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Garriga a,** 

a Department of Chemistry, University of Puerto Rico, Mayagüez Campus, P.O. Box 9019, Mayagüez, 00681-9019, Puerto Rico 
b Department of Molecular Immunology and Toxicology and the National Tumor Biology Laboratory, National Institute of Oncology, Ráth György street 7-9, Budapest, 
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A B S T R A C T   

The biological chemistry of hydrogen sulfide (H2S) with physiologically important heme proteins is in the focus 
of redox biology research. In this study, we investigated the interactions of lactoperoxidase (LPO) with H2S in the 
presence and absence of molecular dioxygen (O2) or hydrogen peroxide (H2O2). Under anaerobic conditions, 
native LPO forms no heme-H2S complex upon sulfide exposure. However, under aerobic conditions or in the 
presence of H2O2 the formation of both ferrous and ferric sulfheme (sulfLPO) derivatives was observed based on 
the appearances of their characteristic optical absorptions at 638 nm and 727 nm, respectively. Interestingly, we 
demonstrate that LPO can catalytically oxidize H2S by H2O2 via intermediate formation of relatively short-lived 
ferrous and ferric sulfLPO derivatives. Pilot product analyses suggested that the turnover process generates 
oxidized sulfide species, which include sulfate (SO4

2− ) and inorganic polysulfides (HSx
− ; x = 2–5). These results 

indicated that H2S can serve as a non-classical LPO substrate by inducing a reversible sulfheme-like modification 
of the heme porphyrin ring during turnover. Furthermore, electron paramagnetic resonance data suggest that 
H2S can act as a scavenger of H2O2 in the presence of LPO without detectable formation of any carbon-centered 
protein radical species, suggesting that H2S might be capable of protecting the enzyme from radical-mediated 
damage. We propose possible mechanisms, which explain our results as well as contrasting observations with 
other heme proteins, where either no sulfheme formation was observed or the generation of sulfheme derivatives 
provided a dead end for enzyme functions.   

1. Introduction 

It is now widely accepted that under controlled physiological con
ditions endogenous H2S [1–3] and/or derived reactive sulfur species are 
involved in cellular signaling [4–10]. An emerging number of studies 
show that interactions of heme proteins with hydrogen sulfide are both 
physiologically and pathologically determining factors of hydrogen 

sulfide biochemistry [11–18]. 
Lactoperoxidase (LPO) together with myeloperoxidase (MPO), 

eosinophil peroxidase (EPO) and thyroid peroxidase (TPO) are members 
of mammalian heme peroxidases and their primary function is to pro
duce antimicrobial oxidants to protect the host from invading pathogens 
[19–21]. Lactoperoxidase is found in mammary, salivary, lachrymal and 
bronchial submucosal glands. It is responsible for non-specific humoral 
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immune response against respiratory viruses, fungi and bacteria within 
mucous membranes by producing antimicrobial substances, primarily 
hypothiocyanite (OSCN− ). Furthermore, it participates in the protection 
against oxidative stress, hindering the formation of more destructive 
reactive oxygen species (ROS) as a hydrogen peroxide scavenger. Thus, 
LPO is an important element of the airway host defense system [22–24]. 

Structurally, the heme prosthetic group in LPO is attached to the 
protein through ester bonds of Asp225 and Glu375 to the porphyrin 
(Por) motif and coordination of the heme iron to His468 at the proximal 
position (Fig. 1A) [20]. In its resting form, the heme group of LPO exists 
in a six-coordinate high-spin aqua ferric state, coordinating a water 
molecule in the distal position of the heme group [25]. Regarding its 
biologically relevant activities, two main catalytic cycles of peroxidases 
are distinguished. In the halogenation cycle, LPO uses H2O2 to primarily 
catalyze the oxidation of inorganic thiocyanate (SCN− ) to form 
hypothiocyanite (OSCN− ) in a two-electron oxidation process (Fig. 1B) 
[26]. Alternatively, H2O2-mediated oxidation of organic substrates such 
as phenols or aromatic amines can be catalyzed by LPO in two consec
utive one-electron redox reactions, which represents the so-called 
peroxidase cycle (Fig. 1B) [27–29]. Both catalytic cycles involve the 
intermediate formation of Compound 0 (Cpd 0: Por-Fe(III)–OOH) as 
well as the oxo-ferryl enzyme forms Compound I (containing an oxoiron 
(IV) heme and a porphyrin π-cation radical; Cpd I: +•Por-Fe(IV)––O) or 
Compound II (containing an oxoiron(IV) heme; Cpd II: Por-Fe(IV)––O). 
It was suggested, that in the absence of substrate, Compound I may be 
able to spontaneously decay to a more stable amino acid radical (•aa) 
containing species, designated as Compound I* (containing an oxoiron 
(IV) heme and an amino acid radical; Cpd I*: +•aa–Por-Fe(IV)––O) [30]. 
Furthermore, Compound 0 may also be generated through the consec
utive generation of ferrous LPO and Compound III (Cpd III: Por-Fe(II)– 
O2 ↔ Por-Fe(III)–O2

•-) as shown in Fig. 1D [31]. 
Hydrogen sulfide can favourably coordinate to the available coor

dination site of heme metal centers and reduce the iron ion in a subse
quent reaction [15,16]. It can also modify the prosthetic group via sulfur 
incorporation into one of the pyrrole rings of the porphyrin frame at 
β-pyrrole positions, resulting in the formation of sulfheme species [12, 
33]. Several (but not all) heme proteins form the corresponding sulf
heme derivative including hemoglobin (Hb) [34–36], myoglobin (Mb) 
[35–39] or catalase (CAT) [39,40] and based on UV–vis spectroscopic 
data this reaction was also proposed for LPO [41]. On mechanistic 

grounds, Compound II was identified as a central intermediate in sulf
heme formation and the HS• radical as the attacking agent [12]. It was 
also suggested that the histidine residue in the distal position of the 
heme pocket is an essential [12,35,42], but not a sufficient [16,17] 
requirement for sulfheme generation. 

