined here producing a 

dataset with more c-type than b-type hemes. The b-type hemes are more likely to be 

found with other ligands.17  

The b- and c- type hemes are found clustered in different Ems ranges. The b-type 

hemes have their Ems in the middle of the Em range measured for heme proteins, while c-

type hemes are mainly found either above 250 mV or below -100 mV. Thus, the c-type 

hemes span an 800 mV Em,expt range, from -350 mV in Desulfovibrio desulfuricans 

Norway cytochrome c3
170 to 450 mV in Nitrosomonas europaea peroxidase38, while b-

type hemes span less than 300 mV, ranging from -102 mV in Rat microsonal cytochrome 

b5
171 to 168 mV in Escherichia coli cytochrome b562.172 It can be seen that each of the 

electrostatic terms are larger for the bis-His b type hemes than for the more exposed bis-

His c-type hemes (Table 2-1). The covalent attachment of the heme to the protein via two 

Cys linkages has been assumed to modify the Em only by the small shifts in the reference 



	
   33	
  

reaction field energy. This is supported by by the small shift in Em measured when the c-

type heme in cytochrome c552 is mutated to a b-type heme by replacing both Cys ligands 

by Ala.173 Thus, the difference between the Em,calc for the  bis-His b- and c-type hemes is 

calculated to be solely due to electrostatic terms. 

 

Figure 2-3 MCCE calculated vs. experimental redox potential (mV). 

(A) All Em,calc vs. Em,expt (mV). (B) Averaging Em,calc for all proteins with multiple 

structures available (mV). Error bars show standard deviation of calculated Ems. A +160 

mV offset is added to all calculated His-Met c hemes. The two black arrows pointing 

downwards indicate the shifts in Em,cals when the propionic acids were forced to be fully 

ionized in Rps. viridis reaction centers and B. pasteurii cyt c553. : bis-His a type. : bis-

His b type. : bis-His c type. : His-Met b type.  : His-Met c type. +: aqua-His b. +: 

aqua-His c. Central black solid line is where experimental and calculated Ems are equal. 

The dashed line in (A) is the 160 mV offset for His-Met c-type. The black dot dashed and 

double dot dashed lines are the ±60 and ±120 mV error lines. The arrows pointing to the 

y-axis show the Em,sols used in this calculation, which are -220 mV for bis-His, -120 mV 

for His-water, -60 mV for bis-His a and -15 mV for His-Met. The range of previous heme 

Ems calculations is also shown.4,6,7  
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Independent of the axial ligation, the Ems for the b-type hemes are ≈200 mV more 

positive than the Em,sol for the respective ligand type (Figure 2-3, Table 2-1). The heme 

ligand types studied here have Em,sol of -220 mV, -120 mV and -15 mV and for bis-His, 

aquo-His and His-Met ligands respectively. The average Em,expt is -12±69 mV for bis-His 

hemes (a shift of 208 mV from Em,sol), 168 mV for the single His-Met heme (183 mV 

shift) and 76±27 mV for aquo-His hemes (196 mV shift). A positive Em shift, with its 

destabilization of the oxidized state of the heme relative to solution, indicates the protein 

binds the reduced heme more tightly than the oxidized form. A 200 mV Em shift 

represents a 2000 fold difference in affinity, representing a 4.5 kcal/mol difference in 

binding affinity.11,174 In contrast, for c-type hemes, the bis-His ligated hemes have an 

average Em,expt of -230±104mV, shifting on average only 10 mV from Em,sol. Thus, on 

average, the oxidized and reduced states are bound with similar affinity. The single aquo-

His c-heme has an Em,expt of -260 mV, lower than the Em,sol
 of -120 mV. While, the His-

Met hemes have an average Em more than 500 mV higher. Their average Em,expt of 

287±101 mV represents a shift of 302 mV from Em,sol
 .   

The biological selection of b- and c-type hemes for different functions is still a 

matter of debate.18,174-176 With two covalent thioether attachments, the c-type hemes will 

bind essentially irreversibly to the protein. The covalent attachment appears to allow an 

increase in the ratio of heme to protein. This seems especially important for the group of 

low potential multi-heme proteins.  For example in the c3 proteins, four c-type hemes are 

successfully accommodated into a compact but elegant soluble protein of only ~110 

residues. Overall the low potential c cytochromes have from 23 to 135 amino acids/heme. 

It is hard to imagine that without the covalent attachment there would be sufficient non-
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bonded interactions between each heme and the protein. However, the small covering of 

protein does not interact much with the heme, yielding the smallest values for each of the 

MCCE electrostatic energy terms (Table 2-1, Figure 2-1).  Thus, the low potential c-type 

cytochromes have relatively small shifts in Em from Em,sol. 

The high potential c-type hemes, which employ His-Met ligation, may use a 

covalently bound heme for a different reason. The His-Met ligands have a more positive 

Em,sol. However, on average the in situ Em,expts are  300 mV more positive than the His-

Met Em,sol of –15 mV. This indicates the oxidized heme binds 106 times more weakly 

than the reduced cofactor. In general the oxidized hemes tend to be more weakly bound, 

potentially destabilizing the protein.177 As suggested by Gibney and coworkers174 the 

covalent attachment in the high potential c-type proteins may be needed to ensure 

reversible redox reactions with a very positive Em shift without heme loss. These proteins 

with their greatly shifted Ems tend to have large values for all MCCE electrostatic energy 

terms. 

The c-type hemes do generally show somewhat better R2 values than b-type 

hemes for the comparison of the decomposed electrostatic energy terms with the 

experimental Ems. However this is largely due to the fact that c-type hemes cover a 

significantly larger range of Ems. Analyzing an Em range from -138 to 149 mV in c-type 

hemes similar to that found in the b-type, the slopes for each energy term in the c-type 

hemes do not change much. However, the R2 values drop significantly. They are now 

0.225 and 0.4 for ∆∆Grxn and ∆Gpol, a little better for b-type hemes, and 0 and 0.027 for 

∆Gres,prop and ∆Gres,prot, which are even worse. 
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2.3.2 bis-His vs His-Met vs aquo-His   

The sixty-four His-Met type hemes have an Em,expt span of 510 mV, from -60 mV 

(in tetra-heme Rhodopseudomonas viridis reaction center178) to 450 mV (in di-heme 

Nitrosomonas europaea peroxidase38). In the sixty-three bis-His type hemes Em,expt varies 

from -350 mV (in tetra-heme Desulfovibrio desulfuricans Norway170) to 300 mV (in 

Rhodobacter sphaeroides cytochrome c oxidase179). The fourteen aquo-His ligated hemes 

have a smaller Em,expt range from -260 mV (Nitrosomonas europaea peroxidase38) to 103 

mV (monoeric clam hemoglobin162). There are only two proteins with aquo-His b hemes, 

and one protein each with aquo-His c or His-Met b hemes. Overall, although hemes in 

proteins have a total Em range of 800 mV here, proteins with a particular heme and ligand 

type are likely to be found in a range of 200-500 mV. In the calculations, the different 

axial ligand types are assumed to add an non-electrostatic offset via the differences in 

Em,sol.  

For the c-type hemes the low and high potential hemes can be compared. Their 

average Ems vary by ~500 mV. This 500 mV range of Em,expt, equivalent to an 11.3 

kcal/Mol shift in the reaction equilibrium constant is well calculated by the MCCE 

method (Figure 2-3).The high potential hemes use His-Met rather than bis-His ligands, 

raising Em,sol by 205 mV; the high potential hemes have ≈120 mV less solvation energy, 

150 mV more positive interaction with the backbone dipoles and the sidechains. The 

more buried c-type hemes also have larger interactions with their propionic acids 

lowering the potential by ≈80 mV. However, as will be described below MCCE does not 

account for all of the destabilization of the oxidized His-Met hemes, resulting in Em,calc 

which are systematically lower than Em,expt (Figure 2-3A). 
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There are several hemes, which are shifted more significantly by the protein than 

the norm for the given heme and ligand type and these pose the best test of the MCCE 

calculation method. While the majority of bis-His c type hemes are at low potential, 

ranging from -350 to -60 mV, one in the 400 residue reaction center cytochrome c-

subunit and one in the 500 residue heme binding subunit of the quinohemoprotein amine 

dehydrogenase (QH-AmDH) have a much higher Em,expt of 20 and 149 mV respectively. 

These are calculated to have Ems near 0 mV, well separated from the low potential bis-

His b-type hemes.  Traditionally, hemes are predicted to move to high potential because 

of the loss of reaction field energy, which destabilizes the oxidized heme.64,65,180 This is 

in agreement with our observation here. The electrostatic analysis of these two high 

potential bis-His c-type hemes shows that they are better buried in the protein than the 

average bis-His c-type heme with ∆∆Grxn of ≈60 meV, ≈80 meV more positive than the 

average value for this group. However this is not enough to raise the heme Em in QH-

AmDH by ~400 mV from the averaged Em of its type. Therefore other forces must be 

enhancing heme reduction. The pair-wise electrostatic interactions with the protein 

sidechains are also much stronger in QH-AmDH. Four Arginines (R42, R102, R108, 

R114) near the heme make a total contribution of ~400 meV raising the Em,calc. However, 

this is largely canceled by a ~130 meV interaction with the nearby heme propionic acids.  

His-Met c-type hemes usually have high Em,expt, in the range of 250 to 450 mV. 

There are two with unusual low redox potentials, at 60 meV in cyt. c553 and -60 mV in the 

Rb. viridis reaction center. Solvent heme exposure has been suggested to be one of the 

most important factors responsible for the uncommon low cyt. c553 Em.159 However, the 

calculations here show that ∆∆Grxn of 152 meV, is only ~20 meV lower than the average 
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of His-Met c type. Comparing these hemes with the average for the members of their 

class (Table 2-1) shows that ∆Gpol and ∆Gres,prot are the terms which yield the lowered 

Em,calc. 

2.4 Error Analyses and Parameter Sensitivity 

2.4.1 Eorror Analyses 

MCCE calculation results are in reasonable agreement with the experimental data. 

The slope comparing all experimental and calculated values is 0.73 with an intercept at 

-77 mV and a reasonable R2 of 0.90. Thus, the calculations are able to reproduce an Em 

range of 756 mV, from -420 mV in cytochrome c3 to 336 mV in reaction center. By using 

the experimental values for Em,sol for each ligand type there are no free parameters in the 

analysis.  Overall this reproduces ≈700 mV of the 800 mV found experimentally (Figure 

2-3A). This is the first attempt to use a single method to calculate such a large range of 

heme Ems. All atomic force field parameters used here are the same as used for MCCE 

calculations of pKas in proteins.   

