
ABSTRACT 

CHEN, THOMAS KRISTOPHER. Electrochemistry of Dehaloperoxidase: Fe3+/Fe2+ Redox 
Mechanism and Protein-Electrode Interactions. (Under the direction of Dr. Edmond F. 
Bowden). 
 

 Dehaloperoxidase (DHP), a hemoglobin from the marine worm Amphitrite ornate, 

not only binds and transports dioxygen reversibly, but also has evolved a peroxidase-like 

enzymatic function for detoxifying halogenated organic compounds released by co-habitant 

annelids.  DHP catalyzes the oxidative dehalogenation of 2,4,6-trihalophenols to 2,6-

dihaloquinones in the presence of H2O2.  Underlying this bifunctionality is an unusual distal 

histidine (H55) that is displaced ∼1 Å farther from the heme iron than distal histidines in 

other globins, leading to a decreased interaction with distal ligands (O2, H2O) through 

hydrogen bonding.  As a result, DHP’s globin function (dioxygen binding) and enzyme 

function (dehalogenation), wherein H55 serves as an acid-base catalyst, are both impacted.  

Additionally, H55 shows an unusual flexibility leading to the conventional 6-coordinate 

“closed” conformation common to other globins and a unique 5-coordinate “open” 

conformation.  Although increasingly extensive spectroscopic and crystallographic 

characterization of DHP have become available in recent years, electrochemical 

measurements remain limited, for the most part, to reports of ferric/ferrous reduction 

potentials of DHP and its mutants.  The broad aims of the present work are to develop the 

requisite voltammetric methodology to enable electrochemical characterization of DHP in 

diffusional and diffusionless formats and to then utilize this methodology in the 

determination of kinetic, thermodynamic, and mechanistic properties for its ferric/ferrous 

reaction under both anaerobic and aerobic conditions.   



 Diffusional cyclic voltammetry (CV) of DHP was achieved on mixed-self-assembled 

monolayer (SAM) composed of hydroxyl- and carboxyl-terminated alkanethiols on gold 

along with stringent protein purification procedures.  Anaerobic conditions gave rise to stable 

and reproducible voltammetry featuring quasi-reversible electron transfer (ET) kinetic 

behavior.  ET to ferric DHP is postulated to proceed through the “open” conformational state, 

which exists in equilibrium with the “closed” state at ambient temperature.  Under aerobic 

conditions, chemically reversible CV was achieved for DHP, an observation unprecedented 

in the globin electrochemical literature.  The presence of ambient dioxygen shifted the 

ferric/ferrous reduction potential positive by ∼0.1 V.  An electrochemical-chemical (EC) 

reaction mechanism was proposed, and with the aid of computer simulation, thermodynamic 

and kinetic parameters for dioxygen binding to deoxyferrous DHP (II) were obtained.  

Compared to sperm whale myoglobin, oxygen binding in DHP was found to be weaker (Kb = 

0.38 vs 1.2 µM-1) and more labile (koff = 1.14 x 104 vs 12 s-1).  The enhanced chemical 

reversibility of DHP voltammetry under aerobic conditions appears to be largely due to the 

larger oxygen dissociation rate constant (koff).  It is believed that DHP’s unique distal histidine 

is largely responsible for these unique kinetic and thermodynamic properties.  

 Diffusionless CV was characterized for adsorbed DHP using the same type of mixed-

SAM electrode for a variety of solution conditions (pH, ionic strength, electrolyte 

composition). The adsorption of DHP was demonstrated to be chemically reversible and 

dominated by electrostatic forces.  Cyclic voltammetric measurement of electroactive surface 

concentration (Γsurf) revealed an inverse scan rate dependence wherein higher values of Γsurf 

resulted from lower scan rates.  This observation was explained by invoking a dynamic 

docking model previously developed for ET between myoglobin and cytochrome b5. 



 Two preliminary studies were conducted intending to improve the extent and stability 

of immobilized DHP. Covalent immobilization of DHP on the mixed-SAM electrode was 

demonstrated. Improved stability was observed, however, the system suffered from low Γsurf 

values. Five surface mutants designed to enhance positive charge in the vicinity of the heme-

edge were prepared and evaluated by CV. Improvement in stability and extend of Γsurf and 

ET kinetics were observed and discussed with respect to mutation locations and the overall 

surface charge. Based on these initial results, potential future mutations were suggested. 

These insights may contribute toward the development of DHP-based biosensors. 
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CHAPTER 1: Direct Protein Electrochemistry: Protein-Electrode Interactions and 

Protein Orientation 

1.1 Introduction 

 Electron transfer (ET) is a fundamental process that has an important role in both 

chemical and biological reactions.  In biological systems, be it plants,1-3 animals4 or 

microorganisms,5,6 ET between small molecules, transition metals in enzymes, amino acids 

within proteins or their combinations are all essential for maintaining life.7-9  Over the past 

approximately 40 years protein electrochemistry of redox enzymes, including enzyme 

electrocatalysis, has steadily gained interest both for its utility in elucidating fundamental 

biochemical properties and reactions10-14 and for practical applications in biosensors15-19 and 

biofuel cells.20,21  Depending on the precise electrochemical techniques used, information on 

electrode surface modifications22, protein-electrode interfacial interactions23, redox 

potentials24 and related thermodynamic25 and kinetics26 properties as well as catalytic 

activities16,27 can all be accessed when rapid, stable and reproducible direct electrochemical 

responses from redox proteins and enzymes are available.  Since well-behaved protein 

voltammetry of cytochrome c (Cyt c) was independently reported in 1977 by Eddowes and 

Hill28 and Yeh and Kuwana,29 considerable success has been achieved for smaller proteins 

whose primary function is ET such as cytochromes,15,30-34 ferredoxins35 and blue copper 

proteins36 on electrodes of various materials and surface modifications.  However, slow ET 

rates due to the insulating polypeptide that typically surrounds the redox prosthetic groups of 

enzymes often present a major obstacle in protein electrochemistry of other non-ET 

proteins.37 Despite this difficulty, successful protein voltammetric investigations have been 
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reported for a diverse set of non-ET proteins including horseradish peroxidase (HRP),37 

myoglobins (Mb),38-40 hemoglobins (Hb),41 and even larger proteins such as catalase42 and 

sulfite dehydrogenase.43 

 

1.2 Overview of Dehaloperoxidase 

 Dehaloperoxidae (DHP) is a multi-functional heme protein of ~15.5 kDa mass that is 

obtained from the marine worm Amphitrite ornata.  An x-ray crystal structure of ferric DHP 

(PDB 2QFK) is shown in Figure 1.1.  DHP’s protein folding is typical of the globin family, 

but its heme is buried ∼1.5Å deeper within the cavity.44  The distal pocket of DHP consists 

mostly of hydrophobic residues including five phenylalanines (F21, F24, F35, F52 and F60), 

a leucine (L25), a valine (V59) and a tyrosine (Y38).44,45  The distal histidine (H55) is ∼1.5Å 

farther from the heme iron compared to other globins46 and, as shown in Figure 1.2, has been 

observed in two different conformations: a solvent-exposed “open” form and a solvent-

restricted “closed” position.47-50  As a result of its location, H55 cannot stabilize distal ligands 

through hydrogen bonding (H-bond) as well as other globins.  On the proximal side, a 

histidine (H89) serves as the fifth ligand to the iron in a carbonyl(L83)-His-Fe triad.51 
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Figure 1.1. X-ray crystal structure of dehaloperoxidase (PDB 2QFK).  The heme group is shown in stick 
representation with the alpha helixes shown as solid ribbons. 
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Figure 1.2. X-ray crystal structure of the active site of DHP (PDB 1EW6).  The heme is shown in stick 
representation and the distal histidine (H55) shown in blue is depicted in its “open” and “closed” conformations. 
 
 

 In additional to its principal function of dioxygen transport, DHP also catalyzes the 

oxidative dehalogenation of trihalophenols (TXP) to dihaloquinones (DXQ) in the presence 

of hydrogen peroxide; as shown in Scheme 1.1.45,52-54  This peroxidase-like activity is 
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believed to be a defensive mechanism of A. ornata that evolved from its need to detoxify 

bromophenolic compounds produced by DHP’s annelid cohabitants.55 The turnover rate (kcat) 

for the dehalogenation reaction of DHP lies between those of peroxidase and Mb. Using 

tribromophenol as substrate at pH 5, Belyea et al. found kcat for DHP to be an order of 

magnitude lower than horseradish peroxidase (HRP) and an order of magnitude higher than 

Mb.56  D’Antonio obtained a qualitatively similar trend using trichlorophenol as substrate at 

pH 7.51 

 

 

Scheme 1.1. DHP’s catalytic oxidative dehalogenation reaction shown converting 2,4,6-trihalophenol to 2,6-
dihaloquinone. 
 
 

The surface of DHP, like its active site, is similar to that of a typical globin.  As 

shown in Figure 1.3, the overall electrostatic potential of the surface is effectively neutral 

when compared to an ET protein like Cyt c, which has a well-defined lysine patch of positive 

charge surrounding its heme-edge.  Like Mb, a small positively charged region does exist for 

DHP near its heme-edge; however, this region is also the location of the heme propionate 

groups.  Therefore, any electrostatic binding involving this region is likely to be weak and 

the binding motif is expected to be different from Cyt c.  In recent years Hoffman’s group 

has proposed a protein-protein complex energy landscape called “dynamic docking” that 
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explains protein-protein interactions leading to electron transfer between globins and 

cytochrome b5.57-59  We have obtained evidence supportive of dynamic docking as a 

descriptor of DHP-electrode interactions, and this will be discussed in greater detail in 

Chapters 2 and 3.  A more in-depth description of dynamic docking will also be presented in 

section 1.5. 

 

 

Figure 1.3. Electrostatic potential of myoglobin (1A6G), DHP (1EW6) and cytochrome c (1HRC) oriented with 
their heme edges facing front. Blue and red colors indicate positive and negative charges respectively while 
neutral charge is shown in white. 
 
 

1.3 Overview of Self-Assembled Monolayers 

One of the most utilized and extensively characterized surface modifiers for gold 

electrodes is ω-functionalized alkanethiols/alkyldisulfides (Figure 1.4).60  Alkanethiols have 

several advantages in the field of interfacial protein electrochemistry.  The –SH moiety can 

readily form a stable covalent bond with gold (gold-thiolate bond) and certain other metals, 

while the terminal group offers flexibility for accommodating different functional groups 

through synthetic chemistry.  Various functional groups can be used for different purposes, 
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such as covalent bonding,61 biomimicking22,34,62 and creating an electrostatically favorable 

surface for binding with charged redox proteins.63 Typically, ethanolic solutions containing 

millimolar concentrations of alkanethiols are used to modify gold electrodes by simple 

immersion.  Although self-assembled monolayers (SAMs) can be formed in about a minute, 

overnight or longer incubation times are often employed to achieve more highly ordered 

packing of the alkyl chains, which can result in 2-dimensional crystallinity in the case of 

longer chain molecules.60,64  Limited working potential is one of the major disadvantages of 

alkanethiol modified gold electrodes.  In aqueous solutions, the useful potential range of 

about 1.2 V is limited by reductive desorption of alkanethiolates at negative potential bias 

and gold oxidation at positive potential.65,66 Functionalized SAMs have proven useful in 

interfacial electrochemistry studies of biomolecules, and the suggestion has been made that 

carboxylic acid terminated alkanethiol SAMs can provide an interfacial environment that 

mimics, to some extent, physiological surface environments.22,61,62,67 

 

 

Figure 1.4. ω-functionalized alkanethiol. 
 
 

The impact of gold surface topography on COOH-terminated SAMs has been 

implicated as an influence on the adsorption of cationic proteins such as Cyt c. Smooth 

surfaces (as depicted ideally in Figure 1.5a for a uniform length COOH SAM on atomically 

flat gold) were found to be highly unsuitable for adsorbing Cyt c compared to the same 

SAMs formed on roughened gold (Figure 1.5b) or mixed-SAMs of uneven lengths on smooth 
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gold surfaces (Figure 1.5c).22  The use of mixed-SAMs having COOH groups diluted by 

shorter OH-terminated alkanethiols has also been shown to result in larger heterogeneous 

electron transfer rate constants (kET).22,67  Both surface pKa shifts from disrupted H-bondings 

at roughened or uneven SAM surface and irregularity of the SAM surface textures leading to 

improved hydrophobic characteristics and adsorption orientation have been suggested for 

these observations.62,67,68 

 

 

Figure 1.5. Cartoon depicting idealized surface-modified gold electrodes of different topographical character.  
a) -COOH terminated alkanethiol on smooth substrate where strong hydrogen bonding is believed to weaken 
the hydrophobic interactions between the alkayl chains.  b) -COOH terminated alkanethiol on rough substrate 
where disrupted hydrogen bonding allows for more structured SAM formation and more acidic surface pKa.  c) 
Mixed SAMs of -COOH and -OH terminated alkanethiols of different length. Some topographical similarity 
between the SAM surfaces depicted in (b) and (c) is expected. 
 
 

Through variation of the number of methylene groups (n) in the alkyl chains, SAM- 

modified electrode surfaces have also served as useful platforms for investigating the 

dependence of ET rate on distance.  In accordance with Marcus theory, non-adiabatic long-

range electron tunneling rate decreases with increasing distance. For ω-functionalized 

alkanethiol SAM-modified electrodes, the decrease of kET is dependent on n as described by 

the following equation26 (1.1) 
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    (1.1) 

 

where o
ETk  is the extrapolated kET when n is zero.  β is the decay coefficient unique to the 

tunneling medium.  The reported β value for methylene is about 1.1 per methylene group, 

regardless of the terminal redox proteins or functional groups.67-69  Numerous reports using 

various techniques have confirmed the predicted distance dependence of ET for Cyt c 

adsorbed on carboxylic acid terminated alkanthiols.22,26,68,70-72  It was found that this distance 

dependence breaks down, however, at short distance (n < 9), with no consensus having been 

reached on a single explanation.26,34,73-76 

 

1.4 Diffusional vs. Diffusionless Protein Voltammetry 

 The basic principle of enzyme electrocatalysis involves coupling of a redox 

enzymatic reaction to an electrode that functions as an electron sink/source for the 

oxidation/reduction of the enzyme, thus linking interfacial ET to substrate turnover. There 

are two general approaches for achieving electronic communication between enzymes and 

electrodes: mediated, using exogenous natural or artificial small molecule ET mediators, and 

direct ET. Direct ET, depicted in Figure 1.6 for an electrocatalytic process, is attractive for its 

conceptual simplicity (lacks the mediator component), its ability to access reaction dynamics 

on different timescales, and its ability to directly control the free energy of reaction. Also, 

direct electronic communication between an enzyme and electrode lends itself to 

optimization of ET kinetics through genetic engineering of the enzyme and electrode surface 
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modifications.  Although direct protein electrochemistry can exhibit slow ET rates due to the 

insulating polypeptide that typically surrounds the redox prosthetic group,37 under 

appropriate interfacial conditions, efficient direct ET between proteins and electrodes can be 

achieved.77-84 

 

 

Figure 1.6.  Schematic depiction of direct electrocatalysis where ET between the enzyme and the electrode is 
unmediated. The enzyme may be diffusing in the solution or immobilized on the electrode. 
  
 

Protein voltammetry based on direct ET can be further divided into diffusional and 

diffusionless reaction formats. Diffusional voltammetry is conducted using protein solutions 

and is an excellent way to obtain solution thermodynamic properties such as reduction 

potentials. Diffusionless voltammetry on the other hand, is conducted using immobilized 

proteins, and has been extensively employed in ET kinetic studies and is better suited for 

electronics integration. 
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For the diffusional case, in which the redox protein is resident in solution, a minimum 

of five steps are needed for a mechanistic description of direct protein electrochemistry63 

(Figure 1.7): 

 

 a.  Diffusion to the electrode. 

b.  Reversible adsorption with orientation capable of ET. 

c.  Electron transfer. 

 d.  Desorption. 

 e.  Diffusion away from the electrode. 

 

If the redox protein is an enzyme, bimolecular reactions with substrates in solution can 

follow, reinitiating the cycle. It should be noted that reorientation of adsorbed proteins into 

configurations conducive to ET may also be involved, which would necessitate the 

introduction of an additional step in the above scheme just prior to ET. 
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Figure 1.7. Required steps for direct ET between a solution protein (the two different oxidation states are 
distinguished by colors) and an electrode: a) diffusion to electrode, b) adsorption to electrode surface with 
suitable ET orientation, c) ET,  d) desorption, and e) diffusion away from electrode. 
 
 

 For the diffusionless case, in which the redox protein is immobilized at the surface of 

an electrode, mass transfer is not a factor and the mechanism can be simplified to the single 

step depicted in Figure 1.7c.  It is still important for the adsorbed protein to have an 

orientation capable of ET and thus a reorientation step may still be required as described 

above for the diffusional case. 

 One of the most versatile and commonly utilized voltammetric techniques for 

studying redox proteins and enzymes is cyclic voltammetry (CV).  CV provides control over 

the redox reaction by applying a potential that varies linearly with time at a selected scan 

rate. The output current reflects the flow of electrons between the enzyme and the electrode 

as a function of the applied potential. For a diffusional reaction of an electrochemically 

reversible redox species at a planar electrode, the reduction potential, Eo’, will be the average 

of the cathodic and anodic peak potentials (Epc and Epa, respectively) as shown in equation 

1.2. 
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     (1.2) 

 

The peak current (ip) for an electrochemically reversible and mechanistically simple ET 

reaction subject to semi-infinite linear diffusion conditions is described by the Randles-

Sevcik equation (equation 1.3), and the half-peak width, which is the difference between Ep 

and the half-peak potential (E1/2, i.e. the potential at which current equals ip/2) is 56.5/n at   

25 oC, as described by equation 1.4. 

 

  (1.3) 

 

    (1.4) 

 

In these expressions, F is Faraday’s constant, R is the gas constant, T is temperature (Kelvin), 

n is the number of electrons transferred, A is electrode area (cm2), D is the diffusion 

coefficient (cm2/s), C is redox species concentration (mol/cm3), and υ is scan rate (V/s).    

The separation between cathodic and anodic peak potentials (ΔEp) for a simple, 

electrochemically reversible, redox reaction is ~ 59 mV at 25 °C.  For a comparable ideal 

diffusionless reaction, which is absent of any diffusional mass transport limitations, ΔEp = 0  

and Eo’ = Epc = Epa.  The ip value for an electrochemically reversible diffusionless system is 

described by equation 1.5; notice the lack of dependence on diffusion.  The charge under the 
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peak (Q) can also be used to calculate the surface concentration of immobilized redox species 

(Γsurf) as shown in equation 1.6. 

 

    (1.5) 

 

     (1.6) 

 

1.5 Protein-Protein Complex Energy Landscapes 

 For redox proteins, the interfacial interactions that give rise to protein-protein 

complexes and by extension, proteins adsorbed on electrodes, are of crucial importance in 

realizing rates of ET.  The binding location, strength, orientation, and associated 

conformation are all dependent on interfacial interactions within the complex.  It has been 

suggested that many examples of protein-protein complexes operate under a “simple 

docking” energy landscape (Figure 1.8a) where the most stable orientation of the complex 

coincides with the most efficient ET configuration.85-89  Yet, other redox systems26,90-92 have 

been described wherein the most stable binding orientation differs from the most effective 

ET orientation, and some sort of conformational rearrangement is required before ET can 

occur.  In this case, if the rearrangement rate is slower than the ET rate, a “gated” energy 

landscape (Figure 1.8b) is operative, and the observed kET is actually the rate of conversion 

between the two orientations.93  In recent years, Hoffman’s group has proposed a new energy 

landscape called “dynamic docking (Figure 1.8c)57-59,94 to describe rates of ET between 

myoglobin and its ferric reductase, Cyt b5.   In this model, Mb and Cyt b5 are proposed to 
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form weakly bound complexes comprising a broad distribution of orientational 

conformations, of which only a very small fraction are ET active.  In this model, the most 

stable complexes are incapable of ET whereas the complexes that result in ET are the least 

stable.  A hallmark feature of dynamic docking is the decoupling that occurs between binding 

affinity and ET reactivity.  In other words, stronger binding does not lead to higher ET 

reactivity. 

 

 

Figure 1.8. Schematic depictions of protein-protein complex energy landscapes.  The red circles indicate the 
binding configurations with efficient ET.  (a) Simple Docking, (b) Gated and (c) Dynamic Docking.58 
 
 

 According to the dynamic docking model, the observed binding constant, K, is 

comprised of the sum of microscopic non-ET-active (KNR) and ET-active (KR) binding 

constants (equation 1.7).  The observed second-order ET rate constant (k2) is similarly made 

up of non-ET-active (kNR) and ET-active (kR) rate constants associated with each binding 

orientation (equation 1.8).  Since the number of ET-active orientations (nR) is much smaller 
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compared to the number of non-ET-active orientation (NNR), i.e. nR << NNR, and k2 depends 

only on nR, K and k2 can be simplified to equations 1.9 and 1.10, respectively. 

    (1.7) 

 

   (1.8) 

  

   (1.9) 

 

   (1.10) 

 

 In CHAPTER 3 we will discuss DHP-SAM interfacial interactions and present 

evidence that supports the role of dynamic docking. 

 

1.6 Applications of Direct Protein Electrochemistry 

 For amperometric biosensor applications it is desirable to have the signal transducer 

(enzyme) immobilized on the electrode surface in an orientation that results in efficient ET. 

