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Introduction
Loss-of-function mutations in PINK1 and Parkin cause early 
onset Parkinson’s disease (Kitada et al., 1998; Valente et al., 
2004). Genetic studies in Drosophila and cell biology studies in 
mammalian cells place PINK1 upstream of Parkin in the same 
pathway and indicate they may normally mediate mitochondrial 
quality control (Narendra et al., 2012; Ashrafi and Schwarz, 2013; 
Winklhofer, 2014).

PINK1 is a kinase that is imported into mitochondria, cleaved 
by the inner membrane protease PARL to generate an N-end 
degron and then eliminated by the proteasome (Lin and Kang, 
2008; Jin et al., 2010; Deas et al., 2011; Yamano and Youle, 2013). 
When mitochondria lose membrane potential or amass unfolded 
protein, PINK1 accumulates on the outer membrane via TOM7 in 
association with the TOM complex (Hasson et al., 2013). On the 
outer mitochondrial membrane (OMM), PINK1 recruits the E3 
ubiquitin ligase Parkin (Geisler et al., 2010; Narendra et al., 2010; 
Vives-Bauza et al., 2010) and activates latent Parkin activity 
(Matsuda et al., 2010) to ubiquitinate scores of OMM proteins 
(Sarraf et al., 2013). This leads to proteasomal degradation of 

OMM proteins (Tanaka et al., 2010; Chan et al., 2011; Yoshii et al., 
2011) and to selective autophagy of damaged mitochondria 
(Narendra et al., 2008), suggesting that PINK1 and Parkin medi-
ate a mitochondrial quality control pathway.

How PINK1 recruits Parkin to the OMM and what PINK1 
kinase substrate is involved have been unclear. A leading can-
didate is Parkin itself, as PINK1 directly phosphorylates Parkin 
at serine 65 (S65; Kondapalli et al., 2012; Shiba-Fukushima et al., 
2012). This model is consistent with data that PINK1 experi-
mentally localized to peroxisomes or lysosomes can recruit 
Parkin to these locations (Lazarou et al., 2012). Here we show 
that PINK1 recruits Parkin to mitochondria despite mutation  
of S65 to alanine or individual mutation of all other Ser/Thr 
residues conserved between Drosophila and human Parkin. 
This indicates that another PINK1 substrate mediates Parkin 
translocation and activation. Using mass spectrometry we iden-
tified ubiquitin (Ub) as an endogenous PINK1 substrate and 
found that both a phosphomimetic mutant Ub in cells and 
phospho-Ub in vitro can activate Parkin. Interestingly, PINK1 

PINK1 kinase activates the E3 ubiquitin ligase Parkin 
to induce selective autophagy of damaged mitochon-
dria. However, it has been unclear how PINK1 acti-

vates and recruits Parkin to mitochondria. Although PINK1 
phosphorylates Parkin, other PINK1 substrates appear to 
activate Parkin, as the mutation of all serine and threonine 
residues conserved between Drosophila and human, 
including Parkin S65, did not wholly impair Parkin trans-
location to mitochondria. Using mass spectrometry, we dis-
covered that endogenous PINK1 phosphorylated ubiquitin 
at serine 65, homologous to the site phosphorylated by 

PINK1 in Parkin’s ubiquitin-like domain. Recombinant 
TcPINK1 directly phosphorylated ubiquitin and phospho-
ubiquitin activated Parkin E3 ubiquitin ligase activity in 
cell-free assays. In cells, the phosphomimetic ubiquitin 
mutant S65D bound and activated Parkin. Furthermore, 
expression of ubiquitin S65A, a mutant that cannot be 
phosphorylated by PINK1, inhibited Parkin translocation 
to damaged mitochondria. These results explain a feed-
forward mechanism of PINK1-mediated initiation of Par-
kin E3 ligase activity.
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either UBL or S65A Parkin, indicating that phosphomimetic mu-
tation at S65 did not increase Ub ligase activity (Fig. 1 E, lane 8).

