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ROMO1 overexpression protects the
mitochondrial cysteinome from oxidations
in aging

Fengli Xu 1,2,7, Haipeng Huang 1,3,7, Kun Peng1,2, Chongshu Jian1, Hao Wu1,
Zhiwen Jing1, Shan Qiu1, Ying Chen4, Keke Liu5, Ling Fu5, Yanru Wang1,
Jing Yang 5, Xiaotao Duan 6, Chu Wang 2,4, Heping Cheng 1,2,3 &
Xianhua Wang 1,2,3

Reactive thiols of proteinaceous cysteines are vital to cell biology by serving as
sensor, effector and buffer of environmental redox fluctuations. Being the
major source, as well as the prime target, of reactive oxygen species (ROS),
mitochondria confront great challenges in preserving their thiol pool. Here we
show that ROS modulator 1 (ROMO1), a small inner mitochondrial membrane
protein, plays a role in protecting the mitochondrial cysteinome. ROMO1 is
redox sensitive and reactive and overexpression can prevent deleterious oxi-
dation of proteinaceous thiols. ROMO1 upregulation leads to a reductive shift
of the mitochondrial cysteinome, exerting beneficial effects on mitochondria,
such as promoting energy metabolism and Ca2+ uniport while inhibiting
vicious membrane permeability transition. Importantly, ROMO1 over-
expression reverses mitochondrial cysteinome oxidations in multiple organs
and slows functional decline in agedmalemice. These findings unravel a redox
regulatorymechanism of themitochondrial cysteinome andmark ROMO1 as a
potential target for combating oxidative stress and improving healthspan.

Owing to nucleophilicity and redox sensitivity of cysteine thiol1, pro-
teinaceous cysteine residue is able to both sense and respond to
ambient redox changes, constituting amajor target for oxidative post-
translational modifications. Reversible cysteine oxidations, such as S-
sulfenylation, disulfide, or S-glutathionylation, are well-controlled and
play a pivotal role in redox regulation by altering protein structure,
function and location2,3. These oxidative modifications have emerged
as a fundamental mechanism in redox signaling of physiological pro-
cesses such as cell proliferation, differentiation, and migration4. In the
excess of reactive oxygen species (ROS), however, deleterious oxida-
tions can occur with the reversible thiol oxidations being further
irreversibly oxidized to sulfinic acid in most cases and sulfonic acid5,6.

In addition, the pool of exposed proteinaceous cysteines can serve as a
significant buffer to regulate cellular redox homeostasis. It has been
shown that the bulk protein thiols are mostly in reductive form under
steady state and likely to directly take part in the defense against
oxidative stress7–9. Hence, the proteinaceous cysteines serve as redox
sensor, effector and buffer all at once, and it is critical for cells to
maintain a redox sensitive and reactive thiol pool to ensure prompt
and proper response upon ambient redox fluctuations. Dysregulation
of protein oxidations has been shown to be associated with a plethora
of diseases including cardiovascular diseases, neurodegenerative dis-
eases, diabetes, as well as functional decline of organs during
aging4,10,11.
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The mitochondrion is the primary source of ROS within most
mammalian cells12, and the mitochondrial proteome, which is rich in
exposed thiols (60–90mM)9, is engulfed in a high ROS microdomain
created by its own ROS production. In addition, the alkaline matrix
environment (~pH 7.8) promotes thiol oxidation by facilitating ionized
thiolate formation13,14, further stressing the cysteines of mitochondrial
proteome toward oxidations. As a result, a number of cysteines on
Krebs cycle enzymes and respiration chain complexes suffer deleter-
ious oxidations, that can further cause increased ROS production15–17.

A tantalizing question arising is how themitochondrion preserves
its thiol pool which is critical for its signaling and functions, while
confronting enormous oxidative stresses. To date, multiple ROS-
detoxifying enzymes including superoxide dismutase (SOD)1 and
SOD2, peroxiredoxins (PRDX) 3 and 5, glutathione peroxidase (GPX) 4,
and small non-protein antioxidants (e.g. glutathione), aswell as various
repair enzymes like thioredoxin (TRX) and glutaredoxin, have been
found to be localized inmitochondrialmatrix or intermembrane space
(IMS) and to regulate redox modifications of mitochondrial proteins
either directly or indirectly14,18. Given that the inner mitochondrial
membrane (IMM) is a hot spot of ROS production while being densely
packed with hundreds of different types of functional proteins19,20, it is
of interest to determine whether it also harbors any IMM built-in
antioxidant mechanism to protect the mitochondrial proteome
against high local ROS attacks, more effectively and preventatively.

ROSmodulator 1 (ROMO1) is a small IMM-delimitated, potentially
redox-sensitive protein containing 4 cysteines among a total of 79
amino acids. ROMO1 has been reported to increase or decrease ROS
production depending on the cell type21–28. While these conflicting
effects may reflect variations in ROS metabolism across different cell
types, they collectively point to a potential role for ROMO1 in redox
regulation. It also participates in importing YME1L but is dispensable
for general mitochondrial protein import27 and regulates mitochon-
drial morphology through affecting OPA1 processing28.

In the current study, by leveraging the activity-based protein
profiling (ABPP) analysis29,30 to comprehensively profile redox mod-
ification changes of the mitochondrial cysteine proteome (mitochon-
drial cysteinome) in multiple tissues of both young and old mice, we
demonstrate that ROMO1 plays an important role in controlling redox
homeostasis of the mitochondrial cysteinome. Importantly, with pro-
moting the reductive shift of the mitochondrial cysteinome, ROMO1
exerts beneficial impacts on multiple mitochondrial functions. Fur-
ther, we show that ROMO1 upregulation counteracts oxidative shift of
the mitochondrial cysteinome and retards functional decline in mul-
tiple organs of mice during aging.

Results
Distinctive molecular properties of ROMO1 in redox sensitivity
and reactivity
ROMO1, a small hydrophobic protein comprising 79 amino acids with
4 cysteine residues, is highly conserved across species (Supplementary
Fig. 1a) and is ubiquitously expressed in all mouse tissues and organs
examined (Supplementary Fig. 1b). Biochemical analysis showed that
ROMO1 is predominantly enriched in the IMM subfraction (Supple-
mentary Fig. 1c). In conjunction with APEX2-dependent proximity
labeling31, electron microscopy showed that both its N- and C-termini
are facing the IMS (Fig. 1a). Structure prediction using AlphaFold
protein structure database32,33 suggested a topology containing two
transmembrane domains (Fig. 1b), thus placing its four cysteines in
three sub-compartments: C15 and C79 in close proximity to the outer
face of the IMM, C27 within the IMM, and C42 flanking the IMM from
the matrix side (Fig. 1b).

The redox sensitivity of cysteines on purified ROMO1 was exam-
ined by a mPEG2K-MAL labeling assay. We found that pre-oxidized
ROMO1 cysteines were reduced in a graded manner as the reducing
potential was increased, evidenced by gradually rising of mPEG2K-

MAL-labeled cysteine numbers and abundance (Supplementary
Fig. 1d, e). The midpoint redox potentials (Ems) corresponding to
reducing one, two, three, and four cysteine residues were estimated to
be -271.8 ± 3.8, -302.6 ± 2.3, -354.3 ± 4.4, and -408.8 ± 2.7mV, respec-
tively (Supplementary Fig. 1f). By comparison, the Em of NAD+/NADH,
the most prominent redox pair for mitochondrial respiration and
substrate metabolism, is about -320 mV34. This in vitro measurement
strongly suggests that purified ROMO1 is intrinsically redox-
hypersensitive over a wide range starting at a very low Em, although
the exact Ems of ROMO1 in situ would be impacted by its surrounding
structural and dielectric environments.

In principle, the redox-hypersensitive cysteines on ROMO1
could intercept and quench ambient ROS. Indeed, purified wild
type (WT) ROMO1 dose-dependently removed H2O2 with a rate con-
stant estimated to be at least 7.5 × 103M-1·s-1 (Fig. 1c and Supplementary
Fig. 1g), while the mutant ROMO1 of which the four cysteines were
converted to serine exerted little effect on neutralizing H2O2 (Fig. 1c).
The oxidized ROMO1 can be effectively reduced back by either GSH-
or TRX2-reducing system (Fig. 1d, e). We further showed that
ROMO1 undergoes reversible oxidation to form disulfide-bonded
homodimer after H2O2 treatment, which is also sensitive to the
reduction by GSH- and TRX2-reducing systems (Fig. 1f). These results
indicate that purified ROMO1 can detoxify H2O2 by forming
reversible disulfides in vitro. Moreover, we examined the ability of
ROMO1 to eliminate H2O2 in intact mitochondria by measuring
mitochondrial aconitase activity, which is particularly susceptible
to oxidative damage35. The Romo1 pan-tissue transgenic (TG) (Sup-
plementary Fig. 3a, b) and WT mice were used for mitochondrial iso-
lation. Under basal conditions, both the heart and the liver TG
mitochondria showed comparable aconitase activity as those of WT
mice (Fig. 1g); however, ROMO1 upregulation in both tissues markedly
attenuated the inactivation of aconitase in response to H2O2 treat-
ment (Fig. 1g).

While determining biochemical reactivity of ROMO1
cysteines in cells with non-reducing SDS-PAGE gel, we found that
a substantial proportion of overexpressed ROMO1 was resolved
as a series of high molecular weight species (>15 kD), in addition
to its monomer form (~12 kD, tagged with 3×FLAG) (Fig. 1h). These
high molecular weight species were DTT-sensitive and inducible
by H2O2 treatment (Fig. 1h). We conclude these species are more
likely to reflect intermolecular disulfide formation between
ROMO1 and interacting proteins rather than ROMO1 oligomers as
there was no overt decrease of the ROMO1 monomer following
H2O2 treatment (Fig. 1h). We then performed an in vitro assay by
incubating purified ROMO1 with different mitochondrial proteins
including succinate dehydrogenase complex (SDH), adenine
nucleotide translocator (ANT) 2, and mitochondrial calcium uni-
porter (MCU) followed by mass spectrometry identification. The
results showed that purified ROMO1 formed inter-disulfides with
either SDHA or ANT2 or MCU after H2O2 treatment (Fig. 1i and
Supplementary Fig. 2), demonstrating the ability of ROMO1 to
form intermolecular disulfides. In this in vitro assay, only ROMO1
C15 was detected to form inter-disulfides with different cysteine
sites on the three target proteins, suggestive of its redox hyper-
reactivity under this experimental condition. Such oxidation-
induced intermolecular disulfide formation is sensitive to reduc-
tion by both GSH- and TRX2-reducing systems (Fig. 1j).

Since thiol is prone to deleterious and irreversible oxidations to
sulfinic acid or sulfonic acid in the presence of excessive ROS5,6, we
speculated that ROMO1mayhave dual activity in both scavenging ROS
and forming intermolecular disulfides. This prompted us to assess
whether ROMO1 can prevent thiol irreversible oxidations. With the aid
of a diazene-based alkyne probe36,37, we detected the extent of thiol
sulfinic oxidation and revealed a dramatic increase of thiol sulfinic
oxidation by H2O2 treatment in control cells (Fig. 1k). In contrast,
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overexpression of ROMO1 almost abolished such ROS-induced irre-
versible thiol oxidation (Fig. 1k).

Collectively, these results support the conclusion that
ROMO1 contains redox sensitive and reactive cysteines which can
detoxify ROS in vitro and preemptively form intermolecular dis-
ulfides. At this stage, we do not know whether this reflects the
activity of ROMO1 in cells.

Overexpression and conditional knockout of Romo1 lead to
bidirectional redox shifts of the mitochondrial cysteinome
We then hypothesized that ROMO1 might act as a potential redox
regulator of the mitochondrial proteome. By implementing ABPP
analysis modified as previously reported19,20 (Supplementary Fig. 4a),
we aimed to assess changes of the mitochondrial cysteinome redox
landscape in the TG versus WT mice. To this end, the mitochondria
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were isolated from multiple tissues and organs, including heart, ske-
letal muscle, liver, and brain for mitochondrial cysteinome redox
characterization (Supplementary Fig. 4a). A globally reductive shift in
the mitochondrial cysteinome was found in all the four tissues of TG
mice (Fig. 2a–e). In particular, 93%, 98%, 98%, and 71% of the redox
status-altered cysteines were switched to more reductive states in the
heart, skeletal muscle, liver, and brain, respectively (Fig. 2a–e and
Supplementary Data 1). Notably, C15 and C42 but not C27 nor C79 of
ROMO1 were consistently detected with augmented ABPP labeling
(Fig. 2a–d), suggesting that C15 and C42 may serve as the redox-
reactive sites under physiological conditions. A technical caveat to this
cysteine redox-status profiling is that protein expression could have
also contributed to altered cysteine labeling. To discriminate between
these two possibilities, we measured protein abundance using LC-MS/
MS and found no correlation between the protein abundance and
cysteine reactivity changes (Supplementary Fig. 4b), indicating that
the cysteine reactivity changes primarily reflect alterations of redox
status of the mitochondrial cysteinome.

