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Abstract: YCA1, the only metacaspase in Saccharomyces cerevisiae, plays important roles in the
regulation of chronological lifespan, apoptosis, and cytokinesis. YCA1 has protein hydrolase activity
and functions by cleaving itself and target proteins. However, there are few reports about the
regulation of YCA1 activity. In this study, we observed that reactive sulfane sulfur (RSS) can inhibit
the activity of YCA1. In vitro experiments demonstrated that RSS reacted with the Cys276 of YCA1,
the residue central to its protein hydrolase activity, to form a persulfidation modification (protein-
SSH). This modification inhibited both its self-cleavage and the cleavage of its substrate protein, BIR1.
To investigate further, we constructed a low-endogenous-RSS mutant of S. cerevisiae, BY4742 ∆cys3,
in which the RSS-producing enzyme cystathionine-γ-lyase (CYS3) was knocked out. The activity
of YCA1 was significantly increased by the deletion of CYS3. Moreover, increased YCA1 activity
led to reduced chronological lifespan (CLS) and CLS-driven apoptosis. This study unveils the first
endogenous factor that regulates YCA1 activity, introduces a novel mechanism of how yeast cells
regulate chronological lifespan, and broadens our understanding of the multifaceted roles played
by RSS.

Keywords: YCA1; metacaspase; reactive sulfane sulfur; persulfidation; chronological lifespan;
apoptosis

1. Introduction

Cell aging is a process in which a cell’s proliferation, differentiation, and other physio-
logical functions gradually decline over time. It occurs throughout the entire lifespan and
is crucial to embryonic development [1], tissue repair [2], and tumor suppression [3]. S.
cerevisiae is a eukaryotic model organism widely utilized in the study of cell aging [4–6].
There are two types of cell aging in S. cerevisiae, chronological aging and replicative aging,
which can be monitored by using chronological lifespan (CLS) and replicative lifespan
(RLS), respectively. CLS represents the survival of a cellular population in the postmitotic,
nondividing phase. RLS represents the number of cell divisions a mother cell can undergo
before death. S. cerevisiae also possesses functional and highly conserved apoptotic ma-
chinery. Recent studies have indicated a close relationship between the aging process and
apoptosis in yeast [7–9].

YCA1, the only metacaspase in S. cerevisiae, plays a role in regulating the apopto-
sis induced by aging [10,11]. YCA1 is a homolog of caspases and possesses proteolytic
activity. The activation of YCA1 occurs through self-cleavage, and the fragment con-
taining the active cysteine can cleave target proteins in a manner similar to caspases. It
has been observed that overexpressing YCA1 can enhance apoptosis in yeast cells [12].
Furthermore, aging cells exhibit increased presence of activated YCA1 fragments [13].
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Therefore, the proteolytic activity of YCA1 appears to be crucial to its regulation function in
aging-related apoptosis.

In recently years, reactive sulfane sulfur (RSS) has been discovered in both eukaryotic
and prokaryotic cells [14,15], including hydrogen polysulfide (HSnH, n ≥ 2), organic
polysulfide (RSnH, n ≥ 2), and polysulfane (RSnR, n ≥ 2). In S. cerevisiae, endogenous
RSS is mainly produced by cystathionine γ-lyase (CSE), cystathionine β-synthase (CBS),
Cysteinyl-tRNA synthetase 2 (CRS2), and rhodanese (Rhod). The highest amount of
endogenous RSS reaches about 400 µM [16–19]. Previous studies have reported that H2S
can stimulate yeast cells and lead to extended cell lifespan [20,21]. However, more recent
studies indicate that the effects of H2S are actually attributed to RSS [22,23]. RSS can directly
react with cysteine residues of proteins to form protein-SSH, a process now called protein
persulfidation or sulfhydration. This post-translational modification can alter protein
activities. So far, a number of proteins have been reported to undergo such modification,
such as caspase 3, lactate dehydrogenase A, and pyruvate kinase [24–26]. These proteins
play important roles in cell metabolism, cell proliferation, and apoptosis processes.

In this study, we found that RSS was able to mediate the persulfidation of YCA1.
Persulfidated YCA1 inhibited its self-cleavage activity, and the activity of cleaving target
proteins was also lost. We knocked out cystathionine γ-lyase to reduce intracellular RSS in S.
cerevisiae and found that the proteolytic activity of YCA1 was promoted. Moreover, reducing
intracellular RSS also promoted apoptosis and reduced cell lifespan, two processes in which
YCA1 is closely involved. This study revealed a new post-translational modification that
occurs in YCA1 which plays important role in regulating YCA1 activity, thereby affecting
cell aging.

2. Materials and Methods
2.1. Strains and Materials

S. cerevisiae BY4742 (MATα his3∆1 leu2∆0 lys2∆0 ura3∆0) and its mutants were cul-
tured in yeast extract–peptone–dextrose (YPD) medium at 30 ◦C. The constructed mutants
and plasmids are listed in Supplementary Materials (Table S1). Escherichia coli DH5α
and BL21(DE3) strains were cultured in lysogeny broth (LB) medium at 37 ◦C. Calcium
chloride and sodium hydrosulfide (NaHS) were purchased from Sigma-Aldrich (Saint
Louis, MO, USA). The Annexin V-FITC/PI Cell Apoptosis Detection Kit was purchased
from TransGen Biotech (Beijing, China). HSnH were prepared following the protocol
of a previous study [27]. Other chemicals were purchased from local companies if not
specifically mentioned.

