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Maintaining a pool of functional mitochondria requires degradation of damaged ones within
the cell. PINK1 is critical in this quality-control process: loss of mitochondrial membrane
potential causes PINK1 to accumulate on the mitochondrial surface, triggering mitophagy.
However, little is known about how PINK1 is regulated. Recently, we showed that PINK1
content is kept low in healthy mitochondria by continuous ubiquitination and proteasomal
degradation of its mature form via a mechanism inconsistent with the proposed N-end rule
process. Herein, we now demonstrate that once generated within the mitochondria, 52-kDa
PINK1 adopts a mitochondrial topology most consistent with it being at the mitochondrial-
endoplasmic reticulum (ER) interface. From this particular submitochondrial location, PINK1
interacts with components of the ER-associated degradation pathway, such as the E3 ligases
gp78 and HRD1, which cooperate to catalyze PINK1 ubiquitination. The valosin-containing
protein and its cofactor, UFD1, then target ubiquitinated PINK1 for proteasomal degradation.
Our data show that PINK1 in healthy mitochondria is negatively regulated via an interplay
between mitochondria and ER, and shed light on how this mitochondrial protein gains access

to the proteasome.



Parkinson’s disease (PD) is an adult-onset neurodegenerative disorder that is characterized
pathologically by the loss of ventral midbrain dopaminergic neurons and by the presence of
intracytoplasmic proteinaceous inclusions, or Lewy bodies, in the few neurons that are
spared (Dauer & Przedborski, 2003). Although PD presents primarily as a sporadic condition,
mutations in PINK1, which encodes a mitochondrial kinase, have been associated with an
early-onset form of the disease, inherited as an autosomal-recessive trait (Valente, bou-
Sleiman et al., 2004).

Most of our current knowledge about the function of PINK1 and how PINK1 mutations
can cause neuronal death are derived from studies in invertebrate and cell-culture models
(Clark, Dodson et al., 2006, Narendra, Jin et al., 2010, Park, Lee et al., 2006, Thomas,
Andrews et al., 2014, Valente et al., 2004, Vives-Bauza, Zhou et al., 2010). One conclusion
from these studies is that PINK1 cooperates with the E3 ubiquitin ligase Parkin to promote
the turnover of mitochondria by autophagy (also called mitophagy). Upon a profound loss of
mitochondrial membrane potential (AY,,), PINK1 accumulates at the surface of mitochondria,
where it phosphorylates ubiquitin (Kane, Lazarou et al., 2014, Kazlauskaite, Kondapalli et al.,
2014, Koyano, Okatsu et al., 2014) thereby promoting the recruitment of cytosolic Parkin to
the organelle (Geisler, Holmstrom et al., 2010, Matsuda, Sato et al., 2010, Narendra et al.,
2010, Vives-Bauza et al., 2010). Thereafter, Parkin-decorated mitochondria migrate toward
the perinuclear area of the cell, where they are eliminated by the autophagy/lysosomal
pathway (Geisler et al., 2010, Matsuda et al., 2010, Narendra et al., 2010, Vives-Bauza et al.,
2010). This process of mitophagy involves the autophagy receptors optineurin and NDP52
(Lazarou, Sliter et al., 2015) and the autophagy adaptor TBK1 (Heo, Ordureau et al., 2015).

In mammalian cells deficient in PINK1, the lowering of AW, fails to trigger Parkin-
mediated mitochondrial recruitment and mitophagy (Geisler et al., 2010, Matsuda et al.,
2010, Narendra et al., 2010, Vives-Bauza et al., 2010). Conversely, Parkin translocation and

mitophagy are observed in cells overexpressing wild-type PINK1, but not its kinase-dead



mutant counterpart, even when AW, is preserved (Vives-Bauza et al., 2010). These findings
indicate that the fine-tuning of the mitochondrial content of PINK1 is not only essential to
drive Parkin-dependent mitophagy, but also to allow the autophagic machinery to
discriminate between damaged (low AY,,) and healthy (normal A%¥,,) mitochondria, a process
that is fundamental to preserving a pool of functional mitochondria within cells. The PARL-
processed ("mature™) 52-kDa form of PINK1, located in part on the mitochondrial outer
membrane (MOM), retains most of the known functional properties of its full-length 63-kDa
counterpart. We and others have shown that PINK1 is expressed constitutively, its level is
kept low in healthy mitochondria by the preferential polyubiquitination and ensuing
proteasomal degradation of its 52-kDa form (Jin, Lazarou et al., 2010, Lin & Kang, 2008, Liu,
Guardia-Laguarta et al., 2017, Takatori, Ito et al., 2008, Zhou, Huang et al., 2008). However,
our recent analyses of the PINK1 degradation process indicate that the bulk of ubiquitinated
(Ub)-PINK1 is mitochondrially anchored and not cytosolic and that the N-terminal
phenylalanine (F104) of PINK1, which forms an N-degron maoatif, is located inside the MOM
(Liu et al., 2017). These data provide compelling evidence that the low PINK1 steady-state
level in normal mitochondrial is primarily regulated by a conventional
polyubiquitin/proteasome process and not by an N-end rule mechanism, as previously
proposed (Yamano & Youle, 2013). However, how mitochondrial PINK1 becomes
ubiquitinated and then is turned over to the cytosolic proteasome remains poorly understood.

