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The mitochondria-associated degradation pathway (MAD) mediates removal and elimination of
damaged, unfolded mitochondrial proteins by the ubiquitin-proteasome system (UPS). Previous
studies revealed that MAD is critical for mitochondrial protein quality control and that MAD function
extends beyond mitochondrial outer membrane (MOM) to proteins within the organelle. Here, we
reconstitute retrotranslocation of MAD substrates from the mitochondrial matrix across mitochondrial
inner and outer membranes in cell-free systems. This retrotranslocation is ATP-dependent but
membrane potential-independent. We also identify a role for the TOM complex, the protein import
channel in the MOM, in this process. Inhibition of protein translocation across the Tom40p channel
reduces the retrotranslocation of MAD substrates. Our studies support the model that the TOM
complex is a bidirectional protein channel in the MOM: it mediates retrotranslocation of damaged
mitochondrial proteins across the MOM in the MAD pathway for mitochondrial protein quality control
in addition to its function in import of proteins into the organelle.

Mitochondria have critical cellular functions including energy mobilization,
calcium regulation, metabolite production and redox homeostasis'.
However, mitochondrial proteins are challenged by proteostasis stressors
that are not found in many other organelles. Mitochondrial proteins are
encoded by two genomes (nuclear and mitochondrial DNA), targeted to
four submitochondrial compartments, assembled into some of the largest
membrane protein complexes found in eukaryotic cells, and subject to
damage by mitochondrial reactive oxygen species (ROS)™". Indeed, defects
in folding or assembly of the human respiratory chain megacomplex
LIIL,IV,, which contains 140 integral and peripheral membrane proteins,
play a role in the pathology of proteinopathies including Alzheimer’s dis-
ease, Parkinson’s disease, and amyotrophic lateral sclerosis’.

Cells utilize different quality control mechanisms to maintain
mitochondria, from degradation of individual unfolded mitochondrial
proteins to recycling of whole organelles by mitophagy®. Here, we studied
the mechanism underlying the mitochondria-associated degradation
pathway (MAD). MAD is a member of a family of quality control
pathways in which unfolded and damaged proteins are identified, ubi-
quitinated, removed from organelles and degraded by the ubiquitin-
proteasome system (UPS)”®. The ER-associated degradation pathway
(ERAD) is the founding member of these pathways. Similar pathways
were later identified in mitochondria (e.g, MAD), chloroplasts

(chloroplast-associated degradation, CHLORAD) as well as endosomes
and golgi (Endosome and Golgi-associated degradation, EGAD)* .
There are also multiple MAD-related, UPS-dependent pathways for
mitochondrial ~ proteostasis, including mitochondrial  protein
translocation-associated degradation (mitoTAD), mitochondrial com-
promised protein import response (mitoCPR) and mitochondria-
localized ribosome-associated quality control (mitoRQC)"*™".

In most of these proteostasis pathways, unfolded, damaged proteins are
marked by ubiquitination". The ubiquitin serves as a signal for removal of
those proteins from organelles and transfer of those proteins to the pro-
teasome by the segregase complex™. The segregase complex contains con-
served, essential proteins and is a target for mutation in human disease. The
core subunit of this complex is Cdc48p (VCP/p97 in mammals)** >, an
abundant, essential AAA-ATPase with protein unfolding activity that uses
the energy of ATP hydrolysis to extract proteins from membranes and
protein complexes. Cdc48p associates with cofactors, including Npl4p and
Ufdlp, that mediate substrate recognition by binding to ubiquitin on
unfolded proteins. It also binds to organelle-targeting proteins, which are
critical for recruiting the segregase complex to its site of action within cells.
For example, Doalp (aka Ufd3p, PLAA or PLAP in mammals) binds to
ubiquitin and Cdc48p, and is required for targeting of the complex to
mitochondria in MAD*' ™.

"Department of Pathology and Cell Biology, Columbia University, New York, NY, USA. 2Institute of Molecular Medicine, National Tsing Hua University,

Hsinchu, Taiwan. ®Department of Life Science, National Tsing Hua University, Hsinchu, Taiwan.

e-mail: pcliao@life.nthu.edu.tw; lap5@cumec.columbia.edu

Communications Biology | (2025)8:1122


http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-08549-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-08549-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-08549-z&domain=pdf
http://orcid.org/0000-0002-1969-5565
http://orcid.org/0000-0002-1969-5565
http://orcid.org/0000-0002-1969-5565
http://orcid.org/0000-0002-1969-5565
http://orcid.org/0000-0002-1969-5565
http://orcid.org/0009-0009-1894-744X
http://orcid.org/0009-0009-1894-744X
http://orcid.org/0009-0009-1894-744X
http://orcid.org/0009-0009-1894-744X
http://orcid.org/0009-0009-1894-744X
http://orcid.org/0000-0002-5593-4412
http://orcid.org/0000-0002-5593-4412
http://orcid.org/0000-0002-5593-4412
http://orcid.org/0000-0002-5593-4412
http://orcid.org/0000-0002-5593-4412
mailto:pcliao@life.nthu.edu.tw
mailto:lap5@cumc.columbia.edu
www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08549-z

Article

MAD and its associated pathways, CHLORAD or EGAD, were initially
identified as pathways that target unfolded proteins that localize to the
cytosolic surface of mitochondria, chloroplast, endosome or golgi,
respectively’*". In contrast, degradation of unfolded, damaged or mis-
assembled proteins within these organelles was believed to be carried out
exclusively by proteases within these organelles””. For example, Lon,
ClpXP, and m-AAA ATPase, are conserved proteases that mediate degra-
dation of misfolded proteins in the mitochondrial matrix”’. However, it is
clear that MAD and its related pathways can target unfolded proteins within
organelles for proteasomal degradation. For example, early studies revealed
that ERAD substrates are found not only on the ER surface, but within the
organelle. ERAD components, including mammalian Derlin and yeast
Hrdlp, function as channels for retrotranslocation of unfolded proteins
from the ER lumen or lumenal side of the ER membrane across the ER
membrane to the ER surface'*”.

Our previous studies revealed that mitochondrial matrix and inner
membrane proteins undergo oxidative stress-induced ubiquitination and
are substrates for the MAD pathway. Two of the mitochondrial matrix
proteins identified in these studies, Kgd1p (a subunit of the a ketoglu-
tarate dehydrogenase complex) and Pimlp (the Lon protease of yeast)
are known targets for oxidative damage, are ubiquitinated under basal
conditions and exhibit increased ubiquitination in response to mito-
chondrial oxidative stress. Moreover, these proteins interact with Cdc48p
in a Doalp-dependent manner and are degraded by the proteasome™.
Similarly, recent studies indicate that Cdc48p mediates ubiquitin-
dependent degradation of damaged intra-chloroplast proteins in
CHLORAD". Thus, there is evidence that proteins within organelles are
clients for proteasomal degradation not just in ERAD, but also in MAD
and CHLORAD.

Since MAD substrates localize to the mitochondrial matrix, they must
be retrotranslocated across both mitochondrial membranes prior to inter-
action with the segregase complex and proteasome in the cytosol. However,
there is no direct evidence for retrotranslocation of MAD substrates across
the mitochondrial outer membrane (MOM) or mitochondrial inner
membrane (MIM) or for a mechanism underlying those membrane
translocation events. Interestingly, several findings have linked the TOM
complex, which serves as a channel for import of proteins across the MOM,
to mitochondrial protein quality control. Specifically, the segregase complex
interacts with the TOM complex to target translocation-stalled precursor
proteins for degradation by the UPS in the MAD-related pathways mito-
TAD and mitoCPR'*"®, Moreover, the TOM complex functions in retro-
translocation of conformationally destabilized proteins from the
mitochondrial intermembrane space (IMS) to the cytosol’™. However,
since the fate of retrotranslocated IMS proteins is not known, it is not clear
whether this retrotranslocation event is linked to MAD or MAD-related
pathways. Here, we reconstituted retrotranslocation of MAD substrates
from the matrix across both mitochondrial membranes using isolated
mitochondria. We also identified a role for the TOM complex as a retro-
translocation channel for MAD in the MOM.

