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Kinetic and structural studies have shown that peroxidases are capable of the oxidation of 2,4,6-trichlorophenol (2,4,6-TCP) to 2,
6-dichloro-1,4-benzoquinone (2,6-DCQ). Further reactions of 2,6-DCQ _in the presence of H,0, and OH yield 2,6-dichloro-
3-hydroxy-1,4-benzoquinone (2,6-DCQOH). The reactions of 2,6-DCQ have been monitored spectroscopically [UV—visible and
electron spin resonance (ESR)] and chromatographically. The hydroxylation product, 2,6-DCQOH, has been observed by
UV—visible and characterized structurally by 'H and '*C NMR spectroscopy. The results are consistent with a nonphotochemical
base-catalyzed oxidation 0of 2,6-DCQ at pH > 7. Because H,O, is present in peroxidase reaction mixtures, there is also a potential role
for the hydrogen peroxide anion (HOO™). However, in agreement with previous work, we observe that the nonphotochemical
epoxidation by H,O, at pH < 7 is immeasurably slow. Both room-temperature ESR and rapid-freeze-quench ESR methods were
used to establish that the dominant nonphotochemical mechanism involves formation of a semiquinone radical (base -catalyzed
pathway), rather than epoxidation (direct attack by H,O, at low pH). Analysis of the kinetics using an Arrhenius model permits
determination of the activation energy of hydroxylation (E, = 36 kJ/mol), which is significantly lower than the activation energy of
the peroxidase-catalyzed oxidation of 2,4,6-TCP (E, = 56 kJ/mol). However, the reaction is second order in both 2,6-DCQ and
OH' so that its rate becomes significant above 25 °C due to the increased rate of formation of 2,6-DCQ that feeds the second-order
process. The peroxidase used in this study is the dehaloperoxidase-hemoglobin (DHP A) from Amphitrite ornata, which is used to
study the effect of a catalyst on the reactions. The control experiments and precedents in studies of other peroxidases lead to the
conclusion that hydroxylation will be observed following any process that leads to the formation of the 2,6-DCQ at pH > 7,
regardless of the catalyst used in the 2,4,6-TCP oxidation reaction.

B INTRODUCTION

Several peroxidases have been observed to catalyze the oxida-
tion of 2,4,6-trihalophenols (2,4,6-TXPs) to the corresponding
2,6-dihalo-1,4-benzoquinones (2,6-DXQs).'* The haloqui-
nones, 2,6-DXQs, are quite reactive and can undergo further
reactions, which may be both spontaneous and catalyzed in
living organisms. We have studied the oxidation of 2,4,
6-trichlorophenol (2,4,6-TCP) in the dehaloperoxidase-hemo-
globins, DHP A and DHP B, from Amphitrite ornata, which serve as
a model system for the study of the fate of the product 2,6-DCQ.
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Although the native substrate of DHP A is believed to be 2,4,
6-tribromophenol (2,4,6-TBP), most kinetic studies have been
conducted using the more soluble 2,4,6-TCP.> °The reactivity of
these two 2,4,6-TXPs is similar. Trichlorophenols are of interest
because they are important targets for bioremediation efforts.
2,4,6-TCP is of particular importance because it is ranked number
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21 among the top pollutants registered by the United State
Environmental Protection Agency (Appendix A to part 40 of the
CFR 423 of EPA regulation).

Although much of the chemistry described in this study is
general to peroxidases' and even heme proteins in general,” we
discovered the reactions as part of our research into the structure
and function of DHP A. It is therefore useful to briefly introduce
the current state of knowledge of DHP A to put the further
reactivity of the enzymatic product, 2,6-DCQ, in context. Re-
sonance Raman and NMR studies have shown that 2,4,6-TXPs
bind to an external site on DHP, while X-ray crystallography,®~"*
NMR,™>!¢ FTIR,'*® and Raman'® have demonstrated that
4-halophenols (4-XPs) bind in a well-defined hydrophobic cavity
in the distal pocket above the heme. We have recently shown that
4-XPs are not substrates, as originally proposed,'” but rather are
inhibitors of DHP.'* On the basis of these studies, it is clear that
the mechanism of DHP A and B is similar to the established
peroxidase mechanism® in that the substrate is oxidized at
the surface of the enzyme where it can readily diffuse into
solution.””?* Thus, it has been suggested that 2,4,6-TXP is
oxidized by two one-electron steps rather than a two-electron
concerted process.”>*"*” More recently, we have also pro-
posed that TXP is being oxidized by a single 1-electron
peroxidase oxidation of TCP to form TCP®, followed by
enzyme-independent radical reactions leading to the 2-electron
oxidized product.”®

In the course of enzymatic studies of DHP A, it was observed
that a slower secondary process occurred, which consumed the
product 2,6-DCQ. Above 20 °C, the DHP A-catalyzed oxidation
of 2,4,6-TCP shows a maximum in 2,6-DCQ production (4., =
273 nm), which then decreases with time as 2,6-DCQ_is
transformed into one or more secondary products®* that have
not yet been characterized.* We noted a similar behavior in the
mutant Y38F, which has been studied in detail in the context of
radical pathways in the DHP A and B.**>*®*® These observa-
tions are similar to the previously reported hydroxylation of
quinone products observed using a variety of iron catalysts,” in
peroxidases,”>" and in heme proteins, more generally.”* Iron is
not required for the oxidation of 2,4,6-TCP as shown by the
oxidation reactions in Ralstonia eutropha.” Previous reports have
shown that both OH™ and HOO™ ™ may play a role in the
formation of the semiquinone, which then further reacts to
form hydroxylated quinones and other products.*”** Under-
standing secondary product formation in DHP-catalyzed oxi-
dations is important both in a biological context and in
bioremediation applications. For example, it is believed that
DHP A acts to oxidize 2,4,6-TBP in the coelom of A. ornata,>>>¢
so the further reactivity of 2,6-DCQ determines the fate of these
molecules in benthic ecosystems.””*® Moreover, the secondary
reactions of 2,4,6-TBP may have an impact on the cellular meta-
bolism in A. ornata.***° Haloquinone degradation pathways may
involve direct oxidation, for example, epoxidation or radical path-
ways. Herein, we have applied kinetic, structural, and computa-
tional methods to quantitatively understand the secondary reac-
tions, with a specific emphasis on the use of electron spin resonance
(ESR) to determine the role of radicals in the reaction pathway.
The use of both room-temperature and rapid-freeze-quench
(RFQ) ESR spectroscopic methods provides unique electron
structural and kinetic information that elucidates the reaction
pathways of 2,6-DCQ with greater accuracy than was previously
possible.

