
ABSTRACT 

D’ANTONIO, EDWARD LAWRENCE. Redox Thermodynamics of Dehaloperoxidase-
Hemoglobin. (Under the direction of Dr. Edmond F. Bowden). 
 

 Dehaloperoxidase-hemoglobin (DHP) is a small intracellular hemoglobin found in the 

terebellid polychaete Amphitrite ornata.  This heme protein can transport oxygen to the cells, 

but it also has moderate peroxidase activity.  As a result of its hybrid functionality between 

the globin and peroxidase classes of heme proteins, various properties of DHP have been 

found to be unique.  Among one of these properties is the Fe(III)/Fe(II) formal reduction 

potential, which has been determined herein, in solution and surface-bound.  Furthermore, 

electrochemical investigations of DHP have not been explored to any significant extent.  The 

formal reduction potential of DHP is much more positive than any known peroxidase and 

more positive than any intracellular globin.  A thermodynamic analysis indicates the free 

energy contributions that give rise to this high reduction potential is due to the redox-coupled 

conformational change from interactions between the distal histidine (H55) and the Fe(III) 

and Fe(II) oxidation states.   

DHP is also known to bind inhibitors, such as para-halophenols, inside its distal 

binding pocket and it can bind substrates, such as 2,4,6-trihalophenols, on the external side of 

the protein.  When DHP is exposed to these halophenols, it was determined that a modulation 

in the Fe(III)/Fe(II) oxidation/reduction potential occurs and the result is more substantial for 

internal binding than external binding.  Both binding modes cause the shift in potential to be 

negative.   



Proximal region mutations were also explored for the purpose of installing the so-

called Asp-His-Fe triad into DHP, which is generally found in peroxidases but not globins, so 

that the “push” effect could be studied.  The “push” effect refers to anionic character on the 

proximal ligand of a heme peroxidase, which has a role in “pushing” apart the O-O bond of 

hydrogen peroxide in the peroxidase reaction.  So far a globin model system has not been 

successfully converted into a peroxidase through the addition of the proximal aspartate 

residue.  These results show that by making this type of mutation into DHP (i.e. the M86D 

mutation), the mutant causes H55 to coordinate as the sixth ligand to the iron atom and 

inhibits all peroxidase activity, under physiological conditions.  The study clarifies that 

globins simply do not have this structural feature because they are not designed to carry out 

peroxidase chemistry.  Electrochemical results aided in characterizing if these mutants had 

established the triad.  Other structural techniques employed were 13C-NMR, X-ray 

crystallography, and resonance Raman spectroscopy. 

Finally, an electrochemical study of the Fe(III)/Fe(II) redox couple of DHP adsorbed 

to a self-assembled monolayer surface on a gold working electrode was carried out for 

method development purposes.  We established the optimum conditions for obtaining 

reversible cyclic voltammetry while maintaining surface stability of DHP.  This groundwork 

will be useful for future studies directed at immobilized DHP electrocatalysis. 
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CHAPTER 1 

 

Dehaloperoxidase-hemoglobin Structure and Function 
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Introduction 
 
 The heme enzyme dehaloperoxidase-hemoglobin (DHP) (Figure 1) is an intracellular 

hemoglobin found in the terebellid polychaete Amphitrite ornata (1).  The principal function 

of a hemoglobin is to transport molecular oxygen to the cells within an organism, and DHP is 

believed to function in this respect; however, DHP has also been shown to have enhanced 

peroxidase activity (2).  Peroxidases are a type of heme enzyme that react rapidly with 

hydrogen peroxide to form active oxidant species capable of oxidizing phenols, aromatic 

amines and lignin (3).  DHP peroxidase activity was first documented by Chen et al. (4), who 

reported the isolation of this enzyme from A. ornata.  This worm species is able to survive in 

a shallow water environment contaminated by bromophenols because its DHP can oxidize 

them into quinones such as in the conversion of 2,4,6-trihalophenol (TXP) into 2,6-

dihaloquinone (DXQ) (Scheme 1).  The A. ornata species does not produce any volatile 

halogenated compounds; however, other marine worm species that are in cohabitation, such 

as Saccoglossus kowalewskii and Notomastus lobatus, do produce these compounds (5, 6).  

The production of these bromophenols by these latter species has been thought to act as a 

deterrent to higher predatorial food chain organisms such as the blue crab, skates and rays (6) 

and they do in fact inhibit microbial activity (5).   

 Although DHP is a hemoglobin, the fact that it also has elevated peroxidase activity 

makes it a unique bifunctional protein.  Known hemoglobins and myoglobins generally lack 

any appreciable peroxidase activity.  The chapters that follow in this dissertation describe 

experiments primarily aimed at elucidating redox thermodynamic and structural aspects of 

dehaloperoxidase that will contribute to understanding the manner in which this unique 
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protein accomplishes its dual functions. To set the background for the ensuing chapters, the 

remainder of this introductory chapter considers the following topics: (a) the main structural 

and functional characteristics of peroxidases and globins, (b) the peroxidase reaction 

mechanism in DHP, and (c) the general structural features and properties of DHP. 

Characteristics of Peroxidases and Globins.  Key features common to both 

peroxidases and globins include a single protoporphyrin IX heme (Figure 2) as well as two 

critical histidines involved at the heme active sites.  On the proximal side of the heme, a 

histidine serves as the fifth ligand for iron (the “proximal histidine”).  Proteins from both 

families also feature a critical histidine on the distal side (the “distal histidine”) that does not 

coordinate as the sixth ligand, but rather is involved in hydrogen bond stabilization of 

exogenous species that do coordinate as axial ligands (e.g., H2O, O2, etc.).  Despite these 

similarities in structure, there are also key differences that will be described further below.  

Before doing so, however, it is important to consider the different functionalities of globins 

and peroxidases as it relates to their redox chemistry.  The Fe(III)/Fe(II) reduction potentials 

of these two proteins are distinctly different.  Whereas peroxidases feature quite negative 

reduction potentials, those of the globins are considerably more positive as shown in Table 1.  

This energetic difference is understandable in light of the oxidation states utilized by these 

proteins for their physiological functions.  Peroxidases cycle through the higher oxidation 

states of iron, i.e., Fe(III) and Fe(IV), in their reaction mechanisms.  Fe(III) is the resting 

state of peroxidases.  Upon reaction with hydrogen peroxide, strong oxidant species are 

generated that contain the high valent Fe(IV)-oxo group, including Compound I (or 

Compound ES) and Compound II (Figure 3), as described in greater detail below.  The 
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maintenance of the Fe(III) resting state in peroxidases is consistent with their negative 

reduction potentials since the Fe(II) state is readily oxidized and not stable under 

physiological conditions.  Globins, on the other hand, make primary use of the lower valent 

Fe(II) heme state and are normally found in either the oxyferrous or (deoxy)ferrous states 

(Figure 3).  Although the Fe(III) state does appear as a result of autooxidation, organisms 

usually have active reduction mechanisms for returning globins to their Fe(II) state.  The 

positive reduction potentials found for globins are generally consistent with the maintenance 

of an Fe(II) resting state. 

(a) Peroxidase Structure, Function, and Peroxide Interactions.  In order for a 

peroxidase to carry out the oxidation of phenol substrates, hydrogen peroxide must first bind 

to the Fe(III) heme.  Subsequent to binding, the peroxide O – O bond undergoes cleavage 

with the assistance of specific residues that reside in the heme active site.  These residues 

include the distal and proximal histidines mentioned above, as well as a cationic arginine (the 

“distal arginine”) located on the distal side and an anionic aspartate found on the proximal 

side (the “proximal aspartate”).  In horseradish peroxidase, for example, these four key 

residues are H42 and R38 on the distal side and H170 and D247 on the proximal side, as 

shown in Figure 4A.   

Reaction with hydrogen peroxide leads to the oxidation of the heme group by two 

electron equivalents as described by the Poulos-Kraut mechanism (Figure 5) (7).  Although 

the O – O bond strength in peroxides is relatively weak compared to a C – C single bond, 

dissociation at the high rates that are observed in peroxidases requires catalysis.  The 

catalytic mechanism is commonly pictured as being comprised of two forces that are part 
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electronic in nature and part acid-base chemistry.  On the proximal side of the heme, the 

negatively charged proximal aspartate forms a strong hydrogen bond with the NδH of the 

proximal histidine, giving rise to the so-called Asp-His-Fe catalytic triad (Figure 6A) (8).  

This interaction causes negative charge density to be transmitted to the Fe-atom, and the Fe-

N bond (i.e. the Nε of the proximal histidine) is strengthened (8).  The strong hydrogen bond 

imparts a histidinate-like character to the proximal histidine, and the O – O bond of an Fe 

bound H2O2 molecule will have a higher likelihood to break apart because the electron 

donation enhances the cleavage; this electronic effect is known as the “push” effect (9).  The 

“pull” effect refers to the action of two distal region residues that interact with the Fe bound 

peroxide molecule.  These residues are the distal histidine, which is involved in acid/base 

chemistry and the distal arginine that acts as a stabilizer of developing negative charge.  The 

Nε of the distal histidine deprotonates the peroxide O-atom that is directly bonded to the 

heme iron whereas the arginine residue assists in polarizing the O – O bond by stabilizing the 

negative charge that develops on the second O-atom of the peroxide moiety.  Together, these 

distal residues aid in “pulling” apart the O – O bond giving rise to the so-called “pull” effect.  

(Figure 7).  

 (b) Globin Structure and Function.  In globins, the active site region differs from that 

found in peroxidases by the absence of some key peroxidase residues (Figure 4B).  Globins 

do not have a proximal aspartate and thus lack the Asp-His-Fe catalytic triad.  Because the 

aspartate interaction is replaced by a peptide carbonyl-His-Fe triad (Figure 6B), the strength 

of hydrogen bonding to the NδH is much weaker compared to an Asp-His-Fe triad and the 

proximal histidine has neutral character.  On the distal side, the arginine residue typical of 
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peroxidases is absent and only the distal histidine is present.  Furthermore, the distal histidine 

in globins is located closer to the heme iron than it is in peroxidases.  In globins, the distance 

from the distal histidine Nε atom to the heme iron ranges from 4.1 - 4.6 Å, whereas in 

peroxidases the corresponding range is 5.6 - 6.0 Å (10).  Without the proximal aspartate and 

the distal arginine, the rate of O – O bond cleavage is severely impaired in globins compared 

to peroxidases.  The importance of these two residues for the peroxidase function has been 

further evidenced in genetically engineered forms of cytochrome c peroxidase.  The H52L 

and R48L distal mutants (also, the R38L horseradish peroxidase mutant) result in a major 

rate decrease for the O – O bond cleavage of hydrogen peroxide (11-13). 

The Peroxidase Reaction Mechanism in DHP.  With DHP as the peroxidase species, 

the general reaction upon exposure to hydrogen peroxide is shown in equation 1: 

 

DHP + H2O2  

� 

← → ⎯ 
k−1

k1
  HDHP-O2H (1a) 

 

HDHP-O2H  Cpd ES + H2O (1b) 

 

Binding of H2O2 to the Fe(III) state of the enzyme is the initial step, eq. (1a).  There is 

an equilibrium associated with this binding process that is characterized by the dissociation 

constant KD = k-1 / k1, where k-1 and k1 are the off and on rate constants for hydrogen 

peroxide binding, respectively.  Once peroxide binds to DHP, the species is proposed to be 

an Fe(III)-H2O2 complex that rapidly converts to Compound 0 (Cpd 0) (Fe(III)-O2H) where 
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one proton on peroxide is abstracted by the distal histidine at which point this proton 

becomes part of the protein as indicated by HDHP (e.g. HDHP-O2H).  The catalytic step that 

follows binding is the O – O bond cleavage step, eq. (1b).  The breakage of the peroxide 

bond causes a two electron oxidization of the enzyme and the release of water.  In a 

peroxidase, the two electron oxidized equivalent species is Compound I (Cpd I), which is an 

Fe(IV)-oxo, porphyrin cation pi radical species (Figure 3).  In DHP, Cpd I has not been 

observed; however, a Compound ES (Cpd ES) species has been detected by EPR (14).  Cpd 

ES is an Fe(IV)-oxo, amino acid radical species (Figure 3).  Cpd I and Cpd ES are strong 

oxidant species and react with substrates that bind near the active site of the protein.  DHP is 

capable of catalyzing the peroxide-dependent oxidation of 2,4,6-trihalophenols(ates) (TXP) 

to 2,6-dihaloquinones (DXQ) as shown in Scheme 1.  This oxidation has been shown (15) to 

take place by two-consecutive one-electron steps through a conventional Ping-Pong 

mechanism (16), eq. (2).  The overall reaction that includes all of the peroxidase steps are 

shown in eqs. (1-5) and a mechanistic view is shown in Scheme 2. 

 

Cpd ES + X-A-O-  Cpd II + X-A-O• (2a) 

 

Cpd II + X-A-O-  DHP + X-A-O• (2b) 

 

X-A-O• + X-A-O•  X-A-O- + [X-A=O]+ (3) 
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[X-A=O]+ + OH-  [HO-A=O]+ + X- (4) 

 

[HO-A=O]+ + OH-  O=A=O + H2O (5) 

 

When Cpd ES oxidizes a trihalophenolate (X-A-O-) by one electron, a trihalophenoxy 

radical species (X-A-O•) is formed and Cpd ES is reduced to Compound II (Cpd II), eq. (2a).  

Cpd II, which contains the Fe(IV)-oxo heme but no amino acid radical, is the second active 

oxidant species that can also oxidize X-A-O- to X-A-O• by one electron and Cpd II is 

reduced to the Fe(III) form, indicated as “DHP”, eq. (2b).  The DHP peroxidase reaction thus 

generates X-A-O• radicals in solution.  Two X-A-O• radicals react by a single electron 

oxidation-reduction, in which the previous anion species, X-A-O-, and a new cation species, 

[X-A=O]+, are formed, eq. (3).  The cation species undergoes nucleophilic attack at the para-

position by a hydroxide anion, in which the halogen atom is lost as the halogen anion, X-, eq. 

(4).  A second cation species forms, [HO-A=O]+, and is proposed to also react with a 

hydroxide anion from solution, in which deprotonation occurs and the quinone, O=A=O, is 

formed, eq. (5). 

General Structural Features and Properties of DHP.  Although DHP has two 

monomeric subunits in the crystallographic unit cell (10, 17), it exists in solution as a 

monomer (18).   One heme protoporphyrin IX moiety (Figure 2) is present in each subunit of 

DHP in the asymmetric unit cell.  Each subunit has a molecular weight of 15,529 Da (10, 

19).  The distal region of DHP is a hydrophobic region capable of accommodating molecules 
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with sizes on the order of a single 2,4,6-trihalophenol (TXP) (20-22).  By exposing DHP to 

TXP at ambient temperature followed by lowering to cryogenic temperatures, DHP is 

observed to have a TXP molecule bound in the distal region (22); however, at ambient 

temperature it does not internalize (23, 24).  At ambient temperature, the binding site for 

TXP molecules lies on the exterior, but the location is unconfirmed (23).  Within the distal 

pocket, there are several hydrophobic residues including five phenylalanines (F21, F24, F35, 

F52, and F60).  Tyrosine (Y38) is also present, but its role is not clear.  Although earlier 

studies suggested that Y38 might stabilize internalized TXP substrates through hydrogen 

bonding, more recent studies have shown that these substrates do not bind internally.  The 

distal histidine of DHP (H55) is involved with the O – O bond cleavage of iron-bound 

peroxide just as in typical peroxidases.  The O – O bond cleavage follows the Poulos-Kraut 

mechanism (Figure 5) (7) except for the absence of the distal arginine interaction.  H55 is 

proposed to be the sole contributor to the “pull” effect (25, 26).  H55 has furthermore been 

observed in two stable conformations, the solvent exposed (open) conformation and the 

solvent restricted (closed) conformation.  This is a very unique feature of DHP given that the 

distal histidines of globins and peroxidases are always found in the closed conformation at 

neutral pH.   

Key proximal side features of DHP include the proximal histidine (H89) and the 

backbone carbonyl of L83.  Together with the iron atom, these residues form a carbonyl-His-

Fe triad in DHP (Figure 8), a weaker hydrogen bonding version of the Asp-His-Fe triad 

found in peroxidase.   
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  The active site structure of DHP is very similar to the globin model.  As with 

hemoglobin, DHP has a neutral histidine resulting from a carbonyl(L83)-His-Fe triad and it 

also lacks the distal arginine.  Although both globins and DHP feature a distal histidine, the 

distance from the heme iron is further away in DHP; the H55(Nε) to Fe-atom distance is 5.4 

Å (10).  Since DHP has active site structural features that are very similar to globins, it could 

be expected that DHP, like globins, should have weak reactivity with regard to O – O bond 

cleavage.  However, it does not.  In fact, the DHP rate is observed to be intermediate between 

globins and peroxidases.  For example, whereas the bimolecular rate constant k2 in eq. (1b) 

has been measured as 3.56 x 104 M-1 s-1 (14) at pH 7 for DHP, a much lower value, 7.60 x 

102 M-1 s-1 has been measured for wildtype sperm whale myoglobin (wt-SWMb) (27).  In 

peroxidases, k2 usually ranges from 106 – 107 M-1 s-1 (28).  In addition, the turnover rates for 

DHP conversion of a substrate (TXP) to product (DXQ) have also been found to be 

intermediate between globins and peroxidases.  Belyea et al. (2) reported a turnover rate (kcat) 

for conversion of TBP into DBQ that is one-order of magnitude higher than myoglobin, but 

one-order of magnitude lower than HRP.  Chapter 4 in this dissertation also confirms this 

trend, but at pH 7 and with 2,4,6-trichlorophenol as the substrate. 

 

Since the publication from Chen et al. (in the year 1996) an expanding body of work 

has developed for DHP including spectroscopic characterization (29, 30), identification of 

DHP genes and isoenzymes (19, 31, 32), development of recombinant protein technology (2), 

X-ray crystallography (10, 17, 33), peroxidase activity assays (2, 4, 14, 15, 26, 34, 35), 

substrate binding (20-23, 36, 37), and identification of intermediates in the peroxidase 
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reaction (2, 14, 15, 34, 38).  Although some initial electrochemical experiments on the 

Fe(III)/Fe(II) couple of DHP in the presence of dioxygen were available prior to the initiation 

of the present work, the results were not reproducible.  While there is no definitive 

explanation for this discrepancy, a potential explanation is the likelihood of ferricyanide 

contamination inadvertently carried over from the purification process in the earlier work 

(39, 40). 

The focus of this dissertation is on the electrochemistry of DHP.  This enzyme 

features multiple one-electron redox couples (Figure 9), which can be segregated into the 

lower potential couples (i.e. Fe(III)/Fe(II) and Fe(III)/Fe(II)-O2) and the higher potential 

couples (i.e. Cpd ES/Cpd II and Cpd II/Fe(III)).  Because the higher potential couples are 

considerably more unstable and notoriously less accessible by direct electrochemistry, it was 

decided to focus initially on the lower potential couples, which comprise the work reported in 

this dissertation.  The higher oxidation states of DHP were not investigated in this work.  

Brief overviews of the chapters that follow are given here: 

Chapter 2: Redox Thermodynamics of the Fe(III)/Fe(II) Couple of Dehaloperoxidase-

hemoglobin from Amphitrite ornata.  Thin-layer spectroelectrochemistry was employed to 

determine the Fe(III)/Fe(II) solution reduction potentials of DHP.  In light of its globin 

structure and enhanced peroxidase activity, one might have expected the DHP potential to be 

intermediate between globins and peroxidases.  The surprising result was that it not only fell 

more positive than peroxidases, which was expected, but also more positive than any known 

intracellular globin.  A Gibbs free energy analysis of structural aspects of DHP was 
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undertaken, the results of which implicated an unusual conformational change involving the 

distal histidine (H55) as a key component of the high reduction potential. 

Chapter 3: Modulation of the Fe(III)/Fe(II) Formal Reduction Potential of 

Dehaloperoxidase-hemoglobin Induced by Halophenol Binding.  The 

spectroelectrochemistry technique was again employed to investigate the interactions of 

halophenols with DHP through modulation of its Fe(III)/Fe(II) reduction potential.  Mono-, 

di-, and tri-substituted halophenols were tested, and all were found to give rise to negative 

shifts in potential, indicating that binding to the ferric form was stronger than to the ferrous 

form.  Differences in the magnitudes of the shifts among the differently substituted 

halophenols were interpreted in light of the available spectroscopic and structural studies.  A 

cubic thermodynamic scheme that links electron transfer reactions, halophenol binding 

reactions, and DHP conformational reactions in an integrated fashion was proposed and 

analyzed.   

Chapter 4: Mutation of Methionine-86 in Dehaloperoxidase-hemoglobin: Effects of 

the Asp-His-Fe Triad in a 3/3 Globin.  M86 is a target residue in DHP that is near the 

proximal histidine H89 (Figure 8).  Since DHP lacks an Asp-His-Fe triad, but has the 

conventional globin triad, the M86D mutation was created to see if the rate of O – O bond 

cleavage of iron bound H2O2 would be enhanced, thus, the role of “push” effect could be 

tested in the 3-over-3 globin model system.  Our main objective was to characterize the 

M86D mutation with regard to its structure and effect on reactivity with H2O2.  The resulting 

structure from this mutation is proposed to be a ferric hemochrome with the distal histidine 

(H55) ligating to the heme iron at the sixth coordination site.  Data obtained through 
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spectroelectrochemistry, 13C paramagnetic NMR of Fe(III)-13CN DHP, X-ray 

crystallography, stopped-flow kinetics, spectrophotometric assays and resonance Raman 

spectroscopy are reported.  This study can be used to rationalize why Nature has not evolved 

globins to have the Asp-His-Fe triad.  

