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Chlorite dismutases (Clds) are heme b containing oxidoreductases able to decompose chlorite to chloride and
molecular oxygen. This work analyses the impact of the distal, flexible and catalytic arginine on the binding of
anionic angulate ligands like nitrite and the substrate chlorite. Dimeric Cld from Cyanothece sp. PCC7425 was
used as a model enzyme. We have investigated wild-type CCld having the distal catalytic R127 hydrogen-bonded
to glutamine Q74 and variants with R127 (i) being arrested in a salt-bridge with a glutamate (Q74E), (ii) being
fully flexible (Q74V) or (iii) substituted by either alanine (R127A) or lysine (R127K). We present the electronic
and spectral signatures of the high-spin ferric proteins and the corresponding low-spin nitrite complexes eluci-
dated by UV-visible, circular dichroism and electron paramagnetic resonance spectroscopies. Furthermore, we
demonstrate the impact of the dynamics of R127 on the thermal stability of the respective nitrite adducts and
present the X-ray crystal structures of the nitrite complexes of wild-type CCld and the variants Q74V, Q74E and
R127A. In addition, the molecular dynamics (MD) and the binding modi of nitrite and chlorite to the ferric wild-
type enzyme and the mutant proteins and the interaction of the oxoanions with R127 have been analysed by MD
simulations. The findings are discussed with respect to the role(s) of R127 in ligand and chlorite binding and
substrate degradation.

formation and (ii) their potential application in the bioremediation of
harmful anthropogenic chlorite present in groundwater, drinking water,

1. Introduction

Chlorite dismutases (Clds, EC 1.13.11.49) are heme b-containing
prokaryotic oxidoreductases [1,2], which belong to the structural su-
perfamily of porphyrin-binding dimeric o + p barrel proteins that typi-
cally show a high functional diversity [3,4]. Clds convert chlorite
(ClO27) to chloride (C17) and dioxygen (Oz). These heme enzymes
attracted attention because of (i) their ability to catalyze O-O bond

and soil [1,2].

The reaction mechanism of Clds is still debated, as is the role of the
flexible catalytic arginine, which is the only charged amino acid in an
otherwise hydrophobic distal heme cavity [1,2]. Clds convert chlorite in
three steps (Reactions 1, 3, 4) in which the catalytic arginine might be
involved. The reaction is initiated by the binding of negatively charged

Abbreviations: Cld, chlorite dismutase; CCld, chlorite dismutase from Cyanothece sp. PCC7425; CW, continuous wave; D, tetragonal zero-field splitting; DSC,
differential circular calorimetry; E, rhombic zero-field splitting; ECD, electronic circular dichroism; EPR, electron paramagnetic resonance; HS, high-spin; LS, low-
spin; NdCld, chlorite dismutase from “Candidatus Nitrospira defluvii”; WT, wild type; ZFS, zero-field splitting.
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chlorite [pK, (chlorous acid) = 1.96; bond angle 111°; electronegativity
(CD) = 3.16] to the ferric state of Cld thereby forming the substrate
adduct (Reaction 1). Similar to chlorite, nitrite is also an angulate
oxoanion of the same formal charge at neutral pH and very similar bond
angle [pK, (nitrous acid) = 3.15; bond angle 115°, electronegativity (N)
= 3.04] that forms a low-spin (LS) complex with the ferric Cld (Reaction
2). The latter mirrors the substrate adduct in Reaction 1.

The substrate adduct cannot be trapped in Clds since chlorite is a
strong oxidant that immediately oxidizes the ferric enzyme to an oxoiron
(IV) intermediate, either Compound I [Por**Fe(IV) = O] or Compound II
[PorFe(IV) = O]. As a consequence, chlorite is either reduced to hypo-
chlorite (TOCI) (Reaction 3a) or chlorine monoxide (*OCl) (Reaction
3b). The actual molecular mechanism is still under discussion [5-18].
Finally, the transient chlorite reduction products must rearrange before
rebinding to and reacting with the respective oxoiron(IV) intermediate
to release dioxygen and chloride (Reactions 4a or 4b).

[PorFe(lll) ] + [0 — CI — O] —[PorFe(lll)|* — [0 — CI — O]~ Reaction 1

[PorFe(lll)]* + [0 — N — O] —[PorFe(lll)]* —[0 =N — O] Reaction 2

[PorFe(Ill)]* — [0 — Cl — O] —[Por**Fe(IV) = O]" +CIO~  Reaction 3a

[PorFe(lll)]* — [0 — Cl — O] —[PorFe(IV) = O] +CIO*
[Por**Fe(lV) = O]*... “OCl—[PorFe(lll)|* + 0, + CI~
[PorFe(IV) = O]... *OCl—[PorFe(lll)]* + 0, + CI~

Reaction 3b
Reaction 4a
Reaction 4b

Phylogenetic analysis demonstrated the presence of two Cld clades
[1,2], which differ in oligomeric state as well as overall sequence length
and architecture of the subunits. Typically, clade 1 Clds are homopenta-
or homohexamers with “long” subunits consisting of two ferredoxin-like
folds [5-8,10-14], whereas clade 2 Clds are homodimers with “short”
subunits, which are lacking most of the N-terminal ferredoxin-like fold
[9,15-18]. However, the C-terminal heme-binding ferredoxin-like fold
is highly similar to that of clade 1 Clds.

In the ferric resting state, the heme iron of Clds is ligated by a
proximal histidine and all so far published crystal structures show the
presence of a distal water [15]. As mentioned above, the only charged
amino acid in the hydrophobic distal heme cavity is a fully conserved
catalytic arginine (R127 in chlorite dismutase from Cyanothece sp.
PCC7425, i.e. CCld), which is flexible and switches between two con-
formations, i.e. toward either the heme iron (“in”) or the substrate entry
channel (“out™) [4,5,7-14,17,18]. Interestingly, the hydrogen-bonding
network of this arginine is different in clade 1 and clade 2 Clds.
Despite sharing the same heme cavity architecture, which is reflected by
similar redox properties and chlorite degradation activities [1,2,10], in
clade 2 Clds the catalytic arginine is H-bonded to a glutamine, whereas
in clade 1 Clds it does not interact with neighboring amino acids [18].
Recently, this structural difference between clade 1 and clade 2 Clds was
mirrored by the design of the CCld variant Q74V that reflects the situ-
ation in clade 1 Clds. In addition, the variant Q74E was produced to fix
R127 in a salt-bridge and diminish its flexibility [18]. It has been
demonstrated that the conformational dynamics of R127 has a signifi-
cant role in heme coordination during alkaline transition and in the
thermal stability of the heme cavity [18]. Moreover, the Ky value for
chlorite, calculated for the overall reaction, inversely correlated with the
flexibility of R127, i.e. Ky (Q74V) < Ky (wild-type CCld) < Ky (Q74E) at
pH 5.0 and neutral pH, whereas the impact on the overall catalytic ef-
ficiency was relatively small [18].

Here, in order to get more insight into the role of the flexible catalytic
arginine and its role(s) in substrate binding and degradation, we
investigated its involvement in the formation of the substrate adduct
(Reaction 1) mirrored by the formation of the LS nitrite complex (Re-
action 2). We present the electronic and spectral signatures of the high-
spin ferric proteins and the corresponding low-spin nitrite complexes
elucidated by UV-vis, circular dichroism and electron paramagnetic
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resonance (EPR) spectroscopies. Furthermore, we demonstrate the
impact of the dynamics of R127 on the thermal stability of the respective
nitrite adducts and present the X-ray crystal structures of the nitrite
complexes of wild-type CCld and the variants Q74V, Q74E and R127A.
Additionally, molecular dynamics (MD) of the active site along with
ligand binding to the Fe(IIl) of wild-type and variant proteins and the
interactions with R127 have been analysed by MD simulations. This
work clearly shows that (i) the flexibility of the catalytic arginine has a
strong impact on the thermodynamics of binding of angulate oxoanions
and (ii) chlorite and nitrite exhibit different binding modi to the ferric
resting state of Cld.

2. Materials and methods
2.1. Site-directed mutagenesis, expression and purification

The CCld variants R127A and R127K were obtained by site-directed
mutagenesis using the QuikChange Lightning Kit (Agilent, Santa Clara,
CA, USA). The modified wild-type plasmid described previously [18]
was used as template (Table S1). For control, the final plasmid was
sequenced from the primer pET-up (Microsynth, Balgach, Switzerland).

Recombinant protein expression of CCld variants was performed in
E. coli BL21 Gold (DE3) cells (Agilent) in LB-medium supplemented with
ampicillin as recently reported [18]. For protein purification the cell
pellets were thawed and resuspended in lysis buffer (50 mM phosphate
buffer, pH 7.4, 500 mM NaCl, 0.5% Triton X-100 and 5% glycerol) and
supplemented with ~100 pM hemin. After ultrasonication (two 3 min-
cycles, pulsed mode, 1 s sonication, 1 s rest, 90%) on ice, the cell lysate
was centrifuged (4 °C, 17000 g, 35 min). Following a filtration step
(0.45 pm, Durapore Membrane, Merck, Darmstadt, Germany) the
resulting crude extract was loaded onto a His-trap affinity column (5 mL;
GE Healthcare, Chicago, IL, USA) pre-equilibrated with binding buffer
(50 mM phosphate buffer, pH 7.4, 500 mM NaCl). After the protein-
loaded column was washed with binding buffer, on-column cleavage
of the His-tag was performed. Therefore, the column was equilibrated
with cleavage buffer (50 mM Tris-HCl with 150 mM NaCl and 1 mM
EDTA) and cleaving with a His-tagged HRV 3C PreScission Protease was
performed overnight at 4 °C. Elution was carried out with storage buffer
(50 mM phosphate buffer, pH 7.0) accompanied by a concentration and
desalting step using an Amicon Ultra-15 centrifugal filter unit (10 kDa
molecular weight cut-off; Merck, Darmstadt, Germany). As a final pol-
ishing step, the concentrated protein was applied to a pre-equilibrated
(50 mM phosphate buffer, pH 7.0) HiLoad 16/60 Superdex 200 prep
grade column (GE Healthcare). The collected fractions were pooled,
concentrated to a concentration of ~20 mg mL ™! using centrifugal filter
unit and stored at —80 °C in 50-100 pL aliquots.