Sulfheme derivatives may exhibit altered protein functions. For 
example, the oxygen binding affinities of sulfhemoglobin and sulfmyo
globin are significantly reduced compared to functional Hb and Mb, 
respectively [37,43]. In addition, their formation is irreversible under 
physiological conditions. Sulfcatalse does not possess any catalase ac
tivity, however, it is less stable and catalase can be regenerated by its 
reaction with oxygen [39,40]. Sulfheme lactoperoxidase (sulfLPO) for
mation was investigated by Nakamura and coworkers [41]. They pro
posed that the reaction of LPO Compound II with hydrogen sulfide gives 
ferric and ferrous sulfLPO. Activity measurements suggested, that LPO 
loses its activity upon sulfLPO formation, but in the presence of excess 
sulfide, it may be recovered over time [41]. However, further experi
ments are in order to corroborate these results and for a deeper under
standing of sulfLPO formation and its potential physiological relevance. 
In addition, the catalytic turnover of LPO using sulfide as a substrate has 
not been functionally investigated and no product analyses for these 
enzymatic reactions were reported. 

We previously conducted comprehensive kinetic analyses for the 
reactions of MPO with H2S [16,17], and the current study is aimed at 
providing insights into the catalytic oxidation of sulfide by LPO. Here we 
show that: (1) depending on the applied oxidizing agent and experi
mental conditions, LPO catalyzed the oxidation of sulfide via interme
diate formation of ferrous sulfLPO and/or ferric sulfLPO; (2) turnover of 
sulfLPO derivatives did not regenerate sulfide, but instead lead to 
oxidized sulfur derivatives including SO4

2− and inorganic hydro
polysulfides; (3) electron paramagnetic resonance (EPR) data showed 
that in the presence of LPO, H2S can scavenge H2O2 without detectable 
formation of a carbon-centered radical on the LPO peptide chain, sug
gesting an antioxidant property for hydrogen sulfide in these redox 
events. 

2. Materials and methods 

All the reagents and proteins were purchased from Sigma-Aldrich 
unless otherwise indicated. LPO from bovine milk (Sigma type L- 

Fig. 1. Structural properties and catalytic turnover of lactoperoxidase. A) Active site structure of LPO (PDB: 5b72) [32]; cyan blue: carbon in porphyrin (Por); yellow: 
carbon in heme binding protein residues (His: proximal histidine, Glu: glutamic acid, Asp: aspartic acid); orange: iron ion; red: oxygen; dark blue: nitrogen. B) 
Halogenation cycle and peroxidase cycle through Compound 0, where AH2 is a reducing substrate. C) Compound I* formation. D) Previously proposed acid-catalyzed 
formation of Compound 0 through Compound III [31]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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2005) was purchased as a lyophilized powder. The concentration 
of LPO-Fe(III) was determined using the extinction coefficient ε412 =

114 mM− 1 cm− 1 [44]. H2O2 was obtained as a 30% solution. The 
working solutions were prepared using a 0.1 M KH2PO4/Na2HPO4 buffer 
(pH 7.0) containing 1 mM ethylenediaminetetraacetic acid (EDTA). H2S 
stock solutions were prepared daily from Na2S x 9H2O in tightly sealed 
amber glass bottles. These solutions were diluted in KH2PO4/Na2HPO4 
containing buffers. Important to note, that in solutions, H2S is in equi
librium with its deprotonated forms: H2S ↔ HS− + H+ ↔ S2

− + 2 H+. At 
neutral pH HS− is the dominating species [45] but for simplicity, sulfide 
solution will be referred as H2S solution in the text. All other chemicals 
were ACS reagent grade or better. 

2.1. UV–vis measurements for the reactions of LPO with H2S in the 
presence and absence of O2 and H2O2 

The interactions of H2S with LPO were measured with an Agilent 
8453 spectrophotometer using sealed quartz cuvettes (1 cm path length) 
with a septum. The reactions were made by titrating 1 μL of the reagents 
with a gastight syringe into the LPO samples in the cuvette. All the 
measurements were performed at 25 ◦C and pH 7.0 in 0.1 M KH2PO4/ 
Na2HPO4 buffer. 

To investigate the interactions of native ferric LPO-Fe(III) with H2S 
in the presence of O2, H2S solution was added to the LPO sample in the 
cuvette. The final concentration of the reaction mixture was 3 μM ferric 
LPO-Fe(III) and 150 μM H2S. 

For the anaerobic experiments the buffer, the Na2S x 9 H2O, the 
sodium dithionite (DT), and the protein solutions were prepared 
anaerobically by degassing for 30 min and flushing for at least 20 min 
with nitrogen. In the first experimental setup, 2.7 μM ferric LPO-Fe(III) 
was reacted with 150 μM H2S under anaerobic conditions. After about 1 
h of incubation, the sample was purged for 1 min with O2. In the second 
experimental setup, first, the ferrous LPO-Fe(II) derivative was gener
ated in the reaction of ferric LPO-Fe(III) with DT. To accomplish full 
reduction of ferric LPO-Fe(III) a sevenfold excess of DT from a freshly 
prepared anaerobic stock solution was added to 2.7 μM LPO-Fe(III). DT 
loss was monitored by the absorbance decrease at 315 nm. This was 
followed by reacting the ferrous LPO with 50 μM H2S under anaerobic 
conditions. After a short incubation period with sulfide, the mixture was 
purged for 1 min with O2 and the associated spectral changes were 
recorded. 

The experimental turnover of sulfLPO was followed in the reaction of 
native LPO-Fe(III) with H2O2 and H2S. Initially, 2.1 μM LPO-Fe(III) was 
reacted with 10.5 μM H2O2. After 2 min of incubation, 375 μM H2S was 
added to the reaction mixture. The absorption spectra were recorded 
immediately after H2S addition and in every 2 min until reaching an 
equilibrium with the characteristic electronic transition state of the 
native protein. Then a second aliquot of 21 μM of H2O2 was added to the 
sample leading to a new increase of the 638 nm peak intensity. The 
process was repeated several times until all H2S was consumed and the 
reaction products were only related to these in the classical peroxidase 
cycle and the 638 nm band was completely absent. 

2.2. Stopped-flow measurements of LPO with H2S under aerobic and 
anaerobic conditions 

The interactions of native LPO and the oxo-ferryl derivative of LPO 
with H2S were measured using a π*-180 sequential mixing stopped-flow 
instrument from Applied Photophysics Inc. (Leatherhead, UK) equipped 
with a photodiode array detection. The measurements were performed 
at 25 ◦C and pH 7.0 in 0.1 M KH2PO4/Na2HPO4 buffer. The interactions 
of H2S with native LPO-Fe(III) were followed under anaerobic condi
tions. These measurements were made by purging the KH2PO4/ 
Na2HPO4 buffer (0.1 M), the H2S, and the protein solutions with nitro
gen gas for at least 30 min. Then 12 μM of native LPO and 560 μM H2S 
were introduced to the stopped-flow instrument in gas-tight syringes. 