Results

Reconstitution of the retrotranslocation of MAD substrates from
the mitochondrial matrix in a cell-free system

Here, we tested whether MAD substrates that localize to the matrix can be
retrotranslocated from mitochondria using the budding yeast Sacchar-
omyces cerevisiae as a model organism. Specifically, isolated mitochondria
are incubated in “assay buffer”. Thereafter, mitochondria are separated from
the assay buffer by centrifugation, and western blot analysis is used to test
whether Kgd1p, a MAD substrate in the mitochondrial matrix, is released
from the organelle (Fig. 1). In these studies, the KGD1I gene was tagged at its
chromosomal locus with GFP and expressed at endogenous levels. We
confirmed that GFP-tagged Kgd1p localized exclusively to mitochondria by
visualization of Kgd1p-GFP and MitoTracker Red-stained mitochondria in
living yeast cells (Fig. 1A) and by subcellular fraction studies in which
Kgdlp-GFP co-fractionated with the mitochondrial marker protein

Tom40p (Fig. 1B). In addition, the GFP tag had no detectable effect on
mitochondrial morphology and distribution (Fig. 1A) or on cell growth
rates (data not shown). Thus, the GFP tag has no obvious negative effect on
Kgd1p or mitochondria.

To assess whether the release of Kgd1p-GFP from mitochondria is
MAD-dependent, the assay was conducted using mitochondria isolated
from yeast bearing a deletion in DOA1. Deletion of DOA1 disables MAD by
inhibiting transfer of MAD substrates from the mitochondrial surface to the
proteasome for degradation. Since Doalp also modulates mono-ubiquitin
levels, which can affect MAD substrates through effects on the UPS™,
ubiquitin levels were maintained at wild-type (WT) levels by ectopic,
plasmid-borne ubiquitin expression’*>*, Thus, under these experimental
conditions, the phenotype observed upon deletion of DOA1 is due to defects
in Doalp function in MAD and not maintenance of mono-ubiquitin.

We find that Kgd1p-GFP is released from mitochondria isolated from
wild-type (WT) and doalA cells. In both cases, the release of Kgd1p-GFP is
time-dependent: Kgd1p-GFP release from mitochondria is evident after
incubation for 10min and increases upon incubation for 30-60 min
(Fig. 1C, G). Equally important, the observed release of Kgd1p-GFP from
mitochondria is linked to MAD. First, deletion of DOAI results in a 1.3-fold
increase in the steady state levels of Kgd1p-GFP in mitochondria and a 2.5-
to 4-fold increase in release of the Kgd1p-GFP from isolated mitochondria
(Fig. 1C-E). Second, we find that Kgd1p-GFP is ubiquitinated in a MAD-
dependent manner. We immunoprecipitated ubiquitinated proteins from
mitochondria isolated from WT and doalA cells found that Kgd1p is ubi-
quitinated, and deletion of DOAI results in increased the steady state levels
of ubiquitinated Kgd1p in mitochondria. Moreover, MAD-linked ubiqui-
tination of Kgd1p appears to be specific: there is no detectable ubiquitination
of Citlp, another abundant mitochondrial matrix protein, in mitochondria
from WT or doalA cells (Fig. 1F).

Under these conditions, we find that deletion of DOAI results in an
increase in release of Kgd1p from isolated mitochondria compared to that
observed from mitochondria isolated from WT cells (Fig. 1C-E). Again, the
effect appears to be specific for Kgd1p: there is no detectable release of Citlp
from mitochondria isolated from WT or doalA cells (Fig. 1G-I). Finally,
only a small percent of the total mitochondrial Kgd1p-GFP is released from
the organelle: during the 60 min time-course, only 1-2% and 2-7% of total
mitochondrial Kgd1p-GFP is released from mitochondria isolated from
WT or doalA cells, respectively. A similar small percentage of mitochon-
drial Kgdlp is ubiquitinated. Thus, we detect MAD-dependent release of
Kgd1p-GFP from isolated yeast mitochondria.

To determine whether the observed release is due to defects in mito-
chondrial integrity, we monitored the behavior of three mitochondrial
proteins: Tom40p, a subunit of the TOM complex in the MOM; Cyb2p,
Cytochrome b2 of yeast, a peripheral membrane protein associated with the
outer leaflet of the MIM; and Citlp, mitochondrial citrate synthase, a soluble
matrix protein. None of these proteins have been identified as MAD
substrates™’. Indeed, there is no detectable ubiquitination of Citlp in
mitochondria isolated from WT or doalA yeast. Under conditions where we
observe MAD-linked release of Kgd1p from isolated mitochondria, there is
no detectable release of Tom40p, Cyb2p, or Citlp from mitochondria after
incubation for 10-60 min or and no detectable change in release of Tom40p,
Cyb2p, or Citlp from mitochondria isolated from WT compared to doalA
cells. Thus, the release of Kgdlp from isolated mitochondria, is linked to
MAD and not due to leakiness of the MOM or MIM.

To exclude the possibility that the observed release is due to genetic
background or the GFP tag on Kgd1p, we performed the assay using KGDI
that was tagged with the Myc epitope in the yeast from a different back-
ground (BY4741). Here too, we observe release of Myc-tagged Kgd1p from
isolated mitochondria under conditions where Tom70p and Citlp are
quantitatively retained within the organelle. In addition, deletion of DOA1
results in an increase in Kgd1p-Myc release but has no effect on the integrity
of the organelle (Fig. S1). Thus, the observed release of Kgd1p-GFP from the
mitochondrial matrix is not due to the genetic background or the protein tag
employed.
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Fig. 1 | Kgd1p, a MAD substrate that localizes to the mitochondrial matrix,
undergoes MAD-dependent release from mitochondria in vitro. A Representative
images of the localization of Kgd1p-GFP in control (WT) or doalA in SUB592
background. Mitochondria were visualized with MitoTracker Red. Scale bar, 2 ym.
B Representative western blots of Kgd1p-GFP in the isolated mitochondrial (Mito)
and cytosolic (Cyto) fraction from WT (+) and doalA (—) cells in the SUB592
background. The blot was probed with antibodies against GFP for detection of
Kgdl1p, and antibodies against Tom40p and hexokinase. Total protein load was
assessed using TCE. C Representative western blots of mitochondrial pellet (Pellet)
recovered in the release assay and proteins released (Released) from isolated mito-
chondria from WT (+) and doalA (—) cells in the SUB592 background after
incubation for 10, 30, and 60 min in assay buffer. The blot was probed with anti-
bodies against GFP for detection of Kgd1p, and antibodies against Tom40p and
Cyb2p. Total protein load was assessed using TCE. D Quantification of Kgd1p
recovered in the mitochondria pellet in (C). Kgd1p signals were normalized to TCE

and then normalized to WT (+) at 10 min (n = 3, 1-way ANOVA with Sidak’s
multiple comparison test, *p < 0.05; **p < 0.01). E Quantification of Kgd1p released
from isolated mitochondria in (C). Kgd1p signals were normalized to TCE and then
normalized to Kgd1p at 10 min (n = 3, 1-way ANOVA with Sidak’s multiple com-
parison test, ¥p < 0.05; ***p < 0.001; ****p < 0.0001) F Western blot of crude
mitochondria (input) and total ubiquitinated proteins pulled down with Ni2 + -
NTA magnetic beads from isolated mitochondria (IP). Blots were probed with
antibodies against GFP to detect GFP-tagged Kgd1p, against Cit1p and against 6xHis
for ubiquitin detection. G Representative western blots as in (C). The blot was
probed with antibodies against GFP for detection of Kgd1p, and antibodies against
Citlp. H Quantification of Cit1p in mitochondria in (G). I Quantification of Citlp in
released fraction from isolated mitochondria in (G). Citlp signals were normalized
to mitochondrial signals. For panels H, I, n = 3, 1-way ANOV A with Sidak’s multiple
comparison test, **p < 0.01; ***p < 0.001; ns no significant difference.

Next, we tested whether the observed Kgd1p-GFP release is linked
to mitoTAD (mitochondrial protein translocation-associated degrada-
tion). If release of Kgd1p-GFP is due to mitoTAD, then there should be
defects in import of Kgdlp-GFP into the organelle. However, as
described above, visualization of Kgdlp-GFP in living yeast cells and
subcellular fractionation studies revealed that Kgdlp-GFP localizes
exclusively to mitochondria in WT and doalA cells (Fig. 1A, B). Thus,
the import of the protein into mitochondria in WT or doalA cells is not

severely compromised in vivo. In addition, if the released Kgd1p-GFP is
due to MitoTAD and not MAD, then Kgd1p-GFP should be mislocalized
to the MOM as a result of defective transport of the protein at the TOM
complex. To test this, we studied that the effect of proteinase K treatment
of isolated mitochondria on the recovery of Kgd1p-GFP with the orga-
nelle, and release of Kgd1p-GFP from the organelle in vitro. Here, the
proteinase K conditions used degraded MOM marker proteins without
affecting MOM or MIM integrity. Specifically, proteinase K degrades the
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Fig. 2 | Release of Kgd1p from isolated mitochondria is due to retrotranslocation
of the protein across mitochondrial inner and outer membranes.

