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Pink1, a mitochondrial kinase, and Parkin, an E3 ubiquitin ligase, function in mitochondrial maintenance. Pink1 
accumulates on depolarized mitochondria, where it recruits Parkin to mainly induce K63-linked chain ubiquitina-
tion of outer membrane proteins and eventually mitophagy. Parkin belongs to the RBR E3 ligase family. Recently, it 
has been proposed that the RBR domain transfers ubiquitin to targets via a cysteine~ubiquitin enzyme intermediate, 
in a manner similar to HECT domain E3 ligases. However, direct evidence for a ubiquitin transfer mechanism and 
its importance for Parkin’s in vivo function is still missing. Here, we report that Parkin E3 activity relies on cysteine-
mediated ubiquitin transfer during mitophagy. Mutating the putative catalytic cysteine to serine (Parkin C431S) 
traps ubiquitin, and surprisingly, also abrogates Parkin mitochondrial translocation, indicating that E3 activity is 
essential for Parkin translocation. We found that Parkin can bind to K63-linked ubiquitin chains, and that targeting 
K63-mimicking ubiquitin chains to mitochondria restores Parkin C431S localization. We propose that Parkin trans-
location is achieved through a novel catalytic activity coupled mechanism.
Keywords: Pink1; Parkin; mitophagy; E3 ubiquitin ligase; Parkinson’s disease; mitochondria
Cell Research (2013) 23:886-897. doi:10.1038/cr.2013.66; published online 14 May 2013

npgCell Research (2013) 23:886-897.
© 2013 IBCB, SIBS, CAS    All rights reserved 1001-0602/13  $ 32.00 
www.nature.com/cr

Introduction

Mitochondria, as the cellular energy and biosynthesis 
center, are monitored by a variety of surveillance mecha-
nisms to ensure their proper function [1]. Pink1 and 
Parkin, a duo of mitochondrial kinase and cytosolic E3 
ubiquitin ligase, identified from analysis of early-onset 
Parkinson’s disease mutations, have been shown to func-
tion in mitochondrial maintenance [2]. Loss of Pink1 or 
Parkin in Drosophila causes significant mitochondrial 
degeneration in indirect flight muscle, providing genetic 
evidence that both are involved in mitochondrial main-
tenance, and, interestingly, Parkin overexpression can 
partially suppress the phenotype of Pink1 mutant flies, 
indicating that Parkin may function downstream of Pink1 

[3-6]. Subsequently, Parkin was found to translocate 
from the cytosol to the surface of depolarized mitochon-
dria, and then trigger mitochondrial aggregation and au-
tophagy (mitophagy), defining a new quality control that 
clears damaged mitochondria [7]. There is evidence that 
Pink1 and Parkin may also regulate mitochondrial fusion, 
fission and motility [8-11]. The exact consequence of 
Parkin mitochondrial function may depend on the extent 
of mitochondrial damage. Besides this newly-defined mi-
tochondrial function, another well-studied disease-related 
function of Parkin is to regulate protein degradation [12, 
13] or promote protein aggresome formation through 
K63-linked ubiquitination [14].

How Pink1 senses mitochondrial status and regulates 
Parkin’s function has been intensively studied recently. 
Pink1 was found to be essential for Parkin translocation 
to mitochondria [10, 15-19]. Pink1 import into mitochon-
dria was shown to be sensitive to mitochondrial mem-
brane potential. When mitochondrial potential is normal, 
Pink1 is imported into mitochondria, and then cleaved by 
proteases and degraded [20]; when mitochondrial mem-
brane potential is impaired, Pink1 import is blocked and 
its kinase domain remains outside facing the cytosol and 
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triggers Parkin mitochondrial recruitment. Presumably, 
as a kinase, Pink1 can phosphorylate some mitochondrial 
surface proteins or itself serve as an anchor for Parkin. 
The possibility that there are unique mitochondrial an-
chors has been ruled out by a recent study: when Pink1 is 
ectopically targeted to peroxisomes, Parkin is redirected 
to peroxisomes and, interestingly, it induces their autoph-
agy [21]. In line with this observation, Pink1 has been 
shown to interact with Parkin [22]. Furthermore, recent 
studies showed that Pink1 can autophosphorylate itself 
and directly or indirectly trigger Parkin phosphorylation, 
which may activate its E3 ligase activity [23-25].

Parkin belongs to the RBR (RING-in-Between-RING) 
E3 ligase family, which has two tandem RING domains. 
Traditional RING E3 ligases activate direct transfer of 
ubiquitin from E2~Ub to substrate; in contrast, HECT 
domain E3 ligases first transfer ubiquitin to a catalytic 
cysteine before passing it to substrate [26]. It was re-
cently found, however, that HHARI and HOIP, both 
members of the RBR E3 ligase family, appear to function 
like HECT domain E3 ligases [27-29]. An intermediate 
cysteine~ubiquitin transfer step can be detected with both 
the HHARI and HOIP RBR domains in an in vitro assay. 
But for unknown reasons, the same thioester adduct can-
not be demonstrated on the Parkin RBR domain, even 
though the putative catalytic cysteine is conserved. The 
Parkin RING2 domain, containing the putative catalytic 
cysteine, may coordinate two Zn2+; while the HHARI 
RING2 domain, which transfers ubiquitin, has only one 
Zn2+ [30, 31]. Moreover, the idea that the RBR domain 
has an intermediate ubiquitin transfer step is based on the 
use of UbcH7, an E2 unable to pass ubiquitin directly to 
lysine. However, Parkin has been shown to function with 
other E2s that are competent to transfer ubiquitin directly 
to lysine [27, 32, 33]. Therefore, whether Parkin function 
relies on ubiquitin transfer via a catalytic cysteine needs 
to be investigated. 

In this study, we found that Parkin indeed functions by 
ubiquitin transfer via a cysteine~ubiquitin intermediate 
during mitophagy. Furthermore, we proved that Parkin 
E3 ligase activity is essential for Parkin mitochondrial 
translocation, and Parkin activated by Pink1 can bind 
to K63-linked ubiquitin chains. These unexpected find-
ings suggest that Parkin mitochondrial translocation 
is achieved through a novel catalytic activity coupled 
mechanism.

