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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 (ClO,") to chloride (Cl™) and molecular oxygen (O,). 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 k,,, = 2—5 X 10* s™" 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 findings 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 efficiency.

KEYWORDS: biradical, chlorite dismutase, electron paramagnetic resonance spectroscopy, heme,
microsecond-timescale freeze hyperquenching, rapid kinetics, resonance Raman spectroscopy, triplet state

B INTRODUCTION some of the produced O, can be utilized to generate a proton

The reaction mechanism of chlorite (CIO,”) conversion by the motive force using a terminal oxidase.” Despite the natural

enzyme chlorite dismutase (Cld) remains poorly understood
due to technical difficulties in studying enzymes with fast
turnovers. Cld is a heme b-dependent enzyme, which has been
classified as a chlorite O,-lyase (EC 1.13.11.49)."” This Received: July 30, 2021
enzyme is an essential component of (per)chlorate-respiring Revised: ~ November 4, 2021
bacteria, which can reduce (per)chlorate (ClO,~/ClO;7) to Published: November 17, 2021
chlorite (ClO,™). This respiration product chlorite is toxic.”™*

Therefore, the physiological role of Cld is detoxifying chlorite

to harmless chloride (C17) and molecular oxygen (O,). At least

occurrence of (per)chlorate in minerals, the contamination of
the aqueous environment with (per)chlorate is of recent
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Scheme 1. Currently Proposed Putative Mechanisms for Heterolytic (I) or Homolytic (II) CI-O Bond Cleavage and O—0O

Bond Formation by the Enzyme Chlorite Dismutase
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anthropogenic origin, as it is the persistent degradation
product of chlorine bleach.’™”

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,'® or for studying O,-utilizing enzymes."'
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 identified in
nature to catalyze O—O bond formation.'”"? 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 identified 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 k., of 7.5 X 10°
and 12 X 10° s7', respectively, at pH 7415 As a consequence,
the time constant for a single turnover is 133 us for DaCld and
83 us for the Cld from Magnetospirillum sp, which is too short
for most commonly used pre-steady-state kinetic techniques:
stopped-flow 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,'®'” 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 O, originate from one ClO,~
molecule in 1:1 stoichiometry.”'*'*~** However, how the Cl—
O bonds in the ClO,” molecule are cleaved by the enzyme
remains to be established. Multiple possible mechanisms
(Scheme 1) have been proposed.'*"** The Cl-O bond could
be cleaved heterolytically (Scheme 1, mechanism 1) to yield a
hypochlorite (ClO™) intermediate product and a high-valent
ferryl (Fe(IV)=0) species with a cation radical on the
porphyrin ring (Compound I, Cpd I). Alternatively, the CI-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)=0) species
(Compound II, Cpd II). The reaction intermediates (either
ClO™ or CIO®) attack the ferryl oxygen in a rebound step to
form a Fe(III)-peroxyhypochlorite (Fe(III)—OOCI™) species.
The products, CI™ and O,, are released after this rebound step,
and the ferric resting state is restored.”” Two computational
studies support the idea that the CI—O bond cleavage by Cld is
homolytic, unlike the heterolytic cleavage by synthetic Fe-
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containing porphyrins, which was attributed to the specific
active site environment in Cld.”**

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 different transient intermediates compared to
the reaction with the model substrate PAA. Finally, the first
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.

B MATERIALS AND METHODS

Recombinant Protein Expression in Escherichia coli
and Enzyme Purification. The chlorite dismutase from A.
oryzae (AoCld) was recombinantly expressed in Escherzchm coli
and purified extensively, as previously described.”®

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 buffer (KPi), pH 7, and 1 mM sodium
chlorite as a substrate at 20 °C. The electrode was calibrated
with 100% air-saturated buffer 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 (final concentration).
After flushing 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 uM 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 flow 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 ys*”*® and 80 us,”* ™ 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 ym, and with a rapid
scanning monochromator and a CCD camera as a detector,

https://doi.org/10.1021/acscatal.1c03432
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Figure 1. AoCld pre-steady-state kinetics with PAA and chlorite substrates observed with Nanospec continuous flow UV—vis spectroscopy. PAA
substrate: (A,C) 350 uM AoCld and 1 mM PAA, both dissolved in 100 mM KPi, pH 7, were rapidly mixed with a flow rate of 7 mL min™". Spectra
were obtained for 2.5 ms at 29 °C. Chlorite substrate: (B,D) 330 uM AoCld and 50 mM sodium chlorite, both dissolved in 100 mM KPi, pH 7,
were rapidly mixed with a flow rate of 20 mL min™". Spectra were obtained for 700 us at 29 °C. The reaction occurs so fast that the standard ferric
resting state cannot be observed, but it is illustrated as a reference (unreacted sample). Arrows indicate the direction of absorption changes. (E)
Reconstructed spectra of the catalytic intermediates of the reaction of PAA and AoCld after SVD analysis. EI, Early Intermediate; CpdI, Compound
I; Cpdll, Compound II. (F) Reconstructed spectra of the catalytic intermediates of the reaction of sodium chlorite and AoCld. I1, Intermediate 1;

12, Intermediate 2.

