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Running title:  Parkin ubiquitinates and inhibits BAK 18 

 19 

S  20 

The E3 ubiquitin ligase Parkin is a key effector of the removal of damaged mitochondria 21 

by mitophagy. Parkin determines cell fate in response to mitochondrial damage, with its 22 

loss promoting early onset Parkinson's disease and potentially also cancer progression. 23 

Controlling a cell's apoptotic response is essential to co-ordinate the removal of damaged 24 

mitochondria. We report that following mitochondrial damage-induced mitophagy, Parkin 25 

directly ubiquitinates the apoptotic effector protein BAK at a conserved lysine in its 26 

hydrophobic groove, a region that is crucial for BAK activation by BH3-only proteins and 27 

its homo-dimerisation during apoptosis. Ubiquitination inhibited BAK activity by 28 

impairing its activation and the formation of lethal BAK oligomers. Parkin also suppresses 29 

BAX-mediated apoptosis, but in the absence of BAX ubiquitination suggesting an indirect 30 

mechanism. In addition, we find that BAK-dependent mitochondrial outer membrane 31 

permeabilisation during apoptosis promotes PINK1-dependent Parkin activation. Hence, 32 
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we propose that Parkin directly inhibits BAK to suppress errant apoptosis thereby allowing 33 

the effective clearance of damaged mitochondria, but also promotes clearance of apoptotic 34 

mitochondria to limit their potential pro-inflammatory effect. 35 

 36 

Keywords: Apoptosis, BAK, BAX, mitophagy, Parkin, ubiquitination 37 

 38 

 39 

The RING-between-RING E3 ubiquitin ligase, Parkin and its upstream regulator PTEN-40 

induced Kinase 1 (PINK1) are involved in the removal of damaged mitochondria through a 41 

selective form of autophagy termed mitophagy (Harper, Ordureau et al., 2018, Nguyen, 42 

Padman et al., 2016, Pickles, Vigie et al., 2018). The importance of Parkin-mediated 43 

mitophagy is highlighted by the deletion or mutation of the gene encoding Parkin 44 

(PRKN/PARK2) as a driver of autosomal recessive juvenile Parkinson’s disease (PD) 45 

(Kitada, Asakawa et al., 1998) and also its emerging role in tumourigenesis (Bernardini, 46 

Lazarou et al., 2016, Poulogiannis, McIntyre et al., 2010, Veeriah, Taylor et al., 2010). 47 

Hence, understanding how Parkin influences cell survival will provide important new 48 

insight in to how defects in Parkin promote neurodegenerative conditions and cancer 49 

(Kitada et al., 1998, Poulogiannis et al., 2010, Veeriah et al., 2010). 50 

 51 

The proposed obligate activator of Parkin, PINK1 is constitutively expressed and is 52 

normally imported to the inner mitochondrial membrane where its N-terminal region is 53 

cleaved by the Presenelin-Associated Rhomboid-like protease (PARL) (Deas, Plun-54 

Favreau et al., 2011, Jin, Lazarou et al., 2010) promoting its export and degradation by the 55 

26S proteasome (Yamano & Youle, 2013). Following mitochondrial insult, including loss 56 

of the mitochondrial membrane potential or accumulation of misfolded mitochondrial 57 

proteins, PINK1 is stabilised on the mitochondrial outer membrane (Jin et al., 2010, Jin & 58 

Youle, 2013). Two key substrates of PINK1 are ubiquitin and Parkin itself, both of which 59 

are phosphorylated on Ser65 (Kane, Lazarou et al., 2014, Kazlauskaite, Kondapalli et al., 60 

2014, Kondapalli, Kazlauskaite et al., 2012, Koyano, Okatsu et al., 2014, Ordureau, Sarraf 61 

et al., 2014, Shiba-Fukushima, Imai et al., 2012, Wauer, Swatek et al., 2015b). Binding of 62 

phospho-ubiquitin is required for Parkin recruitment to mitochondria (Kane et al., 2014, 63 

Koyano et al., 2014, Shiba-Fukushima, Arano et al., 2014). Indeed, a number of structural 64 

studies have elegantly demonstrated that phospho-ubiquitin binding permits 65 

phosphorylation of Parkin (Kazlauskaite, Martinez-Torres et al., 2015, Kumar, Aguirre et 66 
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al., 2015, Sauve, Lilov et al., 2015, Wauer, Simicek et al., 2015a). During Parkin 67 

activation, a number of structural rearrangements occur, notably the release of the 68 

repressor element of Parkin (Kumar, Chaugule et al., 2017, Pao, Stanley et al., 2016, Tang, 69 

Vranas et al., 2017, Wauer et al., 2015a). Recent studies have also interrogated Parkin 70 

conformational changes following phosphorylation by PINK1, highlighting the importance 71 

of releasing the RING2 domain of Parkin (Gladkova, Maslen et al., 2018, Sauve, Sung et 72 

al., 2018). Once conformationally active, Parkin then ubiquitinates a range of 73 

mitochondrial substrates that have been shown to modulate cellular metabolism, 74 

mitochondrial dynamics, cell cycling and apoptosis (Sarraf, Raman et al., 2013, Yoshii, 75 

Kishi et al., 2011). Adaptor proteins that bind to ubiquitin on the mitochondrial surface in 76 

turn recruit and extend the autophagosome around the damaged mitochondrion (Heo, 77 

Ordureau et al., 2015, Lazarou, Sliter et al., 2015, Moore & Holzbaur, 2016, Richter, Sliter 78 

et al., 2016, Wong & Holzbaur, 2014). While many of these proteomic studies have been 79 

performed in model systems over-expressing Parkin (Cunningham, Baughman et al., 2015, 80 

Sarraf et al., 2013), a recent study shows that endogenous Parkin ubiquitinates similar 81 

substrates in neurons, although some site and temporal differences were observed 82 

(Ordureau, Paulo et al., 2018). Interestingly, recent studies have also shown that baseline 83 

mitophagy can proceed in a PINK1/Parkin-independent fashion (Lee, Sanchez-Martinez et 84 

al., 2018, McWilliams, Prescott et al., 2018), perhaps implicating PINK1 and Parkin as 85 

emergency responders to mitochondrial damage. 86 

 87 

Cellular stresses including DNA damage and cell matrix detachment induces apoptosis by 88 

upregulating or activating pro-apoptotic BH3-only proteins leading to activation of the 89 

downstream effectors of apoptosis; BCL-2 Antagonist/Killer-1 (BAK) and BCL-2-90 

Associated X protein (BAX) (Wei, Zong et al., 2001, Youle & Strasser, 2008). Activation 91 

promotes BAK (and BAX) homo-dimerisation then multimerisation of homodimers that 92 

permeabilise the mitochondrial outer membrane (Aluvila, Mandal et al., 2014, Bleicken, 93 

Classen et al., 2010, Czabotar, Westphal et al., 2013, Dewson, Kratina et al., 2008, 94 

Dewson, Ma et al., 2012, Oh, Singh et al., 2010, Subburaj, Cosentino et al., 2015, Zhang, 95 

Zhu et al., 2010). This releases apoptogenic factors including cytochrome c and commits a 96 

cell to death via initiation of a proteolytic caspase cascade (Wei et al., 2001). Activation of 97 

BAK and BAX by BH3-only proteins, and their subsequent homo-dimerisation, involve a 98 

hydrophobic surface groove comprising α-helices 3-5 that is shared with pro-survival 99 
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BCL-2 proteins (Brouwer, Westphal et al., 2014, Czabotar et al., 2013, Dewson et al., 100 

2008, Petros, Nettesheim et al., 2000). 101 

 102 

Parkin activity has been proposed to determine cellular fate. Limited mitophagic stress 103 

leads to effective mitochondrial clearance and a pro-survival response, whilst excessive 104 

mitochondrial damage leads Parkin to induce apoptosis (Zhang, Lee et al., 2014). Among 105 

its substrates, Parkin ubiquitinates members of the B-cell lymphoma-2 (BCL-2) family of 106 

proteins that regulate the intrinsic pathway of apoptosis (Sarraf et al., 2013). It has been 107 

argued that following mitochondrial damage, Parkin promotes apoptosis by targeting the 108 

pro-survival BCL-2 protein Myeloid Cell Leukemia1 (MCL1) for degradation (Carroll, 109 

Hollville et al., 2014, Zhang et al., 2014). However, how Parkin limits apoptosis to permit 110 

clearance of damaged mitochondria is unclear. Parkin has been proposed to inhibit pro-111 

apoptotic BAX either by limiting recruitment of cytosolic BAX to mitochondria (Charan, 112 

Johnson et al., 2014, Johnson, Berger et al., 2012) or by promoting degradation of 113 

dysregulated or mutated BAX (Cakir, Funk et al., 2017). However, this occurs at steady-114 

state without the mitochondrial damage thought necessary to promote PINK1-dependent 115 

Parkin activity.  116 

 117 

 118 

We have identified BAK as an important substrate of Parkin following mitophagic stress. 119 