Despite the good agreement between calculation and experiment (Figure 2-3), the 

His-Met c type Ems, are systematically lower than the experimental values.  If the Em,calc 

for  each of these 24 proteins is shifted up by 160 mV, the slope matching the 

experimental and calculated values significantly increase to 0.969 with an R2 of 0.931 

(Table 2-1, Figure 2-3B). With the correction, 65% of the hemes have an absolute error 

smaller than 60 mV, equivalent to an error of 1 pH unit (1.36 kcal/mol) in a calculation of 

a group pKa and 92% are within 120 mV.  This can be compared with the most recent 

version of MCCE analysis of the pKas of 320 amino acids in 38 proteins where 79% of 

the residues have errors smaller than 1 pH unit and 97% errors smaller than 2 pH 
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units.(ref) However, the calculation of heme electrochemistry may represent a more 

difficult problem since the heme is generally well buried in the protein. In contrast the 

large majority of amino acids used in pKa benchmark studies are on the protein surface 

where they are perturbed little by the protein.181  

There are several possible sources of the systematic shift of the His-Met hemes. 

Em,sol influence all hemes of the same type in the same way. The Em,sol used here are the 

same as applied in earlier MCCE analysis of heme electrochemistry.7,43 Em,sol for the bis-

His and aquo-His hemes are taken from measurements on microperoxidases. The Em,sol of 

-15 mV for His-Met hemes is derived from the Em shift found by mutating one His ligand 

to a Met in cyt c40,182, in cyt c551
41 and in cyt c3

183. The Em,sol for His-Met microperoxidase 

is -70 mV.39 Using this value would lower the Em,calc by 55 mV, increasing the needed 

offset. 

Heme Type Ligand Type Charge Set Grxn,sol,ox Grxn,sol,red ∆Grxn,sol 

c bis-His Metal Centered -511 -260 -251 

  ESPa -439 -204 -235 

  NBOb -574 -435 -139 

 His-Met Metal Centered -468 -136 -332 

  Quantumc -478 -126 -352 

b bis-His Metal Centered -510 -232 -278 

 His-Met Metal Centered -473 -124 -349 

Mao et ald   Metal Centered -430 -20 -410 

	
  

Table 2-2 Reference reaction field energy (meV) using different charge sets 
calculated with ε in=4, εout=80. 
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Charges derived from Jaguar calculations using a ESP: electrostatic surface potential 

method. b NBO: natural bond orbital theory. c Charges obtained with Gaussian from 

Autenrieth et al. d Reference reaction field energy used in Mao et al. for both bis-His and 

His-Met ligands. Numbers in bold are used as default in calculation. 

Another term that is used for all calculations on a given type of heme is the 

reference reaction field energy ∆Grxn,sol (Table 2-2). This provides the maximal 

stabilization of the heme ligand complex when it is immersed in water. A larger 

difference between the reaction field energy of oxidized and reduced heme allows greater 

positive shifts of the Em as the heme is buried.  The default Em,calc groups the heme and its 

axial ligands, with standard PARSE charges, together as a heme complex using the metal 

centered charges. However, in earlier calculation from this laboratory the ligands carried 

no charge.7 Despite the identical shape and net charge on the heme complex the 

distribution of atomic charges produces a large change in the solution reaction field 

energy, especially for the neutral reduced heme. In addition, the amino acid axial ligand 

charges produce a significant difference between the ∆Grxn,sol for the bis-His and His-Met 

hemes. Making the solution reaction field energy less negative will shift the Em,calc to 

more negative values, because there can be a smaller penalty for oxidation of a buried 

heme. However, this difference again tends to lower the bis-His hemes more than the 

His-Met hemes so does not explain the result that the His-Met hemes are systematically 

too low.   

As ∆Grxn,sol is quite sensitive to the atomic charge distribution and radii used, it 

would be helpful to have an experimental system to use as a model. Formally the ∆Grxn,sol 

would be measured by the free energy of transfer of the oxidized and reduced heme 

ligand complexes from water into a solvent with a dielectric constant of 4.54 Alternately, 
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the difference in the transfer energy of oxidized and reduced hemes can be determined 

from the Em shift of the heme measured in the two solvents.71 Em shifts have been 

measured for heme in a dendritic microenvironment in water (ε~80), MeCN (ε~40) and 

CH2Cl2 (ε~10).184 This system shows increasing heme Ems when the dendrite shell 

increased or when the solvent dielectric constant decreased as expected from a continuum 

electrostatic analysis. The smallest model system is viewed as most similar to the 

microperoxidases used here as the models for Em,sol. The measured Em is -210 mV in 

CH2Cl2, 80 mV higher than in water. The calculated change in ∆Grxn,sol moving from  ε=4 

to ε=80 was compared with the transfer from  ε=4 to ε=10.  With the charge distribution 

on the heme-ligand complex used here, the ∆∆Grxn,sol is 96 meV for b-type hemes and 80 

meV for c-type hemes, in agreement with the dendritic model system measurements. In 

contrast, the charge distribution used previously with no charges on the ligands gives a 

much larger ∆∆Grxn,sol of 200 mV. Thus, the current charge distribution yields more 

reasonable solution reaction field energies. However, the experimental model system 

does not provide any information about possible differences between bis-His and His-

Met hemes.   

Another possible cause of the Em,calc for His-Met c-type hemes being lower than 

Em,expt is there that there is an error in the calculated ionization state of the propionates. 

The His-Met c-type proteins have the largest calculated ∆Gres,prop which lowers Em,calc by 

80 mV, on average, more than they do in the bis-His c-type hemes. The calculated net 

charge on the two acids is often between -1 and -2. If the calculated pKas were too low 

and the acids too ionized this will lower the Ems.  
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2.4.2 Parameter sensitivity 

The sensitivity to the propionic acid ionization can be seen in the comparison of 

the results of calculations on each structure in an ensemble of 40 NMR structures of 

reduced horse heart cytochrome c (pdb 2GIW, Em,expt 260 mV168). The calculated Ems 

range from -14 mV to 255 mV with an average of 107 mV. This averaged value is close 

to the Em,calc obtained starting with a crystal structure. Comparing the NMR structures 

with the lowest and the highest calculated Em, shows that the structure with the Em,calc of -

14 mV has one propionate fully and the other 72% deprotonated at the midpoint of the 

titration. Meanwhile, the structure with an Em,calc of 255 meV only has one propionate 

ionized. This difference contributes 80 mV to the difference in Em,calc. There is also a 

≈200 meV difference in the interaction with the backbone dipoles, with the backbone of 

the Met80 ligand contributing 70 meV to the difference. The MCCE method can sample 

different propionic acid conformations, reducing the differences between different 

starting structural models.60 However, differences between backbone conformations are 

not sampled in the calculations. This degree of difference found for an ensemble of NMR 

structures is not unusual in MCCE. However, the averaged pKa
43,60 or Ems7 are generally 

similar to those found for x-ray crystal structures. The results from each structure in the 

ensemble often provide interesting information about how changes in conformation can 

affect the result electrochemistry.   

The shifts in Em,calc with ionization of the propionic acids can also be seen in the 

lowest potential His-Met c-type hemes, both in Rps. viridis reaction centers (Em,extp -60 

mV178) and in cyt c553 of B. pasteurii (Em,expt 60 mV185).  In both cases the propionic acids 

are partially protonated. In cyt c553 the A ring propionic acid is trapped at the protein 
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surface and so only 20% ionized when the heme is fully reduced. The shifts in Em,calc 

obtained when both propionic acids on these hemes are fixed in their ionized form are 

shown in Fig. 1B. The Em,calc is now ~90 mV lower than before and reducing the absolute 

error to ~90 mV. 

  

Figure 2-4 MCCE Calculated Ems with different charge distribution and dielectric 
constants. 

(A) () Calculated Ems of His-Met hemes using quantum charge set from Autenrieth et 

al.155 vs. metal centered charge set. Calculated Ems of bis-His hemes using () ESP and 

() NBO charge sets vs. metal centered charge set. (B) () Calculated Ems of selected 

proteins in ε=8 vs. ε=4. Two dashed lines are ±60 mV error lines. (C) Calculated Ems 

using both ε=8 and ε=4 vs. experimental Ems. Here, a +160 mV offset is added to all 
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calculated His-Met c hemes for better comparison with the experimental data. The dashed 

line and dark line are the best-fit linear regression for calculated Ems with ε=8 (slope 

0.84, R2 0.89) and ε=4 (slope 0.92, R2 0.92) respectively.  

	
  

Charge set: The sensitivity of the calculations to the heme-ligand complex charge 

distribution was tested (Figure 2-4A). The same reference reaction field energy calculated 

with the metal centered charge set was used for each ligand type.  

Three charge sets for the bis-His hemes include the metal centered default set and 

ESP and NBO charges, which were derived from Jaguar calculation (Zhang et al. in 

preparation). The difference in calculated Ems between the metal centered charge set and 

the two quantum charge sets are less than 65 mV, with both providing similar agreement 

with the measured data. The loss in reaction field energy (∆∆Grxn) and backbone 

interactions (∆Gpol) are rather similar with the different heme partial charges. The 

ionization states of the propionates shift very little. No significant conformation or 

ionization state changes in the protein were observed.  

For His-Met hemes the metal centered charge set was compared with those 

obtained by previously published Gaussian calculation.155 Small changes, which are no 

more than 62 mV in the calculated Ems, were seen. The energy terms in MCCE 

calculation were quite constant between the two charge sets. Small variations in residue 

ionization states were seen. Nevertheless, its affect on the final redox midpoint potentials 

is small.  

The influence of charge set on Em,calc used one value of  ∆Grxn.sol.  ∆Grxn,sol is 

dependent on the charge distribution on the heme-ligand complex (Table 2-2). However, 
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except for the NBO charge set, the difference in ∆Grxn,sol between charge sets for each 

ligand type is less than 20 meV. The NBO charge gives a reference reaction field energy 

~100 meV lower than the other two, which would lower the Em,calc of all hemes by that 

much. This would tend to lower the absolute Em,calc but not the relative Em  for a given 

heme type.   

Dielectric constant (ε): The value for the dielectric constant of the protein 

remains one of the most contentious issues for the continuum electrostatics 

methodology.59,65,186-188 MCCE calculation was carried out using both a dielectric 

constant of 4 and 8 on a selected group of proteins (See Figure 2-4) with the default metal 

centered charges. ∆Grxn,sol was calculated with the same εin  as the protein. Of the 29 

hemes selected in the calculation, five have their Em,calc shifted by more than 65 mV. 

Bovine cytochrome b5 (pdb: 1CYO) changes by 95 mV. Here ∆Gres,prot change by ~13 

meV. The heme loses ~50 meV less reaction field energy in ε=8 than in ε=4 but it 

interacts 60 meV more favorably with the backbone dipoles. As a result, the heme 

oxidation is favored by ~110 meV more in ε=8 than in ε=4 lowering the Em,calc.  