2.2. UV-visible and electronic circular dichroism spectroscopy

UV-visible spectra (200-800 nm) were recorded routinely using a
Cary 60 UV-vis spectrophotometer (Agilent) at 25 °C. For determination
of enzyme concentration, a molar extinction coefficient of heme of egoyet
=100,000 M~ em~! was used [18]. For determination of Kp of the Cld-
nitrite complex, 10 pM enzyme in 50 mM phosphate-citrate buffer (pH
5.0), phosphate buffer (pH 7.0) or phosphate-borate buffer (pH 9.0)
were titrated step by step with the low-spin (LS) ligand. From the
resulting difference spectra specific wavelengths at 400 nm, 408 nm,
420 nm, 500 nm, 510 nm, 532 nm, 570 nm and 608 nm, depending on
the variant, have been selected for plotting AAbs versus nitrite concen-
tration. Sigma plot (Version 13.0, Systat Software, San Jose, CA, USA)
was used to fit the resulting curves to the following hyperbola equation
with b corresponding to Kp, x representing the nitrite concentration, a
corresponding to the maximal absorption of the Soret band in saturation
of the ligand and y being the absorption at the respective wavelength:
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For electronic circular dichroism spectroscopy, Chirascan from
Applied Photophysics (Leatherhead, UK) was used. Spectra were
recorded in the far-UV region (180-260 nm) and in the visible region
(260-500 nm) using 10 pM CCld. The path lengths for the far-UV and
visible region were 1 mm and 10 mm, respectively. Used buffers were 5
mM citrate-phosphate buffer (pH 5.0), 5 mM phosphate buffer (pH 7.0)
and 5 mM borate-phosphate buffer (pH 9.0). The spectral bandwidth

was set to 1 mm and the scan speed was 5 s nm ™.

2.3. Electron paramagnetic resonance spectroscopy and crystal field
analysis

The effects of the addition of a large excess of NaNO, to wild-type
ferric CCld and variants were assessed by electron paramagnetic reso-
nance (EPR) spectroscopy. In addition, measurements of ferric NdCld
and myoglobin in presence of nitrite were performed as well. EPR
samples of chlorite dismutases were prepared taking care of consistency
with the other experiments presented in this work. More specifically, for
measurements at neutral pH CCld samples were either prepared in 50
mM sodium-phosphate buffer (sodium phosphate monobasic-dibasic
mixture), pH 7.0 (R127A, R127K) or in a 50 mM “temperature-inde-
pendent” (TIP) buffer, pH 7.0, composed of 45% HEPES and 55% so-
dium phosphate [19] (NO,~ complex of wild-type CCld). NdCld samples
were prepared in 50 mM HEPES buffer, pH 7.0 (storage buffer following
protein purification [12]). Myoglobin from equine skeletal muscle
(HsMb) (95-100% pure, essentially salt-free, lyophilized powder) was
purchased from Sigma-Aldrich and used without further purification.
HsMb samples were prepared in 50 mM Tris-HCl buffer, pH 7.0. For
measurements at basic pH, samples of NOy~ complexes of Q74E and
Q74V were prepared either in 50 mM phosphate/borate buffer, pH 8.5,
or in 50 mM Tris-HCI, pH 8.5 (both buffers were filtered and degassed
before use). Where not otherwise specified, protein concentration was
400 pM and NaNO; was added in a 500-fold excess (final concentration
of 200 mM). Samples of nitrite adducts for EPR experiments were freshly
prepared before each measurement to avoid possible effects due to the
high concentration of nitrite and interference of NO, which can be
formed at acidic pH (see Discussion section) [49]. In particular, the
following procedure was used: first, the appropriate volumes of protein
stock solution and buffer were mixed together in a standard 1.5 mL
-Eppendorf tube to obtain the correct dilution; next, an aliquot of a
concentrated NaNO, solution was added to the mixture to get the
desired protein:NO, ™ ratio. The sample was then quickly transferred in
an EPR tube (@ = 4 mm) and immediately frozen in liquid No.

X-band continuous wave (CW)-EPR measurements of CCld and
NdCld samples at pH 7.0 (with and without NaNO,) were performed on
a Bruker ESP300E spectrometer operating at microwave frequencies of
~9.44 GHz. Temperature was set to 10 K with the use of a liquid-helium
cryostat (Oxford Inc.) and excess of paramagnetic O was removed by
applying several freeze-pump-thaw cycles to the quartz EPR tubes con-
taining the samples, before starting the EPR experiment. Measurements
of NO2~ complexes of Q74E and Q74V at pH 8.5 and HsMb were carried
out with a Bruker ELEXSYS E580 X-band spectrometer equipped with an
Oxford ESR 900 continuous-flow helium cryostat and a Bruker ER 4122
SHQ resonator (operating at a microwave frequency of ~9.4 GHz).
Spectra were recorded at 10 K under non-saturating conditions. In
particular, the microwave power was adjusted in each experiment ac-
cording to protein concentration or resonator sensitivity in order to
obtain non-saturated spectra. A modulation frequency of 100 kHz and a
modulation amplitude of 1 mT were also used. Simulations of EPR pa-
rameters were performed with the EasySpin tool (v. 6.0.0-dev.26) [20].

The EPR spectra of the low-spin NO2~ complexes of chlorite dis-
mutases and reference heme proteins were further analysed with a
crystal-field model, which allows to correlate the g-values obtained from

Journal of Inorganic Biochemistry 227 (2022) 111689

the simulations to the energy differences of the iron t,, orbitals [21-23].
The rhombic (V/ 1) and the tetragonal (4/ 1) crystal field parameters
were calculated according to Taylor’s formalism [24] using the
following relations, where V is defined as the energy splitting between
the dy, and dy, orbitals, A as the splitting between the d,, and the average
of the energy levels of the d; and dy, orbitals and 1 as the spin-orbit
coupling factor (see energy scheme in Fig. S11):

A=—S8 L & _vy /) )]
8 +gy 8z — 8«

=%, & @
g:+gv gy_gx

AJA=B—AJ2 3)

A “Blumberg-Peisach” diagram [25] (Fig. S12) was constructed by
plotting the rhombicity (V/A), which reflects the relative rhombic-to-
axial character of the system, versus the tetragonal field parameter
(4/2) for each low-spin species.

2.4. Chlorite degradation activity

Enzyme-mediated chlorite degradation was measured polarograph-
ically following the release of O by using a Clark-type oxygen electrode
(Oxygraph Plus; Hansatech Instruments, Norfolk, UK). Reactions were
monitored at 30 °C using a connected water bath. The electrode was
calibrated by equilibrating to 100% O air by bubbling with air and to
0% O saturation by flushing with N until stable plateaus were reached
to derive an offset and calibration factor. Reactions were performed in
O,-free 50 mM phosphate buffer, pH 7.0. Substrate was added to final
concentrations of NaClO, ranging from 250 pM to 50 mM. Concentra-
tions of the chlorite stock solutions were determined by using its molar
extinction coefficient at 260 nm, i.e. 154 M 1lem™! [26]. Reactions were
started by adding 20 nM (wild-type CCld, Q74V, Q74E) or 250 nM
enzyme (R127A and R127K). Finally, dioxygen production rates (M Oq
s 1) were determined from the initial linear time traces and plotted
versus chlorite concentration to derive catalytic parameters.

2.5. Differential scanning calorimetry

Differential scanning calorimetric (DSC) experiments were per-
formed on a MicroCal PEAQ-DSC Automated (Malvern Panalytical Ltd.,
Malvern, UK) equipped with an autosampler for 96 well plates and
controlled by the MicroCal PEAQ-DSC software (cell volume: 130 pL).
Samples were analysed over a temperature range of 20 to 80 °C, using a
heating scan rate of 60 °C h™!. Each sample was immediately rescanned
to check for reversible unfolding. Furthermore, if no refolding was
detectable, this rescan was used as baseline. Wild-type CCld and variants
were applied as 20 pM solution in 50 mM citrate phosphate buffer (pH
5.0), phosphate buffer (pH 7.0) and borate phosphate buffer (pH 9.0).
For LS complex formation 20 mM, 100 mM and 200 mM sodium nitrite
(NaNO,) was added to the ferric proteins, at pH 5.0, 7.0 and 9.0
respectively. Fitting of the data was performed with the MicroCal PEAQ-
DSC software using a non-two-state equilibrium unfolding model.

2.6. X-ray crystallography

Crystallization experiments were performed using the sitting drop
vapor diffusion method in SWISSCI MRC three-well crystallization
plates (Molecular Dimensions, Newmarket, UK). Crystallization drops
were set up using a mosquito crystallization robot (TTP Labtech, GB).
The reservoir was filled with 40 pL precipitant solution. In the sample
wells, ratios of 150:200 nL, 200:200 nL, and 250:200 nL protein to
precipitant were dispensed. Protein concentration was approximately
10 mg mL~! in 50 mM phosphate buffer, pH 7.0. In addition to known
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crystallization conditions [17,18], 0.1 M MES, pH 6.5, 0.15 M MgSO4,
28% w/v polyethylene glycol 3350, 3% v/v glycerol (for wild-type CCld
and Q74E) and 0.1 M TRIS, pH 8.5, 0.2 M MgCl,, 20 w/v% PEG 8000
(for Q74V) were used. Commercially available crystallization screens
were used for further screening for the other CCld variants (R127A and
R127K). Crystallization plates were stored in a Formulatrix RI-1000
imaging device at 22 °C. Successful hits were obtained using the
known conditions (wild-type CCld, Q74V and Q74E, R127A (for soaked
crystals) and R127K) and the PACT premier screen from Molecular Di-
mensions (R127A). Initial screening conditions were optimized for
growth of larger crystals by using the micro seeding technique. For this
method, a single crystal was placed in crystallization solution in a fresh
tube and crushed by vortexing using the Seed Bead™ kit (Hampton
Research, Aliso Viejo, CA, USA). The seeding solution was used in a ratio
of 1:100 for further crystallization. Final conditions were as follows. For
wild-type CCld-nitrite complex: 0.1 M MES pH 6.5, 0.15 M MgSO04, 24%
w/v PEG 3350; Q74V-nitrite complex: 20% w/v PEG 8000, 0.1 M TRIS
pH 8.5, 0.2 M MgCly; Q74E-nitrite complex: 0.1 M MES pH 6.5, 0.15 M
MgS0y4, 23% w/v PEG 3350, 2% v/v Glycerol; R127A: 0.1 M TRIS pH 8,
20% w/v PEG 6000, 0.2 M MgCly; R127A-nitrite complex: 0.1 M MES
pH 6.5, 0.15 M MgSO4, 23% w/v PEG 3350, 5% v/v glycerol; R127K:
0.1 M MES pH 6.5, 0.15 M MgSO4, 30% w/v PEG 3350, 4% v/v glycerol.
All crystals were soaked with mother liquor supplemented with 20%
glycerol, except R127A, which was supplemented with 20% 2-methyl-
2,4-pentanediol (MPD). Crystals were harvested using a cryo-loop and,
finally, flash-vitrified in liquid nitrogen.

