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Abstract Ubiquitin C-terminal hydrolase L1 (UCH-L1)

is a key neuronal deubiquitinating enzyme which is

mutated in Parkinson disease (PD) and in childhood-onset

neurodegenerative disorder with optic atrophy. Further-

more, reduced UCH-L1 protein levels are associated with a

number of neurodegenerative diseases, whereas up-regu-

lation of UCH-L1 protein expression is found in multiple

types of cancer. However, very little is known about how

UCH-L1 protein level is regulated in cells. Here, we report

that UCH-L1 is a novel interactor and substrate of PD-

linked E3 ubiquitin-protein ligase parkin. We find that

parkin mediates K63-linked polyubiquitination of UCH-L1

in cooperation with the Ubc13/Uev1a E2 ubiquitin-conju-

gating enzyme complex and promotes UCH-L1

degradation by the autophagy-lysosome pathway. Targeted

disruption of parkin gene expression in mice causes a

significant decrease in UCH-L1 ubiquitination with a

concomitant increase in UCH-L1 protein level in brain,

supporting an in vivo role of parkin in regulating UCH-L1

ubiquitination and degradation. Our findings reveal a direct

link between parkin-mediated ubiquitin signaling and

UCH-L1 regulation, and they have important implications

for understanding the roles of these two proteins in health

and disease.
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Abbreviations

UCH-L1 Ubiquitin carboxyl-terminal hydrolase L1

UPS Ubiquitin proteasome system

DUB Deubiquitinating enzyme

UBL Ubiquitin-like domain

PD Parkinson disease

ARJP Autosomal recessive juvenile parkinsonism

RING Really interesting new gene

IBR In-between RING-finger domain

PKC C-terminal parkin

PKN N-terminal parkin

Introduction

Ubiquitin-dependent signaling is required for myriad cel-

lular functions, and disruptions in this system are

associated with human disease, including neurodegenera-

tive disorders and cancer [1–4]. The ubiquitin system

participates in diverse cellular signaling events through the

addition or removal of ubiquitin moieties to target proteins.

Protein ubiquitination involves the coordinated and

sequential action of three proteins—E1-activating, E2-

conjugating, and E3-ligating enzymes that together medi-

ate isopeptide bond formation between the ubiquitin

C-terminal glycine and substrate lysine residue, after which

additional ubiquitin moieties can be joined at one of the

ubiquitin’s seven internal lysine residues to form a poly-

ubiquitin chain [5–7]. The nature of the ubiquitin linkage

dictates downstream signaling. For example, K48-linked

polyubiquitination is the canonical signal for proteasomal

degradation [8], whereas K63-linked polyubiquitination

plays a signaling role in regulation of various proteasome-

independent cellular processes, including endocytosis,
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DNA repair, and protein trafficking for lysosomal degra-

dation [9–11]. Deubiquitinating enzymes (DUBs) remove

ubiquitin from ubiquitinated proteins or cleave C-terminal

adducts of ubiquitin to regenerate the ubiquitin monomer,

and therefore play an important role in regulating ubiqui-

tin-dependent signaling events as well as in ubiquitin

recycling [12, 13].

Ubiquitin C-terminal hydrolase L1 (UCH-L1) is a neu-

ronal DUB with a critical role in the control of cellular

ubiquitin homeostasis [14–18]. Human genetic studies

reveal that UCH-L1 is mutated in a rare form of autosomal

dominant Parkinson disease (PD) [19] and in the recently

described childhood-onset neurodegenerative disorder with

optic atrophy (NDGOA) [20]. The PD-linked I93M muta-

tion reduces UCH-L1 activity by around 50 % [19–21],

while the NDGOA-linked E7A mutation reduces activity

by over 90 % [20]. Furthermore, we have shown that UCH-

L1 is oxidatively damaged and down-regulated in sporadic

PD and Alzheimer disease [22]. In mice, loss-of-function

mutations in UCH-L1 cause a severe neurodegenerative

phenotype dubbed gracile axonal dystrophy which is

characterized by progressive ataxia and hindlimb paralysis

[23–26]. Although predominantly expressed in neurons

[27, 28], UCH-L1 protein is up-regulated in multiple

tumors and cancer cells and is likely to have an oncogenic

role in tumorigenesis [29–32]. Despite these established

links between UCH-L1 and human diseases, little is known

about how UCH-L1 is regulated in cells.

Another ubiquitin system component involved in PD

pathogenesis is parkin, an E3 ubiquitin-protein ligase

whose mutations cause autosomal recessive juvenile Par-

kinsonism (ARJP) [33–35]. Parkin mutations and down-

regulation are also found in several types of cancer, sup-

porting a function of parkin as a tumor suppressor [36–39].

Although UCH-L1 and parkin have been linked to PD and

cancer, the relationship between these two proteins remains

unknown.

In this study, we investigated the interaction of UCH-L1

with parkin and the role of parkin in UCH-L1 regulation.

Our results reveal that parkin binds and facilitates K63-

linked polyubiquitination of UCH-L1, and the parkin-

mediated ubiquitination promotes UCH-L1 degradation

through the autophagy-lysosomal pathway.

