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Parkin inhibits BAK and BAX apoptotic function by
distinct mechanisms during mitophagy
Jonathan P Bernardini1,2, Jason M Brouwer1,2,†, Iris KL Tan1,†, Jarrod J Sandow1,2, Shuai Huang1,2,

Che A Stafford1,2,‡, Aleksandra Bankovacki1, Christopher D Riffkin1, Ahmad Z Wardak1,

Peter E Czabotar1,2, Michael Lazarou3 & Grant Dewson1,2,*

Abstract

The E3 ubiquitin ligase Parkin is a key effector of the removal of
damaged mitochondria by mitophagy. Parkin determines cell fate
in response to mitochondrial damage, with its loss promoting early
onset Parkinson’s disease and potentially also cancer progression.
Controlling a cell’s apoptotic response is essential to co-ordinate
the removal of damaged mitochondria. We report that following
mitochondrial damage-induced mitophagy, Parkin directly ubiqui-
tinates the apoptotic effector protein BAK at a conserved lysine in
its hydrophobic groove, a region that is crucial for BAK activation
by BH3-only proteins and its homo-dimerisation during apoptosis.
Ubiquitination inhibited BAK activity by impairing its activation
and the formation of lethal BAK oligomers. Parkin also suppresses
BAX-mediated apoptosis, but in the absence of BAX ubiquitination
suggesting an indirect mechanism. In addition, we find that BAK-
dependent mitochondrial outer membrane permeabilisation
during apoptosis promotes PINK1-dependent Parkin activation.
Hence, we propose that Parkin directly inhibits BAK to suppress
errant apoptosis, thereby allowing the effective clearance of
damaged mitochondria, but also promotes clearance of apoptotic
mitochondria to limit their potential pro-inflammatory effect.
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Introduction

The RING-between-RING E3 ubiquitin ligase, Parkin and its

upstream regulator PTEN-induced Kinase 1 (PINK1) are involved in

the removal of damaged mitochondria through a selective form of

autophagy termed mitophagy (Nguyen et al, 2016; Harper et al,

2018; Pickles et al, 2018). The importance of Parkin-mediated mito-

phagy is highlighted by the deletion or mutation of the gene encod-

ing Parkin (PRKN/PARK2) as a driver of autosomal recessive

juvenile Parkinson’s disease (PD; Kitada et al, 1998) and also its

emerging role in tumourigenesis (Poulogiannis et al, 2010; Veeriah

et al, 2010; Bernardini et al, 2017). Hence, understanding how

Parkin influences cell survival will provide important new insight in

to how defects in Parkin promote neurodegenerative conditions and

cancer (Kitada et al, 1998; Poulogiannis et al, 2010; Veeriah et al,

2010).

The proposed obligate activator of Parkin, PINK1, is constitu-

tively expressed and is normally imported to the inner mitochon-

drial membrane where its N-terminal region is cleaved by the

presenilin-associated rhomboid-like protease (PARL; Jin et al, 2010;

Deas et al, 2011) promoting its export and degradation by the 26S

proteasome (Yamano & Youle, 2013). Following mitochondrial

insult, including loss of the mitochondrial membrane potential or

accumulation of misfolded mitochondrial proteins, PINK1 is stabi-

lised on the mitochondrial outer membrane (Jin et al, 2010; Jin &

Youle, 2013). Two key substrates of PINK1 are ubiquitin and Parkin

itself, both of which are phosphorylated on Ser65 (Kondapalli et al,

2012; Shiba-Fukushima et al, 2012; Kane et al, 2014; Kazlauskaite

et al, 2014; Koyano et al, 2014; Ordureau et al, 2014; Wauer et al,

2015b). Binding of phospho-ubiquitin is required for Parkin recruit-

ment to mitochondria (Kane et al, 2014; Koyano et al, 2014; Shiba-

Fukushima et al, 2014). Indeed, a number of structural studies have

elegantly demonstrated that phospho-ubiquitin binding permits

phosphorylation of Parkin (Kazlauskaite et al, 2015; Kumar et al,

2015; Sauve et al, 2015; Wauer et al, 2015a). During Parkin activa-

tion, a number of structural rearrangements occur, notably the

release of the repressor element of Parkin (Wauer et al, 2015a; Pao

et al, 2016; Kumar et al, 2017; Tang et al, 2017). Recent studies

have also interrogated Parkin conformational changes following

phosphorylation by PINK1, highlighting the importance of releasing

the RING2 domain of Parkin (Gladkova et al, 2018; Sauve et al,

2018). Once conformationally active, Parkin then ubiquitinates a

range of mitochondrial substrates that have been shown to
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modulate cellular metabolism, mitochondrial dynamics, cell cycling

and apoptosis (Yoshii et al, 2011; Sarraf et al, 2013). Adaptor

proteins that bind to ubiquitin on the mitochondrial surface in turn

recruit and extend the autophagosome around the damaged mito-

chondrion (Wong & Holzbaur, 2014; Heo et al, 2015; Lazarou et al,

2015; Moore & Holzbaur, 2016; Richter et al, 2016). Whilst many of

these proteomic studies have been performed in model systems

over-expressing Parkin (Sarraf et al, 2013; Cunningham et al, 2015),

a recent study showed that endogenous Parkin ubiquitinates similar

substrates in neurons, although some site and temporal differences

were observed (Ordureau et al, 2018). Interestingly, recent studies

have also shown that baseline mitophagy can proceed in a PINK1/

Parkin-independent fashion (Lee et al, 2018; McWilliams et al,

2018), perhaps implicating PINK1 and Parkin as emergency respon-

ders to mitochondrial damage.

Cellular stresses including DNA damage and cell matrix detach-

ment induce apoptosis by upregulating or activating pro-apoptotic

BH3-only proteins leading to activation of the downstream effectors

of apoptosis: BCL-2 Antagonist/Killer-1 (BAK) and BCL-2-Asso-

ciated X protein (BAX; Wei et al, 2001; Youle & Strasser, 2008).

Activation promotes BAK (and BAX) homo-dimerisation then multi-

merisation of homodimers that permeabilise the mitochondrial

outer membrane (Dewson et al, 2008, 2012; Bleicken et al, 2010;

Oh et al, 2010; Zhang et al, 2010; Czabotar et al, 2013; Aluvila

et al, 2014; Subburaj et al, 2015). This releases apoptogenic factors

including cytochrome c and commits a cell to death via initiation of

a proteolytic caspase cascade (Wei et al, 2001). Activation of BAK

and BAX by BH3-only proteins, and their subsequent homo-dimeri-

sation, involves a hydrophobic surface groove comprising a-helices
3–5 that is shared with pro-survival BCL-2 proteins (Petros et al,

2000; Dewson et al, 2008; Czabotar et al, 2013; Brouwer et al,

2014).

Parkin activity has been proposed to determine cellular fate.

Limited mitophagic stress leads to effective mitochondrial clearance

and a pro-survival response, whilst excessive mitochondrial damage

leads Parkin to induce apoptosis (Zhang et al, 2014). Among its

substrates, Parkin ubiquitinates members of the B-cell lymphoma-2

(BCL-2) family of proteins that regulate the intrinsic pathway of

apoptosis (Sarraf et al, 2013). It has been argued that following

mitochondrial damage, Parkin promotes apoptosis by targeting the

pro-survival BCL-2 protein Myeloid Cell Leukemia1 (MCL1) for

degradation (Carroll et al, 2014; Zhang et al, 2014). However, how

Parkin limits apoptosis to permit clearance of damaged mitochon-

dria is unclear. Parkin has been proposed to inhibit pro-apoptotic

BAX either by limiting recruitment of cytosolic BAX to mitochondria

(Johnson et al, 2012; Charan et al, 2014) or by promoting degrada-

tion of dysregulated or mutated BAX (Cakir et al, 2017). However,

this occurs at steady state without the mitochondrial damage

thought necessary to promote PINK1-dependent Parkin activity.

