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Chlorite dismutase (Cld) is a heme b-dependent, O-O bond forming
enzyme that transforms toxic chlorite (ClIO3) into innocuous chlo-
ride and molecular oxygen. The mechanism and specificity of the
reaction with chlorite and alternate oxidants were investigated.
Chlorite is the sole source of dioxygen as determined by oxygen-18
labeling studies. Based on ion chromatography and mass spec-
trometry results, Cld is highly specific for the dismutation of
chlorite to chloride and dioxygen with no other side products. Cid
does not use chlorite as an oxidant for oxygen atom transfer and
halogenation reactions (using cosubstrates guaiacol, thioanisole,
and monochlorodimedone, respectively). When peracetic acid or
H,0, was used as an alternative oxidant, oxidation and oxygen
atom transfer but not halogenation reactions occurred. Monitoring
the reaction of Cld with peracetic acid by rapid-mixing UV-visible
spectroscopy, the formation of the high valent compound | inter-
mediate, [(Por**)Fe!V = O], was observed [k1 = (1.28 = 0.04) x 106
M- s~1]. Compound I readily decayed to form compound Il in a
manner that is independent of peracetic acid concentration (k. =
170 + 20 s~"). Both compound | and a compound ll-associated
tryptophanyl radical that resembles cytochrome c peroxidase (Ccp)
compound | were observed by EPR under freeze-quench condi-
tions. The data collectively suggest an O-O bond-forming mecha-
nism involving generation of a compound | intermediate via
oxygen atom transfer from chlorite, and subsequent recombina-
tion of the resulting hypochlorite and compound I.

dioxygen | compound | | peroxidase | peroxygenase | chlorite

N ature makes use of heme iron for a range of oxidation,
reduction, atom transfer, electron transfer, and small-
molecule sensing and trafficking processes, with a specificity that
is sometimes difficult or impossible to reproduce synthetically.
The catalytic flexibility of the heme/protein combination is
especially valuable for the evolution of new catalytic activities in
response to environmental change.

Chlorite dismutase (Cld) is a heme b-dependent enzyme that
transforms ClO, to Cl~ and O,. The presence of its encoding
gene is the hallmark of bacterial perchlorate (ClO; ) or chlorate
(ClO3) respiratory pathways (1). The existence of these path-
ways is remarkable, because perchlorate is primarily an anthro-
pogenic substance that has only recently entered the environ-
ment in large amounts (2). The bacteria reduce perchlorate to
chlorate and chlorate to chlorite via a molybdopterin-dependent
perchlorate reductase (PerR), a close homolog of bacterial
respiratory nitrate reductases. By contrast, chlorite dismutase
has no sequence homologs in the existing databases (2). Its role
is to detoxify chlorite, a by-product of perchlorate or chlorate
respiration. As such, it also has no functional correlate in the
nitrate respiratory pathways, which reduce NO; completely to
NH3 or N2 (3)

The potential bioremediation of toxic oxochlorate contami-
nation in soil and ground water has motivated study of the
biology of perchlorate-respiring bacteria, PerR, and Cld (4). At
the same time, mechanisms of O-O bond formation are of
intense interest to inorganic chemists aiming to catalyze water
oxidation or to understand the fundamental reactivity of metal-
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oxo species in dioxygen production (5, 6) and oxidation chem-
istry (7). Cld, a simple heme/protein system, is the only enzyme
other than photosystem II to catalyze O—O bond formation as its
primary function. We were therefore interested, first, in probing
whether O, evolution by Cld occurs through a peroxidase-like
iron-oxo intermediate and, second, in determining how specific
Cld is for this reaction.

