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Abstract: Reactive sulfur species (RSS) like hydrogen sulfide (H2S) and cysteine persulfide (Cys-SSH)
emerged as key signaling molecules with diverse physiological roles in the body, depending on their
concentration and the cellular environment. While it is known that H2S and Cys-SSH are produced
by both colonocytes and by the gut microbiota through sulfur metabolism, it remains unknown
how these RSS affect amebiasis caused by Entamoeba histolytica, a parasitic protozoan that can be
present in the human gastrointestinal tract. This study investigates H2S and Cys-SSH’s impact on
E. histolytica physiology and explores potential therapeutic implications. Exposing trophozoites to
the H2S donor, sodium sulfide (Na2S), or to Cys-SSH led to rapid cytotoxicity. A proteomic analysis
of Cys-SSH-challenged trophozoites resulted in the identification of >500 S-sulfurated proteins,
which are involved in diverse cellular processes. Functional assessments revealed inhibited protein
synthesis, altered cytoskeletal dynamics, and reduced motility in trophozoites treated with Cys-
SSH. Notably, cysteine proteases (CPs) were significantly inhibited by S-sulfuration, affecting their
bacterial biofilm degradation capacity. Immunofluorescence microscopy confirmed alterations in actin
dynamics, corroborating the proteomic findings. Thus, our study reveals how RSS perturbs critical
cellular functions in E. histolytica, potentially influencing its pathogenicity and interactions within
the gut microbiota. Understanding these molecular mechanisms offers novel insights into amebiasis
pathogenesis and unveils potential therapeutic avenues targeting RSS-mediated modifications in
parasitic infections.

Keywords: reactive sulfur species; hydrogen sulfide; cysteine persulfide; S-sulfuration; Entamoeba
histolytica

1. Introduction

RSS collectively refers to a variety of sulfur-containing chemical species that exhibit
reactivity and are involved in various biological and chemical processes. H2S and Cys-
SSH are often considered two of the most important RSSs due to their significant roles
in biological systems [1]. H2S is a gas that was once considered a toxic byproduct of
metabolic processes in living organisms. However, recent research showed that H2S plays
crucial roles in various physiological and pathophysiological processes depending on its
concentration and location within a cell or organism [2,3]. H2S is produced by several
enzymes, including cystathionine gamma-lyase (CSE) [4], cystathionine beta-synthase
(CBS), and 3-mercaptopyruvate sulfurtransferase (3-MST), which are expressed in different
organs and tissues in vivo [2]. Moreover, it was recently suggested that H2S (together with
H2O2) can also be produced by a fourth endogenous enzyme, selenium-binding protein
1 (SELENBP1). This enzyme plays a crucial role in the colon, producing H2S through the
oxidation of methanethiol, a product of methionine metabolism in gut bacteria [5]. One
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of the most important aspects of H2S function is its ability influence diverse signaling
pathways (e.g., NF-κB, MAPK, HIF-1α, NRF-2) and cell survival [6,7]. The gut microbiota
are a complex ecosystem that is composed of trillions of microorganisms, including bacteria,
archaea, fungi, and viruses. These microorganisms interact with each other and with the
host and play important roles in digestion, metabolism, and immune function [8]. One of
the metabolic processes that the gut microbiota are involved in is sulfur metabolism, which
leads to the production of H2S [9]. The gut microbiota produces H2S through two pathways:
sulfate reduction by bacteria like Desulfovibrio and thiosulfate reduction by bacteria such
as Escherichia coli and Salmonella [10,11]. The production of H2S by the gut microbiota are
regulated by various factors, including diet, host genetics, and microbial interactions. The
gut microbiota notably influences H2S production and maintenance in the body. Colonic
bacteria play a significant role in generating substantial amounts of H2S, resulting in its
commonly observed presence in the gut at millimolar concentrations [12–14]. Additionally,
research indicates that modifications in the composition and function of the gut microbiota
can affect H2S production and metabolism, thereby holding significant implications for
human health [9,15]. Concerning Cys-SSH, its formation in colonocytes is catalyzed by CSE
and by CBS using cystine as a substrate [4,16]. Additionally, cysteinyl–tRNA synthetases
were identified as enzymes capable of generating Cys-SSH using cysteine as a substrate [17].
Similar to H2S, gut bacteria also contribute to the production of Cys-SSH during sulfur
metabolism in the gastrointestinal tract [18].

Amebiasis is a parasitic infection caused by the protozoan parasite Entamoeba histolytica.
It is a common cause of diarrheal illness worldwide, particularly in developing countries
with poor sanitation and hygiene. The infection is typically acquired through ingestion of
contaminated food or water and can induce various symptoms such as diarrhea, abdominal
pain, and fever. In severe cases, the infection can lead to the development of abscesses in
the liver or other organs, which can be life-threatening [19]. Treatment typically involves a
course of antibiotics, with metronidazole being the standard therapy for treating adults
and children with invasive amoebiasis [20,21].

The presence of RSS in the gut [18] prompts inquiry into their potential role in reg-
ulating amebiasis. Previous studies established that E. histolytica can generate H2S from
cysteine through the actions of methionine gamma-lyase 1&2 [22,23]. Moreover, apart
from producing H2S internally, the parasite is likely exposed to H2S generated by the gut
microbiota. Recent research suggests that the cellular effects of H2S involve, in part, protein
S-sulfuration (also referred to as S-persulfidation), which can modify protein conforma-
tion, function, and activity [24]. The presence of Cys-SSH in the gut also suggests that
S-sulfuration may occur directly in the parasite. Despite these intriguing findings, our
understanding of the influence of RSS, such as H2S and Cys-SSH, on the growth and physi-
ology of E. histolytica remains limited. To gain a deeper understanding of the role of RSS in
E. histolytica, we conducted in parallel a physiological study and a proteomic analysis of
S-sulfurated proteins. This study provides valuable insights into the regulation of H2S and
Cys-SSH in the parasite, and it offers promising avenues for further research into the role
of these RSS in the pathogenesis of amebiasis and their potential as a therapeutic target for
this disease.

2. Materials and Methods

E. histolytica culture
E. histolytica strain HM-1:IMSS was generously provided by Prof. Samudrala Gouri-

nath at Jawaharlal Nehru University, New Delhi, India. E. histolytica was maintained at
37 ◦C in 13 × 100 mm screw-capped Pyrex glass tubes containing Diamond’s TYI-S-33
medium until reaching the exponential growth phase. Trophozoites were harvested from
the culture tubes by tapping them, followed by centrifugation, as described in previous
protocols [25].

Determination of Lethal Dose, 50% (LD50) of Na2S or Cys-SSH for E. histolytica
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Trophozoites (1 × 106/mL) were treated with 2.0–3.5 mM Na2S (Merck, Rehovot,
Israel) or 0.2–1.2 mM Cys-SSH. A modified procedure for Cys-SSH production and concen-
tration determination, as described in [26–28], involved dissolving 20 mM cystine (Thermo
Fisher Scientific (Heysham), Lancashire, UK) in degassed distilled water, adjusting the pH
to 8.8, transferring 5 mL to a 15 mL tube, adding 15 mg Na2S, and subsequently, transferring
the mixture to an Eppendorf tube for a 30 min incubation at 37 ◦C. This was followed by
measuring the concentration of Cys-SSH using the cold cyanolysis method [29,30]. It is
expected that Cys-SSH is the major compound in the solution, but the presence of unreacted
Na2S and cystine cannot be ruled out [28,30]. Freshly prepared Cys-SSH solutions were
systematically utilized in this study. Na2S or Cys-SSH treatments of the trophozoites were
carried out in phosphate-buffered saline (PBS) containing glucose 0.1% (PBS–glucose) at
different times at 37 ◦C. PBS–glucose was selected instead of Diamond’s TYI-S-33 medium
due to the latter containing cysteine at millimolar concentrations [25]. This high concentra-
tion of cysteine can potentially interfere with Na2S or Cys-SSH treatments, diminishing
their anti-amebic activity (Figure S1). The number of viable trophozoites was counted by
using the eosin dye exclusion method [31].

Detection of intracellular concentration of H2S in trophozoites by Washington State
Probe-5 (WSP-5) coupled to flow cytometry

To assess intracellular H2S levels, 1 × 106 trophozoites were harvested and treated
with or without 2.65 mM Na2S for 5–30 min in PBS–glucose. After treatment, the cells were
then washed three times with serum-free TYI medium by centrifugation at 1900 rpm for
3 min. Subsequently, the suspended trophozoites were incubated with 1 mL of serum-
free TYI medium containing 50 µM of WSP-5 (Cayman Chemical, Ann Arbor, MI, USA)
for 15 min at 37 ◦C. WSP-5 is a fluorescent probe for H2S that emits fluorescence with
excitation/emission maxima of 502/525 nm, respectively, upon reaction with H2S. After
washing the cells with PBS three times, they were suspended in 1 mL of PBS and analyzed
by flow cytometry. Flow cytometry was performed using BD LSRFortessa™ Cell Analyzer
(Becton, Dickinson and Company, Franklin Lakes, NJ, USA), and data from 10,000 cells
were collected under each condition.

Detection of intracellular concentration of persulfides and polysulfides in trophozoites
by Sulfane Sulfur Probe 4 (SSP4) coupled to flow cytometry

To assess intracellular persulfides and polysulfides levels, 1 × 106 trophozoites were
harvested and treated with or without 0.8 mM Cys-SSH, 0.8 mM L-Cystine (Thermo
Fisher Scientific (Heysham), Lancashire, UK), 0.8 mM L-Cysteine (Merck Millipore, Rosh-
Ha’ayin, Israel) or with 0.8 mM Na2S (Merck, Rehovot, Israel) for 30 min in PBS–glucose.
After treatment, the cells were then washed three times with serum-free TYI medium by
centrifugation at 1900 rpm for 3 min. Subsequently, the suspended trophozoites were
incubated with 1 mL of serum-free TYI medium containing 20 µM of SSP4 (Cayman
Chemical, Ann Arbor, MI, USA) for 15 min at 37 ◦C. SSP4 is a fluorescent probe that emits
fluorescence with excitation/emission maxima of 482/515 nm, respectively, upon reaction
with sulfane sulfur. After washing the cells with PBS three times, they were suspended in
1 mL of PBS and analyzed by flow cytometry. Flow cytometry was performed using BD
LSRFortessa™ Cell Analyzer (Becton, Dickinson and Company, Franklin Lakes, NJ, USA),
and data from 10,000 cells were collected under each condition.

