Archives of Biochemistry and Biophysics 673 (2019) 108079

Contents lists available at ScienceDirect

Archives of Biochemistry and Biophysics

journal homepage: www.elsevier.com/locate/yabbi

The multifunctional globin dehaloperoxidase strikes again: Simultaneous R

Check for

peroxidase and peroxygenase mechanisms in the oxidation of EPA pollutants %

Talita Malewschik, Vesna de Serrano, Ashlyn H. McGuire, Reza A. Ghiladi”

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

ARTICLE INFO ABSTRACT

Keywords: The multifunctional catalytic hemoglobin dehaloperoxidase (DHP) from the terebellid polychaete Amphitrite
Cresols ornata was found to catalyze the H,O,-dependent oxidation of EPA Priority Pollutants (4-Me-o-cresol, 4-Cl-m-
Dehaloperoxidase cresol and pentachlorophenol) and EPA Toxic Substances Control Act compounds (o-, m-, p-cresol and 4-Cl-o-
Hemoglobin cresol). Biochemical assays (HPLC/LC-MS) indicated formation of multiple oxidation products, including the
S::::;;Z:e corresponding catechol, 2-methylbenzoquinone (2-MeBq), and oligomers with varying degrees of oxidation and/
Peroxygenase or dehalogenation. Using 4-Br-o-cresol as a representative substrate, labeling studies with 0 confirmed that the

O-atom incorporated into the catechol was derived exclusively from H,0,, whereas the O-atom incorporated
into 2-MeBq was from H,O, consistent with this single substrate being oxidized by both peroxygenase and
peroxidase mechanisms, respectively. Stopped-flow UV-visible spectroscopic studies strongly implicate a role for
Compound I in the peroxygenase mechanism leading to catechol formation, and for Compounds I and ES in the
peroxidase mechanism that yields the 2-MeBq product. The X-ray crystal structures of DHP bound with 4-F-o-
cresol (1.42 .7\; PDB 60NG), 4-Cl-o-cresol (1.50 10\; PDB 60NK), 4-Br-o-cresol (1.70 ;\; PDB 60NX), 4-NO,-o0-cresol
(1.80 ;\; PDB 60NZ), o-cresol (1.60 A; PDB 6001), p-cresol (2.10 .7\; PDB 6006), 4-Me-o-cresol (1.35 A; PDB
60NR) and pentachlorophenol (1.80 f\; PDB 6008) revealed substrate binding sites in the distal pocket in close
proximity to the heme cofactor, consistent with both oxidation mechanisms. The findings establish cresols as a
new class of substrate for DHP, demonstrate that multiple oxidation mechanisms may exist for a given substrate,
and provide further evidence that different substituents can serve as functional switches between the different
activities performed by dehaloperoxidase. More broadly, the results demonstrate the complexities of marine
pollution where both microbial and non-microbial systems may play significant roles in the biotransformations
of EPA-classified pollutants, and further reinforces that heterocyclic compounds of anthropogenic origin should
be considered as environmental stressors of infaunal organisms.

1. Introduction

A number of phenolic compounds have been classified as persistent
organic pollutants (POPs) by the EPA and World Health Organization
owing to their resistance to biodegradation [1,2]. As a consequence,
bioaccumulation of POPs may cause severe and often long-lasting ef-
fects on the environment, spanning atmospheric, terrestrial, and marine
systems [3,4]. Of similar concern, once released into the environment
from anthropogenic sources, some phenolic compounds can undergo
biotransformations owing to their similarity to naturally-produced
compounds, forming secondary metabolites that can be even more toxic
than the parent compound [5]. Relevant to the present study, examples
of phenolic POPs include i) cresols (methylphenols), which are released
into the environment mainly by industrial effluent or through the

combustion of petroleum, coal, wood, and tobacco [6], and ii) penta-
chlorophenol, a common water contaminant that is primarily employed
as a wood preservative and pesticide [7]. Due to their potential for
significant environmental toxicity, adverse health effects after acute or
chronic exposure, and long-term persistence leading to bioaccumula-
tion, a range of phenol derivatives, including halophenols, ni-
trophenols, and cresols, have elevated threat levels and are either
classified by the EPA as Priority Pollutants [1] or included in the Toxic
Substances Control Act [2].

In light of their environmental toxicity, phenol biodegradation
pathways have been the subject of numerous investigations.
Microorganisms (e.g., bacteria and fungi) employ cresol isomers (o-, m-,
p-cresol) as carbon sources, with initial oxidation of p-cresol to 4-me-
thylcatechol and o-cresol to  3-methylcatechol and  2-
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Abbreviations

ASU Asymmetric Unit

2-MeBq 2-methyl-1 4-benzoquinone
4-Br-C  4-bromo-o-cresol

4-BP 4-bromophenol

4-CI-C  4-chloro-o-cresol
4-F-C 4-fluoro-o-cresol

3-MC 3-methylcatechol
4-MC 4-methylcatechol
4-Me-C  4-methyl-o-cresol

4-NO,-C  4-nitro-o-cresol

4-NP 4-nitrophenol

DMPO  5,5-dimethyl-1-pyrroline N-oxide

Compound I two-electron oxidized heme cofactor compared to the
ferric form, commonly as an Fe'V=0 porphyrin n-cation
radical

Compound II one-electron oxidized heme cofactor when compared
to the ferric form, commonly as an Fe'V=0 or Fe'"-OH

Compound ES two-electron-oxidized state containing both a ferryl

center [Fe!V=0] and an amino acid (tryptophanyl or
tyrosyl) radical, analogous to Compound ES in cytochrome
¢ peroxidase

Compound RH ‘Reversible Heme’ state of dehaloperoxidase, formed
from the decay of Compound ES in the absence of co-
substrate

DHP dehaloperoxidase

EI electron ionization

EPA Environmental Protection Agency

ESI electrospray ionization

Hb hemoglobin

HRP horseradish peroxidase

HSM horse skeletal muscle

Mb myoglobin

PCP pentachlorophenol

TBP 2,4,6-tribromophenol

TCP 2,4,6-trichlorophenol

TFA trifluoroacetic acid

WT wild-type

methylhydroquinone, followed by ring fission that leads to smaller
products [8-11]. Additionally, p-cresol is oxidized by chloroperoxidase
[12], manganese peroxidase [13], and polyphenol oxidase [14], and in
the case of horseradish peroxidase (HRP) and ascorbate peroxidase
(APX), common oxidation products include 2-dihydroxy-5,5-di-
methylbiphenyl and tetrahydrodibenzofurane (Pummerer's quinone)
[15,16]. Enzymes are also employed in the degradation of penta-
chlorophenol (PCP), including HRP and LiP [16], and PCP-degrading
bacteria, such as Sphingobium chlorophenolicum and Flavobacterium sp.,
employ multiple enzymes for full mineralization of the chlorinated
substrate [17,18]. Despite the insights afforded by these studies, the
majority of them have focused on plant or microbial pathways, and
comparatively fewer studies have addressed how infaunal organisms
impact the fate of, or are themselves impacted by, persistent organic
pollutants [19-22].

One such infaunal system that is potentially involved in the de-
gradation of POPs and related xenobiotics is the multifunctional cata-
lytic hemoglobin dehaloperoxidase (DHP) from Amphitrite ornata
[23-29]. As a sediment-dwelling marine worm [30], A. ornata tolerates
a diverse array of biogenically-produced organobromine compounds
(secreted by other marine organisms as defense mechanisms [31]) by
employing its hemoglobin as a detoxification enzyme. Named dehalo-
peroxidase [27,32], this O,-transport protein [33,34] is capable of
oxidizing a wide array of compounds, including mono, di- and triha-
lophenols [32], haloindoles [35], pyrroles [36], (halo)guaiacols [23]
and nitrophenols [25], and also strongly binds azoles [24]. Substrate
oxidation/degradation in DHP takes place via one of four canonical
heme-based mechanisms: peroxidase [37-40], peroxygenase
[25,35,36], oxidase [35], and oxygenase [41], with no crossover be-
tween these activities for a given class of substrate, i.e., halophenols,
nitrocatechol, and haloguaiacols are oxidized solely via a peroxidase-
based mechanism, and haloindoles, pyrrole, and nitrophenols are ex-
clusively oxidized via a peroxygenase activity. To date, it is still not
understood how DHP (as a multifunctional enzyme) controls for this
activity differentiation given that all activities occur at a single site
employing reactive intermediates (i.e., Compounds I [42,43], ES
[37,38], and II [44]) that are commonly invoked in these four me-
chanisms [45-47]. Moreover, no mechanistic studies have explored the
oxidation of cresols or pentachlorophenol by DHP as a model for in-
faunal organisms.

To address these questions, and in light of the need for further in-
vestigating biological systems of nonmicrobial origin in assessing the
environmental fate and/or impact of phenolic compounds from the EPA

Priority Pollutants and Toxic Substances Control Act lists, here we
present structural, spectroscopic, and mechanistic studies describing
the reactivity of cresols and pentachlorophenol with the multi-
functional globin dehaloperoxidase, and establish cresols as a new class
of substrate for DHP. We will show that unlike phenols/guaiacols
(peroxidase, red box) and nitrophenols (peroxygenase, blue box), DHP
is able to oxidize a given cresol substrate by both peroxidase and per-
oxygenase mechanisms (Fig. 1, purple box), and the ability to ‘tune’
DHP activity through the selection of the substrate (e.g., substituent
effects [23,48,49]) will be discussed. The results here will demonstrate
that DHP is a unique example of a multifunctional protein that chal-
lenges many of the assumptions behind the protein structure-function
correlation that has been built from decades of study of monofunctional
proteins, and provides us with a system for exploring how the substrate
itself can have a significant influence in tuning the chemical reactivity
exhibited by an enzyme.

