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ARTICLE OPEN

Novel protein complexes containing autophagy and UPS
components regulate proteasome-dependent PARK2
recruitment onto mitochondria and PARK2-PARK6 activity
during mitophagy
Nur Mehpare Kocaturk1,5, Nesibe Peker 2, Karin Eberhart1, Yunus Akkoc2, Gamze Deveci2, Joern Dengjel 3 and
Devrim Gozuacik 1,2,4✉

© The Author(s) 2022

Autophagy is an evolutionarily conserved eukaryotic cellular mechanism through which cytosolic fragments, misfolded/aggregated
proteins and organelles are degraded and recycled. Priming of mitochondria through ubiquitylation is required for the clearance
the organelle by autophagy (mitophagy). Familial Parkinson’s Disease-related proteins, including the E3-ligase PARK2 (PARKIN) and
the serine/threonine kinase PARK6 (PINK1) control these ubiquitylation reactions and contribute to the regulation of mitophagy.
Here we describe, novel protein complexes containing autophagy protein ATG5 and ubiquitin-proteasome system (UPS)
components. We discovered that ATG5 interacts with PSMA7 and PARK2 upon mitochondrial stress. Results suggest that all three
proteins translocate mitochondria and involve in protein complexes containing autophagy, UPS and mitophagy proteins.
Interestingly, PARK2 and ATG5 recruitment onto mitochondria requires proteasome components PSMA7 and PSMB5. Strikingly, we
discovered that subunit of 20 S proteasome, PSMA7, is required for the progression of PARK2-PARK6-mediated mitophagy and the
proteasome activity following mitochondrial stress. Our results demonstrate direct, dynamic and functional interactions between
autophagy and UPS components that contribute to the regulation of mitophagy.

Cell Death and Disease          (2022) 13:947 ; https://doi.org/10.1038/s41419-022-05339-x

INTRODUCTION
Autophagy is a highly conserved degradation process during
which targets are engulfed in double-memsbrane autophago-
somes (autophagic vesicles), and degraded in autolysosomes that
are formed following autophagosome-lysosome fusion [1, 2].
Autophagy determines the half-life of long-lived proteins and
organelles, eliminates protein aggregates and destroys intracel-
lular invaders. Moreover, as one of the primary stress response,
autophagy allows survival of cells under detrimental conditions,
such as nutrient and growth factor deprivation, oxidative stress
and exposure to drugs and toxins. Autolysosomal degradation of
cargoes into their basic components (e.g. proteins to amino acids)
supplies building blocks for cellular functions, allowing synthesis
of macromolecules and production of energy under stress
conditions.
To date, more than 30 different core AuTophagy-related Genes

(ATG proteins) were characterized [3]. These proteins form
complexes and catalyse autophagic reactions. Especially two
ubiquitylation-like reactions are key for the elongation of
autophagic membranes: The first ubiquitylation-like reaction leads

to the covalent conjugation of the ATG5 protein to a ubiquitin-like
protein, ATG12. Next, ATG16L1 joins ATG12-ATG5, contributing to
the formation of a higher molecular weight protein complex of
around 669-800 kDa [4, 5]. ATG12-ATG5-ATG16L1 complex serves
as an E3-like enzyme for the second ubiquitylation-like reaction.
As third reaction, covalent attachment of ATG8/LC3 proteins to
lipid molecules, generally to a phosphatidylethanolamine (PE),
results in the elongation and closure of autophagic membranes
[6, 7]. ATG12-ATG5-ATG16L1 and LC3 conjugation systems are
indispensable for the canonical autophagy pathway, and their
defects result in autophagy abnormalities in cells and mice [8].
Autophagy has long been considered as a non-selective

degradation process. Previous studies demonstrated that selective
autophagy exists [9, 10], and involves targeted sequestration of
molecules and organelles by autophagy receptors, such as
sequestosome 1 (P62/SQSTM1), optineurin (OPTN), calcium
binding and coiled-coil domain 2 (CALCOCO2), NBR1 autophagy
cargo receptor (NBR1), Tax1 binding protein 1 (TAX1BP1) etc.
Selective autophagy of mitochondria (mitophagy) is the main
cellular process that eliminates and recycles aberrant, depolarized,
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dysfunctional and/or damaged mitochondria. Hence, mitophagy
serves as a major organelle abundance and quality control
mechanism in all eukaryotic cells [11, 12].
Priming of mitochondria by the ubiquitin-proteasome system

(UPS) is required for the progression of mitophagy. The UPS
involves poly-ubiquitylation of target proteins and their degrada-
tion through the proteasomes [13]. Poly-ubiquitylation reactions
are mediated by E1 (Ubiquitin activating), E2 (Ubiquitin conjugat-
ing) and E3 (Ubiquitin ligase) enzymes. The 26 S proteasome
consists of the 19 S cap that mainly functions in the recruitment of
the proteins to the proteasomes whereas 20 S proteasome is
responsible for proteolytic degradation [14]. The 20 S subunit
consists of several α and ß subunits. The α subunits lack catalytic
activity and they mainly regulate entrance and exit of target
proteins along the catalytic tunnel that consists of ß subunits.
Chymotrypsin-like, caspase-like and trypsin-like proteolytic activ-
ities of the ß subunits cleave proteins into small polypeptides and
amino acids, allowing their recycling for reuse. Among the α
subunits, α7 (also known as PSMA7, RC6-1 or XACP7), is one of the
best characterized. In addition to its core that participates in the
structure of the 20 S proteasome, PSMA7 contains a protruding
C-terminus that is available for protein-protein interactions.
PSMA7 has been implicated in cancer [15, 16] and amyotrophic
lateral sclerosis (ALS) [17], yet its mechanism of action remains to
be elucidated in those models.
At least two familial Parkinson’s Disease-associated genes,

namely the E3-ligase PARK2 (PARKIN) and PARK6 (PINK1) were
reported in the control of mitophagy. Following the synthesis in
cytosol, the 63 kDa serine/threonine kinase, PARK6, is targeted to
the mitochondrial inner membrane. Under normal conditions,
processing of the protein by mitochondrial proteases mitochon-
drial processing peptidase (MPP) and presenilin associated
rhomboid like (PARL) leads to its cleavage to a shorter 55 kDa
form. The short form does not accumulate on mitochondria and
retrotranslocates to cytosol for proteasomal degradation [18].
Mitochondrial stress and loss of mitochondrial membrane
potential, result in the retention of the 63 kDa, uncleaved form
of PARK6 on the outer mitochondrial membrane (OMM). PARK6
and other mitochondrial proteins, including VDAC1/2 were
involved in the recruitment and accumulation of PARK2 on the
OMM [19]. Moreover, it was reported that the long form of PARK6
phosphorylates ubiquitin proteins as well as PARK2, further
promoting PARK2 translocation onto mitochondria and stimulat-
ing its E3 ubiquitin ligase activity [20–22]. Subsequent ubiquityla-
tion of target proteins, such as translocase of outer mitochondria
membrane 40 (TOMM40), mitofusin 1 (MFN1), mitofusin 2 (MFN2)
and ras homology family member T1 (MIRO1) by PARK2 leads to
degradation of these proteins [23–26]. Additionally, integral
membrane proteins on mitochondria, such as FUN14 domain
containing 1 (FUNDC1) and ubiquitin specific peptidase 14
(USP14) regulated Prohibitin2 (PHB2), serve as adaptor proteins
for recruitment of autophagosomes via direct interaction with LC3
proteins [27–29].
Autophagy and UPS are two critical quality control systems and

