
ABSTRACT 

MALEWSCHIK, TALITA . New Directions for the Multifunctional Catalytic Globin 

Dehaloperoxidase: Moving Beyond the Limits of the Structure-Function Paradigm of Heme 

Proteins. (Under the direction of Dr. Reza A. Ghiladi). 

 

The enzyme dehaloperoxidase (DHP), the hemoglobin of the marine worm Amphitrite ornata, 

is the first and only multifunctional globin discovered to date, and its biologically-relevant 

peroxidase activity, first elucidated for the oxidative dehalogenation of 2,4,6-trihalophenols, has 

been well established in the literature. More recent studies have shown three additional oxidative 

functions, peroxygenase, oxidase, and oxygenase, that along with its peroxidase activity, have 

considerably expanded the scope of substrates oxidized by DHP: halophenols, indoles, 

nitrophenols, pyrroles, and guaiacols. While recent literature on DHP has clearly established this 

unusual enzyme as a multifunctional catalytic globin, outstanding questions regarding DHP 

substrate scope have emerged. As an example, DHP has recently been shown to be capable of 

activating CïH bonds, though the limits of this function have yet to be established. 

Chapter 1 establishes a background on DHP, focusing on structural aspects and mechanistic 

implications of its peroxidase activity. Chapter 2 is a review on the peroxygenase activity of DHP, 

comparing DHP to more traditional peroxidases and peroxygenases. These two chapters explore 

the structure-function paradigms of DHP with respect to both electron and O-atom transfer 

chemistry.  

Chapter 3 demonstrates that DHP can oxidize methyl phenols, commonly known as cresols, 

specifically p-cresol, 4-X-m-cresol [X = H, Cl], and 4-X-o-cresol [X = H, F, Cl, Br, CH3, NO2]. 

While investigating the H2O2-dependent oxidation of cresols, two monomeric products were found 

to be formed, a substituted quinone and catechol. Labeling studies using 18O enriched water and/or 

hydrogen peroxide showed that DHP was simultaneously employing its peroxidase (oxygen 

originates from water) and peroxygenase (oxygen originates from hydrogen peroxide) activities in 

the formation of these products, a novel result for DHP. With this work, it has now been 

demonstrated that DHP can oxidize 10 out of 11 phenolic compounds from the EPA priority 

pollutants list, suggesting the possibility that DHP can be used as a detoxification enzyme. 

Chapter 4 demonstrates the oxidation of 2,4- and 2,6-dihalophenols (2,4- and 2,6-DXP, X = F, 

Cl, Br) by DHP, with activity towards 2,6-DXP being greater than that towards 2,4-DXP. Binding 

studies showed the enzyme has higher affinity for 2,4-DXP, and structural studies confirmed 



distinct binding positions for the 2,4- and 2,6-DXP series. Product identification by LC-MS 

revealed two oxidation pathways, oxidation (O-atom insertion) and oxidative dehalogenation (O-

atom insertion and loss of a halogen). Labeling studies with 18O enriched media showed DHP 

employs sequential oxidation activities, i.e., peroxidase followed by peroxygenase, in both 

pathways. From this work, DHP reactivity has now been studied across the complete series of 4-

halophenols, 2,4- and 2,6-dihalophenols, and 2,4,6-trihalophenols. 

Lastly, in Chapter 5, we established that DHP can perform CïH bond activation in the 

oxidation of monoterpenes (R-(+)- and S-(-)-limonene, a- and g-terpinene, terpinolene, o-thymol 

and isothymol). The results showed that DHP can perform stereo- and regioselective oxidation of 

the limonene isomers, yielding the cis- and trans-1,2-epoxide product, with the diastereomeric 

ratio (cis:trans) able to be fine-tuned by specific active site mutations. Labeling studies showed 

that the limonene-1,2-epoxide is formed via peroxygenase activity. Aromatization and 

functionalization of the terpinene isomers yielded p-cymene and oxygenated products, 

respectively. Labeling studies with 18O revealed the origin of the oxygen atom(s) to be water, 

hydrogen peroxide, or both, depending on the substrate. The thymol isomers were found to yield 

the same six oxyfunctionalized products, proposed to be formed via sequential oxidation steps, 

with all inserted oxygen atoms originating from water. 
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Chapter 1 

An Introduction to Dehaloperoxidase: An unusual globin from the marine worm 

Amphitrite ornata 

Talita Malewschik and Reza A. Ghiladi* 

Department of Chemistry, North Carolina State University, Raleigh, North Carolina 27695-8204 

 
1. BACKGROUND  

Amphitrite ornata is a terebellid polychaete marine organism found in mud flats of benthic 

ecosystems (Figure 1.1). The segmented worm lives in U-shaped sand-encrusted tubes, and from 

one of the open ends it extends its tentacles to roughly 40 cm in length in search for food. The 

bright red color associated with this organism is due to its coelomic hemoglobin, first characterized 

by Bonaventura et al. in 1977 [1ï3]. In the same environment, brominated phenols and pyrroles 

are secreted by other organisms such as Saccoglossus kowalewskyi (Hemichordata) and 

Notomastus lobatus (Polychaeta) as a defense mechanism, and A. ornata survives in this toxic 

environment by employing its hemoglobin, dehaloperoxidase (DHP), as a detoxification enzyme 

[4]. 

 

 

Figure 1.1. Marine worm Amphitrite ornata (left) and sketch showing its segmented body and 

small tentacles (right). 

 

In 1996, Chen and coworkers [4] discovered that DHP performs the oxidative dehalogenation 

of 2,4,6-tribromophenol, a native toxin, into its corresponding 2,6-dibromoquinone via a 

peroxidase activity, hence it was named dehaloperoxidase (DHP) [4]. At that time, DHP 

represented the first globin to possess a biologically-relevant peroxidase activity, and became 

known as a catalytic globin [5]. The peroxidase activity of DHP (Figure 1.2, red) has been 
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thoroughly investigated [4,6-21], and its mechanistic implications paved the way for new 

discoveries. In addition to trihalophenols, other phenolic substrates have also been found to react 

via a peroxidase activity, including guaiacols [22], cresols (Chapter 3) [23] and, 2,4- and 2,6-

dihalophenols (Chapter 4) [24]. 

 

 
Figure 1.2. Reaction scheme of the four different oxidative functions performed by 

dehaloperoxidase: peroxidase (red), peroxygenase (blue), oxidase (magenta), and oxygenase 

(green). 

 

While investigating the chemistry of DHP with other substrates, a new catalytic activity was 

found for DHP: the substrate 5-bromoindole was oxidized into 5-bromo-2-oxindole and 5-bromo-

3-oxindolenine, and the oxygen atom incorporated into each of the products was found to originate 

from hydrogen peroxide, constituting a peroxygenase activity (Figure 1.2, blue) [25]. While 5-

bromo-2-oxindole showed no further chemistry with DHP, the former showed no further reactivity 

with the enzyme, the reaction of DHP with 5-bromo-3-oxindolenine led to the formation of a blue 

pigment that was found to be the dimer, 5,5ô-dibromoindigo. This reaction only proceeded in the 

presence of molecular oxygen, which led to the discovery of yet another oxidative function for 

DHP, namely an oxidase activity (Figure 1.2, magenta) [25]. In addition, unpublished results show 

that DHP possesses an oxygenase activity (Figure 1.2, green) in the oxidation of 2,3-

dimethylindole [26]. The major products were found to be 3-hydroxy-2,3,-dimethylindole and o-

acetoamidoacetophenone, which showed the incorporation of one and two oxygen atoms into the 

substrate, respectively, originating from molecular oxygen [26]. The four activities that DHP 
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performs, either exclusively, sequentially and/or simultaneously, have expanded the scope of the 

substrates oxidized by this enzyme, from both natural and anthropogenic sources, which includes 

indoles and derivatives [26,27], nitrophenols [28], pyrroles [29], guaiacols [22], cresols (Chapter 

3) [23], substituted benzenes [30], and bisphenols (data not published). DHP also has the ability 

to bind a variety of molecules from the azole family [31]. 

The first substrates for DHP, 2,4,6-trihalophenols (2,4,6-TXP) [4], led to the study of 4-

halophenols (4-XP) and 2,4- and 2,6-dihalophenols (2,4- and 2,6-DXP) as potential substrates (X 

= F, Cl, Br, I). Interestingly, while 4-XP were found to be substrates for DHP, they have become 

known as inhibitors of the oxidative functions DHP performs against other substrates [4,9,32ï34]. 

More recently, reactivity and mechanistic studies with 2,4- and 2,6-DXP (Chapter 4) showed that 

these compounds are oxidized sequentially via peroxidase and peroxygenase activities. Structural 

studies also show that the 2,4-DXP substrates bind in similar positions when compared to 2,4,6-

TXP, while 2,6-DXP have different binding conformations (Chapter 4) [24]. 

 

2. DHP STRUCTURAL OVERVIEW  

Two isoforms were identified for DHP, encoded by separate genes dhp A and dhp B. The 

protein sequence shows 137 amino acids in both isoforms with differences in the position of five 

amino acids (A/B: I9L, R32K, Y34N, N81S, S81G) [17,35]. The first crystal structure of 

dehaloperoxidase was published in 2000 by Lebioda and coworkers [36]. It revealed that DHP has 

a 3-over-3 a-helical fold (A-H) common to globins (Figure 1.3A). While DHP crystallizes as a 

homodimer in the asymmetric unit (Figure 1.3C), it is primarily a monomer in solution [37]. The 

active site contains a heme cofactor, sandwiched between the F and E helices, ligated on the 

proximal side by a histidine residue (H89) that interacts with the backbone of the carbonyl group 

of L83, forming a Leu-His-Fe catalytic triad. On the opposite side, the distal histidine (H55) has 

an unusual flexibility and assumes open (solvent exposed) and closed (internal) conformations 

(Figure 1.3B). The active site is close to the surface of the scaffold, where it is readily accessed 

by ligands, substrates, inhibitors and solvent (Figure 1.4D) [36]. 
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Figure 1.3. Crystal structure of DHP reported by Lebioda and coworkers (PDB: 1EW6): A) 3-

over-3 a-helical fold with helices denoted by the letters A-H, B) proximal and distal side of the 

heme cofactor, C) two identical monomers in the asymmetrical unit, and D) surface map showing 

the solvent-accessible active site. 

 

Lebioda and coworkers showed the role of the distal histidine (H55) in the peroxidase catalytic 

mechanism of DHP. The distance between the Ne of H55 (closed conformation) and the heme iron 

is 5.4 Å [38], which is larger than the distances found for globins (4.1-4.6 Å [39,40]), but closer 

to the distances in peroxidases (5.6 and 6.0 Å, cytochrome c peroxidase [41] and horseradish 

peroxidase [42], respectively) [40]. In globins, one of the functions of the distal histidine is to 

stabilize the bound molecular oxygen and preventing its protonation that leads to autooxidation 

[43]. In peroxidases, this residue participates in the cleavage of the bound peroxide, thus 

facilitating the formation of the catalytically active species (e.g., Compound I) [44]. Thus, the 

distal histidine in DHP was found to possesses both functions, and its flexibility allows for a 

functional switch between its globin and peroxidase functions [7,36,38]. 

In the ferric resting state (FeIII ), two different coordination spheres are observed, 5cHS and 

6cHS, which are highly dependent on the position of the distal histidine. In the 6cHS state, a water 

molecule is bound to the iron, stabilized by H55 in the closed conformation. The 5cHS state arises 
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when H55 is in the open conformation, which destabilizes the 6th ligand. DHP adopts the 5cHS 

state when 4-halophenols are bound in the distal pocket [32,34], which positions the distal histidine 

in the open conformation that is unable to facilitate peroxide O-O bond cleavage, and is a likely 

explanation for their role as inhibitors. The open and closed conformations of H55 are also found 

to be pH-dependent, where low pH pushes H55 to the open conformation due to protonation of the 

residue (pKa = 6.9) [8,45,46].  

 

3. PEROXIDASE STRUCTURE-FUNCTION ACTIVITY RELATIONSHIPS  

In addition to the distal histidine, other residues in the proximal and distal sides are found to 

contribute to the catalytic activity in peroxidases. The proximal side contains the classic catalytic 

triad (Asp-His-Fe), composed of a strong hydrogen-bonding interaction between the proximal 

histidine and a neighboring carboxylate moiety from an aspartate residue. This interaction 

underpins what is commonly known as the ñpush and pullò theory (Figure 1.4), where the triad in 

the proximal side pushes electron density onto the heme cofactor, which helps stabilize higher 

oxidation states, leading to the formation of the active catalytic species, Compound I (vide infra). 

The distal histidine acts as a general acid/base catalyst, and the arginine residue on the distal side 

aids in charge stabilization, by pulling electron density from the cofactor. When hydrogen peroxide 

binds to the iron center, the distal histidine facilitates proton transfer by abstracting a proton from 

O1, developing a negative charge (step i), and subsequently protonating O2 that is stabilized by 

the arginine residue (step ii). The O1ïO2 bond is cleaved, and a water molecule is released (step 

iii ). The resulting species is a high valent iron(IV)-oxo porphyrin p-cation radical [(PorÅ+) FeIV=O] 

[44,47].  
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Figure 1.4. Push-pull effect that leads to the formation of the active catalytic species, Compound 

I, in the classic peroxidase mechanism. 

 

The distal side of the binding pocket of DHP does not have an arginine residue, which means 

that the distal histidine is solely responsible for the activation and cleavage of the peroxo bond. In 

addition, the push effect is weaker, seeing how the hydrogen-bonding interaction on the proximal 

side occurs between the proximal histidine and the carbonyl backbone of a leucine residue (Figure 

1.3B). A catalytic triad was created in the active site of DHP via site-directed mutagenesis, where 

a methionine residue (M86) that is in close proximity to H89 was mutated for an aspartate residue 

(M86D). The mutant showed a decrease in the redox potential (+202 mV in WT DHP vs. +76 mV 

for M86D), which typically indicates an increase in peroxidase activity, however it also resulted 

in decreased catalytic activity towards the oxidation of 2,4,6-trichlorophenol compared to the WT 

enzyme (~4-fold) due to inactivation of the protein by formation of a stable 6cHS species [48]. 

In addition to mutations on the proximal side, the distal histidine was also exchanged for 

aspartate, arginine, asparagine, and valine residues (H55D, H55R, H55N, H55V). The catalytic 

efficiency of the mutants was examined for the oxidation of 2,4,6-TCP and 2,4,6-TBP and 

compared to WT DHP. The two mutants H55D and H55R showed attenuated activity (1-fold and 

6-fold, respectively), while the other two showed virtually no activity. Structural studies performed 

with the mutant H55D shows this residue in a ~100% open conformation (solvent exposed) [7]. 

These studies show that the flexibility of the distal histidine, in the open (solvent exposed) and 

closed (inside the pocket) positions, is an important feature of DHP. The distal histidine in the 
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closed conformation is required for activation of hydrogen peroxide (Figure 1.4) and for 

stabilization of ligands in the 6th coordination position of the heme, such as O2 [21,38,49], H2O 

[22,49], CN [50,51], and CO [52,53]. 

Another feature of the DHP active site was elucidated in 2010 by de Serrano and coworkers, 

where protein crystal xenon gas derivatization was performed (PDB: 3MOU). The structural study 

of proteins often utilizes xenon to identify hydrophobic binding cavities in the protein fold. Xenon 

is a bulky, inert, gas that possesses the highest solubility in water, at physiological conditions, 

compared to other noble gases (0.083 mL/mL). The Xe-protein interaction provides structural 

insight because Xe does not perturb the protein structure and binds in the hydrophobic cavity of 

proteins via van der Waals forces [54]. The crystal structure of DHP in the presence of xenon 

revealed two binding cavities, termed Xe1 and Xe2 (Figure 1.5). The Xe1 binding cavity is 

surrounded by amino acid residues F21, F24, F35, V59, F60 and L100, which constitute the distal 

hydrophobic binding cavity of DHP. The Xe2 site, located in the proximal side of the heme 

cofactor, is surrounded by D79, T82 and L83 [32,34]. Upon substrate binding, the amino acids that 

constitute the Xe1 hydrophobic binding pocket, in conjunction with the hydrophilic amino acids 

T56, H55 and Y38, and the propionate arms of the heme cofactor, interact and stabilize the 

substrate in the active site. The substrates, as well as the inhibitors and ligands mentioned 

previously, have all been found to bind inside the hydrophobic cavity of DHP, albeit in different 

positions [10,22ï24,28,34,55]. 
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Figure 1.5. Xenon gas derivatization of the crystal structure of DHP revealing two hydrophobic 

binding pockets, Xe1 and Xe2 (PDB: 3MOU). 

 

4. PROPOSED DHP PEROXIDASE CATALYTIC CYCLE  

The crystal structures, combined with reactivity, spectroscopic, and mechanistic studies, have 

contributed to the proposal of a catalytic cycle for the peroxidase activity of DHP [8,14,16ï20], 

which has been found to proceed via the classic peroxidase cycle proposed by Poulos and Kraut 

[44] (Scheme 1.1). The ferric enzyme interacts with H2O2, and the OïO bond is homolytically 

cleaved, forming Compound I [(Por¶+)Fe(IV)=O AA], a highly reactive two-electron oxidized 

ferryl species with a porphyrin p-cation radical (step i) [15]. In DHP, Compound I has been found 

to be short-lived due to internal electron transfer from a local amino acid residue, giving rise to 

Compound ES [(Por)Fe(IV)=O ¶AA] ( step ii) [14,16]. When Compound ES reacts with a substrate 

molecule (step iii), the enzyme returns to the ferric resting state via two single-electron processes, 

with Compound II [(Por)Fe(IV)=O AA] as an intermediate (step iv) [18]. In the absence of 

substrate, Compound RH is formed, which is a stable, unreactive species, likely as a defense 

mechanism against autooxidation of the protein scaffold from leftover oxidizing equivalents (step 

v) [8,14]. The catalytic cycle can also be initiated from the oxyferrous state in the presence of both 

substrate and hydrogen peroxide (step vi), which leads to the formation of Compound II [18]. 
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Scheme 1.1. General peroxidase catalytic cycle proposed for DHP.  