Following mitochondrial depolarisation, Parkin ubiquitinated a conserved residue in the 120 

hydrophobic groove of BAK (Lys113) thereby impairing BAK activation, oligomerisation 121 

and apoptotic activity. Hence, Parkin is able to inhibit BAK and BAX by distinct 122 

mechanisms. We propose that BAK ubiquitination is a mechanism by which Parkin limits 123 

mitochondrial outer membrane permeabilization, thus allowing the clearance of damaged 124 

mitochondria. 125 

 126 

RESULTS 127 

Parkin inhibits BAX by preventing mitochondrial localisation 128 

Parkin-mediated mitophagy is regarded as a pro-survival response to mitochondrial 129 

damage, and activated Parkin has been previously reported to ubiquitinate and inhibit the 130 

pro-apoptotic effector protein BAX (Fig 1A) (Johnson et al., 2012). To test this, BAX-/-
131 

 BAK-/- HeLa cells reconstituted with human BAX and ectopically expressing HA-Parkin 132 

were treated with the mitochondrial electron transport chain uncouplers, antimycin A and 133 
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oligomycin (AO), to induce Parkin activation and recruitment to mitochondria, followed 134 

by induction of apoptosis with the BH3 mimetics ABT-737 (Oltersdorf, Elmore et al., 135 

2005) and S63485 (Kotschy, Szlavik et al., 2016). Cell death as assessed by Lactate 136 

Dehydrogenase (LDH) release was significantly reduced in Parkin-expressing cells treated 137 

with AO suggesting that activated Parkin limits BAX-mediated apoptosis (Fig 1B),  138 

 139 

As BAX has been shown to be mislocalised from mitochondria as a result of Parkin’s E3 140 

ligase activity (Charan et al., 2014), we tested whether this contributed to the inhibition of 141 

apoptosis. BAX-mediated permeabilisation of the mitochondrial outer membrane as 142 

measured by cytochrome c release into the cytosol was reduced following AO-treatment of 143 

Parkin-expressing HeLa cells (Fig 1C). Consistent with previous reports (Charan et al., 144 

2014, Johnson et al., 2012), Parkin activation also reduced BAX levels at mitochondria 145 

(Fig 1C). Both the mitochondrial targeting of BAX and its ability to mediate cytochrome c 146 

release following activation of Parkin could be partially rescued with the addition of the 147 

proteasome inhibitor MG132 (Fig 1C). Consistent with BAX-mediated cell death (Fig 1B), 148 

the effect of AO on BAX-mediated cytochrome c release was dependent on Parkin (Fig 149 

1D), although mitochondrial BAX was somewhat reduced upon AO-treatment of Parkin-150 

null cells (Fig 1D). 151 

 152 

To further elucidate whether BAX ubiquitination was responsible for its mislocalisation, 153 

we induced Parkin activity with AO in HeLa cells expressing Parkin and examined BAX 154 

ubiquitination (Fig 1E). Following induction of mitophagy, as expected, we observed 155 

Parkin-dependent ubiquitination of the canonical substrate Mitofusin 2 (Mfn2) (Fig 1E and 156 

Fig EV1A). However, we did not detect ubiquitinated forms of BAX in either whole cell 157 

lysates or in samples enriched for ubiquitinated proteins using recombinant GST-158 

Ubiquitin-associated Domain (UBA) pull-down (Fig 1E). These data suggested that the 159 

inhibition of BAX apoptotic function is likely indirect. As Parkin is auto-inhibited until 160 

recruited to mitochondria, we reasoned that this might be through targeting a mitochondrial 161 

protein. BAX interacts with Voltage Dependent Anion Channel (VDAC) 2 at mitochondria 162 

and VDAC2 promotes BAX apoptotic activity (Ma, Nguyen et al., 2014, Yamagata, 163 

Shimizu et al., 2009). VDAC2 is one of the most prominent substrates of Parkin (Ordureau 164 

et al., 2018), suggesting that its ubiquitination could be responsible for the inability of 165 

BAX to mediate cytochrome c release. Consistent with this, the de-ubiquitination of 166 

VDAC2 observed following MG132 treatment correlated with the partial rescue of BAX 167 
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localisation and cytochrome c release (Fig 1D). It is important to note that Parkin-168 

conjugated ubiquitin chains are commonly non-degradative (Ordureau et al., 2018) and so 169 

BAX inhibition may not be due to VDAC2 degradation, but rather steric hindrance of the 170 

interaction between BAX and ubiquitinated VDAC2. Nevertheless, BAX-mediated 171 

apoptotic activity is suppressed by Parkin in the absence of significant BAX ubiquitination. 172 

 173 

Parkin ubiquitinates BAK during mitophagy 174 

As BAK is constitutively localised to the outer mitochondrial membrane, whereas BAX is 175 

predominantly cytosolic (Fig 2A), we hypothesised that BAK could be a substrate for 176 

Parkin to limit apoptosis. Strikingly, upon activation of Parkin with AO we detected 177 

significant modification of BAK, consistent with its potential mono- and poly-178 

ubiquitination (Fig 2A). This modification of BAK was dependent on Parkin, as it was not 179 

detected in HeLa cells that lack endogenous Parkin (Fig 2B). At this early timepoint of 180 

mitochondrial damage, the ubiquitination of Parkin substrates Mfn2, VDAC1 and VDAC2 181 

was detected (Fig 2B and 2C) (Cunningham et al., 2015, McLelland, Goiran et al., 2018, 182 

Sarraf et al., 2013). However, cytochrome c levels were unchanged, indicating that the 183 

ubiquitination of BAK preceded mitochondrial clearance (Fig 2B). 184 

 185 

To confirm that the modification on BAK was ubiquitin, we performed UBA pull-down 186 

coupled with a deubiquitination assay. Following induction of mitophagy with AO, 187 

ubiquitinated forms of BAK could be enriched and the higher molecular weight forms 188 

were removed following treatment with the non-specific De-Ubiquitinase (DUB), 189 

Ubiquitin-specific Protease-2 (USP2) (Fig 2C). To confirm that BAK ubiquitination was 190 

not a consequence of its overexpression, we also confirmed that endogenous BAK was a 191 

Parkin substrate in SH-SY5Y neuroblastoma cells and mouse embryonic fibroblasts 192 

(MEFs) (Fig EV1B and EV1C).  193 

 194 

Interestingly, in contrast to Mfn2 and VDAC1 that were rapidly poly-ubiquitinated, BAK 195 

was predominantly mono-ubiquitinated. In addition, poly-ubiquitinated forms of BAK 196 

were persistent over time suggesting a non-degradative ubiquitin chain linkage (Fig 197 

EV1D). Consistent with this, poly-ubiquitinated BAK was significantly reduced with the 198 

K11-specific DUB, Cezanne, whilst the K48-specific OTUB1 had little effect (Fig EV1E). 199 

This suggests that BAK is modified predominantly with K11-linked ubiquitin chains, in 200 

accord with the atypical chain linkages catalysed by Parkin during mitophagy 201 
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(Cunningham et al., 2015). It is important to note, however, that the predominant form of 202 

modified BAK is the mono-ubiquitinated form. As shown previously (Martinez, Lectez et 203 

al., 2017, Sarraf et al., 2013), treatment with the proteasome inhibitor, MG132, enhanced 204 

detection of VDAC1 and ubiquitinated Mfn2 (Fig 2B). In contrast, ubiquitinated BAK was 205 

reduced upon MG132 treatment of HeLa and SH-SY5Y (Fig 2B, Fig EV1B) and to a lesser 206 

extent in MEFs (Fig EV1C). This indicates that ubiquitinated BAK was not targeted for 207 

proteasomal degradation and that BAK ubiquitination is reversible, potentially through a 208 

DUB that is stabilised in the presence of MG132. The reduction in poly-ubiquitinated BAK 209 

following MG132 treatment was less evident in MEFs than in HeLa and SH-SY5Y cells 210 

possibly due to differential expression of the potential BAK DUB (Fig EV1C). 211 

 212 

Having established that BAK was ubiquitinated in a Parkin-dependent fashion, we next 213 

determined which BAK residue(s) were modified following AO treatment. BAK contains 214 

only two lysine residues, one at position 113 within the α4 helix located at the hydrophobic 215 

surface groove (Fig 2D, PDB: 2IMT, (Moldoveanu, Liu et al., 2006)) and the second in the 216 

C-terminus at position 210. We hypothesised that the highly conserved Lys113 residue 217 

(Fig EV2A) was the primary target of Parkin-mediated ubiquitination as this residue is 218 

exposed to the cytosol whereas Lys210 is localised to the mitochondrial inter-membrane 219 

space (IMS) in this tail-anchored protein (Iyer, Bell et al., 2015) and so would be likely 220 

inaccessible to Parkin. To test the role of Lys113, BAX/BAK-deficient HeLa cells were 221 

retrovirally infected to express Parkin and either wild-type BAK or BAK K113R (Fig 222 

EV2B). BAK K113R was expressed and localised to mitochondria like wild-type BAK 223 

(Fig EV2C). Mutation of Lys113 prevented BAK ubiquitination induced by AO treatment, 224 

confirming that BAK has a single major site of ubiquitination at Lys113 (Fig 2E).  225 

 226 

BAK is ubiquitinated by endogenous Parkin but not Parkinson’s disease-associated 227 

mutants  228 

To test whether BAK ubiquitination by Parkin was restricted to AO-treatment we tested 229 

other mitophagy inducers. Treatment with the mitochondrial uncoupler carbonyl cyanide 3-230 

chlorophenylhydrazone (CCCP) or the mitochondrial targeted HSP90 inhibitor gamitrinib-231 

triphenylphosphonium (GTPP) (Fiesel, James et al., 2017, Munch & Harper, 2016), 232 

likewise induced significant ubiquitination of BAK (Fig 3A).  233 
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A recent study by Ordureau et al revealed that endogenous Parkin has a hierarchy of 234 

substrates based on the abundancy of their ubiquitinated forms in response to mitochondrial 235 

damage (Ordureau et al., 2018). To confirm that BAK was a substrate of endogenous 236 