The change in dielectric constant shows the balance between reaction field energy 

and pairwise interactions. Thus, calculations with ε=4 always have a more significant loss 

in reaction field energy than with ε=8, raising the Em,calc. The individual pairwise 

interactions will have a larger absolute value in the lower dielectric constant, which can 

lower or raise the Em,calc depending on the sign of a charged group or orientation of a 

dipole. In the larger, high potential His-Met c-type hemes the calculated ∆∆Grxns with 

ε=4 are more unfavorable by 42 to 89 meV. While in the small, low potential bis-His c-

type heme proteins, Em,cal shifts only by -2 to 36 meV. The backbone interaction which 
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tend to raise the Em,calc in the higher potential hemes do so by a smaller amount with the 

higher dielectric constant. In the small proteins where this term is small in ε=4, relatively 

similar backbone interactions are seen with ε=8. In figure 2-4C, the calculated Ems both 

using ε=8 and ε=4 were compared with measured data. Best-fit linear regression lines 

show that the results with ε=4 have a slope of 0.92 (R2=0.92), while with ε=8 the slope is 

0.84 (R2=0.89). Thus, overall calculations with ε=8 underestimate the protein 

contribution to the heme Ems.  

2.5 Summary 

      It is a long-standing challenge to demonstrate how proteins modify the in situ 

properties of bound substrates and cofactors. The enormous range of heme Ems in 

proteins allows us to test the hypothesis that the Em differences in individual proteins 

arise predominately from difference in the electrostatic interactions of the cofactor with 

the protein and the surrounding solvent. Here with only one free parameter, Em,sol taken 

from experiments,39-41 the calculations are shown to account for ≈73% of the measured 

change in Ems. Thus, a good fraction of the observed range of heme Ems in proteins can 

be assigned to perturbation of the reaction by changing the heme ligand and by the non-

bonded electrostatic interactions with the protein and solvent, which are captured in the 

MCCE calculations.  The free energy changes that arise from proton release upon heme 

oxidation are included in this analysis.  The errors are not uniformly distributed.  Rather 

the his-met c-type hemes are calculated to be too easily oxidized in their protein 

environment. A number of possible errors and uncertainties are considered here without 

satisfactorily identifying the source of the problem.  Nevertheless, raising this group of 

Ems with a 160 mV offset produces calculated results with a slope of 0.97 with an R2 of 
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0.93 comparing calculated and experimental Ems. With this correction 65% of the Ems 

have errors of <1.4 kcal/mol and only 7% having errors >2.8 kcal/mol. The 800 mV span 

studied here represents the largest range of Ems calculated using a single method. The 

results provide a better understanding of heme electrochemistry in proteins and may 

provide rules to help in engineering heme proteins with desired properties.  

 Given the success of the analysis in calculating the Ems, it becomes possible to 

ask what factors are most important for modulating the in situ electrochemistry. The 

interactions between heme and protein are divided into the loss of heme solvation energy 

(∆∆Grxn), and pairwise interactions of the heme with the covalently attached propionic 

acids (∆Gres,prop) and the sidechains (∆Gres,prot) and backbone of the protein (∆Gpol). Each 

of these energy terms is quite different in the different proteins. However, each alone is 

poorly correlated with the Em. It has long been suggested that the loss of solvation 

energy, which raises all Ems would be the dominant factory in tuning the in situ 

electrochemistry.157-159 While, the ∆∆Grxn, which is the continuum electrostatics measure 

of the solvation energy has the best correlation with the measured Em, the R2 is only 0.5 

and the slope is 0.2. This indicates that no more than 20% of the Em range can be 

assigned to changes in solvation energy. Proteins can also tune their Ems by local 

differences in the backbone structure, by the distribution of nearby sidechains, by the 

ionization state and solvent exposure of their propionic acids and by the exposure of the 

heme itself to water. Overall this analysis shows that different proteins employ a different 

mixture of forces to regulate its heme Em. 
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Chapter III. The Calculated Affinity of Substituted 
Benzoquinones for the QA site of Bacterial Reaction Centers 

3.1 Methodology: Calculations of quinone affinity in MCCE 

In MCCE analysis, the term 'conformer' specifies a specific position, protonation 

and redox state of a side chain or ligand. These are preselected during an initial sampling 

and optimization cycle and residues can have 1 to 100's of conformers to choose from. 

The protein backbone is held fixed. Monte Carlo sampling then determines the 

Boltzmann distribution of conformers. Thus, all acidic and basic amino acids throughout 

the protein can be either protonated or deprotonated unless otherwise stated, while the 

side chains and ligands sample all, pre-selected positions. The conformer distribution is 

determined given the Poisson-Boltzmann electrostatic interactions and ligand solvation 

energies, full AMBER Lennard-Jones and torsion energies148 and an SAS based non-

electrostatic ligand-solvent interaction energy. The ligand affinity is derived from Grand 

Canonical Monte Carlo (GCMC) Sampling where the ligand can be bound to the protein 

or free in solution.189 A similar GCMC analysis has been applied previously to calculate 

the chloride affinity to three proteins using MCCE.12 

The generation of the pre-selected side chain conformers for final Monte Carlo 

sampling uses a multi-scale approach. This aspect of optimization of side chain and 

ligand positions is novel in MCCE and is described in detail below. MCCE QUICK 

conformer placing is the default for the protein as a whole.190 This retains the input non-

hydrogen (C,O,N,S) positions, while allowing additional, essentially isosteric positions 

for hydroxyls, His tautomers, and the interchange of the O and N in the Asn and Gln side 

chains. MCCE analysis then focuses more sampling of side chain positions near the 
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quinone as described below. The program screens, optimizes and prunes these initial 

position conformers with an analytical energy function that includes AMBER torsion and 

Lennard-Jones energies as described in detail previously.190 The electrostatic energies in 

the prescreening step are obtained using Coulomb’s law with a dielectric constant of 6. In 

the GCMC ligand binding analysis, DelPhi67 is applied to solve the Poisson-Boltzmann 

equation with a protein dielectric of 4 and 80 for water at pH 7 and with 150 mM salt 

using Parse charges and radii.191 AMBER148 non-electrostatic parameters are applied for 

the Lennard-Jones and torsion energies. The quinone affinities are measured with 

solubilized protein, with the detergent kept below its critical micelle concentration so no 

membrane is included in the calculations.  

During each Monte Carlo titration of ligand binding, the position of the four His 

(M266, M219, L190 and L230) and one Glu (M234) that are ligands to the RC iron atom 

are fixed in the crystal structure position and maintained with the His neutral, Glu ionized 

and Fe2+ state. This fixes the position and tautomer for His M219, which also makes a 

hydrogen bond to the quinone. All the bacteriochlorophylls, bacteriopheophytins and the 

ubiquinone at the QB site are fixed in their neutral ground state. There is an acidic cluster 

of Glu L212 and Asp L213 near the QB site. The acidic pair interacts strongly and the 

total net charge of the cluster remains -1.11,71 Here Glu L212 is set to be neutral. In 

addition, Glu L104, which makes a hydrogen bond to the ring V keto carbonyl of 

bacteriopheophytin, is fixed in its protonated state. The ionization states of all other 

protonatable residues are determined by MCCE Monte Carlo sampling.  
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3.1.1 Preparation of protein structure file.  

Identical quinone docking and affinity calculations are carried out on 1AIJ192 and 

2UWU193 structures taken from the Protein Data Bank (PDB).194 They have a resolution 

of 2.20 and 2.04 Å respectively. All crystallographic water molecules, lipid and detergent 

molecules are removed.  

Each of the ten BQs to be docked in the protein is optimized and its atomic 

electrostatic potential (ESP) partial charge distribution calculated using DFT analysis in 

the Gaussian98 program195 with the UB3LYP/6-31G basis sets. This charge set was used 

in MCCE for the ligand within the protein and for reference calculations of the solvation 

energy in water.  

One cycle of minimization is carried out for each ligand with the GROMACS 

molecular dynamics program.196 These calculations use a reduced atomic model, where 

there are no hydrogens, so the quinone proton partial charge from the Gaussian98 

analysis are redistributed to the closest carbon atom. The ab initio RC cofactor 

parameters derived by Ceccarelli, Procacci and Marchi197 were converted to GROMACS 

format and used here. The bonded parameters for the other BQs needed for GROMACS 

were derived from the parameters for the native UQ.  

3.1.2 Ligand Docking.  

     The calculations start with the native quinone in the crystal structure stripped of 

substituents, leaving only the flat, six membered ring with the two para-carbonyl groups. 

MCCE adds the substituent methyl and methoxy groups to the ring, building the ten 1,4 

BQs by applying information in topology files that define bond angles and length, and 



	
   51	
  

proton positions. Each BQ is docked in the protein in all possible poses taking into 

account the symmetry of the substituents. For example, while maintaining the positions 

of the two carbonyls, the methyl-1,4-BQ has four starting orientations with its methyl 

group docked into the four quadrants, while there is only one starting position needed for 

the 4-fold symmetrical DQ. This procedure initiates all subsequent calculations.  

 

Figure 3-1 Overview of Kd calculations. 

Gaussian generates ESP charges for quinone in a given redox and protonation state. 

MCCE finds lowest energy substituent orientation starting from native quinone ring. This 

conformer is added to GROMACS energy minimization of backbone and side chains. 

The GROMACS derived backbone will be used for all subsequent MCCE runs with this 

ligand. MCCE generates potential side chain and ligand conformers through cycles of 

translation, out-of-plane and then in-plane rotation. Good poses are further optimized 

with smaller motions. MCCE Kds are obtained by competing bound and free ligands in 

Grand Canonical Monte Carlo sampling as a function of quinone concentration. This uses 

the full energy function and all protein and ligand conformers selected in any round of 

conformer optimization merged onto the same backbone.  

        Each quinone undergoes one cycle of GROMACS optimization to relax the 

backbone (Figure 3-1). GROMACS molecular dynamics can consider only one starting 

conformation for each residue and cofactor. As is unlikely that the cofactor can change 
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substituent orientation during the short simulations used here, the most occupied MCCE 

quinone replacement orientation is added to the RC crystal structure as the GROMACS 

starting structure.196 In addition, the side chain protonation states are fixed given the 

MCCE results. Ten cycles of energy minimization, each consisting of 500 0.002 ps steps 

are carried out on the whole protein for each quinone. Energy minimization uses the 

method of steepest descent. All runs converge in less than 500 steps. The RMSD for the 

changes in backbone generated by GROMACS in all structures is less than 0.11 Å for the 

whole protein and less than 0.14 Å in the region of the protein within15Å of the binding 

site. MCCE calculations with the different resultant protein backbone structures yield 

negligible differences in ionization state of the protein residues in the final calculations.  

Multiple MCCE runs are used to generate many side chain rotamers and quinone 

positions for calculation of the relative affinity of each ligand. Each conformer generation 

cycle starts with the final GROMACS side chain and backbone positions for that ligand 

and the lowest energy ligand position found in the previous cycle of MCCE optimization 

(Figure 3-1).  Side chain conformers are generated and optimized. Ligand conformers are 

constructed by a cycle of translation, out-of-plane rotation and then in-plane rotation. 

