
ABSTRACT 
 

 
ROBINSON, KEANDRA RENEE.  Interfacial Electrochemical Investigation of 
Dehaloperoxidase.  (Under the direction of Dr. Edmond F. Bowden) 
 
 
 The terebellid polychaete marine worm Amphitrite ornata contains an 

enzyme known as dehaloperoxidase (DHP).  Dehaloperoxidase has unique 

characteristics that permit Amphitrite ornata to cohabit with other marine worms 

that secrete toxic haloaromatic compounds.  Dehaloperoxidase has the capability 

to break down such compounds in the presence of hydrogen peroxide.  For 

example, trihalophenols can be oxidized to dihaloquinones.  Prior studies have 

described the structure, function, and mechanistic behavior of dehaloperoxidase.  

However, there have been no reports of the electrochemical analysis of 

dehaloperoxidase.   The data in this thesis demonstrates the direct 

electrochemistry of dehaloperoxidase at bare indium tin oxide and at modified 

gold electrode surfaces.  The gold electrodes were modified with 

HS(CH2)10COOH/HS(CH2)6OH mixed SAM.   Not only diffusional voltammetry 

has been demonstrated, but also adsorption of electroactive dehaloperoxidase at 

the modified gold electrode surface.  The successful electrochemistry of DHP is 

attributed to a cluster of lysines near a heme edge, analogous to cytochrome c.  

Using cyclic voltammetry, a formal reduction potential of the DHP FeIII/FeII heme 

couple in the presence of dioxygen was determined, which will provide insight 

into the enzymatic activity of the protein.  This reduction potential was 

determined to be +440 mV v/s NHE.   In the presence of tri-bromophenol, an 

organic substrate for DHP, the catalytic reduction was observed in the presence 



of dioxygen.  In general, this thesis reports the first electrochemical investigation 

of dehaloperoxidase and explores its interfacial electrochemical properties at the 

indium tin oxide and modified gold electrode surfaces.   
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CHAPTER ONE 
 
 

INTRODUCTION 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

“I have learned that success is to be measured not  
              so much by the position that one has reached in  

       life as by the obstacles which he has overcome 
     while trying to succeed.” – Booker T. Washington 
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1.1 INTRODUCTION 
 
 
 
 Protein electron transfer is an essential component of many processes 

that occur in the body.  An important example is the electron transport and 

oxidation phosphorylation process that occurs in the inner mitochondrial  

membrane, a process that terminates in the reduction of the oxygen that we 

breathe1.  In this electron transport chain, cytochrome c has an essential role in 

transferring electrons.  An intensive amount of research has been devoted to fully 

understanding the structure, function, physical, and biochemical properties of 

cytochrome c2,3 and other enzymes.  Electrochemistry has played a key role in 

studying the thermodynamic and kinetic properties of many proteins and 

enzymes. 

Electrochemistry of numerous proteins and enzymes, such as  

cytochrome c and the peroxidases, involves the heme group, which consists of 

an iron – containing porphyrin ring that is usually involved in the redox reaction 

(Figure 1.1).   The iron atom in the heme group undergoes oxidation and 

reduction involving the FeII, FeIII, and FeIV redox states.    When the iron has two 

axial ligands, the complex exhibits octahedral geometry with four nitrogen atoms 

contributed by the porphyrin ring4.  An enormous amount of electrochemical 

research has been directed at understanding the electron transport and catalytic 

properties of proteins containing the heme group.    
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Figure 1.1:  The structure of heme, which consists of an iron atom at the center 
of protoporphyrin IX.  The oxidation and reduction reaction involves the iron 
component.   
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Two of the most frequently studied heme proteins are cytochrome c and 

myoglobin5-8, which serve fundamental roles in the human body.   Cytochrome c 

is found in all aerobic organisms including humans, monkeys, dogs, sheep, 

cows, horses, and many other animals/insects3.  Cytochrome c has an essential 

task in the electron transport chain located in the inner mitochondrial membrane, 

specifically transferring electrons from cytochrome oxidase to cytochrome 

reductase2,3.  Myoglobin, on the other hand, is not known for its ability to function 

as an electron carrier, although it readily undergoes oxidation and reduction.   

Myoglobin is located in the muscles and is recognized for its capability to capture 

oxygen carried from the lungs by hemoglobin and move it to tissues throughout 

the body9.   

         Myoglobin and cytochrome c are some of the many proteins that function 

as oxygen and electron carriers.  To fully understand how these transporter 

proteins utilize electrons, a measurement of the molecule’s ability to release and 

accept electrons is required.  By measuring the oxidizing and reducing strengths 

of different electron carriers, the formal reduction potential, Eo’, can be 

determined.  The formal potential is a thermodynamic property that reflects the 

free energy levels of the oxidized and reduced forms of a molecule.  The formal 

potential of a redox couple is measured by incorporating it into a cell containing a 

reference half-cell.  When the reference half-cell is the H+/H2 half-reaction at 

standard conditions, the measured redox potential is expressed as the standard 

reduction potential, Eo.  The formal reduction potential is a more practical 



 5

measurement of a redox reaction, being determined when [Ox] = [Red].  Usually 

Eo’ and Eo are similar.  If a reduction potential is negative, this signifies the 

presence of a strong reductant, whereas a positive reduction potential means a 

strong oxidant is present10,11.    

       Through direct electrochemistry, the redox potential has been determined for 

myoglobin7,12, cytochrome c13,14, and horseradish peroxidase15,16. The reduction 

potentials of these heme proteins range from large negative values to large 

positive values.  Table 1.1 presents the values for some biochemical redox 

couples. The significant variation in reduction potential of these proteins is 

reflective of the great variation in their specific biological roles.   

By coupling the electrochemical signal that occurs during a bio-interaction 

process with an electrode, many electrochemical biosensors have been  

developed17-20.  Three categories of electrochemical biosensors are 

conductometric, potentiometric, or amperometric21.   Conductometric biosensors 

measure the change in conductance between a pair of metal electrodes as a 

consequence of biological reactions.  Potentiometric biosensors measure the 

potential of an indicator electrode that is coupled to the substrate or product of an 

enzyme reaction.  The most common type of electrochemical biosensor is the 

amperometric biosensor that involves electron flow, either mediated or 

unmediated, between an enzyme substrate and an electrode (figure 1.2).  In 

amperometric biosensors, current due to the direct oxidation or reduction of the 

substrate is measured.  The research performed for this thesis may lead to the 
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Table 1.1:  Formal Potentials for Some Proteins4 

Redox Couple Eo’ (V)  n 

Cytochrome bL (Fe3+)  +  e-           Cytochrome bH (Fe2+) -0.03 1 

Cytochrome c1 (Fe3+)  +  e-            Cytochrome c1 (Fe2+) +0.23 1 

Cytochrome bH (Fe3+)  +  e-           Cytochrome bH (Fe2+) +0.05 1 

Cytochrome c  (Fe3+)  +  e-          Cytochrome c  (Fe2+) +0.24 1 

Cytochrome a  (Fe3+)  +  e-          Cytochrome a  (Fe2+) +0.28 1 

Cytochrome a3  (Fe3+)  +  e-              Cytochrome a3  (Fe2+) +0.35 1 
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future development of amperometric biosensors for certain halogenated organic 

species. 

This thesis is concerned with the direct electrochemistry of 

dehaloperoxidase (DHP), a member of the peroxidase enzyme family, of which 

horseradish peroxidase is the most well studied member.  Direct electrochemistry 

of peroxidases not only provides information on the redox potential and electron 

transfer rate, but can also help to understand the biochemical function of the 

heme group in proteins.  Members of the peroxidase family are known for their 

ability to catalyze the oxidation of a variety of reductants by hydrogen peroxide22.   

Peroxidases typically form high valent redox intermediates involving the FeIV 

oxidation state during their enzymatic cycle.   An understanding of the enzymatic 

cycle in different types of peroxidases has led to applications in designing 

peroxide sensors19.  While direct electrochemistry is known for many enzymes, 

the peroxidase enzymes are large compared to cytochromes, which creates a 

challenge during analysis.   Because of the larger size,  peroxidases exhibit 

slower electron transfer kinetics than other smaller proteins6,7,23.  As a result, the 

slower electron transfer rate can cause difficulties when performing direct 

electrochemistry.   

 The short-lived intermediates found in peroxidases are known as 

Compound I and Compound II.  In horseradish peroxidase, Compound I has an 

oxyferryl iron [FeIV = O] weakly spin – coupled to a porphyrin π cation radical, 

thus making Compound I a two electron oxidized species that is formed by the 

reaction of H2O2 with the ferric resting state of the enzyme.  Compound I is 
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converted to Compound II upon a one-electron reduction of the porphyrin 

π cation, leaving only the oxyferryl heme center [FeIV – O].  Compound II is a one 

electron oxidized species relative to the ferric resting state.  A second one-

electron reduction returns the enzyme to the ferric state24-28 (Scheme 1.1).   

  Although members of the peroxidase family may have similar catalytic 

processes,  their reduction potentials can differ from enzyme to enzyme.      

