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Accepted 11 April 2021 four mechanisms for substrate oxidation as a defense mechanism against toxic metabolites, spanning

electron- (peroxidase and oxidase) and O-atom (peroxygenase and oxygenase) transfer. As such, DHP
can be defined as a multifunctional catalytic hemoglobin. Given that its peroxidase function is already
well established in the literature, this review aims to provide further structural and mechanistic details
into the other three activities performed by DHP, with a particular emphasis on its peroxygenase activity.
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T. Malewschik and R.A. Ghiladi
1. Introduction

The segmented marine worm Amphitrite ornata coinhabits
benthic ecosystems with other organisms that secret toxic halo-
genated metabolites as a defense mechanism. In order to survive
such harsh environments, A. ornata employs its hemoglobin,
named dehaloperoxidase (DHP), in the detoxification of these sub-
stances [1-4]. DHP is a catalytic globin, a term that was first coined
by Lebioda and coworkers [5] after the first identified oxidative
function of DHP, peroxidase activity, was discovered in 1996 for
the H,0,-dependent oxidative dehalogenation of halophenols
[2,5]. The substrate scope of DHP has been expanded to include
methoxyphenols (guaiacols) and methylphenol (cresols), which
were also found to be oxidized via this peroxidase activity (Fig. 1,
red and purple) [6,7]. More recently, three additional oxidative
activities were discovered for DHP: peroxygenase [8], oxidase [8]
and oxygenase (McCombs, dissertation 2017) [9]. The peroxyge-
nase function of DHP, first described in 2014 for the oxidation of
haloindoles [8], is also employed in the oxidation of nitrophenols
[10], pyrroles [11] and cresols [7] (Fig. 1, blue and purple). The per-
oxidase function of DHP has been thoroughly investigated and
reported in the literature [12-37], thus the purpose of this review
is to focus on the more recently identified functions for DHP and
more specifically, its peroxygenase function.

1.1. Dehaloperoxidase overview

The A. ornata benthic environment is coinhabited by organisms
such as Notomastus lobatus (Polychaeta) and Saccoglossus kowa-
lewskyi (Hemichordata) that release high levels of toxic halo-
genated aromatic compounds as repellents against predation
[2,3]. While living under the umbrella of protection of its neigh-
bors’ chemical defense mechanisms, A. ornata employs its hemo-
globin, DHP, as a biocatalyst to oxidize these repellents, thus
enabling it to survive in these harsh environmental conditions
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[3-5,38-40]. The reaction for which DHP became known as a cat-
alytic globin is the oxidative dehalogenation of 2,4,6-trihalophenol
(2,4,6-TXP) yielding the corresponding 2,6-dihalo-1,4-
benzoquinone (2,6-DXQ) (Fig. 2, top) [2].

Structural and spectroscopic efforts were employed to under-
stand and elucidate the peroxidase mechanism of the DHP-
catalyzed oxidation of halophenols, and it was determined that
the peroxidase catalytic cycle of DHP follows the general one pro-
posed by Poulos and Kraut for heme peroxidases [41,42]: the ferric
form of the enzyme binds to hydrogen peroxide, and heterolytic
cleavage of the O-O bond is assisted by the distal histidine (H55),
leading to the formation of Compound I, a highly reactive iron
(IV)-oxo center with a porphyrin 1 -cation radical [(Por**)Fe'V=0
AA] species (AA = amino acid). In the catalytic cycle of DHP, Com-
pound I was found to be short-lived [15], yielding Compound ES,
[(Por)Fe'V=0 *AA] after internal electron transfer with a local amino
acid residue (i.e., Tyr34, Tyr38 or Tyr28) [18,25,33]. This two-
electron oxidized species reacts with a substrate molecule in two
consecutive one-electron steps [34], with Compound II
[(Por)FeV=0 AA] as an intermediate [19], returning the enzyme
to its ferric resting state. With regards to the substrate, once the
phenoxyl radical is formed (Fig. 2, bottom), it has been suggested
that radical disproportionation leads to carbocation formation,
which then rearranges to form the quinone product upon addition
of solvent water [14]. Finally, it has been shown that the 2,6-DXQ
product undergoes a spontaneous, albeit slow, non-enzymatic oxi-
dation, giving rise to 3-hydroxy-2,6-dihaloquinone (2,6-DXQOH)
[37].

Structurally DHP has a 3-on-3 a-helical structure, a known fold
for globins, and thus it is characterized as such according to the
SCOP database (Structural Classification of Proteins), even though
it bears little sequence homology when compared to other known
globins [4,5,22,43,44]. The first crystal structure of DHP (PDB:
1EW6) was reported by Lebioda and coworkers in 2000 [43], which
reveals that the distal histidine (H55), located on helix E of the
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Fig. 1. Substrate scope of dehaloperoxidase showing the peroxidase (red) and peroxygenase (blue) activities employed in substrate oxidation.
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Fig. 2. Top: Peroxidase activity of DHP in the oxidative dehalogenation of 2,4,6-trihalophenol (2,4,6-TXP) into its corresponding 2,6-dihalo-1,4-benzoquinone (2,6-DXQ).

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

structure, plays a major role in the catalytic process and displays
an increased flexibility = compared to other globins
[18,23,43,45,46]. In subsequent functional and structural studies,
residues L100, F21, F24, F35, V59 and F60 were found to form a
hydrophobic cavity, named the Xel binding distal pocket
(Fig. 3A) [47], that accommodates and interacts with substrates
such as halophenols [2,17,20,21,26,34,35,48], haloindoles [8,49],
nitrophenols [10], azoles [50], guaiacols [6] and cresols [7]. Resi-
dues Y38, T56 [51] and H55 are often found to form stabilizing
hydrogen bonding interactions with the substrates in the pocket
of DHP (Fig. 3B). The proximal side of the protoporphyrin IX cofac-
tor is stabilized by a proximal histidine (H89), which in conjunc-
tion with the backbone carbonyl oxygen of L83, forms a Leu-His-

Fig. 3. Relevant amino acid residues in the distal and proximal sides of the heme
cofactor in the enzyme dehaloperoxidase A) hydrophobic amino acid residues that
constitute the Xel binding pocket (PDB: 3MOU), and B) residues responsible for
hydrogen bonding interactions with substrates (PDB: 60NX).

Fe catalytic triad, in comparison to the commonly known Asp-
His-Fe triad of classic peroxidases [41,52].

1.2. Heme peroxygenase enzymes

Peroxygenases, a class of enzymes that employ peroxide as the
O-atom source for oxyfunctionalization of small molecules, have
been increasingly investigated for their substrate promiscuity
and versatility. They perform a variety of different oxidative
reactions, such as the hydroxylation and epoxidation of aromatic,
linear and cyclic alkanes and alkenes, sulfoxidation and
N-oxygenation, dechlorination and halide oxidation, amongst
others [53-62]. A notable example of a peroxygenase enzyme is
the fungal unspecific peroxygenase (UPO), also referred to as aro-
matic peroxygenases (APOs), which exhibits high catalytic activity
and specificity using Mg?* ions as a cofactor. The hydroxylation of
naphthalene, shown to proceed via an epoxide intermediate, was
the first reaction to be identified for UPOs [53-56,63-68]. UPOs
only require H,0, as a co-substrate for catalytic turnover, and they
are independent from NAD(P)H or electron transfer chains due to
the fact that they are extracellular proteins [54,68], in contrast
with the super family of cytochrome P450 enzymes. The P450 class
of enzymes are known monooxygenases and their catalytic cycle is
0, and NAD(P)H-dependent, however they can also employ hydro-
gen peroxide as an oxidant, where the catalytic cycle proceeds via
the “peroxide shunt” pathway [59,69]. One example of a P450-
peroxygenase enzyme is the CYP152 family of bacterial
cytochromes, such as CYP152A1 (P450gsg) and B1(P450spy), which
catalyzes the hydroxylation of fatty acids in the presence of hydro-
gen peroxide [53,57-61,70-72].