1900 UV—vis spectra are recorded in a single run.”” The
Nanospec experiments were performed at 29 °C. Spectra were
recorded from 350 to 650 nm, with a total flow rate of 7 and
20 mL min~' for PAA and sodium chlorite (NaClO,),
respectively. For single mixing experiments, 350 yM AoCld
(final concentration) was mixed with various concentrations of
PAA (1—40 mM final concentration) and 330 uM AoCld (final
concentration) was mixed with various concentrations of
sodium chlorite (10—S0 mM final concentration). The enzyme
and both substrates PAA and sodium chlorite were dissolved in
100 mM KPi, pH 7.0, shortly before the experiments. For all
results, the final concentrations of the enzyme and substrate for
the mixing experiments are reported.

Microsecond Freeze Hyperquenching. 0.5 mM AoCld
and 1.5 mM PAA or 75 mM NaClO, (final concentrations)
were mixed 1:1 (v/v) at various flow rates. The mixed
solutions were sprayed as a free-flowing jet under a vacuum
(30 mbar) on a rotatin§ plate (6000 rpm) and cooled down
with liquid nitrogen.””*" To pick specific time points, the first-
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order rate constants obtained from the Nanospec experiments
at 29 °C were transformed to a calculated first-order rate
constant at 9 °C, the MHQ operating temperature, using (eq
1) as we have described previously.”® The length of the aging
loop, the linear flow rate, and the distance between the nozzle
and the rotor plate determine the time point at which the
reaction is quenched. For a jet with a 20 ym diameter, the
freezing time is 40 us. After the samples were sprayed,
additional liquid nitrogen was immediately poured into the
rotor to keep the powder cold. The powder was scraped off the
rotor plate, packed in EPR tubes, and stored at 77 K for EPR
and resonance Raman (RR) spectroscopic analysis. For all
results, the final concentrations of the enzyme and substrate for
the mixing experiments are reported.

ky T, (kz-h ]Tz/ i
k= 2L 22—

h \kgT, (1)
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kg = Boltzmann constant equal to 1.381 X 107 J- K, h =
Planck constant equal to 6.626 X 107 J-s, T, = 9 °C, T, = 29
°C, and k, = first-order rate constant at 29 °C.

Singular Value Decomposition Analysis of Kinetic
Data. The time-resolved spectra generated with the Nanospec
were loaded into the program KinTek Explorer (version 8,
KinTek Corp.), which uses singular value decomposition
(SVD) to deconvolute the data regardless of the shape and the
amplitude of the spectra.’’ ~>* More information on the SVD
analysis is provided in the Supporting Information.

Electron Paramagnetic Resonance Spectroscopy.
EPR spectra were recorded on a Bruker EMXplus spectrometer
with a helium-flow cryostat at 20 K33 using the following
EPR parameters: microwave frequency 9.406 GHz, microwave
power 0.2, 20, or 79 mW, a modulation frequency of 100 kHz,
and a modulation amplitude of 2, 10, or 20 G. Spectra were
scanned from 5—S05 mT [high-spin (HS) signals], 200—400
mT [low-spin (LS) signals], or 316—356 mT (radical signals).
One spectrum was recorded at a slightly higher microwave
frequency of 9.620 GHz by using a dual-mode resonator
(Bruker ER 4116DM) in the perpendicular mode instead of
the standard resonator (Bruker ER 4102ST). The measured
samples contained 75 yM AoCld in 200 uL of 100 mM KPj,
pH 7.0, unless stated otherwise. The magnetic field was
calibrated using the Bruker BDPA [1,3-bis(diphenylene)-2-
phenylallyl radical] standard with the g-value 2.00254 =+
0.00003. EPR simulations of selected spectra were performed
using the programs TRIPLET to simulate a triplet spectrum
and HyperfineSpectrum to simulate an apparent chlorine-
based radical>’ TRIPLET was written in mixed language,
LabVIEW graphical language, using the LabVIEW professional
development system 2020 with a call to a dynamic link library
for the computational-intensive procedures written in FOR-
TRAN using the Intel Visual Fortran Compiler 2020
integrated into the Microsoft Visual Studio Community 2019
development environment. The program is based on the usual
spin Hamiltonian H = B-g-S + D[S,* — S(S + 1)/3] + E(S,> —
Syz) in which the first term is the electronic Zeeman interaction
of the S = 1 system and the second and third terms describe
the axial and rhombic zero-field interaction between the two
unpaired electrons. Executables are freely available upon
request.

Resonance Raman Spectroscopy. RR spectra were
acquired with a Raman spectrometer (Jobin Yvon LabRAM
800 HR) with a back-illuminated CCD detector cooled by
liquid nitrogen and an Olympus 20X objective was used for
laser focusing onto the sample and light collection in the
backscattering geometry. Liquid N,-stored samples were
introduced into a pre-cooled liquid N,-cooled cryostat
(Linkam), mounted on a microscope stage under strictly
anaerobic conditions. The same samples as the ones prepared
for EPR were measured with the 458 nm line from an Argon
ion laser (Coherent Innova 90c). The spectra were recorded
using 500 uW laser power and 10—60 s accumulation time at
77 K. Typically, 10 spectra were co-added in each measure-
ment to improve the signal to noise ratio. All spectra were
subjected to polynomial baseline subtraction; the frequencies
and widths of RR bands were determined by component
analysis using LabSpec software.

