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Chlorite dismutase (Cld) is a b-type heme containing enzyme that catalyzes the reduction of chlorite into chloride
plus dioxygen. This enzyme has gained attention because it can be used in the development of bioremediation
processes, biosensors, and controlled dioxygen production. In the present work, Cld was purified from
Magnetospirillum sp. cells cultured anaerobically with acetate/perchlorate until stationary phase. Biochemical,
spectroscopic and X-ray crystallography methods showed that Cld from Magnetospirillum sp. is a ~140 kDa
homopentamer comprising ~27.8 kDa monomers. Preliminary X-ray crystallography studies confirmed the
quaternary structure and the presence of one b-type heme per monomer. The EPR spectroscopic signature of
the as-purified Cld samples is affected by the buffer composition used during the purification. Potassium
phosphate buffer is the only buffer that affected neither the spectral nor the kinetic properties of Cld. Kinetic
studies in solution revealed that Cld fromMagnetospirillum sp. decomposes chlorite at high turnover rates with
optimal pH 6.0. A temperature below 10 °C is required to avoid enzyme inactivation due to cofactor bleaching
during turnover, and to achieve full substrate consumption. Cld kinetic parameters were not affected when
kinetic assays were performed in the presence of air or under argon atmosphere, but chloride is a weak mixed
inhibitor that modifies the EPR signal of as-prepared samples.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Chlorinated species, mainly perchlorate (ClO4
−), chlorate (ClO3

−) and
chlorite (ClO2

−), have been produced in large scale relatively recently by
anthropogenic sources. Themain source is the chemical industry, which
uses these and related compounds in awide range of applications [1–3].
The presence of significant concentrations of these oxoanions in the
environment exerted a selective pressure on living organisms, favoring
the propagation of those which have the ability to, not only withstand
the presence of polluting oxochlorates, but also to exploit their oxidative
properties (ClO4

−/Cl− Eo=1.287 V; ClO3
−/Cl− Eo=1.03 V) using them as

thefinal electron acceptors in energy conserving respiratory processes [4,
5]. Bacteria with the ability to reduce oxochlorates are known as (per)-
chlorate-reducing bacteria [6]. They are capable of coupling the reduction
of (per)chlorate into chlorite (ClO4

− → ClO3
− → ClO2

−) with the protons
translocating to the cell periplasm, generating a proton motive force
(PMF) [7]. The accumulated chlorite anion might be toxic for the cell,
but chlorite dismutase (Cld) catalyzes its reduction to innocuous chloride
n Doorslaer),

atory (EMBL), Notkestraße 85,
anion (Cl−) plus dioxygen (O2(g)). This reaction is notable as it is the
second example (the first was the photosystem II) of an enzyme capable
of catalyzing an O\\O bond formation [8,9].

Cld has gained attention as it can be used in bioremediation process-
es either to eliminate chlorite from wastewater or for sensing purposes
[10]. The most relevant property from the perspective of using Cld
enzymes as a biocatalyst for bioremediation is that it catalyzes chlorite
decomposition at high turnover rates. Also, Cld can be used for in situ
generation of controlled amounts of O2(g) from chlorite salts either for
medicinal applications or for the study of O2-utilizing enzymes [10–12].

At present, several Clds isolated from the native organism cultured
under ClO4

−-reducing conditions or heterologously expressed (in
Escherichia coli strains) were biochemically and structurally character-
ized [13–17]. Themolecular and kinetic properties of the Clds character-
ized so far showed that despite the different sources, they share key
features which determine substrate specificity and reactivity. In this
regard, all of them are homomultimeric complexes and each monomer
presents one b-type heme with an Fe(III) ion. The only remarkable
difference found among all the reported Cld, either with or without a
reported crystallographic structure, relates to the protein quaternary
structure. Namely, Cld from Dechloromonas aromatica [18] and
Candidatus Nitrospira defluvii [17] are homopentamers; while Cld from
Azospira oryzae strain GR-1 [19] is a homohexamer. Although no
structural data is available, Cld from Ideonella dechloratans [15] and
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Pseudomonas chloritidismutans [9] are reported as homotetramers, but
according to amino acid sequence homology studies these Clds would
be homopentamers [10]. On the other hand, Cld from Nitrobacter
winogradskyi [14], Klebsiella pneumoniae [20] and Cyanothece sp.
PCC7425 [21] are homodimers, probably because they are truncated
proteins having a heme-binding domain highly similar to penta- and
hexameric Clds, but lacking almost the entire N-terminal domain
present in full-length Clds [10].

To date, eight Cld crystallographic structures have been published in
the PDB database: one from the A. oryzae strain GR-1 in complex with
thiocyanate (2.10 Å) [19]; four from Candidatus N. defluvii in complex
with imidazole (1.85 Å) and cyanide (1.94 Å), and the variants R173A
(2.60 Å) and R173K (2.70 Å) [17]; two from D. aromatica RCB at pH 6.5
(3.05 Å) and pH 9.0 (3.00 Å) [18]; and one from N. winogradskyi
(2.10 Å) [14]. In all of these cases, the Cld monomer has an αβ structure
comprising two similar structural domains with a ferredoxin-type fold.
The iron atom of the heme cofactor is pentacoordinated with the axial
position occupied by the imidazole ring of one His residue, in agreement
with the high-spin Fe(III) EPR signal observed in the as-isolated Cld
samples at pH 6.0–7.0 [15,22].

