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Parkin is an E3-ubiquitin ligase belonging to the RBR

(RING–InBetweenRING–RING family), and is involved

in the neurodegenerative disorder Parkinson’s disease.

Autosomal recessive juvenile Parkinsonism, which is

one of the most common familial forms of the disease, is

directly linked to mutations in the parkin gene. However,

the molecular mechanisms of Parkin dysfunction in the

disease state remain to be established. We now demon-

strate that the ubiquitin-like domain of Parkin functions

to inhibit its autoubiquitination. Moreover pathogenic

Parkin mutations disrupt this autoinhibition, resulting in

a constitutively active molecule. In addition, we show that

the mechanism of autoregulation involves ubiquitin bind-

ing by a C-terminal region of Parkin. Our observations

provide important molecular insights into the underlying

basis of Parkinson’s disease, and in the regulation of

RBR E3-ligase activity.
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Introduction

Post-translational modification of a target protein by ubiqui-

tin signals a variety of cellular outcomes including protea-

somal degradation, endosomal sorting, endocytosis and

DNA repair. The conjugation process is usually effected by

a cascade of enzymes; an E1 that activates the C-terminus of

the ubiquitin moiety; an E2 conjugating enzyme that accepts

the activated ubiquitin and co-ordinates with a third enzyme,

the E3-ubiquitin ligase. The E3-ubiquitin ligase provides the

specificity by determining which substrates will be ubiquiti-

nated (Pickart and Eddins, 2004; Kerscher et al, 2006; Dye

and Schulman, 2007). E3 ligases fall broadly into two classes:

the HECTs that contain a catalytic cysteine responsible for the

formation of a thioester intermediate, and the RING-type E3s

that are thought to act as scaffolding proteins, enhancing

the transfer of ubiquitin from E2 to target. The RING E3s are

the larger class, comprising B90% of known E3s, and

have varied domain structures. The components required

for ubiquitination are diverse and varied; however, little is

known about how the machinery itself is regulated. Although

ubiquitin ligases have been largely thought to be constitu-

tively active, it has recently been demonstrated that both

HECT and RING-type E3 ligases are subject to regulation

through substrate or E3 phosphorylation, or by utilisation

of adaptor proteins (Kee and Huibregtse, 2007; Duda et al,

2008; Saha and Deshaies, 2008), as well as by autoinhibition

of catalytic activity in the case of the HECT-type E2, Smurf2

(Wiesner et al, 2007).

Parkin, the product of the parkin gene, has E3-ubiquitin-

ligase activity (Shimura et al, 2000; Zhang et al, 2000).

Parkinson’s disease is a neurodegenerative disorder charac-

terised by the loss of dopaminergic neurons from the sub-

stantia nigra, and the presence of Lewy bodies, which are

pathogenic aggregated inclusion bodies rich in ubiquitin and

a-synuclein (Jenner and Olanow, 1998). Autosomal recessive

juvenile Parkinsonism (AR-JP) is one of the most common

familial forms of the disease and has been directly linked to

mutations in the parkin gene (Kitada et al, 1998). In addition,

heterozygous parkin mutations have also been discovered in

cases of late-onset sporadic Parkinsonism, raising the possi-

bility of its involvement in the pathogenesis of sporadic PD.

Recent studies suggest a pivotal role for Parkin and PINK1

(a kinase also mutated in AR-JP) (Valente et al, 2004) in the

selective degradation of mitochondria, although the mecha-

nisms by which this occurs are still unclear (Geisler et al,

2010; Matsuda et al, 2010; Narendra et al, 2010; Vives-Bauza

et al, 2010). These studies also report a requirement for

activation of Parkin, whereas historically, Parkin has been

considered constitutively active due to its autoubiquitination

(Shimura et al, 2000; Zhang et al, 2000). In addition to its

established role in Parkinsonism, Parkin is also a putative

tumour suppressor (Poulogiannis et al, 2010; Veeriah et al,

2010). Parkin is a 465-residue protein that contains two RING

motifs linked by a cysteine-rich in-between-RING (IBR) motif,

a newly identified zinc co-ordinating motif termed RING0,

and an N-terminal ubiquitin-like domain (Ubl) (Figure 1A)

(Hristova et al, 2009). Parkin binds several E2s including

UbcH7 and UbcH8, and the UbcH13/Uev1a E2 heterodimer

that is thought to be responsible for the catalysis of K63-

linked ubiquitin chains (Olzmann et al, 2007). Parkin has also

been shown to be capable of inducing monoubiquitination

(Hampe et al, 2006; Moore et al, 2008), multiple mono-

ubiquitination (Matsuda et al, 2006), K48-linked polyubiqui-

tination, and K63-linked polyubiquitination (Doss-Pepe et al,

2005; Lim et al, 2005).

