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In Brief

The PARKIN ubiquitin ligase is activated
on damaged mitochondria via the PINK1
kinase, where it ubiquitylates an array of
proteins. Ordureau et al. develop a
quantitative proteomics approach to
measure the dynamics, site specificity,
and stoichiometry of PARKIN-dependent
substrate ubiquitylation in neuronal cells,
providing a quantitative analysis of the
pathway.
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SUMMARY

Flux through kinase and ubiquitin-driven signaling
systems depends on the modification kinetics, stoi-
chiometry, primary site specificity, and target abun-
dance within the pathway, yet we rarely understand
these parameters and their spatial organization
within cells. Here we develop temporal digital snap-
shots of ubiquitin signaling on the mitochondrial
outer membrane in embryonic stem cell-derived neu-
rons, and we model HeLa cell systems upon activa-
tion of the PINK1 kinase and PARKIN ubiquitin ligase
by proteomic counting of ubiquitylation and phos-
phorylation events. We define the kinetics and site
specificity of PARKIN-dependent target ubiquityla-
tion, and we demonstrate the power of this approach
to quantify pathway modulators and to mechanisti-
cally define the role of PARKIN UBL phosphorylation
in pathway activation in induced neurons. Finally,
through modulation of pS65-Ub on mitochondria,
we demonstrate that Ub hyper-phosphorylation
is inhibitory to mitophagy receptor recruitment,
indicating that pS65-Ub stoichiometry in vivo is
optimized to coordinate PARKIN recruitment via
pS65-Ub and mitophagy receptors via unphosphory-
lated chains.

INTRODUCTION

Cellular decisions often involve the coordination of protein
kinase- and ubiquitin (Ub) ligase-driven signaling networks
(Hunter, 2007). While network architecture varies, three features
generally apply: (1) signals are propagated in space and time
within the cell, often with feedback control; (2) both kinases

and Ub ligases often modify multiple target sites on diverse
proteins within a pathway in a distributive manner, some-
times involving multiple Ub chain linkage types (Kulathu and
Komander, 2012); and (3) pathway flux depends on modification
stoichiometry within individual pools of target proteins. However,
we rarely understand the extent to which complex modifications
within a pathway are spatially or kinetically distinguishable, due
in part to the absence of antibodies that can reveal site speci-
ficity and kinetics. Here we develop targeted Kgg remnant and
phospho-proteomics as a means by which to provide digital
shapshots of primary site specificity, kinetics, and stoichiometry
of the individual modification events in a dynamic kinase- and Ub
ligase-driven signaling cascade critical for mitochondrial quality
control.

Mitochondrial oxidative or proteotoxic stress can promote
the removal of damaged mitochondria through a form of selec-
tive autophagy called mitophagy, requiring the PARKIN RING-
Between-RING (RBR) Ub ligase and mitochondrially localized
protein kinase PINK1, both found mutated in Parkinson’s dis-
ease (reviewed in Pickrell and Youle, 2015; Yamano et al.,
2016). When mitochondria are healthy, PINK1 abundance in
mitochondria is low and PARKIN is localized in the cytosol in
an auto-inhibited form (Pickrell and Youle, 2015). In response
to mitochondrial damage, PINK1 accumulates on the mitochon-
drial outer membrane (MOM) (Lazarou et al., 2012; Narendra
et al., 2010b; Yamano and Youle, 2013) where it promotes PAR-
KIN recruitment to mitochondria and activation of MOM protein
ubiquitylation through a complex feedforward mechanism
involving the following: (1) phosphorylation of S65 in Ub chains
on the MOM with a stoichiometry of ~0.2 in the HeLa cell system,
(2) phosphorylation of S65 in PARKIN’s Ub-like (UBL) domain to
greatly enhance its ligase activity by reversal of auto-inhibition,
and (3) binding of PARKIN to pS65-Ub chains to both retain it
on the MOM and promote UBL phosphorylation by PINK1
(Kane et al., 2014; Kazlauskaite et al., 2014a, 2014b, 2015;
Koyano et al., 2014; Narendra et al., 2008; Okatsu et al., 2015;
Ordureau et al., 2014, 2015; Wauer et al., 2015a). Retention of
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active PARKIN on the MOM results in ubiquitylation of numerous
substrates (Bingol et al., 2014; Rose et al., 2016; Sarraf et al.,
2013) and the assembly of Ub chains that serve to recruit auto-
phagy receptors and promote downstream steps in mitophagy
(Pickrell and Youle, 2015; Yamano et al., 2016).

Despite these advances, numerous gaps exist in our under-
standing of the dynamics and sequence of steps in the process
of MOM ubiquitylation by PARKIN (reviewed in Harper et al.,
2018). First, we do not understand the extent to which PARKIN
acts in a site-specific manner to ubiquitylate Lys residues in
target proteins, nor do we know what role substrate abundance
plays in MOM ubiquitylation. Previous studies identifying
PARKIN primary ubiquitylation sites employed cell lines with
varied PARKIN levels and a wide range of depolarization times.
This, coupled with the stochastic nature of antibody-directed
Kgg peptide identification, greatly limits our understanding of
the relative rates of ubiquitylation of individual primary sites in
PARKIN targets. Second, to date, the kinetics and specificity
of PARKIN target ubiquitylation has not been examined in
neuronal cells, and we therefore do not know the extent to
which target ubiqutylation parallels that seen in the PARKIN-
overexpressing HelLa cell system. Third, the relative contribu-
tions of Ub and PARKIN phosphorylation by PINK1 in promoting
the feedforward process in vivo are poorly understood. The
available data in HelLa cell systems present a paradox: on one
hand, PARKIN mutants that are unable to bind pS65-Ub are
unable to promote MOM ubiquitylation, suggesting that this
interaction is important for retention of PARKIN on damaged
mitochondria (Kazlauskaite et al., 2015; Wauer et al., 2015a).
In addition, binding of PARKIN to pS65-Ub can dramatically
promote PINK1-dependent phosphorylation of PARKIN’s UBL
in vitro, suggesting that recruitment of unphosphorylated
PARKIN to pre-existing pS65-Ub on the MOM can promote
both PARKIN recruitment and activation (Kazlauskaite et al.,
2015; Wauer et al., 2015a). On the other hand, catalytically inac-
tive PARKIN that is defective in the assembly of Ub chains on
the MOM is also not retained, suggesting that new Ub chain
synthesis by PARKIN is required for the feedforward process
(Fiesel et al., 2015; Lazarou et al., 2013; Narendra et al., 2008;
Ordureau et al., 2014). Finally, the form of Ub chains that are
used to recruit Ub-binding autophagy receptors such as
OPTN to the MOM is unclear, with evidence for and against
direct involvement of pS65-Ub in receptor recruitment (Lazarou
et al., 2015; Ordureau et al., 2015; Richter et al., 2016; reviewed
in Harper et al., 2018).

Here we report the development of a PARKIN target-Parallel
Reaction Monitoring (Pt-PRM) platform that allows quantitative
proteomic snapshots of site-specific primary ubiquitylation for

15 MOM proteins, target protein abundance, Ub chain assem-
bly, and Ub phosphorylation during early steps in PARKIN-
dependent mitophagy. First, we employ Pt-PRM to generate
temporal snapshots of PARKIN activity in the widely used
Hela cell system, thereby defining kinetic preferences for site-
specific ubiquitylation and the relationship between ubiquityla-
tion rates and target abundance. Second, we demonstrate that
Pt-PRM can be used to quantify the effects of a small-molecule
PINK1 activator and newly evolved inhibitory Ub variant (UbV)
proteins targeting PARKIN. Third, we employ human embryonic
stem cell (hESC)-derived NGN2-induced neurons (iNeurons) and
dopaminergic (DA) neurons to provide the first quantitative anal-
ysis of endogenous PARKIN target ubiquitylation in induced neu-
rons, revealing similarities and differences with the HeLa system.
Fourth, using hESCs gene edited to express PARKINS®®A, we
quantitatively assess the questioned role of PARKIN UBL phos-
phorylation in target ubiquitylation, Ub S65 phosphorylation, and
PARKIN recruitment to the MOM in iNeurons, thereby demon-
strating a critical role for this modification in the initiation of the
feedforward process. Finally, we use this platform to evaluate
the role of pS65-Ub in downstream recruitment of Ub-binding mi-
tophagy receptors (Lazarou et al., 2015; Ordureau et al., 2015;
Richter et al., 2016; reviewed in Harper et al., 2018), finding that
an increase in pS65-Ub stoichiometry from ~0.2 to 0.5-0.65
in vivo is inhibitory to mitophagy receptor recruitment, thereby
suggesting that the fractional occupancy of Ub chain phosphory-
lation in vivo with endogenous PINK1 levels is optimized for
PARKIN and mitophagy receptor recruitment. This work reveals
the power of pathway-directed PRM for capturing digital snap-
shots of Ub and phosphorylation-driven signaling systems, and it
sets the stage for understanding the molecular mechanisms of
Parkinson’s disease and other neurodegenerative disease-
signaling pathways using quantitative analysis ofinduced neurons.

RESULTS

Quantitative Analysis of Site-Specific

VDAC1 Ubiquitylation by PARKIN

VDACs are B-barrel proteins embedded within the MOM. Four
cytosolic loops in VDAC1, as well as an N-terminal o helix,
contain a total of 7 Lys residues, some of which have been de-
tected as candidate PARKIN ubiquitylation sites using Kgg cap-
ture proteomics (Bingol et al., 2014; Rose et al., 2016; Sarraf
et al.,, 2013); and, as we show below, VDAC1 is one of the
most strongly ubiquitylated PARKIN substrates. We optimized
a series of heavy reference peptides for PRM of all 7 potential
individual ubiquitylation sites (Kgg remnant-containing pep-
tides), a potential doubly modified peptide, and unmodified

Figure 1. Quantitative Analysis of VDAC1 Ubiquitylation on Mitochondria in Response to PARKIN Activation

(A) Location of 7 candidate PARKIN-targeted Lys residues (yellow) in VDAC1. The right panel shows VDACT tryptic heavy reference peptides (red) containing Kgg
sites, blue), as well as 3 Lys-free peptides for measurement of VDAC1 abundance.

(B) Scheme for PRM analysis. Cell extracts, enriched mitochondria, or ubiquitylated proteins from mitochondria purified on immobilized UBA resins are tryp-
sinized and mixed with heavy reference peptides corresponding to phospho or Kgg-containing tryptic peptides or unmodified peptides prior to analysis by
proteomics. MS' and MS? intensities are used to determine relative and absolute abundance of individual sites or protein using Skyline (MacLean et al., 2010).
(C and D) Cell lines were depolarized for 1 hr with AO, and mitochondria were isolated and subjected to PRM analysis. The abundance (fmol) of Kgg peptides (C)
and the fractional occupancy (D) for individual sites are shown. Error bars represent SEM (n = 3). n.d., not determined.

See also Figure S1 and Table S2.
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peptides for measurement of VDAC1 abundance (Figures 1A and
S1A-S1C; Table S1). The general scheme for the PRM platform
is shown in Figure 1B. HelLa Flip-In T-REx cells engineered
to inducibly express a single copy of PARKIN'T, the catalytically
defective PARKIN®*®'S mutant, or a non-phosphorylatable
PARKINS®®A mutant under a doxycyclin-inducible promoter
(with or without PINK1) were depolarized with antimycin A/
oligomycin A (AO) for 1 hr. Isolated mitochondria were either:
(1) employed for direct proteomic analysis of VDAC1 protein,
Ub phosphorylation, and ubiquitylation of abundant primary
Kgg sites; or (2) enriched for all ubiquitylated proteins using
sequential binding to Halo-immobilized tandem UBA domains
from UBQLN1 (4X) and DSK2 (5X) to facilitate recovery of low-
abundance Kgg species (see STAR Methods) prior to PRM pro-
teomics (Figures 1B, S1A, and S1B). Association of these resins
with mono-Ub, K48 chains, and K63 chains was not affected by-
stoichiometric phosphorylation on S65 (Figure S1D).