Next, we determined possible effects of ROMO1 loss-of-function in
regulating redox modifications of the mitochondrial cysteinome. Pilot
experiment showed that whole-body Romo1 knockout was embry-
onically lethal (Supplementary Fig. 3d), suggesting an essential role of
ROMO1 in mouse embryonic development. We then generated Romo1
cardiomyocyte-specific knockout (cKO) and hepatocyte-specific knock-
out (hKO) mice (Supplementary Fig. 3c, e). In contrast to the reductive
shift in the TG mitochondria, we found an oxidative shift of the mito-
chondrial cysteinome in both cKO heart and hKO liver as compared to
their respective control mice (Fig. 2f–h, Supplementary Fig. 4c and
Supplementary Data 2). In the cKO heart, 224 sites among 310 redox-
altered cysteines displayed oxidative shift, along with lessened ABPP
labeling of ROMO1 C15 and C42 (Fig. 2f, h). Likewise, 83% of the redox-
altered sites showedoxidation in hKO liver (Fig. 2g, h). Togetherwith the
results from TG mice, these data substantiate a role for ROMO1 in con-
trolling the redox status of the mitochondrial cysteinome.

We then defined a ROMO1-protected cysteinome as the cysteines
displaying a reductive shift in theTGmitochondria or anoxidative shift

in theKOmitochondria. It is important to stress thatwedonotmean to
imply that these cysteines necessarily form disulfide bonds with
ROMO1 and the basis for the redox state shift may be indirect. The
mitochondrial proteins showing thiol-protection by ROMO1 permeate
all four mitochondrial sub-compartments, i.e., matrix, IMM, outer
mitochondrial membrane (OMM), and IMS, regardless of tissue types.
Further careful examination revealed that the majority of the ROMO1-
protected cysteine sites were tissue-specific: a total of 2040 cysteine
sites were identified in the four tissues of TG mice, of which 938 sites
were unique to only one tissue, 653 sites were present in two tissues,
383 sites in three tissues and only 66 sites in all tissues examined
(Supplementary Fig. 4d). Similar tissue-specificity was found in the KO
mice (Supplementary Fig. 4d): out of the 402 more oxidized sites,
383 sites were only found in either cKO or hKO mitochondria. These
results suggest that themitochondrial cysteinomes in different tissues
are subjected to tissue-specific redox regulation, likely reflecting
tissue-specificity of mitochondrial redox metabolism. Gene ontology
analysis revealed that the cysteines protected by ROMO1 mapped to
core mitochondrial processes including metabolism, translation,
structural organization and respiratory complex assembly (Fig. 2i).
Notably, most of the mitochondrial ROS-detoxifying enzymes and
small molecular antioxidants examined were unaltered in either
ROMO1 TG or KO mitochondria (Supplementary Fig. 5), except that
TRX2was increased in theheart and liver ofROMO1TGmice, SOD1was
upregulated in the heart of cKO mice, and PRDX5 and GPX4 were
upregulated in liver of hKO mice (Supplementary Fig. 5a–d). All these
results indicate that ROMO1 plays a role in maintaining the reductive
state of the mitochondrial cysteinome.

ROMO1 exerts beneficial effects on multiple mitochondrial
functions
Next, we sought to determine the functional relevance of ROMO1-
mediated thiol-protection on mitochondrial proteins. Interest-
ingly, the respiratory chain complexes constitute a major cate-
gory of putative ROMO1 target proteins, with 69 cysteine sites
being thiol-protected on 29 subunits of respiratory Complexes I-V

Fig. 1 | ROMO1 is able to scavenge ROS and form reversible intermolecular
disulfides, protecting protein cysteines against irreversible oxidations.
a Electron micrographs of mitochondria in HEK293T cells, either untransfected or
stably expressing ROMO1-APEX2 or APEX2-ROMO1 fusion proteins. Note that
APEX2-related dark staining (white arrowheads) was confined to the inner mem-
brane space (IMS), indicating thatboth theN- andC-termini ofROMO1 face the IMS.
Scale bar, 200nm. Images are representative of ≥9 fields of view from 3 indepen-
dent experiments.bROMO1 structure predicted using AlphaFold Protein Structure
Database (AF-P60602-F1) and the human gene sequence. The four cysteine resi-
dues are highlighted in red. Produced with PyMOL (www.pymol.org). c In vitro
H2O2 detoxification assay. Purified human wild type (WT) ROMO1, ROMO1-FLAG,
and mutant ROMO1-FLAG in which four cysteines were converted to serine (4CS),
were used at concentrations ranging from 0 to 2μM, with the addition of 2μM
H2O2. Data are mean ± s.e.m. n = 7, 4, 5 measurements from 3 independent
experiments for 0μM, 1μM, and 2μM ROMO1 (WT), respectively; n = 12, 8, 9, 8, 8
measurements from 3 independent experiments for 0μM, 0.2μM, 0.5μM, 1μM,
and 2μM ROMO1-FLAG (WT), respectively; n = 8, 11, 5, 5, 3 measurements from 3
independent experiments for 0μM, 0.2μM, 0.5μM, 1μM, and 2μM ROMO1-FLAG
(4CS), respectively. Note that ROMO1 and ROMO1-FLAG show similar H2O2

detoxifying activity.dKinetic analysis of GSH-reducing system-mediated reduction
of pre-oxidized ROMO1-FLAG. The reduction of pre-oxidized ROMO1-FLAG was
assessed using a coupled spectrophotometric assay. The inset shows a plot of the
initial NADPH consumption rates against different concentrations of pre-oxidized
ROMO1-FLAG. A rate constant (k = 2.0 × 103M-1s-1) was determined. Data are mean ±
s.d. n = 3, 3, 5, 3, 3, 3 measurements from 3 independent experiments for 0μM,
0.5μM, 1μM, 5μM, 7.5μM, and 10μM pre-oxidized ROMO1-FLAG, respectively.
e Kinetic analysis of TRX2-reducing system-mediated reduction of pre-oxidized
ROMO1-FLAG using coupled spectrophotometric assay. The inset shows a plot of
initial NADPH rates against different concentrations of pre-oxidized ROMO1-FLAG.

Apparent Km (Km, app = 9.8 × 10-6M) and apparent Vmax (Vmax, app = 653 nM-1min-1)
were determined. Data are mean ± s.d. n = 3 measurements from 3 independent
experiments for different concentrations of pre-oxidized ROMO1-FLAG. f Non-
reducing SDS-PAGE analysis for disulfide-bonded homodimer formation of ROMO1
and its sensitivity to TRX2- and GSH-reducing systems. ROMO1-FLAG protein was
pre-oxidized with 10 µM H2O2. The ROMO1-FLAG homodimer is indicated by the
red asterisk. GR, glutathione reductase. TrxR, thioredoxin reductase. Coomassie
brilliant blue (CBB) R-250 staining was used. g Changes of aconitase activity in
young WT and TG cardiac or liver mitochondria following H2O2 treatment. Heart
and liver mitochondria were exposed to 50 and 200μM H2O2, respectively. Data
are mean ± s.e.m. For heart mitochondria, n = 8 mice (4M 4 F) in WT-Basal, n = 6
mice (3M 3 F) in TG-Basal, n = 6 mice (3M 3 F) in WT-H2O2, n = 5 mice (2M 3 F) in
TG-H2O2; for liver mitochondria, n = 6 mice (3M 3 F) in WT-Basal, n = 6 mice (3M
3 F) in TG-Basal, n = 6mice (3M 3 F) inWT-H2O2, n = 7mice (4M 3 F) in TG-H2O2. 3-
month-oldWT and TGmice were used. h Anti-ROMO1 western blots showing DTT-
sensitive high molecular weight complexes in neonatal rat cardiomyocytes. Note
that their formation was promoted by ROMO1-FLAG overexpression and H2O2

treatment (200μM). Anti-ATP5B served as the internal control. i In vitro inter-
molecular disulfide formation assay using purifiedROMO1-FLAGand SDHcomplex.
SDHA and ROMO1 formed a complex (red asterisk) after 100μM H2O2 treatment,
which was sensitive to DTT (10mM). CBB staining was used. j Reduction of the
intermolecular disulfide between ROMO1 and SDHA by TRX2- and GSH-reducing
systems. Red asterisk indicates the ROMO1-SDHA complex. CBB staining was used.
kOverexpressing ROMO1-FLAG alleviated S-sulfinic levels induced by 200μMH2O2

treatment in neonatal rat cardiomyocytes. A diazene-based alkyne probe was used
to labelS-sulfinylatedproteins. CBBstaining served as the internal control.Data in f,
h–k are representative of three independent experiments. In g, two-way ANOVA
with Tukey’s multiple comparisons test was used. *p <0.05, ***p <0.001. Source
data are provided as a Source Data file.
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Fig. 2 | ROMO1 promotes reductive shift of the redox landscape of the mito-
chondrial cysteinome. a–d Distributions of the averaged TG/WT activity-based
protein profiling ratios of the mitochondrial cysteinome in the heart (a), liver (b),
skeletalmuscle (SKM) (c), andbrain (d).Mitochondrial proteomewascuratedusing
MitoCarta 3.0. Blue, gray, and red dots indicate reduced (Log2R(TG/WT)≥0.58),
unchanged (-0.58<Log2R(TG/WT) < 0.58), and oxidized (Log2R(TG/WT)≤ -0.58)
cysteine sites in the TG mitochondria, respectively. Note that C15 and C42 were
detected in the four tissues (highlighted). Inset pie charts show sub-mitochondrial
distributions of the proteins with reduced cysteine residues. OMM, outer mito-
chondrial membrane; IMM, inner mitochondrial membrane. n = 3-4 independent
biological replicates from 6-8 youngmice (3-month-old) for each tissue (2M 4 F for
liver; 4M 4 F for heart, SKM, and brain). eNumbers of cysteine siteswith or without

altered redox status in TG mice as shown in (a–d). f, g As in (a–d), except that the
mitochondrial cysteinome redox changes were measured in the heart of
cardiomyocyte-specific Romo1 knockout (cKO) mice (f) or in the liver of
hepatocyte-specific Romo1 knockout (hKO) mice (g), along with their respective
control groups. n = 4 independent biological replicates from 8 mice (4M 4 F for
each group). 3-month-old mice were used. Note that C15 and C42 of ROMO1 were
detected in the cKO group. h Numbers of cysteine sites with or without altered
redox status in KO mice as shown in (f, g). i Gene ontology analysis of the mito-
chondrial proteins with reduced and oxidized cysteines in the tissues of TG and KO
mice, respectively. The top 5 hits in each tissue are shown. Sourcedata areprovided
as a Source Data file.
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(Supplementary Fig. 6a). Functionally, both ATP-coupled and
maximal respiratory rates were augmented in TG, but decreased
in cKO heart mitochondria (Fig. 3a and Supplementary Fig. 6b, c).
Similar results were also found in the primary hepatocytes, i.e.,
TG cells exhibited enhanced maximal respiratory rate but the
opposite result was found in hKO cells (Fig. 3b and Supplemen-
tary Fig. 6d, e). Regardless of the rate of mitochondrial respira-
tion, none of the subunits of Complexes I-V examined was
affected at the protein level in the heart and liver of either TG or
KO mice (Supplementary Fig. 6f, g). These results indicate that
ROMO1 upregulation induces thiol reduction of respiratory chain
subunits and promotes mitochondrial respiration.