For the present work, we have isolated the Cld from the Gram-
negative alphaproteobacteriumMagnetospirillum sp. This strain, which
was isolated from an activated sludge sample taken from a wastewater
treatment plant (Prata et al., submitted for publication), is capable of
using perchlorate as electron acceptor when cultured under
anaerobic conditions. In addition, this perchlorate-reducing bacteri-
um is highly related to the Magnetospirillum bellicus strain VDYT

(ATCC BAA-1730) [23] and relatively distant from magnetosome-
forming Magnetospirillum species like Magnetospirillum magneticum,
Magnetospirillum magnetotacticum, Magnetospirillum gryphiswaldense
and Aquaspirillum polymorphum. In this manuscript, we report the first
purification of Cld from a Magnetospirillum strain and its biochemical,
kinetic, spectroscopic and structural properties are presented.

2. Materials and methods

2.1. Bacterial strain and culture conditions

Magnetospirillum spp. was cultured in a batch reactor at 37 °C under
anaerobic conditions (saturatedwith argon)using the acetate/perchlorate
medium optimized by Prata et al. (submitted for publication). The basal
medium (8.9 mM K2HPO4·3H2O, 7.1 mM NaH2PO4, 4.7 mM NH4Cl,
0.4 mM MgSO4·7H2O) was sterilized (121 °C, 1 atm for 20 min) and
then supplemented with 0.1% (v/v) of KL medium (14.4 mM
FeSO4·7H2O, 1.7 mM Na2MoO4·2H2O, 10.3 mM EDTA, 9.7 mM H3BO3,
421 μM NiCl2·6H2O and 570 μM Na2SeO3·5H2O dissolved in 1 N HCl),
10.0 mM NaClO4 and 20.0 mM NaCH3COO. The final pH of the medium
was 7.0 though in some cases it was necessary to adjust the pH with a
sterile 5 N NaOH solution.

2.2. Enzyme purification

Magnetospirillum cells from a 300-L batch culturewere collected and
then disrupted in a French Press (9000 psi). The total cell extract obtain-
ed was centrifuged for 30 min at 16,000 ×g and the supernatant was
subjected to ultracentrifugation at 180,000 ×g for 40min. The superna-
tant contained the soluble (cytoplasmic and periplasmic) proteinswhile
the membrane fraction was in the pellet.

Purification of the enzyme through either of the two protocols used
in this work was carried out using liquid chromatography techniques
(FPLC). All the steps were performed at 4 °C. For the first purification
protocol, the soluble extract obtained after ultracentrifugation was
dialyzed overnight against 10 mM Tris–HCl pH 7.6 and then loaded
onto a DE-52 column equilibrated with the same buffer. Under these
conditions Cld eluted with the flow-through. The latter was dialyzed
against 5 mM MES pH 6.0, concentrated by ultrafiltration (cutoff
30 K), and then loaded onto a SP-Sepharose-FF equilibrated with the
same buffer. Cld eluted at approximately 100 mM NaCl during a linear
gradient to 10 mM MES pH 6.0 plus 500 mM NaCl. The Cld-containing
fractions were pooled and loaded on a hydroxyapatite column equili-
brated with 1mMpotassium phosphate buffer (KPB) pH 8.0. Cld eluted
at 75 mM KPB during a linear gradient to 250 mMKPB pH 8.0. Cld frac-
tions were pooled, concentrated by ultrafiltration, and stored at−20 °C.

For the second protocol, the use of buffers having chloride as
counter-ion (e.g., Tris–HCl)was avoided. In this case, the soluble extract
was dialyzed overnight against 5 mM KPB pH 8.0 and then loaded onto
the DE-52 column equilibrated with the same buffer. As in the first
protocol, Cld eluted with the flow-through, which was concentrated
by ultrafiltration prior to its injection into a Superdex 200 column
equilibrated with 50 mM phosphate buffer pH 8.0. After this step, Cld
was obtained pure as judged by SDS-PAGE [24]. Pure Cld fractions
were pooled, concentrated, and stored at−20 °C.

2.3. Molecular mass determination

Themolecularmass of the Cldmonomerwas determined by analysis
of non-digested Cld using MALDI-TOF-MS on a positive linear mode.
Oligomer mass was determined through size-exclusion chromatogra-
phy, using the Superdex 200 column (GE Healthcare) previously
calibrated with the standards ovalbumin (43 kDa), conalbumin
(75 kDa), aldolase (158 kDa) and ferritin (440 kDa).

2.4. Protein, heme and iron quantification

Total protein concentration was determined using the bicinchoninic
acid (BCA) kit from Sigma-Aldrich using bovine serum albumin (BSA) as
standard.

The heme content was determined through the pyridine-
hemochrome assay. A pure Cld sample (1.7 μM) was incubated with
20% pyridine, 75 mM NaOH and 1.0 mM sodium dithionite. The heme
concentration was estimated using the reportedmolar absorption coef-
ficients ε418 = 191,500 M−1 cm−1 and ε556 = 38,800 M−1 cm−1 [25].

Ironwas quantified by Inductively Coupled Plasma-Atomic Emission
Spectroscopy (ICP-AES) using a Horiba Jobin-Yvon model Ultima
spectrometer equipped with a RF generator of 40.68 MHz and a
Czerny–Turner type monochromator. Standard iron solution ranging
from 0.02 ppm to 1.0 ppmwas prepared using the 23 ICPMulti Element
Standard in 5% HNO3 and 0.2% HF (Reagecon).

