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A B S T R A C T

The oxygen-independent nitrate-nitrite-nitric oxide (NO) pathway is considered as a substantial source of NO in
mammals. Dietary nitrate/nitrite are distributed throughout the body and reduced to NO by the action of various
enzymes. The intermembrane spaced (IMS), molybdenum cofactor-dependent sulfite oxidase (SO) was shown to
catalyze such a nitrite reduction. In this study we asked whether the primary function of SO – sulfite oxidation –
and its novel function – nitrite reduction – impact each other. First, we utilized benzyl viologen as artificial
electron donor to investigate steady state NO synthesis by SO and found fast (kcat = 14 s−1) nitrite reduction of
SO full-length and its isolated molybdenum domain at pH 6.5. Next, we determined the impact of nitrite on pre-
steady state kinetics in SO catalysis and identified nitrite as a pH-dependent inhibitor of SO reductive and
oxidative half reaction. Finally, we report on the time-dependent formation of the paramagnetic Mo(V) species
following nitrite reduction and demonstrate that sulfite inhibits nitrite reduction. In conclusion, we propose a
pH-dependent reciprocal regulation of sulfite oxidation and nitrite reduction by each substrate, thus facilitating
quick responses to hypoxia induced changes in the IMS, which may function in protecting the cell from reactive
oxygen species production.

1. Introduction

Since the discovery of nitric oxide (NO) as a gasotransmitter in 1987
[1], two major sources of NO have been described in mammals. First,
the three tissue-specific NO synthases (NOS) – the neuronal, endothelial
and inducible isoform – that catalyze the oxygen-dependent conversion
of L-arginine to L-citrulline and NO [2] have been identified. Later, the
oxygen-independent nitrate-nitrite-NO pathway, which involves nitrite
reduction to NO by different families of proteins and enzymes, has been
reported [3]. Growing evidence supports the hypothesis that NO de-
rived from nitrate/nitrite has a substantial role in the protection against
various diseases, like cardiovascular [4–7], metabolic [7–10], and re-
spiratory diseases [11–13] as well as a key regulator of blood pressure
[14–19] and flow [20–22], and endothelial function [18,23], ofttimes
independent of the action of NOS synthases.

Nitrate is mainly derived from the diet – up to 80% from the con-
sumption of vegetables [24] – and absorbed in the gut, where it is
transported in to different tissues (like recently shown in the skeletal
muscle [25]) or into the salivary glands [26,27]. In these glands dietary

nitrate is highly concentrated and excreted via the salvia into the oral
cavity, where nitrate is reduced to nitrite by the action of oral bacteria
[28]. Swallowed nitrite is then either non-enzymatically reduced to NO
due to acidic conditions in the stomach, which involves the protonation
of nitrite followed by the release of NO [29], however, the rate of re-
duction is rather low. Alternatively, nitrite is reabsorbed in the gut and
distributed throughout the body. Additionally to the reduction of ni-
trate, nitrite is also produced by oxidation of NO as well as taken up as
dietary nitrite from vegetables, fruits or processed meats [24]. Under
hypoxic conditions, potentially induced by ischemia or long-lasting
exercise, nitrite is reduced to NO via the action of either heme-con-
taining proteins such as hemo- [30], neuro- [31], myo- [32], and cy-
toglobin [33] and as recently described indoleamine 2,3-dioxygenase 1
(IDO1) [34] or by molybdenum cofactor (Moco)-dependent enzymes
such as xanthine oxidoreductase (XOR) [35], aldehyde oxidase (AO)
[36], mitochondrial amidoxime reducing component (mARC) [37] and
sulfite oxidase (SO) [38].

Amongst the four Moco-dependent enzymes in humans, the cyto-
solic XOR was described first to reduce nitrite to NO and is by far the
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most extensively studied Moco enzyme in this regard, not only in ver-
tebrates. Nitrite reduction takes place at the Moco using xanthine or
NADH as electron donor and reduces nitrite to NO with a kcat ranging
from 0.33 s−1 to 2.32 s−1 and KM

nitrite=3–4mM [39]. The closely
related AO exhibits nitrite reduction with similar enzymatic parameters
(kcat=1.89 s−1; KM=10mM), which, also demonstrated for XOR, was
reported to be oxygen sensitive and pH-dependent [39,40]. Recently,
the outer mitochondrial membrane-localized mARC [41] was identified
to also catalyze a nitrite reduction with kcat=0.1 s−1 and
KM

nitrite = 9.5mM [37]. Similar to XOR and AO, nitrite reduction was
increased at a low pH and under hypoxic conditions. Computational
analyses of two putative mechanisms, first an oxyl and second a hy-
droxyl radical transfer of mARC-dependent nitrite reduction were
compared [42] and suggested the hydroxyl radical transfer as more
favorable due to the involvement of a low pH-mediated protonation of
nitrite to enable barrier-less one-electron transfer between Moco and
nitrite. In the reaction of fully reduced Moco (Mo(IV)) with HNO2, a
paramagnetic Mo(V) species with an equatorial hydroxyl group is
formed, which was confirmed by EPR studies of reduced mARC reacted
with nitrite [42]. Interestingly, the resulting EPR spectra shared high
similarities with the paramagnetic low-pH Mo(V) signal of SO, which
was also described to harbor a equatorial hydroxyl group at Moco [43].

