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Quantitative reactive cysteinome profiling reveals a functional
link between ferroptosis and proteasome-mediated
degradation
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Ferroptosis is a unique type of cell death that is hallmarked with the imbalanced redox homeostasis as triggered by iron-dependent
lipid peroxidation. Cysteines often play critical roles in proteins to help maintain a healthy cellular environment by dynamically
switching between their reduced and oxidized forms, however, how the global redox landscape of cysteinome is perturbed upon
ferroptosis remains unknown to date. By using a quantitative chemical proteomic strategy, we systematically profiled the dynamic
changes of cysteinome in ferroptotic cells and identified a list of candidate sites whose redox states are precisely regulated under
ferroptosis-inducing and rescuing conditions. In particular, C106 of the protein/nucleic acid deglycase DJ-1 acts as an intriguing
sensor switch for the ferroptotic condition, whose oxidation results in the disruption of its interaction with the 20S proteasome and
leads to a marked activation in the proteasome system. Our chemoproteomic profiling and associated functional studies reveal a
novel functional link between ferroptosis and the proteasome-mediated protein degradation. It also suggests proteasome as a
promising target for developing treatment strategies for ferroptosis-related diseases.
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INTRODUCTION
Ferroptosis is a newly discovered iron-dependent cell death,
which is closely related to many diseases, such as cancer [1],
ischemic necrosis [2] and neurodegenerative diseases [3]. As a
major hallmark of ferroptosis, accumulation of lipid hydroper-
oxides that is presumably coupled with the iron-catalyzed Fenton
reaction, results in a catastrophically increased production of
reactive oxygen species (ROS) [4], leading to destructive damages
to cellular components. To date, several mechanisms related to
cellular redox regulation have been explored for ferroptosis, for
example, the glutathione (GSH)-glutathione peroxidases (GPX) axis
could reduce lipid peroxides and relieve cellular oxidative stress
[5]. As a functional cellular lipophilic antioxidant, ubiquinol was
found to trap the lipid peroxyl radicals during ferroptosis, and
FSP1 and GCH1 contribute to ubiquinol production by reducing
coenzyme Q10 [6–8] or synthesizing 6(R)-L-erythro-5,6,7,8-tetra-
hydrobiopterin(BH4) to promote the formation of ubiquinol
[9, 10]. Moreover, multiple proteins that function in the desatura-
tion of lipids or oxidation of the unsaturated fatty acids are also
extensively involved in regulation of ferroptosis, including LPCAT3
[11], ACSL4 [12], POR [13] and CYB5R1 [14]. However, how the cell
fate of ferroptosis is determined upon the imbalanced shock on
the cellular redox system remains elusive [15].
As a “pivot” residue in maintaining redox homeostasis, cysteine

possesses a highly active sulfhydryl sidechain group, which could

participate in a redox reaction by being self-oxidized in order to
protect cellular components from damaging ROS [16]. Increasing
evidences have suggested important roles of cysteines involved in
ferroptosis. For example, the synthesis of antioxidant metabolites,
GSH and CoA, are critically dependent on the availability of
cysteines. It has been shown that inhibiting the import of oxidized
cysteines through system Xc- could induce ferroptosis in
pancreatic ductal adenocarcinoma (PDAC) [17]. It was also found
that targeting active-site cysteines of thioredoxins could effec-
tively kill cancer cells that are resistant to chemotherapy [18]. In
addition to redox regulation, cysteines can also act as catalytic
residues in a diversified array of enzymes including proteases,
acyltransferases and dehydrogenases etc. In particular, both E2
ubiquitin-conjugating enzymes and E3 ubiquitin ligases have
cysteines in their active sites and help degrade oxidized proteins
with loss of function via the ubiquitin proteasome system (UPS)
when the oxidative stress exceeds the homeostatic level [19].
Thus, investigation of how the landscape of functional cysteinome
is perturbed during ferroptosis will be informative to help
decipher this complexed cell death pathway.
Quantitative chemoproteomic strategies have been developed

to profile reactive and functional cysteines in complexed
biological systems [20]. Notably, the isoTOP-ABPP method, which
is an advanced derivative of Activity-Based Protein Profiling (ABPP)
[21], employs a cysteine-reactive iodoacetamide probe with a
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bioorthogonal alkyne handle (IAyne) and a pair of isotopically
encoded cleavable azide-biotin tags to enable quantification of
intrinsic cysteine reactivity as well as sensitivity to modifications
by other reactive metabolites in native proteomes [22–24].
Recently, we further enhanced the pipeline to incorporate the
reductive dimethylation for triplex quantitation [25] and applied
the so-called “rdTOP-ABPP” method to globally profile cysteines
that are targeted by (1S,3R)-RSL3, a potent ferroptosis-inducing
compound. We also applied rdTOP-ABPP with an aniline-based
probe to globally analyze protein carbonylations in ferroptotic
cells, which constitute a major class of modifications on cysteines
by increasing amounts of electrophilic metabolites derived from
peroxidation of membrane lipids [26]. The successful applications
of such chemoproteomic strategies to ferroptosis-related systems
inspired us to perform a more general functional cysteinome
profiling in ferroptotic cells, aiming to discover new cysteine-
based sensors or switches that play important regulatory roles in
ferroptosis.
In the current study, we applied rdTOP-ABPP to globally

quantify the functional states of cysteines in proteomes from
both ferroptosis-inducing and ferroptosis-rescuing cells. We found
multiple cysteines in enriched pathways of defense of cellular
oxidative stress and protein degradation, whose redox status
fluctuate along the ferroptotic process. We chose one of these
sites in the protein/nucleic acid deglycase (DJ-1) protein, an
important regulatory protein in response to oxidative stress, for
further functional characterization. The results showed that C106
in DJ-1 is oxidized during ferroptosis, which in turn hinders its
interaction with the 20S proteasome and unleash the activity of
the protein-degrading machinery. Our studies reveal a novel
functional link between ferroptosis and the UPS system and
suggest that accelerated protein degradation might facilitate the
progress of ferroptosis.

RESULTS
Quantitative profiling of the perturbed cysteinome in
ferroptosis
To profile cysteines that are perturbed in ferroptotic cells, we used
(1S,3R)-RSL3, a potent GPX4 inhibitor [5], to induce ferroptosis in
HT1080 cells (1.0 μM, 6 h). Considering RSL3 can covalently react
with cysteines in proteomes, we added a “rescuing” condition
where HT1080 cells were treated simultaneously with RSL3 and
liproxstatin-1 [27] (600 nM), a ligand that can effectively quench
lipid ROS and inhibit ferroptosis. We reason that if a cysteine is
perturbed by the increasingly oxidized environment during
ferroptosis, it will partially lose the labeling by the IAyne probe,
which can be rescued by adding liproxstatin-1. However, RSL3’s
alkylation would cause permanent competition on cysteine’s
labeling by IAyne. By comparing the extent of IAyne labeling
among these three conditions (“normal”, “ferroptotic” and
“rescued”), we could specifically distinguish cysteine switches that
sense the environmental changes during ferroptosis from those
directly targeted by RSL3.
After confirming the overall cysteinome remains largely intact

by in-gel fluorescence (Supplementary Fig. 1), we performed
rdTOP-ABPP experiments to identify specific cysteine residues that
were perturbed during ferroptosis (Fig. 1a). Proteomes from
normal, ferroptotic and rescued cells were labeled by the IAyne
probe and then conjugated with an acid-cleavable azide-biotin
tags by (CuAAC) [28]. After enrichment with streptavidin and on-
bead trypsin digestion, the probe-adducted peptides from the
normal, ferroptotic and rescued cells were isotopically labeled by
light, medium and heavy dimethylation regents, respectively. The
combined samples were subjected to acid cleavage, and the
released peptides were analyzed by LC-MS/MS and quantified by
CIMAGE2.0 [29]. Peptides that were quantified in all three
replicates were kept for further analysis. In total, we detected