Dehaloperoxidase is a recently discovered enzyme that belongs to the 

peroxidase family and has a catalytic process similar to that of horseradish 

peroxidase.  The marine worm Amphitrite ornata, which has the fascinating 

property of being able to survive in chemically toxic environments containing 

halogenated organic species, produces dehaloperoxidase29.   The ability of this 

marine worm to live in harsh conditions inspired scientists to explore its 

properties, which led to the discovery of dehaloperoxidase.  Dehaloperoxidase 

has the ability to catalyze the oxidation of bromophenols into hydroquinones.  

Through mainly spectroscopic studies, advancements have been made in 

determining the structure, function, and mechanistic behavior of 

dehaloperoxidase30.  No electrochemistry has been reported for DHP, and its 

reduction potential has not been established.  In this thesis, the first 

electrochemical investigation of dehaloperoxidase is reported.  The next few 

chapters will describe the results from this investigation in conjunction with a 

discussion of the behavior of dehaloperoxidase and its similarities  and 

differences with other members of the peroxidase family.   
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Scheme 1.1:  The Catalytic Cycle of Peroxidases31 
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CHAPTER TWO 
 
 

DEHALOPEROXIDASE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                    “God has given each normal person a capacity to 
   achieve some end.  True, some are endowed with 

                                                  more talents than others, but God has left none of 
              us talentless.” – Martin Luther King, Jr.  
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2.1 DEHALOPEROXIDASE 

 

The terebellid polychaete Amphitrite ornata is a marine worm that cohabits 

with other marine worms such as Notamastus lobatus and Thelepus crispus.  

Notamastus lobatus and Thelepus crispus have the ability to secrete brominated 

aromatic molecules and other halogenated metabolites as repellants1.  They are 

known for their production of volatile halometabolites such as bromophenols and 

bromohydroquinones, which inhibit the respiratory system by inhibiting electron 

transport in the mitochrondrion2,3.  The unique characteristic of Amphitrite ornata 

is its ability to adapt to the presence of pollutants such as brominated aromatics 

produced by marine worms like Notamastus lobatus and to live harmoniously 

with them in estuarine mudflats4. The amazing trait of Amphitrite ornata is that 

although it does not produce hazardous substances, it is equipped to survive in 

treacherous conditions where toxic substances are found.  The remarkable 

conditions under which Amphitrite ornata lives not only intrigued scientists but 

motivated them to explore the molecular basis of this marine worm’s tolerance of 

haloaromatic compounds. 

Amphitrite ornata flourishes in the presence of halocompounds through its 

production of the enzyme dehaloperoxidase (DHP)5.  Dehaloperoxidase structure 

strongly resembles the fold from the globin family6. However, like many other 

peroxidases, DHP has the spectral properties of cytochrome P450 and functional 

similarities to horseradish peroxidase7.  Dehaloperoxidase appears to have 

evolved from an oxygen carrier protein and maintained an active ligated heme 
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similar to cytochrome P4508.  In addition, dehaloperoxidase can utilize hydrogen 

peroxide in the oxidation of organic substrates in a manner similar to horseradish 

peroxidase.   Although dehaloperoxidase has a globin-like structure and a 

catalytic function similar to other peroxidases, it is unique because it allows 

marine worms such as Amphitrite ornata to survive in a toxic environment.  In 

order to appreciate Amphitrite ornata’s ability to survive under toxic conditions, a 

detailed examination of dehaloperoxidase’s structure and mechanistic function is 

essential.   
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  2.2 STRUCTURE 

 
 Dehaloperoxidase has a structure similar to myoglobin (Mb) based on 

protein size, amino acid sequence, and the presence of the heme6.  

Dehaloperoxidase has a dimeric structure with two identical subunits.  The 

dimeric structure has a total molecular weight of approximately 31 kDa and each 

subunit has a molar mass of 15,530 Da9.  Also, each subunit contains one atom 

of iron as determined by atomic absorption spectroscopy10, which is located in 

the heme group. Attached to the heme is a ligated proximal histidine (Figure 2.1).   

Some key amino acids found in dehaloperoxidase are shown in Table 2.1.   

Aspartic acid and glutamic acid are the two most prevalent amino acids.  

Hydrophilic amino acids, located on the exterior of the protein, include lysine, 

aspartic acid, glutamic acid and arginine. Hydrophobic amino acids such as 

phenylalanine, isoleucine, alanine, leucine, valine, cysteine, and methionine 

(Figure 2.2) are located within the protein interior for the most part.  X-ray 

crystallographic studies have indicated a hydrogen bond donated by the proximal 

histidine that is weaker than in other peroxidases6.  In DHP, the imidazole 

hydrogen atom is positioned directly towards the oxygen atom of leucine–83 

carbonyl. This interaction plays a major role in the catalytic process and a 

detailed explanation will follow in the section on mechanisms.  The dimer 

interface, between the two subunits, involves hydrophobic interactions between 

Val–74 side chains from both subunits (Figure 2.3) and hydrogen bonding 

between the side chain of Asp–72 from one subunit and the side chains of  

Arg–122 and Asp–126 from the other subunit6.   
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Figure 2.1:  Structure of dehaloperoxidase illustrating the location of the heme group (yellow), which 
consists of a protoporphyrin ring with an iron atom.  Attached to the heme iron is the proximal histidine 
(green).  Protein structure obtained from the Research Collaboratory for Structural Bioinformatic (RCSB) 
Protein Data Bank (PDB), http://www.rcsb.org/pdb/ – structure number 1EW6.  

Figure 2.2:  The hydrophilic groups (purple) are located on the surface of the protein. The  interior 
hydrophobic side chains (light blue) surround the heme group (yellow), in dehaloperoxidase.  
Dehaloperoxidase has a stronger hydrogen bond to the proximal histidine than in myoglobin, but weaker 
than in other peroxidases.  Protein structure obtained from the RCSB-PDB, http://www.rcsb.org/pdb/ – 
structure number 1EW6. 
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Figure 2.3:  The dimer interface involves hydrophobic interaction between Val – 74 (light blue) from 
both subunits and hydrogen bonding between the side chain of Asp – 72 (yellow) from one subunit 
and the side chains of Arg – 122 (purple) & Asp – 126 (green) from the other subunit. Protein 
structure obtained from RCSB-PDB, http://www.rcsb.org/pdb/ – structure number 1EW6. 
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 Table 2.1:  Structures of Some Key Amino Acids Found in DHP 
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2.3 MECHANISM OF CATALYSIS 

 
 The catalytic process of dehaloperoxidase has been compared with other 

peroxidases based on the common element of a high valent iron-oxo 

intermediate formed upon addition of hydrogen peroxide with subsequent 

heterolytic cleavage of the O – O bond7.  Like other peroxidases such as 

horseradish peroxidase, dehaloperoxidase catalyzes the reduction of H2O2 to 

H2O (Equation 2.1).   

 

            AH2   +   H2O2                      A  +  2H2O                             Equation 2.1 

 

The first step involves the addition of hydrogen peroxide to the FeIII resting state 

to create the high–valent iron–oxo intermediate, Compound I (top right)    

(Scheme 2.1).  Compound I is reduced in two 1-electron steps back to the FeIII 

resting state through Compound II (bottom center).  The remarkable trait 

exhibited by DHP is its ability to perform as a dehalogenation catalyst by 

converting mono-, di-, or tri-halophenols into quinones7 (Equation 2.2).  

 

OH X

                                            
O O

       

                                                                                     Equation 2.2 

 

In the dehalogenation process, the enzyme closely binds the organic substrate in 

the distal histidine pocket and replaces the halogen atom with the oxygen atom  

    + H2O2  +  H2O  + HX 
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Scheme 2.1:  The Catalytic Cycle of Peroxidases7 
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Scheme 2.1:  The oxidation of a substrate with reduction of hydrogen peroxide to water.  The heme 
charges for the ferric state (top left) and for Compound I (top right) is +1.  Compound II (bottom center) 
has a neutral charge on the heme.   
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attached to the iron oxyferryl (Scheme 2.2).  Overall, the dehalogenation process 

of DHP is similar to other peroxidases in its utilization of an iron-oxo intermediate.  

In peroxidases, the substrate oxidation reaction typically takes place at the 

heme edge rather than utilizing the distal cavity as an organic substrate-binding 

pocket11.  On the other hand, mono-oxygenases such as cytochrome P450 

incorporate one oxygen atom of O2 while binding organic substrates next to the 

heme12,13, which resembles DHP.  This is believed to take place in conjunction 

with the so-called “push” created by the proximal cysteine ligand in  

cytochrome P450.  The cysteine is a good electron donor and “pushes” electron 

density onto the heme iron, thus stabilizing the high valent FeIV–O species.  In 

general, DHP appears to combine elements from both the peroxidase and mono-

oxygenase catalytic processes by incorporating the “push” effect of releasing 

electron density from the proximal ligand and the “pull” effect of the distal 

histidine, which functions as an acid base catalyst to help pull apart the ligated 

peroxide species, i.e., O–O bond cleavage.  