The most abundant PARKIN and depolarization-dependent
VDAC1 Kgg peptides contained K53 and K274, and the extent
of ubiquitylation of K109 and K266 was ~20-fold lower
(Figure 1C). Under these conditions, ubiquitylation of K12
or K20, as well as ubiquitylation to yield the doubly
modified K266/K274 peptide, was below the detection limit.
Ubiquitylation of these sites was dependent upon PINK1, the
catalytic C341 in PARKIN, and the PINK1 phosphorylation site
in PARKIN’s UBL (Figure 1C). We determined a fractional occu-
pancy of ~0.15 for modification of K53 and K274 and <0.01 for
K109 and K266 (Figure 1D). Given that these modifications are
unlinked after trypsinization, it isn’t clear if individual VDAC1
molecules are primarily singly or doubly modified, and the
extent to which the multiply ubiquitylated forms observed by
immunoblotting of UBA resin-enriched VDAC1 reflect multi-
mono-ubiquitylation, Ub chain extension, or both is unclear
(Figures 1C and S1E). Thus, PARKIN has a preference for
ubiquitylating a subset of Lys residues in cytosolic loops of
VDAC1’s B-barrel, while Lys residues located within the
a-helical N terminus (Figure 1A) are not detectably targeted
under these conditions.

Development of a Pt-PRM Platform

Given the ability to examine the dynamics of VDAC1 ubiquityla-
tion, we developed a robust PRM platform to simultaneously
monitor ubiquitylation of a structurally diverse set of candidate
PARKIN targets (Bingol et al., 2014; Chan et al., 2011; Rose
et al,, 2016; Sarraf et al., 2013). We chose 15 candidate
substrates, which based on label-free quantification of MOM

proteins, span a 300-fold range in abundance within purified
mitochondria, with VDACs being by far the most abundant and
RHOT1 being the least abundant (Figures S1F-S1H; Table S2).
From these candidates and Ub itself, we designed 180 heavy
reference tryptic peptides corresponding to Kgg-containing
peptides, non-ubiquitylated peptides for quantification of total
protein abundance, and phospho-peptides for detection of
pS65-Ub (Figure 2A; Table S1) (Ordureau et al., 2014; Phu
et al., 2011). A total of 144 peptides, including 80 that measure
modified states, were validated for their reproducibility and
robustness and optimized for PRM measurements (Figures
S1A-S1C and S2A; Table S1; see STAR Methods). These
parameters were employed in the functional experiments
described below.

Digital Snapshot of PARKIN Target Primary
Ubiquitylation in HeLa Cells

As afirst validation, we compared the abundance of the 15 MOM
proteins represented by the Pt-PRM peptide library to the results
of label-free abundance for mitochondria from HelLa cells,
finding similar relative levels (R% = 0.98) (Figures 2B and S2B).
We enriched ubiquitylated proteins from crude mitochondria
(100 pg) derived from cells with or without depolarization (1 hr)
using immobilized UBA domains (Figure 1B), and we performed
Pt-PRM (Figure 2B). We detected 25 primary ubiquitylation sites
in 9 PARKIN targets that were increased upon depolarization,
with detection limits in the ~0.1-1 fmol range (Figure 2B). By
far, preferred sites on the three VDAC proteins (equivalent to
K53 and K274 in VDAC1) received the largest quantity of primary
ubiquitylation across all the substrates tested. A subset of sites
on moderate-to-low-abundance substrates MFN2, CISD1, and
TOMM20 was also detected (Figure 2B). Thus, Pt-PRM can
simultaneously measure site-specific ubiquitylation of diverse
PARKIN targets.

To examine the temporal order of site-specific ubiquitylation
and increase sensitivity, we performed Pt-PRM on samples
derived from purified mitochondria (1.5 mg) over a time course
of depolarization (0-60 min) and after enrichment for ubiquity-
lated proteins (Figures 2C, 2D, S2C, and S2D). This analysis
revealed several features of PARKIN-dependent MOM ubiquity-
lation. First, modification of particular VDAC sites (equivalent
to K53 and K274 in VDAC1) was kinetically preferred, being
observed as early as 15 min post-depolarization, and modifica-
tion of these sites continued to increase over the 60-min time
course (tier 1 substrates). Detection of ubiquitylation at this early
time point suggests the assay is highly sensitive, as the tq/, for

Figure 2. Quantitative Kinetic and Multiplexed Analysis of Site-Specific Mitochondrial Ubiquitylation by PARKIN

(A) Previously determined structures or models of PARKIN targets are shown with individual heavy reference peptide used for Pt-PRM in red (see Table S1 for
specific sequences). Non-targeted regions, green; lysines targeted for ubiquitylation, yellow; diGLY residues, blue.

(B) Site-specific ubiquitylation of PARKIN targets on mitochondria upon depolarization. Hela Flip-In T-REx cells expressing PARKIN'YT were left untreated or
depolarized with AO (1 hr) prior to Pt-PRM on enriched mitochondria (1 ng) for total protein abundance or ubiquitylated proteins from enriched mitochondria
(100 ng) for Kgg measurements. Histogram shows protein abundance in 1 ung mitochondria. Heatmap shows the abundance of target Kgg peptides. Error bars

represent SEM (n = 3). n.d., not determined.

(C and D) Kinetics of PARKIN-dependent mitochondrial ubiquitylation. Shown is as in (B), using ubiquitylated proteins from 1.5 mg mitochondria (for each time
point post-depolarization) for Pt-PRM; tier clustering (C), and heat map (D). Error bars in (C) represent SEM (n = 3). n.d., not determined.

(E) Correlation plot for the abundance of the most reactive (red) Kgg sites and relative target abundance in mitochondria for the 15 PARKIN targets. Kgg sites
indicated in black represent weakly reactive sites. Error bars represent SEM (n = 3).

See also Figure S2 and Table S2.
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PARKIN recruitment to mitochondria in this system is 26 min
(Ordureau et al., 2014). Second, ubiquitylation of K416 in
MFN2 and K61 in TOMM20 was also kinetically preferred
(classified as tier 2 substrates), and it was largely maximal by
30 min. Third, a number of substrates accumulated Ub with
reduced kinetics, being detectable initially at 30 min post-depo-
larization (tier 2 and 3 substrates). Fourth, 23 Kgg peptides were
not detected even after 60 min of depolarization. Fifth, 8 Kgg
peptides were detectable under basal conditions, but, in all
cases except one (TOMM70%%%6) PARKIN promoted further
ubiquitylation during the time course (Figure 2C).

To a large degree, ubiquitylation of the most highly preferred
sites in individual targets correlated with substrate abundance
(red symbols in Figure 2E). Exceptions to this included VDACS,
which displayed a disproportionate level of ubiquitylation on
K53, K109, and K274 relative to its abundance, as well as
MFN2%41® and RHOT1X%72, In addition, several substrates of
moderate abundance (tenth-15" percentile) had no sites whose
ubiquitylation approached expectations based on VDAC1 ubig-
uitylation rates and abundance (Figure 2E). As with VDACH1, the
stoichiometry of the most prominent sites in VDAC2 and 3 ranged
from 0.2 to 0.5 (Figure S2E). While the necessity to enrich for low-
abundance ubiquitylated PARKIN targets for Kgg detection pre-
cludes an accurate determination of stoichiometry, we were able
to estimate a fractional occupancy of ~0.1 for the most abundant
MFN2 site measured (MFN2X4'8) (Figures 2C, S2C, and S2D),
comparable with the most highly occupied VDAC sites. Other
sites on low-abundance PARKIN targets were at or below a stoi-
chiometry of 0.01.

Absence of Extensive Target Turnover in Response to
Depolarization

Several studies have reported proteasomal turnover of PARKIN
targets in depolarized cells overexpressing PARKIN (Chan
et al., 2011; Geisler et al., 2010; Tanaka et al., 2010). However,
because target ubiquitylation reduces mobility during SDS-
PAGE, this may appear by immunoblotting as a loss of protein
abundance. To rigorously examine PARKIN target abundance,
we employed the Pt-PRM system with or without depolarization
in cells expressing PARKINT or PARKIN®43'S under the control
of a regulated promoter. Across all PARKIN targets examined,
we observed no specific loss in protein abundance for any target
in response to depolarization (1 hr) in the presence of either
PARKIN protein (Figure S2F). Thus, rapid target turnover upon
PARKIN-dependent ubiquitylation is not a general feature of
the pathway under conditions that generate overt target ubiqui-
tylation (see below).

Pt-PRM for the Assessment of Activators and Inhibitors
of the Pathway

We next asked whether Pt-PRM is sufficiently sensitive to quan-
tify PARKIN pathway activators or inhibitors. We initially em-
ployed a previously reported PINK1 neo-substrate activator
kinetin (Hertz et al., 2013), which enhances the formation of
pS65-Ub and mitophagic flux at sub-threshold levels of the
mitochondrial depolarizer CCCP (1 uM) (Figures 3A and S3A).
Pathway analysis by Pt-PRM revealed the following: (1) an
~20-fold increase in pS65-Ub formation by kinetin compared
with sub-threshold CCCP alone and a maximum Ub phosphory-
lation stoichiometry of 0.029 on mitochondria (Figure 3B), (2) a
5-fold increase in Ub chain assembly without altering linkage
types (Figure 3B), and (3) a dramatic increase in VDAC primary
site ubiquitylation (Figure 3C). All of these modifications were
absolutely dependent upon PINK1 (Figures 3A-3C). These data
indicate that Pt-PRM can be used to quantify the effects of
pathway activators and that kinetin enhances PARKIN function
without altering its intrinsic preference for chain assembly and
target ubiquitylation.

To examine Pt-PRM for monitoring pathway inhibition, we first
employed a previously reported UbV phage display library (>10'°
M13 phage) (Zhang et al., 2016) to identify 10 UbVs that bind
PARKINZ5485 \ith EC5q values of 0.2-18 nM but do not bind
4 HECT-domain E3s or PARKIN lacking RING2 (Figures S3B-
S3G). Each UbV displayed competitive binding with all other
UbVs (Figure S3H), and each dramatically inhibited in vitro Ub
chain assembly pS65-PARKIN (Figure S3I). In the HelLa cell sys-
tem, 6 of 9 UbVs potently inhibited MFN2 and CISD1 ubiquityla-
tion upon depolarization, largely correlating with ECso values
(Figures 3D and S3G). Analysis of the 3 most potent UbVs using
Pt-PRM demonstrated a dramatic reduction in PARKIN-depen-
dent assembly of K6, K11, and K63 Ub chains at 1 and 4 hr
post-depolarization, comparable to that seen in cells expressing
PARKIN®43™S or lacking PINK1 (Figure 3E) (Cunningham et al.,
2015; Ordureau et al., 2014, 2015), and concomitant inhibition
of VDAC1, VDAC3, TOMM20, HK1, and MFN2 primary ubiquity-
lation (Figures 3F-3J). Finally, consistent with the feedforward
mechanism underlying accumulation of pS65-Ub (Harper et al.,
2018; Pickrell and Youle, 2015; Yamano et al., 2016), all three
UbVs blocked the accumulation of pS65-Ub on mitochondria,
to levels similar to that found in PINK1~/~- or PARKIN®*3'S-gx-
pressing cells (Figure 3K), and likewise blocked depolarization-
dependent PARKIN recruitment to mitochondria, as examined
by immunofluorescence (Figure S3J). Taken together, these
data define a set of inhibitory UbVs for PARKIN and demonstrate
that overall the Pt-PRM platform can be used to quantify the

Figure 3. Pt-PRM Allows Quantitative Analysis of Pathway Activators and Inhibitors

(A-C) The indicated HeLa PARKIN Flip-In T-REx cells were incubated with 50 uM kinetin prior to depolarization (AO, 1 hr). Cell extracts (A) were analyzed by
immunoblotting. Purified mitochondria (B and C) were analyzed by Pt-PRM. Error bars (B and C) represent SEM (n = 3). n.d., not determined.

