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Selective autophagy of damaged mitochondria requires autophagy
receptors optineurin (OPTN), NDP52 (CALCOCO2), TAX1BP1, and
p62 (SQSTM1) linking ubiquitinated cargo to autophagic membranes.
By using quantitative proteomics, we show that Tank-binding kinase
1 (TBK1) phosphorylates all four receptors on several autophagy-
relevant sites, including the ubiquitin- and LC3-binding domains of
OPTN and p62/SQSTM1 as well as the SKICH domains of NDP52 and
TAX1BP1. Constitutive interaction of TBK1 with OPTN and the ability
of OPTN to bind to ubiquitin chains are essential for TBK1 recruitment
and kinase activation on mitochondria. TBK1 in turn phosphorylates
OPTN’s UBAN domain at S473, thereby expanding the binding capac-
ity of OPTN to diverse Ub chains. In combination with phosphoryla-
tion of S177 and S513, this posttranslational modification promotes
recruitment and retention of OPTN/TBK1 on ubiquitinated, damaged
mitochondria. Moreover, phosphorylation of OPTN on S473 enables
binding to pS65 Ub chains and is also implicated in PINK1-driven and
Parkin-independent mitophagy. Thus, TBK1-mediated phosphoryla-
tion of autophagy receptors creates a signal amplification loop oper-
ating in selective autophagy of damaged mitochondria.

mitophagy | TBK1 | OPTN | ubiquitin | phosphorylation

As a cell survival pathway, autophagy selectively frees the
cytosolic compartment from bulky protein aggregates, in-

vading bacteria or damaged organelles such as mitochondria and
peroxisomes (1, 2). In this context, the posttranslational modifier
ubiquitin (Ub) has been widely recognized as a selective signal
driving autophagy of such cellular components and cargoes (3, 4).
Recently, ubiquitin itself has been discovered to be phosphory-
lated to promote autophagic clearance of damaged mitochon-
dria (mitophagy; reviewed in refs. 5 and 6). Ser/Thr kinase
PINK1 phosphorylates S65 of Ub, which is critical for two steps
of this process: allosteric activation of the E3 Ub ligase Parkin
and recruitment of the autophagic machinery, including auto-
phagy receptors (7–14).
Autophagy receptors function as decoders for the various

ubiquitin signals on cargoes, linking cargoes to autophagosomal
membranes (4); however, the basis of their individual recruitment
to cargo as well as their distinct and cooperative functions in cargo
sequestration are still poorly understood. The autophagy receptors
optineurin (OPTN) and p62 are first activated by protein kinases
to effectively target autophagic membranes or their polyUb cargo
(15–17). TANK-binding kinase 1 (TBK1) phosphorylates OPTN
on S177, thereby enhancing LC3-binding affinity and autophagic
clearance of cytosolic Salmonella (15). Activity and specificity of
TBK1 are defined by adaptor proteins; these recruit TBK1 to
microdomains on ubiquitinated Salmonella or mitochondria,
thereby facilitating its local clustering and activation (18), where
it in turn can phosphorylate autophagy receptors (15). It is rel-
evant to stress that a number of mutations in both OPTN and
TBK1 have been identified in patients suffering from amyotrophic

lateral sclerosis (ALS) and frontotemporal lobar degeneration
(FTLD), which points toward an important role of the OPTN–
TBK1 complex in autophagy and neurodegeneration (19–22).
Here, we provide evidence that TBK1 integrates upstream Ub-

dependent signaling events by phosphorylating the autophagy re-
ceptor OPTN in the Ub-binding domain (UBD) in ABIN proteins
and NEMO (UBAN), thus controlling its binding to Ub chains and
regulating autophagy of damaged mitochondria. We also show that
the ALS-associated mutant TBK1 E696K that is unable to bind to
OPTN also fails to translocate to damaged mitochondria, high-
lighting an important role for OPTN in the regulation of TBK1.