Heme enzymes react with chlorite, a strong oxidant, in a
variety of ways. Heme peroxidases use chlorite as an oxidant in
one-electron oxidation (8), oxygen atom transfer (OAT) (9), and
chlorination chemistry (10, 11). Ferric horseradish peroxidase
(HRP) and cytochrome P450 react with chlorite to generate the
reactive ferryl porphyrin cation radical (compound I) interme-
diate (8, 11). Cld could potentially use chlorite in any of these
types of reactions. Further, although CId does not share se-
quence homology with canonical heme peroxidases, their active
sites contain the same histidine-ligated heme b as the catalytic
moiety (12). In the presence of chlorite, peroxide (H,0,), or
peracids (ROOH), it is possible that Cld could form peroxidase-
like reactive intermediates that would potentially be available for
oxidation chemistry. Herein, we show that Cld is extraordinarily
specific for the conversion of its native substrate ClO, to Cl~ to
O,, with no observed side reactions. We also define the scope of
observed reactivities of Cld with other oxidants, determine the
origin of the dioxygen product via '80-labeling studies, and
characterize high-valent oxo intermediates and their stopped-
flow kinetics. These studies support a proposed mechanism for
chlorite dismutation and demonstrate the acuity with which this
enzyme is adapted for its native reaction.

Results

Reaction of Cld and Chlorite: Oxygen-18 Labeling Studies. When
chlorite dismutation was carried out in isotope oxygen-18—
enriched water (95%), a mass peak of m/z = 32 (1°0-1°0) with
no traces of masses 34 (1°0-180) or 36 (130-'80) was exclusively
detected. Identical results were obtained when normal abun-
dance isotope oxygen-16 water was used. All other peaks in the
mass spectrum besides oxygen were detected in controls lacking
the enzyme and attributed to the carrier gas (N;) and impurities
(Hz and H,0O) in the carrier gas (Fig. 1). When dismutation of
C1'80; was carried out in unlabeled aqueous buffer, a mass peak
of 36 (1%0-'%0) was dominant, with smaller 34 and 32 peaks,
consistent with the incomplete (77%) enrichment of the original
NaCl'80, sample (Fig. 1). These results indicate that both
oxygen atoms in the evolved O, derive from chlorite, and that
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Fig. 1. Mass spectrum of gaseous products from the reaction of 85 nM Cld
with 50 mM chlorite in 0.1 M sodium phosphate buffer, pH 7, made in 95%
oxygen-18 enriched water (A) and by using enriched 18-O chlorite in '®OH, (B).
Signal assignments (m/z): Hy (2), N (14), H20 (18), N, (28), 160, (32), '80; (36).

oxygen atom exchange between solvent water and potential
reactive intermediates is insignificant.

Reaction of Cld and Chlorite: Quantitation of Cld Dismutation Prod-
ucts. The ion chromatogram of Cld dismutation products [sup-
porting information (SI) Fig. S1] shows the only ionic and
chlorine-containing species detected from the enzymatic reac-
tion are chloride (49%) and unreacted chlorite (51%). As
previously described, the enzyme deactivates under these con-
ditions before all of the chlorite substrate is consumed (12). The
yield of dioxygen (41%) determined by volumetric displacement
is consistent with that of chloride, demonstrating a stoichiometry
of 1:1 for O,:Cl~. A small amount of chlorate is detected by IC.
However, this is present in the starting chlorite and it does not
change beyond experimental uncertainty during the course of
the reaction (Table S1). These results are consistent with oxygen
electrode and iodometric titration methods (12).

Reactions of Cld and Chlorite in the Presence of Oxidation and
Halogenation Cosubstrates. Guaiacol, thioanisole, and monochlo-
rodimedone (MCD) were chosen as a nearly isosteric set of
substrates diagnostic for peroxidase (le~ oxidation), peroxyge-
nase (OAT), and halogenation reactivity. Because the pK, for
chlorous acid (HCIO,) is 1.72 and the reactive state (HCIO; or
ClO,) of the substrate is unknown, reactions were examined at
neutral (6.8) and low (4) pH (12). Lower pH values were
inaccessible because of enzyme instability. No pH dependence
was observed.

