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ER-mitochondria contacts mediate lipid
radical transfer via RMDN3/PTPIP51
phosphorylation to reduce mitochondrial
oxidative stress
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The proximal domains of mitochondria and the endoplasmic reticulum (ER)
are linked by tethering factors on each membrane, allowing the efficient
transport of substances, including lipids and calcium, between them.However,
little is known about the regulation and function of mitochondria-ER contacts
(MERCs) dynamics under mitochondrial damage. In this study, we apply
NanoBiT technology to develop the MERBiT system, which enables the mea-
surement of reversible MERCs formation in living cells. Analysis using this
system suggests that induction of mitochondrial ROS increases MERCs for-
mation via RMDN3 (also known as PTPIP51)-VAPB tethering driven by RMDN3
phosphorylation. Disruption of this tethering caused lipid radical accumula-
tion inmitochondria, leading to cell death. The lipid radical transfer activity of
the TPR domain in RMDN3, as revealed by an in vitro liposome assay, suggests
that RMDN3 transfers lipid radicals frommitochondria to the ER. Our findings
suggest a potential role for MERCs in cell survival strategy by facilitating the
removal of mitochondrial lipid radicals under mitochondrial damage.

Previous studies suggested that cellular organelles play independent
biological roles, but increasing evidence has shown that organelles are
not actually independent structures, and that there are physical con-
nections between them1,2. The mitochondria-endoplasmic reticulum
(ER) contacts (MERCs) are specific regions where the ER is physically
associated with mitochondria3. Several MERC tethering factors have
been identified, including MFN1/2-MFN24–6, RMDN3/PTPIP51-VAPB7,
PDZD8-FKBP88,9, and IP(3)R-VDAC10, and their functional differences
and regulatory mechanisms are gradually being elucidated11. MERCs
are known to serve as scaffolds for a variety of responses, including
lipid metabolism, calcium homeostasis, apoptosis, autophagy,

mitochondrial quality control, the unfolded protein response, and ER
stress11,12. However, much of the relationship betweenMERC dynamics
and intracellular signaling responses remains unknown.

The most common methods for quantifying MERCs are trans-
mission electron microscopy (TEM), proximity ligation assay (PLA),
and the use of split-GFP reconstituted proteins; TEM and PLA require
fixation, while split-GFP systems are less reversible, making it difficult
to analyze the dynamic behavior of MERC formation in real time12. In
recent years, technological developments in protein-protein interac-
tion (PPI) detection have progressed, and methods for the compre-
hensive analysis of organelle contact factors in living cells using APEX
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and Turbo-ID have been successively developed13,14. In this study, we
focused on NanoBiT (NanoLuc Binary Technology)15 to detect the
reversible dynamics of MERCs in living cells. NanoBiT is composed of
two subunits, LgBiT (18 kDa) and SmBiT (1.3 kDa), which are split
fragments of a luciferase from deep-sea shrimp. LgBiT and SmBiT are
optimized for the analysis of reversible PPIs (KD= 190 μM) and are so
highly luminescent that they can easily reveal MERCs in living cells.
These tools allow us to detect MERCs at high throughput and to ana-
lyze the more physiological dynamic behavior of ER-mitochondria
contacts.

Mitochondria are the major organelles responsible for the
production of reactive oxygen species (ROS)16. A total of 0.2% to
2.0% of oxygen molecules consumed in mitochondria are reduced
to superoxide anions and converted to other ROS such as hydrogen
peroxide (H2O2) and hydroxyl radicals (OH•)17,18. Hydroxyl radicals
(OH•) are short-lived but highly reactive and promote oxidative
damage to DNA, protein denaturation, and peroxidation of lipids
including phospholipids19,20. Intracellular hydroxyl radicals (OH•)
are generated primarily by the Fenton reaction from iron (Fe2+) and
copper (Cu2+) with H2O2

21. Glutathione Peroxidase 4 (GPx4) is the
most well-characterized enzyme involved in the direct reduction of
lipid hydroperoxides and is thought to function in the cytoplasm
and mitochondria, although little is known about the function of
mitochondrial GPx422,23. Mitochondria-derived ROS are mainly
generated in the electron transfer chain during the oxidative
phosphorylation process24. During electron transfer, electrons leak
out and interact with oxygen molecules to form superoxide (O2

–)25.
The major sources of superoxide and hydrogen peroxide in mito-
chondria are the flavin mononucleotide (FMN) sites in complex I
and the Q cycle in complex III25. To respond to the toxicity of ROS,
mitochondria have several antioxidant enzyme systems that sca-
venge ROS as soon as they are generated; for example, because it is
highly toxic, superoxide is catalyzed by the superoxide dismutase
(SOD) family and then rapidly degraded by specific enzymes such as
GSH-Px and by the intervention of glutathione (GSH)26.

A recent study discovered a mitochondria-specific GSH trans-
porter, SLC25A39, which is thought to efficiently scavenge
mitochondrial ROS by increasing mito-GSH27. Meanwhile, hydro-
persulfides including glutathione persulfide, which contain excess
sulfur added to the thiol (SH) group of cysteine, have been shown to
react efficiently with ROS28. Glutathione persulfide is synthesized
from cysteine persulfide by cysteinyl-tRNA synthetases (CARSs); in
particular, CARS2 synthesizes a cysteine persulfide in the mito-
chondrial matrix29. Although accumulating evidence indicates the
existence of amitochondrial ROS scavenging system, themachinery
for the removal of mitochondrial lipid peroxides is largely
unknown.

ER-mitochondrial contact is thought to modulate ROS-
mediated signaling30,31. Redox-related enzymes such as calnexin,
Ero1α, and selenon/SEPN1 have been reported to localize and
function in MERCs31. In addition, mitochondrial ROS are released
into MERCs through the opening of the mitochondrial permeability
transition pore (mPTP), leading to an oxidative environment within
them30, although the effect of mitochondrial ROS on MERC forma-
tion remains unclear.

In this study, based on analysis using the NanoBiT system, we
found that mitochondrial ROS generated by the inhibition of mito-
chondrial respiratory complex I/III or inhibition of glutathione per-
sulfide specifically increased MERC formation via RMDN3-VAPB
tethering. Furthermore, this RMDN3-VAPB-mediated ER-mitochondria
tethering was shown to be involved in cell survival through the
RMDN3-dependent transfer of lipid radicals frommitochondria to the
ER. We propose a function for MERCs in attenuating cell death caused
by mitochondrial lipid radical toxicity under conditions of mitochon-
drial damage.

Results
Assay system for reversible MERCs quantification – MERBiT
In this study, we applied the NanoBiT system to quantify reversible
MERC formation in living cells. A retroviral system was employed to
stably express the V5-tagged SmBiT fragment conjugated to the
C-terminus of TOMM20 (full length), amitochondrial outermembrane
protein, and the 3×HA-tagged LgBiT fragment conjugated to the
N-terminus of Sec61β (full length), an ER-localized protein, in HeLa
cells (Fig. 1a). We named this system “MERBiT” (Mitochondria-Endo-
plasmic Reticulum contact reporter applying NanoBiT) and HeLa cells
expressing the MERBiT system “MERBiT cells” (Fig. 1b). Immunos-
taining analysis revealed the colocalization of TOMM20-V5-SmBiTwith
the mitochondrial marker HSP60 and LgBiT-Sec61β-3×HA with the ER
marker calnexin (Fig. 1c). Western blot analysis confirmed that
TOMM20-V5-SmBiT and LgBiT-Sec61β-3×HA were correctly expressed
in HeLa cells (Fig. 1d). TheMERBiT cells showed a strong luminescence
signal compared with both wild-type HeLa cells and HeLa cells stably
expressing only TOMM20-V5-SmBiT (Fig. 1e). Ourfindings also showed
that the MERBiT system does not affect the formation of MERCs
(Supplementary Fig. 1a, b). When the MERBiT cells were subjected to
HBSS starvation, which is known to increase ER-mitochondria
contacts32, the luminescence was significantly increased (Fig. 1f). Fur-
thermore,when the cellswere replacedwith normalmedium (10%FBS-
containing DMEM) after HBSS stimulation, the luminescence
decreased to basal levels after 20min (Fig. 1f). To investigate the
effects of known ER-mitochondria tethering factors on MERBiT lumi-
nescence, we knocked down MFN2, PDZD8, RMDN3, and VAPB and
observed a decrease in luminescence due to the suppression of each
factor (Fig. 1g, h). Simultaneous knockdownofMFN2, PDZD8, RMDN3,
and VAPB showed that some double-knockdown combinations had an
additive effect in reducingMERC formation (Supplementary Fig. 1c). In
contrast to the knockdown experiments, overexpression of MFN2,
PDZD8, RMDN3, andVAPB increasedMERC formation (Supplementary
Fig. 1d). In addition, an increase in luminescence was observed when
MERCs were artificially induced by expression of the MERC linker
(Fig. 1i, Supplementary Fig. 1e–g). These results indicate that the
MERBiT system can monitor the reversible dynamics of MERCs in liv-
ing cells.