B RESULTS

Transient Intermediates in the Reaction of PAA and
AoCld. Peracetic acid (PAA) is an organic peroxide acting as a

two-electron oxidant, which has been used to study the
formation of Cpd I and Cpd II in different peroxidases’® and
chlorite dismutases (Clds)."**" The formation and subsequent
decay of these intermediates can be followed using UV—vis
spectroscopy because they exhibit distinct spectral features.
AoCld was rapidly mixed with PAA in a 1:1 volume ratio (final
concentration in the optical cell: 350 uM AoCld and 1-40
mM PAA) in the Nanospec to observe the reaction (Figure
1A,C). AoCld and PAA rapidly reacted to form an early
intermediate (EI) with maximum absorption of the Soret peak
at 403 nm, which has a higher absorptivity than AoCld in its
ferric resting state (Figures 1A and S1). Furthermore, the
spectrum shows charge transfer (CT) bands with a broad peak
around 525 nm comparable with the spectrum of the ferric
resting-state enzyme (Figure 1A,C). The rate of formation of
this new species from the ferric resting state is so high that the
transition happened within the dead time (4 us) of the
Nanospec. Hence, the second-order rate constant k, for the
formation of this initial intermediate could not be determined,
but it was assumed to be above 18.8 X 10 M~ 57!, the k_,/K,,
of AoCld at pH 7.0. This EI is attributed to the ferric-PAA
complex [Fe(II)-OOAc] of AoCld and PAA.

The absorptivity of the EI decreased by 30% after 30 us, and
the EI exhibited a new Soret peak with a shoulder at 403 nm
and a decreased absorptivity for the CT bands (Figure 1A,C),
which is characteristic for Cpd I, as has been described for
horseradish peroxidase (HRP).>” The formation of Cpd I was
calculated for each experiment (various PAA concentrations)
individually (Table S1) and fitted linearly for the PAA
concentration range 1-20 mM (Figure S2) with k,, = (3.45
+ 0.41) X 10° s7* and a second-order rate constant k5 = (0.22
+0.04) x 10° M~' 571, A second-order rate constant of 1.28 X
10° M~ 57! for Cpd I formation from ferric DaCld with PAA
has been observed previously."®

The decrease in absorptivity (hypochromicity) stopped at
800 s before the spectrum started to red-shift to a narrower
Soret band at 414 nm with prominent & and f bands at 550
and 530 nm, respectively, which is consistent with the presence
of a Cpd II species.” The absorption at 414 nm increased until
2 ms after the mixing. Cpd I conversion to Cpd II was fitted to
a first-order rate constant k; = (1.69 + 0.08) X 10° s™! in the
PAA concentration range 1—-20 mM (Figure S2). Subse-
quently, bleaching of the AoCld UV—vis signal was observed,
as the spectrum at 414 nm showed decreased intensity (Figure
1A,C). This decay of the Cpd II signal was insignificant in the
Nanospec experiments as only the initial 2.5 ms of the reaction
was observed. The complete decay of the Cpd II signal was
followed in a separate experiment using a conventional
spectrophotometer (Figure S3), where the decay of the 412
nm intensity was followed for 45 min. This decay fits to a
double exponential curve with rate constants k, = 8.44 + 0.41
min~" and kg = 0.696 + 0.021 min™" at pH 7.0.

The nature of these three distinct species (EI, Cpd I, and
Cpd II) was further characterized by EPR. PAA (final
concentration 1.5 mM) and AoCld (final concentration 500
uM) were rapidly mixed 1:1 (v/v) in the microsecond freeze-
hyperquenching device under similar conditions as in the
Nanospec, and the reaction was quenched at different time
points. At 9 °C, which is the operating temperature of the
MHQ device, Cpd I was expected to form with a time constant
7 of circa 1.3 ms, and the conversion of Cpd I to Cpd II was
expected to take place with a 7 of circa 3.3 ms based on the
Nanospec results (Figure 2).
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Figure 2. Time traces of the intermediate species of AoCld detected
in the MHQ_(solid lines) and Nanospec (dashed lines) experiments
with PAA as the substrate. The traces from the Nanospec experiments
have been recalculated to 9 °C. EI, early intermediate; R1, initially
formed radical; and R2, second formed radical.

The EPR spectrum of the sample quenched at 97 us was
dominated by species 1, an axial HS ferric signal that was
markedly different from the (less axial) HS ferric signal of the
resting state (Figure 3A, Table 1). Furthermore, an isotropic
radical signal (species 2) appeared with a g value close to 2
(Figure 3C).

Species 1 disappeared with time (Figure 3A), while species 2
increased over time (Figure 3C). Analysis of the signal
evolution of species 2 at the different time points (Figure S4)
shows that the signal is composed of two different radical
species: an initially formed radical species with g, = 2.005
(R1) and a second radical that accumulates over time with g,
= 2.003 (R2) (Figure 3E). Both radicals exhibited partially
resolved hyperfine coupling between 7 and 8 gauss (Figure
3E). These EPR parameters are characteristic for Trp or Tyr
radicals.**™* RR spectra of the AoCld sample quenched at 2
ms upon addition of PAA showed marker bands v, at 1379
cm™ and v; at 1507 cm™, which we attribute to the Cpd II
species (Figure SSA). This species was absent in the sample
quenched at 0.8 ms, which only contained the v, at 1374 cm™"
and v; at 1492 cm™' characteristic for the S-coordinate high-
spin (ScHS) ferric enzyme. The major species observed in RR
spectra originate from laser-induced photoreduction (v, and v
at 1361 and 1475 cm™’, respectively). Formation of this
ferrous ScHS species is inevitable under the employed
experimental conditions. Its amount is directly proportional
to the exposure of the sample to the laser beam (see the Figure
SS legend for details), and its presence does not affect the
interpretation of the physiologically relevant species. RR
spectroscopy of a transient intermediate intC of DaCld with
PAA quenched after 15 s has been reported for the W227F
variant, with v, at 1377 cm™ and v5 at 1507 cm™ at pH 5.8
and pH 7.9, respectively.*’ These results are consistent with
the Cpd II species of AoCld.*"*