Biotin Thiol Assay (BTA)
To identify S-sulfurated proteins in the parasite exposed to Cys-SSH, we conducted a

BTA coupled with LC-MS/MS analysis [32,33]. In the BTA assay, Cys-S-SH groups formed
as a result of persulfidation reaction with biotin-conjugated maleimide. These Cys-S-S-
biotin-tagged proteins are selectively captured by an avidin column. Upon elution using
dithiothreitol (DTT), previously sulfhydrated proteins are specifically released. Proteins
that have not undergone sulfhydration retain their Cys-SH groups, which react with biotin-
conjugated maleimide to form Cys-biotin. These unmodified proteins cannot be eluted by
DTT from the avidin column, allowing for the precise isolation of sulfhydrated proteins.
The assay was performed as follows: 1 × 107 trophozoites were harvested and treated with
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or without 0.8 mM Cys-SSH for 30 min in PBS–glucose. Cells underwent lysis using RIPA
buffer (containing 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 50 mM Tris-HCl
(pH 7.4), and 0.1% SDS in PBS) on ice for 10 min. Afterward, lysates were clarified by
centrifugation at 4 ◦C, 13,000 rpm, for 20 min (using the Eppendorf Centrifuge 5810 R), and
protein concentrations were determined using the bicinchoninic acid (BCA) assay (BioRad,
Rishon Le Zion, Israel). Equal amounts (2 mg) of proteins were then mixed with 0.1 µM
biotin–polyethylene glycol (PEG) 2-maleimide (Thermo Fisher Scientific, Waltham, MA,
USA) in 2.5 mL RIPA buffer and incubated at 37 ◦C for 30 min with occasional gentle mixing.
The resulting mixture was subsequently precipitated by cold acetone. After centrifugation,
the precipitated protein pellets were washed four times with 70% cold acetone, followed
by suspension in a buffer (0.1% SDS, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, and
50 mM Tris-HCl, pH 7.5). This suspension was mixed with 50 µL Streptavidin agarose
resin (Thermo Fisher Scientific, Waltham, MA, USA) and rotated overnight at 4 ◦C. Post-
incubation, the beads were washed five times with wash buffer 1 (0.5% Triton X-100,
150 mM NaCl, 50 mM Tris-HCl, pH 7.5), followed by seven washes with wash buffer 2
(0.5% Triton X-100, 600 mM NaCl, 50 mM Tris-HCl, pH 7.5). Resin with bound proteins
underwent incubation with 500 µL of elution buffer, with or without 20 mM DTT, for
30 min at 25 ◦C. The eluted proteins were concentrated to a final volume of 25–35 µL using
an Amicon Ultracel 10 K (Merck Millipore, Rosh-Ha’ayin, Israel) column. Following the
addition of 5× sample buffer (250 mM Tris (pH 6.8), 12% SDS, 50% glycerol, 1 mg/mL
bromophenol blue) and β-mercaptoethanol, the concentrated proteins were boiled for
10 min at 100 ◦C. Subsequently, the resulting samples were subjected to gel electrophoresis
(10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)), followed by
mass spectrometry (MS) analysis.

In gel proteolysis and MS analysis
Gel-based proteolysis was conducted following a previously outlined procedure [34].

The proteins within the gel were first reduced with 3 mM DTT (60 ◦C for 30 min), followed
by modification with 10 mM iodoacetamide in 100 mM ammonium bicarbonate (carried
out in a light-protected environment at room temperature for 30 min). Subsequently,
the proteins were enzymatically digested in a solution comprising 10% acetonitrile and
10 mM ammonium bicarbonate with modified trypsin (Promega, Beit Haemek, Israel) at an
enzyme-to-substrate ratio of 1:10, overnight at 37 ◦C. A secondary digestion with Trypsin
was then carried out for 4 h at 37 ◦C. The resultant tryptic peptides were desalted using
C18 tips (home-made stage tips), dried, and re-suspended in 0.1% formic acid. These
peptides were further separated by reverse-phase chromatography on a 0.075 × 300 mm
fused silica capillary (J&W, Agilent Technologies, Santa Clara, CA, USA) packed with
Reprosil reversed-phase material (Dr Maisch GmbH, Ammerbuch, Germany). Elution of
peptides was achieved through a linear gradient of 5% to 28% acetonitrile with 0.1% formic
acid in water over 60 min, followed by a 15 min gradient of 28% to 95% acetonitrile with
0.1% formic acid in water, and finally, 15 min at 95% acetonitrile with 0.1% formic acid in
water, all at a flow rate of 0.15 µL/min. Mass spectrometry analysis was performed using
a QExactive plus mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) in
positive mode, employing repetitive full MS scans followed by High Collision Dissociation
(HCD) of the 10 most dominant ions selected from the initial MS scan.

The MaxQuant software 2.1.1.0 [35] was employed to analyze the mass spectrometry
data, facilitating peak picking and identification through the Andromeda search engine. The
search was conducted against the Entamoeba histolytica section of the Uniprot database, with
a mass tolerance of 4.5 ppm for precursor masses and 20 ppm for fragment ions. Variable
modifications, including oxidation on methionine, protein N-terminus acetylation, and
biotin on lysine, were accepted, while carbamidomethyl on cysteine was considered static.
Peptides with a minimum length of seven amino acids and up to two miscleavages were
allowed. Label-free analysis was performed using the same software for data quantification.
Peptide- and protein-level false discovery rates (FDRs) were filtered to 1% using the
target-decoy strategy. Protein tables underwent filtration to remove identifications from
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the reverse database and common contaminants. Statistical analysis of identification and
quantification results was conducted using Perseus software(Perseus 1.6.7) (Mathias Mann’s
group). Proteins were deemed significantly altered if their abundance exhibited a 2-fold
change or more in the sample (WT + Cys-SSH) compared to the control (WT), with a
p-value < 0.05 and Razor + unique peptides > 1.

PANTHER Classification System
The study utilized PANTHER Version 18.0 (http://pantherdb.org/; [36] accessed

on 20 October 2023) for data analysis. Sulfhydrated proteins were categorized using the
“protein class” ontology setting. The statistical overrepresentation test was conducted with
default setting, utilizing the annotation data set corresponding to PANTHER protein class
and selecting the FDR correction for multiple testing options.

Assessment of protein synthesis through surface sensing of translation (SUnSET)
Protein synthesis in trophozoites exposed to Cys-SSH (0.8 mM for 30 min) and un-

treated trophozoites (control) in PBS–glucose was assessed using SUnSET [37,38]. Briefly,
treated trophozoites (2 × 106) were incubated with 10 µg/mL puromycin (Merck, Rehovot,
Israel), a structural analog of tyrosyltRNA, for 20 min at 37 ◦C. Following this, the tropho-
zoites were lysed using 1% Igepal (Merck, Rehovot, Israel) in PBS. Whole proteins were
separated on a 10% SDS-PAGE in SDS-PAGE running buffer and subsequently electro-
transferred to a nitrocellulose membrane in protein transfer buffer. Loading equivalency
was determined by Ponceau-S (Merck, Rehovot, Israel) staining of the membrane before
immunostaining. Puromycin incorporation was detected by immunoblotting using a 1:1000
dilution of monoclonal puromycin antibody (12D10 clone, Merck Millipore, Rosh-Ha’ayin,
Israel). Following incubation with the primary antibody, the blots were treated with a 1:5000
dilution of secondary antibody (Jackson ImmunoResearch, West Grove, PA, USA) for 2 h at
room temperature, then developed using enhanced chemiluminescence (WesternBrightTM

ECL, Advansta, CA, USA) and photographed with Fusion FX7 Edge Spectra. Protein
synthesis quantification was determined from the intensity of the immunoreactive blots
(densitometry) using Fiji software version 1.54f [39].

Immunofluorescence microscopy
A total of 1 × 106 E. histolytica trophozoites were harvested and treated with or

without 0.8 mM Cys-SSH for 30 min in PBS–glucose. Then, trophozoites (1.5 × 105 tropho-
zoites/mL) were suspended in TYI medium without serum at 37 ◦C and transferred onto
glass coverslips cleaned with acetone, positioned at the bottom of each well of a 24-well
plate. Following this, trophozoites were allowed to adhere to the coverslip surface during a
1 h incubation at 37 ◦C. Subsequently, the attached trophozoites were fixed with prewarmed
37 ◦C 4% paraformaldehyde (PFA, Electron Microscopy Sciences, Hatfield, PA, USA) for
30 min at room temperature. After fixation, trophozoites were permeabilized with 0.1%
Triton X-100/PBS for 1 min at room temperature. The coverslips were washed three times
with PBS and quenched with PBS containing 50 mM NH4Cl for 30 min at room temper-
ature. Following this, the coverslips were blocked with 1% bovine serum albumin (BSA,
MP Biomedicals, Solon, OH, USA) in PBS (BSA/PBS) for 1 h at room temperature. The
samples were then incubated overnight with a 1:1000 dilution of monoclonal actin antibody
(clone C4, MP Biomedicals, Solon, OH, USA), known to effectively detect E. histolytica
actin [40]. The next day, the samples underwent PBS and 1% BSA/PBS washes, followed
by a 4 h incubation at 4 ◦C with a 1:250 dilution of Alexa Fluor 488 (Jackson ImmunoRe-
search, West Grove, PA, USA) and a 1:1000 dilution of 4’,6-diamidino-2-phenylindole
(DAPI; MP Biomedicals, Solon, OH, USA). After incubation, coverslips were washed in
PBS and then incubated overnight at 4 ◦C with a 1:500 dilution of Phalloidin-iFluor 594
Reagent (Abcam, Cambridge, UK). Following additional washing steps, coverslips were
mounted onto microscope slides using Fluoromount G (SouthernBiotech, Birmingham, AL,
USA). The specimens were examined under a confocal immunofluorescence microscope
(ZEISS-LSM700 Meta Laser Scanning System) equipped with a 63× oil immersion objective.
Fluorescent quantification of control trophozoites and those treated with Cys-SSH was
conducted using Fiji software version 1.54f [39].

http://pantherdb.org/
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Determination of E. histolytica motility
Using the Costar Transwell system (8 µm pore size polycarbonate membrane, 6.5 mm

diameter, Corning Inc., New York, NY, USA) as outlined in [41], trophozoite motility was
evaluated. Briefly, 1 × 106 E. histolytica trophozoites were collected and treated with or
without 0.8 mM Cys-SSH for 30 min in PBS–glucose. The trophozoites were then suspended
in serum-free TYI medium. A 500 µL aliquot of the suspension (5 × 105 trophozoites/mL)
was loaded into a transwell insert, which was placed in each well of a 24-well culture
plate containing 500 µL serum-free TYI medium. The 24-well culture plate, along with
the loaded inserts, was sealed in anaerobic bags (Mitsubishi Gas Chemical Company, Inc.,
Tokyo, Japan) and incubated for 3 h at 37 ◦C. Upon completion of the incubation, the
inserts and culture medium were removed from each well, and trophozoite migration was
assessed by enumerating the number of trophozoites adhered to the bottom of each well.

CPs activity assay
E. histolytica trophozoites were harvested and treated with different conditions sep-

arately: control trophozoites (WT), Cys-SSH-treated trophozoites (0.8 mM Cys-SSH in
PBS–glucose for 30 min), and E64D-treated trophozoites (10 µM E64D in Diamond’s TYI-
S-33 medium for overnight). CP activity was evaluated in total lysates of differently
treated E. histolytica trophozoites (1 × 106) that were lysed in 1 mL of 1% Nonidet P-40
(NP-40) solution prepared in deuterium-depleted water (DDW). The assessment of CP
activity was conducted by monitoring the degradation of the chromophoric substrate
benzyloxycarbonyl-L-arginyl-L-arginine-p-nitroanilide (Z-Arg-Arg-pNA; Bachem, Buben-
dorf, Switzerland) [42]. One unit of CP activity was defined as the enzyme quantity capable
of digesting one micromole of Z-Arg-Arg-pNA per minute per milligram of protein.

