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Mitochondrial dysfunction is related to common age-related disorders, including neurodegenerative diseases,
metabolic syndrome, and carcinogenesis. Therefore, maintaining the functionality and integrity of mitochondria
is important for human health. Herein, we found that sulfide:quinone oxidoreductase (Sqr), which oxidizes
hydrogen sulfide to reactive sulfur species (RSS), was indispensable to mitochondria health in the eukaryotic
model microorganism Schizosaccharomyces pombe. Sqr knock-out led to morphological changes and functional
deficiencies of mitochondria and apoptosis in S. pombe. The Sqr knock-out strain displayed the same phenotypes

as the cysteine-synthesis-deficient strain, and cysteine addition complemented the effects caused by Sqr knock-
out. In S. pombe, Sqr was the main RSS producer in mitochondria, and RSS instead of H,S was used by cysteine
synthase to synthesize cysteine. This finding rewrites the cysteine biosynthesis route in S. pombe and may also in
other eukaryotes and prokaryotes, and highlights the importance of cysteine and RSS in maintaining mito-

chondrial health.

1. Introduction

Mitochondria exert a broad range of vital functions in eukaryotic
cells. They produce over 80% of cellular energy via oxidative phos-
phorylation [1]. As a hectic distribution station of metabolites, they play
a key role in cellular central metabolism including the tricarboxylic acid
cycle (TCA cycle), fatty acids degradation, and amino acids biosynthesis,
as well as the heme production, iron-sulfur cluster biogenesis, and cal-
cium homeostasis [2]. Therefore, maintaining the functionality and
integrity of mitochondria is important for human health. Dysfunction of
mitochondria is observed in common age-related disorders, including
neurodegenerative diseases, metabolic syndrome, and carcinogenesis
[3-6].

Sulfane sulfur-containing species are a subset of RSS (reactive sulfur
species), which includes inorganic polysulfide (HS,H, n > 2), organic
polysulfide (RS,H, n > 2), and polysulfane (RS;R, n > 2) [7,8]. RSS plays
critical functions in the cell, such as signaling, redox homeostasis
maintenance, and metabolic regulation [9-11]. A few RSS producing
enzymes have been identified [12]. Cystathionine beta-synthase (Cbs)
and cystathionine gamma-lyase (Cse) mainly locate in cytoplasm;
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3-mercaptopyruvate sulfurtransferase (3-Mst) and cysteinyl-tRNA syn-
thetase 2 (Crs2) mainly locate in mitochondria. These four enzymes use
cysteine or its oxidized form cystine as a precursor to generate RSS.
Differently, sulfide:quinone oxidoreductase (Sqr) uses an inorganic
substrate, hydrogen sulfide (H»S), to generate RSS in mitochondria
[13-15]. Excessive RSS is oxidized to sulfite by persulfide dioxygenase
(Pdo, also named as ETHE1) in mitochondrial matrix in mammalian
cells [16,17]. Recently, it is observed that impairing RSS biogenesis by
knocking down Crs2 leads to obvious mitochondrial dysfunction, inti-
mating that RSS metabolism is highly related with mitochondrial health
[18]. Sqr is a specific RSS producer in the mitochondria of many eu-
karyotes including human [19]. However, the role of Sqr in maintain-
ning mitochondiral health has not been reported.

There are several challenges for studying Sqr directly in mammalian
cells. First, knocking-out Sqr is lethal to mammalian cell, and currently
no specific Sqr inhibiting compound is available. Second, even Sqr is
successfully knocked out/down, the possibility that cytoplasmic RSS
transports into mitochondria for functional complementation cannot be
excluded. Third, in the presence of Pdo, the effect of Sqr overexpression
will be compromised. The fission yeast Schizosaccharomyces pombe has

** Corresponding author. Smith Center 519, Washington State University, Pullman, WA, 99164-7520, USA.
E-mail addresses: luying xun@vetmed.wsu.edu (L. Xun), livhuaiwei@sdu.edu.cn (H. Liu).

https://doi.org/10.1016/j.redox.2021.102169

Received 19 August 2021; Received in revised form 9 October 2021; Accepted 14 October 2021

Available online 15 October 2021
2213-2317/© 2021 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license


mailto:luying_xun@vetmed.wsu.edu
mailto:liuhuaiwei@sdu.edu.cn
www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2021.102169
https://doi.org/10.1016/j.redox.2021.102169
https://doi.org/10.1016/j.redox.2021.102169
http://crossmark.crossref.org/dialog/?doi=10.1016/j.redox.2021.102169&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

X. Zhang et al.

long been used as a model for studying eukaryotic cells [20,21]. In terms
of RSS metabolism, S. pombe does not contain genes encoding Cbs, Cse,
Crs2, or Pdo. It only has mitochondrial enzymes Sqr and 3-Mst,
providing an ideal platform for studying the Sqr’s role in maintaining
mitochondrial health [22]. Herein, we revealed that Sqr is the main RSS
generating enzyme in S. pombe mitochondria. The Sqr knock-out strain
(Asgr) displayed low cell viability and signs of early apoptosis. The
mitochondrial integrity and functionality were impaired in Asqr. Further
investigation indicated that the cysteine de novo biosynthesis process
was hampered by Sqr knock-out.