In general, structural differences between peroxidases and per-
oxygenases impact their reactivity with substrates, where the main
difference is the proximal ligand: histidine for peroxidases and cys-
teine for peroxygenases (UPOs and cytochrome P450s). In addition,
in peroxidases there is a local aspartate residue at the proximal
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side that contributes to the formation and stabilization of the ferryl
active species by interacting with the histidine, which constitutes
the catalytic triad (Asp-His-Fe) mentioned above and is shown
for horseradish peroxidase (HRP) in Fig. 4A [41,42,73-75]. In
unspecific peroxygenases, this triad is characterized by a highly
conserved PCP motif (proline-cysteine-proline) that has been
found to be essential for catalytic activity (Fig. 4B) [56,65,66,68].
At the distal side, the presence of general acid-base catalytic resi-
dues, such as histidine, aspartic acid and glutamic acid (Fig. 4A
and B), can impact the activation of hydrogen peroxide, leading
to the formation of the active ferryl species [41,42,73,76]. In the
case of P450s, three natural bacterial enzymes, namely P450gs;,
P450spar and P450¢;4, have been identified and found to perform
the hydroxylation of fatty acids in the presence of H,0,. Their
active site does not contain the “general” acid-base residues, so
instead the carboxylic acid group of the fatty acyl acid substrate,
shown as palmitic acid in Fig. 4C, interacts with the guanidinium
moiety of a local arginine residue, creating a salt bridge. This is
considered to be the first step of the H,0O,-dependent catalytic
cycle and it is referred to as a “substrate-assisted activation mech-
anism” [57]. In addition, short-alkyl-chain carboxylic acids (C4-
C10) were found to “trick” P450gss into performing non-native
substrate transformations. The enzyme misrecognizes these
shorter carboxylic acids, termed “decoy molecules”, as native sub-
strates, thereby mistakenly initiating the catalytic cycle. As these
shorter fatty acids are not hydroxylated themselves, exogenous
compounds are oxidized in their stead [57,59].

The oxidation mechanisms employed by peroxidases (such as
HRP [42]), peroxygenases (such as UPO) [53,54,56,77| and cyto-
chrome P450s (such as CYP152A1, P450gs) [53,57,59,69,78] have
all been well established in the literature. The formation of the
highly reactive ferryl species is very similar for all three classes
of enzymes mentioned, which proceeds through binding of hydro-
gen peroxide to the ferric enzyme, followed by heterolytic cleavage
of the 0-O bond, mediated by an amino acid residue acting as an
acid-base catalyst. However, the oxidation of substrates via a per-
oxidase (or oxidase, vide infra) mechanism proceeds through elec-
tron transfer, whereas peroxygenase (or oxygenase, vide infra)
proceeds via an O-atom transfer. The sequential oxidation of sub-
strates by UPO enzymes proceeds via pathways comparable to
the well described pathways of cytochrome P450 enzymes
[56,69,79]. Functionalization of substrate (shown in Scheme 1
using pyrrole as an example) can occur via three different path-
ways [69]: i) electrophilic attack of substrate by Compound I
[(Por**)Fe!V=0 AA], resulting in the formation of ferryl-radical sub-
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strate species that leads to a substrate epoxide intermediate; ii) H-
atom abstraction by Compound I, followed by oxygen radical
rebound of a caged ferryl (Compound II, [(Por)Fe!V=0 AA] or
[(Por)Fe'V-OH AA]) and substrate radical species; and iii) single
electron transfer (SET) from Compound I to the substrate, followed
by an electrophilic attack to the ferryl center, resulting in a ferric-
cationic substrate intermediate [69]. Subsequently, further rear-
rangement (e.g., NIH shift, indicated by the green hydrogen atoms)
leads to product formation.

As mentioned above, the proximal ligand is important for reac-
tivity, and in the case of UPOs and CYP450, the proximal cysteine
has been shown to affect the formation and stabilization of both
Compound I and Compound II [69]. The one-electron reduction
potential of Compound I and the pK, of Compound II (in its proto-
nated state, [(Por)Fe'V-OH]) are the two physical parameters that
dictate the driving force of hydrogen atom transfer (HAT) in C-H
activation reactions, which can be calculated using the thermody-
namic square scheme developed by Bordwell (Scheme 1, pathway
ii) [69,80-82]. The pK, of Compound II can be used to estimate the
reduction potential of Compound I, which has proven difficult to
determine due to its short lifetime. The difference in the pK, values
for different heme proteins is very pronounced, where heme thio-
late proteins have very basic ferryl species, for example AaeUPO
(pKy = 10) and CYP158 (pK, = 12.2), compared to histidine-
ligated heme proteins, myoglobin (Mb) (pK, < 2.7) and HRP (pK,
< 3.5) [69]. A high pK, for Compound II indicates a basic [(Por)Fe'V-
OH] species with a strong O-H bond, which in turn increases the
driving force of HAT by Compound I [69]. The increased basicity
for heme thiolate enzymes has been associated with the cysteine
proximal ligand, which pushes electron density onto the ferryl oxy-
gen, rendering Compound II more basic, and thus turning these
enzymes into potent biocatalysts [69,79,83].

Structural characterization of ferryl species by X-ray crystallog-
raphy is challenging due to reduction and/or protein damage
caused by radiation. However, more recently cofactor replacement
of the microbial CYP450 family enzyme CYP102A1 (P450g\3) was
reported by Stanfield and collaborators as an example of a success-
ful model for the ferryl species. The authors report the replacement
of the native iron protoporphyrin IX cofactor by oxomolybdenum
mesoporphyrin IX (Mo(O)PIX). The new, non-native system
showed a Mo-O,y, bond distance of 1.8 A, which is virtually iden-
tical to the reported Fe-O.y, bond distance for chloroperoxidase
(1.82 A); thus, this system represents an excellent model for Com-
pound II [(Por)Fe'V=0 AA] of the classic cytochrome P450 catalytic
cycle [84].

g R242
1.9

. Palmitic acid
2.0 S

Fig. 4. Main structural differences between three classes of H,0,-dependent heme enzymes: A) peroxidases, represented by horseradish peroxidase, HRP (PDB: 1AT]J), B)
peroxygenases, represented by mushroom Agrocybe aegerita (AaeUPO) (PDB: 2YP1), and C) bacterial cytochrome P450gss from Sphingomonas paucimobilis containing palmitic

acid (native substrate) (PDB: 11ZO).
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Scheme 1. Three proposed pathways for pyrrole functionalization via O-atom
transfer by Compound I in heme enzymes.

2. Dehaloperoxidase peroxygenase substrates

As the number of substrates found to undergo oxygen atom
transfer by DHP has dramatically increased over the past few years,
the focus of this review is to provide the structural and mechanistic
underpinnings of the DHP peroxygenase activity by drawing on
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some of the recently published results for the oxidation of indoles
[8], nitrophenols [10], pyrroles [11] and cresols [7]. Literature
reports on the oxidation of these substrates (and their derivatives)
by other heme enzymes will be used to correlate the structure-
function relationships relevant to dehaloperoxidase. For
completeness, the oxidase and oxygenase functions of DHP will
be introduced and briefly discussed here. In addition, electronic
and structural effects are addressed and discussed in order to
broaden our understanding of the function switch present in this
multifunctional catalytic globin. And lastly, final remarks provide
perspective on how the studies performed on DHP over the past
two decades advance our understanding of catalytic globins within
the context of the structure-function paradigm(s) of the heme pro-
tein superfamily.

2.1. Indole and derivatives

Dehaloperoxidase has been investigated as a biocatalyst in the
oxidation of indole and derivatives in the presence of hydrogen
peroxide at physiological pH by Barrios and coworkers [8]. Enzy-
matic assays were performed and analyzed via HPLC, with sub-
strate conversion ranging between 24 and 48% (unoptimized)
after a five-minute reaction period. Product identification by HPLC
when 5-Br-indole (5-Br-I) was employed as the substrate showed
5-Br-2-oxindole and 5-Br-3-oxindolenine as the two major
products formed in a 1:1 ratio. Minor products were identified as
5-Br-2,3-dioxindole, 5-Br-3-hydroxy-2-oxindole, N-(4-Br-2-
formylphenyl)formamide, and (E)-5,5'-dibromo-[2,2’-biindolinyli
dene]-3,3’-dione (Scheme 2). The latter exhibited an intense visible
band at 600 nm, which was associated with the dimer 5,5-Br,-
indigo upon further spectroscopic investigation (oxidase mecha-
nism, vide infra) [8].