Reactions were performed in a volume ratio of 1 to 1, so the final con
centrations in the reaction mixture were 6 μM LPO-Fe(III) and 280 μM 
H2S. The reaction of the LPO oxo-ferryl species was followed in 
sequential mixing mode. The oxo-ferryl species was prepared by mixing 
3.6 μM LPO-Fe(III) with 5 μM hydrogen peroxide in the ageing loop. 
After a delay of 5 s, 1.8 μM oxo-ferryl species was allowed to react with 
different concentrations of H2S (0–600 μM). 

2.3. EPR spectroscopy measurements 

To get deeper insights into the nature of the LPO intermediate species 
during enzyme turnover in the presence of H2O2 and H2S, electron 
paramagnetic resonance (EPR) measurements were carried out by a 
Varian E− 112 spectrometer equipped with a TE102 cavity operating at X- 
band (9 GHz) frequencies. The sample temperature was held at 77 K 
using an immersion finger dewar. EPR spectra were recorded using 
1 mW microwave power, a modulation amplitude of 1.00 × 10.00 G, 
0.5 s time constant and 2000 points. The samples were prepared at a pH 
of 7 in 0.1 M KH2PO4/Na2HPO4 buffer. For the EPR measurements four 
reaction mixtures were prepared: 1) 300 μM ferric LPO-Fe(III); 2) 300 
μM ferric LPO-Fe(III) with 900 μM H2O2; 3) 300 μM ferric LPO-Fe(III) 
with 900 μM H2O2 and 300 μM H2S and 4) 300 μM ferric LPO-Fe(III) 
with 900 μM H2O2 and 15000 μM H2S. The different reaction mixtures 
were prepared in sealed glass bottles from which 200 μL were imme
diately transferred into quartz EPR tubes (4 mm OD) and frozen in liquid 
nitrogen. Previously to adding the solutions to the EPR tubes, they were 
degassed with N2. 

2.4. Measurements of sulfate, sulfane sulfur and inorganic polysulfides 
production, upon LPO turnover in the presence of H2O2 and H2S 

Sulfate production was investigated using 5 μM LPO, which was 
reacted with 25 μM or 50 μM H2O2 and 600 μM, 800 μM or 1000 μM H2S. 
The reaction was performed under similar conditions as described in 
section 2.1, except here, after 3.5 h of LPO turnover in the presence of 
H2O2 and H2S, the samples were centrifuged for 30 min in a 10 kDa 
concentrator. The filtrate was recovered to measure sulfate production 
in the reaction following the procedure established in the literature 
[46]. Briefly: A 900 μL aliquot was acidified with a conditioning reagent 
(450 μL) containing concentrated HCl. Barium sulfate was obtained as a 
precipitate upon adding barium chloride to the solution. Then 1 mL of 
the solution was transferred to a quartz cuvette to measure the optical 
density at 420 nm. The concentration of sulfate was determined using a 
calibration curve previously made in the concentration range of 100 
μM–850 μM of sulfate with a 10.4 mM sodium sulfate stock (see e.g. 
Supplemental Fig. S1). 

Formation of sulfane sulfur species during LPO turnover in the 
presence of H2O2 and H2S was measured with a fluorescence sulfane 
sulfur-specific probe [47]. Hydrogen sulfide stock solutions were pre
pared as described previously [2]. A 10 mM stock solution of the sulfane 
sulfur-specific fluorescent dye, 3′,6′-Di(O-thiosalicyl) fluorescein (Sul
fane Sulfur Probe 4 or SSP4, Dojindo), was prepared in dimethyl sulf
oxide. SSP4 was used at a final concentration of 500 μM. The production 
of sulfane sulfur species by LPO in the presence of sulfide and H2O2 was 
determined by spectrofluorimetry in flat bottom, black plates using an 
Optima Star fluorescent plate reader at emission and excitation wave
lengths of 485 nm and 515 nm, respectively [17]. The fluorescence in
tensity values of the samples were measured every 30 s for 90 min. 
Sulfane sulfur production was measured with 0.5 μM LPO, 5000 μM 
sulfide and different concentrations of H2O2 (10–100 μM) 30 min after 
the reactions were initiated by the addition of H2O2. Sulfide oxidation in 
the absence of LPO was also determined under similar conditions in 
order to subtract non-LPO catalyzed sulfane sulfur production from the 
kinetic curves. 

We used LC/MS-MS to check whether a proportion of the produced 
sulfane sulfur species represents inorganic polysulfides [48]. Five 
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reaction mixtures were prepared, each were 300 μL in 100 mM phos
phate buffer with 200 μM diethylenetriaminepentaacetic acid (DTPA). 
LPO, H2O2 and H2S concentrations for the mixtures are shown in 
Table 1. Samples were incubated for 30 min at 37 ◦C, then the products 
were derivatized by adding 30 μL 100 mM β-(4-hydroxyphenyl) ethyl 
iodoacetamide (HPE-IAM). After 15 min of incubation at 37 ◦C alkyl
ation reactions were stopped by adding 5 μL 50 % trichloroacetic acid to 
the samples under vigorous vortexing conditions. Samples were centri
fuged (30,000 g, 5 min) and the supernatants were stored in the auto
sampler at the HPLC in dark vials at 5 ◦C. A Thermo Ultimate 3000 HLPC 
system coupled to a Thermo LTQ-XL mass spectrometer was used with a 
Kinetex C18 column (50 × 2.1 mm, 2.6 μm, Phenomenex) for the sep
aration of the analytes. 50 μL of the derivatized samples were injected 
and eluted using a 20-min long gradient profile consisting of 0.1 % of 
formic acid (A) and 0.1 % of formic acid in methanol (B) at a 0.2 mL/min 
flow rate. The gradient profile started at 5 % B and increased to 95 % in 
15 min. Detection of the alkylated polysulfur species were carried out by 
positive electrospray ionization and selected single reaction monitoring. 
The precursor → product mass transitions for HPE-IAM2-S, 
HPE-IAM2-S2, HPE-IAM2-S3, HPE-IAM2-S4 and HPE-IAM2-S5 were 389 
→ 252, 421 → 212, 453 → 244, 485 → 276 and 517 → 308, respectively. 