Results and Discussion 

The putative catalytic cysteine in Parkin RBR domain is 
essential for mitophagy and mitochondrial translocation

Mutation of the putative catalytic cysteine, Cys431, to 

phenylalanine has been found in Parkinson disease pa-
tients, indicating the importance of this cysteine for Par-
kin function [34]. However, whether the mutation affects 
ubiquitination of other Parkin substrates or its newly-
defined mitophagy function is not known. Using in vitro 
E3 ligase activity assays, Parkin has been shown to func-
tion with several E2s in addition to UbcH7. In contrast to 
UbcH7, those E2s can pass ubiquitin directly to lysine. 
Among them, Ube2N/Ube2V1 (UbcH13/Uev1a) has in-
trinsic K63-linked ubiquitin chain synthesis activity [35]. 
K63-linked ubiquitin chains are abundant on mitochon-
dria during Parkin-mediated mitophagy, and are known 
to signal the recruitment of autophagy machinery [15, 36, 
37], making Ube2N/Ube2V1 an attractive candidate E2 
for Parkin-mediated mitophagy. If Ube2N/Ube2V1 was 
Parkin’s partner during mitophagy, the newly-proposed 
ubiquitin transfer function of RBR domain might not be 
necessary. 

To test whether the presumptive catalytic cysteine is 
important for Parkin-mediated mitophagy, we mutated 
the conserved Cys431 to serine or alanine to create Par-
kin C431S or C431A. We expressed N-terminally Flag-
tagged wild-type (WT) Parkin, Parkin C431S and C431A 
in HeLa cells, which have very low endogenous Parkin 
levels and have been used in other studies [15-17]. Their 
ability to clear mitochondria damaged by CCCP (carbonyl 
cyanide m-chlorophenylhydrazone, a mitochondrial un-
coupler) was measured by immunostaining (Figure 1A). 
In the absence of CCCP, WT Parkin, Parkin C431S and 
C431A (Figure 1A and Supplementary information, Fig-
ure S1A) were cytosolic. After 1 h of CCCP treatment, 
WT Parkin was clearly detected on mitochondria, and 
after 3 h, mitochondrial aggregation became apparent in 
cells expressing WT Parkin as reported [7, 15]. In stark 
contrast, neither Parkin C431S nor Parkin C431A was 
able to trigger mitochondrial aggregation and mitophagy, 
nor were they recruited to mitochondria, remaining in 
the cytosol throughout 24 h of treatment (Figure 1A). 
The impact of this cysteine mutation on Parkin mito-
chondrial translocation was unexpected, as the cysteine 
to serine mutation was reported not to affect the overall 
structure of the RBR domain [27]. If this cysteine plays 
a catalytic role, according to the current model, Parkin 
C431S and C431A should still be able to translocate onto 
damaged mitochondria. One plausible explanation is that 
the mutation may affect the interaction between Pink1 
and Parkin. To test this possibility, we co-expressed the 
C-terminally HA-tagged Pink1∆MTS (mitochondrial 
translocation signal) with N-terminally Flag-tagged Par-
kin WT and Parkin C431S in HeLa cells. We found that 
Parkin WT and Parkin C431S immunoprecipitated using 
Flag-conjugated beads could pull down a similar amount 
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of Pink1∆MTS (Figure 1B), indicating that the C431S 
mutation does not affect interaction between Parkin and 
Pink1. The following results indicate that the defect of 
Parkin CS431S mitochondrial translocation is due to 
other mechanisms. 

Mutation of the putative catalytic cysteine to serine can 
trap ubiquitin 

Interestingly, when Pink1ΔMTS was co-expressed 
with Parkin, an extra higher molecular weight species, ~8 
kDa above the main band, was detected for Parkin C431S 
but not Parkin WT (Figure 1B). Parkin C431S also ex-
hibited the same extra band when cells were treated with 
CCCP, but this extra band was absent in untreated cells 
expressing Parkin C431S (Figure 1C). The size of the 
extra band is equal to that of a single ubiquitin-modified 
Parkin. Notably, Parkin C431A did not exhibit the extra 
band in cells treated with CCCP (Figure 1D). As serine, 
but not alanine, can trap ubiquitin through the formation 
of an oxyester bond, the extra band might be due to the 
formation of a ubiquitin adduct via S431. This CCCP-
induced extra band in Parkin C431S is not dependent on 
the presence of the Flag tag or the use of HeLa cells, as it 
could be detected with 6× His-tagged Parkin C431S and 
in 293 cells (data not shown).

To determine whether this extra band was ubiquitin-
modified Parkin, we transfected HeLa cells with Flag-
tagged Parkin C431S or Parkin WT together with HA-
tagged ubiquitin. After 3 h of CCCP treatment, cell 
lysates were prepared with 1% SDS-containing hot buf-
fer, and then diluted and subjected to immunoprecipita-
tion with anti-Flag (mouse) antibody conjugated beads. 
The immunoprecipitates were analyzed by immunoblot-
ting using anti-Flag (rabbit) and anti-HA antibodies (rat). 
The anti-HA antibodies recognized a band at exactly 
the same position as the higher molecular weight Parkin 
band detected by the anti-Flag antibodies (Figure 1E, left 
panel). As the oxyester bond of serine-trapped ubiquitin 
is labile to alkaline treatment, the immunoprecipitate 
was treated with hydroxylamine as described [38]. The 
higher molecular weight band disappeared after alkaline 
treatment (Figure 1E, right panel). To examine whether 
the formation of the ubiquitin~Parkin C431S adduct after 
CCCP treatment depends on Pink1, we expressed N-
terminally Flag-tagged Parkin WT and Parkin C431S in 
Pink1-null and WT fibroblasts, respectively. The ubiquit-
in-trapped band of Parkin C431S could only be detected 
in CCCP-treated WT but not in Pink1-null cells (Figure 
1F), indicating that Pink1 is required for ubiquitin trap-
ping by Parkin. These data suggest that Parkin-mediated 
mitophagy indeed relies on an intermediate ubiquitin 
transfer step, consistent with the recent in vitro biochem-

ical findings with the HHARI and HOIP RBR E3 ligases 
[27-29]. The fact that Parkin C431S ubiquitin trapping 
only happens when mitochondria are depolarized and 
Pink1 is present, implies that Parkin E3 ligase activity is 
switched from an inactive to an active state under these 
conditions, in a manner regulated by Pink1.