2. Materials and methods
2.1. Strains and materials

S. pombe HL6381 and its derivatives, E. coli strains used for plasmid
construction and protein expression, plasmids constructed in this study
are all listed in Supplementary Table S1. For routine growth, S. pombe
strains were cultivated in yeast extract medium (YES), Edinburgh min-
imal medium (EMM), or synthetic dropout medium (SD). Specific sup-
plements were added when required as mentioned in main text. The
cultivation was performed at 30 °C. For hypoxic cultivation, S. pombe
was cultivated in YES medium at 30 °C with shaking (220 rpm). The log-
phase cells were harvested and then diluted to ODggp of 0.02 in the
anaerobic bottle. Before inoculation, the YES medium in the anaerobic
bottle was deoxygenated by blowing argon gas into it (20 min). At each
sampling time, cells were collected by using the syringe.

E. coli strains were cultured in lysogeny broth (LB) medium at 37 °C.
Sodium hydrosulfide (NaHS), cysteine, reduced glutathione (GSH), and
thiosulfate were purchased from Sigma-Aldrich (Saint Louis, MO).
Dimethyl trisulfide (MeSSSMe) and Sg were purchased from TCI Com-
pany (Shanghai, China). HS,H was prepared following the protocol of
Luebke et al. [23].

GSSH was prepared following the protocol of Liu et al. [24]. Briefly,
the elemental sulfur (Sg) was dissolved in acetone to make a saturated
sulfur solution (~17 mM). GSH was dissolved in distilled water (17
mM). The two solutions were mixed at 1:1 ratio (volume) in 100 mM Kpi
buffer (pH 7.4) to make GSSH. The cyanide derivatization method was
used to determine the GSSH concentration, which was 4.05 + 0.19 mM.
The methylene blue method was used to determine how much HS™ in it
and only 54.5 + 19.2 uM was detected. Potential disturbance caused by
such low percentage of HS™ in GSSH solution can be neglected.

2.2. H5S and RSS detection

H,S production of S. pombe strains was detected using the lead ace-
tate assay method [25]. Briefly, a lead-acetate paper strip was affixed to
the inner wall of a 15-ml glass tube containing 3 ml of the strain culture.
When H,S was produced and evaporated into the gas phase, it reacted
with Pb(II) in the paper strip to form PbS black precipitate. To quantify
the intracellular H,S, log-phase cells were collected and re-suspended in
a reaction buffer (50 mM Tris-HCl, pH 9.5, 1% Triton X-100, 50 pM
DTPA). To disrupt cells, they were incubated at 95 °C for 15 min. The
HS™ in cell lysate was labeled with monobromobimane (mBBr) and
quantified by HPLC following a previously reported protocol [26]. RSS
detection was performed using a HPLC-based method reported previ-
ously [27]. Briefly, S. pombe cells were collected and re-suspended in a
reaction buffer (50 mM Tris-HCl, pH 9.5, 1% Triton X-100, 50 uM DTPA,
50 mM sulfite), and incubated at 95 °C for 10 min to convert intracel-
lular RSS to thiosulfate. The thiosulfate was labeled with mBBr and
quantified by HPLC.

2.3. Protein expression and purification

The gene encoding Cysll was amplified from genomic DNA of
S. pombe YHL6381. For Cysl1 expression and purification in E. coli, a
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maltose binding protein (MBP) tag was fused to its N-terminus. The
expression plasmid pMal-cys11 was constructed and introduced into
E. coli BL21(DE3) and the strain was incubated in LB medium containing
ampicillin (100 pg/ml). When ODggg reached 0.6, 0.3 mM isopropyl p-p-
1-thiogalactopyranoside (IPTG) was added and the temperature was
decreased to 25 °C. The cultivation was further continued for 22 h. Cells
were harvested by centrifugation and then re-suspended in CB buffer
(20 mM Tris-HCl, 0.2 M NaCl, 1 mM EDTA, pH 7.4). Cell disruption was
performed using a Pressure Cell Homogeniser (SPCH-18) at 4 °C. Cell
lysate was centrifuged to remove the debris and Cys11 was purified by
using an amylose resin column.

2.4. Enzymatic activity assay

To obtain the Cys11 crude enzyme, S. pombe cells were suspended in
a lysis buffer (50 mM PBS, pH7.4) containing a protease inhibitor
cocktail (Sigma-Aldrich, P8340), and disrupted using the pressure cell
homogenizer (SPCH-18). The cell lysate was centrifuged at 12,500 g for
15 min to remove cell debris and the obtained supernatant was used as
crude Cys11.

Cysl1 activity assay was carried out as described previously [28].
Briefly, 0.1 ml reaction buffer (50 mM PBS buffer, pH 7.4) contained 2
mg/ml crude Cysll or 0.1 mg/ml purified Cysl1, 100 pM pyridoxal
phosphate, 1.0 mM-2.0 mM OAS, 1.0-5.0 mM NaSH, GSSH, or NayS;0s.
The reaction was conducted at 30 °C for 5 min and the produced
L-cysteine was quantified using a previously reported method [29].

