ABSTRACT
D’ANTONIO, JENNIFER. Mechanistic Investigations of the Oxyferrous and Ferric States of
Dehaloperoxidase B from Amphitrite ornata. (Under the direction of Dr. Reza A. Ghiladi).

Dehaloperoxidase (DHP) from the terebellid polychaete Amphitrite ornata is a
bifunctional enzyme that possesses both hemoglobin and peroxidase functions. There are two
DHP isoenzymes, DHP A and DHP B. Both DHP isoenzymes are capable of converting
2,4,6-trihalophenols to their corresponding 2,6-dihalogenated quinones by the use of
hydrogen peroxide as the oxidant. The work that will be presented in the following chapters
is focused on the elucidation of the catalytic cycle of both ferric and oxyferrous forms of
DHP by the use of biochemical assays, X-ray crystallography, mutagenesis studies, stoppedflow UV-visible, resonance Raman, and rapid-freeze-quench electron paramagnetic
resonance spectroscopies, and spectroelectrochemistry. Our focus was on the investigation of
the link between the peroxidase and O2-transport activities in order to enhance our
understanding of how this bifunctional enzyme is able to unite its two inherent functions in
one system.
Chapter 1 presents a general overview of the structure and function of
dehaloperoxidase. Chapters 2 and 3 describe the experimental data that support our proposed
catalytic cycle of dehaloperoxidase starting from the ferric and oxyferrrous forms of the
enzyme, providing evidence that, unlike the traditional monofunctional peroxidases, the
oxyferrous state in DHP is a peroxidase-competent starting species, which suggests that the
ferric oxidation state may not be an obligatory starting point for the enzyme. Chapter 4

presents additional insight into different aspects of the catalytic cycle of DHP such as the
crystal structure of DHP B, mutagenesis studies of both DHP isoenzymes that demonstrate
Compound I formation, and the determination of the origin of the tyrosine radical in
Compound ES. Finally, Chapter 5 presents evidence that DHP is not limited to a
peroxidase/globin dual-functionality, but rather exhibits peroxygenase activity via the
hydroxylation reaction of nitrophenols, thus, demonstrating the multifunctional nature of
dehaloperoxidase that may have evolutionary relevance as the progenitor of several hemeprotein sub-families.
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Chapter 1

An Overview of Structure and Function in Amphitrite
ornata Dehaloperoxidase-Hemoglobin B

1

Dehaloperoxidase from Amphitrite ornata: General Properties and Structural Features
Dehaloperoxidase-hemoglobin (DHP) was first identified in 1977 by Bonaventura et.
al. (1) as the coelomic oxygen-transport hemoglobin of the marine terebellid polychaete
Amphitrite ornata. This noncooperative hemoglobin was found to bind molecular oxygen at
high affinity (P50= 2.8 Torr) (1, 2). The oxygen molecules are supplied to DHP by the
multivascular erythrocruorin (P50 = 11 Torr), also known as a giant hemoglobin (molecular
weight of 3.6 MDa), located in the worm's tentacles (3). A. ornata is a bright red-colored
organism (Figure 1.1) that is commonly found in the mud flats of benthic coastal ecosystems
(4). The oxygen-bound state of DHP in A. ornata accounts for approximately 3% of soluble
protein recovered in crude extracts, which imparts the bright red color of this organism (5).
The body of A. ornata is found concealed in a sand-encrusted tube, but this worm possess
small tentacles that extend to roughly 40 cm in length and are constantly searching for food
particles on the surface of the mud flats.

Figure 1.1. Marine terebellid polychaete Amphitrite ornata.
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A. ornata is often found in coastal environments that are inhabited by other marine
species that include Saccoglossus kowalewskyi (Hemichordata) and Notomastus lobatus
(Polychaeta), which secrete contaminants such as bromophenols, bromopyrroles, and
bromoindoles as repellents to protect themselves from predators (6, 7). These halogenated
aromatic compounds, especially the brominated-phenols, are toxic and represent an imminent
danger to other species in the area. However, A. ornata has an auto-defense mechanism that
utilizes DHP as a peroxidase to carry out a two electron-oxidation of trihalophenols to the
corresponding dihaloquinones using hydrogen peroxide as the oxidant (Figure 1.2) (5). Thus,
DHP represents the first example of a globin with a biologically-relevant peroxidase activity.
OX

O
X

H2O2

H2O

X

X
+X

DHP
X (X = I, Br, Cl, F)

-

O

Figure 1.2. The oxidative dehalogenation reaction of trihalophenols catalyzed by DHP using
hydrogen peroxide.

There are two identified DHP isoenzymes, known as DHP A and DHP B, that are
encoded by separate genes (dhpa and dhpb, respectively) (8). DHP B differs from DHP A by
five residues: I9L, R32K,Y34N, N81S, and S91G. It was hypothesized at that time that DHP
A and DHP B may have different substrate specificities due to their differences in the active
site. Although the existence of both isoenzymes has been known for some time, isoenzyme A
has been the focus of many studies for the elucidation of the structural properties and
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enzymatic mechanism of DHP, while isoenzyme B has received minimal attention.
Early studies of DHP were performed by the isolation of the enzyme from Amphitrite
ornata frozen tissue, and subsequent purification by ion-exchange and gel filtration
chromatography (5). In 2000, the laboratory of Stefan Franzen successfully expressed and
purified the first recombinant version of DHP A, and the enzymatic activity was not found to
be significantly different from that of native DHP A isolated from A. ornata (9). Both DHP
isoenzymes contain 127 residues, and DHP A, for example, has a pI value of 8.8 and
monomeric molecular weight of 15.5 kDa (5). As in the case of many peroxidases, DHP is
rich in aspartic and glutamic acids. It contains proximal and distal histidine residues as
observed for globins and Type III peroxidases (10, 11). The optimal pH for catalytic
reactivity of DHP A was reported to be pH 7.4, which is the physiological pH value of the A.
ornata species (12). As will be discussed later in this chapter, the bifunctionality of DHP as a
globin/peroxidase enzyme represents a paradox and the study of its structure-function
relationship can potentially provide insight into its enzymatic mechanism. However, the
similarities and differences must first be realized between both a typical peroxidase and a
typical globin in order to further understand the bifunctional nature of dehaloperoxidase as a
globin-peroxidase.
Overview of Peroxidase Chemistry
Peroxidases are heme proteins that can be found in both prokaryotic and eukaryotic
organisms. Generally, peroxidases are responsible for the oxidation of a variety of substrates
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by the use of hydrogen peroxide as the electron acceptor. These proteins are classified into
two groups: animal and plant (found in plants, fungi, and prokaryotes) superfamilies. The
plant peroxidases have in turn been divided into three major classes: Class I, II and III (13).
Class I peroxidases refer to intracellular enzymes including yeast cytochrome c peroxidase
(CcP) and ascorbate peroxidase (APX) (14). Class II consists of the secretory fungal
peroxidases such as lignin peroxidase (LiP), manganese peroxidase (MnP), and versatile
peroxidase (VP) (15-17). Class III peroxidases includes the secretory plant peroxidases such
as horseradish peroxidase (HRP) (18). The generic peroxidase reaction can be described by
the following equation:

AH2 + H2O2

Peroxidase

A + 2H2O

where AH2 represents a hydrogen-donor substrate such as phenols, amines, or indoles, and
among others.
The majority of peroxidases contain a protoporphyrin IX heme prosthetic group
(Figure 1.3.a), a cofactor comprised of an iron atom ligated to four equatorial-positioned
nitrogen atoms from pyrrole groups among the porphyrin ring structure. The fifth ligand is an
axial-ligated histidine residue, also known as the "proximal" histidine. A critical histidine
residue is also found on the distal side of the heme but is not coordinated to the iron center.
However, the distal histidine plays an essential role in hydrogen bond stabilization of
exogenous sixth ligand species to the heme iron such as a water and peroxide molecules.
Figure 1.4 shows the oxidation states of the heme iron that are commonly found in heme
enzymes.
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A

Distal Histidine

B
His42

Arg38

His170

Proximal Histidine
Asp247
Figure 1.3. (A) Protoporphyrin IX prosthetic group. (B) Active site of horseradish
peroxidase (PDB accession code 1ATJ).

Figure 1.4. Oxidation states of the heme group found in heme enzymes.
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The general mechanism of heme peroxidases, also known as the Poulos-Kraut
mechanism, was first described by Poulos et al. in 1980 (19). According to this mechanism,
hydrogen peroxide must first bind to the ferric form of the enzyme in order to initiate the
oxidation reaction as described by the Poulos-Kraut mechanism (Figure 1.5). Subsequently,
the O-O bond from the peroxide undergoes heterolytic bond cleavage. Several amino acids in
the active site play an essential role during this enzymatic process. For instance, in HRP, a
model protein for peroxidase heme family, the key active site residues include His170 and
Asp247 on the proximal side, and His42 and Arg247 on the distal side of the heme group
(Figure 1.3.b).
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Figure 1.5. General Poulos-Kraut mechanism of peroxidases for the formation of Compound
I and its reaction with a reducing substrate, AH.

According to the Poulos-Kraut mechanism, the first step involves displacement of the
heme-bound water molecule upon the binding of hydrogen peroxide to the ferric iron to form
a Fe(H2O2) complex (step i). The subsequent deprotonation of the hydrogen peroxide
molecule by the distal histidine (His42), which acts as a base, generates the ferric
hydroperoxide Fe-OOH intermediate, also known as Compound 0 (step ii). Then, a water
8

molecule is lost upon heterolytic O-O bond cleavage, to give rise to Compound I (step iii), an
oxoferryl iron center with a π-cation radical on the heme cofactor, after a two electron
oxidation of Compound 0. Compound I comprises two oxidation equivalents that are
subsequently utilized for substrate oxidation. Compound I reacts with a reducing substrate,
AH, to oxidize the heme iron to form Compound II species, an Fe(IV)-oxo species (step iv).
In the final step of the generic peroxidase mechanism (step v), Compound II intermediate is
reduced upon reaction with substrate by one-electron to regenerate the ferric species, the
resting state of heme peroxidases.
The heterolytic O-O bond cleavage necessary for Compound I formation is promoted
by the role of the key residues in both the distal and proximal side. In HRP, for example, the
negative charged Asp247 residue establishes a strong hydrogen bond interaction with the NδH
of the proximal histidine (distance of ~1.9 Å). This interaction is the basis of the known AspHis-Fe catalytic triad as shown in Figure 1.6 that promote a "push-pull' effect. The
interaction caused by the amino acid triad places a negative charge density on the iron center
which leads to an increase in the bonding strength between the iron and the Nε of the
proximal histidine. The resulting strengthened hydrogen bond conveys a histidinate-like
character to the proximal histidine, which, in turn, facilitates the cleavage of the O-O bond of
the peroxide molecule bound to the iron atom. This electronic effect is identified as the
"push" effect as proposed by Poulos et al. (19). On the distal side of the heme group, the
histidine residue acts as an acid/base catalyst due to its assistance in the deprotonation of the
oxygen atom of the peroxide molecule bound to the heme iron center. The distal arginine
residue polarizes the O-O bond by stabilization of the developing negative charge on the
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oxygen atom of the peroxide molecule. The catalytic role of

both distal histidine and

arginine residues represent the "pull" effect as their actions result in the "pulling" of the O-O
bond. It is important to note that the Asp-His-Fe catalytic triad is highly conserved among
fungal and plant peroxidases.
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Figure 1.6. General schematic for the representation of "push-pull" effect in peroxidases.
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The functional role of the conserved distal and proximal heme pocket residues in
peroxidases has been further investigated by the use of site-directed mutagenesis, kinetics,
electronic absorption and resonance Raman measurements. For example, the replacement of
distal histidine and arginine in both HRP and CcP impaired peroxidase activity and affected
substrate binding (20-23). Additionally, changes in the proximal side in HRP and CcP also
resulted in a significant decrease of peroxidase function (24, 25).
During the enzymatic mechanism, peroxidases are able to cycle through high-valent
heme states such as the Fe(IV)=O ferryl-species, which is found in the Compound I,
Compound ES and Compound II intermediates. In general, peroxidases display negative
reduction potentials (Figure 1.7) in order to aid the preservation of the ferric form as the
resting state because the Fe(II) species lacks stability since it is readily oxidized under
physiological conditions to a peroxidase-inactive oxyferrous state.
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+158 Human Hemoglobin

Redox Potential (mV)

+152 Horse Heart Hemoglobin

+46 Horse Heart Myoglobin

+43 Sperm Whale Myoglobin

+5 Myeloperoxidase

-142 Lignin Peroxidase

-182 Cytochrome c Peroxidase

-266 Horseradish Peroxidase

Figure 1.7. Formal reduction potentials for the Fe(III)/Fe(II) couple of selected globins and
peroxidases measured at pH 7 (26).

Overview of Globin Structure and Function
Globins are comprised of a family of heme proteins, responsible for reversible
binding of molecular oxygen which is required for the transport and storage of molecular
oxygen. The globin family is composed of many proteins, widely distributed across all three
kingdoms: animal, bacteria and archaea. Myoglobin (Mb), a mammalian globin, is among the
heme proteins most studied to date; thus, Mb represents the prototypical example for the
investigation of the structure and function of globins.
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Mb, a single-chain globular protein composed of 154 amino acid residues and a heme
protoporphyrin IX prosthetic group (molecular weight of 17.7 kDa) (Figure 1.8.a), can be
found in muscles and in the heart and it acts as an oxygen storage protein in respiring tissues.
The crystal structure of Mb reveals that this protein contains a hydrophobic core and eight
alpha helices, termed A-H, that are connected by loops and turns. The heme group is held
between helices E-F, and attached to the protein through bonding to the proximal histidine,
which acts as an axial ligand to the heme cofactor. Additionally, Mb contains a distal
histidine, which stabilizes the exogenous ligands that bind to the heme iron such as dioxygen
and water molecules. The active site of Mb is presented in Figure 1.8.b. The functional role
of the conserved distal histidine in globins has been further investigated using site-directed
mutagenesis and kinetics measurements. For example, it was shown in globins that
replacement of the distal histidine with a glycine residue imparts a negative effect on the
binding of molecular oxygen (27).

A

B
His58

His88

Leu83

Figure 1.8. (A) X-ray crystal structures of sperm whale myoglobin (SWMb, PDB accession
code 1A6G) and (B) Active site of SWMb.
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Furthermore, the distal histidine in globins has been found in two different
conformations: solvent-exposed (open) and solvent-restricted (closed) as evidenced by X-ray
crystallographic experimental data (Figure 1.9) (28).

“open”
conformation

“closed”
conformation

Figure 1.9. Dynamic conformation of the distal histidine found in globins at pH 5 (PDB
accession code 16AG).

Additionally, the Asp-His-Fe catalytic triad observed in peroxidases is not present in
globins due to the absence of a proximal aspartate residue. However, the asparate is
substituted by the carbonyl group provided by a leucine residue. The resulting interaction
creates a carbonyl-His-Fe triad as shown in Figure 1.8.b. Globins also lack the arginine
residue on the distal side of the heme cofactor.
Globins are found in either the oxyferrous or (deoxy)ferrous states in order to mediate
reversible oxygen binding required for the transport and storage of oxygen (Figure 1.10).
Thus, globins display positive reduction potential values (Figure 1.7) in order to assist the
maintenance of the Fe(II) resting state.
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Figure 1.10. Reversible binding of molecular oxygen mediated by globins.

Comparison Between DHP, Peroxidases and Globins: Structural and Mechanistic
Features
The structural fold of monomeric DHP closely resembles the myoglobin (Mb) fold
(Figure 1.11). As such, DHP is currently classified as a globin according to the Structural
Classification of Proteins (SCOP) database. Despite the structural homology between DHP
and Mb, the analysis of sequence alignment data show that DHP bears low amino acid
sequence homology with other members of the globin family. For example, the highest
sequence homology was found to be ~26% when DHP A was compared to that of sea hare
Mb. DHP also has little resemblance to the fold of cytochrome c peroxidase (CcP), the
prototype for the heme peroxidase family (Figure 1.11).
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SWMb

DHP

CcP
Figure 1.11. X-ray crystal structures of sperm whale myoglobin (SWMb, PDB accession
code 1A6G), A.ornata dehaloperoxidase-hemoglobin (DHP A, PDB accession code 2QFK),
and cytochrome c peroxidase (CcP, PDB accession code 1ZBY).

When both DHP and Mb structures are superimposed, the most significant variation
is located on the proximal side of the heme moiety. For instance, the position of the proximal
histidine in DHP (His89) is located farther toward the C-terminus end compared to Mb

16

(His91). This deviation causes a conformational distortion of the polypeptide backbone from
α-helical to a coil structure which leads to roughly 60° plane rotation of the imidazole ring of
proximal histidine compared to Mb (29).
The distal pocket of DHP contains several hydrophobic residues (Phe21, Phe24, Phe35,
Phe52, and Phe60), which assist the binding of organic substrates into the heme pocket.
Structural analysis of DHP A revealed that the distance between NδH of the distal histidine
and the heme iron is 5.4 Å (30). This measurement in globins is 4.1 to 4.6 Å (28, 31, 32), but
in peroxidases it is 5.5 to 6.0 Å (33, 34). When comparing Mb to DHP A, there is a 2.4 Å
shift of its α-carbon. The shift could be due to the replacement of a glycine residue that is
located after the distal histidine in the primary amino acid sequence of Mb by threonine in
DHP. As in the case of Mb, the distal histidine in DHP is observed in the open and closed
conformations (Figure 1.12) (30, 35, 36). The conformational flexibility of the active site
residues in DHP will be further explored in the upcoming sections, and an example of its
mechanistic function will be presented in Chapter 3.
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His55
“open”
conformation

“closed”
conformation

Figure 1.12. X-ray crystal structure of DHP A (PDB accession code 1EW6) showing the
open and closed conformations of the distal histidine (His55).

On the proximal side of the heme, the key residues include the proximal histidine
(His89) and leucine (Leu83), the latter which provides a backbone carbonyl group to yield a
carbonyl-His-Fe triad (Figure 1.13). This triad results in a weaker hydrogen bonding
interaction relative to the Asp-His-Fe catalytic triad found in peroxidases. The lack of
proximal aspartate in DHP promotes a neutral histidine as in the case of globins. DHP B does
not significantly deviate from the structural fold of DHP A but a more detail description of
the DHP B structure will be presented in Chapter 4. Despite the similarities of DHP to Mb in
terms of structural fold and the lack of the catalytic triad, DHP shows enhanced peroxidase
activity (37).

18

His55

His89

Met86

Leu83

Figure 1.13. The active site of DHP A (PDB accession code 2QFK) reveals the catalytic
triad, the distal histidine (His55), and the proximal histidine (His89).

In terms of peroxidase activity, the rate of enzymatic activity for DHP A was
observed to be intermediate between globins and peroxidases (37). In addition, DHP B was
recently shown to display approximately a three-fold increase in peroxidase activity relative
to DHP A (38). For instance, steady state enzymatic measurements for the oxidation of 2,4,6trichlorophenol (TCP) by H2O2 at pH 7 reveal that the turnover number (kcat, s-1) in the case
of DHP A is 0.61 ± 0.001, while that of horse heart myoglobin (HHMb) is 0.0065 ± 0.002
and HRP is 17.5 ± 1.9 (37).
The redox potentials of DHP A and B were determined to be +204 and +206 mV,
respectively (26, 38). This unusually high reduction potential of DHP is notably more
positive than peroxidases, but also more positive that any known intracellular globin (Figure
1.7). The functional consequences of the distinctive reduction potential in DHP compared to
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globins and peroxidases will be presented in Chapter 5.
Despite the similarities and differences of DHP when compared to known globins and
peroxidases, it is essential to consider more in detail how DHP is able to carry out both
oxygen transport and peroxidase functions. However, the bifunctional nature of DHP
presents an interesting paradox.

Dehaloperoxidase: The Paradox
The bifunctional nature of DHP as a globin/peroxidase appears to be at odds with the
traditional starting oxidation state for each protein function. For instance, globins are
responsible for oxygen transport and storage via reversible O2-binding, which is mediated by
the ferrous state of the heme protein. On the contrary, peroxidases carry out oxidation
reactions of many phenolic compounds via the ferric form, the resting state for this type of
enzyme. Interestingly, the oxyferrous species is the active form in globins while in
peroxidases the oxyferrous state, known as Compound III, is inactive (Figure 1.14). The
stability of the ferrous form of the enzyme is supported by a reduction potential for the
Fe(III)/Fe(II) couple of +204 (26) and +206 (38) mV for DHP A and B isoenzymes,
respectively. As previously described, this unusually high value for a globin is contradictory
to the redox potential of peroxidases, which in general are negative values (Figure 1.7). The
autooxidation rate of DHP is a slow process. Despite the stability of the ferrous form of DHP,
this enzyme was originally described as a peroxidase due to its high catalytic efficiency for
the oxidation of 2,4,6-tribromophenol (TBP) to its corresponding dihaloquinone by the use of
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hydrogen peroxide as the oxidant. Nevertheless, the ferric state is not able to perform the
globin function of oxygen transport and storage. A recently published review by Franzen et
al.(39) summarizes the DHP paradoxical scheme as follows:
1. DHP is an oxygen transport and storage protein that reversibly binds O2.
DHP + O2 ↔ DHP—O2
2. Peroxidase chemistry can be carried out starting from the oxy form.
DHP—O2 + H2O2 ↔ Compound II + H2O + O2
3. The result of a peroxidase cycle is a ferric heme iron.

.

Compound II + X—A—OH + H+ ↔ DHP(III) + X—A—O + H2O
4. A ferric heme iron cannot support globin function.

Kinetics measurements of the oxidation reaction of TCP in the presence of H2O2 by
oxyferrous DHP will be presented in Chapter 2, and further details of its proposed
mechanism will be described in Chapter 3 in order to provide a resolution of the DHP
paradox.

21

A

O2
II

Fe
Ferrous

+ O2
- O2

II

Fe
Oxyferrous

B
H2O

H2O2

AA
O
O
IV +
IV
-orFe
Fe
Cmpd I
Cmpd ES

2 H 2O

III

Fe
Ferric

AH

A
AH

O
IV
Fe
Cmpd II

A

Figure 1.14. (A) Reversible-oxygen binding mediated by the ferrous species in globins. (B)
Typical catalytic cycle of heme peroxidases.

Functional Implications of the Distal Histidine in Dehaloperoxidase
pH-Dependency of the Conformational Flexibility of the Distal Histidine in DHP. The
distal histidine serves an essential role during the enzymatic activity of peroxidases due to its
role as an acid/base catalyst (19). In globins, the distal histidine assists the binding of
molecular oxygen to the heme iron as it serves as a stabilizer via a hydrogen bonding
interaction as evidenced by early neutron diffraction studies (40). EPR, resonance Raman
spectroscopy and X-ray crystallography studies have demonstrated that the distal histidine
(His55) in DHP exhibits an unusual flexibility due to the observation of open and closed
conformations (35, 41-43). However, the conformation of the distal histidine in DHP is pHdependent as observed in globins. Despite the unusual flexibility of the distal histidine in Mb
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and DHP, both proteins significantly differ on the pH-dependency for this physical
occurrence. For example, X-ray crystallography studies of sperm whale myoglobin (SWMb)
show that the open conformation of the distal histidine, His64, is only observed at pH 4.5, but
not at higher pH values (44). In the case of DHP, experimental data reveals that at low pH
(pH 5), the open (external) conformation of the distal histidine, His55, is more favorable
while the closed conformation is preferred at pH 7. In this open conformation, His55 is
exposed to the solvent. Alternatively, the closed (internal) conformation of the distal histidine
allows the establishment of a hydrogen bonding interaction between the NδH of its imidazole
ring and the axial ligands bound to the heme iron such as water, molecular oxygen or
peroxide molecules. For instance, X-ray crystallography studies have shown that in the
metaquo form of DHP A (a water-bound ferric state), His55 is observed in the closed
conformation (35). However, the crystal structure of the ferrous (deoxyferrous) DHP A
species demonstrated that when the heme iron is found in the high-spin five-coordinate form,
the distal His55 exhibits an open conformation (35). EPR experiments also demonstrate that
the 6-coordinate metaquo form is observed at pH 7 while the 5-coordinate heme species is
observed at pH 5 (42). Based on these experimental data, it is possible to propose an active
role for the distal histidine in the modulation of hydrogen peroxide binding in DHP: when
H2O2 binds to the distal pocket of ferric DHP, His55 moves to the closed conformation in
order to serve as an acid-base catalyst for peroxidase chemistry. Chapter 3 will provide
experimental evidence based on anaerobic, as well as EPR and UV-visible spectroscopic,
studies of the proposed role of the distal histidine in DHP B for the activation of the
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oxyferrous species for peroxidase activity.
Role of Distal Histidine in the Radical Pathway of DHP. The conformational
flexibility of DHP has been shown to play an important role in the radical pathway of DHP
as evidenced by EPR spectroscopic studies. DHP A contains five tyrosine residues (Tyr16,
Tyr28, Tyr34, Tyr38, and Tyr107), as shown in Figure 1.15, but only two of these residues
(Tyr34 and Tyr38) are found within a reasonable distance to the heme to be able to reduce the
transiently formed Compound I intermediate to Compound ES upon addition of H2O2 to
ferric DHP. The closest contact between Tyr34and the heme edge is 5.56 Å, whereas for Tyr38
this distance is 7.54 Å (30). Based on structural and spectroscopic analysis, Ghiladi and coworkers (45) initially suggested that the initial site of radical formation in DHP A Compound
ES was either Tyr34 or Tyr38. This hypothesis was later clarified by Ghiladi and Svistunenko
on the basis of mutagenesis and EPR studies. Svistunenko et. al.(43) performed EPR studies
of the reaction of ferric DHP A with hydrogen peroxide in order to test the free radical
intermediates as a function of pH. These experiments identified two high-spin ferric heme
species in the resting enzyme, which were assigned to the open and closed conformations of
the distal histidine, His55. EPR spectroscopic also demonstrated that two free radicals were
formed upon the activation of ferric DHP A by H2O2. One of these radicals is correlated to
the previously observed radical of the intermediate known as Compound ES, an Fe(IV)-oxo
compound with a radical assigned to the Tyr34 residue, and the second radical was assigned
to Tyr38. Chapter 4 offers details of the alteration of radical formation in Compound ES via
site-directed mutagenesis of the three tyrosine residues, Tyr28, Tyr34, and Tyr38, in both DHP
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A and DHP B to provide further evidence as to the origin of the protein radical in the
Compound ES intermediate.

Tyr16

Tyr107

Tyr28

Tyr38
His55

Tyr34
His89

Figure 1.15. Active site of DHP A showing all the tyrosine residues of the enzyme (PDB
accession code 2QFK).

Experimental data based on EPR spectroscopy, HPLC and stopped-flow studies
suggest that the formation of Compound RH and the generation of the Tyr38 radical are
alternative routes for Compound ES decay. Svistunenko and collaborators (43) proposed that
which route is taken depends on the conformation of the distal histidine. The formation of
Tyr38 occurs in the closed conformation of His55, which is the less populated form. However,
the open conformation of the distal histidine promotes the decay of Compound ES via
Compound RH formation.
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Role of Distal Histidine in the Inhibition of Peroxidase Activity in DHP. Lebioda et
al. (46) published in 1997 the first X-ray crystal structure of ferric DHP A, at pH 6 and 298
K, with a 4-iodophenol molecule co-crystallized and located above the heme group, but not
ligated to the iron atom (Figure 1.16). The hydrophobic residues (Leu25, Phe21, Phe25, Phe60,
Val59) that surround the active site of DHP assist the binding of monohalophenol substrates,
which are also stabilized by a hydrogen bonding interaction by the hydroxyl group of Tyr 38
residue.

Tyr38

Leu25
Phe21

Phe60

His55
Val59

Phe25

4-iodophenol

His89

Figure 1.16. Active site of DHP A in the presence of 4-iodophenol (PDB accession code
1EWA).

This observation originally led to an understanding that small molecules such as triand mono- substituted halophenols bind at an internal binding site. However, it was later
discovered by NMR (47), resonance Raman (48) and electrochemistry (26) studies that
monohalophenols bind to this internal binding site, but trihalophenols interact with an
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external binding site. Furthermore, it was also found that monohalophenols act as
competitive inhibitors rather than substrates for the peroxidase activity of DHP. Kinetics
measurements (48) suggest that DHP exhibits a non-classical two-site competitive inhibition.
In this form of inhibition, the inhibitor molecule binds to the active site which results in a
conformational change to prevent the substrate from binding elsewhere in the protein.
Franzen et al. (48) proposed that the competitive inhibition between the internal and
external sites was mediated by the distal histidine, His55. For instance, when the trihalophenol
substrate is bound, His55 is found in the internal, or active, conformation resulting in a water
bound 6-coordinate high spin heme species. In contrast, when the inhibitor is bound, His55 is
forced into the solvent-exposed or open/inactive conformation, resulting in a 5-coordinate
high spin heme, and the substrate cannot access the external binding site. Therefore, the
distal histidine plays a key role in the modulation of the two-site competitive inhibition.
Chapter 2 will provide more insight into the inactivation of peroxidase activity of DHP B due
to the presence of monohalophenols.
Role of Distal Histidine in Heme-Coordinated Ligand Stabilization. It is well-known
that in globins the distal histidine establishes a hydrogen bonding interaction between its Nε
proton and heme-bound ligands (40, 49). Moreover, it has been suggested that the distal
histidine acts as a gate for ligand entry and exit (49). The distal histidine also plays a key role
in the discrimination between O2 and CO binding (50, 51). Spectroscopic and structural
studies have shown that there are changes in the distal cavity of heme proteins upon the
addition of species such as O2, CN-, F-, CO, NO (Figure 1.17) (52-55). Smulevich (41) et al.

27

employed the use of resonance Raman and UV-visible spectroscopies in order to investigate
the role of the distal histidine, His55, in DHP in controlling the ligand binding to the iron
heme center as compared to myoglobin and peroxidases. This study revealed that the
dynamic motion of His55 promotes a conformational change that places the distal histidine
within hydrogen bonding distance of water and anionic ligands. Moreover, this experimental
data supports the role of His55 in facilitating the interaction of substrate and inhibitor for the
regulation of peroxidase chemistry as previously suggested by Franzen et. al. on the basis of
kinetics measurements, X-ray crystallography and resonance Raman spectroscopy (48).
Resonance Raman analysis revealed that at room temperature, the heme species in DHP is
found in equilibrium between a 5-coordinate and a 6-coordinate (aquo) high-spin state (38,
41). However, this equilibrium shifts toward the 6cHS form at 12 K. According with these
observations, it was proposed that the two conformations of the distal histidine allows for the
enzyme to function as both (a) an acid/base catalyst for peroxidase functionality and (b) to
act in a means of stabilization for the binding of heme-coordinated ligands. However, it has
been well-established that factors including temperature, pH, substrate, or inhibitor binding,
can affect the conformation of the distal histidine in heme proteins (44, 56).
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His55
2.8 Å

O2 ligand

His89
Met86
Leu83

Figure 1.17. Active site structure of the DHP A oxyferrous form (PDB accession code
2QFN).

Chapters 2 and 3 will explore the role of the distal histidine in the mechanism of DHP
as well as the introduction of our proposed mechanism of DHP, which presents a resolution
of the dehaloperoxidase paradox via substrate trigger mechanism responsible for the switch
from a globin to a peroxidase.

Novel Reactivity of Dehaloperoxidase
Dehaloperoxidase is a bifunctional enzyme with a globin fold that acts as both a
hemoglobin and a peroxidase for A. ornata; however, recent studies have demonstrated other
functional capabilities for DHP. For example, Smulevich and co-workers discovered that
DHP A can perform as a sulfide degrading enzyme, which is a common activity observed in
coastal environments (57). DHP contains similar structural features of other sulfide-binding

29

hemoglobins, including an aromatic cage in the distal pocket and a distal histidine (as a
hydrogen-bond donor residue), both of which aid in the binding of the sulfide molecule. The
degradation of the sulfide by DHP A yields sulfur products that are less toxic to A. ornata
than sulfide. The discovery of DHP as a sulfide-binding protein relies on the unusual
flexibility of the distal histidine, His55, for the deprotonation of the bound hydrogen sulfide
(H2S) as required for the activation of hydrogen peroxide for peroxidase activity. Therefore,
the degradation of sulfide by DHP provides additional evidence for the key role of the distal
histidine flexibility for peroxidase, globin and sulfide-binding functions. This new finding
suggests that DHP can perform multiple functions rather than its original role as a
bifunctional peroxidase-globin. Our investigations have led us to discover a novel reactivity
of DHP as a peroxygenase enzyme.
Namely, we have investigated the degradation of four nitrophenol compounds (Figure
1.18) by the ferric forms of DHP A, DHP B, and the mutants DHP B(Y38F) and DHP
B(Y28F/Y38F). Experimental data were collected using high performance liquid
chromatography (HPLC) and mass spectrometry to identify the product(s) from 4nitrophenol (4-NP) degradation. Our experimental findings indicate that the degradation of 4NP takes place via a peroxygenase mechanism as a result of the direct oxygen atom transfer
from the co-substrate, H2O2. The novel reactivity of DHP as a peroxygenase enzyme
represents an interesting paradigm since it lacks the structural features of other heme proteins
capable of catalyzing peroxygenase reactions such as cytochrome P450 and Caldariomyces
fumago chloroperoxidase. Chapter 5 will provide further details of the peroxygenase
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chemistry of DHP for the degradation of nitrophenol compounds in the presence of hydrogen
peroxide.
OH

OH

OH
HO

O2N
NO2

2-nitrophenol

NO2

NO2

3-nitrophenol

4-nitrophenol

NO2
2,4-dinitrophenol

Figure 1.18. Nitro-containing phenol substrates for dehaloperoxidase-hemoglobin.
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Abstract
Dehaloperoxidase (DHP) from the terebellid polychaete Amphitrite ornata is a
bifunctional enzyme that possesses both hemoglobin and peroxidase activities. Of the two
DHP isoenzymes identified to date, much of the recent focus has been on DHP A, whereas
very little is known pertaining to the activity, substrate specificity, mechanism of function, or
spectroscopic properties of DHP B. Herein, we report the recombinant expression and
purification of DHP B, as well as the details of our investigations into its catalytic cycle
using biochemical assays, stopped-flow UV-visible, resonance Raman, and rapid freezequench electron paramagnetic resonance spectroscopies, and spectroelectrochemistry. Our
experimental design reveals mechanistic insights and kinetic descriptions of the
dehaloperoxidase mechanism which have not been previously reported for isoenzyme A.
Namely, we demonstrate a novel reaction pathway in which the products of the oxidative
dehalogenation of trihalophenols (dihaloquinones) are themselves capable of inducing
formation of oxyferrous DHP B, and an updated catalytic cycle for DHP is proposed. We
further demonstrate that, unlike the traditional monofunctional peroxidases, the oxyferrous
state in DHP is a peroxidase-competent starting species, which suggests that the ferric
oxidation state may not be an obligatory starting point for the enzyme. The data presented
herein provide a link between the peroxidase and oxygen transport activities which furthers
our understanding of how this bifunctional enzyme is able to unite its two inherent functions
in one system.
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Introduction
The “metalloproteome” contains a number of enzymes which possess more than one
inherent catalytic function. Dehaloperoxidase (DHP), the coelomic oxygen-transport
hemoglobin from the terebellid polychaete Amphitrite ornata (1), is the first globin identified
to possess a biologically relevant peroxidase activity (2). In the benthic ecosystems in which
A. ornata is commonly found, DHP functions both as the O2-transport protein and to protect
this marine worm against biogenically produced halometabolites which act as repellents
secreted by other organisms. As the monomeric (noncooperative) intracellular coelomic
hemoglobin, DHP binds dioxygen (P50 =2.8 Torr) that is delivered to the coelom by the
extracellular, multi-subunit vascular erythrocruorin (P50 = 11 Torr) (1, 3). Hemoglobin (Hb)
phylogeny reveals a common genetic ancestry across species from bacteria to plants and
animals extending back 1.8 billion years (4-6). However, despite DHP being categorized as a
globin according to the Structural Classification of Proteins (SCOP) database (7), DHP has
little sequence homology to other known Hbs. Moreover, DHP bears little resemblance to the
fold of cytochrome c peroxidase (CcP), the prototype for the heme peroxidase family (8).
Thus, as a representative of globins found in marine organisms, its relationship to other Hbs
and peroxidases may aid in establishing the scientific foundation and new paradigms of
protein structure-function relationships specific to bi/multifunctional proteins. A number of
sediment-dwelling marine polychaetes and hemichordates employ haloperoxidases to
produce high levels of volatile brominated secondary metabolites as defense mechanisms (9,
10). Examples include Notomastus lobatus (polychaeta) (11-13), which contaminates the
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sediments with mono-, di-, and tribromophenols and mono- and dibromovinylphenols, and
Saccoglossus kowalevskii (hemichordata) (14, 15), which also produces bromopyrroles.
Thus, environmental sediments that are contaminated with this diverse array of toxic
haloaromatic compounds represent a significant challenge to other infaunal organisms that
coinhabit these coastal mudflats. One such annelid, A. ornata, is able to oxidize a wide
variety of mono-, di-, and trisubstituted halophenols that possess bromine, chlorine, or
fluorine substituents (2). A. ornata is exposed to these contaminants on two fronts, by
contact upon burrowing into the sediments and through ingestion as a deposit feeder
consuming contaminated surface deposits, yet survives due to the production of
dehalogenating enzymes that allow it to tolerate such environmental haloaromatic toxins.
One such enzyme is dehaloperoxidase, a dual-function hemoprotein that, in addition to being
the coelomic hemoglobin of A. ornata (1, 16, 17), possesses a broad substrate specificity for
the oxidation of the aforementioned trihalophenols (2, 18). The dehaloperoxidase function of
this hemoglobin was first determined by fractionation of the A. ornata proteome to determine
which component of the organism was capable of degrading bromophenols (2). The high
specific activity of the purified protein signified that DHP was solely responsible for the
observed oxidative dehalogenation reaction, and recombinant expression of the protein
further indicated that such enzymatic activity is intrinsic to DHP (18). Soon thereafter, Ely
and co-workers identified and characterized two separate genes (dhpA and dhpB) that
encoded for a pair of DHP isoenzymes, termed DHP A and DHP B (19). Both enzymes were
found to contain 137 amino acid residues, but DHP B differs from DHP A at five positions:
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I9L, R32K, Y34N, N81S, and S91G (Figure 2.1). It was hypothesized at that time that the
differences between DHP A and B may result in altered cosubstrate specificity, but no follow
up studies were conducted. Thus, while DHP A has been the focus of many studies for well
over a decade, DHP B has received minimal attention.

Lys32

Leu9
His55

Asn34
His89
Gly91
Ser81

Figure 2.1. Crystal structure of DHP B (PDB accession code 3IXF). The locations of the five
residues (Leu9, Lys32, Asn34, Ser81, and Gly91) relative to the heme active site that differ in
DHP A are shown, as well as the proximal (His89) and distal (His55) histidines.

DHP catalyzes the oxidative degradation of 2,4,6-trihalogenated phenols to the
corresponding 2,6-dihalo-1,4-benzoquinones in the presence of hydrogen peroxide. Several
recent studies have focused on the characterization of DHP, as well as elucidating the
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mechanism of this reaction (18, 20-34). Using stopped-flow UV-visible and rapid freezequench EPR spectroscopic methods, we have previously demonstrated that ferric DHP reacts
with hydrogen peroxide to yield Compound ES, an iron(IV)-oxo heme center with an amino
acid radical (20). The catalytic competency of that intermediate in oxidizing the co-substrate
2,4,6-trichlorophenol (TCP) was also shown, and we proposed a peroxidase-like catalytic
cycle for DHP at that time. It was also found that in the absence of co-substrate there is the
formation of a new species named as Compound RH, which is unique to dehaloperoxidase
and has not been found in any other globin. With regard to co-substrate oxidation, Dawson
and co-workers have recently reported that the overall two-electron oxidation of TCP by
DHP proceeds through discrete one-electron steps (31), which is consistent with the
hypothesis that the trihalogenated co-substrate likely binds at an external site similar to other
peroxidases (22). However, despite the fact that these and a number of other studies on DHP
(20, 26, 31, 35) have helped to elucidate its mechanistic pathways, it is still not understood
how this bifunctional protein can act as both a hemoglobin and a peroxidase, and a number of
questions still remain.