the reactivity of more than 4000 cysteines (Supplementary
Table S1) and obtained quantitative information of IAyne’s
labeling on 897 cysteines under the three treatment conditions
with high confidence (Fig. 1b).
Two ratios were calculated for each cysteine identified from the

profiling experiments. The light/medium (“normal/ferroptosis”) ratio
R(Fer) reflects howmuch IAyne’s labeling was lost upon cell ferroptosis
induced by RSL3 while the light/heavy (“normal/rescued”) ratio R(Res)
indicates whether the loss of IAyne labeling could be reversed by co-
treatment with liproxstatin-1. Clustering of these cysteines by their
quantitative ratios demonstrated that they formed distinct cate-
gories, including those with increased chemical reactivity or with
reversible/irreversible inhibition upon ferroptosis (Fig. 1c). We
analyzed the statistical difference between R(Fer) and R(Res) by the
student’s t-test (p-value) for each cysteine and drew a volcano plot
against the ratio of R(Fer)/R(Res) (Fig. 1d). After applying the cutoffs of
p-value <= 0.05 and R(Fer)/R(Res) >= 2, we obtained a list of 20
cysteines from 18 proteins whose reduced states are significantly
compromised upon ferroptosis and are effectively reversed when
cells are rescued by liproxstatin-1 (Fig. 1e).
According to the gene ontology (GO) analysis, these 18 proteins

are enriched in biological processes including oxidation/reduction
and cellular oxidant detoxification (Fig. 1f). For example, glutaredoxin
(GLRX), glutathione S-transferase omega 1 (GSTO1) and sulfiredoxin1
(SRXN1) play important roles in GSH transsulfation and cellular redox
regulation (Fig. 1e). Query of the Uniprot database shows that many
of these perturbed cysteines are annotated as the active-site residues
of their host proteins. Satisfyingly, some of the identified cysteines
have been reported to be involved in the ferroptosis regulation, such
as peroxiredoxin 5 (PRDX5) [30], thioredoxin (TXNDC17) [18] and
lactate dehydrogenase A (LDHA) [31]. In addition, several of them
have also been identified to undergo carbonylation during
ferroptosis according to our previous study [26], such as D-3-
phosphoglycerate dehydrogenase (PHGDH), Ketosamine-3-kinase
(FN3KRP), Arginine-tRNA ligase (RARS), Reticulon-4 (RTN4) and
Protein Exportin 1 A (XPO1), suggesting that they are subjected to
reversible PTMs under ferroptosis.

C106 of DJ-1 plays a key role in regulation of ferroptosis
Among the identified functional cysteine residues, C106 in
protein/nucleic acid deglycase (DJ-1) caught our attention, since
the protein acts as an important regulator in response to oxidative
stress in cells, and its abnormal function is closely related to the
pathogenesis of neurodegenerative diseases and cancer [32, 33].
DJ-1 is a multifunctional protein [34], which could protect cells
from death induced by toxicity such as oxidants and metals
[34, 35]. The protein has previously been linked with ferroptosis
through a potential mechanism of transsulfuration in human
H1299 cell lines [36]. There are three cysteine residues in DJ-1, two
of which, C46 and C106, were quantified by rdTOP-ABPP (Fig. 2a).
Based on our profiling data, C106 of DJ-1 was an outstanding
target with an averaged R(Fer) of 2.63 and R(Res) of 1.05 (Fig. 2a). In
contrast, C46 was quantified with much less perturbation.
Interestingly, C106 is annotated as the active-site residue of DJ-

1 [37], mutation of which results in the loss of the protein’s
enzymatic activity and oxidation sensor function [38]. Based on
the chemoproteomic profiling results, we hypothesized that DJ-1
might be functionally involved in regulating ferroptosis via C106.
To confirm that the observed variation on R(Fer) is not caused by
the reduced protein expression, we performed a whole-proteome
analysis of the normal, ferroptotic and rescued cells by
quantitative triplex dimethyl labeling and the results showed no
significant difference in the abundance of DJ-1 among these three
conditions (Fig. 2b and Supplementary Table S2). Consistent with
both the rdTOP-ABPP and whole-proteome analysis, the IAyne
probe could only label and enrich DJ-1 from the lysates of the
normal and rescued but not ferroptotic cells (Fig. 2c), confirming
that the chemical reactivity of C106 is compromised in ferroptosis.
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We next evaluated how the expression of different forms of DJ-
1 affects the sensitivity of HT1080 cells to ferroptosis. Knockout of
DJ-1 by CRISPR-Cas9 could effectively sensitize HT1080 cells to
RSL3-induced ferroptosis (Fig. 2d and Supplementary Fig. 2a–c).
Interestingly, such extra sensitivity to ferroptosis could be reversed
by exogenous expression of only the wild-type (WT) DJ-1 but not
the C106A mutant (Fig. 2d, e and Supplementary Fig. 2a–d).
Consistent with these results, stable expression of DJ-1 WT but not
C106A showed a profound protection for HT1080 cells against
ferroptosis (Fig. 2f, g and Supplementary Fig. 3). Similar results
were observed when ferroptosis were induced by Erastin [39] or
ML162 [40] (Supplementary Figs. 4 and 5). To further confirm the
observed protective effect is specific to ferroptosis, we treated
HT1080 cells with six reagents that are commonly used to induce
different types of cell death including staurosporine, rapamycin,
etoposide, hydrogen peroxide, methylglyoxal and vinblastine
sulfate. Stable expression of DJ-1 could not perturb the cell death

induced by any of these reagents except etoposide (Supplemen-
tary Fig. 6). Even for etoposide, the protective effect is not
attributed to its C106 as stable expression of DJ-1 WT and C106A
have similar effects. These results collectively suggested that C106
plays a critical role in DJ-1 to protect cells from ferroptosis, which
seems to be quite specific to this unique type of cell death.
Previous studies have shown that knocking out DJ-1 accelerates

the production of phospholipid peroxidation in H1299 cells
treated with Erastin [36]. We, therefore, proceeded to assess the
level of lipid peroxidation in RSL3-treated HT1080 cells with DJ-1
knockout or overexpression at different time points. Consistent
with the aforementioned study, knockout of DJ-1 induced a
profound increase in lipid ROS in cells, peaking at 4 h after RSL3
treatment, which could be better suppressed by overexpressing
DJ-1 WT than C106A (Fig. 2h, Supplementary Fig. 7 and 8).
Similarly, overexpression of DJ-1 WT in normal HT1080 cells
effectively suppressed the elevated level of lipid ROS in the early

Fig. 1 Quantitative profiling of the perturbed cysteinome in ferroptosis. a The scheme of quantitative profiling of reactive cysteines in
ferroptotic proteomes by rdTOP-ABPP. Equal number of HT1080 cells were treated with DMSO, RSL3 and with or without Liproxstatin-1,
respectively, for 6 h. The whole proteomes were labeled with cysteine-reactive IAyne probes, and then subjected to the rdTOP-ABPP
procedures. b A venn diagram showing the number of reactive cysteines quantified from three biological replicates. c Hierarchical clustering
analysis of perturbed cysteines based on their quantified rdTOP-ABPP ratios. Each row in the heat map represents the data from each
individual profiling experiment. d Volcano plot of the rdTOP-ABPP ratios for each cysteine site quantified in the ferroptotic cells as compared
to that in the rescued cells. In the upper left and right quadrants are reactive cysteines with significantly changed reactivity during ferroptosis
(n= 3 per group, p-value < 0.05, 0.5 <R(Fer)/R(Fer) <2). Highlighted in red are cysteines with significantly suppressed reactivity during ferroptosis.
e List of cysteines with suppressed reactivity during ferroptosis. Proteins in red are redox regulated proteins and proteins in blue are
carbonylated proteins. * indicates the active-site cysteine in the host proteins. f Gene ontology analysis of the cysteines with suppressed
reactivity during ferroptosis in terms of biological processes.
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stage of RSL3-induced ferroptosis while the effect was hardly
observed in cells overexpressing the C106A mutant (Fig. 2i).
Collectively, these data suggested that C106 plays an important
role in DJ-1 to reduce the level of lipid ROS and inhibit ferroptosis
induced by RSL3.