Incubating Cld with excess guaiacol or 2,2'-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS) under turnover
conditions (20,000 eq chlorite) led to no appreciable observed
le™ oxidized product. Similarly, under turnover conditions with
chlorite in the presence of excess thioanisole, Cld does not
generate an appreciable amount of the corresponding sulfoxide.
Even with 1,250 eq thioanisole per heme, a conversion rate of
only 0.0015 oxidized product:thioanisole was observed. This was
only slightly above control reactions containing either no en-
zyme or 1 uM FeClz (=0.00080 product:thioanisole) (Table S2
and Fig. S2).

Finally, Cld was screened for its ability to use chlorite to
halogenate MCD. Like HRP, CId could oxidize chlorite by one
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electron to generate chlorine dioxide (ClO,), which readily
chlorinates MCD in an uncatalyzed fashion (8). Or, Cld could
react with chlorite to generate compound I (see below), which
could oxygenate halide ions, if present. Many peroxidases oxi-
dize Br~ or I™ to their corresponding hypohalides, which react
spontaneously with MCD. Chloroperoxidase (CPO) and myelo-
peroxidase additionally oxidize CI~ (13). HRP oxidizes Cl~
under some conditions, the resulting OCl~/HOCI functionaliz-
ing the heme’s vinyl substituents and inactivating the enzyme
(14). Last, ClId could use chlorite to generate CIO~/HCIO (pKa
~ 7.5). With HRP, transfer of an oxygen atom from HCIO, to
the ferric heme yields compound I and HCIO. Free HCIO readily
chlorinates MCD.

In the presence of a large excess of chlorite and 100 uM MCD,
conditions resulting in stoichiometric chlorination (via ClO;) by
HRP (8), no Cld-mediated chlorination is observed. Under the
same conditions and with a halogen anion (Cl-, Br—, I7) in
excess, no halogenation was observed.

Reaction of Cld and Peracetic Acid. Cld rapidly forms a species with
the characteristic compound II (Fe'V(O)(por)) UV-visible (UV-
vis) spectrum on treatment with =2 eq of peroxyacetic acid
(PAA) or hypochlorite. More than 200 eq results in bleaching of
the heme absorption with no detectable buildup of other species
(12). Titration of ClId with PAA, peroxide, meta-chloroperben-
zoic acid (mCPBA), or CIO™ resulted in gradual bleaching of the
heme spectrum. PAA and peroxide show nearly complete
bleaching after the addition of 100 eq (relative to heme), whereas
mCPBA and CIO~ required ~80 eq (Fig. S3). It was previously
shown that ~2.0 X 10* eq ClO, are necessary for bleaching the
chromophore, because the majority of the chlorite is converted
to Cl~ and O, (12).

Reactions of Cld and Peracetic Acid in the Presence of Oxidation and
Halogenation Cosubstrates. Incubation of Cld in the presence of
the peroxidase substrates guaiacol or ABTS resulted in catalytic
le~ oxidations when PAA (1-5 eq) was used as the oxidant.
Approximately 1.6 eq of ABTS radical were formed per mol of
PA A consumed. This indicates that both oxidizing equivalents of
PAA are used in catalyzing le~ oxidations. The discrepancy
from the expected 2:1 stoichiometry may be due to PAA-
dependent heme decomposition (see Fig. S3). Cld transformed
successive additions of guaiacol, indicating that the reaction is
catalytic. Thioanisole was oxidized to the corresponding sulfox-
ide, although substoichiometrically (0.247 = 0.003 eq of sulfox-
ide per PAA). PAA reacts directly with Br~ or I~ in aqueous
solution; H,O, was used as an oxidant with these anions. No
halogenation in the presence of PAA/Cl~ or H,O, and excess
Cl—, Br—, or I~ was observed.