These are carried out independently to avoid an explosion of conformers. First ligand 

translation is carried out in 2 to 5 0.2~0.5 Å steps in each ±x,y,z directions. Four step 

translations create a 93 grid with ≈730 conformers. The final, lowest energy position is 

rotated out-of plane in 30° steps around three axes through the opposite carbons of the 

quinone ring plane (C1-C4, C3-C6 and C2-C5), yielding 123 conformers for each BQ 

orientation in the site. Finally, the best position is subjected to in-plane rotation in 30° 

steps along each of the six axes perpendicular to the quinone plane through every ring 
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carbon atom. Nearby side chain conformers are created and sampled with the quinone 

conformers in each cycle of optimization. Each type of ligand rotation is coupled to the 

swing function which allows each rotatable bond to move by 3.0°~ 5.0° for finer 

sampling. For each transformation stage 12 rotamers are created for each methoxy 

substituent’s two rotatable bonds. In each cycle tens of thousands of conformers are 

made, screened with an analytical function leading to 10-30 positions that are subjected 

to Monte Carlo sampling with the complete energy function using Poisson-Boltzmann 

electrostatics and AMBER non-electrostatics parameters. All side chain and ligand 

conformers that are chosen to be bound to the protein in Monte Carlo sampling are saved 

and pooled.   

The search for conformers is first conducted in an isolated 15Å protein sphere 

including the 160 residues around the quinone headgroup. For the ≈12 residues within 4Å 

of the quinone headgroup, 12 rotamers are made for each rotatable bond. QUICK rotamer 

making is used for the other residues.190 For each quinone the ligand is translated and 

rotated as described above, side chain rotamers are made and their goodness assessed by 

MC sampling as described above. Then the same cycle of optimization is carried out in 

the full 840 residue protein. The calculation again starts with the protein residue positions 

taken from the GROMACS minimized structure. The ligand conformation is in a low 

energy position taken from the previous optimization cycle built in the 15Å sphere. The 

region where 12 side chain rotamers are considered for each bond is increased to ≈7Å 

from the quinone, now encompassing ≈35 residues. With the exception of the first pre-

GROMACS calculations all occupied conformers from each stage of optimization are 

pooled and added to the subsequent cycles of Delphi calculation and Monte Carlo 
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sampling. This builds up an extensive set of conformers to be included in the final Monte 

Carlo sampling that gives the quinone Kd. For each quinone the cycle of translation, in 

plane rotation, out of plane rotation and swing angular displacement is carried out 3 times 

in the 15Å sphere surrounding the quinone and then twice in the whole protein. The 

initial complete protein calculation starts with 10-30 thousand conformers. Analytical 

energy pre-screening functions reduce this to ≈2300 conformers, of which ≈450 are for 

the quinone and nearby residues. This increases to ≈2700 conformers after the first cycle 

and ≈3300 conformers following the second cycle of conformer optimization with ≈1500 

conformers for the quinone and surroundings.  Additional cycles of optimization are not 

found to increase the affinity showing the process has converged. Currently the entire 

procedure takes 3~5 days on a single 3.06 GHz processor.  

3.1.3 Calculating the ligand binding energy.  

All protein and ligand conformers selected during the MCCE conformer generation 

cycles are preserved for the final analysis of the binding energy for that ligand. The 

bound ligand conformers compete against a conformer in solution, which has torsion, van 

der Waals self-energy and solvation energy of an isolated quinone in water and no 

interactions with the protein. The van der Waals and torsion energy for the solution 

conformer are taken from the most occupied conformer in the protein so that these non-

electrostatic self-energy terms do not affect the affinity.  The quinone titration is modeled 

by a series of Monte Carlo runs. An energy that is proportional to the effective chemical 

potential is added to the solution conformer to represent the effective concentration of the 

quinone.12 When the calculated occupancy of the bound and free ligand is equal, the 

energy difference between the apo and holo states is zero. The quinone solution chemical 
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potential that gives 50% bound ligand is compared for the various quinones to obtain the 

relative Kd.  

The binding free energy is the change in the system free energy when a ligand in 

water binds to the RC QA site. Using the Boltzmann distribution of ligand and side chain 

conformers found in the ligand titration, the binding energy can be decomposed in a 

mean field analysis as:128  

∆Gbind = ∆Gsolv + ∆GP-L + ∆Gentropy + ∆Gstrain                                                                     

           = (∆Gsolv,ele + ∆Gsolv,np) + (∆Gprot,ele + ∆Gprot,vdW) + ∆Gentropy + ∆Gstrain                  (1) 

∆Gsolv accounts for the loss of ligand-solvent interactions and ∆GP-L the gain of new 

ligand-protein interactions. These terms may be favorable or unfavorable depending on 

the ligand, the solvent and the binding site. ∆Gentropy is a generally unfavorable term that 

accounts for the loss of degrees of freedom of the ligand on binding. ∆Gstrain, accounts for 

the strain that builds up in the protein or ligand on binding.  

∆Gsolv. The interaction of water and ligand is decomposed into three terms. The 

electrostatic component (∆Gsolv,ele) accounts for the favorable interaction of water with 

the dipolar ligand. It is calculated by MCCE using DelPhi,67 in which the solvent is 

modeled implicitly as a medium with a dielectric constant of 80 and the solute with an 

interior dielectric constant of 4. Experimentally it is expected that some water will 

occupy a site that is empty of quinone. No water enters the empty binding site and the 

dielectric constant remains 4 in the calculation. However, any errors that this yields 

should be the same for all quinones.   
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The non-polar solvation term consists of the unfavorable free energy required to 

form a cavity for the ligand in water (∆Gcav), which is the basis of the hydrophobic 

effect198 and the favorable solute-solvent van der Waals interaction (∆GvdW).199,200 Both 

terms are estimated by an empirical linear relationship between the total non-polar 

solvation free energy (∆Gsolv,np) and the solvent accessible area (A) so they cannot be 

readily separated. Here: 

∆Gsolv = ∆Gsolv,ele + ∆Gsolv,np  

           = ∆Gsolv,ele + (γ1A + B) = ∆Gsolv,ele + (∆Gcav + ∆GvdW)                      (2) 

where γ1 is -5 cal⋅mol-1⋅Å-2 and B is zero (Calc1 in Table 3-1).201,202  

∆GP-L. The protein-ligand contribution to the binding energy is also decomposed into 

electrostatic and non-electrostatic terms: 

∆GP-L = ∆Gprot,ele + ∆Gprot,vdW                                                                                            (3) 

Both contributions are treated explicitly in the full MCCE analysis. The electrostatic pair-

wise interactions with the protein (∆Gprot,ele) are calculated by DelPhi.67 The pair-wise 

van der Waals interactions (∆Gprot,vdW) are calculated using standard AMBER 

parameters.148 Torsion energies are bundled into the latter term. Pair-wise terms are 

further decomposed into side chain and backbone interactions in the mean field analysis 

of the calculated quinone affinity.190 

In addition, binding is analyzed using an implicit van der Waals protein-ligand 

interaction that is proportional to the ligand surface area (Calc2 in Table 3-1). Eqn 1 can 

be reorganized as: 
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∆Gbind =  (∆Gsolv,np + ∆Gprot,vdW) + (∆Gsolv,ele + ∆Gprot,ele) + ∆Gentropy + ∆Gstrain
               (4a) 

           =  γ2A + (∆Gsolv,ele + ∆Gprot,elec) + ∆Gentropy + ∆Gstrain                                           (4b) 

The coefficient (γ2) derived from the best fit line for the solvent accessible area (A) term 

is -55 cal⋅mol-1⋅Å-2.203 This adds the favorable protein-ligand van der Waals interaction 

(∆Gprot,vdW) to the implicit water-ligand non-polar interactions (Eqn. 2). The electrostatic 

part of the binding energy (∆Gsolv,ele+∆Gprot.ele), the change in entropic energy and the 

strain energy are the same in equations 4a and 4b.  

∆Gentropy. Changes in entropy can make significant contributions to the overall free 

energy of ligand binding.128,204,205 For extended ligands, simulations estimate that as 

much as 25 kcal/mol can be lost so the entropy loss can oppose binding nearly as strongly 

as the enthalpy favors it. However, the BQs considered here are flat six-member rings 

with at most two rotatable methoxy groups. The loss of rotational/translational entropy on 

being confined in the binding site is assumed to be the same for all ligands. Neglecting 

this term will contribute to the absolute calculated binding energies being more favorable 

than those measured. The configurational entropy loss is assumed to be proportional to 

the number of rotatable bonds affected by binding.206-208 A range of values from 0.3,209 

0.45,210 to 0.7211 kcal/mol per rotatable bond have been used in ligand binding 

simulations. Assuming the methoxy trans and ±gauche orientations yield three states of 

equal energy, when they are fixed in one location the entropy loss is:211 

T∆Srot = RTln3 ≈ 0.7 kcal/mol/methoxy                                                                    (5) 

A correction of 0.7 kcal/mol/methoxy is used here for the 2,6-dimethoxy BQ.  A smaller 

energy penalty of 0.4 kcal/mol/methoxy is used for the Q0 and methyl-Q0 because the 
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adjacent methoxy groups restrict each other, so that one is in plane and the other out of 

plane even in solution.90 

MCCE also makes an entropy correction when there are different numbers of 

conformers for distinguishable states.190 Each quinone ligand has ≈20 different bound 

conformers competing with a single conformer representing the unbound state. The 

disparity in the number of conformers artificially favors the bound state. The entropy 

correction is calculated dynamically during Monte Carlo sampling to renormalize the 

number of low energy bound and free conformers.190 The correction is generally less than 

2 kcal/mol. 

∆Gstrain. Upon binding, the protein and/or ligand may be distorted.128 This costs 

energy, favoring the ligand in water. The strain energy is included in MCCE calculation 

when different conformations for the protein and ligand are adopted in the bound and 

unbound states. Thus, the Grand Canonical Monte Carlo sampling naturally includes this 

contribution to the free energy change.  

3.2 Experimental vs. Calculated relative binding free energies 

The affinity of ten neutral benzoquinones (BQ) for the QA site of the Rhodobacter 

sphaeroides photosynthetic reaction center was measured with protein solubilized in 

detergent suspension below the critical micelle concentration. The relative binding free 

energies were then calculated using MCCE. The native quinone found in the crystal 

structure is Ubiquinone-10 (UQ10), a 2,3-dimethoxy-5-methyl-6-isoprenyl-BQ with a 10 

unit, 50 carbon, isoprene tail. Methyl-Q0, a UQ analogue with a methyl group in place of 
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the isoprene tail, is chosen as the reference compound. Its Kd is measured to be 0.63 µM.  

All the values discussed below are relative to this quinone unless noted.   

MCCE was developed to allow extensive rotamer sampling during calculations of 

residue and ligand pKas and Ems in proteins.190 It has thus focused on processes that 

change the charge of the protein so electrostatic interactions are dominant. However, as 

side chain motions accompany protonation or redox changes, state energies also include 

Lennard-Jones and torsion terms. More recent calculations have used the Monte Carlo 

sampling of multiple positions and charge states to study proton coupled chloride 

binding.12 In the work reported here the calculations of the affinities of quinones 

represent an extension of the program into the analysis of a redox active ligand. These 

binding free energy calculations compare affinities determined using implicit and explicit 

Lennard-Jones intra-protein interactions in two independent RC crystal structures. The 

computed results are in good agreement with the experimental affinity measurements, 

permitting an evaluation of the factors that generate the different affinities of the different 

compounds. 