As the other mammalian Moco-dependent enzymes, SO was de-
scribed to reduce nitrite to NO in a one-electron transfer reaction [38].
The homodimeric SO is localized in the intermembrane space (IMS) of
mitochondria, where it catalyzes the oxidation of sulfite to sulfate, as
the last step of the cysteine catabolism [44]. SO exhibits a three-domain
structure, with an N-terminal heme domain, incorporating a cyto-
chrome b5-like heme cofactor, followed by a hinge region that continues
to the Mo domain, incorporating the Moco and the C-terminal dimer-
ization domain [45] (Fig. 1A). During sulfite oxidation, sulfite initiates
a nucleophilic attack of its lone electron pair on the equatorial oxo
group of Moco, which accepts two electrons causing the reduction of
Mo(VI) to Mo(IV), termed as the reductive half reaction [46,47]
(Fig. 1B). Following the release of sulfate from the active site, H2O
occupies the liberated equatorial Mo ligand position and the first in-
tramolecular electron transfer (IET) between heme and Moco proceeds,
termed as the oxidative half reaction, resulting in a SO with Fe(II) and
Mo(V). Next, the physiological electron acceptor cytochrome c reox-
idizes heme and a second IET forms the SO Fe(II)/Mo(VI) species. At
last, a second cytochrome c fully reoxidizes SO into its resting state and
the two SO-reduced cytochrome c molecules can fuel the respiratory
chain [48].

Sulfite-reduced SO is able to use nitrite as an electron acceptor re-
sulting in the formation of NO with a ket=0.0044 s−1 and
Kd

nitrite = 1.7mM [38]. Interestingly, only the Mo(IV) species was
found to reduce nitrite, arresting SO in a stable paramagnetic Mo(V)
state in the absence of additional electron acceptors and therefore ter-
minating catalysis following one turnover. However, by use of the one
electron donor phenosafranine, steady state NO synthesis by SO was

enabled with increased kcat=1.9 s−1 and KM=80mM. Furthermore,
comparison of SO wildtype (wt) with variants lacking the heme domain
or the heme cofactor pointed towards a competition between nitrite and
heme for the first electron, as well as steric hindrances caused by heme-
Mo domain interactions [38]. Consistent with the other Moco-depen-
dent enzymes, SO-dependent nitrite reduction was again increased with
decreasing pH, which is in good agreement with subcellular localization
of SO.

Although, nitrite-reduction by Moco-dependent enzymes is widely
accepted as a major source of nitrite-derived NO [49], the underlying
reaction mechanism is poorly understood. In this study we asked the
question, how sulfite oxidation as the primary metabolic function in
cysteine catabolism and the recently reported nitrite reduction impact
each other. We hypothesize that sulfite regulates NO production of SO
due to a competition of both substrates for the active site and propose
the formation of a nitrito-O-Mo complex. Therefore, we investigated the
reaction mechanism of sulfite-dependent nitrite reduction in SO by
steady state kinetics and found a remarkably high kcat = 14 s−1 when
using benzyl viologen as electron donor. Pre-steady state kinetics of the
oxidative and reductive half reaction in a nitrite-dependent manner as
well as time-resolved EPR studies of the nitrite-dependent paramagnetic
Mo(V) formation disclosed two orders of magnitude rate difference
between sulfite oxidation and nitrite reduction. In aggregate, we con-
firmed the pH dependency of SO nitrite reduction and propose a re-
ciprocal regulation of NO generation by sulfite and nitrite.

2. Materials and methods

2.1. Chemicals

Chemicals were purchased from Sigma-Aldrich if not stated other-
wise. Sodium nitrite was acquired from Alfa Aesar.

2.2. Expression, and purification of recombinant proteins

His-tagged human SO was either expressed as the mature full-length
enzyme (E80 – P545) or as the truncated Mo domain (A167 – P545)
using pQE-80 L (Qiagen) based expression plasmids previously de-
scribed [38]. Proteins were either expressed as the holo enzyme within
the E. coli strain TP1004 [50] or as apo proteins within the Moco-de-
ficient E. coli strain KB2066-chlA3- [51]. Expression was performed in
5 L Erlenmeyer flasks with 2 L cultures of LB-media, supplemented with
1mM sodium molybdate and 250 μM IPTG for 72 h at 18 °C. Harvested
cells were resuspended in lysis buffer (50mM Tris/acetate pH 8.0,
250mM NaCl, 10mM imidazole) and lysed following the incubation
with lysozyme (VWR; 23500 U/mg) for 30min at room temperature
and subsequent cell disruption utilizing the Emulsiflex C-5 cell dis-
ruptor (Avestin). Proteins were purified via Ni-NTA affinity chromato-
graphy using HIS-Select® Nickel Affinity Gel (Sigma-Aldrich) according
to the manufactures protocol. Full-length SO was eluted with elution