B EXPERIMENTAL SECTION

Sample Preparation. His-tagged DHP A was overexpressed
and purified as previously described.” The concentration of the
protein was determined using the Soret band at 406 nm with a
molar absorptivity of 116400 M~ ' cm™'** The criterion for
purity was that the Ayos/Asg0 ratio was greater than 4. Purified
6XHis-DHP A was oxidized in the presence of Ks[Fe(CN)g].
Size exclusion chromatography (Sephadex G-25) was used to
separate excess K3[Fe(CN)g], and the freshly oxidized protein
was further purified by ion-exchange chromatography (CM-52)
prior to each experiment. For the kinetic assays, the elution buffer
was 150 mM KH,PO, buffer at pH 7.0. 2,4,6-Trichlorophenol
from Acros Organics was dissolved in 150 mM KH,PO,, pH 7
buffer with a final concentration of 3 mM and stored at 4 °C until
use. The H,0, solution was diluted from 30% reagent grade
H,0, solution (Fisher Scientific) with 150 mM KH,PO,, pH 7
buffer to a stock concentration of 17.6 mM. The H,O, solution
was prepared freshly before use and stored at 4 °C during the
course of a series of experiments.

Kinetic Assays. The kinetic assays were conducted in a 1 cm
path length quartz cuvette with a total volume of 1.5 mL. The
final concentration of ferric DHP A in the cuvette was [E]r ~
2 uM, and the 2,4,6-TCP concentration was 300 1M for the kinetic
experiments. Spectra were obtained using a photodiode array
UV —visible spectrometer (Agilent 8453) equipped with a Peltier
temperature controller using benchtop mixing of the reagents.
To reach thermal equilibrium, DHP A and 2,4,6-TCP (150 mM
KH,PO,, pH 7 buffer) were allowed to incubate for S min in the
thermostatted cuvette. The H,O, solution concentration was 75
times that of DHP A. H,O, was added to the cuvette within 1 s of
initiation of data collection.

The data were measured over the wavelength range from 200
to 700 nm with a time sampling rate of 3.1 s. The 2,6-DCQ
absorption band (4, = 273 nm) was monitored as the primary
product, with 2,6-DCQOH (524 nm) as the secondary product.
The data were analyzed by IgorProS.0 by fitting the initial rate,
which comprised the first 30 s of data collection. The analysis of
the Michaelis—Menten kinetics of DHP A has been presented
elsewhere.”*

HPLC/UV—Vis Combined Data Collection. Samples for com-
bined HPLC and UV —visible spectroscopic data collection were
prepared by dissolving 100 4M 2,6-DCQ in 1 mL of ethanol and
then adding 100 mM potassium phosphate (KP;) buffer to a total
volume of 100 mL, both with and without 200 uM H,0,.
A sample for HPLC analysis was transferred immediately to
the auto sampler vial at the same time the sample was placed in
the UV —visible spectrometer. When handled in this manner, the
sample was injected onto a C-18 HPLC column ~2 min after
preparation. HPLC conditions: mobile phase A = acetonitrile,
mobile phase B = 0.1% TFA in pure water and a flow rate of
1 mL/min. A linear gradient from 0 to 30% B was applied for
10 min, followed by a linear gradient from 30 to 100% B for an
additional 10 min. UV absorbance measurement was at 273 nm
(Amax for 2,6-DCQ).

Room-Temperature ESR Spectroscopy. X-band (~9.8 GHz)
ESR spectroscopy was performed using a Bruker EMX spectro-
meter (Billerica, MA) equipped with a high sensitivity cavity. The
samples were prepared by dissolving 0.5 mM 2,6-DCQ_with
0.5 mM H,O, at pH 7.4 (100 mM KP; buffer) introduced into the
cavity using the Bruker Aqua-X sample holder.*' ESR simula-
tions were performed using the WINSIM program.** Simulations
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Figure 1. UV—visible spectrophotometric measurement of the DHP-catalyzed oxidation of 2,4,6-TCP. Initial concentrations were [DHP A] ~ 2 uM,
[2,4,6-TCP] ~ 300 uM, [H,0,] &~ 150 uM, and the assay was conducted at 25 °C in 150 mM KP; buffer (pH 7). (A) 2,4,6-TCP (312 nm) was converted
to the oxidation product, 2,6-DCQ (273 nm). (B) The formation of 2,6-DCQOH (524 nm). The proposed reaction corresponding to the change each of

the three absorption bands is shown beside the spectra.

shown use the best-fit parameters as determined by the WINSIM
program.

Preparation of Reaction Mixtures by Rapid-Freeze-Quench
(RFQ) Methods. DCQ and H, 0O, solutions were freshly prepared.
Prior to each experiment, a stock solution of 20 mM 2,6-DCQ was
prepared in ethanol under minimal light conditions. The concen-
tration of H,O, stock solution was determined by measuring its
absorbance at 240 nm (£,40 = 43.6 M~ ' cm™'). The stock so-
lutions were then diluted to the appropriate premixing concentra-
tion in 100 mM potassium phosphate (0.333 mM H,O,, variable
pH) or ethanol (1.0 mM 2,6-DCQ) and immediately loaded into
the stopped-flow/freeze quench apparatus. Rapid-freeze-quench
experiments were performed with a BioLogic SEM 400 freeze-
quench apparatus by mixing a 0.333 mM H,O, solution (initial
concentration) in 100 mM potassium phosphate (pH 5, 7.4, and 9)
with 1.0 mM 2,6-DCQ_solution in ethanol at 20 °C using a 3:1
mixing ratio. Reaction times were as follows: pH 5 and pH 7.4, 100
ms, 1s,and 10s; pH 9,20 ms, 15, 10 s. For comparative purposes,
solutions were also prepared by hand mixing and were quenched at
165 (pH 7.4) and 13 s (pH 9). A standard 4 mm outside diameter
quartz ESR tube was connected to a Teflon funnel, and both the tube
and the funnel were completely immersed in an isopentane bath at
—110 °C. The reactions were quenched by spraying the mixtures
into the cold isopentane, and the frozen material so obtained was
packed at the bottom of the quartz tube using a packing rod equip-
ped with a Teflon plunger. Samples were then transferred to a liquid
nitrogen storage dewar until they were analyzed.