(D) HeLa PARKIN Flip-In T-REXx cells expressing UbVs targeting PARKIN were depolarized with AO (1 hr), and ubiquitylated proteins from mitochondria were

immunoblotted with the indicated antibodies.

(E) UbV-expressing HeLa PARKIN Flip-In T-REx cells were depolarized (1 or 4 hr), and ubiquitylated proteins from mitochondria were subjected to Pt-PRM to
quantify Ub chain linkages. Error bars represent SEM (n = 3). n.d., not determined.

(F-J) Pt-PRM analysis of PARKIN substrates VDAC1 (F), VDAC3 (G), TOMM20 (H), HK1 (1), and MFN2 (J) for cells from (E). Error bars represent SEM (n = 3).
(K) UbV-expressing HeLa PARKIN Flip-In T-REXx cells were depolarized (1 hr) prior to the analysis of pS65-Ub using Pt-PRM. Error bars represent SEM (n = 3).

See also Figure S3.
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Figure 4. Quantitative Analysis of PINK1-PARKIN-Dependent MOM Ubiquitylation in NGN2-Induced Neurons

(A) ESCs were differentiated via NGN2 prior to depolarization with AO. Cell extracts were analyzed by immunoblotting or used for Ub enrichment prior to
immunoblotting.

(B and C) Cell extracts from (A) were enriched for ubiquitylated proteins prior to Pt-PRM to quantify pS65-Ub. Plotted as percent (B) or fold increase (C). n = 1.
(D) ESCs were depolarized with AO (4 hr) and purified mitochondria were subjected to Pt-PRM. Total abundance or fold increase for individual Ub chain linkage
types or pS65-Ub phosphorylation is plotted. Error bars represent SEM (n = 3). n.d., not determined.

(legend continued on next page)
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effect of pathway modulators on Ub chain assembly, Ub phos-
phorylation, and primary site ubiquitylation.

Digital Snapshot of PINK1 and PARKIN Signaling in
hESC-Derived Neurons

Having demonstrated that Pt-PRM can provide snapshots of
PARKIN activity in the HelLa cell system, we next sought to
examine PARKIN activity in the context of neuronal cells, which
is poorly understood. We initially employed ESCs, with or without
deletion of PINK1, and we converted these cells to iNeurons
known to express markers of excitatory cortical neurons (Zhang
etal., 2013) (~90% differentiation; Figure S4A). Upon depolariza-
tion, pS65-Ub increased ~900-fold over a 6-hr time course, as
measured by Pt-PRM and immunoblotting of whole-cell extracts,
with a Ub phosphorylation stoichiometry of 0.14 (Figures 4A-4C).
The rate of Ub phosphorylation was comparatively slower than
that seen in HelLa cells (maximal at ~1 hr) (Ordureau et al.,
2014), and the appearance of pS65-Ub correlated with the
accumulation of PINK1 (Figure 4A). Ub phosphorylation was
completely PINK1 dependent (Figures 4A-4C). Examination of
purified mitochondria from iNeurons 4 hr after depolarization re-
vealed an ~1,100-fold increase in pS65-Ub, with a phosphoryla-
tion stoichiometry of 0.075, and 70- and 14-fold increases in K63
and K11 Ub chainlinkages, respectively (Figure 4D). While a 2-fold
increase in K6 chain linkages was detected, this is a much smaller
increase than that seen in the Hela cell system (Cunningham
et al., 2015; Ordureau et al., 2014, 2015) (Figure 4D).

To examine ubiquitylation target specificity in iNeurons, we
purified mitochondria with or without depolarization (4 hr) and
either performed Pt-PRM directly or enriched for ubiquitylated
proteins prior to Pt-PRM. First, we found that the relative abun-
dance of PARKIN targets in iNeurons was comparable to that
seen in Hela cells (R? = 0.86), notable exceptions being HK1
and VDAC2, which are much more abundant in iNeurons (Figures
4E and S4B). PARKIN target abundance was also confirmed us-
ing label-free analysis of crude mitochondria (Figures S4C and
S4D). Second, we detected ubiquitylation of 27 Kgg sites in 10
substrates (Figure 4E). The pattern of ubiquitylation was similar
to that seen in Hela cells, with VDACs carrying the majority of
Ub modification. However, the total abundance of Ub on these
substrates was ~10-fold lower than that see in HelLa cells, which
reflects much higher PARKIN levels in the HelLa cell system (Fig-
ure S4F). Moreover, the abundance of Ub modification on HK1
was substantially higher than that seen in HeLa cells, possibly re-
flecting overall higher HK1 abundance in iNeurons (Figures 4E
and S4E). We examined the site specificity of VDAC ubiquityla-
tion in detail, finding preferential ubiquitylation of K53 and
K274 in VDAC1; K265 in VDAC2; and K274, K109, and K53 in
VDACS3 (Figures 4E and 4F). The fractional occupancy of VDAC
ubiquitylation at the most abundant sites ranged from 0.02 to
0.08 (Figure 4G). As expected, PARKIN target ubiquitylation
required PINK1 (Figures 4F and S4E). As in Hela cells, the total

abundance of the 15 proteins examined was essentially un-
changed 4 hr after depolarization (Figure S4G), indicating that
turnover of these proteins is not a major feature of endogenous
PARKIN-dependent MOM ubiquitylation in iNeurons under the
conditions used.

PARKIN Pathway Analysis in ESC-Derived DA Neurons

PINK1 and PARKIN mutations are associated with early onset
forms of Parkinson’s disease, leading to a loss of DA neurons
(Valente et al., 2004). We therefore examined PARKIN and
PINK1 targets in wild-type (WT) and PARKIN~/~ ESC-derived
DA neurons (~40% tyrosine hydroxylase [TH] positive) produced
as neuronal spheroids after 40 days in culture (Rigamonti et al.,
2016) (see the STAR Methods). As in iNeurons, depolarization
led to the accumulation of pS65-Ub with a stoichiometry of
0.02 at 8 hr relative to total Ub (110-fold increase), and this in-
crease was dramatically dependent upon PARKIN (~5-fold in-
crease) measured by Pt-PRM, consistent with PARKIN-depen-
dent Ub chain assembly for promoting Ub phosphorylation
(Figure 5A). Comparable results were obtained in purified mito-
chondria (80 png), with a stoichiometry of 0.013 and a 60-fold in-
crease in pS65-Ub 4 hr after depolarization (Figures 5B and 5C).
We detected K11, K48, and K63 Ub chain linkages basally in DA
neurons independent of PARKIN expression, and, upon depolar-
ization, we detected an increase only in K63 chains (Figures 5D
and 5E). The abundance of PARKIN targets in mitochondria
measured either by label-free or Pt-PRM proteomics was similar
to that seen in iNeurons (Figures 5F and S5A-S5C). Although
only small amounts of mitochondria were available for this anal-
ysis, we nevertheless detected ubiquitylation of VDACs, CISD1,
HK1, MFN2, and RHOT1, with significant overlap in site speci-
ficity when compared with iNeurons (see the Discussion for an
in-depth comparison) (Figures 5G and S5D). These data indicate
that many of the ubiquitylation events initially identified in HeLa
cells are also found in these neuronal systems and likely repre-
sent bona fide endogenous PARKIN targets in neuronal lineages.

PARKIN pS65 Phosphorylation Is Required for
Feedforward Pathway Activation in iNeurons

Having developed the iNeuron system for endogenous PARKIN
pathway analysis, we addressed the question of whether
PARKIN S65 phosphorylation is required for pathway activation.
While some studies in HelLa cells indicate that constitutive
overexpression of PARKINS®A can promote the pathway
(Kane et al., 2014; Koyano et al., 2014; Shiba-Fukushima et al.,
2012), other studies using regulated PARKIN expression suggest
that PARKIN S65 phosphorylation is required (Kazlauskaite et al.,
2015; Ordureau et al., 2014, 2015). We gene edited ESCs to
create homozygous PARKINS®®" mutant cells, and we converted
these cells to iNeurons together with PARKIN™'~ and PINK1~/~
cells as controls (Figures S4A, S6A, and S6B). The abundances
of wild-type and S65A PARKIN were similar in iNeurons,

(E) Pt-PRM analysis of mitochondria from NGN2-derived neurons 4 hr post-depolarization after enrichment of ubiquitylated proteins or analysis of total PARKIN
substrate abundance in enriched mitochondria. Error bars represent SEM (n = 3).
(F and G) Abundance (F) and fractional occupancy (G) of VDAC ubiquitylation in samples from (E). Error bars represent SEM (n = 3). n.d., not determined.

See also Figure S4.
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(A) The indicated DA neurons 40 days post-differentiation from HUES1 cells (see the STAR Methods) were depolarized prior to analysis of cell extracts by Pt-PRM

proteomics or immunoblotting. Error bars represent SEM (n = 2).

(B-E) Pt-PRM was performed on mitochondria isolated from cells described in (A) 6 hr post-depolarization to measure pS65-Ub (B and C) or Ub chain linkages

(D and E). Error bars represent SEM (n = 3). n.d., not determined.

(F and G) PARKIN target ubiquitylation in purified mitochondria from DA neurons 40 days post-differentiation and 6 hr post-depolarization. The abundance of
PARKIN targets in DA neurons as determined using Pt-PRM is shown (F, top). Heat map representation is shown (F, bottom) and individual plots (G). Error bars

represent SEM (n = 3). n.d., not determined.
See also Figure S5.

indicating that the mutation doesn’t destabilize PARKIN (Fig-
ure 6A). However, PARKINS®®* cells were as defective in the
accumulation of pS65-Ub as PARKIN™~ cells, as measured by
immunoblotting of whole-cell extracts over an 8-hr time course,
despite comparable levels of PINK1 accumulation during the
time course (Figure 6A). We then used purified mitochondria
from cells 4 hr post-depolarization for Pt-PRM and immunoblot-
ting, revealing reduced levels of pS65-Ub in PARKINS®*” and

220 Molecular Cell 70, 211-227, April 19, 2018

PARKIN ™~ iNeurons relative to that seen in PARKIN iNeurons
(Figures 6B and S6C). The finding that the addition of pS65-Ub to
PARKINS®®A jn vitro can partially activate PARKIN’s Ub ligase
activity (Ordureau et al., 2014) together with the finding that
PARKINS®®A overexpression promotes the pathway (Kane
et al., 2014; Koyano et al., 2014; Shiba-Fukushima et al., 2012)
has led to the idea that pS65-Ub accumulation is the key step
in PARKIN recruitment and activation. In addition, PARKIN
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antibodies.

(B) Purified mitochondria from the indicated ESCs were immunoblotted with the indicated antibodies.
(C) Site-specific ubiquitylation of VDAC proteins in purified mitochondria from the indicated iNeurons 8 days post-differentiation and 4 hr post-depolarization.