Here we show that, in mammalian cells, degradation of 52-kDa PINK1 by the
proteasome relies on the AAA+ ATPase segregase valosin-containing protein (VCP) and on
components of the endoplasmic reticulum (ER)-associated degradation (ERAD) pathway,
including the E3 ligases gp78 and HRD1. The ERAD-assisted degradation of 52-kDa PINK1
correlates with the accumulation of mature PINK1 in the vicinity of the ER. Our study
emphasizes the key role of 52-kDa PINK1 at all points of this protein metabolic pathway,

including ubiquitination, involvement of the ER, and proteasomal degradation. Moreover, by



studying PINK1 processing and turnover, we have uncovered a new functional link between

mitochondria and ER, as well as a role for ERAD in regulating mitochondrial protein content.

Results

Ub-PINK1 interacts with valosin-containing protein. The degradation of the mature form of
PINK1 by the ubiquitin/proteasome pathway has recently been clarified (Liu et al., 2017).
However, the mechanism by which Ub-PINK1 gains access to the cytosolically-located
proteasome remains uncertain. To identify PINK1-interacting partners that might provide clues
as to how it is extracted from mitochondria and then targeted to the proteasome, we
immunoprecipitated (IP) PINK1 from HelLa cells, separated the resulting material by SDS-PAGE
gels, excised coomassie brilliant blue-stained bands, and subjected them to liquid
chromatography-mass spectrometry LC-MS/MS (Figure 1A). We identified ~480 candidate
interaction partners (Supplemental Table 1), including VCP (Figure 1A, band #2), as well as
several VCP cofactors, including ubiquitin conjugation factor E4B (UBE4B or UFD2A) (Figure
1A, band #1) and nuclear protein localization protein 4 homologue (NPL4) (Figure 1A, band #3).
We were particularly interested in these candidates, as VCP, which is an AAA+ ATPase, is
known to facilitate the degradation of ubiquitinated proteins anchored in intracellular membranes
(Meyer & Weihl, 2014) and was found, upon mutation, to phenocopy the mitochondrial defect
caused by PINK1 mutations in flies (Kim, Tresse et al., 2013). To validate these candidates, we
performed a series of co-IP experiments in HEK293T cells stably transfected with wild-type
PINK1 and treated with the proteasome inhibitor MG132 to enrich the cell content in Ub-PINK1.
As shown in Figure 1B, VCP was successfully pulled-down upon IP PINK1 with a previously
validated antibody (Zhou et al., 2008); more importantly, the reciprocal IP showed that 52-kDa
PINK1 was the PINK1 species that bound preferentially to VCP. Despite low levels of

endogenous PINK1 in cell with healthy mitochondria (Liu et al., 2017, Zhou et al., 2008), some



endogenous 52-kDa PINK1 was pulled-down upon IP VCP in absence of MG132 and showed a
slight increase in the ratio of PINK1 over VCP in the presence of MG132 (Figure 1C).
Collectively, these experiments support a bona fide physical interaction between these two
proteins. Furthermore, consistent with VCP's affinity for ubiquitinated proteins, co-IP
experiments using HEK293T cells expressing the ubiquitination-defective mutant PINK1*="R
(Liu et al., 2017) failed to interact with VCP (Figure 1D). We also validated the interaction
between PINK1 and UFD2A (Figure 1E).

To confirm the functional significance of the interactions of Ub-PINK1 with UFD2A and
with VCP, we silenced each of these two factors in HeLa cells stably expressing PINK1, using
shRNA Ientiviral vectors. Consistent with a role of VCP in PINK1 degradation, we found that
upon knockdown of VCP using shRNA with a 285% efficiency ), we observed an increase in the
amount of the 52-kDa form, as well as that of Ub-PINK1 species, in cells both treated and
untreated with MG132, compared to control cells (Figure 1F). As for UFD2A, its near complete
silencing in Hela cells was associated with a moderate increase in both 52-kDa PINK1 and Ub-
PINK1 (Figure 1G).