tightly regulated in cells. Given this, impaired autophagy and/or
UPS have been implicated in various diseases, including cancer,
metabolic diseases, aging, neurodegenerative diseases, and
immune system disorders. Besides, these two mechanisms cross-
talk through various cellular pathways and their regulation is
controlled by intersecting pathways. Alteration in one mechanism
results in compensation or inhibition of the other mechanism
depending on the context [30]. For example, inhibition of
autophagy was shown to compromise UPS activity, which in turn
results in accumulation of short-lived and aggregation-prone
proteins [31].
Recent studies shed light on various aspects of ubiquitylation

and LC3 recruitment mechanisms during mitophagy. Previous
studies have documented degradation of mitochondrial proteins

in a proteasome-dependent manner, underlining the crosstalk
between UPS and autophagic degradation of mitochondria
[26, 32]. Proteasome facilitates the degradation of mitochondrial
proteins residing in both OMM and inner mitochondrial mem-
brane (IMM). Also, mitochondrial precursor proteins that fail to
translocate to mitochondria are degraded through the activity of
proteasome [33]. Besides, UPS ensures mitochondrial quality
control and mitophagy by selectively removing fusion and fission
components, including MFNs, dynamin 1 like (DRP1) and fission
mitochondrial 1 (FIS1). Moreover, starvation-induced autophagy
leads to ubiquitylation of UPS proteins, increasing the interaction
of UPS with autophagy proteins LC3 and P62 [34]. Given these,
UPS, autophagy and mitophagy are regulated through over-
lapping cellular pathways, yet the exact mechanisms and which
players are involved in this crosstalk remains unstudied.
Next, we showed that, mitophagy-inducing stress stimuli

promotes formation of large and dynamic protein complexes
containing the UPS and autophagy components. We also showed
that the key autophagy protein ATG5 physically interacts with
PARK2 and the 20 S proteasome subunits PSMA7 and PSMB5, and
they altogether translocate onto stressed mitochondria. This event
and subsequent mitophagy rely on 20 S proteasome components
as well as the proteasomal activity. Our results suggested that
novel protein complexes are formed on mitochondria containing
autophagy protein ATG5, mitophagy proteins PARK2 and PARK6,
and UPS proteins PSMA7 and PSMB5. We discovered that PSMA7
and PSMB5 are required for PARK2-PARK6-mediated mitophagy.
Moreover, our results suggested that knockdown of
PSMA7 significantly impairs PARK2-PARK6 interaction and attenu-
ates mitochondrial stress-induced PARK2 E3 ubiquitin ligase
activity, and ubiquitin-dependent degradation of PARK2 targets.
Our results also showed that ubiquitin-dependent mitophagy
receptor optineurin recruitment is hindered, mitochondria-
associated LC3 levels are reduced and mitophagy is inhibited
under these conditions. Furthermore, although ATG5 deficiency
did not affect PARK2 recruitment onto mitochondria, a notable
reduction in ubiquitylation and ubiquitin phosphorylation was
observed upon mitochondrial stress. Collectively, these results
suggest that the PARK2/PARK6 system, autophagy and the
proteasome are tightly connected, and their functions are
coordinated during progression of mitophagy.

RESULTS
Autophagy Protein ATG5 Interacts with the UPS Component
PSMA7 and mitophagy protein PARK2 in Response to
Mitochondrial Stress
In order to discover new interaction partners of the autophagy
protein ATG5, we performed unbiased classical yeast-two-hybrid
screens [35]. One of the strong interactors of ATG5 was the 20 S
proteasome component PSMA7 (C-term end of the protein, amino
acids 174-248). We then confirmed this interaction through co-
immunoprecipitation (Co-IP) experiments in HEK293T cells follow-
ing overexpression of full-length proteins (Fig. S1A). Besides, we
observed a notable increase in the interaction between ATG5-12
and PSMA7 proteins following mitochondrial stress (i.e., STAURO
or CCCP treatment) (Fig. S1B). Interaction between endogenous
ATG5-12 and PSMA7 proteins was barely detected under control
condition. Strikingly, the interaction between endogenous ATG5-
12 and PSMA7 significantly increased in HEK293T (Fig. 1A and B)
and MEF (Fig. 1C and D) cells upon CCCP treatment. Similarly, our
results revealed that ATG5 and other 20 S subunit protein, PSMB5,
interacted upon mitochondrial depolarization (Fig. S1C). Damaged
mitochondria are mainly cleared by mitophagy, and PARK2 was
identified as a key E3 ubiquitin ligase regulator of this
phenomenon. Interestingly, PARK2 was previously reported to
interact with PSMA7/XAPC7 [36]. Therefore, we also checked this
interaction under our experimental conditions. Indeed, PARK2
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interacted with PSMA7 upon CCCP-induced mitochondrial stress,
but STAURO failed to further stimulate this interaction (Fig. 1E and
F). Strikingly, our results revealed that PARK2 interacts with ATG5-
12 complex upon mitochondrial stress (Fig. 1G and H). Also, to
explore whether endogenous PARK2 interacts with ATG5, we
performed immunoprecipitation experiments using in HT-22 and

SH-SY5Y cells in which endogenous PARK2 protein levels are
detectable. Results further confirmed endogenous ATG5 and
PARK2 interacts in HT-22 (Fig. S1D) and SH-SY5Y (Fig. S1E) cells.
Also, results showed this interaction was enhanced following
mitochondrial stress in HT-22 cells (Fig. S1D). In line with these,
results showed the interaction of PARK2 partner protein, PARK6,

CCCP - +

PSMA7

ATG5-12

ACTB

PSMA7

ATG5-12

kDa

25

55

42

25

55

In
p

u
t

A
T

G
5-

IP

A B

DMSO CCCP
0

2

4

6

8

P
S

M
A

7:
A

T
G

5-
12

ED

DMSO CCCP
0.0

0.5

1.0

1.5

2.0

P
S

M
A

7:
A

T
G

5-
12

CCCP - +
PARK6

ATG5-12

ACTB

kDa
70

55

42

70

55
In

p
u

t
A

T
G

5-
IPPARK6

ATG5-12

DMSO CCCP
0

1

2

3

PA
R

K
6:

A
T

G
5-

12
DMSO STAURO CCCP

0

1

2

PA
R

K
2:

P
S

M
A

7 ns

FJI

Beads ATG5
0

15

30

A
T

G
5 

E
n

ri
ch

m
en

t

DMSO CCCP
0

1

2

3

A
T

G
5-

P
S

M
A

7 
E

n
ri

ch
m

en
t

Beads PSMA7
0

15

30

P
S

M
A

7 
E

n
ri

ch
m

en
t

DMSO CCCP
0

1

2

P
S

M
A

7-
PA

R
K

2
 E

n
ri

ch
m

en
t

K L M N

O
/A

C
C

C
P

D
M

S
O

PSMA7 ATG5 MERGE

PARK2

ACTB

PARK2

ATG5-12

CCCP - + kDa
55

ATG5-12 55

42

55

55

In
p

u
t

A
T

G
5-

IP

DMSO CCCP
0

1

2

3

4

P
A

R
K

2:
A

T
G

5-
12

G H
O

/A
C

C
C

P
D

M
S

O

PSMA7 PARK2 MERGE

P

U

C
C

C
P

S
T

A
U

R
O

D
M

S
O

C
C

C
P

S
T

A
U

R
O

D
M

S
O

PSMA7 ATG5 MERGE

PSMA7 PARK2 MERGE

O

T

C CCCP - +

PSMA7

ATG5-12

ACTB

kDa

25

55

42

25

55

PSMA7

ATG5-12

In
p

u
t

A
T

G
5-

IP

ZOOMZOOM

ZOOM

42

ZOOM

N.M. Kocaturk et al.