Molecular dynamics (MD) simulations were originally
employed to generate a geometry optimized structure, revealing
5-Br-I to be situated in the distal pocket of DHP, nearly perpen-
dicular to the heme cofactor, with the indole nitrogen facing
away from the iron center and the bromine located in the Xel
binding site [8]. More recently, the structure of dehaloperoxidase
in the presence of 5-Br-I (Fig. 5A) was resolved by serial fem-
tosecond X-ray crystallography (SFX) [49]. This new structure
corroborates the earlier calculated model, wherein the substrate
was found to reside within the distal pocket with the halogen
atom positioned internally in the Xel hydrophobic binding
pocket. The occupancy of the Xel site by a substrate halogen
has been previously observed for halophenols [26,47,85],
haloguaiacols [6] and halocresols [7]. The amino acid F60 is dis-
placed to accommodate the bulky halogen atom, F21 is oriented

(0]
Br. Br.
- )
N:
N N

5-Br-2-oxindole

5-Br-3-oxindoleni
r-3-oxindolenine | " o

0 OH ,
Br. Br. Br. (@) N
\ __bHP _ o o Y
H202, H,0 ! / H
N: N: N: Br
H H H

5-bromoindole 5-Br-2,3-dioxindole

(5-Brl)

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

(E)-5,5"-dibromo-[2,2"-biindolinylidene]-3,3"-dione

Scheme 2. Products identified in the H,0,-dependent oxidation of 5-Br-indole as catalyzed by DHP.
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Fig. 5. Crystal structures of A) dehaloperoxidase B in the presence of 5-bromoindole (PDB: 616G, magenta), B) bacterial CYP199A4 complexed with indole-6-carboxylic acid
(PDB: 4EGO, cyan), and C) human indoleamine 2,3-oxygenase with tryptophan (PDB: 6E46, orange). Select atomic distances (A) and interactions between substrate and amino

acids and the heme macrocycle are shown.

to form m - 7 interactions with the aromatic ring of the sub-
strate, and the distal histidine (H55) is in the closed conforma-
tion interacting with the substrate via hydrogen bonding. The
indole nitrogen, C2 and C3 are 4.9, 48 and 54 A away from
the heme iron center, respectively, which contributes to under-
standing the selective oxidation of 5-Br-I at the C2 and C3 posi-
tions [8]. The presence of the substrate inside the pocket was
also confirmed by resonance Raman experiments: an increase
in the 5-coordinate high spin (5cHS) heme population (and cor-
responding decrease of the 6¢cHS population) were noted upon
addition of 5-Br-I to wild-type DHP. Originally, this was inter-
preted to be consistent with the displacement of a heme iron-
bound water, as it was believed that the presence of the large
5-Br-I substrate would force the distal histidine (H55) into an
open conformation [8], rendering it unable to stabilize the bound
water through hydrogen bonding. However, the newly obtained
SEX structure suggests that the increase in 5cHS heme instead
occurs due to hydrogen bonding of the distal histidine in the
closed conformation that shifts to stabilizing the substrate,
rather than the iron-bound water [49].

The reactivity of indole has been reported for non-heme iron
enzymes, UPOs, and cytochrome P450s (wild type and mutants,
human and microbial), where the observed products were also 2-
oxindole, 3-oxindole and indigo [86-94]. Bell et al. reported the
catalytic activity and crystal structure of bacterial cytochrome
CYP199A4 in the presence of aromatic carboxylic acids, including
indole-6-carboxylic acid (Fig. 5B) [95]. The position of this sub-
strate in the active site of the enzyme provides an explanation
for the oxidation at the 2-position of the ring, because, although
the authors did not observe a product by GC-MS analysis, previ-
ously published results for this substrate showed the formation
of 2-indolinone-6-carboxylic acid [95,96]. Even though the posi-
tioning of indole-6-carboxylic acid in the CYP199A4 structure

Br
HN HN
H H HOH
My
—FéL —— —rel
Compound | (ii)

differs from what was found for 5-Br-I in DHP [49], the distances
between the heme-Fe and the indole nitrogen, C2 and C3 atoms
(4.3, 4.2 and 5.3 A, respectively) are comparable to those found
for DHP. Additionally, a recently published crystal structure of
human indoleamine 2,3-dioxygenase 1 (IDO1) complexed with
its native substrate tryptophan (Fig. 5C), reveals an orientation that
favors oxidation at the C2 position, (distances from indole nitrogen
and C2 to the heme-Fe are 4.1 and 4.0 A, respectively) [97,98], sim-
ilar to what has been observed for indolic substrates bound to DHP
and CYP199A4.

In the DHP-catalyzed oxidation of 5-Br-I, isotopically labeled
water and hydrogen peroxide (H120 and H1%0,) indicated that
the source of the oxygen incorporated into the substrate was
derived from hydrogen peroxide, providing unequivocal evidence
that the substrate was oxidized via a peroxygenase mechanism.
These results, in conjunction with stopped-flow UV-visible spec-
troscopic data, allowed for the proposal of a mechanism for the
H,0,-dependent oxidation of haloindoles by DHP [8]. While it
focused on the observed heme intermediate species and not on a
step-by-step substrate-based mechanism, the authors mention
the possibility of oxygen rebound chemistry or other mechanisms
associated with peroxygenase/CYP450 enzymes, such as i) H-atom
abstraction yielding a caged substrate radical and ferryl intermedi-
ate, ii) electrophilic addition followed by formation of an epoxide
intermediate or iii) SET followed by electrophilic attack (Scheme 1
and Fig. 6).

Previous mechanistic reports of the oxidation of indole by the
heme enzyme IDO1 suggest that the formation of the products
2-oxindole and 3-oxindole products is likely to proceed via an
epoxide intermediate or by hydroxylation [88,94,99], similar to
cytochrome P450 catalyzed reactions. The report made by Barrios
et al. corroborates the assumption about the possible mechanistic
pathways for the DHP-catalyzed oxidation of indole derivatives [8].

O Br Br
O HN HN
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O H
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Fig. 6. Possible intermediates for the H,0,-dependent oxidation of 5-bromoindole to 5-bromo-2-oxindole: (i) caged substrate radical and ferryl species intermediate, (ii)
epoxide intermediate, and (iii) ferric-cationic substrate species. The green hydrogen atom represents a label that would undergo an NIH shift in the cases of ii and iii [69].
Note: for simplicity, the 5-bromo-3-oxindole product that was also formed in a ~ 1:1 ratio, is not shown but is proposed to involve the same intermediates as depicted above

for 5-bromo-2-oxindole.
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2.2. Pyrrole and derivatives

Un- or lightly-substituted pyrroles are heterocyclic aromatic
compounds that are highly unstable in the presence of light, acid
and oxygen conditions. The rapid, spontaneous formation of poly-
pyrrole often hinders the use of this chemical as a scaffold for
sequential chemical reactions [100,101]. Thus, the synthesis of
substituted pyrroles can be costly, laborious and environmentally
unfriendly [100].

Enzyme catalyzed pyrrole oxidation to polypyrrole has been
reported for HRP and laccase due to the technological application
of this product as a conducting polymer [102,103]. Guengerich
et al. also reported the use of oxygenases, such as CYP450, in the
activation and catalysis of pyrrole, although the authors do not
mention the nature of the product(s) formed [101].