UFD1 encodes a key adaptor protein that contributes to the VCP-specific activity in the
removal of ER proteins (Ye, Meyer et al., 2001) and, interestingly, of damaged mitochondria as
well (Kim et al., 2013). Thus, to further support the role of VCP in PINK1 degradation process,
we targeted UFD1. Strikingly, we found that silencing UFD1 phenocopied the effects of VCP
knockdown, in that it markedly increased 52-kDa PINK1 and Ub-PINK1 (Figure 1H).

Thus, our data indicate that conditions in which the functions of VCP, UFD1 and, to a
lesser extent, UFD2A are reduced, promote 52-kDa PINK1 stability, suggesting that all of these
three factors operate in the molecular pathway between Ub-PINK1 and its proteasomal

degradation.



52-kDa PINK1 interacts with the ERAD machinery.

The VCP machinery collaborates with the ER-associated degradation (ERAD) pathway
to remove and degrade selected integral membrane proteins (Brodsky, 2012). Thus, in light of
the above, we then asked whether PINK1 interacts with ER-resident components of the ERAD
pathway, namely, the factors ERLIN-1 and -2, Sec61p (that is also associated with the VCP
retrotranslocation complex), and the E3 ubiquitin ligase gp78 (gene AMFR) (Christianson & Ye,
2014, Habeck, Ebner et al., 2015, Scott & Schekman, 2008, Spiro, 2004, Wang, Heath-Engel et
al., 2008). We found no evidence of interactions between PINK1 and ERLIN-1 and -2 (data not
shown). In contrast, we found that PINK1 interacts with Sec61f in both MG132-treated and non-
treated HEK293T cells stably expressing PINK1 (Figure 2A); this interaction was also detected
in cells expressing endogenous PINK1 (Figure 2B). Moreover, in a similar experiment, we found
that gp78 was successfully pulled down by overexpressed PINK1 IP in both MG132-treated and
non-treated HEK293T cells; the reciprocal IP also indicated that 52-kDa PINK1 binds to gp78
(Figure 2C). Our results indicate that PINK1 interacts direct or indirectly with specific members
of the ERAD machinery, raising the possibility that PINK1 degradation involves the ERAD

pathway.

PINK1 polyubiquitination and degradation rely on ERAD machinery and E3 ligases. To
determine the contribution of Sec61p to PINK1 stability, cells stably overexpressing PINK1 were
infected with lentiviral shRNAs to knock down Sec61f. Two independent Sec61f3 shRNAs,
whose efficiencies were >75% (Figure 2D), caused a consistent increase in 52-kDa PINK1 and
Ub-PINK1 in whole-cell extracts (Figures 2D and E). Thus, Sec6l1p interacts with and
contributes to PINK1 stability.

Furthermore, given the physical interaction between PINK1 and gp78 (Figure 2C), we

also asked whether this E3 ubiquitin ligase catalyzes PINK1 polyubiquitination. Silencing gp78



in PINK1 and HA-Ub co-transfected HEK293T cells reduced the signal for Ub-PINK1 in
association with a moderate increase of 52-KDa PINK1, but in an unusual pattern (Figure 2F):
the reduction in the Ub-PINK1 was greatest in the region corresponding to the higher molecular
mass species (Figure 2F), suggesting that PINK1 ubiquitination, and in particular that of the
lower molecular mass species, may not be mediated solely by gp78. Another ER-related E3
ligase, HRD1, can form a transient interaction and cooperate with gp78 to catalyze
ubiquitination of both luminal and membrane ERAD substrates (Bernardi, Williams et al., 2010,
Ishikura, Weissman et al., 2010, Zhang, Xu et al., 2015). Accordingly, to examine whether
HRD1 is also involved in PINK1 ubiquitination, we performed an in vivo ubiquitination assay in
HRD1-deficient HEK293T cells (Zhang et al., 2015). Strikingly, the lack of HRD1 did abrogate
the Western blot signal for all Ub-PINK1 species (Figure 2G). These results suggest that PINK1
polyubiquitination arises from the dual action of HRD1 and gp78, where the former initiates the
formation of the polyubiquitin chain, while the latter elongates it, an interpretation consistent with
our previous results that PINK1 polyubiquitination is made of heterotypic chains (Liu et al.,

2017).