OX

O
X

H2O2

H2O

X

X
+X

DHP
X (X = I, Br, Cl, F)
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The primary focus of this report is to provide a detailed picture of the chemistry of
DHP B (Scheme 2.1) with results and experimental details not previously described for either
isoenzyme: (a) dichloroquinone (DCQ), the purported product

of trihalophenol

dehalogenation, further reacts with the putative oxidant Compound ES leading to oxyferrous
DHP; (b) DCQ reacts with ferric DHP also leading to oxyferrous DHP formation; (c)
oxyferrous DHP catalyzes the oxidative dehalogenation of TCP in the presence of hydrogen
peroxide; (d) 4-bromophenol, a presumed co-substrate known to bind in the distal cavity of
the heme active site (36), is an inhibitor of 2,4,6-trichlorophenol dehalogenation; (e)
spectroelectrochemistry of DHP B reveals an unusually high redox potential for this globin
peroxidase. As investigations of isoenzyme B may also provide important clues and
significant advances in understanding the catalytic mechanism of both isoforms of DHP, the
secondary focus of this report is to present additional spectroscopic studies of DHP B,
including resonance Raman, stopped-flow UV-visible, and rapid freeze-quench electron
paramagnetic resonance spectroscopies, which when coupled with biochemical assays
provide further evidence in support of the proposed catalytic cycle (Scheme 2.1). While the
secondary focus parallels our recent study of isoenzyme A (20), our experimental design in
this report differs and reveals new mechanistic insights and kinetic descriptions of the
intermediates in DHP B which have not been previously reported for DHP A.
When interpreted in light of our recent X-ray crystallographic study of DHP B which
demonstrates a mechanistic role for the conformational flexibility of the distal histidine
(His55) (37), the results presented herein advance our understanding of how DHP as a
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bifunctional enzyme is able to concurrently perform its two inherent peroxidase and oxygen
transport activities in one system.
Scheme 2.1. Proposed catalytic cycle for dehaloperoxidase B.
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Materials and Methods
Materials. Buffer salts were purchased from Fisher Scientific. All other reagents and
biochemicals, unless otherwise specified, were of the highest grade available from Sigma
Aldrich. The QIAprep spin miniprep kit was from Qiagen Sciences (Valencia, CA), and the
Quikchange II site-directed mutagenesis kit was purchased from Stratagene (La Jolla, CA).
The required oligonucleotides were synthesized by IDT DNA Technologies, Inc. N,N,N1,N1tetramethyl-p-phenylenediamine (TMPD) was purchased from Sigma, [Ru(en)3][ZnCl4] was
synthesized according to previously reported methods (38-40), and the reagents (i.e., RuCl3,
ethylenediamine, and zinc dust) for its reaction were also purchased from Sigma. EPR tubes
were purchased from Norell (Landisville, NJ). Solutions of trihalogenated phenols were
freshly prepared prior to each experiment in 100 mM potassium phosphate (KPi) buffer, pH
7, and kept at 4 °C and protected against light. UV-visible spectra were recorded periodically
to ensure that the cosubstrate had not degraded by monitoring its absorbance: trifluorophenol,
270 nm (1027 M-1 cm-1); trichlorophenol, 312 nm (3752 M-1 cm-1) (20); tribromophenol, 316
nm (5055 M-1 cm-1). Hydrogen peroxide stock solutions were also freshly prepared daily
prior to each experiment and maintained at 4°C. The hydrogen peroxide stability was
monitored by UV-visible spectroscopic analysis at 240 nm (ε240 = 43.6 M-1 cm-1) (41). The
stock H2O2 solution was diluted to the corresponding premixing concentrations for each
experiment.
Plasmid Preparation, Protein Expression, and Purification. All of the mutations were
generated with the Quikchange II site-directed mutagenesis kit. Mutagenesis [melt (95 °C, 50
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s), anneal (60 °C, 50 s), and extension (68 °C, 6 min)] was performed for 18 cycles. The
plasmid encoding wild-type (WT) DHP A (His tag) was used as a template to generate the
mutation pDHPA (R32K/Y34N) using the mutagenic primers [5΄-G AAT AAG TAT CCG
GAC GAG AAA CGC AAC TTC AAA AAC TAT GTC-3΄ (sense) and 5΄-GAC ATA GTT
TTT GAA GTT GCG TTT CTC GTC CGG ATA CTT ATT C-3΄ (antisense)]. The resulting
plasmid was then subsequently utilized to generate the triple mutant DHPA
(R32K/Y34N/S91G) using the primers [5΄-G ATG AAA CAG CAT TCC GGC CTG ACG
ACT GGA AAC-3΄ (sense) and 5΄-GTT TCC AGT CGT CAG GCC GGA ATG CTG TTT
CAT C-3΄ (antisense)]. The R32K/Y34N/S91G plasmid was then employed for the mutation
pDHPA-(R32K/Y34N/S91G/I9L) using 5΄-CAA GAT ATT GCC ACC CTC CGC GGT
GAT CTC CGC-3΄ (sense) and 5΄-GCG GAG ATC ACC GCG GAG GGT GGC AAT ATC
TTG-3΄ (antisense). Finally, the template R32K/Y34N/S91G/I9L was used to generate the
plasmid pDHPA(R32K/Y34N/S91G/I9L/N81S), also referred to as pDHPB, with 5΄-CTT
GCG TCC GAC GCC AGC ACA CTC GTC CAG ATG-3΄ (sense) and 5΄-CAT CTG GAC
GAG TGT GCT GGC GTC GGA CGC AAG-3΄ (antisense). The plasmids were extracted
using the QIAprep spin miniprep kit after each round of mutagenesis, and the presence of the
desired mutations and lack of secondary mutations were confirmed by sequencing. Wild-type
DHP B and DHP A (6x His-tagged proteins) were expressed and purified as previously
described (20, 22) with only minor modification.
Molecular Weight Determination. The molecular weight of DHP B was determined
by a 6210 LC-TOF mass spectrometer in positive ion electrospray ionization (Agilent

47

Technologies, Santa Clara, CA). The protein sample was in 50 mM ammonium acetate
buffer, pH 7.0. The mobile phase consisted of HPLC grade solvents: water +0.1% formic
acid (v/v) and water: acetonitrile (5:95) + 0.1% formic acid (v/v). The injection volume was
5 μL, and the flow rate was 300 μL/min.
Preparation of Ferric DHP. DHP B was treated with an excess of potassium
ferricyanide in order to obtain a homogeneous solution of the enzyme in the ferric state.
Ferri/ferrocyanide was removed using a PD-10 desalting column prepacked with Sephadex
G-25 medium. The protein was concentrated using an Amicon Ultra centrifugal filter
equipped with a 10 kDa cutoff molecular weight membrane, and the purity of DHP was
determined as previously published (20, 22). Only protein samples that exhibited
Reinheitzahl values (Rz) greater than 4.0 were utilized in this study. Protoheme content was
measured by the pyridine hemochrome assay using Δε557 = 20.7 mM-1 cm-1 (reduced minus
oxidized) for iron protoporphyrin IX (42, 43), leading to a molar absorptivity for DHP B of
117.6 mM-1 cm-1 (λmax = 407 nm), in good agreement with that of DHP A (ε406=116.4 mM-1
cm-1) (18).
Preparation of DHP B Complexes for UV-Visible Spectroscopic Studies. Optical
spectra were recorded using quartz microcuvettes (1 cm path length) on a Cary 50 UV-visible
spectrophotometer equipped with thermostated cell holders at 25 °C. Complexes of DHP B
(10 μM final concentration) were prepared in 100 mM KPi buffer (pH 7). The ferric-CN
complex was generated upon addition of NaCN (50 mM final concentration) to ferric DHP
B. Oxyferrous DHP B was obtained by the aerobic addition of either 2 equiv of the reducing
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agent tris(2-carboxyethyl)phosphine (TCEP) or ascorbic acid to a solution of ferric DHP B,
followed by application of the enzyme over a PD-10 desalting column. Ferrous DHP B was
prepared by mixing the ferric enzyme with sodium dithionite anaerobically using standard
Schlenk techniques. Ferrous DHP B prepared thusly was then exposed to CO gas to yield the
DHP B ferrous-CO complex.
Mono- and trihalophenol complexes of DHP B were obtained upon the addition of
stock solutions of the halophenols to a solution of DHP B in 100 mM KPi buffer (pH 7).
Final concentrations were as follows: DHP B, 8 μM; 2,4,6-trifluorophenol, 4 mM; 2,4,6trichlorophenol, 2 mM or 300 μM; 2,4,6-tribromophenol, 255 μM; phenol, 4-fluorophenol, 4chlorophenol, 4-bromophenol, 8 mM; 4-iodophenol, 850 μM.
Preparation of Oxyferrous DHP B. Oxyferrous DHP B was generated through
incubation of the ferric enzyme with 5 equiv of ascorbic acid in 100 mM KPi buffer (pH7).
The formation of the oxyferrous species was monitored by its UV-visible spectrum [418
(Soret), 542, 578 nm]. Excess reducing agent was removed by using a PD-10 desalting
column prepacked with Sephadex G-25 medium. The protein was concentrated using an
Amicon Ultra centrifugal device equipped with a 10 kDa cutoff molecular weight membrane.
The oxyferrous form of DHP B was found to be stable for at least 2 weeks when prepared in
this fashion and stored at 4 °C.
UV-Visible Spectroscopic Studies and Dehaloperoxidase Activity Assays. Optical
spectra were recorded using quartz microcuvettes (1 cm path length) on a Cary 50 UV-visible
spectrophotometer equipped with thermostated cell holders at 25 °C. The apparent values of
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Km and kcat for DHP B for various concentrations of hydrogen peroxide at a fixed saturating
concentration of the trihalophenol co-substrate were calculated by triplicate measurements of
initial rate at each H2O2 concentration. The experimental data were fitted to the MichaelisMenten model using the enzyme kinetics software GraFit (Erithacus Software). The
enzymatic activity was assayed on the basis of the disappearance of co-substrate
(trichlorophenol,

312

nm;

tribromophenol,

316

nm)

or

formation

of

product

(difluoroquinone, 330 nm) monitored for 2 min at 25 C. The 1 mL reaction mixture
contained 0.5 μM enzyme (ferric or oxyferrous), 150 μM trihalophenol, and varying H2O2
concentrations in 100 mM potassium phosphate buffer at pH 7.
Stopped-Flow UV-Visible Spectrophotometric Studies. Experiments were performed
on a Bio-Logic SFM-400 triple-mixing stopped-flow instrument equipped with a diode array
UV-visible spectrophotometer and were carried out at 20 °C in 100 mM KPi buffer, pH
7.Constant temperature was maintained using a circulating water bath. Data were collected
(900 scans total) over three time-domain regimes (2, 25, and 250 ms; 300 scans each) using
the Bio Kinet32 software package (Bio-Logic). Single-mixing experiments were performed
as follows: (i) ferric DHP B at a final concentration of 10 μM was reacted with 2.5-25
equivalents of H2O2 or (ii) 10 μM ferric DHP B was reacted with 5, 25, 70, and 100 μM
DCQ (all final concentrations). Experiments were performed in double-mixing mode using
an aging line prior to the second mixing step. The design of the experiments allowed for the
mixing of DHP B with either TCP/DCQ or H2O2 for various aging times, followed by the
second mix with the remaining (co)substrate: (i) DHP B + TCP/DCQ  delay  +H2O2 or
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(ii) DHP B + H2O2 delay  +TCP/DCQ. Concentrations after mixing were [DHP B]f=10
μM, [H2O2]f =100 μM, and [TCP]f =300 μM or [DHP B]=10 μM, [H2O2]=25 μM, and [DCQ]
= 70 μM. All data were evaluated using the Specfit Global Analysis System software
package (Spectrum Software Associates) and fit with SVD analysis as either one-step, two
species or two-step, three species irreversible mechanisms, where applicable. Kinetic data
were baseline corrected using the Specfit autozero function.
Preparation of Reaction Intermediates by Freeze-Quench Methods. Rapid freezequench experiments were performed with a BioLogic SFM400 freeze-quench apparatus by
mixing a 50 μM enzyme solution (final concentration) with a 10-fold excess of H2O2 solution
in 100 mM KPi buffer (pH 7) at 25 °C. Reaction times were as follows: 100 ms, 300 ms, 500
ms, 800 ms, 2 s, 38.25 s, and 60 s. The dead time of the instrument as configured was 10 ms.
A standard 4 mm OD quartz EPR tube was connected to a Teflon funnel, and both the tube
and the funnel were completely immersed in an isopentane bath at -110 °C. The reaction
mixtures were quenched by spraying them into cold isopentane, and the frozen material so
obtained was packed at the bottom of the quartz tube using a packing rod equipped with a
Teflon plunger. In this manner, a packing factor of 60 ± 2% was consistently achieved.
Samples were then transferred to a liquid nitrogen storage dewar until analyzed.
X-band EPR Spectroscopy. EPR spectra were recorded with an X-band (9 GHz)
Varian E-9 EPR spectrometer (Varian, El Paso, CA). A standard 4 mm OD quartz EPR tube
containing sample was placed into a quartz finger dewar insert filled with liquid nitrogen.
The temperature of the samples was maintained at 77 K for the duration of the data
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acquisition, which required periodic refilling of the dewar due to the evaporation of the liquid
nitrogen during longer acquisition runs. The typical spectrometer settings were as follows:
field sweep 200 G, scan rate 3.33 G/s, modulation frequency 100 kHz, modulation amplitude
4.0 G, and microwave power 2 mW. The exact resonant frequency of each EPR experiment
was measured by an EIP-578 (Phase- Matrix, San Jose, CA) in-line microwave frequency
counter. Typically, 20-200 individual scans were averaged to achieve sufficient signal-tonoise ratio for the spectra obtained at short-quench and long-quench times, respectively.
Spectroelectrochemistry (SEC). For a given experiment, a solution of ferric DHP B at
a concentration of 100-200 μM [ε406 nm: 117600M-1 cm-1 (18)] was prepared in a supporting
electrolyte of 100 mM KPi buffer, pH 7.0. SEC was carried out in a previously designed
anaerobic UV-visible spectroelectrochemical cell made of cast acrylic (Small Parts, Inc.) that
utilized an optically transparent thin-layer electrode (OTTLE) of antimony-tin oxide
(ATO;Delta Technologies, Limited) (44). The path length for the cell was maintained at 0.1
mm by use of Teflon-coated fiberglass tape (Small Parts, Inc.). The ATO electrode was
thoroughly cleaned before use by 10 min successive sonications in 1% (v/v) Contrex solution
(Decon Laboratories, Inc.), 95% ethanol, and twice in deionized water. The SEC cell was
stored in a nitrogen atmosphere drybox (Vacuum Atmospheres Co.; H2O < 1 ppm, O2<1
ppm) for at least 8 h prior to experimentation. Electronic spectra were recorded with a
Hewlett-Packard 8453 spectrophotometer, and applied potentials were controlled with a
Model 273 Princeton Applied Research potentiostat. The SEC cell made use of an Ag/AgCl
(saturated KCl) reference electrode (Microelectrodes, Inc.) and a platinum wire auxiliary

52

electrode (Alfa Aesar). All formal reduction potentials are referenced to the standard
hydrogen electrode (SHE). Electron transfer mediators such as TMPD and [Ru(en)3]2+ were
used to facilitate electron transfer between DHP B and the working electrode. The formal
reduction potentials for TMPD and [Ru(en)3]2+ as determined by cyclic voltammetry were
+0.250 and +0.111 V vs SHE, respectively. The ratio of DHP B to mediators was 2 to 1.
Resonance Raman Spectroscopy. Protein samples (∼100 μM) were prepared in 100
mM KPi buffer at pH 7. Para-halogenated phenols were introduced to final concentrations of
8 mM for 4-BP, 4-CP, 4-FP, and phenol and to 1 mM for 4-IP. 2,4,6-Trihalophenols were
added to final concentrations of 4 mM for TFP, 3 mM for TCP, and 200 μM for TBP. The
samples were placed into 5 mm diameter glass NMR tubes and stored on ice until used.
Resonance Raman spectra were obtained by Soret band excitation using a Coherent Mira 900
titanium sapphire (Ti:sapphire) laser. The Ti:sapphire laser was pumped using a Coherent
Verdi 10 frequency doubled diode pumped Nd:vanadate (Nd:VO4) laser generating 10 W at
532 nm. The beam generated from the Ti:sapphire was sent through a Coherent 5-050
doubler to generate a normal working range of 400-430 nm for Soret band excitation of each
of the DHP complexes. The beam was collimated and cylindrically focused to a vertical line
of ∼0.5 mm on the sample. Laser power at the sample was 60 mW. Scattered light was
collected with a Spex 1877 triple spectrometer equipped with a liquid nitrogen-cooled CCD
detector controlled by Spectramax software.
Kinetics of 4-Bromophenol Inhibition of the DHP B Catalyzed Oxidation of TCP.
Inhibition assays were conducted in 100 mM KPi buffer at pH 7 using an Agilent 8453 UV-
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visible spectrometer equipped with temperature control and Hewlett-Packard UV-visible
Chemstation software set to kinetic mode. The concentration of DHP and TCP in each
sample was 2.5 μM and 125 μM, respectively. Temperature was equilibrated to 20 °C before
initiation. A 100-fold excess of H2O2 (250 μM) was added to the cuvette to initiate the assay.
Electronic absorption spectra were taken every 2 s for 2 min, monitoring the 273 nm peak of
the 2,6-dichloro-1,4-dibenzoquinone product (2,4-DCQ). This process was repeated with the
addition of 250 μM 4-BP to serve as the inhibitor.

Results
Overexpression, Purification, and Characterization of DHP B. The plasmid encoding
wild-type DHP A with an N-terminal poly-His tag (pDHPA) was subjected to four
successive rounds of PCR amplification using mutagenic primers. DNA sequencing of the
entire resulting dhpB gene (pDHPB) confirmed the success of the site-directed mutagenesis
and the absence of secondary mutations. Recombinant DHP B was obtained by expression in
Escherichia coli and resulted in a protein yield of ∼9 mg/L of culture. The two-part
purification

strategy

(immobilized

metal

affinity

followed

by

ion-exchange

chromatographies) resulted in purification levels >95% homogeneity, with DHP B being
indistinguishable by SDS-PAGE gel from DHP A. As was found for isoenzyme A, DHP B
was initially isolated as a mixture of the ferric and oxyferrous forms, but subsequent
treatment with an excess of potassium ferricyanide permitted the isolation of the ferric form.
The optical purity ratio (Reinheitzahl or Rz, defined as ASoret/A280) for WT DHP B was found

54

to be 4.1, in good agreement with the literature value for DHP A. The monomeric molecular
weight of DHP B was determined by electrospray ionization MS to be 16,274.38 g/mol,
which agrees with the theoretical expected value (16,274.37 g/mol).
UV-Visible Characterization of DHP B. The electronic absorption spectra of different
heme states of DHP B at pH 7 are presented in Figure 2.2 and Table 2.1. Ferric metaquo
DHP B at pH7 exhibits electronic absorption features typical of a high-spin ferric heme [UVvisible: 407 (Soret), 508, 633 nm] and similar to those previously observed for DHP A under
identical conditions (18, 20). Addition of cyanide, a strong field ligand, led to a red shift of
the Soret band [UV-visible: 423 (Soret), 544 nm], suggestive of the presence of a 6cLS ferric
heme. Reduction of ferric DHP B with sodium dithionite yielded an absorption spectrum
typical of a 5cHS ferrous heme [UV-visible: 433 (Soret), 554 nm] (27), which blue shifted in
the presence of carbon monoxide [UV-visible: 422 (Soret), 537, 567 nm] and dioxygen [UVvisible: 417 (Soret), 542, 578 nm] to give the ferrous-CO and oxyferrous complexes,
respectively, both of which are 6cLS hemes (24, 27). Structural studies of the ferric [1ewa
and 1ew6 (45), 2qfk (27), 3ixf (37)], deoxy (21), and oxyferrous (27) analogues of DHP A
and B further support these spectroscopic assignments here. Periodic recording of the optical
spectrum of the oxyferrous form of DHP B found it to be stable for at least 2 weeks (when
stored at 4 °C).
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Figure 2.2. UV-visible spectra of different heme states of DHP B (10 μM) at pH 7.0.

Table 2.1. UV-Visible Spectroscopic Data for DHP B Complexes at pH 7.

Ferric
Ferric-CN
Ferrous
Ferrous-CO
Oxyferrous

Soret
λmax (nm)
407
423
433
422
417

Visible
λmax (nm)
508, 633
544
554
537, 567
542, 578

Mono- and Trihalophenol Binding in DHP B. The UV-visible spectra of ferric DHP B
and its mono- and trihalophenol complexes at pH 7 are shown in Figure 2.3, and relevant
spectral features and analysis can be found in Table 2.2. In general, examination of a
hemoprotein electronic absorption spectrum reveals the relative populations of 6cHS vs
5cHS heme species present: overall, 5cHS hemes exhibit a slightly blue-shifted and lower
extinction coefficient Soret band than their 6cHS counterparts, as well as a shoulder at 380
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nm (46). Furthermore, the charge transfer band denoted as CT1 in a 5cHS heme is found at
∼640 nm (or higher), while that of a 6cHS heme is generally closer to 630 nm. LS heme
systems exhibit a red-shifted Soret, the absence of a CT1 feature, and visible features at
∼540 and 580 nm. Here, the effect of (tri)halophenol binding on DHP B was demonstrated
by following specifically the ASoret/A380ratio (47, 48). In the presence of phenol, the
ASoret/A380 ratio decreases from 1.81 for ferric DHP B to 1.70, indicative of an increase in
5cHS heme upon increasing occupancy of the distal active site binding pocket (Figure 2.3.a.).
Phenols bearing 4-halosubstituents led to a progressive decrease in this ratio (1.53, 1.54,
1.39, and 1.35) which correlates well with the periodicity of the halogen (F, Cl, Br, and I,
respectively). These findings suggested an increase in the relative population of 5cHS heme
as one moves down the periodic table. We interpret these results as an increase in the binding
affinity of themonohalophenol based upon the size of the substituent present, which in turn
displaces the heme-bound water ligand and leads to a greater population of the “open”
conformation (5cHS) of the distal histidine, His55 (21) (Scheme 2.1, step i-a).
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Figure 2.3. UV-visible spectra of halophenol adducts of DHP B (8 μM) at pH 7.0. A)
Monohalophenol adducts of 4-FP (8 mM), 4-CP (8 mM), 4-BP (8 mM), 4-IP (850 μM) and
phenol (8 mM). B) Trihalophenol adducts of TFP (4 mM), TCP (0.3 or 2 mM), and TBP
(255 μM).

Table 2.2. UV-Visible Spectroscopic Data for DHP B Halophenol Complexes at pH 7.

Ferric DHP B
+ phenol
+ 4-fluorophenol
+ 4-chlorophenol
+ 4-bromophenol
+ 4-iodophenol
+ trifluorophenol
+ trichlorophenol a
+ trichlorophenol b
+ tribromophenol
a

λmax (nm)
407, 508, 540 (sh), 633
406, 503, 538 (sh), 612
404, 502, 538 (sh), 612
404, 503, 538 (sh), 624
404, 504, 538 (sh), 640 (sh)
402, 503, 538 (sh), 640 (sh)
406, 500, 536 (sh), 617
406, 503, 536 (sh), 624
406, 504, 536 (sh), 619
407, 506, 536 (sh), 623

= 2 mM; b = 300 M
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ASoret/A380
1.81
1.70
1.53
1.54
1.39
1.35
1.80
1.57
1.81
1.74

In contrast to the above results obtained for the monohalophenol complexes, none of
the trihalophenol complexes exhibited a significant decrease in the ASoret/A380 ratio (Table 2.2
and Figure 2.3.b.). As it is unlikely that the exogenously added trihalophenol and distal
histidine are able to occupy the internal binding pocket simultaneously, the data suggest that
trihalophenols are simply excluded from entering the distal cavity in DHP B due to their
bulky size, precluding them from both displacing the heme-bound water ligand and
generating a sufficient quantity of the 5cHS species as to affect the ASoret/A380 ratio. In light of
the X-ray crystallographic evidence for the binding of monohalogenated phenols at an
internal site (36), as well as evidence for a trihalophenol external binding site (22, 25, 49), we
suggest that our findings here support the latter supposition that trihalophenols bind
externally (predominantly, although we cannot rule out exclusively) and monohalophenols
bind internally. Further evidence is provided by our resonance Raman study (vide infra).
Resonance Raman Spectroscopy of DHP B and Its (Tri)halophenol Complexes. The
high-frequency heme vibrational modes were investigated for DHP B at pH 7 using
resonance Raman spectroscopy, and the results are presented in Figure 2.4. These resonance
Raman spectroscopic results provide a complementary approach to our electronic absorption
study with respect to elucidating the electronics of the heme cofactor. Binding of
monohalogenated phenols to DHP B yielded the same trend as that observed in our electronic
absorption study above. Specifically, a systematic shift to 5cHS heme resulted from the
internal binding of the monohalophenols and followed the halogen series (5cHS heme
population: I>Br>Cl>F), concomitant with the distal histidine assuming an open
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conformation. Internal binding is indicated by the loss of the 6cHS heme population (ν3,1477
cm-1; ν2,1563 cm-1) and gain of the 5cHS heme population (ν3, 1494 cm-1; ν2, 1569 cm-1; ν10,
1630 cm-1) (Figure 2.4.b.). These findings are in excellent agreement with those observed
previously for DHP A under similar conditions (50).
In contrast, the binding of trihalophenols resulted in an increase of 6cHS heme
population (ν3, 1477 cm-1; ν2, 1563 cm-1;ν10, 1607 cm-1) (Figure 2.4.a.). While the effect is
more limited for TBP and TCP, the binding of TFP to DHP B resulted in nearly complete
production of 6cHS heme. We attribute the increase in 6cHS population to the movement of
the distal histidine into the closed conformation upon external trihalophenol binding, thereby
stabilizing the heme-coordinated water molecule (Scheme 2.1, step ii-a). However, the data
differ slightly from those observed for DHP A, which showed that although TBP and TCP
were excluded from binding internally, TFP was able to do so, albeit not to the same extent
as for the monohalophenols. We surmise that the subtle structural differences between these
two isoforms give rise to the greater active site accessibility in DHP A vs B for TFP, the
smallest of the three trihalophenols examined. We rule out a contamination of free fluoride
ion in the TFP solution as the cause of these changes in DHP B given that the same solution
did not produce an identical spectrum in DHP A (50).
In the above resonance Raman studies, a minor population of 6cLS heme was
observed, as denoted by the ferrous heme vibrational mode at 1504 cm-1 (Figure 2.4). We
attribute this to the presence of oxyferrous DHP B, which we presume is formed from the
autoreduction of the ferric enzyme (vide infra). The oxyferrous low-spin heme component
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was also observed, albeit not in all spectra, as a minor feature in the above UV-visible study
at ∼576 nm. Interestingly, internal binding of monohalogenated phenols did not appear to
affect the oxyferrous component of the enzyme (i.e., the signal intensity present in the
monohalophenol-free sample remained upon 4XP binding), whereas external binding of
trihalophenols led to loss of the 6cLS heme. This suggests that monohalophenols either do
not enter the distal cavity of the oxyferrous enzyme or, if they do, they are present in the
cavity along with the heme-ligated O2 molecule. Why external binding of the trihalophenol
would displace the O2 molecule, while internal binding of monohalophenols does not,
remains a question of interest. We surmise that this action might contribute in some way to
the trigger mechanism that switches the function of the enzyme from globin to peroxidase.
Evidence for this supposition is derived from our UV-visible spectroscopic study which
shows that oxyferrous DHP B does not form the catalytically competent Compound ES
intermediate in the presence of H2O2 (as ferric DHP does) when trihalophenols are absent,
but oxyferrous DHP does exhibit catalytic activity when trihalophenols and hydrogen
peroxide are present concurrently. This functional-switch triggering event predicated upon
cosubstrate binding is discussed in more detail below.
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Figure 2.4. Raman spectra of halophenol complexes of DHP B (30-100 µM) at pH 7.0. (A)
Trihalophenol complexes of TFP (4 mM), TCP (3 mM), and TBP (200 µM). (B)
Monohalophenol complexes of 4-FP (8 mM), 4-CP (8 mM), 4-BP (8 mM), 4-IP (1 mM) and
phenol (8 mM).
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Enzymatic Activity of DHP B. The hydrogen peroxide-dependent oxidative
dehalogenation of 2,4,6-trihalogenated phenols (TXP) catalyzed by DHP B at pH 7 was
monitored by UV-visible spectroscopy (Figure 2.5). Three TXP co-substrates were examined
(X= F, Cl, Br), and the reaction mixture yielded the corresponding 2,6-dihalo-1,4benzoquinone (DXQ) products as expected. The enzymatic reaction was initiated by the
addition of H2O2 as the substrate. Both enzyme and TXP co-substrate concentrations were
held constant while H2O2 concentration was varied. For the reactions employing TCP or
TBP, co-substrate loss was monitored. In the case of TFP, however, the reaction was
monitored using product formation [2,6-difluoro-1,4-benzoquinone (DFQ), λmax=330 nm]
due to the lack of a clear absorption maximum for the TFP co-substrate (Figure 2.4.a). In the
absence of DHP (non-enzymatic control), no product was observed under the conditions
examined, in agreement with previous reports that showed a requirement for the enzyme (18,
20).
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Figure 2.5. UV-visible spectroscopic monitoring of the oxidative dehalogenation of
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dehaloperoxidase activity of DHP B are presented in Table 2.3, together with those
determined for DHP A under the same conditions of fixed trihalophenol co-substrate
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concentration and varied hydrogen peroxide substrate concentration. Both isoenzymes
exhibited saturable dehaloperoxidase activity under the conditions employed, and the data
were fit to standard Michaelis-Menten kinetics using the method of initial rates. For the
reactions with TBP and TCP, d[S]/dt was computed using the known ε values for these two
co-substrates, thus allowing for the determination of kcat. For TFP, however, neither -d[S]/dt
nor d[P]/dt were determined as the co-substrate absorption maximum underwent a shift
during catalytic turnover, and the molar absorptivity of the product is unknown. Thus, while
initial rates for the oxidation of TFP could be determined by following product formation
(Figure 2.5.a.), the corresponding kcat value could not be determined. Comparison of the
enzymatic activity between DHP B and DHP A was therefore based on the ratio of their
corresponding kcat (TCP, TBP) or initial rate (TFP) values as listed in Table 2.3.
Table 2.3. Kinetic data for the oxidative catalytic reaction of different co-substrates, TCP,
TBP, and TFP, with 0.5 µM DHP B and 150 µM corresponding co-substrates and varying
H2O2 concentrations in 100 mM KPi, pH 7.

Co-Substrate
TFP a
TCP a

KMH2O2
(μM)
96 ±
18
22 ± 2

KMTXP
(μM)
N/A
210 ±
23
N/A

DHP B
kcat
(s-1)
N/A
1.53 ±
0.03
1.17 ±
0.05
1.3 ± 0.1

kcat/KMH2O2
(μΜ-1 s-1)
N/A
0.070

KMH2O2
(μM)
59 ±
10
23 ± 1

DHP A
kcat
(s-1)
N/A

kcat/KMH2O2
(μΜ-1 s-1)
N/A

Ratio c
kcatB/kcatA
2.1

0.61 ±
0.027
2.6
0.01
TCP b
35 ± 6
0.034
16 ± 1
0.57 ±
0.036
2.1
0.01
TBP a
63 ±
315 ±
0.021
11 ± 1
0.30 ±
0.027
4.3
15
11
0.01
N/A = not available; a = ferric starting oxidation state; b = oxyferrous starting oxidation state; c = as ratio of initial
rate
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When starting from the ferric form, DHP B exhibited a consistently higher catalytic
rate than DHP A for the three different co-substrates examined in this study (Scheme 2.1,
step ii-b). We observed the general trend of an increased rate of reaction as the periodicity of
the halogen substituent was increased. Specifically, DHP B is able to dehalogenate TFP,
TCP, and TBP 2.1-, 2.6-, and 4.3-fold faster than DHP A. The fastest rate of conversion was
found for the brominated co-substrate and is not surprising since TBP has been reported to be
the natural co-substrate for DHP under physiological conditions (2). Interestingly, the Km
values for DHP B were 2-6-fold higher than for DHP A for the substrate H2O2, leading to
comparable catalytic efficiencies (kcat/Km) between the two isoenzymes. The above study was
repeated for the co-substrate 2,4,6-TCP using oxyferrous DHP as the starting oxidation state
rather than the ferric form of the enzyme (Scheme 2.1, step viii). Oxyferrous DHP B
exhibited a catalytic efficiency that was only 2-fold lower than that observed for ferric DHP,
whereas it was found that oxyferrous DHP A had a kcat/Km value 1.3 times greater than that
of the ferric enzyme. Overall, these values for kcat and Km between the two different starting
oxidation states (ferric and oxyferrous) are virtually the same despite having started in the
former from what is the traditional peroxidase resting state and in the latter from what is
normally a catalytically inactive state for peroxidases.
Given the similarity of kinetic parameters, it reasons that although the first turnover
may be initiated from either of the two oxidations states, subsequent turnovers proceed
through a common pathway (i.e., a traditional peroxidase mechanism).
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Inhibition of Trichlorophenol Oxidation by 4-BP. The kinetics of 2,4,6-TCP oxidation
in the absence (Figure 2.6.a.) and presence (Figure 2.6.b) of 4-bromophenol (4-BP) are
shown. The binding affinity of 4-halophenols to DHP A follows the trend I>Br>Cl>F>H,
with apparent dissociation constants of 0.536, 1.15, 1.78, 3.72, and 10.0 mM, respectively
(51). In agreement with our recent observations for DHP A (51), the presence of 4monohalophenols led to a significant attenuation of the rate of trihalophenol oxidation as
catalyzed by DHP B when compared to the absence of 4-bromophenol. The effect was
observed regardless of whether the formation of 2,6-dichloroquinone (DCQ, 276 nm) (Figure
2.6.c.) or the loss of TCP (312 nm; data not shown) was followed. The kinetic results are
interpreted as internal monohalophenol binding (confirmed above by resonance Raman
spectroscopy) which precludes the activation of hydrogen peroxide due to the distal histidine
His55 being swung out of the active site (Scheme 2.1, step i-c). In this “open” conformation,
His55 is unable to facilitate the O-O bond cleavage necessary for Compound ES formation. In
support of this supposition, the control experiment showed no reaction between ferric DHP B
(10 μM) and H2O2 (100 μM) when 30 equiv of 4-BP was present (data not shown) (Scheme
2.1, step i-b). Additionally, inhibition was observed regardless as to whether the
monohalophenol inhibitor was added to DHP before (Scheme 2.1, step i-c) or after (Scheme
2.1, step ii-c) the trihalophenol co-substrate.
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Figure 2.6. Oxidative dehalogenation of 2,4,6-trichlorophenol (125 μM) as catalyzed by
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Stopped-Flow UV-Visible Characterization of DHP B Compounds ES and RH.
Formation of DHP B transient species was investigated by single-mixing stopped-flow UVvisible spectroscopy at pH 7. Upon rapid mixing (2 ms) of a ferric DHP B solution [UVvisible spectrum: 407 (Soret), 508, 633 nm] with H2O2 (Scheme 2.1, steps iii and iv), a new
species was observed (Figure 2.7 and Table 2.4) whose spectral features [UV-visible: 419
(Soret), 545, 585 nm] we attributed to the ferryl containing DHP B intermediate Compound
ES based upon our previous assignment of this reaction intermediate in DHP A (20, 26, 29,
35) as well as the spectroscopic properties of other Fe(IV)-oxo species commonly found in
hemoproteins. Specifically, non-globin peroxidases (e.g., HRP (52, 53), CcP (54-56), APX
(57, 58), and others) exhibit a red-shifted Soret feature (∼417-422 nm) and characteristic
visible bands (∼530, ∼560 nm) for Compound ES/II, whereas globins, such as myoglobin
(59, 60) and hemoglobin (61, 62), display a similar red-shifted Soret feature but have visible
bands that appear at lower energy, generally 540-545 and 580-590 nm. Not surprisingly,
DHP exhibits features for Compound ES that are similar to those observed for ferryl globins.
Assignment of this species as a traditional Compound I intermediate was ruled out based on
the lack of hypochromicity and absence of a strong red shift of the Soret band that is typical
for an iron(IV)-oxo porphyrin π-cation radical (52, 57, 58). Compound 0 (ferrichydroperoxide) was also ruled out due to timescale considerations (63, 64) and the lack of an
observed hyperporphyrin spectrum (65, 66). As Compound ES and Compound II, both
ferryl-containing intermediates, are not distinguishable by UV-visible spectroscopy, our
assignment for the intermediate described here as Compound ES is based upon the results of
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our EPR spectroscopic study (vide infra). The experimental values of kobs for Compound ES
formation varied linearly with hydrogen peroxide concentration in the range of 2.5-25 mol
equiv (Figure 2.8). From this dependence, the bimolecular rate constant was determined to be
(1.29 ± 0.11) x 105 M-1 s-1 and is approximately 3.6-fold greater in DHP B than in DHP A. At
higher peroxide concentrations (>1 mM), heme bleaching was noted (data not shown).
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Figure 2.7. (A) Stopped-flow UV-visible spectroscopic monitoring (900 scans, 85 s) of the
reaction between ferric DHP B (10 μM) and a 10-fold excess of H2O2 at pH 7. See Materials
and Methods for details. (B) Calculated UV-visible spectra for ferric (black), Compound ES
(red), and Compound RH (blue) DHP B are shown; the rapid-scanning data from panel A
were compiled and fitted to a two-step, three species sequential irreversible model using the
Specfit global analysis program. (C) Relative concentration profile determined from the
three-component fit used in panel B.
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Table 2.4. UV-Visible Spectroscopic Data and Kinetic Parameters for Oxidized
Intermediates of DHP B and DHP A at pH 7.
DHP B
λmax (nm)
kobs a
Ferric
407, 508, 633
not applicable
Compound ES
419, 545, 585
(1.08 ± 0.02) x 105
Compound RH
411, 554, 599
(1.9 ± 0.1) x 10-2
Oxyferrous
417, 541, 577
not determined
a
= M-1s-1 and s-1 for Compounds ES and RH, respectively

DHP A
λmax (nm)
kobs a
407, 504, 538, 635
not applicable
420, 545, 585
(3.56 ± 0.02) x 104
411, 530, 564
(1.7 ± 0.03) x 10-2
417, 542, 578
not determined

40
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25 50 75 100 125 150 175 200 225 250 275
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Figure 2.8. Dependence of kobs for the reaction between ferric DHP B (10 µM) with
hydrogen peroxide (2.5 – 25 equivalents) at pH 7 yielding Compound ES. Note: experiments
were performed in triplicate, with error bars smaller than the symbols used in the plot.

In the absence of co-substrate, DHP B Compound ES was found to be unstable and
converted to a new species [UV-visible: 411 (Soret), 554, 599 nm; kobs = 0.010 (0.001 s-1]
(Scheme 2.1, step vi-a). We have termed this stable end point in the DHP B catalytic cycle as
Compound RH based upon analogy to a similar, but not identical, species observed in DHP
A (20). Both Compound RH species form from Compound ES but have different UV-visible
spectroscopic properties and different chemical reactivity (vide infra).
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Reaction of Preformed Compound ES with TCP Cosubstrate. Double-mixing
stopped-flow UV-visible spectroscopic methods were used to investigate the reaction of
preformed DHP B Compound ES with TCP co-substrate. The results of the UV-visible and
resonance Raman studies suggest that TCP binds at an external binding site under the
conditions employed in these stopped-flow studies reported herein, although such an
assumption does not directly affect the interpretation of the results presented. Ferric DHP B
was reacted with 10 mol equiv of H2O2 at pH 7, incubated for 500 ms to allow for the
maximum accumulation of Compound ES (see Figure 2.7.c.), and subsequently mixed with
30 mol equiv of TCP, which resulted in the regeneration of ferric DHP B (Figure 2.9) after
18.5 s (Scheme 2.1, step v).
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Figure 2.9. (A) Stopped-flow UV-visible spectroscopic monitoring (900 scans, 85 sec) of
the double-mixing reaction between preformed DHP B Compound ES (10 µM; 500 ms) and
TCP (300 µM) at pH 7. See Materials and Methods for details. (B) Calculated UV-visible
spectra for Compound ES (red), ferric DHP B regenerated upon product formation (green),
and the ferric/oxyferrous DHP B mixture (purple) are shown; the rapid-scanning data from
panel A were compiled and fitted to a two-step, three species sequential irreversible model
using the Specfit global analysis program.