 

 

The formation of Compound ES as the active catalytic species in lieu of Compound I (vide 

supra) led to the discovery of a radical pathway by Dumarieh and coworkers in 2013 [16]. Two 

redox-active tyrosine residues were replaced by phenylalanine residues, and this was found to 

inhibit the rapid internal electron transfer responsible for Compound I to Compound ES conversion 

observed in the WT enzyme. The Y34 and Y38 residues in DHP A, and Y28 and Y38 in DHP B, 

were replaced by phenylalanine residues to generate the single mutants Y34F and Y38F (DHP A), 

and Y28F and Y38F (DHP B). While the single mutants still gave rise to Compound ES, the double 

mutants Y34F/Y38F and Y28F/Y38F (DHP A and B, respectively) generated Compound I, thus 

enabling its reactivity to be investigated [16]. 

 

5. SUMMARY  

Compared to the peroxidase activity of DHP, the mechanistic implications of the 

peroxygenase, oxidase and oxygenase functions of DHP have not been as thoroughly studied. The 

oxidation of indoles [27], nitrophenols [28], pyrroles [29], cresols (Chapter 3) [23], and 

dihalophenols (Chapter 4) [24] via peroxygenase activity showed that product formation is 

occurring either by oxygen rebound or electrophilic addition, and is discussed in detail in Chapter 

2 [56].  
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derivatives were chosen from the EPA Priority Pollutants List and the Toxic Substances Control 

Act as new substrates for DHP (Chapter 3) [23]. As previously mentioned, halophenols have been 

found to have different functions for DHP depending on the number of substituents, where 2,4,6-

trihalophenols are substrates and 4-halophenols are inhibitors. However, little is known about the 

behavior of dihalophenols with DHP. Therefore, studies were conducted to determine the function 

of 2,4- and 2,6-dihalophenols (DXP, X = F, Cl, Br) (Chapter 4) [24]. More recently, DHP has 

been shown to perform CïH bond activation in the oxidation of styrene, ethylbenzene, and indane 

[30]. Thus, monoterpenes were chosen to be studied as substrates for DHP (R-(+)-limonene, S-(-

)-limonene, a-terpinene, g-terpinene, terpinolene, o-thymol and isothymol) (Chapter 5). 

Altogether, the results described herein help to further our understanding of the unusual 

multifunctional catalytic globin DHP when compared to more traditional monofunctional 

enzymes, such as horseradish peroxidase and cytochrome P450. 
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ABSTRACT  
The hemoglobin from the marine worm 

Amphitrite ornata has been found to possess 

multiple enzymatic activities in addition to its 

O2-transport function. Named 
dehaloperoxidase (DHP), this globin employs 

four mechanisms for substrate oxidation as a 

defense mechanism against toxic metabolites, 
spanning electron- (peroxidase and oxidase) 

and O-atom (peroxygenase and oxygenase) 

transfer. As such, DHP can be defined as a 

multifunctional catalytic hemoglobin. Given 
that its peroxidase function is already well 

established in the literature, this review aims to provide further structural and mechanistic details into the 

other three activities performed by DHP, with a particular emphasis on its peroxygenase activity. 

 

KEYWORDS:  dehaloperoxidase, peroxygenase enzymes, hydrogen peroxide dependent 

oxidation, structure-function relationship 

 

 

 

ABBREVIATIONS:  2-NP, 2-nitrophenol; 2,4-DNP, 2,4-dinitrophenol; 2,4,6-TBP, 2,4,6-
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1. INTRODUCTION  

The segmented marine worm Amphitrite ornata coinhabits benthic ecosystems with other 

organisms that secret toxic halogenated metabolites as a defense mechanism. In order to survive 

such harsh environments, A. ornata employs its hemoglobin, named dehaloperoxidase (DHP), in 

the detoxification of these substances [1-4]. DHP is a catalytic globin, a term that was first coined 

by Lebioda and coworkers [5] after the first identified oxidative function of DHP, peroxidase 

activity, was discovered in 1996 for the H2O2-dependent oxidative dehalogenation of halophenols 

[2, 5]. The substrate scope of DHP has been expanded to include methoxyphenols (guaiacols) and 

methylphenol (cresols), which were also found to be oxidized via this peroxidase activity (Figure 

2.1, red and purple) [6, 7]. More recently, three additional oxidative activities were discovered for 

DHP: peroxygenase [8], oxidase [8] and oxygenase (McCombs, dissertation 2017) [9]. The 

peroxygenase function of DHP, first described in 2014 for the oxidation of haloindoles [8], is also 

employed in the oxidation of nitrophenols [10], pyrroles [11] and cresols [7] (Figure 2.1, blue and 

purple). The peroxidase function of DHP has been thoroughly investigated and reported in the 

literature [12-37], thus the purpose of this review is to focus on the more recently identified 

functions for DHP and more specifically, its peroxygenase function. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Substrate scope of dehaloperoxidase showing the peroxidase (red) and peroxygenase 

(blue) activities employed in substrate oxidation. 
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1.1. DEHALOPEROXIDASE OVERVIEW 

 The A. ornata benthic environment is coinhabited by organisms such as Notomastus lobatus 

(Polychaeta) and Saccoglossus kowalewskyi (Hemichordata) that release high levels of toxic 

halogenated aromatic compounds as repellents against predation [2, 3]. While living under the 

umbrella of protection of its neighborsô chemical defense mechanisms, A. ornata employs its 

hemoglobin, DHP, as a biocatalyst to oxidize these repellents, thus enabling it to survive in these 

harsh environmental conditions [3-5, 38-40]. The reaction for which DHP became known as a 

catalytic globin is the oxidative dehalogenation of 2,4,6-trihalophenol (2,4,6-TXP) yielding the 

corresponding 2,6-dihalo-1,4-benzoquinone (2,6-DXQ) (Figure 2.2, top) [2].  

 

 

 
Figure 2.2. Top: Peroxidase activity of DHP in the oxidative dehalogenation of 2,4,6-

trihalophenol (2,4,6-TXP) into its corresponding 2,6-dihalo-1,4-benzoquinone (2,6-DXQ). 

Bottom: Possible pathways for product formation, adapted from [14, 37]. 

 

Structural and spectroscopic efforts were employed to understand and elucidate the peroxidase 

mechanism of the DHP-catalyzed oxidation of halophenols, and it was determined that the 
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peroxidase catalytic cycle of DHP follows the general one proposed by Poulos and Kraut for heme 

peroxidases [41, 42]: the ferric form of the enzyme binds to hydrogen peroxide, and heterolytic 

cleavage of the OˈO bond is assisted by the distal histidine (H55), leading to the formation of 

Compound I, a highly reactive iron(IV)-oxo center with a porphyrin p-cation radical 

[(Por¶+)FeIV=O AA] species. In the catalytic cycle of DHP, Compound I was found to be short-

lived [15], yielding Compound ES, [(Por)FeIV=O ¶AA] after internal electron transfer with a local 

amino acid residue [18, 25, 33]. This two-electron oxidized species reacts with a substrate 

molecule in two consecutive one-electron steps [34], with Compound II [(Por)FeIV=O AA] as an 

intermediate [19], returning the enzyme to its ferric resting state. With regards to the substrate, 

once the phenoxy radical is formed (Figure 2.2, bottom), it has been suggested that radical 

disproportionation leads to carbocation formation, which then rearranges to form the quinone 

product upon addition of solvent water [14]. Finally, it has been shown that the 2,6-DXQ product 

undergoes a spontaneous, albeit slow, non-enzymatic oxidation, giving rise to 3-hydroxy-2.6-

dihaloquinone (2,6-DXQOH) [37]. 

Structurally DHP has a 3-on-3 a-helical structure, a known fold for globins, and thus it is 

characterized as such according to the SCOP database (Structural Classification of Proteins), even 

though it bears little sequence homology when compared to other known globins [4, 5, 22, 43, 44]. 

The first crystal structure of DHP (PDB: 1EW6) was reported by Lebioda and coworkers in 2000 

[43], which reveals that the distal histidine (H55), located on helix E of the structure, plays a major 

role in the catalytic process and displays an increased flexibility compared to other globins [18, 

23, 43, 45, 46]. In subsequent functional and structural studies, residues L100, F21, F24, F35, V59 

and F60 were found to form a hydrophobic cavity, named the Xe1 binding distal pocket (Figure 

2.3A) [47], that accommodates and interacts with substrates such as halophenols [2, 17, 20, 21, 

26, 34, 35, 48], haloindoles [8, 49], nitrophenols [10], azoles [50], guaiacols [6] and cresols [7]. 

Residues Y38, T56 [51] and H55 are often found to form stabilizing hydrogen bonding interactions 

with the substrates in the pocket of DHP (Figure 2.3B). The proximal side of the protoporphyrin 

IX cofactor is stabilized by a proximal histidine (H89), which in conjunction with the backbone 

carbonyl oxygen of L83, forms a Leu-His-Fe catalytic triad, in comparison to the commonly 

known Asp-His-Fe triad of classic peroxidases [41, 52].  
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Figure 2.3. Relevant amino acid residues in the distal and proximal sides of the heme cofactor in 

the enzyme dehaloperoxidase A) hydrophobic amino acid residues that constitute the Xe1 binding 

pocket (PDB: 3MOU), and B) residues responsible for hydrogen bonding interactions with 

substrates (PDB: 6ONX). 

 

1.2. HEME PEROXYGENASE ENZYMES 

Peroxygenases, a class of enzymes that employ peroxide as the O-atom source for 

oxyfunctionalization of small molecules, have been increasingly investigated for their substrate 

promiscuity and versatility. They perform a variety of different oxidative reactions, such as the 

hydroxylation and epoxidation of aromatic, linear and cyclic alkanes and alkenes, sulfoxidation 

and N-oxygenation, dechlorination and halide oxidation, amongst others [53-62]. A notable 

example of a peroxygenase enzyme is the fungal unspecific peroxygenase (UPO), also referred to 

as aromatic peroxygenases (APOs), which exhibits high catalytic activity and specificity using 

Mg2+ ions as a cofactor. The hydroxylation of naphthalene, shown to proceed via an epoxide 

intermediate, was the first reaction to be identified for UPOs [53-56, 63-68]. UPOs only require 

H2O2 as a co-substrate for catalytic turnover, and they are independent from NAD(P)H or electron 

transfer chains due to the fact that they are extracellular proteins [54, 69], in contrast with the super 

family of cytochrome P450 enzymes. The P450 class of enzymes are known monooxygenases and 

their catalytic cycle is O2 and NAD(P)H-dependent, however they can also employ hydrogen 

peroxide as an oxidant, where the catalytic cycle proceeds via the ñperoxide shuntò pathway [59, 
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70]. One example of a P450-peroxygenase enzyme is the CYP152 family of bacterial cytochromes, 

such as CYP152A1 (P450BSɓ) and B1(P450SPŬ), which catalyzes the hydroxylation of fatty acids 

in the presence of hydrogen peroxide [53, 57-61, 71-73]. 

In general, structural differences between peroxidases and peroxygenases impact their 

reactivity with substrates, where the main difference is the proximal ligand: histidine for 

peroxidases and cysteine for peroxygenases (UPOs and cytochrome P450s). In addition, in 

peroxidases there is a local aspartate residue at the proximal side that contributes to the formation 

and stabilization of the ferryl active species by interacting with the histidine, which constitutes the 

catalytic triad (Asp-His-Fe) mentioned above and is shown for horseradish peroxidase (HRP) in 

Figure 2.4A [41, 42, 74-76]. In unspecific peroxygenases, this triad is characterized by a highly 

conserved PCP motif (proline-cysteine-proline) that has been found to be essential for catalytic 

activity (Figure 2.4B) [56, 65, 66, 68]. At the distal side, the presence of general acid-base catalytic 

residues, such as histidine, aspartic acid and glutamic acid (Figure 2.4A and 2.4B), can impact the 

activation of hydrogen peroxide, leading to the formation of the active ferryl species [41, 42, 74, 

77]. In the case of P450s, three natural bacterial enzymes, namely P450BSb, P450SPa and P450CLA, 

have been identified and found to perform the hydroxylation of fatty acids in the presence of H2O2. 

Their active site does not contain the ñgeneralò acid-base residues, so instead the carboxylic acid 

group of the fatty acyl acid substrate, shown as palmitic acid in Figure 2.4C, interacts with the 

guanidinium moiety of a local arginine residue, creating a salt bridge. This is considered to be the 

first step of the H2O2-dependent catalytic cycle and it is referred to as a ñsubstrate-assisted 

activation mechanismò [57]. In addition, short-alkyl-chain carboxylic acids (C4-C10) were found 

to ñtrickò P450BSb into performing non-native substrate transformations. The enzyme 

misrecognizes these shorter carboxylic acids, termed ñdecoy moleculesò, as native substrates, 

thereby mistakenly initiating the catalytic cycle. As these shorter fatty acids are not hydroxylated 

themselves, exogenous compounds are oxidized in their stead [57, 59]. 
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Figure 2.4. Main structural differences between three classes of H2O2-dependent heme enzymes: 

A) peroxidases, represented by horseradish peroxidase, HRP (PDB: 1ATJ), B) peroxygenases, 

represented by mushroom Agrocybe aegerita (AaeUPO) (PDB: 2YP1), and C) bacterial 

cytochrome P450BSb from Sphingomonas paucimobilis containing palmitic acid (native substrate) 

(PDB: 1IZO). 

 

The oxidation mechanisms employed by peroxidases (such as HRP [42]), peroxygenases (such 

as UPO) [53, 54, 56, 78] and cytochrome P450s (such as CYP152A1, P450BSb) [53, 57, 59, 70, 

79] have all been well established in the literature. The formation of the highly reactive ferryl 

species is very similar for all three classes of enzymes mentioned, which proceeds through binding 

of hydrogen peroxide to the ferric enzyme, followed by heterolytic cleavage of the OˈO bond, 

mediated by an amino acid residue acting as an acid-base catalyst. However, the oxidation of 

substrates via a peroxidase (or oxidase, vide infra) mechanism proceeds through electron transfer, 

whereas peroxygenase (or oxygenase, vide infra) proceeds via an O-atom transfer. The sequential 

oxidation of substrates by UPO enzymes proceeds via pathways comparable to the well described 

pathways of cytochrome P450 enzymes [56, 70, 80]. Functionalization of substrate (shown in 

Scheme 2.1 using pyrrole as an example) can occur via three different pathways [70]: i) 

electrophilic attack of substrate by Compound I [(Por¶+)FeIV=O AA], resulting in the formation of 

ferryl-radical substrate species that leads to a substrate epoxide intermediate; ii) H-atom 

abstraction by Compound I, followed by oxygen radical rebound of a caged ferryl (Compound II, 

[(Por)FeIV=O AA] or [(Por)FeIV-OH AA]) and substrate radical species; and iii) single electron 

transfer (SET) from Compound I to the substrate, followed by an electrophilic attack to the ferryl 

center, resulting in a ferric-cationic substrate intermediate [70]. Subsequently, further 

rearrangement (e.g., NIH shift, indicated by the green hydrogen atoms) leads to product formation. 
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Scheme 2.1. Three proposed pathways for pyrrole functionalization via O-atom transfer by 

Compound I in heme enzymes. 

  

 

As mentioned above, the proximal ligand is important for reactivity, and in the case of UPOs 

and CYP450, the proximal cysteine has been shown to affect the formation and stabilization of 

both Compound I and Compound II [70]. The one-electron reduction potential of Compound I and 

the pKa of Compound II (in its protonated state, [(Por)FeIV-OH]) are the two physical parameters 

that dictate the driving force of hydrogen atom transfer (HAT) in C-H activation reactions, which 

can be calculated using the thermodynamic square scheme developed by Bordwell (Scheme 2.1, 

pathway ii) [70, 81-83]. The pKa of Compound II can be used to estimate the reduction potential 

of Compound I, which has proven difficult to determine due to its short lifetime. The difference in 

the pKa values for different heme proteins is very pronounced, where heme thiolate proteins have 

very basic ferryl species, for example AaeUPO (pKa = 10) and CYP158 (pKa = 12.2), compared 

to histidine-ligated heme proteins, myoglobin (Mb) (pKa  2.7) and HRP (pKa  3.5) [70]. A high 
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pKa for Compound II indicates a basic [(Por)FeIV-OH] species with a strong O-H bond, which in 

turn increases the driving force of HAT by Compound I [70]. The increased basicity for heme 

thiolate enzymes has been associated with the cysteine proximal ligand, which pushes electron 

density onto the ferryl oxygen, rendering Compound II more basic, and thus turning these enzymes 

into potent biocatalysts [70, 80, 84]. 

Structural characterization of ferryl species by X-ray crystallography is challenging due to 

reduction and/or protein damage caused by radiation. However, more recently cofactor 

replacement of the microbial CYP450 family enzyme CYP102A1 (P450BM3) was reported by 

Stanfield and collaborators as an example of a successful model for the ferryl species. The authors 

report the replacement of the native iron protoporphyrin IX cofactor by oxomolybdenum 

mesoporphyrin IX (Mo(O)PIX). The new, non-native system showed a MoˈOoxo bond distance 

of 1.8 Å, which is virtually identical to the reported FeˈOoxo bond distance for chloroperoxidase 

(1.82 Å); thus, this system represents an excellent model for Compound II [(Por)FeIV=O AA] of 

the classic cytochrome P450 catalytic cycle [85]. 

 

2.  DEHALOPEROXIDASE PEROXYGENASE SUBSTRATES 

As the number of substrates found to undergo oxygen atom transfer by DHP has dramatically 

increased over the past few years, the focus of this review is to provide the structural and 

mechanistic underpinnings of the DHP peroxygenase activity by drawing on some of the recently 

published results for the oxidation of indoles [8], nitrophenols [10], pyrroles [11] and cresols [7]. 

Literature reports on the oxidation of these substrates (and their derivatives) by other heme 

enzymes will be used to correlate the structure-function relationships relevant to dehaloperoxidase. 

For completeness, the oxidase and oxygenase functions of DHP will be introduced and briefly 

discussed here. In addition, electronic and structural effects are addressed and discussed in order 

to broaden our understanding of the function switch present in this multifunctional catalytic globin. 

