
ABSTRACT 

AKTAR, MST SHARMIN. The Long Overdue Comparison of DHP A and DHP B; Structure, 

Dynamics and Reactivity. (Under the direction of Dr. Stefan Franzen). 

 

         Dehaloperoxidase-hemoglobin (DHP), first isolated from the coelom of a marine terebellid 

polychaete, Amphitrite ornata, is an example of a multi-functional heme enzyme. Long known for 

its reversible oxygen binding, further studies have established DHP activity as a peroxidase, 

oxidase, oxygenase, and peroxygenase. The hypothesis of multiple functions depends on the 

observation of substrate binding at various internal and external binding sites. Marine sediments 

are permeated with brominated aromatic compounds, such as phenols, indoles, pyrroles, and others 

synthesized by organisms as repellents and for self-defense. A. ornata is a tubeworm, which is 

exposed to these brominated compounds. While DHP functions as an oxygen transport protein, a 

hemoglobin, the multifunctional enzyme hypothesis suggests that the versatility of functions 

protects the organism from toxins. DHP has two isoforms, DHP A and DHP B with a difference 

in only five amino acids out of 137. Enzyme kinetic studies have shown that the catalytic activity 

of DHP B is 3-6 fold higher than DHP A in spite of 96% sequence homology. The study in this 

dissertation emphasizes the comparison of kinetics, mechanistic and X-ray crystallographic studies 

to compare both isoenzymes DHP A and DHP B.  

           Chapter 2 focuses on a comparison of the binding and reactivity of the substrate 2,4-

dichlorophenol (DCP) in the isoforms DHP A and B. This study found that the catalytic efficiency 

is 3.5 times higher for DCP oxidation in DHP B than DHP A. However, DHP A and B both show 

self-inhibition even at modest concentrations of DCP. The x-ray crystal structure of DHP A bound 

with DCP determined at 1.48 Å resolution, shows tight substrate binding inside the heme pocket 

of DHP A (PDB 8EJN). This research contributes to the studies of DHP as a naturally occurring 

bioremediation enzyme capable of oxidizing a wide range of environmental pollutants. 

        Chapter 3 demonstrates that a second reaction occurs following enzymatic peroxidation of 

DCP and DBP. The major products 2-chloro-1,4-benzoquinone (2-ClQ) and 2-bromo-1,4-

benzoquinone (2-BrQ) undergo a spontaneous secondary hydroxylation reaction. Evidences from 

time-resolved UV-visible spectroscopy, HPLC and LC-MS suggest that the hydroxylations of 2-

ClQ and 2-BrQ in the presence of hydrogen peroxide (H2O2) are non-enzymatic processes 

approximately ~10 and ~5 times slower, respectively, than the enzymatic oxidation of DCP or 

DBP. 



Chapter 4 is focused on investigating substrate binding in DHP A to compare the structural 

differences with the many X-ray crystallographic structures of various substrates bound to DHP 

B. By contrast, in DHP A there are only structures of mono- and tri-halophenols previously used 

in spectroscopic and NMR experiments. Here we demonstrate X-ray crystal structures for DHP A 

bound with DCP (1.48 Å, PDB: 8EJN), DBP (1.52 Å, PDB: 8VSK), 4-NP (2.03 Å, PDB: 8VKC), 

4-NC (1.40 Å, PDB: 8VKD) and 4-Br-C (1.64 Å, PDB: 8VZR). When compared with the well-

defined structures of DHP B, it is concluded that the substrates bind more weakly to DHP A than 

to DHP B. Five substrates have been found for direct comparison of modes of binding in DHP A 

and DHP B.  

Chapter 5 discusses the phenomenon known as autoreduction, in which DHP is 

spontaneously reduced from the ferric to the ferrous state. The source of electrons for the reduction 

is not known. Kinetic measurements obtained from a CO-driven reduction process of ferric DHP 

showed modest pH and isozyme dependence, but a significant dependence on presence of 

substrates.  

          Appendix A investigates the reactivity of 2,3,4,5,6-pentachlorophenol (PCP) with DHP. is 

the largest molecule in the halophenol family. The conclusion is that PCP has a strong binding 

affinity and binds inside but is a poor substrate. PCP acts as an inhibitor of TCP oxidation at pH 

5. 

In summary, Binding, catalytic efficiency, self-inhibition of substrate, catalytic inhibition are 

greater in DHP B than DHP A. These studies can give an insight on globin structure-function 

relationships that are not traditionally seen earlier.  
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1. BACKGROUND 

The multi-functional protein dehaloperoxidase-hemoglobin (DHP) was first discovered as 

globin with a globin fold. This unique protein has diverse functions, which depend on heme Fe 

oxidation state (ferric or ferrous) and different substrate binding, binding site differences, pH etc 

as its name. The initially discovered function was considered to facilitate reversible oxygen (O2) 

binding, transport and storage, consistent with the role of a hemoglobin.[1] But further studies 

have established DHP as the first example of globin to have peroxidase activity.[2] More recent 

studies have shown that DHP is capable of catalyzing, oxidase, oxygenase, peroxygenase reactions 

as well.[3ï5] While it has in unique solitary enzymatic function, DHP also has the possibility of 

dual functional oxidation. It is a highly relevant example of a combination of different functions 

in the oxidation of one molecule that may have physiological relevance. Specifically, we can 

hypothesize that the hemoglobin of the marine worm evolved to also oxidize toxic brominated 

substrates via multiple mechanisms, peroxidase, peroxygenase, oxygenase, and so on. Marine 

sediments are permeated with bromoaromatics, such as phenols, indoles, pyrroles, and others 

synthesized by organisms as repellents and for self-defense. Thus, DHP is a mechanistic example 

of novel structure/function relationships that further expands the versatility of DHP for biological 

protective function in its host organism. 

 

2. HEME PROTEINS IN THE GLOBIN FAMILY  

There are many examples of heme containing proteins such as hemoglobins (Hbs), 

myoglobins (Mbs), cytochromes, cytochrome P450s, catalases, cytochrome c oxidases, 

peroxidases and many others.[6ï12] Hbs and Mbs (collectively called globins) are the most 

abundant heme containing proteins in nature. Heme proteins have an iron-protoporphyrin IX 

prosthetic group. Depending on the organism, globins can perform multiple physiological 

functions. Transporting and storing oxygen, scavenging oxygen to protect anaerobic rhizobia in 

legumes, transporting nitric oxide in the blood and others related to binding of diatomic molecules 

to the heme iron. Prior to the discovery of DHP globin activation by hydrogen peroxide was 

curiosity, although selected mutants of myoglobin were shown to exhibit peroxidase activity. DHP 

not only is more reactive towards H2O2, but also has an internal binding site suggesting a 

physiological function to oxidize xenobiotics.[6,13ï15] The oxygen transport and peroxidase 
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functions are not normally observed in a single protein. For this reason, DHP is sometimes referred 

to as a dehaloperoxidase-hemoglobin.  

 

 
Figure 1.1: Chemical structure of iron-protoporphyrin IX (Heme b) and Ŭ, ɓ, ɔ, ŭ represents four 

methine bridges.  

 

A histidine from the peptide chain of protein facilitates the coordination of heme-Fe by 

ligation. The heme-Fe binds with oxygen when it is in ferrous (Fe2+) form. Globins are involved 

in reversible binding of oxygen, storage and transport of oxygen found widely in plants, animals, 

and bacteria.[6,15] The distal histidine has two structural conformations: open (solvent-exposed) 

and closed (internal) conformation similar to typical myoglobins (Mbs), such as Sperm Whale 

Myoglobin (SWMb) or Human Myoglobin (HMb).[16] However, the pKa of the transition that 

permits the histidine to swing outside the protein to the open conformation was observed to be 

circa pKa = 4.5 in SWMb, while in DHP it is pKa = 6.9.[17,18] The solvent-exposed conformation 

of H55 has a 5cHS state and the internal conformation has a 6cHS state at pH 6.[19] Xray crystal 

structure of Lebioda et. al. shows that H55 is in equilibrium between open and closed conformation 

at room temperature and pH 6.[16] This equilibrium is in ratio of 40:60 for 5cHS:6cHS forms 

reported by Nicoletti by RR spectrum analysis.[19] The closed conformation (6cHS) is the 

commonly observed conformation where histidine is in distal pocket, oriented to the heme and 

interacts with a ligand (CO, O2, H2O, CN)[20],[21],[22],[7,23] coordinated to the heme iron by a 

hydrogen bond. The open conformation refers to the conformation where H55 is rotated out to a 

solvent exposed position and resides close to the heme propionate shown in Figure 1.2.  
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The distance between distal histidine and heme-iron in globins is (4.1-4.6)  and for 

peroxidases (5.5-6.0) .[12] In the case of DHP, it is 5.4  for the histidine inside the cavity.[16] 

This means the heme is more deeply buried in DHP than in other globins and peroxidases. The 

first determined x-ray crystal structure of DHP also revealed that the heme is located 1.5  deeper 

in the protein than observed in Mb.[16] This allows the distal histidine to be partially stabilized by 

weakly hydrogen bonding with two of the heme propionate side chains.[23] 

 

 
Figure 1.2: Representation of distal histidine (H55) and proximal histidine (H89) in distal pocket 

of DHP located above and below the heme plane, respectively. (PDB code: 2QFK).[20] 

 

Unlike monomeric human Mb, the binding of oxygen in tetrameric human Hb is 

cooperative and allosteric.[24] The conformation of heme is also changed from the 5-coordinated-

deoxy to the 6-coordinated-oxyferrous heme state upon binding of oxygen. In Mb this reversible 

oxygen binding is used by organisms to store oxygen in muscle. Since Hb is a tetramer in humans 

and dimer in certain marine organisms, the binding of O2 can be cooperative. Cooperative binding 

implies that oxygen binding in one subunit of hemoglobin facilitates oxygen binding in the other 

subunits. 

Many annelids also possess a giant hemoglobin, known as erythrocruorin. In DHP 

erythrocruorin is a 3.6 MDa protein complex containing over 40 hemoglobin monomers. It has 

large oxygen-carrying capacity in many annelids through their high number of oxygen binding 

sites.[25] It is not known if that is cooperative. DHP is a homodimer in all crystal structures, yet 

there is no evidence for cooperativity in DHP so far. 
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Figure 1.3: Crystal structure of (A) Myoglobin (Mb) (PDB accession code:1A6M)[10] with seven 

Ŭ-helices and one heme prosthetic group, (B) Hemoglobin (Hb) (PDB accession code:2QSP)[26] 

with two Ŭ-chains (chain A and C), two ɓ-chains (chain C and D) and four heme groups, (C) 

Dahaolperoxidase A (PDB accession code:2QFK)[20] with two heme groups. 

 

The first discovered dehaloperoxiadse structure by Lebioda and coworkers in 2000 

revealed that DHP has 3-over-3 Ŭ-helical fold (A-H) which is similar to common globins.[16] The 

helices are shown in Figure 1.4 below. The heme cofactor in the active site is sandwiched between 

the E and F helices. 

 
Figure 1.4: Crystal structure of Dehaloperoxidase showing 3-over-3 Ŭ-helical fold with A-H 

helices (PDB accession code: 1EW6).[16] 

 



   

6 

 

3. PEROXIDASES 

 Peroxidases can oxidize substrates by cleaving the O-O bond of co-substrate hydrogen 

peroxide (H2O2) to activate the heme for electron transfer from substrates bound at the heme 

edge.[27,28],[74] Peroxidases have Ŭ-helical fold in its structure and has 3 different classes 

depending on the crystal structure, source, and amino acid sequence differences. The folds of 

peroxidases are significantly different than DHP and common globins, despite the fact that both 

are alpha-helical.[29,30] Intracelular Class I peroxidases include ascorbate peroxidase, 

Cytochrome c peroxidase, catalase peroxidase. Extracelular Class II peroxidases include lignin 

peroxidase, Arthromyces ramosus and manganese peroxidase found in fungi. Extracelular Class 

III peroxidases include horseradish peroxidase found in plants.[28,29] Among all these 

peroxidases, horseradish peroxidase (HRP) is the most widely investigated so far. For this reason, 

HRP is chosen for the purpose of comparison.  

In a peroxidase reaction cycle, the ferric-heme resting state binds 1 equivalent of H2O2, 

and cleaves the O-O bond to form an ferryl species with a porphyrin ˊ-cation radical called 

compound I. In cytochrome c peroxidase a second type of intermediate called compound ES is 

formed. Compound ES is a heme ferryl species in which the radical has migrated to an amino acid, 

tyrosine. In HRP Compound I is capable of oxidizing phenolic substrates to phenoxy radicals. In 

the process it is reduced by one electron to form compound II, which is a closed-shell heme species 

(i.e. not a radical form). Compound II can be further reduced using 1 equivalent of substrate that 

can bring the heme into its ferric resting state. So, a complete cycle of peroxidase consists of two 

one-electron oxidation steps as shown in Figure 1.5.[74] 

 
Figure 1.5: Simplified peroxidase catalytic cycle for a general substrate. 
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4. PEROXYGENASES 

Peroxygenases are a class of enzymes that use peroxide as the source of O2 for their 

oxidative reactions. Usually, they perform the oxidative reaction by hydroxylation or epoxidation 

in various aromatic, linear and cyclic compounds, sulfoxidation and N-oxygenation, dichlorination 

and halide oxidation.[31ï34] DHP has some established substrates that follow a peroxygenase 

mechanism. Cytochrome P450 is class of enzymes, are well known monooxygenase that have 

catalytic cycle named ñPeroxide Shuntò which proceeds via peroxygenase mechanism.[33,34] The 

first example of peroxygenase activity in DHP was the oxidation of haloindoles published in 

2014[4] and subsequently, peroxygenase activity was observed for pyrroles,[35] nitrophenols,[3] 

cresols.[36] The peroxygenase mechanism involves O-atom transfer, while the peroxidase 

mechanism involves two sequential electron transfers. The cytochrome P450 monooxygenase 

mechanism has a ferrous resting state, binds O2 and is primed for activity by two electron transfers 

from a flavoprotein that reduce found O2 to found HOO-. [4] Compound I is a common 

intermediate in the two mechanisms. The peroxidase mechanism is thought to involve the Poulos-

Kraut push-pull mechanism via two one-electron oxidation step in the presence of 

H2O2.[37],[38],[39] [4] It is of great importance to study this substrate binding and reaction kinetics 

to understand how these mechanisms can co-exist and what protein features are important for each. 

 

5. DEHALOPEROXIDASE -HEMOGLOBIN: A MULTI -FUNCTIONAL PROTEIN  

The heme-protein dehaloperoxidase is found in the coelom of the marine terebellid 

polychaete Amphitrite ornata. Dehaloperoxidase (DHP) functions as a monomeric hemoglobin for 

transporting oxygen.[40,41] It was first discovered as a hemoglobin in 1977[1] and later it was 

discovered as an enzyme with peroxidase function in 1996.[39] Heme-proteins are responsible for 

reversible oxygen binding and peroxidase enzymes can oxidize different substrates. Despite of 

having lower similarity in sequence with globins and different structure than peroxidases, DHP 

can act as both.[16] The peroxidase activity in DHP is approximately 10 times higher than 

myoglobin and 10 times lower than horseradish peroxidase (HRP).[8] 
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Figure 1.6: The marine worm, Amphitrite ornata is a terebellid polychaete. 

 

Different species of marine worms in the hemichordate family (Saccoglossus kowalevskii) 

and the polychaete family (Notomastus lobastus) co-habit benthic ecosystems with Amphitrite 

ornata.[2] A benthic ecosystem refers to a shallow marine coastal area, typically with a mud rather 

than sand bottom. Many worms, including the ones mentioned above, synthesize and sometimes 

secrete toxic halogenated metabolites such as bromophenols, bromoindoles, bromopyrroles as part 

of their defense against predators.[2] Amphitrite ornata is a tube worm and is therefore immobile. 

The hypothesis is that A. ornata survives in this toxic environment by using dehaloperoxidase 

enzyme to oxidize these toxic compounds as method of detoxification. Oxidation of substrate by 

DHP was first reported for the substrate 2,4,6-trihalophenol that is oxidized to 2,6-dihaloquinone 

in the presence of H2O2 as oxidant[2] and this mechanism seemed to involve Poulos-Kraut ñpush-

pullò mechanism described in detail below.[37,42],[43] The peroxidase activity (oxygen 

incorporated from H2O) has been established in previous studies of mono-, di-, tri-halophenols and 

guaiacols.[5,11,44] Recent studies of DHP also have expanded in some other activities such as 

oxygenase, oxidase and peroxygenase. Nitrophenols,[3] pyrroles[35] and indoles[4] oxidize via 

peroxygenase function (oxygen atom incorporated from H2O2). 5-bromo-3-oxindole, one of the 

products of 5-bromoindole has been found to possess oxidase mechanism (O2 from molecular 

oxygen).[4] 2,3-dimethylindole and 2,3-dimethylpyrrole can oxidize through oxygenase function 

in the presence of molecular oxygen. [76] Figure 1.7 shows all 4 functions of DHP. The only 

established inhibitor is 4-bromophenol which is a monohalophenol unlike di-, and tri-

halophenols.[45] So, it can be said that the functional switch in DHP is substrate dependent.  
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Figure 1.7: Representation of DHP catalyzed (A) peroxidase, (B) peroxygenase, (C) Oxidase, (D) 

Oxygenase in the presence of H2O2 as co-substrate. 

 

Two separate genes (dhpA and dhpB) encode two isoforms of DHP: DHP A and DHP 

B.[46] Both DHP isoenzymes contain 137 amino acid residues with a molecular weight of 15.5 

kDa (DHPA) and 16.3 kDa (DHPB) and almost similar structural conformation.[47] The DHP A 

and DHP B isozymes differs by 5 amino acid residues in the positions: I9L, R32K, Y34N, N81S 

and S91G.[20,48],[46] Despite the fact that the difference in amino acid sequence is relatively 

small, DHP B has been reported to have 3-6 fold higher peroxidase activity than DHP A for various 

substrates and pH values.[43,47] There is no explanation that why these two isozymes have 

different catalytic activity given that they have almost identical sequence homology. The sequence 

of DHP is enriched in aspartic, glutamic acids and methionines relative to globins in the phylum 

chordata. A recent analysis in our research group shows that the enrichment in methionine is 

common to many hemoglobins in annelid and mollusc families.[77] DHP contains only two 

histidine residues. These are called the distal and the proximal histidines.[9,43,47] By contrast, 

Sperm Whale Myoglobin (SWMb) has ten histidines.[75] The peroxidase catalytic activity of DHP 

is 10 times greater than SWMb.[8,11,42] 
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Figure 1.8: Crystal structure of DHPA (PDB accession code: 2QFK)[20] (Left side) and DHPB 

(PDB accession code: 3IXF)[48] (Right side) representing the difference in 5 amino acids.  

 

One of the research goals is to understand how DHP can oxidize various natural brominated 

and chlorinated aromatic compounds such as bromophenols, bromoindoles, and bromopyrroles. 

The naturally occurring brominated xenobiotics are secreted in the environment by other marine 

organisms, including many worms. Chlorinated xenobiotics are mainly released into the 

environment because of anthropogenic activity.[49] The hypothesis is that A. ornata survives by 

oxidizing these toxic compounds using DHP as an enzyme. DHP has also been reported to degrade 

7 out of 11 phenolic toxic compounds listed in the EPA Priority Pollutants.[81] These studies 

provide a motivation to investigate DHP as a catalytic tool to degrade more pollutants that are 

toxic to the environment.  

A previous study has shown that some substrates can play a role in the functional switch 

between the peroxidase and peroxygenase function in DHP B.[5] Recent studies also reported that 

DHP B can oxidize a class of substrate by both peroxidase and peroxygenase function 

simultaneously.[36] This observation suggests that substrates can regulate or activate specific 

enzyme functions by conformational changes that occur upon their binding. It is possible that the 

binding of a particular substrate acts like a switch that permits a suitable oxidative reaction. The 

peroxygenase function occurs via oxygen atom transfer when a substrate binds in the internal bind 

site of heme pocket. One requirement for peroxidase chemistry is that the C-H bond to be oxidized 

to C-O-H by oxygen insertion must be between 4-5 ᴠ from the heme iron.[50,51],[52] Yet, the 

distal histidine must also be able to hydrogen bond in the distal pocket in order to activate the 
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heme. Peroxidase activity has a different set of requirements because of the electron transfer from 

the substrate to the heme. Our hypothesis is that the specific location and conformation of the 

binding site in the distal pocket defines the enzyme function of DHP. These factors will be probed 

for a particular substrate, 2,4-DCP. The binding affinity of 2,4-DCP is significantly higher than 

for any other substrate except 2,4-DBP.[53] Given the additional challenge of the low solubility 

of 2,4-DBP, 2,4-DCP is selected for this initial phase of the project. The binding assay is consistent 

with tight binding inside the heme distal pocket. Comparison with other heme proteins, such as 

cytochromes P450, would suggest that internal binding is indicative of oxidation via peroxygenase 

mechanism. However, this does not exclude a peroxidase mechanism. Both are possible for a 

single substrate. 

 

 

Figure 1.9: Surface map of monomeric DHPA (PDB accession code: 2QFK)[20] showing the 

active site for binding in solvent (heme cofactor is in cyan color). 

 

Most peroxidases have a distal histidine above the heme-Fe. Globins also have distal 

histidines, but with a different hydrogen bonding environment near heme Fe. Typically, 

peroxidases have a more polar environment that may facilitate proton coupled electron transfer, 

while in Mbs and Hbs the distal pocket is more hydrophobic. The significance of the polar 

environment is that a strong hydrogen bond to bound O2 could lengthen the O-O bond and weaken 

it. This is an essential step in enzymatic activation. On the other hand, globins deliver diatomic 
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oxygen without changing its structure.[37] In peroxidases, distal histidine plays an important role 

in the OïO bond cleavage using a neighboring arginine residue.[54] The distal histidine stabilizes 

bound hydrogen peroxide in peroxidases. The distal histidine is further away from the heme Fe in 

peroxidases than in most globins and ñpullsò the bound peroxide. This chemical activation together 

with the ñpushò from a polarized proximal histidine accelerate the formation of the ferryl heme 

radical known as compound I.[55] But in DHP the distal histidine (His55), lacks arginine as an 

auxiliary hydrogen-bonding support and the distance between NŮ and the heme iron ranges from 

4.8 to 5.4 .[19] DHP may overcome this lack of a nearby arginine by virtue of the greater 

flexibility of  H55. And the ability of H55 to alter its hydrogen bonding geometry and its higher 

pKa than other globins may permit it to play a role as acid-base catalyst for peroxidase function. 

Unlike globins and peroxidase, DHP has a weakly polarized proximal histidine 

(H89).[38],[16],[56] DHP also lacks Asp-His-Fe triad that is responsible for charge relay effect in 

peroxidase mechanism.[57],[58] Instead, H89 in DHP has a very strong hydrogen to the backbone 

carbonyl of  M86D in DHP A.[58] In DHP, the binding of any molecules inside the hydrophobic 

pocket is regulated by the distal histidine. The heme Fe is in the 5cHS state when H55 is in the 

solvent-exposed conformation and in the 6cHS state when H55 is in the internal conformation at 

pH 6.[19] Binding of substrate pushes the internal H55 state to the open conformation.  

 

DHPôs ability to bind substrates in an internal binding site is unlike any other 

peroxidase.[16,59] In fact, both substrate and inhibitor can bind inside the DHP distal pocket 

binding site. Tri-halogenated phenols can bind in the distal pocket but require high concentration 

and non-aqueous solvents.[60] Dihalogenated phenols bind more tightly, in fact, 2,4-DBP is by far 

the tightest binding substrate studied until now.[61] Monohalogenated phenols are reported as 

inhibitor since it inhibits the activity of other substrate.[45] 

 

6. KINETIC THEORY RELEVANT TO DHP  FUNCTION  

The study of enzyme kinetics focuses on the catalytic rates and binding affinity of 

substrates and inhibitors. It is a mechanistic study of the chemical reaction rate catalyzed by an 

enzyme that explains how reaction geometry and dynamics can be controlled by protein structure 

and motion.  This research has focused on understanding the factors that govern the rate of 

oxidation of various substrates in DHP. We consider basic enzyme kinetics, Arrhenius rate theory, 
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and electron transfer theory, which have been used in this research. The kinetic analysis permits 

measurement of the electron transfer rate constants, Ὧ and Ὧ, from substrate to heme iron in the 

ferryl heme radical (Cmpd I) and ferryl neutral heme (Cmpd II) forms, which are of the greatest 

interest for comparison of substrate binding and reactivity. The electron transfer mechanism 

required for both catalytic activity and regulations is discussed further in chapter 2 of this 

dissertation.  

 

7. ARRHENIUS RATE THEORY: THE TEMPERATURE DEPENDENCE OF THE RATE 

CONSTANT 

The estimation of activation energy, Ea ultimately gives an estimation of rate constant, k in 

a temperature-dependent reaction. The Arrhenius calculation is used to estimate the rate depending 

on the different temperature changes. The Arrhenius equation observes the effect of temperature 

on the rate constant of a reaction, as shown below:  

      Ὧ ὃὩ  

As shown above equation, the rate constant, k, is defined by the activation energy, Ea, the 

gas constant, R, and the temperature, T. It is also defined by the pre-exponential factor, A, which 

describes the frequency at which molecules will collide in the correct orientation for a reaction to 

occur. Subsequently, the equation can be linearized as shown below.  

ÌÎὯ  
Ὁ

ὙὝ
ÌÎ ὃ 

The resulting linear graph will have a slope equal to -Ea/RT. If the slope of an Arrhenius 

plot is relatively flat, it can be concluded that the activation energy of a reaction is not changing 

significantly with the temperature, meaning the rate of reaction is not temperature dependent. The 

activation energy of a reaction can be found by using an Arrhenius plot. A general Arrhenius plot 

is the ln(rate constant) vs. 1/temperature. A general Arrhenius plot is shown below. 
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Figure 1.10: General Arrhenius plot for measuring activation energy. 

 

8. MICHAELIS -MENTEN KINETIC THEORY: THE MOST GENERAL APPROACH TO 

ENZYME KINETICS  

Enzyme kinetics can be described by the Michaelis-Menten enzyme kinetics model (MM). 

This rate law in this model is not integrated as is commonly done in first- and second-order 

kinetics. Therefore, the initial rate of product formation can be expressed as a Michaelis-Menten 

rate equation where an enzyme and substrate react to form a product through making an 

intermediate enzyme-substrate complex. We are using initial rate for calculating M-M equation 

rate because at that point the rate of the reaction has not begun to slow down since it is assumed 

that the concentration of enzyme and substrate will remain unchanged. The Michaelis-Menten 

curve can be obtained by measuring the rate of the reaction as a function of substrate concentration. 

In the most basic form, the initial rate of product formation is given by the equation 

 

                                                                                                                            (A) 

where P is the product and S is the substrate. We often write the initial rate as ’Ј, which 

replaces Ὠὖ/Ὠὸ. The Michaelis-Mentan constant (Km) is an important constant unique to each 

enzyme/substrate combination which is discussed in detail in the supporting information of chapter 

2.  
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9. THE SHORT-TIME APPROXIMATION: A CONVENIENT APPROACH IN ENZYME 

KINETICS  

In M-M enzyme kinetic short-time approximation is used. It is assumed that at the very 

beginning of the reaction the concentration of enzyme and substrate remain unchanged after a 

sufficiently short period of time. The slope of the short time kinetics is equal to V0 in the Michealis-

Menten scheme and by extension to combinations of rate constants in the peroxidase reaction 

scheme. Thatôs why the short-time of the reaction is taken into consideration to fit the M-M curve. 

This is the justification for the use of the short time approximation.  

 

10. X-RAY CRYSTALLOGRAPH IC STRUCTURAL STUDIES OF DHP 

One major hypothesis for the multifunctional activity of DHP is that substrate binding 

triggers a change in function. Substrate binds at the heme edge in horseradish peroxidase (HRP), 

which is called external binding.[62] However, there is extensive evidence of internal binding of 

TCP and DCP and no direct evidence of external substrate binding.[63],[64],[65]  Furthermore, the 

oxidative functions of DHP can occur with substrate bound internally. In some cases, this is 

mandatory. The peroxygenase function requires the substrate to bind inside the heme pocket in 

order to receive the O atom from the ferryl intermediate formed by hydrogen peroxide binding to 

heme.[5]  

DHP can bind substrates at several internal binding sites, which is unlike any other known 

globin or peroxidase.[16,59] Both substrate and inhibitor have internal binding sites as shown in 

Figure 1.11. Though they both bind internally their function is different. Tri-halogenated phenols 

can bind in the distal pocket but require high concentration and 5% methanol.[60] For preparation 

of X-ray crystals with substrate bound internally even higher percentages of non-aqueous solvents 

have been used. Dihalogenated phenols bind more tightly than any other type of substrate.[61,66] 

 

Although it is still unknown which specific determinants of substrate binding trigger 

changes in enzyme function, it is clear that substrate shape and reactive groups in the distal pocket 

are crucial for determining reactivity. These observations emphasize the importance of 

understanding how substrates regulate the functional switch in DHP by binding in different sites 

within the distal pocket.  
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Figure 1.11: Representation of different internal substrate binding sites in DHP. Tribromophenol 

(TBP) on left (PDB accession code: 4FH6)[60] and 4-bromophenol (4-BP) on right (PDB 

accession code: 3LB2).[45]  

 

11. BACKGROUND OF X -RAY CRYSTALLOGRAPHY  

 

Protein X-ray crystallography is a technique that determines the high resolution, three-

dimensional structure of any protein crystal by having its x-ray diffraction pattern. X-ray 

crystallography has three basic steps: making good crystal, getting electron density map by 

diffracting crystal and model building. A very brief description of the X-ray crystallography is 

provided in the scheme in Figure 1.12. 

 

 
Figure 1.12: Schematic workflow for solving molecular structure using X-Ray Crystallography. 
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The first and most difficult part of X-ray crystallography is growing a good quality crystal. 

The crystal must be highly pure. Even a small impurity concentration can ruin crystal growth. The 

crystal needs to be large enough in all dimensions and free of any internal imperfections such as 

cracks or twinning. Usually, the crystal dimension should be 0.1 mm or larger.[67] The crystal is 

placed in single wavelength, intense x-ray beam to obtain a diffraction pattern. The diffraction 

pattern is unique for each protein. The obtained diffraction pattern is processed computationally 

along with the corresponding chemical information to get the electron density map. The density 

map is then refined multiple times to get the atomic model of desired protein. The final refined 

model of atomic arrangement is called the crystal structure. 