Fig. 1. Domain structure and catalytic cycle of
human SO. (A) The three domains of SO func-
tion in cytochrome b5-like heme binding (heme
domain), Moco binding via Cys264 (Mo do-
main), and dimerization (Dim); (B) Reaction
mechanism of sulfite oxidation and proposed
nitrite reduction. The individual intermolecular
electron transfer (IET) steps between Mo and
heme Fe are depicted.
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buffer (50mM Tris/acetate pH 8.0, 250mM NaCl, 250mM imidazole)
and buffer-exchanged into protein buffer (20mM Tris/acetate pH 8.0,
50 mM NaCl). The His-tag of SO Mo domain (SO-Mo) was cleaved off
on-column by incubation with the PreScission Protease (GE Healthcare)
for 16 h at 4 °C. SO-Mo was further purified via anion exchange chro-
matography using a Source 15 Q column (GE healthcare, 15mL)
equilibrated with 50mM Tris/Ac pH 8.0 and eluted with increasing
concentrations of NaCl. Finally, SO-Mo was buffer-exchanged into
protein buffer if not stated otherwise.

2.3. Determination of Moco saturation

Moco saturation of recombinantly expressed proteins was de-
termined via the oxidation and dephosphorylation to dephospho-FormA
and subsequent HPLC analysis as described [52]. Briefly, 100 pmol SO
was oxidized with acidic lugol's iodine solution overnight and protected
from light. After removal of precipitated protein, supernatant was
treated with fresh 1% ascorbic acid and buffered with TRIS to pH 8.3.
Dephosphorylation of phospho-FormA was acquired by alkaline phos-
phatase (Roche; 7500 U/ml) and addition of 20mM MgCl2, incubating
for 30min protected from light.

2.4. Steady state kineitcs

Steady state kinetics were conducted anaerobically and at RT in an
anaerobic glove box (Coy laboratory products). Nitrite reduction by SO
variants was measured by following absorption changes at 595 nm of
semi-reduced benzyl viologen (BV+) to oxidized BV2+ using a TECAN
Sunrise™ plate reader (Tecan Austria). BV2+ was photochemically re-
duced to BV+ via irradiation of a 2.5 mM BV2+ 100% isopropanol so-
lution for 60 s with an UV lamp set to 350 nm (TL-900, CAMAG Berlin),
as described previously [53]. SO variants were used in concentrations
of 10 nM in reactions with varying concentrations of sodium nitrite and
400 μM BV+. Initial slopes of observed reactions velocities were de-
termined and subtracted from blank reactions lacking enzyme.

2.5. Pre-steady state kinetics

2.5.1. Stopped-flow spectroscopy
Pre-steady state kinetics were measured anaerobically at 10 °C using

a SX20 stopped-flow spectrometer (Applied Photophysics Ltd.).
Anaerobic preparation of the stopped-flow device, syringes, and tubings
was achieved by oxygen scavenging via a mixture of 100mM sodium
acetate pH 5.0, 10mM D-glucose, glucose oxidase (Sigma-Aldrich) and
catalase (Sigma-Aldrich) for 1 h, followed by a washout with anaerobic
assay buffer (50mM Tris/acetate pH 8.0 or 50mM Bis-Tris/acetate pH
6.5) [54]. Enzyme solutions were prepared anaerobically in a glove box
(Coy laboratory products), by thawing in the box and buffer exchange
into anaerobic assay buffer utilizing PD10 columns (GE Healthcare)
according to the manufactures protocol. Reactions of 10 μM SO variants
with sulfite or sulfite and nitrite with varying substrate concentrations
where measured by either absorptions changes of the Moco at 414 nm
when observing the Mo domain or absorption changes of the cyto-
chrome b5 heme at 423 nm when observing the mature full-length SO.
Absorption changes were followed by a photon multiplier using a path
length of 1 cm. Observed rate constants were determined by fitting
single-, double-, or triple-exponential curves using an iterative non-
linear least-squares Levenberg-Marquardt algorithm provided by the
Pro-Data SX software.

2.5.2. EPR spectroscopy
EPR spectroscopy was conducted at a Bruker EMX spectrometer

with liquid helium cooling as described [55]. Spectra were recorded
with following EPR parameters: microwave frequency 9.4 GHz, micro-
wave power 0.2mW modulation frequency 100 kHz, modulation am-
plitude 1 Gauss, temperature 72 K. Over-modulated spectra were

recorded at 10 Gauss modulation amplitude to increase signal-to-noise
ratio for the low intensity samples. EPR signals of the Mo(V) spectrum
were quantified by determination of the amplitude between the
maxima at 3398 G and minima at 3410 G corresponding to the gy
signal. Resulting amplitudes were normalized against the time point
with highest EPR signal. Sample preparation and reactions were con-
ducted in an anaerobic glove box (Coy laboratory products) at RT.
Enzyme solutions were made anaerobically by buffer exchange into
anaerobic assay buffer (50mM Bis-Tris pH 6.5) using a PD Minitrap G-
25 column (GE Healthcare) according to the manufactures protocol.
Either oxidized Mo domain was mixed with 1mM sodium sulfite and
200mM sodium nitrite, or sulfite-pre-reduced Mo domain was mixed
with varying concentrations of sodium nitrite. Pre-reduced Mo domain
was obtained by mixing enzyme with 1mM sodium sulfite, followed by
removal of excess substrate via buffer exchange into assay buffer. Re-
actions were initiated by mixing 100 μL of 50 μM Mo domain with
100 μL substrate in an EPR quartz tube and stopped by flash freezing in
liquid-nitrogen-cooled isopentane (−160 °C).