And lastly, final remarks provide perspective on how the studies performed on DHP over the past 

two decades advance our understanding of catalytic globins within the context of the structure-

function paradigm(s) of the heme protein superfamily. 
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2.1. INDOLE AND DERIVATIVES  

Dehaloperoxidase has been investigated as a biocatalyst in the oxidation of indole and 

derivatives in the presence of hydrogen peroxide at physiological pH by Barrios and coworkers 

[8].  Enzymatic assays were performed and analyzed via HPLC, with substrate conversion ranging 

between 24 ï 48% (unoptimized) after a five-minute reaction period. Product identification by 

HPLC when 5-Br-indole (5-Br-I) was employed as the substrate showed 5-Br-2-oxindole and 5-

Br-3-oxindolenine as the two major products formed in a 1:1 ratio. Minor products were identified 

as 5-Br-2,3-dioxindole, 5-Br-3-hydroxy-2-oxindole, N-(4-Br-2-formylphenyl)formamide, 

and (E)-5,5ǋ-dibromo-[2,2ǋ-biindolinylidene]-3,3ǋ-dione (Scheme 2.2). The latter exhibited an 

intense visible band at 600 nm, which was associated with the dimer 5,5ô-Br2-indigo upon further 

spectroscopic investigation (oxidase mechanism, vide infra) [8]. 

 

Scheme 2.2. Products identified in the H2O2-dependent oxidation of 5-Br-indole as catalyzed by 

DHP. 

 

 

Molecular dynamics (MD) simulations were originally employed to generate a geometry 

optimized structure, revealing 5-Br-I to be situated in the distal pocket of DHP, nearly 

perpendicular to the heme cofactor, with the indole nitrogen facing away from the iron center and 

the bromine located in the Xe1 binding site [8]. More recently, the structure of dehaloperoxidase 

in the presence of 5-Br-I (Figure 2.5A) was resolved by serial femtosecond crystallography (SFX) 

[49]. This new structure corroborates the earlier calculated model, wherein the substrate was found 

to reside within the distal pocket with the halogen atom positioned internally in the Xe1 

hydrophobic binding pocket. The occupancy of the Xe1 site by a substrate halogen has been 

previously observed for halophenols [26, 47, 86], haloguaiacols [6] and halocresols [7]. The amino 

acid F60 is displaced to accommodate the bulky halogen atom, F21 is oriented to form p-p 
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interactions with the aromatic ring of the substrate, and the distal histidine (H55) is in the closed 

conformation interacting with the substrate via hydrogen bonding. The indole nitrogen, C2 and C3 

are 4.9, 4.8 and 5.4 Å away from the heme iron center, respectively, which contributes to 

understanding the selective oxidation of 5-bromoindole at the C2 and C3 positions [8]. The 

presence of the substrate inside the pocket was also confirmed by resonance Raman experiments: 

an increase in the 5-coordinate high spin (5cHS) heme population (and corresponding decrease of 

the 6cHS population) were noted upon addition of 5-Br-I to wild-type DHP. Originally, this was 

interpreted to be consistent with the displacement of a heme iron-bound water, as it was believed 

that the presence of the large 5-Br-I substrate would force the distal histidine (H55) into an open 

conformation [8], rendering it unable to stabilize the bound water through hydrogen bonding. 

However, the newly obtained SFX structure suggests that the increase in 5cHS heme instead occurs 

due to hydrogen bonding of the distal histidine in the closed conformation that shifts to stabilizing 

the substrate, rather than the iron-bound water [49]. 

The reactivity of indole has been reported for non-heme iron enzymes, UPOs, and cytochrome 

P450s (wild type and mutants, human and microbial), where the observed products were also 2-

oxindole, 3-oxindole and indigo [87-95]. Bell et al. reported the catalytic activity and crystal 

structure of bacterial cytochrome CYP199A4 in the presence of aromatic carboxylic acids, 

including indole-6-carboxylic acid (Figure 2.5B) [96]. The position of this substrate in the active 

site of the enzyme provides an explanation for the oxidation at the 2-position of the ring, because, 

although the authors did not observe a product by GC-MS analysis, previously published results 

for this substrate showed the formation of 2-indolinone-6-carboxylic acid [96, 97]. Even though, 

the positioning of indole-6-carboxylic acid in the CYP199A4 structure differs from what was 

found for 5-Br-I in DHP [49], the distances between the heme-Fe and the indole nitrogen, C2 and 

C3 atoms (4.3, 4.2 and 5.3 Å, respectively) are comparable to those found for DHP. Additionally, 

a recently published crystal structure of human indoleamine 2,3-dioxygenase 1 (IDO1) complexed 

with its native substrate tryptophan (Figure 2.5C), reveals an orientation that favors oxidation at 

the C2 position, (distances from indole nitrogen and C2 to the heme-Fe are 4.1 and 4.0 Å, 

respectively) [98, 99], similar to what has been observed for indolic substrates bound to DHP and 

CYP199A4. 
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Figure 2.5. Crystal structures of A) dehaloperoxidase B in the presence of 5-bromoindole (PDB: 

6I6G, magenta), B) bacterial CYP199A4 complexed with indole-6-carboxylic acid (PDB: 4EGO, 

cyan), and C) human indoleamine 2,3-oxygenase with tryptophan (PDB: 6E46, orange). Select 

atomic distances (Å) and interactions between substrate and amino acids and the heme macrocycle 

are shown. 

 

In the DHP-catalyzed oxidation of 5-Br-I, isotopically labeled water and hydrogen peroxide 

(H2
18O and H2

18O2) indicated that the source of the oxygen incorporated into the substrate was 

derived from hydrogen peroxide, providing unequivocal evidence that the substrate was oxidized 

via a peroxygenase mechanism. These results, in conjunction with stopped-flow UV-visible 

spectroscopic data, allowed for the proposal of a mechanism for the H2O2-dependent oxidation of 

haloindoles by DHP [8]. While it focused on the observed heme intermediate species and not on a 

step-by-step substrate-based mechanism, the authors mention the possibility of oxygen rebound 

chemistry or other mechanisms associated with peroxygenase/CYP450 enzymes, such as i) H-

atom abstraction yielding a caged substrate radical and ferryl intermediate, ii) electrophilic 

addition followed by formation of an epoxide intermediate or iii) SET followed by electrophilic 

attack (Scheme 2.1 and Figure 2.6). 

Previous mechanistic reports of the oxidation of indole by the heme enzyme IDO1 suggest that 

the formation of the products 2-oxindole and 3-oxindole products is likely to proceed via an 

epoxide intermediate or by hydroxylation [89, 95, 100], similar to cytochrome P450 catalyzed 

reactions. The report made by Barrios et al. corroborates the assumption about the possible 

mechanistic pathways for the DHP-catalyzed oxidation of indole derivatives [8].  
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Figure 2.6. Possible intermediates for the H2O2-dependent oxidation of 5-bromoindole to 5-

bromo-2-oxindole: (i) caged substrate radical and ferryl species intermediate, (ii) epoxide 

intermediate, and (iii) ferricïcationic substrate species. The green hydrogen atom represents a label 

that would undergo an NIH shift in the cases of ii and iii [70]. Note: for simplicity, the 5-bromo-

3-oxindole product that was also formed in a ~1:1 ratio, is not shown but is proposed to involve 

the same intermediates as depicted above for 5-bromo-2-oxindole. 

 

2.2. PYRROLE AND DERIVATIVES 

Un- or lightly-substituted pyrroles are heterocyclic aromatic compounds that are highly 

unstable in the presence of light, acid and oxygen conditions. The rapid, spontaneous formation of 

polypyrrole often hinders the use of this chemical as a scaffold for sequential chemical reactions 

[101, 102]. Thus, the synthesis of substituted pyrroles can be costly, laborious and environmentally 

unfriendly [101]. 

Enzyme catalyzed pyrrole oxidation to polypyrrole has been reported for HRP and laccase due 

to the technological application of this product as a conducting polymer [103, 104]. Guengerich et 

al. also reported the use of oxygenases, such as CYP450, in the activation and catalysis of pyrrole, 

although the authors do not mention the nature of the product(s) formed [102]. 

McCombs et.al. employed the multifunctional globin DHP as a biocatalyst for the 

functionalization of pyrroles under physiological conditions [11], where 32% conversion 

(unoptimized) of pyrrole to 4-pyrrolin-2-one and 3-pyrrolin-2-one in a 1:9 ratio was achieved after 

5 minutes of reaction (Scheme 2.3). Methylated pyrrole derivatives were also investigated (N-

methyl, 2-methyl, 3-methyl and 2,5-dimethylpyrrole) and exhibited increased conversion 

compared to the parent compound. Substituted pyrroles showed the formation of multiple 

monomeric products, with the 2-one being the major product. Trace oligomeric products were 

observed at longer reaction times (24 h) by LC-MS. The functionalization of pyrroles at the a-

position was expected and electrophilic attack at this position has been found to be kinetically 
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favored owing to the large orbital coefficients in the HOMO for C2 and C5 and the higher stability 

of the s-complex intermediate formed in the oxidation of these compounds [105]. 

 

Scheme 2.3. Products identified in the H2O2-dependent oxidation of pyrrole as catalyzed by DHP. 

 

 

The single oxygen atom incorporated at the a-position of the ring was confirmed by 18O labeling 

studies to have originated from a hydrogen peroxide molecule, providing strong evidence of 

oxidation by a peroxygenase mechanism [11]. Mechanistic studies performed by stopped-flow 

UV-visible and rapid-freeze-quench electron paramagnetic resonance (RFQ-EPR) spectroscopies 

allowed for the proposal of a stepwise catalytic cycle for the H2O2-dependent oxidation of pyrrole: 

a single, two-electron electrophilic addition of the ferryl oxygen of Compound I to pyrrole forms 

a cationic tetrahedral-like intermediate complex, which undergoes further rearrangement forming 

the 4-pyrrolin-2-one product [11]. The authors propose that the distal histidine (H55) is likely 

acting as the acid/base, and further rule out the possibility of a mechanism involving radicals due 

to the absence of polypyrrole formation, which is initiated by the coupling of two pyrrole radical 

cations [11]. Pyrroles are more likely to undergo electrophilic attack owing to their electron rich 

nature [105], and a cationic intermediate has been established to be common when the product 

formed is a ketone or an aldehyde [70]. This cationic intermediate, described in the mechanism 

proposed by McCombs et al. in one simplified step, may also be formed from two discrete, one-

electron steps, where a single electron transfer (SET) from Compound I to substrate is followed 

by electrophilic attack of the ferryl oxygen to the activated substrate (Scheme 2.2, Pathway iii) 

[70]. 

 

2.3. NITROPHENOL AND DERIVATIVES 

In addition to its ability to degrade naturally occurring phenolic compounds, DHP also 

possesses the ability to oxidize metabolites of anthropogenic origins. The U.S. Environmental 

Protection Agency (EPA) lists 2-nitrophenol (2-NP), 4-nitrophenol (4-NP), 2,4-dinitrophenol (2,4-
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DNP) and 2,4,6-trinitrophenol (2,4,6-TNP) as Priority Pollutants [106], the majority of which were 

also found to be substrates (except 2,4,6-TNP) for DHP that are oxidized via a peroxygenase 

mechanism [10]. 

The enzymatic assays analyzed via HPLC were performed in the presence of ferric WT DHP, 

hydrogen peroxide and the aforementioned substrates at pH 6, and showed a conversion range of 

16-50% after five minutes (unoptimized). In the case of 4-nitrophenol, three main products were 

identified: 4-nitrocatechol (4-NC), which was further oxidized into 5-nitrobenzene-triol (two 

isomers possible), and even further to form hydroxy-5-nitro-1,2-benzoquinone (Scheme 2.4). In 

order to determine the origin of the oxygen atom inserted in the substrate, 18O-labeling studies 

(H2
18O and H2

18O2) were performed, revealing that the oxygen incorporated into 4-NP yielding 4-

NC is derived from a H2O2 molecule, consistent with a peroxygenase mechanism [10]. 

Interestingly, however, the labeling studies also demonstrated that the other oxidation products 

were formed through successive peroxidase-based oxidations. Three sequential oxidations by two 

different mechanisms (peroxygenase-peroxidase-peroxidase) yielding the hydroxy-5-nitro-1,2-

benzoquinone product demonstrates the nature of DHP as a multifunctional catalyst (Scheme 2.4). 

 

Scheme 2.4. Products identified in the H2O2-dependent oxidation of 4-nitrophenol as catalyzed by 

DHP. 

 
 

The enzymatic ortho-hydroxylation of 4-NP has been reported for both fungal UPOs [67] and 

mammalian CYP450 enzymes (CYP2E1 and CYP3A4) [107-110]. The substrate was established 

to be an in vitro probe to the O2/NADPH-dependent catalytic activity for the P450 family of 

enzymes and chromatographic [107] and spectrophotometric [110] methods have been developed 

to detect the formation of the o-catechol product. Additionally, Raner et al. reported the oxidation 

of 4-NP (to 4-NC) and 4-NC (yielding 2,3,4-trihydroxonitrobenzene) using Cytochrome P450BM3 

[111, 112]. The reaction of 4-NP and 4-NC by P450BM3 requires NADPH and molecular oxygen, 

and the authors proposed that the mechanism occurs via the formation of an epoxide intermediate, 
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a more common pathway for the hydroxylation of the aromatic substrates [111]. Thus, whilst DHP 

and P450BM3 are both capable of oxidizing 4-NP to trihydroxynitrobenzene, DHP accomplishes 

this via two different activities (peroxygenase and peroxidase), whereas P450BM3 performs two 

successive monooxygenations. 

McCombs et al. were also able to obtain X-ray crystal structures of both 4-NP and 4-NC 

complexes with dehaloperoxidase (the first reported structures of a heme protein in complex with 

these compounds), which show the substrate and product are in the distal pocket and oriented 

perpendicular to the heme plane (Figure 2.7). The o-CH of the substrate and the heme iron are in 

close proximity (~4.6 ¡), and taking into account that the bond length of FeˈO in the active 

species Fe(IV)=O is around 1.8 Å [70], hydroxylation at the ortho-position of the ring was 

expected. The hydroxyl group of both 4-NP and 4-NC is pointed towards the ɔ heme edge, and the 

nitro groups are positioned internally. Hydrogen bonding interactions with Y38, T56 and the heme 

propionates, as well as p-p stacking interactions with F21, provide additional stabilization. The 

rotation of the product to position the o-OH group towards hydrophilic amino acids such as Y38 

and T56 was expected seeing that the product is more polar than the parent compound [10]. 

 

 

Figure 2.7. Crystal structures of dehaloperoxidase complexed with 4-nitrophenol (PDB: 5CHQ, 

yellow) and the oxidation product 4-nitrocatechol (PDB: 5CHR, cyan). Select atomic distances 

(Å) and interactions between the substrate (color coordinated) and active site amino acids or the 

heme macrocycle are shown. 

 

Similar to the oxidation mechanism of haloindoles by DHP [8], the peroxygenase mechanism 
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species and not on the stepwise mechanism of substrate oxidation. In addition, the authors do not 

propose a mechanism for the sequential peroxidase mechanisms taking place after the formation 

of 4-NC. However, the authors mention that the oxidation of the substrate most likely occurs 

through an oxygen radical rebound mechanism, but they do not rule out the possibility of O-atom 

incorporation by another mechanism (Figure 2.8) [10].  

 

 

Figure 2.8. Possible intermediates for the H2O2-dependent oxidation of 4-nitrophenol to 4-

nitrocatechol (i) caged substrate radical and ferryl species intermediate, (ii) epoxide intermediate, 

and (iii) ferricïcationic substrate species. 

 

2.4. CRESOL AND DERIVATIVES 

Methylphenols, commonly known as cresols, are released into the environment from industrial 

waste, such as the combustion of petroleum and wood. Due to their environmental toxicity and 

persistence, these chemicals were included in the Environmental Protection Agency (EPA) Priority 

Pollutants List and Toxic Substances Control Act [106, 113].  

The reactivity of cresols with DHP in the presence of H2O2 was demonstrated by HPLC and 

the studied substrates displayed a range of 32-68% conversion after five minutes of reaction 

(unoptimized). Product identification showed two distinct monomeric products for select 

substrates, the 2-methyl-1,4-benzoquinone and the o-catechol derivatives [7]. It is also worth 

mentioning that oligomeric products (n up to 6) were also identified, which could be the result of 

subsequent quinone radical coupling reactions. Labeling studies using enriched H2
18O and H2

18O2, 

performed on 4-bromo-o-cresol (4-Br-C) as a representative substrate, showed that the formation 

of 2-methyl-1,4-benzoquinone occurred via a peroxidase mechanism, where the source of the 

oxygen was a water molecule. The oxygen inserted at the ortho-position of 4-Br-C to generate 5-

bromo-3-methyl-1,2-benzediol (an o-catechol derivative) originated from a hydrogen peroxide 

molecule, consistent with a peroxygenase mechanism (Scheme 2.5). The same 

oxyfunctionalization pattern was also observed for other cresols: 4-X-o-cresol (X = H, F, Cl, Br, 
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NO2) and 4-X-m-cresol (X = H and Cl), whereas 4-Me-o-cresol and p-cresol only yielded the o-

catechol derivative 3-methyl-1,2-benzediol derivative. Dehaloperoxidase is therefore employing 

both peroxidase and peroxygenase mechanisms in the oxidation of cresols in a non-preferential 

manner, a result that had not been previously observed for this enzyme [7]. 

 

Scheme 2.5. Products identified in the H2O2-dependent oxidation of 4-bromo-o-cresol as catalyzed 

by DHP. 

 

 

 

Structural studies performed using X-ray crystallography revealed that the cresol substrates 

bind in the hydrophobic distal pocket of DHP in different positions (Figure 2.9). The structure of 

4-bromo-o-cresol (4-Br-C) and p-cresol showed both substrates in the hydrophobic binding 

pocket, the former buried inside and the latter closer to the entrance of the pocket (ɔ edge). The 

halogen atom of 4-Br-C is located in the Xe1 binding cavity displacing the residue F60, similar to 

the 5-Br-I structure (Figure 2.4A), while the hydroxyl group is found pointing towards the iron 

center and interacting with H55 in the closed conformation. On the other hand, p-cresol is 

perpendicular to the heme cofactor, and the hydroxyl group of p-cresol is interacting with the 

propionate group D, Y38 and T56. To accommodate p-cresol, H55 is in the open conformation 

[7]. 
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Figure 2.9. Crystal structures of dehaloperoxidase complexed with 4-bromo-o-cresol (PDB: 

6ONX, green) and p-cresol (PDB: 6OO6, purple). Select atomic distances (Å) and interactions 

between substrate, amino acids and the heme macrocycle are shown. 

