1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Mol Cell. Author manuscript; available in PMC 2016 October 01.

-, HHS Public Access
«

Published in final edited form as:
Mol Cell. 2015 October 1; 60(1): 7-20. doi:10.1016/j.molcel.2015.08.016.

The PINK1-PARKIN mitochondrial ubiquitylation pathway drives
a program of TBK1 activation and recruitment of OPTN and
NDP52 to promote mitophagy

Jin-Mi Heol, Alban Ordureau?, Joao A. Paulo?, Jesse Rinehart?, and J. Wade Harper?!
1Department of Cell Biology, Harvard Medical School, Boston MA 02115

2Department of Cellular & Molecular Physiology, Systems Biology Institute, Yale University
School of Medicine, New Haven, CT 06520

Abstract

Damaged mitochondria are detrimental to cellular homeostasis. One mechanism for removal of
damaged mitochondria involves the PINK1-PARKIN pathway, which poly-ubiquitylates damaged
mitochondria to promote mitophagy. We report that assembly of ubiquitin chains on mitochondria
triggers the recruitment of autophagy adaptors concomitantly with activation of the TBK1 protein
kinase, which physically associates with OPTN, NDP52, and SQSTML1. Full TBK1 activation in
HeLa cells requires OPTN and NDP52, and OPTN ubiquitin chain binding. In addition to the
known role of S177 phosphorylation in OPTN on ATG8 recruitment, TBK1-dependent
phosphorylation on S473 and S513 promotes ubiquitin chain binding in vitro as well as TBK1
activation, OPTN mitochondrial retention, and efficient mitophagy in vivo. These data reveal a
self-reinforcing positive feedback mechanism that coordinates TBK1-dependent autophagy
adaptor phosphorylation with the assembly of ubiquitin chains on mitochondria to facilitate
efficient mitophagy. Analogous mechanisms may facilitate adaptor-protein mediated delivery of
other types of cargo to autophagosomes.
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INTRODUCTION

Mitochondrial quality control via mitophagy is central to the health of the cell and is linked
to several neurodegenerative diseases (Pickrell and Youle, 2015). Research during the last
several years has defined a signal transduction pathway involving the mitochondrial protein
kinase PINK1 and the cytoplasmic ubiquitin ligase PARKIN, both of which are mutated in
certain forms of Parkinson’s Disease, in the surveillance of mitochondrial health (Pickrell
and Youle, 2015). In response to mitochondrial damage, PINK1 is stabilized on the
mitochondrial outer membrane (MOM) where it promotes phosphorylation of PARKIN on
S65 in its N-terminal UB-like domain, as well as the conserved S65 within UB on
mitochondria (Kane et al., 2014; Kazlauskaite et al., 2014; Kondapalli et al., 2012; Koyano
etal., 2014; Ordureau et al., 2014). PARKIN phosphorylation and its binding to p-S65 UB
promotes its assembly of K6, K11, K48, and K63 chains on numerous MOM proteins and
PARKIN retention on the MOM (Cunningham et al., 2015; Ordureau et al., 2014; Sarraf et
al., 2013). UB chains assembled by PARKIN appear to be a major form of UB targeted by
PINK1, allowing PARKIN retention on mitochondria (Ordureau et al., 2015a; Ordureau et
al., 2014). Together these events constitute a feed-forward amplification mechanism to
promote mitophagy (Ordureau et al., 2014).

Targeting of ubiquitylated mitochondria to autophagosomes is a critical step in mitophagy
(Stolz et al., 2014). Selective autophagy involves the action of cargo adaptor proteins such
as SQSTM1 (also called p62), NBR1, NDP52 (also called CALCOCO2), Optineurin
(OPTN), TAX1BP1, and NIX, each of which associate with ATG8 proteins via an LC3
interacting region (LIR) motif and with cargo via other domains (Stolz et al., 2014;
Weidberg and Elazar, 2011). Importantly, the ability of SQSTM1 and OPTN to associate
with ATGS in vitro is increased upon phosphorylation of residues adjacent to the LIR by the
TBK1 protein kinase (Matsumoto et al., 2011; Wild et al., 2011), a known binding partner of
these adaptors (Matsumoto et al., 2011; Morton et al., 2008). Recognition of ubiquitylated

Mol Cell. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heo et al.

RESULTS

Page 3

cargo occurs through UBA domains in SQSTM1, UBAN and ZNF domains in OPTN, and
UBZ domains in NDP52, which preferentially bind K63 chains as well as linear chains in
the case of OPTN (Gleason et al., 2011; Laplantine et al., 2009; Matsumoto et al., 2011;
Ordureau et al., 2015a; Sims et al., 2012; van Wijk et al., 2012). Early studies suggested that
SQSTML1 is responsible for directing damaged mitochondria to the autophagosome (Geisler
et al., 2010), but subsequent work revealed that SQSTML is required for aggregation of
damaged mitochondria but not for mitophagy itself (Narendra et al., 2010). More recently,
PARKIN-dependent mitophagy in HeLa cells has been linked to the function of OPTN
(Wong and Holzbaur, 2014). Interestingly, the finding that SQSTM1 and OPTN, as well as
TBK1, are mutated in amyotrophic lateral sclerosis (ALS) and that OPTN patient-derived
mutants are defective in mitophagy implicates this arm of the autophagy system with this
neurodegenerative disease (Cirulli et al., 2015; Fecto et al., 2011; Freischmidt et al., 2015;
Maruyama et al., 2010; Wong and Holzbaur, 2014).

Here, we report that mitochondrial depolarization leads to PINK1 and PARKIN-dependent
phosphorylation of S172 in TBK1, an activating modification (Kishore et al., 2002). As seen
previously in other signaling contexts (Clark et al., 2009), TBK1 activation upon
depolarization did not require TBK1 activity. Interestingly, TBK1 activation involves both
the two autophagy adaptors OPTN and NDP52, and the ability of OPTN to bind poly-UB
chains. Furthermore, TBK1 activation in response to mitochondrial depolarization promotes
phosphorylation of SQSTM1, OPTN, and NDP52, and TBK1 activity is required for
efficient recruitment of OPTN, NDP52, and SQSTML1 to depolarized mitochondria, while
TAX1BP1 recruitment is PINK1-dependent but TBK1 independent. These adaptors are
recruited to specific puncta on damaged mitochondria in a pattern that is distinct from p-S65
UB, present throughout damaged mitochondria. Cells lacking both OPTN and NDP52 or
TBK1 are deficient in depolarization-dependent mitophagy. Using quantitative proteomics,
we found depolarization-dependent OPTN phosphorylation on S177, which is known to
promote ATGS8 recruitment (Wild et al., 2011), as well as phosphorylation of S473 and S513
near the UB binding UBAN domain. Dual phosphorylation of S473 and S513 activates poly-
UB chain binding in vitro, and promotes TBK1 activation, OPTN retention on damaged
mitochondria, and mitophagy in vivo. Thus, UB chain synthesis on mitochondria sets in
motion concerted adaptor protein recruitment, TBK1 activation, and self-reinforcing TBK1-
dependent phosphorylation of autophagy adaptors to facilitate mitochondrial capture by
autophagosomes. This work mechanistically links genes found mutated in Parkinson’s
Disease and ALS, and is consistent with a prominent role for autophagy and mitochondrial
quality control in both diseases.

