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Abstract 

 

Statistical, DFT and Continuum Electrostatics Analysis of Histidine Ligated Hemes in the 

Non-redundant Heme Database, in Model Complexes and in Cytochrome C Oxidase  

 

      by 

 

           Jun Zhang 

 

Advisor: Professor Marilyn Gunner 

 

 

 

 

Heme plays an important role in biological oxidation--reduction chemistry. 

Important heme structural factors of are investigated here to understand how the redox 

potential is shifted when bound to proteins. A statistical analysis of a non-redundant 

heme database shows that the redox potentials of heme are significantly correlated with 

heme types and heme ligand types. The patterns of histidine ligand orientation, relative 

histidine orientations were investigated for the proteins in the database. 
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The heme redox potential can be shifted by the existence of hydrogen bond 

partner to the axial histidine ligand of the heme. With the simplified model complex of 

Bis-Imidazole-Porphyrin, the redox potential shift due to the hydrogen bond was 

compared using DFT and Continuum electrostatics methods. Two models, with a 

representative hydrogen bond partner and point charges, are built for the simulation. The 

calculated final energy shift due to the hydrogen bond found by the two methods are 

within 15% of each other. Four different charge sets were compared in the electrostatics 

calculation. Simulation of Bis-Imidazole-Porphyrin complex using DFT method also 

revealed the energetic impact of relative orientation of imidazole ligands on either side of 

the porphryn is less than 1kcal/mol in a flat core porphyrin complex.  

Cytochrome c Oxidase is one of the essential proteins in the anaerobic electron 

transfer chain. In the protein from Rhodobactor sphaeroides, S44 makes a hydrogen bond 

to H102, the axial ligand of Heme a, a key cofactor on the reaction pathway electron 

transfer chain. The electrochemical behavior of Heme a is revisited with a comparison of 

wild type and S44D mutant using the continuum electrostatics program MCCE. At pH7, 

the partially ionized Asp44 lowers the Heme redox potential by 50mV. The ∆G° between 

CuA and Heme a is more pH-dependant with Asp than Ser. Holding other cofactors 

oxidized, electron transfer from CuA to Heme a is coupled with uptake 0.6 and 1.1 

protons in S44 and D44 structures respectively.  
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CHAPTER I 

INTRODUCTION 

1.1 HEME 

1.1.1 Heme and its functions 

Widely distributed in proteins, heme is a protein-bound organic molecule playing 

various vital roles in biology. One of the earliest solved X-ray crystal structures of 

myoglobin (1) is a single polypeptide chain containing a heme to selectively bind 

molecular oxygen (O2). (2) Like the related protein Hemoglobin (3), myoglobin is 

responsible for supplying oxygen to muscle tissue in reptiles, birds and mammals. The 

red color associated with the oxygenated forms of the two proteins is due to the heme 

group. (4)  

Heme also acts as electron transfer compound in many proteins such as 

cytochrome c, a small soluble protein found between the membranes of the 

mitochondrion. (5) Cytochrome c undergoes reversible oxidation and reduction of its 

heme, transferring one electron between cytochrome bc1 complex (complex III) and 

cytochrome c oxidase (complex IV). (5) In addition to its role in molecular transporter 

and electron transfer proteins, heme also plays the role of sensor in NO binding guanylate 

(6), detoxification in cytochrome P450 protein (7) and in controlling of gene expression 



2 

 

of microRNA processing. (8)  

1.1.2 Structures of HEME  

Heme consists of a tetrapyrrole ring system called protoporphyrin IX complexed 

with iron. (2) The four-pyrrole rings of this system are linked by methene bridges, so that 

the unsaturated porphyrin is highly conjugated and planar. The iron atom in a heme has at 

least four ligands with nitrogen atoms of heme porphyrin. Another one or two axial 

ligands can be added from the proteins and substrates. Histidine often serves as a heme 

ligand. The bond distance between heme Fe and histidine nitrogen axial ligand is an 

important parameter connecting the function of heme complex. The spin state, 

coordination number and oxidation state of the hemes are sensitive to the axial bond 

length between heme iron and the nitrogen ligand of histidine. (9, 10) For electron 

transfer reactions, the bound iron is generally in the ferrous, or Fe
2+

, oxidation state or 

ferric, or Fe
3+

, reduction state, and the porphyrin ring always has a -2 charge. Then the 

overall charge of the heme is either 0 (ferrous-heme) or +1 (ferric-heme). Additionally, 

both of the two propionic acids attached on the edges of the porphyrin can carry 0 

(neutral state) or -1 (deprotonated state) charges. The reduced heme is used in substrate 

transfer proteins. A Fe
4+

=O in ferryl heme can be found when hemes play an active role 

in substrate redox chemistry, such as in the peroxidases and oxidases.  

In 1920s, Keilin discovered that there were different cytochromes from the 

positions of their lowest energy absorption band in the reduced state. (11) Thus a-, b- and 

c- type hemes are named in the order of this absorption band. The most common types in 
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nature are b and c type hemes. The a, o, l, m, d and s are derivatives of Heme b and rare 

in proteins. Heme c differs from Heme b in that the two vinyl heme side chains at 

position 8 and 13 are covalently bound to the proteins through two cysteine residues. A 

typical b type ferrous-heme is shown in Figure 1.1. 

 

Figure 1.1 the structure of b type ferrous-heme. (2) 

 

Heme has been proved an important ingredient for protein design. The heme helps 

to stabilize the folded protein and serves as an easily introduced active site. Designed 

proteins with heme porphyrin structures have been used in pioneering bionanoelectronic 

devices and substrate control. (5, 12-17) Most of the natural heme proteins are found in 

-helical rather than in  sheets and mixed / secondary structure (11) and helical 
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bundle structures with heme cofactors have been often used in de novo protein design. 

(16, 18-20)  There are geometric constraints for Histidine ligand to bind porphyrin inside 

helical bundle structures. (16, 21, 22) Koder and coworkers have determined the most 

common rotamers for binding by a statistical analysis of known structures and by 

molecular mechanism simulations. (21)  

1.1.3 Heme redox potential 

The heme redox potential is a measure of the tendency of the heme cofactor to 

acquire electrons and be reduced. The unit of redox potential is volts. Heme cofactors 

inside different proteins have their own unique reduction potential. The more positive the 

potential, the greater the species' affinity for electrons and tendency to be reduced. (23) 

The control of heme redox potential is important to determine the pathway and kinetics of 

electron transfer within and between proteins. 

The measured heme redox potentials in proteins vary between -550 mV in HasA 

(5) and 450mV in cytochrome c peroxidase (5). Some proteins, such as cytochrome bc1 

complex, have both high and low potential hemes, (5, 12, 13). It is a critical feature for 

efficient electron transfer. (5, 13, 24) Many experimental studies used site mutation 

technique to control the heme electrochemistry. (25-30) Computational approaches have 

been used to understand the sources of broad range of heme redox potential. Warshel 

used Protein Dipoles Langevin Dipoles (PDLD) to study the importance of protein 

residues and propionic acids. (31) Rogers and Moore calculated the pH dependent 

ionization of propionic acids and estimated the heme redox potential shift by solving 
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Poisson-Boltzmann equation of continuum electrostatics. (32, 33) Ullman used a hybrid 

statistical mechanics/Tanford−Roxby approach to calculate protonation and oxidation 

probabilities depending on the solution pH and heme redox potential in cytochrome c3. 

Multi-conformational Continuum Electrostatics (MCCE) has been used to study 141 

heme proteins with heme redox potentials spanning 800mV. Hemes with arrange of 

different types and ligand types were investigated. (34) Other computational techniques, 

such as free energy perturbation method (35, 36), molecular dynamics method (37, 38), 

quantum mechanics (39, 40) and QM/MM methods (41) have been used to study 

different aspects of the heme ligand geometry (39), protein reorganization (42, 43) and 

heme-protein interactions (44-46).  

The work presented here will describe structural features of the heme, its axial 

ligands and the proteins to which it is bound to better understand what controls the 

electrochemical property of the proteins.  

1.2 Simulation Methods  

1.2.1 DFT method  

Widely used in computational physics and chemistry, Density Functional Theory 

(DFT) is a popular and powerful approach to solve the electronic structure of many-body 

systems, such as molecules and condensed phases using a simplified quantum mechanical 

analysis. (47, 48) 

In quantum mechanics, all information is contained in the system‘s wave function, 

. With a single electron moving in a potential V, the wave function is given by 
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Schrödinger‘s equation: 

    Equation 1.1 

In the many-body problem with more than one electron in the system, the number 

of electrons determines the degrees of freedom in Schrödinger‘s equation. Electron-

electron interactions have to be considered inside the potential function. The 

computational cost is expensive for traditional developed method, such as Diagrammatic 

Perturbation Theory based on Feynman diagrams and Green‘s function(49) or 

configuration interaction (CL) method (50). 

DFT uses the electronic density as a basic quantity to simplify the many-body 

problem.  

  Equation 1.2 

Conceptually, knowledge of (x) implies knowledge of the wave function and 

potentials. The most common implementation of density functional theory is through the 

Kohn-Sham method. (48)Within the framework of Kohn-Sham DFT, the many-body 

problem of interacting electrons in a static external potential is simplified to an easier 

problem of non-interacting electrons moving in an effective potential. The effective 

potential includes the external potential and the effects of the Coulomb interactions 

between the electrons, e.g. the exchange and correlation interactions. Modeling the latter 

two interactions is the hardest part of KS DFT. The simplest approximation is the local-

density approximation (LDA), which is based on the exact exchange energy for a uniform 



7 

 

electron gas, which can be obtained from the Thomas-Fermi model, and from fits to the 

correlation energy for a uniform electron gas. (51, 52) 

Compared with Hartree-Fock theory and other electronic structure theory, the way 

of electronic density calculated from electronic basis sets used in DFT is simpler than 

calculating the electronic ion wave functions needed for ab initio method of quantum 

mechanics. DFT is good at minimizing the total electronic energy of the system, which 

makes the calculations of ground states more reliable. The B3lyp method has been 

demonstrated to be a suitable method for computing the prospects of metal containing 

molecular complexes such as heme. (53-57) 

Basis set, polarization and diffuse functions are important factors needed when 

setting up a DFT calculation. The basis set is a set of functions used to create a molecular 

orbital, which is modeled by a linear combination of such functions with the weights or 

coefficients to be determined. (Equation 1.3) (58) Usually these functions are atomic 

orbitals, in that they are centered on atoms but functions centered in bonds or lone pairs, 

have been used as have pairs of functions centered in the two lobes of a p orbital. For 

example, basis set ―6-311g‖ includes 5 d orbital functions, while basis set ―6-31g‖ 

include 6 d orbital functions. 

 = C11 + C22 + C33 + …… + Cnn    Equation 1.3 

Polarization functions add an extra electronic shell. The polarization functions are 

placed on all atoms except for transition metals, H and He are labeled ―**‖. The option 

with ―*‖ also include the polarization function for H and He. The diffuse function gives a 

more accurate description of anionic systems. This is especially useful for calculations of 
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van der Waals complexes or molecules that include atoms with negative charge such as 

ionized Asp. These functions are marked with ―+‖.   

In this research, the Jaguar (ver6.5) (59), a computational software specialized in 

simulating molecules with DFT is employed for structure optimization, single point 

energy calculations and to obtain atomic partial charges needed for other calculations.   

1.2.2 Continuum electrostatics method 

The continuum electrostatics method calculates the electrostatic potential given 

the distribution of charges source, dielectric medium and boundary conditions. The 

electric potential  at a distance r from a point charge q in a continuum medium of 

dielectric constant  can be described by the Coulomb‘s equation: 



 
q

4 r
      Equation 1.4 

When the system has a non-uniform dielectric constant such as for a protein in 

solvent, solving Poisson-Boltzmann (PB) equation of continuum electrostatics gives the 

electrostatic potential. (60, 61) Given that PB equation cannot be solved analytically, the 

electrostatic potential can be calculated given the distribution of dielectric constant and 

atomic charges by PB solver, such as the Delphi program. Water is treated as dielectric 

medium with constant 80. The protein dielectric constant is generally assigned a value 

between 4 and 20. (62-64) The dielectric constant supplies the effect of the continuum 

medium response to a charge or polar group. A small value represents a more rigid 

protein environment. Methods with non-uniform dielectric constants have also 
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investigated allowing for the different dielectric regions in a protein. (65, 66) 

The Multi-conformation Continuum Electrostatics (MCCE) program combines 

continuum electrostatics and molecular mechanics to calculate residue pKas or redox 

potentials of bonded cofactors. (67, 68) The program generates multiple positions, side 

chain rotamers from original protein structure and protonation states of protonable group 

or oxidation states of redox active sites. Electrostatics and non-electrostatics energy terms, 

such as residue pairwise interaction and solvation energy are calculated for each 

conformer using the Delphi program. Monte Carlo sampling determines the conformer 

occupancies from Boltzmann distribution at a given pH or Eh.  