 

The biodegradation of cresols has been reported for other enzymes, such as UPO 

(peroxygenase) [67], HRP and CPO (peroxidase) [67, 114] as well as for microorganisms, such as 

bacteria and fungi. However, to the best of our knowledge, the study by Malewschik et al. is the 

only report on the reactivity of cresols that includes mechanistic, spectroscopic and structural 

studies [7]. Mechanisms for each of the DHP-catalyzed activities employed in the oxidation of 

cresols were proposed: a peroxidase-based one that accounts for the formation of the 1,4-

benzoquinone product, and a peroxygenase-based one that leads to the formation of the o-catechol 

product. The latter was in accordance with the most recent mechanism proposed for the DHP-

catalyzed oxidation of pyrroles [11], and also in agreement with well-known cytochrome P450 

pathways [70]. The authors proposed two different pathways for the formation of the catechol 

derivative, electrophilic attack of the substrate with Compound I or oxygen rebound, but no further 

investigations were mentioned to determine a definitive pathway (Figure 2.10).  

The oxidation of cresols and derivatives has expanded the number of phenolic compounds in 

the EPA Priority Pollutants list which can be oxidized by DHP to 10 out of 11 [7], and suggests 

that this catalytic globin may be promising in applications as a bioremediation catalyst, as 

previously posited by Lebioda and coworkers [5]. 
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Figure 2.10. Possible intermediates for the H2O2-dependent oxidation of 4-bromo-o-cresol to the 

o-catechol product (i) caged substrate radical and ferryl species intermediate, (ii) epoxide 

intermediate, and (iii) ferricïcationic substrate species. 

 

3. O2-DEPENDENT DHP ACTIVITIES  

3.1. OXIDASE ACTIVITY 

Oxidase enzymes are ubiquitous in nature, and are responsible for the oxidation small 

molecules [115-117], electron transport [118-121] and formation of reactive oxygen species [122, 

123]. They possess a variety of different cofactors, including heme and non-heme iron, multi-

copper centers, and flavin. The cofactors mediate redox processes in the presence of molecular 

oxygen as the oxidizing agent, and when oxidative dehydrogenation occurs (hydrogen atom 

abstraction), it leads to the formation of H2O or H2O2 [124].  

The catalytic globin DHP was found to possess oxidase activity, discovered in 2014 during the 

investigation of the peroxygenase activity with 5-bromoindole (5-Br-I) as a representative 

substrate. The reaction led to the formation of two major products, 5-Br-2-oxindole and 5-Br-3-

oxindolenine and one minor product of interest (E)-5,5ǋ-dibromo-[2,2ǋ-biindolinylidene]-3,3ǋ-

dione (substituted indigo). Labeling studies with 18O2, non-enzymatic and non-oxidant controls 

were performed, indicating that the formation of both 3-oxindolenine and the substituted indigo 

were dependent on both DHP and O2 [8].  

The reaction of 5-Br-3-oxidole with DHP in the presence of O2 yielded 5-Br-3-oxindolenine 

(Figure 2.11, top). In addition, the formation of the indigo product, first identified by HPLC, was 

further assessed by UV-visible spectroscopy. The reductant, 5-Br-3-oxindole (ɚmax = 383 nm), was 

generated in situ using 5-Br-3-acetoxyindole (25 equiv.) and liver esterase, in the presence of DHP 

under aerobic conditions, which led to the formation of 5,5ô-Br2-leucoindigo as an intermediate, 

before the formation of 5,5ô-Br2-indigo (ɚmax = 289 and 640 nm) [8]. 
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Figure 2.11. Top) Oxidase activity performed by DHP in the presence of O2 where the in situ 

generated 5-Br-3-oxindole forms 5-Br-3-oxindolenine, which ultimately leads to the formation of 

5,5ô-Br2-indigo. Bottom) Different pathways (pathway A-C) for the formation of indigo catalyzed 

by oxygenase and oxidase enzymes: A) 2,3-epoxyindole intermediate in the formation of the 3-

hydroxyindole product, B) oxidation of the 3-hydroxyindole product to form indigo, C) formation 

of two intermediates, 3-oxindole and 3-oxindolenine. 

 

Indigo has been observed previously in the oxidation of indole when catalyzed by cytochrome 

P450s, UPOs, and indoleamine 2,3-dioxygenase (Figure 2.11, bottom). The first step is the 

hydroxylation of indole at the C3 position, performed by oxygenase enzymes (vide infra) [95], 

either by direct hydroxylation of the substrate (CYP450) (Figure 2.11, bottom, step i), or by 

formation of an epoxide intermediate (UPOs) (Figure 2.11, bottom, pathway A) [95]. The 3-

hydroxyindole product is then further oxidized to form indigo (Figure 2.11, bottom, pathway B) 

[95, 125]. In addition, the 3-hydroxyindole can be oxidized to form 3-oxindole (Figure 2.11, 

bottom, step ii) [100], where two equivalents of this product can lead to the formation of indigo 

directly (Figure 2.11, bottom, step iii), or undergo further oxidation to form an intermediate 

product 3-oxindolenine, observed in the IDO1 oxidation pathway (Figure 2.11, bottom, pathway 

C) [100]. The enzyme HRP has also been found to catalyze the oxidation of indoles to form indigo, 

which was proposed to proceed via a hydroperoxide intermediate. After water elimination, 3-

oxindolenine was formed, which is further oxidized to form a 3-oxindole radical that undergoes 

radical coupling to form the final product (not shown) [126]. 
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3.2. OXYGENASE ACTIVITY 

Oxygenases are a class of enzymes, which use molecular oxygen for substrate 

functionalization. They can be subdivided into monooxygenases or dioxygenases (insertion of one 

or two oxygen atoms, respectively) [127]. These enzymes have been found to catalyze the 

oxidation of a variety of different substrates, such as phenols [128], catechols [129], amino acids 

and proteins [99, 130], lipids and fatty acids [130, 131], amongst others. Similar to oxidases, 

oxygenases possess different cofactors, such as heme and non-heme iron, mono and multicopper 

centers, manganese, and flavins [124, 127, 132-135]. 

Dehaloperoxidase has been found to exhibit oxygenase activity in the oxidation of 2,3-

dimethylindole (McCombs, Ph.D. dissertation 2017) [9]. The major products identified were 3-

hydroxy-2,3-dimethylindole (3H-DMI) and o-acetamidoacetophenone (o-AAP). Minor products 

were identified to be 2-carboxyaldehyde-2-methylindole and 3-carboxy-2-methylindole (Scheme 

2.6). The origin of the oxygen atom(s) inserted into the major products was determined by isotopic 

labeling studies employing 18O2, which indicated that the O-atom(s) were derived from molecular 

oxygen. The formation of the major products, 3H-DMI and o-AAP, could have originated from 

monooxygenase and dioxygenase activities, respectively. Alternatively, the o-AAP product could 

have been formed by two sequential monooxygenase steps. Further studies need to be performed 

to differentiate between these two possibilities [9]. 

 

Scheme 2.6. Products identified in the O2-dependent oxidation of 2,3-dimethylindole as catalyzed 

by DHP. 
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enzymes has been found to hydroxylate indole at the C3 position as an intermediate for the 

formation of indigo (Figure 2.11B, step i) [95]. Lipoxygenase inserts O2 into polyunsaturated fatty 

acids and the final product possesses a hydroperoxo moiety, which can undergo sequential 

oxidation, reduction rearrangement, and/or lysis to afford smaller products (Figure 2.12, pathway 

A) [131, 136]. Naphthalene 1,2-dioxygenase (NDO) performs the hydroxylation of aromatic 

molecules, such as indole (Figure 2.12, pathway B). The indole-O-O-Fe adduct is an intermediate 

complex, leading to the formation of the 3-hydroxyindole product after water elimination from 

indoline-2,3-diol [137]. UPOs have also been found to catalyze the formation of 3-hydroxyindole, 

however the intermediate was observed to be 2,3-epoxyindole [95]. The final product of both the 

NDO- and UPO-catalyzed oxidation of indole is indigo [95]. 

Ring opening products from indole (kynuric products) have been observed in microbial 

biotransformations, where sequential hydroxylation of the substrate has been reported, followed 

by cleavage of the pyrrole ring to yield the N-formylanthranilate product (Figure 2.12, pathway 

C). This product can undergo further oxidation and the smaller products are used as carbon, 

nitrogen and oxygen sources for these organisms [125]. HRP, a canonical peroxidase enzyme, has 

been reported to oxidize a series of substituted indoles into their respective kynuric products in the 

presence of O2 and H2O2, proposed to occur via a dioxetane intermediate (not shown) [126]. 

Additionally, tryptophan 2,3-dioxygenase and IDO1 are enzymes that perform the insertion of two 

oxygen atoms into their respective substrates, followed by pyrrole ring cleavage. The mechanism 

of oxygenation is thought to proceed via the formation of a substrate cation (Figure 2.12, pathway 

D) or radical, which leads to either an epoxide or dioxetane intermediate [99, 138]. 
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Figure 2.12. Oxygen insertion catalyzed by mono- and dioxygenase enzymes A) hydroperoxo 

functionalization of polyunsaturated fatty acids catalyzed by lipoxygenase, B) hydroxylation of 

indole catalyzed by naphthalene 1,2-dioxygenase (NDO), C) hydroxylation and ring cleavage of 

indole observed for microbial organisms, and D) ring cleavage of indole catalyzed by tryptophan 

dioxygenases.  

 

McCombs and coworkers suggest that the oxidation of 2,3-dimethylindole by 

dehaloperoxidase is following an O2-dependent radical-based mechanism similar to the 

lipoxygenase pathway [9]. In addition to 18O2 labeling studies, the following were observed: i) in 

the absence of an oxidant and under anaerobic conditions no reactivity was observed, ii) the 

presence of radical scavengers in solution was shown to hinder the reactivity of the enzyme with 

the substrate, which suggests a radical-based mechanism and iii) anaerobic studies performed in 

the presence of ferric DHP, 2,3-DMI and carbon monoxide shows the formation of an FeIIˈCO 

adduct, indicating that the substrate reduces the enzyme to a ferrous state, a result that was also 

confirmed by resonance Raman studies. Overall, the authors do not propose a stepwise mechanism 

for the formation of the main products, 3H-DMI and o-AAP, but suggest that the indole 

hydroperoxide as the primary intermediate, similar to the lipoxygenase product (Figure 2.12, 

pathway A) [9]. 
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4. ELECTRONIC AND STRUCTURAL EFFECTS: HOW DHP DIFFERENTIATES 

BETWEEN ACTIVITIES  

4.1. REDOX PROPERTIES 

Dehaloperoxidase possesses an unusually high redox potential for the Fe(III)/Fe(II) couple for 

both DHP A and DHP B (+204 and +206 mV vs. SHE respectively) [17, 139] compared to other 

heme proteins, such as HRP (Eę = ī270 mV [140]), cytochrome P450 (Eę = ī270 mV [141]), and 

other globins (Mb = +59 mV [142] and, Hb = +158 mV [143]). Additionally, the Fe(IV)/Fe(III) 

reduction potential for DHP was estimated to be ~1.58 V [10, 25], which is higher than that for 

HRP (Eę = +0.92 V [141]) and UPO (Eę = +0.80 V [78]). These high reduction potentials could 

facilitate the reactivity of DHP with the wide substrate scope (Figure 2.1) and allow this 

multifunctional globin to perform these different oxidative activities [10, 25].  

As previously mentioned, the proximal side of heme enzymes plays a vital role in the formation 

of the active oxygen species (vide supra). The proximal cysteine ligand present in peroxygenases 

and CYP450s is an excellent electron donor, conferring these proteins with their ability to perform 

the oxyfunctionalization of inactivated C-H bonds. Thus, as an illustrative example, the proximal 

histidine of myoglobin was replaced with a cysteine via site-directed mutagenesis, which 

considerably decreased the Eę ((Fe(III)/Fe(II)) of Mb from +59 to ī230 mV [141]. In addition, the 

catalytic triad (e.g., the Asp-His-Fe in peroxidases and the PCP motif in UPOs) also plays an 

important role in the reactivity of these enzymes. Efforts were made in installing an Asp-His-Fe 

triad in DHP, where a local methionine was replaced with an aspartate residue (M86D). However, 

the mutant presented attenuated activity towards oxidation of 2,4,6-trichlorophenol (peroxidase 

activity) compared to the wild type enzyme (~4-fold decrease). Whilst the resultant changes in 

redox properties (+202 mV vs SHE for WT DHP vs. +76 mV vs. SHE for M86D) typically favor 

an increase in peroxidase activity, this was outweighed by the formation of a 6cLS system, where 

the sixth ligand was proposed to be the distal histidine or a strongly bound solvent molecule, which 

precluded H2O2-binding and led to significantly less peroxidase activity compared to the WT 

enzyme [52]. 

The presence of a substrate in the binding pocket of heme proteins has been found to alter the 

redox potential of the system, facilitating catalytic activity. A classic example is the catalytic cycle 

of cytochrome P450, where upon substrate binding, the spin state of the iron changes from low to 

high spin, accompanied by a positive change in the redox potential (e.g., P450 -330 mV to P450cam 
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-163 mV [144]). Only then can the redox partners transfer an electron to the heme cofactor, leading 

to dioxygen binding and formation of a resultant Fe(III)-superoxide that further undergoes 

reduction and O-O bond cleavage, yielding the Compound I active species [145, 146]. Thus, in 

addition to the contribution attributed to the protein scaffold, the redox potential of the protein can 

be fine-tuned by altering the environment around the heme prosthetic group. It is known that the 

introduction of hydrophobic or aromatic interactions into the secondary coordination sphere (SCS) 

of the heme as well as new hydrogen bonds between the substrate and surrounding amino acids 

(both the proximal and distal sides) can exert an impact on the enzymeôs redox potential [141]. 

Additionally, the presence of a negative charge or dipoles around the metal can decrease the redox 

potential by stabilizing higher oxidation states, which could facilitate catalytic activity [140, 141]. 

Lastly, the propionate groups, the ñelectrostatic anchorsò of heme proteins, play an important role 

in catalysis and electron transfer processes where hydrogen bonding interactions, either from a 

substrate molecule or by surrounding amino acid residues, can tune the reactivity of the heme 

[147]. 

 

4.2. STRUCTURAL EFFECTS: SITE-DIRECTED MUTAGENESIS 

Site-directed mutagenesis studies of amino acids located either within the distal cavity or on 

the surface of DHP have been used to evaluate the role of specific residues with respect to catalytic 

activity (Figure 2.13):  
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Figure 2.13. Structure of DHP highlighting the amino acid residues that were targeted for site-

directed mutagenesis (PDB: 6I6G). Amino acid numbering follows that for DHP B, however some 

of the mutagenesis studies were performed using DHP isoenzyme A [17, 36, 38, 44]. 

 

i) Mutagenesis studies were performed on the distal histidine (H55D, H55N, H55R, H55V, 

Figure 2.13, red) and their activities evaluated: H55D and H55N showed 6-fold and 11-fold 

attenuated activity, respectively, for the oxidation of 2,4,6-TCP compared to the WT enzyme. 

The mutant H55D could display an open/closed configuration, as shown by structural studies 

(~100% open conformation, solvent exposed) and FTIR (carbonmonoxy form, closed 

conformation), which provided an explanation for the partial peroxidase activity compared 

to the WT enzyme. The H55R mutant was shown to be protonated and in the open 

conformation, retaining only 16% of WT DHPôs peroxidase activity (2,4,6-TCP/TBP), while 

H55V was shown to be virtually inactive. These studies highlighted the importance of the 

distal histidine as an acid-base catalyst [23, 148]. 

ii)  In addition, the proximal histidine was exchanged for a glycine residue (H89G, Figure 2.13, 

green), which showed an approximate 5.6-fold and 16-fold decrease in the oxidation of 2,4,6-

TCP and 2,4,6-TBP respectively [23, 148], compared to WT;  

iii)  Mutations to T56 (Figure 2.13, blue) were also studied as this residue was hypothesized to 

be critical to the distal histidine (H55) conformational flexibility. T56G was found to have a 
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5-fold lower enzymatic efficiency (kcat/KM) with respect to 2,4,6-TCP oxidation compared to 

the WT enzyme, a result that showed that T56 is required for maintaining the distal histidine 

in position for optimal peroxidase activity [20]. Even though the other mutants exhibited 

increased enzymatic efficiency (kcat/KM) compared to WT DHP (T56S, ~2-fold; T56A, ~3-

fold; T56V, 1.3-fold), most likely attributed to lower steric hindrance which confers H55 

with more flexibility, the same mutants also displayed an increased formation of a stable, 

hexacoordinate hemichrome species (i.e, Fe-H55 adduct) which has been implicated in 

enzyme inactivation [51]; 

iv) Compound ES, a ferryl species with a radical on a local radical amino acid residue 

[(Por)FeIV=O ¶AA], is the typically observable activated species in the absence of substrate. 

Replacement of tyrosine residues Y28 and Y38 with redox-inactive phenylalanines 

(Y28F/Y38F - Figure 2.13, orange) led to the formation of an alternative active catalytic 

species, Compound I [(Por¶+)FeIV=O AA], a ferryl species with a porphyrin p-cation radical. 