 

The output of experimental observables are diffracted intensities which are labeled by the 

Miller indices h, k, and l. These define the crystal planes that satisfy the Bragg condition. Bragg 

condition shows a set of parallel planes with indices h,k,l and interplanar spacing, d that the 

condition is necessary to produce and calculate the diffraction intensities. The equation that 

satisfies the Bragg condition is, 

ʇ ςὨÓÉÎ— 

 Where, ʇ is the wavelength of X-ray and — is the scattering angle. The diffraction 

intensities are inversely proportional to the square of structural factor. Since The intensities are the 

product of the complex square of the structure factors the phase information is lost when intensities 

are measured. This leads to the well-known phase problem in crystallography. The process of 

solving a structure involves finding an initial set of phases that can be used to Fourier transform 

structure factors to obtain electron density. The Fourier transform of the Miller indices with 

appropriate phases provide the electron density.[67] The equation for structure factor is as follows: 

Ὂᴆ Ὢ Ὡ  

 

Where, Ὂᴆ  is the structure factor, Ὢ is the scattering factor of atom j, ὼȟώȟᾀ are the 

coordinates of atom j in the unit cell. The electron density, ɟ, can be calculated at any point (x,y,z) 

by constructing Fourier Transform of the structure factors, Ὂᴆ , obtained from the intensities. 

 

” ȟȟ

ρ

ὠ
Ὂᴆ  

ȟȟ

Ὡ  
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This expression implies that structure factor and electron density are mutually related by 

reciprocal Fourier Transforms.[79,80] 

The diffracted intensity is proportional to the square of the structure factor amplitude. 

During a diffraction experiment, the phase cannot be directly recorded. Thus, the phases must be 

determined by the use of a heavy atom or using mathematical approaches. Molecular replacement 

is one possible solution to the phase problem in X-ray crystallography.[68] Molecular replacement 

is basically a simple trial-and-error method for solving crystal structure using an available related 

model corresponding to the desired structure. It is a general method for rotating and translating a 

known molecular model in the unit cell to optimize the phases with the information available from 

the model and its position. [69] To solve DHP A crystal structures, the molecular model with PDB 

code 2QFK[20] is used which is the ferric form of DHP A. The crystal growth procedure and the 

data refinement process are described in the experimental section in Chapter 4. It is worth noting 

the structure contained 2-iodophenol in the distal pocket was attempted because researchers soaked 

the iodine-containing molecule into DHP crystals to introduce a heavy atom (PDB code 

1EWA).[16] We can surmise that the researchers did not expect the molecule to bind inside the 

protein. But it did. The unexpected result was the starting point of studies of internal molecule 

binding, both inhibitor and substrate. 

 

12. STRUCTURE-ACTIVITY RELATIONSHIP S IN DHP  

In DHP, the binding of any molecules inside the hydrophobic pocket is regulated by distal 

histidine. Binding of substrate pushes the internal H55 state to open conformation. The closed 

conformation of H55 is necessary for activation of H2O2 and for ligands stabilization in the 6th 

position of the heme.[5,20ï22,70] This flexibility of distal H55 is considered to mediate a 

functional switch between globin and peroxidase functions of DHP.[16,48,56] 

The binding of substrate also depends on the size, shape, and substituents of the substrate 

molecule. It is reported in previous studies that bulky atoms like Cl, Br can bind deep in the 

hydrophobic pocket of DHP.[36,71] This unexpected aspect of internal substrate binding was 

explained by the Xe crystal structure. Figure 1.13 shows the Xe1 hydrophobic binding pocket.[72] 

The Xe1 binding site, in the distal side of heme is surrounded by some of the amino acids as shown 

in Figure 1.13; F35, F21, F24, F60, V59, L100, located 4.8  above the heme Fe. There is another, 

much smaller, hydrophilic binding site called Xe2 hydrophobic binding pocket in the proximal 



   

19 

 

side of heme is surrounded by T82, L83 and D79.[72] Another study reported that change in the 

size of substituent subsequently changes the binding in DHP. Binding is significantly different for 

-methyl vs -methoxy group in the substrate.[36] The Xe binding crystal structure for SWMb shows 

a quite different disposition of Xe binding sites. In SWMb, the largest protein cavity (Xe1 binding 

site) is located below the heme. The pattern of Xe binding sites is indicative of functional 

differences between DHP and typical Mbs.[73],[19]  

 

 
Figure 1.13: Xe1 and Xe2 hydrophobic binding pockets inside DHP distal cavity (PDB code: 

3MOU).[72] 

  

13. SUMMARY  AND OUTLINE  

Many questions regarding the comparison of DHP A and DHP B are unresolved. It has 

been observed that there are many experiments that have been done on either DHP A or DHP B. 

But there are some key questions that have not been answered to understand structure-function 

relationship such as what the origin of their functional differences is. Despite their higher 

homology (96%) in amino acid sequence, DHP B has been reported to have 3-6 fold higher 

peroxidase activity than DHPA in the presence of different substrates and pH. Even more striking 

is the peroxygenase activity of DHP B that is almost absent in DHP A.[43,47] There is no 

explanation that why these two isoforms have different catalytic activity though they have almost 

identical sequence homology. 
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The extensive mutagenesis used to try to identify which amino acid causes DHP A to 

resemble DHP B and vice versa. Though their structural differences seem so small, is mysterious 

that the crucial amino acid change is I9L. This 9-position is far from the distal pocket which is 

thought of as the active site and is an important factor in modulating DHP catalytic activity in two 

isoenzymes.[70] The dynamics must be important, but that substrate binding differences could 

also be important. the most important difference in the distal pocket is near F35 since Y34 in DHP 

A is N34 in DHP B. This is also the region that shows the greatest difference in dynamics according 

to recent studies.[78]  

In this dissertation the effort has been placed to address this lack of evidence that compares 

both isoenzymes by kinetics, mechanistic and X-ray crystallographic studies in both DHP A and 

DHP B.  
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ABSTRACT 

 

The dehaloperoxidase-hemoglobin (DHP), first 

isolated from the coelom of a marine terebellid 

polychaete, Amphitrite ornata, is an example of 

a multi-functional heme enzyme. Long known 

for its reversible oxygen (O2) binding, further 

studies have established DHP activity as a 

peroxidase, oxidase, oxygenase, and 

peroxygenase. The specific reactivity depends 

on substrate binding at various internal and 

external binding sites. This study focuses on 

comparison of the binding and reactivity of the substrate 2,4-dichlorophenol (DCP) in the isoforms 

DHPA and B. There is strong interest in the degradation of DCP because of its wide use in the 

chemical industry, presence in waste streams, and particular reactivity to form dioxins, some of 

the most toxic compounds known. The catalytic efficiency is 3.5 times higher for DCP oxidation 

in DHPB than DHPA by a peroxidase mechanism. However, DHPA and B both show self-

inhibition even at modest concentrations of DCP. This phenomenon is analogous to the self-

inhibition of 2,4,6-trichlorophenol (TCP) at higher concentration. The activation energies of the 

electron transfer steps in DCP in DHPA and DHPB are 19.3±2.5 and 24.3±3.2 kJ/mol, 

respectively, compared to 37.2±6.5 kJ/mol in horseradish peroxidase (HRP), which may be a result 

of the more facile electron transfer of an internally bound substrate in DHPA. The x-ray crystal 

structure of DHPA bound with DCP determined at 1.48 Å resolution, shows tight substrate binding 

inside the heme pocket of DHPA (PDB 8EJN). This research contributes to the studies of DHP as 

a naturally occurring bioremediation enzyme capable of oxidizing a wide range of environmental 

pollutants.  

 

 

 

 

 

 

 

 



   

30 

 

 

Keywords: peroxidase, 2,4-dichlorophenol, electron transfer, activation energy, enzyme kinetics, 

solvent effect 

 

 

Highlights 

Determine dehaloperoxidase (DHP) activity toward 2,4-dichlorophenol (DCP) 

Use kinetic parameters to measure the electron transfer (ET) rate constant 

Use temperature-dependent kinetic data to measure the activation energy 

Use activation energy to determine the ET reorganization energy 

Compare activity and structure of DCP in two isoforms of DHP, DHPA and DHPB 

Compare reactivity in buffer solution and solutions containing 5% methanol 

Compare DHP activity toward DCP and ET parameters to horseradish peroxidase (HRP) 
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1.  INTRODUCTION  

Dichlorophenols have a wide range of applications as intermediates in the synthesis of pesticides 

and herbicides, but also are present in waste streams from the pulp and paper industry.[1] Some 

dichlorophenols are used as disinfectants and preservatives in personal care and cosmetic products. 

However, excessive exposure to dichlorophenols can lead to a number of health and environmental 

problems.[2] Moreover, dichlorophenol is considered as a pollutant by the Environmental 

Protection Agency (EPA) in the United States because it is produced during the chlorination of 

drinking water and is found in wood preservatives.[3] There are two main types of dichlorophenol: 

2,4-dichlorophenol (2,4-DCP) and 2,6-dichlorophenol (2,6-DCP) and both of them are classified 

as priority pollutants by the EPA and known to cause adverse health effects and are monitored in 

drinking water and other environmental samples.[4,5,6] We will focus on 2,4-DCP, which is called 

DCP in the remainder of the study. DCP is also a precursor to the formation of dioxins which are 

among the most toxic compounds known. In the marine environment polybrominated dibenzo-p-

dioxins (PBDDs) have been isolated from an aquatic sponge Ephydatia Fluviatilis.[7,8]  

 

Oxidative dehalogenation of trihalophenols into their corresponding dihaloquinones is a 

well-known reaction catalyzed by peroxidase enzymes.[9] In the peroxidase reaction cycle, 

following activation by hydrogen peroxide bound to a heme, two sequential electron transfers lead 

to formation of neutral phenoxy radicals. These radicals disproportionate to form one equivalent 

of substrate and one equivalent of a phenoxy cation, which reacts to form a quinone by 

incorporation of oxygen from a water molecule and loss of a hydrohalide. However, radicals can 

also initiate polymerization initiated by reaction of the phenolate radical with a C-H bond of a 

neutral phenol. The carbons in the ortho and para positions are most reactive. For a given substrate 

the polymer yield depends on whether the binding occurs externally as in HRP or internally as 

observed in DHP. We anticipate that the polymerization yield will be much greater for DCP than 

for TCP in HRP because of the chlorine atoms in both ortho positions of the latter. Previous studies 

have shown that DCP binds internally in the distal pocket of DHP which may reduce the 

polymerization yield.[10] This is one hypothesis to be tested by comparing the reactivity and 

structure of DCP binding in to the two different isoforms of DHP.  
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The name DHP refers to dehalogenation via a peroxidase mechanism. DHP is found in the 

coelom of a marine terebellid polychaete Amphitrite ornata. DHP functions as a monomeric 

hemoglobin for transporting oxygen.[11,12] It was first discovered as a hemoglobin in 1977[13] 

and later it is rediscovered as an enzyme with peroxidase function in 1996.[9] In the earliest 

quantitative study, the peroxidase activity of DHPA was measured in aqueous buffer at pH 7 and 

found to be 12 times higher than myoglobin and 13 times lower than HRP.[14] Subsequent studies 

have revealed a range of functions, including peroxygenase, oxygenase, and oxidase, each related 

to the specific structure of a class of substrates that bind in or on DHP.[15ï17] Different species 

of marine worms in the hemichordate family such as Saccoglossus kowalevskii and the polychaete 

family Notomastus lobastus co-habit benthic ecosystems with Amphitrite ornata. A benthic 

ecosystem refers to a shallow marine coastal area, typically with mud rather than sand bottom. 

Many worms, including the ones mentioned above, synthesize and sometimes secrete toxic 

halogenated metabolites such as bromophenols, bromoindoles, bromopyrroles as part of their 

defense against predators.[9] Amphitrite ornata is a tube worm and is therefore immobile. A. 

ornata is believed to survive in this toxic environment by using the enzyme DHP to oxidize and 

dehalogenate brominated aromatic compounds in the benthic ecosystem. The general 

dehalogenation mechanism of phenolic substrate involves proton-coupled electron transfer from 

the substrate to the enzyme, leading to a formation of an intermediate radical which undergoes 

disproportionation to form a haloquinone with loss of one halogen substituent from the ring. 

Substrates have various internal binding sites that depend on their structure. These have been 

classified by comparing crystal structures of bound substrates with the a-, b-, g-, and d-edges of 

the heme. The b-binding site is inhibitory, while that a- and g-binding sites promote peroxidase 

and peroxygenase function, respectively, with the possible occurence of self-inhibition at high 

substrate concentration.[18ï24]  The heme structure and definition of the edges relevant to these 

descriptions are shown in Figure S1 in the Supporting Information. 

 

1.1. Peroxidase Kinetic Theory: Substrate Oxidation via Heme Activation and Electron 

Transfer  

Figure 1 shows the reaction cycle. The distal histidine in DHP, H55, catalyzes the first step 

in the peroxidase mechanism of DHP which is the reduction of H2O2 to H2O by cleavage of the O-

O bond. This process converts ferric DHP to compound I, an oxo intermediate with a porphyrin ˊ-
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cation radical. This cation radical can be transferred to an adjacent amino acid (Y34 for DHPA 

and Y38 for DHPB)[25] through internal electron transfer and a new species, called compound 

ES, is formed. Compound ES can oxidize 2,4-dihalophenol into its phenoxy radical, forming 

compound II, an Fe oxo intermediate with a neutral heme. Compound II can oxidize a second 

substrate molecule, which returns DHP to its ferric resting state.  

 
Figure 1: Proposed peroxidase mechanism for DHP-catalyzed oxidation of dihalophenols. 

 

The rate constant for the activation step, k1, has been characterized by the Poulos-Kraut 

mechanism showing a rearrangement of Fe-O(H)OH to Fe-O-OH2 followed by rupture of the O-

O bond.  The role of the heme and protein is characterized by the push-pull mechanism, which 
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refers to strong ligation of the Fe to support high oxidation states of the ferryl intermediate and a 

role by distal amino acids to extracted (H) and replace it on the more distal O atom. The activation 

of H2O2 is not shown explicitly in Figure 1, which shows the two one-electron oxidation steps that 

complete the enzymatic cycle in the presence of H2O2.[26,27,9] The peroxidase mechanism has 

historically been observed as an external substrate binding followed by electron transfer.[28] 

However, substrates can bind in various locations near the g-edge of the heme.[71-73] DHP crystal 

structures have shown three internal substrate binding sites in the distal pocket of the globin. The 

a-site deep in the protein may facilitate two-step peroxidase chemistry in situ. The b-site is known 

as an inhibitor site and the g-sites in DHP may permit peroxygenase or peroxidase mechanisms. 

There are conformations that do not conform to any of these three main modes of binding.   

 

Figure 2 shows the oxidative dehalogenation of 2,4,6-trichlorophenol (TCP) to 2,6-

dichloro-1,4-benzoquinone (DCQ) and of 2,4-dichlorophenol (DCP) to 2-chloro-1,4-

benzoquinone (2-ClQ). The brominated analog, 2,4-dibromophenol is a naturally occurring 

xenobiotic that is significantly more prevalent in marine ecosystems than 2,4,6-tribromophenol 

(TBP). Despite its relatively low prevalence in the environment, TBP has been studied as substrate 

due to its high toxicity. 2,4,6-trichlorophenol (TCP) is a more soluble analog of TBP that has been 

widely studied as well. On the other hand, 2,4-dichlorophenol (DCP) has been studied relatively 

recently. The kinetic behaviors of these reactions are important examples of environmental 

detoxification in marine ecosystems.  

 

Figure 2: Peroxidase reactions of halophenols catalyzed by DHP. When X=H, the DCP oxidation 

yields 2-chloro-1,4-benzoquinone and when X=Cl, TCP oxidation affords 2,6-dichloro-1,4-

benzoquinone. 

 

Figure 2 also shows that the major product of hydrogen peroxide (H2O2)/DHP catalyzed 

oxidation reaction of 2,4-dichlorophenol (DCP) is 2-chloro-1,4-benzoquinone (2-ClQ). 

Malewschik and coworkers concluded that DHPB catalyzes oxidation of DCP by two different 
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mechanisms namely oxidation and oxidative dehalogenation.[10] Initial substrate oxidation 

follows peroxidase activity and the subsequent oxidation via hydroxylation by H2O2. In addition 

to this major pathway, Malewschik also reported direct oxidation of DCP to a catechol product, 

via a peroxygenase mechanism. The peroxygenase mechanism also involves formation of 

compound I followed by O-atom transfer to the substrate, usually to insert between a C-H bond. 

[17] The peroxygenase mechanism requires internal binding of the substrate to facilitate O-atom 

transfer.[17] 

 

HRP is also known to oxidize DCP and other dihalogenated phenols to form the quinones 

accompanied by significant polymerization.[29,6,30ï32] HRP binds substrates at an external site 

on the d-edge of the heme,[28]  while DHP binds DCP at a site inside the distal pocket of the 

globin. Internal binding of DCP reduces the extent of polymerization, which is important for 

biological function given that DHP is found in the coelom of A. ornata. DHP appears to facilitate 

peroxidase chemistry via two sequential electron transfers from substrates bound in the distal 

pocket, thus minimizing the polymerization side reaction. Polymerization of halogenated phenols 

is a principal goal of HRP studies for the purpose of remediation of polluted water.[33,34] Kinetics 

is less complex for TCP, which has a lower polymerization yield. TCP has used a model of 

peroxidase kinetics.  

A complete analysis of the rate scheme in Figure 1 is presented in the Supporting 

Information section S.2. The kinetic analysis permits measurement of the electron transfer rate 

constants, Ὧ and Ὧ, from substrate to heme iron in the ferryl heme radical (Cmpd I) and ferryl 

neutral heme (Cmpd II) forms. Electron transfer k3 is the rate limiting step in the peroxidase 

reaction cycle. Measurements show that k3 is between 10 and 20 times smaller than k2.[35] For 

sake of a consistent comparison, it is assumed here that k3 is 10 times slower than k2. The 

comparison of Michaelis-Menten and peroxidase rates schemes shows that k2 and k3 are related to 

Ὧ  / ὑ . Using the approximations given in the Supporting Information (Eqn. S15) we can obtain 

the value of k2. 

Ὧ  

ὑ

Ὧ

υȢυ
                                                                     ρ 

The linear portion of the Michaelis-Menten saturation plot, shown in Figure S2, which has 

a slope of Ὧ  / ὑ  at low substrate concentration, [S] << ὑ .  Eqn. 1 shows that even for limited 

substrate concentrations the linear region of the peroxidase saturation plot provides information 
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on the electron transfer rate constants from substrate to heme iron. The kinetic plots are nearly 

linear for HRP and ὑ  is large and the saturation region is not observed. Since DHPA and B have 

slower rates, the saturation region is observed and one can obtain separate estimates for Ὧ  and 

ὑ , permitting all three peroxidase rate constants to be obtained. However, the electron transfer 

rate constants, Ὧ and Ὧ, are of the greatest interest for comparison of substrate binding and 

reactivity.  

From an Arrhenius plot of the temperature dependence of Ὧ and Ὧ we measured the 

activation energy, which can be interpreted in terms of Marcus theory as described in the 

Supporting Information section S.3 and shown in Eqn. S18. While the reorganization energy 

cannot be directly measured, it can be obtained from the activation energy, measured from an 

Arrhenius plot, and the driving force, measured previously by electrochemistry and pulse 

radiolysis.[35ï39] The reorganization energy provides information relevant to the solvent 

environment of the substrate. Therefore, the experiments in this study address the issue of the role 

of internal binding of substrates in DHP compared to the known external binding in HRP. The 

high-binding-affinity internal mode of binding of DCP in both isoforms of DHP suggests that self-

inhibition is important. The role of a molecule as substrate or inhibitor depends on the mode of 

binding in the distal pocket. To address this issue, we have determined the x-ray crystal structures 

of bound substrate and compared DCP binding in the two isoforms of DHP. 

 

2. EXPERIMENTAL  

2.1. Materials and Methods 

All chemicals were purchased from Sigma-Aldrich, Acros, VWR or Fisher Scientific and 

used without further purification. Acetonitrile (ACN) and trifluoroacetic acid (TFA) were HPLC 

grade. Wild-Type (WT) Histidine-Tagged (His6X) DHPA and DHPB were expressed and purified 

following the previously described procedure.[19,20] The protein was oxidized, to obtain the ferric 

state, before each kinetics, HPLC or LC-MS experiment by adding an excess of potassium 

ferricyanide, K3[Fe(CN)6] and passing the solution through a PD-10/sephadex G-25 desalting 

column[21] to remove the excess K3[Fe(CN)6]. Horseradish peroxidase (HRP) (Ů403 = 102,000 M-

1cm-1)[24] was procured from MilliporeSigma and used as received. Stock solutions of the 

substrates: 2,4,6-trichlorophenol (TCP), 2,4-dichlorophenol (DCP), were prepared in 100% 

methanol (MeOH) stock solutions and stored in a -80°C freezer until needed. The percentage of 
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methanol in the final sample was 5% in all experiments where MeOH was a cosolvent. A stock 

solution of hydrogen peroxide (H2O2) (Ů240 = 43.6 M-1cm-1) was freshly prepared using 30% 

reagent grade hydrogen peroxide in 100 mM KPi buffer of corresponding pH (7 µL of H2O2 in 10 

ml of buffer) before each experiment and kept on ice before using. The concentration of DHP, 

HRP, H2O2 were determined spectrophotometrically using extinction coefficient Ů406 = 116,400 M-

1cm-1, Ů403 = 102,000 M-1cm-1 and Ů240 = 43.6 M-1cm-1 respectively.[20] Catalase (MP Biomedicals, 

LLC, Solon, OH) was used to quench the reaction mixer in HPLC experiments. Catalase was stored 

at 4°C until needed. Stock solutions of 3.5M ammonium sulfate, sodium cacodylate (pH 6.5) and 

different grades of PEG (2000, 4000, 5000 and 8000), crystal setting well plates, cryoloops, crystal 

caps, cover slips and all the solutions used for crystallization experiments were purchased from 

Hampton Research, California. 

 

2.2. Temperature Dependent UV-Visible Kinetic Assay with DCP and TCP 

The temperature-controlled kinetic reactions were performed in triplicate for DHPA, 

DHPB and HRP with both substrates (DCP and TCP), using the kinetic mode in a UV-Visible 

spectrophotometer; Agilent Cary 3500 UV-Vis Compact Peltier spectrophotometer (Mulgrave, 

Australia). The analysis was performed using Cary UV Workstation software. The reactions were 

carried out at four different temperatures: 10°C, 15°C, 20°C, and 25°C. Experiments were also 

attempted at 30°C but had low yields and a significant decrease in rate, which we attributed to 

denaturation of the protein due to the combination of temperature and the use of 5% methanol in 

the solution and were not further pursued. The instrument was set to the target temperature and 

each sample was allowed to equilibrate for 3 minutes prior to each experiment. All the kinetic 

reactions were carried out in a quartz cuvette of 0.4 cm pathlength from Starna Cells (Atascadero, 

California), keeping the total sample volume 1 mL in 5% MeOH solution. The final concentration 

of the enzymes was kept constant, 2.4 ‘M for both DHPA and DHPB and 60 nM for HRP. The 

substrate concentration for DCP varied between 0.03 and 1.5 mM and for TCP 0.05-1.5 mM. 

Initially enzyme and substrate were mixed together and subsequently, the reaction was initiated by 

adding freshly prepared H2O2 at a constant concentration of 1200 ‘M. The product formation, 2-

ClQ for the DCP reaction and 2,6-DCQ for the TCP reaction were monitored at 255nm (Ů255 

=16,900 M-1cm-1)[22] and 273nm (Ů273 =13,200 M-1cm-1),[23] respectively. Kinetic experiments 

were monitored for 90 seconds with spectral measurements over a range from 220 to 320 nm taken 
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every ╔ 2.5 seconds at pH 7. The wavelength range was selected to permit the observation of both 

the formation of quinone products, including hydroxylated quinones and consumption of 

substrates DCP and TCP.  

2.3. HPLC Reactivity Studies  

Reversed-Phase HPLC was used to identify the reactivity, percent conversion of substrate 

into products, identification of product/products from the oxidation of DCP and/or TCP catalyzed 

by DHPs and HRP reactions at different pHs (pH 5,6,7 and 8). The instrument was comprised of 

a Waters e2695 bioseparations module with a Waters 2998 photodiode array detector provided 

with a Thermo-Scientific ODS Hyeprsil, particle size 5um (150x4.6 mm) C-18 column. A binary 

[Aqueous (A) and Organic (B)] solvent system was used to perform the separation of analytes 

(solvent A: water+ 0.1% TFA and solvent B: ACN+ 0.1% TFA) as mobile phase. Separation was 

carried out by a linear gradient of solvent A and B at a flow rate of 1.5 ml/min and the elution 

condition was as follows: 95:5 (A:B) to 5:95 linearly for 12 min; 5:95 isocratic for 2 min; 5:95 to 

95:5 isocratic over 1 min and then isocratic for 3 min. The Empower 3 software package (Waters 

Corp., Massachusetts) was used to analyze the data. Enzyme assay reactions were performed in 

triplicate in 100 mM KPi buffer (pH 7 unless otherwise mentioned) at 25°C with the final sample 

volume of 250 ‘L containing 5% MeOH. Substrate stock solutions of 10 mM were prepared in 

MeOH. Initially DHP (10 ‘M) and substrate (500 ‘M) were mixed, and reaction was started by 

adding H2O2 (500 ‘M). The reaction was quenched after 5 mins (unless stated otherwise) with 5 

‘L of catalase. Subsequently, the reaction mixture was diluted 4-fold with 100 mM KPi at the 

corresponding pH in order to determine the extent of substrate conversion. Control experiments 

were performed in absence of either H2O2 (non-oxidant control) or enzyme (non-enzymatic 

control) 

2.4. Product Identification by Liquid Chromatography -Mass Spectrometry (LC-MS)  

Analysis of undiluted samples (2 µL injection volume) was carried out on a high-resolution 

mass spectrometer ï the Thermo Fisher Scientific Exactive Plus MS, a benchtop full-scan Orbitrap 

mass spectrometer using Heated Electrospray Ionization (HESI). Samples were analyzed via LC 

injection into the mass spectrometer at a flow rate of 500 µL/min (mobile phase A, H2O with 0.1% 

formic acid and mobile phase B, acetonitrile with 0.1% formic acid with a starting gradient at 95% 

A, 5% B). The mass spectrometer was operated in positive and negative ion mode. The LC column 

was a Thermo Hypersil Gold (50 mm x 2.1 mm, 1.9 um particle size) C4 column. The spectra were 
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collected using the scanning range (100-1000) m/z. The assay included 10 µM DHP, 500 µM 

substrate, and 500 µM H2O2 in 5 mM KPi buffer pH 7 with a final volume of 250 µL of reaction 

sample. The reaction was allowed to react for 15 min and quenched with catalase to stop the 

product formation. Data analysis was performed using Thermo Xcalibur software. 

 

2.5. Protein Crystallization and X-ray Diffraction Studies 

Non-His tagged DHPA was overexpressed in RosettaTM(DE3) pLysS competent cells 

(NOVAGEN) purchased from EMD Millipore Corporation (California, USA) and purified 

following established protocols[19,40ï42] with some minor modifications. The protein was 

oxidized to the ferric state, before each experiment by adding excess amount of potassium 

ferricyanide and passing through the PD-10 (sephadex G-25) desalting column, to remove excess 

oxidizing agent. Crystals were grown using the hanging-drop vapor diffusion method with 

crystallization solutions at ratios of 1:1 and 2:1 of protein: reservoir solution in a volume of 5 mL. 

Crystals were formed in (30-32) % PEG 4000, 0.2 M ammonium sulfate, 0.02 M sodium 

cacodylate (pH 6.5) by mixing with 6 mg/mL protein dissolved in 20 mM sodium cacodylate (pH 

6.5). Crystals grew after 3 days and were subsequently soaked overnight at 4°C in precipitant 

solution supplemented with substrate at 40 mM and 80 mM of concentration containing 5% 

DMSO. After soaking, the crystals were cryoprotected with 25% glycerol added to the soaking 

solution and flash cooled and stored in liquid nitrogen until data collection. The X-ray diffraction 

data were collected remotely at 100K on the SER-CAT BM22 beamline using wavelength of 1.00 

A° and a shutterless Rayonix MX300HS detector at Advanced Photon Source, Argone National 

Laboratories. The collected data were indexed, scaled, and integrated using the HKL2000 program 

suite.[43] The new crystals had the same space group (P212121) as the ferric metaquo structure 

form (PDB accession code: 2QFK).[44] The structures were solved by molecular replacement 

using 2QFK coordinates as a starting model with the Phaser molecular replacement program[45] 

and refinement is performed using REFMAC5[46] in the CCP4 suite[47] and manual model 

building, and visualization is performed in COOT model building software.[48] Water molecules 

were placed into the refined structure in COOT molecular graphics software. The final models 

were validated using validation module in COOT and by using Molprobity[49] software. Data 

collection, processing and refinement statistics are summarized in Table S4, and structural figures 

are prepared with PyMol Molecular Graphics System, (version 1.2r3pre, Schrodinger, LLC). 
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3. RESULTS 

3.1. Kinetic measurements of saturation curves based on the short time approximation 

UV-visible spectrophotometric kinetic data were obtained for both substrates DCP and 

TCP in DHPA, DHPB, and HRP. The solvents used were aqueous phosphate buffer (referred as 

ñin pH 7ò in Figure 3) or the same buffer containing 5% MeOH (referred as ñin MeOHò in Figure 

3) to improve substrate solubility, since TCP and DCP are both sparingly soluble in water. The 

initial reaction rates, V0 were obtained by linear regression of the initial 13 seconds of the kinetic 

measurement. Time-dependent single-wavelength kinetic data were obtained at 255 nm and 273 

nm for products 2-ClQ and 2,6-DCQ of reactions with DCP and TCP, respectively. These rates 

were then plotted against substrate concentration in Figure 3. Using these rates, the kcat/Km for 

each species (DCP, TCP and enzyme DHPA, DHPB, HRP) were evaluated and compared in Table 

1. 