 Chapter 5: Interfacial Electron Transfer of Adsorptively Immobilized 

Dehaloperoxidase-hemoglobin on Self-Assembled Monolayers.  Cyclic voltammetry was 

demonstrated for the Fe(III)/Fe(II)-O2 and Fe(III)/Fe(II) couples of DHP A adsorbed at 

submonolayer coverage on a gold electrode/self-assembled monolayer surface. The 

interfacial electron transfer reaction was direct (non-mediated).  Surface reduction potentials, 

electron transfer rate constants, and surface concentrations were determined.  The stability of 

the adsorbed DHP species was found to be considerably inferior to the behavior commonly 

exhibited by adsorbed electron transfer carrier proteins such as cytochrome c.  Nonetheless, 

the groundwork has been established for further development along these lines, which could 

potentially lead to the use of DHP in immobilized enzyme electrocatalysis applications. 
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Figure 1.  The X-ray crystal structure of dehaloperoxidase-hemoglobin, isoenzyme A (PDB 
2QFK), shown here as the monomer.  Image created by Accelrys DS Visualizer 2.5.
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Figure 2.  Protoporphyrin IX heme that is found in globins, peroxidases and DHP. 
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Figure 3.  Oxidation states that can be observed in both peroxidases and globins.  The 

Compound I and Compound ES species usually depend on the heme protein. 
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Figure 4.  Amino acid residues found in the active sites of (A) horseradish peroxidase, PDB 

1ATJ and (B) horse heart hemoglobin, PDB 1NS9. 
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Figure 5.  The Poulos-Kraut mechanism in peroxidase catalysis that yields the Fe(IV)-oxo, 

cation radical species, Compound I. 
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Figure 6.  Triads found in peroxidases and globins.  (A) The Asp-His-Fe triad in a peroxidase 

and (B) the Carbonyl-His-Fe triad in a globin.
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Figure 7.  Concept of the “push-pull” effect in the peroxidase model. 
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Figure 8.  DHP heme active site residues.
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Figure 9.  DHP (n = 1) redox couples from the following oxidation states: (A) ferric form; 

red-coloring of the water molecule (sixth ligand) indicates that there is a mixture of penta- 

and hexa-coordination, (B) Compound II, (C) Compound ES; [aa•] indicates that there is an 

amino acid radical, (D) deoxyferrous form and the (E) oxyferrous form. 
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Tables 

 

 

 

Table 1.  Formal reduction potentials for the Fe(III)/Fe(II) couple of selected peroxidases and 

globins at pH 7. 

 

   
heme protein E° (mV) reference 

   
   

   horseradish peroxidase -266 (41) 
   cytochrome c peroxidase -182 (8) 
   lignin peroxidase -142 (42) 
   myeloperoxidase +5 (43) 
   sperm whale myoglobin +43 (44) 
   horse heart myoglobin +46 (45) 
   horse heart hemoglobin +152 (46) 
   human hemoglobin +158 (47) 
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Schemes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Scheme 1.  Substrate (2,4,6-trihalophenol) conversion to product (2,6-dihaloquinone) by the 

heme enzyme DHP. 
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Scheme 2.  Reaction mechanism of 2,4,6-tribromophenolate conversion to 2,6-

dibromoquinone by DHP.  Two separate TBP (A) molecules become phenoxyl radicals (B) 

from one molecule of DHP.  Following radical formation, the reaction of two phenoxyl 

radicals produces the 2,4,6-tribromophenolate (A) and a cation form (C).  This cation species 

undergoes nucleophilic attack from a solution hydroxide anion with subsequent loss of the 

bromine atom, in which a second cation species (D) is formed.  The para-position hydroxyl 

group of species (D) is deprotonated by a hydroxide anion from solution that leads to the 

formation of the 2,6-dibromoquinone form (E). 
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Abstract 

 Dehaloperoxidase-hemoglobin (DHP A; isoenzyme A) is a globin from the annelid 

Amphitrite ornata that displays enhanced peroxidase activity compared to other myoglobins 

and hemoglobins.  In this study, anaerobic thin-layer spectroelectrochemistry was used to 

measure formal potentials (E°’) for the Fe(III)/Fe(II) redox couple of DHP A between pH 5 

and 7.   A value of +0.204 ± 0.005 V vs SHE was determined at pH 7 in 100 mM potassium 

phosphate buffer under ambient temperature.  This value is approximately 150 mV and 50 

mV more positive than typical myoglobins and hemoglobins, respectively.  When compared 

to known peroxidases, the Fe(III)/Fe(II) formal potential of DHP A is unusually high.  For 

example, horseradish peroxidase has a formal potential that is 0.5 V more negative.  A redox 

thermodynamic analysis was undertaken that points to a redox-coupled conformational 

change involving the distal histidine (H55), which has been shown to correlate with the 

coordination state of the heme iron.  While the coordination dependence of the redox state is 

common to globins, it is not observed in peroxidases, which are usually five-coordinate 

regardless of the redox state.  In DHP A, the internal (closed) H55 conformation hydrogen 

bonds with and stabilizes iron-coordinated H2O, while the external (open) H55 conformation 

has a five-coordinate Fe.  While H2O coordination is in equilibrium in the Fe(III) state, the 

Fe(II) state appears to strongly favor a five-coordinate heme iron.  This unique aspect of 

DHP A provides a driving force for the high redox potential reported here.  A second 

contribution to the driving force appears to arise from destabilization of the ferric state due to 

repositioning of H55 relative to other globins. 
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Introduction 

Amphitrite ornata is a marine annelid that thrives in estuarine mud flats cohabited by 

species such as Saccoglossus kowalewskii and Notomastus lobatus that produce significant 

amounts of 2,4,6-tribromophenol (TBP) and other haloaromatic repellents (1-3).  Although 

A. ornata itself does not produce haloaromatic repellents, it has evolved an enzymatic 

detoxification mechanism that relies on a small heme protein dehaloperoxidase-hemoglobin 

(DHP) (4).  In the presence of H2O2, DHP has been shown to catalyze the overall 2-electron 

oxidation of various 2,4,6-substituted trihalophenols (including fluoro-, chloro-, and bromo- 

substituents) to less toxic 2,6-dihaloquinone products (5-9), which is an unusual catalytic 

activity for a protein that has the 3-over-3 globin helix fold (10, 11).  Site-directed 

mutagenesis shows that both the proximal histidine (H89) and distal histidine (H55) are 

crucial for function (12).  There are two DHP genes in A. ornata, which have the 

designations dhp A and dhp B (13).  A recent mutagenesis study has shown that DHP B also 

has enhanced peroxidase activity (14, 15).  A recent genomic analysis has revealed the close 

relationship between DHP and other annelid intracellular globins (16).   

 Two types of hemoglobins have been identified in A. ornata.  One is a large 

extracellular multisubunit hemoglobin (erythrocruorin) located in the vascular system and the 

other is a small intracellular hemoglobin located in the coelomocytes of the annelid (17).  

DHP A appears to be a dual function protein that acts both as a peroxidase to detoxify 

haloaromatics and as a hemoglobin to transport dioxygen (2).  The erythrocruorin requires a 

20 kDa protein to bind the monomer units in the framework of the giant extracellular 
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hemoglobin.  It is not known how the two protein products DHP A and DHP B relate to the 

erythrocruorin structure. 

The unusual globin/peroxidase dual function of DHP A has stimulated a number of 

recent studies aimed at understanding its structure, enzymatic mechanism, and evolution.  

The close structural homology between myoglobin and DHP A has been known for 10 years 

(18).  The initial structural work showed that a substrate analog, 4-iodophenol (4-IP) will 

bind in the distal pocket of DHP A close to the heme iron, a finding that led to the hypothesis 

that this internal site is the substrate binding site.  Although plausible, this hypothesis was a 

distinct departure from the conventional view of peroxidase catalysis that electron transfer 

typically occurs from substrates positioned externally at the porphyrin edge of the heme.  

Binding of substrates in internal pockets in enzymes is, however, well established for 

cytochrome P450s (19, 20). We have recently tested this hypothesis and found that the 

internal site is an inhibitor binding site, rather than a substrate binding site.  All 4-

halophenols are capable of acting as inhibitors with the larger halogen atoms having the 

tightest binding (21).  Consistent with this observation, 2,4,6-trihalophenols, such as the 

native substrate 2,4,6-tribromophenol, are too large to gain entry into the distal pocket at 

ambient temperature and evidence suggests that substrate oxidation takes place at an external 

binding site similar to other known peroxidases (21, 22). 

The redox potential of a heme protein is crucial for determination of its function. 

Systematic differences between peroxidases and globins can be seen in Table 1.  Generally 

peroxidases have more negative redox potentials than globins, ranging from -320 to +10 mV.  

The more negative redox potentials of heme peroxidases relative to globins correlate with 
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easier oxidation of the heme to the Fe(III) state, which is the resting state of peroxidases.   On 

the other hand, hemoglobins and myoglobins have more positive potentials ranging from +40 

to +320 mV, consistent with the requirement for oxygen storage/transport functions from the 

Fe(II) state.  All heme proteins that bind oxygen are subject to autooxidation, in which O2 is 

reduced to superoxide, , which can accept H+ and dissociate as HO2, leaving iron in the 

ferric state.  In red blood cells (hemoglobin), muscle cells (myoglobin) and other intracellular 

environments, there are methemoglobin and metmyoglobin reductases to maintain the Fe(II) 

oxidation state by reducing the Fe(III) state when it forms by autooxidation.  The redox 

potential of the Lumbricus terrestris hemoglobin is by far the highest redox potential 

measured (23).  This is a giant hemoglobin, which functions in an extracellular environment.  

It must maintain the Fe(II) state even where there are no specific reducing proteins.  A dual 

function protein such as DHP A appears to have both redox requirements.  The globin 

function of reversible O2 binding requires the Fe(II) oxidation state.  The peroxidase 

function, on the other hand, requires the Fe(III) resting state, which is associated with a more 

negative redox potential. 

 In order to gain further insight into the functional and mechanistic aspects of DHP A, 

we have undertaken redox thermodynamic studies of the protein.  Initially we have 

investigated the Fe(III)/Fe(II) redox couple with the goal of establishing its formal reduction 

potential (E°’) and determining how it is affected by substrate binding.  In the present 

manuscript we report initial reduction potential values and an analysis in terms of structural 

and free energy contributions. 
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Experimental Procedures 

Materials:  N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD, 95%), 

dichlorophenol-indophenol (DCIP), potassium ferricyanide ([Fe(CN)6]3+, 99+%), phenazine 

methosulfate (PhMS, minimum 90% UV), hexaammineruthenium(III) chloride 

([Ru(NH3)6]3+, 98%), potassium phosphate monobasic (≥ 99%) and potassium phosphate 

dibasic (≥ 98%) were purchased from Sigma.  Tris(ethylenediamine)ruthenium(II) 

tetrachlorozincate ([Ru(en)3]2+) was synthesized and re-crystallized according to previously 

reported methods (24, 25) from ruthenium(III) chloride hydrate (ReagentPlus®), 

ethylenediamine (ReagentPlus®, ≥ 99%) and zinc dust (< 10 µm, 98+%)) purchased from 

Sigma.  All other chemicals were purchased from Fisher Scientific and VWR International. 

Expression and Purification of His-Tagged DHP A:   The DHP A isoenzyme form 

was expressed in the His-tagged form by the method of Belyea and co-workers using the 

pET-DHP4R plasmid with the BL21(DE3) E. coli strain (6).  After lysing E. coli cells and 

passing the lysate through a Ni-NTA column, DHP A was collected, oxidized to the Fe(III) 

form by exposure to excess potassium ferricyanide and dialyzed (6-8 kDa MWCO) against 

10.0 mM potassium phosphate buffer (KPB) at pH 7.00 and 4 °C to remove 

ferri/ferrocyanide and imidazole.  After centrifuging the dialysate at 12,000 rpm for 30 

minutes, the supernatant was collected and loaded onto a CM-52 carboxymethyl cellulose 

(Whatman) column (3 cm I.D. x 6 cm bed height) equilibrated with 10.0 mM KPB (pH 7.00) 

at 4 °C.  Yellow impurity fractions that eluted initially by passing the same 10.0 mM KPB 

buffer through the column were discarded.  After flushing DHP A from the column by a 

stepwise change to a 38.0 mM KPB (pH 7.00) mobile phase, it was buffer exchanged into 
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10.0 mM KPB (pH 7.00) and concentrated to ca. 15 mL with an Amicon concentrator 

equipped with a YM-10 (10 kDa MWCO) membrane (Millipore).  DHP A was then loaded 

onto a second column identical to the first one and eluted with 18.0 mM KPB (pH 7.00).  

After discarding the leading edge of the band, the remainder was collected, stored at 4 °C, 

and used within 1-2 days.  Buffer exchange was performed as needed for 

spectroelectrochemical experiments.  Purified sample that was not utilized immediately was 

stored at -80°C in 40% glycerol (v/v) after being concentrated to at least 500 µM. 

Spectroelectrochemistry (SEC) of DHP A:  SEC was carried out in an air-tight UV-

visible spectroelectrochemical cell that utilized an optically-transparent thin-layer electrode 

(OTTLE), namely, antimony-tin oxide (ATO; Delta Technologies, Limited).  This cell was 

similar to a previous design (26).  A nominal optical pathlength of 0.1 mm was realized using 

0.1 mm thick Teflon coated fiberglass tape (Small Parts, Inc.).  The ATO electrode was 

cleaned before use by 10 minute successive sonications in 1% (v/v) Contrex™ solution 

(Decon Labs, Inc.), 95% ethanol and twice in deionized water.  The SEC cell was stored for 

at least eight hours prior to experimentation in a nitrogen filled glovebox (Vacuum 

Atmospheres Company) maintained at sub ppm water and O2 levels.  UV-visible spectra 

were recorded with a Hewlett-Packard 8453 spectrophotometer while controlling potentials 

with a Model 273A Princeton Applied Research potentiostat.  The SEC cell made use of an 

Ag/AgCl (sat. KCl) reference electrode (Microelectrodes, Inc.) and a platinum wire auxiliary 

electrode (Alfa Aesar).  All potentials reported are referenced to the standard hydrogen 

electrode (SHE) which is taken to be 197 mV negative of the Ag/AgCl potential.  The 

electron transfer (ET) mediators TMPD and [Ru(en)3]2+ were used to facilitate electron 
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transfer between DHP A and the electrode.  The ratio of DHP A-to-mediators was 2-to-1.  

Details of experiments that were performed to insure that the mediator conditions employed 

had negligible impact on the DHP A redox equilibrium can be found in Table S1 in 

Supporting Information.  Small volumes (~2 mL) of buffer and protein solutions were 

deaerated separately by passing argon gas for 1 hour over the surface of each solution.  

Deaerated samples were subsequently transferred via sealed containers into the glove box for 

cell assembly and loading.  Typical concentration of ferric DHP A solutions was 100 – 200 

µM (ε406nm: 116,400 M-1 cm-1) (27). 

 

Results 

In Figure 1A are shown representative UV-visible spectra obtained for DHP A 

following attainment of equilibrium at various applied potentials.  In Figure 1B, the 

corresponding Nernst plot is presented.  Values for n typically ranged from 0.9 to 1.0.  From 

replicate experiments, the solution DHP A-Fe(III)/Fe(II) formal reduction potential was 

determined to be +0.204 ± 0.005 V vs SHE at pH 7.0.  In Table 2 are the reduction potentials 

determined for DHP A in the pH range of 5-7. 

 
 

Average solvent accessibility areas (SAA) of heme porphyrin and propionates are 

shown in Table 3 for DHP A, hemoglobin (human and horse) and myoglobin (sperm whale 

and horse).  A detailed tabulation of SAA’s of heme groups, heme propionates and distal 

histidines of common globins and DHP A, from which the average values in Table 3 were 
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obtained, are shown in Table S2 in Supporting Information.  These calculations were carried 

out with the program NACCESS (28)  using a 1.4 Å probe radius. 

 

Discussion 

 Given that DHP A has both peroxidase and globin functions in A. ornata, one might 

have expected the redox potential to lie in an intermediate range between the protein 

families.  Instead, the experimental value of E°' = +0.204 V at pH 7.0 is significantly more 

positive than those of all globins and peroxidases (vide infra), with the exception of the giant 

hemoglobin from L. terrestris.  The giant hemoglobins found in annelids and certain other 

nonvertebrate metazoans that are known as erythrocruorins or hexagonal bilayer (HBL) 

hemoglobins are an exceptional class of proteins since they must maintain the Fe(II) 

oxidation state in an extracellular environment (29, 30).  DHP A, however, is believed to be 

an intracellular hemoglobin that resides in the coelomocytes of A. ornata. 

 Structurally, DHP A has certain specific features common to both of the major globin 

types.  Like Mb, DHP A is monomeric in solution (31), whereas Hbs are typically 

multimeric.  Although DHP A has two monomeric subunits in the crystallographic 

asymmetric unit cell, the interfacial contact region between the two monomers in the unit cell 

is extremely small compared to typical dimeric Hbs, such as the clam Hb from Scapharca 

(32).  DHP A and myoglobin are also similar to each other with regard to their porphyrin ring 

and heme propionate solvent accessibilities (Table 3).  On the other hand, DHP A more 

closely resembles typical hemoglobins with regard to its proximal side structure and 

propionate configuration.  In the Fe(III) state, the X-ray crystal structure (PDB 2QFK) 
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reveals that both heme propionates of DHP A extend into solution and are well solvated (33), 

as is the case for Hbs (e.g. see PDB 1HGB) (34).  For Mb, however, only one heme 

propionate (HP-6) is found in an extended conformation.  The second propionate of Mb, HP-

7, is bent into the proximal region where it forms a hydrogen bond link to Ser-92, an amino 

acid that is absent in both DHP A and Hbs (e.g., see PDB 1YMB) (35).  DHP A also features 

a patch of four lysine residues (36, 51, 58 and 87) on its surface near the heme edge, which 

could possibly function as a docking site for another protein.  In this respect, DHP A bears 

some similarity to certain Hbs that bind flavoproteins. 

 In light of the foregoing discussion, the redox thermodynamic properties of DHP A 

can justifiably be compared to both intracellular globin types.  The E°' value for DHP A is 

seen to be higher by approximately 50 mV than values cited for other intracellular Hbs and 

150 mV more positive than any known Mb (Table 1).  We conclude that DHP A has the 

highest known redox potential among the small globins. Only the giant extracellular Hb from 

L. terrestris has a higher redox potential than DHP A.  To understand the basis of DHP A’s 

high redox potential, we have considered possible free energy contributions in light of both 

common globin types as well as peroxidase.  Four major contributions to the free energy of 

reduction of the ferric state of hemeproteins have been described (36, 37): 

ΔGredox = ΔGel  + ΔGconf + ΔGcen + ΔGlig     (1) 

where ΔGel arises from electrostatic interactions of the redox center charge with charges and 

dipolar groups of the protein and the solvent, ΔGconf arises from changes in the structural 

conformation of the protein as a result of the change in redox state, ΔGcen arises from 
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bonding interactions at the redox center and ΔGlig arises from differences in binding of 

exogenous ligands.  Because exogenous ligands are absent from the current study, ΔGlig = 0. 

Two potentially important contributions to ΔGel are those arising from surface 

charges on the protein and from solvent exposure of the heme.  The surface charges are 

usually not a major contribution when there are cancellations of oppositely charged amino 

acids.  With 18 positively charged and 17 negatively charged amino acid residues (excluding 

histidines), DHP A fits this description.  This near-equality of basic and acidic groups is 

typical of mammalian globins whereas peroxidases are usually acidic (Table 4). 

Surface charges that are found near the heme edge can have a more substantial impact on the 

reduction potential than charges positioned further away.  As noted previously, DHP A has a 

small patch of 4 lysines in the vicinity of the heme group.  Assuming that the likely impact of 

a single lysine is less than 10 mV (36, 37), the contribution of this small lysine patch to ΔGel 

does not appear to be large. 

 
Solvent contributions to the electrostatic free energy term ΔGel arise from exposure of 

the heme porphyrin and propionates to polar solvent.  An increase in exposure of the 

porphyrin ring has been correlated with a decrease in reduction potential due to preferential 

stabilization of the ferric iron (38-40).  Because DHP A exhibits porphyrin exposure that is 

similar to Mb and significantly larger than Hb (Table 3), this effect cannot explain the high 

reduction potential of DHP A.  A second correlation, between reduction potential and 

propionate exposure, has also been proposed (41) whereby increased exposure correlates 

with an increase in reduction potential due to preferential stabilization of the ferrous iron 
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state.  In this case, DHP A and Mb again exhibit similar extents of exposure whereas Hb 

exhibits significantly higher propionate exposure relative to DHP A.  Thus, a contribution to 

ΔGel from solvent-propionate interactions also cannot explain the high reduction potential of 

DHP A. 

Redox-coupled conformational change (ΔGconf).   In DHP A, the distal histidine (H55) 

can reside either at an internal site in the distal pocket (“closed” conformation) or at an 

external site outside of the pocket (“open” conformation), see Figure 2A (33, 42).  On the 

other hand, the distal histidines of Mb and Hb are always found in the closed conformation 

under neutral pH conditions; see Figure 2B.  In the DHP A ferric structure obtained at 100 K 

(PDB 2QFK), H55 is positioned internally and hydrogen bonded to a water molecule that is 

present as the sixth ligand.  However, the low temperature deoxyferrous structure (PDB 

3DR9) shows the heme in a 5-coordinate geometry with H55 positioned external to the distal 

pocket and in hydrogen bonding (42) contact with a heme propionate, HP-6 (Figure 2C).  

Although myoglobins and hemoglobins are not known to undergo a conformational change 

of this type at ambient pH, a previous example has been documented for the case of CO-

ligated SWMb at pH 4.0 (PDB 1SPE) (43, 44). 

 To understand how redox-coupled conformational change might affect the formal 

potential, the following thermodynamic cycle can be considered: 
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This thermodynamic square scheme represents the H55 closed/open equilibria for the ferric 

and ferrous oxidation states of DHP A, where CIII and CII represent the ferric and ferrous 

forms of DHP A in the closed (C) conformation, and OIII and OII represent the ferric and 

ferrous forms in the open (O) conformation.  Based on the X-ray crystal structures the CIII 

state is six coordinate, with water bound at the heme Fe, and the OII state is five coordinate.  