Induction of mitochondrial ROS increase MERCs formation
It has been reported that HBSS stimulation induces mitochondrial
elongation33. To examine whether mitochondrial elongation affects
MERC formation, we measured luminescence after the knockdown of
Drp1, a mitochondrial fission factor. Consistent with a previous
report34 and in contrast to the findings under HBSS starvation, Drp1
knockdown reduced MERC formation (Supplementary Fig. 2a–c).
Next, to examine the effect of mitochondrial dysfunction on MERCs,
we treated the MERBiT cells with CCCP and valinomycin, mitochon-
drial oxidative phosphorylation uncouplers; oligomycin, a mitochon-
drial respiratory chain V inhibitor; rotenone, a mitochondrial
respiratory chain I inhibitor; and antimycin A, a mitochondrial
respiratory chain III inhibitor. Treatment with CCCP, valinomycin, and
oligomycin had no effect onMERCs, whereas treatment with rotenone
or antimycin A, which does not affect NanoLuc luminescence (Sup-
plementary Fig. 2e), increased MERCs (Fig. 2a–c, Supplementary
Fig. 2d). Stimulationwith rotenoneor antimycin A is known to produce
excessive mitochondrial ROS35,36. Treatment with Mito-TEMPO, a
mitochondria-specific ROS scavenger37, markedly suppressed the
induction of MERCs by rotenone and antimycin A treatment (Fig. 2a),
suggesting that mitochondrial ROS, but not OXPHOS changes, are the
trigger inducing MERC formation. To obtain further insight into the
relationship between ROS and MERC formation, MERBiT cells were
treated with rotenone and antimycin A with or without the oxidized
form of N-acetylcysteine (oxNAC) and N-acetylcysteine tetrasulfide
(NACS2)38, synthetic sources of glutathione and persulfidated

Article https://doi.org/10.1038/s41467-025-56666-4

Nature Communications |         (2025) 16:1508 2

www.nature.com/naturecommunications


glutathione (Fig. 2d, e). The addition of oxNAC and NACS2 suppressed
the formation of mitochondrial ROS-derived MERCs (Fig. 2d, e). Fur-
thermore, MERCs were also increased by treatment with tBHP, an
inducer of oxidative stress, and this increase inMERCswas suppressed
by the addition of oxNAC and NACS2 (Supplementary Fig. 2f). Based
on these results, we hypothesized that glutathione, especially glu-
tathionepersulfide, could strongly suppressmitochondrial ROS,which

promotes the formationofMERCs.Consistentwith this, knockdownof
CARS2, an enzyme critical for the production of endogenous Cys-SSH
and persulfide, and SLC25A39, a mitochondria-specific glutathione
transporter, increased mitochondria and ER colocalization and MER-
BiT luminescence, which was suppressed by Mito-TEMPO (Fig. 2f,
Supplementary Fig. 2g–i and Fig. 3a–c). Furthermore, mitochondrial
ROS-derived MERCs were not suppressed by the addition of oxNAC,
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but NACS2 could only compensate for CARS2 knockdown, not
SLC25A39 knockdown (Supplementary Fig. 3d), suggesting that glu-
tathione persulfide, but not glutathione, is critical for scavenging
mitochondrial ROS that promote MERC formation. Although Trx2 and
Prx3 also localize to mitochondria and inhibit mitochondrial ROS,
knockdown of both proteins did not affect MERBiT luminescence
(Supplementary Fig. 3e). To demonstrate that mitochondrial ROS
specifically induce MERC formation, a mitochondrial matrix-targeted
D-amino acid oxidase (DAAO) construct (mitoDAAO) and a non-
targeted construct (CytoDAAO) were generated and compared for
H2O2-induced MERC formation (Fig. 2g, h)39,40. D-Amino acid oxidase
(DAAO) catalyzes the oxidative deamination of D-amino acids (ste-
reoisomers of naturally occurring L-amino acids), producing 2-oxo
acids, hydrogen peroxide (H2O2), and ammonia. The results obtained
using this tool showed that mitochondrial ROS generation, but not
cytoplasmic ROS, promoted the formation of MERCs (Fig. 2h). Finally,
using aflowcytometer,wedividedMERBiT cells into thosewith highor
low mitochondrial ROS and sorted each population (Fig. 2i). The
mitochondrial ROS-highMERBiT cells formed ahigh number ofMERCs
(Fig. 2j), which could be abrogated by NAC treatment (Fig. 2k), in
contrast to the mitochondrial ROS-low MERBiT cells.

Mitochondrial ROS-derived MERCs depend on phosphorylated
RMDN3 and VAPB binding
To identify the tethering factor involved in the formation of mito-
chondrial ROS-derived MERCs, we measured the luminescence upon
the knockdown of four known tethering factors. Mitochondrial ROS-
derived MERCs induced by rotenone and antimycin A treatment were
not reduced by the knockdown of MFN2 or PDZD8, but were sig-
nificantly reduced by the knockdown of RMDN3 or VAPB (Fig. 3a).
Similarly, MERC formation, which was increased by the knockdown of
CARS2 or SLC25A39, was also reduced by the knockdownof RMDN3or
VAPB (Supplementary Fig. 4a). Immunoprecipitation assay showed
that RMDN3-VAPB binding was increased under conditions of rote-
none and antimycin A treatment or CARS2 and SLC25A39 silencing
(Fig. 3b, Supplementary Fig. 4b), indicating that the increase in mito-
chondrial ROS-derived MERC formation is achieved by specific
RMDN3-VAPB binding. Correlating with these results, RMDN3
expressed in mitochondrial ROS-high cells (F954 cells) derived from a
patient with the mitochondrial disease MELAS syndrome carrying the
m.3243 A >G mutation (92% level of heteroplasmy) was found to bind
VAPB more strongly than that in mitochondrial ROS-low cells or nor-
mal fibroblast cells (NHDF cells) (Supplementary Fig. 4c). RMDN3
contains an FFAT-like motif7, which binds to the major sperm protein
(MSP) domain conserved among VAPA, VAPB, and possibly
MOSPDs41–43, and a tetratricopeptide repeat (TPR) domain with lipid
binding and lipid transfer activities44 (Fig. 3c). There was a difference
between the decrease in luminescence upon silencingRMND3 and that
upon silencing VAPB, as shown in Fig. 3a. For confirmation, we per-
formed an experiment involving the double silencing of VAPA and
VAPB and confirmed its additive effect ondecreasingMERC formation,

suggesting that VAPA is also involved in mitochondrial ROS-derived
MERC formation (Supplementary Fig. 4d). To examine whether the
FFAT-like motif and TPR domain are involved in the formation of
mitochondrial ROS-derived MERCs, we generated RNAi-resistant
RMDN3 constructs: resi-wild-type RMDN3, resi-ΔFFAT RMDN3, and
resi-ΔTPR RMDN3 (Fig. 3d). Consistent with previous reports, the TPR
domain did not affect VAPB interaction and its localization (Supple-
mentary Fig. 4e, f). Although the expression of both resi-wild-type
RMDN3 and resi-ΔTPR RMDN3 with si-RMDN3 rescued mitochondrial
ROS-derived MERC formation, the expression of resi-ΔFFAT RMDN3
did not (Fig. 3e, Supplementary Fig. 4g). Next, we investigated the
molecular signaling response to promote MERC formation. Since
previous reports showed that the phosphorylation of RMDN3 FFAT-
like motif regulates interaction with the VAPB MSP domain, we hypo-
thesized that mitochondrial ROS promote RMDN3 FFAT phosphor-
ylation andVAPB interaction. As expected,mitochondrial ROS induced
by antimycin A treatment increased the phosphorylation of RMDN3,
possibly the FFAT-like motif at threonine 160 (T160), a phospho-site
previously reported to be essential for interaction with VAPB41 (Fig. 3f,
Supplementary Fig. 4h). Expression of the RMDN3 T160A mutant fails
to enhance both VAPB interaction and antimycin A-induced MERC
formation, indicating that RMDN3 T160 phosphorylation enhances
VAPB interaction and is essential for mitochondrial ROS-induced
MERC formation. (Fig. 3g, h). Finally, we analyzed the effect of RMDN3-
dependent MERCs formation, which is promoted by antimycin A and
rotenone stimulation, on calcium transfer to mitochondria using cal-
cium indicator CEPIA245. Consistent with previous report46, suppres-
sion of RMDN3 and VAPB reduced histamine-induced calcium uptake
into mitochondria (Supplementary Fig. 4i, j). Furthermore, in the
suppression of RMDN3, the calcium uptake was reduced during anti-
mycin A and rotenone stimulation compared to unstimulated cells
(Supplementary Fig. 4k). These results suggest thatmitochondrial ROS
trigger RMDN3 T160 phosphorylation and increase VAPB interaction
to promote MERC formation.

Disruption of mitochondrial ROS-derived MERCs reduces cell
viability
To understand the physiological significance of mitochondrial ROS-
induced MERCs, the effects of knockdown of tethering factors on cell
viability were examined. We found that knockdown of RMDN3 and
VAPB, but not MFN2 and PDZD8, significantly reduced cell viability
upon long-term treatment with rotenone and antimycin A or by
silencing CARS2 and SLC25A39 (Fig. 4a, Supplementary Fig. 5a). As in
the caseofMERC formation (Fig. 2e, Supplementary Fig. 3d), cell death
was suppressed by the addition of NACS2, but not oxNAC, following
CARS2 and RMDN3 knockdown (Fig. 4b, Supplementary Fig. 5b). This
suggests thatmitochondrial ROS-induced tethering of RMDN3-VAPB is
critical for inhibiting cell death.