Parkin we analysed the SH-SY5Y neuroblastoma cell line (Jiang, Ren et al., 2004, Vives-237 

Bauza, Zhou et al., 2010). We first deleted endogenous Parkin in SH-SY5Y cells using 238 

CRISPR/Cas9 gene editing and confirmed deletion in polyclonal populations by 239 

immunoblotting (Fig 3B). Following treatment with AO, we detected a modified form of 240 

BAK in SH-SY5Y cells that was absent in cells lacking Parkin (Fig 3C). As with canonical 241 

substrate Mfn2, ubiquitinated BAK in neuroblastoma cells was low compared with HeLa 242 

cells ectopically expressing Parkin (Fig 3C). In addition, consistent with its relative 243 

abundance in HeLa cells, the mono-ubiquitinated form of BAK was predominant (Fig 3C).  244 

Loss-of-function Parkin mutations cause approximately 50% of autosomal recessive 245 

Parkinson’s disease (Arkinson & Walden, 2018). To test whether PD-associated Parkin 246 

mutations compromise BAK ubiquitination we stably expressed selected mutants in HeLa 247 

cells and assessed BAK ubiquitination following AO (Fig 3D). Those mutants with 248 

reduced ability to ubiquitinate canonical substrates VDAC1 and Mfn2 likewise did not 249 

efficiently ubiquitinate BAK (Fig 3D). Together, the data support BAK as a relevant 250 

substrate of Parkin whose ubiquitination would be impaired in PD patients with Parkin 251 

mutations. 252 

 253 

Oligomerisation of BAK restricts its ubiquitination but promotes Parkin activity  254 

Having observed that K113 was the primary site of BAK ubiquitination, we further tested 255 

whether occluding the hydrophobic groove by inducing BAK homo-dimerisation was able 256 

to inhibit this ubiquitination event. To induce full activation and dimerisation of BAK, 257 

cells were treated with combined BH3 mimetics ABT-737 and S63485, followed by 258 

induction of Parkin activity by AO. The majority of BAK dissociated from the VDAC2 259 

complex and formed homodimers following BH3 mimetic treatment (Fig 4A) (Ma et al., 260 

2014). Notably, however, when BAK was activated and dimerised it was significantly less 261 

ubiquitinated by Parkin than inactive monomeric BAK (Fig 4A). In contrast, the targeting 262 

of canonical substrates Mfn2 and VDAC2 was unaffected by induction of apoptosis 263 

signalling (Fig 4A). Interestingly, enrichment of ubiquitinated proteins, revealed limited 264 

ubiquitination of BAK and other mitochondrial proteins when mitochondrial damage was 265 

induced with BH3 mimetics even in the absence of AO treatment (Fig 4A and 4B). The 266 
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ubiquitination of Mfn2 in response to BH3 mimetic-induced mitochondrial 267 

permeabilisation was Parkin-dependent (Fig 4B), suggesting that the loss of mitochondrial 268 

membrane potential via BAK/BAX apoptotic pores was sufficient to recruit and activate 269 

Parkin. We then tested whether this induced Parkin activity relied on PINK1. Although 270 

there was no detectable increase in PINK1 levels on mitochondria isolated from BH3 271 

mimetic-treated cells (Fig EV3A), deletion of PINK1 inhibited ubiquitination of Mfn2 by 272 

Parkin in response to BAK-mediated mitochondrial damage (Fig 4C and 4D, Fig EV3B). 273 

These data suggest that mitochondrial damage during intrinsic apoptosis promotes a 274 

mitophagic response that is both PINK1-dependent and Parkin-dependent. 275 

 276 

In contrast, to the ubiquitination of Mfn2, the limited ubiquitination of activated BAK was 277 

seemingly Parkin-independent, thereby implicating another E3 ubiquitin ligase. In 278 

addition, as K113 is largely occluded in the dimeric form of BAK (Fig 4A), K210, which 279 

is normally inaccessible in the IMS, could be a ubiquitination site following the formation 280 

of BAK pores (Fig 4E). Whilst the modification of mitochondrial substrates is less 281 

prominent following BH3 mimetic treatment than with AO, these data suggest that Parkin 282 

can be recruited to sites of mitochondrial damage, regardless of the damaging agent.  283 

 284 

Ubiquitination of B AK  impairs its ability to permeabilise membranes  285 

Having established that occluding the hydrophobic groove of BAK blocked its 286 

ubiquitination, we next tested whether ubiquitination of this site inhibited BAK apoptotic 287 

function. BAK and BAX fulfil at least partially redundant roles in apoptosis, yet whilst 288 

BAK is constitutively mitochondrial, BAX is predominantly cytosolic in healthy cells. 289 

Previously Parkin has been reported to promote cytosolic localisation of BAX to inhibit 290 

cell death (Charan et al., 2014). However, we found that ubiquitination did not 291 

significantly affect the localisation of BAK to mitochondria (Fig EV2C), excluding 292 

mislocalisation as a mechanism of Parkin-mediated inhibition. 293 

 294 

BAK activation induced by interaction with BH3-only proteins such as BH3-interacting 295 

domain death agonist (BID) promotes a conformational change allowing BAK to homo-296 

oligomerise and subsequently promote mitochondrial outer membrane permeabilisation. 297 

Both the initial activating interaction and self-association involve a hydrophobic groove on 298 

the surface of BAK comprising α-helices 3-5 (Brouwer et al., 2014, Dewson et al., 2008, 299 

Moldoveanu, Grace et al., 2013). Given that the site of BAK ubiquitination is in the α4 300 
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flanking this hydrophobic groove, we hypothesised that ubiquitinated BAK may have 301 

impaired apoptotic function due to inhibited activation or homo-oligomerisation. To 302 

characterise the functional consequence of ubiquitination on the apoptotic function of 303 

BAK, a minimal model liposome system was used (Fig 5A). This liposome system mimics 304 

the mitochondrial outer membrane by incorporating the ratios of lipid components 305 

observed in the mitochondrial outer membrane (Kuwana, Mackey et al., 2002). As full-306 

length BAK is unstable as a recombinant protein, BAK was engineered with a 6x histidine 307 

tail instead of its own hydrophobic transmembrane domain and also a truncated N-terminus 308 

(∆N22, ∆C25, ∆Cys, 6-His). This BAK variant can be targeted to liposomes through Ni-309 

NTA lipid headgroups and can permeabilise them upon activation with a BID BH3 peptide 310 

(Brouwer, Lan et al., 2017, Oh et al., 2010). This is achieved by the binding of the BID 311 

BH3 peptide to the hydrophobic groove of BAK and subsequent exposure of the BAK 312 

BH3 domain to promote formation of homo-dimers and subsequently oligomers that are 313 

able to permeabilise the liposome membrane. To model the ubiquitination, we expressed 314 

and purified ubiquitin with a cysteine instead of the terminal amino acid glycine (UbG76C). 315 

In addition we designed a recombinant BAK construct with a single cysteine at position 316 

113 on a Cys-null template (C14S, C166S) that we have shown to be functional in cells 317 

(Dewson et al., 2008). This cysteine BAK mutant was recombinantly expressed allowing 318 

us to disulphide-link BAK with  a single ubiquitin molecule specifically at this residue. 319 

Previous reports have used similar C-terminal cysteine ubiquitin mutants in structural 320 

(Wiener, Zhang et al., 2012) and protein-protein interaction studies (Borodovsky, Ovaa et 321 

al., 2002). The disulphide-linked complex was purified and validated on non-reducing 322 

SDS-PAGE (Fig EV4 and Fig 5B). We observed that BAK-Ub had reduced liposome 323 

permeabilisation activity compared with unmodified BAK upon activation with BID BH3 324 

peptide, suggesting that ubiquitination of BAK impairs its apoptotic function (Fig 5C). 325 

Examination of the BAK complexes formed on liposomes by Blue-Native Polyacrylamide 326 

Gel Electrophoresis (BN-PAGE) showed that dimerisation and higher-order 327 

oligomerisation of BAK-Ub was impaired (Fig 5D). To confirm that this inhibition was 328 

due to the conjugated ubiquitin, we reduced the linkage with the reducing agent Tris(2-329 

carboxyethyl) phosphine hydrochloride (TCEP). Although the kinetics of liposome 330 

permeabilisation and oligomerisation were somewhat slowed by TCEP, potentially due to 331 

impaired targeting of recombinant BAK-6H to liposomes in a reducing environment, both 332 

the ability of BAK to permeabilise membranes and form oligomers was rescued when the 333 

conjugated ubiquitin was removed (Figs 5B-D).   334 
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 335 

Ubiquitination of B AK  limits its ability to  activate and permeabilise mitochondria  336 

Given that artificial conjugation of ubiquitin onto BAK at this single site, analogous to 337 

mono-ubiquitination, impaired the ability of BAK to permeabilise liposomes, we next 338 

sought to test whether ubiquitination of BAK had a role in limiting mitochondrial 339 

membrane permeabilisation. To mimic BAK ubiquitination on mitochondria, BAK K113C, 340 

or BAK ∆Cys as a control, were expressed in Bax-/-Bak-/- (DKO) MEFs (Fig 6A). We have 341 

previously shown that these variants retain apoptotic function when expressed in DKO 342 

