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ABSTRACT  Mutations in PTEN-induced putative kinase 1 (PINK1) or parkin cause autosomal 
recessive forms of Parkinson’s disease. Recent work suggests that loss of mitochondrial mem-
brane potential stabilizes PINK1 and that accumulated PINK1 recruits parkin from the cyto-
plasm to mitochondria for elimination of depolarized mitochondria, which is known as mi-
tophagy. In this study, we find that PINK1 forms a complex with sterile α and TIR motif 
containing 1 (SARM1) and tumor necrosis factor receptor–associated factor 6 (TRAF6), which 
is important for import of PINK1 in the outer membrane and stabilization of PINK1 on depo-
larized mitochondria. SARM1, which is known to be an adaptor protein for Toll-like receptor, 
binds to PINK1 and promotes TRAF6-mediated lysine 63 chain ubiquitination of PINK1 at 
lysine 433. Down-regulation of SARM1 and TRAF6 abrogates accumulation of PINK1, fol-
lowed by recruitment of parkin to damaged mitochondria. Some pathogenic mutations of 
PINK1 reduce the complex formation and ubiquitination. These results indicate that associa-
tion of PINK1 with SARM1 and TRAF6 is an important step for mitophagy.

INTRODUCTION
Parkinson’s disease (PD) is a common neurodegenerative move-
ment disorder. Although most cases are sporadic, several genes 
have been linked to familial PD, including SNCA (Polymeropoulos 
et al., 1997), DJ-1 (Bonifati et al., 2003), OMI/HTRA2 (Strauss et al., 
2005), leucine-rich repeat kinase 2 (LRRK2; Zimprich et al., 2004), 
parkin (Kitada et al., 1998), and PTEN-induced putative kinase 1 
(PINK1; Valente et  al., 2004). Approximately 50% of recessive 
early-onset familial PD cases are caused by homozygous muta-
tions in parkin (Kitada et  al., 1998; Hattori and Mizuno, 2004). 
Homozygous mutations in PINK1 are the second-most-common 

cause of early-onset recessive PD (Valente et  al., 2004; Bonifati 
et al., 2005). Studies on their functions have provided important 
insights into molecular mechanisms of the pathogenesis of PD in 
general. This is possible because symptoms observed in familial 
PD patients with genetic abnormalities are very similar to those of 
sporadic idiopathic PD patients (Hardy et al., 2006).

The PINK1 gene encodes a 581–amino acid putative mitochon-
drial serine/threonine kinase that is expressed in many tissues and 
cell types, including dopaminergic neurons (Nakajima et al., 2003; 
Valente et al., 2004; Gandhi et al., 2006). Overexpression of PINK1 
protects neuronal cells against various stresses (Haque et al., 2008), 
whereas down-regulation of PINK1 sensitizes the cells to them 
(Deng et al., 2005). PINK1 has kinase activity, which is required for its 
cytoprotective function. Phosphorylation of Akt is enhanced by 
overexpression of PINK1, and Akt activation is crucial for protection 
of neuronal SH-SY5Y cells from cytotoxic agents (Murata et  al., 
2011a,b). Some pathogenic mutations of PINK1 result in reduction 
in phosphorylation levels of Akt.

On the other hand, accumulating evidence indicates that PINK1 
is involved in mitochondrial maintenance in collaboration with par-
kin, a PD-linked E3 ubiquitin ligase. Genetic analysis of Drosophila 
showed a significant link between PINK1 and parkin (Clark et al., 
2006; Park et al., 2006), and human patients with mutations in ei-
ther of these proteins display very similar clinical symptoms 
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evidence supporting a link between the de-
regulation of complex formation and PD 
pathogenesis.

RESULTS
PINK1 interacts with SARM1
To identify proteins that interact with 
endogenous PINK1, we performed immu-
noprecipitation experiments using an anti-
PINK1 antibody. The antibody was raised in 
our laboratory (Murata et  al., 2011a) 
because commercially available antibodies 
against PINK1 were not suitable for immu-
noprecipitation. Silver staining of the affin-
ity-purified and electrophoresed PINK1 
immune complexes revealed the presence 
of several proteins. Mass spectrometry 
analysis identified a number of candidate 
proteins, among them SARM1, a TIR adap-
tor protein (12 total spectra, 8 unique pep-
tides for 16% coverage of SARM1 with 
100% probability). The protein was recov-
ered from region 2 of the silver-staining 
gel (Figure 1A).1 We focused on the func-
tion of SARM1 because SARM1 was re-
ported to be preferentially expressed in 
neurons (Kim et al., 2007) and to regulate 
neuronal function in Caenorhabditis ele-
gans (Chuang and Bargmann, 2005; Chang 
et  al., 2011) and mammals (Chen et  al., 
2011).

To confirm the binding of PINK1 to 
SARM1, we transfected vectors expressing 
SARM1-Flag and PINK1-hemagglutinin 
(HA) to HEK293 cells. Immunoprecipitation 
of the lysates with anti-Flag antibody re-
vealed that PINK1-HA coimmunoprecipi-
tated with SARM1-Flag (Figure 1B, middle). 

In a reciprocal coimmunoprecipitation experiment, anti-HA anti-
body was able to coimmunoprecipitate SARM1-Flag with PINK1-
HA (Figure 1B, right). To examine binding of endogenous pro-
teins, we immunoprecipitated cell extracts prepared from intact 
SH-SY5Y cells with anti-PINK1 antibody. As shown in Figure 1C, 
endogenous SARM1 coprecipitated with endogenous PINK1, 
whereas a control experiment using preimmune immunoglobulin 
G (IgG) showed no bands, indicating specific interaction between 
endogenous PINK1 and SARM1. Next we assessed binding of 
SARM1 to PD-linked PINK1 mutants, G309D (Kessler et al., 2005) 
and W437X (Criscuolo et al., 2006), and with a synthetic kinase-
dead PINK1 triple mutant, KDD (Beilina et al., 2005). We found 
that the W437X mutant retained the ability to interact with SARM1, 
whereas G309D and KDD mutants showed reduced binding capa-
bility (Figure 1D).