The CII state has not been observed in deoxy DHP A.  The OIII state is observed as a five-

coordinate form that is in equilibrium with CIII at room temperature by resonance Raman (21) 

and X-ray crystallography (18).   Thus, there is an apparent correlation between the position 

of H55 and the coordination state of the iron.  K1 and K2 are the oxidized and reduced state 

equilibrium constants, respectively, for the C Ý O transformation: 

K1 = [OIII] / [CIII]   (2a) 

K2 = [OII] / [CII] (2b) 

For the four-member square scheme shown above, the formal potential  will be that 

potential observed when all reactions are at equilibrium and the following condition is 

satisfied: 

[CIII] + [OIII] = [CII] + [OII] (3) 
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Substitution into the Nernst equation for the CIII/CII redox couple leads to the following 

expression for observed formal potential in units of volts at 25 °C: 

 =  + 0.059 log {(1 + K2) / (1 + K1)} (4) 

An identical result has been obtained from a voltammetric model of the four-member square 

scheme in the thermodynamic limit (45).   

According to Equation (4), the formal potential for DHP A, , will be higher than 

the formal potential of the closed conformation, , when K2 > K1.  Although a value for 

K1 has been measured for ambient conditions at pH 6.0, i.e., K1 = 2/3 (21), no measurements 

of K2 are available at this time.  Our proposal that the high reduction potential of DHP A 

reflects a significant conformational change does, however, lead us to predict that the Fe(II) 

state at room temperature strongly favors the open conformation. 

The Role of the Fe Bonding Interactions (ΔGcen).   Redox potentials of heme proteins 

are strongly modulated by the bonding of the proximal ligand (46), which is histidine in 

peroxidases and globins.  The more negative redox potential range of peroxidases relative to 

globins has been rationalized in part on the basis of the charge relay model shown in Scheme 

1.  Because of a strong hydrogen bond interaction between the NδH of the proximal histidine 

and a nearby carboxylate, electron density is “pushed” onto the histidine, thus strengthening 

the Fe-N bond and shifting the redox potential towards more negative values.  In this bonding 

motif known as the Asp-His-Fe triad (46), the histidine takes on a predominantly histidinate 

character.  In globins, on the other hand, the histidine-carboxylate interaction is replaced by a 

significantly weaker interaction between the histidine NδH and a backbone carbonyl (with 
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myoglobin featuring an additional serine interaction resulting in a bifurcated hydrogen bond), 

giving rise to a weaker electron push, a less polarized histidine, and more positive redox 

potentials.  DHP A features a carbonyl-histidine interaction (L83; Scheme 1) that closely 

mimics the non-bifurcated hydrogen bond interaction found in hemoglobins.  A structural 

comparison of DHP A and HHHb, for example, shows that their hydrogen bond lengths are 

identical, 1.8 Å, and their hydrogen bonding geometries are very close (C-O-H angles of 

131° and 135°, respectively, for DHP A and HHHb). 

 

A second structural feature that is known to affect the electron density on the heme 

iron is the orientation of the proximal histidine imidazole plane with respect to the Fe-Npyrrole 

axes (47, 48), which can be viewed as a torsion angle, Φ (22).  When the imidazole plane lies 

in an eclipsed configuration, maximum electron density can be transmitted to the heme iron 

due to optimal overlap of the Fe dπ orbital with the p-orbitals of the imidazole.  In the 

staggered configuration, on the other hand, orbital overlap is at a minimum and less electron 

density is donated to the iron center (47).  In the metaquo forms of DHP A and Hbs, the 

torsion angles are 108° and 160°, respectively, (measured counter clockwise from the Fe-NII 

ray when viewed from the proximal side; see Table S3 in Supporting Information) which 

orients the imidazole planes of these two proteins similarly with respect to the nearest Fe-

Npyrrole axis (approximately 20° off-axis).   

Proximal side structural features that are known to affect Fe electron density, namely, 

the histidine hydrogen bonding interaction and the imidazole torsion angle, are thus seen to 

be quite similar between DHP A and hemoglobin.  On this basis, the role of ΔGcen in these 
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two proteins due to proximal side binding appears to be comparable and therefore not a 

significant factor in the higher reduction potential observed for DHP A.  On the distal side, 

however, there is some dissimilarity apparent between DHP A and other globins in regard to 

the ferric state.  Although they all exist predominantly as Fe(III) six-coordinate species, the 

coordination of the axial water molecule appears to be weaker in DHP A as evidenced by the 

6c/5c equilibrium that exists at ambient temperature (18, 21).  In DHP A, the Nε of H55 is 

positioned approximately 1 Å further away from the heme iron than in hemoglobin and 

myoglobin (18), which results in weaker hydrogen bonding to the axial water and therefore 

destabilization of the ferric state.  Therefore, relative to Hb and Mb, some ΔGcen contribution 

to the positive reduction potential observed for DHP A also likely arises from differences in 

distal side coordination. 

 

Conclusions 

DHP A has the highest known reduction potential for an intracellular globin, a highly 

unusual observation in light of its enhanced peroxidase activity.  It appears from the present 

analysis that DHP A is able to maintain a high Fe(III)/Fe(II) potential in large part by 

coupling electron transfer to a conformational change involving the distal histidine (H55).  

Prior work has established that the distal histidine can exist in two primary conformations.  In 

the closed conformation, it is located internally in hydrogen bonding contact with a water 

molecule that serves as the sixth ligand of iron.  In the open conformation, the distal histidine 

is located external to the distal pocket in hydrogen bonding contact with a heme propionate.  

This conformational change is not observed in other globins at neutral pH.  By coupling the 
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open/closed conformational change in DHP A to electron transfer in a thermodynamic square 

scheme, one can show that a positive redox potential will be favored to the extent that the 

Fe(II) state is dominated by the open conformation.  The distal histidine also appears to be 

involved in destabilization of the Fe(III) state of DHP A relative to other globins due to its 

repositioning further away from the redox center.  The high reduction potential further 

supports the unique role for H55 in DHP A suggested from the X-ray crystal structures. 
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Figures 

 

 

 

 

 

 

 

 

Figure 1.  Spectroelectrochemistry of the DHP A ferric/ferrous redox couple.  (A) UV-visible 

thin-layer spectra of DHP A with its corresponding (B) Nernst plot at various applied 

potentials (EAPPLIED) at pH 7.0 referenced against the standard hydrogen electrode (SHE). 
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Figure 2.  Distal histidine open/closed orientation comparison for ferric and ferrous oxidation 

states for DHP A and SWMb at pH 6.  (A) DHP A:  [left] metaquo α1-subunit (2QFK), 

[right] deoxyferrous α1-subunit (3DR9) and (B) SWMb:  [left] metaquo (1XVH), [right] 

deoxyferrous (1XVG).  (C) Deoxyferrous DHP A heme views for the top, side and front 

views. 
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Tables 

 

 

Table 1.  Formal reduction potentials for selected peroxidases and globins at pH 7 referenced 

to the Standard Hydrogen Electrode (SHE). 
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Table 2.  Reduction potentials of DHP A at pH 5-7.a 

aSolutions in 100 mM potassium phosphate determined by UV-visible thin-layer 
spectroelectrochemistry, n-values ranged from 0.9-1.0. 
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Table 3.  Solvent accessibility areas (SAA) of heme porphyrin and propionate groups. 

aIndicated values have been averaged over subunits and oxidation states.   See supporting 
information for detailed tabulation and calculations. 
 
bValues are for the metaquo closed conformations, which for DHP is the 2QFK structure.  
Values have been averaged over subunits where applicable; see supporting information. 
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Table 4.  Charged amino acids of globins and peroxidases. 

aDetermined using the ProtParam tool from the ExPASy proteomics server 
(www.expasy.ch/tools/protparam.html). 
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Schemes 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.  A generalized charge relay model for the globin family, DHP A, and the 

peroxidase family of enzymes.  The hydroxyl species to the far left in blue coloring is a 

representation of the conserved serine found in myoglobins, but not in hemoglobins; the 

carbonyl group interaction is found in both.  The red coloring of the H2O molecule in the 

DHP A charge relay model denotes that the ferric state exists in a 5-coordinate / 6-coordinate 

equilibrium (18, 21). 
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CHAPTER 3 

 

Modulation of the Fe(III)/Fe(II) Formal Reduction Potential of Dehaloperoxidase-

hemoglobin Induced by Halophenol Binding 
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Introduction 

 Dehaloperoxidase-hemoglobin (DHP) from Amphitrite ornata is a globin that 

functions with moderate peroxidase activity (1, 2) and catalyzes the following reaction: 

 

 

 

 

 

 

 

At ambient temperature, these 2,4,6-trihalophenol (TXP) substrates react at an exterior 

surface location that has not yet been identified (3, 4).  However, there are other 

physiological halophenol derivatives, such as the monosubstituted para-halophenols, which 

can bind internally and inhibit (5) the peroxidase function.  Internal binding, when it occurs, 

has been revealed by crystallographic and spectroscopic techniques (5-8).  The distal 

histidine (H55) plays a critical role in these events as it can adopt one of two stable 

conformations, either inside the distal pocket (closed conformation) or external to it (open 

conformation), at neutral pH.  When H55 is positioned in the open conformation, a single 4-

halophenol can bind in the distal pocket. 

 If DHP is found to follow the conventional peroxidase heme-edge electron transfer 

route for substrate oxidation (9), then the substrate binding site is expected to reside external 

to the active-site region.  However, a recent NMR study in which DHP was isotope-labeled 
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with a 13C/15N backbone shows that in the presence and absence of a TXP molecule, a 

change in protein residues is observed at the dimer interface region, which is located on the 

opposite side of the protein.  It was proposed that this could be the putative TXP binding site 

(4).  On the other hand, resonance Raman spectroscopy reveals that when DHP is exposed to 

a TXP, the heme iron is observed as a predominant 6cHS species (8), which led to the 

proposal that the TXP molecule docks at the heme-edge region and keeps DHP in the closed 

conformation by blocking H55 from swinging out of the distal pocket.  In the 6cHS 

conformation, H55 hydrogen bonds to an Fe-bound water molecule at the sixth coordination 

site. 

 To complement these prior data concerned with halophenol binding to DHP, we have 

undertaken a redox thermodynamic study that focuses on the modulation in the Fe(III)/Fe(II) 

reduction potential that occurs upon exposure of DHP to various halophenol molecules.  

Modulation of protein reduction potentials as a result of binding of small molecules has been 

observed previously.  Possibly the most notable examples are those involving cytochrome P-

450 heme enzymes that can bind small molecules internally near the heme iron (10, 11).  An 

exemplary example is cytochrome P-450cam (P-450cam), which binds the substrate d-camphor 

in the distal pocket adjacent to but not coordinated to the iron site.  Camphor binding gives 

rise to a 133 mV positive shift of the ferric/ferrous reduction potential, which initiates the 

catalytic cycle by allowing reduction from the ferric to ferrous heme state with subsequent 

dioxygen binding to occur (12).  The possibility that halophenol binding could similarly 

cause a shift in the DHP reduction potential that was linked to its functionality provided 

initial impetus for undertaking the present study. 
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The solution phase DHP Fe(III)/Fe(II) reduction potentials in the pH range from 5 – 8 

have been determined (13) and are reported in Chapter 2.  At pH 7, E°’ = +0.204 V vs SHE, 

which is not only a much higher value than that of any known peroxidase but also more 

positive than any known for intracellular globins.  Since ambient temperature equilibrium 

constants for the dissociation of 4-XPs from Fe(III) DHP have been measured at a pH of 6.0 

(5), the present electrochemical studies were also undertaken at this same value.  At pH 6.0, 

the ferric/ferrous reduction potential of DHP is  = +0.218 V vs SHE (13).  A key 

objective was thus to investigate the effect of 4-XP binding on the DHP  since it is 

known that these halophenols bind internally.  Also, other halophenols, such as the substrate 

2,4,6-trichlorophenol (that does not internalize) and 2,4-dihalophenols were investigated. 

 

Experimental Procedures 

Materials:  4-Chlorophenol (4-CP, 99%), 4-bromophenol (4-BP, 99%), 2,4-

dichlorophenol (2,4-DCP, 99%), 2,4-dibromophenol (2,4-DBP, 95%), 2,4,6-trichlorophenol 

(2,4,6-TCP, 98%), N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD, 95%), 

dichlorophenol-indophenol (DCIP) and hexaammineruthenium(III) chloride ([Ru(NH3)6]3+, 

98%) were purchased from Sigma.  Tris(ethylenediamine)ruthenium(II) tetrachlorozincate 

([Ru(en)3]2+) was synthesized according to previously reported methods (14, 15) from 

ruthenium(III) chloride hydrate (ReagentPlus), ethylenediamine (ReagentPlus, ≥ 99%) and 

zinc dust (< 10 µm, 98%)) purchased from Sigma.  All other chemicals were purchased from 

Fisher Scientific. 



 80 

Expression and Purification of His-Tagged DHP  (DHP):  DHP was expressed by 

similarly by a previous procedure (1); however, since different expression vector constructs 

were used with different E. coli strains, an optimized combination was selected and used for 

this procedure: pET-DHP4R with E. coli strain BL21(DE3).  After lysing the E. coli cells and 

passing the lysate through a Ni-NTA column, DHP was collected, oxidized to the Fe(III) 

form by exposure to excess potassium ferricyanide and dialyzed (6-8 kDa MWCO) against 

10.0 mM potassium phosphate buffer (KPB) at pH 7.00 and 4 °C to remove 

ferri/ferrocyanide and imidazole from the Ni-NTA elution.  After centrifuging the dialysate 

at 12,000 rpm for 30 minutes, the supernatant containing the DHP was collected and loaded 

onto a CM-52 carboxymethyl cellulose (Whatman) column (3 cm I.D. x 6 cm bed height) 

equilibrated with 10.0 mM KPB (pH 7.00) at 4 °C.  Yellow impurities fractions were 

collected at first by passing the same 10.0 mM KPB buffer through the column.  DHP was 

then flushed from the column by a stepwise change to a 38.0 mM KPB (pH 7.00) mobile 

phase, buffer exchanged into 10.0 mM KPB (pH 7.00), and concentrated to ca. 15 mL with 

an Amicon concentrator equipped with a YM-10 (10 kDa MWCO) membrane (Millipore).  

DHP was loaded onto a second column identical to the first one and eluted with 18.0 mM 

KPB (pH 7.00). The first edge of the band was discarded.  SDS-PAGE showed a large 

improvement in sample purity compared to DHP obtained from the Ni-NTA elution. 

 Purification of Horse Heart Myoglobin (HHMb):  HHMb, obtained as a 90% pure 

lyophilized powder from Sigma, was further purified in a manner similar to that described by 

Taniguchi and co-workers (16).  All procedures (sample dissolution, dialysis, column 

equilibrations, and elutions) were performed at 4 °C using 3.5 mM KPB (pH 7.00) buffer.  
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After dissolving and dialyzing the sample, the dialysate was loaded onto a short CM-52 

column (1 cm I.D. x 2 cm bed height).  Elution resulted in a clean separation of HHMb from 

a more strongly retained reddish band that remained at the top of the column.  After 

concentrating the eluate (Amicon Ultra-4, 10 kDa MWCO, Millipore) to a volume of ca. 2 

mL, the sample was loaded onto a longer CM-52 column (1 cm I.D. x 12 cm bed height).   

Subsequent elution resulted in three bands, of which the second band (RZ (A409/A280) = 5.48), 

was retained. 

Spectroelectrochemistry (SEC) of DHP:  SEC was carried out in an air-tight UV-

visible spectroelectrochemical cell that utilized an optically-transparent thin-layer electrode 

(OTTLE), namely, antimony-tin oxide (ATO; Delta Technologies, Limited).  This cell was 

similar to a previous design (17). A nominal optical pathlength of 0.1 mm was realized using 

0.1 mm thick Teflon coated fiberglass tape (Small Parts, Inc.).  The ATO electrode was 

thoroughly cleaned before use by 10 minute successive sonications in 1% (v/v) Contrex™ 

solution (Decon Labs, Inc.), 95% ethanol and twice in deionized water.  The SEC cell was 

stored in a nitrogen filled glove box (Vacuum Atmospheres Company) at sub ppm water and 

O2 levels for at least eight hours prior to experimentation.  UV-visible spectra were recorded 

with a Hewlett-Packard 8453 spectrophotometer while controlling potentials with a Model 

273A Princeton Applied Research potentiostat.  The SEC cell made use of an Ag/AgCl (sat. 

KCl) reference electrode (Microelectrodes, Inc.) and a platinum wire auxiliary electrode 

(Alfa Aesar).  All potentials reported are referenced to the standard hydrogen electrode 

(SHE).  The electron transfer (ET) mediators TMPD and [Ru(en)3]2+ were used to facilitate 

electron transfer between DHP and the electrode.  The ratio of DHP-to-mediators was 2-to-1. 
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Ferric DHP usually had a concentration between 100 µM – 200 µM (ε406nm: 116,400 M-1 cm-

1) (18) per experiment. 

SEC of DHP Exposed to Halophenols:  Purified DHP was buffer exchanged into 100 

mM KPB, pH 6.00 containing a single halophenol (vide infra) by using an Amicon Ultra-4 

centrifugal concentrator (YM-10 membrane; MWCO: 10 kDa).  Halophenol : DHP molar 

ratios were 45:1 for 4-CP, 4-BP and 2,4-DCP and 10:1 for 2,4-DBP and 2,4,6-TCP.  The 

same ET mediators (TMPD and [Ru(en)3]2+) were employed in these experiments as for DHP 

in the absence of halophenols. 

SEC of HHMb in the Absence and Presence of 4-CP:  Purified HHMb was buffered 

exchanged by an Amicon Ultra-4 into a 100 mM KPB, pH 7.00 buffer.  The ET mediator 

[Ru(NH3)6]3+ was used in a HHMb / mediator molar ratio of 2:1.  In the presence of 4-CP, 

HHMb was buffer exchanged into a 100 mM KPB, pH 7.00 buffer, the molar ratio of HHMb 

: [Ru(NH3)6]3+ : 4-CP was 2:1:90. 

 

Theory 

Cubic Scheme for DHP Equilibria. 

The following cube scheme is proposed as an overall thermodynamic basis for the 

coupling of the DHP Fe(III)/Fe(II) redox reactions (x-axis), H55 open (O) / closed (C) 

conformational changes (y-axis) and halophenol (XP) binding reactions (z-axis): 
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 The equilibrium constants for the DHP Fe(III) state, which are denoted using 

superscript “III” Roman numerals are defined as:   

 K1 = [OIII]/[CIII] 

 K5 = [OIIIXP]/[CIIIXP] 

 K3 = [OIII][XP]/[OIIIXP]  

 K7 = [CIII][XP]/[CIIIXP] 

The equilibrium constants for the DHP Fe(II) state, which are denoted by superscript “II” 

Roman numerals are defined as:   

 K2 = [OII]/[CII] 

 K6 = [OIIXP]/[CIIXP] 

 K4 = [OII][XP]/[OIIXP] 

 K8 = [CII][XP]/[CIIXP] 
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Fe(III)/Fe(II) redox couples are indicated for the following conformational and binding 

states: 

 OIII/OII ( ):  open conformation 

 CIII/CII ( ):  closed conformation 

 OIIIXP/OIIXP ( ):  open conformation with halophenol bound 

 CIIIXP/CIIXP ( ):  closed conformation with halophenol bound 

 

 Our focus in the remainder of this paper is on the coupled front and top faces of the 

cubic scheme, which includes the DHP conformational change along with halophenol 

binding to the open conformation.  This situation would therefore be applicable to 4-XP 

binding, which is internal, thus requiring that the protein be in the open conformation for the 

binding.  This type of double square scheme is also referred to as a ladder scheme: 
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   Some information is available with regard to the equilibria shown.  A value for the 

ferric conformational equilibrium constant, K1 = 2/3, has been reported for pH 6.0 (5).  In 

Chapter 2, values of the apparent reduction potential for DHP Fe(III)/Fe(II) were reported 

and their relationship to the equilibria in the top half of the ladder scheme can be given as 

follows (13): 

 (1) 

Although K2 is not known, it was concluded in Chapter 2 that the open form of ferrous DHP 

is favored over the closed form, implying that K2 >1.  Table 4 shows how the reduction 
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potential for the pure open conformation of DHP obtained from eq. (1) depends on K2, given 

the observed apparent potential of +0.218 V vs SHE (13).  It can be seen that the pure open 

conformation reduction potential ( ) differs at most by approximately 20 mV from the 

observed potential in the limit of large values of K2.  For the purpose of subsequent 

calculations, we have assumed the limiting value, +0.241 V, for . 

 Experimental values are also available for the K1K3 products (i.e., K3,apparent) for 4-

chlorophenol and 4-bromophenol binding.  Values for K3 can therefore be determined and 

are given in Table 2.   

 The additional experimental data that will be made available in this chapter (see 

Results below) are the apparent Fe(III)/Fe(II) reduction potentials for DHP in the presence of 

halophenol binding molecules, .  With these data, it is possible to calculate values for K4 

and , as shown below, using the theory described by Laviron and Roullier (19), eqs. (2-

3), which are derived without any restrictions on the strength of the binding reactions.  Thus, 

these equations are valid for both weak binding and strong binding situations.  

 

  (2) 
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  (3) 

 

where the concentration of free halophenol in solution ( ) is given by eq. (4). 