We have identified BAK as an important substrate of Parkin

following mitophagic stress. Following mitochondrial depolarisa-

tion, Parkin ubiquitinated a conserved residue in the hydrophobic

groove of BAK (Lys113), thereby impairing BAK activation,

oligomerisation and apoptotic activity. Hence, Parkin is able to

inhibit BAK and BAX by distinct mechanisms. We propose that BAK

ubiquitination is a mechanism by which Parkin limits mitochondrial

outer membrane permeabilisation, thus allowing the clearance of

damaged mitochondria.

Results

Parkin inhibits BAX by preventing its mitochondrial localisation

Parkin-mediated mitophagy is regarded as a pro-survival response

to mitochondrial damage, and activated Parkin has been previously

reported to ubiquitinate and inhibit the pro-apoptotic effector

protein BAX (Fig 1A; Johnson et al, 2012). To test this, BAX�/�

BAK�/� HeLa cells reconstituted with human BAX and ectopically

expressing HA-Parkin were treated with the mitochondrial electron

transport chain uncouplers, antimycin A and oligomycin (AO), to

induce Parkin activation and recruitment to mitochondria, followed

by induction of apoptosis with the BH3 mimetics ABT-737

(Oltersdorf et al, 2005) and S63485 (Kotschy et al, 2016). Cell death

as assessed by Lactate Dehydrogenase (LDH) release was signifi-

cantly reduced in Parkin-expressing cells treated with AO suggesting

that activated Parkin limits BAX-mediated apoptosis (Fig 1B).

As BAX has been shown to be mislocalised from mitochondria as

a result of Parkin’s E3 ligase activity (Charan et al, 2014), we tested

whether this contributed to the inhibition of apoptosis. BAX-

mediated permeabilisation of the mitochondrial outer membrane as

measured by cytochrome c release into the cytosol was reduced

following AO treatment of Parkin-expressing HeLa cells (Fig 1C).

Consistent with previous reports (Johnson et al, 2012; Charan et al,

2014), Parkin activation also reduced BAX levels at mitochondria

(Fig 1C). Both the mitochondrial targeting of BAX and its ability to

mediate cytochrome c release following activation of Parkin could

be partially rescued with the addition of the proteasome inhibitor

MG132 (Fig 1C). Consistent with BAX-mediated cell death (Fig 1B),

the effect of AO on BAX-mediated cytochrome c release was depen-

dent on Parkin (Fig 1D), although mitochondrial BAX was some-

what reduced upon AO treatment of Parkin-null cells (Fig 1D).

To further elucidate whether BAX ubiquitination was responsible

for its mislocalisation, we induced Parkin activity with AO in HeLa

cells expressing Parkin and examined BAX ubiquitination (Fig 1E).

Following induction of mitophagy, as expected, we observed Parkin-

dependent ubiquitination of the canonical substrate Mitofusin 2

(Mfn2) (Figs 1E and EV1A). However, we did not detect ubiquiti-

nated forms of BAX in either whole cell lysates or in samples enriched

for ubiquitinated proteins using recombinant GST-Ubiquitin-asso-

ciated Domain (UBA) pull-down (Fig 1E). These data suggested that

the inhibition of BAX apoptotic function is likely indirect. As Parkin is

auto-inhibited until recruited to mitochondria, we reasoned that this

might be through targeting a mitochondrial protein. BAX interacts

with voltage-dependent anion channel (VDAC) 2 at mitochondria and

VDAC2 promotes BAX apoptotic activity (Yamagata et al, 2009; Ma

et al, 2014). VDAC2 is one of the most prominent substrates of Parkin

(Ordureau et al, 2018), suggesting that its ubiquitination could be

responsible for the inability of BAX to mediate cytochrome c release.

Consistent with this, the deubiquitination of VDAC2 observed follow-

ing MG132 treatment correlated with the partial rescue of BAX locali-

sation and cytochrome c release (Fig 1D). It is important to note that

Parkin-conjugated ubiquitin chains are commonly non-degradative

(Ordureau et al, 2018) and so BAX inhibition may not be due to

VDAC2 degradation, but rather steric hindrance of the interaction

between BAX and ubiquitinated VDAC2. Nevertheless, BAX-mediated

apoptotic activity is suppressed by Parkin in the absence of significant

BAX ubiquitination.
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Parkin ubiquitinates BAK during mitophagy

As BAK is constitutively localised to the outer mitochondrial

membrane, whereas BAX is predominantly cytosolic (Fig 2A), we

hypothesised that BAK could be a substrate for Parkin to limit apop-

tosis. Strikingly, upon activation of Parkin with AO we detected

significant modification of BAK, consistent with its potential mono-

and poly-ubiquitination (Fig 2A). This modification of BAK was

dependent on Parkin, as it was not detected in HeLa cells that lack

endogenous Parkin (Fig 2B). At this early timepoint of mitochon-

drial damage, the ubiquitination of Parkin substrates Mfn2, VDAC1

and VDAC2 was detected (Fig 2B and C; Sarraf et al, 2013; Cunning-

ham et al, 2015; McLelland et al, 2018). However, cytochrome c

levels were unchanged, indicating that the ubiquitination of BAK

preceded mitochondrial clearance (Fig 2B).

To confirm that the modification on BAK was ubiquitin, we

performed UBA pull-down coupled with a deubiquitination assay.

Following induction of mitophagy with AO, ubiquitinated forms of

BAK could be enriched and the higher molecular weight forms were

removed following treatment with the non-specific deubiquitinase

(DUB), ubiquitin-specific protease-2 (USP2; Fig 2C). To confirm that

BAK ubiquitination was not a consequence of its overexpression,

we also confirmed that endogenous BAK was a Parkin substrate in

SH-SY5Y neuroblastoma cells and mouse embryonic fibroblasts

(MEFs; Fig EV1B and C).

Interestingly, in contrast to Mfn2 and VDAC1 that were rapidly

poly-ubiquitinated, BAK was predominantly mono-ubiquitinated. In

addition, poly-ubiquitinated forms of BAK were persistent over time

suggesting a non-degradative ubiquitin chain linkage (Fig EV1D).

Consistent with this, poly-ubiquitinated BAK was significantly

reduced with the K11-specific DUB, Cezanne, whilst the K48-specific

OTUB1 had little effect (Fig EV1E). This suggests that BAK is modi-

fied predominantly with K11-linked ubiquitin chains, in accord with

the atypical chain linkages catalysed by Parkin during mitophagy

(Cunningham et al, 2015). It is important to note, however, that the

predominant form of modified BAK is the mono-ubiquitinated form.

As shown previously (Sarraf et al, 2013; Martinez et al, 2017), treat-

ment with the proteasome inhibitor, MG132, enhanced detection of
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Figure 1. Parkin inhibits BAX-mediated apoptosis by indirect ubiquitination.

A Schematic of potential effects of activated Parkin on the BCL-2 family of apoptosis regulators.
B BAX/BAK-deficient HeLa cells reconstituted with BAX and where indicated HA-Parkin were treated with antimycin A and oligomycin (AO) for 2 h and then 1 lM of

each of the BH3 mimetics ABT-737 and S63485 for up to 6 h. Cell death was assessed at the indicated times by LDH assay. Data are mean � SD of four independent
experiments.

C BAX/BAK-deficient HeLa cells ectopically expressing BAX and HA-Parkin were treated with antimycin A and oligomycin (AO, 3 h), MG132 (20 lM, 3.5 h) and BH3
mimetics (1 lM of each of ABT-737 and S63485, 1 h). Cytosol and membrane fractions were immunoblotted as indicated. Graph shows densitometric analysis of non-
ubiquitinated membrane proteins (top, relative to untreated control) or cytochrome c release (bottom; cytosol/cytosol + membrane, relative to untreated controls)
from three independent experiments. Error bars represent mean � SD.

D BAX/BAK-deficient HeLa cells ectopically expressing BAX were treated and analysed as in (C).
E UBA pull-down of ubiquitinated proteins following antimycin A and oligomycin (AO) treatment of BAX/BAK-deficient HeLa cells ectopically expressing HA-Parkin and

BAX for 3 h. Representative immunoblot from two independent experiments.