N-terminal region of SARM1 is required for interaction 
with PINK1 and localization to mitochondria
SARM1 contains HEAT/Armadillo (ARM) repeats, two sterile α motif 
(SAM) domains, and a TIR domain, all of which are involved in 

(Abeliovich and Flint Beal, 2006). Narendra et al. (2008) first dem-
onstrated that parkin translocates from the cytoplasm to dysfunc-
tional mitochondria having low membrane potential. The translo-
cated parkin ubiquitinates mitochondrial outer membrane proteins 
such as voltage-dependent anion channel 1 (VDAC1) and mitofusin 
1 and 2 (MFN1/2; Gegg et al., 2010; Geisler et al., 2010; Poole 
et al., 2010; Tanaka et al., 2010; Ziviani et al., 2010; Glauser et al., 
2011; Rakovic et al., 2011). The damaged mitochondria carrying 
ubiquitinated proteins on the surface are then degraded via the 
proteasome and autophagy (Narendra et  al., 2008; Chan et  al., 
2011; Yoshii et al., 2011). As an initial step of this process, PINK1 is 
stabilized and accumulates on the damaged mitochondria and 
subsequently recruits parkin to damaged mitochondria (Matsuda 
et al., 2010; Narendra et al., 2010; Vives-Bauza et al., 2010). The 
exact mechanism by which PINK1 is stabilized on damaged mito-
chondria is unknown. Therefore we sought insight into regulation 
of the functional level of PINK1 by identifying and analyzing new 
proteins interacting with PINK1. We found new interacting proteins 
of PINK1—sterile α and Toll/interleukin 1 receptor (TIR) motif con-
taining 1 (SARM1) and tumor necrosis factor receptor–associated 
factor 6 (TRAF6)—and showed that PINK1 is ubiquitinated and 
stabilized on damaged mitochondria through interaction with 
SARM1 and TRAF6. The complex formation is required for recruit-
ment of parkin to damaged mitochondria. The results provide 

FIGURE 1:  Interaction of SARM1 with PINK1. (A) Identification of SARM1 as a protein 
interacting with PINK1. Cell lysates from HEK293 cells were subjected to immunoprecipitation 
with anti-PINK1 antibody or control rabbit IgG, followed by gel-electrophoretic separation and 
silver staining. The gels were cut into four pieces for mass spectrometric analysis. SARM1 was 
identified from region 2. PINK1 was contained in region 3. (B) Binding of PINK1 to SARM1. 
HEK293 cells expressing PINK1-HA and/or SARM1-Flag were immunoprecipitated with 
designated antibodies and analyzed by Western blotting. (C) Endogenous PINK1 interacts with 
SARM1 in SH-SY5Y cells. Cell lysates prepared from SH-SY5Y cells were subjected to 
immunoprecipitation with anti-PINK1 antibody or control rabbit IgG, followed by Western blot 
analysis. Arrowheads indicate immunoprecipitated PINK1. (D) Effects of PINK1 pathogenic 
mutations and kinase-dead mutation on PINK1-SARM1 interaction. Cell lysates from HEK293 
cells cotransfected with SARM1-Flag and HA-tagged PINK1 variants were immunoprecipitated 
with anti-HA agarose and analyzed by Western blotting. WT, wild-type PINK1; G309D and 
W437X, respective pathogenic PINK1 mutants; KDD, catalytically inactive triple mutant (K219A/
D362A/D384A) of PINK1.

1The proteins identified by liquid chromatography/mass spectrometry analysis in 
fraction 2 are vimentin, SARM1, heat-shock 70-kDa protein 1A/1B, and RBI-
inducible coiled-coil protein 1.
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To examine intracellular localization of SARM1, we transfected 
full-length SARM1-Flag to SH-SY5Y cells and costained the cells 
with anti-Flag antibody and MitoTracker Orange CMTMRos 
for visualization of mitochondria. As shown in Figure 2C, SARM1 
colocalized with mitochondria. This result was corroborated by a sub-
cellular fractionation experiment (Figure 2D). Tubulin and Bcl-2 were 
used as markers of the cytoplasm and mitochondria, respectively. 

protein–protein interactions (Figure 2A; Kim et al., 2007). To identify 
the PINK1-binding region of SARM1, we made C-terminal Flag-
tagged serial deletion mutants and examined their ability to bind to 
PINK1 by coimmunoprecipitation assays. The N-terminal region 
(1–404 amino acids) that contains the ARM domain but not the SAM 
(405–550 amino acids) and TIR (551–724 amino acids) domains was 
shown to be necessary for interaction with PINK1 (Figure 2B).