A recent study suggests that the E3 ligase activity of 
Parkin is inhibited by its N-terminal ubiquitin like (UBL) 
domain [32]. Deletion of the UBL domain increased 
Parkin E3 ligase activity and led to self-ubiquitination in 
an in vitro ubiquitination assay. On this basis, one might 
predict that removal of the UBL domain would trigger 
formation of the ubiquitin-trapped form of Parkin C431S. 
However, we were unable to detect the ubiquitin-Parkin 
adduct in UBL-deleted Parkin C431S with or without 
CCCP treatment (Supplementary information, Figure 
S1B). UBL-deleted Parkin could still localize to mito-
chondria and trigger mitochondrial aggregation (data not 
shown), although this response was delayed compared 
with Parkin WT, as reported [15, 17]. These data imply 
that the UBL domain has additional roles besides auto-
inhibition.

 
Co-expression of WT Parkin restores Parkin C431S mi-
tochondrial translocation 

As Parkin C431S can trap ubiquitin and still bind to 
Pink1ΔMTS, we inferred that the overall structure of 
Parkin is intact in this mutant. One intriguing interpre-
tation of the loss of mitochondrial localization is that 
Parkin E3 ligase activity may be required for Parkin 
mitochondrial accumulation. A direct consequence of 
loss of E3 activity is a lack of ubiquitin chain formation 
on mitochondria. We hypothesized that ubiquitin chains 
may play some role in Parkin localization. A simple idea 
was that restoration of ubiquitin chain formation on mi-
tochondria might be able to rescue the localization of 
Parkin C431S. As no tools are available to selectively 
catalyze ubiquitin chain formation on mitochondria, we 
tested whether co-expression of WT Parkin could rescue 
Parkin C431S localization by co-expressing Flag-tagged 
WT Parkin and GFP-tagged Parkin C431S at a 1:1 ratio 
of vector DNA in HeLa cells. Interestingly, expression of 
WT Parkin was able to completely rescue the mitochon-
drial localization of Parkin C431S upon CCCP treatment 
(Figure 2A). The protein ratio of GFP-Parkin C431S 
versus Flag-Parkin WT was about 3:1, as detected by 
anti-Parkin antibody immunoblotting (Figure 2A, right). 
These data support our hypothesis that ubiquitin chains 
are required for recruitment of Parkin to damaged mi-
tochondria, but an alternative explanation is that Parkin 
may form dimers or multimers when mitochondria are 
depolarized, which could drive recruitment of additional 
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Parkin molecules. To test whether Parkin formed multi-
mers, we co-expressed GFP- and Flag-tagged Parkin in 
HeLa cells. When Flag-Parkin was immunoprecipitated 
with anti-Flag conjugated beads, we could not detect 
GFP-Parkin in the immunoprecipate from either CCCP-
treated or -untreated cell lysate (Supplementary informa-
tion, Figure S1C). Nevertheless, these negative results 
cannot entirely exclude the possibility that Parkin mul-
timers formed through weak protein-protein interactions 
might play a role in Parkin recruitment to damaged mito-
chondria.

To test whether targeting the RBR domain alone to 
the outer surface of mitochondria is sufficient to rescue 
mitochondrial localization of Parkin C431S, we made 
a new chimeric protein by replacing the Pink1 kinase 
domain (Pink1 157-581 aa) with the Parkin RBR do-
main (216-465 aa), adding a Flag tag sequence between 
them. When the PINK1∆kinase-Flag-RBR protein was 
expressed in HeLa cells, it triggered mitochondrial ag-
gregation and mitophagy after CCCP treatment similar 
to WT Parkin (Supplementary information, Figure S1D). 
Co-expression of PINK1∆kinase-Flag-RBR protein also 
rescued the Parkin C431S mitochondria localization, 
whereas when the catalytic cysteine in RBR domain was 
mutated to serine, it failed to do so (Figure 2B). Both the 
PINK1∆kinase-Flag-RBR WT and PINK1∆kinase-Flag-
RBR C431S proteins accumulated on the mitochondria 
after CCCP treatment, as judged by immunostaining. 
These results suggest that Parkin catalytic activity is im-
portant for recruitment and Parkin multimer formation 

is unlikely to be solely responsible for the ability of WT 
Parkin to restore Parkin C431S mitochondrial localiza-
tion. 

Parkin binds K63-linked ubiquitin chains
In a recent study, a Parkin peptide array was used to 

map the binding region for its own UBL domain [32]. 
Interestingly, two motifs, one in RING0 and the other in 
the RBR region (the exact positions are not provided in 
the report) were found to have ubiquitin-binding capac-
ity. This observation prompted us to test whether Parkin 
can bind to polyubiquitin chains directly. For this pur-
pose, we expressed His-Sumo-GST and His-Sumo-Par-
kin in E. coli (the His-Sumo tag generated higher levels 
of soluble Parkin compared with GST or His tag). GST-
p62 UBA (384-440 aa) was used as a positive binding 
control for K63-linked ubiquitin chains. Using an in vitro 
binding assay for K63- and K48-linked ubiquitin chains, 
we found that His-Sumo-Parkin specifically pulled down 
K63- but not K48-linked polyubiquitin chains (Figure 
3A). Unfortunately, we were unable to express sufficient 
amounts of soluble Parkin RING0 and RBR domains 
to further dissect the region required for K63-linked 
ubiquitin chain binding. Parkin does not contain a con-
ventional ubiquitin-binding domain, but there are other 
examples in which ubiquitin binding has been observed 
in the absence of a conventional ubiquitin-binding motif. 
For example, the Rsp5 HECT domain E3 ligase contains 
a ubiquitin-binding site within its catalytic domain re-
quired for ubiquitin chain formation [39, 40]. 