 Dehaloperoxidase binds peroxide while utilizing the distal histidine as a 

pull component to achieve heterolytic cleavage of the O–O bond6.   In the 

dehalogenation process, the creation of a high valent iron-oxo intermediate 

triggers the movement of the distal histidine, which permits the substrate to enter 

the distal pocket where it undergoes oxidation.  The distal histidine functions as 

an acid-base catalyst in cooperation with the guanidinium component of a nearby 

arginine to facilitate the transfer of protons from hydrogen peroxide along with   

O–O cleavage.   This theory is supported by studies of hydrogen bond distance  



 24

Scheme 2.2:  The Proposed Catalytic Cycle of 
Dehaloperoxidase8 
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Scheme 2.2:  Dehaloperoxidase catalyzes oxidation of halophenols into quinones.  The addition of 
hydrogen peroxide to the FeIII resting state create a high – valent iron – oxo intermediate, Compound I 
(top right).  Compound I is reduced to the FeIII  state through Compound II (bottom center). 
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in globins and peroxidases involving the distal histidine14.  The distance between 

the Nα2 atom of the distal histidine and the heme iron in globins ranges from     

4.1 Å – 4.6 Å whereas in peroxidases the distance is in the range 5.5 Å – 6.0 Å.  

In DHP, the corresponding distance is 5.4 Å giving it a closer resemblance to 

peroxidases in this respect.  In addition, comparing the position of the alpha 

carbons provides some insight into the versatility of the distal histidine to function 

in the in/out mode. The nearby arginine to the distal histidine has a supporting 

role by polarizing the bound hydrogen peroxide molecule, leading to heterolytic 

cleavage of the hydrogen peroxide molecule, resulting in the formation of 

Compound I.   

As mentioned above, the “push” notion corresponds to the electron 

releasing property of the proximal ligand, which pushes electron density onto the 

iron. For proximal histidine – containing enzymes, hydrogen bond donation by 

the imidazole will enhance its electron donating ability.  Dehaloperoxidase does 

not exhibit as strong of a hydrogen bond as do other peroxidases that feature 

hydrogen bonding between a nearby carboxylate and the proximal histidine.  

Instead, the hydrogen bond donating by the proximal histidine is generated 

through rotation of the imidazole ring approximately 60o.  This positions the 

imidazole hydrogen atom to point directly at the oxygen atom of the peptide 

carbonyl group of leucine–83 (Figure 2.4).  Although weaker than in other 

peroxidases, the hydrogen bond in DHP is shorter and stronger than found in 

myoglobin.  Also, the lone pairs of the sulfur atom in methionine–86 are 
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speculated to contribute to the push through charge transfer15
, because it is close 

to histidine-89 and creates a stronger bond in DHP than myoglobin.     

Dehaloperoxidase has a function similar to other halogenating species 

such as chloroperoxidase, which dehalogenate biologically generated 

bromophenol, hydroquinones, and other anthropogenic pollutants.  

Dehaloperoxidase is able to break down these toxic compounds by binding 

hydrogen peroxide and utilizing a distal histidine to promote cleavage of the 

oxygen – oxygen bond.  When the high–valent iron–oxo intermediate is 

prepared, the histidine undergoes movement and permits the entrance of 

substrates into the heme activity.  Because of the unique catalytic properties of 

dehaloperoxidase and its catalytic properties, Amphitrite ornata is able to survive 

in the presence of haloaromatic compounds.   

 
      



 27

 

                                 

Figure 2.4:  A hydrogen bond is generated in DHP by a rotation of the imidazole ring of the distal histidine 
approximately 60o.  This positions the hydrogen atom to point directly at the oxygen atom of the peptide carbonyl group 
of leucine – 83 (Blue), resulting in a shorter and stronger hydrogen bond than found in myoglobin.  Also, the lone pairs 
of the sulfur atom in Methionine – 86  (purple) contribute to the push through charge transfer. 
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2.4 REDOX POTENTIAL OF THE ACTIVE SITE 
 
 
 Peroxidases such as dehaloperoxidase are heme proteins that can 

catalytically reduce hydrogen peroxide to water via a high valent iron oxidation 

state.  The active site of peroxidase, globins, and cytochrome P450 is the heme 

group.  Table 1 gives some FeIII/FeII formal potential for several heme proteins 

that are related to DHP either in structure or function.  These potentials range 

from a high value of +50 mV v/s NHE for myoglobin to a low value of –270 mV for 

horseradish peroxidase.  There are many factors that can contribute to the redox 

properties of heme proteins, an important one being the proximal ligand, which in 

DHP is a histidine.  The proximal ligand to the heme furthermore can provide 

insight in regards to structural features involved in enzyme catalytic activities. 

Of the proteins listed in Table 2.1 only cytochrome P450 has a cysteine 

proximal ligand.  In cytochrome P450, the proximal cysteine ligand accepts two 

hydrogen bonds from neighboring peptide amino groups, which acts to reduce 

the negative charge density of the thiolate.  Furthermore, the cysteine is 

positioned near the positive end of the proximal helix.  Thus the thiolated-iron 

and the bound sulfur and oxygen atoms are within an electro-positive 

environment, which increases the redox potential above that which would result 

in the absence of such interactions16. In contrast, horseradish peroxidase has a 

proximal histidine that donates a hydrogen bond to the carboxylate group of a 

nearby amino acid, which acts to increase negative charge density on the 

imidazole group.  Furthermore, the histidine is located at the negative end of the 

proximal helix in contrast to cytochrome P450.  Thus, histidine interactions with 
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neighboring amino acids act to lower its redox potential. In dehaloperoxidase, the 

proximal ligand is also histidine, but its hydrogen bonding interaction is weaker 

than in horseradish peroxidase.  Instead of hydrogen bond donation to a 

carboxylate, in DHP the donation is to an uncharged backbone carbonyl.  These 

types of proximal ligand interactions appears to be one way in which heme redox 

potentials are adjusted.17,18      

 Studies have revealed that altering the proximal ligand in any heme 

protein will affect its spectroscopic, catalytic, and redox properties.   Changing 

the proximal histidine ligand in myoglobin to either cysteine or tyrosine shifts the 

redox potential from +50 mV to –200 mV19.  This decrease in potential is thought 

to be due to the strength of hydrogen bonding of the proximal thiolate or 

phenolate ligand versus the native imidazole ligand in other myoglobin. Local H – 

bonding is one factor to consider as the redox potential changes when altering 

the proximal ligand to any protein and must be taken into account for the location 

of the ligands in the proximal helix as the redox potential adjusts.  It is clear that 

hemeproteins that utilize histidine as the proximal ligand have redox potentials 

that differ significantly from those that do not.   

Horseradish peroxidase also uses histidine as its proximal ligand. The 

horseradish peroxidase FeIII/FeII redox potential is –270 mV, which is 300 mV 

more negative than myoglobin12.  This difference is due in part to proximal 

histidine hydrogen bonding differences.  In horseradish peroxidase, the imidazole 

donates a hydrogen bond to a carboxylate resulting in a strong hydrogen bond 

and a greater electron donation to the iron.  The analogous hydrogen bond in 
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myoglobin is to a backbone carbonyl, which is weaker.  In cytochrome c 

peroxidase, studies have shown that disrupting the hydrogen bond to its proximal 

histidine shifts the redox potential to  -79 mV from  -182 mV20.  If the nearby 

amino acid is altered, this has been known to affect the strength of the hydrogen 

bonding.  For instance, changing an aspartic acid to glutamic acid would result in 

a change in geometry and decrease in the strength of the hydrogen bond 

towards the imidazolate character of the proximal ligand.  This change in amino 

acid has resulted in a redox potential shift of –103 mV.  This significant change in 

redox potential is due to the hydrogen bonding from other residues.      
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Table 2.2: FeIII/FeII Formal Potentials of Some Proteins 

 

PROTEIN EO’ (V) REFERENCE 

Myoglobin 0.050 [21,12] 

Horseradish Peroxidase -0.270 [21,12] 

Cytochrome P450cam (high spin) -0.170 [20,12] 

Cytochrome P450cam (low spin) -0.270 [20,12] 

Cytochrome c peroxidase -0.182 [12] 
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CHAPTER THREE 
 
 

WORKING ELECTRODES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

“A man can make what he wants of himself  
                                                             if he truly believes  that he must be ready  

for hard work and many heartbreaks along  
                                           the way.” – Thurgood Marshall 
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3.1 WORKING ELECTRODES 

 
 
 The working electrode is the main component in a three – electrode 

system.  Reactions that take place at working electrodes can be characterized 

with regard to their thermodynamics, kinetics, and mechanisms.  Also, the 

oxidation or reduction of an analyte species at a working electrode provides the 

basis for Faradaic electroanalytical response.     There are several common 

types of working electrode such as platinum, glassy carbon, and tin oxide1.  Each 

electrode has unique properties and many have been successfully used in 

electrochemical analysis.  The working electrodes used in the present research 

are gold (Au) modified by self-assembled monolayers (SAM) and indium tin oxide 

(ITO), which will be presented and compared in this section.  Physiochemical 

properties will be described along with some recent applications.    