FIGURE 2:  The N-terminal region of SARM1 is required for the interaction with PINK1 and localization to mitochondria. 
(A) Schematic diagram of SARM1. The SARM1 gene encodes 724 amino acids. ARM, HEAT/Armadillo repeats; SAM, 
sterile α motif domain; TIR, Toll/interleukin 1 receptor domain. (B) PINK1 binds to the N-terminal region of SARM1. Cell 
lysates from SH-SY5Y cells cotransfected with PINK1-HA and SARM1 deletion mutants tagged with Flag were 
immunoprecipitated with anti-HA agarose and analyzed by Western blotting. (C) Intracellular localization of SARM1. 
Forty-eight hours after transfection with SARM1-Flag, SH-SY5Y cells were immunostained with anti-Flag antibody 
(green). The cells were costained with MitoTracker Orange for identifying mitochondria (red). (D) Forty-eight hours after 
transfection with SARM1-Flag, SH-SY5Y cells were fractionated. Tubulin and Bcl-2 were used as markers of the 
cytoplasm and mitochondria, respectively. (E) For localization to mitochondria, 1–106 amino acids of SARM1 are 
required. SH-SY5Y cells were transfected with designated constructs tagged with Flag. The experiment was performed 
under conditions similar to those in C.
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(Figure 4B). SARM1 significantly promoted TRAF6-mediated 
ubiquitination of PINK1 in vitro. Ubiquitination of PINK1 was en-
hanced by co-overexpression of TRAF6 and SARM1 in vivo as 
well (Figure 4C). Next we assessed ubiquitination of PD-linked 
PINK1 mutants by TRAF6 and SARM1. Levels of ubiquitination of 
the PINK1 mutants were distinctly lower than that of the wild type 
(Figure 4D).

PINK1 is stabilized and ubiquitinated by TRAF6 
on mitochondrial depolarization
Next we investigated the biological relevance of the ternary com-
plex formation and eventual ubiquitination of PINK1. We noted 
that PINK1 was stabilized under conditions in which the ternary 
complex was formed (Figure 4C). PINK1 plays a protective role for 
mitochondrial functions against various physical and chemical 

The band of SARM1 was mainly detected in mitochondrial fraction. 
The mitochondrial association of SARM1 was also confirmed in an-
other cell line, HEK293 cells (Supplemental Figure S1A). To identify 
the specific region of SARM1 responsible for the association with 
mitochondria, we used several C-terminal Flag-tagged SARM1 dele-
tion mutants. The N-terminal region (1–106 amino acids) was able 
to localize to mitochondria (Figure 2E). This region was predicted as 
a mitochondrial targeting sequence from the Center for Biological 
Sequence TargetP 1.1 Server (www.cbs.dtu.dk/services/TargetP/), 
and the region of 1–12 amino acids of SARM1 was conserved from 
Xenopus to human (Supplemental Figure S1B). These data suggest 
that PINK1 interacts with SARM1 on mitochondria through the 
N-terminal region of SARM1.

SARM1 binds to and recruits TRAF6 into PINK1 complexes
To gain insight into the potential biological significance of the 
PINK1–SARM1 interaction, we sought suggestive functional do-
mains and found a putative TRAF6-binding motif, P-x-E-x-x-aro-
matic/acidic amino acid (Mansell et al., 2004), in the sequence of 
SARM1 at the 50– to 55–amino acid position (PREVSP). TRAF6 plays 
a critical role in innate and adaptive immunity, bone metabolism, 
and development of the nervous system (Wu and Arron, 2003). To 
determine the association of SARM1 and TRAF6, we performed 
coimmunoprecipitation analysis using HEK293 cells transfected with 
vectors expressing SARM1-Flag and/or TRAF6-Myc. Immunopre-
cipitation of the lysates with anti-Flag antibody resulted in recovery 
of TRAF6-Myc (Figure 3A). TRAF2, another TRAF family protein, has 
a similar binding motif with TRAF6 (P-x-Q-x-x-D; Ye et al., 1999). We 
therefore checked whether SARM1 binds to TRAF2 in HEK293 cells 
under similar conditions. TRAF2-Myc coimmunoprecipitated with 
SARM1-Flag (Figure 3B). In addition, endogenous TRAF2 and 
TRAF6 were recovered from immunoprecipitates for SARM1 (Figure 
3C), indicating specific interaction between PINK1, SARM1, and 
TRAF2/6.

SARM1 promotes K63-linked ubiquitination of PINK1 
by TRAF6
TRAF2 and TRAF6 are E3 ubiquitin ligases. The results shown in 
Figure 3 prompted us to test whether TRAF2 and TRAF6 ubiquit-
inated PINK1. To address this question, we transfected tagged 
PINK1 and ubiquitin with either TRAF2 or TRAF6 to SH-SY5Y cells. 
As shown in Figure 4A, TRAF6 stimulated ubiquitination of PINK1. 
TRAF2 also appeared to stimulate ubiquitination of PINK1, but to a 
far lesser extent.

We then determined the linkage of TRAF6-mediated PINK1 
ubiquitination using ubiquitin mutants Ub-K48R and Ub-K63R, 
which contain a single lysine-to-arginine mutation at positions 48 
and 63, respectively. The Ub-K48R and Ub-K63R mutants are ex-
pected to specifically disrupt the assembly of respective K48- and 
K63-linked polyubiquitin chains. TRAF6 is known to catalyze K63-
linked ubiquitination. As expected, transfection of K63R mutant 
ubiquitin, but not that of K48R mutant, resulted in abrogation of 
PINK1 ubiquitination in HEK293 cells (Supplemental Figure S2A). 
Furthermore, the TRAF6 C70A mutant lacking E3 ligase activity (La-
mothe et al., 2007) failed in ubiquitination of PINK1 and showed 
reduced binding capability with PINK1 and SARM1 (Supplemental 
Figure S2, B and C).