Results
TBK1 Directly Phosphorylates the UBAN Domain of OPTN. TBK1 has
been reported to regulate the autophagy receptors OPTN and
p62 during bacterial infection (15, 17) and, more recently, during
mitophagy (13, 23). We next used stable isotope labeling with
amino acids in cell culture (SILAC)-based quantitative MS analysis
to systematically identify TBK1-depedent phosphorylation sites
on multiple autophagy receptors. To this end, SILAC-labeled
HEK293T cells expressing GFP-tagged OPTN, NDP52, p62, or
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TAX1BP1 were cotransfected with TBK1 WT or kinase-
deficient (KD) mutant (TBK1 K38A). Autophagy receptors were
enriched using affinity purification under denaturing conditions
followed by MS analysis (Fig. S1A). By determining the relative
abundance of phosphopeptides from cells expressing WT or KD
TBK1, we were able to identify phosphorylation sites that are
dependent on the active kinase. Surprisingly, TBK1 directly or
indirectly mediates phosphorylation of all four receptors on
multiple, autophagy-relevant sites, including the UBAN domain
of OPTN, UBA domain of p62, SKICH domains of NDP52, and
TAX1BP1 and LIR domains of OPTN and p62 (Fig. 1A). OPTN
showed two prominent clusters of TBK1-regulated phosphosites:
multiple phosphoserines adjacent to the LIR, including S177 as
described previously (15), as well as multiple phosphosites lo-
cated within (T460, T462, S473) or adjacent (S513) to the UBAN
domain (Fig. 1A). The relative abundance of pS473 and pS513
was significantly increased in cells expressing TBK1 WT com-
pared with KD, with pS513 being ∼4–5× more abundantly
phosphorylated than pS473 (Fig. 1 B and C). Sequence analysis
revealed that pS473 is in direct proximity to a conserved motif
of the coiled-coil UBAN dimer (474DFxxER479; Fig. S1B) that
is essential for Ub binding (15, 24–26). p62 phosphorylation
sites were distributed over all domains, and in line with pre-
vious reports S403 was identified as being regulated by TBK1
(Fig. 1A) (16, 17).
To determine if recombinant TBK1 directly phosphorylates

the UBAN domain of OPTN, we performed in vitro kinase as-
says. MS analysis revealed that TBK1 can directly phosphorylate
multiple sites near the UBAN of OPTN, including S473 and S513
(Fig. S1C) and also as a positive control, S403 in the UBA of p62
(Fig. S1D) (17).

Phosphorylation of OPTN’s UBAN Domain Enhances Binding to
Multiple Ubiquitin Chains. To test if any of the identified OPTN
phosphorylation sites affect Ub binding in cells, we immunopre-
cipitated GFP–OPTN WT or the corresponding phosphomimetic
mutants. Only OPTN S473, and none of the other identified sites,
showed a detectable increase in affinity toward cellular polyUb
proteins (Fig. 2A and Fig. S2A). When coexpressed with Myc-
TBK1, GFP–OPTN WT showed increased capacity to coprecipi-
tate polyUb proteins, but not in the presence of a TBK1 inhibitor
(BX795; Fig. S2B). This effect indeed relied on phosphorylation of
OPTN S473 because the mutant S473A was significantly reduced
in its ability to bind polyUb proteins upon TBK1 coexpression
(Fig. S2C, lanes 5 and 11) comparable to p62 when S403 is mu-
tated to S403A (Fig. S2D, lanes 5 and 11) (16). Thus, phosphor-
ylation of S473 is sufficient to increase the capacity of OPTN to
bind to polyUb chains in cells.

Fig. 1. TBK1 phosphorylates autophagy receptors on multiple, autophagy-
relevant sites. (A) Domain structure and TBK1-dependent phosphorylation
sites (log2TBK1 KD/TBK1 WT ≥ 1) of individual autophagy receptors. (B and
C) Mass spectrometric parent ion scans of the peptides corresponding to
pS473 and pS513 on OPTN with increased relative abundance of phos-
phorylated peptides in cells expressing WT TBK1.