2.6. Statistical analysis

Results were expressed as mean and standard deviation. Unpaired
two-tailed students t-test were performed with a significance level of
95%. Statistical analyses were performed and graphs designed utilizing
the statistical software GraphPad Prism version 5.00 for windows
(GraphPad Software).

2.6.1. Determination of Michaelis-Menten kinetics
For the calculation of Michaelis-Menten kinetics of steady state re-

actions the initial velocity v0 at varying substrate concentrations was
fitted to a hyperbolic curve as shown below.

v0 = (vmax * [S]) / (KM + [S]) (1)

With v0= initial velocity at [S], vmax=maximal velocity,
[S]= substrate concentration, and KM=Michaelis-constant.

The turnover number kcat was calculated as shown below.

kcat = vmax / [Etotal] (2)

with vmax=maximal velocity, [Etotal]= enzyme concentration.

2.6.2. Determination of pre-steady state kinetics
For the determination of pre-steady state constants kred and Kd ob-

served rate constants kobs were fitted to a hyperbolic curve as shown
below.

kobs = (kred * [S])/(Kd + [S]) (3)

With kobs=observed rate constant at [S], kred=reduction rate con-
stant, [S]= substrate concentration, and Kd=dissociation constant.

2.6.3. Determination of IC50 and Ki

For the determination of inhibition constants IC50 and Ki, residual
activity was fitted to a sigmoidal curve as shown below.

Y = 100/(1 + 10∧((logIC50 - [I])*H)) (4)

With Y=normalized residual activity, IC50=concentration of [I]
where 50% of the activity is inhibited, [I]= inhibitor concentration,
and H = Hill slope.

Ki was calculated as shown below.

IC50 = (1+ ([S]/KM))*Ki (5)

With IC50=concentration of [I] where 50% of the activity is inhibited,
[S]= substrate concentration, KM=Michaelis-constant, and
Ki= inhibition constant.

A.T. Kaczmarek, et al. Nitric Oxide 89 (2019) 22–31
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3. Results

3.1. One electron donor benzyl viologen enables steady-state nitrite
reduction by SO

Our previous studies showed different reaction velocities for sulfite-
and phenosafranine-dependent SO nitrite reduction. Therefore, we
searched for an alternative electron donor to further study nitrite re-
duction by SO. Bastian et al. described the use of semi-reduced benzyl
viologen to reduce Moco of the bacterial Moco-dependent enzyme di-
methyl sulfoxide reductase [56]. First, benzyl viologen was reduced by
one equivalent of electrons to turn from the colorless BV2+ dication to
the blue BV+ radical cation (Fig. 2A). An excess of BV+ radical cation
was subsequently utilized to reduce the Moco of SO from Mo(VI) to Mo
(IV). Upon addition of nitrite, BV-reduced SO wt as well as SO Mo do-
main (SO-Mo) was able to reduce nitrite to nitric oxide in a catalytic
steady-state reaction as observed by the steady conversion of BV+ to
BV2+ (Fig. 2B).

This finding goes beyond our previous single turn-over findings in
nitrite reduction when using sulfite and demonstrates that NO synthesis
by SO is not a dead end path of catalysis. Interestingly, nitrite reduction
was strongly influenced by the pH; at pH 6.5 kcat for both, SO wt and
SO-Mo, was 3–4 fold increased, as compared to pH 8.0 (Table 1). De-
spite these differences, KM values for all variants and pH conditions
were in similar range of approx. 9–16mM (Table 1). Furthermore, no
difference in kcat between full-length SO and SO-Mo domain was ob-
served, suggesting that electrons provided by benzyl viologen were
directly targeted to the catalytic Mo domain. However, at pH 6.5 but
not at pH 8.0, kinetic efficiency kcat/KM was significantly lower for SO
wt than SO-Mo (Fig. 2C). As control, measurements were also con-
ducted with apo SO wt and apo SO-Mo variants lacking Moco (data not

shown). Here, nitrite reduction or benzyl viologen oxidation was not
observed, confirming previous findings that nitrite reduction requires
Moco in SO.

Taken together, the benzyl viologen-dependent steady-state kinetics
demonstrated the ability of SO to use an electron donor for catalytic
reduction of nitrite to NO with similar kcat values as observed for sulfite
oxidation reaction when using the artificial electron acceptor ferricya-
nide [52] suggesting similar transition state barriers for catalysis. The
increased KM

nitrite suggests a weaker binding of nitrite than sulfite to
SO. In the past, when using sulfite as electron donor for nitrite reduc-
tion, dramatically lower ket [37] values were reported, pointing towards
a complex interplay of sulfite and nitrite within the SO active site.
Therefore, pre-steady state kinetics of sulfite oxidation and the influ-
ence of nitrite were performed to provide additional insights into the
underlying reaction mechanism.