Source data are available online for this figure.
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VDAC1 and ubiquitinated Mfn2 (Fig 2B). In contrast, ubiquitinated

BAK was reduced upon MG132 treatment of HeLa and SH-SY5Y

(Figs 2B and EV1B) and to a lesser extent in MEFs (Fig EV1C). This

indicates that ubiquitinated BAK was not targeted for proteasomal

degradation and that BAK ubiquitination is potentially reversible,

implicating a DUB that is stabilised in the presence of MG132. The

reduction in poly-ubiquitinated BAK following MG132 treatment

was less evident in MEFs than in HeLa and SH-SY5Y cells possibly

due to differential expression of the potential BAK DUB (Fig EV1C).

Having established that BAK was ubiquitinated in a Parkin-

dependent fashion, we next determined which BAK residue(s) were

modified following AO treatment. BAK contains only two lysine

residues, one at position 113 within the a4 helix located at the

hydrophobic surface groove (Fig 2D, PDB: 2IMT; Moldoveanu et al,

2006) and the second in the C-terminus at position 210. We hypoth-

esised that the highly conserved Lys113 residue (Fig EV2A) was the

primary target of Parkin-mediated ubiquitination as this residue is

exposed to the cytosol, whereas Lys210 is localised to the mitochon-

drial inter-membrane space (IMS) in this tail-anchored protein (Iyer

et al, 2015) and so would be likely inaccessible to Parkin. To test

the role of Lys113, BAX/BAK-deficient HeLa cells were retrovirally

infected to express Parkin and either wild-type BAK or BAK K113R

(Fig EV2B). BAK K113R was expressed and localised to mitochon-

dria like wild-type BAK (Fig EV2C). Mutation of Lys113 prevented

BAK ubiquitination induced by AO treatment, confirming that BAK

has a single major site of ubiquitination at Lys113 (Fig 2E).

BAK is ubiquitinated by endogenous Parkin but not Parkinson’s
disease-associated mutants

To test whether BAK ubiquitination by Parkin was restricted to AO

treatment, we tested other mitophagy inducers. Treatment with the

mitochondrial uncoupler carbonyl cyanide 3-chlorophenylhydrazone

(CCCP) or the mitochondrial targeted HSP90 inhibitor gamitrinib-

triphenylphosphonium (GTPP; Munch & Harper, 2016; Fiesel et al,

2017) likewise induced significant ubiquitination of BAK (Fig 3A).

A recent study by Ordureau et al revealed that endogenous

Parkin has a hierarchy of substrates based on the abundancy of their

A

AO

HeLa + 
HA-Parkin

50

37

37

25
20
37

25
20
15

WB: Parkin

WB: BAX

WB: BAK

C M C M

37

50

37

WB: GAPDH

WB: TIMM44

B

150
100

75

37

25
20

50

37

37

25
50
37

WB: BAK

WB: Mfn2

WB: VDAC2

WB: TIMM44

WB: Parkin

AO 

HeLa

- + +
MG132 - - +

- + +
- - +

HeLa + 
HA-Parkin

C

100
75

50
37

25

75

50
37

25

Input (0.5%) UBA (20 %)
AO - + - + +

USP2 - - - - +

75

50
37

 HeLa + HA-Parkin

WB: BAK

WB: VDAC1

WB: VDAC2

75

50
WB: HSP70

37

25
20

WB: BAK

37

25
WB: VDAC1

HeLa BAK-/- BAX-/- HeLa
HA-Parkin

AO 
MG132

-
-

+
-

+
+

-
-

+
-

+
+

-
-

+
-

+
+

BAKK113RBAK

E
D

+
+
+

-MG132
AO

BAK VDAC2 TIMM44

-Parkin
+Parkin

Protein (membrane)

0

50

100

150

R
el

at
iv

e 
ab

un
da

nc
e 

 (%
)

+
+
+

-
+

+
+

-
+

+
+

-
+

+
+

-
+

+
+

-

α1

α2

α3

α4

α5
α6

α8

α7

α9

K113K113

K210K210

hydrophobic hydrophobic 
groovegroove

Mitochondrial Mitochondrial 
Outer Outer 
MembraneMembrane

Inter Membrane SpaceInter Membrane Space

Figure 2. Parkin ubiquitinates BAK on a conserved lysine in the hydrophobic groove.

A Subcellular fractionation of cytosol and membrane fractions of HeLa cells expressing HA-Parkin following 2 h of antimycin A and oligomycin (AO) treatment.
Representative immunoblot of three independent experiments.

B Immunoblotting of whole cell lysates following treatment with antimycin A and oligomycin (AO) for 3 h with MG132 (20 lM). Graph shows densitometric analysis of
non-ubiquitinated proteins relative to untreated control from three independent experiments. Error bars represent mean � SD.

C UBA pull-down of ubiquitinated proteins following antimycin A and oligomycin (AO) treatment for 3 h and treatment with the non-specific DUB USP2 for 30 min at
37°C, representative immunoblot from two independent experiments.

D Structure of human BAK (PDB 2IMS) with the hydrophobic binding groove comprising a-helices 3–5 highlighted in blue. The ubiquitination site, K113, (red) resides in
the binding groove. A modelled transmembrane anchor (a9) and the C-terminal K210 localised to the inter-membrane space are based on evidence that the BAK
transmembrane anchor spans the mitochondrial outer membrane (Iyer et al, 2015). The orientation of the soluble portion (a-helices 1–8) of BAK with respect to the
mitochondrial outer membrane is hypothetical.

E Whole cell lysates of HA-Parkin and BAK variant-expressing HeLa cells following 3 h antimycin A and oligomycin (AO) treatment with 30 min pre-treatment with
MG132 (20 lM), representative immunoblots from three independent experiments.

Source data are available online for this figure.

4 of 16 The EMBO Journal 38: e99916 | 2019 ª 2018 The Authors

The EMBO Journal Parkin ubiquitinates and inhibits BAK Jonathan P Bernardini et al



ubiquitinated forms in response to mitochondrial damage (Ordureau

et al, 2018). To confirm that BAK was a substrate of endogenous

Parkin, we analysed the SH-SY5Y neuroblastoma cell line (Jiang

et al, 2004; Vives-Bauza et al, 2010). We first deleted endogenous

Parkin in SH-SY5Y cells using CRISPR/Cas9 gene editing and con-

firmed deletion in polyclonal populations by immunoblotting

(Fig 3B). Following treatment with AO, we detected a modified form

of BAK in SH-SY5Y cells that was absent in cells lacking Parkin

(Fig 3C). As with the canonical Parkin substrate Mfn2, ubiquitinated

BAK in neuroblastoma cells was low compared with HeLa cells

ectopically expressing Parkin (Fig 3C). In addition, consistent with

its relative abundance in HeLa cells, the mono-ubiquitinated form of

BAK was predominant (Fig 3C).

Loss-of-function Parkin mutations cause approximately 50% of

autosomal recessive Parkinson’s disease (Arkinson & Walden,

2018). To test whether PD-associated Parkin mutations compromise

BAK ubiquitination, we stably expressed selected mutants in HeLa

cells and assessed BAK ubiquitination following AO (Fig 3D). Those

mutants with reduced ability to ubiquitinate canonical substrates

VDAC1 and Mfn2 likewise did not efficiently ubiquitinate BAK

(Fig 3D). Together, the data support BAK as a relevant substrate of

Parkin whose ubiquitination would be impaired in PD patients with

Parkin mutations.

Oligomerisation of BAK restricts its ubiquitination but promotes
Parkin activity

Having observed that K113 was the primary site of BAK ubiquitina-

tion, we further tested whether occluding the hydrophobic groove by

inducing BAK homo-dimerisation was able to inhibit this ubiquitina-

tion event. To induce full activation and dimerisation of BAK, cells

were treated with combined BH3 mimetics ABT-737 and S63485,

followed by induction of Parkin activity by AO. The majority of BAK

dissociated from the VDAC2 complex and formed homodimers

following BH3 mimetic treatment (Fig 4A; Ma et al, 2014). Notably,

however, when BAK was activated and dimerised it was significantly
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Figure 3. BAK is ubiquitinated in response to various mitophagy stimuli and by endogenous Parkin, but is compromised in Parkinson’s disease-associated
Parkin mutants.

