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Parkin inhibits BAK and BAX apoptotic function by distinct mechanisms during
mitophagy

Jonathan *P.=Bernardirfi JasonM. Brouwer?* Iris K.L. Tan* Jarrod J.Sandow?
Shuai Huand?® Che A. Stafford? Aleksandra Bankovacki ChristopherD. Riffkin®,
Ahmad Z. Wardak'PeterE. Czabotal?, Michael LazarotandGrant Dewsoh®

1 Walter and Eliza Hall Institute of Medical Research, 1 G Royal Paraldyille,
Melbourne, Victoria 3052, Australia

2 Department/of. Medical Biology, University of Melbourne, Parkville, Melbourne,
Victoria 3010, Adstralia

3 Department of}Biochemistry and Molecular Biology, Monash University, Clayton,
Melbourne, Victoria 380QAustralia

4 Authors contributed equally to this work

* Correspondence to: dewson@wehi.edu.au

Running title: Parkin ubiquitinates and inhibits BAK

SUMMARY

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 cargesgon.
Controlling a cell's apoptotic response is essential tordmate the removal afamaged
mitochondria. We report that following mitochondrial damagkiced mitophagy, Parkin
directly ubiquitinates the apoptotic effector protein BAK at a conserved lysiries i
hydrophobicgreave, a region that is crucial for BAK activation by BiHB proteins and

its homaodimerisation during apoptosis. Ubiquitination inhibited BAK activity by
impairing itssactivation and the formation of lethal BAK oligomers. Parkin also ssggs
BAX-mediated apoptosis, but in the absence of BAX ubiquitination suggesting an indirect
mechanism. In addition, we find that BAdkependent mitochondrial outer membrane

permeabilisation during apoptosis promotes PINi€pendent Parkin activation. Hence,
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we propose that Parkin directly inhibits BAK to suppress errant apofteseby allowing
the effective clearance of damaged mitochondria, but also promotes clearance of apoptotic

mitochondria to limit their potential primflammatory effect.

KeywordsApoptosis, BAK, BAX, mitophagy, Parkin, ubiquitination

INTRODUCTION

The RINGbetweerRING E3 ubiquitin ligase, Parkin and its upstream regulator RTEN
induced Kinase 1 (PINK1) are involved in the removal of damaged mitochondria through a
selective form_of autophagy termed mitophagy (Harper, Ordureau @0&B, Nguyen,
Padman etgal; 2016, Pickles, Vigie et al., 20I8)e importance of Parkimediated
mitophagy is highlighted by the deletion or mutation of the gene encoding Parkin
(PRKN/PARK?2) as a driver of autosomal recessive juvenile Parkinson’'s disease (PD)
(Kitada, Asakawa et al., 1998nd also its emerging role in tum@enesis(Bernardini,
Lazarou et al., 2016, Poulogiannis, Mcintyre et al., 2010, Veeriah, Taylor €0a0).
Hence, understanding how Parkin influences cefligal will provide important new
insight in toyhow defects in Parkin promote neurodegenerative conditions and cancer
(Kitada et al., 298, Poulogiannis et al., 2010, Veeriah et al., 2010).

The proposed obligate activator of ParkPINK1 is constittively expressed ands
normally importedto the inner mitochondrial membrane wets N-termiral regionis
cleaved by the PreseneliAssociated Rhomboitlkke protease (PARL)(Deas, Plun
Favreau et al., 2011, Jin, Lazarou et al., 2@t0jnoting its export and degraitbn by the

26S proteasomgramano & Youle, 2013)Following mitochondrial insult, including loss

of the mitochondrial membrane potential or accumulation of misfolded mitochondrial
proteins, RINKL1 is stabgedon themitochondrial outer membrar{din et al., 2010, Jin &
Youle, 2013)=Two keywgubstrate®f PINK1 areubiquitin and Parkintself, both of which

are phosphorylated on Ser@ane, Lazarou et al., 2014, Kazlauskaite, Kondapalli et al.,
2014, Kondapalli, Kazlauskaite et al., 2012, Koyano, Okatsu et al., 2014, Ordureau, Sarraf
et al., 2014, Shib&ukushima, Imai et al., 2012, Wauer, Swatek et al., 20Bbjling of
phosphoudbiquitin is required for Parkin recruitment to mitochondiane et al., 2014,
Koyano et al., 2014, Shidaukushima, Arano et al., 2014ihdeed, a number of structural
studies have elegantly demonstrated that phoespiguitin  binding permits

phosphorylation of Parki(Kazlauskaite, MartineZ orres et al., 2015, Kumar, Aguirre et

This article is protected by copyright. All rights reserved



67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

al.,, 2015, Sauve, Lilov et al.,, 2015, Wauer, Simicek et al.5&01During Parkin
activation, a number of structural rearrangements occur, nothblyrelease of the
repressor element &farkin(Kumar,Chaugule et al., 2017, Pao, Stanley et al., 2016, Tang,
Vranas et al., 2017, Wauer et al., 2019¢cent studies have also interrogated Parkin
conformatienalchanges following phosphorylation by PINK1, highlighting the importance
of releasing'the RING2 domain of Parkin (Gladkova, Maslen et al., 2018, Sauve, Sung et
al.,, 2018)." Once conformationally activeRarkin then ubiquitinates arange of
mitochondrial substratesthat have been shown tomodulate cellular metabolism
mitochondrial, dynamics, cell cycling and apoptaSarraf, Raman et al., 2013, Yoshii,
Kishi et al.,"2011)Adaptor proteins that bind tabiquitin on the mitochondrial surfade

turn recruitgand extend the autophagosome around the damaged mitochdhigaon
Ordureau et al., 2015, Lazarou, Sliter et al., 2015, Moore & Holzbaur, 2016, R&ifiear,

et al., 2016, Wong & Holzbaur, 2014)hile manyof these proteomic studies have been
performed in_ model systesroverexpressing ParkiCunningham, Baughman et al., 2015,
Sarraf et al., 2013)a recent study shows that endogenous Parkin ubiquitinates similar
substrates inheuronslthough some site and temporaifferences were observed
(Ordureau, Paulo et al., 2018pterestingly, recent studies have alsowh that baseline
mitophagy can proceed in a PINK1/Parkidlependent fashiofLee, SancheMartinez et

al., 2018, McWillilams, Prescott et al., 2018), perhaps implicating PINK1 and Parkin as

emergency responders to mitochondrial damage.

Cellular stresse@cluding DNA damage and cell matrix detachmigitucesapoptosis by
upregulatingor activatingpro-apoptotic BH3only proteinsleading to activation othe
downstream__effectors of apapts; BCL-2 Antagonist/Killerl (BAK) and BCL-2-
Associated X protein (BX) (Wei, Zong et al., 2001, Youle & Strasser, 2008jtivation
promotesBAK (and BAX) homaodimeisation then multimelisation of homodimers hat
permeabilisethe'mitochondrial outemembrane(Aluvila, Mandal et al., 2014, Bleicken,
Classen etraly=2010, Czabotar, Westphal et al., 2013, Dewson, Kratina et al., 2008,
Dewson,Maget al., 2012, Oh, Singh et al., 2010, Subburaj, Cosentino et al., 2015, Zhang,
Zhu et al., 2010Q)This releases apoptogenic factansluding cytochrome and commits a

cell to deathvia initiation of a proteolyticcaspase casca@é/ei et al., 2001)Activation of

BAK and BAX by BH3only proteins andtheir subsequerttomodimerisation involve a

hydrophobic surface grooveomprising a-helices 35 that is shared with prsurvival
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BCL-2 proteins(Brouwer, Westphal et al., 2014, Czabotar et al., 2013, Dewson et al.,
2008, Petros, Nettesheim et al., 2000).