McCombs et.al. employed the multifunctional globin DHP as a
biocatalyst for the functionalization of pyrroles under physiologi-
cal conditions [11], where 32% conversion (unoptimized) of pyrrole
to 4-pyrrolin-2-one and 3-pyrrolin-2-one in a 1:9 ratio was
achieved after 5 min of reaction (Scheme 3). Methylated pyrrole
derivatives were also investigated (N-methyl, 2-methyl, 3-methyl
and 2,5-dimethylpyrrole) and exhibited increased conversion com-
pared to the parent compound. Substituted pyrroles showed the
formation of multiple monomeric products, with the 2-one being
the major product. Trace oligomeric products were observed at
longer reaction times (24 h) by LC-MS. The functionalization of
pyrroles at the o -position was expected and electrophilic attack
at this position has been found to be kinetically favored owing to
the large orbital coefficients in the HOMO for C2 and C5 and the
higher stability of the o-complex intermediate formed in the oxi-
dation of these compounds [104].

The single oxygen atom incorporated at the o -position of the
ring was confirmed by 80 labeling studies to have originated from
a hydrogen peroxide molecule, providing strong evidence of oxida-
tion by a peroxygenase mechanism [11]. Mechanistic studies per-
formed by stopped-flow UV-visible and rapid-freeze-quench
electron paramagnetic resonance (RFQ-EPR) spectroscopies
allowed for the proposal of a stepwise catalytic cycle for the
H,0,-dependent oxidation of pyrrole: a single, two-electron elec-
trophilic addition of the ferryl oxygen of Compound I to pyrrole
forms a cationic tetrahedral-like intermediate complex, which
undergoes further rearrangement forming the 4-pyrrolin-2-one

(0]
[y oo TV, . (3
N~ H202 HO N O N
H H H
pyrrole 4-pyrrolin-2-one 3-pyrrolin-2-one

Scheme 3. Products identified in the H,0,-dependent oxidation of pyrrole as

catalyzed by DHP.
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product [11]. The authors propose that the distal histidine (H55)
is likely acting as the acid/base, and further rule out the possibility
of a mechanism involving radicals due to the absence of polypyr-
role formation, which is initiated by the coupling of two pyrrole
radical cations [11]. Pyrroles are more likely to undergo elec-
trophilic attack owing to their electron rich nature [104], and a
cationic intermediate has been established to be common when
the product formed is a ketone or an aldehyde [69]. This cationic
intermediate, described in the mechanism proposed by McCombs
et al. in one simplified step, may also be formed from two discrete,
one-electron steps, where a single electron transfer (SET) from
Compound I to substrate is followed by electrophilic attack of the
ferryl oxygen to the activated substrate (Scheme 2, Pathway iii)
[69].

2.3. Nitrophenol and derivatives

In addition to its ability to degrade naturally occurring phenolic
compounds, DHP also possesses the ability to oxidize metabolites
of anthropogenic origins. The U.S. Environmental Protection
Agency (EPA) lists 2-nitrophenol (2-NP), 4-nitrophenol (4-NP),
2,4-dinitrophenol (2,4-DNP) and 2,4,6-trinitrophenol (2,4,6-TNP)
as Priority Pollutants [105], the majority of which were also found
to be substrates (except 2,4,6-TNP) for DHP that are oxidized via a
peroxygenase mechanism [10].

The enzymatic assays analyzed via HPLC were performed in the
presence of ferric WT DHP, hydrogen peroxide and the aforemen-
tioned substrates at pH 6, and showed a conversion range of
16-50% after five minutes (unoptimized). In the case of 4-
nitrophenol, three main products were identified: 4-nitrocatechol
(4-NC), which was further oxidized into 5-nitrobenzene-triol
(two isomers possible), and even further to form hydroxy-5-
nitro-1,2-benzoquinone (Scheme 4). In order to determine the
origin of the oxygen atom inserted in the substrate, '®0-labeling
studies (H80 and H180,) were performed, revealing that the oxy-
gen incorporated into 4-NP yielding 4-NC is derived from a H,0,
molecule, consistent with a peroxygenase mechanism [10]. Inter-
estingly, however, the labeling studies also demonstrated that
the other oxidation products were formed through successive
peroxidase-based oxidations. Three sequential oxidations by two
different mechanisms (peroxygenase-peroxidase-peroxidase)
yielding the hydroxy-5-nitro-1,2-benzoquinone product demon-
strates the nature of DHP as a multifunctional catalyst (Scheme 4).

The enzymatic ortho-hydroxylation of 4-NP has been reported
for both fungal UPOs [67] and mammalian CYP450 enzymes
(CYP2E1 and CYP3A4) [106-109]. The substrate was established
to be an in vitro probe to the O,/NADPH-dependent catalytic activ-
ity for the P450 family of enzymes and chromatographic [106] and
spectrophotometric [109] methods have been developed to detect
the formation of the o-catechol product. Additionally, Raner et al.
reported the oxidation of 4-NP (to 4-NC) and 4-NC (yielding
2,3,4-trihydroxonitrobenzene) using Cytochrome  P450gys3
[110,111]. The reaction of 4-NP and 4-NC by P450gy3 requires
NADPH and molecular oxygen, and the authors proposed that the

0
o
DHP W ) .
50, o HO _ +2e +2H
NO,

hydroxy-5-nitro-1,2-benzoquinone

Scheme 4. Products identified in the H,0,-dependent oxidation of 4-nitrophenol as catalyzed by DHP.
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Fig. 7. Crystal structures of dehaloperoxidase complexed with 4-nitrophenol (PDB:
5CHQ, yellow) and the oxidation product 4-nitrocatechol (PDB: 5CHR, cyan). Select
atomic distances (A) and interactions between the substrate (color coordinated)
and active site amino acids or the heme macrocycle are shown.

mechanism occurs via the formation of an epoxide intermediate, a
more common pathway for the hydroxylation of the aromatic sub-
strates [110]. Thus, whilst DHP and P450g)3 are both capable of
oxidizing 4-NP to trihydroxynitrobenzene, DHP accomplishes this
via two different activities (peroxygenase and peroxidase),
whereas P450gy3 performs two successive monooxygenations.

McCombs et al. were also able to obtain X-ray crystal struc-
tures of both 4-NP and 4-NC complexes with dehaloperoxidase
(the first reported structures of a heme protein in complex with
these compounds), which show the substrate and product are in
the distal pocket and oriented perpendicular to the heme plane
(Fig. 7). The o-CH of the substrate and the heme iron are in close
proximity (~4.6 A), and taking into account that the bond length
of Fe-0 in the active species Fe(IV)=0 is around 1.8 A [69], hydrox-
ylation at the ortho-position of the ring was expected. The hydro-
xyl group of both 4-NP and 4-NC is pointed towards the y heme
edge, and the nitro groups are positioned internally. Hydrogen
bonding interactions with Y38, T56 and the heme propionates,
as well as & -  stacking interactions with F21, provide additional
stabilization. The rotation of the product to position the o-OH
group towards hydrophilic amino acids such as Y38 and T56
was expected seeing that the product is more polar than the par-
ent compound [10].

Similar to the oxidation mechanism of haloindoles by DHP
[8], the peroxygenase mechanism proposed for the oxidation of
4-nitrophenol to 4-nitrocatechol focused on the heme intermedi-
ate species and not on the stepwise mechanism of substrate oxi-
dation. In addition, the authors do not propose a mechanism for
the sequential peroxidase mechanisms taking place after the

NO, NO, NO,
o
HO H HO H -or- HO"“<DH  -or- Q
H H HO™ X @H
o H
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formation of 4-NC. However, the authors mention that the oxi-
dation of the substrate most likely occurs through an oxygen
radical rebound mechanism, but they do not rule out the possi-
bility of O-atom incorporation by another mechanism (Fig. 8)
[10].

2.4. Cresol and derivatives

Methylphenols, commonly known as cresols, are released into
the environment from industrial waste, such as the combustion
of petroleum and wood. Due to their environmental toxicity and
persistence, these chemicals were included in the Environmental
Protection Agency (EPA) Priority Pollutants List and Toxic Sub-
stances Control Act [105,112].