Data sets of the variants R127A and R127K were collected at 100 K
using an Eiger2 XE 16 M detector at the beamline i04 at the Diamond
Light Source (DLS, Didcot, United Kingdom). Further data was collected
at 100 K at beamline ID30A-3 (wild-type CCld-nitrite complex) using a
Eiger X 4 M detector, at beamline ID-23-1 (nitrite complexes of Q74V
and Q74E) using a Pilatus 6 M detector and at beamline ID23-2 (R127A-
nitrite complex) using a PILATUS3 X 2 M detector at the of European
Synchrotron Radiation Facility (ESRF, Grenoble, France).

Datasets were processed with XDS and symmetry equivalent re-
flections were merged with XDSCONV [27]. Intensities were not con-
verted to amplitudes. Initially we used a conservative high-resolution
cutoff I/SIGMA = 1-2 [28]. The phase problem was solved by molecular
replacement using phenix.phaser [29] taken the search models 5SMAU,
7ASB and 7ATI [18]. The model was further improved by iterative cycles
of manual model building using COOT [30] and maximum likelihood
refinement using phenix.refine [31]. Phenix.refine converted intensities
into amplitudes using the French and Wilson algorithm [32]. B-factor
model was selected using the algorithm implemented in PDB_REDO,
which is based on the number of X-ray reflections per atom and a recent
implementation of the Hamilton test [33-35]. The final high-resolution
cut-off was based on performing paired refinement using the PDB_REDO
webserver [36]. Final stages of refinement included either Translation
Liberation Screw (TLS) parameters, isotropic or anisotropic B-factor
models, automated addition of hydrogens and water molecules, opti-
mization of X-ray/ADP weight, and optimization of X-ray/stereochem-
istry weight. The model was validated with MolProbity [37].
Figures were prepared with PyMOL Molecular Graphics System (Version
2.3.4, Schrodinger, LLC). The PyMOL-Plugin CAVER 3.0 [38] was used
to characterize changes in the active site channel due to introduced
mutations. Starting point for channel calculations was the heme iron in
the active site.

2.7. Molecular dynamic simulations

All molecular dynamics simulations of CCld were started based on
the respective crystal structures of the resting state [PBD code: SMAU
(wild-type CCld), 7ATI (Q74V) and 7ASB (Q74E)] and were performed
using the GROMOS11 molecular simulation package [39] and GROMOS
force field 54A8 [40]. The heme b cofactor was linked to the coordi-
nating histidine [41] and the structures were relaxed by an in-vacuo
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steepest descent energy minimization with a convergence criterion of
0.1 kJ/mol [42]. The relaxed structures were solvated in a periodic
rectangular simulation box with the simple point charge water model
[43] (minimal solute-wall distance of 0.8 nm), followed by a second
energy minimization step to remove unfavourable solute-solvent con-
tacts. To obtain a neutral system and mimic a 50 mM buffer, pH 7, 30
sodium and 24 chloride ions were added to the system prior to equili-
bration (gradual temperature increases of 60 K every 20 ps followed by
100 ps with T = 300 K, constant pressure). Parameters for chlorite were
taken from Siindermann et al. 2014 [13]. For nitrite parameters were
calculated using the automated topology builder webserver (https://atb.
ug.edu.au/). For simulations with nitrite or chlorite in the active site
(“bound form”) the water molecules directly above the heme iron were
manually replaced with nitrite before the second energy minimization
and relaxed together with the solvent.

Plain MD simulations (T = 300 K, p = 1 atm) were performed for 50
ns using a step size of 2 fs. Coordinates were written out every 0.5 ps.
This was achieved through weak coupling with a relaxation time of 0.1
ps for the temperature and 0.5 ps for the pressure [44]. The isothermal
compressibility was set to 4.575 x 10~ (kJ mol nm~>)"1. Bond lengths
were constrained to their optimal values with a relative geometric ac-
curacy of 10~* using the SHAKE algorithm [45]. The non-bonding in-
teractions were calculated using a twin-range cut-off [46] and a
molecular pair list, with a short-range cut-off of 8 nm and a long-range
cut-off of 1.4 nm. A reaction-field contribution [47] was added to the
electrostatic interactions and forces to account for a homogeneous me-
dium outside the cut-off using a dielectric permittivity of 61 [48]. An-
alyses of the coordinate trajectories was done with Gromos-++ programs
hbond, rdf and mdf. Coordinates at specific time point were generated
using Gromos++ program frameout and analysed using PyMOL Molec-
ular Graphics System (Version 2.3.4, Schrodinger, LLC).

2.8. Data availability

The structures presented in this paper have all been deposited in the
Protein Data Bank (PDB) with the following codes: 7OWI (R127A),
70UA (R127K), 70U5 (wild-type CCld soaked with NO, ), 70U9 (Q74E
soaked with NO, ™), 70U7 (Q74V soaked with NO5 ) and 70UY (R127A
soaked with NOy ™). All remaining data are contained within the article.

3. Results

3.1. Electronic configuration of ferric wild-type CCld and variants and the
corresponding low-spin nitrite complexes

The far-UV Electronic Circular Dichroism (ECD) spectra (200-260
nm) of recombinant wild-type CCld and the investigated variants Q74A,
Q74E, R127A and R127K are very similar, suggesting that the overall
secondary structure has not been altered by the inserted mutations
(Fig. S1B) [18]. Increasing the pH from 5 to 9 had no impact on the
spectral characteristics in the far-UV region (Fig. S1B). At pH 9, changes
in the visible ECD spectra of wild-type CCld and the R127A variant
indicate the formation of a hydroxo-low-spin (LS), as previously re-
ported for other CCld variants [18]. This distinct shift is not visible for
the R127K variant (Fig. S1A).

At pH 5.0 in the visible region, wild-type CCld and the variants Q74V
and Q74E show absorption spectra characteristic of the ferric high-spin
(HS) states (Figs. 1 & S2) [18]. Wild-type CCld exhibits a Soret band at
405 nm, Q-bands at 510, 531, and 570 nm, and a charge transfer band
(CT) at 630 nm (Fig. 1). In the Q-band and CT-band region both Q74V
and Q74E show some deviations from the wild-type spectrum. However,
addition of nitrite diminishes these differences and similar low-spin
complex spectra of these three proteins were obtained, characterized
by a red-shifted Soret band at 414 nm, Q-bands at 531-536 nm and
562-567 nm, respectively, and a CT-band at 625-628 nm (Figs. 1& S2).

At pH 7.0 the UV-vis bands of the three proteins in the ferric HS state
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Fig. 1. Formation of nitrite complexes of wild-type chlorite dismutase from Cyanothece sp. PCC7425 and the variants Q74V, Q74E and R127A at pH 5.0, 7.0 and 9.0.
(A) Dissociation constants (Kp) calculated from thermodynamic titrations followed by UV-vis spectroscopy. (B) Spectral transitions during high-spin (HS) to low-spin
(LS) transition of wild-type CCld at pH 5, 7 and 9 (left to right). For Q74V and Q74E see Fig. S2. The insets depict the wavelength range between 450 and 750 nm for
better visualization of the Q-bands and CT-bands. Blue spectra represent ferric HS spectra or partially hydroxo-LS spectra, whereas red spectra represent the LS nitrite
complexes at the end of titration. A 100- to 3000-fold excess of nitrite was used to obtain the final spectra, for pH 5 and pH 9 respectively. Note that the background
absorbance in the UV-region at pH 9.0 derives from the high nitrite concentration that is necessary for formation of a stable nitrite-complex. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

are (slightly) red-shifted (407-410, 533-541, 570-584 and 635 nm).
The broad range reflects the differences in alkaline transition reported
recently [18]. Similar to pH 5.0, addition of nitrite diminishes the
spectral differences between the three proteins and the resulting low-
spin spectra exhibit Soret and Q-band maxima at 414, 533-535 and
564-566 nm, respectively (Fig. 1B, Fig. S2). At pH 9.0 all three ferric
proteins already exhibit pronounced LS spectral signatures in their
resting state (Figs. 1 and S2) and the spectral features of the nitrite
complexes were almost identical and similar to those at pH 7.0.

While the UV-vis spectral transitions during conversion of HS to LS
states of wild-type CCld and the variants Q74V and Q74E are similar, the
calculated Kp-values of the nitrite complexes are varying significantly
(Fig. 1A and Table 1) with Q74V showing the highest affinity both at pH
5.0 and 7.0 (Kp = 31 + 2 pM and Kp = 153 + 41 pM) followed by wild-
type CCld (Kp = 60 + 4 pM and Kp = 367 + 84 uM) and Q74E (Kp = 200
+ 9 puM and Kp = 1250 + 250 pM). At pH 9.0 the affinity of nitrite is low
for all three proteins ranging from 2.03 + 0.2 mM (Q74E) to 3.3 + 0.2
mM (wild-type CCld).