Transient Intermediates in the Reaction of Sodium
Chlorite and AoCld. AoCld was rapidly mixed 1:1 (v/v) with
various sodium chlorite concentrations in the Nanospec (final
concentration in the optical cell: 330 uM AoCld and 10—50
mM sodium chlorite), and a new species was formed with a
narrow Soret peak at 408 nm and CT bands with a decreased
absorptivity compared with the spectrum of the ferric resting
state. The sharp Soret band at 408 nm, which has a higher
absorptivity than the resting state AoCld, reached its
absorption maximum 8 us after mixing and subsequently
started to decrease and blue-shift (Figure 1B). The formation

of this species from the ferric resting state occurred entirely
within the dead time of the Nanospec (4 us). Thus, the
second-order rate constant k; could not be obtained, but it was
considered to be above 18.8 x 10° M~! s, the k_/K,, of
AoCld at pH 7.0.

The decrease in absorptivity stopped after 100 us as the
Soret band shifted to 395 nm (Figure 1B). This experiment
was a multiple-turnover experiment of 30—150 turnovers, of
which maximally 3—4 turnovers are observable within the
timeframe of the experiment (7, = 1/k, = 200 ps). We,
therefore, attribute the spectral change to the formation of a
second intermediate, the UV—vis spectrum of which is similar
to that of the resting state enzyme in the absence of a substrate.
Interestingly, the second intermediate signal had a higher
absorptivity of the Soret band than the ferric resting state
enzyme (Figure 1F), and the broad CT band around 500 nm is
blue-shifted (Figure 1D). The measurement of the UV—vis
spectrum of AoCld after completion of 50 turnovers of chlorite
conversion in a conventional spectrophotometer showed that
the enzyme returned to its standard Fe®" resting-state spectrum
after completion of all turnovers and showed no instability
(Figure S6).

The first-order rate constant k., for the intermediate
species’ conversion is in the 2 to 4 X 10* s™" range and shows a
negative trend with the chlorite concentration (Table S2,
Figures S7 and S8). The time constant 7 for the reaction is
linearly correlated to the chlorite concentration and hence the
number of turnovers (at 50 mM chlorite ~ 150 turnovers). To
choose the correct time points for the MHQ samples for
subsequent EPR analysis, the kg, was recalculated for the
operating temperature of the MHQ setup. The 7 for the
intermediate conversion under the MHQ_ conditions was
predicted to be circa 200 ys, while the 7., for a full turnover
was circa 0.9 ms. This indicates that the Nanospec and MHQ
experiment timescales overlap (Figure 4).

The EPR spectrum of the sample frozen at 97 us showed
four new signals that do not coincide with those of the resting
state enzyme. The spectrum was dominated by a HS ferric
signal (S = 5/2, g,,, = 5.87, 5.72, and 1.99), which has a more
axial character and an increased amplitude compared to the
ferric resting state (Figure 3B,D and Table 1, 8y = 6.70., 5.02,
and 1.99 and 6.24, 5.42, and 1.99). The 8y < 6.0 indicates that
the signal represents a quantum mechanically spin mixed S =
5/2 and S = 3/2 state (QS).** This different HS signal
indicates that the iron’s environment has changed, but its
oxidation state (Fe®*) remained unchanged. We attribute this
species to the substrate adduct with chlorite bound to the ferric
enzyme, a 6-coordinate HS (6cHS) or QS ferric species.

Two nearly isotropic signals characterized by average
effective g values 2.023 and 2.005 (Figure 3D,F) were detected
in the 97 ps sample. g.& = 2.023 would be an unusually high g-
value for an amino acid radical. Indeed, the two signals are
found to be part of a single species as indicated by a
measurement at two different microwave frequencies 9.403
and 9.620 GHz (Figure SA). The spectra are identical if the
field is normalized by an overall field shift, but they are not
identical if the field is normalized on an inverted g-value scale.
This shows that the two lines represent zero field splitting
(ZFS) due to spin coupling rather than two independent near-
isotropic radicals. The signals have the same power saturation
behavior and temperature dependence (Figures S9 and S10).
In the reaction with PAA, this signal was not observed (Figure
3C,E). The two signals are separated by circa 25 gauss, which
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Figure 3. AoCld pre-steady-state kinetics with PAA and chlorite substrates observed with MHQ-EPR spectroscopy. PAA substrate: (A,C,E) 1.5
mM PAA and 500 yM AoCld, both dissolved in 100 mM KPi, pH 7, were mixed at 9 °C and frozen rapidly. The control experiment consisted of
500 uM AoCld and 100 mM KPi buffer, pH 7, mixed and quenched at 97 ys. The reaction between PAA and AoCld was quenched at 97 s, 800 s,
2 ms, and 16 ms after mixing. Chlorite substrate: (B,D,F) 75 mM sodium chlorite and 500 #M AoCld, both dissolved in 100 mM KPi, pH 7, were
mixed at 9 °C and frozen rapidly. The reaction between sodium chlorite and AoCld was quenched at 97 s, 300 s, 2 ms, and 200 ms after mixing.
EPR spectra in (A—D) were obtained with microwave frequency 9.41 GHz, microwave power 20 mW, modulation frequency 100 kHz, modulation
amplitude 10 G, and temperature 20 K. EPR spectra in (E,F) were obtained with microwave frequency 9.406 GHz, microwave power 0.2 mW,
modulation frequency 100 kHz, modulation amplitude 2 G, and temperature 20 K, and four spectra were averaged.