2. Experimental

Materials. Ferric WT DHP B was expressed and purified as pre-
viously reported [38,50]. Oxyferrous DHP B was prepared by the
aerobic addition of excess ascorbic acid to ferric DHP B, followed by
desalting (PD-10 column) [44]. DHP concentration was determined
spectrophotometrically using esore = 116,400 M~ cm ™! [38]. Horse
skeletal muscle (HSM) myoglobin (gsorer = 188,000 M~ lem™! [51D),
horseradish peroxidase (HRP) (gsorer = 102,000M~'em ™! [52]) and
mushroom tyrosinase from Agaricus bisporus (7164 U/mg; hydrated

Phenol/Guaiacol Cresol Nitrophenol
OH OH OH
R CHs3
R =H, OCH, PerO)ildase NO,
Peroxidase Peroxygenase Peroxygenase

Fig. 1. Substituent effects modulate different oxidation mechanisms in DHP:
peroxidase (red) and peroxygenase (blue), with cresols being oxidized by both
mechanisms (purple). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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using 100 mM KP; at pH 7) were purchased from Sigma-Aldrich and
used as received. Substrate stock solutions (10 mM) were prepared in
methanol and stored at —80 °C. Solutions of H,O, were prepared fresh
daily in 100 mM KP; (pH 7) and kept on ice until needed. Isotopically
labeled H,'%0, (90% '80-enriched) and H,'®0 (98% !20-enriched)
were purchased from Icon Isotopes (Summit, NJ). Acetonitrile (MeCN)
was HPLC grade, and all other reagent-grade chemicals were purchased
from VWR, Sigma-Aldrich or Fisher Scientific and used without further
purification.

HPLC Reactivity Studies. Enzyme assays (250 pL total volume)
were performed in triplicate in 100 mM KP; at pH 7 (unless otherwise
indicated) containing 5% MeOH at room temperature. A typical reac-
tion was initiated by the addition of 500 uM H,0, to a solution con-
taining 10 uM enzyme and 500 pM substrate, and quenched after 5 min
with an excess of catalase. Enzyme variants included ferric WT DHP B,
ferric DHP B (Y28F/Y38F) [42], oxyferrous WT DHP B, HSM and HRP.
Mechanistic probes were added prior to the addition of H,O,, including
500 uM 4-bromophenol (MeOH), 500 yM D-mannitol (KP;), 100 mM
5,5-dimethyl-1-pyrroline N-oxide (DMPO; MeOH) or 10% v/v DMSO,
and adjustments were made to ensure a final 5% MeOH concentration
for all reactions except DMPO (10% MeOH final). A 200 uL aliquot of
the reaction mixture was diluted 4-fold with 600 pL. 100 mM KP; at the
reaction pH, and the diluted samples were analyzed using a Waters
e2695 Separations Module coupled to a Waters 2998 photodiode array
detector and equipped with a Thermo Fisher Scientific ODS Hypersil
(150 mm X 4.6 mm) 5uM particle size C;g column. Separation was
performed using a linear gradient of binary solvents (solvent A,
water + 0.1% TFA; solvent B, acetonitrile + 0.1% TFA). The elution
consisted of the following conditions: (1.5 mL/min A:B) 95:5 to 5:95
linearly over 12 min, 5:95 isocratic for 2 min, 5:95 to 95:5 over 1 min,
then isocratic for 3 min. Data analysis was performed using the Waters
Empower software package.

Product Determination by LC-MS. The reactions were performed
and quenched as described above with the exception that 5 mM KP; (pH
7) buffer was employed. Analysis of the undiluted reaction (20 pL in-
jection aliquot) was carried out using a Thermo Fisher Scientific
Exactive Plus Orbitrap mass spectrometer employing a heated electro-
spray ionization (HESI) probe and equipped with a Thermo Hypersil
Gold (50 x 2.1 mm, particle size 1.9 um) C4 column. The flow rate was
set to 250 pL/min (solvent A, water + 0.1% formic acid; solvent B,
acetonitrile + 0.1% formic acid) and the mass spectrometer was op-
erated in both negative and positive ion modes to yield the [M-H] and
[M+H]™ species, respectively. Spectra were collected while scanning
from 100 to 1500 m/z and data analysis was performed using Thermo
Xcalibur software. For the 80 labeling studies, the reactions were
performed for 10 min in the presence of DHP, substrate, and H;O,,
where unlabeled H,0, was replaced with H,'80,, and/or the KP; buffer
was replaced with H,'®0 to ensure > 90% of labeled %0 was present.

Tyrosinase-Catalyzed Cresol Hydroxylation. The tyrosinase-cata-
lyzed hydroxylations of 4-R-o-cresol (R = F, Cl, Br, NO,), 4-Cl-m-cresol,
m-cresol and p-cresol were performed per literature protocol with
modifications [53-55]. Briefly, to a 1.5 dram glass vial was added neat
cresol substrate (0.05 mmol), 1.5 equiv ascorbic acid (solid), 1.665 mL
100 mM KP; buffer (pH 7) and 335 pL tyrosinase (7880 U/mL). The
reaction was stirred open to air for 24 h at room temperature, quenched
with 1M HCI (1 mL), and subsequently analyzed by HPLC and LC-MS
(negative ion mode) (vide supra for instrument and method informa-
tion) prior to workup. The reaction mixture was then extracted with
ethyl acetate (EtOAc; 2 x 2mlL), and the combined organic extracts
were dried over sodium sulfate, filtered, and concentrated in vacuo to
yield oils that ranged from colorless to dark brown. The crude product
was redissolved in 150 uL EtOAc, followed by the addition of 100 pL
pyridine, 100 puL hexamethyldisilazane and 50uL of trimethylsilyl
chloride (HMDS-TMCS, 2:1 v/v) [55]. This mixture was vigorously
stirred for 30 min, allowed to stand for 5 min, and then centrifuged for
5 min at 10,000 rpm. The supernatant was analyzed on an Agilent 6890
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Series GC System coupled to an Agilent 5973 Mass Selective Detector
using a DB-5MS column (0.25 mm i.d. x 30 m, 0.25 um film thickness).
The method employed was as follows: isothermal at 100 °C for 2 min, a
gradient of 10 °C/min to 280 °C, and maintained at 280 °C for 10 min
[53]. The flow rate (He) was 15 mL/min, and the injection volume was
1uL. Mass spectra were recorded with an electron beam of 70 eV,
scanning from 50 to 550 m/z.

Binding studies. The substrate dissociation constants (Ky values)
were determined in triplicate for ferric WT DHP B using a Cary 50
UV-vis spectrophotometer as per previously published protocols
[35,56]. Against a reference spectrum of 50 uM ferric DHP B in 100 mM
KP; (pH 7) containing 5% MeOH, difference spectra were obtained for
the addition of 0.5-150 equiv substrate to 50 uM DHP B while main-
taining constant enzyme, buffer, and MeOH concentrations. Analysis of
the visible region (450-700nm) was performed using the ligand
binding function in Grafit (Erithacus Software Ltd.).

Crystallization and Data Collection. Crystallization and data col-
lection were performed using non-His-tagged ferric DHP B that was
overexpressed and purified as per literature precedent [23,48-50]. The
protein was crystallized from the ferric form using the hanging-drop
vapor diffusion method. Crystals grew from 30 to 32% MPEG 2000,
0.2M ammonium sulfate and 0.02 M sodium cacodylate (pH 6.5) by
mixing protein at 10 mg/mL in 20 mM sodium cacodylate (pH 6.5) and
crystallizing solution at 1:1, 1.5:1 or 2:1 of protein:reservoir solution.
Crystals appeared after 3 days of incubation at 4 °C and were harvested
after a growth period of one to two weeks. All the substrate-bound
forms were obtained by overnight soaking of crystals in solutions
containing 34% MPEG 2000, 0.2M ammonium sulfate, and supple-
mented with varying concentrations of substrate (1-100 mM) dissolved
in DMSO, with a final concentration of 5% DMSO in the soaking solu-
tion. The crystals were subsequently cryoprotected by dipping in
soaking solution supplemented with 25% ethylene glycol, and flash
cooled in liquid nitrogen before data collection. X-ray diffraction data
were collected remotely at the SER-CAT ID22 and BM22 beamlines at
the Advanced Photon Source, Argonne National Laboratories. The data
sets were collected at 100K, using a wavelength of 1.0 A, employing a
shutterless Rayonix MX300HS detector. The data were integrated and
scaled with either iMosflm from CCP4 suite or HKL2000 program suite
[57], molecular replacement was done with Phaser-MR [58] using 3IXF
[50] coordinates as a search model, manual model building was per-
formed in COOT [59], whereas refinement was carried out using RE-
FMACS [60] in the CCP4 suite [61] and phenix.refine in the PHENIX
suite of programs [62,63]. The final model was validated using COOT,
MolProbity [64] and PDB_REDO [65].