Fig. 2. Phosphorylated OPTN UBAN domain enhances binding to ubiquitin
chains. (A) GFP immunoprecipitation of GFP–OPTN WT and indicated mu-
tants from HEK293T cell lysates. (B and C) Indicated GST proteins were in-
cubated with purified M1-linked (B) or K63-linked (C) tetra-Ub chains.
(D) GST–OPTN WT and mutants were phosphorylated in vitro by TBK1 and
subsequently incubated with purified Ub chains. Efficient phosphorylation
of OPTN is indicated through an electrophoretic mobility shift. (A–D) Sam-
ples were subjected to immunoblot. Coomassie or Ponceau S staining show
equal GST protein levels. (E) FRAP assay of recombinant mCherry–OPTN WT
(●) or S473E (▪) on the surface of diUb-conjugated beads (Upper). Images
were taken before and after photobleaching at indicated time points
(Lower). (Scale bar, 10 μm.)
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To test Ub binding in vitro, we performed pull-down experi-
ments with recombinant GST–OPTN and Ub chains. Until re-
cently only M1- and K63-linked Ub chains were implicated in
binding to OPTN (15, 23, 26). Phosphomimetic OPTN S473D
bound significantly more potently to tetraUb chains than WT or
S473A (Fig. 2 B and C), and also overcame the weak affinity
toward K63-Ub, resulting in binding comparable to M1-linked
Ub chains (Fig. S2E).
We then tested the binding of OPTN WT vs. S473E toward all

available diUb chains. Whereas OPTNWT bound only weakly to
short M1-diUb, we observed increased binding of OPTN S473E
to nearly all Lys-linked chains (Fig. S2F). Ub chain length ap-
pears also important for binding to OPTN: whereas K63-diUb
weakly bound to OPTNWT or S473E (Fig. S2F), longer K63-Ub
chains potently bound to the phosphomimetic mutant OPTN
S473D (Fig. S2G). Additionally, NEMO, if provided with a
negative charge at the corresponding site in its UBAN (NEMO
A310E), also more potently binds K63 polyUb chains (Fig. S2 H
and I). To demonstrate that OPTN S473D/E functionally re-
sembles pS473, we performed in vitro phosphorylation assays:
OPTN WT but not S473A (Fig. 2D) showed an increase in Ub
binding similar to OPTN S473D/E (Fig. 2 B and C). Similarly,
pS473 OPTN purified from Escherichia coli using an orthogonal
phosphoserine translation system (27) showed increased binding
to Ub (Fig. S2J). Phosphorylation of OPTN at S177, S473, and
S513 in cells was further confirmed, as visualized by an electro-
phoretic mobility shift of GFP–OPTN upon treatment with the
phosphatase inhibitor calyculin A, which was lost if these sites
were mutated to alanine (Fig. S2K).
To study the kinetics of pS473 OPTN to Ub binding, we per-

formed time-lapse microscopy imaging in combination with fluo-
rescence recovery after photobleaching (FRAP) using bacterially
purified mCherry–OPTNWT or S473E and diUb-conjugated beads.
Images were taken before and after photobleaching (Fig. 2E,
Lower). The slower and reduced recovery of OPTN S473E after
photobleaching compared with OPTN WT indicates that a negative
charge at S473 leads to a more stable interaction with a lower mo-
lecular exchange rate. Indeed, the half-time of recovery for OPTN
WT and S473E was 93.76 and 153.3 s, respectively, with a recovery
rate of ∼45% and ∼20% (Fig. 2E, Upper). Thus, ∼80% of OPTN
S473E remained immobile compared with ∼55% of OPTN WT,
suggesting an increased residence time of OPTN S473E on diUb.

TBK1 Is Recruited to Mitochondria and Activated via OPTN Binding.
TBK1 and OPTN act together downstream of the PINK1–
Parkin pathway to facilitate the autophagic removal of dam-
aged mitochondria (mitophagy) (13, 23). WT OPTN, but not an
ALS-associated, Ub-binding deficient mutant (OPTN E478G)
colocalized to and facilitated clearance of damaged mito-
chondria independent of p62 function (13, 28). In accordance,
we demonstrate that endogenous TBK1 is activated (auto-
phosphorylation of S172) upon treatment with antimycin A
and oligomycin (AO) or carbonyl cyanide m-chlorophenylhy-
drazone (CCCP) in SH-SY5Y and HeLa cells after 45 min (Fig.
3 A and B and Fig. S3). Robust TBK1 activation relied on in-
ducible expression of E3 Ub ligase Parkin in HeLa cells (Fig.
3A), indicating the existence of two distinct TBK1 activation
pathways, Parkin dependent and Parkin independent. Increased
activation of TBK1 upon Parkin overexpression is presumably
connected to its interplay with OPTN, because stable recruitment
of OPTN to mitochondria also depends on the presence of Parkin
(28). Consistent with this hypothesis, overexpression of Parkin in
OPTN KO HeLa cells did not lead to further activation of TBK1
(Fig. 3C). In contrast, knockdown of the protein kinase PINK1
completely abolished activation of TBK1, indicating an upstream
role of this kinase in TBK1 activation, which is consistent with
recent reports (Fig. 3D) (13, 23).
The N terminus of OPTN (amino acids 1–179) directly binds to