A HeLa cells with or without HA-Parkin were treated with CCCP (10 lM), antimycin A and oligomycin (AO) for 2 h or GTPP (10 lM) for 6 h. Immunoblots are
representative of three independent experiments. Graph shows densitometric analysis of non-ubiquitinated proteins relative to untreated control from three
independent experiments. Error bars represent mean � SD.

B SH-SY5Y neuroblastoma cells expressing Cas9 together with a sgRNA targeting PRKN (sgPRKN) or a non-targeting control (sgCon) were assessed for Parkin expression
by immunoblotting of cytosolic fractions.

C SH-SY5Y cells generated in (B) were treated with antimycin A and oligomycin (AO) for 3 h prior to cell lysis and immunoblotting. Mono and di-ubiquitinated BAK in
Parkin-expressing cells following AO are indicated (*). Data are representative of three independent experiments.

D Domain architecture of human Parkin with positions of selected PD-associated mutations. Ubl, ubiquitin-like; IBR, in-between-RING (Gladkova et al, 2018). HeLa cells
expressing wild-type Parkin or the indicated PD-associated Parkin mutants were treated with antimycin A and oligomycin (AO) for 2 h. Immunoblots are
representative of three independent experiments. Graph shows densitometric analysis of non-ubiquitinated proteins in AO-treated samples relative to untreated
control from three independent experiments. Error bars represent mean � SD. All Parkin constructs were N-terminally FLAG-tagged except R104W.

Source data are available online for this figure.
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less ubiquitinated by Parkin than inactive monomeric BAK (Fig 4A).

In contrast, the targeting of canonical substrates Mfn2 and VDAC2

was unaffected by induction of apoptosis signalling (Fig 4A). Interest-

ingly, enrichment of ubiquitinated proteins revealed limited ubiquiti-

nation of BAK and other mitochondrial proteins when mitochondrial

damage was induced with BH3 mimetics even in the absence of AO

treatment (Fig 4A and B). The ubiquitination of Mfn2 in response to

BH3 mimetic-induced mitochondrial permeabilisation was Parkin-

dependent (Fig 4B), suggesting that the loss of mitochondrial

membrane potential via BAK/BAX apoptotic pores was sufficient to

recruit and activate Parkin. We then tested whether this induced

Parkin activity relied on PINK1. Although there was no detectable

increase in PINK1 levels on mitochondria isolated from BH3 mimetic-

treated cells (Fig EV3A), deletion of PINK1 inhibited ubiquitination of

Mfn2 by Parkin in response to BAK-mediated mitochondrial damage

(Figs 4C and D, and EV3B). These data suggest that mitochondrial

damage during intrinsic apoptosis promotes a mitophagic response

that is both PINK1-dependent and Parkin-dependent.

In contrast, to the ubiquitination of Mfn2, the limited ubiquitina-

tion of activated BAK was seemingly Parkin-independent, thereby

implicating another E3 ubiquitin ligase. In addition, as K113 is

largely occluded in the dimeric form of BAK (Fig 4A), K210, which

is normally inaccessible in the IMS, could be a ubiquitination site

following the formation of BAK pores (Fig 4E). Whilst the modifi-

cation of mitochondrial substrates is less prominent following BH3

mimetic treatment than with AO, these data suggest that Parkin can

be recruited to sites of mitochondrial damage, regardless of the

damaging agent.
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Figure 4. Oligomerisation of BAK restricts its ubiquitination and induces Parkin activity.

A BN–PAGE and SDS–PAGE of HeLa + HA-Parkin cells treated with 1 lM of each of ABT-737 and S63485 for 3 h (BH3), antimycin A and oligomycin (AO) for 2 h or a
combination of the two. Experiment was performed in the presence of 10 lM QVD.oph and immunoblots are representative of three independent experiments.

B UBA enrichment of ubiquitinated proteins from HeLa + HA-Parkin cells, BAX�/� BAK�/� (DKO) HeLa cells or wild-type (WT) HeLa cells expressing HA-Parkin in
response to 1 lM of each of ABT-737 and S63485 for 3 h (BH3) in the presence of QVD.oph (10 lM). Representative of three independent experiments.

C HeLa cells expressing HA-Parkin and Cas9 were transduced with sgRNA targeting PINK1 or a non-targeting sgRNA control, treated with AO (2 h) to stabilise PINK1
expression and immunoblotted for PINK1.

D Parkin activity induced by apoptotic mitochondrial damage is PINK1-dependent. UBA enrichment of ubiquitinated proteins from HeLa cells generated in (C) in
response to 1 lM of each of ABT-737 and S63485 for 3 h (BH3) in the presence of QVD.oph (10 lM). (*) ubiquitinated protein. Representative of two independent
experiments.

E Schematic showing Parkin ubiquitination of BAK monomer in non-apoptotic cells, but not the BAK homo-dimer in cells undergoing apoptosis. In response to
mitophagy stimuli, PINK1 phosphorylates ubiquitin to recruit Parkin, which in turn is phosphorylated by PINK1 to become activated to ubiquitinate monomeric BAK
on K113. Mitochondrial outer membrane (MOM) permeabilisation driven by BAK oligomers during apoptosis provokes Parkin activity in a PINK1-dependent manner.
Although Parkin can ubiquitinate mitochondrial outer membrane substrates (e.g. Mfn2) to promote mitochondrial clearance, it cannot ubiquitinate dimerised BAK on
K113.

Source data are available online for this figure.
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Ubiquitination of BAK impairs its ability to
permeabilise membranes

Having established that occluding the hydrophobic groove of BAK

blocked its ubiquitination, we next tested whether ubiquitination of

this site inhibited BAK apoptotic function. BAK and BAX fulfil at

least partially redundant roles in apoptosis, yet whilst BAK is consti-

tutively mitochondrial, BAX is predominantly cytosolic in healthy

cells. Previously Parkin has been reported to promote cytosolic

localisation of BAX to inhibit cell death (Charan et al, 2014).

However, we found that ubiquitination did not significantly affect

the localisation of BAK to mitochondria (Fig EV2C), excluding

mislocalisation as a mechanism of Parkin-mediated inhibition.

BAK activation induced by interaction with BH3-only proteins

such as BH3-interacting domain death agonist (BID) promotes a

conformational change allowing BAK to homo-oligomerise and

subsequently promote mitochondrial outer membrane permeabilisa-

tion. Both the initial activating interaction and self-association

involve a hydrophobic groove on the surface of BAK comprising a-
helices 3–5 (Dewson et al, 2008, Moldoveanu et al, 2013; Brouwer

et al, 2014). Given that the site of BAK ubiquitination is in the a4
flanking this hydrophobic groove, we hypothesised that ubiquiti-

nated BAK may have impaired apoptotic function due to inhibited

activation or homo-oligomerisation. To characterise the functional

consequence of ubiquitination on the apoptotic function of BAK, a

minimal model liposome system was used (Fig 5A). This liposome

system mimics the mitochondrial outer membrane by incorporating

the ratios of lipid components observed in the mitochondrial outer

membrane (Kuwana et al, 2002). As full-length BAK is unstable as a

recombinant protein, BAK was engineered with a 6× histidine tail
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Figure 5. Ubiquitin-conjugated BAK at position 113 delays BAK permeabilisation of liposomes by impairing homo-oligomerisation.

A Schematic of fluorescence-based liposome assay to measure BAK activation on model membranes.
B Non-reducing SDS–PAGE and immunoblot of recombinant BAK and BAK-Ub following treatment with 25 mM TCEP.
C Timecourse monitoring fluorescence increase on liposomes following addition of 4 lM BID-BH3 peptide to 50 nM BAK or BAK-Ub in the presence or absence of

25 mM TCEP. Data are mean � SD of three independent experiments.
D BN–PAGE of BAK and BAK-Ub on liposomes following incubation with 4 lM BID-BH3 peptide in the presence or absence of 25 mM TCEP, immunoblotted for BAK.

Data representative of three independent experiments. Graphs shows densitometric analysis of the BAK tetramer (4×) from three or two independent experiments.
Error bars represent mean � SD for n = 3 or mean and range for n = 2.