The disappearance of Compound ES was concomitant with the formation of the DCQ
product. Furthermore, no Compound RH was observed here, and the final spectrum [UVvisible: 409 (Soret), 502, 538, 576 nm] suggested the presence of a mixture of ferric and
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oxyferrous DHP B (vide infra). Additionally, varying the concentration of TCP co-substrate
(5 and 15 equiv; data not shown) in an attempt to determine the second-order rate constant
for the reduction of Compound ES by TCP was also investigated.
However, while the reaction employing lower equivalents of TCP was qualitatively
the same with respect to the formation of ferric DHP B (and subsequently oxyferrous DHP
B) as to that observed for 30 equiv of co-substrate, the reaction kinetics were poorly behaved
and did not allow for a quantitative determination of the bimolecular rate constant. We
attribute this to the multiple reactions (i.e., steps v, vii, and ix of Scheme 2.1) that may be
occurring both sequentially and concurrently that give rise to the overall observed transition
of Compound ES to oxyferrous DHP B.
Repetition of the above double-mixing experiment with increasingly longer
incubation times (800 ms-5 min) that allowed for the conversion of Compound ES to RH
exhibited progressively less co-substrate loss (312 nm) and less product (275 nm) formation
(Figure 2.10). Shorter incubation times (100 and 300 ms) that did not allow for complete
formation of Compound ES still exhibited the same amount of TCP loss and DCQ formation
as was observed for when Compound ES was maximally formed. Thus, the extent of product
formation is directly correlated with the amount of Compound ES present or capable of being
formed, strongly indicating that this intermediate is an active oxidant in DHP. Interestingly,
DHP B still retained a small fraction of activity even after 5 min of preincubation (as
evidenced by both co-substrate loss and product formation) at which point our component
analysis indicates only Compound RH and no Compound ES present (Figure 2.7.c). DHP A
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Compound RH exhibited no such activity under identical experimental conditions (20).
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Figure 2.10. DCQ product formation (A, ∆Abs275) and TCP co-substrate loss (B, ∆Abs312)
for the reaction between preformed Compound ES (10 µM) with TCP (300 µM) at pH 7 and
25 °C. The aging time of the Compound ES intermediate was varied as indicated in the
legend.

In Situ DHP B Compound ES Formation in the Presence of TCP. Double-mixing
stopped-flow UV-visible spectroscopic methods were employed to allow for preincubation of
ferric DHP B with TCP (30 mol equiv, 500 ms incubation), followed by the addition of a 10fold excess of H2O2 (Figure 2.11). This set of conditions allowed for the in situ formation of
Compound ES in the presence of TCP, as opposed to the above experiments in which
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Compound ES was preformed. DCQ product formation (275 nm) was observed and exhibited
a pseudo-first-order rate constant (kobs) of 0.19 (0.03 s-1 at pH 7. However, the amount of
product formation was significantly less than when Compound ES was preformed and then
reacted with TCP (Figure 2.10). This observation contrasts with DHP A which showed
identical amounts of DCQ generated regardless of whether preformed or in situ formed
Compound ES was employed (20). In order to explore this chemistry further, the incubation
time for ferric DHP B and TCP was varied from 0.1 to 60 s (Figure 2.12). Interestingly,
while the data do not support a clear temporal dependence on the amount of product formed
or co-substrate reacted, they do show an attenuation of the dehaloperoxidase reaction which
is possibly indicative of co-substrate inhibition, but this chemistry was not further explored.
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Figure 2.11. (A) Stopped-flow UV-visible spectroscopic monitoring (900 scans, 85 sec) of
the double-mixing reaction between ferric DHP B (10 µM) pre-incubated with TCP (300
µM) for 500 ms prior to its reaction with a 10-fold excess of H2O2 (in situ generated
Compound ES) at pH 7. (B) Calculated UV-visible spectra for ferric DHP B incubated with
TCP (black), ferric DHP B regenerated upon product formation (green), and the
ferric/oxyferrous DHP B mixture (purple) are shown; the rapid-scanning data from panel A
were compiled and fitted to a two-step, three species sequential irreversible model using the
Specfit global analysis program.
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Figure 2.12. DCQ product formation (A, ∆Abs275) and TCP co-substrate loss (B, ∆Abs312)
for the reaction between ferric DHP B (10 µM) pre-incubated with TCP (300 µM) followed
by their reaction with 100 µM H2O2 (in situ generated Compound ES) at pH 7 and 25 °C.
The pre-incubation period between ferric DHP B and TCP was varied as indicated in the
legend.

DHP B Compound ES was not observed under these conditions and is likely
indicative of its immediate reduction in the presence of TCP co-substrate. DHP A, however,
did yield an observable in situ formed Compound ES at pH 7, but not pH 5, and we attribute
this difference to the higher activity of DHP B when compared to DHP A. Of significant
note, however, was the observation of an electronic absorption spectrum that did not match
that of ferric DHP B at the conclusion of this experiment (Figure 2.11; 83 s). The spectral
features [UV-visible: 410 (Soret), 541, 577 nm] were more similar to those of oxyferrous
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DHP B (Table 2.1), particularly with respect to the visible absorption features at ∼541/577
nm and were also similar to what was observed in the reaction of preformed Compound ES
with TCP (Figure 2.9). We interpret this spectrum to be a mixture of both oxyferrous and
ferric DHP B based primarily on these data and our further investigations on the reaction
between DCQ product and ferric DHP (vide infra).
Characterization of Protein Radicals in DHP B Compound ES. In order to confirm
the presence of a protein radical in DHP B Compound ES, continuous wave (CW) EPR
spectroscopy was employed to probe the intermediate of the reaction of ferric DHP B and a
10-fold excess of H2O2 at pH 7 using rapid freeze-quench (RFQ) techniques. The X-band
RFQ-CW-EPR spectra for DHP B Compound ES with quench times of 100 ms, 300 ms, 500
ms, 800 ms, and 2 s are presented in Figure 2.13. The position of the signal is characterized
by an effective g-value of 2.0057, and the shape of the signal is best described as an
anisotropic septet, although both the shape and intensity of the signal change as a function of
quench time. At the longest quench time (60 s), when our component analysis (Figure 2.7.c)
suggests little to no remaining Compound ES present by UV-visible spectroscopy, the signal
intensity dropped significantly, and it was not possible to resolve the hyperfine structure.
Previously, we observed that the protein radical in DHP A Compound ES exhibited an
anisotropic quintet at pH 7 and an anisotropic septet at pH 5 (both at g = 2.0058) (20). Thus,
the DHP B signal collected here at pH 7 more closely resembles that observed for DHP A at
pH 5. Furthermore, while their intensities decreased as a function of quench time, neither
signal for DHP A exhibited the variation in line shape observed here for DHP B. We
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tentatively assign the EPR signal observed here at short quench times (100-800 ms) as a
tyrosyl radical based on the obtained g-value and the partially resolved hyperfine structure
with a peak-to-peak line width of approximately 21 G (67, 68).
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Figure 2.13. EPR spectra of the radical(s) in DHP B Compound ES at pH 7. Rapid freezequench samples were prepared from the reaction of ferric DHP B (50 μM final concentration)
with a 10-fold molar excess of H2O2 at 25 ºC and rapidly frozen in an isopentane slurry.
Spectra were recorded at 77 K using the spectrometer settings described in the Materials and
Methods section. The cavity resonant frequency was 9.28005 GHz.

While we are able to demonstrate its presence, the low g factor spectral resolution of
these RFQ-CW X-band experiments here prevents an unequivocal identification of the
radical species based solely upon the observed magnetic parameters. However, in a separate
report on DHP A (69), the assignment of the Compound ES radical location was performed
using the aid of the tyrosyl radical spectra simulation algorithm (TRSSA) (68). In this
method, two input parameters, the phenoxyl ring rotation angle (θ) and the spin density on
atom C1 of the radical (FC1), were used to calculate 12 different EPR spectral simulation
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parameters (gx,y,z, Aβ1x,y,z, Aβ2x,y,z, and ΔHx,y,z) using semi-empirical dependences. These
TRSSA-derived simulation parameters were combined with another 18 (φ and Ax,y,z for C3,
C5, C2, and C6; φβ1 and φβ2) that are set invariant in the algorithm for all tyrosyl radicals and
were then used to simulate the EPR spectra of Compound ES using Simpow6 (70). The
derived θ-value that led to an accurate simulation was then compared to tyrosine residues
with similar θ angles using the phenol ring rotation angle database (71), which when
correlated with the known geometries of all the tyrosine residues from the available crystal
structure of DHP led to an assignment of the tyrosine candidate(s) likely to host the radical.
Using this approach for DHP A, two different radicals were identified as being both present
in Compound ES, a primary tyrosyl radical that is characterized by a phenoxyl ring rotation
angle of 45º or 75º and was suggested to correspond to either Tyr34 or Tyr28 and a secondary
radical that was suggested to reside on Tyr38. Furthermore, spin quantification revealed that
the Tyr34 radical is formed with a very high relative yield (almost 100% of heme), atypical of
other globins. By extending this interpretation to the observed heterogeneity of the EPR line
shape in DHP B, which lacks a tyrosine at position 34, we suggest that the radical initially
forms on Tyr28 and Tyr38. Although tentative, these assignments are in good agreement with
our preliminary mutagenesis studies (R. Dumarieh, J. D’Antonio, D. A. Svistunenko, R. A.
Ghiladi, unpublished results) in which the mutation of these residues leads to Compound I
formation (see below). However, in light of the limitations of simulating the poorly resolved
hyperfine splitting at low field, it will be necessary to utilize high field EPR spectroscopic
measurements in tandem with this site-directed mutagenesis study in order to unambiguously
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assign the nature of the protein radical in DHP B Compound ES.
EPR spectroscopic characterization of DHP Compound ES at liquid helium
temperature has also been reported (69). In that study, the kinetic dependences of the ferric
heme state and the free radical concentrations were investigated at low microwave power.
Upon addition of hydrogen peroxide to ferric DHP, a nearly quantitative loss of the HS ferric
heme signal (upon formation of the EPR-silent ferryl state of Compound ES) was observed at
pH 7, concomitant with the nearly quantitative formation of the tyrosyl radical signal.
Moreover, the recovery of the ferric heme signal was noted to begin after 1 min, which
coincides with the formation of Compound RH from ES. Overall, the reported results
strongly support the proposed mechanism in Scheme 1 in which the formation of a tyrosyl
radical and ferryl heme occurs upon the two-electron oxidation of ferric DHP by hydrogen
peroxide.
Reactivity of Compound ES with DCQ. To explore the possibility that DHP B
Compound ES could react directly with the product DCQ (Scheme 2.1, step vii), the reaction
of preformed Compound ES with 7 equiv of DCQ was monitored by double-mixing stoppedflow UV-visible spectroscopy at pH 7. Compound ES was first formed upon rapid mixing of
a solution of ferric DHP B with 2.5 equiv of H2O2, allowed to incubate for 800 ms to ensure
its full formation, and subsequently mixed with a solution of DCQ (7-fold excess). As shown
in Figure 2.14, loss of DCQ (275 nm) was observed, concomitant with the conversion of
Compound ES [UV-visible spectrum: 420 (Soret), 546, 588 nm] to a new species [UVvisible spectrum: 415 (Soret), 541, 577 nm] whose spectral features closely resemble those
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observed for oxyferrous DHP B, particularly with respect to the visible absorption features at
∼541/577 nm. We interpret this spectrum to be a mixture of both oxyferrous and ferric DHP
B. Under these conditions, no Compound RH was observed, strongly suggesting that
Compound ES was reduced in the presence of DCQ. Varying concentrations of DCQ (data
not shown) were also employed in an attempt to determine the bimolecular rate constant for
the reduction of Compound ES by DCQ. Again, although the reactions were qualitatively the
same, the kinetics were poorly behaved, likely indicative of several reactions with varying
dependencies on DCQ concentration occurring in step vii of Scheme 2.1, and the quantitative
determination of the second-order rate constant was not possible.
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Figure 2.14. (A) Stopped-flow UV-visible spectroscopic monitoring (900 scans, 85 s) of the
double-mixing reaction between preformed DHP B Compound ES (10 μM, 500 ms) and a 7fold molar excess of DCQ at pH 7. (B) Calculated UV-visible spectra for Compound ES
(black) and a ferric/oxyferrous DHP B mixture (gray) are shown; the rapid-scanning data
from panel A were compiled and fitted to a one-step, two species sequential irreversible
model using the Specfit global analysis program.

To examine the effect of DCQ preincubation on in situ formed Compound ES, the
above experiment was repeated by first incubating ferric DHP B with 7 equiv of DCQ for
500 ms, followed by the addition of 2.5 equiv of H2O2 (Figure 2.15). The first spectrum
observed exhibited spectral features that matched those of a mixture of oxyferrous and ferric
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DHP B [UV-visible spectrum: 408 (Soret), 508, 541 (sh), 577 (sh) nm]. This spectrum
converted cleanly to DHP B Compound ES [UV-visible spectrum: 419 (Soret), 546, 588 nm],
before returning once again to a ferric/oxyferrous mixture [UV-visible spectrum: 413 (Soret),
541, 577 nm]. As was noted above, DCQ loss during this experiment was observed.
Furthermore, it was possible to observe formation of the Compound ES intermediate here in
situ in the presence of DCQ (as a co-substrate), whereas this was not possible when TCP was
employed as co-substrate. Overall, the reaction chemistry with DCQ, regardless of whether
Compound ES is preformed or generated in situ, leads to the reduction of this intermediate
and the formation of oxyferrous DHP, likely through a transiently formed deoxyferrous
species.
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Figure 2.15. (A) Stopped-flow UV-visible spectroscopic monitoring (900 scans, 85 sec) of
the double-mixing reaction between ferric DHP B (10 µM) pre-incubated with a 7-fold molar
excess of DCQ for 500 ms prior to its reaction with a 2.5-fold excess of H2O2 (in situ
generated Compound ES) at pH 7. (B) UV-visible spectra observed for ferric DHP B
incubated with DCQ (black, 2 ms), Compound ES (dark grey, 4 s), and the ferric/oxyferrous
DHP B mixture (light grey, 85 s) are shown.

Incubation of DCQ with Ferric DHP B. As noted in the previous double-mixing
experiment in which ferric DHP B was preincubated with DCQ prior to their reaction with
H2O2, a mixture of oxyferrous and ferric DHP B was initially observed. As the hydrogen
peroxide chemistry described herein has been shown to yield Compound ES, and not
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oxyferrous DHP, the reaction between ferric DHP B and DCQ in the absence of H2O2
(Scheme 2.1, step ix) was investigated using single-mixing stopped-flow techniques in order
to further elucidate the origin of formation of the oxyferrous species shown in Figures 2.9
and 2.11 and Figure 2.14. The reaction initiated upon rapid mixing of ferric DHP B with 0.510 equiv of DCQ was monitored by UV-visible spectroscopy over 85 (Figure 2.16) and 800 s
(Figure 2.17) at pH 7. The data exhibited saturable kinetics with a clear formation of
oxyferrous DHP B [UV-visible spectrum: 413-5 (Soret), 541, 577 nm; ; kcat = (8.49 ± 0.26) x
10-2 s-1; Km = 5.4 ± 0.9 μM], with concomitant loss of the DCQ feature (275 nm). In a
separate non-enzymatic control experiment (data not shown), DCQ loss due to autoxidation
was observed to be less than 1% over 5 min at pH 7, indicative of a DCQ degradation
pathway under the conditions employed in this study, but one which is not relevant to the
time scale of the stopped-flow experiment. Thus, it appears that DCQ itself may be able to
reduce ferric DHP B in the presence of dioxygen to generate the observed oxyferrous
complex.
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Figure 2.16. (A) Stopped-flow UV-visible spectroscopic monitoring (900 scans, 85 sec) of
the reaction between ferric DHP B (10 µM) and a 7-fold excess of DCQ at pH 7. (B)
Calculated UV-visible spectra for ferric (black) and the ferric/oxyferrous DHP B mixture
(purple) are shown; the rapid-scanning data from panel A were compiled and fitted to a onestep, two species irreversible model using the Specfit global analysis program.
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Figure 2.17. (A) Stopped-flow UV-visible spectroscopic monitoring (900 scans, 800 s) of
the reaction between ferric DHP B (10 μM) and a 7-fold excess of DCQ at pH 7. (B)
Calculated UV-visible spectra for ferric (black) and the ferric/oxyferrous DHP B mixture
(gray) are shown; the rapid-scanning data from panel A were compiled and fitted to a onestep, two species sequential irreversible model using the Specfit global analysis program. (C)
Double-reciprocal plot.
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Although outside of the scope of this current study, it is not clear at this time what the
products of DCQ degradation are in the presence and absence of ferric DHP B, and these
questions will be addressed separately in future experiments. The reactivity of DCQ
demonstrated here complicates the determination of a DXQ binding affinity for ferric DHP
B.
Spectroelectrochemistry of DHPB. The reduction potential of DHP B at pH 7 was
determined by spectroelectrochemistry. The UV-visible spectroelectrochemical plot of DHP
B at various applied potentials (Eapplied versus SHE) are shown in Figure 2.18.a. In the
absence of dioxygen, ferric DHP B (λmax = 407 nm) converted to the ferrous enzyme
(λmax=432 nm) as the applied reduction potential was lowered from 497 to -130 mV. The
corresponding Nernst plot (Figure 2.18.b) reveals a formal reduction potential of 206 (6 mV
(vs SHE), with a slope of 72 ± 5 mV consistent with an n=1 process. The
spectroelectrochemical measurement for obtaining the reduction potential was found to be
reversible when the electrochemical stepping procedure (titration) was initiated from either
the fully oxidized (ferric) or fully reduced (deoxyferrous) state (results not shown). The
observed formal reduction potential for DHP B is nearly identical to that of DHP A (202 ± 6
mV) (72) and suggests that the five mutations between these two isoenzymes do not strongly
influence their electrochemical properties. The relatively high reduction potential of this
oxygen-transport globin may be a contributing factor as to why the reaction of DCQ with
ferric DHP B yields the oxyferrous enzyme.
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Figure 2.18. Spectroelectrochemical determination of the formal reduction potential of the
ferric/ferrous couple in DHP B. (A) The UV-visible spectroelectrochemical plots of DHP B
at various applied potentials (Eapplied versus SHE) are shown. In the absence of dioxygen,
ferric DHP B (λmax = 407 nm) converted to the ferrous enzyme (λmax= 432 nm) as the applied
reduction potential was lowered from 497 to -130 mV. (B) The corresponding Nernst plot of
the data in panel A.

Compound RH Formation and Chemical Reactivity. Previously, we observed that
DHP A Compound RH was able to be reduced in the presence of sodium dithionite at pH 7 to
subsequently form the oxyferrous complex (20), providing a possible link between the two
activities (oxygen carrier and peroxidase) of this bifunctional hemoprotein. To explore
whether this chemistry was possible with DHP B Compound RH, this species was formed as
described above from the decay of DHP B Compound ES, itself formed from the reaction of
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the ferric enzyme with 10 equiv of H2O2 at pH 7. Upon its full formation (as confirmed by
UV-visible spectroscopy), catalase was then added to remove any unreacted hydrogen
peroxide, yielding Compound RH. Neither excess sodium dithionite nor ascorbate was able
to generate the (oxy)ferrous enzyme within 15 min. Rather, a new species was observed
(Scheme 2.1, step vi-b) which exhibited a Soret band maximum at 426 nm and no distinct
visible bands (Figure 2.19). For discussion within this report, we have termed this new
species compound P426. By contrast, when the above experiment was repeated using
Compound RH that was formed from 2.5 equiv of H2O2 rather than the 10 equiv employed
previously, treatment with catalase followed by addition of excess sodium dithionite did
reveal the formation of ferrous DHP B (Figure 2.20), which then converted to the oxyferrous
complex upon consumption of the excess reductant (Scheme 2.1, step vi-c). Thus, the extent
of the formation of the 426 nm species is dependent upon the amount of H2O2 used to
generate the precursor Compound RH. Given the conditions needed to form it, there is a high
likelihood that Compound P426 is a non-physiologically relevant species, and its chemistry
was not explored further.
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Figure 2.19. (A) UV-visible spectrum of Compound RH formed from the reaction of ferric
DHP B and a 10-fold excess of hydrogen peroxide at pH 7. (B) Reduction of Compound RH
upon addition of excess sodium dithionite. (C) After desalting via gel filtration, UV-visible
spectrum of Compound P426 at pH 7.0.
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Figure 2.20. (A) UV-visible spectrum of Compound RH formed from the reaction of ferric
DHP B and a 2.5-fold excess of hydrogen peroxide at pH 7. (B) Reduction of Compound RH
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spectrum of oxyferrous DHP B at pH 7.0.
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Discussion
The terebellid polychaete A. ornata has been shown to possess two genes, dhpA and
dhpB (19), which encode for dehaloperoxidase isoenzymes A and B, respectively. While the
molecular details of the dehaloperoxidase catalytic cycle have been investigated for some
time for isoenzyme A, no such mechanistic studies have been performed for DHP B. The
primary focus of this report is to provide the details of dehaloperoxidase chemistry which
have yet to be reported for either isoenzyme and to augment that with a full study of
dehaloperoxidase B.
The activity studies presented herein demonstrate that dehaloperoxidase B is able to
catalyze the oxidative dehalogenation of 2,4,6-trihalogenated phenols to their corresponding
2,6-dihalo-1,4-benzoquinones in the presence of hydrogen peroxide. As brominated
aromatics are the most abundant halometabolites present in the environment of A. ornata
(10), it was surprising that 2,4,6-tribromophenol was found to be oxidized with the lowest
catalytic efficiency under the conditions examined, a result that differs from that reported
previously for DHP A (2). Overall, DHP B exhibits a higher catalytic rate for all cosubstrates (TFP, TCP, and TBP) examined when compared to DHP A under identical
conditions. However, the catalytic efficiencies for the dehalogenation of these co-substrates
are similar between the two isoenzymes due to the higher Km for hydrogen peroxide binding
in DHP B over that determined for DHPA. Km for trihalophenol co-substrate was determined
to be in the high micromolar range.

96

In the absence of data regarding protein expression levels in vivo, it is not possible to
speculate whether the differences in activity relate to selective isoenzyme expression under
conditions of high oxidative or excessive trihalophenol stresses. Enzymatic activity was
observed regardless of whether the catalytic cycle was initiated from the ferric or oxyferrous
states.
As DHP is a globin peroxidase, this is of critical importance given that the two
inherent functions of the enzyme traditionally require different iron oxidation states: ferrous
for O2 transport, ferric for peroxidase activity. Furthermore, the oxyferrous state is normally
a catalytically incompetent species for monofunctional peroxidases (73), which makes this
observation evenmore unique to DHP. Thus, we surmise that dehaloperoxidase may have
evolved its peroxidase function to begin from the oxyferrous state, which is the normal
oxidation state for this hemoglobin in A. ornata. How the enzyme accomplishes this and
functions as both an O2-carrier and a peroxidase may be linked to the highly unusual
conformational flexibility of the distal histidine in dehaloperoxidase. Typically, the Fe-His
Nε2 distances in globins range between 4.1-4.6 A° and 5.5-6.0 A° for peroxidases (74-77).
By comparison, in dehaloperoxidase the Fe-His Nε2 distance in ferric DHP B is 5.5
A° (37) and between 4.8 and 5.5 A ° in DHP A (27, 36, 45) for when the distal histidine is in
the closed position. Although not available for DHP B, the Fe-His Nε2 distance in oxyferrous
DHP A is 5.1 A°. Thus, the distal histidine-to-heme distance in dehaloperoxidase, being
intermediate between those found in globins and peroxidases, is well positioned to function
both as a stabilizer of the bound dioxygen ligand in the former and as the general acid/base
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that facilitates both the deprotonation and heterolytic O-O bond cleavage of hydrogen
peroxide in the latter. Interestingly, using site-directed mutagenesis Watanabe and coworkers repositioned the distal histidine in sperm whale myoglobin from 4.3 A° in the wildtype protein to 5.7 A° in the F43H/H64L Mb mutant, effectively converting Mb from an
oxygen transport protein to a peroxidase (74). They concluded that the interaction of the
closer distal histidine in wild-type Mb with both oxygen atoms of an iron-bound peroxide
would not facilitate the charge separation that is necessary for heterolysis, whereas the
repositioned distal histidine in the F43H/H64L mutant, being further from the iron-bound
oxygen atom, was suggested to interact exclusively with the terminal oxygen atom, thereby
leading to the heterolytic O-O bond cleavage necessary in peroxidases. With His55-O(1)
(iron-bound) and His55-O(2) (terminal) distances of 3.2 and 2.8 A° (27), respectively,
oxyferrous DHP exhibits similarities to wild-type Mb in that the distal histidine interacts with
both of the oxygen atoms of the end-on bound dioxygen ligand, while at the same time ferric
DHP has a longer Fe-His Nε2 distance that more resembles those of peroxidases. Taken
together, these characteristics that are particular to the highly flexible distal histidine in
dehaloperoxidase are likely vital to answering the larger question of how DHP performs its
dual functions.
Stopped-flow UV-visible spectroscopic studies were employed to monitor the
reaction of ferric DHP with hydrogen peroxide (the putative physiological oxidant) in the
absence of co-substrate. Similar to DHP A, the first intermediate observed exhibited spectral
features which matched those for a ferryl-containing species that lacked a porphyrin π-cation
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radical (20), suggestive of the formation of Compound ES or Compound II. We interpret this
result as the transient formation of Compound I upon heterolysis of the O-O bond of
hydrogen peroxide, followed by rapid endogenous electron transfer yielding the observed
Compound ES intermediate. An alternative explanation as to the lack of an identifiable
Compound I intermediate under the conditions explored is that the reaction with hydrogen
peroxide proceeds homolytically, thereby directly generating the observed ferryl species.
However, several lines of evidence argue against this. First, the observation of the protein
radical in Compound ES concomitant with the ferryl state favors a two-electron oxidation
process (i.e., heterolytic cleavage). Second, Compound I has been identified as a transient
species in myoglobin (66, 78), and it is likely that dehaloperoxidase, being a globin itself,
proceeds through similar reaction chemistry. Third, a recent report from Dawson and coworkers demonstrated a significant amount of heterolytic O-O bond cleavage of cumene
hydroperoxide upon its reaction with DHP A, consistent with the formation of a transient
Compound I species (31). Finally, our preliminary characterization of mutants of DHP A and
B which lack both Tyr34 and Tyr38 exhibits by optical spectroscopy an intermediate that
possesses the spectral features of Compound I (R. Dumarieh, J. D’Antonio, D. A.
Svistunenko, and R. A. Ghiladi, unpublished results).
In the presence of co-substrate, the disappearance of Compound ES was observed in
parallel with the formation of the quinone product; however, differences were noted between
preformed and in situ generated Compound ES. Specifically, the amount of product formed
when Compound ES was generated in situ was less than one-third of that produced by
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preformed Compound ES. These results for DHP B differ from the observation reported
previously for DHP A, where equivalent amounts of product were generated regardless of
how Compound ES was formed (20).
One possible interpretation of the results here is that the binding of a small molecule
to DHP B interferes with the subsequent activation of H2O2 at the heme center. Thismay
occur if the small molecule binding sterically blocks access of the hydrogen peroxide to the
heme iron. Also of note is that both reactions involving either preformed or in situ generated
Compound ES yielded oxyferrous DHP B in the presence of co-substrate; these results differ
from DHP A in which both methods for forming Compound ES yielded ferric enzyme upon
reduction with co-substrate (20). While it is tempting to suggest that these results may
represent two different reaction pathways for co-substrate oxidation, i.e., the reactivity of a
transiently formed Compound I versus that of preformed Compound ES, our findings
regarding the reactivity of DCQ with ferric DHP B (vide infra) point to a second reaction
which was not known when DHP A was first being investigated.
In the absence of co-substrate, DHP B Compound ES was found to decay to a new,
stable species termed Compound RH. Again, differences with DHP A were observed. First,
the electronic absorption spectrum of DHP B Compound RH differs from that observed in
isoenzyme A (20), possibly indicative of a different electronic structure present. Moreover,
whereas the oxyferrous enzyme could be regenerated from DHP A Compound RH upon
reduction, providing a link between peroxidase and O2-transport functions, DHP B
Compound RH cannot. Rather, a new species unique to DHP B was observed. The formation
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of “Compound P426”, so termed for the absorption maximum of the Soret band, was found to
be dependent on the amount of hydrogen peroxide used to first generate the precursors,
Compounds ES and RH, with increasing amounts of H2O2 leading to full formation of this
species. The significance of Compound P426 in the dehaloperoxidase catalytic cycle, if any, is
not known at this time.
Our findings point to DHP B Compound ES as a catalytically competent species in
the dehaloperoxidase reaction cycle. Dichloroquinone product formation may result from
either a single two-electron oxidation of the trichlorophenol co-substrate by Compound ES or
two sequential one-electron oxidations, both pathways being indistinguishable under the
multiple-turnover conditions examined here. However, Dawson and co-workers (31) recently
reported evidence supporting a peroxidase cycle for DHP A involving two sequential oneelectron oxidations of TCP to yield DCQ when preformed Compound ES was employed.
Thus, it is likely that the same reaction pathway with respect to co-substrate oxidation may
be occurring here for DHP B. Our data also show significantly attenuated rates of cosubstrate loss and product formation when Compound ES is allowed to decay to Compound
RH, either partially or fully, prior to the addition of co-substrate. The implication here is that
Compound RH is not a catalytically relevant species in the DHP reaction cycle, although it
does appear to possess a very low level of activity.
RFQ-CW-EPR spectroscopic studies were employed to confirm the presence of the
protein radical in DHP B Compound ES. The absence of an observable Compound I species
under the conditions employed here suggests the presence of an endogenous reductant which
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we have tentatively ascribed to as a tyrosine side chain (20), yielding the EPR-observable
tyrosyl radical. Indeed, we have demonstrated the presence of such a carbon-centered signal
here for DHP B Compound ES at pH 7 based upon our analysis of the signal g-factor,
partially resolved hyperfine structure, and peak-to-peak line width (∼21 G). Of the four
tyrosine residues in DHP B (Tyr16, Tyr28, Tyr38, and Tyr107), Tyr28 and Tyr38 are themost
likely candidates for the initial site of radical formation given their relative proximity of
10.24 and 7.57 A°, respectively, to the heme edge, while the remaining two tyrosine residues
are >15A° distant. The time-dependent changes observed in the protein radical signal, which
are more pronounced for DHP B than for DHP A, may suggest a migration of the radical out
of the active site to other redox active protein side chains (including Trp120, 10.47 A° distant
from the heme edge) upon decay of the Compound ES intermediate (20). Thus, we highlight
that there may be a difference between the site of initial radical formation and that of the
observed radical in Compound ES. With respect to the EPR parameters (g-value, hyperfine
splitting), a comparison of the radical signal observed here for DHP B at pH 7 reveals that it
is more similar to that signal noted for DHP A at pH 5 rather than at pH 7 (20). Given that
the Tyr34 residue present in DHP A is absent in DHP B (replaced with a redox inactive
asparagine), we rule out that the location of the radical observed in DHP A at pH 5 given the
persistence of the similar signal in DHP B, albeit at the higher pH value. One possible
explanation for this pH-dependent observation is that the mutations in DHP B provide an
alternative electron-transfer pathway between the heme center and the putative external cosubstrate binding site, thus giving rise to EPR signals that originate from different redox
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active amino acid residues.
The reactivity of dichloroquinone, the presumed end product of TCP oxidative
dehalogenation, with either in situ generated or preformed DHP B Compound ES was also
investigated by double-mixing stopped-flow UV-visible spectroscopy. Under the conditions
examined, these studies revealed that Compound ES, regardless of how it was generated,
reacted with DCQ to ultimately yield oxyferrous DHP B. Thus, in a novel reaction pathway
not previously observed for DHP A, the two-electron oxidized Compound ES intermediate
was reduced by three electrons in the presence of DCQ, itself already two electrons oxidized
compared to the starting co-substrate TCP. Although the mechanistic details of this highly
unusual reaction will require a separate full study, one possible explanation is that DCQ is
further oxidized, perhaps yielding a polymeric species in solution, and thus presumably able
to reduce Compound ES, although one might rather expect a return to the resting ferric state
in this case. Even more significant, however, was the finding that ferric DHP B alone was
capable of reacting with DCQ to also generate the oxyferrous complex. Here, we hypothesize
that the inherent instability of DCQ in solution, as evidenced by its degradation in our nonenzymatic and oxidant free control reaction, leads to the production of species, possibly
radical in nature, that reduce ferric DHP B to ferrous in the presence of dioxygen to yield the
observed oxyferrous complex. This would also account for the above formation of
oxyferrous DHP B in the reaction of Compound ES with DCQ if one invoked a ferric species
in that pathway. The unusually high reduction potential for a peroxidase, as deduced by our
spectroelectrochemistry study, likely facilitates reactions that favor reduction of the heme
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and formation of oxyferrous DHP B. Thus, the dichloroquinone chemistry explored herein
may represent a link between the two activities of the bifunctional dehaloperoxidase by
allowing for the ferric state to initiate a peroxidase pathway in the presence of TCP and H2O2
or enabling O2-transport capability by forming the oxyferrous complex in the presence of
DCQ (itself generated from the aforementioned peroxidase pathway).
The UV-visible and resonance Raman spectroscopic studies presented here also
provide a picture of how small molecule binding affects the electronic structure of the heme
active site in DHP B. As inferred from their effect on the relative populations of five- and
six-coordinate high-spin heme (50), a clear difference between internal (36) and external (22,
25, 49) small molecule binding was observed. In particular, monohalophenol binding led to a
greater population of 5cHS heme, which we interpret as internal binding leading to the
displacement of the heme-bound axial water ligand and locking the distal histidine His55 in
the “open” conformation (37, 50). Biophysical studies and molecular dynamics simulations
on both oxyferrous and carbonmonoxy Mb illustrate the conformational flexibility of the
distal histidine in globins (79-81). In particular, the molecular dynamics simulations on the
His64 NδH tautomer in Mb showed it to existin both “open” and “closed” conformations (80),
and we envision a similar scenario in dehaloperoxidase B. In the “open” conformation, a
channel between the solvent and the heme active site is formed (37), allowing for
monohalophenol to enter and sterically block the distal histidine from assuming the “closed”
conformation. Trihalophenol binding, however, led to a greater population of 6cHS, which
we interpret as external binding where the heme-bound water molecule is stabilized by this
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“closed” conformation of the distal histidine (50). The findings presented herein for DHP B
are in good agreement with previous studies from which one can surmise internal and
external binding sites in DHP A (22, 25, 36, 49). The conformational flexibility of the distal
histidine in DHP may be critical in understanding how this hemoprotein functions as both a
peroxidase and an oxygen transport globin (21, 37), as activation of hydrogen peroxide is
predicated upon the ability of the distal histidine to facilitate O-O bond cleavage (i.e., the
“pull” of the push-pull mechanism). Presumably, monohalophenol binding would preclude
the distal histidine from participating in the activation of hydrogen peroxide due to it being
locked into the “open” conformation (Scheme 2.2, step i-a), leading to an attenuation of the
oxidative dehalogenation reaction as catalyzed by DHP B. Indeed, in agreement with this
supposition are the results of our inhibition study here which strongly suggest that 4bromophenol is an inhibitor of the oxidation of 2,4,6-trichlorophenol. If correct, then other
factors pertaining to the in vivo biological relevance of monohalophenols, which are outside
the scope of this in vitro study, need to be elucidated in order to better understand the role of
monohalophenols in the environment of A. ornata.
In light of the spectroscopic and biochemical findings presented here,we propose the
following updated mechanism for the in vitro peroxide-dependent oxidation of ferric DHP B
from A. ornata in the presence and absence of trihalophenol and dichloroquinone (Scheme
2.1): In the presence of a monohalophenol, ferric DHP forms a 5cHS inhibited complex with
the distal histidine (His55) in the open conformation (step i-a). This inhibited form of the
enzyme is unreactive toward H2O2 alone (i-b) or in the presence of TXP (i-c). When
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trihalophenol is present, ferric DHP forms a 6cHS active species with the distal histidine in
the closed conformation (ii-a). If H2O2 is added to this active complex, catalytic turnover
results (ii-b). However, if a monohalophenol is added prior to the addition of H2O2, then the
complex is again inhibited (ii-c).
In the absence of (tri)halophenol, ferric DHP B reacts with 1 equiv of H2O2, yielding
a putative Compound I intermediate (step iii), which then undergoes rapid endogenous
electron transfer from an amino acid side chain to generate the observed Compound ES and a
protein radical (iv). From this intermediate, we suggest three possible pathways that are cosubstrate and/or product dependent. In the presence of trichlorophenol, Compound ES is
reduced by two electrons [likely in two separate one-electron reduction steps as described by
Dawson and coworkers (31)], regenerating the ferric state and forming dichloroquinone,
chloride, and water as products (v). The DCQ product thus formed, either due to its inherent
instability or as an alternative co-substrate for the enzyme, leads to the reduction of the ferric
state to the ferrous, generating oxyferrous DHP B in the presence of dioxygen (ix).
Alternatively, Compound ES may directly react with DCQ as a co-substrate, leading to the
generation of the oxyferrous complex (vii). In the absence of co-substrate, DHP B
Compound ES was found to form Compound RH (vi-a), which upon reduction yields either
oxyferrous DHP B (vi-c) or the novel Compound P426 state (vi-b), depending on the number
of oxidizing equivalents that went into first forming Compound RH. Critically, oxyferrous
DHP B is a catalytically competent starting state for the oxidative dehalogenation of TCP in
the presence of H2O2 (viii).
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Conclusion
The chemistry reported herein furthers our understanding of the mechanism of
dehaloperoxidase. That oxyferrous DHP is a competent starting oxidation state for enzymatic
turnover and that the presumed products of trihalophenol oxidation, namely, dihaloquinones,
are themselves co-substrates for the ferric enzyme that lead to oxyferrous DHP are two
notable observations which suggest how this globin peroxidase is able to reconcile its two
activities, each with a distinctive oxidation state, in one system. An intriguing interpretation
of the results is that the ferric state may not be the only functionally relevant starting
oxidation state for the peroxidase activity of DHP in vivo. Additionally, the conformational
flexibility of the distal histidine appears to serve as a functional trigger between active and
inhibited states of the enzyme, dependent upon the type of halophenol, mono vs tri, present.
While DHP B does exhibit some differences between its reactivity and that observed for
DHP A, the most significant findings provide the necessary link between the peroxidase and
O2-transport activities present in this bifunctional hemoprotein. The new insights provided by
our findings in vitro help to rationalize how dehaloperoxidase may maintain both of these
roles in vivo, although additional questions still need to be addressed. For example, it is still
not known why A. ornata possesses two dehaloperoxidase isoenzymes. Given the parallels
between hemoglobin and DHP, one intriguing possibility is that DHP A and B form a
cooperative dimer or tetramer, similar to the α2β2 structure of Hb, and future studies
employing mixtures of DHPA/B are planned. Additionally, the spectroscopic findings
presented here, when viewed in the context of our recent structural investigations of DHP,
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provide a clearer picture of the structure-function relationship in dehaloperoxidase and may
have potential implications for globin protein engineering or directed evolution of DHP for
bioremediation.
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Abstract
Dehaloperoxidase (DHP) from the terebellid polychaete Amphitrite ornata is a
bifunctional enzyme that possesses both hemoglobin and peroxidase activities. The
bifunctional nature of DHP as a globin-peroxidase appears to be at odds with the traditional
starting oxidation state for each individual activity. Namely, reversible oxygen-binding is
only mediated via a ferrous heme in globins, and peroxidase activity is initiated from ferric
centers and to the exclusion of the oxyferrous oxidation state from the peroxidase cycle.
Thus, to address what appears to be a paradox, herein we report the details of our
investigations into the DHP catalytic cycle when initiated from the deoxy- and oxyferrous
states using biochemical assays, stopped-flow UV-visible and rapid-freeze-quench electron
paramagnetic resonance spectroscopies, and anaerobic methods. We demonstrate the
formation of Compound II directly from deoxyferrous DHP B upon its reaction with
hydrogen peroxide, and show that this occurs both in the presence and absence of
trihalophenol. Prior to Compound II formation, we have identified a new species which we
have preliminarily attributed to a ferrous-hydroperoxide precursor that undergoes heterolysis
to generate the aforementioned ferryl intermediate. Taken together, the results demonstrate
that the oxyferrous state in DHP is a peroxidase competent starting species, and an updated
catalytic cycle for DHP is proposed in which the ferric oxidation state is not an obligatory
starting point for the peroxidase catalytic cycle of dehaloperoxidase. The data presented
herein provide a link between the peroxidase and oxygen transport activities which furthers
our understanding of how this bifunctional enzyme is able to unite its two inherent functions
in one system.
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Introduction
A number of sediment-dwelling marine polychaetes and hemichordates employ
haloperoxidases to produce high levels of volatile brominated secondary metabolites as
defense mechanisms (1,2). Notomastus lobatus (polychaeta) (3-5) and Saccoglossus
kowalevskii (hemichordata) (6,7) are but two examples of marine worms that contaminate
benthic ecosystems by secreting a diverse array of toxic haloaromatic compounds such as
mono-, di-, and tribromophenols, mono- and dibromovinylphenols, and bromopyrroles. Thus,
either by exposure to these toxins through contact upon burrowing or via ingestion by deposit
feeders, environmental sediments that are contaminated with these biogenically produced
halometabolites represent a signiﬁcant challenge to other infaunal organisms that co-inhabit
coastal mudﬂats. One such organism, the terebellid polychaete Amphitrite ornata, has been
shown to be tolerant to bromometabolite toxicity because of the production of
dehalogenating enzymes, and in particular dehaloperoxidase (DHP). Evidence suggests that
this bifunctional protein serves as both an intracellular, monomeric coelomic hemoglobin and
a peroxidase that confers haloaromatic toxin resistance via oxidation of mono-, di-, and
trisubstituted halophenols that possess bromine, chlorine, or ﬂuorine substituents (8,9). Thus,
as the ﬁrst hemoglobin identiﬁed to possess a biologically relevant peroxidase activity, (8)
and as an example of globins found in marine organisms, structural and mechanistic
investigations of dehaloperoxidase may reveal new insights into the structure-function
paradigms of the globin superfamily speciﬁc to bi- and multifunctional proteins.
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Several recent studies have focused on elucidating the structural, spectroscopic, and
mechanistic details of ferric DHP (9-24). A. ornata possesses two separate genes (dhpA and
dhpB) that encode a pair of DHP isoenzymes, termed DHP A and DHP B, (25) and both have
been shown to catalyze the oxidative degradation of 2,4,6-trihalogenated phenols to the
corresponding 2,6-dihalo-1,4-benzoquinones in the presence of hydrogen peroxide.A
combination of stopped-ﬂow UV-visible and rapid-freeze-quench electron paramagnetic
(EPR) spectroscopicmethods has provided strong evidence that ferric DHP reacts with
hydrogen peroxide to yield Compound ES, an iron(IV)-oxo heme center with an amino acid
radical (10). The catalytic competency of that intermediate in oxidizing trihalophenol cosubstrates 2,4,6-trichlorophenol (TCP) to dichloroquinone (DCQ) via a peroxidase-like
catalytic cycle for DHP has been demonstrated, and evidence suggests that the overall twoelectron oxidation of TCP by DHP proceeds through discrete one-electron steps (21).
Interestingly, DCQ itself is not an innocent species, having been shown to react separately
with both Compound ES and ferric DHP to yield oxyferrous DHP in either case (26). As
deduced by spectroelectrochemistry, the unusually high reduction potential for a peroxidase
of +206 mV reported for DHP B likely facilitates reactions with DCQ that ultimately favor
the reduction of the heme prosthetic group and formation of oxyferrous DHP B (26). Thus,
dichloroquinone chemistry may represent one possible link between the two activities of the
bifunctional dehaloperoxidase by permitting the ferric state either to initiate a peroxidase
pathway in the presence of TCP and H2O2 or to form the oxyferrous complex in the presence
of DCQ (itself generated from the aforementioned peroxidase pathway), thus allowing O2
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While progress has been made toward understanding the DCQ-driven functional
switch in how the peroxidase-active ferric DHP state can be converted to the oxygen-binding
ferrous form, our understanding of the reverse, wherein oxyferrous DHP is activated toward
peroxidase function, is still lacking. Given that reversible oxygen binding is mediated via
only a ferrous heme in globins and that peroxidase activity is initiated from ferric centers and
to the exclusion of the oxyferrous oxidation state from the peroxidase cycle, (27) the
bifunctional nature of DHP as a globin peroxidase paradoxically appears to be at odds with
the traditional starting oxidation state for each individual activity. Recently, however, in a
peroxidase reaction that is unique to DHP, both we (26) and Dawson and co-workers (28)
have reported that dehaloperoxidase activity has been observed when the catalytic cycle is
initiated from the oxyferrous state, but that the catalytically active species is formed only in
the presence of the TCP co-substrate. This observation suggests that substrate binding is the
key to the functional switch of DHP from an oxygen-binding protein to a peroxidase. Thus,
understanding how the substrate interacts with DHP to bring about this functional switch is a
critical question that can signiﬁcantly advance our comprehension of the dehaloperoxidase
mechanism.