3.2. Nitrite inhibits the reductive half reaction of SO

Pre-steady state kinetics of the reductive half reaction were per-
formed by UV/vis-spectroscopic measurements of changes in the ab-
sorption spectrum of SO-Mo utilizing stopped-flow analysis (Fig. 3A).
SO-Mo lacking the strongly absorbing heme domain was reduced with
sulfite causing Moco-specific absorption increase at 377 nm and de-
crease at 414 nm. We found a fast, sulfite-dependent Moco reduction
with a kredMo=540.6 ± 25.4 s−1 and Kd

sulfite= 89.8 ± 19.4 μMat
pH 8.0 (Fig. 3B). Remarkably, reduction at pH 6.5 was even faster, and
therefore Moco reduction was only measurable at low sulfite con-
centrations (20 μM), whereas at higher sulfite concentrations the re-
ductive half reaction was completed already within the short mixing
time of the sopped-flow device.

We then asked whether nitrite impacts this fast reductive half re-
action and therefore monitored Moco reduction by 100 μM sulfite in the
presence of different concentrations of nitrite at pH 8.0 (Fig. 3C). The
reductive half reaction was inhibited with increasing concentrations of
nitrite, with first inhibitory effects observed between 1 and 10mM ni-
trite. With 100 μM sulfite present, sulfite oxidation was completely in-
hibited at concentrations of more than 560mM nitrite resulting in an
IC50= 112.4 ± 58.1 mM and Ki

nitrite = 53.1 ± 27.5 mM indicating
that nitrite and sulfite both compete for the active site. The Ki

nitrite is

Fig. 2. Steady-state kinetics of nitrite reduction by
SO using benzyl viologen (A) Photochemical reduc-
tion of oxidized benzyl viologen (BV2+) to semi-re-
duced BV+ and scheme of catalyzed reactions by SO
wt (left protein) and SO-Mo; (B) Michaelis-Menten
kinetics and (C) Statistical analysis of kinetic effi-
ciency of nitrite reduction by SO wt and SO-Mo at pH
8.0 and pH 6.5 (n = 3, n.s. = p ≥ 0.05,
* = p ≤ 0.05, *** = p ≤ 0.001).

Table 1
Kinetic parameters of SO catalyzed steady state nitrite reduction with benzyl
viologen.

SO wt pH 8.0 SO wt pH 6.5 SO-Mo pH 8.0 SO-Mo pH 6.5

kcat [s−1] 4.0 ± 0.1 13.7 ± 0.6 4.4 ± 0.1 14.7 ± 0.3
KM [mM] 13.0 ± 1.5 11.5 ± 2.0 16.2 ± 0.9 9.2 ± 0.9
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consistent with the higher KM for nitrite observed for benzyl viologen-
dependent nitrite reduction and higher affinity of sulfite than nitrite for
the active site of SO. Nitrite inhibition at pH 6.5 could be not de-
termined due to the fact that the kinetic of the reductive half reaction at
this pH was already completed within the mixing time of the stopped-
flow device. Following the catalytic cycle, the next step is the oxidative
half reaction, in which the first of the two sulfite-derived electrons is
transferred to heme via the first IET step. Based on our results de-
monstrating nitrite-dependent inhibition of the reductive half reaction,
the effect of nitrite on the oxidative half reaction was further in-
vestigated.

3.3. Heme competes with nitrite for the first sulfite-derived electron

Pre-steady state kinetics of the oxidative half-reaction were per-
formed using UV/vis-spectroscopic measurements of SO wt heme re-
duction, monitored by the cytochrome b5 Soret band shift from 413 to
423 nm (Fig. 4A). The rate of sulfite-dependent heme reduction was
found to be one order of magnitude lower than the rate for Moco re-
duction, with kredheme= 27.7 ± 0.3 s−1 and Kd

sulfite= 7.7 ± 0.5 μM
or kredheme= 19.8 ± 0.3 s−1 and Kd

sulfite = 2.2 ± 0.2 μMat pH 8.0 or
pH 6.5, respectively (Fig. 4B). Contrary to the reductive half-reaction,
the oxidative half reaction was 1.4 times faster at pH 8.0 as compared to
pH 6.5, indicating a putative role of the protonation status of residues
located on heme and/or Mo domain to enable interaction for efficient
electron transfer between both domains. Interestingly, dissociation
constants of the oxidative half reaction were significantly reduced
compared to the reductive half reaction, identifying the IET from Moco
to heme as the rate-limiting step.