Single-point mutations (Y28F or Y38F) still showed the formation of Compound ES, thus 

showing that either of the tyrosine residues are capable of reducing the porphyrin p-cation 

radical of Compound I. Even though the double-mutant Y28F/Y38F showed an increased 

catalytic efficiency for the oxidation of 2,4,6-TCP (~1.6-fold) compared to WT, it also 

suffered from an increased rate of heme bleaching. Thus, the tyrosine residues in the WT 

enzyme act as endogenous reductants to quench Compound I, which helps prevent 

irreversible oxidative damage to the protein scaffold by leftover oxidizing equivalents due to 

inefficient substrate oxidation and/or absence of substrate altogether  [25, 70, 149]; 

v) Electrostatic effects were investigated with surface mutations (N96D, R33Q, R33A, K36A, 

N61D, N61K, K58A, K51A, K87A - Figure 2.13, black). These studies demonstrated that 

mutants that led to a more negative charge on the surface of the enzyme exhibited an 

attenuated catalytic efficiency in the oxidation of 2,4,6-TCP compared to WT DHP (varied 

from 0.6-0.89-fold). Conversely, the mutant N61K that introduced a more positive charge 

compared to WT DHP displayed an increase in enzymatic efficiency for 2,4,6-TCP oxidation 

(~1.2-fold). These results suggested that surface electrostatics play a central role in the 

catalytic activity, and is likely affecting substrate binding given the pKa of 6.2 for 2,4,6-TCP 

[150]; 
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vi) The F21W mutant (Figure 2.13, cyan), wherein phenylalanine within the distal cavity of 

DHP was substituted by tryptophan, was found to decrease peroxidase activity in the 

oxidation of 2,4,6-TCP (>7-fold decrease) while showing virtually no change in 

peroxygenase function in the oxidation of haloindoles (1.2-2.1-fold decrease). Previous 

structural studies show that TCP has two distinct binding sites in the DHP distal cavity [26], 

which in turn represent two different functions: TCPext is a solvent exposed position and 

inhibits peroxidase function, and TCPint is buried in the pocket where it undergoes oxidation 

(Figure 2.14A). The F21W mutant places a large amino acid residue where the TCPint 

binding site is, thus the peroxidase activity is decreased due to steric hindrance, whereas 

TCPext remains viable for binding peroxygenase substrates. These results show that selective 

tuning of DHP activity can be accomplished via single point mutations, without affecting 

H2O2 activation despite H55 being in the open conformation [26, 151].  

 

Most of the aforementioned mutagenesis studies focused on the peroxidase function of DHP, given 

that the other native functions of DHP were not identified until more recently. However, the results 

highlighted that the majority of structural modifications of the proteinôs amino acid sequence have 

a negative effect on catalytic activity, and that positive effects are accompanied by changes that 

lead to protein inactivation. Overall, these studies indicate that the native protein structure of DHP 

is robust and that select residues in the structure are responsible for i) defense against auto-

oxidation and bleaching, ii) amino acid mediated electron-transfer pathways, iii) the stabilization 

of substrate interactions, and iv) serving as acid/base catalysts. Thus, structure-function 

relationships, albeit subtle, exist in DHP, and through specific mutations certain relationships can 

be selectively tuned or exploited.  

 

4.3. MULTISPECIFICITY AND ACTIVE SITE FLEXIBILITY  

Substrate functionalization using the same oxidative function, e.g., peroxidase activity 

employed in the oxidation of halophenols, guaiacols and cresols, allows for DHP to be classified 

as a multispecific enzyme. This broad specificity, also referred to as substrate promiscuity, 

translates into a flexible active site that accommodates a variety of substrates [65, 152, 153]. The 

active site of DHP is close to the surface of the protein scaffold, thus rendering it more solvent 

exposed when compared to other enzymes such as CYP450 and UPOs. Additionally, the active 
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site is largely composed of hydrophobic amino acid residues, and enzyme-substrate hydrophobic 

interactions (in addition to hydrogen bonding and electrostatic interactions) are an important 

driving force stabilizing substrate binding, which in turn facilitates the formation of the enzyme-

substrate transition states [154, 155].  

The previously determined crystal structures of 2,4,6-TCP and 2,4,6-TBP [26, 86] (Figure 

2.14A) were superimposed with 5-Br-I, 4-Br-C, 4-NP, and p-cresol (Figure 2.14B and C) in order 

to directly compare and understand the structural interactions of the distal cavity of DHP. As 

mentioned previously, 2,4,6-TCP has two different binding sites in the distal cavity of DHP, 

internal and external. TCPint is buried in the distal pocket (close to the Ŭ heme edge), the para-

halogen atom is located in the Xe1 hydrophobic cavity and the hydroxyl group is 4.6 Å away from 

the heme iron and interacts with H55 in the closed conformation (NŮ 2.7 Å). TCPext is positioned 

close to the entrance of the distal pocket (ɔ edge), and the hydroxyl group interacts with H55 in 

the open conformation (OHˈNŭ 2.5 Å) and Y38 (OHˈOH, 2.7 Å). The chlorine atom in the 

para-position is at a distance of 3.3 Å from the heme iron [26]. The brominated derivative, 2,4,6-

TBP, also binds internally with the para-halogen atom located in the Xe1 hydrophobic cavity but 

positioned a little deeper compared to TCPint because of its size and hydrophobic interactions. The 

TBP hydroxyl group is farther away from H55 (Ne 5.3 Å) due to its position pointing down towards 

the heme iron (FeˈOH, 3.6 Å) [86].  

The binding mode of TBP and TCPint is slightly rotated relative to each other (Figure 2.14A), 

owing to the aromatic ring planes being angled at approximately 59.8 ̄resulting in the 6-position 

halogens being separated by 4.6 Å (not shown). The Br in position 6 is oriented towards a more 

hydrophobic region of the pocket, in proximity to V59, M63 and L100, whereas the Cl in the same 

position is rotated toward F21, F60, but also pointing towards a carbonyl oxygen of T56 (Cl to 

C=O is 3.8 Å) (not shown). The halogens in the 2- and 4-positions occupy the overlapping space 

in the Xe1 binding cavity, with the Br in position 4 being positioned a little deeper due to its size 

and hydrophobic interactions (mutual distance of 0.4 and 0.7 Å, respectively).  

The superimposed structures of the substrates that bind internally, 2,4,6-TCPint (cyan) [26], 

2,4,6-TBP (pink) [86], 4-Br-C (green) [7] and, 5-Br-I (magenta) [49] are shown in Figure 2.14B. 

H55 is shown in both the open and closed conformation, where the substrates interact with NŮ of 

H55 (closed conformation), with distances that range from 2.5 ï 2.9 Å (except TBP, 5.3 Å). The 

halogen atom of all substrates is in the Xe1 hydrophobic cavity, albeit in slightly different 
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positions. The structures show 5-Br-I and 4-Br-C in near perfect overlap (0.5 Å displacement 

between the Br atoms, and 0.2 Å between the phenolic oxygen and indole nitrogen), with an 

identical distance from the heme iron and NŮ of H55 to either the indole nitrogen in 5-Br-I or the 

phenolic oxygen of 4-Br-C (4.8 Å and 2.5 Å, respectively). The residue F60 was displaced for 5-

Br-I and 4-Br-C to a ñopenò conformation, possibly to accommodate the bulky halogen atom for 

both these substrates (Figure 2.14B). Other residues F21, F24, F35, L100 and V59 were found to 

be in slightly different conformations for all four substrates, while still positioned to stabilize the 

substrates via hydrophobic interactions (not shown). The residues Y38 and T56 do not have 

interactions with these substrates [7, 26, 49, 86]. 

Conversely, 2,4,6-TCPext (cyan) [26], 4-NP (yellow) [10] and, p-cresol (purple) [7] bind closer 

to the entrance of the pocket (ɔ edge), and thus are more solvent exposed  (Figure 2.14C). All 

three substrates are positioned almost perpendicular to the heme cofactor, H55 is in the open 

conformation in all three structures, and the hydroxyl group of the substrates, which points towards 

the ɔ edge, interacts with Nŭ with distances ranging from 2.5 to 4.9 Å. In addition, the distance 

between C2 and the iron center is 4.5 Å for p-cresol and 4-NP, which provides an explanation for 

hydroxylation in this position. Even though the distance between C2 and the iron center is 5.7 Å 

for TCPext, this carbon is sterically hindered for this substrate. The residues F21, F24, F35, F60, 

L100 and V59 were found to be in slightly different conformations for all four substrates, while 

still positioned to stabilize the substrates via hydrophobic interactions (not shown). The substrates 

interact with Y38 (2.7 Å for TCP and 4-NP; 3.8 Å for p-cresol) and both 4-NP and p-cresol interact 

with the propionate group D (2.6 and 3.1 Å, respectively). Lastly, p-cresol interacts with T56 (3.8 

Å, not shown). 

 

 

Figure 2.14. Superimposed crystal structures of dehaloperoxidase, as seen from the d edge, 

complexed with A) 2,4,6-TCP (TCPint, PDB: 4KMV; TCPext, PDB: 4KMW) and 2,4,6-TBP (PDB: 
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4ILZ), B) 5-bromoindole (PDB: 6I6G, magenta), 4-bromo-o-cresol (PDB: 6ONX, green), TCPint, 

(PDB: 4KMV, cyan) and 2,4,6-TBP (PDB: 4ILZ, pink), and C) 4-nitrophenol (PDB: 5CHQ, 

yellow), p-cresol (PDB: 6OO6, purple) and TCPext (PDB: 4KMW, cyan). 

 

In summary, different structural aspects were found to affect the substrate binding position and 

affinity to the protein, and although subtly in DHP, they represent key contributions that are likely 

applied by the enzyme to differentiate between functions. Some of these can be summarized as i) 

proximity to the iron center and availability for O-atom transfer, ii)  enhanced conformational 

flexibility, where small side chain rearrangements of select amino acids (e.g., open or closed 

conformation of H55, or displacement of F60) and/or substrate binding position (e.g., internal or 

external) in the pocket can play a role in substrate specificity; ii) hydrophobic interactions that 

bind and stabilize the substrate in the active site and, iii) hydrogen bonding interactions, affected 

by different protonation sites within the distal cavity [154, 155]. 

 

5.  FINAL REMARKS  

The investigation of enzymes with promiscuous activities, where protein engineering and 

directed evolution offer the means to achieving the desired non-native functions, has been the 

focus of many research groups. However, such experiments are often laborious, time consuming, 

and costly. As a potential protein engineering platform, the enzyme known as dehaloperoxidase-

hemoglobin has provided us with a recent example of a multifunctional enzyme that has the 

potential to significantly advance our understanding of the protein structure-function correlation. 

Of course, structure is related to function, but the question is whether, or how, structure uniquely 

defines function. In DHP, it appears that the substrate itself plays a pivotal role in determining 

which activity (peroxidase, peroxygenase, oxidase and/or oxygenase) the enzyme performs. 

Altogether, this intriguing functional switch in the presence of different substrates may be 

triggered by the physical or electronic properties of the substrate, its binding orientation in the 

active site, or by a change in the proteinôs redox properties. In essence, the various substrates alter 

the enzymatic function of the catalytic globin in much the same way allosteric effectors would 

structurally shift the equilibrium of a cooperative hemoglobin. Thus, DHP provides a unique and 

advantageous platform for deeply probing mechanistic questions related to the protein 

environment: by simply changing the substrate, the unique set of protein-substrate interactions 

specific to each of the five different heme activities of DHP can be studied, enabling us to pose 
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questions related to multiple activities across the heme protein superfamily using just a single 

enzyme. Moreover, the relationship of DHP to other hemoglobins, peroxidases and peroxygenases 

aids in establishing new paradigms of protein structure-function relationships relevant to 

multifunctional proteins, complementing those established for monofunctional enzymes. More 

broadly, the knowledge gained through the studies performed on DHP over the past two decades 

advances our understanding of catalytic globins, helps to elaborate the structural features that lead 

to activity differentiation across heme proteins (and across metalloenzymes more generally), and 

furthers the comparison of the structure-function correlation in enzymes of marine origin in 

relation to terrestrial or bacterial ones. 
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ABSTRACT  

The multifunctional catalytic 

hemoglobin dehaloperoxidase (DHP) 

from the terebellid polychaete Amphitrite 

ornata was found to catalyze the H2O2-

dependent oxidation of EPA Priority 

Pollutants (4-Me-o-cresol, 4-Cl-m-cresol 

and pentachlorophenol) and EPA Toxic 

Substances Control Act compounds (o-, 

m-, p-cresol and 4-Cl-o-cresol). 

Biochemical assays (HPLC/LC-MS) indicated formation of multiple oxidation products, including 

the corresponding catechol, 2-methylbenzoquinone (2-MeBq), and oligomers with varying 

degrees of oxidation and/or dehalogenation. Using 4-Br-o-cresol as a representative substrate, 

labeling studies with 18O confirmed that the O-atom incorporated into the catechol was derived 

exclusively from H2O2, whereas the O-atom incorporated into 2-MeBq was from H2O, consistent 

with this single substrate being oxidized by both peroxygenase and peroxidase mechanisms, 

respectively. Stopped-flow UVīvisible spectroscopic studies strongly implicate a role for 

Compound I in the peroxygenase mechanism leading to catechol formation, and for Compounds I 

and ES in the peroxidase mechanism that yields the 2-MeBq product. The X-ray crystal structures 

of DHP bound with 4-F-o-cresol (1.42 Å; PDB 6ONG), 4-Cl-o-cresol (1.50 Å; PDB 6ONK), 4-

Br-o-cresol (1.70 Å; PDB 6ONX), 4-NO2-o-cresol (1.80 Å; PDB 6ONZ), o-cresol (1.60 Å; PDB 

6OO1), p-cresol (2.10 Å; PDB 6OO6), 4-Me-o-cresol (1.35 Å; PDB 6ONR) and 

pentachlorophenol (1.80 Å; PDB 6OO8) revealed substrate binding sites in the distal pocket in 

close proximity to the heme cofactor, consistent with both oxidation mechanisms. The findings 

establish cresols as a new class of substrate for DHP, demonstrate that multiple oxidation 

mechanisms may exist for a given substrate, and provide further evidence that different 

substituents can serve as functional switches between the different activities performed by 

dehaloperoxidase. More broadly, the results demonstrate the complexities of marine pollution 

where both microbial and non-microbial systems may play significant roles in the 

biotransformations of EPA-classified pollutants, and further reinforces that heterocyclic 

compounds of anthropogenic origin should be considered as environmental stressors of infaunal 

organisms. 

 

KEYWORDS:  cresols; dehaloperoxidase; hemoglobin; oxidation; peroxidase; peroxygenase 

 

HIGHLIGHTS  

¶ Cresols are a new class of substrates for dehaloperoxidase (DHP) 

¶ Substrate oxidation yields monomeric and oligomeric products with dehalogenation 

¶ Crystallographic studies reveal substrate binding in the distal heme pocket 

¶ Labeling studies show concurrent peroxidase and peroxygenase oxidation mechanisms 

¶ DHP oxidizes 10 of the 11 phenolic compounds on the EPA Priority Pollutants List 
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ABBREVIATIONS : Asymmetric Unit (ASU); 2-MeBq, 2-methyl-1,4-benzoquinone; 4-Br-C, 4-

bromo-o-cresol; 4-BP, 4-bromophenol; 4-Cl-C, 4-chloro-o-cresol; 4-F-C, 4-fluoro-o-cresol; 3-

MC, 3-methylcatechol; 4-MC, 4-methylcatechol; 4-Me-C, 4-methyl-o-cresol; 4-NO2-C, 4-nitro-o-

cresol; 4-NP, 4-nitrophenol; DMPO, 5,5-dimethyl-1-pyrroline N-oxide; Compound I, two-

electron oxidized heme cofactor compared to the ferric form, commonly as an FeIV=O porphyrin p-

cation radical; Compound II, one-electron oxidized heme cofactor when compared to the ferric 

form, commonly as an FeIV=O or FeIVïOH; Compound ES, two-electron-oxidized state containing 

both a ferryl center [FeIV=O] and an amino acid (tryptophanyl or tyrosyl) radical, analogous to 

Compound ES in cytochrome c peroxidase; Compound RH, óReversible Hemeô state of 

dehaloperoxidase, formed from the decay of Compound ES in the absence of co-substrate; DHP, 

dehaloperoxidase; EI, electron ionization; EPA, Environmental Protection Agency; ESI, 

electrospray ionization; Hb, hemoglobin; HRP, horseradish peroxidase; HSM, horse skeletal 

muscle; Mb, myoglobin; PCP, pentachlorophenol; TBP, 2,4,6-tribromophenol; TCP, 2,4,6-

trichlorophenol; TFA, trifluoroacetic acid; WT, wild-type. 
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1. INTRODUCTION  

A number of phenolic compounds have been classified as persistent organic pollutants (POPs) 

by the EPA and World Health Organization owing to their resistance to biodegradation [1, 2]. As 

a consequence, bioaccumulation of POPs may cause severe and often long-lasting effects on the 

environment, spanning atmospheric, terrestrial, and marine systems [3, 4]. Of similar concern, 

once released into the environment from anthropogenic sources, some phenolic compounds can 

undergo biotransformations owing to their similarity to naturally-produced compounds, forming 

secondary metabolites that can be even more toxic than the parent compound [5]. Relevant to the 

present study, examples of phenolic POPs include i) cresols (methylphenols), which are released 

into the environment mainly by industrial effluent or through the combustion of petroleum, coal, 

wood, and tobacco [6], and ii) pentachlorophenol, a common water contaminant that is primarily 

employed as a wood preservative and pesticide [7]. Due to their potential for significant 

environmental toxicity, adverse health effects after acute or chronic exposure, and long-term 

persistence leading to bioaccumulation, a range of phenol derivatives, including halophenols, 

nitrophenols, and cresols, have elevated threat levels and are either classified by the EPA as 

Priority Pollutants [1] or included in the Toxic Substances Control Act [2]. 

In light of their environmental toxicity, phenol biodegradation pathways have been the subject 

of numerous investigations. Microorganisms (e.g., bacteria and fungi) employ cresol isomers (o-, 

m-, p-cresol) as carbon sources, with initial oxidation of p-cresol to 4-methylcatechol and o-cresol 

to 3-methylcatechol and 2-methylhydroquinone, followed by ring fission that leads to smaller 

products [8-11]. Additionally, p-cresol is oxidized by chloroperoxidase [12], manganese 

peroxidase [13], and polyphenol oxidase [14], and in the case of horseradish peroxidase (HRP) 

and ascorbate peroxidase (APX), common oxidation products include 2-dihydroxy-5,5-

dimethylbiphenyl and tetrahydrodibenzofurane (Pummererôs quinone) [15, 16]. Enzymes are also 

employed in the degradation of pentachlorophenol (PCP), including HRP and LiP [16], and PCP-

degrading bacteria, such as Sphingobium chlorophenolicum and Flavobacterium sp., employ 

multiple enzymes for full mineralization of the chlorinated substrate [17, 18]. Despite the insights 

afforded by these studies, the majority of them have focused on plant or microbial pathways, and 

comparatively fewer studies have addressed how infaunal organisms impact the fate of, or are 

themselves impacted by, persistent organic pollutants [19-22]. 