3

Cell Death and Disease          (2022) 13:947 



with ATG5-12 complex, and increased interaction of these proteins
upon mitochondrial stress (Fig. 1, I and J). SILAC-MS/MS
experiments using ATG5 as a bait further confirmed the
interaction with PSMA7 (Fig. 1K and L) and in a similar manner,
when PSMA7 was used as a bait, interaction with PARK2 was
enhanced under mitochondrial stress conditions (Fig. 1M and N)
(Fig. 1K–N, fold change graphs representing the n= 1 experi-
ments). Furthermore, confocal microscope analyses revealed
increased colocalization of PSMA7-ATG5 under both long-term
(12 h) stress caused by CCCP or STAURO (Fig. 1O and R) and short-
term (2 h) stress caused by CCCP or Oligomycin/Antimycin A (O/A)
(Fig. 1 P and S). Similarly, results also showed that CCCP- and
STAURO-induced long term mitochondrial stress, and CCCP- and
O/A-induced short term mitochondrial stress enhance the
colocalization of PSMA7 with PARK2 (Fig. 1T–Y). Also, confocal
images revealed that neither ATG5 (Fig. S1F and G) nor PARK2 (Fig.
S1H and I) overexpression result in a dramatic change in the
overall subcellular distribution of PSMA7. All together, these data
suggest that PSMA7 interacts with ATG5 and PARK2 and this
interaction is further enhanced upon mitochondrial stress.

ATG5, PSMA7 and PARK2 migrated onto mitochondria under
stress conditions
PARK2 migration onto mitochondria is a key rate-limiting step in
the mitophagy process. To explore mitochondrial translocation of
PARKIN upon different stress stimuli cytosolic and mitochondrial
proteins were isolated separately by subcellular fractionation.
Immunoblotting analyses and subsequent quantifications
revealed increased levels of PARK2 in mitochondrial fraction
following 12 h treatment with CCCP (Fig. 2A and B). In a similar
manner, the amount of both ATG5-12 and PSMA7 increased in
isolated mitochondria upon mitochondrial stress (Fig. 2A and B).
Similarly, 2 h treatment of CCCP and O/A resulted in increased
translocation of PARK2, ATG5-12 and PSMA7 to mitochondria (Fig.
2C and D) (Fig. S5, A). Moreover, confocal images revealed
significant translocation of PSMA7 (Fig. 2E–G), ATG5-12 (Fig. 2H–J)
and PARK2 (Fig. 2K–M) to mitochondria following long-term CCCP
(12 h, 20 μM) and short term CCCP (2 h, 10 μM) or O/A (2 h, 10 μM)
treatment. Collectively, these data suggest that both short-term
and long-term mitochondrial stress lead to translocation of
PSMA7, PARK2 and ATG5 to mitochondria.

Stress-induced mitochondrial novel protein complexes
In order to characterize protein complexes that form during
mitochondrial stress, gel filtration experiments were performed

using protein extracts from PARK2 overexpressing cells. In cells
that were treated with DMSO, ATG5-12, PARK2 and PARK6 protein
peaks co-eluted in overlapping fractions (Fractions 2, 3, 4, MW
approx. 550 kDa) in total cell lysates (Fig. S2A) and in
mitochondria-free cytosolic fractions (Fig. S2E–H). In total cell
lysate fractions, PARK6 was in lower amounts and corresponded to
the cleaved form of the protein (55 kDa) (Fig. S2A and B). Under
CCCP-induced mitochondrial stress conditions, the long, unpro-
cessed form of the protein (63 kDa) joined the complex (Fig. S2C).
On the other hand, under stress, PSMA7 protein peak shifted to
separate fractions (Fractions 4, 5 and 6) (MW approx. 400 kDa) (Fig.
S2A and C).
In order to reveal the status of these complexes in isolated

mitochondrial fractions, we purified mitochondria from PARK2
overexpressing cells, that were treated with DMSO or 10 μM CCCP
for 12 h and performed gel filtration assays. Similar to the results
that were obtained with total cell lysates, experiments with
isolated mitochondria showed that ATG5-12, PARK2 and PARK6
eluted in the same fractions (Fractions 2, 3, 4, MW: around
550 kDa) that also contained mitochondrial outer membrane
protein VDAC1. On the other hand, PSMA7 protein co-eluted with
a second peak containing another 20 S proteasome subunit,
PSMB5 (LPMX, MB1), in fractions 4, 5 and 6 (MW approx. 400 kDa)
(Fig. 3A–D). In line with these results, proteomic analysis of the
mitochondrial fraction revealed a notable increase in ATG5-PARK2
interaction following CCCP treatment (Fig. 3E and F).
Overall, gel filtration experiments and above-described protein-

protein interaction tests (Y2H, Co-IP, SILAC-MS/MS and confocal
microscopy analyses) established for the first time that, stress
conditions resulted in the formation of dynamic higher molecular
weight protein complexes on mitochondria containing autophagy
and the UPS components, namely ATG5-12-PARK2-PARK6-VDAC1
complexes and PSMA7-PSMB5 and possibly other 20 S
components.

Role of proteasomes in PARK2 recruitment onto mitochondria
Given the conflicting data about the role of proteasomal activity
on PARK2 recruitment [32, 37–40], we investigated whether PARK2
translocation onto mitochondria was affected by this activity.
Firstly, experiments were planned with a proteasomal activity
inhibitor called MG132. In order to confirm that the inhibitor was
active, we showed in control experiments that MG132 affected
cellular levels of bona fide targets of the proteasome, namely P27
[41] and CCND1 [42] proteins (Fig. S3A). Then, PARK2 recruitment
onto mitochondria was analysed in the presence or absence of