is too large to be the result of the hyperfine coupling of a single
Tyr or Trp radical species.48 We, therefore, propose that this
signal represents a triplet state (S = 1, g & 2.01S) resulting
from two spin-coupled amino acid-based cation radicals. We
designate this triplet-state intermediate as Compound T, or
Cpd T. An approximate simulation assuming S = 1 revealed g,
=2.013S and ZFS parameters D = 0.003 cm™" and E = 0.00025
cm™! (Figure SB). Following the decay of the triplet species, an
isotropic radical signal with g, = 2.004 appeared in the
millisecond to subsecond timescale (Figure 3D,F, bottom
traces), which suggests that this may represent a minor off-
pathway intermediate. The signal is similar to species 2
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observed in the PAA reaction, although the low abundance of
this radical did not allow observation of resolved hyperfine
interaction.

Alternatively, the doublet signal centered around g = 2.015
could represent a chlorine-based radical, which is the
mechanistic intermediate product that has been proposed
previously (Scheme 1). To investigate the possibility of a
chlorine-based radical, an EPR simulation was performed using
the following conditions: (i) the presence of two different
isotropic components in a ratio of 75.76% **ClI to 24.24% *'Cl,
each with a nuclear spin I = 3/2, (ii) the hyperfine splitting of
33Cl is circa 20% larger than that of *’Cl, corresponding to the
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difference in their nuclear g factor, and (iii) the g, is circa 2.01
for each component. Based on these conditions, we obtained a
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Table 1. EPR Parameters of AoCld Intermediates

resting state & & & simulated spectrum that resembles the triplet-state spectrum
HS broad 670 502 1.99 (Figure SB). However, in the simulated spectrum, two
PAAIi :Z:;)::rate . 6.24 " Sg'42 . 1.991“? B “satellite signals” are prominently present due to the Cl atom
* 4 i o D hyperfine splitting, which are absent in the experimental

species 1, EI 5.95 5.80 1.99

spectrum. Broadening the linewidth of these satellite peaks in

species 2, R1 2.005 78 the simulation also broadened the signal in the center. We can,
species 2, R2 2.003 7.8 . .
i therefore, exclude that the experimental signal represents a
chlorite as a . .
substrate g g g g Dt EE chlorine-based radical.
HS 5.87 572 1.99 A transient LS ferric signal with g, = 2.98, 2.264 was
LS (141)¢ 2264 298 observed, for which the g, contribution could not be observed
Cpd T 20135 0.003  0.00025 but was calculated to be 1.41 (Figure 3D, Table 1). This shows
Radical 2.004 that a transient LS ferric species, formed at 97 ys — 2 ms
A in gauss ’D in cm™. °E in cm . “Calculated using g2 + g,* + g 1r.eactlor_l t}mes, orlgmatmg from a cor.nplex with a strong-field
- 16 igand is involved in the Cld mechanism.

The rhombic HS ferric signal (S = 5/2) was partially

restored with time (Figure 3B); however, it is clearly different
” 1o from the ferric resting state HS signal. The reaction between
o Qs og“g_’__ AoCld and chlorite at 200 ms could be approaching steady-
& :Eg“ 2 state, resulting in multiple overlaying spectra that form an
E - radical | 0© T altered signal, which is slightly different from the resting HS
5 Nanospec |- 0.4 2 signal. We estimate the 7, for 150 turnovers at 9 °C to be
g o :; Tg 136 ms, which means that the total conversion is circa 80%

- 028 complete at 200 ms.
L 0.0 RR spectra of the AoCld sample quenched at 97 us showed
o T e e e v, at 1375 cm™ and v; at 1494 cm ™!, which we attribute to the

10 10 10 10 10

substrate adduct (Figure SSB). Although the bands are not
characteristic for the 6cHS ferric species, the v; mode is
slightly upshifted compared to the ScHS mode of the resting
state enzyme, suggesting an altered electronic structure (1492
cm™', not detectible in the Figure SSB top trace but
consistently present in the RR spectra of other samples). An

Time (s)

Figure 4. Time traces of the intermediate species of AoCld detected
in the MHQ_(solid lines) and Nanospec (dashed lines) experiments
with chlorite as the substrate. The traces from the Nanospec
experiments were recalculated to 9 °C. The vertical dotted line
(black) indicates the time constant for a single turnover (7 = 1/

k.,) recalculated to 9 °C. HS, HS ferric intermediate; Cpd T, triplet-
state intermediate Compound T; LS, LS ferric intermediate; radical,
amino acid cation radical; 11, intermediate 1; and 12, intermediate 2.

example of an established 6cHS ferric species, the fluoride
adduct of DaCld, has v; at 1478 cm™" for the 6cHS ferric
state.”’