X-Band ESR Spectroscopy for RFQ Samples. ESR spectra
were recorded with an X-band (9 GHz) Varian E-9 ESR spectro-
meter (Varian, El Palo, CA). Standard 3 mm X 4 mm quartz ESR
tubes were used. The temperature of the samples was kept at
190 K for the duration of the data acquisition with a constant
flow of nitrogen gas cooled with liquid nitrogen. The flow of the
cooled nitrogen gas was adjusted using a Varian temperature
controller. The typical spectrometer settings were as follows:
field sweep, 100 G; scan rate, 3.33 G/s; modulation frequency,
100 kHz; modulation amplitude, 2.0 G; and microwave power,
2 mW. The exact resonant frequency of each ESR experiment
was measured by an EIP-78 (PhaseMatrix, San Jose, CA) in-line
microwave frequency counter and is indicated in the figure
captions. Typically, 150—200 individual scans were averaged to
achieve sufficient signal-to-noise.

NMR Spectroscopy. All of the pulsed field NMR experiments
were carried out on a Bruker AVANCE 500 MHz spectrometer
(1996) with an Oxford narrow bore magnet (1989), HP XW
4200 host workstation, Topspin software version 1.3. A S mm ID
1H/BB (logAng’lP) triple-axis gradient probe (IDS00-SEB,
Nalorac Cryogenic Corp.) was used for all measurements. The
NMR probe was tuned to the '*C frequency of 125.75 MHz in
the 500 MHz spectrometer ('H frequency was 500.128 MHz).
The products of hydroxylation of 2,6-DCQ were studied using a
combination of homonuclear 2D COSY (‘H—'H) and hetero-
nuclear "H—">C correlated NMR methods. Both 2D hetero-
nuclear single quantum coherence (HSQC) and 2D hetero-
nuclear multiple bond correlation (HMBC) experiments were
applied to aid in the assignments. The HSQC experiment mea-
sures 'H—">C one bond coupling, and the HMBC experiment
measures 'H—">C long-range couplings. Because of the low
solubility of 2,6-DCQ_in H,O, the NMR samples were pre-
pared by dissolving 100 mM 2,6-DCQ in ~0.6 mL of DMSO
followed by the transfer of the solution to a S mm NMR tube
for analysis. Subsequently, ~0.2 mL of H,0, was added to make
a solution with a final concentration of 300 mM H,O, and
100 mM 2,6-DCQ.

DFT Calculations. The generalized gradient approximation of
Perdew—Burke—Ernzerhof* density functional theory was em-
ployed in the ground-state calculations as implemented by the
electronic structure package DMol>**~*” using a double numeric
basis set with one polarization function. Optimized geometries
were obtained using the conjugate gradient method constrained
to an energy difference of 10 ® hartrees. Ground-state calcula-
tions implemented both the thermal treatment of electron
occupancy® with an electronic temperature of 0.02 Ha and the
COSMO module employed by DMol® (conductor-like screening
model), & = 78.4.%°

B RESULTS

Observation of Spontaneous Reactivity of 2,6-DCQ. The
H,0,/DHP-catalyzed major oxidation product of 2,4,6-TCP is
2,6-DCQ. Figure 1A shows that the substrate, 2,4,6-TCP
(312 nm), was catalytically converted to the product, 2,6-DCQ
(273 nm), in the presence of DHP A, following the addition of
H,0,. However, in these kinetic data, there was also an increase
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Figure 2. Kinetic trace of 2,4,6-TCP (black trace, 312 nm), 2,6-DCQ
(blue trace, 273 nm), and 2,6-DCQOH (red trace, 524 nm) during the
oxidation of 2,4,6-TCP with H,O, catalyzed by DHP at 20 °C. Initial
concentrations were [DHP A] ~ 2 uM, [2,4,6-TCP] ~ 300 uM,
[H,0,] &~ 150 uM, and the assay was conducted at 20 °C in 150 mM
KP; buffer (pH 7). The red trace is baseline subtracted for clarity and
represents AA at 524 nm.
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Figure 3. UV—visible spectroscopic measurement of the hydroxylation
of 2,6-DCQ_(nonenzymatic). The absorbance of 2,6-DCQOH has a
maximum at 524 nm. Initial concentrations were [2,6-DCQ] ~ 150 uM,
[H,0,] &~ 150 uM, and the assay was conducted at 25 °C in 100 mM
KP; buffer (pH 7).

in absorbance at 524 nm that has not been investigated in pre-
vious studies of DHP (Figure 1B). The observed 524 nm band
grows more slowly than the product peak (273 nm) at 20 °C.
The 524 nm band observed in Figure 1B has been pre-
viously assigned to a hydroxylated quinone. Specifically, 2,6-DCQ
has been observed to convert to 2,6-dichloro-3-hydroxy-1,
4-benzoquinone (2,6-DCQOH) in the presence of H,0,*%%0~%*
in a photochemical, temperature-, and pH-dependent process. A fit
to the data in Figure 2 using the method of initial rates gives rates
of 9.1 x 1077 and 1.2 x 1077 M s ! for the formation of 2,
6-DCQ and 2,6-DCQOH, respectively. The analysis is shown in
Figure S1 in the Supporting Information. According to previous
reports of similar secondary oxidations in peroxidases,* we
hypothesize that the observed process consists of the hydroxyla-
tion of 2,6-DCQ_to 2,6-DCQOH. The extinction coeflicient of
2,6-DCQOH is 2530 M em ™! at 524 nm, which is significantly
smaller than the extinction coefficient of 2,6-DCQ (13200
M~ em™" at 276 nm).*® We have observed recently that 2,
6-DCQ appears stable below 10 °C, but further reactions take place
at temperatures above 10 °C.** The absorption band of the sec-
ondary product, 2,6-DCQOH (524 nm), was used to study the

hydroxylation of 2,6-DCQ_in the absence of enzyme. Figure S3
shows that the rate of hydroxylation of 2,6-DCQ was essentially
the same in the absence of DHP A as in its presence. Evidence for
the spontaneous formation of 2,6-DCQOH is shown in Figure 3,
which shows a kinetic trace in the absence of DHP A, but in the
presence of 150 uM H,0, at pH 7.