PINK1-PARKIN activation upon mitochondrial depolarization promotes TBK1
phosphorylation on S172

Previous studies suggested a role for mitofusins and mitochondrial membrane potential in
the response of cells to viral infection via the MAVS/TBK1 pathway (Koshiba et al., 2011).
We previously identified 8 major ubiquitylation sites in MFN2 (K406, K416, K420, K460,
K719, K720, K730 and K737) (Sarraf et al., 2013), the replacement of which to arginine
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largely blocked PARKIN and PINK1-dependent MFN2 ubiquitylation (Figure 1A). During
analysis of PARKIN-dependent MFN2 ubiquitylation in the MAVS/TBK1 pathway, we
made the surprising finding that mitochondrial depolarization with Antimycin A and
Oligomycin A (AO) resulted in rapid TBK1 activation as judged by phosphorylation on its
activation loop site (S172) independently of MFN2 ubiquitylation and phosphorylation of
the TBK1 substrate Interferon Regulatory Factor 3 (IRF3), as measured using phospho-
specific antibodies (Figure 1B). TBK1 activation and IRF3 phosphorylation is known to
occur in response to the antiviral RIG-I/MDA5/MAVS pathway, mimicked here by the use
of Poly(l:C) (Figure 1B).

To understand the basis of TBK1 activation via mitochondrial depolarization, we used HelL a
Flp-in T-REx (HFT) cells naturally deficient in PARKIN to examine the activation state of
TBK1 with or without inducing low level expression of wild-type (WT) PARKIN (Ordureau
et al., 2015a) (Figure 1C). Addition of AO for 2 h resulted in a 2-fold increase in TBK15172
phosphorylation in the absence of PARKIN but a 5-fold increase in the presence of
PARKINWT (Figure 1D,E). The increase in TBK15172 phosphorylation in the presence of
PARKINWT was similar to that seen with Poly(l:C) treatment (2h) with or without
PARKINWT expression. As expected (Fitzgerald et al., 2003), Poly(l:C) treatment resulted
in robust IRF3 phosphorylation, but interestingly, AO treatment did not induce IRF3
phosphorylation (Figure 1D,E). Thus, activation of TBK1 through a mitochondrial
depolarization dependent process does not lead to cross-talk with the innate immunity
pathway, suggesting strict compartmentalization of TBK1 function. AO-dependent TBK1
activation was time-dependent with maximum activation (~10-fold) observed at 1h post-
depolarization (Figure S1A), and was abrogated in gene-edited HFT-PINK1~/~ cells
(Ordureau et al., 2014) (Figure 1A,F,G). In addition, PARKINCS, in which the catalytic
cysteine C431 is replaced by serine, failed to promote TBK1 activation (Figure 1F,G, S1A).
TBK1 phosphorylation was also observed in PARKIN-deficient U20S cells stably
expressing PARKINWT and in SH-SY5Y and 293T cells expressing endogenous PARKIN
(Figure 1H). Depletion of PINK1 by shRNA in SH-SY5Y blocked depolarization-dependent
TBK1 phosphorylation (Figure S1B). Thus, mitochondrial depolarization promotes
PARKIN and PINK1 dependent TBK1 activation, the regulation of which is elaborated
below.

TBK1-dependent recruitment of the mitophagy receptors OPTN, NDP52, and SQSTML1 to
depolarized mitochondria

TBK1 is known to associate with the selective autophagy adaptors OPTN, NDP52 and
SQSTM1, and previous studies indicate that OPTN, NDP52, and SQSTM1 are recruited to
ubiquitylated bacteria (Thurston et al., 2009; Wild et al., 2011). Moreover, OPTN has been
shown to be recruited to damaged mitochondria in HeLa cells in a PINK1-dependent manner
(Wong and Holzbaur, 2014). As such, we systematically examined recruitment of OPTN,
NDP52, SQSTM1, and the related autophagy adaptor TAX1BP1 to depolarized
mitochondria in the presence and absence of a specific small-molecule inhibitor of TBK1
(MRT67307, referred to MRT) (Clark et al., 2011) in PARKINWT expressing HFT cells
with or without PINK1 using confocal microscopy and image analysis as described under
Supplemental Experimental Procedures (Figure 2A-D, S2A-E). All four autophagy adaptors
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were localized diffusely in the cytoplasm in untreated cells. One hour post AO treatment, all
four autophagy adaptors were recruited to puncta that co-localized with mitochondria, as
visualized using a-TOMM20 antibodies. We used image analysis via Mander’s overlap
coefficient (MOC) to measure the overlap of adaptor puncta with depolarized mitochondria,
and normalized for the fraction of cell volume occupied by mitochondria to account for
diffuse cytoplasmic localization of autophagy adaptors in untreated cells. In response to
depolarization, the normalized MOC for OPTN increased from 1.0 to 3.0, but this increase
was largely abolished in the presence of MRT or in the absence of PINK1 (Figure 2B).
Similar results were obtained with NDP52 and SQSTM1 (Figure 2C,D and S2A-C).
However, while TAX1BP1 co-localization with depolarized mitochondria was dependent
upon PINK1, it was not inhibited by MRT (Figure S2D,E).

To rigorously examine the TBK1-dependence of mitophagy adaptor recruitment to damaged
mitochondria, we deleted TBK1 using CRISPR-Cas9 in HFT cells that inducibly express
PARKINWT. While TBK1*/* cells displayed focal localization of OPTN, NDP52, SQSTML1,
and TAX1BP1 as well as co-localization with mitochondria in response to depolarization,
OPTN, NDP52, and SQSTM1 remained diffusely localized in the cytoplasm and failed to
undergo puncta formation in TBK1~/~ cells (Figure 2E). Normalized MOC values for
OPTN, NDP52, and SQSTM1 were comparable to that seen in PINK1~~ cells (Figure
2B,D,F). Thus, TBK1 promotes recruitment of OPTN, NDP52, and SQSTM1, but not
TAX1BP1, to depolarized mitochondria.

Focal localization of p-TBK15172 with OPTN on depolarized mitochondria

Given the known association between TBK1 and OPTN (Gleason et al., 2011; Morton et al.,
2008; Wild et al., 2011), as well as our finding that mitochondrial depolarization leads to
TBK1 activation and phosphorylation on S172, we examined whether p-TBK15172 is
recruited to depolarized mitochondria and co-localized with OPTN. p-TBK15172 was
essentially undetectable in untreated cells, but in depolarized cells, we observed p-
TBK15172_positive puncta that co-localized with a-TOMM20-positive mitochondria with a
MOC of 0.79 (Figure 2G), indicating that activated TBK1 is recruited to depolarized
mitochondria. Moreover, p-TBK15172 puncta overlapped OPTN puncta with a MOC of 0.50
while almost all OPTN puncta were p-TBK15172 positive (MOC = 0.85) (Figure S2F,G).