C106 of DJ-1 regulates ferroptosis by altering the interaction
with proteasome
In addition to serving as the active-site residue of DJ-1, it has been
reported that C106 interacts with the 20S proteasome [41, 42].
Given that protein stabilization and protein folding are also
functionally enriched in our cysteinome profiling, we decided to
test whether the interaction between DJ-1 and the 20S protea-
some would be affected in ferroptosis. We pulled down the
interacting proteins of endogenous DJ-1 via immunoprecipitation.
Immunoblotting of the three representative proteasome subunits
(PSMB1 and PSMA4 in the 20S proteasome, and PSMD1 in the 19S
proteasome) showed that their interactions with DJ-1 were
significantly disrupted under the ferroptosis-inducing condition

and completely restored by addition of the Liproxstatin-1
(Fig. 3a–c). We next overexpressed DJ-1 WT with an N-terminal
FLAG tag in HT1080 cells and immunoprecipitation of FLAG-DJ-1
recapitulated similar results as that of endogenous DJ-1 (Fig. 3d–f
and Supplementary Fig. 9). Interestingly, DJ-1 C106A showed
significantly reduced interaction with PSMB1 and PSMA4 (but not
PSMD1) at the basal condition, which did not get further reduced
upon ferroptosis (Fig. 3g–i and Supplementary Fig. 10). These
results collectively suggested that C106 is one of the major sites
contributing to the interaction between DJ-1 and the 20S
proteasome and there might be another C106-independent
mechanism to regulate the DJ-1’s interaction with the 19S
proteasome.

Releasing of 20S proteasome from DJ-1 accelerates the
proteolytic process in ferroptosis
We next tested if the activity of the 20S proteasome was affected
during ferroptosis. By using a fluorescently labeled substrate
peptide Suc-LLVT-AMC, we measured that the chymotrypsin-like

Fig. 2 Cys106 of DJ-1 is involved in regulation of ferroptosis. a Extracted ion chromatograms (EICs) of the IAyne labeled peptides
containing C46 or C106 from DJ-1. The peptide EICs from the normal, ferroptotic and rescued cells are colored in red, yellow and blue,
respectively. The quantified ratios are shown above. b Quantified ratios of DJ-1 comparing the protein abundance between the normal and
ferroptotic cells or between the normal and rescued cells. c Immunoblotting shows selective labelling of DJ-1 in normal, ferroptotic and
rescued cells by IAyne. IAyne failed to pull down DJ-1 from the ferroptotic cells. d, e Knockout of DJ-1 sensitized cells to ferroptosis that can
only be reversed by the overexpression of the WT but not mutant DJ-1. Dose-dependent cell death induced by RSL3 were measured by MTT.
DJ-1 knockout subclones (DJ-1 KO) were generated from HT1080 cells by CRISPR/Cas9 using corresponding guide RNAs. f, g Stable expression
of the WT but not mutant DJ-1 exerts protection of cells from ferroptosis. Dose-dependent cell death induced by RSL3 were measured by MTT.
Cells were stably transfected with DJ-1 WT/ C106A expression plasmids or empty vehicle (EV). h Knockout of DJ-1 increased the level of lipid
ROS in ferroptotic cells that can only be suppressed by the overexpression of the WT but not the C106A mutant DJ-1. i Stable expression of
WT but not the C106A mutant DJ-1 suppresses the level of lipid ROS in the early stage of ferroptosis. In h, i time-course measurement of lipid
ROS in RSL3-induced ferroptotic cells were performed with the fluorescent probe C11-BODIPY by flow cytometry using FITC 510 nM. Error bars
in b, d–i indicate standard deviations from triplicates. Data was analyzed by student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; n.s.,
not significant, n= 3).
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activity of proteasome was significantly increased after the RSL3-
induced ferroptosis and was recovered by co-treatment with
Liproxstatin-1 (Fig. 4a). Such an activity spike of proteasome
induced by RSL3 could be suppressed by stable expression of the
DJ-1 WT but not C106A (Fig. 4a), suggesting that the functional

C106 acts as a regulatory switch for the proteasome activity during
ferroptosis. Consistently, knockout of DJ-1 resulted in a similar
activity spike of the proteasome, which could be reverted by
exogenous expression of only DJ-1 WT but not C106A (Fig. 4b and
Supplementary Fig. 11). Similar effects were observed no matter
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the cells were treated with ferroptosis inducers or not (Fig. 4b and
Supplementary Figs. 11, 12). These results suggest that DJ-1 is an
important regulator of proteasome activity during ferroptosis with
its C106 serving as a critical functional switch.
To further test the effect of 20S proteasome on ferroptosis, we

co-treated cells with RSL3 and MG132, the latter of which is a well-
established inhibitor of the 20S proteasome known to arrest cell
cycles and lead to chronic cell death [43]. The results showed that
co-treatment with MG132 (300 nM) was able to partially but
significantly rescue the ferroptotic death induced by RSL3 alone
(Fig. 4c) and the counteractive effect between RSL3 and MG132
was also evidenced by the hump in the titration curve of each
compound when the other one was co-treated (Supplementary
Fig. 13a, b). Considering the intrinsic cytotoxicity of MG132, we
next proceeded to assess the cell viability in RSL3-treated HT1080
cells with overexpression or knockdown of PSMA4 and PSMB1.
While we found that overexpression of either subunit could
slightly sensitize cells to ferroptosis (Fig. 4d and Supplementary
Fig. 14a), knockdown PSMA4 or PSMB1 could significantly protect
cells from ferroptosis as dose-dependently induced by RLS3
(Fig. 4e, Supplementary Fig. 13c and Supplementary Fig. 14b, c).
We further investigate whether the active proteasome would

lead to altered levels of ubiquitination in ferroptotic proteome.
RSL3-induced ferroptosis resulted in higher ubiquitination levels
which could be reversed by co-treatment with Liproxstatin-1
(Fig. 4f). Collectively, these data suggested that after release from
DJ-1, the 20S proteasome is activated during the process of
ferroptosis with the increase of global ubiquitination and
inhibition of the 20S proteasome genetically or pharmacologically
could slow down the ferroptosis.

Oxidation of C106 disrupts DJ-1’s interaction with the 20S
proteasome
C106 of DJ-1 has been reported to undergo oxidations under
several conditions related to oxidative stress [44]. We hypothesize
that such modifications may also happen during ferroptosis and
abrogate its interaction with proteasome. To confirm the oxidation
on C106 of DJ-1, we overexpressed the DJ-1 protein with an
N-terminal Flag-tag in HT1080 cells and after treatment of the cells
with RSL3, DJ-1 was immunoprecipitated, in-gel digested by
trypsin and analyzed by LC-MS/MS (Supplementary Fig. 15a). By
setting several common types of oxidation and carbonylation
(Supplementary Fig. 15b) as the variable modifications during the
database search, we detected sulfonylation as the dominant
modification (Supplementary Fig. 15c) with the corresponding
spectral count far more than the rest of modifications (Supple-
mentary Fig. 15d). To quantify the level of sulfonylation on C106 of
DJ-1, we cultured HT1080 cells in SILAC media, transiently
transfected DJ-1 overexpression plasmids and treated the light
and heavy cells with DMSO and RLS3, respectively (Fig. 5a). To
further rule out the possibility that the observed sulfonylation on
C106 was due to the over-oxidation of existing sulfenylation or
sulfinylation during the sample preparation, we used DYn-2 [45]
and DiaAlk [46], two probes that are known to react with the
sulfenylation and sulfinylation, respectively, to block these two
modifications in advance (Fig. 5a). Consistently, the sulfonylation