Determination of the Structure of the Hydroxylation
Product of 2,6-DCQ. We investigated the hypothesis that 2,
6-DCQ s hydroxylated to 2,6-DCQOH by H,0, in aqueous so-
lution using 2D '"H—"*C HSQC and 2D 'H—"*C HMBC NMR
spectroscopic experiments. The aqueous solubility of 2,6-DCQ is
too low for NMR studies in D,0. Consequently, DMSO-dg was
selected as the solvent. The HMBC experimental data shown in
Figure 4A indicated that there are four correlation peaks between
protons and carbon atoms in the 2,6-DCQ_solution prior to
treatment with H,O,. These data lead to the conclusion that
there are four distinguishable carbons in 2,6-DCQ_as expected
(Figure 4A). After the addition of ~150 uM H,O, to the 2,
6-DCQ_solution, six cross-peaks were observed in 2D HMBC
spectra, indicating the formation of six distinguishable carbons
(Figure 4B). The six peaks can be assigned to the six carbons of
2,6-DCQOH: 8 177 (C,=0), 8 168 (C,=O), 6 152 (C,—OH), &
122 (C3—Cl), 0 142 (Cs—Cl),and 0 116 (Cs—H) ppm. There is
excellent agreement between the predicted *C chemical shifts
for 2,6-DCQOH> and our experimental NMR data (see Table S1).
Figure S2 of the Supporting Information shows 2D HSQC data,
which exhibit a change in correlation between the hydrogen
atoms and carbon atoms 3 and $ after addition of H,O,.

Hydroxylation of 2,6-DCQ Is a Temperature-Dependent
Reaction. The activation energy of the rate of oxidation of 2,4,
6-TCP by H,0, was determined by the measurement of the
temperature dependence of the rate constant.”* Figure 5 shows
that the rate of spontaneous hydroxylation of 2,6-DCQ_to 2,
6-DCQOH increases with temperature as well. The effect of this
spontaneous hydroxylation on the concentration of the 2,6-DCQ_
product becomes evident above 25 °C at pH 7 for w.t. DHP A.
Figure 6 provides an explanation for this observation. The spon-
taneous rate of formation of 2,6-DCQOH increases with tem-
perature more rapidly than does 2,6-DCQ formation. The kinetics
of the 2,6-DCQ_product has a biexponential form above 20 °C,
which results from an increase in AA due to 2,6-DCQ formation
followed by a decrease in AA due to its conversion to 2,6-DCQOH
observed for the 273 nm data in Figure 6. This biexponential
behavior and the fit to the data are presented in Figure S4 of the
Supporting Information. The model function, Py(t) = A;[1 —
exp(—k;t)] — A, exp(—k,t), has a rapid process, k;, that leads to
2,6-DCQ formation, and a slower hydroxylation process, k,, with
valuesk; = 1.8 X 10 *s 'and k, =33 x 10 35}, respectively.
These values are comparable to the rate constants obtained in-
dependently from a fit to substrate decay at 312 nm, S(t) = A3
exp(—k;t), and growth of the secondary product, P,, at 524 nm,
P,(t) = Ay(1 — exp(—k,t)), as shown in Figures S4 and SS in the
Supporting Information and are confirmed by the method of initial
rates in Figure S1 (see analysis in the Supporting Information).
Thus, the present study confirms that the hydroxylation of 2,
6-DCQ s about 8 times slower than its catalytic formation under the
standard conditions used in enzymatic assays ([DHP A] ~ 2.4 uM,
[H,0,] < 1.5 mM, [2,4,6-TCP] < 1.5 mM).The fact that the
formation of 2,6-DCQOH is ~8 times slower than 2,6-DCQ
formation validates the assumption made in the determination
of activation parameters for 2,6-DCQ_formation in a previous
study.”* The exponential model was necessary because of the
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Figure 5. Kinetic traces of 2,6-DCQOH formed during the reaction of
2,4,6-TCP with H,O, as catalyzed by DHP A at 10, 15, 20, 25, and
30 °C. Initial concentrations were [DHP A] ~ 2 uM, [2,4,6-TCP] ~
300 uM, [H,0,] &~ 150 #M, and the assay was conducted in 150 mM
KP; buffer at pH 7.

biphasic appearance of the data in Figure 6, which was analyzed in
Figures S4 and SS. However, the conclusion that the rate constant
for formation of 2,6-DCQOH is approximately 8 times less than
that for 2,6-DCQ under typical conditions for enzymatic conver-
sion was also verified using the short time approximation, that is,
with a linear fit to the data in the first 15 s of the kinetic trace.
Linear fits were used for the temperature dependence of the
formation of 2,6-DCQOH presented in Figure S. The fit shown in
Figure S7 to the linearized form of the Arrhenius rate constant, In
k=—E,/RT +In A, gives an activation energy of E, = 36.3 kJ/mol.
The details of the analysis are given in Figure S6 and Table S2 of
the Supporting Information. It is possible that other products are
formed above 30 °C given the observation that the 2,6-DCQOH
absorption band at 524 nm begins to level off at the higher tem-
peratures as shown in Figure S.

Effect of pH on the Hydroxylation of 2,6-DCQ. Most
enzymes are sensitive to pH and have specific ranges of activity.
A change in pH can protonate or deprotonate an amino acid side
group, thereby changing the reactivity of the enzyme.>*>* Oxi-
dation of TCP as catalyzed by DHP has been studied in the pH

— TCP
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Figure 6. Kinetic trace of 2,4,6-TCP (black trace, 312 nm), 2,6-DCQ
(blue trace, 273 nm), and 2,6-DCQOH (red trace, 524 nm) during the
oxidation of 2,4,6-TCP with H,O, as catalyzed by DHP A. Initial
concentrations were [DHP A] ~ 2 uM, [2,4,6-TCP] ~ 300 uM,
[H,0,] &~ 150 uM, and the assay was conducted at 25 °C in 150 mM
KP; buffer (pH 7). The red trace is baseline subtracted for clarity and
represents AA at 524 nm.

range from 4 to 10. The studies showed that changing pH can
cause a significant change in the rate of TCP oxidation.* DHP
shows the highest activity between pH 6.5 and 7.5. To under-
stand the effect of pH on secondary product formation, we
studied the degradation of 2,6-DCQ at pH 6.2, 7.4, and 9.0 in the
presence and absence of H,O,, following the 2,6-DCQ_peak by
both UV—visible spectroscopy and HPLC. On the basis of the
data shown in Figure 7, 2,6-DCQ reacts completely with H,O, in
~2 min at pH 9.0, but 2,6-DCQ reacts more slowly with H,O, at
lower pH. The single exponential time constant is ~10 min at pH
7.4, but less than <1 min at pH 9.0.