Abolishing Parkin phosphorylation at S65 did not com-
pletely inhibit its PINK1-dependent activation, indicating that 
another PINK1 substrate must be involved. Therefore, we de-
signed an unbiased proteomics approach to identify PINK1 sub-
strates using mass spectrometry (MS; Fig. 2 A). Mitochondria 
were isolated from WT and PINK1 KO cells after CCCP treat-
ment. Isolated mitochondria were treated with trypsin to release 
exposed OMM protein peptides, the remaining intact mitochon-
dria were pelleted, and the supernatant was treated overnight with 
trypsin to ensure complete digestion of peptides. These peptides 
were then analyzed on an mass spectrometer and the results were 
queried for phosphopeptides present only in the PINK1 WT sam-
ples. This interrogation yielded a unique phosphopeptide corre-
sponding to Ub phosphorylated at S65 in WT samples that was 
not identified in PINK1 KO samples (Fig. 2 B). This phospho-
peptide was observed as a triply charged peak (at m/z 737.38). 
The extracted ion chromatograms of this peak, showing the in-
tensity of the phospho-Ub peptide TLSDYNIQKEpSTLHLVLR 
(bold-type pS, phospho-Ser), confirmed the presence of this pep-
tide (Fig. 2 C, asterisk) only in WT (Fig. 2 C, red) and not in 
PINK1 KO mitochondria (Fig. 2 C, blue). To verify this, we incu-
bated recombinant His-Ub in vitro with mitochondria isolated 
from control or CCCP-treated cells. The same Ub phosphopep-
tide was observed in three separate forms with different charge 
states, quadruply, triply, and doubly charged (at m/z 553.29, 
737.38, and 1105.57, respectively), and all of these forms were 
observed only in His-Ub samples exposed to mitochondria from 
CCCP-treated cells (Fig. 2 D, red) and not from untreated con-
trols (Fig. 2 D, blue). A second LC/MS/MS acquisition was 
performed using peptides from in vitro–phosphorylated His-Ub 
using different fragmentation methods, including ETD (electron-
transfer dissociation) and HCD (higher-energy collisional disso-
ciation). Both ETD and HCD spectra confidently identified the 
phosphopeptide TLSDYNIQKEpSTLHLVLR and clearly dem-
onstrated phosphorylation at the S65 site (Fig. 2, E and F). Label-
free quantitation of nonphosphorylated peptides detected for 
Ub showed that the total amount of endogenous Ub in PINK1 
WT vs. KO samples and the amount of His-Ub in the in vitro 
samples was comparable (Table S2). This indicates that detec-
tion of the phosphopeptide was due to a dramatic increase in 
phosphorylation, not a change in the abundance of Ub. Phos-
phorylation of Ub S65 by PINK1 mirrors PINK1 phosphoryla-
tion of Parkin’s UBL domain on the homologous Parkin S65 
residue (Kondapalli et al., 2012). There are several divergent 
residues between Ub and Parkin in this region that distinguish 
phospho-Ub from phospho-Parkin (Fig. 2 G).

To confirm that PINK1 directly phosphorylates Ub, we 
used recombinant Tribolium castaneum PINK1 (TcPINK1; 
Woodroof et al., 2011) to phosphorylate recombinant HA-Ub  
in vitro (Fig. 3 A). Over 45 min, TcPINK1 WT caused a shift of 
HA-Ub on Phos-tag gels (arrow, phospho-HA-Ub) that increased 
with time and disappeared with phosphatase (Fig. 3 A, lane 11, 
CIP). Kinase-dead (KD) mutant TcPINK1 had no effect on Ub 
migration. TcPINK1 WT also shifted on the Phos-tag gels (arrow, 
phospho-MBP-TcPINK1), indicative of auto-phosphorylation 

phosphorylates Ub at S65, a residue that is homologous with the 
S65 site PINK1 phosphorylates on the Parkin ubiquitin-like 
(UBL) domain.

Results and discussion
The mechanism of PINK1-mediated activation of Parkin has 
remained elusive (Trempe et al., 2013; Wauer and Komander, 
2013). Parkin is cytosolic, but translocates to damaged mitochon-
dria where it ubiquitinates proteins (Fig. 1 A). Several Ser/Thr 
phosphorylation sites have been reported on Parkin (see Table S1), 
and in particular, S65 is suggested to be involved in activating its 
E3 ligase activity (Kondapalli et al., 2012; Shiba-Fukushima et al., 
2012; Iguchi et al., 2013). Though ParkinS65A does not translo-
cate to damaged mitochondria as efficiently as the wild type (WT), 
it completely translocates in over 25% of cells after carbonyl cya-
nide 3-chlorophenylhydrazone (CCCP) treatment (Table S1 and 
Fig. 1 B), consistent with other studies (Shiba-Fukushima et al., 
2012; Iguchi et al., 2013). ParkinUBL, which lacks the UBL 
domain, including S65, also translocates to damaged mitochon-
dria (Table S1 and Fig. 1 B). To investigate the involvement of 
other phosphorylation sites in Parkin activation, we mutated all 
Ser/Thr residues in human Parkin that are conserved with Dro-
sophila Parkin and all that are conserved only among mammalian 
homologues to nonphosphorylatable alanine residues (Table S1). 
Other than S65A, no mutants of previously reported phosphory-
lation sites showed more than a 20% deficit in translocation as 
compared with WT (3-h CCCP treatment; Table S1 and Fig. 1 B), 
nor did mutation of any other conserved Ser/Thr (Table S1 and 
Fig. S1). The translocation of Parkin WT, UBL, and S65A is 
dependent on PINK1, as they fail to translocate in PINK1 knock-
out (KO) cells (Fig. 1 C).

Phosphorylation of Parkin was investigated further using 
Phos-tag gels. In the absence of CCCP, there was no evidence of 
phosphorylation of Parkin (Fig. 1 D, lanes 2, 4, 6, and 8). After 
a 3-h CCCP treatment, Parkin WT exhibited a shift on the Phos-tag 
gel indicative of phosphorylation (Fig. 1 D, lane 3, arrow) that was 
eliminated by phosphatase (Fig. 1 D, lane 1, CIP). ParkinUBL, 
S65A, and S65E do not display a gel shift (Fig. 1 D, lanes 5,  
7, and 9), confirming that S65 is the major site of Parkin phosphor
ylation (Kondapalli et al., 2012; Shiba-Fukushima et al., 2012). 
Because ParkinUBL and S65A are capable of PINK1-dependent 
translocation to mitochondria, phosphorylation of Parkin is not 
required for its relocalization.