To obtain further evidence supporting the K63-linked ubiquit-
ination of PINK1, we performed in vitro ubiquitination assays us-
ing GST-partial PINK1 (containing 112–581 amino acids of PINK1). 
We found that TRAF6 was able to facilitate in vitro ubiquitination 
of PINK1 in cooperation with the UbcH13/Uev1a E2 enzyme 

FIGURE 3:  SARM1 binds to and recruits TRAF2/6 into PINK1 
complexes. (A, B) Cell lysates from HEK293 cells cotransfected with 
vectors expressing TRAF6/2-Myc and SARM1-Flag, respectively, were 
immunoprecipitated with anti-Flag antibody and analyzed by Western 
blotting. (C) Cell lysates from HEK293 cells cotransfected with vectors 
expressing PINK1-HA and/or SARM1-Flag were immunoprecipitated 
with anti-Flag antibody and analyzed by Western blotting. 
Endogenous TRAF2 and TRAF6 were recovered in the immune 
complex of PINK1–SARM1.
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(CCCP), a mitochondrial uncoupler that 
functions as a H+ uniporter, transfected 
PINK1 was stabilized and ubiquitinated at 
1 and 10 μM but not 50 μM CCCP (Figure 
5A and Supplemental Figure S3A). The 
amount and ubiquitination levels changed 
in parallel. Valinomycin, another type of mi-
tochondrial uncoupler that functions as a 
K+ uniporter, had a similar effect (Supple-
mental Figure S3B). In contrast to mito-
chondrial depolarization with CCCP and 
valinomycin, other mitochondrial stress in-
ducers, such as rotenone, which impairs 
mitochondrial complex I, ethidium bromide 
(EtBr), which preferentially impairs replica-
tion and transcription of the mitochondrial 
genome, and H2O2, which is reactive oxy-
gen species, did not induce stabilization of 
PINK1 (Supplemental Figure S3, C–E). To 
examine the stabilization and ubiquitina-
tion of endogenous PINK1, we treated SH-
SY5Y cells with CCCP and immunoprecipi-
tated PINK1 with anti-PINK1 antibody. 
Endogenous PINK1 was stabilized and 
ubiquitinated with mitochondrial depolar-
ization (Figure 5B). The ubiquitination type 
of endogenous PINK1 was the K63-linked 
linkage since the band was detected by 
K63-TUBE1, which recognizes K63-linked 
ubiquitination. Overexpression of domi-
nant-negative TRAF6 lacking the N-termi-
nal RING finger domain (289–522 amino 
acids; Cao et al., 1996) resulted in abroga-
tion of stabilization of PINK1 and induction 
of mitophagy (Figure 5C). Production of 
LC3B-II, a marker of autophagy, and degra-
dation of mitochondrial proteins such as 
Tom 20 and cytochrome c were suppressed 
by dominant-negative TRAF6. Stabilization 
of endogenous PINK1 was also inhibited 
by overexpression of dominant-negative 
TRAF6 or knockdown of endogenous 
TRAF6 (Figure 5, D and E). Overexpression 
of dominant-negative TRAF2 lacking the 
N-terminal RING finger domain (87–501 
amino acids; Hsu et  al., 1996) or knock-
down of endogenous TRAF2 also appeared 
to inhibit stabilization of PINK1, but to a far 
lesser extent. These results indicate that 
TRAF6-mediated ubiquitination is involved 
in stabilization of PINK1 and induction of 
mitophagy.

PINK1 is ubiquitinated at Lys-433 by TRAF6
PINK1 contains 21 lysine residues in its 581 amino acids, and eight 
lysine residues are evolutionarily conserved. To identify the ubiquit-
ination site of PINK1 by TRAF6, we replaced each of the eight 
conserved lysine residues with arginine residues. We transfected 
C-terminal HA-tagged PINK1 wild type (WT) and mutants with dif-
ferent lysine-to-arginine mutations into SH-SY5Y cells along with 
Flag-ubiquitin, TRAF6-Myc, and SARM1-His. TRAF6 failed in ubiq-
uitination of the K433R mutant but not of others (Figure 6A). The 

insults. PINK1 accumulates on mitochondria in a mitochondrial 
membrane potential–dependent manner and triggers mitophagy 
of damaged mitochondria (Matsuda et al., 2010; Narendra et al., 
2010). Our finding that TRAF6 and SARM1 enhance the stability of 
PINK1 raises the possibility that TRAF6 and SARM1 may function 
together with PINK1 for protection of mitochondria. To test this 
possibility, we examined the stabilization and/or ubiquitination of 
PINK1 with various mitochondrial stress inducers. When SH-SY5Y 
cells were exposed to carbonyl cyanide m-chlorophenyl hydrazine 

FIGURE 4:  SARM1 promotes TRAF6-mediated ubiquitination of PINK1. (A) Ubiquitination of 
PINK1 by TRAF6 in cells. Cell lysates from SH-SY5Y cells transfected with PINK1-HA and 
Flag-ubiquitin (Ub) along with TRAF2-Myc or TRAF6-Myc were immunoprecipitated with anti-HA 
agarose and analyzed by Western blotting. (B) An in vitro ubiquitination assay was performed by 
incubation of purified GST-PINK1 with Flag-tagged SARM1, Myc-tagged TRAF2, or Myc-tagged 
TRAF6 in the presence of E1, E2 (UbcH13/Uev1a), and ubiquitin. Ubiquitination of PINK1 was 
detected by pull down with glutathione-agarose beads, followed by Western blot analysis for 
ubiquitin. (C) SARM1 promotes TRAF6-mediated PINK1 ubiquitination in SH-SY5Y cells. 
SH-SY5Y cells were transfected with designated constructs. Levels of PINK1 ubiquitination were 
determined by immunoprecipitation with anti-HA agarose, followed by Western blot analysis. 
(D) Ubiquitination levels are reduced in PINK1 mutants. The experiment was performed under 
conditions similar to those in C.
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FIGURE 5:  PINK1 is ubiquitinated by TRAF6 upon impairment of mitochondria. (A) PINK1 is ubiquitinated under the 
condition of low membrane potential of mitochondria. SH-SY5Y cells were transfected with designated constructs for 
48 h, followed by treatment with 10 μM CCCP for 6 h. Ubiquitination of PINK1 was determined by immunoprecipitation 
with anti-HA agarose, followed by Western blot analysis. (B) SH-SY5Y cells were treated with 10 μM CCCP for 6 h. 
Ubiquitination of endogenous PINK1 was determined by immunoprecipitation with anti-PINK1 antibody, followed by 
Western blot analysis. K63-linked ubiquitination of PINK1 was detected using biotinylated K63-TUBE1 and streptavidin-
HRP. Arrowheads indicate immunoprecipitated PINK1. (C, D) Overexpression of dominant-negative TRAF6 destabilizes 
exogenous and endogenous PINK1 as shown in C and D, respectively. The experiment was performed under conditions 
similar to those in A. (E) Knockdown of TRAF6 inhibits stabilization of endogenous PINK1. SH-SY5Y cells were 
transfected with designated siRNAs for 72 h, followed by treatment with 10 μM CCCP for 6 h.
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ing capability with SARM1 and TRAF6 (Figure 6B and Supplemental 
Figure S4A). Ubiquitination and stabilization of the K433R mutant 
was not promoted by CCCP treatment (Figure 6C). Even under 