A Representative western blot of isolated mitochondria from WT (+) and doalA (—)
cells in the SUB592 background, +/— proteinase K (ProK) or 2% Triton X for 30 min
at 0 °C. B, C Quantification of Kgd1p (B) and Tom70p (C) levels in mitochondria in
(A).Kgd1lp and Tom70p signals were normalized to TCE, and then these normalized
signals were normalized to WT (+4) (For panels B, C, n =4, 1-way ANOVA with
Sidak’s multiple comparison test, *p < 0.05; **p < 0.01; ****p < 0.0001; ns, no sig-
nificance). D Isolated mitochondria were incubated in the presence or absence of
proteinase K (10 pug/mL) for 30 min at 0 °C. After inactivation of proteinase K by
addition of protease inhibitors, mitochondria were separated from the proteinase
K-containing solution and release of Kgd1p from isolated mitochondria was

assessed after 30 min in assay buffer. Representative western blots of the mito-
chondrial pellet after release (Pellet) and proteins released (Released) from mito-
chondria isolated from WT (+) and doalA (—) cells in the SUB592 background,
+/— proteinase K (ProK). E-G Quantification of Kgd1p (E), Tom70p (F) and Cyb2p
(G) levels in mitochondria in (D). Kgd1p, Tom70p and Cyb2p signals were first
normalized to TCE, and then these normalized signals were normalized to WT
(+). H-J Quantification of Kgd1p (H), Tom70p (I) and Cyb2p (J) released from
isolated mitochondria in (D) Kgd1p, Tom70p and Cyb2p signals were first nor-
malized to TCE, and then these normalized signals were normalized to WT (+) (For
panels E-J, n =3, 1-way ANOVA with Sidak’s multiple comparison test, *p < 0.05;
**p < 0.01; ****p < 0.0001; ns no significance).

MOM marker, Tom70p, but did not result in degradation of Cyb2p, an
IMS protein, or Citlp, a matrix protein (Fig. 2A, C, D, F, G). Importantly,
proteinase K treatment has no detectable effect on mitochondrial Kgd1p-
GFP levels (Fig. 2A, B, D, E). Thus, there is no widespread mistargeting of
Kgdlp-GFP to the MOM. Equally important, proteinase K-mediated
degradation of mitochondrial surface proteins has no effect on the release
of Kgd1p-GFP from isolated mitochondria, and does not result in non-
specific release of Tom70p or Cyb2p from the organelle (Fig. 2D, H-J).

Overall, our findings indicate that the observed release of Kgd1p-GFP
from isolated mitochondria is not due to MitoTAD.

Finally, previous study reveals that damaged IMS proteins can be
retrotranslocated across the MOM by the TOM complex™. To rule out the
possibility that the observed released Kgd1p-GFP reflects export of mis-
targeted Kgdlp-GFP from IMS, we tested whether osmotic shock of
mitochondria, which results in rupture of the MOM and loss of IMS pro-
teins, affects the level of mitochondrial Kgd1p-GFP (Fig. S2). Here, osmotic
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Fig. 3 | Retrotranslocation of MAD substrates is
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shock resulted in release of 40% of Cyb2p from mitochondria (Fig. S2D),
with no detectable release of Citlp into the supernatant fraction (Fig. S2E).
Thus, the conditions used breach the MOM without affecting MIM integ-
rity. Under these conditions, there is no detectable release of Kgd1p-GFP
from osmotically shocked mitochondria (Fig. S2C).

Overall, we detect MAD-linked retrotranslocation of Kgd1p-GFP from
the matrix across the MIM and MOM using isolated yeast mitochondria.
The observed release is not due to defects in the integrity of mitochondrial
outer or inner membranes. Moreover, the GFP tag on Kgd1p does not affect
import of Kgd1p-GFP into mitochondria or correct targeting of the protein
to the mitochondrial matrix. This retrotranslocation of Kgd1p-GFP across
the MOM and MIM (1) is specific for MAD substrates, (2) correlates with
MAD-dependent ubiquitination, and (3) is not linked to mitoTAD or
protein export from the IMS.

Retrotranslocation of MAD substrates is ATP-dependent and
membrane potential-independent

Here, we tested whether retrotranslocation of two MAD substrates, Kgd1p
and Pimlp, requires energy and a membrane potential across the MIM
(AY) (Fig. 3). Our previous studies indicate that Pimlp, like Kgdlp, is
ubiquitinated in response to exposure of yeast of oxidative stress in mito-
chondria and that deletion of DOA1 and the associated inhibition of MAD
results in an increase in the steady state protein and ubiquitin levels of
mitochondrial Pim1p™. Thus, Pim1p is a MAD substrate that localizes to
the mitochondrial matrix.

Here, we find that Pim1p-GFP is released from mitochondria under
conditions where Tom40p and Cyb2p are quantitatively retained with the
organelle, and that the release of Pim1p from mitochondria is increased by
deletion of DOA1I (Fig. 3D-F). Moreover, since the GFP-tagged Pim1p that

was used is expressed at endogenous levels and quantitatively targeted to
mitochondria in living yeast cells (Fig. S$3), import of Pim1p-GFP into
mitochondria is fully functional under our experimental conditions. Thus,
the release of Pim1p-GFP, like Kgd1p-GFP, is due to MAD-linked retro-
translocation of the protein across the MIM and MOM.

To determine whether retrotranslocation of GFP-tagged Kgd1p and
Pim1p requires ATP, we added ATP to the assay buffer. Since isolated yeast
mitochondria contain some ATP”, addition of ATP supplements mito-
chondrial ATP levels. Therefore, if retrotranslocation of MAD substrates
from the matrix is energy-dependent, then addition of ATP should increase
release of GFP-tagged Kgd1p and Pim1p from mitochondria. We found that
addition of ATP does not affect the steady state level of either protein in
mitochondria (Fig. 3A, B, D, E). However, it does result in a significant
increase in the release of GFP-tagged Kgd1p and Pim1p from mitochondria
isolated from wild-type and doalA cells (Fig. 3A, C, D, F). Indeed, sup-
plementation with ATP results in a 2-fold and 1.7-fold increase in the release
of GFP-tagged Kgdlp and Pim1p from mitochondria isolated from doalA
cells compared to WT cells.

To test whether protein retrotranslocation in MAD requires ATP
hydrolysis, the non-hydrolyzable ATP analog, ATP-y-S, was added to the
in vitro assay. We found that retrotranslocation of Kgd1p is not affected by
supplementation with ATP-y-S (Fig. S4A, B). Collectively, we obtained
evidence that retrotranslocation of MAD substrates from the matrix and
across both mitochondrial membranes requires ATP and ATP hydrolysis.
Thus, MAD-linked retrotranslocation of damaged, unfolded proteins from
the mitochondrial matrix is an active transport event.

Finally, we tested whether this retrotranslocation event is A¥-depen-
dent by treatment with valinomycin, an ionophore that dissipates AY.
Treatment of mitochondria isolated from WT or doalA cells with
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valinomycin has no detectable effect on the levels of GFP-tagged Kgd1p or
Pim1p in isolated mitochondria (Fig. 3A, B, D, E). Surprisingly, treatment of
mitochondria with valinomycin also has no significant effect on release of
either Kgd1p-GFP or Pimlp-GFP (Fig. 3A, C, D, F and S4C) from the
mitochondria isolated from WT or doalA cells. Thus, MAD-mediated
retrotranslocation of substrates across the MIM and MOM does not require
a AVY across the MIM.

The Tom40p is a channel for retrotranslocation of MAD sub-
strates across the MOM

Here, we used the retrotranslocation assay to determine whether the TOM
complex can function as a retrotranslocation channel in the MAD pathway.

Since the Tom40p subunit of the TOM complex is essential for yeast cell
viability, we studied the effect of deletion of TOM5, which encodes a non-
essential subunit of the TOM complex, on retrotranslocation of Kgd1p-GFP
from isolated mitochondria. During import of proteins into mitochondria,
Tom5p mediates transfer of nuclear-encoded mitochondrial proteins from
the Tom70p and Tom20p receptors to the Tom40p pore of the TOM
complex”. Tom5p is also required for stabilization of the TOM complex”.