Reaction of Cld and Peracetic Acid: Detection of High-Valent Ferryl
Intermediates. Compounds I and II have distinct UV-vis fea-
tures. In general, the Soret absorbance (for HRP, Apax = 402
nm, ¢ = 102 mM~! cm~!) diminishes in intensity by approx-
imately half and shifts slightly in energy on formation of
compound I (Amax = 400 nm, & = 53.8 mM~! cm~!, HRP).
Reduction of compound I by one electron yields compound II,
which has a strongly red-shifted Soret band with an absorp-
tivity similar to that of the starting ferric form (Amax = 420 nm,
e = 105 mM~! ecm~!, HRP). The visible «, B, and charge
transfer (CT) bands, although far less intense than the Soret,
also undergo shifts. The ferric HRP spectrum is characterized
by two-prominent CT bands at 498 and 643 nm and very weak
a- and B-bands (580, 530 nm). These become prominent «- and
CT-bands at 577 and 651 nm, with 8 appearing as a shoulder
at 525 nm for compound I. Compound II has «- and B-bands
forming a two-peaked spectrum with Apyax 555 and 527 nm (13)
(Table S3).
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Fig.2. Spectral changeswithin the first 20 ms after 10 uM Cld was mixed with
20 eq of PAA. Dashed line, ferricenzyme; dotted lines, compound |; solid lines,
compound II. (A) Complete spectrum. (B) Visible region on an expanded scale.

Cld compound I can be detected by stopped-flow UV-vis
spectroscopy after reaction with 20 eq of PAA at 10°C, as
characterized by a decrease in the Soret band intensity (=20%
hypochromicity) with isobestic points at 355 nm and 440 nm (Fig.
2A4). Within 20 ms, compound I decays to compound II (=100%
yield with respect to the starting enzyme concentration) as the
Soret red-shifts to 415 nm, accompanied by an increase in the
Soret absorbance. Changes in the visible bands reminiscent of
HRP in the ferric, compound I, and compound II forms de-
scribed above are also observed (Fig. 2B). Prominent peaks at
~520 and 650 nm are likely CT bands, with much weaker a- and
B-bands in between. These become a broad peak near 585 nm
and a CT near 650 nm for compound I, and a clear double-
peaked spectrum with maxima at ~526 and 555 nm for com-
pound II. Under these conditions, compound II is stable for >10
s before bleaching is detectable.

When one- or two-electron reductants are added in sequential
mixing stopped-flow experiments, the spectral intermediates
revert to the ferric starting spectrum. From the data in Fig. 2, it
was determined that delay times of 10 and 20 ms after mixing the
ferric enzyme with PAA were optimal for forming compound I
or compound II, respectively. The ferric enzyme is regenerated
from compound II by adding ~600 eq of ascorbate (le~
reductant) 20 ms after mixing Cld and PAA in the stopped flow.
An increase in absorbance at 395 nm (ferric enzyme) coincides
with decrease of compound II at 415 nm. Compound I is also
converted back to ferric Cld by the 2e~ electron reductant and
oxygen atom acceptor thioanisole (Fig. S4). Addition of 1,500 eq
of thioanisole 10 ms after mixing ferric Cld and PAA results in
an increase in the 395-nm absorption band of the ferric form of
the enzyme. The recovery of Fe(III) from compound I was not
quantitative because the bimolecular reaction of compound I
with thioanisole competes with compound I’s rapid unimolecu-
lar conversion to compound II (see Kinetics of Compounds I and
1I Formation). Hence, the resulting spectrum is most consistent
with the recovery of (approximately) 27% ferric enzyme, 63%
conversion to compound II, and 10% signal bleaching.

When 20 eq of CIO~ were reacted with Cld, we did not observe
a distinct compound I spectrum by stopped-flow techniques
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(Fig. S5). Hypochromicity of the Soret occurred until ~1 s,
accompanied by a slight shift of the Soret, - and B-bands from
410, 530, and 570 nm, respectively, to eventually a distinct
compound II spectrum (413, 525, and 555 nm), which persists for
at least 50 s before bleaching is detectable.