2.5. Protein structures 

For the visualization of the structural features of proteins, the PyMOL 
Molecular Graphics System (Version 2.0 Schrödinger, LLC) was used. 

3. Results and discussion 

3.1. Interactions of ferric and ferrous LPO with H2S under aerobic and 
anaerobic conditions 

UV–vis spectral changes of LPO-Fe(III) during its reaction with 
excess sulfide under aerobic conditions are shown in Fig. 2A. Upon 
addition of excess sulfide, the Soret peak shifts from 412 nm to 418 nm 
and new bands at 547 nm, 587 nm, 638 nm and 727 nm replace the 
characteristic bands of LPO-Fe(III) at 501 nm, 541 nm, 589 nm and 631 
nm [30]. The 638 nm and 727 nm transitions were tentatively assigned 
to ferrous sulfLPO-Fe(II) and ferric sulfLPO-Fe(III) species, respectively. 
Peak formations at around 547 nm and 587 nm and the transition of the 
Soret band to 418 nm were previously also observed in the aerobic re
action of LPO-Fe(III) with excess sulfide [41]. Interestingly these tran
sitions resemble the characteristic peaks of Compound III (Soret peak: 
423 nm, Q bands: 550 nm and 584 nm) [49]. 

In contrast, under strictly anaerobic conditions no spectral changes 
were observed by the stopped-flow technique within 100.0 s after 
mixing LPO-Fe(III) with excess sulfide (Fig. 2B). However, on a longer 
time scale under similar reaction conditions, the transformation of 
the LPO-Fe(III) UV–vis spectrum suggests a slow reaction between 
LPO-Fe(III) and H2S, but no sulfheme formation (Fig. 2C). The red shift 
of the Soret peak and the evolution of the characteristic peaks of ferrous 
LPO-Fe(II) at 561 and 593 [49] suggest this reaction to be a 
sulfide-mediated partial reduction of LPO-Fe(III). Only the subsequent 
addition of O2 to this mixture led to the appearance of the sulfLPO-Fe(II) 
and sulfLPO-Fe(III) peaks at 638 nm and 727 nm, respectively accom
panied by a slight blue shift of the Soret peak to 415 nm. These data 
indicate the need for molecular dioxygen to produce these sulfLPO 
products (Fig. 2D). 

To further corroborate the O2 requirement of the reaction, a similar 
experiment was conducted using preformed ferrous LPO-Fe(II). Ferrous 
LPO-Fe(II) was generated in the reaction of ferric LPO-Fe(III) and 
dithionite under anaerobic conditions followed by mixing with sulfide 
still in the absence of O2 and finally, O2 was added to the reaction 
mixture (Fig. 2E). The characteristic peaks of LPO-Fe(II) at 444 nm, 561 
nm and 593 nm appeared upon the reduction of LPO-Fe(III) with 
dithionite [49]. Mixing sulfide with LPO-Fe(II) caused no spectral 
changes. However, the subsequent addition of O2 to the reaction mixture 
resulted a characteristic 638 nm peak and the shift of the Soret peak to 
424 nm, which was assigned to sulfLPO-Fe(II) [41]. Interestingly, the 
characteristic sulfLPO-Fe(III) band at 727 nm did not show up, which is 
in line with the previous assignments of these absorbance maxima. 

In summary, our data indicate that for LPO the formation of the 
638 nm and 727 nm derivatives directly depends on the presence of both 
O2 and H2S. Evolution of these characteristic sulfLPO peaks was 
observed in three different experimental setups: 1) sulfide was added to 
ferric LPO-Fe(III) in the presence of oxygen (Fig. 2A); 2) O2 was added to 
the mixture of ferric LPO-Fe(III) and sulfide, in which ferrous LPO-Fe(II) 
was partially generated by slow sulfide-mediated LPO-Fe(III) reduction 
(Fig. 2C–D) and 3) O2 was added to the mixture of preformed LPO-Fe(II) 
and H2S (Fig. 2E). It is worth mentioning that the peak of sulfLPO-Fe(III) 
at 727 nm only appeared in the first two cases, when the reaction 
mixture contained the LPO-Fe(III) form. 

3.2. Catalytic turnover of LPO with H2O2 in the presence of H2S 

Sulfide as an alternative substrate in the catalytic turnover of LPO by 
H2O2 was investigated (Fig. 3A–H). First, ferric LPO-Fe(III) was reacted 
with H2O2. After 2 min of incubation, sulfide was added to the sample in 
large excess. Upon a slow decline (minutes) of the 638 nm band, addi
tional aliquots of fresh H2O2 were introduced to the reaction mixtures as 
indicated by the grey arrows in Fig. 3G. Changes in the adsorption 
spectra were followed by UV–vis spectroscopy. 

Fig. 3A presents the characteristic band displacements from native 
ferric LPO-Fe(III) (412 nm, 501 nm, 541 nm, 589 nm and 631 nm) to 
oxo-ferryl heme species (Por-Fe(IV)––O) (430 nm, 535 nm and 567 nm) 
upon its reaction with a 5-fold excess of H2O2 [30,49]. Important to note 
that the oxo-ferryl species could represent Compound II (Por-Fe(IV)––O) 
or Compound I* (+•aa-Por-Fe(IV)––O) as the electron structure of the 
heme motif is the same in the two species and so their absorption spectra 
cannot be distinguished from each other. The addition of a 180-fold 
excess of H2S to the oxo-ferryl derivative(s) resulted in the formation 
of ferrous sulfLPO-Fe(II) and ferric sulfLPO-Fe(III) (638 nm and 727 nm, 
respectively) (Fig. 3B). The following slight blue shift and intensity in
crease of the Soret band, as well as the significant decrease of the 
characteristic sulfLPO peak at 638 nm, and the peaks at 547 and 587 nm 
on the minutes timescale collectively indicated a slow decay of sulfLPO 
species, which is accompanied by the partial recovery of native 
LPO-Fe(III) (Fig. 3C). To further study the reversible nature of sulfLPO 
formation, an additional aliquot of H2O2 (10x of the LPO concentration) 
was added to this mixture containing the recovered native LPO-Fe(III) 
(Fig. 3D). It was expected, that sulfide was still in excess in this solu
tion. Indeed, the typical characteristic peaks of sulfLPO were reformed 
upon the addition of the second H2O2 aliquot shown by the absorbance 
increases at 547, 587, and 638 nm. It should be noted that the domi
nance of the 638 nm peak in the Q band region is much more prominent 
in this case and the Soret peak shifts to 424 nm compared to those in 
Fig. 3B, which may indicate the dominance of the ferrous sulfLPO-Fe(II) 
species. Over time, the intensity of the sulfLPO peaks at 547, 587, and 
638 nm drop again, and the Soret peak shifts to 416 nm again suggesting 
a slow recovery of LPO-Fe(III) (Fig. 3E). 