 

= [XPt] – [O-XPt]   (4) 

 

With the values for K3 from Table 2, we can then determine the corresponding 

dissociation constant (K4) for the dissociation of 4-XP from Fe(II) DHP using eq. (5), which 

is a rearranged version of eq. (2): 

 

  (5) 

 

 The final parameter that can be determined in the above scheme is the Fe(III)/Fe(II) 

reduction potential of the DHP open conformation with 4-XP bound.  This can be done using 

eq. (6), which is obtained directly from eq. (3) by rearrangement.  It should be noted that the 

value used for K4 is assumed, as described above. 
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  (6) 

 

Results 
 

Values of the apparent Fe(III)/Fe(II) reduction potentials ( ) measured for DHP 

and HHMb in the absence and presence of halophenols are collected in Table 1.  The pH 6.0 

DHP reduction potential of +0.218 V vs SHE (13) underwent a negative shift upon exposure 

to all (4-), (2,4-) and (2,4,6-) substituted halophenols that were tested.  The addition of 4-

chlorophenol, however, had no effect on the on the reduction potential of HHMb at pH 7.0.  

Figure 1 shows one representative set of SEC data for DHP in the absence and presence of 4-

bromophenol.   

 X-ray crystal forms of DHP that either (a) have a 4-XP bound to the Fe(III) state, (b) 

are the XP-unbound forms that differ in oxidation state, (c) or by cryogenic or ambient 

temperature have been examined.  Specifically, the solvent accessibility areas of the heme 

propionate O-atoms of the 6- and 7- heme propionates were determined by the program 

NACCESS (20), (Table 3).  The dihedral angles for the 2- and 4- heme vinyls of these same 

X-ray crystal structures were also determined and this was performed with the program 

Accelrys DS Visualizer 2.0 (Table 3). 

The DHP OIIIXP/OIIXP reduction potentials ( ), where the term OXP refers to 

the H55 open conformation of DHP with a 4-XP molecule bound, and the DHP Fe(II) 

dissociation constants (K4) were determined for 4-chlorophenol and 4-bromophenol as shown 
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in Table 2 (see also the ladder scheme).  The [XPt] represents the total concentration of 

halophenol and the total concentration of the open conformation with XP internally bound 

[O-XPt].  This term also takes into account the Fe(III) and Fe(II) oxidation states from the 

expression [O-XPt] = [OIIIXP] + [OIIXP].  For calculations of the K4 values for 4-BP and 4-

CP, herein, the [O-XPt] was 1.10 x 10-4 M, which was also the total concentration of protein 

used [Pt] for each experiment.  The [XPt] was 5.00 x 10-3 M, and accordingly from eq. (3), 

the was 4.89 x 10-3 M.  The ferrous dissociation constants are determined to be 1.89 x 10-

2 M for 4-chlorophenol and 1.53 x 10-2 M for 4-bromophenol, which are approximately 16x 

and 19x greater than the ferric dissociation constants (K3), respectively. 

 

Discussion 

Reduction Potentials.  (a) Influence from XPs and DXPs. 

4-XPs and DXPs cause a substantial negative shift in the Fe(III)/Fe(II) reduction 

potential of DHP at pH 6.0.  Since 4-XPs bind in the distal pocket, DXPs may bind there as 

well based on the similarity in the modulation of the oxidation/reduction potential.   The 

apparent reduction potentials for 4-CP and 4-BP are positive by ca. 35 mV from their 

corresponding OIIIXP/OIIXP reduction potentials (Table 2).  This observation is important 

since by having DHP exposed to excess 4-XP, the true reduction potential was not attainable 

either because of the low solubility of the 4-XP in an aqueous solution and/or the relatively 

high ferric and ferrous KD values DHP exhibits for these 4-XPs. 

There are several reasons why the internal binding of halophenols into DHP could 

cause large changes to the reduction potential when not coordinating to the iron atom at the 
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6th position: (1) heme vinyl group influences, (2) heme propionate influences and (3) a 

possible increase in the ferric folding stability with 4-XP bound versus unbound. 

 

(i) Heme Vinyl Influence. 

The internal binding of 4-XP into ferric DHP yields the complex OIIIXP, which is a 

5cHS species with the open conformation.  For a molecule to fill in the distal cavity, more 

constraints on molecules inside the cavity will take place, which includes the 2-vinyl and 4-

vinyl groups.  In cytochrome b5, heme vinyls were shown to have an important role in 

influencing the reduction potential.  Mauk and co-workers reconstituted deuteroheme into cyt 

b5 and the reduction potential down shifted by 49 mV compared to native cyt b5 

(deuteroheme is a heme substitute with the vinyl groups replaced with hydrogens).  This 

suggested that the presence of vinyl groups had an electron withdrawing effect that 

destabilized the ferric state, but when removed using the deuteroheme substitute, there was 

an added stabilization to the ferric heme (21).  Walker and co-workers also had similar 

findings with various heme substitutes that lacked the heme vinyl groups and they concluded 

that the 4-vinyl has a higher impact on the reduction potential compared to the 2-vinyl group 

for cyt b5 (22).  The electron withdrawing effect of the vinyls were proposed to arise from 

being most withdrawing if the vinyl group is coplanar with the plane of the heme and least 

when the vinyl group is perpendicular to the heme plane (21).  In the far right column of 

Table 3, dihedral angles are presented for various crystal structures of DHP with and without 

complexation to 4-XPs.  The four 100 K structures all were consistent in having the 2- and 4-

vinyl groups close to being coplanar with the adjacent pyrrole ring and the average dihedral 
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angle for the 4-vinyl group is 28.1 ± 8.4° and the 2-vinyl group is 26.6 ± 6.3°.  On the other 

hand, the T=298 K structures showed higher variation between their identical subunits (α1 

and α2) for the 4-vinyl groups in both the 1EWA (DHP, 4-IP Bound) and 1EW6 (DHP, 4-IP 

Free) structures.  The dihedral angles had high variation from 27.7 to 70.8° in 1EWA and 

53.8 to 81.7° in 1EW6.  The variations among the 2-vinyl groups were less extensive, which 

varied from 38.6 to 62.2° in 1EWA and 55.0 to 62.6° in 1EW6. 

 

(ii) Heme Propionate Influence. 

The open conformation of DHP has the 6-heme propionate (6-HP) bent back toward 

the protein and is well restricted from solvent while the 7-heme propionate (7-HP) is facing 

the solution.  Table 3 shows the DHP heme propionate solvent accessibility areas for the 

propionate oxygen atoms as calculated by NACCESS (20).  The key trends are that in the 

open conformation, the 6-HP oxygen atoms are solvent restricted but in the closed 

conformation, both propionates are exposed to solvent.  Cyt b5 also has a structural similarity 

to DHP, namely, its 7-HP is back positioned toward the protein.  Argos and Mathews had 

proposed (23) for cyt b5 that the 7-HP forms a unique salt bridge with the ferric heme and 

stabilizes it and later Reid et al. showed that this proposal was consistent with 

electrochemical findings since by reconstituting dimethylester hemin into cyt b5, which 

would eliminate the salt bridge, the reduction potential had increased by 64 mV from native 

cyt b5 (24).  However, it was later determined by Lee et al. (22) that this proposal was not 

consistent with contributing to an important interaction since this salt bridge may only 

account for ca. 15 mV.  Although the Argos and Mathews model was discounted for its 
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importance in cyt b5, it may have a significant role in DHP.  The carboxylate oxygen atoms 

of the 6-HP are ca. 6 Å away from the heme iron, this may stabilize the Fe(III) state more 

than having an Fe(III) state that is in the open/closed conformations (40:60) when XP is not 

present, and thus, could possibly account for the negative shift seen for the 4-XPs and DXPs. 

 

(iii) Possible Folding Stability Increase in DHP when a Halophenol is Internally Bound. 

 The internal binding of a neutral small molecule such as camphor within cytochrome 

P450cam has been shown to stabilize its protein fold compared to its unbound form in the 

Fe(III) state (25, 26).  Although the protein stability of DHP has not yet been undertaken, we 

propose that DHP behaves similarly to P450cam in this respect.  P450cam has similar binding 

patterns as DHP, namely, small molecules do not coordinate to the heme Fe, the small 

molecules are away from the heme Fe at approximately 4 Å, and, with respect to the Fe(III) 

state, the X-ray crystal structures of the complexed forms of P450cam (PDB 1AKD, camphor) 

and DHP (PDB 1EWA, 4-iodophenol) exhibit almost no global structural change compared 

to their corresponding unbound forms (PDB 1PHC, P450cam and PDB 1EW6, DHP). 

With respect to the Fe(III) state and the Fe(II) state of DHP, since the Fe(III) state has 

one order of magnitude higher affinity than the Fe(II) state (Table 2), the Fe(III) state is more 

stabilized to 4-XP binding.  Finally, with respect to the DHP (unbound) Fe(III)/Fe(II) 

reduction potential, 4-XP binding favors the Fe(III) state and thus stabilizes it more than the 

Fe(II) state, which gives rise to the negative shift in reduction potential. 
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(b) Lack of 4-CP to Modulate the HHMb-Fe(III)/Fe(II) Reduction Potential. 

 In the presence of excess 4-CP, there was no effect on the reduction potential of 

HHMb.  This is suggestive that 4-CP does not bind into myoglobin.  This is very likely the 

case since it exists in a closed conformation in both Fe(III) and Fe(II) oxidation states at pH  

> 4.5.  Nienhaus et al. (27) also found by using FTIR that MbCO does not internalize TFP (at 

cryogenic temperatures) while TFP is confirmed to bind into DHP at such conditions. 

 

 (c) Influence from TCP.  

The apparent potential for DHP exposed to excess 2,4,6-trichlorophenol results in a 

25 mV negative potential shift from the Fe(III)/Fe(II) couple.  The negative direction 

indicates that the presence of TCP stabilizes the ferric state more than the ferrous state.  This 

added stability is accounted for from the observation that ferric DHP exposed to TCP results 

in primarily 6cHS species as indicated by resonance Raman (5); however, in the absence of 

TCP, DHP exists in a ratio of 60% 6cHS and 40% 5cHS.  TCP, thus being the cause for H55 

to be in the closed conformation, indirectly causes the water molecule in the distal pocket to 

become coordinated to the iron atom and forms a hydrogen bond to H55.  Resonance Raman 

spectroscopy experiments have not been carried out for the Fe(II) state of DHP in the 

presence of TXP.  It may be possible that the Fe(II) state shows 100% hexa-coordination, and 

if so, the observed potential is a reflection of the pure closed conformation of DHP ( ). 
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Conclusions 

DHP is capable of binding 4-XPs in the distal pocket at ambient temperature and 

DXPs most likely bind there as well based on the similarity of the 4-XP modulation of the 

oxidation/reduction potential.  This binding cavity may be very important to the overall 

functioning of the enzyme for reasons not considered before.  The data in Table 1 shows that 

all halophenols cause a negative shift in the Fe(III)/Fe(II) reduction potential, which is a shift 

direction opposite of that observed from cytochrome P-450.  For example, when d-camphor 

binds to P-450, the direction of the redox potential is shifted positive.  The positive shift for 

P-450s has been based on a functional switch that occurs; however, a functional switch effect 

due to halophenols binding into DHP is still not known because no studies have yet emerged 

for what proteins are present with DHP in the coelomocytes of A. ornata.  TXP binding in 

DHP did not cause much of a substantial negative shift as did the 4-XPs or the DXPs.  If 

DHP exposed to TXP in the Fe(II) state is 6cHS, the reason for the negative shift observed 

may be for a different reason than the 4-XPs that internalize. 
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Figures 

 

 

 

 

 

 

 

 

Figure 1.  UV-visible thin-layer spectroelectrochemical plots for (A) DHP and (B) DHP in 

the presence of excess 4-bromophenol.  (C) Corresponding Nernst plots for DHP (circles) 

and DHP exposed to 4-bromophenol (triangles). 
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Tables 

 

Table 1.  The apparent FeIII/FeII reduction potentials (  vs SHE) of DHP in the absence 

and presence of various halophenols.   represents the change in the apparent reduction 

potential from the non-exposed case at pH 6 for DHP and pH 7 for HHMb.  The 

halophenol/protein ratios are represented by the terms total halophenol concentration [XPt] 

and total protein concentration [Pt]. 

 
      
 protein exposed     

protein to halophenol 
(mV) (mV) 

pH [XPt] / [Pt] 

      
      

DHP      no exposure   a204 ± 5  7  

      no exposure   a218 ± 1  6  

      4-chlorophenol    170 ± 6 -48 6 45 
      4-bromophenol    164 ± 3 -54 6 45 
      2,4-dichlorophenol    149 ± 2 -69 6 45 
      2,4-dibromophenol    159 ± 8 -59 6 10 
      2,4,6-trichlorophenol    193 ± 5 -25 6 10 
      
      

HHMb      no exposure      42 ± 5  7  
      4-chlorophenol      42 ± 3 0 7 45 

 
aD’Antonio, E.L. et al. (2010) submitted for publication.



 104 

 

 

 

 

Table 2.  Calculated DHP OIIIXP/OIIXP reduction potentials ( ) and calculated DHP 

Fe(III) and Fe(II) dissociation constants, K3 and K4, respectively for selected halophenols 

added to DHP (in the pure H55 open conformation). 

 
      
   DHP-halophenol dissociation constants (M) 
      
     potential (V) vs SHE     H55 open conformation 
      

    halophenol 
  

aK3,app K3 K4 

      
      
 4-chlorophenol 0.170 0.135 0.001783 0.001188 0.01887 
 4-bromophenol 0.164 0.131 0.001145 0.0007633 0.01532 

 
 
aThompson et al. (2010) submitted for publication. 
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Table 3.  Solvent accessibility surface areas for heme propionate oxygen atoms and heme  

vinyl dihedral angles for DHP in the presence and absence of 4-halophenols. 

 

 
 
aX-ray crystal structure files were provided by Dr. Vesna de Serrano prior to publication 
bNACCESS calculations only considered the open conformation 
cSolvent accessibility areas were calculated by the program NACCESS (20) 
dDihedral angles were determined with Accelrys DS Visualizer 2.0 (www.accelrys.com) 
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Table 4.  Values of the DHP, H55 open conformation, Fe(III)/Fe(II) formal reduction 
potential ( ) assuming different values of the Fe(II) open/closed equilibrium constant, K2 
(conditions: 0.1 M potassium phosphate; pH 6.0). 
 
 

 
K2  (V) vs SHEa 

                  
                  0.67 
                  1 
                10 
              100 
           1,000 
         10,000 
       100,000 
    1,000,000 
 

 
0.218 
0.224 
0.239 
0.241 
0.241 
0.241 
0.241 
0.241 

 
a  refers to a potential found on the top-face of the cubic scheme and was calculated by the 

Laviron and Roullier (19) expression , where K1 = 

0.67 (5) and  = +0.218 V vs SHE (13). 
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CHAPTER 4 

 

Mutation of Methionine-86 in Dehaloperoxidase-hemoglobin: Effects of the Asp-His-Fe 

Triad in a 3/3 Globin 
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Introduction 

Dehaloperoxidase-hemoglobin (DHP) is a small intracellular hemoglobin from the 

terebellid polychaete Amphitrite ornata (1-3).  The 3-over-3 (3/3) structural fold of DHP has 

a close resemblance to that of mammalian globins, such as horse heart myoglobin (HHMb) 

and hemoglobin (HHHb) (4, 5).  With respect to intracellular globins, DHP is observed to 

have substantially higher peroxidase activity when exposed to H2O2 for converting a 

substrate such as 2,4,6-tribromophenol (TBP) into the product 2,6-dibromoquinone (DBQ) 

under physiological conditions (1, 6).  This overall peroxidase reaction can be considered as 

two sequential processes 1) the H2O2 activation, eq. (1), which is the focus of this 

manuscript, and 2) the DHP-substrate reaction, eqs. (2-5) (7): 

 

DHP + H2O2    HDHP-O2H (1a) 

 

HDHP-O2H  Cpd ES + H2O (1b) 

 

Cpd ES + X-A-O-  Cpd II + X-A-O• (2a) 

 

Cpd II + X-A-O-  DHP + X-A-O• (2b) 

 

X-A-O• + X-A-O•  X-A-O- + [X-A=O]+ (3) 
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[X-A=O]+ + OH-  [HO-A=O]+ + X- (4) 

 

[HO-A=O]+ + OH-  O=A=O + H2O (5) 

 

 H2O2 activation in peroxidases has been mechanistically interpreted in terms of the 

so-called “push-pull” effect.  The “push” effect is a proximal side electronic effect in which 

electron density is “pushed” onto the Fe-atom because of a proximal histidine that has 

developed an imidazolate-like character due to strong hydrogen bonding with a nearby 

internal aspartate group (8).  The “pull” effect results from distal side residues that perform 

acid/base catalysis and stabilization of developing negative charge on the heme Fe-bound 

hydrogen peroxide, and these residues aid in “pulling” apart the O – O bond (9).  Although 

the significance of the push-component has been questioned in the commentary by Poulos 

(10), especially in the case for cytochrome c peroxidase (CcP), the concept is regarded as 

important (8, 11-13) in heme proteins that rely on either O2 or H2O2 activation and that lack 

key pull-component residues, such as a distal side histidine.  For example, the “push” effect 

is considered the main driving force in the O2 activation of cytochrome P-450 enzymes 

because of the electron rich proximal thiolate ligand.  In CcP, however, the peroxide (O – O) 

bond cleavage rate in the CcP mutant D235N (14), which has a neutral proximal histidine 

due to the lack of the Asp-His-Fe triad (15), does not differ significantly from the cleavage 

rate in wt-CcP.  On the other hand, a substantial impairment of the rate is observed when the 
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distal histidine is replaced by leucine, CcP(H52L) (14), or when the distal arginine is 

replaced by leucine, CcP(R48L) (14, 16), suggesting that the pull-component in CcP has a 

more important role in the cleavage reaction. 

 Although CcP has been a thoroughly studied model system for peroxidases in terms 

of the “push-pull” effect, studies on globins have been restricted to the “pull” effect (17-19).  

It would be intriguing to examine if an enhanced “push” effect could be engineered into a 

globin through introduction of an Asp-His-Fe triad and to examine the resultant impact on O 

– O bond cleavage rates.  Comparison with the wildtype form of the globin could lead a 

better understanding of the role of the “push” effect. 

 Proximal region aspartate mutation attempts in 3-over-3 globins have so far failed to 

realize the Asp-His-Fe triad.  For example, in the X-ray crystal structures for myoglobins 

possessing the S92D mutation: PDB 1RSE for HHMb (20) and PDB 1H1X for SWMb (19), 

D92 is positioned away from the interior of the protein and these D92 residues are not in 

hydrogen bonding distance to the NδH of their corresponding proximal histidine (H93).  To 

confirm this statement, we have carried out solvent accessibility area (SAA) calculations on 

these PDB entries by the program NACCESS (21), in which it reveals that the D92 residue in 

both of these crystal structures are highly solvent exposed (Table S1A, Supporting 

Information).  Moreover, the nearest carboxylate O-atom (of D92) distance to the proximal 

histidine (H93) Nδ-atom is 6.4 Å in HHMb(S92D), PDB 1RSE, and 5.5 Å in 

SWMb(T67R/S92D), PDB 1H1X, which is too far of a distance to be involved with strong 

(or any) hydrogen bonding with the NδH of H93.  Electrochemical results also reveal that the 

reduction potentials of these mutants are not significantly impacted by having the D92 
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residue (Table S1A) in that region, which is suggestive that D92 is not providing electron 

density to the proximal histidine or iron atom. 

 Another attempt to create an Asp-His-Fe triad in a globin is the Mb(L89D) mutant 

(22).  Although this mutant exhibited a shortened Fe-Nε bond length more typical of 

peroxidases (~1.9 Å versus ~2.1 Å for wild type myoglobin), protein stability and 

purification issues precluded an unambiguous determination of its properties and reactivity.  

As a result, the O – O bond cleavage rate for this mutant remains unknown. 

 In the present effort, we have attempted to investigate the “push” effect in globins 

using DHP as a model system.  In particular, we have sought to engineer an Asp-His-Fe triad 

into the proximal side of the protein and determine its effect on the peroxide cleavage rate.  

The target residue selected for substitution with either an aspartate or a glutamate residue was 

methionine-86, M86 (Scheme 1), which is aligned with S92 of myoglobin in amino acid 

sequence alignments (3).  Furthermore, from inspection of 3-dimensional molecular models, 

it can be seen that M86 in DHP occupies the same spatial position as S92 in Mb.  Three 

mutants were created.  The following study centers on the characterization of the Asp-His-Fe 

triad that was introduced into the DHPA(M86D) mutant and its impact on the rate of O – O 

bond cleavage of H2O2.  The glutamate mutant DHPA(M86E), which did not result in a Glu-

His-Fe triad, is also discussed along with an alanine mutant DHPA(M86A). 

 

Experimental Procedures 

Materials:  2,4,6-trichlorophenol (TCP, 98%), N,N,N’,N’-tetramethyl-p-

phenylenediamine (TMPD, 95%), potassium ferricyanide ([Fe(CN)6]3+, 99+%), phenazine 
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methosulfate (PhMS, 90%), hexaammineruthenium(III) chloride ([Ru(NH3)6]3+, 98%), 

methyl viologen (MV2+, 98%) and all buffer salts (purity ≥ 98%) were purchased from 

Sigma.  Tris(ethylenediamine)ruthenium(II) tetrachlorozincate ([Ru(en)3]2+) was synthesized 

according to the published procedure (23, 24).  All other chemicals, unless specified, were 

purchased from Fisher Scientific. 

Plasmid Preparation and Protein Expression: Oligonucleotide primers for the 

following single-site DHPA mutants were used:  

 

DHPA(M86D):  5’-CGCCAACACACTCGTCCAGGATAAACAGCATTCCAGCCTGA-3’, 

   3’-GCGGTTGTGTGAGCAGGTCCTATTTGTCGTAAGGTCGGACT-5’; 

 

DHPA(M86E):  5’-CCAACACACTCGTCCAGGAGAAACAGCATTCCAGCC-3’, 

 3’-GGTTGTGTGAGCAGGTCCTCTTTGTCGTAAGGTCGG-5’; 

 

DHPA(M86A):  5’-CCAACACACTCGTCCAGGCGAAACAGCATTCCAGCC-3’, 

 3’-GGTTGTGTGAGCAGGTCCGCTTTGTCGTAAGGTCGG-5’. 