120

Using data derived primarily from stopped-ﬂow UV-visible spectroscopic methods,
one possibility that has been posited by Dawson and co-workers is that oxyferrous DHP is
activated by TCP• radicals, themselves formed from trace amounts of the ferric enzyme
reacting with TCP and hydrogen peroxide. The TCP• radicals thus generated oxidize the
oxyferrous enzyme, generating bulk ferric DHP that is then responsible for the observed
dehaloperoxidase activity. This supposition has precedent with the monofunctional lignin
peroxidase (LiP), where veratryl alcohol oxidation has been shown to yield radical species
that oxidize oxy-LiP to the peroxidase-active form. It has also been postulated by Franzen
and co-workers that both external and internal small-molecule binding sites may exist with
regulatory implications for the distal histidine, His55, that may govern how DHP switches
between its hemoglobin and peroxidase activities (11-13). It has been suggested that His55,
which has been observed in distinct “open” and “closed” conformations, mediates the
displacement of O2 from the heme in the presence of (tri)halophenol substrate, possibly
serving as a trigger for peroxidase function (11). Typically, the Fe-His Nε2 distances in
globins range between 4.1-4.6 and 5.5-6.0 Å for peroxidases (29-32). By comparison, in
dehaloperoxidase, the Fe-His Nε2 distance is 5.5 Å (33) in ferric DHP B and between 4.8 and
5.5 Å in DHP A, (17,34,35) when the distal histidine is in the closed position, and is 5.1 Å in
oxyferrous DHP A.With His55-O(1) (iron-bound) and His55-O(2) (terminal) distances of 3.2
and 2.8 Å, (17) respectively, oxyferrous DHP exhibits similarities to wild-type Mb in that the
distal histidine interacts with both of the oxygen atoms of the end-on bound dioxygen ligand,
while at the same time ferric DHP has a longer Fe-His Nε2 distance that more resembles those

121

of peroxidases. Thus, the distal histidine-heme distance in dehaloperoxidase, being
intermediate between those found in globins and peroxidases, is well positioned to function
as both a stabilizer of the bound dioxygen ligand in the former and the general acid/base that
facilitates both the deprotonation and heterolytic O-O bond cleavage of hydrogen peroxide in
the latter.
Although counter to conventional peroxidase thinking, one possibility, based upon the
premise that a common starting point is the most eﬃcient pathway for a bifunctional enzyme
to perform its dual roles, may be that peroxidase active intermediates are formed directly
from the oxyferrous/ferrous state(s) in DHP, thereby permitting a peroxidase catalytic cycle
to be initiated from the oxyferrous, and not ferric, state. Thus, the focus of this report is to
provide insight into how trihalophenol binding activates both deoxyferrous and oxy-DHP
toward peroxidase activity. As such, we present anaerobic UV-visible spectroscopic and
kinetic studies of the reaction of deoxyferrous DHP B with hydrogen peroxide and provide
evidence of the direct formation of the peroxidase-active Compound II intermediate that is
formed in the absence of the trihalophenol co-substrate. Evidence of a transiently formed
ferroushydroperoxide species as a precursor to Compound II will be provided. Additionally,
stopped-ﬂow UV-visible and rapid-freeze-quench EPR spectroscopic studies of the reaction
of oxyferrous DHP with H2O2 and trihalophenol, under conditions that have yet to be
reported, will also be presented, thereby providing the basis for an alternative mechanism for
the activation of oxyferrous DHP. Taken together, our experimental design reveals new
mechanistic insights and kinetic descriptions of the dehaloperoxidase mechanism, which
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when interpreted in light of a mechanistic role for the conformational ﬂexibility of the distal
histidine (His55) (33) advances our understanding of how DHP performs its dual functions
and resolves the dehaloperoxidase paradox.
Materials and methods
Materials. Buffer salts were purchased from Fisher Scientific. All other reagents and
biochemicals, unless otherwise specified, were of the highest grade available from SigmaAldrich. Solutions of trihalogenated phenols were freshly prepared prior to each experiment
in 100 mM potassium phosphate (KPi) buffer (variable pH), kept at 4°C, and protected
against light. UV-visible spectra were recorded periodically to ensure that the co-substrate
had not degraded by monitoring its absorbance: trifluorophenol, 270 nm (1027 M-1 cm-1);
(26) trichlorophenol, 312 nm (3752 M-1 cm-1); (10) tribromophenol, 316 nm (5055 M-1 cm-1)
(26). Hydrogen peroxide solutions were also freshly made prior to each experiment. Initially,
a 10 mM stock solution of H2O2 was prepared and maintained on ice (typically less than 15
min), during which all other protein/substrate solutions were loaded into the stopped-flow
apparatus or utilized for kinetic assays. When prepared in this manner, the stock H2O2
solution did not exhibit any degradation over this time period as determined by UV-visible
spectroscopic analysis of the hydrogen peroxide absorbance at 240 nm (ε240 = 43.6 M-1 cm-1)
(36). For stopped-flow and freeze-quench experiments, the stock H2O2 solution was then
diluted to the appropriate premixing concentration and immediately loaded into the stoppedflow apparatus. Wild-type (WT) DHP isoenzyme A and B (six-His-tagged protein)
expression and purification procedures were performed as previously described, (10,12) and
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only protein samples that exhibited Reinheitzahl values (Rz) greater than 4.0 were utilized in
this study. Optical spectra were recorded on either an Agilent 8453 diode array
spectrophotometer or a Cary 50 UV-visible spectrophotometer, each equipped with
thermostated cell holders at 25 ˚C.
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P NMR spectra were recorded on a Bruker 300 MHz

NMR spectrometer, and chemical shifts are reported as δ values referenced to an external
standard of trimethyl phosphate (δ = 0 ppm). Ferrous DHP B samples for spectroscopic
characterization were prepared in an MBraun LabMaster 130 inert atmosphere (<1 ppm O2,
<1 ppm H2O) glovebox under a nitrogen atmosphere. The spin trap DIPPMO was
synthesized and characterized according to published procedures (37).
Preparation of Oxyferrous DHP B. Oxyferrous DHP B was generated via incubation
of the ferric enzyme with 5 equiv of ascorbic acid in 100 mM KPi (variable pH). Excess
reducing agent was removed by using a PD-10 desalting column pre-packed with Sephadex
G-25 medium. The protein was concentrated using an Amicon Ultra centrifugal device
equipped with a10 kDa molecular mass cutoff membrane. Protein concentrations were
determined using a heme molar absorption coefficient of 117.6 mM-1 cm-1 (λmax = 407 nm)
for both the ferric (26) and oxyferrous states of the enzyme. The formation of the oxyferrous
species was monitored by its UV-visible spectrum [418 (Soret), 542, and 578 nm] (10,26).
Preparation of Ferrous DHP B. Ferrous DHP B was prepared by purging a ferric
DHP B solution (100 mM KPi, variable pH) for at least 20 min with argon. Then, the
degassed enzyme solution was placed inside the glovebox and titrated with substoichiometric
aliquots of sodium dithionite, itself dissolved in anaerobic buffer. Formation of ferrous DHP
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B was followed by UV-visible spectroscopy using an all quartz immersion probe (Hellma)
that was connected to the spectrometer located outside of the glovebox via a fiber optic cable.
Stopped-Flow UV-Visible Spectrophotometric Studies. Experiments were performed
on a Bio-Logic SFM-400 triple-mixing stopped-flow instrument equipped with a diode array
UV-visible spectrophotometer and were conducted at 20 ˚C in 100 mM KPi buffer (variable
pH). A constant temperature of 20 ˚C was maintained using a circulating water bath. Data
were collected (900 scans total) over a three-time domain regime (2.5, 25, and 250 ms; 300
scans each) using Bio Kinet32 (Bio-Logic). Experiments were performed in single-mixing
mode as indicated. (i) Oxyferrous DHP B at a final concentration of 10 µΜ was mixed with
2.5-25 equiv of H2O2, and (ii) a solution containing a final oxyferrous DHP B concentration
of 10 μM and 130 equiv of TCP was reacted with 2.5-25 equiv of H2O2. Experiments were
performed in double-mixing mode using an aging line prior to the second mixing step. The
design of the experiments allowed for the mixing of oxyferrous DHP B containing 1 equiv of
TCP with 2.5 equiv of H2O2 for various aging times, followed by the second mix with an
additional 2.5-25 equiv of TCP. (i) Oxyferrous DHP B + TCP (1 equiv) + H2O2 (2.5 equiv)
delay + 2.5-25 equiv TCP. All data were evaluated using the Specfit Global Analysis
System software package (Spectrum Software Associates) and fit to exponential functions as
either one-step, two-species or two-step, three-species irreversible mechanisms, where
applicable. Kinetics data were baseline corrected using the Specfit autozero function.
Benchtop Optical Measurements. UV-visible absorption spectra were recorded at
room temperature. Oxyferrous DHP B (10 μM) was incubated with 1, 15, or 30 equiv of TCP
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in a 100 mM KPi buffer solution at pH 8. Reaction was initiated by addition of H2O2 (2.5-25
equiv). Spectra were recorded every 0.1 min for a period of 5 min.
Preparation of Reaction Intermediates by Freeze-Quench Methods. Rapid freezequench experiments were performed with a Bio-Logic SFM 400 freeze-quench apparatus by
mixing a 50 μM oxyferrous DHP B solution (final concentration) containing 2,4,6trichlorophenol (1 and 15 equiv) with a 10-fold excess of H2O2 in 100 mM KPi (pH 8) at 25
°C. A standard 4 mm outside diameter quartz EPR tube was connected to a Teflon funnel,
and both the tube and the funnel were completely immersed in an isopentane bath at 110 °C.
The reactions were quenched when the mixtures were sprayed them into the cold isopentane,
and the frozen material so obtained was packed at the bottom of the quartz tube using a
packing rod equipped with a Teflon plunger. In this manner, a packing factor of 60 ± 2% was
consistently achieved. Reaction times were as follows: 100 ms, 1 s, and 30 s (1 equiv of
TCP) or 100 ms and 10 s (15 equiv of TCP). Samples were then transferred to a liquid
nitrogen storage dewar until they were analyzed. Up to 200 individual scans were averaged
to achieve a sufficient signal-to-noise ratio.
X-Band EPR Spectroscopy. EPR spectra were recorded with an X-band (9 GHz)
Varian E-9 EPR spectrometer (Varian). A standard 4 mm outside diameter quartz EPR tube
containing the sample was placed into a quartz finger dewar insert filled with liquid nitrogen.
The temperature of the samples was maintained at 77 K for the duration of the data
acquisition, which required periodic refilling of the dewar because of the evaporation of the
liquid nitrogen during longer acquisition runs. The typical spectrometer settings were as
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follows: field sweep, 200 G; scan rate, 3.33 G/s; modulation frequency, 100 kHz; modulation
amplitude, 4.0 G; microwave power, 2 mW. The exact resonant frequency of each EPR
experiment was measured with an EIP-578 (PhaseMatrix, San Jose, CA) in-line microwave
frequency counter.
TCP Radical Spin Trapping Experiments. A solution (500 μL) of 5.0 mM TCP in a
1:1 DMF/100 mM KPi mixture (pH 7) with 10 mM H2O2 was added over a period of 3 h
using a microsyringe pump to 500 μL of a solution of DIPPMO (1.5 mM) and ferric or
oxyferrous DHP B (60 μM), or horseradish peroxidase. For the 31P NMR samples, 300 μL of
the reaction mixture was added to 100 μL of D2O with chromium as a relaxation agent and
trimethyl phosphate as the internal standard (37).
Results
Formation and UV-Visible Characterization of Oxyferrous DHP B. Oxyferrous DHP
was generated using different reducing agents (see the Supporting Information). Addition of
sodium dithionite (Na2S2O4, 25 equiv) (Figure 3.1.a., E0∼660 mV (38) or tris(2carboxyethyl)phosphine (TCEP, 1mM) (Figure 3.1.b., E0∼ 0.05 V (39) to ferric DHP [UVvisible features at 407 (Soret), 504, 538, and 635 nm] resulted in the clean formation of
oxyferrous DHP [UV-visible features at 417-418 (Soret), 543, and 578 nm], which was found
to be relatively stable under the conditions examined. Interestingly, while TCEP is able to
reduce DHP B [E0 (Fe III/FeII) = 0.206 V vs NHE (26)], it is not able to reduce HhMb [E0
(Fe III/FeII)=0.046 V vs NHE (40)], highlighting an electrochemical difference between
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these two globins with potential functional implications that have been discussed previously
(26).
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Figure 3.1. Benchtop UV-visible spectra of oxyferrous DHP B (10 μM, green) formed from
the reaction of ferric DHP and A) 25 reducing equiv sodium dithionite (Na2S2O4), and B) 1
mM TCEP. Both spectra were collected at pH 8. The increase in absorbance below 275 nm is
due to the presence of excess reducing agent.

Recombinant oxyferrous DHP B was also obtained by treatment of ferric DHP B with
ascorbic acid (E0= 0.058 V vs SHE, pH 7 (41), followed by the use of size exclusion
chromatography to remove excess ascorbic acid. The electronic absorption spectra of
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oxyferrous DHP B prepared in this manner at pH 8 in the presence and absence of TCP are
presented in Figure 3.2. Other than the absorption maxima at 245 and 312 nm observed for
TCP, its addition did not alter the spectral features of the oxyferrous species. Oxyferrous
DHP exhibited a typical spectrum of 6cLS ferrous heme with a Soret absorption band at 417
nm and the corresponding visible bands at 542 and 578 nm as noted previously
(10,17,26,28). The ferric DHP B spectrum at this pH value was the spectrum of a hydroxidebound heme protein as previously reported (16).
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Figure 3.2. UV-visible spectra of oxyferrous DHP B (10 μM) in the presence (red) and
absence (black) of TCP (300 μM) at pH 8.

Enzymatic Activity of Oxyferrous DHP B. The hydrogen peroxide-dependent
oxidative dehalogenation of 2,4,6-tribromophenol and 2,4,6-trifluorophenol as catalyzed by
oxyferrous DHP B at pH 7 was monitored by UV-visible spectroscopy, and the kinetic
parameters (kcat, Km, and kcat/Km) determined as a function of TXP co-substrate are listed in
Table 3.1 after the experimental data had been analyzed using Michaelis Menten kinetics
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with the method of initial rates. The reaction mixture yielded the corresponding 2,6-dihalo1,4-benzoquinone (DXQ) products, as expected, when reactions were initiated upon the
addition of H2O2. Both enzyme and TXP co-substrate concentrations were held constant,
while H2O2 concentrations were varied. The known molar absorptivity of TBP at pH 7 was
utilized to compute d[S]/dt to obtain the resulting kcat value for the reaction of this cosubstrate. As we have noted before for TFP, (26) neither d[S]/dt nor d[P]/dt was determined
as the absorption maximum for the TFP co-substrate (λmax = 330 nm) underwent a shift
during catalytic turnover, and the molar absorptivity of the DFQ product is unknown.
Consequently, the corresponding kcat value for TFP oxidation could not be determined by
these means.
Table 3.1. Kinetics data for the oxidative dehalogenation reaction of TFP, TCP, and TBP
(150 µM) as catalyzed by 0.5 µM oxyferrous DHP B in the presence of varying H 2O2
concentrations at pH 7.

Co-Substrate
TFP

KMH2O2
(μM)
69 ± 12

TCP a

35 ± 6

kcat
(s-1)
N/A

kcat/KMH2O2
(μΜ-1 s-1)
N/A

1.17 ± 0.05

0.034

TBP
17 ± 1
0.70 ± 0.04
0.041
a
N/A = not available; = obtained from reference [(26)]

In agreement with our previous observations, the oxyferrous DHP B activity observed
for TBP, TCP, and TFP was not signiﬁcantly diﬀerent from the enzymatic activity of the
ferric enzyme (10,26). These results were expected on the basis of our proposed mechanism

130

(vide infra) and that of Dawson and co-workers, (28) as both mechanisms invoke the ferric
form during substrate turnover.
Stopped-Flow UV-Visible Characterization of DHP B Compound II. Formation of
high-valent iron-oxo intermediates generated from the reaction of oxyferrous DHP B with
hydrogen peroxide was investigated by single-mixing stopped-flow UV-visible spectroscopy
at pH 8. When oxyferrous DHP B species UV-visible features at 418 (Soret), 541, and 577
nm] were rapidly mixed (2 ms) with a 10- or 25-fold excess (Figure 3.3) of H2O2, no
intermediates were observed over the 85 s observation period, but a slight decrease in Soret
band intensity was noted. Dawson and co-workers have reported that oxyferrous DHP A
converts to Compound RH in the presence of a 10-fold excess of H2O2, (28) with this
chemistry occurring on a reaction time scale of 2000 s, which may explain the minor spectral
changes observed on the 85 s time scale employed in this work. We used other conditions to
evaluate the reproducibility of these results with several reaction modifications, including
varying the H2O2 concentration and pH (6-8) and using different ways to formthe oxyferrous
species. Under all conditions examined, the oxyferrous form was not reactive with H2O2 as
the oxidant within the time scale being used (data not shown).
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Figure 3.3. (A) Stopped-flow UV-visible spectroscopic monitoring of the reaction (900
scans, 85 sec) between oxyferrous DHP B (10 µM) and a 10-fold excess of H2O2 at pH 8. (B)
Stopped-flow UV-visible spectroscopic monitoring of the reaction (900 scans, 85 sec)
between oxyferrous DHP B (10 µM) and a 25-fold excess of H2O2 at pH 8.

However, when the oxyferrous DHP B solution was incubated with at least 1 equiv of
TCP as the co-substrate prior to being rapidly mixed with 10 equiv of H2O2, substantial
spectral changes were observed (Figure 3.4). The oxyferrous form converted to a species
whose spectral features [UV-visible features at 420 (Soret), 546, and 588 nm] closely
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resembled that of a ferryl-containing intermediate (e.g., Compound II or ES). The assignment
of the DHP B intermediate observed here to that of a ferryl-containing species is based upon
our previous identiﬁcation of such reaction intermediates in DHP, (10,16,19,26,42) as well as
the spectroscopic properties of other Fe(IV)oxo species commonly found in typical
peroxidases. Myoglobin (43,44) and hemoglobin (45,46) both exhibit similar red-shifted
Soret features and have visible bands that appear generally at 540-545 and 580-590 nm for
their respective ferryl heme intermediates. It is also important to note that Dawson and coworkers (28) observed a similar intermediate (under slightly diﬀerent reaction conditions)
that they attributed to either Compound ES or II, each of which is a ferryl-containing species.
Assignment of this species as a traditional Compound I intermediate was ruled out because of
a lack of hypochromicity (large decrease in the Soret band intensity) and the absence of a
strong red shift of the Soret band that is typical for an iron(IV)-oxo porphyrin π-cation
radical, (47-49) whereas Compound 0 (ferric-hydroperoxide) was also ruled out because of
time scale considerations (50,51) and the lack of an observed hyperporphyrin spectrum
(52,53). As Compound ES and Compound II, both ferryl-containing intermediates, cannot be
distinguished by UV-visible spectroscopy, our assignment for the intermediate described
here as Compound II was based upon the results of our EPR spectroscopic study (vide infra).
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Figure 3.4. (A) Stopped-flow UV-visible spectroscopic monitoring of the reaction (900
scans, 85 sec) between oxyferrous DHP B (10 μM) containing one equivalent TCP (10 μM)
and a 10-fold excess of H2O2 at pH 8. (B) Calculated UV-visible spectra for both oxyferrous
(black) and Compound II (red) are shown; the rapid-scanning data from panel A were fit to a
one-step, two species sequential irreversible model using Specfit global analysis software.
(C) Relative concentration profile determined from the three component fit used in (B).
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The experimental values of kobs for Compound II formation (Scheme 3.1, step i)
varied linearly with TCP in the range of 1-30 molar equiv. From this dependence, the
bimolecular rate constant was determined to be (1.60 ± 0.14) x 103 M-1s-1 (Figure 3.5). When
1 equiv of TCP was employed, the formation of Compound II was observed over the 85 s
observation period without conversion or decay to either the ferric enzyme or Compound RH
(the decay product of Compound ES in the absence of TXP). When the concentration of TCP
was increased to 15 equiv versus that of the enzyme (10-fold excess of H2O2 maintained), a
partial conversion of the Compound II intermediate to ferric DHP B was noted (data not
shown), which was more clearly observed at 30 equiv of TCP (Figure 3.6), suggesting that
TCP is a competent reducing agent for Compound II.
0.6
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0.4
0.3
0.2
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Figure 3.5. Dependence of kobs as a function of TCP concentration (1 – 30 equiv) for the
formation of DHP B Compound II generated from the reaction of the oxyferrous enzyme (10
M) with hydrogen peroxide (10 equivalents) in the presence of TCP at pH 8. Note:
experiments were performed in triplicate, with error bars smaller than the symbols used in
the plot.
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Figure 3.6. (A) Stopped-flow UV-visible spectroscopic monitoring of the reaction (900
scans, 85 sec) between oxyferrous DHP B (10 μM) containing 30 equivalent TCP (300 µM)
and a 10-fold excess of H2O2 at pH 8. (B) Selected UV-visible spectra at 10 ms (black,
oxyferrous DHP B), 10.5 s (red, Compound II), 42 s (blue), and 80 s (grey, mixture of ferric
and oxyferrous DHP B).

Several differences between the reactivity of Compound II and that of Compound ES
are notable. First, the bimolecular rate constant for the formation of Compound II [Scheme
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3.1, step i; (1.60 ± 0.14) x 103 M-1s-1] was signiﬁcantly slower than that for formation of
Compound ES (Scheme 1, step iii; ~5.1 x 104 M-1s-1) when that latter species was generated
from the ferric enzyme in the absence of TCP at pH 8 (Figure 3.7). Second, the reaction of
ferric DHP B incubated with 30 equiv of TCP and reacted with a 10-fold excess of H2O2 did
not generate an observable Compound ES intermediate, (26) a result that was attributed to
the rapid in situ reduction of the Compound ES species in the presence of TCP. However, our
results here demonstrate that Compound II is signiﬁcantly less reactive than Compound ES,
as the reaction of oxyferrousDHP B incubated with 30 equiv of TCP with a 10-fold excess of
H2O2 did yield a meta-stable [~15 s (Figure 3.7)] Compound II species prior to its reduction
to the ferric enzyme.
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Figure 3.7. (A) Stopped-flow UV-visible spectroscopic monitoring of the reaction (900
scans, 85 sec) between ferric DHP B (10 μM) and a 10-fold excess of H2O2 at pH 8. (B)
Calculated UV-visible spectra for both ferric (black) and Compound ES (red) are shown; the
rapid-scanning data from panel A were fit to a one-step, two species sequential irreversible
model using Specfit global analysis software. (C) Relative concentration profile determined
from the two component fit used in (B).
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To further investigate the reactivity of DHP B Compound II, sequential doublemixing stopped-ﬂow studies were employed to monitor the reaction of preformed Compound
II with TCP substrate by UV-visible spectroscopy (Figure 3.8). Oxyferrous DHP B
containing 1 equiv of TCP was reacted with 2.5 molar equiv of H2O2 at pH 8, incubated for
85 s to allow for the maximal accumulation of Compound II, and subsequently mixed with an
additional 2.5 equiv (Figure 3.8.a.), 10 equiv (Figure 3.8.b), and 25 molar equiv of TCP
(Figure 3.8.c.), which resulted in the regeneration of ferric DHP B. The disappearance of
Compound II (Scheme 3.1, step ii) and the formation of the ferric enzyme were linearly
dependent on the concentration of TCP cosubstrate, yielding a bimolecular rate constant of
(4.1 ± 0.3) x 102 M-1s-1 (Figure 3.8.d.). At the highest concentration of TCP investigated [25
equiv (Figure 3.8.c.)], the ferric form of the enzyme was further found to partially convert to
oxyferrous DHP because of the presence of DCQ generated from the reaction of Compound
II with TCP, in accordance with the known reactivity of ferric DHP B with DCQ (26).
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Figure 3.8. Stopped-flow UV-visible spectroscopic monitoring (900 scans, 14 min) of the
double-mixing reaction between preformed Compound II with (A) 2.5 equiv, (B) 10 equiv,
and (C) 25 equiv of TCP at pH 8. Compound II was pre-formed by first mixing a solution of
oxyferrous DHP B containing 1 equiv TCP with 2.5 equiv H2O2, and allowing the reaction to
incubate for 85 s prior to the second mixing reaction with TCP. (D) Dependence of kobs as a
function of TCP concentration (1 – 25 equiv) for the formation of DHP B Compound II
generated from the data presented in panels A-C.
Characterization of Compound II by EPR. Rapid-freeze-quench methods were
employed to stabilize the ferryl intermediate observed in the reaction described above for
subsequent characterization by continuous wave (CW) EPR spectroscopy. Specifically, Xband EPR spectra at various quench times (100 ms, 1 s, and 30 s) were obtained for the
reaction of oxyferrous DHP B with a 10-fold excess of H2O2 in the presence of 1 equiv of
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TCP, thereby generating the putative Compound II intermediate. No detectable EPR signal
was observed (Figure 3.9), indicating that no protein radical was present. For comparison,
and as a control for verifying the experimental and spectroscopic apparatus, the EPR signal
of Compound ES that resulted from the rapid mixing (500 ms) of ferric DHP B with 10 equiv
of H2O2 at pH 8 (generated side by side with the oxyferrous reaction samples) is also shown.
As previously reported, the free radical concentration in Compound ES is nearly quantitative
with respect to the enzyme concentration (~0.93 spin/heme) in DHP (54). As the EPR
spectroscopic method presented here provides an unambiguous means of differentiating
between the two ferryl-containing intermediates, Compound ES and Compound II, our
spectroscopic data unequivocally rule out the intermediate observed above in the stoppedflow studies as Compound ES. The lack of a spectral signal obtained here strongly suggests
either a diamagnetic or even-spin species, the latter being consistent with the assignment of
Compound II as the intermediate generated in the reaction of oxyferrous DHP B and
hydrogen peroxide in the presence of TCP.
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Figure 3.9. EPR spectrum of DHP B Compound II at a freeze-quench time of 100 ms (pH 8).
Data collected at 1 and 30 second quench times for DHP B Compound II similarly showed
no signal. For comparative purposes, the EPR spectrum of Compound ES is also shown.
Rapid freeze-quench samples were prepared from the reaction of oxyferrous DHP B (50 μM
final) containing 1 equivalent of TCP with a 10-fold excess of H2O2 at 25 °C, and rapidly
frozen in an isopentane slurry.

To eliminate the possible interpretation that the lack of an observed radical signal was
due to a Compound ES intermediate that was rapidly quenched by TCP, we employed RFQEPR spectroscopy to investigate the reaction of a 10-fold excess of H2O2 with ferric DHP B
pre-incubated with 1 or 1.2 equiv of TCP at a freeze-quench time of 100 ms (pH 8). Under
these conditions, a radical signal was observed (Figure 3.10). Although the radical intensity
in the presence of TCP was ~10% (0.09 spin/heme) of that of Compound ES itself in the
absence of TCP, and the shape of the signal differed as well, the result of an observable
radical formed under these conditions contrasts markedly with the lack of a radical observed
from the reaction of oxyferrous DHP B with a 10-fold excess of H2O2 in the presence of 1
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equiv of TCP. Thus, we exclude the possibility that the mechanism of DHP proceeds through
a ferric state that yields a Compound ES species whose amino acid radical is quickly
quenched by the TCP co-substrate.
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Figure 3.10. EPR spectrum (blue) of the radical formed from the reaction between ferric
DHP B (50 μM) containing 1 equiv TCP with a 10-fold excess of H2O2 at a freeze-quench
time of 100 ms (pH 8). Data collected with 1.2 equiv TCP were qualitatively identical. For
comparative purposes, the EPR spectra of Compound ES (black) and Compound II (red)
formed under identical rapid-freeze quench conditions are also shown.

H2O2 Reactivity of Ferrous DHP B. The reactivity of ferrous DHP B with H2O2 was
investigated using UV-visible spectroscopy under anaerobic conditions to prevent the
formation of the oxyferrous species upon oxygen binding to the reduced enzyme. The UVvisible spectra were monitored inside a glovebox using a fiber optic dip probe. Because of
the poor signal-to-noise ratio of the fiber optic setup, two enzyme concentrations, 10 and 50
μM, were employed for the data in Figure 3.11 to provide resolution of both the Soret and
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visible bands (as shown in the inset), respectively. The reduced enzyme was obtained from
the titration of ferric DHP B with substoichiometric additions of sodium dithionite until fully
formed [UV-vis features at 432 (Soret) and 558 nm (17,26)] (Figure 3.12).
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Figure 3.11. UV-visible spectroscopic monitoring (10 scans, 0.1 min interval/scan, 60 sec
total) of the reaction between ferrous DHP B (10 μM) with (A) 2.5 equiv (B) 10 equiv and
(C) 25 equiv H2O2 yielding Compound II at pH 8. Inset: Same experimental conditions as
described above except that the ferrous DHP B concentration was 50 µM.
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Figure 3.12. Titration of ferric DHP B (10 µM) to ferrous DHP B using sodium dithionite in
100 mM KPi pH 8.
Ferrous DHP B (10 or 50 μM) thus generated was mixed with excess H2O2 (2.5-10
equiv), and the resulting changes in the electronic absorption spectrum were recorded
immediately after mixing (~23 s). Overall, two intermediates were observed prior to the
formation of the final product (as either ferric DHP B or Compound RH, depending upon the
reaction conditions employed). Ferrous DHP B first converted to a new species [UV-vis
features at ~421-423 (Soret), 488, and 505 (sh) nm; kobs> 0.6 s-1] (Figure 3.11 and Figure
3.13), which was found to be unstable, and interconverted (kobs ~ 0.036 s-1) to a second
intermediate whose spectral features [UV-vis features at 420 (Soret), 546, and 586 nm] we
attribute to the ferryl-containing intermediate Compound II on the basis of (i) spectral
similarity to other ferryl-hemes (vide supra), (ii) the results of our EPR spectroscopic study
(vide supra), and (iii) the known reactivity of ferrous heme proteins with H2O2 (see
Discussion). The observed amount of this unknown intermediate appeared to be proportional
to the amount of hydrogen peroxide that was initially reacted with ferrous DHP B (Figure
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3.11), although the temporal resolution of the anaerobic dip probe/UV-visible benchtop
spectrometer did not allow a quantitative assessment to bemade. The reaction was repeated at
a reduced temperature (~4 °C) to stabilize the intermediate and obtain the spectrum shown in
Figure 3.14. The visible bands [488 and 505 (sh) nm] clearly are distinct from those of ferric
DHP B, Compound I or II/ES, and ferrous DHP B in terms of both absorption maxima and
molar absorptivity. The Soret band (~421-423 nm) is also distinct when compared to that of
the ferrous (432 nm) or ferric (410 nm) form of the enzyme at this pH. Overall, the UVvisible spectroscopic data suggest the presence of an intermediate prior to the formation of
Compound II, with the latter peroxidase-active species being formed from the ferrous
enzyme in the absence of TCP. Addition of TCP (10 equiv) to the Compound II intermediate
formed here in the absence of co-substrate yielded the ferric state of the enzyme as expected
(data not shown).
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Figure 3.13. UV-visible spectroscopic monitoring of the reaction between ferrous DHP B
(10 μM) with (A) 2.5 equiv and (B) 10 equiv H2O2 yielding Compound II at pH 8. Inset:
Same experimental conditions as described above except that the ferrous DHP B
concentration was 50 µM. The spectra for ferrous DHP B (black), as well as the reaction
immediately (red), one (green), two (purple), and three minutes (gold) after H2O2 addition are
shown.
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Figure 3.14. Comparison of the visible spectroscopic features of ferrous DHP B (10 µM,
black), ferric DHP B (green), Compound II (red), and the putative ferrous-hydroperoxide
intermediate (blue) that was formed prior to Compound II in 100 mM KPi (pH 8) at 4 °C.