Materials and methods

Expression constructs and antibodies

Conventional molecular biological techniques were used

to generate the following expression constructs: N-ter-

minal Myc- and His-tagged human wild-type or mutant

UCH-L1; N-terminal S-, GFP-, or GST-tagged human

wild-type or mutant parkin. Other expression constructs

used in this study include N-terminally HA-tagged Ub-

WT, Ub-K48, Ub-K63, Ub-K0 (provided by T. Dawson,

Johns Hopkins University, Baltimore, MD) and Ub-K48R

and Ub-K63R (provided by M. Wooten, Auburn Univer-

sity, Auburn, AL). Polyclonal anti-UCH-L1 antibody

against a synthetic peptide (residues 201–219) of human

UCH-L1 was generated in rabbit and affinity-purified as

described [40]. Other antibodies used in this study include

anti-actin (clone C4, Millipore), anti-HA (clone 12CA5),

anti-Myc (clone 9E10), anti-S-tag (Abcam), anti-ubiquitin

(clone P4G7, Abcam), anti-GST (clone B14, Santa Cruz),

anti-p62 (BD Biosciences), anti-LC3 (Sigma), and anti-

parkin (Cell Signaling). The rabbit polyclonal anti-PINK1

antibody was generated and described in our previous

study [41, 42]. Horseradish peroxidase- and fluorophore-

conjugated secondary antibodies were from Jackson

ImmunoResearch.

Cell culture and transfection

SH-SY5Y or HeLa cells were cultured in DMEM (Gibco)

supplemented with 10 % fetal bovine serum (Atlanta

Biologicals) and 1 % penicillin/streptomycin (Fisher). Cell

transfections were performed using LipofectAMINE 2000

transfection reagent (Invitrogen) according to the manu-

facturer’s protocol. Lysates were harvested at 24–72 h

post-transfection for subsequent analyses.

Co-immunoprecipitation and S-tag pulldown assays

For co-immunoprecipitation analysis of the interaction

between endogenous UCH-L1 and parkin or PINK1, anti-

UCH-L1 antibodies or rabbit serum IgG controls were

cross-linked to G-Sepharose agarose (Millipore) using

25 mM dimethyl pimelimidate dihydrochloride (Thermo

Scientific). Immunoprecipitation was carried out as

described [43] by incubation of the cross-linked anti-UCH-

L1 or IgG beads with SH-SY5Y cell lysates prepared in

Triton lysis buffer (50 mM Tris HCl pH 7.6, 150 mM

NaCl, 0.1 % Triton-X-100, 1 % IGEPAL CA630 supple-

mented with proteinase and phosphatase inhibitors).

Immunocomplexes were eluted with 100 mM glycine

(pH = 2.8) followed by immunoblotting with anti-parkin,

anti-PINK1, and anti-UCH-L1 antibodies. For co-immu-

noprecipitation analyses of the interaction between Myc-

tagged UCH-L1 WT or mutant and GFP-tagged parkin,

lysates from transfected HeLa cells were subjected to

immunoprecipitation with anti-Myc antibody followed by

recovery of protein complexes with protein G-Sepharose

and subsequent immunoblotting analyses. S-tag pulldown
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assays were performed as described [44] by incubation of

lysates from HeLa cells coexpressing S-tagged parkin WT

or mutant and Myc-UCH-L1 with S-protein-agarose

(Novagen), and the pulled down protein complexes were

analyzed by immunoblotting with anti-UCH-L1 and anti-S-

tag antibodies.

Recombinant protein purification and in vitro binding

assays

Recombinant His-UCH-L1, glutathione S-transferase

(GST), and GST-tagged parkin proteins were expressed in

E. coli BL21 or Arctic Express cells and purified as pre-

viously described [45, 46]. In vitro binding assays were

performed as described [46, 47] by incubation of GST-

parkin and GST proteins immobilized on glutathione aga-

rose with mouse brain lysate or soluble His-UCH-L1 for

2 h. Bound proteins were analyzed by SDS-PAGE and

immunoblotting.

Immunofluorescence confocal microscopy

SH-SY5Y cells were fixed in 4 % paraformaldehyde,

stained with indicated primary and secondary antibodies,

and then processed for indirect immunofluorescence con-

focal microscopy as previously described [48]. Images

were acquired with a Nikon C1 confocal laser-scanning

microscope, exported in TIFF format with the Nikon EZ-

C1 viewer (Nikon Instruments Inc., Melville, NY) and

processed using Adobe Photoshop CS4 (Adobe Systems,

Inc.) to adjust contrast and brightness.

In vivo and in vitro ubiquitination assays

In vivo ubiquitination assays were performed as previously

described [11, 42]. In brief, lysates from HeLa cells

coexpressing S-tagged parkin, Myc-tagged UCH-L1, and

HA-tagged wild-type or mutant ubiquitin plasmids as

indicated were immunoprecipitated under denaturing con-

ditions with anti-Myc antibody, and ubiquitinated UCH-L1

was detected by immunoblotting with anti-HA antibody.