Pathogenic mutations occur throughout the primary

sequence and there have been many studies linking these

mutations to changes in Parkin stability and solubility (Wang
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et al, 2005; Hampe et al, 2006; Schlehe et al, 2008). Reviews

of the distribution and type of mutations occurring in

the parkin gene have revealed that there are hotspots for

the mutations including exon rearrangements that affect the

RING domains, and that most of the missense mutations

occur in the C-terminal RING-IBR-RING domains (Hedrich

et al, 2004; Tan and Skipper, 2007). However, there is also a

cluster of point mutations and small deletions that occur in

exon 2. Exon 2 gives rise to the Ubl domain, a domain at the

extreme N-terminus of Parkin that shares 30% sequence

identity with human ubiquitin (Figure 1A). The functional

importance of this domain remains to be established

although there have been recent studies implicating it in

substrate recognition, SH3-domain binding, proteasome asso-

ciation and regulation of cellular Parkin levels (Finney et al,

2003; Sakata et al, 2003; Fallon et al, 2006; Trempe et al,

2009). Certain disease-causing mutations in the Ubl domain

can result in its unfolding (Safadi and Shaw, 2007; Tomoo

et al, 2008). It has been demonstrated that the Ubl domain is

not necessary for the E3-ligase activity of Parkin in vitro as a

C-terminal fragment comprising the IBR-RING2 domains is

capable of autoubiquitination (Matsuda et al, 2006). It has

also been reported that this domain can be cleaved in vivo by

caspases (Kahns et al, 2003). We set out to establish the

molecular function of the Ubl domain in the regulation of

Parkin’s E3 activity. We found evidence for an autoinhibitory

role of the Ubl domain in regulating the autoubiquitination

activity of Parkin. Furthermore, we show that pathogenic

mutations disrupt this autoinhibitory function of the Ubl

domain, providing a molecular rationale for pathogenic

Parkin mutations.

Results

The ubiquitin-like domain of Parkin inhibits its

autoubiquitination

Given the fundamental regulatory roles played by E3s, it

seems likely that they should be tightly regulated. Many

enzymes responsible for post-translational modifications

are themselves regulated by intramolecular interactions,

including kinases and acetyltransferases (Hubbard, 2002;

Stavropoulos et al, 2008). Recent reports have indicated a

need for Parkin activation at the mitochondria, suggesting

an intrinsic or extrinsic regulation of Parkin activity must

exist (Matsuda et al, 2010; Narendra et al, 2010). One possi-

bility is that the Ubl domain of Parkin might inhibit its
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Figure 1 The ubiquitin-like domain of Parkin inhibits its autoubiquitination. (A) Schematic representation of Parkin molecule. The ubiquitin-
like (UblD), RING0 (R0), RING (R1, R2) and in-between-RING (IBR) domains are indicated. The numbering for each domain is as per the
human protein. (B) Western blot analysis of autoubiquitination assays of WT Parkin (WT) and DUbl-Parkin (DUblD) reveal inhibition of Parkin
autoubiquitination by the Ubl domain. Formation of ubiquitin conjugates is detected with a-Parkin (left) and a-His-Ub (right) and indicated
with a bracket. The E2 used in each experiment is indicated. (C) Western blot analysis of autoubiquitination assays of MBP-Parkin, showing
competence for autoubiquitination only in the fused protein. Thrombin was added after the reaction has been stopped, leading to the cleavage
of ubiquitinated MBP-Parkin. Detection of conjugates by MBP and Parkin-specific antibodies reveals that most of the ubiquitin moieties are on
the MBP tag (lane 3). Lane 1 has no ubiquitin. Brackets indicate ubiquitination.
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autoubiquitination activity through an intramolecular

interaction. To test this hypothesis, we generated a deletion

mutant (DUblD) lacking the Ubl domain and assayed its

autoubiquitination activity. In contrast to wild-type (WT)

Parkin, DUblD autoubiquitinates and forms high molecular

weight ubiquitinated species (Figure 1B). Given the ability

of Parkin to use several E2s, we examined whether Parkin

autoinhibition is restricted to a particular E2. We found

that DUbl-Parkin autoubiquitinates with Ube2L3 (UbcH7)

and Ube2L6 (UbcH8), Ube2N/Ube2V1 (UbcH13/Uev1a),

Ube2G2 (Ubc7) and Ube2D2 (UbcH5b) (Figure 1B).