— Exp
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—— Sim chlorine
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Figure S. Assignment of the Compound T EPR signal as a triplet-state biradical. (A) Cpd T EPR signal was recorded at two different microwave
frequencies: 9.62054 and 9.40333 GHz. The AoCld MHQ sample at 97 ps reaction time with chlorite was measured at microwave frequencies of
9.40333 (blue or red line) and 9.62054 GHz (black line). The blue spectrum shows that the 9.40 GHz spectrum shifted to a field corresponding to
that of the 9.62 GHz spectrum. The red spectrum shows that the 9.40 GHz spectrum transformed to the frequency 9.62 GHz. The blue and black
spectra overlap, which shows that the spectral features are independent of the frequency; that is, they do not correspond to real g values. The red
spectrum (transformed 9.40 GHz) slightly extends beyond the limits of the black spectrum, which again proves that the main spectral features are
not real g values, that is, they cannot represent two independent S = 1/2 radicals. (B) Experimental and simulated Cpd T signal of AoCld reacted
with chlorite as a triplet-state biradical (blue) or a chlorine-based radical (red). The top trace (black) is the AoCld MHQ 97 s reaction mixture
with chlorite recorded at 9.62054 GHz. The middle trace (blue) is a simulation assuming S = 1, g, = 2.0135, D = 0.0030 cm™’, E = 0.00025 cm ™,
and linewidths w, = 0.0045 and w,, = 0.0015 (standard deviation of g strain). The lower trace (red) is a simulation assuming S = 1/2, 1 *ch=1
(*’Cl) = 3/2, relative intensity **CI/*’Cl component = 1:0.32, g, = 2.014, Azyx(35 Cl) = 40, 4, and 4 gauss, linewidth Wzyx(35C1) =3, 3, and 10 gauss,
Azyx(37Cl) = 33, 3.3, and 3.3 gauss, and linewidth W,,,(*’Cl) = 3, 3, and 10 gauss.

zyx
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Scheme 2. Proposed Reaction Mechanism of the Reaction between AoCld and (I) Peracetic Acid (II) Chlorite Based on Direct

Spectroscopic Evidence Presented in This Work”
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Early Intermediate in the Reaction Mechanism of
PAA and AoCld. It is well-established that PAA readily forms
Cpd I and Cpd II with heme enzymes. Here, we provide
evidence for an EI in the PAA reaction with CId that has not
been previously observed. We attribute the EI to the [Fe(III)—
OOAc] complex, which is the product of the first step in the
mechanism (Scheme 2). This assignment can be justified by
the reconstructed UV—vis spectrum that shows a Soret band
with a peak at 403 nm and a higher absorptivity than the
resting state spectrum of AoCld and the same broad CT bands
around 525 nm as the resting state spectrum (Figures 1E and
S1). The EPR signal of the EI is consistent with a HS ferric
species with g, = 5.95 and 5.80 (Table 1 and Figure 3A). The
binding step of PAA to the ferric heme is fast and the O—O
bond of PAA is cleaved heterolytically to yield Cpd I and an
acetate anion with a rate constant of (3.45 &+ 0.41) X 10° s},
which linearly increases with the PAA concentration with a
second-order rate constant (0.22 + 0.04) X 10° M~! s™%. The
UV—vis spectra show a species with decreased absorptivity and
Soret absorbance at 401 nm characteristic of Cpd I, although
no Cpd I EPR signal at ¢ ~ 2 that is asymmetric and
unsaturated at high power was detected. The cation radical
migrates from the porphyrin ring to a nearby amino acid due to
electron transfer from one of the aromatic amino acids close to
the heme (W127, W155, W156, or Y118), as can be seen at 16
ms reaction time (Figure 3E), and Cpd II is formed with an
apparent first-order rate constant of 1.69 X 10° s™. The
reconstructed UV—vis spectrum (Figure lE) demonstrates
Cpd II hallmark properties®”*® with a narrow Soret band at
414 nm and prominent a and f# bands at 550 and 530 nm,
respectively. After Cpd II formation, AoCld bleaches out
(Figure S3) as it cannot return to its ferric resting state, which
makes Cpd II a dead-end for the enzyme in the absence of
reducing agents. After prolonged incubation (5—140 s), the
axial HS ferric signal characteristic of the free heme becomes
visible (Figure S11). The Cpd II signal change in the second to
minute time range followed a two-exponential decay. This
instability was not observed for AoCld after completing SO
turnovers with chlorite, which showed negligible spectroscopic
changes from the resting state ferric enzyme in the time range
at least up to 1S min (Figure S6).

A direct comparison of our findings with previously reported
kinetic studies on Clds is not straightforward, as those have
been performed with different artificial substrates, like
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performed at different pH values.”' Lee et al. used PAA at pH 7
as an artificial substrate to study the mechanism of DaCld."®
The overall reaction (until Cpd II formation) was slower (7 =
20 ms) than in our study of AoCld (7., = 6—9 ms). It is
important to note that the PAA concentration used in the
study by Lee et al. was 5—200 times lower than in our
Nanospec experiments and the temperature was 10 °C and not
29 °C. Consequently, the EI rate of formation could have
obscured the observed rate of Cpd I formation in the previous
study. Furthermore, the Cpd II formation in AoCld (1.69 X
10* s7') is 10 times faster than the Cpd II formation in DaCld
(170 s7'), which is partially explained by the temperature
difference. Based on the Eyring equation, we can predict a k3 =
423 57 at 10 °C for AoCld. It is expected that these two Clds
behave similarly as they share a 98% amino acid sequence
identity and have similar structural and kinetic properties.