The reactivity of cresols with DHP in the presence of H,0, was
demonstrated by HPLC and the studied substrates displayed a
range of 32-68% conversion after five minutes of reaction (unopti-
mized). Product identification showed two distinct monomeric
products for select substrates, the 2-methyl-1,4-benzoquinone
and the o-catechol derivatives [7]. It is also worth mentioning that
oligomeric products (n up to 6) were also identified, which could
be the result of subsequent quinone radical coupling reactions.
Labeling studies using enriched H330 and H3180,, performed on 4-
bromo-o-cresol (4-Br-C) as a representative substrate, showed that
the formation of 2-methyl-1,4-benzoquinone occurred via a perox-
idase mechanism, where the source of the oxygen was a water
molecule. The oxygen inserted at the ortho-position of 4-Br-C to
generate 5-bromo-3-methyl-1,2-benzediol (an o-catechol deriva-
tive) originated from a hydrogen peroxide molecule, consistent
with a peroxygenase mechanism (Scheme 5). The same oxyfunc-
tionalization pattern was also observed for other cresols: 4-X-o-
cresol (X = H, F, Cl, Br, NO,) and 4-X-m-cresol (X = H and Cl),
whereas 4-Me-o-cresol and p-cresol only yielded the o-catechol
derivative 3-methyl-1,2-benzediol. Dehaloperoxidase is therefore
employing both peroxidase and peroxygenase mechanisms in the
oxidation of cresols in a non-preferential manner, a result that
had not been previously observed for this enzyme [7].

Structural studies performed using X-ray crystallography
revealed that the cresol substrates bind in the hydrophobic distal
pocket of DHP in different positions (Fig. 9). The structure of 4-
bromo-o-cresol (4-Br-C) and p-cresol showed both substrates in
the hydrophobic binding pocket, the former buried inside and
the latter closer to the entrance of the pocket (y edge). The halogen
atom of 4-Br-C is located in the Xel binding cavity displacing the
residue F60, similar to the 5-Br-I structure (Fig. 4A), while the
hydroxyl group is found pointing towards the iron center and
interacting with H55 in the closed conformation. On the other
hand, p-cresol is perpendicular to the heme cofactor, and the
hydroxyl group of p-cresol is interacting with the propionate group
D, Y38 and T56. To accommodate p-cresol, H55 is in the open con-
formation [7].

The biodegradation of cresols has been reported for other
enzymes, such as UPO (peroxygenase) [67], HRP and CPO

NO,
HO~ : :H
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Fig. 8. Possible intermediates for the H,0,-dependent oxidation of 4-nitrophenol to 4-nitrocatechol (i) caged substrate radical and ferryl species intermediate, (ii) epoxide

intermediate, and (iii) ferric-cationic substrate species.
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5-bromo-3-methyl-1,2-benzenediol
(Peroxygenase product)

Oligomeric products

Scheme 5. Products identified in the H,0,-dependent oxidation of 4-bromo-o-cresol as catalyzed by DHP.

4-bromo-o-cresol (green)
p-cresol (purple)

Fig. 9. Crystal structures of dehaloperoxidase complexed with 4-bromo-o-cresol
(PDB: 60NX, green) and p-cresol (PDB: 6006, purple). Select atomic distances (A)
and interactions between substrate, amino acids and the heme macrocycle are
shown.

(peroxidase) [67,113] as well as for microorganisms, such as bacte-
ria and fungi. However, to the best of our knowledge, the study by
Malewschik et al. is the only report on the reactivity of cresols that
includes mechanistic, spectroscopic and structural studies [7].
Mechanisms for each of the DHP-catalyzed activities employed in
the oxidation of cresols were proposed: a peroxidase-based one
that accounts for the formation of the 1,4-benzoquinone product,
and a peroxygenase-based one that leads to the formation of the
o-catechol product. The latter was in accordance with the most
recent mechanism proposed for the DHP-catalyzed oxidation of
pyrroles [11], and also in agreement with well-known cytochrome
P450 pathways [69]. The authors proposed two different pathways
for the formation of the catechol derivative, electrophilic attack of
the substrate with Compound I or oxygen rebound, but no further

H3C Br
HO:QEH
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Il
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H3C: . :Br H3C: ;
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investigations were mentioned to determine a definitive pathway
(Fig. 10).

The oxidation of cresols and derivatives has expanded the num-
ber of phenolic compounds in the EPA Priority Pollutants list which
can be oxidized by DHP to 10 out of 11 [7], and suggests that this
catalytic globin may be promising in applications as a bioremedia-
tion catalyst, as previously posited by Lebioda and coworkers [5].

3. 0,-Dependent DHP activities

3.1. Oxidase activity

Oxidase enzymes are ubiquitous in nature, and are responsible
for the oxidation small molecules [114-116], electron transport
[117-120] and formation of reactive oxygen species [121,122].
They possess a variety of different cofactors, including heme and
non-heme iron, multi-copper centers, and flavin. The cofactors
mediate redox processes in the presence of molecular oxygen as
the oxidizing agent, and when oxidative dehydrogenation occurs
(hydrogen atom abstraction), it leads to the formation of H,O or
H,0, [123].

The catalytic globin DHP was found to possess an oxidase activ-
ity, discovered in 2014 during the investigation of the peroxyge-
nase activity with 5-bromoindole (5-Br-I) as a representative
substrate. The reaction led to the formation of two major products,
5-Br-2-oxindole and 5-Br-3-oxindolenine and one minor product
of interest (E)-5,5'-dibromo-[2,2’-biindolinylidene]-3,3’-dione
(substituted indigo). Labeling studies with '®0,, non-enzymatic
and non-oxidant controls were performed, indicating that the for-
mation of both 3-oxindolenine and the substituted indigo were
dependent on both DHP and O, [8].

The reaction of 5-Br-3-oxidole with DHP in the presence of O,
yielded 5-Br-3-oxindolenine (Fig. 11, top). In addition, the
formation of the indigo product, first identified by HPLC, was
further assessed by UV-visible spectroscopy. The reductant,
5-Br-3-oxindole (Apmax = 383 nm), was generated in situ using

Br HsC Br
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Fig. 10. Possible intermediates for the H,0,-dependent oxidation of 4-bromo-o-cresol to the o-catechol product (i) caged substrate radical and ferryl species intermediate, (ii)

epoxide intermediate, and (iii) ferric—cationic substrate species.
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Fig. 11. Top) Oxidase activity performed by DHP in the presence of O, where the in situ generated 5-Br-3-oxindole forms 5-Br-3-oxindolenine, which ultimately leads to the
formation of 5,5'-Brp-indigo. Bottom) Different pathways (pathway A-C) for the formation of indigo catalyzed by oxygenase and oxidase enzymes: A) 2,3-epoxyindole
intermediate in the formation of the 3-hydroxyindole product, B) oxidation of the 3-hydroxyindole product to form indigo, C) formation of two intermediates, 3-oxindole and

3-oxindolenine.

5-Br-3-acetoxyindole (25 equiv.) and liver esterase, in the presence
of DHP under aerobic conditions, which led to the formation of
5,5'-Bry-leucoindigo as an intermediate, before the formation of
5,5'-Bry-indigo (Amax = 289 and 640 nm) [8].

Indigo has been observed previously in the oxidation of indole
when catalyzed by cytochrome P450s, UPOs, and indoleamine
2,3-dioxygenase (Fig. 11, bottom). The first step is the hydroxyla-
tion of indole at the C3 position, performed by oxygenase enzymes
(vide infra) [94], either by direct hydroxylation of the substrate
(CYP450) (Fig. 11, bottom, step i), or by formation of an epoxide
intermediate (UPOs) (Fig. 11, bottom, pathway A) [94]. The 3-
hydroxyindole product is then further oxidized to form indigo
(Fig. 11, bottom, pathway B) [94,124]. In addition, the 3-
hydroxyindole can be oxidized to form 3-oxindole (Fig. 11, bottom,
step ii) [99], where two equivalents of this product can lead to the
formation of indigo directly (Fig. 11, bottom, step iii), or undergo
further oxidation to form an intermediate product 3-
oxindolenine, observed in the IDO1 oxidation pathway (Fig. 11,
bottom, pathway C) [99]. The enzyme HRP has also been found
to catalyze the oxidation of indoles to form indigo, which was pro-
posed to proceed via a hydroperoxide intermediate. After water
elimination, 3-oxindolenine was formed, which is further oxidized
to form a 3-oxindole radical that undergoes radical coupling to
form the final product (not shown) [125].