The time-resolved changes in the characteristic sulfLPO peak in
tensity at 638 nm were followed upon repeated re-addition of H2O2 and 
subsequent incubation times as shown in Fig. 3G. The first 8 points in 
Fig. 3G were derived from the discussed adsorption spectra in the 

Table 1 
Reaction mixture compositions for polysulfide speciation.   

1 2 3 4 5 

H2S (μM) 1000 1000 1000 1000 1000 
H2O2 (μM) 0 100 0 10 100 
LPO (μM) 0 0 1 1 1  
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Fig. 2. UV–vis absorption spectral changes during the interactions of ferric LPO-Fe(III) and ferrous LPO-Fe(II) with H2S in the absence and presence of O2. 
A) Upon the addition of 150 μM H2S to 3 μM LPO-Fe(III) under aerobic conditions, the characteristic bands of sulfLPO-Fe(III) and sulfLPO-Fe(II) emerged at 638 nm 
and 727 nm respectively (UV–vis spectra were recorded at 0.5 min, 1 min, 2 min, 4 min and 6 min after H2S addition). B) 6 μM LPO-Fe(III) was reacted with 280 μM 
H2S under anaerobic conditions and no spectral changes were observed within 100 s (UV–vis spectra were recorded at 0.81 s, 5.6 s, 9.3 s, 21.0 s, 30.0 s, 49.9 s, 69.1 s, 
81.1 s, and 100.0 s with a stopped-flow instrument after mixing the reagents). C) Incubation of 2.7 μM LPO-Fe(III) with 150 μM H2S under anaerobic conditions led to 
the partial generation of LPO-Fe(II) (UV–vis spectra were recorded every 5 min for 1.5 h). D) The introduction of O2 to the system led to the partial formation of 
sulfLPO-Fe(II) with a characteristic band at 638 nm. E) 2.7 μM LPO-Fe(III) was reduced to LPO-Fe(II) using a seven-fold excess of dithionite under anaerobic 
conditions. Subsequent addition of 50 μM H2S to the system led to no spectral changes in the absence of O2. Upon introduction of O2 to the mixture the characteristic 
peak of ferrous sulfLPO-Fe(II) emerged at 638 nm. 
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Fig. 3. Turnover of LPO in the presence of H2O2 and H2S through intermediate formation of sulfLPO. For clarity, spectral changes upon sequential addition of 
reagents (+H2O2, +H2S) (to the same reaction mixture) and during incubation periods (+time) between reagent addition steps are presented separately on A) – E). 
Dashed lines (– -) indicate the initial spectra of the corresponding reaction/incubation step and colored solid lines represent the final spectra before the next step in 
the sequence. Black arrows highlight the most relevant spectral transitions. A) Oxo-ferryl species (− ) were generated by adding 10.5 μM H2O2 to 2.1 μM native 
LPO-Fe(III) (– -) and incubating for 2 min. B) Subsequent addition of 375 μM H2S to this mixture (– -) generated sulfLPO (− ). C) Over time spectral changes of the 
sulfLPO spectrum (– -) indicate the partial recovery of LPO-Fe(III) (− ). D) At the 8. min another aliquot of 21 μM of H2O2 was added to the recovered LPO-Fe(III) (– -), 
which increased the intensity of the 638 nm band (− ). E) After a short incubation period, the spectrum recorded at 12 min 30 s (− ) shows a decrease of the band 
intensity at 638 nm and a blue shift of the Soret peak. F) Summarized spectral changes during the experiment separately shown on A) – E). G) Consecutive increase 
and decrease in the absorbance at 638 nm upon the addition of aliquots of H2O2 to the same mixture indicate turnover of LPO via intermediate formation of sulfLPO. 
Grey and black arrows indicate the H2O2 and H2S addition steps, respectively. H) Schematic illustration of the reaction steps. The color code of the LPO derivatives 
represents the colors of the corresponding spectra on A) – G). (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 4. Kinetic investigations for the reaction of LPO oxo-ferryl species with hydrogen sulfide using stopped-flow spectroscopy. A) Time-resolved spectral changes 
show sulfLPO formation (pink) in the reaction of 0.9 μM oxo-ferryl species (red) with 100 μM H2S. B) Single exponential fit (red) to the kinetic time trace (black) of 
the characteristic sulfLPO peak evolution at 638 nm upon the addition of H2S. C) Linear dependency of the obtained pseudo-first-order rate constants for sulfLPO 
formation on the H2S concentration. D) The decay of sulfLPO (pink) was accompanied by the recovery of LPO-Fe(III) (blue) following the reaction of 1 μM LPO with 
300 μM of H2S; inset shows the characteristic Soret peak evolution at 412 nm (blue) and the parallel decay of the sulfLPO peak at 638 nm (pink). (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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previous section, summarized on Fig. 3F. Fig. 3G shows consecutive 
increase and decrease periods of the 638 nm band corresponding to 
H2O2 addition-induced sulfLPO formation and subsequent LPO-Fe(III) 
recovery, respectively. These data indicate a constant turnover of LPO 
via intermediate formation of sulfLPO upon the addition of H2O2 in the 
presence of excess H2S. The repetitive addition of H2O2 was conducted 
until no intensity change was observable at the investigated wave
lengths. The lack of sulfLPO formation upon the addition of the last H2O2 
dose indicated the total consumption of sulfide. The repeated H2O2 
aliquot addition to the mixture caused similar absorbance changes at 
638 nm (Fig. 3G) until the consumption of H2S, so we believe that after 
rapid conversion of the added H2O2 to sulfLPO formation, the enzyme 
slowly returns to a fully active form representing enzyme states before 
peroxide addition. This experiment was reproduced several times using 
different incubation times, with similar results (see e.g. Supplemental 
Fig. S2). 