Parkin activity has been proposed to determine cellular. fatmited mitophagic stress
leads to effective’mitochondrial clearance and a-puovival responsewhilst excessive
mitochondrial damage leads Parkin to induce apoptosis (Zhang, Lee et al., R0bhp
its substrates, Pan ubiquitinates members of thed®ll lymphoma2 (BCL-2) family of
proteins that regulate the intrinsic pathway of apopt(#sraf et al., 2013)t has been
arguedthat following mitochondrial damage, Parkpnomotesapoptosis bytargetingthe
prosurvival'"BCL:2 protein Myeloid Cell Leukemial (MCL1) for degradati@@arroll,
Hollville et al%, 2014, Zhang et al., 2014). However, how Parkin limits apoptosis tat perm
clearance of ‘damaged mitochondria is unclear. Parkin haspoepasedto inhibit pro-
apoptoticBAX either by limiting recruitment of cytosolic BAX tmitochondria (Charan,
Johnson et _al.,, 2014, Johnson, Berger et al.,, 20t2hy promoting degradatiorof
dysregulated _or mutated BARCakir, Funk et al., 2017). Howevehis occursat steady
state withoutthe.mitochondrial damage thought necessary to prorRtK1-dependent

Parkin activity

We have identified BAK asn importantsubstrate of Parkin following mitophagic stress.
Following mitochondrial depolaation Parkin ubiquitiateda conserved residue in the
hydrophobic groove of BAK (Lys133hereby impairingBAK activation, oligomdsation

and apoptatic actity. Hence, Parkin is able to inhibit BAK and BAX by distinct
mechanismsWe _propose that BAK ubiquitination is a mechanism by which Parkin limits
mitochondrial outer membrane permeabilization, thus allowing the clearance afethm

mitochondria.

RESULTS

Parkin inhibits' BAX by preventing mitochondrial localisation

Parkinmediated, mitophagy is regarded asprosurvival response to mitochondrial
damageand activated Parkin has been previously reportadiguitinate andnhibit the
pro-apoptotic effectoprotein BAX (Fig 1A) (Johnson et al., 2012Yo test this, BAX"
BAK” HeLa cellsreconstituted with human BAX arettopically expressing H&Rarkin

were treatedvith the mitochondrial electron transport chain uncouplers, antimycin A and
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oligomycin (AO), to induceParkin activation and recruitment to mitochondria, followed
by induction ofapoptosis withthe BH3 mimetics ABF737 (Oltersdorf, Elmore et al.,
2005) and S63485Kotschy, Szlavik et al., 2016 Cell death as assessed bgctate
Dehydogenasel(DH) releasewvas significantly reduced in Parkexpressing cells treated

with AO suggpsting that activated Parkiimits BAX-mediated apoptosi§ig 1B),

As BAX has been shown to be mislocalised from mitochondria as a result of Pakin’'s E
ligase activity(Charan et al., 2014jyve tested whether theontributed to the inhibition of
apoptosis BAX-mediated permeabikation of the mitochondrid outer membraneas
measured bgytochromec releasanto the cybsolwas reduced following A@reatment
Parkinexpressing,HelLa cell@ig 1C). Consistent with previous repor(€haran et al.,
2014, Johnson et al., 201Parkin activation also reduced BAX levels at mitochondria
(Fig 1C). Both the mitochondrial targeting of BAX and its ability to mediate cytochcome
release following activation of Parkin could be partially rescued with the addititre
proteasome-inhibitor MG132 (Fig 1C). Consisterth BAX-mediated cell death (Fig 1B),
the effect of, AQ.0n BAXmediated cytochrome release was dependent on Partfig
1D), althoughmitochondrial BAX wassomewhateduced upon A@reatment of Parkin
null cells (Fig 1D).

To further elucidate whethd8AX ubiquitinationwas responsible foits mislocalisation,

we induced_Parkin activity with AO ikleLa cellsexpressing Parkin and examinBéX
ubiquitination Fig 1E). Following induction of mitophagy, as expected, we observed
Parkindependentibiquitination of the canonical substrate Mitofusin 2 (Mf(R2p 1E and

Fig EV1A). However,we did notdetectubiquitinaed formsof BAX in either whole cell
lysates or ‘in samples enriched for ubiquitinated proteis®g recombinant GST
Ubiquitin-associated Domain (UBA) putllown (Fig 1E) These data suggested that the
inhibition of*BAX apoptotic functions likely indirect. As Parkin is autmhibited until
recruited tomitechondria, we reasoned that this mighttoeigi targeting a mitochondrial
protein. BAXsinteracts with Voltage Dependent Anion Channel (VDAC) 2 at mitochondria
and VDAC2 premotes BAX apoptotic activity (Ma, Nguyen et al., 2014, Yamagata,
Shimizu et al., 2009VDAC?2 is one of the most prominesubstrates of Parkif©rdureau

et al., 2018) suggesting that its ubiquitination could be responsible for the inability of
BAX to mediate cytochrome& release.Consistent with this, the egbiquitination of
VDAC2 observed followingilG132 treatment correlated with the partial rescue of BAX
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localisation and cytochrome release(Fig 1D). It is important to note that Parkin
conjugated ubiquitin chains are commonly famgradativg§Ordureau et al., 201&ndso
BAX inhibition may not be due to VDAC2 degradation, but rather steric hindrante of
interaction betweenBAX and ubiquitinatedVDAC2. Nevertheless, BAXnediated

apoptotic activitysis suppressed by Parkin in the absence of signiigatubiquitination.

Parkin ubiguitinates BAK during mitophagy

As BAK is constitutively locasedto the outer mitochondrial membranehereas BAX is
predominantly cytosoli¢Fig 2A), we hypothesised th&AK could be a substrate for
Parkin to limit_apoptosis. Strikingly, upoactivation of Parkin with AO we detected
significant modification of BAK, consistent withts 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 &Bbhis early timepoiniof
mitochondrial damageheubiquitination of Parkin dustrates Mfin2VDAC1 and VDAC?2
was detectedFig 2B and 2G (Cunningham et al., 2015, McLelland, Goiran et al., 2018,
Sarraf et al.;+2013). Howevetytochromec levels were unchangedindicating that the

ubiquitination, of BAK preceded mitochondrial clearagis 2B).

To confirm thatstle modificationon BAK was ubiquitin, we performed UBA petlown
coupled with a deubiquitination assay. Following induction of mitophagy with AO,
ubiquitinated forms of BK could beenrichedand the highemolecularweight forms
were removed following treatment with the nesapecific De-Ubiquitinase DUB),
Ubiquitin-specific Proteas2 (USP2) Fig 2C). To confirm that BAK ubiquitination was
not aconsequence of its overexpressiom, also confirmed thatendogenouB8AK was a
Parkin substrate inSH-SY5Y neuroblastoma calland mouse embryonic fibroblasts
(MEFs) (Fig EVABandEV1C).

Interestinglys=inscontrast to Mfn2 and VDAGHhat were rapidly polyubiquitinated BAK
was predominantlynonoubiquitinated. In addition, polubiquitinated forms of BAK
were persistent,over timeuggesting a noedegradative ubiquitin chain linkagd-i¢
EV1D). Consistent with this, polybiquitinated BAK was significantly reduced with the
K11-specific DUB, Ceanne, whilst the K48pecific OTUBL had little effect (FigV1E).
This suggests that BAK is modified predominantly with Kihked ubiquitin chains, in

accord with the atypical chain linkages catalysed by Parkin during mitophagy
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202  (Cunningham et al., 2015l is importantto note however that thepredominanform of
203  modified BAK is the monaubiquitinated form. As shown previougliylartinez, Lectez et
204 al., 2017, Sarraf et al., 2013)eatment with the proteasome inhibitor, MG132, enhanced
205 detection of VDAC1 and ubiquitinated MfnEi§ 2B). In contrastubiquitinatedBAK was
206 reduced upon"MG132 treatment of HeLa andS¥bY (Fig 2B, FigEV1B) and to a lesser
207 extent in MEFs (FigEV1C). This indicaesthat ubiquitinated BAK was not targeted for
208 proteasomal degradation and that BAK ubiquitination is revergigtentiallythrough a
209 DUB that isstabilised in the presence of M@18he reduction in poly-ubiquitinated BAK
210 following MG132 treatment was less evident in MEFs than in HeLa an@\&Y cells
211 possibly due,to differential expression of the potential BAK DUB @8.C).

212

213 Having establishedhat BAK was ubiquitinated in a Parkidependent fashion, we next
214  determiné whichBAK residue(swere modified following AO treatmentBAK contains
215 onlytwo lysine residues, ora position 113within thea4 helix locatedat thehydrophobic
216  surfacegroove Fig 2D, PDB: 2IMT, (Moldoveanu, Liu et al., 200band the second in the
217  C-termirus at.pesition 210. We hypothesd thatthe highly conserved Lys113 residue
218 (Fig EV2A) ‘'was_ the primary target dParkinmediatedubiquitination as this residue is
219 exposed fto the cytosol whereas 218 islocalisedto the mitochondriainter-membrane
220 space (IMS)n.this tailanchored proteirflyer, Bell et al., 2015and so would bdikely
221 inaccessible to Parkifo testthe role of Lys113, BX/BAK-deficient HeLacells were
222  retrovirally infectedto expressParkin andeither wildtype BAK or BAK K113R (ig
223 EV2B). BAK K113R was expressednd localised to mitochondria like wiltype BAK
224  (Fig EV2C). Mutation ofLys113 prevente@AK ubiquitinationinducedby AO treatment
225  confirming that BAK has a single major site abiquitinaion atLys113 Fig 2E).