Source data are available online for this figure.
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instead of its own hydrophobic transmembrane domain and also a

truncated N-terminus (ΔN22, ΔC25, ΔCys, 6-His). This BAK variant

can be targeted to liposomes through Ni-NTA lipid headgroups and

can permeabilise them upon activation with a BID BH3 peptide (Oh

et al, 2010; Brouwer et al, 2017). This is achieved by the binding of

the BID BH3 peptide to the hydrophobic groove of BAK and subse-

quent exposure of the BAK BH3 domain to promote formation of

homodimers and subsequently oligomers that are able to perme-

abilise the liposome membrane. To model the ubiquitination, we

expressed and purified ubiquitin with a cysteine instead of the

terminal amino acid glycine (UbG76C). In addition, we designed a

recombinant BAK construct with a single cysteine at position 113 on

a Cys-null template (C14S, C166S) that we have shown to be func-

tional in cells (Dewson et al, 2008). This cysteine BAK mutant was

recombinantly expressed allowing us to disulphide-linked BAK with

a single ubiquitin molecule specifically at this residue. Previous

reports have used similar C-terminal cysteine ubiquitin mutants in

structural (Wiener et al, 2012) and protein–protein interaction stud-

ies (Borodovsky et al, 2002). The disulphide-linked complex was

purified and validated on non-reducing SDS–PAGE (Figs 5B and

EV4). We observed that BAK-Ub had reduced liposome permeabili-

sation activity compared with unmodified BAK upon activation with

BID BH3 peptide, suggesting that ubiquitination of BAK impairs its

apoptotic function (Fig 5C). Examination of the BAK complexes

formed on liposomes by blue native polyacrylamide gel elec-

trophoresis (BN–PAGE) showed that dimerisation and higher-order

oligomerisation of BAK-Ub was impaired (Fig 5D). To confirm that

this inhibition was due to the conjugated ubiquitin, we reduced the

linkage with the reducing agent Tris(2-carboxyethyl) phosphine

hydrochloride (TCEP). Although the kinetics of liposome permeabil-

isation and oligomerisation were somewhat slowed by TCEP, poten-

tially due to impaired targeting of recombinant BAK-6H to

liposomes in a reducing environment, both the ability of BAK to

permeabilise membranes and form oligomers was rescued when the

conjugated ubiquitin was removed (Fig 5B–D).

Ubiquitination of BAK limits its ability to activate and
permeabilise mitochondria

Given that artificial conjugation of ubiquitin onto BAK at this single

site, analogous to mono-ubiquitination, impaired the ability of BAK

to permeabilise liposomes, we next sought to test whether ubiquiti-

nation of BAK had a role in limiting mitochondrial membrane

permeabilisation. To mimic BAK ubiquitination on mitochondria,

BAK K113C, or BAK ΔCys as a control, were expressed in

Bax�/�Bak�/� (DKO) MEFs (Fig 6A). We have previously shown

that these variants retain apoptotic function when expressed in DKO

MEFs (Dewson et al, 2008). Mitochondria-enriched membrane frac-

tions were isolated and incubated with recombinant UbG76C in the

presence of oxidant copper phenanthroline (CuPhe) to induce disul-

phide bond formation and UbG76C conjugation onto mitochondrial

proteins was confirmed (Fig EV5A). Importantly, conjugation of

exogenous ubiquitin did not induce artefactual cytochrome c release

to the supernatant fraction (Fig EV5A). We then tested whether arti-

ficial ubiquitination of BAK affected its ability to mediate mitochon-

drial outer membrane permeabilisation and cytochrome c release in

response to recombinant cleaved BID (cBID; Fig 6B). Consistent

with the liposome assays, conjugation of ubiquitin to BAK K113C

abrogated its ability to mediate cytochrome c release in response to

cBID compared to unmodified BAK (Fig 6B).

Parkin activity in response to mitochondrial damage has been

argued to promote cell death by degrading the pro-survival protein

MCL1 (Carroll et al, 2014). However, our data revealed a potential

pro-survival influence of Parkin. So we next determined whether

Parkin-mediated ubiquitination of BAK induced by mitochondrial

damage inhibited mitochondrial outer membrane permeabilisation,

the point of no return in apoptosis. We first sought to test whether

ubiquitination limited the ability for BAK to be activated. HeLa cells

expressing Parkin were first treated with AO to induce Parkin-

mediated ubiquitination of BAK and subsequently treated cells with

combined BH3 mimetics ABT-737 and S63485. These cells were then

measured for BAK activation using the conformation-specific anti-

body (G317-2) by intracellular flow cytometry (Alsop et al, 2015).

The exposure of the normally buried N-terminal epitope in BAK in

response to BH3 mimetics was reduced following AO-induced Parkin

activity (Fig 6C). The data suggest that BAK activation (Fig 6C) and

oligomerisation (Fig 5D) are impaired after ubiquitination and is

consistent with the hydrophobic groove of BAK as an interface for

BH3-only proteins (Moldoveanu et al, 2013; Brouwer et al, 2014)

and BAK oligomers. That BAK activation by flow cytometry was not

completely blocked is consistent with the persistence of non-ubiqui-

tinated BAK under these conditions (Figs 2A–C and 6D).

To test whether this defect in activation inhibited BAK apoptotic

function, we reconstituted BAX�/�BAK�/� HeLa cells with human

BAK and Parkin and treated them with AO. Mitochondria isolated

from these cells were then incubated with recombinant cBID, and

cytochrome c release was assessed. AO pre-treatment desensitised

these mitochondria to cBID-induced cytochrome c release (Fig 6D),

indicating that ubiquitination of BAK was sufficient to limit mito-

chondrial outer membrane permeabilisation.

To test if this extended to endogenous BAK, we repeated these

experiments with HeLa or HeLa cells expressing Parkin. As BAK is

constitutively mitochondrial, whereas BAX is cytosolic in HeLa cells,

mitochondrial outer membrane permeabilisation in these mitochon-

drial assays is likely mediated by BAK. As with mitochondria

isolated from BAK-reconstituted cells, mitochondria isolated from

HeLa cells with endogenous BAK were more resistant to cytochrome

c release when pre-treated with AO (Fig 6E). This effect was Parkin-

dependent as AO treatment had only a modest effect on cytochrome

c release from mitochondria isolated from wild-type HeLa cells

(Fig 6E). The protective effect was not due to impaired targeting of

cBID to the mitochondrial outer membrane (Fig EV5B), indicating

that BAK apoptotic activity was inhibited and that activated Parkin

exerts a pro-survival effect. Importantly, we observed little or no

loss of MCL1 in this time frame (Fig EV5C). Together, our data high-

light a key and specific role for BAK ubiquitination in limiting mito-

chondrial outer membrane permeabilisation in response to

mitochondrial depolarisation.

Discussion

Parkin is a critical mediator of mitochondrial quality control. In

order to efficiently clear damaged mitochondria, a properly co-ordi-

nated apoptosis response is essential. Hence, Parkin has been impli-

cated in determining cell fate in the face of mitochondrial damage
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(Zhang et al, 2014). Deciphering how Parkin does this is paramount

to reconciling how loss of Parkin promotes neuronal degeneration

to cause early onset Parkinson’s disease with the mounting and

contrasting evidence that Parkin is a tumour suppressor (Bernardini

et al, 2017). Our studies reveal that Parkin directly, and reversibly,

modulates the intrinsic apoptosis machinery by suppressing the

apoptotic activity of the mitochondrial apoptotic effector protein

BAK. By limiting BAK and BAX apoptotic function, Parkin promotes

cell survival and we propose that this facilitates the clearance of

damaged mitochondria (Fig 7).

Rather than promote BAK degradation, we found that ubiquitina-

tion directly inhibited BAK apoptotic activity by obscuring the

hydrophobic surface groove. The hydrophobic groove of BAK is

essential for its interaction with activating BH3-only proteins and

also for BAK homo-dimerisation that is necessary for apoptotic pore

formation and mitochondrial outer membrane permeabilisation

(Dewson et al, 2008; Brouwer et al, 2014). Hence, ubiquitination on

a conserved lysine on the periphery of the hydrophobic groove of

BAK significantly impaired the ability of BAK to permeabilise lipo-

somes and mediate cytochrome c release. The non-degradative
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Figure 6. Ubiquitination of BAK on mitochondrial membranes and in cells inhibits its ability to mediate mitochondrial outer membrane permeabilisation
and apoptosis.