Error bars represent SEM (n = 3). n.d., not determined.
See also Figure S6.

mutants that cannot bind pS65-Ub are also defective in recruit-
ment and activation (Kazlauskaite et al., 2015; Wauer et al.,
2015a), as we have also found by monitoring ubiquitylation of
MFN2 and CISD1 in the context of PARKIN H302A and K151E
mutants that do not bind pS65-Ub (Figure S6D). However, we
found that, unlike PARKINY'T, PARKINS®>* was not enriched in
purified mitochondria at 4 hr post-depolarization, despite the

presence of residual pS65-Ub (Figures 6A, 6B, and S6C). More-
over, ubiquitylation of primary PARKIN targets was not detected
in PARKINS®®A_expressing cells by both Pt-PRM or by immuno-
blotting for MFN2 (Figures 6B, 6C, and SE6E). These data indicate
a critical role for endogenous PARKIN S65 phosphorylation in
promoting PARKIN E3 Ub ligase activity and the feedforward
process (see the Discussion).
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Stoichiometry of Ub Chain Phosphorylation by PINK1 Is
Optimized for Mitophagy Receptor Recruitment

We next used Pt-PRM to address the role of Ub phosphorylation
in mitophagy receptor recruitment. Artificial recruitment of over-
expressed PINK1 to the MOM together with pull-down experi-
ments using overexpressed UbS®°E as a possible pS65-Ub
mimetic led to the conclusion that phosphorylation itself on
S65 of Ub chains on the MOM is directly responsible for recruit-
ment of Ub chain-binding mitophagy receptors (OPTN, NDP52,
TAX1BP1, and SQSTM1), in a manner that is PARKIN indepen-
dent but relies on overexpressed PINK1’s ability to phosphory-
late pre-existing mitochondrial Ub (Lazarou et al., 2015). How-
ever, other studies suggested that endogenous levels of PINK1
are insufficient to support autophagy receptor recruitment and
mitophagy and that pS65-Ub is actually inhibitory to receptor
interaction in vitro (Heo et al., 2015; Richter et al., 2016). In addi-
tion, our previous tandem mass tagging (TMT)-based quantita-
tive proteomics data (Rose et al., 2016) indicated enrichment
of OPTN, NDP52 (CALCOCQ2), NBR1, and p62 in purified mito-
chondria of cells expressing PARKINYT, but not in cells express-
ing PARKINS®®A despite residual pS65-Ub under this circum-
stance (Figure S7A).

To quantitatively examine the impact of Ub phosphorylation
and chain assembly on mitophagy receptor recruitment and
PARKIN activity on the MOM, we employed the HelLa system
described above with or without constitutive overexpression of
PINK1 at ~5-fold above endogenous under basal conditions,
as measured by TMT-based proteomics (Figures 7A-7D). As
outlined in Figure S7B, we then either left cells untreated or de-
polarized for 1 hr, isolated mitochondria, and analyzed pathway
components using immunoblotting (Figure 7A); Pt-PRM to mea-
sure pS65-Ub, Ub chain linkages, and substrate’s primary ubig-
uitylation (Figures 7B, 7C, 7E, and S7C-S7I); or TMT proteomics
to quantify mitophagy receptor recruitment to mitochondria (Fig-
ure 7D). As expected, depolarization in the context of PARKINWT
(but not PARKIN®*3'S or PARKINS®®) cells with endogenous
PINK1 induced robust formation of pS65-Ub (Figure 7A), with a
stoichiometry of ~0.2 in purified mitochondria (Figure 7B)
(Kane et al., 2014; Kazlauskaite et al., 2014b; Koyano et al.,
2014; Ordureau et al., 2014). In depolarized cells overexpressing
PINK1 (~15-fold by TMT proteomics), we observed an increase
in pS65-Ub stoichiometry on purified mitochondria to 0.65, and
the stoichiometry of phosphorylation was only slightly reduced
(0.55) in the context of C341S or S65A PARKIN, despite the

absence of PARKIN-dependent chain assembly (Figures 7A,
7B, and 7D). Importantly, this increase in pS65-Ub had no effect
on the chain linkage types that were assembled upon PARKIN
activation (Figure 7C). Thus, overexpressed PINK1 is capable
of dramatically increasing the abundance of pS65-Ub chains
on mitochondria with or without PARKIN activity.

In contrast with expectations if pS65-Ub is the direct recogni-
tion element for autophagy receptors, we found that OPTN,
NDP52, and TAX1BP1 (and their ubiquitylated forms) were effi-
ciently enriched in purified mitochondria when the pS65-Ub stoi-
chiometry was ~0.2, but not when the stoichiometry was 0.65,
as measured by either immunoblotting or TMT proteomics (Fig-
ures 7A and 7D). This is particularly striking in cells expressing
inactive PARKIN and overexpressing PINK1, where only back-
ground levels of mitophagy receptors were detected despite a
fractional occupancy for pS65-Ub of ~0.55 on mitochondria
(Figures 7A-7D). In contrast, HSP90 or a-tubulin were not en-
riched in mitochondria under any condition examined, indicating
specificity for autophagy receptor recruitment.

The finding that pS65-Ub can bind and activate PARKINS®%A
Ub ligase activity in vitro by ~900-fold (Ordureau et al., 2014) pre-
dicts that activation of this PARKIN mutant on the mitochondrial
surface by pS65-Ub produced by PINK1 overexpression would
promote primary target ubiquitylation. While strong ubiquitylation
of VDACs and other PARKIN targets was observed with endoge-
nous PINK1, target ubiquitylation was largely absent in the
context of PARKINS®* with either endogenous or overexpressed
PINK1, despite the presence of abundant pS65-Ub (Figures 7E
and S7C-S7I). These results have implications for the mechanism
by which PARKIN and Ub phosphorylation by PINK1 promotes
PARKIN retention on the MOM (see the Discussion).

DISCUSSION

Comprehensive measurement of the dynamics, specificity, stoi-
chiometry, and spatial organization of Ub-driven signaling sys-
tems in cells represents a major challenge for the field. Here
we develop digital snapshot proteomics to define the dynamics
and site specificity for structurally diverse PARKIN targets on the
MOM in neurons, and we use the system to mechanistically eval-
uate models for PARKIN activation and mitophagy receptor
recruitment to the MOM (Figure 7F).

PARKIN activation leads to extensive ubiquitylation of
numerous MOM proteins, but no clearly definable targeting

Figure 7. Ub Chain Hyper-phosphorylation on Mitochondria Is Inhibitory to Mitophagy Receptor Recruitment

(A) The indicated HelLa cells were left untreated or depolarized with AO (1 hr). Purified mitochondria from these cells were subjected to immunoblotting. HSP90
and a-tubulin found in low levels in crude mitochondria were used as controls for non-specific protein retention on the MOM.

(B) Pt-PRM was used to quantify pS65-Ub on enriched mitochondria from cells in (A). Error bars represent SEM (n = 3).

(C) Ub chain linkage analysis by Pt-PRM on enriched mitochondria from cells in (A). Increases in individual chain linkage types were normalized to VDAC1
abundance by Pt-PRM. Error bars represent SEM (n = 3). n.d., not determined.

(D) Mitochondria from cells in (A) were trypsinized, peptides from the indicated cell lines labeled individually with one of 10 TMT isobaric tags, and the mixture
subjected to LC-MS®. Individual quantified peptides from relevant proteins were combined to determine relative abundance across each cell line and condition.
“n” in each panel refers to the number of peptides quantified from the indicated protein used for quantification.

(E) Pt-PRM of VDAC1-3 primary ubiquitylation sites was measured on mitochondria from cells described in (A) after enrichment of ubiquitylated proteins. Error
bars represent SEM (n = 3). n.d., not determined.

(F) Scheme illustrating the following: (1) lysine specificity within PARKIN’s ubiquitylated targets on the MOM upon activation, and (2) the marked preference for
mitophagy receptor (i.e., OPTN) recruitment to Ub chains with low-phosphorylation stoichiometry.

See also Figure S7.
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elements such as degrons have been uncovered, leading to the
idea that PARKIN may lack sequence or structural specificity
(Harper et al., 2018; Pickrell and Youle, 2015; Sarraf et al.,
2013; Yamano et al., 2016). The ability to quantitatively examine
site specificity and stoichiometry within individual targets indi-
cates a dramatic preference of PARKIN for particular surface
Lys residues (Figure 7F). For example, K53 and K274 on cyto-
solic face of VDAC1 are dramatically preferred when compared
kinetically with other cytosolic loop residues in the protein. More-
over, K12 and K20 on the N-terminal helix that extends into the
B-barrel in solution structures of VDAC1 (Hiller et al., 2008) are
largely immune to ubiquitylation (Figures 1A and 2C). There are
several analogous examples across PARKIN targets, including
FAF2, which is readily ubiquitylated on K167 and K367, but not
detectably ubiquitylated on K146 or K329, consistent with rela-
tive quantification measured by Kgg-TMT proteomics for FAF2
(Rose et al., 2016). Interestingly, PARKIN displays specificity
for individual nearby Lys residues within distinct structural envi-
ronments, including helical elements such as those in MFN2 and
loop elements such as in VDACs, and we found, for example, no
clear evidence that accessible surface area contributes to Lys
specificity based on structures of isolated target proteins. It
is possible that higher-order protein assemblies or interactions
with lipids in the MOM sterically block access of PARKIN to
particular Lys residues, thereby contributing to the apparent
specificity that we observed.

PARKIN and PINK1 mutants lead to a loss of DA neurons in PD
patients, yet we know little about PARKIN targets in neurons.
Using ESCs converted to iNeurons or DA neurons, we deter-
mined that PARKIN activity upon depolarization is detectable
and quantifiable, and, moreover, it displays considerable overlap
in target site specificity when compared with the frequently used
HelLa cell model. First, in both neurons and Hela cells, VDAC
proteins are the most abundant substrates and carry the bulk
of primary ubiquitylation observed. Within VDACs, the site spec-
ificity is very similar between the two systems, the exception be-
ing that K161 ubiquitylation in VDAC1 was not detected in neu-
rons (Figures 4E-4G and S5D). This is potentially reflected in
the low rate and amplitude of ubiquitylation of K161 in HeLa cells
when compared with preferred sites (Figures 2C and 2D). There
are conflicting reports in the literature, with evidence both for
(Geisler et al., 2010) and against (Narendra et al., 2010a) VDAC
involvement in PARKIN-dependent mitophagy, and therefore,
further studies are necessary to understand the contribution of
VDAC ubiquitylation to downstream signaling. Second, the site
specificity for the majority of lower abundance PARKIN targets
was quite similar overall between neurons and Hela cells, with
all 15 sites detected with 100 pg Ub-enriched mitochondria
from Hela cells being found in iNeurons (Figure S5D). We did,
however, find several differences in site preference. For
example, K560 in MFN2 was ubiquitylated in iNeurons, but not
in HelLa cells or DA neurons, while RHOT1 K512 and K572
were differentially modified in DA and iNeurons (Figure S5D). In
addition, K167 and K367 in FAF2 were inducibly ubiquitylated
in HelLa cells and iNeurons, but these sites were constitutively
ubiquitylated in DA neurons and did not increase upon depolar-
ization (Figure S5D). The biological relevance of these differ-
ences, if any, remains unknown, but we speculate that such al-
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terations in specificity could reflect distinct interaction partners
that affect access of PARKIN to particular Lys residues in the
target protein. The primary differences between the systems
are the magnitude of Ub primary site abundance and the more
rapid accumulation of pS65-Ub accumulation in the HelLa sys-
tem relative to neurons (Figures 2B, 4A, and 4E) (Ordureau
et al., 2014). This likely reflects the much higher PARKIN levels
in the HelLa cell system relative to neurons (Figure S4F).