A computational study based on density functional theory
(DFT) calculations on the mechanism of the Cld active site
with PAA predicted a mechanism involving homolytic cleavage
of the O—O bond leading to Cpd II and an acetate radical,
followed by rapid electron transfer resulting in Cpd I and an
acetate.”” This contradicts our experimental observation that
Cpd I is formed first, followed by Cpd II formation, as has
been found for DaCld previously. ® In contrast to the
computational predictions, the PAA conversion mechanism
involves heterolytic O—O bond cleavage.

Heterolytic Cleavage of CI-O and a Triplet-State
(Compound T) Intermediate in the Mechanism of
AoCld. The Nanospec and MHQ experiments provide
evidence of a new mechanism for the reaction of Cld with
its natural substrate chlorite (Scheme 2). AoCld reacts fast with
chlorite to form a substrate adduct. Subsequently, the C1-O
bond is cleaved heterolytically to yield a triplet-state
intermediate that we designate as Compound T (Cpd T)
and hypochlorite (ClO~) as an intermediate reaction product.
The existence of Cpd T shows the involvement of a two-
electron transfer step, which is evidence of heterolytic, and not
homolytic, cleavage of the C1—O bond. We attribute the triplet
state to two weakly coupled amino acid cation radicals. The
Nanospec data (Figure 1B,D) provide no evidence for a Cpd I
and Cpd II intermediate. A single amino acid radical signal is
present after multiple turnovers (Figure 4), which we attribute
to the formation of an off-pathway species due to electron
transfer from a nearby aromatic amino acid to Cpd T, or to
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incomplete electron transfer to neutralize Cpd T. The identity
of the responsible amino acids remains to be determined
(ongoing work), although the nearby aromatic amino acids
W127, W155, W156, and Y118 are the most likely candidates.
Mutational studies on some of these residues in DaCld and
Nitrospira defluvii Cld (NdCld) have been reported.”*" Wild-
type NdCld has 1-2 orders of magnitude lower catalytic
efficiency than DaCld. Mutagenesis of the proximal arginine
has a large effect on both Ky and k, in DaCld but a much
smaller effect on NdCld.”>>® Mutation of W155 and W156
(AoCld numbering) to F, V, or Y in NdCld and F in DaCld
resulted in only relatively small changes in the kinetic
parameters. The DaCld WISSF variant was unstable. No
mutations to Ala have been reported for these residues.

A computational study on the reaction mechanism of Cld
with chlorite based on DFT calculations predicted homolytic
cleavage of the Cl-O bond resulting in a Cpd II and CIO®
radical as an intermediate state.”> We did not find evidence for
Cpd 1I formation in the reaction of AoCld with chlorite. The
authors considered only Argl83 and His170 as part of the
active site and not the aromatic amino acids close to the heme,
which may explain the discrepancy.

Taken together, we provide here novel evidence that the
commonly used model substrate, PAA, might not be as well-
behaved as previously assumed, since an acetate-leaving group
could be involved in the reaction. It has been shown that
acetate has a negative effect on the activity of AoCld and binds
directly to the ferric heme, therefore influencing the UV—vis
spectrum.”® Furthermore, the model substrate PAA might not
be suitable to predict the actual mechanism as the natural
substrate is cleaved heterolytically, but no Cpd I and Cpd II
species are involved in the reaction. Therefore, we need to
revisit the previously proposed mechanisms of Cld catalysis.

We propose that in a rebound step in the reaction with the
natural substrate chlorite, the intermediate product ClO~
reacts with the heme group to form a transient LS ferric
peroxyhypochlorite complex with concerted two-electron
transfer to neutralize Cpd T (Figure 3D). This transient
Fe(III)-peroxyhypochlorite species is represented by the
transient LS ferric EPR signal (Figure 3D). Alternatively, the
transient LS signal may represent the Fe(III)~OH complex.
However, the EPR spectrum of transient LS, with 8oy = 298,
226, (1.41), does not correspond to previously reported
spectra for AoCld Fe(IIl)—OH, with 8yx = 2.54, 2.18, and
1.87.% Also, for other LS Fe(IlI)—OH complexes in heme
proteins, g, & 2.6 is generally found.** >

Triplet EPR Spectra Represent the Spin—Spin Inter-
action of Two S = 1/2 Species. These spectra can be
described by their g-value and their ZFS parameters |DIl and |E|,
which are sensitive to the local symmetry of the spin—spin
interaction. Most cases of triplet states in enzymes and proteins
involve photoexcited states of aromatic amino acids and
cofactors such as chlorophyll and flavins.”” These photoexcited
states are transient and decay with a lifetime of milliseconds to
seconds even at 77 K. Molecular oxygen also has a triplet state,
which exhibits very broad EPR spectra characterized by a very
large ZFS gparameter D = 3.572 cm™ observed in condensed
phases.”®”