PINK1 co-localizes with both mitochondria and the ER. In light of the proposed link of PINK1
with ERAD, we revisited PINK1's subcellular distribution. Strikingly, confocal microscopy
revealed that PINK1 immunoreactivity in HelLa cells transfected stably with wild-type PINK1 co-
localized with the ER marker Sec61p (M1 co-localization coefficients [CCs] = 0.593) (Figure 3A;
P<0.001) as well as with the mitochondrial markers MitoTracker® Green FM and cytochrome ¢
(M1 CCs = 0.531 and 0.685, respectively). In contrast, PINK1 did not co-localize with the Golgi
marker GM130 (M1 CC = 0.045) (Figure 3A). Similar results were also obtained with super-

resolution structured illumination microscopy (SIM) imaging (Gustafsson, Shao et al., 2008):



COS-7 cells co-transfected with PINK1 and Sec61p-GFP or Mito-DsRed showed that PINK1 co-
localized with both Mito-DsRed and Sec61p-GFP (Figure 3B and S1A-B).

Because these microscopy methods do not allow one to conclude whether the observed
co-localization is linked to PINK1 immunofluorescence generated by the full-length or cleaved
form, or both, two additional methods were employed. First, we used gradient-centrifugation to
generate enriched subcellular fractions to detect endogenous 52-kDa PINK1. With this method
endogenous mature 52-kDa PINK1 was unambiguously detected in the ER-enriched fractions of
HEK293T cells treated with MG132 (Figure 3C). Second, we carried out a subcellular
biotinylation assay using an intermembrane space-specific targeted ascorbate peroxidase (IMS-
APEX2) (Hung, Zou et al., 2014, Rhee, Zou et al., 2013) to investigate specific cellular
compartments. Upon addition of biotin to cells co-transfected with PINK1 and IMS-APEX2,
biotin-labeled 52-kDa PINK1 was recovered from the both the ER and mitochondrial fractions
following sequential pull-down with anti-PINK1 and streptavidin magnetic beads (Figure 4A-B).
The IMS-resident protein SMAC was also biotinylated (Figure 4C). In contrast, none of the ER-
resident proteins tested, such as BIP, Sec61p, or calreticulin, were biotinylated by the IMS-
APEX2-catalyzed reaction (Figure 4C). These results are consistent with 52-kDa PINK1 residing

in or close proximity of both mitochondria and the ER, such as the mitochondrial-ER interface.

Ub-PINK1 is found in both the ER and mitochondrial fractions. The observed partitioning of
52-kDa PINK1 between the mitochondrial and the ER enriched fractions raises the question as
to whether PINK1 is differentially ubiquitinated in these two fractions. We therefore performed
an in vivo ubiquitination assay using purified subcellular fractions isolated from MG132-treated
HEK293T cells. We found that Ub-PINK1 was associated with both mitochondrial and ER
fractions (Figure 4D) and, using alkaline extraction, that Ub-PINK1 was poorly extractable from

both subcellular fractions (Figure 4E-F). To confirm these observations, we carried out an in



vivo ubiquitin-mediated fluorescence complementation assay (Fang & Kerppola, 2004) using
one plasmid that encoded for ubiquitin fused to the N-terminal half of the fluorescent protein
Venus (Vn-Ub), and another that encoded for PINK1 fused to the remaining C-terminal half of
Venus (Pink1-Vc). As shown in Figure 4G, Venus fluorescent signal was only observed in HelLa
cells successfully transfected with both plasmids (left panel). In those cells, the yellow
fluorescence co-localized with both the ER markers Sec61 and KDEL immunofluorescence
(M1 CCs =0.847 and 0.628, respectively) and mitochondrial marker TOM20 (M1 CCs = 0.381),
but not with the Golgi matrix protein GM130 (M1 CCs = 0.065, right panel, Figure 4G). Our
findings thus provide compelling evidence that Ub-PINK1 is associated with both the ER and the
mitochondria-enriched fractions. Furthermore, we showed, by immunoblot and SIM, that the Ub-
inefficient PINK1***"® mutant was also found in the mitochondrial (Figure 4H-1) and in the ER
fractions, indicating that ubiquitination is not required for 52-kDa PINK1 dual subcellular

association.