The fundamental requirement for the development of so-called third-generation biosensors is 

the ability to transfer electrons directly between electrodes and redox enzymes.  The 

advantages of direct ET with surface immobilized enzymes include improved selectivity 

(focusing potential on Eo’ of the enzyme), the need for minimal amounts of enzyme, and 

simplification of reaction system (eliminate ET mediators).95  Considerable efforts have been 

directed towards biosensor development based on a variety of electrode materials and 
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immobilization methods including metal nanoparticles, carbon nanotubes, sol-gels, SAMs, 

and layer-by-layer assembly.11,15,16,27,96,97  In addition to the longstanding and ongoing 

development of glucose sensors, efforts continue to explore catalytic properties of new 

proteins, enzymes and target substrates as biosensors, for example, Cyt c for H2O2 and 

superoxide measurement,15,98 and Mb, Hb and Cyt c for electrocatalytic detection of H2O2, 

O2 and NO.99-101  Other studies have focused on the characterization of protein orientation on 

electrode surfaces, which can profoundly influence the distance and rate of ET and thus 

affect the interpretation of the signal produced.23,34,102-106 

 As mentioned previously, in addition to biosensor development, direct protein 

electrochemistry can also facilitate the study of fundamental properties of biomolecules.  The 

ability to control both the potential applied and the scan rate have enabled the elucidation of 

enzyme mechanisms such as structure alteration,107 ligand dissociation.108-110 and  the 

discovery of proton coupled cooperative redox couples111 to name just a few examples.  CV 

has been shown to be a highly useful and convenient technique for the determination of 

kinetic and thermodynamic properties of redox proteins.11,112,113 

 This dissertation presents the electrochemical characterization of DHP using cyclic 

voltammetry.  In CHAPTER 2, stable and reproducible cyclic voltammograms from direct 

electron transfer with solution DHP in various buffer conditions were presented for the 

ferric/ferrous redox couple. The unprecedented observation of reversible diffusional globin 

cyclic voltammograms under aerobic conditions in DHP was attributed to its unique distal 

histidine amongst globin proteins. In CHAPTER 3, interactions between the electroactive 

DHP and the mixed-SAM modified electrode surface were shown to be dominated by 
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electrostatic forces. Additionally, the voltammetry of adsorbed DHP was interpreted using 

the “dynamic docking” model, developed to describe the electron transfer reaction of the 

protein-protein complex of myoglobin and cytochrome b5. In CHAPTER 4, preliminary 

results on  the feasibility of covalent immobilization of DHP using 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) was demonstrated using cyclic voltammetry and 

improved temporal stability and tolerance under various buffer conditions were shown.  The 

similarity in Γsurf values of covalently bound DHP compared to adsorbed DHP was attributed 

to the heterogeneous immobilized orientations of DHP on the electrode.  In CHAPTER 5, 

surface mutations of DHP had yielded enhanced Γsurf values as well as its improved stability. 

In the case of Q88K DHP, its anodic peak position, cyclic voltammogram peak shape and the  

Km value for the catalytic dehalogenation reaction of 2,4,6-trichlorophenol, relative to wild-

type DHP were rationalized using thermodynamic and kinetic parameters of O2 binding as 

calculated by digital simulation. 
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CHAPTER 2: Direct Electrochemistry of Dehaloperoxidase: Characterization of Redox 

Mechanism, Redox Thermodynamics and Interfacial Properties 

 

2.1 Introduction 

 Dehaloperoxidase, an intra-cellular coelomic oxygen carrier, is a hemoglobin with an 

iron protoporphyrin IX center and a 3-over-3 α-helical sandwich fold similar to mammalian 

myoglobin (Mb) and hemoglobin (Hb).51,114,115 Amphitrite ornata, the terebellid polychaete 

in which dehaloperoxidase is found, lives in cohabitation with other annelids that produce 

toxic brominated species.55 For the purpose of self-defense, dehaloperoxidase has apparently 

evolved from a hemoglobin into a dual functional protein capable of catalytic oxidative 

dehalogenation of trihalophenols into less toxic dihaloquinones, in the presence of hydrogen 

peroxide.116,117 With bioremediation applications of the dehalogenation reaction a distinct 

possibility, dehaloperoxidase might serve as an attractive potential candidate in the growing 

globin-based biosensor field if expedient protein electrochemistry can be achieved.118-121 

 The elucidation of considerable insight into the catalytic mechanism of DHP in recent 

years has been accomplished through the use of a variety of spectroscopic techniques along 

with crystallography.116,122-125 Electrochemical studies of DHP, however, remain limited. Our 

group previously utilized thin-layer spectroelectrochemistry (TL-SEC) to determine the 

formal reduction potential (Eo’) of the ferric/ferrous couple of DHP as a function of pH.24  

Similarly, TL-SEC was utilized to determine Eo’ values for proximal cavity mutations 

wherein acidic side chain residues (M86E and M86D) were introduced to potentially impart 

heightened peroxidase character.51 It was found that for M86D, the improved proximal 
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charge relay resulted in a negative shift of Eo’ and increased dehalogenation catalytic activity 

(based on the kcat parameter) but reduced catalytic efficiency. 

 Direct protein electrochemistry is essential for the development of third-generation 

biosensors and is also a valuable technique for investigating the fundamental properties of 

redox enzymes.15-17 Characterization of electrode surface modifications, protein-electrode 

interfacial interactions, redox potentials, electron transfer kinetics, and catalytic activities 

becomes feasible when rapid, stable, and reproducible direct electrochemical responses from 

enzymes can be obtained.  In addition to electron transfer (ET) proteins such as cytochrome c 

(Cyt c), numerous proteins including Mb and Hb have also been found to be capable of 

transducing chemical information into electrical signals in amperometric biosensor 

applications.108,113,126 However, globin electron transfer rates are typically slow and direct 

voltammetric characterization of myoglobin has not been met with much success127 except in the 

absence of oxygen.110,113 

The aims of this report are twofold, the first being to develop the diffusional 

voltammetry for the ferric/ferrous redox couple of dehaloperoxidase to a level such that 

cyclic voltammetry (CV) studies of DHP may subsequently be pursued on a more-or-less 

routine basis.  Cyclic voltammetry offers control over both potential and time, which enables 

the elucidation of fundamental redox properties including rates of electron transfer and redox 

mechanisms.  Secondly, we wish to electrochemically characterize solution DHP and 

establish a solid mechanistic foundation upon which the results of future studies 

(mutagenesis, protein immobilization, etc.) can be compared. 
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2.2 Materials and Methods 

 7-Carboxy-1-heptanethiol (C7COOH) and 8-hydroxy-1-octanethiol (C8OH) were 

purchased from Dojindo Molecular Technologies, Inc. All other chemicals were purchased 

from either Sigma-Aldrich or VWR International and used as received. Water used was 

purified by a Barnstead purification system (17.3 MΩ·cm). 

 Gold electrodes (Evaporated Metal Films) consisting of 1000 Å Au on 50 Å Ti 

adhesion layer on float glass were cleaned by 10-minute successive sonications in 1% (v/v) 

Contrex solution (Decon Labs) and twice in water.  Electrochemical pretreatment was similar 

to the procedure described by Nahir and Bowden128 wherein the electrode is subjected to 10 

cyclic voltammetry (CV) scans from 0 V to 1.5 V (vs. Ag/AgCl, 3 M KCl) at 100 mV/s in 

0.1 M H2SO4 containing 0.01 M KCl.  Electrodes were then rinsed with water and absolute 

ethanol and followed immediately by immersion in a C8OH/C7COOH (3:1 molar ratio) 

ethanol solution (1 mM total alkanethiol concentration) for at least 36 hours in containers 

sealed under ambient conditions.  Mixed self-assembled monolayer (mixed-SAM) modified 

electrodes were rinsed in ethanol, then water, and finally rinsed with and stored in 25 mM 

potassium phosphate buffer (KPi), pH 6.0, at ambient conditions.   

 Expression of the 6x-His-dehaloperoxidase A isoenzyme (DHP) followed the 

procedure previously described56 using pET-DHP4R plasmid and transformed into BL21 

(DE3) Escherichia coli (E. coli) strain (Stratagene).  The purification of DHP followed the 

procedure previously published for DHP A51 with slight modifications as noted below.  

Briefly, from the second carboxymethyl cellulose (CM-52) cation exchange resin (Whatman) 

column conditioned in 10 mM KPi (pH 7.0), DHP was eluted with 18 mM KPi (pH 7.0), 
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exchanged into 10 mM KPi (pH 7.0), concentrated to about 7 mL and then mixed with 

glycerol (40%, v/v) before storage at -70 oC.  Prior to electrochemical measurements, 

glycerol was removed using a PD-10 desalting column pre-packed with Sephadex G-25 

medium (GE Healthcare) conditioned in 10 mM KPi (pH 7.0) and eluted in identical buffer.  

Eluent was then loaded onto a third and final CM-52 column (equilibrated with 10 mM KPi 

(pH 7.0)) and DHP was eluted with 14 mM KPi (pH 7.0).  Only the first reddish band was 

collected and used while a strongly adsorbing reddish-brown band that eluted later was 

discarded.  DHP thus purified has a Reinheitzahl value (Rz = ASoret/A280) ~ 4.3.  

Chromatographically purified DHP was then exchanged into the buffer of interest and either 

used within 2 hours or incubated with mixed-SAM-modified gold powder adsorbent as 

described in the following paragraph. 

 The use of gold powder incubation to remove additional impurities was implemented 

after noticing improved voltammetric responses arising from DHP solutions that had been 

exposed to multiple mixed-SAM-modified gold electrodes. Such surface-active impurities 

are likely to be proteinaceous and similar to those previously identified as the cause of ill-

defined or complete loss of faradaic signals in myoglobin CV.113,129 Gold powder (< 45 μm, 

Sigma-Aldrich) was cleaned and modified by mixed SAMs as described above for gold 

electrodes with the exception that no electrochemical pretreatment was possible. Typically,  

~ 0.07 g of gold powder was prepared for incubation of 0.08 micromoles of DHP in ~ 1 mL 

volume for at least 2 hours at 4 oC.  Protein solution was then removed from the gold powder, 

which settled at the bottom of the vial, by careful pipetting.  All purified protein solutions 

were stored at 4 oC and utilized in experiments within 48 hours of purification.  Very gradual 
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increases in apparent Eo’ (~ 2 mV/10 min) and ΔEp values over time persisted even after 

treatment with mixed-SAM-modified gold powder.  This level of signal drift was judged to 

be acceptable for all purposes except non-isothermal electrochemical experiments, which 

demanded more stringent procedures (see below). 

 Cyclic voltammetry was performed with a Bio-Logic SAS SP-200 

potentiostat/galvanostat using a typical three-electrode electrochemical cell with mixed-

SAM-modified gold electrode as the working electrode, a platinum wire as counter electrode 

and a Ag/AgCl (3 M KCl) reference electrode (Microelectrodes, Inc.).  All potentials are 

reported with respect to the standard hydrogen electrode (SHE) unless otherwise noted.  

Buffers and protein solutions used for anaerobic measurements were deaerated in sealed 

containers and stirred under a gentle stream of nitrogen immediately prior to transferring to a 

glove box (MBRAUN Lab master 130 LW Glove Box) maintained at sub-ppm O2 levels 

where CV scans were performed.  A typical 300 uL sample was deaerated for 30 min.  

Aerobic experiments used air-equilibrated buffers and protein solutions at ambient laboratory 

temperature. 

 Liquid junction potentials arising at the reference electrode frit were calculated130 

using tabulated ionic mobilities.131 For 25 mM KPi (pH 6.0, ionic strength (μ) = 30.5 mM), 

the calculated junction potential was minimal (~ 0.5 mV).  With the exception of the ionic 

strength study, all other buffers used are of similar μ and are expected to have similarly low 

junction potentials.  Due to this reason, the Eo’ values reported are not corrected. 

 Possible anion binding in the case of chloride and perchlorate was evaluated.  In these 

experiments, the ionic strength was kept constant at a value of 30.5 mM by addition of 
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appropriate amounts of KCl or KClO4 to the 6.0 mM KPi (pH 6.0) buffer.  The effect of pH 

on DHP voltammetry utilized KPi/KCl electrolyte solutions in which the ionic strength was 

maintained at a constant level by mixing stock solutions of 1 mM K2HPO4/28 mM KCl and 1 

mM KH2PO4/28 mM KCl until desired pH values were obtained.  Buffer/electrolyte 

solutions thus prepared (pH 5-8) all have similar ionic strength (μ = 30 ± 1 mM). 

 Digital simulation of CVs was performed using DigiSim version 3 (Bioanalytical 

System, Inc., West Lafayette, IN).  All simulations for aerobic conditions were performed by 

holding constant the Eo’ determined from anaerobic voltammograms, i.e., Eo’ = (Ep, c + Ep, a) / 

2, while allowing the program to obtain the best fit by adjusting other parameters (see Table 

2.1). 

 Variable temperature CV was conducted under anaerobic conditions using a non-

isothermal electrochemical cell wherein the sample temperature was controlled by a 

circulating water bath while the reference electrode was held at a constant temperature of 

24.5 ± 0.5 oC.  Experiments were performed in a nitrogen filled glove box using a cell similar 

to a previous design.25  A new electrode was used at each temperature to avoid any apparent 

Eo’ drift that appears to result from irreversible protein adsorption on the electrode surface 

(see above).  Each Eo’ value reported was obtained from the average of 3 cyclic 

voltammograms obtained using the same electrochemical cell. 
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2.3 Results 

2.3.1 Gold Powder Purification 

 Figure 2.1a displays cyclic voltammograms obtained at pH 6.0 under aerobic 

conditions for a 15 μM concentration of chromatographically purified DHP on a 

C8OH/C7COOH (3:1) mixed-SAM on gold electrode.  The initial CV is reasonably well 

formed with a peak separation (ΔEp) of ~ 85 mV at a scan rate of 1 mV/s.  As time elapses, 

however, peak currents decrease while ΔEp increases, revealing temporal instability over a 

one hour time span.  The monotonic slowing of electron transfer between DHP and the 

electrode appears to result from gradual blocking of the electrode surface, probably due to 

trace amounts of strongly adsorbing proteinaceous species.113,129 To test this notion, 

chromatographically purified DHP was subjected to an additional incubation step with 

mixed-SAM-coated gold particles that were intended to serve as adsorbents. This additional 

incubation resulted in much improved behavior as shown in Figure 2.1b, which shows 

reproducible CV at ambient conditions on the one hour time scale.  The ΔEp value is ~ 70 

mV, which is slightly quasi-reversible under these conditions. 
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Figure 2.1. Effect of gold powder treatment on DHP cyclic voltammograms. Cyclic voltammograms (1 mV/s) 
of DHP (15 uM) in 6 mM KPi (pH 6.0) acquired over one hour time span under aerobic conditions at ambient 
temperature on C8OH/C7COOH (3:1) mixed-SAM-modified gold electrode. (a) Chromatographically purified 
DHP.  (b) DHP incubated overnight with mixed-SAM-modified gold powder after chromatographic purification. 
Only the initial scan (red) and the final scan obtained after 1 hour (blue) are shown. 
 

 
2.3.2 Anaerobic DHP Cyclic Voltammetry 

 Figure 2.2a displays a typical background-subtracted CV (at 50 mV/s) of 40 μM DHP 

obtained under anaerobic conditions in 25 mM KPi (pH 6.0, μ = 30.5 mM) along with a 

digitally simulated fit (see below). The well-defined voltammetric wave is assigned to the 

one-electron Fe(III)/Fe(II) redox reaction of DHP.  An Eo’ value of 0.232 ± 0.002 V obtained 

from the simulations is in acceptable agreement with a previously reported value of 0.215 V 

at pH 6 determined using thin-layer spectroelectrochemistry24 considering the different 

phosphate buffer concentrations that were used, i.e., 25 mM vs 100 mM.  Figure 2.2b shows 

an overlay of anaerobic DHP CVs obtained at scan rates ranging from 10 to 150 mV/s.  The 

increase of peak separation (ΔEp) with scan rate is consistent with an electrochemically 

quasi-reversible redox couple.  The cathodic peak current (ip,c) increases linearly with the 

square root of scan rate (ν1/2)130 (Figure 2.2a, inset) up to 150 mV/s, indicative of semi-
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infinite linear diffusion. At higher values of scan rate, the peak current falls below the linear 

response, in part due to increasing irreversibility of the voltammetry. The goodness of fit of 

simulated voltammograms also visibly deteriorated at scan rates higher than 150 mV/s. 

 
 

 

Figure 2.2. Background-subtracted cyclic voltammograms of diffusional DHP under anaerobic conditions.  a) 
50 mV/s scan of DHP (40 μM) in 25 mM KPi (pH 6.0, μ = 30.5 mM) at 25 oC. Experimental voltammogram is 
shown as a black trace and the simulated voltammogram is shown as red circles. The inset shows a plot of peak 
currents, ip,c (upper) and ip,a, (lower), vs. ν1/2 from 10 to 150 mV/s.  b) Overlay of background-subtracted 
anaerobic CVs of DHP at various scan rates. 
 

 
Table 2.1.  Simulation results for diffusional CV of solution phase DHP.a 

a 40 μM DHP in 25 mM KPi, pH 6, on mixed-SAM-modified (C8OH/C7COOH, 3:1) gold electrode at ambient 
temperature.  Values reported are averaged from measurements of at least 3 electrodes with the standard 
deviation indicated as the specified errors. 
b Reduction potential vs. SHE 
c Fixed parameter determined from anaerobic DHP voltammograms. 
 

 

DHP Eo’ / mVb α ko’/ cm s-1 Dox / cm2 s-1 Dred / cm2 s-1 

anaerobic 232 ± 2 0.63 ± 0.01 (9 ± 2) × 10-4 (1.4 ± 0.3) × 10-6 (1.3 ± 0.3) × 10-6 

aerobic 232c 0.68 ± 0.02 (4 ± 2) × 10-3 (1.1 ± 0.1) × 10-6 (1.1 ± 0.1) × 10-6 
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 Table 2.1 contains the fitting results obtained from digital simulation of DHP cyclic 

voltammograms. The first row of entries gives the results obtained for anaerobic CV 

conditions using a simple 1-electron Butler-Volmer ET model.  Each entry is the average 

result from 4 replicate experiments using different electrodes scanned from 10 – 150 mV/s. 

 

2.3.3 Aerobic DHP Cyclic Voltammetry 

Figure 2.3a shows a representative background-subtracted CV of DHP (30 μM) in 25 

mM KPi (pH 6.0, μ = 30.5 mM) obtained under ambient aerobic conditions at 50 mV/s along 

with a digitally simulated fit.  Aerobic DHP voltammograms acquired at scan rates from 20-

150 mV/s are overlaid in Figure 2.3b. While the cathodic peak has a relatively ordinary 

appearance, the anodic peak was noticeably broadened and of much lower current than would 

be expected from a simple one-electron transfer reaction, indicating that a more complicated 

oxidation reaction is taking place under aerobic conditions.  Furthermore, the apparent Eo’ 

value is shifted approximately 0.1 V positive of the anaerobic value.  We attribute the shift in 

Eo’ and the non-ideal wave shape to the effect of oxygen binding to Fe(II) DHP.  

Accordingly, digital simulation of aerobic DHP CV responses was performed assuming that 

electron transfer was followed by a chemical reaction, i.e., an EC mechanism, as shown in 

equations 2.1 and 2.2: 
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The Eo’ value for equation 2.1 was obtained from anaerobic cyclic voltammograms, and this 

value was not allowed to vary in the simulation of aerobic responses.  Digital simulation 

produced excellent fits to the voltammograms for scan rates as high as 50 mV/s, as assessed 

by visual inspection.  The results obtained from the simulation of CVs acquired under 

aerobic conditions are presented in row 2 of Table 2.1.  The values are averages from fitting 

results for 3 separate electrodes over multiple scan rates (20-100 mV/s).  In addition to the 

electrochemical parameters given in Table 2.1, the rate constants for O2 association (kon) and 

dissociation (koff) and the equilibrium constant for O2 binding (Kb = kon/ koff) were also 

obtained from the digital simulations.  The resulting values of kon = 4.26 (± 0.03) × 103 μM-1 

s-1, koff = 1.14 (± 0.13) × 104 s-1, and Kb = 0.38 ± 0.04 μM-1, are also listed in Table 2.3 along 

with comparative values from other globins (see Discussion section). 

 

 

Figure 2.3. Background-subtracted cyclic voltammograms of diffusional DHP obtained under ambient aerobic 
conditions.  a) Experimental CV at ν = 50 mV/s (black line) with simulated fit (red circles). b) Overlay of CVs 
at various scan rates.  Solution conditions:  DHP (30 μM) in 25 mM KPi (pH 6.0, μ = 30.5 mM). 
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2.3.4 Buffer and Electrolyte Composition 

Figure 2.4a shows how buffer pH affects the voltammetry of solution DHP under 

anaerobic conditions.  Minimum ΔEp is observed between pH 5.0 - 6.0, which signifies the 

pH range of most efficient ET between DHP and the electrode (Figure 2.4b).  A dramatic 

decrease of faradaic current accompanied by increasing ΔEp was observed when pH 

exceeded 6.0.  A total loss of signal was observed at pH 7.6 and above.  Qualitatively similar 

behavior has been reported previously for Mb electrochemistry on hydrophilic ITO 

electrodes.113 

 

 

Figure 2.4. Effect of pH on DHP cyclic voltammetry.  (a) Cyclic voltammograms of anaerobic DHP (40 μM) in 
KPi/KCl buffers of 30±1 mM ionic strength: pH 5 (red), pH 6 (orange), pH 6.6 (green), pH 7 (blue) and pH 7.6 
(purple). (b) Peak separation (ΔEp) as a function of pH.  All CVs acquired at 50 mV/s. 
 
 

The effect of ionic strength on DHP cyclic voltammetry was examined by varying 

KPi concentration from 6 mM to 100 mM.  Figure 2.5 shows CVs (at 1 mV/s) acquired at pH 

6.0 for DHP (15 μM) in three KPi buffers of different ionic strength.  A significantly 

impaired voltammetric response was observed at the highest ionic strength, 120 mM, 
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whereas the lower 7.2 and 30 mM ionic strengths produced well-behaved, nearly 

indistinguishable CVs. 

 

 

Figure 2.5. Effect of ionic strength on DHP cyclic voltammetry in pH 6.0 KPi.  CVs (at 1 mV/s) of aerobic 
DHP (15 μM) in 6 mM KPi (μ = 7.2 mM, red), 25 mM KPi (μ =  30 mM, green) and 100 mM KPi (μ =  120 mM, 
blue). 
 
 

The effect of buffer/electrolyte composition on DHP voltammetry was examined to a 

limited extent by deploying MES, a buffer generally considered to be non-binding in nature, 

as well as two other electrolytes, KCl and KClO4, whose anions have the potential for 

specific binding. All buffers were adjusted to maintain a pH of 6.0 and μ = 30.5 mM, and 

voltammetry was conducted under anaerobic conditions.  As can be seen in Figure 2.6, no 

significant difference were found among the anaerobic voltammograms from DHP exposed 

to various buffers containing different anions: phosphate (red), chloride (green), and 

perchlorate (blue).  The higher current observed in the presence of chloride may reflect the 

variations in the gold electrode and sample concentration, however, the possible role of 
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chloride ion binding cannot be ruled out completely. Similarly, no significant changes in Eo’ 

or ∆Ep were observed when a non-binding buffer, MES (black), replaced the phosphate 

buffer.  These results are consistent with a previous report for horse heart Mb using ITO 

electrodes.113 

 

 

Figure 2.6. Effect of buffer and electrolyte composition on DHP cyclic voltammetry.  CVs of anaerobic DHP 
(~ 50 μM) in 25 mM KPi (red), KPi w/ KCl (green), KPi w/ KClO4 (blue) and MES buffer (black).  All buffers 
are at pH 6.0 with μ = 30.5 mM. 
 