Mitochondrial permeability transition pore (mPTP), also known as
a megachannel, is thought to undergo prolonged openings under
oxidative stress or Ca2+ overload conditions, resulting inmitochondrial
swelling and energetic impairment that eventually lead to cell
death38,39. Although its exact molecular identity is still in debate40, a
number of candidate components or regulators have been identified,
including ANT41,42, cyclophilin D43–46, and more recently, ATP
synthase47,48. A substantial number of cysteines on this group of pro-
teins were identified as thiol-protected sites of ROMO1 (Supplemen-
tary Fig. 6h, i). We therefore explored possible effects of ROMO1 on
Ca2+ overload-induced mPTP opening by the assay of mitochondrial
Ca2+ retention capacity (CRC). The TG mitochondria from heart, or
liver, or skeletal muscle all exhibited augmented CRC (Fig. 3c, e and
Supplementary Fig. 6j), indicating retardment of mPTP opening. In
contrast, both cKO and hKO mitochondria displayed exacerbated
mPTP opening reflected by diminished CRC (Fig. 3d, f). In parallel
experiments, we assessed the effect of ROMO1 on mPTP opening
induced by oxidative stress in cardiomyocytes. Application of 100 μM
H2O2 caused sudden and synchronous loss of mitochondrial mem-
brane potential (ΔΨm) (Fig. 3g, h) and cyclosporin A (CsA) significantly
delayed the onset of ΔΨm loss (Supplementary Fig. 6k). Clearly,
ROMO1 upregulation protected the cardiomyocytes against mPTP
opening upon oxidative stress, the opposite was found with ROMO1
loss (Fig. 3g, h). Thus, ROMO1 upregulation also confers greater
robustness for mitochondria to resist against various stresses.

Further, we investigated the effects of altering ROMO1
expression on mitochondrial Ca2+ uptake. Our ABPP labeling
revealed that MCU, the core channel portion of the mitochondrial
Ca2+ uniporter holocomplex49,50, harbored two ROMO1-protected
thiols, C96 and C190, in addition to C65 which was not detected
in this assay (Fig. 4a). As compared to WT hearts, the rate of
mitochondrial Ca2+ uptake was markedly elevated in TG hearts,
but decelerated in cKO hearts (Fig. 4b, c, f). Similar bidirectional
regulation of mitochondrial Ca2+ uniport by ROMO1 was also
demonstrated in the liver mitochondria from TG and hKO mice
(Fig. 4d–f). These changes may reflect an alteration of MCU
activity because neither TG heart nor TG liver nor cKO heart or
hKO liver displayed any changes in protein abundance of the
uniporter holocomplex subunits, including MCU and MICU1
(Supplementary Fig. 7a, b). We speculate that ROMO1 may pro-
mote mitochondrial Ca2+ uptake in association with the reduction
of MCU C96 and C190.

Indispensable role of C15 and C42 for ROMO1-mediated thiol
protection
Further, we delineated which cysteine or cysteines of ROMO1 are
functionally required for its role in thiol-protection by generating
ROMO1mutantswith one of the four cysteines converted to serine.We
first found that H2O2-induced formation of disulfide-bonded homo-
dimer was abolished in either purified C15S or C42S ROMO1 mutant,
however, C27S and C79S mutants exhibited comparable homodimer
formationwithWTROMO1 (Fig. 5a). Consistent with this, C15S or C42S
mutation rendered it ineffective in promoting the formation of DTT-

sensitive inter-disulfides, whereas C27S or C79Smutation only showed
mild effect (Fig. 5b). Further, as compared toWTROMO1,C27SorC79S
mutant remained equally effective in preventing ROS-induced thiol
sulfinic oxidation, whereas either C15S or C42S mutation largely
blunted this anti-sulfinylation effect (Fig. 5c). To more stringently test
the requirement of C15 or C42 for ROMO1 in thiol-protection of the
mitochondrial cysteinome, we generated cardiomyocyte-specific C15S
or C42S knockin (cKI) mouse models (Supplementary Fig. 7c), which
showed comparable expression level of mutant ROMO1 asWT ROMO1
in the control heart (Fig. 5d). Both the C15S and C42S cKI hearts dis-
played a dramatic oxidation shift of the mitochondrial cysteinome
evidenced by robust amelioration of iodoacetamide (IA)-alkyne label-
ing for reductive thiols (Fig. 5d).

Functionally, we showed that C15 and C42 appeared to be obli-
gatory, while C27 and C79 being dispensable, for ROMO1 inhibition of
oxidative stress-induced mPTP opening (Fig. 5e) and subsequent cell
death indicated by lactate dehydrogenase release (Fig. 5f). In addition,
the requirement for C15 and C42 was substantiated by the different
impacts of ROMO1 mutants on mitochondrial Ca2+ uptake: C27S or
C79S mutant increased mitochondrial Ca2+ uptake to an extent com-
parable to that byWTROMO1, but either C15SorC42Smutant failed to
augment mitochondrial Ca2+ uptake (Fig. 5g, h). Similar cytosolic Ca2+

transients were detected in all groups upon histamine stimulation,
irrespective expression of ROMO1 and its mutants (Supplementary
Fig. 7d). Thus, C15 and C42 are functionally essential sites for ROMO1
to play its thiol-protective role in mitochondria.

ROMO1 upregulation reverses oxidative shift of the mitochon-
drial cysteinome and retards functional decline during aging
It has been shown that mitochondrial functions progressively
deteriorate in association with increased ROS production and
impaired ROS detoxification in aging51,52. However, the aging-
associated alterations of mitochondrial proteomic redox land-
scape remain unclear. By exploiting the ABPP analysis to profile
redox changes of the mitochondrial cysteinome, we revealed a
prominent and consistent oxidative shift in multiple organs and
tissues (heart, skeletal muscle, liver and brain) in old mice
(25 months old) comparing to young mice (3 months old)
(Fig. 6a–d, Supplementary Fig. 8a and Supplementary Data 3).
Specifically, 65%, 69%, 76%, and 87% of the redox-altered cysteine
sites were switched to more oxidized states in the old heart,
skeletal muscle, liver and brain, respectively (Fig. 6a–d). In line
with oxidative shift of the mitochondrial cysteinome, the protein
level of ROMO1 was largely decreased in all the old tissues of WT
mice (Supplementary Fig. 10a, b). By measuring mitochondrial
aconitase activity, we showed that ROMO1 overexpression not
only significantly diminished H2O2-induced inactivation of aco-
nitase but also enhanced aconitase activity under basal condition
in the aged mice (Supplementary Fig. 10c). One possible expla-
nation for this is the idea that ROMO1 contributes to detoxifica-
tion of aging-associated ROS. ROMO1 upregulation effectively
prevented such an oxidative shift of the mitochondrial cystei-
nome during aging irrespective of organs and tissues involved
(Fig. 6e–h, Supplementary Fig. 8b and Supplementary Data 3).
The vast majority of the oxidized cysteines in old WT mice, i.e.,
89% in the heart, 87% in the skeletal muscle, 86% in the liver and
81% in the brain, were reversed to a more reductive state in the
old TG mice (Fig. 6i–l). Moreover, a big part of the ROMO1-
protected thiols in the old TG mice were reverted to a similar or
even more reductive state compared with those in young WT
mice (Supplementary Fig 8c-f). Once again, the aging-associated
oxidation landscape of the mitochondrial cysteinome appeared
to be highly tissue-specific (Supplementary Fig 8g), suggestive of
tissue-specificity of mitochondrial functional changes during
aging process. More interestingly, among those that were
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Fig. 3 | Upregulation and ablation of ROMO1 bidirectionally regulate mito-
chondrial respiration and mPTP opening. a Altered oxygen consumption rate
(OCR) of heart mitochondria from TG and cKO mice. Glutamate and malate were
used as substrates. 250 µM ADP, 4 µM oligomycin (Oligo), 4 µM FCCP, and 2 µM
antimycinA (AA)were added sequentially as indicated by the arrows. Data aremean
± s.e.m. n = 11measurements from3WTmice,n = 17measurements from3TGmice,
n = 9 measurements from 3 Control mice, n = 5 measurements from 3 cKOmice. 3-
month-oldmale mice were used. min, minute. bOCR changes of hepatocytes from
TG and hKO mice. Glucose and pyruvate were used as substrates. 1 µM Oligo, 1 µM
FCCP, and 1 µM rotenone (Rot)/AA were added sequentially as indicated by the
arrows. Data are mean ± s.e.m. n = 4 measurements from 3 WT mice, n = 4 mea-
surements from 3 TG mice, n = 9 measurements from 3 Control mice, n = 9 mea-
surements from 3 hKO mice. 3-month-old male mice were used. c–f Opposite
effects of ROMO1 upregulation and ablation on Ca2+ retention capacity (CRC) of

heart and livermitochondria. Left panels: Representative traces of the CRC assay as
indicated by Fluo-5N fluorescence changes. Right panels: Quantifications of mito-
chondrial CRC. Data are mean ± s.e.m. In (c), n = 5 WT mice, n = 4 TG mice; in (d),
n = 6 Control mice, n = 6 cKOmice; in (e), n = 4WTmice, n = 4 TGmice; in (f), n = 4
Control mice, n = 6 hKO mice. 3-month-old male mice were used. AU, arbitrary
units. s, second. g Representative confocal images of TMRM fluorescence in iso-
lated mouse cardiomyocytes after 100μM H2O2 treatment. mPTP opening was
indicated by an irreversible loss of TMRM-reported ΔΨm. Scale bars, 50 μm.
hQuantifications of latency ofmPTP opening indicated byΔΨm loss in response to
H2O2 treatment inTGand cKOcardiomyocytes. Data aremean± s.e.m.n = 25 dishes
from 4 WT mice, n = 28 dishes from 4 TG mice, n = 29 dishes from 3 Control mice,
n = 27 dishes from 5 cKO mice. 3-month-old male mice were used. In a–f, h, two-
tailed unpaired Student’s t-test with Welch’s correction was used. *p <0.05,
**p <0.01, ***p <0.001. Source data are provided as a Source Data file.
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selectively oxidized in old mice and reductively protected by
ROMO1, we applied disease network analysis and identified mul-
tiple protein drivers of a series of aging-associated diseases in a
particular organ (Supplementary Fig. 9). For example, the drivers
of heart failure in the heart (Supplementary Fig. 9b), of myopathy
in the skeletal muscle (Supplementary Fig. 9d), of steatohepatitis
in the liver (Supplementary Fig. 9f), and of neurodegenerative
disorders in the brain (Supplementary Fig. 9h) were coordinately
oxidized in old mice, but ROMO1 upregulation effectively pro-
tected them from such aging-associated oxidations. These results
suggest that ROMO1 counteracts oxidations of the mitochondrial
cysteinome in aging, particularly the subgroups of protein drivers
underlying aging-related pathologies in specific organs.

In light of this finding, we further examined functional impacts of
ROMO1-mediated thiol-protection in aging. In the heart, ROMO1
upregulation reversed the age-associateddecline of cardiac contractile
function indexed by ejection fraction and fractional shortening
(Fig. 7a, b),with no sign of cardiac hypertrophy atold versus young age
groups in either WT or TG mice (Supplementary Fig. 10d). In the ske-
letal muscle, the grip strength decline and muscle atrophy, which are
hallmarks of skeletal muscle aging53, occurred in WT mice, but were

greatly attenuated in the TG mice (Fig. 7c–e and Supplementary
Fig. 10e). The liver damagemarkers, including elevated levels of serum
aspartate aminotransferase (AST), alanine aminotransferase (ALT) and
lowdensity lipoprotein (LDL)were evident in oldWTmice, but all were
largely repressed in old TG mice (Fig. 7f–h). The serum cholesterol
showed a trend of decrease in the old TG mice (Fig. 7i) and other
parameters examined, including ratios of liver weight to body weight,
serum high density lipoprotein (HDL), blood glucose and serum tri-
glycerides, displayed no significant changes betweenWT and TGmice
at both young and old ages (Supplementary Fig. 10f–i). Ameliorated
aging-associated inflammation in the old TG mice was also evidenced
by decreased numbers of blood monocytes (Fig. 7j) and neutrophils
(Fig. 7k) and lower level of circulating interleukin-6 (Fig. 7l). All these
results indicate that ROMO1 upregulation markedly retards function
declines of multiple organs during aging in association with reversing
organ-specific mitochondrial cysteinome oxidations.