Measured affinities: The measured affinities of the quinones for the QA binding 

site span 5.04 kcal/mol, from -0.14 kcal/mol for DQ to 4.90 kcal/mol for the 

unsubstituted BQ (Table 3-1). The standard deviation of the measurements is ≈0.25 

kcal/mol. The overall trend is that the smaller quinones bind more weakly than the larger 

ones. The first methyl adds 0.3 kcal/mol to the affinity.  Comparing the affinity of 2,3 

dimethyl-BQ with the 2,5 and 2,6 isomers shows the second methyl adds ≈1.0 kcal/mol 

irrespective of its position. The third and fourth methyl raise the affinity by an additional 

≈2 kcal/mol and ≈1.6 kcal/mol. Thus, the experimental results suggest that the first 
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substituent to BQ adds less to the affinity than do the latter ones. Changing 2,6 dimethyl 

to 2,6-dimethoxy increases the affinity by 0.9 kcal/mol, while the methyl-Q0 essentially 

binds as tightly as DQ.  
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Table 3-1 Experimental and calculated binding energies 

A,B: Relative experimental and calculated binding energies using methyl-Q0 as the 

reference compound. Results of multiple calculations vary by <0.4 kcal/mol, while the 

experimental results have errors of ≈0.25 kcal/mol.  A: Calculation in crystal structure 

1AIJ. B: 2UWU. C: absolute experimental and calculated binding energies in 1AIJ. Calc1 

with vdW1 represents full MCCE binding calculations with AMBER protein-ligand van 

der Waals interactions and -5 cal/mol/Å2 surface area dependent ligand-solvent non-

electrostatic interactions (Eqn. 2). Electrostatic desolv: the loss of the DelPhi calculated 

solvation energy when the ligand is moved into the protein.  Calc2 with vdW2 uses a -55 

cal/mol/Å2 SAS dependent implicit van der Waals energy for both ligand to protein and 

ligand to solvent interaction (Eqn. 4). T∆S: entropy correction due to expected loss of 

methoxy rotation degrees of freedom. All energy values are in kcal/mol. *: methyl Q0 is 

chosen as the reference compound.  The Calc1 energies are derived from the quinone 

solution chemical potential needed to have equal amounts of quinone bound and free in 

Monte Carlo sampling.  The energy breakdown is obtained using equation 1.  This uses a 

mean field analysis given the conformer distribution generated by the Monte Carlo 

sampling under conditions where half of the proteins have quinone bound. 

Calculated affinities: The analysis presented here focuses on the relative rather than 

the absolute affinity of the BQs. The binding free energy calculations were compared in 

two crystal structures, 1AIJ and 2UWU (Table 3-1).192,193 On average the binding 

energies relative to Methyl-Q0, are 1.1 kcal/mol less favorable in 1AIJ than in 2UWU. 

This value is taken from the best-fit line. In 1AIJ the average error of the relative affinity 

is 0.72 kcal/mol, while it is -0.6 kcal/mol in 2UWU. With either structure the standard 

deviation of the error is 2.3 kcal/mol. The slope of the best-fit comparison between 

experiment and calculations is 1.28 for 1AIJ and 0.92 for 2UWU (Table 3-2).  The results 

in the two crystal structures are highly correlated, with a slope of 1.0, R2 of 0.83, and 

with no individual Kd differences >±2.5 kcal/mol. Values in the text will refer to 1AIJ 
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unless noted and will focus on the explicit van der Waals simulation (Calc1 in Table 3-1), 

since it provides the most structural information. The calculations are reasonably 

successful in reproducing the experimental values (Figure 3-2, Table 3-1). Seven out of 

nine calculated relative binding energies have errors with absolute value ≤ 2.0 kcal/mol. 

All side chain and ligand conformations selected by Monte Carlo sampling during 

multiple cycles of conformer generation are included in the final affinity calculation. The 

binding energy is found to increase relatively smoothly as additional conformers are 

added. However, when cycles of conformer additions beyond those described in the 

Methods sections were tested the calculated affinity varies by less than 0.4 kcal/mol, 

showing the process has converged.  

 Expt Calcsingle Calc1 Calcscale Calc2 

range 5.04 10.7 10.7 6.7 5.5 

slope n/a 0.016 1.28 0.81 0.97 

R2 n/a 0 0.54 0.78 0.84 

avg.  abs. error n/a 3.46 1.76 1.14 0.64 

RMSD n/a 4.2 2.29 1.4 0.77 

Table 3-2 Calculated results using different approaches.  

Expt: measured values; Calcsingle: Single GROMACS minimized backbone, side chain 

and quinone position is evaluated with a QUICK calculation where only side chain 

isosteric and protonation conformers are sampled; Calc1 and Calc2 are defined as in Table 

3-1. Calcscale: a scaling factor of 0.62 is applied to all protein-ligand van der Waals 

interactions. Range is the difference in affinity between the tightest and weakest binding 

quinone in kcal/mol. The other terms characterize the correspondence between the 

calculated and experimental relative affinities. 
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Figure 3-2 Experimental vs. calculated binding free energies (kcal/mol). 

(●): Explicit AMBER Lennard- Jones energies. Dashed-dotted lines show errors of ±2 

kcal/mol. Eight out of ten quinones are within this range. The best fit slope is 1.28 with a 

RMSD of 2.29. (○): Implicit SAS term for protein-ligand Lennard-Jones interactions. The 

average |error| is now 0.64±0.44 kcal/mol. Dashed line: best fit line with a slope of 0.97 

and R2 of 0.84.  

3.3 Relaxation of the quinone in the binding site 

The importance of protein flexibility in modulating site recognition in protein-ligand 

binding is well established.132,212 However, a full analysis of all possible ligand protein 

conformations is computationally very expensive. Additional degrees of freedom also 

introduce noise in the calculations due to fluctuations in the protein conformation that are 

unrelated to ligand binding. Here MCCE starts the calculation with ligand positions near 

the UQ10 bound in the structure rather than doing an exhaustive search for the best global 

ligand position. Following a single GROMACS relaxation of the protein, the protein 

backbone is fixed, while the side chains and ligands can sample multiple positions. This 
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is similar to programs such as GLIDE,213 which allow the protein side chains and ligand 

to make small movements to relieve the van der Waals clashes. 

  

Figure 3-3 The numbering of the quinone ring. 

(a) The headgroup of the native quinone. The carbons on the ring are labeled from 1 to 6. 

The native ubiquinone has two carbonyl groups, hydrogen bonded to Ala M260 (position 

1) and His M219 (position 4), methoxy groups at ring carbons 2 (near Thr M261) and 3 

(near Ile M265) and, a methyl group at carbon 5 (towards Met M218) and the tail at 

carbon 6 (near Met M256). These orientations are used throughout the paper. (b-d) The 

energy in kcal/mol of each orientation is in the protein is underlined. (b) Energies for 

methyl groups in methyl-BQ docked into the four quadrants onto the crystal structure 

ring. Position 6 is the most favorable. (c) The 2,6 di-methoxy BQ is docked with the 

Methoxyls in the 2,6 or the 3, 5 positions. The first is at lower energy. (d) The Methyl-Q0 

is docked with the methoxys in the 2,3 or the 5,6 positions.  The former is favored.	
  

The analysis of the quinone affinity starts with the generation of conformers for the 

ligand and the protein. The quinones are first bound with the substituent added to the 

crystal structure QA ring. The quinone has two carbonyl groups, hydrogen bonded to Ala 
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M260 (position 1) and His M219 (position 4), methoxy groups at ring carbons 3 (pointed 

towards Ile M265) and 2 (near Thr M261), a methyl group at carbon 5 (towards Met 

M218) and the tail at carbon 6 (near Met M256) (Figure 3-3). These numbers will be 

associated with the 6 orientations in the protein throughout the discussion. Asymmetric 

substituents are allowed to sample all 4 orientations in the proteins keeping the carbonyls 

fixed, yielding from one (BQ and DQ) to four (methyl-BQ, tri-methyl-BQ and Q0) 

starting positions. A QUICK MCCE calculation of the energies of the distinguishable 

substituent orientations give differences in affinity for the best and worst orientations in 

the original crystal structure ranging from 11 (2,6-dimethyl BQ) to 28 kcal/mol (either 

dimethoxy BQ).  

The crystal structure, with the ligand substituent pose at the lowest energy in an 

initial MCCE run, is minimized with GROMACS to relax the backbone. The affinity of 

the various BQs in their GROMACS optimized structures, were determined with a 

QUICK run with the quinone position fixed. This QUICK run binding energy is in some 

ways similar to a MM-PBSA analysis of a single protein docked ligand conformation 

with pre-assigned ionization states.  However, the MCCE calculation still allows isosteric 

conformer positions and acidic and basic residue protonation states to be optimized in the 

calculation that determines the affinity.190 A number of the smaller quinones show less 

than 1 kcal/mol difference in their affinity compared with that found for this quinone 

orientation in the original crystal structure. However, the backbone relaxation increases 

the affinity of DQ and 2,6-dimethoxy-BQ by ≈6 kcal/mol. For Q0 and methyl-Q0 the 

single pose recovered from the GROMACS minimized structure binds 3~4 kcal/mol 

more weakly than the best quinone pose in the crystal structure. In both cases, the 
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backbone van der Waals interactions are ≈5 kcal/mol more favorable in the minimized 

structure. However the 3-methoxy group, which is fixed in the QUICK run clashes with 

Thr M222 raising the energy by ≈7.5 kcal/mol. This will be relaxed when MCCE side 

chain optimization is added. The RMSD between experiment and the MCCE QUICK 

calculation following GROMACS backbone relaxation is 4.2 kcal/mol and the slope and 

R2 are close to zero (Table 3-2).   

DQ is the tightest binding quinone studied here with an affinity similar to methyl-Q0, 

the analogue of the native UQ.  However, it has the smallest affinity, 13 kcal/mol weaker 

than methyl-Q0, when the methyl substituents are simply built onto the quinone ring in 

the crystal structure. The MCCE QUICK run shows GROMACS optimization increases 

the DQ affinity by ≈6.7 kcal/mol by improving the van der Waals interactions, with 

negligible changes in the electrostatic energy. This is mostly due to changes in position of 

the Ala M249 and M260, which increases the affinity by ≈7.3 kcal/mol.  The interaction 

of the DQ with the backbone of these two residues becomes ≈7.9 kcal/mol more 

favorable, while there are small unfavorable interactions with the side chain groups. The 

Cα hydrogen of M249 starts 1.6 Å from the DQ 2-methyl resulting in a 15.4 kcal/mol van 

der Waals clash (Figure 3-4). GROMACS relaxation increases this distance to 1.9 Å, 

reducing the energy to 4.8 kcal/mol. However, this pulls M260 closer, increasing the 

unfavorable interaction from 1.7 kcal/mol to 4.4 kcal/mol. These compromises represent 

an example of the strain energy built up on binding. The RMSD changes for the two Ala 

backbones are each ≈0.45 Å. The significant GROMACS relaxation of 2,6-dimethoxy 

BQ results from the release of a similar clash between a methoxy and the backbone of 

Ala M260 (Figure 3-4). 