Kinetics of Compounds I and Il Formation. Absorption spectroscopy
suggests the formation of compound I from PAA followed by
compound II formation:

ky
Fe(III) (Por) + CH;COOO™ —

Fe(IV)(O)(Por-") + CH;COO~ [1]

k
Fe(IV)(O)(Por-*) —2> Fe(IV)(O)(Por) [2]

The rates of compounds I and II formation with excess PAA
were monitored at isosbestic points 400 (€compound T = Ecompound 1)
and 415 (&compound 1 = €reqiry) Nm, respectively (Fig. 2). Com-
pound I formation displayed first-order kinetic profiles with
fitted rate constants ky. A plot of ky versus [PAA] gave a
second-order rate constant k; = (1.28 + 0.04) X 10° M~ s~ 1.
This rate is slower than that observed for HRP plus H>O; (1.7 X
107 M~1s™1) (14) but comparable to HRP plus CIO; at its pH
4 optimum (3 X 10 M~! s71) (8). Compound II formation,
however, is essentially independent of oxidant concentration
(Figs. S6 and S7). The sigmoidal time profiles observed for
compound II formation at 415 nm were fit to the biexponential
rate equation:

[Compound IT] = [Fe(II) ({1 — (1/(k,[PAA] — k>))
- [koexp(—k[PAATt) — k[PAA]exp(—k,t)1} [3]

By using the value of k; from the second order rate plot, the data
gave a first-order rate constant for Compound II formation k, =
170 = 20 s=! (Scheme 1). By contrast, HRP plus an equivalent
of peroxide forms a compound I that persists for ~20 min (13).

EPR of Ferryl Intermediates. The EPR spectrum of Cld in its resting
state has an axial signal characteristic of high-spin ferric heme
(Fig. 3). Similar spectra were observed for native chlorite
dismutase from strain GR-1 and Ideonella dechloratans, although
the latter contains an additional low-spin component not ob-
served in our preparation (15). When the ferric enzyme was
mixed with a large excess (=4.0 X 10* eq) of chlorite and flash
frozen (<1 s) in liquid N, the EPR signals associated with the
ferric enzyme completely disappear (Fig. 3B). In their place, a
broad S = 3/2 EPR signal characteristic of a porphyrin m-cation

Lee et al.


http://www.pnas.org/cgi/data/0804279105/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0804279105/DCSupplemental/Supplemental_PDF#nameddest=SF5
http://www.pnas.org/cgi/data/0804279105/DCSupplemental/Supplemental_PDF#nameddest=SF6

Lo L

P

1\

=y

L —

—
— T~ —

500 1500 2500 3500 4500
magnetic field/G

m OO W »

Fig.3. EPRspectraof Cld in ferric form (A), during turnover with chlorite (B),
same conditions as B but after warming to near the melting temperature (C),
difference spectrum (B — C) (D), simulation of the axial S = 3/2 signal withg, =
4.5, and g| = 1.99 (E). Concentration of enzyme and chlorite are 6.4 X 1075 M
and 1.0 M, respectively, in 0.010 M sodium phosphate buffer, pH 7.0. EPR
spectra were recorded at 5 K.

radical (compound I) is observed, superimposed with a sharp
signal at gy = 2.003 and g, = 2.012. The g values and hyperfine
pattern of the latter signal are similar to those observed for the
tryptophyl radical in Ccp compound I (g = 2.037, gy = 2.004),
where the hyperfine is attributed to coupling to the nitrogen
nuclear spin (16). On warming the sample to near the melting
temperature and refreezing, the broad porphyrin m-cation rad-
ical signal disappears and the Trp radical signal grows in
intensity. This is consistent with formation of compound II (EPR
silent). Subtracting the EPR spectrum for the Trp radical (Fig.
3C) from Fig. 3B resulted in the spectrum of compound I
porphyrin mr-cation radical (Fig. 3D), which was simulated
successfully as an axial S = 3/2 signal (Fig. 3F). A range of EPR
signal types for compound I have been reported. The signal
observed for Cld resembles that reported for compound I of
ascorbate peroxidase with g, values at 3.3 and 1.99 (17, 18). The
data are most consistent with oxidation of ferric CId to yield
compound I [Fe(IV) coupled to a porphyrin cation radical, S =
3/2]. The radical on the porphyrin is reduced by a nearby
tryptophan residue, generating an EPR-silent Fe(I'V)-oxo spe-
cies uncoupled from the resulting EPR-active tryptophanyl
radical. A strictly conserved tryptophan (Trp-189) in the imme-
diate vicinity of the enzyme’s only strictly conserved histidine
(His-204) are the most likely electron donor and axial ligand,
respectively.