In vitro ubiquitination assays were performed as described

[11, 42] by incubation of purified His-UCH-L1 (1 lg) with

E1 enzyme (18 nM), E2 enzyme (UbcH7, UbcH8, or

UbcH13/Uev1a; 250 nM), ubiquitin (10 lg) and GST or

GST-parkin (1 lg) in reaction buffer (50 mM Tris–HCl,

pH 7.6, 5 mM MgCl2, 100 mM NaCl, 25 lM ZnCl2, 2 mM

dithiothreitol, and 4 mM ATP) for 2 h at 37 �C. Ubiquitin,

E1, and E2 enzymes were from Boston Biochem, and the

total volume of the reaction was 100 lL. Ubiquitinated

UCH-L1 was detected by immunoblotting with anti-ubiq-

uitin antibody.

Analysis of UCH-L1 ubiquitination and protein levels

in parkin-/- mice

A breeding colony of parkin knockout (parkin-/-) mice

was established from breeding pairs provided by R. Pal-

miter, University of Washington, Seattle, WA [49, 50]. For

the assessment of endogenous UCH-L1 ubiquitination in

parkin-/- and parkin?/? mouse brain, immobilized GST-

tagged, tandem ubiquitin binding entities (GST-TUBE2,

LifeSensors) were used as described [51] to isolate ubiq-

uitinated proteins from brain extracts from 4-month-old

male parkin-/- mice and wild-type controls, followed by

immunoblotting with anti-UCH-L1 and anti-GST antibod-

ies. For the analysis of total UCH-L1 protein levels, brains

from 3-month-old parkin-/- and parkin?/? mice were

homogenized in 1 % SDS and then subjected to SDS–

PAGE and immunoblotting with anti-UCH-L1 and anti-b-

actin antibodies.

Treatment of cells with proteasome, lysosome,

and autophagy inhibitors

SH-SY5Y cells expressing S-parkin or the S-vector control

were subjected to 24 h treatments with the proteasome

inhibitor MG132 (20 lM, Sigma), lysosome inhibitor

chloroquine (CQ, 100 lM, Sigma), autophagy inhibitor

3-methyl-adenine (3MA, 10 mM, Sigma), or 0.1 % Me2SO

(DMSO, Fisher) vehicle control. Equal amounts of whole

cell lysates were subjected to SDS-PAGE followed by

immunoblotting with anti-UCH-L1 and anti-b-actin anti-

bodies. The relative level of UCH-L1 was determined as

described [43] by normalizing the immunoblot intensity of

UCH-L1 against that of b-actin using Image J software.

UCH-L1 degradation assays

For the measurement of UCH-L1 degradation rate, SH-

SY5Y cells expressing S-parkin or the S-vector control

were treated with protein synthesis inhibitor cycloheximide

(10 lg/mL) for the indicated lengths of time. Cells were

lysed at the indicated time points, and equal amounts of

lysates (normalized to cell number) were analyzed by

immunoblotting with anti-UCH-L1 and anti-S-tag anti-

bodies. UCH-L1 half-life (t1/2) was calculated from the

equation t1/2 = ln(2)/k, where k represents the decay con-

stant determined after fitting the plotted data points to an

exponential curve.

Statistical analyses

Data were analyzed by Student’s t test or ANOVA with a

Tukey’s post hoc test, where p \ 0.05 was considered
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statistically significant. Results were expressed as

mean ± SEM from three independent experiments.

Results

UCH-L1 interacts with parkin in vitro and in vivo

UCH-L1 was identified as a potential interactor of parkin in

a recent proteomic screen [52], but this result has not yet

been validated and it is unknown if these two proteins

interact either in vitro or in vivo. To test if UCH-L1 and

parkin can physically interact with each other, we per-

formed in vitro binding assays with purified recombinant

proteins. We found that His-tagged UCH-L1 bound selec-

tively to GST-tagged parkin but not to GST alone (Fig. 1a),

indicating a direct interaction between UCH-L1 and parkin.

To confirm this interaction, we performed GST pulldown

assays and found that purified GST-parkin, but not the GST

control, was able to pulldown endogenous UCH-L1 from

mouse brain homogenates (Fig. 1b), further supporting a

specific interaction between these two proteins. We then

performed co-immunoprecipitation analysis to examine the

association of endogenous UCH-L1 and parkin in dopa-

minergic SH-SY5Y cells (Fig. 1c). Anti-UCH-L1

antibody, but not the IgG control, was able to co-immu-

noprecipitate UCH-L1 and parkin from cell lysates

(Fig. 1c), indicating that UCH-L1 interacts with parkin

in vivo. As a control, we tested the interaction between

UCH-L1 and the parkin binding partner PINK1 by co-

immunoprecipitation analysis and found no interaction

between these two proteins (Fig. 1c). The ability of UCH-

L1 to co-immunoprecipitate selectively with parkin but not

PINK1 further confirms the specificity of the observed

UCH-L1-parkin interaction. Consistent with the biochem-

ical data, our confocal immunofluorescence microscopy

analyses revealed colocalization of endogenous UCH-L1

and parkin proteins in SH-SY5Y cells (Fig. 1d), providing

additional evidence supporting an in vivo association of

UCH-L1 with parkin.