on C106 of DJ-1 could be confirmed by the MS/MS spectra in both
light and heavy cells (Fig. 5b) and the SILAC heavy/light (“normal/
ferroptosis”) ratio of the peptide containing the sulfonylated C106
was calculated to be 0.26, corresponding to an about 4-fold
increase in the level of sulfonylation on this specific cysteine upon
cell ferroptosis (Fig. 5c). In contrast, the sulfonylation level on C53
was only slightly decreased (Fig. 5c) after the RSL3 treatment,
suggesting that the oxidation event occur specifically to C106.
We next tested whether the sulfonylation of C106 causes the

dissociation of DJ-1 and the 20S proteasome. We recombinantly
purified the wild-type DJ-1 and two mutants, C46A-C53A and
C106A, with GST tags and investigated how they interacted with
the 20 S proteasome via the GST-pulldown assay. Both the wild-
type and the C46A-C53A double mutant could interact with the
immunoprecipitated PSMA4 and PSMB1 while the C106A mutant
could not pull down these two 20 S proteasome subunits at all
(Fig. 5d), suggesting that C106 plays a critical role in mediating DJ-
1’s interaction with the 20S proteasome. We then oxidized the
C46A-C53A double mutant with hydrogen peroxide to produce a
DJ-1 proteoform whose C106 was oxidized. As expected, the
oxidation of C106 completely disrupted the interaction between
DJ-1 and the 20 S proteasome subunits (Fig. 5d). Collectively, these
results suggested a model that C106 of DJ-1 gets sulfonylated
under the peroxidative environment of ferroptosis and the
oxidation on C106 leads to the dissociation of DJ-1 and the 20S
proteasome, which further upregulates the activity of proteasome.
Our work established a link between ferroptosis and the UPS
system with the functional cysteine 106 of DJ-1 as a critical
regulator.

DISCUSSION
The functional relevance of cysteine in ferroptosis has been
implicated previously in several studies [17, 47, 48]. However,
which cysteine mediators are important to regulate cellular
ferroptosis remains unknown. In this study, we performed a
chemoproteomic profiling of functional cysteines in proteomes
during ferroptosis and identified C106 of DJ-1 as a redox sensor to
suppress ferroptosis. The proteolytic function of the 20S protea-
some was regulated by C106 of DJ-1 and the activity of
proteasome in turn affects the process of ferroptosis (Supple-
mentary Fig. 16). Our findings demonstrate a novel function of
C106 of DJ-1 in mediating the protein degradation system in
response to ferroptosis.
Ferroptosis has been recognized as an oxidative cell death with

imbalance of cellular redox homeostasis in response to the
accumulation of lipid peroxides and iron-dependent Fenton
reaction [49, 50]. Since the thiol groups of cysteine residues are
with tunable chemical reactivity and often function in redox
sensing, a global survey of changes in reactive cysteinome upon
ferroptosis is warranted. Here, we employed a triplex rdTOP-ABPP
strategy to quantify the cysteinome changes between the normal
state, the ferroptosis induction state and the ferroptosis rescuing
state. Recent developments in chemical proteomics technologies
with higher throughputs and multiplexity have been reported
such as SLC-ABPP [51] and a more comprehensive profiling with

Fig. 3 C106 of DJ-1 regulates the interaction with proteasome during ferroptosis. a–c Interaction between the endogenous DJ-1 with
proteasome is abolished upon ferroptosis and is restored upon rescue. Whole-cell lysates were immunoprecipitated (IP) with the control IgG
or anti-DJ-1 antibodies, and the precipitated proteins were detected by anti-PSMA4, anti-PSMB1 and anti-PSMD1 antibodies, respectively.
d–f Interaction between the overexpressed DJ-1 and proteasome is disrupted upon ferroptosis and is restored upon rescue. g–i Mutation of
C106A in DJ-1 abolishes its interaction with PSMB1 and PSMA4 but not with PSMD1. The whole-cell lysates in d–i were immunoprecipitated
with anti-FLAG and precipitated proteins were detected by anti-PSMA4, anti-PSMB1 and anti-PSMD1. In a–i intensities of immunoblotting
signals were quantified by ImageJ (NIH), and the quantitative ratios were calculated by dividing the intensity from the IP lane by that of the
input lane. Relative band intensities are shown above each lane. Data was analyzed by student’s t-test. Error bars indicate standard deviations
from triplicates. (**p < 0.01; ***p < 0.001; ****p < 0.0001; n.s. not significant, n= 3).
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the enhanced temporal resolution can be generated in future to
provide more dynamic information on how cysteinome is
perturbed along the course of ferroptosis. Such profiling
technologies can also be readily applied to other types of cell
death (e.g., apoptosis, pyroptosis, autophagy etc.) and relevant
biological systems so that novel functional residues such as
cysteine, lysine [52, 53] and tyrosine [54] can be discovered.
Our profiling identified that the reactivity of C106 of DJ-1 was

significantly inhibited in ferroptotic cells. C106 is a well-known
nucleophilic cysteine for DJ-1 which acts as oxidative stress sensor
to protect cells from various oxidative environments (e.g.,
maintenance of mitochondrial ROS level [55], peroxide-induced
cell death [56], metal toxicity [35]). Our data showed that loss of
DJ-1 dramatically increased the level of lipid peroxidation as
compared to that of normal cells. In addition, overexpression of
DJ-1 WT seemed to “over-suppress” the level of lipid peroxidation
to an even lower state than the normal cells. Interestingly,
overexpression of C106A also showed partial compensation effect,
which suggested that DJ-1 might also be able to reduce lipid
peroxides through other pathways in a C106-independent
manner.
More recently, DJ-1 was reported to suppress the ferroptosis by

reserving the activity of S-adenosyl homocysteine hydrolase
(SAHH) and it was demonstrated that DJ-1 could reduce Erastin-
induced ferroptotic events in human H1299 cells [36]. Although
the connection between DJ-1 and ferroptotic responses have
been postulated, the specific regulatory residue remains to be
found in the aforementioned study. Consistent with their results,
we also found DJ-1 could suppress ferroptosis in RSL3-treated
HT1080 cells. However, overexpression of DJ-1 WT or C106A could
equally reduce the interaction between SAHH and ACHYL1
(Supplementary Fig. 17), suggesting these two mechanisms
linking DJ-1 to ferroptosis might operate independently from

each other. In addition to the reported interaction of DJ-1 with the
20S proteasome [41] and its intrinsic redox-sensitive protease
activity [57], our data revealed a novel mechanism in which the
oxidation of C106 of DJ-1 establishes a unique link between the
20S proteasome and ferroptosis. The discovery of such a
mechanistic link of DJ-1 suggests the protein itself may serve as
a promising target for developing a tailored therapy for the
ferroptosis-related diseases.
MG132 is a pan-inhibitor of chymotrypsin activity for protea-

some, which has been known to effectively affect the function of
proteasome in cells. In 2021, Dixon and colleagues used the STACK
profiling strategy to study the relationship between various small
molecules and ferroptotic inducers from which they found that
proteasome inhibitors could temporarily rescue the ferroptosis
[58]. In our experiment, we not only verified this phenomenon, but
also found that protein ubiquitination was significantly increased
(Fig. 4f). These results suggest that in ferroptotic cells, upregula-
tion of ubiquitination and proteasome activity are in the interests
of accelerating the degradation of abnormal proteins. However, it
should be noted that our titration curve also exhibited a hump at
certain combinations of RSL3 and MG132 treatment. While
inhibition of the proteasome activity by MG132 could rescue
ferroptosis at higher RSL3 concentrations, it seemed to also
sensitize cells to ferroptosis under the condition with lower RSL3
concentrations. The latter result is more similar to a recent study
showing that suppressing the activity of proteasome by Cfz could
accelerate the process of Fe-induced death of cancer cells [59].
These data together suggested a rather complexed relationship
between the UPS pathway and ferroptosis, which warrants further
investigation in future.
The cellular degradation system is responsible for removal of

damaged and dysfunctional macromolecules to maintain the
homeostasis. Recent studies have revealed that ubiquitination is