 

2.3.5 DHP Redox Thermodynamics  

The redox thermodynamics of the Fe(III)/Fe(II) DHP couple were evaluated using a 

non-isothermal electrochemical cell, in which the sample temperature was varied while 

holding the reference electrode at a constant temperature. In order to validate the 

experimental setup, variable temperature CV of K3Fe(CN)6 was performed. For 2 mM 

K3Fe(CN)6  in 1 M KCl, a reaction entropy (ΔSo
rc) of -134.1 J/(K·mol) was determined, 

compared to the published values (-141 J/(K·mol)) obtained in a different buffer.25 Eo’ values 
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of DHP were subsequently determined from anaerobic CVs obtained from 4 to 14 °C, with 

the results presented in Figure 2.7. The ΔSo
rc value calculated from the slope of the Eo’ vs. T 

plot (Figure 2.7a) was -90 ± 5 J/(K·mol)  using equation 2.3.132 

 

ΔSo
rc = So

red – So
ox = nF (dEo’/dT)   (2.3) 

 

Here, n is the number of electrons transferred per redox molecule, F is the Faraday constant 

and T is temperature in Kelvins.  The reaction enthalpy (ΔHo
rc) calculated from the slope of 

the Eo’/T vs. 1/T plot (Figure 2.7b) according to the Gibbs-Helmholtz equation, is -48 ± 2 

kJ/mol.133 

 

 

Figure 2.7. Temperature dependence of the reduction potential of anaerobic DHP in 25 mM KPi (pH 6.0, μ = 
30.5 mM).  (a) Eo’ vs. T plot, ΔSo

rc = -90 ± 5 J/(K•mol) and (b) Eo’/T vs. 1/T plot, ΔHo
rc = -48 ± 2 kJ/mol. 
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2.4 Discussion 

2.4.1 Voltammetric Characterization and Interfacial Aspects 

 Results from diffusional voltammetry of DHP suggest that electrostatic interactions 

between the protein and the electrode surface play an important role.  The overall surface 

charge of DHP is nearly neutral when considering the basic and acidic residues (not 

including the 6x-His tag) which agrees with the reported isoelectric point of ~ 6.8 (measured 

with 6x-His tag).134 The slightly asymmetric distribution of charged residues on the protein 

surface, however, results in a small positively charged lysine patch (K51, K58 and K87) near 

DHP’s heme edge, similar to Mb and Hb.58 It should be noted that the negatively charged 

heme propionate groups are also present at the heme edge. Accordingly, the binary 

OH/COOH alkanethiol mixed-SAM was used in this work due to its anticipated biomimetic 

properties, namely, hydrophilicity and anionic surface charge.22,70 Also, by having diluted 

COOH groups, the mixed SAM avoids the potential buildup of an excessively negative 

surface charge density that could restrict interfacial protein dynamics such as lateral diffusion 

or conformational changes associated with ET.58 Although similar mixed-SAM-modified 

gold electrodes have been used to adsorptively immobilize redox proteins such as Cyt c for 

diffusionless voltammetry experiments,22,135 they have not been employed to any extent in 

diffusional experiments involving dissolved proteins.  This report thus serves to demonstrate 

the utility of this type of electrode for diffusional globin voltammetry wherein the negatively 

charged mixed-SAM surface serves to provide transient docking and ET sites for DHP.   

Electrostatic interactions are expected to be sensitive to solution ionic strength (µ) 

and this was, in fact, the case as shown in Figure 2.5 for pH 6.0 phosphate buffer solutions.  
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When a very low ionic strength (μ =7.2 mM) was employed, well-behaved diffusion-

controlled CVs could only be obtained for low DHP concentrations (10 - 15 μM) at very 

slow scan rates (≤ 1 mV/s).  Higher DHP concentrations and faster scan rates resulted in 

significant peak broadening and decreased current (data not shown). However, upon 

increasing ionic strength to μ = 30.5 mM, higher concentrations of DHP (up to ~ 50 μM) and 

faster scan rates could be employed with good results.  However, at a much higher ionic 

strength, µ = 120 mM, the voltammetry deteriorated dramatically as shown in Figure 2.5.  

Thus, for a given sample concentration, there exists an optimal range of ionic strength, above 

which interfacial binding appears to be too weak and below which the binding appears to be 

too strong, with the latter scenario resulting in blocking of the electrode surface to diffusing 

molecules. These results are consistent with the reversible binding model for protein 

voltammetry,136 which posits that proteins must bind with an appropriate energy such that the 

surface equivalent of a transient ET donor/acceptor precursor complex forms.    

 In cases where the electrode becomes increasingly blocked by strongly bound 

proteins or other contaminants, the surface sites available for diffusing proteins to bind 

decrease in number and their spatial separation increases. This outcome can impact the 

resultant voltammetric wave shape in a manner that has, in fact, been observed in the present 

work.  According to the microscopic model of protein electrochemistry,137,138 the electrode 

surface features discrete protein binding sites to which proteins can radially diffuse and 

subsequently react. When the density of reactive binding sites is high (new electrode surface) 

overlap of the numerous radial diffusion fields give rise to a peak shape that is identical to 

linear diffusion.  As site density decreases, however, radial diffusion increasingly dominates 
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the current response and leads to voltammograms that are sigmoidal in shape. This type of 

behavior can be discerned in Figure 2.1a for DHP that has been purified by conventional 

chromatography. By comparison, the additional gold powder incubation purification step was 

found to greatly improve the temporal stability and reproducibility of DHP voltammograms 

(Figure 2.1b). Based on the similarity between the voltammograms of gold powder treated 

DHP and the initial scans of chromatographically purified DHP (Figure 2.1a and 2.1b), we 

hypothesize that trace amounts of strongly adsorptive impurities carried forward from 

chromatographic purification are largely removed upon incubation with SAM-modified gold 

powder adsorbent.  Furthermore, even after this additional purification has been performed, 

sigmoidal peak shapes can still be observed at sufficiently low ionic strength when DHP 

concentration and/or scan rates exceed certain values (see above).  This particular behavior 

can also be understood in terms of the microscopic model of protein electrochemistry, 

namely, as a self-inhibition resulting from DHP molecules that bind too strongly to the 

surface.   

 At a molecular level, the electrostatic interactions that occur between DHP and the 

electrode surface may be described, at least in part, in terms of a dynamic docking model that 

was developed by Hoffman’s group57-59,94 to rationalize bimolecular ET between Mb and 

cytochrome b5 (Cyt b5) and between Hb and Cyt b5.  According to the dynamic docking 

model, electrostatic interactions play a dominant role in determining the conformations and 

stabilities of the globin-Cyt b5 complexes.  The model posits the existence of a broad 

conformational distribution of weakly bound protein-protein complexes, of which only a very 

small fraction are capable of ET.  Due to its structural similarity to Mb, including its surface 



 

37 

charge distribution, DHP may similarly bind to the COOH/OH SAM surface in a broad 

distribution of weakly bound orientations, of which only a minor fraction lead to ET.59,139 By 

analogy to Hoffman’s model, it is only when surface-bound DHP is oriented with its heme 

edge facing the electrode would electron transfer presumably be possible.  In such ET-active 

conformations, the binding is presumed to be governed by weak electrostatic attraction, akin 

to the Mb-Cyt b5 model.58 The importance of electrostatic force to DHP-electrode 

interactions is also apparent when considering the observed voltammetric dependences on 

ionic strength and pH. As pointed out above, high ionic strength can inhibit the transient 

binding of diffusing proteins necessary for efficient ET, and, as a result, the faradaic current 

can be dramatically reduced, as was discussed above for the results given in Figure 2.5.  

Similar behavior was observed in the case of the Mb-Cyt b5 complex, namely, a second order 

rate constant for photo-induced ET that decreased as ionic strength increased.59 The lack of 

any notable electrolyte composition effects on the CV of DHP (see Figure 2.6) furthermore 

suggests that the overall ionic strength is more important to DHP-electrode interactions than 

are specific ion effects. The pH study revealed an optimal range of pH 5-6 for DHP 

voltammetry.  This result is consistent with DHP’s isoelectric point (6.8)134 and may partly 

explain how the voltammetric response is affected by overall protein charge, i.e., positively 

and negatively charged DHP at pH below and above 6.8, respectively.  However, it should be 

noted that pH effects on interactions between DHP and the COOH/OH SAM are expected to 

be complex. Localized charge near its heme-edge may play a more significant role than its 

overall charge in orienting DHP for interfacial ET.  Furthermore, although not yet known, the 

pK1/2 of the mixed-SAM used in this work is expected to fall within the pH range that was 
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examined. Thus, the anionic surface charge density on the SAM is also expected to be 

sensitive to the solution pH, with concomitant effects on cyclic voltammetry.  Mutagenesis 

studies that seek to alter the surface charge distribution are underway to further the 

understanding of DHP-electrode interfacial chemistry. 

 Finally, a surprising result from this voltammetric study of DHP was the realization 

of chemically reversible voltammetry of a globin protein under aerobic conditions, which 

appears to be unprecedented.  This finding suggests that DHP is unique among globins, and it 

appears that the distal histidine lies at the center of this uniqueness.  Although a detailed 

mechanistic discussion will follow in a later section, we briefly present an overview of the 

cyclic voltammetric wave shapes for DHP.   Under anaerobic conditions, DHP gives rise to 

voltammetry that is similar to results obtained from other globins, especially myoglobin,113 

with the exception of a more positive Eo’24.  For example, the heterogeneous ET rate constant 

(ko’) obtained for DHP is comparable to the value obtained for Mb on ITO electrodes under 

anaerobic conditions.113 Under aerobic solution conditions, however, wherein dioxygen 

binding and dissociation must be considered, DHP gives rise to chemically reversible CVs 

(featuring anodic as well as cathodic peaks) whereas Mb CVs are absent the anodic peak.  

The anodic peak obtained for DHP, however, is much broader and of lower current 

magnitude than its cathodic counterpart. The voltammetric wave shape and the differences 

between DHP and other globins arise primarily from differences in dioxygen 

binding/dissociation kinetics, as discussed in a subsequent section. 
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2.4.2 Anaerobic DHP Kinetics and Mechanism 

 At pH 6.0, ferric Mb has H2O as the sixth ligand in the distal position.108,127,140 Upon 

reduction to ferrous Mb, the dissociation of H2O has been reported as a following chemical 

step that occurs at a relatively slow rate of k = 1.0 ± 0.5 s-1
.
108 This step has been attributed to 

the involvement of the distal histidine (H64),  which stabilizes the bound H2O through 

hydrogen bonding.140 H64 is also essential in stabilizing ligated O2 in ferrous myoglobin 

through a hydrogen bonding interaction.141,142 In DHP, the distal histidine (H55) is positioned 

farther away from the heme iron (5.4 Å) compared to typical globins (4.1 - 4.6 Å) as a result 

of the heme group being buried deeper inside the protein.117 Because of this repositioning, 

H55 in DHP is more conformationally flexible compared to the distal histidines found in Mbs 

and Hbs. An important consequence of the enhanced flexibility is that the ferric state of DHP 

exists as an equilibrium between two conformations at neutral pH as revealed by X-ray 

crystallography,117 resonance Raman spectroscopy, and electron paramagnetic resonance 

spectroscopy.47,48 The “open” conformation has H55 exposed to the solvent and hydrogen 

bonded to one of the heme propionates, whereas the “closed” conformation has H55 

hydrogen bonded to the Fe-ligated water molecule.24,117 Thus the “open” form of DHP is 5-

coordinate (5c) whereas the “closed” form is 6-coordinate (6c).24,47,117 The conformational 

equilibrium of the ferric DHP states can be included in the overall redox mechanism as a 

chemical step (equation 2.4) that precedes the ET reaction that results in the formation of 

deoxyferrous DHP (equation 2.1). 
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 The rate of the reaction in equation 2.4 has been calculated by molecular dynamics 

simulation to occur on the time scale of 10s of nanoseconds,143 which is many orders of 

magnitude faster than the time scale of our CV experiments.  Accordingly, equation 2.4 

would be classified as a chemically and kinetically reversible step in any ferric/ferrous 

reaction mechanism.  This scenario raises the important question as to whether the reduction 

process proceeds via the 5c or the 6c ferric species, or both. The possibility that both 

conformations undergo significant rates of reduction during CV experiments can be ruled out 

on the basis of peak shape, which was found to be characteristic of a 1-electron, single 

species, reaction. Furthermore, in the case of nearly reversible CVs acquired at slow scan 

rates, the experimental peak currents coincided very satisfactorily with predicted values 

calculated using the Randles-Sevcik equation.130 The diffusional peak widths were also found 

to be consistent with a 1-electron, single species, reaction, on the basis of the peak width 

parameter |Ep – Ep/2|, in which Ep is the peak potential and Ep/2 is the potential at ip/2.  The 

experimental value of this parameter for the cathodic peak of anaerobic CVs taken at 50 

mV/s was ∼ 62 mV, which coincides with the theoretical value for a quasi-reversible one-

electron transfer having the kinetic parameters given in Table 2.1.130   

 Thus it seems highly likely that either the 6-coordinate “closed” form or the 5-

coordinate “open” form, rather than both, is operative as the electroactive ferric species. 

Presumably, the conformation that gives rise to the fastest ET rate will be the one that 

controls the overall reaction rate.  In this regard, there are two studies that have reported on 

comparative ET rates for 5c and 6c forms of myoglobin, one by Tsukahara on self-exchange 

rates144 and the other a CV study by Armstrong and co-workers.145 In Tsukahara’s report, in 
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which Marcus theory was used to calculate electron self-exchange rates from experimental 

cross-reaction rates, 5-coordinate ferric Mb showed ∼104 enhancement in the self-exchange 

rate relative to native 6-coordinate Mb.  The enthalpic reorganization energy barrier for ET 

was also estimated to be significantly lower for 5-coordinate ferric Mb (~ 33 kJ mol-1) versus 

6c Mb (~ 84 kJ mol-1).  In the Armstrong study, an increase of ~ 2 orders of magnitude in the 

heterogeneous ET rate constant was observed for 5-coordinate mutant forms of Mb relative 

to the native protein.145 Thus, based on ET kinetic considerations, we propose that the 5-

coordinate open form of ferric DHP is the electroactive species directly responsible for the 

observed voltammetry. The minimal geometry change required for the heme moiety upon ET 

offers the simplest and most energetically favorable route, even though it may be unusual in 

the field of globin electrochemistry. This view is also consistent with the unusually high Eo’ 

of DHP reported here (see Table 2.1) and in the spectroelectrochemical investigation by 

D’Antonio et al.24 Previous comparisons of 6c- and 5c-Hb146 and Mb145 found the 5-

coordinate ferric/ferrous redox couples to have higher reduction potentials than their 6-

coordinate counterparts. 

Reductive electron transfer of the conventional 6c ferric state has been the accepted 

view throughout prior studies of globin electrochemistry, including a reported cyclic 

voltammetric study on myoglobin by King et al.,108 in which water dissociation was proposed 

to follow the electron transfer, resulting in reduction of a 6-coordinate species. 

 In summary, we propose that the DHP ferric/ferrous reaction follows a CE-type 

mechanism wherein a chemical (C) step representing the equilibrium interconversion 

between the “open” and “closed” conformational ferric forms (equation 2.4) is followed by a 
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one-electron transfer step (E) in which the 5-coordinate “open” form of ferric DHP is 

reduced to the 5-coordinate deoxyferrous form.  The proposed mechanism is written as 

follows (with equation 2.5a the same as equation 2.4): 

 

 

 

2.4.3 Aerobic DHP Kinetics and Mechanism 

 Direct diffusional electrochemistry of solution-resident Mb and Hb has been reported 

for ITO108,110,113,147,148, edge pyrolytic graphite129,145 and SAM-modified Au electrodes.149  

Only anaerobic conditions, however, have ever resulted in chemically reversible diffusional 

CVs featuring well-formed cathodic and anodic peaks.110,150 For solutions exposed to 

ambient atmospheric conditions, the anodic peak that would have resulted from deoxyferrous 

globin oxidation invariably failed to appear on the reverse scan.110,149 As shown in Figures 

2.1b, 2.3, and 2.5, reproducible CVs of a globin protein under aerobic conditions have now 

been realized for DHP. These represent the first example of chemically reversible CVs for a 

globin obtained under aerobic diffusional conditions. 

  DHP voltammograms were fitted by digital simulation (see Figure 2.3) assuming the 

EC mechanism given above in equations 2.1 and 2.2. The mechanistic model consists of a 1-

electron transfer reduction of ferric DHP to ferrous DHP followed by a chemical reaction 

wherein dioxygen binds to form oxyferrous DHP.  In the reverse direction, O2 is first 

required to dissociate from oxyferrous DHP prior to oxidation of deoxyferrous DHP back to 
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ferric DHP.  The quality of the fitting results (Figure 2.2) demonstrates that this mechanism 

can satisfactorily account for both the voltammetric wave shape (including the presence of an 

anodic peak) and the ca. 0.1 V positive shift of reduction potential that occurs in the presence 

of oxygen.  The positive potential shift is readily understood in terms of the stabilization of 

the reduced form of the ferric/ferrous DHP redox couple due to dioxygen binding.  As 

proposed in the following discussion, it appears that DHP gives rise to chemically reversible 

cyclic voltammetry whereas Mb and Hb do not because of differences in their kinetics and 

thermodynamics of dioxygen binding, which are significantly influenced by the distal 

histidine.  In particular, the rate constants for both dioxygen binding and dissociation in DHP 

are significantly larger than their counterpart values in Mb and Hb (see Table 2.3).  As a 

consequence, DHP retains favorable dioxygen binding thermodynamics (Kb = 0.38 µM-1) 

that still allows it to function as a conventional globin, but with considerable more facile 

binding/dissociation kinetics. It is, in fact, fast dioxygen dissociation kinetics that enables the 

appearance of an anodic CV peak for DHP. The koff value determined for DHP  

(1.14 × 104 s-1) is some three orders of magnitude larger than Mb (12 ± 2 s-1) and Hb (α-

chain: 10.1 ± 4.6 s-1) values.151 Calculation by digital simulation on the basis of equations 2.1 

and 2.2 with Kb, kon, and koff values typical of Mb and Hb generates predicted CVs that lack 

an anodic peak (Figure 2.8).  The magnitude of any anodic current on the reverse scan 

depends on the instantaneous surface concentration of the deoxyferrous species.  In the case 

of Mb, this concentration is kept extremely low by an apparent combination of a large Kb 

(which maintains reduced Mb almost completely in the oxygenated form) and a small koff 
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(which limits the rate of conversion to the electroactive deoxyferrous species as the latter is 

oxidatively consumed at the electrode surface). 

 

 

Figure 2.8. Comparison of DHP and Mb O2 binding kinetics.  Experimental DHP voltammogram (black trace) 
overlaid with simulated Mb voltammogram (red circles).  The O2 binding parameters used for Mb are kon = 14 
μM-1 s-1, koff = 11.7 s-1 and Kb = 1.2 μM.  Other parameters used for simulations are based on DHP 
electrochemical parameters and are as follows: Eo’ = 0.022 V vs Ag/AgCl, α = 0.7, ko’ = 0.008 cm/s, [Mb] = 30 
uM, DMb = 1.1 × 10-6 cm2/s. 
 
 

 For DHP, the conversion of the oxyferrous species to the electroactive deoxyferrous 

species occurs much more rapidly.  Even with a koff value of ∼104 s-1, however, the oxidative 

current for DHP is still noticeably limited, as evidenced by the broad, lower current, anodic 

peak that results (Figure 2.3).  By digitally simulating theoretical voltammograms over a 

range of parameter values, we have concluded that a combination of favorable globin-like 

dioxygen binding thermodynamics (Kb = 0.38 µM-1) and quasi-reversible ET kinetic 

limitations (k°’ = 4 x 10-3 cm/s; α = 0.68) conspire to keep the instantaneous surface 

concentration of deoxyferrous DHP at a relatively low value (albeit higher than in the case of 

Mb) on the reverse scan of the CV, which limits the oxidative current.  Interestingly, the 
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electrochemical transfer coefficient (α) appears to play a key role in the resulting shape of 

the anodic peak.  This parameter, which can adopt values between 0 and 1, is a measure of 

how a kinetic overpotential proportionately affects the conjugate reduction and oxidation 

processes of an ET reaction. An α-value of 0.5 corresponds to an equal division of the 

overpotential and results in visually symmetric CVs that are under ET kinetic control. When 

α exceeds 0.5, as is the case for DHP (α = 0.68), CVs become asymmetric and appear with a 

sharpened cathodic peak of increased current and a broadened anodic peak of decreased 

current relative to α = 0.5. Figure 2.9 displays some simulated voltammograms that highlight 

the role played by the transfer coefficient and dioxygen binding under conditions similar to 

those used for DHP voltammetry. For anaerobic conditions and modestly quasi-reversible ET 

kinetics, an increase of α from 0.5 to 0.7 has no noticeable effect on the wave shape, as 

expected (green and blue traces).130 On the other hand, in the presence of [O2] = 200 µM, the 

calculated CVs, α = 0.5 (black) and α = 0.7 (red), show a clear dependence on α.  A more 

intense and narrow anodic peak results when α is decreased from 0.7 to 0.5, although it still 

remains smaller than both the aerobic cathodic peak as well as the anodic peak of the 

calculated anaerobic voltammogram. Thus, the broadened anodic CV wave for DHP results 

from the combined effects of a large Kb value for O2 binding (equation 2.2) along with 

asymmetric quasi-reversible ET kinetics that disfavor deoxyferrous DHP oxidation relative to 

ferric DHP reduction (equation 2.1). 
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Figure 2.9. Simulated voltammograms of DHP under aerobic condition (α = 0.7, red; α = 0.5, black) and 
anaerobic condition (α = 0.7, green; α = 0.5, blue).  All other parameters were constant: Eo’ = 0.022 V vs 
Ag/AgCl, ko’ = 0.008 cm/s, diffusion coefficient (D) of DHP (ferric and ferrous) = 1.143 × 10-6 cm2/s.  For the 
aerobic simulations, 200 μM of O2 (D = 1 × 10-5 cm2/s) is used with kon = 4391 μM-1 s-1, koff = 1.231 × 104 s-1 
and Kb = 3.567 × 10-1 μM. 
 