In the presence of 1 equiv of TCP, the reaction of ferrous DHP B with hydrogen
peroxide was qualitatively similar to that described above for the reaction in the absence of
trihalophenol in that the formation of an intermediate was observed prior to the identiﬁcation
of Compound II (Figure 3.15). Again, this intermediate interconverted to form Compound II
[UV-vis features at 420 (Soret), 546, and 586 nm], but the process was ~5-fold faster than
when TCP was absent. Under the conditions examined, Compound II was stable for the
duration of the 60 s observation window, a marked contrast to the instability of Compound
ES under similar conditions (10,26). However, when the TCP concentration in the reaction
mixture was increased to 30 equiv, the Compound II intermediate converted to ferric DHP B
(Figure 3.16), with a concomitant decrease in the TCP absorbance (312 nm) that was
proportional to the amount of hydrogen peroxide initially reacted (Figure 3.16.a., 2.5 equiv of
H2O2; Figure 3.16.b., 10 equiv of H2O2). The TCP-dependent reactivity of Compound II
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observed here was consistent with that noted for the reaction of oxyferrous DHP B with
hydrogen peroxide from our stopped-ﬂow study (vide supra).
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Figure 3.15. UV-visible spectroscopic monitoring (60 sec) of the reaction between ferrous
DHP B (10 μM) and TCP (10 µM) with (A) 25 µM and (B) 100 µM H 2O2 yielding
Compound II at pH 8. TCP was added before H2O2. Insert: Same experimental conditions as
described above except that the concentrations of the three reactants were increased 5-fold.
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Figure 3.16. UV-visible spectroscopic monitoring (60 sec) of the reaction between ferrous
DHP B (10 μM) and TCP (300 µM) with (A) 25 µM and (B) 100 µM H2O2 yielding
Compound II at pH 8.
Reactivity Studies of Oxyferrous DHP B. The reaction of oxyferrous DHP B (10 μM)
with hydrogen peroxide (2.5, 10, and 25 equiv) in the presence of TCP co-substrate yielding
DCQ was further explored by UV-visible spectroscopy. No reaction was observed upon the
addition of 100 μM H2O2 to a solution of oxyferrous DHP B containing a substoichiometric
amount of TCP [0.5 equiv (data not shown)]. As such, the TCP concentration was varied
over a range of 10, 150, and 300 μM [1-30 equiv (Figures 3.17-3.19)] to evaluate the effect
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of co-substrate on Compound II formation and reactivity. With 1 equiv of TCP, the DHP B
Compound II intermediate was found to be stable over the reaction time of 60 s (Figure
3.17). Neither TCP loss (312 nm) nor DCQ formation (274 nm) could be observed when only
1 equiv of TCP was initially reacted. As observed in the stopped-flow study (vide supra),
when the amount of TCP (15-30 equiv) greatly exceeded that of H2O2, the ferryl-containing
intermediate converted to a species whose spectral features matched those of ferric DHP B
(Figures 3.18 and 3.19), concomitant with TCP loss and DCQ formation, the extent for both
being well-correlated with the amount of H2O2 initially employed in the reaction. Reaction
conditions that generated both ferric DHP B and a relatively large amount of DCQ [i.e., 300
μM TCP and 100 μM H2O2 (Figure 3.19.b.)] exhibited re-formation of the oxyferrous state at
longer reaction times [5 min (data not shown)]. This observation was consistent with our
previous report that incubation of the ferric form of the enzyme with DCQ generates
oxyferrous DHP B (26). At higher concentrations of H2O2, bleaching of the heme cofactor
was noted. The apparent increase in the baseline between 450 and 550 nm when high
concentrations of DCQ are formed may be attributable to the formation of 2,6-dichloro-3hydroxy-1,4-benzoquinone (DCHB) as a secondary product (λmax = 524 nm; ε = 2530 ± 60
M−1 cm−1) (55,56).
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Figure 3.17. Benchtop UV-visible spectroscopic monitoring (60 sec) of the reaction between
oxyferrous DHP B (10 µM) containing 10 µM TCP reacted with (A) 25 µM, (B) 100 µM and
(C) 250 µM H2O2 yielding Compound II at pH 8.
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Figure 3.18. Benchtop UV-visible spectroscopic monitoring (60 sec) of the reaction between
oxyferrous DHP B (10 µM) containing 150 µM TCP reacted with (A) 25 µM, (B) 100 µM
and (C) 250 µM H2O2 yielding Compound II at pH 8.
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Figure 3.19. Benchtop UV-visible spectroscopic monitoring (60 sec) of the reaction between
oxyferrous DHP B (10 µM) containing 300 µM TCP reacted with (A) 25 µM, (B) 100 µM
and (C) 250 µM H2O2 yielding Compound II at pH 8.
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Trapping of TCP Radicals during Enzymatic Turnover. TCP radicals generated from
the reaction of ferric or oxyferrous DHP B (30 μM) and H2O2 (5 mM) in the presence of 1.25
mM TCP at pH 7 were trapped using the radical trap 5-diisopropoxy-phosphoryl-5-methyl-1pyrroline-N-oxide (DIPPMPO). As an alternative to traditional EPR spectroscopic methods,
the results were analyzed by 31P NMR spectroscopy as previously described (37). DIPPMO
alone exhibited a resonance at 22.2 ppm (Figure 3.20.a.). The

31

P NMR spectra recorded

after the reaction employing either ferric (Figure 3.20.b.) or oxyferrous DHP B (Figure
3.20.c.) both exhibited two peaks at 22.2 and 25.1 ppm, which correspond to the native spin
trap signal and the covalent adduct of TCP-DIPPMO, respectively. These NMR
spectroscopic results for DHP B were indistinguishable from the previous identification [and
reconfirmed here as a control (Figure 3.20.d.)] of TCP radicals generated from the reaction of
horseradish peroxidase with H2O2 in the presence of TCP (37) and provide unequivocal
evidence of the formation of TCP radicals that have been postulated to form during
dehaloperoxidase turnover (21,26).
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Figure 3.20. 31P-NMR spectra of A) DIPPMPO, and DIPPMO in the presence of H2O2, TCP,
and B) Ferric DHP B, C) oxyferrous DHP B, and D) HRP in 100 mM KPi pH 7.
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Discussion
As both an oxygen transport globin and a peroxidase, dehaloperoxidase from the
terebellid polychaete A. ornata possesses two inherent functions that occur at a single heme
active site. Given that reversible oxygen binding is only mediated via a ferrous heme in
globins, and that peroxidase activity is initiated from ferric centers and to the exclusion of the
oxyferrous oxidation state from the peroxidase cycle, the bifunctional nature of DHP as a
globin peroxidase appears to be at odds with the traditional starting oxidation state for each
individual activity. Our understanding of how the enzyme rectiﬁes this apparent paradox,
wherein the peroxidase-active ferric DHP state can be converted to the oxygen-binding
ferrous form, or the reverse, wherein oxyferrous DHP is activated toward peroxidase
function, is still lacking. Thus, as the means of resolving this paradox, the primary focus of
this report is to provide the details of dehaloperoxidase chemistry that have yet to be reported
for the deoxyferrous state of the enzyme and to augment those with additional studies of
oxyferrous DHP.
The activity studies presented here further demonstrate that dehaloperoxidase B is
able to catalyze the oxidative dehalogenation of 2,4,6-trihalogenated phenols to their
corresponding 2,6-dihalo-1,4-benzoquinones in the presence of hydrogen peroxide when the
catalytic cycle is initiated from the oxyferrous state. This is critically important given that the
oxyferrous state is normally a catalytically incompetent species for monofunctional
peroxidases (57) and represents a partial solution to the aforementioned paradox. As it is
possible that dehaloperoxidase may have evolved its peroxidase function to begin from the
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oxyferrous state, which is the normal oxidation state for this hemoglobin in A. ornata, the
reaction of oxyferrous DHP with hydrogen peroxide was further investigated using stoppedﬂow UV-visible spectroscopy. In the presence of as little as 1 equiv of TCP co-substrate, the
ﬁrst intermediate observed exhibited spectral features that matched those of a ferrylcontaining species that lacked a porphyrin π-cation radical, (10) suggestive of the formation
of either Compound ES or Compound II. However, Compound ES was ruled out on the basis
of electron counting, as it is oxidized by three electrons with respect to the starting ferrous
oxidation state, and hydrogen peroxide is only a two-electron oxidant when cleaved
heterolytically. Furthermore, RFQ-CW-EPR spectroscopic studies presented here also ruled
out this intermediate as Compound ES, as the presence of a protein radical was not observed,
consistent with the formulation of the ferryl-containing intermediate as DHP B Compound II.
When oxyferrous DHP B was reacted under conditions where the TCP concentration
was greater than the H2O2 concentration, it was observed that Compound II converted to the
ferric form of the enzyme, concomitant with TCP loss and DCQ formation. Sequential
double-mixing stopped-ﬂow studies demonstrated that DHP B Compound II was directly
capable of oxidizing TCP. These results were consistent with TCP serving as a one-electron
reducing agent. Dawson and co-workers (21) recently reported evidence supporting a
peroxidase cycle for DHP A involving two sequential one-electron oxidations of TCP to
yield DCQ when preformed Compound ES was employed (presumably via a transiently
formed Compound II species), and it appears that TCP here is serving a similar function in
terms of reducing Compound II to the ferric state. Ferric DHP B was not the ﬁnal “resting”
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state of the enzyme, however, as experimental conditions that favored the formation of DCQ
also led to the regeneration of the starting oxyferrous DHP B species. We attribute this to the
previously characterized reaction between ferric DHP B and DCQ, (26) which was shown to
form oxyferrous DHP B. The unusually high reduction potential of 206 mV for a peroxidase
likely favors reduction of the ferric heme and formation of oxyferrous DHP B in the presence
of DCQ.
In light of the spectroscopic and biochemical ﬁndings presented here, we propose the
following updated mechanism for the in vitro peroxide-dependent oxidation of trihalophenol
as catalyzed by DHP B from A. ornata (Scheme 3.1).
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Scheme 3.1. Proposed catalytic cycle for (de)oxyferrous dehaloperoxidase B.a
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Adapted from reference [(26)]. The pathways forming Compounds RH and P426, as well as
monohalophenol inhibition, have been omitted for clarity.

In the presence of trihalophenol, (de)oxyferrous DHP B reacts with H2O2 to form the
peroxidase-active species Compound II (step i-a or i-b), which is subsequently reduced in the
presence of excess TXP to the ferric enzyme (step ii). The ferric enzyme can proceed along a
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traditional peroxidase reaction pathway, reacting with hydrogen peroxide to generate
Compound S via a transiently formed Compound I species (step iii) and returning to the
ferric state via two consecutive one-electron reduction steps as postulated by Dawson and coworkers (21) (steps iv and ii). Dihaloquinone can be formed from either two consecutive oneelectron oxidations of TXP (via a TXP radical) or the disproportionation of TXP radicals.
The DXQ product thus formed, either because of its inherent instability or as an alternative
co-substrate for the enzyme, leads to the reduction of the ferric state to the ferrous state,
generating oxyferrous DHP B in the presence of dioxygen (step v). Alternatively, Compound
ES may directly react with DCQ as a co-substrate, leading to the generation of the
(de)oxyferrous species (step vi). The proposed mechanism therefore resolves the
dehaloperoxidase paradox in which the bifunctional nature of a globin peroxidase appears to
be at odds with the traditional starting oxidation state for each individual activity. Namely,
(de)oxyferrous DHP is a catalytically competent state for initiating a peroxidase catalytic
cycle and is the ﬁrst such example that has a relevant biological function. Moreover, as
discussed previously (26) and noted here in additional detail, dihaloquinone generated from
the peroxidase cycle is itself a substrate for both ferric and Compound ES DHP B, leading to
formation of oxyferrous DHP B. Thus, the product of the peroxidase cycle regenerates the
globin-active species, which is also a viable oxidation state for initiating peroxidase
chemistry. Taken together, these two reactivities observed here highlight the unique
chemistry of dehaloperoxidase that allows both globin and peroxidase discrete functions
from what appears to be a limited set of resources.
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Interestingly, in the absence of TCP, oxyferrous DHP B was unreactive toward
hydrogen peroxide with respect to the formation of observable high-valent iron-oxo
intermediates (i.e., Compound II), and therefore, a role for trihalophenol needs to be
postulated that is consistent with the mechanism described above. Dawson and co-workers
have suggested that the observed conversion of oxyferrous DHP to Compound II or ES was
due to the presence of a trace amount of ferric DHP that undergoes a traditional peroxidase
cycle, thereby generating TCP radicals that oxidize the bulk oxyferrous DHP to the ferric
enzyme (28).
Subsequent reaction of the resulting ferric DHP with hydrogen peroxide generates the
observed ferryl-containing species. In that work, the typical reaction conditions employed an
excess of TCP with respect to H2O2. Although precedent for the oxyferrous to ferric
conversion as catalyzed by substrate radicals has been demonstrated for lignin peroxidase,
the reaction conditions employed in our RFQ-EPR spectroscopic study and stoichiometric
considerations argue against this mechanism. Speciﬁcally, 10 equiv of H2O2 was reacted with
oxyferrous DHP B in the presence of 1 equiv of TCP. Assuming trace ferric DHP B initially
reacted to generate TCP radicals, which then oxidized oxyferrous DHP B to the ferric form
(thereby regenerating TCP in the process), 0.5 equiv of hydrogen peroxide would have then
been consumed, leaving 9.5 equiv of H2O2 to subsequently react with the ferric enzyme and
TCP in solution (1 equiv each). This reaction would generate DHP B Compound ES in situ, a
two-electron oxidant that has been shown to react rapidly with TCP to yield DCQ (1 equiv)
and the ferric enzyme (26). The ferric enzyme would then react with the remaining H2O2, re-

163

forming Compound ES, whose subsequent reaction with DCQ is slow enough to have
allowed identiﬁcation of the amino acid radical of this intermediate by RFQ-EPR
spectroscopy. As no protein radical was observed in our EPR spectroscopic study, we
conclude that the observed oxyferrous reactivity yielding Compound II cannot be attributed
to a mechanism invoking a transiently formed ferric state, and that the oxidation of
oxyferrous DHP B via TCP radicals is unlikely under the reaction conditions examined
([H2O2] > [TCP]).
Thus, an alternative mechanism that involves trihalophenol binding, but not TXP
radical formation, is needed to describe the reaction of oxyferrous DHP with hydrogen
peroxide yielding Compound II. On the basis of our anaerobic studies, we suggest that the
reaction of deoxyferrous DHP B with H2O2 is responsible for the formation of the observed
Compound II intermediate and that trihalophenol binding plays a role in the activation of
oxyferrous DHP to the deoxy state when hydrogen peroxide is present. Speciﬁcally, we have
observed the formation of Compound II upon the reaction of deoxyferrous DHP B with
hydrogen peroxide in the absence of trihalophenol. The conversion of deoxyferrous
hemoproteins to Compound II in what is generally regarded as a single-step, two-electron
oxidation has been noted and/or postulated in a number of other systems, including
horseradish peroxidase, (58) leghemoglobin, (59) lactoperoxidase, (60,61) myeloperoxidase,
(62) and KatG (63). Importantly, none of aforementioned systems invoked substrate radicals
as mechanistically relevant to account for their observed chemistry. Furthermore, the
importance of this observation is also underscored by the in vivo role of dehaloperoxidase as
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an oxygen-transport protein, wherein the globin exists in both the oxy- and deoxyferrous
states, and it is reasonable to surmise that the initiation of a peroxidase pathway should not
be limited to only one of the two major states of a globin.
The reaction of deoxyferrous DHP B with hydrogen peroxide surprisingly revealed an
intermediate that formed prior to the full formation of Compound II. The spectral features of
this species did not match any for the known intermediates of dehaloperoxidase (e.g.,
Compounds I, II, ES, and III) (10,26). One possibility is that this intermediate preliminarily
represents the ferrous-hydroperoxide adduct that must form prior to heterolytic cleavage of
the hydrogen peroxide that ultimately yields Compound II. The observation of the Fe(II)OOH precursor prior to Compound II formation is analogous to the Compound 0 species,
Fe(III)-OOH, that has been shown to form prior to Compound I in traditional heme chemistry
(52,53,64-68). Typically, such ferric-hydroperoxide species are short-lived (<200 μs); (64)
however, examples of peroxidase (69) and myoglobin mutants, (68) as well as native
cytochrome c552, (65) that exhibit more reasonable lifetimes (milliseconds to seconds) have
been reported, with the consensus opinion that the lack of a suitable proton donor in the
hydrophobic heme cavities lowers the rate of heterolytic O-O bond cleavage, thereby
stabilizing Compound 0. A similar argument can be posited to account for the relative
stability of the putative ferrous-hydroperoxide intermediate of DHP B, as the distal histidineheme distance in dehaloperoxidase (Fe-His Nε2 = 5.5 Å, (33) ferric DHP B, His55 in the
closed position) is intermediate between those found in globins (4.14.6 Å) and peroxidases
(5.56.0 Å) (29-32) and as such may not be ideally positioned to facilitateH2O2 heterolysis.
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Further, when TCP was present prior to the reaction of deoxyferrous DHP B with H2O2, the
stability of the Fe(II)-OOH intermediate was lowered, and we surmise that the position of the
distal histidine (and the nature of the tautomeric bonds of the imidazole ring) thus facilitates
O-O bond cleavage when trihalophenol is bound. This is consistent with the postulate that
both external and internal small-molecule binding sites may exist with regulatory
implications linked to the conformation ﬂexibility of the distal histidine, His55, that may
govern how DHP switches between its hemoglobin and peroxidase activities (11-13,33). An
additional consideration that may contribute to the stability of the ferrous-hydroperoxide
precursor is the very positive Fe(III)/Fe(II) reduction potential (~200 mV) of DHP (26).
Rather than the nearly ubiquitous Asp-His-Fe or Glu-His-Fe charge relays that are found in
peroxidases and have beenshown to impart a partially anionic character to the proximal
histidine, dehaloperoxidase lacks such a catalytic triad. Instead, DHP possesses a proximal
histidine that is in van der Waals contact with Met86, (35) and vibrational studies have
suggested the presence of a neutral proximal histidine that is unlikely to activate bound
peroxide via a push effect (70). Consequently, the lack of a push effect in DHP and a high
reduction potential are two additional factors related to the presence of Met86 that likely
contribute to the stability of the putative Fe(II)-OOH species.
The lack of reactivity observed for oxyferrous DHP B may have a physiological role
when trihalophenol co-substrate is absent, preventing formation of Compound RH (with its
attenuated dehaloperoxidase activity) when exposed to hydrogen peroxide for short reaction
times (<60 s), and also minimizing the deleterious effects of unwanted peroxidase activity in
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the absence of a reducing substrate. In the case of the different reactivity observed for ferrous
and oxyferrous DHP B in the absence of trihalophenol, it is likely that the bound oxygen
molecule acts as an inhibitor of the reaction by blocking H2O2 from binding to the heme iron.
As described by Alayash and co-workers (71) for the reaction of oxyferrous swMb with
hydrogen peroxide, the rate constant that describes the initial oxidation of the oxyferrous
heme by hydrogen peroxide reﬂects the competition between the two ligands, O2 and H2O2,
for the ferrous iron. Under conditions with high H2O2 and low O2 concentrations, the
apparent rate of the oxyferrous reaction approaches that of the intrinsic rate constant for
heterolytic cleavage of the bound peroxide, whereas under reaction conditions with high O2
and low H2O2 concentrations, the rate is proportional to KH2O2/KO2, the ratio of the binding
constants of the two ligands. The kinetic observations by Dawson and co-workers for the
reaction of oxyferrous DHP with hydrogen peroxide (TCP present), (28) when reinterpreted
in light of our proposed mechanism of direct (de)oxyferrous oxidation to Compound II
(Schemes 3.1 and 3.2), appear to be consistent with the kinetic scheme of Alayash and coworkers with respect to the observed lag times that were presented as evidence of the
conversion of oxyferrous DHP to the ferric state via substrate radicals (generated from trace
ferric DHP). However, further studies exploring both mechanistic interpretations will be
necessary to fully elucidate the details of this process.
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Scheme 3.2. Proposed tautomerization of the distal histidine in oxyferrous DHP B upon
trihalophenol binding. A direct interaction between His55 and TXP is depicted, however
binding may occur elsewhere, leading to the proposed tautomerization.
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It is clear that trihalophenol binding triggers the activation of oxyferrous DHP B to
Compound II in the presence of hydrogen peroxide. It has been suggested that His 55, which
has been observed in distinct “open” and “closed” conformations, mediates displacement of
O2 from the heme in the presence of (tri)halophenol substrate, possibly serving as this trigger
for peroxidase function (11). Given this, and in light of the results described herein, we have
considered the role of the distal histidine as being integral to the substrate-dependent
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activation of oxyferrous DHP B and propose the following mechanism for the activation step
of the dehaloperoxidase cycle (Scheme 3.2). When trihalophenol binds (possibly as
trihalophenolate) to oxyferrous DHP, tautomerization of the distal His55 occurs, forming a
hydrogen bond between the His Nδ atom and the phenolic hydrogen of the co-substrate and
disrupting the hydrogen bond between the His-Nε2 atom and the bound oxygen ligand that
had stabilized the oxyferrous species. Evidence of the destabilization of oxyferrous DHP
upon trihalophenol binding comes from Dawson and co-workers, who observed a 2.6-fold
increase in the rate of autoxidation of the oxyferrous enzyme in the presence of TCP when
compared to that in its absence (28). The destabilized oxyferrous DHP is therefore activated
for reaction with hydrogen peroxide, which displaces the now weakly bound oxygen ligand,
generating the Fe(II)-OOH intermediate that was observed in the deoxyferrous studies.
Heterolysis of this ferrous-hydroperoxide intermediate, facilitated by the tautomer that now
positions the His-Nε2 atom as a general base, yields Compound II, which can now initiate a
peroxidase cycle as described in Scheme 3.2. It is important to note that although the
trihalophenol binding site is believed to be external to the heme active site, (11-13) it is not
known whether bound TXP can directly interact with the distal histidine. Thus,
tautomerization may result from a direct or indirect (allosteric) binding event, and this
ambiguity is schematically represented in Scheme 3.2. There are several examples in the
literature in which histidine tautomerization has played an important role during enzymatic
function for both heme and non-heme proteins. These include (i) human carbonic anhydrase
II (hCAII), where the tautomers of His64 (tautomeric equilibrium constant of 1.0) act as both
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a general acid and base, mediating the transfer of both protons and water molecules at a
neutral pH with high efficiency, (72) and (ii) myoglobin, (73-79) where the distal histidine,
His64, has been postulated to play a role in the discrimination of oxygen versus CO binding.
It is thought that entry of ligand into the heme pocket of Mb is controlled by the distal
histidine gate, and hydrogen bond donation through the neutral NδH tautomer of His64
regulates oxygen affinity. In our system, we propose that TXP co-substrate binding similarly
affects the stability of the oxyferrous enzyme, allowing reaction with hydrogen peroxide and
allowing the distal histidine to serve as the general base required for H2O2 heterolysis.

Conclusion
We have shown that the reaction of deoxyferrous DHP with hydrogen peroxide forms
Compound II, a peroxidase active species, in the absence of trihalophenol. Literature
precedent for other heme systems supports such a direct two-electron oxidation of the
deoxyferrous heme without the need for invoking a ferric oxidation state that has been the
traditional starting point for initiating the peroxidase catalytic cycle. Further, although not
altogether excluding a role for substrate radicals in effecting an oxyferrous to Compound II
conversion, the proposed mechanism suggests that substrate radicals need not be considered
for this process to occur, and that a simple displacement of the bound oxygen ligand upon
simultaneous trihalophenol and H2O2 binding suffices. We have also found preliminary
evidence of a ferrous-hydroperoxide intermediate that forms prior to Compound II. Given the
relative stability of this species, future studies will be directed toward its characterization and
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reactivity. When combined with the known DCQ-driven reduction of ferric DHP to the
oxyferrous enzyme, the chemistry reported herein establishes oxyferrous DHP as both a
starting and end point for peroxidase chemistry that maintains a globin-active center, resolves
the oxidation state paradox of globin peroxidases, and improves our understanding of how
this bifunctional enzyme is able to unite its two inherent functions in one system.
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Chapter 4

Insight into the Relationship Between Protein Structure
and Enzyme Function in Dehaloperoxidase
Part I. Structure of Dehaloperoxidase B at 1.58 A° Resolution and Structural
Characterization of the AB Dimer from Amphitrite ornata
Part II. Mutagenesis Studies of Dehaloperoxidase A and B: Compound I
Formation and the Tyrosine Radical in Compound ES
Part III. Functional Consequences of the Creation of an Asp-His-Fe Triad in a
3/3 Globin
* This Chapter has been based on a compilation of published work in which I collaborated
as the second-author.
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Part I. Structure of Dehaloperoxidase B at 1.58 A°
Resolution and Structural Characterization of the AB
Dimer from Amphitrite ornata
Vesna de Serrano,‡Jennifer D’Antonio,‡Stefan Franzen‡ and Reza A. Ghiladi‡
‡

Department of Chemistry, North Carolina State University, Raleigh, North Carolina, 27695,
USA

*My contribution to this work was the removal of the polyhistidine purification tag from the
DHP B plasmid.

Abstract
The dehaloperoxidase (DHP) isoenzymes, termed as DHP A and DHP B, act as the
hemoglobin for the marine worm Amphitrite ornata, but they display biologically relevant
peroxidase activity. Both enzymes catalyze the oxidation of 2,4,6-trihalophenols to their
corresponding 2,6-dihaloquinones by the use of hydrogen peroxide as the oxidant. The
present study comprises a comprehensive X-ray crystallography study of recombinant DHP
B and its co-crystallization with DHP A. The crystal structure of DHP B at 1.58 Å resolution
reveals that its overall structure is not perturbed due to the amino acid differences when
compared to DHP A, but there are changes in the distal and proximal hydrogen-bonding
networks. Furthermore, the distal histidine of DHP B, His55, displays an unusual
conformational flexibility as that observed in the isoenzyme A structure. Additionally, the
preliminary characterization of the DHP AB heterodimer shows differences in the AB
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interface that are not observed in the individual DHP A and DHP B homodimer structures.
Our structural findings for DHP provide useful insight that may relate to the peroxidase
mechanism of DHP and lead to a better understanding of the paradigms of globin structurefunction relationships.

Introduction
Dehaloperoxidase (DHP) is a bifunctional protein that acts as both an oxygentransport hemoglobin and a detoxification peroxidase for the marine worm A. ornata. Despite
the fact that DHP displays an enhanced peroxidase activity, its structural fold is nearly
identical to that of myoglobin (Mb), which possesses a canonical 3/3 α-helical conformation.
However, the sequence homology between globins from different phyla and DHP is as low
as ~10%. Thus, structural studiesare key for establishing the principles of the structurefunction relationship to provide further insight into the bifunctional nature of DHP.
Previous studies have shown that DHP A is a homodimer consisting of two identical
subunits of 15.5 kDa (1-3). Each unit comprises a heme protoporphyrin IX cofactor and eight
α-helices. Both subunits are connected through an interface, which is mostly composed of
salt bridges from acidic and basic amino-acid residues on the protein surface, specifically
between Asp72 of one subunit and the side chains of Arg122 and Asn126 of the other subunit
(Figure 4.1.1). This interface is also described by the hydrophobic interaction between the
Val74 of the two subunits. The only cysteine residue of DHP, Cys73, is also located near this
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dimer interface, but the possibility of a disulfide bond is discarded due to the long distance
between the S atoms of the cysteine residues of the subunits.

Asp72

Arg122
Asn126

Val54

Val54

Figure 4.1.1. The dimer interface of the dehaloperoxidase A homodimer structure (PDB
accession code 2QFK).

Another important characteristic feature of DHP includes the conformational
flexibility of the distal histidine, His55, which can be observed in the closed and open
conformations. This unusual flexibility of the distal histidine has functionality implications
such as the regulation of electron-transfer pathways relevant to substrate oxidation,
stabilization of heme iron ligands, serving as an acid/base catalyst during peroxidase
chemistry, and for the control of peroxidase inhibition in the presence of monohalophenols.
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Since 1996, all X-ray crystallography studies of DHP have focused on isoenzyme A,
and include such structures as i) the ferric protein in the absence and presence of monophenol
substrates, ii) oxyferrous DHP, the structure relevant to O2-transport, iii) metcyano DHP, and
iv) mutants of the enzyme (i.e., H55D, M86D, M86A, V59W, etc.), among other
experimental conditions (2-7). However, crystal structures of DHP B have not been offered.
DHP B differs from DHP A at five amino acid positions: I9L, R32K, Y34N, N81S, and
S91G (8). It has been hypothesized that these differences in amino acid composition may
account for the mechanistic differences observed between both isoenzymes (8). These
observations comprise the elevated catalytic efficiency of DHP B (~3-fold more active than
DHP A) for the oxidation of 2,4,6-trichlorophenol (TCP), a different reactivity of Compound
RH, and a higher level of inhibition when compared to DHP A (9). Therefore, the first
section of this chapter will include a detailed description of the structure of DHP B in order
to address the structural features of this enzyme and how they compare to DHP A, as well as
the possibility of DHP A and B forming a dimeric structure when present together.

Materials and Methods
Protein expression, purification and crystallization. The polyhistidine purification tag
(His-tag) was removed in order to optimize protein crystallization. The removal of the Histag from the 5'-end from the template plasmid encoding for DHP B sequence, pDHPB(6x
His), was performed using the QuickChange II site-directed mutagenesis kit and primers
from IDT DNA Technologies Inc. Mutagenesis [melting (368 K, 50 s), annealing (333 K, 50
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s) and extension (341 K, 6 min)] was performed for 18 cycles using the mutagenic primers
5'-AGG AGA TAT ACC ATG GGG TTT AAA CAA GAT-3' (sense) and 5'-ATC TTG TTT
AAA CCC CAT GGT ATA TCT CCT-3' (antisense). The plasmid was extracted and
purified using the QIAprep Spin Miniprep Kit. The DNA sequence of the DHP B gene from
the resulting plasmid pDHPB(-6x His) confirmed the deletion of the His-tag and the absence
of undesired mutations. Recombinant DHP B lacking the His-tag was overexpressed in
Rosetta Escherichia coli cells (DE3 strain) and purified using the protocol previously
reported for DHP A. The expression and purification of non His-tag DHP were performed as
described in the literature (5).
Protein crystallization of ferric DHP B and the mixture of DHP A/DHP B was carried
out using the hanging-drop vapor-diffusion method. Further experimental details for the
crystallization process are found in a recent publication by Serrano, V. et al. (10).

Results and Discussion
The structural fold of DHP B resembles the canonical myoglobin fold which consist
of eight alpha-helices (identified by letters A-H). The peptide segments Pro29-Asn34, Lys36Tyr38 and Lys87-His89 exhibit 310-helical conformations. The crystal structures of both DHP A
and DHP B isoenzymes were superimposed to each other to reveal that DHP B structure is
nearly identical to DHP A (Figure 4.1.2).
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Figure 4.1.2. Stereo ribbon diagram of the overlay of the Cα trace of DHP B (red) and DHP
A (grey; PDB accession code 2QFK). The heme cofactor and the distal (His55; both
conformations) and proximal (His89) histidines are shown in stick representation. Helices are
labeled A-H and one chain A of the two subunits in the asymmetric unit is shown throughout.

Based on the superimposition of DHP A and DHP B structures, the structural
variations between both isoenzymes are mostly limited to the five amino-acid substitutions,
which can be clustered into three distinct regions as shown in Figure 4.1.3: (i) the distal
cavity (R32K and Y34N), (ii) the proximal cavity (N81S and S91G) and (iii) the
hydrophobic region in proximity to I9L. However, these amino-acid substitutions do not
perturb the overall structural fold of DHP B compared to the isoenzyme A. Instead, the minor
differences between both structures are limited to differences in hydrogen bonding and
nonbonding interactions within the protein. The structural effects within the hydrophobic
region where the mutation I9L is found are mitigated by the relatively small structural
difference between isoleucine in DHP A and leucine residue in DHP B.
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In the distal region of the enzyme, where the mutations R32K and Y34N are located,
these amino acid differences introduce new hydrogen bonds such as the interaction between
the NH2 group of one of the Lys32 conformers and the backbone carbonyl O atom of Leu25
(distance of 2.80 Å) as well as the hydrogen bond between the NH2 group of one of the Asn34
conformers and the backbone carbonyl O atom of Glu31 (distance of 2.73 Å). As a result, the
conformations of the intervening residues as well as the residues that are part of the distal
cavity are affected (Phe21, Phe24 and Phe25, and among others). Additionally, the substitution
of tyrosine residue in position 34 by asparagine affects the hydrogen bonding interactions
related to these two residues. The hydroxyl group of Tyr34 residue in DHP A forms a weak
hydrogen bond with the side chain of Asn96. This hydrogen bond is lost in DHP B upon the
replacement of tyrosine by asparagine. However, Asn34 is capable of forming a much
stronger hydrogen bond with the carbonyl O atom of Glu31 and several weak ionic
interactions with the side chains of Glu31 and Asn96. Additionally, the substitution of Tyr34 by
an asparagine, a redox- inactive residue, can potentially affect the radical pathway in DHP B
Compound ES since Tyr34 has been recently implicated as a possible site of radical formation
(9, 11). This hypothesis will be further discussed in the following section. Moreover, the
substitution-induced differences in the distal pocket of DHP B versus DHP A affect both the
conformations of critical active-site residues and the hydrogen-bonding network that may
play a functional role in radical stabilization and radical migration as well as contributions
that can alter enzymatic assays when comparing both isoenzymes(9). Furthermore, recent
EPR studies of the radical(s) present in Compound ES intermediate of DHP A and DHP B
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suggest that the radical formation is subjected to substitution-induced hydrogen-bonding
differences present at the sites of radical formation between these two isoenzymes (9, 11).
For example, EPR spectroscopy data revealed a strikingly similarity between the Compound
ES signal of DHP B at pH 7 to that signal of DHP A Compound ES intermediate at pH 5 but
dissimilar to that observed for DHP A at pH 7 (9, 11). In addition, EPR experiments revealed
time-dependent changes in the DHP B Compound ES signal, which was not observed for
DHP A. According to these observations, it was hypothesized that the pathway-dependent
radical migration out of the active site is pH-specific. Therefore, the structural evidence
presented in this study, taken together with the previous EPR results, supports the hypothesis
that the DHP B amino-acid substitutions are likely to alter the hydrogen-bonding networks
that originate at the critical positions in the distal pocket, which may play an important role
in the formation, stabilization and/or migration of the Compound ES radical formed during
catalytic turnover.
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Q88

Q88
H89

N34
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Figure 4.1.3. Superposition of the DHP isoenzymes showing the three regions of structural
changes affected by the amino-acid substitutions. (a) Distal side of the heme cavity.
Isoenzyme differences are noted at positions 32 (lysine in DHP B and arginine in DHP A)
and 34 (asparagine in DHP B and tyrosine in DHP A). (b) Proximal side of the heme cavity.
The relevant isoenzyme substitutions are at positions 81 (serine in DHP B and asparagine in
DHP A) and 91 (glycine in DHP and serine in DHP A). (c) Overlay of the region containing
the residue at position 9 (leucine in DHP B and isoleucine in DHP A). The side chains are
shown in red for DHP B and gray for DHP A. Residues are only labeled for DHP B.
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The amino acid differences between the two isoenzymes have a significant effect on
the hydrogen-bonding network on the proximal side of the heme cavity which can lead to an
alteration of the bonding of the proximal histidine to the heme cofactor. Compared to the
DHP A structure, the Fe-NHis bond in DHP B is elongated by 0.07 Å. Based on the Fe-NHis
vibrational frequency, resonance Raman spectroscopy studies have shown that DHP A
exhibits an imidazolate character that is weaker than in peroxidases but stronger than in
globins (12). The bond strength of the Fe-NHis bond has been implicated as a contributing
factor in the "push-pull" effect in monofunctional peroxidases such as horseradish peroxidase
and cytochrome c peroxidase. The "push-pull" effect has been hypothesized to play a key
role in facilitating the O-O cleavage of the peroxide molecule to yield Compound I (or ES), a
high-valent intermediate, involved in peroxidase chemistry as described by the Poulos-Kraut
mechanism (13). As discussed in Chapter 1, the Asp-His-Fe catalytic triad of peroxidases
involves key electronic interactions that generate a charge relay to the imidazole ring of the
proximal histidine. Thus, the localization of the resulting charge is responsible for an
electronic "push" of electron density into the O-O bond of the peroxide molecule which
promotes its heterolytic cleavage. Interestingly, DHP lacks such a catalytic triad but instead
contains a Leu83–His89–Fe triad formed by a strong hydrogen bond interaction between the
Nδ atom of the proximal histidine (His89) and the backbone carbonyl of Leu83. Despite the
fact that the Leu83–His89 interaction in DHP is weaker when compared with the Asp-His
interaction in peroxidases, it has been shown to provide polarization of the proximal histidine
that is stronger than in globins as evidenced by resonance Raman spectroscopy studies (12).
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The substitution of Ser91 in DHP A by a glycine residue in DHP B provides greater
flexibility to the region surrounding His89 (proximal histidine) which can possibly be a
contributing factor of the elongation of the Fe-NHis bond; thus, affecting the strength of the
Fe-NHis bond by altering the electronics of the heme cofactor related to hydrogen peroxide
activation required for peroxidase chemistry. The increase mobility of Gly91 is evident from
the resulting alternate backbone conformations of this residue. On the other hand, the
substitution of Asn81 in DHP A by a serine residue in DHP B places one of the Ser 81
conformers in a position to establish a new hydrogen bond with one of the Gln 85 NH2
conformers. As a result, this new interaction might affect the hydrogen bonding between
Leu83 and His89, as well as the formation of a hydrogen bonding interaction between Gln88
and the propionate A side chain of the heme moiety, which can also contribute to the Fe-NHis
bond elongation or potentially affect (de)protonation events during catalytic turnover.
Heme–Fe ligation and conformations of the distal histidine. The active site region is
identically located in the tertiary structural fold in both DHP isoenzymes (Figures 4.1.2, 4.1.4
and 4.1.5). Previous studies based on X-ray crystallography and resonance Raman
spectroscopy have demonstrated that the binding of exogenous ligands to the heme iron in
DHP A determinates the structural conformation of His55, the distal histidine (3, 5, 14). For
example, in the crystal structure of the ferric form of DHP A determined at 100 K a water
molecule is bound to the heme iron as the sixth coordination ligand (2). The presence of such
a ligand stabilizes the His55 in the "closed" conformation by allowing the formation of a
hydrogen-bonding interaction between the histidine Nε2 atom and the sixth ligand. The
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"closed" conformation of His55 upon the binding of a ligand to the distal side of the iron
center is also observed in DHP B as chain A exhibits a water molecule bound to the heme
cofactor and the His55 swung inside the distal pocket. The distance of the hydrogen bonding
interaction between the distal histidine in the "closed" conformation and the water ligand in
DHP B is 3.12 Å, a virtually identical distance to that observed in DHP A.

A
G91
H55

G91

N96

H55

N34

N96

N34

B
S91

N96
H55

S91

H55

Y34

N96

Y34

Figure 4.1.4. Stereoview of the proximal side of the heme cavity showing the 2Fo-Fc
electron-density maps of (a) DHP B and (b) DHPA contoured at the 1.2σ level. Water
molecules are represented as blue spheres. The differences in the region shown are limited to
residue 34 (asparagine in DHP B and tyrosine in DHP A) and residue 91 (glycine in DHP B
and serine in DHPA). The effect of the substitution of the tyrosine residue at position 34 by
asparagine is most evident in the changes in the hydrogen-bonding interactions of these
residues: Tyr34 (DHPA) makes a weak hydrogen-bonding contact (3.2 A°) to Asn96, whereas
the Asn34 (DHP B) hydrogen-bonding interactions with Asn96 are mediated by a water
molecule (distances of 2.78 and 2.81 A°, respectively) as illustrated.
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Y38
F21

F21

H55

H55

H89

H89

Figure 4.1.5. Stereoview of the superposition of the distal pocket regions of DHP B (beige)
and DHP A (green). Note the differences in the conformation of the distal histidine His55 in
these two structures. A water molecule is coordinated to the heme iron of both structures. A
hydrogen bond (3.12 Å) between the Nε2 atom of His55 (closed conformation) and the hemebound water molecule is indicated.

Overall DHP AB cocrystal protein structure. The structure of the DHP AB
heterodimer complex, which was crystallized at a 1:1 DHP A:DHP B molar ratio, was
measured at 1.52 Å resolution as described by Serrano, V. et al.(10). The experimental
results from this study showed that the atoms from both the main-chain and side-chains of
chain A from the DHP AB structure superimpose with those of chain A from DHP A
homodimer, whereas the atoms from the main-chain and side-chains of chain B in DHP AB
superpose with chain B of the DHP B homodimer (Figure 4.1.6).
Nonetheless, one notable difference between the chains is the proximity of the Gln88
side chain to the carboxylate of heme propionate A as shown in Figure 4.6. The Nε2 atom of
one of the conformers of Gln88 residue is at a hydrogen-bonding distance of 2.6 Å in both
DHP B and chain B of DHP AB but is elongated to 3.5 Å in both DHP A and chain A of
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DHP AB. However, the functional implications of this elongation in hydrogen-bonding
distance are not known at this time. One possibility is that these interfacial interactions have
promoted the formation of A. ornata erythrocruorin, a giant hemoglobin found in the
vascular system of the marine worm. However, this hypothesis requires further investigation
to include solution conditions that are known to stabilize erythrocruorin formation.

Figure 4.1.6. Superposition of the active site of DHP AB with the active sites of DHP A and
DHP B. (a) Chain A of the DHP AB complex (blue) best superposes with the active site of
chain A of DHP A (PDB accession code 2QFK; yellow). (b) Chain B of the DHP AB
complex (blue) bets matches the active site of chain B of DHP B (yellow). Distances for the
hydrogen bond between the distal histidine (His55) and the water coordinated to the heme
iron and for that between Gln88 and the heme propionate A are also indicated.