	
   68	
  

 

Figure 3-4 The overlap of DQ and the backbone of Ala M249 and Ala M260 in 
crystal structure (magenta), GROMACS minimized structure (cyan) and MCCE 
optimized structure (yellow). 

The backbone amides are identical in GROMACS and MCCE structures so only the cyan 

is seen. Dashed lines label the distance between the quinone and the backbones of the two 

Ala residues. Black: crystal structure and GROMACS structure. Red: MCCE structure. 

The black arrows label the direction of the quadrants. Position 6 is occupied by the 

quinone tail in the native UQ10. 

Each GROMACS structure, optimized for each quinone, is now subjected to MCCE 

sampling of the side chain and ligand positions. This further increases the binding affinity 

by 0.3 to 7 kcal/mol. BQ, with the smallest van der Waals interactions, has the smallest 

and DQ the largest change. Small movements of DQ away from the GROMACS position 

considered above relieve clashes with the Ala M249 and Ala M260 backbone by ≈6 

kcal/mol each. However the van der Waals interactions with the protein side chains, in 

particular Ile M265, become ≈4 kcal/mol less favorable. In total, the MCCE ensemble of 
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accepted ligand and side chain position increases the DQ binding affinity by ≈7 kcal/mol. 

Thus, for the group of BQs coupled ligand, side chain and backbone relaxation is needed. 

While no dramatic conformational changes are found, small changes in the positions of 

the side chains of Ile M265, Met M262, Met M218, Thr M222 and Ile M223 lead to 

notable increase in the binding affinity.   

3.4 Energy decomposition in the calculation of the quinone affinity 

MCCE considers both explicit interactions, which depend on the atomic positions of 

the protein and ligand, and implicit energy terms, which depend on the atomic solvent-

accessible surface area (SAS) or on the dielectric constant assigned to the protein and 

solvent. The implicit desolvation energy, and explicit electrostatic pair-wise interactions 

between the ligand and protein are obtained using DelPhi67 to solve the Poisson 

Boltzmann equation. Explicit non-electrostatic Lennard-Jones and torsion energies are 

calculated with the AMBER force field.148 An implicit non-polar solvation energy term 

combines the hydrophobic energy, favoring quinone binding and favorable Lennard-

Jones interaction between the quinone and the solvent. A value of -5 cal⋅mol-1⋅Å-2, used 

here, is taken from an earlier analysis of the vacuum to water transfer free energy of 67 

molecules, including analogs to the polar amino acid side chains and protein amide 

backbone, using Delphi electrostatic energy with PARSE charges as does MCCE.201,202 

Electrostatic energies: The BQs whose affinities are calculated here are all neutral. 

As each has two carbonyls they are quadrapoles. The absolute total electrostatic 

contributions to binding range from -0.59 to -1.85 kcal/mol (Table 3-1). The biggest 

contributors are the ferrous non-heme iron that lies between QA and QB and His M219, 

which individually stabilize binding by up to 2.1 kcal/mol. The neutral His is both a 
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ligand to the iron and a hydrogen bond donor to the quinone O4. No other individual 

residue or backbone dipole has electrostatic interactions of more than 0.7 kcal/mol with 

any BQ. The loss in solvation energy, which opposes binding, is also not large, 

contributing from 1.5 to 2.7 kcal/mol. While the electrostatic interactions contribute a 

small amount to the affinity, they add 1.3 kcal/mol to the range of relative affinities of the 

different quinones. (See Table 3-1A) If the electrostatic interactions were ignored the 

average absolute error would increase from 1.75 to 2.0 kcal/mol.   

One unique feature of the MCCE program is to be able to couple protein ionization 

with ligand binding. However, the quinone ligands studied here are neutral and situated at 

a relatively hydrophobic binding site. Thus calculated ionization states of the residues 

change little upon binding.   

Non-electrostatic energies: The protein-ligand van der Waals interactions and the 

non-polar part of the solvation energy are the most significant contributors to the binding 

affinity, both in magnitude and in their differences between different quinones (Table 3-

1). These strongly distance sensitive interactions are the most dependent on the 

optimization of the quinone position in the binding site. After relaxation the favorable 

van der Waals interactions range from -20.86 (BQ) to -32.56 kcal/mol (2,6 dimethoxy 

BQ).  

As the size of the ligand increases, these interactions generally become more 

favorable. The most important contributions are from Trp M252 and Ile M265, ≈3.5 Å 

away from the QA ring plane in the original crystal structure. The interactions with the 

Trp M252 side chain range from -2.0 (BQ) to -5.3 kcal/mol (methyl-Q0). Mutation of this 
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conserved Trp leads to an RC that will not bind QA.214,215 The interactions with Ile M265 

can be as favorable as -3 kcal/mol. Thr M222 and His M219 can also contribute ≈-2 

kcal/mol each.  

Two energies are summed in the implicit non-polar interaction of the ligand with the 

solvent. One is the unfavorable energy to create a cavity for the ligand in solution, which 

is the source of the hydrophobic effect.216 The second is the favorable van der Waals 

interaction between the solvent and the ligand. Each of these is treated as being 

proportional to the surface area of the ligand (Eqn 2).199 A value of -5 cal⋅mol-1⋅Å-2 is 

used,201,202 which favors moving the ligand out of the water. This provides a small 

contribution to the affinity ranging from 0.67 for unsubstituted BQ to 0.07 kcal/mol for 

Q0 relative to methyl-Q0 (Table 3-1). 

3.5 BQ orientation in the QA site 

Ligand conformers: MCCE generates multiple conformations for the ligands at the 

RC QA site. In the final analysis of affinity, there are usually ≈20 conformers available 

for each ligand. Monte Carlo sampling assigns occupancy for each one, ranking the 

quinone orientations in the binding site. All ten BQs have several closely clustered 

conformers occupied in the Boltzmann distribution of states. The optimized orientations 

provide a view of the local interactions around the quinone. When the original crystal 

structure with the substituted BQs in place of the native quinone is compared with the 

optimized protein structure with all selected ligand conformers, no large conformational 

changes are found. The binding site is quite flat, restricting rotation around the carbonyl 

axis so only positions in the native quinone plane are found (Figure 3-5B). The smallest 

quinone studied is the unsubstituted BQ, which is 4.9 Å wide including hydrogens, while 
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2,6 dimethoxy is the widest stretching ≈9 Å. The smaller BQ and methyl-BQ occupy a 

number of positions near the native quinone. As the quinone gets larger its position is 

better defined. Comparing only the six carbons in the quinone ring and two carbonyl 

oxygens, the RMSD between the crystal structure QA ring and the most favorable 

conformer of each ligand ranges from 0.17 Å in Q0 to 2.6 Å in unsubstituted BQ. This 

clustering of the quinone in the binding site is not unexpected given that all of these BQs 

can reconstitute UQ function, which requires them to be in position to be reduced within 

10 ns of the excitation of the reaction center.217,218 

  

Figure 3-5  Residues within 4Å of the QA headgroup. 
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A and B are both views close to the ring plane but from slightly different angles. The 

same residues are shown in the two figures. The two H-bond partners to the ubiquinone 

are Ala M260 and His M219, which are highlighted in magenta in A. The black arrows 

label the quadrant designation. Figure B shows the binding site is too flat to allow 

significant rotation of the quinone out of plane.	
  

H-bonds to the ligand: The calculations can analyze the importance of specific 

interactions between the ligand and binding site. The two quinone carbonyls are 

hydrogen bond acceptors, O4 from HNδ of His M219 and O1 from the backbone HN of 

Ala M260. However, a number of experiments have shown that the para-carbonyl 

arrangement is not required for binding or function.123,217,219 A single carbonyl is 

sufficient for quinone binding.123 The ortho-napthoquinone reconstitutes QA activity160 

and ortho-phenanthroline is an often-used competitive inhibitor for quinone binding.220 

Nevertheless, calculations here generally yield selected conformers with the two 

carbonyls pointing towards the native hydrogen partners (Figure 3-6). 
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Figure 3-6 The overlap of the crystal structure (magenta) with the final MCCE 
minimized structures with all selected protein and ligand conformers (blue). 

a: unsubstituted BQ, b: methyl-BQ, c: 2,5 di-methyl-BQ, d: tri-methyl-BQ, e: DQ, f: 2,6 

di-methoxy BQ, g: Q0, h: methyl-Q0. The two H-bond partners to the ubiquinone, Ala 

M260 and His M219 and the most occupied ligand conformer are thicker sticks. As the 

ligand gets smaller more ligand poses are observed.	
  

The unsubstituted BQ was used to study the importance of the two H-bonds by 

rotating the ring moving the carbonyls from 1,4 to 2, 5 or 3, 6 orientations in the binding 

site (see Fig 3-5A). With the carbonyls in the 2,5 positions, overlaying a methyl and a 

methoxy in the native quinone, the quinone binds as tightly as in the 1,4 orientation. 

While the two H-bonds are lost weakening its electrostatic interactions with the protein 

by 2 and 1.2 kcal/mol respectively, there is now ≈3 kcal/mol more favorable van der 

Waals interactions with the protein. The affinity in the 3,6 orientation is 2 kcal/mol less. 

Thus for the unsubstituted neutral BQ, the carbonyl H-bonds are not indispensable for 

binding, though the rearrangement could change the reactivity.    

The preferred methyl group positions: The first methyl increases the measured 

affinity by only 0.3 kcal/mol while the third increases it by 2.1 kcal/mol (Table 3-1). One 

challenge of the calculations is to explain these preferences. Methyl-1,4-BQ was built 

with its methyl group docked in each of the four quadrants (2, 3, 5 and 6) onto the UQ 

ring in the crystal structure. The relative affinity of each of the 4 orientations was 

determined by four separate binding calculations with only one conformer available in a 

QUICK MCCE calculation. The BQ with the methyl group in position 5 or 6 show very 

similar binding affinities (Figure 3-3). Adding a methyl group at position 3 is 4 kcal/mol 

less favorable. However the methyl is strongly disfavored at position 2, towards 
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ThrM261, due to a clash between the methyl hydrogen and the Cα hydrogen of Ala M249 

backbone.  In the crystal structure there is a methoxy group at this position and the ether 

oxygen fits where the methyl does not. Thus the methyl, di-methyl and tri-methyl BQs 

place the first methyl group at position 5 or 6, with position 5 favored. Position 2 is filled 

only with DQ and requires backbone rearrangement and ligand movement. While this 

analysis was carried out with limited conformer sampling the same orientation 

preferences are found when the protein and ligand are allowed multi-conformer sampling. 

The calculated results do not fully explain the trend in binding affinity when adding 

methyl groups to the quinone ring. However it does show a strong preference for a 

methoxy rather than a methyl in this position, which contributes to the specificity of the 

binding site.  