Given that OPTN, NDP52, SQSTM1, and TAX1BP1 are all recruited to puncta that co-
localize with mitochondria, we also examined the extent to which NDP52, SQSTM1, and
TAX1BP1 co-localize with OPTN puncta. HFT-OPTN ™~ cells stably reconstituted with
FLAG-HA-OPTN were depolarized with AO (1h) and co-localization of OPTN with
endogenous NDP52, SQSTM1, or TAX1BP1 examined in a pairwise manner. OPTN puncta
were often co-incident with puncta formed by NDP52, SQSTM1, and TAX1BP1, with
~50% of OPTN puncta staining positive for other autophagy adaptors (MOC values ~0.5—
0.6) (Figure S2F,G). These results indicate distinct types of recruitment sites, including
some in which multiple mitophagy receptors including OPTN coalesce on depolarized
mitochondria, and other sites that appear to contain a subset of autophagy adaptors, although
we cannot rule out antibody sensitivity or kinetic differences in detection of individual
adaptors in puncta.
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Given the role of p-S65 UB in the PINK1-PARKIN pathway, we considered the possibility
that puncta co-localize with sites of mitochondrial UB enriched for p-S65. However, we
found that the domains of mitochondria associated with p-S65 UB chains were much more
broadly localized than adaptor puncta (Figure 2H) in response to AO treatment (75 min).
While OPTN localized with p-S65 UB with a MOC of 0.7, p-S65 UB co-localization with
OPTN was much lower (MOC~0.2) (Figure 21). As expected, cells lacking PARKINWT
failed to generate detectable p-S65 UB positive puncta on mitochondria in response to
depolarization as measured using immunofluorescence (Figure 2J). These data suggest that
p-S65 UB alone does not specify sites of adaptor protein recruitment.

OPTN poly-UB binding activity promotes TBK1 activation in response to mitochondrial
depolarization

OPTN is known to interact with linear and K63 poly-UB chains via its UBAN domain
(Gleason et al., 2011). This raised the possibility that recruitment and binding of OPTN to
poly-UB chains on depolarized mitochondria contributed to TBK1 activation. To examine
this question, we stably expressed a poly-UB chain binding defective OPTN mutant in
which a key residue D474 in the UBAN domain (Gleason et al., 2011) was mutated to Asn
in HFT-PARKINWT;OPTN™ cells (Figure 3A). This mutation is equivalent to the D311N
mutation in NEMO that disrupts binding to poly-UB chains (Wu et al., 2006) and is near the
E478G and A481V patient based mutants (Belzil et al., 2011; Maruyama et al., 2010) also
located in the UBAN domain of OPTN that also disrupt the interaction with poly-UB chains
(Gleason et al., 2011). While depolarization of OPTN™~ cells reconstituted with OPTNWT
led to ~16-fold increase in the ratio of p-TBK15172/TBK1, the OPTNP474N mytant
displayed only a 3-fold increase (Figure 3B). The extent of TOMMZ20 ubiquitylation was
equivalent in both OPTNWT and OPTNDP474N_expressing cells, indicating that upstream
pathways involving PINK1 and PARKIN activation are intact. These data indicate that
OPTN binding to poly-UB chains on mitochondria is important for TBK1 activation.

TBK1 activation redundantly requires OPTN and NDP52 in HelLa cells

The finding that both OPTN and NDP52 are recruited to depolarized mitochondria in a
TBK1-dependent manner, together with the finding that inactivation of OPTN poly-UB
binding did not fully abolish TBK1 activation, led us to examine TBK1 activation in HFT-
PARKINWT cells lacking OPTN or both OPTN and NDP52 generated by using CRISPR-
Cas9. Depolarization led to a 6-fold increase in the ratio of p-TBK15172/TBK1 in WT cells,
as measured in biological triplicate experiments (Figure 3C). In contrast, depolarization in
OPTN deficient cells resulted in only a 2.5-fold increase in the ratio of p-TBK15172/TBK1.
The level of TBK1 activation was further reduced upon deletion of both OPTN and NDP52,
although not fully eliminated relative to the activity seen with PARKINCS (Figure 3C).
Thus, OPTN and NDP52 account for the majority of TBK1 activation in HelLa cells upon
mitochondrial depolarization, indicating that their functions are partially redundant.

Mitochondrial depolarization promotes phosphorylation of autophagy adaptors in a PINK1-
and TBK1-dependent manner

TBK1 is known to phosphorylate S403 in SQSTM1 and S177 in OPTN in vivo to promote
their association with UB chains or ATG8 proteins, respectively (Matsumoto et al., 2011;
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Wild et al., 2011). To examine whether PINK1 and PARKIN promote depolarization
dependent phosphorylation of OPTN, NDP52, SQSTM1, or TAX1BP1, we initially
employed HFT-PARKINWT cells with or without PINK1 in the presence or absence of
MRT to inhibit TBK1 activity. As expected, TBK1 was phosphorylated and TOMM?20 was
ubiquitylated in the presence, but not absence, of PINK1 as assessed by SDS-PAGE and
immunoblotting (Figure 4A). Importantly, the accumulation of p-TBK15172 was not affected
by pre-treatment of cells with the MRT TBKZ1 inhibitor, indicating that TBK1 activation was
not autocatalytic, as previously found in innate immunity pathways (Clark et al., 2011)
(Figure 4A, S3B). In parallel, these extracts were also separated on Phos-tag gels, which
separate proteins based on both size and the extent of phosphorylation. Multiple forms of
NDP52, OPTN, and SQSTM1 were observed in PINK1*/* cells in the absence of AO and
additional forms of lower mobility were observed upon AO treatment in PINK1*/* cells but
not in PINK17/~ cells (Figure 4B). These lower mobility forms were absent when
depolarization was performed in the presence of MRT inhibitor (Figure 4B), and were also
absent in depolarized HFT-PARKINWT cells engineered to lack TBK1 (Figure 4C,D) or
cells transfected with 4 independent siRNAs targeting TBK1 (Figure S3), ruling out a
possible non-specific effect of MRT. Moreover, as expected, PARKINCS-expressing cells
also failed to produce the more slowly migrating species for OPTN, NDP52, and SQSTM1
(Figure 4C,D), further supporting the importance of PARKIN UB ligase activity for this
pathway. TAX1BP1, a known target of the PARKIN-PINK1 pathway (Sarraf et al., 2013),
underwent a mobility shift consistent with ubiquitylation as assessed by SDS-PAGE, but did
not produce detectable discrete more slowly migrating species upon separation in Phos-tag
gels under these conditions (Figure 4C,D). These data suggest that the PINK1-PARKIN
pathway promotes OPTN, NDP52, and SQSTM1 phosphorylation via TBK1.