2.5. Identification by MALDI-TOF-MS

Samples of pure Cld in solution or extracted from a gel ran under
denaturating conditions (SDS-PAGE) were digested using trypsin.
The identification was performed by Peptide Mass Fingerprint using
MASCOT as search engine with MSDB, NCBInr and SwissProt as
databases. Two types of modifications were taken into account to
perform the identification: cysteine carbamidomethylation (sample
was alkylated using iodoacetamide) as fixed, and methionine oxidation
as variable.

2.6. Kinetic studies

The catalytic activity of Cld was measured by ultraviolet spectrosco-
py following the decay of chlorite at 260 nm in an Agilent spectropho-
tometer (model 8453 DIODE ARRAY) connected with a LAUDA Ecoline
RE104 cooling thermostat. The molar absorption coefficient of chlorite
anion at 260 nm is 155.2± 0.6M−1 cm−1 [26]. Since at 260 nmneither
the products (chloride and dioxygen) nor Cld (owing to the very low
concentration) absorbs, the absorbance at 260 nm decays to zero
when the substrate is fully consumed. To validate this, we verified the
stoichiometry of the reaction as described elsewhere [16], quantifying
the total amount of dioxygen evolved (with a Clark-type electrode)



Table 1
X-ray crystallography data collection statistics. Values in parentheses are for the highest
resolution shell.

Crystal Cld

Beamline PXIII
Wavelength (Å) 0.979
Space group P21
Unit cell (Å) a = 78.79, b = 150.53, c = 133.85
Matthews parameter (Å3/Da) 2.7
No. observed reflections 192,521 (27,562)
No. unique reflections 60,320 (8821)
Resolution limits (Å) 59.38–3.00 (3.16–3.00)
Completeness (%) 99.9 (100)
Redundancy 3.2 (3.1)
Average I/σ(I) 13.5 (3.1)
Rmerge

a (%) 5.6 (38.2)
Rpim

b (%) 3.8 (25.8)

a Rmerge =∑hkl∑i|Ii(hkl) − 〈I(hkl)〉|/∑hkl∑iIi(hkl), where Ii(hkl) is the integrated in-
tensity of a given reflection and 〈I(hkl)〉 is the mean intensity of multiple corresponding
symmetry-related reflections.

b Rp. i. m. =∑hkl[1/(N− 1)]1/2∑i|Ii(hkl)− 〈I(hkl)〉|/∑hkl∑iIi(hkl), where Ii(hkl) is the
integrated intensity of a given reflection, 〈I(hkl)〉 is the mean intensity of multiple
corresponding symmetry-related reflections and N is the multiplicity of a given reflection.
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and the remaining substrate (by iodometric titrations) in a set of
reactions.

The reaction mixture comprising the buffer (50 mM potassium
phosphate) and the substrate NaClO2 at the desired concentration
(0.025–2.5 mM) was contained in 1 mL quartz cells provided with a
very efficient magnetic stirring system which allows a precise determi-
nation of the initial substrate consumption rates. The reaction was
started by addition of the enzyme (~22 nM). Activity assays were
performed at several pH values (5.0–9.0), temperatures (5–50 °C) and
gauge pressures (−1 to 3 bar) to determine optimal conditions. The in-
hibitory effect of the chloride anion was studied using NaCl concentra-
tions of 0, 50, 150 and 300 mM and the competitive and uncompetitive
inhibition constants were determined from Dixon and Cornish-Bowden
plots (Fig. S1) using the method reported by Cornish-Bowden [27].

2.7. Spectroscopic methods

UV–visible spectra were recorded at room temperature on a
SHIMADZU1800 spectrophotometer. Continuous-wave (CW) EPR spec-
tra were recorded on an X-band CW-EPR spectrometer, Bruker EMX
300, equipped with a double-mode cavity (Model ER4116DM) and a
continuous-flow cryostat (Oxford Instruments) that allows working in
a temperature range between 4 and 300K. All the spectrawere obtained
in non-saturating conditions at 10 K using microwave power, 0.6 mW;
modulation amplitude, 0.5 mT and modulation frequency, 100 kHz.

2.8. X-ray crystallography

Initial crystallization conditions were screened using an in-house
modified version of the sparse-matrix method of Jancarik & Kim [28],
in combination with the commercial Hampton Research (California,
USA) Crystal Screen and Crystal Screen 2 using a crystallization robot
(Oryx 8, Douglas Instruments) at 293 K. Small bright red crystals ap-
peared in several conditions a few hours after setting-up the drops. In
order to improve the quality of the obtained crystals several parameters
such as temperature (277 K), protein concentration (10 to 30 mg/mL),
use of additives (additive screens I and II from Hampton Research),
concentration of precipitating agent, and drop volume were varied.
Also,micro,macro and streak seeding techniqueswere tested for crystal
optimization although no improvements were observed.

The best crystals were obtained at 277 K using a precipitant solution
containing 0.2 M NaCl, 0.1 M phosphate–citrate buffer pH 4.2 and 16%
PEG 8 K. The drops were prepared with 2 μL of a 28 mg/mL protein
solution, 1 μL of the precipitant solution, 1 μL of 100 mM L-cysteine,
and 1 μL of 100 mM potassium thiocyanate. Both L-cysteine and thiocy-
anate resulted to be very important for diffraction quality. Before freez-
ing in liquid nitrogen, the crystals were soaked in a solution containing
0.2MNaCl, 0.1Mphosphate–citrate buffer pH4.2, 20% PEG 8 K, and 15%
glycerol.