One such infaunal system that is potentially involved in the degradation of POPs and related 
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xenobiotics is the multifunctional catalytic hemoglobin dehaloperoxidase (DHP) from Amphitrite 

ornata [23-29]. As a sediment-dwelling marine worm [30], A. ornata tolerates a diverse array of 

biogenically-produced organobromine compounds (secreted by other marine organisms as defense 

mechanisms [31]) by employing its hemoglobin as a detoxification enzyme. Named 

dehaloperoxidase [27, 32], this O2-transport protein [33, 34] is capable of oxidizing a wide array 

of compounds, including mono, di- and trihalophenols [32], haloindoles [35], pyrroles [36], 

(halo)guaiacols [23] and nitrophenols [25], and also strongly binds azoles [24]. Substrate 

oxidation/degradation in DHP takes place via one of four canonical heme-based mechanisms: 

peroxidase [37-40], peroxygenase [25, 35, 36], oxidase [35], and oxygenase [41], with no 

crossover between these activities for a given class of substrate, i.e., halophenols, nitrocatechol, 

and haloguaiacols are oxidized solely via a peroxidase-based mechanism, and haloindoles, pyrrole, 

and nitrophenols are exclusively oxidized via a peroxygenase activity. To date, it is still not 

understood how DHP (as a multifunctional enzyme) controls for this activity differentiation given 

that all activities occur at a single site employing reactive intermediates (i.e., Compounds I [42, 

43], ES [37, 38], and II [44]) that are commonly invoked in these four mechanisms [45-47]. 

Moreover, no mechanistic studies have explored the oxidation of cresols or pentachlorophenol by 

DHP as a model for infaunal organisms. 

To address these questions, and in light of the need for further investigating biological systems 

of nonmicrobial origin in assessing the environmental fate and/or impact of phenolic compounds 

from the EPA Priority Pollutants and Toxic Substances Control Act lists, here we present 

structural, spectroscopic, and mechanistic studies describing the reactivity of cresols and 

pentachlorophenol with the multifunctional globin dehaloperoxidase, and establish cresols as a 

new class of substrate for DHP. We will show that unlike phenols/guaiacols (peroxidase, red box) 

and nitrophenols (peroxygenase, blue box), DHP is able to oxidize a given cresol substrate by both 

peroxidase and peroxygenase mechanisms (Figure 3.1, purple box), and the ability to ótuneô DHP 

activity through the selection of the substrate (e.g., substituent effects [23, 48, 49]) will be 

discussed. The results here will demonstrate that DHP is a unique example of a multifunctional 

protein that challenges many of the assumptions behind the protein structure-function correlation 

that has been built from decades of study of monofunctional proteins, and provides us with a 

system for exploring how the substrate itself can have a significant influence in tuning the chemical 

reactivity exhibited by an enzyme. 
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Figure 3.1. Substituent effects modulate different oxidation mechanisms in DHP: peroxidase (red) 

and peroxygenase (blue), with cresols being oxidized by both mechanisms (purple). 

 

2. EXPERIMENTAL  

Materials. Ferric WT DHP B was expressed and purified as previously reported [38, 50]. 

Oxyferrous DHP B was prepared by the aerobic addition of excess ascorbic acid to ferric DHP B, 

followed by desalting (PD-10 column) [44]. DHP concentration was determined 

spectrophotometrically using ʁsoret = 116,400 M-1 cm-1 [38]. Horse skeletal muscle (HSM) 

myoglobin (esoret = 188,000 Mī1cmī1 [51]), horseradish peroxidase (HRP) (esoret = 102,000 

Mī1cmī1 [52]) and mushroom tyrosinase from Agaricus bisporus (7164 U/mg; hydrated using 100 

mM KPi at pH 7) were purchased from Sigma-Aldrich and used as received. Substrate stock 

solutions (10 mM) were prepared in methanol and stored at -80 °C. Solutions of H2O2 were 

prepared fresh daily in 100 mM KPi (pH 7) and kept on ice until needed. Isotopically labeled 

H2
18O2 (90% 18O-enriched) and H2

18O (98% 18O-enriched) were purchased from Icon Isotopes 

(Summit, NJ). Acetonitrile (MeCN) was HPLC grade, and all other reagent-grade chemicals were 

purchased from VWR, Sigma-Aldrich or Fisher Scientific and used without further purification. 

HPLC Reactivity Studies. Enzyme assays (250 mL total volume) were performed in triplicate 

in 100 mM KPi at pH 7 (unless otherwise indicated) containing 5% MeOH at room temperature. 

A typical reaction was initiated by the addition of 500 mM H2O2 to a solution containing 10 mM 

enzyme and 500 mM substrate, and quenched after 5 minutes with an excess of catalase. Enzyme 

variants included ferric WT DHP B, ferric DHP B (Y28F/Y38F) [42], oxyferrous WT DHP B, 

HSM and HRP. Mechanistic probes were added prior to the addition of H2O2, including 500 mM 

4-bromophenol (MeOH), 500 mM D-mannitol (KPi), 100 mM 5,5-dimethyl-1-pyrroline N-oxide 

(DMPO; MeOH) or 10% v/v DMSO, and adjustments were made to ensure a final 5% MeOH 

Peroxidase

R = H, OCH3

Phenol/Guaiacol

Peroxygenase

NitrophenolCresol

Peroxidase
+
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concentration for all reactions except DMPO (10% MeOH final). A 200 mL aliquot of the reaction 

mixture was diluted 4-fold with 600 mL 100 mM KPi at the reaction pH, and the diluted samples 

were analyzed using a Waters e2695 Separations Module coupled to a Waters 2998 photodiode 

array detector and equipped with a Thermo Fisher Scientific ODS Hypersil (150 mm × 4.6 mm) 5 

µM particle size C18 column. Separation was performed using a linear gradient of binary solvents 

(solvent A, water + 0.1% TFA; solvent B, acetonitrile + 0.1% TFA). The elution consisted of the 

following conditions: (1.5 mL/min A:B) 95:5 to 5:95 linearly over 12 min, 5:95 isocratic for 2 

min, 5:95 to 95:5 over 1 min, then isocratic for 3 min. Data analysis was performed using the 

Waters Empower software package. 

Product Determination by LC-MS. The reactions were performed and quenched as described 

above with the exception that 5 mM KPi (pH 7) buffer was employed. Analysis of the undiluted 

reaction (20 mL injection aliquot) was carried out using a Thermo Fisher Scientific Exactive Plus 

Orbitrap mass spectrometer employing a heated electrospray ionization (HESI) probe and 

equipped with a Thermo Hypersil Gold (50 x 2.1 mm, particle size 1.9 mm) C4 column. The flow 

rate was set to 250 mL/min (solvent A, water + 0.1% formic acid; solvent B, acetonitrile + 0.1% 

formic acid) and the mass spectrometer was operated in both negative and positive ion modes to 

yield the [M-H]- and [M+H]+ species, respectively. Spectra were collected while scanning from 

100-1500 m/z and data analysis was performed using Thermo Xcalibur software. For the 18O 

labeling studies, the reactions were performed for 10 minutes in the presence of DHP, substrate, 

and H2O2, where unlabeled H2O2 was replaced with H2
18O2, and/or the KPi buffer was replaced 

with H2
18O to ensure >90% of labeled 18O was present. 

Tyrosinase-Catalyzed Cresol Hydroxylation. The tyrosinase-catalyzed hydroxylation of 4-R-

o-cresol (R = F, Cl, Br, NO2), 4-Cl-m-cresol, m-cresol and p-cresol were performed per literature 

protocol with modifications [53-55]. Briefly, to a 1.5 dram glass vial was added neat cresol 

substrate (0.05 mmol), 1.5 equiv ascorbic acid (solid), 1.665 mL 100 mM KPi buffer (pH 7) and 

335 mL tyrosinase (7880 U/mL). The reaction was stirred open to air for 24 hours at room 

temperature, quenched with 1 M HCl (1 mL), and subsequently analyzed by HPLC and LC-MS 

(negative ion mode) (vide supra for instrument and method information) prior to workup. The 

reaction mixture was then extracted with ethyl acetate (EtOAc; 2 x 2 mL), and the combined 

organic extracts were dried over sodium sulfate, filtered, and concentrated in vacuo to yield oils 

that ranged from colorless to dark brown. The crude product was redissolved in 150 mL EtOAc, 
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followed by the addition of 100 mL pyridine, 100 mL hexamethyldisilazane and 50 mL of 

trimethylsilyl chloride (HMDS-TMCS, 2:1 v/v) [55]. This mixture was vigorously stirred for 30 

minutes, allowed to stand for 5 minutes, and then centrifuged for 5 minutes at 10,000 rpm. The 

supernatant was analyzed on an Agilent 6890 Series GC System coupled to an Agilent 5973 Mass 

Selective Detector using a DB-5MS column (0.25 mm i.d. x 30 m, 0.25 mm film thickness). The 

method employed was as follows: isothermal at 100 °C for 2 minutes, a gradient of 10 °C/min to 

280 °C, and maintained at 280 °C for 10 minutes [53]. The flow rate (He) was 15 mL/min, and the 

injection volume was 1 mL. Mass spectra were recorded with an electron beam of 70 eV, scanning 

from 50-550 m/z. 

Binding studies. The substrate dissociation constants (Kd values) were determined in triplicate 

for ferric WT DHP B using a Cary 50 UV-vis spectrophotometer as per previously published 

protocols [35, 56]. Against a reference spectrum of 50 mM ferric DHP B in 100 mM KPi (pH 7) 

containing 5% MeOH, difference spectra were obtained for the addition of 0.5-150 equiv substrate 

to 50 mM DHP B while maintaining constant enzyme, buffer, and MeOH concentrations. Analysis 

of the visible region (450-700 nm) was performed using the ligand binding function in Grafit 

(Erithacus Software Ltd.). 

Crystallization and Data Collection. Crystallization and data collection were performed using 

non-His-tagged ferric DHP B that was overexpressed and purified as per literature precedent [23, 

48-50]. The protein was crystallized from the ferric form using the hanging-drop vapor diffusion 

method. Crystals grew from 30-32% MPEG 2000, 0.2 M ammonium sulfate and 0.02 M sodium 

cacodylate (pH 6.5) by mixing protein at 10 mg/mL in 20 mM sodium cacodylate (pH 6.5) and 

crystallizing solution at 1:1, 1.5:1 or 2:1 of protein:reservoir solution. Crystals appeared after 3 

days of incubation at 4 °C and were harvested after a growth period of one to two weeks. All the 

substrate-bound forms were obtained by overnight soaking of crystals in solutions containing 34% 

MPEG 2000, 0.2 M ammonium sulfate, and supplemented with varying concentrations of substrate 

(1ï100 mM) dissolved in DMSO, with a final concentration of 5% DMSO in the soaking solution. 

The crystals were subsequently cryoprotected by dipping in soaking solution supplemented with 

25% ethylene glycol, and flash cooled in liquid nitrogen before data collection. X-ray diffraction 

data were collected remotely at the SER-CAT ID22 and BM22 beamlines at the Advanced Photon 

Source, Argonne National Laboratories. The data sets were collected at 100 K, using a wavelength 

of 1.0 Å, employing a shutterless Rayonix MX300HS detector. The data were integrated and scaled 
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with either iMosflm from CCP4 suite or HKL2000 program suite [57], molecular replacement was 

done with Phaser-MR [58] using 3IXF [50] coordinates as a search model, manual model building 

was performed in COOT [59], whereas refinement was carried out using REFMAC5 [60] in the 

CCP4 suite [61] and phenix.refine in the PHENIX suite of programs [62, 63]. The final model was 

validated using COOT, MolProbity [64] and PDB_REDO [65]. 

Stopped-Flow UVīVisible Spectroscopic Studies. Optical spectra were recorded using a Bio-

Logic SFM-400 triple-mixing stopped-flow instrument coupled to a rapid scanning (1.5 ms) diode 

array UVīvis spectrophotometer. The protein and H2O2 solutions were prepared in 100 mM KPi 

(pH 7), and the substrates solutions were made in buffer containing 5% MeOH. Double-mixing 

experiments were performed using an aging line prior to the second mixing step to observe 

Compound I/ES/II reactivity with 10 equiv substrate, as follows: (i) Compound I was pre-formed 

from the reaction of ferric DHP B (Y28F/Y38F) [42] with 10 equiv H2O2 in an aging line for 85 

ms prior to mixing with the substrate; (ii) Compound ES was pre-formed by reaction of ferric WT 

DHP B with 10 equiv of H2O2 in an aging line for 400 ms prior to mixing with the substrate [38]; 

(iii) Compound II was pre-formed from oxyferrous DHP B that was preincubated with 1 equiv 

TCP and then reacted with 10 equiv of H2O2 in an aging line for 2.75 s prior to mixing with the 

substrate [23, 44]. Data were collected (900 scans total) over a three-time domain (1.5, 15, and 

150 ms) observation period using the Bio-Kine 32 software package (Bio-Logic). All data were 

evaluated using the Specfit Global Analysis System software package (Spectrum Software 

Associates) and fit with SVD analysis as either one-step, two-species or two-step, three-species 

irreversible mechanisms, where applicable. For data that did not properly fit these models, 

experimentally obtained spectra at selected time points detailed in the figure legends are shown. 

Data were baseline corrected using the Specfit autozero function. 

 

3. RESULTS AND DISCUSSION 

DHP-Catalyzed Substrate Reactivity with H2O2. The hydrogen peroxide-dependent reaction 

of ferric WT DHP B with the EPA Priority Pollutants and related substrates was monitored by 

HPLC, and the corresponding substrate conversion percentages (based upon substrate loss) are 

reported in Table 3.1. Reactions were initiated upon the addition of 500 ɛM H2O2 to a solution 

containing 10 ɛM ferric WT DHP B and 500 ɛM substrate, incubated at 25 °C for 5 min, and then 

quenched with catalase. At pH 7, the substrate conversion ranged from a low value of 11% for 
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pentachlorophenol to a high of ~67% for p-cresol. When repeated at pH 8, only modest changes 

(< 2-fold) were noted, likely attributable to protein-dependent pH effects given that the substrate 

pKa values are below ~5 or above ~9.5 (pKa values: o-cresol, 10.29 [66]; m-cresol, 10.26 [66]; p-

cresol, 10.09 [66]; 4-Me-o-cresol, 10.60 [67]; 4-Cl-o-cresol, 9.71 [67]; 4-Cl-m-cresol, 9.55 [67]; 

pentachlorophenol, 4.70 [68]; 2,4-dinitro-o-cresol, 4.31 [69]). The order of oxidation of the cresol 

isomers was found as o-cresol ~ m-cresol < p-cresol, which mirrors their binding affinities (vide 

infra). An inverse relationship was observed between halogen size and enzyme reactivity for the 

4-X-o-cresols halogen series (X = F, Cl, Br), with a 2-fold difference (F > Cl > Br) between the 

highest and lowest conversions. While an electronic effect cannot be ruled out, we note a 

significant difference in the substrate orientation within the active site for 4-F-o-cresol (51.8%) vs. 

4-Cl-o-cresol (35.2%) and 4-Br-o-cresol (27.5%) as shown by X-ray crystallography (vide infra, 

Figure S3.10). Finally, DHP B was also found to catalyze the oxidation of pentachlorophenol 

(11%), which now adds the fully substituted analog to the halophenol series 4-chlorophenol 

(inhibitor) [32, 70], 2,4-dichlorophenol (substrate [32, 71]) and 2,4,6-trichlorophenol (peroxidase 

substrate [32, 38, 72]). Finally, no reactivity was observed for 2,4-dinitro-o-cresol under any 

conditions examined, even when performed at pH 5 (data not shown), which is near its reported 

pKa of 4.31. As DHP is able to catalyze the oxidation of 2,4-dinitrophenol (pKa 4.07 [66]) at pH 5 

and 6 [25], the lack of reactivity here with 2,4-dinitro-o-cresol is possible due to binding or 

electronic factors, and not pH-related. As expected, neither substrate turnover nor product 

formation were observed in the absence of H2O2 (non-oxidant control) or enzyme (non-enzymatic 

control) (data not shown). 

 
Table 3.1. DHP-Catalyzed Substrate Oxidation Studies. 

Substrate Conversion (%) 

DHP B WT Ferric  pH 7 pH 8 

+ o-cresol 31.6 (± 6.2) 35.2 (Ñ 2.9) 

+ p-cresol 67.3 (± 3.6) 75.9 (Ñ 3.5) 

+ m-cresol 33.8 (± 2.2) 35.7 (Ñ 3.0) 

+ 4-Me-o-cresol 65.3 (± 6.7) 81.4 (Ñ 11.5) 

+ 4-F-o-cresol 51.8 (± 2.2) 53.7 (Ñ 2.0) 

+ 4-Cl-o-cresol 35.2 (± 3.7) 46.8 (Ñ 5.7) 

+ 4-Br-o-cresol 27.5 (± 3.5) 43.8 (Ñ 4.3) 

+ 4-NO2-o-cresol 30.3 (± 3.0) 11.8 (Ñ 2.3) 

+ 2,4-dinitro-o-cresol n.d. n.d. 

+ 4-Cl-m-cresol 35.4 (± 1.9) 23.1 (Ñ 1.6) 
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+ pentachlorophenol 11.0 (± 2.1) 8.9 (Ñ 1.3) 

Reaction conditions. [ferric DHP B] = 10 mM, [substrate] = [H2O2] = 500 mM, 5% MeOH/100 

mM KPi (v/v) at pH 7 or 8, 25 °C, 5 min; n.d. = no reactivity detected. 

 

As the native substrate scope of dehaloperoxidase is believed to be organobromine compounds 

[32], and as DHP B has been shown to oxidize brominated analogs of phenols [38], indoles [35], 

and guaiacols [23], mechanistic investigations were performed here with 4-Br-o-cresol (4-Br-C) 

as a representative substrate for the cresol family, the results of which are summarized in Table 

3.2. 

(i) pH dependence: a ~3-fold increase in substrate oxidation was observed as the reaction pH 

was increased from 5 (16.0%) to 8 (43.8%), with only a minor further increase at pH 9 (46.2%). 

This suggests that maximal activity occurs as the pH Ó pKa of the DHP metaquo acidïalkaline 

transition of 8.1 [73]. This is the opposite behavior as has been previously shown for DHP 

peroxygenase substrates 4-nitrophenol [25], pyrrole [36], and 5-Br-indole [35], where activity 

increased as the pH decreased. 