 

 We now turn to the molecular aspects of dioxygen binding, with particular attention 

paid to the differences between DHP and other globins and the role played by the distal 

histidine.  The stability and mobility of distal ligands, such as O2, are in part, dependent on 

the distal histidine of the globin.141,142,152 Table 2.2 compares distances between the Nε2 atom 

of the distal histidine and the oxygen atom(s) of the distal ligands (H2O for ferric and O2 for 

ferrous) in DHP, Mb and Hb. In the second row (ferrous globins with O2 ligand), the 

hydrogen bonding distances between H55 and O2 in ferrous DHP are clearly longer than the 

corresponding distances for Mb and the α-chain of Hb, reflecting a relatively weak 

stabilization of O2 by the distal histidine of DHP.  The stabilization of O2 is also reflected in 

the Kb values for the globins, where the literature values for Mb and Hb151 can be compared 

in Table 2.3 to values obtained in the present work for DHP.  The Kb value, which reflects 

the stability of O2 binding, is about an order of magnitude smaller for DHP compared to 
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native Mb and Hb but similar to a distal histidine mutant of Hb (H58G).  Additionally, for 

Mb and Hb, significant decreases in Kb have been observed upon mutation of the distal 

histidine to glycine, which is incapable of hydrogen bonding with O2 , i.e., 0.087 μM-1 for 

H64G Mb and 0.4 μM-1 for H58G Hb α-chain.151 The decreased Kb values for these mutant 

proteins are much closer to that of DHP (0.38 ± 0.04 μM-1) than are the native protein values 

(Mb: 1.2 µM-1 and Hb α-chain: 2.9 µM-1).  In Mb and Hb mutants, the decreases in Kb 

resulting from loss of hydrogen bonding to the distal histidine are mainly the result of an 

increase in kon (~ 7 - 10 fold) coupled with a significantly larger increase in koff (~ 60 - 130 

fold).  Although a similar comparison for DHP between native and H55G mutant forms is not 

currently available, the large koff value for DHP is consistent with weaker hydrogen bonding 

between H55 and O2 in DHP.  In addition, the fact that H55 spends a large part of its time 

outside of the distal cavity in an open conformation is also a likely contributor to the large 

koff value that was obtained.  

 

Table 2.2. Distances between distal histidine (Nε2) and oxygen(s) of distal ligands in ferric and ferrous DHP, 
Mb and Hb.a 
 DHPb Mbc Hbd 

Ferric globin e 
      distal His Nε2-OH2 (Å) 

 
3.583/3.590 

 
2.636 

 
2.593/2.917 

Ferrous globin f 
      distal His Nε2-O(1) (Å) 
      distal His Nε2-O(2) (Å) 

  
3.217/3.139 
2.817/2.836 

 
2.935 
2.760 

 
2.993/3.205 
 2.571/3.487 

a The distal ligand for ferric globins is H2O and for ferrous globins is O2. 
b Ferric and ferrous DHP structures used are PDB# 1EW6 and 2QFN, respectively. 
c Ferric and ferrous Mb structures used are PDB# 2MBW and 2Z6S, respectively. 
d Ferric and ferrous Hb structures used are PDB# 3PEL and 1HHO, respectively. 
e For DHP, the two values listed are for subunit A and subunit B, respectively. For Hb, the two values are for  
α- and β-chains respectively. 
f Oxygen (1) and (2) refers to the label used in the PDB files with oxygen (1) ligated to the heme Fe.  For DHP, 
the two values listed are for subunit A and subunit B, respectively. For Hb, the two values are for α- and β- 
chains respectively. 
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Table 2.3. Comparison of rates and equilibrium constants for O2 binding to native and mutant sperm whale Mb, 
human Hb (α- and β- chains in R-state) and DHP at ~ 20 oC.a 

Protein kon (μM-1 s-1) koff (s-1) Kb (μM-1) 
Mb (Native, H64) 14 ± 3 12 ± 2 1.2 ± 0.3 
Mb (H64G) 140 1600 0.087 
Hb, α (Native, H58) 29 ± 5 10.1 ± 4.6 2.9 ± 1.4 
Hb, α (H58G) 220 620 0.4 
Hb, β (Native, H63) 100 ± 24 21 ± 6 5.0 ± 2.0 
Hb, β (H63G) 100 37 3.0 
DHP (WT, H64) 4263 ± 28 1.14 (± 0.13) × 104 0.38 ± 0.04 
a Values for Mb and Hb are obtained from reference 151 while DHP values are the simulated values from this 
work. 

 
 

 Additional evidence that sheds light on the role of the distal histidine in stabilizing O2 

as a distal ligand comes from a study of several H64 mutations of Mb (H64F, H64M and 

H64V). These mutants are 5-coordinate in both the ferric and ferrous states and lack 

hydrogen bonding to the O2 ligand.145,152 Rates of O2 dissociation were observed to increase 

~80 to 1100 fold compared to wild-type (WT) sperm whale Mb while the improvement in the 

rate of O2 association was only ~5 to 16 times. These results agree with the hypothesis that 

our observation of the anodic peak from DHP under aerobic condition is related to DHP’s 

more distant H55 relative to the heme Fe and the resultant increase in O2 dissociation rate 

compared to WT Mb or Hb. 

 The distal histidine has also been suggested to have a role in regulating the mobility 

of ligands in and out of Mb’s distal pocket.153 This notion also agrees with the observation 

that the open and closed conformations of H55 in ferric DHP are associated with the 5c and 

6c states of the heme Fe, respectively.47,51,117 It is possible to imagine that the flexibility of 

H55 in oxyferrous DHP could assist the unstabilized O2 in escaping the distal pocket and 

thus preventing re-association. 
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 In summary, the aerobic redox mechanism of DHP follows an EC mechanism in 

which ET to ferric DHP is followed by dioxygen binding to the deoxyferrous species 

yielding the oxyferrous DHP.  The observation of reversible cyclic voltammograms is due to 

the combined effect of both the thermodynamics and kinetics of the O2 binding/dissociation, 

i.e. the lowered Kb and enhanced koff values maintain sufficiently high surface concentrations 

of the electrochemically active deoxyferrous species for the anodic peak to be realized.  

These properties appear to be directly related to the more distant position of H55 from the 

heme iron, which results in increased conformational flexibility and a decreased capacity for 

stabilizing the O2 ligand via hydrogen bonding.  The shape of the aerobic voltammogram is 

also influenced by the ET kinetics including the transfer coefficient. 

 

2.4.4 Anaerobic DHP3+/2+ Redox Thermodynamics 

 An earlier report from our lab described the measurement and analysis of DHP’s 

ferric/ferrous reduction potential, which has the highest known value among intracellular 

globins.24 By analyzing crystal structure data, two Gibbs free energy terms, both linked to the 

distal histidine H55, were subsequently identified as the most likely contributors to this 

unusually high E°’. The first of these was destabilization of the ferric state (relative to 

common globins) as a result of weaker hydrogen bonding between H55 and the water ligand 

bound to the heme iron.  The second possibility was a redox-linked conformational change 

that was analyzed in terms of a thermodynamic square scheme that linked H55 

conformations (“open” vs “closed”) to the two redox states.  It was concluded that a higher 

Eo’ could result from a redox-state-dependent conformational bias wherein the “open” form 



 

50 

of H55 is more favored by DHP2+. The non-isothermal redox thermodynamic results 

obtained in the present work provide support for the first of these two free energy terms by 

identifying the enthalpic component of reaction free energy as the major difference between 

DHP and other globins.  As will be seen, we can explain the relatively large enthalpic energy 

change for DHP in terms of a more destabilized ferric state compared to Mb and Hb 

assuming that the coordination states of the deoxyferrous states for the three proteins are 

similar. 

 Thermodynamic parameters for Mb, Hb and DHP reduction are listed in Table 2.4.  

The ΔHo
rc values for Mb and Hb were calculated based on reported values of Eo’ and 

ΔSo
rc.132  All three globins are characterized by negative ΔSo

rc values of similar magnitude, 

indicative of an unfavorable entropic change upon reduction.  This may be understood 

knowing that reduced Mb has a more restricted protein structure making it more tolerant of 

different environmental conditions compared to the oxidized form.154,155 Additionally, redox 

related solvent reorganization may also contribute to the entropy change.127 On the other 

hand, negative ΔHo
rc values evident in Table 2.4 constitute favorable enthalpic changes upon 

reduction for all three globins.  The reduction enthalpy is mainly related to the polarity 

experienced by the redox center as well as its electrostatic and bonding interactions with 

residues, solvents and other exogenous ligands.127,155 
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Table 2.4. Redox thermodynamic parameters for myoglobin (Mb), hemoglobin (Hb) and DHP. 
protein Eo’a 

(mV) 
ΔHo

rc
 

(kJ·mol-1) 
ΔSo

rc
 

(J·mol-1·K-1) 
-ΔHo

rc/Fa 

(mV) 
TΔSo

rc/Fa 

(mV) 
Mb132 140b -39.0 -92.0 404 -264 
Hb132 180b -42.8 -92.0 444 -264 
DHPc 239 -47.9d -89.8e 496 -258 
a Potential vs. SHE  
b Calculated from Eo’ = -ΔHo

rc/F + TΔSo
rc/F with T = 277 K 

c Data from this work 
d Standard deviation for ΔHo

rc
  is 2 kJ·mol-1 

e Standard deviation for ΔSo
rc

  is 5 J·mol-1·K-1 

 
 

 The similarity in magnitudes of ΔSo
rc among the three globins is understandable given 

their similar sizes and tertiary structures.44 The larger magnitude of ΔHo
rc for DHP compared 

to Mb and Hb reduction can be understood by examining the bonding and stability of the 

H2O ligand in the ferric globins. The distances between the distal histidine and the oxygen 

atom of ligated H2O for all three ferric globins are listed in the first row of Table 2.2.  The 

more flexible and distant distal histidine of DHP, with its longer hydrogen bonding distance, 

is less able to stabilize the distal water ligand that donates electron density towards the 

positively charged ferric heme than is the case for Mb and Hb.  A more weakly stabilized 

H2O ligand would accordingly result in a more destabilized DHP3+ compared to Mb3+ and 

Hb3+, thus resulting in a more negative ΔHo
rc upon reduction to DHP2+.  

 

2.5 Conclusions 

 Optimal experimental conditions were systematically developed to achieve 

reproducible direct electrochemistry for dehaloperoxidase under both anaerobic and aerobic 

conditions, and redox mechanisms were proposed for both cases.  The results obtained for 
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DHP under aerobic conditions represents the first example of chemically reversible 

diffusional voltammetry for a globin protein.  This finding is believed to reflect the 

thermodynamics and kinetics of O2 binding in DHP, which is directly influenced by the 

action of its distal histidine, H55, which displays unique properties among globin proteins.  

The flexibility of H55 and its weakened ability to stabilize distal ligands also lead us to 

conclude that electron transfer proceeds through the 5-coordinate state for both the ferric and 

ferrous redox states.  The methodology that is reported here establishes a foundation for 

further evaluation of the electrochemical properties of DHP and its mutant forms.  Distal 

cavity mutations in DHP have been studied with respect to its dehalogenation catalytic 

activity44,123 and it would be interesting to see if a correlation with electrochemical properties 

exists.  Additionally, such studies may also provide insight into the degree of involvement 

specific residues have in the ET of DHP in the absence of the catalytic function.  A better 

understanding of fundamental ET and O2 binding/dissociation in globin proteins can be 

valuable for bioengineering of proteins for specific applications. Furthermore, 

dehaloperoxidase B isoenzyme would also be an interesting candidate for CV study as its 

catalytic properties have been investigated156,157 and may prove to be a more suitable 

dehaloperoxidase isoenzyme for potential development of bioelectrochemical devices. 
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CHAPTER 3: Electrochemical Characterization of Reversibly Adsorbed 

Dehaloperoxidase on Self-Assembled Monolayer: Evidence of Dynamic Docking 

 

3.1 Introduction 

 Orientation specificity of protein binding is a fundamental property that controls 

numerous biochemistry reactions such as respiration and signal transduction.59,158,159 

Additionally, immobilized protein (enzyme) orientation on electrodes is also crucial to the 

successful operation of so-called third-generation biosensors.37,160  Interfacial chemistry 

between proteins and their binding partners is thus of great interest and significance. 

Formation of functionalized self-assembled monolayers (SAM) of alkanethiols represents a 

versatile means for tailoring the chemical composition of electrode surfaces, including 

biomimetic surfaces designed to study protein chemistry.70  We present here an 

electrochemical characterization of surface immobilized dehaloperoxidase (DHP), a 

coelomic hemoglobin which is also the first of its kind to be found with a biologically 

relevant peroxidase activity,55,116,161 adsorbed on OH/COOH terminated alkanethiol mixed-

SAM surfaces.  Prior to this work being undertaken, adsorption of DHP in an electroactive 

state had been demonstrated, but the resultant temporal stability of the protein adsorbates was 

poor.  This was documented in a recent publication reporting our initial cyclic voltammetry 

(CV) results for adsorbed DHP (Appendix A).162  In this report, we will first describe 

improved purification procedures that have significantly enhanced voltammetric stability.  

Subsequently, CV studies of adsorbed DHP were undertaken with a focus on understanding 

the nature of interfacial interactions that occur between DHP and the electrode surface.  To 
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this end, the effects that pH, ionic strength (μ), electrolyte composition (anions), SAM 

composition, and temperature exert on the voltammetry of adsorbed DHP were investigated. 

 The concept of a protein-protein electron transfer (ET) complex can serve as a useful 

model for adsorbed proteins on electrodes (i.e., protein-electrode complexes).  Rates of 

electron transfer within such complexes are highly dependent on the properties of the 

surfaces involved and the interactions that result. The simplest model involves a single 

energy minimum corresponding to a protein-protein complex wherein the thermodynamically 

most stable binding configuration and the configuration that results in optimum ET 

coincide.58  Alternatively, the “gated” ET model describes protein-protein complexes 

wherein the thermodynamically most stable binding configuration differs from the most 

reactive ET configuration. Consequently, the rate of ET (as represented by the ET rate 

constant, kET) becomes “gated” by the interconversion between the configurations. For 

example, it has been proposed that cytochrome c (Cyt c) ET becomes “gated” on COOH 

SAM-modified gold electrodes that are sufficiently thin such that the intrinsic rate of ET 

exceeds the rate of configurational interconversion.26 More recently, a new model for the 

formation of protein-protein complexes has been proposed by Hoffman’s group to account 

for rates of ET observed between myoglobin (Mb) and cytochrome b5 (Cyt b5).  This model, 

which is referred to as “dynamic docking”, postulates the existence of a broad distribution of 

weakly bound protein-protein configurations, out of which only a very small fraction are 

actually capable of ET.  Furthermore, the ET-capable configurations, which involve protein 

orientations that engender heme-edge interactions between the proteins, do not correspond to 

the strongest binding configurations.57-59 Accordingly, the hallmark characteristic of dynamic 
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docking is a decoupling that occurs between binding thermodynamics and ET kinetics. The 

phenomenon of decoupling has been demonstrated by Hoffman’s group in a series of elegant 

experiments using horse Mb and Cyt b5.57-59,139   

Dehaloperoxidase is very similar to Mb with regard to overall surface charge, which 

is nearly neutral, and charge distribution, both having similar heme-edge regions that are 

slightly positively charged (see CHAPTER 1). On the electrode side of the interface, some 

fraction of COOH groups will be deprotonated at the pH 6.0 condition used to acquire most 

of the results reported here, thus bearing an electrostatic resemblance to the negatively 

charged Cyt b5.  In the present study we will attempt to demonstrate, through a series of 

voltammetry experiments, that DHP-mixed-SAM interactions bear strong characteristics of 

dynamic docking, including the key feature of decoupling between binding thermodynamics 

and ET kinetics.  This work represents the first account of the dynamic docking model being 

used to describe and interpret results from protein electrochemistry experiments.  This work 

also reaffirms the role of self-assembled monolayers in mimicking biological interfaces and 

the validity of protein-electrode complexes as model systems for investigating fundamental 

biochemical phenomena.  A portion of the work presented in this chapter appeared in a recent 

communication (see Appendix A). 

 

3.2 Materials and Methods 

 Gold electrodes (100 nm Au/50 Å Ti/glass) were purchased from Evaporated Metal 

Films (Ithaca, NY).  Alkanethiols were purchased from Dojindo Molecular Technologies, 

Inc.  All other chemicals were purchased from Sigma-Aldrich or VWR International and 
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were used as received.  Water was deionized and further purified using a Barnstead 

purification system (17.3 MΩ·cm upon delivery).  

Procedures for DHP transformation and expression and for electrode cleaning and 

pretreatment were described previously (see CHAPTER 2). Mixed-SAMs were allowed to 

form on cleaned/pretreated Au electrodes by self-assembly in ethanol solutions of 8-hydroxy-

1-octanethiol (C8OH) and 7-carboxy-1-heptanethiol (C7COOH) in various molar ratios for 

36–48 hours. The composition of mixed-SAMs (designated as C8OH:C7COOH ratio) was 

varied by adjusting the molar ratio of the two alkanethiols in solutions of 1 mM total 

alkanethiol concentration. For example, 3:1 refers to a self-assembly solution containing 0.75 

mM C8OH and 0.25 mM C7COOH. It should be noted that the actual composition of the 

mixed-SAMs on the gold electrode was not determined and may not reflect the exact ratio of 

the two alkanethiols in the self-assembly solution. 

Cyclic voltammetry was performed with a Bio-Logic SAS SP-200 

potentiostat/galvanostat using a three-electrode electrochemical cell with mixed-SAM 

modified gold electrode as the working electrode, a platinum wire as counter electrode and a 

Ag/AgCl (3 M KCl) reference electrode (Microelectrodes, Inc.).  DHP adsorption was 

achieved by incubating SAM-modified gold electrodes in 20- 30 μM protein solutions in 

either 1 mM or 6 mM KPi, pH 6.0 for 20-30 minutes.  Anaerobic measurements used buffers 

and protein solutions that were initially deaerated in sealable containers by stirring under a 

gentle stream of nitrogen immediately prior to transferring to a glove box 

(MBRAUN Lab master 130 LW Glove Box) with sub-ppm O2 levels where CV scans were 

performed.  A typical 200 uL sample was deaerated for 20 minutes.  Aerobic experiments 
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used buffers and protein solutions that were air-equilibrated at ambient temperature.  The 

standard ET rate constant, kET, was calculated based on Laviron’s model for uniform non-

interacting adsorbates.163 Procedures for non-isothermal CV experiments were described 

previously for solution DHP (see CHAPTER 2).  Here, after adsorbing DHP by the usual 

method, the electrode was rinsed with and then incubated in a 1 mM KPi, pH 6.0, buffer for 

three minutes prior to conducting CV experiments using this same buffer. 

Attenuated total internal reflection-infrared (ATR-IR) spectra were collected using a 

Digilab FTS-3000 Fourier transformed infrared (FT-IR) spectrometer with a mounted 

crystalline germanium ATR sampling attachment (Pike Technologies inc., MIRacle™ Single 

Reflection ATR) having a normal spectral response of 650 to 5500 cm-1.  Each spectrum 

presented was obtained by averaging1024 scans. All spectra were recorded at room 

temperature, approximately 23° ± 0.5 °C with a resolution of 2 cm-1.  After converting to 

absorbance units by taking the negative log ratio of the adsorbed DHP electrode spectrum to 

an air spectrum, the results were baseline corrected and plotted using Origin8. 

 

3.3 Results and Discussion 

3.3.1 Stability of Cyclic Voltammetric Response  

 Previously reported voltammetry of adsorbed DHP on COOH/OH mixed-SAM gold 

electrodes suffered from temporal instability with the faradaic current typically diminishing 

to a minor fraction of its original value within about an hour of replacing the DHP adsorption 

solution with buffer (see Appendix A).  As previously described in CHAPTER 2, the 

stability of diffusional CV responses could be greatly improved by incubating 
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chromatographically purified DHP solutions with mixed-SAM modified Au powder (AuP), 

which appears to function as an adsorbent that removes trace amounts of strongly adsorbing 

proteinaceous substances that can foul the electrode surface.  The use of this procedure was 

also found to greatly improve the stability of CV responses arising from adsorbed DHP under 

both aerobic and anaerobic conditions, as will be demonstrated here for aerobic experiments. 

It was furthermore discovered that maintaining a low temperature, 4 oC, during CV 

experiments resulted in better stability as well.  Figure 3.1a shows 20 mV/s CV scans for 

adsorbed DHP (AuP treated) immediately after adsorption and ~ 22 hours later that were 

acquired in 6 mM KPi, pH 6.0, buffer at 4 oC under aerobic conditions.  The peak positions 

remained unchanged over this 22-hour period. Measurement of cathodic peak charge 

revealed that some loss (∼ 16% over ∼ 22 hours) of electroactive DHP did occur even under 

these improved conditions. Discussion of the CV peak shape is presented in a later section.  

Figure 3.1b shows a representative comparison of apparent electroactive surface 

concentration (Γsurf) for AuP-treated and non-AuP treated DHP over a span of 80 minutes.  

Following an initial decrease that occurred within the first 30 minutes or so, surface 

concentration remained relatively constant for AuP-treated DHP.  After about 80 minutes of 

exposure to buffer, the surface concentration of AuP-treated DHP was approximately the 

same as the initial Γsurf of the non-AuP treated sample.   
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Figure 3.1. Effect of AuP treatment on adsorbed DHP cyclic voltammograms. a) Diffusionless CV (20 mV/s) 
of AuP-treated DHP on C8OH/C7COOH (3:1) mixed SAM in 6 mM KPi, pH 6.0 at 4 oC under aerobic 
conditions.  Mixed-SAM background is shown in black while the initial scan and a scan taken ~ 22 hours later 
are shown in red and blue, respectively. b) Apparent electroactive surface concentration (Γsurf ) of AuP-treated 
(black circles) and non-AuP treated (red triangle) DHP. Γsurf was determined from the charge under the cathodic 
peak in 6 mM KPi, pH 6.0 at 4 oC, (scan rate 50 mV/s). 
 
 

3.3.2 Reversibility of DHP Adsorption 

 In our recent publication (Appendix A), electrochemical evidence was presented to 

support the conclusion that adsorptive immobilization of DHP on COOH/OH SAM modified 

gold electrodes was a chemically reversible process and largely controlled by electrostatic 

interactions. This is the first example in the literature of a reversibly immobilized globin, 

although many such examples are known for Cyt c and other ET proteins.72,104  Furthermore, 

a large number of reports are available that describe irreversibly adsorbed globins on a 

variety of electrode surfaces.164-167 Here we reproduce a key electrochemical result from that 

publication and present additional spectroscopic data that confirms our original conclusion 

and provides some additional insight. 
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 Figure 3.2a displays cyclic voltammetry results for adsorbed DHP that were acquired 

at 50 mV/s scan rate under aerobic conditions. The black trace is a background CV for the 

mixed-SAM (3:1)-modified Au electrode.  Adsorption of DHP (~ 25 μM, 30 minutes) 

followed by electrode rinsing in 6 mM KPi, pH 6.0 resulted in the red trace.  The shape, in 

particular the broad and less intense anodic peak, is typical of CVs acquired for adsorbed 

DHP under aerobic conditions and reflects the impact of O2 binding to the ferrous form of the 

protein.  Similar behavior was observed for diffusional CV of solution DHP, as discussed in 

CHAPTER 2.  There, an electrochemical-chemical (EC) mechanism was proposed wherein 

initial ferric DHP reduction is followed by O2 binding to deoxyferrous DHP.  Drawn out 

current of reduced magnitude that appears during reverse scans was attributed to a 

combination of quasi-reversible ET kinetic limitations, a fairly large electrochemical transfer 

coefficient (α ≈ 0.7), and the extensive nature of the O2 binding reaction.  We assume that the 

same interpretation applies to the diffusionless CV behavior of adsorbed DHP, as 

exemplified by the red trace in Figure 3.1a.   