For kinetics assay, 0.1 ml reaction buffer (10 mM PBS, pH 7.4)
contained 0.1 mg/ml purified Cys11, 100 pM pyridoxal 5-phosphate
(PLP), and 1 mM O-acetyl-i-serine (OAS). NaSH, GSSH or NayS;03
was added with varied concentrations as mentioned in main text. The
reaction was conducted at 30 °C for 5 min. For the reaction using NaSH
as a substrate, the decrease of HyS was determined by monitoring the
formation of methylene blue in absorbance at 670 nm. For the reaction
using thiosulfate as a substrate, the remaining thiosulfate was labeled
with mBBr and quantified by HPLC [26]. For the reaction using GSSH as
a substrate, the reaction solution was mixed with 0.5 mM tris-(2-car-
boxyethyl)-phosphine (TCEP), and the released cysteine was labeled
with mBBr and quantified by HPLC [26]. All kinetic parameters were
determined using the Michaelis-Menten equation (non-linear regres-
sion) embedded in Graphpad prism software.

2.5. qRT-PCR analysis

S. pombe cells were cultivated to ODggg of 0.8-1.5. The total RNA was
extracted using an E.Z.N.A. Yeast RNA kit (Omega, R6870) following the
manufacturer’s protocol. The first-strand cDNA synthesis was acquired
from 500 ng of total RNA by using the Prime Script RT reagent kit with
genomic DNA eraser (TaKaRa, RR047A). The SYBR Premix Ex Taq II kit
(TaKaRa, DRRO81A) was used for qRT-PCR analysis, and the reactions
were run in a Light Cycler 480 II sequence detection system (Roche). All
data were normalized using actl (SPBC32H8.12c) mRNA as the refer-
ence gene. Primers used for qRT-PCR analysis are listed in Supplemen-
tary Table S2.

2.6. mtDNA number analysis

Quantitative PCR (qPCR) method was used to analyze the relative
number of mtDNA. Genomic DNA (gDNA) of S. pombe cells was
extracted using an E.Z.N.A.TM Yeast DNA kit (Omega D3370). A total of
100 ng of genomic DNA was used as the template. The coxI and actl
genes were used to represent mitochondrial DNA and nuclear DNA,
respectively. Their cycle threshold (CT) values were obtained from three
parallels, and the interpolation of CT¢ox; and CTacr; was calculated to
get the ACT, 22T was used to represent the relative number of mtDNA.
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2.7. Apoptosis analysis

The Annexin V-FITC Apoptosis Detection Kit (Beyotime Biotech-
nology, C1062S) was used to monitor the externalization of phosphati-
dylserine and membrane permeability of S. pombe cells as described
previously [30,31]. After a 24 h growth in YES medium, 1 x 10°
S. pombe cells were collected and washed twice with sorbitol buffer (1.4
Msorbitol, 40 mM HEPES, 1.5 mM MgCl,, pH 6.5). To prepare pro-
toplasts, the cells were gently agitated in 1 ml sorbitol buffer containing
10 mg/ml lysing enzymes (Sigma-Aldrich, L1412). After a 1-3 h incu-
bation at 30 °C, cell pellets were washed with 200 pl Annexin V-FITC
binding buffer, then re-suspended in 210 pl Annexin V-FITC binding
buffer containing 5 pl of Annexin V-FITC and 10 pl of propidium iodine
(P1), and incubated at room temperature in the dark for 20 min. The flow
cytometer (BD Accuri™ C6) was used to assess Annexin V-FITC and PI
staining.

2.8. Survival rate analysis

S. pombe strains were cultivated in YES or EMM medium. At each
sampling time, the cells were collected, diluted, and spread on YES
medium agar plates. After an incubation at 30 °C for 2 days, the numbers
of colonies (CFU) on each plate were counted. The survival rate was
determined by calculating the ratio of Ahmt2 CFU to wt CFU.

2.9. Cell cycle analysis

The classic PI staining method was used to analyze cell cycles of
S. pombe cells as previously reported [32]. Briefly, log-phase cells were
grown to ODggo of 0.8-1.0, then harvested and washed two times, and
diluted to ODggp of 0.1 in EMM medium. 1 x 10° cells were undergone
cell wall digestion, and then were fixed in 70% ice cold ethanol. 500 pl
PI staining solution was added into the samples. The mixture was
incubated at 37 °C for 0.5 h in the dark. For detection, the signals of 50,
000 cells were collected by a flow cytometer (BD Accuri™ C6). FlowJo
v10.2 software was used for analysis.

2.10. Mitochondrial membrane potential analysis

The fluorescent probe JC-1 assay kit (Beyotime Biotechnology,
C2006) was used to evaluate mitochondrial membrane potential.
S. pombe cells were harvested, washed twice, and suspended in JC-1
work buffer, and then loaded with JC-1 probe following the manufac-
turer’s instruction. The mean fluorescence intensities of monomeric JC-
1 (FL1) and aggregated JC-1 (FL2) were measured by a flow cytometer
(BD Accuri™ C6). At least 50,000 cells per sample were analyzed. The
ratio of FL2 to FL1 fluorescence intensity was calculated with CFlow
software (BD Biosciences). Carbonyl cyanide 3-chlorophenyl hydrazone
(ccep) treated wt cells were used as the control.