The heme redox potential, Em, is calculated as: 

 Em = Em,sol - ∆Gprotein/nF    Equation 1.5 

The Em,sol is the reference energy for an isolated heme complex in water. For the 

Bis-His heme complex, the Em,sol of -220mV of Bis-His-Heme microperoxidases in 

solution is used. (69) ∆Gprotein/nF represent the free energy contributed from protein 

environment to shift Em. ―n‖ is the number of the charge and ―F‖ is the Faraday constant. 

∆Gprotein can be broken down as: 

 ∆Gprotein = ∆∆Grxn + ∆Gpol + ∆Gres    Equation 1.6 

∆∆Grxn is the desolvation energy measuring the loss of favorable interactions of 

the heme with water when it is moved into the protein. ∆Gpol is the backbone dipole 

interaction with the heme and ∆Gres is the electrostatic interaction with the protein side 

chains.  

The MCCE program has been proved to be successful in calculating the redox 
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potential of heme complex. A study of 141 hemes from 42 proteins with MCCE program 

has shown 92% calculations are within 120mV of the experimental Em. It also revealed 

there is no single energy component in equation 1.1.6 that determines the heme Em but all 

play a role (34) 

1.3 Research Objectives 

Heme complexes carry out many roles in nature. With its wide range of redox 

potentials, hemes help to control the overall biological electron transfer chain by shifting 

the driving force along the reaction sequence. The analysis of the structural feature of 

heme cofactors to be described here will help us to understand natural heme redox 

chemistry and design better heme containing de novo designed proteins. The interrelated 

factors to be stated include the type of heme ligands, the orientation of heme histidine 

ligand relative to the heme plane, the relative histidine orientation in Bis-His-Heme 

proteins, heme ruffling, the electrostatic interaction between propionic acids and histidine 

ligand of heme, the role of hydrophobicity of the heme environment within protein of a 

hydrogen bond from the protein to a heme ligated histidine. These issues have been under 

investigated for decades and their importance are still subject to debate. (10, 70-74) A 

statistical analysis of non-redundant heme database, a DFT analysis of heme ligand 

model system and an MCCE analysis of a mutation in Cytochrome c oxidase will be 

presented: 

1) Identification of patterns of heme redox potentials and relevant structural 

feature in a non-redundant database of heme proteins. Case studies of hemes in important 
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proteins, such as cytochrome c oxidase, cytochrome bc1 complex, globins and peroxidase, 

are crucial to understand the links between heme structure and redox chemistry. However, 

general trends of structural features found by studying a broad range of proteins may 

reveal the general factors that control heme electrochemical properties. 

 Over 1000 proteins have at least one heme cofactor in the PDB database. (11) 

The abundance of heme and heme proteins can make a survey possible and reliable. 

Existing heme databases and other published reports have investigated the ligand 

orientation, binding motifs and electrochemistry. (5) For example, Knapp investigated the 

orientation of the imidazole axial ligands in a pool of 693 hemes in 432 crystal structures 

from Protein Data Bank. (75, 76). Gibney designed a heme PDB database focused on the 

heme redox potentials. (11, 77) Findlay set up a database of bioinorganic motifs 

including hemes named PROMISE. (78) Another online database, the Metalloprotein 

Database and Browser (MDB) offers geometrical parameters of metal-binding sites and 

various analytical tools. (79)     

However, since many heme-containing proteins such as globins are easily 

crystallized, there are many heme protein families highly over-represented in the original 

PDB database. For example, there are 56 PDB structures of cytochrome b5, which differ 

in species, resolution, structural measurement method (X-ray or NMR), pH and presence 

of mutations. Thus, a nonredundant heme database is necessary to make a statistically 

valid statement. A nonredundant database was built picking the representative hemes 

using sequence and structural alignment with a reasonable resolution cutoff. (74) The 

distribution of important structural features, such as heme type, heme ligand type, 
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histidine orientation and relative histidine orientations were then investigated. The link 

between known redox potential and these factors were examined within the non-

redundant heme database in Chapter 2. 

 

2) Is there an energy difference between the relative parallel and perpendicular 

orientations of the two histidines in Bis-His-Heme proteins? This problem has been under 

investigation for decades. (10, 54, 71, 73, 74) The aromatic ring of histidine residue can 

overlap with the π orbital of heme porphyrin. Thus, particular relative orientation of two 

histidines in Bis-His-Heme may be energetically favorable. The tuning of parallel and 

perpendicular orientations could be a way to control the heme electrochemical properties 

in proteins.    

Different experimental approaches have been used to investigate the problem. In 

EPR experiments, the perpendicular Bis-His-Heme in cytochrome b from Mitochondrial 

complex II relaxed into a parallel orientation with detergent treatment. (73, 80) In a 

signaling protein Nitrophorin 4 (PDB ID 1IKE), the ligands are in a parallel orientation 

and one of the heme histidine ligands is only loosely bound, suggesting this is the 

energetic minimum for the relative orientation uncontrolled by the protein. EPR and 

Mossbauer data for Bis-imidazole and Bis-pyridine coordinated OETPP-, OMTPP- and 

TMPFe(III) complex suggested the gzz value, and hyperfine coupling constant Azz are 

highly correlated with the relative angles between the imidazoles. (81 2006, 82) 

Therefore, Ann Walker proposes that the parallel orientation is favored in the low spin 

heme. (10, 73, 81, 83-85)  However, there is evidence that the perpendicular orientation 
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is stabilized in TMPFe(III) structure at low temperature. (73) Scheidt suggested energy 

difference between parallel and perpendicular orientations is from 1-3kcal/mol in the 

TMPFe complex. (83, 86)   

The energy stabilization of different histidine orientations is also affected by the 

ruffling of the heme porphyrin. (10, 72) For example, in TMPFE the heme plane is more 

ruffled than the heme in proteins because of the introduced meso-carbon groups in 

TMPFE model complex. (73) Scheidt estimated the energy impact of ruffling core can 

shift the energy preference between parallel and perpendicular ligand orientation by 3-

5Kcal/mol. (85) In a model complex with no ruffling of the heme core, Straatsma 

calculated the perpendicular arrangement is energetically preferred by 0.3kcal/mol, a 

negligible amount, in ferrous heme complex using the DFT method. (54, 84) 

In the research presented here the general tendency of the relative Histidine 

orientation is studied using the non-redundant heme database in Chapter 2. A DFT 

simulation with a simplified Bis-Imidazole-Porphyrin model complex is conducted to 

understand the energy preference in Chapter 3. The effect of ruffling is discussed with 

some calculation results from the model complex.   

 

3) How does the hydrogen bond to the axial histidine ligand affect the heme redox 

potential?  

The non-ligated nitrogen atom, other than the axial ligand nitrogen in the 

imidazole ring of a histidine ligand can be a hydrogen bond acceptor or donor, depending 

on the histidine protonation state. The nitrogen atom of ND1 is often found to be a 
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hydrogen bond donor in heme proteins. Aspartic acid is the conserved hydrogen bond 

partner in heme peroxidases (5) and oxygenases (87). These residues have been assigned 

important roles in these enzymes. (57) The carbonyl group of the protein backbone, 

another common hydrogen bond partner of histidine ligand of heme, is found in globins, 

cytochrome c oxidase and cyclooxygenase.   

Kahn pointed out the changes in hydrogen bond geometry between the imidazole 

and planar formamide is coupled with the changes in oxidation state of heme. (88) Using 

B3lyp method of DFT simulation in a five-coordinate histidine containing heme complex, 

Jensen and Ryde found some geometric features of histidine ligand hydrogen bond 

related with heme electrochemistry. For example, histidine hydrogen bonds to carbonyl 

groups have a small influence on the heme site. However, a hydrogen bond to a carboxyl 

group will shorten the axial Fe-N bond length by 0.05Å. This can change the inner-sphere 

reorganization energy of the Fe
2+

 to Fe
3+

 transition in the five-coordinate heme complex 

by as much as 30kJ/mol. (89) Site-mutation studies in peroxidase (90) and cytochrome c 

(91) suggested the heme electronic configurations are affected by the hydrogen bond to 

the axial ligand. However, how much the heme redox potential is shifted due to the axial 

histidine hydrogen bond is not clear. 

  The DFT method and continuum electrostatics method are employed to study the 

problem. Two model complexes, Bis-imidazole-porphyrin and Imidazole-water-

porphyrin structures were built. Representative hydrogen bond partners were selected 

from the statistical survey results of non-redundant heme database. The DFT method is 

good at calculating bonded compounds with complex electronic orbital while the 
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continuum electrostatics method is good at analyzing non-bonded systems with relatively 

litter computational cost. The results of the two simulation methods will be compared to 

investigate the heme redox potential shift due to the histidine hydrogen bond in Chapter 3.  

 

4) The influences of a modified hydrogen bond on the redox potential: the MCCE 

study of S44D mutation in Cytochrome c oxidase. 

Cytochrome c oxidase is the terminal protein of the aerobic respiratory chain 

located in mitochondrion or bacterial membrane. (92, 93) The large transmembrane 

protein builds a transmembrane electrochemical gradient using chemical energy from the 

reduction of O2 to H2O. (94, 95) During the process, four electrons are sequentially 

transferred from soluble protein cytochrome c to the oxidase CuA, Heme a and to the 

binuclear center consists of CuB and Heme a3. In binuclear center, the four electrons and 

four uptake protons reduce a bound O2 molecular into water. Another four protons are 

transferred through the membrane during the process: 

      4e
-
 + 8Hn

+
 + O2   2H2O + 4Hp

+ 
  

Hn are protons taken up from the high pH ‗n‘ side of the membrane while Hp are 

protons released to the low pH ‗p‘ side. 

 Heme a, an a-type low-spin Bis-His-Heme, is a key cofactor on the electron 

transfer chain. The electron transfer rate from CuA to Heme a is measured to be 210
4
s

-1
 

in the wild type Rh. Sphaeroides protein. (96-98) One residue, Ser 44, makes a hydrogen 

bond to His 102, the axial ligand of Heme a. Site-mutation studies of S44D were carried 

on to understand the effect of electron transfer rate change due to the axial ligand 
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hydrogen bond. (99) The introduction of Asp at the site can shift the redox potential of 

heme and change electron transfer rate between CuA and Heme a, especially if the Asp is 

deprotonated. The electrochemical behavior of Heme a is revisited with a comparison of 

wild type and S44D mutant using the continuum electrostatics program MCCE in 

Chapter 4. 
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CHAPTER II 

Statistical study of non-redundant Heme database 

2.1 General information of non-redundant heme database 

There were 1503 heme proteins with resolution better than 2.5Å in the RCSB 

PDB protein database as of March 2007. (1) They can be grouped into 89 protein families 

using the Dunbrack PISCES web server (2) with cutoff parameters of 25% identity, R-

factor bigger than 0.3, resolution better than 2.5Å and at least 30% of the amino acids in 

the protein within a 10Å sphere of the heme iron. PISCES compares both sequence 

identity and structural similarity to define protein families. A generated nonredundant 

heme database, with the total of 132 b and c type hemes in 87 heme protein families, 

were used in the statistical study. About half of proteins have more than one heme. Two 

a-type and one o-type heme-binding site found in the two protein families (1V54, 1XME) 

have been excluded, because there are too few of these types of heme for a valid 

statistical survey. The ligands of the hemes are identified by having nitrogen, oxygen, or 

sulfur within 2.5Å of the heme iron. The python script to generate the survey report from 

the original PDB structures was written by Christian Fufezan in the Gunner lab. (3) A 

summary is shown in Table 2.1. 

Sixty-nine out of the one hundred and thirty-two hemes in the non-redundant 
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database have reported redox potentials. (4-28) The distribution of them is shown in 

figure 2.1. While there is a wide range of the heme redox potential from -550mV (1DKO) 

to 450mV (1IQC), 75% of the Ems are between 0 to 400mV. The average and median 

values are 114mV and 130mV respectively.  

 

Table 2.1 Distribution of ligands to b- and c-type hemes in the nonredundant heme 

database. 