226

227 BAK is ubiguitinated by endogenous Parkin but notParkinson’s diseaseassociated
228 mutants

229 To test whethersBAK ubiquitination by Parkin was restricted to-tAdatment we tested
230 other mitophagy inducers. Treatment with the mitochondrial uncoupler carbonyl cyanide 3
231  chlorophenylhydrazoneCCCP or the mitochondal targetedHSP9O0 inhibitorgamitrinib-
232  triphenylphosphonium GTPP) (Fiesel, James et al., 2017, Munch & Harper, 2016)
233  likewiseinduced significant ubiquitination of BAKFig 3A).
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A recent study by Ordureaet al revealed that endogenous Parkin has a hieraothy
substrates based on thieundancy of their ubiquitinated forms in response to mitochondrial
damage(Ordureau et al., 2018). To confirm that BAK was a substrate of endogenous
Parkin we analysethe SHSY5Y neuroblastoma celine (Jiang, Ren et al., 2004, Vives
Bauza, Zhouvetral., 2010\Ve first deleted endogenous ParkinSH-SY5Y cells using
CRISPR/Cas9 gene editing and confirmed deletion in polyclonal populations by
immunoblotting (Fig 3B). Following treatment with AO, we detected a modified fufrm
BAK in SH-SY5Y cells that was absent in cells lacking Parkin (Fig 38)with canonical
substrateMfn2, ubiquitinated BAKin neurobastoma cells walow compared with HeLa
cells ectopically/expressing Parkifrig 3C). In addition, consistent with its relative

abundance in Heka cells, the mono-ubiquitinated form of BAK was predominant (Fig 3C).

Lossof-function Parkin mutations cause approximately 50% of autosomal recessive
Parkinson’s“diseas@Arkinson & Walden, 2018)To test whether PEassociatedParkin
mutations compromise BAK ubiquitination vgeably expresseselected mutants HelLa

cells and assessed BAK ubiquoétion following AO (Fig 3D). Those mutants with
redue@d ability to ubiquitinate eenical substrates VDAC1 and Mfn2 likewise did not
efficiently._ubiquitinate BAK (Fig 3D). Together, the data suppd@®AK as a relevant
substrateof Parkin whose ubiquitination would be impairedRD patients withParkin

mutations.

Oligomerisationsof BAK restricts its ubiquitination but promotes Parkin activity

Having observedithat K113 was the primary site of BAK ubiquitination, we furthedtes
whether occluding the hydrophobic groove by indu@#K homo-dimerisation was able
to inhibit this ubiquitination evenflo induce full activation and dimerisation of BAK,
cells were treated witltcombined BH3 mimetics ABF737 and S63485, followebdy
induction of Parkin activity by AO. The majority of BAK dissociated from the VR2AC
complex and formethiomalimers following BH3 mimetic treatmenFEig 4A) (Ma et al.,
2014). Notably;showeverwhen BAK wasactivated and dimerisatwas significantly less
ubiquitinated,by Parkin than inactive monomeric BAKg(4A). In contrast, theargeting
of canonical substrates Mfn2 and VDAC2 was unaffected by induction of apoptosis
signalling Fig 4A). Interestingly, enrichment of ubiquitinated proteins, reveétaded
ubiquitinationof BAK and other mitochondrial proteinghenmitochondrial damageas

inducedwith BH3 mimeticseven in theabsence of AQreatment(Fig 4A and 4B).The
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ubiquitination of Mfn2 in response to BH3 mimeinduced mitochondrial
permeabilisatiowas Parkirdependen{Fig 4B), suggesting that the loss of mitochondrial
membrane potentialia BAK/BAX apoptotic pores wa sufficient to recruit and activate
Parkin. We then testedvhetherthis inducedParkin activity relied on PINK1Although

there was*no~detectable increase in PINK1 levels on mitochondria isolated from BH3
mimetictreated cells (FigeV3A), deletion of PINK1inhibited ubiquitination of Mfn2 by
Parkinin response to BAKmediated mitochondsl damage (FigdC and4D, Fig EV3B).

These datag suggest that mitochondrial damage during intrinsic apoptosis pra@amotes

mitophagic respense that is both PINK1-dependent and Parkin-dependent.

In contrastte’the ubiquitination of Mfn2the limited ubiqitination ofactivatedBAK was
seemingly Parkirindependent,thereby implicating another E3 ubiquitin ligase. In
addition, as K113.is largely occluded in theneric form of BAK (Fig 4A), K210, which

is normally inaccessible in the IM8ould be a ubiquitination site following the formation
of BAK pores (Fig 4E) Whilst the modification of mitochondrial substrates is less
prominent follewing BH3 mimetic treatméthan with AOthese data suggetstat Parkin

can be recruited.to sites of mitochondrial damage, regardless of the damaging age

Ubiquitination of'B AK 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 apopt
function. BAK and BAX fulfil at least partially redundant roles in apoptosis, yetstwhi
BAK is constitutively 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 (FiE)2C), excluding
mislocalisationras'a mechanism of Paskiadiated inhibition.

BAK activationinducedby interaction with BH3only proteinssuch asBH3-interacting
domain death*agonisB[D) promotesa conformatioal changeallowing BAK to homo
oligomelise and subsequently promotaitochondrial outer membrane permemsaition
Both the initial activating interaction and salsociation involve a hydrophobic groove on
the surface of BK comprisinga-helices 35 (Brouwer et al., 2014, Dewson et al., 2008,

Moldoveanu, Grace et al., 2013). Given that the sitBAK ubiquitination s in the a4
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flanking this hydrophobic groovewe hypothegsed that ubiquitinated BK may have
impaired apoptotic function du& inhibited activation or homoligomeisation To
characterisghe functional consequence of ubiquitination on the apoptotic function of
BAK, aminimal model liposome system was ugEd 5A). This liposome systemimics

the mitochondrial outer membrangy incorporating the ratios of lipid components
observed irthe mitochondrial outer membrarn&uwana, Mackey et al., 2002As full-
length BAK is unstable as a recombinant proteidkBwas engineeredith a 6x hstidine

tail insteadofiits own hydrophobic transmembrane domaad also a truncated-términus
(AN22, AC25,.ACys, 6-His). This BAK variant can be targeted to liposonmbksoughNi-

NTA lipid headgroupand can permealsk themupon activation with a B> BH3 peptide
(Brouwer, Lanfthal., 2017, Oh et al., 2010his is achieved by the binding of the BID
BH3 peptide to the hydrophobic groove of BAK and subsequent exposure BiAKe
BH3 domain to promotéormation of homedimers and subsequently oligomers that are
able to permeabilise the liposome membraremodel the ubiqguination, we expressed
and purifiel ubiquitin with a cysteine insteadf the terminal amino acid gljne (UB°"®9.

In addition wedesigned aecombinantBAK constructwith a single cysteine at position
113 0n a Cysnull.template (C14S, C166S) that we have shown to be functional in cells
(Dewson'et al.; 2008)rhis cysteine BAK mutant wagcombinantly expresseiowing

us to disulphiddink BAK with a single ubiquitin molecule specifically at this residue
Previous reports have used similaste@minal cysteine ubiquitin mutantsin structural
(Wiener, Zhang et al., 2012nd proteirprotein interaction studig@orodovsky,Ovaa et

al., 2002) The disulphide-linkedcomplex was purified and validated on norreducing
SDSPAGE |Fig EV4 and Fig 5B). We observed that BAXUb had reduced liposome
permeabilisation_activitgompared with unmodified BAK upon activation withDBBH3
peptide,suggesting that ubiquitination of A impairs its apoptotic function(Fig 5C).
Examination.of theBAK complexedormed on liposomes bBlue-Native Polyacrylamide

Gel Electrophoresis BN-PAGE) showed that dimeisation and highetorder
oligomeisationof'BAK -Ub was impairedFig 5D). To confirm that this inhibition was
due to the_eonjugated ubiquitin, we reduced the linkage with the reducing age®t Tris(
carboxyethyly*phosphine hydrochloride (TCEP). Although the kinetics of liposome
permeabilisaon and oligomerisation were somewhat slowed by TCEP, potentially due to
impaired targeting of recombinant BABH to liposomes in a reducing environmerdth

the ability of BAK to permeabise membranes and form oligomers was resoubdnthe

conjugated ubiquitin was removeids 5B-D).
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Ubiquitination of B AK limits its ability to activate andpermeabilisemitochondria