MEFs (Dewson et al., 2008). Mitochondria-enriched membrane fractions were isolated and 343 

incubated with recombinant UbG76C in the presence of oxidant copper phenanthroline 344 

(CuPhe) to induce disulphide bond formation and UbG76C

 353 

 conjugation onto mitochondrial 345 

proteins was confirmed (Fig EV5A). Importantly, conjugation of exogenous ubiquitin did 346 

not induce artefactual cytochrome c release to the supernatant (Fig EV5A). We then tested 347 

whether artificial ubiquitination of BAK affected its ability to mediate mitochondrial outer 348 

membrane permeabilisation and cytochrome c release in response to recombinant cleaved 349 

BID (cBID) (Fig 6B). Consistent with the liposome assays, conjugation of ubiquitin to 350 

BAK K113C abrogated its ability to mediate cytochrome c release in response to cBID 351 

compared to unmodified BAK (Fig 6B).  352 

Parkin activity in response to mitochondrial damage has been argued to promote cell death 354 

by degrading the pro-survival protein MCL1 (Carroll et al., 2014). However, our data 355 

revealed a potential pro-survival influence of Parkin. So we next determined whether 356 

Parkin-mediated ubiquitination of BAK induced by mitochondrial damage inhibited 357 

mitochondrial outer membrane permeabilisation, the point of no return in apoptosis. We 358 

first sought to test whether ubiquitination limited the ability for BAK to be activated. HeLa 359 

cells expressing Parkin were first treated with AO to induce Parkin-mediated 360 

ubiquitination of BAK and subsequently treated with combined BH3 mimetics ABT-737 361 

and S63485. These cells were then measured for BAK activation using the conformation-362 

specific antibody (G317-2) by intracellular flow cytometry (Alsop, Fennell et al., 2015). 363 

The exposure of the normally buried N-terminal epitope in BAK in response to BH3 364 

mimetics was reduced following AO-induced Parkin activity (Fig 6C). The data suggest 365 

that BAK activation (Fig 6C) and oligomerisation (Fig 5D) are impaired after 366 

ubiquitination and is consistent with the hydrophobic groove of BAK as an interface for 367 

BH3-only proteins (Brouwer et al., 2014, Moldoveanu et al., 2013) and BAK oligomers. 368 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



This article is protected by copyright. All rights reserved 

That BAK activation by flow cytometry was not completely blocked is consistent with the 369 

persistence of non-ubiquitinated BAK under these conditions (Figs 2A-C, and 6D). 370 

 371 

To test whether this defect in activation inhibited BAK apoptotic function, we 372 

reconstituted BAX-/-BAK-/- HeLa 

 378 

cells with human BAK and Parkin and treated them with 373 

AO. Mitochondria isolated from these cells were then incubated with recombinant cBID 374 

and cytochrome c release was assessed. AO pre-treatment desensitised these mitochondria 375 

to cBID-induced cytochrome c release (Fig 6D), indicating that ubiquitination of BAK was 376 

sufficient to limit mitochondrial outer membrane permeabilisation.  377 

To test if this extended to endogenous BAK, we repeated these experiments with HeLa or 379 

HeLa 

 393 

cells expressing Parkin. As BAK is constitutively mitochondrial whereas BAX is 380 

cytosolic in HeLa cells, mitochondrial outer membrane permeabilisation in these 381 

mitochondrial assays is likely mediated by BAK. As with mitochondria isolated from 382 

BAK-reconstituted cells, mitochondria isolated from HeLa cells with endogenous BAK 383 

were more resistant to cytochrome c release when pre-treated with AO (Fig 6E). This 384 

effect was Parkin dependent as AO-treatment had only a modest effect on cytochrome c 385 

release from mitochondria isolated from wild-type HeLa cells (Fig 6E). The protective 386 

effect was not due to impaired targeting of cBID to the mitochondrial outer membrane (Fig 387 

EV5B), indicating that BAK apoptotic activity was inhibited and that activated Parkin 388 

exerts a pro-survival effect. Importantly, we observed little or no loss of MCL1 in this time 389 

frame (Fig EV5C). Together, our data highlight a key and specific role for BAK 390 

ubiquitination in limiting mitochondrial outer membrane permeabilisation in response to 391 

mitochondrial depolarisation. 392 

DISCUSSION 394 

Parkin is a critical mediator of mitochondrial quality control. In order to efficiently clear 395 

damaged mitochondria, a properly co-ordinated apoptosis response is essential. Hence, 396 

Parkin has been implicated in determining cell fate in the face of mitochondrial damage 397 

(Zhang et al., 2014). Deciphering how Parkin does this is paramount to reconciling how 398 

loss of Parkin promotes neuronal degeneration to cause early onset Parkinson’s disease 399 

with the mounting and contrasting evidence that Parkin is a tumour suppressor (Bernardini 400 

et al., 2016). Our studies reveal that Parkin directly, and reversibly, modulates the intrinsic 401 

apoptosis machinery by suppressing the apoptotic activity of the mitochondrial apoptotic 402 
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effector protein BAK. By limiting BAK and BAX apoptotic function, Parkin promotes cell 403 

survival and we propose that this facilitates the clearance of damaged mitochondria (Fig 7). 404 

 405 

Rather than promote BAK degradation, we found that ubiquitination directly inhibited 406 

BAK apoptotic activity by obscuring the hydrophobic surface groove. The hydrophobic 407 

groove of BAK is essential for its interaction with activating BH3-only proteins and also 408 

for BAK homo-dimerisation that is necessary for apoptotic pore formation and 409 

mitochondrial outer membrane permeabilisation (Brouwer et al., 2014, Dewson et al., 410 

2008). Hence, ubiquitination on a conserved lysine on the periphery of the hydrophobic 411 

groove of BAK significantly impaired the ability of BAK to permeabilise liposomes and 412 

mediate cytochrome c release. The non-degradative ubiquitination of BAK was supported 413 

by the predominantly K11-linked ubiquitin chains, consistent with the profile of non-414 

canonical linkages catalysed by Parkin during mitophagy (Cunningham et al., 2015) and 415 

also a recent study reporting that endogenous Parkin does not promote significant 416 

proteasomal turnover of mitochondrial substrates (Ordureau et al., 2018). Ubiquitination of 417 

BAK by the E3 ligase HERC1 was shown to promote its proteasomal degradation 418 

following irradiation of papillomavirus infected cells (Holloway, Simmonds et al., 2015). 419 

While the same residue in BAK was ubiquitinated in these studies, it is likely that the type 420 

of chain linkage dictates whether BAK persists, as is the case following Parkin-mediated 421 

ubiquitination, or is degraded, as with HERC1 (Holloway et al., 2015). The strength of the 422 

mitophagy stimulus may also determine whether BAK is degraded or not, with a strong 423 

mitophagy stimulus causing degradation of many outer mitochondrial membrane proteins 424 

(Chan, Salazar et al., 2011). Our studies now reveal that ubiquitination of BAK may be an 425 

important regulatory event to limit cell death by specifically and reversibly impairing its 426 

apoptotic function. 427 

 428 

Other BCL-2 family proteins have been proposed as targets of Parkin either at steady state 429 

or following induction of mitophagy. The pro-apoptotic protein BAX, which is 430 

predominantly localised in the cytosol of healthy cells, has been implicated as a Parkin 431 

substrate thereby inhibiting its localisation to mitochondria (Charan et al., 2014, Johnson et 432 

al., 2012). Additionally, Parkin mediated ubiquitination has been proposed as a mechanism 433 

to degrade mutated mitochondrial BAX (Cakir et al., 2017). Both scenarios would result in 434 

a dampening of the apoptotic response, but, intriguingly, they would occur in the absence 435 

of induced mitochondrial damage when Parkin is thought to be largely inactive due to 436 
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auto-inhibition (Chaugule, Burchell et al., 2011, Matsuda, Sato et al., 2010, Trempe, Sauve 437 

et al., 2013, Wauer & Komander, 2013). Consistent with earlier findings, we found that 438 

constitutive and induced mitochondrial localisation of BAX was inhibited by Parkin. 439 

However, this was in the absence of detectable BAX ubiquitination either prior to or after 440 

induction of mitochondrial depolarisation, even under conditions of proteasomal inhibition. 441 

Although we cannot exclude degradation of BAX by alternative mechanisms, our data 442 

suggest that ubiquitination of VDAC2, an early and selective substrate of Parkin (Ordureau 443 

et al., 2018), may also contribute to the defect in BAX mitochondrial association. 444 

Furthermore, Parkin limited cytochrome c release in the absence of BAX, suggesting that 445 

the inactivation of BAK is also a key function of Parkin.  446 

 447 

Our data uncover BAK as a novel substrate of Parkin. Whilst a number of ubiquitylomics 448 

studies have interrogated the proteome during mitophagy, BAK has to date not been 449 

identified as a substrate of Parkin (Ordureau et al., 2018, Sarraf et al., 2013). This is likely 450 

due to the fact that when modified, K113 is present on a large 39 + 2 amino acid tryptic 451 

peptide (Y89-R127 + GG) that makes identification using standard LC-MS/MS workflows 452 

challenging. Our data show that ubiquitination of BAK inhibits its function in minimal 453 

model liposome systems and on mitochondrial membranes. Hence, the cyto-protective role 454 

of Parkin likely involves inhibition of BAX, but also BAK.  455 

 456 

Targeting Parkin with small molecules to induce its conformational change will likely lead 457 

to restrained apoptosis via inhibition of both BAK- and BAX-mediated apoptosis. 458 