3.2. Oxygenase activity

Oxygenases are a class of enzymes, which use molecular oxygen
for substrate functionalization. They can be subdivided into

monooxygenases or dioxygenases (insertion of one or two oxygen
atoms, respectively) [126]. These enzymes have been found to cat-
alyze the oxidation of a variety of different substrates, such as phe-
nols [127], catechols [128], amino acids and proteins [98,129],
lipids and fatty acids [129,130], amongst others. Similar to oxi-
dases, oxygenases possess different cofactors, such as heme and
non-heme iron, mono and multicopper centers, manganese, and
flavins [123,126,131-134].

Dehaloperoxidase has been found to exhibit oxygenase activity
in the oxidation of 2,3-dimethylindole (McCombs, Ph.D. disserta-
tion 2017) [9]. The major products identified were 3-hydroxy-
2,3-dimethylindole (3H-DMI) and o-acetamidoacetophenone
(0-AAP). Minor products were identified to be 2-carboxyal-
dehyde-2-methylindole and 3-carboxy-2-methylindole (Scheme 6).
The origin of the oxygen atom(s) inserted into the major products
was determined by isotopic labeling studies employing ¥0,, which
indicated that the O-atom(s) were derived from molecular oxygen.
The formation of the major products, 3H-DMI and 0-AAP, could
have originated from monooxygenase and dioxygenase activities,
respectively. Alternatively, the o0-AAP product could have been
formed by two sequential monooxygenase steps. Further studies
need to be performed to differentiate between these two possibil-
ities [9].

Examples of enzymes that perform monooxygenation reactions
are cytochrome P450 enzymes, lipoxygenase, and naphthalene 2,3-
dioxygenase, among others. The cytochrome P450 family of
enzymes has been found to hydroxylate indole at the C3 position
as an intermediate for the formation of indigo (Fig. 11B, step i)
[94]. Lipoxygenase inserts O, into polyunsaturated fatty acids

HO
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3-hydroxy-2,3-dimethylindole o-acetoamidoacetophenone
DHP
\ ﬁ
\ 0, H,0
H H
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H
2-carboxyaldehyde-3-methylindole 3-carboxyaldehyde-2-methylindole

Scheme 6. Products identified in the O,-dependent oxidation of 2,3-dimethylindole as catalyzed by DHP.
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Fig. 12. Oxygen insertion catalyzed by mono- and dioxygenase enzymes A) hydroperoxo functionalization of polyunsaturated fatty acids catalyzed by lipoxygenase, B)
hydroxylation of indole catalyzed by naphthalene 1,2-dioxygenase (NDO), C) hydroxylation and ring cleavage of indole observed for microbial organisms, and D) ring cleavage

of indole catalyzed by tryptophan dioxygenases.

and the final product possesses a hydroperoxo moiety, which can
undergo sequential oxidation, reduction rearrangement, and/or
lysis to afford smaller products (Fig. 12, pathway A) [130,135].
Naphthalene 1,2-dioxygenase (NDO) performs the hydroxylation
of aromatic molecules, such as indole (Fig. 12, pathway B). The
indole-0O-0-Fe adduct is an intermediate complex, leading to the
formation of the 3-hydroxyindole product after water elimination
from indoline-2,3-diol [136]. UPOs have also been found to cat-
alyze the formation of 3-hydroxyindole, however the intermediate
was observed to be 2,3-epoxyindole [94]. The final product of both
the NDO- and UPO-catalyzed oxidation of indole is indigo [94].
Ring opening products from indole (kynuric products) have
been observed in microbial biotransformations, where sequential
hydroxylation of the substrate has been reported, followed by
cleavage of the pyrrole ring to yield the N-formylanthranilate pro-
duct (Fig. 12, pathway C). This product can undergo further oxida-
tion and the smaller products are used as carbon, nitrogen and
oxygen sources for these organisms [124]. HRP, a canonical perox-
idase enzyme, has been reported to oxidize a series of substituted
indoles into their respective kynuric products in the presence of O,
and H,0,, proposed to occur via a dioxetane intermediate (not
shown) [125]. Additionally, tryptophan 2,3-dioxygenase and
IDO1 are enzymes that perform the insertion of two oxygen atoms
into their respective substrates, followed by pyrrole ring cleavage.
The mechanism of oxygenation is thought to proceed via the for-
mation of a substrate cation (Fig. 12, pathway D) or radical, which
leads to either an epoxide or dioxetane intermediate [98,137].
McCombs and coworkers suggest that the oxidation of 2,3-
dimethylindole by dehaloperoxidase is following an O,-
dependent radical-based mechanism similar to the lipoxygenase
pathway [9]. In addition to 0, labeling studies, the following
were observed: i) in the absence of an oxidant and under anaerobic
conditions no reactivity was observed, ii) the presence of radical
scavengers in solution was shown to hinder the reactivity of the
enzyme with the substrate, which suggests a radical-based mech-
anism and iii) anaerobic studies performed in the presence of ferric
DHP, 2,3-DMI and carbon monoxide shows the formation of an Fe'l-
CO adduct, indicating that the substrate reduces the enzyme to a
ferrous state, a result that was also confirmed by resonance Raman
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studies. Overall, the authors do not propose a stepwise mechanism
for the formation of the main products, 3H-DMI and 0-AAP, but
suggest that the indole hydroperoxide as the primary intermediate,
similar to the lipoxygenase product (Fig. 12, pathway A) [9].

4. Electronic and structural effects: How DHP differentiates
between activities

4.1. Redox properties

Dehaloperoxidase possesses an unusually high redox potential
for the Fe(Ill)/Fe(Il) couple for both DHP A and DHP B (+204
and + 206 mV vs. SHE respectively) [17,138] compared to other
heme proteins, such as HRP (E = —270 mV [139]), cytochrome
P450 (E = —270 mV [140]), and other globins (Mb = +59 mV
[141] and, Hb = +158 mV [142]). Additionally, the Fe(IV)/Fe(III)
reduction potential for DHP was estimated to be ~ 1.58 V [10,25],
which is higher than that for HRP (E = +0.92 V [140]) and UPO (E
= +0.80 V [77]). These high reduction potentials could facilitate
the reactivity of DHP with the wide substrate scope (Fig. 1) and
allow this multifunctional globin to perform these different oxida-
tive activities [10,25].

As previously mentioned, the proximal side of heme enzymes
plays a vital role in the formation of the active oxygen species (vide
supra). The proximal cysteine ligand present in peroxygenases and
CYP450s is an excellent electron donor, conferring these proteins
with their ability to perform the oxyfunctionalization of inacti-
vated C-H bonds. Thus, as an illustrative example, the proximal
histidine of myoglobin was replaced with a cysteine via site-
directed mutagenesis, which considerably decreased the E ((Fe
(1IN)/Fe(11)) of Mb from + 59 to — 230 mV [140]. In addition, the cat-
alytic triad (e.g., the Asp-His-Fe in peroxidases and the PCP motif in
UPOs) also plays an important role in the reactivity of these
enzymes. Efforts were made in installing an Asp-His-Fe triad in
DHP, where a local methionine was replaced with an aspartate
residue (M86D). However, the mutant presented attenuated activ-
ity towards oxidation of 2,4,6-trichlorophenol (peroxidase activity)
compared to the wild type enzyme (~4-fold decrease). Whilst the
resultant changes in redox properties (+202 mV vs SHE for WT
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DHP vs. + 76 mV vs. SHE for M86D) typically favor an increase in
peroxidase activity, this was outweighed by the formation of a
6¢LS system, where the sixth ligand was proposed to be the distal
histidine or a strongly bound solvent molecule, which precluded
H,0,-binding and led to significantly less peroxidase activity com-
pared to the WT enzyme [52].