Fig. 4 Release of 20S proteasome from DJ-1 accelerates the proteolytic process in ferroptosis. a The activity of proteasome is increased in
ferroptosis that can be reversed by stable expression of WT but not the C106A DJ-1. b Knockout of DJ-1 increased the activity of proteasome
that can be reversed by the overexpression of WT but not the C106A mutant DJ-1. In a, b A proteasome activity assay kit (AAT Bioquest) was
used to evaluate proteasome activity in the RSL3-induced ferroptotic cells or liproxstatin-1-induced rescued cells. c Co-treatment of cells with
RSL3 (300 nM) and MG132 (200 nM) partially rescue the RSL3-induced ferroptosis as measured by MTT. d Overexpression of PSMB1 and
PSMA4 in HT1080 cells can sensitize cells to ferroptosis. e Knockdown of PSMB1 and PSMA4 exerts protection of HT1080 cells from ferroptosis.
In d, e Dose dependent cell death induced by RSL3 was measured by MTT. In a–e Data was analyzed by student’s t-test. Error bars indicate
standard deviations from triplicates (**p < 0.01, ***p < 0.001, ****p < 0.0001; n.s. not significant, n= 3). f Overall level of ubiquitination in
proteomes is increased in cells treated with RSL3 treatment as detected by Anti-Ub antibody. MG132 is included as a positive control. EV
Empty vehicle, siNC negative control siRNA, RFU Relative Fluorescence Units.
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involved in regulating protein stability and metabolic responses on
key mediators of ferroptosis, including SLC7A11, GPX4 and Nrf2 [60].
Another evidence indicated that over-activation of selective autop-
hagy, such as ferritinophagy and lipophagy, drive the development
of ferroptosis by promoting the release of oxidative metabolites [61].
These studies suggested that both the degradation machinery and
the redox systems are elicited in the ferroptotic response. In the
current study, we established a link between the redox sensing
system and the protein degradation machinery in ferroptosis by
identifying C106 of DJ-1 as the functional switch. Upon its oxidation,
DJ-1 released its interaction with the 20S proteasome and caused the
activation of the protein degradation pathway. It will be of great
interest to explore in future if any FDA-proved drugs that target the
proteasome complex could be used to therapeutically intervene
ferroptosis-related diseases.

MATERIALS AND METHODS
Cell lines and culture conditions
HT1080 cells were obtained from ATCC and cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco). Complete medium is supple-
mented with 10% (vol/vol) fetal bovine serum (FBS, PAN), and 1% (vol/vol)
penicillin-streptomycin (P/S, Gibco). All cell lines were cultured in a
humidified atmosphere at 37 °C with 5% CO2.

Antibodies and reagents
The antibodies used for immunoblotting were rabbit polyclonal anti-DJ-1
antibody (cat. no. 11681-1-AP, Proteintech), rabbit polyclonal anti-PSMB1

antibody (cat. no. 11943-2-AP, Proteintech) rabbit polyclonal anti-PSMA4
antibody (cat. no. 11681-1-AP, Proteintech), rabbit polyclonal anti-PSMD1
antibody (ab140682, Abcam), rabbit polyclonal anti-ACHYL1 antibody (cat.
no. 10658-3-AP, Proteintech), mouse monoclonal anti-SAHH antibody (cat.
no. 66019-1-Ig, Proteintech), HRP-conjugated FLAG tag antibody (cat. no.
HRP-66008, Proteintech) and mouse monoclonal anti-beta-actin antibody
(cat. no. 01002, Proteintech). Acid-cleavable azide-biotin tags (DADPS
Biotin Azide, cat. no. 1330-5) and Rhodamine azide (AZ109) were
purchased from Click Chemistry Tools. (1 S,3 R)-RSL3 (cat. no. S8155),
liproxstatin-1(cat. no. S7699) MG132 (cat. no. S2619), rapamycin (cat. no.
S1039), etoposide (cat. no. S1225), staurosporine (cat. no. S1421),
liproxstatin-1(cat. no. S7699), puromycin (cat. no. S7417) and vinblastine
sulfate (cat. no. S4505) were purchased from Selleck. Methylglyoxal
solution (cat. no. M0252), anti-FLAG M2 affinity agarose gel (cat. no. A2220)
were purchased from Sigma. C11-BODIPY (cat. no. D3581), Lipofectamine™
2000 Transfection Reagent (cat. no. 11668030) and Lipofectamine™
RNAiMAX Transfection Reagent (cat. no. 13778030) were purchased from
Invitrogen.

Plasmid construction
PARK7, PSMB1, PSMA4, PSMD1 genes were amplified from cDNAs by PCR,
and subcloned into the pcDNA3 expression vector as entry clones. The
FLAG tag was constructed at the N-terminal. For purification of DJ-1
protein, GST-tagged DJ-1was cloned into pQlinkGx vector. All site-specific
mutants were generated using the PCR mutagenesis method and verified
by sequencing. Primer sequences are designed as following:
DJ-1-F: ATGGCTTCCAAAAGAGCTCTGG
DJ-1-R: CGTCTTTAAGAACAAGTGGAGCCT
FLAG-DJ-1-kpn1-F: GGGGTACCGCCGCCATGGATTACAAGGATGACGACGA
TAAGGCTTCCAAAAGAGCTCTGG

Fig. 5 Oxidation of C106 disrupts DJ-1’s interaction with the 20S proteasome. a The scheme of identifying the modifications on DJ-1 by
SILAC-based quantitative proteomics. Equal number of SILAC light (red) and heavy(blue) HT1080 cells were treated with DMSO or RSL3,
respectively, for 6 h. The whole proteomes were labeled with the sulfenylation probe, Dyn-2 and the sulfinylation probe, DiaAlk. DJ-1 were
immunoprecipitated by the anti-DJ-1 antibody, in-gel digested by trypsin and quantified by LC-MS/MS. b Representative MS/MS spectra
supporting the sulfonylation on C106 of DJ-1. The spectrum obtained from the heavy peptide in ferroptotic cells (top) is head-to-head
compared with that obtained from the light peptide in normal cells (bottom). c Extracted ion chromatograms (EICs) of DJ-1’s peptides
containing sulfonylated C53 or C106. The peptide EICs from the normal and ferroptotic cells are colored in red and blue, respectively. The
quantified SILAC ratios are shown above. The red barplot shows the ratio of DJ-1 expression in HT1080 cells with DMSO vs RSL3 treatment.
d Mutation or oxidation of C106 in DJ-1 abolishes its interaction of with proteasome. WT or mutant DJ-1 proteins were expressed with GST
tags and immunoprecipitated PSMB1 and PSMA4 after GST pulldown were detected by corresponding antibodies.
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HA-DJ-1-xba1-R: CTAGTCTAGACTAAGCGTAGTCTGGGACGTCGTATGGGTA
GTCTTTAAGAACAAGTGGAG
DJ-1-C106A-F: TGATAGCCGCCATCGCTGCAGGTCCT
DJ-1-C106A-R: GCGATGGCGGCTATCAGGCCCTTCC
DJ-1-C46A-F: TACAGGCTAGCCGTGATTAGCCGTGATGTGGTCATTTGT
DJ-1-C46A-R:

ATCACGGCTAGCCTGTACTGGGTCTGTACTGGGTCTTTTCCAGCC
DJ-1-C53A-F: TGGTCATTGCTCCTGATGCTCCTGATGCCAGCCTTGAAG
DJ-1-C53A-R: CATCAGGAGCAATGACCACAATGACCACATCACGGCTACACT
DJ-1-C46-C53-DOUBLE-F:

AGCCGTGATGTGGTCATTGCTCCTGATGCCAGCCTTGAAG
DJ-1-C46-C53-DOUBLE-R:

ATGACCACATCACGGCTAGCCTGTACTGGGTCTTTTCCAGCC
PSMB1-F: ATGTTGTCCTCTACAGCCATGT
PSMB1-R: TCAGTCCTTCCTTAAGGAAACAGT
PSMA4-F: ATGTCTCGAAGATATGACTCCAGG
PSMA4-R: CTCTGATTCTATTTATCCTTTTCTTTCTG
PSMD1-F: CTATTTATCCTTTTCTTTCTGTTCTTTTTC
PSMD1-R: TTAATCATCAATATACTCAAATGGTTCTG
FLAG-PSMB1-kpn1-F: GGGGTACCGCCGCCATGGATTACAAGGATGACGAC

GATAAGTTGTCCTCTACAGCCATGTATTC
HA-PSMB1-xbal-R: CTAGTCTAGATCATACCCATACGATGTTCCAGATTACGCT

TAGGTCCTTCCTTAAGGAAACAGTTTC
FLAG-PSMA4-kpn1-F: GGGGTACCGCCGCCATGGATTACAAGGATGACGAC

GATAAGTCTCGAAGATATGACTCCAGG
HA-PSMA4-xba1-R: CTAGTCTAGATCATACCCATACGATGTTCCAGATTACG

CTTAGTTTATCCTTTTCTTTCTGTTCTTTTTC
FLAG-PSMD1-kpn1-F: GGGGTACCGCCGCCATGGATTACAAGGATGACGACG

ATAAGATCACCTCGGCCGCTGGAAT
HA-PSMD1-xbal1-R: CTAGTCTAGATCATACCCATACGATGTTCCAGATTACG

CTTAGATCATCAATATACTCAAATGGTTCTG

Construction of HT1080 DJ-1 KO cell lines
To generate HT1080 DJ-1 knockout (KO) cell lines, sgRNA sequences were
ligated into LentiCRISPRv2 plasmid and then co-transfected with viral
packaging plasmids (psPAX2 and pVSVg) into HEK293T cells. The cells were
replaced with fresh medium at time 6 h. HT1080 cells were plated in 6 cm
dishes. Two days post transfection, viral supernatant was filtered through
0.45mm strainer. HT1080 cells were infected by viral supernatant and
selected by 1mg/mL puromycin for 2 weeks. The single positive population
was sorted by FACS and clonally expanded. Individual cell clones were
screened for DJ-1 deletion using standard PCR analysis. Loss of DJ-1 protein
expression was confirmed by immunoblotting. LenitiCRISPRv2 plasmid,
psPAX2 and pVSVg-based plasmid were generously gifted by Dr. Wensheng
Wei at Peking University.
The sgRNA sequences targeting DJ-1 were designed by CRISPR designer

at http://crispr.mit.edu/. The guide sequences targeting Exon 2 and Exon 3
of human PARK7 are shown.
DJ-1#1: 50-AGTACAGTGTAGCCGTGATG-30
DJ-1#2: 50-AGATGTCATGAGGCGAGCTG-30
For DJ-1-rescued cells, pcDNA3-DJ-1 or pcDNA3-DJ-1 C106A were

transfected in DJ-1 KO cells. Cells were harvested after 48 h of transfection.

In-gel fluorescence analysis
HT1080 cells treated with DMSO, (1 S,3 R)-RSL3 (1 μM) and/or Liproxstatin-
1(600 nM) for 6 h were harvested, suspended in PBS with 0.1% Triton X-100
(Sigma-Aldrich) and sonicated on ice. The soluble lysates were collected after
ultracentrifugation at 20,000 g for 30mins at 4 °C. Protein concentration of
soluble lysates were detected by using the BCA protein assay Kit (Pierce) on a
microplate reader (Bio-Rad) and adjusted to 2mg/mL. The lysate (200 μL per
aliquot) was labeled with the IAyne probe (100 μM) for 1 h at 25 °C. The probe-
labeled lysates were reacted with 300 μM rhodamine-N3, 1mM Tris(2-
carboxyethyl) phosphine (TCEP, Sigma-Aldrich), 100 μM Tris- (benzyltriazolyl-
methyl) amine (TBTA) (Sigma-Aldrich), and 1mM CuSO4 (Sigma-Aldrich) at
room temperature with constant shaking on a thermo mixer. After reaction for
1 h, samples were mixed with 5 × SDS-PAGE loading buffer at 95 °C for 5min
and were separated by 10% SDS-PAGE. The image of rhodamine fluorescence
was acquired on a ChemiDoc MP (Bio-rad) imaging system. The gels were
then stained by Coomassie staining (CBB) as loading control.

Quantitative profiling of perturbed cysteinome in ferroptosis
For quantifying functional states of cysteines in proteomes from normal,
ferroptosis-inducing and ferroptosis-rescuing cells, 107 HT1080 cells per

well were seeded in 15 cm dishes to culture overnight and were treated
with DMSO or 1 μM (1 S,3 R)-RSL3 or/and 600 nM Liproxstatin-1 for 6 h in
serum-free media (DMEM). The cells were collected, washed by PBS for
three times and centrifugated at 3000 rpm for 4 min. The cells were lysed
in 700 μL of PBS with 0.1% Triton X-100 (Sigma-Aldrich) containing EDTA-
free Pierce HaltTM protease inhibitor cocktail. After sonication on ice, the
cell lysates were centrifugated for 20000 g, 30 min at 4 °C to remove the
sediment. Protein concentration was detected by using the BCA protein
assay Kit and adjusted to 2 mg/mL. 1 mL cell lysates were then reacted
with 1mM CuSO4, 100 μM TBTA ligand, 100 μM acid-cleavable azide-biotin
tag and 1mM TCEP for 1 h on thermo mixer at room temperature. The
products of click-labeled lysates were centrifuged for 8000 g, 5 min at 4 °C
and washed three times with 1 mL cold methanol.
The proteomes were resuspended in 1mL PBS with 1.2% SDS. The

samples were sonicated and heated at 90 °C for 10min to dissolve the
proteins, followed by centrifuging at 19000 g, 2 min at room temperature
to remove the remaining cupric ion. The solution was diluted five times
with 5mL of PBS containing 100 μL of prewashed streptavidin Beads
(Thermo Fisher Scientific) and incubated for 3 h at 29 °C on a rotator. After
washing in 5 mL PBS and 5ml distilled water for three times orderly, the
resulting beads were resuspended in 500 μL PBS with 6 M urea and 10mM
DTT at 37 °C for 30min and alkylated by addition of 20mM iodoacetamide
at 35 °C for 30min in the dark. The beads were collected by centrifugation
(2000 g, 3 min) and resuspended in 200 μL of 100mM triethylammonium
bicarbonate (TEAB) buffer (Sigma) with 2 M urea, 1 mM CaCl2 and 10 ng/μL
trypsin (Promega). Trypsin digestion was performed at 37 °C in a
thermomixer overnight.
The beads were collected by centrifugation and washed with 1mL PBS,

1 mL H2O and 100mM TEAB buffer for twice orderly, followed by
suspending in 100 μL TEAB buffer. The peptides were reacted with 8 μL
of 4% D13CDO (Sigma) for samples from ferroptosis-rescuing cells, DCDO
(Sigma) for samples from ferroptosis-inducing cells, or HCHO (Sigma) for
samples from normal cells, respectively. 8 μL of 0.6 M NaBD3CN was added
to the samples of normal and ferroptosis-inducing cells and 8 μL of 0.6 M
NaBD3CN was added to the samples of ferroptosis-rescuing cells. The
reaction was incubated for 1 h at room temperature and the beads were
washed with 1mL H2O for twice. The labeled samples were combined and
subjected for on-beads cleavage by using 200 μL of 2% formic acid
solution (sigma) for twice. The eluant containing the peptides was
collected for LC-MS/MS analysis.