Gelatin gel method
E. histolytica trophozoites were harvested and treated with different conditions sepa-

rately: control trophozoites (WT), Cys-SSH-treated trophozoites (0.8 mM Cys-SSH in PBS–
glucose for 30 min), and E64D-treated trophozoites (10 µM E64D in Diamond’s TYI-S-33
medium for overnight). To assess the CP activity, 1 × 106 E. histolytica-treated trophozoites
were lysed using 0.5% NP-40 for 10 min on ice. Following this, lysates were clarified by
centrifugation at 4 ◦C, 12,000 rpm, 1 min (Eppendorf Centrifuge 5810 R), and the pro-
tein concentrations were assessed using the BCA assay (BioRad, Rishon Le Zion, Israel).
SDS-PAGE contained 1% gelatin (Merck, Rehovot, Israel) and was prepared previously. A
total of 40 µg of protein in 1× sample buffer without DTT were loaded onto the gel and
subjected to electrophoresis at a constant voltage of 150 volts. Subsequently, the gel was
washed three times for 10 min each using a washing solution comprising 2.5% Triton X-100.
The gel was then placed in a developing buffer, which consisted of 100 mM sodium acetate
with a pH of 4.2 and 1% Triton X-100, and incubated at 37 ◦C for 30 min. Finally, the gel
was treated with Coomassie Blue staining solution to visualize the protein bands.

B. subtilis biofilm formation
Biofilm formation of B. subtilis was initiated using B. subtilis GFP-expressing strain

NCIB3610, specifically the amyE::Phyperspank-gfp variant [43]. A single colony was selected
from lysogeny broth (LB) plates and cultivated until mid-logarithmic phase in a 3 mL LB
culture, with agitation at 37 ◦C for 4 h at 200 rpm using a New Brunswick scientific, Innova
4300 shaker. To prepare the biofilm, we adapted a method from Xiaoling Wang et al. [44].
Cells from the mid-logarithmic phase were diluted 1:10 into a serum-free TYI medium and
incubated overnight at 30 ◦C without agitation. Growth occurred in 24-well plates, each
well containing 1 mL of serum-free TYI agar.

B.subtilis biofilm degradation assay by E. histolytica trophozoites
The procedure used to determine the degradation of B.subtilis by E. histolytica tropho-

zoites is described in [45]. E. histolytica trophozoites were harvested and treated with
different conditions separately: control trophozoites (WT), Cys-SSH-treated trophozoites
(0.8 mM Cys-SSH in PBS–glucose for 30 min), and E64D-treated trophozoites (10 µM E64D
in Diamond’s TYI-S-33 medium for overnight). Treated trophozoites (1 × 106) were placed
onto B. subtilis biofilm and incubated at 37 ◦C for 3 h without agitation. To measure the
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degree of biofilm degradation, photographs of the biofilms were captured using an Olym-
pus stereoscope, and the GFP signal intensity of each well was assessed relative to the
control (biofilm incubated without trophozoites) using Fiji software version 1.54f [39]. The
original images containing the GFP signal were converted into grayscale images, where
white indicates a stronger GFP signal and black represents a weaker signal. Thus, a darker
image indicates a greater degree of biofilm destruction and a weaker biofilm. The amount
of black pixels in the image, which corresponds to the extent of biofilm degradation, was
quantified and normalized relative to the control sample.

Detection of ROS in E. histolytica trophozoites
The trophozoites were treated with 0.8 mM Cys-SSH in PBS–glucose for 30 min or

2.5 mM H2O2 in PBS–glucose for 15 min at 37 ◦C. Trophozoites were washed once with
serum-free TYI medium to eliminate the Cys-SSH or H2O2 and resuspended in a 24-well
plate. Each well was treated with a fluorescent probe, 2′,7′-dichlorodihydrofluorescein
diacetate (H2DCFDA, 10 µM, Merck, Rehovot, Israel), and incubated for 30 min at 37 ◦C in
the absence of light, within TYI medium lacking serum. Following this, the trophozoites
were fixed with 4% PFA for 30 min at room temperature in the absence of light. The
trophozoites were analyzed using a fluorescence microscope, and the fluorescence intensity
of the H2DCFDA probe was utilized to quantify the level of oxidation in each trophozoite.
The quantification of ROS levels in trophozoite cells was carried out using Fiji software
version 1.54f [39].

For detecting ROS level by flow cytometry, 1 × 106 trophozoites were harvested and
treated with or without 0.08 mM, 0.4 mM, or 0.8 mM Cys-SSH in PBS–glucose for 30 min.
After treatment, the cells were then washed three times with serum-free TYI medium by
centrifugation at 1900 rpm for 3 min. Subsequently, the suspended trophozoites were
incubated with 1 mL of serum-free TYI medium containing 20 µM of H2DCFDA probe for
15 min at 37 ◦C. H2DCFDA probe is a fluorescent probe for ROS that emits fluorescence
with excitation/emission maxima of 504/529 nm, respectively, upon reaction with ROS.
After washing the cells with PBS three times, they were suspended in 1 mL of PBS and
analyzed by flow cytometry. Flow cytometry was performed using BD LSRFortessa™
Cell Analyzer (Becton, Dickinson and Company, Franklin Lakes, NJ, USA), and data from
10,000 cells were collected for each condition.

Statistical analysis
Statistical analysis and graphical representations were conducted utilizing Prism 9

(Graphpad Software Inc., San Diego, CA, USA). The data are presented as mean ± standard
error of the mean (SEM) from 2 to 3 biological replicates. Unless otherwise specified,
significance was assessed using one-way ANOVA for multiple comparisons and the Mann–
Whitney test for two groups of comparisons. Normality was tested by Shapiro–Wilk test.

3. Results
3.1. Exogenous H2S and of Cys-SSH Induce Rapid Cytotoxicity in E. histolytica Trophozoites

H2S is produced by colonic tissue through the activity of transsulfuration enzymes
(CBS, CSE) and is also derived from bacteria, leading to concentrations of up to 3.4 mmol/L
(as measured in human stools) [14]. The presence of H2S in the gut and its emerging role
in inhibiting the release of invasive pathobionts [46] suggest its potential relevance to the
biology of E. histolytica. Subsequently, we carried out experiments to explore the impact
of H2S on the viability of E. histolytica. To achieve this, we utilized Na2S, which rapidly
releases H2S in aqueous solution [47]. After subjecting E. histolytica trophozoites to varying
concentrations of Na2S for 30 min, we established that the LD50 of Na2S corresponds to
2.65 mM (Figure 1a). At 2.65 mM Na2S, we observed that 75% of the trophozoites were
killed after one hour of exposure (Figure 1b). In order to monitor the H2S delivery into the
parasite, we used fluorescent probe WSP-5 [48]. At a concentration of 2.65 mM Na2S, we
observed a 1.4-fold increase in intracellular WSP-5 fluorescence compared to the untreated
control trophozoites after 10 min of exposure. These results indicate that the addition of
Na2S to the trophozoites rapidly leads to the accumulation of intracellular H2S (Figure 1c).
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S-sulfuration represents a recently identified post-translational modification promoted by
H2S. This process chemically alters cysteine residues within the target protein, forming
persulfides [49]. The cytotoxic impact of H2S on the parasite implies that essential biolog-
ical functions within the parasite are disrupted by H2S. This suggests that the cytotoxic
mechanism may be linked to the S-sulfuration of vital proteins, underscoring the poten-
tial significance of this post-translational modification in mediating H2S-induced toxicity.
Moreover, the presence of Cys-SSH in the gut [18] suggests that the direct S-sulfuration
of proteins facilitated by this trans-persulfidating agent [50] can also occur in the host. To
investigate this hypothesis, trophozoites were subjected to Cys-SSH exposure, revealing
that the LD50 of Cys-SSH in E. histolytica trophozoites is 0.8 mM after a 30 min treatment
(Figure 2a). To monitor the Cys-SSH delivery into the parasite, we utilized the fluorescent
reagent SSP4, commonly used for the detection of sulfane sulfurs [51]. While Cys-SSH
led to the identification of sulfane sulfurs in the parasite, none of the components used
to prepare Cys-SSH, namely cystine and Na2S [29], led to the detection of sulfane sulfurs
(Figure S2).
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Figure 1. H2S induces rapid cytotoxicity and intracellular accumulation in E. histolytica trophozoites.
(a) The viability of Na2S-treated E. histolytica trophozoites using different concentrations. The
1 × 106 trophozoites were exposed to different Na2S concentrations for 30 min in PBS–glucose. The
obtained data were normalized and compared to untreated trophozoites from biological experiments
conducted on three separate days, each with one to three independent repetitions. Data represent
the mean ± SEM of six independent replicates (n = 6). (b) The viability of Na2S-treated E. histolytica
trophozoites was assessed over various time intervals. Specifically, 1 × 106 trophozoites were
subjected to Na2S at a concentration of 2.65 mM in PBS–glucose for different durations to evaluate the
time-dependent effects on viability. The obtained data were normalized and compared to untreated
trophozoites from biological experiments conducted on three separate days, each with two to three
independent repetitions. Data represent the mean ± SEM of seven independent replicates (n = 7).
(c) Detection of H2S production by flow cytometry. Exposure of E. histolytica to 2.65 mM Na2S at
various time points resulted in the generation of H2S. The H2S accumulation was assessed using
the WSP-5 fluorescent probe. The obtained data were normalized and compared to untreated
trophozoites from biological experiments conducted on two separate days, each with two to three
independent repetitions. Data represent the mean ± SEM of five independent replicates (n = 5).
Statistical significance is indicated by asterisks (* p < 0.05, ** p < 0.01, **** p < 0.0001).
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Figure 2. Proteomic profiling of S-sulfurated proteins in parasites exposed to Cys-SSH by BTA reveals
diverse functional families. (a) Effect of Cys-SSH on viability of E. histolytica trophozoites. The 1 × 106

trophozoites were exposed to different concentrations of Cys-SSH for 30 min in PBS–glucose. The
obtained data were normalized and compared to untreated trophozoites from biological experiments
conducted on three separate days, each with one to two independent repetitions. Data represent
the mean ± SEM of four independent replicates (n = 4). Statistical significance was indicated by
asterisks (* p < 0.05, **** p < 0.0001). (b) Analysis of protein persulfidation in E. histolytica treated
with and without Cys-SSH by BTA. Silver staining revealed that trophozoites treated with 0.8 mM
Cys-SSH for 30 min produced more S-sulfurated protein compared to control trophozoites (WT).
DTT, dithiothreitol. (c) PANTHER classification of the 546 S-sulfurated proteins identified in Cys-
SSH-treated E. histolytica trophozoites. (d) The PANTHER statistical overrepresentation analysis
was performed on the 546 S-sulfurated proteins identified in E. histolytica trophozoites treated with
Cys-SSHs.
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3.2. Proteomic Profiling of S-Sulfurated Proteins in Parasites Exposed to Cys-SSH

We proceeded to detect S-sulfurated proteins by combining the BTA with MS-based
proteomics [52] (Figure 2b). Using this approach, we identified 546 S-sulfurated proteins
(p-value < 0.05, fold change > 2) in trophozoites exposed to Cys-SSH. These 546 S-sulfurated
proteins were then classified using the PANTHER classification system [36] (Figure 2c). The
seven most abundant S-sulfurated protein families belong to metabolite interconversion
enzyme (exemplified by peroxiredoxin [EHI_201250]), protein-binding activity modulator
(exemplified by Rho family GTPase [EHI_197840]), translational protein (exemplified by
elongation factor 2 [EHI_189490]), protein-modifying enzyme (exemplified by cysteine
proteinase 1 [EHI_074180]), transporter (exemplified by importin beta family protein 3
[EHI_098340]), membrane traffic protein (exemplified by adhesin 112 [EHI_181220]), and
cytoskeletal protein (exemplified by actin [EHI_107290]). According to the PANTHER
statistical overrepresentation test, which involves comparing a user input list of genes
against a reference list containing all genes, a significant enrichment (with both p-value
and q-value < 0.05) was observed for proteins annotated as chaperonin (exemplified by
chaperonin containing TCP-1 subunit zeta [EHI_125800]), non-motor actin-binding protein
(exemplified by F-actin-capping protein subunit beta [EHI_005020]), ribosomal protein
(exemplified by 60S ribosomal protein L27 [EHI_183480]), vesicle coat protein (exemplified
by Transmembrane protein tmp21 [EHI_058320]), actin or actin-binding cytoskeletal pro-
tein (PC00041) (exemplified by actin [EHI_107290]), translational protein (exemplified by
elongation factor 2 [EHI_189490]), and cytoskeletal protein (exemplified by Tubulin alpha
chain [EHI_005950]) (Figure 2d).