PISA analysis (Protein Interfaces, Surfaces and Assemblies; Krissinel & Henrick,
2007) of the state of assembly and interfaces of the two chains of the DHP AB heterodimer
suggests that they are most likely to be present as monomers in the asymmetric unit and
hence are not predicted to form a complex in solution as expected. However, one of the
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major interface from both chains of DHP AB involves the interaction between residues Asp72
and Arg122 as shown in Figure 4.1.7. The interfacial hydrogen-bonding distance of 2.4 Å
between these two pairs of residues in the DHP AB heterodimer indicates a very strong
interaction between their side chains. When comparing the homodimeric structures of both
DHP A and DHP B, these hydrogen bonds are weaker in the DHP B (2.5-3.1 Å) and are
further elongated to 3.2-3.4 Å in DHP A (2). According to these results, it appears to be a
trend in the strength of this dimer interface, with DHP AB being the strongest, DHP B
somewhat weaker and the weakest interaction for DHP A structure. Therefore, it is possible
that there may be a preference in chain assembly for the asymmetric unit of the DHP AB
complex over that of either the DHP A or DHP B homodimers, as well as a difference in the
strength of the interaction of the residues involved in the chain interfaces. However, this
hypothesis requires further investigation by the use of other techniques.
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Figure 4.1.7. Interface of chain A (bottom chain) and chain B (top chain) located in the
asymmetric unit of DHP. The ribbon diagram of the Cα trace is shown for (a) DHP A (PDB
accession code 2QFK; dark blue), (b) DHP B (cyan) and (c) DHP AB at a 1:1 protein ratio
(pink). The residues involved in the interface interactions, Asp72, Arg122, Asn126 and Val74 of
both chains, are displayed in stick representation and the relevant hydrogen-bonding
distances are indicated. The E, F and H helices involved in these interactions are also
indicated.
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Conclusion

The overall structural fold of DHP B is identical to that of DHP A. However, there
are distinct structural differences, mostly due to the five amino acid substitutions, between
both proteins that may be responsible for the different catalytic activities exhibited by each
DHP isoenzyme. These primary differences involved alterations in hydrogen bonding
network in both the distal and proximal side of the heme cavity as well as the substitution of
a critical active-site tyrosine residue, Tyr34, which are likely to be the structural factors
behind the spectroscopic differences observed for the radical in DHP B Compound ES when
compared with that of DHP A as demonstrated by EPR studies (9, 11). Therefore, this
structural study of DHP B suggests that "fine-tuning" of the active site residues can lead to
significant differences in the enzymatic mechanism between both DHP isoenzymes.
Moreover, the unusual conformational flexibility of the distal histidine was also observed in
DHP B, which appears to be a hallmark of dehaloperoxidase enzymes required for the
modulation of globin and peroxidase functions. The structural findings of this study
contribute to a better understanding of the structure-function relationship in DHP in order to
improve protein engineering efforts for bioremediation purposes.
The crystal structure of DHP B has allowed us to further understand the differences in
hydrogen bonding networks in both the distal and proximal sides of the heme group between
the two DHP isoenzymes. These differences could potentially affect the site of radical
formation in Compound ES intermediate, previously observed by EPR studies. Part II of this
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Chapter will focus on identifying the site(s) of radical formation in Compound ES via sitedirected mutagenesis to establish the electron-transfer pathways in DHP.
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Part II. Mutagenesis Studies of Dehaloperoxidase A and
B: Compound I Formation and the Tyrosine Radical in
Compound ES
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*My contribution to this work was the site-directed mutagenesis of DHP B to obtain DHP
B(Y38F) and DHP B(Y28F/Y38F), their expression and protein purification as well as the
collection of the steady state enzymatic assays, stopped-flow UV-visible measurements and
EPR experimental data for both of these mutants.

Abstract
Dehaloperoxidase (DHP), the oxygen-transport hemoglobin from the terebellid
polychaete Amphitrite ornata, is the first globin identified to possess a biologically relevant
peroxidase activity. Ferric DHP has been shown to oxidize trihalophenols to
dihaloquinonesusing hydrogen peroxide as the oxidant. Previous studies have shown that the
catalytically competent species in DHP is Compound ES, a reactive intermediate that
contains both a ferryl heme and a tyrosyl radical. Simulations of EPR spectrum of the tyrosyl
radical in WT DHP A have allowed the proposal of two different radicals as being both
present in Compound ES, a primary tyrosyl radical that could be located on either Tyr34 or
Tyr28, and a secondary radical that was suggested to reside on Tyr38. The following section
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provides experimental support of these simulation studies by focusing on altering radical
formation in Compound ES via site-directed mutagenesis of these three tyrosine residues,
Tyr28, Tyr34 and Tyr38, in both DHP A and B, in order to ambiguous identification of the site
of initial tyrosyl radical formation in dehaloperoxidase. Specifically, we have recombinantly
expressed DHP A(Y34F), DHP A(Y38F), DHP A(Y34F/Y38F), DHP B(Y38F), DHP
B(Y28F) and DHP B (Y28F/Y38F) and examined the reaction of the ferric enzyme of each
mutant with hydrogen peroxide under a variety of conditions using stopped-flow UV-visible
and rapid-freeze-quench EPR spectroscopic methods, and supported by biochemical assays.
The mutation of both Tyr34 and Tyr38 was required in order to identify Compound I using
stopped-flow UV-visible spectroscopic methods. These two mutations were not sufficient,
however, to fully arrest the formation of Compound ES, and the additional mutation of Tyr28,
over 10 Å from the heme active site, was required to prevent any protein radical from being
observed. Preferential site localization of the tyrosyl radical was also noted, suggesting that
external binding of the trihalophenol substrate may occur in proximity to Tyr34 and Tyr28 for
DHP A and B, respectively. Formation of the peroxidase-attenuated species Compound RH
from the decay of Compound ES was only noted when Tyr38 was present, and this
observation was rationalized by considering the effect of this residue on the conformation of
the distal histidine. The novel structure-activity relationship of the tyrosyl radical reported
herein for DHP highlights its chemical reactivity that may enable the single heme active site
of dehaloperoxidase to function both as an oxygen-transport globin and as a peroxidase, and
these results will be interpreted in light of the proposed mechanism of function of
dehaloperoxidase.

199

Introduction
A great array of haloaromatic toxins produced by marine organism such as
Notomastus lobatus (polychaeta) and Saccoglossus kowalevskii (hemichordata) poses a
survival challenge to other species that co-habit benthic ecosystems (1-4). Examples of these
harmful compounds include include mono-, di-, and tribromophenols, mono- and
dibromovinylphenols, and bromopyrroles. The survival of A. ornata in such toxic
environment is mainly attributed to the peroxidase function of DHP, which catalyzes the
hydrogen peroxide (H2O2)-dependent dehalogenation of a wide variety of mono-,di-, and
trisubstituted halophenols to the corresponding quinone products (5, 6). Thus, DHP
represents the first example of a globin with a biologically relevant peroxidase activity. There
are two DHP isoenzymes, termed as DHP A and DHP B, which are encoded by two separate
genes (7). DHP B differs from isoenzyme A at five amino acid positions: I9L, R32K, Y34N,
N81S, and S91G. Previous studies have shown that both isoenzymes are capable of the
oxidative dehalogenation of 2,4,6-trihalogenated phenols in the presence of hydrogen
peroxide to their corresponding 2,6-dihalo-1,4-benzoquinones. However, DHP B have shown
a ~3-fold increase in the oxidation of 2,4,6-trichlorophenol by H2O2 relative to DHP A (8).
Many investigations have focused on the elucidation of the enzymatic mechanism of
the two DHP isoenzymes (8-15). In general, heme peroxidases function via the Poulos-Kraut
mechanism (16), which comprises as the first step the binding of H2O2 to the ferric form of
the enzyme to yield Compound I, the iron(IV)-oxo porphyrin π-cation radical species that is
formally oxidized by two electrons relative to the ferric resting state. DHP also forms
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Compound I during its peroxidase mechanism, as demonstrated by recent cryoreduction
experiments in conjunction with EPR spectroscopy (17). However, these studies revealed
that Compound I rapidly converts to a more stable species due to the presence of an
endogenous reducing species. Our previous reports have employed the use of stopped-flow
UV-visible and rapid freeze-quench EPR spectroscopic methods to demonstrate that both
ferric DHP A and B react with H2O2 as the oxidant to form an iron(IV)-oxo heme center with
an amino acid radical (8, 10), an intermediate termed as Compound ES, on the basis of
previous characterization of such compound in other heme peroxidase systems. Stopped-flow
kinetics measurements have previously demonstrated that Compound ES is capable of
oxidizing the substrate TCP to 2,6-dichloro-1,4-benzoquinone (DCQ) (8). Dawson et al.
proposed that the H2O2-dependent oxidative dehalogenation reaction mechanism by DHP
involves two consecutive one-electron steps via a phenoxy radical mediated by the high
valent intermediates Compound I or Compound ES (17, 18). Furthermore, our investigations
led us to discovered that DCQ reacts separately with both Compound ES and ferric DHP to
generate the oxyferous form of DHP in either case (8). On the basis of
spectroelectrochemistry studies, the unusually high reduction potential for DHP (~ +206 mV)
(19) likely facilitates reactions with DCQ, which ultimately favor the reduction of the heme
prosthetic group to yield oxyferrous DHP B. On the contrary, the absence of a reducing cosubstrate (either as TXP or DXQ), leads to the formation of Compound RH (8, 10), a unique
species to DHP and has not been observed in any other globin.
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Despite the effort of many mechanistic studies for both DHP isoenzymes, it is still not
well understood the nature of the protein radical observed in Compound ES in DHP. Recent
low field-EPR studies (8, 10) have suggested that the protein radical is located on a tyrosine
residue near the heme center. Nevertheless, these EPR studies did not allow to test for the
localization of the protein radical to a specific residue in Compound ES due to the low
resolution of the hyperfine structure. In the case of DHP A, there are five tyrosine residues
(Tyr16, Tyr28, Tyr34, Tyr38, and Tyr107) as displayed in Figure 4.2.1. However, only three of
these residues, Tyr28, Tyr34 and Tyr38, are reasonably close to the heme moiety, thus, capable
of reducing Compound I to yield Compound ES. In DHP A, for example, the closest contact
between Tyr34 (and the heme edge is 5.56 Å, whereas the distance between the phenolic
oxygen of Tyr38 and the heme edge is 7.54 Å and Tyr28 is 10 Å away from the heme group
(20). The remaining tyrosine residues are positioned farther from the heme edge ( ≥ 15 Å).
On the basis of both structural and spectroscopic studies, we previously suggested that the
protein radical of Compound ES initially forms on either Tyr34 or Tyr38 for DHP A (10). On
the contrary, DHP B only possesses four of the tyrosine residues found in DHP A, as this
isoenzyme contains an asparagine at position 34.
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Tyr16
Tyr107

Tyr28

Tyr38
His55

Tyr34
His89

Figure 4.2.1. Heme active site of DHP A in relation to all tyrosine residues present in the
isoenzyme. The proximal and distal histidines, His89 and His55, are provided for orientation.
Coordinates (PDB accession code 2QFK) were obtained from the Protein Data Bank and
displayed using Pymol. DHP B lacks Tyr34, which is substituted by an asparagine, but
otherwise possesses the remaining four tyrosine residues.

Thompson and co-workers have recently performed simulations of the EPR spectrum
of the tyrosyl radical in DHP A, which led them to propose two different radical as being
both present in Compound ES (11). According to the proposed mechanism, a primary tyrosyl
radical that is characterized by a phenoxyl ring rotation angle of 45° or 75° corresponds to
either Tyr34 or Tyr28, and a secondary protein radical was suggested to reside on Tyr38. These
EPR studies revealed that Tyr34 radical is formed with a very high relative yield (almost
100% of heme), atypical of other globins, and likely signifies the importance of Compound
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ES in the mechanism of DHP. It has been hypothesized that two alternative routes of
Compound ES decay occur in DHP A, which are both regulated by the unusual flexibility of
the distal histidine (e.g. "open" and "closed" conformations). Thus, this hypothesis comprises
that in the less populated closed conformation, a Tyr38 radical forms, but in the major open
conformation, Compound ES decays to Compound RH (10), a species that has been
hypothesized to be protective against undesired peroxidase activity in the absence of
substrate.
This chapter presents an examination of the location, reactivity, and decay of the
protein-based radical of DHP Compound ES, as it affects the mechanism of function, the
structure-activity relationship, and the locus of substrate oxidation in DHP. Our experimental
strategy for this study focused on the alteration of radical formation pathway in Compound
ES via site-directed mutagenesis of three tyrosine residues, Tyr28, Tyr34 and Tyr38, in both
DHP A and B. Specifically, we have recombinantly expressed DHP A(Y34F), DHP
A(Y38F), DHP A(Y34F/Y38F), DHP B(Y38F), DHP B(Y28F) and DHP B (Y28F/Y38F)
and examined the reaction of the ferric enzyme of each mutant with hydrogen peroxide under
a variety of conditions using stopped-flow UV-visible and rapid-freeze-quench EPR
spectroscopic methods, and supported by biochemical assays. The spectroscopic results are
presented in the context of the structures of DHP A and B, enabling identification of the site
of initial tyrosyl radical formation in dehaloperoxidase. Additionally, this study presents
spectroscopic evidence that suggests Compound I formation in specific tyrosine mutants,
thus providing additional support for the proposed mechanism of dehaloperoxidase.
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Furthermore, the relationship between Compound ES and Compound RH is discussed in the
context of mutants lacking specific active site tyrosine residues. Overall, the chemistry of the
tyrosyl radical reported herein for DHP highlights novel and interesting reactivity that may
enable the single heme active site of dehaloperoxidase to function both as an oxygentransport globin and as a peroxidase.
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Materials and Methods
Buffer salts and acetonitrile (HPLC grade) were purchased from Fisher Scientific. All
other reagents and biochemicals, unless otherwise specified, were of the highest grade
available from Sigma-Aldrich.

The QIAprep® Spin Miniprep Kit was from QIAGEN

Sciences (Valencia, CA) and the Quikchange® II site-directed mutagenesis kit was
purchased from Stratagene (La Jolla, CA). The required oligonucleotides were synthesized
by IDT DNA Technologies, Inc. EPR tubes were purchased from Norell (Landisville, NJ).
Solutions of 2,4,6-trichlorophenol (TCP) were freshly prepared daily in 100 mM potassium
phosphate (KPi) buffer (variable pH) and kept at 4 oC while protected from light. UV-visible
spectra were recorded periodically to ensure that the TCP substrate had not degraded.
Hydrogen peroxide solutions were also freshly made prior to each experiment: initially, a 10
mM stock solution of H2O2 was prepared and maintained at 4 oC (typically less than 15
minutes), during which all other protein/substrate solutions were loaded into the stoppedflow apparatus. When prepared in this manner, the stock H2O2 solution did not exhibit any
degradation over this time period as determined by UV-visible spectroscopic analysis of the
hydrogen peroxide absorbance at 240 nm (ε240 = 43.6 M-1cm-1) (21). The stock H2O2 solution
was then diluted to the appropriate pre-mixing concentration and immediately loaded into the
stopped-flow apparatus.
Plasmid Preparation, Protein Expression and Purification – All the mutations were
generated with the Quikchange® II site-directed mutagenesis kit. Mutagenesis [melt (95 °C,
50 s), anneal (60 °C, 50 s), and extension (68 °C, 6 min] was performed for 18 cycles. The
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plasmid encoding WT DHP A (His tag) was used as a template to generate the following
plasmids using mutagenic primers: pDHPA(Y38F) [5’- TTC AAA AAC TTT GTC GGC
AAA TCT GAC CAA GAG CTC AAA TCG ATG GCC AAG-3’ (sense) and 5’- CTT GGC
CAT CGA TTT GAG CTC TTG GTC AGA TTT GCC GAC AAA GTT TTT GAA G-3’
(antisense)], pDHPA(Y34F) [5’- G CGC CGC TTC TTC AAA AAC TAT GTC-3’ (sense)
and 5’- GAC ATA GTT TTT GAA GAA GCG GCG C- 3’ (antisense)], and
pDHPA(Y34F/Y38F) [5’- CCG GAC GAG CGC CGC TTC TTC AAA AAC TTT GTC
GGC AAA TCT GAC-3’ (sense) and 5’- GTC AGA TTT GCC GAC AAA GTT TTT GAA
GAA GCG GCG CTC GTC CGG- 3’ (antisense)]. Similarly, the plasmid encoding WT DHP
B (His tag) (8) was used as a template to generate the following plasmids using mutagenic
primers: pDHPB(Y28F) [5’- CGC ATT TTT GAA TAA GTT TCC GGA CGA GAA ACG
CA -3’ (sense) and 5’- TGC GTT TCT CGT CCG GAA ACT TAT TCA AAA ATG CG -3’
(antisense)], and pDHPB(Y38F) [5’- CGC AAC TTC AAA AAC TTC GTC GGC AAA
TCT GAC -3’ (sense) and 5’- GTC AGA TTT GCC GAC GAA GTT TTT GAA GTT GCG
-3’ (antisense)]. The pDHPB(Y38F) plasmid was further used as the template for generating
the double mutant pDHPB(Y28F/Y38F) with the mutagenic primers used originally to
generate the pDHPB(Y28F) mutation. The plasmids were extracted using the QIAprep ® spin
miniprep kit, and the presence of the desired mutations and lack of secondary mutations were
confirmed by sequencing. WT DHP A, WT DHP B, DHP A(Y34F), DHP A(Y38F), DHP
A(Y34F/Y38F), DHP B(Y28F), DHP B(Y38F) and DHP B(Y28F/Y38F) (6x-His-tagged
proteins) were expressed and purified as previously described with only minor modifications
(8).
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Molecular Weight Determination – The molecular weight of the proteins employed in
this study were experimentally determined via electrospray ionization mass spectrometry in
positive-ion mode (Agilent Technologies 6210 LC-TOF, Santa Clara, CA). The protein
sample was prepared in 50 mM ammonium acetate buffer, pH 7.0. The mobile phase
consisted of HPLC grade solvents: water + 0.1% formic acid (v/v), and water:acetonitrile
5:95 + 0.1 % formic acid (v/v). The injection volume was 5 µL and the flow rate was 300 µL
per minute.
Preparation of Ferric DHP – Ferric DHP was treated with an excess of potassium
ferricyanide in order to obtain a homogeneous solution of the enzyme in the ferric state.
Excess ferricyanide was removed using a PD-10 desalting column prepacked with Sephadex
G-25 medium. The protein was concentrated using an Amicon Ultra centrifugal filter
equipped with a 10,000 kDa cutoff molecular weight membrane, and the purity of DHP was
determined as previously published. Only protein samples that exhibited Reinheitzahl values
(Rz) greater than 4.0 were utilized in this study. The concentrations of the mutant enzymes
were determined spectrophotometrically based on the literature values for WT DHP A (ε406 =
116.4 mM-1 cm-1) (6) and WT DHP B (ε407 = 117.6 mM-1 cm-1) (8).
UV-Visible Spectroscopic Studies and Dehaloperoxidase Activity Assays – Optical
spectra were recorded using quartz microcuvettes (1 cm pathlength) on a Cary 50 UV-Visible
spectrophotometer equipped with thermostatted cell holders at 25 °C. The apparent values of
Km and kcat for the DHP mutants for hydrogen peroxide at a fixed saturating concentration of
the trichlorophenol substrate were calculated by triplicate measurements of initial velocity at
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each H2O2 concentration. The experimental data was fitted to the Michaelis-Menten model
using the enzyme kinetics software GraFit (Erithacus Software). The enzymatic activity was
assayed on the basis of the disappearance of co-substrate (trichlorophenol, 312 nm)
monitored for 15 min at 25 ºC. The 1-mL reaction mixture contained 0.5 µM of enzyme
(ferric or oxyferrous), 150 µM of trihalophenol and varying H2O2 concentrations in 100 mM
potassium phosphate buffer at pH 7.
Stopped-flow UV-Visible Spectrophotometric Studies – Experiments were performed
on a Bio-Logic SFM-400 Triple Mixing Stopped-Flow instrument equipped with a diode
array UV-Visible spectrophotometer, and were carried out at 20 °C in 100 mM KPi buffer
(variable pH). Constant temperature was maintained using a circulating water bath. Data was
collected (900 scans total) over a three time-domain regime (2.5 ms, 25 ms, 250 ms; 300
scans each) using the BioKinet32 software package (Bio-Logic). Single-mixing experiments
were performed as follows: ferric DHP enzyme at a final concentration of 10 μM was reacted
with 2.5 – 25 equivalents of H2O2. Experiments were performed in double-mixing mode
using an aging line prior to the second mixing step. The design of the experiments allowed
for the mixing of DHP with H2O2 for various aging times, followed by the second mix with
either TCP/DCQ: DHP + H2O2 Delay  + TCP/DCQ. Concentrations after mixing were
[DHP]f = 10 μM, [H2O2]f = 100 μM, and [TCP]f = 300 μM or [DCQ] = 70 μM. All data were
evaluated using the Specfit Global Analysis System software package (Spectrum Software
Associates) and fit with SVD analysis as either one-step, two species or two-step, three
species irreversible mechanisms, where applicable. Kinetics data were baseline corrected
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using the Specfit autozero function.
Preparation of Reaction Intermediates by Freeze-Quench Methods – Rapid freezequench experiments were performed with a BioLogic SFM 400 Freeze-Quench apparatus by
mixing a 50 μM enzyme solution (final concentration) with a 10-fold excess of H2O2 solution
in 100 mM potassium phosphate buffer (pH 7) at 25 °C. Reaction times were varied and are
reported in the figure legend. A standard 4 mm O.D. quartz EPR tube was connected to a
Teflon funnel, and both the tube and the funnel were completely immersed in an isopentane
bath at -110 °C. The reaction mixtures were quenched by spraying them into the cold
isopentane, and the frozen material so obtained was packed at the bottom of the quartz tube
using a packing rod equipped with a Teflon plunger. Samples were then transferred to a
liquid nitrogen storage dewar until analyzed.
X-band EPR Spectroscopy – EPR spectra were recorded with an X-band (9 GHz)
Varian E-9 EPR spectrometer (Varian, El Palo, CA). A standard 3 by 4 mm quartz EPR tube
was filled with a sample and placed into a quartz finger dewar insert filled with liquid
nitrogen. The temperature of the samples was maintained at 77 K for the duration of the data
acquisition, which required periodic refilling of the dewar due to the evaporation of the liquid
nitrogen during longer acquisition runs. The typical spectrometer settings were as follows:
field sweep 200 G, scan rate 3.33 Gauss/s, modulation frequency 100 KHz, modulation
amplitude 4.0 G, and microwave power 2 mW. The exact resonant frequency of each EPR
experiment was measured by an EIP-578 (PhaseMatrix, San Jose, CA) in-line microwave
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frequency counter and is indicated in the figure caption. Typically, 20 to 200 individual scans
were averaged to achieve sufficient signal-to-noise for the spectra obtained at short-quench
and long-quench times, respectively.

Results
Overexpression, Purification and Enzymatic Activity of DHP Mutants – The plasmids
encoding wild-type DHP A or B with an N-terminal poly-His tag (pDHPA or pDHPB) were
subjected to PCR amplification using mutagenic primers. DNA sequencing of the resulting
mutated genes in their entirety confirmed the success of the site-directed mutagenesis and the
absence of secondary mutations. Recombinant DHP proteins for the mutants listed in Table
4.2.1 were obtained by expression in E. coli as described elsewhere, with protein yields
upwards of ~9 mg/L culture. A two-part purification strategy (immobilized metal affinity
followed by ion-exchange chromatographies) resulted in purification levels >95%
homogeneity, with the DHP mutants being indistinguishable by SDS-PAGE gel from their
wild-type counterparts. The monomeric molecular weights of each of the dehaloperoxidase
mutants were determined by electrospray ionization MS, and were as follows: DHP
A(Y34F), 16392.46 (calc. 16392.50); DHP A(Y38F), 16392.40 (calc. 16392.50); DHP
A(Y34F/Y38F), 16376.39 (calc. 16376.50);

DHP B(Y28F), 16258.14 (calc. 16258.37);

DHP B(Y38F), 16258.39 (calc. 16258.37); DHP B(Y28F/Y38F), 16242.47 (calc. 16242.37).
As was found for isoenzymes A and B, the mutants were initially isolated as a
mixture of the ferric and oxyferrous forms. Treatment of the as-isolated mutants with an
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excess of potassium ferricyanide permitted the isolation of their ferric form. The electronic
absorption spectra of the DHP mutants in the ferric metaquo state are presented in Figure
4.2.2 (pH 7),and relevant spectral features, optical purity ratios (Reinheitzahl or Rz, defined
as ASoret/A280), and ASoret/A380 ratio analysis can be found in Table 4.2.1. With only minor
differences between them, overall the spectra of the tyrosine mutants exhibit features typical
of a high spin ferric heme similar to those previously observed for DHP A or B under
identical conditions (6, 10).

Table 4.2.1. UV-Visible Spectroscopic Data for DHP mutants at pH 7.

Ferric DHP A
DHP A(Y34F)
DHP A(Y38F)
DHP
A(Y34F/Y38F)
Ferric DHP B
DHP B(Y28F)
DHP B(Y38F)
DHP
B(Y28F/Y38F)

FeIV=O

Tyr in

Yes

a

No (bleach)

a

“Cmpd
RH”
formed d
Yes

λmax (nm)
407, 504, 538 (sh),
635
408, 507, 535 (sh),
639
406, 505, 541 (sh),
638
406, 505, 540 (sh),
635

ASoret/A380
1.89

Formed
ES

1.92

ES

2.17

ES

Cmpd ES b
Tyr34 (p), Tyr38
(s)
Tyr38 (p), Tyr28
(s)
Tyr34

2.00

I/ES

Tyr28

No (bleach)

a

407, 508, 540 (sh),
633
407, 510, 538 (sh),
640
406, 506, 540 (sh),
636
406, 504, 538 (sh),
636

1.81

ES

Yes

(8)

1.84

ES

Tyr38 (p), Tyr28
(s)
Tyr38

Yes

a

2.04

I/ES

Tyr28

No (bleach)

a

2.04

I

n.d.c

No (bleach)

a

a

Ref.
(10)

= this work; b (p) = primary, (s) = secondary; c = none detected; d = spectral features may be similar,
but not exactly identical, to Compound RH
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Figure 4.2.2. UV-visible spectra of ferric DHP at pH 7.0. A) DHP A, DHP A(Y34F), DHP
A(Y38F), DHP A(Y34F/Y38F); B) DHP B, DHP B(Y38F), DHP B(Y28F), DHP
B(Y28F/Y38F).

Analysis of the ASoret/A380 ratio is able to demonstrate relative populations of 6coordinate (6-c) vs. 5-c high spin (HS) heme. Generally, 5-c HS heme species exhibit a
slightly blue shifted and smaller extinction Soret band than their 6-c HS counterparts, as well
as a shoulder at 380 nm. As such, 5-c HS hemes will yield a smaller ASoret/A380 ratio than
their 6-c HS analogs. As can be seen from the data in Table 4.2.1, the relative amounts of 5-c
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HS heme are greater in WT DHP A, DHP A(Y34F), WT DHP B, and DHP B(Y28F), all of
which possess a tyrosine residue at position 38 (Tyr38). However, the relative population of
6-c HS heme is greater in the remaining four mutants, DHP A(Y38F), DHP A(Y34F/Y38F),
DHP B(Y38F), and DHP B(Y28F/Y38F), all of which have a phenylalanine, rather than
tyrosine, at that position. Thus, the presence of Tyr38 leads to a shift in the population of high
spin heme towards 5-c HS, with the distal histidine (His55) in the open conformation, whereas
its absence leads to a shift in the relative population towards 6-c HS heme, with the heme in
the closed conformation. The consequences of the Tyr38 mutation-induced changes in heme
coordination that are linked to the conformational flexibility of the distal histidine are
addressed with respect to Compound RH formation (see Discussion).
For each of the DHP mutants, the hydrogen peroxide-dependent oxidative
dehalogenation of TCP to yield the corresponding 2,6-dichloro-1,4-benzoquinone (DCQ) at
pH 7 was monitored by UV-visible spectroscopy. Both enzyme and TCP co-substrate
concentrations were held constant while the enzymatic reaction was initiated by the addition
of a variable concentration of H2O2 as the substrate. In the absence of DHP (non-enzymatic
control), no product was observed under the conditions examined, in agreement with
previous reports that showed a requirement for the enzyme (6, 10). Kinetic parameters (kcat,
Km, and catalytic efficiency, kcat/Km) for the dehaloperoxidase activity of the DHP mutants
are presented in Table 4.2.2, together with those determined for wild-type DHP A and B
under the same conditions for comparative purposes. All mutants exhibited saturable
dehaloperoxidase activity under the conditions employed, and the data were fit to standard
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Michaelis-Menten kinetics using the method of initial rates for d[S]/dt, and kcat was
determined using the known epsilon value for TCP.
Table 4.2.2. Kinetics data for the oxidation of 2,4,6-trichlorophenol as catalyzed by DHP in
the presence of H2O2 at pH 7.
kcat
KMH2O2
kcat/KMH2O2
-1
Enzyme
(μM)
(s )
(μΜ-1 s-1)
Ref
Ferric DHP A
23 ± 1 0.61 ± 0.01
0.027
(10)
a
DHP A(Y34F)
27 ± 5 0.77 ± 0.02
0.029
a
DHP A(Y38F)
68 ± 5 1.09 ± 0.05
0.016
a
DHP A(Y34F/Y38F) 56 ± 7
4.9 ± 0.1
0.09
Ferric DHP B
22 ±2
DHP B(Y28F)
752 ± 48
DHP B(Y38F)
60 ± 10
DHP B(Y28F/Y38F) 47 ± 5
a
= this work

1.53 ± 0.03
5.13 ± 0.14
8.53 ± 0.33
5.37 ± 0.07

0.070
0.007
0.143
0.114

(8)
a
a
a

In general, all mutants exhibited an increase in catalytic rate (kcat) when compared to
the wild-type enzyme (Table 4.2.2). For isoenzyme A, mutation of Tyr34 to phenylalanine did
not appear to significantly alter kcat alone (0.77 s-1), whereas the mutation of Tyr38 led to a
modest 2-fold increase in kcat (1.09 s-1) when compared to WT DHP A (0.61 s-1). However,
the double mutant Y34F/Y38F exhibited an 8-fold increase (4.9 s-1). With Tyr34 substituted
by an asparagine in WT ferric DHP B, the isoenzyme exhibited a kcat of 1.53 s-1, which
increased 3-5 fold depending upon the tyrosine mutant investigated (Y28F, 5.13 s-1; Y38F,
8.53 s-1; Y28F/Y38F, 5.37 s-1). Taken together, the data suggest that the simultaneous
mutation of the two tyrosine residues closest to the heme active site dramatically increases
the ability of the enzyme to oxidize TCP, and was explored further using stopped-flow UV-
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visible spectroscopy (vide infra). Overall, Km values for hydrogen peroxide were found to be
a modest 2-3 fold higher for all but one of the tyrosine mutants investigated in Table 4.2.2
when compared to their wild-type counterparts. The one notable exception, DHP B(Y28F),
exhibited a Km value ~35-fold higher than WT DHP B. As this residue is greater than 10 Å
from the heme active site, we rule out a direct interaction that would interfere with H2O2binding. However, we surmise that the mutation of the solvent exposed tyrosine to the
hydrophobic phenylalanine at position 28 may disrupt the 310-helical conformation of the
adjacent residues Pro29–Asn34, which in turn could alter the E helix and lead to a weakening
in H2O2-binding. The higher catalytic rates were offset by the higher Km values which led to
catalytic efficiencies (kcat/Km) that were only marginally different from the wild-type
isoenzymes.
Stopped-flow UV-Visible Characterization of the Reaction of DHP A Mutants with
H2O2. Single mixing stopped-flow UV-visible spectroscopic methods were employed to
detect the high-valent iron-oxo species formed from the reaction of the tyrosine mutants of
DHP A with hydrogen peroxide at pH 7. Upon rapid mixing (2 ms) of a solution of ferric
DHP A(Y34F) [UV-visible spectrum: 407 (Soret), 507, 535 (sh), 639 nm] with a 10-fold
excess of H2O2, a transient species was observed (Figure 4.2.3) whose spectral features [UVvisible: 419 (Soret), 545, 584 nm] we ascribe to a ferryl-containing intermediate based upon
previous characterization of this species in WT DHP. As the ferryl intermediate of
Compound ES in DHP is indistinguishable from that of Compound II by UV-visible
spectroscopy, we assign this intermediate here as DHP A(Y34F) Compound ES here based
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upon these results and those of our EPR spectroscopic study (vide infra). Values of kobs for
formation of this new species were linearly dependent on [H2O2] (2.5 – 25 fold excess per
heme), giving a bimolecular rate constant of (4.94 ± 0.02) x 104 M-1s-1. No decay of DHP
A(Y34F) Compound ES to Compound RH was observed over the 3 second observation
window under these conditions. Similar reactivity was observed for DHP A(Y38F): ferric
DHP A(Y38F) [UV-visible spectrum: 406 (Soret), 505, 541 (sh), 638 nm] was also converted
to Compound ES [UV-visible: 419 (Soret), 545, 585 nm; kobs = (8.69 ± 0.03) x 104 M-1s-1]
(Figure 4.2.4), again with no observation of Compound RH after 3 seconds. As Compound
ES was observed in both the Y34F and Y38F mutants of DHP A in a similar manner as to
WT DHP A, the individual mutations do not appear to significantly alter the nature of the
intermediates formed as observable by UV-visible spectroscopy.
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Figure 4.2.3. (A) Stopped-flow UV-visible spectroscopic monitoring of the reaction (400
scans, 3 sec) between DHP A(Y34F) (10 µM) and a 10-fold excess of H2O2 at pH 7.0. See
experimental for details. (B) Calculated UV-visible spectra for both resting (black) and
Compound ES (red) DHP A(Y34F) are shown; the rapid-scanning data from A were
compiled and fitted to a single exponential reaction model using the Specfit global analysis
program. (C) Relative concentration profile determined from the two component fit used in
(B). (D) The single wavelength trace (407 nm) of (A) and its fit from (B).
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Figure 4.2.4. (A) Stopped-flow UV-visible spectroscopic monitoring of the reaction (400
scans, 3 sec) between DHP A(Y38F) (10 µM) and a 10-fold excess of H2O2 at pH 7.0. See
experimental for details. (B) Calculated UV-visible spectra for both resting (black) and
Compound ES (red) DHP A(Y38F) are shown; the rapid-scanning data from A were
compiled and fitted to a single exponentialreaction model using the Specfit global analysis
program. (C) Relative concentration profile determined from the two component fit used in
(B). (D) The single wavelength trace (407 nm) of (A) and its fit from (B).
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However, when the double mutant DHP A(Y34F/Y38F) was rapidly reacted with
hydrogen peroxide under the conditions employed above (Figure 4.2.5), a new species was
formed [UV-visible: 405 (Soret; ε = 78 mM-1cm-1), 505 (broad shoulder), 643 nm; kobs =
(1.13 ± 0.02) x 105 M-1s-1] whose spectral features were distinct from those of the starting
ferric enzyme [UV-vis: 406 (Soret; ε = 118 mM-1cm-1), 505, 540 (sh), 635 nm], from the
aforementioned Compound ES/II species, and from Compound RH [UV-vis: 411, 530, 564
nm; WT DHP A]. However, the spectral features are highly reminiscent of Compound I in
other hemoproteins, including native Mb and its His64 mutants, HRP, Arthromyces ramosus
peroxidase, peanut peroxidase, soybean peroxidase, and Rhodnius prolixus nitrophorin 2.
Thus, on the basis of spectral similarities to Compound I in other hemoproteins, such as the
distinct hypochromicity of the Soret band as well as the appearance of a visible feature ~64050 nm, we assign this intermediate observed here as DHP A(Y34F/Y38F) Compound I.
Although observable, this species rapidly decayed in the absence of an exogenously added
substrate to a more stable state [UV-vis: 414 nm (Soret), 505 (sh), 540, 589 (sh)] whose
spectral features were not directly assignable to Compound II/ES. This state may represent an
equilibrium mixture of Compounds I & ES, the latter being identified by our EPR study (vide
infra) as well as by the red shift of the Soret band. At longer reaction times (up to 85
seconds), this state was unstable as evidenced by the UV-visible spectrum undergoing
bleaching with minimal shifts in the absorbance maxima. As such, this decay was not further
explored as it may represent a pathway not relevant to the catalytic cycle of DHP and its
scope is outside the context of the present study.
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Figure 4.2.5. (A) Stopped-flow UV-visible spectroscopic monitoring of the reaction (400
scans, 3 sec) between DHP A(Y34F/Y38F) (10 µM) and a 10-fold excess of H2O2 at pH 7.0.
See experimental for details. (B) Calculated UV-visible spectra for both resting (black),
Compound I (blue) and the decay species (red) of DHP A(Y34F/Y38F) are shown; the rapidscanning data from A were compiled and fitted to a double exponentialreaction model using
the Specfit global analysis program. (C) Relative concentration profile determined from the
three component fit used in (B). (D) The single wavelength trace (406 nm) of (A) and its fit
from (B).

Stopped-flow UV-Visible Characterization of the Reaction of DHP B Mutants with
H2O2. Under the same stopped-flow methods as those employed above, the formation of
high-valent iron-oxo species in the tyrosine mutants of DHP B upon reaction with hydrogen
peroxide at pH 7 was investigated. Rapid mixing of a solution of ferric DHP B(Y28F) [UV-
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visible spectrum: 407 (Soret), 510, 538 (sh), 640 nm] with a 10-fold excess of H2O2, a
transient species was observed (Figure 4.2.6) whose spectral features [UV-visible: 419
(Soret), 545, 584 nm] we assign as the ferryl intermediate of Compound ES in DHP B(Y28F)
based upon the spectroscopic arguments presented above for DHP A, as well as the results of
our EPR spectroscopic study (vide infra). Values of kobs for formation of this new species
were linearly dependent on [H2O2] (2.5 – 25 fold excess per heme), giving a bimolecular rate
constant of (1.56 ± 0.08) x 105 M-1s-1. The partial decay of DHP B(Y28F) Compound ES to a
new species reminiscent of DHP B Compound RH was observed over the 3 second
observation window under these conditions, and was complete after 85 seconds (vide infra).
As Compound ES was observed for the Y28F mutant of DHP B, which also possesses the
Y34N substitution, suggests that the TyrPhe mutation at position 28 does not appear to
significantly alter the nature of the Compound ES intermediate formed (by UV-visible
spectroscopy) when compared to WT DHP B.
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Figure 4.2.6. (A) Stopped-flow UV-visible spectroscopic monitoring of the reaction (400
scans, 3 sec) between DHP B(Y28F) (10 µM) and a 10-fold excess of H2O2 at pH 7.0. See
experimental for details. (B) Calculated UV-visible spectra for both resting (black),
Compound ES (red), and the decay product (green) of DHP B(Y28F) are shown; the rapidscanning data from A were compiled and fitted to a double exponentialreaction model using
the Specfit global analysis program. (C) Relative concentration profile determined from the
three component fit used in (B). (D) The single wavelength trace (408 nm) of (A) and its fit
from (B).
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However, when the mutant DHP B(Y38F) [UV-vis: 406 (Soret; ε = 119 mM-1cm-1),
506, 540 (sh), 636 nm] was rapidly reacted with hydrogen peroxide under the conditions
employed above (Figure 4.2.7), a new species was formed [UV-visible: 405 (Soret; ε = 71
mM-1cm-1), 520 (broad), 644 nm; kobs = (1.46 ± 0.08) x 105 M-1s-1] whose spectral features
(Soret hypochromicity and λmax) matched very well with those reported for DHP
A(Y34F/Y38F) Compound I. Given that both DHP B(Y38F) and DHP A(Y34F/Y38F) both
lack tyrosine residues at positions 34 and 38, it is not surprising that both exhibit the same
chemistry and formed Compound I upon reaction with hydrogen peroxide. DHP B(Y38F)
Compound I was found to be unstable, and rapidly converted in the absence of an
exogenously added substrate to a more stable state [UV-vis: 411 nm (Soret), 518, 540 (sh),
587 (sh)] whose spectral features were not assignable. The red shift of the Soret band
suggests that Compound ES may have been partially formed (perhaps in equilibrium with
Compound I), and was supported by the presence of a tyrosyl radical by EPR spectroscopy
(vide infra). At longer observation times (up to 85 seconds), heme bleaching was noted (see
Table 4.2.1).
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Figure 4.2.7. (A) Stopped-flow UV-visible spectroscopic monitoring of the reaction (400
scans, 3 sec) between DHP B(Y38F) (10 µM) and a 10-fold excess of H2O2 at pH 7.0. See
experimental for details. (B) Calculated UV-visible spectra for both resting (black),
Compound I (blue), and the decay product (red) of DHP B(Y38F) are shown; the rapidscanning data from A were compiled and fitted to a double exponentialreaction model using
the Specfit global analysis program. (C) Relative concentration profile determined from the
three component fit used in (B). (D) The single wavelength trace (406 nm) of (A) and its fit
from (B).