After exposing the electrode with adsorbed DHP to high ionic strength electrolyte 

(500 mM KPi, pH 6.0) for 30 minutes, followed by copious rinsing in 6 mM KPi, pH 6.0, the 

green trace in Figure 3.2a was acquired.  The disappearance of the faradaic peaks indicates 

that electroactive DHP is no longer present on the SAM surface. Upon re-adsorbing DHP 

from the same low ionic strength solution, the reappearance of the DHP redox signal is 

observed as shown by the blue trace.  These results confirm our previous conclusion162 that 

adsorption of DHP is chemically reversible and that the interactions between DHP and the 

mixed-SAM surface are primarily electrostatic in nature. The electroactive surface 
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concentration determined from the re-adsorbed DHP voltammogram (blue trace) is                 

~ 5 pmol/cm2, which is a typical value. 

 

 

Figure 3.2.  Reversible adsorption of DHP on COOH/OH (3:1) mixed-SAM electrode surface. a) CV scans (50 
mV/s) in 6 mM KPi, pH 6.0 and b) corresponding ATR-IR spectra. For both graphs: background scan (black); 
initial adsorption from ~ 25 μM DHP solution followed by buffer rinsing (red); after 30 minute exposure to 500 
mM KPi, pH 6.0 buffer (green) and re-adsorption followed by buffer rinsing (blue).  All experiments were 
performed at ambient temperature under aerobic conditions.   
 
 

 Results obtained from parallel experiments using ATR-IR spectroscopy (Figure 3.2b) 

provide support for our interpretation of CV results.  Protein amide I and amide II peaks were 

observed from DHP adsorbed mixed-SAM electrode that was rinsed in low ionic strength 

buffer (red trace in Figure 3.2b).  After exposure to high ionic strength buffer (500 mM KPi, 

pH 6.0), however, the amide peaks were drastically reduced in intensity (green trace) 

although they did not completely disappear. This observation indicates that a minor fraction 

of electroinactive DHP is bound to the mixed-SAM surface by forces other than electrostatic 

attraction, e.g., hydrophobic interactions. Similar results have been observed for adsorbed 

Cyt c on Langmuir-Blodgett film.168  Upon re-adsorbing DHP from low ionic strength 
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solution, amide I and amide II peaks reappear but with moderately increased intensities (blue 

trace). The intensity of the unexpected peak that appears in these spectra around 1750 cm-1 is 

comparable in magnitude to the amide I/amide II peaks and was also found to be present in 

ATR-IR spectra acquired for mixed-SAM-modified Au electrodes in the absence of DHP 

(Figure 3.2b, black trace). However, neither bare gold electrodes nor a thick air-dried layer of 

DHP gave rise to a spectral peak at 1750 cm-1 (Appendix A, Figure A.1). Thus, although the 

identity of the signal at 1750 cm-1 is unknown, it does not appear to originate from DHP or 

the Au electrode.  It seems clear, however, that the appearance of the peak is linked to the 

presence of the COOH/OH mixed-SAM in some manner. 

 

3.3.3 Cyclic Voltammetry and the Dynamic Docking Model 

 In the course of this investigation, it became evident that DHP adsorbate layers on 

mixed-SAM-modified electrodes give rise to voltammetric behavior that is qualitatively 

distinct from that previously documented for Cyt c and other ET proteins. The first clue was 

the scan rate (ν) dependence of surface concentration. Surface concentrations of immobilized 

redox species (Γsurf) are routinely determined from cyclic voltammograms by integrating the 

charge under a cathodic or anodic peak and then using Faraday’s Law (equation 3.1): 

 

     Q = nFAΓsurf   (3.1) 

 

where Q = charge (C), n = number of electrons transferred, F = 96500 C·(mol electrons)-1,   

A = electrode area (cm2), and Γsurf = electroactive surface concentration (mol·cm-2).  It must 
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always be born in mind that this determination only reports on those species that transfer 

electrons during a scan, not the total concentration of the immobilized species.  For a variety 

of reasons (denaturation, incorrect orientation, excessive ET distance, etc.), an immobilized 

redox protein may be incapable of ET and thus will not be represented in the measured 

charge.  In the simplest case, which is often realized, the electroactive surface concentration 

will be independent of scan rate.  Even in cases where peak shape changes with scan rate due 

to ET kinetics, the integration of charge will return the same value of Γsurf as long as the 

number of electroactive species remains constant. When CVs are electrochemically 

reversible, or nearly so, the scan rate independence of Γsurf gives rise to a linear plot of peak 

current (ip) vs ν. 

 Unlike Cyt c adsorbed on SAMs76,169,170 , adsorbed DHP resulted in non-linear plots 

of ip vs ν.162  Plots of Γsurf vs ν revealed a highly unusual inverse scan rate dependence 

wherein decreasing scan rate gives rise to increasing values of Γsurf.  Because the measured 

value depends on the time scale of the experiment, Γsurf should be viewed as an apparent 

electroactive concentration rather than an unambiguous measure of surface concentration. 

We have recently proposed162 that this phenomenon can be understood in terms of the 

“dynamic docking” model put forth by Hoffman’s group57-59 to describe the ET reaction that 

occurs between Mb and Cyt b5.  A description of the dynamic docking model is included in 

CHAPTER 1. 
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Figure 3.3. Apparent electroactive surface concentrations (Γsurf) and ET rate constants (kET) for adsorbed DHP.  
a) kET (black, left axis) and Γsurf (blue, right axis) of DHP adsorbed on 3:1 (squares) and 6:1(dots) mixed-SAMs 
in pH 6.0 KPi of varying μ., 50 mV/s scan rate. b) kET (black, left axis) and Γsurf (blue, right axis) of adsorbed 
DHP on 3:1 mixed-SAM in 6 mM KPi, pH 6.0 (μ = 7 mM) as a function of scan rate.  Mixed-SAM 
compositions are given as the OH:COOH molar ratio of the self-assembly solution.  All data were obtained 
under anaerobic conditions. 
 
 

 Figure 3.3b presents data obtained under anaerobic conditions that clearly 

demonstrates the inverse scan rate dependence. For these data, DHP was adsorbed on 3:1 

mixed-SAM electrodes and measurements were then made in 6 mM KPi, pH 6.0 (μ = 7 mM) 

buffer.  Values of Γsurf were calculated from cathodic peak charges using equation (1) and are 

shown as blue symbols (right-hand axis).  Maximum surface concentrations of 11 - 12 

pmol/cm2 were obtained at the slowest scan rates used (5 mV/s), decreasing to ∼ 4 pmol/cm2 

at ν = 900 mV/s.  Values determined for Γsurf were essentially independent of the order in 

which scan rates were applied.  We rationalize these observations as follows.  Due to DHP’s 

effectively neutral overall surface charge, its asymmetric shape, and its lack of a well-defined 

cationic binding region, adsorbed molecules are expected to be oriented in a highly 

heterogeneous distribution. This proposal was inspired by the descriptions put forth 
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previously by Hoffman’s group for Mb-Cyt b5 complexes, which provided a structural basis 

for their dynamic docking model.58,59,139  It is assumed that the majority of orientations at any 

instant in time are not electroactive, but that re-orientation to an electroactive configuration 

can occur.  Furthermore, it is assumed that only orientations in which the heme-edge region 

is directed towards, or in contact with, the mixed-SAM surface are electroactive. By analogy 

to Mb-Cyt b5 complexes, these electroactive orientations are assumed to be the most weakly 

bound and to represent but a minor fraction of the total distribution.  In this same vein, the 

most strongly bound DHP molecules are assumed to be electroinactive with a low probability 

of being able to re-orient to electroactive configurations.  As CV scan rate decreases, 

therefore, more time becomes available for molecules to undergo the requisite reorientation 

to be rendered electrochemically “visible”.  As scan rate increases, on the other hand, the 

probability of molecules undergoing re-orientation to electroactive configurations will 

decrease, resulting in a smaller number of molecules that transfer electrodes during the scan.   

 Also shown in Figure 3.3b are the apparent ET rate constants (kET) that were 

determined from CV peak separations using Laviron’s model for uniform, non-interacting 

redox adsorbates.163  These are shown as black symbols (left-hand axis).  It is evident that the 

apparent ET rate is also dependent on scan rate, with kET increasing with ν and eventually 

leveling off at the highest scan rates. One possible explanation for the scan rate dependence 

could be a distribution of ET rate constants that is linked to the configurational dynamics of 

the DHP adsorbate layer. For example, DHP molecules that are electrochemically “visible” at 

the fastest scan rates may, in fact, already reside in the most favorable configurations for fast 

ET or nearly so.  Assuming that those additional molecules that become “visible” at slower 
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scan rates start out in less optimal configurations, they may only be capable of re-orienting to 

less optimal electroactive configurations. The existence of a distribution of ET rate constants 

linked to the orientational distribution in a manner such as this could possibly explain the 

observed scan rate dependence.  In considering this issue further, however, the use of the 

simple Laviron model to calculate apparent ET rate constants for an obviously more complex 

physical situation would also have to be carefully evaluated. 

Figure 3.3a displays results obtained for cyclic voltammetry (ν = 50 mV/s) of 

adsorbed DHP as a function of ionic strength varied over a ten-fold range, 1.2 to 12 mM.  

These experiments were conducted under anaerobic conditions at 4 °C using two different 

SAM compositions derived from 3:1 and 6:1 self-assembly solutions (with the ratio 

specifying the OH:COOH ratio). The results from the two different SAM compositions 

display the same qualitative trends. With increasing ionic strength, the apparent electroactive 

surface concentration (blue symbols, right-hand axis) decreases by a factor of 2-3 over the 

range evaluated, a result that reflects the electrostatic nature of DHP adsorption. Over this 

same range, the ET rate constant (black symbols, left-hand axis) is fairly constant except at 

the lowest ionic strength, 1.2 mM, which gave rise to a 2-3 fold decrease. One possible 

explanation for this behavior stems from consideration of the dynamic docking model.  

Lower ionic strength will enhance the electrostatic attraction between DHP and the mixed-

SAM surface, which will tend to restrict the orientational mobility of the molecules. This, in 

turn, could inhibit molecules from attaining the most ET-efficient orientations, resulting in a 

smaller apparent ET rate constant. Additionally, the more tightly bound DHP in buffer of low 

ionic strength should favor binding orientations that do not involve the ET-efficient binding 
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site near the heme-edge (due to repulsion with the exposed propionate groups).  As a result, 

the low ET rate constant observed at lower ionic strength is possibly due to the combination 

of both the binding equilibrium favoring low ET rate constant conformations and the 

restricted ability to re-orient within the low ionic strength environment.  As the ionic strength 

increases, orientations that utilize the heme-edge for binding would become more prevalent 

can be more tolerable and as a result of binding equilibrium shifting towards more efficient 

ET conformations, the rate of ET constant would increase accordingly. 

 

 
Figure 3.4. Effect of SAM composition on adsorbed DHP voltammetry (50 mV/s). a) DHP reduction potential 
reported against the Ag/AgCl (3 M KCl) reference electrode; and b) kET (left axis) and Γsurf (right axis).  
Solution conditions: anaerobic 5 mM KPB, pH 6.0 (μ = 6 mM). 
 
 

 Figure 3.4 displays results obtained from cyclic voltammetry performed under 

anaerobic conditions in which the OH-COOH ratio of the mixed SAM was varied from 2:1 to 

6:1.  Accordingly, COOH content and therefore negative surface charge magnitude decrease 

in going from left to right on these plots.  The formal reduction potential shown in         

Figure 3.4a is essentially constant for all mixed SAM compositions except for the 2:1 case 



 

69 

where it is ∼ 15 mV more positive. Although the reason for this observation is not known, 

one speculation might be that the increased negative charge forces DHP3+ into a fully open         

5-coordinate conformation, which would decrease propionate electrostatic repulsion.  As a 

result, the DHP3+ redox state would experience destabilization due to loss of H55 hydrogen 

bonding to distal water. Figure 3.4b also shows that on the 2:1 mixed-SAM, DHP has a lower 

ET rate constant than SAMs of less negative surface charge (black symbol, left-hand axis). 

Stronger binding of DHP to the more negatively charged surface may result in hindered 

orientational mobility and inhibit molecules from attaining the most ET-efficient surface 

configurations. Furthermore, the stronger binding imposed by the more negatively charged 

surface on DHP molecules may have a similar influence on shifting DHP’s binding 

equilibrium towards the slower ET conformations as explained above for low ionic strength 

environment.  The apparent surface concentration of electroactive DHP, however, remained 

relatively constant over the range of mixed-SAM compositions examined (blue symbol, 

right-hand axis). This may be understood in terms of the dynamic nature of the bound DHP 

wherein the ET rate constant distribution for a given population of bound DHP molecules 

would change to reflect any environmentally induced change that shifts the binding 

orientation equilibrium.  Furthermore, Figure 3.4b also exemplifies the decoupling between 

binding and reactivity expected in a dynamic docking model. Regardless of the total number 

of adsorbed DHP molecules present, the observed ET rate constant reflects only the 

population capable of undergoing ET during a scan. Similarly, it would be expected that if 

the total number of adsorbed DHP molecules were to decrease but the binding orientation 

distribution remained unchanged, the apparent surface concentration would be lowered but 
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the ET rate constant would not be affected. This scenario may also be a possible 

interpretation of Figure 3.3a at ionic strength between 3.6 – 12 mM.  DHP molecules that 

remain adsorbed would have stronger binding then those desorbed from the increase in buffer 

ionic strength. However, stronger binding orientations would not favor faster ET through the 

heme-edge due to the repulsion mentioned previously. The observation of stable kET values 

and decreasing Γsurf with increasing ionic strength in Figure 3.3a then supports the dynamic 

re-orientation of bound DHP associated with the shifting in binding equilibrium and the 

decoupling between binding strength and ET reactivity.  As argued above in the discussion of 

ionic strength effects, this view is consistent with the dynamic docking model of ET. 

 

3.3.4 Additional pH Studies and Condition Optimization 

 Additional CV experiments on adsorbed DHP were performed in which the effects of 

pH on both aerobic and anaerobic responses were evaluated.  Although it was hoped that 

these data might shed some light on the nature of the DHP/mixed-SAM interactions and the 

applicability of the dynamic docking model, interpretation proved to be inconclusive due to 

the difficulty in unraveling the effects of pH on the protein from those on the mixed-SAM 

surface used in this work.  Therefore, these studies are not reported in this chapter.  In order 

to document these experiments, along with some additional experiments aimed at optimizing 

adsorbed DHP voltammetry conditions, however, results from them are included in this 

dissertation as Appendix. 
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3.4 Conclusions 

 A dynamic docking model has been previously proposed to describe weak 

electrostatic binding interactions that occur between Mb and Cyt b5 leading to electron 

transfer.  A key feature of this model is a decoupling that occurs between the observed 

binding equilibrium and the observed ET reactivity.  Interactions that occur between DHP 

and OH/COOH terminated alkanethiol mixed-SAMs were investigated in the present work 

using cyclic voltammetry and have been found to have characteristics of the dynamic 

docking model, including weak but predominantly electrostatic binding.  Taking advantage 

of the improved voltammetric stability, protein-electrode interaction between adsorbed DHP 

and the mixed-SAM electrodes were studied in varying buffer ionic strength and mixed-SAM 

compositions. Results from these studies demonstrated dynamic docking behavior, that is, 

decoupling between binding strength and ET reactivity.  The adsorbed DHP adsorbate layer 

appears to be weakly bound to the electrode with a wide distribution of binding orientations 

that are dynamic in nature. This behavior may reflect biologically relevant interactions of 

some protein-protein complexes. However, towards the goal of DHP-based 

bioelectrochemical devices, improvements that maximize electroactive coverage and electron 

transfer rate and impart greater tolerance to variation of conditions such as higher 

temperature and ionic strength will be necessary.  Strategies that can bring about more 

uniform adsorption orientation and stronger binding forces are desirable.  Possible strategies 

towards these could involve surface mutations of DHP and other immobilization methods 

like layer-by-layer or covalent bonding.  
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CHAPTER 4: Covalent Attachment of Dehaloperoxidase: Voltammetry of Immobilized 

Dehaloperoxidase Modified with 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

 

4.1 Introduction 

 Reversible protein adsorption can serve as a good model for physiological protein-

protein docking70 and, therefore, can be used to study systems of biological importance such 

as signal transduction171, gene expression172 and other cellular regulations.173 Diffusionless 

voltammetry of electron transfer (ET) proteins such as cytochrome c (Cyt c)72 and non-ET 

protein like hemoglobin (Hb) have been studied in reversible and partially reversible protein-

electrode systems174 leading to significant advances in understanding of protein 

properties.34,73  Irreversible protein adsorption, on the other hand, has been exploited 

frequently in the field of biosensor development.37,175  Numerous examples of irreversible 

adsorption of proteins have been demonstrated using various electrode surfaces such as metal 

nanoparticles,164,176,177 carbon nanotubes,178 graphite electrode,179,180 metal oxides,181 and 

self-assembled monolayers (SAMs).182,183 

 A variety of immobilization methods such as affinity binding,184 entrapment in 

polymer/gel networks96,178,185,186 and covalent bonding61,135,187,188 have been used to achieve 

more stable protein immobilization compared to protein adsorption where immobilization is 

a result of electrostatic, hydrophobic and van der Waal’s interactions. These strategies have 

the advantages of strong resistance to desorption of immobilized proteins under various 

conditions (temperature, pH and ionic strength) and lessened complications from non-

specifically adsorbed proteins.61,135,189,190 However, each method also has its disadvantages.  
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Although it can provide greater control over protein orientation on the electrode surface, the 

affinity binding method typically entails more labor-intensive modification of protein 

sequences such as site-directed mutagenesis and post-transcriptional modifications.190  

Furthermore, the increased distance imparted by the addition of the affinity tag and the 

activated support can also lead to decreased efficiency of ET. Entrapment of proteins in gels 

and polymers can suffer from a diminished enzymatic response due to restricted diffusion of 

substrates in the entrapping network.191 Immobilization via covalent bonding has been 

reported to require additional bioreagents to achieve improved stability, and, in some 

instances, the reproducibility of enzymatic response can be relatively poor.192 

 In light of the functional groups available in our already established system, i.e. DHP 

surface residues (see below) and mixed-SAM terminal functional groups, the modification 

strategy of covalent bonding was chosen as the first to be explored in enhancing the 

immobilization of DHP.  Covalent bonding should serve as a more permanent means of 

immobilizing DHP to the electrode surface compared to electrostatic interaction alone. 

Protein immobilization by covalent bonding has been previously demonstrated for Cyt c on 

COOH SAM-modified gold electrodes61,135  as well as for Hb on a carbon nanotube 

assembly.193 Improved stability and resistance to desorption in higher ionic strength buffers 

was observed.61 

 

4.2 Surface Properties of Dehaloperoxidase 

 The surface of DHP includes both acidic and basic amino acids (see Figure 4.1).  

Overall, the net surface charge is close to neutral as indicated by its isoelectric point of about 
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6.8.134  However, at the heme-edge face of DHP, there exist three basic residues (Lys51, 

Lys58 and Lys87) amongst other neutral ones.  This feature of DHP is similar to the charged 

residue distributions found in myoglobin (Mb) and Hb.  The slight positive charge bias near 

the heme-edge of DHP is suspected to be responsible for orienting DHP on negatively 

charged electrode surfaces such that electrochemically quasi-reversible cyclic voltammetry 

can be realized in both diffusional and diffusionless experiments (see CHAPTER 2 and 

3).162 Although significant improvements have been achieved with regard to immobilization 

of DHP by adsorption, this method tends to suffer from gradual loss of signal over time and a 

low apparent electroactive surface concentration (Γsurf  values up to ~7 pmol/cm2) that 

represents a maximum of only a third of a monolayer or so. It is suspected that the gradual 

loss of voltammetric response often observed is due to desorption of DHP from the electrode 

surface.162 (see CHAPTER 3) 
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Figure 4.1. X-ray crystal structure of DHP (PDB# 2QFK) with heme shown in stick format and basic residues 
(blue) and acidic residues (red) in ball-and-stick format. The three lysines near the heme opening (Lys51, Lys58 
and Lys78) are shown in green in CPK format. 
 
 

4.3 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) 

 Enhanced surface immobilization of DHP may possibly be achieved through the 

formation of covalent bonds between the enzyme and the electrode surface.  Improved 

electrochemical responses from Hb-carbon nanotube systems have been observed from the 

use of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC).193  In addition to results like 

this, EDC chemistry was selected in an effort to improve the immobilization of DHP on 

electrode based on the following considerations.  First, EDC is water soluble, which is 

important to prevent denaturation of the enzyme by exposure to organic solvent during the 

immobilization procedure.  Secondly, EDC is known to link between primary amines and 

carboxylic acid functional groups.  Ideally, lysine side chains at the heme-edge of DHP (see 
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Figure 4.1) would be coupled to carboxylate groups at the COOH/OH mixed-SAM electrode 

surface, thus minimizing the distance of electron transfer between the electrode and the heme 

group.  Third, EDC is a zero-length linker so it would not introduce additional atoms 

between the amine and carboxyl groups.  Electron transfer distance is a critical determinant 

of ET rate (kET) between proteins and electrodes, as demonstrated in the case of Cyt c.194 

 The coupling between amine and carboxylic acid is facilitated by EDC as shown in 

Scheme 4.1.195  Following the protonation of EDC, the carboxylate is coupled to EDC 

through an ester bond, creating an activated leaving group, O-acyl isourea.  Upon reaction 

with the amine, a stable amide is created between the nitrogen atom of the amine and the 

carboxyl carbon, along with the formation of a urea derivative.  It can be seen from the 

mechanism that no additional distance arises from this linkage, which is theoretically an 

advantage for coupling proteins to electrode when fast ET is desired. 
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Scheme 4.1. EDC coupling of primary amine and carboxylate group. The amine is depicted as the side chain of 
a lysine residue and the carboxylate group is depicted as the terminating group of an alkanethiol immobilized on 
gold. 
 
