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ARTICLE INFO ABSTRACT

Keywords: The multifunctional catalytic globin dehaloperoxidase (DHP) from the marine worm Amphitrite ornata was shown
Catalytic globin to catalyze the HoO»-dependent oxidation of 2,4- and 2,6-dihalophenols (DXP; X = F, Cl, Br). Product identifi-
Dihalophenol cation by LC-MS revealed multiple monomeric products with varying degrees of oxidation and/or dehalogena-
g:g:ﬁon tion, as well as oligomers with n up to 6. Mechanistic and '0-labeling studies demonstrated sequential
Peroxidase dihalophenol oxidation via peroxidase and peroxygenase activities. Binding studies established that 2,4-DXP (X
Peroxygenase = Cl, Br) have the highest affinities of any known DHP substrate. X-ray crystallography identified different

binding positions for 2,4- and 2,6-DXP substrates in the hydrophobic distal pocket of DHP. Correlation between
the number of halogens and the substrate binding orientation revealed a halogen-dependent binding motif for
mono- (4-halophenol), di- (2,4- and 2,6-dihalophenol) and trihalophenols (2,4,6-trihalopenol). Taken together,
the findings here on dihalophenol reactivity with DHP advance our understanding of how these compounds
bridge the inhibitory and oxidative functions of their mono- and trihalophenol counterparts, respectively, and
provide further insight into the protein structure-function paradigm relevant to multifunctional catalytic globins
in comparison to their monofunctional analogs.

1. Introduction

The marine worm Amphitrite ornata is a terebellid polychaete found
in coastal mudflats [1], an environment that often contains a wide va-
riety of organobromine compounds spanning bromophenols, bro-
moindoles, and bromopyrroles [2-4]. Secreted by other organisms as a
chemical defense mechanism [4,5], these halometabolites are tolerated
by A. ornata in what to-date appears to be a unique survival mechanism,
namely that it utilizes its hemoglobin [6] as a chemical detoxification
enzyme. Named dehaloperoxidase (DHP) and described as a catalytic
globin by Lebioda [7], DHP was found to be the first oxygen-transport
protein to possess a biologically relevant peroxidase activity [1,4-8].

This initially identified native enzymatic activity for DHP, discovered in
1996, was for the oxidative dehalogenation of 2,4,6-trihalophenols
(2,4,6-TXP; X =F, Cl, Br) into their corresponding 2,6-dihalo-1,4-benzo-
quinones, a reaction that was found to proceed through a peroxidase
mechanism [5,8-25]. Mechanistic investigations revealed that 2,4,6-
TXP oxidation occurs via two sequential one-electron steps initiated
upon Hy0, binding, consistent with a traditional mechanism
[8,9,18,20,26,27] that utilizes ferryl intermediates Compound I
[(Pore+) FelV—0 AA] [11] and Compound II [(Por) Fe'V=0 AA] [12] as
the catalytic species responsible for substrate oxidation. Multiple TXP
binding sites have been suggested by NMR [18,28-31], resonance
Raman [18,20,32-36], and magnetic circular dichroism [23,37]
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spectroscopic studies’ which together revealed a dependence between
halogen size and substrate binding affinity. X-ray crystallographic
methods have elucidated binding sites for 2,4,6-TBP [38] and 2,4,6-TCP
[24,39], showing that both molecules bind in the distal pocket, where
2,4,6-TBP binds internally in the Xel binding pocket and 2,4,6-TCP has
two orientations, internal (in the Xel hydrophobic pocket) and external
towards the heme edge, in an orientation that could still facilitate heme
activation and subsequent reactivity.

In more recent years, DHP has also been shown to catalyze substrate
oxidation through peroxygenase [40-42], oxidase [40], and oxygenase
[43] activities in addition to its physiological O,-transport function,
establishing DHP as a multifunctional catalytic globin with four oxida-
tive functions all occurring at a single heme active site. Accordingly, the
active site of DHP can accommodate a wide variety of aromatic com-
pounds, including substituted indoles [40,44], pyrroles [45], phenols
(halophenols, guaiacols, cresols) [23,42,44,46], as well as compounds
from the azole family [47]. In the case of phenolic substrates, a number
of outcomes have been observed: peroxidase activity in the oxidation of
2,4,6-trihalophenol [9,20,24,25] and methoxyphenol (guaiacol) [46],
sequential peroxygenase and peroxidase activities in the oxidation of 4-
nitrophenol [41], sequential peroxygenase and oxidase activities in the
oxidation of 5-Br-indole, and simultaneous peroxidase and perox-
ygenase activities in the oxidation of methylphenol (cresol) [42]. While
substrate conversion of 4-halophenols (4-XP) has been previously
observed [5], they mainly function as inhibitors of DHP in the presence
of other substrates [30,32,35,36,48]. X-ray crystallographic studies
have elucidated the 4-XP (X = F, Cl, Br and I) [35,39,49] binding site
within the distal pocket directly over the heme cofactor, residing be-
tween the Fe and heme y edge. Mutagenic studies [32,50,51] and mo-
lecular dynamic simulations [52] have demonstrated that 4-XP binding
stabilization depends upon distal pocket polarity, H-bonding contribu-
tions of active site residues, and hydrophobic stabilization of the halide
atom. Given its position above the heme cofactor, the 4-XP binding site
has implications towards its mechanistic role due to its orientation in a
position that can hinder catalytic activation by: i) excluding other li-
gands from entering the pocket, ii) sterically preventing HpOy from
binding to the heme-Fe, iii) forcing the catalytically important distal
histidine (H55) out of the pocket into the ‘open’ conformation
[25,35,49,53,54], thus preventing its participation in heterolytic
cleavage of the peroxide O—O bond required for heme activation, and
iv) providing an alternative site of oxidation that outcompetes other
substrates.

Our extensive mechanistic understanding of DHP chemistry with 4-
XP (inhibitor of both peroxidase and peroxygenase DHP activities) and
2,4,6-TXP (peroxidase substrate) only serves to highlight a clear
knowledge gap as it pertains to the reactivity of DHP with dihalophenols
(DXP). While 2,4-DXP and 2,6-DXP (X = Br and Cl) were shown many
years ago to be DHP substrates [5], no mechanistic studies have been
performed to-date, and it remains unknown which of the four enzymatic
activities of DHP catalyzes their oxidation, nor what the products are.
While recent crystallographic studies performed by serial femtosecond
X-ray crystallography (SFX) for DHP isoenzyme B [55,56] complexed
with 2,4-DCP have provided valuable structural information [44], a
more thorough investigation of DXP reactivity with DHP (and its
mechanistic implications) is needed to understand how these com-
pounds bridge the inhibitory and oxidative functions of their mono- and
trihalophenol counterparts, respectively. To that end, here we explored
the reactivity of 2,4- and 2,6-dihalophenols (2,4-DXP and 2,6-DXP,
where X = F, Cl, Br) with DHP B using biochemical assays and iso-
topic labeling studies paired with spectroscopic and structural methods.
As will be shown, our results demonstrate that DHP unexpectedly oxi-
dizes DXP substrates via sequential peroxidase and peroxygenase ac-
tivities, findings that will provide further insights into the protein
structure-function paradigm as it pertains to multifunctional catalytic
globins in comparison to their monofunctional counterparts.
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2. Experimental
2.1. Materials and methods

Isotopically labeled H%soz (90% 80-enriched) and H%SO (98% '80-
enriched) were purchased from Icon Isotopes (Summit, NJ). Acetonitrile
(ACN) and trifluoroacetic acid (TFA) were HPLC grade, and all other
chemicals were purchased from VWR, Sigma-Aldrich or Fisher Scientific
and used without further purification. Ferric WT DHP B was expressed
and purified according to the procedure in the Supporting Information
by modifying previously reported methods [13,20,21,41]. Oxyferrous
DHP was obtained by the aerobic addition of excess ascorbic acid, fol-
lowed by desalting (PD-10/Sephadex G-25). Horse skeletal muscle
(HSM) myoglobin (gsoret = 188,000 M~ em™) [57] and horseradish
peroxidase (HRP) (gsoret = 102,000 M~ em™) [58] were purchased
from Sigma-Aldrich and used as received. Stock solutions of i) substrates
were prepared in MeOH (10 mM) and stored in the dark at —80 °C until
needed, ii) aqueous solutions of concentrated potassium cyanide (KCN),
used as a quencher, were stored at 4 °C, and iii) solutions of HyO, (re-
action pH) were prepared fresh daily, the concentration determined
spectrophotometrically (€249 nm = 43.6 M lem™ [59], and kept on ice
until needed.

2.2. Engyme assay protocol

Reactions were performed in triplicate in 100 mM KP; (pH 7, unless
otherwise indicated) with 5% MeOH at 25 °C (final volume 250 pL).
Ferric DHP B (10 pM) and substrate (500 pM) were mixed first, and the
reaction was initiated upon addition of HpOy (500 pM). After 5 min,
reactions were quenched with excess KCN. The reaction was diluted 4-
fold with 600 pL of 100 mM KP; (reaction pH). Diluted samples were
analyzed using a Waters e2695 Bioseparations Module coupled with a
Waters 2998 Photodiode Array Detector and equipped with a Thermo-
Scientific ODS Hypersil (150 x 4.6 mm) 5 pm particle size C;g col-
umn. Separation of observed analytes was performed using a linear
gradient of binary solvents (solvent A — HyO containing 0.1% tri-
fluoroacetic acid (TFA); solvent B — ACN containing 0.1% TFA). Elution
was performed at a flow rate of 1.5 mL/min with the following condi-
tions: 95:5 (A:B) to 5:95 using a linear gradient over 11 min; 5:95 iso-
cratic for 3 min; 5:95 to 95:5 using a linear gradient over 1 min, and then
isocratic for 9 min. Data analysis was performed using the Empower 3
software package (Waters Corp.). Mechanistic probes were also
employed: 500 pM 4-bromophenol (MeOH), 500 pM p-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 con-
centration for all reactions except DMPO (10% MeOH final). Control
experiments were also performed as above, either in the absence of
hydrogen peroxide (non-oxidant control) or the absence of enzyme
(non-enzymatic control).

2.3. LC-MS studies

For product identification, experiments were analyzed by LC-MS
using a Thermo Fisher Scientific Exactive Plus Orbitrap mass spec-
trometer with heated-electrospray ionization (HESI) probe (Thermo
Scientific, San Jose, CA) equipped with a Thermo Hypersil Gold (50 x
2.1 mm) 1.9 pm particle size Cg column. Analyte separation was per-
formed using a linear gradient of binary solvents (solvent A - HoO con-
taining 0.1% formic acid: solvent B - ACN), with an elution profile (0.5
mL/min, A:B) of 99:1 to 0:100 over 20 min. Samples were analyzed
using electrospray ionization in negative mode to provide observation of
the [M-H] ™ species. Spectra were collected while scanning in the range
from 100 to 1500 m/z. Data analysis was performed using Thermo
Xcalibur software. Reactions [5 mM KP;, (pH 7), 5% MeOH (v/v); 250 pL
final volume] containing 10 pM enzyme and 500 pM of substrate were
initiated by addition of 500 pM of H305, quenched with excess KCN after
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5 min, and the undiluted reaction mixture analyzed (20 pL injection
aliquots). For the 180 labeling studies, the reactions were carried out in
the same manner, but under three different conditions: i) H%SO/HZOZ ii)
H,0/H3%0,, and iii) H3%0/H320,, where buffer was replaced with H3%0,
and/or the H,0, was replaced with labeled H380, to ensure >90% of
labeled 180 was present.