3.3. S-Sulfuration of Central Proteins in E. histolytica Impairs Their Function

The identification of ribosomal and translational proteins among the sulfhydrated pro-
teins in this study (Figure 2c,d) suggests that this post-translational modification regulates
translation in the parasite. To test this hypothesis, we employed the SUnSET method [53] to
monitor changes in protein synthesis in both control trophozoites and trophozoites exposed
to Cys-SSH. Our findings revealed a significant impairment of translation in the parasite
upon exposure to Cys-SSH (Figure 3). These results suggest that the inhibition of protein
synthesis in the parasite through S-sulfuration contributes to the cytotoxic activity of H2S.
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ozoites were treated with or without 0.8 mM Cys-SSH for 30 min and then labelled with or without 
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Figure 3. Determination by the SUnSET of protein synthesis in Cys-SSH-treated trophozoites. (a) Left:
protein synthesis was assessed using Western blot with puromycin antibody. The 2 × 106 trophozoites
were treated with or without 0.8 mM Cys-SSH for 30 min and then labelled with or without 10 µg/mL
puromycin for 20 min. The protein extracts underwent separation via denaturing electrophoresis
and were subsequently examined through immunoblotting using a monoclonal puromycin antibody.
Right: ponceau S stain total protein labeling. (b) Normalization using Fiji software version 1.54f of the
puromycin signal relative to the total protein signal in control trophozoites. The normalized values
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for control trophozoites labeled with puromycin were set to 1. The obtained data were normalized
and compared to untreated trophozoites from biological experiments conducted on two separate
days, each with two independent repetitions. Data represent the mean ± SEM of four independent
replicates (n = 4). Statistical significance is denoted by asterisks (* p < 0.05).

The significant enrichment of actin or actin-binding cytoskeletal proteins among
sulfhydrated proteins (Figure 2c,d) suggests that this post-translational modification regu-
lates cytoskeletal activity in the parasite. Filamentous actin (F-actin) is a vital component
of the parasite’s cytoskeleton [54]. Therefore, comparing the level of F-actin to the overall
actin level in the parasite can serve as an indicator of its cytoskeletal activity [55]. Our
findings revealed that the level of F-actin formed in trophozoites exposed to Cys-SSH is
significantly lower than in untreated trophozoites (Figure 4). These results strongly suggest
that the inhibition of F-actin formation (or induction of actin disassembly) in the parasite
through S-sulfuration might influence essential cytoskeletal functions such as motility. To
test this hypothesis, we evaluated the motility of trophozoites exposed to Cys-SSH using
a transwell migration assay. We observed that the motility of trophozoites treated with
Cys-SSH was reduced by 76% compared with control trophozoites (Figure 5).
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Figure 4. The level of F-actin was reduced in Cys-SSH-treated E. histolytica trophozoites. (a) Confocal
laser scanning microscopy employing a 63× oil immersion lens objective was utilized to observe
F-actin and total actin in both untreated E. histolytica trophozoites and those treated with Cys-SSH. F-
actin (red) was visualized using Phalloidin-iFluor 594 Reagent, while total actin (green) was detected
using a primary actin antibody followed by a secondary Alexa Flour 488 antibody. Nuclei were
stained blue using DAPI dye. (b) Evaluation of the F-actin fluorescence ratio to total actin fluorescence
in control trophozoites and those treated with Cys-SSH. The analysis involved 21 trophozoites and
was conducted using the Fiji software version 1.54f, with the signal from control trophozoites set as
the reference value of 1. **** p < 0.0001.
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Figure 5. The motility of E. histolytica trophozoites was impaired by Cys-SSH. The motility of
control and E. histolytica trophozoites treated with Cys-SSH (0.8 mM, 30 min) were examined. The
corresponding value of control trophozoites, which were not subjected to Cys-SSH, was designated
as 100%. The obtained data were normalized and compared to untreated trophozoites from biological
experiments conducted on two separate days, each with four independent repetitions. Data represent
the mean ± SEM of eight independent replicates (n = 8). Statistical significance was denoted by
asterisks (*** p < 0.001).

E. histolytica CPs (EhCPs) serve as crucial virulence factors, enabling the parasite to
infiltrate host tissues, evade the immune system, and acquire essential nutrients for survival
during amoebiasis [56]. The presence of EhCPs such as EhCP1 among the S-sulfurated
proteins suggests that sulfhydration may regulate their activity. To test this hypothesis,
we measured EhCP activity by monitoring the cleavage of a specific CP substrate, z-Arg-
Arg-pNA, in control trophozoites, trophozoites exposed to E64D (a cell-permeable CP
inhibitor) [57], and trophozoites exposed to Cys-SSH (Figure 6c). As previously reported,
EhCP activity was almost entirely inhibited in parasites cultivated in the presence of
E64D [45], and it was significantly reduced in parasites exposed to Cys-SSH. We also
employed gelatin zymography to assess CP activity in parasites exposed or not to Cys-
SSH. Control trophozoites exhibited robust proteolytic activity toward gelatin, which
was inhibited in trophozoites cultivated in the presence of E64D and in trophozoites
exposed to Cys-SSH (Figure 6a,b). These results collectively indicate that Cys-SSH inhibits
EhCP activity.
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(WT), Cys-SSH-treated trophozoites (0.8 mM Cys-SSH for 30 min) and in E64D-treated trophozoites
(10 µM E64D for overnight). (b) Densitometry analysis of gelatin gel showing relative CPs activity of
different conditions trophozoites. The obtained data were normalized and compared to untreated
trophozoites from biological experiments conducted on two separate days, each with two independent
repetitions. Data represent the mean ± SEM of four independent replicates (n = 4). (c) CP activity was
assessed by tracking the cleavage of the substrate z-Arg-Arg-pNA monitored by a spectrophotometric
method in WT, Cys-SSH-treated trophozoites, and E64D-treated trophozoites. The obtained data
were normalized and compared to untreated trophozoites from biological experiments conducted on
three separate days, each with one to two independent repetitions. Data represent the mean ± SEM
of five independent replicates (n = 5). Statistical significance is indicated by asterisks (* p < 0.05,
** p < 0.01, **** p < 0.0001).

EhCPs are involved in the degradation of bacterial biofilms by the parasite [45].
Therefore, we tested the ability of Cys-SSH-treated trophozoites to degrade B. subtilis
biofilm. We observed that Cys-SSH-treated trophozoites are impaired in their ability to
degrade biofilm compared to untreated trophozoites (Figure 7). This, overall, suggests that
the S-sulfuration of EhCPs may have consequences for the interaction between the parasite
and bacterial biofilm present in the gut [45,58].
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Figure 7. Degradation of B. subtilis biofilm by E. histolytica trophozoites treated with Cys-SSH.
The breakdown of B. subtilis biofilm was evaluated following a 3 h incubation period with control
trophozoites (WT) and trophozoites exposed to 0.8 mM Cys-SSH for 30 min (WT + Cys-SSH) and
trophozoites treated with 10 µM E64D for overnight (WT + E64D). The obtained data were normalized
and compared to untreated trophozoites from biological experiments conducted on three separate
days, each with three to four independent repetitions. Data represent the mean ± SEM of ten
independent replicates (n = 10). Statistical significance is denoted by asterisks (* p < 0.05, **** p < 0.0001).

Many proteins related to redox regulation were identified as S-sulfuration targets
(Figure 2c,d), indicating the potential involvement of this post-translational modification in
the redox-sensitive pathways. To test this hypothesis, we quantified ROS levels in tropho-
zoites treated with Cys-SSH compared to control trophozoites. Our findings demonstrated
a significant increase in ROS levels in trophozoites treated with Cys-SSH, comparable to the
ROS levels observed after H2O2 treatment (Figure 8a,b). We also assessed the ROS levels in
trophozoites treated with varying concentrations of Cys-SSH using flow cytometry. Our
results demonstrated a notable elevation in ROS levels with 0.8 mM Cys-SSH treatment.
Conversely, at lower concentrations (0.4 mM and 0.05 mM), there was no statistically signif-
icant variance observed compared to the control group (Figure S3). These results suggest
that the parasite’s antioxidant system is compromised in the presence of 0.8 mM Cys-SSH.
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Figure 8. The ROS level of E. histolytica trophozoites treated with Cys-SSH. (a) Fluorescence mi-
croscopy (20×) of E. histolytica trophozoites, trophozoites treated with 0.8 mM Cys-SSH for 30 min,
and trophozoites subjected to 2.5 mM H2O2 for 15 min. The trophozoites were labeled with the probe
H2DCFDA, leading to a green fluorescence indicative of the presence and quantities of ROS within
each trophozoite. (b) The relative fluorescence intensity level of H2DCFDA was compared between
control trophozoites, Cys-SSH-treated trophozoites, and H2O2-treated trophozoites. The examination
was conducted using the Fiji software version 1.54f on a sample of 20 trophozoites. The signal from
control trophozoites was established as 1. **** p < 0.0001.

3.4. Comparison of S-Sulfurated and S-Nitrosylated Proteins in E. histolytica Trophozoites

Based on current knowledge, it is conceivable that some reactive cysteine could be
modified by either S-sulfuration or S-nitrosylation [59]. A comparative analysis between
our study and previous findings [60] reveals that 41 out of 117 S-nitrosylated proteins
(fold change > 2) also undergo S-sulfuration in this study. The classification of these 41 S-
sulfurated proteins was performed using the PANTHER classification tool (Figure 9a). Eight
distinct families of these proteins were identified, including protein modifying enzyme
(PC00260) (exemplified by Aminopeptidase [EHI_008380]), transporter (PC00227) (exempli-
fied by Calcium-transporting ATPase [EHI_030830]), membrane traffic protein (PC00150)
(exemplified by Coatomer subunit gamma [EHI_040700]), chaperone (PC00072) (70 kDa
heat shock protein [EHI_199590]), protein-binding activity modulator (PC00095) (exempli-
fied by Ras family GTPase [EHI_137700]), cytoskeletal protein (PC00085) (exemplified by
Actin-related protein 2_3 complex subunit 4 [EHI_030820]), translational protein (PC00263)
(exemplified by 60S ribosomal protein L10 [EHI_044810]), and metabolite interconversion
enzyme (PC00262) (exemplified by Galactokinase [EHI_094100]). A PANTHER statistical
overrepresentation test revealed significant enrichment (p-value and q-value < 0.05) for pro-
teins belonging to vesicle coat protein (PC00235) (exemplified by Coatomer subunit gamma
EHI_040700), dehydrogenase (PC00092) (exemplified by dihydropyrimidine dehydroge-
nase (NADP(+)) [EHI_012980]), oxidoreductase (PC00176) (exemplified by Steroid 5-alpha
reductase [EHI_076870]), ribosomal protein (PC00202) (exemplified by 60S ribosomal pro-
tein L10 [EHI_044810]), membrane traffic protein (PC00150) (exemplified by AP complex
subunit beta [EHI_023600]), translational protein (PC00263) (exemplified by 40S riboso-
mal protein S3 [EHI_146340]), metabolite interconversion enzyme (PC00262) (exemplified
by Alcohol dehydrogenase [EHI_088020]), carbohydrate kinase (PC00065) (exemplified
by Galactokinase [EHI_094100]), aminoacyl–tRNA synthetase (PC00047) (exemplified by
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asparagine–tRNA ligase [EHI_126920]), and actin or actin-binding cytoskeletal protein
(PC00041) (exemplified by actin-related protein 2_3 complex subunit 4 [EHI_030820])
(Figure 9b).
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Figure 9. PANTHER analysis of common proteins undergoing S-sulfuration and S-nitrosylation
in E. histolytica trophozoites. (a) PANTHER classification of the 41 common proteins undergoing
S-sulfuration and S-nitrosylation. (b) PANTHER statistical overrepresentation test of the 41 common
proteins undergoing S-sulfuration and S-nitrosylation.