the C-terminal adaptor-binding domain of TBK1 to form a stable
complex in cells (29, 30). Mutagenesis of this domain indicates that
OPTN binding may depend on the coiled-coil structure of TBK1

because several point mutations, including ALS-related missense
mutation E696K, disrupt OPTN binding (Fig. S4 A–C). In addition
to OPTN, TBK1 is able to bind Tank, Nap1, and Sintbad in a
mutually exclusive manner (29, 30). Notably, OPTN is the only
adaptor protein directly linking TBK1 to autophagy pathways.
Whereas deletion of the complete adaptor-binding domain
(Δ690–713) disrupts the interaction with all four adaptors, TBK1
E696K only inhibited binding to OPTN (Fig. S4 D and E).
To further analyze the importance of OPTN binding to TBK1

in mitophagy, we performed immunofluorescence experiments
with TBK1 WT and E696K mutant (Fig. 4). Stable trans-
location of TBK1 to damaged, Parkin-positive mitochondria
in HeLa cells was in most instances dependent on OPTN:
whereas upon CCCP treatment, TBK1 WT was seen to border
Parkin-positive mitochondria in over 90% of cells, this was
true for less than 10% in case of TBK1 E696K (Fig. 4 and Fig.
S4F). These findings point to a possible pathogenic role of
defective mitophagy in ALS pathogenesis.

Phosphorylation of Ub on S65 Affects OPTN Binding. The protein
kinase PINK1 phosphorylates S65 on Ub, which is critical for
Parkin activation, and for recruitment of autophagy receptors
OPTN and NDP52 to ubiquitinated mitochondria following their
depolarization (7–14, 23). To investigate the binding behavior of
OPTN to these phosphoUb species, we first expressed WT and
phosphomimicking S65 Ub (S65E and S65D) together with
OPTN in cells. Expression of phosphomimetic Ub led to an in-
crease in coprecipitation with GFP–OPTN compared with WT
or S65A mutant Ub (Fig. S5A) (13). However, the situation
in vitro was different because phosphorylation of K63-linked Ub
chains by PINK1 (stoichiometry of S65 phosphorylation of 0.5)
reduced binding to GST–OPTN (Fig. S5B), which is consistent
with previous findings when direct interactions were tested (31).
Notably, phosphomimetic OPTN S473E and TBK1-phosphory-
lated OPTN could rescue the interaction and enabled moderate
binding to pS65 Ub (Fig. S5 B and C). Although the reasons for
the observed discrepancy in binding of OPTN to phosphorylated
Ub are yet to be discovered, our findings indicate that phos-
phorylation of OPTN alone or in complex with other proteins
may act as a mechanism to overcome the precluding effects of
UBD binding to phosphorylated Ub in vivo.