2.4. Binding studies

Adapted from previously published protocols [60]’ 2,4- and 2,6-DXP
stock solutions were prepared in MeOH. The UV-visible spectropho-
tometer was referenced using a solution of 10 pM ferric WT DHP B in
100 mM KP; (pH 7) containing 5% MeOH. Difference spectra were ac-
quired in triplicate in the presence of 0.21-750 equiv. substrate while
maintaining both enzyme and MeOH concentrations constant. Analysis
by nonlinear regression was performed using the GraFit software
package (Erithacus Software Ltd.).

2.5. Protein crystallization and X-ray diffraction studies

Non-His tagged DHP B was overexpressed and purified per literature
protocol [41]. Crystals were obtained through the hanging-drop vapor
diffusion method. DHP B was concentrated to 12 mg/mL in 20 mM so-
dium cacodylate buffer (pH 6.4) and crystals were grown from mother
liquor solutions of 28-32% PEG 4000 and 0.2 M ammonium sulfate
equilibrated against identical reservoir solutions. Protein-to-mother li-
quor ratios varied between 1:1, 1.33:1, 1.66:1 and 2:1. At 4 °C, crystals
grew after 3 days and were then soaked for 12 h in substrate-
supplemented mother liquid and reservoir solutions of 32 or 34% PEG
4000 and 0.2 M ammonium sulfate. Substrate final concentrations of
26.5 mM 2,4-DCP (5% MeOH v/v), 36 mM 2,4-DCP (5% DMSO v/v),
~40 mM (saturated) 2,4-DBP (5% DMSO v/v), 77.4 mM 4-CP (5%
DMSO v/v) and 27 mM 4-BP (5% DMSO v/v) were used to obtain the
ligand bound structures 2,4-DCP, 2,4-DCP, 2,4-DBP, 4-CP and 4-BP,
respectively. The 2,6-DXP substrates (X = F, Cl, Br) complexed with
DHP were prepared by soaking crystals overnight at 4° C in crystalli-
zation solution supplemented with the substrate (100 mM) with a final
concentration of 5% DMSO. These crystals were obtained by using
MPEG 2000 as a precipitant, while the rest of the components of the
reservoir solutions remained the same as above. All of the obtained
crystals were cryo-protected by briefly dipping them in reservoir solu-
tion enhanced with 20% glycerol and then flash frozen in liquid Ny. Data
were collected at 100 K on the SER-CAT 22-ID (2,4-DCP, 4-BP and 2,6-
DXP) and SER-CAT 22-BM (4-CP, 2,4-DCP and 2,4-DBP) beamlines at
the APS synchrotron facility utilizing a wavelength of 1.00 A. All data
were scaled and integrated using HKL2000 [61], molecular replacement
was performed with Phaser-MR [62] from the PHENIX [63] suite of
programs using 3IXF [64] monomer as the search model, model building
and manual placement of waters utilized COOT [65], and refinement
was carried out using phenix.refine [66] from the Phenix suite of pro-
grams and Refmac5 [67] from CCP4 suite of programs [68]. X-ray
crystallographic data collection and refinement statistics can be found in
Tables S3 and S6.

2.6. Stopped-flow UV-visible spectroscopic studies

Optical spectra were recorded at room temperature using a Bio-Logic
SFM-400 triple-mixing stopped flow instrument coupled to a rapid
scanning diode array UV-visible spectrophotometer. Stock solutions of
the substrates (10 mM) were prepared in MeOH, and all remaining so-
lutions prepared in 100 mM KP; (pH 7). Data were collected (900 scans
total) over a three-time domain regime (1.5, 15, and 150 ms; 300 scans
each) using the Bio Kinet32 software package (Bio-Logic). All data were
evaluated using the Specfit Global Analysis System software package
(Spectrum Software Associates) and fit to exponential functions as one-
step/two-species or two-step/three-species irreversible mechanisms
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where applicable. For data that did not properly fit these models,
experimentally obtained spectra at selected time points detailed in the
figure legends are shown. Data were baseline corrected using the Specfit
function.

The protein and Hy0O, solutions with appropriate concentrations
were prepared in 100 mM KP; (pH 7), and the substrate solutions were
made in buffer containing 5% or 10% MeOH and kept on ice until
needed. Double-mixing experiments were performed as previously re-
ported [42], by using an aging line prior to the second mixing step to
observe Compound I/ES/II reactivity with 5 equiv. (2,4-DXP) and 10
equiv. (2,6-DXP), as follows: (i) Compound I was pre-formed from the
reaction of ferric DHP B (Y28F/Y38F) [11] with 10 equiv. H,O5 in an
aging line for 75 ms prior to mixing with the substrate; (ii) Compound ES
was pre-formed by reaction of ferric WT DHP B with 10 equiv. of HyO3 in
an aging line for 420 ms prior to mixing with the substrate [13,20]; and
(iii) Compound II was pre-formed from oxyferrous DHP B that was
preincubated with 1 equiv. 2,4,6-TCP and then reacted with 10 equiv. of
H20; in an aging line for 3.2 s prior to mixing with the substrate [12,46].
In addition, oxyferrous reactivity was probed using single-mixing
methods by reacting 10 pM oxyferrous DHP B pre-incubated with 5
equiv. (2,4-DXP) or 10 equiv. (2,6-DXP) with 10 equiv. H,O, in a 1:1
ratio.

3. Results
3.1. Substrate reactivity assays

The reactivity of the selected substrates was investigated in enzy-
matic assays using HO- as the oxidant in the presence of DHP B at pH 7,
and the results were monitored by HPLC. Reactions were initiated upon
addition of 500 pM H30, to a solution containing a preincubated
mixture of 10 uM enzyme and 500 pM substrate, and the reaction was
quenched after 5 min with an excess of KCN. The reported percent
conversion was determined by monitoring the loss of the substrate peak
(Table 1). Representative HPLC chromatograms of the reactions as well
as the characteristic UV-visible spectrum for each substrate are shown in
Fig. 1 and Fig. S1. At pH 7, all substrates showed reactivity and the
percent conversion ranged from 52% to 96% (26 to 48 turnovers) for
2,4-DBP and 2,6-DBP, respectively. Multiple product peaks were
observed in the chromatogram of all substrates and identification of the
products was determined via LC-MS (vide infra). In the case of 2,4-DXP,
an inverse relationship was observed between the halogen size and the
percent conversion (F > Cl ~ Br), with an almost 2-fold difference be-
tween the highest and lowest conversion. Similar results were observed
when DHP catalyzed the oxidation of 4-X-o-cresols [42], and the
opposite trend was observed for the oxidation of 5-X-indoles [40]. For
the 2,6-DXP series, all three substrates showed high percent conversions
(around 96%) and no noticeable trend was observed in terms of halogen
size, which is similar to what was observed for the oxidation of 4-X-o-
guaiacols [46]. No reactivity was observed in the absence of HyO, and
DHP (non-oxidant and non-enzymatic controls, respectively). In

Table 1
Percent conversion (substrate loss) for the oxidation of 2,4- and 2,6-
dihalophenols.

Ferric DHP B Percent conversion (%)

Standard reaction +DMPO*
2,4-difluorophenol (2,4-DFP) 90.4 (£ 3.1) 84.9 (£ 5.2)
2,4-dichlorophenol (2,4-DCP) 61.3 (£ 4.1) 50.6 (£ 1.3)
2,4-dibromophenol (2,4-DBP) 49.9 (+ 4.4) 34.9 (£ 2.6)
2,6-difluorophenol (2,6-DFP) 95.7 (£ 1.2) 85.7 (£ 2.5)
2,6-dichlorophenol (2,6-DCP) 95.4 (£ 1.9) 77.9 (£ 0.7)
2,6-dibromophenol (2,6-DBP) 96.2 (+ 2.0) 84.8 (+ 3.2)

Reaction conditions. [enzyme] = 10 pM, [substrate] = [H,O2] = 500 pM, 100
mM KP; (pH 7), 5% MeOH, 5 min.
 Reactions performed with 10% MeOH.
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addition, time dependent studies were performed for all substrates,
varying the time from 0.25 to 30 min (Fig. S2). Complete conversion was
observed after 5-10 min for the 2,6-DXP series and after 10 min for 2,4-
DCP. The conversion of 2,4-DFP (~90%) remained unchanged in the
time frames studied. In the case of 2,4-DBP, after 30 min only a 60%
conversion was observed.

Mechanistic studies were performed to further assess the reactivity of
these compounds, where 2,4-DBP and 2,6-DBP (lowest and highest
percent conversion, respectively) were chosen as the two representative

Table 2

Mechanistic investigations (enzymatic variations, pH, and radical scavengers)
with 2,4- and 2,6-dibromophenol as representatives of the 2,4- and 2,6-DXP
series.

2,4-dibromophenol 2,6-dibromophenol

Enzyme variations

Ferric DHP B 49.9 (+ 4.4) 96.2 (+ 2.0)
Oxyferrous DHP B 47.7 (£ 2.3) 92.1 (£0.8)
DHP A 34.2 (£5.2) 91.3 (£ 0.6)
DHP B (Y28F/Y38F) 66.3 (£ 9.3) 99.7 (+ 0.05)
HSM Mb 19.8 (£ 1.4) 21.2(£1.1)
HRP 97.8 (+ 0.9) 99.7 (£ 0.5)
H,0, n.d. n.d.
enzyme n.d. n.d.
PH studies
pPH5 28.2 (+ 0.6) 329 (£ 0.4)
pH6 34.5 (+ 0.6) 61.9 (+ 0.4)
pH7 49.9 (+ 4.4) 96.2 (£ 2.0)
pH 8 50.0 (+ 1.5) 77.4 (£ 2.0)
Mechanistic Probes
4-bromophenol 45.1 (£ 2.8) 56.6 (£ 1.0)
DMPO" 34.9 (+ 2.6) 84.8 (+3.2)
p-mannitol 38.3 (+ 0.6) 90.4 (+ 0.5)
10% DMSO 44.9 (£ 5.9) 94.2 (£ 1.5)

Reaction conditions. [enzyme] = 10 puM, [substrate] = [H,0,] = 500 pM, 100
mM KP; (pH 7), 5% MeOH, 5 min; n.d. = no reactivity detected.
 Reactions performed with 10% MeOH.
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Fig. 1. (A) Representative HPLC chro-
matograms for the reaction of ferric WT
DHP B with H;0, in the presence of
2,4-difluorophenol (red, A = 265 nm),
2,4-dichlorophenol (blue, A = 265 nm)
and 2,4-dibromophenol (green, . =
285 nm). (B) Respective UV-visible
spectra for each substrate extracted
from the chromatograms in panel A.
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substrates (Table 2).