  

3.2 Indium Tin Oxide 

 
 Indium tin oxide has been studied extensively as a result of its optical 

properties and potential applications in electroanalytical chemistry.  Indium tin 

oxide is transparent to visible light, possesses good electrical conductivity, and is 

used in many daily applications.  For example, indium tin oxide can be found in 

energy efficient windows2, electro-optical devices such as computer screens3, 

and as an anti-reflection coating on solar cells4. Indium tin oxide is typically 

prepared as a thin film on various substrates.  Indium tin oxide films have been 

prepared under a variety of thermal condition and oxygen pressure and with 
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various levels of electrical resistivity for usage in optical applications, solar cells 

and electrochemistry3,6,9-12.  Figure 3.1 shows an example of an ITO electrode 

commonly used in heterojunction photoelectrode applications.  This electrode 

features an outer aluminum ohmic contact and an indium tin oxide coating over 

an inner layer of a p-type silicon5.  This type of ITO film has a sheet resistance of 

less than 10 Ω/  and transparency greater than 85% at λ = 540 nm6, which are 

desirable properties for electronic device applications.   These characteristics 

also make it an excellent candidate for use in electrochemistry and 

spectroelectrochemistry.  Indium tin oxide has indeed been utilized extensively in 

electrochemical as well as optical applications.   

The redox electrochemistry of ITO differs in some respects from noble 

metal electrodes such as platinum and gold in aqueous electrolytes5,7,8.    The 

indium tin oxide electrode has a significantly wider potential window than either 

gold or platinum due in large part to its higher oxygen overpotential5.  However, 

prolonged usage of ITO electrodes at potentials outside its conventional potential 

window can result in irreversible damage and poor electrochemical stability.
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Figure 3.1:  Composition of an indium tin oxide electrode used in 
heterojunction photoelectrode applications..  The top layer is an indium tin 
oxide film.  The middle layer is a silicon semiconductor, and the bottom layer 
is an aluminum ohmic contact. 
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   3.3 Gold Electrodes and Self-Assembled Monolayers 

 The research literature on gold electrode is vast and outside the scope of 

this thesis.  However, of particular relevance to the present work is the discovery 

and development of thiol self-assembled monolayers on gold electrodes over the 

past two decades, which has opened up many new avenues of research 

including the creation of new devices such as biosensors13-15.   Recent 

investigations into gold topography have shown that surface roughness can play 

a major role in controlling the structure and properties of carboxylic acid SAMs16-

18.  In the present work, evaporated gold film electrodes were used, which are 

known to have a dominant Au(111) surface crystallinity.    

 Self – assembled monolayers are formed by the adsorption of alkanethiols 

onto gold19-21 or by the adsorption of alkylsilanes onto tin oxide surfaces22,23.  

SAMs have been used in a variety of research projects and applications such as 

the characterization of biological interactions and the development of electronic 

devices24,25.  By studying the adsorption of cationic proteins such as cytochrome 

c, the development of SAMs with a terminal carboxylic acid functional group has 

proven to be a highly successful approach.  When adsorbed in an electroactive 

state onto carboxylic acid SAMs, information about the protein electron transfer 

rate of cytochrome c and its interfacial properties become accessible26.   

A variant on the carboxylic acid SAM utilizes two thiols of different chain-

length and/or terminal group to create a mixed self–assembled monolayer such 

as the carboxylic acid/hydroxyl SAM shown in Figure 3.227. The dilution and 

enhanced solvation of the COOH site has been found to promote better 
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adsorption of proteins and faster electron transfer rates26.  Mixed self-assembled 

monolayers can be classified into two categories, Type I and Type II28,29.   In 

Type I mixed monolayers, the lengths of the two alkane chains are similar.   This 

occurs when the chain length difference between the two components is less 

than four methylenes (< (CH2)4).  Type II self-assembled monolayers exhibit 

larger chain length differences, typically greater than four methylenes.  Because 

of the mismatch of the van der Waals interactions of the alkane portions the two 

components, the longer chains tend to cluster together30, leading to  

2-dimensional phase segregation.  In contrast, thiol mixing in Type I mixed SAMs 

is usually more homogeneous.  The mixed SAMs used in the present work are 

believed to be much more like the Type I monolayers. 
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Figure 3.2:  A comparison between a mixed SAM and a SAM composed of one thiol component.  
Figure 3.2A is a carboxylic acid SAMs; one terminal group.  Figure 3.2B is a mixed SAM, with two 
different terminal groups, carboxylic acid and hydroxyl group. 
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CHAPTER FOUR 
 
 

RESULTS AND DISCUSSION 
 
 
 
 
 
 
 
 
 
 
 
 

“Hold fast to dreams 
          For when dreams go 
           Life is a barren field 
          Frozen with snow.”  
                          – Langston Hughes 
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4.1 RESULTS AND DISCUSSION 
 
 
4.2 Diffusional Voltammetry Using ITO Electrodes 
 
 
 Diffusion is a form of mass transport that occurs in a solution through the 

movement of ions or molecules as a result of concentration gradients.  An 

individual molecule moves in a random fashion, with no particular direction, and 

undergoes continuous collisions with other molecules1,2.   Through the 

application of diffusional voltammetry, formal potentials have been measured for 

many proteins such as myoglobin and horseradish peroxidase3-7. A key objective 

of the present  experiments is to determine the formal potential of 

dehaloperoxidase by applying cyclic voltammetry (CV) under semi-infinite linear 

diffusion (SILD) conditions.  In addition, the characterization of other interfacial 

and electron transfer properties of dehaloperoxidase by electrochemical 

techniques are of interest.     

 A well-defined cyclic voltammetric voltammogram for dehaloperoxidase 

using ITO electrodes does not occur with the first scan (Figure 4.1).  However, 

with repetitive scanning, the cyclic voltammogram gradually develops to have an 

ideal shape characteristic of SILD behavior.  This “break-in” behavior illustrated 

in Figure 4.1 was observed without exception when using ITO electrodes.  

Although an explanation for this behavior is lacking, it appears to be specifically 

related to ITO and may reflect some type of surface equilibration after exposure 

to dehaloperoxidase.  As described later, this type of behavior was not  
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Figure 4.1: Cyclic voltammogram of 0.118 mM DHP at 5 mV/s.  The first scan illustrates non-ideal 
behavior under SILD conditions.  However, the fourth scan has an ideal shape that is 
characteristic of a quasi-reversible electron transfer reaction under SILD.  The electrolyte is  
70mM KH2PO4 and the potential is referenced to Ag/AgCl. 
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observed when using COOH/OH mixed SAM-gold electrodes.  In this section on 

ITO electrochemistry, only stable ideally shaped cyclic voltammograms will be 

described and analyzed such as the fourth scan shown in Figure 4.1.       

Figure 4.2 shows a stable cyclic voltammogram for dehaloperoxidase 

along with a background scan at 5 mV/s.  The formal redox potential is calculated 

using Equation 4.1. 

 Eo’ = (Ep,c + Ep,a)/2                                  Equation  4.1 

 

where Eo’ is the formal potential, Ep,c is the potential of the cathodic peak in volts, 

and Ep,a is the potential of the anodic peak in volts.  The formal potential of 

dehaloperoxidase was determined to be ~200 mV v/s Ag/AgCl or +440 mV v/s 

NHE. Dehaloperoxidase has a significantly more positive potential than 

horseradish peroxidase., which exhibits a value of –270 mV v/s NHE3,4.  The 

redox potential was measured three times using three different electrochemical 

cells.  The averaged value was  440 mV v/s NHE with a standard deviation of  

1 mV.  At the 95% confidence limit, the formal potential range is  

440 +/- 1 mV v/s NHE.   

The double layer capacitance of the ITO electrode can be determined 

from the background current which is assumed to be equivalent to the charging 

current.  Since the solution does not contain any redox species when background 

scans are acquired, the cyclic voltammogram is flat.  The double layer 

capacitance is obtained from Equation 4.2, 

                               Cdl = Itot/(2νA) x 106                              Equation 4.2 



 49

 

 

 

 

 

 

 

 
 
 
 

-600

-400

-200

0

200

400

600

-0.3-0.2-0.100.10.20.30.40.50.60.70.8

Current (nA)

Potential (V)

background 5 mV/s

Figure 4.2: Cyclic voltammogram of 0.118 mM DHP in 70 mM KH2PO4 using indium tin oxide 
electrode.  Dehaloperoxidase was measured at ν = 5 mV/s and the area of the electrode is 
 0.32 cm2. 
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where Cdl is in µF/cm2. The total current, Itot =Ia + Ic, is in amps.  The scan rate, 

ν, is in V/s, and the working electrode has an area, A, of 0.32 cm2.  The double 

layer capacitance was determined to have a value of 8.1 µF/cm2 measured at 

268 mV.  From three replicate measurements, the average value of Cdl  was  

8.1 µF/cm2 and the standard deviation was calculated to be 1.0 µF/cm2.      