Fig. 1 Mitochondrial stress promotes the interaction of autophagy and UPS components. A Representative western blot image showing
endogenous PSMA7 and ATG5-12 protein levels in total cell lysate (Input) and ATG5-immunoprecipitated lysate (ATG5-IP) in HEK 293 T cells.
Actin beta (ACTB) was used as loading control. B Graph representing the levels of immunoprecipitated PSMA7 protein with ATG5-12,
normalized to ATG5-12 in HEK 293 T cells (mean ± SEM, n= 3). C Representative western blot image showing endogenous PSMA7 and ATG5-
12 protein levels in total cell lysate (Input) and ATG5-immunoprecipitated lysate (ATG5-IP) in MEF cells. ACTB was used as loading control.
D Graph representing the levels of immunoprecipitated PSMA7 protein with ATG5-12, normalized to ATG5-12 in MEF cells (mean ± SEM, n= 3).
E Representative images of immunoprecipitation of FLAG and western blot analysis of PARK2 and PSMA7 in HEK 293 T cells co-transfected
with MYC-PARK2 and/or FLAG-PSMA7. HEK 293 T cells were treated with STAURO (1 μM), CCCP (10 μM) or DMSO for 12 h after transfection and
immunoprecipitation using Flag beads. F Quantification of PARK2 protein levels immunoprecipitated with PSMA7 from E, normalized to
PSMA7 (mean ± SEM, n= 3). G and I, Representative western blot images showing the levels of PARK2 and PARK6 proteins respectively,
immunoprecipitated with endogenous ATG5 in HA-PARK2 expressing HEK 293 T cells following DMSO or CCCP treatment (10 μM) for 12 h.
H and J, Graphs showing the quantification of PARK2 (from G) and PARK6 (from I) protein levels, normalized to endogenous ATG5-12
(mean ± SEM, n= 3). K and L, SILAC-MS/MS-based interactome results as fold change graphs of ATG5 enrichment (K) and CCCP-induced
PSMA7-ATG5 complex enrichment (L) as compared to control. M and N, Fold change graphs of PSMA7 enrichment (M) and CCCP-induced
PARK2-PSMA7 complex enrichment (N). O and P, Confocal microscopy images of HEK 293 T cells co-transfected with GFP-PSMA7 (green) and
pmCherry-ATG5 (red) constructs and treated with CCCP (10 μM) or STAURO for 12 h (O) and treated with CCCP (20 μM) or Oligomycin A/
Antimycin A (O/A, 10 μM) for 2 h (P). R and S, overlap coefficiency graphs representing PSMA7 (green) and ATG5 (red) colocalization following
12 h (R) and 2 h (S) of treatments (n= 60). T and U, Confocal microscopy images of HeLa cells that were co-transfected with pEGFP-PSMA7
(green) and pmCherry-PARK2 (red) constructs, and treated with staurosporine (1 μM, 12 h) or CCCP (10 μM, 12 h) (T) and CCCP or O/A for 2 h
(U). V and Y, Overlap coefficiency graphs representing PSMA7 (green) and PARK2 (red) colocalization after 12 h (V, n= 30) and 2 h (Y, n= 91)
of treatments. MERGE, overlay of green and red signals. ZOOM, zoomed images of particular area. Significance in R, S, V and Y was determined
using one-way ANOVA.
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MG132 using subcellular fractionation experiments separating
mitochondria from the cytosol. As previously shown, CCCP
treatment resulted in the accumulation of PARK2 in mitochondrial
fractions. Inhibition of proteasome activity by MG132 attenuated
PARK2 mitochondrial recruitment (Fig. S3B and C). Similar results
were obtained when another proteasome inhibitor 30 μM

bortezomib was utilized (Fig. S3D). Also, in line with previous
reports [43, 44], MG132 treatment resulted in accumulation of
cleaved form (55 kDa) and reduction of the long form (63 kDa) of
PARK6 (Fig. S4A and B). Also, MG132 and/or CCCP treatment did
not alter the protein levels of PARK2 (Fig. S4A and C) and ATG5-12
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(Fig. S4A and D) suggesting that they are not degradation targets
of autophagy.
In line with requirement of proteasome and its activity for

PARK2 mitochondrial recruitment, siRNA-mediated knockdown of
PSMA7 strongly decreased CCCP-stimulated accumulation of
PARK2 on mitochondria (Fig. 4A and B) (Fig. S5B). We next
checked intracellular localization of PARK2 protein using confocal
microscopy. Under non-stimulated conditions, PARK2 localization
was diffuse in the cytoplasm. CCCP- or O/A-induced short-term
(2 h) (Fig. 4C and D) or CCCP-induced long-term (12 h) (Fig. 4E and
F) mitochondrial stress resulted in the colocalisation of PARK2 with
mitochondria in cells. When PSMA7 expression was silenced using
siRNAs, PARK2 recruitment onto mitochondria was severely
blocked. Quantitative analyses of confocal images confirmed that
there was a significant decrease in mitochondria-localized PARK2
under these conditions (Fig. 4D and F).
To check that the observed effect of PSMA7 knockdown on

PARK2 was related to its role in the 20 S proteasome, we
performed similar experiments using siRNAs that are specific to
another subunit of the 20 S proteasome, the PSMB5 subunit.
Indeed, in gel filtration experiments, PARK2 was found in the same
fractions as PSMA7 and PSMB5 (Fig. 3A and C). Similar to PSMA7,
knockdown of PSMB5 hindered PARK2 recruitment onto mito-
chondria as assessed by subcellular fractionations (Fig. 5A and B)
(Fig. S5C) and colocalization experiments (Fig. 5C–F).
Furthermore, proteasome assembly and activity were analysed

using in-gel proteasome activity assay under conditions during
which PARK2 recruitment onto mitochondria was observed. Native
gel electrophoresis was followed by in-gel proteasome activity assay,
then native gels were transferred onto membranes and immuno-
blotting was performed using an antibody recognizing several
proteasome subunits (α1−7 subunits). These experiments allowed
us not only to show proteasome activity, but also revealed distinct
proteasome subcomplexes (20 S and 26 S proteasomes) affected
under these experimental conditions. Upon CCCP treatment, a
robust increase in 26 S formation was observed (Fig. 6A), and the
proteasomal activity was significantly upregulated (Fig. 6A and B).
Under these conditions, knockdown of PSMA7 was sufficient to
downregulate CCCP-induced proteasome activity (Fig. 6 A and B).
Collectively, we showed that: i, PARK2 interaction with

proteasome subunits PSMA7 and PSMB5 was increased following
mitochondrial stress; ii, under mitochondrial stress conditions, 26 S
proteasome assembly and proteasomal activity was upregulated;
iii, inhibition of proteasomal activity through knockdown of
proteasome subunits as well as chemical inhibitors MG132 and
bortezomib, prevented stress-induced PARK2 translocation onto
mitochondria. All these results strongly suggest that PARK2
interaction with the proteasome, as well as proteasomal activity,
are required for PARK2 migration onto mitochondria.

Effect of PSMA7 Knockdown on autophagy-related functions
of PARK2
Next, we sought to determine functional effects of PSMA7
knockdown on autophagy-related downstream events. A signifi-
cant reduction was observed in PARK2-PARK6 interaction (Fig. 7A
and B) and colocalization (Fig. 7C and D) upon knockdown of
PSMA7, as assessed through co-immunoprecipitation and confocal
analyses, respectively. TOM40 and MFN2 have been characterized
as ubiquitylation targets of PARK2 [39, 45]. Indeed, both TOM40
and MFN2 were degraded in response to CCCP-treatment; yet,
PSMA7 knockdown resulted in the blockage of their degradation
(Fig. 7E and F). Decreased ubiquitylation of TOM40 and MFN2
under PSMA7-depleted condition further indicated a defect in
PARK2 activity (Fig. 7G and H). Furthermore, PSMA7 knockdown
and subsequent impairment in PARK2 recruitment led to the
inhibition of mitophagy as assessed through GFP-LC3 and
mitochondria (mito-dsRed) colocalization following long term
(Fig. 7I and J) or short term (Fig. 7K and L) exposure to CCCP-
induced mitochondrial stress. Also, PSMA7 knockdown inhibited
localization of optineurin, a selective mitophagy receptor, onto
mitochondria, which further indicated that PSMA7 deficiency
impaired mitophagy (Fig. S6A and B). Moreover, PSMA7 knock-
down attenuated mitochondrial stress-induced decrease in
mitochondrial DNA (Fig. S6C and D).
Overall, these results showed that, PSMA7, hence the proteasome

is important for PARK2 recruitment and function in mitophagy.