Discussion
In this study, we leveraged on ABPP analysis of enriched mitochondria
to comprehensively profile redox modifications of the mitochondrial
cysteinome inmultiplemouse tissues (heart, skeletalmuscle, liver, and

Fig. 4 | Opposite effects ofROMO1upregulation and ablationonmitochondrial
Ca2+ uptake. a Heat map of the activity-based protein profiling ratios of TG/WT at
MCU C96 and C190 in different mouse tissues. n = 3-4 independent biological
replicates from 6-8 youngmice (3-month-old) for each tissue (2M 4 F for liver; 4M
4 F for heart and skeletalmuscle (SKM)). Darker blue indicates amore reduced state
of the cysteine sites in TG compared to WT. b–e Representative traces of mito-
chondrial Ca2+ uptake responding to 20μM Ca2+ in heart or liver mitochondria
isolated from TG or cKO or hKO mice and their respective control mice. Ru360,
MCU inhibitor; FCCP, uncoupler of oxidative phosphorylation. In d and e, enlarged
view of the boxed regions are shown to the right. AU, arbitrary units. s, second.

f Averaged data of mitochondrial Ca2+ uptake rate (1/τ, where τ is the respective
time constant of extra-mitochondrial Ca2+ decay). Data are mean ± s.e.m. For heart
mitochondria, n = 3measurements from3WTmice,n = 4measurements from 3 TG
mice, n = 12 measurements from 5 Control mice, n = 4 measurements from 4 cKO
mice; for liver mitochondria, n = 6 measurements from 3 WT mice, n = 6 mea-
surements from 3 TG mice, n = 4 measurements from 4 Control mice, n = 3 mea-
surements from 3 hKO mice. 3-month-old male mice were used. In f, two-tailed
unpaired Student’s t-test with Welch’s correction was used. *p <0.05, **p <0.01.
Source data are provided as a Source Data file.
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brain). Using the TG and tissue-specific KO mouse models, we
demonstrated that the IMM small protein ROMO1 plays a role in con-
trolling redox status of the mitochondrial cysteinome, exerting bene-
ficial effects on multiple mitochondrial functions. Moreover, we

profiled aging-associated redox landscape changes of the mitochon-
drial cysteinome in multiple tissues, and importantly, revealed that
ROMO1 counteracts the mitochondrial cysteinome oxidations and
retards functional decline of organs during aging.

Fig. 5 | C15 and C42 are functionally essential for ROMO1-mediated thiol-pro-
tection. a Non-reducing SDS-PAGE analysis for disulfide-bonded homodimer for-
mation of WT and mutant ROMO1. Purified human WT or mutant ROMO1-FLAG
protein was oxidized with 10 µM H2O2. CBB staining was used. b Anti-ROMO1
western blots showing formation of DTT-sensitive high molecular weight com-
plexes in neonatal rat cardiomyocytes overexpressing WT or C15S, C27S, C42S, or
C79S mutant ROMO1. Anti-ATP5A served as the internal control. c S-sulfinic oxi-
dation levels induced by 200μM H2O2 treatment in neonatal rat cardiomyocytes
overexpressing WT, or C15S, C27S, C42S, or C79S mutant ROMO1. CBB staining
served as the internal control. d Iodoacetamide-alkyne labeling showing elevated
oxidation of themitochondrial cysteinome in the C15Sor C42S conditional knockin
hearts (C15S cKI or C42S cKI). The reactive thiols of the mitochondrial cysteinome
were labeled with iodoacetamide-alkyne and then reacted with azide-biotin tag via
click chemistry. CBB staining served as the internal control. e, f Effects of WT or
mutant ROMO1 overexpression (OE) on protecting against oxidative stress (1mM
H2O2 treatment) induced mPTP opening (e) and cell death (f) in adult rat cardio-
myocytes. mPTPopeningwas indicated byΔΨm loss and cell death was assessed by
lactate dehydrogenase (LDH) release. Data aremean± s.e.m. In e,n = 59dishes from

5 independent experiments for Control, n = 20 dishes from 5 independent experi-
ments forWTOE,n = 25 dishes from5 independent experiments for C15SOE,n = 30
dishes from 5 independent experiments for C27S OE, n = 24 dishes from 5 inde-
pendent experiments for C42S OE, n = 30 dishes from 5 independent experiments
for C79S OE. In f, n = 20 measurements from 5 independent experiments for
Control, n = 5 measurements from 5 independent experiments for WT, C15S, C27S,
C42S, and C79S OE. g Representative western blots showing comparable expres-
sion of WT and C15S, C27S, C42S, or C79Smutant ROMO1-FLAG in HeLa cells. Anti-
ATP5B served as the internal control. h Effects of overexpressing WT or mutant
ROMO1 on mitochondrial Ca2+ uptake induced by 100 µM histamine stimulation in
HeLa cells. Data aremean± s.e.m.n = 12 dishes from3 independent experiments for
Control,n = 15dishes from3 independent experiments forWTOE,n = 6dishes from
3 independent experiments for C15S OE, n = 5 dishes from 3 independent experi-
ments for C27S OE, n = 10 dishes from 3 independent experiments for C42S OE,
n = 5 dishes from 3 independent experiments for C79S OE. Data in a–d, g are
representative of three independent experiments. In e, f, h, two-tailed unpaired
Student’s t-test withWelch’s correction was used. *p <0.05, **p <0.01, ***p <0.001;
ns, no significance. Source data are provided as a Source Data file.
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We demonstrate that ROMO1, as a small, ubiquitous, and IMM-
delimited protein effectively protects the mitochondrial cysteinome
from oxidations. The ROMO1 redox-protected mitochondrial proteins
permeate OMM, IMS, and IMMaswell as thematrix. We speculate that
ROMO1 protects its target protein thiols through dual mechanisms of
action. On one hand, ROMO1 may directly detoxify ROS, thereby
enabling it to protect a wide-spectrum of mitochondrial proteins
which are extensively distributed in different mitochondrial com-
partments. On the other hand, ROMO1 may preemptively form rever-
sible intermolecular disulfides with its oxidized target proteins to
prevent their deleterious oxidations.

We suggest that mitochondrial GSH- and TRX2-reducing systems
could participate in the recycling of reactive thiols of both ROMO1 and
its target cysteines which form intermolecular disulfide with it. We
pinpointed ROMO1 C15 and C42 as functionally essential sites for its
thiol-protection and functional phenotypes. Mutation of either, but
not C27 and C79, disabled ROMO1 in protecting functional thiols and
the resultant beneficial impacts including inhibiting mPTP opening
and augmenting mitochondrial Ca2+ uptake activity.

Our in vitro assay shows that purified ROMO1 detoxifies H2O2

with a relatively low rate constant, which is significantly slower than
the canonical peroxide-degrading enzymes. But the isolated

Fig. 6 | ROMO1 upregulation reverses aging-associated oxidations of the
mitochondrial cysteinome inmultiple organs. a–dDistributions of the averaged
activity-based protein profiling ratios of Old(WT)/Young(WT) of the mitochondrial
cysteinome in the heart (a), skeletal muscle (SKM) (b), liver (c) and brain (d). Blue,
gray, and red dots indicate the reduced (Log2R(old/young)≥0.58), unchanged
(-0.58<Log2R(old/young)<0.58), and oxidized (Log2R(old/young)≤-0.58) cysteine sites in
the oldWTmitochondria, respectively. Insets shownumbers of cysteine sites being
reduced (Re), unchanged (Un), and oxidized (Ox). n = 4 independent experiments

from 8 mice for each tissue (4M 4 F for each group). 3-month-old (young) and 25-
month-old (old) WTmice were used. e–h, As in (a–d), except the averaged activity-
based protein profiling ratios were Log2R(TGold/WTold). n = 4 independent experi-
ments from 8 mice for each tissue (4M 4 F for each group). 25-month-old WT and
TG mice were used. i–l Venn diagram showing the overlap between the oxidized
cysteine sites during aging in WT tissues (Log2R(Old/Young)WT ≤ -0.58) and the
reduced cysteine sites by ROMO1 upregulation in aged tissues (Log2R(TG/WT)

old ≥0.58). Source data are provided as a Source Data file.
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mitochondrial data reveal that overexpression of ROMO1 effectively
eliminates H2O2 in situ. We speculate that this biological significance
might be attributed to a high local concentration of ROMO1 in IMM,
given that H2O2 elimination capacity depends on both the rate con-
stant and antioxidant concentration. Since IMM is the primary site of
mitochondrial ROS production by electron transfer chain, such IMM-
localized enrichment may also enable ROMO1 to detoxify ROS
wherein they are produced. Further, the recycling systems, such as
GSH- and TRX2-reducing systems, may sustain high local abundance
of reactive ROMO1 in IMM by effectively reducing oxidized
ROMO1 back.

An alternative explanation is that ROMO1 may have indirect
effects on mitochondrial ROS. It has previously been reported that
ROMO1 is required for mitochondrial fusion and normal cristae
morphology28. It is possible that differences in ROS accumulation and
cysteine oxidation. At this stage we cannot distinguish between direct
effects of ROMO1 (i.e. formingdisulfidebondswith target proteins and
direct detoxification of ROS) and indirect effects due to changes in
mitochondrial morphology or function.

By further profiling the redox landscape of the mitochondrial
cysteinome in tissues from old animals, we showed a dramatic oxida-
tive shift of the mitochondrial cysteinome in line with the decreased
expression of ROMO1. ROMO1 upregulation not only shifted the
mitochondrial cysteinome to a reductive state in young tissues, but
also reversed its aging-associated shift toward oxidation. This result
provides direct evidence supporting the prevailing hypothesis that
accumulated oxidations might happen on the proteome due to
increased ROS in aging11,54,55. Notably, a number of tissue-specific and
aging-related disease driver proteins were identified to be selectively
oxidized in the old mice, suggesting a possible link between oxidative
modifications of these mitochondrial proteins and aging-associated
functional declines in a given organ. This idea is substantiated by the
finding that ROMO1 upregulation counteracts oxidations of these
disease driver proteins and, more importantly, systematically pre-
vented aging-associated functional declines of organs examined
(heart, skeletal muscle and liver). These results are consistent
with that oxidative damage contributes to many aging-associated
pathologies55,56.

Fig. 7 | ROMO1 upregulation retards functional decline of multiple organs
during aging. a, b Echocardiographic analysis of heart functions in WT and TG
mice at the age of 3, 15, and 22 months (m). EF, injectional fraction; FS, fractional
shortening. Data aremean ± s.e.m. In a, for 3-month oldmice, n = 12 (6M6 F) inWT
andn = 13 (7M6 F) inTG; for 15-montholdmice,n = 8 (4M4 F) inWTandn = 11 (7M
4 F) in TG; for 22-month old mice, n = 5 (3M 2 F) in WT and n = 5 (3M 2 F) in TG. In
b, for 3-month old mice, n = 12 (6M 6 F) in WT and n = 13 (7M 6 F) in TG; for 15-
month old mice, n = 8 (4M 4 F) in WT and n = 8 (5M 3 F) in TG; for 22-month old
mice, n = 5 (3M 2 F) in WT and n = 5 (3M 2 F) in TG. c Relative changes of grip
strength of WT and TG male mice at different ages. Data are mean ± s.e.m. For 5-
month-old mice, n = 12 in WT and n = 15 in TG; for 9-month-old mice, n = 12 in WT
and n = 12 in TG; for 12-month-oldmice, n = 10 inWT and n = 11 in TG; for 24-month-
oldmice,n = 7 inWTandn = 9 in TG.dAttenuatedgastrocnemiusmuscle loss in old
TGmice. Data are mean ± s.e.m. For 3-month-old mice, n = 5 in WT and n = 5 in TG;
for 25-month-oldmice, n = 10 inWTandn = 8 inTG.Malemicewere used. BW, body
weight; mg, milligram; g, gram. e Cross-sectional area (CSA) analysis of

gastrocnemius muscle fiber in 3-month and 25-month-old WT and TG mice. Data
are mean ± s.e.m. For 3-month-old mice, n = 3 in WT and n = 3 in TG; for 25-month-
old mice, n = 6 in WT and n = 3 in TG. Male mice were used. f–i Analysis of serum
biomarkers in young and old WT and TG mice. AST, aspartate aminotransferase;
ALT, alanine aminotransferase; LDL, low-density lipoprotein. Data aremean± s.e.m.
In f, n = 8WT and n = 8 TG 3-month-oldmice; n = 12WT and n = 11 TG 25-month-old
mice. Ing andh,n = 8WTandn = 8TG3-month-oldmice;n = 11WTandn = 11TG25-
month-oldmice. In i, n = 8WT and n = 8 TG 3-month-oldmice; n = 13WT and n = 10
TG 25-month-old mice. Male mice were used. j-l, Number of blood monocytes (j)
and neutrophils (k) and circulating interleukin-6 (IL-6) level (l) in young and oldWT
and TG mice. Data are mean ± s.e.m. In j, k, n = 18 WT and n = 18 TG 3-month-old
mice; n = 6 WT and n = 10 TG 25-month-old mice. In l, n = 8 WT and n = 8 TG 3-
month-oldmice; n = 8WT and n = 7 TG 25-month-oldmice.Malemicewere used. In
a–c, two-tailed unpaired Student’s t-test with Welch’s correction was used; in
d–l, two-way ANOVA with Tukey’s multiple comparisons test was used. *p <0.05,
**p <0.01, ***p <0.001. Source data are provided as a Source Data file.
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At the organelle level, we demonstrated that themitochondria with
amore reductive cysteinomeoperatemore efficiently andbecomemore
robust in stressful conditions. We showed that thiol-protection by
ROMO1 exerted beneficial effects on all aspects of mitochondrial func-
tions examined, including enhancing energy metabolism, inhibiting
membrane permeability transition, and promoting mitochondrial Ca2+

uniport. Given that the respiratory chain is the primary site of both ATP
production and ROS generation12,57, it is critical and challenging for the
respiratory complexes to avoid ROS attacks during energy metabolism.
In this regard, ROMO1 protects 69 cysteine sites on 29 subunits of
Complexes I-V, and accordingly, mitochondrial respiration is largely
enhanced by ROMO1 upregulation and repressed by ROMO1 ablation.
ROMO1hasbeen implicated in affectingROSproductionwithconflicting
results reported indifferent cells21–28. Thediscrepancy inROSproduction
could be attributable to the variety in ROS metabolism for different cell
types. Considering the thiol-protection of respiratory chain complex
subunits by ROMO1, it is also likely that these contradictory effects on
ROSproductionmight be due to that altering ROMO1 expression affects
the redox state of disparate cysteine sites in different cells.