Fig. 3. TBK1 activation through mitophagy induction. (A, C, and D) Doxy-
cycline (Dox)-inducible HA-Parkin HeLa cells were preincubated with Dox for
48 h before AO/CCCP treatment for (A and D) 80 min or (C) 60 min. (B) SH-
SY5Y cells were treated with AO or CCCP for the indicated time. (C) WT or
OPTN KO HeLa cells (nos. 3 and 6) stably expressing HA-Parkin were recon-
stituted with empty vector or GFP–OPTN for 30 h. (D) Cells were transfected
with PINK1 or control siRNA for 48 h before treatment and lysis. (A–D) Cell
lysates were subjected to immunoblot analysis with indicated antibodies.
Active TBK1 was detected with a phosphospecific antibody (pTBK1 = pS172).
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Functional Characterization of OPTN Phosphorylation in Mitophagy.
To test the functional consequence of TBK1-mediated phos-
phorylation of OPTN in mitophagy, pentaKO cells (HeLa cells
engineered by CRISPR lacking NDP52, OPTN, TAX1BP1,
NBR1, and p62) (13) were rescued with GFP–OPTN WT or mu-
tants S473A, S513A, S473/S513A or phosphomimetics S473D,
S513D, S473/S513D (Fig. S6 A and B). Following 0.5-h AO treat-
ment, GFP–OPTN S473D translocated moderately better than
WT, S513D translocated as well as WT, and the remaining mutants,
GFP–OPTN S473A, S513A, S473/513A, and S473/513D trans-
located to mitochondria significantly slower than WT (Fig. 5A and
Fig. S6C). After prolonged mitochondrial depolarization (3 h AO),
WT and all mutants translocated to mitochondria, suggesting that
UBAN phosphorylation may play important roles in early stages of
mitophagy or in settings were ubiquitin is limited (Fig. 5A and Fig.
S6D). TBK1 was activated to the same degree in these cells fol-
lowing AO treatment (Fig. S6E). We examined mitophagy using
FACS analysis of mitochondrially targeted mKeima (mt-mKeima)
(13, 32). The excitation spectrum of mKeima shifts when it is ex-
posed to low pH, allowing measurement of the recruitment of
mitochondria into lysosomes as a measure of mitophagy. Consistent
with the lack of translocation defects at a later time point (Fig. 5A
and Fig. S6D), all OPTN mutants could induce mitophagy to the
same degree as OPTN WT (Fig. S7A).
A third and highly abundant TBK1-dependent phosphoryla-

tion site on OPTN, pS177, was recently shown to be also im-
portant for mitophagy (13). OPTN S177A localized poorly to
mitochondria and only weakly restored mitophagy in pentaKO
cells (13), indicating that pS177 may stabilize OPTN on ubiq-
uitinated mitochondria. In pentaKO cells, GFP–OPTN S177/473/
513D translocated significantly faster to mitochondria following
0.5-h AO treatment compared with WT, whereas translocation of
GFP–OPTN S177/473/513A was significantly reduced (Fig. 5B
and Fig. S7 B–D). After 3-h AO treatment, GFP–OPTN WT and
S177/473/513D translocated to mitochondria in nearly every cell,
but GFP–OPTN S177/473/513A translocation was decreased
(Fig. 5B and Fig. S7 C–E). Mitophagy in HA–Parkin-expressing
pentaKO cells was also significantly enhanced by expression of
Flag/HA–OPTN S177/473/513D (Fig. 5 C and D and Fig. S8 A–C).
Taken together, these data support a stabilizing role for TBK1
phosphorylation at S177 and a recruitment function for phosphory-
lation at S473 and S513.

To test if phosphomimetic OPTN is interacting with phosphor-
ylated ubiquitin on mitochondria and not just unmodified ubiquitin
added via Parkin activity, we studied OPTN translocation in cells

Fig. 4. OPTN–TBK1 complex formation is blocked by ALS-associated human
mutations. Immunofluorescence of HeLa cells stably expressing HA-Parkin.
Cells were transfected with GFP–TBK1 WT or E696K for 48 h and treated
with CCCP for 105 min. Individual and merged images show mitochondria
(blue), Parkin (red), and TBK1 (green).