 

All primers were purchased from Integrated DNA Technologies, Inc. (Coralville, IA).  The 

QuikChange® II XL Site-Directed Mutagenesis kit (Stratagene) was used on the pET-DHP4R 

plasmid (6) and the thermal cycling settings were arranged in 3 steps: (1) initial step (95 °C, 

1 min), (2) [melt (95 °C, 50 s), anneal (60 °C, 50 s), extension (68 °C, 6 min); 18 cycles], (3) 

final step (68 °C, 7 min).  Each mutant Dpn I-treated DNA was transformed into XL-10 
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Gold® ultracompetent cells in LB broth.  The transformed cells were grown on LB-ampicillin 

agar plates.  Plasmid DNA purification was carried out with the QIAprep Spin Miniprep kit 

(Qiagen) and sequencing was performed at Genewiz, Inc. (South Plainfield, NJ).  Each DHP-

A ds-DNA (vide supra) was transformed into E. coli BL21-Gold(DE3) cells (Stratagene) and 

overexpressed under the same protocol as for wt-DHP A (6).   

Purification of His-tagged wt-DHPA:  His-tagged wt-DHPA was harvested from the 

BL21-Gold(DE3) cells and the cell lysate (in: 50 mM potassium phosphate, 300 mM KCl, 10 

mM imidazole, pH 8.00) was passed through a Ni-NTA (Qiagen) column (1.5 cm x 5 cm bed 

height).  The column-retained his-tagged DHPA was washed with the same buffer followed 

by elution with 50 mM KPB, 300 mM KCl, 250 mM imidazole (pH 8.00) at 4 °C.  DHPA 

was oxidized to the Fe(III) form by addition of excess potassium ferricyanide and dialyzed 

(6-8 kDa MWCO) against 10.0 mM potassium phosphate buffer (KPB) at pH 7.00 and 4 °C 

to remove ferri/ferrocyanide and imdiazole from the Ni-NTA elution.  After centrifuging the 

dialysate at 12,000 rpm for 30 minutes, the supernatant containing the His-DHP A was 

collected and loaded onto a CM-52 carboxymethyl cellulose (Whatman) column (3 cm I.D. x 

6 cm bed height) equilibrated with 10.0 mM KPB (pH 7.00) at 4 °C.  Yellow impurities 

fractions were collected at first by passing the same 10.0 mM KPB buffer through the 

column.  His-DHP A was then flushed from the column by a stepwise change to a 38.0 mM 

KPB (pH 7.00) mobile phase, buffer exchanged into 10.0 mM KPB (pH 7.00), and 

concentrated to ca. 15 mL with an Amicon concentrator equipped with a YM-10 (10 kDa 

MWCO) membrane (Millipore).  His-DHP A was loaded onto a second column identical to 

the first one and eluted with 18.0 mM KPB (pH 7.00). The leading edge of the band was 
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discarded.  SDS-PAGE showed a large improvement in sample purity compared to His-DHP 

A obtained from the Ni-NTA elution. 

Purification of His-tagged DHPA Mutations M86A, M86D and M86E:  

DHPA(M86A) purification was performed in the same manner as wt-DHPA with two 

changes.  Only a single CM-52 column of 1.5 cm I.D. x 8 cm bed height was used along with 

a mobile elution phase of 18.0 mM KPB (pH 7.00) at 4 °C.  DHPA(M86D) and 

DHPA(M86E) were both purified in the same manner as wt-DHPA except that a 5.0 mM 

potassium phosphate buffer (pH 7.00) at 4 °C was used for dialysis, column equilibration and 

first-column mobile phase. 

 Purification of Horse Heart Myoglobin (HHMb):  HHMb, obtained as a 90% pure 

lyophilized powder from Sigma, was purified in a manner similar to that described by 

Taniguchi and co-workers (25).  All procedures (sample dissolution, dialysis, column 

equilibrations, and elutions) were performed at 4 °C using 3.5 mM KPB (pH 7.00) buffer.  

After dissolving and dialyzing the sample, the dialysate was loaded onto a short CM-52 

column (1 cm I.D. x 2 cm bed height).  Elution resulted in a clean separation of HHMb from 

a more strongly retained reddish band that remained at the top of the column.  After 

concentrating the eluate (Amicon Ultra-4, 10 kDa MWCO, Millipore) to a volume of ca. 2 

mL, the sample was loaded onto a longer CM-52 column (1 cm I.D. x 12 cm bed height).   

Subsequent elution resulted in three bands, of which the second band (RZ (A409/A280) = 5.48), 

was retained. 

Purification of Horseradish Peroxidase (HRP): HRP, Type I was purchased from 

Sigma and had an initial RZ (A403/A278) = 1.97.  HRP was purified by the method of Shannon 
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et al. (26) with some modifications.  Procedures for QA-52 chromatography (sample 

dissolution, dialysis, column equilibrations, and elutions) were performed at 4 °C using 5.0 

mM tris-phosphate (pH 8.40) buffer.  Lyophilized HRP was dissolved in the buffer and 

subsequently dialyzed (6-8 kDa MWCO).  The dialysate was concentrated (Amicon Ultra-4, 

10 kDa MWCO) to ~1 mL and loaded onto a column (1 cm I.D. x 6.5 cm bed height) packed 

with the anion exchanger, QA-52 (quaternary amine, Whatman).  Elution resulted in the 

appearance of two bands.  The first fraction to elute, HRP-QA52,F1, was significantly 

broadened and was saved for further purification whereas the strongly retained fraction at the 

top of the column, HRP-QA52,F2, was discarded.  The RZ of HRP-QA52,F1 was 2.77.  

HRP-QA52,F1 was buffer exchanged into a 5.0 mM potassium phosphate (pH 4.40) buffer 

and concentrated (Amicon Ultra-4, 10 kDa MWCO) to ~1 mL.  This buffer was used for all 

procedures involving CM-52 chromatography (column equilibration and elution).  HRP-

QA52,F1 was loaded onto a new column (1 cm I.D. x 8.0 cm bed height) packed with the 

cation exchanger, CM-52, and eluted.  Of the two bands that appeared, the first, HRP-

QA52,F1-CM52,F1 (main band), was saved, whereas the second, which was strongly 

retained at the top of the column, was discarded.  The RZ value of HRP-QA52,F1-CM52,F1 

was 3.02 after a buffer exchange into 100 mM potassium phosphate buffer (pH 7.00). 

Spectroelectrochemistry (SEC) of DHP:  SEC was carried out in an air-tight UV-

visible spectroelectrochemical cell that utilized an optically-transparent thin-layer electrode 

(OTTLE), namely, antimony-tin oxide (ATO; Delta Technologies, Limited).  This cell was 

similar to a previous design (27).  A nominal optical pathlength of 0.1 mm was realized using 

0.1 mm thick Teflon coated fiberglass tape (Small Parts, Inc.).  The ATO electrode was 



 116 

thoroughly cleaned before use by 10 minute successive sonications in 1% (v/v) Contrex™ 

solution (Decon Labs, Inc.), 95% ethanol and twice in deionized water.  The SEC cell was 

stored in a nitrogen filled glovebox (Vacuum Atmospheres Company) at sub ppm water and 

O2 levels for at least eight hours prior to experimentation.  UV-visible spectra were recorded 

with a Hewlett-Packard 8453 spectrophotometer while controlling potentials with a Model 

273A Princeton Applied Research potentiostat.  The SEC cell made use of an Ag/AgCl (sat. 

KCl) reference electrode (Microelectrodes, Inc.) and a platinum wire auxiliary electrode 

(Alfa Aesar).  All potentials reported are referenced to the standard hydrogen electrode 

(SHE).  The electron transfer (ET) mediators TMPD and [Ru(en)3]2+ were used for wt-DHP 

and M86A to facilitate electron transfer between DHP and the electrode, whereas the 

mediator [Ru(Cl)6]3+ was used as the mediator for M86E and M86D.  The ratio of DHP-to-

mediator(s) was 2-to-1.  The concentration of ferric DHP was in the range of 100 – 200 µM.  

Molar absorptivity values used to calculate concentrations were determined by the pyridine 

hemochrome assay (Table 1). 

1H and 13C Paramagnetic NMR Spectroscopy:  Pulsed field NMR experiments were 

performed on a Bruker AVANCE 500 MHz spectrometer (1996) with an Oxford narrow bore 

magnet (1989), Linux host workstation (RedHat) and TOPSPIN 1.3 software (Bruker).  The 

instrument has three frequency channels with wave form memory and an amplitude shaping 

unit that has a three channel gradient control unit (GRASP III).  It is also equipped with a 5 

mm ID 1H/BB (109Ag-31P) triple-axis gradient probe (ID500-5EB, Nalorac Cryogenic Corp.) 

and a single frequency 13C probe (General Electric) adapted to use with the Bruker upper 

stack.  The latter probe has been used for all 13C NMR measurements.  
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 The operational frequencies for the 1H and 13C nuclei were 500.128 and 125.757 

MHz, respectively.  One-dimensional (1D) 1H NMR spectra were obtained by using a 

spectral width of 32 kHz, 32768 (32 k) data points, 256 transients and a water presaturation 

pulse sequence with a power of 55 dB.  The pulse repetition time totaled 2.5 s (2 s relaxation 

time and a 500 ms acquisition time).  The pulse of 10.5 µs was used to acquire the 1H spectra.  

1D 13C NMR spectra were obtained in the analog mode using a spectral width of 200 kHz, 

the zgdc pulse sequence was used with a waltz16 decoupling modulation and 8192 (8 k) data 

points.  The pulse repetition time totaled 95 ms (75 ms relaxation time and a 20 ms 

acquisition time) and an 8 µs pulse was applied to acquire the 13C spectra.  In order to flatten 

the baseline, the DE-pre-scan delay value was increased to 20 μs.  Since the typical heme 

protein sample had a concentration of 1.5 mM, 1 million transients were needed in order to 

obtain a suitable signal-to-noise ratio. 

 The processing parameters used in TOPSPIN 1.3 were 2048 data points, 20 raw data 

points, backwards real linear prediction, a linear prediction coefficient of 32 and an 

exponential function with 1000 Hz line broadening.  To proceed with the linear prediction 

method, the data needed to be converted with digital filters using the “convdta” command. 

 NMR Sample Preparation: The heme protein samples used for NMR experimentation 

were buffer exchanged and concentrated to ca. 600 µL in a 100 mM potassium phosphate 

(pH 7.00) buffer (D2O solvent) using an Amicon Ultra-4, 10 kDa MWCO filter (Millipore).  

To each ferric heme protein sample, 30 µL of 1.0 M isotope-labeled potassium cyanide 

(K13C15N, Cambridge Isotope Laboratories) was added to form the ferric-cyano adduct.  
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Samples were run in a 5 mm NMR tube, TMS was used as an internal standard and all 

spectra were acquired at T=295 K.  

Molecular Weight Determination:  The molecular weights of DHP A and the Met-86 

mutants were determined with a 6210 LC-TOF mass spectrometer using positive-ion 

electrospray ionization, ESI-MS (Agilent Technologies, Santa Clara, CA).  Values are shown 

in Table S2 (supporting information).  Protein samples were in a 50 mM ammonium acetate 

buffer (pH 7.0) and the mobile phase solutions used were 0.1% (v/v) formic acid in water 

solvent and 0.1% (v/v) formic acid in a water:acetonitrile (5:95) mixture (all solvents are 

HPLC grade).  The injection volume was 5 µL and the flow rate was 300 µL/min. 

UV-Visible Spectrophotometric Steady State Activity Assays:  Assays were carried out 

in a 1.0 cm pathlength quartz microcuvette in a Cary 50 UV-visible spectrophotometer 

having a thermostatted cell holder at 25 °C.  Prior to running an assay, a slight excess of 

potassium ferricyanide was added to a heme protein sample so that it would be in the ferric 

oxidation state.  The sample was purified from the ferri/ferro-cyanide species by using a PD-

10 desalting column pre-packed with Sephadex G-25 medium (GE Healthcare).  The protein 

was subsequently concentrated with an Amicon Ultra-4 centrifugal filter having a 10 kDa 

molecular weight cut-off membrane (Millipore).  Concentrations were determined using 

molar absorptivity values shown in Table 1, which also includes the Reinheitzahl values (RZ) 

determined by UV-visible spectroscopy after purification.  The apparent KM and kcat values 

for the heme proteins from various hydrogen peroxide concentrations and a saturated 

concentration of 2,4,6-trichlorophenol (TCP) substrate were calculated from three trials of 

initial rate (νo) rate measurements per H2O2 concentration.  The GraFit program (Erithacus 
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Software) was used to fit the experimental data to the Michaelis-Menten model.  Enzymatic 

activity was assayed with respect to the loss in TCP concentration (λmax: 312 nm).  Each 

reaction mixture had a total volume of 1.0 mL in which the heme protein concentration was 

fixed, the TCP concentration was 150 µM and various H2O2 concentrations were used in a 

100 mM potassium phosphate buffer (pH 7.0). 

Stopped-flow Kinetics:  Stopped-flow kinetics experiments were carried out using a 

Bio-Logic SFM-400 triple mixing stopped-flow instrument linked with a diode array UV-

visible spectrophotometer.  The temperature was maintained at 20 °C with a circulating water 

bath.  Data were collected with the Bio Kinet32 software package (Bio-Logic) for three time 

periods (2.5 ms, 25 ms and 250 ms) where 300 scans were collected in each period.  In a 

typical single-mixing experiment, the ferric DHP mutant (having a final concentration of 10 

µM) was mixed with 2.5 – 25 equivalents of H2O2.  The data were processed as pseudo-first-

order reactions and fit with SVD analysis from 1 – 3 exponential curves (where applicable) 

with the Specfit Global Analysis System software package (Spectrum Software Associates). 

Resonance Raman Spectroscopy (rRaman).  Resonance Raman spectra were obtained 

by Soret band excitation using a Coherent Mira 900 titanium sapphire (Ti:sapphire) laser.  

The Ti:sapphire laser was pumped using a Coherent Verdi 10 frequency doubled diode 

pumped Nd:vanadate laser generating 10 W at 532 nm.  The beam generated from the 

Ti:sapphire is tunable through approximately 700-1000 nm and was sent through a Coherent 

5-050 doubler to generate a normal working range of 400-430 nm for Soret band excitation.  

The beam was collimated and cylindrically focused to a vertical line of ~0.5 mm on the 

sample.  Scattered light was collected with a Spex 1877 triple spectrometer (2400 
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grooves/mm final stage grating) equipped with an ISA SPEX liquid nitrogen-cooled CCD at 

~1.7 cm-1 resolution.  Computer acquisition of the data was accomplished with SpectraMax 

2.0 software.  The spectra were calibrated using known peaks from indene, toluene, and 

carbon tetrachloride standards. 

Crystallization, Structure Determination and Refinement.  In order to crystallize the 

protein, the histidine tag was removed from the 5’-end of the DNA sequences encoding the 

genes of DHPA(M86E) and DHPA(M86D), by using the Quick Change mutagenesis kit.  

The protein was subsequently over-expressed in E. coli, Rosetta (DE3 strain) cells, and 

purified by the procedures established for the purification of wt-DHPA (non-his tagged) (28).  

Each purified protein already had the heme iron in the +3 oxidation state, judging by the 

Soret maximum at 413 nm, and no further oxidation with K3Fe(CN)6  was deemed necessary. 

All crystallizations were carried out at 4 °C using the hanging drop vapor diffusion 

method.  Proteins were buffer exchanged into a 20 mM sodium cacodylate buffer (pH 6.5) at 

the concentration of 8 mg/ml and was mixed with an equal volume of the crystallization 

solution and equilibrated against 600 µl of crystallization solution which contained 0.2 M 

ammonium sulfate and PEG 4000 in the 30-36% (w/v) concentration range.  Each protein 

crystallized in the presence of 20 mM KCN and the crystals appeared after 3 days of 

incubation at 4 °C, whereas no crystals appeared in the presence of KF or in the absence of 

any added ligands (note: DHPA(M86D)-CN required a slightly higher PEG 4000 

concentration than DHPA(M86E)-CN, in which DHPA(M86E)-CN ranged from 30-36%).  

The best diffraction quality DHPA(M86E)-CN crystals grew from 0.2 M ammonium sulfate 

and 32% PEG 4000. The crystals were let to grow for seven days, and were harvested into 
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the mother liquor that was supplemented with 15% of PEG 400 as a cryoprotectant and was 

flash frozen at T=100 K for data collection. 

X-ray diffraction data of the crystals of DHPA(M86E) and DHPA(M86D) were 

collected at T=100 K using a Rigaku RUH3R copper rotating anode generator (λ=1.5418 Å) 

equipped with Osmics optics and a Mar345 image-plate detector.  The data set was collected 

from a single crystal at a crystal to detector distance of 120 mm, using a 1° oscillation range 

and exposure time of 5 min per image.  

 The diffraction data were reduced and scaled using HKL-2000 suite (29).  The 

crystals of DHPA(M86E)-CN and DHPA(M86D)-CN belong to the P212121 space group, just 

as the crystals of the wt-DHPA (metaquo), PDB 2QFK.  The unit cell dimensions of 

DHPA(M86E)-CN are a=58.56 Å, b=67.42 Å, c=67.50 Å and DHPA(M86D)-CN are 

a=60.37 Å, b=67.50 Å, c=68.04 Å, which are both very close to the unit cell dimensions of 

the wt-DHPA (metaquo) crystals (28).  The crystals diffracted at a resolution of 1.72 Å for 

DHPA(M86E)-CN and at a resolution of 2.21 Å for DHPA(M86D)-CN. 

The structures of these two mutants were determined by molecular replacement with 

Phaser (30) using the metaquo structure of wt-DHPA (PDB 2QFK) (28) as a search model.  

Cycles of the refinement and the map calculations were carried out with refmac5 from CCP4 

suite of programs (31), iterated with the model building using the Coot program (32).  The 

final model of DHPA(M86E)-CN was refined to an R factor of 18.4% (Rfree 24.3%), and 

contained two protein molecules with 94.8% of residues in the most favored regions of the 

Ramachandran plot, with the remaining 5.2% in the allowed regions.  DHPA(M86D)-CN 

was refined to an R factor of 23.0% (Rfree 29.3%), and contained two protein molecules with 
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95.2% of residues in the most favored regions of the Ramachandran plot, with the remaining 

4.8% in the allowed regions.  The data collection and refinement statistics are provided in 

Table 2. 

 

Results 

UV-Visible Spectroscopy: The UV-visible spectra (pH 7) for the ferric mutant forms 

of DHPA (M86A, M86E and M86D) are shown in Figure 1.  The Soret band follows a red-

shift pattern with wavelengths M86D > M86E > M86A > wt.  Table 1 lists the ferric 

wavelength maxima for the DHP species as well as HHMb and HRP-type I.  With respect to 

the visible band region that involves charge transfer (CT) bands and α/β bands, the 

DHPA(M86E) and DHPA(M86A) mutants are more similar to wt-DHPA than to 

DHPA(M86D), which exhibits only the α/β bands.  M86D is the only one of the three 

mutations that results in loss of the charge transfer bands (i.e. CT1 and CT2).  The molar 

absorptivities of  wt-DHPA and DHPA(M86A) are similar, whereas those for DHPA(M86E) 

and DHPA(M86D) are approximately 10 mM-1 cm-1 higher. 

 A UV-visible spectrum of the DHPA(M86D) mutant in the presence of excess 

cyanide ion is compared to the cyanide-free spectrum in Figure S1 of the Supporting 

Information.  The cyanide bound form, DHPA(M86D)-CN  exhibits a Soret wavelength 

maximum similar to that of wt-DHPA (33).  These spectra demonstrate that cyanide binds to 

DHPA(M86D) and that this mutant has Q-band features consistent with 6cLS conformation 

as described by Dunford (34). 
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 The pH dependence of the UV-visible spectroscopy of DHPA(M86D) was carried out 

over the pH range from 4 – 8 (Table S3, Supporting Information).  This study, which was 

undertaken after it was determined that this mutant was 6c, was designed to aid in identifying 

the sixth ligand.  Since wt-DHPA is a 6cHS/5cHS mixture, where the sixth ligand is a water 

molecule, by increasing the pH an acid/alkaline transition can be observed.  Between pH 7 

and 8 shows the changes in the visible bands where a water molecule bound gives rise to 

charge transfer bands; however, at higher pH where there is the hydroxide anion, the charge 

transfer bands start to lose absorbance and there is an increase in absorbance shown in the 

α/β bands.  This occurs due to an increase in the population of the 6cLS species.  By 

comparing wt-DHPA to DHPA(M86D), changes in pH did not change the α/β bands, 

indicating that the sixth ligand is not the hydroxide anion.  If it were the hydroxide anion, 

there should be an acid/alkaline transition observed in this pH range.  Wt-DHPA in the 

presence of imidazole was also compared to DHPA(M86D) in the presence of imidazole.  If 

the sixth ligand is the distal histidine, the UV-visible spectrum of wt-DHPA with imidazole 

bound should resemble the spectrum of DHPA(M86D) at that pH where it binds.  In this 

example, wt-DHPA at pH 8 in the presence of imidazole appears to bind imidazole as the 

sixth ligand (last row of Table S3).  The wavelength maxima of the α/β bands are identical to 

that of DHPA(M86D) in the presence and absence of imidazole at pH 8.0. 

UV-Visible Spectroelectrochemistry (SEC):  The anaerobic Fe(III)/Fe(II) formal 

reduction potentials at pH 7.0 and 25 °C for the DHP A Met-86 mutants are listed in Table 3.  

The DHPA(M86A) mutant (E°’ = 200 mV) has a similar value to the wildtype (E°’ = 204 

mV); however, the DHPA(M86E) and DHPA(M86D) mutants had significantly lower values 
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of 112 and 76 mV vs. SHE, respectively.  Figure 2A displays representative SEC spectra 

obtained at various applied potentials (EAPP) for DHPA(M86D).  These spectra can be used 

to obtain the equilibrium concentrations of the oxidized (ferric, 413 nm) and reduced 

(deoxyferrous, 432 nm) forms DHP.  The resultant Nernst plot shown in Figure 2B has a 

slope of 59.9 mV, which corresponds to an n=1 redox reaction. 