Ubiguitination-defective PD-linked PINK1 mutations accumulate in the ER fraction. We
note that K137, which is required for ubiquitination (Liu et al., 2017), is located in a 130-aa
"linker" region (aa 104-233) connecting the transmembrane domain and the kinase domain. To
confirm the importance of the PINK1 linker region and the ER to PINK1 degradation, we
screened a series of nine pathogenic PD mutations (Bonifati, 2005, Song, Jang et al., 2013) that
reside in the linker region in the vicinity of K137. Of the nine such PINK1 mutations examined,
we found that five were associated with little or no ubiquitination of PINK1, even after treatment
with MG132 (Figure 5A). Remarkably, all five of these ubiquitination-defective mutants were
disproportionally enriched in the ER-enriched fractions in the absence of MG132, as revealed by
the ratio of 52-kDa: 63-kDa PINK1 (Figure 5B). In contrast, we did not detect ubiquitination
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defects or ER enrichment in two representative kinase-domain mutants, PINK and

PINK1%%°* (Okatsu, Oka et al., 2012, Valente et al., 2004) (data not shown). These results
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confirm that PINK1 degradation relies on ubiquitination and the ERAD machinery, and suggest
that the PINK1 ER-assisted degradation and kinase activity may be two independent

determinants of PINK1 pathogenicity in PD.

Discussion

We show here that 52-kDa PINK1 can be found in both the mitochondria and the ER-enriched
fractions, that it interacts with the ERAD machinery, and that its degradation by the proteasome
is controlled by the ERAD E3 ubiquitin ligases HRD1 and gp78 and by the ERAD-associated
proteins VCP, UFD1, and UFD2A. Thus, these data begin to reveal a novel picture of PINK1
metabolic processing that revolves around possible mitochondria-ER interface and involvement
of the ERAD machinery.

Our discoveries of PINK1 linkage to heterotypic polyubiquitin chains (Liu et al., 2017)
and interaction with the components of the ERAD pathway have enabled us to obtain further
insights into PINK1 degradation process. We note that some E3 ligases (e.g. UBE3C (You &
Pickart, 2001)) can generate both K29 and K48 linkages, whereas in other cases, the formation
of heterotypic K29/K48 polyubiquitin chains requires at least two E3 enzymes (Koegl, Hoppe et
al., 1999, Saeki, Tayama et al., 2004). In keeping with the latter scenario, we found that
silencing the ERAD-associated E3 ligase gp78 decreased mainly the higher order polyubiquitin
species (Figure 2F), whereas silencing the E3 ligase HRD1 abolished essentially all PINK1
ubiquitination, suggesting that HRD1 initiates PINK1 ubiquitination and that gp78 extends it.
This is reminiscent of the proteasomal degradation of two other ERAD substrates, the cytokine
autocrine motility factor (Wang, Ha et al., 2014) and the cystic fibrosis transmembrane
conductance regulator (Morito, Hirao et al., 2008), where, following the initiation of ubiquitination

by one E3 ligase (i.e. TRIM25 and RMAL1, respectively (Morito et al., 2008), gp78 then

11



recognizes the ubiquitin chains already conjugated to the substrates and operates as an
ubiquitin chain elongase (i.e. E4 ubiquitin factor) to catalyze further polyubiquitination.

The role of the ubiquitin-proteasome system in the degradation of mitochondrial proteins,
and especially MOM-localized proteins, is increasingly recognized (Karbowski & Youle, 2011).
Even though the knowledge of the direct involvement for PINK1 in mitochondrial-ER crosstalk is
limited (ref: https://www.ncbi.nlm.nih.gov/pubmed/28815529), a recent study showed that
endogenous PINK1 and BECN1 were both found to re-localize at MAM, where they promoted
the enhancement of ER-mitochondria contact sites and the formation autophagosome
precursors (ref: https://www.ncbi.nim.nih.gov/pubmed/28368777). However, how integral MOM
proteins are removed from the membrane and targeted to the cytosolic proteasome remains
uncertain. Mounting evidence indicates that VCP, which is critically important for the extraction
of ubiquitinated proteins from the ER and from other organelle membranes, is also instrumental
in the removal and ensuing proteasomal degradation of MOM proteins, such as mitofusins, in
mammalian cells (Karbowski & Youle, 2011). The specific action and subcellular recruitment of
the multifunctional protein VCP is governed via its interaction with a variety of adaptors. For
example, it has been shown in yeast that for VCP to be recruited to the mitochondria and to
contribute to the ubiquitin-dependent degradation of MOM proteins, specific VCP adaptors, such
as Vmsl (Heo, Livnat-Levanon et al., 2010), are necessary. Although our data demonstrate that
VCP is involved in PINK1 turnover, the knockdown of ANKZF1 (the human homologue of yeast
Vmsl) (see Figure S1C) or of mitochondria-associated E3 ligases (e.g. Parkin, Mulan, and
March V) did not affect PINK1 ubiquitination/degradation (Liu et al., 2017). Conversely, the
physical interaction between PINK1 and ER proteins, including Sec61p, and components of the
ERAD pathway, such as HRD1, gp78, UFD1, and UFD2A, suggests that the VCP-dependent

degradation of PINK1 is associated with the ER, not with the mitochondria.
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Relevant to the proposed PINK1 association with the ER proteastasis machinery, it is also worth
mentioning that Weihofen, Ostaszewski et al. (2008) showed that PINK1 can be detected in the
ER-rich microsome fractions of cell homogenates. Our work is consistent with this observation.