Discussion

Cld is a heme enzyme that converts chlorite to C1~ and dioxygen.
Ion chromatography and mass spectrometry showed stoichio-
metric conversion of ClO, to CI~ and O, with no detectable
oxochlorate by-products (Fig. 1; Fig. S1, Table S1). Further, even
in the presence of a large excess of the appropriate diagnostic
cosubstrates, dismutation is overwhelmingly favored over oxi-
dation, halogenation, or oxygenation chemistry Table S2). This
indicates that these substrates do not combine with potential
reactive intermediates at the active site; nor do reactive CIO~/
HCIO or ClO; escape from the enzyme during catalysis (Scheme
S1) (8). Given the variety of known reactions catalyzed by heme
and heme/chlorite systems, such specificity is extraordinary.
By contrast, in the presence of an alternate oxygen atom donor
(PAA), Cld readily oxidizes one-electron peroxidase substrates
(Figs. S2 and S8 and Table S2). The reaction is catalytic, with the
enzyme returning to the catalytically competent, starting ferric
state after each round of reaction with peracid and slightly less
than 2 eq of a one-electron substrate. Thioanisole is likewise at
least partially oxygenated to the corresponding sulfoxide. Unlike
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most peroxidases, however, Cld does not oxidize halides to the
corresponding hypohaloacids (7).

Rapid-mixing UV-vis studies demonstrate the formation of
compound [ in the reaction of Cld with a small excess of peracetic
acid (Fig. 2). This species decays in a first-order process (inde-
pendent of oxidant), forming a species with the UV-vis features
of compound II. The EPR spectrum for the apparent compound
II generated by using chlorite resembles the tryptophanyl radical
of Ccp compound I (Fig. 3), suggesting that it forms from the
migration of the porphyrin radical onto a nearby tryptophan side
chain. Indeed, CId has just one strictly conserved histidine in its
sequence (residue 204), which is the likely axial ligand; a strictly
conserved tryptophan 15 residues upstream is a potential source
of the radical. The compound IT UV-vis spectrum persists for
>10 s before decaying to yield a bleached heme chromophore.
Rapid sequential-mixing stopped-flow experiments demonstrate
that the ferric starting material is nearly completely regenerated
when compound II is reacted with ascorbate (Fig. S4). The
apparent compound I likewise reacts with thioanisole to partially
regenerate ferric heme, compound II, and a species with a
bleached UV-vis spectrum (potentially due to scission of the
porphyrin macrocycle). These data indicate that Cld is capable
of forming the expected high-valent compound I and compound
II intermediates and, under rapid mixing conditions, carrying
out both peroxygenase (compound I/thioanisole) and peroxidase
(compound Il/ascorbate) chemistry with each. The observed
substoichiometric conversion of thioanisole under turnover con-
ditions with PAA could be due to the short-lived nature of
compound I (see below). In that case, the fact that peroxidase
substrates are turned over in a nearly 2:1 ratio with peracid,
resulting in a complete catalytic cycle, suggests that these react
directly with ferryl/tryptophanyl radical pair. Alternatively, the
peroxidase substrates could have better access to compound I
than thioanisole or halides, possibly reacting with compound I at
the heme edge (19, 20).