Fig. 5. OPTN translocation to mitochondria and mitophagy are enhanced
by OPTN phosphomimetic mutations. (A and B) mCherry–Parkin pentaKO
cells expressing GFP–OPTN WT or mutants were treated with AO for 0.5 or
3 h and immunostained for TOM20. Quantification of cells with GFP–OPTN
colocalized with TOM20. For representative images, see Figs. S6 C and D and
S7 B and E. (C and D) HA-Parkin pentaKO cells expressing mt-mKeima and
vector, Flag/HA–OPTN WT or mutants, as indicated, were treated with AO
for 3 h and analyzed by FACS for lysosomal-positive mt-mKeima. (D) Graph
depicting the average percent of cells in the upper gate from FACS analysis
in C (n = 3). (E) PentaKO cells expressing GFP–OPTN WT or mutants were
treated with AO for 24 h. For representative images, see Fig. S8 E and F.
(F) Graph depicting the average percent of cells in the upper gate from FACS
analysis of pentaKO cells expressing PINK1Δ110-YFP-2xFKBP, mt-mKeima
and vector, Flag/HA–OPTN WT, or mutants, following treatment with
rapalog for 24 h (n = 3). (G) Representative FACS data from rapalog-treated
conditions from F are shown. For A, B, and E, 100 cells per condition were
counted for n = 3 experiments. For A, B, D, E, and F, data are presented as
mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.005; ns, not significant. For the
untreated conditions from C and G, see Fig. S8 C and G, respectively.
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lacking Parkin expression. A previous study has shown that HeLa
cells produce a truncated Parkin transcript lacking the 5′-end
(exons 1–6) (33). We investigated this issue in more detail by
identifying 5′ cDNA ends of the Parkin gene in HeLa cells using
RLM-RACE. Specific PCR products of expected sizes were pro-
duced from 293T cDNA but not two HeLa cDNA samples (Fig.
S8D), demonstrating that HeLa cells are truly null for Parkin at
the transcriptional level. Thus, GFP–OPTN WT translocated to
mitochondria in 32% of pentaKO HeLa cells following 24-h
AO (Fig. 5E and Fig. S8 E and F), in strong contrast to Parkin-
expressing cells, where GFP–OPTN translocates in nearly 100% of
cells after 3-h AO (Fig. 5B and Fig. S7E), consistent with the
model that PINK1 can directly recruit OPTN to mitochondria and
that Parkin amplifies this pathway via ubiquitination. GFP–OPTN
S177/473/513D translocated significantly more than both WT and
S177/473/513A (Fig. 5E and Fig. S8 E and F), suggesting that
phosphoUb preferentially recruits phosphomimetic OPTN rela-
tive to OPTN WT or nonphosphorylatable OPTN.
To study the effect of phosphomimetic OPTN on PINK1-

driven, Parkin-independent mitophagy, we used an inducible
PINK1 dimerization system. Here, PINK1 lacking its N-terminal
membrane-targeting domain is fused to YFP and two tandem
FKBP domains (PINK1-Δ110-YFP-2XFKBP). By the addition
of rapalog, PINK1 is targeted to mitochondria that are stably
expressing FKBP12/rapamycin-binding (FRB) fused to Fis1
(FRB–Fis1) (34); this allows PINK1, in the absence of Parkin
and mitochondrial membrane depolarization, to phosphorylate
mitochondrial ubiquitin to recruit autophagy receptors (13).
Following rapalog treatment for 24 h, Flag-HA–OPTN WT in-
duced mitophagy in 4.1% of cells, 10-fold more than without
OPTN (vector, 0.4% of cells) and fivefold more than untreated
conditions (0.9% of cells), consistent with previous reports (Fig.
5 F and G and Fig. S8 G–I) (13). Flag-HA OPTN S177/473/513A
could rescue similar to OPTN WT with 5.6% of cells undergoing
mitophagy, likely because TBK1 is not activated by rapalog to
mediate phosphorylation of OPTN (Fig. S8I). Rescue with Flag-
HA–OPTN S177/473/513D significantly increased mitophagy, to
8.3%, nearly doubling the mitophagy induced by OPTN WT
(Fig. 5 F and G). GFP–OPTN S473/S513A and S473/513D res-
cued mitophagy similar to OPTN WT (Fig. S8 J–L), which again
points toward a role for S473 and S513 phosphorylation at early
steps in the process and highlights an important stabilizing
function for S177.