lower ubiquitination level of K433R mutant was also observed under 
conditions in which PINK1 protein level was adjusted at the same 
levels (Figure 6B). In addition, K433R mutant showed reduced bind-

FIGURE 6:  TRAF6 ubiquitinates PINK1 at Lys433. SH-SY5Y cells were transfected with designated constructs along with 
C-terminal HA-tagged PINK1 wild type or mutants with different lysine-to-arginine mutations for 48 h. (A) Ubiquitination 
of PINK1 was determined by immunoprecipitation with anti-HA agarose, followed by Western blot analysis. (B) The 
experiment was performed under conditions similar to those in A. For K433R, double amount of plasmid was used 
compared with that of PINK1-WT to attain the same protein levels of PINK1. (C, D) SH-SY5Y cells transfected with 
designated constructs were treated with 10 μM CCCP for 6 h (C) or 0.5 μM MG-132 for 12 h (D).
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binding capability with SARM1. These results suggest that PINK1 
interacts with SARM1 in the intermembrane space under normal 
conditions and that ternary complex formation and ubiquitination 
contribute to import PINK1 in the outer membrane with Tom20 
under depolarized conditions.

SARM1 and TRAF6 are required for translocation of parkin 
to damaged mitochondria
Parkin, another causative gene product for early-onset PD, is re-
cruited to and promotes mitophagy of damaged mitochondria 
and thus protects cells (Geisler et al., 2010; Matsuda et al., 2010; 
Narendra et  al., 2010). We investigated the possible role of 
SARM1 and TRAF6 in the mitochondrial recruitment of parkin. 
Flag-parkin transfected to SH-SY5Y and HeLa cells was diffusely 
localized throughout the cytoplasm under normal conditions, 
whereas upon treatment with CCCP, parkin was remarkably re-
cruited to mitochondria (Figure 8, A and B). Because transloca-
tion of parkin in HeLa cells was clearer than that in SH-SY5Y cells, 
we tried to confirm the role of PINK1, SARM1, and TRAF6 using 
HeLa cells. Overexpression of PINK1-WT but not PINK1 mutants 
induced the translocation of parkin to mitochondria regardless of 
depolarization (Figure 8C), as reported previously (Narendra 
et al., 2010). Co-overexpression of SARM1 and TRAF6-WT but 
not TRAF6 mutants with PINK1 promoted this effect (Figure 8D). 
Small interfering RNAs (siRNAs) targeting PINK1, SARM1, TRAF2, 
or TRAF6 were transfected into HeLa cells along with Flag-
parkin. In contrast to control siRNA, knockdown of PINK1 signifi-
cantly abolished parkin recruitment to mitochondria after 6 h of 
CCCP treatment (Figure 8E). Knockdown of SARM1 and TRAF6, 
but not that of TRAF2, partially inhibited the translocation of par-
kin from the cytosol to mitochondria (Figure 8E). Overexpression 

normal conditions, the stability of K433R mutant was lower than that 
of WT. Instability of K433R mutant was rescued by treatment with 
MG-132, an inhibitor of proteasome (Figure 6D). Furthermore, 
application of cycloheximide resulted in more rapid degradation of 
K433R mutant than WT (Supplemental Figure S4B).

Complex formation of PINK1 with SARM1 and TRAF6 
promotes its interaction with TOM20, an outer 
mitochondrial membrane protein
The results hitherto described indicate that ubiquitination at K433 of 
PINK1 through complex formation with SARM1 and TRAF6 some-
how contributes to stabilization of PINK1. At the same time, it should 
be noted that the major fraction of PINK1 was apparently not ubiq-
uitinated even under conditions in which PINK1 was stabilized and 
ubiquitinated by ternary complex formation (e.g., see Figure 4C). 
One possible interpretation is that ubiquitination is necessary at a 
specific step of stabilization of PINK1. Lazarou et al. (2012) showed 
that PINK1 forms a 700 kDa complex with the translocase of the 
outer membrane (TOM) selectively on depolarized mitochondria. 
We examined whether SARM1 interacts with TOM. Under mito-
chondrial depolarization conditions, binding of SARM1 with Tom20, 
a component of TOM, increased (Figure 7A). Of interest, the protein 
level of SARM1 increased like that of PINK1 on treatment with CCCP 
(Figure 5, A and B). The association of PINK1 with Tom20 was 
promoted by cooverexpression of SARM1 and TRAF6-WT but not 
ubiquitination-defective TRAF6-C70A mutant (Figure 7B). To deter-
mine the intracellular location at which SARM1 interacts with PINK1, 
we used PINK1Δ1-110 fused to the N-terminal mitochondrial an-
chor of OPA3 at the 1– to 30–amino acid sequence (OPA3-PINK1). 
OPA3-PINK1 is stably localized on the outer membrane (Narendra 
et al., 2010). As shown in Figure 7C, OPA3-PINK1 showed reduced 