4. Discussion

Apart from the known inhibitory effect of H2S on the growth of Plasmodium falciparum,
resulting in the limitation of cerebral malariasis development in murine models [61,62],
our understanding of the impact of RSS on protozoan parasites remains limited. This
study investigates the effects of H2S and Cys-SSH on E. histolytica, shedding light on their
cytotoxicity and the involvement of protein S-sulfuration, thereby unraveling potential
implications for amebiasis pathogenesis and therapeutic interventions. By employing a
BTA in conjunction with LC-MS/MS, we identified 546 S-sulfurated proteins, highlighting
the large scope of proteins and pathways potentially affected by this post-translational
modification. These findings underscore the far-reaching implications of H2S-induced
effects on the parasite. The discussion revolves around the potential functional impair-
ment caused by S-sulfuration of multiple proteins and elucidation of how S-sulfuration
contributes to the anti-amebic effect of H2S.

The Cys-SSH solution may contain some unreacted Na2S, cystine, and cysteine trisul-
fide alongside Cys-SSH [63]. Cystine and Na2S, at concentrations used to prepare Cys-SSH,
do not affect the viability of the parasite (this work and [64]). Additionally, they do not
independently lead to persulfide formation in the parasite (this work). These observa-
tions strongly suggest that Cys-SSH plays a major role in the formation of S-sulfurated
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proteins and, consequently, in affecting the viability of the parasite. However, we cannot
completely rule out that some of the observations attributed to Cys-SSH are caused by
cysteine trisulfide.

Many of the S-sulfurated proteins in the parasite are related to redox regulation, includ-
ing peroxiredoxin and thioredoxin. Peroxiredoxin serves as the primary thiol-containing
surface antigen of E. histolytica and it is involved in the resistance of the parasite to oxidative
stress by scavenging reactive oxygen species [65]. E. histolytica thioredoxin, thioredoxin
reductase together with peroxiredoxin mediate NADPH-dependent reduction of H2O2 [66].
Protein S-sulfuration and S-nitrosylation exhibit numerous similarities concerning their
chemical and biological characteristics [59]. The identification of peroxiredoxin within the
subset of S-sulfurated and S-nitrosylated proteins in the parasite subjected to nitrosative
stress is consistent with existing reports indicating that thiols susceptible to S-nitrosylation
are often targets for sulfhydration as well [67]. While our study did not specifically investi-
gate the impact of S-sulfuration on the activity of these antioxidant enzymes, the observed
accumulation of ROS in the parasite following exposure to Cys-SSH strongly suggests that
elevated persulfidation disrupts the parasite’s antioxidant defense mechanisms. Given the
critical role of antioxidant enzymes for the parasite’s survival, any impairments via their
S-sulfuration can be detrimental to the parasite’s viability. At the same time, S-sulfuration
appears to interfere with the parasite’s antioxidant defenses in various other biological
systems, such as the cardiovascular and renal systems. H2S functions by deactivating
oxidant species and amplifying the expression of internal antioxidant defenses [68]. These
apparently opposite effects can be attributed to the concentration of H2S, which can be toxic
at mM concentrations, as observed in our study, but protective at micromolar ranges [69].

Heat shock proteins (HSPs) play a fundamental role in safeguarding the parasite
against various environmental stresses, including temperature fluctuations and host im-
mune responses. HSPs are involved in protein folding, assembly, and degradation, ensuring
proper cellular function under stress conditions, including ER stress, oxidative stress, and
nutrient deprivation [70–72]. These proteins are also important during the differentiation
of the parasite to cysts [73]. HSPs 70 (EHI_001950, EHI_199590) and HSP90 (EHI_163480)
were identified among S-sulfurated proteins present in the parasite. The presence of HSPs
among S-sulfurated proteins in E. histolytica is in agreement with the prominent detection
of HSP70 as a major S-sulfurated protein in another eukaryotic system [74]. However,
the precise impact of S-sulfuration on the chaperone activity of HSPs remains unclear.
In mammalian HSP90, the oxidation of reactive cysteine residues was shown to impair
chaperone activity [75]. Consequently, it is plausible that S-sulfuration of essential cysteine
residues may also modulate the activity of HSPs in E. histolytica. The discovery of HSPs
among sulfhydrated proteins in this parasite raises intriguing questions about the role of
this modification in regulating the parasite’s response to stresses and its differentiation.
Drawing from the example of HSP90 inhibitors that effectively impede parasite growth at
the micromolar range, underscoring the critical role of HSPs for the parasite [76], future
investigations could explore the potential impact of S-sulfuration on HSP activity.

Both HSPs and protein synthesis are linked to environmental stress. HSPs actively
contribute to a protective response against cellular stress [77]. Moreover, inhibiting protein
synthesis redirects energy resources that would typically be utilized for synthesizing pro-
teins, channeling it instead toward repairing stress-induced cellular damage [78,79]. Our
previous studies showed that oxidative stress and nitrosative stress inhibit protein synthesis
in E. histolytica [38,55]. Here, we observed that Cys-SSH inhibits protein synthesis in the
parasite. We identified many proteins related to translation that undergo sulfhydration, in-
cluding eIF2α [EHI_005100], Serine/Threonine-Protein Phosphatase [EHI_117570], Protein
Phosphatase [EHI_110320, EHI_086040], Elongation Factor 2 [EHI_189490], and ribosomal
proteins. Similar to their vulnerability to oxidation and S-nitrosylation [80,81], ribosomal
proteins contain cysteine residues, which could potentially be targets for S-sulfuration.
Alterations in these residues due to S-sulfuration might affect ribosome assembly, stability,
or interaction with other molecules involved in the translation process, leading to the
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inhibition of protein synthesis. In mammalian cells, H2S transiently enhances the phos-
phorylation of eIF2α, leading to a general inhibition of protein synthesis [82]. Given that
various stressors such as prolonged serum starvation, heat shock, and oxidative stress in-
duce an elevation in phospho-EheIF2α levels within the parasite [83], it is plausible that the
S-sulfuration of proteins could also contribute to the increased levels of phospho-EheIF2α
and, consequently, to an inhibition of protein synthesis.

E. histolytica relies on actin and its polymerized form, F-actin, for various biological
processes crucial for its survival and virulence, including cell movement, phagocytosis,
adherence to host cells, and tissue invasion. In previous studies, we demonstrated that
S-oxidation and S-nitrosylation of actin lead to the inhibition of its polymerization [38,55].
The identification of cytoskeletal proteins such as actin and tubulin as S-sulfurated proteins
in the parasite indicates a potential regulatory role of this post-translational modification
in cytoskeletal function within this organism. This hypothesis gains support from our
observations of reduced migration activity in the parasite when exposed to Cys-SSH, with
this diminished activity being dependent on actin and reduced F-actin formation. In
Arabidopsis thaliana, the accumulation of H2S causes the sulfhydration of a crucial cysteine
residue at Cys-287 in ACTIN2, leading to the destabilization of F-actin filaments [84].
Intriguingly, this specific residue is also found in E. histolytica actin, which shares an 87%
identity with A. thaliana actin, implying that a similar inhibitory mechanism might apply to
this parasite as well.

EhCPs are key virulence factors of E. histolytica and function in intestinal invasion by
degrading the extracellular matrix and avoiding the host immune response by breaking
down secretory immunoglobulin A and immunoglobulin G and triggering the complement
system [85]. We recently reported that E. histolytica trophozoites exhibit the ability to
degrade bacterial cell aggregates, known as biofilms, through their CP activity [45]. In
this study, EhCP1 [EHI_074180], EhCP4 [EHI_050570], EhCP-C3 [EHI_138460], EhCP-C8
[EHI_182770], and EhCP [EHI_050800] were found among the S-sulfurated proteins. The
S-nitrosylation of the cysteine catalytic residue of CPs may lead to inhibition of its activity
in Plasmodium falciparum trophozoites and E. histolytica trophozoites [86,87], resulting in a
50% reduction in damage to tissue culture monolayer cells in the case of E. histolytica [86].
Our study shows that S-sulfuration leads to a significant reduction in the activity of EhCPs,
which can be the result of the modification of its cysteine catalytic residues. As a result, the
capacity of Cys-SSH-treated E. histolytica trophozoites to degrade B. subtilis biofilms was
diminished. These discoveries underscore the intricate relationship among S-sulfuration,
EhCPs activity, and biofilm degradation. Moreover, the production of H2S by the gut
microbiota might directly impact crucial functions within the parasite, such as its ability to
degrade bacterial biofilms. Despite the existence of numerous well-established medicines
containing sulfur moieties that may release H2S in vivo, the prospect of utilizing H2S as
a therapeutic agent is still in its infancy [88]. Interestingly, natural products like garlic
are capable of releasing H2S when their derived sulfur compounds are in contact with
reduced glutathione [89]. While allicin is the main anti-amebic compound in garlic [90], the
specific mechanisms and extent of H2S release from garlic’s sulfur compounds remain areas
requiring further investigation to fully understand its potential as an anti-amebic agent.

5. Conclusions

In conclusion, this study provides the first comprehensive insights into the intricate
interplay between RSS and E. histolytica, elucidating their cytotoxic effects, proteomic
alterations, and subsequent functional consequences. These findings pave the way for
further research exploring the specific pathways affected by S-sulfuration and its broader
implications for amebiasis pathogenesis and therapeutic strategies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox13020245/s1, Figure S1: The viability of Na2S or Cys-SSH-
treated E. histolytica trophozoites was assessed over various time intervals. Figure S2: Detection of
persulfides and polysulfides in E. histolytica trophozoites by flow cytometry. Figure S3: Detection of
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ROS in E. histolytica trophozoites by flow cytometry. Table S1: List of all S-sulfuration proteins that
were enriched by BTA in three independent experiments in E. histolytica trophozoites incubated with
Cys-SSH. Table S2: Description of the parameters that are given in Table S1.

Author Contributions: Conceptualization, S.A. and M.B.; methodology, J.Y., T.S., E.Z., M.T.-G.,
M.B. and S.A.; validation, J.Y. and M.T.-G.; formal analysis, J.Y.; investigation, J.Y. and M.T.-G.;
resources, S.A. and M.B.; writing—original draft preparation, S.A. and J.Y.; writing—review and
editing, S.A., J.Y., M.T.-G., T.S. and M.B.; visualization, J.Y. and S.A.; supervision, S.A. and M.T.-
G.; project administration, S.A.; funding acquisition, S.A. All authors have read and agreed to the
published version of the manuscript.

Funding: The work was supported by the Ministry of Science and Technology, Israel (1020546).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and Supplementary Material.