Discussion
In the present study we have systematically analyzed the activity
of TBK1 toward four major autophagy receptors. We found that
TBK1 directly phosphorylates several autophagy-relevant sites in
all four receptors, highlighting that TBK1 functions as a key
player in the control of diverse selective autophagy pathways (5).
In line with two recent reports (13, 23), we confirmed that

TBK1 is activated upon depolarization of mitochondria, an ef-
fect that requires the upstream kinase PINK1 and is further fa-
cilitated by the expression of Parkin. In addition, activation and
mitochondrial localization of TBK1 depends on its interaction with
OPTN and the ability of OPTN to bind to Ub on mitochondria (23).
In turn, OPTN’s function during mitophagy depends on its phos-
phorylation by activated TBK1, as demonstrated by a reduction in
mitochondrial localization and mitophagy upon expression of non-
phosphorylatable OPTN mutants. Both of these steps, TBK1 acti-
vation as well as OPTN recruitment and phosphorylation, seem to
have a functional consequence for clearance of damaged mito-
chondria and cytosolic bacteria via feed-backward and feed-forward
mechanisms (5).
Unphosphorylated OPTN was shown to interact primarily

with M1-linked, and weaker with K63-linked, Ub chains (15,
26). In contrast TBK1-mediated phosphorylation of OPTN
S473 or phosphomimetic S473D/E mutants resulted in in-
creased binding and promiscuous interactions with multiple
Lys-linked chain types (Fig. 2). Such a change in specificity can
contribute to multivalent interaction and avidity-based increase

in the residence time at the surface of ubiquitinated cargoes (Fig.
2E), indicative of an amplification loop rather than an on/off
mechanism; this is also implicated in distinct stages of mitophagy,
e.g., phosphorylation of OPTN appears to be critical in early steps
of mitophagy, whereas in later steps OPTN phosphorylation is
dispensable (Fig. 5). Moreover, only a subpopulation of OPTN can
be modified on a specific site by locally enriched TBK1. Consistent
with previous findings (23), we also show that the abundance of
phosphorylated OPTN S473 is low if compared with S177 and S513
(Fig. 1), suggesting that its local enrichment in specific micro-
domains on mitochondria (23, 28) can determine the functional
significance in vivo. Taken together, we propose that TBK1-
mediated phosphorylation of OPTN is locally restricted to mito-
chondria and results in diversification of the binding spectrum of its
UBAN domain toward distinct Ub chains, which in turn regulates
its resident time on mitochondria and its function as an autophagy
receptor (5).
In response to mitochondrial depolarization, PINK1 and

Parkin establish a positive feedback loop that results in the ro-
bust decoration of damaged mitochondria with Ub chains that
contain pS65 Ub (7–14). All tested autophagy receptors have
been shown to translocate to damaged mitochondria; however,
only OPTN and NDP52 seem to be required for efficient
mitophagy in HeLa cells. Notably, whereas PINK1-mediated
phosphorylation of Ub S65 increases the recruitment of auto-
phagy receptors to damaged mitochondria in cells (Fig. 5) (13, 23),
in vitro binding assays have shown opposite effects (Fig. S5) (23,
31). This obvious discrepancy can have several reasons. It could
be that in vitro phosphorylated Ub chains show a different pat-
tern of phosphorylation that does not match the in vivo situation.
In fact, up to 20% of mitochondrial Ub is phosphorylated on S65
upon mitochondrial damage (7) and it is likely that Ub chains
exposed to autophagy receptors consist of a mixture of pS65 Ub
and unphosphorylated Ub. In this respect, if the effects seen
in vitro apply to the situation in vivo, UBDs would favor un-
modified Ub instead of pS65 Ub, and thereby preventing a
competition with Parkin for pS65 Ub binding. However, TBK1
activation can result in phosphorylation of the UBAN domain
and enhanced binding of OPTN to available S65 phosphorylated
and unphosphorylated Ub chains that when coupled to TBK1-
mediated phosphorylation of the LIR domain of OPTN supports
early steps in mitophagy by stabilizing autophagic membranes on
ubiquitinated cargo.
Previous studies identified mutations of OPTN, TBK1, and