2.2. S. cerevisiae BY4742 Mutant Construction

For the construction of BY4742 ∆cys3, cys3 was deleted by using the short flanking
homology (SFH) method based on the KanMX4 deletion cassette [28]. The primers were
designed to amplify the loxP-KanMX4-loxP cassette from the plasmid pUG6. The forward
primer had a 50-nucleotide extension corresponding to the region upstream of cys3, while
the reverse primer had a 50-nucleotide extension corresponding to the region downstream
of cys3. The obtained PCR fragments were used to transform the BY4742 strain by using
the lithium acetate procedure [29]. Transformed cells were selected by YPD solid medium
containing 200 mg/L Geneticin (G418). For the construction of BY4742 ∆cys3 ∆yca1, yca1
was deleted in the obtained ∆cys3 mutant. Primers were designed to amplify the loxP-
His3MX6-loxP cassette from the plasmid pFA6a-GFP(S65T)-His3MX6. The forward primer
had a 50-nucleotide extension corresponding to the region upstream of yca1, while the
reverse primer had a 50-nucleotide extension corresponding to the region downstream of
yca1. The gene deletion processes were the same, except that the mutant cells were selected
on synthetic dropout (SD) medium.
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2.3. Protein Expression and Purification

The gene encoding YCA1 was amplified from the genomic DNA of S. cerevisiae BY4742.
The gene encoding the N-terminal fragment of BIR1 was codon-optimized and chemically
synthesized. The YCA1-encoding gene was ligated with the pET21b plasmid by using the
T5 exonuclease-dependent assembly method [30]. The BIR1-encoding gene was ligated to
the pET15b plasmid by using the same method. For protein expression and purification, E.
coli BL21 (DE3) strains harboring the expression plasmids were incubated in LB medium at
30 ◦C with shaking (225 rpm). Kanamycin (50 µg/mL) was added. When OD600 reached
0.6, 0.1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to induce expression,
and the temperature was decreased to 16 ◦C. After cultivation for an additional 24 h,
cells were harvested by centrifugation and re-suspended in buffer I (20 mM Tris-HCl,
0.5 M NaCl, and 20 mM imidazole (pH 8.0)). Cell disruption was performed by using a
Pressure Cell Homogeniser (SPCH-18) at 4 ◦C. The obtained cell lysate was centrifuged
to eliminate debris. Target proteins in the supernatant were initially purified by using
nickel-nitrilotriacetate (Ni-NTA) agarose. The obtained proteins were then subjected to
further purification by passing them through a size exclusion column.

2.4. Analysis of Inhibitory Effect of RSS on YCA1 Cleavage Activity

To test the self-cleaving activity of YCA1, 5 µM purified YCA1 was added to
200 µL of reaction buffer (20 mM Tris-HCl (pH 8.0) and 150 mM NaCl) containing different
concentrations of HSnH (0–150 µM) and then incubated at 37 ◦C for 30 min. Subsequently,
10 mM CaCl2 was added, and the reaction system was further incubated at 18 ◦C for
12 h. The self-cleavage of YCA1 was analyzed by SDS-PAGE. To test the activity of YCA1
of cleaving BIR1, 5 µM YCA1 was added to 200 µL of reaction buffer (20 mM Tris-HCl (pH
8.0) and 150 mM NaCl) containing different concentrations of HSnH (0–150 µM) and then
incubated at 37 ◦C for 30 min. Subsequently, 5 µM BIR1 and 10 mM CaCl2 were added, and
the reaction system was incubated at 18 ◦C for 12 h. The fragments of cleaved BIR1 were
analyzed by SDS-PAGE.

2.5. Protein LC-MS/MS Analysis

The purified YCA1 (4.5 mg/mL) was mixed with 200 µM HSnH or DTT in Tris-HCl
buffer (50 mM; pH 7.4). After incubation at 25 ◦C for 30 min, the mixture was loaded
onto a PD-10 desalting column to remove unreacted HSnH or DTT. The obtained protein
sample was treated with iodoacetamide (IAM) and subsequently digested with trypsin,
following a previously established protocol [31]. The analysis was performed by using
the Prominence nano-LC system (Shimadzu, Shanghai, China) equipped with a custom-
made silica column (75 µm × 15 cm) packed with 3 µm Reprosil-Pur 120 C18-AQ. The
elution process involved a 100 min gradient ranging from 0% to 100% of solvent B (0.1%
formic acid in 98% acetonitrile) at a flow rate of 300 nL/min. Solvent A was composed
of 0.1% formic acid in 2% acetonitrile. The eluent was ionized and electrosprayed via
the LTQ-Orbitrap Velos Pro CID mass spectrometer (Thermo Scientific, Shanghai, China),
which operated in data-dependent acquisition mode using Xcalibur 2.2.0 software (Thermo
Scientific, Shanghai, China). Full-scan MS spectra (ranging from 400 to 1800 m/z) were
detected with the Orbitrap at a resolution of 60,000 at 400 m/z.

2.6. Analysis of Growth Curve

S. cerevisiae BY4742 strains were inoculated in 5 mL of YPD medium and cultured at
30 ◦C under shaking (200 rpm) for 12 h. The culture was centrifuged at 3000× g for 5 min,
and the obtained cells were resuspended in YPD medium (OD600 = 0.1). The cells were
then incubated at 30 ◦C, and their growth was assessed by measuring OD600nm by using a
spectrophotometer.
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2.7. Analysis of Intracellular RSS Level

Intracellular RSS levels of S. cerevisiae BY4742 cells were assessed by using a previously
reported method [32]. In brief, BY4742 cells were suspended in 100 µL of reaction buffer
(50 mM Tris-HCl and 1 mM sulfite (pH 7.5)) and incubated at 95 ◦C for 30 min. During
incubation, sulfane sulfur atoms reacted with sulfite to form thiosulfate (S2O3

2−). Monobro-
mobimane (mBBr) was then used to derivatize the formed thiolsulfate, and the derivative
was quantified by using HPLC (LC-20A; Shimadzu, Kyoto, Japan) with a fluorescence
detector (RF20A; Shimadzu, Kyoto, Japan). The obtained S2O3

2− derivative concentration
represented the intracellular RSS level.