To determine whether cell death is inhibited by the lipid transfer
activity of RMDN3, cell viability was examined by expressing RNAi-
resistant RMDN3 constructs, resi-wild-type RMDN3 and resi-ΔTPR-

Fig. 1 | Design of a reversible MERCs quantification assay system – MERBiT.
a Schematic of the construct and strategy for detection of MERCs. b Schematic of
the MERBiT system. c Representative images of V5-TOMM20-SmBiT and LgBiT
−3×HA-Sec61β localization in HeLa cells stably expressing V5-TOMM20-SmBiT and
LgBiT−3×HA-Sec61β (MERBiT cells). Cells were stained with V5, HA, HSP60 and
calnexin antibodies. HSP60 is used as a mitochondrial marker and calnexin is used
as an ER marker. d, Representative immunoblots for each component of
MERBiT cells. The lysates of MERBiT cells were analyzed by immunoblotting for V5
(V5-TOMM20-SmBiT), HA (LgBiT-3×HA-Sec61β), TOMM20, HSP60, calnexin, andα-
tubulin. Black and white arrowheads indicate tagged and endogenous TOMM20,
respectively. e Luminescence of MERBiT cells. Quantification of the luminescence
of HeLa cells, MERBiT cells, and stably expressing V5-TOMM20-SmBiT HeLa cells.
Data aremean ± s.e.m. (n = 9). fQuantification ofMERCs reduction during recovery

from starvation in MERBiT cells. Cells were starved in HBSS for 1 h and then
recovered in 10% FBS DMEM for the indicated times before luminescence was
measured. Data are mean ± s.e.m. (n = 3, triplicate). g, h Effects of knockdown of
different MERCs tethering factors on MERBiT luminescence in MERBiT cells. Cells
were transfected with the indicated siRNAs and then luminescence was measured
or WB was performed with the indicated antibodies to confirm protein expression
levels. Data are mean ± s.e.m. (n = 3, triplicate). i MERCs linker increases lumines-
cence. MERBiT cells were transfected with MERCs linker (pCAG-AKAP1(1-30 aa)-
mTagBFP-V5-SACM1L (521-587 aa)) and luminescence was detected. Data are mean
± s.e.m. (n = 3, triplicate). Statistical significance was analyzed by one-way analysis
of variance (ANOVA) (e, f, g) or Student’s t-test, Two-tailed (i). P values are indicated
as; **p <0.01; ****p <0.0001.
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RMDN3, after the suppressionofCARS2 andSLC25A39or by long-term
treatment of RMDN3-knockdown cells with rotenone and antimycin A
(Fig. 4c, Supplementary Fig. 5c). Since the expression of resi-ΔTPR-
RMDN3 and resi-ΔFFAT-RMDN3 cannot rescue cell viability in RMDN3-
knockdown cells, the lipid transfer ability and binding to VAPB of
RMDN3 are important for cell survival. To further identify the type of
cell death inducedby the inhibition ofMERC formation using rotenone
or antimycin A, we applied the apoptosis inhibitor Z-VAD-FMK, the

necroptosis inhibitor necrostatin-1, and the ferroptosis inhibitor Fer-1;
however, none of these inhibitors inhibited cell death (Fig. 4d).
Meanwhile, the addition of DFO, an iron chelator, inhibited cell death,
suggesting that hydroxyl radical generated by the iron-mediated
Fenton reaction induces mitochondrial toxicity under MERC disrup-
tion. Taken together, these results indicate that RMDN3-VAPB tether-
ing and the lipid transfer activity of RMDN3 inhibitmitochondrial ROS-
induced cell death.
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Excessive lipid peroxidation caused by MERCs disruption
ROS are known to induce lipid peroxidation and cell death47. Mito-
chondria are particularly rich in iron, which is thought to promote the
production of hydroperoxides through the Fenton reaction48,49. Since
cell death was suppressed by the iron chelator DFO (Fig. 4d) and the
lipid transfer activity of RMDN3 is important for cell death suppression
(Fig. 4c), we considered the possibility that cell death during the
inhibition of MERC formation is triggered by lipid peroxidation in
mitochondria. We examined mitochondrial peroxidation using Mito-
PeDPP, a mitochondria-specific lipid peroxidation detection probe50,
and found that RMDN3 knockdown with CARS2 and
SLC25A39 suppression increased fluorescence intensity compared
with that in the control and upon RMDN3, CARS2, or SLC25A39
knockdown alone (Supplementary Fig. 6a, b). Similar results were
obtained with VAPB knockdown (Supplementary Fig. 6c). Further-
more, an increase in fluorescence intensity was also observed when
RMDN3-knockdown cells were treated with antimycin A and rotenone
(Supplementary Fig. 6d). These increases in fluorescence could be
suppressed by resi-wild-type RMDN3 expression, but not by resi-ΔTPR-
RMDN3 expression (Supplementary Fig. 6e–h), suggesting that mito-
chondrial ROS-inducedMERC formation suppresses lipidperoxidation
through the lipid transfer activity of RMDN3.

RMDN3 removes lipid radicals from the mitochondria via
the MERCs
Since analysis using a MitoPeDPP probe suggested that the lipid per-
oxides accumulate in mitochondria, we next attempted to directly
observe lipid radicals using LipiRADICAL51. In the RMDN3-knockdown
cells treatedwith rotenone or antimycin A, the LipiRADICAL signal was
colocalized with MitoTrackerDeep Red, a mitochondrial marker dye,
and there was decreased colocalization of ER-RFP, an ER marker
(Fig. 5a–c). To further investigate whether these lipid radicals are
regulated by the lipid transfer activity of RMDN3, we generated wild-
type-RMDN3-IRES-EBFP and ΔTPR-RMDN3-IRES-mCherry constructs,
providing a second readout system to visualize gene expression. In
cells expressing wild-type RMDN3 (EBFP-positive cells), LipiRADICAL
signals were absent or not colocalized withmitochondria, but partially
colocalized with ER (Fig. 5d–g, Supplementary Fig. 7a–f). In contrast,
the LipiRADICAL signal remained colocalized with mitochondria in
cells that did not express wild-type RMDN3 (EBFP- and mCherry-
negative cells) or in cells expressing ΔTPR (mCherry-positive cells)
(Fig. 5d, e, Supplementary Fig. 7b, c). Furthermore, since colocalization
of LipiRADICAL signal with mitochondria was also observed in cells
expressingΔFFAT (mCherry-positive cells), which is a VAPB interaction
motif, MERC formation via RMDN3-VAPB is indispensable for lipid
radical scavenging (Fig. 5f, g, Supplementary Fig. 7d, e). These results
suggest that lipid radicals, lipid peroxyl radicals, or lipid peroxides are
removed from mitochondria by the lipid transfer activity of RMDN3.

RMDN3 TPR domain has lipid radical transfer activity
Since it has been suggested that the RMDN3 TPR domain may have
lipid radical transfer activity, we investigated this using a liposomal
lipid transfer assay (Fig. 6a). First, we confirmed the RMDN3 TPR
domain-mediated transfer activity of TMR phosphatidic acid (PA)-
derived lipid radicals generated by AAPH stimulation. The liposome
assay showed that the TMR fluorescence signal of acceptor lipo-
somes was dose-dependently increased by the RMDN3 TPR domain
and that AAPH stimulation enhanced the TMR fluorescence signal,
suggesting that the RMDN3 TPR domain binds to and transfers lipid
radicals (Fig. 6b). To directly demonstrate the lipid radical transfer
activity of the RMDN3 TPR domain, lipid radicals were labeled with
LipiRADICAL Green, a lipid radical-specific probe, and the LipiR-
ADICAL signals in acceptor liposomes were measured. We found
that, only in the presence of AAPH stimulation, the LipiRADICAL
signal of RMDN3 TPR domains increased in a dose-dependent
manner (Fig. 6c). In addition, LipiRADICAL signals were enhanced in
the presence of an acceptor and RMDN3 TPR domains compared
with those in the presence of only an acceptor (Fig. 6d). These
results suggest that the RMDN3 TPR domain has lipid radical
transfer activity.

RMDN3 suppresses lipid peroxidation in primary brown adipo-
cytes under stimulation mimicking cold exposure
To observe the suppression of lipid radical toxicity by RMDN3-VAPB
tethering in physiological conditions, we focused on brown adipo-
cytes. Brown adipocytes are known to produce mitochondrial ROS
in response to cold stimuli to enhance mitochondrial heat
production52. First, we evaluated whether the suppression of
RMDN3 affected the differentiation of primary brown adipocytes by
examining various differentiation markers and lipid droplet for-
mation, and found that it did not affect differentiation (Fig. 7a–g).
Since there was no effect on differentiation, we decided to perform
an experiment mimicking cold exposure using norepinephrine (NE)
stimulation after the induction of differentiation. The results show
that NE treatment of primary brown adipocytes increased the signal
of MitoPeDPP, which reflects the amount of lipid peroxide in
mitochondria (Fig. 7h). Furthermore, RMDN3 and VAPB binding was
increased during NE stimulation, and this increase was attenuated
by the addition of Mito-TEMPO (Fig. 7i, j). In addition, MitoPeDPP
signal was increased when NE was treated under
RMDN3 suppression compared with that in control cells. Further-
more, the expression of siRNA-resistant wild-type RMDN3, but not
RMDN3 T160A, in RMDN3-suppressed primary brown adipocytes
attenuated the signal of MitoPeDPP (Fig. 7k), suggesting that
RMDN3 binding to VAPB is increased under a cold stimulus in brown
adipose tissue, which suppresses the accumulation of lipid peroxide
in mitochondria.