A Compound I intermediate [UV-vis: 406 (Soret; ε = 64 mM-1cm-1), 528, 645 nm;
kobs = (1.64 ± 0.14) x 105 M-1s-1)] was also observed upon reaction of DHP B(Y28F/Y38F)
[UV-vis: 406 (Soret; ε = 118 mM-1cm-1), 504, 538 (sh), 636 nm] with a 10-fold excess of
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hydrogen peroxide (Figure 4.2.8). Decay of this Compound I species yielded DHP that
exhibited a ferric-like absorption spectrum [UV-vis: 404 nm (Soret), 518, 542 (sh)] which
lacked the red shifted Soret band that was observed in the decay products of the above
mutants of DHP, and suggested the lack of an identifiable Compound ES species in this
mutant. In agreement with this data, no tyrosyl radical was detectable in the EPR
spectroscopic study of DHP B(Y28F/Y38F) (vide infra; Table 4.2.1). Heme bleaching was
again noted at longer observation times (data not shown).
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Figure 4.2.8. (A) Stopped-flow UV-visible spectroscopic monitoring of the reaction (400
scans, 3 sec) between DHP B(Y28F/Y38F) (10 µM) and a 10-fold excess of H2O2 at pH 7.0.
See experimental for details. (B) Calculated UV-visible spectra for both resting (black),
Compound I (blue) and the decay species (red) of DHP B(Y28F/Y38F) are shown; the rapidscanning data from A were compiled and fitted to a double exponentialreaction model using
the Specfit global analysis program. (C) Relative concentration profile determined from the
three component fit used in (B). (D) The single wavelength trace (406 nm) of (A) and its fit
from (B).

Characterization of Protein Radicals in Mutants of DHP A and B. Rapid-freezequench methods were employed to stabilize intermediates of the reaction between the
tyrosine mutants of DHP A or B (50 µM final) and a 10-fold excess of hydrogen peroxide at
pH 7 for consequent characterization by continuous wave (CW) EPR. The X-band CW EPR
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spectra were obtained at various quench times for DHP A(Y34F) (Figure 4.2.9), DHP
A(Y38F) (Figure 4.2.10), and DHP A(Y34F/Y38F) (Figure 4.2.11). Free radicals were
detected in both single mutants, as well as in the double mutant. Figure 4.2.12, which
displays the radical signals of the three mutants 0.5 seconds after mixing, clearly
demonstrates that the radicals are different in all three cases – both the lineshapes and the gfactors measured at the crossover with the baseline are notably different. Specifically, the
signals were characterized by an effective g-value of 2.0043 for DHP A(Y34F), 2.0046 for
DHP A(Y38F), and 2.0074 for DHP A(Y34F/Y38F), with both the shape and intensity of the
signal change as a function of quench time. At the longest quench times (60 s), when our
component analyses suggested little to no remaining Compound ES present by UV-visible
spectroscopy, the EPR signal intensity was observed to have dropped significantly,
particularly for DHP A(Y34F/Y38F).

Figure 4.2.9. The EPR spectra of the free radical freeze-quenched variable time after mixing
50 µM DHP A(Y34F) with 50 µM H2O2.
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Figure 4.2.10. The EPR spectra of the free radical freeze-quenched variable time after
mixing 50 µM DHP A(Y38F) with 50 µM H2O2.

Figure 4.2.11. The EPR spectra of the free radical freeze-quenched variable time after
mixing 50 µM DHP A(Y34F/Y38F) with 50 µM H2O2.
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Figure 4.2.12. The free radical EPR spectra of the three DHP A mutants after reaction with
H2O2 at pH 7. In all three cases, the samples were freeze-quenched 0.5 s after mixing and the
enzyme and H2O2 concentrations were 50 µM in the mixtures.

Previously, we observed that the protein radical in DHP A Compound ES exhibited
an anisotropic quintet at pH 7, and an anisotropic septet at pH 5 (both at g = 2.0058) (10).
More recently, we have demonstrated that two different tyrosyl radicals are formed in DHP
A (11). On the basis of the EPR lineshapes of these two radicals, they were assigned to Tyr34
(the major, ‘principal’ species, seen as a sole free radical type at pH 7) and to Tyr38 (seen
only at lower pH). Kinetic dependences of the radicals and of the ferric heme states of the
enzyme, measured at different pH values, were in accordance with the view that the two
radicals are formed in relationship with the distal His conformation. The current work with
the mutants of DHP A (and DHP B, vide infra) confirms these assignments of the radicals:
notably, the free radical spectrum in the DHP A(Y38F) mutant (Figures 4.1.12 & 4.1.10) is
identical to the ‘principal’ radical previously assigned to Tyr34 in WT DHP A (Figure
4.1.13). When Tyr34 is replaced by phenylalanine as in DHP A(Y34F), the spectrum becomes
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identical to the ‘pH 5 radical’ signal previously assigned to Tyr38 in WT DHP A (Figure
4.1.14).

Figure 4.2.13. The EPR spectra of the Tyr34 radical in wild type DHP A (as reported in
[Thompson et al., JACS 2010 (11)] and in the Y38F mutant. As the two spectra were
measured on different EPR spectrometers operated at slightly different microwave
frequencies, therefore they appear at different magnetic field values. The spectra were
overplayed on the basis of common g-factors and the magnetic field values are not shown.
The distance between the vertical gridlines are 20 G.

Figure 4.2.14. The EPR spectra showing the presence of the Tyr38 radical in wild type DHP
A at pH 5 (as reported in [Thompson et al., JACS 2010 (11)] and in the DHP A(Y34F)
mutant at pH 7. As in Figure S6, the two spectra were measured on different EPR
spectrometers and the magnetic field values are not shown. The distance between the vertical
gridlines are 20 G.
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The spectral lineshape in Figure 4.2.14 is not a single species EPR signal. It consists
of the Tyr38 radical signal, plus an additional one. Previous work (11) have assumed that this
additional signal was from the ‘principal radical’ Tyr34, and subtraction of the latter allowed
us to identify what we believed was the pure lineshape of the Tyr38 radical spectrum. It
appears now that in the mutant lacking Tyr34, the lineshape of the free radical EPR signal is
very close to the raw pH 5 EPR spectra of WT DHP A. Interestingly, the spectrum is better
resolved in the mutant even at pH 7, where the Tyr38 radical is not detectable in the wild type.
This indicates that there is yet another, a third type, of free radical in DHP. It is reasonable to
suggest that this third type of radical is the one that is observable in the double mutant DHP
A(Y34F/Y38F), where both Tyr34 and Tyr38 are replaced with phenylalanine (Figures 4.2.11
and 4.2.12).
The location of this radical might be speculated on the basis of the results and
analysis of the isoform B mutants. As seen in Figure 4.2.15, the double mutant DHP
A(Y34F/Y38F) exhibited the same spectrum as DHP B(Y38F) (Figure 4.2.16), the latter
possessing an asparagine at position 34 for this isoenzyme. This is a strong indication that in
these mutants of two different DHP isoforms, the radical site is the same residue. Which
residue can this be? One possibility is that it might be one of the other tyrosines in the
molecule. If we mutate this residue out, the spectrum should revert to the Tyr38 radical type.
If, however, we mutate a different tyrosine residue, which is not the site of the radical, the
spectrum should stay as in Figure 4.2.15. Figure 4.2.17 shows that when Tyr28 is replaced
with a phenylalanine as in DHP B(Y28F) (Figure 4.2.18), the spectrum observed is similar to
the one we interpreted before as the Tyr38 radical signal in DHP A. Therefore, we conclude
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that the EPR signals in Figure 4.2.15 originate from the Tyr28 site in DHP A(Y34F/Y38F)
and DHP B(Y38F). One might argue that the EPR signals in Figure 4.2.15 are not exactly
superimposable. We explain this by the fact that the DHP A signal was obtained as a result of
spectral subtraction and the DHP B signal is a directly measured spectrum. In addition, the
Tyr38 radical pure EPR lineshape is ‘contaminated’ with a Tyr34 radical signal in DHP A, and
the same radical signal in DHP B is contaminated with a Tyr28 radical signal. Overall,
however, it is important to highlight that all eight components in the lineshapes of the two
signals coincide with a very good accuracy (Figure 4.2.17). This is a strong indication that
both spectra contain the same EPR signal.

Figure 4.2.15. The EPR spectra of the free radicals formed upon reaction of a 10-fold excess
of H2O2 with 50 µM of DHP A(Y34F/Y38F) or DHP B(Y38F).
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Figure 4.2.16. EPR spectra of the radical(s) in DHP B(Y38F) Compound ES at pH 7. Rapidfreeze quench samples were prepared from the reaction of ferric DHP B(Y38F) (50 µM final
concentration) with a 10-fold molar excess of H2O2 at 25 °C, and rapidly frozen in an
isopentane slurry. Spectra were recorded at 77 K using the spectrometer settings described in
the Materials and Methods section. The cavity resonant frequency was 9.29651 GHz.

Figure 4.2.17. The EPR spectra of the Tyr38 radical (‘pH 5 radical’) as a difference spectrum
obtained by subtraction of the pH 7 signal from the pH 5 signal in WT DHP A and a
spectrum detected for the Y28F mutant of DHP B under 10-fold molar excess of H2O2.
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Figure 4.2.18. EPR spectra of the radical(s) in DHP B(Y28F) Compound ES at pH 7. Rapidfreeze quench samples were prepared from the reaction of ferric DHP B(Y28F) (50 µM final
concentration) with a 10-fold molar excess of H2O2 at 25 °C, and rapidly frozen in an
isopentane slurry. Spectra were recorded at 77 K using the spectrometer settings described in
the Materials and Methods section. The cavity resonant frequency was 9.28311 GHz. The
presence of a minor amount of quartz signal from the EPR tube that could not be fully
subtracted is indicated by the asterisk.

Finally, when both Tyr28 and Tyr38 are mutated to phenylalanine as in DHP
B(Y28F/Y38F), the mutant did not exhibit any appreciable amount of free radicals upon
reaction with H2O2. We surmise that this could be for the following alternative reasons: 1)
The radical(s) are formed but dissipate via non-tyrosine residues much faster (damage to the
protein and/or substrates must be much faster produced at similar peroxide concentrations);
or 2) replacement of Tyr38 with a phenylalanine results in some changes in the distal side that
result in the histidine permanently arrested in the closed conformation, and as a result H2O2
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cannot access the active site and the reaction with peroxide proceeds extremely slowly.
Based upon our stopped-flow UV-visible spectroscopic study, which clearly showed a rapid
reaction between H2O2 and the DHP B(Y28F/Y38F) mutant, we favor the possibility that the
radicals do form but are rapidly dissipated in a manner that does not allow for their detection
via conventional rapid-freeze-quench methodologies.
Lack of Formation of Compound RH.When the tyrosine mutants in the present study
were reacted with a 10-fold excess of hydrogen peroxide in an identical manner that
previously yielded Compound RH for the wild-type isoenzymes [DHP A, UV-vis: 411
(Soret), 530, 564 nm; DHP B, UV-vis: 411 (Soret), 554, 599 nm], no clear formation of
Compound RH was observed for the majority of the mutants after 85 seconds (Table 4.2.1;
data not shown). Specifically, DHP A(Y38F), and DHP A(Y34F/Y38F) both exhibited
bleached spectra (with minor 1-2 nm shifts in the Soret band) that were similar to Compound
ES in the former, and to the ‘mixed spectrum’ species in the latter (data not shown). DHP
B(Y38F) and DHP B(Y28F/Y38F) also exhibited bleaching of the spectrum that was formed
after 3 seconds in the stopped-flow study (vide supra). Only DHP A(Y34F) [UV-vis: 416
(Soret), 560, 598 nm] and DHP B(Y28F) [UV-vis: 415 (Soret), 552, 598 nm] appeared to
form a Compound RH-like species, however some caution is needed as neither spectrum
matches exactly with authentic Compound RH from either isoenzyme, and may represent
either incomplete Compound RH formation, or one whose electronic structure is different
from that observed for the wild-type systems.
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Discussion
Dehaloperoxidase isoenzymes A and B have been shown to catalyze the oxidative
dehalogenation of 2,4,6-trihalogenated phenols to their corresponding 2,6-dihalo-1,4benzoquinones in the presence of hydrogen peroxide. The overall reaction is consistent with
the reactive species being a two-electron oxidized intermediate such as Compound I (ferryl +
porphyrin π-cation radical) or Compound ES (ferryl + protein radical), with several reports
identifying the latter species as being invoked in catalytic cycle of DHP as the active
oxidant(8, 10, 18). Although the evidence for a tyrosyl radical in the Compound ES
intermediate is compelling, determining the location of the protein radical is complicated by
the presence of five tyrosine residues in DHP A, and four in isoenzyme B. Recently, it was
proposed that two free radicals are formed in DHP A upon reaction with H2O2 (11). To make
these proposed assignments, the tyrosyl radical EPR spectrum of DHP A was simulated using
parameters generated by the Tyrosyl Radical Spectra Simulation Algorithm (TRSSA), which
relies upon two input parameters, the phenoxyl ring rotation angle (θ) and the spin density on
atom C1 of the radical (ρC1). These were used to calculate twelve different EPR spectral
simulation parameters (gx,y,z, Aβ1x,y,z, Aβ2x,y,z, and ΔHx,y,z) using semi-empirical dependences,
then combined with another 18 (ϕ and Ax,y,z for C3, C5, C2, and C6; ϕβ1 and ϕβ2) that are set
invariant in the algorithm for all tyrosyl radicals, and were subsequently used to simulate the
EPR spectra of Compound ES using Simpow6 (23). The derived θ-value that led to an
accurate simulation was then compared to tyrosine residues with similar θ angles using the
Phenol Ring Rotation Angle Database, which when correlated with the known geometries of
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all the tyrosine residues from the available crystal structures of DHP, led to an assignment of
the tyrosine candidate(s) likely to host the radical in wild-type dehaloperoxidase. However,
in light of the limitations of simulating the poorly resolved hyperfine splitting observed for
DHP A and B at low field, confirmation of the location of radical formation using
experimental methods is necessary to unambiguously assign the nature of the protein radical
in DHP Compound ES, and is thus the focus of the present report.
Of the five tyrosine residues which DHP possesses (Figure 1: Tyr16, Tyr28, Tyr34,
Tyr38, Tyr107), only three are reasonably close to the heme prosthetic group to be considered
likely candidates for reducing Compound I initially, Tyr28, Tyr34 and Tyr38; the closest
contact between Tyr34 and the heme edge is ~5.6 Å (Tyr Cγ), whereas Tyr38 is ~7.5 Å
(phenolic oxygen), and Tyr28 is ~10.5 Å (Tyr Cδ). The remaining two tyrosine residues,
Tyr16 and Tyr107, are greater than 15 Å from the heme edge, making them unlikely candidates
as the residues responsible for the initial reduction of a transiently formed Compound I
intermediate. For DHP A, two different radicals were identified as being both present in
Compound ES, a primary tyrosyl radical that is characterized by a phenoxyl ring rotation
angle of 45° or 75° and was suggested to correspond to either Tyr34 or Tyr28, and a secondary
radical that was suggested to reside on Tyr38(11). By extending this interpretation to the
observed heterogeneity of the EPR lineshape in DHP B, which lacks a tyrosine at position
34, it was suggested that the radical initially forms in that isoenzyme on Tyr28 and Tyr38(8).
Thus, single and double mutants of DHP A and B were generated wherein these three
tyrosine residues were mutated to phenylalanine, and were subsequently investigated by
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stopped-flow UV-visible and rapid-freeze-quench EPR spectroscopic methods to follow the
formation of the high-valent iron(IV)-oxo and protein radical species, respectively, for the
reaction of DHP with H2O2.
The single mutants of DHP A (as Y34F or Y38F) and the mutant DHP B(Y28F) all
formed Compound ES upon reaction with hydrogen peroxide without the formation of an
observable Compound I intermediate, similar to WT DHP A and B. The stopped-flow UVvisible spectroscopic data revealed that the formation of Compound I was observable only
when both Tyr34 and Tyr38 were absent together, as in DHP A(Y34F/Y38F), DHP B(Y38F),
and DHP B(Y28F/Y38F) [note: DHP B has an Asp substituted at position 34 rather than the
Tyr that is found in isoenzyme A]. For DHP A(Y34F/Y38F) and DHP B(Y38F), the
Compound I intermediate was found to partially convert to Compound ES, as indicated by
both a red-shift of the Soret band and the presence of a tyrosyl radical EPR spectrum,
suggesting the presence of yet another (secondary) endogenous reducing species. Only in
DHP B(Y28F/Y38F) was no Compound ES observed by either UV-visible or RFQ-EPR
spectroscopies, thus leading to the conclusion that while Tyr34 and Tyr38 may be the primary
endogenous reductants of Compound I, Tyr28 was a viable one as well, albeit the rate of
reduction was slower given its further position from the heme active site when compared to
the other two residues.
Previously, we suggested that the time-dependent changes observed in the protein
radical signal of WT DHP A Compound ES were indicative of either a change in the local
electronic structure of the radical, or a migration of the radical out of the active site to other
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redox active protein side-chains upon decay of Compound ES. This latter possibility is not
without precedent. The reaction of sperm whale Mb with hydrogen peroxide yields covalent
dimers that arise from the coupling of surface tyrosyl radicals (Tyr151), which results from a
radical migration out of the Mb active site (24). Further, tyrosyl radicals have been proposed
to play a role in the peroxidase mechanism of Mb (25). In CcP, the initial Trp191 radical in
Compound ES leads to a radical migration which is ultimately responsible for oxidizing
substrate (cytochrome c) at the surface of the peroxidase (protein-protein interface) (26).
Thus, as CcP may have evolved from traditional (heme-edge electron transfer) peroxidases
an external binding interface for oxidizing cytochrome c, DHP may also similarly have
evolved from Mb an external binding pocket for oxidizing trihalophenols. It is noteworthy
that the protein radical signal of DHP A(Y38F) exhibited minimal time-dependent changes
when compared to those observed for DHP A(Y34F), suggesting that the radical in DHP
A(Y38F) was more localized on Tyr34 when compared to the radical in DHP A(Y34F), which
showed migration from Tyr38 to Tyr28. Not surprisingly, similar time-dependent changes
were observed for WT DHP B previously as those noted here for DHP A(Y34F). As Tyr38 is
relatively buried when compared to Tyr34 and Tyr28, these observations can be interpreted in
light of the hypothesized external binding pocket for trihalophenol substrates. If TXP
oxidation occurs externally on the surface of dehaloperoxidase, then surface tyrosine residues
such as Tyr34 and Tyr28 would be able to serve as a redox conduit between the hypothesized
external binding pocket and the heme active site. In WT DHP A and DHP A(Y38F), both
possess the surface accessible Tyr34 residue, which is the closest tyrosine to the heme active
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site, and therefore do not require further radical migration to effect substrate oxidation. In
WT DHP B and DHP A(Y34F), both lack the surface accessible Tyr34 residue, and the
radical forms on the next closest tyrosine residue, Tyr38, before migrating to the closest
surface-accessible tyrosine, Tyr28. No radical migration from Tyr38 to Tyr16 nor Tyr107 was
observed, likely due to the >16 Å distance between these residues. Interestingly, although
Tyr28 was able to reduce Compound I and form Compound ES at a distance of 10.6 Å in
DHP A(Y34F/Y38F), it was unable to reduce Tyr34 at the shorter distance of ~9.6 Å (i.e. no
migration from Tyr34 to Tyr28) in WT DHP A or DHP A(Y38F), indicative of a preferential
localization of the radical on Tyr34 (perhaps due to thermodynamic considerations). Overall,
these results can be interpreted in support of an external binding site for trihalophenol
substrate that is in preferential proximity to Tyr34 in WT DHP A, and to Tyr28 in WT DHP B,
although not necessarily mutually exclusive. A summary figure of the electrontransfer/radical migration pathways as deduced in this study are presented in Figure 4.2.19.
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Figure 4.2.19. Representation of electron transfer/radical migration in dehaloperoxidase.

As previously reported, in the absence of a reducing substrate, a new species of DHP
termed Compound RH was observed to form upon the decay of Compound ES in the wildtype enzyme (8, 10). The Compound RH species of DHP A [UV-vis: 411 (Soret), 530, 564
nm (10)] and DHP B [UV-vis: 411 (Soret), 554, 599 nm (8)] were shown to possess unique
spectral features in the Q band region, as well as attenuated dehaloperoxidase activity.
Recently, it has been suggested that the formation of Compound RH and of the Tyr38 radical
are two alternative routes of Compound ES decay, and that the specific route that is taken
depends on the conformation of the distal His55, which has been observed in distinct ‘open’
and ‘closed’ conformations: in the less populated closed conformation (6c HS), the Tyr38
radical is formed, but in the major open conformation (5c HS), Compound ES decays,
yielding Compound RH. The conformational flexibility of the distal histidine, His55,
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therefore may impact radical formation as it relates to Compound RH formation in a manner
that can be correlated with the UV-visible spectroscopic analysis (ASoret/A380 ratio) that is a
measure of the relative populations of 5- or 6c HS heme. Consistent with this hypothesis,
only when Tyr38 was present leading to the distal histidine being present in the open
conformation, as in WT DHP A, DHP A(Y34F), WT DHP B, and DHP (Y28F), was a
Compound RH-like species formed. Moreover, these four DHP proteins exhibited an
ASoret/A380 ratio that represented a greater relative population of 5c HS heme. In the case of
the other four DHP mutants [DHP A(Y38F), DHP A(Y34F/Y38F), DHP B(Y38F) and DHP
B(Y28F/Y38F)], the absence of Tyr38 shifts the relative population of the heme towards 6c
HS and a ‘closed’ conformation of the distal histidine. The closed conformation normally
leads to a DHP biradical (Y38 and Y34), however as these mutants lack Tyr38, the biradical
state was not achievable, and thus heme bleaching was the observed consequence.
While the exact nature of the Compound RH species will require further study,
overall its formation appears to require the distal histidine to be in the open conformation,
and mutations that effect protein structure, which in turn alters the ratio of 5c:6c HS heme,
may circumvent its formation and putative role as a protective species. We have surmised
that when functioning as a peroxidase, DHP inactivation may be necessary to prevent nonspecific oxidation of other metabolites from occurring when trihalophenol substrate is absent
(10). While heme bleaching is a normal route for peroxidase inactivation as in HRP (27), this
could be metabolically costly for A. ornata given that DHP is its coelomic hemoglobin.
Formation of Compound RH, however, could allow for dehaloperoxidase to be inactivated
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without sacrificing the protein to heme bleaching. As the oxyferrous form of the enzyme can
be generated from Compound RH under reducing conditions (i.e. sodium dithionite), the
Compound RH species may represent serve as a functional switch back to an oxygen
transport protein via a reductive pathway while protecting A. ornata from deleterious and
undesired peroxidase activity in the absence of trihalophenol.

Conclusion

The present study provides compelling evidence in support of a unique structurefunction relationship in DHP that links together the conformational flexibility of the distal
histidine with the location of the tyrosyl radical in Compound ES. By using a combination of
single and double tyrosine mutants of DHP A and B to establish the spectral features of
individual tyrosyl radicals, it was possible to deconvolute the EPR spectrum of Compound
ES in the wild-type enzyme to provide unambiguous assignments of the tyrosine residues
responsible for the in situ endogenous reduction of Compound I. The mutation of both Tyr34
and Tyr38 was required in order to identify Compound I using stopped-flow UV-visible
spectroscopic methods. These two mutations were not sufficient, however, to fully arrest the
formation of Compound ES. Remarkably, the additional mutation of Tyr28, over 10 Å from
the heme active site, was required to prevent any protein radical from being observed.
Preferential site localization of the tyrosyl radical was also noted, suggesting that external
binding of the trihalophenol substrate may occur in proximity to Tyr34 and Tyr28 for DHP A
and B, respectively, and possibly indicative of a radical migration pathway in DHP
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analogous to that in CcP. Formation of the peroxidase-attenuated species Compound RH was
only noted when Tyr38 was present. This observation was rationalized by considering the
effect of this residue on the conformation of the distal histidine as revealed by the relative
population of 5- and 6c HS heme present. Namely, the presence of Tyr38 leads to the pathway
for Compound RH formation proposed by Thompson et al. that is mediated by the distal
histidine in the open conformation. In the absence of Tyr38, the biradical state that is
normally associated with the closed conformation of the distal histidine cannot form, thereby
leading to heme bleaching. Finally, the EPR spectroscopic data presented herein is in full
agreement with, and provides experimental confirmation of, the simulations derived from the
theoretical parameters predicted by the TRSSA. When combined with the phenol ring
rotation angle database, the TRSSA represents a powerful predictive tool that can not only
aid in assigning tyrosyl spectra, but can be used to rationally designing mutants for
mechanistic investigations of electron-transfer pathways, for probing protein structurefunction relationships, or for enzyme engineering.
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Asp-His-Fe Triad in a 3/3 Globin
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Abstract
The Asp-His-Fe triad charge relay was introduced to the proximal side of
dehaloperoxidase-hemoglobin A (DHP A) from Amphitrite ornata via site-directed
mutagenesis X-ray crystallographic structure determination of the metcyano forms of M86D
and M86E mutants exhibits the structural origins of a stable catalytic triad in DHP A.
Stopped-flow kinetics measurements show a decrease in the rate of H2O2 activation when
comparing DHP A(M86D) to wild-type DHP A. Furthermore, spectroelectrochemistry
studies reveal decrease in the reduction potential for the M86D mutant with respect to the
wild-type enzyme. One possible explanation for the significantly lower activity is an
increased affinity for the distal histidine in binding to the heme Fe to form a bis-histidine
adduct. Resonance Raman spectroscopy demonstrates a pH-dependent ligation by the distal
histidine in M86D, which is indicative of an increased trans effect. At pH 5.0, the heme Fe is
five-coordinate, and this structure resembles the wild-type DHP A resting state. However, at
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pH 7.0, the distal histidine appears to form a six-coordinate ferric bis-histidine (hemichrome)
adduct. These observations can be explained by the effect of the increased positive charge on
the heme Fe on the formation of a six-coordinate low-spin adduct, which inhibits the ligation
and activation of H2O2 as required for peroxidase activity. The results suggest that the
proximal charge relay in peroxidases regulate the redox potential of the heme Fe but that the
trans effect is a carefully balanced property that can both activate H2O2 and attract ligation by
the distal histidine. The following section will mainly focus on the steady state assays and
stopped flow kinetics measurements. However, the overall published work performed
additional experiments including resonance Raman, 13C-and 15N-labeled NMR spectroscopy,
spectroelectrochemistry and X-ray crystallography in order to understand the balance of
forces that modulate peroxidase reactivity.

Introduction
In monofuntional peroxidases such as cytochrome c peroxidase (CcP) and horseradish
peroxidase (HRP), the binding of H2O2 the ferric form of the enzyme yields the Compound 0
intermediate which subsequently undergoes O-O bond cleavage as described by the PoulosKraut mechanism (1). Herein, we propose that the same mechanistic steps during catalytic
turnover of ferric form of DHP A. Upon O-O bond cleavage in the absence of a trihalophenol
substrate, Compound 0 is converted to Compound I, which was recently observed using
cryoreduction techniques (2). Then, Compound I rapidly decays to Compound ES, an
Fe(IV)-ferryl intermediate, due to internal electron transfer processes. Compound ES has
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been previously detected by EPR studies in both DHP isoenzymes, DHP A and DHP B (3,
4), and was discussed at length in Part II of this chapter. Therefore, the activation of bound
H2O2 for O-O bond cleavage is a key step for the activation of peroxidase chemistry in DHP.
The "push-pull" effect has been proposed as a contributing factor for the activation of
H2O2 in monofunctional peroxidases (1, 5-7). The "push" effect refers to the donation of
electron density to the iron center by the proximal histidine. On the contrary, the "pull" effect
results from the hydrogen bonding interactions between the distal histidine and arginine
residues, which are responsible for acid/base catalysis and stabilization of developing
negative charge on the heme Fe-bound H2O2. The effect of the alteration of the residues
involved in the "push-pull" effect in peroxidases has been probed by site-directed
mutagenesis studies of CcP. For example, the replacement of the distal histidine of CcP by
glycine (H175G) results in a 4-fold decrease on the rate of O-O bond cleavage (8). The
reactivity for this mechanistic step was partially recovered due to the addition of imidazole,
which diffuses to the proximal cavity for coordination to the heme iron. These results clearly
demonstrate the key functional role of the proximal histidine in its donation of electron
density to the heme iron for peroxidase activation.
The charge relay in heme peroxidases is caused by the presence of the Asp-His-Fe
catalytic triad. This electronic interaction appears to regulate the electrochemical properties
(e. g. reduction potential) in peroxidases. For instance, electrochemical studies of CcP have
shown that the changes in the Asp-His-Fe triad have a pronounced effect in the redox
potential of the enzyme (7). The reduction potential of the Fe(III)/Fe(II) couple in wt CcP
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was lowered by roughly 100 mV when the catalytic triad interactions were disrupted using
mutagenesis. According to these observations, it appears that the catalytic triad is essential to
the stabilization of higher oxidations states formed during catalytic turnover (e.g. Compound
I or (ES), Compound II) in heme peroxidases. The finding that the Asp-His-Fe catalytic triad
has gained further attention as demonstrated, for example, by a recent comparative study in
which the ability of different known peroxidases to oxidize substituted phenols was found to
be dependent upon the Compound II/Fe(III) redox potential (9). This study led to a
correlation between the reduction potentials of the Fe(III)/Fe(II) and Compound II/Fe(III)
redox couples.
The role of the Asp-His-Fe charge relay triad in peroxidase catalysis remains unclear.
Furthermore, Poulos et al. have questioned the importance of secondary push effects such as
hydrogen bonding that arise from interactions due to the heme iron second shell ligands,
especially in the case of the Asp-His-Fe triad in CcP (10). Recent studies have suggested that
this catalytic triad only plays a minor role in the rate of O-O bond cleavage upon H2O2
addition to the ferric form of CcP (11) but the interactions caused by the triad are still
considered important contributors for H2O2 activation. Nevertheless, it is clear that the charge
relay generated by the Asp-His-Fe triad in peroxidases serves as a modulator of the rate
constant for H2O2 activation or the redox potential of the heme cofactor (7). The modulation
of redox potential in heme peroxidases has affected the substrate range for peroxidase
oxidations.
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The charge relay effects are absent in globins due to the lack of proximal aspartate
residue, which disrupts the formation of the Asp-His-Fe triad observed in peroxidases.
Attempts of introducing a negative charge in the proximal side triad structure have not been
successful. For example, replacement of Ser92 with aspartate in sperm-whale myoglobin
(SWMb), S92D, produced a protein variant that comprises the negative charge of the
aspartate residue oriented away from the proximal histidine (12).
The Asp-His-Fe charge relay triad is absent in both isoenzymes of hemoglobinperoxidase DHP due to the lack of the proximal aspartate residue as observed for globins.
However, the Fe-His interaction in DHP is stronger when compared to globins but weaker
than peroxidases (13). In DHP, the proximal histidine (His89) forms a hydrogen bond with the
backbone carbonyl of Leu83. Additionally, DHP contains a methionine residue (Met86) near
His89 (separation distance between 3.5-4.4 Å) but there are no apparent strong interactions
between the two residues. Together, the bifunctional nature of the hemoglobin-peroxidase
DHP and the fact that the Asp-His-Fe is absent in this enzyme, suggest that the proximal
cavity is capable of stabilizing the charge in a manner that differs from that of other known
globins. Herein, this study introduces proximal mutations to DHP A in order to generate an
Asp-His-Fe triad and/or a Glu-His-Fe triad. On the basis of its proximity to His89, Met86 was
replaced by negatively charged amino acid residues to potentially yield a charge relay similar
to that observed in peroxidases. The functional consequences of the perturbation of the
proximal cavity residues in DHP A were examined by the use of biochemical assays, X-ray
crystallography, stopped-flow UV−vis spectroscopy, resonance Raman spectroscopy,
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spectroelectrochemistry, and

13

C- and

15

N nuclear magnetic resonance (NMR), with

comparisons to density functional theory (DFT) calculations and molecular dynamics (MD)
simulations. However, this section will mainly focus on the results generated by the stoppedflow UV-vis spectroscopy and substrate oxidation kinetics.
Materials and Methods
The experimental section containing materials, plasmid preparation, protein
expression, and purification of DHP A and its mutants (M86A, M86D, and M86E) as well as
the procedure for studies including crystal structure determinations, spectroelectrochemistry
(SEC), NMR, resonance Raman, molecular dynamics simulations and density functional
theory calculations are described in detail in the published report by D'Antonio et al. (14).
UV−Vis Spectrophotometric Steady State Activity Assays. Assays were conducted in a
1.0 cm pathlength quartz microcuvette in a Cary 50 UV−vis spectrophotometer having a
thermostated cell holder at 25 °C. Prior to any assay, aslight excess of potassium ferricyanide
was added to a hemeprotein sample so that it would be in the ferric oxidation state. The
sample was purified from the ferri/ferrocyanide species by using a PD-10 desalting column
prepacked with Sephadex G-25 medium (GE Healthcare). The protein was subsequently
concentrated with an Amicon Ultra-4 centrifugal filter (10 kDa molecular mass cutoff).
Concentrations were determinedusing molar absorptivity values determined by the
pyridinehemochrome assay (see above).Apparent KM and kcat valueswere calculated from
three trials of initial rate (νo) measurementsat each H2O2 concentration at a fixed
concentration of 2,4,6-trichlorophenol substrate. GraFit (Erithacus Software) was used to fit
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the experimental data to the Michaelis−Menten model. Enzymatic activity was assayed with
respect to the decrease in TCP concentration (λmax = 312 nm). Each reaction mixture had a
total volume of 1.0 mL in which the hemeprotein concentration was fixed, the TCP
concentration was 150 μM, and various H2O2 concentrations that ranged from 10 to 750 μM
were present in 100 mM KPi (pH 7.0).
Stopped-Flow Kinetics. Stopped-flow kinetics experiments were conducted using a
Bio-Logic SFM-400 triple mixing stopped-flow instrument linked with a rapid scanning
diode array UV−vis spectrophotometer. The temperature was maintained at 20 °C with a
circulating water bath. Data were collected (900 scans total) over a three-time domain regime
(2.5, 25, and 250 ms; 300 scans each) using the Bio Kinet32 software package (Bio-Logic).
In a typical single-mixing experiment, the ferric DHP A mutant (having a fina concentration
of 10 μM) was mixed with 2.5−25 equiv of H2O2. All data were evaluated using the Specfit
Global Analysis System software package (Spectrum Software Associates) and fit to
exponential functions as either one-step, two-species or two-step, three-species irreversible
mechanisms, where applicable. Kinetics data were baseline corrected using the Specfit
autozero function.

Results
The functional and structural consequences of introducing an Asp-His-Fe triad in
DHP A M86D have been explored by X-ray crystallography, electrochemistry, spectroscopy
(NMR and resonance Raman), and kinetic measurements using steady state assays and
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stopped-flow UV-visible spectroscopy in order to evaluate the redox, electrostatic, and
catalytic implications. In this section, the focus will be both the stopped-flow and steady state
measurements. Nonetheless, further details of the X-ray crystallography, electrochemistry,
NMR and resonance Raman experimental data can be found in the recent published work by
D'Antonio et al. (14).
Steady State Activity Assays. The catalytic efficiency of DHP A, the M86 mutants,
HHMb, and HRP type I was measured at pH 7 and 25 °C for the oxidation of 2,4,6trichlorophenol (TCP) using H2O2 as the oxidant. The experimental results listed in Table
4.3.1 are in agreement to previous reports, which found DHP A to be ~ 1 order of magnitude
more active than Mb and ~1 order of magnitude less active than HRP when using TBP as a
substrate at pH 5. The systematic effect of altering the charge density at position 86 was
analyzed by comparing three mutants of DHP A: M86A, M86D, and M86E. Table 4.3.1
shows that all three Met86 mutants were more active than wild-type DHP A in the conversion
of TCP based on the turnover number, kcat. However, the KM values indicated weaker H2O2
binding in all three Met86 mutants relative to that of DHP A. The similarity of the KM values
for DHP A(M86D) and HHMb confirms that the H2O2 reactivity is low for both of these
globins. The comparison of the catalytic efficiency values (kcat/KM) for these three mutants
reveals an unexpected trend: DHP A(M86D) < DHP A(M86E) ≈ DHP A(M86A) < DHP A.
This is an unexpected result for the M86D mutant given the fact that the X-ray
crystallography studies showed that the substitution of methione at position 86 by an asparate
residue results in the establishment of a Asp-His-Fe triad as observed for CcP (Figure 4.3.1).
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This new finding suggests that there is a competing effect due to an increase six-coordination
by either water or His55, which it be further explained in the discussion section. Furthermore,
the steady state measurements are in agreement with the kinetics observations of stoppedflow kinetics.

Table 4.3.1. Steady State Enzymatic Assay of Various Proteins with 2,4,6-Trichlorophenol
(TCP) and H2O2 at pH 7.0.

Ferric DHP A
DHP A(M86D)
DHP A(M86E)
DHP A(M86A)
HHMb
HRP Type I

kcat (s-1)
0.61 ± 0.01
1.3 ± 0.07
0.97 ± 0.02
0.94 ± 0.03
0.065 ± 0.002
17.5 ± 1.9

KM (µM) kcat/KM (µM-1 s-1)
23 ± 1.2
0.027
200 ± 29
0.0065
60 ± 3.8
0.016
50 ± 5.9
0.019
200 ± 22
0.00033
30 ± 13
0.58

Figure 4.3.1. Proximal cavity of the DHP A(M86D). Relevant hydrogen bonding distances
are shown. For the sake of clarity, the heme Fe cyanide ligand was omitted from both panels.
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Stopped-Flow Kinetics. DHP A(M86D) has the lowest activity despite the structural,
electrochemistry, and NMR data, which are all consistent with the increased trans effect of
the charge relay introduced by the Asp-His-Fe triad. Stopped-flow measurements were
performed for all three Met86 mutants as shown in Figure 4.3.2-4.3.4. When ferric DHP
A(M86E) [UV-vis spectrum: 413 (Soret), 528, 563, 636 nm (Figure 4.3.2, black trace)] was
rapidly mixed (2 ms) with a 10-fold excess of H2O2, formation of a new intermediate whose
spectral features [UV-vis spectrum: 419 (Soret), 546, 588 nm (Figure 4.3.2, red trace)]
closely resembled those of a ferryl-containing intermediate (e.g., Compound II or ES) was
observed. According to our previous identification of such intermediates in DHP A, the ferryl
intermediate observed in this study was assigned as Compound ES. The experimental values
of kobs for Compound ES varied linearly with H2O2 in the range of 2.5-25 molar equivalents
(data not shown), which yields a bimolecular rate constant of (0.36 ± ~0.01) x 10 4 M-1 s-1
(Table 4.3.2).