3.3. Reactivity of LPO oxo-ferryl species with H2S 

As mentioned above the oxo-ferryl species could represent Com
pound II (Por-Fe(IV)––O) or Compound I* (+•aa-Por-Fe(IV)––O) which 
cannot be distinguished spectroscopically. Nevertheless, we were 
interested in how fast this oxo-ferryl species reacts with H2S. Fig. 4A 
shows the reaction of 0.9 μM oxo-ferryl species with 100 μM H2S. 
Starting with the oxo-ferryl species with characteristic bands at 430 nm, 
535 nm and 567 nm (red spectrum), we observed a transition with a 
marked increase at 638 nm and a decrease in the Soret band, repre
senting the formation of sulfLPO (pink spectrum). A typical monophasic 
kinetic time trace at 638 with a single exponential fit is shown in Fig. 4B. 
The obtained pseudo-first-order rate constants showed a linear de
pendency on the H2S concentration (Fig. 4C). The apparent second- 
order rate constants for the formation of sulfLPO were calculated from 
the slopes to be 1.79 × 105 M− 1 s− 1. As already shown in Fig. 3, sulfLPO 
was not stable and decayed to LPO-Fe(III). Fig. 4D shows the corre
sponding spectral changes and kinetic traces (inset) for the evolution of 
the Soret peak at 412 nm and the loss of the characteristic sulfLPO peak 
at 638 nm over a 13-min time period. SulfLPO decayed in a biphasic 
manner to LPO-Fe(III), where the slight shift in the Soret maximum from 
412 nm to 415 nm is likely caused by the presence of a small amount of 
Compound III or another low spin species. 

3.4. Investigation of enzyme forms during the catalytic reactions of LPO 
using H2O2 and H2S as substrates 

We used EPR spectroscopy to gain deeper insight into the nature of 
the enzyme forms in the reactions of LPO with H2O2 in the presence of 
H2S. Fig. 5 compares the EPR spectra of native LPO-Fe(III) (Fig. 5A), the 
reaction mixture of LPO-Fe(III) and H2O2 (in 3-fold excess) (Fig. 5B) and 
the reaction mixture of LPO-Fe(III), H2O2 (in 3-fold excess) and equi
molar (Fig. 5C) or 50-fold excess (Fig. 5D) of sulfide relative to the LPO 
concentration. 

The EPR spectrum of native LPO-Fe(III) shows the characteristic 
high-spin ferric iron signal (Fig. 5A). Upon the addition of H2O2 a free 
radical peak also appeared with a g value of 2.004, which is charac
teristic of a carbon-centered radical (Fig. 5B). Previously this radical 
species was tentatively assigned to a tyrosyl radical derivative, which 
was generated from oxo-ferryl intermediates by intramolecular electron 
transfer [50]. The high-spin ferric signal remained transiently stable 
during the reactions of LPO-Fe(III) with H2O2, representing the resting 
state of the enzyme under these conditions. 

The reactions of LPO with H2O2 in the presence of H2S were carried 
out at two different concentration conditions with enzyme-to-substrate 
ratios of: LPO:H2O2:H2S = 1:3:1 (Fig. 5C) or 1:3:50 (Fig. 5D). At the 
lower concentration of H2S (Fig. 5C) the spectrum only shows a high- 
spin Fe(III) signal and no free radical peak at 2.004 g. This observa
tion not necessarily means that the radical was not generated, but it 

certainly had a lifetime too short to be trapped in the timescale of sample 
mixing and freezing. This is consistent with the fact that H2O2 was 
applied in excess relative to both LPO and H2S in this experiment and 
therefore, the observed high-spin ferric signal is most likely a result of 
rapid LPO catalyzed consumption of sulfide in its reactions with H2O2. 

At a 50-fold excess of H2S, the spectrum (Fig. 5D) only shows a weak 
low-spin Fe(III) signal at 2.27 g. Based on the observed and reported 
[60] characteristic UV–vis bands at 727 nm, 416 nm, 547 nm and 587 
nm (Fig. 3B) in a similar reaction mixture, we propose that this low-spin 
Fe(III) signal may be assigned to a sulfLPO(III)-oxygen complex. In 
agreement with this assignment, the observed g-value of 2.27 is similar 
to those reported for oxygenated Mb, horseradish peroxidase (HRP) and 
chloroperoxidase species [61]. The relatively low intensity of the signal 
is in line with the UV–vis spectrophotometry results (Fig. 3), where the 
formation of a mixture of ferrous (EPR silent) and ferric sulfLPO was 
observed under these reaction conditions. Moreover, the EPR spectra in 
the 2.004 g region indicated no detectable formation of the LPO tyrosyl 
radical species in the presence of sulfide at either condition (Fig. 5C and 
D). 

3.5. Products of LPO catalyzed oxidation of H2S with H2O2 

Heme protein-mediated sulfide oxidation pathways resulting in sul
fate, thiosulfate or polysulfide formation were reported in several 
studies [15]. For example, MPO produced polysulfide species in the 
presence of H2O2 and H2S, albeit no sign of sulfheme intermediate could 
be observed in its catalytic turnover [17]. On the other hand, the sulf
heme prosthetic group extracted from sulfmyoglobin decomposed to 
protohemin and SO4

2− as major products by first-order kinetics [46]. 
Because peroxide-mediated turnover of LPO with other substrates shows 
similarities with MPO, but in the presence of sulfide the formation of 
sulfheme derivatives was proposed, which resembles more the reactions 
of myoglobin under these conditions, we investigated the formations of 
sulfate and sulfane sulfur species in LPO catalyzed sulfide oxidation 
reactions. Fig. 6A shows an increase in sulfate production as a function 
of the initial sulfide concentration with 5 μM native LPO and 25 μM or 
50 μM H2O2 using three different concentrations of H2S: 600 μM, 800 μM 
and 1000 μM. 