Stopped-Flow UV-Visible Spectroscopic Studies. Optical spectra
were recorded using a Bio-Logic SFM-400 triple-mixing stopped-flow
instrument coupled to a rapid scanning (1.5ms) diode array UV-vis
spectrophotometer. The protein and H,0, solutions were prepared in
100 mM KP; (pH 7), and the substrates solutions were made in buffer
containing 5% MeOH. Double-mixing experiments were performed
using an aging line prior to the second mixing step to observe
Compound I/ES/II reactivity with 10 equiv substrate, as follows: (i)
Compound I was pre-formed from the reaction of ferric DHP B (Y28F/
Y38F) [42] with 10 equiv H,O, in an aging line for 85ms prior to
mixing with the substrate; (ii) Compound ES was pre-formed by reac-
tion of ferric WT DHP B with 10 equiv of H>O, in an aging line for
400 ms prior to mixing with the substrate [38]; (iii) Compound II was
pre-formed from oxyferrous DHP B that was preincubated with 1 equiv
TCP and then reacted with 10 equiv of H,O in an aging line for 2.75s
prior to mixing with the substrate [23,44]. Data were collected (900
scans total) over a three-time domain (1.5, 15, and 150 ms) observation
period using the Bio-Kine 32 software package (Bio-Logic). All data
were evaluated using the Specfit Global Analysis System software
package (Spectrum Software Associates) and fit with SVD analysis as
either one-step, two-species or two-step, three-species irreversible me-
chanisms, where applicable. For data that did not properly fit these
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models, experimentally obtained spectra at selected time points de-
tailed in the figure legends are shown. Data were baseline corrected
using the Specfit autozero function.

3. Results and discussion

DHP-Catalyzed Substrate Reactivity with H;0,. The hydrogen
peroxide-dependent reaction of ferric WT DHP B with the EPA Priority
Pollutants and related substrates was monitored by HPLC, and the
corresponding substrate conversion percentages (based upon substrate
loss) are reported in Table 1. Reactions were initiated upon the addition
of 500 uM H,0,, to a solution containing 10 uM ferric WT DHP B and
500 uM substrate, incubated at 25 °C for 5 min, and then quenched with
catalase (as DHP does not possess any catalase activity). At pH 7, the
substrate conversion ranged from a low value of 11% for penta-
chlorophenol to a high of ~67% for p-cresol. When repeated at pH 8,
only modest changes (< 2-fold) were noted, likely attributable to
protein-dependent pH effects given that the substrate pK, values are
below ~5 or above ~9.5 (pK, values: o-cresol, 10.29 [66]; m-cresol,
10.26 [66]; p-cresol, 10.09 [66]; 4-Me-o-cresol, 10.60 [67]; 4-Cl-o-
cresol, 9.71 [67]; 4-Cl-m-cresol, 9.55 [67]; pentachlorophenol, 4.70
[68]; 2,4-dinitro-o-cresol, 4.31 [69]). The order of oxidation of the
cresol isomers was found as o-cresol ~m-cresol < p-cresol, which
mirrors their binding affinities (vide infra). An inverse relationship was
observed between halogen size and enzyme reactivity for the 4-X-o-
cresols halogen series (X = F, Cl, Br), with a 2-fold difference (F >
Cl > Br) between the highest and lowest conversions. While an elec-
tronic effect cannot be ruled out, we note a significant difference in the
substrate orientation within the active site for 4-F-o-cresol (51.8%) vs.
4-Cl-o-cresol (35.2%) and 4-Br-o-cresol (27.5%) as shown by X-ray
crystallography (vide infra, Fig. S10). Finally, DHP B was also found to
catalyze the oxidation of pentachlorophenol (11%), which now adds
the fully substituted analog to the halophenol series 4-chlorophenol
(inhibitor) [32,70], 2,4-dichlorophenol (substrate [32,71]) and 2,4,6-
trichlorophenol (peroxidase substrate [32,38,72]). Finally, no reactivity
was observed for 2,4-dinitro-o-cresol under any conditions examined,
even when performed at pH 5 (data not shown), which is near its re-
ported pK, of 4.31. As DHP is able to catalyze the oxidation of 2,4-
dinitrophenol (pK, 4.07 [66]) at pH 5 and 6 [25], the lack of reactivity
here with 2,4-dinitro-o-cresol is possible due to binding or electronic
factors, and not pH-related. As expected, neither substrate turnover nor
product formation were observed in the absence of H,O, (non-oxidant
control) or enzyme (non-enzymatic control) (data not shown).

As the native substrate scope of dehaloperoxidase is believed to be
organobromine compounds [32], and as DHP B has been shown to
oxidize brominated analogs of phenols [38], indoles [35], and guaiacols
[23], mechanistic investigations were performed here with 4-Br-o-
cresol (4-Br-C) as a representative substrate for the cresol family, the
results of which are summarized in Table 2.

(i) pH dependence: a ~3-fold increase in substrate oxidation was ob-
served as the reaction pH was increased from 5 (16.0%) to 8
(43.8%), with only a minor further increase at pH 9 (46.2%). This
suggests that maximal activity occurs as the pH = pK, of the DHP
metaquo acid-alkaline transition of 8.1 [73]. This is the opposite
behavior as has been previously shown for DHP peroxygenase
substrates 4-nitrophenol [25], pyrrole [36], and 5-Br-indole [35],
where activity increased as the pH decreased.

(ii) Enzyme variations: the oxidation of 4-Br-o-cresol as catalyzed by
oxyferrous DHP B (21.0%) was slightly attenuated compared to
that of ferric DHP B (27.5%), but still demonstrated that the sub-
strate oxidation reaction can be initiated from either the globin-
active (Fe-0,) or the peroxidase active (Fe'™) oxidation states, a
result consistent with literature precedent [23,25,35,36,44,74,75].
Studies performed with DHP B (Y28F/Y38F), a mutant that yields
Compound I as the initially-observed reactive intermediate rather
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than the Compound ES species observed in WT DHP B [42],
showed only slightly lower substrate conversion (21.9%) com-
pared to WT DHP. Whereas the canonical horseradish peroxidase
(HRP) yielded virtually complete conversion (98.8%) of 4-Br-o-
cresol, horse skeletal muscle myoglobin showed similar conversion
(33.1%) compared to WT DHP B; in both cases, the product dis-
tributions were different from that observed for DHP (data not
shown). Finally, DHP isoenzyme A, which differs from DHP B by
only five amino acid substitutions [49,50], showed a higher con-
version of 49.7% than the DHP B analog; the higher activity of
isoenzyme A over that of B has only been observed previously with
pyrrole (a peroxygenase substrate) [36].

(iii) Mechanistic studies: The addition of 4-bromophenol (K4 = 1.15mM
[701), a known peroxidase and peroxygenase inhibitor [76,77],
decreased substrate conversion by 1.7-fold, suggesting that 4-bro-
mophenol has an inhibitory effect on 4-Br-o-cresol oxidation.
When the reaction was performed in the presence of the known
radical scavengers D-mannitol (26.1%) and DMPO (21.1%), no
significant differences in substrate conversion or product dis-
tribution were noted, a result that suggests that solvent accessible
radicals do not play a role in the oxidation of 4-Br-o-cresol. As a
comparison, 4-Br-o-guaiacol, a peroxidase substrate, was similarly
unaffected by DMPO, whereas this radical scavenger did inhibit 5-
Br-o-guaiacol and 4-NO,-o-guaiacol conversion, suggesting that
these peroxidase substrates do proceed through diffusible radicals
[23]. Finally, in the presence of DMSO, a slight increase (to 34.5%)
in reactivity without change in product distribution was shown,
which we attributed to the organic solvent facilitating access of the
substrate to the hydrophobic binding pocket of DHP [78].

Taken together, the results obtained from the above enzymatic as-
says showed that dehaloperoxidase was able to catalyze the conversion
of the EPA pollutants under physiological conditions, and establishes
cresols as yet another class of phenolic substrate for DHP. These studies
do not, however, provide definitive evidence for oxidation via either a
peroxidase or peroxygenase-based mechanism, necessitating labeling
studies (vide infra).

Identification of Reaction Products by HPLC and LC-MS. A re-
presentative chromatogram for each DHP B-catalyzed substrate oxida-
tion reaction in the presence of H,0- is found in Fig. 2, and the reaction
mixtures were further analyzed by LC-MS. Under the conditions em-
ployed, multiple products were observed, and although identification of
the exact chemical structures was not pursued, the products consisted of
oligomers (up to n = 6) with varying degrees of oxidation; a list of the
retention times, masses and chemical formulae obtained for the pro-
ducts (up to n = 3) can be found in Tables S1-S4. For the 4-X-cresol
series (X = F, Cl, Br), dehalogenation products were also observed,

Table 1
DHP-catalyzed substrate oxidation studies.