2.8. Analysis of YCA1 Activity In Vivo

Green fluorescent protein (GFP) was fused to the C-terminus of BIR1 in the BY4742
wt and ∆cys3 chromosome by using the one-step PCR-mediated gene disruption method.
The primers were designed to amplify the GFP (S65T)-His3MX6 cassette from the plasmid
pFA6a-GFP(S65T)-His3MX6. The forward primer had a 50-nucleotide extension corre-
sponding to the region upstream of the BIR1 C-terminus, while the reverse primer had a
50-nucleotide extension corresponding to the region downstream of the BIR1 C-terminus.
Recombinant strains were selected on SD medium. The recombinant BY4742 wt and ∆cys3
strains were cultivated to stationary phase in YPD medium; then, cells were collected
and disrupted to extract total protein. The total protein concentration was measured by
using the BCA method and adjusted to 5 mg/mL. The cleavage of BIR1-GFP by YCA1 was
assessed by using Western blot. A polyclonal antibody targeting GFP was used.

2.9. Chronological Lifespan Assay

Chronological lifespan was analyzed by using the method reported previously [33].
Briefly, S. cerevisiae BY4742 strains were cultured in 5 mL of SD medium under shaking
(200 rpm) at 30 ◦C overnight. Then, cultures were diluted to an initial density of
106 cells/mL (OD600 of 0.1) in 100 mL of SD liquid medium. Cultures were incubated
in flasks with a volume/medium ratio of 5:1 at 30 ◦C under shaking (220 rpm). After
3 days, survival rate monitoring was initiated by measuring the ability of individual yeast
cells/organisms to form colonies (colony-forming units [CFUs]). Specifically, cultures were
serially diluted to achieve a 1:10,000 dilution in sterile distilled water, followed by plating
100 µL of this dilution onto YPD agar medium. The number of CFUs on day 3 was deemed
as the initial CFU.

2.10. CLS-Driven Apoptosis Assay

S. cerevisiae BY4742 cells were cultured in 5 mL of SD medium and incubated at 30 ◦C
under shaking (200 rpm) overnight. The cells were subsequently centrifuged at 3000× g for
5 min and resuspended in SD medium with an OD600 of 0.1. After 72 h of cultivation, cells
were collected by centrifugation at 3000× g, and the cell number was adjusted to 1 × 106.

The cells were washed twice with sorbitol buffer (1.4 M sorbitol, 40 mM HEPES, and
1.5 mM MgCl2 (pH 6.5)). Subsequently, the yeast cells were gently agitated in sorbitol buffer
containing 10 mg/mL of lysing enzyme and then incubated at 30 ◦C for 1~3 h to prepare
protoplasts. The obtained protoplasts were washed with 200 µL of Annexin V-FITC binding
buffer and then resuspend in Annexin V-FITC binding buffer containing 5 µL of Annexin
V-FITC and 10 µL of PI. The staining reaction was performed at room temperature for
20 min in the dark. Finally, stained protoplasts were analyzed with a flow cytometer
(Accuri™ C6, BD Biosciences, Franklin Lakes, NJ, USA). For each sample, 20,000 protoplasts
were analyzed.

2.11. Transcriptomic Analysis

S. cerevisiae BY4742 cells were cultured in 5 mL of YPD medium and incubated
overnight at 30 ◦C under shaking (200 rpm). The cells were subsequently centrifuged
at 3000× g for 5 min and resuspended in YPD medium with an OD600 of 0.1. The cells
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were cultivated until they reached the logarithmic phase (OD600 = 1.5). Cells were then
harvested for transcriptomics analysis, which was performed at Shanghai Applied Protein
Technology Co., Ltd. (Shanghai, China).

Total RNA was extracted. The enrichment of mRNA was carried out by using magnetic
beads with Oligo (dT), followed by addition of a fragmentation buffer to randomly interrupt
the mRNA. The first strand of cDNA was generated by using six-base random primers, and
the second strand was synthesized by introducing a buffer, dNTPs, and DNA polymerase
I. AMPure XP was employed to purify the double-stranded cDNA, and subsequent steps
involved A-tailing and the connection of sequencing adapters. Fragment size selection
was conducted by using AMPure XP beads, and the final cDNA library was obtained
through PCR enrichment. The library was sequenced by using the Illumina NovaSeq 6000
platform. Clean data were obtained by eliminating reads containing adapters, poly-N,
and low-quality sequences from the raw data. The clean reads were aligned with the S.
cerevisiae BY4742 genome by using HISAT2. The FPKM value of each gene’s expression
in each sample was calculated by using featureCounts software (2.0.4). Genes with a
p-value < 0.05 and fold change > 2 were considered significantly differentially expressed.

3. Results
3.1. RSS Inhibited Proteolytic Activity of YCA1 In Vitro

Freshly translated YCA1 has no proteolytic activity. It needs to undergo a self-cleavage
process to activate such activity. Self-cleavage generates two fragments from the original
YCA1, with the molecular weight of both being around 36 kDa. Only the C-terminal
fragment shows proteolytic activity toward target proteins. The self-cleavage activity of
YCA1 is dependent on the presence of Ca2+ [34]. When Ca2+ is not present, YCA1 is
incapable of performing self-cleavage. We cloned the yca1 gene from the S. cerevisiae BY4742
genome and expressed it in E. coli BL21 (DE3). The expressed protein was purified by using
a nickel column. SDS-PAGE analysis demonstrated that the purified YCA1 thoroughly
underwent self-cleavage in the presence of Ca2+ (Figure 1A). However, when HSnH was
added into the YCA1 solution, self-cleavage was significantly inhibited, and the inhibition
effect was more obvious at high concentrations of HSnH. Since HSnH solution inevitably
contained a small portion of H2S (~3%; prepared by mixing S8 with H2S). It is possible
that H2S chelates Ca2+ in the form of CaS, thereby inhibiting YCA1 self-cleavage. In our
experiments, we used 10 mM Ca2+ and 25 µM~150 µM HSnH. We also mixed those amounts
of Ca2+ and HSnH without YCA1 and found that no precipitate was produced. Therefore,
the chelation reaction had no influence under our experimental conditions.