For R127A and R127K rather different spectral changes are observed
upon titration with nitrite (Figs. 2, S2, S3 & S4). In contrast to wild-type
CCld and the Q74-variants, the red-shift of bands of ferric R127A during
alkaline transition is less pronounced (Figs. S2 and S3). Almost similar
bands were observed at pH 5.0 and pH 7.0 (407, 500/501, 545, 639/
633 nm), whereas the spectrum at pH 9.0 showed maxima at 409, 533,
564 and 637 nm (Fig. S2). The pH-dependence of the ECD spectra in the
Soret region look very similar for wild-type CCld and R127A showing a
shift of the Soret band from 414 to 422 nm (wild-type CCld) and 412 to
420 nm (R127A), respectively. In R127K the lysine residue seems to act

Table 1
Calculated dissociation constants for the nitrite complex of wild type CCld and
the variants Q74V, Q74E and R127A at pH 5.0, 7.0 and 9.0.

Kp [mM] pH 5.0 pH 7.0 pH 9.0
wild type 0.060 + 0.004 0.336 + 0.084 3.255 + 0.191
Q74V 0.031 + 0.002 0.153 + 0.041 2.657 + 0.177
Q74E 0.199 £ 0.009 1.246 + 0.254 2.030 + 0.204
R127A 6.345 + 0.994 272.772 + 28.534 >4000

14 —wt R127A pH5
09
08 1 / 44 1 019 53
)r \ / \ . _N\
0.6 - |7 / |\ 005 .-
| / \ 630
\ / \ N
04 | ) ‘\ os L1, ol . =
: / & 390 410 430 450 550 650 750
/ \
— 02 - \
s} \
< N~ -
— — ———
v 0 r : = !
e 350 450 550 650 750
©
1 -
+ pH7
2 /\ 414
L 08 - [l 09 0.1 4
=4 (/1 /X \ 533
a /X \ 533,
‘ A - 564
| 07 / \\ 0.5
0.6 1 \ / \ \__623
/| 054 —L o : ———
0.4 - / \ 390 410 430 450 550 650 750
A_// \
0.2 A \
\‘\
0 . = .
350 450 550 650 750

Wavelength [nm]

Fig. 2. Comparison of the UV-vis spectra of LS nitrite complexes of wild-type
CCld and the variant R127A at pH 5.0 and pH 7.0. For better visualization
the two insets depict the Soret region (390-430 nm) and the Q- and CT-band
region (450-750 nm) of wild-type CCld (blue) and R127A (yellow). A 100- to
300-fold excess of nitrite was used to obtain the final spectra, for pH 5 and pH 7
respectively. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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as distal heme ligand causing a LS spectrum. At alkaline pH the Soret
band is further red-shifted and the Q-bands are sharpened (Fig. S1).

Upon addition of nitrite the resulting Soret maximum of the LS
spectrum of R127A was significantly red-shifted compared to that of
wild-type CCld, Q74V or Q74E (Fig. 2 and S3). A similar but less sig-
nificant shift was also seen for R127K at pH 5.0. Here a LS species is
already present before addition of nitrite which is caused by the intro-
duced lysine coordinating the heme iron on the distal side (Fig. S4). At
both pH 5.0 and pH 7.0 the Soret band of R127A shifted to 420 nm after
addition of nitrite, whereas the intensity of the Q-bands at 529 and 567
nm significantly increased and the CT band disappeared (Fig. 2, S2, S3
and S4).

The pronounced difference in spectral signatures of LS species of
nitrite complexes between wild-type CCld and R127A is also reflected by
the respective visible ECD spectra. For wild-type CCld the Soret
maximum moves to 424 nm upon nitrite binding, whereas for both
R127A and R127K the corresponding ellipticity maxima shifted to 427
nm (Figs. S4).

Elimination of the distal arginine dramatically reduces the affinity of
nitrite. Calculated Kp values of the nitrite complex (Table 1) of R127A
vary from 6.4 + 0.9 mM (pH 5.0), 273 + 29 mM (pH 7.0) to >4000 mM
(pH 9.0). For R127K no reliable Ky, values could be calculated. It has to
be mentioned that at very high nitrite concentrations formation of ni-
trogen monoxide and formation of the respective NO-heme complex
could occur at acidic and neutral pH which impedes both correct spec-
tral assignment of the respective nitrite complexes of the two R127
variants and reliable calculation of the dissociation constants. This will
be discussed later on.

EPR analysis of wild-type CCld and variants in the presence of nitrite
reveals the formation of low-spin ferric species with distinct EPR fea-
tures, corroborating the UV-visible spectroscopy findings. The X-band

g-values

S DO >

T T T T T T

f LS1
| | |

+ NaNO,

L |
152/Ls3

50 150 250 350 450
Magnetic field [mT]

Fig. 3. X-band CW EPR spectra of wild-type CCld (top) and NO, -CCld com-
plex (bottom), at neutral pH. Samples were prepared either in 50 mM sodium-
phosphate buffer (wild-type CCld) [18] or in 50 mM TIP buffer (NO, -CCld
complex), pH 7. Measurements were performed with microwave powers of
either 2 mW (wild-type CCld) or 5 mW (NO, -CCld complex). Spectra are
shown normalized to their maximum intensity.
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CW EPR spectrum of wild-type CCld at pH 7 has been already shown
elsewhere [16,18], however, it is reported in Fig. 3 and Fig. S5 to
highlight the changes induced by the addition of nitrite at.

neutral pH. The HS signal of ferric CCld completely converts into
new multiple LS contributions, characterized by different g anisotropy
(simulation parameters reported in Table 2, simulation in Fig. S6a).
Among these, LS1 represents the major contribution and it is well
distinguishable from LS2 and LS3, which possess rather similar g-values
and are mostly overlapped. When nitrite is added to the Q74E and Q74V
variants at the same pH value (Fig. 4A, B and Fig. S5), the spectrum
profile is comparable to the one of wild-type CCld, as the same LS
contributions can be detected in similar relative ratios (Table 2, Fig. S6).

Fig. 4C and D depict the EPR spectra of the variants ferric R127A and
R127K with and without nitrite at pH 7.0. The exchange of the catalytic
arginine to alanine in R127A does not cause dramatic changes in the
spectrum, which remains essentially dominated by a high-spin Fe(III)
signal (Fig. S7, left panel), although with increased rhombic character
(Table S2). On the other hand, the EPR spectrum of R127K is clearly
different and dominated by new highly anisotropic low-spin features
characterized by very broad and poorly resolved lines, which impede
precise estimation of the g-values and even the detection of the high-
field features (Fig. S7, right panel, Table S2). These spectral features,
in accordance with the previously shown UV-vis spectral signatures,
indicate that the lysine in the R127K mutant is able to coordinate the
heme iron, as demonstrated by the X-ray crystal structure presented
below (Fig. 7C).

The EPR spectra of the NO,~ complexes of R127A and R127K are
again dominated by LS species. A signal with similar principal g-values
to LS1 (therefore referred as LS1*) and a new low-spin species (LS4)
contribute almost equally to the spectrum. Notably, in the case of R127A
some contribution from the HS signal (9%) remains after the addition of
nitrite (Table 2).

In addition, the EPR spectra of wild-type CCld and the variants Q74V
and Q74E with nitrite were also measured at pH 8.5, using either a
mixture of phosphate and borate buffers or a Tris-HCI buffer (Fig. 5 and
S8). The samples were prepared in two different buffers in order to be
able to compare the EPR results with other biochemical experiments,
where phosphate-based buffers are used, and with the crystal structures,
since Tris-HCI buffer is the system used in the crystallization conditions.

In the EPR spectra of nitrite-ligated wild-type CCld all three LS
species are retained at high pH, although small differences in relative
ratios can be observed, with even a very minor contribution from a OH™ -
ligated low-spin species [18] noticeable in the sample prepared in Tris-
HCI (Fig. 5A and Table 3). Conversely, significant changes occur when
the NOy~ complexes of the Q74E and Q74V variants are prepared at

Table 2

EPR parameters of NO,~ complexes of wild-type CCld (WT) and variants at pH
7.0 obtained by simulation of the spectra. Simulation of high-spin species were
performed both with the g-values of an effective S =/ system and the g-values of
areal S = 5/2 system (data not shown); the latter were used to determine %
contributions (errors: g-values +0.01, contribution +1%).

Protein Species & & & %
LS1 2.87 2.24 1.64 58
WT LS2 2.73 2.40 1.62 29
LS3 2.69 2.42 1.62 13
LS1 2.88 2.23 1.63 59
Q74E LS2 2.74 2.41 1.62 19
LS3 2.70 2.42 1.62 22
LS1 2.88 2.23 1.63 68
Q74V LS2 2.72 2.41 1.62 21
LS3 2.70 2.43 1.62 11
HS 1.99 5.61 6.00 9
R127A LS1* 2.88 2.23 1.58 35
LS4 2.78 2.38 1.60 56
LS1* 2.90 2.22 1.57 49
R127K LS4 2.78 2.38 1.60 51
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Fig. 4. X-band CW EPR spectra of ferric HS CCld variants and the corre-
sponding LS nitrite adducts (bottom spectra) at pH 7.0. A) Q74E; B) Q74V; C)
R127A; D) R127K; Samples were prepared in 50 mM sodium-phosphate buffer,
pH 7. Measurements were performed with microwave powers of either 2 mW
(resting state of wild-type, Q74 CCld variants and NO, -Q74 variants com-
plexes) or 1 mW (resting state of R127 variants and NO5 -R127 variants
complexes). Spectra are shown normalized to their maximum intensity.

alkaline pH. While the LS2 species is no longer detected (as it can be seen
by the disappearance of asymmetry in the peaks corresponding to the
overlapping LS2/1S3), the EPR contribution from the other species is
also altered in favour of LS1, as indicated by the diminished intensity of
the g; and g, features of LS3 (see red arrows in Fig. 5 and Fig. S8) and by
the ratios calculated from simulations (Table 3).