The beneficial impact of ROMO1 thiol-protection was also exem-
plified by inhibition of mPTP opening induced by either Ca2+ overload
or oxidative stress. In consistent with the dependence of C15 and C42
rather than C27 or C79 for ROMO1 thiol-protection, these two cysteine
sites are required for suppression of mPTP activity by ROMO1.
Although the molecular identities of mPTP are still in debate40, our
results suggest ROMO1 as a strong negative regulator of mPTP open-
ing, and underscore the importanceof altering cysteine redox states in
regulatingmPTP activity. SincemPTP opening is involved in a plethora
of pathological events such as ischemic injuries in the heart and
brain58, that ROMO1 inhibits mPTP activity affords a new insight for
retarding such desperate mitochondrial damages.

The ABPP analysis used in the current study provides an overall
redox modification profile of the mitochondrial cysteinome, but with
some technical limitations. It can neither quantify the extent to which a
cysteine site is oxidized nor discriminate the cysteine modification
types. Recently, Xiao and Jedrychowski et al. developed an Oximouse
approach to quantitatively assess the aggregatemodification state of all
the reversible cysteine modifications of the whole-tissue proteome59.
Future investigations that combine these complementary approaches
might provide quantitative and oxidation type-specific analyses of the
redox landscape of the mitochondrial cysteinome in diverse physiolo-
gical and pathological conditions.

In summary, our findings underscore the importance of ROMO1,
an IMM-delimited small protein, in protecting the mitochondrial
cysteinome against oxidations. A series of questions remain to be
answered, e.g., how ROMO1 expression is regulated under physiolo-
gical and pathological conditions, how ROMO1 mutations are corre-
lated with human diseases, and whether ROMO1 can react with
different types of ROS. Nonetheless, it is tempting to speculate that, by
reinforcing or mimicking ROMO1 thiol-protection, it might provide a
strategy for treating oxidative stress-related pathologies and extend-
ing healthspan and lifespan.

Methods
Animal study approval
All experiments involving animals conformed to the rules of the
Association for Assessment and Accreditation of Laboratory Animal
Care (AAALAC) and the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH Pub-
lication eighth edition, update 2011). All procedures were approved by
the Animal Care Committee of Peking University (IMM-ChengHP-1, 14)
and PKU-Nanjing Institute of Translational Medicine (IACUC-2021-
023). All mice were housed in a temperature-controlled (20-22 °C) and
specific pathogen-free animal facility, 3-5 per cage, and maintained on
a 12-h light/dark cycle, with water and food available ad libitum.

Generation of Romo1 pan-tissue transgenic mouse model
The mouse Romo1 cDNA sequence (NM_025946) was cloned into the
pUCCAGGS plasmid downstreamof the chicken β-actin promoter. The
construct was linearized with SalI and StuI to release the transgenic
cassette. After sequencing confirmation, the purified fragment was
microinjected into fertilized eggs of C57BL/6 J mice (JAX stock
000664). Three lines were initially constructed and analyzed, and a
single line was subsequently used for experiments. Genotypes of
transgenic offspring were confirmed by polymerase chain reaction
(PCR) using tail DNA. Mouse PCR primer sequences are provided in
Supplementary Data 4.

Generation of Romo1 knockout mouse models
Floxed Romo1 mice were generated by standard techniques using a
targeting vector containing a neomycin resistance cassette flanked by
FRT sites. Briefly, exon 2 of the Romo1 gene was inserted into two
flanking loxP sites. After electroporation of the targeting vector into
embryonic stem (ES) cells v6.5 (C57BL/6×129S4/SvJae F1), G418-
resistant ES cells were screened for homologous recombination by
Southern blot. Heterozygous ES clones were identified and micro-
injected into blastocysts of C57BL/6 J mice to generate heterozygous
germline-transmitted floxed mice (Romo1f/+). Homozygous Romo1-
floxed mice (Romo1f/f) were obtained by inbreeding the Romo1f/+ mice.

To generate global Romo1 knockouts, Romo1f/f mice were crossed
with Prm-Cre transgenic mice (129S/Sv-Tg(Prm-Cre)58Og/J, JAX stock
003328), in which Cre recombinase is expressed in the male germ line
under the control of the protamine 1 promoter, to get Romo1+/- mice.
And the heterozygous knockouts were intercrossed to generate
homozygous Romo1-/- mice. PCR was performed to confirm the geno-
types. Mouse PCR primer sequences are provided in Supplemen-
tary Data 4.

Cardiomyocyte-specific Romo1 knockout mice were generated as
previously described60. Briefly, mice homozygous for floxed Romo1
allele were crossed with MLC2v-Cre transgenic mice, in which the Cre
recombinase is placed under the promoter of themyosin light chain 2v
which is specifically expressed in ventricular cardiomyocytes61,62. The
resulting double heterozygous MLC2v-Cre+/Romo1f/+ mice were then
backcrossed with Romo1f/f mice to generate MLC2v-Cre+/Romo1f/f

cardiomyocyte-specific Romo1 knockouts and MLC2v-Cre-/Romo1f/f

littermate controls. Genotyping was performed by PCR analysis of tail
DNA using Cre-specific primers and primers spanning intron 1 and
exon 2 of the Romo1 gene. Mouse PCR primer sequences are provided
in Supplementary Data 4.

Hepatocyte-specific Romo1 knockout mice were generated by
inducing Cre recombinase expression under the control of the pro-
moter of thyroxine binding globulin (TBG) which is exclusively
expressed in the hepatocytes63,64. Briefly, 5-7 weeks old Romo1f/f mice
were injected with adeno-associated virus (AAV) via tail intravenous
administration (AAV8-TBG-GFP for control and AAV8-TBG-Cre for
knockout). AAVs were injected with 1×1011 vector genomes per mouse
at least 2 weeks before the experiments. ROMO1 depletion was con-
firmed by immunoblotting.

Generation of cardiomyocyte-specific Romo1 C15S or C42S
knockin mouse models
cDNA encoding mouse Romo1(C15S) or Romo1(C42S) mutant was
subcloned into a CRISPR/Cas9-mediated homologous recombination
vector targeting the Rosa26 locus and injected into single cell embryos
of C57BL/6 Jmice. The transgene is driven by the EF1A promoter and is
interrupted by a loxP-stop (3×polyA signal)-loxP cassette to render its
expression inducible by Cre recombinase. Then, the transgenic mice
with correct insertion were intercrossed with the Romo1f/f mice to
generate homologous EF1A-loxP-stop-loxP-Romo1(C15S or C42S)/
Romo1f/f mice. AAVs carrying the Cre gene under the control of the
cardiac troponin T promoter (AAV9-cTNT-GFP for control and AAV9-
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cTNT-Cre for knockin, 5×1011 vector genomes per mouse) were admi-
nistered at 5-7 weeks of age via tail intravenous injection to induce
cardiomyocyte-specific expression of mutant ROMO1(C15S) or
ROMO1(C42S) and simultaneous deletion of endogenous ROMO1.
Experiments were performed at least 2 weeks after AAV delivery.
Expression of ROMO1(C15S) or ROMO1(C42S) protein was confirmed
by immunoblotting.

Cell culture and plasmid transfection
Human cell lines HeLa and HEK293T were purchased from the ATCC
and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) sup-
plemented with 10% (vol/vol) fetal bovine serum (FBS) and 1% (vol/vol)
penicillin/streptomycin in a humidified incubator at 37 °Cwith 5%CO2.
For plasmid transfection, cells were transiently transfected with the
indicated plasmids using Lipofectamine™ 2000 according to the
manufacturer’s protocol. Confocal imaging and Western blot analysis
were performed 48–72 h after plasmid transfection.

Isolation and culture of adult rodent cardiomyocytes
Mouse ventricular myocytes were isolated as described previously65.
Briefly, excised mouse hearts were perfused for 1min at 37 °C with
perfusion buffer containing 120mM NaCl, 5.4mM KCl, 1.2mM
NaH2PO4•2H2O, 1.2mMMgCl2•6H2O, 5.6mMD-glucose, 5mM taurine,
10mM 2,3-butanedione 2-monoxime, and 10mM HEPES, pH 7.35.
Hearts were then recirculated for 20min with perfusion buffer sup-
plemented with collagenase (1mg/mL, type II). The left ventricle was
then dissected and minced, and the cardiomyocytes were allowed to
sediment by gravity. Calcium reintroduction was performed stepwise
from 20μM to 1mM. Freshly isolated cardiomyocytes suspended in
the perfusion buffer were plated on laminin-coated culture dishes for
1 hour, and the attached cells were then maintained in DMEM sup-
plemented with 10% FBS and 10mM 2,3-butanedione 2-monoxime.

Adult rat cardiomyocytes were isolated from male Sprague-
Dawley rats (200-250g) following a standard enzymatic digestion
protocol. Briefly, excised hearts were perfused for 5min at 37 °C with
Ca2+-free Tyrode’s solution containing 137mM NaCl, 5.4mM KCl,
1.2mM MgCl2•6H2O, 1.2mM NaH2PO4•2H2O, 20mM HEPES, 5.6mM
D-glucose and 10mM taurine, pH 7.35. Hearts were then recirculated
for 60min with Tyrode’s solution supplemented with collagenase
(0.5mg/mL, type II) and protease (0.06mg/mL, type XIV). Ventricles
were minced and shaken 2–3 times at 2 g for 4min in the same solu-
tion. The dislodged cells were centrifuged at 4 g for 40 seconds. The
pellet was resuspended in Tyrode’s solution containing 1mg/mL
bovine serum albumin (BSA) and 50μMCaCl2. Calcium reintroduction
was then performed stepwise from 50μM to 1mM. Freshly isolated
cardiomyocytes suspended in M199 medium were plated on laminin-
coated culture dishes for 1 hour, and the attached cells were then
maintained in M199 medium supplemented with 1mg/mL BSA and
1×insulin-transferrin-selenium. For adenovirus infection, cultured car-
diomyocytes were infected with the indicated adenovirus at a multi-
plicity of infection of 20.

Isolation and culture of neonatal rat ventricular cardiomyo-
cytes (NRVMs)
NRVMs were isolated from 0-1-day-old Sprague-Dawley rat pups.
Ventricles were harvested, rinsed and minced into small fragments,
and then transferred to digestion solution (HBSS buffer containing
1mg/mL trypsin and 0.8mg/mL type II collagenase). Repeated diges-
tions were performed at 37 °C for 5min each round in a spinning flask
until most of the NRVMs were dissociated into suspension. After each
round of digestion, the supernatant was collected, and the cells were
pelleted by centrifugation at 60 g for 5min. According to the different
attachment ability, cardiac fibroblasts were minimized by pre-plating
for 2 hours and the unattached cardiomyocytes were then collected
and diluted in DMEM supplemented with 10% FBS and 0.1mM 5-

bromo-2’-deoxyuridine. NRVMs were synchronized for 48 hours
before treatment. Cell preparations typically containedmore than 95%
cardiomyocytes. For adenovirus infection, cultured NRVMs were
infected with the indicated adenovirus at a multiplicity of
infection of 20.