The presence of a substrate in the binding pocket of heme pro-
teins has been found to alter the redox potential of the system,
facilitating catalytic activity. A classic example is the catalytic cycle
of cytochrome P450, where upon substrate binding, the spin state
of the iron changes from low to high spin, accompanied by a pos-
itive change in the redox potential (e.g., P450 —330 mV to P450.,,
—163 mV [143]). Only then can the redox partners transfer an elec-
tron to the heme cofactor, leading to dioxygen binding and forma-
tion of a resultant Fe(Ill)-superoxide that further undergoes
reduction and O-O bond cleavage, yielding the Compound I active
species [144,145]. Thus, in addition to the contribution attributed
to the protein scaffold, the redox potential of the protein can be
fine-tuned by altering the environment around the heme pros-
thetic group. It is known that the introduction of hydrophobic or
aromatic interactions into the secondary coordination sphere
(SCS) of the heme as well as new hydrogen bonds between the sub-
strate and surrounding amino acids (both the proximal and distal
sides) can exert an impact on the enzyme’s redox potential [140].
Additionally, the presence of a negative charge or dipoles around
the metal can decrease the redox potential by stabilizing higher
oxidation states, which could facilitate catalytic activity
[139,140]. Lastly, the propionate groups, the “electrostatic
anchors” of heme proteins, play an important role in catalysis
and electron transfer processes where hydrogen bonding interac-
tions, either from a substrate molecule or by surrounding amino
acid residues, can tune the reactivity of the heme [146].

4.2. Structural effects: Site-directed mutagenesis

Site-directed mutagenesis studies of amino acids located either
within the distal cavity or on the surface of DHP have been used to
evaluate the role of specific residues with respect to catalytic activ-
ity (Fig. 13):

i) Mutagenesis studies were performed on the distal histidine
(H55D, H55N, H55R, H55V, Fig. 13, red) and their activities
evaluated: H55D and H55N showed 6-fold and 11-fold
attenuated activity, respectively, for the oxidation of 2,4,6-
TCP compared to the WT enzyme. The mutant H55D could
display an open/closed configuration, as shown by structural
studies (~100% open conformation, solvent exposed) and
FTIR (carbonmonoxy form, closed conformation), which pro-
vided an explanation for the partial peroxidase activity com-
pared to the WT enzyme. The H55R mutant was shown to be
protonated and in the open conformation, retaining only 16%
of WT DHP’s peroxidase activity (2,4,6-TCP/TBP), while
H55V was shown to be virtually inactive. These studies high-
lighted the importance of the distal histidine as an acid-base
catalyst [23,147].

ii) In addition, the proximal histidine was exchanged for a gly-
cine residue (H89G, Fig. 13, green), which showed an
approximate 5.6-fold and 16-fold decrease in the oxidation
of 2,4,6-TCP and 2,4,6-TBP respectively [23,147], compared
to WT;

iii) Mutations to T56 (Fig. 13, blue) were also studied as this
residue was hypothesized to be critical to the distal histidine
(H55) conformational flexibility. T56G was found to have a
5-fold lower enzymatic efficiency (kcac/Kn) with respect to
2,4,6-TCP oxidation compared to the WT enzyme, a result
that showed that T56 is required for maintaining the distal
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T56

Fig. 13. Structure of DHP highlighting the amino acid residues that were targeted
for site-directed mutagenesis (PDB: 616G). Amino acid numbering follows that for
DHP B, however some of the mutagenesis studies were performed using DHP
isoenzyme A [17,36,38,44].

histidine in position for optimal peroxidase activity [20].
Even though the other mutants exhibited increased enzy-
matic efficiency (kcat/Knm) compared to WT DHP (T56S, ~2-
fold; T56A, ~3-fold; T56V, 1.3-fold), most likely attributed
to lower steric hindrance which confers H55 with more
flexibility, the same mutants also displayed an increased for-
mation of a stable, hexacoordinate hemichrome species (i.e,
Fe-H55 adduct) which has been implicated in enzyme inac-
tivation [51];

iv) Compound ES, a ferryl species with a radical on a local amino
acid residue [(Por)Fe'V=0 °*AA], is the typically observable
activated species in the absence of substrate. Replacement
of tyrosine residues Y28 and Y38 with redox-inactive pheny-
lalanines (Y28F/Y38F - Fig. 13, orange) led to the formation
of an alternative active catalytic species, Compound I [(Por*")
Fe'V=0 AA], a ferryl species with a porphyrin © -cation radi-
cal. Single-point mutations (Y28F or Y38F) still showed the
formation of Compound ES, thus showing that either of the
tyrosine residues are capable of reducing the porphyrin
1 -cation radical of Compound I. Even though the double-
mutant Y28F/Y38F showed an increased catalytic efficiency
for the oxidation of 2,4,6-TCP (~1.6-fold) compared to WT,
it also suffered from an increased rate of heme bleaching.
Thus, the tyrosine residues in the WT enzyme act as endoge-
nous reductants to quench Compound I, which helps prevent
irreversible oxidative damage to the protein scaffold by left-
over oxidizing equivalents due to inefficient substrate oxida-
tion and/or absence of substrate altogether [25,69,148];

v) Electrostatic effects were investigated with surface muta-
tions (N96D, R33Q, R33A, K36A, N61D, N61K, K58A, K51A,
K87A - Fig. 13, black). These studies demonstrated that
mutants that led to a more negative charge on the surface
of the enzyme exhibited an attenuated catalytic efficiency
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in the oxidation of 2,4,6-TCP compared to WT DHP (varied
from 0.6 to 0.89-fold). Conversely, the mutant N61K that
introduced a more positive charge compared to WT DHP dis-
played an increase in enzymatic efficiency for 2,4,6-TCP oxi-
dation (~1.2-fold). These results suggested that surface
electrostatics play a central role in the catalytic activity,
and is likely affecting substrate binding given the pK, of
6.2 for 2,4,6-TCP [149];

vi) The F21W mutant (Fig. 13, cyan), wherein phenylalanine
within the distal cavity of DHP was substituted by trypto-
phan, was found to decrease peroxidase activity in the oxi-
dation of 2,4,6-TCP (>7-fold decrease) while showing
virtually no change in peroxygenase function in the oxida-
tion of haloindoles (1.2-2.1-fold decrease). Previous struc-
tural studies show that TCP has two distinct binding sites
in the DHP distal cavity [26], which in turn represent two
different functions: TCPey is a solvent exposed position
and inhibits peroxidase function, and TCP;, is buried in
the pocket where it undergoes oxidation (Fig. 14A). The
F21W mutant places a large amino acid residue where the
TCP;, binding site is, thus the peroxidase activity is
decreased due to steric hindrance, whereas TCPqy remains
viable for binding peroxygenase substrates. These results
show that selective tuning of DHP activity can be accom-
plished via single point mutations, without affecting H,0,
activation despite H55 being in the open conformation
[26,150].

Most of the aforementioned mutagenesis studies focused on the
peroxidase function of DHP, given that the other native functions
of DHP were not identified until more recently. However, the
results highlighted that the majority of structural modifications
of the protein’s amino acid sequence have a negative effect on cat-
alytic activity, and that positive effects are accompanied by
changes that lead to protein inactivation. Overall, these studies
indicate that the native protein structure of DHP is robust and that
select residues in the structure are responsible for i) defense
against auto-oxidation and bleaching, ii) amino acid mediated
electron-transfer pathways, iii) the stabilization of substrate inter-
actions, and iv) serving as acid/base catalysts. Thus, structure-
function relationships, albeit subtle, exist in DHP, and through
specific mutations certain relationships can be selectively tuned
or exploited.

4.3. Multispecificity and active site flexibility

Substrate functionalization using the same oxidative function,
e.g., peroxidase activity employed in the oxidation of halophenols,
guaiacols and cresols, allows for DHP to be classified as a multi-
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specific enzyme. This broad specificity, also referred to as substrate
promiscuity, translates into a flexible active site that accommo-
dates a variety of substrates [65,151,152]. The active site of DHP
is close to the surface of the protein scaffold, thus rendering it more
solvent exposed when compared to other enzymes such as CYP450
and UPOs. Additionally, the active site is largely composed of
hydrophobic amino acid residues, and enzyme-substrate
hydrophobic interactions (in addition to hydrogen bonding and
electrostatic interactions) are an important driving force stabiliz-
ing substrate binding, which in turn facilitates the formation of
the enzyme-substrate transition states [153,154].