DCP oxidation was compared to TCP oxidation at pH 7 to facilitate comparison with a 

large body of prior research.[23,50,51,52,53,25] The substrate pKa values of 6.1 and 7.9 are also 

factors that may affect the relative solubility of TCP and DCP, respectively.[54,55] Substrates like 

TCP bind near the d-edge of the heme in our reference enzyme, HRP.[28] However, both DCP 

and TCP bind in the distal pocket of DHPA and B to an extent depending on the dissociation 

constant, Kd. Significant self-inhibition of peroxidase activity is observed for TCP in DHPA above 

1.4 mM.[53] Self-inhibition is even more important in DHPB consistent with its lower Kd value 

of 210 ‘M.[10,56] We can surmise that self-inhibition should be even more important for DCP, 

which has a very low Kd value of 29 ‘M in DHPB.[10]  The relative Kd has been measured using 

a competitive binding assay for fluoride in DHPA, providing a relative Kd 5 times greater for  TCP 

than DCP in DHPA.[57] The above values for DHPB give a ratio TCP:DCP of 7 for 

comparison.[10,56] Using Kd data for the mono-halophenols in DHPA[53] we estimate that Kd ~ 

750 ‘M for TCP and therefore Kd ~ 150 ‘M for DCP in DHPA. The 4-5 times higher binding 

affinity of substrates for DHPB relative to DHPA may be associated with the greater rates of 

reaction since substrate must be present when H2O2 binds to initiate the reaction cycle. However, 

the concentration range of activity may be limited by self-inhibition by the substrates. While most 

previous assays of TCP have been conducting in the substrate concentration range from 100 to 

1500 ‘M, because of the relatively low Kd found for DCP the range in this study was from 30 ‘M 

to 500 ‘M.  
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Figure 3: Kinetic data for time-dependent UV-visible spectroscopic experiments for DHPA, 

DHPB and HRP with both substrates, TCP and DCP at 100 mM KPi pH 7 with and without 5% 

methanol and different temperatures (10°C, 15°C, 20°C, 25°C). Reaction condition: [DHPA] & 

[DHPB]= 2.4 ʈM, [HRP]= 60 nM, [DCP]= (50-500) ʈM, [TCP]= (100-500) ʈM, [H2O2]= 1200 

ʈM. 

 

The saturation curves and linear dependence of HRP shown in Figure 3 provide a common 

basis for measurement of the rate constants k1, k2 and k3 for the two isoforms of DHP as explained 

in Eqns. S1-S15 of the Supporting Information. The values of kcat and Km were not uniquely 

determined for HRP because all data are in the linear range well below saturation, but the ratio 

kcat/Km is still defined. 
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3.2. Temperature Dependent UV-Visible Studies of DCP and TCP Oxidation 

We can see in the kinetic data in Figure 3 that there is temperature dependence for the 

initial rate of the DCP oxidation reaction. All three enzymes show an increasing trend in rate from 

10oC to 20°C. The maximum rate for all species is observed at 25°C but is significantly reduced 

at 30oC with HRP showing the greatest rate decrease. One likely explanation is that the enzymes 

may partially denature in 5% MeOH at 30°C and accordingly, the data at 30°C were not included 

in this analysis. The sensitivity of HRP to denaturation may be heightened in solutions of TCP. 

 

 

Table 1: Michaelis-Menten parameters for bench top mixing kinetic assay of DCP and TCP. 

Temperature 

(0C) 

kcat (s-1) 

 

Km (ɛM) 
 

kcat/Km 

(mM-1s-1) 

k1 (mM-1s-

1) 

 

k2 (mM-1s-

1) 

 

DHPA+DCP in 5% MeOH 

10 0.545Ñ0.0 108Ñ12.3 5.04Ñ0.6 0.227Ñ0.0 27.7Ñ3.4 

15 0.682Ñ0.1 127Ñ21.1 5.39Ñ1.0 0.284Ñ0.0 29.7Ñ5.4 

20 0.660Ñ0.1 108Ñ18.4 6.14Ñ1.1 0.275Ñ0.0 33.8Ñ6.2 

25 0.733Ñ0.0 95.8Ñ13.9 7.65Ñ1.2 0.305Ñ0.0 42.1Ñ6.6 

DHPB+DCP in 5% MeOH 

10 0.319Ñ0.0 11.6Ñ3.0 27.4Ñ7.1 0.133Ñ0.0 151Ñ18.3 

15 0.429Ñ0.0 24.1Ñ1.9 17.8Ñ1.4 0.179Ñ0.0 98.0Ñ7.9 

20 0.427Ñ0.0 19.6Ñ2.7 21.8Ñ3.1 0.178Ñ0.0 120Ñ16.8 

25 0.524Ñ0.0 13.5Ñ1.1 38.9Ñ3.2 0.218Ñ0.0 214Ñ17.6 

HRP+DCP in 5% MeOH 

10 NA NA 121Ñ4.1 NA 669Ñ9.8 

15 NA NA 133Ñ9.3 NA 730Ñ12.7 

20 NA NA 229Ñ7.9 NA 1260Ñ10.2 

25 NA NA 145Ñ9.9 NA 1340Ñ21.7 
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Table 1 (continued). 

Temperature 

(0C) 

kcat (s-1) 

 

Km (ɛM) 
 

kcat/Km 

(mM-1s-1) 

k1 (mM-1s-

1) 

 

k2 (mM-1s-

1) 

 

DHPA+TCP in 5% MeOH 

10 5.94Ñ1.1 1530Ñ321 3.89Ñ1.0 2.47Ñ0.4 21.4Ñ5.7 

15 20.2Ñ3.0 4780Ñ336 4.23Ñ3.0 8.41Ñ1.2 23.3Ñ16.7 

20 9.21Ñ1.5 1260Ñ235 7.32Ñ1.8 3.84Ñ0.6 40.2Ñ10.0 

25 11.2Ñ3.5 1420Ñ565 7.85Ñ3.9 4.65Ñ1.5 43.2Ñ21.8 

DHPB+TCP in 5% MeOH 

10 4.48Ñ0.2 197Ñ21.4 22.8Ñ2.7 1.87Ñ0.1 125Ñ14.9 

15 4.32Ñ0.4 157Ñ24.4 27.5Ñ4.8 1.80Ñ0.1 151Ñ26.4 

20 5.07Ñ0.4 113Ñ25.0 44.8Ñ10.5 2.11Ñ0.2 246Ñ58.0 

25 5.67Ñ0.3 110Ñ12.6 51.8Ñ6.5 2.36Ñ0.2 285Ñ36.0 

HRP+TCP in 5% MeOH 

10 NA NA 120Ñ4.1 NA 658Ñ6.0 

15 NA NA 104Ñ4.2 NA 573Ñ6.3 

20 NA NA 125Ñ5.8 NA 689Ñ9.7 

25 NA NA 134Ñ7.1 NA 732Ñ11.6 

 

Temperature 

(0C) 

kcat (s-1) 

 

Km (ɛM) 
 

kcat/Km 

(mM-1s-1) 

k1 (mM-1s-

1) 

 

k2 (mM-1s-

1) 

 

DHPA+TCP in pH 7 

10 0.858Ñ0.1 372Ñ39.2 2.31Ñ0.3 0.358Ñ0.0 12.7Ñ1.6 

15 0.742Ñ0.1 269Ñ45.2 2.76Ñ0.5 0.309Ñ0.0 15.2Ñ2.9 

20 0.891Ñ0.1 316Ñ45.2 2.82Ñ0.5 0.371Ñ0.0 15.5Ñ2.7 

25 0.774Ñ0.1 162Ñ94.5 4.77Ñ3.0 0.323Ñ0.1 26.2Ñ16.4 

DHPB+TCP in pH 7 

10 2.77Ñ0.2 220Ñ36.4 12.6Ñ2.3 1.15Ñ0.1 69.3Ñ12.4 

15 2.44Ñ0.1 81.7Ñ3.9 29.9Ñ1.6 1.02Ñ0.1 164Ñ8.5 

20 2.83Ñ0.1 105Ñ17.2 27.0Ñ4.5 1.18Ñ0.1 148Ñ24.9 

25 3.03Ñ0.2 115Ñ29.3 26.3Ñ7.0 1.26Ñ0.1 144Ñ38.2 

HRP+TCP in pH 7 

10 NA NA 34.5Ñ0.0 NA 189Ñ0.3 

15 NA NA 57.3Ñ5.4 NA 315Ñ2.1 

20 NA NA 48.5Ñ2.2 NA 267Ñ1.4 

25 NA NA 97.9Ñ2.1 NA 538Ñ6.4 

 

Table 2 shows the results that have been obtained from the Arrhenius plot for each of the 

temperature-dependent data sets. For the TCP oxidation reaction, DHPA and DHPB have similar 

activation energies, Ea in aqueous buffer and higher Ea in 5% MeOH. We have no current 

hypothesis for why HRP has a significantly smaller activation energy in 5% MeOH than in aqueous 
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buffer. The activation energy of TCP oxidation in HRP is 6 times lower in 5% MeOH buffer 

solution than in buffer solution only. We do not have an explanation for this anomaly at this time. 

The activation energies for DCP oxidation by DHPA and DHPB are 19.3±2.5 and 24.3±3.2 kJ/mol, 

respectively. The corresponding activation energies for TCP in 5% MeOH/buffer are 37.2±6.5 and 

41.4±4.5 kJ/mol, which may be higher due to the greater solvent exposure of the TCP, which binds 

externally under these conditions. The activation energy of TCP oxidation by DHPA is 30.7±7.2 

kJ/mol, which is smaller than the value of 44 kJ/mol measured previously.[18] However, the 95% 

confidence limits are much larger in aqueous buffer, probably because of the difficulty of 

dissolving TCP in a consistent manner due to its poor solubility. Nonetheless, the activation energy 

for oxidation of TCP and DCP is larger for HRP than DHPA or B except the TCP substrate in 

5%MeOH/buffer. According to the hypothesis the larger values are consistent with external 

binding in HRP. The exception is 5%MeOH/buffer and TCP substrate, which may possibly be a 

result of lack of stability of HRP even in 5% methanol.  

 

       Table 2: Activation energy for DHP catalyzed oxidation of DCP and TCP. 

Activation Energy Ea, (kJ/mol) 

  TCP Oxidation DCP Oxidation 

Enzymes 5% MeOH pH 7 5% MeOH 

DHPA 37.2Ñ6.5 30.7Ñ7.2 19.3Ñ2.5 

DHPB 41.4Ñ4.5 29.9Ñ15.3 24.3Ñ3.2 

HRP 7.0Ñ4.4 41.5Ñ11.2 37.2Ñ6.5 

 

Note: The error estimation represents the ±95% confidence interval.  

 

The reorganization energies, ɚ, in Table 3, were calculated based on the measured 

activation energies, Ea in Table 2 and driving forces, Ů, in Eqn. S18. In terms of the oxidation 

reaction of DHP and DCP, the thermodynamic driving force for the reaction of compound I with 

reducing substrate is the difference between the mid-point potentials of compound I/compound II 

and DCP radical/DCP couples. Two different experimental approaches provide Ů, 1.) calomel 

electrode electrochemistry and 2.) pulse radiolysis relative to the standard hydrogen electrode. 

The measured mid-point potential for compound I/compound II was 0.879 V at pH 7 in 

standard hydrogen electrode in pulse radiolysis in HRP[35] and oxidation potential for DCP and 

TCP is 0.55 V and 0.76 V respectively using the standard calomel electrode.[38] In the first 
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approach, the data obtained from the calomel electrode for chlorophenols were converted into the 

standard hydrogen electrode by the addition of 0.241 V to the calomel electrode potential of 

respective chlorophenol and used to calculate the driving force. In the second approach, the mid-

point potentials of compound I/compound II and chlorophenol were taken into account from pulse 

radiolysis. Pulse radiolysis data were available only for p-Cl phenol. The reduction potential was 

0.94 V using pulse radiolysis. Hence the value for p-Cl phenol is used for both substrates, which 

is clearly only an estimate.  

 

Table 3: Reorganization energies for DHP and HRP. 

Reaction Condition Reorganization Energy, ɚ 

(eV) 

Corrected 

Calomel 

Electrode  

Pulse 

radiolysis 

DHPA+DCP (5% MeOH) 0.97 0.92 

DHPB+DCP (5% MeOH) 1.18 1.13 

HRP+DCP (5% MeOH) 1.72 1.67 

DHPA+TCP (5% MeOH) 1.78 1.67 

DHPB+TCP (5% MeOH) 1.96 1.84 

HRP+TCP (5% MeOH) 0.51 0.40 

DHPA+TCP (pH 7) 1.51 1.40 

DHPB+TCP (pH 7) 1.48 1.38 

HRP+TCP (pH 7) 1.96 1.85 

 

3.3. Effects of Polymerization on Kinetic Observations 

DCP oxidation by HRP results in significant polymerization, which complicates the 

comparison. Indeed, there is a small yield of multimers and polymers under all conditions, but this 

is not large for DHPA and B because the substrate binds internally, which is the case for DCP and 

even TCP at high substrate concentration. We investigated the polymerization yield by applying 

singular value decomposition (SVD) to the spectrophotometric time-resolved data. Figures S4-S9 

in the Supporting Information show the spectral and time components of the two important SVD 

basis spectra. Table S1 provides the single exponential fits to the components. This is consistent 

with parallel process that we have interpreted as an increase in background absorbance due to 

scattering for the first component and the product-reactant difference spectrum for second 
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component. The scattering background in first component is thought to arise from polymerization. 

The second component arises from the enzymatic conversion of phenol to quinone. There is a 

substantial difference between DHP and HRP that is evident in the SVD study. Table S2 shows 

weighted amplitudes for each SVD component compared for three enzymes. HRP has a 

significantly more rapid and significant first component when DCP is the substrate associated with 

significant polymerization. DHPA and B time-resolved spectra for DCP oxidation have two 

components with time courses that are nearly identical. This result suggests a single process 

dominated by oxidation of the phenol to a quinone. The amplitude of the first component is 

significantly smaller when TCP is the substrate. The yields of polymerization of DCP and TCP are 

approximately 60% and 17%, respectively, in HRP by this analysis. We conclude that use of the 

short-time approximation is valid for both isoforms of DHP. However, the HRP data for DCP 

oxidation have significant polymerization. These data are also the most problematic for the 

Arrhenius analysis because the protein appears to denature in 5% MeOH/buffer solutions. The 

binding and reactivity of TCP in DHPA has been studied previously by these methods and the data 

are consistent with binding of TCP in the phenolate form, precisely as observed in HRP. The 

spectra of the phenolate forms with absorption bands at 314 nm and 249 nm can be seen in HRP 

and DHPA in Figures S7 and S8. It is known that TCP binds internally in the distal pocket of 

DHPA at higher concentration, but at 500 mM it is expected to be in the phenolate form as observed 

in Figure S8. The surprising finding in the SVD analysis is that the initial spectrum of substrate 

TCP appears to be primarily in the phenol form in the DHPB spectrum in Figure S9. It is not 

possible to prove that the phenolate form binds externally, but it seems unlikely that a charged 

molecule would bind in the hydrophobic distal pocket. On the other hand, the phenol form would 

be expected for internal binding. This suggests that the mode of binding of TCP substrate could be 

quite different in DHPA and DHPB. 

   

 3.4. HPLC Reactivity Studies of Effects of Secondary Oxidation on Kinetic Observations 

It has been reported previously that 2,6-DCQ, the oxidation product of TCP, remains stable 

below 10°C and a secondary hydroxylation reaction takes place above this temperature.[18] The 

secondary oxidation process is not enzymatic and occurs in control experiments with 2,6-DCQ as 

a substrate in the presence of H2O2. The H2O2 dependent reactions of ferric DHPA and 2,4-DCP 

and 2,6-DCP were monitored by HPLC at pH 5, 6, 7 and 8 and the percentage of corresponding 
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substrate conversion (i.e., substrate loss) is reported in Table 4. The reaction was started with 

addition of 500 µM H2O2 to a 5% MeOH solution of 10 µM DHPA, 500 µM DCP mixer in 4 

different pHs and quenched with catalase after 5 min. Non-enzymatic (no DHP) and non-oxidative 

(no H2O2) control reactions were also run. The chromatograms were observed at 255 nm.  

 

Table 4: DHP catalyzed studies for oxidation of substrate. The reaction was initiated by the 

addition of 500 ʈM of H2O2 to a solution of 10 ʈM ferric DHPA, 500 ʈM subsrate in 5% 

MeOH/100 mM KPi buffer pH 7. The reaction was quenched with catalase after 5 minutes. 

Substrate Conversion (%) 

DHPA WT Ferric 

+ 

pH 5 pH 6 pH 7 pH 8 

2,4-DCP 14.8 26.5 53.0 29.6 

2,6-DCP 14.3 31.4 41.3 26.5 

 

The data in Table 4 reveal that the percent conversion is higher at pH 7 than pH 5 for both 

substrates. Because 2,4-DCP had the highest conversion rate at pH 7, this substrate and pH were 

selected for studies of the secondary oxidation reaction by HPLC using 255 nm as the detection 

wavelength.[58] Since this is the only experiment in which 2,6-DCP was studied we refer to DCP 

as the acronym for 2,4-DCP elsewhere in this manuscript. The chromatogram for the DHPA 

catalyzed reaction of DCP in the presence of H2O2 is shown in Figure 4. The chromatogram also 

shows the formation of 2-ClQ as a product which elutes with 5.8 min retention time confirmed by 

the retention time of a 2-ClQ standard under the same experimental conditions (data not shown). 

The substrate peak is observed at 8.5 min retention time. As observed in previous studies, neither 

substrate turnover nor product formation were observed in control experiments that lacked either 

H2O2 or DHP enzyme.  
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Figure 4: HPLC chromatograms for reaction of DHPA with DCP in the presence of H2O2. Reaction 

condition: [ferric DHPA] = 10 ɛM, [2,4-DCP] = 500 ɛM and [H2O2] = 500 ɛM at 100 mM KPi 

buffer pH 7 with 5% MeOH quenched with catalase after 5 min. Asterisk indicates 2,4-DCP peak. 

Percent conversion ╔ 53% 

 

3.5. Product Identification By LC -MS 

The 2-ClQ and secondary product were further analyzed by LC-MS. Relevant peaks were 

detected by negative ion mode for both enzymes; DHPA and DHPB and three main peaks were 

observed in different reaction samples. The species, in order of retention time, were DCP, 2-ClQ 

and hydroxylated quinone, 2-ClQOH. 2-ClQOH is the product of a secondary hydroxylation 

reaction that takes place after the oxidation reaction of DCP and the evidence and data for this 

reaction will be presented in a separate manuscript. The retention times in HPLC and LC-MS 

depend on different column composition (C18 for HPLC and C4 for LC-MS), but the order of the 

retention time of the species is the same. The peaks with retention times of 1.8 min for 2-ClQOH, 

5.8 min for 2-ClQ and 8.5 min for 2,4-DCP in HPLC correspond to 0.5 min, 1.6 min, and 2.3 min 

in LC-MS, respectively. The data in last two rows of Table S3 confirms that 2,4-DCP in the control 

with H2O2 in absence of the enzyme does not form 2-ClQ or 2-ClQOH. This result compliments 

the HPLC data obtained previously. The evidence for the secondary hydroxylation reaction will 

be presented in a future manuscript.  
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Figure 5: Chemical structure of the major peaks in negative ion mode LC-MS. 

 

3.6. X-ray Crystal structure of bound DCP in DHPA 

The crystal structure for non-His tagged WT DHPA in a complex with substrate 2,4-

dichlorophenol (DCP) was determined at a resolution of 1.48 ᴠ. DHPA. Two protomers in the unit 

cell were observed per asymmetric unit as in every prior DHP crystal structure. The protomers are 

labeled A and B by convention. This presents the potential for ambiguity since both DHPA and 

DHPB possess these two protomers. The unit cell was P212121 as observed previously.[59] The 

structure was deposited to the RSCB protein database with the PDB accession number of 

8EJN.The X-ray data collection and refinement statistics are listed in Table S4 and selected 

distances are listed in Table 5.  

The substrate 2,4-DCP was found to bind internally in chain A of the asymmetric subunit 

shown in Figure 6. It was found to bind in two conformers with equal partial occupancy of 30%. 

In a third conformer that lacks 2,4-DCP there is a water molecule bound to the heme molecule 

with the same partial occupancy of 30%. When the DCP is bound in the distal pocket, H55 is in 

the open conformation, but when H2O is bound to Fe H55, it is observed in the closed (internal) 

conformation. 

Table 5: Selected distances (ᴠngströms) for DHPA-DCP complexes (protomer A) 

 

PDB entry 8EJN 

Substrate occupancy A, 30% / B, 30% 

Distal H2O occupancy 40% 

Feéédistal H2O 2.28 

F21 CŮééC3 (DCP)* 3.06B/C5-2.98B 

F21 CɕééC2 (DCP)* 4.01B/C6-3.75B 

Distal H2OééH55 NŮ 3.68 

FeééH89 NŮ 2.10 

  

*The 2,4-DCP conformations are denoted with subscript DCPA and DCPB as in Figure 6.  
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The Fo-Fc map shows where the experimentally observed density disagrees with the atomic 

model. Negative density is shown in red (atoms in the model that lack electron density) and 

positive density in green (excess electron density lacking an atomic model). The electron density 

map in the blue color in Figure 6 is the 2Fo-Fc map contoured at 1ů level that shows how well the 

electron density fits the atomic model and green color density indicates Fo-Fc map contoured at 3ů 

level.  

Figure 6: Two different conformations of DCP binding (DCPA and DCPB) with DHPA (PDB ID 

8EJN). Each panel shows 2 conformations. The internal or closed conformation of H55 has an 

occupancy of 0.3. The occupancies of the DHPA and DCPB are both ~0.3. 

 

Based on the electron density, two distinct conformations of DCP binding shown in Figure 

6 were observed with ~0.3 occupancy each. When substrate fitting was performed in the DCPA 

conformation, with a partial occupancy of 30%, there was excess density that appeared to 

correspond to a second conformation, which also fits in the density with a partial occupancy of 

30%. Hence, another binding conformation as DCPB was proposed. So, in total 3 conformations 

of nearly equal occupancy were observed; (1) Closed conformation of H55 H-bonded to water, (2) 

DCPA and open conformation of H55 and (3) DCPB and open conformation of H55. In Figure 6, 

each panel shows 2 conformations of the substrate separately. 
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Figure 7: Crystal structure of DHPA and DCP with all possible binding conformations (PDB ID 

8EJN). 

Figure 7 shows the crystal structure for DHPA with the two conformations of 2,4-DCP 

binding internally with the binding site being located above the heme plane toward the beta edge 

of the heme pocket.  

 

Figure 8: Crystal structure of DHPA and DCP showing the two binding conformations of the 

substrate as well as the neighboring amino acids (PDB ID 8EJN). 



   

52 

 

Figure 8 shows DCP along with neighboring amino acids. DCP is oriented to have 

favorable interaction by ˊ-stacking with F21. The Cl atoms are positioned internally while the OH 

groups are directed towards heme edge, at a hydrogen bonding distance from propionate group D. 

When DCP is bound inside, H55 is in open conformation and Fe-ligated water molecule is not 

present. The p-Cl atom in both conformations of DCP substrate orients to occupy the Xe1 binding 

site.[60]  

 

4. DISCUSSION 

We have used the standard enzyme kinetic saturation model, known as the Michaelis-

Menten model in Reaction Scheme 1 in supportive information, to obtain parameters kcat and Km 

shown in Figure S2. This model is useful because it is mathematically related to the peroxidase 

reaction scheme, yet the analysis permits us to obtain quantitative values for k1, k2, and k3 rate 

constants of the peroxidase reaction scheme as shown in both Figure 1 and Reaction Scheme 2. 

The comparison of two distinct substrates and different peroxidases permits one to dissect the 

significance of the rate constants in the peroxidase reaction scheme. The peroxidase scheme has 

three steps, 1.) activation by co-substrate H2O2 binding to Fe, with rate constant k1, 2.) a first 

electron transfer from substrate to the heme oxo-radical-cation, with rate constant k2, and 3.) a 

second electron transfer from substrate to the heme-oxo intermediate to return to the resting state, 

with rate constant k3, also shown in Figure 1. There have been relatively few studies of the electron 

transfer rate constants in peroxidase enzymes in terms of Marcus theory.[36] Perhaps, this is 

because the structural evidence has placed substrates near the heme edge, but without a clearly 

identified geometry. The situation changes for DHPA and DHPB where there is strong evidence 

that certain substrates bind internally in the distal pocket. 

The activation step involving binding of H2O2 and rearrangement to form a heme-oxo 

intermediate is similar in all peroxidases, although the magnitude of the rate constant k1 varies 

considerably. The initially formed intermediate, Cmpd I, is an iron-oxo heme radical cation. Some 

peroxidases undergo a rapid electron transfer between an amino acid in the protein and the heme 

radical cation to form an amino acid radical cation, usually to form tryptophanyl or tyrosyl radical. 

DHPA and B are both examples of this type of behavior. There is evidence for several tyrosyl 

radicals in a species that is analogous to compound ES of cytochrome c peroxidase.[25,61] The 
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differences in the activation step may be related to differences in reactivity of the various forms. 

Examination of Table 1 provides an estimate of the relative activation rate constants.  

       These results are consistent with prior research. First, we observe that the magnitude of kcat/Km 

for DHPA at pH 7 and 25 °C is reported in previous studies as 5.05±0.08 mM-1s-1,[53] 6.63 mM-

1s-1,[18] 4.0 mM-1s-1[62] which are in reasonable agreement with our measurement of 4.77±2.98 

mM-1s-1. Second, the reaction rate constant, k2 is higher for DHPB than DHPA for both DCP and 

TCP oxidation reactions. While the greater catalytic efficiency, kcat/Km, for DHPB was observed 

previously, the correspondingly faster electron transfer is confirmed in the present research. The 

reaction rate is 3.5 times greater in DHPB than DHPA for DCP, 6 times greater for TCP in DHPB 

with 5% MeOH, and nearly 10 times greater for TCP in DHPB in buffer solution. The catalytic 

efficiency has been reported to be 2.6-fold higher in DHPB than DHPA at pH 7 by DôAntonio and 

coworker and 8 times higher by Dhanvantari and coworkers.[63,62] The differences in rate of 

electron transfer in DHPA and B may depend on the differing number of tyrosines in the two 

proteins.[62,64,25] Several oxidized tyrosines can participate in the formation of a compound 

ES.[25] The crucial Y34 is not present in DHPB and the path of charge hopping is different in 

DHPA and DHPB. The distances affect the rate of the k2 electron transfer process. Tyrosines are 

known to affect through-bond and through-space coupling in protein electron transfer and these 

effects may affect k3. Since DCP binds internally, it is likely to compete with formation of 

compound ES. The fact that amino acid 34 is a tyrosine (Y34) in DHPA and asparagine (N34) in 

DHPB may affect this competition and play a role in the relative rates of electron transfer.  

      The electron transfer rate constants k2 and k3 in Table1 were obtained by analysis of kcat/Km. In 

Following Folkes and co-workers we assumed that k2 is ten times larger than k3.[35] This result is 

consistent with the similarity in the electron transfer processes in HRP. In a general model the 

relative rate is expressed as the parameter ‌, k2 = ‌k3. To obtain a numerical value we have 

assumed that ‌ ρπ to give Eqn. 1, based on the finding by Folkes and co-workers for many 

phenolic substrates. The general derivation results in Eqn. S15 in the Supporting Information. The 

electron transfer rate constants have been compared for DHPA, DHPB, and HRP. From the X-ray 

crystal structures and other data it is clear that internal binding should have a large effect on the 

rate of electron transfer and therefore the overall peroxidase mechanism. HRP provides an 

experimental control in the sense that external substrate binding is well-established. We have 

compared the electron transfer rate constants for DHPA and DHPB accounting for internal binding 
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of DCP and possible internal and external binding of TCP. The role of solvent was compared to 

determine the effect when 5% MeOH was added to solubilize the substrates. Finally, we have used 

an activation energy obtained from the Arrhenius equation to estimate the reorganization energy 

for the various enzymes, which provides information on the solvation environment of reacting 

substrates. 

The electron transfer rate constants, k2 and k3, are dependent on solvent reorganization 

energy which differs for external substrate binding in buffer or buffer+5% MeOH and for internal 

binding. The reorganization energy of methanol solvent is less than water and it is predicted that 

5% MeOH in buffer will have a lower reorganization energy due to a reduction dielectric constant 

of the solvent mixture. These effects may be non-linear because MeOH will tend to sequester a 

hydrophobic solute. Thus, the local dielectric function can be significantly lower than H2O in a 

5% MeOH solvent mixture. Hence, the reorganization energy would be predicted to be lower in 

the methanol mixtures. Assuming that the electron transfer is in the normal region of Marcus theory 

where ‐ ‗, lowering ‗ also lowers the activation energy. We must also consider the effect of the 

electronic factor on the ET rate. The electronic factor decreases exponentially with distance. If the 

substrate binds inside the heme pocket, the reaction rate will also be increased relative to external 

binding due to the shorter distance. This can be a large effect since the difference in distance can 

be greater than 3 ᴠ. 

Table 3 shows that there is a significant difference in reorganization energy between DCP 

and TCP. For transfers involving DCP as a donor, ɚ is 1.5 times smaller for DHPA and DHPB 

than for HRP which is consistent with the notion that DCP binds outside in HRP and inside in 

DHP. The protein dielectric function should be considerably lower than 5% MeOH/H2O even with 

preferential MeOH solvation of the hydrophobic substrate.[25,65] This also complements the 

observed internal substrate binding geometry in the crystal structure.  

If DCP binds to the surface of HRP, consistent with previous studies,[66] and is surrounded 

by a hemisphere of water then it will have larger reorganization energy than DCP bound inside the 

distal pocket of DHPA and DHPB. This structural picture can explain why DHP A and B have 

smaller reorganization energies than HRP. The outer sphere reorganization energy has been 

estimated to be in the range of 0.5-1.25 eV in case of peroxidases.[18,35,67] In Table 3, some of 

the reorganization energies are larger than this range, perhaps because of systematic error in 

comparing energies obtained from an Arrhenius plot to electrochemical measurements of the 
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thermodynamic driving force. Nonetheless, the trends in the reorganization energies provide a 

basis for inferring different modes of substrate binding. The exception is HRP in 5% MeOH/buffer 

solution. The very small activation energy in that case may result from the onset of protein 

denaturation under these conditions. 

The superimposed crystal structures of 4-nitrophenol (4-NP), tribromophenol (TBP), 

internally bound trichlorophenol (TCPent), dichlorophenol (DCP) and 4-bromophenol (4-BP) 

shown in Figure 9 demonstrate the range of binding conformations from the a- and b-, to the g-

site. 4-BP is a peroxidase inhibitor, binds directly above the heme-Fe and inhibits H2O2 activation 

in the b-site.[68] Peroxygenase substrate 4-NP, whose binding site is positioned close to the heme 

center in a conformation slightly higher than the b-site allows direct O atom insertion from the 

ferryl intermediate. The binding site is slightly different for 4-BP than 4-NP but they bind close to 

each other. This slightly different binding results in a significant difference in catalytic activity. 

The DCP binding site in DHPA is closer to the heme than 4-BP and 4-NP and 4-BP and 4-NP is 

oriented higher above the heme. The p-Cl atom in both conformations of DCP are well positioned 

in the Xe1 binding cavity region which is consistent with other halogenated substrates such as 4-

BP,[68] TBP,[53] 4-bromo-o-cresol,[69] 4-bromo-o-guaiacol.[15] DCP binds in an intermediate 

positions between TCP and TBP binding modes.  

Figure 9: Superposition of selected substrates of DHP. Binding site superposition is shown for 

TBP (yellow, PDB entry 4FH6)[53], TCPent and TCPext (green, PDB entry 4KN3)[51], 4-NP 

(light coral, PDB entry 5CHQ)[16], 4-BP (purple, PDB entry 3LB2)[68], and DCP (cyan, PDB 

entry 8EJN). 