Acknowledgments: We extend our gratitude to the microscopy and flow cytometry teams at the BCF
Faculty of Medicine in Technion, with special thanks to Maya Holdengreber and Melia Gurewitz for
their invaluable assistance with the confocal microscope and to Amir Grau and his team for their
support with flow cytometry. Additionally, we acknowledge the technical support provided by the
staff of the Smoler Proteomics Center at the Technion.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Khodade, V.S.; Aggarwal, S.C.; Eremiev, A.; Bao, E.; Porche, S.; Toscano, J.P. Development of Hydropersulfide Donors to Study

Their Chemical Biology. Antioxid. Redox Signal. 2022, 36, 309–326. [CrossRef]
2. Wang, R. Physiological implications of hydrogen sulfide: A whiff exploration that blossomed. Physiol. Rev. 2012, 92, 791–896.

[CrossRef] [PubMed]
3. Kimura, H. Hydrogen sulfide: Its production, release and functions. Amino Acids 2011, 41, 113–121. [CrossRef]
4. Araki, S.; Takata, T.; Ono, K.; Sawa, T.; Kasamatsu, S.; Ihara, H.; Kumagai, Y.; Akaike, T.; Watanabe, Y.; Tsuchiya, Y. Cystathionine

γ-Lyase Self-Inactivates by Polysulfidation during Cystine Metabolism. Int. J. Mol. Sci. 2023, 24, 9982. [CrossRef]
5. Pol, A.; Renkema, G.H.; Tangerman, A.; Winkel, E.G.; Engelke, U.F.; de Brouwer, A.P.M.; Lloyd, K.C.; Araiza, R.S.; van den

Heuvel, L.; Omran, H.; et al. Mutations in SELENBP1, encoding a novel human methanethiol oxidase, cause extraoral halitosis.
Nat. Genet. 2018, 50, 120–129. [CrossRef] [PubMed]

6. Kolluru, G.K.; Shen, X.; Kevil, C.G. A tale of two gases: NO and H2S, foes or friends for life? Redox Biol. 2013, 1, 313–318.
[CrossRef] [PubMed]

7. Jimenez, M.; Gil, V.; Martinez-Cutillas, M.; Mane, N.; Gallego, D. Hydrogen sulphide as a signalling molecule regulating
physiopathological processes in gastrointestinal motility. Br. J. Pharmacol. 2017, 174, 2805–2817. [CrossRef]

8. Shreiner, A.B.; Kao, J.Y.; Young, V.B. The gut microbiome in health and in disease. Curr. Opin. Gastroenterol. 2015, 31, 69–75.
[CrossRef]

9. Carbonero, F.; Benefiel, A.C.; Alizadeh-Ghamsari, A.H.; Gaskins, H.R. Microbial pathways in colonic sulfur metabolism and links
with health and disease. Front. Physiol. 2012, 3, 448. [CrossRef]

10. Braccia, D.J.; Jiang, X.; Pop, M.; Hall, A.B. The Capacity to Produce Hydrogen Sulfide (H2S) via Cysteine Degradation Is
Ubiquitous in the Human Gut Microbiome. Front. Microbiol. 2021, 12, 705583. [CrossRef]

11. Barrett, E.L.; Clark, M.A. Tetrathionate reduction and production of hydrogen sulfide from thiosulfate. Microbiol. Rev. 1987, 51,
192–205. [CrossRef] [PubMed]

12. Singh, S.B.; Lin, H.C. Hydrogen Sulfide in Physiology and Diseases of the Digestive Tract. Microorganisms 2015, 3, 866–889.
[CrossRef] [PubMed]

13. Dordevic, D.; Jancikova, S.; Vitezova, M.; Kushkevych, I. Hydrogen sulfide toxicity in the gut environment: Meta-analysis of
sulfate-reducing and lactic acid bacteria in inflammatory processes. J. Adv. Res. 2021, 27, 55–69. [CrossRef] [PubMed]

14. Guo, F.F.; Yu, T.C.; Hong, J.; Fang, J.Y. Emerging Roles of Hydrogen Sulfide in Inflammatory and Neoplastic Colonic Diseases.
Front. Physiol. 2016, 7, 156. [CrossRef] [PubMed]

15. Pimentel, M.; Mathur, R.; Chang, C. Gas and the microbiome. Curr. Gastroenterol. Rep. 2013, 15, 356. [CrossRef] [PubMed]
16. Shibuya, N. Production of H2S, H2Sn, and persulfide species (CysSSH and GSSH) by 3-mercaptopyruvate sulfurtransferase.

Nihon Yakurigaku Zasshi. Folia Pharmacol. Jpn. 2018, 152, 216–222. [CrossRef]
17. Akaike, T.; Ida, T.; Wei, F.Y.; Nishida, M.; Kumagai, Y.; Alam, M.M.; Ihara, H.; Sawa, T.; Matsunaga, T.; Kasamatsu, S.; et al.

Cysteinyl-tRNA synthetase governs cysteine polysulfidation and mitochondrial bioenergetics. Nat. Commun. 2017, 8, 1177.
[CrossRef]

https://doi.org/10.1089/ars.2021.0149
https://doi.org/10.1152/physrev.00017.2011
https://www.ncbi.nlm.nih.gov/pubmed/22535897
https://doi.org/10.1007/s00726-010-0510-x
https://doi.org/10.3390/ijms24129982
https://doi.org/10.1038/s41588-017-0006-7
https://www.ncbi.nlm.nih.gov/pubmed/29255262
https://doi.org/10.1016/j.redox.2013.05.001
https://www.ncbi.nlm.nih.gov/pubmed/24024166
https://doi.org/10.1111/bph.13918
https://doi.org/10.1097/MOG.0000000000000139
https://doi.org/10.3389/fphys.2012.00448
https://doi.org/10.3389/fmicb.2021.705583
https://doi.org/10.1128/mr.51.2.192-205.1987
https://www.ncbi.nlm.nih.gov/pubmed/3299028
https://doi.org/10.3390/microorganisms3040866
https://www.ncbi.nlm.nih.gov/pubmed/27682122
https://doi.org/10.1016/j.jare.2020.03.003
https://www.ncbi.nlm.nih.gov/pubmed/33318866
https://doi.org/10.3389/fphys.2016.00156
https://www.ncbi.nlm.nih.gov/pubmed/27199771
https://doi.org/10.1007/s11894-013-0356-y
https://www.ncbi.nlm.nih.gov/pubmed/24150797
https://doi.org/10.1254/fpj.152.216
https://doi.org/10.1038/s41467-017-01311-y


Antioxidants 2024, 13, 245 19 of 21

18. Uchiyama, J.; Akiyama, M.; Hase, K.; Kumagai, Y.; Kim, Y.G. Gut microbiota reinforce host antioxidant capacity via the generation
of reactive sulfur species. Cell Rep. 2022, 38, 110479. [CrossRef]

19. Haque, R.; Huston, C.D.; Hughes, M.; Houpt, E.; Petri, W.A., Jr. Amebiasis. N. Engl. J. Med. 2003, 348, 1565–1573. [CrossRef]
20. Agrawal, A.; Maitra, S.C.; Arya, A.; Sagar, P. Action of metronidazole on Entamoeba histolytica: An ultrastructural study. J. Commun.

Dis. 1990, 22, 47–54.
21. Samarawickrema, N.A.; Brown, D.M.; Upcroft, J.A.; Thammapalerd, N.; Upcroft, P. Involvement of superoxide dismutase and

pyruvate:ferredoxin oxidoreductase in mechanisms of metronidazole resistance in Entamoeba histolytica. J. Antimicrob. Chemother.
1997, 40, 833–840. [CrossRef]

22. Tokoro, M.; Asai, T.; Kobayashi, S.; Takeuchi, T.; Nozaki, T. Identification and characterization of two isoenzymes of methionine
γ-lyase from Entamoeba histolytica: A key enzyme of sulfur-amino acid degradation in an anaerobic parasitic protist that lacks
forward and reverse trans-sulfuration pathways. J. Biol. Chem. 2003, 278, 42717–42727. [CrossRef]

23. Kun, E.; Bradin, J.L., Jr.; Dechary, J.M. Effect of metabolic inhibitors on production of CO2 and H2S by Endamoeba histolytica.
Proc. Soc. Exp. Biol. Med. Soc. Exp. Biol. Med. 1955, 89, 604–607. [CrossRef] [PubMed]

24. Zhang, D.; Du, J.; Tang, C.; Huang, Y.; Jin, H. H2S-Induced Sulfhydration: Biological Function and Detection Methodology. Front.
Pharmacol. 2017, 8, 608. [CrossRef] [PubMed]

25. Diamond, L.S.; Harlow, D.R.; Cunnick, C.C. A new medium for the axenic cultivation of Entamoeba histolytica and other Entamoeba.
Trans. R. Soc. Trop. Med. Hyg. 1978, 72, 431–432. [CrossRef] [PubMed]

26. Banerjee, R.; Chiku, T.; Kabil, O.; Libiad, M.; Motl, N.; Yadav, P.K. Assay methods for H2S biogenesis and catabolism enzymes.
Methods Enzymol. 2015, 554, 189–200. [CrossRef] [PubMed]

27. Pan, J.; Carroll, K.S. Persulfide reactivity in the detection of protein s-sulfhydration. ACS Chem. Biol. 2013, 8, 1110–1116. [CrossRef]
[PubMed]

28. Francoleon, N.E.; Carrington, S.J.; Fukuto, J.M. The reaction of H2S with oxidized thiols: Generation of persulfides and
implications to H2S biology. Arch. Biochem. Biophys. 2011, 516, 146–153. [CrossRef] [PubMed]

29. Fakhoury, J.N.; Capdevila, D.A.; Giedroc, D.P. Protocol for using organic persulfides to measure the chemical reactivity of
persulfide sensors. STAR Protoc. 2022, 3, 101424. [CrossRef] [PubMed]

30. Wood, J.L. Sulfane sulfur. Methods Enzymol. 1987, 143, 25–29. [CrossRef]
31. Shahi, P.; Trebicz-Geffen, M.; Nagaraja, S.; Hertz, R.; Baumel-Alterzon, S.; Methling, K.; Lalk, M.; Mazumder, M.; Samudrala, G.;

Ankri, S. N-acetyl ornithine deacetylase is a moonlighting protein and is involved in the adaptation of Entamoeba histolytica to
nitrosative stress. Sci. Rep. 2016, 6, 36323. [CrossRef]

32. Gao, X.H.; Krokowski, D.; Guan, B.J.; Bederman, I.; Majumder, M.; Parisien, M.; Diatchenko, L.; Kabil, O.; Willard, B.; Banerjee, R.;
et al. Quantitative H2S-mediated protein sulfhydration reveals metabolic reprogramming during the integrated stress response.
eLife 2015, 4, e10067. [CrossRef]

33. Braunstein, I.; Engelman, R.; Yitzhaki, O.; Ziv, T.; Galardon, E.; Benhar, M. Opposing effects of polysulfides and thioredoxin on
apoptosis through caspase persulfidation. J. Biol. Chem. 2020, 295, 3590–3600. [CrossRef]

34. Sarid, L.; Zanditenas, E.; Ye, J.; Trebicz-Geffen, M.; Ankri, S. Insights into the Mechanisms of Lactobacillus acidophilus Activity
against Entamoeba histolytica by Using Thiol Redox Proteomics. Antioxidants 2022, 11, 814. [CrossRef]

35. Cox, J.; Mann, M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass accuracies and proteome-
wide protein quantification. Nat. Biotechnol. 2008, 26, 1367–1372. [CrossRef]