3.1.1. Engyme variations

The reactivity of the two brominated substrates was investigated by
employing oxyferrous DHP B (hemoglobin-active state). The percent
conversion was unaffected (within error) compared to ferric DHP B,
which indicates that substrate oxidation can be initiated from either the
peroxidase-active (Fe'™ or hemoglobin-active (FeH-Oz) states, a result
that has been observed before for DHP-dependent oxidation reactions
[9,17,12,40-42,46]. DHP isoenzyme A [55] exhibited attenuated ac-
tivity for both 2,4- and 2,6-DBP, a result that has been previously noted
for the oxidation of 2,4,6-trihalophenols [20], indoles [40], and nitro-
phenols [41]. Reactions with the DHP B(Y28F/Y38F) mutant that yields
Compound I showed an increase in reactivity for both substrates, a result
that has been observed before in the oxidation of 2,4,6-TCP [11]. As
expected, the canonical peroxidase HRP showed complete conversion
for both substrates, in line with previous studies with 4-Br-o-cresol (4-
Br-C) [42], whereas HSM myoglobin showed attenuated conversion
compared to WT DHP, similar to its observed reactivity with 4-Br-C and
4—/5-Br-o-guaiacol substrates [46]. No significant differences in prod-
uct distribution were noted for any of the aforementioned reactions
(data not shown).

3.1.2. pH studies

A pH-dependence was noted for the oxidation of both substrates,
with ~2-fold (2,4-DBP) and ~3-fold (2,6-DBP) increases in percent
conversion when the reaction pH increased from 5 to 8 (Table 2). At pH
8, a slight decrease in substrate loss was observed for 2,6-DBP (pK, 6.7)
compared to pH 7, while 2,4-DBP (pK, 7.8) was virtually unchanged
between these two values [69]. Similar results were observed in the
DHP-catalyzed oxidation of 4-Br-C, however the reaction showed higher
conversion in pH 8-9, which was attributed to the fact that the pK, of the
acid-alkali transition of DHP is at 8.1 [19,42]. No significant change in
product distribution was observed as a function of pH (data not shown).
Given these results, we established that the optimal pH for the oxidation
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of both substrates was 7.

3.1.3. Radical scavengers

The presence of radical scavengers such as DMPO, p-mannitol or
DMSO only slightly decreased (5-10%) the percent of substrate con-
version, suggesting that freely-diffusible radicals are not playing a role
in the oxidation of either the 2,4- or 2,6-DBP substrates, a finding that
has literature precedent for DHP in the oxidation of guaiacols [46], and
cresols [42]. While no significant change in the product distribution was
observed in the presence of p-mannitol or DMSO (data not shown), a
small change in the product distribution for the reactions performed in
the presence of DMPO was found.

3.1.4. Inhibitor

Additionally, the reactivity of both 2,4- and 2,6-DBP substrates was
investigated in the presence of 4-bromophenol (4-BP), a known DHP
peroxidase and peroxygenase inhibitor (Kq = 305 pM, K; = 0.15 + 0.03
mM) [36,48]. The percent conversion of 2,4-DBP (45.1%) was unaf-
fected (within error) by the presence of 4-BP, which can be explained by
the high affinity of DHP for this substrate (Kq = 6.4 pM, vide infra)
compared to 4-BP. On the other hand, a decrease in DHP reactivity with
2,6-DBP was noted when 4-BP was present, consistent with the weaker
binding of 2,6-DBP (Kq ~ 7000 pM) compared to 4-BP. No significant
change in product distribution was observed in the presence of 4-BP
(data not shown).

3.2. Identification of reaction products by LC-MS

It is clear from the results of the enzymatic assays presented above
that the substrates in the scope of this study, 2,4-DXP and 2,6-DXP (X =
F, Cl, Br), underwent a DHP-catalyzed oxidation in the presence of HyO»
under physiological conditions. As these substrates provide a connection
between the inhibitory activity of 4-halophenols (4-XP) and the perox-
idase activity of 2,4,6-trihalophenols (2,4,6-TXP), product identification
studies were conducted to provide evidence of oxidation via either
peroxidase or peroxygenase mechanisms.

The H30,-dependent oxidation of 2,4- and 2,6-dihalophenols as
catalyzed by ferric WT DHP B (5 mM KP;, pH 7, 5% MeOH) was analyzed
by LC-MS (negative ion mode [M-H] ™). Reactions were initiated upon
addition of 500 pM Hy05 to a solution containing 10 pM enzyme and
500 pM substrate, incubated at 25 °C for 5 min, and then quenched with
excess KCN. The representative total ion chromatogram for each sub-
strate can be found in Figs. S3 and S4, and products were characterized
by the respective m/z of the (M-H) ™ ion with the results summarized in
Tables S1 and S2. The oxidation of each substrate led to the formation of
different monomeric products and oligomers with n up to 6, with
varying degrees of oxidation and dehalogenation. Based on the chemical
formula of each of the monomeric products, a pattern was observed in
the oxidation of the substrates (with exception of 2,6-DBP) where two
different pathways were present: A) insertion of one or two oxygen
atoms, and B) dehalogenation and oxygen insertion (up to four oxygen
atoms), with further oxidation also observed in both pathways.

3.3. 180-labeling studies by LC-MS

In order to characterize the origin of the O-atom incorporated in the
monomeric products formed from the oxidation of 2,4- and 2,6-dihalo-
phenols, two representative substrates were chosen for 20 labeling
studies: 2,4-DCP and 2,4-DBP. The labeled oxygen reactions were per-
formed with either labeled H3%0 and/or labeled H3805 (98% and 90%
enriched, respectively), and analyzed by LC-MS (negative ion mode [M-
H] 7). Isotopic distributions were normalized with respect to the most
intense peak, and retention times, peak distributions and m/z shifts were
evaluated under each of the following four labeling conditions: 1) un-
labeled Hy0, and H»0; 2) H320, and unlabeled H,0; 3) unlabeled Hy0,
and H%so, and 4) doubly-labeled H%SOZ and H%so (Figs. 2 and S5-S8).
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The results and corresponding reaction schemes for 2,4-DCP and 2,4-
DBP oxidation as catalyzed by ferric DHP B are as follows:

3.4. 2,4-Dibromophenol

The reaction for the ferric DHP B catalyzed oxidation of 2,4-DBP (1)
was analyzed via HPLC (Fig. 1) and LC-MS (Fig. S3C), which showed the
formation of multiple products (Table S1). The majority of the product
peaks corresponded to oligomers (n up to 6) of various degrees of
oxidation and dehalogenation. Additionally, six single-ring products
were also identified. While the presence of oligomeric products suggests
radical-based chemistry, this is in contrast to the results above that
showed no significant effect on product distribution in the presence of
radical scavengers. Possible explanations could include: i) air oxidation
of products, although anaerobic studies performed on related hal-
oguaiacol substrates still showed oligomeric products [46]; ii) the
radical scavengers employed were not well-matched to scavenging the
dihalophenoxyl radicals generated here; iii) the substrate radicals
remain associated with DHP at the entrance of the active site, thus
enabling oligomer formation without inhibition from radical scaven-
gers; and/or iv) that the scavengers used in this study were not well
suited to detecting the radicals involved.

As mentioned above, two pathways were observed in the formation
of these products, which were corroborated by 0 labeling studies
(Scheme 1). The total ion chromatograms with the peak ratios
(normalized to the most intense peak) and corresponding m/z values, as
well as proposed formulas, for each product can be found in Figs. S5 and
S6. Predicted peak shifts and ratios, using the binomial approach, for
each of the monomeric products proposed in Scheme 1 can be found in
Fig. $9 [71].

3.4.1. Pathway A

The oxidation of the substrate proceeds through the insertion of an
oxygen atom, most likely in the ortho- position since no dehalogenation
was observed: i) the product 1a has a monoisotopic peak at m/z of 265
and a typical 1:2:1 isotopic distribution associated with the presence of
two bromine atoms (Fig. 2A); ii) the H%SO labeled reaction (Fig. 2B)
showed a peak shift (+2-4 Da) and ratio consistent with the addition of
one to two 80 atoms predicted by theoretical calculations (note: the
unlabeled 7°Br, isotopomer is at or below the background noise level);
iii) in the Hésoz labeled reaction (Fig. 2C) no change in the m/z or peak
ratio was observed compared to the unlabeled reaction; and iv) the re-
sults for the H380/H3%0, doubly-labeled reaction (Fig. 2D) were virtu-
ally identical to the predicted peak shifts and ratios (Fig. S9, 1A), and
also showed the same peak shift and ratio as compared to the H3%0
singly-labeled reaction. These results are consistent with a peroxidase
mechanism, where substrate oxidation leads to the incorporation of an
oxygen from solvent water.

Another species was found in pathway A, where a second oxygen
insertion was observed, forming product 1b (Fig. S5). This product has a
monoisotopic m/z of 281, and the isotopic distribution consistent with
the presence of two bromine atoms. Even though the H3%0 labeled re-
action (Fig. S5B) showed peak shifts of +2-6 Da (incorporation of one to
three 80 atoms), the 180 labeling studies suggested that the second
oxygen incorporated originates from H,0,. Specifically, i) in the H320,
labeled reaction (Fig. S5C), there are peak shifts of +2-6 Da, consistent
with insertion of one to three 80 atoms, and ii) the peak distribution
observed in the H3%0, singly-labeled reaction is closest to the peak
distribution observed in the H3®0/H3%0, doubly-labeled reaction
(Fig. S5D), which also agrees with the predicted theoretical calculations
(Fig. S9, 1B). These findings suggest that a peroxygenase mechanism is
taking place on the second oxygen incorporation, where the oxygen is
derived from H505.

A third product observed in Pathway A is 1c (Fig. 2, panels E-H),
which has a monoisotopic peak at m/z of 279, with a peak distribution
consistent with the presence of two bromine atoms. The observed
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Fig. 2. Total ion chromatogram obtained by LC-MS (negative ion mode [M-H]") for the DHP-catalyzed oxidation of 2,4-DBP to product 1la (panels A-D) and its
subsequent oxidation to product 1c (panels E-H). Observed peaks are labeled with the corresponding m/z and peak ratios are in parenthesis. Product 1b (box) is
observed as an intermediate and data can be found on Fig. S5. A) H,O/H505, B) H3%0/H,0,, C) H,0/H3%0,, and D) HA*0/HA®0,. Reaction conditions: 10 pM ferric
DHP B, 500 pM substrate, 500 pM H202, 5% MeOH/ 5 mM KP; (v/v), pH 7, 25 °C, 5 min.
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Scheme 1. Proposed pathways for the H,O,-dependent DHP-catalyzed oxidation of 2,4-dibromophenol.

isotopic distribution of the three products confirms that there are no
oxidative dehalogenation reactions occurring in pathway A. The
oxidation of product 1a to 1c is likely taking place by a combination of
peroxidase and peroxygenase mechanisms, although we cannot rule out
a non-enzymatic pathway for the formation of 1c after product 1b is
formed. The results for the HA0/HA80, labeled reaction (Fig. 2H)
showed the correct peak ratio and distribution as predicted by theoret-
ical calculations (Fig. S9, 1C). Even though both the singly labeled
H320, or H3%0 reactions (Fig. 2F and G, respectively) also showed peak
shifts (+2-6 Da) corresponding to the incorporation of one to three 120
atoms, the labeling was incomplete when compared to the H3*0/H3%0
doubly-labeled reaction.