Complete data sets were collected at PXIII of the Swiss Light Source
(SLS, Switzerland). The crystals, which belong to a monoclinic space
group (P21), were measured at a wavelength of 0.9795 Å and diffracted
up to 3.0 Å resolution. Data processing was carried out using MOSFLM
[29] and SCALA [30] from the CCP4 program suite [31,32] and statistics
are summarized in Table 1.

In order to determine the solvent content of the crystals,
the Matthews coefficient [33] was calculated using the program
MATTHEWS_COEF [34], suggesting the presence of 10–12 mole-
cules in the asymmetric unit and a solvent content of ca. 50%.

Structure determination was carried out by molecular replacement
using program Phaser [35] from the CCP4 program suite [31,32] and
the atoms coordinates of the Cld fromD. aromaticaRCB at pH6.5 as tem-
plate (PDB code: 3Q08) [18]. Cld from D. aromatica is arranged as a
homopentamer, and a single monomer was used for phasing, excluding
the heme cofactors. The position of each monomer was found sequen-
tially in a stepwise procedure. The obtained initial phases yielded a
good electron density map where the contour of the protein and the
solvent channels could be clearly identified. However, two out of ten
monomers in the asymmetric unit presented a weaker electron density.
Phase improvement was performed using the program DM [36] (CCP4
program suite [31,32]) with the Phaser solution and using a fraction
solvent content of 0.55. Model building and refinement were carried
out using COOT [37] and Refmac5 [38] (CCP4 program suite [31,32]).

3. Results and discussion

3.1. Molecular properties

Samples of chlorite dismutase (Cld) purified by any of the two
methods described in Section 2.2 were used to produce crystals for
protein structure determination through X-ray crystallography. Single-
crystals of Cld from Magnetospirillum sp. were obtained under many
different conditions, but most of these crystals diffracted poorly. The
best crystals obtained (Fig. S2) were grown at 277 K using 16% PEG 8
K as the precipitating agent, 0.2 M NaCl and 0.1 M phosphate–citrate
buffer pH 4.2. These crystals diffracted up to 3.0 Å resolution using syn-
chrotron radiation (wavelength: 0.979 Å).

The structure of Cldwas solved bymolecular replacement and it was
possible to observe 10 molecules in the asymmetric unit (Fig. 1). These
are arranged as two homopentamers with very tight interaction be-
tween the five monomers. Each pentamer has a donut-like shape with
amaximumouter diameter and height of ~80Å and ~60Å, respectively.
The fivemolecules of one homopentamer form an internal cavity with a
diameter of ca. 20 Å (Figs. 1 and 2). The quaternary structure was con-
firmed by determination of the oligomer andmonomermasses through
size exclusion chromatography (SEC) andMALDI-TOF-MS, respectively.
SEC revealed a proteinwith ~140 kDawhilemass spectrometry showed
a peak at ~27.8 kDa. These results indicated that both in solution and in
the crystal, Cld from Magnetospirillum sp. is a homopentamer, as also
observed for the Cld from D. aromatica RCB [18] and Candidatus N.
defluvii [17]. A molecular phylogenetic analysis (Fig. S3) performed
with the primary amino acid sequence, corroborated that Cld from
Magnetospirillum sp. must be homopentameric as it belongs to the
“long Clds” group [10]. Dimeric Clds like those from N. winogradskyi
[14], K. pneumoniae [20] and Cyanothece sp. PCC7425 [21] can be
found in a separated branch (Fig. S3).

The low resolution did not allow completing the refinement.
However, with the current phases it was possible to distinguish ca.
90% of the residues of the protein. In addition, the present data allowed
us to calculate the anomalous maps. Although the X-ray data was



Fig. 1. Overview of the asymmetric unit for Cld crystals fromMagnetospirillum spp. The right view is rotated 90° from the left view along the horizontal axis shown in the center.
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collected far from the iron edge, strong anomalous peaks for the iron
atoms were observed in all protein chains, indicating the presence of
one b-type heme per protein monomer. In order to confirm this obser-
vation, Cld purified by any of the two methods described in Section 2.2
were treated according to the alkaline pyridine-hemochrome assay de-
scribed in Section 2.4. The UV–vis absorption spectrum of the treated
Cld samples showed the Soret, α and β bands at 418, 556 and 524 nm,
respectively, indicating the presence of the b-type heme. Then, correla-
tion of the concentrations of protein, heme and iron, confirmed that Cld
from Magnetospirillum sp. harbors [0.8 ± 0.1] Fe-heme per protein
monomer.

In spite of the low resolution of the X-ray data, it was possible to
verify that, as observed in the Cld structures of other bacterial sources,
the heme cofactors are positioned on the external face of the
homopentamer ring (Fig. 2). This orientationmay be physiologically rel-
evant as it can promote an easier diffusion of the substrate to the active
site and product exit, and this can be correlated with the high turnover
rates observed in the kinetic studies (see Section 3.5 below).