Fig. 2 | Mitochondrial ROS increases MERCs formation. a Mitochondrial ROS
produced by rotenone and antimycin A treatment increases luminescence in
MERBiT cells. The cells were treated with rotenone (50 nM) and antimycin A
(50 nM) with or withoutMito-TEMPO for 1 h and then luminescencewasmeasured.
b Antimycin A and rotenone stimulation increases MERCs in EM imaging. Repre-
sentative electron micrographs of HeLa cells treated with or without antimycin A
(50 nM) or rotenone (50 nM) for 1 h. Mitochondria and ER were labeled with green
and magenta, respectively. ER-mitochondria contact sites are indicated by dashed
white lines ( < 25 nm distance between membranes). c Quantification of MERCs
length normalized to mitochondrial circumference. Data are mean ± s.e.m. n = 30
cells for control, antimycin A treatment, and rotenone treatment in HeLa cells. d,
e oxNAC and NACS2 treatment reduces MERCs formation by removing excessive
ROS inMERBiT cells. The cells were treated with rotenone (50 nM) and antimycin A
(50 nM) with or without oxNAC (30 µM) and NACS2 (30 µM) for 1 h and then
luminescence was measured. oxNAC and NACS2 were treated for 6 h before addi-
tion of rotenone and antimycin A. f Mitochondrial ROS production by CARS2 and

SLC25A39 knockdown increases MERCs formation in MERBiT cells. The cells were
transfected with indicated siRNAs for 3 days and treated with or without Mito-
TEMPO for 1 h before luminescence measurement. g, h Mitochondrial, but not
cytosolic, H2O2 generation increases MERCs formation in MERBiT cells.
MERBiT cells were transfected with the cytoDAAO and mitoDAAO expressing
constructs for 1 day and treated with or without D-Met (1mM) for 1 h before
luminescence measurement. i, j The MERBiT cells with higher mitochondrial ROS
production formmoreMERCs than cells with lowermitochondrial ROSproduction.
The cells were stainedwithMitoSOX 10 µM for 30min and theMitoSOXhigh or low
MERBiT cells were sorted by a cell sorter. Then the reseeded cells were measured
for luminescence. k NAC treatment decreases MERCs formation in MERBiT cells
and mitochondrial ROS high MERBiT cells. The cells or mitochondrial ROS high
cells were treated with NAC for 2 days and then luminescence was measured. Data
aremean ± s.e.m. (n = 3, triplicate), and statistical significancewas analyzed by one-
way analysis of variance (ANOVA) (a, c, e, f, h, j, k). P values are indicated as
**p <0.01; ***p <0.001; ****p <0.0001; n.s., not significant.
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Discussion
Several assay systems have been developed to measure MERC forma-
tion, using FRET, split-GFP, BiFC, and ddFP. These approaches have
been used to investigate the dynamics of MERC formation in response
to various pathological conditions, mitochondrial morphological
alterations, and mitochondrial function53. In this study, we developed
an assay system using NanoBiT technology to measure MERC

dynamics in amore physiological manner, which we named “MERBiT.”
This assay system can be applied not only to elucidate the mechanism
of MERC formation, but also to screen for drugs that ameliorate
mitochondrial dysfunction under various cellular stresses. It is thus
expected to provide a versatile tool for future studies. Using MERBiT-
expressing cells, we found that induction of mitochondrial ROS pro-
mote MERC formation for cell survival through enhanced RMDN3-
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VAPB binding. This binding ameliorates cytotoxicity caused by lipid
radicals accumulated on mitochondria by promoting their retrograde
transport from the mitochondria to other organelles, mainly the ER.
Other MERC tethering factors, including MFN2 and PDZD8, are not
involved in mitochondrial ROS-derived MERC formation and lipid
radical scavenging, demonstrating that RMDN3-VAPB tethering spe-
cifically and strictly regulates MERC formation under oxidative stress.
Thus, our findings reveal that MERCs are functionally targeted by
specific tethering factors depending on their purpose.

Next, the molecular mechanism by which mitochondrial ROS
promote the binding of RMDN3 to VAPB was investigated. It has been
reported that RMDN3 binding to VAPB is enhanced by T160 phos-
phorylation in the FFAT domain of RMDN341. Consistent with this, we
found that T160 phosphorylation is induced by mitochondrial ROS,
resulting in enhanced binding of RMDN3 to VAPB. It is likely that an
unidentifiedMERC-localized kinase activated by ROS is involved in the
T160 phosphorylation of RMDN3. For example, PERK has been shown
to be required at the ER-mitochondrial contact sites to mediate
apoptosis following ROS-based ER stress54, suggesting that PERK is one
of the candidates responsible for theT160phosphorylation of RMDN3.
In addition to PERK, mitochondrial ROS have been shown to activate
several protein kinases, including JNK, p38 MAPK, PKCδ, Akt, and
AMPK55–57. JNK, p38 MAPK, and PKCδ are thought to play roles in
promoting the induction of cell death, so they are unlikely to be
involved in thephosphorylationof RMDN3.On theother hand, Akt and
AMPK activate cell survival signals, so the possible involvement of
these kinases in RMDN3 phosphorylation is certainly worth consider-
ing, while other kinasesmay also feature. In any case, it is likely that the
MAM-localized protein kinase is responsible for the phosphorylation
of RMDN3.We are currently using a knockdownscreening approach to
identify the kinase responsible for RMDN3 phosphorylation.

The TPR domain, a lipid transfer domain in RMDN3, has been
reported to function in the bidirectional transport of phosphatidic
acid between mitochondria and the ER44. The fact that deletion of the
TPR domain of RMDN3 failed to remove lipid radicals accumulated in
mitochondria suggests that RMDN3 uses its TPR domain to transfer
phosphatidic acid-related lipid peroxides in mitochondria to the ER.
Indeed, liposome assays suggested that RMDN3 may transport lipid
radicals with a higher affinity than phosphatidic acid (Fig. 6). Thus, we
speculate that RMDN3 selectively recognizes lipid radicals and oxi-
dized lipids and transfers them to the ER. However, the mechanism by
which RMDN3 achieves this selective recognition and how the lipid
transfer activity is regulated are currently unknownand require further
detailed analysis.

Mitochondria are constantly exposed to ROS due to their
respiratory activity, but MnSOD, Prx-Trx, and GSH-GPx rapidly sca-
venge ROS. The recent development of new measurement techniques

hasmade it possible tomeasure cysteine polysulfides, which consist of
multiple sulfur linkages of the thiol group of cysteine, revealing that
many proteins in cells contain cysteine polysulfides. Cysteine poly-
sulfides and glutathione polysulfides are highly reactive to ROS58.
Indeed, it has been reported that deficiency of CARS2, a cysteine
polysulfide synthase present in mitochondria, causes mitochondrial
dysfunction29. In thepresent study,we found thatMERC formationwas
increased when the expression of SLC25A39, a mitochondrial-specific
GSH transporter, and CARS2 was suppressed, and that the addition of
Mito-TEMPO, mitochondrial-specific ROS scavengers, reversed this
increase in MERC formation. Furthermore, MERC induction by CARS2
knockdown was rescued by the addition of NACS2, a synthetic source
of cysteine polysulfides, but not by SLC25A39 knockdown. We spec-
ulate that NACS2may not be an active formdue tomitochondrial GSH
depletion, or that the uptake of glutathione polysulfides such as GSSH
into mitochondria was reduced. In addition, the mitochondrial ROS
that induced MERCs were not removed by Prx3 or Trx2, suggesting
that the ROS that induce MERC formation are removed by cysteine
polysulfides or glutathione polysulfides. At present, it is not clear
whether cysteine polysulfides or glutathione polysulfides suppress the
mitochondrial ROS that induce MERC formation. In conclusion, our
results strongly support the hypothesis that cysteine polysulfides and/
or glutathione polysulfides primarily react with and scavenge
mitochondrial ROS.

Our study shows that some lipid radicals and lipid peroxide pro-
duced by mitochondrial ROS were transferred to the ER. It has been
reported that a large amount of lipid peroxide accumulates in the ER29.
It is thus believed that there is an efficient lipid peroxide scavenging
system in the ER. Since the ER occupies nearly 70%of the cell volume59,
it is possible that lipid peroxidation does not accumulate in a small
area such as the mitochondria, but is distributed throughout the ER to
attenuate lipid radical toxicity. This could be a strategy to increase the
frequency of catalysis of GPx4, a lipid peroxide scavenging enzyme
located in the cytoplasm. Further analysis is needed to elucidate the
molecular pathway by which oxidized lipids are scavenged in the ER.

In this study, we used brown adipocytes to show that RMDN3-
mediated removal of mitochondrial lipid peroxide toxicity is observed
under physiological conditions, such as after stimulation with nor-
epinephrine. Given that RMDN3 is expressed in almost all cells and
tissues, this suggests that an RMDN3-dependent lipid radical transport
mechanism may be preserved in various cells and tissues.

Methods
Cell culture and transfections
HeLa cells (RIKEN, #RCB0007) were cultured in Dulbecco’s modified
Eagles’s medium (DMEM) with high glucose supplemented with 10%
fetal bovine serum (FBS). Cells were transfected with plasmids using

Fig. 3 | MERCs induced by mitochondrial ROS are tethered by RMDN3
and VAPB. a RMDN3 and VAPB are critical tethering factors for MERCs formation
induced by antimycin A and rotenone stimulation. MERBiT cells were transfected
with the indicated siRNAs for 3 days and treated with or without rotenone (50 nM)
and antimycinA (50nM) for 1 h before luminescencemeasurements. Data aremean
± s.e.m. (n = 3, triplicate). b Interaction between RMDN3 and VAPB increase in
rotenone and antimycinA treatment. HeLacellswere transfectedwith the indicated
vectors and treated with rotenone (50 nM) or antimycin A (50 nM) for 1 h. Cell
lysates were subjected to IP assay (left). Ratio of RMDN3-VAPB interaction (right).
Data are mean ± s.e.m. (n = 3). c Schematic model of the RMDN3 domain. d The
expression levelsofRNAi-resistant RMDN3vectors. TheHeLacellswere transfected
with RMDN3 siRNA for 2 days and then transfected with the indicated vectors such
asRMDN3RNAi-resistant vectors for 1 day. e FFATbut not TPR domain is important
for mitochondrial ROS-induced MERCs formation. The MERBiT cells were trans-
fectedwith the indicated siRNAs for 2 days. Then transfectedwith empty vectors or
indicated RNAi-resistant vectors for 1 day. Before measuring luminescence, cells
were treated with or without rotenone (50 nM) and antimycin A (50nM) for 1 h.