Substrate Conversion (%)

DHP B WT Ferric pH7 pH 8

+ o-cresol 31.6 (£6.2) 35.2 (%29
+ p-cresol 67.3 (£ 3.6) 75.9 (+ 3.5)
+ m-cresol 33.8(*22) 35.7 (+3.0)
+4-Me-o-cresol 65.3 (*+6.7) 81.4 (= 11.5)
+4-F-o-cresol 51.8 (£ 2.2) 53.7 (£ 2.0)
+ 4-Cl-o-cresol 35.2(*3.7) 46.8 (+5.7)
+ 4-Br-o-cresol 27.5 (% 3.5) 43.8 (= 4.3)
+4-NO,-o-cresol 30.3 (£ 3.0) 11.8 (£ 2.3)

+ 2,4-dinitro-o-cresol n.d. n.d.
+4-Cl-m-cresol 35.4(*1.9) 231 (=1.6)
+ pentachlorophenol 11.0 (£ 2.1) 89 (x1.3)

Reaction conditions: [ferric DHP B] = 10 uM, [substrate] = [H>0,] = 500 uM,
5% MeOH/100 mM KP; (v/v) at pH 7 or 8, 25°C, 5min; n.d. = no reactivity
detected.
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Table 2
DHP-catalyzed oxidation of 4-Br-o-cresol as a function of enzyme
variant, pH, and mechanistic probes.

Condition Conversion (%)
pH Studies
pH 5.0 16.0 (*x1.1)
pH 6.0 19.1 (£ 1.0)
pH 7.0 27.5(%3.5)
- Hy,0, n. d.
- enzyme n d.
pH 8.0 43.8 (£ 4.3)
pH 9.0 46.2 (= 6.6)
Enzyme Variation
DHP B Oxyferrous 21.0(*+3.2)
DHP A Ferric 497 (1.4
DHP B (Y28F/Y38F) 219 (% 1.5)
HRP 98.8 (£ 0.2)
HSM Mb 33.1(%3.2)
Mechanistic Probes
500 uM D-mannitol 26.1 (£1.3)
10% DMSO 345 (*23)
100 mM DMPO* 21.1 (£ 5.0)
500 uM 4-bromophenol 15.0 ( = 2.8)

Reaction conditions: [DHP] = 10 uM, [4-Br-o-
cresol] = [Hy0,] = 500 uM, 5% MeOH/100 mM KP; (v/v), pH 7,
25°C, 5min; n.d. = no reactivity detected.

@ reaction performed in 10% MeOH.

*

-

pentachlorophenol

*

»
*

*

m-cresol
*
p-cresol A ,\ Jl A A
1 N *
1
o-cresol | A A
=

3 4 5 6 7 8 9 10
Retention Time (min)

Fig. 2. HPLC chromatograms for the reaction of DHP B with the EPA priority
pollutants and cresol derivatives in the presence of H,O,. Reaction conditions:
10 uM DHP B, 500 uM substrate, 500 uM H,0,, 5% MeOH/100 mM KP; (v/v),
pH 7, 25 °C. The reaction was quenched after 5min with an excess of catalase.
The 2-MeBq product is highlighted by the triangle with a tg ~4.6 min. The
asterisks denote the substrate. Reactions were monitored at 260 nm except
pentachlorophenol (280 nm), and 4-X-o-cresol (X = F, Cl, Br; 265 nm).

consistent with previous studies employing 2,4,6-trihalophenols
(yielding the corresponding 2,6-dihaloquinones [38]) and 4-X-guaia-
cols (forming oligomeric products) that also underwent oxidative de-
halogenation chemistry [23].

For seven of the eleven substrates [o-cresol, m-cresol, 4-Cl-m-cresol
and 4-R-o-cresol (R = F, Cl, Br, NO,)] studied, a common oxidation
product was observed. This product exhibited identical spectroscopic
features (Amax = 249 nm), retention time (tg = 4.6 min), and mass (m/z
121.0, [M-HJ; 123.0, [M+H] ") that matched a commercial sample of
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2-methyl-1,4-benzoquinone (2-MeBq; Fig. S1). On the basis of a cali-
bration curve (Fig. S2), the amount of 2-MeBq was determined for each
reaction (Table S5), and it was found that 2-MeBq formation varied up
to 150-fold (0.2-28.9uM) at pH 7, but only ~5-fold at pH 8
(5.2-27.8 uM, pH 8). The formation of the 2-MeBq indicates dehalo-
genation (-HX, X = F, Cl, Br) and loss of nitrite (HNO,), and although
no attempts were made to identify the leaving groups, stopped-flow
UV/visible spectroscopic studies suggest that the halogen ions could
serve as ligands to the heme-Fe, forming Fe-X adducts (vide infra). No 2-
MeBq product was observed in the reactions with p-cresol, 4-Me-o-
cresol and pentachlorophenol, and the yield of 2-MeBq product was
unaffected when 100 mM DMPO was included in the 4-Br-o-cresol re-
action. Quinone product formation has precedent for the DHP-catalyzed
oxidative dehalogenation of 2,4,6-trihalophenol (X = F, Cl, Br) yielding
the corresponding 2,6-dihaloquinone [32], and 4-X-o-guaiacol (X = F,
Cl, Br) yielding 2-methoxybenzoquinone (2-MeOBQ) [23], with both
reactions proceeding via a peroxidase-based mechanism. Formation of
these quinone products has been previously linked to a product-driven
reduction [23,38] owing to the unusually high redox potential of DHP
[79], thereby providing a resolution to the ‘dehaloperoxidase paradox’
[80] wherein the product of its peroxidase activity (with an Fe! resting
state) reduces DHP back to the ferrous oxidation state, thereby rescuing
its oxygen-transport function.

Identification of a Catechol Reaction Product. With the exception
of pentachlorophenol, each substrate oxidation reaction exhibited a
product that corresponded to the incorporation of an O-atom into the
substrate (monomer + 1 O; Tables S1-S3). To determine if these pro-
ducts could be specifically ascribed to catechol formation, authentic
samples of the corresponding catechol, either from commercial sources
or prepared enzymatically (see Supporting Information), were em-
ployed as follows:

(i) 4-methylcatechol (4-MC) was found to have the same character-
istic retention time (tg =4.4min), UV-visible spectrum
(Amax = 225 nm) and mass (m/z [M-H] = 123) as one of the oxi-
dation products of p-cresol in the HPLC chromatogram (Fig. S3),
confirming the formation of 4-MC during the DHP-catalyzed oxi-
dation of p-cresol.

(ii) 3-methylcatechol (3-MC) showed a retention time of 4.7 min
(Amax = 225 nm), however, when compared to the o-cresol chro-
matogram, no peak with the same retention time and spectroscopic
profile was observed (data not shown), despite the presence of the
corresponding mass (m/z [M-H]" = 123; Table S1) being observed
by LC-MS for the oxidation of o-cresol. This suggests that the 3-
methylcatechol product is present at very small concentrations in
the reaction mixture.

(iii) As they were not commercially available, the catechol derivatives
for 4-R-o-cresol (R = F, Cl, Br, NO,), 4-Cl-m-cresol, and m-cresol
were synthesized enzymatically employing tyrosinase following
literature protocols [53-55], and their characterization by GC-MS,
LC-MS and HPLC can be found in the Supporting Information (Figs.
54-S6). As shown in Figs. S5 and S6, catechol products were
identified by their retention time and UV-visible spectrum in the
DHP-catalyzed oxidation of 4-F-o-cresol, 4-NO,-o-cresol, 4-Cl-m-
cresol and m-cresol.

Altogether, O-atom incorporation for five cresol substrates was
confirmed from authentic samples that were either obtained commer-
cially or enzymatically, with hydroxylation of the remaining cresol
substrates (excluding pentachlorophenol) indicated by the LC-MS data.
These results suggest the possibility of peroxygenase activity with the
cresol substrates, an activity that has been observed for DHP with
pyrrole [36], 5-Br-indole [35], and nitrophenol [25] substrates, but not
with halophenol nor haloguaiacol substrates, these latter two being
oxidized via a peroxidase activity.

Labeled Oxygen Studies. In order to determine the origin of the O-
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atom that was incorporated in the para (2-MeBq) and ortho (catechol)
positions of the oxidation products, labeling studies with 4-Br-o-cresol
(as a representative substrate) were conducted employing H,'%0 and
H,'%0, (98% and 90% enriched, respectively), and the results were
subsequently analyzed by LC-MS in positive and negative modes to
yield the [M+H]* and [M-H]" species, respectively. The background-
subtracted total ion chromatograms (TICs) are shown in Figs. 3 and 4.
The data were obtained in both ionization modes as the catechol (5-
bromo-3-methyl-1,2-benzenediol) and 2-methyl-1,4-benzoquinone (2-
MeBq) products could only be observed in negative and positive ion
modes, respectively.

2-Me-1,4-benzoquinone (2-MeBq): In the presence of unlabeled H,O
and labeled H,'®0,, no increase in mass for 2-MeBq was observed [m/z:
123.08, 100% (Fig. 3C)] when compared with the results obtained in
the absence of an 20 source (Fig. 3A). The presence of H,'80 and
unlabeled H,0,, however, resulted in an increase of 2 and 4 Da in the 2-
MeBq mass [m/z: 123.08, 10.9%; 125.05, 38.1%; 127.05, 51.0%
(Fig. 3B)], suggesting incorporation of labeled oxygen from water, with
further scrambling from solvent occurring to account for the second
labeled oxygen in 2-MeBq. The results obtained for the reaction em-
ploying both labeled H,'%0 and H,'®0, [m/z 123.05, 16.2%; 125.05,
36.7%; 127.05, 47.1% (Fig. 3D)] were virtually identical to those of the
H,'®0/H,0, reaction, providing strong evidence for O-atom in-
corporation derived exclusively from water (and not from hydrogen
peroxide), and consistent with a peroxidase mechanism for cresol oxi-
dation by DHP yielding 2-MeBq. Additionally, the oligomeric products
were observed to contain %0 only in reactions that contained labeled
water (data not shown).