Role of ATG5 protein in PARK2 activation and PARK6 activity
In this study, ATG5 protein was found as another partner of the
PARK2-PARK6-proteasome complex (Fig. 3 and Fig. S2). Moreover,
ATG5 co-immunoprecipitated with both PARK2 and PARK6 (Fig.
1G and I; Fig. S1E and F). Therefore, in order to gain insight into
the role of ATG5 in this context, we analysed the effect of ATG5
deficiency on the PARK2-PARK6 system.
We next investigated whether PARK2 recruitment onto

mitochondria was ATG5-dependent. We observed that the
amount of PARK2 in the mitochondrial fraction of cells was not
altered upon knockdown of ATG5 (Fig. 8A and B) (Fig. S5, D).
Moreover, PARK2 colocalization with mitochondria in CCCP-
treated cells was not affected in shATG5 transfected cells (Fig.
8C and D). Mitochondrial levels of VDAC1 protein did not respond
to CCCP treatment, even though it is a reported ubiquitylation
target of PARK2 [46]. VDAC1 levels were also comparable in ATG5-
deficient cells (Fig. 8A). On the other hand, levels of another
PARK2 target, MFN2, decreased in a similar manner in the absence
or presence of ATG5 (Fig. 8E and F). Collectively, these results
suggest that loss of ATG5 does not alter PARK2 recruitment onto
mitochondria and the levels of those ubiquitylation substrates that
are degraded.

Fig. 2 ATG5, PSMA7 and PARK2 translocated onto mitochondria upon mitochondrial stress. A Representative western blot images
showing PSMA7, PARK2, ATG5-12, TIM23 and Actin beta (ACTB) protein levels in cytoplasmic (Cytosol) and mitochondrial (Mito) fractions of
YFP-PARK2 transfected HEK 293 T cells treated with DMSO or CCCP (10 µM, 12 h). B Quantification graph corresponding to mitochondrial
protein levels of PARK2, PSMA7 and ATG5-12 in A. Mitochondrial protein levels were normalized to TIM23 (mean ± S.D., n= 3).
C Representative western blot images showing PSMA7, PARK2, ATG5-12, VDAC1, and ACTB protein levels in cytoplasmic (Cytosol) and
mitochondrial (Mito) fractions of HA-PARK2 overexpressing HeLa cells treated with DMSO or CCCP (20 µM, 2 h) or O/A (10 µM, 2 h).
D Quantification graph corresponding to protein levels of PARK2, PSMA7 and ATG5-12 in C. Mitochondrial protein levels were normalized to
VDAC1 (mean ± S.D., n= 3). E Confocal microscopy analysis of HeLa cells co-transfected with pEGFP-PSMA7 (green) and mito-dsRed (red)
constructs, and treated with DMSO or CCCP for 12 h (upper panel) and DMSO, CCCP or O/A for 2 h (lower panel). MERGE, overlay of green and
red signals. F and G Overlap coefficiency graphs representing PSMA7 (green) and mitochondria (red) colocalization during 12 h (F, n= 68) and
2 h (G, n= 62) treatments. H Confocal microscopy analysis of HeLa cells co-transfected with YFP-ATG5 (green) and mito-dsRed (red) constructs
and treated with DMSO or CCCP for 12 h (upper panel) and CCCP or O/A for 2 h (lower panel). I and J Overlap coefficiency graphs representing
ATG5 (green) and mitochondria (red) colocalization during 12 h (I, n= 87) and 2 h (J, n= 60) treatments. K Confocal microscopy analysis of
HeLa cells that were co-transfected with YFP-PARK2 (green) and mito-dsRed (red) constructs and treated with DMSO or CCCP 12 h (upper
panel) and DMSO, CCCP or O/A for 2 h (lower panel). L and M, Overlap coefficiency graphs representing PARK2 (green) and mitochondria (red)
colocalization during 12 h (L, n= 30) and 2 h (M, n= 30) treatments. MERGE, overlay of green and red signals. Ordinary one-way ANOVA test
(G, J and M) or two-tail t-test (F, I and L) used for statistical analysis.
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Previous studies showed that PARK2 as well as the ubiquitin
protein itself are phosphorylated by PARK6 on their respective
Ser65 residues, creating a feed-forward loop of PARK2 activation
by PARK6 upon mitochondrial stress. Unfortunately, due to
antibody-related problems, we could not obtain conclusive results
about PARK2 phosphorylation by PARK6. Hence, we tested
ubiquitin phosphorylation at Ser65 by PARK6 under these
conditions. In control cells, CCCP treatment led to a notable
increase in MG132-sensitive ubiquitin and phospho-ubiquitin
(pSer65-UB, p-UB) levels (Fig. 8G). On the other hand, in ATG5
deficient cells, CCCP-induced and MG132-sensitive ubiquitin and
phosho-ubiquitin increase was markedly attenuated (Fig. 8G).
Hence, although ATG5 deficiency did not affect PARK2 recruit-
ment and degradation of some of its substrates, a general
reduction in ubiquitylation and especially ubiquitin phosphoryla-
tion, was observed.
Optineurin was shown by several groups to bind ubiquitylated,

and especially phospho-ubiquitylated proteins on mitochondria
and bridge between these proteins and autophagy components
such as LC3. In line with the reduction observed in ubiquitin/
phospho-ubiquitin levels upon loss of ATG5, Optineurin that has
accumulated on depolarized mitochondria was significantly
reduced upon loss of ATG5 (Fig. 8H and I).
All these data indicate that ATG5, a component of novel higher

molecular weight mitochondrial complexes that are described in
this study, is important for PARK2 and PARK6 activity and
regulation of upstream stages of the mitophagy process.

DISCUSSION
In this study, we showed that: i, direct protein-protein
interactions exist between autophagy proteins and UPS
components; ii, previously unknown protein complexes of
ATG5-12, 20 S proteasome components, including PSMA7,
PARK2 and PARK6 were discovered and they migrated to
mitochondria under stress conditions; iii, PSMA7, PSMB5 and the
proteasomal activity were required for PARK2 recruitment onto
mitochondria, PARK2 activation and its mitophagy-related
functions; iv, ATG5-12, PARK2 and PARK6 were found to form
a separate complex; v, ATG5 was required for proper PARK2 and
PARK6 activity. Although PARK2 could still accumulate on
mitochondria in ATG5-depleted cells, ubiquitylation and ubiqui-
tin phosphorylation defects were observed; vi, under these

conditions, recruitment of the selective mitophagy receptor
optineurin and mitophagy was blocked.
There are indications about connections between autophagy and