2.11. ROS analysis

Cellular ROS was measured using the DCFH-DA probe (Beyotime
Biotechnology S0033S). S. pombe strains were cultivated in YES or EMM
medium at 30 °C with shaking (220 rpm). At each sampling point, cells
were collected by centrifugation (4000 g, 5 min), washed twice with 50
mM PBS buffer (pH 7.4), and diluted to ODggo of 1.0 in PBS buffer
containing 10 pM DCFH-DA. The cell suspensions were incubated at
30 °C for 20 min in the dark, and then were washed three times to
remove the extra DCFH-DA. The fluorescence of the cells was measured
using a flow cytometer (BD Accuri™ C6). At least 10,000 cells per
sample were analyzed. Since Rosup (Beyotime Biotechnology S0033S)
treated wt cells increased its ROS level, they were used as the positive
control.
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2.12. Oxygen consumption analysis

S. pombe strains were grown in YES medium to ODggg of 0.8-1.0, and
then harvested and washed two times with 50 mM PBS buffer (pH 7.4).
ODgoo was adjusted to 5 in PBS buffer. 1% glucose (w/v) was added. An
Orion RDO meter was used to monitor change of O concentration in the
cell suspension.

2.13. Mitochondria morphology observation

The green fluorescent protein (GFP) was fused with an N-terminus
leading peptide (MFMNSMLRVSRQRAAVRSTVSLYRGFVSASIRR) to
locate it into mitochondria inner membrane. The fused GFP (mito-GFP)
was ligated into pJK148 plasmid, after the TEFI promoter. This plasmid
was linearized by Nrul digestion, and then integrated into the chromo-
somal leul-32 site of S. pombe strains. The laser confocal microscope
LMS900 was used to observe mitochondrial morphology.

2.14. LC-ESI-MS analysis

The purified Cys11 (0.1 mg/mL) was mixed with PLP (100 pM), OAS
(1 mM) and 1 mM GSSH or thiosulfate in the reaction buffer (10 mM
PBS, pH 7.4). The reaction was conducted at 30 °C for 5 min. Then, the
solution was subjected to LC-ESI-MS analysis (Ultimate 3000, Burker
impact HD) following a reported protocol [26]. For detection of the
produced r-cysteine, TCEP (0.5 mM) was added to break the disulfide
bond. The released cysteine was derivatized with mBBr and then sub-
jected to LC-ESI-MS analysis.

2.15. Transcriptomic analysis

S. pombe strains were firstly cultivated in YES medium for 12 h, and
then transferred into EMM medium for another 12 h’s cultivation. Cells
were harvested for the omics analysis, which were performed at
Shanghai Applied Protein Technology Co., Ltd (Shanghai, China). For
transcriptomic analysis, total RNA was extracted. Magnetic beads with
Oligo (dT) were used to enrich mRNA and fragmentation buffer was
added to randomly interrupt the mRNA. The first strand of cDNA was
obtained with six-base random primers and the second strand of cDNA
was synthesized by adding buffer, dNTPs and DNA polymerase I
Double-stranded cDNA was purified with AMPure XP andthen A-tailing
and sequencing adapters were connected. The AMPure XP beads were
used for fragment size selection and PCR enrichment was perform to
obtain the final cDNA library. The library was sequenced on Illumina
NovaSeq 6000 platform. The clean data were obtained from raw data by
removing reads containing adapter, poly-N and low quality reads. The
clean reads were aligned with the Ensemble genome of ASM294v2 by
using HISAT2. The feature Counts software was used to calculate the
FPKM value of each gene expression in each sample. Genes with a p-
vale<0.05 and fold change>2 were considered as significantly differ-
entially expressed.

2.16. Targeted metabolomics analysis

For targeted metabolomics analysis, cells were harvested and quickly
frozen in liquid nitrogen. After grinding with liquid nitrogen, 60 mg cells
were mixed with 1 ml methanol acetonitrile aqueous solution (2:2:1, v/
v) and vortexed for 60 s. Cells were disrupted using the ultra-sound
method. The broken cells were placed at —20 °C for 1 h and then
centrifuged at 14,000g for 20 min at 4 °C. The obtained supernatant was
subjected to freeze-dry and then LC-MS analysis. The Waters I-class
ultra-performance liquid chromatography was used and the mobile
phase A was an aqueous solution containing 25 mM ammonium acetate
and 25 mM ammonia (pH, 9.75). Mobile phase B was acetonitrile.
Protein sample was placed in a 4 °C auto sampler, and the column
temperature was set to 40 °C. The flow rate was 0.3 ml/min, and the
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Fig. 1. Growth, intracellular RSS production, and H,S release of S. pombe. A) Intracellular RSS production of the S. pombe wt and mutant strains when cultivated in
YES medium. B) Growth performance in YES medium. C) Released H,S from the culture were colorized by lead acetate papers. Data were from three independent
experiments and showed as average + SD.