Mechanism of Hydroxylation of 2,6-DCQ. To determine
whether there is a radical mechanism for the hydroxylation of 2,
6-DCQ, a solution of 2,6-DCQ/H,0, was subjected to room-
temperature ESR analysis (Figure 8). When a sample containing
2,6-DCQ/H,0, at pH 7.4 was aspirated into the ESR spectrometer,
semistable radical signals (¢ =238 G and 4" = 2.23 G) were
observed immediately (Figure 8A) and decayed within ~3 min.
A radical was not observed at pH 6 or 9.0. Scheme 1 provides a
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Figure 7. HPLC measurements of the nonenzymatic reaction of 2,6-DCQ with H,O, at (A) pH 6.2, (B) 7.4, and (C) 9.0 (25 °C). Initial concentrations

were [2,6-DCQ] ~ 100 uM, [H,0,] &~ 200 uM.
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Figure 8. ESR spectrum of semiquinone detected when 2,6-DCQ was
mixed with H,O, at pH 7.4. (A, solid line) The ESR spectrum detected
when 0.5 mM 2,6-DCQ_was mixed with 0.5 mM H,0O, and rapidly
transferred (~1 min after mixing) to the ESR spectrometer. ESR
conditions: 9.80 GHz microwave frequency, 10 mW microwave power,
0.2 Gy, modulation amplitude, and a single scan of 81 s/conversion time
164 ms. (A, dashed line) Simulation of (A) using two radical species.
Species 1 (81%), 2 spin 1/2 with a™ = 2.38 G; and species 2 (19%),
1 spin 1/2 with a™ =223 G. (B) Simulation of species 2 alone (4x
amplitude). (C) Simulation of species 1 alone.

possible mechanism for the formation of hydroxylated secondary
products from 2,6-DCQ_ in the presence of H,O,, OH™, and
OOH ", corresponding to low, intermediate, and high pH, re-
spectively. At low pH, 2,6-DCQOH has been observed to form by
electrophilic addition by H,O, via either an epoxide or a cis diol
intermediate by a photochemical mechanism. Thus, at low pH,
2,6-DCQOH does not result in the formation of radical inter-
mediates. In addition, 3-dihydroxy-6-chloroquinone (CQ-DiOH)
is formed as a side product by HCl elimination. At intermediate pH
of 7.4, the reaction is catalyzed by OH . 2,6-Dichloro-3-hydroxy-
hydroquinone dianion (HQ2) is formed by nucleophilic attack
by OH ™ with further base catalysis by O,H™ or OH™ to form
radical intermediates. At pH 7.4, radical semiquinones SQ1 and
SQ2 are formed by reaction of 2,6-DCQ and HQ2. The ESR data
indicate that the primary semiquinone is a symmetric radical with
two equivalent protons (aH =2.38) (SQU, species 1, Fi%lre 8C),
whereas the secondary semiquinone has a single proton (a =2.23)
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(SQ2, species 2, Figure 8B). We can also consider a termination
reaction shown in Scheme 3 that removes 2,6-dichlorohydroqui-
none dianion (HQ1) by reaction with H,O, (Table 1). It is also
possible that 2,6-dichlorohydroquinone reacts with 0,.*° SQ1
dismutation (2SQ1 — HQI + 2,6-DCQ) shown in the bottom
row of Scheme 2 is a dominant reaction in solution, at least
initially, because 2,6-DCQ_has a higher concentration than that
of 2,6-DCQOH. If the concentration of 2,6-DCQOH surpasses
that of 2,6-DCQ, then SQ2 dismutation (2SQ2 — HQ2 + 2,
6-DCQOH) would be the radical termination step (reaction not
shown in Scheme 2). Scheme 3 indicates the likely fate of HQI
in a reaction with H,0O,, although there may be competing
radical reactions to form peroxyl or hydroxyl radicals that are not
considered here. An analogous reaction exists for HQ2 (i.e.,
HQ2 + H,0,—2,6-DCQOH + 20H "), with similar energetics
of AG®° &~ —26.4 kJ/mol. At pH 9.0, base catalysis leads to an
acceleration in the formation of HQ2, which makes it likely that
the entire reaction proceeds too rapidly for detection using the
room temperature ESR. This observation is consistent with the
dramatic increase in rate constant observed by HPLC and would
explain why no radicals are observed by room-temperature ESR
at pH 9.

RFQ ESR spectra were obtained at pH S, 7, and 9 to further
test the nonphotochemical mechanism of 2,6-DCQ_hydroxyla-
tion. No signal was observed at pH § in either the presence or the
absence of H,0, at any quench time examined (up to 10 s),
consistent with the results obtained from the room-temperature
ESR experiment. At pH 7, the reaction of 2,6-DCQ with H,0,
led to the observation of a radical signal at 100 ms that is
best described as an anisotropic singlet with a g.q = 2.0064
(Figure 9A). The signal exhibited no time-dependent changes in
the shape of the spectral features between the 100 ms, 1 s, and 10
s data (only subtle changes in signal intensity were noted, which
were attributed to the differences in packing the ESR tube under
RFQ_conditions), suggesting that the chemical nature of the
radical remained unchanged over the entire time range examined.

In contrast to the room-temperature ESR experiment, the
reaction of 2,6-DCQ with H, O, also yielded an observable radical
at pH 9, with a g.¢= 2.0067 (Figure 9B). Although not quantified,
the signal intensity at pH 9 was qualitatively greater than that
observed at pH 7.4. Again, no time-dependent changes in the
shape of this radical signal were noted between the 20 ms, 1 s, and
10 s data. Overall, the shape and position of the radical signals
obtained at pH 7.4 and 9 were virtually indistinguishable, strongly
suggesting that the chemical identity of the radical was the same
regardless of pH. However, the rise of the signal at pH 9 is
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Scheme 1. Mechanism of Hydroxylation of 2,6-DCQ at Low, Intermediate, and High pH”
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“The low pH mechanism has been shown to be a viable photochemical pathway,™ but has negligible rate under nonphotochemical conditions. The
intermediate and high pH reactivities are observed at pH 7.4 and 9, respectively.