Figure 1 Mutation of the putative catalytic cysteine to serine in the Parkin RBR domain blocks mitochondrial translocation and 
leads to ubiquitin trapping. (A) Mutation of the putative catalytic cysteine 431 to serine in the Parkin RBR domain abrogated 
its mitochondrial translocation. HeLa cells transfected with Flag-tagged Parkin WT or Parkin C431S were treated with CCCP. 
The cells were stained with anti-Flag (green), anti-Hsp60 (red) and Hoechst 33342 (blue). Scale bars, 10 μm. The graph cor-
responds to means ± SD of percent of cells exhibiting mitochondrial recruitment in three independent experiments, with 100 
anti-Flag staining-positive cells being counted per sample. (B) Interaction between Pink1 and Parkin was not affected by 
C431S mutation. HeLa cells were transfected with C-terminally HA-tagged Pink1∆MTS (mitochondrial translocation signal) 
and Flag-Parkin WT or Flag-Parkin C431S. Parkins were immunoprecipitated using anti-Flag M2 antibody conjugated beads; 
the immunoprecipitated Parkin was detected with anti-Flag antibody (rabbit) and the co-precipitated Pink1∆MTS-HA was de-
tected with anti-HA antibody (rat) by immunoblotting. An extra higher molecular weight species, ~8 kDa above the main band, 
was detected for Parkin C431S but not Parkin WT as indicated by arrows. (C) Co-expression of Pink1∆MTS-HA or CCCP 
treatment led to an extra higher molecular weight band of Parkin C431S. HeLa cells were transfected with Pink1∆MTS-HA 
and Flag-Parkin C431S or Flag-Parkin C431S alone. HeLa cells transfected with Flag-Parkin C431S were treated with CCCP 
for 3 h or untreated. Flag-Parkin C431S was detected with anti-Flag antibody (mouse) by immunoblotting. (D) The extra band 
in Parkin C431S was serine dependent. HeLa cells were transfected with Flag-tagged Parkin WT, Parkin C431S or Parkin 
C431A, and then treated with CCCP for 3 h. Flag-Parkins were detected by immunoblotting using anti-Flag antibody. (E) The 
extra band of Parkin C431S is caused by serine-trapped ubiquitin. HeLa cells were transfected with HA-ubiquitin and Flag-
Parkin WT or Flag-Parkin C431S. Flag-Parkins were immunoprecipitated by anti-Flag M2 antibody conjugated beads. The 
co-precipitated HA-ubiquitin conjugates were detected by immunoblotting with anti-HA rat antibody (left panel). The immuno-
precipitated Flag-Parkin C431S containing the serine-trapped ubiquitin was treated with sodium hydroxylamine as described 
in Materials and Methods, and detected by anti-Flag rabbit antibody (right panel). (F) Pink1 was essential for ubiquitin trap 
of Parkin C431S. Pink1-null and WT mouse fibroblasts were transfected with Flag-tagged Parkin WT or Parkin C431S, and 
treated with CCCP for 3 h. Parkin was detected by immunoblotting with anti-Flag antibody.



www.cell-research.com | Cell Research

Xinde Zheng and Tony Hunter
891

npg

The tertiary structure of linear ubiquitin chains is simi-
lar to that of K63-linked ubiquitin chains, because K63 is 
spatially close to the N-terminal methionine of ubiquitin 
and both chains have highly extended conformations [41]. 
Therefore, linear ubiquitin chains can in principle be 
used to mimic K63-linked ubiquitin chains. Knowing that 
Parkin can bind to K63-linked ubiquitin chains in vitro, 
we next tested whether the mitochondrial localization of 

Parkin C431S could be restored by co-expression of a 
chimeric Pink1 derivative in which its kinase domain is 
replaced by four tandem copies of ubiquitin G76V, which 
mimic a linear ubiquitin chain but cannot be cleaved in 
the cell by the ubiquitin processing machinery. When 
Pink1∆Kinase-Flag-1×ubiquitinG76V or Pink1∆Kinase-
Flag-4×ubiquitinG76V and GFP-Parkin C431S were 
co-expressed in HeLa cells, we found that after CCCP 

Figure 2 Co-expression of WT Parkin restores Parkin C431S mitochondrial translocation. (A) Parkin C431S localizes to 
damaged mitochondria when co-expressed with WT Parkin. HeLa cells transfected with N-terminal GFP-Parkin C431S 
and Flag-Parkin WT, and then treated with CCCP. The cells were stained with anti-Flag antibody (red), anti-Hsp60 antibody 
(white) and Hoechst 33342 (blue). The relative levels of GFP- and Flag-tagged Parkin were determined by immunoblotting 
using anti-Parkin antibody; untransfected HeLa cells were used as control. The blot was also probed by anti-GFP and anti-
Flag antibody, respectively. (B) A chimeric fusion of Pink1∆Kinase and Parkin RBR domain was sufficient to restore Parkin 
C431S mitochondrial localization. HeLa cells were transfected with GFP-Parkin C431S and Pink1∆Kinase-Flag-RBR WT or 
Pink1∆Kinase-Flag-RBR C431S, and then treated with CCCP and stained with anti-Flag antibody (red), anti-Hsp60 antibody 
(white) and Hoechst 33342 (blue). Scale bars, 10 μm. The graph shows means ± SD of percent of cells showing mitchondrial 
recruitment in three independent experiments, with 100 anti-Flag staining- and GFP-positive cells being counted per sample. 
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treatment, Pink1∆Kinase-Flag-4×ubiquitinG76V but not 
Pink1∆Kinase-Flag-1×ubiquitinG76V was able to restore 

GFP-Parkin C431S translocation to mitochondria (Figure 
3B). 