injection volume was 2 pl. The liquid phase gradient was set as: 0-1 min, at significantly different levels.
phase B at 95%; 1-14 min, B linearly changing from 95% to 65%; 14-16
min, B linearly changing from 65% to 40%; 16-18 min, B at 40%;
18-18.1 min, B linearly changing from 40% to 95%; 18.1-23 min, B at
95%. In the sample cohort, one QC sample was set every six experi-

mental repeats to detect and evaluate the stability and repeatability of  jca] samples and targeted metabolomics analysis was performed with six

the system. ) parallel biological samples. The data have been deposited in
The AB 5500 QqQ mass spectrometer (AB SCIEX, Framingham, MA) https://www.biosino.org/node/with ID: OEP002326. Other analysis
was used for mass spectrometry analysis. The ESI source conditions were

as: sheath gas temperature, 350 °C; dry gas temperature, 350 °C; sheath
gas flow, 11 1/min; dry gas flow, 10 1/min; capillary voltage was 4000 V
for positive mode and —3500 V for negative mode; nozzle voltage, 500 3. Results
V; and nebulizer pressure, 30 psi. Monitor was in MRM mode and the
dwell time of each MRM transition was 3 ms, and the total cycle time
was 1.263 s. MRM analyzer (R) was used to extract the original MRM
data of 200 metabolites to obtain the peak area of each metabolite.
Metabolites with p-value<0.05 and fold change>1.5 were considered as

2.17. Statistical analysis

Transcriptomics analysis was performed with three parallel biolog-

were performed with >2 parallel biological samples and repeated >2
times. Data are presented as mean =+ S.D.

3.1. Sqr is the main producer of intracellular RSS in S. pombe

The genes encoding Sqr and 3-Mst are denoted as hmt2 and tuml in
S. pombe (www.pombase.org). For description convenience, we refer
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Fig. 2. Sqr knock-out resulted in physiological changes in S. pombe. A) The Asgr strain showed reduced cell viability compared to the wt strain when cultivated in YES
medium. B) Apoptosis analysis demonstrated that there were more cells of early apoptosis in Asqr culture than that in wt culture (Q3, 24.5% vs 9.4%). C) The Asqr
and wt strains showed different morphology. D) The Asqr cells quickly precipitated down in 2 min. Data were from three independent experiments and presented as
average + SD. T-tests were performed to calculate the p-values, and asterisks indicate statistically significant difference (*p < 0.05, **p < 0.01).
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Fig. 3. Sqr knock-out impaired mitochondrial health
in S. pombe. A) The Asqr and wt strains were culti-
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them as sqr and mst in this paper. Knocking out them in S. pombey
HL6381 led to three mutants: Asqr, Amst, and AsqrAmst. Compared to the
parent yHL6381 wild type (wt) strain, the Asqr strain showed obviously
lower level of intracellular RSS when cultured in YES medium, espe-
cially at late-log and stationary phases (20 h-48 h) (Fig. 1A). The Amst
strain also displayed decreased level of intracellular RSS, but the
decreasing degree was lower than that of Asqr, and RSS decrease only
happened at log-phase (before 24 h). The AsqrAmst double mutant strain
showed similar RSS level as the Asgr strain. These results indicated that
in respect of RSS production, Sqr is more important than 3-Mst in
S. pombe. All the mutants exhibited impaired growth with Asqr and
AsqrAmst more obviously than Amst (Fig. 1B). Wt and Amst cultures did
not release gaseous hydrogen sulfide (HzS) out, whereas Asqr and
AsqrAmst cultures did (Fig. 1C), indicating that SQR can oxidize self-
produced HS in the cell.

The unreleased intracellular HoS (mostly exists as HS™) in wt and
Asqr cells was quantified. The wt cells contained 15.3 + 4.9 pM and the
Asgr cells contained 51.7 + 6.7 pM of HS ™, the ratio of wt/Asqr was 0.30.

These results further confirmed that SQR is the oxidizer of intracellular
H,S.

3.2. Sqr knock-out led to various physiological changes including early
apoptosis

We analyzed viability of the Asqgr strain that was cultivated in YES
medium. The Asgr strain displayed constantly lower viability compared
with the wt strain (Fig. 2A). We then used the apoptosis detection kit
Annexin V-FITC and PI to stain both wt and Asqr cells, and observed that
24.5% of Asqr cells was stained with Annexin V-FITC but not with PI
(AnnexinV-FITC+, PI-, lower right quadrant, Fig. 2B); whereas, the
corresponding percentage of wt cells was 9.4%, indicating that there
were more early-apoptotic cells in Asqr culture than in wt culture. In
addition to these physiological changes, Asqr cells displayed a different
morphology with a round shape (Fig. 2C). The Asqr cells also formed
aggregates, which easily precipitated down (Fig. 2D).
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3.3. Mitochondrial integrity and functionality were damaged by sqr
knock-out

Although both wt and Asqr showed reduced growth in a non-
fermentable medium (with glycerol or galactose as the main carbon
source) compared to in a fermentable medium (with glucose as the main
carbon source), Asqr had a more obvious growth reduction (Fig. 3A),
suggesting that mitochondria may be impaired in Asqr cells. To observe
the mitochondrial morphology in vivo, a GFP was fused with a leading
peptide to localize it into mitochondrial inner membrane. The fused GFP
was expressed in both wt and Asqr. Laser confocal microscopic obser-
vation revealed that mitochondria in wt had regular rod shape; whereas,
those in Asqr were mostly fragmentized and scattered (Fig. 3B).
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We also checked other characteristics of mitochondria. The relative
number of mtDNA (mitochondrial DNA normalized against nuclear
DNA), mitochondrial membrane potentials, and oxygen consumption
rates were all lower in Asqr than in wt (Fig. 3C-E). A higher level of
intracellular ROS (reactive oxygen species) was detected in Asqr
compared to that of wt (Fig. 3F). The above results demonstrated that
mitochondria health was impaired in the Asqr cells.