BIR1 (baculovirus IAP repeat 1) is one of the inhibitor-of-apoptosis (IAP) proteins.
It was reported that BIR1 can be cleaved by active YCA1 [34]. We also cloned the gene
encoding the N-terminal fragments of BIR1 (1-251aa) from the S. cerevisiae BY4742 genome
and expressed it in E. coli BL21 (DE3). We used the purified BIR1 to assess YCA1 activity.
BIR1 was mixed with YCA1 in the presence of Ca2+. SDS-PAGE analysis was performed
to assess the cleavage. A smaller fragment appeared after BIR1 was cleaved (Figure 1B),
which is consistent with the results reported previously [34]. When HSnH was added at
concentrations ranging from 25 µM to 150 µM, the smaller fragment gradually disappeared,
indicating that the proteolytic activity of YCA1 was inhibited.

3.2. Cys276 of YCA1 Was Reversibly Modified by RSS

YCA1 contains three cysteines, Cys132, Cys155, and Cys276. According to its 3D struc-
ture determined by X-ray crystallography, Cys276 and His220 collectively form an active
center. Unlike Cys132 and Cys155, Cys276 is located on the surface of YCA1, making it
more susceptible to reacting with small compounds compared with the other two cysteine
residues (Figure 2A; PDB ID: 4f6o).
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Figure 1. RSS inhibited self-cleavage and proteolytic activity of YCA1. (A) YCA1 at 5 µM was added
to the reaction buffer. CaCl2 was added at a concentration of 10 mM. Different concentrations of HSnH
were added (Lanes 1–4, 25 µM–150 µM). Lane 5 (no HSnH addition) was the control. Uncleaved
YCA1 and cleaved YCA1 are labeled with red lines. YCA1F represents cleaved YCA1. M represents
the protein marker. (B) Purified YCA1 at 5 µM and BIR1 at 5 µM were mixed in the reaction buffer.
Lane 1 contains only YCA1 and BIR1. Lane 2 contains YCA1, BIR1, and Ca2+ but no HSnH. CaCl2
(10 mM) was added in lanes 3~6. HSnH at 25 µM–150 µM were added in lanes 3~6. BIR1F represents
cleaved BIR1. M represents the protein marker. Contaminating proteins co-purified with YCA1 from
E. coli are labelled with black boxes.

RSS can affect protein activity via persulfidation modification. To examine whether
HSnH inhibit the proteolytic activity of YCA1 also via this mechanism, we analyzed the
HSnH-reacted YCA1 by using LC-MS/MS. A peptide containing Cys276 was detected with a
molecular weight of 2621.22 Da (Figure S1A), corresponding to the Cys276-SSH modification
(Figure 2B). No such modification was detected in the peptides containing Cys132 or Cys155.
To investigate whether this modification was reversible, we treated the HSnH-reacted YCA1
with DTT and then analyzed it with LC-MS/MS. The Cys276-SSH modification disappeared
in the same peptide (Figure 2C), as evidenced by a smaller molecular weight of 2589.25 Da
(-32, corresponding to the loss of a sulfur atom) (Figure S1B). These results demonstrate
that RSS reacted with the Cys276 residue of YCA1 to form persulfidation and that this
modification was reversible.

3.3. RSS Inhibited Proteolytic Activity of YCA1 In Vivo

The above experiments verified that RSS can affect YCA1 activity in vitro. However,
the intracellular environment is much more complicated. To investigate whether the activity
of YCA1 can be influenced by endogenous RSS in vivo, we first constructed an intracellular
RSS level-altered strain. In S. cerevisiae, the cys3 gene encodes the RSS-producing enzyme
cystathionine γ-lyase. We knocked it out in S. cerevisiae BY4742. Compared with the
wild type strain (wt), the mutant strain ∆cys3 displayed slightly dampened growth when
cultured in YPD medium (Figure 3A). Its intracellular RSS levels were obviously lower
than those of the wt, especially in the stationary phase (72~96 h; Figure 3B).
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Figure 2. YCA1 was modified by RSS at the Cys276 position. (A) The crystal structure of YCA1.
The data were obtained from PDB ID: 4f6o and were processed with PyMOL (2.0.7). (B) The MS2

spectra of the Cys276-containing peptide from the HSnH-reacted YCA1. “C-S-AM” represents the
thiol group of Cys276 (Cys-SH) modified by persulfidation to form Cys-SSH, which is then blocked by
IAM to form Cys-SS-AM. (C) The MS2 spectra of the Cys276-containing peptide from the DTT-treated
YCA1. “C-AM” represents the thiol group of Cys276 (Cys-SH) blocked by IAM to form Cys-S-AM.
The peptide fragments generated by the y, b ions are labeled in blue and red, respectively.
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Figure 3. Knocking out cys3 reduces intracellular RSS levels. (A) The BY4742 wt and ∆cys3 strains
were cultivated in YPD liquid medium. (B) The intracellular RSS levels of the BY4742 wt and
∆cys3 at different times when cultivated in YPD medium. “*” represents a difference (p < 0.05),
“**” represents a significant difference (p < 0.01), “***” represents a significant difference (p < 0.005)
and “ns” represents no significant differences (p > 0.05) in the two-sided t-test. The data are from
three replicated experiments and are shown as averages ± s.d.

Secondly, we constructed a BIR1-GFP fusion protein and expressed it in both the S.
cerevisiae BY4742 wt and ∆cys3 strains. To examine whether BIR1-GFP is cleaved by YCA1
in vivo, we conducted Western blot analysis by using the GFP antibody. Both uncleaved
BIR1-GFP and its cleaved fragments were detected in both strains. However, the cleaved
fragments were more abundant in ∆cys3 than in the wt (Figure 4A), suggesting that the
proteolytic activity of YCA1 was higher in ∆cys3 than in the wt. BY4742 cells without
BIR1-GFP were used as controls. Transcript analysis indicated that the transcription levels
of bir1 and yca1 showed no significant changes in ∆cys3 compared with the wt control
(Figure 4B). Therefore, the increase in BIR1-GFP fragments in ∆cys3 was not attributed
to changes in the expression levels of these two proteins, but rather to the heightened
proteolytic activity of YCA1, likely stemming from the reduced RSS level in ∆cys3.