We confirmed that deletion of TOM5 results in destabilization of the
TOM complex: there is a significant decrease in mitochondrial Tom40p
levels in tom5A compared to WT cells (Fig. 4A, C). Importantly, the
steady state levels of Kgd1p-GFP and Cyb2p in mitochondria isolated
from WT and tom5A cells are similar (Fig. 4A, B, D). Thus, deletion of
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Fig. 4 | TOM complex is an exit channel for retrotranslocation of MAD sub-
strates. A Representative western blots of mitochondrial pellet after releasing
(Pellet) and released proteins (Released) from isolated mitochondria from wild-type
(WT), doalA, tom5A, and doalA tom5A cells. The blot was probed with antibodies
against GFP for detection of Kgd1p, and antibodies against Tom40p and Cyb2p.
Total protein load was assessed using TCE. B-D Quantitation of levels of Kgd1p (B),
Tom40p (C) and Cyb2p (D) in mitochondria in (A). E Quantification of mito-
chondrial proteins released from isolated mitochondria in (A). For panels

B-E, signals were first normalized to pellet Cyb2p signals and then normalized to
WT. (For panels B-E, n = 4, 1-way ANOVA with Sidak’s multiple comparison test,
**p < 0.01; ¥**p < 0.001; ¥***p < 0.0001; ns no significance). F, H Representative
western blots of mitochondrial pellet after releasing (Pellet) and released proteins
(Released) from isolated mitochondria from WT (+) and doalA (—) cells in the
presence or absence of 1 mM mPEG. The blot was probed with antibodies against

Pellet Released

GFP for detection of Kgd1p (F) or Pim1p (H), and against Tom40p and Cyb2p. Total
protein load was assessed using TCE. G, I Quantification of released mitochondrial
proteins from isolated mitochondria in (F) and (H), respectively (n =4, 1-way
ANOVA with Sidak’s multiple comparison test, *p < 0.05; ns no significance).

J, L Representative western blots of mitochondrial pellet after releasing (Pellet) and
released proteins (Released) from isolated mitochondria from tom40"**¢ (4-) and
tom40"*¢ doa1A () cells in the presence or absence of | mM mPEG. The blot was
probed with antibodies against GFP for detection of Kgdlp (J) or Pim1p (L), and
against Tom40p and Cyb2p. Total protein load was assessed using TCE.

K, M Quantification of released mitochondrial proteins from isolated mitochondria
in (J, L) (n =4, 1-way ANOVA with Sidak’s multiple comparison test, *p < 0.05;
**p < 0.01; ***p < 0.001; ns no significance). In all quantification, signals were first
normalized to pellet Cyb2p signals and then normalized to WT without mPEG
treatment.

Communications Biology | (2025)8:1122


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08549-z

Article

TOMS5 destabilizes the TOM complex but has negligible effects on the
steady state levels in mitochondria of 2 proteins that undergo TOM
complex-dependent import.

We find that deletion of TOM5 has no significant effect on release of
Kgd1p from mitochondria isolated from WT cells. In contrast, we observe a
50% decrease in the release of Kgd1p from tom5A doalA cells compared to
doalA cells (Fig. 4A, E). Thus, our findings support a role for TOM complex
in retrotranslocation of MAD substrates from the mitochondrial matrix
under stressed conditions. Since deletion of TOM5 does not completely
inhibit TOM complex function, it is possible that TOM complex activity in
tom5A cells is sufficient to carry out retrotranslocation under basal, non-
stressed conditions.

Since deletion of TOM5 can have pleiotrophic effects, we used an
alternative approach to study a possible role for the TOM complex as a
retrotranslocation channel in the MOM. Here, we tested whether steric
inhibition of the lumen of the Tom40p channel affects the retro-
translocation of MAD substrates from mitochondria in vitro using a pre-
viously described method*>*’. Asn130 and Ser138, two amino acid residues
that are in the lumen of the Tom40p channel, were replaced with cysteines
using CRISPR. The lumen of the Tom40p channel was then blocked by
covalent modification of Cys130 and 138 with maleimide-coupled poly-
ethylene glycol (mPEG) beads. Previous studies revealed that this approach
blocks the Tom40p channel and inhibits import of proteins into mito-
chondria in vitro.

In control studies, we find that retrotranslocation of Kgd1p and Pim1p
from mitochondria and accumulation of those MAD substrates in mito-
chondria is not affected by substitution of 2 residues in the Tom40p channel
lumen with cysteines (Figs. 4F-M and S5). In addition, mPEG treatment of
mitochondria isolated from yeast expressing WT TOM40 had no detectable
effect on (1) the abundance or apparent molecular weight of Tom40p, or (2)
retrotranslocation of Kgdlp or Pimlp from mitochondria in vitro
(Figs. 4F-T and S5). In contrast, treatment of mitochondria isolated from
tom40™""%* cells with mPEG results in an increase in the apparent mole-
cular weight of Tom40p expected by addition of two 5-kD mPEG moieties
to the protein (Fig. 4], L). mPEG treatment has no significant effect on
baseline retrotranslocation of Kgd1p or Pim1p from mitochondria isolated
from the tom40"””"**¢ mutant. Again, residual TOM complex activity in
mPEG-treated tom40™"*“ may be sufficient to support retrotranslocation
under non-stressed conditions. However, mPEG treatment of mitochondria
isolated from tom40™”"* bearing a deletion in DOAI results in a statisti-
cally significant decrease in retrotranslocation of Kgd1p and Pimlp com-
pared to that observed the control (mPEG-treated mitochondria isolated
from doalA cells that express WT TOMA40, Fig. 4]-M). Thus, we obtained
evidence that steric hindrance in the Tom40p channel reduces MAD-linked
retrotranslocation of MAD substrates from the mitochondrial matrix under
proteostatic stress conditions.

Collectively, our findings indicate that the TOM complex plays a direct
role in release of MAD substrates from the matrix to the extramitochondrial
space. Since the TOM complex localizes to the MOM where it functions as a
protein import channel, our findings support a direct role for the TOM
complex as a retrotranslocation channel for transport of unfolded, damaged
mitochondrial proteins across the MOM in MAD.

The TOM complex is required for normal MAD function and the

cellular response to oxidative stress in vivo

Here, we used two approaches to determine whether TOM complex
function as a retrotranslocation channel in MAD is physiologically
relevant. First, we studied whether deletion of TOM5 affects interaction
of MAD substrates with Cdc48p, the essential subunit of the segregase.
Our previous studies revealed that Kgdlp co-immunoprecipitates with
Cdc48p and that oxidative stress increases Kgd1p-Cdc48p interactions™.
If the TOM complex functions in retrotranslocation of unfolded mito-
chondrial proteins in MAD is physiologically relevant, then deletion of
TOMS5 should decrease interaction of Kgdlp with the Cdc48p and the
segregase complex in vivo.

Here, we used co-immunoprecipitation of Myc-tagged Kgd1p with
Cdc48p to test the effect of deletion of TOMS5 on interaction of a MAD
substrate with the segregase complex. Control studies revealed that
untagged Kgdlp is not immunoprecipitated with anti-Myc antibody. In
addition, we observe co-immunoprecipitation of Cdc48p with Myc-
tagged Kgd1p and that this association is reduced by deletion of DOAI.
Thus, we confirmed that Kgd1p is associated with the segregase complex
and that this association is linked to MAD™ (Fig. 5A, B). Finally, we
found that co-immunoprecipitation of Kgdlp-Myc with Cdc48p is
reduced by deletion of TOM5 (Fig. 5A, B). These findings support the
interpretation that TOM complex functions in retrotranslocation of
Kgdlp in MAD and that defects in this process results in reduced
interaction of Kgdlp-Myc with Cdc48p.

Finally, we tested whether deletion of TOM5 affects the oxidative stress
response of yeast (Fig. 5C-E). Here, oxidative stress was induced by para-
quat (PQ), a redox-active molecule that undergoes A¥-dependent uptake
into mitochondria where it reacts with electrons from the electron transport
chain (ETC) to generate superoxides*'. PQ treatment reduces yeast growth,
as expected. Deletion of DOAI results in mild growth defects under basal
conditions and more severe growth defects produced by PQ exposure. Thus,
these studies support a critical role for MAD in the cellular response to PQ-
induced oxidative stress”. Next, we tested the effect of PQ treatment on the
growth rate of fom5A, doal A and tom5 doalA yeast cells. We find that there
is no significant difference in the growth rate of tom5A doalA double
mutants compared to torm5A single mutants in the presence or absence of
PQ treatment (Fig. 5C, D). To test the sensitivity to the growth-inhibiting
effects of paraquat, we analyzed the percentage of growth inhibition by PQ.
We find that the percentage of inhibition for tom5A doalA double mutants
is not significantly different compared to those of fom5A cells (Fig. 5E).
Thus, our data support a role for Tom5p and Doalp in the cellular response
to oxidative stress in yeast and suggest that Tom5p subunit of the TOM
complex may play a role in cellular fitness in MAD-mediated cellular
response to elevated oxidative stress in mitochondria.