5-Br-3-Me-1,2-benzenediol: In the presence of labeled H,'®0 and
unlabeled H,0,, no increase in mass for the catechol [m/z: 200.96
("°Br), 48.3%; 202.96 (3'Br), 51.6% (Fig. 4B)] was observed when
compared with the results obtained in the absence of an '®0 source
(Fig. 4A). However, in the presence of unlabeled H,O and labeled
H,'80, there was an increase of 2 Da in the catechol mass [m/z: 200.96,
7.2%; 202.96 ("°Br), 48.6%; 204.96 (3'Br), 44.2% (Fig. 4C)], which
strongly suggests that the origin of the O-atom incorporated into the
catechol product was derived from hydrogen peroxide. Further, the
results obtained for the reaction employing both labeled H,'®0 and
H,'%0, [m/z: 200.96, 1.8%; 202.96 ("°Br), 48.3%; 204.96 (*'Br), 49.9%
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(Fig. 4D)] were virtually identical to those of the H,0/H,'®0, reaction,
and provides unequivocal evidence that the oxygen atom was derived
exclusively from hydrogen peroxide, with no incorporation of oxygen
from water, and consistent with a peroxygenase mechanism for cresol
oxidation by DHP for catechol formation.

Substrate Binding Studies. While the titration of substrates
(0.5-150 equiv; Figs. S7-S9) to ferric WT DHP B in 100 mM KP;/5%
MeOH (v/v) showed no significant changes to the Soret band (data not
shown), the Q-band region (450-700 nm) showed well-behaved optical
difference spectra, thereby allowing for the determination of the ap-
parent substrate binding constant (K4). On a whole, the EPA pollutants
exhibited a stronger binding affinity to DHP B when compared to the
corresponding substituted guaiacols [23], halophenols [70] and pyr-
roles [36], but relatively similar K4 values as the nitrophenol [25],
haloindole [35] and azole [24] substrates (Table 3). Across the halo-
genated 4-X-o-cresol series, a trend of increasing binding affinity with
increasing halogen size was noted, H < F < Cl < Br. This same trend
has been previously reported for the 4-X-o0-guaiacol [23] and 5-X-indole
[35] series, and is attributed to the Xel binding pocket in DHP B (hy-
drophobic cavity surrounded by amino acids L100, F21, F24, F35 and
V59) having a higher affinity for larger halogen atoms, as deduced from
crystallographic studies of 4-X-phenol binding to DHP [81]. The
binding affinity of 4-bromophenol (K4 = 1.15mM [70]), is 13-fold
weaker than the affinity of 4-Br-o-cresol (Kq = 0.086 mM), which likely
explains why the reactivity of this substrate was only partially affected
(decreased 1.7-fold) in the presence of the inhibitor (Table 2).

X-Ray Crystallographic Studies. The structures of DHP B in
complex with pentachlorophenol, 4-R-o-cresol (R = H, F, Cl, Br, Me,
NO,) and p-cresol were determined by X-ray crystallography to near
atomic resolution (1.35-2.1 f\). Selected distances for substrate inter-
actions and occupancy in the distal pocket can be found in Table 4, and
the crystallographic data collection, processing, and structure refine-
ment results are given in Table S6. The protein crystallized in the space
group P2;2,2; with two molecules in the asymmetric unit (protomer A
and protomer B), as was reported in our previous studies
[23,25,48,49,71]. The substrates were found to bind in the distal heme
cavity, positioned ~3.2-5 A above the heme moiety, with the phenol
ring substituents directing substrate orientation in the hydrophobic
binding cavity above the heme (Fig. 5).

For the halogenated cresols 4-X-o-cresols (X = F, Cl, Br; Fig. 5A-C),

Fig. 3. ESI-MS total ion chromatograms ob-
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Fig. 4. ESI-MS total ion chromatograms ob-
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Table 3 enables hydrogen bonding interactions with the hydroxyl group of the

K4 Values for Substrate Binding to Ferric WT DHP B at pH 7.

substrate (Fig. 5B and C). The overall strong affinity of these two sub-
strates with the enzyme (4-Cl-o-cresol, K4 = 130 uM; 4-Br-o-cresol,

Substrate Kq (uM) Ref

K4 = 86 uM; Table 3) is a reflection of these interactions, with an ad-
EPA Pollutants ditional stabilization arising from mn-stacking of the substrate aromatic
o-Cresol 4594 (+ 393) ) ring with F21. By contrast, 4-F-o-cresol was found to bind closer to the
p-Cresol 2682 ( + 381) ? h d dthe h . D d hvd bonding i
m-Cresol 6721 ( + 582) eme y edge and the heme propionate ue to hydrogen bonding in-
4-Me-o-cresol 309 ( + 26) a teractions of the hydroxyl group with both T56 and Y38, mediated by a
4-F-o-cresol 2970 ( + 391) a water molecule (Fig. 5A), which could reflect in its weaker binding
4-Cl-o-cresol 130 (= 4) affinity (Kq = 2970 uM) compared to 4-Cl-o-cresol and 4-Br-o-cresol.
::Er(-)o::iiiol 51325( (t::g . Two distinct conformations were observed for 4-F-o-cresol and 4-Cl-o-
4-Cl-r;:1-cresol 629 ( + 36) cresol on protomers B and A, respectively (Figs. S11A-B), which af-
Pentachlorophenol 79 (+9) fected whether H55 was in the open or closed conformation, as well as
Substituted Guaiacols substrate occupancy (4-F-o-cresol: A 55%, B, 20%; 4-Cl-o-cresol: A 58%
o-guaiacol 14712 (£ 714) [23] and 20%).
4-Me-o-guaiacol 1433 ( = 97) [23] . . . .
4-F-0-guaiacol 2438 ( + 207) [23] . The cresol substratt.es w.1th les§ b}llky sullas.tltuents in the para posi-
4-Cl-o-guaiacol 493 ( = 53) [23] tion were found to bind in a similar position as 4-F-o-cresol. Two
4-Br-o-guaiacol 374 ( + 42) [23] conformations were observed for o-cresol (protomer A) and 4-Me-o-
4-NO-0-guaiacol 1341 (£ 26) [23] cresol, where the hydroxyl group is either facing up towards Y38 or
Phenol : . .
4-bromophenol 1150 [70] facing down towards Fhe beme. VYhen facing down, o-cresol (Flg 5E)
4-nitrophenol 262 ( = 23) [25] has a hydrogen bonding interaction to a water molecule positioned
Indole 3.3 A away from the iron center, and when facing up the hydroxyl
5-Cl-indole 317 (£ 23) [35] group of o-cresol interacts with propionate D and Y38. Additionally, o-
5-Bl.—-i;1dlole 150 ( + 10) [35] cresol showed the presence of only one substrate conformation in
-1- +
ZZI;;; o 62 (+10) 1351 protomer B (Fig. S11C), oriented such to be able to hydrogen bond with
Imidazole 52 (£2) [24] Y38 and heme propionate D. The hydroxyl group of 4-Me-o-cresol
Benzotriazole 82 (+2) [24] (Fig. 5G) has two different hydrogen bonding interactions when facing
Benzimidazole 110 (£ 8) [24] up: i) an interaction with T56 and, ii) an interaction with propionate D

2 This work.

bulky atoms such as Br were found to bind deeper in the hydrophobic
region, closer to residues L100 and F60 in the hydrophobic cavity above
the a heme edge (Xel hydrophobic binding pocket), which is in ac-
cordance with previously published structures [81]. When compared
with 4-Br-o-guaiacol (PDB 6CKE [23]), the halogen atoms of 4-Cl/Br-o-
cresol superimpose exactly with the p-Br substituent of the guaiacol
(Fig. S10A) in the Xel hydrophobic cavity, while the 0-OMe group
coincides with the o-Me group. Additionally for the 4-Cl/Br-o-cresol
structures, H55 was found positioned inside the heme cavity, which

and Y38 mediated by a water molecule, which together can account for
relatively strong affinity of this substrate with the protein
(Kq = 309 uM). The p-cresol (Fig. 5F) isomer, for which only one con-
formation was observed in both chains and with the methyl group fa-
cing towards the Xel hydrophobic cavity, shows H-bonding interac-
tions of the hydroxyl group with the heme propionate D and Y38, which
together correlate to a stronger binding affinity compared to o-cresol (o-
cresol, Kqg = 4594 uM vs. p-cresol, K4 = 2682 pM). When comparing the
structures of o-cresol, p-cresol, and 4-Me-o-cresol to 4-MeO-o-guaiacol
(PDB 6CH6 [23]), the 4-MeO-o-guaiacol binding is significantly dif-
ferent (Fig. S10B), likely due to the bulkier -OMe vs -Me group, which
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Table 4
Selected distances (angstroms) for DHP B-EPA pollutants complex (protomer A).
4-F-o-cresol 4-Cl-o-cresol” 4-Br-o-cresol” 4-NO,-o-cresol o-cresol” p-cresol 4-Me-o-cresol” Pentachlorophenol®