3.4. Increased Proteolytic Activity of YCA1 Led to Short CLS and Early Apoptosis

Previous studies indicated that activated YCA1 advances the CLS-driven apoptosis [12,13,35].
Given the increased proteolytic activity of YCA1 observed in ∆cys3, we wondered whether
the CLS of ∆cys3 cells was affected or not. A CLS analysis experiment was performed,
revealing that the survival rate of ∆cys3 cells rapidly declined to less than 30% after 12 days
in SD liquid medium (Figure 5A). In comparison, the survival rate of wt cells remained
above 50% even after 15 days. These results demonstrate that the CLS of ∆cys3 was shorter
than that of the wt. To confirm that the survival rate reduction was due to increased YCA1
activity, we constructed a ∆cys3∆yca1 mutant in which YCA1 activity was completely
abolished. The survival rate of mutant cells was obviously higher than that of the wt on day
1~day 14 and became comparable to that of the wt on day 15. These findings collectively
suggest that YCA1 has a reduction effect on CLS. Increasing YCA1 activity by reducing
endogenous RSS can further enhance this effect.
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Figure 4. The activity of YCA1 of cleaving BIR1 was inhibited in ∆cys3. (A) The Western blot analysis
of the intracellular fragments of BIR1-GFP. The BIR1-GFP cleaved fragments are indicated with red
lines. “CK” represents BY4742 cells without BIR1-GFP. (B) Changes in the transcriptional levels of
YCA1 and BIR1 in ∆cys3, with the wt as the control. The amounts of gene transcripts were from the
transcriptomic analysis. The fold change was calculated by dividing the transcript amount in ∆cys3
by that in the wt. “ns” represents no differences (p > 0.05) in the two-sided t-test. The data in (B) are
from three replicated experiments and are shown as averages ± s.d.
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Figure 5. Increasing YCA1 activity resulted in physiological changes in S. cerevisiae. (A) The CLS of
∆cys was shorter than that of the wt and ∆cys3∆yca1. (B–D) The apoptosis status of BY4742 wt, ∆cys3,
and ∆cys3∆yca1 cells was analyzed by V-FITC/PI double staining after cultivation in SD medium for
72 h. The data in (A) are from three replicated experiments and are shown as averages ± s.d. The cell
numbers are labeled in different colors, with red representing the highest cell count.
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To examine the apoptosis status of S. cerevisiae BW4742 cells after 72 h of cultivation,
we used the apoptosis detection kit Annexin V-FITC and PI for staining. The stained
cells were analyzed by using a flow cytometer. Log-phase yeast cells and yeast cells
killed at high temperature were utilized to establish the boundaries of the four quadrants
(Figure S2). For wt cells, we found that 67.21% of them were still vivid (Annexin V-FITC-,
PI-; bottom left quadrant in Figure 5B; Q4), 32.31% were dead (Annexin V-FITC+, PI+;
top right quadrant in Figure 5B; Q1), 0.38% were in the late apoptosis stage (Annexin
V-FITC-, PI+; top left quadrant in Figure 5B; Q2), and 0.10% were in the early apoptosis
stage (Annexin V-FITC+, PI-; bottom right quadrant in Figure 5B; Q3). For ∆cys3 cells, we
found that only 40.0% of them were vivid; 47.5% were dead; and 10.1% and 2.40% were
in the late and early apoptosis stages, respectively. For ∆cys3∆yca1 cells, we found that
68.1% of them were vivid; 30.4% were dead; and 1.31% and 0.19% were in the late and
early apoptosis stages, respectively. These results demonstrate that ∆cys3 cells initiated the
apoptosis processes much earlier than wt cells. Knocking out YCA1 significantly reduced
the number of apoptotic and dead cells. These results indicate that increasing YCA1 activity
by reducing endogenous RSS level led to early and severe apoptosis.

3.5. Systematic Analysis of Gene Expression Changes in YCA1-Activated Strain

Transcriptomics analysis was conducted to systemically investigate the changes caused
by increased YCA1 activity in ∆cys3. At the transcriptional level, 59 genes were up-
regulated, and 18 genes were down-regulated (fold change > 2, p < 0.05) (Figure 6A and
Table S2). Among the up-regulated genes, six heat shock protein-encoding genes (hsp12,
hsp26, hsp42, hsp78, hsp82, and hsp104), which are associated with protein folding and the
regulation of cellular chronological lifespan, were identified (Figure 6B). This finding is
consistent with the observed reduced lifespan in ∆cys3. Additionally, four genes (hxk1,
gpm2, pdc6, and glk1) involved in glycolysis and two genes (cit1 and cyc7) involved in the
tricarboxylic acid cycle were also up-regulated (Figure 6C), which is consistent with the
impaired growth phenotype of ∆cys3.
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Figure 6. The transcriptomics analysis of the BY4742 wt and ∆cys3 strains. (A) The number of genes
changed significantly at the transcriptional level. (B) Heat shock protein genes were significantly
up-regulated in ∆cys3. (C) Carbon metabolism-related genes were significantly up-regulated in ∆cys3.
For each strain, three samples were collected and analyzed in parallel.

4. Discussion

The YCA1 metacaspase plays important roles in regulating cell aging and apoptosis,
primarily through its proteolytic activity. However, whether and how this activity is
regulated by intracellular factors has remained poorly understood. In this study, we
discovered that RSS, a family of sulfane sulfur species commonly present in all living cells,
can influence the proteolytic activity of YCA1. In vitro experiments indicated that RSS
directly reacted with YCA1, generating a persulfide bond in its Cys276 residue, which is an
essential site for proteolytic activity [34]. This post-translational modification inhibited its
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self-cleavage, thereby reducing its capability of cleaving the target protein, BIR1. Further,
we verified that reducing RSS content in S. cerevisiae cells also led to increased proteolytic
activity of YCA1 in vivo. This finding is the first report that intracellular components can
regulate YCA1 activity, opening up a new direction for studying the complex functions
of YCA1.