Alternatively, pharmacological inhibition of the Parkin antagonist, USP30, may also 459 

promote BAK ubiquitination and thus a higher apoptotic threshold. However, interestingly, 460 

USP30 depletion can sensitise cells to the BH3 mimetic, ABT-737 (Liang, Martinez et al., 461 

2015), suggesting that imbalances in Parkin activity can have divergent effects on 462 

apoptotic response. 463 

 464 

We also show that mitochondrial permeabilisation in response to BH3 mimetics can induce 465 

Parkin-dependent ubiquitination of Mfn2. This may suggest a role for Parkin in silencing 466 

apoptotic mitochondria, which, if left unchecked, can promote inflammatory responses 467 

(McArthur, Whitehead et al., 2018, Rongvaux, Jackson et al., 2014, White, McArthur et 468 

al., 2014). Indeed, recent work has demonstrated that, under conditions of mitochondrial 469 
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stress, ablation of mitophagy in Prkn-/- or Pink1-/-

 472 

 mice promotes inflammation and drives 470 

the pathogenesis of PD (Sliter, Martinez et al., 2018).  471 

Contrasting with a pro-survival role, Parkin has been reported to ubiquitinate and degrade 473 

the pro-survival protein MCL1 and so promote cell death specifically in response to 474 

mitochondrial depolarisation (Carroll et al., 2014). Parkin-mediated mitophagy is 475 

considered a pro-survival mechanism in response to mitochondrial stress, and Parkin has 476 

been reported to prevent apoptosis in a variety of settings (Berger, Cortese et al., 2009, 477 

Darios, Corti et al., 2003, Jiang et al., 2004, Staropoli, McDermott et al., 2003, Wang, Lu 478 

et al., 2007). However, whether Parkin activity invokes a pro-survival or a pro-apoptotic 479 

response depends on the nature and extent of the mitochondrial damage (Zhang et al., 480 

2014). Prolonged or excessive mitochondrial damage beyond the capacity of Parkin-481 

dependent repair leads to cell death driven by MCL1 degradation to remove the 482 

compromised cell. However, transient or limited mitochondrial damage, as is more likely 483 

to occur in vivo, promotes a pro-survival response to enable Parkin-dependent 484 

mitochondrial clearance. Our findings indicate that the initial and prevailing response to 485 

mitochondrial damage is Parkin-dependent inhibition of BAK and BAX-mediated 486 

cytochrome c release to limit apoptosis. An inability to constrain BAK and BAX apoptotic 487 

activity may contribute to the apoptotic degeneration of Parkin-deficient dopaminergic 488 

neurons in Parkinson’s disease. Thus, impairing the pro-apoptotic activity of these 489 

molecules, for example, by inhibiting the interaction between BAX and VDAC2 or 490 

promoting the activity of the BAK DUB, could be a novel strategy to prevent apoptosis. 491 
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 516 

MATERIALS AND METHODS  517 

Contact for reagent and resource sharing  518 

Further information and requests for reagents may be directed to, and will be fulfilled by, 519 

the lead contact, Dr. Grant Dewson, Walter and Eliza Hall Institute of Medical Research, 520 

1G Royal Parade, Parkville, Victoria 3052, Australia (dewson@wehi.edu.au). 521 

 522 

Cell Culture and Induction of Mitophagy 523 

Mouse embryonic fibroblasts (MEFs) were isolated from embryos harvested at embryonic 524 

day 14.5 and transformed by transfecting with SV40-large T antigen as described (Dewson 525 

et al., 2008). MEFs (generated by G. Dewson) were passaged in Dulbecco’s Modified 526 

Eagles Medium (DMEM) supplemented with 8% fetal calf serum (FCS), 55 µM 2-527 

mercaptoethanol and 250 µM asparagine. HeLa cells (ATCC #CCL2), 293T (ATCC 528 

#CRL-3216) and SH-SY5Y (Jamie Fletcher, CCI, Sydney, Australia) neuroblastoma cells 529 

were passaged in DMEM supplemented with 8% FCS. Cells were cultured at 37oC and 530 

10% CO2

 534 

. Cells were routinely screened for mycoplasma using a MycoAlert Detection Kit 531 

as per manufacturer’s instructions (Lonza, Switzerland). To induce mitophagy, cells were 532 

treated with 10 μM oligomycin and 4 μM antimycin A for times as indicated.  533 

Retroviral Infection  535 
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Parkin, BAX and BAK constructs were stably expressed in HeLa and MEF by retroviral 536 

infection. pMX-IG, pMXs-IH and pMXs-IP retroviral constructs were first introduced into 537 

HEK293T cells by CaCl2

 543 

 transfection. Filtered, virus-containing supernatants were used to 538 

infect HeLa and MEF cells by spin inoculation (2,500 rcf centrifugation at 32°C for 45 min 539 

in the presence of 4 μg/mL polybrene; Sigma-Aldrich, MO). Cells stably expressing 540 

constructs were selected for by culture in 2 μg/mL puromycin, (Life Technologies, CA) 541 

300 ng/mL hygromycin (Sigma-Aldrich, MO) or by FACS sorting for GFP positive cells.  542 

CRISPR/Cas9 gene editing 544 

Cells (HeLa, SH-SY5Y) were lentivirally infected with constructs encoding Cas9 545 

(mCherry) and single guide RNA (sgRNA, GFP) targeting early protein coding exons of 546 

human PRKN (GTGTCAGAATCGACCTCCAC), human PINK1 (sgRNAa, 547 

TGTGTCCGCCGGGAGCGTCC; sgRNAb, CCGGCCGGGCCTACGGCTTG), or a 548 

control non-targeting sgRNA (ATTGGTGCCAATGCTCGGAT). Following selection of 549 

transduced cells by sorting double positive cells on a FACS AriaII flow cytometer (Becton 550 

Dickinson), cells were treated with 1 ฀g/mL doxycycline hyclate (Sigma) to induce 551 

sgRNA expression. Parkin or PINK1 deletion in polyclonal populations was confirmed by 552 

immunoblotting either before (Parkin) or after (PINK1) treatment with antimycin A and 553 

oligomycin. To generate BAK-/- BAX-/-

 563 

 HeLa cells, cells were transiently transfected with 554 

two sgRNAs targeting human BAK (GCATGAAGTCGACCACGAAG, 555 

GGCCATGCTGGTAGACGTGT) and two sgRNAs targeting human BAX 556 

(CTGCAGGATGATTGCCGCCG, TCTGACGGCAACTTCAACTG) cloned into PX458 557 

plasmid (a kind gift from Feng Zhang (Ran, Hsu et al., 2013) using XtremeGene (Sigma-558 

Aldrich, MO) according to the manufacturer’s instructions. 48 h post transfection, cells 559 

were treated with 1 µM each of A-1331852, ABT-199 (Abbott, IL) and S63845 560 

(SYNthesis MedChem, Aus). Surviving cells were screened for BAK and BAX deletion by 561 

immunoblotting.  562 

Immunoblotting  564 

Samples were generated by 1% Triton X-100 lysis in ONYX buffer (20 mM Tris-HCl 565 

(pH7.4), 135 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 10% glycerol (v/v)) with cOmplete 566 

protease inhibitors (Calbiochem) on ice for 20 min. Samples were spun (17,000 rcf, 5 min, 567 

4°C) and the concentration of protein in soluble supernatants was determined by BCA 568 

assay (Thermo Fisher, MA) as per manufacturer’s instructions. Samples were normalised 569 
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based on protein concentration and between 5 and 40 µg was loaded per well and run on 570 

SDS-PAGE. Gels were transferred to nitrocellulose or PVDF membranes. Nonspecific 571 

binding was blocked with 5% non-fat milk in TBS-T (20 mM Tris-HCl pH 7.6, 137 mM 572 

NaCl, 0.1% Tween-20) for 1 h at room temperature. Membranes were washed with TBS-T 573 

prior to incubation with primary antibodies (see Table EV1). Following membrane 574 

washing with TBS-T, antibodies were incubated with appropriate secondary antibodies 575 

(see Table EV1) for 1 h at room temperature and developed with ECL solution (GE 576 

Lifesciences, MA) as per manufacturer’s instructions. 577 

 578 

Ubiquitin Pull Down and Deubiquitinase Treatment 579 

Approximately 1 x 107

 590 

 cells were treated to induce mitophagy as above. Cells were lysed 580 

in 1% Triton-X 100 (v/v) in ONYX buffer with complete protease inhibitors and 10 mM 581 

N-Ethylmaleimide (NEM, Sigma-Aldrich, MO). Lysates were incubated with glutathione 582 

sepharose beads (GE Healthcare, MA) pre-equilibrated with recombinant 100 µg GST-583 

UBA for 4 h at 4°C. NEM was removed from beads with 3 washes of ONYX buffer with 584 

protease inhibitors. Beads were then equilibrated in DUB reaction buffer (50 mM Tris (pH 585 