Discussion

Our previous studies revealed that MAD function in mitochondrial protein
quality control extends beyond proteins in the MOM and to proteins within
the organelle™. Here, we provide the first evidence that MAD substrates can
be retrotranslocated from the matrix across both mitochondrial membranes
in vitro. Specifically, we reconstituted MAD-dependent retrotranslocation
of proteins across the MIM and MOM using isolated mitochondria, and
found that this process requires ATP and ATP hydrolysis but does not
require mitochondrial membrane potential. Moreover, we obtained evi-
dence for a role for the TOM complex, which mediates protein translocation
across the MOM during import of proteins into the organelle, as a retro-
translocation channel in the MOM in the MAD pathway. Thus, our studies
provide additional support for the model that proteins within mitochondria
are substrates for MAD-dependent mitochondrial quality control and the
first mechanistic insight into retrotranslocation of MAD targets from the
matrix.

These studies were carried out using two MAD substrates, Kgd1p and
Pimlp, that are tagged at their chromosomal loci using GFP. We confirmed
that Kgd1p-GFP is faithfully imported into the mitochondrial matrix: it
localizes exclusively to mitochondria in living yeast cells and is enriched in
mitochondria during subcellular fractionation. Submitochondrial localiza-
tion studies indicate that Kgdlp-GFP is resistant to protease-mediated
degradation of MOM proteins and is therefore not mistargeted to the
MOM. Moreover, rupture of the MOM under conditions where the MIM
remains intact, does not result in release of Kgd1p-GFP from the organelle.
Thus, Kgd1p-GFP is also not mistargeted to the IMS. Since there is no
evidence that Kgd1p-GFP is mistargeted to the MOM or IMS, the observed
release is not due to mitoTAD or Omalp function® in release of mistargeted
proteins from the protein translocation machinery in the MOM or MIM.
Rather, our findings support the model that Kgdlp-GFP can be retro-
translocated across both the MOM and MIM in vitro.
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Fig. 5| The TOM complex is required for interaction of a MAD substrate with the
segregase complex and the cellular response to oxidative stress in vivo.

A Representative western blots of whole cell lysates (Input) and proteins immu-
noprecipitated with an anti-c-Myc antibody (IP) from whole-cell lysates of non-
tagged cells (no tag) or cells expressing Kgd1p-13xMyc in wild-type (WT), doalA,
tom5A, and doalA tom5A cells in the BY4741 background. doalA here represents
doalA expressing ubiquitin at similar levels compared to WT. Blots were probed
with antibodies against Myc to detect Kgd1p-13Myc and against Cdc48p. Total
protein load was assessed using TCE. B Quantification of levels of Cdc48p co-
immunoprecipitated with Kgd1p (IP) shown in (A) (n = 3 for each strain, 1-way
ANOVA with Dunnett’s multiple comparison test, *p < 0.05). C Growth curves were
monitored by measuring optical density at 600 nm (ODgg) every 20 min for 60 h in
wild-type (WT), doalA, tom5A, and doalAtom5A cells in the presence or absence of

2.5 mM PQ. D Growth rates were calculated from the maximum slope of the growth
curve in (C) and shown in SuperPlots, where each color denotes an independent
biological replicate, small dots represent individual data points, and triangles
represent the mean of the technical replicates within each biological replicate. The p
values were calculated from biological replicates. The horizontal bar represents the
average of biological replicates and the error bars represent standard error of the
mean (SEM) (n = 3, each biological replicate contains >5 technical replicates per
strain. Repeated Measurement 2-way ANOVA with Sidak’s multiple comparison
test, *p < 0.05; **p < 0.01; ¥**p < 0.001; ****p < 0.0001) E The percentage of
decreases growth rates in response to PQ (n = 3, each biological replicate contains >5
technical replicates per strain. Repeated Measurement 1-way ANOVA with Sidak’s
multiple comparison test, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).

In addition, we obtained evidence for a role for MAD in retro-
translocation of Kgd1p-GFP from the mitochondrial matrix. We confirmed
previous findings™ that Kgd1p-GFP is a MAD substrate: deletion of DOA1
results in increased ubiquitination of mitochondrial Kgdlp-GFP and
increased accumulation of Kgd1p-GFP in mitochondria. Importantly, we
found that Kgd1p-GFP, but not Citlp-GFP (an abundant matrix protein
that has not been identified as a MAD substrate), undergoes ATP-depen-
dent, A¥-independent release from mitochondria in vitro. Thus, we
obtained evidence that retrotranslocation of Kgd1p-GFP across both the
MOM and MIM is specific for MAD substrates.

Consistent with this, we found that deletion of DOAI results in
increased release of Kgd1p-GFP from isolated mitochondria. This finding
indicates that Doalp and Doalp-mediated targeting of the segregase
complex to mitochondria does not have a direct role in retrotranslocation of
MAD substrates across mitochondrial membranes. Rather, the increase
Kgd1p retrotranslocation observed in mitochondria isolated from doalA
compared to WT cells may be due to the increased steady state levels of
Kgdlp in mitochondria of doalA cells.

Finally, retrotranslocation of damaged ER proteins from the ER lumen
in ERAD is mediated by a Hrd1p*. Our findings support a role for the TOM
complex as a protein retrotranslocation tunnel across the MOM in MAD.
Specifically, we find that blocking the Tom40p channel using mPEG or
destabilization of the TOM complex by deletion of TOM5 inhibits MAD-
dependent retrotranslocation in mitochondria isolated from doalA cells.

Interestingly, this effect is not observed in mitochondria isolated from yeast
that express DOA 1. Deletion of DOA1 results (1) in increased ubiquitination
and steady state levels of mitochondria Kgdlp-GFP and (2) increased
sensitivity to oxidative stress. Therefore, it is possible that residual TOM
complex activity in mitochondria isolated from tom5A cells or treated with
mPEG is sufficient to support basal level retrotranslocation under non-
stressed conditions. Nonetheless, our studies support a role for the TOM
complex function as the retrotranslocation tunnel in the MOM in MAD.

Since import of proteins into mitochondria requires AW, it is surprising
that MAD-dependent retrotranslocation from the matrix does not require
AY. On the other hand, loss of A¥ is a hallmark of damaged mitochondria™
and triggers mitophagy in mammalian systems*. Our finding that retro-
translocation in MAD does not require AY indicates that MAD has the
capacity to repair damaged mitochondria, including those with no AVY.
However, in contrast to mitophagy, which senses mitochondrial damage by
loss of AY and is activated by loss of AW, MAD senses mitochondrial protein
damage but is neither activated nor inactivated by loss of AY.

On the other hand, the essential function of the machinery for import
of proteins into mitochondria is to ensure that nuclear-encoded mito-
chondrial proteins, which represent >95% of the proteins within mito-
chondria, are faithfully imported into the organelle. Therefore, the
expectation is that translocation of proteins across the MOM and MIM are
irreversible. However, we find that 1) MAD substrates can be retro-
translocated across both mitochondrial membranes, 2) retrotranslocation is
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dependent upon ATP and ATP hydrolysis and is therefore an active
transport process, and 3) an import channel in the MOM is also an export
channel in MAD. This raises a fundamental question: how can the TOM
complex mediate import and export of proteins from mitochondria without
decreasing the efficiency or efficacy of the machinery for import of proteins
into mitochondria?

Several observations indicate that retrotranslocation and export of
ubiquitinated, damaged mitochondrial proteins in MAD is compatible with
import of proteins into the organelle. First, only a small percent of total
mitochondrial Kgdlp or Pimlp is retrotranslocated from mitochondria
in vitro. Indeed, only 1-2% and 2-7% of the total Kgdlp is released from
mitochondria isolated from WT or doalA cells, respectively. Thus, retro-
translocation does not result in large-scale loss of Kgdlp from the mito-
chondrial matrix. Rather, it presumably only targets damaged mitochondrial
proteins. Second, retrotranslocation by the Tom40p channel does not affect
the integrity of the organelle. Thus, retrotranslocation of mitochondrial
proteins by MAD and the TOM complex does not damage mitochondria or
interfere with mitochondrial biogenesis. Third, retrotranslocation across the
MIM and MOM is selective: we detect retrotranslocation of two matrix
proteins that are known to be oxidation-sensitive and MAD substrates, but
not of another abundant matrix protein, Citlp (Fig. 1).