To further explore the importance of S65 phosphorylation 
in the activation of Parkin, mutants were assessed in an in vitro 
assay of Mfn1 ubiquitination (Fig. 1 E; Lazarou et al., 2013). 
Mfn1 appeared as one band (Fig. 1 E, bottom arrow) when cyto-
sol expressing any form of Parkin was incubated with mitochon-
dria isolated from vehicle-treated cells (Fig. 1 E, lanes 1, 3, 5, and 7). 
Each of the mutant forms of Parkin caused ubiquitination of 
Mfn1 (Fig. 1 E, top arrow, Ub) when the assay was performed 
using mitochondria from CCCP-treated cells (Fig. 1 E, lanes 2, 
4, 6, and 8). The poly-Ub bands in CCCP-treated samples were 
more prevalent with WT Parkin than with any mutant, but were 
still observed for UBL and S65A Parkin (Fig. 1 E, lanes 4 and 6, 
polyUb). S65E was not more efficient at Mfn1 ubiquitination than 

http://www.jcb.org/cgi/content/full/jcb.201402104/DC1
http://www.jcb.org/cgi/content/full/jcb.201402104/DC1
http://www.jcb.org/cgi/content/full/jcb.201402104/DC1
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Figure 1.  Mutation of conserved serine/threonine residues of Parkin does not completely inhibit Parkin translocation or activity. (A) YFP-Parkin is normally 
cytosolic (left panels), but upon mitochondrial damage (10 µM CCCP for 2.5 h), YFP-Parkin translocates to mitochondria and causes the ubiquitination 
proteins (right panels). Cells were stained for Tom20 (mitochondria, blue) and Ub (red). (B) ParkinUBL, as well as alanine mutants of Ser/Thr residues 
previously reported to be phosphorylated, were all capable of translocating to damaged mitochondria (10 µM CCCP for 2.5 h). Fewer cells expressing 
ParkinS65A displayed mitochondrial translocation than any other mutant (see Table S1). Cells were stained for Parkin (green) and Tom20 (mitochondria, 
red). For quantification and references of observed phosphorylation, see Table S1. (C) CCCP-treated (10 µM CCCP for 3 h) PINK1 KO cells expressing 
the indicated Parkin mutants showed that Parkin translocation is PINK1 dependent. (D) Phos-tag and SDS-PAGE gels revealed a shift of WT Parkin on Phos-
tag gels after CCCP treatment (arrow), indicating it is phosphorylated (lane 2 vs. lane 3), and this phosphorylation was removed by phosphatase (CIP, 
lane 1). ParkinUBL, S65A, and S65E displayed no observable shift. (E) Parkin in vitro ubiquitination assay revealed that Parkin mutants are capable of 
ubiquitinating Mfn1 (bottom arrow). Cytosolic extracts from cells expressing the indicated Parkin mutants were incubated with mitochondria from cells not 
expressing Parkin (±CCCP). Ubiquitination of Mfn1 was observed (arrow + Ub and polyUb) only in the presence of mitochondria from CCCP-treated cells. 
Bars: (A–C) 10 µm.

http://www.jcb.org/cgi/content/full/jcb.201402104/DC1
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Figure 2.  Proteomics search for PINK1 substrates revealed that PINK1 phosphorylates ubiquitin. (A) Workflow of the sample preparation for the PINK1 
substrate search. (B) Identification of Ub in mitochondria from CCCP-treated PINK1 WT or KO cells. (C) Extracted ion chromatogram of the m/z 737.38 
form of the Ub phosphopeptide TLSDYNIQKEpSTLHLVLR from endogenous PINK1 WT (red) and KO (blue) samples as prepared in A. (D) Extracted ion 
chromatograms of the Ub phosphopeptide TLSDYNIQKEpSTLHLVLR as observed with m/z 553.29, 737.38, and 1105.57 for the in vitro–phosphorylated 
His-Ub incubated with either CCCP-treated (red) or untreated (blue) mitochondria. Insets in C and D represent zoomed sections surrounding the phos-
phopeptide peak (asterisks). (E and F) Representative spectra for the Ub phosphopeptide TLSDYNIQKEpSTLHLVLR from in vitro–phosphorylated His-Ub 
from electron-transfer dissociation (panel E, ETD) and higher-energy collisional dissociation (panel F, HCD) fragmentation methods. ETD and HCD spectra 
obtained for this peptide from PINK1 WT mitochondria samples prepared as in A were almost identical to the spectra shown in E and F. (G) Alignment of 
Ub and the UBL domain of Parkin with the conserved S65 (bold) and unique Ub peptide observed by MS (red). Bold-type pS, phospho-Ser.
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mitochondria (Fig. 4, A and B). The inhibiting effect of HA-
UbS65A was seen in cells that expressed high amounts of HA-Ub, 
presumably for the UbS65A to predominate over the endoge-
nous level of Ub, but similar high levels of WT HA-Ub did not 
inhibit Parkin translocation.

Immunoprecipitation of WT HA-Ub revealed a small 
amount of Parkin bound at a high molecular weight, indicating 
auto-ubiquitination activity (Fig. 4 C) as reported previously 
(Matsuda et al., 2010). The level of active Parkin bound to HA-
UbS65A was similar to that of WT, whereas the phosphomimetic 
mutant HA-UbS65D and, to a lesser extent S65E, bound a greater 

previously observed (Kondapalli et al., 2012; Okatsu et al., 2012). 
With the same in vitro system, we also found that TcPINK1 WT, 
but not KD, incorporates 32P from radiolabeled ATP onto Ub  
(Fig. 3 B). Three independent methods (MS, Phos-tag, and radiola-
beling) showed that PINK1 is a Ub kinase, and MS unambiguously 
identifies this phosphorylation to occur specifically at Ub S65.