  

b-Type Heme c-type Heme Sum 

Occurrence Percentage Occurrence Percentage Occurrence Percentage 

His-His 17 23.9% 42 68.9% 59 44.7% 

His-Met 1 1.4% 10 16.4% 11 8.3% 

His-Xaa
a
 2 2.8% 2 3.3% 4 3.0% 

His-Ex
b
 31 43.7% 4 6.6% 35 26.5% 

Xaa-Xaa 1 1.4% 0 0.0% 1 0.8% 

Xaa-Ex 17 23.9% 2 3.3% 19 14.4% 

Other 2 2.8% 1 1.6% 3 2.3% 

Total 71  61  132  

a). Xaa: amino acids other than His and Met. These include Asn, Asp, Cys, Tyr, Glu, and 

Lys.  b). Ex: denotes hemes without a 6th ligand or an exchangeable, non-amino acid 

ligand (such as O2 & H2O). His-Ex is counted as mono-His in the study. (3) 
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Figure 2.1 The distribution of the known heme redox potentials in the nonredundant 

heme database. 

 

2.2 Factors determining the heme redox potentials 

2.2.1 Heme type 

There are 71 Heme b (54%) and 61 Heme c (46%) in the nonredundant heme 

database. (Table 2.1.1) The histogram of redox potentials for Heme b and c is shown in 

figure 2.1.2. Heme c is mostly found at the high redox potentials while Heme b is widely 

distributed from -550mV(1DK0) to 290mV(1V54). The average and median value of 

redox potentials of b type hemes is 12 and 68mV, while it is 180 and 250mV for c type 

hemes. The difference of about 170mV between b and c type heme is close to the 
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standard deviations of Em‘s (200mV and 183mV for Heme b and c).  
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Figure 2.2 The distribution of redox potentials of b- and c- type hemes in non-redundant 

heme database.  

 

2.2.2 Heme ligand type  

Iron in the heme can be in a five- or six-coordinate structure by bonding one or 

two axial ligands. The table 2.1.1 shows the typical ligand types and their percentages in 

non-redundant database. The histidine side chain is the most common amino acid to serve 

as a heme ligand. More than 80% of the hemes have at lease one histidine as axial ligand. 

Bis-His ligands are 44.7% of the total. They represent 68.9% of the c type hemes but they 

are only 23.9% of the b type hemes. The His-Met ligand is found in 8.3% and Mono-His 

ligand is in 26.5% of the structures. The mono-His-Heme is more common for b type 
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than c type hemes. Amino acids other than histidine and methionine are found rarely. 

The distribution of redox potentials in the non-redundant heme database for the 

different types of heme ligand is shown in figure 2.1.3. Non-histidine ligated hemes are 

not plotted because too few of them have reported known redox potentials.   

 

Figure 2.3 The redox potential of hemes in the non-redundant database grouped by the 

heme axial ligand.  

 

His-Met type hemes are generally found to have high redox potentials. The 

average value in this category, 256±120mV, is significantly different from the 5±160mV, 

the average for Bis-His-Heme and 45±170mV, the average for mono-His-Heme. While 

there is no significant difference between the average of Bis-His-Heme and mono-His-

Heme. Bis-His hemes are generally found between -100 to 100mV and mono-His from 0 

to 200mV. 
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The redox potentials are separated by heme type and heme ligand type in Figure 

2.1.4. There are five components: b type Bis-His, b type mono-His, c type His-Met, c 

type mono-His and others. Over 85% of the His-Met ligated hemes are c type. Their 

redox potential is generally above 250mV. The Fe-S bond between ferrous-iron and Met 

stabilize the electrons on the heme, favoring the reduced state. (29, 30) The reason that 

there are much more c type than b type hemes with His-Met ligand is not clear. Many c 

type His-Met hemes are used in electron transfer proteins such as cytochrome c, c2 and 

c554.  

 

Figure 2.4 The redox potential of hemes in the non-redundant Heme database grouped by 

Heme type and Heme ligand types. 
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There are various proteins containing mono-His-Heme, such as Hemoglobin, 

peroxidases, Heme oxygenases and sensor proteins. The sixth ligand position is open to 

bind small molecules such as water molecular, dioxygen molecular and hydroxyl. Thus, 

these Hemes can be functional in molecular transporters or as active site to carry out 

chemistry as in the binuclear center of cytochrome c oxidase or in P450 protein (31). The 

redox potential distribution of c type mono-His Hemes are different from b type mono-

His Hemes.  The Em values of the c type mono-His of Hemes are in the range from 0 to 

200mV, compared to that of -300 to 400mV of c type mono-His-Heme.  

In summary, the distribution of heme redox potentials can be classified by heme 

type and heme ligand type. In general, the c type His-Met-Hemes generally has high 

redox potential and clustered around an average value of 250mV in the nonredundant 

heme database. The higher potential is caused by the stable Fe-S bond interaction 

between ferrous-iron and axial methionine ligand according to the HSAB (Hard and Soft 

Acids and Base) theory. (29) The redox potential of Bis-His and mono-His hemes are 

widely distributed from -300 to 400mV. Their average values are 5 and 45mV, about 

200mV lower than c type His-Met hemes. The trend is found consistently in other heme 

statistical surveys and databases. (11, 32, 33) 

2.3 Structural features of His-containing hemes in the non-redundant database 

Histidine ligated hemes make up 85% of the non-redundant heme database and 

Bis-His-Heme are 44.7% of the total. These hemes have a wide range of redox potentials. 

Many of them are used for electron transfer process in proteins such as cytochrome c, 
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cytochrome bc1 complex and cytochrome c oxidase. (34-37) The structural features that 

modify their redox potentials have been under investigation for decades. (3, 34) The 

distribution of the histidine orientation relative to the heme plane, the relative orientation 

of the two histidine ligands and the presence of a hydrogen bond to the histidine ligand 

are evaluated in the non-redundant data sets. 

2.3.1 Histidine ligand orientation relative to the heme plane  

The histidine ring of heme axial ligand is perpendicular to the porphyrin plane. 

The orientation of the ligand on the heme plane is defined by the angle alpha between the 

histidine CG-ND vector and the heme FE-CHA vector (Figure 2.1.5). (3) 

 

  a) 
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      b) 

 

      c) 

Figure 2.5 The histidine ligand orientations defined by alpha angle.   

a) The orientations of two histidines relative to the heme plane. CG-ND vectors are 

labeled in different colors for the two histidines. b) Top view of the same Bis-His-Heme, 

the two vectors are projected to the porphyrin plane. c) The alpha angles expressed on a 

circle. The structures are drawn by VMD.  
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In the c type histidine ligated hemes, there is a unique Cys-Xaa-Xaa-Cys-His 

(CXXCH) motif structure. The two cystidines ligated at position 8 and 13 of the 

porphyrin are in a loop that includes the axial histidine ligand. Thus, the histidine 

orientation relative to the heme plane is constrained by the CXXCH motif. It has been 

shown by a molecular mechanics calculation in c type Bis-His-Heme model complex that 

his keeps big positive high barrier for alpha angles around -90˚. (3) The energy barrier 

constraining the histidine disappeared when the CXXCH motif is detached from heme. (3) 

The phenomenon is also seen in the non-redundant heme database. The histogram of 

heme histidine ligand orientation in figure 2.1.6 showed the histidine orientation is 

favored at 0˚ in the CXXCH motif of c type Bis-His-Heme and it is never found around -

90˚, which is the orientation with the energy peak in the molecular mechanism simulation. 

(3) By comparison, the histidine ligands without the influence of CXXCH motif in b and 

c types heme are generally distributed at all angles.    
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Figure 2.6 The distribution of heme histidine ligand orientation in b and c type heme. 

 

The distribution of alpha angles for histidines not in the CXXCH motif does not 

have a strong angular preference. (Figure 2.1.6) However, they are more likely to be 45˚, 

135˚, -45˚and -135˚ than around 0˚, 90˚, -90˚, and -180˚. The phenomenon is explained 

by the Van der Waals interaction between the imidazoles and the heme plane. (34) When 

the imidazole plane is rotated into the position on top of any nitrogen atom of the heme 

plane, the Van der Waals interaction between imidazole and the heme is more 

unfavorable than when the imidazole plane points between the neighboring nitrogen 

atoms. In addition there is an electrostatic interaction between the His and the heme 

propionic acids that affects the imidazole orientation preference. Assuming both 

propionic acids are neutral, the dipole-dipole interaction between histidine and the 

propionic acids is 1kcal/mol favorable in when the alpha is 0˚ than 90˚ in the 
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electrostatics calculation with a uniform dielectric constant 6. If the propionic acids are 

both ionized, the energy difference can be as big as 4kcal/mol.  

2.3.2 Relative histidine ligand orientations in Bis-His-Hemes 

The relative angle between the two histidine planes on either side of Bis-His-

Heme in the non-redundant heme database (Figure 2.1.7) shows the different preference 

in b and c type hemes. The perpendicular orientation with a relative angle around 90˚ is 

favored in the b type Bis-His-Heme. There is no clear preference for a particular relative 

histidine orientation in c type Bis-His-Heme. Whether the relative histidine orientation is 

influenced by the CXXCH motif is unclear. DFT method was employed to study the 

energy preference of the different relative Imidazole orientation in Bis-His-Heme 

complexes in Chapter 3.   

There are some patterns in the relative orientations that depend on the nature of 

the protein structure. Classifying the relative histidine orientations by protein families in 

the non-redundant dataset, there are 3 times as many perpendicular structures as parallel 

structures in b type Bis-His-Hemes. Cytochromes b2, b5 and Cytochrome c Oxidase have 

parallel Bis-His ligand orientations. The Em of Cytochromes b2 and b5 are around 0 mV 

and that of Heme b of quinol oxidase are around 300mV. (11) The families with 

perpendicular ligand orientations include Globins, (38-41) NO3 reductase, DHG, DHG 

succinate (42, 43) and BC1 complex (36, 44). Their redox potentials are distributed from 

-300 to 200 mV. Thus there does not seem to be a correlation of the redox potential with 

ligand orientation.  
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Figure 2.7 The comparison of relative histidine orientation in Bis-His-Heme. B and c 

type Heme. 

 

2.3.3 The Hydrogen bond of heme histidine ligand  

75% of histidine ligands can be found to make a hydrogen bond with an amino 

acid or crystallographic water to the 63 heme histidine ligands in the non-redundant heme 

database (Table 2.1). The distribution of the types of hydrogen bond partners to the 

histidine ligand in b type histidine ligated hemes in the non-redundant heme database is 

shown in Table 2.2. A hydrogen bond can shift the redox potential of heme complex 

down. Simulations with DFT and Continuum Electrostatics methods in Chapter 3 present 

a more detailed analysis of the effects of the hydrogen bond in the redox chemistry. The 

S44D mutation of Cytochrome c Oxidase presented in Chapter 4 gives an example of the 
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impact of a hydrogen bond to the heme histidine ligand on the electrochemistry of a 

protein. 

 

Table 2.2 The distribution of the types of hydrogen bond partners to the histidine ligand 

in b type histidine ligated heme in the non-redundant heme database. 

Hydrogen bond partner 
Occurrence Percentage (%) 

H2O  
6 9.5% 

No partner 
16 25.4% 

Amino Acids total  
41 65.1% 

Amino Acids backbone 
25 39.7% 

Amino Acids side chain 
16 25.4% 

ASP 
6 9.5% 

GLU 
2 3.2% 

SER 
2 3.2% 

Total 
63 100.0% 

 

2.3.4 Fe-N distance between heme iron and axial histidine ligand 

The axial bond length between heme iron and the nitrogen ligand is sensitive to 

the spin state, coordination number and oxidation state. (45, 46) The Fe-N distances in 

the non-redundant heme database range from 1.9Å to 2.9Å, with the peak at 2.05Å. There 

is no significant correlation between heme redox potential and crystal structure Fe-N 

distance. The lack of correlation may be due to the importance of the spin state, 



40 

 

coordination number and oxidation state that are not accounted for the non-redundant 

heme database. The other reason is the scale of Fe-N distance shift (such as 0.1Å shift 

from Jahn-Teller effect (47)) is below the resolution in the current X-ray structures with 

resolution of 1.2 - 2.5Å. 

In summary, a non-redundant heme database was built to study the patterns of 

heme structural features and their linkage with heme redox potentials. The database 

consists of 132 representative hemes identified by sequence and structural alignments 

with a 2.5Å resolution cutoff using the Dunbrack webserver. The distributions of heme 

type, heme ligand type, histidine ligand orientation, relative orientation of histidines in 

Bis-His-Heme and the distance between heme iron and axial histidine nitrogen were 

investigated. 