Quantitative proteomics identifies sites of depolarization-dependent OPTN
phosphorylation by TBK1

To examine depolarization-dependent OPTN phosphorylation, we initially used LC-MS? to
identify phosphorylation sites in OPTN in PINKIWT or PINK17~ HFT-PARKINWT cells
with or without AO treatment, detecting two major phosphorylation sites (S473 and S513)
that increased in abundance after AO treatment, based on spectral counting (Figure 5A,B
and S4A,B). We also identified p-S177 (Gleason et al., 2011; Wild et al., 2011) in the
presence or absence of depolarization. None of these sites were detected in PINK1 7/~ cells
(Figure 5B). We also found that recombinant TBK1 phosphorylated recombinant OPTN in
vitro on S177, S473, and S513 (Figure S4C). OPTN was previously shown to be
phosphorylated in vitro on S177 and S513 by TBK1 (Gleason et al., 2011).

To examine phosphorylation dynamics, we first employed a Tandem Mass Tagging (TMT)-
based approach using Multi-Notch detection of reporter ions in an LC-MS3 experiment
performed in biological triplicate (see Experimental Procedures) (Figure S4A). This allowed
robust detection and relative quantification of S177 and S513 phosphorylation with stably
expressed FLAG-HA-OPTN in a mitochondrial depolarization dependent manner, with 4-
fold and 7-fold increases in the abundance of p-S177 and p-S513 peptides observed upon
AO treatment (Figure 5C). This increase was absent in PINK17/~ cells. For technical
reasons, we were unable to quantify S473 phosphorylation in this experiment. To examine
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the dynamics of S473 phosphorylation, we employed a more sensitive Absolute
Quantification (AQUA\) approach (Figure S4A). An isotopically heavy reference peptide
corresponding to the p-S473 peptide (AQMEVYCpSDFHAER) was added in known
amounts to immune complexes of OPTN, OPTNSI77/A OPTNS513A or OPTNDP474N purified
from HFT-PARKINWT or PARKINCS cells with or without depolarization. Based on
AQUA, there was a ~42.5-fold PARKIN-dependent increase in the abundance of S473
phosphorylation (Figure 5D). Analogous experiments examining S513 phosphorylation
revealed a ~14.6-fold increase in response to depolarization (Figure 5E). AQUA indicated a
phosphorylation stoichiometry of ~1% for S473 and ~10% for S513. The increase in S473
phosphorylation was reduced to a ~4.75-fold increase in the context of OPTNS513A,
suggesting coordinated phosphorylation. In a parallel TMT experiment, we observed a 4.35-
fold increase in OPTN S177 phosphorylation that was absent in the context of PARKINCS
or the OPTNP474N mytant that cannot bind poly-UB (Figure 5F). Thus, mitochondrial
depolarization promotes OPTN phosphorylation at S177, S473, and S513 in a PARKIN UB-
ligase dependent manner.

Phosphorylation of OPTN’s UBAN domain by TBK1 enhances binding to poly-UB chains

Previous studies (Gleason et al., 2011) have shown that OPTN binds preferentially to linear
as well as K63 UB chains. This interaction is abolished in the context of either the D474N
mutation or the patient mutant E478G (Gleason et al., 2011), both of which are located in
the UB-binding UBAN domain (Figure 5A). The identification of OPTNS473 and OPTNS513
phosphorylation in response to TBK1 activation was interesting, given that these sites are
within and adjacent to the UB-binding UBAN domain, respectively (Figure 5A). To
examine whether phosphorylation of S473 and S513 adjacent to the UBAN motif affect
poly-UB binding, we employed a tRNAP-S" amber codon suppressor system to synthesize
site-specifically phosphorylated GST-OPTN proteins in E. coli (Pirman et al, 2015) (Figure
5G), thus avoiding the use of phospho-mimetics. Purified GST-OPTN phosphoproteins
(Figure 5H) were found to be quantitatively phosphorylated at the desired position(s) using
TMT-based quantitative proteomics (Figure 5I).

We next examined the ability of unphosphorylated and site-specifically phosphorylated
GST-OPTN proteins to bind to K48 or K63 chains in vitro (Figure 5J), two major chain
types found on depolarized mitochondria (Ordureau et al., 2014). As expected, GST-
OPTNWT associated with K63, but not K48 linked UB chains (Gleason et al., 2011;
Ordureau et al., 2015a), and the extent of interaction was similar with GST-p-OPTNS177 and
GST-p-OPTNS513 and as shown previously, OPTN cannot bind mono-UB with or without
p-S65 phosphorylation (Figure 5J) (Ordureau et al., 2015a). In contrast, association of K63
poly-UB chains with GST-p-OPTNS473 was dramatically increased, and was maintained
with dual phosphorylation of S473 and S513 (Figure 5J). Interestingly, while GST-OPTNWT
did not associated with K48 UB chains, binding was detectable when S473 or S473 and
S513 in OPTN were phosphorylated.

Given that S65 in mitochondrial poly-UB chains is phosphorylated via PINK1 in vivo
(stoichiometry of ~0.2) (Ordureau et al., 2014; Ordureau et al., 2015a), we explored the
possibility that the combination of OPTNS473 and/or OPTNS513 phosphorylation and K63
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UB chain phosphorylation would augment the extent of binding. As found previously
(Ordureau et al., 2015a), association between p-S65 poly-UBK®3 chains (~0.5 stoichiometry)
was reduced with all forms of GST-OPTN tested (Figure 5J). However, both GST-p-
OPTNS473 and GST-p-OPTNS473/S513 maintained an ability to interact with p-S65 poly-
UBK®3 chains, albeit less efficiently than with unphosphorylated K63 UB chains (Figure 5J).
Although linear chains are found in only very low abundance on depolarized mitochondria
(Ordureau et al., 2014; Cunningham et al., 2015), we found, as expected (Gleason et al.,
2011), that GST-OPTN associated tightly with M1 poly-UB chains compared to K48 or K63
(Figure S4E) and this was slightly enhanced when S473 and S473/S513 were
phosphorylated (Figure S4D). As with K63 chains, interaction was impaired when poly-UB
M1 chains were phosphorylated on S65 with a stoichiometry of 0.7, as determined by
AQUA proteomics (Figure S4D,E,F). Thus, phosphorylation of S473 and dual
phosphorylation of S473 and S513 facilitate binding of OPTN to poly-UB chains in vitro
and can partially rescue the loss of binding due to S65-UB phosphorylation.