An unexpected feature was observed when pure Cld samples were
run on polyacrylamide gels under denaturating conditions, as two
bands with different mobilities (separated ~2 kDa) were observed
Fig. 2. Stereo view of the Cld pentamer structure. The pentamer is colored by chain and the hem
reader is referred to the web version of this article.)
(Fig. 3). In order to verify if one of the bands is a contamination, both
bands were extracted from the gel. Tryptic digests were obtained for
each band (triplicate), and the peptides mix solutions were analyzed
by MALDI-TOF-MS. The identification performed by Peptide Mass Fin-
gerprint as described in Section 2.5 revealed that both the upper and
lower protein bands (Fig. 3) correspond to Cld. Remarkably, this type
of altered electrophoretic mobility was also observed for Cld from
I. dechloratans [39]. However, in this case a single protein band corre-
sponding to the lower band was observed when Cld was isolated from
Ideonella cells, while the upper band was observed when the recombi-
nant Cld was heterologously expressed in E. coli cells. The authors
suggested that the two bands observed in the SDS-PAGE correspond
to two forms of the enzyme, which differ in a post-translational modifi-
cation. It was proposed that the upper band would correspond to the
non-modified protein, while the lower band corresponds to a protein
modified by an intramolecular covalent cross-link (between His and
Tyr side chains), which would only happen in the native organism. In
the case of Cld fromMagnetospirillum sp., the two forms presenting dif-
ferent electrophoretic mobilities were obtained from the Cld purified
from the original Magnetospirillum cells (Fig. 3). The supposedly non-
modified would be the upper band, and the one allegedly modified
es are shown red. (For interpretation of the references to colors in this figure legend, the



Fig. 3. Left: 12.5% SDS-PAGE of pure Cld samples (right lane) and low range molecular mass standards from GE Healthcare (left lane). Right: Primary amino acid sequence of
Magnetospirillum sp. Cld precursor. The signal peptide is shown in italic and underlined and it was predicted using SignalP v4.1 online tool [40]. The assigned peptides obtained by tryptic
digestion of both upper and lower protein bands are highlighted in gray. The box indicates a peptide assigned in the upper band but missing in the lower band.
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Fig. 4. UV–vis absorption spectra of as-prepared (solid trace) and dithionite-reduced
(dotted trace) Cld (~1.58 μM) in 50 mM KPB pH 6.0.
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would be the lower band as it migrates faster due (hypothetically) to the
smaller hydrodynamic radius of the protein. Although the formationof an
intramolecular cross-link would explain the electrophoretic profile, such
a bond (or any other post-translational modification that could affect
electrophoretic mobility, i.e., glycosylation or myristoylation) was not
observed in our preliminary crystallographic results neither in the eight
reported Cld crystallographic structures [14,17–19]. On this basis, we
considered that the different electrophoretic mobilities of the two
bands might be related to proteolysis at the N- and/or C-terminal
polypeptide edges. In order to verify this hypothesis, an assignment of
the peptides obtained after tryptic digestion was performed (Fig. 3). For
our analysis, missed cleavages (up to two), methionine oxidation and
potential acrylamide adducts were taken into account. The mature Cld
predicted by the online tool SignalP [40] has a molecular mass of
~29.6 kDa (Fig. 3), which is very different from the value ~27.8 kDa ob-
tained by MALDI-TOF-MS of the non-digested Cld. In addition, the pre-
dicted mature Cld should generate 21 peptides after tryptic digestion.
Unfortunately, only thirteen and twelve peptides could be assigned for
the upper and lower protein bands, respectively. The only missing
peptide in the lower band (with respect to the upper band) corresponds
to the C-terminal edge (indicated with a box in Fig. 3) which would be
responsible for a ~0.5 kDa difference. Furthermore, for both upper and
lower protein bands, the MALDI-TOF-MS data suggests that mature Cld
would start in the amino acid ~47 (APMAPMMADR…), resulting in pre-
dicted molecular masses of ~27.5 kDa and ~27.0 kDa, respectively.
Although the value predicted for the upper band is close to that of the
non-digested Cld (~27.8 kDa), a 0.5 kDa difference could not be solved
by the 12.5% SDS-PAGE resolution. Moreover, our X-ray crystallography
data showed that in all the polypeptide chains of the asymmetric unit
the C-terminal is present and the first observable N-terminal amino
acid is the 52, resulting in a predicted molecular mass of ~26.9 kDa, con-
siderably different from themass of the non-digested Cld. The X-ray crys-
tallography data [14,17–19] plus the analysis presented above, indicate
that the electrophoretic profile of Cld from Magnetospirillum sp. cannot
be explained assuming post-translational modifications and then, this
would not have physiological meaning. On the other hand, although pro-
teolysis at the N- and/or C-terminal would explain the different protein
bands mobilities, we did not obtain conclusive evidence indicating that
this is the case. Taking into account that a single peak is detected by
mass spectrometry of pure Cld in solution but two bands are observed
in SDS-PAGE,webelieve that themodification could be happeningduring
sample treatment (before loading the electrophoresis gel) and the
features observed in the SDS-PAGE (Fig. 3) would be a technical artifact.

3.2. UV–vis spectroscopy characterization

The UV–visible absorption spectrum of the as-prepared Cld at pH 6.0
in the presence of air (Fig. 4, solid trace) exhibits a 280 nm protein
band (88,000 M−1 cm−1), a broad Soret band centered at 392 nm
(130,000 M−1 cm−1), a broad band with an absorption maximum
at 508 nm (21,000 M−1 cm−1) and a shoulder at ~535 nm
(18,400 M−1 cm−1), and a small band at 646 nm (8900 M−1 cm−1).
The A392/A280 ratio (Reinheitszahl) was 1.48. The band centered at
646 nm is typical of Fe3+-heme in high-spin electronic configuration
(see inset of Fig. 4, solid trace), in agreement with structural data.