At this time, there is no evidence for PINK1 co-translation in either mitochondria or ER
nor for PINK1 import in the ER. Although protein movement between the mitochondria and the
ER have been reported, especially for proteins belonging to the Bcl-2 family (Saita, Shirane et
al., 2013), It is more likely that our results reflect the localization of PINK1 at the contact sites,
which refers to zones of close contact between mitochondrial and ER membranes (Rowland &
Voeltz, 2012). Consistent with this interpretation are the observations made by both Silvestri,
Caputo et al. (2005) and ourselves (Zhou et al., 2008) that PINK1 is found in both the soluble
and particulate fractions of mitoplast preparations and is poorly extractable by detergents,
features often linked to proteins residing at the mitochondrial/ER contact side.

In Drosophila, it seems that PINK1 follows two metabolic routes, one in which a fraction
of PINK1 is degraded by the protease Lon inside of the mitochondria and a second that involves
the proteasome (Thomas et al., 2014). While the intra-mitochondrial/Lon route has not been
found in vertebrate cells (Greene, Grenier et al.,, 2012, Jin et al.,, 2010), the role of the
cytosolic/proteasome route in PINK1 degradation is well established, and our study and that
those already in the literature lead us to propose the following PINK1 metabolic cycle for
vertebrate organisms (Figure 6). Upon translation of PINK1, the N-terminal part of the full-length
63-kDa PINK1 is imported into mitochondria where it is cleaved by the combination of MPP and
PARL proteases, producing 52-kDa PINK1. This shorter form of PINK1 is subjected to two
critical events. First, it adopts a distinct conformation, and engages in interactions with bilayer
membranes, distinct from those of the 63-kDa form, thereby, promoting exposure of the lysine
residues of the transmembrane-kinase domain linker region, such as K137, which are critical for
ubiquitin linkage to PINK1. Second, PINK1 is transferred to the ER, at which point 52-kDa

PINK1 interacts with the ERAD machinery, including HRD1, gp78, and VCP, enabling its
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ubiquitination and transfer to the proteasome for degradation. While conventional ERAD
substrates are degraded when misfolded, PINK1, akin to the non-canonical BCL-2 factor BOK
(Llambi, Wang et al., 2016), is degraded continuously in healthy cells by a gp78/VCP-dependent
process. Thus, the novel molecular pathway outlined here allows for PINK1 metabolic stability
and activity to be tightly regulated in a timely and spatially restricted manner, and ensures that

PINK1 serves its function as a mitochondrial quality control factor.

Methods

Cell culture, transfection and plasmids. 293T Hrd1l CRISPR cells were generous gifts from
Yihong Ye (National Institute of Health). Transient transfections were performed as previously
described (Becker, Richter et al., 2012, Vives-Bauza et al., 2010). Epitope-tagged PINK1 and
PINK1 mutants or deletion constructs were generated by PCR-based DNA mutagenesis. Ufd2A-
Flag was a gift from David Sidransky (Chatterjee, Upadhyay et al., 2008). The backbone vector
used to construct C-terminal Venus-tagged PINK1 (Vc-PINK1) was from Kjungjin Kim (Lee, Lee
et al., 2010). The APEX backbone was from Addgene, and the IMS-APEX2 plasmid was a

generous gift from Alice Ting (MIT, Cambridge).

Subcellular fractionation, protease K protection assay and alkaline extraction. Crude
mitochondria, purified mitochondria and ER from cultured cells were fractioned as described
previously (Area-Gomez, 2014, Guardia-Laguarta, Area-Gomez et al., 2014). The alkaline

extraction was performed as described (Zhou et al., 2008).

Immunoblotting, immunoprecipitation and in vivo ubiquitination. Immunoblotting and

immunoprecipitation assays were carried out as previously described (Vives-Bauza et al., 2010,
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Zhou et al., 2008). Co-IP protocols for PINK1-gp78 interaction were adapted from Zhang et al.
(2015). In vivo ubiquitination assay was performed in stringent buffer containing 1% SDS before
proceeding to immunoprecipitation as described previously (Vives-Bauza et al., 2010). APEX

technology was adapted from previously published (Hung et al., 2014, Rhee et al., 2013).