Given thatartificial conjugation of ubiquitinonto BAK at this single siteanalogous to
mono-ubiquitination,impaired the ability of BK to permeabite liposomes, we next
sought totest'whether ubiquitination of BK had a role inlimiting mitochondrial
membrangermeabikation To mimic BAK ubiquitinationon mitochondriaBAK K113C,

or BAK ACys a8 a‘¢ontrolvereexpressed iBax’ Bak’ (DKO) MEFs (Fig 6A). We have
previously shown that these variants retain apoptotic function when expressed in DKO
MEFs (Dewson et al., 2008). Mitochondrériched membrarfeactions were isolated and
incubated with_recombinanb®°“ in the presence of oxidant copper phenanthroline
(CuPhe)to indu€eé\disulphide bond formati@md Ub®"®® conjugationonto mitochondrial
proteinswas confirmed (FigeV5A). Importantly, conjugation of exogenous ubiquitin did
not induceartefactual cytochromereleasdo the supernatant (FigV5A). We thentested
whetherartificial ubiquitination of BAK affected its ability to mediateitochondrial outer
membrangyermeabikationand cytochrome releasen response teecombinantleaved
BID (cBID) (Fig-6B). Consistent with the liposome assaysnjagation of ubiquitin to
BAK K113C.abrogatedts ability to mediatecytochromec release inresponseo cBID
compared to unmodified BAKF{g 6B).

Parkin activity in response to mitochondrial damage has been argued to promote feell deat
by degradingthe presurvival protein MCL1 (Carroll et al., 2014However, our data
revealed a potential prsurvval influence of Parkin. So we nexietermine whether
Parkinmediated ubiquitination of BAK induced by mitochondrial damaghibited
mitochondrial outer membrane permeabilisation, the point of no return in apoptosis. We
first sought to test whether ubiquitination limited the abilityBé&K to be activatedHelLa

cells expressing! Parkinwere first treated with AO to induce Rar-mediated
ubiquitinationof*BAK and subsequently treated with combined BH3 mimetics-ABT

and S63485«=These cells were then measured for BAK activation using the coisiermat
specific antibody (G312) by intracellular flow cytometryAlsop, Fennell et al., 2015)

The exposure ef the normallyuried Nierminal epitope in BAK in response to BH3
mimetics was reduced following AfDduced Parkin activityKig 6C). The datasuggest

that BAK activdion (Fig 6C) and oligomerisation (Fig 5D) arenpaired after
ubiquitination and is consistent with the hydrophobic groove of BAkramterfacefor

BH3-only proteins (Brouwer et al., 2014, Moldoveanu et al., 2@18) BAK oligomers
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369 That BAK activation by flow cytometrywas not completely blocked is consistent with the
370  persistence of neanbiquitinated BAK under these conditioriads 2A-C, and 6D.

371

372 To test whether this defect in activation inhibited BAK apoptotic functioe, w
373  reconstitutedBAX BAK" HelLacells with human BAKand Parkinand treated them with
374 AO. Mitochondria isolated from these cells were then incubated with recombinant cBID
375 and cytochrome release was assessed. AO-peatment desengedthese mitochondria
376  to cBID-induced cytochrome releasgFig 6D), indicating th&a ubiquitination of BAK was
377  sufficient to limitmitochondrial outer membrane permeabilisation

378

379 To test if this' extended to endogenous BAK, we repeated these experiments with HelLa or
380 Helacells expressing ParkinAs BAK is constitutively mitochondrialvhereas BAX is
381 cytosolic in Hela cells, mitochondrial outer membrane permsabdn in these
382 mitochondrial _assays is likely mediated by BAK. As with mitochondria isolatewh fr
383 BAK-reconstituted cells, mitochondria isolated from HelLa cells with endogeBals
384 were more resistant to cytochromeelease whan pretreated with AO Fig 6E). This
385 effect was Parkin dependent as A®atment hadnly a modest effeabn cytochromec
386 release from mitochondria isolated rfrowild-type Hela cells Kig 6E). The protective
387 effect was not.due to impaired targeting of cBID to the mitochondrial outer men{Bigne
388 EV5B), indicating that BAK apoptotic activity was inhibited and that activatedkiffa
389 exerts a presurvival effect. Importantly, we obsexd little or no loss of MCL1 irthis time
390 frame ig EVS5C). Together, our data highlight a key and specific role for BAK
391 ubiquitination in limiting mitochondrial outer membrane permesddionin response to
392 mitochondrial depolasation

393

394 DISCUSSION

395  Parkin is acritical'mediator of mitochondrial quality control. In order to efficiently clear
396 damaged mitechondria, a properly-aainated apoptosis response is essential. Hence,
397 Parkin has.been implicated determiring cell fate in the face of mitochondrial damage
398 (Zhang et al.;*2014). Deciphering how Parkin doesith{garamount taeconciling how
399 loss of Parkin promotesieuronal degeneratioi® causeearly onsetParkinson’s disease
400 with the mountingand contrastingvidencethat Parkin isa tumour suppress@Bernardini
401 et al., 2016)Our studies reveal that Parkin directiyd reversiblymodulates thatrinsic

402 apoptosis machinery by suppressthg apoptotic activity of the mitochondrial apoptotic
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effector protein BK. By limiting BAK and BAX apoptotic function, Parkipromotescell
survivaland we propose that this facilitates the clearandawiagednitochondria Eig 7).

Rather than promote BAK degradation, we found tHaifjwitination directly inhibited
BAK apoptoticractivityby obscuring the hydrophobic surface graoVee hydrophobic
groove of BAK isessentiafor its interaction with activating BH8nly proteins and also
for BAK homodimerisation that is necessary for apoptotic pore formation and
mitochondrial outer membrane permegsaition (Brouwer et al., 2014, Dewson et al.,
2008).Hence, ubiquitination on aonserved lysine on the periphery of the hydrophobic
groove of BAK significantly impaired the ability of BAK tpermeabilisdiposomes and
mediatecytochromec release The non-degradative ubiquitination of BAKvas spported

by the predominantly KXiinked ubiquitin chains, consistent with the profile of non
canonical linkages catalysed by Parkin during mitoph&@ynnirgham et al., 2015and
also a recent_study reporting that endogenous Parkin does not promote significant
proteasomal.turnover of mitochondrgalbstrate$Ordureau et al., 2018Ybiquitinationof
BAK by the.E3/ligase HERC1 a8 shownto promoteits proteasomaldegradation
following irradiationof papillomavirus infected celldHolloway, Simmonds et al., 2015)
While the 'same residue in BAKasubiquitinated in these studies, it is likely that the type
of chain linkage-dictates whetheAR persists, assithe casdollowing Parkinmediated
ubiquitination oris degraded, agith HERC1(Holloway et al., 2015)The strength of the
mitophagystimulus may also determinewhether BAK is degraded or not, with a strong
mitophagy stimulus causing degradation of many outer mitochondrial membrane proteins
(Chan, Salazar et al., 201Qur studies now reveal thabiquitination of BAKmay bean
important regulatory event tomit 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=sinduction of mitophagy. The piapoptotic protein BAX, which is
predominantly’locased in the cytosol of healthy cellfias been implicated as a Parkin
substratehereby.inhibiing its localisationto mitochondrigCharan et al., 2014, Johnson et

al., 2012) Additionally, Parkinmediatedubiquitination has been proposed as a mechanism

to degrade mutatemitochondriaBAX (Cakir et al., 2017). Both scenariesuld result in

a dampening of thapoptotic response, but, intriguingly, they would odouthe absence

of induced mitochondrial damage when Parkin is thought to be largely inactive due to
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auto-inhibition(Chaugule, Burchell et al., 2011, Matsuda, Sato et al., 2010, Trempe, Sauve
et al., 2013, Wauer & Komander, 2013). Consistent with earlier findingspunel that
consttutive and induced mitochondrial locsdtion of BAX was inhibited by Parkin.
However, his was in the absence of detectable BAX ubigaiton either prior to or after
induction of mitochondrial depolisation even under conditions of proteasomal inhibition
Although we cannot exclude degradation of BAX by alternative mechanisms, our data
suggest thatibiquitinationof VDAC2, an early an selective substrate of Parki@rdureau

et al., 2018) may also contribute tothe defect in BAX mitochondrial association
FurthermoreParkin limited cytochromec releasean the absence of BAXsuggestinghat

the inactivation 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 haventerrogatedthe proteome during mitophagy, BAK h&s datenot been
identified as a substrate of ParkiDrdureau et al., 2018, Sarraf et al., 2013). Thikédy

due to the fact that when modified, K113 is present on a large 39 + 2 amino acid tryptic
peptide (Y89R127 + GG) that makes identification using standareM&IMS workflows
challenging..Our.data shothat ubiquitination of BAK inhibits its function in minimal
model lipgsome systems and on mitochondrial membr&tersce, he cyteprotective role

of Parkinlikely.involvesinhibition of BAX, but also BAK.