36. Mi, H.; Ebert, D.; Muruganujan, A.; Mills, C.; Albou, L.P.; Mushayamaha, T.; Thomas, P.D. PANTHER version 16: A revised
family classification, tree-based classification tool, enhancer regions and extensive API. Nucleic Acids Res. 2021, 49, D394–D403.
[CrossRef]

37. Hertz, R.; Tovy, A.; Kirschenbaum, M.; Geffen, M.; Nozaki, T.; Adir, N.; Ankri, S. The Entamoeba histolytica Dnmt2 homolog
(Ehmeth) confers resistance to nitrosative stress. Eukaryot. Cell 2014, 13, 494–503. [CrossRef] [PubMed]

38. Trebicz-Geffen, M.; Shahi, P.; Nagaraja, S.; Vanunu, S.; Manor, S.; Avrahami, A.; Ankri, S. Identification of S-Nitrosylated (SNO)
Proteins in Entamoeba histolytica Adapted to Nitrosative Stress: Insights into the Role of SNO Actin and In vitro Virulence. Front.
Cell. Infect. Microbiol. 2017, 7, 192. [CrossRef] [PubMed]

39. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef]

40. Perdomo, D.; Baron, B.; Rojo-Dominguez, A.; Raynal, B.; England, P.; Guillen, N. The α-helical regions of KERP1 are important in
Entamoeba histolytica adherence to human cells. Sci. Rep. 2013, 3, 1171. [CrossRef] [PubMed]

41. Gilchrist, C.A.; Baba, D.J.; Zhang, Y.; Crasta, O.; Evans, C.; Caler, E.; Sobral, B.W.; Bousquet, C.B.; Leo, M.; Hochreiter, A.; et al.
Targets of the Entamoeba histolytica transcription factor URE3-BP. PLoS Neglected Trop. Dis. 2008, 2, e282. [CrossRef]

42. Leippe, M.; Sievertsen, H.J.; Tannich, E.; Horstmann, R.D. Spontaneous release of cysteine proteinases but not of pore-forming
peptides by viable Entamoeba histolytica. Parasitology 1995, 111 Pt 5, 569–574. [CrossRef] [PubMed]

43. Rosenberg, G.; Steinberg, N.; Oppenheimer-Shaanan, Y.; Olender, T.; Doron, S.; Ben-Ari, J.; Sirota-Madi, A.; Bloom-Ackermann,
Z.; Kolodkin-Gal, I. Not so simple, not so subtle: The interspecies competition between Bacillus simplex and Bacillus subtilis and
its impact on the evolution of biofilms. NPJ Biofilms Microbiomes 2016, 2, 15027. [CrossRef] [PubMed]

44. Wang, X.; Wang, G.; Hao, M. Modeling of the Bacillus subtilis Bacterial Biofilm Growing on an Agar Substrate. Comput. Math.
Methods Med. 2015, 2015, 581829. [CrossRef] [PubMed]

https://doi.org/10.1016/j.celrep.2022.110479
https://doi.org/10.1056/NEJMra022710
https://doi.org/10.1093/jac/40.6.833
https://doi.org/10.1074/jbc.M212414200
https://doi.org/10.3181/00379727-89-21889
https://www.ncbi.nlm.nih.gov/pubmed/13254839
https://doi.org/10.3389/fphar.2017.00608
https://www.ncbi.nlm.nih.gov/pubmed/28932194
https://doi.org/10.1016/0035-9203(78)90144-X
https://www.ncbi.nlm.nih.gov/pubmed/212851
https://doi.org/10.1016/bs.mie.2014.11.016
https://www.ncbi.nlm.nih.gov/pubmed/25725523
https://doi.org/10.1021/cb4001052
https://www.ncbi.nlm.nih.gov/pubmed/23557648
https://doi.org/10.1016/j.abb.2011.09.015
https://www.ncbi.nlm.nih.gov/pubmed/22001739
https://doi.org/10.1016/j.xpro.2022.101424
https://www.ncbi.nlm.nih.gov/pubmed/35634358
https://doi.org/10.1016/0076-6879(87)43009-7
https://doi.org/10.1038/srep36323
https://doi.org/10.7554/eLife.10067
https://doi.org/10.1074/jbc.RA119.012357
https://doi.org/10.3390/antiox11050814
https://doi.org/10.1038/nbt.1511
https://doi.org/10.1093/nar/gkaa1106
https://doi.org/10.1128/EC.00031-14
https://www.ncbi.nlm.nih.gov/pubmed/24562908
https://doi.org/10.3389/fcimb.2017.00192
https://www.ncbi.nlm.nih.gov/pubmed/28589096
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/srep01171
https://www.ncbi.nlm.nih.gov/pubmed/23378906
https://doi.org/10.1371/journal.pntd.0000282
https://doi.org/10.1017/S0031182000077040
https://www.ncbi.nlm.nih.gov/pubmed/8559589
https://doi.org/10.1038/npjbiofilms.2015.27
https://www.ncbi.nlm.nih.gov/pubmed/28721238
https://doi.org/10.1155/2015/581829
https://www.ncbi.nlm.nih.gov/pubmed/26355542


Antioxidants 2024, 13, 245 20 of 21

45. Zanditenas, E.; Trebicz-Geffen, M.; Kolli, D.; Domínguez-García, L.; Farhi, E.; Linde, L.; Romero, D.; Chapman, M.; Kolodkin-Gal,
I.; Ankri, S. Digestive exophagy of biofilms by intestinal amoeba and its impact on stress tolerance and cytotoxicity. NPJ Biofilms
Microbiomes 2023, 9, 77. [CrossRef] [PubMed]

46. Buret, A.G.; Allain, T.; Motta, J.P.; Wallace, J.L. Effects of Hydrogen Sulfide on the Microbiome: From Toxicity to Therapy. Antioxid.
Redox Signal. 2022, 36, 211–219. [CrossRef] [PubMed]

47. Corvino, A.; Frecentese, F.; Magli, E.; Perissutti, E.; Santagada, V.; Scognamiglio, A.; Caliendo, G.; Fiorino, F.; Severino, B. Trends
in H2S-Donors Chemistry and Their Effects in Cardiovascular Diseases. Antioxidants 2021, 10, 429. [CrossRef] [PubMed]

48. Zhou, Y.; Mazur, F.; Liang, K.; Chandrawati, R. Sensitivity and Selectivity Analysis of Fluorescent Probes for Hydrogen Sulfide
Detection. Chem. Asian J. 2022, 17, e202101399. [CrossRef] [PubMed]

49. Toohey, J.I. Sulfur signaling: Is the agent sulfide or sulfane? Anal. Biochem. 2011, 413, 1–7. [CrossRef]
50. Filipovic, M.R. Persulfidation (S-sulfhydration) and H2S. Handb. Exp. Pharmacol. 2015, 230, 29–59. [CrossRef]
51. Shieh, M.; Ni, X.; Xu, S.; Lindahl, S.P.; Yang, M.; Matsunaga, T.; Flaumenhaft, R.; Akaike, T.; Xian, M. Shining a light on SSP4: A

comprehensive analysis and biological applications for the detection of sulfane sulfurs. Redox Biol. 2022, 56, 102433. [CrossRef]
52. Li, R.; Kast, J. Biotin Switch Assays for Quantitation of Reversible Cysteine Oxidation. Methods Enzymol. 2017, 585, 269–284.

[CrossRef]
53. Schmidt, E.K.; Clavarino, G.; Ceppi, M.; Pierre, P. SUnSET, a nonradioactive method to monitor protein synthesis. Nat. Methods

2009, 6, 275–277. [CrossRef]
54. Manich, M.; Hernandez-Cuevas, N.; Ospina-Villa, J.D.; Syan, S.; Marchat, L.A.; Olivo-Marin, J.C.; Guillen, N. Morphodynamics of

the Actin-Rich Cytoskeleton in Entamoeba histolytica. Front. Cell. Infect. Microbiol. 2018, 8, 179. [CrossRef] [PubMed]
55. Shaulov, Y.; Nagaraja, S.; Sarid, L.; Trebicz-Geffen, M.; Ankri, S. Formation of oxidised (OX) proteins in Entamoeba histolytica

exposed to auranofin and consequences on the parasite virulence. Cell. Microbiol. 2020, 22, e13174. [CrossRef]
56. Arguello-Garcia, R.; Carrero, J.C.; Ortega-Pierres, M.G. Extracellular Cysteine Proteases of Key Intestinal Protozoan Pathogens-

Factors Linked to Virulence and Pathogenicity. Int. J. Mol. Sci. 2023, 24, 2850. [CrossRef]
57. Nowak, N.; Lotter, H.; Tannich, E.; Bruchhaus, I. Resistance of Entamoeba histolytica to the cysteine proteinase inhibitor E64 is

associated with secretion of pro-enzymes and reduced pathogenicity. J. Biol. Chem. 2004, 279, 38260–38266. [CrossRef]
58. Motta, J.P.; Flannigan, K.L.; Agbor, T.A.; Beatty, J.K.; Blackler, R.W.; Workentine, M.L.; Da Silva, G.J.; Wang, R.; Buret, A.G.;

Wallace, J.L. Hydrogen sulfide protects from colitis and restores intestinal microbiota biofilm and mucus production. Inflamm.
Bowel Dis. 2015, 21, 1006–1017. [CrossRef]

59. Lu, C.; Kavalier, A.; Lukyanov, E.; Gross, S.S. S-sulfhydration/desulfhydration and S-nitrosylation/denitrosylation: A common
paradigm for gasotransmitter signaling by H2S and NO. Methods 2013, 62, 177–181. [CrossRef]

60. Hertz, R.; Ben Lulu, S.; Shahi, P.; Trebicz-Geffen, M.; Benhar, M.; Ankri, S. Proteomic identification of S-nitrosylated proteins in
the parasite Entamoeba histolytica by resin-assisted capture: Insights into the regulation of the Gal/GalNAc lectin by nitric oxide.
PLoS ONE 2014, 9, e91518. [CrossRef] [PubMed]

61. DellaValle, B.; Staalsoe, T.; Kurtzhals, J.A.; Hempel, C. Investigation of hydrogen sulfide gas as a treatment against P. falciparum,
murine cerebral malaria, and the importance of thiolation state in the development of cerebral malaria. PLoS ONE 2013, 8, e59271.
[CrossRef] [PubMed]

62. Jiang, P.; Xu, Z.; Xiao, B.; Han, Z.; Huang, J.; Xu, J.; Lun, Z.; Zhou, W. Hydrogen sulfide protects against the development of
experimental cerebral malaria in a C57BL/6 mouse model. Mol. Med. Rep. 2017, 16, 2045–2050. [CrossRef] [PubMed]

63. Bianco, C.L.; Akaike, T.; Ida, T.; Nagy, P.; Bogdandi, V.; Toscano, J.P.; Kumagai, Y.; Henderson, C.F.; Goddu, R.N.; Lin, J.; et al.
The reaction of hydrogen sulfide with disulfides: Formation of a stable trisulfide and implications for biological systems. Br. J.
Pharmacol. 2019, 176, 671–683. [CrossRef] [PubMed]

64. Gillin, F.D.; Diamond, L.S. Entamoeba histolytica and Giardia lamblia: Growth responses to reducing agents. Exp. Parasitol. 1981,
51, 382–391. [CrossRef] [PubMed]

65. Choi, M.H.; Sajed, D.; Poole, L.; Hirata, K.; Herdman, S.; Torian, B.E.; Reed, S.L. An unusual surface peroxiredoxin protects
invasive Entamoeba histolytica from oxidant attack. Mol. Biochem. Parasitol. 2005, 143, 80–89. [CrossRef] [PubMed]