In addition, Fig. 6B shows a H2O2 concentration-dependent increase 

Fig. 5. EPR spectra upon the reactions of LPO with H2O2 and H2S. EPR spectra 
of A) 300 μM ferric LPO-Fe(III), B) 300 μM ferric LPO-Fe(III) reacted with 900 
μM H2O2, 300 μM ferric LPO-Fe(III) reacted with 900 μM H2O2 followed by the 
addition of C) 300 μM or D) 15000 μM H2S. The inset shows an enhancement of 
the signal at the magnetic field range of 3200 G to 3300 G, which was assigned 
to an LPO tyrosyl radical (or other carbon-centered radical) species at 2.004 g. 
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in sulfane sulfur production detected by the sulfane sulfur-specific 
fluorescent probe SSP4. Sulfane sulfur refers to sulfur atoms with 
0 oxidation state (S0). Semi-quantitative analyses of the signals using a 
calibration curve that was developed using known concentrations of 
inorganic polysulfide species suggested that approximately 12 % of the 
peroxide was converted to sulfane sulfur formation. In the absence of 
H2O2, a small amount of sulfane sulfur production was observed, which 
was also the case with MPO [17], but to a lesser extent in this case. Using 
mass spectrometry, we identified the formation of inorganic polysulfides 
representing a series of sulfane sulfur species. Fig. 6C shows the detected 
inorganic polysulfides with different chain lengths in the reactions of 1 
mM sulfide with 0, 10 and 100 μM H2O2 in the presence of 1 μM LPO 
after alkylation with HPE-IAM and HPLC separation. The figure shows a 
normalized distribution of polysulfide species as % of remaining H2S 
(shown as S1 and set at 100% assuming that it stayed constant due to its 
high excess) after 30 min incubation at 37 ◦C as a function of the H2O2 
concentration. H2O2 alone (last group, no LPO) produced some S3 but 

LPO clearly had a catalytic effect on the reaction. In its presence, more 
and longer polysulfides were generated in a peroxide 
concentration-dependent manner. 

4. Discussion 

The reactions of H2S with hemeproteins are in the focus of sulfide 
biology research [15]. In the presence of O2 or H2O2, the reactions of 
sulfide with heme prosthetic groups in a number of different proteins 
were shown to produce the corresponding sulfheme derivatives [12,17, 
35,42,46,51–53]. Sulfheme formation reactions in most cases were re
ported to lead to loss of function (e.g. in the case of Hb [54] or Mb [55]). 
In some cases, sulfheme formation was not observed (for MPO), instead, 
these proteins catalyzed the oxidation of sulfide by H2O2. Interestingly, 
LPO was previously proposed to form sulfheme derivatives, albeit with 
relatively short lifetimes. Motivated by these observations in this study 
we tried to gain further insights into the reactions of sulfide with LPO 

Fig. 6. Products of LPO catalyzed oxidation of H2S with H2O2: A) Measured sulfate concentrations in the reactions of 5 μM ferric LPO, 600 μM (black), 800 μM (dark 
grey) or 1000 μM (grey) H2S and 25 μM or 50 μM H2O2. B) Sulfane sulfur detection with SSP4 at 30 min in the reactions of 500 nM LPO, 5 mM H2S as a function of the 
added H2O2 concentration. The observed linear correlation implies that ~12% of the H2O2 was converted to sulfane sulfur production. The differently labelled data 
sets represent individual experiments on different days using freshly prepared solutions C) Production of inorganic polysulfide species by LPO as a function of H2O2 
concentration. 1 mM of HS− was incubated with 1 μM of LPO for 30 min at 37 ◦C in the presence or absence of H2O2. After alkylation, polysulfide species were 
measured by HPLC-MS and levels were normalized to the HPE-IAM2-S species (representing sulfide and depicted on the graph as “S”) in each experiment. Disulfide 
species detected in the sample, which contains no LPO represent the disulfide contamination of the sulfide solution. In the absence of peroxide, LPO-induced 
measurable trisulfide production is likely due to H2O2 contamination in buffer solutions. 
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under different conditions. 

4.1. Insights into the reactions of LPO with H2S in the presence and 
absence of O2 

Under anaerobic conditions, we observed the reduction of the LPO 
heme iron in the presence of excess H2S without any sulfLPO formation. 
This observation was confirmed by no detectable changes in the UV–vis 
spectrum upon the addition of sulfide to ferrous LPO-Fe(II) in the 
absence of O2, which also suggested that H2S has little (if any) coordi
nating affinity to the ferrous form of the iron center. However, H2S 
reacted with native ferric or ferrous LPO in the presence of oxygen to 
generate products with characteristic UV–vis bands at 638 nm and 727 
nm, which were previously assigned to the ferrous sulfheme and ferric 
sulfheme derivatives, respectively [41]. In previous studies using SCN− , 
Br− or Cl− instead of H2S under similar conditions, the appearance of 
these characteristic bands was not observed [56]. It should also be 
emphasized that Mb and Hb sulfheme derivatives have absorbance 
maxima in the same region at 620 nm and 717 nm, respectively and their 
formation also relies on the combined presence of O2 and H2S. These 
apparent similarities in the Q region of the optical absorbance spectra 
could suggest that the modification in the LPO heme may be a 
chlorin-type structure in which the sulfur atom is incorporated across 
the β-β double bond of the pyrrole B as in sulfHb or sulfMb [41,53,57]. 

4.2. Insights into the LPO-catalyzed oxidation of H2S with H2O2 

The reaction of LPO-Fe(III) with H2O2 results in the immediate for
mation of an LPO oxo-ferryl species (spectroscopically indistinguishable 
Compound II and/or Compound I*). Subsequent reaction of this oxo- 
ferryl species with hydrogen sulfide resulted in sulfLPO formation. 
The apparent second-order rate constant for this interaction was deter
mined to be 1.79 × 105 M− 1 s− 1. SulfLPO decays in a biphasic manner to 
LPO-Fe(III). 

In addition, the reactions of LPO-Fe(III) with H2O2 in the presence of 
excess H2S resulted in a rapid formation of sulfLPO. The generated 
sulfLPO decayed in a minute timescale to recover LPO-Fe(III). Repeated 
addition of H2O2 consumed the total amount of H2S demonstrating that 
in the presence of H2O2, H2S serves as a non-classical LPO substrate, 
which turns over the enzyme with the intermediate formation of sulf
heme derivatives. Interestingly, EPR data indicated that the presence of 
sulfide can prevent the formation of long-lived aromatic amino acid 
radicals on LPO during turnover. 