PARKIN activation on damaged mitochondria involves multi-
ple steps, including PINK1-dependent phosphorylation of S65
on both Ub linked to proteins on the MOM and PARKIN’s UBL,
and biochemical studies (Ordureau et al., 2015) indicate that
the fully active form of PARKIN is both phosphorylated on its
UBL and bound to pS65-Ub on the MOM (reviewed in Harper
etal., 2018 and Yamano et al., 2016). Binding of pS65-Ub to un-
phosphorylated PARKIN greatly accelerates PARKIN UBL phos-
phorylation by PINK1 in vitro (Kazlauskaite et al., 2015; Wauer
et al., 2015a) (Figure S7J), suggesting that low levels of phos-
phorylation of pre-existing Ub on mitochondria, detectable in
PARKIN™~ neurons (Figures 5 and 6), could serve to initiate
recruitment and activation of PARKIN from the cytosol. In
contrast, PARKIN'392A that cannot bind pS65-Ub is still detect-
ably phosphorylated on its UBL (Kazlauskaite et al., 2015; Pao
et al., 2016), suggesting the possibility that PARKIN UBL phos-
phorylation on damaged mitochondria can occur independently
of pS65-Ub binding (Harper et al., 2018; Yamano et al., 2016),
albeit at a much lower rate in the absence of the feedforward
mechanism.

To further understand the contribution of PARKIN UBL
phosphorylation, we employed iNeurons from endogenous
PARKINS®®A hESCs, demonstrating that this PARKIN mutant
cannot activate the feedforward ubiquitylation cascade, despite
experiments that demonstrate activation of PARKINS®®” ligase
activity by binding to pS65-Ub in vitro (Ordureau et al., 2014).
The Pt-PRM system also facilitates an analysis of the contribu-
tion of pS65-Ub accumulation on the MOM to the recruitment
of mitophagy receptors. Accumulation of pS65-Ub on the
MOM was dramatically reduced in PARKINS®® cells, consistent
with the absence of new chain synthesis, and PARKINS®** was
not enriched in damaged mitochondria, despite residual pS65-
Ub (Figures 6B and S6C). Moreover, no primary site ubiquityla-
tion was observed across all the PARKIN targets examined,
indicating that PARKINS®® is unable to mount detectable activ-
ity on the MOM if even transiently bound to pS65-Ub. Previous
biochemical studies indicate that PARKIN UBL phosphorylation
greatly increases the affinity of PARKIN for pS65-Ub, from ~400
to ~20 nM (Ordureau et al., 2014; Sauvé et al., 2015). Thus, we
speculate that phosphorylation of PARKIN’s UBL both increases
its affinity for pS65-Ub on the MOM, thereby specifying PARKIN
retention, while also locking PARKIN in a catalytically active
conformation, as indicated by the finding that simply phosphor-
ylating PARKINs UBL can increase Ub chain assembly activity
by 2,500-fold (Ordureau et al., 2014). We hypothesize that
these events constitute the PINK1-driven PARKIN feedforward
mechanism.

K63-linked Ub chains are thought to function as the primary re-
ceptors for mitophagy adaptors proteins including OPTN, but
the role of phosphorylation in receptor recruitment is unclear,



with evidence for and against a direct role of pS65-Ub in mitoph-
agy receptor recruitment (Heo et al., 2015; Lazarou et al., 2015;
Ordureau et al., 2015; Richter et al., 2016; reviewed in Harper
et al., 2018 and Yamano et al., 2016). We employed Pt-PRM to
quantitatively evaluate the influence of pS65-Ub stoichiometry
on mitophagy receptor recruitment. In the HelLa cell system,
endogenous PINK1 produces a fractional occupancy of ~0.2
on the MOM (Ordureau et al., 2014). We found that increasing
the fractional occupancy to 0.55-0.65 by stable overexpression
of PINK1 reduces the association of OPTN, p62, TAX1BP1, and
NDP52, rather than increasing association, as would be ex-
pected if mitophagy receptors bound specifically to pS65-Ub
within chains. The finding that PARKIN is highly active on the
MOM, as measured by Pt-PRM under conditions where the frac-
tional occupancy of Ub phosphorylation is ~0.2, is consistent
with a model in which PARKIN associates with pS65-Ub units
within MOM-associated Ub chains and unphosphorylated units
within these Ub chains would preferentially associate with mi-
tophagy receptors (reviewed in Harper et al., 2018) (Figure 7F).
Based on available data (reviewed in Behrends and Harper,
2011), dimeric UBAN domains in OPTN would interact individu-
ally with a unit of di-Ub K63 chains generated by PARKIN. In
essence, the stoichiometry of Ub phosphorylation at endoge-
nous PINK1 levels is optimized for promotion of both PARKIN
recruitment via pS65-Ub units and mitophagy receptor recruit-
ment via unphosphorylated Ub units within chains built by
PARKIN (Figure 7F). We also note that PARKIN’s ability to
ubiquitylate primary targets is reduced in the context of PINK1
overexpression (Figure 7). The basis for this is unclear at present.
This model is also supported by recent structural data indicating
that, in di-Ub, pS65 in neither the proximal nor distal Ub is nearby
the UBAN domain in OPTN, which is inconsistent with a direct
positive role of Ub phosphorylation in OPTN recruitment (Li
et al., 2018).

The fate of PARKIN targets on the MOM is unclear. While some
ubiquitylated proteins are apparently employed for mitophagy
receptor binding, some studies have suggested that several
PARKIN substrates are degraded by the proteasome in cells
overexpressing PARKIN (Chan et al., 2011; Geisler et al., 2010;
Tanaka et al., 2010). The use of Pt-PRM to quantify target protein
abundance overcomes the limitation of immunoblots for exami-
nation of the abundance of ubiquitylated proteins. We find
in both HelLa cells and in neurons that the abundance of the
PARKIN targets examined here are not appreciably reduced
at 1 or 4 hr after depolarization, respectively. It is possible that
overexpression of PARKIN can produce sufficient K11 and/or
K48-Ub chains on PARKIN targets to support extraction by
p97 and delivery to the proteasome (Chan et al., 2011; Geisler
et al., 2010; Tanaka et al., 2010), but our chain linkage analysis
suggests little K48 chain production in neurons with endogenous
levels of PARKIN. This is also consistent with the previous finding
that K63 chains contribute substantially to mitophagy induced by
PARKIN (Cunningham et al., 2015; Ordureau et al., 2014, 2015).
Interestingly, induced neurons employed here had relatively
lower levels of K6 Ub chains upon depolarization than HelLa cells
overexpressing PARKIN. Given that mitochondrially localized
USP30 prefers to disassemble K6 chains (Cunningham et al.,
2015; Gersch et al., 2017; Wauer et al., 2015b), we speculate

that the lower relative levels of this chain linkage in induced neu-
rons could reflect USP30 activity.

In conclusion, this work now sets the stage for further dissec-
tion of the biochemical mechanisms underlying PARKIN function
in neuronal systems, and also it suggests that analogous prote-
omic approaches may be useful in uncovering the biochemical
mechanisms of other pathway defects in neurodegenerative dis-
ease more generally.
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STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-MFN2 Abcam Cat#ab124773
RRID:AB_10999860
Anti-CISD1 Proteintech Cat#16006-1-AP; RRID:AB_2080268
Anti-PCNA Santa-Cruz Cat#sc-56; RRID:AB_628110
Anti-TOMM20 Santa-Cruz Catitsc-11415; RRID:AB_2207533
Anti-PARKIN Santa-Cruz Cat#sc-32282; RRID:AB_628104
Anti-PARKIN Cell Signaling Technology Cat#2132S
RRID:AB_10693040
Anti-Ub Dako Cat#20458; RRID:AB_2315524
Anti-HA Roche Cat#11867423001; RRID:AB_10094468
Anti-Flag M2 Sigma-Aldrich Cat#F1804; RRID:AB_262044
Anti-PINK1 Abgent Cat#AM6406Db;
RRID:AB_2237092
Anti-pS65-Ub Millipore Cat#ABS1513;
RRID: N/A
Anti-HSP90 Santa-Cruz Cat#sc-69703
RRID:AB_2121191
Anti-B-Actin Santa-Cruz Cati#sc-69879
RRID:AB_1119529
Anti-VDAC1 Abcam Cat#ab15895;
RRID:AB_2214787
Anti-TAX1BP1 Sigma-Aldrich Cat#HPA024432;
RRID:AB_1857783
Anti-NDP52 Abcam Cat#ab68588;
RRID:AB_1640255
Anti-SQSTM1 Cell Signaling Technology Cat#7695;
RRID:AB_10949900
Anti-MAP2 Thermo Fisher Scientific Cat#MA1-19426;

Anti-Rabbit IgG (H+L), HRP Conjugate
Anti-Mouse 1gG (H+L), HRP Conjugate
Anti-OPTN

Monoclonal Anti-M13-horse radish peroxidase

Mouse monoclonal anti-FLAG (M2)

IRDye® 680RD Goat anti-Mouse IgG (H + L)
IRDye® 800CW Goat anti-Rabbit IgG (H + L)

Promega
Promega
Sigma-Aldrich

GE Healthcare
Sigma-Aldrich

LI-COR Biosciences
LI-COR Biosciences

RRID:AB_1076853

Cat# W4011; RRID:AB_430833

Cat# W4021; RRID:AB_430834
Cat#HPA003279;

RRID:AB_1079527

Cat#27942101; RRID: AB_2616587
Cat#F1804;

RRID: AB_262044

Cat# 926-68070; RRID:AB_10956588
Cat# 926-32211; RRID:AB_62184

Bacterial and Virus Strains

Rosetta(DE3)pLysS Competent Cells Novagen Cat#70956
Chemicals, Peptides, and Recombinant Proteins

Custom synthetic peptides Cell Signaling Technology See Table S1
Oligomycin A Sigma-Aldrich 75351
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Antimycin A Sigma-Aldrich A8674
CCCP Sigma-Aldrich C2759
Aprotinin Roche 10981532001
Leupeptin Roche 11017101001
AEBSF Gold Biotechnology A-540
TCEP Gold Biotechnology TCEP2
Doxycycline Sigma-Aldrich D9891
Puromycin Gold Biotechnology P-600-500
Kinetin (N6 furfuryl Adenosine 5'deoxy ribose) Sigma-Aldrich 48130

UbV Phage Library Zhang et al., 2016; Ernst et al., 2013 N/A
Halo-UBA4-UBQLN1 Ordureau et al., 2014; This paper N/A
Halo-UBAs-DSK2 Ordureau et al., 2015; This paper N/A
HaloLink Resin Promega G1915
Hydrogen Peroxide Sigma-Aldrich H1009
Formic Acid Sigma-Aldrich 94318

DAPI Thermo Fisher Scientific D1306
Ubiquitin Sigma-Aldrich U6253
p-S65-Ubiquitin (stoichiometrically phosphorylated) Ordureau et al., 2014 N/A
AQUApure Tetra-Ub Chains (K48-linked) Boston Biochem (R&D systems) uc-210B
AQUApure Phospho-Tetra-Ub Chains Boston Biochem (R&D systems) UC-250
(K48, pS65) - (stoichiometrically phosphorylated)

AQUApure Tetra-Ub Chains (K63-linked) Boston Biochem (R&D systems) UC-310B
AQUApure Phospho-Tetra-Ub Chains Boston Biochem (R&D systems) UC-350
(K63, pS65) - (stoichiometrically phosphorylated)