A Immunoblot of whole cell lysates of MEFs stably expressing DCys variants of BAK.
B Conjugation of ubiquitin to BAK K113C impairs BAK apoptotic function. Mitochondrially enriched membranes from MEFs expressing BAK or BAK K113C were cross-

linked (CuPhe) with UbG76C and treated with cBID for 30 min at 30°C. Supernatant (S) and pellet (P) fractions were then immunoblotted for BAK under non-reducing
conditions, or cytochrome c or ubiquitin under reducing conditions. Representative of three independent experiments. Note that the incorporation of recombinant
UbG76C on higher molecular weight proteins is likely due to incomplete reduction on reducing SDS–PAGE.

C Parkin-mediated ubiquitination limits BAK activation. HeLa + HA-Parkin cells were treated with antimycin A and oligomycin (AO) for 2 h prior to induction of
apoptosis with 1 lM of each of the BH3 mimetics ABT-737 and S63485 (BH3 mim) for 1 h. Intracellular flow cytometry was performed using the conformation-
specific anti-BAK antibody G317-2. Representative histograms are shown and the fold increase in mean fluorescence intensity (MFI) is plotted from three independent
experiments with error bars showing SD. Data are normalised to untreated control.

D Parkin-mediated ubiquitination limits BAK apoptotic activity. BAK�/�BAX�/� HeLa cells expressing HA-Parkin and BAK were treated with AO (2 h) prior to isolation of
mitochondria and treatment with recombinant cBID and analysis of cytochrome c release. Immunoblots are representative of three independent experiments. Graph
shows densitometric analysis of three independent experiments of cytochrome c in the supernatant fraction. Error bars represent mean � SD.

E Parkin activity limits cytochrome c release. HeLa cells or HeLa cells expressing Parkin were treated and analysed as in (D). Immunoblots are representative of three
independent experiments. Ubiquitinated BAK indicated (arrow). Graph shows densitometric analysis of three independent experiments showing cytochrome c release
(supernatant/supernatant + membrane) relative to 100 nM cBID as 100% release. Error bars represent mean � SD.

Source data are available online for this figure.
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ubiquitination of BAK was supported by the predominantly K11-

linked ubiquitin chains, consistent with the profile of atypical link-

ages catalysed by Parkin during mitophagy (Cunningham et al,

2015) and also a recent study reporting that endogenous Parkin does

not promote significant proteasomal turnover of mitochondrial

substrates (Ordureau et al, 2018). Ubiquitination of BAK by the E3

ligase HERC1 was shown to promote its proteasomal degradation

following irradiation of papillomavirus-infected cells (Holloway

et al, 2015). Whilst the same residue in BAK was ubiquitinated in

these studies, it is likely that the type of chain linkage dictates

whether BAK persists, as is the case following Parkin-mediated

ubiquitination, or is degraded, as with HERC1 (Holloway et al,

2015). The strength of the mitophagy stimulus may also determine

whether BAK is degraded or not, with a strong mitophagy stimulus

causing degradation of many outer mitochondrial membrane

proteins (Chan et al, 2011). Our studies now reveal that ubiquitina-

tion of BAK may be an important regulatory event to limit cell death

by specifically and reversibly impairing its apoptotic function.

Other BCL-2 family proteins have been proposed as targets of

Parkin either at steady state or following induction of mitophagy.

The pro-apoptotic protein BAX, which is predominantly localised in

the cytosol of healthy cells, has been implicated as a Parkin substrate,

thereby inhibiting its localisation to mitochondria (Johnson et al,

2012; Charan et al, 2014). Additionally, Parkin-mediated ubiquitina-

tion has been proposed as a mechanism to degrade mutated mito-

chondrial BAX (Cakir et al, 2017). Both scenarios would result in a

dampening of the apoptotic response, but, intriguingly, they would

occur in the absence of induced mitochondrial damage when Parkin

is thought to be largely inactive due to auto-inhibition (Matsuda et al,

2010; Chaugule et al, 2011; Trempe et al, 2013; Wauer & Komander,

2013). Consistent with earlier findings, we found that constitutive

and induced mitochondrial localisation of BAX was inhibited by

Parkin. However, this was in the absence of detectable BAX ubiquiti-

nation either prior to or after induction of mitochondrial depolarisa-

tion, even under conditions of proteasomal inhibition. Although we

cannot exclude degradation of BAX by alternative mechanisms, our

data suggest that ubiquitination of VDAC2, an early and selective

substrate of Parkin (Ordureau et al, 2018), may also contribute to the

defect in BAX mitochondrial association. Furthermore, Parkin limited

cytochrome c release in the absence of BAX, suggesting that the inac-

tivation of BAK is also a key function of Parkin.

Our data uncover BAK as a novel substrate of Parkin. Whilst a

number of ubiquitylomics studies have interrogated the proteome

during mitophagy, BAK was not identified as a substrate of Parkin

(Sarraf et al, 2013; Ordureau et al, 2018). This is likely due to the fact

that when modified, K113 is present on a large 39 + 2 amino acid

tryptic peptide (Y89 � R127 + GG) that makes identification using

standard LC-MS/MS workflows challenging. Our data show that ubiq-

uitination of BAK inhibits its function in minimal model liposome

systems and on mitochondrial membranes. Hence, the cyto-protective

role of Parkin likely involves inhibition of BAX, but also BAK.

Targeting Parkin with small molecules to induce its conforma-

tional change will likely lead to restrained apoptosis via inhibition

of both BAK- and BAX-mediated apoptosis. Alternatively, pharmaco-

logical inhibition of the Parkin antagonist, USP30, may also promote

BAK ubiquitination and thus a higher apoptotic threshold. However,

interestingly, USP30 depletion can sensitise cells to the BH3

mimetic, ABT-737 (Liang et al, 2015), suggesting that imbalances in

Parkin activity can have divergent effects on apoptotic response.

We also show that mitochondrial permeabilisation in response to

BH3 mimetics can induce Parkin-dependent ubiquitination of Mfn2.

This may suggest a role for Parkin in silencing apoptotic mitochon-

dria, which, if left unchecked, can promote inflammatory responses

(Rongvaux et al, 2014; White et al, 2014; McArthur et al, 2018).

Indeed, recent work has demonstrated that, under conditions of

mitochondrial stress, ablation of mitophagy in Prkn�/� or Pink1�/�

mice promotes inflammation and drives the pathogenesis of PD

(Sliter et al, 2018).

Contrasting with a pro-survival role, Parkin has been reported to

ubiquitinate and degrade the pro-survival protein MCL1 and so

promote cell death specifically in response to mitochondrial depolari-

sation (Carroll et al, 2014). Parkin-mediated mitophagy is consid-

ered a pro-survival mechanism in response to mitochondrial stress,

and Parkin has been reported to prevent apoptosis in a variety of

settings (Darios et al, 2003; Staropoli et al, 2003; Jiang et al, 2004;

Wang et al, 2007; Berger et al, 2009). However, whether Parkin

activity invokes a pro-survival or a pro-apoptotic response depends

on the nature and extent of the mitochondrial damage (Zhang et al,

2014). Prolonged or excessive mitochondrial damage beyond the

capacity of Parkin-dependent repair leads to cell death driven by

MCL1 degradation to remove the compromised cell. However, tran-

sient or limited mitochondrial damage, as is more likely to occur

in vivo, promotes a pro-survival response to enable Parkin-depen-

dent mitochondrial clearance. Our findings indicate that the initial

and prevailing response to mitochondrial damage is Parkin-depen-

dent inhibition of BAK- and BAX-mediated cytochrome c release to

limit apoptosis. An inability to constrain BAK and BAX apoptotic activ-

ity may contribute to the apoptotic degeneration of Parkin-deficient

dopaminergic neurons in Parkinson’s disease. Thus, impairing the

pro-apoptotic activity of these molecules, for example, by inhibiting

Parkin
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Figure 7. Model for Parkin-mediated inhibition of intrinsic apoptosis.