Isolation and culture of adult mouse primary hepatocytes
Primary hepatocytes were isolated 2 weeks post AAV injection.
Through the portal vein, the liver was perfused with 50mL Krebs
Ringer with Glucose buffer to remove the residual blood and then
perfused with 30mL Krebs Ringer with Glucose buffer containing
collagenase (1mg/mL, type IV). The liver was immediately removed
from the mice, cut into small pieces, and filtered through a 70-μm cell
strainer to remove tissue debris. The filtered solution was washed with
cold DMEM and centrifuged 3 times at 50 g for 4min. The isolated
hepatocytes were resuspended in DMEM containing 10% FBS and 1%
penicillin/streptomycin.

APEX2 proximity labeling and electron microscopy
HEK293T cells untransfected or stably expressing ROMO1-APEX2 or
APEX2-ROMO1 fusionproteinwere grown to 90% confluence and fixed
with 2.5% glutaraldehyde at room temperature, then quickly trans-
ferred to ice. After 30-60min, cells were rinsed in chilled buffer
(100mM sodium cacodylate, 2mMCaCl2, pH 7.4) and then treated for
5min in the same buffer containing 20mM glycine to quench
unreacted glutaraldehyde, followed by rinses in chilled buffer. A
freshly diluted solution of 0.5mg/mL diaminobenzidine free base
combined with 10mM H2O2 was added to the cells for 5min. The
solution was then removed, and the cells were rinsed again. Post-
fixation staining was performed with 2% osmium tetroxide for 30min
in chilled buffer. Cells were rinsed in chilled distilled water and then
placed in chilled 2% uranyl acetate overnight. Samples were then
centrifuged at 700 g for 1min to generate a cell pellet. The pellets were
dehydrated in a graded ethanol series (50%, 75%, 90%, 95%, 100%,
100%, 100%), 10min for each concentration, then infiltrated in EMBED-
812 using 1:1 (vol/vol) resin and anhydrous ethanol overnight, followed
by two changes to 100% resin before leaving the samples overnight.
Finally, each sample was rinsed again with 100% resin before transfer
to fresh resin and polymerization at 60 °C for 48 hours. Embedded cell
pellets were cut into 50-nm sections and imaged on a FEI-Tecnai G2 20
Twin transmission electron microscope operated at 120 kV.

Determination of ROMO1 midpoint redox potential (Em)
ROMO1-FLAG protein (3μg/sample) expressed and purified from
HEK293T cells was incubated and equilibrated in basal redox buffers
(50mM Tris-HCl and 1mM EDTA, pH 7.5) in the presence of 100mM
trans-4,5-dihydroxy-1,2-dithiane (oxidized DTT) and various con-
centrations of DL-dithiothreitol (reduced DTT) at 25 °C for 16 hours
under a nitrogen atmosphere. Notably, the buffers were thoroughly
degassed to minimize oxidation by air. After incubation, the samples
were precipitated with ice-cold acetone, washed once with 80% ice-
cold acetone, and then dissolved in basal buffer containing 50mM
mPEG2K-MAL and 2% SDS for mPEG2K-MAL labeling with incubation
for 30min at 37 °C. The proteins were again precipitated with ice-cold
acetone and suspended in 1×SDS loading buffer (62.5mM Tris-HCl,
1mMEDTA, 2% SDS, 0.1% bromophenol blue and 33% glycerol, pH 7.5).
After separation in 12% Tricine SDS-PAGE, the differentially mPEG2K-
MAL-labeled ROMO1 was stained with Coomassie brilliant blue (CBB)
R-250, imaged using an Odyssey imaging system (LI-COR), and quan-
tifiedusing ImageJ. The reduced level of ROMO1, calculated as the ratio
of the reduced form to the total protein, was plotted against the redox
potential of DTT buffer (as a reference, the standard redox potential of
DTT atpH7.5was -357mV). Thedatawerefitted to theNernst equation
and Em values corresponding to the oxidation of one, two, three, and
four cysteines were calculated.
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In vitro H2O2 detoxification assay
Amplex® Red hydrogen peroxide assay kit (catalogue no. A22188,
invitrogen™) was used to determine H2O2 concentration according to
the manufacturer’s instructions. Briefly, 2μM freshly prepared H2O2

was added to the solutions containing different concentrations (0-
2 µM) of purified recombinant human WT ROMO1, ROMO1-FLAG or
mutant ROMO1-FLAG (4CS) protein, and then immediately measured
after quickly mixing within 30 seconds. The final concentrations of
H2O2 were retrieved by comparing to standard curve.

To assess kinetics of ROMO1-mediatedH2O2 elimination, different
concentrations of H2O2 were incubated with 2 µM purified ROMO1-
FLAG protein or sample buffer at room temperature and measured
immediately within 30 seconds after rapid mixing. The final con-
centrations of H2O2 were determined by comparison to a standard
curve. Note that estimation of the rate constant assumes ROMO1
consumed the corresponding amount of H2O2 in 30 seconds, which is
constrained by our measurement limits, as the shortest reaction
duration we can effectively monitor is 30 seconds. Additionally, it
should be noted that the purified ROMO1 protein cannot be 100% in
the reductive state theoretically.

In vitro coupled spectrophotometric assay for the kinetic ana-
lysis of reducing oxidized ROMO1
The kinetic analysis of reducing oxidized ROMO1-FLAG by GSH- or
TRX2-reducing system was performed using a coupled spectro-
photometric assay, in which the continuous reduction of pre-oxidized
ROMO1-FLAG depends on the recycling of GSH by glutathione reduc-
tase (GR) or of reduced TRX2 by thioredoxin reductase (TrxR), which is
coupled to the consumption of the ultimate reducing equivalent,
NADPH, and is monitored spectrophotometrically at 340 nm66–69. Pre-
oxidized ROMO1 was prepared by incubating purified ROMO1-FLAG
protein with a 10-fold molar excess of H2O2 for 30minutes at room
temperature. Excess H2O2 was then removed using a 7-kDa molecular
weight cutoff spin column, and the concentration of ROMO1-FLAG was
re-determined using Pierce BCA protein assay for subsequent kinetic
analysis experiments. For GSH-mediated reduction, the reaction system
contained different concentrations of oxidized ROMO1, 1mM freshly
prepared GSH, 0.2 µM GR, and 1mM NADPH in a buffer consisting of
50mM Tris-HCl and 2mM EDTA (pH 7.5). In TRX2-reaction system,
different concentrations of oxidized ROMO1, 5 nM freshly reduced
TRX2-FLAG, 0.5 µM TrxR-FLAG, and 0.3mM NADPH were used. A
microplate reader was used to record the 340nm absorbance in a 96-
well plate containing a 50 µL reaction volume. The optical path length is
0.16 cm. The initial NADPH consumption rate was calculated from the
slopeof the progress absorbance curve at thebeginningof the reaction,
using the extinction coefficient of NADPH (6220M−1cm−1). The calcu-
lated initial NADPHconsumption ratewas thenplotted against different
concentrations of oxidized ROMO1 and the kinetic parameters were
determined by fitting the data using GraphPad Prism v9.0.0 software.

In vitro formation and reduction of ROMO1 homodimers
For detectingdisulfide-bondedhomodimerof ROMO1, purifiedhuman
recombinant WT or mutant ROMO1-FLAG protein (3.6 µg) was incu-
bated with 10μM H2O2 for 30minutes at room temperature. The
resulting mixtures were then analyzed using non-reducing SDS-PAGE
stained with CBB or for the subsequent reduction assay.

For the reduction of disulfide-bonded homodimer of ROMO1,
after incubation with H2O2 as above, excess H2O2 was removed using a
7-kDamolecularweight cutoff spin column. The resulting pre-oxidized
ROMO1-FLAG were then incubated with a GSH reduction system con-
taining 1mM freshly prepared GSH, 0.2 µM GR, and 1mM NADPH, or
with aTRX2 reduction systemcontaining0.5 µMfreshly reducedTRX2-
FLAG, 0.5 µM TrxR-FLAG, and 0.3mMNADPH for 30minutes at 37 °C.
The samples were subsequently analyzed by non-reducing SDS-PAGE
stained with CBB.

In vitro formation and reduction of intermolecular disulfides
For intermolecular disulfides formed between ROMO1 and its client
proteins, purified human recombinant ROMO1-FLAG protein (3.6 µg)
was incubated with the purified human SDH complex (5.0 µg), MCU-
FLAG (3.6 µg), or ANT2-FLAG (4.0 µg) for 20h at 4 °C in the absence or
presenceof 100μMH2O2, respectively. The sampleswere thenanalyzed
by non-reducing SDS-PAGE stained with CBB or for reduction assay.

For the reduction of disulfide-bonded heterodimer of ROMO1-
SDHA, after incubating ROMO1 and SDH complex with H2O2 as
described above, excess H2O2 was removed for the pre-incubated
mixtures using a 7-kDa molecular weight cutoff spin column. The
resulting pre-oxidized mixtures were then incubated with a GSH
reduction system containing 1mM freshly prepared GSH, 0.2 µM GR,
and 1mM NADPH, or with a TRX2 reduction system containing 0.5 µM
freshly reduced TRX2-FLAG, 0.5 µM TrxR-FLAG, and 0.3mM NADPH
for 30minutes at 37 °C. The samples were subsequently analyzed by
non-reducing SDS-PAGE stained with CBB.

Non-reducing SDS-PAGE
Protein samples were treated with modified Laemmli sample buffer
(62.5mM Tris-HCl, 2% SDS, 10% glycerol, 60 mM N-ethylmaleimide,
0.002% Bromphenol blue, no DTT, no β-mercaptoethanol, pH 6.8). To
facilitate thiol alkylation and prevent thiol-disulfide exchange, 6% (vol/
vol) of 1 M N-ethylmaleimide was added to the modified Laemmli
sample buffer at the very beginning. Protein samples were separated
by 10-16% tricine or glycine SDS-PAGE and visualized using CBB
staining or subjected to Western blot analysis.

Mass spectrometric profiling of intermolecular disulfide bonds
The complex bands in the non-reducing SDS-PAGE gel were cut out
and destained. Then the samples were fourfold diluted with 50mM
NH4HCO3, anddigestedwith trypsin at a 1:50 enzyme/substrate ratio at
37 °C for 12 hours. After digestion, the samples were centrifuged at
12,000 g for 10min and the supernatants were dried by vacuum cen-
trifugation. Dried samples were resuspended in 0.1% formic acid (FA)
and then desalted using C18 stage tips. Digested peptides were then
elutedwith 50%acetonitrile and0.1% FA. Elutedpeptideswere driedby
vacuum centrifugation, resuspended in 0.1% FA and subjected to
LC–MS/MS analysis to identify the presence of disulfide bonds. For
disulfide bonds identification, the raw data file was searched against
the database consisting of the sequences of ROMO1, SDHA, MCU and
ANT2. Database searches were performedwith pLink studio (version 2,
http://pfind.ict.ac.cn/software/pLink/index.html). The parameters for
pLink-SS search were as follows: flow type is Disulfide Bond (HCD-SS);
the set linker is SS; the enzyme was set as trypsin or semi-trypsin; the
maximum number of modifications and missed cleavages allowed per
peptide were three; peptide length range is 4–60 amino acids; peptide
mass range is 300–6,000; precursor ion mass and fragmentation tol-
erance were 10 ppm and 20ppm, respectively; mass shift of
+125.047Da (N-ethylmaleimide[C]) was searched as variable mod-
ification. For spectra preprocessed by pParse, the requirement was no
more than 10 ppm deviations from themonoisotopic mass. Candidate
disulfide-linked peptides were identified with relaxed database search
(semi-digestion) and filtered with an E-value cut-off of 0.01 and a false
discovery rate cut-off of 0.05.