We next sought to understand the consequences of Ub 
phosphorylation on Parkin activity. YFP-Parkin translocation oc-
curred normally in cells overexpressing HA-Ub WT (Fig. 4 A, 
1 h CCCP), whereas overexpression of HA-UbS65A caused  
a >50% decrease in the number of cells with YFP-Parkin on 

Figure 3.  Phos-tag gels and 32P radiolabeling of in vitro phosphorylation of ubiquitin by PINK1. (A) Recombinant MBP-TcPINK1 WT, but not MBP-TcPINK1 
KD, causes HA-Ub to shift on Phos-tag gels (top, lanes 7–10, phospho-Ub) but not SDS-PAGE (bottom). This shifted band is removed by phosphatase treat-
ment (+CIP, lane 11). MBP-TcPINK1 WT is also shifted on Phos-tag gels, indicating auto-phosphorylation. (B) Radiolabeled phosphate was incorporated 
into recombinant Ub during incubation with -[32P]ATP and WT (but not KD) MBP-TcPINK1.
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Figure 4.  Phospho-ubiquitin activates Parkin. (A) YFP-ParkinWT translocates to damaged mitochondria in cells expressing high levels of WT HA-Ub (red, HA 
immunostaining, 10 µM CCCP for 1 h). Cells expressing high levels of HA-UbS65A have impaired YFP-Parkin translocation. Bars, 10 µm. (B) Quantification of 
A shown as averages ± SD from n = 3 experiments, 100 cells/experiment. (C) Immunoprecipitation of HA-Ub WT, S65D, S65E, and S65A from cells stably 
expressing YFP-Parkin revealed a stronger interaction between activated YFP-Parkin and HA-UbS65D and HA-UbS65E than WT or S65A. In the absence of 
HA-Ub, some YFP-Parkin bound to the HA IP beads (†), and this was consistent in all immunoprecipitations. The higher molecular weight form of YFP-Parkin 
was found only in the HA-Ub and was bound to a much larger extent to the HA-UbS65D and S65E. (D) Quantification of C shown as averages ± SD from 
n = 3 experiments. (E) ParkinC431S forms an oxyester-bound Ub intermediate upon activation with CCCP, which is cleaved by NaOH (lanes 1 and 2). The 
oxyester was not detected in cells without CCCP, with overexpressing HA-UbWT (lane 9), but was detected with overexpression of HA-UbS65D for both YFP-
ParkinC431S and YFP-ParkinS65A/C431S (lanes 13 and 15). (F and G) HA-Ub was in vitro phosphorylated by (F) incubation with mitochondria from control 
or CCCP treated cells or (G) recombinant MBP-TcPINK1 WT or KD using the same protocol as used for the Phos-tag gels in Fig. 3 A. This HA-Ub was then 
added to an in vitro reaction (at 4 ng and 20 ng) with recombinant Parkin, E1, E2, untreated Ub (to a total of 1 µg), and ATP. In both cases the addition of 
phospho-Ub to the reaction caused an increase in Parkin activity (Ubn). (H) To ensure activation in F was due to S65 phospho-Ub, the experiment was repeated 
with WT, S65A, and no Ub (). Activation was only observed with WT His-Ub (top). MBP-TcPINK1 was removed from the His-Ub phosphorylation reaction by 
binding to amylose beads (bottom). The “†” symbol in G and H represents a nonspecific band. *, P < 0.01; ***, P < 0.001.
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We investigated if phosphorylated Ub could activate Parkin 
in vitro. HA-Ub was incubated with mitochondria isolated from 
control or CCCP-treated cells, and the mitochondria (containing 
PINK1 in the CCCP sample) were then removed by centrifuga-
tion. The supernatant was added to recombinant Parkin, E1 and 
E2 enzyme, untreated HA-Ub, and ATP. The inclusion of HA-Ub 
that had been exposed to CCCP-treated mitochondria caused an 
activation of Parkin, as evidenced by the accumulation of poly-
Ub chains in the fourth lane (Fig. 4 F, Ubn). To determine if this 
activation was specific to PINK1-phosphorylated Ub, we incu-
bated HA-Ub with recombinant TcPINK1 WT, removed the 
PINK1, and then added this to a cell-free assay with recombinant 
Parkin, E1 and E2 enzyme, untreated HA-Ub, and ATP and ob-
served a robust activation of Parkin with WT TcPINK1-treated 
HA-Ub (Fig. 4 G). This activation was a result of phosphorylation 
of Ub at S65, and not a result of phosphorylation at a different 
residue because His-UbS65A did not activate nor was it a result 
of residual PINK1, as it was completely removed (Fig. 4 H, top 
and bottom, respectively). These data indicate that phospho-Ub 

amount of activated YFP-Parkin (Fig. 4, C and D), suggesting that 
the phosphomimetic Ub increases the level of Parkin activation 
and/or has a higher affinity to activated Parkin than WT Ub.