For confirmation, we also performed complementation experiments.
The complementation strain (Asqr::sqr) was constructed via integrating a
sqr gene (with its native promoter) into the leu-32 site of Asqr chro-
mosome (Table S1). The growth, content of intracellular RSS, and
mtDNA of the complementation strain were analyzed. Results showed
that compared with Asqr, Asqr::sqr largely recovered these phenotypes
(Fig. S1). Thus, it is highly expected that other phenotypes such as
mitochondrial membrane potentials and oxygen consumption might
also to be complemented. These assays and analysis confirmed that the
abnormal phenotypes were caused by sqr deletion.

Except for the experiments conducted under normoxic condition, we
also compared wt and Asqr under hypoxic condition (Fig. S2). Results
showed that both wt and Asqr grew poorly (maximum ODggo was around
2.3, whereas under normoxic condition, it reached 8.0). As under nor-
moxic condition, the mtDNA of Asqr was significantly lower than that of
wt. We compared the intracellular ROS levels of wt and Asqr under
normoxic and hypoxic conditions. Under hypoxia condition, ROS level
was increased in both wt and Asqr, and Asqr had a higher increase
compared to wt. The results suggested that SQR may have antioxidation
function under hypoxia condition.

3.4. Cysteine treatment complemented sqr knock-out

The Asgr strain totally lost the growth in a basic medium (SD or
EMM) (Fig. 4A and B). The addition of RSS compounds including Sg,
MeSSSMe, HSH, or the 3-Mst substrate 3-mercaptopyruvate (3-MP)
into EMM medium did not restore the growth (Fig. 4B). NayS,03
partially restored the growth. Interestingly, the addition of cysteine or
glutathione significantly restored the growth. Cell viability analysis
indicated that viability of the Asqr cells was obviously increased by
cysteine (Fig. 4C). Cell cycle analysis indicated that most Asqr cells
(91.5%) halted at G2 phage before cysteine treatment, and changed to
37.1% G1 cells, 57.0% G2 cells after 24 h of cysteine treatment (Fig. 4D).
MtDNA number, mitochondrial membrane potential, and oxygen con-
sumption rate were all increased in Asqr cells after cysteine treatment
(Fig. 4E-G). Laser confocal microscopic images demonstrated that the
morphology of mitochondria returned to rod shape from dotted shape
after cysteine treatment (Fig. 4H).

3.5. Cysteine synthase knock-out led to similar phenotypes as sqr knock-
out

We checked intracellular RSS levels in wt and Asqr before and after
cysteine treatment and found that their RSS levels were significantly
increased after cysteine treatment (Fig. 5A). We then constructed a
cysteine synthase (Cys11) deletion strain Acys11. As Asqr, it lost the
ability of growing in a cysteine-deficient medium (Fig. 5B). The Acys11
strain also contained lower level of intracellular RSS compared to wt
when growing in YES medium (Fig. 5C). More H,S was released out from
the culture (Fig. 5D) of Acys11 than that of wt. Its mtDNA number was
dramatically decreased and cysteine treatment restored the mtDNA
number back (Fig. S5E). Its cells formed aggregates that easily precipi-
tated down (Fig. 5F). These phenomena demonstrated that Acys11 had
similar phenotypes as Asqr.

To confirm the phenotype changes were caused by cys11 deletion, we
performed complementation experiments. The complementation strain
(Acys11::cys11) was constructed via integrating a cys11 gene (with its
native promoter) into the leu-32 site of Acys11 (Table S1). The growth,
content of intracellular RSS, and mitochondrial copy number of the
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complementation strain were analyzed. Results showed that compared
with Acys11, Acys11::cys11 largely recovered these phenotypes (Fig. S1).
Thus, it is expected that other phenotypes might also to be com-
plemented. These analysis confirmed that the abnormal phenotypes
were caused by cys11 deletion.

A AsqrAcys11 double knock-out strain was constructed and it con-
tained even less intracellular RSS than Acys11 or Asqr (Fig. 5C). These
observations indicated that cysteine was converted into RSS in vivo.

3.6. Sqr knock-out blocked cysteine biosynthesis at the substrate level

We extracted cell lysates containing Cysl1l from the wt, Asqr and
Acys11 strains, and then added H,S and O-acetyl-L-serine (OAS), which
are two reported substrates of cysteine synthase in many eukaryotic and
prokaryotic cells, into the extracted cell lysates. Cysteine production was
detected from both wt and Asqr cell lysates but not from that of Acys11
(Fig. 6A), suggesting that Cys11 is expressed and functional in Asqr as
well as in wt. Since the Asgr strain produced more HsS and less RSS than
did wt strain, we suspected that Cysl1 may not use HyS for cysteine
biosynthesis in vivo. Instead, it might use RSS as its substrate. To test this
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possibility, we cloned Cys11 with a MBP (maltose binding protein)-tag
at N-terminus, expressed it in E. coli BL21(DE3), and purified the re-
combinant protein by using amylose resin. The purified Cys11 used OAS
and H,S or GSSH to produce cysteine (Fig, 6B). Since Na;S,03 partially
restored the growth of Asqr in EMM medium, we tested it as well and
found that Cys11 used NayS203 as a low efficient substrate for cysteine
biosynthesis too. These results indicated that RSS can be used as an
alternative substrate of Cys11 for cysteine synthesis.