Scheme 2. Radical Intermediates in the Formation of

Hydroxylated Chloroquinones”
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?SQ1 and SQ2 are formed from the reaction of 2,6-DCQ and HQ2 at
pH 7.4, which we have called intermediate pH in Scheme 1. Two SQI
radicals can also disproportionate to form 2,6-DCQ and HQI. The net
effect of the radical pathway is to form 2,6-DCQOH as the thermo-
dynamic product.

indicative of an increased rate consistent with the hypothesis of
base catalysis.

DFT Calculations. We have employed DFT calculations to
determine the plausibility of the reaction pathways in Scheme 1
by calculating the change in Gibbs free energy for each step.
Ground-state calculations implemented both the thermal treat-
ment of electron occupancy™ extrapolated to 0 K, and the
COSMO module (conductor-like screening model) employed
by DMol.>**% Table 1 divides the possible reactions into base-
catalyzed reactions at intermediate and high pH (>7.0) and
H,0, epoxidation at low pH (<7.0). The overall free energy
change of the hydroxylation of 2,6-DCQ by H, O, is calculated to
be AG® = +8.0 kJ/mol. This positive free energy change may

Scheme 3. Recycling Step for the 2,6- DCHQ_Formed during
the Radical Chemistry Steps Shown in Scheme > To Reform
2,6-DCQ*

OH O
Cl Cl Cl cl
+ HyO, -~ + 20H
0] @)
HQ1 2,6-DCQ
OH O
Cl Cl Cl Cl
+ Oz -~ + HyOp
OH O
2,6-DCHQ 2,6-DCQ

“Because O, is present in the reaction mixture, we include the reduc-
tion of O, to H,O,, which is a known pathway for oxidation of
hydroquinones.

arise from the absence of an explicit solvent in the calculation.
There is also an error of ~4 kJ/mol for the method. The value of
the calculations is to identify high energy intermediates, which have
energies far outside the error of the method. The base -atalyzed path-
way involves the reaction of OH ™ with 2,6-DCQ_to form the
hydroxyl anion in the 3 position (2,6-DCQ-3-O") anion with a
free energy change of AG® = 41.0 kJ/mol. Because this high
energy species is formed on the pathway, and not directly ob-
served, the free energy change for its formation is the barrier for
the reaction and should be comparable to the activation energy, which
was measured as E, = 36 kJ/mol. Subsequently, 2,6-DCQ-3-O~
anion react with either OH™ or O,H™ to form HQ2 with
AG® = —5.4 and —1.2 kJ/mol, respectively (Table 1). The DFT
calculation corresponding to the low pH reactivity shows that
H,O, attack on 2,6-DCQ_leads to formation of 2,6-DCQ
epoxide, with AG°pcq gpox = +8:4 kJ/mol. The epoxide can
react further with H,O to yield 3,5-dichloro-2,3-dihydroxy-1,
4-benzoquinone (2,6-DCQ diOH) with a free energy of
AG°pcq pion = +43.9 kJ/mol, which is thus a high energy inter-
mediate along the low pH reaction pathway. There are two
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Table 1. Calculated Free Energy for Each Step in the Hydroxylation of 2,6-DCQ’

reaction

G° (kJ/mol) AG® (kJ/mol)

Nucleophilic Attack (Base-Catalyzed Pathway)

2,6DCQ+ OH — 2,6-DCQ-3-0"
2,6DCQ-3-0” + OH~ — HQ2 + H,0
2,6:DCQ-3-0” + O,H — HQ2 + H,0,
HQ2 +2,6:DCQ — SQI + SQ2

SQ2 +2,6-DCQ— SQI + 2,6-DCQOH
HQI + H,0, — 2,6-DCQ + 20H ™
2,6-DCQ + H,0, — 2,6-DCQOH + H,0

Formation of Epoxide and Cis Diol by H,O, Addition

2,6-DCQ + H,0, — 2,6-DCQ epoxide + H,0
2,6-DCQ epoxide + H,0 — 2,6-DCQ-diOH
2,6-DCQ epoxide — 2,6-DCQOH

2,6-DCQ epoxide + H,O — CQ-diOH + HCI

—135.1 —~—-9%4.1 +41.0
—136.8— —142.3 —5.4
—1S1.5— —152.7 —-12
—186.6— —185.4 +1.2
—186.1— —186.1 0.0
—151.0 > —177.8 —26.4
—150.9— —143.0 +8.0
—1514— —143.1 +8.4
—143.1——99.1 +43.9

—952——-948 —04
—143.1— —138.9 +4.2

“ The base-catalyzed pathway is the nonphotochemical pathway observed in this study. The H,0, addition to form epoxide is primarily a photochemical

pathway.
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Figure 9. ESR spectra of the reaction mixture of H,O, with 2,6-DCQ at pH 7.4 (A) and 9.0 (B). Rapid-freeze-quench samples (100 ms, 15, and 10s)
were prepared from the reaction of H,0, (final concentration of 0.25 mM) with 2,6-DCQ (final concentration of 0.25 mM) at 20 °C and rapidly frozen
in an isopentane slurry. The samples quenched at 16 and 13 s (A and B) were prepared using manual mixing. Spectra were recorded at 190 K using the
spectrometer settings described in the Experimental Section. The frequency of the experiments was 9.0698 and 9.0699 GHz in panels A and B,

respectively.

possible outcomes for the 2,6-DCQ diOH intermediate. The
minor pathway consists of the elimination of HCI to form CQ-
DiOH with a net free energy change of AG°cq gion = +4-2 kJ/mol.
The major pathway is the elimination of H,O to form 2,
6-DCQOH with AG®, 6. pcqon = —0.4 kJ/mol. These calcula-
tions were carried out in a vacuum. It is anticipated that inclusion
of solvent would make the free energy for product formation
more favorable. The free energy considerations suggest that 2,
6-DCQOH would be the favored product at low pH, although
the accuracy of the method is not greater than 4 kJ/mol so that it
is possible that the dihydroxy compound, 2,6-DCQ_diOH, is
formed as well. The numerical values for each intermediate and
product are presented in Table 1.