The average redox potentials of c type His-Met hemes are 200mV higher than the 

value of b or c type Bis-His heme and mono-His heme. The database also showed that the 

orientation of the histidine ligand in CXXCH motif of c type hemes is clustered on the 

alpha angle of 0˚, which is energetically consistent with the molecular mechanics 

calculation of the His in the CXXCH motive in a heme model complex. (3) In b type Bis-

His-Heme, the number of the histidine ligands perpendicular to each other is three times 

bigger than the number with parallel orientations. These features observed in the non-

redundant heme database can be used to help protein design with bonded hemes and 

desired heme electrochemistry. For example, knowledge of the geometric constrains of 

the histidine ligand orientation is useful in designing the heme cofactors in helical bundle 

structures. (41, 48, 49) Mutating the heme ligand residue can tune the redox potential of 



41 

 

heme. (50-53) The non-redundant heme database was also used to determine the protein 

secondary structure binding the heme and the occurrences of different amino acids in the 

heme binding sequences. The results have aided de novo protein design. (48)  

A hydrogen bond to the axial histidine ligand of heme can shift the redox 

potential. The non-redundant heme database shows the distribution of the hydrogen bond 

acceptors. Computational research based on simplified model complexes was carried on 

to understand the redox potential shift due to the existence of an axial histidine hydrogen 

bond in Chapter 3. An important study of S44D mutation in Rb. sphaeroides Cytochrome 

c oxidase gives a detailed analysis of the effect of this hydrogen bond in the protein 

environment in Chapter 4.   
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CHAPTER III 

A DFT and Continuum Electrostatics study of redox potentials and energy preference in 

Imidazole-Porphyrin model complexes 

3.1 Introduction 

Previous statistical surveys of a non-redundant heme database have suggested that 

the heme and ligand type are important factors that help to control the redox potential of a 

heme. (Figure 2.4) Histidine is most common ligand to heme cofactors in proteins. (Table 

2.1) In Bis-His-Heme proteins, the relative orientation of two histidine ligands is not 

significantly correlated with redox potential in the survey of non-redundant database. 

However, b type Bis-His-Hemes in the database have their histidine in a perpendicular 

orientation 3 times more frequently than in a parallel orientation. EPR and Mossbauer 

studies of TMPFe model complex suggested the parallel orientation could be 

energetically favorable. (1-3) In this research, DFT simulations were used to investigate 

the energy preference of the relative orientation of imidazole rings of Bis-imidazole-

porphyrin complex. The effect of a ruffled porphyrin is tested and discussed.   

The redox potential of a heme site is sensitive to the nature of the axial ligands 

and to the environment around the site. (4, 5) There are often abundant hydrogen bonds 

found between the distal histidine ligand of heme and the protein. Thus, it is interesting to 
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study how the heme redox potential is shifted by the hydrogen bond. The understanding 

of the tuning of heme redox potentials can be key to the analysis of heme containing 

proteins such as cytochrome c oxidase (6-8), peroxidase (9-11), hemoglobin (12-14) and 

other proteins. DFT and Continuum Electrostatics simulations based on simplified model 

complex of Bis-Imidazole-Porphyrin and its derivative structures were employed and 

compared. 

3.2 DFT simulation of parallel vs. perpendicular orientation of Bis-imidazole-

porphyrin  

The relative orientation of the two imidazole rings of the heme ligands has been 

suspected an important structural factor influencing the energy in both ferric- and ferrous-

Bis-His-Hemes,. (4, 15, 16) The dihedral angles between the two imidazole planes define 

the relative orientation angle. (17, 18) Thus the complex with a histidine at the angle of 

0 or 180 are in the parallel orientation, while one at 90 and 270 are in the 

perpendicular orientation.  

In the non-redundant survey of the b type Bis-His-Hemes discussed in Chapter 2 

(see Figure 2.1.4), 85% of the histidine alpha angles are within 30 of either a parallel or 

perpendicular orientation, higher than the ratio of 67% if the relative orientation was 

uniformly distributed. The number in a perpendicular structure is about three times of the 

parallel structure. By contrast, in c type Bis-His-Hemes where one of the histidines is 

constrained by the CXXCH motif (19), the number in the perpendicular structure is about 

the same in the parallel structure. 
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Experiments on model hemes support a lower energy for a parallel orientation 

contradicting to the results of the statistical survey in the non-redundant heme database. 

EPR and Mossbauer data for Bis-imidazole and Bis-pyridine coordinated OETPP-, 

OMTPP- and TMPFe(III) complexes suggested the gzz value, and hyperfine coupling 

constant Azz are highly correlated with the relative angles between imidazoles. (1 2006, 3) 

Therefore, Walker proposed that the parallel orientation is favored for a low spin heme. 

(1, 4, 5, 20-22) There is also evidence that the perpendicular orientation is stabilized in 

the TMPFe(III) structure at low temperature. (5) However, Scheidt suggested energy 

difference between parallel and perpendicular orientations is less than 3kcal/mol in the 

TMPFe complex. (4)   

The ruffling of the heme plane may be the reason for the conflicting results. Heme 

planes in most of the model systems are very ruffled because of the introduced meso-

carbon groups in TMPFE model complex. (3) The ruffling may change the energy 

preference between relative parallel and perpendicular orientation (22).  

3.2.1 Model complex 

A simulation study was carried out with a Bis-Imidazole-porphyrin complex with 

perfect flat heme plane without ruffling. The system energy dependence on the relative 

orientations of imidazole rings was calculated by DFT simulation.  

A simplified Bis-Imidazole-Porphyrin model was built to study the problem. 

Imidazole planes on the both sides are perpendicular to the heme plane. Their aromatic 

rings are close to the π orbital of the heme ring. In the model, the propionic acids, vinyl 
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and methyl groups of the heme plane are replaced by hydrogen atoms. The histidines are 

reduced to imidazole rings. Thus, the complex is a porphyrin ligated with two imidazoles. 

(See Fig3.1.1)  

As the heme core has a D4h symmetry, two imidazoles are placed between the 

neighboring porphyrin nitrogen atoms. Now the normal line of each imidazole is parallel 

to the perpendicular bisector of the neighboring nitrogen atoms in the porphyrin. The 

relative angle between the imidazole normals identifies whether the imidazoles are 

parallel or perpendicular to each other. The ionization state of the iron atom inside the 

porphyrin is either Fe
2+

 or Fe
3+

. With the -2 charge distributed in porphyrin ring, the total 

charge of the complex is 0 for ferrous-porphyrin and +1 for ferric-porphyrin. There are 

four combinations of imidazole orientations and ionization states. Their system energies 

were calculated by the DFT method within the Jaguar program. (23) 

 

a) 



51 

 

 

 

b) 

Figure 3.1 Bis-Imidazole-porphyrin complex with (a) parallel orientation and (b) 

perpendicular orientation. 

 

3.2.2 The simulation methods 

The total system energy of a complex is calculated from a single point energy 

calculation based on the geometrical optimized complex. B3LYP is used as the method, 

based on the successful studies on heme complexes in literature (16, 24, 25) Two basis 

sets were set up for the optimization of complex:  LACV3P* for Fe atom and 6-311G* 

for the other atoms. In the single point calculation, bases set were set up as: LACV3P* 

for Fe atom, 6-311G** for ligated nitrogen atoms and 6-311G**+ for the other atoms. 
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The formal charges of the Fe and the ligated nitrogen atoms are set given the ionization 

states of the complex. The iron multiplicity was in the low spin state. The dielectric 

constant is 6 in the Jaguar calculation. A quick geometric refinement based on maestro, 

the Jaguar interface, was followed by the complete geometric optimization. 

3.2.3 Result and discussion 

After the structure optimization and single point energy calculation, the system 

energies with different imidazole relative orientations and porphyrin redox states are 

calculated and compared (Table 3.1). 

 

Table 3.1. Calculated system energy comparison between parallel and perpendicular 

orientations. 

Ionization states Ferrous-porphyrin (neutral) Ferric-porphyrin (+1) 

Parallel (Hartree unit) -1564.75047 -1564.55647 

Perpendicular (Hartree unit) -1564.75133 -1564.55779 

Difference (kcal/mol) 0.5409 0.8323 

  

The energy gaps between parallel and perpendicular complex are less than 

1kcal/mol in both ferrous-porphyrin and ferric-porphyrin states with the perpendicular 

complex energetically favored in the Jaguar calculation. Straatsma‘s group conducted a 

study on the same complex with the B3LYP Method and VTZ basis set using the 

NWChem software. The optimized structure geometries are very close. For example, the 

Fe-N (porphyrin) distance of 2.03Å and Fe-N (imidazole) of 2.05Å are the same as those 
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found here. The reported energy gap in the ferrous-porphyrin complex is 0.3kcal/mol, 

very close to the 0.54kcal/mol reported here, but their calculations favor the parallel 

complex in the ferric-porphyrin complex by 0.6kcal/mol. (21, 25) 

3.2.4 Parameter sensitivity of the model 

 The B3lyp method has proved to be suitable for the simulation of metal center 

complex. (16, 24, 25) Do the other parameters, including basis set, diffusion and 

polarization of the single point calculation change the conclusions? Table 3.2 describes 

the energy gap between parallel and perpendicular in ferrous- and ferric-porphyrin 

systems when the basis set for the single point calculation of the other atoms (see 

calculation set-up for more details) is changed. 

 

Table 3.2. Energy comparison between parallel and perpendicular imidazole orientation 

when changing the basis-set for the other atoms of imidazole and porphyrin 

 

Basis-set for  

―the other atoms‖ 

Ferrous-porphyrin (neutral) 

(parallel - perpendicular) 

kcal/mol 

Ferric-porphyrin (+1)  

(parallel - perpendicular) 

kcal/mol 

        6-311g**+                 0.5409                  0.8323 

        6-311g*+                 0.4464                  0.6914 

        6-31g*+                 0.3531                  0.6631 

 

The energy comparison in Table 3.2 shows the previous conclusions are hold. The 

energy gaps range between 0.35 to 0.54kcal/mol for ferrous-complex and 0.66 to 0.83 

kal/mol for ferric-complex. Perpendicular orientation structure is energetically favored by 
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less than 1kcal/mol in all scenarios with different basis sets and polarization parameters 

for the other atoms.  

3.2.5 Ruffling 

The results and conclusions in table 3.1 and 3.2 are based on the optimized 

structures with flat heme core. What if the initial heme structure was ruffled? The 

average value of NA-Fe-NC and NB-Fe-ND angles are defined as the ruffling angle. 

Jaguar‘s graphic interface Maestro, which performs a quick refinement before structure 

optimization yield a ruffling angle of 170˚ for the perpendicular ferrous-Bis-imidazole-

porphyrin complex. The average value in the non-redundant heme protein survey is 172˚ 

and the totally flat porphyrin plane is 180˚ degree. One of the imidazoles in the structure 

was then rotated by 90 to form the parallel orientation.   

After Jaguar structural optimization, both structures become flatter. The ruffling 

angle for parallel and perpendicular structures are now 174˚ and 178˚ accordingly. Then, 

single point calculations are conducted with the ruffled complex. The same procedure is 

carried on for the ferric-complex. After optimization, the ruffling angles are now 174˚ 

and 176˚ for parallel and perpendicular structures. The ruffling angles and energy 

differences between parallel and perpendicular complex are presented in table 3.3. 
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Table3.3 Energy differences between the parallel and perpendicular Bis-imidazole-

porphyrin ruffled complex in DFT simulation. The ruffling angles of structures are also 

presented.  

Single point energy /  ruffling angle 
Ferrous-porphyrin 

(neutral) 

Ferric-porphyrin 

(+1) 

Parallel (Hartree unit) 

Ruffling angle 

-1564.75234 

174˚ 

-1564.560924  

 174˚ 

Perpendicular (Hartree unit) 

Ruffling angle 

-1564.75314 

178˚ 

-1564.56102 

176˚ 

Difference of the ruffled porphyrin complex 

(kcal/mol) 
0.5022 0.0605 

Difference of the flat porphyrin complex 

(kcal/mol) (From Table 2.1) 
0.5409 0.8323 

 

The perpendicular complexes are always energetically favored by less than 

1kcal/mol. Comparing Table3.2 and Table3.3, the preference of orientation is consistent, 

especially for the ferrous-complex. There is a small energy difference of 0.06kcal/mol 

between parallel and perpendicular orientation in the ruffled ferric-complex that is 

0.8kcal/mol more favorable in the flat ferric-complex. Thus, the perpendicular orientation 

is destabilized by ruffled heme core.  