After incubation with sodium dithionite under argon atmosphere
(Fig. 4, dotted trace) the Fe3+-heme is reduced to the ferrous state
(Fe2+-heme) and the spectrum is characterized by a sharp Soret peak
centered at 434 nm, and two smaller peaks at 556 nm and 586 nm
(see inset of Fig. 4, dotted trace). When Cld was incubated with sodium
ascorbate at equimolar amounts or in large excess no reduction of the
heme cofactor was observed, indicating that the midpoint potential of
the Fe3+/Fe2+ redox couple might be negative (vs. SHE) under the con-
ditions tested (i.e., 50mMKPB pH 6.0, 298 K). This is in agreementwith
spectroelectrochemical studies performed with Cld from Candidatus
N. defluvii and N. winogradsky which showed that reduction potentials
are in the order of −0.1 V (vs. SHE) and that the Fe3+ oxidation state
might be enthalpically stabilized [41].

3.3. Influence of the purification protocol in the Cld as-prepared state

TheCW-EPR spectra of Cld isolated fromA. oryzaeGR-1, I. dechloratans
orD. aromatica RCB in their as-prepared forms at pH 5.0–7.0 are straight-
forward to explain [8,15,22]. In these Cld, the EPR signal observable at liq-
uid helium temperatures arises from one high-spin Fe3+-heme species
corresponding to the pentacoordinated ferric ion present in the Cld active
site. In contrast, Cld fromMagnetospirillum sp. purified with the protocol
using Tris–HCl and MES buffers showed a mixture of at least three high-
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spin species plus one low-spin species which account for ca. 45% of the
contribution (Table 2 and Fig. 5A). Due to the large zero-field splitting,
the EPR contributions of the high-spin species can be simulated assuming
an effective S= 1/2 systemwith rhombic effective g-values (Table 2 and
Fig. S4 where it is shown that no remarkable differences are obtained for
the simulations performed assuming S = 1/2 or S = 5/2).

Some authors proposed elsewhere that the presence of several para-
magnetic species in the EPR spectrum can be correlated with the exis-
tence of several bands in the SDS-PAGE. As mentioned in Section 3.1
this would be due to the presence of an intramolecular His-Tyr covalent
crosslink [39]. However, as discussed in the same section, we believe
that this hypothesis cannot be applied to the case of Cld from
Magnetospirillum sp. An alternative explanation for the several EPR
species observed is that the Cld active site would bind different ligands
during the purification process, and these remain in the as-isolated
samples. The purification procedure of Cld samples used to trace the
spectrum of Fig. 5A included relatively high concentrations of chloride,
one of the products of chlorite decomposition. This could be a problem
when taking into account that chloride is a mixed inhibitor of Cld with
inhibition constants KiC = 460 mM and KiU = 480 mM. Therefore,
chloride interacts directly with the active site as well as with another
site that affects the structural properties of the catalytic pocket. For
this reason, a second batch of Cld was purified but this time, only potas-
sium phosphate buffer was used given that this salt does not affect the
Cld activity. The CW-EPR spectrum of Cld purified by the second proto-
col (Fig. 5B) showed a dominant high-spin Fe3+-heme species (Fe3+:
[Ar] 3d5, S = 5/2). This signal is identical to those observed in the as-
prepared Cld from A. oryzae GR-1, I. dechloratans or D. aromatica RCB
at pH values between 5.0 and 7.0 [8,15,22]. Moreover, in this Cld batch
no low-spin species were observed (Fig. 5B), supporting the idea that
the buffers used during the purification process could influence the
heme environment of the as-purified enzyme. Furthermore, SDS-PAGE
performed with Cld samples purified by the second protocol also
showed two bands in the gel (not shown), confirming that the observa-
tion of multiple bands in the SDS-PAGE is not related to the presence of
one or several high-spin species in the CW-EPR spectra.

It is clear that the presence of high concentrations of chloride anion
in the purification procedure did not affect the presence of the two
bands in the SDS-PAGE, though it seems to be involved in the presence
of extra paramagnetic species. When a Cld sample is incubated with a
saturated NaCl solution, the CW-EPR spectrum is different from that of
the as-prepared forms and it is composed of two rhombic Fe3+-heme
species in high-spin configuration (Fig. 5C). Interestingly, one of these
signals match with one of the smaller high-spin contributions observed
in the as-prepared Cld purified through thefirst protocol, indicating that
Table 2
Simulation parameters for the different Fe(III) contributions to the spectra in Fig. 5.

Effective S = 1/2 S = 5/2

Electron spin
configuration

geff,x geff,y geff,z E/D a Relative % versus
total Fe(III)
contribution

First purification
method

High spin 6.72 5.05 1.955 0.0380 9
High spin 6.29 5.45 1.988 0.0177 45
High spin 5.97 5.94 2.000 0.0027 1
Low spin 2.97 2.24 1.47 – 45

Second
purification
method

High spin 6.72 5.05 1.955 0.0380 6.5
High spin 6.29 5.45 1.988 0.0177 93.5

Chloride excess High spin 5.97 5.94 2.000 0.0027 20
High spin 6.17 5.785 1.998 0.0084 80

Simulationswere done in twoways: assuming an effective S=1/2 systemwith effective g
values and assuming an S = 5/2 system with the zero-field parameter D very high (N8
cm−1). In this case, only the E/D ratio can be determined, where E is a measure for the
rhombicity of the zero-field tensor. The relative contributions were determined using
the S = 5/2 simulation method.

a D N 8 cm−1; g = [1.97, 1.97, 2].
the chloride anionwould remain bound to the heme cofactor after puri-
fication and should not be used to isolate this enzyme. Nevertheless,
there are other high- and low-spin signals that cannot be explained at
present.