(ii) Enzyme variations: the oxidation of 4-Br-o-cresol as catalyzed by oxyferrous DHP B 

(21.0%) was slightly attenuated compared to that of ferric DHP B (27.5%), but still demonstrated 

that the substrate oxidation reaction can be initiated from either the globin-active (FeII-O2) or the 

peroxidase active (FeIII ) oxidation states, a result consistent with literature precedent [23, 25, 35, 

36, 44, 74, 75]. Studies performed with DHP B (Y28F/Y38F), a mutant that yields Compound I as 

the initially-observed reactive intermediate rather than the Compound ES species observed in WT 

DHP B [42], showed only slightly lower substrate conversion (21.9%) compared to WT DHP. 

Whereas the canonical horseradish peroxidase (HRP) yielded virtually complete conversion 

(98.8%) of 4-Br-o-cresol, horse skeletal muscle myoglobin showed similar conversion (33.1%) 

compared to WT DHP B; in both cases, the product distributions were different from that observed 

for DHP (data not shown). Finally, DHP isoenzyme A, which differs from DHP B by only five 

amino acid substitutions [49, 50], showed a higher conversion of 49.7% than the DHP B analog; 

the higher activity of isoenzyme A over that of B has only been observed previously with pyrrole 

(a peroxygenase substrate) [36]. 

(iii) Mechanistic studies: The addition of 4-bromophenol (Kd = 1.15 mM [70]), a known 

peroxidase and peroxygenase inhibitor [76, 77], decreased substrate conversion by 1.7-fold, 

suggesting that 4-bromophenol has an inhibitory effect on 4-Br-o-cresol oxidation. When the 
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reaction was performed in the presence of the known radical scavengers D-mannitol (26.1%) and 

DMPO (21.1%), no significant differences in substrate conversion or product distribution were 

noted, a result that suggests that solvent accessible radicals do not play a role in the oxidation of 

4-Br-o-cresol. As a comparison, 4-Br-o-guaiacol, a peroxidase substrate, was similarly unaffected 

by DMPO, whereas this radical scavenger did inhibit 5-Br-o-guaiacol and 4-NO2-o-guaiacol 

conversion, suggesting that these peroxidase substrates do proceed through diffusible radicals [23]. 

Finally, in the presence of DMSO, a slight increase (to 34.5%) in reactivity without change in 

product distribution was shown, which we attributed to the organic solvent facilitating access of 

the substrate to the hydrophobic binding pocket of DHP [78]. 

Taken together, the results obtained from the above enzymatic assays showed that 

dehaloperoxidase was able to catalyze the conversion of the EPA pollutants under physiological 

conditions, and establishes cresols as yet another class of phenolic substrate for DHP. These 

studies do not, however, provide definitive evidence for oxidation via either a peroxidase or 

peroxygenase-based mechanism, necessitating labeling studies (vide infra). 

 

Table 3.2. DHP-catalyzed oxidation of 4-Br-o-cresol as a function of enzyme variant, pH, and 

mechanistic probes. 

Condition Conversion (%) 

pH Studies 

pH 5.0 16.0 (Ñ 1.1) 

pH 6.0 19.1 (Ñ 1.0) 

pH 7.0 27.5 (± 3.5) 

   - H2O2 n. d. 

   - enzyme n. d. 

pH 8.0 43.8 (Ñ 4.3) 

pH 9.0 46.2 (Ñ 6.6) 

Enzyme Variation 

DHP B Oxyferrous 21.0 (± 3.2) 

DHP A Ferric 49.7 (± 1.4) 

DHP B (Y28F/Y38F) 21.9 (± 1.5) 

HRP 98.8 (± 0.2) 

HSM Mb 33.1 (± 3.2) 

Mechanistic Probes 

500 mM D-mannitol 26.1 (Ñ 1.3) 

10% DMSO 34.5 (Ñ 2.3) 

100 mM DMPOa 21.1 (Ñ 5.0) 

500 mM 4-bromophenol 15.0 (Ñ 2.8) 

Reaction conditions. [DHP] = 10 mM, [4-Br-o-cresol] = [H2O2] = 500 mM, 5% MeOH/100 mM 
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KPi (v/v), pH 7, 25 °C, 5 min; n.d. = no reactivity detected. a = reaction performed in 10% MeOH. 

 

Identification of Reaction Products by HPLC and LC-MS. A representative chromatogram 

for each DHP B-catalyzed substrate oxidation reaction in the presence of H2O2 is found in Figure 

3.2, and the reaction mixtures were further analyzed by LC-MS. Under the conditions employed, 

multiple products were observed, and although identification of the exact chemical structures was 

not pursued, the products consisted of oligomers (up to n = 6) with varying degrees of oxidation; 

a list of the retention times, masses and chemical formulae obtained for the products (up to n = 3) 

can be found in Tables S3.1-S3.4. For the 4-X-cresol series (X = F, Cl, Br), dehalogenation 

products were also observed, consistent with previous studies employing 2,4,6-trihalophenols 

(yielding the corresponding 2,6-dihaloquinones [38]) and 4-X-o-guaiacols (forming oligomeric 

products) that also underwent oxidative dehalogenation chemistry [23]. 

 

 
Figure 3.2. HPLC chromatograms for the reaction of DHP B with the EPA priority pollutants and 

cresol derivatives in the presence of H2O2. Reaction conditions: 10 mM DHP B, 500 mM substrate, 

500 mM H2O2, 5% MeOH/100 mM KPi (v/v), pH 7, 25 °C. The reaction was quenched after 5 

minutes with an excess of catalase. The 2-MeBq product is highlighted by the triangle with a tR ~ 

4.6 min. The asterisks denote the substrate. Reactions were monitored at 260 nm except 

pentachlorophenol (280 nm), and 4-X-o-cresol (X = F, Cl, Br; 265 nm). 
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For seven of the eleven substrates [o-cresol, m-cresol, 4-Cl-m-cresol and 4-R-o-cresol (R = F, 

Cl, Br, NO2)] studied, a common oxidation product was observed. This product exhibited identical 

spectroscopic features (lmax = 249 nm), retention time (tR = 4.6 min), and mass (m/z 121.0, [M-H]-

; 123.0, [M+H]+) that matched a commercial sample of 2-methyl-1,4-benzoquinone (2-MeBq; 

Figure S3.1). On the basis of a calibration curve (Figure S3.2), the amount of 2-MeBq was 

determined for each reaction (Table S3.5), and it was found that 2-MeBq formation varied up to 

150-fold (0.2 ï 28.9 mM) at pH 7, but only ~5-fold at pH 8 (5.2 ï 27.8 mM, pH 8). The formation 

of the 2-MeBq indicates dehalogenation (-HX, X = F, Cl, Br) and loss of nitrite (HNO2), and 

although no attempts were made to identify the leaving groups, stopped-flow UV/visible 

spectroscopic studies suggest that the halogen ions could serve as ligands to the heme-Fe, forming 

Fe-X adducts (vide infra). No 2-MeBq product was observed in the reactions with p-cresol, 4-Me-

o-cresol and pentachlorophenol, and the yield of 2-MeBq product was unaffected when 100 mM 

DMPO was included in the 4-Br-o-cresol reaction. Quinone product formation has precedent for 

the DHP-catalyzed oxidative dehalogenation of 2,4,6-trihalophenol (X = F, Cl, Br) yielding the 

corresponding 2,6-dihaloquinone [32], and 4-X-o-guaiacol (X = F, Cl, Br) yielding 2-

methoxybenzoquinone (2-MeOBQ) [23], with both reactions proceeding via a peroxidase-based 

mechanism. Formation of these quinone products has been previously linked to a product-driven 

reduction [23, 38] owing to the unusually high redox potential of DHP [79], thereby providing a 

resolution to the ódehaloperoxidase paradoxô [80] wherein the product of its peroxidase activity 

(with an FeIII  resting state) reduces DHP back to the ferrous oxidation state, thereby rescuing its 

oxygen-transport function. 

Identification of a Catechol Reaction Product. With the exception of pentachlorophenol, each 

substrate oxidation reaction exhibited a product that corresponded to the incorporation of an O-

atom into the substrate (monomer + 1 O; Tables S3.1-S3.3). To determine if these products could 

be specifically ascribed to catechol formation, authentic samples of the corresponding catechol, 

either from commercial sources or prepared enzymatically (see Supporting Information), were 

employed as follows:  

(i) 4-methylcatechol (4-MC) was found to have the same characteristic retention time (tR = 4.4 

min), UV-visible spectrum (lmax = 225 nm) and mass (m/z [M-H]- = 123) as one of the oxidation 

products of p-cresol in the HPLC chromatogram (Figure S3.3), confirming the formation of 4-

MC during the DHP-catalyzed oxidation of p-cresol. 
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(ii) 3-methylcatechol (3-MC) showed a retention time of 4.7 min (lmax = 225 nm), however, 

when compared to the o-cresol chromatogram, no peak with the same retention time and 

spectroscopic profile was observed (data not shown), despite the presence of the corresponding 

mass (m/z [M-H]- = 123; Table S3.1) being observed by LC-MS for the oxidation of o-cresol. This 

suggests that the 3-methylcatechol product is present at very small concentrations in the reaction 

mixture. 

(iii) As they were not commercially available, the catechol derivatives for 4-R-o-cresol (R = 

F, Cl, Br, NO2), 4-Cl-m-cresol, and m-cresol were synthesized enzymatically employing tyrosinase 

following literature protocols [53-55], and their characterization by GC-MS, LC-MS and HPLC 

can be found in the Supporting Information (Figures S3.4-S3.6). As shown in Figures S3.5 and 

S3.6, catechol products were identified by their retention time and UV-visible spectrum in the 

DHP-catalyzed oxidation of 4-F-o-cresol, 4-NO2-o-cresol, 4-Cl-m-cresol and m-cresol. 

Altogether, O-atom incorporation for five cresol substrates was confirmed from authentic 

samples that were either obtained commercially or enzymatically, with hydroxylation of the 

remaining cresol substrates (excluding pentachlorophenol) indicated by the LC-MS data. These 

results suggest the possibility of peroxygenase activity with the cresol substrates, an activity that 

has been observed for DHP with pyrrole [36], 5-Br-indole [35], and nitrophenol [25] substrates, 

but not with halophenol nor haloguaiacol substrates, these latter two being oxidized via a 

peroxidase activity. 

Labeled Oxygen Studies. In order to determine the origin of the O-atom that was incorporated 

in the para (2-MeBq) and ortho (catechol) positions of the oxidation products, labeling studies 

with 4-Br-o-cresol (as a representative substrate) were conducted employing H2
18O and H2

18O2 

(98% and 90% enriched, respectively), and the results were subsequently analyzed by LC-MS in 

positive and negative modes to yield the [M+H]+ and [M-H]- species, respectively. The 

background-subtracted total ion chromatograms (TICs) are shown in Figures 3.3 and 3.4. The data 

were obtained in both ionization modes as the catechol (5-bromo-3-methyl-1,2-benzenediol) and 

2-methyl-1,4-benzoquinone (2-MeBq) products could only be observed in negative and positive 

ion modes, respectively. 

2-Me-1,4-benzoquinone (2-MeBq): In the presence of unlabeled H2O and labeled H2
18O2, no 

increase in mass for 2-MeBq was observed [m/z: 123.08, 100% (Figure 3.3C)] when compared 

with the results obtained in the absence of an 18O source (Figure 3.3A). The presence of H2
18O 
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and unlabeled H2O2, however, resulted in an increase of 2 and 4 Da in the 2-MeBq mass [m/z: 

123.08, 10.9%; 125.05, 38.1%; 127.05, 51.0% (Figure 3.3B)], suggesting incorporation of labeled 

oxygen from water, with further scrambling from solvent occurring to account for the second 

labeled oxygen in 2-MeBq. The results obtained for the reaction employing both labeled H2
18O 

and H2
18O2 [m/z 123.05, 16.2%; 125.05, 36.7%; 127.05, 47.1% (Figure 3.3D)] were virtually 

identical to those of the H2
18O/H2O2 reaction, providing strong evidence for O-atom incorporation 

derived exclusively from water (and not from hydrogen peroxide), and consistent with a 

peroxidase mechanism for cresol oxidation by DHP yielding 2-MeBq. Additionally, the oligomeric 

products were observed to contain 18O only in reactions that contained labeled water (data not 

shown). 

 
Figure 3.3. ESI-MS total ion chromatograms obtained in positive ion mode for the 2-

methylbenzoquinone (2-MeBq) product observed in the reaction of 4-BrC with DHP B: (A) 

H2O/H2O2, (B) H2
18O/H2O2, (C) H2O/H2

18O2, and (D) H2
18O/H2

18O2. Reactions conditions: 10 mM 

DHP B, 500 mM 4-Br-o-cresol, 500 mM H2O2, 5% MeOH / 5 mM KPi (v/v), pH 7, 25 °C, 10 

minutes. 

 

5-Br-3-Me-1,2-benzenediol: In the presence of labeled H2
18O and unlabeled H2O2, no increase 

in mass for the catechol [m/z: 200.96 (79Br), 48.3%; 202.96 (81Br), 51.6% (Figure 3.4B)] was 

observed when compared with the results obtained in the absence of an 18O source (Figure 3.4A). 

However, in the presence of unlabeled H2O and labeled H2
18O2 there was an increase of 2 Da in 

the catechol mass [m/z: 200.96, 7.2%; 202.96 (79Br), 48.6%; 204.96 (81Br), 44.2% (Figure 3.4C)], 

which strongly suggests that the origin of the O-atom incorporated into the catechol product was 

derived from hydrogen peroxide. Further, the results obtained for the reaction employing both 

labeled H2
18O and H2

18O2 [m/z: 200.96, 1.8%; 202.96 (79Br), 48.3%; 204.96 (81Br), 49.9% (Figure 

3.4D)] were virtually identical to those of the H2O/H2
18O2 reaction, and provides unequivocal 
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evidence that the oxygen atom was derived exclusively from hydrogen peroxide, with no 

incorporation of oxygen from water, and consistent with a peroxygenase mechanism for cresol 

oxidation by DHP for catechol formation. 

 
Figure 3.4. ESI-MS total ion chromatograms obtained in negative ion mode for the 5-Br-3-Me-

1,2-benzenediol (catechol) product observed in the reaction of 4-BrC with DHP B: (A) H2O/H2O2, 

(B) H2
18O/H2O2, (C) H2O/H2

18O2, and (D) H2
18O/H2

18O2. Reactions conditions: 10 mM DHP B, 

500 mM 4-Br-o-cresol, 500 mM H2O2, 5% MeOH / 5 mM KPi (v/v), pH 7, 25 °C, 10 minutes. 

 

Substrate Binding Studies. While the titration of substrates (0.5-150 equiv; Figures S3.7-

S3.9) to ferric WT DHP B in 100 mM KPi / 5% MeOH (v/v) showed no significant changes to the 

Soret band (data not shown), the Q-band region (450-700 nm) showed well-behaved optical 

difference spectra, thereby allowing for the determination of the apparent substrate binding 

constant (Kd). On a whole, the EPA pollutants exhibited a stronger binding affinity to DHP B when 

compared to the corresponding substituted guaiacols [23], halophenols [70] and pyrroles [36], but 

relatively similar Kd values as the nitrophenol [25], haloindole [35] and azole [24] substrates 

(Table 3.3). Across the halogenated 4-X-o-cresol series, a trend of increasing binding affinity with 

increasing halogen size was noted, H < F < Cl < Br. This same trend has been previously reported 

for the 4-X-o-guaiacol [23] and 5-X-indole [35] series, and is attributed to the Xe1 binding pocket 

in DHP B (hydrophobic cavity surrounded by amino acids L100, F21, F24, F35 and V59) having 

a higher affinity for larger halogen atoms, as deduced from crystallographic studies of 4-X-phenol 

binding to DHP [81]. The binding affinity of 4-bromophenol (Kd = 1.15 mM [70]), is 13-fold 

weaker than the affinity of 4-Br-o-cresol (Kd = 0.086 mM), which likely explains why the reactivity 

of this substrate was only partially affected (decreased 1.7-fold) in the presence of the inhibitor 

(Table 3.2). 
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Table 3.3. Kd Values for Substrate Binding to Ferric WT DHP B at pH 7. 

Substrate Kd (mM) Ref 

EPA Pollutants   

o-Cresol 4594 (Ñ 393) a 

p-Cresol 2682 (Ñ 381) a 

m-Cresol 6721 (Ñ 582) a 

4-Me-o-cresol 309 (Ñ 26) a 

4-F-o-cresol 2970 (Ñ 391) a 

4-Cl-o-cresol 130 (Ñ 4) a 

4-Br-o-cresol 86 (Ñ 14) a 

4-NO2-o-cresol 155 (Ñ 5) a 

4-Cl-m-cresol 629 (Ñ 36) a 

Pentachlorophenol 79 (Ñ 9) a 

Substituted Guaiacols   

o-guaiacol 14712 (± 714) [23] 

4-Me-o-guaiacol 1433(± 97) [23] 

4-F-o-guaiacol 2438 (± 207) [23] 

4-Cl-o-guaiacol 493 (± 53) [23] 

4-Br-o-guaiacol 374 (± 42) [23] 

4-NO2-o-guaiacol 1341 (± 26) [23] 

Phenol   

4-bromophenol 1150 [70] 

4-nitrophenol 262 (± 23) [25] 

Indole   

5-Cl-indole 317 (± 23) [35] 

5-Br-indole 150 (± 10) [35] 

5-I-indole 62 (± 10) [35] 

Azole   

Imidazole 52 (± 2) [24] 

Benzotriazole 82 (± 2) [24] 

Benzimidazole 110 (± 8) [24] 
a This work. 

 

X-Ray Crystallographic Studies. The structures of DHP B in complex with 

pentachlorophenol, 4-R-o-cresol (R = H, F, Cl, Br, Me, NO2) and p-cresol were determined by X-

ray crystallography to near atomic resolution (1.35-2.1 Å). Selected distances for substrate 

interactions and occupancy in the distal pocket can be found in Table 3.4, and the crystallographic 

data collection, processing, and structure refinement results are given in Table S3.6 (protomer A 

and protomer B), as was reported in our previous studies [23, 25, 48, 49, 71]. The substrates were 

found to bind in the distal heme cavity, positioned ~3.2ï5 Å above the heme moiety, with the 

phenol ring substituents directing substrate orientation in the hydrophobic binding cavity above 

the heme (Figure 3.5). 
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Table 3.4. Selected Distances (angstroms) for DHP B-EPA Pollutants Complex (Protomer A). 

a For 4-Cl-C, numbers shown for Protomer B. b For 4-Br-C, H55 was found to be both in the interior and exterior conformations, 

designated as interior (int) or exterior (ext). c The alternate substrate conformations are denoted with superscripts A and B d X refers to 

the substituent on para position. 

