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ABSTRACT: The heme enzyme chlorite dismutase (Cld) catalyzes O�O bond formation as part of the conversion of the toxic
chlorite (ClO2

�) to chloride (Cl�) and molecular oxygen (O2). Enzymatic O�O bond formation is rare in nature, and therefore, the
reaction mechanism of Cld is of great interest. Microsecond timescale pre-steady-state kinetic experiments employing Cld from
Azospira oryzae (AoCld), the natural substrate chlorite, and the model substrate peracetic acid (PAA) reveal the formation of distinct
intermediates. AoCld forms a complex with PAA rapidly, which is cleaved heterolytically to yield Compound I, which is sequentially
converted to Compound II. In the presence of chlorite, AoCld forms an initial intermediate with spectroscopic characteristics of a 6-
coordinate high-spin ferric substrate adduct, which subsequently transforms at kobs = 2�5 × 104 s�1 to an intermediate 5-coordinated
high-spin ferric species. Microsecond-timescale freeze-hyperquench experiments uncovered the presence of a transient low-spin
ferric species and a triplet species attributed to two weakly coupled amino acid cation radicals. The intermediates of the chlorite
reaction were not observed with the model substrate PAA. These �ndings demonstrate the nature of physiologically relevant catalytic
intermediates and show that the commonly used model substrate may not behave as expected, which demands a revision of the
currently proposed mechanism of Clds. The transient triplet-state biradical species that we designate as Compound T is, to the best
of our knowledge, unique in heme enzymology. The results highlight electron paramagnetic resonance spectroscopic evidence for
transient intermediate formation during the reaction of AoCld with its natural substrate chlorite. In the proposed mechanism, the
heme iron remains ferric throughout the catalytic cycle, which may minimize the heme moiety’s reorganization and thereby
maximize the enzyme’s catalytic e�ciency.
KEYWORDS: biradical, chlorite dismutase, electron paramagnetic resonance spectroscopy, heme,
microsecond-timescale freeze hyperquenching, rapid kinetics, resonance Raman spectroscopy, triplet state

� INTRODUCTION
The reaction mechanism of chlorite (ClO2

�) conversion by the
enzyme chlorite dismutase (Cld) remains poorly understood
due to technical di�culties in studying enzymes with fast
turnovers. Cld is a heme b-dependent enzyme, which has been
classi�ed as a chlorite O2-lyase (EC 1.13.11.49).1,2 This
enzyme is an essential component of (per)chlorate-respiring
bacteria, which can reduce (per)chlorate (ClO4

�/ClO3
�) to

chlorite (ClO2
�). This respiration product chlorite is toxic.2�4

Therefore, the physiological role of Cld is detoxifying chlorite
to harmless chloride (Cl�) and molecular oxygen (O2). At least

some of the produced O2 can be utilized to generate a proton
motive force using a terminal oxidase.5 Despite the natural
occurrence of (per)chlorate in minerals, the contamination of
the aqueous environment with (per)chlorate is of recent
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anthropogenic origin, as it is the persistent degradation
product of chlorine bleach.6�9

Enzymes of the Cld family have numerous potential
biotechnological applications, such as chlorite bioremediation
in water, in situ oxygen production for medical and synthetic
biology applications,10 or for studying O2-utilizing enzymes.11

The fundamental chemistry of Cld catalysis is also fascinating,
as it represents a rare example of enzymatic O�O bond
formation. So far, only the water-splitting manganese oxygen-
evolving complex of photosystem II and the poorly
characterized nitric oxide dismutase have been identi�ed in
nature to catalyze O�O bond formation.12,13 Therefore, it is of
great interest to understand the precise molecular mechanism
of Cld.

To obtain direct evidence of a molecular mechanism,
transient enzyme intermediates have to be identi�ed and
characterized over time, which is technically challenging,
especially since Clds exhibit generally high turnover rates. For
example, the Cld from Dechloromonas aromatica (DaCld) and
the Cld from Magnetospirillum sp. exhibit a kcat of 7.5 × 103

and 12 × 103 s�1, respectively, at pH 7.14,15 As a consequence,
the time constant for a single turnover is 133 �s for DaCld and
83 �s for the Cld from Magnetospirillum sp, which is too short
for most commonly used pre-steady-state kinetic techniques:
stopped-�ow spectroscopy (dead time of circa 1 ms) and rapid
freeze quench (dead time of circa 10 ms). To overcome this
problem, we used in-house developed microsecond-timescale
pre-steady-state kinetic methods,16,17 which allowed us to
obtain direct evidence for transient catalytic intermediates.