Targeting Parkin with small molecules to induce its con&dromal change will likely lead
to restrained apopsts via inhibition of both BAK- and BAX-mediated apoptosis
Alternatively, gharmacological inhibition of thd?arkin antagonist, USP30, may also
promoteBAK ubiquitinationandthusa higher apoptotic threshold. Howevieterestingly,
USP30degetion cansensitise cells to the BH3 mimetic, ABB7 (Liang, Martinez et al.,
2015) suggesting that imbalances in Rarlactivity can have divergent effects on

apoptotic response.

We also shew'that mitochondrial permeadhiiion in response to BH8imetics carninduce
Parkindependent ubiquitination of Mfn2. This mawggest role for Parkin in silencing
apoptotic mitochondria, whichf left unchecked, can promote inflammatory responses
(McArthur, Whitehead et al., 2018, Rongvaux, Jackson et al., 2014, White, McArthur et

al., 2014) Indeed, recent work has demonstratiealt, under conditions of mitochondtia
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stressablation of mitophagyn Prkn” or Pink1” mice promotesnflammationand drives

the pathogenesis of PSliter, Martinez et al., 2018)

Contrastingwith a prasurvival role Parkin has beereportedto ubiquitinate and degrade

the proesurvival=protein MCL1 and so promote cell death specifically in response to
mitochondrial depolasation (Carroll et al., 2014) Parkinmediated mitophagy is
considered ‘a praurvival mechanism in response to mitochondrial stragd Parkin has
been reported to prevent apoptosis in a variety of settings (Berger, Cortese et al., 2009,
Darios, Cortlet al., 2003, Jiang et al., 2004, Staropoli, McDermott et al., 2003, Wang, Lu
et al., 2007)However,whether Parkin activity invokes a psoirvival or a preapoptotic
response deperBdn the nature and extent tife mitochondrial damagézZhang et al.,
2014). Prolonged or excessive mitochondrial damage beyond the capacity of-Parkin
dependent repair, leadto cell death driven by MCL1 degradation to remove the
compromised cellHowever, tansient or limited mitochondrial damagesis more likely

to occur in, vivo, promotes a prosurvival response to enable Parkiependent
mitochondrialelearance Our findings indicate that the initial and prevailing response to
mitochondrial ‘damage is Parkdependent inhibition ofBAK and BAX-mediated
cytochromec releaseo limit apoptosisAn inability to constrain BAKand BAX apoptotic
activity may _centribute to thapoptoticdegeneration of Parkideficient dopaminergic
neurons N Parkinson’s disease. Thus, impairing theapoptotic activity of these
moleculesfor example, by inhibiting the interaction between BAX and VDAG¥

promoting the activity of the BAK DUB, could be a novel strategy to prevent apoptosis.
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MATERIALS AND METHODS

Contact for reagent and resource sharing

Further information and requests for reagents may be directed to, and will bedfudfil
the lead contact,/Dr. Grant Dewson, Walter and Eliza Hall Institute of Medical Blesear

1G Royal Parade, Parkville, Victoria 3052, Australia (dewson@wehi.edu.au).

Cell Culture and Induction of Mitophagy

Mouse embryonic fibroblasts (MEFs) were isolated from embryos harvestedgtoain
day 14.5 and transformed by transfecting with S\&tQe T antigen as describ@dewson
et al.,, 2008) MEFEs (generated by G. Dewsomjere passaged in Dulbecco’s Modified
Eagles Medium(DMEM) supplemented with %8 fetal calf serum (FCS), 556M 2-
mercaptoethanol_and 250M asparagine. HeLa celllATCC #CCL2) 293T (ATCC
#CRL-3216)and=SHSY5Y (Jamie Fletcher, CCI, Sydney, Australi@uroblastoma cells
were passaged iIBMEM supplemented witl8% FCS. Cells were cultured at°87and
10% CQ. Cells'were routinely screened for mycoplasamang aMycoAlert Detection Kit
as per manufacturer’s instructions (Lonza, Switzerlamd)induce mitophagy, cells were

treated with 10 pMyoligomycinand 4 uM antimycin A for times as indicated.

Retroviral Infection

This article is protected by copyright. All rights reserved



536 Parkin BAX and BAK constructswere stably expressed in Hebhad MEFby retroviral
537 infection. pMXIG, pMXs-IH and pMXsIP retroviral constructs were first introduced into
538 HEK293T cells by CaGltrandection. Filtered, virusontaining supernatants were used to
539 infect HeLaand MEFcells by spin inoculation (2,50@f centrifugation at 32°C for 45 min
540 in the presence~of 4 ug/mL polybrene; Sigmahldrich, MO). Cells stably expressing
541 constructs weraelected for by culture in 2 pg/mL puromycin, (Life Technologies, CA)
542 300 ng/mL hygromycin (Sigma-Aldrich, M@r by FACS sorting for GFP positive cells.
543

544  CRISPR/Cas9 gene editing

545 Cells (HelLa; SHSY5Y) were lentivirally infected with constructs encodingas®
546 (mCherry) andsingle guide RNA §gRNA, GFP) targeting early protein codjirexors of
547 human PRKN © (GTGTCAGAATCGACCTCCAQ, human PINK1 (sgRNAa,
548 TGTGTCCGCCGGGAGCGTCC; sgRNAb, CCGGCCGGGCCTACGGCTTG@r a
549  control nontargeting SQRNA(ATTGGTGCCAATGCTCGGAT) Following selection of
550 transduced cells by sorting double positive cells on a FACS Ariall flow cyéor(igecton
551 Dickinson) cells.were treated withlg/ml. doxycycline hyclate (Sigma) to induce

552  sgRNA expressiarParkinor PINK1 deletionin polyclonal populationsvas confirmed by
553 immunoblottingeither before (Parkin) or after (PINK1) treatment watttimycin A and
554  oligomycin. To.geheratdBAK™ BAX" Hela cells, ells were transiently transfected with
555 two sgRNAs — targeting human BAK (GCATGAAGTCGACCACGAAG
556 GGCCATGCTGGTAGACGTGT and two sgRNAs targeting human BAX
557 (CTGCAGGATGATTGCCGCCGTCTGACGGCAACTTCAACTQ cloned into PX458
558 plasmid (a kind gift from Feng Zhang (Ran, Hsu et al., 2QE8)gy XtremeGeneigma
559  Aldrich, MO) according to the manufacturer’s instructions. 48 h post transfection, cells
560 were treated with 1uM each of A1331852, ABTF199 (Abbott, IL) and S63845
561 (SYNthesisMedChem, Aus). Surviving cells were screened for BAK and BAetion by
562  immunoblotting:

563

564  Immunoblotting

565 Samples were generated by 1% TritorlQO lysis in ONYX buffer(20 mM TrisHCI
566 (pH7.4), 135 mM NacCl, 1.5 mM Mggl1 mM EGTA, 10% glycerol (v/v)) with@mplete
567  protease inhibitorsQalbiochem on ice for 20 minSamples were spud{,000rcf, 5 min,
568 4°C) and the concentration of protein in soluble supernatants was determined by BCA

569 assay (Thermo Fisher, MA) as per manufacturer’s instructions. Samples were normalised
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based on protein concentration and between 548ndy was loaded per well amdn on
SDSPAGE. Gels were transferred to nitrocellulose or PVDF membranes. Nonspecific
binding was blocked with 5% nefat milk in TBST (20 mM TrisHCI pH 7.6, 137 mM
NaCl, 0.1% Tweet20) for 1 h at room temperature. Memiiea were washed with TBB

prior to incubation with primary antibodies (sdable EV1). Following membrane
washing with TBST, antibodies were incubated with appropriate secondary antibodies
(see TableEV1) 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 4% 10cells were treated to induce mitophagy as above. Cells were lysed
in 1% TritonX 100 (v/v) in ONYX buffer with complete protease inhibitors and 10 mM
N-Ethylmaleimide (NEM, Sigm&ldrich, MO). Lysates were incubated with glutathione
sepharose bead§&E Healthcare, MA)pre-equilibrated with recombinant 100 pg GST
UBA for 4 hhat #4C. NEM was removed from beads with 3 washes of ONYX buffer with
protease inhibiters. Beads were then equilibrated in DUB reaction buffer (50 mM Tris (pH
7.5), 50 mMaNagCl anédé mM DTT) andincubatedwith recombinanDUBSs at previously
established. _concentration@diospenthal, Mevissen et al., 2015%amples werethen
incubated at. .3 for 30 min with agitation. Samples were elufeoim the beads by
boiling in SDSsample buffer and analysed by SBPAGE.