Data are mean ± s.e.m. (n = 3, triplicate). f Threonine 160 mutant of RMDN3
decrease phosphorylation by antimycin A stimulation. HeLa cells were transfected
with the indicated vectors and then treated with or without antimycin A (50 nM).
Cell lysates were subjected to IP assay and then beads were incubated with or
without lambda phosphatase (λPP). Pull-down lysates were subjected to Phos-tag-
PAGE or SDS-PAGE. g Phosphorylation of RMDN3 T160 was important for inter-
action with VAPB by antimycin A treatment. HeLa cells were transfected with the
indicated vectors and treated with antimycin A (50 nM) for 1 h. Cell lysates were
subjected to IP assay and IB assay (left). Ratio of RMDN3-VAPB interaction (right).
Data are mean± s.e.m. (n = 3). h Phosphorylation of RMDN3 T160 is important for
MERCs formation induced by antimycin A stimulation. The MERBiT cells were
transfected with the indicated siRNAs for 2 days and then transfected with vectors
for 1 day before treatment with or without antimycin A (50 nM) for 1 h, and then the
luminescence was measured. Data are mean ± s.e.m. (n = 3, triplicate). Statistical
significance was analyzed by one-way analysis of variance (ANOVA) (a, b, e, g, h). P
values are indicated as *p <0.05; **p <0.01; ****p <0.0001; n.s., not significant.
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Fig. 4 | Disruption of mitochondrial ROS-derived MERCSs attenuates cell via-
bility. a Rotenone or antimycin A treatment of RMDN3 and VAPB knockdown cells
reduced cell viability. The HeLa cells were transfectedwith the indicated siRNAs for
5 days with or without rotenone (50 nM) and antimycin A (50nM) for 2 days before
cell viability was measured. Cell viability was determined and expressed as a fold
change of si-NT. Viable cells were detected by cell viability assay using Cell
Counting Kit-8. b The HeLa cells were transfected with the indicated siRNAs for
5 days with or without rotenone (50 nM) and antimycin A (50nM) for 2 days before
measuring cell viability. oxNAC (50 µM), NACS2 (50 µM) andmito-TEMPO (100nM)
were treated for 3 days beforemeasuring cell viability. Cell viability wasdetermined
and expressed as a fold change of si-NT. Viable cells were detected by cell viability
assay using Cell Counting Kit-8. c Lack of TPR domain does not rescue cell viability
of RMDN3 knockdown with rotenone or antimycin A treatment. HeLa cells were
transfected with RMDN3 siRNA for 5 days and with the indicated vectors for 3 days

before measuring cell viability. Rotenone (50 nM) and antimycin A (50 nM) were
treated for 2 days before cell viability was measured. Cell viability was determined
and expressed as a fold change of si-NT. Viable cells were detected by cell viability
assay using Cell Counting Kit-8. FLAG-resi-RMDN3 WT, FLAG-resi-RMDN3ΔFFAT,
and FLAG-resi-RMDN3ΔTPR are RMDN3 RNAi-resistant vectors. d HeLa cells were
transfected with RMDN3 siRNA for 5 days with or without rotenone (50 nM) and
antimycin A (50 nM) for 2 days before measuring cell viability. The indicated inhi-
bitors were treated for 2 days before measuring cell viability. Cell viability was
determined and expressed as a fold change of si-NT. Viable cells were detected by
cell viability assay using Cell Counting Kit-8. z-VAD-FMK (20 µM), necrostatin-1
(20 µM), ferrostatin-1 (Fer-1) (5 µM), and deferoxamine (DFO) (100 µM). Data are
mean ± s.e.m. (n = 3, triplicate), and statistical significancewas analyzed by one-way
analysis of variance (ANOVA) (a-d). P values are indicated as ****p <0.0001; n.s., not
significant.
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FuGENE HD Transfection Reagent (Promega) or siRNAs using Lipo-
fectamine RNAiMAX Transfection Reagent (Invitrogen) according to
the manufacturer’s instructions. The Brown preadipocytes were cul-
tured according to previously described methods60 with modifica-
tions. The stromal vascular fraction (SVF) was obtained from
interscapular brown adipose tissue of newborn ICR mice; SVF was

minced and incubated in ISO buffer (0.125M NaCl, 5mM KCl, 1.3mM
CaCl2, 5mM glucose, 100mM HEPES-KOH, pH 7.4, 4% bovine serum
albumin) with 1mg/ml collagenase (Wako, 034-22363) at 37 °C for
30min. The digested SVF was gently mashed on a 100 μm nylon cell
strainer using a syringe plunger with ISO buffer and isolated by cen-
trifugation at 1000 g for 5min. Cell pelletswerewashedwith ISObuffer
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and incubated in DMEM (Nacalai Tesque, 08458-16) supplemented
with 20% FBS and penicillin/streptomycin at 37 °C in a 5% CO2 incu-
bator. After 3 days culture in DMEM supplemented with 20% FBS and
penicillin/streptomycin (day 0), the culture medium was changed to
differentiation induction (DI)medium (DMEMsupplementedwith 20%
FBS, 20 nM insulin [Sigma-Aldrich, I1882], 1 nM triiodo-L-thyronine [T3;
Nacalai Tesque, Inc. 35006-44], 5μMdexamethasone [Nacalai Tesque,
11107-64], 0. 125mM indomethacin [Tokyo Kasei Kogyo, I0655],
0.5mM IBMX [Nacalai Tesque, 19624-86] and 1μM rosiglitazone
[Tokyo Chemical Industries, R0106)]) for 2 days (day 2). Cells were
then cultured in differentiation-enhancing (DE) medium (DMEM sup-
plemented with 20% FBS, 20 nM insulin, and 1μMT3) for an additional
2 or 4 days (day 4 or day 6). For retroviral experiments, cells were
infected with retroviral vectors 3 days before differentiation induction
(day -3). siRNA experiments were performed 2 days before differ-
entiation induction (day -2). 30nM siRNA was introduced into cells
using Lipofectamine RNAiMax (Invitrogen). All animals were main-
tained under university guidelines for the care and use of laboratory
animals. The experiments were performed after securing protocol
approval from the Gakushuin University and Tokyo University of
Pharmacy and Life Sciences Animal Use Committee.

Small Interfering RNA
Knockdown of endogenous human MFN2, PDZD8, RMDN3, VAPB,
VAPA, DRP1, Prx3, Trx2 and SLC25A39 ormouse RMDN3was performed
using the siRNAs that were transfected with Lipofectamine RNAiMAX
Transfection Reagent. The target sequences were: hMFN261: 5′-AATCCC
AGAGGGCAGAACTTTGTCC-3′; hPDZD8: 5′-GTTTAAGCCGTTTTTTCCA
TT-3′; hVAPB62: 5′-GCTCTTGGCTCTGGTGGTTTT-3′; hPrx3: 5′- AAGCCAA
GUCCAGCUGCUUCC -3′; hTrx2: 5′- GGAUCUCCUUGACAACCUU-3′;
hSLC25A39 #2: 5′- ACUUAAGGAAUUAACAAGGG -3′′; mRMDN3 #1: 5′- G
CUUUAGCUUCAAGGAACA-3′; mRMDN3 #4: 5′- GAACUGCCAGACGUC
ACUAAU-3′ purchased from Japan Bio Services. The target sequences
were: hCARS2 #1: 5′-GCAAAUCAACAGUACGUUUtt-3′; hCARS2 #2: 5′-G
CUCAUAUGUUAGAUUUGAtt-3′ purchased from Thermo Fisher Scien-
tific. CARS2: #1 (s35867), #2 (s35868). The target sequences were:
hRMDN3 #1: 5′-GAGCGGGACTCTGACAAAGAA-3′;　 hVAPA: 5′-AUGCGU
AUUUGAAAUGCCCAA-3′; hDRP1 #1: 5′-CAGGAGCCAGCTAGATATTAA-
3′; hDRP1#2: 5′-CACGGTGGGCGCCGACATCAT-3′; hSLC25A39 #1: 5′-AG
CCCTGTACTGGTTCAACTA-3′′were purchased from QIAGEN. Scram-
bled siRNA (si-NT) was also purchased from QIAGEN (#1027281).

Plasmids and reagents
To generate stably expressing cells, TOMM20-V5-SmBit and LgBiT-
3HA-Sec61β were subcloned into the pCX4 retroviral vector63. The
expression plasmids for human RMDN3 and VAPBwere constructed as

previously described64. RMDN3 (ΔTPR) is truncated at the C-terminal
transmembrane domain (236-470 aa). RMDN3 (ΔFFAT) is truncated at
the FFAT-like domain (157-174 aa). All RMDN3 siRNA-resistant forms
were generated by introducing silent mutations in the hRMDN3 siRNA
target sequence (5′-GAGCGGGACTCTGACAAAGAA-3′). FLAG-resi-
RMDN3 WT, FLAG-resi-RMDN3 ΔFFAT and FLAG-resi-RMDN3 ΔTPR
are RMDN3RNAi-resistant vectors.mCherry-Sec61β (Addgene #49155)
were purchased from Addgene. Carbonyl cyanide
m-chlorophenylhydrazone (CCCP) was purchased from Wako. Anti-
mycin A, ferrostatin-1, and valinomycin were purchased from Cayman
Chemical Company. Rotenone, Mito-TEMPO (hydrate), and tert-butyl
hydroperoxide (tBHP) were purchased from TCI Chemicals (Japan,
Tokyo). Z-VAD-FMK was purchased from the Peptide Institute. Oligo-
mycin and Necrostatin-1 were purchased from AdipoGen. D-Met was
purchased from TCI Chemicals. oxNAC (10mM) and NACS2 (10mM)
were prepared according to the previously reported method38.