UPS and their possible co-regulation [12, 31]. Using yeast-two-hybrid,
co-immunoprecipitation, confocal microscopy, SILAC-MS/MS and gel
filtration analyses, we demonstrated that ATG5-12, 20 S proteasome
components PSMA7 and PSMB5, and mitophagy proteins PARK2 and
PARK6 interacted with each other and formed high molecular weight
protein complexes. We observed that these complexes are highly
dynamic and they respond to mitophagy-inducing signals. Gel
filtration experiments using mitochondrial fractions showed that a
major 550 kDa complex containing ATG5-12, PARK2, uncleaved
PARK6 and VDAC1 formed following CCCP treatment.
Moreover, 20 S proteasome components were found to be in a

dynamic interaction with this complex. The approximate mole-
cular weight of the 20 S proteasome is 750 kDa [47]. It is possible
that under our experimental conditions (e.g., RIPA buffer), 20 S
proteasome dissociated from the complex, and only strongly and
directly interacting components PSMA7 and PSMB5 could be
identified as interaction partners.
So far, the role of the proteasomal activity on PARK2

mitochondrial recruitment is not clear [32, 37–40]. In our system,
mitochondrial stress promoted 26 S proteasome assembly and
resulted in a robust increase in its activity. Under these conditions,
inhibition of proteasomal activity by drugs MG132 or bortezomib,
or using genetic knockdown of proteasome components PSMA7
and PSMB5 blocked PARK2 recruitment onto mitochondria.
Targets that were affected by proteasome inhibition in this
scenario are currently unknown. In a previous study, a number of
ubiquitylated proteins were reported to accumulate upon MG132
treatment and in a PARK2-independent manner [48]. Recruitment
of PARK2 onto mitochondria might depend on the degradation of
a subset of these proteins by the UPS system.
Previous studies showed that phosphorylation of ubiquitin and

PARK2 itself by PARK6 resulted in the decoration of mitochondria
with proteins tagged with phospho-ubiquitin and created a feed-
forward loop leading to further PARK2 recruitment and activation
[43, 49]. We showed that loss of ATG5 decreased general
ubiquitylation to a certain extent, but its prominent effect was
on phospho-ubiquitin levels. We did not observe a defect in the
degradation of proteins regulating mitochondrial fusion and
transport (e.g., MFN2 and TOM40) in ATG5-deficient cells. This
can be explained by the role of ATG5 as a regulator of ubiquitin
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phosphorylation on more stable mitochondrial proteins that
might serve as docking targets for mitophagy receptors, including
optineurin. For example, previous studies showed that, VDAC1
was ubiquitylated in a PARK2-dependent manner, and VDAC1
proteins were required for mitophagy [19, 50]. Although it should
be ubiquitylated in our system, we did not observe a notable
reduction in the levels of VDAC1 protein in ATG5-deficient cells.
Hence in the 550 kDa complex, ATG5 might function in the fine-
tuning of PARK2-PARK6-dependent ubiquitin phosphorylation

resulting in priming of proteins, such as VDAC1. This might
facilitate subsequent mitophagy stages involving autophagy
receptor binding and autophagic machinery build-up on mito-
chondria. In line with this, we observed a defect in optineurin
recruitment onto mitochondria in ATG5-deficient cells. Binding of
mitophagy receptors to ubiquitylated mitochondrial proteins is
indeed crucial for the assembly of the autophagy machinery
components, such as ULK1, DFCP1 (ZFYVE1) and WIPI1 and
progression of mitophagy [51].
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PARK2-dependent mechanisms are functional in neurons and in
some other cell types [52–54]. Moreover, introduction of PARK2
into PARK2-deficient cell types result in overriding of the system
towards PARK2-dependent mitophagy [55, 56]. On the other hand,
PARK2-independent mechanisms also exist. For instance, AMBRA1
was shown to facilitate recruitment of autophagosomes decorated
with ubiquitin and LC3 in a PARK2-independent manner,
suggesting involvement of other mitophagy-specific E3 ligases
during mitochondrial stress [57–59]. Furthermore, ubiquitylation-

independent mechanisms, such as FUNDC1-dependent mito-
phagy was described [27, 60]. Whether ATG5 plays a similar role
in PARK2-independent mitophagy mechanisms needs to be
clarified by further studies.
Altogether, our study revealed an intricate interaction between

autophagy machinery components, PARK2/PARK6 E3 ubiquitin
ligase system, 20 S proteasome subunits and proteasomal activity
during mitophagy, and introduced ATG5-12 as a co-regulator of
both autophagy and the UPS.
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MATERIALS AND METHODS
Yeast two-hybrid screening
Yeast two-hybrid screens were described elsewhere [35]. Briefly, a full-
length human Atg5 cDNA in the pGBKT7 bait vector (CLONTECH) was
screened against a thymus cDNA library (CLONTECH) in the AH109 yeast
strain. Colonies that are formed under selection conditions (lack histidine,
adenine, tryptophan and leucin) were analysed by sequencing. Clone 47
corresponded to a sequence coding for PSMA7 amino acids 174-248.

Cell culture and transfection
Human embryonic kidney HEK 293 T and HeLa cells were cultured in
DMEM (Dulbecco’s modified Eagle’s medium; PAN, P04-03500) supple-
mented with 10% (v/v) fetal bovine serum (FBS; PAN, P30-3302) and
antibiotics (100 units/mL penicillin and 100 μg/mL streptomycin; Biological
Industries, BI03-031-1B) and 1% L-glutamine (Biological Industries, BI03-
020-1B) in a 5% CO2 humidified incubator. Cells were tested negative for
mycoplasma. Transient transfections of HEK 293 T and HeLa cells were
achieved using the calcium-phosphate precipitation method according to
standart protocols [61]. SiRNA mediated knockdown experiments
performed by using non-targeting siRNA (siCNT) (Dharmacon SiGENOME,
D- 001210-01-20) or PSMA7 targeting siRNA (siP7) (Dharmacon SiGENOME
Smart Pool SiRNA PSMA7, M- 004209-00-0010) purchased from Thermo

Scientific. For generation of ATG5 KO HeLa cells, HEK 293 T cells were
transfected with either control or ATG5 targeting gRNA containing
lentiCRISPR v2 along with psPAX2 (Addgene, 12260) and pMD2.G
(Addgene, 12259) as previously described [62]. HeLa cells were transduced
with lentiviral particles collected from media of HEK 293 T cells and
monoclones were selected using puromycin.
To induce mitochondrial depolarization, cells were incubated with CCCP

(Sigma-Aldrich, C2759) for either 2 h (10 μM) or 12 h (10 μM), O/A
(Oligomycin Sigma-Aldrich O4876; Antimycin A Sigma-Aldrich, A8674) for
2 h (10 μM) and STAURO (Sigma-Aldrich, S5921) for 12 h (1 μM).
Proteasome inhibitors MG132 (Sigma-Aldrich, M8699) or bortezomib
(Sigma-Aldrich, S1013) was added 30min prior to the addition of
mitochondrial uncoupler.

Plasmids and constructs
pMXs-IP HA-PARK2 (38248), YFP-PARK2 (23955), pRK5-MYC-PARK2 (17612),
mCherry-PARK2 (23956), pCDNA-DEST47 PINK1-C-GFP (13316), optineur-
in(OPTN)-EGFP (27052) and pmCherry-ATG5 (13095) plasmids were
purchased from Addgene. FLAG-human ATG5 (RC235557), non-tagged
human ATG5 (SC128244) and MYC-DDK-PSMA7 (RC201169) were pur-
chased from Origene. GFP-LC3 construct also described [63]. GFP-PSMA7
vector was created by cloning using the MYC-DDK-PSMA7 construct into
PEGFP-N3-empty vector. ATG5 KO lentiCRISPR V2 vector was created by
cloning ATG5 targeting gRNA into lentiCRISPR V2 (Addgene, 52961)
using BSMBI.