7.5), 50 mM NaCl and 5 mM DTT) and incubated with recombinant DUBs at previously 586 

established concentrations (Hospenthal, Mevissen et al., 2015). Samples were then 587 

incubated at 37°C for 30 min with agitation. Samples were eluted from the beads by 588 

boiling in SDS-sample buffer and analysed by SDS-PAGE. 589 

 591 

Subcellular fractionation and blue native PAGE 592 

Cells were harvested and permeabilised at 1 x 107 cells/mL in Modified Egg Lysis Buffer 593 

(MELB, 20 mM HEPES pH 7.5, 100 mM sucrose, 2.5 mM MgCl2, 100 mM KCl) with 594 

protease inhibitors and 0.025% digitonin (w/v) for 10 min on ice. Membranes were 595 

enriched by centrifugation (17,000 rcf, 5 min, 4°C). For SDS-PAGE, 2x reducing SDS-596 

sample buffer was added to soluble supernatant fractions and pellet fractions were 597 

resuspended in an equal volume of 1x reducing SDS-sample buffer and run on SDS-598 

PAGE. For BN-PAGE, membrane fractions were resuspended in Empty Well Buffer 599 

(EWB, 20 mM Bis-tris, pH 7.4, 50 mM NaCl, 10% glycerol (v/v)) with protease inhibitors, 600 

10 µM DTT and 1 % digitonin (w/v) for 30 min on ice. Soluble protein complexes were 601 

obtained by centrifugation (17,000 rcf, 5 min, 4°C) and supplemented with 10x BN loading 602 
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dye (5% Coomassie Blue R-250 (Bio-Rad Laboratories, CA) in 500 mM 6-aminohexanoic 603 

acid, 100 mM Bis-tris, pH 7.0) and run as previously described (Schagger & von Jagow, 604 

1991). 605 

 606 

Purification of Recombinant Protein 607 

BAK K113C (∆N22 ∆C25 C166S C -term-His) was cloned into the pTYB1 vector. 608 

Plasmids were transformed into BL21 (DE3) E. coli and grown at 37 °C until they reached 609 

an optical density (600 nm) of ~1.0 in Super Broth. 1 mM IPTG was then added and 610 

protein expressed for 16 hours at 18 °C. Cells were lysed in TSE buffer (20 mM Tris pH 611 

8.0, 500 mM NaCl, 1 mM EDTA) and passed over a chitin binding column, washed with 612 

TSE buffer and then chemically cleaved with DTT (50 mM) on-column for 48 hours at 4 613 

°C. Proteins were further purified by gel filtration (Superdex75 10/300, GE Healthcare, 614 

MA) in TBS. 615 

 616 

Ubiquitin G76C was cloned into the pGEX 6P3 vector, transformed into BL21 E. coli 617 

(DE3) and grown to an optical density (600 nm) of ~1.0 in Super Broth before protein 618 

expression was induced with 1 mM IPTG for 3 hours at 37 °C. Cells were lysed in TBS 619 

(20 mM Tris pH 8.0, 150 mM NaCl) supplemented with EDTA (2 mM), purified by GST 620 

affinity column purification, cleaved overnight with precision protease and then further 621 

purified by gel filtration (Superdex75 10/300) in TBS.  622 

 623 

Disulphide-linking of Cysteine Mutants and Cytochrome c Release 624 

Recombinant BAK K113C (∆N22 ∆C25 C166S C-term-His) and UbiquitinG76C were 625 

incubated at 4°C in the presence of 1 mM copper(II)(1,10-phenanthroline)3 (CuPhe) for 30 626 

min. Heterodimeric products were purified by anion exchange on a HiTrap Sepharose Q 627 

column (GE, MA). For mitochondrial cross-linking experiments, cells were harvested and 628 

permeabilised at 1 x 107 cells/mL in MELB with protease inhibitors and 0.025% digitonin 629 

(w/v) for 10 min on ice. Membranes were enriched by centrifugation (17,000 rcf, 5 min, 630 

4°C) and resuspended with 100 µM UbG76C. CuPhe was added to a final concentration of 1 631 

mM and samples were incubated at room temperature for 30 min. The reaction was 632 

quenched by adding EDTA to a final concentration of 10 mM. Samples were centrifuged 633 

(17,000 rcf, 5 min, 4°C) and pellets were resuspended in MELB with protease inhibitors 634 

and varying doses of cBID. Samples were incubated at 30°C for 30 min. Samples were 635 
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spun as above and soluble supernatant fractions were supplemented with 2x reducing 636 

sample buffer. Pellets were resuspended in two volumes of 1x reducing sample buffer for 637 

cytochrome c blot and 1x non-reducing sample buffer for BAK blot.  638 

 639 

Fluorescence Liposome Assay, SDS-PAGE and BN-PAGE 640 

Liposomes containing a combination of lipids that mimic the outer-mitochondrial 641 

membrane (46 % phosphatidylcholine (w/v), 25 % phosphatidylethanolamine (w/v), 11 % 642 

phosphatidylinositol (w/v), 10 % phosphatidylserine (w/v), and 8 % cardiolipin (w/v) 643 

encapsulating self-quenching 5(6)-carboxy-fluorescein and supplemented with 5 % nickel 644 

chelating lipid (1,2-Dioleoyl-sn-Glycero-3-[N-(5-amino-1-carboxypentyl)iminodiacetic-645 

acid)-succinyl] (w/v)) in chloroform and 0.01 % butylated hydroxytoluene (w/v) were 646 

dried under N2

 660 

 and then re-suspended in 50 mM 5(6)-carboxy-fluorescein. Liposomes were 647 

then extruded through a 100 nm pore sise membrane and passed over a PD10 column to 648 

remove excess dye. Liposomes (4 μg/mL) were incubated with either BAK (DN22 DC25 649 

C-term-His) or cross-linked BAK-Ub at a concentration of 50 nM and 4 µM of BID-650 

BH3 peptide in SUV (small unilamellar vesicle/liposome) buffer (10 mM HEPES pH 7.5, 651 

135 mM KCl) for 30 minutes at room temperature. 5(6)-carboxy-fluorescein is self-652 

quenching, therefore upon release from liposomes its fluorescence could be measured with 653 

an excitation wavelength of 485 nm and emission wavelength of 535 nm. BN-PAGE was 654 

performed on liposomes by solubilisation in 0.5 % digitonin (w/v) on ice for 20 min 655 

followed by supplementing the samples with 10% glycerol (v/v) and BN-loading dye and 656 

running on BN-PAGE as described above. SDS-PAGE was similarly performed by 657 

solubilising liposomes in SDS-PAGE sample buffer in the presence or absence of TCEP 658 

and running on SDS-PAGE.  659 

BAK Activation by Flow Cytometry  661 

Cells were harvested following treatment with antimycin A and oligomycin (AO) for 2 h 662 

followed by 1 µM of each of the BH3 mimetics ABT-737 and S63485 for 1 h. Cells were 663 

fixed and permeabilised using the eBioscience cell fixation and permeabilisation kit 664 

(Thermo Fischer, MA) according to manufacturer’s instructions. Activated BAK was 665 

detected using anti-BAK G317-2 (1:100) and subsequently phycoerythrin-conjugated anti-666 

mouse antibody (1:200), both in diluted permeabilisation buffer. Samples were analysed on 667 

a FACS-Calibur (Becton Dickinson, NJ). 668 

 669 
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Cell death assessed by LDH assay 670 

1.5 x106

 681 

 HeLa cells were seeded in 10 cm dishes overnight. Cells were pre-treated with or 671 

without antimycin A and oligomycin (4 and 10 µM respectively) for 2 h, prior to treatment 672 

with 1 µM of each of the BH3 mimetics ABT-737 and S63845. Culture supernatants were 673 

collected at selected times and stored at -80°C overnight. Samples were thawed and 50 µl 674 

of supernatant was assayed for LDH release using the CytoTox 96® Non-Radioactive 675 

Cytotoxicity Assay (Promega, WI) according to the manufacturer’s instructions. 676 

Absorbance was quantified using a Chameleon plate reader (Noki Technologies, India) at a 677 

wavelength of 490 nm. Relative LDH release was calculated by subtracting the absorbance 678 

from an untreated control supernatant and normalising values to the 6 h BH3 mimetic only 679 

(set as 100 %) for each cell line.  680 

Cytochrome c Release Assay 682 

Cells were permeabilised in 0.025 % digitonin (w/v) in MELB with complete protease 683 

inhibitors at a concentration of 1 x 107

 690 

 cells / mL for 10 min on ice. Pelleted membrane 684 

fractions were obtained by centrifugation (17,000 rcf, 5 min, 4°C) and supplemented with 685 

cBID at concentrations indicated for 30 min at 30°C. Soluble supernatants were obtained 686 

by centrifugation (17,000 rcf, 5 min, 4°C) and supplemented with 2x reducing sample 687 

buffer. Insoluble pellets were resuspended in two volumes of 1x reducing sample buffer 688 

and samples were run on SDS-PAGE. 689 

Densitometric analysis of immunoblots 691 

Immunoblots were normalised to samples on the same membrane, at the same exposure 692 

using the ImageLab software package (BioRad, CA). Background signal was subtracted 693 

from equivalent bands and samples were normalised to the untreated control lane. For 694 

mitophagy assays, the untreated samples were set at 100 % and the signal of the appropriate 695 

bands normalised to this. For cytochrome c release assays, total release (%) was calculated 696 

by determining the intensity of cytochrome c in the cytosolic fraction over the sum 697 

intensity of cytochrome c in the membrane and cytosol fractions. Due to incomplete release 698 

of cytochrome c from the membrane fraction, the cytochrome c release assay shown in Fig 699 