Figure 3 Parkin binds K63-linked ubiquitin chains. (A) Recombinant Parkin can pull down K63-linked polyubiquitin chains. 
GST-p62UBA was used as a positive control for K63-linked chain binding. The bound K63-linked ubiquitin chains were de-
tected by anti-ubiquitin antibody (left panel); K48-linked ubiquitin chains were detected by anti-ubiquitin chain antibody (right 
panel). The amount of recombinant proteins was determined by Ponceau S staining. (B) Expression of a chimeric Pink1 
whose kinase domain was replaced by a linear ubiquitin chain comprising four copies of G76V can restore Parkin C431S 
mitochondria localization. HeLa cells were transfected with GFP-Parkin C431S and Pink1∆Kinase-Flag-1×ubiquitinG76V or 
Pink1∆Kinase-Flag-4×ubiquitinG76V, and then treated with CCCP. The cells were stained with anti-Flag antibody (red), anti-
Hsp60 antibody (white) and Hoechst 33342 (blue). Scale bars, 10 μm. The graph shows means ± SD of percent of cells ex-
hibiting mitochondrial recruitment in three independent experiments, with 100 anti-Flag staining- and GFP-positive cells being 
counted per sample. 
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Figure 4 Pink1 activates ubiquitin chain binding ability of Parkin. (A) Mitochondrially-targeted linear ubiquitin chains alone 
are not sufficient to recruit Parkin C431S to mitochondria without CCCP treatment. HeLa cells were transfected with GFP-
Parkin C431S and Tom70-Flag-4×ubiquitinG76V or Tom70-Flag, and then treated with CCCP. The cells were stained with 
anti-Flag antibody (red), anti-Hsp60 (white) antibody and Hoechst 33342 (blue). (B) Expression of Pink1∆MTS can stimulate 
Parkin C431S localization to mitochondria carrying linear ubiquitin chains. HeLa cells were transfected with GFP-Parkin 
C431S/Tom70-Flag-4×ubiquitinG76V/Pink1∆MTS-HA; GFP-Parkin C431S/Tom70-Flag-4×ubiquitinG76V/Pink1∆MTS KD-
HA; or GFP-Parkin C431S/Tom70-Flag/Pink1∆MTS-HA, respectively. 12 h after transfection, cells were stained with anti-Flag 
antibody (red), anti-Hsp60 antibody (white) and Hoechst 33342 (blue). The graphs show means ± SD of percent of cells ex-
hibiting mitchondrial recruitment in three independent experiments, with 100 anti-Flag staining- and GFP-positive cells being 
counted per sample. (C) Pink1 might enhance Parkin ubiquitin chain binding. HeLa cells were transfected with Flag-Parkin 
WT together with Pink1∆MTS-HA or Pink1∆MTS KD-HA. Parkins were immunoprecipitated and then incubated with 6× His-
tagged K63-linked polyubquitin chain for 2 h. The bound ubiquitin chains were detected by anti-His antibody (mouse); Parkin 
was detected by anti-Flag rabbit antibody. 200 ng of 6× His-tagged K63-linked polyubquitin chains were loaded as a positive 
control for immunobloting. The total intensities of bound ubiquitin chains and the corresponding immunoprecipitated Parkin 
were determined by normalizing to the levels of Flag-Parkin without co-expression of Pink1∆MTS using Odyssey software. (D) 
A model for catalytic activity coupled Parkin mitochondrial recruitment. Details are in the main text. 

To examine whether the ubiquitin chain itself is suf-
ficient to recruit Parkin to mitochondria independently 
of Pink1 accumulation induced by CCCP treatment, we 
expressed Tom 70-Flag-4×ubiquitinG76V and Tom 70-
Flag. We found that CCCP treatment was still required to 
localize GFP-Parkin C431S to mitochondria (Figure 4A), 
suggesting that Pink1 has a role prior to Parkin ubiquitin 
chain binding. It should also be noted that expression of 
Tom 70-Flag-4×ubiquitinG76V per se was not sufficient 
to induce mitophagy in our experimental conditions, al-
though a small percentage of cells did exhibit perinuclear 
aggregation of mitochondria. 

As overexpression of Pink1∆MTS can activate Par-
kin, as can be inferred from the presence of ubiquitin-
trapped Parkin C431S (Figure 1C), we hypothesized 
that Pink1 might promote a structural change in Parkin 
to enhance its ubiquitin-binding ability. As the in vitro 
pull-down assay using His-Sumo-Parkin might simply 
reflect its basal K63-linked polyubiquitin chain bind-
ing activity, we needed to test whether Parkin activation 
increased K63-linked ubiquitin chain binding. For this 
purpose, we co-expressed a C-terminally HA-tagged 
Pink1ΔMTS or Pink1ΔMTS kinase-dead form (KD) to-
gether with Tom70-Flag-4×ubiquitinG76V. Tom70-Flag-
4×ubiquitinG76V and Pink1ΔMTS co-expression was 
able to trigger Parkin C431S mitochondrial translocation 
without CCCP treatment (Figure 4B). Mitochondrially-
targeted Tom70-Flag-linked ubiquitin chains were still 
required, as expression of Pink1ΔMTS with Tom70-
Flag was not able to trigger Parkin C431S mitochondrial 
localization (Figure 4B). When we used Flag-tagged 
Parkin purified from HeLa cells to pull down 6× His-
tagged K63-linked polyubiquitin chain, co-expression 
of Pink1ΔMTS but not Pink1ΔMTS KD was able to 
increase Parkin binding to K63-linked ubiquitin chains 
by ~5-fold (Figure 4C). This suggests that Pink1, either 

through direct phosphorylation or through an indirect 
mechanism, increases the ability of Parkin to bind K63-
linked ubiquitin chains.

In conclusion, our findings suggest an updated model 
of Parkin recruitment to damaged mitochondria (Figure 
4D). When mitochondria are depolarized, Parkin is first 
transiently recruited and activated by Pink1, and then 
starts to catalyze K63-linked ubiquitin chain formation 
on neighboring mitochondrial proteins; these newly-
synthesized K63-linked ubiquitin chains provide second-
ary docking sites for activated Parkin molecules, which 
then create additional K63 chains, amplifying the signal. 
Obviously, one advantage of this mechanism is that it al-
lows a single Pink1 molecule to activate multiple Parkin 
molecules. Parkin mitochondrial translocation is thus 
achieved through a catalytic activity coupled mechanism. 
The finding that Parkin has intrinsic ubiquitin chain-
binding capability may also help to explain a pathologi-
cal observation: Parkin is found in Lewy bodies (ubiquit-
in-enriched protein aggregate), a pathological hallmark 
of Parkinson’s disease [42]. 