Preparation of SILAC cells
The HT1080 cells were passaged 8 times in SILAC DMEM (Thermo Fisher
Scientific) with 10% SILAC FBS (Thermo Fisher Scientific), 1% penicillin-
streptomycin (Thermo Fisher Scientific), 100 μg/mL of regular L-arginine-
HCl and L-lysine-HCl (Sigma-Aldrich) or [13C6,

15N4]L-arginine-HCl and [13C6,
15N2]L-lysine-HCl (Cambridge Isotope Laboratory) were added to make the
light or heavy media, respectively. 20 µg of lysates of light and heavy cells
were mixed equally and lysated in 6 M urea/PBS. After reduction with
1mM DTT at 37 °C for 30mins and alkylation with 2mM iodoacetamide at
35 °C for 30mins in dark, the sample was diluted with PBS to 2M urea/PBS
and subjected to trypsin digestion at 37 °C in a thermomixer overnight
(2 μg of trypsin with 1 mM of calcium chloride). The digested peptide
sample was acidified with 0.1% formic acid and analyzed by LC-MS/MS.
The distribution of SILAC ratios was checked to be centered around 1.0.

Identifying modifications on DJ-1 by SILAC-based quantitative
proteomics
SILAC-HT1080 cells expressing FLAG-tagged DJ-1 and treated the light and
heavy cells with DMSO and 1 μM RSL3 for 6 h, respectively. Cells were
washed twice with ice-cold PBS and harvested. The cells were lysed in RIPA
buffer (50 mM triethanolamine, pH 7.4, 150mM NaCl, 1% (vol/vol) NP-40,
1% sodium deoxycholate, 0.1% (vol/vol) SDS) containing 1 × EDTA-free
complete mini-protease inhibitors (Roche), catalase (200 U/mL, C4963,
Sigma). After 1 h on ice (with frequent mixing), lysates were centrifugated
at 20000 g at 4 °C for 30min. Protein concentration was detected by using
the BCA protein assay Kit. Light and heavy lysates (1 mg each) were mixed
in a 1:1 ratio. 5 mM DYn-2 probe was added to the lysates. Cell lysates were
then treated with 4-DPS (50mM) at room temperature for 1 h to block free
thiols and subsequently were buffer exchanged with one Micro Bio-Spin P-
30 column (89890, Thermo) preequilibrated with 100mM HEPES, pH 8.5,
and 100mM NaCl. DPS-free lysates were then reacted with DiaAlk (1 mM)
in the presence of 0.5% (vol/vol) SDS in the dark at room temperature with
rotation for 1 h. After reduction with 1mM DTT at 35 °C for 30mins the
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sample was passed through one detergent-removal spin column (87777,
Pierce) preequilibrated with 20mM Tris-HCl, pH 7.4. The remaining lysates
were incubated with anti-Flag M2 affinity gel beads (Sigma) at 4 °C
overnight. The resulting beads were washed with BC100 buffer (100mM
NaCl, 20 mM Tris (pH 7.3), 20% glycerol, 0.2% NP-40) for three times and
mixed with 5 × SDS-PAGE loading buffer at 95 °C. The supernatant protein
samples were separated by SDS- PAGE and subjected to in-gel trypsin
digestion as previously described [62]. Protein digests were analyzed by
LC-MS/MS.

LC-MS/MS and data analysis
Samples were analyzed by LC-MS/MS on Q Exactive-plus series Orbitrap
mass spectrometers (Thermo Fisher Scientific) coupled with EasyNano-LC.
Mobile phase A was 0.1% FA in H2O, and mobile phase B was 0.1% FA in
ACN. The flow rate was 3 μL/min for loading and 0.3 μL/min for eluting.
Labeled peptide samples were loaded onto a 100 μm fused silica column
packed with 15 cm × 3 μm C18 resin. Under the positive-ion mode, full-
scan mass spectra were acquired over the m/z range from 350 to 1800
using the Orbitrap mass analyzer with mass resolution of 70,000. MS/MS
fragmentation is performed in a data-dependent mode, of which the TOP
20most intense ions are selected for MS2 analysis a resolution of 17,500
using collision mode of HCD. Other important parameters: isolation
window, 2.0 m/z units; default charge, 2+; normalized collision energy,
28%; maximum IT, 50 ms; and dynamic exclusion, 20.0 s.
LC-MS/MS data were analyzed by ProLuCID [63] with static modification

of cysteine carbamidomethylation (+57.0215 Da). For rdTOP-ABPP data,
additional modifications include N-terminus dimethyl labeling and lysine
residue dimethyl labeling (+28.03130 Da (light), + 32.05641 Da (medium),
and +36.07567 Da (heavy)) and variable oxidation of methionine
(+15.9949 Da). For SILAC data, cysteine nitrosylation (+28.99016 Da),
sulfenylation (+15.99491 Da), sulfinylation (+31.98983 Da), sulfonylation
(+47.98474 Da), ONE (+ 154.09938 Da), HNE (+ 156.11503 Da), HHE
(+ 128.08373 Da), OHE (+ 126.06808 Da), ACR (+ 56.02621 Da) were
chosen as variable modifications. The ratios of SILAC-Labelling and
rdTOP-ABPP were quantified by the CIMAGE 2.0 [29] software as described
previously.

Statistical analysis
Unless specified, results are expressed as mean±s.d. for fold changes
compared to the control samples in three independent biological replicates.
Student’s t-test was used to evaluate statistical significance. We analyzed the
data in GraphPad Prism (GraphPad Software), using the unpaired, two-tailed
t-test module. Statistical significance was considered when a p value was
below 0.05. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n.s. not significant.
Clustering and heatmap were generated by using default settings

available in the Morpheus suite (https://software.broadinstitute.org/
morpheus/). To account in an unbiased way for differences in the overall
reactivity of each cell samples, all difference values were Z scored
separately for each sample query across all tested reacted cysteines. Z
scores were hierarchically clustered in an unsupervised manner.

Co-immunoprecipitation assay
To examine the interaction between DJ-1 and proteasome exogenously.
107 HT1080 cells per well were seeded in 15 cm dishes to culture overnight
and transiently transfected with wide-type or C106A mutant DJ-1 with
N-terminal FLAG tag at time 0 h. The cells were replaced with fresh
medium at time 8 h and added with DMSO or 1 μM (1 S,3 R)-RSL3 or 1 μM
ML162 or 10 μM Erastin or/and 600 nM Liproxstatin-1 in serum-free media
(DMEM) at time 18 h. At time 24 h, cells were collected, washed by PBS for
three times and centrifugated at 3000 rpm for 4 min. The cells were lysed
in 500 μL BC100 buffer containing EDTA-free Pierce HaltTM protease
inhibitor cocktail. 5% or 10% of the lysates were collected as input samples.
The remaining lysates were incubated with anti-Flag M2 affinity gel beads
(Sigma) at 4 °C overnight. The resulting beads were washed with BC100
buffer for three times and mixed with 5 × SDS-PAGE loading buffer at 95 °C.
The supernatant protein samples were separated by SDS- PAGE and
immunoblotted with corresponding antibodies as indicated.
For immunoprecipitation of endogenous DJ-1, the cells were treated

with DMSO or 1 μM (1 S,3 R)-RSL3 or/and 600 nM Liproxstatin-1 for 6 h in
serum-free media (DMEM) and lysed with BC100 buffer. 10% of the cell
lysates was collected as input samples and the remaining lysates were
incubated with 1 μg anti-PARK7 or normal rabbit IgG (Santa Cruz
Biotechnology) at 4 °C overnight. Protein A/G agarose beads (Santa Cruz