Critical Commercial Assays

GeneArt Precision gRNA Synthesis Kit Thermo-Fisher A29377
Recombinant SpCas9 Zuris et al., 2015; This paper N/A
Adenosine 5’ triphosphate, disodium, trinydrate (ATP)  Thermo-Fisher Scientific Cat#10326943
Brain-derived neurotrophic factor (BDNF) Peprotech Cat#450-02
Trysin Promega V511C
Lys-C Wako Chemicals 129-02541
Guanidine HCL Sigma-Aldrich G3272
Rapigest SF Surfactant Glixx Laboratories Cat#GLXC-07089
Triethyl ammonium bicarbonate (TEAB) Sigma-Aldrich T7408
EPPS Sigma-Aldrich Cat#E9502
2-Chloroacetamide Sigma-Aldrich C0267
PR-619 Selleck Chem Cat#S7130
Tandem Mass Tags Thermo Fisher Scientific Cat#90406
Neurotrophin-3 Peprotech Cat#450-03
Experimental Models: Cell Lines

Hela Flip-In T-REx (Parental line) Brian Raught, Ontario Cancer Institute

Hela Flip-In T-REx PARKIN-WT Ordureau et al., 2014; Ordureau et al., 2015 N/A

Hela Flip-In T-REx PARKIN-WT; PINK1—/— Ordureau et al., 2014; Ordureau et al., 2015  N/A

HelLa Flip-In T-REx PARKIN-C341S Ordureau et al., 2014; Ordureau et al., 2015 N/A

Hela Flip-In T-REx PARKIN-S65A Ordureau et al., 2014; Ordureau et al., 2015  N/A

Hela Flip-In T-REx PARKIN-WT; mt-mKeima Ordureau et al., 2014; this paper N/A

H9 ES cells WiCell, Madison WI WAO09

H9 ES PARKIN-S65A (homozygous) This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

H9 ES PINK1—/— (homozygous) This paper N/A

HUESH Cowan et al., 2004 Harvard University Cell Repository
HUES1 PARKIN—/— T.A., unpublished data N/A

Oligonucleotides

PARKIN S65A knock-in sgRNA for cutting 5'-GAACAATGCTCTGCTGATCC-3 N/A

PINK1 deletion sgRNA_1 5'-CCGGGCGCGGAGCCTCGCA-3 N/A

PARKIN S65A knock-in replacement oligonucleotide 5'-tttctggggtcgtcgecteccagttgeattca N/A

(bases in caps indicate mutated bases) tttcttgaccttttctccacggtctctgcacaatg

tgaacaatgGCctgctgatccaggtcacaatt
ctgtttgggagcaaggtaaaaaaaaaaaaaa
aaaaaaaggaaatgtcaaacatg-3’

Recombinant DNA

pTet-O-Ngn2-puro Addgene 52047
PET-NLS-Cas9-6xHis Zuris et al., 2015; Addgene 62934
pFN18A-Halo-UBA;-UBQLN1 Ordureau et al., 2014 N/A
pET-53-DEST-UbVO1 This paper N/A
pET-53-DEST-UbV02 This paper N/A
pET-53-DEST-UbV03 This paper N/A
pET-53-DEST-UbV04 This paper N/A
pET-53-DEST-UbV05 This paper N/A
pET-53-DEST-UbV06 This paper N/A
pET-53-DEST-UbV07 This paper N/A
pET-53-DEST-UbV08 This paper N/A
pET-53-DEST-UbV09 This paper N/A
pET-53-DEST-UbV10 This paper N/A
pDONR223-UbV01 This paper N/A
pDONR223-UbV02 This paper N/A
pDONR223-UbV03 This paper N/A
pDONR223-UbV04 This paper N/A
pDONR223-UbV05 This paper N/A
pDONR223-UbV06 This paper N/A
pDONR223-UbV07 This paper N/A
pDONR223-UbV08 This paper N/A
pDONR223-UbV09 This paper N/A
pDONR223-UbV10 This paper N/A
pHAGE-N-term-Flag-HA-UbV01-IRES Puro This paper N/A
pPHAGE-N-term-Flag-HA-UbV02-IRES Puro This paper N/A
pHAGE-N-term-Flag-HA-UbV03-IRES Puro This paper N/A
pPHAGE-N-term-Flag-HA-UbV04-IRES Puro This paper N/A
pHAGE-N-term-Flag-HA-UbV05-IRES Puro This paper N/A
pHAGE-N-term-Flag-HA-UbV06-IRES Puro This paper N/A
PHAGE-N-term-Flag-HA-UbVO07-IRES Puro This paper N/A
pHAGE-N-term-Flag-HA-UbV08-IRES Puro This paper N/A
PHAGE-N-term-Flag-HA-UbV09-IRES Puro This paper N/A
PHAGE-N-term-Flag-HA-UbV10-IRES Puro This paper N/A
GATWAY Destination pET-53-DEST Millipore Sigma-Aldrich 71844
pHAGE-Mito-mKeima-IRES Puro This paper; a gift from A. Miyawaki

for the original mt-Keima construct.

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

Skyline MacLean et al., 2010 https://skyline.ms/

PyMOL The PyMOL Molecular Graphics System, https://pymol.org

v.1.8.6.0, Schrodinger, LLC

Prism GraphPad, v7 https://www.graphpad.com/
scientific-software/prism/

Proteome Discoverer Thermo Fisher Scientific, v2.2 https://www.thermofisher.com/
order/catalog/product/OPTON-30795

In-house mass spectrometry data analysis software Huttlin et al., 2010 N/A

SEQUEST Eng et al., 1994 N/A

Perseus Tyanova et al., 2016 http://www.coxdocs.org/
doku.php?id=perseus:start

FlowJo V10.4 https://www.flowjo.com

ImageQuant TL V8.2 https://www.gelifesciences.com

Other

Orbitrap Fusion Lumos Mass Spectrometer ThermoFisher Scientific Cat#IQLAAEGAAPFADBMBHQ

Easy-nLC 1200 ThermoFisher Scientific LC140

Empore SPE Disks C18 3M - Sigma-Aldrich 66883-U

Matrigel

Maxisorp Plates (96-well) Sigma-Aldrich M9410

Bio-Rad Protein Assay Dye Reagent Concentrate Bio-Rad #5000006

Amersham Typhoon 5 Biomolecular Imager https://www.gelifesciences.com # 29187191

STAR METHOD DETAILS

Cell culture, immunoblotting, and mitochondrial protein isolation

HelLa Flip-In T-REx cells (generously provided by Brian Raught, Ontario Cancer Institute) engineered to inducibly express a single
copy of PARKINT, the catalytically defective PARKIN®*3'S mutant, or a non-phosphorylatable PARKINS®®* mutant were created
as described previously (Ordureau et al., 2015; Ordureau et al., 2014). As we detected PARKIN, albeit in very small amounts, by
immunoblotting in the parental cell line, we also employed gene-editing (see below) to remove the endogenous PARKIN gene
(PRKN) prior to insertion of the PARKIN-expressing transgene into the Flip-In site. The indicated cells were either left untreated or
depolarized with a mixture of Antimycin A (10 uM) and Oligomycin A (5 uM) or with the indicated amount of CCCP for the indicated
time period. At the indicated times, cells were washed twice with ice cold PBS and lysed in lysis buffer (50 mM Tris/HCI pH 7.5, 1 mM
EDTA, 1 mM EGTA, 50 mM NaF, 5 mM sodium pyrophosphate, 10 mM sodium 2-glycerol 1-phosphate, 1% (v/v) NP-40, 1 pg/mli
aprotinin, 1 ng/ml leupeptin, 1 mM benzamidine, 1 mM AEBSF, 10 uM PR-619, 50 mM chloroacatemide and 1x PhosSTOP phos-
phatase inhibitor Cocktail (Roche)), to produce whole cell extracts.

Crude mitochondria was purified after 2 two wash in ice cold PBS by scrapping cells in PBS containing 200 mM chloroacetamide
(8 mL per 15 cm dish). Cells were then collected and centrifuged at 450xg for 5 minutes at 4°C. Cell pellet was resuspended in 5 mL
(per 15 cm dish) mitochondrial isolation buffer (MIB) (50 mM Tris/HCI, pH 7.5, 70 mM Sucrose, 210 mM Sorbitol, 1 mM EDTA, 1 mM
EGTA, 50 mM NaF, 5 mM sodium pyrophosphate, 10 mM sodium 2-glycerophosphate, 1 mM AEBSF, 10 uM PR-619, 1 mM benza-
midine, 1 ng/ml leupeptin and aprotinin) plus 100 mM chloroacetamide and centrifuged at 1400xg for 5 minutes at 4°C. The cell pellet
was re-suspended in 5 mL MIB buffer plus 100 mM chloroacetamide and sonicated twice for 10 s at lowest settings. Sample were
spun 10 min at 1400xg to remove unbroken cells/debris and supernatant was collected, this correspond to the “total protein” frac-
tion, and transferred into round-bottom tube prior to centrifugation for 10 min at 10000xg at 4°C. Supernatant which correspond to
cytosolic fraction and crude ER fraction was removed and the pellet corresponding to the crude mitochondria fraction was resus-
pended in 10 mL of MIB buffer plus 50 mM chloroacetamide, prior to centrifugation for 10 min at 10000xg. The mitochondrial pellet
was wash two more time and pellet was then lysed in lysis buffer.

Whole cell extracts or mitochondrial extracts were sonicated and clarified by centrifugation (16000xg for 10 min at 4°C) followed by
filtration through a 0.45 pM filter and protein concentrations determined by the Bradford assay. Cell extracts (25 pug or 50 pg for
p-S65-Ub immunoblotting) or mitochondrial extracts were separated by SDS/PAGE, transferred to PVDF membranes, and proteins
detected by immunoblotting.
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Mitochondrial poly-ubiquitin capture and proteomics

Mitochondrially-derived ubiquitylated proteins were purified from the indicated HelLa cells or hESC-derived neurons using Halo-
4xUBAYBANT and Halo-5xUBAPSK2 resin (referred to as immobilized UBA resin in the main text), produced as previously described
(Ordureau et al., 2015; Ordureau et al., 2014). Briefly, whole cell extracts (using 0.5 mg unless indicated otherwise) or mitochondrial
extracts (using 0.25 mg unless indicated otherwise) were lysed in lysis buffer containing 50 uM chloroacetamide prior to incubation at
4°C for 16 h with 30-50 pL of Halo-4xUBAYBAN" peads (pack volume). Subsequently, the supernatant was incubated with 15 L of
Halo-5xUBAPSK2 for 2 hours to capture any possible residual mono-ubiquitylated proteins (Ordureau et al., 2015; Wilson et al., 2012).
Halo beads were combined and following 4 washes with lysis buffer containing 0.5 M NaCl and one final wash in 10 mM Tris pH 8.0,
proteins were released from the Halo-UBA resin using sample buffer prior to analysis by SDS-PAGE and immunoblotting or by 6M
Guanidine HCL when analyzed by mass spectrometry. For immunoblotting, samples were separated on 4%-12% Bis-Tris gradient
gels. For mass spectrometry, samples were subjected to reduction (5 mM tris (2-carboxyethyl)phosphine (TCEP) for 10 min at room
temperature) and alkylation (25 mM chloroacetamide for 20 min at room temperature) followed by Trichloroacetic Acid (TCA)
precipitation and 3 washes with ice cold acetone. Samples were dried and resuspended in 30 uL digestion buffer (100 mM triethyl
ammonium bicarbonate pH 8.5, 0.1% RapiGest, 10% ACN) and digested for 2 h at 37°C with Lys-C and then a further 6-8 h with
trypsin at 37°C. Digests were acidified with equal volume of 1% formic acid (FA) to a pH ~2, incubated for 15 min, dried down,
resuspended in 50 pL 1% FA, and subjected to C18 StageTip desalting. Samples were analyzed by LC-MS/MS or used for
AQUA/PRM as described below.