Subcellular fractionation and blue native PAGE

Cells were harvested and permeabifiat 1 x 10 cells/mL in Modified Egg Lysis Buffer
(MELB, 20.mM _HEPES pH 7.5, 100 mM sucrose, 2.5 mM Mg@lO0 mM KCI) with
protease inhibiters and 0.025% digitonin (w/v) for 10 min on ice. Membranes were
enriched by centrifugationl7,000rcf, 5 min, 4°C).For SDSPAGE, 2x reducing SDS
sample buffer"was added to soluble supernatant fractions and pellet fractions were
resispended”in an equal volume of 1x reducing Sfa&iple buffer and run on SBS
PAGE. For BNNPAGE, membrane fractions were resuspended in Empty WelleBuff
(EWB, 20 mM Bistris, pH 7.4, 50 mM NacCl, 10% glycerol (v/v)) with protease inhibitors,

10 uM DTT and 1 % digitonin (w/v) for 30 min on ice. Soluble protein complexes were

obtained by centrifugation (17,006f, 5 min, 4°C) and supplemented with 10x BN loading
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dye (5% Coomassie Blue-Z50 (BioRad Laboratories, CA) in 500 mMdmninohexanoic
acid, 100 mM Bigdris, pH 7.0) and run as previously described (Schagger & von Jagow,
1991).

Purificationrof*Recombinant Protein

BAK K113CAN22 AC25 Cl166S C -termHis) was cloned into the pTYB1 vector.
Plasmids were transformed into BL21 (DE3)coli and grown at 37 °C until they reached

an optical density (600 nm) of ~1.0 in Super Broth. 1 mM IPTG was therd aafuk
protein expressed for 16 hours 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 mMicotumn for 48 hours at

°C. Proteins were further purified by gel filtration (Superdex75 10/300, GE Healthcare
MA) in TBS.

Ubiquitin G¥6C was cloned into the pGEX 6P3 vector, transformed into H.2Dli

(DE3) and grewn'to an optical density (600 nm) of ~1.0 in Super Broth before protein
expression was.induced with 1 mM IPTG for 3 hours at 37 °C. Cells were lysed in TBS
(20 mM Tris pH 8.0, 150 mM NacCl) supplemented with EDTA (2 mM), purified by GST
affinity columnspurification, cleaved overnight with precision protease and then further
purified by gelfiltration (Superdex75 10/300) in TBS.

Disulphide-linking of Cysteine Mutants and Cytochromec Release

Recombinant BAK K113C AN22 AC25 C166S @ermHis) and Ubiquitin®’®¢ were
incubated a#°C.in,the presence of 1 mM copper(ll)(1;aBenanthroline)3 (CuPhe) for 30

min. Heterodimeric products were purified by anion exchange on a HiTrap Sepharose Q
column (GE=MA). For mitochondrial cselinking experiments, cells were harvested and
permeabikedat 1.x 10 cells/mL in MELB with protease inhibitors and 0.025% digitonin
(w/v) for 10"min“on ice. Membranes were enriched by centrifugafiérOQOrcf, 5 min,

4°C) and restispended with 100 pM®"®“. CuPhe was added to a final concentration of 1
mM and samples were incubated at room temperature for 30 min. The reaction was
guenched 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
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spun as above and soluble supernatant fractions were supplementezZk witucing
sample buffer. Pellets were resuspendetivo volumes of 1x reducing sample buffer for

cytochromec blot and 1x non-reducing sample buffer for BAK blot.

Fluorescenceiposome Assay, SBIFAGE and BN-PAGE

Liposomes /fcontaining a combination of lipids that mimic the ewigwchondrial
membrane (46 % phosphatidylcholine (w/v), 25 % phosphatidylethanolamine (w/v), 11 %
phosphatidylinositol (w/v), 10 % phosphatidylserine (w/v), and 8 % cardiolipin (w/v)
encapslating.seltquenching 5(6rarboxy-fluoresceirand supplemented with 5 % nickel
chelating lipid (1,2-DioleoylsnGlycera3-[N-(5-aminc1-carboxypentyl)iminodiacetic-
acid)succinyl] Aw/v)) in chloroform and 0.01 % butylated hydroxytoluene (wieye
driedunder N> 'and then resuspendeth 50 mM 5(6}carboxyfluorescein. Liposomes were
then extruded through a 100 nm pore sise membrane and passed over a PD10 column to
remove excess _dye. Liposomes (4 pg/mL) were incubated with either BAK (DN22 DC25
C-termHis) ‘or crosdinked BAK-Ub at a concentration of 50 nM and 4 uM of BID
BH3 peptide.in.SUMsmall unilamellar vesicle/liposombyffer (10 mM HEPES pH 7.5,

135 mM KCl)for 30 minutes at room temperature(6pcarboxyfluorescein is seif
guenching, therefore upon release from liposomes its fluorescence could be meébkured w
an excitation wavelength of 485 nm and emission wavelength of 535 nfRABNE was
performed on liposomes by solubdtionin 0.5 % digitonin (w/v) on ice for 20 min
followed by_supplementing the samples with 10% glycerol (v/v) andddding dye and
running on BNPAGE as describedhbove SDSPAGE was similarly performed by
solubiligng liposomes in SDAGE sample buffer in the presence or absence of TCEP
and running on SDPAGE.

BAK Activation. by Flow Cytometry

Cells were harvested following treatment with antimycin A ahgomycin AO) for 2 h
followed by =M of each of the BH3 mimetics ABB7 and S63485 for 1 h. Cells were
fixed and_permeabilised using the eBioscience cell fixation and permeabilisation kit
(Thermo Fischer, MA) according to manufacturer’s instructions. Activated BAK was
detected using anBAK G317-2 (1:100) and subsequently phycoerythlsonjugated arti
mouse antibody (1:200), both in diluted permeabilisation buffer. Samples were analysed o
a FACSCalibur (Becton Dickinson, NJ).
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Cell death assessed byDH assay

1.5 x16 Hela cells were seeded in 10 cm dishesrnight Cells were préreated with or
without antimycin A and oligomycin (4 and 10 uM respectively) for 2 h, prior to treatment
with 1 uM of each of the BH3 mimetics ABA37 and S63845. Cultur@mernatants were
collected at selected times and storeeBatC overnight. Samples were thawed and 50 pl

of supernatant was assayed for LDH release using the CytoTox 96&Rattinactive
Cytotoxicity Assay (Promega, WI) according to the manufacturer’'s ingtnsct
Absorbance:was quantified using a Chameleon plate reader (Noki Technologies, India) at a
wavelengh of:490 nm. Relative LDH release was calculated by subtracting the absorbance
from an untreated control supernatant and normalising values to the 6 h BH3 mimgetic onl

(set as 100 9)/for.each cell line.

Cytochrome c Release Assay

Cells were permealsled in 0.025 % digitonin (w/v) in MELB with complete protease
inhibitors at'a_concentration of 1 x “1€ells / mL for 10 min on ice. Pelleted membrane
fractions weregebtained by centrifugation (17,000 rcf, 5 min, 4°C) and supplemented with
cBID at concengtions indicated for 30 min at 30°C. Soluble supernatants were obtained
by centrifugation (17,000cf, 5 min, 4°C) and supplemented with 2x reducing sample
buffer. Insoluble”pellets were resuspended in two volumes of 1x reducing sample buffer

and samplewere run on SDRAGE.