As to the origin of the +6 Da species for 1b (Fig. S5C and S5D) and 1c
(Fig. 2F and G), we surmise that scrambling of the phenolic-'°0H occurs
upon peroxidase-based oxidation of 1 in labeled H3%0. This is supported
through comparison of the isotopomer intensities that show additional
label incorporation (without an accompanying increase in the number of
O-atoms incorporated) when comparing H%SO-only and the H%0/HA%0,
doubly-labeled reactions (i.e., Fig. 2B and D for 1a, Fig. S5B and S5D for
1b, and Fig. 2F and H for 1c). No such scrambling of the O-atom
incorporated through peroxygenase activity was observed.

3.4.2. Pathway B

The oxidation of 2,4-DBP to product 1d indicated that oxidative
dehalogenation occurred. As the phenoxyl radical could have promoted
dehalogenation in either the ortho- or para- positions of the ring, the
exact chemical structure of this product was ambiguous. Nevertheless,
the 180-labeling results suggested that the oxygen inserted originated
from a H,0 molecule: i) the unlabeled reaction (Fig. S6A) shows that
product 1d has a monoisotopic peak at m/z of 187 and an isotopic dis-
tribution of 1:1, characteristic of the presence of a single bromine atom;
ii) the peak shifts observed in the H%SO labeled reaction (Fig. S6B) of
+2-4 Da are consistent with insertion of 1-2 oxygen atoms; iii) the peak
ratios and distribution observed in the H3%0, labeled reaction (Fig. S6C)
are unchanged from the unlabeled reaction; and iv) the observed peak
distribution and ratio are virtually identical in the H280/H%802 double-
labeled reaction (Fig. S6D) when compared to the H3%0 singly-labeled
reaction and the calculated data (Fig. S9, 1D). This suggests that a
peroxidase mechanism is taking place in the formation of the mono-
halogenated diol product 1d.

3.5. 2,4-Dichlorophenol

3.5.1. Pathway A

The oxidation of 2,4-DCP initially proceeds through insertion of an
oxygen atom, most likely in the ortho- position: i) in the unlabeled re-
action, the total ion chromatogram of product 2a shows the typical 9:6:1
isotopic distribution expected for the presence of two chlorine atoms,
with m/z for the monoisotopic peak at 177 (Fig. S7A, left); ii) the H%BO
labeled reaction (Fig. S7B, left) showed a peak shift (+2—4 Da) and ratio
consistent with the addition of one to two 0 atoms predicted by
theoretical calculations; iii) the H%SOZ labeled reaction (Fig. S7C, left)
showed virtually no change in the m/z or peak ratio compared to the
unlabeled reaction; iv) the results obtained for the H:0,/H%0, doubly-
labeled reaction (Fig. S7D, left) were virtually identical to the theoret-
ically predicted peak shifts and ratios (Fig. S10, 2A), and also showed
the same peak distribution and ratio as compared to the H3%0 singly-
labeled reaction. These results are consistent with a peroxidase mech-
anism where the oxygen inserted into the substrate comes from a water
molecule.

Product 2a likely undergoes further oxidation to form product 2c,
which has a monoisotopic peak m/z at 191 (Fig. S7A, right), and the
typical isotopic distribution expected by the presence of two chlorine
atoms. These findings support that no oxidative dehalogenation re-
actions are occurring in pathway A. Both the H380 and HA%0, labeled
reactions (Fig. S7B and C, right, respectively) showed peak shifts
consistent with the insertion of one to three %0 atoms (+2-6 Da),
however, based on the predicted peak distribution by theoretical cal-
culations (Fig. S10, 2C), the labeling was incomplete. Only in the H320/
H3%0, doubly-labeled reaction (Fig. S7D, right) was the correct peak
distribution observed, which indicates that this secondary oxidation
probably proceeds through a combination of peroxidase (electron
transfer) and peroxygenase (oxygen insertion) mechanisms. Product 2b
was not observed in pathway A, but is proposed as an intermediate in
Scheme 2 based on the data obtained for 2,4-DBP (vide supra).

3.5.2. Pathway B

The oxidation of 2,4-DCP to product 2d involves both oxygen
insertion and dehalogenation. Resonance structures of the phenoxyl
radical place the radical at the ortho- or para- position, thus the deha-
logenation and oxygen insertion can take place at either the ortho- or
para- position, which precludes the determination of the exact chemical
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structure of this product. The labeling results are as follows: i) for the
unlabeled reaction, the chromatogram of diol product 2d (Fig. S8A, left)
shows a monoisotopic peak at m/z of 143 and an isotopic distribution of
3:1, consistent with the presence of one chlorine atom; ii) the results of
the H%SO labeled reaction (Fig. S8B, left) showed a peak shift (+-2-4 Da)
and ratio consistent with the addition of one to two 80 atoms as pre-
dicted by theoretical calculations (Fig. S10, 2D); iii) the H280, labeled
reaction (Fig. S8C, left) showed virtually no change in the m/z or peak
ratio compared to the unlabeled reaction; and iv) the H§80/H§802
doubly-labeled reaction (Fig. S8D, left) showed the same peak distri-
bution and ratio as compared to the H3%0 singly-labeled reaction, which
is consistent with a peroxidase mechanism (the oxygen inserted is
derived from a solvent water). Further oxidation of 2d to product 2e
(Fig. S8A, right) was also observed, whose monoisotopic m/z of 157 and
isotopic ratio were consistent with the presence of one chlorine atom,
and suggests an oxidative dehalogenation reaction occurring in pathway
B. Similar to the formation of product 2c, the labeling of product 2e was
incomplete: both the H3®0 and H320, singly-labeled reactions (Fig. S8B
and C, right, respectively) showed peak shifts (+2-6 Da) consistent with
insertion of one to three 20 atoms compared to the unlabeled reaction,
but did not match the predicted peak distribution from theoretical cal-
culations (Fig. S10, 2E). Again, only in the Hi%o/Hi%0, doubly-labeled
reaction (Fig. S8D, right) was the correct peak distribution observed,
indicating that a combination of peroxidase (electron transfer) and
peroxygenase (oxygen insertion) mechanisms were occurring for the
formation of product 2e.

As dehalogenation has been observed via a peroxidase mechanism in
DHP for 2,4,6-TXP (X = Br and Cl) substrates, it is reasonable to suggest
that the dehalogenation of 2,4-DCP and 2,4-DBP is also occurring during
the peroxidase step [12,18,20,23,37]. The peroxidase chemistry previ-
ously observed for DHP produces a transient, radical-containing product
[9,17,20,23,72]. Dehalogenation of 2,4,6-TXP has been attributed to the
radical in the para- position, yielding the corresponding 2,4-dihaloqui-
none product. As mentioned above, in the case of 2,4-DXP, either the
ortho- or para- radicals could direct the dehalogenation chemistry. For-
mation of products 1d (2,4-DBP) and 2d (2,4-DCP) in pathway B could
follow the same mechanism as TCP oxidative-dehalogenation, with se-
lective reactivity at the para- position. However, because the halogen
atoms reside in both ortho- and para- positions, either one could
potentially be reactive. Following this logic, the site of oxygen atom
incorporation could also be ortho- or para-directed in 1d and 2d,

resulting in the possibility of multiple constitutional isomers, and no
further attempts were made to identify the exact molecular structure of
the oxidation products.

3.6. Substrate binding studies

Optical difference spectra were recorded per literature protocol as a
function of substrate concentration (0.21-750 eq; Figs. S11 and S12),
where the spectrophotometer was referenced against a solution of 10 pM
DHP in 100 mM KP; (pH 7) and 5% MeOH [60]. Perturbation of the Soret
band was analyzed by nonlinear regression plots to provide a calculated
Anmax value, which in turn was used to calculate o for the average AA for
each substrate. A second nonlinear regression plot provided the
apparent dissociation constants (Kg) for all substrates studied (Table 3).

As shown in Table 3, DHP had the strongest affinity for 2,4-DCP (Kq
=29+ 1 pM) and 2,4-DBP (K4 = 6.5 + 0.6 pM) among the dihalophenol
substrates. In fact, the low K4 values obtained for 2,4-DBP and 2,4-DCP
show that they bind the tightest among all substrates and ligands
examined with DHP to-date. Notably, the K4 values for 2,4-DBP and 2,4-
DCP are lower than those for known i) peroxygenase substrates: the 5-
substituted halogenated indoles (e.g., 5-Br-indole: 150 pM) [40], nitro-
containing phenols (e.g., 4-NOy-phenol: 262 uM) [41], 4-X-o-cresols
(e.g., 4-Br-C: 86 pM) [42]; ii) peroxidase substrates 4-nitrocatechol (40
pM) [41], 4-X-o-guaiacols (e.g., 4-Br-o-guaiacol: 374 pM) [46], and
2,4,6-TCP (208 uM) [70]; iii) the inhibitor 4-BP (Kq = 305 pM, K; = 0.15
+ 0.03 mM) [36,48]; and iv) azole ligands [47] that bind directly to the
heme-Fe. The trend in Kq observed for the 2,4-dihalophenol series as a
function of halogen size (F > > Cl > Br) has been observed previously
[40,42,46], where the larger halogens have a strong affinity for the Xel
hydrophobic cavity inside the binding pocket (see structural studies)
[49]. Interestingly, for the 2,6-dihalophenol series, the substrates have a
very poor binding affinity with DHP, and the halogen atom trend is
reversed, a likely consequence of steric clashes that prevent access of the
substrate to the Xel cavity.