A well-defined predominance of a LS species with g-values close to
those of LS1 (referred as LS1**) is also observable in the EPR spectrum of
the NO,  adduct of the clade 1 pentameric chlorite dismutase from
“Candidatus Nitrospira Defluvii” (NdCld) [8] at pH 7 that is shown in
Fig. S9. Here the addition of nitrite induces the complete disappearance
of the rhombic high-spin signal of ferric NdCld, but it is not sufficient to
remove the highly anisotropic low-spin contribution (LSO, Table S3)
which dominates the spectrum of NdCld in absence of the ligand
[10,18].

3.2. Chlorite degradation activity and thermal stability of the nitrite
complexes of wild-type CCld and the variants Q74V, Q74E, R127A and
R127K

It was previously shown that the flexibility of the catalytic R127 has
no notable influence on the overall catalytic activity of CCld [18]. The
catalytic efficiencies (kcat/Kpy) of chlorite degradation of wild-type CCld
and the variants Q74V and Q74E are similar. At pH 7.0 the hierarchy of
Ky values is Q74V < wild-type CCld < Q74E thereby reflecting the hi-
erarchy of the Kp values of the nitrite adducts. The k., values decrease
in the following order: Q74E > wild-type CCld > Q74V (Table 4).

Exchange of R127 significantly reduces the catalytic efficiency of
chlorite degradation. At pH 7.0 for both variants (R127A and R127 K)
the kcy /Ky values are decreased by almost 3 orders of magnitude
(Table 4) reflected by Ky values in the low mM range and decreased
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Fig. 5. X-band CW EPR spectra of NO, -CCld complexes at different pH values
and buffers (low-spin region only). Top: 50 mM sodium-phosphate buffer, pH 7;
middle: 50 mM phosphate/borate buffer, pH 8.5; bottom: 50 mM Tris-HCl pH
8.5. The OH™ LS species is highlighted in blue; red arrows indicate the features
with most significant changes. Measurements were performed with microwave
powers of either 2mW (NO,~ complexes pH 7) or 0.6 mW (NO;~ complexes pH
8.5). Spectra are shown normalized to their maximum intensity. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 3

Relative contributions to the EPR spectra of the NO,~ complexes of wild-type
CCld (WT) and the variants Q74E and Q74V at pH 8.5 in different buffers.
Principal g values are given in Table 2 for LS1, LS2 and LS3. The OH™ species has
& = 2.59, g, = 2.28 and g, = 1.83 (errors: g values £0.01, contribution +1%).

Species %
WT
LS1 49
Phosphate/borate LS2 33
LS3 17
LS1 60
. LS2 25
Tris-HCl LS3 13
OH™ 2
Q74E
LS1 75
Phosphate/borate 153 25
. LS1 80
Tris-HCI 1S3 20
Q74v
LS1 85
Phosphate/borate 1S3 15
. LS1 86
Tris-HClL LS3 14
Table 4

Kinetic Parameters of Wild-Type CCld and the Variants Q74V, Q74E, R127A and
R127E at pH 7.0.

ccld Ky (M) kear 57 keat/Kna (M s71)
wt'® 432 + 5.2 60.0 + 0.7 1.4 +0.2 x 10°
Q74V'e 18.8 + 3.5 50.8 + 0.4 2.7 +£ 0.5 x 10°
Q74E!® 53.8 +13.1 372+ 1.1 6.9 + 2.0 x 10°
R127A 2031.0 + 616.1 32+0.1 1.7 £ 0.6 x 10°
R127K 2129.5 + 111.2 10.1 + 0.4 4.8+ 0.5 x 10°
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turnover numbers.

Next, we probed the impact of nitrite binding on the thermal stability
of the five heme proteins by differential scanning calorimetry (DSC). As
described recently [18], unfolding of CCld follows a non-two state
transition reflected by two distinct endotherms (Tp,1, Ty2) (Fig. 6). The
first unfolding event is reflected by the unfolding of the heme cavity and
the release of the prosthetic group, whereas the second transition cor-
responds to the melting of the overall tertiary fold and the secondary
structural elements. In the pH regime 5.0 to 9.0, the second transition
(Tw2) is similar for ferric wild-type CCld, Q74V, Q74E and R127A (pH 5:
57.0-58.5 °C; pH 7.0: 62.3-64.3 °C; pH 9.0: 60.0-63.3 °C), whereas
R127K exhibits a higher overall stability (pH 5.0: 64.2 °C; pH 7.0:
74.0 °C; pH 9.0: 70.4 °C) (Table S4). By contrast, significant differences
are observed in the Ty,1 values of the ferric HS proteins. At pH 5.0 and
pH 7.0 the order of stability of the heme cavity follows the order Q74E >
wild-type CCld > R127K/R127A > Q74V (Table S4).

The impact of nitrite binding on the Tp,2 values of the respective LS
adducts is relatively small. By contrast, at pH 5.0 the Ty,1 values of wild-
type CCld, Q74V and R127A are increased by 4.5-6.6 °C, whereas the
impact on Q74E and R127K is relatively small (Fig. 6, Table S4). At pH
7.0, nitrite binding to the heme cavity stabilized the active site archi-
tecture of wild-type CCld, Q74V and Q74E, whereas no effect is seen
with R127A and R127K. At pH 9.0 the impact of nitrite was modest with
all proteins (Table S4).
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Fig. 6. Thermal stability of unbound HS wild-type CCld and the Q74V, Q74E,
R127A and R127K and of the corresponding LS nitrite complexes. (A) Com-
parison of calculated Ty,1 and T;,,2 values of in the absence (blue) and presence
of nitrite (red) at pH 5.0, 7.0 and 9.0. (B) Representative normalized thermo-
grams of wild-type CCld and the variants Q74V and Q74E at pH 7.0. Enzyme
concentration: 20 pM. Measurements were performed in 50 mM citrate phos-
phate buffer (pH 5.0), 50 mM phosphate buffer (pH 7.0) and 50 mM borate
phosphate buffer (pH 9.0). 20 mM, 100 mM and 200 mM of nitrite was added,
at pH 5.0, 7.0 and 9.0 respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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3.3. X-ray crystal structures of ferric HS proteins and the corresponding
LS nitrite complexes

The X-ray crystal structures of wild-type CCld and the variants Q74V
and Q74E have been published recently [17,18]. In addition, structures
of ferric wild-type CCld with soaked-in distal ligands (F~ and SCN™)
have been deposited in the PDB [17]. In crystal structures of wild-type
CCld (pH 6.5 and pH 8.5) and Q74E (pH 6.5), R127 is present in the
“out” conformation, i.e. pointing toward the substrate entry channel,
whereas in Q74V (pH 8.5) it is pointing toward the heme iron [17,18].

Here, in order to analyse the impact of R127 on binding of the
anionic angulate ligand nitrite, which mirrors the substrate chlorite, we
have elucidated the crystal structures of the variants R127A and R127K
and of the nitrite adducts of wild-type CCld, Q74E, Q74V and R127A,
respectively (Table 5). All proteins crystallized either in the space group
P1 (R127K and nitrite adducts of wild-type CCld, Q74E and R127A) or
P1271 (R127A and nitrite adduct of Q74V). The resolutions of the
recorded datasets range from 1.50 A (nitrite adduct of R127A) to 2.42 A
(nitrite adduct of Q74E) (Table 5). The crystal structures of the homo-
dimeric structures show the typical ferredoxin-like fold that is defined
by five a-helices along with a p-barrel composed of three-stranded and
five-stranded antiparallel p-sheets [17,18]. The introduced mutations
did not lead to significant changes in the overall fold of the CCld vari-
ants. If not stated otherwise, both subunits are in good agreement with
respect to intramolecular distances and amino acid positions. Therefore,
the chain A subunit was used to prepare all figures. Histidine 114 serves
as the fifth ligand on the proximal side, with the N2 atom being 1.8-2.4
A from the heme iron (depending on variant and subunit). In the absence
of nitrite, a HoO molecule is typically situated above the heme iron at a
distance of 2.6 A (wild-type CCld). This water molecule is also visible in
50% of the subunits of the variant R127A, whereas the other subunits
showed the presence of the cryoprotectant 2-methyl-2,4-pentanediol
(MPD) being bound to the heme iron (Fig. 7A and B). Exchange of
R127 by alanine increases the bottleneck radius from 2.2 to 2.8 A,
thereby allowing MPD to enter the active site. In the crystal structure of
R127K the lysine acts as sixth heme ligand, thereby eliminating the

istal water molecule (Fig. 7C).

Upon addition of nitrite to wild-type CCld, Q74V and Q74E, R127
shows the “in” conformation and interacts with the anionic ligand
(Fig. 8A-C). Even in the absence of the catalytic arginine (R127A) a
nitrite molecule is visible in the active site and a water molecule takes up
the place of the basic amino acid. In some protomers this water molecule
is connected by another one with Q74 (Fig. 8D).

In all nitrite-soaked crystals NO, ™ is coordinated to the heme iron via
an oxygen atom with O-Fe distances ranging from 2.1 to 2.4 A (Fig. 8).
The anionic ligand interacts with the arginine’s N2 (2.8 to 3.1 i\) and/
or N (2.6 to 2.9 10\), respectively (Fig. 8, Table S5). In R127A a water
molecule in a similar position is coordinating one of the oxygens of the
bound ligand in a distance of ~3 A (distances ranging from 2.4 to 3.5 A).
In the LS complexes the direct H-bond between R127 and Q74 is lost.
Nevertheless, R127 is hydrogen-bonded to Q74 via a water molecule.
Together with six additional water molecules, a hydrogen bonding
network between N;1 and N;;2 of R127 and O,1 of Q74 is visible (Fig. 9).
In Q74V the hydrogen bonding network is very similar to that of wild-
type CCld. The low resolution of the structure of Q74E does not allow
reliable conclusions.