Phosphorylation of OPTN on S473 and S513 promotes TBK1 activation and recruitment of
OPTN to depolarized mitochondria

Given that TBK1 can phosphorylate OPTN on S177, S473 and S513 in response to
mitochondrial depolarization, we explored the function of these events in vivo. Initially, we
found that mutation of none of these sites to Ala affected the ability of OPTN to associate
with TBK1, as assessed by immunoprecipitation and immunoblotting with or without
mitochondrial depolarization (Figure 6A). Interestingly, the depolarization-dependent
mobility shift seen in Phos-tag gels for OPTN was abolished in the S513A and S473A/
S513A mutants (Figure S5A). However, depolarization-dependent phosphorylation of
NDP52 and SQSTM1 was unaffected (Figure S5A). We then examined TBK1 activation in
gene-edited OPTN ™~ cells stably reconstituted with GFP-OPTN proteins in which
phosphorylation sites were mutated to Ala either singly or in combination (Figure 6B). The
level of GFP-OPTN in these cells was lower than endogenous OPTN in parental HFT cells
(Figure 6B). In cells reconstituted with OPTNWT, a 4.2-fold increase in the ratio of p-
TBK15172/TBK1 was observed upon depolarization, and this was reduced to 2.3-fold in
OPTNS473/S513_expressing cells. In contrast, individual mutation of S177, S473, or S513
had little effect TBK1 activation (Figure 6B). Reduced TBK1 activation was also observed
in HFT-OPTN™~;NDP527/~ cells reconstituted with GFP-OPTNWT and mutant proteins in
that the S473A/S513A mutant had similar activity as OPTN D474N and E478G mutants that
cannot associate with poly-UB (Figure S5B).

We then examined the effect of these phosphosite mutations on recruitment of GFP-OPTN
to depolarized mitochondria (90 min), and compared the phenotypes with that observed with
GFP-OPTND474N 'which is defective in poly-UB binding (Figure 6C). While WT, S177A,
S473A, and S513A single mutants formed punta that co-localized with TOMMZ20-positive
mitochondria in response to depolarization, the S473/S513 double mutant was as defective
as the GFP-OPTNP474N mytant analyzed in parallel, as determined by normalized MOC
analysis (Figure 6C,D). We cannot rule out a subtle or kinetic defect in the S473A and
S513A single mutants, as the abundance of diffusely localized OPTN in these cells was
higher than that seen in OPTNWT cells (Figure 6C). Taken together, these data indicate a

Mol Cell. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heo et al. Page 10

role for phosphorylation of both S473 and S513 in OPTN in the ability to facilitate TBK1
activation, possibly due to a reduction in the ability of these OPTN mutants to be effectively
retained on poly-UB chains tethered to depolarized mitochondria.

TBK1 and OPTN/NDP52 are required for efficient mitophagy

Given the relationship between OPTN/NDP52 and TBK1, as well as the ability of OPTN
and NDP52 to interact with poly-UB chains (Ordureau et al., 2015a), we examined
mitophagy efficiency in the context of defects in the pathway. As expected, ~93% of HFT-
PARKINWT cells displayed cleared (~60%) or aggregated (~33%) mitochondria as detected
by a-DNA staining 31h post-AQO treatment and this required active PARKIN, as PARKINCS
cells were devoid of aggregated or cleared mitochondria (Figure 7A), indicating that PINK1
alone isn’t sufficient for detectable mitophagy in this system. In contrast, HFT-PARKINWT
cells engineered to lack TBK1 using CRISPR-Cas9 displayed only ~25% fully cleared
mitochondria, indicating a significant delay in mitophagy (Figure 7A). In this context, ~61%
of cells displayed aggregated mitochondria, indicating that TBK1 isn’t required for
depolarization-dependent aggregation. Defects in mitochondrial clearance were also seen at
24h in TBK17/~ cells as assessed by both a-DNA staining and immunoblotting of cell
extracts using a-TOMM20 antibodies as an independent measure of mitophagy (Figure
S6A-C).

Given that OPTN and NDP52 are required for near maximal TBK1 activation, we directly
examined their involvement in mitophagy. HFT-PARKINWT cells lacking OPTN displayed
a modest reduction in the percentage of cells displaying cleared mitochondria; 60% cleared
mitochondria in the presence of OPTN and 45% clearance in the absence of OPTN (Figure
7A). In contrast, cells engineered to lack both OPTN and NDP52 displayed only 28%
clearance at 31h, comparable to that seen with TBK1 deletion (Figure 7A). Similar results
for OPTN/NDP52 deletion cells were obtained at 24h post-depolarization using both a-
DNA staining and TOMM20 abundance by immunoblotting (Figure S6B,C).

In order to test the involvement of TBK1 kinase activity and its ability to bind to OPTN in
mitophagy, HFT-PARKINWT; TBK1~/~ cells were reconstituted with TBK1WT, a
catalytically defective TBK1K38A mutant, and the ALS patient-derived mutant TBK1E696K
that fails to bind OPTN (Freischmidt et al., 2015) (Figure 7B). While TBK1WT partially
rescued the mitophagy defects observed in TBK17/~ cells, consistent with its expression
level being lower than that found for endogenous TBK1 in these cells (Figure S6D), neither
the K38A or E696K mutants rescued the defect seen in the TBK17/~ cells despite expression
levels similar to or higher than re-introduced TBK1WT (Figure 7B, S6D). Similar
experiments using OPTN~/":NDP527~/~ cells reconstituted with OPTN phosphosite mutants
demonstrated a partial (~20%) defect in mitophagy with the S473 and S513 double Ala
point mutant (Figure 7C). Taken together, these data indicate involvement of TBK1, OPTN,
and NDP52 in depolarization-dependent mitophagy. Consistent with this, cells lacking both
OPTN and NDP52 were defective in the ability to recruit LC3B to damaged mitochondria,
as determined by high-content imaging to measure mitochondrially localized LC3B puncta
upon AQO treatment (Figure 7D), potentially explaining the defects in mitophagy observed.
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DISCUSSION

Recent reports have placed a central focus on a network of proteins including the autophagy
receptor OPTN and its regulatory kinase TBKZ1, in part due to links between these proteins
and neurodegenerative diseases, and the parallels between mitophagy and xenophagy. First,
OPTN was found to promote mitophagy in HeLa cells (Wong and Holzbaur, 2014), as well
as restrict Salmonella infection in tissue culture cells, where its phosphorylation on S177 by
TBK1 is thought to promote association with ATG8 proteins (Wild et al., 2011). In parallel,
an additional autophagy adaptor NDP52 has also been linked with xenophagy (Thurston et
al., 2009; Verlhac et al., 2015; von Muhlinen et al., 2012). Second, both OPTN and TBK1
are mutated in ALS and related diseases, although the molecular defects found in various
alleles are poorly understood outside of the finding that mutations near the C-terminal
coiled-coil domain of TBK1 abolish OPTN binding (Cirulli et al., 2015; Freischmidt et al.,
2015). Here, we find that mitochondrial ubiquitylation by PARKIN promotes a program of
autophagy adaptor recruitment that is critical for activation of a pool of TBK1 associated
with autophagy adaptors. Activation of TBK1 in this context promotes phosphorylation of
autophagy adaptors and we demonstrate that depolarization-dependent OPTN
phosphorylation by TBK1 enhances its ability to bind to poly-UB chains in vitro and
maintain OPTN association with depolarized mitochondria in cells.