Malewschik et. al. also reported two conformations of DCP binding internally with DHPB 

(7LZK for DCPɓ and 7LZN for DCPŬ).[10] The superimposed crystal structures of DHPA and 



   

56 

 

DHPB with DCP shows that DCPŬ conformation of DHPB (7LZN) are identical with DCPB 

conformation of DHPA shown in Figure S10. Another crystal structure of DHPB complexed with 

DCP (PDB: 6I7F) was recently determined by Moreno-Chicano et. al. by serial femtosecond x-ray 

crystallography (Figure S12).[70] They observed only one binding conformation for DCP which 

significantly differs from the observed positions for DCPA and DCPB. The variety of conformations 

observed are consistent with the great accessibility of the distal pocket of DHP. The conformations 

may result in changes in function since the conformation required for peroxygenase chemistry 

requires a specific distance and orientation between the heme iron and C-H bond. The peroxidase 

mechanism can function both for externally and internally bound substrates as long as they do not 

conflict with the binding of co-substrate, H2O2.  

 

5. CONCLUSION 

The temperature dependence of the initial rate of the DCP oxidation reaction provides an 

estimate of the activation energy and, by extension, the reorganization energy for each isoform of 

DHP in comparison with HRP. DHPA and B have similar reorganization energies and electron 

transfer driving forces for both TCP and DCP substrates. The catalytic efficiency, (kcat/Km) is 3.5 

times higher for DCP oxidation in DHPB than DHPA, which may be a function of the mode of 

binding of DCP in the distal pocket, which was observed to differ in significant ways by 

crystallographic structure determination. DCP shows self-inhibition even at modest concentration 

(<0.2 mM).  

Based on this study, DCP binds tightly inside the heme pocket of DHPA in two 

conformations, which are different from DHPB, although both show high occupancy for 

internalized DCP substrates. The three chlorinated phenols, TCP, 4-CP and DCP bind in three 

different sites, mainly a-, b- and g-sites, respectively, but also an additional internal site in the case 

of DCP. Moreover, the binding heterogeneity of DCP in the DHPA and B isoforms may affect 

electron transfer rates and even mechanism. A fraction of the substrates undergoes peroxygenation 

in DHPB. Similar trends exist for the brominated analogs of each of these molecules. These have 

great relevance to the marine ecosystem but are correspondingly difficult to study because of the 

low solubility of brominated substrates. Chlorinated phenols provide versatile models of the multi-

functional nature of DHPA and B. 

 



   

57 

 

 

Declaration of competing interests 

The authors declare that they have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper. 

 

Acknowledgment. The authors gratefully acknowledge support from NSF grant CHE-2002954. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

58 

 

REFERENCES 

 

[1]  Yuan, G.; Keane, M. A, Catal. Today. 88 (1ï2) 2003 27ï36. 

[2]  Dodson, R. E.; Boronow, K. E.; Susmann, H.; Udesky, J. O.; Rodgers, K. M.; Weller, D.; 

Woudneh, M.; Brody, J. G.; Rudel, R. A, Int. J. Hyg. Environ. Health 230 2020 113624. 

[3]  Sponge, M.; X-ray, L.; Hanif, N.; Tyas, T. A.; Hidayati, L.; Dinelsa, F. F.; Provita, D.; 

Kinnary, N. R.; Prasetiawan, F. M.; Khalik, G. A.; Mubarok, Z.; Tohir, D.; Setiawan, A.; 

Farid, M.; Kurnianda, V.; Murni, A.; Voogd, N. J. De; Tanaka, J. Computational Studies. 

2021. 

[4]  Act, C. W.; Water, F.; Control, P.; Amendments, A.; Act, C. W. Generating Point Source. 

2012, 656ï664. 

[5]  Metal, N.; Wastes, C.; Metal, N.; Wastes, C. US EPA, National Primary Drinking Water 

Regulations, Federal Register; 40 CFR Chapter I, Part 141. 1991, 663ï664 

[6]  Laurenti, E.; Ghibaudi, E.; Ardissone, S.; Ferrari, R. P, J. Inorg. Biochem. 95 (2ï3) 2003 

171ï176. 

[7]  Unger, M.; Asplund, L.; Haglund, P.; Malmv↓arn, A.; Arnoldsson, K.; Gustafsson, O, 

Environ. Sci. Technol. 43 (21) 2009 8245ï8250. 

[8]  Schmitt, L.; Hinxlage, I.; Cea, P. A.; Gohlke, H, 2021. 

[9]  Chen, Y. P.; Woodin, S. A.; Lincoln, D. E.; Lovell, C. R, J. Biol. Chem. 271 (9) 1996 4609ï

4612. 

[10]  Malewschik, T.; Carey, L. M.; Serrano, V. De; Ghiladi, R. A, J. Inorg. Biochem. 236 (July)  

2022 111944. 

[11]  Belyea, J.; Belyea, C. M.; Lappi, S.; Franzen, S, Biochemistry. 45 (48) 2006 14275ï14284. 

[12]  Franzen, S.; Roach, M. P.; Chen, Y. P.; Dyer, R. B.; Woodruff, W. H.; Dawson, J. H, J. Am. 

Chem. Soc. 120 (19) 1998  4658ï4661. 

[13]  Weber, R. E.; Mangum, C.; Steinman, H.; Bonaventura, C.; Sullivan, B.; Bonaventura, J, 

Comp. Biochem. Physiol. -- Part A Physiol. 56 (2) 1977 179ï187. 

[14]  Belyea, J.; Gilvey, L. B.; Davis, M. F.; Godek, M.; Sit, T. L.; Lommel, S. A.; Franzen, S, 

Biochemistry. 44 (48)  2005 15637ï15644. 

[15]  McGuire, A. H.; Carey, L. M.; De Serrano, V.; Dali, S.; Ghiladi, R. A, Biochemistry 57 (30) 

2018 4455ï4468. 



   

59 

 

[16]  McCombs, N. L.; DôAntonio, J.; Barrios, D. A.; Carey, L. M.; Ghiladi, R. A, Biochemistry 

55 (17) 2016 2465ï2478. 

[17]  Barrios, D. A.; DôAntonio, J.; McCombs, N. L.; Zhao, J.; Franzen, S.; Schmidt, A. C.; 

Sombers, L. A.; Ghiladi, R. A, J. Am. Chem. Soc. 136 (22) 2014 7914ï7925. 

[18]  Huan, M.; Thompson, M. K.; Gaff, J.; Franzen, S, J. Phys. Chem. B 114 (43) 2010 13823ï

13829. 

[19]  De Serrano, V.; Dantonio, J.; Franzen, S.; Ghiladi, R. A, Acta Crystallogr. Sect. D Biol. 

Crystallogr. 66 (5) 2010 529ï538. 

[20]  Nienhaus, K.; Deng, P.; Belyea, J.; Franzen, S.; Nienhaus, G. U, J. Phys. Chem. B 110 (26) 

2006 13264ï13276. 

[21]  Dantonio, J.; Ghiladi, R. A, Biochemistry 50 (27) 2011 5999ï6011. 

[22]  Ten Have, R.; Hartmans, S.; Teunissen, P. J. M.; Field, J. A,  FEBS Lett. 422 (3) 1998 391ï

394. 

[23]  Franzen, S.; Sasan, K.; Sturgeon, B. E.; Lyon, B. J.; Battenburg, B. J.; Gracz, H.; Dumariah, 

R.; Ghiladi, R, J. Phys. Chem. B 116 (5) 2012 1666ï1676. 

[24]  International, M. B.; Study, A. S. K. Pages 61-71 ADepartment of Chemistry , Moscow 

State University , 119899 , Moscow , Russia ; BDivision of Chemistry , G . V . Plekhanov 

Russian Economic Academy , Stremyanny per . 28 ,. 1998, 45 (1), 61ï71. 

[25]  Feducia, J.; Dumarieh, R.; Gilvey, L. B. G.; Smirnova, T.; Franzen, S.; Ghiladi, R. A,  

Biochemistry  48 (5) 2009 995ï1005. 

[26]  Poulos, T. L.; Kraut, J, J. Biol. Chem. 255 (17) 1980 8199ï8205. 

[27]  Wabnitz, P. A.; Bowie, J. H.; Tyler, M. J.; Wallace, J. C.; Smith, B. P  439 (1988) 1999 

2844. 

[28]  Ator, M. A.; David, S. K.; Ortiz de Montellano, P. R, J. Biol. Chem. 262 (31) 1987 14954ï

14960. 

[29]  Ferrari, R. P.; Laurenti, E.; Trotta, F, J. Biol. Inorg. Chem. 4 (2) 1999 232ï237. 

[30]  Chang, Q.; Huang, J.; Ding, Y.; Tang, H, Molecules 21 (8) 2016. 

[31]  Huang, S.; Qu, Y.; Li, R.; Shen, J.; Zhu, L, Microchim. Acta 162 (1ï2) 2008 261ï268. 

[32]  Dahili, L. A.; Kelemen-Horváth, I.; Feczkó, T, Process Biochem. 50 (11) 2015 1835ï1842.  

[33]  Nicell, J. A.; Bewtra, J. K.; Bewas, N.; St. Pierre, C. C.; Taylor, K. E, Can. J. Civ. Eng. 20 

(5) 1993 725ï735. 



   

60 

 

[34]  Kurnik, K.; Treder, K.; Skorupa-Kğaput, M.; Tretyn, A.; Tyburski, J, Water. Air. Soil Pollut. 

226 (8) 2015. 

[35]  Folkes, L. K.; Candeias, L. P, FEBS Lett. 412 (2) 1997 305ï308. 

[36]  Candeias, L. P.; Folkes, L. K.; Porssa, M.; Parrick, J.; Wardman, P, Biochemistry 35 (1) 

1996 102ï108. 

[37]  Candeias, L. P.; Folkes, L. K.; Wardman, P, Biochemistry 36 (23) 1997 7081ï7085. 

[38]  Sorrells, C. A.; Shaikh, A. U.; Samokyszyn, V. M.; Shaikh, A, J. Ark. Acad. Sci. 56 2002 

26. 

[39]  Wardman, P, J. Phys. Chem. Ref. Data. 18 (4) 2009 (1989) 1637-1755. 

[40]  Davis, M. F.; Gracz, H.; Vendeix, F. A. P.; De Serrano, V.; Somasundaram, A.; Decatur, S. 

M.; Franzen, S, Biochemistry  48 (10) 2009 2164ï2172. 

[41]  Carey, L. M.; Gavenko, R.; Svistunenko, D. A.; Ghiladi, R. A, Biochim. Biophys. Acta - 

Proteins Proteomics 1866 (2) 2018 230ï241. 

[42]  Carey, L. M.; Kim, K. B.; McCombs, N. L.; Swartz, P.; Kim, C.; Ghiladi, R. A, J. Biol. 

Inorg. Chem. 23 (2) 2018 209ï219. 

[43]  Otwinowski, Z.; Minor, W. P, Methods Enzymol. 276 (January 1993) 1997 307ï326. 

[44]  De Serrano, V.; Chen, Z.; Davis, M. F.; Franzen, S, Acta Crystallogr. Sect. D Biol. 

Crystallogr. 63 (10) 2007 1094ï1101. 

[45]  McCoy, A. J.; Grosse-Kunstleve, R. W.; Adams, P. D.; Winn, M. D.; Storoni, L. C.; Read, 

R. J. Phaser Crystallographic Software. J. Appl. Crystallogr. 40 (4) 2007 658ï674. 

[46]  Murshudov, G. N.; Vagin, A. A.; Dodson, E. J, Acta Crystallogr. Sect. D Biol. Crystallogr. 

53 (3) 1997 240ï255. 

[47]  Project, C. C. The CCP4 Suite: Programs for Protein Crystallography. Acta Crystallogr. 

Sect. D Biol. Crystallogr. 1994, 50 (5), 760ï763.  

[48]  Emsley, P.; Lohkamp, B.; Scott, W. G.; Cowtan, K, Acta Crystallogr. Sect. D Biol. 

Crystallogr. 66 (4) 2010 486ï501. 

[49]  Chen, V. B.; Arendall, W. B.; Headd, J. J.; Keedy, D. A.; Immormino, R. M.; Kapral, G. J.; 

Murray, L. W.; Richardson, J. S.; Richardson, D. C, Acta Crystallogr. Sect. D Biol. 

Crystallogr.  66 (1) 2010 12ï21. 

[50]  Le, P.; Zhao, J.; Franzen, S, Biochemistry 53 (44) 2014 6863ï6877. 

[51]  Wang, C.; Lovelace, L. L.; Sun, S.; Dawson, J. H.; Lebioda, L, Biochemistry 52 (36) 2013 



   

61 

 

6203ï6210. 

[52]  Sturgeon, B. E.; Battenburg, B. J.; Lyon, B. J.; Franzen, S, Chem. Res. Toxicol. 24 (11)  

2011 1862ï1868. 

[53]  Zhao, J.; De Serrano, V.; Zhao, J.; Le, P.; Franzen, S, Biochemistry 52 (14) 2013 2427ï

2439. 

[54]  Barik, A. J.; Gogate, P. R, Ultrason. Sonochem. 36 2017 517ï526. 

[55]  Hayes, R. P.; Moural, T. W.; Lewis, K. M.; Onofrei, D.; Xun, L.; Kang, C, Int. J. Mol. Sci. 

15 (11) 2014 20736ï20752. 

[56]  McGuire, A. H. PhD. Dissertation, North Carolina State University, 2020. 

[57]  Zhao, J.; Moretto, J.; Le, P.; Franzen, S, J. Phys. Chem. B 119 (7) 2015 2827ï2838. 

[58]  Franzen, S.; Gilvey, L. B.; Belyea, J. L, Biochim. Biophys. Acta - Proteins Proteomics 1774 

(1) 2007 121ï130. 

[59]  Franzen, S.; Ghiladi, R. A.; Lebioda, L.; Dawson, J. Chapter 10: Multi-Functional 

Hemoglobin Dehaloperoxidases. RSC Met. 2016-Janua (4) 2016 218ï244. 

[60]  De Serrano, V.; Franzen, S. Peptide Sci. 98 (1), 2012, 27ï35.  

[61]  Smith, A. T.; Veitch, N. C, Curr. Opin. Chem. Biol. 2 (2) 1998 269ï278. 

[62]  Madhuresh, N. K. D.; Nguyen, H.; Franzen, S, J. Inorg. Biochem. 238 (October 2022) 2023 

112029. 

[63]  DôAntonio, J.; DôAntonio, E. L.; Thompson, M. K.; Bowden, E. F.; Franzen, S.; Smirnova, 

T.; Ghiladi, R. A, Biochemistry 49 (31) 2010 6600ï6616. 

[64]  Franzen, S.; Belyea, J.; Gilvey, L. B.; Davis, M. F.; Chaudhary, C. E.; Sit, T. L.; Lommel, 

S. A, Biochemistry 45 (30) 2006 9085ï9094.  

[65]  Matthew, J. B.; Gurd, F. R. N, Methods Enzymol. 130 (C) 1986 413ï436. 

[66]  Henriksen, A.; Smith, A. T.; Gajhede, M, J. Biol. Chem. 274 (49) 1999 35005ï35011. 

[67]  Khopde, S. M.; Priyadarsini, K. I Biophys. Chem. 88 (1ï3) 2000 103ï109. 

[68]  Thompson, M. K.; Davis, M. F.; Serrano, V. De; Nicoletti, F. P.; Howes, B. D.; Smulevich, 

G.; Franzen, S, Biophys. J. 99 (5) 2010 1586ï1595. 

[69]  Malewschik, T.; de Serrano, V.; McGuire, A. H.; Ghiladi, R. A, Arch. Biochem. Biophys. 

673 (August) 2019 108079. 

[70]  Moreno-Chicano, T.; Ebrahim, A.; Axford, D.; Appleby, M. V.; Beale, J. H.; Chaplin, A. 

K.; Duyvesteyn, H. M. E.; Ghiladi, R. A.; Owada, S.; Sherrell, D. A.; Strange, R. W.; 



   

62 

 

Sugimoto, H.; Tono, K.; Worrall, J. A. R.; Owen, R. L.; Hough, M. A, IUCrJ  6 2019 1074ï

1085. 

[71]    Lad, L.; Mewies, M.; Raven, E. L. Biochemistry 41 (46), 2002, 13774ï13781.  

[72]  Gumiero, A.; Murphy, E. J.; Metcalfe, C. L.; Moody, P. C. E.; Raven, E. L. Arch. Biochem. 

Biophys. 500 (1), 2010, 13ï20.  

[73]  Sharp, K. H.; Moody, P. C. E.; Brown, K. A.; Raven, E. L. Biochemistry 43 (27), 2004, 

8644ï8651.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

63 

 

 

 

 

 

 

 

Supporting Information  

 

Comparative study of the binding and activation of 2,4-

dichlorophenol by dehaloperoxidase A and B 

 
Mst Sharmin Aktar, Vesna de Serrano, Reza Ghiladi, Stefan Franzen*ô 

Department of Chemistry, North Carolina State University, Raleigh, NC 27695  

 

 

Table of Contents 

S.1 Nomenclature of the heme edge 

S.2 Derivation of Michaelis-Menten and Peroxidase Enzymatic Rate Equations 

S.3 Electron Transfer Theory Applied to Peroxidase Mechanism 

S.4 Singular Value Decomposition Analysis of kinetic components 

S.4 SVD Analysis of kinetic components 

S.5 Evidence for a secondary oxidation reaction to form hydroxyquinone 

S.6 Parameters Associated with X-ray Crystal Structure 8EJN  

 

 

 

 

 

 

 

 

 

 

 



   

64 

 

S.1 Nomenclature of the heme edge 

 
Figure S1. The chemical structure of iron-protoporphyrin IX (Heme b) and Ŭ, ɓ, ɔ, ŭ represents 

four methine bridges.  

 

S.2 Derivation of Michaelis-Menten and Peroxidase Enzymatic Rate Equations 

A general enzyme substrate reaction is, 

 
Reaction Scheme 1: The Michaelis-Menten reaction 

where E = enzyme, S = substrate, P = product and kon, koff, kcat are rate constants. In 

Reaction Scheme 1, kon and kcat are binding and catalytic rate constants. koff is the off-rate for S, 

which is the dissociation of the enzyme-substrate, ES complex. The derivation of the Michaelis-

Menten model begins with the rate laws for formation of ES and P. Then the steady state is used 

to solve for ES and mass balance is employed (Ὁ  = [E] + [ES]) to derive the standard Michaelis-

Menten kinetic equation:  

ὠ

Ὁ

Ὧ Ὓ

Ὧ Ὧ
Ὧ

Ὓ

 

ὠ
Ὧ Ὁ Ὓ

Ὧ Ὧ
Ὧ

Ὓ

 

ὠ
ὠ Ὓ

ὑ Ὓ
                                                               Ὓρ 

E + S ES P + E

kon

koff

kcat
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Note the distinction Ὁ , which gives the total enzyme concentration and [E], which 

represents the concentration of unbound enzyme. Both equations can be related to the standard 

form by noting the following definitions,  

ὠ Ὧ Ὁ                                                             Ὓς 

ὑ
Ὧ Ὧ

Ὧ
                                                          Ὓσ 

which gives the textbook form of the Michaelis-Menten equation: 

ὠ
ὠ Ὓ

ὑ Ὓ
                                                            Ὓτ 

When the curve approaches the maximum velocity (Vmax), it approaches a maximum value 

as the substrate concentration is increased. The linear region of the M-M plot at low substrate 

concentration ([S] << Km) arises from a second-order process, E and S combining in solution to 

form the ES complex. The saturation region is observed when [S] >> Km and it is first order in ES. 

It is dominated by kcat, the rate constant for conversion of ES to E+P. Information about the 

reaction can be obtained when substrate solubility limits the M-M plot to the linear region. A plot 

of Equation S1 is shown in Figure S2. 

 

 
Figure S2: Michaelis-Menten plot of enzyme kinetics. 

 

 

 

 

 



   

66 

 

At first glance it is difficult to see an analogy between the peroxidase kinetic scheme and 

the Michaelis-Menten scheme. The 3-step peroxidase rate scheme of is given by, 

                      ὈὌὖὌὕᴼὅέάὴὍὌ ὕ                                                    ὛὸὩὴ ρ 

                            ὅέάὴὍὃὌO ὅέάὴὍὍὃϽ Ὄ  Ὡ                                         ὛὸὩὴ ς                    

                                 ὅέάὴὍὍὃὌO ὈὌὖὃϽ Ὄ  Ὡ                                    ὛὸὩὴ σ 

Reaction Scheme 2: The peroxidase reaction  

 

 

Here, ὃϽ is defined as a radical product, P, AH is the substrate, k1, k2, and k3 are reaction 

rate constants for activation and electron transfer associated with binding H2O2 to the ferric state 

of either DHP or HRP enzyme. This activation mechanism is known as the Poulos-Kraut 

mechanism. Nearby amino acids polarize the bonds to the heme iron leading to the push-pull 

mechanism. The named mechanism arises from a study that explained the activation of the heme 

iron for O-O bond cleavage by a ñpushò from the proximal histidine and ñpullò by the distal 

histidine. Since there are two electron transfers to each of two substrate molecules, AH, step 3 in 

Reaction Scheme 2 is also known as a ping-pong mechanism.[1,2]  The ping-pong name comes 

from the fact that there are two electron transfer reactions are identical at the substrate. The 

oxidation reactions have different electron acceptors, either CmpI or CmpII and different rate 

constants but they both form the same product, the radical ὃϽ. The rate laws for each of the 

reactions above are:  

 
ὨὈὌὖ

Ὠὸ
Ὧ ὈὌὖὌὕ  

                                          

                                                  Ὧ ὈὌὖὌὕ Ὧ ὅέάὴὍὃὌ                       Ὓυ                       

                                               
ὨὅέάὴὍὍ

Ὠὸ
Ὧ ὅέάὴὍὯ ὅέάὴὍὍὃὌ                                   Ὓφ 

                               

Eqn. S7 shows the steady state approximation for Compound I and Compound II, 

ὨὅέάὴὍȾὨὸπ  ȟ ὨὅέάὴὍὍȾὨὸπ                                              Ὓχ 

 

the following relationships can be obtained.   
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From Equation S5 

π Ὧ ὈὌὖὌὕ Ὧ ὅέάὴὍὃὌ 

Ὧ ὈὌὖὌὕ Ὧ ὅέάὴὍὃὌ 

and from Equation S6, 

π Ὧ ὅέάὴὍὃὌ Ὧ ὅέάὴὍὍὃὌ 

Ὧ ὅέάὴὍὃὌ Ὧ ὅέάὴὍὍὃὌ 

To give the solutions 

ὅέάὴὍ
Ὧ ὈὌὖὌὕ

Ὧ ὃὌ
 

ὅέάὴὍὍ
Ὧ ὈὌὖὌὕ

Ὧ ὃὌ
 

Both of the electron transfer steps, k2 and k3 yield product in this reaction cycle. The 

product is a phenol radical. If we include the disproportionation of these radicals in solution to 

form a quinone product, the factor of 2 will be consumed in that second order process. However, 

we ignore that detail in this level of analysis. 

ὠ
Ὠὖ

Ὠὸ
Ὧ ὅέάὴὍὯ ὅέάὴὍὍὃὌ 

                                           ὠ Ὧ Ὧ ὃὌ                           

ὠ ςὯ ὈὌὖὌὕ  

Here, total enzyme concentration, [E0] is: 

                                                     Ὁ ὈὌὖ ὅέάὴὍὅέάὴὍὍ                                   

Inserting this definition into equation,  

Ὁ ὈὌὖ
Ὧ ὈὌὖὌὕ

Ὧ ὃὌ

Ὧ ὈὌὖὌὕ

Ὧ ὃὌ
 

Ὁ ὈὌὖρ
Ὧ Ὄὕ

Ὧ ὃὌ

Ὧ Ὄὕ

Ὧ ὃὌ
 

Ὁ ὈὌὖ ρ
Ὧ Ὄὕ

ὃὌ

ρ

Ὧ

ρ

Ὧ
 

The algebra to reach a definition of the rate of radical formation, 
ὠ

Ὁ

ςὯ ὈὌὖὌὕ

ὈὌὖρ
Ὧ Ὄὕ
ὃὌ

ρ
Ὧ

ρ
Ὧ
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Ὧ Ὄὕ
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ρ
Ὧ

ρ
Ὧ
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Ὁ
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Ὧ Ὄὕ
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ὃὌ

ρ
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ὠ

Ὁ

ς
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Ὧ Ὄὕ
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ρ
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ὠ

Ὁ

ςὯ Ὄὕ ὃὌ

Ὧ
ρ
Ὧ

ρ
Ὧ

Ὄὕ ὃὌ
                                                 Ὓψ 

Assuming a reaction at a constant H2O2 concentration we can define two parameters that 

have the form of the Michaelis-Menten equation 

                                                       ὠ ςὯ Ὄὕ Ὁ                                                        (S9) 

                                                     ὑ Ὧ Ὄὕ                                                     (S10) 

Thus, 

ὠ
ὠ ὃὌ

ὑ ὃὌ
 

This shows the relationship of Michaelis-Menten kinetic model to the peroxidase rate 

scheme. A similar equation can be written at a fixed value of [AH]. This is equivalent to a 

Michaelis-Menten curve except that it is plotted against the co-substrate concentration, Ὄὕ .  

ὠ
ὠᴂ Ὄὕ

ὑᴂ Ὄὕ
 

In this case 

ὠᴂ ςὯ ὃὌὉ  

 and 

ὑᴂ
Ὧ Ὧ Ὧ

ὯὯ
Ὄὕ  

We have shown elsewhere that DHP follows this expression and has a two-dimensional 

M-M surface. Returning to the [AH] dimension, kcat is the catalytic rate constant that represents 

the activation of heme iron to from compound ES and apparently proportional to k1.  

Ὧ   ςὯ Ὄὕ                                                              Ὓρρ 

Rearranging equation 9 and 10 respectively, 
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’

Ὁ
Ὧ   

ὑ Ὧ  

ρ

Ὧ

ρ

Ὧ
                                                             Ὓρς 

                                                              
 

                                                                 (S13) 

Assuming that  

Ὧ ‌Ὧ                                                                     Ὓρτ  

Where 10 < ‌ < 20, we can obtain a general expression, 

                                                              
 

                                                             (S15) 

which permits determination of the two electron transfer rate constants, k2 and k3, shown 

in Reaction Scheme 2. Previous studies of the rates of disappearance of CmpI and CmpII have 

provided evidence that 10 < ‌ < 20. The rate constants Ὧ and Ὧ represent the electron transfer 

from substrate, AH to CmpI or CmpII, respectively.   

 

S.3 Electron Transfer Theory Applied to Peroxidase Mechanism 

Marcus theory explains the rate of electron transfer from one chemical species to another 

in a polar solvent. It applies mainly to outer sphere reorganization due to the solvent rearrangement 

surrounding donors and acceptors. The inner sphere reorganization energy involves changes in 

bonding distances as the donor is oxidized and the acceptor is reduced. The inner sphere term is 

typically much smaller than the outer sphere term.[5] When the inner sphere reorganization energy 

is neglected, the Franck-Condon factor in Marcus theory has a Gaussian form. 

Ὂὅ
ρ

Ѝτ“‗ὯὝ
Ὡὼὴ 

‗ ‐

τ‗ὯὝ
                                                  Ὓρφ 

where ‗ is the reorganization energy, Ů is energy gap. The energy is equivalent to the free 

energy change of the electron transfer reaction. The electron transfer rate constant has an electronic 

factor ȿὠȿand a nuclear factor FC. 

 

Ὧ
ς“

ᴐ
ȿὠȿὊὅ                                                                  Ὓρχ 



   

70 

 

Where |V|2 is the electronic factor and FC is the Franck-Condon or nuclear factor. The 

electronic factor depends on the overlap of reactant and product wave functions. It has an 

exponential distance dependence. If the substrate binds inside, it is much closer to the heme iron 

and therefore electron transfer should be much faster. Since the distance dependence is 

exponential, this effect can be large, approximately a factor of ten for angstrom of distance. The 

FC factor gives the line shape. It is normalized. Therefore, the integrated area is 1. The electronic 

factor determines the magnitude of the rate constant, and the FC factor determines the dependence 

on energy. The energy gap in an electron transfer reaction is determined by the oxidation potential 

of the donor and the reduction potential of the acceptor. For optical transitions, such as charge 

transfer bands that energy is provided by a photon. For non-radiative electron transfer reactions 

there is a unique energy given by the difference between the oxidation potential of the donor and 

reduction potential of the acceptor.  

We represent the donor and acceptor each by a sphere with radius ὶ and ὶ, respectively. 

The distance between the spheres is Ὑ. The low frequency solvent dielectric function is ‭ and the 

high frequency dielectric function is ‭ . The nuclear motions associated with solvent 

rearrangement give rise to ‭. For liquid water at room temperature the values are approximately 

‭ ρȢχχ and ‭  82. The polarization of electronic charge clouds of solvent molecules give 

rise to ‭ . The reorganization energy is defined as the energy necessary to change the nuclear 

configuration from the equilibrium state to acceptor state where no electron transfer takes place. 

In the Marcus model the reorganization energy is, 

 

‗
ρ

‭

ρ

‭

ρ

ςὶ

ρ

ςὶ

ρ

Ὑ
 

 

The activation energy leads to a gaussian form and the normalization constant is standard 

for gaussians.  

ὔ
ρ

Ѝτ“‗ὯὝ
 

where ὔ  is the normalization constant for the electron transfer rate constant. 

The electronic factor decreases exponentially with the distance between the donor and the 

acceptor. A final connection to note is that the temperature of Ὧ  follows Arrhenius behavior, 
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Ὧ ὃ Ὡὼὴ 
Ὁ

ὯὝ
 

provided  

ὃ
ς“

ᴐ

ȿὠȿ

Ѝτ“‗ὯὝ
 

Using a geometric derivation based on Figure S3 one can show that 

                                                              Ὁ
‗ ‐

τ‗
                                                                            Ὓρψ 

 

 
Figure S3: Representation of the change in nuclear displacement from reactant (blue) to the product 

state (red) where ʇ is the reorganization energy and Ů is energy gap. In this hypothetical example 

the nuclear displacement along a solvent mode has a dimensionless value of D = 5. For a solvent 

mode of ᴐʖ= 1000 cm-1 and S = 12.5, the reorganization energy is approximately 1.5 eV since 

ʇ 3ᴐʖ. 

 

We have used a kinetic analysis of peroxidase reaction scheme plotted as saturation kinetics 

analogous to the Michaelis-Menten model to extract the electron transfer rate constants k2 and k3. 