3.4. Influence of buffer composition on Cld activity

The kinetic characterization of Cld turned out to be challenging
because the enzyme catalytic efficiency was remarkably affected by
the buffer composition, temperature, pH and ionic strength. For this rea-
son, it was necessary to set the optimal conditions to perform the kinetic
assays and obtain reliable kinetic parameters. Buffers of differentmolec-
ular natures were screened, such as those based on substituted amines
(Tris–HCl, Bis–Tris–propane), sulfonate groups (MES, HEPES, CAPS,
CAPSO), and inorganic molecules (sodium and potassium phosphate).
Amine-based buffers showed a high level of inhibition of Cld activity,
while sulfonate-based buffers yielded non-reproducible results. It was
determined that potassium phosphate buffer (KPB) did not interfere
with the catalytic activity of Cld when used at relatively low concentra-
tions. Therefore, in order to control the pH of the solution, 50 mM KPB
was used for the biochemical and spectroscopic characterization.

3.5. Effect of temperature on catalysis

To determine the optimal temperature for Cld activity, steady-state
kinetic assays were performed at different temperatures. Unexpectedly,
the time courses ([S] vs. time) obtained in the temperature range
5–50 °C showed that the initial rates (slopes) of chlorite reduction
were not affected. Nevertheless, it was found that the amount of sub-
strate consumed during the catalysis (i.e., the completeness of the reac-
tion) was dependent on the temperature (Fig. 6). In this regard, full
consumption of the substrate was only achieved at low temperatures,
more specifically below 10 °C. As the temperature increased above
20 °C it became more evident that the number of catalytic cycles per-
formed decreased while the initial rates were not affected (Fig. 6).
This effect was also observed by other authors, that performed the ki-
netic assays at low temperatures (4 °C) in order to elongate the initial
phase of the reaction, although the effect of temperature on reaction
completeness was not discussed [16].

As for the temperature, the effect of pressurewas evaluated. Since an
important fraction of the substrate is not consumed at ~25 °C (Fig. 6),
this temperature was used to assess if a considerable pressure variation
has an effect on substrate consumption rates and/or completeness of
the reaction. However, the kinetic parameters were not affected when
the assays were performed at gauge pressures between −1 and 3 bar.
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Some authors reported elsewhere [16] that residual chlorite remains
after the reaction stopped and that Cld from D. aromatica RCB exposed
to chlorite loses activity, even after the enzyme is exchanged into
fresh buffer. In this case, the authors found that the heme absorbance
of the inactivated enzyme disappeared, suggesting heme bleaching
and active site destruction. As in that case, we have observed through
UV–vis spectroscopy that incubating Cld with a very large molar excess
of chlorite also bleaches the heme cofactor, inactivating the enzyme
(Fig. S5).

The inactivation observed could not be explained if one of the
products (Cl− or O2) reacts with the enzyme blocking or destroying
the active site. In the case of chloride, we found that this anion is a
weak mixed inhibitor of Cld (KiC = 460 mM and KiU = 480 mM) and
dioxygen has no inhibitory effect on Cld, as neither kCat nor KM are
affected when the kinetic assays are performed either under argon
atmosphere ([O2] b 0.1 ppm) or in the presence of air. The fact that
dioxygen has no effect on Cld kinetic parameters and the weak mixed
inhibitory behavior of chloride were also observed for Cld from
D. aromatica RCB [16].

Recently, it was demonstrated that during chlorite reduction
catalyzed by Cld, hypochlorite is produced during an intermediary
stage of the catalytic cycle. The hypochlorite does not react correctly
at the Cld active site recombining with the FeIV=O intermediate, and
is released producing oxidative modifications of the protein, leading to
heme bleaching and enzyme inactivation [20,42].

3.6. Determination of optimal pH and kinetic parameters

In order to determine the optimal pH for Cld activity several kinetic
assays were performed at 5 °C using 50 mM KPB at different pH values.
The plot of kcat vs. pH (Fig. 7A) showed that turnover rates are highest at
lower pH values, specifically between 5.5 and 6.0. It is also evident that
at pH ~7.0 the activity decreases considerably and that at pH ~8.5 the
enzyme is virtually inhibited. In order to determine the existence of
acid–base transitions that affect the Cld catalytic activity and substrate
affinity, a Michaelis–Menten curve was made at several pH values in
order to determine the kinetic parameters kCat and KM (Fig. S6). The
kCat/KM ratio was then plotted as a function of the pH and it was
observed that the affinity of Cld for chlorite is higher at pH 6.5
(Fig. 7B). Between 6.5 and 7.5 this ratio decreases drastically with a
midpoint approximately at pH 6.7. This value might correspond to the
acid–base transition of an amino acid residue relevant in substrate
binding and/or stabilization that may be located near the active site.
Due to the drastic decline of the catalytic activity, the deprotonation of
such amino acid residue might have also a key effect in the catalytic
properties of the enzyme active site. A similar pKa (6.5) was observed
for the Cld from D. aromatica RCB [43]. It was proposed that this pKa
would correspond to a change in the availability of positive charge at
the distal side of the heme cofactor, due to a conformational rearrange-
ment of the conserved arginine side chain [44]. Taking into account the
amino acid sequence similarity and the close phylogenetic distance
(Figure S3), this acid–base transition might also be happening in Cld
from Magnetospirillum sp.