During the preparation of our manuscript, a similar 
discovery was reported by Richard Youle’s group [43]. 
Using an elegant cell-free assay system, they found that 
Pink1 can stimulate the formation of a Parkin-ubiquitin 
thioester intermediate, and showed that this HECT-like 
ubiquitin E3 ligase activity is essential for mitochondrial 
translocation of Parkin in response to CCCP treatment. 
Interestingly, they found that Pink1 can trigger Parkin 
self-association independently of Parkin ubiquitin E3 
ligase activity, and they further showed that the RBR do-
main may account for Parkin self-association by target-
ing a WT RBR domain to mitochondria. An unanswered 
question is why Parkin E3 ligase activity is required for 
mitochondrial translocation. In our studies, we found 
that, unlike the WT RBR domain, a mitochondrially-
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targeted RBR C431S domain is unable to rescue Parkin 
C431S localization, indicating that ubiquitin chain for-
mation may explain the phenomenon observed by the 
Youle group [43]. Indeed, in our hands, targeting linear 
ubiquitin chains to mitochondria restores Parkin C431S 
mitochondrial localization. Nevertheless, ubiquitin 
chains themselves are not sufficient to recruit Parkin in 
the absence of Pink1 activity. We suspect that Pink1-
triggered Parkin self-association may be a prerequisite 
for stable Parkin-ubiquitin binding. Overall, these two 
independent studies provide strong evidence of a role 
for Parkin HECT-like E3 activity during mitophagy, and 
give us further molecular insights into the mechanism of 
Parkin mitochondrial translocation.

By using complementary interaction proteomics in 
an effort to identify all the potential Parkin substrates 
and their sites of ubiquitylation during Parkin-mediated 
mitophagy, Wade Harper’s group has recently found that 
numerous Parkin substrates can physically associate with 
Parkin; interestingly, those interactions were undetect-
able when Parkin C431S was used [44]. Another recent 
study reported a new function for Parkin showing that in 
response to cellular stress, Parkin is recruited to the lin-
ear ubiquitin chain assembly complex, and increases lin-
ear ubiquitylation of NEMO, a process that is critical for 
the activation of the NF-κB pathway [45]. Our finding 
that Parkin can associate with ubiquitin chains attached 
to substrates may provide an explanation for these obser-
vations.

Materials and Methods

Antibodies, plasmids and cell lines
Antibodies used in immunoblotting analysis were as follows: 

anti-Flag mouse antibody (1:5 000, Sigma, Clone M2), anti-Flag 
rabbit antibody (1:2 000, Sigma), anti-HA rat antibody (1:2 000, 
Roche), anti-Parkin mouse antibody (1:1 000, Santa Cruz, PRK8), 
anti-ubiquitin antibody (1:1 000, Santa Cruz, P4D1), anti-ubiquitin 
antibody, Lys48 specific (1:1 000, Millipore, Apu2), anti-polyhisti-
dine monoclonal antibody (1:1 000, Sigma, Clone HIS-1). cDNAs 
for human Parkin and PINK1 were cloned from the MGC human 
cDNA library. Parkin mutations were generated by QuikChange 
site-directed mutagenesis kit (Stratagene), and confirmed by se-
quencing. GFP-Parkin WT, GFP-Parkin C431S and C431A were 
expressed in pEGFP Clontech vectors, and Flag-tagged versions 
were expressed in pCMV-3tag Agilent vectors. Pink1∆MTS-HA 
was generated by removing the N-terminal 1-110 aa and expressed 
by pCMV-3tag vector in which the Flag tag was replaced by the 
HA sequence. Tetra-linearized ubiquitin G76V was generated by 
repetitive ligation of single ubiquitin G76V. HeLa cells, 293 cells, 
PINK1−/− and PINK1+/+ MEFs were cultured at 37 °C in a 5% CO2 
atmosphere in Dulbecco’s Modified Eagle’s Medium (DMEM) 
supplemented with 10% FBS. MEFs were transfected with lipo-
fectamine 2000 (Invitrogen), and HeLa cells were transfected with 
PolyJet™ DNA In Vitro Transfection Reagent (SignaGen). Mi-

tochondrial depolarization was induced by treatment with 10 µM 
CCCP for HeLa cells or 30 µM CCCP for MEF cells.

Immunocytochemical analysis
Antibodies used in immunocytochemistry were as follows: 

anti-Flag mouse antibody (1:1 000, Sigma, Clone M2), anti-Hsp60 
(1:1 000, Santa Cruz, N-20), Alexa 488, 546, 647, 680 conjugated 
donkey anti-mouse, donkey anti-goat, anti-rabbit antibodies were 
used as secondary antibodies at 1:1 000 (Invitrogen). Cells plated 
on chamber slides (Millipore) were fixed with 4% paraformalde-
hyde in PBS and permeabilized with 0.1% Triton X-100. Nuclei 
were counterstained with Hochest 33342 (Invitrogen). Cells were 
imaged using laser-scanning microscope systems (LSM 780, Carl 
Zeiss).

Expression and purification of recombinant proteins and 
ubiquitin chain pull-down assay

Human Parkin cDNA and GST sequence (from pGEX-6P-1) 
was cloned into pET SUMO protein expression vector modified 
from pET-28a by cloning budding yeast SUMO1 ORF down-
stream of 6× His tag. The UBA domain of p62 was cloned into 
pGEX-6P-1 vector. All the constructs were transformed into E. 
coli BL21 (DE3) gold (Stratagene). LB media were supplemented 
with 2 mM ZnCl2. Expression was induced with 1 mM IPTG for 
16 h at 16 °C. Cells were harvested and sonicated in 50 mM Tris-
HCl pH 7.5, 150 mM NaCl, 5% glycerol, 1 mM DTT, bound to 
TALON® Metal Affinity Resin (Clontech) or GST beads (Sigma) 
and incubated at 4 °C for 2-3 h. Beads were washed twice with 
the same extraction buffer, and the third wash was done with 
ubiquitin-binding buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 
5% glycerol, 0.2% Triton X-100, 1 mM DTT). 100 µl beads were 
used in 500 µl binding reaction containing K48- and K63-linked 
polyubiquitin chains (UC230, UC320 from Boston Biochem) at 5 
µg/ml, and incubated at 4 °C for 2 h. The beads were washed five 
times with ubiquitin-binding buffer, and boiled in 2× SDS-PAGE 
sample buffer. 