Using Arrhenius plots we have estimated the activation energies. Therefore, Marcus theory can be 

used to obtain an estimate for the reorganization energy, which informs on the solvent environment 

of the substrate. This provides crucial evidence to strengthen hypotheses regarding the substrate 

binding site in solution. 
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S.4 Singular Value Decomposition Analysis of kinetic components 

Singular value decomposition (SVD) was applied to the time resolved absorbance data over 

a 100 nm bandwidth for a period of 90 seconds. SVD decomposes that absorbance vs. time, A(‗,t) 

data set to three matrices.  

ὃ‗ȟὸ Ὗ‗ȟὲὡ ὲȟὲ ὠ ὲȟὸ                                                Ὓρω 

Initially the index n runs from 1 to N, which is the dimension of the of the time-dependent 

spectra. Depending on the values of the weights in the W matrix only a few components are 

important. Ὗ‗ȟὲ is the spectral matrix and ὠ ὲȟὸ is the transpose of the matrix of associated 

time courses. One can transpose the matrix ὠ ὲȟὸ to obtain time courses that correspond to each 

U component. The weights or eigenvalues of ὡ ὲȟὲ determine how many of the basis spectra 

contribute significantly to the data. Based on the magnitude of the weights one can include only 

the most important components in the analysis. In the present data sets, two components suffice to 

describe more than 99% of the information content of the data. The first two SVD components for 

each enzyme and substrate are shown in Figures S4-S9. 

The orthogonal basis spectra are not a unique decomposition of the data. Any normalized 

linear combination can also represent the processes. The kinetic components, V1, V2, etc. 

associated with the basis spectra, U1, U2, can be combined in linear combinations based on a 

transformation. One such transformation is obtained by the simultaneous fit to two exponential 

components that are common to both V1 and V2. 

ὠ ὧὩ ὧὩ  

ὠ ὧὩ ὧ Ὡ  

This means that the spectral SVD components correspond to two processes that have rate 

constants k1 and k2. Note that these are not necessarily related to k1 and k2 in the peroxidase 

reaction mechanism, but the index scheme of SVD would be awkward if another designation was 

used. Using this decomposition, the basis spectra can be converted into spectra that accompany 

exponential processes. The coefficients (amplitudes) of the fits can then be used as the coefficients 

to form linear combinations of the corresponding basis spectra. The two new components can be 

called S1 and S2 and they are given by 

Ὓ ὧὟ ὧὟ 

Ὓ ὧὟ ὧ Ὗ 
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Fits to two exponentials did not improve the …ς values. In cases where distinct single-

exponential rate constants fit the data well, we can assume that the off-diagonal coefficients are 

zero, ὧ ὧ π. This result implies that Ὓ Ὗ and Ὓ Ὗ. Table S1 shows the analyzed 

SVD components obtained by fitting the first two V components of data for each enzyme to single 

exponential functions. 

Figures S4-S9 show the DCP data for all three enzymes in terms of basis spectra U1 and 

U2. U1 is the grand mean and the spectral features in U2 are a difference spectrum of the product 

2-chloroquinone minus the substrate 2,4-dichlorophenol. With the exception of DHPB binding to 

DCP, these three enzymes have similar spectral components, but differ in their kinetic time 

courses, V1 and V2.  

The data analyzed to compare DCP and TCP results were obtained at 500 ‘M concentration 

in 5% MeOH/buffer solutions at pH 7 and 20oC. If the lifetimes of the two time-courses are similar, 

the meaning is that there is a single process, i.e., Phenol Ą Quinone, which has spectral 

contributions from both U1 and U2. This is the case for the DHPA and B data with DCP as a 

substrate. If there are two different lifetimes, it suggests that parallel reactions are taking place, 

such as Phenol Ą Quinone and Phenol Ą Polymer. This is apparently the case for HRP with DCP 

as a substrate. The yield of each component shown in Table S2 was calculated approximately using 

the amplitude of the fitted rate process multiplied by the SVD weight. The yields for the two 

components involved DCP oxidation vary between 40-60%. Since the lifetimes are quite different 

for the two components in HRP this suggests that the yield for a polymerization process is 

approximately 60%, see Table S2. 

The first SVD component in U1 includes substrate absorption bands and any scattering 

background in the sample. Scattering increases as the fourth power of frequency. The distinct 

difference in lifetime in HRP and the significant yield of the process associated with U1. The 

information in the U2 component represents a spectral change at the monomer level as phenols are 

oxidized to quinones, ortho-quinones or other spectrally distinct products. While multimers could 

be included in this mix, the majority product species appears to be the quinone based on the spectral 

features. 

The data for TCP oxidation have distinct differences relative to DCP. First, the yields are 

heavily weighted toward the second SVD component, U2, in HRP, DHPA and DHPB (81-86%). 

The U1 spectral component consists of both substrate and scattering background that may be 
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present.  It is also noteworthy that the spectral component U1 of DHPB appears to arise from a 

mixture of anionic and neutral forms of the TCP substrate. Both forms can be observed at pH 7 

since the pKa is 6.1. Both HRP and DHPA spectra are consistent with the phenolate as expected if 

the substrate binds externally. This has been observed many times in past experiments. The DHPB 

spectral experiments are new and were acting mainly as a control for comparison with DCP. The 

spectral features of the DHPB spectra are consistent with a significant protonated (neutral) TCP 

that may be bound in the distal pocket. All the spectra of DCP are consistent with the neutral form, 

which is expected because the pKa is 7.9. We conclude the TCP sequesters to a significant extent 

in the distal pocket of DHPB at the concentrations studied here. 

 

Table S1. Fit parameters for kinetic components V1 and V2 from SVD analysis of enzymes HRP, 

DHPA and DHPB with 500 µM substrate concentration 

Component Baseline Amplitude Rate Constant Weight 

HRP/DCP/V1 0.1773 ± 0.0001 -0.0735 ± 0.0001 0.0522 ± 0.0002 50.8 

HRP/DCP/V2 0.262 ± 0.001 -0.644 ± 0.002 0.0225 ± 0.0002 4.35 

DHPA/DCP/V1 0.165 ± 0.0001 -0.0189 ± 0.003 0.0823 ± 0.003 37.9 

DHPA/DCP/V2 0.0871 ± 0.003 -0.680 ± 0.01 0.0903 ± 0.003 1.02 

DHPB/DCP/V1 0.171 ± 0.0003 -0.0224 ± 0.0002 0.0247 ± 0.001 37.9 

DHPB/DCP/V2 0.242 ± 0.01 -0.560 ± 0.009 0.0232 ± 0.001 0.97 

HRP/TCP/V1 0.158 ± 0.0001 -0.0124 ± 0.0002 0.0309 ± 0.001 78.5 

HRP/TCP/V2 0.676 ± 0.008 -1.008 ± 0.007 0.0094 ± 0.0001 4.86 

DHPA/TCP/V1 0.160 ± 0.0006 -0.0056 ± 0.0004 0.0213 ± 0.006 89.0 

DHPA/TCP/V2 0.550 ± 0.007 -0.897 ± 0.006 0.0115 ± 0.0002 3.69 

DHPB/TCP/V1 0.168 ± 0.0003 -0.0213 ± 0.0004 0.0362 ± 0.0002 95.2 

DHPB/TCP/V2 0.107 ± 0.001 -0.649 ± 0.009 0.068 ± 0.001 13.3 

 

Table S2. Data from 500 µM samples in 5% MeOH/Buffer pH 7 at 20oC 

Species Yield 1 Lifetime 1 (sec) Yield 2 Lifetime 2 (sec) 

HRP/DCP 0.60 19.1 0.40 44.4 

DHPA/DCP 0.51 12.1 0.49 11.1 

DHPB/DCP 0.67 40.4 0.33 43.1 

HRP/TCP 0.17 32.2 0.83 106.3 

DHPA/TCP 0.14 46.9 0.86 87.0 

DHPB/TCP 0.19 27.8 0.81 14.7 

 

Polymerization is anticipated to occur when the substrate is bound externally and when the 

monomer has resonance structures that stabilize radical initiators. Polymerization has been 

observed for many types of phenols following HRP turnover. This is commonly studied as a 

method for purifying water. Dihalophenols can form dioxins, which makes them an important 
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target for purification. Halogen substituents in the ortho and para positions reduce the 

polymerization yield. On the other hand, hydrogen substituents in the ortho or para position should 

permit radical attack. Chlorine or bromine in these positions present a steric barrier to radical 

reactions and tend to slow polymerization. Although TCP binds externally in HRP and may also 

bind externally in DHP, it is expected to have a low polymerization yield because of the two 

chlorine atoms in the ortho position. DCP is expected to have a much higher polymerization yield 

if it binds externally as is expected in HRP. Indeed, the yield of the first component, which 

corresponds to polymerization in our model is ca. 60% in HRP. On the other hand, DHPA and B 

have very similar lifetimes for the two components V1 and V2 for DCP. This suggests that the 

process is not primarily polymerization but consumption of substrate. 

  

Figure S4: First two SVD basis spectra and time components from the U- and VT-matrices, 

respectively. V components have been transposed. Both of V components fit to single exponential 

functions. Fitting parameters are given in Table S1. 
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Figure S5: First two SVD basis spectra and time components from the U- and VT-matrices, 

respectively. V components have been transposed. Both of V components fit to single exponential 

functions. Fitting parameters are given in Table S1. 

  

 

Figure S6: First two SVD basis spectra and time components from the U- and VT-matrices, 

respectively. V components have been transposed. Both of V components fit to single exponential 

functions. Fitting parameters are given in Table S1. 
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Figure S7: First two SVD basis spectra and time components from the U- and VT-matrices, 

respectively. V components have been transposed. Both of V components fit to single exponential 

functions. Fitting parameters are given in Table S1. 

 

The first two U- and V-components in the TCP data are similar for HRP and DHPA, but 

U1 is significantly different in appearance for DHPB, which contains contributions from both 

phenol and phenolate spectra shown in Figure S6. The spectrum in Figure S5 shows that the 

substrate is in the phenolate form in DHPA under the same conditions. This provides evidence of 

internal binding of DCP at lower concentration in DHPB than observed in DHPA. 
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Figure S8: First two SVD basis spectra and time components from the U- and VT-matrices, 

respectively. V components have been transposed. Both of V components fit to single exponential 

functions. Fitting parameters are given in Table S1. 

 

 

Figure S9: First two SVD basis spectra and time components from the U- and VT-matrices, 

respectively. V components have been transposed. Both of V components fit to single exponential 

functions. Fitting parameters are given in Table S1. 
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S.5 Evidence for a secondary oxidation reaction to form hydroxyquinone 

Table S3: Product detected for the oxidation of 2,4-DCP using LCMS, electrospray ionization in 

negative ion mode to yield [M-H]- 

Sample 
 

tR (min) m/z 
DM 

(ppm) 

Molecular 

Formula 
Description 

DHPA+2,4-

DCP+H2O2 pH 7 

 
0.50 156.96994 0.912 C6H3ClO3 2-ClQOH 

DHPA+2,4-

DCP+ H2O2 pH 

5 

 

2.37 160.95673 0.546 C6H4Cl2O 2,4-DCP 

DHPA+2,4-

DCP+ H2O2 pH 

5 

 

0.57 156.96985 0.370 C6H3ClO3 2-ClQOH 

DHPB+2,4-

DCP+ H2O2 pH 

7 

 

2.33 160.95677 0.764 C6H4Cl2O 2,4-DCP 

DHPB+2,4-

DCP+ H2O2 pH 

7 

 

0.54 156.96985 0.321 C6H3ClO3 2-ClQOH 

DHPB+2,4-

DCP+ H2O2 pH 

5 

 

2.25 160.95678 0.827 C6H4Cl2O 2,4-DCP 

DHPB+2,4-

DCP+ H2O2 pH 

5 

 

0.53 156.96989 0.603 C6H3ClO3 2-ClQOH 

DHPB+2,4-

DCP+ H2O2 pH 

5 

 

1.57 140.97486 -0.153 C6H3ClO2 2-ClQ 

2,4-DCP+ H2O2 

pH 7 

 
2.31 160.95669 0.310 C6H4Cl2O 2,4-DCP 

2,4-DCP+ H2O2 

pH 5 

 
2.30 160.95672 0.451 C6H4Cl2O 2,4-DCP 

Reaction condition: 10 µM ferric DHP, 500 µM substrate, and 500 µM H2O2 in 5 mM KPi buffer 

pH 7 with 5% MeOH, quenched with catalase after 15 min. 

 

S.6 Parameters Associated with X-ray Crystal Structure 8EJN  

Comparison of DHPA and DHPB crystal structures with DCP are shown in Figure S10. 

The position of DCPŬ conformation of DHPB (7LZN) is slightly displaced to the right and little 

closer to the ɔ edge than DCPB conformation of DHPA which makes sense because the heme of 

both structure is not superimposed. The occupancy of DCPŬ is 81% in protomer A while 30% for 



   

80 

 

DCPB in DHP A. The other two conformations, DCPɓ in DHPB and DCPA in DHPA are not 

identical shown in Figure S11.  

 

Figure S10: Superposition of DCP in DHPA and DHPB. (A) Front view of DHPA complexed with 

DCP (cyan, PDB entry 8EJN), and DHPB complexed with DCP (light coral) (PDB code: 7LZN)[3] 

(B) Back view, (C) Side view.  

 
Figure S11: Superposition of DCP in DHPA and DHPB. (A) Front view of DHPA complexed with 

DCPA and DCPB (cyan, PDB entry 8EJN), and DHPB complexed with DCPŬ (light coral) and 

DCPɓ (green) (PDB code: 7LZN and 7LZK)[3] (B) Back view, (C) Side view.  
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DHPB complexed with DCP (PDB: 6I7F) was recently determined by Moreno-Chicano et. 

al. by serial femtosecond x-ray crystallography shown in Figure S12.[4] They observed only one 

binding conformation for DCP which significantly differs from the observed positions for DCPA 

and DCPB. The differences in structure are probably caused by different crystallization conditions 

used in the two studies. 

 

 
Figure S12: Superposition of DCP in DHPA and DHPB. DHPA complexed with DCPA and DCPB 

(green, PDB entry 8EJN), and DHPB complexed with DCPSFX (cyan) (PDB code: 6I7F).[4]  
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Table S4. Data Collection and Refinements Statistics 

2,4-di-Cl-phenol 

PDB Entry 8EJN 

Data Collection  

Wavelength (¡) 1.00 

Temperature (K) 100 

Space Group P212121 

Unit-cell parameters (¡) 

A 57.9 

B 67.3 

C 69.2 

Unique Reflections 42466 

Completeness (%) 98.0 (97.0) a 

Rmeas (%) 7.0 (74.4) 

Rpim (%) 3.0 (36.9) 

CC1/2 1.00 (0.70) 

I/s(I) 21.9 (1.6) 

Multiplicity 5.2 (3.8) 

Refinement  

Resolution Range (¡) 37.09-1.48 

Rwork (%) 13.95 

Rfree (%) 20.19 

No. of Protein Atoms 2481 

No. of Solvent Atoms 323 

R.m.s. deviations  

Bond lengths (¡) 0.014 

Bond angles (ę) 1.909 

Ramachandran Statistics (%) 

Preferred 97.3 

Outliers 0.0 
aValues in parenthesis are for the highest resolution shell. 
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ABSTRACT 

The enzyme 

dehaloperoxidase 

(DHP) found in 

the marine worm 

Amphitrite ornata 

is capable of 

enzymatic 

peroxidation of 2,4-dichlorophenol (DCP) and 2,4-dibromophenol (DBP). There is also at least 

one parallel oxidative pathway and the major products 2-chloro-1,4-benzoquinone (2-ClQ) and 2-

bromo-1,4-benzoquinone (2-BrQ) undergo a spontaneous secondary hydroxylation reaction. The 

oxidation and hydroxylation reactions have been monitored by UV-visible spectroscopy, High 

Performance Liquid Chromatography (HPLC), and mass spectrometry. Evidence from time-

resolved UV-visible spectroscopy suggests that the hydroxylations of 2-ClQ and 2-BrQ in the 

presence of hydrogen peroxide (H2O2) are non-enzymatic spontaneous processes approximately 

~10 and ~5 times slower, respectively, than the enzymatic oxidation of DCP or DBP by DHP in 

identical solvent conditions. The products 2-ClQ and 2-BrQ have ‗  at 255 nm and 260 nm, 

respectively. Both substrates, DCP and DBP, react to form a parallel product peaked at 240 nm on 

the same time scale as the formation of 2-ClQ and 2-BrQ. The 240 nm band is not associated with 

the hydroxylation process, nor is it attributable to the catechol 3,5-dihalobenzene-1,3-diol 

observed by mass spectrometry. One possible explanation is that muconic acid is formed as a 

decomposition product, which could follow decomposition either the catechol or hydroxyquinone. 

These reactions give a more complete understanding of the biodegradation of xenobiotics by the 

multi-functional hemoglobin, DHP, in Amphitrite ornata. 
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Keywords: peroxidase, hydroxylation, xenobiotic, halogenated phenol, halogenated quinone, 

singular value decomposition 

 

 

Highlights 

Peroxidase-catalyzed oxidation of phenol to quinone in the presence of H2O2 

Spontaneous non-enzymatic hydroxylation of quinone also in the presence of H2O2 

Hydroxylation of quinone is 10 times slower than the enzymatic oxidation of phenol 

Application of Singular Value Decomposition analysis to understand complex reactions 

Reactions monitored by UV-visible spectroscopy, HPLC, mass spectrometry 

 

Abbreviations: dehaloperoxidase (DHP); cytochrome c peroxidase (CcP); horseradish peroxidase 

(HRP); 2,4,6-trichlorophenol (TCP); 2,4,6-tribromophenol (TBP); 2,4-dichlorophenol (DCP); 2,4-

dibromophenol (DBP); 2-chloro-1,4-benzoquinone (2-ClQ); 2-bromo-1,4-benzoquinone (2-BrQ); 

high performance liquid chromatography (HPLC); liquid chromatography-mass spectrometry 

(LC-MS); singular value decomposition (SVD). 

 

Synopsis: The decomposition of 2,4-dihalophenols catalyzed by dehaloperoxidase was studied by 

UV-visible spectroscopy, High Performance Liquid Chromatography and Liquid 

Chromatography-Mass Spectrometry. Spectroscopic evidence suggests two major products, which 

we propose are 2-halo-1,4-benzoquinone and 2-halomuconic acid. These complementary 

techniques give a high-level view of the degradation of xenobiotics in marine ecosystems. 
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1. INTRODUCTION  

Catalytic oxidation of chlorinated and brominated phenols by peroxidases is well 

known.[1ï5] Dehaloperoxidase (DHP), a multi-functional hemoglobin-enzyme found in the 

terebellid polychaete Amphitrite ornata, is known to catalyze the oxidative dehalogenation of 

halophenols into their corresponding haloquinones.[6,7] There are two isozymes known as DHP 

A and DHP B, which both have peroxidase activity. DHP-B has significant activity as a 

peroxygenase and other oxidative functions as well.[6ï8] Previously, oxidative dehalogenation of 

2,4,6-tribromophenol (TBP) and 2,4-dibromophenol (DBP) have been observed to form products 

that include the benzoquinones, 2,6-dibromo-1,4-benzoquinone (2,6-DBQ) and 2-bromo-1,4-

benzoquinone (2-BrQ), respectively.[9] The chlorinated analogs have been studied more often 

because of their greater solubility. Oxidative dehalogenation of 2,4,6-trichlorophenol (TCP) to 2,6-

dichloro-1,4-benzoquinone (2,6-DCQ) and 2,4-dichlorophenol (DCP) to 2-chloro-1,4-

benzoquinone (2-ClQ) by DHP have both been shown to occur by a peroxidase mechanism.[2,10] 

The chlorinated compounds are common industrial pollutants. The naturally-occurring brominated 

analogs are found in marine sediments.[11ï14] The brominated aromatic compounds found in 

benthic ecosystems are often synthesized as repellents by organisms such as Notomastus 

lobatus.[13,14] These halogenated compounds are toxins to A. ornata, which is a tube worm found 

in shallow coastal mud flats. Oxidation of DCP/DBPs is important because of their potential to 

form highly toxic dioxins. In this paper several techniques were combined to examine the 

degradation of these toxic compounds by DHP, but also by spontaneous processes that appear to 

fortuitously aid their decomposition. 

 Peroxidases oxidize phenols to quinones by cleaving the O-O bond of co-substrate H2O2 

to activate the heme for electron transfer from the substrate.[1ï3,5,15] For many years the evidence 

that substrates are bound at the heme edge had led to the assumption that this is a universal feature 

of phenolic oxidations by peroxidases.[16,17] Horseradish peroxidase (HRP) is the most widely 

investigated in the peroxidase class for its ability to oxidize phenols.[16ï19] The structural 

difference of DHP with respect to HRP and other known peroxidases has opened a new possibility 

that substrates may be bound internally and oxidized by two subsequent single-electron transfer 

reactions.   

Although both have a heme active site, the amino acids surrounding the active site in DHP 

differ significantly from HRP. Moreover, there is strong evidence for formation of protein radicals 
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in the tyrosines of DHP, Tyr38, Tyr28, Tyr16, and Ty107. In DHP A there is an additional Tyr34 

that appears to play a major role in the differences in DHP A and B reactivity.[20] One can compare 

this radical formation to cytochrome c peroxidase (CcP), which sequentially oxidizes the heme of 

each of two cytochrome c proteins by one-electron oxidation steps involving charge hopping to 

Trp191 to form an amino acid radical. A peroxidase intermediate comprising an amino acid radical 

is called compound ES.[21,22] Thus, peroxidase activation and electron transfer steps of DHP are 

analogous to HRP, with a compound ES intermediate. One important distinction between DHP 

and CcP is that a pool of up to five tyrosyl radicals in DHP acts as a collective oxidative 

intermediate rather than the single tryptophan in CcP.[22] The mechanism of activation of H2O2 

in both involves Poulos-Kraut ñpush-pullò mechanism.[23,24],[20]  

DHP peroxidase activity was first reported for the substrate 2,4,6-tribromophenol that is 

oxidized to 2,6-dibromoquinone in the presence of H2O2 as the oxidant.[9] The oxygen atom added 

to the para position of the phenol is derived from solvent water. Similar activity is observed for 

2,4,6-trichlorophenol (TCP) and 2,4,6-trifluorophenol (TFP). Peroxidase activity has been 

established in previous studies of mono-, di-, tri-halophenols and guaiacols.[8,25,26]. DHP B also 

has oxygenase, oxidase and peroxygenase activity. Nitrophenols,[6] pyrroles[27] and indoles[7] 

are oxidized via peroxygenase function. 5-bromo-3-oxindole, one of the products of 5-

bromoindole has been found to possess an oxidase mechanism.[7] DHP A has limited activity for 

these other types of oxidations. 

Comparison with other heme proteins, such as cytochromes P450, would suggest that 

internal binding is one requirement for oxidation via a peroxygenase mechanism.[30] However, 

internal binding in DHP does not exclude a peroxidase mechanism where substrates can be 

oxidized by sequential one-electron steps in situ. Hence, both mechanisms are theoretically 

possible for a single substrate. One hypothesis to explain these various reactions carried out by a 

single enzyme is that the binding of a particular substrate acts like a switch that activates the 

enzyme to carry out the appropriate oxidative reaction. A previous study has shown that some 

substrates can play role in functional switch between the peroxidase and peroxygenase function in 

DHP B.[8] Recent studies also reported that DHP B can oxidize the substrates DBP and DCP by 

sequential peroxidase and peroxygenase reactions.[28] However, the extremely tight binding of 

DCP and especially DBP leads to an apparent contradiction because DHP is also inhibited by these 

substrates.[29] Self-inhibition has been observed previously in DHP.[5] Herein, a combination of 
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methods was used to study the mechanism of the double oxidations of DCP and DBP, which have 

been reported to include peroxidation and peroxygenation.[28]  UV-vis spectroscopy provides 

information on the most abundant species, whereas mass spectrometry reveals many species that 

may have low yields. While quinones are the major products of phenol oxidation there are many 

other oxidized species present in lesser quantities. 

Research on marine organisms which has led to the identification of many novel 

metabolites, including more than 100 quinones.[31]  Quinones are intermediates on a degradation 

pathway for halogenated aromatic xenobiotics. Although many quinones are toxic they appear to 

be degraded relatively rapidly. There is still missing information due to their low concentration 

and relative lack of stability.[32] Aqueous photoreactions form hydroquinones and 

hydroxyquinones.[33] Only a few quinones have non-photochemical hydroxylation reactions, 

which is of major importance for DHP. Catechols formed by peroxygenation of halophenols and 

hydroxyquinones can lead to ortho-quinone formation, which is a degradation pathway that forms 

muconic acid by ring opening. [34] In this study focus was on the spontaneous hydroxylation by 

H2O2 in bifunctional oxidations by DHP. While the primary peroxidase reaction of both DCP and 

DBP dominates we find spectral evidence for a parallel degradation pathway in both substrates 

and both isozymes. 

 

2. EXPERIMENTAL  

2.1. Materials and Methods 

All chemicals were procured from Fisher Scientific, VWR, Acros or Sigma-Aldrich and 

used without further purification. Stock solutions of the substrates: 2,4-dichlorophenol (DCP), 2,4-

dibromophenol (DBP), 2-chloro-1,4-benzoquinone (2-ClQ), and 2-bromo-1,4-benzoquinone (2-

BrQ) were prepared in 100% methanol (MeOH) stock solutions and stored in a -80°C freezer until 

needed. The MeOH was used as cosolvent and the percentage of methanol in the final sample was 

5% in all experiments. Acetonitrile (ACN) and trifluoroacetic acid (TFA) were HPLC grade. 

Catalase (MP Biomedicals, LLC, Solon, OH) was used to quench the reaction mixer in HPLC 

experiments. Catalase was stored at 4°C until needed.  

Wild-Type (WT) Histidine-Tagged (His6X) DHP A and DHP B were expressed and 

purified following the previously described procedure.[35,36] The protein was oxidized, to obtain 

the ferric state, before each kinetic, HPLC or LC-MS experiment by adding an excess of potassium 
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ferricyanide, K3[Fe(CN)6] followed by gravity filtration in a PD-10/sephadex G-25 desalting 

column.[37] The 10 kD cutoff of the gel filtration column permits removal of the excess 

K3[Fe(CN)6].  

Horseradish peroxidase (HRP) (Ů403 = 102,000 M-1cm-1)[38] was procured from Millipore-

sigma and used as received. A stock solution of hydrogen peroxide (H2O2) (Ů240 = 43.6 M-1cm-1) 

was freshly prepared using 30% reagent grade hydrogen peroxide in 100 mM KPi buffer of 

corresponding pH (7 µL of H2O2 in 10 ml of buffer) before each experiment and kept on ice before 

using. The concentration of DHP, HRP, H2O2 were determined spectrophotometrically before each 

experiment using extinction coefficient Ů406 = 116,400 M-1cm-1, Ů403 = 102,000 M-1cm-1 and Ů240 = 

43.6 M-1cm-1 respectively.[36]  

 

2.2. UV-Visible Kinetic Studies of 2-ClQ and 2-BrQ 

The UV-Visible kinetic reactions were performed in triplicate for DHP A, DHP B and HRP with 

2-ClQ or 2-BrQ as substrates, using the kinetic mode in UV-Visible spectrophotometer; Agilent 

Cary 3500 UV-Vis Compact Peltier spectrophotometer (Mulgrave, Australia). The analysis was 

performed on Cary UV Workstation software. All the kinetic reactions were carried out in a 

matched pair of quartz cuvettes of 0.4 cm pathlength from Starna Cells (Atascadero, California), 

keeping the total sample volume 1 mL/1000 ‘L with 5% MeOH in solution. The concentration of 

DHP A or B was kept constant, 2.4 ‘M and enzyme concentration of HRP was 60 ɖM in all kinetic 

experiments. The DCP and DBP substrate concentrations were 300 ‘M and 50 ‘M, reflecting the 

difference in their binding affinity for DHP. The reaction mixture was made adding the appropriate 

concentration of the enzyme of interest (ferric DHP or HRP) with substrate at pH 7 in a final 

volume of 1 mL. Subsequently, reaction was initiated by adding freshly prepared H2O2 at a 

constant concentration of 1200 ‘M. The absorbance of 2-chloro-1,4-benzoquinone (2-ClQ) was 

monitored at 255nm (Ů255 =16,900 M-1cm-1).[39] The kinetic experiments were observed for a total 

duration of (a) 90 s, spectra after every 7 s and (b) 15 min taken after every 7 s with spectral 

measurements over a range from 220 to 550 nm at pH 7. The wavelength range was selected to 

permit the observation of the formation of products including hydroxylated and consumption of 

substrates 2-ClQ or 2-BrQ.  
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2.3. HPLC Reactivity Studies 

The reactivity of substrates 2-ClQ and 2-BrQ to form secondary products and possibly multimers 

or other products was identified by Reversed-Phase HPLC at pH 7. A binary [Aqueous (A) and 

Organic (B)] solvent system was used to perform the separation of analytes (solvent A: water+ 

0.1% TFA and solvent B: ACN+ 0.1% TFA) as the mobile phase. TFA was replaced with formic 

acid in the HPLC experiments conducted to compare 2-ClQ to 2-BrQ hydroxylation. Those data 

are presented in the Supporting Information. The instrument was comprised of a Waters e2695 

bioseparations module with a Waters 2998 photodiode array detector (Massachusetts) attached to 

a Thermo-Scientific ODS Hypersil, particle size 5 ‘m (150x4.6 mm) C-18 column. The separation 

was carried out by a linear gradient of solvents A and B at a flow rate of 1.5 ml/min and the elution 

condition was a linear gradient from 95:5 (A:B) to 5:95 over 12 min; 5:95 isocratic for 2 min; 5:95 

to 95:5 using a linear gradient over 1 min and then isocratic for 3 min. Enzyme assay reactions 

were performed in triplicate in 100 mM KPi buffer (pH 7 unless otherwise mentioned) containing 

5% MeOH at 25 °C with a final sample volume of 250 ‘L. Substrate stock solutions of 10 mM 

were prepared in MeOH. First, DHP (10 ‘M) and substrate (500 ‘M) were mixed. Subsequently 

reaction was initiated by adding H2O2 (500 ‘M). The reaction was quenched after 2, 5, 10, or 15 

min by addition of 5 ‘L of catalase solution. Then the reaction mixture was diluted 4-fold by 

mixing 200 ‘L of the reaction mixture with 600 ‘L of 100 mM KPi at pH 7. Control experiments 

were performed either in the absence of H2O2 (non-oxidant control) or enzyme (non-enzymatic 

control). The Empower 3 software package (Waters Corp., Massachusetts) was used to analyze 

the data. 