Fig. 1 Specific interaction of UCH-L1 with parkin. a In vitro binding

assays were performed by incubation of soluble His-tagged UCH-L1

(input) with immobilized GST or GST-parkin proteins (shown by

Ponceau staining). Analysis of bound UCH-L1 by immunoblotting

with anti-UCH-L1 antibody reveals direct binding of UCH-L1 to

parkin. b GST pulldown assays were performed by incubation of

equal amounts of mouse brain lysates with immobilized GST or GST-

parkin (Ponceau staining) followed by immunoblotting with anti-

UCH-L1 antibody to detect binding of endogenous UCH-L1 to

parkin. c Co-immunoprecipitation analysis reveals a specific

interaction of UCH-L1 with parkin but not PINK1. SH-SY5Y cell

lysates were subjected to immunoprecipitation with anti-UCH-L1

antibody cross-linked to G-protein agarose or immunoprecipitation

with the IgG controls. The immunoprecipitated proteins were eluted

and analyzed by immunoblotting with anti-parkin, anti-PINK1, and

anti-UCH-L1 antibodies d SH-SY5Y cells were double-immuno-

stained with antibodies against endogenous parkin (green) and UCH-

L1 (red). Colocalization is indicated by the yellow color in the merge

panel. Scale bar 10 lm
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The parkin-UCH-L1 interaction is impaired by PD-

linked parkin mutations but not by UCH-L1 mutations

Because UCH-L1 binds monoubiquitin [18], we hypothe-

sized that the parkin-UCH-L1 interaction may be mediated

by the ubiquitin-like domain (UBL) at the N-terminus of

parkin. To test this hypothesis, we examined the interaction

of UCH-L1 with N- or C-terminal truncation mutants of

parkin (Fig. 2a). We found that parkin DUBL, a truncated

form of parkin lacking the UBL domain, retained the

ability to bind UCH-L1 (Fig. 2b), arguing against the

involvement of the UBL domain in mediating the parkin–

UCH-L1 interaction. In addition, the parkin N-terminal

region (PKN), which contains the UBL and RING0

domains, was virtually incapable of binding UCH-L1

(Fig. 2b), indicating that parkin UBL and RING0 domains

are dispensable for the parkin–UCH-L1 interaction. In

contrast, the parkin C-terminal region (PKC), which con-

tains the RING1, RING2, and in-between RING-finger

(IBR) domains, was able to bind UCH-L1 (Fig. 2b), indi-

cating that the UCH-L1-binding region is located between

amino acid residues 237 and 465 of parkin.

We next examined the effects of several familial PD-

linked parkin mutations (Fig. 2a) on the parkin–UCH-L1

interaction by performing S-pulldown assays using lysates

from HeLa cells co-expressing Myc-tagged UCH-L1 and

S-tagged parkin WT or pathogenic mutant. We found that

the ability of parkin to bind UCH-L1 is abrogated by parkin

T240R and T415 N mutations (Fig. 2c). Consistent with

previous reports that parkin R42P mutant is misfolded and

rapidly degraded by the proteasome [53], we observed low

levels of parkin R42P mutant in cells (Fig. 2c). Our results

showed an apparent lack of UCH-L1 binding to parkin

R42P mutant (Fig. 2c).

We then assessed the effects of several UCH-L1 muta-

tions (Fig. 3a) on the parkin–UCH-L1 interaction and

found that the ability of UCH-L1 to interact with parkin is

not impaired by the PD-linked UCH-L1 I93 M mutation or

by the NDGOA-associated E7A mutation (Fig. 3b). In

addition, UCH-L1 S18Y substitution, a polymorphism in

UCH-L1 which is thought to confer protection against

sporadic PD [54–57], also had no inhibitory effect on the

parkin-UCH-L1 interaction (Fig. 3b). In fact, UCH-L1

S18Y and E7A mutants showed an enhanced interaction

with parkin (Fig. 3b), which might be due to the increased

hydrophobicity at the N-terminal UCH-L1 protein surface

induced by substitution of the polar serine (S18) and acidic

glutamic acid (E7) residues with hydrophobic tryptophan

and alanine residues. The increased hydrophobicity at

UCH-L1 N-terminal region might provide a better binding

surface for parkin. In addition, we found that the UCH-L1

catalytic site-specific C90S mutation did not disrupt the

ability of UCH-L1 to interact with parkin (Fig. 3b), indi-

cating that the DUB activity of UCH-L1 is not required for

its interaction with parkin.

Fig. 2 Pathogenic mutations and C-terminal truncation of parkin

disrupt the interaction with UCH-L1. a Schematic representation of

parkin and its mutants used in this study. The location of PD-linked

parkin mutations are indicated on the domain structure. UBL,

ubiquitin-like domain; IBR, in between RING-finger domain; PKC,

C-terminal parkin; PKN, N-terminal parkin. b The interaction of

parkin with UCH-L1 occurs within the C-terminal portion of parkin.