  The diffusion coefficient of a species being oxidized/reduced can be 

determined from a cyclic voltammogram using the Randles – Sevcik equation, 

Equation 4.3:   

  Ip = (2.69 x 105)n(3/2)AD(1/2)Coν(1/2)                   Equation 4.3 

 

where Ip, A, D, Co, and ν have units of amps, cm2, cm2/s, mol/cm3 and V/s 

respectively.  The Randles–Sevcik equation applies strictly to electrochemically 

reversible systems.  Because the peak splitting in Figure 4.2 indicates quasi-

reversibility, Equation 4.3 can be used to determine a minimum value for the 

diffusion coefficient.  At a current of 525 nA, the minimum diffusion coefficient of 

the enzyme was calculated to be  0.53 x 10-6 cm2/s.    

At 5 mV/s, the peak splitting, ∆Ep = 122 mV/s, represents quasi-reversible 

electron transfer behavior of the protein.  Figure 4.3 and 4.4 show the scan rate 

dependence of DHP voltammetry at ITO.  Scan rates below 5 mV/s gives rise to 

greater electrochemical reversibility (Figure 4.3).  At 0.5 mV/s, the slowest scan 

rate used, the peak splitting is 90 mV/s, which is 30 mV larger than the reversible 

limit for a 1-electron species.  At scan rates greater than 5 mV/s, the peak 

splitting increases and exceeds 200 mV at scan rates of 40 mV/s or higher 
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(Figure 4.4).  The scan rate dependence is presumably indicative of electron 

transfer kinetics limitations.    

Table 4.1 provides a representative data set of CVs potentials for 

dehaloperoxidase obtained using an ITO electrode.  Values of ko, the standard 

electron transfer rate constant, was determined from ∆Ep values according to 

Nicholson1.  The Nicholson treatment assumes a value for α, the electrochemical 

transfer coefficient, of 0.5.  Figure 4.5 is a plot of ko as a function of scan rate, ν, 

for three data sets. The most complete data set, for Cell C, shows no unusual 

scan rate dependence, which suggests that conventional Butler – Volmer kinetic 

theory for SILD conditions is an adequate basis for analyzing these data.  The 

standard electron transfer rate constant, ko, at the formal potential had an 

average value of 6.6 x 10-3 cm/s with a standard deviation of 1.6 x 10-3 cm/s.   

At the 95% confidence limit, the electron transfer rate constant had a value of  

6.6 x 10-3 +/- 3.8 x 10-3 cm/s.    
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Figure 4.3: Cyclic voltammograms of 0.118 mM DHP in 70 mM KH2PO4 using indium tin oxide 
electrode at scan rates less than 5 mV/s.  At these very low scan rates, DHP displays nearly 
reversible electrochemical behavior at ITO electrodes. 



 53

-1500

-1000

-500

0

500

1000

1500

2000

-0.3-0.2-0.100.10.20.30.40.50.60.70.8

Current (nA)

Potential (V)

50 mV/s 40 mV/s 35 mV/s 30 mV/s
20 mV/s 10 mV/s 5 mV/s 

 

Figure 4.4: Cyclic voltammograms of 0.118 mM DHP in 70 mM KH2PO4 using indium tin oxide 
electrode at scan rates greater than 5 mV/s.  With increasing scan rate, the protein exhibits 
increasing electrochemical irreversibility.  The peak splitting exceeds 200 mV at the highest scan 
rates used.  
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ν (mV/s) Ep,c (V) Ep,a (V) ∆Ep (mV) ko (cm/s) 

0.5 0.164 0.257 93 0.00537 
1 0.159 0.26 101 0.00585 
5 0.146 0.272 126 0.00757 

10 0.126 0.292 166 0.00616 
15 0.116 0.303 187 0.00596 
20 0.111 0.304 193 0.00642 
30 0.106 0.300 194 0.00730 
35 0.102 0.311 209 0.00667 
40 0.094 0.318 224 -------- 
50 0.091 0.312 221 -------- 

 

 

  

 

Table 4.1:  Representative cyclic voltammetric results for DHP at bare indium tin oxide electrodes.  
These data were taken from cell C.  Experimental conditions:  concentration of DHP was 0.118 mM, 
electrolyte was 70 mM KH2PO4,  pH = 4.5, electrode area = 0.32 cm2.  Potentials are referenced to 
Ag/AgCl (1.0 M KCl).  Electron transfer rate constants were calculated from the peak splitting 
according to Nicholson1. 
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Figure 4.5:  The standard electron transfer rate constant of dehaloperoxidase as a function of scan rate 
at bare indium tin oxide electrode surface.  Data were plotted from Table 1. 
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     The preceding results were obtained with air-equilibrated DHP solutions.  

Attempts were made to purge oxygen, but the resulting voltammetry was not very 

good.  The oxygen was removed from the solution by purging argon through the 

electrochemical cell as described in the Experimental Chapter.  Figure 4.6 

illustrates a typical cyclic voltammogram of dehaloperoxidase obtained in a 

deaerated solution.  There are small peaks observed at the 200 mV regions 

similar to those above.  At more negative potentials, there is a hint of a second 

redox couple observed at -100 mV.  These data were hard to reproduce and 

further studies are needed to determine and understand the behavior of 

dehaloperoxidase in deaerated solution. 
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Figure 4.6:  Cyclic voltammogram of 0.118 mM dehaloperoxidase in a deaerated solution.  There is a 
possible second redox couple observed at  -100 mV along with the potential peaks observed previously 
near 200 mV.   
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4.3 Effects of pH and Ionic Strength 

 

To determine optimum conditions for monitoring the electrochemical 

response of any protein, the ionic strength and pH dependences are usually 

explored9-11.  In the present work, the effect of ionic strength was investigated by 

varying the concentration of the pH 4.5 electrolyte, KH2PO4, between 70 mM and 

1 M.  The pH was investigated between 4.5 and 9.1 for 70 mM phosphate 

buffers.  These studies were successful in determining suitable conditions for 

conducting diffusional voltammetric studies of dehaloperoxidase.      

Using indium tin oxide electrodes, dehaloperoxidase cyclic voltammetry 

was examined as a function of pH (Figure 4.7) with potassium phosphate buffers.  

Buffers were prepared at various pH levels by mixing solutions of 70 mM KH2PO4 

and 70 mM K2HPO4.  The best voltammetry of DHP was observed at a value of 

pH = 4.5.   This same pH value has been used in other dehaloperoxidase 

studies12. Increasing the pH by 1 unit resulted in a nearly total deterioration of the 

cyclic voltammogram response at  pH 5.5.  However, further pH increases 

resulted in a restoration of the response, although with less reversible electron 

transfer kinetics than were operative at pH 4.5.    

Since the best pH level for examining dehaloperoxidase is 4.5, the effects 

of ionic strength were tested at this value.   Several solutions of KH2PO4   were 

therefore prepared at various concentrations.   Figure 4.8 shows well-behaved 

cyclic voltammograms were obtained at all electrolyte concentrations at ITO for 
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pH 4.5.  The electron transfer kinetic behavior ranged from reversible at 1M                  

(∆Ep ~ 60 mV) to quasi-reversible (∆Ep ~ 110 mV at 100 mM).  At 1M and  

500 mM KH2PO4, cloudiness was visible in the DHP solution, indicating that 

some precipitation was occurring.  However, no cloudiness was observed with 

either 100 mM or 70 mM KH2PO4 solutions.   Future work should consider a more 

detailed examination of KH2PO4 concentration between 100 and 500 mM.      
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Figure 4.7:  The pH dependence of 0.115 mM DHP at ITO in 70 mM phosphate. The best 
conditions for observing an electrochemical response of DHP is at pH= 4.5.  Scan rate = 5 mV/s.   
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Figure 4.8:  The effect of electrolyte concentration on cyclic voltammograms of 0.115 mM DHP at 
indium tin oxide electrode.  Values shown are the concentration of KH2PO4, which has a pH 4.5 
value.  The scan rate = 5 mV/s.             
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4.4 Diffusional Voltammetry Using Modified Gold Electrodes 

 
 Diffusional voltammetry of dehaloperoxidase at gold electrodes modified 

with a mixed self-assembled monolayer (SAM) is similar to, yet distinct from, that 

observed at bare indium tin oxide.  The mixed SAM used in these experiments 

was composed of HS(CH2)6OH and HS(CH2)10COOH and its preparation was 

described in the Experimental chapter.  Figure 4.9 presents a structural cartoon 

of this mixed SAM with the dimer structure of dehaloperoxidase arbitrarily 

positioned at its surface.    

Figure 4.10 shows a typical cyclic voltammogram for dehaloperoxidase 

measured with mixed SAM –gold electrodes.  The formal reduction potential for 

dehaloperoxidase was determined to have a value of +434 mV v/s NHE.  This 

value is similar to the potential determined with indium tin oxide working 

electrodes.  This value is the average of three replicates.   The standard 

deviation was calculated to be 4 mV.  The 95% confidence interval for the formal 

potential is 434 +/- 10 mV.   The double layer capacitance was determined from 

the background current in Figure 4.10 to have a value of 5.2 µF/cm2 at 219 mV.   