6D was determined from the intensity of cytochrome c in the supernatant fraction only, and 700 

normalising to the 100 nM dose of cBID in the absence of Parkin induction set at 100%.  701 

For native-PAGE quantitation, the intensity of the BAK tetramer signal was determined 702 
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and normalised to the end timepoint of the BAK K113C

 705 

 control sample in each respective 703 

assay.  704 

 706 

 707 

 708 

 709 

FIGURE LEGENDS 710 

Figure 1 Parkin inhibits BAX -mediated apoptosis by indirect ubiquitination.  711 

(A) Schematic of potential effects of activated Parkin on the BCL-2 family of apoptosis 712 

regulators.  713 

(B) BAX/BAK -deficient HeLa cells reconstituted with BAX and where indicated HA-714 

Parkin were treated with antimycin A and oligomycin (AO) for 2 h and then 1 µM of each 715 

of the BH3 mimetics ABT-737 and S63485 for 6 h. Cell death was assessed at the 716 

indicated times by LDH assay. Data is mean +/- SD of four independent experiments.  717 

(C) BAX/BAK -deficient HeLa cells ectopically expressing BAX and Parkin were treated 718 

with antimycin A and oligomycin (AO, 3 h), MG132 (20 µM, 3.5 h) and BH3 mimetics (1 719 

µM of each of ABT-737 and S63485, 1 h). Cytosol and membrane fractions were 720 

immunoblotted as indicated. Graph shows densitometric analysis of non-ubiquitinated 721 

membrane proteins (top, relative to untreated control) or cytochrome c release (bottom; 722 

cytosol/cytosol+membrane, relative to untreated controls) from three independent 723 

experiments. Error bars represent mean +/- SD.   724 

(D) BAX/BAK -deficient HeLa cells ectopically expressing BAX were treated and 725 

analysed as in (C).  726 

(E) UBA pull-down of ubiquitinated proteins following antimycin A and oligomycin (AO) 727 

treatment of BAX/BAK -deficient HeLa cells ectopically expressing HA-Parkin and BAX 728 

for 3 h. Representative immunoblot from two independent experiments.  729 

 730 

Figure 2 Parkin ubiquitinates BAK on a conserved lysine in the hydrophobic groove.  731 

(A) Subcellular fractionation of cytosol and membrane fractions of HeLa cells expressing 732 

HA-Parkin following 2 h of antimycin A and oligomycin (AO) treatment.  733 

(B) Immunoblotting of whole cell lysates immunoblotted following treatment with 734 

antimycin A and oligomycin (AO) for 3 h with MG132 (20 µM). Graph shows 735 
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densitometric analysis of non-ubiquitinated proteins relative to untreated control from three 736 

independent experiments. Error bars represent mean +/- SD.  737 

(C) UBA pull-down of ubiquitinated proteins following antimycin A and oligomycin (AO) 738 

treatment for 3 h and treatment with the non-specific DUB USP2 for 30 min at 37°C, 739 

representative immunoblot from two independent experiments. (D) Structure of human 740 

BAK (PDB 2IMS) with the hydrophobic binding groove comprising α-helices 3-5 741 

highlighted in blue. The ubiquitination site, K113, (red) resides in the binding groove. A 742 

modelled transmembrane anchor (α9) and the C-terminal K210 localised to the inter-743 

membrane space is based on evidence that the BAK transmembrane anchor spans the 744 

mitochondrial outer membrane (Iyer et al CDD, 2014). The orientation of the soluble 745 

portion (α-helices 1-8) of BAK with respect to the mitochondrial outer membrane is 746 

hypothetical.  747 

(E) Whole cell lysates of HA-Parkin and BAK variant-expressing HeLa cells following 3 h 748 

antimycin A and oligomycin (AO) treatment with 30 min pre-treatment with MG132 (20 749 

µM), representative immunoblots from three independent experiments.  750 

 751 

Figure 3 BAK is ubiquitinated in response to various mitophagy stimuli and by 752 

endogenous Parkin, but is compromised in Parkinson’s Disease-associated Parkin 753 

mutants. 754 

(A) HeLaParkin

(B) SH-SY5Y neuroblastoma cells expressing Cas9 together with a sgRNA targeting 759 

PRKN (sgPRKN) or a non-targeting control (sgCon) were assessed for Parkin expression 760 

by immunoblotting of cytosolic fractions. 761 

 cells were treated with CCCP (10 µM), antimycin A and oligomycin (AO) 755 

for 2h or GTPP (10 µM) for 6h. Immunoblots are representative of three independent 756 

experiments. Graph shows densitometric analysis of non-ubiquitinated proteins relative to 757 

untreated control from three independent experiments. Error bars represent mean +/- SD.   758 

(C) SH-SY5Y cells generated in (B) were treated with antimycin A and oligomycin (AO) 762 

for 3 h prior to cell lysis and immunoblotting. Mono and di-ubiquitinated BAK in Parkin-763 

expressing cells following AO are indicated (asterisk). Data is representative of three 764 

independent experiments. 765 

(D) Domain architecture of human Parkin with positions of selected PD-associated 766 

mutations. Ubl, ubiquitin-like; IBR, in-between-RING (Gladkova et al., 2018). HeLa cells 767 

expressing wild-type Parkin or the indicated PD-associated Parkin mutants were treated 768 
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with antimycin A and oligomycin (AO) for 2h. Immunoblots are representative of three 769 

independent experiments. Graph shows densitometric analysis of non-ubiquitinated 770 

proteins in AO-treated samples relative to untreated control from three independent 771 

experiments. Error bars represent mean +/- SD. All Parkin constructs were N-terminally 772 

FLAG-tagged except R104W. 773 

 774 

Figure 4 Oligomerisation of BAK restricts its ubiquitination and induces Parkin 775 

activity.  776 

(A) BN-PAGE and SDS-PAGE of HeLa+HA-Parkin cells treated with 1 µM of each of 777 

ABT-737 and S63485 for 3 h (BH3), antimycin A and oligomycin (AO) for 2 h or a 778 

combination of the two. Experiment was performed in the presence of 10 µM QVD.oph 779 

and immunoblots are representative of three independent experiments.   780 

(B) UBA enrichment of ubiquitinated proteins from HeLa+HA-Parkin cells, BAX-/- BAK-/-

(C) HeLa cells expressing HA-Parkin and Cas9 were transduced with sgRNA targeting 785 

PINK1 or a non-targeting sgRNA control, treated with AO (2 h) to stabilise PINK1 786 

expression and immunoblotted for PINK1. 787 

 781 

(DKO) HeLa cells or wild-type (WT) HeLa cells expressing HA-Parkin in response to 1 782 

µM of each of ABT-737 and S63485 for 3 h (BH3) in the presence of QVD.oph (10 µM). 783 

Representative of three independent experiments. 784 

(D) Parkin activity induced by apoptotic mitochondrial damage is PINK1-dependent. UBA 788 

enrichment of ubiquitinated proteins from HeLa cells generated in (C) in response to 1 µM 789 

of each of ABT-737 and S63485 for 3 h (BH3) in the presence of Q-VD.oph (10 µM). *, 790 

ubiquitinated protein. Representative of two independent experiments.  791 

(E) Schematic showing Parkin ubiquitination of BAK monomer in non-apoptotic cells, but 792 

not the BAK homo-dimer in cells undergoing apoptosis. In response to mitophagy stimuli, 793 

PINK1 phosphorylates ubiquitin to recruit Parkin, which in turn is phosphorylated by 794 

PINK1 to become activated to ubiquitinate monomeric BAK on K113. Mitochondrial outer 795 

membrane (MOM) permeabilisation driven by BAK oligomers during apoptosis provokes 796 

Parkin activity in a PINK1-dependent manner. Although Parkin can ubiquitinate 797 

mitochondrial outer membrane substrates (e.g. Mfn2) to promote mitochondrial clearance, 798 

it cannot ubiquitinate dimerised BAK on K113. 799 

 800 
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Figure 5 Ubiquitin -conjugated BAK at position 113 delays BAK permeabil isation of 801 

liposomes by impairing homo-oligomerisation.  802 

(A) Schematic of fluorescence-based liposome assay to measure BAK activation on model 803 

membranes.  804 

(B) Non-reducing SDS-PAGE and immunoblot of recombinant BAK and BAK-Ub 805 

following treatment with 25 mM TCEP.  806 

(C) Timecourse monitoring fluorescence increase on liposomes following addition of 4 807 

µM BID-BH3 peptide to 50 nM BAK or BAK-Ub in the presence or absence of 25 mM 808 

TCEP. Data is mean +/- SD of three independent experiments.  809 

(D) BN-PAGE of BAK and BAK-Ub on liposomes following incubation with 4 µM BID-810 

BH3 peptide in the presence or absence of 25 mM TCEP, immunoblotted for BAK. Data 811 

representative of three independent experiments. Graphs shows densitometric analysis of 812 

the BAK tetramer (4x) from three or two independent experiments. Error bars represent 813 

mean +/- SD for n=3 or mean and range for n=2.   814 

 815 

Figure 6 Ubiquitination of BAK on mitochondrial membranes and in cells inhibits its 816 

ability to mediate mitochondrial outer membrane permeabilisation and apoptosis.  817 