Immunoprecipitation and sodium hydroxylamine treatment
Flag-tagged Parkin WT, C431S and Pink1∆MTS-HA were 

cotransfected into HeLa cells. Cell lysates were prepared with 
standard lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 5% 
glycerol, 1% Triton X-100 plus protease and phosphatase inhibitor 
cocktail (Roche)). Anti-Flag M2 antibody conjugated beads were 
used to immunoprecipitate Flag-tagged proteins. For ubiquitin 
chain binding assays, His-tagged K63-linked polyubiquitin chains 
(UCH 330, Boston Biochem) were used at the concentration of 5 
µg/ml, and incubated with Flag-Parkin purified from ~108 trans-
fected HeLa cells. The ubiquitin binding buffer described above 
was used. For detection of serine-trapped ubiquitin, cell lysates 
were prepared with 1% SDS-containing hot buffer, boiled and then 
1:10 diluted and subjected to immunoprecipitation by anti-Flag 
(mouse) antibody conjugated beads. For hydroxylamine treatment, 
immunoprecipitates were incubated in 1 M sodium hydroxylamine 
for 2 h at 37 °C. Mock-treated samples were incubated with PBS 
as described [38].

Acknowledgments

We thank Dr Zhuohua Zhang (Sanford-Burnham Medical Re-



Parkin has HECT-like E3 activity and binds ubiquitin chain 
896

npg

 Cell Research | Vol 23 No 7 | July 2013

search Institute, USA) for Pink1-null and WT MEFs, and Dr Rich-
ard Youle (NINDS, NIH, USA) for helpful discussions. We thank 
other members of the Hunter lab for helpful discussions, Suzy Si-
mon for assistance in picking MGC cDNA clones, and Jill Meisen-
helder and Justin Zimmerman for laboratory support. This study 
was supported by NIH grants (CA14195, CA80100 and CA82683) 
to TH. TH is a Frank and Else Schilling American Cancer Society 
Professor, and the Renato Dulbecco Chair in Cancer Biology. XZ 
is supported by fellowship from California Institute of Regenera-
tive Medicine.

References

1 	 Rugarli EI, Langer T. Mitochondrial quality control: a matter 
of life and death for neurons. EMBO J 2012; 31:1336-1349.

2 	 Youle RJ, Narendra DP. Mechanisms of mitophagy. Nat Rev 
Mol Cell Biol 2011; 12:9-14. 

3 	 Greene JC, Whitworth AJ, Kuo I, Andrews LA, Feany MB, 
Pallanck LJ. Mitochondrial pathology and apoptotic muscle 
degeneration in Drosophila parkin mutants. Proc Natl Acad 
Sci USA 2003; 100:4078-4083.

4 	 Pesah Y, Pham T, Burgess H, et al. Drosophila parkin mutants 
have decreased mass and cell size and increased sensitivity to 
oxygen radical stress. Development 2004; 131:2183-2194. 

5 	 Clark IE, Dodson MW, Jiang C, et al. Drosophila pink1 is 
required for mitochondrial function and interacts genetically 
with parkin. Nature 2006; 441:1162-1166.

6 	 Park J, Lee SB, Lee S, et al. Mitochondrial dysfunction in 
Drosophila PINK1 mutants is complemented by parkin. Na-
ture 2006; 441:1157-1161.

7 	 Narendra D, Tanaka A, Suen DF, Youle RJ. Parkin is recruited 
selectively to impaired mitochondria and promotes their au-
tophagy. J Cell Biol 2008; 183:795-803.

8 	 Deng H, Dodson MW, Huang H, Guo M. The Parkinson’s 
disease genes pink1 and parkin promote mitochondrial fission 
and/or inhibit fusion in Drosophila. Proc Natl Acad Sci USA 
2008; 105:14503-14508.

9 	 Poole AC, Thomas RE, Andrews LA, McBride HM, Whit-
worth AJ, Pallanck LJ. The PINK1/Parkin pathway regulates 
mitochondrial morphology. Proc Natl Acad Sci USA. 2008; 
105:1638-1643.

10 	 Ziviani E, Tao RN, Whitworth AJ. Drosophila parkin requires 
PINK1 for mitochondrial translocation and ubiquitinates 
mitofusin. Proc Natl Acad Sci USA 2010; 107:5018-5023.

11 	 Wang X, Winter D, Ashrafi G, et al. PINK1 and Parkin target 
Miro for phosphorylation and degradation to arrest mitochon-
drial motility. Cell 2011; 147:893-906.

12 	 Dawson TM, Dawson VL. The role of parkin in familial and 
sporadic Parkinson’s disease. Mov Disord 2010; 25 Suppl 
1:S32-9. 

13 	 Kahle PJ, Haass C. How does parkin ligate ubiquitin to Par-
kinson’s disease? EMBO Rep 2004; 5:681-685.

14 	 Lim KL, Chew KC, Tan JM, et al. Parkin mediates nonclas-
sical, proteasomal-independent ubiquitination of synphilin-1: 
implications for Lewy body formation. J Neurosci 2005; 
25:2002-2009.

15 	 Geisler S, Holmström KM, Skujat D, et al. PINK1/Parkin-
mediated mitophagy is dependent on VDAC1 and p62/
SQSTM1. Nat Cell Biol 2010; 12:119-131. 

16 	 Matsuda N, Sato S, Shiba K, et al. PINK1 stabilized by mi-
tochondrial depolarization recruits Parkin to damaged mito-
chondria and activates latent Parkin for mitophagy. J Cell Biol 
2010; 189:211-221.

17 	 Narendra D, Jin SM, Tanaka A, et al. PINK1 is selectively 
stabilized on impaired mitochondria to activate Parkin. PLoS 
Biol 2010; 8:e1000298 

18 	 Rakovic A, Grünewald A, Seibler P, et al. Effect of endog-
enous mutant and wild-type PINK1 on Parkin in fibroblasts 
from Parkinson disease patients. Hum Mol Genet 2010; 
19:3124-3137. 

19 	 Vives-Bauza C, Zhou C, Huang Y, et al. PINK1-dependent re-
cruitment of Parkin to mitochondria in mitophagy. Proc Natl 
Acad Sci USA 2010; 107:378-383. 

20 	 Jin SM, Lazarou M, Wang C, Kane LA, Narendra DP, Youle 
RJ. Mitochondrial membrane potential regulates PINK1 
import and proteolytic destabilization by PARL. J Cell Biol 
2010; 191:933-942. 