The cyclic voltammetry of dehaloperoxidase at the C6OH/C10C00H mixed 

SAM was stable and well behaved starting with the initial scan, unlike that 

observed with indium tin oxide (see Figure 4.1).  Figures 4.11 and 4.12 display 

cyclic voltammograms of 0.115 mM DHP at scan rates ranging from 

 5  – 3000 mV/s.  It is possible to acquire good quality cyclic voltammograms at 

scan rates beyond 3 V/s.  Clearly electron transfer is faster at SAM-gold 

electrodes than at bare ITO electrodes.  The dependence of ∆Ep on scan rate 
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reflects electron transfer limitations.  All the cyclic voltammograms shown are 

quasi-reversible with peak separation ranging from 90 mV at 5 mV/s to 170 mV 

at 3000 mV/s.  At 5 mV/s, the lowest scan rate, the cyclic voltammogram also 

clearly indicated the presence of some electroactive adsorbed DHP, which can 

complicate data analysis.          

 Figures 4.13 - 4.15 show plots of peak current versus square root of scan 

rate for dehaloperoxidase that were obtained from three separate experiments.  

Each figure has two parts, Part A and Part B.  Part A provides data acquired at 

scan rates up to 3 V/s.  An upward curvature of the data is evident in each plot.  

Most likely this results from contribution of current from adsorbed DHP, which 

scales directly with scan rate rather than its square root.  To minimize this effect, 

the plot in Part B of each figure excludes the highest scan rates.    Figures 4.13B, 

4.14B, and 4.15B indicate good linear fits up to 1 V/s, a result that is consistent 

with a redox species reacting under semi-infinite linear diffusion conditions 

without any complications from coupled chemical steps.   From the slope of the 

line, the diffusion coefficient can be calculated by applying the Randles – Sevcik 

equation (Equation 4.3).  The mean of the diffusion coefficient calculated from 

these three plots has a value of 1.2 x 10-6 cm2/s, which is a reasonable value for 

a protein of this size. 



 64

 

 

Figure 4.9: Structural cartoon of gold with a mixed SAM composed of C6OH and 
C10C00H chains.  The dehaloperoxidase dimer is positioned at the surface with 
arbitrary orientation.  DHP and the SAM are not to scale. 
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Figure 4.10:  Cyclic voltammogram of 0.115 mM DHP in 70 mM KH2PO4 at C10COOH/C6OH 
mixed SAM-gold electrode.  The redox potential is +438 mV v/s NHE and Cdl = 5.3 µF/cm2.   
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Figure 4.11:  Cyclic voltammograms of 0.115 mM DHP in 70 mM KH2PO4 .at scan rates less than 
or equal to 100 mV/s.  These cylic voltammograms were acquired at C10COOH/C6OH mixed SAM-
gold electrode.  Cyclic voltammograms of dehaloperoxidase on mixed SAM-gold are observed to 
be electrochemically quasi-reversible at these scan rates.   The insert of 5 mV/s in the upper right 
corner illustrates that adsorption also is occurring. 
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Figure 4.12:  Cyclic voltammograms of 0.115 mM DHP in 70 mM KH2PO4 at scan rates greater 
than or equal to 500 mV/s.  These cyclic voltammograms were acquired at gold electrodes that 
had been modified with mixed SAMs. The ∆Ep = 170 mV at 2.5 V/s.   
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Figure 4.13A:  Diffusion control plot for dehaloperoxidase in cell A at scan rates up to 3 V/s.  The 
dashed line is the best linear fit.      
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Figure 4.13B:  Diffusion control plot for dehaloperoxidase in cell A at scan rates less than or equal 
to 1 V/s.  The graph shows a linear response consistent with semi-infinite linear diffusion. The 
diffusion coefficient determined from the best-fit line is 0.76 x 10-6 cm2/s. 
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Figure 4.14A:  Diffusion control plot for dehaloperoxidase in cell B at scan rates up to 3 V/s.  The 
dashed line is the best linear fit.      
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Figure 4.14B:  Diffusion control plot for dehaloperoxidase in cell B at scan rates less than or equal 
to 1 V/s.  The graph shows a linear response consistent with semi-infinite linear diffusion. The 
diffusion coefficient determined from the best-fit line is 0.69 x 10-6 cm2/s. 
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Figure 4.15A:  Diffusion control plot for dehaloperoxidase in cell C at scan rates up to 3 V/s.  The 
dashed line is the best linear fit.      
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Figure 4.15B:  Diffusion control plot for dehaloperoxidase in cell C at scan rates less than or 
equal to 1 V/s.  The graph shows a linear response consistent with semi-infinite linear diffusion. 
The diffusion coefficient determined from the best-fit line is 2.1 x 10-6 cm2/s. 
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  Table 4.2 provides a representative data set of CV potentials for 

dehaloperoxidase obtained using a modified gold electrode.  Values of ko, the 

standard electron transfer rate constant was determined from ∆Ep values 

according to Nicholson1.  The Nicholson treatment assumes a value for α, the 

electrochemical transfer coefficient, of 0.5.  Figure 4.16 is a plot of ko as a 

function of scan rate, ν, for three data sets.  Ignoring the three data points at the 

lowest scan rate, no unusual scan rate dependence is evident in this plot, which 

again suggests that conventional Butler – Volmer kinetic theory for SILD 

condition is an adequate basis for analyzing these data.  The standard electron 

transfer rate constant, ko, at the formal potential had an average value of  

0.092 cm/s with a standard deviation of 0.023 cm/s.  At the 95% confidence limit, 

the electron transfer rate constant had a value of 0.092 +/- 0.057 cm/s.        
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ν (mV/s) Ep,c (V) Ep,a (V) ∆Ep (mV) ko (cm/s) 

5 0.150 0.240 90 0.021 
25 0.170 0.240 70 0.138 
50 0.163 0.245 82 0.104 
100 0.157 0.255 98 0.069 
500 0.150 0.273 123 0.089 

1000 0.149 0.281 132 0.106 
1500 0.138 0.284 146 0.107 
2000 0.136 0.292 156 0.108 
2500 0.130 0.294 164 0.115 
3000 0.128 0.298 170 0.117 
3500 0.120 0.300 180 0.119 

 

Table 4.2:  Representative cyclic voltammetric results for DHP at modified gold electrodes.     
Experimental conditions:  concentration of DHP was 0.115 mM, electrolyte was 70 mM KH2PO4,   
pH = 4.5, electrode area = 0.32 cm2.  Potentials are referenced to Ag/AgCl (1.0 M KCl).  Electron 
transfer rate constants were calculated from the peak separation according to Nicholson1. 
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Figure 4.16:  Standard electron transfer rate constant of dehaloperoxidase as a function of 
scan rate for modified gold electrodes.     
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4.5 Adsorption of DHP on Gold SAM 

 Adsorption is a process that results in an increase in concentration of a 

species at a surface with respect to the bulk solution.  At electrode surfaces, 

adsorption of ions or molecules may occur at the inner Helmholtz plane for 

sufficiently strong interactions or at the outer Helmholtz plane.  Adsorption of ions 

and molecules at electrodes is often potential dependent.  

When a gold electrode is modified by a C10COOH/C6OH SAM, and 

exposed to a DHP solution, adsorption of the protein is evident in cyclic 

voltammograms acquired at very low scan rate (Figure 4.11).  Adsorption of 

dehaloperoxidase likely involves attractive electrostatic interaction between the 

SAM and the protein (see next section).  To further investigate electrostatic DHP 

adsorption, a low ionic strength was used to enhance adsorption.   Using 5 mM 

KH2PO4 as the electrolyte, a background scan was first taken.   A 15 µM DHP 

solution was then introduced to the cell and incubated for 60 minutes, followed by 

removal of the solution.  The cell was then rinsed with 5 mM KH2PO4, refilled with 

5 mM KH2PO4, and cyclic voltammetry was performed.  The cyclic 

voltammogram shown in Figure 4.17 clearly reveals the presence of adsorbed 

DHP that is resistant to rinsing.  Using the Laviron method8 to determine the 

electron transfer rate, the standard rate constant is ko
et = 1.5 s-1, which is 2 to 3 

orders of magnitude smaller than ko
et for cytochrome c on a similar mixed SAM17. 

The electro-active surface coverage of DHP determined from the area of 

the voltammetric peak, was found to be Γ = 2.57 x 10-12 mol/cm2, which 

corresponds to a sub-monolayer.  The formal potential of adsorbed DHP is   
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0.446 V v/s NHE, which is close to the solution value.