The distribution and orientation of the methoxy groups: There are three di-methoxy 

BQs studied here. In Q0 and methyl-Q0 the two methoxys are adjacent to each other. 

Monte Carlo sampling places these in protein positions 2, and 3, the same as the native 

quinone. This orientation binds ≈2 kcal/mol better than with the methoxys in protein 

positions 5 and 6 (Figure 3-3). The methoxy in the 2 position is required to reconstitute 

electron transfer from QA to QB in the RC.90 The methoxy groups in the 2,6-dimethoxy-

BQ each situated adjacent to the same carbonyl prefer protein positions 2 and 6 rather 

than 3 and 5 by ≈6 kcal/mol due to clashes with Ala M248 and Met M218. In addition, 

protein position 2 strongly prefers to bind a methoxy group rather than a methyl group 

sorting the methyl and methoxy groups into the same quadrants as found with the native 

UQ. 
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When a methoxy group lies in plane the oxygen lone pairs are conjugated with the π-

orbital of the ring system. This increases the ring electron density, decreasing the quinone 

Em and lowering the energy of the system, while an out of plane methoxy is electron 

withdrawing and at higher energy.90 One consequence is that the methoxy position can 

tune the quinone redox potential, with an in plane substitution making the quinone harder 

to reduce.90,221 For one methoxy group either with or without an adjacent methyl group, 

the in-plane conformation should be favored.222 When there are two adjacent methoxy 

groups, steric hindrance only allows one to be in-plane at a time. Despite the potential 

importance of the methoxy position, recent investigation of 34 RC structures at better 

than 2.8Å resolution shows that the methoxy groups are not well anchored in the binding 

site by either a hydrogen bond to the ether oxygen or by strongly defined contacts.83 The 

3-methoxy group was found at an angle of -77±8° while the 2-methoxy’s position at 

139±25° lies closer to being in plane, but is more variable.        

Calculations were made with no special energy function applied to the methoxy 

positions. The standard van der Waals interactions will not allow two methoxys to both 

lie in plane, but did not account for the p electron donation into the ring that favors the in-

plane orientation. The result is that all methoxy groups tend to lie out of plane with 

angles of 135.3±3.5°, 121±12.7° and 139.7±1° in the protein 3, 2 and 6 positions. 

Orientation 5 towards Met M218 is never occupied with a methoxy group.  

3.6 Modification of the van der Waals terms 

The van der Waals interactions, given by A/r12 – B/r6, are exquisitely sensitive to the 

precise position of ligand and protein. Thus, small changes in orientation can change the 

ligand affinity by more than 20 kcal/mol. The modest errors in the calculations with full 
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MCCE treatment shows that this physics-based approach, developed for examining 

electrostatic interactions can also handle energies dominated by van der Waals 

interactions reasonably well. However, two alternative approaches that smooth these non-

polar interactions were also investigated. In one the van der Waals energies were scaled, 

reducing the A and B coefficients by the same amount. In the second the non-polar 

energies were added solely with an implicit energy that is dependent on the surface area. 

The electrostatic desolvation energy and protein-ligand interactions continue to be taken 

from MCCE calculation based on the same multi-conformation protein structure and 

ligand positions.  

The standard MCCE calculations use the full AMBER van der Waals potential. The 

slope for the comparison of experimental and calculated data is 1.28 implying MCCE 

overestimates the difference in interaction energy of the different compounds with the 

binding site (Table 3-2). The average explicit van der Waals energy is ≈ -81 cal⋅mol-1⋅Å-2. 

As described below an average van der Waals interaction of 50 cal⋅mol-1⋅Å-2 appears to 

provide a better estimate of the protein-ligand interactions, so both the A and B 

coefficients were reduced to 62% of their original values. The range of calculated binding 

affinities is now reduced from 10.7 kcal/mol to 6.7 kcal/mol, closer to the 5.0 kcal/mol 

found experimentally (Table 3-2). The RMSD is reduced from 2.29 to 1.4 and eight out 

of ten ligands have smaller errors.  

A more extreme change is to treat the non-polar part of the protein-ligand interaction 

with another implicit, surface area dependent term, which is added to the non-polar 

solvation energy (Eqn 4). The best fit of the data and simulation comes with a surface 

area energy of -55 cal⋅mol-1⋅Å-2. Honig and coworkers have used a coefficient with a 
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value of ≈-58 cal⋅mol-1⋅Å-2 for a similar analysis of the MHC class I protein-peptide 

binding.203 Their calculated non-polar contribution to the binding free energy also favors 

ligand binding. The slope of the plot of experimental versus calculated relative binding 

free energy is now 0.97 with a R2 of 0.84. As shown in Table 3-2 all measures of the 

correspondence between experimental and calculated affinities are improved (Figure 3-2, 

Table 3-2). The outliers remain the 2,6-dimethoxy BQ, with calculated value 1.4 kcal/mol 

more favorable and the unsubstituted BQ, which is 1.2 kcal/mol weaker than the 

measured value. While the analysis with the explicit van der Waals interactions shows 

that the MCCE sampling is able to generally find relatively good docked positions for 

each quinone, the excellent agreement with an implicit Lennard-Jones attraction shows 

that the QA binding site can easily accommodate the small quinones studied here.  

The use of the fully implicit non-polar model mixes three surface dependent terms: 

the penalty for forming a cavity in water, the van der Waals interactions between solvent 

and solute and now the protein-ligand non-polar interactions. Here -5 cal⋅mol-1⋅Å-2 was 

used for γ1 to represent the non-polar solvation energy, a value that favors pushing the 

quinone into the protein (Eqn 2). Increasing this to -55 cal⋅mol-1⋅Å-2 (γ2) indicates an 

average of -50 cal⋅mol-1⋅Å-2 for the protein-ligand van der Waals interactions. The water-

cyclohexane partition coefficients (log P) have been measured for these ten BQs.223,224 

The best fit line for surface area dependence of the non-polar transfer free energy has a 

slope of ≈ -21 cal⋅mol-1⋅Å-2, which is the difference in the dispersion energy between 

water and hexane plus the unfavorable cavity term in water. This independently 

calculated value is smaller than the -55 cal⋅mol-1⋅Å-2, which is the best fit for the binding 

calculations using the implicit protein-ligand van der Waals energy. Thus, the average 
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non-electrostatic protein-ligand interaction is approximately twice as favorable as the 

average interaction of the ligand with hexane.  

3.7 Outliers in the calculations 

The unsubstituted BQ, which binds too weakly and 2,6-dimethoxy, which binds too 

tightly are the two outliers in the calculations in both crystal structures.  The analysis of 

the small, unsubstituted BQ turns out to be the most challenging. The affinity calculated 

with explicit Lennard Jones interactions is 2.2 (2UWU) to 4.8 (1AIJ) kcal/mol weaker 

than measured. It is the smallest BQ included here and is thus the most mobile in the 

binding site. More conformers are accepted with bigger movements than for any of the 

other BQ (Figure 3-6) so it may be we do not find the full range of favorable poses. 

Given its greater mobility in the site, the calculations may also overestimate the entropy 

loss. As the weakest binding quinone, it also contains more uncertainty in its measured 

affinity, as it can be difficult to achieve the necessary amounts of mono-disperse quinone 

in solution.   

The 2,6-dimethoxy BQ binds especially tightly when compared with the 2,3-

dimethoxy containing quinones with error from -3.7 (1AIJ) to -5.5 (2UWU) kcal/mol. 

One source of error can be not properly accounting for the cost of pushing the methoxy 

groups out of plane when they are bound. When the methoxy is forced to take 

conformations in the ring plane the affinity is weakened by ≈1 kcal/mol reducing the 

error.  
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3.8 Summary  

Numerous different approaches have been used for calculating binding by docking 

and scoring,225-228 each with their own strengths and limitations. Calculations can come to 

within 0.5 kcal/mol of the experimental values using time-intensive, advanced MD 

methods.227 Faster methods using standard molecular-mechanics potential energy 

function can have a slope as steep as 1.77 with R2 of 0.57 comparing experiment an 

calculation.226 Recent explorations of different scoring functions in MM-GBSA yielded 

poor to modest results with R2 values of 0.21-0.36.225 All these indicate that protein-

ligand binding remains a very challenging problem.  

In this paper we describes a novel but computationally relatively inexpensive method 

to calculated binding affinities. MCCE combines pose generation and scoring.  Flexibility 

is allowed for both ligand and protein side chains (but not backbone) using subroutines 

developed for exploration of side chain rotamer positions. The final calculation of affinity 

is carried out by Monte Carlo sampling of selected poses for ligand and side chains. 

Unlike almost all methods, which need to pre-assign the ionization states of the protein 

and ligand, all protonation and redox states for each residue and cofactor can also change 

in the Monte Carlo sampling that determines the ligand affinity. This unique feature 

allows study of the changes in the ionization states of the protein upon binding, which did 

not prove to be important here.  However, it will permit analysis of the coupling of the 

changes in quinone electrochemistry to the differences in the binding affinity of the 

quinone and semiquinone.  

With implicit protein ligand van der Waals interactions, the numerical results are 

improved, with a nearly ideal slope of 0.97 and a very good R2 of 0.84. The success with 
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implicit van der Waals interactions indicates that the solvent-accessible surface area 

correlates well with the protein-ligand van der Waals interactions as well as with the non-

polar solvation energies. The QA binding site can generally accommodate these small 

compounds. The challenge then is to recover equally good results with a more complete 

model, which will provide more information about local interactions. A QUICK 

calculation of quinone binding affinity in the GROMACS optimized structure has an 

RMSD of 4.2 kcal/mol and an R2 of ≈0 (Table 3-2). However, adding MCCE optimized 

conformers and calculating binding by Grand Canonical Monte Carlo sampling yield 

good results for the 10 quinones. The linear regression line comparing all measured and 

calculated Kds has a slope of 1.28 with an R2 of 0.54 using explicit van der Waals 

interactions. Thus, a single cycle of GROMACS backbone relaxation and full MCCE 

optimization of the ligand and side chain position is needed to relax small clashes that 

result within any rigid structure. The driving force for binding the neutral benzoquinone 

to the QA site is identified via calculation to be the protein-ligand van der Waals 

interaction, while the electrostatic energies contribute little. The favored distribution of 

the methyl and methoxy substitute on the benzoquinone ring is the same as the native 

quinone. In particular, quadrant 2 near ThrM261, binds a methoxy in the native UQ.  A 

methyl will not bind in this position without changes in the backbone structure. Smaller 

quinones are more mobile at the binding site and allow more binding poses than larger 

quinones. In summary, calculations provide insight into how the QA binding site 

accommodates different type of quinones.  
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APPENDIX 
  Atom 