When using GSSH or NayS,03 as the substrate of Cysl1, an inter-
mediate compound should be formed (Fig. 6C). For confirmation, we
used LC-MS to analyze the products. The GS-cysteine and sulfo-cysteine
intermediates were both detected by LC-MS (Figure S3, A-C). Since the
intermediates contain a disulfide bond, we added a reductant tris-(2-
carboxyethyl)-phosphine (TCEP) to break this bond. LC-MS analysis
indicated that after TCEP treatment, the content of GS-cysteine was
sharply decreased and cysteine production was detected (Figure S3, D-
E). We also observed that the production of GS-cysteine was much
higher than that of sulfo-cysteine in the same experimental conditions
(Figs. S3 and E), indicating that for Cysl1l, GSSH is a more efficient
substrate than NayS;0s.

For further confirmation, we performed MS? analysis on the enzy-
matic products. The GS-cysteine MS? profile was consistent as predicted
(Figs. S4 and A). After TCEP treatment, the suspected cysteine product
was analyzed and its MS? profile was consistent with that of authentic
cysteine (Figs. S4 and B). The MS?> profile of sulfo-cysteine was also
consistent with that of authentic compound (Figs. S4 and C). These re-
sults confirmed that the conclusions obtained from MS! results were
correct.

We then assayed the kinetics of Cysll with different substrates
(Fig. 6D-G). The K, value of GSSH was the lowest. The K;,, values of HyS
(NaSH) and NayS>03 were 2-fold and 9-fold higher than that of GSSH,
respectively. Other kinetic parameters including kqt, kcat/Km, and Vi
were also calculated. GSSH and H,S showed apparent advantages over
NayS203 according to these kinetic parameters.

3.7. Expression of sqr and Cys11 were intertwined

We examined transcription levels of sqr and cys11 in wt by using the
quantitative reverse transcription PCR (qQRT-PCR) method. When wt
cells were treated with cysteine, the transcriptional levels of sqr and
cys11 both decreased (Fig. 7A). In addition, sqr showed an obviously
lower transcription level in Acys11 than that in wt (Fig. 7B), while cys11
had a higher transcriptional level in Asgr than that in wt (Fig. 7C). These
results suggested that the expression of both genes were inhibited when
cysteine was abundant, and cys11 expression was stimulated by Sqr
knock-out due to lack of cysteine but sqr expression was not stimulated
by Cys11 knock-out.

3.8. Systematically investigation of the transcription and metabolism
changes caused by sqr knock-out

Transcriptomics and metabolomics were analyzed with wt and Asqr.
Both strains were cultivated in YES medium for 12 h, and then trans-
ferred into EMM medium for 12-h additional incubation before cells
were collected. Through transcriptomic analysis, we found that 759
genes were upregulated and 584 genes were downregulated (fold
change >2, p < 0.05) in Asgr referred to those in wt (Fig. 8A). The
percentage of transcription-changed genes was about 26% of the whole
genome, reflecting a wide change caused by Sqr knock-out. KEGG
pathways enrichment indicated that many metabolic pathways were
influenced (Figs. S5 and S6.), such as pathways of organic acids, argi-
nine, and lysine biosynthesis were upregulated; pathways of steroid and
fatty acid biosynthesis were downregulated. Most genes involved in the
transport and metabolism of cysteine were upregulated in Asqr (Fig. 8B).
Some genes critical for apoptosis were upregulated in Asqr (Fig. 8C). The
genes involved in cell cycle regulation were transcriptionally altered
(Fig. 8D), which may explain the abnormal cell cycle of Asgr cells.

We targeted 200 metabolites of central and energetic metabolism
(supplementary information, sheet 1) in metabolome analysis. Among
them, 133 compounds were identified with 100 showing significant
change between Asqr and wt (fold change >1.5, p < 0.05) (Fig. 9A). For
specification:

I) The concentrations of both NADH and NAD" were dramatically
decreased in Asqr with Asqr/wt ratios of 0.11 and 0.14 for NADH
and NAD™, respectively (Fig. S7). The concentration of flavin
mononucleotide (FMN) was increased in Asqr with a Asqr/wt
ratio of 1.89.

II) i-serine, the precursor for r-cysteine was accumulated in Asqr
strain (Fig. 9B), reflected by a Asqr/wt ratio of 2.91.

III) Some metabolites of TCA cycle were obviously changed (Fig. 9B),
including malate (4sqr/wt ratio of 2.63), citrate (Asqr/wt ratio of
2.16), succinate (4sqr/wt ratio of 6.50), fumarate (Asqr/wt ratio
of 2.32), andcis-aconitic acid (4sqr/wt ratio of 0.10)

Overall, these results indicated that the cysteine biosynthesis, the
respiration chain and TCA cycle were dramatically changed by Sqr
knock-out.