4.3. Mechanistic considerations for sulfheme formation and 
decomposition 

The ability of LPO to catalyze the oxidation of sulfide by H2O2 
despite the apparent formation of sulfheme derivatives is in contrast to 
other systems where sulfheme formation inactivated enzymatic func
tions [12,34,40,41,43,51,52]. Therefore, this unique feature deserves 
attention from the mechanistic point of view. Previous data indicate that 
the orientation and position of the His residue at the heme active site are 
crucial factors in the formation of sulfheme products. Site-directed 
mutagenesis in hemoglobin I, where His 64 was replaced with Arg 
diminished sulfheme formation [12,35]. With the exception of a limited 
group of heme proteins, such as cytochrome c oxidase [58], HRP [51], 
MPO [17] or the phosphodiesterase His mutant (Ec DOS-PAS Met95His) 
[59] which do not form sulfheme, the distal His seems to be able to 
promote the formation of the corresponding sulfheme derivatives [12, 
35]. It was proposed that in MPO a bow-shape distortion of the heme 
displaces the iron center from the distal His, which could explain the loss 
of MPO’s ability to form a sulfheme derivative [17]. Fig. 7 shows that the 
distal His in HRP is also further away from the iron center (6.0 Å) 
compared to in LPO (5.1 Å), which may contribute to the fact that LPO 
can, but HRP cannot produce a sulfheme derivative [12,51]. 

Although our studies were not strictly mechanistic in the sense of 
sulfheme formation, based on previous literature data we attempt to 
speculate how sulfLPO might form in the presence of hydrogen peroxide or 
oxygen. These speculative pathways are shown in Fig. 8. Fig. 8A shows the 
proposed reactions with peroxide, which is based on the recent DFT/MM 
potential energy scans method coupled to the CHARMM force field, indi
cating hydrogen transfer from H2S to Fe(III)–H2O2 followed by homolytic 
cleavage of the O–O and S–H bonds to form •SH, Compound II, and a water 
molecule [42]. Subsequent addition of •SH to a pyrrole B carbon of Com
pound II leads to a 3-membered episulfide ring and met-aqua Fe(III). 
Finally, the energetically favourable 5-membered thiochlorin structure 
could form from the 3-membered episulfide ring [42]. In the case of LPO 
and O2, it was shown that Compound III (Por-Fe(II)–O2/Por-Fe(III)–O2

•-) 
can accept an electron and a proton to form Compound 0 and His109 plays 
an important role in this process [31]. Therefore, Fig. 8B suggests that 
sulfide-induced sulfheme formation in LPO may go through Compound III 
and Compound 0 in the presence of dioxygen. It is suggested that Com
pound III could accept an electron and a proton from H2S, which in turn 
could undergo a homolytic cleavage [42] Compound III could thus be 
transformed to Compound 0, a Por-Fe(III)-hydroperoxo bound state and 
•SH, which subsequently could induce heterolytic peroxide bond cleavage 
to give Compound I and release water. Subsequent recombination of 
Compound I and •SH could then lead to the formation of sulfLPO. Of note, 
oxyMb can also form Compound III [31,61,62] and previous studies 

Fig. 7. Distal active site of (A) LPO (PDB:5b72) [32] and (B) HRP (PDB:1ATJ) [60]. Cyan blue: carbon in porphyrin (Por); yellow: carbon in heme binding protein 
residues (His: proximal histidine, Glu: glutamic acid, Asp: aspartic acid); green: carbon in distal His residues; orange: iron ion; red: oxygen; dark blue: nitrogen. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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suggest that the •SH radical in this case is also involved in sulfheme for
mation [12,35,42,51,63]. In the proposed mechanisms for the sulfheme 
formation with O2 or H2O2, the rate-limiting steps are likely to be the 
generation of Compound III or Compound 0, respectively. While the sug
gested mechanism is speculative and additional experiments are needed to 
support this theory, we believe that it reasonably summarizes the current 
knowledge on sulfLPO formation and could give a valuable perspective for 
further research. 

The concept of reversion of sulfheme to the corresponding native 
protein is not new, in fact, this was observed in proteins such as Mb, Hb, 
and catalase under different experimental conditions [40,51,64,65]. 
However, LPO seems to be unique among peroxidases with its rapid rate 
of sulfLPO turnover as a catalytic intermediate (as opposed to a 
long-lived dead-end inhibitory species). Previous literature data 

[66–68] indicates that desulfurization of alkyl and organic aromatic 
sulfides in the presence of oxidizing agents, such as O2 or H2O2, leads to 
the production of sulfate [69,70]. In fact, an early work on sulfMb, using 
radioactive 35S, indicated that the decomposition of the isolated sulf
heme motif produces sulfate as the major product, while the formations 
of H2S, SO2 and elemental sulfur were ruled out [46]. We obtained data 
suggesting an increase in LPO-induced sulfate production in the pres
ence of H2O2 in a H2S concentration-dependent manner. Approximately 
20 % of the initially added H2S were estimated to be converted to 
sulfate. 

In addition to sulfate, we showed evidence for the formation of 
inorganic polysulfide species in this system, which accounted for 
approximately 12% of the added H2O2. One could speculate that inor
ganic polysulfides could be generated by the escape of thyil radicals 

Fig. 8. Proposed mechanism for sulfheme formation of LPO and H2S in the presence of (A) hydrogen peroxide and (B) oxygen.  
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from the active site and sulfate may be the product of sulfheme turnover. 
However, our data provide no insights into the contributions of these 
pathways. It also has to be noted that upon acidification of the reaction 
mixtures, polysulfides could precipitate as S8, which could contribute to 
the increase in turbidity in the barium-sulfate assay for sulfate mea
surement [6,71,72]. 

Future studies regarding the physiological relevance of LPO and 
sulfLPO turnover 

The in vitro results, we presented here may pave the way for future 
investigations to support the suggested mechanism with carefully con
ducted in vitro kinetical studies, including the determination of kinetic 
parameters, and thereby contribute to our understanding regarding the 
anti-inflammatory and antioxidant functions of LPO and H2S in airways 
[73]. Furthermore, our results may initiate in vivo studies to assess the 
ability of LPO to use H2S as substrate and generate bioactive inorganic 
polysulfides as products in vivo or the potential role of H2S in preventing 
carbon center radical formation on LPO during H2O2 scavenging. For 
example, H2O2 depletion by LPO via sulfheme formation may open new 
avenues to investigate the in vivo prevention of the toxic effects of H2O2 
in patients with asthma and COPD or in the crosstalk between LPO and 
cystathionine β-synthase and/or cystathionine γ-lyase enzymes in the 
antioxidant character of H2S. Regarding the toxic nature of H2S [74], 
upon inhalation of relatively high concentrations, LPO may serve as a 
“H2S sink” to protect mammals from sulfide toxicity. 
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