Paramagnetic 1H and 13C NMR Spectroscopy:  1H and 13C NMR spectra of the 

13C15N-labeled cyanide-bound ferric forms of the proteins wt-DHPA, DHP A (M86 mutants), 

HHMb and HRP-type I were collected at pH 7.0 and 25 °C.  Figures 3A and 3B show the 13C 

NMR spectra that were obtained.  Our 1H NMR results (not shown) were in good agreement 

with previously published spectra for the metcyano forms of HRP at pH 7.6 (35), SWMb at 

pH 8.6 (36) and wt-DHPA at pH 7.0 (37).  13C NMR spectra obtained for HHMb (-4183 

ppm) and HRP-I (-3612 ppm) were also in good agreement with reports by Fujii and Yoshida 

(38).  Wt-DHPA exhibits a 13C NMR paramagnetic shift of -4211 ppm with respect to 

trimethylsilane (TMS).  Downfield shifts (relative to wildtype) of 59 and 131 ppm were 

observed for Fe(III)-13CN forms of DHPA(M86E) and DHPA(M86D), respectively (Table 

3), while a smaller upfield shift of 15 ppm was observed for the DHPA(M86A) mutant. 

Steady-State Activity:  The activity of wt-DHPA, the M86 mutants, HHMb and HRP-

type I were assayed at pH 7.0 and 25 °C (Table 4).  HHMb was found to have ~10% of the 

wt-DHPA activity for TCP conversion to DCQ, compared to 2869% activity for HRP-I 

(based on the kcat parameter).  This confirms an earlier study (6) of wt-DHPA steady-state 

activity for 2,4,6-tribromophenol (TBP) at pH 5.0 that found myoglobin to be 1-order of 

magnitude less active than DHP and for DHP to be 1-order of magnitude less active than 
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HRP.  The percent wildtype activity of the DHPA(M86D) mutant (213%) is slightly higher 

than DHPA(M86E) (159%) and DHPA(M86A) (154%); however, the KM for H2O2 is much 

higher for DHPA(M86D) (200 µM) than for DHPA(M86E) (60 µM), DHPA(M86A) (50 

µM) or wt-DHPA (23 µM).  Also, the KM observed in HHMb is the same as that of 

DHPA(M86D), which confirms the significant impairment of H2O2 reactivity in these two 

proteins.  Values obtained for the efficiency parameter (kcat/KM) reveal that wt-DHPA has a 

higher efficiency than all the M86 mutants studied here, even though its percent activity is 

lower. 

Stopped-flow Kinetics:  A typical stopped-flow trial is shown in Figure 4 for 

DHPA(M86E).  Values of the observed rate constant (kobs) for O – O bond cleavage of iron-

bound hydrogen peroxide are listed for wt-DHPA and for 2 of the 3 M86 mutants (M86A and 

M86E) in Table 3.  O – O bond cleavage is significantly impaired as a result of these two 

mutations.  The kobs value for DHPA(M86A) is four times lower than the wildtype whereas 

DHPA(M86E) is lower by 1-order of magnitude.  A kobs value was not determined for 

DHPA(M86D) because full formation of the Fe(IV)-oxo intermediate (as monitored by the 

Soret band shift) could not be attained when mixing in H2O2 levels as high as 1000 

equivalents (results not shown).  Upon mixing in 10,000 equivalents of H2O2, however, the 

Fe(IV)-oxo did, in fact, fully form (Soret band red shifted from 413 to 418 nm) but the 

protein rapidly denatured due to the high concentration of peroxide (see Figure 5).   

The Fe(IV)-oxo species that was initially observed upon mixing H2O2 with the M86 

mutants (e.g., see Figure 4 B/C, red traces) are most likely the Compound ES or the 

Compound II species.  Compound I, which is characterized by a major hypochromic shift in 
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the Soret band (34), was not observed on the time scale of these experiments.  A second 

species that formed at longer times for DHPA(M86A) and DHPA(M86E) (e.g., see Figure 4 

C, blue trace)is most likely the reversible-heme compound (Compound RH) based on the 

similarity of their absorption spectra to the spectrum reported Compound RH in wt-DHPA 

(7).   

 Resonance Raman (rRaman) Spectroscopy: rRaman spectra for Fe(III) DHPA(M86D) 

in the presence and absence of excess cyanide ion are shown in Figure 6.  DHPA(M86D)-CN 

exhibits peaks that are characteristic of hexa-coordinate low-spin (6cLS) modes, such as ν3 

(1505 cm-1), ν2 (1582 cm-1), νC=C (1620 cm-1) and ν10 (1638 cm-1) (39, 40).  The cyano form 

of wt-DHPA has previously been reported for the ν3 (1502 cm-1) and ν2 (1582 cm-1) modes, 

which are consistent with our results for this Fe(III)-cyano mutant (33, 41).  The rRaman 

spectrum observed for DHPA(M86D) in the absence of cyanide ion is similar to the 

DHPA(M86D)-CN spectrum; however, it differs by the νC=C and ν10 modes, which are 

coalesced as one unresolved peak (1629 cm-1), rather than being observed as the 1620 cm-1 

(νC=C) and 1638 cm-1 (ν10) modes.  This finding is reminiscent of the CcP(H181G) mutant at 

pH 7, in which it was assigned as a bis-histidyl complex (40).  Although cyanide-free and 

cyanide-bound DHPA(M86D) rRaman spectra are similar, their UV-visible spectra are not 

(Figure S1, Supporting Information), which indicates that the DHPA(M86D) is a 6cLS 

species and that cyanide is capable of displacing its sixth ligand.  The UV-visible spectrum 

for DHPA(M86D)-CN is similar to the wt-DHPA (metcyano form) (33, 41), which confirms 

that cyanide is bound to DHPA(M86D) and it reveals that the nature of the sixth ligand in 

DHPA(M86D) is strong field and internal. 
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 X-ray Crystallography and Solvent Accessibility Area: The overall crystallographic 

structures of the M86 mutants are similar to the wt-DHPA 2QFK crystal structure.  

Significant changes were, however, observed in the proximal region.  The proximal region 

structure of DHPA(M86D) (Figure 7A) is considerably different than that observed in wt-

DHPA and DHPA(M86E).  For example, in both the wildtype and DHPA(M86E), the 

peptide carbonyl (L83) O-atom and the NδH of H89 are in good hydrogen bonding distance 

(H89(ND1) to carbonyl O-atom (L83) distance is 2.8 Å in DHPA(M86E), and 3.0 Å in wt-

DHPA, PDB 2QFK, for the A-Chains).  Furthermore, the nearest carboxylate O-atom on 

glutamate-86 to the H89, ND1 atom, in DHPA(M86E), is 3.5 Å (Figure 7B), which most 

likely has a very weak hydrogen bonding interaction to the NδH of H89.  On the other hand, 

the hydrogen bond from H89 to L83 has weakened DHPA(M86D) (distance of 3.6 Å) and a 

new hydrogen bond interaction between aspartate-86 and the NδH of H89 has formed (the 

closest carboxylate O-atom of D86 to the H89, ND1 is 2.8 Å), see Figure 7A. 

 Solvent accessibility area calculations for residue 86 in both DHPA(M86D) and 

DHPA(M86E) reveal that the carboxylate component is partially solvent exposed.  One of 

the carboxylate O-atoms shows solvent exposure whereas the other O-atom is solvent 

restricted (Table S1A, Supporting Information). 

 

Discussion 

Of interest in this study was to determine the feasibility of introducing an Asp-His-Fe 

triad into the proximal side region of DHP with initial objectives of gaining insight into (a) 

how an increased “push” effect in a 3/3-globin could modulate the O – O bond cleavage rate 
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of an iron-bound H2O2 by being compared to its wildtype form, in which globins generally 

have bimolecular rate constants close in value to k = 7.7 x 102 M-1 s-1 as is determined for 

SWMb (19).  And, (b) determining if a mutation of this type could enhance the rate to be 

closer to that of a typical peroxidase such as HRP ( k = 1.7 x 107 M-1 s-1 (42)).  Our study 

achieved partial success.  Although an Asp-His-Fe triad was successfully installed for the 

DHPA(M86D) mutant, the Fe(III) resting state of this protein was determined to be a 6cLS 

species with inhibited peroxidase activity.  The distal histidine (H55) occupies the sixth 

ligand position, and the Km for H2O2 was observed to be much greater than that of wt-DHPA 

in both steady-state assays and stopped-flow kinetics experiments.  Thus, the H55 residue, 

which plays a unique and critical role in DHP’s catalytic activity and its redox 

thermodynamic properties, was again a critical residue in the current studies although not in a 

manner that was anticipated. 

Evidence of a Neutral Proximal Histidine in Wildtype DHP.  To elucidate the role of 

the “push” effect in a heme protein with histidine as the proximal ligand, one would typically 

seek to compare O – O bond cleavage rates for the wildtype protein to those for a proximal 

side mutant.  An example in a peroxidase model system is CcP.  The proximal histidine of 

wt-CcP has anionic, histidinate-like character due to the influence of the aspartate in the 

Asp235-His-Fe triad; however, the mutant CcP(D235N), which lacks the catalytic triad, 

features a proximal histidine ligand of neutral character (14).  Therefore, a decreased rate of 

O – O bond cleavage in a case like this could arguably be assigned largely to a lessening of 

the “push” effect. 
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To carry out a study of this type for a globin model system, the opposite situation 

would be desirable, namely, the conversion of a proximal histidine of neutral character to one 

of histidinate character via introduction of an internal carboxylate that hydrogen bonds to the 

histidine.  Although wild type globins feature proximal histidine ligands of neutral character, 

the situation for DHPA has been less clear.  An earlier low-frequency rRaman study reported  

a 233 cm-1 frequency for the Fe-NHis out-of-plane mode for the Fe(II) oxidation state of DHP 

at pH 5.0 (43), which was suggestive of some histidinate character in the proximal ligand.  

This frequency was intermediate between the 240 cm-1 values characteristic of peroxidases 

(histidinate) and the 220 cm-1 values characteristic of globins (neutral histidine).   

 The NMR results obtained in the present work on the ferric cyano forms of DHP and 

other heme proteins are more consistent with a neutral histidine character for wild type DHP.   

In Figure 3A, HHMb and HRP were examined for their 13C resonances of an iron-bound 

13CN ligand.  Since these values agree well to values published by Fujii (38, 44), the new 

resonance value determined for wt-DHPA is closer to globin behavior than to peroxidase.   

Peroxidase resonances are typically observed at approximately -3500 ppm, whereas globins 

are observed further upfield at approximately -4200 ppm.  This difference has been attributed 

to the anionic vs neutral characters exhibited by the proximal histidine.  Since the wt-DHPA-

13CN resonance falls at -4211 ppm at pH 7.0, we conclude that the proximal histidine is 

similar to globins and thus has neutral character.  Turning to a related point, it has been 

speculated (3) that the role of methionine-86 in wt-DHPA may contribute to a push effect via 

one of the lone pairs of electrons on the M86 sulfur atom, which could interact with H89 by 

charge transfer.  However, the DHPA(M86A) mutation, which removes this possible 
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interaction, gave rise to only a minor change in 13C NMR properties.  Therefore, we conclude 

that the M86 does not have a significant role with regard to controlling the electronic state of 

the proximal histidine in DHP. 

Characterization of the Asp-His-Fe Triad in DHPA(M86D).  Replacement of 

methionine-86 with aspartate does lead to the formation of an Asp-His-Fe triad in DHP as 

evidenced by X-ray crystallography (Figure 7A).  Thus, more anionic character would be 

expected for the H89 imidazole of this mutant compared wild type DHP.  The impact of this 

mutation on the properties of the protein were evaluated using electrochemistry and 13C 

paramagnetic NMR of Fe(III)-bound 13CN. 

 (i) Electrochemistry.  The formal reduction potential observed for DHPA(M86D), E°’ 

= +0.076 ± 0.005 V (Table 3) is substantially shifted in a negative direction from that of wt-

DHPA, E°’ = +0.204 ± 0.005 V (45).  This difference in potential can be accounted for by 

two Gibbs free energy terms, namely, solvent-restricted internal electrostatic interactions 

(ΔGint) and Fe bonding interactions (ΔGcen).  The ΔGint term represents the difference in free 

energy arising from electrostatic interactions between the redox center charge and any buried 

charge residues within the protein interior.  Changes in the ΔGcen term reflect changes to the 

bonding interactions at the redox center (45-47). 

Since M86 in wt-DHPA is near the heme iron and is a polar neutral amino acid, 

replacement by a negatively charged residue such as aspartate would be predicted to cause a 

negative shift in reduction potential on the basis of charge stabilization (48).  The net charge 

of the heme in the Fe(III) oxidation state is +1.  Thus, introduction of a buried negative 

charge in the vicinity of the heme would electrostatically stabilize the Fe(III) state with 
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respect to the uncharged Fe(II) state, leading to a lowering of the reduction potential.  In the 

horse heart myoglobin (HHMb) S92D mutation, which is similar to DHPA(M86D), the X-

ray crystal structure (PDB 1RSE) reveals that the D92 residue is not located in the interior of 

the protein but rather at the protein surface.  The result of this mutation on the HHMb 

reduction potential was found to be minor (i.e., ΔE°’ = 8 mV) (20).  For this situation, it is 

likely that ΔGint = 0.  Solvent accessibility area calculations (Table S1A, Supporting 

Information) confirm that the negative charge on D92 in the HHMb S92D mutant is highly 

solvent exposed.  The Gibbs free energy change due to the S92D mutant of HHMb is best 

considered as a surface charge effect (ΔGsurf), which is generally a weak effect to no more 

than ~10 mV (45, 46).  This example is important to highlight because our aspartate-mutated 

globin might have some Gibbs free energy contribution due to internal charge stabilization, 

similar in the electrochemical behavior that was observed in the distal side myoglobin 

aspartate mutants reported by Boxer (i.e., a negative shift in reduction potential) (48).  

However, the internal electrostatic impact may not be very substantial since the internal 

charge is found at a distance of ca. 6 Å from the heme iron, which is the case for aspartate 

residues in an Asp-His-Fe triad in peroxidases (see Table S1B, the second column from the 

right shows carboxylate O-atom distances of proximal region aspartates in peroxidases).  For 

example, in cytochrome b5, it was proposed (49) that the 7-heme propionate (7-HP) could 

form a unique salt bridge with the heme iron in the +3 state and this coulombic interaction 

would be at an approximate 6 Å distance.  Since then, various groups have tested the role of 

this salt bridge on reduction potential and there exists both conflicting (50) and supportive 

(51) results on this hypothesis.   
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It is plausible that modulation of the oxidation/reduction potential due to an internal 

salt bridge interaction could be significant; however, Goodin and McRee (52) concluded that 

for CcP, changes in iron bonding interactions (ΔGcen) had much greater influence on the 

reduction potential than the introduction of a ΔGint interaction due to a charge that is ~6 to 7 

Å removed from the iron site.  They showed that the -183 mV vs SHE reduction potential of 

wt-CcP undergoes a positive shift to -78 mV as a result of the D235A mutation, which 

removes the negative charge and disrupts the Asp-His interaction.  Replacement of aspartate 

by glutamate, the D235E mutation, retains the internal negative charge but not in exactly the 

same location.  The glutamate negative charge is buried (we have confirmed this by 

NACCESS results of the carboxylate O-atoms, see Table S1B, Supporting Information) and 

is located a similar distance from the iron site as the aspartate negative charge in wt-CcP (O-

atom to Fe distance is ~6.6 – 7.1 Å).  Replacement of aspartate by glutamate resulted in a 

positive shift in reduction potential but of less magnitude (to -113 mV) than that seen for 

carboxylate removal in the D235A mutation.  These authors proposed a mechanism for redox 

control based on metal-ligand covalency involving the proximal histidine.  The wildtype 

form has better hydrogen bonding between the aspartate and the proximal histidine, which 

strengthens the Fe-N bond (i.e. giving rise to increased metal-ligand covalency).  In the case 

of CcP(D235E) it was proposed that poorer hydrogen bonding due non-optimal interaction 

angles resulted in decreased metal-ligand covalency. 

 In the case of DHPA(M86D), the hydrogen bonding angle for the O-atom that is not 

solvent exposed and is closer to the ND1 of H89 is close to 120° (Figure 7A).  This structural 

observation is consistent with stronger metal-ligand covalency compared to wt-DHPA, and 
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may explain the large negative shift observed for the reduction potential (i.e. from 204 mV to 

76 mV).  Also, this view is supported by 13C NMR data, which is discussed below.  

 There is a second potential Gibbs free energy contribution arising from a bonding 

effect (ΔGcen) that may contribute to the negative potential shift observed for DHPA(M86D).  

The UV-visible spectra (Table 1) and resonance Raman data (Figure 6) reveal that H55 is 

coordinated to the ferric heme iron to form a 6cLS species.  In wt-DHPA, the ferric form is 

observed as a 60/40 mixture of 6cHS (water molecule bound) / 5cHS (vacant) (53).  In a 

study that examined differences in reduction potentials due to hexa-coordinated species, for 

which the sixth ligand was either weak field (e.g. water) or strong field (e.g. cyanide ion),  it 

was found that strong field ligands result in lower reduction potentials (54). 

 Since DHPA(M86D) is a ferric hemochrome species as opposed to a hemochrome, 

namely, in the Fe(II) state H55 is not bound (e.g. this is evidenced by the UV-visible spectra 

from spectroelectrochemistry of the deoxyferrous Soret band being at 432 nm, see Figure 

2A), there is stronger stabilization of the Fe(III) state based on the bonding to the iron from 

sixth ligand interactions. 

 (ii) Paramagnetic Carbon-13 NMR Spectroscopy of  13CN-Ligated Heme Iron.  To 

aid in the characterization of an Asp-His-Fe triad in DHPA(M86D), carbon-13 paramagnetic 

NMR spectroscopy of heme iron-bound 13CN was undertaken due to its ability to probe for 

“push” effects (38, 44, 55, 56).  With a 13C-labeled cyanide molecule bound to the heme iron 

in the Fe(III) state, the carbon-13 resonance will be much different for a histidine-ligated 

heme protein that has neutral histidine-like character versus one having histidinate-like 

character.  The difference in the NMR shift has been shown to range from -3500 to -4200 
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ppm from TMS for the peroxidases and globins (38, 56).  The globin family generally has 

values found in the far upfield region (-4200 ppm) while peroxidases are generally found 

downfield (-3500 ppm) from them.  Although this is a range of 700 ppm, it was recently 

shown (56) that by disrupting the Asp-His-Fe triad in cytochrome c peroxidase with the 

proximal region mutants CcP(D235N) and CcP(D235A), the 13C NMR shift was observed 

upfield by -151 and -221 ppm from the wildtype, respectively.  Nonaka et al. (56) speculated 

that because a large 13C NMR chemical shift range between globins and peroxidases exists 

even when the Asp-His-Fe triad is removed in CcP, peroxidases may have a higher intrinsic 

“push” effect than globins based on the differential location of the proximal histidine on the 

helix in these two families of proteins.  For example, peroxidases have the proximal histidine 

positioned farther from the heme than in globins, which makes the His-Fe interaction more 

rigid and, as a result, gives rise to a stronger “push” effect for peroxidases. 

Table 3 shows that DHPA(M86D) is shifted downfield by +131 ppm from wt-DHPA, 

which indicates that D86 gives rise to more electron density on the heme iron (increased 

“push” effect), but certainly not as downfield as is observed in a peroxidase.  This result is 

consistent with the proximal region CcP mutants in the study by Nonaka et al. (56) on two 

counts, first, the direction of the 13C NMR shift is opposite and, second, the magnitude of the 

shift is relatively the same.  Also, DHPA(M86E) shifts downfield from wt-DHPA by +59 

ppm (Table 3), which indicates that there is some increase in the electron density on the 

heme iron. 
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The Asp-His-Fe Triad of DHPA(M86D) Results in a 6cLS Species that is Inhibitory to 

H2O2 Activation.  The presence of the Asp-His-Fe triad in the DHPA(M86D) mutant causes a 

deleterious effect on the reaction with H2O2 at physiological conditions.  Stopped-flow 

kinetics experiments were incapable of producing the oxo-ferryl intermediate at low 

hydrogen peroxide concentrations.  This observation is likely due to the inhibitory effect of 

the distal histidine H55, which bonds to the iron at the sixth position.   

The UV-visible spectrum of DHPA(M86D) reveals only α/β bands in the Q-band 

region and this observation is much different than for wt-DHPA, which has primarily CT 

bands at pH 7 (Table 1).  This type of spectrum is usually characteristic of a 6cLS species 

(34).  Resonance Raman spectroscopy reveals that DHPA(M86D) is a 6cLS species and was 

detected as the primary species in the ν3 mode, 1505 cm-1 (Figure 6).  UV-visible 

spectroscopy also aids in determining that this is a 6cLS species because by the addition of 

excess potassium cyanide, the typical ferric-cyano complex forms (Figure S1 in Supporting 

Information) and a rRaman spectrum was recorded to verify the ν3 mode at 1505 cm-1 as a 

control.  In both rRaman spectra for the cyanide bound and unbound case to DHPA(M86D), 

a 6cLS species is indicated, but the UV-visible spectra shows that the internal ligand is 

displaced in the presence of cyanide because a characteristic DHP Fe(III)-cyano UV-visible 

spectrum is observed (33).  The 13C-NMR is also proof that the internal ligand is displaced; 

otherwise, the 13C signal would not have appeared.  If the sixth ligand of the 6cLS species 

was a hydroxide anion, by lowering the pH and recording the UV-visible spectra (Table S3, 

Supporting Information), there would be the expectation of an acid-alkaline transition, in 

which there was not; however, for wt-DHPA, this transition is observed between pH 7 – 8 
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(Table S3, Supporting Information).  From pH 4 – 8, DHPA(M86D) always exhibits the 

same α/β bands as was shown for pH 7.  There are not many possibilities for an internal sixth 

ligand that is strong field in nature.  For example, the distance between the Nε of H55 to the 

Fe-atom of the heme ranges from 4.5 – 5.5 Å from the heme iron in the 2QFK and 1EW6 

crystal structures (in both subunits) and the O-atom in Y38 to the Fe-atom of the heme is 

approximately 9 Å in distance.  There is also the possibility of a water molecule that may 

become strongly hydrogen bonded by one of its protons to the Nε-atom in H55, in this 

scenario, the O-atom of the water molecule takes on a partial negative charge while the 

hydrogen takes on a partial positive charge, and, this would result in a 6cLS species.  Y38 is 

too far away to have any type of interaction; however, H55 must be involved in some respect 

(vide infra). 