Model of the effect of Parkin-mediated BAK ubiquitination on intrinsic
apoptosis. Following mitochondrial damage, PINK1 is stabilised at the
mitochondrial outer membrane (MOM) whereby it phosphorylates ubiquitin to
recruit Parkin. Phosphorylation by PINK1 activates Parkin to ubiquitinate a
variety of substrates including Mfn2 and VDAC. Parkin ubiquitinates BAK on a
conserved lysine (K113) to inhibit BAK oligomerisation and its apoptotic function
in releasing cytochrome c from the inter-membrane space (IMS). Additionally,
Parkin ubiquitinates VDAC2, that we propose limits BAX association with
mitochondria. This limits apoptosis mediated by both BAK and BAX, thus
enabling the effective engulfment of the mitochondrion by the autophagosome
without errant activation of apoptosis.
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the interaction between BAX and VDAC2 or inhibiting the activity of

the BAK DUB, could be a novel strategy to prevent apoptosis.

Materials and Methods

Contact for reagent and resource sharing

Further information and requests for reagents may be directed to,

and will be fulfilled by, the lead contact, Dr. Grant Dewson, Walter

and Eliza Hall Institute of Medical Research, 1G Royal Parade, Park-

ville, Victoria 3052, Australia (dewson@wehi.edu.au).

Cell culture and induction of mitophagy

Mouse embryonic fibroblasts (MEFs) were isolated from embryos

harvested at embryonic day 14.5 and transformed by transfecting

with SV40-large T antigen as described (Dewson et al, 2008). MEFs

(generated by G. Dewson) were passaged in Dulbecco’s modified

Eagles medium (DMEM) supplemented with 8% foetal calf serum

(FCS), 55 lM 2-mercaptoethanol and 250 lM asparagine. HeLa

(ATCC #CCL2), 293T (ATCC #CRL-3216) and SH-SY5Y (Jamie

Fletcher, CCI, Sydney, Australia) neuroblastoma cells were passaged

in DMEM supplemented with 8% FCS. Cells were cultured at 37°C

and 10% CO2. Cells were routinely screened for mycoplasma using

a MycoAlert Detection Kit as per manufacturer’s instructions (Lon-

za, Switzerland). To induce mitophagy, cells were treated with

10 lM oligomycin and 4 lM antimycin A for times as indicated.

Cell death was induced with 1 lM of ABT-737 (Abbott, IL) 1 lM of

S63485 (SYNthesis MedChem, Australia). Where indicated, cells

were pre-treated with the pan-caspase inhibitor QVD.oph (MP

Biomedicals, CA) at 10 lM or the proteasome inhibitor MG132

(Sigma-Aldrich, MO) at 20 lM for 0.5 h each.

Retroviral infection

Parkin, BAX and BAK constructs were stably expressed in HeLa and

MEF by retroviral infection. pMX-IG, pMXs-IH and pMXs-IP retrovi-

ral constructs were first introduced into HEK293T cells by CaCl2
transfection. Filtered, virus-containing supernatants were used to

infect HeLa and MEF cells by spin inoculation (2,500 rcf centrifuga-

tion at 32°C for 45 min in the presence of 4 lg/ml polybrene;

Sigma-Aldrich, MO). Cells stably expressing constructs were

selected for by culture in 2 lg/ml puromycin (Life Technologies,

CA) and 300 ng/ml hygromycin (Sigma-Aldrich, MO) or by FACS

sorting for GFP-positive cells.

CRISPR/Cas9 gene editing

Cells (HeLa, SH-SY5Y) were lentivirally infected with constructs

encoding Cas9 (mCherry) and single guide RNA (sgRNA, GFP)

targeting early protein-coding exons of human PRKN (GTGTCA

GAATCGACCTCCAC), human PINK1 (sgRNAa, TGTGTCCGCC

GGGAGCGTCC; sgRNAb, CCGGCCGGGCCTACGGCTTG) or a

control non-targeting sgRNA (ATTGGTGCCAATGCTCGGAT).

Following selection of transduced cells by sorting double-positive

cells on a FACS AriaII flow cytometer (Becton Dickinson), cells were

treated with 1 lg/ml doxycycline hyclate (Sigma) to induce sgRNA

expression. Parkin or PINK1 deletion in polyclonal populations was

confirmed by immunoblotting either before (Parkin) or after

(PINK1) treatment with antimycin A and oligomycin. To generate

BAK�/� BAX�/� HeLa cells, cells were transiently transfected with

two sgRNAs targeting human BAK (GCATGAAGTCGACCACGAAG,

GGCCATGCTGGTAGACGTGT) and two sgRNAs targeting human

BAX (CTGCAGGATGATTGCCGCCG, TCTGACGGCAACTTCAACTG)

cloned into PX458 plasmid (a kind gift from Feng Zhang (Ran et al,

2013) using XtremeGene; Sigma-Aldrich, MO) according to the

manufacturer’s instructions. 48 h post-transfection, cells were

treated with 1 lM each of A-1331852, ABT-199 (Abbott, IL) and

S63845 (SYNthesis MedChem, Aus). Surviving cells were screened

for BAK and BAX deletion by immunoblotting.

Immunoblotting

Samples were generated by 1% Triton X-100 lysis in ONYX buffer

(20 mM Tris–HCl (pH7.4), 135 mM NaCl, 1.5 mM MgCl2, 1 mM

EGTA, 10% glycerol (v/v)) with cOmplete protease inhibitors (Cal-

biochem) on ice for 20 min. Samples were spun (17,000 rcf, 5 min,

4°C), and the concentration of protein in soluble supernatants was

determined by BCA assay (Thermo Fisher, MA) as per manufac-

turer’s instructions. Samples were normalised based on protein

concentration and between 5 and 40 lg was loaded per well and

run on SDS–PAGE. Gels were transferred to nitrocellulose or PVDF

membranes. Non-specific binding was blocked with 5% non-fat

milk in TBS-T (20 mM Tris–HCl pH 7.6, 137 mM NaCl, 0.1%

Tween-20) for 1 h at room temperature. Membranes were washed

with TBS-T prior to incubation with primary antibodies (see

Table EV1). Following membrane washing with TBS-T, antibodies

were incubated with appropriate secondary antibodies (see

Table EV1) for 1 h at room temperature and developed with ECL

solution (GE Lifesciences, MA) as per manufacturer’s instructions.

Ubiquitin pull-down and deubiquitinase treatment

Approximately 1 × 107 cells were treated to induce mitophagy as

above. Cells were lysed in 1% Triton X-100 (v/v) in ONYX buffer

with cOmplete protease inhibitors and 10 mM N-ethylmaleimide

(NEM, Sigma-Aldrich, MO). Lysates were incubated with

glutathione sepharose beads (GE Healthcare, MA) pre-equilibrated

with recombinant 100 lg GST-UBA for 4 h at 4°C. NEM was

removed from beads with three washes of ONYX buffer with

protease inhibitors. Beads were then equilibrated in DUB reaction

buffer (50 mM Tris (pH 7.5), 50 mM NaCl and 5 mM DTT) and

incubated with recombinant DUBs at previously established concen-

trations (Hospenthal et al, 2015). Samples were then incubated at

37°C for 30 min with agitation. Samples were eluted from the beads

by boiling in SDS-sample buffer and analysed by SDS–PAGE.

Subcellular fractionation and blue native PAGE

Cells were harvested and permeabilised at 1 × 107 cells/ml in

modified egg lysis buffer (MELB, 20 mM HEPES pH 7.5, 100 mM

sucrose, 2.5 mM MgCl2, 100 mM KCl) with protease inhibitors and

0.025% digitonin (w/v) for 10 min on ice. Membranes were

enriched by centrifugation (17,000 rcf, 5 min, 4°C). For SDS–

PAGE, 2× reducing SDS-sample buffer was added to soluble
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supernatant fractions and pellet fractions were resuspended in an

equal volume of 1× reducing SDS-sample buffer and run on SDS–

PAGE. For BN–PAGE, membrane fractions were resuspended in

empty well buffer [EWB, 20 mM Bis-Tris, pH 7.4, 50 mM NaCl,

10% glycerol (v/v)] with protease inhibitors, 10 lM DTT and 1%

digitonin (w/v) for 30 min on ice. Soluble protein complexes were

obtained by centrifugation (17,000 rcf, 5 min, 4°C) and supple-

mented with 10× BN-loading dye (5% Coomassie Blue R-250 (Bio-

Rad Laboratories, CA) in 500 mM 6-aminohexanoic acid, 100 mM

Bis-Tris, pH 7.0) and run as previously described (Schagger & von

Jagow, 1991).