S-pulldown assays were performed with lysates from HeLa cells

coexpressing Myc-UCH-L1 and S-parkin WT or deletion mutant or

the S-vector control, followed by immunoblotting with anti-Myc and

anti-S-tag antibodies. c Impairment of the parkin-UCH-L1 interaction

by PD-linked parkin mutations. S-pulldown assays were performed

using lysates from HeLa cells coexpressing Myc-UCH-L1 and

S-vector or S-parkin WT or mutant as indicated, followed by

immunoblotting with anti-Myc and anti-S-tag antibodies. Asterisk

indicates a nonspecific band
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Parkin mediates K63-linked polyubiquitination

of UCH-L1

Our finding of an interaction between UCH-L1 and parkin

(Fig. 1) raises the possibility that UCH-L1 may be a sub-

strate of parkin E3 ligase. To test this possibility, we

assessed the ability of parkin to promote UCH-L1 ubiqui-

tination in cells by using a well-established in vivo

ubiquitination assay [58, 59]. We found that ectopic parkin

expression in HeLa cells, which lack endogenous parkin,

resulted in enhanced ubiquitination of Myc-tagged UCH-

L1 compared to the vector-transfected control (Fig. 4a),

supporting a role of parkin in facilitating UCH-L1 ubiq-

uitination in vivo. We next performed in vitro

ubiquitination analyses with recombinant proteins to test if

UCH-L1 is ubiquitinated by parkin in the presence of

various E2 ubiquitin-conjugating enzymes (UbcH7,

UbcH8, or the Ubc13/Uev1a complex) which are known to

facilitate parkin E3 ligase activity [11]. We observed par-

kin-dependent UCH-L1 ubiquitination in the presence of

Ubc13/Uev1a, but not in the presence of either UbcH7 or

UbcH8 (Fig. 4b). No ubiquitination signal was detected

when UCH-L1 was omitted from the reaction mixture

(Fig. 4c). These results, together with our previous finding

that Ubc13/Uevla is the cognate E2 enzyme for parkin-

mediated K63-linked polyubiquitination, whereas UbcH7

and UbcH8 are the cognate E2 enzymes for parkin-medi-

ated K48-linked polyubiquitination [11], suggest that

parkin cooperates with the Ubc13/Uev1a E2 enzyme to

catalyze K63-linked polyubiquitination of UCH-L1.

To determine if parkin-mediated K63-linked polyubiq-

uitination of UCH-L1 takes places in cells, we performed

in vivo ubiquitination assays using ubiquitin mutants, Ub-

K48 and Ub-K63, which permits only the formation of

K48-linked and K63-linked polyubiquitin chains, respec-

tively, because all other lysine residues of ubiquitin were

mutated to arginine. We detected robust UCH-L1 poly-

ubiquitination by parkin in cells expressing Ub-WT or Ub-

K63, but not in cells expressing Ub-K48 (Fig. 5a), sup-

porting that parkin-mediated UCH-L1 polyubiquitination

occurs via the K63-linkage. To further confirm this linkage,

we used ubiquitin mutants, Ub-K48R and Ub-K63R, which

contain a single lysine-to-arginine mutation at the indicated

residues and are therefore incapable of forming K48-linked

and K63-linked polyubiquitin chains, respectively. We

found that parkin-mediated UCH-L1 polyubiquitination

was abolished by replacement of Ub-WT with Ub-K63R

but not by the replacement with Ub-K48R (Fig. 5b). In

addition, parkin-mediated UCH-L1 polyubiquitination was

not detected in cells expressing Ub-K0, an ubiquitin mutant

which is incapable of forming polyubiquitin chains because

all its lysine residues were mutated to arginines (Fig. 5b).

Together, these data provide strong support for a function

of parkin in facilitating K63-linked polyubiquitination of

UCH-L1.

Parkin is required for polyubiquitination of endogenous

UCH-L1 in the brain

To further assess the role of parkin in the regulation of

UCH-L1 ubiquitination in vivo, we examined the ubiq-

uitination status of endogenous UCH-L1 in brains from

wild-type (parkin?/?) and parkin knockout (parkin-/-)

mice [49, 50] by using the tandem ubiquitin binding

entities (TUBEs) approach. Previous studies have shown

that GST-tagged TUBEs, such as GST-tagged TUBE2

based on the UBA1 domain from human RAD23A,

preferentially capture endogenous poly-ubiquitinated

proteins, but bind monoubiquitinated proteins at much

lower affinity [51]. Our analysis of UCH-L1 ubiquitina-

tion with GST-tagged TUBE2 revealed that endogenous

UCH-L1 in mouse brain was polyubiquitinated and the

UCH-L1 polyubiquitination was significantly reduced by

targeted disruption of parkin expression in mice (Fig. 6a,

b). In addition to polyubiquitinated UCH-L1 forms, we

also observed a ubiquitinated UCH-L1 species at

Fig. 3 Interaction of parkin with wild-type and mutant UCH-L1.

a Schematic representation of UCH-L1 and its mutants used in this

study. The locations of neurodegenerative disease-linked UCH-L1

mutations (E7A and I93 M), protective polymorphism (S18Y), and

catalytically inactive mutation (C90S) are indicated. b Lysates from

HeLa cells coexpressing GFP-parkin and the indicated Myc-UCH-L1

WT or mutant were immunoprecipitated with anti-Myc antibodies

followed by immunoblotting with anti-Myc and anti-parkin antibodies
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*40 kDa, which could represent UCH-L1 diubiquitina-

tion or monoubiquitination at two different sites (Fig. 6a).