FIGURE 7:  SARM1 and TRAF6 promote the translocation of PINK1 to the outer membrane of mitochondria. 
(A) SH-SY5Y cells were transfected with SARM1-His for 48 h, followed by treatment with 10 μM CCCP for 2 h. The cell 
lysates were immunoprecipitated with anti-Tom20 antibody or control mouse IgG, followed by Western blot analysis. 
(B) SARM1 and TRAF6 promote the association of PINK1 with Tom20. SH-SY5Y cells were transfected with designated 
constructs for 48 h and analyzed under the conditions similar to those in A. Arrowhead indicates immunoprecipitated 
PINK1. (C) PINK1-WT but not OPA3-PINK1 interacts with SARM1. Cell lysates from SH-SY5Y cells transfected with 
SARM1-His along with PINK1-WT-HA or OPA3-PINK1-HA (PINK1 1-110 fused to the N-terminal mitochondrial anchor of 
OPA3 at amino acid positions 1–30) were immunoprecipitated with anti-HA agarose and analyzed by Western blotting.
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FIGURE 8:  SARM1 and TRAF6 are required for recruitment of parkin to damaged mitochondria. SH-SY5Y (A) and HeLa 
cells (B) were transfected with Flag-parkin for 48 h, followed by treatment with 10 μM CCCP for 6 h and then 
immunostained with the indicated antibodies. (C–F) HeLa cells were transfected with designated constructs for 48 h. 
The number of cells with parkin-positive mitochondria among the parkin-expressing cells. Three independent 
experiments were performed, and at least 100 cells were counted for each experiment. Error bars represent mean ± SD. 
*Significantly different from the control group (p < 0.01); ns, not significant. (C) Cells were transfected with PINK1 
variants. (D) Effect of cotransfection with SARM1 and TRAF6. (E) Effect of knockdown of endogenous PINK1, SARM1, 
TRAF2, and TRAF6. (F) A rescue experiment for down-regulated endogenous proteins with overexpression of the 
respective proteins.
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earlier than PINK1-WT (Figure 6D and Supplemental Figure S4B). 
The inner membrane rhomboid protease PARL cleaves PINK1, de-
pending on mitochondrial membrane potential for proteolytic de-
stabilization (Jin et  al., 2010; Deas et  al., 2011; Meissner et  al., 
2011; Greene et al., 2012). These results suggest that ubiquitina-
tion at the cytosolic face of the outer membrane prevents PINK1 
from translocation into the intermembrane space, thereby pre-
venting access to PARL. Given that the ubiquitination levels of PD-
linked PINK1 mutants are reduced compared with that of PINK1-
WT (Figure 4D), impairment of PINK1 ubiquitination may be 
involved in the pathogenesis of PD. The kinase-dead mutant of 
PINK1 also shows reduced levels of ubiquitination. These results 
suggest that the kinase activity of PINK1 is required for the ubiq-
uitination of PINK1. We and other groups showed that PINK1 has 
autophosphorylation activity (Nakajima et al., 2003; Silvestri et al., 
2005; Kondapalli et al., 2012; Okatsu et al., 2012). It is possible 
that PINK1 autophosphorylates upon depolarization of mitochon-
dria and that SARM1 and TRAF6 bind to phosphorylated PINK1, 
resulting in ubiquitination and stabilization of PINK1.

Parkin-mediated ubiquitination is also important for the process 
of mitophagy. VDAC1 and MFN1/2 are substrates of ubiquitination 
by parkin (Gegg et al., 2010; Geisler et al., 2010; Poole et al., 2010; 
Tanaka et al., 2010; Ziviani et al., 2010; Glauser et al., 2011; Rakovic 
et al., 2011). This ubiquitination leads to the sequestration and elim-
ination of damaged mitochondria. In this study, we found that 
TRAF6 but not parkin ubiquitinates PINK1 through interaction with 
SARM1. Thus ubiquitination is linked to multiple steps of mitophagy 
and mitochondrial quality control. Our finding of a mitochondrial 
SARM1-TRAF6-PINK1 pathway for mitophagy provides new insights 
into the pathogenic mechanisms of PD and suggests novel targets 
for therapeutic intervention.

MATERIALS AND METHODS
Cells, chemicals, and antibodies
SH-SY5Y (ECACC; Salisbury, Wiltshire, United Kingdom), HeLa, and 
HEK293 cells were cultured in D/F medium (Invitrogen, Carlsbad, 
CA) supplemented with 10% fetal bovine serum. CCCP, valinomy-
cin, rotenone, EtBr, H2O2, MG-132, and cycloheximide were pur-
chased from Sigma-Aldrich (St. Louis, MO). Biotinylated K63-TUBE1 
was purchased from LifeSensors (Malvern, PA; UM304). Streptavi-
din–horseradish peroxidase (HRP) was purchased from R&D Systems 
(Minneapolis, MN).