A mechanism for chlorite decomposition can be proposed
that, by analogy, involves a compound I intermediate forming
from transfer of an oxygen atom from chlorite to the ferric heme.
The oxygen atoms from the resulting hypochlorite/compound I
pair would subsequently recombine, in a step reminiscent of the
radical rebound between substrate and heme/nonheme interme-
diates, to yield O, and CI~. Such a model is attractive because
it is in keeping with known heme peroxidase/peroxygenase
chemistry and with Cld’s demonstrated ability to form high-
valent, reactive intermediates with both peracid and chlorite. It
is also consistent with both '8OH, and CI1'80; labeling studies,
which definitively show that the evolved O, originates entirely
from chlorite and not from solvent water. Metalloporphyrins are
known to catalyze the isomerization of peroxynitrite (ONOO™),
the product of the reaction between cellular superoxide and NO,
to NO; (21). By analogy, nucleophilic attack of CIO~ onto
compound I could be envisaged to proceed via a fleeting,
isomerized peroxyhypochlorite intermediate that is poised to
eliminate dioxygen and chloride (Eq. 4). This mechanism is
similar to a general mechanism for O-O bond formation from
metal-oxo species described by Nocera et al. (5), which they point
out is analogous to the O-O heterolysis catalyzed by cytochrome
P450s, although in reverse.

fé—m
. o) o
R e G oo
Nis Nis

His Nhis

[4]

o0—Cl
/A

The failure to detect any water-derived oxygen in the evolved O,
indicates that water and compound I do not undergo oxygen-
atom exchange on the timescale of the enzymatic reaction. This
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could occur if compound I were short lived (its rebound with
hypochlorite is fast; cf. to oxo exchange), or if the active site were
exceptionally well isolated from solvent water. The rate of
conversion of compound I to compound II and its reaction rate
with thioanisole (Scheme 1) are far slower than the expected
rebound rates of R*/HO" in cytochrome P450s and methane
monooxygenase (10°-10'" s71) (22). A fast recombination be-
tween the active-site-enclosed compound I/hypochlorite pair
appears kinetically feasible. Based on the rate of compound II
formation (k;) and turnover number for Cld, we compute a
first-order rate constant for the recombination (k) of ~107 s~ 1.
Moreover, both of these rates far exceed the rate of water/
compound I oxygen-atom exchange observed for horseradish
peroxidase (>1.7 s71) (23). The data are therefore consistent
with the above mechanism, although decomposition of chlorite
in a single, concerted step from a metal-bound chlorite cannot
be ruled out. Indeed, evidence from mutation and model studies
in cytochrome P450 oxidations have pointed to similar oxidant
adducts as active intermediates (e.g., 24-26).

The mechanism shown in Eq. 4 is, in some ways, reminiscent
of the catalase reaction. Catalases, like Cld, are most often
four-subunit heme proteins, although with an axial tyrosinate
ligand. Compound I forms from the reaction of ferric catalase
with peroxide. This is followed by the compound I-mediated 2e~
oxidation of a second molecule of peroxide to generate O, (no
new O-O bond is formed) (13). CPO, which has a cysteine-
derived thiolate as its axial ligand, can also catalyze O, formation
from H,O; by a similar mechanism. This reaction is not readily
catalyzed by either conventional histidine-ligated peroxidases or
by Cld. CPO is moreover unique in its ability to evolve O, from
organic peracids such as mCPBA. It was previously shown that
the atoms in the evolved O, derived from two separate molecules
of mCPBA, with compound I as an intermediate that did not
undergo O atom exchange with solvent H,'80 (27, 28). Hence,
the CPO/mCPBA reaction occurs via two sequential oxygen
atom transfers in a manner remarkably similar to Eq. 4. Al-
though it lacks the strong electrostatic push and consequent
oxidizing power supplied by the axial thiolate, Cld nonetheless
formally catalyzes OAT to a substrate (CIO~/HCIO) that is itself
a strong oxidant (E'° = 1.28V, HOCIL, H*/Cl—, H,0O at pH 7) and
thermodynamically poor oxygen-atom acceptor (E’° = 1.08V,
ClO,, 3H"/HOCI, H,O at pH 7) (29). It apparently does so by
generating the oxidizable substrate in proximity to compound I,
kinetically excluding other side reactions.