The level of this ubiquitinated UCH-L1 species was not

significantly changed in the parkin-/- mouse brain com-

pared to that in the parkin?/? mouse brain (Fig. 6a, c).

These findings indicate that parkin is required for the

regulation of UCH-L1 polyubiquitination but not UCH-

L1 diubiquitination or monoubiquitination in vivo.

Parkin promotes UCH-L1 degradation through

the autophagy-lysosome pathway

Next, we assessed the effect of targeted parkin deletion on

the total level of endogenous UCH-L1 in mouse brain by

performing quantitative Western blot analysis. We found

that the total UCH-L1 level in the brain was significantly

higher in parkin-/- mice than that in the parkin?/?

Fig. 4 UCH-L1 is a substrate of parkin E3 ubiquitin ligase. a Parkin

ubiquitinates UCH-L1 in vivo. Parkin-mediated ubiquitination of

UCH-L1 was assessed in HeLa cells expressing HA-tagged ubiquitin,

Myc-UCH-L1, and S-parkin as indicated. In vivo ubiquitination of

UCH-L1 was determined by immunoprecipitation with anti-Myc

antibody followed by immunoblotting with anti-HA and anti-Myc

antibodies. Ubn-UCH-L1, polyubiquitinated UCH-L1; IgG HC,

immunoglobulin heavy chain; IgG LC, immunoglobulin light chain.

Asterisk indicates a nonspecific band. b Parkin ubiquitinates UCH-L1

in vitro in cooperation with the Ubc13/Uevla E2 enzyme. In vitro

ubiquitination assays were performed with recombinant His-tagged

UCH-L1 in the presence of E1, E2 (UbcH7, UbcH8, or the Ubc13/

Uev1a complex), GST or GST-parkin, and ubiquitin as indicated.

c Parkin-mediated ubiquitination in cooperation with Ubc13/Uevla is

selective for His-UCH-L1. No ubiquitination signal was detected

when UCH-L1 was omitted from the reaction mixture. Ubiquitinated

UCH-L1 was detected by immunoblotting with anti-ubiquitin

antibody
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controls (Fig. 7a, b), suggesting a role for parkin in regu-

lation of UCH-L1 degradation. To test this possibility, we

analyzed the effect of parkin overexpression on the turn-

over rate of endogenous UCH-L1 protein in SH-SY5Y

cells (Fig. 7c, d). We found that endogenous UCH-L1

protein is a long-lived protein with a half-life of *59 h and

the UCH-L1 protein half-life was reduced to *40 h by

parkin overexpression, indicating that parkin indeed pro-

motes UCH-L1 degradation. Consistent with the

accelerated UCH-L1 turnover rate induced by parkin

overexpression, the steady-state level of endogenous UCH-

L1 protein was significantly lower in parkin WT-over-

expressing SH-SY5Y cells than that in the vector-

transfected control cells (Fig. 8a, b). Moreover, we found

that the steady-state level of endogenous UCH-L1 protein

was unaltered by overexpression of PD-linked parkin

R42P, T240R, and T415N mutants (Fig. 8a, b), indicating

that these pathogenic mutations abolish the ability of par-

kin to promote UCH-L1 degradation.

There are two major protein degradation pathways in

cells: the ubiquitin-proteasome pathway and the autoph-

agy-lysosome pathway [60, 61]. To determine which

degradation pathway is involved in mediating the effect of

parkin on UCH-L1 protein turnover, we assessed the

effects of proteasome, lysosome and autophagy inhibition

on the steady-state level of endogenous UCH-L1 in SH-

SY5Y cells in the absence or presence of exogenous par-

kin. We found that parkin overexpression reduced the

Fig. 5 Parkin-mediated UCH-

L1 polyubiquitination occurs

via the K63 linkage. a, b HeLa

cells were transfected with

S-parkin, Myc-UCH-L1, and

HA-tagged wild-type or mutant

ubiquitin as indicated.

Polyubiquitinated UCH-L1

(Ubn-UCH-L1) was detected by

immunoprecipitation with anti-

Myc antibody under denaturing

conditions followed by

immunoblotting with anti-HA

and anti-Myc antibodies. The

expression of S-parkin, Myc-

UCH-L1, and HA-ubiquitin-

conjugated proteins (Ubn-

proteins) in the cell lysates were

confirmed by immunoblotting

with anti-parkin, anti-Myc, and

anti-HA antibodies,

respectively. Asterisk indicates

a nonspecific band
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steady-state level of endogenous UCH-L1 protein (Fig. 8c,

d), consistent with a role of parkin in promoting UCH-L1

degradation. The parkin-induced UCH-L1 degradation was

blocked by the lysosome inhibitor chloroquine (CQ) or the

autophagy inhibitor 3MA but not by the proteasome

inhibitor MG132 (Fig. 8c, d). Together, these results sup-

port that parkin promotes UCH-L1 degradation through the

autophagy-lysosome pathway but not the proteasome

pathway.

Discussion

While parkin and UCH-L1 have both been implicated in

the pathogenesis of PD and cancer, it is not established

whether there is a physical or functional link between these

two proteins. Our work described in this study shows that

UCH-L1 is a substrate of parkin E3 ligase and reveals a

function of parkin as a regulator of UCH-L1 degradation.