Another method for comparing the binding affinities of the sub-
strates to DHP is through use of the heme-fluoride binding competition
assay (Table 3) [36]. In this method, substrates that bind tightly to the
interior of the DHP active site lead to a decreased binding affinity of
fluoride to the heme (Kg’ = 4.51 + 0.4 mM), which means that the
tighter the substrate binds, the higher the KE' will be [36]. This method
is useful as some substrates, such as 2,4,6-TBP, do not exhibit substrate-
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Table 3

Dissociation constants (Ky) for substrate binding to ferric WT DHP B at pH 7.
Substrate Kq (pM) K5 (mM) [36] References
Dihalophenols”
2,4-difluorophenol 1870 (4 150) - [36]"
2,4-dichlorophenol 29.3 (+£1.3) 74.1 (£ 4.3) [361°
2,4-dibromophenol 6.4 (+0.6) 172.1 (+£9.0) [36]h
2,6-difluorophenol 1940 (4 490) - [361"
2,6-dichlorophenol 2400 (+ 430) - [361°
2,6-dibromophenol ~ 7100 (& 3600)° 5.7 (£ 0.5) [361°
Phenols
Pentachlorophenol 79 (£ 9) - [42]
2,4,6-tribromophenol - 23.8 (£ 1.0) [36]
2,4,6-trichlorophenol 208 (+13) 14.5 (£ 0.8) [70]
4-bromophenol 305 (£ 15) 12.3 (+ 0.8) [70]
4-nitrophenol 262 (£ 23) - [41]
2,4-dinitrophenol 105 (+ 21) - [41]
4-nitrocatechol 40 (£ 1) - [41]
Haloindoles
5-Cl-indole 317 (£ 23) 8.6 (£ 0.3) [36,40]
5-Br-indole 150 (+ 10) 13.2 (£ 0.5) [36,40]
5-I-indole 62 (+ 10) 16.8 (+ 0.4) [36,40]
Azoles
Imidazole 52 (£ 2) - [47]
Benzotriazole 82 (+2) - [47]
Benzimidazole 110 (£ 8) - [471
Guaiacols
4-F-o-guaiacol 2430 (+ 210) - [46]
4-Cl-o-guaiacol 493 (+ 53) - [46]
4-Br-o-guaiacol 374 (+ 42) - [46]
o-guaiacol 14,700 (+ 720) 8.0 (£ 0.3) [36,46]
Cresols
4-F-o-cresol 2970 (+ 390) - [42]
4-Cl-o-cresol 130 (+ 4) - [42]
4-Br-o-cresol 86 (+ 14) - [42]
p-cresol 2680 (+ 380) 7.4 (£ 0.4) [36,42]

# Conditions. [enzyme] = 10 pM, 0.21-750 equiv. substrate, 5% MeOH, 100
mM KP; pH 7.

b This work.

¢ Estimated K4 based on experimental data.

dependent shifts in their UV-visible spectra upon binding to DHP, likely
due the binding of TBP deep in the hydrophobic cavity of DHP, which
has been previously observed via X-ray crystallography. The conse-
quence of this binding motif is that it does not perturb the 5-coordinate
(5¢)/6-coordinate (6¢) equilibrium binding of water to the heme that is
being typically probed by the optical difference spectra in Figs. S11 and
S12, yet it does impact the binding of fluoride to the heme-Fe. A com-
parison of the K values at pH 7 reveals that 2,4,6-TBP binding is
stronger than the inhibitor 4-BP, yet weaker than 2,4-DCP and 2,4-DBP
substrates, resulting in the substrate binding affinity order: 4-BP < 2,4,6-
TBP < 2,4-DBP. In addition, the low Kg' (5.7 mM) observed for 2,6-DBP
shows that this substrate has a very low affinity for the protein [36],
which was confirmed by the present study.

With respect to the pK, values of 8.05, 7.86 and 6.89 for 2,4-DCP,
2,4-DBP and 2,6-DBP, respectively, the data suggest that binding oc-
curs when the substrates are predominately in their neutral or partly
ionized (2,6-DBP) phenolate form in pH 7.0 buffer. Structural elements
of the DHP active site involving H-bonding, aromatic n-n stacking and
hydrophobic interactions to 2,4-DCP and 2,4-DBP that lead to such
strong binding affinities were elucidated by X-ray crystallography.
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3.7. Protein crystallization and X-ray diffraction studies

Incubation of non-His tagged DHP B crystals with the ligands [4-XP,
2,4-DXP (X = Cl, Br) and 2,6-DXP (X = F, Cl, Br)] successfully yielded
the DHP B-ligand complexes as determined by X-ray crystallographic
diffraction methods. The X-ray data collection and refinement statistics
for the structures are provided in Tables S3 and S6. DHP B crystallized as
a homo-dimer in the asymmetric unit of space group P2,2;2;, consistent
with previous crystal structures of this protein
[24,39,41,42,46,47,49,56,64,73]. The protomer environments were
found to be identical within each structure, in particular the orientation
of the ligand binding site within the DHP B distal cavity. All distances
provided for 4-XP and 2,4-DXP (X = Cl, Br) are an average between the
two protomers, and those for 2,6-DXP (X = F, Cl, Br) are from protomer
B (Tables S4 and S5, respectively). The ligand binding site orientations
are shown in Figs. 3 and S16.

Two binding orientations were determined for 2,4-DCP from crystals
isolated from the same mother liquor, labeled with respect to their
proximity to the heme o and f edges as 2,4-DCP, (PDB: 7LZN, Fig. 3A)
and 2,4-DCPg (PDB: 7LZK, Fig. 3B). The position of 2,4-DCP, shows the
molecule is bound 4.1 A above the heme, between the Fe and the o edge,
with its hydroxyl group directed towards the Fe (4.9 A). The aromatic
ring of F21 is oriented for n-n stacking interactions with the substrate,
F60 is displaced to accommodate the p-Cl atom (displacement can be
observed in Fig. 3C), which is directed towards the Xel hydrophobic
binding cavity [49], and the 0-Cl is directed deep in the heme cavity. The
distal histidine, H55, was found in the “closed” conformation, with its N®
at a H-bonding distance of 2.5 A from the substrate OH group, further
stabilizing 2,4-DCP, in the binding cavity (Fig. 3A). The 2,4-DCPp
binding site orients the molecule above the heme, between the Fe and p
edge. The O" of T56 is rotated into the distal pocket interacting with the
OH group of 2,4-DCPj at a hydrogen bonding distance of 2.8 A. The o-Cl
atom is pointed down, oriented towards the entrance of the pocket 3.4 A
away from propionate group D, and the p-Cl is positioned internally
(Fig. 3B). Due to the proximity to the pocket entrance, H55 is found in
the solvent-exposed “open” conformation. For comparison, a super-
imposed structure of 2,4-DCP, and 2,4-DCPy shows that they occupy
completely different positions in the pocket (Fig. 3C). Moreno-Chicano
and co-workers have recently determined the structure of DHP B com-
plexed with 2,4-DCP (PDB: 6I7F) by serial femtosecond X-ray crystal-
lography (SFX) [44]. The authors observed only one binding position for
2,4-DCP, which was virtually identical to the observed position for 2,4-
DCP,, shown as a superimposed structure (Fig. S15A).

The structure of DHP B complexed with 2,4-DBP (PDB: 7LZ0O) shows
a single binding site in the distal cavity for this substrate (Fig. 3D) and
the superimposed crystal structure of 2,4-DBP and 2,4-DCP,, (Fig. S15B)
shows that both these substrates occupy nearly identical positions in the
binding site, and, interestingly, is virtually the same position as to that
observed previously for 4-Br-o-cresol (PDB: 60NX, Fig. S15C) [42]. The
structures here obtained for 2,4-DCP, 2,4-DBP, 4-CP and 4-BP for DHP B
were also compared to previously published structures of 2,4,6-TCP
(PDB: 4KMV and 4KMW) and 2,4,6-TBP (PDB: 4FH6) complexed with
DHP A (Figs. S15D-F) [24,38].

The binding sites for the 4-halophenol series (4-XP, X = F, Cl, Br, I)
have been previously elucidated by X-ray crystallography in DHP A
[35]. For comparative purposes, the 4-CP (PDB: 7MOH, Fig. 3E) and 4-
BP (PDB: 7MOF, Fig. 3F) complexes with DHP B were structurally
characterized here by X-ray crystallography. The 4-CP structure was
found to bind in a similar orientation to 2,4-DCPg, observed above the
heme, positioned between the Fe and f edge, resulting in H55 exclusion
from the distal pocket in the “open” conformation (Fig. 3E). The Cl atom
is positioned internally, while the OH group is directed towards the
cavity opening at a H-bonding distance of 2.7 and 3.4 A from the heme
propionate group D and Y38 residue, respectively. In contrast to the
halogen-differentiated structures of 2,4-DCP, and 2,4-DCPg, the DHP
B-4-BP (Fig. 3F) shows that substituting Cl with the larger Br bears no
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Fig. 3. X-ray crystal structures depicting the halophenol binding sites within the distal pocket of DHP B. A) 2,4-DCP,, (grey, PDB: 7LZN), B) 2,4-DCP; (cyan, PDB:
7LZK), C) Superposition of 2,4-DCP, and 2,4-DCP; binding sites, D) 2,4-DBP (green, PDB: 7LZO), E) 4-CP (purple, PDB: 7MOH) and F) 4-BP (blue, PDB: 7MOF). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

consequence on binding orientation, reflected in the observation of 4-BP
residing in virtually the same orientation as 4-CP (PDB: 7MOF, Fig. 3F).
The only noticeable difference in the distal environment is that 4-BP is
located slightly higher above the heme, reflected in a shorter H-bonding
distance between substrate hydroxyl group and Y38 (3.1 A). Moreover,
analysis of 4-CP and 4-BP binding sites with respect to DHP A [35] and
DHP B yielded virtually identical orientations (data not shown).

The crystal structures of DHP B complexed with the 2,6-DXP series
(X =F, Cl, Br) were also elucidated (Fig. S16), and all three substrates
were found to bind inside the distal cavity. The distances provided are
for protomer B (Table S5), and X-ray data collection and refinement
statistics are provided in Table S6. The structure obtained for 2,6-DFP
(PDB: 7M1K, Fig. S16A) shows that the substrate is positioned inter-
nally, away from the heme propionates [74]. The hydroxyl group of the
substrate is directed towards the heme iron (4.5 A) and forming a H-
bond with N¢ of H55 in the “closed” conformation (3.2 10\). One of the
fluorine atoms is pointed internally, and the other forms two H-bonds,
one with N® of H55 at a distance of 2.5 A, and a second one with the
hydroxyl of T56 at a distance of 3.1 A [74,75]. Furthermore, F60 is
displaced to its alternative position (not shown), and F21 is oriented for
n-7 stacking interactions with the aromatic ring of the substrate. Inter-
estingly, a nonspecific binding location was also identified for 2,6-DFP
in protomer A in the proximal side of the heme cavity, with an
approximate occupancy of 40% (PDB: 7M1K, Fig. S16B; see SI for more
details).

For 2,6-DCP, (PDB: 7M1], Fig. S16C) the substrate is positioned 4.1 A
above the heme center (distance between C4 and heme iron). The hy-
droxyl group is interacting with T56 and Y38 via hydrogen bonding (3.3
and 2.9 A, respectively). The bulky halogen atoms may play a role in
accommodating the binding position of the substrate [74,75], with one
of the chlorine substituents positioned internally and interacting with
T56 (2.9 A), and the other facing the entrance of the pocket, interacting
with N® of H55 in the “open” conformation and propionate D (2.6 and
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2.9 A, respectively). Additionally, 2,6-DCP was found to occupy a
similar position compared to 2,4,6-TCP¢, although 2,6-DCP is rotated
internally (~35°) compared to 2,4,6-TCPy;, resulting in a displacement
of the two substrate OH groups by 2.2 A (Fig. S16D). Lastly, 2,6-DBP was
found present only in protomer B (PDB: 7M1J, Fig. S16E), with 70%
occupancy, and a bis-histidine ligation was observed for protomer A
(H55 N°-Fe-N° H89, 2.2 and 2.1 A, respectively) (PDB: 7M1J,
Fig. S16F). The substrate was found close to the heme y edge near the
heme propionates (the same as 2,6-DCP), but its hydroxyl group, unlike
2,6-DCP, was engaged in indirect H-bonding interactions with T56 and
Y38 via a water molecule (OH-H,0 2.0 A, H,0-Y38 2.8 A, and H,0-T56
2.9 A) (Fig. S17E), in agreement with its weaker binding compared to
2,6-DCP. H55 is observed in both “open” and “closed” conformations in
this structure due to the partial substrate occupancy of 0.7 resulting in
the accompanying alternative conformations of H55.