A working model for this process is presented in Figure 7F. Mitochondrial depolarization
promotes the assembly of K6, K11, K48, and K63 UB chains on numerous mitochondrial
proteins via PINK1-activated PARKIN (Steps 1 and 2) (Cunningham et al., 2015; Ordureau
et al., 2014). In this context, PINK1 functions to phosphorylate both PARKIN and UB
chains on mitochondria, which forms the basis of a feed-forward mechanism involving
PARKIN recruitment and retention to p-S65-UB chains, resulting in further UB chain
synthesis (Ordureau et al., 2015b; Pickrell and Youle, 2015). Our data suggest that the
accumulation of poly-UB chains drive multiple downstream events promoting mitophagy,
possibly in a highly concerted manner. We find that OPTN, NDP52, SQSTM1, and
TAX1BP1 are rapidly recruited to puncta on damaged mitochondria, and the recruitment of
OPTN, NDP52, and SQSTM1 (but not TAX1BP1) in puncta is blocked by inhibition or
deletion of TBK1 (Step 3). Recruitment of p-TBK15172 and p62 to damaged mitochondria
has also been recently reported (Matsumoto et al., 2015). This binding step in the context of
OPTN and NDP52 is critical for TBK1 phosphorylation on its activation loop apparently
within the pool of TBK1 that is associated with OPTN and NDP52 (Step 4). Indeed, deletion
of OPTN alone reduces TBK1 phosphorylation on S172 by ~70% while deletion of both
OPTN and NDP52 further reduces TBK1 phosphorylation, indicating that NDP52 and
OPTN function partially redundantly in this process. The ability of OPTN to promote
activation of TBK1 depends on its poly-UB binding activity and localization, as mutation of
a single residue in the UB binding UBAN motif of OPTN largely abolishes TBK1 S172
phosphorylation upon mitochondrial depolarization in OPTN ™~ cells reconstituted with
OPTNWT or OPTNP474N proteins. Further studies are required to understand the process
underlying residual TBK1 activation in cells lacking both OPTN and NDP52. We cannot
exclude a contribution of a SQSTM1-TBK1 complex in activation of TBK1 in some
circumstances, but in the cells we have employed, the contribution of SQSTML1 is small,
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possibly reflecting the relative abundance of the mitophagy adaptors in the cell. Importantly,
experiments using a small-molecule TBK1 inhibitor indicate strongly that TBK1 activation
in this in vivo context requires an upstream kinase, and similar to previous reports (Clark et
al., 2011; Clark et al., 2009), does not occur through a previously described in vitro auto-
catalytic mechanism (Ma et al., 2012). Interestingly, OPTN puncta often but not always co-
localize with other autophagy adaptor puncta. Further studies are required to understand
whether “domains” of adaptor recruitment are distinct and what underlies the array of
adaptors that are recruited to individual puncta.

Using quantitative proteomics, we found that mitochondrial depolarization leads to
phosphorylation of S177 in OPTN, which is known to be phosphorylated by TBK1 (Wild et
al., 2011), as well as phosphorylation of two sites (S473 and S513) located near the UBAN
domain. Surprisingly, phosphorylation of S473 led to a dramatic increase in binding to K48
and K63 poly-UB chains in vitro, and this was maintained upon dual phosphorylation of
S473 and S513, while phosphorylation of S513 alone had no effect. Association with M1
poly-UB chains was also increased but to a lesser extent. Moreover, phosphorylation of
S177 had no effect on poly-UB binding in vitro, consistent with the idea that its primary role
is in LC3 recruitment (Wild et al., 2011). Given that UB chains assembled on mitochondria
by PARKIN are phosphorylated with a stoichiometry of ~0.2 (Ordureau et al., 2014), we
explored the interaction of these various phosphorylated forms of OPTN with
phosphorylated poly-UB chains. Overall, phosphorylation with a stoichiometry of ~0.5-0.7
had an inhibitory effect on the overall efficiency of binding with all three chain types
(Ordureau et al., 2015a), but the extent of binding between p-S65 K63 poly-UB chains and
p-OPTNS473 or p-OPTNS473/S513 \yas comparable to that seen between unphosphorylated
OPTN and unphosphorylated K63 chains. Modeling studies (not shown) of the OPTN
UBAN domain using the NEMO-diK63 UB complex as a template (pdb: 2Z2VO) (Rahighi et
al., 2009) indicate a potential interaction between p-S473 and Arg42 in the proximal UB
molecule, possibly explaining the higher affinity interaction with p-OPTNS473, but structural
studies with UB polymers are required to fully understand the basis for increased affinity.
Interestingly, while p-S65 UB is localized broadly on the majority of mitochondria in
depolarized cells, OPTN is localized within puncta and co-localizes with only a small subset
of p-S65 UB decorated mitochondria. This suggests that p-S65 UB within chains on
depolarized mitochondria does not exclusively dictate the sites of recruitment of autophagy
adaptors. Further studies are required to understand any relationship with p-S65 UB within
poly-UB chains.

Our data present an apparent paradox. On one hand, OPTN and NDP52 are required for
efficient TBK1 activation in response to mitochondrial depolarization. On the other hand,
TBK1 activity is required for efficient retention of OPTN, NDP52, and SQSTM1 on
damaged mitochondria. The simplest explanation for this is that the ability of
unphosphorylated OPTN to bind to poly-UB chains is sufficient for a transient encounter
that promotes activation of TBK1 through an unknown mechanism (Figure 7F, Steps 3 and
4), but activated TBK1 in a concerted manner phosphorylates the mitophagy adaptors to
facilitate their retention on mitochondria, binding to ATG8 proteins, and possibly other
functions. Although this may involve enhanced affinity for poly-UB chains, it may also
involve other factors that help to stabilize mitochondrial “domains” with a high
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concentration of mitophagy adaptors coalescing into structures that promote mitophagy
(Figure 7F, Steps 5 and 6), an idea that is suggested by the localization patterns of
autophagy adaptors on damaged mitochondria. Further analysis of this system will facilitate
an understanding of how mutations found in neurodegenerative diseases alter the efficiency
of the pathway and impact the autophagic targeting of other types of cargo (e.g. protein
aggregates) linked with disease.

EXPERIMENTAL PROCEDURES

Cell Lines

Inducible HeLa Flp-In T-Rex (HFT) cells expressing with or without expression of
PARKINWT or PARKINCS proteins (Ordureau et al., 2015a) were depolarized were gene
edited (Ran et al., 2013) to ablate OPTN, NDP52, TBK1, of PINK1 and in some cases,
reconstituted with the indicated proteins using a Flp-in construct in which PARKIN is
expressed via an Internal Ribosomal Entry Site. Cells were depolarized with antimycin A
(10 uM) and oligomycin A (5 uM) prior to analysis by immunaoblotting using SDS-PAGE or
Phos-Tag (300-93523, Wako) gels and confocal microscopy.