Heavy reference peptides and characterization

Heavy reference peptides (Table S1) for parallel reaction monitoring containing a single '*C/'®N-labeled amino acid were synthe-
sized, purified by reversed-phase chromatography and quantified by amino acid analysis by Cell Signaling Technologies. Heavy
reference peptides from working stocks (in 5% FA / 5%ACN) were diluted into the digested sample (in 1% FA) to be analyzed to
an optimal final concentration predetermined for individual peptides. LC retention times, precursor ion to be targeted, isolation win-
dow, AGC target, fill time were determined for each peptide (Table S1). A mixture of all Kgg peptides was used to determine the best
ACN gradient to minimize peptide overlap during elution in a 90-min gradient. Samples and heavy reference peptides were oxidized
with 0.1% hydrogen peroxide for 30 min, subjected to C18 StageTip desalting and hydrogen peroxide removal, and resuspended in
5% FA. Mass spectrometry was performed in triplicate, unless indicated otherwise, and analyzed sequentially by LC-MS on a Orbi-
trap Fusion Lumos instrument coupled to an Easy-nLC 1200 (Thermo Fisher Scientific) ultra-high-pressure liquid chromatography
(UHPLC) pump. Peptides were separated on a 100 um inner diameter microcapillary column packed in house with ~35 cm of Accu-
core150 resin (2.6 um, 150 A, ThermoFisher Scientific, San Jose, CA). The column was equilibrated with buffer A (3% ACN + 0.125%
FA). Peptides were loaded onto the column at 100% buffer A. Separation and elution from the column was achieved using a 90-min
3% —28% gradient of buffer B (100% ACN + 0.125% FA) at ~500 nL/min. The total LC-method with loading, separation, and column
equilibration was 110 min. The scan sequence began with FTMS' spectra (resolution of 120,000; mass range 300-1000 m/z; auto-
matic gain control (AGC) target 1x10°, max injection time of 100 ms). The second scan sequence consisted of a targeted-MS? (tMS?)
method were MS? precursors of interested as defined in the “Mass List Table” (Table S1) were isolated using the quadrupole and
analyzed in the Orbitrap (FTMS?) with an isolation window, resolution, AGC target and a max injection time defined in the “Mass
List Table” (Table S1). MS2 precursors were fragmented by HCD at a normalized collision energy (NCE) of 32%. For measurement
of the protein amount in mitochondrial extracts, unmodified peptides corresponding to the various proteins of interest were analyzed
with the multiplexing (MSX) option set to the equal fill time mode (MSX = 2; AGC 1x10° (total); injection time of 108 ms total) Instrument
methods with detailed parameters for the two Pt-PRM iterations can be found in Data S1 (mito prep) and Data S2 (Halo-UBA enriched
mitochondria). LC-MS data analysis was performed using Skyline software (MaclLean et al., 2010) with manual validation of precur-
sors and fragments. The results exported to Excel and GraphPad Prism for further analysis and plotting (Table S1).

Proteomics - Label-free Analysis

Label-free analysis was performed in triplicate (duplicate for DA neurons) and analyzed sequentially by LC/MS?2. All spectra were ac-
quired on an Oribtrap Fusion or Lumos mass spectrometer (Thermo Fisher Scientific) coupled to an Easy-nLC 1200 (Thermo Fisher
Scientific) ultra-high-pressure liquid chromatography (UHPLC) pump. Peptides were separated on a 100 um inner diameter micro-
capillary column packed in house with ~35 cm of Accucore150 resin (2.6 um, 150 A, ThermoFisher Scientific, San Jose, CA) with a
gradient consisting of 5%-28% (ACN, 0.1% FA) over 150 min at ~500 nL/min. The scan sequence began with FTMS' spectra
(resolution of 120,000; mass range 400-1400 m/z; automatic gain control (AGC) target 1x10°, max injection time of 100 ms). The
most intense MS" ions were selected for MS? analysis, using TopSpeed method with total cycle time of 3 s. Precursors were filtered
according to charge state > 2 and < 6. Monoisotopic peak assignment was used, and previously interrogated precursors were
excluded using a dynamic window (120 s + 7 ppm). Minimum intensity to trigger an MS? scan was 2x10%. MS? precursors were iso-
lated using the quadrupole (1.2 Th window) and analyzed in the Orbitrap (FTMS?) at 15,000 resolution, with an AGC target of 5x10*
and a max injection time of 118 ms. Precursors were fragmented by HCD at a normalized collision energy (NCE) of 32%. Mass
spectra were processed using Protein Discoverer version 2.2 (Thermo Fisher Scientific) using the Minora algorithm (set to default
parameters). The identification of proteins was performed using the SEQUEST-HT engine against the UniProt Human Reference Pro-
teome (2017) using the following parameters: a tolerance level of 20 ppm for MS' and 0.03 Da for MS2 and false discovery rate of the
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Percolator decoy database search was set to 1%. Trypsin was used as the digestion enzyme, three missed cleavages were allowed,
and the minimal peptide length was set to 6 amino acids. The carbamidomethylation of cysteine was set as a fixed modification, and
the oxidation of methionine was allowed as a variable modification. Proteins with less than two unique peptides were filtered out and
only unique peptides were used for quantification (precursor abundance based on area). Protein with more than 20% CV across rep-
licates were discarded. Label-free abundance calculated were normalized across samples to total peptide amount of mitochondrial
protein (MitoCarta 2.0). The following database containing mitochondrial protein were used: MitoCarta 2.0 (Calvo et al., 2016),
Integrated Mitochondrial Protein Index (IMPI Q3 2017 - using only validate proteins (1128) - http://www.mrc-mbu.cam.ac.uk/impi
and the Mitochondrial Outer Membrane (MOM) dataset from (Hung et al., 2017). Proteins not present in any of the 3 databases
(non-mitochondrial proteins) were filtered out.

Proteomics - TMT Quantification

Mitochondrial protein extracts were subjected to disulfide bond reduction with 5 mM TCEP (room temperature, 10 min) and alkylation
with 25 mM chloroacetamide (room temperature, 20 min). TCA precipitation was performed prior to protease digestion. Samples
were resuspended in 100 mM EPPS, pH 8.5 and digested at 37°C for 4h with LysC protease at a 200:1 protein-to-protease ratio.
Trypsin was then added at a 100:1 protein-to-protease ratio and the reaction was incubated for 6 h at 37°C. Tandem mass tag la-
beling was performed as follow, in brief, ~5 nug of digested peptides, resuspended in 50 uL of 0.1 M EPPS (pH 8.5) from each sample
were labeled with TMT reagent. A total of 2 uL of the 20 ng/uL stock of TMT reagent was added to the peptides along with 12.5 L of
acetonitrile to achieve a final acetonitrile concentration of approximately 20% (v/v). Following incubation at room temperature for 1 h,
the reaction was quenched with hydroxylamine to a final concentration of 0.5% (v/v) for 15 min. The TMT-labeled samples were
pooled together at a 1:1 ratio. The sample was vacuum centrifuged to near dryness, fractionated according to manufacturer’s
instructions using High pH reversed-phase peptide fractionation kit (Thermo Fisher Scientific) and subjected to C18 solid-phase
extraction (SPE) (Sep-Pak, Waters).

Mass spectrometry data were collected using an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific, San Jose,
CA) coupled to a Proxeon EASY-nLC1200 liquid chromatography (LC) pump (Thermo Fisher Scientific). Peptides were separated on
a 100 pum inner diameter microcapillary column packed in house with ~35 cm of Accucore150 resin (2.6 pm, 150 A, ThermoFisher
Scientific, San Jose, CA) with a gradient consisting of 5%-23% (ACN, 0.1% FA) over 150 min at ~500 nL/min. For analysis, we loaded
~2 ng of each fraction onto the column. Each analysis used the Multi-Notch MS®-based TMT method (McAlister et al., 2014), to
reduce ion interference compared to MS? quantification. The scan sequence began with an MS' spectrum (Orbitrap analysis; res-
olution 120,000 at 200 Th; mass range 400—1350 m/z; automatic gain control (AGC) target 1 x 10% maximum injection time
100 ms). Precursors for MS? analysis were selected using a Top10 method. MS? analysis consisted of collision-induced dissociation
(quadrupole ion trap analysis; Turbo scan rate; AGC 2.5 x 10% normalized collision energy (NCE) 35; maximum injection time
150 ms). Monoisotopic peak assignment was used and previously interrogated precursors were excluded using a dynamic window
(120 s = 5 ppm). Following acquisition of each MS? spectrum, a synchronous-precursor-selection (SPS) MS® scan was collected on
the top 10 most intense ions in the MS? spectrum (McAlister et al., 2014). MS® precursors were fragmented by high energy collision-
induced dissociation (HCD) and analyzed using the Orbitrap (NCE 65; AGC 1.5 x 10°%; maximum injection time 150 ms, resolution was
50,000 at 200 Th).

Mass spectra were processed using a Proteome Discoverer 2.2 (Thermo Fisher Scientific). The identification of proteins was per-
formed using the SEQUEST-HT engine against the UniProt Human Reference Proteome (2017) using the following parameters: a
tolerance level of 15 ppm for MS' and 0.7 Da for MS? and false discovery rate of the Percolator decoy database search was set
to 1%. Trypsin was used as the digestion enzyme, three missed cleavages were allowed, and the minimal peptide length was set
to 6 amino acids. TMT tags on lysine residues and peptide N termini (+229.163 Da) and carbamidomethylation of cysteine residues
(+57.021 Da) were set as static modifications, while oxidation of methionine residues (+15.995 Da) and Phosphorylation of serine
(+79.966 Da) was set as a variable modification. Scoring and localization of phosphorylation site was done using the ptmRS node
(default settings). For TMT-based reporter ion quantitation, we extracted (integration tolerance of 0.003 Da) the summed signal-
to-noise ratio for each TMT channel and found the closest matching centroid to the expected mass of the TMT reporter ion. For pro-
tein-level comparisons, PSMs were identified, quantified, and collapsed to a 1% peptide false discovery rate (FDR) and then
collapsed further to a final protein-level FDR of 1%. Moreover, protein assembly was guided by principles of parsimony to produce
the smallest set of proteins necessary to account for all observed peptides. Proteins were quantified by summing reporter ion counts
across all matching PSMs for unique peptides only. PSMs with poor quality, MS® spectra with more than eight TMT reporter ion chan-
nels missing, MS?® spectra with TMT reporter summed signal-to-noise ratio that were less than 100, isolation specificity < 0.7, or had
no MS?® spectra were excluded from quantification (McAlister et al., 2012). Protein quantification values were exported for further
analysis in Microsoft Excel and GraphPad Prism for plotting. Each reporter ion channel was summed across all quantified proteins
and normalized assuming equal protein loading of all 10 samples.