Finally, studies from our group and others indicate that MAD is critical
for the cellular response to oxidative stress”***’. However, since there are
proteases in mitochondria that reduce the toxicity of unfolded proteins and
disrupt protein complexes with folding errors', it is not clear what function
MAD provides in mitochondrial protein quality control for intrami-
tochondrial proteins beyond that provided by mitochondrial proteases.
MAD may function downstream of mitochondrial proteases: it may target
large proteolytic fragments of misfolded mitochondrial proteins or proteins
released by protease-mediated degradation of misfolded mitochondrial
protein complexes for degradation by the proteasome. In addition, we find
that Pim1p, the Lon protease of the mitochondrial matrix, is a MAD sub-
strate that undergoes retrotranslocation across the MOM and MIM. Con-
sistent with this, DOAI genetically interacts with PIM1, the Lon protease
gene”. Thus, MAD may also function in proteostatic control of proteins that
are not substrates for mitochondrial proteases, including the proteases
themselves.

Overall, our studies support a model for MAD function in protein
quality control of intramitochondrial proteins. According to this model,
damaged and unfolded proteins in the mitochondrial matrix are retro-
translocated across the MIM. The TOM complex then mediates retro-
translocation of unfolded matrix proteins across the MOM.
Retrotranslocation of MAD substrates from mitochondria is dependent
upon ATP and ATP hydrolysis but does not require a membrane potential
across the MIM. Finally, the segregase complex mediates transfer of retro-
translocated proteins from the surface of the organelle to the proteasome for
degradation.

While our studies provide the first mechanistic understanding of ret-
rotranslocation of proteins in the MAD pathway, they also raise funda-
mental questions. What protein(s) mediates retrotranslocation across the
MIM? Does retrotranslocation occur at contact sites between the MOM and
MIM? How are unfolded proteins maintained in an unfolded,
retrotranslocation-competent state prior to membrane retrotranslocation?
What is the signal for retrotranslocation across the MIM and MOM? How
are different mitochondrial proteostasis processes coordinated and how do
they contribute to overall quality control in the organelle? These and other
fundamental questions regarding the MAD pathway are the topic of
ongoing and future studies.

Methods

Yeast growth conditions

AlLS. cerevisiae strains were derived either from the wild-type strain BY4741
or from SUB592%. All strains are listed in Table 1. Cells were grown in
glucose-based rich media (yeast extract/peptone/dextrose, YPD) for growth
rate measurement, grown in synthetic complete medium without uracil

(SC-Ura) to mid-logarithmic phase (optical density ODgo = 0.1-0.3) for the
measurement of mitochondrial redox state using mito-roGFP1, and grown
in SC medium for all other experiments. All cells were grown at 30 °C with
200 rpm shaking.

Yeast strain construction
To generate deletion strains, the target genes were replaced with cassettes
containing the selectable marker HphMX6 using homologous recombina-
tion. Cassettes containing HphMX6 flanked by 40 bp of homology to
regions immediately upstream and downstream of the target gene were
amplified from plasmids pCY3090-02*° (Addgene plasmid # 36231). The
PCR fragments were transformed into cells using the lithium acetate
method. Transformants containing selectable markers were selected on
YPD containing 50 pg/ml Hygromycin B (Invitrogen, 10687010).
tom40"”"** strains containing Asn-to-Cys and Ser-to-Cys alterations
at amino acid 130 and 138 from mutations of AA-to-TG at nucleotide 388/
389 and C-to-G at nucleotide 413*"” were generated in SUB592 background
using the CRISPR/Cas9 tool box from Dr. Tom Ellis’ lab*. This tool box
contains a gRNA expression plasmid (pWS082, Addgene plasmid # 90516)
and a CRISPR/Cas9 expression plasmid with a Hygromycin selectable
marker (pWS175, Addgene plasmid # 90962). gRNA sequences were
designed as a 20-mer guide sequence immediately preceding a PAM
sequence (5-NGG-3') near the mutation sites, and then generated using two
annealed 26 bp oligonucleotides containing the GACT overhang at the 5
and GTTT at the 3’ for Esp3I Golden Gate assembly into pWS082. An
additional TT was included to complete the HDV ribozyme sequence:

5" GACTTTNNNNNNNNNNNNNNNNNNNN 3/

3’ AANNNNNNNNNNNNNNNNNNNNCAAA 5/

These oligonucleotides were hybridized and ligated into the gRNA
expression vector pWS082 using Golden Gate assembly. Next, pWS082
containing sgRNA and pWS175 were linearized by digestion with EcoRV
and Esp3], respectively, and the 1000 bp-fragment from pWS082 con-
taining sgRNA and the backbone (10000 bp-fragment) from pWS175
were gel purified. Donor oligonucleotides containing the 3 mutations of
tom40 130/138 C, the PAM sequence mutation that eliminates the PAM
sequence but does not change amino acid sequence, and guide sequence
flanked by 40bp of homology to regions immediately upstream and
downstream of the guide sequence were generated and hybridized. Yeast
cells were transformed with linearized pWS175, sgRNA containing
fragment from pWS082 and donor DNA, and the transformants were
selected on YPD plates containing 50 pg/ml Hygromycin B. Positive
transformants were confirmed by sequencing.

Growth rate analysis

Yeast cells were grown to mid-log phase in YPD (ODggg = 0.3-0.5) and then
diluted to ODggg = 0.07. 10 L of these cultures were added to 200 pL YPD
or YPD containing 2.5 mM paraquat (PQ) in a well of a 96-well flat-bottom
plate (Corning, Corning, NY). The optical density of the culture (ODgq)
was measured every 20 min for 60 h using a plate reader (Tecan Infinite
M200, Research Triangle Park, NC). Each strain was plated in sextuplicate.
The growth curves were plotted from the average ODgq, over time, and
maximum growth rate (slope) calculated as the greatest change in ODgg
over a 240-min interval in 60 h, using linear regression in Magellan software.

Imaging

Mito-roGFP1 imaging was performed as described previously with minor
modification*”. Cells were transformed with a plasmid bearing the mito-
roGFP1 sequence using the lithium acetate method. Cells containing mito-
roGFP1 plasmids were grown in SC-Ura medium in the presence or absence
of 2.5mM PQ for 8h to mid-log phase. Images were acquired on an
Axioskop 2 microscope with a 100x/1.4 NA Plan-Apochromat objective
(Zeiss, Thornwood, NY) and an Orca ER cooled charge-coupled device
(CCD) camera (Hamamatsu Photonics, Hamamatsu City, Japan) using
excitation by an LED light source (CoolLED pE-4000, Andover, UK) at 365
and 470 nm for the oxidized and reduced form of roGFP, respectively. All
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Table 1 | Strains used in this study