B DISCUSSION

The present study confirms that 2,6-DCQOH is the major
product of the nonphotochemical base-catalyzed oxidation of
2,6-DCQ. This observation builds on previous work showing

that the formation of 2,6-DCQ_is the primary product of the
catalytic oxidation of 2,4,6-T CP catalyzed by DHP A and B and
cosubstrate H,O, by a one-electron mechanism.** Evidence sug-
gests that both the catalytic transformation leading to 2,6-DCQ_
formation and the ensuing spontaneous hydroxylation reaction
occur by a radical mechanism. Radical formation is thus a per-
vasive feature of catalytic oxidation of 2,4,6-TCP and similar
halogenated phenols, which likely is related to the toxicity of
these molecules. While phenoxyl radicals have been discussed in
a number of studies, the central role played by quinone radicals,
revealed by this study, is likely to have a significant consequence
in A. ornata, as well as for any development of DHP A and B for
biotechnology applications.

Radical chemistry is important for all aspects of oxidation
of 2,4,6-TCP and related phenolic compounds by peroxidases.
Following the cloning and expression of DHP A,® we pointed out
that if the substrate binds internally, as originally proposed,'”
then a one-electron oxidation mechanism would require a radi-
cal product, a phenoxyl radical, to diffuse through the protein.
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Given the high reactivity of phenoxyl radicals, there would be a sig-
nificant possibility of radical reactions as this radical would pass
by tyrosines 28, 34, and 38 on its migration toward the solvent.
Consistent with this concern, we have shown that tyrosine
radicals are observed with nearly 100% yield in DHP A when
substrate is not present.”>>* We have recently confirmed that
2,4,6-trichlorophenoxyl radicals can be directly observed follow-
ing oxidation of 2,4,6-TCP by DHP.>® To resolve the paradox of
radical reactivity at an internal site, we suggested that a two-
electron oxidation could be a reasonable mechanism to explain
an internal substrate binding site.'> However, the hypothesis that
the internal site was a substrate binding site was disproven by
inhibition studies combined with resonance Raman spectros-
copy that showed opposing effects of inhibitor 4-BP and sub-
strate 2,4,6-TCP on the distal histidine (H55) conformation.'*
Furthermore, NMR data clearly showed different patterns of
interaction for inhibitors, such as 4-BP, and substrates, such as
2,4,6-TCP, which su%gested internal and external modes of
binding, respectively. "6 We have also shown that phenoxyl
radical (2,4,6-TCPO") dismutation is rapid, such that it can only
be observed by flow-ESR.*> The observed product in spectro-
photometric assays is 2,6-DCQ, which has a maximum absorbance
at 273 nm.***® Thus, we currently understand the mechanism of
substrate oxidation to involve external binding of 2,4,6-TCP
followed by one electron oxidation to form the 2,4,6-TCPO"
radical followed by radical dismutation. The oxidized 2,4,6-TCP
cation rearranges to form 2,6-DCQ and CI ™.

Our study finds significant nonphotochemical reactivity of 2,
6-DCQ via a radical mechanism that has not been previously
described. We have correlated the decline in product, 2,6-DCQ,
concentration at 273 nm with the appearance of 2,6-DCQOH
(Amax = 524 nm, £ = 2350 M cm_l) (Figures S4 and SS) using
studies to show both temperature and pH-dependence. Although
we have relied on DHP A for the mechanistic comparisons that
involve enzymatic catalysis, it is believed that the spontaneous
hydroxylation chemistry has general validity for all peroxidases,
and indeed for any process that produces 2,6-DCQ. While the
observed spectral changes are consistent with hydroxylation of
2,6-DCQ, the hypothesis of a secondary product requires a
structural proof. We have used 2D 'H—">C HMBC NMR ex-
periments to establish the identity of the secondary product, 2,
6-DCQOH. We were compelled to use DMSO as a solvent for
these studies due to the low solubility of 2,6-DCQ_in aqueous
solution. The addition of H,O, to 2,6-DCQ in DMSO provides
firm evidence that 2,6-DCQOH is the major species formed by
the spontaneous oxidation of 2,6-DCQ.

The temperature dependence of the reaction confirms the
kinetic model for the formation of the hydroxylated product.
Specifically, it explains why 2,6-DCQOH is observed in signifi-
cant yield only when the temperature exceeds 20 °C. The non-
photochemical hydroxylation of 2,6-DCQ has a measurable rate
above 10 °C. The kinetics of the 2,6-DCQ product formation and
decay by the nonphotochemical hydroxylation reaction have a
biexponential form above 25 °C. The fit to an Arrhenius model
associated with the Michaelis—Menten kinetic scheme gave an
activation energy of E, & 56 kJ/mol for substrate oxidation to form
2,6-DCQ.** This activation barrier was hypothesized to be pri-
marily due to the requirement for substrate diffusion to the active
site on the surface of DHP A, which was the rate-limiting process in
the complex peroxidase reaction scheme.”* The data presented
here show that 2,6-DCQOH has a significantly lower activation
energy of E, & 36 kJ/mol for the hydroxylation of 2,6-DCQ_to

form 2,6-DCQOH (Arrhenius plot in Table S2 and Figure S3).
This activation energy is consistent with DFT calculations that
show that the initial hydroxylation step has a free energy of
41 kJ/mol (Table 1), which would suggest that attack by
hydroxide is the rate-limiting step in the formation of 2,
6-DCQOH at pH 7.4 and hence explains the activation barrier.
However, the relative activation energies of the two processes,
formation of 2,6-DCQ and 2,6-DCQOH, do not explain why the
hydroxylation is observed first above 20 °C. The empirical fact
that the rate of formation of 2,6-DCQOH increases more rapidly
than the catalyzed rate of 2,6-DCQ_formation as a function of
temperature shown in Figure 6 can be modeled as a pseudofirst-
order process as described in the Supporting Information. The
justification for a pseudofirst-order treatment is that concentra-
tions of enzyme (DHP A), H,0,, and OH~ are essentially con-
stant on the time scale of the reaction. This simplifying assump-
tion can explain the temperature dependence of formation of
2,6-DCQ_and subsequent formation of 2,6-DCQOH. The
~36 kJ/mol activation energy for the intrinsic rate constant for
the hydroxylation reaction means that it decreases by a factor ~2
between 15 and 30 °C. The temperature dependence of the for-
mation of 2,6-DCQ_is greater, and it changes by ~3.5 over this
range. Thus, even though the temperature dependence of the
hydroxylation reaction is smaller than that of the formation, the
time scale for that process shifts from ~100 s at 30 °C to ~300s
at 15 °C for the observable onset of 2,6-DCQOH formation.
Because our kinetic analyses were conducted for 300 s, we did not
observe a significant decay of 2,6-DCQ_at temperatures below
20 °C. The kinetic model calculated from the rate equations
based on a finite difference approach presented in Figures S8—
S10 explains the appearance of the data at both 273 and 524 nm.