Immunofluorescence and imaging. Immunofluorescence procedures were performed as
described (Guardia-Laguarta et al., 2014). The Manders colocalization coefficient M1 (Manders,
Verbeek et al., 1993) was calculated using the Fiji distribution (Schindelin, Arganda-Carreras et
al.,, 2012) of ImageJ (Schneider, Rasband et al., 2012). PINK1 and organelle images were
manually threshold by a skilled observer. The background-subtracted integrated intensity was
calculated for each label and for the overlapping areas. The co-localization coefficient was
calculated as the percentage of PINK1 integrated density overlapping with the indicated
organelle. For super-resolution Structured lllumination Microscopy (SIM), cells were imaged on
a Nikon N-SIM, based on an Eclipse Ti inverted microscope using an SR Apo-TIRF 100x/1.49

oil-immersion objective and an Andor iXon 3 EMCCD camera.

Mass spectrometry analysis. PINK1 purified protein complexes were resolved using SDS-
polyacrylamide gel electrophoresis and protein bands were excised, digested with trypsin and
purified using Poros 50 R2 (Applied Biosystems) reversed-phased beads, then purified peptide
mixtures were subjected to nanoLC-MS/MS analysis as described (Beverly, Lockwood et al.,

2012).

Statistical analysis. Data are presented as mean + SEM from at least three independent
experiments. Samples were compared by one- or two-way ANOVA followed by a Student-
Newman-Keuls test. The Null hypothesis was rejected at the 0.05 level. All analyses were

performed with Sigmaplot for Windows version12.0 (Systech Software Inc., CA).
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Figure Legends

Figure 1. Ub-PINK1 interacts with valosin-containing protein. (A) Endogenous PINK1
interacting proteins revealed by Commassie blue-stained SDS-PAGE gel. Endogenous PINK1
and its associated complexes were enriched by IP with anti-PINK1 antibody in HeLa cells. HA
antibody and normal IgG were used as controls. Bands labeled as 1, 2 and 3 were identified as
Ufd2A, VCP and Npl4, respectively. Data are presented in MEF as the mean + SE (n23). (B)
PINK1 and VCP interaction in HEK293T cells co-transfected with PINK1 and VCP evidenced by
co-IP using either an anti-PINK1 or anti-VCP antibody. * IgG heavy chain. (C) Endogenous
PINK1 and VCP interaction in SH-SY5Y cells evidenced by co-IP using anti-VCP-antibody. (D)
As in Fig. 1B, except that cells were transfected either with WT PINK1 or mutant PINK1 3R *
IgG heavy chain. (E) PINK1 and Ufd2A interaction in HEK293T cells co-transfected with PINK1
and Ufd2A-flag evidenced by co-IP using an anti-M2 Flag antibody. (F) Ub-PINK1 IB in PINK1
stably-transfected HEK293T cells. Endogenous VCP was efficiently knocked down by VCP
shRNAs validated by IB. (G) Ub-PINK1 IB in PINK1 stably-transfected HEK293T cells.
Endogenous Ufd2A was efficiently knocked down by Ufd2A shRNAs validated by IB. (H) Ub-
PINK1 IB in PINK1 stably-transfected HEK293T cells. Endogenous Ufd1 was efficiently knocked

down by Ufd1 shRNAs validated by IB.

Figure 2. ER 52-kDa PINK1 interacts with the ERAD machinery. (A) As in Fig. 1B, co-IP was
done with anti-PINK1 or anti-Sec61p antibody. (B) As in Fig. 1C, co-IP was done with an anti-
Sec61p antibody. (C) PINK1 and endogenous gp78 interaction in stably PINK1 expressing
HEK293T cells evidenced by co-IP using either an anti-PINK1 or anti-gp78 antibody. (D) PINK1
IB of PINK1 stably-transfected HelLa cells. Endogenous Sec61p was knocked down by two
independent Sec61p shRNAs (#1 and #2) validated by IB. (E) Ub-PINK1 IB in PINK1 stably-

transfected HEK293T cells. Endogenous Sec61p was efficiently knocked down by Sec61f3
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shRNAs validated by IB. (F) Ub-PINK1 IB in PINK1 stably-transfected HEK293T cells.
Endogenous gp78 was efficiently knocked down by gp78 shRNA validated by IB. (G) Ub-PINK1

IB in Hrd1 CRISPR HEK293T cells that were transfected with PINK1 WT plasmid.