To further explore the activation of Parkin by phosphomi-
metic Ub in cells, we used ParkinC431S to trap an enzymatic in-
termediate oxyester-bound Ub upon activation by PINK1 (Iguchi 
et al., 2013; Lazarou et al., 2013; Zheng and Hunter, 2013). This 
oxyester is present after CCCP treatment on YFP-ParkinC431S 
(Fig. 4 E, lane 1) and is decreased by the selective hydrolysis of 
this bond with NaOH (Fig. 4 E, lane 2). YFP-ParkinS65A/C431S 
was activated to a lesser extent (Fig. 4 E, lane 3), indicating that 
Parkin S65 phosphorylation participates in activation. Expression 
of HA-UbS65A inhibited both ParkinC431S and ParkinS65A/
C431S activation, showing a role of Ub phosphorylation in acti-
vation (Fig. 4, lanes 5 and 7). Strikingly, in the absence of CCCP, 
overexpression of HA-UbS65D causes oxyester formation simi-
larly on YFP-ParkinC431S and YFP-ParkinS65A/C431S (Fig. 4 E, 
lanes 13 and 15), indicating that phosphorylation of Parkin is 
not required for activation by phosphomimetic Ub in cells.

Figure 5.  A model of PINK1 phosphorylation of ubiquitin to activate Parkin and the conservation of S65 among UBL proteins and domains. (A) A model 
of the cyclical activation of Parkin by PINK1 phosphorylation and amplification of the cascade via PINK1 phosphorylation of ubiquitin. (B) Alignment of 
the ubiquitin-like domains of several small ubiquitin-like proteins shows several conserved serines at the sites homologous to ubiquitinS65. (C) Alignment of 
other UBL domain–containing proteins with Parkin’s UBL revealed that other proteins contain a homologous serine or threonine at the S65 position. Arrow 
indicates the position of Ub S65 in UBL proteins (B) and UBL domain–containing proteins (C).
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DNA constructs
PCR based mutagenesis was used to make all Parkin and Ub phospho-site 
mutants in untagged Parkin in pcDNA3.1(+) vector and Ub in pCMV-HA 
vector; primers are listed in Table S3. Mutant His-Ub constructs were made 
by cloning WT and mutant Ubs into pET-16b vector. All constructs were se-
quenced to confirm the presence of the correct mutation.

Immunocytochemistry
For imaging, 4 × 104 HeLa cells were seeded in chamber slides (Lab-Tek 
chambered coverglass; Thermo Fisher Scientific) and transfected 24 h later 
with 0.3 µg of any indicated DNA with X-tremeGENE 9 (Roche). After treat-
ment, cells were fixed with 4% (vol/vol) paraformaldehyde (Electron Micros-
copy Services) in PBS for 20 min at room temperature and washed three 
times in PBS. Cells were permeabilized in 0.5% Triton X-100 in PBS and 
stained with the primary antibodies as follows: mouse monoclonal anti-Parkin 
(catalog no. sc-32282; Santa Cruz Biotechnology, Inc.), rabbit polyclonal 
anti-Tom20 (catalog no. sc-11415; Santa Cruz Biotechnology, Inc.), mouse 
monoclonal anti-ubiquitin (catalog no. MAB1510; EMD Millipore), and mouse 
monoclonal anti-HA (catalog no. MMS-101R; Covance) in 5% (wt/vol) BSA 
(Thermo Fisher Scientific) for 18 h at 4°C, followed by anti–mouse or anti–
rabbit Alexa Fluor 488– or Alexa Fluor 594–conjugated secondary antibod-
ies (Life Technologies). For Parkin translocation, counts of Ser/Thr mutant 
samples were manually counted for translocation phenotype (50 cells/
mutant in each of two independent replicates). All images were acquired 
using LSM software (Carl Zeiss) with fixed cells in PBS at room temperature 
on an inverted confocal microscope (LSM510 Meta; Carl Zeiss) using a 
63×/1.4 NA oil immersion Plan Apochromat objective.

In vitro ubiquitination assay
In vitro ubiquitination of Mfn1 by cytosol expressing Parkin. Cytosol fractions 
were isolated from HeLa cells transfected with Parkin, ParkinUBL, Par-
kinS65A, or ParkinS65E. Cells were homogenized in Solution B (20 mM 
Hepes-KOH, pH 7.6, 220 mM mannitol, 70 mM sucrose, and 10 mM 
KOAc) supplemented with complete protease inhibitor cocktail minus EDTA 
(Roche). Homogenates were centrifuged at 800 g for 10 min at 4°C and 
the following supernatant was then centrifuged at 100,000 g for 30 min at 
4°C to obtain the final cytosolic fraction. Mitochondria were isolated from 
HeLa cells expressing PINK1-V5-His in the absence of Parkin that were un-
treated or treated with 10 µM CCCP for 3 h. Cells were homogenized in 
Solution B and centrifuged at 800 g for 10 min at 4°C and the following 
supernatant was then centrifuged at 10,000 g for 20 min at 4°C to obtain 
the mitochondrial fraction.

Cytosolic extracts from HeLa cells were supplemented with 1 mM 
DTT and ATP-regenerating buffer from a 10× stock solution (20 mM Hepes-
KOH, pH 7.6, 10 mM ATP, 300 mM phosphocreatine, 10 mM MgCl2, 
10% glycerol, and 1.5 mg/ml creatine phosphokinase). Mitochondria (35 µg) 
were resuspended in 10 µl of energized cytosol and incubated at 30°C for 
90 min. The reactions were then stopped with 10 µl of 2× LDS sample buf-
fer (Invitrogen) supplemented with 200 mM DTT.