Strain Genotype Source
BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 Open Biosystems
(Huntsville, AL)
PLY054  MATa his3A1 leu2A0 met15A0 ura3A0 doa1A::LEU2 ho::TEF-UBI4-kanMX4 (Liao et al., 2020)
PLY119  MATa lys2-810 leu2-3,-112 ura3-52 his3A200 trp1-1[am] ubi1-A1::TRP1 ubi2-A2::ura3 ubi3-Aub-2 ubi4- (Liao et al., 2020)
A2:LEU2 + pUB221 [YEp pCUP16xHis-Myc-Ub URA3], pUB100 [YEp pGPDUBI1-tail HIS3] doa1A::kanMX6
PLY132  MATa his3A1 leu2A0 met15A0 ura3A0 TOM70-6xHis-kanMX6 KGD1-13xMYC-URA3 (Liao et al., 2020)
PLY134  MATa his3A1 leu2A0 met15A0 ura3A0 doa1A::LEU2 ho:: TEF-UBI4-kanMX4 TOM70-6xHIS-HIS3MX6 KGD1- (Liao et al., 2020)
13xMYC URA3
PLY144  MATa lys2-810 leu2-3,-112 ura3-52 his3A200 trp1-1[am] ubi1-A1::TRP1 ubi2-A2::ura3 ubi3-Aub-2 ubi4- (Liao et al., 2020)
A2:LEU2 + pUB221 [YEp pCUP16xHis-Myc-Ub URA3], pUB100 [YEp pGPDUBI1-tail HIS3] KGD1-GFP-bleMX6
PLY145  MATa lys2-810 leu2-3,-112 ura3-52 his3A200 trp1-1[am] ubi1-A1::TRP1 ubi2-A2::ura3 ubi3-Aub-2 ubid- (Liao et al., 2020)
A2:LEU2 + pUB221 [YEp pCUP16xHis-Myc-Ub URA3], pUB100 [YEp pGPDUBI1-tail HIS3] doa1A::kanMX6 KGD1-
GFP::bleMX6
PLY149  MATa lys2-810 leu2-3,-112 ura3-52 his3A200 trp1-1[am] ubi1-A1::TRP1 ubi2-A2::ura3 ubi3-Aub-2 ubi4- (Liao et al., 2020)
A2:LEU2 + pUB221 [YEp pCUP16xHis-Myc-Ub URA3], pUB100 [YEp pGPDUBI1-tail HIS3] PIM1-GFP-bleMX6
PLY150  MATa lys2-810 leu2-3,-112 ura3-52 his3A200 trp1-1[am] ubi1-A1::TRP1 ubi2-A2::ura3 ubi3-Aub-2 ubi4- (Liao et al., 2020)
A2::LEU2 + pUB221 [YEp pCUP16xHis-Myc-Ub URA3], pUB100 [YEp pGPDUBI1-tail HIS3] doa1A::kanMX6 PIM1-
GFP::bleMX6
PLY187  MATa lys2-810 leu2-3,-112 ura3-52 his3A200 trp1-1[am] ubi1-A1::TRP1 ubi2-A2::ura3 ubi3-Aub-2 ubi4- This study
A2:LEU2 + pUB221 [YEp pCUP16xHis-Myc-Ub URA3], pUB100 [YEp pGPDUBI1-tail HIS3] KGD1-GFP-bleMX6 tom40
130/138C
PLY189  MATa lys2-810 leu2-3,-112 ura3-52 his3A200 trp1-1[am] ubi1-A1::TRP1 ubi2-A2::ura3 ubi3-Aub-2 ubid- This study
A2:LEU2 + pUB221 [YEp pCUP16xHis-Myc-Ub URAS3], pUB100 [YEp pGPDUBI1-tail HIS3] doa1A::kanMX6 KGD1-
GFP::bleMX6 tom40 130/138 C
PLY193 MATa lys2-810 leu2-3,-112 ura3-52 his3A200 trp1-1[am] ubi1-A1::TRP1 ubi2-A2::ura3 ubi3-Aub-2 ubi4- This study
A2:LEU2 + pUB221 [YEp pCUP16xHis-Myc-Ub URA3], pUB100 [YEp pGPDUBI1-tail HIS3] PIM1-GFP-bleMX6 tom40
130/138C
PLY195  MATa lys2-810 leu2-3,-112 ura3-52 his3A200 trp1-1[am] ubi1-A1::TRP1 ubi2-A2::ura3 ubi3-Aub-2 ubi4- This study
A2:LEU2 + pUB221 [YEp pCUP16xHis-Myc-Ub URA3], pUB100 [YEp pGPDUBI1-tail HIS3] doa1A::kanMX6 PIM1-
GFP::bleMX6 tom40 130/138 C
CTY210  MATa lys2-810 leu2-3,-112 ura3-52 his3A200 trp1-1[am] ubi1-A1::TRP1 ubi2-A2::ura3 ubi3-Aub-2 ubid- This study
A2:LEU2 + pUB221 [YEp pCUP16xHis-Myc-Ub URAS3], pUB100 [YEp pGPDUBI1-tail HIS3] doa1A::kanMX6 KGD1-
GFP::bleMX6 tom5A::HphMX6
CTY217  MATa lys2-810 leu2-3,-112 ura3-52 his3A200 trp1-1[am] ubi1-A1::TRP1 ubi2-A2::ura3 ubi3-Aub-2 ubid- This study
A2:LEU2 + pUB221 [YEp pCUP16xHis-Myc-Ub URA3], pUB100 [YEp pGPDUBI1-tail HIS3] PIM1-GFP-bleMX6
tom5A::HphMX6
CTY220  MATa lys2-810 leu2-3,-112 ura3-52 his3A200 trp1-1[am] ubi1-A1::TRP1 ubi2-A2::ura3 ubi3-Aub-2 ubi4- This study
A2:LEU2 + pUB221 [YEp pCUP16xHis-Myc-Ub URAS3], pUB100 [YEp pGPDUBI1-tail HIS3] doa1A::kanMX6 PIM1-
GFP::bleMX6 tom5A::HphMX6
CTY221  MATalys2-810 leu2-3,-112 ura3-52 his3A200 trp1-1[am] ubi1-A1::TRP1 ubi2-A2::ura3 ubi3-Aub-2 ubi4- This study
A2:LEU2 + pUB221 [YEp pCUP16xHis-Myc-Ub URAS], pUB100 [YEp pGPDUBI1-tail HIS3] KGD1-GFP-bleMX6
tom5A::HphMX6
CTY234  MATa his3A1 leu2A0 met15A0 ura3A0 tom5A::HphMX6 This study
CTY235 MATa his3A1 leu2A0 met15A0 ura3A0 doa1A::LEU2 ho:: TEF-UBI4-kanMX4 tom5A::HphMX6 This study
CTY237  MATa his3A1 leu2A0 met15A0 ura3A0 TOM70-6xHis-kanMX6 KGD1-13xMYC-URA3 tom5A::HphMX6 This study
CTY239  MATa his3A1 leu2A0 met15A0 ura3A0 doa1A::LEU2 ho::TEF-UBI4-kanMX4 TOM70-6xHIS-HIS3MX6 KGD1-13xMYC This study
URA3 tombA::HphMX6
CTY250 MATa his3A1 leu2A0 met15A0 ura3A0 doa1A::LEU2 ho:: TEF-UBI4-kanMX4 KGD1-6xGly-6xHis-His3Mx6 This study
CTY251 MATa his3A1 leu2A0 met15A0 ura3A0 KGD1-6xGly-6xHis-His3Mx6 This study

channels were acquired with a modified GFP filter (Zeiss filter 46 HE
without excitation filter, dichroic FT 515, emission 535/30). Images were
collected through the entire cell depth with 21 z-sections at 0.3-um intervals
and were deconvolved using a constrained iterative restoration algorithm
with the following parameters: 507 nm excitation wavelength, 60 iterations,
100% confidence limit (Volocity 5.5, Quorum Technologies). After sub-
tracting background and thresholding, the reduced/oxidized ratio was cal-
culated by dividing the intensity of the reduced channel (Aex =470 nm,
Aem =525 nm) by the intensity of the oxidized channel (Aex =365 nm,
Aem =525 nm) in Volocity software.

To detect the localization of Kgd1p or Pim1p, cells with Kgd1p-GFP or
Pim1p-GFP were incubated in SC with 100 nM MitoTracker Red CM-

H2Xros (ThermoFisherScientific, M7513) for 30 min. MitoTracker Red-
stained cells were washed with SC for 3 times and imaged as previously
described using excitation using a 561 nm LED for MitoTracker Red and
470 nm LED for GFP with a dual eGFP/mCherry cube (59222, Chroma,
Bellows Falls, VT). Images were deconvolved using a constrained iterative
restoration algorithm with calculated PSFs assuming 507 nm and 610 nm
emission for GFP and MitoTracker Red, respectively, using 60 iterations and
a 100% confidence criterion for termination.