Figure 3. Ub-PINK1 is localized in both the mitochondria and the ER. (A) Co-localization
between PINK1 and organelle markers. Cells were transiently transfected with PINK1 (red) and
co-stained with cytochrome c (cyt c), Mitotracker, Sec61B-GFP, and GM130 (green).
Representative images were shown (left panel) and the quantification (right panel) was done by
Image J software. Scale bar = 10um. Data are presented as the mean + SE (n=3). (B) COS-7
Cells (ATCC) were transfected with PINK1 expression vectors. Images were acquired in 3D-SIM
mode using excitation at 488 nm and 561 nm and standard filter sets for green and red
emission. Image z-stacks were collected with a z interval of 200 nm. SIM image reconstruction,
channel alignment and 3D reconstruction were performed using NIS-Elements AR and Fiji
(Schindelin et al., 2012). SIM reconstructed images were threshold, using consistent thresholds
for each channel. A binarized mask was created for each channel. Representative images of ER
or mitochondria (left panel) PINK1 (center panel), and a composition of the PINK1 mask
(depicted in yellow) on top of the ER/mitochondria mask (depicted in red) is shown. Unmasked
overlays are shown in Supplemental Figure 1A-B. Scale bar = 2 um. (C) PINK1 IB of purified
subcellular fractions from HelLa cells. Endogenous PINK1 was enriched by MG132 treatment for
6h, and then proceeded for IP using anti-PINK1 antibody. Note that 52-kDa PINK1 migrates

slightly above the heavy chain of IgG (*). See also Figure S1.

Figure 4. Endoplasmic reticulum 52-kDa PINK1 originates from mitochondria. (A) HelLa

cells were co-transfected with PINK1 and IMS-APEX2, purified mitochondrial (mito) and ER

fractions were used in the sequential pull-down. (B) Mito-DsRed and Sec61 were used as
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mitochondrial and ER outer membrane markers, respectively. IMS-APEX2 specifically co-
localized with mitochondrial marker Mito-DsRed in COS-7 cells. Scale bar = 10um. (C) 293T
cells were co-transfected with PINK1 and IMS-APEX2, labeled with biotin-phenol and processed
for IP. Biotin-labeled protein was detected in elutes that was pulled-down by streptavidin
magnetic beads using the total cell extract (Input). BIP, Sec61p and Calreticulin were used as
ER markers; ATP5A, Smac, and Tom20 were used as mitochondrial markers; PKC and GAPDH
were used as cytosolic markers. (D) Ub-PINK1 IP followed by IB analysis of purified subcellular
fractionation isolated from co-transfected PINK1 and HA-Ub Hela cell exposed to MG132. (E-F)
Alkaline extraction (0.1M Na,COs, pH 11) of purified mitochondrial (E) or ER fractions (F) from
the same cells as in Fig. 3D followed by IP and IB analysis. P: particulate; S: supernatant.
Tom70, Smac and calnexin are markers of mitochondrial outer membrane, mitochondrial
interspace and ER membrane integral proteins, respectively. (G) Left panel: The Venus signal
(yellow) was only observed in HelLa cells co-transfected with Vn-Ub and PINK1-Vc constructs.
Middle panel: Ub-PINK1 signal (yellow) in HelLa cells co-expressing Vn-Ub and PINK1-Vc and
immunostained with antibody against Tom20, Sec61p, KDEL or GM130 (red). Scale bar =
10um. Right panel: Quantification of Ub-PINK1 and organelle marker colocalization index. Data
are presented as the mean + SE (n=3) and * (P<0.05) and ** (P<0.01) indicate difference from
GM130 controls (one-way ANOVA followed by a Student-Newman-Keuls test). (H) Upper panel:

PINK1 IB of purified subcellular fractions of Hela cells expressing PINK1<**'F,

Lower panel:
PINK1 52-kDa:63-kDa ratio relative to WT PINK1 expressing cells. Data are presented as the
mean = SE (n23). (I) SIM imaging analysis was performed similar to that in Fig. 2B, except that

cells were transfected with PINK1**"%. Scale bar = 100pum.

Figure 5. Ubiquitination level and subcellular fraction in PD pathogenic PINK1 mutants.

(A) Ub-PINK1 IB of HEK293T cells co-transfected with HA-Ub and PINK1 pathogenic mutants

24



exposed to MG132 for 6h. (B) Upper panel: PINK1 IB of purified subcellular fractions of cells
that express PINK1 pathogenic mutants. Lower panel: PINK1 52-kDa:63-kDa ratio relative to
WT PINK1 expressing cells in each subcellular fraction. Data are presented as the mean + SE

(n23).

Figure 6. A model for PINK1 metabolic cycle via ER.
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