In vitro ubiquitination by recombinant Parkin. Reactions were com-
pleted in Solution B containing 100 nM E1 enzyme, 2 µl E2 enzyme, 100 ng 
recombinant Parkin, 1 mM DTT, and ATP-regenerating buffer (described 
above; Lazarou et al., 2013). The reactions were incubated for 90 min at 
30°C. Phosphorylated Ub was added in the indicated amounts to a reac-
tion with a total of 1 µg untagged Ub.

Purification of His-Ub WT and S65A
Escherichia coli BL21 DE3 (Invitrogen) competent cells were used to ex-
press the WT and mutant His-Ub proteins. Bacteria were transformed with 
the expression plasmid pET-16b harboring the cDNA for the appropriate 
proteins. The transformed cells were cultured on LB/ampicillin plates over-
night at 37°C. The bacterial colonies were then suspended in a small 
volume of LB media and transferred into 1 liter of Super Broth (3.2% tryp-
tone, 2.0% yeast extract, 0.5% NaCl, pH 7.5 [KD Medical]) containing 
100 mg/ml ampicillin (Sigma-Aldrich) at 37°C. Protein expression was  
induced by the addition of 1 mM isopropyl 1-thio-d-galactopyranoside (Sigma-
Aldrich) when the A600 reached 0.6–0.7. The cultures were allowed to prog-
ress for an aditional 4 h and the cells were harvested by centrifugation at 
5,000 g. The resulting pellets were resuspended in His-tag binding buffer 
(5 mM imidazole, 20 mM Tris-HCl, pH 7.9, 0.5 M NaCl, EDTA-free pro-
tease inhibitor mixture [Roche], and 10% glycerol) and were lysed by 
homogenization using a homogenizer (Emulsiflex-C3; Avestin). The super-
natants were subsequently centrifuged at 25,000 g for 30 min to remove 
any traces of cell debris, and were filtered through a 0.26-µm mem-
brane before performing His-tag affinity chromatography. The column was 

stimulates Parkin ligase activity and represents a mechanism of 
PINK1 activation of Parkin (Fig. 5 A).

PINK1 phosphorylation of free Ub in the vicinity of the 
OMM may activate Parkin proximal to mitochondria, or PINK1 
phosphorylation of Ub already linked to OMM proteins, such as 
Mfn and mitoneet, may bind and activate Parkin. Our MS re-
sults indicate that PINK1 is capable of phosphorylating Ub on 
the mitochondria in the absence of Parkin and we show in vitro 
phosphorylation of free Ub. Phosphorylation of Ub already 
present on a subset of OMM proteins before Parkin activation 
may in part explain the variety of proteins previously reported 
to be Parkin receptors. PINK1 phosphorylation of Ub to activate 
Parkin would also explain how PINK1 experimentally located 
on peroxisomes and lysosomes recruits and activates Parkin ec-
topically (Lazarou et al., 2012), as PINK1 could phosphorylate 
Ub present on peroxisomal or lysosomal proteins. It is also  
consistent with the stoichiometry of Parkin activation that its 
addition of Ub chains on the mitochondria would increase the 
mitochondrial-localized substrate for PINK1 Ub kinase activity 
to further recruit and activate more Parkin (Fig. 5 A).

Beyond PINK1 activation of Parkin, this novel modifi
cation of Ub may have other implications. Ub S65 is near the 
poly-Ub chain linkage site K63 and phosphorylation at S65 
may modulate Ub chain linkage. Several other UBL proteins 
have a serine conserved with Ub S65 (Fig. 5 B), suggesting that 
phosphorylation of these other proteins may be biologically im-
portant. One example is ISG15, which was identified to facili-
tate Parkin translocation in a genome-wide screen (Hasson et al., 
2013). Several UBL domain–containing proteins also have a 
conserved serine residue at the position homologous to Parkin 
S65 (Fig. 5 C). Included in this list are Ub-specific protease  
48 (USP48) and Ub-like domain-containing CTD phosphatase 
1 (UBLCP1), which are involved in processing K48-linked 
Ub chains. The presence of S65 sites in other small UBL pro-
teins and other UBL domain–containing proteins raises the 
possibility that other kinase and regulatory loops exist for 
these proteins.

Phosphorylation of Ub at S65 was previously identified 
by MS in a phosphoproteome analysis after EGF receptor stim-
ulation (Olsen et al., 2006). Whether this occurs through PINK1 
or another kinase is unclear. Other phosphoproteome analyses 
have indicated Ub may also be phosphorylated at T7 (Lee et al., 
2009; Shiromizu et al., 2013), T12 (Lee et al., 2009), Y59 (Rikova 
et al., 2007; Bodenmiller et al., 2008; Moritz et al., 2010; Gu 
et al., 2011), and S57 (Villén et al., 2007; Malik et al., 2009; 
Bennetzen et al., 2010; Phanstiel et al., 2011), although the ki-
nases involved remain unknown. PINK1 appears to be the first 
Ub kinase identified.