2.4. Product Identification by Liquid Chromatography-Mass Spectrometry (LC-MS) 

A high-resolution mass spectrometer ï the Thermo Fisher Scientific Exactive Plus MS, a 

benchtop full-scan Orbitrap mass spectrometer using Heated Electrospray Ionization (HESI) was 

used to analyze the oxidation reaction of 2-ClQ and enzymes mediated by H2O2. The mass 

spectrometer was operated in both positive and negative ion mode. The assay included 10 µM 

DHP, 500 µM substrate, and 500 µM H2O2 in 5mM KPi buffer pH 7 with a final volume of 250 

µL of reaction sample. The reaction was allowed to react for 15 min and quenched with catalase. 

Analysis of undiluted samples (2 µL injection volume) was carried out via LC injection into the 

mass spectrometer at a flow rate of 500 µL/min (mobile phase A, H2O with 0.1% formic acid and 

mobile phase B, acetonitrile with 0.1% formic acid with a starting gradient at 95% A, 5% B). The 
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LC column was a Thermo Hypersil Gold (50 mm x 2.1 mm, 1.9 um particle size) C4 column. Data 

analysis was performed using Thermo Xcalibur software. The spectra were collected using the 

scanning range (100-1000) m/z.  

2.5. Analysis of Time-Dependent Spectra: Singular Value Decomposition (SVD) 

Singular Value Decomposition (SVD) was used to analyze time-dependent spectral data of 

the substrate conversion to product.[40,41] The goal of SVD is to determine basis spectra in the 

time-resolved data matrix that is obtained from the kinetic experiment, A(‗,t). The basis spectra 

provide information on independent reactions, as well as side reactions such as polymerization and 

effects of enzyme denaturation that may be manifest in unique spectral components. In the data 

matrix, A(‗,t), each column is the absorption spectrum taken over time over the wavelength range 

from 220-320 nm. Measurements were made in triplicate. In SVD decomposition of the data 

matrix A(‗,t) can be written as: 

 

                                                          A(‗,t)= UWVT                                                             (1) 
 

Where U = orthonormal basis spectra, VT = matrix of time-course spectra and W = eigenvalue 

matrix. The eigenvalues comprise a diagonal matrix of weighting factors in rank order that give 

the relative numerical contribution of each component to the total (box diagram to illustrate the 

process to determine the number of components is shown in Figure S1 in supporting information). 

The weighting factors can be converted to percentages relative to the first and largest eigenvalue 

to ascertain the number of statistically significant basis spectral components. In UV-visible kinetic 

experiments the number of significant components is typically two or three. 

 

3. RESULTS 

The catalytic oxidations of DCP and DBP result in two primary products, apparently 

formed in parallel. One product has been shown to be the quinones, 2-ClQ and 2-BrQ, respectively 

shown in Figure 1. There is a second primary product formed in parallel with the quinones with 

an absorption maximum at 240 nm observed in Figure 4, and also in Figures S5 and S6. The mass 

spectral analysis suggested that 3,5-dihalobenzene-1,2-diol was a product formed in parallel with 

the 2-haloquinone.[28] However, the spectrum of the catechol (1,2-diol) has no band at 240 nm. 

A survey of possible species that have an absorption band at 240 nm suggests that halomuconic 

acids could be formed as a decomposition product of an orthoquinone. Orthoquinones could result 
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from oxidation of a catechol or an isomer of hydroxy-2-haloquinone, which is formed in the same 

reaction process as DCP and DBP oxidation by a secondary process with a ~10 and ~5 times slower 

time scale than the primary enzymatic oxidation, respectively. The decomposition of 2,4-

dihalophenols is important because it is believed that the multi-functional nature of DHP is 

protective function that eliminates toxins found in the benthic ecosystem where A. ornata resides. 

 
Figure 1: The oxidation reaction of 2,4-dichlorophenol catalyzed by DHP and hydroxylation of 

2-ClQ in presence of H2O2.  

 

3.1. UV-Visible Studies for secondary hydroxylation of the DCP and DBP oxidation products 

Figures 2 and S2 show by UV-visible spectrophotometry that 2-ClQ and H2O2 react to 

form a product with an absorbance maximum at 520 nm. Similar time-dependent spectra have been 

observed for the reaction of 2-BrQ and H2O2 (Figure S3). The absorbance decreases at the 

absorption band maxima of 255 nm and 260 nm, for 2-ClQ and 2-BrQ, respectively. The secondary 

product of reaction with H2O2 has broad weak band absorbance at 520 nm for both 2-ClQ and 2-

BrQ. The quinone band at 255 or 260 nm has an absorbance above 2.0 in some of the figures 

because we were focusing on the much less intense 520 nm for identification and kinetic fits. The 

rate of the secondary hydroxylation reaction is nearly identical for 2-ClQ and 2-BrQ at pH 7. 

Figure S4 and Table S1 show that the rate of the secondary reaction increases with pH. The greatest 

acceleration occurs above pH 7, presumably because of deprotonation of H2O2 to yield the 

peroxide anion HO2
-. Since the 2-halo-1,4-benzoquinones are primary products of the catalytic 

peroxidation of 2,4-dihalophenol the observed process is referred to as a secondary reaction. The 

observation of a secondary product is analogous to a previous kinetic study of the oxidation of 

TCP, in which an absorbance peak at 524 nm was observed following oxidation of 2,6-dichloro-

1,4-benzoquinone (DCQ) which is the primary product of the catalytic oxidation of TCP in the 

presence of DHP and H2O2.[10] A previously published study observed that DCQ was converted 

non-enzymatically to 2,6-dichloro-3-hydroxy-1,4-benzoquinone (2,6-DCQOH) when H2O2 is 

present.[1,15,42,43] The conclusion was that hydroxylation by H2O2 was a spontaneous reaction 
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that did not require enzymatic catalysis. Because of a spectral similarity with previous observations 

for TCP and its primary and secondary products, we hypothesized that the observed bands at 520 

nm in DCP/DBP oxidation arose from hydroxylation of 2-ClQ/2-BrQ to the corresponding 

hydroxy-2-halo-1,4-benzoquinone (2-XQOH) in accord with the previous study.[1] These species 

are shown in Figure 1. If the hydroxylation reaction were a catalyzed peroxygenase reaction, then 

2-ClQ or 2-BrQ would need to be in the distal pocket. Peroxygenation involves oxygen atom 

transfer, which necessitates a distance of 4.0-4.5 ᴠ between the C-H bond and the heme Fe. This 

distance can only be accommodated by internal binding of the substrate. There is no evidence that 

these quinones can remain in the heme pocket once formed. Because of the slower kinetics, the Kd 

for any hypothetical internal quinone would need to be even smaller than DCP and DBP, which 

are the two tightest binding substrates with relative association constants of 5 and 12 times greater 

relative to the average of the eleven phenols tested.[29]  

A non-enzymatic spectrophotometric investigation was conducted to observe the 

reactivities of 2-ClQ and 2-BrQ with H2O2. The goal was to detect absorption bands arising from 

a suspected product of a second oxidation by H2O2. Control experiments were conducted to verify 

that the hydroxylation reaction was not catalyzed by any of the enzymes.  No hydroxylation 

product was formed in a control experiment in the absence of H2O2. UV-Visible 

spectrophotometric measurements were performed for 2-ClQ alone immediately (red line) and 

after 1hour (black line), compared to reaction of 2-ClQ and H2O2 mixture sample immediately 

(yellow line), after 15 min (green line), after 1hour (dark green line). Initially, 2-ClQ had no 

absorbance peak at 520 nm (red line). However, the 2-ClQ and H2O2 mixture gave rise to an 

absorbance peak at 520 nm (yellow line) in a few seconds required to load the sample on the HPLC 

column. The absorbance of the hydroxylated produce at 520 nm increases up to a maximum after 

at 15 min reaction time of 2-ClQ and H2O2 (green line) and decreases slightly after 1 hour (dark 

green line). A sample of pure 2-ClQ in the same buffer without H2O2 showed no spectral changes 

after 1 hour (black line). Similar observations were made for 2-BrQ in experiments described in 

the Supporting Information with results compared in Figure S4. 
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Figure 2: Spectrophotometric investigation of 2-ClQ without and with the presence of H2O2 (non-

enzymatic). The absorbance for 2-ClQ appeared at 255 nm and another absorbance peak is at 520 

nm which is the expected hydroxylated 2-ClQ (Left panel). The 520 nm absorbance region is 

zoomed in (Right panel). Reaction condition: [2-ClQ] =500 ɛM, [H2O2] =500 ɛM, 100 mM KPi 

pH 7 at room temperature.  The absorbance at 255 nm is greater than 2 because the motivation for 

this experiment was to observe the range from 400-600 nm where the very weak absorption band 

of the hydroxylated benzoquinone product is observed.  

 

3.2. SVD Analysis of DHP catalyzed products of DCP and DBP oxidation 

UV-visible spectrophotometric kinetic data were obtained for both substrates DCP and 

DBP in enzymatic studies of peroxidase activity by DHP A, DHP B, and HRP. These are shown 

in Figures S5 and S6 for DHP and Figures S7-S10 for HRP with SVD components also shown. 

SVD was used to determine how many kinetic components are present in the enzyme substrate 

reaction and to determine their spectral features and rate constants. In all cases the formation of a 

2-haloquinone is observed and the secondary hydroxylation is approximately one order of 

magnitude slower.  

The eigenvalues of SVD analysis of all data sets indicated that three basis spectra were 

significant. The second and third components were 13.9-15.3% and 0.4-0.5% as large as the first. 

The fourth component, U4, had a magnitude of less than 0.1-0.2% of the first component, U1, in 

all data sets. Three SVD components are sufficient for analysis of the time-dependent spectra (U1, 

U2, U3) and time courses (V1, V2, V3) to represent the U and the back-transposed VT matrix, 

respectively. The Vn, were fit to double exponential and baseline model with common fixed rate 

constants.  
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ὠ ὸ ὃ Ὡ ὃ Ὡ ὄ                                          ς 

                                            

where ὃ , ὃ  and ὄ  are the amplitudes two kinetic components and a baseline 

constant for each of the basis time courses. The two rate constants in the biexponential model are 

designated as Ὧ and Ὧ. Ὧcorresponds to the initial oxidation of the DXP to the corresponding 

quinone, 2-XQ, and Ὧ represents the further hydroxylation of 2-XQ, respectively. The choice of 

model construct linear combinations of the SVD components was based on the observation that a 

single exponential could not fit any of these three components.  

 
Figure 3: SVD component of uv-visible kinetic data for DHP A catalyzed oxidation of 2,4-DCP at 

100 mM KPi H 7 in 5% methanol at 20°C. Reaction condition: [DHP A]= 2.4 ʈM, [DCP]= 50 ʈM, 

[H2O2] = 1200 ʈM.  

 

The basis time course V1 in Figure 3 mainly corresponds to the consumption of the 

substrate.  The corresponding basis spectrum, U1, shows the decrease of the DCP absorption band 

with two maxima between 285 nm and 295 nm and a small feature at 230 nm. U2 is a difference 

spectrum representing the simultaneous consumption of substrate and the progress of product 

formation, but also may contain components of the secondary hydroxylation reaction. V2 shows 

the decrease in substrate bands because of their negative sign and the increase of the 2-ClQ product 

because of the positive absorption at 255 nm. V3 and U3 are more complicated, but represent less 
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than 1% of the total time-dependent absorbance change. The biexponential plus baseline fitting 

function is shown as the black curve through the red dots that are the time courses V1, V2, and V3. 

To determine the spectra, Ὓ ‗ of each exponential process in the range 220-320 nm, the 

coefficients of each exponential were multiplied by the weighted basis spectrum, 

 

                                                 Ὓ ‗ ὃ ὡ Ὗ ‗                                                  σ 

                                              

The Wm values are the eigenvalues of the SVD matrix. This analysis shows the constrained 

fit of the three components in Figure 3 to the biexponential plus baseline model. The analysis is 

nearly identical for DBP, except that the apparent rate constant for the k1 component is 2.5 times 

faster for DHP B. However, since the concentration of DHP B was 10 ‘ὓ while that of DHP A 

was 2.4 ‘ὓ, the peroxidation rate of DBP is circa 62% of the rate of DCP. A linear combination 

of the fits to the Vn components should represent the individual processes of oxidation and 

hydroxylation. The parameters are given in Tables S2 and S3. An analogous procedure was carried 

out for all substrate and enzyme combinations. Both DHP isozymes have similar spectral features. 

HRP does not show the 240 nm band seen in the DHP enzyme spectra.  

 

 
Figure 4: Linear combinations of U components obtained from biexponential model in Eqn. 3. The 

red component corresponds to the baseline and blue and black lines to the two rate constants. Rate 

constant k2 is ~10 times less than k1 for DCP and ~5 times greater for DBP. 

  

The first spectral component (red line) in both panels of Figure 4 is mainly from the 

substrate. There is a sloping baseline in the UV region, which may arise from scattering. Scattering 

is observed in peroxidase reactions when multimers and polymers are formed. The second spectral 
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component (blue line) has features of a quinone ï phenol difference spectrum. However, the 2-

ClQ spectrum has a maximum at 255 nm and the is an additional absorbance at 240 nm mentioned 

above. The third spectral component (black line) has a small increase in intensity near 240 nm, 

which is not observed in the hydroxylation product formed by the secondary reaction.  

 

3.3. UV-Visible Kinetic Studies of the secondary hydroxylation reaction 

Figure 5 shows the kinetic data for oxidation of 2-ClQ in the presence of DHP A and H2O2 

acquired for 90 seconds. Similar observation is shown for 2-BrQ in Figure S3. Figure 5 shows that 

the rate of formation of substrate peak (2-ClQ) at 255 nm decreases and the rate of formation of 

product peak (2-ClQOH) at 520 nm increases over time. SVD analysis shows that these spectral 

changes occur on the same time scale. 

 

 

Figure 5: UV-Visible spectroscopic measurement of DHP A catalyzed oxidation of 2-ClQ. 

Reaction condition: [ferric DHP A] = 2.4 ɛM, [2-ClQ]= 300 ɛM and [H2O2]= 1200 ɛM at 100 mM 

KPi buffer pH 7 with 5% MeOH at 20°C. (B) The absorbance of 2-ClQ is at 255 nm and (C) The 

formation of 2-ClQOH is at 520 nm. 

 

In Figure 6, the observation time for the product formation has been increased to 15 minutes 

to measure the 2-ClQOH yield. The formation of 2-ClQOH is complete by the 15-minute time 

point of the kinetic experiment and the band begins to decrease in intensity at longer times. Control 

experiments were conducted using 2-methyl-, 2-methoxy, and 2-tert butyl-1,4-benzoquinone 

oxidation by H2O2 under identical conditions. There were no spectral changes near 500 nm as 
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observed for the 2-haloquinones and 2,6-dichloroquinone. Figure S11 and S12 show the data for 

DHP B and HRP. 

 

  

  

  
Figure 6: Time-Dependent kinetics of oxidation of 2-CLQ to hydroxylated 2-CLQOH by DHP A 

as a function of absorbance at (A) 220-550 nm, (B) 220-350 nm, (C) 350-550 nm. Reaction 

condition: [ferric DHP A] = 2.4 ɛM, [2-ClQ] = 300 ɛM and [H2O2]= 1200 ɛM at 100 mM KPi 

buffer pH 7 with 5% MeOH at 20°C. Left panel is control experiment (non-enzymatic) and right 

panel is reaction with DHP A. Time series are same for all the six panels (A-F). 
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3.4. HPLC Studies of Secondary Product Oxidation by H2O2 

The chromatograms in Figure 7 were collected using a reaction mixture of 2-ClQ and H2O2 

observed immediately and after 1 hour on the benchtop to complement the observation obtained 

in Figure 7 from the UV-Visible analysis (vide supra). Figure 7 provides evidence that the 

formation of a hydroxylated product is spontaneous in the presence of H2O2 (vide infra). It also 

shows that there is no reaction in buffer solution in the absence of H2O2. This reaction is not 

catalyzed by any of the enzymes studied (DHP A /B or HRP). A comparison of the reaction of 2-

BrQ and H2O2 is given in Figure S16. An analogous spontaneous hydroxylation of the 2-

haloquinone is observed with nearly the same rate constant for both 2-ClQ and 2-BrQ. 

 

 
Figure 7: HPLC chromatogram obtained for the reaction of 2-ClQ and H2O2 as a function of time. 

The reaction was monitored at 255 nm. The retention time for 2-ClQ is 5.8 min and two major 

product peaks appear at 1.2 min and 1.8 min. Reaction conditions: [2-ClQ] = 500 ɛM, [H2O2] = 

500 ɛM at 100 mM KPi pH 7 at room temperature. 

 

Figure S13 shows chromatogram for 2-ClQ-only control experiments quenched at 2, 5, 10, 

and 15 min prior to quenching with catalase. In this control experiment the secondary product is 

not observed in retention time regions from 1.2 min to 1.8 min as in Figure 7. Based on LC-MS 

(see below) and comparison with other halogenated quinones the peak with 1.8 min retention time 

was assigned to 2-ClQOH. The identity of the peak with 1.2 min retention time is not known. 

Neither of these peaks are observed in a control experiment when 2-ClQ is incubated in the absence 

of H2O2.  



   

101 

 

Figure 8 shows the comparative chromatograms of 2-ClQ and reaction mixture (DHP + 2-

ClQ + H2O2). The reaction samples were allowed to react for different times; 2, 5, 10, or 15 min. 

The chromatograms at 15 min for both DHP A and DHP B are shown in Figure 8 and spectra 

obtained at three other durations are shown in the Supporting Information in Figure S14 and S15 

at full scale. Figure 8 is expanded to show the secondary product formation more clearly. The 

product is formed when H2O2 is present (cyan and pink spectra) for both DHP A and DHP B. The 

magnitude of product peak for 2-ClQOH is equal in the DHP B control and in H2O2-only 

experiment. In the corresponding DHP A chromatograms shown in Figure 8 (left panel), the 

unassigned peak at a retention time of 1.2 min is significantly larger than the peak assigned to the 

hydroxylated product. One possible interpretation of Figure 8 is that DHP A acts as an inhibitor of 

the secondary hydroxylation reaction and thereby changes the product distribution of the 

secondary oxidation reaction. 

 
Figure 8: Figure 8 is zoomed in to show the chromatograms precisely. HPLC chromatogram 

obtained for the reaction of DHP A and DHP B, 2-ClQ and H2O2 as a function of time. The reaction 

was monitored at 255 nm. The retention time for 2-ClQ is 5.8 min, Asterisk indicates the peak for 

2-ClQ. Another major peak appeared at 1.8 min. Reaction condition: [ferric DHP] = 10 ɛM, [2-

ClQ] = 500 ɛM and [H2O2]= 500 ɛM at 100 mM KPi buffer pH 7 with 5% MeOH at 20ÁC 

quenched with catalase after 15 min. 

 

 

3.5. LC-MS Studies for Product Identification 

The oxidation of 2-ClQ was further analyzed by LC-MS. The retention times for 2-ClQ 

and 2-ClQOH follow the same order in the LC-MS experiments as in HPLC, but the retention 

times are shortened relatively because of different column packing materials, C4 (LC-MS) vs. C18 
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(HPLC) in the two experiments. Table 1 shows the retention time for all the peaks from different 

reaction samples. Hydroxylated quinone was observed in negative ion mode for all three enzymes; 

DHP A, DHP B, HRP. The retention time for 2-ClQOH was 0.5 min in the LC-MS, which 

corresponds to the 1.8 min peak in the HPLC chromatogram in Figure 7. The data in last row of 

Table 1 confirms that 2-ClQ also makes 2-ClQOH only in the presence of H2O2 and enzyme is not 

required (isotopic distribution in Figures S18 and S19). This result establishes the chemical 

composition of the product as a hydroxy-2-chloro-1,4-benzoquinone, but does not permit 

determination the position of the hydroxy group in the ring.  

 

Table 1: Product detected for the oxidation of 2-ClQ using LCMS, electrospray ionization in 

negative ion mode to yield [M-H]- 

Sample tR (min) m/z DM (ppm) 
Molecular 

Formula 
Description 

HRP+2-ClQ+ H2O2 

pH 7 
0.54 156.96983 0.198 C6H3ClO3 2-ClQOH 

DHP A+2-ClQ+ 

H2O2 pH 7 
0.52 156.96982 0.153 C6H3ClO3 2-ClQOH 

DHP B+2-ClQ+ 

H2O2 pH 7 
0.51 156.96983 0.207 C6H3ClO3 2-ClQOH 

2-ClQ+ H2O2 pH 7 0.56 156.96968 -0.723 C6H3ClO3 2-ClQOH 

 

 

4. DISCUSSION 

Brominated and chlorinated phenols are priority pollutants. TCP and TBP are the most 

toxic, but DCP and DBP can form dioxins in the environment. Brominated phenols are naturally 

occurring pollutants found in the marine species.[11ï14] Many chlorinated phenol analogs are 

produced in industrial processes such as paper manufacturing as well as herbicide and pesticide 

synthesis. DBP and DCP bind 12 times and 5 times more tightly inside the distal pocket of DHP, 

than the average of eleven phenols measured.[29] The decomposition of these halogenated phenols 

involving two primary products formed in parallel and a secondary hydroxylation reaction reflect 

the utility of DHP as a natural detoxification enzyme. The reactivity of DCP/DBP in HRP is 

different in two aspects. First, there is a significant degree of polymerization, most likely because 

the substrates are oxidized at the heme edge or protein surface rather than inside a protected pocket 

as is the case in DHP A and B. Second, the parallel primary product with an absorption at 240 nm 

is formed to a negligible extent in HRP. For these reasons, by comparison with DHP A and B, 
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HRP would not be a promising detoxification enzyme for a marine organism such as A. ornata. 

Polymer formation inside a living organism is a potentially harmful transformation.  

The crystal structures of DHP A and B with internally bound DCP, (PDB codes: 8EJN, 

7LZN, 7LZK, 7LZO)[2,28] strongly suggest that the products 2-ClQ and 2-BrQ are formed in the 

distal cavity. Since DCP and DBP bind internally and the formation yield of dimers and multimers 

is relatively small, it is believed that both electron transfer steps in the peroxidase mechanism 

occur while the substrate is bound in the distal pocket of DHP. In enzymatic catalysis the product 

usually binds poorly to the active site and dissociates rapidly after the catalytic step. This property 

prevents self-inhibition by the product. In the case of DHP, if 2-ClQ and 2-BrQ are formed in the 

distal pocket, it is reasonable to hypothesize that they would diffuse out and react in solution. This 

analysis is consistent with the UV-vis kinetics, HPLC, and LC-MS results presented above, which 

suggest that the hydroxylation of 2-ClQ in the presence of H2O2 is a spontaneous process that 

occurs in solution.  

Developing a suitable degradation pathway for these toxic compounds is an important goal 

for research into environmentally compatible processes. The catalytic oxidation of phenols to 

quinones often reduces the toxicity of the xenobiotic, and the spontaneous hydroxylation may also 

contribute to further degradation. Once formed, quinones are sensitive to photochemical 

decomposition, autooxidation, electron transfer, ring opening, and nucleophilic attack. Hydroxyl 

groups are in resonance with the carbonyl groups, which increases electrophilicity [44] DHP 

oxidizes brominated phenols into brominated quinones, which ultimately leads to formation of 

bromide and small organic molecules thereby reducing the toxic load in the organism and the 

environment. 
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Table S1: Changes in absorbance and rate constants for hydroxylation of 2-XQ where X = Cl or 

Br. The absorbance changes over a five-minute observation time were measured 520 nm from the 

first kinetic trace at 23 seconds to the final trace at 467 seconds. The rate constants were obtained 

from a single exponential fit to the first SVD component, which represents the increase in 

absorbance following mixing with 1200 ʈ- H2O2. 
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Figure S1: Box diagram of the components of Singular Value Decomposition to determine 

number of components in reaction, done with the absorbance data. The basis spectra get multiplied 

by eigenvalues/typical weights, the weights; W1= 90%, W2= 10%, W3< 0.5%. 

 

Figure S2: UV-Visible spectroscopic measurement of DHP A catalyzed oxidation of 2,4-DCP. 

Reaction condition: [ferric DHP A] = 2.4 ɛM, [2,4-DCP] = 500 ɛM and [H2O2]= 1200 ɛM at 100 

mM KPi buffer pH 7 with 5% MeOH at 25°C. The absorbance of 2-ClQ is at 255 nm and the 

formation of 2-ClQOH is at 520 nm. 

 

Figure S3: UV-Visible spectroscopic measurement of 2-BrQ. Reaction condition: [2-BrQ]= 500 

ɛM and [H2O2]= 1200 ɛM at  KPi buffer pH 7 with 5% MeOH. (B) The absorbance of 2-BrQ is 

at 260 nm and (C) The formation of 2-BrQOH is at 520 nm. 

 

Figure S4: Changes in absorbance of 2-XQ where X = Cl or Br for the hydroxylation reaction of 

DCP or DBP with H2O2. The absorbance changes over a five-minute observation time are assumed 

to be proportional to changes in concentration. The reaction conditions were [2-ClQ]= [2-BrQ] = 

500 ɛM and [H2O2]= 1200 ɛM in 5% MeOH KPi buffer at the indicated pH. 

 

Figure S5: Spectral SVD components from DHP A catalysis of DCP compared to the UV-visible 

spectrum of 2-ClQ is plotted. These data were obtained from Figure 1 and Figure 3 of the paper 

and overlayed. The scale factor of the 2-ClQ spectrum is 2.56. Two of the spectral components are 

in dotted line (blue and red). 

  

Figure S6: Plot of the Spectral SVD components from DHP B catalysis of DBP compared to the 

UV-visible spectrum of 2-BrQ. The components are a baseline (U1) and two kinetic components, 

one rapid on the seconds time scale and the second process on the tens of seconds time scale. V1 
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and V2 were simultaneously fitted and linear combinations of the U1 and U2 components gave rise 

to the above rotated components. 

 

Figure S7: For the reaction of DCP with H2O2 catalyzed by HRP Rotated basis spectra of U1, U2, 

and U3 are not possible in this instance because kinetics of the three V1, V2, and V3 components 

of is not at all similar. No simultaneous fit is possible that way we could for DHP A and B. The 

reaction shown there is HRP + (/ $#0 O ς #Ì1(/ (#Ì. The reactant conditions 

are [HRP] = 10 ʈM, [(/ ] = 1200 ʈM, [DCP] = 500 ʈM in 5% MeOH KPi pH 7.  

 

Figure S8: SVD components are shown for the reaction of DCP with H2O2 catalyzed by HRP. 

Rotated basis spectra of U1, U2, and U3 are not possible in this instance because kinetics of the 

three V1, V2, and V3 components of is not at all similar.  

 

Figure S9: The reaction shown there is HRP + (/ $"0 O ς "Ò1(/ ("Ò. The 

reactant conditions are [HRP] = 10 ʈM, [(/ ] = 1200 ʈM, [DBP] = 500 ʈM in 5% MeOH KPi 

pH 7. 

 

Figure S10: SVD components of HRP + DBP+ H2O2. For the reaction of DBP with H2O2 

catalyzed by HRP rotated basis spectra of U1, U2, and U3 are not possible in this instance because 

kinetics of the three V1, V2, and V3 components of is not at all similar. No simultaneous fit is 

possible that way we could for DHP A and B. The reaction conditions are [HRP] = 10 ʈM, [DBP] 

= 50 ʈM, and [(/ ] = 1200 ÍM. 

 

Figure S11: Time-Dependent kinetics of oxidation of 2-CLQ to hydroxylated 2-ClQOH by DHP 

B as a function of absorbance at (A) 220-550 nm, (B) 220-350 nm, (C) 350-550 nm. Reaction 

condition: [ferric DHP B] = 2.4 ɛM, [2-ClQ] = 300 ɛM and [H2O2]= 1200 ɛM at 100mM KPi 

buffer pH 7 with 5% MeOH at 20°C. Left panel is control experiment (non-enzymatic) and right 

panel is reaction with DHP B. Time series are same for all the six panels. 

 

Figure S12: Time-Dependent kinetics of oxidation of 2-CLQ to hydroxylated 2-ClQOH by HRP 

as a function of absorbance at (A) 220-550 nm, (B) 220-350 nm, (C) 350-550 nm. Reaction 

condition: [ferric HRP] = 60 ɖM, [2-ClQ] = 300 ɛM and [H2O2]= 1200 ɛM at 100mM KPi buffer 

pH 7 with 5% MeOH at 20°C. Left panel is control experiment (non-enzymatic) and right panel is 

reaction with HRP. Time series are the same for all the six panels. 

 

Figure S13: HPLC chromatogram obtained for 2-ClQ as a function of time. The reaction was 

monitored at 255 nm. The retention time for 2-ClQ is 5.8 min. Reaction condition: [2-ClQ]= 500 

ɛM at 100 mM KPi buffer pH 7 at 20°C quenched with catalase after 2,5,10,15 min. 
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Figure S14: HPLC chromatogram obtained for the reaction of DHP B, 2-ClQ and H2O2 as a 

function of time. The reaction was monitored at 255 nm. The retention time for 2-ClQ is 5.8 min, 

Asterisk indicates the peak for 2-ClQ. Reaction condition: [ferric DHP A] = 10 ɛM, [2-ClQ]= 

500in ɛM and [H2O2]= 500 ɛM at 100 mM KPi buffer pH 7 with 5% MeOH at 20ÁC quenched 

with catalase after 2, 5, 10, and 15 minutes. 

 

Figure S15: HPLC chromatogram obtained for the reaction of DHP A, 2-ClQ and H2O2 as a 

function of time. The reaction was monitored at 255 nm. The retention time for 2-ClQ is 5.8 min, 

Asterisk indicates the peak for 2-ClQ. Reaction conditions: [ferric DHP A] = 10 ɛM, [2-ClQ]= 

500 ɛM and [H2O2]= 500 ɛM in 100 mM KPi buffer pH 7 with 5% MeOH at 20ÁC quenched with 

catalase after 2, 5, 10, and 15 minutes. 

 

Figure S16. HPLC chromatogram obtained for the reaction of 2-BrQ, 2-ClQ and H2O2 as a 

function of time. The reaction was monitored at 260 nm. The retention time for 2-BrQ is 9.5 min 

and 2-ClQ is 5.8 min, and two major product peaks appear at 6.8 min and 6.5 min for 2-BrQ and 

6.5 min and 6 min for 2-ClQ. The peaks at 6.8 min at panel A and 6.5 min at panel B are 

hydroxylated 2-BrQ and 2-ClQ, respectively.  The peaks at 6.5 min in panel A and 6 min at panel 

B is unassigned. The peak at 9 min in each figure is for catalase used for reaction quenching. 

Reaction conditions: [2-BrQ]=[2-ClQ] = 500 ɛM, [H2O2] = 1200 ɛM at KPi pH 7 at room 

temperature. 

 

Figure S17: HPLC chromatogram obtained for pure catalase as a function of time. The reaction 

was monitored at 260 nm. 

 

Figure S18: DHP B+2,4-DCP+H2O2 pH5 Experimental and Theoretical Isotopic Distribution for 

C6H4Cl2O [M-H]-. Reaction: 10 µM ferric DHP B, 500 µM 2,4-DCP, and 500 µM H2O2 in 5 mM 

KPi buffer pH 5 with 5% MeOH, quenched with catalase after 15 min. 