Similar to the reductive half reaction, the first IET from Mo to heme
was strongly influenced by the presence of nitrite (Fig. 4C). In the re-
action of 100 μM sulfite with SO wt, increasing concentrations of nitrite
inhibited heme reduction, resulting in an IC50= 173.1 ± 13.8mM and
Ki

nitrite = 12.3 ± 1.0mM or IC50= 45.0 ± 0.6mM and

Ki
nitrite = 0.98 ± 0.01mM, at pH 8.0 or pH 6.5, respectively. Strik-

ingly, the Ki
nitrite for the oxidative half reaction showed also a strong pH

dependency, as demonstrated by the 12-times higher Ki
nitrite at pH 8.0

compared to pH 6.5. This significant difference suggests an increased
affinity of nitrite for the active site under conditions of increased pro-
tonation. Furthermore, the curve shape of nitrite inhibition significantly
changed when compared between pH 8.0 and pH 6.5; at pH 6.5 the
slope of decreasing activity was much steeper with a Hill slope
H=8.8 ± 0.5 compared to pH 8.0 with H=1.8 ± 0.1, pointing to-
wards a pH-dependent switch of inhibition sensitivity. Comparing SO
wt and SO-Mo the Ki

nitrite at pH 8.0 of the reductive half reaction was 4-
times higher than for the oxidative half reaction. Accordingly, nitrite
competes with sulfite for the active site – in the reductive half reaction –
as well as with heme for the first sulfite-derived electron – in the oxi-
dative half reaction. Taken together, sulfite oxidation was strongly in-
fluenced by nitrite and efficient NO synthesis is presumably dependent
on sustaining a complex order of subsequent reactions, in which sulfite
enters the active site before nitrite, followed by the oxidation to sulfate,
its removal from the active site, and at last occupation of either nitrite
or water in the free equatorial position of the Mo center, to initiate
nitrite or heme reduction, respectively.

3.4. Sulfite inhibits nitrite reduction

In our study so far, sulfite oxidation parameters and the influence of
nitrite on these were investigated. Therefore, the formation of a nitrite
reduction-induced paramagnetic Mo(V) species in SO-Mo was in-
vestigated in a kinetic manner utilizing EPR spectroscopy (Fig. 5A). SO-
Mo was mixed with 1mM sulfite and 200mM nitrite in a pH 6.5 buffer
under anaerobic conditions and reactions were stopped at different time
points by flash freezing mixtures in liquid nitrogen-cooled isopentane
(−160 °C). Recorded EPR spectra resembled the well described low pH
Mo(V) EPR signal with a visible 1H hyperfine splitting at gz, as de-
scribed [43], with g-factor values of gzyx= 2.001, 1.973, 1.962.

Fig. 3. Pre-steady-state kinetics of reductive half reaction and influence by nitrite. (A) Absorption changes of SO-Mo during reductive half reaction and scheme of SO-
Mo catalyzed reductive half reaction with or without nitrite. (B) Pre-steady state kinetics of reductive half reaction and (C) its nitrite inhibition at pH 8.0 and pH 6.5.
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Features of the EPR spectrum indicated the formation of Mo(V) with an
equatorial hydroxyl group. With increasing time, the nitrite-dependent
Mo(V) signal amplitude steadily increased and reached a plateau after
approx. 70 s (Fig. 5B). Data distribution allowed a one-phase ex-
ponential fit with resulting kobs=0.08 ± 0.01 s−1. Remarkably, the
observed rate constant was three or four orders of magnitude lower
than the oxidative or reductive half reaction following sulfite oxidation,
respectively. Thus, slow observed Mo(V) formation again suggests a
competition of sulfite with nitrite for the active site. Based on these
observations, experiments without competing sulfite were conducted to
determine rate constants for nitrite reduction-induced Mo(V) formation
in the absence of sulfite competition.

Similar to the previous EPR measurements, SO-Mo was mixed with
200mM nitrite and reactions were stopped via flash-freezing. To ex-
clude sulfite as the competing element, SO-Mo was pre-reduced with
1mM sulfite and excess sulfite (as well as produced sulfate) was re-
moved via buffer exchange. EPR spectra of pre-reduced SO-Mo after
reduction of nitrite resembled the same low pH Mo(V) signal as

measured for the prior experiment (Fig. S1). Mo(V) formation was four
times faster without excess sulfite, resulting in a kobs=0.34 ± 0.04
s−1 (Fig. 5B). Although, the rate of nitrite reduction had increased in
absence of sulfite, the observed reaction rate remained nearly two or-
ders of magnitude lower than the kcat for benzyl viologen-dependent
steady state nitrite reduction by SO.

4. Discussion

The primary metabolic function of SO is the catalysis of the final
step of cysteine catabolism – the oxidation of sulfite to sulfate [44].
Since the discovery of SO's moon lightning function – the reduction of
nitrite to NO – the impact of these two functions on each other re-
mained elusive [38]. Our study contributed to a molecular under-
standing of the nitrite reductase function of SO and its pH-dependent
reciprocal regulation by sulfite and nitrite. This reciprocal regulation
has been demonstrated in three ways. First, we report a steady state
nitrite reduction by SO using reduced benzyl viologen as electron

Fig. 4. Pre-steady-state kinetics of oxidative half reaction and influence by nitrite. (A) Absorption changes of SO wt during oxidative half reaction and scheme of SO
wt catalyzed oxidative half reaction with or without nitrite. (B) Pre-steady state kinetics of oxidative half reaction and (C) its nitrite inhibition at pH 8.0 and pH 6.5.