At low pH, the oxidation of 2,6-DCQ_may occur by H,0,
epoxidation of the quinone (Scheme 1). The epoxide could be
ring opened to form either the trans or the cis diols in aqueous
solution. There are then two possible mechanisms leading to
distinct products. First, the elimination of HCI and formation of
CQ-DiOH is possible. The second mechanism, involving the
elimination of H,O leading to the formation of 2,6-DCQOH, is
the favored reaction based on the DFT calculations. The photo-
chemistry of 2,6-DCQ_appears to be more complex than was
previously thought based on the observation of radicals in the
RFQ-ESR and reactivity even in the absence of H,0, as shown in
Figure S13. We note that the epoxidation mechanism does not
occur via a radical mechanism and would be ESR-silent. The
UV—vis data in Figure S13 may contain a contribution from this
pathway. The ESR data in Figures S11 and S12 suggest that
photochemistry can affect the radical pathway at higher pH.
These facts are mentioned in this report for the sake of complete-
ness, although we make no claim to have conducted a compre-
hensive study of the photochemical pathway. The photochemical
pathway is worth including in our discussion because there clearly
is relevance to the biological degradation of 2,4,6-TBP and 2,4,
6-TCP. The nonphotochemical yield of hydroxylation product
falls nearly to zero by pH S, which strongly suggests that base
catalysis is required for nonphotochemical reactivity in the pre-
sence of H,0,.

This study validates the hypothesis that a base-catalyzed
radical-mediated process is responsible for the nonphotochem-
ical oxidation of 2,6-DCQ. The base-catalyzed reaction may also
involve reactivity by HOO™ at high pH. Attack by OH™ yields
HQ2 and radical intermediates, SQ1 and SQ2, that can form
2,6-DCQOH and regenerate 2,6-DCQ as shown in Scheme 3.
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The data obtained at pH 7.4 showing the transient concentration
of two radicals are readily explained by the mechanism shown in
Schemes 2 and 3. Scheme 1 provides a plausible mechanism for
the base-catalyzed hydroxylation of 2,6-DCQ_in aqueous solu-
tion at pH 7.4. 2,6-DCQ can undergo base-catalyzed nucleophilic
addition leading to HQ2. Product HQ2 is a hydroquinone
dianion, which can be involved in a cross-oxidation reaction with
2,6-DCQ_to yield the observed semiquinone radicals, SQ1 and
SQ2 (Scheme 2). Semiquinone SQ2 can react with 2,6-DCQ _to
yield SQI and the hydroxylated product, 2,6-DCQ-3-OH
(Scheme 2). On the basis of the mechanism in Scheme 2, which
leads to HQ2 and subsequent formation of semiquinone radicals,
OH' is thought to dominate at pH 7.4, even though the [OH ]
and [HOO™ ] concentrations are nearly equal at this pH. We
note that [OH ] = 2.5 x 10” M at pH 7.4 as compared to
[HOO ] =3.0 x 10~7 M for [H,0,] = 500 uM. The latter is
based on the pK, of 11.6 for H,0O,, a reaction pH of 7.4, and the
Henderson—Hasselbach equation rearranged to give [HOO ™ ] =
[H,0,]10°"P%_ On the basis of REQ-ESR, we have also found
that there is an additional base-catalyzed photochemical reac-
tion, which may yield a dihydroxylated product, 2,6-dichloro-
3,5-dihydroxyquinone, shown in Scheme S1 of the Supporting
Information. The RFQ-ESR data showing the radicals produced
under those conditions are given in Figures S11 and S12.

Finally, we consider the high pH mechanism and the observa-
tion that no radical signal was observed in room-temperature
benchtop mixing experiments at pH 9.0, and yet radicals were
detected under RFQ-ESR conditions. At pH 9.0, [HOO ] =
12 x 10 *Mand [OH ] = 10> M, which would also suggest
formation of HQ2. However, the HPLC data show that the
reaction is an order of magnitude more rapid at this pH. The fact
that no radical was observed in the ESR spectrum obtained in
benchtop mixing ESR experiments at room temperature suggests
two possibilities. First, it is possible that the reaction is so much
faster that no radicals are observed under rapid mixing condi-
tions. The time constant for formation of 2,6-DCQOH is less
than 1 min at pH 9.0, whereas it is ~10 min at pH 7.4. A second
possibility is a direct nucleophilic attack by HOO ™ at pH 9. As
shown in Scheme 1, this mechanism could potentially generate
the 2,6-DCQOH product without forming radicals. Because
radicals are observed by RFQ-ESR at pH 9, we favor the first
possibility and include the second one for completeness. The
conclusions reached in this study show how the flow and rapid-
freeze quench ESR data complement each other. The assignment
of the radicals would have been difficult using the RFQ-ESR
technique. However, the kinetic trajectory of radical formation
and reaction is not discernible from flow ESR alone.

Bl CONCLUSION

For both applied and fundamental reasons, it is valuable to
understand the mechanism of oxidation of 2,4,6-TCP to 2,
6-DCQ by DHP. Chlorophenols, which have been produced in-
dustrially on a large scale, constitute a significant class of environ-
mental pollutants.”’~®* Specifically, 2,4,6-TCP has been used
extensively as wood preservatives and pesticides.”* 2,4,6-TCP is
also useful as a model substrate in DHP A and B, because it has
close structural similarity to 2,4,6-TBP, the native substrate of
DHP, and is more soluble. The present study demonstrates that
2,6-DCQOH is a spontaneous oxidation product of 2,6-DCQ
formed during the catalytic oxidation of 2,4,6-TCP by DHP. This
work shows that the secondary hydroxylation reaction is significant

at physiological temperatures and pH, which suggests that 2,
6-DCQOH is an important intermediate in the degradation of 2,4,
6-TCP in benthic ecosystems where A. ornata is found, as well as in
any bioremediation process designed to use DHP A or B. The study
focused on the nonphotochemical process, which occurs at phy-
siological pH. However, we have also shown that this set of oxi-
dation reactions is even more complex and that a complete study
would have to include temperature, pH, H,O, concentration, and
light flux as variables that would be studied by flow and rapid-freeze-
quench ESR as key methods to elucidate the pathways.
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