In addition to the role of regulating cellular chronological lifespan, YCA1 is also
involved in other crucial cellular processes, such as mitosis and the clearance of misfolded
proteins. However, the specific downstream protein substrates targeted by YCA1 remain
unclear. Transcriptomic analysis revealed that intracellular heat shock proteins were
up-regulated, suggesting that the expression of these genes may be regulated by YCA1.
Except for these functionally closely related genes, a number of genes related to carbon
metabolism, sulfate assimilation, and amino acid synthesis were also significantly activated
(Table S2). It is hard to say whether these changes were due to decreased YCA1 activity
or cys3 deletion. In addition, our data do not exclude the possibility that CYS3 and YCA1
act independently in the regulation of lifespan. Further studies are required for further
clarification. Nonetheless, these results provide valuable insights into YCA1 research.

To summarize, cellular lifespan is typically intricately controlled. Herein, we reported
that a biologically potent small molecule known as reactive sulfane sulfur can serve as a
key regulator of YCA1 and cellular lifespan. Specifically, we recognized that RSS exerts its
regulatory function by inhibiting the activity of YCA1 through persulfidation modification,
thereby impeding the cleavage of its substrate proteins. These findings unveil the first
endogenous factor that regulates YCA1 activity, introduce a novel mechanism of how cells
modulate chronological lifespan, and broaden our understanding of the multifaceted roles
played by intracellular RSS.

5. Conclusions

YCA1 is the only metacaspase in S. cerevisiae responsible for regulating chronological
lifespan. Herein, we discovered that the intracellular small-molecule reactive sulfane
sulfur is capable of regulating YCA1 activity. RSS modified the active cysteine of YCA1 by
persulfidation, thereby inhibiting its self-cleavage and the cleavage of the substrate proteins.
Yeast cells exhibited reduced chronotropic lifespan and increased CLS-driven apoptosis
due to inhibition of YCA1 activity by reducing the content of intracellular reactive sulfane
sulfur. Thus, reactive sulfane sulfur plays important roles in regulating the chronological
lifespan of yeast cells.
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and dead cells.

Author Contributions: H.L. (Huaiwei Liu) and L.X. supervised the research study and wrote the
main manuscript text. Q.W., X.Z. and Z.D. performed the experiments. H.L. (Honglei Liu) and
Y.X. helped in data interpretation. All authors have read and agreed to the published version of
the manuscript.

Funding: The work was financially supported by grants from National Key R&D Program of China
(No. 2021YFC2101500, 2022YFC3401301).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: The authors thank Yuyu Guo and Jing Zhu from the Analysis and Testing
Center of the State Key Laboratory of Microbial Technology (Shandong University) for assistance in
LC-MS/MS analysis.

https://www.mdpi.com/article/10.3390/antiox13050589/s1
https://www.mdpi.com/article/10.3390/antiox13050589/s1


Antioxidants 2024, 13, 589 12 of 13

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

References
1. Liu, Z.P.; Ji, Q.Z.; Ren, J.; Yan, P.Z.; Wu, Z.M.; Wang, S.; Sun, L.; Wang, Z.H.; Li, J.M.; Sun, G.Q.; et al. Large-scale chromatin

reorganization reactivates placenta-specific genes that drive cellular aging. Dev. Cell 2022, 57, 1347–1368.e12. [CrossRef]
2. Zhang, L.; Pitcher, L.E.; Yousefzadeh, M.J.; Niedernhofer, L.J.; Robbins, P.D.; Zhu, Y. Cellular senescence: A key therapeutic target

in aging and diseases. J. Clin. Investig. 2022, 132, e158450. [CrossRef] [PubMed]
3. Murphy, B.M.; Burd, C.E. The aging lung microenvironment awakens melanoma metastases. Cancer Cell 2022, 40, 815–817.

[CrossRef]
4. Priault, M.; Camougrand, N.; Kinnally, K.W.; Vallette, F.M.; Manon, S. Yeast as a tool to study Bax/mitochondrial interactions in

cell death. FEMS Yeast Res. 2003, 4, 15–27. [CrossRef] [PubMed]
5. Kaya, A.; Lobanov, A.V.; Gladyshev, V.N. Evidence that mutation accumulation does not cause aging in Saccharomyces cerevisiae.

Aging Cell 2015, 14, 366–371. [CrossRef] [PubMed]
6. Büttner, S.; Habernig, L.; Broeskamp, F.; Ruli, D.; Vögtle, F.N.; Vlachos, M.; Macchi, F.; Küttner, V.; Carmona-Gutierrez, D.;

Eisenberg, T.; et al. Endonuclease G mediates α-synuclein cytotoxicity during Parkinson’s disease. EMBO J. 2013, 32, 3041–3054.
[CrossRef] [PubMed]

7. Sudharshan, S.J.; Narayanan, A.K.; Princilly, J.; Dyavaiah, M.; Nagegowda, D.A. Betulinic acid mitigates oxidative stress-mediated
apoptosis and enhances longevity in the yeast Saccharomyces cerevisiae model. Free Radic. Res. 2022, 56, 699–712. [CrossRef]
[PubMed]

8. Carmona-Gutiérrez, D.; Bauer, M.A.; Ring, J.; Knauer, H.; Eisenberg, T.; Büttner, S.; Ruckenstuhl, C.; Reisenbichler, A.; Magnes,
C.; Rechberger, G.N.; et al. The propeptide of yeast cathepsin D inhibits programmed necrosis. Cell Death Dis. 2011, 2, e161.
[CrossRef] [PubMed]

9. Sudharshan, S.J.; Veerabhadrappa, B.; Subramaniyan, S.; Dyavaiah, M. Astaxanthin enhances the longevity of Saccharomyces
cerevisiae by decreasing oxidative stress and apoptosis. FEMS Yeast Res. 2019, 19, foy113. [CrossRef]

10. Lam, D.K.; Sherlock, G. Yca1 metacaspase: Diverse functions determine how yeast live and let die. FEMS Yeast Res. 2023, 23,
foad022. [CrossRef]