Materials and methods
Cell culture
All experiments were performed in HeLa cells cultured in DMEM (Life Tech-
nologies) supplemented with 10% (vol/vol) FBS, 2 mM glutamine (Life 
Technologies), 10 mM Hepes (Life Technologies), 1 mM sodium pyruvate 
(Life Technologies), and nonessential amino acids (Life Technologies). All 
CCCP treatments were performed by replacing growth media with fresh 
media containing 10 µM CCCP (Sigma-Aldrich).

http://www.jcb.org/cgi/content/full/jcb.201402104/DC1
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3-µm C18 beads; model ES802, Thermo Fisher Scientific) at a flow rate of 
300 nl/min with a 170-min linear gradient of 2–24% mobile phase B. Pro-
file and data-dependent modes were both used to collect MS data. Survey 
scan resolution was set at 60,000 at m/z 400 with a target value of 1 × 106 
ions. For MS scans, an m/z range of 300–2,000 was used. For MS/MS 
fragmentation the isolation window was set to 1.9 and product ion analysis 
was performed on the top ten most abundant ions. For most of the samples, 
the LC/MS/MS data were acquired using a CID fragmentation method. 
A second LC/MS/MS experiment was performed and CID, ETD, and HCD 
spectra were acquired for ions of interest. For CID MS/MS data acquisitions, 
ion trap normal scan rate was used, and for ETD the enhanced scan rate was 
used. The resolution of the HCD MS/MS scan was set at 15,000. Peak list 
files (.mgf) were created by conversion of Xcalibur RAW files using Mascot 
Distiller (version 2.4.3.3). Mascot Daemon (2.4.0) was used to search against 
the NCBI human database. A second database search was performed 
against the SwissProt human database. The relative amount of Ub found in 
PINK WT and KO mitochondria from cells and control and CCCP-treated mi-
tochondria in vitro was also calculated using a label-free quantitation tool of 
Mascot Distiller software (Table S2). For label-free quantitation, data were 
searched against the SwissProt Human database. Peptides used for calculat-
ing the protein ratio must pass the following criteria: not modified; peptide 
threshold at least identity; correlation > 0.9; standard error < 0.05; peak 
intensity > 1E5. Outliers were automatically detected and removed. The 
MS/MS spectra and the retention time of the peptides were manually checked 
as well.

In vitro kinase assays
MS His-Ub samples for MS analysis. 2 µg of His-Ub were incubated with 120 µg 
mitochondria (±CCCP treatment, same as described above for the in vitro 
ubiquitination assay) in Solution B supplemented with 1 mM DTT and ATP-
regenerating buffer for 1 h at 30°C with gentle mixing. The mitochondria 
were then pelleted at 20,000 g for 10 min and the supernatant was sub-
jected to another 10 min at 20,000 g to ensure complete removal of mito-
chondria. The supernatant of this reaction was then subjected to tryptic 
digestion and MS analysis as described above.

HA-Ub Phos-tag samples. 2.4 µg of HA-Ub was incubated with 2.4 µg 
of recombinant WT or KD MBP-TcPINK1 (resulting in a 1:10 molar ratio of 
TcPINK1/Ub) in kinase buffer (50 mM Tris-HCl, pH 7.5, 10 mM DTT, 0.1 mM 
EGTA, 10 mM MgOAc, and 100 µM ATP) and split into six reactions that 
were incubated at 30°C for 0, 2, 5, 15, or 45 min. One 45-min sample was 
further incubated with 100 units of calf intestinal phosphatase (CIP) for 1 h 
at 30°C. The equivalent of 100 µg of HA-Ub was loaded per lane.

HA-Ub for activation of Parkin. HA-Ub phosphorylated by PINK1 con-
taining mitochondria was incubated as described above for the His-Ub, and 
then used in a cell-free ubiquitination assay described above. HA-Ub was 
also phosphorylated by incubation with recombinant TcPINK1 WT or KD in 
Solution B with ATP-regenerating buffer and 2 mM DTT using 1 µg of HA-Ub 
and 2.5 µg PINK1 for 1 h at 30°C. The MBP-TcPINK1 was then removed 
from the reaction using 10 µl packed amylose resin beads (New England 
Biolabs, Inc.). The supernatant was then added to a cell-free ubiquitination 
reaction as described above.

Radiolabeled samples. 1 µg of recombinant MBP-PINK1 (WT and KD) 
and 5 µg of recombinant Ub (molar ratio 1:50) was incubated in 10 µl 
of kinase buffer in the presence of 0.8 µCi -[32P]ATP at 30°C for 1 h. 
Proteins were precipitated by trichloroacetic acid and analyzed by SDS-
PAGE. Incorporation of -[32P]ATP into substrates was detected by autora-
diography. MBP-PINK1 and Ub were also detected by immunoblotting using 
anti-MBP and anti-Ub antibodies, respectively.

Immunoprecipitations
YFP-Parkin stably expressing HeLa cells was transiently transfected with 
HA-Ub WT, S65A, S65D, or S65E. Cells were lysed in 50 mM Tris, 150 mM 
NaCl, and 0.5% Triton X-100, pH 7.4 (supplemented with protease inhibi-
tors [Roche]) for 15 min at 4°C. Lysates were then centrifuged at 20,000 g 
to remove unsolubilized debris. Cell lysates were then incubated with 5 µl 
anti-HA–conjugated beads (Cell Signaling Technology) for 1 h at 4°C. The 
beads were then washed 6× in 1 ml of wash buffer (50 mM Tris and 150 mM 
NaCl, pH 7.4) and bound protein was eluted by addition of NuPage LDS 
sample buffer (Life Technologies) and heating at 70°C for 5 min.