Antibodies
For immunoblotting:MouseVAPB antibody (66191-1-Ig, 1:1000), rabbit
PDZD8 antibody (25512-1-AP, 1:1000), rabbit polyclonal anti-PTPIP51
(RMDN3) antibody (20641-1-AP, 1:1000) and rabbit monoclonal anti-
TOMM20 antibody (11802-1-AP, 1:2000) were purchased from Pro-
teintech. Mouse monoclonal anti-MFN2 antibody (sc-100560, 1:5000)
and mouse polyclonal HSP60 antibody (sc-136291, 1:2000) were pur-
chased from Santa Cruz Biotechnology. Rabbit anti-RMDN3 antibody
(HPA009975, 1:1000) was purchased from Atlas. Mouse monoclonal
anti-calnexin antibody (699401, 1:1000) was purchased from Biole-
gend. Mouse polyclonal HSP60 (sc-136291, 1:1000) was purchased
from Santa Cruz Biotechnology. Anti-HA (3F10) peroxidase antibody
(2-013-819, 1:5000) was purchased from Roche. Anti-FLAG M2 perox-
idase (A8592, 1:1000) was purchased from Sigma-Aldrich. For immu-
nofluorescence: Rabbit monoclonal anti-TOMM20 antibody (11802-1-
AP, 1:2000) was purchased from Proteintech. Mouse monoclonal anti-
calnexin antibody (699401) was purchased from Biolegend. Mouse
polyclonal HSP60 (sc-136291, 1:2000) was purchased from Santa Cruz
Biotechnology. Alexa Fluor-conjugated anti-mouse IgG, rabbit IgG, and
rat IgG used as secondary antibodies for immunofluorescence were
purchased from Invitrogen (1:1000).

Gene expression analysis by real-time PCR
In HeLa cell analysis, qPCR was performed using the THUNDERBIRD
Next SYBR qPCR Mix (TOYOBO). All reactions were performed on a
LightCycler96 system (Roche, Basel, Switzerland). Each sample was
analyzed in duplicate for each PCR measurement. Experiments were
performed in triplicate.Melting curveswere checked for specificity. All
mRNA expression level results were normalized to the expression level

Fig. 5 | RMDN3 removes lipid radicals from mitochondria via MERCs.
a Suppression of RMDN3 and antimycin A treatment leads to accumulation of lipid
radicals on mitochondria. Representative LipiRADICAL Green staining images in
HeLa cells transfected with RMDN3 siRNA for 3.5 days before staining with LipiR-
ADICAL Green. Cells were treated with antimycin A (50 nM) for 3 h before staining
with LipiRADICAL Green and also labeled with MitoTracker as mitochondrial
marker. b Quantification of colocalization between LipiRADICAL Green signal and
MitoTracker in relation to (a). c Quantification of colocalization between LipiR-
ADICALGreen signal and ER-RFP as an ERmarker. Cellswere treatedwith antimycin
A (50nM) for 3 h before staining with LipiRADICAL Green. d Representative images
of LipiRADICAL Green staining images in HeLa cells transfectedwith RMDN3 siRNA
for 3.5 days and with the indicated vectors for 2 days before staining with LipiR-
ADICAL Green. Cells were treated with Antimycin A (50 nM) for 1 day before
staining with LipiRADICAL Green and MitoTracker. FLAG-resi-RMDN3WT-IRES-
EBFP and FLAG-resi-RMDN3ΔTPR-mCherry are RMDN3RNAi resistant vectors. Blue
line indicates cells expressing FLAG-resi-RMDN3WT-IRES-EBFP. Red line indicates
cells expressing FLAG-resi-RMDN3ΔTPR-IRES-mCherry. e Quantification of LipiR-
ADICAL Green staining patterns from (d) following patterns in Supplementary

Fig. 7a. EBFP (FLAG-resi-RMDN3WT-IRES-EBFP) and mCherry (FLAG-resi-
RMDN3ΔTPR-IRES-mCherry) negative cell were counted as non-expressing cells
(n = 106 cells). Resi-RMDN3WT cells were counted for EBFP-positive cell staining
patterns (n = 92 cells). Resi-RMDN3ΔTPR cells were counted for mCherry-positive
cell staining patterns (n = 74 cells). f Representative images of LipiRADICAL Green
staining images in HeLa cells transfected with RMDN3-siRNA for 3.5 days and with
the indicated vectors for 2 days before stainingwith LipiRADICALGreen. Cells were
treated with antimycin A (50 nM) for 1 day before staining with LipiRADICAL Green
and MitoTracker. FLAG-resi-RMDN3WT-IRES-EBFP and FLAG-resi-RMDN3ΔFFAT-
mCherry are RMDN3 RNAi-resistant vectors. Blue line indicates cells expressing
FLAG-resi-RMDN3WT-IRES-EBFP. Red line indicates cells expressing FLAG-resi-
RMDN3ΔFFAT-IRES-mCherry. g Quantification of LipiRADICAL Green staining
patterns from (f) following patterns in (Supplementary Fig. 7a). EBFP (FLAG-resi-
RMDN3WT-IRES-EBFP) and mCherry (FLAG-resi-RMDN3ΔTPR-IRES-mCherry)
negative cell were counted as non-expressing cells (n = 87 cells). Resi-RMDN3WT
cells were counted as EBFP-positive cell staining patterns (n = 104 cells). Resi-
RMDN3ΔFFAT cells were counted as mCherry-positive cell staining patterns
(n = 106 cells).
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of ACTB. The following primer pairs were used in HeLa cells: Actb:
forward (Fwd): 5′-GAGAAGATGACCAGATCAT -3′, reverse (Rev): 5′- AT
CTCCATGCCCAGGAAGGAAGG -3′; Slc25a39: Fwd: 5′- TGCCCT
TCTCAGCCCTGTA -3′, Rev: 5′- GGTTCACTCTCACAGCCTCC -3′; Cars2:
Fwd: 5′- GACAGAAGCAGTACAACATCCA -3′, Rev: 5′- CTTGTCGTGAG-
CAGGTTCAT -3′. For brown adipocyte analysis, total RNA was extrac-
ted from primary mouse brown adipocytes using NucleoSpin® RNA

(TAKARA). Reverse transcription reaction was performed using Reva-
Tra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO). Real-
timequantitative PCRwas performedusing a KAPASYBRFast qPCRKit
(Nippon Genetics, KK4602) and a StepOnePlus Real-Time PCR System
(Applied Biosystems). The following primer pairs were used for brown
adipose cell analysis: s18: forward (Fwd): 5′-TCCAGCACAT
TTTGCGAGTA -3′, reverse (Rev): 5′- CAGTGATGGCGAAGGCTATT -3′;
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Rmdn3: Fwd: 5′- ACCCTACCTACGAGGACAAA -3′, Rev: 5′- AGCCCTCAC
CCAGGAATA -3′;Ucp1: Fwd: 5′- GTGAACCCGACAACTTCCGAA -3′, Rev:
5′- TGAAACTCCGGCTGAGAAGAT -3′; Cidea: Fwd: 5′- TGACATTCATGG
GATTGCAGAC -3′, Rev: 5′- GGCCAGTTGTGATGACTAAGAC -3′; Fabp4:
Fwd: 5′- GATGCCTTTGTGGGAACCT -3′, Rev: 5′- CTGTCGTCTGCG
GTGATTT -3′; Elovl3: Fwd: 5′- TCCGCGTTCTCATGTAGGTCT -3′, Rev: 5′-
GGACCTGATGCAACCCTATGA -3′; Pgc1a: Fwd: 5′- CCCTGCCATTGT-
TAAGACC -3′, Rev: 5′- TGCTGCTGTTCCTGTTTTC -3′.

Immunoblotting
Proteins in the sample buffer were separated by SDS-PAGE and trans-
ferred to Immobilon PVDF membranes (IPVH00010, Millipore). Blots
were probed with the indicated antibodies, and protein bands on the
blot were visualized using Chemi-Lumi One L (07880-70, Nacalai
Tesque) or Immobilon Western Chemiluminescent HRP Substrate
(WBKLS0500, Millipore). Band images were captured using a Lumi-
noGraph I imager (ATTO). Relative band intensities were quantified
using Fiji/ImageJ software65.

Immunoblotting and Phos-tag PAGE
FLAG-tagged RMDN3 was immunoprecipitated with FLAG M2 anti-
body, and the lysates were separated by SDS-PAGE and transferred to
PVDF membranes (Millipore). The blots were probed with the indi-
cated antibodies, and protein bands on the blot were visualized using
enhanced chemiluminescence reagent (Millipore). Phos-tag PAGE was
performed using 12.5% SDS-PAGE minigels containing 10μM Phos-tag
(Wako) in the presence of 100μM MnCl2 according to the manu-
facturer’s protocol.

Immunostaining
Cells were fixed with 4% paraformaldehyde in phosphate-buffered sal-
ine (PBS) for 15min at 37 °C. Fixed cells were washed three times with
PBS, permeabilized with 0.1% Triton X-100 in PBS for 10min then
washed three times with PBS and blocked with 10% FBS in PBS for
10min, all at room temperature (RT). For immunostaining, cells were
incubated with the indicated primary antibodies in PBS containing 5%
FBS for 2 h at RT, washed three timeswith PBS, and then incubatedwith
the appropriate Alexa Fluor-conjugated secondary antibodies in PBS
containing 5% FBS for 1 h. The samplewas washed three times with PBS,
and mounted with Fluorescent Mounting Medium (S3023, Dako), and
then analyzed using a FV3000 confocal laser scanning microscope
(Olympus). Slice images were acquired every 0.2μmand reconstructed
using Fiji/ImageJ software. For the analysis of LDs, a 400μm2 of region
of interest (ROI)was selected from the single-slice images. The total LDs
area and themean LD area in the ROI were obtained using the “Analyze
particles” plugin in Fiji with a minimum area of 0.5μm2. Similarly, the
total mitochondrial area in the ROI was obtained using the “Analyze
particles” plugin in Fiji with a minimum area of 0.1μm2. At least 3 ROIs
per condition from two independent experiments were analyzed.