11. Lin, S.J.; Austriaco, N. Aging and cell death in the other yeasts, Schizosaccharomyces pombe and Candida albicans. FEMS Yeast Res.
2014, 14, 119–135. [CrossRef] [PubMed]

12. Madeo, F.; Herker, E.; Maldener, C.; Wissing, S.; Lächelt, S.; Herian, M.; Fehr, M.; Lauber, K.; Sigrist, S.J.; Wesselborg, S.; et al. A
caspase-related protease regulates apoptosis in yeast. Mol. Cell 2002, 9, 911–917. [CrossRef] [PubMed]

13. Hill, S.M.; Hao, X.X.; Liu, B.D.; Nyström, T. Life-span extension by a metacaspase in the yeast Saccharomyces cerevisiae. Science
2014, 344, 1389–1392. [CrossRef] [PubMed]

14. Lau, N.; Pluth, M.D. Reactive sulfur species (RSS): Persulfides, polysulfides, potential, and problems. Curr. Opin. Chem. Biol. 2019,
49, 1–8. [CrossRef] [PubMed]

15. Wang, Y.H.; Yu, R.H.; Wu, L.Y.; Yang, G.D. Hydrogen sulfide signaling in regulation of cell behaviors. Nitric Oxide-Biol. Chem.
2020, 103, 9–19. [CrossRef]

16. Ran, M.X.; Wang, T.Q.; Shao, M.; Chen, Z.G.; Liu, H.W.; Xia, Y.Z.; Xun, L.Y. Sensitive method for reliable quantification of sulfane
sulfur in biological samples. Anal. Chem. 2019, 91, 11981–11986. [CrossRef]

17. Wang, Q.D.; Chen, Z.G.; Zhang, X.; Xin, Y.P.; Xia, Y.Z.; Xun, L.Y.; Liu, H.W. Rhodanese Rdl2 produces reactive sulfur species to
protect mitochondria from reactive oxygen species. Free Radic. Biol. Med. 2021, 177, 287–298. [CrossRef]

18. 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]

19. Yadav, P.K.; Martinov, M.; Vitvitsky, V.; Seravalli, J.; Wedmann, R.; Filipovic, M.R.; Banerjee, R. Biosynthesis and reactivity of
Cysteine persulfides in signaling. J. Am. Chem. Soc. 2016, 138, 289–299. [CrossRef]

20. Shah, A.A.; Liu, B.H.; Tang, Z.H.; Wang, W.; Yang, W.J.; Hu, Q.J.; Liu, Y.; Zhang, N.H.; Liu, K. Hydrogen sulfide treatment at the
late growth stage of Saccharomyces cerevisiae extends chronological lifespan. Aging 2021, 13, 9859–9873. [CrossRef]

21. Hine, C.; Harputlugil, E.; Zhang, Y.; Ruckenstuhl, C.; Lee, B.C.; Brace, L.; Longchamp, A.; Treviño-Villarreal, J.H.; Mejia, P.; Ozaki,
C.K.; et al. Endogenous hydrogen sulfide production is essential for dietary restriction benefits. Cell 2015, 160, 132–144. [CrossRef]
[PubMed]

22. Mustafa, A.K.; Gadalla, M.M.; Sen, N.; Kim, S.; Mu, W.; Gazi, S.K.; Barrow, R.K.; Yang, G.; Wang, R.; Snyder, S.H. H2S signals
through protein S-sulfhydration. Sci. Signal. 2009, 2, ra72. [CrossRef] [PubMed]

23. Shen, J.C.; Walsh, B.J.C.; Flores-Mireles, A.L.; Peng, H.; Zhang, Y.F.; Zhang, Y.X.; Trinidad, J.C.; Hultgren, S.J.; Giedroc, D.P.
Hydrogen sulfide sensing through reactive sulfur species (RSS) and nitroxyl (HNO) in Enterococcus faecalis. ACS Chem. Biol. 2018,
13, 1610–1620. [CrossRef] [PubMed]

24. Ju, Y.; Untereiner, A.; Wu, L.; Yang, G. H2S-induced S-sulfhydration of pyruvate carboxylase contributes to gluconeogenesis in
liver cells. Biochim. Biophys. Acta Gen. Subj. 2015, 1850, 2293–2303. [CrossRef] [PubMed]

25. Untereiner, A.A.; Oláh, G.; Módis, K.; Hellmich, M.R.; Szabo, C. H2S-induced S-sulfhydration of lactate dehydrogenase a (LDHA)
stimulates cellular bioenergetics in HCT116 colon cancer cells. Biochem. Pharmacol. 2017, 136, 86–98. [CrossRef] [PubMed]

https://doi.org/10.1016/j.devcel.2022.05.004
https://doi.org/10.1172/JCI158450
https://www.ncbi.nlm.nih.gov/pubmed/35912854
https://doi.org/10.1016/j.ccell.2022.06.013
https://doi.org/10.1016/S1567-1356(03)00143-0
https://www.ncbi.nlm.nih.gov/pubmed/14554193
https://doi.org/10.1111/acel.12290
https://www.ncbi.nlm.nih.gov/pubmed/25702753
https://doi.org/10.1038/emboj.2013.228
https://www.ncbi.nlm.nih.gov/pubmed/24129513
https://doi.org/10.1080/10715762.2023.2166505
https://www.ncbi.nlm.nih.gov/pubmed/36624963
https://doi.org/10.1038/cddis.2011.43
https://www.ncbi.nlm.nih.gov/pubmed/21593793
https://doi.org/10.1093/femsyr/foy113
https://doi.org/10.1093/femsyr/foad022
https://doi.org/10.1111/1567-1364.12113
https://www.ncbi.nlm.nih.gov/pubmed/24205865
https://doi.org/10.1016/S1097-2765(02)00501-4
https://www.ncbi.nlm.nih.gov/pubmed/11983181
https://doi.org/10.1126/science.1252634
https://www.ncbi.nlm.nih.gov/pubmed/24855027
https://doi.org/10.1016/j.cbpa.2018.08.012
https://www.ncbi.nlm.nih.gov/pubmed/30243097
https://doi.org/10.1016/j.niox.2020.07.002
https://doi.org/10.1021/acs.analchem.9b02875
https://doi.org/10.1016/j.freeradbiomed.2021.11.005
https://doi.org/10.1038/s41467-017-01311-y
https://doi.org/10.1021/jacs.5b10494
https://doi.org/10.18632/aging.202738
https://doi.org/10.1016/j.cell.2014.11.048
https://www.ncbi.nlm.nih.gov/pubmed/25542313
https://doi.org/10.1126/scisignal.2000464
https://www.ncbi.nlm.nih.gov/pubmed/19903941
https://doi.org/10.1021/acschembio.8b00230
https://www.ncbi.nlm.nih.gov/pubmed/29712426
https://doi.org/10.1016/j.bbagen.2015.08.003
https://www.ncbi.nlm.nih.gov/pubmed/26272431
https://doi.org/10.1016/j.bcp.2017.03.025
https://www.ncbi.nlm.nih.gov/pubmed/28404377