 79

 

-400

-200

0

200

400

600

800

-0.2-0.100.10.20.30.40.5

Current (nA)

Potential (V)

background After DHP Exposure

Figure 4.17:  Cyclic voltammogram of adsorbed DHP on C10COOH/C6OH mixed SAM. The ferric form 
of dehaloperoxidase was adsorbed on mixed self-assembled monolayer.  The electrolyte was   5 mM 
KH2PO4 and the scan rate was 100 mV/s.  
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4.6 Comparison of DHP Response on ITO and SAM/Gold Electrodes 

 
 
 Dehaloperoxidase shows good electrochemical responses with both bare 

indium tin oxide and SAM – gold electrodes.  However, there are distinct 

characteristics that definitely favor the SAM – gold electrode over the bare indium 

tin oxide electrode.  After reviewing the results obtained for ITO and gold 

electrodes,  three major differences can be identified in these cyclic 

voltammograms.  These are the “break-in” behavior, the electron transfer rate, 

and the diffusion coefficient.  In one very important respect, the DHP formal 

potential are similar with respect to both electrodes. 

  Figure 4.18 shows two DHP CVs, one for ITO and one for SAM/Au that 

were selected to closely overlay each other in terms of shape.  Note that the 

scan rates and current scales are different for the two CVs.  As described earlier 

in this chapter, CVs of this quality were obtained at ITO only after several initial 

scans had been made (“break-in”), whereas SAM-Au CVs showed excellent 

quality on the initial scan.  This result suggests that the voltammetry of DHP is 

more straightforward at the SAM-Au electrodes. 

In Figure 4.18, the CV peak separations are approximately the same for 

quite different scan rates, i.e., 5 mV/s for ITO and 100 mV/s for SAM-Au.  This 

result indicates a significantly slower interfacial electron transfer rate on ITO.  

This difference was quantified earlier in this chapter in terms of the standard 

electrochemical rate constant, k°, as determined according to Nicholson.   

Table 4.1 and Figure 4.5 presented results for ITO, and Table 4.2 and 
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Figure 4.16 presented results for SAM-Au.  The respective values of k° for DHP 

at ITO and SAM-Au electrodes given there were 6.6 x 10-3 cm/s and 9.2 x 10-2 

cm/s, respectively, which represents greater than a tenfold difference. 

 The peak heights of the CVs in Figure 4.18 reflect diffusional mass 

transport properties of DHP, i.e., the diffusion coefficient, D.  D can be 

determined from the Randles-Sevcik equation for reversible electrochemistry. 

Although the CV’s in Figure 4.18 are quasi-reversible, the relative error in a 

comparison will be comparable since their degree of quasireversibility is identical.  

To make a relative comparison of the diffusion coefficient value determined at 

each of the two electrodes, it is sufficient to note that peak current (ip) is 

proportional to the square root of scan rate (ν1/2) and to the square root of the 

diffusion coefficient (D1/2).  Thus for the same value of D, the quantity ip/ν1/2 would 

be constant.  From Figure 4.18, values of ip/ν1/2 for ITO and SAM-Au were 

determined to be 7.8 and 14 µA⋅s1/2/V1/2, respectively.  Since D is proportional to 

(ip/ν1/2)2, this means that the ratio of D determined using ITO to D determined 

using SAM-Au would be (7.8/14)2 = 0.3.  Since D = 1.1 x 10-6 cm2/s determined 

using SAM-Au is a very reasonable value for a protein of this size, we will take 

that to be the correct value of the two.  Furthermore, perhaps the anomalously 

small value of D that results from ITO electrodes is related to the surface 

processes associated with the “break-in” period that was observed. 

 Although the preceding paragraphs highlight the differences between ITO 

and SAM-Au electrodes, there were two very important similarities.  One of 

these, the formal potential, will be discussed in the following paragraph.  The 
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other similarity is the fact that DHP transfers electrons readily with both of these 

electrode types.  An important analogy is cytochrome c, which exhibits excellent 

voltammetry at both ITO and gold modified by COOH/OH type mixed SAMs13.  In 

the case of cytochrome c, it is well established that interfacial electrostatic 

interactions play a predominant role in its voltammetric behavior.  Cytochrome c 

is a small (12.5 kDa) heme protein with a basic isoelectric point (IEP) of 

approximately 10.  Cytochrome c carries an excess of positive charge (+8) due to 

the presence of more lysines than aspartates and glutamates.  The exposed 

heme edge of cytochrome c is located within a positively charged patch of 

several lysines, which functions as the binding and electron transfer site.  In the 

case of DHP, one might expect some similar features to account for its 

voltammetry.  Although an IEP has not been reported for DHP, a good idea of the 

overall charge on DHP can be gained by comparing the numbers of acidic and 

basic residues.  In one DHP monomer, the number of aspartates, glutamates, 

lysines, and arginines are 11, 6, 11, and 7, thus indicating a net overall charge of 

+1, i.e., the IEP should not be too far from 7.  So, overall charge is not a common 

feature between DHP and cytochrome c.  However, a more detailed examination 

of the DHP structure does reveal that the heme group is positioned close to the 

surface on one side of the protein monomer and, furthermore, that a well defined 

cluster of 4 lysines surround the heme edge (see Figure 4.19).  Thus, it seems 

highly likely that this lysine cluster comprises the binding site, as is the case for 

cytochrome c.  In the case of the COOH/OH SAM, the electrode surface carries a 
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negative net charge due to the pH-dependent ionization of carboxylic acid 

groups.  For ITO, the details of interfacial charging are not well understood. 

 As mentioned, both electrode types gave rise to a consistent value for the 

solution formal potential, +0.44 V vs NHE.  If this is indeed the FeIII/FeII redox 

couple of DHP, it falls some 700 mV positive of horseradish peroxidase, which is 

highly unusual.  It is proposed instead that the +440 formal potential actually is a 

reflection of the oxygenated form of FeIIDHP.  The proposed scheme would be: 

 

FeIII     +     e-                           FeII   

          Equation 4.4 

                               FeIII–O2   +  e-                  FeII–O2  

 

where FeIII DHP and FeII-O2 DHP are the two thermodynamically stable redox 

forms.  If the rate of oxygenation of FeII DHP is much faster than the time scale of 

the CV experiments, the apparent wave for reduction of FeIII DHP would be 

shifted positive of the FeIII/FeII formal potential and, in fact, would be the formal 

potential for the FeIII-O2/FeII-O2 redox couple.  Further experimentation is 

required using oxygenated and deoxygenated samples in conjunction with bulk 

electrolysis experiments to identify the thermodynamically stable redox form of 

DHP on either side of +440 mV.  Also, shortening the time scale of the 

electrochemistry sufficiently should reveal coupled chemical steps, such as 

proposed in Equation 4.4.  

 

+ O2 - O2 Fast 
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Figure 4.18:  Comparison between the modified Au and ITO working electrodes.       
The scan rates were 100 mV/s for modified gold and 5mV/s for ITO.  
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Figure 4.19:  Structure of dehaloperoxidase illustrating the location of the heme group (yellow) and the positive 
charges surrounding the heme.  The figure on the left shows the dimer image and the figure to the right zoom in 
the heme region to get a close view of the positive charges surrounding the heme.  Protein structure obtained 
from the Research Collaboratory for Structural Bioinformatic (RCSB) Protein Data Bank (PDB), 
http://www.rcsb.org/pdb/ – structure number 1EW6.   
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 4.7 Enzyme Catalysis of tri-Bromophenol 

 
 

One common substrate for DHP is tribromophenol (TBP), which can be 

enzymatically oxidized to the dibromoquinone.  In this section, some preliminary 

experimental results are presented that suggest that DHP can also catalyze the 

reduction of TBP.  Figure 4.20 shows the results of mixed SAM-Au experiments 

in which the negative limit of the potential scan was extended to –800 mV in air-

equilibrated solutions.  These experiments were conducted in the presence of 

DHP alone, TBP alone, and DHP in the presence of TBP.  Note that the current 

scale in this graph is considerably less sensitive than those employed in previous 

figures.  The supporting electrolyte in these experiments was 70 mM KH2PO4. 

 The light green background trace ("Electrolyte”) was obtained for a 

C10COOH/C6OH mixed SAM-Au electrode in the presence of electrolyte only.  

The purple trace (“Substrate”) was obtained upon the addition of 200 µM TBP to 

the electrolyte.  The blue trace (“DHP”) was obtained upon the addition of  

115 µM DHP enzyme to the electrolyte.  Finally, the red trace (“DHP & 

Substrate”) was obtained for a solution containing both 200 µM TBP and  

115 µM DHP.  The background trace reveals a peak of about 30 µA at a potential 

of  –0.4 V, which is attributed to the reduction of ambient dioxygen to H2O2 at the 

gold surface: 

O2 + 2e− + 2H+    H2O2                                        Equation 4.5 

The ambient concentration of dioxygen in salt solutions is on the order of  
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200 µM, and the peak height of the background trace is consistent with diffusion-

controlled reduction of dioxygen at this concentration.  In the presence of 

substrate only, the current changes only a minor amount compared to the 

background scan.  However, in the presence of 115 µM DHP, the current at 

–0.4 V doubles.  Also note in Figure 4.20 the presence of the DHP redox couple 

at +200 mV vs Ag/AgCl that was described in previous sections.  This CV is 

difficult to discern because of the current axis scaling; Figure 4.21 more clearly 

depicts the relationship between the two redox processes.  The doubling of 

current at –0.4 V is attributed to the catalytic role played by adsorbed 

electroactive DHP.  As described in an earlier section, DHP clearly adsorbs on 

this type of SAM with retention of its electroactivity.  The doubling of current is 

therefore attributed to the DHP catalyzed reduction of H2O2 as follows: 

FeII + H2O2    FeIV=O                            Equation 4.6 

FeIV=O + 2e− + 2H+    FeII + H2O                       Equation 4.7 

where all iron species belong to adsorbed DHP.  In light of earlier discussion, one 

would expect that the oxygenated FeII-O2 reduced form of DHP would be present 

under these circumstances, rather than the deoxygenated FeII form.  However, it 

has been shown for catalase14 that the following reaction occurs: 

FeII-O2 + 2e− + 2H+    FeII + H2O2                                Equation 4.8 

If the same reaction occurs with DHP, this could account for the absence of the 

oxy form of DHP at the electrode surface. 