Oxyester formation
HeLa cells were transiently transfected with ParkinC431S and HA-Ub (WT, 
S65A, or S65D). Cells were then treated with 10 µM CCCP for 3 h. Cells 
were lysed in 20 mM Tris, 150 mM NaCl, and 1% Triton X-100, pH 7.4 
(supplemented with protease inhibitor cocktail [Roche]) for 20 min at 4°C. 

loaded with the prepared extract and washed with five volumes of binding 
buffer and six volumes of washing buffer (60 mM imidazole, 20 mM Tris-
HCl, pH 7.9, 0.5 M NaCl, and 10% glycerol). The bound proteins were 
eluted with two volumes of elution buffer (1 M imidazole, 20 mM Tris-HCl, 
pH 7.9, 0.5 M NaCl, and 10% glycerol). The eluted proteins were de-
salted and buffer exchanged using a PD-10 column with Solution B. The pro-
teins were further purified by ion-exchange chromatography on a MonoQ 
column (GE Healthcare) using negative because since the wild-type and 
mutant Ub proteins were preferentially excluded from the column while the 
contaminants, including nucleic acids, remained bound. The purified pro-
teins were >95% pure after the two purification steps.

Gel electrophoresis
All samples were run on 4–12% Bis-Tris gels using MOPS running buffer 
(Life Technologies). Western blotting was performed by wet transfer method 
in either NuPage transfer buffer or Tris-glycine transfer buffer (Life Technolo-
gies). HRP–coupled secondary antibodies and ECL chemiluminescent substrate 
(GE Healthcare) were used to detect immunoreactive proteins in blots. Im-
ages were acquired using an MP gel documentation system (Bio-Rad Labo-
ratories). Quantification of immunoprecipitation bands was performed 
using the volume tools in Image Lab software (Bio-Rad Laboratories) and 
statistical significance was determined using one-way ANOVA followed by 
Dunnett’s multiple comparisons test performed using Prism (GraphPad Soft-
ware). Primary antibodies used for Western blotting included those listed 
above for immunostaining as well as rabbit polyclonal anti-Mfn1 (made in 
house), rabbit polyclonal anti-PINK1 (catalog no. BC100-494; Novus Bio-
logicals), rabbit polyclonal anti-GAPDH (Sigma-Aldrich; catalog no. G9545), 
and mouse monoclonal anti-MBP (catalog no. E8038; New England Bio
labs, Inc.).

Phos-tag SDS-PAGE and immunoblotting
For detection of Parkin phosphorylation, HeLa cells transfected with the 
Parkin constructs indicated were washed 2× in PBS, collected in home-
made sample buffer (1× formulation) containing 2% (wt/vol) SDS, 10% 
(vol/vol) glycerol, 50 mM DTT, 60 mM Tris, pH 6.8, and 0.05% (wt/vol) 
bromophenol blue, and boiled for 5 min with vortexing before loading. 7% 
(wt/vol) polyacrylamide Tris-glycine gels were prepared with or without 
the addition of both Phos-tag acrylamide (10 µM final, Wako Chemicals 
USA; Kinoshita et al., 2006) and MnCl2 (20 µM final). For analysis of 
phospho-Ub, we used a neutral-pH Bis-Tris buffering system, which in our 
hands greatly improved Phos-tag gel resolution for small proteins (Kinoshita 
and Kinoshita-Kikuta, 2011). In brief, 12% (wt/vol) polyacrylamide Bis-Tris 
gels were prepared with or without the addition of both Phos-tag acryl-
amide (10 µM final) and ZnCl2 (20 µM final) and run in buffer containing 
100 mM MOPS, 100 mM Tris, 5 mM sodium bisulfite, and 0.10% SDS, 
pH 7.8. Phos-tag gels were soaked in transfer buffer containing 1 mM EDTA 
for 10 min to remove the Mn2+ or Zn2+ before transfer using standard pro-
tocols. All other steps in this analysis were identical to normal SDS-PAGE 
and immunoblotting protocols.

Mitochondrial isolation and MS sample preparation
PINK1 WT and KO cells were plated into three 15-cm dishes and grown to 
confluence. The media was replaced with media containing 10 µM CCCP 
for 18 h before harvesting cells. Mitochondria were prepared as described 
above. 100 µg of mitochondria from each cell type were incubated with 
0.5 µg trypsin (Promega) in Solution B at 24°C for 2 h. Mitochondria were 
then removed by centrifugation at 20,000 g for 20 min. The supernatant 
was then centrifuged a second time at 20,000 g for 10 min to ensure com-
plete removal of all intact mitochondria. The supernatant was then incubated 
with trypsin at 37°C overnight to ensure complete digestion of peptides.

MS analysis
The HLB µElution plate (Waters) was used to clean the peptide digests. These 
peptides were then analyzed using a nano-LC/MS/MS system with a high-
performance liquid chromatography system (UltiMate 3000; Thermo Fisher 
Scientific) attached to a mass spectrometer (Orbitrap Elite; Thermo Fisher 
Scientific) with an Easy-Spray ion source (Thermo Fisher Scientific) operated 
in positive nano-electrospray mode. For His-Ub in vitro phosphorylated 
with either control or CCCP-treated mitochondrial samples, an Easy-Spray 
column (75-µm inner diameter, 15-cm length, 3-µm C18 beads; model ES800, 
Thermo Fisher Scientific) was used to separate peptides at a flow rate of  
300 nl/min with a 38-min linear gradient of 2–24% mobile phase B (mobile 
phase A: 2% acetonitrile, 0.1% formic acid; mobile phase B: 98% acetoni-
trile, 0.1% formic acid). Peptides from PINK1 WT and KO samples were 
separated using an Easy-Spray column (75-µm inner diameter, 25-cm length, 
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