 

4.4 Materials and Methods 

 7-Carboxy-1-heptanethiol (C7COOH) and 8-hydroxy-1-octanethiol (C8OH) were 

purchased from Dojindo Molecular Technologies, Inc. Potassium monohydrogen phosphate 

(K2HPO4), potassium dihydrogen phosphate (KH2PO4), EDC and other chemicals were 

purchased from either Sigma-Aldrich or VWR International and used as received. Water 

used was purified by a Barnstead purification system (17.3 MΩ·cm). 

 Gold electrodes were purchased from Evaporated Metal Films, Inc. (Ithaca, NY) 

Electrode preparation and mixed-SAM modification procedures are as previously described 

(see CHAPTER 2). DHP expression and purification procedures are described elsewhere 
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(see CHAPTER 2).  Purified DHP was buffer exchanged into 6 mM KPi, pH 6.0, prior to 

incubation using either an Amicon stirred cell or an Amicon Ultra centrifugal filter tube with 

a filter membrane having molecular weight cutoff of 10,000 Da. 

 Three different DHP immobilization methods were evaluated: 1) simple adsorption; 

2) covalent attachment wherein EDC modification of the electrode preceded exposure to 

DHP solution (EDC_DHP); and 3) covalent attachment wherein DHP adsorption preceded 

the addition of EDC reagent (DHP_EDC). The EDC_DHP method starts with a 30-minute 

exposure of the mixed-SAM modified electrode to 200 μL of EDC solution (10 mM, in 

water) at ambient temperature followed by the addition of 200 μL of 50 μM DHP to the EDC 

solution and incubated for another 30 minutes at 4 oC.  Under the DHP_EDC method, the 

mixed-SAM modified electrode is first exposed to 200 μL of 50 μM DHP at 4 oC.  After 30 

minutes, 200 μL of EDC (10 mM, in water) is added to the DHP solution for an additional 30 

minutes incubation at 4 oC.  Following all immobilization methods, the electrodes were 

rinsed with 6 mM KPi, pH 6.0, prior to cyclic voltammetry measurements. Experiments 

conducted at 4 oC utilized a circulating water bath (Fisher Scientific, Model 900) in 

conjunction with jacketed electrochemical cells. All voltammograms were obtained in pH 6.0 

buffers and under aerobic condition using a Bio-Logic SAS SP-200 potentiostat/galvanostat. 

The electrochemical cell included a mixed-SAM modified gold slide as the working 

electrode, a platinum wire counter electrode and a Ag/AgCl (3 M KCl) reference electrode 

(Microelectrodes, Inc.). 

 Charge (Q) was used to calculate the apparent surface concentration of electroactive 

DHP (Γsurf) based on equation 4.1.  A is the electrode area in cm2, F is Faraday’s constant and 
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n = 1 is the number of electrons transferred in the redox reaction. Due to the broadened 

anodic peak typically observed under aerobic conditions, only cathodic peaks were used to 

evaluate Γsurf.  ET kinetics were qualitatively evaluated based on the peak separation (∆Ep) of 

the voltammograms. 

 

        (4.1) 

 

4.5 Results 

4.5.1 DHP Immobilization Methods 

 Voltammograms resulting from the three immobilization methods are shown in 

Figure 4.2a.  The highest values of current and Γsurf resulted from simple DHP adsorption, as 

shown by the red trace.  A response of approximately half that magnitude (green trace) was 

obtained using the DHP_EDC method, i.e., adsorbing DHP first followed by addition of 

EDC.  As shown by the blue trace, no detectable faradaic response was obtained using the 

EDC_DHP method in which the mixed-SAM was first modified by EDC and thereafter 

exposed to DHP.  Figure 4.2b shows values of Γsurf with respect to time of immersion in 6 

mM KPi, pH 6.0, buffer at 4oC.  For DHP immobilized by simple adsorption, Γsurf decreased 

over the first two hours before reaching a relatively stable value. Covalent immobilization 

using the DHP_EDC method, on the other hand, produced a lower initial value of Γsurf that 

remained relatively unchanged over the 32-hr time span of the study. In addition to surface 

concentration, the time dependence of the reduction potential (Eo’), peak separation (ΔEp), 

and cathodic peak width (FWHM) was also examined for adsorbed and covalently 
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immobilized DHP. Adsorbed DHP was characterized by a stable Eo’ value (± 2 mV) and a 

ΔEp value that decreased from ~ 110 mV to ~ 90 mV during the 32-hr exposure to buffer.  

DHP that had been immobilized by the DHP_EDC attachment method, on the other hand, 

exhibited larger variation of Eo’   (± 19 mV), and ΔEp increased from ~ 90 mV to ~ 106 mV 

over the 32-hr time span.  The CV peak width for adsorbed DHP was observed to decrease 

initially and eventually stabilize at ~ 90 mV coincident with the surface concentration 

attaining a stable value, i.e., after ∼ 2 hrs.  The cathodic CV peak for covalently immobilized 

DHP displayed a greater breadth (FWHM ∼109 ± 3 mV) that changed negligibly over time. 

Upon exposure to ambient temperature for ~ 3 hours, surface concentration of adsorbed DHP 

decreased a dramatic 50% (from 3.0 to 1.5 pmol/cm2) whereas covalently immobilized DHP 

suffered a smaller 10% loss (from 2.7 to 2.5 pmol/cm2). 

 

 

Figure 4.2. Comparison of DHP immobilization methods by cyclic voltammetry (100 mV/s) in 6 mM KPi, pH 
6. The three immobilization methods are described in the experimental section and color coded as follows: 
adsorption by incubation (red), EDC incubation followed by DHP incubation (blue) and DHP incubation 
followed by addition of EDC solution (green).  a) Initial voltammograms and b) apparent surface concentration 
of electroactive DHP (Γsurf) over time. 
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4.5.2 Effect of DHP Concentration on EDC Immobilization 

 After the DHP_EDC method was identified as a potentially viable means of 

immobilization, experiments were performed to optimize the DHP concentration used in the 

incubation step. Figure 4.3a shows the initial voltammograms that were obtained for DHP 

concentrations that varied from 6.3 – 50 μM while keeping the EDC concentration constant 

at 10 mM (200 μL aliquots of DHP and of EDC were used).  An increasing surface 

concentration was observed as the DHP concentration was lowered below 50 µM, with the 

optimal value (Γsurf ~8 pmol/cm2) obtained at 12.5 μM DHP (Figure 4.3b). Decreasing the 

concentration below this value resulted in lowered surface concentration.  Based on ∆Ep 

values from the voltammograms, DHP concentrations below 25 uM gave rise to comparable 

ET kinetics. Noticeably slower ET kinetics, however, were observed for 50 uM DHP as 

evidenced by the larger ∆Ep. 

 

 

Figure 4.3. Effect of incubating DHP concentration used in DHP_EDC immobilization method. a) Initial CVs  
(100 mV/s) from 50 μM (red), 25 μM (orange), 12.5 μM (green) and 6.3 μM (blue) DHP.b) Apparent surface 
concentration (Γsurf) calculated from the voltammograms in a). Voltammograms were taken in 6 mM KPi, pH 6 
at ambient conditions. The error bars are standard deviations calculated from repeated scans. 
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4.5.3 Effect of Ionic Strength on Immobilization via DHP_EDC  

 Using the DHP_EDC immobilization method with 12.5 μM DHP and 10 mM EDC, 

resultant voltammograms were analyzed with respect to Γsurf and peak width (FWHM), for 

KPi buffers (all adjusted to pH 6.0) of increasing ionic strength.  These experiments were 

conducted at ambient temperature under aerobic conditions. Buffers of increasing ionic 

strength were used to rinse DHP-immobilized electrodes.  Prior to cyclic voltammetry 

measurements the electrodes were rinsed with 6 mM KPi.  All voltammograms used for 

analysis were obtained in 6 mM KPi, pH 6.0 and the results are summarized in Table 4.1.  

Significant decreases in surface concentration resulted from rinsing with KPi of increasing 

ionic strength.  Nonetheless, even after rinsing by the highest ionic strength KPi, (600 µM) a 

small but reproducible surface concentration persisted for the DHP_EDC prepared electrodes 

whereas no detectable faradaic responses were observed for adsorbed DHP subjected to 

identical conditions.162 (see CHAPTER 3)  Modest decreases in FWHM and ∆Ep were noted 

for the DHP that remained immobilized and electroactive after exposure to increasing buffer 

ionic strength, indicative of more ideal responses and more efficient ET kinetics. 

 

Table 4.1. Effect of rinsing buffer ionic strength on covalently immobilized DHP (DHP_EDC method).  
Experiments conducted under ambient temperature and aerobic conditions. Standard deviations are indicated as 
errors. 

μ (mM) Γsurf (pmol/cm2) FWHM (mV) ∆Ep (mV) 
7.2 7.3 ± 0.9 96 ± 1 88 ± 5 
24 1.8 ± 0.4 90 ± 2 69 ± 7 
600 0.7 ± 0.1 85 ± 2 70 ± 1 
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4.6 Discussion 

4.6.1 Comparison of Immobilization Methods 

 Differences among the voltammograms that were obtained using the three DHP 

immobilization methods can be understood in terms of our present understanding of 

DHP/electrode interactions, which relies on Hoffman’s dynamic docking model57-59,139 to 

rationalize ET rates162 (see CHAPTER 1).  Simple adsorption of DHP was found to give rise 

to the highest value of Γsurf.  As discussed elsewhere162 (see CHAPTER 3), the Γsurf value for 

adsorbed DHP is a parameter that depends on the time scale of the measurement. In cyclic 

voltammetry, this manifests as an inverse scan rate dependence wherein Γsurf increases as 

scan rate decreases.  Invoking the dynamic docking model, DHP is pictured as adsorbing as a 

broad equilibrium distribution of orientations, of which only a minor fraction, i.e., those in 

which the heme edge is facing the electrode, are capable of transferring electrons. 

Furthermore, these ET-able orientations are expected to be unstable due to repulsive forces 

between the negatively charged heme propionates and the mixed-SAM modified electrode 

surface. In this view, the faradaic charge that passes during a CV scan will reflect the number 

of DHP molecules that attained electroactive orientations, which are occurrences favored by 

longer scan times. Thus, the presumed ability of adsorbed DHP molecules to undergo 

dynamic re-orientation with no constraints other than attractive intermolecular forces is 

believed to give rise to the Γsurf value obtained for 100 mV/s scan rate (see Figure 4.2).   

Of the two EDC immobilization methods that were evaluated, only the DHP_EDC 

method resulted in detectable immobilization, i.e., about half of the level observed for simple 

DHP adsorption from a 50 μM incubation solution. In the DHP_EDC method, the first step is 
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again simple DHP adsorption on the SAM surface, leading to a presumed dynamic molecular 

layer of DHP molecules undergoing constant re-orientation. After EDC was added, 

presumably forming amide bonds to covalently attach DHP, it is possible that the orientation 

distribution present immediately prior to EDC addition becomes “locked in” to some extent 

by the attachment.  If this is the case, some minor fraction of the molecules will be attached 

in electroactive orientations whereas the remainder would be attached in unproductive 

orientations.  The restricted ability of molecules in the latter group to undergo reorientation 

as a result of covalent attachment may explain the lower value of Γsurf relative to adsorbed 

DHP.   

Lastly, the EDC_DHP method wherein DHP exposure followed the EDC activation 

of the electrode surface resulted in no detectable signal.  One possibility to explain this 

observation is that the EDC molecules tied up the carboxylate groups of the SAM, lessening 

the negative surface charge required for adsorption and orientation of DHP molecules. This 

could negatively impact both the total amount of covalently bound DHP as well as the 

fraction bound in electroactive orientations. With this method, it is also possible that 

insufficient time is available for adsorbed DHP to attain an equilibrated layer with a 

substantial fraction of molecules in electroactive orientations. Since the positive patch at 

DHP’s heme-edge is quite small and unlikely to electrostatically guide DHP onto the surface 

in the correct electroactive orientation, the initial adsorbate distribution that would 

presumably dictate the subsequent orientation distribution of covalently attached DHP 

molecules, would be very heterogeneous with ET-capable orientations representing an 
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extremely small fraction. To the extent that this did occur, covalent bonding would serve to 

prevent the re-orientation needed to achieve significant rates of ET. 

 A comparison of CV peak widths indicates that covalent attachment results in a more 

heterogeneous distribution of electroactive DHP molecules on the electrode surface relative 

to the simple adsorption method. The DHP_EDC method using 50 μM incubating DHP gave 

rise to FWHM values of ~110 mV, which exceed the theoretical value of 90.6 mV for a 

homogenous monolayer of a reversible one-electron redox species at 25 °C.  Adsorbed DHP, 

on the other hand featured CV peaks with nearly ideal FWHM values of ~ 90 mV.196  Similar 

results were previously reported for covalently attached Cyt c.169  The adsorption method, 

however, results in a decrease of Γsurf over the first two hours of exposure to 6 mM KPi, pH 

6.0 (Figure 4.2b). This decrease was accompanied by decreases in both ΔEp (~ 110 to ~ 90 

mV) and peak width (100 to 90 mV), which evidently results from desorption of a population 

of less strongly adsorbed molecules with slower ET kinetics.   

 

4.6.2 Optimization and Characterization of DHP_EDC Method 

 Assuming the applicability of the dynamic docking model, electroactive orientations 

would represent only a small fraction of the surface population compared to the substantially 

more populous non-electroactive binding orientations that would be present.57-59,94 Therefore, 

at high DHP concentration and a limited number of binding sites on the electrode, 

electroactive orientations could be very low. However, as the concentration of DHP 

decreases, the protein molecules would have a better chance to bind the electrode in ET-

active orientations, which may explain the observation wherein the highest DHP 
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concentration used for incubation (50 μM) did not result in the highest Γsurf value. Instead, 

gradual decreasing concentration of DHP produced an optimal Γsurf at 12.5 μM. Furthermore, 

since ET kinetics are dependent only on electroactively oriented DHP molecules, incubation 

in high DHP concentration could also result in fewer ET-efficient DHP-electrode complex 

and thus the observed large ∆Ep value. However, as DHP’s concentration decreases, the 

number of ET-efficient complexes would increase thus smaller and similar ∆Ep values were 

observed. 

 The effect of rinsing buffer ionic strength on the voltammetry of EDC-immobilized 

DHP (Table 4.1) suggests that the current method does not yield a very stable 

immobilization. Assuming the amide bonds formed are stable under the experimental 

conditions, two possible explanations for the dramatic decrease in surface concentration with 

increasing ionic strength can be considered: 1) most of the DHP molecules are not covalently 

attached to the electrode (side reactions such as dimerization may occur) and thus desorb due 

to weakened electrostatic attractions, and 2) the DHP molecules are covalently attached but 

still sufficiently mobile to adopt electroinactive orientations in response to changes in 

solution ionic strength. Given that the concentration of EDC is ~ 800 fold in excess of the 

DHP concentration, the second of the two possible explanations seems more likely, assuming 

sufficient time is allowed for stable covalent bonding and that DHP molecules retain their 

intrinsic electroactivity with exposure to high ionic strength buffer. It is thus possible that the 

covalent attachment of ET-active DHP molecules yields less dynamic yet still 

conformationally mobile protein-electrode complexes. In this view, exposure to high ionic 

strength buffer rinsing would weaken electrostatic attractive forces and promote the adoption 
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of various protein orientations, including those with much decreased ET efficiency such as 

those speculatively depicted in Scheme 4.2. Upon rinsing of low ionic strength buffer (7.2 

mM), these DHP may retain the new unfavorable conformations with limited ability to 

reorient due to the covalent bonding and the low ionic strength constraints. The small amount 

of electroactive DHP that persists at high ionic strength may be attached through multiple 

amide bond linkages that effectively tack DHP down to the electrode surface in a relatively 

immobile state. The relatively steady ET kinetics observed with increasing ionic strength 

rinsing suggests that these proteins, though small in number, are indeed covalently 

immobilized and not adsorbed by electrostatic force alone.169 However, given the dramatic 

decrease in Γsurf due to the increase in ionic strength  from 7.2 mM to 24 mM, one cannot 

rule out the possibility that the covalent modification conditions were not sufficiently 

optimized, resulting in a substantial fraction of initially adsorbed DHP molecules that did not 

become tethered with stable amide bonds. More systematic research on EDC immobilization 

conditions along with measurement of DHP orientation on the electrode will be required to 

gain further understanding of this means of immobilization. 

 

 

Scheme 4.2. Schematic depicting possible variations in orientation of EDC bound DHP as a result of improved 
mobility from high ionic strength buffer rinsing. 
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4.7 Conclusions 

 Covalent immobilization of DHP using EDC has been shown to be feasible and has 

demonstrated a greater tolerance to temperature and buffer ionic strength.  However, the 

faradaic signal from EDC-immobilized DHP is no greater than that from adsorbed DHP, 

despite the improved temporal stability. This is suspected to be related to a broad distribution 

of DHP orientations resulting in part from its nearly neutral overall charge and its lack of a 

highly charged surface binding domain.  Since the covalent immobilization of DHP 

described here requires that protein adsorption on the electrode surface occur prior to EDC-

attachment, the state of orientation within the adsorbed layer on the surface appears to be 

critical. Presumably a more uniform and ET-efficient orientation distribution would be 

beneficial in this regard. This may, however, require modifications of the interactions that 

occur between DHP and a given electrode.  Surface mutations that promote stronger 

adsorption of DHP in orientations that bring its heme edge in close proximity to the electrode 

surface may prove useful. With a more ET-efficient orientation distribution, the covalent 

attachment of DHP should yield both improved electrochemical properties (high Γsurf and 

kET) as well as increased tolerance of experimental conditions. 
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CHAPTER 5: Analysis of Surface Mutations of Dehaloperoxidase and their 

Electrochemical Properties 

 

5.1 Introduction 

 The construction of third generation biosensors depends on being able to establish 

direct electrochemical communications between an enzyme and an electrode without the aid 

of electron transfer (ET) mediators.15   To this end, various protein immobilization methods 

have been investigated such as affinity binding, covalent binding, layer-by-layer assembly 

and adsorption.10,40,41,61,96,98,197,198  Regardless of the immobilization methods, the goal is to 

achieve a uniform and electrochemically active orientation of the enzyme without losing its 

enzymatic activities. Studies using cytochrome c (Cyt c) have demonstrated that the observed 

ET rate constant (kET), which depends strongly on ET pathways and the corresponding 

electronic coupling between the redox group and the electrode, is highly dependent on the 

distribution of kET reflecting all available ET pathways. Besides its influence on kET, protein 

orientation can also impact the interaction of the enzyme with substrates and other natural 

redox partners.199,200  For biosensor applications, this must also be considered as efficient 

interactions between the immobilized enzymes and analytes are central to the response of the 

biosensors. 

 Based on its simplicity, cost efficiency and the advantage of retaining high enzymatic 

activity, we have chosen to employ the adsorption immobilization method in our initial 

investigation of the diffusionless voltammetry of immobilized dehaloperoxidase (DHP) 

surface mutants.190  Dehaloperoxidase is a small (~15.5 kDa) hemoglobin obtained from the 
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marine worm Amphitrite ornata. Dehaloperoxidase can refer to either of two isoenzymes, but 

this report will only focus on isoenzyme A, which will be hereafter denoted as DHP.  

Previously, DHP has been studied using cyclic voltammetry (CV) in both diffusional and 

diffusionless reaction formats.  It has been proposed that the interfacial voltammetry of DHP 

observed using mixed-SAM (COOH/OH) modified electrodes is largely dependent on 

electrostatic interactions with a dynamic nature akin to those described for 

myoglobin/cytochrome b5 (Mb/Cyt b5) and hemoglobin (Hb)/cytochrome b5 (Mb/Cyt b5) 

complexes (see CHAPTER 2 and 3).57-59,162,201 As a result of the combined interactions with 

the negatively charged mixed-SAM (attractive force with positively charged lysines 

distributed across the DHP surface and repulsive force with acidic residues and the exposed 

heme propionates), DHP’s orientation on this mixed-SAM is expected to be very 

heterogeneous and dynamic (see CHAPTER 3).162  We have made five surface mutations on 

the heme-edge side of DHP that involve the conversion of neutral and negatively charged 

residues to lysines.  The intent is to enhance the positive charge on the heme-edge side of 

DHP (expected binding region for efficient ET) and bring about a stronger and more uniform 

orientation of the immobilized DHP molecular layer. 

 A variety of proteins have been investigated as potential target enzymes for biosensor 

applications. Besides electron transfer proteins such as Cyt c, immobilized globin proteins 

have also gained much attention in the field of biosensor development.178,202-206 In this 

chapter we report the results of an initial survey of the five surface mutations and their 

potential influence on interfacial interactions between DHP and mixed-SAM modified 

electrodes.  Apparent electroactive surface concentrations (Γsurf) and ET kinetic behavior 
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were evaluated using cyclic voltammetry (CV). The term “apparent surface concentration” is 

used because initial studies have demonstrated that this measured parameter is dependent on 

the time scale of the experiment, i.e., a scan rate dependence,  which was attributed to the 

heterogeneity and dynamic nature of the adsorbed DHP layer (see CHAPTER 3).162  After 

presenting results for the five surface mutants, the results of a more detailed analysis of one 

mutant, Q88K, will follow. The surface mutation approach may provide a relatively 

straightforward method by which stronger and more uniform DHP adsorption may be 

achieved for potential biosensor applications. 

 

5.2 Experimental Procedures 

5.2.1 Materials 

 7-Carboxy-1-heptanethiol (C7COOH) and 8-hydroxy-1-octanethiol (C8OH) were 

purchased from Dojindo Molecular Technologies, Inc.  Lysozyme, DNase and RNase were 

purchased from Sigma-Aldrich. All other chemicals, unless otherwise specified, were 

purchased from either Sigma-Aldrich or VWR International and used as received. Water 

used was deionized and further purified by a Barnstead purification system (17.3 MΩ·cm). 

Gold electrodes consist of 1000 Å Au on 50 Å Ti adhesion layer on float glass and were 

purchased from Evaporated Metal Films (Ithaca, NY). Macroscopic electrode area = 0.3 cm2. 

 

5.2.2 Plasmid Preparation, Protein Expression, and DHP Mutant Purification 

 Dehaloperoxidase isoenzyme A (DHP) was expressed from the pET-DHP4R plasmid 

as described previously.56 The same plasmid also served as the template for the site-directed 
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mutagenesis experiments. The oligonucleotide primers were purchased from Integrated DNA 

Technologies and had the following sequences:  

for D54K, 5’-GTCAATGGCCAAGTTCGGTAAGCACACTGAGAAAGTGTTCA- 3’ and 

3’- CAGTTACCGGTTCAAGCCATTCGTGTGACTCTTTCACAAGT- 5’;  

for E57K, 5’-GCCAAGTTCGGTGATCACACTAAGAAAGTGTTCAACC- 3’ and  

3’-CGGTTCAAGCCACTAGTGTGATTCTTTCACAAGTTGG- 5’;  

for Q85K, 5’- ACGCCAACACACTCGTCAAGATGAAACAGCATTCC- 3’ and  

3’- TGCGGTTGTGTGAGCAGTTCTACTTTGTCGTAAGG- 5’; 

for Q88K, 5’- CAACACACTCGTCCAGATGAAAAAGCATTCCAGCC- 3’ and  

3’- GTTGTGTGAGCAGGTCTACTTTTTCGTAAGGTCGG- 5’; 

for S90K, 5’- CACACTCGTCCAGATGAAACAGCATAAGAGCCTGACGACTG- 3’ and 

3’- GTGTGAGCAGGTCTACTTTGTCGTATTCTCGGACTGCTGAC- 5’.   