(A) Immunoblot of whole cell lysates of MEFs stably expressing ΔCys variants of BAK.   818 

(B) Conjugation of ubiquitin to BAK K113C impairs BAK apoptotic function. 819 

Mitochondrially-enriched membranes from MEFs expressing BAK or BAK K113C were 820 

cross-linked (CuPhe) with UbG76C and treated with cBID for 30 min at 30°C. Supernatant 821 

(S) and pellet (P) fractions were then immunoblotted for BAK under non-reducing 822 

conditions, or cytochrome c or ubiquitin under reducing conditions. Representative of three 823 

independent experiments. Note that the incorporation of recombinant UbG76C

(C) Parkin-mediated ubiquitination limits BAK activation. HeLa+HA-Parkin  cells were 826 

treated with antimycin A and oligomycin (AO) for 2 h prior to induction of apoptosis with 827 

1 µM of each of the BH3 mimetics ABT-737 and S63485 (BH3 mim) for 1 h. Intracellular 828 

flow cytometry was performed using the conformation-specific anti-BAK antibody G317-829 

2. Representative histograms are shown and the fold increase in mean fluorescence 830 

intensity (MFI) is plotted from three independent experiments with error bars showing SD. 831 

Data are normalised to untreated control.  832 

 on higher 824 

molecular weight proteins is likely due to incomplete reduction on reducing SDS-PAGE. 825 

 (D) Parkin-mediated ubiquitination limits BAK apoptotic activity. BAK-/-BAX-/- HeLa cells 833 

expressing Parkin and BAK were treated with AO (2 h) prior to isolation of mitochondria 834 
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and treatment with recombinant cBID and analysis of cytochrome c release. Immunoblots 835 

are representative of three independent experiments. Graph shows densitometric analysis 836 

of three independent experiments or cytochrome c in the supernatant fraction. Error bars 837 

represent mean +/- SD.  838 

(E) Parkin activity limits cytochrome c release. HeLa cells or HeLa cells expressing Parkin 839 

were treated and analysed as in (C). Immunoblots are representative of three independent 840 

experiments. Ubiquitinated BAK indicated (arrow). Graph shows densitometric analysis of 841 

three independent experiments showing cytochrome c release 842 

(supernatant/supernatant+membrane) relative to 100 nM cBID as 100% release. Error bars 843 

represent mean +/- SD.   844 

  845 

Figure 7 Model for Parkin-mediated inhibition of intrinsic apoptosis  846 

Model of the effect of Parkin-mediated BAK ubiquitination on intrinsic apoptosis. 847 

Following mitochondrial damage, PINK1 is stabilised at the mitochondrial outer 848 

membrane (MOM) whereby it phosphorylates ubiquitin to recruit Parkin. Phosphorylation 849 

by PINK1 activates Parkin to ubiquitinate a variety of substrates including Mfn2 and 850 

VDAC. Parkin ubiquitinates BAK on a conserved lysine (K113) to inhibit BAK 851 

oligomerisation and its apoptotic function in releasing cytochrome c release from the 852 

intermembrane space (IMS). Additionally Parkin ubiquitinates VDAC2 thereby limit ing 853 

BAX association with mitochondria. This limits apoptosis mediated by both BAK and 854 

BAX, thus enabling the effective engulfment of the mitochondrion by the autophagosome 855 

without errant activation of apoptosis.                                                                                                                              856 

  857 

 858 

 859 

  860 

 861 

Figure EV1 Ubiquitination of BAK by Parkin occurs  in SH-SY5Y and MEF cells on 862 

the conserved Lys113 in the hydrophobic surface groove (relates to Fig 1 and 2).  863 

(A) UBA pull-down of ubiquitinated proteins following antimycin A and oligomycin (AO) 864 

treatment of BAX/BAK-deficient HeLa cells ectopically expressing BAX for 3 h. 865 

Representative immunoblot from two independent experiments.  866 

(B) Endogenous BAK is ubiquitinated in neuroblastoma cells upon mitochondrial damage. 867 

SH-SY5Y cells ectopically expressing Parkin were treated with antimycin A and 868 
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oligomycin (AO) for 2 h prior to immunoblotting for BAK, Mfn2, Parkin and TIMM44. 869 

Representative immunoblots of three independent experiments.  870 

(C) Endogenous BAK is ubiquitinated in MEFs upon mitochondrial damage. Wild-type 871 

MEFs (WT) or Bak-/-Bax-/-

(D) Timecourse of mitophagy induction. HeLa cells expressing HA-Parkin were treated 878 

with antimycin A and oligomycin (AO) for the indicated times prior to immunoblotting of 879 

membrane fractions for BAK, TOMM20, Mfn2, VDAC2 and cytochrome c. 880 

Representative immunoblot from two independent experiments.  881 

 MEFs expressing hBAK and ectopically expressing HA-Parkin 872 

were treated with antimycin A and oligomycin (AO) with or without MG132. Lysates were 873 

immunoblotted for BAK (aa23-38) or GAPDH as a loading control. Note that endogenous 874 

mouse BAK was ubiquitinated and that ubiquitinated forms of mouse and human BAK (*) 875 

were reduced with MG132. Representative immunoblots of three independent 876 

experiments.  877 

(E) BAK-/- BAX-/-

  886 

 HeLa cells expressing BAK and HA-Parkin were treated with antimycin 882 

A and oligomycin (AO) for 2 h prior to immunoprecipitation of BAK. Immunoprecipitates 883 

were incubated with the indicated ubiquitin linkage-specific DUB prior to analysis of BAK 884 

by immunoblotting. Data representative of three independent experiments. 885 

Figure EV2 Ubiquitinated BAK does not disassociate from mitochondria and persists 887 

post mitochondrial damage (relates to Fig 2). 888 

(A) Lys113 at the hydrophobic groove of BAK is evolutionarily conserved. 889 

(B) Whole cell lysates of stable cell lines generated from BAK/BAX deficient HeLa re-890 

expressing BAK constructs and HA-Parkin, immunoblotted for BAK, BAX, Parkin and 891 

GAPDH. 892 

(C) Ubiquitination of BAK does not significantly alter its subcellular localisation. BAK-/-
893 

BAX-/-

 900 

 HeLa cells expressing HA-Parkin together with wild-type BAK or BAK K113R 894 

were treated with antimycin A and oligomycin (AO) for 2 h prior to subcellular 895 

fractionation into cytosol (C) and mitochondria-enriched heavy membrane pellet 896 

(M) fractions. Fractions were imunoblotted for BAK, GAPDH (cytosolic marker) and 897 

TOMM20 (mitochondrial marker). Representative immunoblot of two independent 898 

experiments.  899 

Figure EV2 BH3-mimetics induce mitochondrial damage in the absence of detectable 901 

PINK1 stabilisation (relates to Fig 4). 902 
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(A) HeLa cells were treated with antimycin A and oligomycin (AO) for 2 h or with 1 µM 903 

of each of ABT-737 and S63485 for 3 h (BH3) in the presence of QVD.oph (10 µM). 904 

Representative of three independent experiments. 905 

(B) HeLa cells engineered in Fig 4C were treated with 1 µM of each of ABT-737 and 906 

S63485 for 3 h (BH3) in the presence of QVD.oph (10 µM) prior to subcellular 907 

fractionation of cytosol (C) and mitochondria-enriched heavy membrane (M) fractions. 908 

Representative of two independent experiments. 909 

 910 

Figure EV3 Purification of disulphide-linked BAK -Ub (relates to Fig 5).  911 

Recombinant human BAK K113C (∆N22/∆C25/6-His) was combined with recombinant 912 

UbG76C 

 917 

and treated with oxidant to induce disulphide linkage. Disulphide-linked protein 913 

was separated from non-linked proteins by anion exchange chromatography. Fractions 914 

were run on a non-reducing SDS-PAGE gel and Coomassie stained. Fraction #2 was used 915 

as the source of BAK-Ub.  916 

Figure EV4 cBID is targeted to damaged mitochondrial membranes (relates to Fig 6). 918 

(A) Mitochondria-enriched membrane fraction from Bax-/-Bak-/- MEFs expressing 919 

BAK∆Cys were incubated with UbG76C (100 µM) in the presence or absence of oxidant 920 

copper phenanthroline (CuPhe, 1 mM) for 30 min prior to separation of supernatant and 921 

membrane fractions and immunoblotting as indicated. Note the incorporation of exogenous 922 

UbG76C into high molecular weight species (*) in the membrane fraction following 923 

treatment with oxidant. **, UbG76C

(B) HeLa cells expressing HA-Parkin were treated with antimycin and oligomycin (AO) 925 

for 2 h prior to fractionation into cytosol (C) and heavy membrane (M). Membrane 926 

fractions were then incubated with cBID as indicated. Incorporated cBID was then 927 

determined by centrifugation to separate the supernatant (S) from the membrane pellet (P) 928 

prior to immunoblotting.  929 

 disulphide-linked dimer. 924 

(C) HeLa+HA-Parkin  cells were treated with antimycin and oligomycin (AO) for 2 h prior 930 

to harvesting. Samples were immunoblotted for MCL1, BAK and HSP70. Ubiquitinated 931 

MCL1 (arrowhead). 932 

 933 

Table EV1 Antibodies used for immunoblotting and FACS                934 

 935 

 936 
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