Immunoprecipitation
Cells were lysed with NP-40 lysis buffer (1% Nonidet P40 Substitute,
10mM Tris–HCl pH 7.4, 150mM NaCl, 0.5mM EDTA, 10mM NaF)
containing protease inhibitor cocktail (25955-11, Nacalai Tesque) and
centrifuged at 15,000 g for 10min at 4 °C. The supernatant was sub-
jected to immunoprecipitation using the indicated antibodies and
Protein G Sepharose (17–0618-01, GE Healthcare). The beads were
washed four times with NP-40 lysis buffer and boiled in 2× Laemmli
sample buffer (125mM Tris–HCl pH 6.8, 10% 2-mercaptoethanol, 4%
SDS, 10% sucrose, 0.01% BPB).

Luciferase Assay using MERBiT cell
Luciferase assays using the MERBiT system were performed using the
Nano-Glo Live Cell Assay; Nano-Glo Live Cell Substrate (N205B) and
NanoBiT Buffer (Nano-Glo LCS Dilution Buffer) (N206B) (Promega,
Madison, WI, USA) according to the manufacturer’s instructions. For
luminescence quantification, MERBiT cells were seeded at 0.5 or
1.0 × 104 /well on a 96-well white cell culture microplate (Greiner bio-
one), followed by transfection of expression vectors and treatment
with rotenone or antimycin A. The cell culture medium was replaced
with 100μL of buffered FluoroBrite DMEM (Gibco) or Opti-MEM,
containing <1% (v/v) fetal bovine serum (FBS). 25 µL of a 1:20mixtureof
Nano-Glo Live Cell Substrate (N205B) and NanoBiT Buffer was added
and incubated at 37 °C for 10min. Luminescence was then measured
using a Synergy LX multimode reader (BioTek).

Cell viability assay
Cell viability assay was performed using the Cell Counting Kit-8
(Dojindo) according to the manufacturer’s protocol.

Live cell imaging
For MitoPeDPP (Dojindo, M466) staining: Cells transfected with the
indicated siRNAs prior to transfection with the RMDN3 siRNA-resistant
construct were plated on 9.5mm glass-bottom dishes (MATSUNAMI,
D141400). If necessary, they were transfected with the indicated vectors
and then treated with rotenone (50nM) or antimycin A (50nM). For
staining, themediumwaschanged toFluoroBrite-DMEM(Gibco)without
FBS containingMitoPeDPP (final 1 µM) and incubated at 37 °C for 30min
with protection from light. The supernatant was discarded and the cells
were washed twice with FluoroBrite-DMEM. Add fresh FluoroBrite-
DMEM and observe the cells under a fluorescence microscope.

For LipiRADICAL (Funakoshi, FDV-0042) staining: Cells trans-
fected with indicated siRNAs prior to transfection with RMDN3
siRNA-resistant construct were plated on 9.5 mm glass bottom
dishes (MATSUNAMI, D141400). If necessary, they were transfected
with the indicated vectors and then treated with rotenone (50 nM)
or antimycin A (50 nM) for 1 day. For staining, the medium was
changed to FluoroBrite-DMEMwith 2% FBS containing LipiRADICAL
(final 2 µM) and incubated at 37 °C for 1 h. If necessary, cells were

Fig. 6 | RMDN3TPRdomainbinds and transfers lipid radicals. a Schematic of the
liposome assay to monitor lipid radical transfer activity. b RMDN3 shows higher
lipid transfer activity in the presence of lipid radicals. The y‐axes in the graphs show
the percentage of acceptor liposome fluorescence, which was calculated using the
following formula: 100×Facceptor /(Facceptor+Fdonor). c Liposome assay to
measure lipid radicals transfer by RMDN3 TPR. Donor liposome (containing
biotinyl-cap lipids and unsaturated lipids), which bind to streptavidin magnetic
beads, were treatedwith orwithout AAPH (500 µM), a radical inducer. Afterwashed
out AAPH, acceptor liposomes and RMDN3 TPR were mixed with donor liposome-
bead lysates. LipiRADICAL Green was then added to the mixture. After removing
donor liposome-bead by binding to magnetic racks, the supernatant (including
acceptor liposomes and RMDN3 TPR mixture) LipiRADICAL Green fluorescence
signals were measured. d The RMDN3 TPR binds and transfers lipid radicals. The

donor liposome (containing biotinyl-cap lipids and unsaturated lipids), which bind
streptavidinmagnetic beads, lysateswere treatedwith orwithout AAPH (500 µM), a
radical inducer. After washed out AAPH, acceptor liposomes and RMDN3 TPR or
RMDN3 TPR alone were mixed with donor liposome-bead lysates. Then, LipiR-
ADICAL Green was added to the mixture. After removing donor liposome-bead by
binding to magnetic racks, the supernatant (including acceptor liposomes and
RMDN3 TPR or RMDN3 TPR alone) LipiRADICAL Green fluorescence signals were
measured. e Schematic illustration: induction of mitochondrial ROS promotes
MERC formation, and RMDN3 transfers lipid radicals from mitochondria to the ER
atMERCs to attenuatemitochondrial oxidative stress. Data aremean ± s.e.m. (n = 3,
triplicate), and statistical significance was analyzed by one-way analysis of variance
(ANOVA) (b–d). P values are indicated as ****p <0.0001.
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stained with the mitochondria-specific dye MitoTracke Deep Red
FM (100 nM) (M22426, Invitrogen) for 30min at 37 °C prior to
imaging. Discard the supernatant and wash the cells twice
with FluoroBrite-DMEM before viewing. Add fresh FluoroBrite-
DMEM with 2% FBS and observe the cells under a fluorescence
microscope.

Mitochondrial calcium analysis
Cells stably expressingmitochondria-targetedCEPIA2 (CEPA2mt)were
seeded on a 96-Well Black/Clear Bottom Plate (Thermo Fisher Scien-
tific). 48 h after transfections of siRNAs, cells were washed three times
in a BSS buffer (120mM NaCl, 5.4mM KCl, 0.8mM MgCl2, 6mM
NaHCO3, 5.6mM D-glucose, 2mM CaCl2, and 25mM HEPES [pH 7.3])
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before analysis. Fluorescence values were then collected at indicated
times, and cells were stimulated with or without 100μM histamine in
BSS. Fluorescence was recorded by a Synergy LX multimode reader
(BioTek) with 485/ 528 nm Filter (green, gain 75).

EM Imaging
HeLa cells and MERBiT cells were fixed in 2.5% glutaraldehyde in
DMEM supplemented with 10% FBS at 37 °C in a 5% CO2 incubator
for 1 h. After being washed with 0.1 M phosphate buffer (0.08M
disodium hydrogen phosphate, 0.02M sodium dihydrogen phos-
phate dihydrate), the cells were scraped and collected with 0.2%
BSA/0.1 M phosphate buffer followed by centrifugation at 820 g.
The cells were post-fixed with 1% OsO4 (Electron Microscopy Sci-
ences) and 1.5% potassium ferrocyanide (Kanto Chemical, catalog
no. 32338-30) in a 0.05M phosphate buffer for 30min. After being
rinsed 3 times with H2O, the cells were stained with 1% thiocarbo-
hydrazide (Sigma-Aldrich) for 5min. After being rinsed with H2O 3
times, cells were stained with 1% OsO4 in H2O for 30min. After being
rinsed with H2O 2 times at room temperature and 3 times at 50 °C,
cells were treated with Walton’s lead aspartate (0.635% lead nitrate
(Sigma-Aldrich, catalog no. 203580), 0.4% aspartic acid (Sigma-
Aldrich, catalog no. A9256), pH 5.2) at 50 °C for 20min. After being
rinsed with H2O 3 times, the sections were followed by incubations
in an ascending ethanol series (10min each in 50% on ice and 70% on
ice, 10min each in 90%, and 5min in 95% ethanol/H2O at room
temperature), 5 min in 100% ethanol 4 times and 10min in butyl 2,3-
epoxypropyl ether (Fujifilm Wako pure chemical corporation)
twice. This was followed by infiltration of Epon812 resin-butyl 2,3-
epoxypropyl ether for 14 h at a 1:1 dilution. After incubating with
100% Epon812 for 2 h, the resin was replaced with fresh 100%
Epon812 and incubated for an additional 3 h. Finally, the resin was
cured at 65 °C for 5 days. Epon812 (Nisshin EM) was made by mixing
7.5 g of MNA (Nisshin EM, M012), 13.7 g of Epon812 (Nisshin EM
T026), and 3.8 g of DDSA (Nisshin EM, D027), and 0.4 g of DMP-30
(Nisshin EM, D032). Resin blocks were trimmed with a TrimTool
diamond knife (Trim 45; DiATOME). 60 nm thick ultra-thin sections
made with a diamond knife (Ultra 45; DiATOME) were collected on a
cleaned silicon wafer strip in a Leica Ultramicrotome (UC7). These
ultra-thin sections were collected on cleaned silicon wafer strips
and imaged with a scanning electron microscope (JSM-IT800SHL,
JEOL). Imaging was done at 1 kV accelerating voltage, 5 kV specimen
voltage, 250 pA beam current, 1,024 × 960 frame size, 6mm work-
ing distance, 6.4 × 4.8 µm field of view (pixel size 5 nm), and 5.33 µs
dwell time, using the Scintillator Backscattered Electron Detector in
Beam Deceleration mode.

Flow cytometry analysis
For analysis using MitoPeDPP in Flow cytometry, cells were stained
with 10 µM MitoPeDPP for 30min, cells were detached with trypsin,
trypsin solution was removed, cells were resuspended in 1% FBS/PBS

solution, and 10000 cells were analyzed. The gating of the MitoPeDPP
signal in Flow Cytometry was set so that the signal of unstimulated
cells was less than 5%.