 Finally, the DHP & Substrate trace in Figure 4.20 shows yet a further 

increase in current when 200 µM TBP is included with the enzyme. It is not clear 
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what is contributing to this additional current, but catalytic reduction of TBP 

seems to be the only logical option.  Thus, in addition to the known catalytic 

oxidation of TBP, the present work suggests that DHP can also catalyze the 

reduction of DHP to, as yet, unknown products. 
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Figure 4.20:  The catalytic reduction of dioxygen and tri-bromophenol added to 70 mM KH2PO4 in 
the presence of dehaloperoxidase.  See text for details.      
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Figure 4.21:  Cyclic voltammetry of DHP (red trace, left axis) and DHP plus tri-bromophenol 
(blue trace, right axis) in air equilibrated 70 mM KH2PO4 solutions. 
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CHAPTER FIVE 
 
 

EXPERIMENTAL 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

           “There is really nothing more to say – except why.  
             But since why is difficult to handle, one must take 
                refuge in how.” – Toni Morrison           
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5.1 EXPERIMENTAL 
 
 
5.2 Preparation/Purification of Dehaloperoxidase 
 
 
 Dr. Stefan Franzen’s Research Group provided dehaloperoxidase (DHP).  

Jennifer Belyea, to whom we extend our thanks and appreciation, performed the 

preparation and purification of DHP.  

  

5.3 Mixed Self-Assembled Monolayer on Gold Electrode 

 
5.3.1 Pretreatment of Electrode  

 Gold electrodes were purchased from Evaporated Metal Films located in 

Ithaca, NY. Each electrode consisted of 1000 – 5000 Å of gold evaporated on a 

glass slide with a 50 Å thick titanium adhesion layer. Initially, the gold electrodes 

were cleaned for 10 minutes by sonication in 1% Liqui-Nox and Milli-Q water 

(2x).  Next, the cell was assembled according to procedures outlined in the 

section below entitled Electrochemical Cell.  The assembled cell was filled with 

0.1 M H2SO4/0.1 M KCl and the gold electrode was electrochemically cleaned by 

cycling the potential ten times using cyclic voltammetry2.   

 

5.3.2 Self-Assembly of Mixed Monolayer  

 After electrochemical cleaning, the cell was rinsed 10x with Milli-Q water 

and loaded with a solution containing 5 mM 11–mercapto-decanoic acid and    

2.5 mM 6-mercapto-1-hexanol in 95% ethanol. This solution was prepared by 

mixing equal volumes of 10 mM 11–mercapto-decanoic acid and  
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5 mM 6-mercapto-1-hexanol.   The cell was covered with parafilm and assembly 

of the mixed monolayer was permitted to proceed overnight at 4 oC.   

 

5.3.3 Voltammetry of Solution DHP at Mixed SAM on Gold 

 
 After preparing the SAM, the cell was rinsed 10x with water and 10x with 

95% ethanol, alternating between the two solvents.  The cell was then rinsed with 

water (5x) followed by rinsing with electrolyte solution (70 mM KH2PO4) (10x). 

Background scans were acquired at 100 mV/s in 70 mM KH2PO4. The solution 

was replaced with 0.115 mM DHP in 70 mM KH2PO4 and cyclic voltammograms 

were acquired at various scan rates.    

Efforts were made in some experiments to remove oxygen from the 

protein solution.  For background scans, argon was bubbled through the solution 

for      5 minutes.  Electrochemical scans were acquired with a gentle stream of 

argon impinging on the surface of the solution.  Oxygen – purged DHP solutions 

were prepared by first bubbling argon through the solution for 5 minutes.  A 

gentle stream of argon was directed on the surface of the stock protein solution 

for 2-3 minutes, prior to mixing the solution and protein together.  A gentle stream 

of argon was directed onto the surface of the protein solution while voltammetry 

was performed.   
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5.3.4 Voltammetry of Adsorbed DHP on Mixed SAM 

 
 
 After preparing the SAM, the cell was rinsed several times with water and 

with 95% ethanol.  Afterwards, the cell was rinsed several times with electrolyte 

solution and background scans were acquired as described in the preceding 

section.  The 5 mM KH2PO4 solution was replaced with DHP diluted to 15 µM in    

5 mM KH2PO4 solution. After 3 hours of incubation at 4 oC, the cell was emptied 

and rinsed with 5 mM KH2PO4 solution (10x).  After refilling the cell with 5 mM 

KH2PO4 solution, voltammograms of adsorbed DHP were acquired. 
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5.4 Voltammetry of Solution DHP on Indium Tin Oxide 

 
 
5.4.1 Pretreatment of ITO Electrode 
 
 
 Indium tin oxide (ITO) electrodes were a product of Delta Technologies, 

Limited - product AFC Lot Number 6A1522080.  Each electrode was sonicated 

for 10 minutes in 95% ethanol:KOH:H2O (10:1:1) solution. After sonication, each 

electrode was rinsed with copious amounts of Milli-Q water and immersed in 

solution for overnight equilibration. 

 

5.4.2 Procedures for Dehaloperoxidase Voltammetry 
 
 
 The electrochemical cell was assembled, rinsed with  

70 mM KH2PO4 (10x), and background scans were obtained.  The solution was 

then replaced with DHP diluted to 0.115 mM using 70 mM KH2PO4, and 

electrochemical analysis was performed.  In order to remove oxygen from the 

protein solution, argon was purged on the sample as described previously.     
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5.5 Voltammetry of Dehaloperoxidase and tri-Bromophenol 

 

 In a typical experiment, a mixed SAM was first self-assembled overnight 

on a gold electrode.  A background scan was obtained containing only the 

electrolyte solution, 70 mM KH2PO4.  Continuous background scans, at 100 

mV/s, were taken with the solution until no further changes were observed.     

Next, the electrolyte solution was replaced with 200 µM tri-bromophenol 

(dissolved in 70 mM KH2PO4).  Several scans were taken until the cyclic 

voltammograms were identical.  The cell was emptied and rinsed with plenty of 

Milli-Q water and electrolyte solution.  The cell was then filled with  

0.115 mM DHP in 70 mM KH2PO4 and a cyclic voltammogram was obtained.  

After obtaining the DHP cyclic voltammogram, a mixture of 0.115 mM DHP and 

200 µM tri-bromophenol in 70 mM KH2PO4 was introduced into the cell and a 

final cyclic voltammogram was obtained.   
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5.6 Electrochemical Cell 

 
 The electrochemical cell utilized in the investigation of the oxidation and 

reduction processes of dehaloperoxidase is illustrated in Figure 5.1.  The design 

of the cell is based upon the work of Koller and Hawkridge2.  However, the 

researchers in the Bowden Research Group refer to the electrochemical cell as 

the Bowden Cell.  This cell design has the typical function of allowing current flow 

between the modified gold or indium tin oxide working electrode and the platinum 

wire counter electrode.        

 

     

 

Figure 5.1:  Top view of the Bowden Cell used in analyzing the samples of dehaloperoxidase.   
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The potential of the working electrode is measured against the Ag/AgCl (1M KCl) 

reference electrode.  A detailed description for assembling this electrochemical 

cell can be located in Dr. Michael Leopold’s dissertation3.    

The Bowden Cell works best with samples that do not require rigorous 

degassing.  With the Bowden Cell, it is difficult to maintain low levels of oxygen 

because the cell gradually allows oxygen to re-enter.  Therefore, 

Elizabeth Chamberlain and Dr. Chris Njue have designed a specific type of 

electrochemical cell used that is well suited for deaerating solutions (Figure 5.2).   

  Figure 5.2:  The top view of the electrochemical cell used with deaerated dehaloperoxidase samples.  The glass 
cell differs from the Bowden Cell by the number of openings.  The middle opening is used for the reference 
electrode, and the other two apertures are used for the gas to enter and escape. 
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The difference between The Bowden Cell and the new cell designed by 

Chamberlain and Njue is the glass body developed to hold the sample.  The 

Bowden Cell has a single opening for a rubber septum.  The new cell features a 

glass body with three openings on the top. The new cell has a middle opening 

that holds the reference electrode, and the remaining two openings permit 

purging gas to enter and to escape the cell.     
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