Despite ample evidence indicating the importance of

UCH-L1 in health and disease, our knowledge of UCH-L1

post-translational modifications and their roles in UCH-L1

regulation is limited. A previous study reported that His-

tagged UCH-L1 in transfected COS-7 monkey kidney cells

is monoubiquitinated, with a *33 kDa ubiquitinated

UCH-L1 species which corresponds to monoubiquitination

at a single site [62]. However, the E3 ligase for mediating

Fig. 6 UCH-L1 polyubiquitination is reduced in parkin-/- mouse

brain. a Brain extracts (500 lg) from two individual parkin?/? or

parkin-/- mice were subjected to pulldown using GST-TUBEs, and

ubiquitinated UCH-L1 was detected by immunoblotting with anti-

UCH-L1 antibodies. The level of polyubiquitinated UCH-L1 (Ubn-

UCH-L1) (b) and the level of diubiquitinated UCH-L1 (Ub2-UCH-

L1) (c) were quantified using Image J software and expressed as a

percentage of the corresponding control level in the parkin?/? mice.

Data represent mean ± SEM (n = 3 animals per genotype).

*p \ 0.05 versus the parkin?/? control, unpaired two-tailed student’s

t test

Fig. 7 Regulation of endogenous UCH-L1 protein degradation by

parkin. Total brain UCH-L1 protein level is elevated in parkin-/-

mice. Immunoblot analysis of brain homogenates from two individual

parkin?/? or parkin-/- mice with anti-UCH-L1, anti-b-actin and anti-

parkin antibodies. a The relative level of total UCH-L1 was

normalized to the b-actin level and expressed relative to the

normalized UCH-L1 level in the parkin?/? brain homogenate.

b Data represent mean ± SEM (n = 5 animals per genotype).

*p \ 0.05 versus the parkin?/? control, unpaired two-tailed student’s

t test. c Equal numbers of SH-SY5Y cells expressing S-tag vector or

S-parkin were treated with cycloheximide (10 lg/mL) for 0–72 h as

indicated. Cells were lysed in equal volumes of SDS at each time

point, and equal amounts of lysates (normalized to cell number) were

subjected to SDS-PAGE followed by immunoblotting with anti-UCH-

L1 and anti-parkin antibodies. d The levels of endogenous UCH-L1

protein at each time point were quantified and plotted relative to the

corresponding UCH-L1 at 0 h
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UCH-L1 monoubiquitination remains unidentified, and the

ubiquitination status of endogenous UCH-L1 is unknown.

Our TUBE analysis of endogenous UCH-L1 ubiquitination

in mouse brain revealed the presence of multiple poly-

ubiquitinated UCH-L1 forms as well as a *40 kDa

diubiquitinated UCH-L1 species (which could also

Fig. 8 Parkin targets UCH-L1 for degradation by the autophagy-

lysosome pathway. a Cell lysates of SH-SY5Y cells expressing

S-tagged parkin WT, indicated S-tagged parkin mutant, or S-tag

vector control were analyzed by immunoblotting with anti-UCH-L1,

anti-S-tag, and anti-b-actin antibodies. b The level of endogenous

UCH-L1 was normalized to the b-actin level and expressed as a

percentage of the normalized UCH-L1 level in vector-transfected

control cells. Results are shown as mean ± SEM from three

independent experiments. *p \ 0.05 versus vector-transfected con-

trol, one-way ANOVA with a Tukey’s post hoc test. c SH-SY5Y cells

expressing S-tag vector or S-parkin were treated for 24 h with the

indicated protein degradation inhibitors or vehicle (DMSO), and cell

lysates were analyzed by immunoblotting with anti-UCH-L1, anti-S-

tag, anti-p62, anti-LC3, anti-ubiquitin, and anti-b-actin antibodies.

d The level of endogenous UCH-L1 was normalized to the b-actin

level and expressed as a percentage of the normalized UCH-L1 level

in the DMSO-treated, vector-transfected control cells. Results are

shown as mean ± SEM from three independent experiments.

*p \ 0.05 versus the DMSO-treated, vector-transfected control;

#p \ 0.05 versus the DMSO-treated, parkin-transfected control,

two-way ANOVA with a Tukey’s post hoc test
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represent UCH-L1 monoubiquitination at two sites), but no

*33 kDa monoubiquitinated UCH-L1 species. Interest-

ingly, we found that the levels of the polyubiquitinated

UCH-L1 forms, but not *40 kDa diubiquitinated UCH-L1

species, were significantly reduced by targeted parkin

deletion in mice, indicating a role for parkin in regulation

of endogenous UCH-L1 polyubiquitination but not UCH-

L1 diubiquitination or monoubiquitination.