PDB Entry 60NG 60NK 60NX 60NZ 6001 6006 60NR 6008
Substrate occupancy 80% 100% 70% 70% A: 50% B: 20% 100% A: 20%, B: 60% A: 40%, B: 15%
H55 N° ... -OH (substrate) 7.3 2.7 inty 4/%t9,1 5.9 5.7%/7.1® 5.7 7.3%/7.0° 5.1%/5.28
H55N° ... OH (substrate) 5.6 4.7 int4 4/°8.9 4.1 3.8%/5.08 3.7 5.4%/4.9% 4.9/5.38
F21C" ... C' (substrate) 3.5 3.8 3.8 3.8 4.5%/3.7% 4.4 4.0 4.4%/4.5°
F21C" ... C* (substrate) 4.6 4.0 4.0 3.8 3.8%/2.9° 4.8 3.1 4.7%/5.9%
Fe---OH (substrate) 6.9 4.9 4.8 7.3 7.3%/4.5 7.1 7.0%/4.9% 7.5%/7.6%
Fe---C°-“3 (substrate) 4.7 5.1 5.1 4.6 4.8"/7.3% 4.4 4.9%/7.3% -
Fe ... X! (substrate) 4.8 8.6 8.7 5.4% 51° 6202 _ - 4.8%/7.3% 3.74/2.28
Fe---H55 N* 0.3 5.9 in'5 6,/°%9.8 110.0 10.2 10.3 10.4 int4.7/%%9.4
Fe.--H55 N® g5 6.4 intg.0/°10.0 extg 1 8.3 8.5 8.5 intg.2/°x9.7
Fe---H89 N° 2.1 2.1 2.1 2.2 2.2 2.2 2.1 2.2
Fe to pyrrole N plane 0.274 0.254 0.188 0.175 0.193 0.158 0.262 0.0942

2 For 4-Cl-C, numbers shown for protomer B.

> For 4-Br-C, H55 was found to be both in the interior and exterior conformations, designated as interior (int) or exterior (ext).

¢ The alternate substrate conformations are denoted with superscripts A and B.

4 X refers to the substituent on para position.

nicely illustrates how subtle differences in the size of a substituent can
lead to a significant change in how that substrate binds to DHP, an
effect that can be used to ‘tune’ the activity of DHP between peroxidase
and peroxygenase mechanisms [23,48].

The binding of 4-NO,-o-cresol is similar to that observed for p-cresol
(Fig. 5D), where the hydroxyl group is involved in hydrogen bonding
interactions with both propionate D of the heme and Y38, and the nitro
group is facing towards the Xel hydrophobic cavity. When compared to
the structures of DHP B complex with 4-NO,-phenol (PDB 5CHQ [25]),
4-NO,-catechol (PDB 5CHR [25]) and 4-NO,-o-guaiacol (PDB 6CH5
[23]) (Fig. S10C), the 4-NO,-o-cresol binding position is nearly iden-
tical to both 4-NO,-phenol and 4-NO,-catechol, although it is displaced
higher up relative to the heme plane in order to avoid a steric clash of
the methyl group with the heme plane. As was found with 4-MeO-o-
guaiacol, 4-NO,-o-guaiacol binding was significantly different from that
of the cresol analog due to the bulkier -OMe group.

The structure of DHP B in complex with pentachlorophenol
(Kq = 79 uM) was determined using chlorine anomalous scattering (see
Supporting Information). Pentachlorophenol was found close to the y
and 8 heme edges, and in two conformations at nearly right angles to

p-cresol

334

)
v2.2

Q H89

o
2.2

A

each other: one parallel (15% occupancy) and the other perpendicular
(40% occupancy) to the heme cofactor (Fig. 5H). The parallel con-
formation extends towards the groove between residues F21 and F35,
with H-bonding interactions between the hydroxyl group, Y38 and
heme propionate D, whereas the perpendicular conformation enables -
stacking with F21 and H-bonding between the hydroxyl group, T56 and
Y38. Not surprisingly, this perpendicular conformation is nearly iden-
tical in orientation and position as the peroxidase substrate 2,4,6-tri-
chlorophenol (TCP; PDB 4KMW [72]), but also to the inhibitor 4-
chlorophenol (PDB 3LB3 [70]) (Fig. S10D). Both perpendicular and
parallel conformations showed slightly shifted positions in chain B (Fig.
S11D), where the hydroxyl group for both was found to be interacting
with Y38 and heme propionate D.

Overall, three distinct groups of H-bonding interactions for the
hydroxyl group of the cresol substrate were noted (Fig. S10E): i) H-
bonding to T56,/Y38 mediated by a water molecule, as was observed for
4-F-o-cresol and 4-Me-o-cresol, which were also two of the most re-
active substrates (Table 1); ii) H-bonding directly to Y38 and the heme
propionate D, observed for o-, p- and 4-NO,-o-cresol; and iii) H-bonding
to H55 oriented inside the distal heme cavity, noted for 4-Cl-o-cresol

Fig. 5. X-ray crystal structures obtained for DHP B in complex with (A) 4-F-o-cresol [cyan, PDB 60NG], (B) 4-Cl-o-cresol [pink, PDB 60NK], (C) 4-Br-o-cresol [green,
PDB 60NX], (D) 4-NO,-o-cresol [blue, PDB 60NZ], (E) o-cresol [orange, PDB 6001], (F) p-cresol [purple, PDB 6006], (G) 4-Me-o-cresol [yellow, PDB 60NR], and
(H) pentachlorophenol [burgundy, PDB 6008]. Panels provide atomic distances and interactions between the substrate and amino acids and/or heme macrocycle.
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and 4-Br-o-cresol, i.e., the substrates that bind deeper in the hydro-
phobic region of the distal pocket.

Stopped-Flow UV-Visible Spectroscopic Studies. As a re-
presentative substrate, the oxidation of 4-Br-o-cresol as catalyzed by
DHP B was investigated using stopped-flow UV-Visible spectroscopy
employing single and double-mixing methodologies (Fig. 6). Studies
were performed with HyO,-activated DHP, preformed as Compound I
[42,43], Compound ES [37,38], or Compound II [44]. As the kinetics
were difficult to deconvolute at higher substrate concentrations owing
to competing oxidation mechanisms and products formed therefrom,
the studies presented here were limited to 10 equiv 4-Br-o-cresol, and
the data were fit as one-step/two species or two-step/three species ir-
reversible mechanisms where possible, or alternatively displayed as
experimentally obtained spectra at selected time points.

Compound I Reactivity: Pre-formed in an aging line for 85 ms from an
initial mixing step of ferric DHP B (Y28F/Y38F) with 10 equiv H,O,
[42], Compound I [406 (Soret), 528, 645 nm] [29] was reacted with 10
equiv 4-Br-o-cresol at pH 7 (Fig. 6A). The first spectrum had features
that matched that of ferric DHP B (Y28F/Y38F) [406 (Soret), 509, and
636 nm; black, t = 0s], suggesting that Compound I was rapidly