3.8. Stopped-flow studies

Single and double-mixing stopped-flow methods were used to
investigate the reaction of representative substrates 2,4-DBP and 2,6-
DBP with HyO-activated DHP (Figs. 4 and 5). Studies were conducted
with pre-formed Compound I [10,11], Compound ES [13,20], Com-
pound II [12], or with the oxyferrous species itself as the starting state.
While different substrate concentrations were investigated (1, 2.5, 5 and
10 equiv), the studies presented here focus on 5 equiv. 2,4-DBP and 10
equiv. 2,6-DBP for clarity purposes. As the data did not fit kinetic models
as one-step/two-species or two-step/three-species irreversible mecha-
nisms, the experimentally obtained spectra at selected time points
detailed in the figure legends are shown.

3.8.1. Compound I reactivity
Compound I [(Por‘+)FeIV:O; 406 (Soret), 528, 645 nm] was pre-
formed upon reaction of ferric DHP B (Y28F/Y38F) with Hy02 (10
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Fig. 4. Kinetic data obtained by optical spectroscopy for the oxidation of 2,4-dibromophenol in the presence of H,O»-activated DHP B at pH 7. A) Compound I: Top panel, stopped-flow UV-visible spectra of the double-
mixing reaction of preformed Compound I (10 uM), itself formed in an initial mixing step from the reaction of ferric DHP B (Y28F/Y38F) with a 10-fold excess of HyO5 in an aging line for 75 ms, with a 5-fold excess of
2,4-dibromophenol (900 scans over 49 s); inset: the single-wavelength (409 nm) dependence on time obtained from the raw data. Bottom panel, experimentally obtained spectra for Compound I reacted with 2,4-dibro-
mophenol (black, t = 0 s), its reduction to the ferric enzyme (red, t = 3.9 s) and the final spectrum (blue, t = 49 s). B) Compound ES: Top panel, stopped-flow UV-visible spectra of the double-mixing reaction of preformed
Compound ES (10 pM), itself formed in an initial mixing step from the reaction of ferric WT DHP B with a 10-fold excess of H,O, in an aging line for 420 ms, with a 5-fold excess of 2,4-dibromophenol (900 scans over 49
s); inset: the single-wavelength (419 nm) dependence on time obtained from the raw data. Bottom panel, experimentally obtained spectra for Compound ES reacted with 2,4-dibromophenol (black, t = 0 s), its reduction to
the ferric enzyme (red, t = 4.3 s) and the final spectrum (blue, t = 49 s). C) Compound II: Top panel, stopped-flow UV-visible spectra of the double-mixing reaction of preformed Compound II (10 pM), itself formed in an
initial mixing step from the reaction of oxyferrous WT DHP B preincubated with 1 equiv. of 2,4,6-TCP, with a 10-fold excess of H,O, in an aging line for 3.2 s, with a 5-fold excess of 2,4-dibromophenol (900 scans over
49 s); inset: the single-wavelength (422 nm) dependence on time obtained from the raw data. Bottom panel, experimentally obtained spectra for Compound II reacted with 2,4-dibromophenol (black, t = 0 s), its reduction
to the ferric enzyme (red, t = 1.4 s) and the final spectrum (blue, t = 49 s). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Kinetic data obtained by optical spectroscopy for the oxidation of 2,6-dibromophenol in the presence of H,Os-activated DHP B at pH 7. Double mixing methods for reactions employing preformed Compounds I,
ES, and II were as described in Fig. 4. A) Compound I: Top panel, stopped-flow UV-visible spectra of the reaction of Compound I (10 pM) with a 10-fold excess of 2,6-dibromophenol (900 scans over 49 s); inset: the single-
wavelength (409 nm) dependence on time obtained from the raw data. Bottom panel, experimentally obtained spectra for Compound I reacted with 2,6-dibromophenol (black, t = 0 s), intermediate species showing the
450 nm band (red, t = 12.6 s) and the final spectrum with the 470 nm feature (blue, t = 49 s). B) Compound ES: Top panel, stopped-flow UV-visible spectra of the reaction of Compound ES (10 pM) with a 10-fold excess
of 2,6-dibromophenol (900 scans over 49 s); inset: the single-wavelength (419 nm) dependence on time obtained from the raw data. Bottom panel, experimentally obtained spectra for Compound ES reacted with 2,4-
dibromophenol (black, t = 0 s), intermediate species showing the 450 nm band (red, t = 7.0 s) and the final spectrum with the 470 nm feature (blue, t = 49 s). C) Compound II: Top panel, stopped-flow UV-visible spectra
of the reaction of Compound II (10 pM) with a 10-fold excess of 2,6-dibromophenol (900 scans over 49 s); inset: the single-wavelength (416 nm) dependence on time obtained from the raw data. Bottom panel,
experimentally obtained spectra for Compound II reacted with 2,4-dibromophenol (black, t = 0 s), intermediate species showing the 450 nm band (red, t = 2.2 s) and the final spectrum with the 470 nm feature (blue, t
= 49 s). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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equiv) in an aging line for 75 ms prior to rapid mixing (1.5 ms) with
substrate, either 2,4-DBP (5 equiv) or 2,6-DBP (10 equiv), in 100 mM KP;
(pH 7) containing 5% MeOH.

i) 2,4-dibromophenol (Fig. 4A): The first observed spectrum for 2,4-
DBP did not match the spectral features for Compound I, however
the observed spectrum closely matched that of ferric DHP B (Y28F/
Y38F) [408 (Soret), 512 and 541 (sh) nm]. This result suggests that
Compound I rapidly reacts with the substrate within the mixing time
of the stopped-flow apparatus. Within 3.9 s, a second species [409
(Soret), 504, 615 nm] was formed, which showed a slight hyper-
chromic shift in the Soret band in addition to a broad feature at 615
nm. As these ferric-like spectral features do not match any previously
observed DHP B species, this may be possibly indicative of substrate-
and/or product-bound DHP B (Y28F/Y38F), however the identity of
this post-reaction species was not further explored. The last spectrum
[411 (Soret), 503, 540 nm] showed a slight broadening of the Soret
band and a flattening of the visible bands. At longer observation
times (500 s), the ferric-like enzyme converted to a species whose
spectral features matched those of Compound RH [20], an inacti-
vated form of DHP B (data not shown).

2,6-dibromophenol (Fig. 5A): Similar to what was observed for 2,4-
DBP, the first observed spectrum upon reaction of Compound I with
2,6-DBP did not match the spectral profile of Compound I. However,
the observed spectrum closely matched that of ferric DHP B (Y28F/
Y38F) [408 (Soret), 506 and 549 (sh) nm], again suggesting that
Compound I rapidly reacts with the substrate within the mixing time
(1.5 ms) of the stopped-flow apparatus. Within 12.6 s, a hyper-
chromic shift in the Soret was observed along with a strong absor-
bance at 450 nm. While the origin of this feature was not investigated
further, we surmise that it is likely an oligomeric product [e.g., poly
(2,6-dibromophenol oxide)]. The last spectrum [408 (Soret), 470,
634 nm] showed the disappearance of the 450 nm band, with the
appearance of a 470 nm feature. At longer observation times (500 s),
Compound RH was formed (data not shown).

(7

ii

Thus, when Compound I [11] was reacted with either 2,4-DBP or 2,6-
DBP, the first species observed was the ferric enzyme, showing complete
reduction of the ferryl within the mixing time of the stopped-flow
apparatus (1.5 ms), a result that has been consistently seen for all
known DHP substrates (5-bromoindole [40], 4-nitrophenol [41], pyrrole
[45], 4-bromo-o-guaiacol [46], and 4-bromo-o-cresol [42]).

3.8.2. Compound ES reactivity

Ferric WT DHP B was reacted with 10 equiv. of H2O» in an aging line
for 420 ms to form Compound ES [(Por)FeV=0 -Tyr38; 418 (Soret), 545,
586 nm] prior to rapid mixing (1.5 ms) with the substrate, 2,4-DBP (5
equiv) or 2,6-DBP (10 equiv), in 100 mM KP; (pH 7) containing 5%
MeOH.

i) 2,4-dibromophenol (Fig. 4B): The first observed spectrum for 2,4-
DBP was a mixture between pre-formed Compound ES and ferric
DHP B [413 (Soret), 506 (sh), 545, 586 nm] that reduced fully to
the ferric enzyme within 4.3 s [407 (Soret), 506, 636 nm]. The
final spectrum exhibited a slight broadening of the Soret and a
band at 541 nm [410 (Soret), 541, 636 nm]. At longer observa-
tion times (500 s), the ferric enzyme converted to Compound RH
(data not shown).

2,6-dibromophenol (Fig. 5B): Compound ES [417 (Soret), 546,
588 nm] was the first observable species after rapid mixing with
2,6-DBP, which converted within 7.0 s to a species [411 (Soret),
450, 544 (sh), 636 nm] that exhibited the same strong 450 nm
band as noted above for 2,6-DBP/Compound I. Similar to that
reaction, the 450 nm band disappeared, with the appearance of a
470 nm feature. Compound RH formed at longer observation
times (500 s; data not shown).

ii
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iii) The reactivity of the remaining 2,4- and 2,6-DXP (X = F, Cl)
substrates was also studied under the same conditions as
described above (i.e., 5 equiv. for the 2,4-dihalophenols and 10
equiv. for the 2,6-dihalophenols). The time required for each
substrate to react with pre-formed Compound ES and reform the
ferric species can be found in Table 4, and representative re-
actions can be found in Figs. S13 and S14. All substrates reduced
Compound ES to the ferric enzyme, although the times varied ~7-
fold (4.3-29.5 s). Interestingly, the intense band at 450 nm was
not observed for 2,6-DFP and 2,6-DCP, although in the case of
2,6-DCP, the broadening of the Soret band suggests the formation
of a similar product that absorbs around 400 nm (Fig. S14B). A
trend was observed for both 2,4- and 2,6-dihalophenol series,
where the substrates with the larger halogen atoms were found to
react faster with Compound ES (Br > Cl > F). Overall, the 2,6-
dihalophenols were slower to reduce Compound ES when
compared with their respective 2,4-dihalophenols analogs
(Table 4).

The Compound ES [13,14] reactivity observed here with the DXP
substrates is consistent with previous studies showing that nitrophenol
[411, pyrroles [45], and cresols [42], all reduced the enzyme back to the
ferric state. It is important to note that these studies do not differentiate
between Compound ES-mediated substrate oxidation within the active
site versus at the surface of the enzyme given that the tyrosyl radical
migration pathway (eTyr38 — eTyr28) in DHP B leads to a more solvent-
exposed Tyr28 radical [11].