Fig. 5. Pre-steady state kinetics of SO-Mo nitrite re-
duction. (A) Nitrite-dependent Mo(V) EPR signal
formation over time of SO-Mo reacted with 1mM
sulfite and 200mM nitrite; (B) Pre-steady state ki-
netics of SO-Mo EPR signal of reactions with either
1mM sulfite and 200mM nitrite, or pre-reduced SO-
Mo with 200mM nitrite.
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donor. Second, we characterized the reductive and oxidative half re-
action of SO and found a competing impact of nitrite on both reactions.
Third, we analyzed time-dependent Mo(V) species formation following
nitrite reduction. Consistent with the study of Wang et al., we con-
firmed pH-dependent nitrite reduction [38]. For mARC, another Moco-
dependent nitrite reductase, Yang et al. have suggested that a hydroxyl
radical transfer might occur, involving the formation of a nitrito-O-Mo
complex and the protonation of the complexed Oα atom [42]. This
hydroxyl reaction results in the formation of a paramagnetic Mo(V)-OH
species, with an observable proton hyperfine splitting, a feature that we
also found in our SO-Mo(V) EPR species.

When utilizing benzyl viologen as an electron donor, steady state
nitrite reduction by SO was achieved and our determined kcat (of SO wt
at pH 8.0) was almost 7000 times higher as compared to reported ket of
NO release (SO wt at pH 7.4) with sulfite and 7 times faster than the kcat
reported for phenosafranine as electron donor [38]. In contrast to sul-
fite, benzyl viologen acts as a one-electron donor, thus after reduction
of nitrite to NO and oxidation of Mo(IV) to Mo(V), benzyl viologen is
able to re-reduce SO to Mo(IV). As reported, this Mo(IV) state is crucial
for nitrite reduction as SO-Mo(V) is inert to nitrite [38]. Therefore, re-
reduction by benzyl viologen enables characterization of steady state
nitrite reduction by SO without sulfite. Absence of sulfite lead to a
dramatic increase in nitrite reduction rate in comparison to previous
findings, as nitrite can freely enter and NO leave the active site. In-
terestingly, at low pH, nitrite reduction was strongly increased pointing
towards a required protonation of nitrite that enables a hydroxyl radical
transfer reaction as proposed for mARC, another Moco-dependent ni-
trite reductase [42].

In addition to benzyl viologen steady state kinetics, we demonstrate
a pH-dependent nitrite inhibition of sulfite oxidation by SO. The re-
ductive as well as oxidative half reaction of sulfite oxidation were
shown to be fully inhibited with increasing concentrations of nitrite.
Noteworthy, we demonstrated that the resulting Ki

nitrite for the re-
ductive and oxidative half reaction where decreased at low pH, in-
dicating an increased affinity of nitrite for the active site of SO. Whether
this increased affinity is due to a protonation of nitrite to nitrous acid or
rather due to changes of the protonation status within the SO active
site, remains unclear. The reported pKa of nitrous acid at 25 °C is 3.16
[57] and following a reformulation of the Henderson-Hasselbalch
Equation (Eq. (6)),

Ka = ([H+][A−])/[HA] (6)

with Ka = acid constant, [H+] = proton concentration, [A-] = con-
jugate base concentration, the [HA] = acid concentration can be cal-
culated. Accordingly, at pH 6.5 nitrite is predominantly present with a
ratio of approx. 2.2*103:1 [NO2

−]:[HNO2] and at pH 8.0 with approx.
7*104:1 [NO2

−]:[HNO2]. Therefore, nitrous acid concentration at pH

6.5 is 35 times higher compared to pH 8.0, which could at least par-
tially accommodate for the 12 times higher Ki

nitrite of the oxidative half
reaction at pH 8.0 compared to pH 6.5. On the protein site, the hydroxyl
group of residue Tyr343 was reported to facilitate substrate binding
(Tyr322 in chicken SO crystal structure) [45] and to be important for
oxidation of sulfite [58]. With its close proximity to the substrate
binding site, Tyr343 could be a potential candidate for promoting ni-
trite protonation within the active site. Contrary, the high pKa of 10.46
for isolated tyrosine would not suggest deprotonation of the hydroxyl
group at changes from pH 6.5 to pH 8.0 that would explain the ob-
served pH-dependent differences. However, in a folded protein sur-
rounding residues may affect pKa values dramatically as reported for a
tyrosine pKa in the active site of ketosteroid isomerase that was de-
creased to 6.3 [59]. Noteworthy, Tyr343 was shown to provide the
substrate coordinating hydroxyl group in SO up to pH 10, as the
Tyr343F mutant resulted in a dramatically increased KM

sulfite and
Kd

sulfite [58], which argues against lowered pKa for Tyr343.
Our study suggests nitrite and sulfite competition for the active site,

as demonstrated by the inhibition of the reductive half reaction by ni-
trite as well as inhibition of nitrite-dependent Mo(V) species formation
by sulfite. In addition, we showed a nitrite competition with the heme
cofactor for the Mo(IV) electron, as demonstrated by the inhibition of
the oxidative half reaction. Strikingly, we found this reciprocal reg-
ulation of sulfite oxidation and nitrite reduction to be also pH-depen-
dent. At pH 6.5 the Hill slope of nitrite-dependent inhibition was ap-
prox. five-fold higher as compared to pH 8.0, indicating a sensitivity
switch of SO. As reviewed by Ferrel and Ha, Goldbeter and Koshland
defined an input-output response as ultrasensitive when the ratio of
IC90/IC10 is smaller than 81 and sensitivity increases with decreasing
ratio [60,61]. According to that, both measured inhibition curves for
oxidative half reaction with IC90/IC10

pH8.0= 11.5 and IC90/IC10
pH6.5= 1.6 are classified as ultrasensitive, whereas the drop of pH
dramatically increased the sensitivity. This switch in sensitivity could
act as a response to acidifying conditions, as expected for the mi-
tochondrial IMS, and primes SO to reduce nitrite to NO.