A B

Compound |

Compound ES
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reduced by the substrate within the mixing time (1.5ms) of the
stopped-flow apparatus, an observation that has been noted previously
for other DHP substrates, including 5-Br-indole [35], 4-nitrophenol
[25], pyrrole [36], and 4-Br-guaiacol [23]. Given the relatively slow
reduction of Compound II by 4-Br-o-cresol (vide infra), the lack of an
observable one-electron oxidized intermediate (i.e., DHP Compound II)
suggests a single two-electron oxidation of 4-Br-o-cresol as opposed to
two consecutive one-electron processes, a supposition that is supported
by the lack of an effect by the radical scavenger DMPO (no diffusible
radical formation). The ferric spectrum slowly converted to a final
species [405 (Soret), 498, 605 nm; blue, t = 10s] whose spectral fea-
tures have been ascribed to an Fe-Br adduct [76], and suggests that the
oxidative dehalogenation of 4-Br-o-cresol yields bromide that ulti-
mately binds to the ferric enzyme. As opposed to the reaction chemistry
with 2,4,6-tribromophenol, TCP, and 4-Br-guaiacol, this is the first time
the DHP Fe-X adduct has been observed during Compound I-catalyzed
substrate oxidation [23,42]. At longer observation times (500s), the
Fe-Br adduct converted to a species whose spectral features matched
those of Compound RH, an inactivated form of DHP B (data not shown)
[37,38,82].
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Fig. 6. Kinetic data obtained by optical spectroscopy for the reaction of H,O»-activated DHP B with 4-Br-o-cresol at pH 7. A) DHP B (Y28F/Y38F)/Compound I: top
panel, stopped-flow UV-visible spectra of the double-mixing reaction of preformed Compound I (10 uM) with a 10-fold excess of 4-Br-o-cresol (614 scans over 10 s);
inset: the single-wavelength (407 nm) dependence on time obtained from the raw data. Bottom panel, experimentally obtained spectra for Compound I reacted with 4-
Br-o-cresol (black, t = 0s), its reduction to the ferric enzyme (red, t = 0.14s) and the formation of the Fe-Br adduct (blue, t = 10s). B) Ferric WT DHP B/
Compound ES: top panel, stopped-flow UV-visible spectra of the double-mixing reaction of preformed Compound ES with a 10-fold excess of 4-Br-o-cresol (610 scans
over 10s); inset: the single-wavelength (418 nm) dependence on time obtained from the raw spectra and its fit with a superposition of the calculated spectral
components. Middle panel, the calculated spectra of the three reaction components derived from SVD analysis: Compound ES (black), ferric DHP B (red) and the Fe-Br
adduct (blue). Bottom panel, the time dependence of the relative concentrations of the three components shown in the middle panel as determined from the fitting of
the spectra in the top panel. C) Oxyferrous WT DHP B/Compound II: top panel, stopped-flow UV-visible spectra of the double-mixing reaction of preformed
Compound II with a 10-fold excess of 4-Br-o-cresol (619 scans over 10 s); inset: the single-wavelength (420 nm) dependence on time obtained from the raw spectra
and its fit with a superposition of the calculated spectral components. Middle panel, the calculate spectra of the three reaction components derived from SVD analysis:
Compound II (black), ferric DHP B (red) and the Fe-Br adduct (blue). Bottom panel, the time dependence of the relative concentrations of the three components shown
in the middle panel as determined from the fitting of the spectra in the top panel.
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Compound ES Reactivity: Formed in an aging line for 400 ms from an
initial mixing step of ferric WT DHP B with 10 equiv H,O, [38],
Compound ES [418 (Soret), 546, 588 nm; black] was subsequently re-
acted with 10 equiv 4-Br-o-cresol at pH 7 (Fig. 6B), which led to re-
formation of ferric DHP B [406 (Soret), 505, 636nm; t = 0.41s,
kobs = 9.59 + 0.07 s~ 1; red]. At t = 10s, the spectrum appeared as a
mixture of the ferric enzyme and the same species observed in Com-
pound I reactivity, namely the Fe-Br adduct [407 (Soret), 498, 605 nm,
blue]. At longer times (500 5s), full formation of the Fe-X adduct was
confirmed, with no evidence of other species, i.e., Compound RH or
oxyferrous DHP (data not shown). When this reaction was repeated
with 4-F-o-cresol and 4-Cl-o-cresol, the observations of an initial re-
duction of Compound ES to the ferric enzyme, followed by formation of
the Fe-X adduct, were qualitatively similar (Fig. S12). Substrate re-
duction of Compound ES to the ferric enzyme has been observed in past
studies with halophenols [38], haloindoles [35], pyrrole [36], ni-
trophenols [25], and haloguaiacols [23]. However, unlike the product-
driven reduction observed in those stopped-flow studies (by 2,6-chlor-
oquinone [38], 5-Br-3-oxindole [35], and 2-methyoxybenzoquinone
[23]) of the reformed ferric enzyme to the oxyferrous state, no forma-
tion of oxyferrous DHP B was observed here. We surmise that in the
case of the halocresols, the putative reductant, 2-MeBq, was formed in
too small of a concentration (Table S5) to drive the reduction of the
ferric enzyme: employing 2-MeBq in benchtop studies showed it was
only able to reduce ferric DHP to the oxyferrous state aerobically at or
above 50 UM concentration (data not shown).

The reactivity of the remaining substrates with preformed
Compound ES was also investigated in a manner identical to that de-
scribed above for 4-Br-o-cresol. The time required for 10 equiv of each
substrate to reduce Compound ES to the ferric state is listed in Table 5,
and the representative reactions are shown in Figs. S12-S14. All sub-
strates were found to convert Compound ES to the ferric enzyme, al-
though the times varied > 50-fold (0.39-21.30 s): compared to o-cresol
(3.995), the 4-R-o-cresol (R = F, Cl, Br, Me) substrates reduced Com-
pound ES between 2 and 10-fold faster, whereas the more deactivated
substrates (m-cresol, 4-Cl-m-cresol, and pentachlorophenol) were 2-5-
fold slower.

Compound II Reactivity: Generated from an initial reaction of oxy-
ferrous WT DHP B that was preincubated with 1 equiv of 2,4,6-tri-
chlorophenol and mixed with H>O, in an aging line for 2.75s [44],
preformed Compound II [421 (Soret), 546, 582 nm, black] was reacted
with 10 equiv 4-Br-cresol (Fig. 6C). Similar to the findings noted for
Compound ES, the Compound II intermediate was reduced to ferric
DHP [405 (Soret), 506, and 638 nm; t = 1.665, kops = 5.34 + 0.04
s_l; red], and then formed a mixture with the Fe-Br adduct [407
(Soret), 498, 604 nm; blue, t = 105s] at longer times. The reduction of
Compound II to the ferric enzyme has been observed previously for
2,4,6-TCP [44], 5-Br-indole [35], pyrrole [36], 4-nitrophenol [25], and
4-Br-o-guaiacol [23], however further reduction of ferric DHP to oxy-
ferrous enzyme was observed in these studies with the exception of 4-
nitrophenol. Once again, we surmise that the lack of the product-driven
formation here with 4-Br-o-cresol is attributable to the low concentra-
tion of the 2-MeBq product generated during catalytic turnover.

Oxyferrous Reactivity: In the absence of a substrate, oxyferrous DHP
is unreactive towards H,O, [44,75], exhibiting only a slight bleaching
of the Soret band at short times, with long time scale conversion to
Compound RH. Presumably, this is to prevent unwanted autoxidation of
DHP in the absence of substrate. However, in the presence of virtually
all known substrates, oxyferrous DHP exhibits a substrate-dependent
activation by H,0, [23,25,35,36,44,74,75]. To investigate if the cresols
were also capable of activating oxyferrous DHP for oxidation by H,0,, a
solution of oxyferrous WT DHP B preincubated with 10 equiv 4-Br-
cresol [418 (Soret), 543, 578 nm; black, t = 0 s] was rapidly mixed with
10 equiv H,O; (Fig. 7). The oxyferrous enzyme was initially oxidized to
ferric DHP B [407 (Soret), 502, 609 nm; red, t = 8.7 s], and further
converted to a stable species consistent with a mixture of ferric DHP
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and its Fe-Br adduct [408 (Soret), 606 nm; blue, t = 505s]. In parallel
studies employing 4-Br-o-guaiacol [23], the ferric enzyme similarly
formed, however, reduction back to the oxyferrous enzyme was ob-
served, which again highlights the lack of a product-driven reduction
for 4-Br-o-cresol owing to the low amount of 2-MeBq formed during
substrate turnover. No transiently formed Compound II species was
observed here with 4-Br-o-cresol, which differs from past studies em-
ploying TCP [44], 5-Br-indole [35], and pyrrole [36] substrates that all
proceeded through this ferryl species during activation of oxyferrous
DHP. Regardless of whether Compound II was observed (halophenol,
haloindole, pyrrole) or not (haloguaiacol, halocresol), the results here
demonstrate that cresols are able to activate oxyferrous DHP for oxi-
dation by H,0-.

The main observations from these stopped-flow studies were as
follows: i) all reactions between preformed Compound I/ES/II and 4-Br-
o-cresol yielded a DHP Fe-Br adduct, a species that has not been pre-
viously observed in catalytic studies with other halogenated substrates;
ii) the H,O5-activated enzyme was reduced to ferric DHP by 4-Br-o-
cresol, with the rate of reduction following the order: Compound
I > Compound ES > Compound II, similar to previous studies with
other classes of substrate [23,35,36,42]; iii) 4-Br-o-cresol was able to
activate oxyferrous DHP B for reactivity with H,O,, however this oc-
curred without the formation of an observable intermediate (i.e.,
Compound II); and iv) no product-driven reduction was observed for
any reaction performed here, likely due to the low amount of 2-MeBq
that forms from turnover, a result that again differs significantly from
previous studies [23,35,38].

Proposed Peroxidase and Peroxygenase Mechanisms. Based on
the labeling studies (vide supra), two oxidation mechanisms — perox-
idase and peroxygenase — appear to be concurrently responsible for the
oxidation of 4-Br-o-cresol to the 2-MeBq and catechol products, re-
spectively. This is the first time that two concurrent mechanisms have
been identified in the oxidation of a single substrate when catalyzed by
DHP. In light of the results obtained above, and through modification of
the previously established mechanisms for the DHP peroxidase
[23,26,38,80] and peroxygenase [25,35,36] mechanisms, we propose
the following two catalytic cycles for the H,O,-dependent oxidation of
4-X-o-cresol by ferric DHP B from Amphitrite ornata.

Peroxidase Mechanism — Scheme 1. Ferric DHP reacts initially with 1
equivalent H,O, yielding a two-electron oxidized ferryl species, either
as Compound I (step i-a) or Compound ES (step ii), both of which were
shown to be reduced by 4-X-o-cresol. In the case of Compound I, a
single two-electron oxidation of the substrate regenerates the resting
ferric state and forms the 2-MeBq/Br products (step i-b), a reaction
that has precedent with 4-Br-guaiacol [23] (note: two consecutive one-
electron steps were ruled out owing to the absence of an observable
Compound II species). However, in the case of Compound ES, the
substrate is oxidized by consecutive one-electron processes (steps iii
and iv) via a Compound II intermediate, regenerating the ferric state

Table 5
Summary of the Stopped-Flow UV-Visible Spectroscopic Data for the Reaction
of Compound ES with EPA Pollutants and Related Substrates at pH 7.