Mitochondrial isolation and mitoplast preparation
Briefly, mouse tissues were extracted and washed in ice-cold phos-
phate-buffered saline (PBS), and thenminced and homogenized on ice
in mitochondrial isolation buffer (210mM mannitol, 70mM sucrose,
1mMEGTA, 0.1% fatty acid-free BSA, and 10mMHEPES, pH 7.2) using a
pre-chilled glass Dounce tissue grinder (10-25 strokes depending on
the tissue type and weight). For isolation of cardiac, skeletal muscle,
and brain mitochondria, homogenates were centrifuged at 4 °C for
10min at 700 g. The supernatants were then collected and further
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centrifuged at 4 °C for 10min at 12,000 g. The pellets were resus-
pended in mitochondrial isolation buffer for further assessment. For
isolation of liver mitochondria, the homogenate was centrifuged at 4
°C for 10min at 1000 g, and the supernatant was collected and further
centrifuged at 4 °C for 15min at 3500 g. For mitoplast preparation,
isolated mitochondria were osmotically swollen by incubation in
20mM Tris-HCl (pH 7.4) solution for 20min on ice and then cen-
trifuged at 4 °C for 10min at 12,000 g. The pellet was retained for
further experiments. For membrane protein analysis, mitochondrial
pellets were resuspended in 0.1M Na2CO3, pH 11.5, sonicated, and
incubated on ice for 30min. Insoluble membrane fractions were
sedimented by centrifugation at 100,000 g for 10min, and the soluble
supernatant was retained for further analysis.

Analysis of mitochondrial aconitase activity
Mitochondrial aconitase activitywasmeasuredusing the commercially
available aconitase activity assay kit. In brief, 50μg isolated cardiac
mitochondria or 100μg liver mitochondria were added to eachwell of
a 96-well plate containing the assay buffer with isocitrate. Aconitase
activity was indexed by the increase of OD240nm which indicates the
conversion of isocitrate to cis-aconitate. Reaction rateswerecalculated
by analyzing the linearly increasing section. For H2O2 treatment, H2O2

was added to the assay buffer at the initiation of themeasurement to a
final concentration of 50μM for heart mitochondria or 200μM for
liver mitochondria.

Western blot
Fresh or frozen tissue or cell pellets were lysed in denaturing lysis
buffer (150mMNaCl, 1% TritonX-100, 0.5% sodiumdeoxycholate, 0.1%
SDS, and 50mM Tris-HCl, pH 7.4) containing protease/phosphatase
inhibitors, separated by 10-16% tricine or glycine SDS-PAGE, and
transferred to PVDF membranes (0.22 μm). After blocking with 5%
nonfatmilk in TBST solution (1.5M NaCl, 100mMTris, 0.1% Tween-20,
pH 7.35), the membranes were incubated with primary antibodies
diluted in 5% nonfat milk TBST solution overnight at 4 °C. The anti-
bodies used include anti-ROMO1 (1:2000 dilution, catalogue no.
TA505612, OriGene), anti-ATPB (1:2000 dilution, catalogue no.
ab14730, Abcam), anti-ATP5A (1:2000 dilution, catalogue no. ab14748,
Abcam), anti-SDHA (1:2000 dilution, catalogue no. ab137040, Abcam),
anti-β-Actin (1:5000 dilution, catalogue no. AC026, Abclonal), anti-
SOD1 (1:1000 dilution, catalogue no. A0274, Abclonal), anti-TRX2
(1:1000 dilution, catalogue no. A6782, Abclonal), anti-GPX4 (1:1000
dilution, catalogue no. A11243, Abclonal), anti-PRDX5 (1:1000
dilution, catalogue no. A1269, Abclonal), anti-NDUFA8 (1:1000 dilu-
tion, catalogue no. ab184952, Abcam), anti-NDUFA9 (1:1000 dilution,
catalogue no. ab128744, Abcam), anti-NDUFS1 (1:1000 dilution, cata-
logue no. ab169540, Abcam), anti-UQCRC1 (1:1000 dilution, catalogue
no. ab110252, Abcam), anti-UQCRFS1 (1:1000 dilution, catalogue no.
ab14746, Abcam), anti-MTCO1 (1:1000dilution, catalogue no. ab14705,
Abcam), anti-SOD2 (1:2000 dilution, catalogue no. ab68155, Abcam),
anti-TIM23 (1:1000 dilution, catalogue no. ab230253, Abcam), anti-
GAPDH (1:2000 dilution, catalogue no. A19056, Abclonal), anti-MCU
(1:500 dilution, catalogue no. D2Z3B, Cell Signaling Technology), anti-
MICU1 (1:500 dilution, catalogue no. D4P8Q, Cell Signaling Technol-
ogy), anti-DDK (FLAG) (1:2000 dilution, catalogue no. TA50011-100,
OriGene), anti-biotin (1:2000 dilution, catalogue no. A20684, Abclo-
nal) and HRP-conjugated streptavidin (1:2000 dilution, catalogue no.
N-100, ThermoFisher Scientific). Blots were then visualized using sec-
ondary antibodies conjugated with IRDye by an Odyssey imaging
system.

S-sulfinylome labeling
Protein S-sulfinylome labeling was performed using a diazene-based
alkyne probe, DiaAlk36,37. Briefly, the cells were treated with 200μM
H2O2 for 2 hours, washed three times with PBS, and then lysed in

modified NP-40 lysis buffer (150mM NaCl, 0.5% (vol/vol) NP-40, 1mM
EDTA, 1mM EGTA, 10% (vol/vol) glycerol, and 50mM Tris, pH 7.4)
containing 200U/mL catalase and protease/phosphatase inhibitors.
After 20min of incubation on ice with frequent mixing, the lysates
were clarified by centrifugation at 15,000 g at 4 °C for 20min. The
protein lysateswere then incubatedwith 2.5mM4,4’-dipyridyldisulfide
at room temperature for 1 hour to block free thiols and then filtered
through a Micro Bio-Spin P-30 column pre-equilibrated with PBS. The
dipyridyldisulfide-free lysates then reacted with 5mMDiaAlk probe in
the dark at room temperature with rotation for 2 hours. Probe-labeled
protein samples were added to washed and resuspended streptavidin
beads and incubated at 4 °C for 30min to pre-clean endogenous
biotinylated proteins (with 10 µL of streptavidin beads to pre-clean
~100 µg of cell lysates). Protein concentration of the pre-cleaned
supernatantwasdeterminedusing the PierceBCAprotein assaykit and
adjusted to a concentration of 2mg/mL. Click chemistry was then
performed by adding 200μM N3-photo-biotin tag, 1mM sodium
ascorbate, 100 µM Tris[(1-benzyl-1H-1,2,3-triazol-4-yl) methyl] amine
(TBTA) ligand, and 1mM CuSO4. The reaction was allowed to proceed
at room temperature for 2 hours before quenching with non-reducing
loading buffer. The quenched samples were separated by 12% SDS-
PAGE. The S-sulfinylome modifications were detected by streptavidin-
horseradish peroxidase immunoblotting and CBB R-250 staining
served as the loading control.

ABPP for analyzing cysteine redox states of the mitochondrial
proteome
Isotopic tandem orthogonal proteolysis–ABPP (isoTOP-ABPP). In
situ isoTOP-ABPP labeling of the mitochondrial proteome was per-
formed andmodified according to previously reported29,30. Briefly, the
mitochondria freshly isolated from mouse tissues were quantified
using the PierceBCAprotein assay kit anddiluted to 2mg/mLwith PBS.
Each sample was treated with 100μM electrophilic iodoacetamide
probe (IAyne) at room temperature for 1 hour. After sonication, the
click chemistry was initiated by adding 100μM N3-acid-biotin tag,
1mM tris (2-carboxyethyl) phosphine, 100 µM TBTA ligand, and 1mM
CuSO4. After incubation at room temperature for 1 hour, the labeled
samples were collected by centrifugation (20,000 g, 10min, 4 °C),
washed three times with coldmethanol, and resuspended in 1.2% SDS/
PBS. Samples were diluted to 0.2% SDS/PBS and subjected to strepta-
vidin beads for enrichment for 4 hours at room temperature. The
beads were then washed with 0.2% SDS/PBS, PBS and distilled deio-
nizedwater and pelleted by centrifugation at 1400 g for 3min between
washes. The washed beads were suspended in 6M urea/PBS and then
reacted with 10mM DTT at 35 °C for 30min. Then 20mM iodoaceta-
mide was added and allowed to react at 35 °C for 30min. The beads
were then pelleted by centrifugation at 1,400 g for 3min and resus-
pended in 200μL PBS containing 2M urea, 1mM CaCl2 and 10 ng/μL
trypsin. The digestion was allowed to proceed overnight at 37 °C and
the beads were washed three times with distilled deionized water. The
beads were resuspended in 200μL of 100mM triethylammonium
bicarbonate buffer and subjected to reductive dimethylation labeling.
Briefly, 16μL of 4% light or heavy formaldehyde was added to control
or KO samples. At the same time, 16μL of 0.6M sodium cyanobor-
ohydride was added. After labeling for 2 hours at room temperature,
the labeled peptides were released from the beads by incubating the
beads with 2% FA for 1 hour at room temperature with gentle rotation.
After centrifugation at 1400 g for 3min, the supernatant was collected
and the cleavage process was repeated and the supernatants were
combined. In addition, the beads were washed with 50% acetonitrile
and water containing 1% FA, and the washes were combined as the
cleavage fraction. Samples were speed-vacuumdried and stored at -30
°C until analysis.

Samples were resuspended in 0.1% FA/H2O and analyzed by a Q
Exactive plus Orbitrap mass spectrometer (Thermo Fisher Scientific)
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coupled with nano-LC. Under the positive ion mode, full scan mass
spectra were acquired over the m/z range of 350 to 1800 with a
resolution of 70,000. The top 20most intense ions were selected for
MS2 fragmentation with a resolution of 17,500 using the collision
mode of high energy collision dissociation (HCD). Isolation window
was set to 2.0 m/z, normalized collision energy was set to 28%, max-
imum IT was set to 50ms, and dynamic exclusion was set to 20 s.

LC-MS/MS raw data were analyzed by ProLuCID70 with static
modification of cysteine (+57.0215 Da) and variable oxidation of
methionine (+15.9949Da). The isotopic modifications (+28.0313 and
+34.0631Da for light and heavy labeling, respectively) were set as
static modifications on the N-terminus of a peptide and lysines. IAyne
modification (+322.23688Da) on cysteines was set as variable mod-
ification. Heavy/light ratios were quantified using the CIMAGE
software71.

Data-independent acquisition-based ABPP (DIA-ABPP). For DIA-
ABPP, the procedures including in-situ labeling, click chemistry,
streptavidin enrichment, and trypsin digestion of the mitochondrial
proteome were performed as for isoTOP-ABPP. Then, samples were
directly cleaved with 60-min treatments of 2% and 0.1% FA/H2O
(200μL) at 25 °C, and the eluents from two cleavage cycles were col-
lected and combined. The sampleswere thenwashedwith 400μL0.1%
FA/H2O, and the washes were combined with the eluents to form the
cleavage fraction. For data-dependent acquisition (DDA) library gen-
eration, 4 cleavage samples were combined and separated into 3
fractions using the Preciex Fractionation Column. All samples were
dried using a SpeedVac and resuspended in 0.1% FA/H2O supple-
mented with iRT peptides (50/1, vol/vol) before LC-MS/MS analysis.

LC-MS/MS was performed on the Orbitrap Exploris 480 mass
spectrometer (Thermo Fisher Scientific) coupled with Vanquish Neo
LC system. Mobile phase A was 0.1% FA/H2O, and mobile phase B was
0.1% FA, 80 % acetonitrile in H2O. Flow rate was 3μL/min for loading
and 0.3μL/min for eluting. The LC gradient was as follows: 0 s-1.8min,
1%-3% B; 1.8–1.9min, 3–7% B; 1.9–50.7min, 7–34% B; 50.7–59.1min;
34–40% B; 59.1–59.2min, 40–100% B; 59.2–70 min 100% B. Labeled
peptide samples were loaded onto a 75 μm fused silica column packed
with 25 cm 1.9μ C18 resin. Under the positive ion mode, full scan mass
spectra were acquired over the m/z range of 350 to 1800 using the
Orbitrap mass analyzer with a mass resolution of 60,000.