Purification of recombinant protein

BAK K113C (ΔN22 ΔC25 C166S C-term-His) was cloned into the

pTYB1 vector. Plasmids were transformed into BL21 (DE3) E. coli and

grown at 37°C until they reached an optical density (600 nm) of ~1.0

in Super Broth. 1 mM IPTG was then added and protein expressed for

16 h at 18°C. Cells were lysed in TSE buffer (20 mM Tris pH 8.0,

500 mM NaCl, 1 mM EDTA) and passed over a chitin binding

column, washed with TSE buffer and then chemically cleaved with

DTT (50 mM) on-column for 48 h at 4°C. Proteins were further puri-

fied by gel filtration (Superdex75 10/300, GE Healthcare, MA) in TBS.

Ubiquitin G76C was cloned into the pGEX 6P3 vector, trans-

formed into BL21 E. coli (DE3) and grown to an optical density

(600 nm) of ~1.0 in Super Broth before protein expression was

induced with 1 mM IPTG for 3 h at 37°C. Cells were lysed in TBS

(20 mM Tris pH 8.0, 150 mM NaCl) supplemented with EDTA

(2 mM), purified by GST affinity column purification, cleaved over-

night with precision protease and then further purified by gel filtra-

tion (Superdex75 10/300) in TBS.

Disulphide linkage of cysteine mutants and cytochrome c release

Recombinant BAK K113C (DN22 DC25 C166S C-term-His) and Ubiqui-

tinG76C were incubated at 4°C in the presence of 1 mM copper(II)

(1,10-phenanthroline)3 (CuPhe) for 30 min. Heterodimeric products

were purified by anion exchange on a HiTrap Sepharose Q column

(GE, MA). For mitochondrial cross-linking experiments, cells were

harvested and permeabilised at 1 × 107 cells/ml in MELB with

protease inhibitors and 0.025% digitonin (w/v) for 10 min on ice.

Membranes were enriched by centrifugation (17,000 rcf, 5 min, 4°C)

and resuspended with 100 lM UbG76C. CuPhe was added to a final

concentration of 1 mM, and samples were incubated at room tempera-

ture for 30 min. The reaction was quenched by adding EDTA to a final

concentration of 10 mM. Samples were centrifuged (17,000 rcf,

5 min, 4°C), and pellets were resuspended in MELB with protease

inhibitors and varying doses of cBID. Samples were incubated at

30°C for 30 min. Samples were spun as above, and soluble super-

natant fractions were supplemented with 2× reducing sample buffer.

Pellets were resuspended in two volumes of 1× reducing sample

buffer for cytochrome c blot and 1× non-reducing sample buffer for

BAK blot.

Fluorescence liposome assay, SDS–PAGE and BN–PAGE

Liposomes containing a combination of lipids that mimic the outer

mitochondrial membrane (46% phosphatidylcholine (w/v), 25%

phosphatidylethanolamine (w/v), 11% phosphatidylinositol (w/v),

10% phosphatidylserine (w/v) and 8% cardiolipin (w/v) encapsulat-

ing self-quenching 5(6)-carboxy-fluorescein and supplemented with

5% nickel chelating lipid (1,2-Dioleoyl-sn-Glycero-3-[N-(5-amino-1-

carboxypentyl)iminodiacetic-acid)-succinyl] (w/v)) in chloroform

and 0.01% butylated hydroxytoluene (w/v) were dried under N2

and then re-suspended in 50 mM 5(6)-carboxy-fluorescein. Lipo-

somes were then extruded through a 100 nm pore size membrane

and passed over a PD10 column to remove excess dye. Liposomes

(4 lg/ml) were incubated with either BAK (DN22 DC25 C-term-His)

or cross-linked BAK-Ub at a concentration of 50 nM and 4 lM of

BID-BH3 peptide in SUV (small unilamellar vesicle/liposome) buffer

(10 mM HEPES pH 7.5, 135 mM KCl) for 30 min at room tempera-

ture; 5(6)-carboxy-fluorescein is self-quenching, and therefore, upon

release from liposomes its fluorescence could be measured with

an excitation wavelength of 485 nm and emission wavelength of

535 nm. BN–PAGE was performed on liposomes by solubilisation

in 0.5% digitonin (w/v) on ice for 20 min followed by supple-

menting the samples with 10% glycerol (v/v) and BN-loading dye

and running on BN–PAGE as described above. SDS–PAGE was

similarly performed by solubilising liposomes in SDS–PAGE

sample buffer in the presence or absence of TCEP and running on

SDS–PAGE.

BAK activation by flow cytometry

Cells were harvested following treatment with antimycin A and

oligomycin (AO) for 2 h followed by 1 lM of each of the BH3

mimetics ABT-737 and S63485 for 1 h. Cells were fixed and perme-

abilised using the eBioscience cell fixation and permeabilisation kit

(Thermo Fischer, MA) according to manufacturer’s instructions.

Activated BAK was detected using anti-BAK G317-2 (1:100) and

subsequently phycoerythrin-conjugated anti-mouse antibody (1:20

0), both in diluted permeabilisation buffer. Samples were analysed

on a FACS-Calibur (Becton Dickinson, NJ).

Cell death assessed by LDH assay

Of 1.5 × 106 HeLa cells were seeded in 10-cm dishes overnight.

Cells were pre-treated with or without antimycin A and oligo-

mycin (4 and 10 lM, respectively) for 2 h, prior to treatment with

1 lM of each of the BH3 mimetics ABT-737 and S63845. Culture

supernatants were collected at selected times and stored at �80°C

overnight. Samples were thawed, and 50 ll of supernatant was

assayed for LDH release using the CytoTox 96� Non-Radioactive

Cytotoxicity Assay (Promega, WI) according to manufacturer’s

instructions. Absorbance was quantified using a Chameleon plate

reader (Noki Technologies, India) at a wavelength of 490 nm.

Relative LDH release was calculated by subtracting the absor-

bance from an untreated control supernatant and normalising

values to the 6 h BH3 mimetic only (set as 100%) for each cell

line.

Cytochrome c release assay

Cells were permeabilised in 0.025% digitonin (w/v) in MELB with

cOmplete protease inhibitors at a concentration of 1 × 107 cells/ml

for 10 min on ice. Pelleted membrane fractions were obtained by
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centrifugation (17,000 rcf, 5 min, 4°C) and supplemented with cBID

at concentrations indicated for 30 min at 30°C. Soluble supernatants

were obtained by centrifugation (17,000 rcf, 5 min, 4°C) and

supplemented with 2× reducing sample buffer. Insoluble pellets

were resuspended in two volumes of 1× reducing sample buffer and

samples were run on SDS–PAGE.

Densitometric analysis of immunoblots

Immunoblots were normalised to samples on the same membrane,

at the same exposure using the ImageLab software package (Bio-

Rad, CA). Background signal was subtracted from equivalent bands,

and samples were normalised to the untreated control lane. For mito-

phagy assays, the untreated samples were set at 100% and the signal

of the appropriate bands normalised to this. For cytochrome c release

assays, total release (%) was calculated by determining the intensity

of cytochrome c in the cytosolic fraction over the sum intensity of

cytochrome c in the membrane and cytosol fractions. Due to incom-

plete release of cytochrome c from the membrane fraction, the cyto-

chrome c release assay shown in Fig 6D was determined from the

intensity of cytochrome c in the supernatant fraction only, and

normalising to the 100 nM dose of cBID in the absence of Parkin

induction set at 100%. For native-PAGE quantitation, the intensity

of the BAK tetramer signal was determined and normalised to the

end timepoint of the BAK K113C control sample in each respective

assay.

Expanded View for this article is available online.
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