Metal Centered 
Charge NBO ESP 

    Reduced Oxidized Reduced Oxidized Reduced Oxidized 

Heme FE 2.00 3.00 0.69 1.04 -0.65 -0.23 

  N A -0.50 -0.50 -0.52 -0.53 -0.12 -0.19 

  N B -0.50 -0.50 -0.50 -0.53 -0.04 -0.12 

  N C -0.50 -0.50 -0.50 -0.54 -0.04 -0.11 

  N D -0.50 -0.50 -0.51 -0.53 -0.12 -0.20 

  CHA 0.00 0.00 -0.27 -0.24 -0.35 -0.36 

  CHB 0.00 0.00 -0.20 -0.20 -0.32 -0.32 

  CHC 0.00 0.00 -0.24 -0.25 -0.33 -0.34 

  CHD 0.00 0.00 -0.20 -0.20 -0.32 -0.33 

  C1A 0.00 0.00 0.20 0.14 0.21 0.23 

  C2A 0.00 0.00 -0.05 0.03 -0.11 -0.06 

  C3A 0.00 0.00 -0.23 -0.21 -0.25 -0.22 

  C4A 0.00 0.00 0.14 0.16 0.21 0.23 

  CMA 0.00 0.00 0.21 0.23 0.16 0.18 

  C1B 0.00 0.00 0.16 0.18 0.20 0.24 

  C2B 0.00 0.00 -0.23 -0.21 -0.27 -0.24 

  C3B 0.00 0.00 -0.24 -0.21 -0.25 -0.22 

  CAB 0.00 0.00 0.21 0.23 0.16 0.18 

  CBB 0.00 0.00 0.00 0.00 0.00 0.00 

  C4B 0.00 0.00 0.14 0.15 0.17 0.20 

  CMB 0.00 0.00 0.21 0.23 0.16 0.18 

  C1C 0.00 0.00 0.14 0.22 0.17 0.19 

  C2C 0.00 0.00 -0.22 -0.22 -0.25 -0.22 

  C3C 0.00 0.00 -0.23 -0.20 -0.27 -0.24 

  C4C 0.00 0.00 0.14 0.16 0.20 0.23 

  CMC 0.00 0.00 0.21 0.23 0.16 0.18 

  CAC 0.00 0.00 0.21 0.23 0.16 0.18 
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  CBC 0.00 0.00 0.00 0.00 0.00 0.00 

  C1D 0.00 0.00 0.15 0.17 0.20 0.24 

  C2D 0.00 0.00 -0.22 -0.21 -0.25 -0.23 

  C3D 0.00 0.00 -0.03 0.02 -0.12 -0.06 

  C4D 0.00 0.00 0.12 0.14 0.21 0.23 

  CMD 0.00 0.00 0.21 0.23 0.16 0.18 

  HHA 0.00 0.00 0.21 0.23 0.15 0.18 

  HHB 0.00 0.00 0.21 0.23 0.15 0.18 

  HHC 0.00 0.00 0.21 0.23 0.15 0.18 

  HHD 0.00 0.00 0.21 0.23 0.15 0.18 

Histidine CB 0.13 0.13 0.22 0.23 0.18 0.20 

  CG 0.16 0.16 -0.09 -0.06 -0.15 -0.11 

  NE2 -0.56 -0.56 -0.43 -0.46 0.34 0.26 

  CE1 0.16 0.16 0.22 0.24 -0.07 -0.04 

  HE1 0.13 0.13 0.22 0.23 0.17 0.18 

  ND1 -0.40 -0.40 -0.53 -0.51 -0.29 -0.26 

  HD1 0.40 0.40 0.41 0.43 0.35 0.36 

  CD2 -0.13 -0.13 -0.04 -0.04 -0.26 -0.25 

  HD2 0.13 0.13 0.23 0.23 0.20 0.21 

Table App. 1: Metal centered, NBO and ESP charge sets for oxidized and reduced bis-
His c-type heme. NBO and ESP charge sets are from Jaguar calculation (Zhang et al. in 
preparation) . The same charges are assigned to both His ligands.  
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Residue Atom 
Metal Centered 

Charge Quantum Charge 

    Reduced Oxidized Reduced Oxidized 

Heme FE 2.00 3.00 1.20 1.35 

  N A -0.50 -0.50 -0.76 -0.75 

  N B -0.50 -0.50 -0.76 -0.75 

  N C -0.50 -0.50 -0.76 -0.75 

  N D -0.50 -0.50 -0.76 -0.75 

  CHA 0.00 0.00 -0.19 -0.15 

  CHB 0.00 0.00 -0.19 -0.15 

  CHC 0.00 0.00 -0.19 -0.15 

  CHD 0.00 0.00 -0.19 -0.15 

  C1A 0.00 0.00 0.32 0.33 

  C2A 0.00 0.00 0.07 0.08 

  C3A 0.00 0.00 0.07 0.08 

  C4A 0.00 0.00 0.32 0.33 

  CMA 0.00 0.00 -0.10 -0.06 

  C1B 0.00 0.00 0.32 0.33 

  C2B 0.00 0.00 0.07 0.08 

  C3B 0.00 0.00 0.07 0.08 

  CAB 0.00 0.00 -0.16 -0.17 

  CBB 0.00 0.00 0.00 0.03 

  C4B 0.00 0.00 0.32 0.33 

  CMB 0.00 0.00 -0.10 -0.06 

  C1C 0.00 0.00 0.32 0.33 

  C2C 0.00 0.00 0.07 0.08 

  C3C 0.00 0.00 0.07 0.08 

  C4C 0.00 0.00 0.32 0.33 
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  CMC 0.00 0.00 -0.10 -0.06 

  CAC 0.00 0.00 -0.16 -0.17 

  CBC 0.00 0.00 0.00 0.03 

  C1D 0.00 0.00 0.32 0.33 

  C2D 0.00 0.00 0.07 0.08 

  C3D 0.00 0.00 0.07 0.08 

  C4D 0.00 0.00 0.32 0.33 

  CMD 0.00 0.00 -0.10 -0.06 

Histidine CB 0.13 0.13 -0.07 -0.04 

  CG 0.16 0.16 0.32 0.32 

  NE2 -0.56 -0.56 -0.49 -0.51 

  CE1 0.16 0.16 0.49 0.51 

  HE1 0.13 0.13 0.00 0.00 

  ND1 -0.40 -0.40 -0.20 -0.16 

  HD1 0.40 0.40 0.00 0.00 

  CD2 -0.13 -0.13 0.10 0.12 

  HD2 0.13 0.13 0.00 0.00 

Methionine CB 0.00 0.00 0.00 0.04 

  CG 0.06 0.06 -0.05 -0.07 

  CE 0.06 0.06 -0.08 -0.04 

  SD -0.12 -0.12 0.22 0.23 

Cysteine CB 0.00 0.00 0.25 0.25 

  SG 0.00 0.00 -0.27 -0.23 

Table App. 2: Metal centered and DFT derived charge set for His-Met c-type heme in 
both oxidized and reduced states. The latter charge set is obtained from Autenrieth et al 
2004.  
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Table App. 3: Experimental, calculated Ems and decomposed energy terms for each 
protein. *: NMR structures. 
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BACKBONE STRUCTURE Crystal structure GROMACS 
 Crystal Crystal GROMACS MCCE 

 Worst 
pose 

Best 
Pose 

Optimized 
pose 

Final 
multi-pose 

        Number of quinone poses 
evaluated 1-4 1-4 1 ≈20 

unsub -21.46* -21.76 -21.76 
methyl -6.70 -23.70 -25.70 -24.85 

2,3-dimethyl -9.49 -26.89 -26.24 -28.98 
2,5-dimethyl -8.43 -27.00 -26.35 -27.20 
2,6-dimethyl -10.65 -22.03 -25.03 -27.50 

tri-methyl -12.13 -26.63 -27.33 -29.43 
tetra-methyl (DQ) -16.00* -22.70 -29.73 

2,6-dimethoxy >0 -26.95 -32.35 -32.45 
2,3-dimethoxy,5-methyl (Q0) >0 -29.06 -24.56 -28.86 

 2,3-dimethoxy,5,6-dimethyl 
(Methyl-Q0) >0 -29.13 -25.96 -31.46 

 

Table App. 3. Calculated binding free energy at different stages of optimization. Crystal 
structure: 1Quinone substituents are build onto the native UQ position in all 
distinguishable orientations and the energy evaluated with a MCCE QUICK calculation 
where only isosteric conformers are sampled. The energy of the highest (worst pose) and 
lowest (best pose) energy distinguishable pose is given. *BQ and DQ all 4 orientations 
are indistinguishable. GROMACS: the GROMACS minimized backbone, side chain and 
quinone position is evaluated with a QUICK calculation. MCCE: takes the GROMACS 
backbone and does full MCCE optimization, sampling multiple positions to obtain the 
binding energy. All energies are in kcal/mol.  
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 Expt Calc1 Calcscale Calc2 

unsub 4.9 9.7 6.98 6.06 

methyl 4.6 6.62 4.75 4.04 

2,3-dimethyl 3.45 2.49 2.29 3.41 

2,5-dimethyl 3.64 4.26 3.41 3.08 

2,6-dimethyl 3.63 3.96 3.38 3.42 

tri-methyl 1.52 2.04 2.12 1.87 

tetra-methyl (DQ) -0.14 1.74 1.41 0.51 

2,6-dimethoxy 2.73 -0.99 0.29 1.31 

2,3-dimethoxy, 5-methyl (Q0) 1.59 2.6 3.38 0.71 

  2,3-dimethoxy, 5,6-dimethyl (methyl-Q0) 0 0 0 0 

	
  
Table App.4  Experimental and calculated relative binding energies. Calc1, Calcscale and 
Calc2 are defined as in Table 1 and Table 2. Calc1 represents full MCCE binding 
calculations with AMBER protein-ligand van der Waals interactions. Calc2 uses a -55 
cal/mol/Å2 SAS dependent implicit van der Waals energy for both ligand to protein and 
ligand to solvent interaction (Eqn. 4). Calcscale applies a scaling factor of 0.62 to all 
protein-ligand van der Waals interactions.2 
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Figure App. 1 The flowchart of the ligand pose generation in MCCE. a: In the initial 
calculation in the 15Å sphere, the single ligand conformer from the GROMACS 
minimization is used as the initial, seed conformation. b: A cycle explores ligand 
translation, in-plane or out-of-plane rotation. c: The saved, Monte Carlo selected 
conformers from a 15Å sphere around the native quinone are merged with the run on the 
whole protein. d: The Gromacs optimization is carried out on the whole protein. e3: The 
most occupied ligand conformer from 15Å sphere was only used in the first cycle. In all 
subsequent steps in MCCE optimization, the most occupied ligand conformer from 
previous cycle is used. The green ball: In the initial run in 15Å, the single ligand 
conformer is taken from the Gromacs minimization. In the initial run in the whole 

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
  



	
   91	
  

protein, the single ligand conformer is the most occupied ligand pose taken from the last 
15Å run. 

 

 

Figure App. 2 The calculated relative binding free energies in 1AIJ vs. 2UWU. The line 
shown is the best fit line with a slope of 1.05, R2 of 0.86. The filled square is the 
reference compound methyl-Q0. 
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