Because ubiquitin has seven internal lysine residues,

polyubiquitination can occur via different linkages, leading

to distinct outcomes. For example, K48-linked polyubiq-

uitination targets protein to the proteasome for degradation,

whereas K63-linked polyubiquitination acts in a protea-

some-independent manner to regulate a number of cellular

processes, including protein trafficking and autophagosome

formation [7, 9]. We and others have previously shown

that, through its association with different E2 enzymes,

parkin is capable of mediating multiple forms of ubiquiti-

nation, including K48-linked polyubiquitination and K63-

linked polyubiquitination [11, 63, 64]. Our in vivo ubiq-

uitination studies revealed that, in cells, parkin-mediated

UCH-L1 polyubiquitination occurs via the K63 linkage but

not the K48 linkage. Furthermore, by using in vitro ubiq-

uitination assays with recombinant proteins, we obtained

evidence that parkin cooperates with the UbcH13/Uevla E2

ubiquitin-conjugating complex to facilitate K63-linked

polyubiquitination of UCH-L1.

Emerging evidence indicates that K63-linked poly-

ubiquitination could serve as a signal for targeting protein

or other cargo to the autophagy machinery for subsequent

degradation by the lysosome [64, 65]. The recognition of

this targeting signal is thought to be mediated by adaptor

proteins, such as p62, which binds simultaneously to K63-

polyubiquitinated cargo via its ubiquitin-binding UBA

domain and to the autophagy machinery component LC3

via its LC3-interacting region (LIR) to induce autophago-

some formation [66, 67]. The autophagosome then fuses

with the lysosome, leading to degradation of the cargo

by lysosomal hydrolases. Consistent with this view, our

findings support that parkin-mediated K63-linked poly-

ubiquitination of UCH-L1 promotes the degradation of

UCH-L1 by the autophagy-lysosome pathway. These

findings provide new insights into the mechanism that

control UCH-L1 degradation in cells.

Protein degradation plays an important role in regulating

the expression levels of specific proteins and consequently

the cellular processes in which these proteins participate

[60]. UCH-L1 has a well-characterized deubiquitinating

activity for catalyzing the hydrolysis of C-terminal esters

and amides of ubiquitin to generate monomeric ubiquitin

[68] and may also possess a dimerization-dependent E3

ligase activity [69]. Although the exact function of UCH-

L1 remains unclear, UCH-L1 has been shown to control the

cellular pool of free ubiquitin [18, 24], and thereby could

affect many ubiquitin-dependent cellular processes.

PD is the second most common neurodegenerative dis-

ease characterized by the degeneration of dopaminergic

neurons in the substantia nigra and the presence of in-

traneuronal inclusions known as Lewy bodies. The

majority ([90 %) of PD cases are sporadic with unknown

etiology, and familial PD with genetic mutations accounts

for less than 10 % [70]. Loss-of-function mutations in

parkin are a major cause of familial PD, responsible for

approximately 50 % of recessively transmitted early-onset

PD cases [33–35]. In contrast, only a single mutation

(I93 M) in UCH-L1 has been associated with a single

family (two siblings) with autosomal dominant familial PD

[19], and it remains controversial whether the I93M variant

is a pathogenic mutation or a rare polymorphism. Unlike

sporadic PD patients, familial PD (ARJP) patients with

parkin mutations are typically devoid of Lewy bodies [71,

72]. Consistent with a lack of Lewy bodies in ARJP

patients, parkin-/- mice show no protein aggregates in the

brain [73, 74]. How parkin mutations trigger neurodegen-

eration is poorly understood. Our finding that PD-linked

parkin mutations abrogated the parkin-UCH-L1 interaction

suggests that these mutations cause a loss of parkin-med-

iated regulation of UCH-L1 degradation, leading to

increased levels of UCH-L1 in brains of human ARJP

patients with parkin mutations. Although there is no report

of UCH-L1 levels in ARJP brains, our observation of

elevated UCH-L1 levels in parkin-/- mouse brains sup-

ports this notion. Interestingly, Drosophila genetic studies

have shown that increased UCH-L1 levels in the eye

imaginal discs induces caspase-dependent apoptosis,

resulting in a rough eye phenotype [75]. Taken together,

these results suggest that the loss of parkin-mediated UCH-

L1 regulation may be a pathogenic mechanism contributing

to neurodegeneration in human ARJP patients with parkin

mutations.

Despite the identification of genetic defects responsible

for several rare, familial forms of PD, the etiology of the

more common, sporadic forms of PD is poorly understood.

Oxidative stress has been implicated in the pathogenesis of

sporadic PD [70], and oxidative damage to both parkin and

UCH-L1 were found in postmortem brains of sporadic PD

patients [22, 76, 77]. According to this study, one would

predict that oxidative damage to parkin should cause

increased UCH-L1 levels in sporadic PD brains by

impairing parkin-mediated regulation of UCH-L1 degra-

dation, but we have previously shown that UCH-L1 levels

are reduced in sporadic PD brains as well as in Alzheimer

disease brains [22]. This apparent discrepancy could be

reconciled by the fact that only the soluble levels of UCH-

L1 protein were measured in our previous study [22] and

that UCH-L1 protein was also found to aggregate with

Parkin-mediated K63-polyubiquitination targets ubiquitin 1821

123



Lewy bodies in PD brains and with neurofibrillary tangles

in AD brains [22, 78], likely as a result of the observed

oxidative damage to UCH-L1 protein [22].

In conclusion, our findings obtained from this study

uncover a new function of parkin in regulation of UCH-L1

ubiquitination and degradation, and they provide novel

insights into roles of these two proteins in health and

neurodegenerative disease.
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