Substrate Compound ES — Ferric, Observed Ferric species Amax
time (s) (nm)

o-cresol 3.99 409, 510, 634
m-cresol 9.30 407, 514, 638
p-cresol 4.34 409, 508, 631
4-Me-o-cresol 1.41 408, 506, 630
4-F-o-cresol 0.88 408, 506, 634
4-Cl-o-cresol 0.39 407, 506, 634
4-Br-o-cresol 0.41 406, 506, 636
4-NO,-o-cresol” n/a n/a
4-Cl-m-cresol 19.80 407, 504, 625
pentachlorophenol ~ 21.30 414, 539, 589

% n/a = not applicable, Compound RH formation was observed.
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Fig. 7. Kinetic data obtained by optical spectroscopy for the reaction of oxy-
ferrous DHP B with 4-Br-cresol and H,O. A) stopped-flow UV-visible spectra of
the single-mixing reaction of oxyferrous WT DHP B (10 uM) preincubated with
a 10-fold excess of 4-Br-cresol and reacted with 10 equiv H,O, at pH 7 (900
scans over 505s); inset - the single wavelength (406 nm) dependence on time
obtained from the raw spectra. B) the initially observed oxyferrous DHP species
(black, t = 0s), its reduction to the ferric enzyme (red, t = 8.7 s) and the for-
mation of the Fe-Br adduct (blue, t = 505s).

and forming 2-MeBq/Br . The 2-MeBq can form through oxidation of a
4-X-C- radical by activated DHP, or through disproportionation of two
4-X-C- radicals [83]. The observed higher-molecular weight oligomeric
products likely arise from the reaction of these diffusible 4-X-C- radicals
with 2-MeBq, with subsequent radical-radical coupling reactions
yielding trimers, tetramers, etc. (Tables S1-S4). Although we did not
observe a product-driven reduction of the ferric resting state during the
pre-steady state stopped-flow experiments, 2-MeBq was able to reduce
ferric DHP to the oxyferrous state at or above 50 uM concentration (step
v), with oxyferrous DHP B capable of forming Compound II in the
presence of substrate and H,O- (step vi). For all reactions, formation of
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a DHP Fe-Br adduct was observed (step vii).

Peroxygenase Mechanism - Scheme 2. Starting from a common
Compound I intermediate, itself formed from the reaction of ferric DHP
with 1 equiv H,O, (step i), two different pathways are proposed:
electrophilic addition (step ii-a) or oxygen rebound (step ii-b). In the
electrophilic addition pathway (step ii-a) [46], electrophilic addition of
the ferryl oxygen to the substrate yields a tetrahedral-like o-complex
(step iii-a), with deprotonation of the substrate hydroxyl likely fa-
cilitated by the distal histidine (or other general base). Heterolytic
cleavage of the Fe-O bond and protonation of the phenoxide (step iv-a),
followed by keto-enol tautomerization (again possibly facilitated by the
distal histidine) forms the catechol product and regenerates the resting
ferric state (step v-a). While we propose that the distal histidine is
playing the role of a general acid/base for the deprotonation/proto-
nation events, we cannot rule out that a solvent water molecule or
another amino acid residue is involved. In the oxygen rebound pathway
[46], hydrogen atom abstraction yields a “caged” Compound II inter-
mediate and a substrate radical [Fe'"-OH +R] (step ii-b), which un-
dergoes a classic rebound step (iii-b). As in the electrophilic addition
pathway, keto-enol tautomerization (step iv-b) yields the desired ca-
techol product.

Substituent Effects — “Substrate-Directed” Enzymatic Activity.
The studies presented here provide strong evidence in support of our
earlier supposition that it is possible to tune DHP activity [48,49], not
through mutagenesis, directed evolution, or heme cofactor modifica-
tion, but through selection of the substrate itself [23]. Specifically, that
the properties of the substrate — its redox potential, binding/orientation
within the distal pocket, distance to the heme, pK,, and substituents —
are all factors that determine which DHP activity (peroxygenase, per-
oxidase, oxidase, or oxygenase) leads to substrate oxidation. To this
latter point of substituent effects, two sets of substrates provide an
important observation vis-a-vis enzyme activity: i) 4-Br-phenol (in-
hibitor) [77], 4-Br-o-cresol (peroxygenase and peroxidase), and 4-Br-o-
guaiacol (peroxidase) [23], and ii) 4-NO,-phenol (peroxygenase) [25],
4-NO,-o-cresol (peroxygenase and peroxidase), and 4-NO,-o-guaiacol
(peroxidase) [23]. In both sets, the progression of the ortho substituent
of -H — -Me — -OMe shifts the activity of DHP from peroxygenase (or
inhibition) to being an exclusively peroxidase-based mechanism. We
surmise that the substituent factors into the discrimination between the
peroxygenase and peroxidase activities through either i) steric effects —
where the substrate binding distance is tuned between O-atom transfer,

;j\
LNH
. Hd

N N
L NH L NH
>|< HO x- HO H,0, " asz 0
1] i 2 .
—Fe— 4—4 —Fe =— _— Felv—+
Fe-X Adduct (vii) Ferric (i-b) Cmpd |
2-MeBq 4-X-C
4-X-C*
2-MeBq (2-MeBgq) internal
O+ (v) (iv) (ii) [ electron
2 4-X-C transfer
(4-X-C.)
N N N N N N
LNH LNH, L NH.
" HO : HO N *0
ik i I
Il i
— (vi) _ Felv— (iii) _ Felv—
Oxyferrous 0 HO. O Cmpd Il 4-X-Co 4-X-C Cmpd ES
52 G (2-MeBg)  (4-X-C*)
substrate

Scheme 1. Proposed Peroxidase Mechanism for the Oxidation of 4-X-0-Cresol (4-X-C) as Catalyzed by DHP B.
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which necessitates a close interaction between the substrate and cata-
lytic ferryl species (i.e., tetrahedral complex or ‘caged’ radical; Scheme
2) and electron transfer, which can occur over longer distances than
atom transfer (Scheme 1), or ii) electronic effects — where resonance
and/or inductive donating/withdrawing effects modulate electrophilic
addition vs. (de)stabilization of a one-electron oxidized substrate ra-
dical. In the case of nitrophenols, the presence of a strong electron
withdrawing group shifts the DHP activity towards O-atom transfer
(peroxygenase) [25], whereas with guaiacols, the electron-donating
group ensures oxidation via electron transfer (peroxidase), even for 4-
NO,-guaiacol [23]. For cresols, we observe here an intermediary effect,
with the results of our crystallographic and binding studies clearly
showing how subtle differences in size between the -OMe and -Me
groups can lead to a significant change in how that substrate binds to
DHP, an effect that can be used to ‘tune’ the activity of DHP, yielding
concurrent peroxidase and peroxygenase mechanisms.

4. Conclusions

We have shown that dehaloperoxidase, a globin of marine origin, is
able to catalyze the oxidation of cresol isomers (o-, m-, p-cresol), 4-R-o-
cresol analogs (R = Me, NO,, F, Cl, Br), and pentachlorophenol.
Although there are extensive literature reports on the biodegradation of
cresols and pentachlorophenol by several different microorganisms,
dehaloperoxidase provides insight into the chemical reactivity of a
globin of non-microbial origin that is able to degrade a wide range of
cresol analogs. While the ability for dehaloperoxidase to function in this
capacity is not surprising given that the degradation of p-cresol is
widely known among peroxidases, what is unique to this multi-
functional catalytic globin is that DHP is able to employ two concurrent
mechanisms, peroxidase and peroxygenase, in the oxidation of a single
cresol substrate. Our findings here contrast with previous work that
established DHP as a multifunctional catalytic globin capable of either
peroxidase or peroxygenase-based mechanisms for substrate oxidation,
with no crossover between these two activities for a given class of
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substrate, i.e., halophenols, nitrocatechol, and haloguaiacols were all
oxidized via peroxidase activity [23,25,38], and haloindoles, pyrrole,
and nitrophenols were solely oxidized by a peroxygenase activity
[25,35,36]. Here, we now show that substrates (e.g., cresols) cannot be
simply or generally categorized as one that follows a specific DHP
oxidation mechanism.

Having identified cresols as the fourth class of substrate, after ha-
loindoles, nitrophenols and pyrroles, to undergo O-atom transfer, we
are continuing to see the expanding substrate scope and versatility of
dehaloperoxidase. The addition here of 4-Me-o-cresol, 4-Cl-m-cresol
and pentachlorophenol increases the number of toxic phenolic com-
pounds on the EPA Priority Pollutants list that are oxidized by DHP to
10 (out of 11) including phenol, 2-chlorophenol, 2,4-dichlorophenol,
2,4,6-trichlorophenol, 2-nitrophenol, 4-nitrophenol and 2,4-dini-
trophenol, with only 2,4-dinitro-o-cresol having been shown to be un-
reactive. While the degradation of anthropogenic substrates in vivo re-
mains to be elucidated, multifunctional globins such as DHP provide an
unprecedented platform for deeply probing mechanistic questions re-
lated to the protein environment: by simply changing the substrate, we
can investigate the unique set of protein-substrate interactions specific
to each of the five different activities (oxygen-transport, peroxidase,
peroxygenase, oxidase and oxygenase) of DHP, enabling us to pose
questions related to multiple activities across the heme protein super-
family using just a single enzyme. More broadly, these studies de-
monstrate how the degradation pathways of EPA priority pollutants, as
well as persistent organic pollutants generally, must go beyond micro-
bial systems to include infaunal marine organisms in their environ-
mental impact assessments.
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