A triplet state has been identified as a transient intermediate
in the mechanism of oxygen reduction by a variant of the small
laccase SLAC in which only the trinuclear Cu cluster was
present and the T1 Cu site was vacant.’” This triplet state was
attributed to a Cu®*—Tyr radical pair in which the two spins
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are exchange-coupled. More recently, a biradical redox state
that produced a triplet EPR signal was identified in the
pyrroloquinoline quinone (PQQ)-dependent methanol dehy-
drogenase, which was attributed to a cysteine disulfide radical
dipolarly coupled to a PQQ radical.®" Triplet states resulting
from the spin—spin interaction between two S = 1/2 species
have also been observed in reduced ferredoxins containing two
[4Fe—4S] clusters and in di- and trimethylamine hydrogenases
containing a flavin radical and a Fe—S$ cluster.”>*

To the best of our knowledge, no triplet states of natural
heme proteins have been reported. A study on photoexcited
triplet states in myoglobin reconstituted with Mg-protopor-
phyrin IX complexes showed triplet EPR signals characterized
by ZFS parameters IDl = 0.035 — 0.037 cm™" and IEl = 0.006
em L% A recent report on self-assembled J-aggregates of
tetrakis(4-sulfonatophenyl)porphyrin in different protonated
forms showed photoexcited triplet EPR signals with ZFS
parameters IDI = 0.023 — 0.039 cm ™" and IEl = 0.006 — 0.008
cm™.% The triplet EPR signal of the AoCld Cpd T
intermediate has ZFS parameters that are significantly smaller
than for any of the biologically relevant triplet states
mentioned above.

A half field EPR signal at a g ® 4 signal representing the
forbidden m; = —1 < +1 transition is a typical indicator of the
triplet state, which unfortunately overlaps with the isotropic
(therefore: of relatively high intensity) rhombic HS ferric
signal at g = 4.3 of non-specifically bound iron. A small g = 4.3
signal can be seen in all AoCld EPR spectra. Given the small
ZFS parameters of the Cpd T signal of AoCld, only a low
amplitude signal at half field can be anticipated since the
amplitude of the half field triplet signal relative to the hi§h field
signal (close to g = 2.0) increases with increasing ZFS.”” Based
on the EPR simulation of the Cpd T signal, we expect the g &
4 signal to be of 1000 times lower intensity than the g ~ 2
signal. The intensity of the half field signal of a triplet species
will not be higher in parallel mode EPR.

The overall conversion of the substrate adduct to the second
intermediate state and subsequent catalytic cycles occurs at a
rate in the range from 2 to S X 10* s™' (Scheme 2), which is
considerably faster than the k. This supports the fact that the
Nanospec data represent pre-steady-state kinetic data of
primarily the first turnover (Figure 1B,D), as 80% of the
1900 UV—vis spectra are similar to the second intermediate
state. This intermediate state spectrum dominated the
subsequent turnovers as the enzyme is approaching a steady
state. The total time constant 7., for 150 turnovers at 29 °C is
30 ms, which is well past the time range of the Nanospec
experiments (0.6 ms).

The use of chlorite as an oxidant and halogen donor has
been studied for HRP and chloroperoxidase.”® Chlorination of
monochlorodimedone to dichlorodimedone by the two
enzymes was optimal at low pH values ranging from 2.5 for
chloroperoxidase to 4.1 for HRP. Several studies have provided
evidence of a Cpd I intermediate as the oxidizing species and
released hypochlorite, chlorine dioxide, or chlorous acid as
chlorinating species.67’68 More recently, the reaction of chlorite
with mammalian myeloperoxidase and lactoperoxidase has
been reported.”” After the formation of a transient HS ferric
chlorite adduct, both enzymes rapidly inactivated and showed
evidence of heme degradation. One-electron oxidation of
chlorite to chlorine dioxide by Cpd I and Cpd II preformed
with hydrogen peroxide was observed using sequential mixing
SF experiments for both enzymes. Our proposal that neither
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Cpd I nor Cpd 1II is involved in the natural mechanism of
chlorite conversion by Cld may explain why other heme
enzymes react so differently and why Cld cannot use chlorite
for peroxidation reactions. The high turnover rate is an
essential feature of Cld to prevent heme degradation and
therefore ensures survival of the bacteria despite a toxic
respiratory metabolite.

In this work, we identify new catalytic intermediates for the
reaction of AoCld with its natural substrate chlorite (ClO,"),
based on the analysis of MHQ and Nanospec data. Therefore,
we propose a revised mechanism (Scheme 2) as the previous
mechanistic studies on different Clds were predominantly
based on artificial substrates, which, at least in the case of PAA,
has now been shown to be misleading. We present direct
spectroscopic evidence that chlorite binds to the heme iron of
AoCld to form a substrate adduct. The substrate adduct is
cleaved heterolytically at a high rate to yield a ferric heme and
two weakly coupled amino acid radicals in a triplet state. The
latter represents a new transient catalytic intermediate Cpd T
that can be detected only using the MHQ_ setup. It is
transformed in a rebound step with the intermediate product
hypochlorite CIO™ to a transient LS ferric peroxyhypochlorite
intermediate with concerted two-electron transfer to neutralize
Cpd T. The peroxyhypochlorite intermediate cleaves into
chloride CI™ and molecular oxygen O,, resulting in the return
to the resting-state ferric enzyme. In the newly 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
efficiency. Further studies using different pH values and
variants of the catalytically important Arg183 and the Trp and
Tyr residues that may be responsible for the radical species are
in progress to evaluate the newly proposed mechanism in more
detail.
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