 Hydrogen peroxide activation in DHPA(M86D) is substantially affected by the 6cLS 

species.  For example, in single-mixing stopped-flow kinetics experiments, the formation of 

the oxo-ferryl species (either Cpd ES or Cpd II) for this mutant was achieved when the H2O2 

concentration, at minimum, was at 1,000 equivalents.  On the other hand, wt-DHPA requires 

only 10 equivalents of H2O2 to yield the Cpd ES intermediate.  The failure of the 

DHPA(M86D) mutant to yield any oxo-ferryl intermediate at equivalents recorded < 1,000 

arises from the inhibition by the internal 6cLS species.  Scheme 2 shows the reaction where 

H2O2 will bind to the ferric heme iron, once the H55 residue displaces, but this only happens 

when the concentration of H2O2 is high enough to cause the equilibrium to change. 

Identity of the Sixth Ligand and the Factors Involved in its Formation.  We propose 

that the distal histidine (H55) is coordinating to the iron atom in DHPA(M86D), forming a 
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6cLS species. In the closed conformation of wild type DHPA, H55 is positioned 4.5 Å away 

from the iron site ( 2QFK structure, B-chain).  The hydrogen bond interaction from D86 to 

the NδH of H89 possibly causes the heme Fe-atom to move closer to H55 due to a 

conformational change in the active site.  Depending on the extent of conformational change 

in the heme crevice, the identity of the sixth ligand is most likely H55.  The rRaman also 

suggests that H55 is the sixth ligand because DHPA(M86D) is very similar to the spectrum 

taken for a CcP variant that was assigned as a ferric hemochrome, CcP(H181G) (40).  The 

main modes in the DHPA(M86D) spectrum that make this characteristic of a bis-histidyl 

complex are the ν3, ν2, νC=C and ν10 modes.  Also, the ν28 and ν38 modes have appeared in bis-

histidyl 6cLS model compounds (39) and we observe these modes here as well. 

The sixth ligand in DHPA(M86D) does not appear to be a strongly hydrogen bonded 

water molecule because this type of ligand should have the characteristics of a hydroxide 

anion.  In a previous work by Smulevich et al. (40), (see their Table 1), the hydroxide anion 

sixth ligand in various heme proteins exhibit α/β bands in the UV-visible spectrum that differ 

significantly in wavelength maxima for the α/β bands of a cytochrome c peroxidase mutant, 

CcP(H181G), and the α/β bands wavelength maxima of DHPA(M86D) are consistent to 

CcP(H181G).  However, in order to test this hypothesis, that the sixth ligand is truly not the 

water molecule, the pH should be raised as high as pH 11, so that if this water molecule were 

bound, an acid/alkaline transition would occur.  Unfortunately our data only covers the pH 

range from 4 – 8 (Table S3, Supporting Information). 
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Implications of an Asp-His-Fe Triad in a Globin.  We have found that the installation 

of an Asp-His-Fe triad in DHP via the M86D mutation results in a ferric hemochrome (bis-

histidine complex).   Some conformational change would be expected due to the introduction 

of a negative charge from D86 in the nonpolar proximal region.  As a consequence, we 

believe that the heme may move closer to H55 due to steric interactions and inner sphere 

coordination can take place.  In globins, the distal histidine is fairly near the heme iron, 

however, there is no coordination (i.e. globins are generally 6cHS having a water molecule as 

the sixth ligand).  Their structure in the active site is fine tuned not to adopt the bis-histidine 

complex. 

Nature does not place Asp(Glu)-His-Fe triads into 3-over-3 globins that have the 

distal histidine present because their active sites are generally nonpolar regions and the distal 

histidines in globins are fairly close to the iron to stabilize dioxygen and water molecules.  

On the other hand, peroxidases have polar active sites with distal histidines positioned further 

from the iron (5.5 – 6.0 Å) and optimized to function as an acid/base catalyst.  Thus, any 

hexa-coordination of a low-spin inhibitory complex is not expected in peroxidases.  This 

study brings further insight into the structure of a globin by demonstrating that introduction 

of more “push” effect can result in a fully inoperable peroxidase heme enzyme. 

 

Conclusions 

 Globins with the 3/3 helix fold may not be able to function as a peroxidase if an Asp-

His-Fe triad is made by a site-directed mutant as has been shown for DHPA(M86D).  Since it 

has been experimentally difficult to find a globin model system for the “push” effect due to 



 139 

trouble of establishing the Asp-His-Fe triad, we show that triad is made possible in DHP, 

and, it is also a stable protein mutant.  However, due to the formation of the 6cLS species 

(we propose that it is a ferric hemochrome based on both UV-visible and rRaman 

spectroscopy) as a consequence of the triad, we were unable to determine how the “push” 

effect can affect the rate of O – O bond cleavage in a 3/3 globin because the sixth ligand, 

H55, acts as a strong inhibitor to peroxide binding.  The study further clarifies why the Nε of 

the distal histidine in peroxidases is generally found between 5.5 – 6.0 Å from the heme iron 

(17).  This positioning appears to be strategic for two main reasons, where the first reason our 

study helps support, 1) the far distance from the iron aids in precluding the formation of a 

6cLS species, and thus, that helps explain why the peroxidases are generally observed to be 

5cHS species in the Fe(III) state.  And, 2) the distal histidine in peroxidases can act as both 

an acid/base catalyst, as opposed to globins, in which it acts as principally a base catalyst 

(17).  The distal histidine in 3/3 globins have their Nε-atom positioned much closer to the 

iron atom, 4.1 – 4.6 Å, and therefore the positioning is not strategic for peroxidase reactivity.  

By engineering in only one peroxidase attribute into a globin, such as the proximal aspartate 

in DHP, reveals that other mutations would have to be made in order for the protein to adopt 

well tuned peroxidase reactivity toward H2O2.
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Figure 1.  UV-visible spectra of the DHP Met-86 mutants: DHPA(M86A) (blue), 

DHPA(M86E) (red) and DHPA(M86D) (black). 
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Figure 2.  UV-visible thin-layer spectroelectrochemical plot for (A) DHPA(M86D) in 100 

mM potassium phosphate, pH 7.0, 25 °C; mediator: [Ru(NH3)6]3+.  Applied potentials (EAPP 

vs SHE): (a) -0.303 V, (b) -0.013 V, (c) +0.007 V, (d) +0.027 V, (e) +0.047 V, (f) +0.067 V, 

(g) +0.087 V, (h) +0.117 V and (i) +0.197 V.  (B) The corresponding Nernst plot. 
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Figure 3.  13C paramagnetic NMR spectra of C-13 labeled cyanide bound to the heme iron of 

(A) heme proteins: (a) wt-DHPA, (b) HHMb, (c) HRP and (B) the methionine-86 mutants of 

DHP: (a) wt-DHPA, (b) DHPA(M86A), (c) DHPA(M86E) and (d) DHPA(M86D). 
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Figure 4.  Single-mixing stopped-flow kinetics of the DHPA(M86E) mutant with hydrogen 

peroxide. (A) Overview of spectra collected in an 80 s time span, which depicts the 

progression of various intermediates formed after the addition of H2O2.  (B) UV-visible 

spectral identification of the DHPA(M86E) ferric resting state (black), an oxo-ferryl species 

(red) and the putative Compound RH species (blue).  (C) The change in concentration of the 

DHPA(M86E) species within this time span. 
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Figure 5.  UV-visible single-mixing stopped-flow kinetics of DHPA(M86D) exposed to 

10000 equivalents of hydrogen peroxide in 100 mM potassium phosphate at pH 7.0.  (A) In 

this 80 s time course, the mutant is shown to red-shift from 413 nm (ferric hemochrome) to 

418 nm (putative Cpd ES) and (B) the UV-visible spectra are shown for these two species: 

ferric hemochrome (black) and putative Cpd ES (red).  
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Figure 6.  Resonance Raman spectra of the (A) Fe(III) DHPA(M86D) (metcyano form) and 

(B) Fe(III) DHPA(M86D). 
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Figure 7.  Proximal region views of the X-ray crystal structures for Fe(III) cyanide adducts of 

(A) DHPA(M86D) and (B) DHPA(M86E). 
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Tables 

 

 

 

Table 1.  Ferric Soret band wavelength maxima for various heme proteins with their 

corresponding molar absorptivity values determined by the pyridine hemochrome assay in 

100 mM potassium phosphate buffer, pH 7.0. 

 

aref. Feducia et al. (2009) Biochemistry 48, 995-1005. 
bref. Osborne et al. (2006) J. Inorg. Biochem. 100, 1100-1108. 
cref. Shannon et al. (1966) J. Biol. Chem. 241, 2166-2172. 
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Table 2.  X-ray crystal structure data collection and refinement statistics for the cyanide 

adducts of DHPA(M86E) and DHPA(M86D). 

 
aRmerge= , where  is the ith measurement 

and  is the weighted mean of all measurements of .  bValues in parenthesis are the 

highest resolution shell.  cRwork= , where  and  are the 
observed and calculated structure factors, respectively.  dRfree is the R factor for the subset 
(5%) of reflections selected before, and not included in the refinement.  ermsd is the root 
mean square deviation.  fCalculated using PROCHECK (57). 
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Table 3.  Proximal region mutation comparison of wt-DHPA with corresponding 

electrochemical, 13C paramagnetic NMR and UV-visible stopped-flow kinetics. 

  

aref. D’Antonio, E.L. et al. (2010) submitted for publication. 
bshift difference from wt-DHPA (-4211 ppm) 
cref. Feducia et al. (2009) Biochemistry 48, 995-1005.
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Table 4.  Steady-state activity of various heme proteins exposed to TCP and H2O2. 
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Schemes 
 
 
 
 
 

 

 

Scheme 1.  Proximal region in wt-DHPA showing the location of (A) Met-86 and (B) the 

mutation M86D. 
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Scheme 2. Mechanism for DHPA(M86D) on oxo-ferryl formation with hydrogen peroxide. 
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CHAPTER 5 

 

Interfacial Electron Transfer of Adsorptively Immobilized Dehaloperoxidase-

hemoglobin on Self-Assembled Monolayers 
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Introduction 

Dehaloperoxidase-hemoglobin (DHP) from Amphitrite ornata is an intracellular, 

small bifunctional heme protein that carries out the para-position dehalogenation of 2,4,6-

trihalophenols in the presence of H2O2 and also functions as a molecular oxygen transporter 

(1-4).  With these dual roles in the cell, DHP exhibits multiple iron oxidation states of 

physiological importance including Fe(II), Fe(III), and Fe(IV).  Being able to 

electrochemically access the peroxidase-relevant redox couples of DHP involving the Fe(IV) 

state in a surface immobilized format (i.e., diffusionless voltammetry) would be potentially 

beneficial for biosensor and bioremediation applications.  Longer term, we hope to achieve 

this goal, but as described further below, this initial study of adsorbed DHP electrochemistry 

addresses the more experimentally tractable ferric and ferrous redox states. 

The catalytically important DHP oxidation states are Compound ES and Compound 

II.  Of these two, Compound ES (an Fe(IV)-oxo, amino acid radical species oxidized two 

electron-equivalents beyond the Fe(III) state) is the strongest oxidant, but also the least stable 

at neutral pH and ambient conditions.  Compound II, which is one electron-equivalent less 

oxidized than Compound ES, is an Fe(IV)-oxo species and thus also a strong oxidant.  

Historically, it has been a challenge to obtain voltammetric signals for surface immobilized 

heme proteins that involve the Fe(IV)-oxo species (i.e. Compound ES/Compound II, 

Compound I/ Compound II or Compound II/ferric).  Armstrong and coworkers have reported 

one example of an Fe(IV)/Fe(III) voltammetric signal for adsorbed cytochrome c peroxidase 

(5).  Besides the usual factors one must consider to implement adsorbed protein voltammetry 

such as high sample purity, proper orientation and adequate electronic coupling, suitable 
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electron transfer rates, and surface stability (6-10), investigations of higher oxidation states 

are considerably more limited with regard to electrode materials.  For example, the use of 

functionalized alkanethiol/gold electrodes that have been highly successful with so many 

redox proteins are not sufficiently stable at the positive potentials (+0.5 to +1 V) that are 

encountered with Fe(IV)/Fe(III) couples to be of practical use.  Furthermore, these higher 

oxidation states are inherently more reactive and less stable than the more accessible 

ferric/ferrous reactions. 

Accordingly, as mentioned above, we initially undertake here an investigation of the 

simpler and more tractable ferric/ferrous redox reactions of DHP.  Understanding the factors 

that are critical for realizing the ferric/ferrous chemistry of adsorptively immobilized DHP is 

expected to provide a sound basis for subsequently extending these studies to reactions 

involving the Fe(IV) state of DHP.  Herein, we report an initial investigation of the 

Fe(III)/Fe(II) and Fe(III)/Fe(II)-O2 redox couples of adsorbed DHP on carboxylic acid self-

assembled monolayer (SAM) surfaces on gold electrodes using cyclic voltammetry.  The 

redox reactions are: 

DHP Fe(III) + e-  ↔  DHP Fe(II) 

DHP Fe(III) + e- + O2  ↔  DHP Fe(II)-O2 

As a starting point in these studies, we sought to take advantage of a surface structural 

feature common to both DHP and cytochrome c, namely, a positively charged lysine patch 

found at the near-surface heme edge of both proteins.  This surface patch has been exploited 

in successful studies of adsorbed cytochrome c over the past twenty years.  The basic 

experimental idea has been to electrostatically bind cytochrome c to anionic electrode 
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surfaces that orient it such that its exposed heme edge is disposed towards the electrode 

surface.   This experiment has been successfully implemented using weakly acidic 

conductive metal oxide electrodes such as tin oxide and indium-tin oxide as well as 

carboxylic acid terminated alkanethiol SAM/gold substrates.  Like cytochrome c, DHP is a 

monoheme protein of fairly small size (15.5 kDa compared to 12.5 kDa for horse cytochrome 

c).  In both proteins, the heme group is asymmetrically bound such that one heme edge is 

located at the surface of the protein.  In cytochrome c, the heme edge is slightly exposed and 

is located within a cationic patch comprised of approximately 8-9 lysines.  The 

corresponding cationic patch in DHP, which is not so pronounced, consists of only 4-5 

lysines (see PDB 2QFK) (11, 12).  Nonetheless this patch could potentially serve as a 

docking site at anionic surfaces and it was on this assumption that this work was carried 

forward.   Docking DHP at this site should minimize the electron tunneling distance between 

the electrode and the heme and is thus most likely to give rise to optimal electron transfer 

rates.  Figure 1 shows a hypothetical docking scenario for DHP adsorbed to a COOH-

terminated SAM in which the lysine patch has been positioned in contact with the SAM 

surface.   

 
Experimental Procedures 

Chemicals.  7-carboxy-1-heptanethiol, >97.0% (C7COOH) and 8-hydroxy-1-

octanethiol, >98.0% (C8OH) were purchased from Dojindo Molecular Technologies, Inc.  

11-Mercaptoundecanoic acid, 95% (C10COOH), 11-mercapto-1-undecanol, 97% (C11OH), 
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methyl viologen, 98% (MV2+) and all buffer salts are from Sigma.  All other chemicals, 

unless specified, were purchased from Fisher Scientific. 

 

Expression and Purification of DHP.  His-tagged DHP A was expressed and purified 

as previously described (13); however, one additional purification step was appended to that 

procedure.  The His-DHP A fraction that eluted from the second CM-52, carboxymethyl 

cellulose (Whatman), column in 18.0 mM potassium phosphate buffer (KPB), pH 7.00, was 

buffer exchanged into 14.0 mM KPB (pH 7.00) and concentrated to ~1 mL using an Amicon 

Ultra-4 centrifugal concentrator (MWCO: 10 kDa).  The sample was then eluted through a 

third column packed with CM-52 (1.5 cm I.D. x 6.5 cm bed height) and equilibrated with 

14.0 mM KPB (pH 7.00) at 4 °C.  The elution buffer was identical to that used to equilibrate 

the column. The main band was collected, buffer exchanged into 6.0 mM KPB (pH 6.00, µ = 

7.0 mM) and concentrated to a minimum concentration of 10 µM.  Concentrations were 

determined using the Soret band molar absorptivity for the ferric species, ε406 = 116,400 M-

1cm-1 (14).  Figure 2 shows the sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) that was used to analyze the purity of DHP throughout certain points in the 

purification process.  For example, in Figure 1A: L3, the eluted DHP sample from the Ni-

NTA column (affinity chromatography) showed many impurities compared to the more 

purified sample, which showed a single band at ~15.5 kDa (e.g. Figure 1A: L1).   

 Gold Working Electrode Pretreatment and Self-Assembled Monolayer Film 

Formation.  Evaporated gold films (1000 Å thick) deposited on glass with a 50 Å thick 

titanium adhesion layer were purchased from Evaporated Metal Films, Inc.  These gold 
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surfaces, which have been shown to display predominately the Au(III) crystal face, were 

electrochemically pretreated prior to self-assembly (8).  The electrode was initially cleaned 

by sequentially sonicating for 10 minutes each in (1) 1% (v/v) Contrex solution (Deacon 

Labs), (2) d/i-H2O and (3) d/i-H2O.  After rinsing with deionized water and air drying, the 

electrode was assembled into an electrochemical cell [see Figure 3.38 in Leopold (10)].  

Electrochemical pretreatment was performed in a 0.1 M H2SO4, 0.01 M KCl solution by 

linearly cycling the potential 10 times at a scan rate of ν = 100 mV/s from an initial potential 

of 0.0 V to a switching potential of +1.5 V and back to 0.0 V.  The auxiliary electrode was a 

platinum wire (Alfa Aesar), the reference electrode was an Ag/AgCl (1 M KCl) electrode 

(Microelectrodes, Inc.), and the voltammetry was performed using an EG&G PAR 

potentiostat, model 273A. 

Following pretreatment, the cell was rinsed thoroughly with deionized water and then 

with 95% ethanol.  A 2.5 mM alkanethiol solution in a 95% ethanol solvent was then 

introduced to initiate the self-assembly process (Table 1 provides details on the specific 

alkanethiols used to form the SAMs).  The cell opening was sealed with parafilm wax and 

the cell was left undisturbed for 12 hours at room temperature.  The alkanethiol solution was 

then discarded and the cell was rinsed in the following order: (1) 95% ethanol, (2) d/i H2O 

and (3) a buffer/electrolyte solution of 6.0 mM KPB (pH 6.00, µ = 7.0 mM).  Background 

current cyclic voltammetric scans were acquired. 
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Cyclic Voltammetric Measurements (Anaerobic and Aerobic). 

(a) Anaerobic Conditions.  In order to maintain an extremely low oxygen 

concentration in the cell, the glass cell body (10) was replaced with a cast acrylic cylinder, 

Small Parts, Inc. [1.5 in (diam.) x 2.625 in (height)] that was drilled for a syringe port and 

electrode access.  A platinum wire auxiliary electrode was secured with Epoxy resin.  A main 

bore was drilled down the center of the cell body (i.e. where the supporting electrolyte is 

added) and had a diameter of 0.25 in; however, this drilling was ceased 0.25 in from one end, 

in which, the bore diameter was changed to 0.153 in.  This smaller hole can accommodate a 

male Luer adapter.  This was a needed modification because the Ag/AgCl reference electrode 

was a removable part; in fact, it must be stored in 3 M KCl after every use.  Since this 

electrode required maintenance, the electrode had a male Luer that was Epoxy sealed at its 

upper joint (opposite end from the frit junction) so that it would make this Luer connection, 

but also, be able to fit down the main bore and be near the working electrode to prevent 

uncompensated resistance.  

The effectiveness of this electrochemical cell for maintaining anaerobic conditions 

was tested by examining the cyclic voltammetry of methyl viologen.  The one-electron 

reduction of the dicationic form of methyl viologen, MV2+, yields the methyl viologen cation 

radical (MV+•), which reacts rapidly with any dissolved O2 as follows: 

MV2+ + e-  ↔  MV+• 

4 MV+• + 4 H+ + O2 → 4 MV2+ + 2 H2O  

This particular reaction is thus electrocatalytic because the original reactant, MV2+, is 

catalytically regenerated in the second step.  Therefore, if dioxygen is absent, the resulting 
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CV will have the appearance of a simple ET reaction.  In the presence of dioxygen, on the 

other hand, a catalytic voltammogram shape will result.  The results shown in Figure 3 

demonstrate the effectiveness of these procedures in excluding dioxygen from the 

electrochemical cell. 

With this cell body in place in the electrochemical cell, DHP adsorption was 

performed at 4 °C at ambient temperature for 30 min.  Meanwhile, the supporting electrolyte 

was deoxygenated by argon sparging and rapid stirring in an air-tight vessel for 1 hr.  The 

DHP sample was removed from the cell, and the cell, the vessel containing supporting 

electrolyte, the reference electrode, syringes and needles were immediately transferred into a 

glove box.  After introducing the supporting electrolyte and connecting the reference 

electrode,  the air-tight cell was removed from the glove box and cyclic voltammetry was 

performed. 

(b) Aerobic Conditions.  These experiments were performed in the presence of 

ambient dioxygen concentration.  After recording background current scans, the supporting 

electrolyte solution was discarded and a small amount of 10 µM DHP was introduced at 4 °C 

for 30 min.  The protein solution was then removed, the cell was rinsed three times and filled 

with the same supporting electrolyte solution, and cyclic voltammograms were immediately 

recorded. 