3.4. Molecular dynamic (MD) simulations of active site dynamics

Finally, we probed the dynamics of R127 in ferric HS wild-type CCld,
Q74V and Q74E as well as in the respective nitrite complexes by MD
simulations. First, we analysed the distance distribution between the
heme iron and the C-atom of R127, as well as the occurrence of H-bonds
between R127 and its surrounding residues (Tables 6 and 7) in the
absence of nitrite (here the binding site is occupied by a water molecule
in all simulations). We performed cluster analysis to determine the most



L Serra et al.

Table 5
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Crystallization Conditions and Data Collection and Refinement Statistics. PDB entries: 70U5 (wild-type CCld-nitrite complex), 70U7 (Q74V-nitrite complex), 70U9
(Q74E-nitrite complex), 70UY (R127A-nitrite complex), 7OWI (R127A), 70UA (R127K).

wt NOy ™~ Q74V NOy~ Q74E NOy~ R127A NOy~ R127A R127K

PDB-Code 70U5 70U7 70U9 70U0Y 70WI 70UA

Ligand NO,~ NO,~ NO,~ NO,~ - -

pH 6.5 8.5 6.5 6.5 8.0 6.5

Wavelength 0.9677 0.9724 0.9724 0.8731 0.9795 0.9795

Resolution range 29.67-1.90 47.54-1.63 45.97-2.42 (2.50-2.42) 28.96-1.50 44.29-1.70 40.61-2.09 (2.17-2.09)

A (1.97-1.90) (1.69-1.63) (1.55-1.50) (1.76-1.70)

Space group P1 P1211 P1 P1 P1211 P1

Unit cell 51.749 52.759 54.954 73.049 52.697 52.684 54.99 52.25 54.96 54.447 48.7119 49.6067 54.5788
54.684107.143 59.973 98.769107.105109.95 93.895 99.508 72.675112.12 90 102.484104.838105.002
98.829109.555 90,112.323 90 94.805 98.375 94.835 90

Total reflections

Unique reflections

Multiplicity

Completeness (%)

Mean I/sigma ()

Wilson B-factor
¢S]

R-merge

R-meas

R-pim

CC1/2

CC*

Reflections used in
refinement

Reflections used for
R-free

R-work

R-free

CC(work)

CC(free)

Number of
non-hydrogen
atoms

macromolecules

ligands

solvent

Protein residues

rmsd for bonds (;\)

rmsd for angles
(deg)

Ramachandran
favoured (%)
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0.84
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0.09272 (8.369)
0.05036 (4.482)
0.997 (0.376)
0.999 (0.739)
22,396 (319)
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0.2217 (0.4774)
0.2698 (0.5280)
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0.85

96.37
3.63
0.00
0.32
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66.72

67.05
63.83
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Statistics for the highest-resolution shell are shown in parentheses.

common active site architecture(s). In wild-type ferric CCld at least one
H-bond is present between R127 and Q74 at all times with the distance
between the heme iron and the C¢-atom of R127 varying between 6.3 A
and 6.5 A (Fig. 10, Table 6). This is in good agreement with the crystal
structure (6.4 10\) having R127 in the “out” conformation.

Interestingly, neither Q74E nor Q74V show a comparable homoge-
neous distribution. In the Q74E variant, the salt bridge seen in the
crystal structure between R127 and E74 is only present in 10 or 20% of
the simulation time (summed up over all H-bonds between arginine’s
Nj1 and N2 and the carboxy group of E74) depending on the analysed
subunit. Indeed, R127 in Q74E occupies a second distinct conformation
where it is flipped out of the active site placing its Cc-atom at 8.9 A
distance from the heme iron. Also, in this conformation the guanidium

group stays in plane with the heme porphyrin ring (Fig. 10).

In ferric HS Q74V the distance between the C¢-atom of R127 in the
“out” conformation is slightly higher (6.9 A) compared to wild-type
CCld, most probably because more space is available as valine is
smaller. A second conformation places the C¢-atom of R127 at 8.9 A
distance to the heme iron. This conformation, however, is distinctly
different from Q74E as the guanidinium group is not only shifted but
also turned upwards and out of plane with regard to the heme porphyrin
ring.

Simulation of the nitrite adducts shows that in the conformation of
wild-type CCld R127 is in the “in” conformation (5.4 A distance).
Interestingly, the H-bond between N1 of R127 and Q74 is persistent,
whereas the oxoanion is H-bonded to N, and Ny2 (Table 7). In the
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Fig. 7. Crystal structures of the CCld variants R127A (A, B, C, cyan) and R127K
(D, E, magenta) with 2F,-F. electron density maps contoured at ¢ = 1.5. (A)
Crystal structure of CCld variant R127A (cyan). One monomer of each dimer is
shown in cartoon representation with a transparent surface representation in
the background, while the other monomer is depicted in surface representation.
The heme b cofactor (grey) is shown in stick representation. The heme iron is
depicted as an orange sphere, while MPD (burgundy) in the active site is shown
in sticks and spheres representation. (B, C) Alanine at position 127 (cyan) is
shown in stick representation. In 50% of the monomers MPD is bound to the
heme iron. (D) Crystal structure of CCld variant R127K (magenta). One
monomer is shown in cartoon representation with a transparent surface rep-
resentation in the background, while the other monomer is depicted in surface
representation. (E) In the variant R127K the lysine residue (magenta) is coor-
dinating the heme iron (orange). 2F,-F. electron density maps (grey meshes)
were contoured at ¢ = 1.5 using PyMOL (http://www.pymol.org/). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 8. Crystal structure of distal heme cavity of nitrite adducts of wild-type
CCld (A, green), Q74V (B, flamingo), Q74E (C, yellow) and R127A (D, cyan)
including the 2F,-F, electron density maps. The amino acid residue at position
127, arginine (in A, B and C) or alanine (in D), and the heme b cofactor (grey)
are shown in stick representation. The soaked ligand, nitrite (NO2 "), is shown
in stick and sphere representation (blue and red). Relevant water molecules and
the heme iron are depicted as red and orange spheres, respectively. 2F,-F.
electron density maps (grey meshes) were contoured at 6 = 1.5 using PyMOL
(http://www.pymol.org/). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Hydrogen bonding network of nitrite bound at the active site of wild-
type CCld. Details from X-ray crystal structure of nitrite adduct (Fig. 8A). The
amino acid residues R127 and Q74 (green) are shown in stick representation.
The soaked ligand, nitrite (NO, ) is depicted in stick and sphere representation
(blue and red). Relevant water molecules and the heme iron are depicted as red
and orange spheres, respectively. Hydrogen bonds are indicated by yellow
dashed lines. Heme pocket is shown in transparent cartoon representation
(green). This figure was generated using PyMOL (http://www.pymol.org/).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 6

Hydrogen bonding pattern of R127 N;1 and R127 N,,2 and distal amino acids in
the two subunits of ferric wild-type CCld (wt-1, wt-2) and the variants Q74E and
Q74V and the corresponding nitrite complexes during 50 ns simulation. Listed
are H-bonds which occur with a frequency of more than 1% in the resting state
throughout the simulation time (50 ns).

Protein  Subunit  Acceptor  Donor-acceptor Resting NO; -bound
atoms state state
(frequency in %)
wt 1 Q74 Nyl -OE1 77.4 92.72
N;2-OE1 76.4 0.16
2 Q74 N,1 -OE1 71.9 59.84
Nn2-OE1 67.6 0.42
L70 N,1-0 5.8 0
V73 N;1-0 5.4 0
Q74E 1 V73 Ny1-0 17.4 3.04
L70 N-OE2 11.9 0
E74 N1 -OE1 3.2 19.59
N;,1- OE2 2.0 20.95
N,2-OE1 2.8 4.35
N2 -OE2 1.68 6.57
2 V73 N,1-0 62.1 0
L70 N,2-0 56.8 0
E74 N1 -OE1 10.0 30.78
N;1 - OE2 2.9 32.64
N;2-OE1 6.3 0.36
N2 -OE2 1.63 0.09
Q74v 1 Q71 N;1 -OE1 2.2 0
N,2-OE1 3.0 0
2 Q71 N;2-OE1 1.26 0
N1 -OE1 1.14 0
Table 7

Dynamics of H-bonding pattern between nitrite or chlorite and R127 N, and
R127N,2 in the two subunits of wild-type CCld (wt-1) and (wt-2) and the vari-
ants Q74E and Q74V. Listed are H-bonds which occur with a frequency of more
than 1% in the resting state throughout the simulation time (50 ns). Numbers
represent % of occurrence.

Donor-Acceptor wt wt Q74E Q74E Q74V Q74V
atom -1 -2 -1 -2 -1 -2
N¢-O1 NO2 ™~ 85.9 82.7 16.5 39.2 90.1 95.6
Ng-Oz NO2 ™~ 84.6 81.2 17.0 31.8 66.4 75.3
N,2-0; NO, 42.3 51.9 4.3 18.2 37.1 16.5
N;2-02 NO2~ 57.0 51.6 7.2 43.0 83.7 90.3
Ng-O; ClOy~ 81.4 93.7 100.0 135 13.3 16.7
Ng-O3 ClO, ™~ 48.4 51.3 16.7 97.8 88.4 99.3
N,2-0, ClO,~ 17.1 51.6 17.0 95.5 40.5 96.3
N;2-0, ClO3™~ 4.4 4.8 97.8 21.6 55.1 22.1
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Fig. 10. Dynamics of Argl127 of wild-type CCld and the variants Q74E and
Q74V in the HS ferric state and the respective LS nitrite complexes. Left panel:
Representative structures. Middle panel: Distance distribution between the
ferric HS heme iron and the C-atom of R127 during simulations. Right panel:
Distance distribution between the ferric heme iron in the nitrite complexes and
the Cc-atom of R127 during simulations. Distance distribution in subunit 1 is
depicted in black, distance distribution in subunit 2 in blue. The most dominant
distances are labelled. The amino acid residues R127 and Q74/E74/V74 (white)
are shown in stick representations, the H-bonds between R127 and Q74 are
shown as yellow dashes. The heme cofactor is coloured according to the variant
depicted and the distance between the iron and the C; of R127 is illustrated
with dashed arrows. This figure was generated using PyMOL (http://www.
pymol.org/). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