The fact that themaximum affinity (kCat/KM ≈ kOn) was obtained at
pH ~ 6.5 (Fig. 7B) resulted from the very low KM value obtained
(0.59 mM at pH 6.5 versus 1.7 mM at pH 5.5 and 6.0). On the other
hand, the fact that the highest initial rates are obtained at pH values
below~6.0 (Fig. 7A) suggests that protonation of certain amino acid res-
idues near the active site lowers the activation energy barrier of one or
several steps of the global reaction mechanism (Ea is directly related to
the kCat through the Arrhenius equation [27]), probably minimizing the
electrostatic repulsion between the negatively charged substrate and
other groups in the enzyme active site and/or stabilizing intermediaries
of the reaction [42].

4. Conclusions

Chlorite dismutase from the (per)chlorate-reducerMagnetospirillum
sp. was purified for the first time through liquid chromatography using
two different protocols which differ in the presence of chloride. This
anion affects the EPR signature of the as-prepared Cld samples, and
might be a weak ligand of the heme iron (competitive character of the
inhibition) and a positively charged neighboring amino acid side chain
(uncompetitive character) like the side chain of the Arg residue located
at the distal side.

The biochemical studies indicated that Cld from Magnetospirillum
sp. (purified either in the presence or absence of chloride) is a
homopentamer harboring one b-type heme per monomer, an
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observation that was confirmed by the preliminary X-ray crystallo-
graphic structure partially solved at the 3.0 Å resolution. The protein
organization and secondary structure of each Cld monomer was deter-
mined. The Fe atom of the heme cofactors could be observed in all
monomers present in the asymmetric unit thanks to its strong
anomalous contribution. On-going research is being performed in
order to improve the diffracting quality of the crystals and to obtain
high resolution data.

Steady-state kinetic studies in solution showed that Cld is a highly
efficient enzyme with kinetic constants close to those reported for
Cld from perchlorate-reducing bacteria like D. aromatica RCB and
I. dechloratans (Table 3). In addition, the chloride anion, a product of
chlorite reduction, is a weak mixed inhibitor of Cld (Figure S1). On the
other hand, dioxygen does not affect the kinetic parameters of Cld.

Cld fromMagnetospirillum sp. suffers inactivation during turnover at
temperatures above 10 °C, as the amount of chlorite that is consumed
during the catalysis (i.e., the completeness of the reaction) decreases as
the temperature increases (Fig. 6). Other authors demonstrated that
during the course of the catalytic cycle, hypochlorite (an intermediary
of the reduction of chlorite to chloride) is produced. This oxidizing
compound reacts with the protein producing oxidative modifications
that leads to heme cofactor bleaching and active site destruction [42].
Since Magnetospirillum sp. is cultured at 37 °C, it would be expected
that a large fraction of Cld is purified inactive. However, the high turnover
rates of Cld compared to that of (per)chlorate reductases [45] would not
allow accumulating the very large molar excess needed to observe heme
bleaching (Fig. S5). The latter and the use of low temperatures should be
taken into account to develop an oxochlorates bioremediation system
based on (per)chlorate reductase and chlorite dismutase, the two
enzymes responsible for the perchlorate reduction pathway.

Abbreviations

A. Azospira
BCA bicinchoninic acid
BSA bovine serum albumin
CAPS N-cyclohexyl-3-aminopropanesulfonic acid
CAPSO N-cyclohexyl-2-hydroxyl-3-aminopropanesulfonic acid
Cld chlorite dismutase
CW continuous wave
D. Dechloromonas
E. Escherichia
EPR electron paramagnetic resonance
FPLC fast performance liquid chromatography
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
I. Ideonella
ICP-AES Inductively Coupled Plasma-Atomic Emission Spectroscopy
KPB potassium phosphate buffer
Table 3
Comparison of steady-state kinetic parameters of chlorite reduction by Clds from
Magnetospirillum sp. and other organisms with reported chlorite-degrading activity.

pH KM (μM) kcat (s−1) Kcat/KM (μM−1 s−1) Reference

Magnetospirillum sp. 5.7 1720 29,826 17.3 This work
6.1 1690 39,910 23.6
6.5 590 16,157 27.4
6.9 1280 12,319 9.6
7.2 2120 11,443 5.4
7.5 690 2460 3.6

I. dechloratans 7.0 260 1800 6.9 [15]
D. aromatica RCB 5.2 620 20,000 32 [16,43]

6.8 212 7500 35
7.6 430 3000 6.9

A. oryzae GR-1 7.2 170 1200 7.1 [13,19,22]
N. defluvii 7.0 69 43 0.6 [17]
N. winogradskyi 7.0 90 190 2.1 [14]
T. thermophilus 7.0 13 0.77 0.059 [46]
MALDI matrix-assisted laser desorption/ionization
MES 2-(N-morpholino)ethanesulfonic acid
MS mass spectrometry
PAGE polyacrylamide gel electrophoresis
PEG polyethyleneglycol
PMF proton motive force
PRB perchlorate-reducing bacteria
SDS sodium dodecyl sulfate
SEC size-exclusion chromatography
TOF time of flight
Tris 2-amino-2-hydroxymethyl-propano-1,3-diol
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