 

Results and Discussion 

 Mixed SAMs containing COOH- and OH-terminated alkanethiols of similar lengths 

were found to work reasonably well as substrates for adsorbing DHP in an electroactive state.  
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Figure 4, for example, shows a typical CV obtained for the DHP Fe(III)/Fe(II) couple 

adsorbed on a (3:1) C8OH:C7COOH mixed SAM.  The cathodic and anodic waves are well 

formed and indicative of a surface-confined redox species.  This general behavior was also 

found to be the case for the DHP Fe(III)/Fe(II)-O2 couple.  In contrast to the well 

characterized voltammetry of cytochrome c, however, the DHP voltammetric responses were 

distinguished by their lack of stability.  Under optimal conditions, adsorbed electroactive 

cytochrome c is voltammetrically stable on the hours-to-days timescale.  The DHP responses, 

on the other hand, typically revealed significant loss of the faradaic signal within about ten 

minutes of adsorption.  We are not sure if this is due to desorption or if the adsorbed DHP 

becomes electroinactive.  The CVs of adsorbed DHP presented in this chapter were obtained 

immediately after the adsorption process was completed and a DHP-free buffer had been 

introduced into the cell.  Future work will need to address the issue of poor voltammetric 

stability and how to enhance it. 

 

  Diffusionless CV of the DHP Fe(III)/Fe(II) Couple.  As introduced earlier, Figure 4 

shows a representative cyclic voltammogram of DHP adsorbed to a (3:1) C8OH:C7COOH 

mixed SAM obtained under anaerobic low ionic strength conditions.  This particular SAM 

composition had been previously optimized for DHP in studies under aerobic conditions (see 

below).  The cathodic and anodic peaks are well shaped with good symmetry and half-peak 

widths that are close to the 90 mV value expected for an ideal one-electron redox species.  

One unusual feature of the response, however, is the rising background current that is evident 

near both the negative and positive scan limits.  In contrast, the background current of the 
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SAM/gold electrode in the absence of DHP displays near-ideal capacitive behavior.  The 

origin of the notable background currents in the presence of adsorbed DHP is not known at 

this time.  Also shown in Figure 4 is a plot of peak current versus scan rate, which shows a 

linear dependence.  This particular diagnostic confirms the presence of a surface-adsorbed 

redox system.  The expression for peak current is: 

 

  (1a) 

 

which can be solved for Γ, the electroactive surface concentration: 

 

  (1b) 

 

where:  =  peak current (C s-1) 

   n    =  moles of electrons transferred per mole of redox species (mol e- mol-1) 

   F =  Faraday constant (96,500 C mol-1 e-) 

   A  =  area of the electrode (cm2) 

   Γ =  surface concentration of the electroactive redox species (mol cm-2) 

   ν =  scan rate of the potentiostat (J C-1 s-1) 

   R =  molar gas constant (8.314 J mol-1 K-1) 

   T =  temperature (K) 
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Table 1 lists the key thermodynamic and kinetic parameters obtained for the 

ferric/ferrous redox couple.  Of particular interest is the formal potential value, E°´ = 221 ± 5 

mV vs SHE.  This value is indistinguishable from the solution formal potential measured at 

pH 6, i.e., E°´ = 218 ± 1 mV vs SHE (13) (see Chapter 2).  This observation indicates that the 

free energies of adsorption for the ferric and ferrous forms of DHP are very similar, a finding 

that differs from the known behavior of cytochrome c, for which the ferric state adsorbs more 

strongly than the ferrous state thus giving rise to negative potential shifts.  Although the 

absence of a potential shift for DHP upon adsorption does not provide directly any 

information on the actual binding energies, it does suggest that the binding is relatively weak 

compared to cytochrome c.  This result is not unexpected given the difference in the surface 

charges between these two proteins.  As noted, the lysine patch for cytochrome c contains 8-

9 lysines, and furthermore the overall charge on the protein is +9.  DHP, on the other hand 

has a small patch of 4-5 lysines and an overall protein charge that is near zero.   

The surface coverage, given in Table 1, Γ = 2.5 ± 0.6 pmol/cm2, represents a 

submonolayer of electroactive DHP.  A theoretical monolayer of DHP should be similar in 

magnitude to cytochrome c, which is nominally 15 pmol/cm2 (7).  Thus, 2.5 pmol/cm2 

represents only a fifth of a monolayer or so.  The electron transfer rate constant measured for 

the DHP Fe(III)/Fe(II) couple is 2.7 ± 0.7 s-1, a value that is considerably slower than 

exhibited by cytochrome c adsorbed to SAMs of similar thickness.  Additional research will 

be required to understand the basis of this difference in rates, which could arise from larger 

reorganization energy for DHP and/or weaker electronic coupling between the iron porphyrin 

and the alkyl chains of the SAM.  These differences are likely related to the different 
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physiological functions of the proteins, ET for cytochrome c, and dioxygen binding and 

peroxidase catalysis for DHP. 

 

   Diffusionless CV of the DHP Fe(III)/Fe(II)-O2 couple.  Chronologically, experiments 

performed under ambient aerobic conditions preceded the experimentally more difficult 

anaerobic experiments whose results were just presented.  Thus, in this section, in addition to 

reporting and characterizing the voltammetry of adsorbed DHP under ambient aerobic 

conditions, we report on some initial methodology development experiments aimed at 

establishing suitable SAM structures and conditions.   

   At the outset of this project, a variety of SAM structures were initially examined with 

purified DHP in a low ionic strength buffer (6.0 mM potassium phosphate at pH 6.00, µ = 7 

mM) that was known to facilitate adsorption of electroactive cyt c.  One of the first 

successful SAM structures evaluated was a (1:1) C11OH / C10COOH mixed SAM, which was 

self-assembled for 24 hours.  Figure 5 shows a typical result obtained for adsorbed DHP on 

this surface.  The cathodic and anodic peaks in this CV are attributed to the Fe(III)/Fe(II)-O2 

redox couple of adsorbed DHP.  It is well known for globins that in the presence of ambient 

oxygen concentration, one-electron reduction of the Fe(III) state to the Fe(II) state 

(deoxyferrous) is followed by O2 binding.  A peculiar feature of the voltammetry in the 

presence of oxygen is the asymmetry between the faradaic peaks.  Although each peak is 

itself symmetric, the anodic peak shows considerable broadening for reasons not known at 

this time.   The cathodic peak shape is consistent with a nearly ideal one-electron redox 
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reaction since its half-peak width is only slightly greater than the ideal value of 90 mV at 25 

°C.  On the other hand, the width of the anodic peak exceeds 200 mV.    

   The chemical reversibility of the DHP adsorption was evaluated by immersing 

electrodes with adsorbed electroactive DHP into a higher ionic strength solution (500 mM 

potassium phosphate, pH 7.00) for 1 hr.  Cytochrome c is known to readily desorb from a 

SAM surface under this condition due to the weakening of interfacial electrostatic attraction.  

After the high ionic strength exposure, only the background current remained, indicative of 

total loss of DHP from the surface.  After the DHP adsorption procedure was repeated, 

however, a faradaic response nearly identical to the original response was obtained (results 

not shown).  This diagnostic demonstrates that DHP adsorption/desorption is chemically 

reversible.  Furthermore, the total loss of signal upon exposure to high ionic strength solution 

implicates electrostatic attraction as a major component of DHP binding to COOH-

terminated SAMs.   

  The DHP CV peak splitting observed for the (1:1) C11OH / C10COOH mixed SAM in 

Figure 5 is consistent with a quasi-reversible ET kinetic response with a formal potential of 

+0.30 V vs SHE.  The electron transfer rate constant (ket°), which was determined as 0.2 ± 

0.01 s-1, reveals a rather sluggish electron transfer rate (Table 1).  Besides the possible 

reasons for sluggish ET rates that were mentioned above in the preceding section, the SAM 

used here has a longer chain length, which will further inhibit the ET rate.  To increase these 

rates, shorter SAMs were evaluated.  Shortening by 3 methylene units while maintaining the 

same self-assembly conditions (i.e., (1:1) C8OH / C7COOH mixed SAM) resulted in a 

sevenfold increase in ET rate to a value of 1.4 ± 0.10 s-1.  However, although the electron 
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transfer rate improved, the electroactive surface coverage (Γ) decreased substantially (~66% 

decrease) (Table 1).  A subsequent exploration of self-assembly conditions showed that the 

surface coverage could be enhanced while maintaining the faster ET rate through variation of 

the OH/COOH ratio in the self-assembly solution, as seen in Table 1.  It was found that 2:1 

and 3:1 ratios of C8OH / C7COOH resulted in better performance than the original 1:1 ratio.  

In fact, the 3:1 molar ratio has 78% more electroactive surface coverage than the 1:1 ratio.  

Figure 6A is a representative cyclic voltammogram for DHP bound to the C8OH / C7COOH 

(3:1) SAM surface and Figure 6B shows that the plot of ip vs ν is linear, indicating that a 

surface-bound oxidation-reduction process is present. 

 From these molar ratio optimization experiments, it is noteworthy to point out that 

there is an apparent molar ratio range for the optimal ket° and Γ and that is between 1:1 and 

3:1 ratios of C8OH : C7COOH; beyond this range, substantial decreases occur in both ket° and 

Γ.  The formal reduction potentials for these non-optimum ratios, such as the 1:2 and the 5:1 

ratios, are also shifted approximately 15 mV negative relative to responses obtained on the 

1:1 to 3:1 ratio SAMs, which suggests a stronger differential binding of the Fe(III) form to 

the SAM.  It would be interesting to test the idea that if the ionic strength was increased for 

the 1:2 and 5:1 molar ratios, would the ket° and Γ be more aligned with the optimized 

OH/COOH self-assembly ratios. 

 Relative to the reduction potential for the anaerobic Fe(III)/Fe(II) redox couple, 

which is E° = 221 ± 5 mV vs SHE, the presence of ambient dioxygen causes a positive shift 

of about 80 mV (see Table 1).  This shift is readily understood as a stabilization of the Fe(II) 

form of DHP by dioxygen binding, which would be expected to cause a positive shift.   
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Further exploration of this effect could be pursued to characterize the thermodynamics of 

oxygen binding to DHP. 

 The ket° value for Fe(III)/Fe(II)-O2  is about 2x smaller than for the anaerobic 

Fe(III)/Fe(II) case.  This difference may be linked to the effect of dioxygen binding on the 

iron coordination.  For example, redox reactions can happen at faster rates when the Fe(III) 

to Fe(II) states involve the same spin state, such as for this case 5cHS/6cHS (ferric) to 5cHS 

(deoxyferrous).  On the other hand, spin state changes such as 5cHS/6cHS to 6cLS, which is 

the case for the Fe(III) to Fe(II)-O2 conversion, would be expected to result in a slower ET 

rate due to a higher reorganization energy. 

 

Conclusions 

 DHP has been observed to exhibit direct electron transfer with a gold electrode coated 

with various mixed SAM structures containing COOH/OH compositions. The voltammetric 

stability, however, is not very good apparently due to weak binding.  Future work in this field 

should address this deficiency with the aim of developing more robust monolayer systems 

that could be used as a basis for exploring the higher oxidation states of DHP and similar 

enzymes.   
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Figures 

 

 

Figure 1.  Schematic cross-sectional view for protein monolayer electrochemistry.  A DHP 

molecule is shown adsorbed to a C11OH /C10COOH self-assembled monolayer docking with 

the basic amino acid cluster region.  
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Figure 2.  SDS-PAGE analysis of the purity of DHP (wildtype, his-tagged).  (A) L3 is the 

DHP sample received from passing through the Ni-NTA column; whereas L4 and L5 are 

DHP samples prior to Ni-NTA purification (i.e. from the cell lysate).  L1 is the same sample 

as in L2 and L3 (L2 was purified through two cation-exchange, CM-52 columns), but, L1 

was purified by three CM-52 chromatography columns (see Materials and Methods).  The L1 

sample had the level of purity that was used in surface-adsorbed cyclic voltammetry 

experiments.  (B) SDS-PAGE of molecular weight standards and purified DHP.  L6 is horse 

heart cytochrome c (12.3 kDa), L5 is horse heart Mb (17.5 kDa), L4 is human albumin (67 

kDa).  L1 and L2 are purified DHP samples (15.5 kDa). 
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Figure 3.  Cyclic voltammograms of 1 mM MV2+ (100 mM KNO3) in the presence of 

ambient oxygen (black) and in the absence of oxygen (green). 
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Figure 4.  Surface-adsorbed, direct electron transfer of DHP showing (A) a typical cyclic 

voltammogram of the Fe(III)/Fe(II) redox couple (6.0 mM potassium phosphate, pH 6.0, µ = 

7.0 mM, anaerobic conditions) that is adsorbed to a C8OH:C7COOH (3:1) self-assembled 

monolayer surface coated on a Au(111) substrate at a scan rate of ν = 0.1 V/s.  The potential 

is referenced to the Ag/AgCl electrode.  The formal reduction potential for this experiment is 

E° = +0.217 V vs NHE (n = 1) and the surface coverage is Γ ~3.4 pmol/cm2.  (B) A 

corresponding peak current vs scan rate plot. 
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Figure 5.  Cyclic voltammogram of the DHP Fe(III)/Fe(II)-O2 couple when adsorbed to a 

(1:1) C11OH / C10COOH mixed self-assembled monolayer on a Au(111) electrode at a scan 

rate of ν = 0.1 V/s.  Conditions: 6.0 mM potassium phosphate, pH 6.00, µ = 7.0 mM, ambient 

oxygen concentration.  The potential is referenced against the Ag/AgCl electrode.  The 

formal reduction potential for this experiment is E° = +0.321 V vs NHE (n = 1) and the 

surface coverage is Γ = 7.1 pmol/cm2.
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Figure 6.  Surface-adsorbed, direct electron transfer of DHP showing (A) a typical cyclic 

voltammogram of the Fe(III)/Fe(II)-O2 redox couple (6.0 mM potassium phosphate, pH 6.0, 

µ = 7.0 mM, ambient oxygen concentration) that is adsorbed to a C8OH:C7COOH (3:1) self-

assembled monolayer surface coated on a Au(111) substrate at a scan rate of ν = 0.1 V/s.  

The potential is referenced to the Ag/AgCl electrode.  The formal reduction potential for this 

experiment is E° = +0.318 V vs NHE (n = 1) and the surface coverage is Γ ~3.9 pmol/cm2.  

(B) A corresponding peak current vs scan rate plot. 
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Tables 

 

Table 1.  Electrochemical summary for two redox couples of DHP (6.0 mM potassium 

phosphate, pH 6.00, µ = 7.0 mM) adsorbed onto mixed SAM compositions, indicated by the 

alkanethiol molar ratio. 

 

 

 

 

 

 

aambient oxygen concentration 
bSAMs were assembled for 12-17 hr 
cSAMs were assembled for 19-24 hr 
done trial 
esurface coverage was calculated with eq. (1) using cathodic peak current (ipc), ν = 0.1 V/s, A = 0.3 cm2 and T = 
298 K 
ffull-width at half maximum (FWHM) values for cathodic peaks were ~90 mV 
gstandard electron transfer rate constants (ket°) were calculated using Laviron’s equation for noninteracting 
adsorbates (15), where α = 0.5, through the program CV3091, v. 1.7 (16) 
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Supporting Information for Chapter 2 
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Supporting Information 
 
 
 

 
Table S1.  Effect of mediators on the Fe(III)/Fe(II) formal reduction potential (E°’ vs SHE) 

of DHP A in 100 mM KPB.a 

 
    

Mediator(s) E° ’ (mV) pH DHP A / Mediator 
    
    

     [Ru(NH3)6]3+ 202 7 5 / 1 
     [Ru(en)3]2+ 203 7 5 / 1 
     TMPD 205 7 5 / 1 
     DCIP / PhMS 208 7 5 / 1 
     TMPD / DCIP / PhMS 209 7 5 / 1 
     TMPD / [Ru(en)3]2+ 212 7 2 / 1 

    
     DCIP / PhMS 218 6 5 / 1 
     TMPD / [Ru(en)3]2+ 219 6 2 / 1 

 
 
aThis is a mediator evaluation for SEC determination of DHP A reduction potentials.  A variety of mediators 
and mediator combinations were assessed at pH 6 and pH 7.  Based on these results, any deleterious effects due 
to potential mediator-protein interactions were judged to be of minor importance. 
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Table S2.  Solvent accessibility areas of various heme constituents for DHP A, hemoglobin 
(human and horse), and myoglobin (sperm whale and horse) as calculated by the program 
NACCESS (1). 
 

 
 

 
aThe PDB 1EW6 has conformers for the His-55 residue in the open and closed conformations; however, the 
NACCESS program made calculations on surface accessibility areas for the open conformation. 
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Table S3.  Torsion angles (calculated with Accelrys DS Visualizer 2.0), hydrogen bond 

angles, hydrogen bond lengths and bond lengths (determined with SWISS PDB-Viewer, v. 

4.0.1 (2)) in the proximal region of various hemoglobins, myoglobins and DHP A. 

 

 
 
 

aTorsion angles were determined with Accelrys DS Visualizer 2.0 (www.accelrys.com) and are measured 
counterclockwise from the Fe-NII ray when viewed from the proximal side. 
bAngles and bond distances were determined with Swiss-PDB Viewer, v. 4.0.1 (www.expasy.org/spdbv/). 
 



 

 207 

Determination of Solvent Accessibility: 
 
 

Table S2 tabulates the SAA’s for individual proteins that were used to obtain the 

average SAA values shown in Table 3.  Boxed highlights indicate where significant SAA 

differences exist between ferric and ferrous redox states.  A description of the various 

calculation follows the table (vide infra).  We have followed the practice employed by 

Tezcan et al. (3) of excluding heme propionate atoms O1, O2, Cβ, and Cγ, as well as the β 

carbons of the heme vinyl groups from the calculation.  We also calculated heme solvent 

accessibilities for both the Fe(III) and Fe(II) oxidation states, which showed differences 

typically of a few Å2. 
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Calculations of the Average SAA Values Shown in Table 3: 
Porphyrin Ring Exposure 

 DHP A (45 Å2): Average of “porphyrin ring” entries in rows 1-6 in Hemoglobin 

 section of Table S2. 

 Hb (27 Å2): Average of “porphyrin ring” entries in rows 7-14 in Hemoglobin 

section of Table S2. 

 Mb (42 Å2): Average of “porphyrin ring” entries in rows 1-6 in Myoglobin section 

of Table S2. 

 

Heme Propionate Exposure 

 DHP A (91 Å2): Average of “heme propionate” entries in rows 1-2 in   

  Hemoglobin section of Table S2. 

 Hb (128 Å2): Average of “heme propionate” entries in rows 7, 8, 11 and 12 in 

Hemoglobin section of Table S2. 

 Mb (98 Å2): Average of “heme propionate” entries in rows 1, 3 and 5 in Myoglobin 

section of Table S2. 
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Figure S1.  UV-visible spectra of DHPA(M86D) (black) and DHPA(M86D)-CN in the 

presence of excess cyanide ion (blue).  Solution conditions are 100 mM potassium phosphate 

at pH 7.0. 
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Table S1.  Reduction potentials, solvent accessibility areas and atomic distances for (A) 3-

over-3 globins and (B) peroxidases. 

 

 

 

 

 

 

 

 

 

 

 

 

aRef. (1), bRef. (2), cRef. (3), dRef. (4), esolvent accessibility areas were calculated using the 
program NACCESS (5), fdistance measurements were determined using the program 
Accelrys DS Visualizer 2.5 (www.accelrys.com), gRef. (6), hRef. (7), iRef. (8) and jRef. (9).
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Table S1.  Continued. 
 

 

 

 

 

 

 

 

 

 

 

 

 

aRef. (1), bRef. (2), cRef. (3), dRef. (4), esolvent accessibility areas were calculated using the 
program NACCESS (5), fdistance measurements were determined using the program 
Accelrys DS Visualizer 2.5 (www.accelrys.com), gRef. (6), hRef. (7), iRef. (8) and jRef. (9). 
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Table S2.  Electrospray ionization mass spectrometry (ESI-MS) of DHP A and the Met-86 

mutants. 

   
       molecular weight (Da) 
   
   

protein (6x his-tag) acalculated bESI-MS 
   
   

       wt-DHPA 16408.50 16408.60 
       DHPA(M86A) 16348.39 16348.49 
       DHPA(M86E) 16406.43 16406.74 
       DHPA(M86D) 16392.40 16392.53 

 
aCalculated molecular weight values were obtained by the Compute pI/Mw tool from the ExPASy Proteomics 
Server (www.expasy.ch) 
bMass spectra were taken at North Carolina State University, Department of Chemistry 
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Table S3.  UV-visible spectra for DHPA(M86D) and wt-DHPA at various pH in 100 mM 

potassium phosphate; note: imidazole/protein is 20:1. 

       
   visible bands (nm)   
       
       

protein pH CT1 α β CT2 Soret (nm) 
       
       

DHPA(M86D) 4  564 (sh) 532  413 
 5  564 (sh) 532  413 
 6  562 (sh) 532  413 
 7  562 (sh) 532  413 
 8  562 (sh) 533  413 
       

DHPA(M86D) in 4  564 (sh) 533  413 
imidizole 5  562 (sh) 532  413 

 6  562 (sh) 533  413 
 7  561 (sh) 534  414 
 8  562 (sh) 534  414 
       

wt-DHPA 4 642  538 (sm sh) 506 402 
 5 641  538 (sm sh) 506 405 
 6 638  538 (sm sh) 506 406 
 7 638  538 (sm sh) 504 407 
 8  589 (br) 539 491 408 
       

wt-DHPA in 4 642  537 (sm sh) 508 405 
imidazole 5 638  538 (sm sh) 512 407 

 6 638 562 (sm sh) 538 (sm sh) 522 408 
 7 638 (sm) 562 (sm sh) 531  412 
 8  562 (sm sh) 532  414 
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