3.8.3. Compound II reactivity

Compound II [420 (Soret), 546, 584 nm] was preformed upon mix-
ing 10 equiv. H2O3 in an aging line for 3.2 s with oxyferrous DHP B that
was pre-incubated with 1 equiv. of 2,4,6-TCP [12], and was then reacted
(1.5 ms mixing time) with either 2,4-DBP (5 equiv) or 2,6-DBP (10
equiv) in 100 mM KP; (pH 7) containing 5% MeOH.

i) 2,4-dibromophenol (Fig. 4C): The first species observed was Com-
pound II [421 (Soret), 546, 584 nm], which reduced within 1.4 s to
ferric DHP B [406 (Soret), 506, 541 (sh), 589 (sh), 640 nm]. The final
spectrum [412 Soret, 541, 640 nm] showed a slight broadening of
the Soret band with a feature at 541 nm. At longer observation times
(500 s), a decrease in absorbance and broadening of the Soret band,
consistent with heme bleaching, were observed (data not shown).

2,6-dibromophenol (Fig. 5C): The first observable species was
Compound II [420 (Soret), 545, 584 nm], which reduced within 2.2 s
to ferric DHP B [409 (Soret), 450, 544 (sh), 635 nm] with concom-
itant formation of a strong 450 nm band. The final spectrum [409
(Soret), 470, 544 (sh), 635 nm] showed disappearance of the 450 nm
band with the formation of the 470 nm feature. At longer observation

ii)

Table 4
Summary of the stopped-flow UV-visible spectroscopic data for the reaction of
compound ES with 2,4-and 2,6-dihalophenols at pH 7.

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

2,4- 13.0 409, 505, 636
difluorophenol

2,4- 6.8 409, 506, 634
dichlorophenol

2,4- 4.3 407, 506, 636
dibromophenol

2,6- 29.5 409, 543, 638
difluorophenol

2,6- 13.0 410, 544, 636
dichlorophenol

2,6- 7.0 409, 545, 635
dibromophenol
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times (500 s), a decrease in absorbance and broadening of the Soret
were observed, consistent with heme bleaching (data not shown).

Overall, for the oxidation of DXP by Compound II [12], conversion to
the ferric enzyme was observed for both 2,4-DBP and 2,6-DBP sub-
strates, consistent with the Compound II reactivity reported for 2,4,6-
TCP [12,28], 5-Br-indole [40], pyrrole [45], 4-NOy-phenol [41], 4-Br-
o-guaiacol [46], and 4-Br-o-cresol [42].

3.8.4. Oxyferrous reactivity

In a single-mixing method, oxyferrous DHP B that was preincubated
with substrate (5 and 10 equiv. for 2,4-DBP and 2,6-DBP, respectively)
was rapidly reacted (1.5 ms) with 10 equiv. of HyO5 in 100 mM KP; (pH
7) containing 5% MeOH (Fig. 6).

i) 2,4-dibromophenol (Fig. 6A): The first species observed was the
oxyferrous enzyme [418 (Soret), 543, 578 nm] that converted within
11.6 s to a stable ferric species [406 (Soret), 505, 541, 639]. At
longer times (500 s), the last species observed was a ferric/oxy-
ferrous mixture [405 (Soret), 509, 541, 576 nm] (data not shown).

ii) 2,6-dibromophenol (Fig. 6B): The first observable species was the
oxyferrous enzyme [418 (Soret), 543, 578 nm] that converted within
12.9 s to a stable ferric species [406 (Soret), 499, 638]. At longer
times (500 s), a ferric/oxyferrous mixture [409 (Soret), 500, 540,
575 nm] was observed (data not shown).

The reactivity of oxyferrous DHP yielding the ferric enzyme did not
proceed through Compound II as an observable intermediate, a similar
finding to what has been reported for 4-Br-o-guaiacol [46] and 4-Br-o-
cresol [42] substrates, yet differs from halophenols [12], indoles [40],
nitrophenol [41], and pyrroles [45]. We note the presence of isobestic
points in the top panels of Fig. 6A and B as further evidence to support
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that the reduction is occurring in a single step.

In summary, the main observations from the stopped-flow studies
with 2,4-DBP and 2,6-DBP were i) Compound I was rapidly reduced by
both substrates within the 1.5 ms mixing time of the instrument to a
ferric-like enzyme state; ii) Compound ES was reduced to the ferric
enzyme within 4.3 and 7.0 s for 2,4- and 2,6-DBP, respectively; iii)
Compound II was reduced more quickly to the ferric enzyme (within 1.4
and 2.2 s for 2,4- and 2,6-DBP, respectively) than Compound ES; iv) in
the case of 2,6-DBP, a product with an intense band at 450 nm was
observed in the presence of all reactive species (Compounds I, ES and II),
however this product was found to be unstable, possibly forming a new
product with a 470 nm absorption; and v) oxyferrous DHP reacted with
both substrates in the presence of HyO5 to yield ferric DHP, and at longer
observation times (500 s), DHP slowly reduced back to the oxyferrous
state, suggesting a product-driven reduction of the enzyme, a result that
has been previously observed for DHP upon reaction with halophenols
[20], indoles [40], pyrroles [45], and guaiacols [46].

4. Discussion

The enzymatic assays performed in the presence of DHP, substrate
and H,05 demonstrate that DHP is able to catalyze the HyO»-dependent
oxidation of 2,4- and 2,6-dihalophenols (DXP; X = F, Cl, Br). In the 2,4-
DXP series, the percent conversion followed the order DFP > DCP >
DBP, the same trend was been observed for 4-X-o-cresols (X = F, Cl, Br)
[42], and opposite trend was observed for 5-X-haloindoles (X =F, Cl, Br)
[40]. On the other hand, a near 100% conversion for all three 2,6-DXP
substrates was observed despite employing unoptimized conditions, a
finding that was also previously noted for the oxidation of 4-X-o-
guaiacols [46]. Multiple product peaks in the representative chro-
matograms for each substrate were identified as monomers with varying
degrees of oxidation and dehalogenation, as well as oligomers with n up
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to 6. A more thorough examination of the monomeric oxidation prod-
ucts for 2,4-DCP and 2,4-DBP showed two different oxidation pathways
for both substrates, namely oxidation (Scheme 1, pathway A) and
oxidative dehalogenation (Scheme 2, pathway B). Thus, to determine
the origin of the oxygen atom(s) incorporated into the substrates upon
product formation, isotopic labeling studies with 80 were performed.
For both oxidation pathways, the first oxygen atom incorporated into
the initial diol product was derived exclusively from water and the
second oxygen atom incorporated into the diol product derived exclu-
sively from hydrogen peroxide, providing unequivocal evidence of
peroxidase and peroxygenase activities, respectively. The sequential
oxidation of dihalophenols, initially via a peroxidase pathway, followed
by peroxygenase activity, and with further possible oxidation via
peroxidase chemistry (in select cases), highlights the ability of these
substrates to be converted into products by the multifunctional nature of
DHP B. These mechanistic observations made for 2,4-DCP and 2,4-DBP
likely apply to the other dihalophenols studied here, since similar
monomeric products were observed for all substrates.

Interestingly, sequential and/or concomitant oxidative activities by
DHP have been observed previously for 4-nitrophenol (4-NP) [41], 4-X-
o-cresols [42] and 5-Br-indole [40]. In the case of 4-NP, the oxidation
chemistry is opposite from that observed for DXP: the first inserted ox-
ygen atom originates from hydrogen peroxide forming 4-nitrocatechol
(4-NC), into which a second oxygen, derived from water, is added
yielding a triol product, constituting sequential peroxygenase followed
by peroxidase activities, respectively. Furthermore, the triol product is
further oxidized to a quinone product via electron transfer (peroxidase
activity) [41]. For 4-X-o-cresol substrates, non-preferential oxidation via
either peroxidase or peroxygenase activities was observed, yielding
quinone and catechol products, respectively [42]. And lastly, the DHP-
catalyzed oxidation of 5-Br-indole yields oxindoles as the major prod-
ucts of a peroxygenase activity, which themselves undergo dimerization
in the presence of molecular oxygen to form 5,5’-Brp-indigo via an ox-
idase activity [40]. The chemistry observed here for dihalophenols
further highlights both the substrate and mechanistic promiscuity of
dehaloperoxidase as a multifunctional catalytic globin.

Binding studies confirmed the affinities of the 2,4-DXP substrates in
the order DBP > DCP > DFP, which is in accordance with the literature
for other halogenated substrates whose affinities correlate with halogen
size [42,46,49,40]. X-ray crystallographic studies on DHP complexed
with 2,4-DCP and 2,4-DBP show these substrates are positioned inside
the enzyme active site: two conformations were observed for 2,4-DCP (a
and B, Fig. 3C), with 2,4-DCP, and 2,4-DBP having nearly identical
positions in the substrate binding pocket (Fig. S15B). For both 2,4-DXP
substrates (except 2,4-DCPp), the phenolic ring interacts with F21 via
n-n stacking interactions, and the hydroxyl group interacts with the
distal histidine (H55, “closed” conformation) via H-bonding interaction.
Moreover, the bulky p-halogen is well positioned in the Xel binding
cavity region [49], consistent with other halogenated substrates 4-bro-
mophenol [49], 2,4,6-tribromophenol [38], 5-bromoindole [40], 4-
bromo-o-guaiacol [46] and 4-bromo-o-cresol [42], resulting in
displacement of F60. These strong interactions provide the molecular
basis as to why 2,4-DBP and 2,4-DCP possess the smallest K4 values for
any DHP substrate (or ligand) reported to date. Recently, the structure of
DHP B complexed with 2,4-DCP was elucidated by serial femtosecond X-
ray crystallography (SFX) [44], which confirmed the position of 2,4-DCP
in the pocket, although only one conformation (2,4-DCP,) was observed
(Fig. S15A), likely a result of the different crystallization conditions
employed between the two studies. Whether or not the two different
conformations of 2,4-DCP (a and p) affect product distribution or
oxidation pathway is unknown at this time.

The 2,6-DXP series shows a comparatively lower affinity for the
enzyme in the order DFP > DCP > DBP, the opposite of what was
observed for the 2,4-DXP series, and thus in contrast with literature
reports as well. To rationalize this, the structures of DHP complexed
with the 2,6-DXP series (X = F, Cl, Br) (Fig. S16) were elucidated, and
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show interesting results. In these substrates, both halogens are vicinal to
the hydroxyl group, and therefore positioned close together on one side
of the ring. This substitution pattern on the phenolic ring seems to favor
the binding of the substrate closer to the highly polar y edge of the heme,
where the substrate is in close proximity of the heme propionates and
functionally important residues, such as H55 (“open” conformation) and
Y38. The structure for 2,6-DCP and 2,6-DBP showed these two substrates
binding in similar positions close to the entrance of the pocket, and
interacting with hydrophilic amino acids T56 and Y38. The super-
imposed structure of 2,6-DCP and 2,4,6-TCPey showed similar substrate
positions, although the hydroxyl group of 2,6-DCP is rotated internally
by about ~35°. In addition, DHP was found to have a very small affinity
for 2,6-DBP (K4 ~ 7100 pM), which correlated to the fact that it was only
found to bind in protomer B (the absence of substrate in protomer A
resulted in bis-histidine ligation) [46,47]. In a departure from the
literature where 4-fluorophenol [49] and 4-fluoro-o-cresol [42] were
found to bind closer to the entrance of the active site (and thus exhibit
low affinities with DHP), 2,6-DFP binds internally in the same position
occupied by 2,4-DCP, and 2,4-DBP, possibly due to the smaller size of
the fluorine atoms. Overall, the absence of the p-halogen atom in 2,6-
DXP has three main effects: i) a reverse order of binding affinity when
compared to the 2,4-DXP series, ii) halogen atoms are interacting with
polar residues (T56, H55 and Y38F), and iii) a reverse of the traditional
binding positions in the hydrophobic cavity of DHP. Nonetheless, these
structural differences in binding position do not translate into an activity
loss, and in fact, a near 100% substrate conversion was observed in the
oxidation reactions of the 2,6-DXP series despite employing non-
optimized conditions.