ligand-bound Q74V variant, the arginine is in the “in” conformation
throughout the whole simulation time and interacts with nitrite via N,
and N,2 (Fig. 11). Interestingly, the nitrite complex of Q74E shows two
distinct distances of the C;-atom of R127, namely the “in” conformation
(5.4 /o\) and an “out” conformation (7.0 1°\), where R127 is still in a salt
bridge with E74 for at least 30% of the simulation time (Fig. 10). As a
consequence, two distinct ligation states of nitrite are observed with
NO; ™ either ligated directly above the heme iron (as in wild-type CCld
and Q74V) or in a “dragged off” conformation. Importantly, MD

clo, C‘*i_( \

R127A

Q74E

-

@f

Fig. 11. Comparison of exemplary structures showing chlorite (left) or nitrite
(right) bound to wild-type CCld (green) or the variants Q74E (magenta), Q74V
(yellow) and R127A (blue) variant. The heme cofactor, the amino acid residues
and the ligands are shown as stick representation. Hydrogen bonds between
chlorite/nitrite and R127 are shown when present (Yellow = chlorite, firebrick
= nitrite). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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simulations of the nitrite complexes suggest that besides dominating O-
ligation, also ligand binding via a nitrogen atom could occur (Fig. 11). In
Q74E N-ligation is seen more frequently than in Q74V. Tables 6 and 7
summarize the differences between the ferric states and the corre-
sponding nitrite-bound states in the H-bonding pattern between R127
and nitrite, as well as R127 and distal amino acids including L70, V73
and Q74 (wild-type CCld) or E74 (Q74E) as well as Q71 (Q74V).

Next, we analysed the dynamics of chlorite binding to wild-type CCld
and the variants Q74V and Q74E. MD simulations suggest that if chlorite
is bound in the active site it is positioned in a more upright manner
compared to nitrite which adopts a conformation more plane parallel
with the heme (Fig. 11). With nitrite, both O- and N-coordination of the
heme iron are observed whereas with chlorite exclusively O-ligation is
found. Table 7 depicts the differences in dynamics of H-bonding be-
tween R127 and the low-spin ligands nitrite and chlorite. Chlorite is
continuously hydrogen-bonded to R127 in wild-type CCld with H-bonds
present between R127 N, and one or both chlorite oxygen atoms, while
the H-bond between R127 N;;2 and the oxygen atoms of chlorite appears
significantly less often when compared to nitrite. In the variant Q74E,
where the H-bonding network between nitrite and R127 was found to be
significantly weaker (~ 16-30% for N, and 4-40% for N;2 of the
simulation time) compared to wild-type CCld, two H-bonds between
R127 and the chlorite O-atoms are present throughout the whole
simulation, one including N and one N;2 of R127. Only in the variant
Q74V, where H-bonds between nitrite and R127 are present throughout
the whole simulation time, the H-bonding between chlorite and R127 is
similar to nitrite. The average distance between the chlorine atom of
chlorite and the heme iron is 3.5 A compared to 3 A distance between the
nitrogen atom of nitrite and the heme iron, reflecting the vertical versus
planar ligation.

4. Discussion

Catalysis mediated by heme enzymes may involve (among others)
the basic amino acid arginine. Often, this arginine can adopt different
conformations in the heme cavity within a reaction cycle and thus can
influence the reactivity of distinct enzyme intermediates in different
ways. This also applies in particular to the enzyme chlorite dismutase,
which has only one catalytic amino acid in the distal hydrophobic heme
cavity, namely a fully conserved and flexible arginine. It has been shown
by both X-ray and neutron crystallography that this conserved distal
arginine R127 in wild-type ferric CCld is positioned away from the heme
moiety at pH 6.5, 8.5 and pH 9.0 [17]. This “out” conformation is sta-
bilized by hydrogen bonding between N1 of R127 and O¢1 of Q74 [17].
Recently, we have probed the impact of modulation of this non-covalent
interaction by exchanging of Q74 by valine or glutamate. Our findings
clearly demonstrated that (i) the distal arginine in wild-type Clds is
flexible, (ii) its dynamics is influenced by its remote H-bonding partner,
and (iii) in Q74V this flexibility is more pronounced than in wild-type
CCld, whereas in Q74E, R127 is arrested in a salt-bridge with Q74E
[18]. The hierarchy in flexibility of R127 (Q74V > wild-type CCld >
Q74E) was nicely reflected by the pK, values of the alkaline transition, i.
e. the deprotonation of the distal ligand water W501: 7.41 (Q74V), 8.11
(wild-type CCld) and 9.33 (Q74E) [18]. This is supported by the fact that
in the crystal structure of Q74V at pH 8.5 R127 is in the “in” confor-
mation and interacts with (deprotonated) W501 via H-bonds to N,,2 and
N, [18] The series of pK, values underlines the impact of the positively
charged R127 and its dynamics in stabilizing the conjugate base of distal
water. The transition of HS to LS ferric wild-type CCld and Q74V and
Q74E at higher pH through formation of a hydroxide-ligated ferric heme
form was confirmed by both UV-vis and EPR spectroscopies [18].

Moreover, the differences in the conformational dynamics of R127
has also a strong impact on the thermal stability of the heme cavity. The
respective Ty,1 values increase in the following order: Q74V (38.3 °C) <
wild-type CCld (45.8 °C) < Q74E (50.9 °C) (Fig. 6) [18]. The higher
thermal stability of Q74E in the resting state derives from the salt bridge
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of R127 with E74, which is located at the (flexible) a-helical loop that
connects the N-terminal and C-terminal ferredoxin-like domains of CCld
protomers [18]. However, MD simulations suggest also that E74 is not
fully arrested in this salt bridge, but is able to visit a second conforma-
tion that establishes an H-bond with the backbone, which resembles the
situation in clade 1 Clds. In general, ligation of nitrite at the distal heme
position further increases the thermal stability of the resulting LS com-
plex heme cavity architecture. The importance of R127 in stabilization
of the nitrite complexes is underlined by the fact that addition of nitrite
to R127A has no impact on the thermal stability (Fig. 6). Here, it has to
be mentioned that a very high nitrite concentrations nitrite is known to
form nitrogen monoxide at acidic and neutral pH regimes, which might
impede correct data interpretation since the resulting NO-complexes
have different spectral signatures and complex stabilities compared to
the nitrite complexes [49].

Further, at the pH optimum and neutral pH, the Ky values (derived
from kinetic chlorite degradation data) decrease in the following order:
Q74E > wild-type CCld > Q74V (Table 4), which mirrors the hierarchy
of the (i) thermal stability of the heme cavity, (ii) of the pK, values of the
alkaline transition and (iii) of the Kp values of the nitrite complexes. In
the absence of the catalytic arginine, both chlorite and nitrite are still
able to bind to the heme iron and mediate the HS to LS transition, but the
resulting low-spin complexes of CCld are extremely unstable. This
clearly underlines the importance of R127 in stabilizing both the sub-
strate adduct (Reaction 1) and the nitrite complex (Reaction 2). The
higher the flexibility of R127, the higher is its stabilizing effect on the
respective complexes. At pH optimum and neutral pH, Q74V shows the
highest affinity for both chlorite and nitrite, followed by wild-type CCld
and Q74E. The Kp, values (nitrite) significantly increase with increasing
pH suggesting that the interaction between R127 and the nitrite is
impaired at alkaline pH. This is supported by the fact that addition of
nitrite to wild-type CCld as well as to Q74V and Q74E at pH 9.0 has no
impact on the thermal stability compared to pH optimum or neutral pH.

In contrast to the published fluoride and thiocyanate complexes of
CCld, where R127 is in the “out” conformation [17], the crystal struc-
tures of the nitrite complexes of wild-type CCld, Q74V and Q74E show
R127 in the “in” conformation (Figs. 7-9) suggesting that the anionic
distal ligand offers energetically more favourable interactions for the
guanidinium group compared to the H-bond between R127 with Q74 in
the ferric HS wild-type CCId or even the salt-bridge between R127 and
E74 in the variant Q74E. This is supported by the UV-vis data that
suggest similar solution structures of the nitrite adducts of wild-type
CCld, Q74V and Q74E (Figs. 1, S2, S3). The pronounced differences
seen in the respective absorption spectra of the three proteins in their HS
ferric resting state are in large part diminished upon addition of the
anionic ligand between pH 5.0 and pH 7.0.

The crystal structures of wild-type CCld suggest that nitrite is coor-
dinated to the heme iron via an oxygen with O-Fe distances ranging from
2.1to 2.4 A. The two oxygen atoms of the ligand are hydrogen bonded to
N,2 and/or N; of the arginine. At least one H-bond is always established
during the whole simulation period and a water molecule directly
bridges R127 with Q74 in the wild-type CCld-nitrite complex. The water
molecule is part of an extended H-bonding network at the distal heme
side (Fig. 9). The important role of R127 in keeping nitrite in place is
clearly underlined by the significant differences in spectral signatures
between R127A and wild-type CCld (as well as Q74V and Q74E) (Figs. 2,
S3, S4).

MD simulations show differences in the molecular dynamics of the
respective nitrite complexes and offer an explanation for the enhanced
Kp and Ky values observed in Q74E. In the nitrite and chlorite complex
of this variant, R127 can adopt two conformations and as a consequence
two binding modi for nitrite are observed. This seems to have a more
pronounced effect on kyg than on ko, and could explain the increased Kp
value of the nitrite complex of this variant. Moreover, MD simulations
show that N-ligation of nitrite is also possible. This agrees with the EPR
data, which also clearly show the presence of multiple low-spin species
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in the spectra of the NO, ™~ ligated proteins. These can be attributed to the
presence of both O- and N- ligation. All the NOy~ adducts investigated in
this work show at least two well-resolved contributions from low-spin
ferric heme species in their X-band CW-EPR spectra (Figs. 3-5, S5, S6,
S8, S9, Tables 2, 3). The appearance of multiple LS signals in the EPR
spectra of heme proteins upon addition of nitrite has been extensively
described [50-54]. These observations have been attributed either to
nitrite linkage isomerism [51], different ligand orientations in distinct
subunits [54], heme ruffling (e.g, distortions outside the porphyrin
plane) or variations in the extended H-bonding network both at the
proximal and the distal side of the heme iron [52,53].