The antibodies used were as follows: rabbit polyclonal antibody 
against PINK1 (BC100-494; Novus Biologicals, Littleton, CO); rabbit 
polyclonal antibody against PINK1 raised in our previous study 
(Murata et al., 2011a); antibodies against TRAF6 (rabbit monoclonal, 
8028), LC-3B (rabbit polyclonal, 2775), Flag (rabbit polyclonal, 
2368), Myc (mouse monoclonal, 2276), and HRP-labeled anti-mouse 
and anti-rabbit secondary antibodies (Cell Signaling Technologies, 
Danvers, MA); antibodies against TRAF2 (rabbit polyclonal, 592), 
Flag (rabbit polyclonal, PM020 for immunocytochemistry), and histi-
dine (rabbit polyclonal, PM032) (MBL, Woburn, MA); rabbit poly-
clonal antibody against SARM1 (NB100-94383; Novus Biologicals); 
antibodies against ubiquitin (mouse monoclonal, sc-8017), Tom20 
(mouse monoclonal, sc-17764), Tom20 (rabbit polyclonal, sc-11415), 
and Bcl-2 (mouse monoclonal, sc-7382; Santa Cruz Biotechnology, 
Santa Cruz, CA); antibodies against ubiquitin (mouse monoclonal, 
550944) and cytochrome c (mouse monoclonal, 556433; BD 
PharMingen, San Jose, CA); antibodies against tubulin (mouse 
monoclonal, T5168) and HA-agarose (mouse monoclonal, A2095 
for immunoprecipitation; Sigma-Aldrich); and HRP-labeled TrueBlot 
anti-mouse IgG (18-8817-33; eBioscience, San Diego, CA).

of PINK1-WT or TRAF6-WT restored the translocation of parkin 
after knockdown of endogenous PINK1 or TRAF6 (Figure 8F). 
Transfection with PINK1-KDD or TRAF6 mutants, however, did 
not show this effect. These results indicate that complex forma-
tion of PINK1 with SARM1 and TRAF6 is important for the mito-
chondrial recruitment of parkin.

DISCUSSION
In this study, we demonstrated that PINK1 forms a complex with 
SARM1 and TRAF6, which is important for localization of PINK1 in 
the outer membrane and stabilization of PINK1 on depolarized mi-
tochondria. TRAF6 ubiquitinates PINK1 at Lys-433 in a K63-linked 
manner via interaction with SARM1.

We identified SARM1 as an interacting protein of PINK1. SARM1 
is one of the TIR adaptor proteins with an important role in the im-
mune system and Toll-like receptor (TLR) signaling (O’Neill and 
Bowie, 2007). Signaling from TLRs involves five adaptor proteins: 
MyD88, TIRAP, TRIF, TRAM, and SARM1. We and other groups (Kim 
et al., 2007; Panneerselvam et al., 2012) showed that SARM1 is dis-
tinct from other adaptor proteins, in that SARM1 preferentially local-
izes in mitochondria. SARM1 is evolutionally most ancient, being the 
only member of the family to have a clear orthologue in C. elegans 
(Liberati et al., 2004). SARM1 is also conserved in Drosophila (Mink 
et al., 2001), zebrafish (Meijer et al., 2004), horseshoe crab (Belinda 
et al., 2008), and mouse (Kim et al., 2007). These homologues share 
a common domain constitution of ARMs, two SAM domains, and a 
TIR domain. The unique combination of three protein–protein inter-
action domains in SARM1 suggests that among the family of TLR 
adaptors, SARM1 probably functions differently from the other 
adaptor molecules (Dalod, 2007). In fact, SARM1 is preferentially 
expressed in neurons (Kim et al., 2007), in contrast to ubiquitous 
expression of the other proteins. In C. elegans, TIR-1, a homologue 
of SARM1, was reported to regulate neuronal asymmetry (Chuang 
and Bargmann, 2005; Chang et al., 2011). In mice, SARM1 was re-
ported to mediate stress-induced neuronal toxicity (Kim et al., 2007) 
and axonal degeneration (Osterloh et al., 2012). It would be inter-
esting to determine whether PINK1 is involved in these neuronal 
regulations with SARM1.

The ubiquitination of PINK1 by TRAF6 is a K63-linked type. Of 
the several types of ubiquitin chain topologies, K63-linked ubiquit-
ination is the only type known to fulfill diverse proteasome-indepen-
dent roles, including DNA repair (Hofmann and Pickart, 1999), 
endocytosis (Mukhopadhyay and Riezman, 2007), and NFκB signal-
ing (Wang et al., 2001). Lee et al. (2012) reported that PINK1 stimu-
lates interleukin-1β–mediated NFκB signaling via TRAF6. In this 
study, we found that K63-linked ubiquitination contributed to stabili-
zation of PINK1 and activation of mitophagy. On the other hand, it is 
believed that PINK1 is also modified with K48-linked ubiquitination 
for proteasome degradation because PINK1 is degraded under 
steady-state conditions and is accumulated by treatment with a pro-
teasome inhibitor (Figure 6D; Muqit et al., 2006). It would be intrigu-
ing to determine the E3 ligase and ubiquitination site(s) of PINK1 for 
K48-linked ubiquitination.

Lazarou et al. (2012) showed that PINK1 forms a 700-kDa com-
plex with TOM selectively on depolarized mitochondria. We found 
that SARM1 and TRAF6 promoted the association of PINK1 
with Tom20 and that the protein level of SARM1 increased upon 
mitochondrial depolarized conditions the same as PINK1. These 
results suggest that PINK1 and SARM1 are inserted in the outer 
membrane under depolarized conditions and then TRAF6 is 
recruited in the complex and ubiquitinates PINK1. We showed that 
the PINK1-ubiquitination defective mutant K433R is degraded 
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Immunocytochemistry
Cells were fixed with 4% paraformaldehyde and permeabilized with 
100% ethanol for 1 h at −20°C or with 0.01% digitonin for 10 min at 
room temperature. After incubation with respective first antibodies, 
the samples were incubated with Alexa Fluor 488 and 594 goat anti-
mouse and/or rabbit IgG antibody (Invitrogen). Mitochondria were 
stained with MitoTracker Orange CMTMRos (Invitrogen). The speci-
mens were observed using a confocal laser-scanning microscope 
(model LSM 510; Carl Zeiss, Jena, Germany).