A structural comparison of the mono- (4-XP), di- (2,4-DXP) and tri-
halophenol (2,4,6-TXP) substrates further reveals insights into the
structure-function relationship of DHP (Fig. S15), with the three
brominated halophenol derivatives occupying distinct positions in the
active site pocket: i) 4-BP is close to the pocket entrance, perpendicular
to the heme plane, interacting with Y38 and propionate D, and forcing
H55 to a “open” conformation (solvent exposed); ii) 2,4-DBP is posi-
tioned internally with the OH group 4.9 A away from the iron center,
interacting with F21 and H55 in the closed conformation; and iii) 2,4,6-
TBP is also positioned internally, although rotated slightly when
compared to 2,4-DBP (p-Br groups are separated by 3.9 A), with the OH
group directed towards the iron center (3.9 10\). The comparison between
the mono-, di-, and trichlorophenols is more complex because both 2,4-
DCP (a and B) and 2,4,6-TCP (int and ext) show two different binding
positions in the pocket. For clarity, 2,4-DCP, will be compared to 2,4,6-
TCPjn;, and 2,4-DCPg will be compared to 2,4,6-TCPey;. The position
observed for i) 4-CP is nearly identical to 4-BP; ii) 2,4-DCP, and 2,4,6-
TCPjy are both positioned internally with similar orientations, with the
0-Cl and OH groups almost overlapping (<1 A apart), but the p-Cl groups
are 3.2 A apart; and iii) 2,4-DCPg and 2,4,6-TCPex; show similar posi-
tions to 4-CP, perpendicular to the heme plane, and close to the pocket
entrance in the order: 2,4,6-TCPey, 4-CP and 2,4-DCPg, as reflected by
the distance between their hydroxyl group and propionate D (2.4, 3.2
and 4.8 A, respectively).

A similar structural comparison of the 2,6-DXP series with mono- (4-
XP) and trihalophenols (2,4,6-TXP) also reveals important insights. For
the 2,6-DXP series, the absence of the p-halogen translates into low af-
finity resulting from a more solvent exposed binding position (except for
2,6-DFP). Adding a third halogen reduces favorable F21 interactions
through molecular rotation, as the trihalogenated substrate binds deeper
to accommodate the additional steric bulk, which severs the H55 in-
teractions. Removing one halogen atom makes 4-XP more polar
compared to their DXP counterparts, reflected in their position closer to
the entrance of the pocket (more solvent exposed), where the in-
teractions between F21 and H55 are replaced by new H-bonding in-
teractions between the substrate OH group and Y38 and propionate D.
Thus, by analyzing the stabilization factors surrounding each binding
site, it is clear that the extremely tight binding affinity of DHP B for 2,4-
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DCP, and 2,4-DBP is supported by favorable interactions and binding
orientations, namely: the presence of two halogen atoms in 2,4-DXP
places the phenol into an orientation that favors n—n stacking in-
teractions with F21, the o-halogen into the well-established Xel site, the
p-halogen deep into the hydrophobic cavity, displacing residue F60, and
further stabilization where OH—HS55 interact via H-bonding.

As the principal reactive species in heme peroxidases [15,77-79],
P450s [80-84], peroxygenases [84-89] and other hemoproteins
[89-94], the ferryl-containing Compound I, ES, and II intermediates
were explored here for their mechanistic roles in the DHP B-catalyzed
oxidation of DXP substrates. Overall, the results show that all three
activated forms of DHP are catalytically competent species in the
oxidation of DXP substrates, themselves being reduced to the ferric
resting state. The mechanistic studies performed with the brominated
substrates showed the rate of reduction to ferric DHP B followed the
order: Compound I > Compound II > Compound ES, which differs from
previous studies where Compound ES was more rapidly reduced by
substrates when compared to Compound II [11,41,42,45,46,40]. Addi-
tionally, the rate of Compound ES reduction by both 2,4 and 2,6-DXP
followed the order: Br > Cl > F, where the brominated derivatives
reacted faster than their fluorinated counterparts, similar to the 4-X-o-
cresol substrate series [42]. The DXP substrates were also found to
activate the oxyferrous enzyme in the presence of H,0,, albeit without
the formation of an intermediate, i.e. Compound II, whose transient
formation was seen for halophenols [12], haloindoles [40], nitrophenol
[41], and pyrroles [45], but not for guaiacols [46], and cresols [42]. The
ability for DXP to enable DHP activation is critical, as the oxyferrous
enzyme (hemoglobin-active) is normally unreactive towards HO2 (in
the absence of a substrate), which is likely a defense mechanism against
autooxidation [17,12].

Of note, however, is that oxyferrous DHP was never observed as the
final oxidation state when employing Compounds I, ES, or II to oxidize
the DXP, even at longer reaction times, and is a departure from the
product-driven aerobic reduction of the enzyme [20,46,40] that has
been a hallmark of DHP reactivity as a multifunctional catalytic hemo-
globin, one that provides a link between its enzymatic activities and its
Oo-carrier function. We surmise that the competing oxidation pathways
when starting with ferryl DHP leads to multiple products that do not
produce a sufficient concentration of a reducing product, previously
(and counterintuitively) identified as quinones [20,42,46] or oxindoles
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[40], such that the further product-driven reduction to oxyferrous DHP
is not observed. This product-driven reduction is likely an important
mechanism used by the enzyme to rescue the hemoglobin-active form
after catalytic activity initially renders DHP incapable of binding
dioxygen in the enzymatic resting ferric state [9,17,18,50]. Although the
product-driven reduction of ferric DHP B was not observed when
starting with the ferryl species (Compounds I, ES and II), it was grati-
fying to observe DHP return to the oxyferrous form when enzymatic
activity was initiated from this same oxyferrous state, suggesting that
dihalophenols are likely physiologically-relevant given that the product-
driven reduction of DHP occurs for physiological substrates (i.e., triha-
lophenols [5,9,12,17,20,501, haloindoles [40] and guaiacols [46]).

On the basis of the results obtained above, we propose the following
catalytic cycle for the in vitro HoO2-dependent oxidation of 2,4-dibro-
mophenol (2,4-DBP) as a representative substrate (Scheme 3): ferric
DHP B reacts with 1 equiv. H,O5 forming Compound I, a two-electron
oxidized ferryl species [Por®" FelV=0 AA] (step i), which undergoes
fast internal electron transfer in DHP, yielding Compound ES [Por
FelY=0 *Tyr38]. Compound I can be reduced by 2,4-DBP (step ii) in a
two-electron process given the lack of an observable intermediate, while
Compound ES can be reduced by two sequential one-electron steps
[8,23], first leading to formation of Compound II [Por Fe'V=0 AA] (step
iii) before further reduction to the resting ferric enzyme (step iv). The
ferric enzyme is then available for reactivation by a second equivalent of
hydrogen peroxide, which could lead to the formation of products
through a peroxidase mechanism via either pathway A (oxidation —
product 1a) or B (oxidative dehalogenation — product 1d). When
pathway A occurs, a second oxygen is inserted via a peroxygenase
mechanism (product 1b), followed by electron transfer through another
peroxidase mechanism (product 1c). Compound II, formed by the re-
action of oxyferrous DHP B with DXP and H20 (step v), can be reduced
to the ferric enzyme by 2,4-DBP (step iv). While we did not observe
Compound I when employing 2,4-DCP as a substrate when starting from
oxyferrous DHP B (step v). It is likely that when starting from the oxy-
ferrous form, Compound II is formed initially, and the catalytic cycle
commences directly from Compound II and proceeds as stated in Scheme
3. Alternatively, it has been demonstrated both here with 2,4-DBP and
previously with other substrates that DHP B is able to initiate both
peroxidase and peroxygenase catalytic cycles [20,41,42,45,46,40,76]
through HyOq-activation of the globin-active oxyferrous state yielding

OH

Y

CGH4OOOBr2

(10 CeH,0008r,

Scheme 3. Proposed mechanism for the DHP B-catalyzed sequential oxidation of 2,4-DBP as a representative DXP substrate.
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the ferric enzyme (step vi), with product-driven reduction capable of
rescuing the Oa-transport function of DHP (step vii) should such quinone
products be produced in sufficient quantity. We note that oxyferrous
DHP was observed as the final ‘resting’ state of the enzyme when the
catalytic cycle was initiated from this same oxyferrous state.

5. Conclusion

In summary, DHP B reactivity studies with 2,4- and 2,6-dihalophe-
nols (DXP) confirm this multifunctional catalytic globin is capable of
oxidizing these substrates under physiological conditions. Product
identification coupled with isotopic labeling shows two simultaneous
pathways in the oxyfunctionalization of these substrates, namely
oxidation and oxidative dehalogenation. In both pathways, the initial
substrate oxidation occurs through a peroxidase activity, with further
subsequent oxidation proceeding via a peroxygenase mechanism. X-ray
crystallographic studies enabled comparison of the DXP substrates to
both the monohalogenated (4-XP) and trihalogenated (2,4,6-TXP) ana-
logs: 2,4-DCP, and 2,4-DBP bind in a similar orientation as 2,4,6-TXPjy;,
and 2,4-DCPg and 2,6-DCP were found in similar positions as 2,4,6-
TCPex, providing a possible explanation for the two oxy-
functionalization pathways based on substrate binding/orientation in
the DHP active site. The inhibitory function of 4-halophenols can be
explained by their more unique position in the pocket, virtually blocking
the entrance of any other molecules, which prevents binding of other
substrates or HoO5 activation (by hindering the distal histidine from
serving as the general acid/base in the ‘closed’ conformation)
[30,32,35,49,52]. Thus, as structural intermediaries between the 4-XP
(inhibitors) and 2,4,6-TXP (peroxidase substrates), the results pre-
sented here on 2,4-DXP once again highlight the unexpected and un-
predictable chemistry of DHP as a multifunctional catalytic globin,
namely how a hemoglobin active site that enables multiple substrate
binding conformations also enables the substrate itself to influence the
different catalytic mechanisms that DHP B performs on it, either
exclusively, simultaneously or sequentially, that lead to product
formation.
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