Antioxidants 2024, 13, 589 13 of 13

26. 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] [PubMed]

27. Luebke, J.L.; Shen, J.C.; Bruce, K.E.; Kehl-Fie, T.E.; Peng, H.; Skaar, E.P.; Giedroc, D.P. The CsoR-like sulfurtransferase repressor
(CstR) is a persulfide sensor in Staphylococcus aureus. Mol. Microbiol. 2014, 94, 1343–1360. [CrossRef] [PubMed]

28. Guldener, U.; Heck, S.; Fiedler, T.; Beinhauer, J.; Hegemann, J.H. A new efficient gene disruption cassette for repeated use in
budding yeast. Nucleic Acids Res. 1996, 24, 2519–2524. [CrossRef]

29. Gietz, R.D.; Woods, R.A. Transformation of yeast by lithium acetate/single-stranded carrier DNA/polyethylene glycol method.
In Guide to Yeast Genetics and Molecular and Cell Biology; Academic Press: Cambridge, MA, USA, 2002; Volume 350, pp. 87–96.
[CrossRef]

30. Xia, Y.Z.; Li, K.; Li, J.J.; Wang, T.Q.; Gu, L.C.; Xun, L.Y. T5 exonuclease-dependent assembly offers a low-cost method for efficient
cloning and site-directed mutagenesis. Nucleic Acids Res. 2019, 47, e15. [CrossRef]

31. Li, H.J.; Li, J.; Lü, C.J.; Xia, Y.Z.; Xin, Y.F.; Liu, H.L.; Xun, L.Y.; Liu, H.W. FisR activates σ-dependent transcription of sulfide-
oxidizing genes in Cupriavidus pinatubonensis JMP134. Mol. Microbiol. 2017, 105, 373–384. [CrossRef]

32. Yu, Q.L.; Ran, M.X.; Yang, Y.Q.; Liu, H.W.; Xun, L.Y.; Xia, Y.Z. Optimization of a method for detecting intracellular sulfane sulfur
Levels and evaluation of reagents that affect the levels in Escherichia coli. Antioxidants 2022, 11, 1292. [CrossRef] [PubMed]

33. Jung, P.P.; Zhang, Z.; Paczia, N.; Jaeger, C.; Ignac, T.; May, P.; Linster, C.L. Natural variation of chronological aging in the
Saccharomyces cerevisiae species reveals diet-dependent mechanisms of life span control. npj Aging Mech. Dis. 2018, 4, 3. [CrossRef]
[PubMed]

34. Wong, A.H.H.; Yan, C.Y.; Shi, Y.G. Crystal Structure of the Yeast Metacaspase Yca1. J. Biol. Chem. 2012, 287, 29251–29259.
[CrossRef] [PubMed]

35. Herker, E.; Jungwirth, H.; Lehmann, K.A.; Maldener, C.; Fröhlich, K.U.; Wissing, S.; Büttner, S.; Fehr, M.; Sigrist, S.; Madeo, F.
Chronological aging leads to apoptosis in yeast. J. Cell Biol. 2004, 164, 501–507. [CrossRef] [PubMed]

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/10.1074/jbc.RA119.012357
https://www.ncbi.nlm.nih.gov/pubmed/32041780
https://doi.org/10.1111/mmi.12835
https://www.ncbi.nlm.nih.gov/pubmed/25318663
https://doi.org/10.1093/nar/24.13.2519
https://doi.org/10.1016/s0076-6879(02)50957-5
https://doi.org/10.1093/nar/gky1169
https://doi.org/10.1111/mmi.13725
https://doi.org/10.3390/antiox11071292
https://www.ncbi.nlm.nih.gov/pubmed/35883783
https://doi.org/10.1038/s41514-018-0022-6
https://www.ncbi.nlm.nih.gov/pubmed/29560271
https://doi.org/10.1074/jbc.M112.381806
https://www.ncbi.nlm.nih.gov/pubmed/22761449
https://doi.org/10.1083/jcb.200310014
https://www.ncbi.nlm.nih.gov/pubmed/14970189

	Introduction 
	Materials and Methods 
	Strains and Materials 
	S. cerevisiae BY4742 Mutant Construction 
	Protein Expression and Purification 
	Analysis of Inhibitory Effect of RSS on YCA1 Cleavage Activity 
	Protein LC-MS/MS Analysis 
	Analysis of Growth Curve 
	Analysis of Intracellular RSS Level 
	Analysis of YCA1 Activity In Vivo 
	Chronological Lifespan Assay 
	CLS-Driven Apoptosis Assay 
	Transcriptomic Analysis 

	Results 
	RSS Inhibited Proteolytic Activity of YCA1 In Vitro 
	Cys276 of YCA1 Was Reversibly Modified by RSS 
	RSS Inhibited Proteolytic Activity of YCA1 In Vivo 
	Increased Proteolytic Activity of YCA1 Led to Short CLS and Early Apoptosis 
	Systematic Analysis of Gene Expression Changes in YCA1-Activated Strain 

	Discussion 
	Conclusions 
	References