66. Arias, D.G.; Gutierrez, C.E.; Iglesias, A.A.; Guerrero, S.A. Thioredoxin-linked metabolism in Entamoeba histolytica. Free Radic. Biol.
Med. 2007, 42, 1496–1505. [CrossRef]

67. Riquier, S.; Breton, J.; Abbas, K.; Cornu, D.; Bouton, C.; Drapier, J.C. Peroxiredoxin post-translational modifications by redox
messengers. Redox Biol. 2014, 2, 777–785. [CrossRef]

68. Scammahorn, J.J.; Nguyen, I.T.N.; Bos, E.M.; Van Goor, H.; Joles, J.A. Fighting Oxidative Stress with Sulfur: Hydrogen Sulfide in
the Renal and Cardiovascular Systems. Antioxidants 2021, 10, 373. [CrossRef]

69. Pal, V.K.; Bandyopadhyay, P.; Singh, A. Hydrogen sulfide in physiology and pathogenesis of bacteria and viruses. IUBMB Life
2018, 70, 393–410. [CrossRef]

70. Bozaykut, P.; Ozer, N.K.; Karademir, B. Regulation of protein turnover by heat shock proteins. Free Radic. Biol. Med. 2014, 77,
195–209. [CrossRef]

71. Kennedy, D.; Mnich, K.; Samali, A. Heat shock preconditioning protects against ER stress-induced apoptosis through the
regulation of the BH3-only protein BIM. FEBS Open Bio 2014, 4, 813–821. [CrossRef]

72. Cara, J.B.; Aluru, N.; Moyano, F.J.; Vijayan, M.M. Food-deprivation induces HSP70 and HSP90 protein expression in larval
gilthead sea bream and rainbow trout. Comp. Biochem. Physiol. Part B Biochem. Mol. Biol. 2005, 142, 426–431. [CrossRef]

https://doi.org/10.1038/s41522-023-00444-x
https://www.ncbi.nlm.nih.gov/pubmed/37813896
https://doi.org/10.1089/ars.2021.0004
https://www.ncbi.nlm.nih.gov/pubmed/33691464
https://doi.org/10.3390/antiox10030429
https://www.ncbi.nlm.nih.gov/pubmed/33799669
https://doi.org/10.1002/asia.202101399
https://www.ncbi.nlm.nih.gov/pubmed/35018736
https://doi.org/10.1016/j.ab.2011.01.044
https://doi.org/10.1007/978-3-319-18144-8_2
https://doi.org/10.1016/j.redox.2022.102433
https://doi.org/10.1016/bs.mie.2016.10.006
https://doi.org/10.1038/nmeth.1314
https://doi.org/10.3389/fcimb.2018.00179
https://www.ncbi.nlm.nih.gov/pubmed/29896453
https://doi.org/10.1111/cmi.13174
https://doi.org/10.3390/ijms241612850
https://doi.org/10.1074/jbc.M405308200
https://doi.org/10.1097/MIB.0000000000000345
https://doi.org/10.1016/j.ymeth.2013.05.020
https://doi.org/10.1371/journal.pone.0091518
https://www.ncbi.nlm.nih.gov/pubmed/24626316
https://doi.org/10.1371/journal.pone.0059271
https://www.ncbi.nlm.nih.gov/pubmed/23555646
https://doi.org/10.3892/mmr.2017.6854
https://www.ncbi.nlm.nih.gov/pubmed/28656241
https://doi.org/10.1111/bph.14372
https://www.ncbi.nlm.nih.gov/pubmed/29809282
https://doi.org/10.1016/0014-4894(81)90125-9
https://www.ncbi.nlm.nih.gov/pubmed/6262103
https://doi.org/10.1016/j.molbiopara.2005.04.014
https://www.ncbi.nlm.nih.gov/pubmed/15996766
https://doi.org/10.1016/j.freeradbiomed.2007.02.012
https://doi.org/10.1016/j.redox.2014.06.001
https://doi.org/10.3390/antiox10030373
https://doi.org/10.1002/iub.1740
https://doi.org/10.1016/j.freeradbiomed.2014.08.012
https://doi.org/10.1016/j.fob.2014.09.004
https://doi.org/10.1016/j.cbpb.2005.09.005


Antioxidants 2024, 13, 245 21 of 21

73. Singh, M.; Sharma, S.; Bhattacharya, A.; Tatu, U. Heat Shock Protein 90 regulates encystation in Entamoeba. Front. Microbiol. 2015,
6, 1125. [CrossRef]

74. Zhang, D.; Macinkovic, I.; Devarie-Baez, N.O.; Pan, J.; Park, C.M.; Carroll, K.S.; Filipovic, M.R.; Xian, M. Detection of protein
S-sulfhydration by a tag-switch technique. Angew. Chem. Int. Ed. Engl. 2014, 53, 575–581. [CrossRef]

75. Nardai, G.; Sass, B.; Eber, J.; Orosz, G.; Csermely, P. Reactive cysteines of the 90-kDa heat shock protein, Hsp90. Arch. Biochem.
Biophys. 2000, 384, 59–67. [CrossRef] [PubMed]

76. Shahinas, D.; Debnath, A.; Benedict, C.; McKerrow, J.H.; Pillai, D.R. Heat shock protein 90 inhibitors repurposed against Entamoeba
histolytica. Front. Microbiol. 2015, 6, 368. [CrossRef] [PubMed]

77. Hu, C.; Yang, J.; Qi, Z.; Wu, H.; Wang, B.; Zou, F.; Mei, H.; Liu, J.; Wang, W.; Liu, Q. Heat shock proteins: Biological functions,
pathological roles, and therapeutic opportunities. MedComm 2022, 3, e161. [CrossRef]

78. Coxon, F.P.; Benford, H.L.; Russell, R.G.; Rogers, M.J. Protein synthesis is required for caspase activation and induction of
apoptosis by bisphosphonate drugs. Mol. Pharmacol. 1998, 54, 631–638.

79. Proud, C.G. Regulation of mammalian translation factors by nutrients. Eur. J. Biochem. 2002, 269, 5338–5349. [CrossRef] [PubMed]
80. Shcherbik, N.; Pestov, D.G. The Impact of Oxidative Stress on Ribosomes: From Injury to Regulation. Cells 2019, 8, 1379. [CrossRef]

[PubMed]
81. Wang, Z.; Li, J.; Yang, Q.; Sun, X. Global Proteome-Wide Analysis of Cysteine S-Nitrosylation in Toxoplasma gondii. Molecules

2023, 28, 7329. [CrossRef] [PubMed]
82. Yadav, V.; Gao, X.H.; Willard, B.; Hatzoglou, M.; Banerjee, R.; Kabil, O. Hydrogen sulfide modulates eukaryotic translation

initiation factor 2α (eIF2α) phosphorylation status in the integrated stress-response pathway. J. Biol. Chem. 2017, 292, 13143–13153.
[CrossRef] [PubMed]

83. Hendrick, H.M.; Welter, B.H.; Hapstack, M.A.; Sykes, S.E.; Sullivan, W.J., Jr.; Temesvari, L.A. Phosphorylation of Eukaryotic
Initiation Factor-2α during Stress and Encystation in Entamoeba Species. PLoS Pathog. 2016, 12, e1006085. [CrossRef] [PubMed]

84. Li, J.; Chen, S.; Wang, X.; Shi, C.; Liu, H.; Yang, J.; Shi, W.; Guo, J.; Jia, H. Hydrogen Sulfide Disturbs Actin Polymerization via
S-Sulfhydration Resulting in Stunted Root Hair Growth. Plant Physiol. 2018, 178, 936–949. [CrossRef] [PubMed]

85. Que, X.; Reed, S.L. Cysteine Proteinases and the Pathogenesis of Amebiasis. Clin. Microbiol. Rev. 2000, 13, 196–206. [CrossRef]
[PubMed]

86. Siman-Tov, R.; Ankri, S. Nitric oxide inhibits cysteine proteinases and alcohol dehydrogenase 2 of Entamoeba histolytica. Parasitol.
Res. 2003, 89, 146–149. [CrossRef] [PubMed]

87. Venturini, G.; Colasanti, M.; Salvati, L.; Gradoni, L.; Ascenzi, P. Nitric oxide inhibits falcipain, the Plasmodium falciparum
trophozoite cysteine protease. Biochem. Biophys. Res. Commun. 2000, 267, 190–193. [CrossRef]

88. Zaorska, E.; Tomasova, L.; Koszelewski, D.; Ostaszewski, R.; Ufnal, M. Hydrogen Sulfide in Pharmacotherapy, Beyond the
Hydrogen Sulfide-Donors. Biomolecules 2020, 10, 323. [CrossRef]

89. Benavides, G.A.; Squadrito, G.L.; Mills, R.W.; Patel, H.D.; Isbell, T.S.; Patel, R.P.; Darley-Usmar, V.M.; Doeller, J.E.; Kraus, D.W.
Hydrogen sulfide mediates the vasoactivity of garlic. Proc. Natl. Acad. Sci. USA 2007, 104, 17977–17982. [CrossRef]

90. Ankri, S.; Miron, T.; Rabinkov, A.; Wilchek, M.; Mirelman, D. Allicin from garlic strongly inhibits cysteine proteinases and
cytopathic effects of Entamoeba histolytica. Antimicrob. Agents Chemother. 1997, 41, 2286–2288. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fmicb.2015.01125
https://doi.org/10.1002/anie.201305876
https://doi.org/10.1006/abbi.2000.2075
https://www.ncbi.nlm.nih.gov/pubmed/11147836
https://doi.org/10.3389/fmicb.2015.00368
https://www.ncbi.nlm.nih.gov/pubmed/26029171
https://doi.org/10.1002/mco2.161
https://doi.org/10.1046/j.1432-1033.2002.03292.x
https://www.ncbi.nlm.nih.gov/pubmed/12423332
https://doi.org/10.3390/cells8111379
https://www.ncbi.nlm.nih.gov/pubmed/31684095
https://doi.org/10.3390/molecules28217329
https://www.ncbi.nlm.nih.gov/pubmed/37959749
https://doi.org/10.1074/jbc.M117.778654
https://www.ncbi.nlm.nih.gov/pubmed/28637872
https://doi.org/10.1371/journal.ppat.1006085
https://www.ncbi.nlm.nih.gov/pubmed/27930733
https://doi.org/10.1104/pp.18.00838
https://www.ncbi.nlm.nih.gov/pubmed/30166418
https://doi.org/10.1128/CMR.13.2.196
https://www.ncbi.nlm.nih.gov/pubmed/10755997
https://doi.org/10.1007/s00436-002-0716-2
https://www.ncbi.nlm.nih.gov/pubmed/12489015
https://doi.org/10.1006/bbrc.1999.1922
https://doi.org/10.3390/biom10020323
https://doi.org/10.1073/pnas.0705710104
https://doi.org/10.1128/AAC.41.10.2286

	Introduction 
	Materials and Methods 
	Results 
	Exogenous H2S and of Cys-SSH Induce Rapid Cytotoxicity in E. histolytica Trophozoites 
	Proteomic Profiling of S-Sulfurated Proteins in Parasites Exposed to Cys-SSH 
	S-Sulfuration of Central Proteins in E. histolytica Impairs Their Function 
	Comparison of S-Sulfurated and S-Nitrosylated Proteins in E. histolytica Trophozoites 

	Discussion 
	Conclusions 
	References