4. Discussion

HsS has been deemed as the third gaseous signal after NO and CO in
mammals [33-35]. Recently, more and more studies indicated that HyS
may function via forming RSS [36,37]. This necessitates the study of Sqr
function in eukaryotic cells. In this work, we verified that Sqr is a more
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important RSS producer than 3-Mst for mitochondria (Fig. 10A). Its
knock-out led to wide changes in transcriptome and metabolome pro-
files. Mitochondria health is heavily dependent on Sqr, evidenced by the
abnormal morphology and function of mitochondria in Sqr knock-out

strain.

We also found that Sqr is required for cysteine synthesis in S. pombe.
This strain contains no Cbs or Cse, hence cannot convert methionine to
cysteine. The de novo biosynthesis pathway is the only route for cysteine
production in it. HyS has been deemed as the substrate for de novo

biosynthesis of cysteine in most eukaryotic and prokaryotic cells

10
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[38-40]. Thiosulfate can be used as the alternative substrate by cysteine
synthase in some bacteria [41,42]. However, RSS involvement in
cysteine de novo biosynthesis has not been reported previously. Herein,
we suggested that RSS was the de facto substrate for cysteine biosyn-
thesis in vivo based on lines of evidence. First, the Asqr strain produced
more HyS but less RSS than wt strain, meanwhile it displayed a
cysteine-deficient phenotype. Second, in vitro experiments demonstrated
that RSS can be used as the substrate for Cysl1-catalyzed cysteine syn-
thesis. Cys11 showed lower K,,, toward GSSH compared to HsS. Third,
the intracellular RSS is around 100 pM-400 pM; whereas, HyS is 15
pM-50 pM. Other studies reported that intracellular HyS is even low to
10 nM-30 nM quantified with different methods [27,43,44]. Fourth,
RSS is more stable than H,S in the cell [45], the latter easily releases out
as gas; therefore, RSS provides a relatively constant substrate reservoir
for Cys11.

RSS is a more reactive substrate than HsS. Previous studies have
revealed that RSS, for instance, glutathione persulfide (GSSH) and

11

cysteine persulfide (CysSSH), have lower pK, values than HsS, and GSSH
and CysSSH are more nucleophilic than HyS [45,46]. OAS and O-suc-
cinyl--serine (OSS) are two precursors of cysteine in S. pombe [47]. The
reaction between HZS/GSSH/SZO;,»Z’ and OAS/OSS is initiated by the
nucleophilic attack of H,S/GSSH/S205%~ toward the electrophilic car-
bon atom in OAS/0SS. Hence, compared to H,S and 82032’, the more
nucleophilic GSSH is more reactive for this reaction (Fig. 6C). Except for
GSSH, there are other RSS present in the cell, such as Cys-SSH, CoASSH,
and HSH. Herein we only tested two species (GSSH and thiosulfate)
because they are easily prepared and more importantly, they contain
very low or zero amount of HS™. In contrast, chemically prepared HS,H
(by mixing Sg and NaSH) often contains high amount of HS™, which will
introduce a disturbance factor into experiments. However, chemically
analysis indicate that HS,H is more active than RSSH, and hence HS,H
may also involves in cysteine biosynthesis in the cell.

Adding RSS compounds directly into medium cannot restore the
growth of Asgr, suggesting that the import of RSS into mitochondria is
difficult. This was consistent with our previous findings that treating
yeast cells with RSS cannot obviously increase their intracellular RSS
level; whereas, cysteine or cystine can [48]. 3-Mst, together with
cysteine aminotransferase (CAT), can convert transported cysteine to
RSS in S. pombe, which explains the increase of intracellular RSS after
cysteine treatment. Thiosulfate partially restored the growth of Asgr,
probably because thiosulfate can be converted to RSS by rhodaneses like
3-Mst in cytoplasm or mitochondria, other than being used as the direct
substrate of Cys11 because its Ky, is too low.

We also observed that ROS level was increased in Asqr; therefore, in
addition to cysteine biosynthesis, RSS should be involved in other bio-
logical processes that are important for mitochondrial health, which
deserves further investigations. Combining all the results, we proposed
that Sqr, mitochondrial health, and cysteine biosynthesis are inter-
wound in S. pombe. First, the Sqr-catalyzed H,S oxidation and 3-Mst
(and other rhodaneses)-catalyzed cysteine conversion to RSS are two
resources of intracellular RSS. When exogenous cysteine nutrient is
lacking, the former becomes the main RSS resource. Second, RSS is the
de facto substrate for cysteine biosynthesis other than HyS. Sqr knock-out
results in RSS shortage, thereby leading to cysteine deficiency. Third,
both RSS and cysteine are important for maintaining mitochondrial
health. However, cysteine functions at least partially via forming RSS
(Fig. 10).
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In conclusion, our study has three important findings:

I) Sqr is an important RSS producer in mitochondria in S. pombe. It
plays a more critical role than 3-Mst in respect of mitochondrial
RSS generation.

II) RSS is involved in cysteine de novo biosynthesis. It is the de facto
substrate of cysteine synthase in S. pombe.

III) Sqr is required for maintaining the health of mitochondria. Its
knock-out leads RSS shortage, functional deficiency of mito-
chondria, and early apoptosis of cells. Thus, Sqr might be a new
target for inhibiting cell proliferation.
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