Protein extraction and western blotting
HEK 293 T, HeLa and MEF cell pellets were dissolved in RIPA buffer (1 M
Tris-HCl, pH 7.6, 5% deoxycholic acid (Sigma-Aldrich, 30970), 10% NP-40
(Sigma-Aldrich, 74385), and 0.5 M NaCl (Applichem, A2942) supplemented
with protease inhibitiors (Roche, 04-693-131-001) and 1mM phenylmethyl-
sulfonyl fluoride (PMSF; Sigma-Aldrich, P7626). Following centrifugation at
16800 x g for 15min and protein concentrations were determined using
the Bradford assay as per manufacturer’s instructions (Sigma-Aldrich,
B6916). Proteins were loaded into the 12%-15% SDS-polyacrylamide gels
and transferred onto nitrocellulose membranes. Following blockage with
5% (w/v) non-fat dried milk (Applichem, A0830) or BSA (Sigma-Aldrich,
A3059) in 1xPBST (PBS and 0.05% Tween 20, pH 7.4), membranes were
incubated with primary, and after washes, with secondary antibodies.
Immunoreactive bands were visualised using either X-ray films (Mediphot
X-O/RP) or ChemiDoc MP Imaging systems (Bio-Rad). Band intensities were
quantified using either ImageJ or ImageLab (Bio-Rad) software. Original
western blots were provided as supplementary material.
Following primary antibodies were used: Anti-PARK2 ab 1:2000 (Santa Cruz

Biotech., sc-32282), anti-TOM40 ab 1:1000 (Santa Cruz Biotech., sc-11414),
anti-Flag 1:4000 (Sigma, F3290), anti- ATG5 N-terminal ab 1:2000 (Sigma,
AO856), Anti-LC3 1:1000 (Novus, 2331), Anti-MFN2 1:1000 (Sigma, M6444),
Anti-Actin (ACTB) 1:10000 (Sigma, A5441), Anti- PSMA7 1:1000 (Enzo
Lifesciences, PW8120), Anti-PSMB5 1:1000 (Enzo Lifesciences, PW8895),
Anti-VDAC1 1:1000 (Millipore, AB10527), Anti- Tim23 1:1000 (BD Transduc-
tion, 611222), Anti-Pink1 1:1000 (Novus, BC100-494), Anti-Ubiquitin ab (P4D1)
1:1000 (Santa Cruz Biotech., Sc-8017), Anti-pSer65 Ubiquitin ab 1:1000
(Millipore, ABS1513) Anti-Proteasome 20 S α1-7 (Enzo Lifesciences, PW8155).
Secondary mouse or rabbit antibodies coupled to horseradish peroxidase
were used: (Jackson Immunoresearch Laboratories, ant-mouse-HRP
115035003 and anti-rabbit-HRP 111035144, dilutions 1:10.000).

Immunoprecipitation
Immunoprecipitation experiments were performed as previously described
[61]. In brief, 2×106 cells were harvested 48 or 72 h after transfection and
washed with ice-cold 1×PBS. Following protein lysis and determination of
protein concentration, 0.5-2mg protein extract was loaded onto either A
(Protein A-Agarose: sc-2001) or G (Protein G PLUS-Agarose sc-2002) agarose
beads that had already been hybridized with respective antibodies for 4-6 h
at 4 °C cold room. Beads loaded with protein extracts were incubated o/n at
4 °C overnight on a rotator. Following thorough washing by centrifugation,
equal amount of immunoprecipitated and input (proteins only) proteins were
loaded into bis-acrylamide gel. Gel electrophoresis and immunoblotting were
performed as described in the section above.

Subcellular fractionation
30 × 107 cells were harvested and washed 3 times in ice-cold 1xPBS. Cell
pellets were resuspended in homogenization buffer (600mM sucrose
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(Sigma-Adrich, S9378), 10 mM Tris-HCl (Trisma Base; Sigma-Aldrich, T1503),
pH 7.4 supplemented with 1 mM EDTA (Calbiochem, 324503) pH 8.0, 0.1%
(v/v) protease inhibitor cocktail (Sigma-Aldrich, P8340), 1 mM NaF (Fluka,
71527), 0.2 mM NaVO3 (Sigma-Aldrich, 450243) and 0.1 mM PMSF).
Following centrifugation at 500 x g at 4 °C, pellets were resuspended in
1mL homogenization buffer and homogenized in a glass potter

(25 strokes). Extracts were centrifuged at 1500 x g and then at 3000 × g
at 4 °C. Crude mitochondria were separated following centrifugation at
12000 × g for 15min, and then resuspended in the isolation buffer
(250mM sucrose, 10 mM MOPS (Calbiochem, 475898) pH 7.2, 1 mM EDTA
pH 8.0, 0.1% (v/v) Protease Inhibitor Cocktail (Sigma-Aldrich, P8340), 1 mM
NaF, 0.2 mM NaVO3 and 0.1 mM PMSF) and added on top of the pre-cooled
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Fig. 8 ATG5 is not required for PARK2 recruitment onto mitochondria, but is indispensable for mitophagy. A,Representative western blot
images of PARK2, VDAC1, ATG5-12 and ACTB in mitochondrial fractions of YFP-PARK2 expressing HEK 293 T cells transfected with control
vector or ATG5 specific shRNA vector (shATG5), and treated with DMSO or CCCP (10 µM) for 12 h. B Graph representing the quantification of
mitochondria localized PARK2 from A (mean ± SEM, n= 3). C Representative confocal images of YFP-PARK2 (green) and mito-dsRed (red)
expressing HeLa cells co-transfected with control vector (CNT) or shATG5 vector, and treated with DMSO or CCCP (10 µM) for 12 h. MERGE,
overlay of green and red signals. D Graph showing colocalization coefficiency of PARK2 overlap with mitochondria from C (mean ± S.D., n≥30,
one-way ANOVA). E Representative western blot images of MFN2, PARK2, ATG5-12 and ACTB in MYC-PARK2 over expressing wild type (WT)
and ATG5 knockout (KO) HeLa cells treated with DMSO or CCCP (10 µM) for 12 h. ACTB was used as loading control. F, Quantification of MFN2
levels from E (mean ± SEM, n= 3). G, Representative western blot images of phosphoSer65-ubiquitin (pSer65-UB) and total ubiquitin (UB)
levels in MYC-PARK2 expressing wild type (WT) and ATG5 knockout (KO) HeLa cells treated with DMSO, CCCP (20 μM, 2 h) or MG132 (30 μM,
2.5 h) and CCCP (20 μM, 2.5 h). Band intensities were marked below (n= 3). H Confocal images of GFP-optineurin (OPTN, green) and mito-
dsRed (red) expressing HeLa cells co-transfected with control vector or shATG5 vector, and treated with DMSO or CCCP (10 μM) for 12 h.
MERGE, overlay of green and red signals. ZOOM, zoomed images of particular area. I Quantification graph showing the overlap coefficiency
values of optineurin dots (green) and mitochondria (red) from H (mean ± S.D., n ≥ 30, one-way ANOVA).