Based on our findings we propose a model integrating SO catalyzed
sulfite oxidation as well as nitrite reduction, and elucidate the re-
ciprocal regulation of both reactions by either substrate (Fig. 6). Ac-
cording to this model, SO in the resting state with Mo(VI) reacts with
sulfite to form sulfate coordinated to a Mo(IV) species, with extremely
fast kred and low Kd. On the other hand, with increasing concentrations,
nitrite enters the active site and blocks sulfite oxidation, which was
demonstrated by the inhibition of the reductive half reaction. Next,
sulfate leaves the active site and liberates the equatorial position. From
here, the reaction might proceed via three routes. First, H2O binds to
Mo(IV) and the oxidative half reaction is initiated. Second, a new sulfite
molecule binds to Mo(V) blocking the active site, detectable by EPR
spectroscopy as reported previously [62]. Third, either nitrite or nitrous
acid binds at the free equatorial position, forming a nitrito-O-Mo
complex, similar to the proposal for mARC [42]. If nitrite binds to Mo
(IV), protonation of the Oα is required to enable a barrier-less electron
transfer [42]. Following release of NO from the active site, SO is present
in a Mo(V)-OH state, exhibiting an EPR sensitive proton hyperfine
splitting. To close the catalytic cycle, the second electron can be
transferred via an intramolecular electron transfer to heme. In the
benzyl viologen-dependent reaction, SO starts again in the resting state
of Mo(VI). BV+ donates presumably one electron to the equatorial oxo
ligand of Moco, followed by a protonation, to end in Mo(V)-OH. Next, a
second equivalent of BV+ and a second H+ fully reduce SO-Moco to Mo
(IV), enabling the reduction of nitrite to NO. Similarly as described
before, after NO release SO exhibits the Mo(V)-OH state. Again, BV+

and one H+ re-reduce SO to Mo(IV) to enable the steady state nitrite
reduction by SO.

Besides NO, in the past years hydrogen sulfide (H2S) was recognized
as another gasotransmitter facilitating similar signal transductions as
NO including blood pressure regulation [63]. One mechanism of H2S

Fig. 6. Proposed catalytic cycle of SO catalyzed sulfite oxidation and nitrite
reduction under conditions investigated in this study. BV=benzyl viologen.
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signaling is the persulfidation of free protein-thiols [44]. Prominent H2S
producers in mammals are cystathionine gamma-lyase (CSE), cy-
stathionine beta synthase (CBS) and 3-mercaptopyruvate sulfur-
transferase (MPST), which all generate H2S during the non-oxidative
catabolism of cysteine with the final product being sulfite [44].
Growing evidence demonstrates that H2S and NO signaling reciprocally
influence their respective signaling pathways [64,65]. Thus, it is quite
astonishing that the catabolic end products of both gasotransmitters NO
and H2S are nitrite and sulfite, respectively.

The potential critical role of SO in NO signaling is further under-
lined by its localization in the IMS of mitochondria [66]. Due to its
function in oxidative phosphorylation, the IMS and especially the out-
side of inner mitochondria membrane were reported to exhibit lowered
pH of pH 6.8–6.5 [67,68], providing conditions optimal for SO-de-
pendent nitrite reduction. Additionally, various targets of NO are lo-
cated within mitochondria, the most prominent being complexes I, III
and IV of the respiratory chain [69–72], thus SO derived NO is pro-
duced close to the point of action. At last, nitrite and NO were reported
to exhibit cytoprotective effects during hypoxic events, caused by
ischemia or long-lasting exercise [73]. Accordingly, under hypoxic
conditions and low pH in the IMS, SO is expected to switch to its nitrite
reductase function to deliver cytoprotective NO. Noteworthy, in the
normal catalytic cycle of SO, cytochrome c reoxidizes the heme cofactor
of SO. However, during hypoxia, the cytochrome c pool switches to a
fully reduced state as the electron transfer to complex IV is arrested,
thus increasing the likelihood for nitrite to accept the first electron from
Mo(IV).

In recent years many studies provided strong evidence of beneficial
effects for dietary nitrate/nitrite intake [6,24,74]. In our study, we
demonstrated that the Moco-dependent SO might be a key nitrite re-
ductase. Nitrite reduction by SO is reciprocally regulated by sulfite and
nitrite in a pH-dependent manner, thus ensuring fast response to hy-
poxic conditions and ultimately to protect cells from reperfusion-in-
duced oxidative stress. The localization of SO within the IMS identifies
SO as a potential major producer of nitrite-derived NO in mitochondria
and underlies its significance it may have as a NOS- and oxygen-in-
dependent NO source.
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