21 	 Lazarou M. Jin SM, Kane LA, Youle RJ. Role of PINK1 
binding to the TOM complex and alternate intracellular mem-
branes in recruitment and activation of the E3 ligase Parkin. 
Dev Cell 2012; 22:320-333.

22 	 Xiong H, Wang D, Chen L, et al. Parkin, PINK1, and DJ-1 
form a ubiquitin E3 ligase complex promoting unfolded pro-
tein degradation. J Clin Invest 2009; 119:650-660. 

23 	 Okatsu K, Oka T, Iguchi M, et al. PINK1 autophosphoryla-
tion upon membrane potential dissipation is essential for Par-
kin recruitment to damaged mitochondria. Nat Commun 2012; 
3:1016. 

24 	 Kondapalli C, Kazlauskaite A, Zhang N, et al. PINK1 is ac-
tivated by mitochondrial membrane potential depolarization 
and stimulates Parkin E3 ligase activity by phosphorylating 
Serine 65. Open Biol 2012; 2:120080. 

25 	 Shiba-Fukushima K, Imai Y, Yoshida S, et al. PINK1-me-
diated phosphorylation of the Parkin ubiquitin-like domain 
primes mitochondrial translocation of Parkin and regulates 
mitophagy. Sci Rep 2012; 2:1002. 

26  	 Deshaies RJ, Joazeiro CA. RING domain E3 ubiquitin ligas-
es. Annu Rev Biochem 2009; 78:399-434.

27 	 Wenzel DM, Lissounov A, Brzovic PS, Klevit RE. UBCH7 
reactivity profile reveals parkin and HHARI to be RING/
HECT hybrids. Nature 2011; 474:105-108. 

28 	 Smit JJ, Monteferrario D, Noordermeer SM, van Dijk WJ, 
van der Reijden BA, Sixma TK. The E3 ligase HOIP speci-
fies linear ubiquitin chain assembly through its RING-IBR-
RING domain and the unique LDD extension. EMBO J 2012; 
31:3833-3844.

29 	 Stieglitz B, Morris-Davies AC, Koliopoulos MG, Christ-
odoulou E, Rittinger K. LUBAC synthesizes linear ubiquitin 
chains via a thioester intermediate. EMBO Rep 2012; 13:840-
846.

30 	 Hristova VA, Beasley SA, Rylett RJ, Shaw GS. Identification 
of a novel Zn2+-binding domain in the autosomal recessive ju-
venile Parkinson-related E3 ligase parkin. J Biol Chem 2009; 
284:14978-14986. 

31 	 Wenzel DM, Klevit RE. Following Ariadne’s thread: a new 
perspective on RBR ubiquitin ligases. BMC Biol 2012; 10:24. 

32 	 Chaugule VK, Burchell L, Barber KR, et al. Autoregulation 
of Parkin activity through its ubiquitin-like domain. EMBO J 



www.cell-research.com | Cell Research

Xinde Zheng and Tony Hunter
897

npg

2011; 30:2853-2867. 
33 	 Matsuda N, Kitami T, Suzuki T, Mizuno Y, Hattori N, Tanaka 

K. Diverse effects of pathogenic mutations of Parkin that 
catalyze multiple monoubiquitylation in vitro. J Biol Chem 
2006; 281:3204-3209.

34 	 Maruyama M, Ikeuchi T, Saito M, et al. Novel mutations, 
pseudo-dominant inheritance, and possible familial affects in 
patients with autosomal recessive juvenile parkinsonism. Ann 
Neurol 2000; 48:245-250.

35 	 Ye Y, Rape M. Building ubiquitin chains: E2 enzymes at 
work. Nat Rev Mol Cell Biol. 2009; 10:755-764.

36 	 Chan NC, Salazar AM, Pham AH, et al. Broad activation of 
the ubiquitin-proteasome system by Parkin is critical for mi-
tophagy. Hum Mol Genet 2011; 20:1726-1737. 

37 	 Husnjak K, Dikic I. Ubiquitin-binding proteins: decoders of 
ubiquitin-mediated cellular functions. Annu Rev Biochem 
2012; 81:291-322. 

38 	 Wang X, Herr RA, Chua WJ, Lybarger L, Wiertz EJ, Hansen 
TH. Ubiquitination of serine, threonine, or lysine residues on 
the cytoplasmic tail can induce ERAD of MHC-I by viral E3 
ligase mK3. J Cell Biol 2007; 177:613-624.

39 	 Kim HC, Steffen AM, Oldham ML, Chen J, Huibregtse JM. 

Structure and function of a HECT domain ubiquitin-binding 
site. EMBO Rep 2011; 12:334-341.

40 	 French ME, Kretzmann BR, Hicke L. Regulation of the RSP5 
ubiquitin ligase by an intrinsic ubiquitin-binding site. J Biol 
Chem 2009; 284:12071-12079.

41 	 Komander D, Reyes-Turcu F, Licchesi JD, Odenwaelder 
P, Wilkinson KD, Barford D. Molecular discrimination of 
structurally equivalent Lys 63-linked and linear polyubiquitin 
chains. EMBO Rep 2009; 10:466-473.

42 	 Schlossmacher MG, Frosch MP, Gai WP, et al. Parkin local-
izes to the Lewy bodies of Parkinson disease and dementia 
with Lewy bodies. Am J Pathol 2002; 160:1655-1667.

43 	 Lazarou M, Narendra DP, Jin SM, Tekle E, Banerjee S, Youle 
RJ. PINK1 drives Parkin self-association and HECT-like E3 
activity upstream of mitochondrial binding. J Cell Biol 2013; 
200:163-172.

44 	 Sarraf SA, Raman M, Guarani-Pereira V, et al. Landscape of 
the PARKIN-dependent ubiquitylome in response to mito-
chondrial depolarization. Nature 2013; 496:372-376.

45 	 Müller-Rischart AK, Pilsl A, Beaudette P, et al. The E3 ligase 
Parkin maintains mitochondrial integrity by increasing linear 
ubiquitination of NEMO. Mol Cell 2013; 49:908-921.

(Supplementary information is linked to the online version of 
the paper on the Cell Research website.)