The previously determined crystal structures of 2,4,6-TCP and
2,4,6-TBP [26,85] (Fig. 14A) were superimposed with 5-Br-I, 4-Br-
C, 4-NP, and p-cresol (Fig. 14B and C) in order to directly compare
and understand the structural interactions of the distal cavity of
DHP. As mentioned previously, 2,4,6-TCP has two different binding
sites in the distal cavity of DHP, internal and external. TCP;, is bur-
ied in the distal pocket (close to the o heme edge), the para-
halogen atom is located in the Xel hydrophobic cavity and the
hydroxyl group is 4.6 A away from the heme iron and interacts
with H55 in the closed conformation (N® 2.7 A). TCPey is positioned
close to the entrance of the distal pocket (y edge), and the hydroxyl
group interacts with H55 in the open conformation (OH-N° 2.5 A)
and Y38 (OH-OH, 2.7 A). The chlorine atom in the para-position is
at a distance of 3.3 A from the heme iron [26]. The brominated
derivative, 2,4,6-TBP, also binds internally with the para-halogen
atom located in the Xe1 hydrophobic cavity but positioned a little
deeper compared to TCP;,. because of its size and hydrophobic
interactions. The TBP hydroxyl group is farther away from H55
(N® 5.3 A) due to its position pointing down towards the heme iron
(Fe-OH, 3.6 A) [85].

The binding mode of TBP and TCP;y is slightly rotated relative to
each other (Fig. 14A), owing to the aromatic ring planes being
angled at approximately 59.8° resulting in the 6-position halogens
being separated by 4.6 A (not shown). The Br in position 6 is ori-
ented towards a more hydrophobic region of the pocket, in proxim-
ity to V59, M63 and L100, whereas the Cl in the same position is
rotated toward F21, F60, but also pointing towards a carbonyl oxy-
gen of T56 (Cl to C=0 is 3.8 A) (not shown). The halogens in the 2-
and 4-positions occupy the overlapping space in the Xel binding
cavity, with the Br in position 4 being positioned a little deeper
due to its size and hydrophobic interactions (mutual distance of
0.4 and 0.7 A, respectively).

The superimposed structures of the substrates that bind inter-
nally, 2,4,6-TCPy,, (cyan) [26], 2,4,6-TBP (pink) [85], 4-Br-C (green)
[7] and, 5-Br-I (magenta) [49] are shown in Fig. 14B. H55 is shown
in both the open and closed conformation, where the substrates
interact with N® of H55 (closed conformation), with distances that
range from 2.5 to 2.9 A (except TBP, 5.3 A). The halogen atom of all

5-Br-I (magenta)
4-Br-C (green)

Fig. 14. Superimposed crystal structures of dehaloperoxidase, as seen from the § edge, complexed with A) 2,4,6-TCP (TCPjn¢, PDB: 4KMV; TCPex, PDB: 4KMW) and 2,4,6-TBP
(PDB: 4ILZ), B) 5-bromoindole (PDB: 616G, magenta), 4-bromo-o-cresol (PDB: 60NX, green), TCP;,, (PDB: 4KMV, cyan) and 2,4,6-TBP (PDB: 4ILZ, pink), and C) 4-nitrophenol

(PDB: 5CHQ, yellow), p-cresol (PDB: 6006, purple) and TCP¢y (PDB: 4KMW, cyan).
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substrates is in the Xe1 hydrophobic cavity, albeit in slightly differ-
ent positions. The structures show 5-Br-1 and 4-Br-C in near perfect
overlap (0.5 A displacement between the Br atoms, and 0.2 A
between the phenolic oxygen and indole nitrogen), with an identi-
cal distance from the heme iron and N® of H55 to either the indole
nitrogen in 5-Br-I or the phenolic oxygen of 4-Br-C (4.8 Aand 2.5 A,
respectively). The residue F60 was displaced for 5-Br-I and 4-Br-C
to a “open” conformation, possibly to accommodate the bulky
halogen atom for both these substrates (Fig. 14B). Other residues
F21, F24, F35, L100 and V59 were found to be in slightly different
conformations for all four substrates, while still positioned to sta-
bilize the substrates via hydrophobic interactions (not shown). The
residues Y38 and T56 do not have interactions with these sub-
strates [7,26,49,85].

Conversely, 2,4,6-TCP¢y; (cyan) [26], 4-NP (yellow) [10] and, p-
cresol (purple) [7] bind closer to the entrance of the pocket (y
edge), and thus are more solvent exposed (Fig. 14C). All three sub-
strates are positioned almost perpendicular to the heme cofactor,
H55 is in the open conformation in all three structures, and the
hydroxyl group of the substrates, which points towards the y edge,
interacts with N® with distances ranging from 2.5 to 4.9 A. In addi-
tion, the distance between C2 and the iron center is 4.5 A for p-
cresol and 4-NP, which provides an explanation for hydroxylation
in this position. Even though the distance between C2 and the iron
center is 5.7 A for TCPey, this carbon is sterically hindered for this
substrate. The residues F21, F24, F35, F60, L100 and V59 were
found to be in slightly different conformations for all four sub-
strates, while still positioned to stabilize the substrates via
hydrophobic interactions (not shown). The substrates interact with
Y38 (2.7 A for TCP and 4-NP; 3.8 A for p-cresol) and both 4-NP and
p-cresol interact with the propionate group D (2.6 and 3.1 A,
respectively). Lastly, p-cresol interacts with T56 (3.8 A, not shown).

In summary, different structural aspects were found to affect
the substrate binding position and affinity to the protein, and
although subtly in DHP, they represent key contributions that are
likely applied by the enzyme to differentiate between functions.
Some of these can be summarized as i) proximity to the iron center
and availability for O-atom transfer, ii) enhanced conformational
flexibility, where small side chain rearrangements of select amino
acids (e.g., open or closed conformation of H55, or displacement of
F60) and/or substrate binding position (e.g., internal or external) in
the pocket can play a role in substrate specificity; ii) hydrophobic
interactions that bind and stabilize the substrate in the active site
and, iii) hydrogen bonding interactions, affected by different proto-
nation sites within the distal cavity [153,154].

5. Final remarks

The investigation of enzymes with promiscuous activities,
where protein engineering and directed evolution offer the means
to achieving the desired non-native functions, has been the focus of
many research groups. However, such experiments are often labo-
rious, time consuming, and costly. As a potential protein engineer-
ing platform, the enzyme known as dehaloperoxidase-hemoglobin
has provided us with a recent example of a multifunctional
enzyme that has the potential to significantly advance our under-
standing of the protein structure-function correlation. Of course,
structure is related to function, but the question is whether, or
how, structure uniquely defines function. In DHP, it appears that
the substrate itself plays a pivotal role in determining which activ-
ity (peroxidase, peroxygenase, oxidase and/or oxygenase) the
enzyme performs. Altogether, this intriguing functional switch in
the presence of different substrates may be triggered by the phys-
ical or electronic properties of the substrate, its binding orientation
in the active site, or by a change in the protein’s redox properties.
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In essence, the various substrates alter the enzymatic function of
the catalytic globin in much the same way allosteric effectors
would structurally shift the equilibrium of a cooperative hemoglo-
bin. Thus, DHP provides a unique and advantageous platform for
deeply probing mechanistic questions related to the protein envi-
ronment: by simply changing the substrate, the unique set of
protein-substrate interactions specific to each of the five different
heme activities of DHP can be studied, enabling us to pose ques-
tions related to multiple activities across the heme protein super-
family using just a single enzyme. Moreover, the relationship of
DHP to other hemoglobins, peroxidases and peroxygenases aids
in establishing new paradigms of protein structure-function rela-
tionships relevant to multifunctional proteins, complementing
those established for monofunctional enzymes. More broadly, the
knowledge gained through the studies performed on DHP over
the past two decades advances our understanding of catalytic glo-
bins, helps to elaborate the structural features that lead to activity
differentiation across heme proteins (and across metalloenzymes
more generally), and furthers the comparison of the structure-
function correlation in enzymes of marine origin in relation to ter-
restrial or bacterial ones.
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