The ruffling is always reduced during geometry optimization. It was also 

observed that the structural optimization with ruffled ferric-porphyrin complex could lead 

to the disassembly of porphyrin core depending on the ruffling angle.  The energy 

comparison between table 1 and 2 also shows that the ruffled structures are energetically 

unfavorable in the simplified Bis-imidazole-porphyrin model. The vinyl, methyl group 

and propionic acids in a heme could be the structural factors to stabilize the ruffled heme 

structure. In addition, the structure of the binding site will have an impact in natural and 

designed proteins. 
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In summary, there is no significant energy preference (>1kal/mol) between 

parallel and perpendicular orientations according to the DFT simulation on the Bis-

Imidazole-Porphyrin complex. In a flat porphyrin, the perpendicular orientation is 

0.5kcal/mol more favorable in ferrous-Heme complex and 0.8kcal/mol in ferric-Heme 

complex. The conclusion is consistent with other studies of similar model complexes. (21, 

25) The ruffled porphyrin structure is not energetically favored in this simple model. The 

fact that the ruffled structure of the TMPFE complex favors parallel orientations by 1-3 

kcal/mol may be caused by the introduced meso-carbon group. (3, 17, 20) In the natural 

heme structure, other groups attached on the porphyrin could be the factor to stabilize the 

ruffled structure. Thus, the orbital interaction of imidazole planes relative to heme plane 

are not a key element to determine the energy preference of the flat plane Bis-Imidazole-

Porphyrin complex. 
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3.3 Simulation of the redox potential shift due to Hydrogen bond to a histidine ligand 

in the porphyrin model complex 

3.3.1 Background and objectives 

The hydrogen bond is one of the most common non-bonded interactions in a 

protein environment. It is the attractive interaction between the electropositive hydrogen 

atom and an electronegative atom, hydrogen bond acceptor. (26-28) The hydrogen atom 

is attached to electron donating atoms such as oxygen or nitrogen.  The hydrogen bond 

interaction is stronger than the van der Waals interaction but much weaker than covalent 

bonds. (29) The typical interaction energy for the O—H-N group is in the range of 1-

20Kcal/mol depending on the bond length, bond angle, dielectric constant, temperature 

and pressure. (30-36)     

In the statistical survey of the non-redundant heme database, over 80% of the 

heme histidine ligands form a hydrogen bond with nearby water molecular, backbone or 

side chain of an amino acid. These hydrogen bonds can shift the redox potential of the 

histidine ligated heme complex by donating electrons into the histidine and thus into the 

heme. One question is whether the heme simply feels an electrostatic interaction with the 

dipole of the hydrogen bond acceptor or if atomic partial charges in electron distribution 

in the heme ligand complex lead to a large change in heme redox potential. Thus, the 

electrochemistry of the heme should be studied in addition of the heme-ligand hydrogen 

bond. Understanding the importance of these features will be helpful to the research field 
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of protein design (17, 37-41), as well as proton and electron transfer process of 

membrane proteins (6, 42-44).   

Two model complexes, a Bis-Imidazole-Heme with hydrogen bond partner and a 

His-HOH-Heme complex are built to study the redox potential shift of heme due to a 

hydrogen bond to a heme. The interaction energies calculated with DFT and Continuum 

Electrostatics simulations are compared in the study. The study is helpful to understand 

and calculate the hydrogen bond energies of the distal histidine ligand of the heme.    

3.3.2 The model structures 

The statistical survey in Chapter 1 suggested that the heme and ligand type are 

important factors related to the redox potential of heme, while the relative histidine 

orientation (in the case of Bis-His-Heme) has less impact on the energy term.  

To limit the influence of these factors above, a simplified model complex for the 

hydrogen bond study is built. As described in section 3.2, the heme plane is perfectly flat 

without ruffling. The distance between Fe and N atom of the distal ligand is 2.05Å. For 

the water ligand, the Fe and O of water molecular distance is 2.0Å. The nitrogen atoms 

form a rectanglular structure within the porphyrin plane. The vinyl and methyl groups are 

replaced by hydrogen atoms. Thus, the heme plane becomes D4h symmetric with iron in 

the center. The heme is now a 6-coordinate metal centered complex. The Bis-His and 

His-HOH porphyrin model are designated as model 1 and model 2. 
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3.3.3 Simulation of Model 1 (Bis-Imidazole-Porphyrin model) 

Porphyrin plane and imidazole rings 

The structure of Bis-Imidazole-Porphyrin is the same as described in section 3.2 

and presented in Figure 3.1.3. The total charges on ferrous- and ferric-Bis-Imidazole-

Porphyrin are 0 and +1. 

Hydrogen bond partner   

The heme-ligand hydrogen bond survey of the non-redundant PDB database 

(Figure 3.1.2) shows the distribution of the type of hydrogen bond partner of the histidine 

ligand in b type Bis-His-Hemes. Out of the 63 representative histidine ligands, 25% do 

not form hydrogen bonds, while 9.5% have crystallographic water as a hydrogen bond 

partner and 65% are with amino acids. The oxygen atom of the backbone of the amino 

acids is the most common hydrogen bond accepter, representing 40% of the total. About 

a quarter of the hydrogen bond partners are to the side chains of amino acids within the 

protein. One third of these (9.5% of the total) are aspartic acids. The glutamic acid, serine 

and other residues are each found only 1-2 times in the total non-redundant dataset. 

Given their frequency, the backbone, ionized Aspartic acid, neutral Aspartic acid and 

water are selected as the representative hydrogen bond partners in the model complex 

study. 
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Figure 3.2 The hydrogen bond partners to the histidine ligand in b type Bis-His-Heme in 

the non-redundant heme database. There are 63 representative histidine ligands of heme 

in the data set. 

 

The model complex in the DFT and continuum electrostatics calculations 

The simplified Bis-imidazole-Porphyrin complex with a representative hydrogen 

bond partner as R group from the overall complex is shown in Figure 3.1.3. DFT and 

continuum electrostatics calculations are employed to study the redox potential shift due 

to the hydrogen bond. 

The calculation of the energy components with DFT and CE were carried out with 

the following procedure. The hydrogen bond distance between R group and imidazole is 

set as 3.0 Å. In the complex, the dihedral angle between the imidazole plane and 

hydrogen bond partner is zero degree. Water, glycine and neutral aspartic acids are 

placed with a range of hydrogen bond angles that vary 15 degree each. The iron is set in 

the low-spin state. 
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The overall structure is immersed in a medium with dielectric constant 6 within 

Jaguar program. The structure is energetically minimized using maestro, the interface of 

Jaguar. The relaxed structure is then stored for DFT and Continuum electrostatics 

calculation. As in section 3.2, single point calculations are employed to calculate the 

system energies for the different structures. The method is B3lyp. There are three basis 

sets for the complex:  LACV3P* for Fe atom, 6-311G** for Fe ligated nitrogen atoms 

and 6-311G**+ for the other atoms. The selection is consistent with benchmark and 

literature. (21, 25, 45-48)  

The output of the atomic partial charge sets from this calculation are mapped into 

the relaxed structure and used to compute the continuum electrostatics interaction 

between groups using Coulomb‘s law. There are four charge sets compared: Hard charge, 

Mulliken charges, ESP charges and NBO charges. The Hard charge set is the metal center 

charge set, with the fixed -0.5 on the porphyrin nitrogen atoms and +2 or +3 on the iron 

atom. It has widely used in the MCCE continuum electrostatics calculations of heme 

electrochemistry (49-53). The Mulliken charge set has electron orbital centered charges. 

(54, 55) The ESP (Electrostatics Potential) charge set has atomic partial charges that 

reproduce the electrostatics map of the potential over space. (56) NBO (Natural Bond 

Orbital) charge set places the nuclear charges minus the occupied orbital charges onto the 

atoms. (57, 58) Different charge sets are used in the ferric-porphyrin and ferrous-

porphyrin states.  
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Figure 3.3 Structure of model complex for calculating hydrogen bond interaction energy 

in DFT and CE calculations. I,II,III present the top imidazole, porphyrin and bottom 

imidazole. R is the hydrogen bond partner to the histidine ligand of heme.  

 

The basic idea is to calculate the interaction energy between the R group and the 

Bis-imidazole-Porphyrin complex with ferric- and ferrous-Porphyrin. The energy 

difference between the two states is equal to the redox potential shift due to the hydrogen 

bond in the system. Different strategies are used to calculate the interaction energy 

between R group and Bis-imidazole-Porphyrin complex in the DFT and continuum 

electrostatics method.  

Three DFT calculations are carried out of the system. One is for the overall 

complex, the second for Bis-imidazole-Porphyrin and lastly for the R group. The 

interaction energy is the energy difference:  

∆EDFT = Etotal – Eheme-ligands – ER   Equation 3.1 

∆EDFT means hydrogen bond interaction calculated by DFT method. Etotal is the 
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total system energy of the heme-ligand complex with the R group. Eheme-ligands and ER 

are the system energies of the isolated heme-ligand and R groups.  

DFT has been proved to be successful in computing bonded compound energies, 

even for systems with complex electronic orbitals, such as metal centered complexes. (45, 

59, 60) However, it is also computationally costly. For example, the optimization and 

single point calculation of the porphyrin structure takes more than 150 hours on a 

machine with Intel Xeon CPU 3.0GHz and 4G memory. Hydrogen bond interaction is 

much weaker than intramolecular bond such as covalent bond and ionic bond. (59) 

Analysis of hydrogen bonds suggested that they have significant non-bonded electrostatic 

interaction. (61-63) If true, the more efficient continuum electrostatics method can be 

used to study the redox potential shift of heme complex due to hydrogen bond interaction.       

With the continuum electrostatics method, the interaction between the R group 

and Bis-imidazole-Porphyrin complex are separated into the interaction between the R 

group and heme porphyrin with the two imidazoles. Coulomb‘s law is used in the 

calculation of the interaction: 

∆ECE = ∆ER&1 + ∆ER&II + ∆ER&III   Equation 3.2 

In the equation, ∆ECE means the hydrogen bond interaction calculated by the 

Continuum Electrostatics method. ∆ER&1 , ∆ER&II and ∆ER&III are the pairwise 

interaction energies between hydrogen bond partner (R group) and top imidazole, 

porphyrin plane and bottom imidazole respectively. 
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Figure 3.4 Comparison of the calculated redox potential shift calculated using DFT or 

continuum electrostatics methods for a Bis-Imidazole-Porphyrin model complex in 

continuum medium with a dielectric constant 6. () NBO () Hard charge sets. The 

hydrogen bond donors are Gly backbone, neutral Asp (near origin) and ionized Asp (∆G 

from -6 to -8kcal/mol). The orientation of the ligands was changed to give the 

distribution energies. The solid line has a slope of 1 passing through the origin. The 

dashed lines show a difference of ±1kcal/mol.   

 

Results of model 1 

The simulation results of the changes in redox potential due to the presence of a 

hydrogen bond to the imidazole ligand are shown in Figure 3.4. The redox potential shift 

in DFT and continuum electrostatics calculations are less than 10kcal/mol in the 

continuum medium of dielectric constant 6. The average energy difference between the 

two models is 0.6kcal/mol, while the maximum energy difference is 1.2kcal/mol. The 

RMSD of the two dataset is 0.2 kcal/mol. The RMSD with hard charge is 0.5kcal/mol 
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compared with 0.7kcal/mol with NBO charge. The results showed the calculated redox 

potential shift from continuum electrostatics agrees quite well with DFT simulation in the 

model complex, although oxidation of the complexes is about 1kcal/mol more favorable 

in the DFT calculation than in the continuum electrostatics calculation. Thus, the 

hydrogen bond to the ligand affects the heme in a manner that looks like a long-range 

non-bonded interaction. And in the continuum electrostatics calculations, the difference 

between hard charge and NBO charge is not significant.    

3.3.4 Simulation of Model 2 (Imidazole-HOH-Porphyrin point charge model) 

One of the limits of model 1 is the polarization of the R group due to the existence 

of the hydrogen bond. More electrons are donated from R group to histidine ligand, even 

shared to iron-porphyrin. As a result, the self-energy of R group, as well as the system 

energy of the total complex may be shifted. The accuracy of the final results would be 

affected. (64)  

A simpler model is employed to focus solely on the changes in energy of the 

porphyrin and its ligands. Thus the hydrogen bond donor is replaced with a simple 

positive or negative point charge placed on top of the porphyrin plane. The redox 

potential shift due to the point charge can be calculated using the method described above. 

One axial ligand of the porphyrin is now a water molecule allowing more room for point 

charges in different positions. The positive and negative point charges are distributed 

4.5Å away from the porphyrin ring on the side of water ligand. (Figure  3.5)  
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Figure 3.5 Structure of Imidazole-HOH-Porphyrin model complex and point charges.   