p62/SQSTM1 in patients with ALS–FTLD, an aggressive neu-
rodegeneration characterized by the loss of upper and lower
motor neurons, leading to rapid muscle weakness, paralysis, and
death (19–22, 35). However, the spectrum of in vivo targets of
autophagy in motor neurons remains unclear. Among possible
targets are mutated superoxide dismutase 1 (SOD1) (36), the
RNA-processing TAR DNA-binding protein 43 (TDP-43), fused
in sarcoma (FUS), and mitochondria (13, 23). In a SOD1 mutant
ALS mouse model, morphological abnormalities of mitochon-
dria appeared before the onset of neurodegenerative symptoms,
indicating a role for mitochondria in disease initiation (37). In
cultured cells, we and others have shown that ALS-associated
mutations in either TBK1 (E696K, abolishes OPTN binding) or
OPTN (E478G, abolishes Ub binding) blocked mitochondrial
translocation and activation of TBK1 resulting in impaired
mitophagy (13, 23, 28). More studies are needed to dissect the
contribution of selective autophagy pathways in the pathogenesis
of ALS and other neurodegenerative diseases like Parkinson’s
disease (PD) where mutations in PINK1 and Parkin are causa-
tive to the development of disease. It remains intriguing that
mutations in the same selective mitophagy pathway (PINK1-
Parkin-OPTN-TBK1) have been genetically segregated to ALS
(mutations in OPTN and TBK1) and to PD (PINK1 and Par-
kin), yet they share common principles of signal transduction,
whereby kinases PINK1 and TBK1 initiate two independent
amplification loops amplifying mitophagy by phosphorylating Ub
and Ub receptors, respectively.

Richter et al. PNAS | April 12, 2016 | vol. 113 | no. 15 | 4043

BI
O
CH

EM
IS
TR

Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1523926113/-/DCSupplemental/pnas.201523926SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1523926113/-/DCSupplemental/pnas.201523926SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1523926113/-/DCSupplemental/pnas.201523926SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1523926113/-/DCSupplemental/pnas.201523926SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1523926113/-/DCSupplemental/pnas.201523926SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1523926113/-/DCSupplemental/pnas.201523926SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1523926113/-/DCSupplemental/pnas.201523926SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1523926113/-/DCSupplemental/pnas.201523926SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1523926113/-/DCSupplemental/pnas.201523926SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1523926113/-/DCSupplemental/pnas.201523926SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1523926113/-/DCSupplemental/pnas.201523926SI.pdf?targetid=nameddest=SF5


Materials and Methods
SILAC-IP and Phosphopeptide Identification. Lysates of SILAC-labeled HEK293T
cells expressing GFP-tagged receptors were combined and incubated with
GFP-Trap beads (ChromoTek) for 1 h, followed by washes under denaturing
conditions (8 M Urea, 1% SDS in 1× PBS). Proteins were subjected to gradient
SDS/PAGE gels followed by tryptic In-Gel digest. Extracted peptides were
desalted and finally analyzed on a Hybrid Quadrupole-Orbitrap mass spec-
trometer. For details, see SI Materials and Methods.

Protein Expression and Purification. GST-fusion proteins were generated as
described (15) with modifications. pSer473 OPTN was purified as described
(27) with modifications. TBK1 was obtained from Merck Millipore. For de-
tails, see SI Materials and Methods.

FRAP Assay. GST–diUb bound to Glutathione Sepharose beads was incubated
with purified mCherry–OPTN for 1 h. Subsequently, beads and proteins were
dispensed in a 96-well plate for imaging with a spinning disk microscope.
Three FRAP curves were generated for each experiment (n = 2) and sample.
For details, see SI Materials and Methods.

Cell Culture, Cell Line Generation, and Knockdown. Inducible HA-Parkin HeLa
cells were generated as described (38). OPTN KO and PentaKO HeLa cells
were generated using CRISPR/Cas9 as described in refs. 39 and 13, re-
spectively. For siRNA treatments, cells were reverse transfected with siRNAs
against PINK1 or control using Lipofectamine RNAiMAX before treatment
with AO. For details, see SI Materials and Methods.

Immunoprecipitation, Pull-Down, and Immunoblotting. Immunoprecipitation,
pull-down, and immunoblotting were carried out as described (15) with
modifications. For details and a listing of all antibodies, see SI Materials
and Methods.

Mitochondrial Translocation Assays. GFP–OPTN translocation to mitochondria
in pentaKO cells was assayed by immunofluorescence as described (13).
PentaKO cells were treated with AO for times indicated and immunostained
for TOM20. For details, see SI Materials and Methods.

Mt-mKeima Mitophagy Assay. Parkin-dependent and -independent mt-mKeima
assays were performed by using FACS analysis as described in refs. 13 and 34,
respectively. For details, see SI Materials and Methods.
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