Densitometric analysis of immunoblots

Immunoblots were normalised to samples on the same membrane, at the same exposure
using the ImagelLab software package (BioRad, CA). Background signal was subtracted
from equivalent bands and samples were normalised to the untreated control lane. For
mitophagy.assays, the untreated samples were set at 100 % and the signal of the appropriate
bands normalised to this. For cytochroomelease assays, total release (%) was calculated

by determining=the intensity of cytochronmein the cytosolic fraction over & sum
intensity of.eytochrome in themembrane and cytosol fractiori3ue to incomplete release

of cytochromee from the membrane fraction, the cytochroorelease assay shown in Fig

6D was determined from the intensity of cytochrame the supernataritaction only, and
normalising to the 100 nM dose of cBID in the absence of Parkin induction set at 100%.

For nativePAGE quantitation, the intensity ¢fie BAK tetramer signal was determined
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and normalised to the end timepoint of the BAK® control smple in each respective

assay.

FIGURE LEGENDS

Figure 1 Parkin inhibits BAX -mediated apoptosis by indirect ubiquitination

(A) Schematic of potential effexof activated Parkin on the BG2 family of apoptosis
regulators.

(B) BAX/BAK -deficient HeLa cells reconstituted witBAX and where indicatetHA-
Parkinwere treatedvith antimycin A andligomycin (AO) for 2 h and then 1 puM of each
of the BH3 mimetics AB1737 and S63485 fo6 h. Cell death was assessed at the
indicated times by LDH assay. Data is meanS® of four independent experiments.

(C) BAX/BAK.-deficient HeLa cells ectopically expressing BAX and Parkin were treated
with antimycin ‘A.and oligomycinAO, 3 h), MG132 (20 uM, 3.5 )hand BH3 mimetics (1
MM of each of ABT737 and S634851 h). Cytosol and membrane fractionsere
immunoblotted+as indicatedsraph shows densitometric analysis of udmquitinated
membraneproteins {op, relative to untreatedontrol) or cytochrome release(bottom;
cytosol/cytosol+membrane, relative to wared controk) from three independent
experiments. Error bars represent mearsg).

(D) BAX/BAK -deficient HelLa cells ectopically expressing BAX were treaset
analysed as in (C).

(E) UBA pull-down of ubiquitinated proteins following antimycin A and oligomyd®J
treatmentof BAX/BAK -deficient HelLa cells ectopically expressing #Rarkin and BAX

for 3 h. Representative immunoblot fromotindependent experiments.

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

(A) Subcellularifractionation of cytosol and membrane fractions of HeLaegl®ssing
HA-Parkinfollowing 2 h of antimycin A and oligomycirAQ) treatment.

(B) Immunoblotting of vinole cell lysates immunoblotted following treatment with
antimycin A andoligomycin AO) for 3 h with MG132 (20 uM). Graph shows
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densitometric analysisf non-ubiquitinated protein®lative to untreatedontrolfrom three
independent experimenttror bars represent mean §D.

(C) UBA pull-down of ubiquitinated proteins following antimycin A and oligomydh®J
treatment for 3 h and treatment with the +specific DUB USP2 for 30 min at 37°C,
representativesimmunoblot fromvé independent experimentD) Structure of human
BAK (PDB(2IMS) with the hydrophobic binding groove comprisieghelices 35
highlighted inblue. The ubiquitination site, K113rdd) resides in the binding groovA.
modelled transmembrane anche®Q) and the @erminal K210 localised to the inter
membrane spaces based on evidence that the BAK transmembrane anchor spans the
mitochondrial,outer membrane (lyer et al CDD, 2014). The orientation of the soluble
portion (@-helices 18) of BAK with respect to the mitochondrial outer membrane is
hypothetical.

(E) Whole cell lysates oHA-Parkin andBAK variantexpressing HelLa cells following 3 h
antimycin A.and-eligomycinAO) treatment with 30 min prreatment with MG132 (20
HM), representative immunoblots from three independent experiments.

Figure 3 BAK ‘is" ubiquitinated in response to various mitophagy stimuli andby
endogenous, Parkin, but is compromised in Parkinson’s Diseasssociated Parkin
mutants.

(A) HeLd®™ " cells were treated with CGT(10uM), antimycin A and oligomycinAO)

for 2h or GTPP 10 uM) for 6h. Immunoblots are representative of three independent
experiments..Grapbhows densitometric analysi$ non-ubiquitinatedproteinsrelative to
untreatectontrol from threeindependent experiments. Error bars represent me&D+/

(B) SH-SY5Y*neuroblastoma cells expressing Cas9 together with a sgRNA targeting
PRKN (sgPRKN)=or a nontargeting control (3gon) were assessed fétarkinexpression

by immunoblotting of cytosolic fractions.

(C) SH-SY5Y cells generated in (Byveretreated withantimycin A and oligomycinAO)

for 3 hprior to cell lysis and immunoblotting. Mono anduhiiquitinated BAK in Parkin
expressing cells following ACare indicated ésterisk). Data is representative dhree
independent experiments.

(D) Domain architecture of human Parkin with positions of selectedag¥Dciated
mutations.Ubl, ubiquitinlike; IBR, in-betweerRING (Gladkova et a).2018) HeLa cells

expressing wiletype Parkin or the indicated P&¥sociated Parkin mutants were treated
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with antimycin A and oligomycinAO) for 2h. Immunoblots are representative of three
independent experiments. Graph shows densitometric anatysisorrubiquitinated
proteins in AO-treated samples relative to untreated confron three independent
experimentsError bars represent mean 8D. All Parkin constructs were -krminally
FLAG-tagged-except R104W.

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

(A) BN-PAGE and SD$PAGE of HeLaHA-Parkincells treated withL uM of each of
ABT-737 and_S63485 for 3 BI3), antimycin A andoligomycin AO) for 2 h or a
combinationfofthe two. Experiment was performed in the presence of 10 pMo@vD
and immunoblot§ are representative of three independent experiments.

(B) UBA enrichment of ubiquitinated proteins from HeltbA-Parkincells, BAX BAK™
(DKO) HelLacells or wildtype (WT)HeLa cellsexpressing HAParkinin response td
MM of each ' @fABT-737 and S63485 for 3 BK3) in the presence of QVD.oph (1M).
Representativesohteeindependent experiments

(C) HelLa cells.expressinglA-Parkin and Cas9 were transduced with sgRNA targeting
PINK1 or a nontargeting sgRNA control, treated with AO (2 h) to stabilise PINK1
expression andiimmunoblotted for PINKL1.

(D) Parkin activity induced by apoptotic mitochondrial damage is PiN&dendent. UBA
enrichment of ubiquitinated proteins from HeLdisgenerated in (C) in response to 1 uM
of each of ABF/37 and S63485 for 3 iBK3) in the presence of @D.oph (10uM). *,
ubiquitinatedprotein Representativef two independent experiments.

(E) Schematic,shewing Parkin ubiquitination of BAK monomer in reymoptotic cells, but
not the BAK:-homedimer in cells undergoing apoptosis.respong to mitophagy stimuli,
PINK1 phespherylates ubiquitin to recruftakin, which in turn is phosphorylated by
PINK1 to becomeactivatedto ubiquitinate monomeric BAKNn K113.Mitochondrial outer
membrang MOM) permeabilisation driven by BAK oligomers during apoptgsisvokes
Parkin activity in a PINKidependent mannerAlthough Parkin can ubiquitinate
mitochondrial outer membrane substrates (e.g. Mfn2) to promote mitochondriahckear

it cannot ubiquitinatdimerisedBAK on K113.
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Figure 5 Ubiquitin -conjugated BAK at position 113delaysBAK permeabilisation of
liposomes by impairing homeoligomerisation.

(A) Schematic of fluorescendmsed liposome assay to measure BAK activation on model
membranes.

(B) Nonreducing SDSPAGE and immunoblot of recombinant BAK and BAK
following treatment with 25 mM TCEP.

(C) Timecourse monitoring fluorescence increase on liposomes following addition of 4
UM BID-BH3 peptide to 50 nM BAK or BAKUDb in the presence or absence of 25 mM
TCEP. Data is mean +$D ofthreeindependent experiments.

(D) BN-PAGE of BAK and BAKUDb on liposomes following incubation with 4 uM BID
BH3 peptiderin/the presence or absence of 25 mM TCEP, immunoblotted for BAK. Data
representative of three independent experimdgbtaphsshows densitometric analysié

the BAK tetramer (4x) fronthree or two independent experiments. Error bars represent

mean + SD for n=3 ormeanand range for n=2.

Figure 6 Ubiquitination of BAK on mitochondrial membranes and in cells inhibits its
ability to mediate mitochondrial outer membrane permeabilisationand apoptosis.