 

 

After structural optimization, the single point energy calculation of DFT (equation 

3.1) and Continuum electrostatics calculation (equation 3.2) were carried out for a single 

point charge. The dielectric constant is 1 (in vacuum) in both DFT and continuum 

electrostatics models.  
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a) 
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b) 
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c) 

 

Figure 3.6 Energy Comparison of Imidazole-HOH-Porphyrin due to the point charge 

calculated using DFT and CE methods. Calculations from four charge sets: NBO, Hard, 

ESP and Mulliken charges for porphyrin and ligands are compared in the continuum 

electrostatics calculation. The dielectric constant is 1.   

a) Ferrous-Porphyrin;  b) Ferric-Porphyrin; c) The difference between ferrous- and ferric 

porphyrin. It gives the simulated shift of the redox potential.  

 

 

Results of model 2 

The calculated interaction energy between the point charge and the Imidazole-

Heme-HOH complex are presented in Figure 3.6 a) and b) for ferrous- and ferric-

complex. In Figure 3.6 a), the slope of linear relation between DFT results and CE results 

is 0.3 in ferrous-complex. The R-square is 0.32. In Figure 3.6 b), the slope and R-square 
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are 0.82 and 0.89 with the ferric-complex. Thus, the calculated interaction energies from 

continuum electrostatics and DFT calculations are individually not well correlated for 

either ferric- or ferrous- complexes.   

The redox potential shifts calculated with DFT and Continuum Electrostatics are 

shown in Figure 3.6 c). The range of the data is now from -100kcal/mol to 100kcal/mol 

because a dielectric constant of 1 is used. Four different charge sets, including Hard 

charge, Mulliken charge, ESP charge and NBO charge were compared in the Continuum 

Electrostatics calculations.  

There is clear linear relationship between the redox potential shift calculated with 

DFT or CE methods. The slope, fitting all the data, is 0.96. R-square is 0.98. The 

intercept is 1.2Kcal/mol. The R-squares for results with individual charge sets are all 

better than 0.92. The slope with NBO charge set is 0.99, followed by 0.97 of ESP charge 

set, 1.10 of Mulliken charge set and 0.85 of hard charges. Thus, the continuum 

electrostatics calculations with NBO charge sets proved the best match with for the DFT 

calculation in the model complex. The differences between the energies of ferrous- and 

ferric-porphyrin complexes due to the point charge are well modeled as a simple 

electrostatics interaction. 

3.3.5 Discussion 

 The hydrogen bond interaction between histidine ligand of heme and its partner can 

affect the heme redox potential. With one extra charge transferred into heme center from 

Fe
2+

 to Fe
3+

, the total charge of the complex is changed from 0 to +1. During the process, 



71 

 

the hydrogen bond interaction is strengthened due to the stronger charge-charge 

interaction with an ionized hydrogen bond partner or charge-dipole interaction with a 

neutral hydrogen bond partner. If the hydrogen bond acceptor is ionized, it can stabilize 

the oxidized complex by 10kcal/mol in a medium with dielectric constant of 6. This 

energy is sufficient to charge a heme Em by 400mV. Thus a single ionized residue near 

the heme could shift the heme redox potential by about half of the 800mV range found in 

heme proteins (49). The energy stabilization of the oxidized heme can be used to drive 

conformational changes (65) and proton coupling (66) in biological systems.  

When the redox potential shift is less than 8kcal/mol, the continuum electrostatics 

and DFT calculation results differ by less than 15%. For the Bis-Imidazole complex with 

a hydrogen bond, the DFT calculated from the oxidized state is 1.2kcal/mol more than the 

continuum electrostatics calculations. In the comparison of the His-HOH-Porphyrin 

complex with point charges, there is no significant shift. This shows the accuracy of 

continuum electrostatics, which is a much less computational costly method than DFT. 

The largest absolute difference is less than 1.5kcal/mol in protein environment (dielectric 

constant 6), which is within the uncertainty of most of the modern computational 

software in protein. (67-69)  

Previous calculations have shown that if a charged group is too close to the iron 

atom in the heme complex, there is significant difference between the calculation results 

with Continuum Electrostatics and DFT. In binuclear center of cytochrome c oxidase, (70) 

the pair-wise interaction between the CuB
+2

 and His-Heme-Hydroxyl are from 50kcal/mol 

and 150kcal/mol in DFT and in CE calculations. The distance between doubly charged 
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Cu
2+

 and the Fe is 4.8Å and the heme hydroxyl is sitting between the two atoms. 

Coulomb‘s law overestimates the large unfavorable interaction by 20 to 40% compared 

with DFT results. (70) The electronic orbital interaction from heme porphyrin and other 

groups maybe the reason for the differences.   

The calculated redox potential shift from CE matched well with DFT method with 

a point charge in the His-HOH-Porphyrin or Bis-His-Porphyrin complexes. However, 

calculations of the interaction of a point charge with the His-HOH-Porphyrin complex by 

DFT or continuum electrostatics have a slope 0.30 with R-square 0.32 for ferrous and 

slope 0.82 and R-square 0.89 for ferric complexes (Figure 3.6 b and c). Clearly, there are 

some important non-electrostatics energy interaction terms in DFT calculations, which 

are cancelled out during the calculation of the redox potential shift, which is the 

difference of the calculated hydrogen bond energy on ferric-complex and ferrous-

complex state. In contrast, the electrostatics components dominated the redox potential 

shift in this study. This study does not allow conformational change or strong 

reorganization energy of the complex during the electron transfer, which could change 

the conclusion.  

Choosing different charge sets for the continuum electrostatics calculations does 

not significantly change the redox potential shift. NBO and ESP charges fitted the data 

better with slope close to 1 and higher value of R-square.  
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CHAPTER IV 

Continuum Electrostatics Analysis of Heme a and Asp44 in S44D mutant of Rb. 

sphaeroides Cytochrome c oxidase  

4.1 Introduction 

Cytochrome c oxidase is the terminal protein of the aerobic respiratory chain. 

There are four redox centers within the protein: CuA, Heme a, CuB and Heme a3. 

Electrons are sequentially transferred from cytochrome c to CuA, to Heme a and then to 

the binuclear center composed of CuB and Heme a3, where a oxygen molecule is reduced 

to water. Synchronized with the 4 electron transfers needed to form water, 8 protons are 

removed from the cell interior. Four of them are transported to the binuclear center for 

addition to the substrate oxygen while the other 4 are pumped to the outer side of the 

membrane, adding to the electrochemical proton gradient across the membrane. (1-3) 

Cytochrome c oxidase, as with all other intrinsic membrane electron transfer 

proteins, is designed to bind and release charges at deeply buried sites within the proteins.  

The movement of electrons and protons are coupled together to reduce the net change in 

charge with the redox reactions. (4, 5)  Thus, the introduction of an electron on the redox 

sites leads to changes in the pKas of adjacent residues causing them to change their 

protonation states through the reaction cycle (6, 7).  It is the coupled reactions that allow 
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the electron transfer reactions to drive trans-membrane proton transfer. (7). 

Heme a, the focus of the work reported here, is an a-type low-spin heme ligated to 

two axial Histidine ligands (8). The distal nitrogen of one of the His ligands makes a 

hydrogen bond with Ser 44 in Rb. Sphaeroides while it is a GLY in the Bovine protein. A 

non-redundant Heme survey of 63 a and b type hemes (9), has shown 65% of His ligands 

to hemes make a distal hydrogen bond to the protein.  However, only 1.6% uses the 

backbone of Gly and 3.2% uses the side chain of Ser. Asp, which will introduced as a 

hydrogen bind in the work presented here, is found 9.5% of the time. (In preparation, 

Fufezan & Gunner) 

Recent studies have reported the changes in the electron transfer reactions when 

an Asp has been added into position 44, replacing the Ser that is a hydrogen bond donor 

to the Heme axial ligand in Rb. sphaeroides Cytochrome c oxidase. The observed 

electron transfer rate from CuA to Heme a is 210
4 

s
-1

 in the wild type, S44 Rb. 

Sphaeroides (10, 11, 12). With the S44D protein the reaction is now biphasic with a rate 

of 310
4 

s
-1

, similar to that found in the wild-type protein and a much slower rate of 5 to 

90
 
s

-1
. The proportion of the two phases is pH dependent with the fast rate diminishing 

with increasing pH.  The two rates have equal amplitude at pH 5.5. (13) In the wild-type 

protein the Heme a and Cua have Ems within 60 mV of each other so the electron transfer 

reaction is only slightly downhill. The reaction has little pH dependence.  In the mutant 

the reaction is more pH dependent, becoming less favorable at higher pH. The observed 

pH dependence suggests that the ionization state of the newly introduced Asp could be 

controlling the reaction rate. 
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Cytochohome c oxidase has been the subject of extensive computational studies.  

These have been carried out with QM/MM (14), Empirical Valence Bond molecular 

dynamics (15, 16), Monte Carlo method (17) and Continuum Electrostatics 

techniques(18).  Previous MCCE (Multi-Conformer Continuum Electrostatics) study of 

cytochrome c oxidase (19) determined the Em and pKa of the redox centers and key 

residues in O, E and R states (7) These have all redox centers oxidized (O), two electrons 

in the Binuclear Center (E) and all four redox cofactors reduced (R).   

The newly introduced Asp 44 represents a potentially charged, deeply buried 

group in a region that has not evolved to stabilize the charge.  The experimental studies 

of the mutant suggest that the Asp may be deprotonated near neutral pH if Heme a is 

oxidized and that its ionization state is coupled to the redox state of the heme. (13).  The 

work presented here aims to understand how the driving force of the electron transfer 

from CuA to Heme a is changed by the introduced Asp. An x-ray structure of the mutant 

protein (kindly provided by Professor Ferguson-Miller) and the high-resolution protein 

2GSM(20) from Rb. sphaeroides of Cytochrome c oxidase were analyzed with MCCE 

ver2.4, a new version with updated force field and advanced entropy corrections (21). 

The redox potential of Heme a and pKa of Asp44, are calculated and compared with the 

wild type. The study is also used to understand the coupling between electron and proton 

transfer inside the hydrophobic protein environment. If the introduced Asp is 

deprotonated, the free energy of electron transfer from CuA to Heme a becomes coupled 

to Asp protonation changes introducing new pH dependence to the reaction. In addition, 

the addition of a new protonable group tests the ability of a protein to accommodate the 
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new charge. The response of the protein to move an electron to Heme a is compared to 

energy of negative charge introduced by deprotonating the nearby Asp. 

4.2 Material and Methods 

4.2.1 The wild type and derivative structures 

Two structures of cytochrome c oxidase from Rhodobactor sphaeoides are used 

as input to the calculations. The wild-type X-ray structure 2GSM (20) with the resolution 

of 2.0 Å is designated WT_S44. The other an S44D mutant X-ray crystal structure 

provided by Ferguson-Miller group (13) is designated Mut_D44. Both wild type and 

mutant structures were relaxed with Gromacs (22) as described below to yield WT*_D44 

and Mut*_D44 (with the * indicating it is a product of GROMACS optimization). Ser 44 

in the WT_S44 was replaced with Asp and the resultant structure relaxed with Gromacs 

to yield WT*_D44.  In addition Asp44 in WT*_D44 and Mut*_D44 was changed to Ser 

within MCCE to yield WT*_S44 and Mut*_S44. The Ser was relaxed within MCCE, 

which imposes a rigid backbone but allows for side chain motions (21). In addition to the 

mutation site of residue 44 in chain A, there are 12 surface residues that are Ala in the 

mutant crystal structure. MCCE rotamer packing was used to recover the 2GSM wild-

type sequence, yielding structures Mut*_S44# and Mut*_D44# (# indicating recovery of 

the 12 surface residues).  Overall, there are 7 structures used in this study, including 4 

structures with Ser44 (WT_S44, WT*_S44, Mut*_S44 and Mut*_S44#) and 3 structures 

with Asp44 (WT*_D44, Mut*_D44 and Mut*_D44#). 
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Figure 4.1 The structures of Heme a, residue 44 and nearby residues before and after the 

Gromacs minimization from 2GSM (WT_S44 and WT*_D44). 

 

 Heme a and its two distal ligands are shown. Ser44 and original helical backbone 

are shown in purple. Asp44 and nearby backbone after GROMACS minimization are 

shown in yellow. Nearby residues Val40, Leu105 and Thr48 in green are change position 

during GROMACS minimization. One of the Heme a ligands, His 102, is 2.9Å from S44 
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in WT_S44, and so can make a hydrogen bond. The H-bond distance is 3.1Å after D44 is 

introduced and minimized by GROMACS.   