The QuikChange II XL site-directed mutagenesis kit was used to make the mutations under 

the following three-step thermal cycling settings: first step (95 oC for 1 min), one cycle; 

second step [melt (95 oC for 50 s), anneal (60 oC for 50 s) and extension (68 oC for 6 min)], 

18 cycles; third step (68 oC for 7 min), one cycle. Following the thermal cycling, the mutant 

plasmids were then treated with Dpn I to digest the parental DNA before transformation into 

XL10-Gold® ultracompetent cells in Luria-Bertani (LB) medium and grown to colonies on 

LB-ampicillin agar plates. The mutant plasmids were then purified using Qiaprep Spin 

Miniprep Kit (Qiagen) and their sequences verified by Genewiz, Inc. (South Plainfield, NJ). 

 Each purified and verified mutant DHP plasmid was then transformed into E. coli 

strain BL21 (DE3) and expressed following procedures previously described.56 The 
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purification of DHP follows directions previously described (see CHAPTER 2) and the DHP 

mutants were similarly purified with slight modifications as described below. Normally, 

glycerol stock of partially purified DHP (after the second carboxymethyl cellulose (CM-52) 

column of the original procedure (see CHAPTER 2)) were thawed from - 70 oC and glycerol 

removed using PD-10 column pre-packed with Sephadex G-25 medium (GE Healthcare). 

The glycerol free DHP was then further purified using a third CM-52 column (conditioned in 

10 mM KPi, pH 7.0) and eluted using 14 mM KPi, pH 7.0 to obtain what will be referred to 

as chromatographically purified DHP. For the DHP mutants, higher ionic strength KPi 

buffers (pH 7.0) were needed to effect elution from the third CM-52 column (see section 

3.1).  Chromatographically purified DHP (and mutants) were buffer exchanged and 

concentrated (to ~1 mL) in 6 mM KPi, pH 6.0, using Amicon® Ultra Centrifugal Filters with 

a 10 kDa molecular weight cutoff filter (Millipore). The concentrated protein solutions were 

then incubated with mixed-SAM treated gold powder (see CHAPTER 2) for 1-2 hours at 4 

oC before being diluted to the desired concentration for experiments. 

 

5.2.3 Cyclic Voltammetry 

 Gold electrode pretreatment and mixed-SAM formation are described elsewhere (see 

CHAPTER 2). Constant temperature was maintained using a refrigerated circulator (Fisher 

Scientific, Model 900), which circulates 4 oC water through the water jacket that surrounds 

the electrochemical cell. The same electrochemical cell was used to conduct CV experiments 

of DHP and its five mutants with the exception of the protein desorption experiments. Protein 

immobilization was achieved by incubating mixed-SAM modified gold electrode with ~ 30 
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uM protein (dissolved in 6 mM KPi, pH 6.0, protein concentration determined by using the 

Soret peak with εSoret = 116400 M-1 cm-1) for 20 minutes at 4 oC under aerobic conditions. 

Electrodes were then rinsed and incubated for at least 3 minutes with buffers in which the 

voltammograms were to be taken, again, with the exception of the protein desorption 

experiments.  In these latter experiments, CV measurements were commenced immediately 

after electrodes were rinsed with 25 mM KPi, pH 6.0 (μ = 30 mM). Using 50 mV/s scans 

(unless otherwise noted), area under the cathodic peak (charge, Q) was used to calculate Γsurf 

(Q = nFΓsurf)207 while the peak separation (∆Ep) was used to evaluate the ET kinetics. 

 

5.2.4 Q88K Investigations 

Aerobic and anaerobic diffusional CV of Q88K and digital simulation of the 

responses follow the procedures reported previously (see CHAPTER 2). UV-visible 

spectroscopy was used for dehalogenation activity assays conducted using 2,4,6-

trichlorophenol (TCP) as the substrate and varying the concentration of hydrogen peroxide. 

The experiment was conducted according to published procedures.156 

The attenuated total reflectance-infrared (ATR-IR) spectra were collected using a 

Digilab FTS-3000 Fourier transformed infrared (FT-IR) spectrometer using a mounted 

crystalline Germanium ATR sampling attachment (Pike Technologies inc., MIRacle™ Single 

Reflection ATR) with a normal spectral response of 650 to 5500 cm-1.  The spectra presented 

are an average of 1024 scans. All spectra were recorded at room temperature, approximately 

23° ± 0.5° C with a resolution of 2 cm-1.  After converting to absorbance units by taking the 
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negative log ratio of immobilized protein sample to that of an air spectrum, the results were 

baseline corrected and plotted using Origin8. 

Adsorption of proteins was performed by incubating 30 μM solutions of either DHP 

or Q88K (in 6 mM KPi, pH 6.0) for 90 minutes at 4oC followed by gentle rinsing with 6 mM 

KPi, pH 6.0. Desorption samples were prepared by immersing electrodes with adsorbed 

protein in 500 mM KPi, pH 6.0 for 90 minutes at 4 oC. For ATR-IR samples, an additional 

gentle water rinsing was conducted followed by drying of electrodes under a gentle stream of 

nitrogen prior to data collection. The CV measurements were conducted in 6 mM KPi, pH 

6.0 under aerobic conditions at ambient temperature. 

 

5.3 Results 

 We chose to mutate 5 neutral or negatively charged residues located on the heme-

edge side of DHP to lysines (Figure 5.1) in an effort to improve the uniformity of the 

immobilized orientation as well as stability of the adsorbed enzyme by increasing 

electrostatic attraction.  The electrostatic surface potential for all six proteins (DHP and 

mutants) are shown in Figure 5.2.  The computations were performed using Swiss-PDB 

Viewer (v 4.0.1) for aqueous solvent with ionic strength of 30 mM.208 
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Figure 5.1. Mutation sites of DHP surface mutants. X-ray crystal structure of DHP with heme displayed as a 
gray ball-and-stick figure and mutation sites differentiated by colors: D54 (purple), E57 (blue), Q85 (yellow), 
Q88 (gray) and S90 (green).  The image was created using Accelrys DS Visualizer (v 2.0.1.7347) using PDB 
file 2QFK.50 
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Figure 5.2. Electrostatic surface potential of DHP (PDB# 2QFK) and five surface mutations. Positive potentials 
are shown in blue and negative potential in red.  The protein orientation is identical to Figure 5.1. The mutations 
were generated using VMD (1.8.7) while the electrostatic surface potentials were computed using Swiss-PDB 
Viewer (v 4.0.1) using potential cutoffs of -1.80 kT/e and +1.80 kT/e for negative and positive potentials. 
 
 

5.3.1 Effect of Mutations on Protein Expression and Purification 

 Compared to DHP (~ 60 g), the mass of the mutant cell pellets were as follows: 

D54K (68 g), E57K (63 g), Q85K (65 g), Q88K (52 g) and S90K (61 g). Since the mutations 

target residues at the surface of DHP, it was expected that they should have minimal effect 

on the expression of the mutants. 

 All five surface mutations resulted in stronger protein binding to the CM-52 column 

as evidenced by the need for more concentrated pH 7.0 buffers than the 14 mM KPi used to 

elute DHP. For Q85K, Q88K and S90K, 18 mM KPi, was required for elution whereas a still 

higher concentration, 28 mM KPi, was required to elute D54K and E57K. 
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5.3.2 Protein Desorption over Time 

 Following adsorption of DHP or one of the mutant proteins (with the exception of 

Q88K), electrodes were rinsed with 25 mM KPi, pH 6.0 (μ = 30 mM) and then CV 

measurements were performed in the same buffer at 4 oC under aerobic conditions. An initial 

voltammogram (ν = 50 mV/s) of DHP (also representative of the mutant proteins) is shown 

in Figure 5.3. Over time, the cathodic peak gradually decreased in size as a result of protein 

desorption, eventually reaching a stable steady-state response.  Figure 5.4 shows the time 

dependence of Γsurf (quantified as a percentage of the initial value, i.e., Γsurf  = 100% at t = 0) 

monitored over a period of ~ 30 minutes for DHP and 4 of the mutants.  The extent of protein 

desorption (-∆Γsurf) that occurred over this time period is summarized in the third column of 

Table 5.1. Of these five proteins, DHP showed the greatest lost, retaining only ~ 28% of its 

initial electroactive surface concentration after 30 minutes. Increasing relative retention was 

exhibited by Q85K (40%), followed by S90K (54%) and E57K (56%).  Of the proteins 

investigated under these conditions, the most strongly adsorbed was D54K, which retained 

∼87% of its initial electroactive surface concentration after ∼ 30 minutes exposure to the 

buffer used. 

 

Table 5.1. Summary of apparent surface concentration (Γsurf) of DHP and five surface mutants.  The ionic 
strengths of the buffers in which the Γsurf were measured are indicated. -∆Γsurf values calculated from 
experiments conducted in 30 mM ionic strength KPi, pH 6.0.  CV scan rate = 50 mV/s. 
Proteins ∆charge Region -∆Γsurf (%)a Γsurf, u = 3.6 mM (pmol/cm2) Γsurf, u = 18 mM (pmol/cm2) 

DHP 0 n/a ~ 70 8.1 2.3 
Q85K +1 Proximal ~ 60 8.8 4.9 
Q88K +1 Proximal n/a 6.4 1.8 
S90K +1 Proximal ~ 45 3.9 3.5 
D54K +2 Distal ~ 10 2.9 1.7 
E57K +2 Distal ~ 45 5.1 2.4 

a-∆Γsurf ≡ ∆Γsurf (t = 0) − ∆Γsurf (t = 30 min) 
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Figure 5.3. Initial cyclic voltammogram of adsorbed DHP obtained at 50 mV/s in 25 mM KPi, pH 6.0. Area 
under the cathodic peak was used to determine electroactive surface concentration (Γsurf).  Mixed-SAM 
background (black) and immobilized DHP (red) obtained at time = 0 minute. 
 
 

 

Figure 5.4. Comparisons of % Γsurf vs time in 25 mM KPi, pH 6.0 at 4 oC under aerobic conditions. DHP (red), 
Q85K (yellow), S90K (green), D54K (purple) and E57K (blue).  Γsurf  = 100% at t = 0. 
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5.3.3 Ionic Strength Effect 

 Using CV, values of Γsurf were obtained for adsorbed DHP and its surface mutants in 

pH 6.0 KPi buffers of different ionic strengths.  Following standard protein adsorption 

protocol (see Experimental section), each electrode was rinsed with the buffer to be used for 

CV and then incubated for at least 3 minutes prior to CV measurements. Following which, 

the rinse and incubation process was repeated with the buffer of the next highest ionic 

strength (u = 3.6 mM followed by u = 7.2 mM followed by u = 12 mM, etc.). Using the same 

set of electrochemical cell for all protein measurements, three separate electrodes with 

adsorbed protein were evaluated for each protein and the results are summarized in Figure 

5.5 and the last two columns of Table 5.1, which list the values of Γsurf obtained at the lowest 

and highest ionic strengths evaluated. 

 

 

Figure 5.5. Comparison of the effects of ionic strength on adsorbed DHP and DHP mutants.  The ionic strength 
of buffers used were 3.6 mM, 7.2 mM, 12 mM and 18 mM. a) Effect on Γsurf and b) overlay of typical aerobic 
voltammograms (50 mV/s) of adsorbed DHP and mutants in 15 mM KPi, pH 6.0 (μ = 18 mM). 
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 As Figure 5.5a indicates, for most of the proteins, Γsurf decreased as ionic strength 

increased from 3.6 mM to 18 mM.  The only exception is S90K which showed a relatively 

stable Γsurf value over this range.  D54K, E57K and Q85K were the next most stable, 

retaining ~ 50 – 60 % of their initial surface concentrations obtained at u = 3.6 mM.  With 

the exception of Q85K, which has the highest values of Γsurf at all ionic strengths tested, the 

Γsurf values for all of the other mutants were less than that of DHP in u = 3.6 mM KPi. For 

S90K and E57K, however, their electroactive surface concentrations exceeded that retained 

by DHP when the ionic strength was increased to 18 mM. D54K showed the lowest Γsurf 

values for all ionic strengths compared to DHP and all other surface mutants. 

 The comparative ET kinetic behavior of DHP and the five mutants was qualitatively 

evaluated based on ∆Ep values obtained from cyclic voltammograms. Typical 

voltammograms for each protein used in this work are overlaid in Figure 5.5b. All of the 

proteins (DHP and other mutants) displayed very similar quasi-reversible ET behavior 

although one can detect a somewhat smaller value of ∆Ep in the case of Q88K.  Compared to 

the wider range of surface concentrations that resulted from surface mutations, the similarity 

in ET kinetic behavior did seem surprising.  It should be emphasized that these diffusionless 

CVs were acquired under aerobic conditions and thus peak separation values do not 

exclusively reflect ET kinetic limitations.  As described in CHAPTER 2, the reaction that 

occurs under aerobic conditions follows an EC mechanism with O2 binding to the ferrous 

state following the reduction of the ferric state.   Thus, the O2 binding reaction can impact 

CV peak shape and position, especially the anodic peak, which precludes the quantitative 

determination of ET rate constants from CV peak separations under aerobic conditions.  
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Kinetic and thermodynamic parameters were determined for one of the mutants, Q88K, as 

detailed in a later section of this chapter.  

 

5.3.4 Scan Rate Dependence 

 Figure 5.6 summarizes the dependence of Γsurf on scan rate for adsorbed DHP and its 

mutants in 15 mM KPi, pH 6.0 (μ = 18 mM).   All proteins displayed an inverse dependence 

of electroactive surface concentration on scan rate, as previously reported for DHP162 (see 

CHAPTER 3), with the highest Γsurf values corresponding to the slowest scan rate, 50 mV/s. 

Figure 5.6 reveals that Q85K (yellow) had the highest electroactive surface concentration at 

50 mV/s, i.e., ~ 4.5 pmol/cm2.  Upon increasing scan rate from 50 to 250 mV/s, its apparent 

surface concentration decreased to about 4.0 pmol/cm2.  Qualitatively similar behavior, but 

with lower absolute values of surface concentration, was exhibited by S90K (green), which 

decreased from ~ 3.3 to ∼ 2.7 pmol/cm2 for the same increase in scan rate, followed by DHP 

(red), which decreased from ∼ 2.2 to ∼ 1.9 pmol/cm2, and D54K (purple), which decreased 

from ∼ 1.7 to ∼ 1.4 pmol/cm2. The other two mutant proteins, Q88K (gray) and E57K (blue), 

with initial Γsurf values of ~ 1.6 pmol/cm2 and ~ 2.5 pmol/cm2, respectively, exhibited a less 

pronounced dependence on scan rate. 
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Figure 5.6.  Effect of scan rate on apparent electroactive surface concentration for adsorbed DHP and surface 
mutants in 15 mM KPi, pH 6.0 (μ = 18 mM). The proteins are color and symbol coded as follows: DHP (red 
square); D54K (purple dot); E57K (blue triangle); Q85K (yellow circle with cross); Q88K (gray star) and S90K 
(green asterisk). 
 
 

5.3.5 Q88K Investigation 

5.3.5.1 Buffer Ionic Strength Effect on Diffusional Voltammetry 

 Under anaerobic conditions at pH 6.0, solutions of 30 μM DHP yield well-behaved 

quasi-reversible cyclic voltammograms in 25 mM KPi buffer (µ = 30 mM) (see CHAPTER 

2). For these same conditions, however, the electron transfer rate for Q88K is much slower as 

evidenced by the large separation between cathodic and anodic peaks (Figure 5.7, black 

trace). Increasing the concentration of the pH 6.0 KPi buffer (and hence its ionic strength) to 

50 mM gave rise to well-behaved quasi-reversible cyclic voltammetry and a substantial 

increase in faradaic current (Figure 5.7, red trace). Further increases in KPi concentration, 

however, had the effect of decreasing peak currents and increasing ∆Ep (Figure 5.7, green 

and blue traces). 
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Figure 5.7. Effect of buffer concentration on diffusional cyclic voltammetry (50 mV/s) of Q88K (30 μM). 
Experiments conducted under anaerobic conditions. 
 
 

5.3.5.2 Attenuated Total Reflectance-Infrared Spectroscopy 

 Cyclic voltammetry and attenuated total reflectance-infrared spectroscopy (ATR-IR) 

were employed to further investigate the interactions that occur between DHP (Figure 5.8, 

left) and Q88K (Figure 5.8, right) with the mixed-SAM modified electrode surface. As the 

cyclic voltammograms from both proteins suggest, exposure to high ionic strength buffer 

resulted in the disappearance of any faradaic response due to immobilized proteins.  Re-

incubation of the desorbed electrodes with either protein subsequently restored the original 

CV response, as has been reported previously for DHP (see CHAPTER 3).162 The 

corresponding ATR-IR spectra showed the expected amide I (~ 1650 cm-1) and amide II (~ 

1550 cm-1) signals from electrodes with adsorbed protein.  Upon incubation in 500 mM KPi, 

however, a nearly complete loss of both amide I and amide II signals was observed for Q88K 

whereas only a partial loss was observed in the case of DHP itself. 
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Figure 5.8. Cyclic voltammograms and corresponding attenuated total reflectance-infrared spectra of DHP and 
Q88K treated electrodes.  Mixed-SAM background (black); adsorbed DHP (green); adsorbed Q88K (red); same 
electrodes after exposure to 500 mM KPi (blue). 
 
 

5.3.5.3 Enzymatic Activity 

 The dehalogenation reaction in which TCP is converted to 2,6-dichloroquinone 

(DCQ) was evaluated for Q88K at pH 7 under varying hydrogen peroxide concentrations. 

The progress of the reaction was followed by monitoring the disappearance of TCP (312 nm) 

using UV-visible spectroscopy.  The kinetic parameters are summarized in Table 5.2.  Both 
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Km and kcat values were modestly higher for Q88K compared to DHP.  As a result, the 

catalytic efficiency (kcat/Km) is very similar for the two proteins. 

 

Table 5.2. Enzyme kinetic parameters for the H2O2-dependent oxidative dehalogenation reaction of TCP 
catalyzed by DHP and Q88K. 

Proteins Km (μM) kcat (s-1) kcat/Km (μM-1 s-1) 
DHPa 23 ± 1 0.61 ± 0.01 0.027 
Q88K 29 ± 4 0.83 ± 0.04 0.029 

 a Values for DHP are from reference 156. 
 
 

5.3.5.4 Aerobic Voltammograms and Digital Simulation 

 Under aerobic conditions, diffusional Q88K cyclic voltammograms feature a positive 

shift  of ~ 80 mV compared to voltammograms obtained under anaerobic conditions due to 

the negatively shifted anodic peak potential (Figure 5.9).  This result is qualitatively similar 

to the behavior of DHP (see CHAPTER 2).  Although the ET kinetics of Q88K appear to be 

modestly faster as suggested by its smaller ∆Ep value, this parameter can also be affected by 

the O2 binding reaction. As discussed below, in fact, digital simulation demonstrates that no 

significant change in ET kinetics results from the Q88K mutation.  Both DHP and Q88K 

have essentially identical Eo’ values under anaerobic conditions (~ 0.232 V).  . 
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Figure 5.9. Comparison of aerobic DHP and Q88K voltammograms and apparent redox potentials. Diffusional 
voltammograms (50 mV/s) measured in 50 mM KPi, pH 6.0. Protein concentration for both is 30 μM.  
 
 

 Figure 5.10 shows the digital simulations of diffusional voltammograms that were 

used to calculate Q88K’s electrochemical parameters (Table 5.3) as well as its O2 binding 

parameters (Table 5.4). For Q88K, the voltammograms were measured in 50 mM KPi, pH 

6.0 while for DHP, the values were obtained from CHAPTER 2 where the voltammograms 

were measured in 25 mM KPi, pH 6.0. For details of the simulations please refer to 

CHAPTER 2.  While no major difference exists between the two proteins with regard to 

electrochemical properties, the same was not true for their O2 binding properties. The O2 

binding rate constant (kon) of Q88K is some 266 times smaller than that of DHP and much 

closer to the reported value for Mb (14 μM-1 s-1).  Similarly, the O2 dissociation rate constant 

(koff) is also smaller for Q88K (126 s-1) compared to DHP (1.14 × 104 s-1), but still about an 

order of magnitude larger than the corresponding values reported for Mb (12 s-1) and Hb (α-

chain, 10.1 s-1 and β-chain, 21 s-1).  Consequently, the O2 binding constant (Kb) is smaller for 

Q88K (0.129 μM-1) compared to DHP (0.38 μM-1).  Both DHP and Q88K’s Kb values are 
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smaller than those reported for Mb and Hb but similar to values measured for distal histidine 

mutants.151 

 

 

Figure 5.10. Experimental (black trace) and digitally simulated fit (red circles) of diffusional cyclic 
voltammograms (50 mV/s) obtained for Q88K (30 μM) in 50 mM KPi,, pH 6.0. 
 
 

Table 5.3. Electrochemical properties of DHP and Q88K based on digital simulations of diffusional 
voltammograms. 

Proteins [O2] (μM) Eo′ (mV) α ko’ (cm s-1) D (cm2 s-1) 

DHPa 0 232 ± 2 0.63 ± 0.01 9 (± 2) × 10-4 1.4 (± 0.3) × 10-6 
200 232b 0.68 ± 0.02 4 (± 2) × 10-3 1.1 (± 0.1) × 10-6 

Q88K 0 234 ± 4 0.57 ± 0.03 1 (± 0.6) × 10-3 8.6 (± 0.8) × 10-7 
200 234b 0.57 ± 0.02 3 (± 2) × 10-3 1.2 (± 0.1) × 10-6 

 a Values for DHP are based on voltammograms obtained in 25 mM KPi, pH 6.0. 
  (see CHAPTER 2) 
 b Eo’ values used for aerobic simulations was held constant at the values obtained from the 
 anaerobic simulations of each respective protein. 
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Table 5.4. Dioxygen binding thermodynamic and kinetic parameters for DHP and Q88K based on digital 
simulations of diffusional voltammograms. 