Many heme oxidases and oxygenases autoinactivate in the
presence of their highly oxidizing substrates (30). Chlorite
dismutase was previously shown to inactivate after an extrapo-
lated ~2.0 X 10* turnovers with chlorite, concomitant with
complete bleaching of the heme chromophore. Peroxidative
substrates partly protect Cld from chlorite-mediated inactiva-
tion, indicating that the inactivation and peroxidase pathways
share a common intermediate that is off the dismutation path-
way (12); however, the reaction occurs relatively infrequently,
because even a large excess of guaiacol extends Cld’s turnover
number only ~10-fold. Given the mechanism shown above (Eq.
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4), this intermediate could be a ferryl/Trp* pair, or in the event
that the dismutation is concerted, compound I. Titration of the
chromophore showed that Cld is far more sensitive to degrada-
tion by oxidants other than chlorite (e.g., PAA, H,O,, HCIO).
Hence, although a peroxidase-like reaction between Cld and these
oxygen atom donors is possible, the enzyme is far less robust in their
presence. Collectively, then, the data presented here demonstrate
that chlorite dismutase is both unique among heme enzymes and
exquisitely adapted for the selective detoxification of chlorite.

Methods
See S/ Text for detailed methods and data.

Monitoring Dioxygen Evolution in Oxygen-18-Labeled Water and from Qxygen-
18-Labeled Chlorite. Evolved oxygen was analyzed by using an in-house built
mass spectrometer, as described in S/ Text.

Quantitation of Cld Dismutation Products by lon Chromatography. Chlorinated
ion products were analyzed by using a Dionex DX-500 Liquid Chromatography
System with a Dionex LC25 Chromatography Oven, a Dionex ED40 Electro-
chemical Detector, and a Dionex lon-Pac AS9-HC ion exchange column.

Peroxidase and Halog Activity. The peroxidase substrates ABTS (30) and
guaiacol were used in quantifying Cld-mediated 1e~ oxidations. Halogenase
activity was monitored via disappearance of the peak at 290 nm resulting from
conversion of MCD (100 M) to dichorodimedone (DCD) (e = 17.7 mM~"'cm~")
(31) in the presence of 10 mM NaCl and 10 eq PAA or 10 mM NaBr/Nal and H,0,.

Screening for Cld-Mediated Oxygen Atom Transfer. Cld at 8-25 uM (heme) in
a final volume of 1.5 ml was reacted under N, with 100 heme eq of PAA or
20,000 of chlorite in the presence of 10 mM thioanisole (sufficient oxidant to
nearly quench the heme chromophore). After 1 h at 4°C (sufficient time to
decompose the chlorite in the absence of thioanisole), the products were
extracted with dichloromethane, condensed under Ny, resuspended in 1 ml of
MeOH, and stored under N;. Samples were analyzed by HPLC.

Stopped-Flow UV-vis Spectrophotometry. Intermediates were detected after
addition of 20 eq of PAA or CIO~ to ~10 uM Cld (in 0.1M sodium phosphate
buffer, pH 7, 10°C, Applied Photophysics SX.18MV Stopped-Flow Analyzer.
Thioanisole (1,500 eq) was mixed with the intermediate formed after a delay
time of 10 ms (compound I) from the initial mixing of 10 uM Cld with 20 eq of
PAA. For ascorbate, 600 eq were mixed with the intermediate formed after a
delay time of 20 ms (compound ).

Electron Paramagnetic Resonance. Spectra were acquired on a Bruker EMX
spectrometer equipped with an Oxford Instruments ITC4 helium cryostat. For
Cld under turnover conditions, 75 ul of a 17 uM solution of enzyme at 4°Cwas
placed into an EPR tube, diluted with 125 ul of a 1.7 M solution of NaClO; at
4°C, and flash frozen in liquid N,.

UV-vis Titrations in the Presence of Oxidants. The stability of Cld in the presence
of oxidants was examined by titrating Cld with increasing equivalents of PAA,
H,0,, NaClO, or mCPBA. Disappearance of the heme chromophore was
monitored.
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