 

 

 4-F-o-cresol 4-Cl-o-cresola 4-Br-o-cresolb 4-NO2-o-cresol o-cresolc p-cresol 4-Me-o-cresolc Pentachlorophenolc 

PDB Entry 6ONG 6ONK 6ONX 6ONZ 6OO1 6OO6 6ONR 6OO8 

Substrate 

occupancy 
80% 100% 70% 70% 

A: 50% B: 

20% 
100% A: 20%, B: 60% A: 40%, B: 15% 

H55 Ne...-OH 
(substrate) 

ext7.3 2.7 int2.4/ext9.1 ext5.9 5.7A/7.1B 5.7 7.3A/7.0B 5.1A/5.2B 

H55 Nd...OH 
(substrate) 

ext5.6 4.7 int4.4/ext8.9 ext4.1 3.8A/5.0B 3.7 5.4A/4.9B 4.9A/5.3B 

F21 CzéC1 
(substrate) 

3.5 3.8 3.8 3.8 4.5A/3.7B 4.4 4.0 4.4A/4.5B 

F21 CgéC4 

(substrate) 
4.6 4.0 4.0 3.8 3.8A/2.9B 4.8 3.1 4.7A/5.9B 

FeéOH 

(substrate) 
6.9 4.9 4.8 7.3 7.3A/4.5B 7.1 7.0A/4.9B 7.5A/7.6B 

FeéCo-CH3 

(substrate) 
4.7 5.1 5.1 4.6 4.8A/7.3B 4.4 4.9A/7.3B - 

FeéXd 

(substrate) 
4.8 8.6 8.7 

5.4N, 5.1O1, 

6.2O2 
- - 4.8A/7.3B 3.7A/2.2B 

FeéH55 Ne ext10.3 5.9 int5.6/ext9.8 ext10.0 10.2 10.3 10.4 int4.7/ext9.4 

FeéH55 Nd ext8.5 6.4 int6.0/ext10.0 ext8.1 8.3 8.5 8.5 int6.2/ext9.7 

FeéH89 Ne 2.1 2.1 2.1 2.2 2.2 2.2 2.1 2.2 

Fe to pyrrole N 

plane 
0.274 0.254 0.188 0.175 0.193 0.158 0.262 0.0942 
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Figure 3.5. X-ray crystal structures obtained for DHP B in complex with (A) 4-F-o-cresol [cyan, 

PDB 6ONG], (B) 4-Cl-o-cresol [pink, PDB 6ONK], (C) 4-Br-o-cresol [green, PDB 6ONX], (D) 

4-NO2-o-cresol [blue, PDB 6ONZ], (E) o-cresol [orange, PDB 6OO1], (F) p-cresol [purple, PDB 

6OO6], (G) 4-Me-o-cresol [yellow, PDB 6ONR], and (H) pentachlorophenol [burgundy, PDB 

6OO8]. Panels provide atomic distances and interactions between the substrate and amino acids 

and/or heme macrocycle. 

 

For the halogenated cresols 4-X-o-cresols (X = F, Cl, Br; Figure 3.5A-C), bulky atoms such 

as Br were found to bind deeper in the hydrophobic region, closer to residues L100 and F60 in the 

hydrophobic cavity above the Ŭ heme edge (Xe1 hydrophobic binding pocket), which is in 

accordance with previously published structures [81]. When compared with 4-Br-o-guaiacol (PDB 

6CKE [23]), the halogen atoms of 4-Cl/Br-o-cresol superimpose exactly with the p-Br substituent 

of the guaiacol (Figure S3.10A) in the Xe1 hydrophobic cavity, while the o-OMe group coincides 

with the o-Me group. Additionally for the 4-Cl/Br-o-cresol structures, H55 was found positioned 

inside the heme cavity, which enables hydrogen bonding interactions with the hydroxyl group of 

the substrate (Figure 3.5B and 3.5C). The overall strong affinity of these two substrates with the 

enzyme (4-Cl-o-cresol, Kd = 130 mM; 4-Br-o-cresol, Kd = 86 mM; Table 3.3) is a reflection of 

these interactions, with an additional stabilization arising from p-stacking of the substrate aromatic 

ring with F21. By contrast, 4-F-o-cresol was found to bind closer to the heme g edge and the heme 

propionate D due to hydrogen bonding interactions of the hydroxyl group with both T56 and Y38, 

mediated by a water molecule (Figure 3.5A), which could reflect in its weaker binding affinity 

(Kd = 2970 mM) compared to 4-Cl-o-cresol and 4-Br-o-cresol. Two distinct conformations were 
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observed for 4-F-o-cresol and 4-Cl-o-cresol on protomers B and A, respectively (Figure S3.11A-

B), which affected whether H55 was in the open or closed conformation, as well as substrate 

occupancy (4-F-o-cresol: A 55%, B, 20%; 4-Cl-o-cresol: A 58% and 20%). 

The cresol substrates with less bulky substituents in the para position were found to bind in a 

similar position as 4-F-o-cresol. Two conformations were observed for o-cresol (protomer A) and 

4-Me-o-cresol, where the hydroxyl group is either facing up towards Y38 or facing down towards 

the heme. When facing down, o-cresol (Figure 3.5E) has a hydrogen bonding interaction to a 

water molecule positioned 3.3 Å away from the iron center, and when facing up the hydroxyl group 

of o-cresol interacts with propionate D and Y38. Additionally, o-cresol showed the presence of 

only one substrate conformation in protomer B (Figure S3.11C), oriented such to be able to 

hydrogen bond with Y38 and heme propionate D. The hydroxyl group of 4-Me-o-cresol (Figure 

3.5G) has two different hydrogen bonding interactions when facing up: i) an interaction with T56 

and, ii) an interaction with propionate D and Y38 mediated by a water molecule, which together 

can account for relatively strong affinity of this substrate with the protein (Kd = 309 mM). The p-

cresol (Figure 3.5F) isomer, for which only one conformation was observed in both chains and 

with the methyl group facing towards the Xe1 hydrophobic cavity, shows H-bonding interactions 

of the hydroxyl group with the heme propionate D and Y38, which together correlate to a stronger 

binding affinity compared to o-cresol (o-cresol, Kd = 4594 mM vs. p-cresol, Kd = 2682 mM). When 

comparing the structures of o-cresol, p-cresol, and 4-Me-o-cresol to 4-MeO-o-guaiacol (PDB 

6CH6 [23]), the 4-MeO-o-guaiacol binding is significantly different (Figure S3.10B), likely due 

to the bulkier -OMe vs -Me group, which nicely illustrates how subtle differences in the size of a 

substituent can lead to a significant change in how that substrate binds to DHP, an effect that can 

be used to ótuneô the activity of DHP between peroxidase and peroxygenase mechanisms [23, 48]. 

The binding of 4-NO2-o-cresol is similar to that observed for p-cresol (Figure 3.5D), where 

the hydroxyl group is involved in hydrogen bonding interactions with both propionate D of the 

heme and Y38, and the nitro group is facing towards the Xe1 hydrophobic cavity. When compared 

to the structures of DHP B complex with 4-NO2-phenol (PDB 5CHQ [25]), 4-NO2-catechol (PDB 

5CHR [25]) and 4-NO2-o-guaiacol (PDB 6CH5 [23]) (Figure S3.10C), the 4-NO2-o-cresol 

binding position is nearly identical to both 4-NO2-phenol and 4-NO2-catechol, although it is 

displaced higher up relative to the heme plane in order to avoid a steric clash of the methyl group 

with the heme plane. As was found with 4-MeO-o-guaiacol, 4-NO2-o-guaiacol binding was 
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significantly different from that of the cresol analog due to the bulkier -OMe group. 

The structure of DHP B in complex with pentachlorophenol (Kd = 79 mM) was determined 

using chlorine anomalous scattering (see Supporting Information). Pentachlorophenol was found 

close to the ɔ and ŭ heme edges, and in two conformations at nearly right angles to each other: one 

parallel (15% occupancy) and the other perpendicular (40% occupancy) to the heme cofactor 

(Figure 3.5H). The parallel conformation extends towards the groove between residues F21 and 

F35, with H-bonding interactions between the hydroxyl group, Y38 and heme propionate D, 

whereas the perpendicular conformation enables ˊ-stacking with F21 and H-bonding between the 

hydroxyl group, T56 and Y38. Not surprisingly, this perpendicular conformation is nearly identical 

in orientation and position as the peroxidase substrate 2,4,6-trichlorophenol (TCP; PDB 4KMW 

[72]), but also to the inhibitor 4-chlorophenol (PDB 3LB3 [70]) (Figure S3.10D). Both 

perpendicular and parallel conformations showed slightly shifted positions in chain B (Figure 

S3.11D), where the hydroxyl group for both was found to be interacting with Y38 and heme 

propionate D. 

Overall, three distinct groups of H-bonding interactions for the hydroxyl group of the cresol 

substrate were noted (Figure S3.10E): i) H-bonding to T56/Y38 mediated by a water molecule, as 

was observed for 4-F-o-cresol and 4-Me-o-cresol, which were also two of the most reactive 

substrates (Table 3.1); ii) H-bonding directly to Y38 and the heme propionate D, observed for o-, 

p- and 4-NO2-o-cresol; and iii) H-bonding to H55 oriented inside the distal heme cavity, noted for  

4-Cl-o-cresol and 4-Br-o-cresol, i.e., the substrates that bind deeper in the hydrophobic region of 

the distal pocket. 

Stopped-Flow UV-Visible Spectroscopic Studies. As a representative substrate, the oxidation 

of 4-Br-o-cresol as catalyzed by DHP B was investigated using stopped-flow UV-Visible 

spectroscopy employing single and double-mixing methodologies (Figure 3.6). Studies were 

performed with H2O2-activated DHP, preformed as Compound I [42, 43], Compound ES [37, 38], 

or Compound II [44]. As the kinetics were difficult to deconvolute at higher substrate 

concentrations owing to competing oxidation mechanisms and products formed therefrom, the 

studies presented here were limited to 10 equiv 4-Br-o-cresol, and the data were fit as one-step/two 

species or two-step/three species irreversible mechanisms where possible, or alternatively 

displayed as experimentally obtained spectra at selected time points.  

Compound I Reactivity: Pre-formed in an aging line for 85 ms from an initial mixing step of 
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ferric DHP B (Y28F/Y38F) with 10 equiv H2O2 [42], Compound I [406 (Soret), 528, 645 nm] [29] 

was reacted with 10 equiv 4-Br-o-cresol at pH 7 (Figure 3.6A). The first spectrum had features 

that matched that of ferric DHP B (Y28F/Y38F) [406 (Soret), 509, and 636 nm; black, t = 0 s], 

suggesting that Compound I was rapidly reduced by the substrate within the mixing time (1.5 ms) 

of the stopped-flow apparatus, an observation that has been noted previously for other DHP 

substrates, including 5-Br-indole [35], 4-nitrophenol [25], pyrrole [36], and 4-Br-guaiacol [23]. 

Given the relatively slow reduction of Compound II by 4-Br-o-cresol (vide infra), the lack of an 

observable one-electron oxidized intermediate (i.e., DHP Compound II) suggests a single two-

electron oxidation of 4-Br-o-cresol as opposed to two consecutive one-electron processes, a 

supposition that is supported by the lack of an effect by the radical scavenger DMPO (no diffusible 

radical formation). The ferric spectrum slowly converted to a final species [405 (Soret), 498, 605 

nm; blue, t = 10 s] whose spectral features have been ascribed to an Fe-Br adduct [76], and suggests 

that the oxidative dehalogenation of 4-Br-o-cresol yields bromide that ultimately binds to the ferric 

enzyme. As opposed to the reaction chemistry with 2,4,6-tribromophenol, TCP, and 4-Br-guaiacol, 

this is the first time the DHP Fe-X adduct has been observed during Compound I-catalyzed 

substrate oxidation [23, 42]. At longer observation times (500 seconds), the Fe-Br adduct 

converted to a species whose spectral features matched those of Compound RH, an inactivated 

form of DHP B (data not shown) [37, 38, 82]. 

Compound ES Reactivity: Formed in an aging line for 400 ms from an initial mixing step of 

ferric WT DHP B with 10 equiv H2O2 [38], Compound ES [418 (Soret), 546, 588 nm; black] was 

subsequently reacted with 10 equiv 4-Br-o-cresol at pH 7 (Figure 3.6B), which led to reformation 

of ferric DHP B [406 (Soret), 505, 636 nm; t = 0.41 s, kobs = 9.59 ± 0.07 s-1; red]. At t = 10 s, the 

spectrum appeared as a mixture of the ferric enzyme and the same species observed in Compound 

I reactivity, namely the Fe-Br adduct [407 (Soret), 498, 605 nm, blue]. At longer times (500 s), 

full formation of the Fe-X adduct was confirmed, with no evidence of other species, i.e., 

Compound RH or oxyferrous DHP (data not shown). When this reaction was repeated with 4-F-

o-cresol and 4-Cl-o-cresol, the observations of an initial reduction of Compound ES to the ferric 

enzyme, followed by formation of the Fe-X adduct, were qualitatively similar (Figure S3.12). 

Substrate reduction of Compound ES to the ferric enzyme has been observed in past studies with 

halophenols [38], haloindoles [35], pyrrole [36], nitrophenols [25], and haloguaiacols [23]. 

However, unlike the product-driven reduction observed in those stopped-flow studies (by 2,6-
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dichloroquinone [38], 5-Br-3-oxindole [35], and 2-methyoxybenzoquinone [23]) of the reformed 

ferric enzyme to the oxyferrous state, no formation of oxyferrous DHP B was observed here. We 

surmise that in the case of the halocresols, the putative reductant, 2-MeBq, was formed in too small 

of a concentration (Table S3.5) to drive the reduction of the ferric enzyme: employing 2-MeBq in 

benchtop studies showed it was only able to reduce ferric DHP to the oxyferrous state aerobically 

at or above 50 mM concentration (data not shown). 

The reactivity of the remaining substrates with preformed Compound ES was also investigated 

in a manner identical to that described above for 4-Br-o-cresol. The time required for 10 equiv of 

each substrate to reduce Compound ES to the ferric state is listed in Table 3.5, and the 

representative reactions are shown in Figures S3.12-S3.14. All substrates were found to convert 

Compound ES to the ferric enzyme, although the times varied >50-fold (0.39-21.30 s): compared 

to o-cresol (3.99 s), the 4-R-o-cresol (R = F, Cl, Br, Me) substrates reduced Compound ES between 

2ï10-fold faster, whereas the more deactivated substrates (m-cresol, 4-Cl-m-cresol, and 

pentachlorophenol) were 2ï5-fold slower. 

 

Table 3.5. Summary of the Stopped-Flow UV-Visible Spectroscopic Data for the Reaction of 

Compound ES with EPA Pollutants and Related Substrates at pH 7. 

Substrate 

Compound  

ES ­ Ferric, 

time (s) 

Observed  

Ferric species 

lmax (nm) 

o-cresol 3.99 409, 510, 634 

m-cresol 9.30 407, 514, 638 

p-cresol 4.34 409, 508, 631 

4-Me-o-cresol 1.41 408, 506, 630 

4-F-o-cresol 0.88 408, 506, 634 

4-Cl-o-cresol 0.39 407, 506, 634 

4-Br-o-cresol 0.41 406, 506, 636 

4-NO2-o-cresol* n/a n/a 

4-Cl-m-cresol 19.80 407, 504, 625 

pentachlorophenol 21.30 414, 539, 589 

*n/a = not applicable, Compound RH formation was observed. 

 

Compound II Reactivity: Generated from an initial reaction of oxyferrous WT DHP B that was 

preincubated with 1 equiv of 2,4,6-trichlorophenol and mixed with H2O2 in an aging line for 2.75 

s [44], preformed Compound II [421 (Soret), 546, 582 nm, black] was reacted with 10 equiv 4-Br-

cresol (Figure 3.6C). Similar to the findings noted for Compound ES, the Compound II 

intermediate was reduced to ferric DHP [405 (Soret), 506, and 638 nm; t = 1.66 s, kobs = 5.34 ± 
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0.04 s-1; red], and then formed a mixture with the Fe-Br adduct [407 (Soret), 498, 604 nm; blue, t 

= 10 s] at longer times. The reduction of Compound II to the ferric enzyme has been observed 

previously for 2,4,6-TCP [44], 5-Br-indole [35], pyrrole [36], 4-nitrophenol [25], and 4-Br-o-

guaiacol [23], however further reduction of ferric DHP to oxyferrous enzyme was observed in 

these studies with the exception of 4-nitrophenol. Once again, we surmise that the lack of the 

product-driven formation here with 4-Br-o-cresol is attributable to the low concentration of the 2-

MeBq product generated during catalytic turnover. 

 

 
Figure 3.6. Kinetic data obtained by optical spectroscopy for the reaction of H2O2-activated DHP 

B with 4-Br-o-cresol at pH 7. A) DHP B (Y28F/Y38F)/Compound I: top panel, stopped-flow 

UV-visible spectra of the double-mixing reaction of preformed Compound I (10 mM) with a 10-

fold excess of 4-Br-o-cresol (614 scans over 10 s); inset: the single-wavelength (407 nm) 

dependence on time obtained from the raw data. Bottom panel, experimentally obtained spectra 

for Compound I reacted with 4-Br-o-cresol (black, t = 0 s), its reduction to the ferric enzyme (red, 

t = 0.14 s) and the formation of the Fe-Br adduct (blue, t = 10 s). B) Ferric WT DHP 

B/Compound ES: top panel, stopped-flow UV-visible spectra of the double-mixing reaction of 

preformed Compound ES with a 10-fold excess of 4-Br-o-cresol (610 scans over 10 s); inset: the 

single-wavelength (418 nm) dependence on time obtained from the raw spectra and its fit with a 

superposition of the calculated spectral components. Middle panel, the calculated spectra of the 

three reaction components derived from SVD analysis: Compound ES (black), ferric DHP B (red) 






