We propose that the different LS contributions in the EPR spectra of
NO;, -Clds complexes might represent the binding of the ligand via
either O-linkage or N-linkage. To support this hypothesis, an analysis of
the crystal-field parameters using Taylor’s formalism for ferric low-spin
heme complexes was performed [21,24]. The parameters, calculated for
each LS contribution according to equations [1 — 3] (see Materials and
Methods), are reported in Table S6 and were used to construct the
“Blumberg-Peisach” diagram depicted in Fig. S12 [25], which has been
used in the past to classify different iron ligation patterns. In this case,
the LS species clearly fall into two distinct clusters. LS1 and the closely
related LS1* and LS1** form a compact group with predominant
tetragonal character characterized by A/A ~ 4 and V/A ~ 0.5, while
LS2, LS3 and LS4 constitute a more heterogeneous set with 2.35 < A/A
< 2.70 and 0.86 < V/A < 1.09. The only low-spin species formed when
nitrite is added to the model heme protein myoglobin at pH 7 (Fig. S10)
has g-values and crystal-field parameters similar to LS1, falling therefore
in the same cluster. In fact, the EPR parameters found for the NO, -Mb
complex are consistent with the ones reported in previous studies on
globins [51,54,55]. Interestingly, it has been shown that both myoglobin
and hemoglobin coordinate the nitrite anion with a O-nitrito mode
[56,57]. In globins this mode of binding is promoted by the presence of a
H-bond donor residue at the distal side of the heme iron, a role that in
Clds could be likely played by the catalytic arginine. In particular, as
shown by Yi et al., in the H64V/V67R double mutant of myoglobin a
rearrangement of the mutated arginine sidechain toward the nitrite
anion is observed [58], which is reminiscent of the conformational
switch described for the catalytic arginine in chlorite dismutases turn-
over [5-9,11-18]. The attribution of the LS1 cluster to the O-linkage
binding mode is also consistent with previous findings on clade I chlorite
dismutases. A spectroscopic investigation of the hexameric chlorite
dismutase from A. orizae (AoCld) in presence of nitrite showed the for-
mation of a low-spin species (g-values = [2.93 2.18 1.55]) with very
similar features to the LS1** of NdCld (Fig. S9 and Table S3) [59]. Later,
the crystal structure of the nitrite complex of the pentameric (clade 1)
chlorite dismutase from Dryobalanops aromatica (DaCld) was published,
revealing a coordination of nitrite to the heme iron through O-linkage
[5]. Additional low-spin components, namely LS2 (LS2** for NdCld),
LS3 and LS4, have remarkably similar g-values to the ones of nitrite
adducts of some heme b-containing proteins from the class of nitro-
phorins. Indeed, a low-spin species with g-values = ~ [2.7 2.4 1.5] was
identified as the major contribution in the CW-EPR spectra of these
proteins, however, other signals from LS with higher g-anisotropy were
observed as well [52,53]. Among the known isoforms of nitrophorins,
NP4 has been crystallized in presence of nitrite, showing a N-nitro co-
ordination mode. It is therefore tempting to attribute the signals from
LS2, LS3 and LS4 in chlorite dismutases to the coordination of nitrite via
the nitrogen atom.

Particularly interesting is that even in the absence of the catalytic
arginine (R127A and R127K) the features of a nitrite adduct are clearly
distinguishable in the EPR spectra (Fig. 4C, D and Fig. S5). The residual
high-spin signal in the spectrum of the NO3~ complex of R127A (Fig. 4C)
reflects the very low affinity of nitrite for this mutant. In the case of
R127K, the highly anisotropic low-spin features present in the unbound
protein (Fig. 4D top and S7, right panel) are assigned to the coordination
of the heme iron by the lysine residue replacing the catalytic arginine, in
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accordance with UV-vis findings (Fig. S3) and crystal structure
(Fig. 7C). The g-values of these contributions (Table S2) are consistent
with the ones reported for lysine coordination in other heme systems
[60-63]. It has to be noted that due to the high pKj, of Lys (~ 10.5), its
binding to the heme iron should be unfavoured at neutral pH. On the
other hand, the ferric heme iron is a strong Lewis-acidic species that
significantly decreases the pK, values of protic ligands. Nonetheless, it
has been reported that lysine can act as a distal ligand in particular heme
systems, giving rise to a mixture of penta- and hexacoordinate heme
iron, both in its reduced and oxidized states [64]. The factors responsible
for Lys-Fe stabilization have been shown to be related to specific in-
teractions established either between the side-chains of (polar) residues
found in the heme proximity or between the heme propionate groups
and the protein moiety [65]. In the case of Cld, such polar and anionic
interactions need to be excluded, given the hydrophobic character of the
heme pocket. Similarly, a change in local pH, which could explain the
deprotonation of lysine, appears unlikely, since the UV-vis and EPR
spectra of alkaline Clds show clear differences from the Lys-coordinated
form [18]. Therefore, the determinants of lysine coordination in chlorite
dismutases remain to be elucidated. Nonetheless, the g-values of LS-b
(Table S2), which is the main low-spin contribution in the R127K
variant, are remarkably similar to those of the highly anisotropic LS
species found in NdCld both at acidic/neutral and basic pH values (LSO,
see Table S3 & Fig. S9) [18]. This would suggest a similar nature of the
distal ligand and a possible coordination by the catalytic arginine in
NdCld, provided that particular factors could allow a suitable proton-
ation state of this residue at low pH. However, this hypothesis is purely
speculative to date.

Interestingly, while LSO in NdCld persists in the nitrite-adduct of the
same enzyme to some extent (Table S3, Fig. S9), from the EPR spectra of
the NO,~ complex of R127K it is evident that nitrite is able to displace
the lysine, at least when present in high excess, since the low-spin fea-
tures of the unbound enzyme are replaced by LS1* and LS4 (Fig. 4D,
bottom and Fig. S5). Finally, in R127A and R127K the N-linkage binding
mode could be favoured by the absence of a H-bond donor residue, in
line with what was stated above. This is also supported by the increased
contribution of LS4 in the EPR spectra (Fig. 4C, D, Fig. S5 and Table 2).
Although all the crystal structures of the available NO,~-CCld complexes
(Figs. 7-9) show a nitrite molecule bound to the heme iron through O-
linkage, it is possible that only one mode of coordination is stable
enough to be resolved under the crystallization conditions. On the other
side, the EPR of frozen samples might be considered as a more repre-
sentative “snapshot” of a natural state in which less favoured binding
modes can occur as well, without excluding that cryogenic conditions
may also favour states that are less populated at higher temperatures.

5. Conclusions

In summary, it has been demonstrated that the flexibility of the
catalytic arginine of clade II chlorite dismutases has a strong impact on
the thermodynamics of binding of the angulate oxoanions nitrite and
chlorite. At pH optimum (i.e., pH 5.5) and neutral pH the Kp value for
nitrite and the Ky value for chlorite are lowest when R127 is highly
flexible and highest when R127 exhibits a salt bridge with E74. Upon
ligand binding this salt bridge is broken and, similar to wild-type CCld
and Q74V, R127 forms two H-bonds with nitrite that is mainly O-ligated
to the heme iron. Nevertheless, multiple binding modi of nitrite are
suggested by both MD-simulations and EPR spectroscopy. By contrast,
MD simulations demonstrate that chlorite is always O-ligated and in-
teracts with R127 in a slightly different manner compared to nitrite. In
the absence of the catalytic arginine both oxoanions are still able to bind,
but the resulting low-spin ferric heme complexes are extremely unstable
as reflected by significantly increased Kp and Ky values. A pronounced
increase in Ky has also been observed in the R183A variant of clade 1
Cld from Dechloromonas aromatica [11], whereas the effect was smaller
with clade 1 Cld from NdCld [12]. Importantly, the K value of nitrite
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significantly increases with increasing pH and differences within vari-
ants with modulated H-bonding network of the catalytic arginine
(Q74V, Q74E) disappear at pH values higher than 8.5. The spectroscopic
data clearly suggest structural rearrangements in the heme cavity at
alkaline pH that could be responsible for the decrease in affinity of the
oxoanions. In any case, this suggests that the thermodynamics of sub-
strate binding, ie., substrate adduct formation, might contribute to
shaping the overall pH-dependence of chlorite degradation.

Immediately after substrate binding via O-ligation to Fe(III) and
concomitant establishment of H-bonds between the two oxygen atoms of
chlorite with R127 in the “in”-conformation, the redox reaction takes
place and chlorite is converted to chloride and dioxygen. During Re-
actions 3 and 4 the catalytic R127 most probably stays in the “in”
conformation and keeps the transient (oxidizing and chlorinating) in-
termediates (hypochlorite or chlorine monoxide) in the reaction sphere
in order to avoid oxidative damage of the protein matrix and the pros-
thetic group [14,66]. However, this implies dynamic rearrangements of
the original hydrogen bonds, which are established in Compound I or
Compound II. After (heterolytic or homolytic) cleavage of chlorite,
migration and rotation of the intermediates (hypochlorite or chlorine
monoxide), the rebound step and molecular oxygen formation take place
with both oxygen atoms being H-bonded with R127 as suggested by a
density-functional theory (DFT) study [63]. Finally, to facilitate the
departure of the chloride anion, the hydrogen bonds between R127 and
the two oxygen atoms are required to rearrange again to the terminal
negatively charged chloride [66]. The present data suggest that at pH <
7 the impact of the flexibility of R127 on Reactions 3 and 4 is small.
However, at alkaline pH - due to structural rearrangement of the distal
H-bonding network - the function of R127 as dynamic H-bonding
partner seems to be impaired and the catalytic efficiency significantly
decreases. Transient oxidizing intermediates are released from the re-
action sphere and as a consequence the level of irreversible inhibition
increases with increasing pH as observed in all Clds studied so far
[14,15].
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