Isolation of mitochondria
Mitochondria were isolated as described previously”*. 500 mL cells were
grown in 2-L flasks to mid-log phase in SC or SC containing 2.5 mM PQ for
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8 h at 30 °C with shaking at 200 rpm. Cells were collected by centrifugation
at 1500 x g for 5 min at 4 °C and washed with water once. Supernatants were
removed and the weight of the “wet” cell pellet was measured. Cells were
then incubated in 20 mL Tris-DTT buffer (0.1 M Tris-SO,, pH 9.4 and
10 mM DTT) (~ 5 ml/g yeast wet weight) for 15 min at 30 °C with shaking,
washed once with 20 mL SP buffer (1.2 M Sorbitol and 20 mM KPi, pH 7.4),
and incubated with 20 mL SP buffer containing Zymolyase 20 T (Seikagaku
Corporation, Tokyo, Japan) (7.5 mg/g yeast wet weight) at 30 °C for 40 min
with shaking to remove cell walls. Spheroplasts were collected by cen-
trifugation at 4500 x g at 4 °C for 5 min, washed once with 20 mL ice-cold
SEH buffer (0.6 M Sorbitol, 20 mM HEPES-KOH, pH 7.4, 2 mM MgCl,)
containing a protease inhibitor cocktail (PI-1: 0.5-mg/ml Pepstatin A,
0.5 ug/ml Chymostatin, 0.5 pg/ml Antipain, 0.5pg/ml Leupeptin, and
0.5 pg/ml Aprotinin; PI-2: 10 pM Benzamidine-HCl and 1 pg/ml 1,10-
Phenanthroline; 1 mM PMSF), and then homogenized using 15 forceful
strokes of a pre-chilled glass/glass Dounce homogenizer (Wheaton Science
Products, Millville, NJ). The homogenate was subjected to low-speed cen-
trifugation (1500 X g) for 5 min, and the supernatant obtained was subjected
to high-speed centrifugation (12,000 x g) for 10 min at 4 °C. The resulting
pellet was resuspended in 1 mL ice-cold SEH buffer containing protease
inhibitor cocktails. To further remove debris, 1 ml of mitochondria-
enriched fraction was subjected to 2 rounds of low-speed centrifugation
(700 x g for 5min and 1500 x g for 5min) at 4°C using a benchtop
microcentrifuge. The supernatant obtained was centrifuged at 12,000 x g for
10 min at 4 °C, and the mitochondria-contained pellet was resuspended in
200 pL ice-cold SEH buffer. Mitochondrial protein concentration was
measured by BCA protein assay (Pierce, 23225). To remove mitochondrial
outer membrane proteins, isolated mitochondria were incubated in the
presence or absence of proteinase K (10 ug/mL) for 30 min at 0°C. After
inactivation of proteinase K by addition of protease inhibitors, mitochon-
dria were separated from the proteinase K-containing solution. To generate
osmotic stress, mitochondria were incubated with hypotonic buffer (20 mM
HEPES-KOH, pH 7.4, 2 mM MgCl,) for 20 min at 0 °C, and then separated
from the hypotonic buffer. The proteins in the supernatants were pre-
cipitated with 10% TCA for 1h at —20°C and washed with acetone
at —20°C.

Mitochondrial protein releasing assay

Released mitochondrial proteins were collected as previously described with
some modification™. In the time-course releasing assay in Fig. 1A, D, iso-
lated mitochondria were incubated in the assay buffer (0.6 M Sorbitol,
20 mM HEPES-KOH, pH 7.4, 2 mM MgCl,, 5 mM Methionine, 10 mM
KPipH 7.4) and a protease inhibitor cocktail at 30 °C for 10, 30, and 60 min.
In other experiments, isolated mitochondria were incubated in the assay
buffer containing 2mM ATP, 2mM NADH and a protease inhibitor
cocktail at 30°C for 30 min. To treat isolated mitochondria with non-
hydrolyzed ATP, 2 mM ATP-y-S was added into assay buffer. To inhibit
mitochondrial membrane potential, isolated mitochondria were treated
with 5 pg/ml valinomycin in assay buffer. To modify cysteine residues in
Tom40p channels of mitochondria, isolated mitochondria were treated with
1 mM mPEG-Mal (Sigma-Aldrich, 63187) in assay buffer containing 2 mM
ATP, 2mM NADH and a protease inhibitor cocktail at 30 °C for 30 min.
Mitochondrial pellets were then collected by centrifuging at 12,000 x g for
5 min at 4 °C. Supernatant proteins were precipitated with 10% TCA for 1 h
at —20 °C and washed with acetone at —20 °C. Mitochondrial pellet and
TCA-precipitated supernatant proteins were then resuspended in 2xSDS
sample buffer (20% Glycerol, 120 mM Tris/HCI pH 6.8, 4% SDS, 180 mM
DTT, 0.02% bromophenol blue) and boiled for 5 min.

Pull-down of His-tagged proteins

400 pg of mitochondrial proteins were lysed in 500 ml Cell Lysis Buffer
(CLB, 50 mM Tris pH 8.0, 300 mM NaCl, 0.1% Tween 20, protease inhibitor
cocktail, 10 mM NEM) containing 250 ul glass beads with vortex for 4 min
at 4 °C. The lysates were separated from beads and debris by centrifuging at
12,000 x g and incubated with 50 ml CLB-washed Ni2 4 -NTA magnetic

beads (HisPur Ni-NTA Magnetic Beads, Thermo Scientific, Grand Island,
NY) for 1 h at 4 °C with rotate. Beads with His-tagged proteins were sepa-
rated from other proteins by placing in the Magnetic Separation Rack for
1 min, and were washed with 500 ml Washing Buffer (50 mM Tris pH 8.0,
300mM NaCl, 0.1% Tween 20, 10 mM imidazole, protease inhibitor
cocktail) for 3 times. Proteins were eluted by incubating with 60 ml of
Elution Buffer (50 mM Tris pH 8.0, 300 mM NaCl, 0.1% Tween 20, 300 mM
imidazole, protease inhibitor cocktail) for 5min with rotation. Protein
samples were added 4xSDS Sample buffer and subjected to polyacrylamide
gel electrophoresis and western blots.

Immunoprecipitation

Cells were lysed in 500 ul Cell Lysis Buffer (50 mM Tris pH 8.0, 150 mM
NaCl, 10 mM EDTA, 1% Triton X-100, 10% glycerol, protease inhibitor
cocktail, 10 mM NEM) containing 250 pl glass beads with vortex for 5 min
at 4 °C. The lysates were separated from beads and debris by centrifuging at
12,000 x g for 5 min at 4 °C and incubated with 10 pg anti-Myc antibodies
for 16 h at 4 °C with low-speed rotation. The lysates with antibodies were
incubated with Pierce Protein A Magnetic Beads that were washed with
Bead Washing Buffer (1x TBS, 0.1% Tween-20) for 1 h at 4 °C. Beads with
antibody-bound proteins were separated from other proteins by placing in
the Magnetic Separation Rack for 1 min, and were washed with 500 ul ice-
cold Washing Buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% Triton X-100,
10% glycerol, protease inhibitor cocktail) for 3 times. Proteins were eluted by
incubating with 60 pl of 1xSDS Sample Buffer (10% Glycerol, 60 mM Tris/
HCI pH 6.8, 2% SDS, 90 mM DTT, 0.01% bromophenol blue) containing
protease inhibitor cocktail and subjected to polyacrylamide gel electro-
phoresis and western blots.

Western blot analysis

Western blot analysis was performed using standard procedures on PVDF
membranes (Immobilon-FL; EMD Millipore, Billerica, MA). Equal
amounts of protein lysates were loaded onto a SDS-PAGE gel containing
0.5% trichloroethanol (TCE) for protein detection. Prior to transfer, the gel
was exposed to UV light (300nm) for 2.5min to activate protein-
crosslinking activity of TCE™. TCE-crosslinked proteins were detected by
exposure of gels to 300 nm illumination for 4 s using a ChemiDoc™ MP
Imaging System (Bio-Rad, Hercules, CA). Total proteins crosslinked by
TCE were used as loading controls. The gel was then transferred to a PVDF
membrane (Immobilon-FL; EMD Millipore, Billerica, MA). After transfer,
the PVDF membrane was blocked with 5% skim milk for 1h, incubated
with 5% skim milk containing primary antibodies for 16 h, and secondary
antibodies for 1h. Proteins in blots were detected using Luminata Forte
Western HRP substrate (MilliporeSigma, Burlington, MA) and the Che-
miDoc™ MP Imaging System (Bio-Rad, Hercules, CA). The primary anti-
bodies used in these studies were mouse monoclonal antibodies against GFP
(#11814460001, Roche) and Myc (Clone 9E10), and rabbit polyclonal
antibody against Cdc48p (#62-303, As One International Inc), hexokinase
(LS-C59302, LSBio, MA) Cyb2p, Citlp, Tom70p and Tom40p (415 T, a gift
from Dr. Carla Koehler).

Statistics and Reproducibility

For multiple group comparisons, p values were determined by a 1-way
ANOVA with Dunnett’s or Sidak’s test. Bar graphs show the mean and
SEM. For SuperPlots™, each color denotes an independent biological
replicate. Small dots represent individual data points, and triangles represent
the mean of the technical replicates within each biological replicate. p values
were determined by a Repeated Measurement 1-way ANOVA with Sidak’s
test. All statistical analysis was conducted using GraphPad Prism9
(GraphPad Software). For all tests, p values are classified as follows:
*p <0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

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

All source data used to produce the graphs in this work are provided
in Supplementary Data. Uncropped blots/gels are provided in Supple-
mentary Fig. 6. Further data and materials of this study are available from
the corresponding author upon reasonable request.
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