Fig. 7 PSMA7 is required for PARK2-dependent mitophagy-related processes. A Representative western blot images showing PARK6,
PARK2 and PSMA7 protein levels in total cell lysate (Input) and MYC-immunoprecipitated lysate (MYC-IP) of HEK 293 T cells transfected with
MYC-PARK2 and GFP-PARK6 and either non-targeting control siRNA (siCNT) or PSMA7-targeting siRNA (siP7) and treated with DMSO or CCCP
(10 µM) for 12 h. Actin beta (ACTB) was used as loading control. B Graph representing protein levels of PARK6 immunoprecipitated with MYC-
PARK2 from A (mean ± SEM, n= 3). C Confocal microscopy analysis of GFP-PARK6 (green) and mCherry-PARK2 (red) expressing HeLa cells co-
transfected with siCNT or siP7, and treated with DMSO or CCCP (10 µM) for 12 h. MERGE, overlay of green and red signals. D Quantification of
PARK2/PARK6 overlap coefficient of microscopy analysis represented in C (mean ± S.D., n ≥ 30, one-way ANOVA). E and F Representative
western blot images of TOM40 (E) and MFN2 (F) levels in MYC-PARK2 expressing HEK 293 T cells co-transfected with siCNT or siP7 and treated
with either DMSO or CCCP (10 µM) for 12 h. ACTB was used as loading control. Band intensities were provided below (n= 3). G and
H Representative western blot images of ubiquitin levels in TOM40 (G) and MFN2 (H) immunoprecipitated lysates of MYC-PARK2 expressing
HEK 293 T cells co-transfected with siCNT or siP7, and treated with DMSO, CCCP (20 µM) or MG132 (30 µM) and CCCP (20 µM) for 2 h. ACTB was
used as loading control. Band intensities were provided below (n= 3). I and K, Confocal analyses of MYC-PARK2, GFP-LC3 (green) and mito-
dsRed (red) expressing HeLa cells co-transfected with siCNT or siP7, and treated with DMSO or CCCP for 12 h (I) and treated with DMSO, CCCP
or O/A for 2 h (K). J and L, Quantification of overlap coeefficiency values of LC3 (green) and mitochondria (red) from I and K respectively
(mean ± S.D., n ≥ 40, one-way ANOVA).
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sucrose density gradient consisting of four distinct sucrose layers
containing 60, 32, 23 or 15% sucrose. After ultracentrifugation (Beckman
Coulter, Optima Max-XP) at 134000 × g at 4 °C for 1 h, mitochondria were
observed in between sucrose layers 60-32%. After washes in isolation
buffer, pellets were resuspended in the RIPA buffer. Equal amount of
mitochondrial protein lysate was resolved in bis-acrylamide gels following
estimation of protein concentration using Bradford reagent as previously
described.

Gel filtration
For separation of protein complexes, a Superdex 200 10/300GL (separation
range 10 to 600 kDa, GE Healthcare, 17-5175-02) or a SuperoseTM 6 10/300
GL (separation range 5 to 5000 kDa, GE Healthcare, 17-5172-01) columns
were used. Sigma molecular weight kit was used for the calibration of the
system (Sigma, MWGF-1000). Chromatography analyses were performed
using an AKTA Prime FPLC system (AKTA FPLC UPC900 / P920 System /
Frac 900 fraction collector, GE Amersham Pharmacia, US). For separation of
proteins, a modification of a previously reported protocol was used [4, 35].
Briefly, chromatography column was calibrated using a degassed
balancing buffer (1:1, 0.05% glycerol PBS: RIPA buffer) and optimize flux,
absorbance and pressure parameters were optimized (Pressure: 1.5 MPa;
Flux velocity: 0.5 ml/min.; Fraction volume: 0.5 ml; Sample Loop volume:
500 μl.). 5- 7.5 mg protein extracts from cells were diluted in 500 μl RIPA
buffer, and loaded onto coulumns and ran at 4 °C. 500 µl fractions were
collected using a fraction collector. Columns were then washed with
108ml deionized water (3x column bed volume), and re-calibrated with
the balancing buffer. Immunoblotting of the collected fractions were
performed as described.

Native gel and in-gel proteasome activity assay
Native gel electrophoresis and in-gel proteasome activity were performed as
previously described [64]. Briefly, HEK 293 T cells were harvested and lysed
using TSDG lysis buffer. Briefly, protein concentration was determined as
described above. Equal amount of proteins were loaded into 10% SDS-
polyacrylamide gel. Gel was run the gel at 150 V for 4 h at 4 °C cold room. To
assess in-gel proteasome activity, native gel was incubated in solution
containing Suc-LLVY-AMC (BML-P802) for 30min at 37 °C. In-gel Proteasome
chymotrypsin-like (CT-L) activity was measured at an excitation wavelength
of 380 nm and emission wavelength of 460 nm. Immunoblotting was
performed as described above. CT-L activity and immunoreactive band
intensities were calculated using ImageLab software (Bio-Rad).

SILAC labelling and LC-MS/MS
SILAC-based mass spectrometry analysis, LC-MS/MS and MS data analysis
were performed as described [35, 65]. Tri-SILAC labeled FLAG-ATG5
expressing HEK 293 T cell extracts and mitochondria that were isolated
from them were used in the analyses.

Immunofluorescence analysis and quantification of relative
fluorescence intensity or colocalization coefficient
Immunofluorescence-based microscopy analyses were performed as
previously described [61, 63]. Briefly, HeLa and HEK 293 T cells were
seeded onto poly-L-lysine coated cover slides. Following 48 h post-
transfection and indicated treatments, cells were fixed with ice-cold 4%
paraformaldehyde (PFA, pH 7.4). Cells were then permeabilized using 0,1%
saponin in BSA solution. Microscopy analyses was performed by 63×/1.4 oil
immersion DIC Plan Apo objective with confocal microscopes (LSM710;
Carl Zeiss, Inc., Germany or Leica Microsystems, DMI8 SP8 DLS/CS). Relative
fluorescence intensities of mitotracker RED were analyzed using Histogram
tool from ZEN software (LSM710; Carl Zeiss, Inc., Germany). Nuclear area
was excluded using drawing tool. Relative fluorescence intensity in each
experimental set up was normalized based on the mean value of DMSO or
siCNT DMSO conditions. Colocalization coefficient of mitochondria with
LC3, PSMA7, ATG5-12, PARK6 or PARK2 was analyzed using colocalization
tool from Zen software (LSM710; Carl Zeiss, Inc., Germany) and then
ordinary one-way ANOVA statistical analysis were performed using Prism
8 software for interpretation of the data.

Digital image processing
Fluorescence and western blot images were acquired as uncompressed
bitmapped digital data (TIFF format) and processed using Adobe Photo-
shop CC2019, version 20.0.1.

Statistical analyses
Statistical analyses were performed by using Student’s t-test unless
otherwise stated. Data were represented as means S.E.M. or S.D. of at least
3 independent experiments (n ≥ 3) unless otherwise stated [66].
p values ≤ 0.05 are represented as *, ≤ 0.01 as **, ≤ 0.001 as ***, and n.s.
(not significant) if > 0.05.

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

DATA AVAILABILITY
Data required to evaluate the conclusions of this study are presented in the paper
and/or the Supplementary Materials. SILAC-MS/MS-based interactome data are
available from the corresponding author upon direct request by e-mail.
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