Biotechnology) were added to the lysates and incubated for 6 h at 4 °C.
Agarose beads were washed three times with BC100 buffer and mixed
with 5 × SDS-PAGE loading buffer at 95°C. The supernatant protein samples
were separated by SDS- PAGE and immunoblotted with corresponding
antibodies as indicated.
For immunoprecipitation of endogenous ACHYL1, the DJ-1 KO cells were

transfected with DJ-1 WT/C106A or empty vector plasmids as indicated
and harvested after 48 h transfection. Cells were then lysed with BC100
buffer and incubated with 1 μg anti-ACHYL1 or normal rabbit IgG (Santa
Cruz Biotechnology) at 4 °C overnight. Protein A/G agarose beads (Santa
Cruz Biotechnology) were added to the lysates and incubated for 6 h at
4 °C. Agarose beads were washed three times with BC100 buffer and mixed
with 5 × SDS-PAGE loading buffer at 95 °C. The supernatant protein
samples were separated by SDS- PAGE and immunoblotted with
corresponding antibodies as indicated.

Immunoprecipitation
For immunoprecipitation of PSMA4 and PSMB1, 107 HT1080 cells per well
were seeded in 15 cm dishes to culture overnight and transiently transfected
with PSMA4 and PSMB1 with N-terminal FLAG tag at time 0 h. The cells were
replaced with fresh medium at time 8 h. After 36 h transfection, cells were
collected, washed by PBS for three times and centrifugated at 3000 rpm for
4min. The cells were lysed in 800 μL BC200 buffer (200mM NaCl, 20mM Tris
(pH 7.3), 20% glycerol, 0.2% NP-40) containing EDTA-free Pierce HaltTM

protease inhibitor cocktail. 5% or 10% of the lysates were collected as input
samples. The remaining lysates were incubated with anti-Flag M2 affinity gel
beads (Sigma) at 4 °C overnight. The resulting beads were washed with BC200
buffer for two times and BC100 buffer for three times. 20 μL 10 × FLAG
peptide were used to elute the enriched proteins. The mixer was incubated
with FLAG peptide for 12 h at 4 °C rotator. The supernatant protein samples
were prepared for following GST-pulldown assay.

Cell viability assays
1.0 × 104 HT1080 cells were plated in 96-well plates with 100 μL of pre-
warmed complete DMEM medium per well (six technical replicates). For
experiments that require knockdown, 0.08 μg indicated siRNA were
transfected in HT1080 cells for 48 h. For experiments that require over-
expression, 0.1 μg indicated plasmids were transfected for 36 h. For
experiments that require generation of stable cell lines, indicated DJ-1
plasmids were stably transfected in HT1080 cells. Cells were treated with each
of the compounds in serum-free medium (DMEM) at 37 °C for 24 h. Cell
viability was then detected by using MTS reagent (CellTiter 96® AQueous One
Solution Cell Proliferation Assay). Cells were incubated in 100 μL serum-free
medium (DMEM) containing 1/6 of the MTS reagent at 37 °C for 40min and
the absorbance at 490 nm was measured with a microplate reader (Bio-Rad).
The cell viability under tested conditions were reported as a percentage value
relative to the DMSO-treated condition. For data presentation, the mean and
standard deviation for the three biological replicates of each data point in a
representative experiment were plotted in Prism 8 (Graphpad) and presented.
The IC50 curves were fitted with regression and IC50 values calculated by
“Inhibitor vs Response” in Graphpad Prism software.

Flow cytometry analysis
2 × 105 HT1080 cells per well were seeded into 6-well dishes. For experiments
that require overexpression, 2 μg indicated plasmids were transfected for 36 h.
For experiments that require generation of stable cell lines, indicated DJ-1
plasmids were stably transfected in HT1080 cells. Indicated cells were treated
with 1 μM (1 S,3 R)-RSL3 and/or 600 nM Liproxstatin-1 for 15min, 30min, 1 h,
2 h, 4 h and 6 h respectively in serum-free medium (DMEM) at 37 °C. BODIPY-
C11 (Invitrogen) was used to detect reactive oxygen species in membrane
lipids. The medium was removed and cells were washed once with PBS. After
being labeled in 1mL PBS containing 5 μM BODIPY 581/591 C11 and
incubated at 37 °C for 15min, the labeled cells were redistributed in 1mL of
fresh PBS and analyzed by using a flow cytometer (FACS Calibur or Accuri C6,
BD Biosciences) equipped with 510 nm laser for excitation. A minimum of
10000 cells were analyzed in per tube. Each experiment was independently
performed for three biological replicates. Data analysis was performed using
the FlowJo6 software. An example gating strategy is demonstrated in
Supplementary Fig. 4.

RNA interference
The siRNA constructs as listed below were synthesized by GenePharma
(Shanghai, China). siRNA were transfected into HT1080 cells and the
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method of transfection were in accordance with the manufacturer’s
instructions using Lipofectamine™ RNAiMAX transfection reagent (Invitro-
gen). Transfection was repeated twice with an interval of 24 h to achieve
maximal knock down efficiency.
PSMB1 No.1: CGGAGGUACUAUACUGGCAAUUGCUdTdT
PSMB1 No.2: GCAAUGCUGUCUACAAUCCUGUAUUdTdT
PSMA4 No.1: CCAAUACCUUGUGAGCAGUUGGUUAdTdT
PSMA4 No.2: CGCUGUGUGAUAUCAAACAAGCUUAdTdT

Proteasome chymotrypsin-like activity analysis
1.0 × 104 HT1080 cells were plated in 96-well plates with 100 μL of pre-
warm complete DMEM medium per well (six technical replicates). For
experiments that require overexpression, 0.1 μg indicated plasmids were
transfected for 36 h. For experiments that require generation of stable cell
lines, indicated DJ-1 plasmids were stably transfected in HT1080 cells. Cells
were treated with each of the compounds in serum-free medium (DMEM)
at 37 °C for 6 h. Proteasomal chymotrypsin-like activity was measured by
an Amplit fluorimetric proteasome 20S activity assay kit (AAT-13456, AAT
Bioquest, Sunnyvale, CA, USA). The absorbance was measured using a
fluorescence spectrometer (with an emission wavelength of 525 nm and
excitation wavelength of 490 nm).

Recombinant expression of DJ-1 in E. coli
Expression plasmids were first transformed into E.coli BL21. Cells were
grown (100ml LB medium) at 37 °C to an absorbance of 0.6–0.8 at 600 nm
and induced by 0.8 mM IPTG at 18 °C for 16 h. Cells were lysed by high
pressure homogenization at 800 bar for 20mins in BC500 buffer (500mM
NaCl, 20 mM Tris (pH 7.3), 20% glycerol, 0.2% NP-40) containing 1mM
PSMF (AMRESCO). The mixture was centrifuged at 21500 rpm for 1 h. The
abundance of DJ-1 in supernatant were analyzed by 10% SDS-PAGE.

GST pulldown
DJ-1 proteins with GST fusions were recombinantly expressed in BL21 cells.
After being immobilized on Glutathione Sepharose 4B beads (cat. No. 17-
0756-01, GE), GST fusion proteins were incubated with the immunopre-
cipitated PSMA4 and PSMB1 with N-teminal FLAG tag for 2 h. The eluted
samples were subjected to SDS-PAGE and analyzed by western blotting.
The GST fusion proteins were visualized by Coomassie blue staining.

DATA AVAILABILITY
The proteomics data (ID: PXD029874) has been deposited at ProteomeXchange. Full
and uncropped western blots can be found in Supplementary Materials. Request for
the data and materials that support the findings of this study should be addressed to
C.W at chuwang@pku.edu.cn.
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