4.2.2 In silico mutation of Ser 44 to Asp 

Ser is smaller than Asp, so initially the introducing Asp44 clashes with the nearby 

backbone of Phe 47 and Met 106 in the wild type structure. Gromacs molecular dynamics 

(version 3.3.2) (22) is used to relax the structure, minimizing the total energy. Relaxation 

is set up using the Gromacs default mode, in vacuum, with no constrained atoms and 

minimum energy shift of 0.01KJ/mol during the relaxation. The RMSD for the backbone 

is 0.06Å between WT*_D44 and the original 2GSM wild type structure. However, the 

hydrogen bond distance between Asp44 and the Heme a ligand His102, shifts from 2.4 to 

2.8Å (Figure 4.1). The backbone in the vicinity of Asp 44 shifts by ≈0.3Å to 

accommodate the larger side chain.   

4.2.3 MCCE simulation and analysis 

MCCE ver2.4 was used for the simulation of the Heme a and CuA redox potential 

(21). MCCE combines continuum electrostatics and molecular mechanics to calculate the 

pKa and Ems for amino acids and cofactors, allowing full rotamer sampling. (21, 23) 

Previous simulation results showed the method provides values that agree with 

experimental redox potentials in large membrane proteins. (24-27) In a survey of redox 

potential study of 141 different Hemes with experimental Ems  varying by 800meV (28) 

and for benchmark residue pKas (21) 

The four key cofactors, CuA, Heme a, Heme a3 and CuB, and the amino acids that 



85 

 

serve as ligands are each treated as a complex as described in earlier MCCE calculations. 

(19). A partial charge distribution of CuA, with its 2 Cu, side chains of Cys 252 and 256, 

His 217 and 260 of chain B was calculated using B3LYP method, LANL2DZ basis set 

and CHELPG algorithm in Gaussian 98. (29-31). Metal center charge sets (28, 32) were 

used for Heme a and Heme a3. CuB is ligated to three His residues (284, 333, 334) and a 

water/hydroxyl. The charge set was presented in (19). 

The energy of the hydrogen bond to the His ligand of the heme.   

The DFT package, Jaguar (33) is employed to determine how well the effect of 

the hydrogen bond to the His ligand on the Heme Em is captured by a classical continuum 

electrostatics program such as MCCE. The single point energy of a Bis-His-Heme model 

complex (without propionic acids), along with the hydrogen bond partners Asp, Asn or 

Gly, is calculated together or separately.  The difference in the total energy is equivalent 

to the hydrogen bond energy in the system (see Chapter 3). The electrostatic hydrogen 

bond energy was obtained by assigning atom partial charges and radii derived from 

Jaguar and then calculating the interaction using Coulomb‘s law with a dielectric constant 

of 6 in MCCE and Jaguar.  

Both the DFT and continuum electrostatic analysis shows the energy separating 

the Bis-His Fe (III) complex to Fe (II) hemes due to a hydrogen bond to the His ligand is 

stronger in Fe (III) complex.  There is good agreement between the two calculations 

when the total energy of the hydrogen bond is less than 10 kcal/mol in continuum median 

of dielectric constant 6. The calculated energy difference from the two methods is less 

than 0.7kcal/mol when the H-bond interaction is less than 8kcal/mol with a dielectric 
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constant 6. The simple metal centered charge set used here and the Jaguar derived NBO 

charges for electrostatics calculations were compared, showing only small differences in 

free energy difference of oxidase (Figure 3.3).  Therefore, for MCCE analysis the 

continuum electrostatics energy is used to obtain the shift in Heme a Em that occurs when 

the hydrogen bond to the axial heme ligand is changed.  The interaction between Heme 

a3 and Cub is between groups that are closer together and with larger charges are 

overestimated in the classical calculations. (34) 

MCCE analysis of the Em  of heme a   

A slab of low dielectric constant material of 35 Å thick is added with IPECE (26). 

DelPhi (35, 36, 37) is used to solve the Poisson-Boltzmann equation with an internal 

dielectric constant for the protein and membrane of 4 and 80 for the solvent. The salt 

concentration is 150 mM.  Reference redox potentials in water are 264mV for the CuA 

complex (38), -60meV for Heme a complex (39) and -120 for Heme a3. (8) PARSE (40) 

charges and radii are used for the amino acids and the AMBER (41) force field for 

torsion and Lennard-Jones parameters.  The interaction between Heme a3 and CuB is 

corrected as described in (34). The interaction of the side chain and amide backbone that 

stabilized the deprotonated Asp is treated by the explicit pairwise electrostatic interaction 

between these parts of the molecule in MCCE (42). 

  The energy terms that determine the Em of a redox cofactor can be decomposed 

as (43): 

nF



Em
mfe

 = nFEm,sol + ∆∆Grxn + ∆Gbkn  ++  



G res

mfe                (Equation 4.1) 
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where Em,sol is the Em in aqueous solution (44). ∆∆Grxn is the desolvation energy 

moving the cofactor from water into protein. ∆∆Gbkn is electrostatic and non-electrostatic 

interaction of the cofactor with the protein backbone. 



G res

mfe is the mean field pair-wise 

interaction between the cofactor and residues in the protein (See table 4.1). In each case 

the difference of interaction with the oxidized and the reduced group is given. 



G res

mfe uses 

a mean-field approximation for the conformer pair-wise interactions, calculated as 

described in (19), while the full microstate energies are used in the Monte Carlo sampling.  

The reorganization energy due to conformational or protonation changes coupled to the 

redox reaction creates a difference between the calculated Em and the 



Em
mfe

 (23) 

The pK7‘ calculates is the effective pKa for the residue when the ionization and 

conformation of the rest of the protein is fixed in their Boltzmann distribution found at 

pH 7 (19): 

 

pK7‘ = pKsol + ∆∆Grxn + ∆Gpol  ++  



G res

mfe
                 (Equation 4.2) 

 

The pKa and pK7‘ will be different because of change in the charge of the rest of 

the protein moving from pH 7 to the pH of the true pKa.  The pKsol used for Asp in 

MCCE is 4.75, the value for the carboxylate side chain. 

4.3 RESULTS and DISCUSSION 

The side chain of Ser44 is in a good position to make a hydrogen bond to His102, 

an axial ligand to Heme a in CcO from Rhodobactor sphaeroides, which is 2.9Å away. In 
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bovine CcO the distal ligand to the His is Gly30 (All residues are in chain A unless 

noted).  Replacing Ser44 with Asp allows the electrochemical behavior of Heme a to be 

revisited. If the introduced Asp is deprotonated, the free energy of electron transfer from 

CuA to Heme a is expected to become coupled to Asp protonation changes, introducing 

new pH dependence to the reaction (18). In addition, the addition of a new protonable 

group tests the ability of a protein to accommodate a new charge (45). 

4.3.1 Structure comparison  

The calculation and analysis were carried out starting with 2 initial crystal 

structures of Rb. sphaeroides CcO. The RMSD of the complete backbone in the two 

structures is 0.26Å, 0.22Å for chain A, 0.29Å for chain B and 0.12Å for a 15-Å sphere 

centered at the Heme a iron.  There are 3 structures prepared with D44 and 4 with S44.  

Structures derived from the wild-type structure 2GSM are indicated by WT_ while those 

derived from a structure of the S44D protein are indicated MUT_.  Structures that have 

undergone Gromacs minimization have a *, while those where the MUT_ structure has 

12 surface Ala replaced with the wild-type residues are indicated with #.  The WT*_D44 

and initial 2GSM structure (WT_S44) have overall backbone RMSD of 0.14Å and 0.06Å 

in chain A. WT*_S44 and WT*_D44 have the same backbone structure, as do Mut*_S44 

and Mut*_D44. These structures are the input for MCCE analysis of the Em as a function 

of pH. 
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Figure 4.2 Simulated pH dependent of Heme a Em. 

Structures with Ser44: WT_S44 (), WT*_S44(), Mut*_S44() and Mut*_S44#(). 

Structures with Asp44: WT*_D44(), Mut*_D44() and Mut*_D44#(). The lines 

connect the average Ems  for all structures with S44 or with D44. 
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Table 4.1: The redox potential (Em) of Heme a at pH 7 (top) and the pKa  of D44 in the 

presence of the oxidized or reduced Heme a (bottom). 

Structures Em,sol ∆∆Grxn ∆∆Gpol 



Gele

mfe Em Fraction charge 

of D44
-
 @pH 7 

Asp44 Others  Ox mid 

WT_S44 -60 362 177  -101 378   

WT*_S44 -60 363 189  -105 387   

Mut*_S44 -60 374 177  -120 375   

Mut*_S44# -60 373 180  -119 372   

Av_S44  368±6 181±6  -111±10 378±6   

WT*_D44 -60 363 189 -34 -113 345 0.45 0.18 

Mut*_D44 -60 374 180 -85 -87 329 0.85 0.33 

Mut*_D44# -60 373 182 -117 -94 318 0.88 0.37 

Av_D44  370±6 184±5 -78±41 -98±13 331±14   

Diff D44-S44  2 3 -78 13 -47   

 

ASP44 pKsol  ∆∆Grxn ∆∆Gpol Heme a others pK    

With heme oxidized 

WT*_D44 4.75 600 -97 -392 34 7.2   

Mut*_D44 4.75 630 -65 -482 58 7.3   

Mut*_D44# 4.75 628 -48 -539 53 7.0   

Avg 4.75 619±17 -70±25 -471±74 48±13 7.2±0.1
 

  

With Heme reduced 

WT*_D44 4.75 600 -97 -127 26 15.2   

Mut*_D44 4.75 630 -65 -173 17 17.8   

Mut*_D44# 4.75 628 -49 -199 57 17.9   

Avg 4.75 619±17 -70±24 -166±36 33±21 17.0±1.5
 

  

Diff D44-S44  0 0 -305 15 9.8   

Em,sol: the reference Em of Heme a in aqueous solution (44). pKa,sol: pKa of the Asp 

carboxylate side chain in solution.  ∆∆Grxn: the difference in desolvation energy of reactant 

and product. ∆∆Gpol: the difference of the electrostatic and non-electrostatic interaction 

with product and reactant with the backbone. 



Gele

mfe: the mean field energy difference of the 

electrostatic pair-wise and van-der-Waals interactions with the residues in the protein in the 

reactant and product.  The oxidized Heme a and deprotonated Asp are the product states. 

*the backbone of the structure is minimized using GROMACS. # there are 12 residues in 

the MUT_ structure reverted to the 2GSM wild-type sequence. See Equation 1 and 2 for 

more complete description of terms. pKsol and pKa are in pH units, the Em is in mV.  All 

energy terms given in meV.  58 meV is the energy need to change a pKa by 1pH unit. 
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Figure 4.3 Simulated pH dependence of the Cua Em. Structures derived from 2GSM: 

WT_S44 (), WT*_S44() and WT*_D44(). Structures with Asp44: Mut*_S44() 

and Mut*_D44(). The connecting lines are the average.  Line through average Ems in 

structures derived from the Mutant structure (top) and 2GSM (bottom).   
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Figure 4.4 The free energy difference between Heme a and CuA as a function of pH.  

Structures with Ser44: WT_S44 (), WT*_S44(), Mut*_S44(), Mut*_S44#(). 

Structures with Asp44: WT*_D44(), Mut*_D44() and Mut*_D44#(). The lines 

connect the average of the ∆G° for the D44 (top) and S44 (bottom) structures.  
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Table 4.2. The energy terms contributing to the calculated pK7‘ of Asp44 (meV). pKa,sol 

and pK7‘ in pH units.  (Definitions are as Table 4.1) 

 

Asp44 pKa, sol ∆∆Grxn ∆∆Gpol 



G ele,7

mfe
 

(OOOO) 



G ele,7

mfe
 

(OROO) 
pK7‘ 

WT*_D44 4.75 600 -97 -358  7.2 

WT*_D44 4.75 600 -97  -102 11.7 

Mut*_D44 4.75 630 -65 -424  7.1 

Mut*_D44 4.75 630 -65  -185 11.3 

 

4.3.2 Heme a Em and D44 pKa at ph7 

The redox potential of Heme a is calculated in the wild-type S44 and D44 mutant 

structures using MCCE2.4 with the other three redox centers (Cua, Cub and Heme a3) 

fixed in their oxidized state.  The average calculated Em at pH 7 for Heme a in the S44 

structures is 379±7mV (Table.4.1, Figure 4.2). The results show good agreement between 

the initial WT_S44 structure, the structure derived from the mutant x-ray structure 

Mut*_S44 and the wild type structure first mutated to D44 and then back to S44, 

WT*_S44. The Heme a Em in Rb. sphaeroides CcO is estimated to be ≈ 330mV, ≈10 mV 

lower than that of bovine at 340mV (46), if the two structures have the same Em for CuA 

(47). Analysis of the Rb. sphaeroides structure1M56 with an earlier version of MCCE 

gave a Heme A Em of 360mV. (19). Thus, the Em derived here is in good agreement with 

experimental estimates and previous MCCE studies. 