Comparison of pS65-Ub and Ub chain linkages in crude versus sucrose density gradient purified mitochondria

Using crude and sucrose density gradient purified mitochondria from HelLa Flip-In T-REx-PARKIN"T cells (16 h DOX treatment to
induce PARKIN) with and without AO (1h) purified as described (Ordureau et al., 2014), we determined that 15.95 and 17.78% of
Ub chains were phosphorylated on S65 in crude and sucrose gradient purified mitochondria after depolarization, in range with
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what was previously reported (Ordureau et al., 2015; Ordureau et al., 2014). Moreover, the chain linkage types and fold-change upon
depolarization were similar, as seen previously (Ordureau et al., 2015; Ordureau et al., 2014). We also subjected crude and sucrose
density gradient purified mitochondria to immunoblotting (ran on 4%-20% Bis-Tris SDS-PAGE gels with MES buffer to retain mono-
meric Ub and transferred to 0.2 um PVDF membrane) with a-Ub and a-pS65-Ub antibodies. Approximately 10%-15% of the Ub
signal, the majority of which migrated as a high molecular weight smear, migrated at the position of free monomeric Ub in both
the crude and sucrose gradient purified mitochondria, but this free Ub was not detected in the phosphorylated form by immunoblot-
ting, suggesting that the vast majority of the pS65-Ub signal was in the form of conjugates. This suggests that the fraction of pS65-Ub
in Ub chains on mitochondria calculated from either crude or sucrose gradient purified may be under-estimated by ~10%-15%.

Gene-Editing and differentiation

Human ES cells (H9, WiCell Institute) were cultured in E8 medium (Chen et al., 2011) on Matrigel-coated tissue culture plates with
daily medium change. Cells were passaged every 4-5 days with 0.5 mM EDTA in 1 x DPBS (Thermo Fisher Scientific). The SpCas9
expression plasmid pET-NLS-Cas9-6xHis (Addgene plasmid # 62934) was transformed into Rosetta(DE3)pLysS Competent Cells
(Novagen). SpCas9 protein was purified as described elsewhere (Zuris et al., 2015). The sgRNAs were generated using GeneArt Pre-
cision gRNA Synthesis Kit (Thermo Fisher Scientific) according to the manufacturer’s instruction and purified using RNeasy Mini Kit
(QIAGEN). The sgRNA target sequences were: PARKIN S65A, GAACAATGCTCTGCTGATCC; PINK1~~, CCGGGCGCGGAGC
CTCGCA and GCTAGGGCTGGGCCTCATCG.

To generate PINK1~/~ cells, 0.6 ng sgRNA was incubated with 3 ug SpCas9 protein for 10 minutes at room temperature and elec-
troporated into 2x10° H9 cells using Neon transfection system (Thermo Fisher Scientific). To create H9 cells harboring a homozygous
S65A mutation in PARKIN, a ssDNA oligo (tttctggggtcgtcgcectccagttgeattcatttcttgacctttictccacggtctctgcacaatgtgaacaatgGCcetgcet
gatccaggtcacaattctgtttgggagcaaggtaaaaaaaaaaaaaaaaaaaaaggaaatgtcaaacatg) was electroporated into H9 cells along with the
Cas9/sgRNA complex. Mutants were identified by lllumina MiSeq and further confirmed by Sanger sequencing for PARKINS®A or
by western blot for PINK1~~ mutants. PARKIN ™'~ ES cells (H9 or HUES1, (Cowan et al., 2004) were created in exon 3 using sgRNA
GGCGACGACCCCAGAAACG or a combination of GGAGCCCCAGAGCTTGACTC and GGTCAAGAAATGAATGCAAC, respectively.
Out of frame deletions were verified by DNA sequencing with lllumina MiSeq and by immunoblotting. The PARKIN locus in HeLa
Flip-In T-REx cells was deleted using CRISPR/Cas9 with the guide sequence GTGTCAGAATCGACCTCCAC, which cuts in
exon 2 (near F13 in PARKIN’s UBL) and the absence of expression confirmed by immunoblotting.

For human ES cell conversion to iNeurons, cells were transduced with lentiviruses generated using pTet-O-Ngn2-puro (Addgene
plasmid # 52047) and FUdeltaGW-rtTA (Addgene plasmid #19780) at MOI 5, respectively, and induced as described (Zhang et al.,
2013) with modification. Briefly, lentivirus-transduced human ES cells were expanded and plated at 2-2.5x10%/cm? on Matrigel-
coated tissue plates in DMEM/F12 supplemented with 1x N2, 1x NEAA (Thermo Fisher Scientific)) human BDNF (10 ng/ml,
PeproTech), human NT-3 (10 ng/l, PeproTech), mouse laminin (0.2 pg/ml, Cultrex), Y-27632 (10 uM, PeproTech) and Doxycycline
(2 pg/ml, Alfa Aesar) on Day 0. On Day 1, Y-27632 was withdrawn and puromycin (1 ng/ml, Thermo Fisher Scientific) was added.
On Day 2, medium was replaced with Neurobasal medium supplemented with 1x B27 and 1x Glutamax (Thermo Fisher Scientific)
containing Brain-derived neurotrophic factor (BDNF), Neurotrophin-3 (NT-3), puromycin and Doxycycline. Puromycin was withdrawn
on Day 4 and half of the medium was replaced every other day thereafter. Dopaminergic neurospheres were produced as described
(Rigamonti et al., 2016).

Mitophagy assays

Cell lines of interest were infected with lentivirus encoding for mitochondrial matrix targeted mKeima (mito-mKeima) and selected
with puromycin. After several passages, cells were FACS sorted into a uniform population (intensity) for the mito-mKeima. The indi-
cated cell line grown in 12-well plates were treated with doxycycline (0.1 uM) for 16 h to induce PARKIN and then treated with CCCP
(10 uM or 1 uM) for the indicated time and collected after trypsin treatment. After re-suspending the cells in a FACS buffer (1x DPBS,
1 mMEDTA, 1% FBS, 25 mM HEPES, 1 ug/ml DAPI, final pH 7.3-7.5), the reconstituted cells were filtered through the cell strainer into
the 5ml test tube (Corning, 352235). The cells were analyzed by flow-cytometry (MoFlo Astrios EQ, Beckman Coulter). The data was
processed by FlowdJo software, with the following gating strategies: 1. Single cells were gated by SSC1 height/FSC1 height followed
by SSC1 height/SSC1-width. 2. Live cells were sorted by 405-448 (DAPI positive)/SSC1 height. 3. mKeima positive cells were gated
by 488ex/620em and 561ex/614em. The mean 561 ex/614em and 488ex/620em values of 10,000 cells were obtained in FlowJo
Table Editor, and the 561/488 ratio was calculated and exported into Prism software for plotting.

Selection of UbVs for PARKIN

The phage-displayed Ub variant (UbV) library used for selection was re-amplified from Library 2 as previously described (Ernst et al.,
2013). Protein immobilization and the following phage selections were done according to standard protocols (Tonikian et al., 2007).
Briefly, purified PARKIN?95-46% were coated on 96-well MaxiSorp plates by adding 100 uL of 1 uM proteins and incubating overnight at
4°C. In the following days, five rounds of phage display selections were performed as follows: a) Preparation of the phage library pool,
within which each phage particle displays a unique UbV and encapsulates the encoding DNA; b) The pool of phage displayed UbV
library are applied to immobilized PARKIN; c) PARKIN-binding phage are captured and non-binding phage are washed away;
d) Bound phage are amplified by infection of bacterial host Escherichia coli; €) Individual phage with improved binding properties
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obtained from round 4 and round 5 are identified by phage ELISA (see below) and subjected to DNA sequencing of the phagemids to
obtain UbV sequences (Zhang et al., 2016).

ELISA to evaluate UbV binding and specificity

Phage and protein ELISA against immobilized proteins was performed as previously described (Zhang et al., 2016). Briefly, PARKIN
proteins and other controls as indicated (1 uM) were individually immobilized in microtiter plates (30 pl). Binding of phage was de-
tected using anti-M13-HRP antibody and colorimetric development of TMB peroxidase substrate. Purified PARKIN Ubvs were added
in the concentration of 10 uM for competitive ELISA to test for potential displacement of UbV phage binding. For protein ELISA to
measure the half maximal binding concentration (ECsp) of UbVs binding to proteins under study, two-fold serial dilutions of FLAG-
tagged UbV or Ub (starting at 4 uM, 24 points, 30 pl) were added and incubated for 20 min at room temperature. Wells were washed
and bound UbV was detected by anti-FLAG-HRP conjugate antibody and colorimetric development of TMB peroxidase substrate.

Analysis of UbV activity in vitro and in vivo

To examine the effect of PARKIN-binding UbVs on Ub ligase activity, PARKIN (1 M) was phosphorylated with TcPINK1 as described
(Ordureau et al., 2014) and reactions mixtures supplemented with the indicated FLAG-UbV (5 uM), Ub (7.5 uM), E1 (100 nM), UBCH7
(500 nM), and ATP (1 mM). After 1h, reaction mixtures were separated by SDS-PAGE and immunoblotted with either a-Ub or a-FLAG.
To examine UbV activity in cells, the indicated UbVs in pDONR223 (Rual et al., 2004) were transferred to pHAGE-N-term-Flag-HA-
IRES-Puro vectors and were stably expressed in HeLa-Flip-In T-REx PARKIN cells expressing the indicated WT or mutant PARKIN
and in some cases gene edited to delete PINK1 (Ordureau et al., 2015; Ordureau et al., 2014). PARKIN proteins were induced with
Dox (1 uM, 16h), cells depolarized for 1 or 4h, and cells harvested for either immunoblotting of purified mitochondria or PRM analysis
for primary substrates and pS65-Ub. Expression of FLAG-UbVs was verified by immunoblotting of cell extracts. To examine inhibition
of PARKIN recruitment to mitochondria, we expressed GFP-PARKIN stably in HeLa Flip-In T-REx cells expressing individual FLAG-
UbVs (puromycin selection) and 1 h after depolarization, we performed immunofluorescence using a-TOMM20 antibodies and
imaging as previously described (Ordureau et al., 2015; Ordureau et al., 2014).

Analysis of Kinetin activity in vivo

To examine the effect of Kinetin (Hertz et al., 2013) on PINK1 downstream signaling HeLa-Flip-In T-REx cells expressing the indicated
WT or mutant PARKIN and in some cases gene edited to delete PINK1 (Ordureau et al., 2015; Ordureau et al., 2014) were used.
Kinetin was dissolved prior to usage in DMSO at 50 mM and sonicated for 5 min in water bath at 37°C. To examine Kinetin activity
in cells, cells were pre-treated for 4-6 days with at a final concentration of 50 uM Kinetin and media was renewed with Kinetin every
48 hr. PARKIN proteins were induced with Dox (0.5 uM, 16h), cells depolarized for the indicated time with the indicated amount of
CCCP and harvested for either immunoblotting of purified mitochondria or PRM analysis for pS65-Ub and VDACs Kgg.

Structural modeling

MOM protein structures were from previously reported crystal structure where available: CISD1 (3EWO0), VDAC1 (2JK4), HK1 (4F90),
RHOT1 (5KSZ). Models for other proteins were generated in SWISS-MODEL (https://swissmodel.expasy.org/interactive) using the
following templates: CISD2 (CISD1, 3EWO0); VDAC2 (D.r. VDAC1, 4BUM); VDACS3 (D.r. VDAC1, 4BUM); FKBP8 (FKBP38, 5MGX);
MFN1 (mini-MFN, 5GNU); MFN2 (mini-MFN, 5GNU); TOMM?70 (S.c. Tom70, 2GW1); MUL1 RING domain (MDM2 RING domain,
5MNJ); RHOT2 (RHOT1, 5KSZ). Structures were rendered in Pymol (https://pymol.org).

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless stated otherwise all quantitative experiments were performed in triplicate and average with standard error of the mean (SEM)
reported.

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, J. Wade
Harper (wade_harper@hmes.harvard.edu).
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