In vitro assays for protein binding and ubiquitination
For in vitro assay, glutathione S-transferase (GST)–PINK1 (112–581 
amino acids) protein was purified from the bacterial lysates of BL21-
competent cells transformed with pGEX6P1-PINK1 using glutathi-
one Sepharose beads (GE Healthcare, Piscataway, NJ) according to 
the manufacturer’s standard procedures. SARM1-Flag, TRAF2-Myc, 
and TRAF6-Myc proteins were purified from the cell lysates of 
HEK293 cells transfected with plasmids using anti-Flag antibody or 
anti-Myc antibody with Dynabeads protein G. An in vitro ubiquitina-
tion assay was performed by incubation of purified GST-PINK1 and 
SARM1-Flag and TRAF2-Myc or TRAF6-Myc at 37°C for 2 h in 60 μl 
of reaction buffer (50 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 2 mM 
dithiothreitol, and 2 mM ATP) containing 50 μM ubiquitin (Boston 
Biochem, Cambridge, MA), 50 nM E1 (Boston Biochem), and 
500 nM E2 ubiquitin-conjugating enzyme (UbcH13/Uev1a; Boston 
Biochem). Ubiquitination of GST-PINK1 was detected by affinity 
purification with glutathione Sepharose beads, followed by Western 
blot analysis using anti-ubiquitin antibody.

Statistical analysis
Before statistical analysis, each experiment was repeated there 
times. The results are expressed as means ± SD For comparison, 
analysis of variance (ANOVA) was used. If the ANOVA showed a 
significant difference, the Bonferroni procedure was used as a post 
hoc test. p values of <0.01 were considered statistically significant.

Plasmid constructs
Conventional molecular biological techniques were used to gen-
erate the following expression constructs: C-terminal HA- or 
hexahistidine (6His)-tagged human wild-type PINK1, pathogenic 
PINK1 G309D and W437X mutants, and PINK1 catalytically inac-
tive KDD triple mutant (K219A/D362A/D384A; Beilina et  al., 
2005); C-terminal Flag- or 6His-tagged SARM1 and SARM1-
deletion mutants; C-terminal Myc-tagged TRAF2, N-terminal–
deleted TRAF2 mutant (DN-TRAF2), TRAF6, N-terminal–deleted 
TRAF6 mutant (DN-TRAF6), and TRAF6 catalytically inactive mu-
tant (C70A); N-terminal 6His- or Flag-tagged wild-type ubiquitin 
(Ub), Ub-K48R, and Ub-K63R; and N-terminal Flag-tagged par-
kin. All expression constructs were sequenced to ensure that the 
fusion was in the correct reading frame and there were no addi-
tional mutations.

Cell transfection
For plasmid transfection, cells were transfected with the indicated 
plasmids using FuGENE-HD (Roche Applied Science, Indianapolis, 
IN) according to the manufacturer’s instructions.

For RNA interference, siRNA targeting PINK1 (2742364, 
NM_032409; Qiagen, Valencia, CA), TRAF6 (2698952, NM_004620; 
Qiagen), SARM1 (M-008076-01-0005, NM_015077; Thermo Scien-
tific Dharmacon, Lafayette, CO) or TRAF2 (M-005198-00-0005, 
NM_021138; Thermo Scientific Dharmacon) was transfected into 
cells using Lipofectamine RNAiMAX (Invitrogen). The siRNAs for 
PINK1 and TRAF6 were targeted to 3′-untranslated region to enable 
a rescue experiment. A control siRNA with no known mammalian 
homology (siGENONE nontargeting siRNA pool #1, Thermo Scien-
tific Dharmacon) was used as a negative control.

Western blot analysis and immunoprecipitation
Western blot analysis was performed under conventional conditions 
after lysing cells with M-PER Mammalian Protein Extraction Reagent 
(Thermo Scientific, Waltham, MA) with PhosphoSTOP (Roche 
Applied Science). For immunoprecipitation, cells were lysed in 
ice-cold lysis buffer (40 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid [HEPES], pH 7.5, 120 mM NaCl, 1 mM EDTA, 10 mM 
pyrophosphate, 10 mM glycerophosphate, 50 mM NaF, 1 mM or-
thovanadate, and 0.3% 3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate [CHAPS]). One-tenth of cell lysates was used for 
direct Western blot analysis, and the remaining fractions were used 
for immunoprecipitation. They were incubated with 4 μg of respec-
tive antibodies for 2 h and precipitated after another incubation with 
30 μl of 50% slurry of Dynabeads protein G (Invitrogen) or monoclo-
nal anti–HA-agarose (Sigma-Aldrich). Immunoprecipitates were 
washed three times with the lysis buffer before elution. The band 
intensity was quantified by ImageJ (National Institutes of Health, 
Bethesda, MD).

Mass spectrometry
HEK293 (1 × 107 cells) were lysed in ice-cold lysis buffer (40 mM 
HEPES, pH 7.5, 120 mM NaCl, 1 mM EDTA, 10 mM pyrophos-
phate, 10 mM glycerophosphate, 50 mM NaF, 1 mM orthovana-
date, and 0.3% CHAPS). PINK1–protein complexes were har-
vested by immunoprecipitation with 4 μg of anti-PINK1 antibody 
and 30 μl of 50% slurry of Dynabeads protein G. The complexes 
containing PINK1 protein were pooled and resolved on SDS–
PAGE, followed by silver staining. Protein bands were excised 
from the SDS–PAGE gel, digested by trypsin, and analyzed by 
1100LC/MSD TRAP XCT Ultra (Agilent Technologies, Santa 
Clara, CA).
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