For the DDA mode, MS/MS fragmentation was performed in a
data-dependent mode, from which the 20 most intense ions were
selected for MS/MS analysis with a resolution of 15,000 using the
collision mode of HCD. Isolation window was set to 1.6m/z, normal-
ized collision energy was set to 30%, maximum IT was set to 50ms
and dynamic exclusion was set to 30 s. Raw data collected by DDA
mode were processed using pulsar, the built-in search engine of
Spectronaut72. 57.0215Da (carbamidomethylation) and 280.18993Da
(for IA alkyne conjugated acid cleavable tag) were set as variable
modifications on cysteines. The function of PTM localization was
activated and the cutoff of the site confidence score was set to 0.75.
The protein Q value cutoff was set to 1. Other parameters were set as
default. Peptide groups were equally distributed among 32 windows
according to their mass-to-charge ratios. The number and width of the
isolation windows were calculated manually.

For the DIA mode, each DIA cycle contained one full scan and the
calculated number of DIA scans covered a mass range of 350–1800 Th
with an overlap of 1 Th. For the full MS analysis, the resolution was set
to 60,000 and the full MS AGC target was 3E6 with an IT of 30ms. For
each DIA window, the resolution was set to 30,000. AGC target value
for fragment spectra was set to 1E6with an auto IT. Normalized CEwas
set to 30%. The default charge was 3 and the fixed first mass was set to
100 Th. DIA files were further processed using Spectronaut with the
corresponding spectral library. The protein Q value cutoff was set to 1.
Other parameters were set as default.

Quantitative proteomics analysis
Tissues were lysed in lysis buffer (1% SDS, 50mMHEPES, 50mMNaCl,
1% glycerol, 5mMDTT, 1× protease inhibitor, 1× benzonase, pH 8.5) by
sonication and centrifuged for protein extraction. Protein concentra-
tion was quantified using a Bradford kit. 20 µg of protein was used for
analysis. Protein samples were treated with 10mMDTT for 30min and
25mM iodoacetamide for 30min. Proteins were then extracted using
single-pot, solid-phase enhanced sample preparation technology, and
were resuspended in 100mMammoniumbicarbonate and digested by
trypsin for 16 hours. Digested peptides of each sample were desalted
on C18 tips (Thermo Fisher Scientific). For DDA library generation, 4
tissue samples were combined and separated into 10 fractions using a
C18 reverse-phase high-performance liquid chromatography. All the
samples were dried by a SpeedVac and resuspended in 0.1% FA/H2O
supplemented with iRT peptides (50/1 v/v) before LC-MS/MS analysis.

LC-MS/MS was performed on the Orbitrap Exploris 480 mass
spectrometer coupled with Vanquish Neo LC system. Mobile phase A
was 0.1% FA in H2O, andmobile phase B was 0.1% FA, 80 % acetonitrile
in H2O. Flow rate was 3μL/min for loading and 0.3μL/min for eluting.
The LC gradient was as follows: 0 s–1.8min, 1–3% B; 1.8–2min, 3–5% B;
2–26 min, 5–15% B; 26–47 min; 15–28% B; 47–54.5min, 28–38% B;
54.5–54.6min 38–100% B; 54.6–65 min 100% B. Labeled peptide sam-
ples were loaded onto a 75 μm fused silica column packed with 25 cm
1.9μ C18 resin. Under the positive ion mode, full scan mass spectra
were acquired over the m/z range of 350 to 1,800 using the Orbitrap
mass analyzer with a mass resolution of 60,000.

For the DDA mode, MS/MS fragmentation was performed in a
data-dependent mode, from which the 20 most intense ions were
selected for MS/MS analysis with a resolution of 15,000 using the
collision mode of HCD. Isolation window was set to 1.6m/z, normal-
ized collision energy was set to 30%,maximum ITwas set to 50ms and
dynamic exclusion was set to 30 s. Raw data collected by the DDA
mode were processed using pulsar, the built-in search engine of
Spectronaut. Parameters were set as default. Peptide groups were
equally distributed among 32 windows according to their mass-to-
charge ratios. The number and width of the isolation windows were
calculated manually.

For the DIA mode, each DIA cycle contained one full scan and the
calculated number of DIA scans covered a mass range of 350–1800 Th
with an overlap of 1 Th. For the full MS analysis, the resolution was set
to 60,000 and the full MS AGC target was 3E6 with an IT of 30ms. For
each DIA window, the resolution was set to 30,000. AGC target value
for fragment spectra was set to 1E6with an auto IT. Normalized CEwas
set to 30%. Default charge was 3 and the fixed firstmass was set to 100
Th. DIA files were further processed using Spectronaut with the cor-
responding spectral library. Parameters were set as default.

Immunoblotting analysis of IA-alkyne labeled mitochondrial
cysteinome
2mg/mL mitochondria freshly isolated from the indicated mouse tis-
sues were subjected to in situ IA-alkyne probe labeling and click
chemistry was initiated by adding 100 μMN3-acid-biotin tag, 1mM tris
(2-carboxyethyl) phosphine, 100 µM TBTA ligand, and 1mM CuSO4

after sonication. The reaction was allowed to proceed at room tem-
perature for 1 hour and then terminated with non-reducing loading
buffer. After boiling to release biotin-conjugated proteins, the IA-
alkyne labeled proteins were analyzed by immunoblotting. CBB R-250
staining served as the loading control.

Mitochondrial NADPH/(NADP+ +NADPH) and GSH/(GSH+
GSSG) determination
The ratios of mitochondrial NADPH/(NADP+ +NADPH) and GSH/
(GSH +GSSG)weremeasured using the commercial kits (catalogue no.
ab65349, ab138881, Abcam) according to the manufacturer’s
instructions.
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Measurement of respiration
Respiration was measured using the Seahorse XF24 Extracellular Flux
Analyzer (Seahorse Bioscience, North Billerica, MA, USA), according to
themanufacturer’s instructions. Formouse heartmitochondria, 5.0μg
of isolated mitochondria suspended in mitochondrial assay solution
(210mMmannitol, 70mMsucrose, 10mMKH2PO4, 5mMMgCl2, 1mM
EGTA, 0.2% fatty acid-free BSA, and2mMHEPES, pH7.2)wereplated in
each well of the XF24 plate. Oxygen consumption rate (OCR) was
measured by sequential addition of substrates (10mM glutamate plus
2mM malate), 250μM ADP, 4μM oligomycin, 4μM FCCP, and 2μM
antimycin A. To measure OCR of hepatocytes, 10mM glucose and
1mM pyruvate were used as substrates. 1 µM oligomycin, 1 µM FCCP,
and 1 µM rotenone/antimycin A were added sequentially. Basal OCR,
ATP production coupled OCR, proton leak OCR, and maximal OCR
were obtained. All data were analyzed using the XF24 software.

Measurement of mitochondrial Ca2+ uptake
Isolated mitochondria from the heart or liver were resuspended in the
buffer containing 110mM KCl, 0.5mM KH2PO4, 1mMMgCl2, 0.01mM
EGTA, 5mM succinate, 2μM rotenone, and 20mM HEPES, pH 7.2.
0.2 µM Fluo-5N pentapotassium salt was added to the mitochondrial
suspension with gentle stirring and the fluorescence signals were
monitored at 490 nm excitation/516 nm emission on a PTI spectro-
fluorometer (RF-5301PC, SHIMADZU Co.). After 120 seconds of basal
recording, a bolus of 20 µMCa2+ was added, and the clearance of extra-
mitochondrial Ca2+ reported by the decrease in Fluo-5N fluorescence
indicated mitochondrial Ca2+ uptake. At 420 seconds, 1 µM Ru360 was
added to inhibitmitochondrial Ca2+ uptake. At 720 seconds, 1 µMFCCP
was added to induce total mitochondrial Ca2+ release. 250 µg of heart
mitochondria and 500 µg of liver mitochondria were used for each
measurement, respectively.

Confocal microscopy and image processing
A Zeiss LSM710 inverted confocal microscope equipped with a 40×,
1.3NA oil immersion objective was used for acquiring images. All
experiments were performed in Tyrode’s solution (137mM NaCl,
5.4mM KCl, 1.2mM NaH2PO4•2H2O, 10mM D-glucose, 1.2mM
MgCl2•6H2O, 1.8mM CaCl2, and 20mM HEPES, pH 7.35) at room
temperature.

For mitochondrial membrane potential measurement, isolated
cardiomyocytes were loaded with 50–100 nM TMRM at 37 °C for
10min, followedby threewashes. TheTMRMfluorescencewas imaged
with excitation at 543 nm and emission collection at >560nm. To
simultaneously measure mitochondrial Ca2+ uptake and cytosolic Ca2+

transient, HeLa cells transiently transfected with WT or mutant
ROMO1-FLAG were loaded with 5 µM Rhod-2 AM at 37 °C for 30min
and 5 µM Fluo-4 AM at 37 °C for 10min followed by three washes with
Tyrode’s solution before imaging. Mitochondrial and cytosolic Ca2+

dynamics were recorded before and after 100 µM histamine stimula-
tion. Fluorescence of Rhod-2 and Fluo-4 was imaged with excitation at
561 nm and 488 nm and emission collected at 580-740nm and at
>500nm, respectively. Confocal images were analyzed using Zen 2010
(Zeiss) and custom programs.

Echocardiography
Transthoracic echocardiography was performed using a Vevo2100 or
Vevo3100 system equipped with an MS400 transducer (VisualSonics,
Toronto, ON). Mice were anesthetized with isoflurane (3–5% in 100%
O2 at 0.5 L/min), and deep anesthesia was confirmed by lack of
response to firm pressure on the hind paws. During echocardiogram
acquisition, the dose of isoflurane was reduced to 0.5-1.0% tomaintain
a relatively stable heart rate at about 500 beats per minute with real-
time body temperature and electrocardiographic monitoring. The
heart was imaged using M-mode, and two-dimensional measurements
were made at the position of the papillary muscles. Parameters

collected included heart rate, left ventricular end-diastolic and end-
systolic diameters, and left ventricular anterior and posterior wall
thicknesses in the end-diastolic and end-systolic phases. Left ven-
tricular ejection fraction and left ventricular fractional shorteningwere
used to assess systolic function. Data represent the average of at least
five separate scans in a random-blind fashion.

Grip strength test
Grip strength of fore and hind limbswas assessed using a grip strength
meter (Chatillon Force Measurement Systems, Largo, FL). Mice were
lifted by their tails and allowed to grasp the steel grid attached to the
apparatus with their forepaws and backpaws. The mouse was then
gently pulled across the steel grid until its grip was released. Each
mouse was tested 5 times and the three highest measurements were
averaged to calculate grip strength.

Cross-sectional area analysis of muscle fiber
Excised gastrocnemius tissues were fixed with 4% paraformaldehyde
and embedded in paraffin. Tissue samples were cut at a thickness
of 6 µm and the sections were stained with hematoxylin eosin. The
mean cross-sectional area of the fibers was determined using the
Image J.

Plasma parameter analysis
Blood was collected using heparinized tubes from the inferior vena
cava immediately after sacrificeof themice, then transferred to 1.5mL
tubes and centrifuged at 2000 g for 15min at 4 °C. The supernatant
after centrifugation was used for analysis of AST, ALT, LDL, HDL,
cholesterol, and triglyceride using a fully automated Roche Cobas
c311 platform (Roche Holding, Basel, Switzerland). Interleukin-6 level
was measured with an ELISA kit (catalogue no. D721022, Sangong
Biotech).

Bioinformatic analysis
Mitochondrial protein sub-localization was annotated referring to
MitoCarta (v3.0)19. Disease-gene association analyses were based on
the DisGeNET database. Functional annotation and pathway enrich-
ment analyses were performed using the Database for Annotation,
Visualization, and Integrated Discovery with a P-value cutoff of 0.05
under the Benjamini test73,74.

Statistical analysis
Data are presented as mean ± s.e.m. or mean ± s.d. of multiple biolo-
gical replicates or independent experiments as indicated. Statistical
analysis was performed using GraphPad Prism v9.0.0 software or
Microsoft Excel. Two-tailed unpaired Student’s t-test with Welch’s
correction or two-way ANOVA with Tukey’s multiple comparison test
was applied to determine statistical significance. P < 0.05 was con-
sidered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Proteomics raw data and Spectronaut search tables are available via
ProteomeXchange (http://proteomecentral.proteomexchange.org)
under identifier PXD052999. MS raw data of intermolecular disulfide
bonds are available under identifier PXD053027. Source data are
provided with this paper.

Code availability
We did not generate any custom code and utilized software packages
with prewritten code and default parameters for analysis of mass
spectrometry and imaging data in this study.
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