 

Figure S19: DHP A+2-CLQ+H2O2 pH7 Experimental and Theoretical Isotopic Distribution for 

C6H3ClO3 [M-H]-. Reaction: 10 µM ferric DHP A, 500 µM 2-ClQ, and 500 µM H2O2 in 5 mM 

KPi buffer pH 7 with 5% MeOH, quenched with catalase after 15 min. 
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Analysis of Time-Dependent Spectra: Singular Value Decomposition (SVD) 

  
Figure S1: Box diagram of the components of Single Value Decomposition to determine number 

of components in reaction, done with the absorbance data. The basis spectra get multiplied by 

eigenvalues/typical weights, the weights; W1= 90%, W2= 10%, W3< 0.5%. 

 

It is challenging to extract kinetic or chemical information from individual wavelength 

measurements in a time-resolved spectral data set. SVD analysis can provide a good estimate of 

rates for kinetic reactions where more than a single process is involved, as well as a determination 

of which process is dominant. This usually requires simultaneous fitting of two or more SVD 

components to an exponential model.  U1, U2, and U3 are basis spectra that comprise the first three 

columns of the U matrix. They are the grand mean, the grand difference mean, and the grand 

double difference mean. The grand mean is the average of all time-dependent spectra. The grand 

difference mean is the sum of the difference between the grand mean and each individual spectrum. 

The components are orthogonal, such that they can also be seen as the zeroth, first, and second 

derivatives, respectively. V1, V2, V3 are obtained from the first three columns of the transpose of 

the VT matrix. They give the time dependence of each of the basis spectra in the corresponding 

columns of the U matrix. 

In our data set we have 100 wavelengths ranging from 220 to 320 nm and 37 time points 

spaced evenly over 90 s. The SVD method represents the data matrix of 3700 elements as a set of 
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basis spectra, U and basis time courses, V, with appropriate weighting by the eigenvalues, W. One 

can evaluate the relative importance of the basis spectra from the magnitude of the eigenvalues, 

but also from the signal-to-noise ratio of the components themselves. For DHP A and B catalysis 

of DCP and DBP there are only two significant components. These can be assigned as reactant, 

difference spectrum between mainly 2-haloquinone and 2,4-dihaloquinone and a third slower 

component that consists of a difference spectrum between a species that absorbs at 240 nm and the 

2,4-dihalophenol. The species that absorbs at 240 nm has not been identified, but we can rule out 

the catechol, 3,5-dihalobenzene-1,2-diol. Muconic acid and its halogenated derivatives absorb at 

240 nm. Muconic acid is a ring-opened decomposition product of an orthoquinone. Both the 

catechol and hydroxyquinone can readily form orthoquinones under the reaction conditions with 

enzyme present.  

Kinetic experiments were conducted to study the secondary hydroxylation step in 2-ClQ 

for comparison with 2-BrQ in Figures S2 and S3, respectively. The experimental conditions were 

identical to those reported above and in the manuscript except that [H2O2] = 1200 ‘ὓ for this 

comparison. This change affects the rate of hydroxylation but has no effect on the spectral changes 

or products of the reaction. The oxidation of 2-ClQ at pH 7 is compared with the oxidation of 2-

BrQ and pH 6, 7, and 8 in Figure S4. The rate constants are reported in Table S1. The rate of 

reaction is nearly identical for 2-ClQ and 2-BrQ, however, the apparent yield is much higher in 2-

ClQ. One caveat is that we do not know the relative molar absorptivity for 2-ClQOH and 2-

BrQOH.  
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Second stage oxidation of 2-ClQ 

Figure S2: UV-Visible spectroscopic measurement of DHP A catalyzed oxidation of 2,4-DCP. 

Reaction condition: [ferric DHP A] = 2.4 ɛM, [2,4-DCP] = 500 ɛM and [H2O2]= 1200 ɛM at 100 

mM KPi buffer pH 7 with 5% MeOH at 25°C. The absorbance of 2-ClQ is at 255 nm and the 

formation of 2-ClQOH is at 520 nm. 

 

Figure S3: UV-Visible spectroscopic measurement of 2-BrQ. Reaction condition: [2-BrQ]= 500 

ɛM and [H2O2]= 1200 ɛM at  KPi buffer pH 7 with 5% MeOH. (B) The absorbance of 2-BrQ is 

at 260 nm and (C) The formation of 2-BrQOH is at 520 nm. 

 

Note: The absorbance at 255 nm is higher than 2 since the concentration of 2-ClQ is too 

high as the motivation was to cover the range from 400-600 nm where the very weak absorption 

band of the hydroxylated benzoquinone product is observed.  
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Figure S4: Changes in absorbance of 2-XQ where X = Cl or Br for the hydroxylation reaction of 

DCP or DBP with H2O2. The absorbance changes over a five-minute observation time are assumed 

to be proportional to changes in concentration. The reaction conditions were [2-ClQ]= [2-BrQ] = 

500 ɛM and [H2O2]= 1200 ɛM in 5% MeOH KPi buffer at the indicated pH. 

 

Table S1: Changes in absorbance and rate constants for hydroxylation of 2-XQ where X = Cl or 

Br. The absorbance changes over a five-minute observation time were measured 520 nm from the 

first kinetic trace at 23 seconds to the final trace at 467 seconds. The rate constants were obtained 

from a single exponential fit to the first SVD component, which represents the increase in 

absorbance following mixing with 1200 ʈ- H2O2. 

 2-ClQ 2-BrQ (pH 6) 2-BrQ (pH 7) 2-BrQ (pH 8) 

Ўὃ 0.047 πȢπσ 0.0095 πȢππς 0.010 πȢππτ 0.072 πȢπς 
k (x10-3 s-1) 2.2 πȢπς 1.9 πȢπσ 2.5 πȢπσ 4.4 πȢπρ 

 

 

Figures S5-S6 and Table S1-3 show the results of SVD analysis of DCP and DBP 

peroxidation by DHP. There is little difference between DHP A and B so only one set of results is 

shown. The SVD components are shown in the manuscript. Components V1, V2, and V3 were fitted 
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to a model with two rate constants and a baseline. The rate constants were determined from V2 fit 

and then fixed to establish a simultaneous fit for all three components. This permits the components 

A1, A2 and A3 to be used to form linear combinations of the U-matrix basis spectra.  

 

 

Table S2: Fit to exponentials S(t) = A1 + A2
-k1t + A3e

-k2t for DHP A and DCP. The concentrations 

are [DCP] = 500 ʈ- and [DHP A] = 2.4 ʈ-. 

 V1 V2 V3 

B -0.18137 Ñ 0.000222 -0.99119 Ñ 0.0352 0.36584 Ñ 0.00728 

A1 0.02515 Ñ 0.00036 1.669 Ñ 0.0569 -0.46433 Ñ 0.0118 

invTau1 0.007 (fixed) 0.007 (fixed) 0.007 (fixed) 

A2 0.019219 Ñ 0.000289 -1.2988 Ñ 0.0458 -0.50245 Ñ 0.00947 

invTau2 0.07 (fixed) 0.07 (fixed) 0.07 (fixed) 

 

 

 
Figure S5: Spectral SVD components from DHP A catalysis of DCP compared to the UV-visible 

spectrum of 2-ClQ are plotted. The components are a baseline and two kinetic components, one 

rapid on the seconds time scale and the second process on the tens of seconds time scale. V1 and 

V2 were simultaneously fitted and linear combinations of the U1 and U2 components gave rise to 

the above rotated components. 
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Table S3: Fit to exponentials S(t) = A1 + A2
-k1t + A3e

-k2t for DHP B and DBP. The concentrations 

are [DBP] = 50 ʈ- and [DHP B] = 10 ʈ-. 

 V1 V2 

B 0.16701 Ñ 0.000222 -0.99119 Ñ 0.0352 

A1  -0.0097192 Ñ 

0.000329 

-0.38732 Ñ 0.02 

invTau1 0.19 (fixed) 0.19 (fixed) 

A2 -0.014117 Ñ 0.000243 -0.35389 Ñ 0.0176 

invTau2 0.038 (fixed) 0.038 (fixed) 

 

 

 
Figure S6: Plot of the Spectral SVD components from DHP B catalysis of DBP compared to the 

UV-visible spectrum of 2-BrQ. The components are a baseline and two kinetic components, one 

rapid on the seconds time scale and the second process on the tens of seconds time scale. V1 and 

V2 were simultaneously fitted and linear combinations of the U1 and U2 components gave rise to 

the above rotated components. 

 

The HRP reactivity with DCP and DBP is distinctly different from either of the DHPs. We have 

intentionally included DHP A kinetics on DCP and DHP B kinetics on DBP because the other 

combination is very similar in function. 
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Figure S7: For the reaction of DCP with H2O2 catalyzed by HRP Rotated basis spectra of U1, U2, 

and U3 are not possible in this instance because kinetics of the three V1, V2, and V3 components 

of is not at all similar. No simultaneous fit is possible that way we could for DHP A and B. The 

reaction shown there is HRP + (/ $#0 O ς #Ì1(/ (#Ì. The reactant conditions 

are [HRP] = 10 ʈM, [(/ ] = 1200 ʈM, [DCP] = 500 ʈM in 5% MeOH KPi pH 7.  

 

 
Figure S8: SVD components are shown for the reaction of DCP with H2O2 catalyzed by HRP. 

Rotated basis spectra of U1, U2, and U3 are not possible in this instance because kinetics of the 

three V1, V2, and V3 components of is not at all similar.  
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Figure S9: The reaction shown there is HRP + (/ $"0 O ς "Ò1(/ ("Ò. The 

reactant conditions are [HRP] = 10 ʈM, [(/ ] = 1200 ʈM, [DBP] = 500 ʈM in 5% MeOH KPi 

pH 7. 

   

 
Figure S10: SVD components of HRP + DBP+ H2O2. For the reaction of DBP with H2O2 catalyzed 

by HRP rotated basis spectra of U1, U2, and U3 are not possible in this instance because kinetics 

of the three V1, V2, and V3 components of is not at all similar. No simultaneous fit is possible that 

way we could for DHP A and B. The reaction conditions are [HRP] = 10 ʈM, [DBP] = 50 ʈM, 

and [(/ ] = 1200 ÍM. 

 

No simultaneous fit is possible for HRP components by analogy with DHP A and B. The 

reaction shown is  

ὌὙὖὌὕ ὈὄὖO ς ὄὶὗὌὕ Ὄὄὶ 
 

The reactant conditions are [HRP] = 10 ‘M, [Ὄὕ] = 1200 ‘M [DBP] = 500 ‘M in 5% 

MeOH KPi pH 7. The secondary reaction of 2-BrQ with H2O2 is shown. 
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Figure S11: Time-Dependent kinetics of oxidation of 2-CLQ to hydroxylated 2-ClQOH by DHP 

B as a function of absorbance at (A) 220-550 nm, (B) 220-350 nm, (C) 350-550 nm. Reaction 

condition: [ferric DHP B] = 2.4 ɛM, [2-ClQ] = 300 ɛM and [H2O2]= 1200 ɛM at 100mM KPi 

buffer pH 7 with 5% MeOH at 20°C. Left panel is control experiment (non-enzymatic) and right 

panel is reaction with DHP B. Time series are same for all the six panels. 
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Figure S12: Time-Dependent kinetics of oxidation of 2-CLQ to hydroxylated 2-ClQOH by HRP 

as a function of absorbance at (A) 220-550 nm, (B) 220-350 nm, (C) 350-550 nm. Reaction 

condition: [ferric HRP] = 60 ɖM, [2-ClQ] = 300 ɛM and [H2O2]= 1200 ɛM at 100mM KPi buffer 

pH 7 with 5% MeOH at 20°C. Left panel is control experiment (non-enzymatic) and right panel is 

reaction with HRP. Time series are the same for all the six panels. 
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HPLC Analyses of Reactions of 2,4-Dihalophenols with H2O2 

 

 

Figure S13: HPLC chromatogram obtained for 2-ClQ as a function of time. The reaction was 

monitored at 255 nm. The retention time for 2-ClQ is 5.8 min. Reaction condition: [2-ClQ]= 500 

ɛM at 100 mM KPi buffer pH 7 at 20ÁC quenched with catalase after 2,5,10,15 min.  

 

Figure S14: HPLC chromatogram obtained for the reaction of DHP B, 2-ClQ and H2O2 as a 

function of time. The reaction was monitored at 255 nm. The retention time for 2-ClQ is 5.8 min, 

Asterisk indicates the peak for 2-ClQ. Reaction condition: [ferric DHP A] = 10 ɛM, [2-ClQ]= 

500in ɛM and [H2O2]= 500 ɛM at 100 mM KPi buffer pH 7 with 5% MeOH at 20ÁC quenched 

with catalase after 2, 5, 10, and 15 minutes. 
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Figure S15: HPLC chromatogram obtained for the reaction of DHP A, 2-ClQ and H2O2 as a 

function of time. The reaction was monitored at 255 nm. The retention time for 2-ClQ is 5.8 min, 

Asterisk indicates the peak for 2-ClQ. Reaction conditions: [ferric DHP A] = 10 ɛM, [2-ClQ]= 

500 ɛM and [H2O2]= 500 ɛM in 100 mM KPi buffer pH 7 with 5% MeOH at 20°C quenched with 

catalase after 2, 5, 10, and 15 minutes. 

 

A set of experiments were conducted to compare the HPLC chromatogram of the products 

of the reactions of 2-ClQ and 2-BrQ with H2O2. The reaction conditions were the same except for 

a higher [H2O2]= 1200 ɛM. The HPLC conditions gradient differed in that 0.1% formic acid was 

used in the water ï acetonitrile gradient for the comparison shown in Figure S16. The studies 

shown above and, in the manuscript, used 0.1% trifluoroacetic acid. The control shown in Figure 

S17 assigns the peak at 9 min as a catalase peak.  
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Figure S16. HPLC chromatogram obtained for the reaction of 2-BrQ, 2-ClQ and H2O2 as a function 

of time. The reaction was monitored at 260 nm. The retention time for 2-BrQ is 9.5 min and 2-

ClQ is 5.8 min, and two major product peaks appear at 6.8 min and 6.5 min for 2-BrQ and 6.5 min 

and 6 min for 2-ClQ. The peaks at 6.8 min at panel A and 6.5 min at panel B are hydroxylated 2-

BrQ and 2-ClQ, respectively.  The peaks at 6.5 min in panel A and 6 min at panel B is unassigned. 

The peak at 9 min in each figure is for catalase used for reaction quenching. Reaction conditions: 

[2-BrQ]=[2-ClQ] = 500 ɛM, [H2O2] = 1200 ɛM at KPi pH 7 at room temperature. 

 

 
Figure S17: HPLC chromatogram obtained for pure catalase as a function of time. The reaction 

was monitored at 260 nm. 
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DHP B+2,4-DCP+H2O2 pH5 Experimental and Theoretical Isotopic Distribution for 

C6H4Cl2O [M-H] - 

 
Figure S18: DHP B+2,4-DCP+H2O2 pH5 Experimental and Theoretical Isotopic Distribution for 

C6H4Cl2O [M-H]-. Reaction: 10 µM ferric DHP B, 500 µM 2,4-DCP, and 500 µM H2O2 in 5 mM 

KPi buffer pH 5 with 5% MeOH, quenched with catalase after 15 min. 

 

DHP A+2-ClQ+H2O2 pH7 Experimental and Theoretical Isotopic Distribution for 

C6H3ClO3 [M -H] - 

 
Figure S19: DHP A+2-CLQ+H2O2 pH7 Experimental and Theoretical Isotopic Distribution for 

C6H3ClO3 [M-H]-. Reaction: 10 µM ferric DHP A, 500 µM 2-ClQ, and 500 µM H2O2 in 5 mM 

KPi buffer pH 7 with 5% MeOH, quenched with catalase after 15 min. 
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dehaloperoxidase A and B 
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ABSTRACT 

Hemoglobin-Peroxidase (DHP) has diverse catalytic activity depending on the substrate 

binding pH and steric effects. The structure of the substrate also determines the binding orientation 

and mode of interaction with the enzyme that may guide function. To shed light on how DHP is 

capable of switching between functions, the research has focused on structure-function 

relationships using several structural methods including EPR spectra of protein radicals, NMR 

dynamics comparison, and DHP-A -B crystallographic diffraction. Enzyme kinetic studies have 

shown that the catalytic activity of DHP B is 3-6 fold higher than DHP A in spite of 96% sequence 

homology.  There are a variety of ligand structures with DHP B, each providing an additional 

insight into nature of enzymatic binding and active site. But there are not as many X-ray 

crystallographic structures of ligands in complex with DHP A to know the binding and activity of 

DHP A in compared to DHP B. This study is focused on investigating the protein-ligand binding 

in DHP A to compare the structural and functional differences with DHP B structures. The X-ray 

crystal structures of DHP A bound with 2,4-DCP (1.48 Å, PDB: 8EJN), 2,4-DBP (1.52 Å, PDB: 

8VSK), 4-NP (2.03 Å, PDB: 8VKC), 4-NC (1.40 Å, PDB: 8VKD) and 4-Br-C (1.64 Å, PDB: 

8VZR) revealed substrate binding sites in the distal pocket, closer to the heme cofactor. When 

compared with the well-defined structures of DHP B such as cresols (PDB: 6ONG,6ONK, 6ONR, 

6ONX, 6ONZ, 6OO1, 6OO6), 5-bromo-indole (PDB: 6I6G), benzimidazole(PDB: 5K1L), 4,4-

biphenol (PDB: 8DOI, 8DOJ), 4.4-ethylidenebisphenol (BPE) (PDB: 8DOH), 2,4-

dimethoxyphenol (PDB: 6CH6), Guaiacol (PDB: 6CKE, 6CO5, 6CRE), the electron density in 

DHP A maps is not sufficient to determine the presence of the substrates, much less their 

orientation. We conclude that they bind much more weakly to DHP A than to DHP B. From this 

comparison one can further extend the hypothesis of substrate binding guiding function. Five high 

quality examples of direct comparison of modes of binding in DHP A and B for the same substrate 

have emerged from this research.  
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1. INTRODUCTION  

Dehaloperoxidase (DHP) is a multifunctional enzyme-oxygen transport heme-protein first 

isolated from the marine terebellid polychaete Amphitrite ornata. Dehaloperoxidase (DHP) 

functions as a monomeric hemoglobin for transporting oxygen.[1,2] It is first discovered as a 

hemoglobin in 1977[3] and later it is discovered as an enzyme with peroxidase function in 1996.[4] 

Heme-proteins are responsible for reversible oxygen binding and peroxidase enzymes can do 

oxidation of different substrate. The first discovered dehaloperoxiadse structure was by Lebioda 

and coworkers in 2000 (PDB accession code: 1EW6).[5] Two separate genes; dhp A and dhp B 

encode two isoforms as DHP A and DHP B respectively.[6] Both DHP isoenzymes contain 137 

amino acid residues with molecular weights of 15.5 kDa (DHP A) and 16.3 kDa (DHP B) and 

almost identical structure.[7] Some of the first research published on DHP reported that these two 

genes for the protein differ only by five amino acids (I9L, R32K, Y34N, N81S and S91G).[8,9],[6] 

Despite their higher homology (96%) in amino acid sequence, DHP B has been reported to have 

3-6 fold higher peroxidase activity than DHPA in the presence of different substrates and pH. Even 

more striking is the peroxygenase activity of DHP B that is almost absent in DHP A.[7,10] There 

is no explanation at present for the difference in catalytic activity of the two isoforms. The X-ray 

crystal structures of wild-type and mutant DHP A include the substrates like 2,4,6-trihalophenols; 

trichloro- and tribromo- (PDB: 4KMV, 4KMW, 4KN3, 4ILZ, 4FH6, 4FH7) and 4-halopehols; 

monofluoro, monochloro-, monobromo-, monoiodo- (PDB: 3LB1, 3LB2, 3LB3, 3LB4). There are 

some structures of DHP A with carbonmonoxy (CO) (PDB: 4DWT, 4DWU), metcyano (CN) 

(PDB: 3KUN, 3KUO). Among these, trihalophenols bind as substrates and monohalophenols as 

inhibitors. Prior to the current studies, there were no crystal structures of DHP A other than 

phenols. On the other hand, DHP B is known to bind a wide range of substrates like 2,4,6-

trihalophenols (PDB: 6VDY, 6VDU, 6VDX), 4-halopehols (PDB: 7MOH, 7MOF), 2,4-

dihalophenols (PDB: 7LZK, 7LZN), 2,3,4,5,6-pentachlorophenol (PDB: 6OO8), cresols (PDB: 

6ONG,6ONK, 6ONR, 6ONX, 6ONZ, 6OO1, 6OO6), guaiacols (PDB: 6CKE, 6CO5, 6CRE), 4-

nitrophenol (4-NP) (PDB: 5CHQ), 4-nitrocatechol (4-NC) (PDB: 5CHR), 2,4-dimethoxyphenol 

(PDB: 6CH6), benzimidazole (PDB: 5K1L), indazole (PDB: 5LK9), imidazole (PDB: 5LKV), 

benzotriazole (PDB: 5LLZ), 5-bromo-indole (PDB: 6I6G), bisphenol (PDB: 8DOH), biphenol 

(PDB: 8DOI, 8DOJ).  
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Many questions regarding the comparison of DHP A and DHP B are unresolved. The 

mutagenesis of all five amino acids in DHP A and DHP B shows that I9L is the crucial amino acid 

of the five that differ in the two sequences. I9/L9 located in the A loop, is 15 Å far from the heme 

active site. Yet studies indicate that amino acid at position 9 is an important factor in modulating 

DHP catalytic activity in two isoenzymes.[11] The substitution of I9L in DHP A has been reported 

to increase the 5cHS heme population which is the ñopen conformationò that favors substrate 

binding. Of the 5 five single mutations that make DHP A more like DHP B, only I9L shows 

increased catalytic turnover. Nonetheless, the X-ray structures of DHP A and I9L DHP A appear 

almost identical. The fact that structures of DHP A and B are so similar leads to the hypothesis 

that differences in their reactivity must be due to dynamics, which includes modes of substrate 

binding. Only some of these substrate binding modes are likely to be observed by X-ray 

crystallography given that crystal packing forces restrain internal protein motions.  

 

DHP has great potential as a model for structure-function relationships in multifunctional 

enzymes although the mechanisms of several of DHPôs functions are still not well understood. 

Many previous spectroscopic and enzymatic studies on both isoenzymes, DHP A and DHP B, 

including X-ray crystal structures have shown similar internal substrate binding and reaction 

pathways.[7,10,12ï19] DHP can bind substrate into an internal binding site unlike other 

peroxidases which bind at more remote sites near the ‎-edge or at the ‏-edge in a surface binding 

site.[5,20,21] In addition, both substrate and inhibitor can bind inside the distal pocket, which is 

also the substrate binding site for a multi-functional protein. Tri-halogenated phenols can bind in 

the distal pocket but require high concentration.[22] Dihalogenated phenols bind more tightly, in 

fact, 2,4-DBP is by far the tightest binding substrate studied.[19] Monohalogenated phenols are 

reported as inhibitors of TCP, which is a reference substrate used in many studies.[18] The initial 

expectation for this study was to crystallize DHP A with at least one or two substrates from each 

chemical group, cresol, guiacol, indole, etc., to compare the binding with DHP B structures. We 

found empirically that most of the substrates accommodated by DHP B do not bind to DHP A. 

DHP A binds phenols with moderate Kd in the micro- and millimolar range in solution. But 

substrates such as guaiacol, benzimidazole, dimethoxyphenol, imidazole, indole, bisphenol, 

biphenol, were not observed reliably in electron density maps. Hence, we concluded that these 

substrates do not bind in the crystalline form of DHP A.  
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Unlike DHP B, the X-ray crystal structures of trihalophenols and 4-halophenols bound in 

DHP A have focused on structural comparisons of the effect of the halogen substituents. The 

highest quality structure of any DHP is of the inhibitor 4-bromophenol in DHP A with a resolution 

of 1.00 ᴠ.[18] There are structures that show two conformations of substrate or even single 

conformation of substrate with 6cHS H2O bound to Fe(III) and 5cHS Fe(III) with inhibitor bound. 

A list of DHP A structures is shown in Table 1 and DHP B structures in Table 2. While many 

studies show good fits to the electron density, the substrate quality in some of those structures is 

not optimal. The distribution of electron density in the distal pocket of DHP structures has led to 

the assignment of partial occupancy of the substrates in some structures. This is indicative of 

multiple conformations or possibly dynamic motions in the distal pocket. In the simplest 

interpretation, partial occupancy is a measure of the population of a particular conformation. In 

some cases, anomalous scattering diffraction studies have been performed to locate the accurate 

position of a substrate. This method has been used to demonstrate the binding of 2,3,4,5,6-

pentachlorophenol (PCP) and 2,4,6-tribromophenol (TBP) in the distal pocket.[14,22] This is 

particularly important for substrates with low occupancy. For example, the partial occupancy of 

TBP was below 15% yet the anomalous diffraction clearly showed the orientation of the substrate 

in the ‌-site[22], and the partial occupancy of PCP was 15% and 40% for each of two different 

conformations.[14] Such examples are important because they support the idea that low density 

does not mean lack of binding, but we would expect weak binding of such bulky substrates or 

inhibitors. 
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Table 1: Crystal Structures of DHP A deposited into the RCSB PDB. 

DHP A 

PDB 

Accession 

No. 

Isoenzyme Ligand Mutant Reference 

1EW6 A   [5] 

1EWA A 4-IP  [5] 

2QFK A   [8] 

3DR9 A   [23] 

3KUN A CN  [24] 

3KUO A CN  [24] 

3MYM A CN M86E [25] 

3MYN A CN M86D [25] 

3K3U A  V59W [26] 

3OK5 A 4-BP H55D [27] 

3ORD A Xe  [28] 

3MOU A Xe  [28] 

4DWT A CO  [29] 

4DWU A CO  [29] 

4GZG A CO  [29] 

4FH6 A 2,4,6-TBP, O2  [22] 

4FH7 A 2,4,6-TBP, O2  [22] 

4ILZ A 2,4,6-TBP, O2  [22] 

3LB1 A 4-IP  [18] 

3LB2 A 4-BP  [18] 

3LB3 A 4-CP  [18] 

3LB4 A 4-FP  [18] 

4HSW A  L100F [16] 

4HSX A 4-BP L100F [16] 

4JYQ A CO  [30] 

4KJT A O2 L100F [31] 

4KMV A 2,4,6-TCP, O2 L100F [32] 

4KMW A 2,4,6-TCP Y34N [32] 

4KN3 A 2,4,6-TCP Y34N/S91G [32] 

2QFN A O2 C73S [8] 

3O7N A 4-BP V59W [26] 

7MNH A  V59W [26] 

4JAC A  T56S [33] 

5V5R A O2 I9L [11] 
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Table 2: Crystal Structures of DHP B deposited into the RCSB PDB 

DHP B 

PDB 

Accession 

No. 

Isoenzyme Ligand Mutant Reference 

3IXF B O2  [9] 

5CHQ B p-nitrophenol  [15] 

5CHR B p-nitrocatechol, O2  [15] 

6CH6 B 2,4-dimethoxyphenol  [34] 

5K1L B benzimidazole  [26] 

5LK9 B indazole  [26] 

5LKV B imidazole  [26] 

5LLZ B benzotriazole  [26] 

5V5J B O2  [11] 

6CH5 B 4-nitroguaiacol  [34] 

6CKE B 4-Br-guaiacol  [34] 

6CO5 B 6-Br-o-guaiacol  [34] 

6CRE B 5-Br-o-guaiacol  [34] 

6I6G B 5-Br-indole  [35] 

6I7F B 2,4-DCP  [35] 

7ADX B O2  [26] 

7JOR B   [36] 

7KCU B O2  [36] 

7KFM B O2  [36] 

6ONG B 4-F-cresol  [14] 

6ONK B 4-Cl-cresol  [14] 

6ONR B 4-methyl-cresol  [14] 

6ONX B 4-Br-cresol  [14] 

6ONZ B 4-nitro-cresol  [14] 

6OO1 B o-cresol  [14] 

6OO6 B p-cresol  [14] 

6OO8 B PCP  [14] 

6VD3 B 4-BP Meso-DHP B [37] 

6VD4 B 4-Br-o-cresol Meso-DHP B [37] 

6VD5 B 2,4,6-TCP Meso-DHP B [37] 

6VD6 B 4-nitrophenol Meso-DHP B [37] 

6VDR B 4-BP Deu-DHP B [37] 

6VDS B 4-Br-o-cresol Deu-DHP B [37] 

6VDT B 4-nitrophenol Deu-DHP B [37] 

6VDU B 2,4,6-TCP Deu-DHP B [37] 

6VDV B 4-BP Mn-DHP B [37] 
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Table 2 (continued) 

 

6VDW B 4-nitrophenol Mn-DHP B [37] 

6VDX B 2,4,6-TCP Mn-DHP B [37] 

6VDY B 2,4,6-TCP  [37] 

7ACP B   [26] 

5V5Q B O2 L9I [11] 

5VLX B  F21W [38] 

5VTS B O2 Y28F [39]  

5VTT B O2 Y38F [39] 

 

 

Another aspect of the structure-function relationship of DHP is the flexibility of the distal 

histidine. DHP contains only two histidine residues, the distal (H55) and the proximal histidine 

(H89).[7,10,40] H55 is has greater flexibility than any other globin known, but still plays a role as 

an acid-base catalyst for peroxidase function by making a hydrogen bond with bound peroxide. 

The flexibility of H55, which is buried deeply in the globin, is greater than sperm-whale myoglobin 

(SWMb).[7,29] This feature also makes DHP an unique protein than any other myoglobin or 

hemoglobin. Recent NMR and folding studies demonstrated that DHP B is more flexible in 

dynamic motion than DHP A.[41] Combining the structure, spectral, and kinetic threads of 

investigation, it is of great importance to study substrate binding to develop a fundamental base 

for comparing DHP A and DHP B to enzymatic activity in a multifunctional globin.  

 

2. EXPERIMENTAL METHODS  

2.1. Materials 

Various grades of Polyethylene Glycol (PEG), (2000, 4000, 5000 and 8000), stock 

solutions of 3.5 M ammonium sulfate and buffer solution of sodium cacodylate (pH 6.5), 

cryoloops, crystal caps, crystal setting well plates, cover slips were purchased from Hampton 

Research, California for crystallization of DHP-A. 