Fluorescence-activated cell sorting (FACS)
MERBiT cells were stained with 10 µM MitoSOX (Invitrogen, M36008)
for 30min and sorted for mitochondrial ROS high and low using Cell
Sorter (SONY, SH800). NHDF and F964 cells were stained with 100nM
SiDMA for 45min and sorted for mitochondrial ROS high and low
using Cell Sorter (BD Biosciense, FACS Discover S8). All sorted cells
were cultured and then used for experiments.

The purification of the RMDN3 TPR domain
The plasmid and the protocol used for the protein purification process
are based on the previous study44. Briefly, the RMDN3 TPR domain
(PTPIP51_TPR) was expressed in E. coli Rosetta2 (DE3) (Novagen, USA)
cells. When the cell density reached an OD600 of 0.6 at 37 °C, 1mM
isopropyl-D-thiogalactoside was added to induce protein expression.
The cells were further incubated at 16 °C for 16 h. The cultured cells
were harvested and resuspended in a lysis buffer, of which the com-
position is as follows: 20mM Tris–HCl pH 7.5, 150mM NaCl, 5% gly-
cerol, 5mM β‐mercaptoethanol, and 1mM phenylmethylsulfonyl
fluoride. The resuspended cells were lysed under the pressure of
10,000psi using a high-pressure homogenizer (Micronox, South
Korea). Its supernatant was separated from the content after cen-
trifugation at 39,000 g for 2 h. The supernatantwasmixedwithNi-NTA
resin (Cytiva, USA), and the target protein was eluted from the resin
using an elution buffer (20mM Tris–HCl pH 7.5, 150mM NaCl, 5%
glycerol, 5mMβ‐mercaptoethanol, and 300mM imidazole). The fused
His-tag was cleaved by tobacco etch virus (TEV) protease at 4 °C for
16 h. The cleaved PTPIP51_TPRwas collected as the flow-through of the
second Ni-Affinity Chromatography. The cleaved protein was further
purified using a Superdex 200 prep grade column (Cytiva, USA) using
SEC buffer (20mM Tris–HCl pH 7.5, 150mM NaCl, 5% glycerol, and
2mM dithiothreitol). The purified RMDN3 TPR domain was con-
centrated to 4.65mg/mL using an Amicon® ultra centrifugal filter
(10 kDa molecular weight cut-off) for further experiments.

Liposome and lipid transfer assay
The following phospholipids were purchased from Avanti Polar Lipids
(USA): 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, cat.
no. 850457C), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanola-
mine (POPE, cat. no. 850757C), 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine- N-(cap biotinyl) (sodium salt) (biotinyl cap-PE, cat.
nos. 870273 P and 870277 P), 4a-diaza-s-indacene-2-propionyl-amino-
hexanoyl-sn-glycero-3-phosphate (ammonium salt) (TopFluor” TMR-
PA, cat. no. 810240C). Lipid solutions in chloroformweremixed to the
desired composition, and the solvent was dried using an N2 gas and
vacuum desiccator. The liposome film was dissolved in assay buffer
(20mMTris–HCl [pH 8.0], 150mMNaCl, and 2mMEDTA). Liposomes

Fig. 7 | RMDN3 attenuates lipid peroxide accumulation in brown adipocytes
under cold-mimetic stimuli. a, b Suppression of RMDN3 does not affect the
induction of thermogenic genes. Cells were transfected with the indicated siRNAs
and harvested at 0 or 4 days after differentiation. The cell lysates were analyzed by
immunoblotting with the indicated antibodies (a). mRNA levels of differentiation
markers were measured by qRT-PCR. Data were normalized to s18 mRNA and
expressed relative to si-NT on day 4 (b). c Representative images of lipid droplets
(LDs) in cells treated with the indicated siRNAs. Cells were fixed on day 4. The LDs
and mitochondria were labeled with LipidTOX and anti-TOMM20 antibodies. The
LDs andmitochondriawere quantified for total LDarea in (d), averageLD size in (e),
total mitochondrial area in (f), and the ratio of total LD area to total mitochondrial
area in (g) from theROIof (c). 2−3 cells from three independent experiments for the
control and si-RMDN3#1 cells, respectively. Data are mean ± s.e.m. (n = 3) h Lipid
peroxide production increases withNE stimulation.MitoPeDPP (10 µM)was stained

30min after stimulation with or without NE (1 µM) for 1 h and MitoPeDPP signals
were detected in brown adipocytes (day 6). i, j RMDN3 and VAPB binding is
increased by mitochondrial ROS generated under NE stimulation. Cell lysates were
subjected to IP assay with anti-RMDN3 antibody and IB assay with the indicated
antibodies (j). Ratio of RMDN3-VAPB interaction, plotted data for NE (1 µM) with or
without Mito-TEMPO (10 µM) treatment versus control. Data are mean ± s.e.m. (n
means three independent experiments). k Phosphorylation of RMDN3 by mito-
chondrial ROS and binding with VAPB is necessary for the suppression of lipid
peroxide production. Cells were transfected with the indicated siRNAs and
expressed human RMDN3 or human RMDN3 T160A before measuring MitoPeDPP
fluorescence. NE was treated for 1 h. Data are mean ± s.e.m. (n means three inde-
pendent experiments). Statistical significance was analyzed by one-way analysis of
variance (ANOVA) (b, j, k) or Student’s t-test, Two-tailed (d–h). P values are indi-
cated as *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001; n.s., not significant.
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were extruded 20 times through a 0.1 µm polycarbonate filter using a
mini-extruder set (Cat. No. 61000, Avanti Polar Lipids, USA). Bead
pulldown-based fluorescent lipid transfer assays were performed
according to a previous report44 with modifications. Briefly, after
binding of the donor liposomes (2% biotinyl cap-PE; 1% TMR-PA; and
97% POPC) and streptavidin-conjugated beads (Dynabeads Streptavi-
din T1, Cat. No. 65601), 5 µM donor liposomes and 30 µM acceptor
liposomes (100% POPC) were incubated with different concentrations
of RMDN3 (TPR) (0, 0.5, 1 and 2 µM) for 30min at 25 °C with gentle
agitation. If necessary, donor liposomes were treated with 500 µM
AAPH, incubated at 37 °C for 30min, and thenwashed three timeswith
ice-cold assay buffer. Supernatants containing acceptor liposomes and
RMDN3 (TPR) were separated from the bead mixtures using magnetic
racks. If necessary, 10 µM NBP-Pen (LipiRADICAL) was added to the
supernatants and incubated at 37 °C for 30min. Donor liposomeswere
solubilized from the beads after treatment with 0.4% (w/v) n-dodecyl-
b-D-maltoside in the TMR-PA transfer assay. Fluorescence of acceptor
and donor liposomes was also measured in a Synergy LX multimode
reader (BioTek). Fluorescence was measured at excitation/emission
wavelengths of 530/590 nm (red), 485/ 528 nm (green) for TopFluor-
TMA-PA and LipiRADICAL Green, respectively. The lipid transfer of
TMR-PA was determined using the formula 100 × F acceptor/ (F
acceptor + F donor).

Construction of a hypothetical model of the MERBiT system
To visualize the relationship between LgBiT fused via a linker to the
cytoplasmic end of Sec61β and SmBiT fused via a linker to the cyto-
plasmic end of TOMM20, respectably, when they are in close proxi-
mity between the ER and mitochondria and assembled into NanoBiT,
the following hypothetical model was constructed. First, we fitted the
AlphaFold model of the full-length Homo sapiens Sec61β (AlphaFold
ID: P60468) to the C-terminal transmembrane helix of Sec61β in the
cryo-electron microscopy (cryo-EM) structure of the human Sec61
complex (PDB ID: 8DNY66). Since the AlphaFold structural prediction
does not take into account the constraint information of a protein
depending on its characteristic environment such as the organelle
membrane in vivo, we remodeled the predicted N-terminal flexible
loop of Sec61β as a reference to the cryo-EM potential density map of
the Sec61 complex (EMDB ID: EMD-2758466) with the addition of the
designed linker between LgBiT and Sec61β to upstream of the
N-terminus of Sec61β. Next, we fitted the AlphaFold model of the full-
length H. sapiens TOMM20 (AlphaFold ID: Q15388) to the C-terminal
domain of TOMM20 (PDB ID: 7VC967) visualized by single-particle
cryo-EM analysis of the human TOM complex (PDB ID: 7VDD67 and
7VC9). We then remodeled it to a reasonable region based on the
density map of the TOM complex (EMDB ID: EMD-31914 and EMD-
3188967) and previous NMR structures (PDB ID: 1OM268). We then
manually Supplementary the designed linker between TOMM20 and
SmBiT from downstream of the C-terminus of TOMM20. Whether the
respective linkers form a secondary structure with Sec61β and
TOMM20 was confirmed by using the Phyre2 server69. We then con-
nected the N-terminus of the linker (Sec61β) and the C-terminus of the
linker (TOMM20) to the C-terminus of the LgBiT and theN-terminus of
the SmBiT of the crystal structure of NanoBiT (PDB ID: 7SNX),
respectively. A series of model constructions were performed manu-
ally by using the COOT70. The predicted models of the full-length
Sec61β and TOMM20 were obtained from the AlphaFold Protein
Structure Database71. Figures of the structures were drawn using
PyMOL (ThePyMOLMolecularGraphics System,user-supportedopen-
source software, version 3.0.0 Schrödinger, LLC).

Statistical analysis
Data are presented as mean ± s.e.m. and expressed as percentages or
multiples relative to the values in control cells. Statistical significance
was analyzed using Prism 9 software (GraphPad Software). Statistical

significance was analyzed by either one-way analysis of variance fol-
lowed by Bonferroni’s test, as appropriate. P values are indicated as
*p < 0.05; **p < 0.01; ***p < 0.001; ****p <0.0001; n.s., not significant.

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

Data availability
The data supporting the findings of this study are available from the
corresponding author upon request. Source data are provided with
this paper.
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