The Em of Heme a in the D44 structures is on average 50 mV lower than with S44 
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at pH 7 (Figure 4.2, Table 4.1). Heme a in all 7 structures has essentially the same 

desolvation energy (∆∆Grxn) and interactions with the backbone (∆Gbkn). It is the partially 

ionized Asp, which has a pKa near 7, which stabilizes the charge on the Heme, shifting 

the Em  down.   

In the 44D structures, the Asp makes a hydrogen bond to the histidine that is a 

ligand to Heme a. The D44 OD1 to His102 ND1 hydrogen bond distance is 3.16 in 

WT*_D44 with the in silico mutation and 2.86Å in Mut*_D44, the crystal structure of 

the mutant.  At pH 7, the average interaction of the oxidized Heme a and the partially 

ionized Asp44 are -34mV in WT*_D44 and ‑ 85mV in the Mut*_D44 structures, which 

has the shorter hydrogen bond distance. The more favorable interaction also acts to 

increase the extent of Asp ionization. If the Asp is fixed to be fully ionized in a 

calculation where all other sites are in equilibrium at pH 7, the Em is 116mV in 

WT*_D44 and 61mV in Mut*_D44.  

These results rely on the ability of continuum electrostatics to calculate the 

interaction of the Heme with a group hydrogen bonded to its ligand.(19) The interaction 

of a number of distal His ligands with a Bis-His Heme were calculated by DFT with 

Jaguar (36) and compared with the MCCE result.  The classical electrostatics treatment 

appears to model this interaction quite well (see Chapter 3). 

The MCCE calculations show that Asp 44, a newly introduced charge, remains 

partially ionized at neutral pH in the presence of the oxidized Heme a.  The energy 

breakdown shows the expected, significant desolvation of the residue in the protein, 

which shifts the pKa up, while the electrostatics pair-wise interaction between the Asp 
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and positively charged Heme a shifts the pKa down (equation 4.2, Table 4.1). With the 

Heme oxidized the Asp pKa is 7.1 in the WT*_D44 structure and 7.2 in the Mut*_D44 

structure. However, when the Heme is reduced, the Asp pKa shifts to 15 for WT*_D44 

and 18 for Mut*_D44 (Figure 4.5, Table 4.3). 

 

Figure 4.5  a). The Heme a Em titration curve, D44 neutral (●), ionized (○) or at 

equilibrium with the pH and heme (●).The redox potential of Heme a Em in solution of -

60mV is shown.  
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Figure 4.5  b). The D44 pKa titration, Heme neutral () or ionized states. ( for 

Mut*_44D and  for WT*_44D). The Asp solution pKa of 4.75pH is shown.   

 

Table 4.3. The calculated ASP44 pKa at different Heme State  

ASP 44  pKa OOOO OROO OXOO 

WT*_D44 7.2 15.2 12.4 

Mut*_D44 7.3 17.7 11.4 

Mut*_D44# 7.0 17.9 11.7 

Heme a is fixed in the oxidized state (OOOO), reduced state (OROO) and when it is 

allowed to remain at equilibrium with Heme a (OXOO). 
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4.3.3 Coupling of the D44-Heme a titrations 

The effect of the introduced Asp on the thermodynamics of Heme a reduction at 

pH 7 can be analyzed by comparing WT_S44 and WT*_D44 structures (Figure 4.6). The 

Heme a redox potential in WT*_D44 is 374mV where the Asp is fixed to be neutral at 

pH7 while it is 378mV in WT*_S44. Thus, the neutral Asp and Ser contribute similarly 

to the Heme a Em. When the Asp is fixed in its deprotonated state with charge -1, the 

Heme a redox potential drops to 116mV, providing the lower limit for the Em in the 

mutant.   

Fixing the Asp in the ionized state at pH 7 changes the net charge of the protein 

by only -0.2.  Thus, the rest of the protein becomes more positive in response to the 

newly introduced charge.   The gain of 0.8 protons in the ensemble average is distributed 

to other residues throughout the protein and so this does not change the heme Em much.  

The large change in the Em of Heme A is dominated by the local interactions with the 

Asp.    As the Heme Em is dependent on the Asp charge, the Asp pKa is dependent on the 

Heme ionization state. It is 7.2 with the Heme oxidized and 11.8 with the Heme reduced. 

Thus, at pH 7 the Asp starts 40% ionized when the Heme is oxidized and is fully 

protonated when the Heme is reduced. This is in agreement with the EPR measurement 

showing that in D44 exists in a mixture of protonated and deprotonated states at pH7 (13). 

The resultant Em of Heme a is 345meV when the titration is free to be coupled to D44 

protonation.  The pK7‘ of the Asp44, measures the free energy of protonation at pH7.  It 

is 7.2 pH units in the Heme a oxidized state and 11.7 pH unit in reduced state (equation 

4.2).  
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In simulations with D44 fixed in its deprotonated state in WT*_44D, the Heme a 

Em is shifted to be 116mV, 176mV more positive than the -60 mV found for a Heme a in 

solution (44), representing a 176 mV destabilization of the positive charge. A similar 

analysis shows the newly introduced Asp shifts its pKa from 4.75  (the pKa of a 

carboxylic acid is used) to 7.2 in the protein.  This represents a 144meV destabilization of 

the deprotonated Asp (Figure 4.5b).   The Heme is harder to oxidize in the protein than 

solution by 176meV and the Asp harder to stay deprotonated by 144meV. In MCCE 

these shifts can be assigned to: desolvation energy (∆∆Grxn), the interaction from 

backbone (∆∆Gbkb) and the electrostatics pairwise interaction (∆Gele) between Heme a 

and the rest of the protein (Table 4.2). The Heme, with its bigger radius, has much 

smaller desolvation energy than the Asp, while the backbone favors Asp ionization.  This 

is due to the overall positive potential within all proteins. The interactions with the other 

residues is more favorable with the Asp than with Heme a.  
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Figure 4.6 Thermodynamic box for Asp44 and Heme a in WT*_D44 and WT_S44 

structures. Charges on Ser44, Asp44 and Heme a are labeled inside each box. Em0: the 

Heme a redox potential in wild type in protein. Em0‘: the Heme a redox potential of 

WT*_D44 when ASP is fixed to be neutral. Em-1: the redox potential. Em: the calculated 

Em in the D44 protein where the Asp ionization is determined within MCCE.  At pH 7 

the Asp is partially ionized when the Heme is oxidized.  Heme ionization is coupled to 

proton uptake so that the Asp is fully protonated when Heme a is reduced.   

 

4.3.4 pH dependence of Heme a and CuA Ems  

The average calculated pH dependence of the Heme a Em in the S44 structures is 

34 mV/pH as derived from the slope of the linear regression line from pH 6 to 9. The 

earlier calculations also found ≈ 30 mV/pH (19). A range of values from ≈10 (46) -30 (48) 

mV/pH have been found in bovine CcO. The MCCE value tends to agree with the larger 
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value. (19)  The Ems in the D44 structures are more pH dependent than S44 structures, 

with a calculated slope of 50 mV/pH. (Figure 4.2)  

Previous studies have compared the experimental free energy of electron transfer 

from CuA to Heme a in the wild type and D44 mutant. (13) This requires determining the 

pH dependence of CuA as well as Heme a.  The calculated redox potential of CuA and its 

pH dependence is independent of the residue at position 44, but differs somewhat with 

the initial structure.  The Em is ≈30 mV more negative in all 2GSM-derived structure than 

in the structures derived from the mutant structure.  In additions the pH-dependence has a 

slope of ≈24mV/pH for 2GSM-derived structures and ≈45mV/pH for Mut*_D44 derived 

structures (Figure 4.3). Experimental data shows a small pH dependence of the CuA Em 

from pH 7.0 to 8.1, with measured values of less than 10mV/pH in bovine CcO (46, 49). 

Earlier MCCE calculations, using the 2.3 Å resolution structure of Sphaeroides 

Cytochrome c oxidase (PDB ID:1M56) found the Em of CuA is dependent on 30 mV/pH 

(19). Analysis with equation 1 reveals the differences between the various structures 

arises from small changes in relatively distant surface residues of chain B.  These 

residues are further away from the other three redox active centers and do not effect their 

Ems significantly.  To study the driving force of electron transfer behavior from CuA to 

Heme a, the smaller results in Mut*_S44 with its smaller CuA pH dependence was used 

for all calculations. The ∆G for electron transfer is obtained from -nF(Em,CuA – Em,Heme) as 

a function of pH (Figure  4.4). 

At pH 7 the average ∆G
o
 in the S44 structures is -76meV and while it is -30meV 

in the D44 mutant. Thus, the driving force for the electron transfer is smaller in the 
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mutant. This is consistent with the slower measured electron transfer rate from CuA to 

Heme a (13). In addition, the reaction is more pH-dependent with D44 than with S44 

with an earlier onset of pH dependence and a steeper slope.  In the region of pH 7-9 the 

slope for the reaction ∆G
o
 is 15 mV/pH in the S44 structures and 35 mV/pH in the D44 

structures (Figure 4.2). The electron transfer from CuA to Heme a becomes less favorable 

at high pH as the Asp becomes more charged.   

 

Figure 4.7 a) pH dependent proton uptake number inside the protein when the Heme a is 

titrated from oxidized to reduced state of the S44 structures.  Labels:■ for total number of 

proton uptake,  for HIS93 and GLU182 pair, △ for the rest of proteins. 
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Figure 4.7 b) Average and standard deviation of pH dependent proton uptake 

 When Heme a is reduced in the Top: 4 S44 structures; Bottom: 3 D44 structures.  ■ total 

proton uptake,  uptake to HIS93 and GLU182 pair; △ to the rest of protein; ○ to 

ASP44 
 

4.3.5 Proton uptake in the protein    

 The proton uptake from the protein that accompanies Heme a reduction with the 

other cofactors held oxidized was determined (Figure 4.7). There are 0.6-0.7 protons 

taken up when Heme a is reduced in the S44 structures and 1.1-1.2 protons in the D44 

mutant (Figure 4.7). As has been seen in earlier MCCE calculations (19) His 93 and Glu 

182, which are protonated as a coupled group, are the most important proton acceptors in 

the S44 structures. When Heme a is reduced at pH7, the protein binds 0.4 and 0.5 protons 

in the WT*_S44 and Mut*_S44 structures. (Figure  4.7 a), with 0.1 to the H93 and E182 

cluster. The rest is distributed to groups on the surface of the protein, which individually 

change their charge by less than 0.05 protons. When the pH increased to 9, the total 
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proton uptake is 0.6 and 0.7 for WT*_S44 and Mut*_S44 structures, with 0.2 to H93 and 

E182.  

With the WT*_D44 and Mut*_D44 structures, the total proton uptake on Heme a 

reduction is now 0.7 and 0.8 at pH7 and 1.1 and 1.2 at pH9. The uptake is mostly to D44, 

while none is to H93 or E182 (Figure 4.7 b). With the exception of D44, no other residue 

significantly changes proton uptake with pH.  The nearest ionizable residues that 

contribute small (<0.05 H) amounts to proton uptake are Arg 52, 481 and 482, which are 

12-13Å away. Other residues that contribute even smaller shifts are > 20Å away. 

 
Figure 4.8  The total proton uptake of the protein as a function of the total charge of 

Asp44 (or Ser44) with Heme a.  
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  Imposition of the negative charge on the introduced Asp generates a similar 

change in protonation to that found with the addition of an electron to Heme a.  Either 

change leads to the uptake of ≈0.7 protons via small pKa shifts distributed throughout the 

protein. The number of protons taken up at pH7 can be classified given the summed 

charge of Asp or Ser 44 and Heme a (Figure 4.8), while it is +1 when Heme a is oxidized 

and 44 is either Ser or a protonated Asp, -1 when both Asp44 is ionized and Heme a 

reduced in WT*_D44 and Mut*_D44 structures, and 0 in other states. At pH 7 when the 

Heme a/residue 44 charge changes from -1 to 0 the change in net protonation of the 

proteins changes by ≈0.7±0.13.  When the change is due to D44 0.3 protons must be 

released by the rest of the protein, while the charge change in response to Heme oxidation 

with fixed Asp- the protein is binding 0.7 protons. The physiological change is from a 

cluster charge of 0 to 1 when the Heme is oxidized in the presence of Ser 44 (or a neutral 

Asp 44) leads to a change in charge of 0.4±0.08 indicating release of 0.6 protons.  Thus, 

the protein is behaving as a buffer, reducing the effect of the change in charge in and 

around Heme a by small, changes distributed throughout the protein.   
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