 

2.2. Process of Protein Crystallization and X-ray Diffraction Studies: 

Non-His tagged DHP-A was overexpressed and purified following established 

protocols[9,34],[11,38,42] with some minor modifications. RosettaTM(DE3) pLysS competent 

cells (NOVAGEN) purchased from EMD Millipore Corporation (California, USA). The protein 
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was oxidized to the ferric state, before each experiment by adding excess amount of potassium 

ferricyanide, K3[Fe(CN)6]. A PD-10 (sephadex G-25) desalting column was used to remove excess 

oxidizing agent. Crystals grew from (30-32) % PEG 4000, 0.2M ammonium sulfate, 0.02M 

sodium cacodylate (pH 6.5) by mixing concentrated protein at 10-12 mg/mL in 20mM sodium 

cacodylate (pH 6.5). Crystals were grown using the hanging-drop vapor diffusion method with 

crystallization solution at volume 1:1 and 2:1 of protein: reservoir solution. Crystals grew after 3-

4 days and then were soaked overnight at 4°C in precipitant solution supplemented with substrate 

at 40mM and 80mM of concentration with 5% DMSO. After soaking, the crystals were 

cryoprotected with 25% glycerol added to the soaking solution and flash cooled and stored in 

liquid nitrogen before data collection.  

The preliminary challenge was to obtain purified DHP A to initiate the crystallization 

process. Several modifications like a) including salt fractionation procedure in the purification, b) 

changing the cell line to RosettaTM(DE3) pLysS were performed in the purification and expression 

process, respectively to purify the protein for crystallization.  The second challenging step was 

soaking the substrate into crystallized protein while maintaining crystal quality.  

 

The X-ray diffraction data were collected remotely at 100 K on the SER-CAT BM22 

beamline using wavelength of 1.00 Å and a shutterless Rayonix MX300HS detector at Advanced 

Photon Source, Argonne National Laboratories (APS). The collected data were indexed, scaled, 

and integrated using the HKL2000 program suite.[43] The crystals studied here all had the same 

space group (P212121) as the ferric metaquo structure form (PDB accession code: 2QFK). The 

structures were solved by molecular replacement using 2QFK[8] coordinates as a starting model 

with the Phaser molecular replacement program[44] and refinement is performed using 

REFMAC5[45] in the CCP4 suite[46] and manual model building, and visualization is performed 

in COOT model building software.[47] Waters were placed into the refined structure in COOT 

molecular graphics software. The final models were validated in COOT and Molprobity.[48] Data 

collection, processing and refinement statistics are summarized in Table S1, and structural figures 

are prepared with PyMol Molecular Graphics System, (version 1.2r3pre, Schrodinger, LLC). 
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3. RESULTS 

In this research comparing X-ray crystal structures of DHP-substrate complexes, we 

observed that DHP A is more difficult to crystallize than DHP B. Slight modifications were made 

to optimize DHP A crystallization. Though the crystallization process showed improvement in 

DHP A crystallization, it is found empirically that the success rate of forming DHP A crystals is 

half as great as parallel crystallizations of DHP B. While slight modification of conditions helped 

to increase the yield of DHP A crystals, there was still a lower success rate for DHP A-substrate 

crystals that gave good diffraction during data collection. The optimum condition consisted of a 

protein: reservoir solution ratio 2:1 with 32% PEG 4000 at pH 6.5. Substituted phenols 

cocrystallize well in both DHP A and DHP B in our experience, while larger substrates do not 

cocrystallize in DHP A at all after multiple attempts. Substrate cocrystallizations were attempted 

a minimum of 7 times in DHP A. Each substrate tested here has a published DHP B X-ray crystal 

structure.  

The process of incubating DHP A crystals was initiated with the potential substrates DBP, 

DCP, nitrophenol, NC, PCP, guaiacol, cresols, indole, benzimidazole, 4,4-biphenol, 4.4-

ethylidenebisphenol (BPE), 2-chloroquinone, BPA, 2,4-dimethoxyphenol. All of substrates 

readily crystallized with DHP B except BPA. While DHP A crystals were observed with 

internalized DCP, DBP, Cresol, NP, and NC. DHP A co-crystallization with the remaining 

substrates was not successful after even more than 8 attempts. After screening, crystal complexes 

were studied by X-ray crystallographic diffraction. Homodimer DHP A crystallized with 

respective substrate in the asymmetric unit of P212121 space group which is consistent with other 

previous crystal structures of both DHP A and DHP B.[49] DHP A was crystallized with two 

molecules (protomer A and protomer B) per asymmetric unit as observed previously in every 

known DHP crystal structure.  

Some substrates bind in multiple conformations. If any substrate that binds inside the distal 

pocket in more than one orientation, those orientations are referred to as multiple conformations 

with partial occupancy. Sometimes the total electron density of substrate is low meaning that only 

a small fraction of the DHP proteins bind to a substrate under the cocrystallization conditions. In 

those cases, partial occupancy may include DHP protein alone. The sum of all partial occupancies 

equals total occupancy which we give in percent, thus 100%. The internal binding site in the distal 

pocket of heme is surrounded by mobile amino acids that respond subtly to internal substrate 
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binding. The amino acids F21, F24, F35, F60, Y38, are phenylalanines and tyrosine that tend to 

either slide laterally with relatively little rotation occurring in the substrates studied here. On the 

other hand, H55 has two conformations, internal and external, which respond to substrates. 

Therefore, binding of substrate inside also impacts the conformation of those amino acids to have 

a favorable interaction which means the neighboring amino acids can also be in multiple 

conformations. In some crystal structures, water molecules are bound inside with partial 

occupancy and H55 is in the closed conformation when there is no substrate. Although some 

structures can bind both water molecule and substrate in one structure. Binding of substrate pushes 

the internal H55 state to the open conformation. 

The X-ray data collection and refinement statistics are listed in Table S1, and the binding 

orientation of each substrate is shown in Figure 2. Analysis of the density in the distal pocket in 

X-ray crystal structures of DHP revealed evidence for binding of DCP, DBP, Cresol, NP, and NC 

in the distal pocket. These structures have been accepted in the RCSB Protein Data Bank (PDB).  

 

The 2Fo-Fc density map contoured at 1ů level for each substrate that bound to DHP A in 

the crystal is shown in Figure 1. This is an illustration of a density map after data processing. The 

electron density for DCP, NP and NC-bound structures was sufficient to dictate the orientation of 

the binding inside the heme pocket above the heme. Although, the density maps for the other two 

substrates (DBP and Cresol) have lower occupancy there is sufficient density to indicate the 

presence of a molecule. The binding orientation is not well determined in these data.  These results 

are reproducible in the sense that similar electron density was observed in many structures.   
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Figure 1: X-ray crystal structure illustrating the density map of 4-NP (PDB: 8VKC), 4-NC (PDB: 

8VKD),2,4-DBP (PDB: 8VSK), 4-Br-C (PDB: 8VZR), and 2,4-DCP (PDB: 8EJN)[12] within the 

distal pocket of DHP A.  

 

The X-ray crystal structure illustrating internal substrate binding as well as the neighboring 

amino acids within the distal pocket of DHP A is shown in Figure 2; Figure 2A shows 2,4-DCP 

with two binding conformations (PDB: 8EJN). This structure was taken from Chapter 2 of this 



   

138 

 

dissertation which has already been published.[12] Figure 2B shows 2,4-DBP (PDB: 8VSK), 

Figure 2C is the crystal structure of 4-NP (PDB: 8VKC), Figure 2D shows 4-NC (PDB: 8VKD) 

and Figure 2E represents 4-Br-C with two binding conformations of 4-Br-C (PDB: 8VZR). 

Two binding orientations were determined for the crystal structure for non-His tagged WT 

DHP A in a complex with substrate 2,4-dichlorophenol (2,4-DCP) (PDB: 8EJN) at a resolution of 

1.48 Å. The substrate 2,4-DCP was found to bind internally in the A crystallographic subunit distal 

pocket shown in Figure 2A. The partial occupancy of two conformations (DCPA 30% and DCPB 

30%) of DCP was observed, also partial occupancy of a heme-bound water molecule (30% 

occupancy, shown in figure 1). When the DCP substrate is bound, H55 is in the open conformation, 

but when H2O is bound to heme Fe H55 is observed in the closed (internal) conformation and there 

is no substrate bound. Previously reported DHP-guaiacol complexes showed that ligand binding 

in DHP is possible without displacing the distal water molecule.[34]  

The structure of DHP A complexed with 2,4-dibromophenol (2,4-DBP) (PDB: 8VSK) 

shows a single binding site in the distal cavity in Figure 2B at 1.52 Å resolution. The partial 

occupancy of DBP is observed to be 40%. In addition, F60 has two conformations indicating that 

DBP displaces the F60 side chain when it is bound. In other DHP A structures F60 has a single 

conformation, which means that when DBP is bound, F60 is rotated to a conformation further from 

the heme pocket. Both F60 and H55 are observed in two conformations. Figure 2B shows only 

H55 because of the difficulty of binding a view of the distal pocket that includes both. Because it 

is difficult to show F60 conformation with the substrate conformation in the same structure as F60 

and substrate overlaps similar position in heme pocket. The orientation of F60 is exactly similar 

as it is shown in Figure 2E.  

The DHP A with bound 4-NP (PDB: 8VKC) has single binding site in the distal pocket at 

resolution 2.03 Å. The nitro atom is positioned internally in Figure 2C with an occupancy of 100% 

and the OH group is directed towards the distal cavity opening at H-bonding distances of 2.7 and 

3.3 Å from the heme propionate D group and Y38 residue, respectively, resulting in H55 in the 

open conformation.  

A similar binding orientation is observed for 4-NC as like 4-NP in DHP A at a resolution 

of 1.40 Å (PDB: 8VKD). The occupancy of the substrate 4-NC is 50% and there is a heme-bound 

water molecule. H55 has open and closed conformation shown in Figure 2D.  
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The crystal structure for DHP A and 4-bromo-o-cresol (4-Br-C) shows two orientations of 

substrate binding at a resolution of 1.64 Å (PDB: 8VZR). The partial occupancy of two 

conformations is 20% and 40% and F21 and F60 both have two conformations for each and H55 

is in open and closed conformations in Figure 2E.  

 

 
Figure 2: X-ray crystal structure illustrating the internal substrate binding as well as the 

neighboring amino acids within the distal pocket of DHP A. (A) 2,4-DCP; two binding 

conformations of DCP (PDB: 8EJN)[12], (B)2,4-DBP (PDB: 8VSK), (C) 4-NP (PDB: 8VKC), 

(D) 4-NC (PDB: 8VKD), (E) 4-Br-C; two binding conformations of 4-Br-C (PDB: 8VZR). (For 

interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article. 
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4. DISCUSSION 

The goal of this study was to systematically compare the binding of various substrates in 

DHP A and B. Many of the larger substrates did not bind in DHP A, which may explain the poor 

reactivity of DHP A towards those substrates. Figure 3 shows a superposition of the X-ray crystal 

structures of DHP A and B bound to DCP, DBP, NP, NC, and cresol, the five substrates that bind 

well in both isozymes.  The reported crystal structure of DCP binding internally with DHP A 

(PDB: 8EJN)[12] and crystal structure of DHP B (PDB: 7LZN, 7LZK)[13] shows that each of 

them has two conformations. The superimposed crystal structures of DHP A and DHP B with DCP 

show that only one conformation of three has a similar binding orientation. The other two 

conformations differ in DHP A and B as shown in Figure 3(A). The superimposed crystal structure 

of DBP in DHP A (PDB: 8VSK) and for DHP B (PDB: 7LZO)[13] shown in Figure 3(B), reveals 

that DBP is deeper in hydrophobic region closer to residues F21, F24, F60, T56 and Y38 in DHP 

B. This structural orientation in Figure 3(B) shows that the substrates occupy almost similar 

positions in the binding site at the ɓ-edge with slight displacement. The superimposed structure of 

NP with DHP A (PDB: 8VKC) and DHP B (PDB: 5CHQ)[15] were found to bind in a similar 

orientation, observed above the heme and in the ɓ-edge shown in Figure 3(C). Figure 3(D) shows 

the superimposed structure for NC. The substate NC is found to be oriented in a similar manner in 

both DHP A (PDB: 8VKD) and DHP B (PDB: 5CHR)[15] although slightly further from the heme 

in DHP A than in DHP B. 4-Br-C in DHP B has a single binding conformation (PDB: 6ONX)[14]. 

The superimposed crystal structure of DHP A (PDB: 8VZR) and DHP B shown in Figure 3(E) 

elucidates that only one conformation of DHP A has an orientation similar to DHP B.  
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Figure 3: Superposition of x-ray crystal structure of DHP A and DHP B. The green color in these 

figures refers to the structure of DHP B and cyan color refers to DHP A. Binding site superposition 

is shown for; (A) 2,4-DCP (PDB entry 8EJN, 7LZN and 7LZK)[12,13], (B) 2,4-DBP (PDB entry 

8VSK, 7LZO)[13], (C) 4-NP (PDB entry 8VKC, 5CHQ)[15], (D) 4-NC (PDB entry 8VKD, 

5CHR)[15], (E) 4-Br-C (PDB entry 8VZR, 6ONX)[14]. 
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Previous studies have revealed that DHP B shows lower folding stability[7] and greater 

dynamic range of motion than DHP A.[41] Based on this finding, we can hypothesize that larger 

molecules can enter the distal heme pocket in DHP B than DHP A. The ability to bind larger 

substrates internally in DHP B may be a significant reason for its greater range of function.  

The structure of the substrate also determines the binding orientation which ultimately 

dictates the mechanistic pathway.[11,34] The structural evidence in this Chapter suggests that 

substrates as functional switches the activate different DHP mechanisms. Since DHP A primarily 

binds phenols inside the distal pocket, peroxidase function is favored in DHP A. By contrast DHP 

B has greater peroxidase activity and numerous other activities, including peroxygenase, 

oxygenase, and oxidase. Many of the larger substrates are oxidized by peroxygenase activity in 

DHP B, which appears to be absent in DHP A.    
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Table S1: Data Collection and Refinements Statistics 

 
aValues in parenthesis are for the highest resolution shell. 

 

  

 4-nitro -

phenol 

4-nitro - 

catechol 

2,4-di-

bromo 

phenol 

4-bromo- 

o-cresol 

2,4-di-

chloro 

phenol 

PDB Entry 8VKC 8VKD 8VSK 8VZR 8EJN 

Data Collection      

Wavelength (Å) 1.00 1.00 1.00 1.00 1.00 

Temperature (K) 100 100 100 100 100 

Space Group P212121 P212121 P212121 P212121 P212121 

Unit -cell parameters 

(Å) 

     

a 58.8 58.4 57.2 58.4 57.9 

b 67.9 68.4 66.2 67.8 67.3 

c 68.3 68.3 69.1 68.2 69.2 

Unique Reflections 16142 48795 39216 32109 42466 

   Completeness (%) 93.1 (79.3) a 94.7 (65.0) 99.6 (94.0) 99.8 (99.8) 98.0 (97.0) a 

Multiplicity  

Rmeas (%) 

3.7 (2.7) 

9.7 (86.0) 

4.2(1.8) 

5.9 (29.7) 

8.8 (3.9) 

29.5 (78.7) 

9.3 (5.6) 

17.8 (71.9) 

5.2 (3.8) 

7.0 (74.4) 

Rpim (%) 5.5 (55.9) 2.6 (18.4) 8.6 (53.2) 6.0 (37.3) 3.0 (36.9) 

CC1/2
   0.98 (0.31) 1.00 (0.87) 0.979 (0.582) 0.987 

(0.712) 

1.00 (0.70) 

I/s(I) 12.4 (1.3) 27.5 (1.0) 21.0 (1.5) 30.8 (2.4) 21.9 (1.6) 

Wilson B factor (Å2) 25.8 11.9 14.7 17.1 - 

Refinement      

Resolution Range 

(Å) 

30.43-2.03 44.40-1.40 36.69-1.52 37.14-1.64 37.09-1.48 

Rwork (%) 19.52 14.66 18.1 15.6 13.95 

Rfree (%) 26.75 19.27 20.5 20.4 20.19 

B factor (Å2)      

   Overall 30.0 16.0 17.0 20.0  

   Protein 29.7 14.7 16.9 20.1  

   Solvent 32.4 26.8 25.4 31.1  

No. of Protein Atoms 2337 2565 2464 2584 2481 

No. of Solvent Atoms                                                        94 194 208 179 323 

R.m.s. deviations      

Bond lengths (Å) 0.008 0.015 0.014 0.010 0.014 

Bond angles  (o)                       1.577 1.998 2.045 1.646 1.909 

Ramachandran Statistics (%)     

Preferred 96.4 96.9 96.2 97.5 97.3 

Outliers                                     0.5 0.6 0.0 0.0 0.0 
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1. INTRODUCTION  

Dehaloperoxidase (DHP), isolated from terebellid polychaete Amphitrite ornata is a unique 

heme protein discovered in 1977,[1] which has also been characterized as an enzyme since 

1996.[2ï4] DHP has been observed to function with multiple enzymatic activities including 

peroxidase,[2,5,6] peroxygenase,[7ï9] oxidase,[9] and oxygenase [9] activities alongside the 

oxygen transport function of a Hb. Two isozymes of DHP have been discovered in the genome of 

Amphitrite ornata DHP A and DHP B.[10]DHP B shows lower folding stability[11] and greater 

dynamic range of motion[12] that may be correlated with its ability to accommodate a greater 

range of substrates and enzymatic activities than DHP A.[13,14] Trihalophenols like 2,4,6-

tribromophenol (TBP) and 2,4,6-trichlorophenol (TCP) have been studied previously as 

peroxidase substrates for DHP in the presence of hydrogen peroxide (H2O2).[5,6,15,16] Catalytic 

oxidation of TXPs involves two consecutive one electron oxidations with active ferryl radical 

intermediates.[6,17]  

Figure 1 shows the competition between formation of Cmpd II and Cmpd RH.[6,18,19] 

When a substrate with sufficient reactivity is present, DHP progresses in its catalytic cycle. When 

substrate is absent the protein radical in Cmpd ES can evolve by proton coupled electron transfer 

ultimately leading to heme-protein crosslinking and Cmpd RH formation.[17] On the other hand, 

reduction of the ferric resting state leads to ferrous oxy [Fe(II)O2] or ferrous carbon monoxy 

[Fe(II)CO] DHP if CO is present. This spontaneous process, known as autoreduction, may serve 

to reset DHP to a ferrous state for the globin function. This could be part of a mechanism for 

switching between redox states and therefore globin vs. enzymatic function. Since substrate is not 

part of either the heme crosslinking or autoreduction processes, the required electrons must come 

from amino acids in DHP. There are 5 tyrosines in DHP A and 4 tyrosines in DHP B, and 6 

methionines in both isozymes. These amino acids also react with vinyl groups or even the 

porphyrin ring, which makes them primary candidates for crosslinking to heme, along with 

histidine and cysteine. 
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Figure 1: Proposed peroxidase mechanism for DHP-catalyzed oxidation of trihalophenol.  

 

A separate line of investigation led to the hypothesis that the Met/Cys pool is crucial for 

the process known as autoreduction. DHP has been observed to spontaneously reduce from the 

ferric to the ferrous state.[20] This phenomenon has been termed autoreduction. The reduction of 

ferric Fe occurs in a period of a few hours without any external reductant, but in the presence of 

carbon monoxide (CO) to drive the equilibrium towards the ferrous state. The reductant in this 

process is one or more of the amino acids in DHP. Typical peroxidase enzymes initiate their 

catalytic cycle from ferric heme.[21,22] There is no need for a change in oxidation state of the 

heme since its sole function is to oxidize substrates through peroxidase activity. However, the 

regulation of the redox state of the heme-Fe plays an important role in multifunctional enzymes 

like DHP. While ferrous-heme is the active form for oxygen transport, ferric-heme is the usual 

resting state for peroxidase function. The regulation of these two redox active forms is one of the 

crucial aspects for the functional switch in DHP. This was discussed as the DHP paradox in 2012 

by Franzen and Ghiladi. The resolution is that H2O2 can be activated by both the ferrous and ferric 

forms to produce compound II and compound I as the primary intermediate.[23]  

Most Hbs are known to undergo the opposite process, autooxidation, which is oxidation of 

heme Fe by bound O2.[43] On the other hand, peroxidases have large negative reduction potentials, 

which ensures that they will remain in the ferric state. Although Mbs and Hbs require a ferrous 
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state, their reduction potentials are significantly lower than those of DHP A and B. The 

spontaneous tendency to form ferrous heme in DHP is most likely a result of the highly positive 

formal potential of +201.8mV and +193 mV observed by spectroelectrochemistry for DHP A and 

DHP B, respectively.[24]  

Autooxidation is such a widespread problem for living organisms that red blood cells make 

use of metHb reductase whose function is to reduce the heme Fe to the ferrous form.[25,26],[43] 

The tendency toward autoreduction in ferric DHP requires a source of electrons. Although Tyr was 

an obvious candidate given its known redox activity in DHP enzymatic function, the Met/Cys pool 

appears to be the source of the electrons required for spontaneous reduction of Fe(III). Sulfur 

containing residues Cys and Met are oxidized in several proteins such as methionine sulfoxide 

reductase, thioredoxin and peroxiredoxin by reacting with reactive oxygen species.[27ï29] These 

oxidized residues are reduced by NADPH dependent reactions. Ultimately oxidation of NADPH 

provides the electron to reduce the oxidized methionines in a system of enzymes, usually with 

thioredoxin acting as a shuttle.[30ï32] Moreover, intracellular glutathione is also a reservoir of 

reducing equivalents that maintains the redox equilibrium in the cell. Glutathione plays a role 

similar to methionine in human red blood cells. 

The earliest experiments to address autoreduction used relatively concentrated DHP 

samples (5 ‘M < [DHP] < 20 ‘M) in a 1 mm path length, required at those high concentrations.[20] 

Ferric DHP samples were diluted into a buffer solution equilibrated in 10% CO/ 90% N2. Over the 

course more than 12 hours the heme converted from a ferric Fe (‗ τπχ ὲά) to ferrous Fe-

CO (‗ τςρ ὲά). Focusing mainly on sulfur-containing residues as the primary reductants, 

the mutants C73S, S78C, M63L, M64L, H55V and double mutants M49C/C73S and M63L/M64L 

were studied.[20] The effect of pH and three different substrates or inhibitors was also studied. 

Hirota et. al. showed that sperm whale Mb (SWMb) mutated by one cysteine had an increased rate 

for the CO-facilitated reduction.[33] The rate of the autoreduction process was an order of 

magnitude slower in SWMb consistent with the hypothesis that a Met pool is needed to make 

autoreduction functionally relevant. The SWMb crosslinking mechanism involved two cysteines 

forming disulfide bonds and releasing two electrons for reduction of the heme. Based on the 

sigmoidal kinetics observed for WT-DHP A, it was suggested that there was cooperative 

interaction between proteins through dimerization, similar to Cys-SWMb,[33] which contributed 

to the autoreduction. DHP has been shown to be primarily a monomer in solution at pH 7 by small 
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angle X-ray scattering studies (SAXS).[34] Nonetheless, the SAXS measurements reveal that DHP 

A is 10-20% dimerized in solution. However, SAXS data are not available at lower pHs or for 

DHP B. These data suggest that DHP A is in a monomer-dimer equilibrium in solution.  

The involvement of multiple amino acids in the process provides a failsafe for the proposed 

regulatory functions. If one Met is oxidized or mutated others in the pool will take its place. The 

distribution of amino acids in different Hbs suggests that the presence of multiple Tyr and Met 

may play a role in function of annelid and other organisms in the superphylum lophotrchozoa, 

which consists of sea creatures that lack complicated vasculature and organs found in many 

chordata.[44] Less complex organisms may require multifunctional heme proteins because they 

lack organs and differentiated heme enzymes with specialized functions. More specialized 

organisms have a plethora of heme enzymes and mechanisms for protecting them from 

autooxidation and other inactivating processes. Herein, we examine the mechanism of 

autoreduction in DHP, which has implications for protection of redox active heme and switching 

between functional forms.  

 

2. EXPERIMENTAL  

2.1. Materials 

All chemicals were procured from VWR chemicals and Millipore Sigma and used without further 

purification. DHP A and DHP B were expressed and purified as reported previously[35,36] and 

stored in 25% glycerol in -80°C freezer until needed. Compressed CO gas tank was purchased 

from ARC3 gases with 10% CO and 90% Argon. All solutions were prepared in 100 mM 

Potassium phosphate buffer (KPi) pH 7, unless specified otherwise. Hydrogen peroxide (H2O2) 

solution was freshly prepared before each experiment by dissolving 35% H2O2 in KPi and 

concentration was determined spectroscopically at 240 nm with Ů240 nm = 43.6 Mī1 using an Agilent 

8453 diode array UVīvisible spectrophotometer at room temperature (25 oC). Wild type (WT) 

His-tagged (6X-His) proteins (DHP A and DHP B) were expressed using a previously reported 

protocol.[24] Protein was completely oxidized using excess K3[Fe(CN)6]  and was passed through 

desalting column PD-10 with Sephadex G-25 resin for buffer exchange and to remove the leftover 

K3[Fe(CN)6]. Ferric DHP concentration was determined spectroscopically at its Soret band 

maximum of 406 nm with Ů406 nm = 116,400 Mī1 cmī1. 
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2.2. Measurement of the autoreduction rate  

5mM Tris(2-carboxyethyl) phosphine (TCEP) was added to a vial containing 100 mL of DHP and 

incubated for 1 hour. This is done to reduce any possible disulfide links. Adding TCEP reduced 

the protein to its ferrous form. However, TCEP is one of the gentlest reducing agents and is easy 

to remove by size exclusion chromatography. After incubation, TCEP was removed by passing 

the protein mixture into desalting column; Sephadex G-25 resin in a PD-10 column. The reduced 

protein was completely oxidized by adding potassium ferricyanide, K3[Fe(CN)6]. Excess 

K3[Fe(CN)6] was removed by passing the protein mixture through desalting PD-10 column. The 

concentration of DHP was determined by obtaining a UV-visible spectrum and calculating the 

concentration using absorbance at Soret band maximum of 407 nm (Ů407 nm = 116,400 Mī1 

cmī1).[35] Final concentrations of 1.5, 2.5 and 5 mM DHP were used at pH 5, 6, 7 and 8. 2,4,6-

trichlorophenol (TCP) was used in some specified experiments at a concentration of 0.7 mM.  A 

final volume of 2 mL DHP was transferred to a 1 cm path length cuvette with a magnetic stir bar, 

sealed with a septum and degassed with N2 gas for 5 min and then exchanged with 10% CO for 5 

min, with constant stirring. The cuvette was placed into a Peltier temperature controller attached 

to an Agilent 8453 UV-Visible spectrophotometer. The temperature was set to a constant 

temperature of 37°C throughout the measurement. Kinetics mode was activated on the software 

and set to capture a spectrum every 30 minutes for 20-50 hours between 200-800 nm wavelength. 

Time trace of absorbance at 421 nm (CO-ferrous DHP) was extracted from the tie resolved spectra 

and was used to determine the rate of autoreduction. 

 

2.3. Autoreduction data analysis: 

Since the observed rate constant kobs for autoreduction showed a dependence on DHP 

concentration, the time trace at 421 nm was fitted to a second order model on Igor Pro as shown 

below, where f is the fraction of unconverted ferric DHP at time t.  

ὃ ὸ Ὢὃ ρ                                                    eqn.1 

The observed rate constants obtained for autoreduction of DHP A and DHP B were compared as 

a function of pH and DHP concentration by performing a 2-way ANOVA where the two 

independent variables were isozyme (DHP A and DHP B) and either pH or concentration of DHP. 
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This statistical test returned p-value which was used to conclude if the differences observed in kobs 

is statistically significant. The threshold for significance of the p-value was set at 0.05. 

 

3. RESULTS 

3.1. Autoreduction as a function of concentration, pH, DHP mutations, and substrate 

molecules 

The reduction of ferric-DHP to CO-ferrous DHP was observed by the shift in the Soret 

band from 407 nm to 421 nm shown in Figure 2, which shows time-resolved spectra of 2.5 mM 

DHP-A at pH 6. A change in Q-band was also observed where it shifted from the 504 nm maximum 

in 6cHS ferric form to the ‌Ⱦ‍ doublet at 541 nm and 571 nm of the six-coordinate low spin 

(6cLS) ferrous form. All measurements were carried out in the presence of 10% CO because the 

rate is 10-fold slower in the absence of CO. Native heme Fe coordination in DHP is a mixture of 

H2O bound 6cHS and 5cHS at room temperature which has an absorption maximum at 407 nm. 

The Soret band for DHP-CO is a sharp band observed at 421 nm. Similar spectral shifts and 

transitions are observed for DHP-A and DHP-B at pHs 5, 6 and 7. 

 

Figure 2: Time resolved UV-Vis spectra of autoreduction of 2.5 mM ferric-DHP A to CO-ferrous 

DHP at pH 6 for 20 hours. 

 

The time courses of the absorbance change at 421 nm (CO-ferrous Soret band) shown in 

Figure 3 shows was fit to a second order model for both DHP A and DHP B. These data also fit 

reasonably well to a first order kinetic model. However, owing to the second-order DHP 

concentration dependence, the first order model was not considered further. Figure 4 shows the 

statistically significant differences in kobs for DHP A and DHP B at varied concentrations. The 

decrease in kobs with increase in concentration indicates that autoreduction is anti-cooperative.  
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Figure 3: Time trace of absorbance at 421 (CO-ferrous) plotted against time with the second order 

model fits for DHP A and DHP B with varied [DHP] at pH 7. 

 

 

Figure 4: Time trace of absorbance at 421 (CO-ferrous) plotted against time with the second order 

model fits for DHP-A and DHP-B at pH7 with varied [DHP] 

 

Sigmoidal kinetics were observed previously at higher concentrations between 20-100 mM. 

At the concentrations studied here, 1.5-5 mM, DHP A has a greater autoreduction rate constant at 

lower concentration. At 5 mM both isozymes have similar rates. 

The second order rate constant kobs decreased as pH increased for both DHP A and DHP 

B. Figure 5 shows the time courses and the fits to a second-order kinetic model (Eqn.1). These 

kinetic time courses are relatively similar. However, Figure 6 shows that the decrease in kobs for 

both isozymes as a function of pH is statistically significant (p < 0.0001). On the other hand, there 

is no significant difference between the isozymes (p = 0.24; Table S3). The yield of reduced DHP 

is also significantly reduced. The yield is a more straightforward comparison that supports the idea 

that the autoreduction rate decreases with pH.   
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Figure 5: Time trace of absorbance at 421 (CO-ferrous) plotted against time with the second order 

model fits for DHP A and DHP B with varied pH at [DHP] 2.5 mM. 

 

 

Figure 6: Time trace of absorbance at 421 (CO-ferrous) plotted against time with the second order 

model fits for DHP A and DHP B at [DHP]=2.5 mM with varied pH.  

 

 

Figure 7: Time trace of absorbance at 421 (CO-ferrous) plotted against time with the second order 

model fits for DHP A and DHP B with varied pH at [DHP]= 2.5 mM and [TCP]=0.7 mM. 

 