Table 4.3.2. Michealis-Menten Constants from Enzymatic Activity, Oxidation-Reduction
Potentials, 13C Chemical Shifts (Fe-CN), and O-O bond Cleavage Rate Constants of H2O2 for
DHP A and the Met86 Mutants.
DHP A
DHPA(M86A) DHPA(M86E) DHPA(M86D)
Michaelis-Menten constant,aKM (µM)
23 ± 1.2
50 ± 5.9
60 ± 3.8
200 ± 29
oxidation-reduction potential,b E°' (mV), vs SHE
202 ± 6
200 ± 6
112 ± 11
76 ± 5
13
C chemical shift (Fe-CN),d Δδpara (ppm)
0
-15
59
131
ES formation rate constant,ekobs (M-1 s-1/104)
3.56 ± 0.002f
0.88 ± 0.01
0.36 ± ~0.01
a
Reactants were 150 µM TCP (fixed concentration) and H2O2 (various concentrations ranging from 10 to 750
µM). bOxidation-reduction potentials for the Fe(III)/Fe(II) couple under anaerobic conditions. cFrom ref (15)d
13
C-and 15N-labeled cyanide bound to Fe(III) was used as the probe. Resonance position with respect to DHP A
(-4211 ppm). eObserved rate constant for formation of compound ES. fFrom ref (3).
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Figure 4.3.2. Single-mixing stopped-flow kinetics of the DHP A(M86E) mutant with
hydrogen peroxide. (A) Single-mixing stopped flow UV-vis spectroscopic monitoring of the
reaction (900 scans, 85 s) between the DHP A(M86E) (10 µM) and a 10-fold excess of H2O2
at pH 7.0. (B) Calculated UV-vis spectra for resting (black), Compound ES (red), and the
putative species Compound RH (blue) of DHP A(M86E). The rapid-scanning data from
panel A were compiled and fitted to a double-exponential reaction model using the Specfit
global analysis program. (C) Relative concentration profile determinated from the threecomponent fit used in panel B.
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Figure 4.3.3. Single-mixing stopped-flow kinetics of the DHP A(M86A) mutant with
hydrogen peroxide. (A) Single-mixing stopped flow UV-vis spectroscopic monitoring of the
reaction (900 scans, 85 s) between the DHP A(M86A) (10 µM) and a 10-fold excess of H2O2
at pH 7.0. (see the experimental procedures section for details). (B) Calculated UV-vis
spectra for resting (black), Compound ES (red), and the putative species Compound RH
(blue) of DHP A(M86A). The rapid-scanning data from panel A were compiled and fitted to
a double-exponential reaction model using the Specfit global analysis program. (C) Relative
concentration profile determinated from the three-component fit used in panel B.
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Figure 4.3.4. Single-mixing stopped-flow kinetics of the DHP A(M86D) mutant exposed to
10,000 equivalents of H2O2 in 100 mM potassium phosphate (pH 7.0). (A) Single-mixing
stopped flow UV-vis spectroscopic monitoring of the reaction (900 scans, 85 s) between the
DHP A(M86A) (10 µM) and a 10,000 equivalents of H2O2 at pH 7.0. (see the experimental
procedures section for details). The mutant is shown to red-shift from 413 nm (ferric
hemichrome) to 418 nm (putative Compound ES). (B) Calculated UV-vis spectra for resting
(black) and Compound ES (red). The rapid-scanning data from panel A were compiled and
fitted to a single-exponential reaction model using the Specfit global analysis program. The
raw data were truncated prior to fit as to not include the observed heme bleaching at longer
times.
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In the absence of reducing substrate such as TCP, Compound ES was found to be
unstable and interconverted to a stable species [UV-vis spectrum: 413 (Soret), 539 nm
(Figure 4.3.2, blue trace)] that has been previously designated as Compound RH in DHP A.
The stopped-flow measurements for DHP A(M86A) are displayed in Figure 4.3.3. For the
M86A mutant, the results were qualitatively similar to those observed for the DHP A(M86E)
variant based on the observation of Compound ES formation [UV-vis: 419, 546, 588 nm; kobs
= (0.88 ± 0.01) x 104 M-1 s-1] was also observed upon reaction of ferric DHP A(M86A) [UVvis: 410, 526, 564, 636 nm) with a 10-fold excess of hydrogen peroxide. In the absence of a
exogenously added substrate, DHP A(M86A) Compound ES was unstable and converted to
Compound RH [UV-vis spectrum: 414 (Soret), 543, 579 nm] as observed for DHP A and its
M86E mutant. The calculated rate constants (kcat) for the formation of Compound ES for
DHP A and all the Met86 mutants are listed in Table 4.3.2. These results reveal a pronounced
impairment of Compound ES formation as a result of the M86A and M86E mutations as
reflected by 4- and 10-fold decreases in kobs, respectively.
The kobs value could not be determinated for DHP A(M86D) because quantitative
formation of the putative Compound ES (as monitored by Soret band shift) does not occur at
a H2O2 level of ≤1000 equivalents (results not shown). Although quantitative formation of
the Fe(IV)-ferryl species could be achieved upon mixing DHP A(M86D) with 10,000
equivalents of H2O2 (Soret band red-shifted from 413 to 418 nm), the protein suffered rapid
denaturation due to heme bleaching.
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Discussion
The crystal structure of the adduct of ferric DHP A(M86D) with cyanide (M86D-CN)
shows that the substitution of Met86 with an aspartate residue leads to a proximal cavity that
is comparable to the Asp-His-Fe triad found in CcP as shown in Figure 4.3.1. Our interest
focused on the investigation of the functional consequences of the introduction of such a
triad to a globin regarding the redox properties, enzymatic activity, structural characteristics
and ligation states. Although the initial objective of this study was to gain insight into how an
increased push effect in a 3/3 globin could modulate the O-O bond cleavage of an Fe-bound
H2O2 molecule, it was found instead that an internal competing effect, presumably caused by
the distal histidine, appears to control the reactivity. Despite the successful installation of the
Asp-His-Fe triad into DHP A(M86D), this mutant exhibited significantly less peroxidase
activity than DHP A as shown by the steady state assays. However, the M86D mutation
lowers the redox potential, thus favoring the Fe(III) redox state of a typical peroxidase.
Resonance Raman spectroscopy studies determined that the Fe(III) form of the DHP
A(M86D) variant is a 6cLS species at pH 7.0, which led to an investigation of the possible
origins of theligation. The likely ligation by the distal histidine interferes the H2O2 binding to
the heme iron, which can explain the inhibition of peroxidase activity in the M86D mutant.
Therefore, this study analyzed the experimental data considering different possible
viewpoints that will increase the KM for H2O2 binding on the basis of both steady state assays
and stopped-flow kinetics experiments. These viewpoints centers on two possibilities: (i) the
distal histidine occupies the sixth ligand position or (ii) a solvent molecule is the sixth ligand
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but is strongly hydrogen bonded to the distal histidine.
Significance of the Met86 Residue in Wild-Type DHP A. It was previously
hypothesized (16) that the methionine residue at position 86 may contribute to the push effect
in DHP A via one of the lone pairs of the sulfur atom, which can interact with His89 by
charge transfer to generate an anionic character on the proximal histidine as observed for
HRP. However, the replacement of Met86 with alanine, thus eliminating this potential
interaction, provides a test for this hypothesis.

13

C NMR experiments showed that DHP

A(M86A) causes only minor changes to the proximal histidine. Thus, the Met86 does not play
a significant role in controlling the electronic state of the proximal histidine in DHP A.
Furthermore, the DHP A-13CN resonance falls at −4211 ppm at pH 7.0, which indicates that
the proximal histidine is similar to globins due to its neutral character (5, 17). On the
contrary, the replacement of Met86 by a buried negative charge from an aspartate residue
gives rise to more electron density on the heme iron (stronger push effect), although certainly
not to the extent that is observed inheme peroxidases in the CcP superfamily, as evidenced by
13

C-NMR studies of the cyanide adducts.
Regulation of Redox Potential of DHP A by the Asp-His-Fe Triad. The modification

of DHP A via site-directed mutagenesis of Met86 into aspartate (M86D variant) resulted in
the installation of an Asp-His-Fe triad charge relay, as confirmed by X-ray crystallography
and 13C-NMR studies. Electrochemistry experiments were performed to test the hypothesis
that the proximal charge relay in peroxidases regulate the redox potential of the heme iron.
The formal reduction potential observed for DHP A(M86D) was 76 ± 5 mV, which is shifted
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~125 mV in a negative direction relative to DHP A (E°= 202 ± 6 mV) (Table 4.3.2). This
shift could be contributed to changes in two Gibbs free energy terms, specifically, solventrestricted internal electrostatic interactions (ΔGint) and heme iron bonding interactions
(ΔGcen). The introduction of the enzyme mutation will lead to an alteration of the electronic
interaction between the redox center, the heme iron, and a buried charge within the enzyme,
which is reflected by a change in ΔGint (ΔΔGint). On the contrary, a change in ΔGcen (i.e.
ΔΔGcen) will reflect an alteration of bonding interactions at the redox center. Considering
ΔGint first, it is important to note that Met86 is located near the redox center, but it is a neutral
amino acid. The substitution of Met86 with aspartate, a negatively charged residue, could be
predicted to produce a negative shift in redox potential on the basis of charge stabilization.
The net charge of the porphyrin moiety in the ferric state is +1 (excluding any charge
contribution from the heme propionates). As a result, the introduction of a negative charge
near the iron center could electrostatically stabilize the Fe(III) oxidation state with respect to
the uncharge Fe(II) state, thus leading to an expected decrease of the redox potential. On the
basis of the redox potential results, it is reasonable to deduce that electrostatic stabilization
contributes to the positive shift in reduction potential for DHP A(M86D) with respect to DHP
A. However, magnitude of this contribution remains unclear.
The Asp-His-Fe Triad of M86D Results in a 6cLS Species That Is Inhibitory with
Respect to H2O2 Binding and Activation. The presence of the Asp-His-Fe triad in DHP
A(M86D) has a deleterious effect on the reaction with H2O2 under physiological conditions
as demonstrated by stopped-flow kinetic measurements. Single-mixing stopped-flow
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experiments failed to detect an ferryl intermediate, Compound ES, at low H2O2
concentrations. The crystal structure of the M86D mutant presented in this study is not a
useful structural model for this inhibition due to the addition of cyanide for protein
stabilization for the crystallography studies. Nevertheless, both UV−visible and resonance
Raman spectroscopic data clearly establish the formation of a 6cLS species in the absence of
cyanide ligand for the ferric form of DHP A(M86D) at pH 7.0 (14). These observations are
consistent with the distal histidine, His55, binding as a sixth ligand to the heme iron in the
ferric form of the enzyme to yield a species known as ferric hemichrome, a bis-histidyl
complex. Moreover, the resonance Raman spectrum of DHP A(M86D) is similar to that of
the ferric hemichrome species detected for the CcP(H181G) mutant (18). In DHP A, the Nε
atom of His55 is within bonding distance of the heme iron, consistent with the formation of a
hexacoordinate hemichrome conformation. The molecular dynamics simulations also show
that the hexacoordinate bis-histidine adduct is favored only forthe charge set corresponding
to the imidazole for His55 and for ferric heme and not with the ferrous heme charge set (14).
On the other hand, the resonance Raman findings could originate from a strongly
hydrogen bonded solvent molecule between the heme iron and His55, contrary to the
formation of a hemichrome adduct. This viewpoint is reasonable on the basis of the crystal
structure of DHP A, which shows that in the closed conformation (PDB entry 2QFK) the
shortest distance between His55(Nε) and the iron is 4.5 Å (19). However, previous studies
have shown that the hydroxide anion sixth ligand in various heme proteins exhibits α/β bands
in the UV−vis spectrum that differed significantly in wavelength maxima from the α/β bands
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of the CcP(H181G) mutant(18). The wavelength maxima for the α/β bands of DHP
A(M86D) are consistent with those of CcP(H181G), which supports the argument against
there being a strongly hydrogen bonded solvent molecule bound to the heme iron.

Conclusion
The installation of a Asp-His-Fe charge relay triad in DHP A was successful upon
replacement of Met86 by a negatively charge residue such as aspartate as evidenced by the
crystal structure of DHP A(M86D); thus, representing the first example of the introduction of
such triad in the globin family. However, DHP A(M86E) failed to create a charge relay triad,
but the crystal structure of this mutant shows that the glutamate residue in position 86
rearranges toward the solvent in a similar manner when compared to the aspartate residue of
the Mb(S92D) mutant. The difference between both M86D and M86E structures depends on
the ability of the carboxyl group in DHP A(M86D) to orient itself so it can simultaneously
interact with the NδH group of the proximal histidine and with solvent molecules.
This study provides further evidence to support the argument that the charge relay
caused by the Asp-His-Fe triad in heme peroxidases is directly involved in the mechanism
for the regulation of the reduction potential of the heme iron center. In conclusion, the data
presented in this study shows that a globin with the 3/3 α-helical fold such as DHP A can
tolerate the introduction of an Asp-His-Fe triad by the use of side-directed mutagenesis. The
crystal structure of the DHP A(M86D) mutant comprises a charge relay and the
establishment of a strong hydrogen bonding interaction between an the oxygen atom of the
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Asp86 and the Nδ atom of the proximal histidine, His89. In contrast, the carboxylate group of
Glu86 in DHPA(M86E) is solvent-exposed, which produces a significant weaker interaction
relative to DHP A(M86D). The M86A mutant was obtained as a control, and just subtle
changes compared to DHP A. The slow turnover observed in both steady state assays and
stopped-flow experiments in the M86D mutant is due to the formation of a 6cLS species in
the Fe(III) oxidation state as observed by UV-vis and resonance Raman studies. However,
this data do not provide a conclusive identity of the sixth ligand in the 6cLS species due to
the two different possibilities: bis-histidyl adduct (ferric hemichrome) caused by His55
ligation, or a strongly bound water molecule as the sixth ligand to the heme iron.
Nonetheless, both of these possibilities involves the ligand as a strong peroxidase inhibitor
relative to the H2O2 binding as shown by the lack of reactivity of DHP A(M86D) in the
stopped-flow kinetics experiments.
Our study presents further evidence to explain why the Nε of the distal histidine in
heme peroxidases is generally found between 5.5-6.0 Å from the iron center, which is
roughly 1.0-1.5 Å farther than in most globins. This structural observation appears to be
strategic on the basic of two main reasons: (i) The longer the distance between the distal
histidine and the iron center assists the prevention of the formation of a ferric 6cLS species.
(ii) In peroxidases, the distal histidine serves as both an acid/base catalyst during its
enzymatic mechanism. On the other hand, the Nε distal histidine in globins is located closer
to the heme iron (4.1-4.6 Å) in order to stabilize the binding of molecular oxygen and
discriminate against carbon monoxide binding. Thus, the position of the distal histidine in
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globins does not facilitate peroxidase activity. This study supports previous hypothesis that
suggest that the charge relay is not essential for peroxidase function. However, the charge
relays presents a structural dilemma for peroxidase activity due to an increase in positive
charge on the iron center has a trans effect that likely leads to the ligation of the distal
histidine or a solvent molecule. Moreover, it is most likely that the charge relay plays a key
role in the redox tuning mechanism that enables heme peroxidases to broaden their range of
enzymatic functions. Consistent with this hypothesis, DHP A is a functioning peroxidase,
with the highest reduction potential of any known peroxidase, but lacks the charge relay
feature.
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Chapter 5

Substrate-Directed Peroxygenase Reactivity of
Dehaloperoxidase from Amphitrite ornata via Nitrophenol
Hydroxylation
Jennifer D'Antonio, David A. Barrios and Reza A. Ghiladi*
Department of Chemistry, North Carolina State University, Raleigh, North Carolina, 276958204

Introduction
Dehaloperoxidase (DHP) is the coelomic oxygen transport hemoglobin from the
terebellid polychaete Amphitrite ornata (1). Despite the fact that DHP is categorized as a
globin according to the Structural Classification of Proteins (SCOP) database, it exhibits a
biologically relevant peroxidase activity (2). DHP is responsible for the oxidative
dehalogenation of trihalophenols (2, 3), compounds commonly found in the A. ornata
benthic ecosystem, to their corresponding dihaloquinones by the use of hydrogen peroxide
(H2O2) as the oxidant. In addition to the known bifunctional nature of DHP as a
globin/peroxidase, it was recently found that this enzyme is also capable of degrading sulfide
(4), which is commonly found in the coastal estuaries where A. ornata resides. Therefore,
DHP has been shown not only to be a bifunctional enzyme but a multifunctional protein that
may have a more general role for A. ornata. Herein, we focus on the multifunctional nature
of dehaloperoxidase by introducing a newly discovered peroxygenase activity as described
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by the hydroxylation reaction of 4-nitrophenol (4-NP) catalyzed by DHP in the presence of
H2O2. In peroxygenase chemistry, H2O2 serves as an oxygen atom donor that is incorporated
into the hydroxylated product. The overall reaction for peroxygenase activity is described as
following:
R—H + H2O2  R—OH + H2O

Nitroaromatic compounds are commonly used in the synthesis of industrial
compounds including dyes, herbicides, and explosives (5-7). These compounds are extremely
toxic to living organisms, with 4-NP having been detected in soil, water, and air (8-10). The
U.S. Environmental Protection Agency (EPA) has listed 4-NP as a priority pollutant (11) and
the biodegradability of 4-NP in the environment has been extensively studied (12-17).
A recent study (18) has shown that the ability to oxidize substituted phenols is
dependent upon the Compound II/Fe(III) reduction potential. For instance, 4-NP [E° = 1.23
V] is not oxidized by Type VI-A horseradish peroxidase (HRP) [E°CmpII/Fe(III) = 0.89 ± 0.1 V]
but is oxidized by other peroxidases such as Coprinus cinereus peroxidase (CiP) [E°CmpII/Fe(III)
= 1.18 ± 0.15 V] and Bjerkandera adusta versatile peroxidase (VP) [E°CmpII/Fe(III) = 1.37 ±
0.19 V]. Additionally, there is a linear correlation between the estimated redox potential for
the Compound II/Fe(III) couple and the voltammetric redox potential of the Fe(III)/Fe(II)
couple. On the basis of this correlation, we have estimated that the redox potential of the
Compound II/Fe(III) couple of both DHP A [E°Fe(III)/Fe(II) = 0.204 V] and DHP B [E°Fe(III)/Fe(II)
= 0.206 V] is ~1.58 V. In light of this estimated redox potential estimation, we have
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examined several nitrophenol compounds [2-nitrophenol (2-NP), 3-nitrophenol (3-NP), 4nitrophenol (4-NP), 2,4-dinitrophenol (2,4-DNP), 2,4,6-trinitrophenol (2,4,6-TNP)] as
potential substrates for DHP. To gain insight into the hydroxylation of 4-nitrophenols by
DHP and to subsequently understand the peroxygenase mechanism for this reaction, we have
employed high performance liqui chromatography (HPLC) along with mass spectrometry
(MS) in order to assay the reactivity of these nitrophenols and characterize their reaction
products using both wild-type DHP A and DHP B, as well as the mutants DHP(Y38F) and
DHP B(Y28F/Y38F).

2-nitrophenol (2-NP)

3-nitrophenol (3-NP)

2,4-dinitrophenol (2,4-DNP)

4-nitrophenol (4-NP)

2,4,6-trinitrophenol (2,4,6-TNP)

Figure 5.1. Chemical structures of 2-nitrophenol (2-NP), 3-nitrophenol (3-NP), 4nitrophenol (4-NP), 2,4-dinitrophenol (2,4-DNP), and 2,4,6-trinitrophenol (2,4,6-TNP).
Peroxygenase activity has been previously observed in other heme proteins, such as
heme-thiolate enzymes cytochrome P450 (19-21) and haloperoxidases Caldariomyces
fumago chloroperoxidase (CCPO) (22-25), and the mushroom Agrocybe aegerita
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peroxygenase (AaP) (26, 27). By contrast, heme proteins with a histidine residue as the
proximal iron ligand, such as HRP (28) and Mb (29), are not efficient peroxygenase
enzymes. Moreover, another protein classified as a haloperoxidase, known as Notomastus
lobatus chloroperoxidase (NCPO), contains a proximal histidine (30), unlike CCPO, and is
limited to catalyzing only halogenation reactions. Our study of the peroxygenase chemistry
in DHP, a proximal-histidine protein, contributes to the many examples of heme-containing
enzymes, that have versatile functionality thus demonstrating that peroxygenase chemistry is
not exclusive to heme-thiolate enzymes.
DHP was considered to evolve from an ancient O2-transport and storage globin based
upon the similarity of its structural fold with globins such as myoglobin (Mb) (31). However,
the globin function in DHP evolved to include peroxidase chemistry to enable A. ornata to
survive in contaminated soils. Thus, it is plausible that the bifunctional nature of DHP as a
globin/peroxidase embraced the peroxidase function in order to adapt to the introduction of
different metabolites, including perhaps electron-deficient phenols, which might be found in
the benthic ecosystem where this organism thrives. Therefore, DHP may be the example of
an ancient enzyme that evolved to carry out multiple functions in vivo. Our results suggest
that the type of enzymatic mechanism, either peroxidase or peroxygenase, depends on nature
of the substrate.

Materials and Methods
Buffer salts and acetonitrile (HPLC-grade) were purchased from Sigma Aldrich.18Olabeled hydrogen peroxide [H218O2, (90% isotopic content)] and 18O-labeled water [H218O,
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(99% isotopic content)] solutions were purchased from Icon Isotopes (Summit, NJ). All other
reagents were purchased of the highest quality available from Sigma Aldrich. Solutions of
the different nitrophenol substrates [2-nitrophenol (2-NP), 3-nitrophenol (3-NP), 4nitrophenol (4-NP), 2,4-dinitrophenol (2,4-DNP) and 2,4,6-trinitrophenol (2,4,6-TNP)] were
freshly prepared in 100 mM potassium phosphate (KPi) buffer (variable pH) and kept
immersed in ice until use. Hydrogen peroxide (H2O2) solutions were also freshly prepared
prior to each experiment. UV-visible spectra were recorded periodically to ensure that
nitrophenol and H2O2 solutions had not degraded. The expression and purification of wild
type (WT) DHP A, WT DHP B, DHP B(Y38F) and DHP B(Y28F/Y38F) (poly-six-Histagged proteins) were performed as previously described (3).
Preparation of Ferric DHP. DHP was incubated with an excess of potassium
ferricyanide in order to obtain a homogeneous solution of the ferric form of the enzyme. The
excess potassium ferricyanide was removed using a Sephadex G-25 gel filtration column.
The protein was concentrated using Amicon Ultra centrifugal filter equipped with a 10000
kDa molecular mass membrane with the concentration of DHP being determined
spectrophotometrically (ε406 = 116.4 mM-1 cm-1).
Preparation of Oxyferrous DHP B. Oxyferrous DHP B was generated through
incubation of the ferric enzyme with 5 equiv. of ascorbic acid in 100 mM KPi buffer (pH 6).
The formation of the oxyferrous species was monitored by its UV-visible spectrum [418
(Soret), 542, 578 nm]. Excess reducing agent was removed by using a PD-10 desalting
column prepacked with Sephadex G-25 medium. The protein was concentrated using an
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Amicon Ultra centrifugal device equipped with a 10 kDa cutoff molecular weight membrane.
Enzymatic assays. Assays were carried out at 25 °C in 100 mM KPi buffer (variable
pH) with a final volume of 250 µL. DHP (10 µM) was first mixed with nitrophenol (500 µM)
substrate, and hydrogen peroxide (500 μM final concentration) was used to initiate the
enzymatic reaction. Each reaction mixture was halted after 5 minutes with an excess of
catalase. Sample analysis was performed by reversed-phase HPLC equipped with a
photodiode array detector.
Additionally, the enzymatic assay described above was carried out anaerobically
using a MBraun Lab Master 130 inert atmosphere (<1 ppm O2, <1 ppm H2O) glove box
under a nitrogen atmosphere. The ferric DHP B, H2O2 and 4-NP solutions were degassed
with argon prior to use.
HPLC analysis. Samples were diluted prior to HPLC analysis by the addition of 100
µL of the resulting reaction mixtures to 1 mL of 100 mM KPi buffer (variable pH). High
performance liquid chromatography was performed on a Waters 2796 Bioseparation Module
coupled with a Waters 2996 Photodiode Array Detector equipped with an ODS Hypersil (150
mm x 4.6 mm) 5 µm particle size column from Thermo Electron Corp. Separation was
achieved at room temperature and a constant solvent flow rate of 1.5 mL/min. The binarysolvent mobile phase consisted of high purity water (resistance ≥ 17.9 MΩ) containing 1%
trifluoroacetic acid (solvent A) and acetonitrile (solvent B). Elution conditions were: %A:%B
(v/v) 95:5 for 4 min, a linear gradient to 5:95 for 1 min; a linear gradient to 95:5 for 1 min
and held isocratic for an additional 7 min. Data analysis was performed using Empower
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software. Calibration curves of 2-NP, 3-NP, 4-NP, 2,4-DNP and TCP were performed using
pure analytes. Products were determined by their characteristic UV-visible spectra and
retention time (tr).
Isotopic Labeling Experiments. Enzymatic reactions of ferric DHP enzyme (50 µM),
4-NP (5 mM) and 18O-labeled H2O2 (5 mM) in 100 mM KPi buffer (pH 6) were performed as
described above for the unlabeled assays. The oxidation of TCP (1 mM) by ferric DHP (10
µM) using H2O2 (500 µM) was carried out using either H218O2 or H218O. The origin of the
incorporation of oxygen atom into the product of the hydroxylation reaction of 4-NP and the
product of the oxidative dehalogenation reaction of TCP was monitored by LC-MS.
LC-MS analysis. LC-MS analysis was performed with a 6210 LC-TOF mass
spectrometer (Agilent Technologies, Santa Clara, CA). For chromatographic separation, an
ODS Hypersil (150 mm x 4.6 mm) 5 µm particle size column from Thermo Electron Corp
was utilized along with a binary mobile phase consisting 0.1% formic acid (solvent A) and
acetonitrile (solvent B) at a flow rate of 1 mL/min. Elution conditions were: %A:%B (v/v)
95:5 for 4 min, a linear gradient to 5:95 for 1 min; a linear gradient to 95:5 for 1 min and held
isocratic for an additional 7 min. Ionization was achieved by electrospray ionization in the
negative mode. Mass spectra were recorded at a rate of 1.0 s-1 in the range from 100 to 1000
m/z.

278

Results and Discussion
The enzymatic reaction of nitrophenols as catalyzed by DHP at pH 6 was monitored
by HPLC. The data in Table 5.1 shows that the percentage of 4-nitrophenol that reacted with
DHP A is roughly half of that of DHP B, and this trend is in agreement with the higher
activity of DHP B in comparison to DHP A previously reported for 2,4,6-trichlorophenol
(TCP) oxidation. On the other hand, in the presence of DHP B and H2O2, ~40% of the 4nitrophenol substrate had reacted during 5 min incubation time (Figure 5.2). This percentage
is similar for the reactions catalyzed by DHP B and its mutants, DHP B(Y38F) and DHP
B(Y28F/Y38F). Under the same conditions HRP and Mb were not capable of degrading 4NP in the presence of H2O2.
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Table 5.1. Percentage of nitrophenol substrate reacted in the presence of DHP and H2O2.
Enzyme
HRP
+ 4-nitrophenol
Mb
+ 4-nitrophenol
Ferric DHP A
+ 4-nitrophenol
+ 2,4-dinitrophenol
+ 2,4,6-trinitrophenol
Ferric DHP B
+ 2-nitrophenol
+ 3-nitrophenol
+ 4-nitrophenol
+ 2,4-dinitrophenol
+ 2,4,6-trinitrophenol
Ferric DHP B (Y38F)
+ 4-nitrophenol
+ 2,4-dinitrophenol
+ 2,4,6-trinitrophenol
Ferric DHP B (Y28F/Y38F)
+ 4-nitrophenol
+ 2,4-dinitrophenol
+ 2,4,6-trinitrophenol
Oxyferrous DHP B
+ 4-nitrophenol
Ferric DHP B + 4-nitrophenol
+ SOD
+ formate
+ mannitol
+ DMSO
+ anaerobic
n.d. = not detected
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% Reacted
n.d.
n.d.
21.56 (± 0.01)
4.08 (± 1.31)
n.d.
49.63 (± 0.80)
43.73 (± 1.32)
39.36 (± 0.68)
16.16 (± 1.61)
n.d.
37.10 (± 1.40)
16.55 (± 1.15)
n.d.
37.19 (± 1.02)
17.16 (± 0.63)
n.d.
37.59 (± 1.73)
37.83 (± 4.17)
35.58 (± 0.17)
37.55 (± 0.64)
38.31 (± 0.44)
43.24 (± 0.36)

Absorbance

A

Retention time (min)

Absorbance

B

4-NP

4-NP

Retention time (min)

Figure 5.2. HPLC chromatogram showing 4-nitrophenol (tr = 4.7 min) (A) before and (B)
after the reaction with DHP B and H2O2 at pH 6. The reaction was incubated for a period of 5
minutes prior to the HPLC analysis.
Based on the observed HPLC results, it was not possible to distinguish the
mechanistic role of Compound ES (observed in DHP B) versus Compound I (observed in
both DHP B mutants) for the enzymatic reaction of DHP for the 4-nitrophenol degradations.
When 2,4-DNP was used as the substrate, the reactivity of DHP was significantly reduced
compared to the 4-NP substrate. One possible hypothesis is that the phenolate form of
nitrophenols is not favored for catalytic activity by DHP. The pKa value of 2,4-DNP (~4.1) is
approximately 2 units less than the pH at which this reaction was performed. Moreover, DHP
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was not capable of degrading TNP (pKa ~0.4) at pH 6. The hypothesis that the phenolate
form of nitrophenols is not favored for catalytic activity by DHP is further demonstrated by
the fact that 4-NP (pKa ~7.2) and 2,4-DNP are not degraded by DHP at pH 8. Previous
studies (32-34) have shown that monohalogenated phenols in the para-position (4-XP, X= F,
Cl, Br, I), which inhibit peroxidase chemistry of DHP have the ability to enter the distal
pocket in their neutral form since the pKa’s of all of these monohalophenols are above 9.0.
This observation is in agreement with previous studies that have shown the instability of
proteins upon the introduction of buried charges into the distal pocket. Nonetheless, pHstudies (35) of DHP activity demonstrated that the optimum pH for the oxidation of TCP
(pKa ~6.4) by DHP A was observed at pH 7.4. At this pH, TCP will befound in solution in its
phenolate form. However, many studies based on resonance Raman (34) and NMR (32, 33)
experiments have suggested that TCP does not enter the active site of the enzyme, and it
binds externally to the protein. Thus, it is possible the neutral form of the nitrophenol
substrate is required in order to enter the active site of the DHP enzyme, and undergo the
hydroxylation reaction. Our experimental data shows that 2-NP and 3-NP are also substrates
for DHP and their reactivity percentages (49.6% and 43.7%, respectively) are slightly
increased in comparison with 4-NP.
To probe the mechanism of nitrophenol degradation, we characterized the reaction
products of 4-NP as substrate using HPLC retention time (tr), UV-visible spectra and MS
experimental data. Upon reaction of 4-NP (tr= 4.7 min) with DHP B in the presence of H2O2,
we observed the appearance of three distinctive peaks [peak #1 (tr = 1.8 min), peak #2 (tr =
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3.9 min), and peak #3 (tr = 4.1 min)] in the HPLC chromatogram as shown in Figure 5.3.

A

B
244

346

Absorbance

Absorbance

4-NP

#1

#2

*

#3

Retention time (min)

Wavelength (nm)

Absorbance

Absorbance

C
D
Figure 5.3. HPLC chromatogram showing the main reaction products from the enzymatic
degradation of 4-NP by DHP B in the presence of H2O2 at pH 6.
244

346

Peak #3 was identified as 4-nitrocatechol (4-NC) by comparing the UV-visible

*

spectrum and tr to an authentic sample of 4-NC (Figure 5.4). Furthermore, the mass spectrum
(M-H, 154 m/z) was in full agreement with 4-NC (M.W. = 155.11 g/mol) as shown in
Retention time (min)

Figures 5.4 and 5.5.
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Figure 5.4. (A) HPLC chromatogram monitored at 350 nm of the reaction mixture of 4nitrophenol, DHP B, and H2O2 at pH 6. (B) UV-visible spectrum of peak #3 (tr= 4.1 min)
observed in the HPLC chromatogram displayed in (A). (C) HPLC chromatogram and (D) the
UV-visible spectrum of a standard sample of 4-nitrocatechol dissolved in 100 mM KPi buffer
(pH 6). (E) Mass spectrum of peak #3.
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The remaining two peaks, #1 and #2, appear to originate from a secondary reaction of
4-NC with DHP in the presence of H2O2. This hypothesis was tested by incubating the
authentic sample of 4-NC with DHP B and H2O2, followed by HPLC analysis and
comparison of the resulting chromatogram to that of the reaction mixture from the assay with
4-NP (Figure 5.6). MS data show that peak #1 (λmax= 380 nm) has a 168 m/z with a formula
of C6H3NO5, which we putatively assigned to the diquinone shown in Figure 5.6.E. Peak #2
was tentatively assigned to 5-nitropyrogallol (M.W. = 171.11 g/mol) according to the MS
data that resulted in a M-H peak of 170 m/z and a chemical formula of C6H5NO5 (Figure
5.7).

Figure 5.5. Hydroxylation reaction of 4-nitrophenol catalyzed by DHP in the presence of
H2O2.
OH

OH
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H 2O

O
HO

OH

O

+
DHP
NO2

NO 2
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Figure 5.6. (A) HPLC chromatogram monitored at a wavelength of 380 nm of the reaction
mixture of 4-nitrophenol, DHP B, and H2O2 at pH 6. (B) UV-visible spectrum of peak #1 (tr=
1.8 min) observed in the HPLC chromatogram displayed in (A). (C) HPLC chromatogram
monitored at a wavelength of 380 nm spectrum for the reaction mixture of 4-nitrocatechol,
DHP B, and H2O2 at pH 6. (D) UV-visible spectrum of the HPLC peak (tr= 1.8 min)
observed in the HPLC chromatogram displayed in (C). (E) Mass spectrum of peak #1.
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Figure 5.7. (A) HPLC chromatogram monitored at a wavelength of 350 nm of the reaction
mixture of 4-nitrophenol, DHP B, and H2O2 at pH 6. (B) UV-visible spectrum of the peak #2
(tr= 3.9 min) observed in the HPLC chromatogram displayed in (A). (C) HPLC
chromatogram monitored at a wavelength of 350 nm spectrum of the reaction mixture of 4nitrocatechol, DHP B, and H2O2 at pH 6. (D) UV-visible spectrum of the HPLC peak (tr= 3.9
min) observed in the HPLC chromatogram displayed in (C). (E) Mass spectrum of peak #2.
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Under anaerobic conditions, the enzymatic reaction was not altered and this therefore
eliminates the possibility that the oxygen atom inserted into the 4-NC product originated
from molecular oxygen. It is well known that both superoxide and hydroxylradicals have the
potential to be involved in hydroxylation reactions (36-38). To rule out the possible
mechanistic role of such species we have carried the enzymatic reaction of ferric DHP B, 4NP, and H2O2 in the presence of radical scavengers such as superoxide dismutase (SOD),
dimethyl sulfoxide (DMSO), formate, and mannitol. The results listed in Table 5.1 reveal
that none of these scavengers made a significant impact in the percent of reacted substrate
during the 4-NP hydroxylation by DHP B.
Two possible enzymatic mechanisms could account for the hydroxylation reaction of
4-NP by DHP. One of the possible mechanisms relies on peroxidase chemistry, and the other
relies on peroxygenase activity as shown in Scheme 5.1. If a peroxidase mechanism is
responsible for the hydroxylation of 4-NP, it would require the insertion of the oxygen atom
from a water molecule. In contrast, a peroxygenase reaction would require an oxygen atom
inserted into the 4-NC product to originate from H2O2.
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Scheme 5.1. Possible enzymatic mechanistic routes for the hydroxylation reaction of 4nitrophenol catalyzed by DHP using H2O2.
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To test which mechanism was responsible for the observed hydroxylation reaction,
we performed isotopic labeling experiments using both

18

O-labeled hydrogen peroxide

(H218O2) and 18O-labeled water (H218O). The MS data shown in Figure 5.8 reveal that H2O2
supplies the oxygen atom introduced into 4-NP when DHP hydroxylates this substrate, as
shown by the shift of the principal molecular ion from 154 m/z to 156 m/z when the
enzymatic reaction was carried out by DHP B, 4-NP, and H218O2. However, this shift was
absent when H218O was used as the solvent for the reaction.
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Figure 5.8. (A) Mass spectrum of 4-nitrocatechol (M-H, 154 m/z) resulting from the reaction
of 4-nitrophenol with DHP B at pH 6 in the presence of (A) unlabeled H2O2, (B) unlabeled
H2O2 carried out in H218O (as the solvent), and (C) H218O2.
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On the basis of these results, we propose the following mechanism for the
hydroxylation of 4-nitrophenol by DHP. First, H2O2 binds to the ferric form of the enzyme,
forming a transient Compound I, which rapidly decays to Compound ES. Once H2O2 binds to
the ferric heme iron, the catalytic reaction can proceed through Compound ES or Compound
I, which were previously shown to be active intermediates during peroxidase chemistry of
DHP. Subsequently, Compound ES is reduced by a one-electron transfer reaction from the 4NC substrate to generate a protonated form of Compound II and a phenoxyl radical, which
can be located on one of the aromatic carbons due to electronic resonance. Next, this carbon
radical reacts with the Fe(IV)-OH species in a homolytic substitution reaction known as the
"oxygen rebound" step to yield the hydroxylated product, 4-NC, and regenerate the ferric
resting state of the enzyme.
Manoj et al. (39) proposed that the mechanism of the peroxygenation reaction as
catalyzed by CCPO resembles the known "peroxide-shunt" of the catalytic cycle of
cytochrome P450 (40). Additionally, X-ray crystallography studies (41) have shown that
CCPO catalysis of peroxygenation reactions involve a protonated Compound II intermediate
(FeIV-OH), which supports the previously proposed oxygen rebound mechanism in the
cytochrome P450 oxygenation mechanism, and serves as a precedent for our proposed
mechanism of nitrophenol hydroxylation by DHP.
The hydrogen peroxide-dependent oxidative dehalogenation of 2,4,6-trihalogenated
phenols (TXP, X= F, Cl, Br) as catalyzed by both DHP A and DHP B, yielding the
corresponding 2,6-dihalo-1,4-diquinone product, has also been examined herein using
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isotope labeling studies. The oxidation of TXP substrates by DHP was described as a
peroxidase activity based upon the similarity in reactivity with the TCP oxidative
dehalogenation when catalyzed by HRP. Here, we present experimental evidence that
supports such peroxidase chemistry by reacting TCP, DHP B, and H2O2 in the presence of
H218O (as solvent) in order to probe whether or not the oxygen incorporated in the 2,6dichloro-1,4-benzoquinone (DCQ) product originates from water (Figure 5.9). Thus, we also
demonstrate a clear difference between the origin of the oxygen atom incorporated in the
DCQ and 4-NC products, in the peroxidase and peroxygenase reactions, respectively, when
catalyzed by DHP. Based on this observation, it may be possible that these two enzymatic
reactions of DHP are directed by the nature of the substrate. It was proposed that a cation is
formed on one of the phenolic carbons during the oxidative dehalogenation of TCP, thus
acting as an electrophile, following by its reaction with water and the displacement of the
chloride ion to form the second quinone product. The general concept that electron
withdrawing substituents, such as nitro groups, can destabilize cations may potentially
explain why the 4-NP substrate is not oxidized in the same manner as TCP.
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Figure 5.9. Mass spectrum of 2,6-dichloro-1,4-diquinone (DCQ) that resulted from the
reaction of TCP and DHP B in the presence of (A) unlabeled H2O2, (B) unlabeled H2O2 in a
H218O solvent, and (C) H218O2. (D) Mass spectrometry of a commercially available sample of
DCQ.

In summary, our experimental results clearly demonstrate that dehaloperoxidasehemoglobin from A. ornata displays peroxygenase chemistry as shown by the isotopic
labeling experiments that conclusively demonstrate that a H2O2 molecule is the origin of the
oxygen atom inserted into the hydroxylation product of the 4-NP. Thus, we present a newly
discovered activity of DHP that demonstrates peroxygenase activity by a proximal histidine
heme protein. Thus, our experimental data also supports previous observations which
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minimize the importance of a thiolate ligand in peroxygenase chemistry. It is considered that
globins have been around since the beginning of terrestial life since these proteins are
essential for the transport and storage of oxygen, while it is generally accepted that the entire
P450 superfamily of enzymes evolved over 1400 million years ago. Moreover, protein
structure of cytochrome P450 is similar to the globins as its overall structure is dominated by
alpha-helices. Hence, it could be reasoned

that the dehaloperoxidase-hemoglobin from

Amphitrite ornata could be an ancestral version of cytochrome P450 family. Nonetheless,
DHP represents an important link between globin proteins and cytochrome P450 enzymes.
Therefore, our discovery of peroxygenase activity in DHP expands the current knowledge of
the DHP nature as a mutifunctional enzyme, and serves as a starting point of further
investigation into additional enzymatic functions. Additionally, based on the electronic
properties of the substrate, DHP may function as either a peroxidase or as a peroxygenase
enzyme, and is a novel example of substrate-directed enzymatic activity.
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