Analysis of Phosphorylation

HA-FLAG-OPTN immune complexes from untreated or AO treated HFT cells were isolated
and trypsinized prior to analysis by mass spectrometry using either a Thermo Q-Exactive or
Thermo fusion instruments (see Supplemental Experimental Procedures).

Binding of OPTN to poly-UB chains

The indicated GST-OPTN phosphoproteins proteins were expressed using suppressor tRNA
system in bacteria, allowing for direct incorporation of phosphoserine at a desired residue
position (Pirman et al., 2015). Binding of GST-OPTN to poly-UB chains with or without
phosphorylation with PINK1 was performed as described (Ordureau et al., 2015a).

Mitophagy assays
The indicated cells were treated with AO for 24 or 30 h and stained with either anti-DNA
antibodies or anti-TOMM20 antibodies prior to quantification of mitochondria using
confocal microscopy as described (Ordureau et al., 2015a).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Activation of TBK1 upon mitochondrial depolarization requires PARKIN and PINK1
(A,B) HFT-MFN2~/~ cells expressing an inducible MFN2 (WT or 8KR mutant)-IRES-

PARKIN (WT or CS mutant) were depolarized (1h) and purified mitochondria (20ug)
subjected to immunoblotting with MFN2 or TOMM20 antibodies (Panel A). In parallel
experiments, cells were either left untreated, exposed to AO (1h) or transfected with
Poly(I:C) (10pg/ml, 1.5h) and lysated subjected to immunoblotting with the indicated
antibodies (Panel B).

(C) Schematic of cell system used in this work. HeLa Flp-in T-Rex (HFT) cells harboring
PARKINWT or catalytically inactive PARKINCS were created in the context of PINK1*/* or
PINK1~/~ generated using gene-editing with a TALEN targeting PINK1.

(D,E) HFT or HFT-PARKINWT cells were treated with AO (2h) to depolarize mitochondria
or Poly(l:C) (2h) to activate the RIG-I/MDA5/MAVS pathway. Lysates were subjected to
immunoblotting with the indicated antibodies (Panel D). Quantification of relative p-
TBK15172/TBK1 levels for biological triplicate experiments (Panel E). Error bars represent
SEM from triplicate experiments.

(F,G) HFT cells with the indicated PARKIN and PINK1 genotypes were depolarized with
AO (1h) and lysates subjected to immunoblotting with the indicated antibodies (Panel F).
Quantification of relative p-TBK1/TBK1 levels for biological triplicate experiments (Panel
G). Error bars represent SEM from triplicate experiments.

(H) U20S cells stably expressing PARKINWT or SH-SY5Y cells were left untreated or
depolarized with AO (1h) prior to immunoblotting of lysates. The p-TBK15172/TBK1 ratios
are indicated.
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Panels E and G analyzed by one-way ANOVA with Dunnett’s multiple comparisons test
(n=3 biological replicates). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. n.s., not
significant. See also Figure S1.
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Figure 2. Recruitment of mitophagy adaptors OPTN NDP52, and SQSTM1, but not TAX1BP1,
to depolarized mitochondria requires TBK1.<

br>(A-D) The indicated HFT cells stably expressing FLAG-HA-OPTN (Panel A) or FLAG-
HA-NDP52 (Panel C) were left untreated or depolarized for 1h with AO in the presence or
absence of the TBK1 inhibitor MRT (2uM, pre-treatment time 1h). Cells were imaged by
confocal microscopy after staining with a-HA (green), a-TOMM20 (red), and Hoechst to
detect DNA (blue) (scale bar, 20 microns). Normalized MOC values for co-localization of
a-HA and a-TOMMZ20 were determined from >50 cells as described in Experimental
Procedures. Panels B and D analyzed by one-way ANOVA with Dunnett’s multiple
comparisons test. *p<0.05, **p<0.01, ****p<0.0001. n.s., not significant. Error bars
represent SEM.

(E,F) TBK1 is required for efficient recruitment of OPTN, NDP52, and SQSTML, but not
TAX1BP1 to depolarized mitochondria. Assays were performed as in Panel A in HFT-
PARKINWT:TBK 17/~ cells (scale bar, 20 microns). Panel F displays MOC values for
SQSTM1 and TAX1BP1 co-localization with TOMMZ20 (error bars represent SEM).

(G) Co-localization of p-TBK15172 (green) with TOMM20-positive mitochondria (red) in
depolarized HFT-PARKINWT cells was examined by immunofluorescence and confocal
microscopy prior to image analysis to determine the MOC. Error bars represent SEM from
triplicate experiments. (scale bar, 20 microns).

(H) FLAG-HA-OPTN localizes to a subset of mitochondrial domains occupied by p-S65 UB
in response to depolarization. HFT-PARKINWT cells stably expressing FLAG-HA-OPTN
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were depolarized for 75 min with AO and subjected to immunofluorescence with a-HA, a-
p-S65 UB, or Hoechst to detect nuclei. Scale bar, 20 microns.

(I) MOC for localization of HA-OPTN with p-S65 UB and for localization of p-S65 UB
puncta with HA-OPTN puncta. Error bars are SEM of MOCs obtained from the indicated
number of cell.

(J) Localization of p-S65 UB to mitochondrial domains requires PARKIN. HFT cells
lacking PARKIN were depolarized for 75 min with AO and subjected to
immunofluorescence with a-TOMMZ20, a-p-S65 UB, or Hoechst to detect nuclei. Scale bar,
20 microns. See also Figure S2.
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Figure 3. TBK1 activation by mitochondrial depolarization requires OPTN and NDP52 and the
ability of OPTN to bind poly-UB

(A) Domain structure of OPTN showing the location of the poly-UB chain defective
mutation (D474N) as well as 2 patient-based mutations in the UBAN motif.

(B) TBK1 phosphorylation on S172 in response to mitochondrial depolarization is defective
in HFT-PARKINWT;OPTN~~ cells reconstituted with an OPTNP474N mutant that lacks
poly-UB binding. The results of triplicate experiments for p-TBK15172/TBK1 levels are
shown in the histogram. Error bars represent SEM from triplicate experiments.
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(C) HFT PARKIN (WT or CS mutants) with the indicated genotypes for OPTN and NDP52
were left untreated or treated for 75 min with AO and protein extracts subjected to
immunoblotting and analysis as described in panel B. Analyzed by one-way ANOVA with
Dunnett’s multiple comparisons test (n=3 biological replicates). **p<0.01, ****p<0.0001.
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Figure 4. Phosphorylation of OPTN, NDP52, and SQSTML in response to mitochondrial
depolarization is dependent upon PINK1, PARKIN, and TBK1

(A,B) HFT-PARKINWT cells with or without PINK1 were depolarized with AO (75 min) in
the presence or absence of the TBK1 inhibitor MRT (2uM, pre-treatment time 1h) and
extracts subjected to SDS-PAGE or electrophoresis on Phos-tag gels prior to
immunoblotting with the indicated antibodies. The position of depolarization dependent
phosphorylated forms of mitophagy adaptors are indicated by arrows (Panel B).