Proteins [O2] (μM) kon (μM-1 s-1) koff (s-1) Kb (μM-1) 
DHPa 0 N/A N/A N/A 

200 4260 ± 30 1.14 (± 0.13) × 104 0.38 ± 0.04 
Q88K 0 N/A N/A N/A 

200 16 ± 6 126 ± 5 0.129 ± 0.003 
 a Values for DHP are based on voltammograms obtained in 25 mM KPi, pH 6.0  
 (see CHAPTER 2). 
 
 

5.4. Discussion 

5.4.1 Survey of Five Surface Mutations 

 Typical DHP expression yields cell pellets of ~ 60 g, which translates to a purified 

DHP concentration of ~ 10 mg/L of cell culture.  Expression of the DHP mutants was not 

expected to be greatly influenced by these mutations since they are all located at the surface 

of DHP.  Three mutations (S90K, Q88K and D54K), however, were on residues close to the 

proximal and distal histidines of DHP (H89 and H55 respectively), while Q88K has a lysine 

replacing a glutamine located near a propionate group of the heme (at position 17 of the 

porphyrin). These three mutations could potentially affect the stability of the proteins and 

result in lowered expression. Furthermore, they could potentially impact the electrochemical 

and ligand binding chemistry of DHP in addition to enhancing the surface positive charge.  

 The influence of the increased positive surface charge of the mutants became evident 

in the purification process. While 14 mM KPi, pH 7 buffer was sufficient to elute DHP from 

CM-52 columns, it was unable to effect the elution of any of the DHP surface mutants. The 

Q85K, Q88K and S90K mutants each have an increased surface charge of +1 (∆charge = +1) 

relative to DHP, and they were able to be eluted using 18 mM KPi, pH 7.  D54K and E57K 
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each has ∆charge = +2 compared to DHP, which resulted in even stronger binding to CM-52. 

As a result, 28 mM KPi, pH 7 was required for elution of these two mutants. 

 Direct immobilized enzyme-based electrochemical detection methods depend on 

successful ET between electrodes and proteins.203  Therefore, in addition to the magnitude of 

the overall surface charge, the distribution of charges and hence the orientation of the 

immobilized protein on the electrode can influence the response measured.109,209  The 

mutants used in this study have been designed to enhance the positive charge on the heme-

edge side of DHP.  Based on previous studies of Mb and other heme proteins like Cyt c and 

Cyt b5 it is expected that orientations of immobilized DHP that involve binding near the 

heme edge will result in the most efficient ET.58,59,210,211 The time-dependent desorption 

behavior that was observed upon continuous exposure of adsorbed protein to 25 mM KPi, pH 

6.0, buffer (Figure 5.4) can be understood in terms of the changes in surface charge. Whereas 

the electroactive surface concentration of adsorbed DHP was observed to decrease by ∼ 70% 

after ~ 30 minutes (the greatest percentage decrease of all the proteins evaluated), the two 

∆charge = +2 mutants (D54K and E57K) retained most of their initial surface concentration, 

especially D54K, which retained ∼ 87 %. Of the three ∆charge = +1 mutants, S90K showed 

similar behavior to E57K, retaining a similar percentage (54%) as E57K (56%).  This 

similarity in temporal stability of Γsurf found for E57K and S90K may be related to their 

electrostatic surface potentials.  Figure 5.2 shows that for D54K, E57K and S90K, the 

positive electrostatic surface potential region envelops the heme more completely (slightly 

less so for S90K). The heme groups of Q85K and DHP, on the other hand, are seen to be less 
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embedded in the region of positive electrostatic potential and they also suffered greater 

extents of desorption (Figure 5.4 and Table 5.1). 

 Based on the results obtained from these five mutants, there appears to be no obvious 

trend as to whether distal or proximal region mutations are more favorable for improving 

electroactive surface concentration, temporal stability of adsorbed protein, stability with 

regard to varying experimental conditions, and ET kinetics. Presumably all of these 

parameters will be critically dependent on protein orientation at the electrode surface. In 

general, however, the two ∆charge = +2 mutations (both on the distal side), resulted in better 

stability of the adsorbed proteins, especially D54K. On the other hand, ∆charge = +1 mutations, 

which were located on the proximal side, resulted in the mutant having the highest stability to 

higher ionic strength (S90K) and the mutant having the highest value of surface 

concentration (Q85K).    

The more reversible voltammograms observed for Q88K indicate more efficient ET 

kinetics, which is a desirable property for sensor applications.  Because Q88 is close to the 

heme edge (Figure 5.1), it seems reasonable to envision the addition of positive charge at this 

site promoting orientations that bring the heme propionates in close proximity to the 

negatively charged electrode. Despite the improvement in ET kinetics, however, Q88K is 

susceptible to desorption at higher ionic strengths as reflected by the drastic decrease           

(~ 72%) in Γsurf that was observed with an increase in buffer ionic strength from 3.8 to 18 

mM (see Table 5.1).  This observation is likely a result of electroactive orientations being 

less stable than non-electroactive orientations. On the other hand, both S90 and Q85 are 

farther away from the heme edges and the resultant orientations of these immobilized DHP 
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mutants are likely to be more stable because of the absence of repulsive interfacial 

interactions due to the negatively charged heme propionates.  The percentages of protein loss 

for these two mutants upon increasing buffer ionic strengths are indeed considerably less 

(44% for Q85K and 10% for S90K) compared to Q88K.  This interpretation mirrors the 

picture that has been put forth by Hoffman for Mb/Cyt b5 complexes, namely, that the most 

stable of these complexes do not involve close proximity of the heme edges and are not ET-

active.139 The more efficient ET kinetics of Q88K may be related to an increase in kET as the 

mutation resembles the location of lysine 13 in Cyt c, which is critical in binding interactions 

to anionic surfaces and has also been proposed as the most efficient ET pathway.26,34,105,194  

The combined electrostatic effects of K87 and the K88 lysine that was installed in the Q88K 

mutant may lead to a higher probability of orientations situated with the heme edge in close 

proximity, resulting in the observed voltammograms having smaller ∆Ep. 

 

5.4.2 Investigation of Q88K 

 The effect of the enhanced positive charge of Q88K on the protein purification 

process was already mentioned. Furthermore, the mutation clearly has a pronounced effect on 

interfacial interactions between Q88K and the COOH/OH SAM electrode surface as 

evidenced by the higher concentration of KPi buffer that is required, relative to DHP, to 

produce a high quality quasi-reversible cyclic voltammogram (Figure 5.7).  The increased 

positive surface charge also appears to influence the distribution of adsorbed protein 

orientations, as evidenced by the results of desorption experiments shown in Figure 5.8. 

Exposure to high ionic strength buffer (500 mM KPi) caused the loss of all electroactivity for 
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both adsorbed DHP and adsorbed Q88K (see Figure 5.8) due to desorption of electroactive 

molecules. However, a nearly complete loss of total protein (electroactive and 

electroinactive) occurred in the case of Q88K, as revealed by ATR-IR spectroscopy, whereas 

significant amounts of electroinactive DHP appear to have been retained on the SAM 

surface.  The Q88K mutation apparently shifts the DHP orientation distribution to favor 

orientations dominated to a greater extent by purely electrostatic interactions. Presumably, 

due to the location of the mutation, these favored orientations involve a greater bias towards 

binding near the heme edge region.  Evidently, a substantial fraction of DHP molecules 

adsorb in electroinactive orientations that involve non-electrostatic binding contributions. As 

shown in Figure 5.8, noticeable protein amide bands were observed after electrodes carrying 

adsorbed DHP were incubated in the 500 mM KPi buffer. 

 Based on both anaerobic and aerobic simulations of diffusional Q88K 

voltammograms it can be seen that no significant difference exists in the ET kinetics between 

DHP and Q88K.  The lower transfer coefficient of Q88K vs DHP (0.57 vs 0.68) explains, at 

least in part, why aerobic Q88K voltammograms appear more symmetric and reversible 

compared to DHP voltammograms under identical conditions (see CHAPTER 2).  A smaller 

transfer coefficient would have the effect of moving anodic peak negative relative to DHP, 

which is what is observed.  The comparison of thermodynamic and kinetic parameters for 

oxygen binding (Table 5.4) highlights three main points. First, Q88K has a smaller Kb value 

compared to DHP, and this could also contribute to the negatively shifted anodic peak in 

addition to the smaller transfer coefficient mentioned above (see CHAPTER 2).  Second, the 

higher Km value of Q88K in the catalytic activity assay with TCP (Table 5.2) may be related 
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to the lower Kb value calculated for Q88K than DHP. Its relatively lowered Kb value suggests 

that Q88K is weaker at stabilizing distal ligands (O2, H2O2) than DHP.  Finally, we believe 

the high koff value of Q88K is essential for the observation of the diffusional voltammograms 

of Q88K under aerobic condition because it allows for the electroactive species (deoxy-

ferrous Q88K), to be generated from the non-electroactive species (oxy-ferrous Q88K). This 

characteristic is also found in DHP and similar assertions were made (see CHAPTER 2). 

 

5.5 Conclusions 

 Surface mutations of DHP that increased the charge in the vicinity of the heme edge 

by either +1 or +2 were shown to have significant influences on the electrochemical and 

chemical properties of the immobilized protein. Various mutations involving different 

residues were shown to enhance the stability of adsorbed DHP with respect to time, the 

electroactive surface concentration, the stability of adsorbed DHP to increasing ionic 

strength, or the voltammetric reversibility. A more in-depth examination of Q88K 

furthermore suggested that surface mutants can also impact the chemistry at the heme group. 

Considering all these observations, a worthwhile future endeavor would be to examine two 

double mutants and a triple mutant, namely, Q88K_S90K, Q85K_Q88K and 

Q85K_Q88K_S90K.  For Q88K_S90K, the intent would be to combine the improved 

stability and voltammetric reversibility that were observed in the single mutants.  For 

Q85K_Q88K one might expect to realize an enhanced Γsurf value (as was seen for Q85K) and 

more reversible voltammetry (as was seen for Q88K). Due to the potential instability of 

immobilized Q88K, the Q85K mutation may also bring about an added stability by shifting 
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the binding region towards the S90 location (S90 is situated between Q85 and Q88, see 

Figure 5.1).  Both double mutants would, theoretically, also bring about improved temporal 

stability as the overall change in charge would be +2.  The proposed triple mutant would be 

designed to evaluate whether all four desired properties (high Γsurf, stable Γsurf in high ionic 

strength buffer and over time, and improved voltammetric reversibility) can be designed into 

one enzyme without the related drawbacks.  Additionally, the ∆charge = +3 character may have 

interesting and unforeseen effects on the interfacial chemistry and catalytic reaction of DHP. 
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CHAPTER 6: Conclusion and Outlook 

 

 The current electrochemical investigations on dehaloperoxidase isoenzyme A (DHP) 

focused on the fundamental characterization of the electrochemical properties of the enzyme.  

Diffusional cyclic voltammetry provides information of a more biologically relevant nature 

and reveals information concerning DHP in its natural solution state.  Diffusionless cyclic 

voltammetry of adsorbed or covalently attached DHP is intended more for the potential of 

developing DHP-based electrochemical devices where surface immobilization makes the 

production process simpler and more economical. In this case, the orientation of the 

immobilized proteins is one of the major determinants of their electrochemical responses. 

 Concerning the diffusional work, one of the major questions waiting to be 

unambiguously answered is whether the 5-coordinate or the 6-coordinate state of ferric DHP 

is the species that undergoes reduction to DHP(Fe(II)).  One approach could be to use an 

exogenous ligand such as NO, which has been shown to bind to hemoglobin in both its 

Fe(III) and Fe(II) oxidation states. Site-directed mutagenesis that targets distal cavity 

residues may also lead to mutants which are either 5-coordinate or 6-coordinate in both 

oxidation states.  An understanding of the structural-functional relationship and the related 

electrochemical impact from such study would be valuable to the fundamental understanding 

of how heme proteins tune their electrochemical properties and would aid in the 

bioengineering of new heme proteins for various applications. 

 With respect to the immobilized protein system, one of the natural extensions from 

this work would be to target regions identified by the surface mutants study as being related 
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to the enhancement of protein binding and voltammetric reversibility. The design of multiple 

mutations to test whether both properties can be enhanced simultaneously would be of 

interest. This approach is similar to recent reports from the literature, where redesigned 

myoglobin (Mb) double and triple mutants have resulted in protein-protein complexes with 

more uniform orientations and enhanced electron transfer. Characterization of the actual 

binding orientation distribution for immobilized DHP by computational methods would be 

highly beneficial in this regard. 

 Along with realizing improvements in maximizing electroactive surface coverage 

(Γsurf) and heterogeneous electron transfer rates (kET) for simply adsorbed DHP, covalent 

attachment could be pursued as an alternative approach for achieving these same ends along 

with greater stability.  Spectroscopic studies can be used to probe the catalytic properties of 

DHP and mutant proteins, which are also expected to be influenced by the surface charge at 

the reactive site. Once it has been demonstrated that catalytic reactions are feasible, a 

comprehensive investigation of DHP electrocatalysis with a range of trihalophenols (TXP) 

could be undertaken. Preliminary work in this area, however, has indicated that TXP can 

partition into mixed-SAM layers and undergo electrooxidation, which would constitute an 

interference. With a better understanding of how to improved immobilized protein stability, 

this potential interference might be eliminated if one could use buffers at pH > 7. The 

negative charges on the mixed-SAM should repel the deprotonated TXP and may minimize 

or eliminate its insertion into the SAM-layer. 

 Yet another approach worth pursuing would be to examine the electrochemical 

properties of immobilized DHP isoenzyme B. The enhanced catalytic rate of DHP B 
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compared to DHP suggests the DHP B may be better suited for incorporation into 

bioelectrochemical systems. The five residues where DHP A and DHP B differ are not 

located on the heme-edge face of the protein and exchanging arginine for lysine at position 

32 should not influence the surface electrostatic potential significantly. The asparagine at 

position 34 (tyrosine in DHP) is close to the heme group and may influence the 

electrochemical behavior.  Overall, however, it does seem that the insights gained from DHP 

A electrochemical studies should be directly applicable to DHP B investigations. The innate 

catalytic properties of DHP B may help bring DHP-based electrochemical devices a step 

closer to realization. 
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Appendix A: Additional Information on CHAPTER 3 

 

 This following is reprinted from D'Antonio, E. L.; Chen, T. K.; Turner, A. H.; 

Santiago-Capeles, L.; Bowden, E. F. Electrochemistry Communications 2013, 26, 67. 
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Supporting information on CHAPTER 3 

 
Figure A.1. ATR-IR spectrum of air-dried DHP on cleaned, pretreated but not mixed-SAM modified gold. 
Amide I and amide II peaks are observed at ~ 1650 cm-1 and ~ 1550 cm-1, respectively. No peak at ~1750 cm-1 
is observed. 
 
 

Table A.1. Effect of SAM composition and buffer ionic strength on adsorbed DHP electrochemical properties.  
All buffers are of pH 6.0 and experiment is conducted under anaerobic conditions.  Each  value reported below 
are averaged from 3 separate electrodes. The standard deviations are shown as the errors. 
 

C8OH/C7COOH (mM) Eo’ (mV) Γsurf, c (pmol/cm2) kET (s-1) 
2 : 1 1.2 73.5 ± 0.6 7.39 ± 0.54 0.307 ± 0.042 
2 : 1 3.6 48.1 ± 6.6 5.55 ± 0.11 0.501 ± 0.079 
2 : 1 6.0 51.5 ± 8.8 4.53 ± 0.12 0.479 ± 0.085 
2 : 1 12 56.5 ± 2.8 3.47 ± 0.29 0.452 ± 0.064 
3 : 1 1.2 65.5 ± 3.3 8.59 ± 0.25 0.301 ± 0.057 
3 : 1 3.6 37.7 ± 2.4 8.38 ± 0.10 0.779 ± 0.094 
3 : 1 6.0 34.9 ± 1.4 6.24 ± 0.10 0.773 ± 0.040 
3 : 1 12 48.2 ± 1.1 4.44 ± 0.34 0.548 ± 0.002 
4 : 1 1.2 54.9 ± 3.4 6.97 ± 1.42 0.499 ± 0.069 
4 : 1 3.6 38.1 ± 2.7 7.92 ± 1.33 0.870 ± 0.076 
4 : 1 6.0 35.0 ± 3.0 5.16 ± 0.88 0.877 ± 0.229 
4 : 1 12 40.2 ± 4.7 3.38 ± 0.41 0.818 ± 0.320 
5 : 1 1.2 53.3 ± 1.8 8.84 ± 0.40 0.538 ± 0.057 
5 : 1 3.6 40.8 ± 1.3 8.25 ± 1.64 0.922 ± 0.057 
5 : 1 6.0 36.7 ± 1.2 4.94 ± 0.54 1.029 ± 0.055 
5 : 1 12 44.4 ± 5.2 3.07 ± 0.35 0.941 ± 0.142 
6 : 1 1.2 46.0 ± 2.5 9.13 ± 0.52 0.457 ± 0.035 
6 : 1 3.6 37.1 ± 1.4 9.16 ± 1.09 1.044 ± 0.140 
6 : 1 6.0 36.9 ± 2.8 5.37 ± 0.82 1.013 ± 0.122 
6 : 1 12 45.0 ± 4.8 3.44 ± 0.41 0.987 ± 0.157 



 

140 

Influence of Anions on Adsorbed DHP 

 No significant difference in Eo’ was detected as a result of either ion being present.  

Although slightly lower faradaic peak currents were observed in the presence of the anions, 

this is most likely due to the additional rinse that was required to replace the original KPi 

buffer with the electrolytes containing chloride or perchlorate 

 
 

 
Figure A.2. Effect of potential binding anions on adsorbed DHP cyclic voltammetry. Aerobic diffusionless CV 
(50 mV/s) comparison of DHP on C8OH/C7COOH (3:1) mixed-SAM in 6 mM KPi, pH 6.0, μ = 7 mM (black 
trace) with a)1 mM KPi + 5 mM KCl, pH 6.0, μ = 6.2 mM (red trace) , and b)1 mM KPi + 5 mM KClO4, pH 6.0, 
μ = 6.2 mM (blue trace). Experiments conducted at 4 oC. 
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pH Effect on Adsorbed DHP under Aerobic Conditions 
 
 

 
Figure A.3. Effect of buffer pH on electrochemical behavior of adsorbed DHP under aerobic conditions. A) 
Diffusionless CV (20 mV/s) of DHP adsorbed on C8OH/C7COOH (3:1) mixed-SAM in 6 mM KPi at 4 oC for 
pH’s ranging from 5 – 6.3.  B) Effect of pH on the peak separation (ΔEp) of the voltammograms. C) Effect of 
pH on apparent Eo’ of DHP and D) the linear region between pH 5 and pH 6.3 of apparent Eo’ vs pH. 
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pH Effect on Adsorbed DHP under Anaerobic Conditions 
 
 

 
Figure A.4. Effect of buffer pH on adsorbed DHP cyclic voltammetry under anaerobic conditions. A) Mixed-
SAM background (black) and adsorbed DHP (red) on C8OH/C7COOH (3:1) at 25oC, scan rate = 100 mV/s. B) 
Eo’ vs Ag/AgCl (3 M KCl) dependence on buffer pH and C) kET dependence on buffer pH.  Data in panels B 
and C were acquired at 4oC. 
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Appendix B: Preliminary work on Characterization of M86D DHP and Wild-type DHP 

in the Presence of Imidazole 

 

Cyclic Voltammetry Characterization 

 Cyclic voltammogram (50 mV/s scan rate) of anaerobic M86D (Figure B1a, green 

trace) shows a negative shift of the cathodic peak potential (Ep, c) by ~ 350 mV compared to 

DHP under identical conditions (Figure B1a, red trance) and the anodic peak is not observed 

within the potential range used.  The cathodic peak position is similar to the voltammograms 

from DHP in the presence of 100 mM Im (Figure B1a, blue trace). 

 

 
Figure B.1. Comparison of anaerobic voltammograms of M86D DHP, and wild-type DHP with and without the 
presence of imidazole. Background subtracted cyclic voltammograms of a) 50 mV/s scans of DHP (red trace), 
M86D (green trace) and DHP in the presence of 100 mM Im (blue trace) and b) DHP in the presence of 100 
mM Im under 1 mV/s scan. 
 
 

UV-Vis Spectroscopy Characterization 

 Using UV/Vis spectroscopy DHP’s binding of imidazole (Im) is examined at 20 mM 

and 1 M Im.  Figure B2a, demonstrates that DHP’s binding process can be followed 
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spectroscopically. Furthermore, Figure B2b shows that 20 mM and 1 M can both reach the 

same extend of binding (presumably saturation) within ~ 1 - 2 minutes. 

 

 
Figure B.2. Influence of imidazole on ferric DHP’s UV/Vis spectrum. DHP concentration used is 8 μM in pH 
6.0 KPi buffers. a) Comparison of DHP in the absence (black) and presence (red) of imidazole and b) DHP in 
KPi containing 20 mM (black) and 1 M (red) imidazole. 
 
 

DHP-Imidazole Binding 
 
 The Soret band of DHP without Imidazole (Im) is at 406 nm. Upon DHP’s ligation 

with Im, the Soret band is shifted to 415 nm (Figure B2a).  Thus, absorbance at 415 nm is 

used to calculate the normalized fraction of DHP-Im species in buffers of different Im 

concentrations as shown in equation B1 

   (B1) 

         

φ is the fraction of the DHP-Im species in the sample, A[Im]j is the absorbance at a given Im 

concentration j, A[Im] = 0 is the absorbance in KPi containing no Im and A[Im] = max is the 
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absorbance at Im concentration where all DHP are ligated with Im ([Im] = 96.7 mM).  The 

normalized φ vs [Im] plot was then fitted using equation B2 

 

    (B2) 

 

φmax is the normalized maximum binding of Im by DHP and Kd is the dissociation constant of 

DHP for Im ( ). 

 A typical ferric-DHP Im binding difference spectra is shown in Figure B3a and the 

normalized φ vs [Im] fitted to Equation B2 is shown in Figure B3b.  Im binding using higher 

concentrations of Im (up to 100 mM) were also examined and yielded similar results (data 

not shown).  The Kd value for DHP reported in Table B1 is averaged from 3 experiments 

using maximum [Im] ranging from 20 to 100 mM. 

 

 
Figure B.3. Difference spectra of DHP-Imidazole binding.  a) UV-Vis difference spectra of imidazole binding 
to DHP (8 μM) and b) fitted (equation A1) of normalized φ vs [Imidazole] (0 – 20 mM). 
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Table B.1. Dissociation constant (Kd) of Mb-Im and DHP-Im complexes. 

Protein Kd (mM) 
Mba  22 
DHPb 0.21 ± 0.02 

 a Values for Mb obtained from the reference listed below1. 
 b Values for DHP obtained from this work. 
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