It has been established through isotope-labeling studies that
both oxygen atoms in produced O2 originate from one ClO2

�

molecule in 1:1 stoichiometry.4,14,18�20 However, how the Cl�
O bonds in the ClO2

� molecule are cleaved by the enzyme
remains to be established. Multiple possible mechanisms
(Scheme 1) have been proposed.18,21,22 The Cl�O bond could
be cleaved heterolytically (Scheme 1, mechanism I) to yield a
hypochlorite (ClO�) intermediate product and a high-valent
ferryl (Fe(IV)�O) species with a cation radical on the
porphyrin ring (Compound I, Cpd I). Alternatively, the Cl�O
bond could be cleaved homolytically (Scheme 1, mechanism
II) to yield a chlorine monoxide (ClO�) radical intermediate
product and a neutral high-valent ferryl (Fe(IV)�O) species
(Compound II, Cpd II). The reaction intermediates (either
ClO� or ClO�) attack the ferryl oxygen in a rebound step to
form a Fe(III)-peroxyhypochlorite (Fe(III)�OOCl�) species.
The products, Cl� and O2, are released after this rebound step,
and the ferric resting state is restored.23 Two computational
studies support the idea that the Cl�O bond cleavage by Cld is
homolytic, unlike the heterolytic cleavage by synthetic Fe-

containing porphyrins, which was attributed to the speci�c
active site environment in Cld.24,25

Here, we present the results of pre-steady-state kinetic
experiments on recombinantly expressed Cld from Azospira
oryzae (AoCld) with the native substrate chlorite and the
model substrate peracetic acid (PAA) that is frequently used to
study transient reaction intermediates of heme enzymes. We
present evidence that the reaction with the native substrate
chlorite results in di�erent transient intermediates compared to
the reaction with the model substrate PAA. Finally, the �rst
snapshots of the real, physiologically relevant catalytic
intermediates of AoCld were obtained, suggesting a new
reaction mechanism for Cld involving a triplet-state biradical
species (Compound T, Cpd T), which, to the best of our
knowledge, is unique in heme biochemistry.

� MATERIALS AND METHODS
Recombinant Protein Expression in Escherichia coli

and Enzyme Puri�cation. The chlorite dismutase from A.
oryzae (AoCld) was recombinantly expressed in Escherichia coli
and puri�ed extensively, as previously described.26

Activity Measurements. The activity of AoCld was
measured polarographically using a Clark-type oxygen
electrode (type 5331, YSI Life Science) with 100 mM
potassium phosphate bu�er (KPi), pH 7, and 1 mM sodium
chlorite as a substrate at 20 °C. The electrode was calibrated
with 100% air-saturated bu�er and 0% oxygen after adding a
spatula tip of sodium dithionite. The measurements were
carried out in a total reaction volume of 3 mL with
approximately 120�200 pM AoCld (�nal concentration).
After �ushing the reaction chamber with nitrogen, the
reactions were initiated by injecting the enzyme solution
with a gastight syringe (Hamilton).

UV�Vis Measurements. All UV�vis spectroscopic
measurements were performed with a Cary 60 spectropho-
tometer from Agilent Technologies at 21 °C. The spectra were
measured with 10 �M AoCld in 100 mM KPi, pH 5.8 and pH
7.0, respectively, in a 3 mL quartz cuvette. Spectra were
recorded in a wavelength range from 200 to 800 nm.

Pre-Steady-State Kinetic Techniques. The rapid kinetic
experiments were performed with a continuous �ow ultrafast
rapid mixing UV�vis spectroscopy instrument, called Nano-
spec, and a freeze-quench technique, called microsecond freeze
hyperquenching (MHQ). The Nanospec and MHQ have a
dead time of 4 �s27,28 and 80 �s,28�30 respectively, which allow
observation of short-lived intermediates in the microsecond to
millisecond timescale.

Nanospec Continuous Flow Spectroscopy. The optical
PMMA cell has a path length of �100 �m, and with a rapid
scanning monochromator and a CCD camera as a detector,

Scheme 1. Currently Proposed Putative Mechanisms for Heterolytic (I) or Homolytic (II) Cl�O Bond Cleavage and O�O
Bond Formation by the Enzyme Chlorite Dismutase
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