(C,D) As in panels A and B except that HFT cells expressing either PARKINWT or
PARKINCS in the presence or absence of TBK1 were employed. See also Figure S3.
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Figure 5. Quantitative proteomics identifies depolarization-dependent phosphorylation sites in
OPTN that promote poly-UB binding.<

br>(A) Domain structure of OPTN showing the major sites of phosphorylation as well as
patient-based mutations in the UBAN motif.

(B) Identification of phosphorylation sites in OPTN upon mitochondrial depolarization by
LC-MS2. HFT-PARKINWT cells expressing FLAG-HA-OPTN were depolarized (75 min)
and the FLAG-HA-OPTN protein isolated by immunoprecipitation prior to trypsinization
and analysis by LC-MSZ2.

(C) Quantification of mitochondrial depolarization-dependent OPTN phosphorylation on
S177 and S513 using TMT-based LC-MS3 proteomics. Error bars represent SEM from
triplicate experiments.

(D-F) Quantification of mitochondrial depolarization-dependent OPTN phosphorylation on
S177, S473 and S513. OPTNS473and S513 phosphorylation quantification from immune
complexes was performed using AQUA proteomics (D-E) with heavy reference synthetic
peptides (Table S1). Normalization for total OPTN levels was performed by also subjecting
the same tryptic digest to TMT analysis (F) and quantifying all OPTN peptides identified.
Analysis of OPTNS77 phosphorylation (F) was performed using TMT. N.D. - not
determined due to mutation of a residue in the peptide of interest.

(G,H) 6His-GST-OPTN and its site-specific phosphorylated forms (p-S177, p-S473, p-S513,
and p-S473/p-S513) were expressed in bacteria using a tRNAP-S€" suppressor system (G)
and purified to near heterogeneity, as seen by staining of SDS-PAGE gels with Coomassie
Blue (H).
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(1) Quantification of phosphorylated recombinant 6His-GST-OPTN proteins using TMT-
based proteomics.

(J) The indicated unphosphorylated or p-S65 phosphorylated K48 or K63 UB(2-7) chains
were incubated with the indicated phosphorylated forms of GST-OPTN, and after washing,
bound proteins were released and subjected to SDS-PAGE and immunoblotting with a-UB.
See also Figure S4.
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Figure 6. Role of OPTN phosphorylation in TBK1 activation and OPTN recruitment to
depolarized mitochondria

(A) Phosphorylation site mutants in OPTN do not affect association of TBK1 with OPTN.
The indicated FLAG-HA-OPTN mutants in phosphorylation sites or in D474 required for
UB binding were expressed in HFT-PARKIN (WT or CS mutants) cells engineered to lack
OPTN using CRISPR-Cas9. Cells were either left untreated or treated with AO for 75 min
and a-FLAG immunoprecipitates (OPTN) probed with antibodies against endogenous
TBK1. Lysates were also immunoblotted to demonstrate loading.

(B) Phosphorylation of S473 and S513 is required for efficient TBK1 activation in response
to mitochondrial depolarization. The indicated GFP-OPTN mutants in phosphorylation sites
were expressed in HFT-PARKIN (WT or CS mutants) cells engineered to lack OPTN using
CRISPR-Cas9. Cells were either left untreated or treated with AO for 90 min lysates
subjected to immunoblotting with the indicated antibodies. Analyzed by one-way ANOVA
with Dunnett’s multiple comparisons test (n=3 biological replicates). **p<0.01,
****p<0.0001, n.s., not significant.

(C,D) OPTNS473A/S513A s defective in retention on depolarized mitochondria. In Panel C,
HFT-PARKINWT:OPTN™/~ cells stably expressing the indicated GFP-OPTN mutants were
depolarized with AO (90 min) and subjected to immunofluorescence using the indicated
antibodies or direct observation of GFP-OPTN proteins. Scale bar, 20 microns. In Panel D,
MOC values were obtained for >50 cells from triplicate experiments as described under
Experimental Procedures. Analyzed by one-way ANOVA with Dunnett’s multiple
comparisons test (n=3 biological replicates). ****p<0.0001, n.s., not significant. See also
Figure S5.
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Figure 7. A TBK1-OPTN-NDP52 network is required for efficient mitophagy and recruitment of
LC3B to depolarized mitochondria
(A) HFT cells expressing the indicated PARKIN proteins and harboring the indicated TBK1,

OPTN, and NDP52 genotypes were treated with AO and stained for a-DNA to detect
mitochondria after 31h. Image analysis was used to determine the fraction of cells
displaying unaggregated, aggregated, and cleared mitochondria as described (Ordureau et
al., 2015a).

(B) HFT-PARKINWT: TBK 17/~ cells alone or reconstituted with the indicated TBK1 protein
were subjected to AO treatment (30h) and mitochondria monitored and quantified as in
panel A.

(C) HFT-PARKINWT:OPTN~=;NDP52~~ cells alone or reconstituted with the indicated
FLAG-HA-OPTN proteins were subjected to AO treatment (30h) and mitochondria
monitored and quantified as in panel A.

(D) OPTN and NDP52-dependent recruitment of the ATG8 protein LC3B to damaged
mitochondria. Cells were stained with a-LC3B to mark autophagosomes (green), a-
TOMMZ20 to mark mitochondria, and Hoechst (blue) to mark nuclei and imaged by confocal
microscopy (scale bar, 20 microns). The fraction of cells showing co-localization of LC3B
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and TOMMZ20 staining was determined by image analysis examining 24,455 cells (WT) and
17,343 cells (OPTN™/~;NDP527/7).

(D) Schematic of a positive feedback mechanism describing the role of UB chains,
mitophagy adaptor phosphorylation, and TBK1 phosphorylation in ATG8 recruitment and
mitophagy. In Step 1, PINK1 and PARKIN are activated and collaborate to generate UB
chains on the MOM in Step 2, including chains with K63 linkages. In Step 3, mitophagy
adaptors are recruited to various poly-UB chains, and in this context, TBK1 is recruited to
mitochondria and activated by phosphorylation on S172 (Step 4) in a manner that depends
primarily upon OPTN and NDP52 recruitment to poly-UB chains. The kinase required for
this is unknown. In Step 5, activated TBK1 phosphorylates OPTN and NDP52. Steps 4 and
5 may be concerted. Phosphorylation of OPTN on S473 stabilizes its binding to various
poly-UB chains while phosphorylation of S177 promotes association with LC3B (Step 6).
Analyzed by one-way ANOVA with Dunnett’s multiple comparisons test (n=3 biological
replicates). ***p<0.001, ****p<0.0001. n.s., not significant. See also Figure S6.
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