(A) Immunoblot of vihole cell lysates of MEFsgably expressing ACys variants of BAK.

(B) Conjugation of ubiquitin to BAK K113C impairs BAK apoptotic function.
Mitochondriallyyenriched membrandsom MEFsexpressing BAK or BAK K113C were
crosslinked (CuPhewith Ub®7® and treated with cBID for 30 min at 30°Cuf&rnatant
(S) and pellet (P) fractionsvere thenimmunoblotted forBAK under norreducing
conditions, orcytochromec or ubiquitin under reducing conditiarRepresentative of three

independent_experiments. Note that the incorporatiore@dmbinantUb®’®¢

on higher
molecular weighproteinsis likely due to incomplete reduction on reducing SBSGE.

(C) Parkinmediatéd ubiquitination limits BAK activation. HatHA-Parkin ells were
treated with=antimycin A andligomycin (AO) for 2 h prior to induction of apoptosis with

1 uM of eachrof:ithe BH3 mimetics ABA37 and S63485 (BH3 mim) for 1 h. Intracellular
flow cytometry, was performed using the conformatspecific antiBAK antibody G317

2. Representative histograms are showmd the fold increase itmmean fluorescence
intensity (MFI) is plotted from three independent experiments with error bars showing SD.
Data are normalised to untreated control.

(D) Parkinmediated ubiquitination limits BAK apoptotic activitBAK BAX” HeLa cells

expressing Parkin and BAK were treated with AO (2 h) prior to isolation of mitochondria
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and treatment with recombinant cBID and analysis of cytochioméeaselmmunoblots
are epresentative of three independent experiméntaphshows densbometric analysis

of threeindependent experiments oytochromec in the supernatant fractioirror bars
represent mean -+&D.

(E) Parkin=activity limits cytochrome release. HelLa cells or HelLa cells expressing Parkin
were treated and anabd as in (C)Immunoblots areapresentative of three independent
experiments. UbiquitinateBAK indicated @rrow). Graph showslensitometric analysisf
three independent experiments showing cytochrome c release
(supernatant/supernatant+membrane) relagve00 nM cBID asl00%release Error bars

represent mean +5D.

Figure 7 Model for Parkin-mediated inhibition of intrinsic apoptosis

Model of the effect of Parkimediated BAK ubiquitination on intrinsic apoptosis.
Following mitochondrial damage, PINK1 istabilised at the mitochondrial outer
membrane IOM) whereby it phosphorylates ubiquitin to recruit Parkin. Phosphorylation
by PINK1 activates Parkin to ubiquitinate a variety of substrates including and
VDAC. Parkin,ubiquitinates BAK on a conserved lysine (K113) to inhibit BAK
oligomeisation'and its apoptotic function in releasing cytochromeelease from the
intermembranesspace (IMSAdditionally ParkinubiquitinatesVDAC2 therebylimiting
BAX associationwith mitochondria.This limits apoptosismediated by both BAK and
BAX, thusenalling the effective engulfment of the mitochoralriby the autophagosome

without errant activation of apoptosis.

EXPANDED.VIEW FIGURE and TABLE LEGENDS

Figure EV1 Wbiquitination of BAK by Parkin occurs in SH-SY5Y and MEF cells on

the conserved.ys113 in the hydrophobic surface groove (relates to Fig 1 and 2).

(A) UBA pull-down of ubiquitinated proteins following antimycin A and oligomyah®J
treatment of BAX/BAKdeficient HelLa cells ectopically exmsng BAX for 3 h.
Representative immunoblot from two independent experiments.

(B) Endogenou8AK is ubiquitinated in neuroblastoma cells upon mitochondrial damage.

SH-SY5Y cells ectopically expressing Parkin were treated watiiimycin A and
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oligomycin AO) for 2 hprior to immunoblottingfor BAK, Mfn2, Parkin andTIMM44.
Representative immunoblots of three independent experiments.

(C) EndogenoudBAK is ubiquitinated in MEFs upon mitochondrial damage. Wiple
MEFs (WT) or Bak’Bax” MEFs expressing hBAK and ectopically expressingPeikin
were treatedwitlantimycin A and oligomycitAO) with or without MG132Lysates were
immunoblotted for BAK (aa238) or GAPDH as a loading control. Note that endogenous
mouse BAK'was ubiquitinateaind that ubiquitinaed formsof mouse and humaBAK (*)
were reduced with MG132. Representative immunoblots of three independent
experiments.

(D) Timecourse_of mitophagy induction. HelLa cells expressingRafkin were treated
with antimyein Aand oligomycinAO) for the indicated times prior to immunoblotting of
membrane fractions for BAK, TOMMZ20, Mfn2, VDAC2 and cytochrone
Representative immunoblot from two independent experiments.

(E) BAK” BAX” Hela cells expressing BAK and HRarkin were treated witantimycin

A and oligomycin AO) for 2 h prior to immunoprecipitation of BAK. Immunoprecipitates
were incubated.with the indicated ubiquitin linkegpeecific DUB prior to analysis of BAK

by immunobletting. Data representative of thiredependent experiments.

Figure EV2 Ubiguitinated BAK does not disassociate from mitochondriaand persists
post mitochondrial damage (relates td-ig 2).

(A) Lys113 at the hydrophobic groove of BAK is evolutionarily conserved.

(B) Whole cell'lysates of stable cell lines generated from BAK/BAX deficient HeLa re
expressing [BAK constructs and H2arkin, immunoblotted for BAK, BAX, Parkin and
GAPDH.

(C) Ubiquitination of BAK does not significantly alter its subcellular localsatBAK”
BAX" Helalcellslexpressing HRarkin together with wildype BAK or BAK K113R
were treated=withantimycin A and oligomycin AO) for 2 h prior to subcellular
fractionations=into cytosol (Cand mitochondrigenriched heavy membrane pellet
(M) fractionss#*Fractions were imunoblotted for BAK, GAPDH (cytosolic marked a
TOMM20 (mitechondrial markerRepresentative immunoblot of two independen

experiments.

Figure EV2 BH3-mimetics induce mitochondrial damagen the absence of detectable
PINK1 stabilisation (relates to Fig 4).
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903 (A) HelLa cells were treated witmtimycin A and oligomycinAO) for 2 hor with 1 uM

904 of each of ABF737 and S63485 for 3 IBK3) in the presence of QVD.oph (10 pM)
905 Representative of three independent experiments.

906 (B) Hela cells engineered in FigCAwere treatedvith 1 uM of each of AB¥737 and

907 S63485 for 3=h'EH3) in the presence of QVD.oph (10 pMyior to subcellular
908 fractionation ofcytosol (C) andmitochondriaenriched heavy membran({®) fractions.

909 Representative of two independent experiments.

910

911 Figure EV3 Rurification of disul phide-linked BAK -Ub (relates toFig 5).

912 Recombinant_human BAK K113(@\N22/AC25/6His) was combined with recombinant
913 Ub®®“and tfeatéd with oxidant to induce disulphide linkage. Disulplidted protein

914 was separated from ndimked proteins by anion exchange chromatography. Fractions
915 were run on a neneducing SDSPAGE @l and Coomassie stained. Fraction #2 was used
916 as the source of BAKID.

917

918 Figure EV4 cBID;,is targeted to damaged mitochondrial membranes (relates t6ig 6).

919 (A) Mitochondriaenriched membrane fraction fronBax’Bak” MEFs expressing
920 BAKACys'were incubated with UB"®© (100 uM) in the presence or absencemddant

921 copper phenaathroline (CuPhenM) for 30 min prior to separation of supernatant and
922 membrane fractions and immunoblotting as indicated. Note the incorporation of exogenous
923  Ub®’®C into high molecular weight species (*) in the membrane fraction following
924 treatment with oxidant. **, UB°“ disulphide-linked dimer.

925 (B) Hela cells expressing HRarkin were treated withntimycin and oligomycinAO)

926 for 2 h prior_to_fractionation into cytosol (C) and heavy membrane (Mpmbrane
927 fractions were then incubated with cBID as indicated. Incorporated cBID was then
928 determined by.centrifugation to separate the supernatant (S) from the membrane pellet (P)
929  prior to immunoblotting.

930 (C) HeLat+HA=Parkin cells were treated with antimycin and oligomydh®j for 2 h prior

931 to harvesting: Samples were immunoblotted for MCL1, BAK and HSBB@®uitinated

932 MCL1 (arrowhead).

933

934 Table EV1 Antibodies used for immunoblotting and FACS

935

936
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