Furthermore, WT Parkin did not autoubiquitinate in the

presence of any of the tested E2s (Figure 1B). Similar results

were obtained at pH 7.4 and pH 8.0, and no activity was

observed in the absence of E2 (Supplementary Figure S1A

and B). These data suggest that the Ubl domain of Parkin

functions to inhibit its intrinsic autoubiquitination activity.

Perturbation of Parkin tertiary structure disrupts

Ubl-mediated inhibition

In contrast to our observations, numerous studies, both

in vivo and in vitro, have shown that Parkin is readily

autoubiquitinated (Shimura et al, 2000; Chung et al, 2004;

Hampe et al, 2006). We considered the possibility that

bacterially expressed Parkin may not be active due to a lack

of an uncharacterised modification. To test this, we also

produced Parkin in insect cells, and found that it too was

inactive (Supplementary Figure S2A). Previous studies have

been performed using N-terminally tagged Parkin, while our

experiments are carried out using, recombinant WT human

Parkin purified to homogeneity after removal of a His-smt3

(SUMO) fusion tag. The His-smt3 tag enables cleavage of the

fusion protein immediately before the N-terminal methio-

nine, generating WT Parkin with no overhang or leader

sequence. We therefore wondered if these apparent differ-

ences in the activity of Parkin were the consequence of the

N-terminal tag interfering with the intramolecular interaction

within the protein. To explore this possibility, we tested

the activity of tagged versions of Parkin. We found that

MBP WT Parkin is capable of undergoing autoubiquitination

(Figure 1C). Furthermore, thrombin cleavage following

a ubiquitination assay revealed both the cleaved tag and

Parkin itself are ubiquitinated. In contrast, MBP is not ubiqui-

tinated when added in isolation to purified untagged Parkin

(Figure 1C, lane 4). The same activity was observed with

a C-terminal thioredoxin tag (Supplementary Figure S2A).

In order to further explore this, we left the His-smt3 tag on

Parkin and carried out the assay in the absence and presence

of the smt3 protease, Ulp1. Once the smt3 tag is cleaved,

the protein loses autoubiquitination activity (Supple-

mentary Figure S2B). These data show that artificially tagging

Parkin promotes the protein to be active against itself and the

tag, and that cleavage of the SUMO tag inhibits autoubiqui-

tination.

The most straightforward explanation for our observa-

tions is that Parkin exists in an autoinhibited state that

involves its N-terminal Ubl domain. Further support for this

hypothesis comes from longer incubation of the assay,

which will be expected to affect the stability of any intra-

molecular interaction, we found that Parkin was autoubiqui-

tinated (Supplementary Figure S2C). Taken together, these

data suggest that Parkin is susceptible to destabilisation and

becoming active, and that the dynamics of the intramolecular

interaction within the molecule may influence the extent of

autoinhibition. Furthermore, these observations suggest the

ubiquitin-ligase activity of WT Parkin is latent, and requires

various secondary factors to induce its autoubiquitination.

Ligation of the Ubl domain to DUblD restores the

autoinhibition

To further validate the autoinhibitory role of the Ubl domain,

we reattached the Ubl domain to a constitutively active

DUblD species. Using expressed protein ligation (EPL; see

Materials and methods and Supplementary Figure S3A for

details), we produced the Ubl domain with a C-terminal

intein tag, and residues 95–465 of Parkin (95CParkin) with

an N-terminal cysteine. Ligation of these fragments yielded

full-length Parkin-EPL, likely to resemble the tertiary

structure of WT Parkin as well as its autoubiquitination

profile. Antibodies specific to different domains of Parkin

were used to differentiate between Parkin-EPL and 95C. As

expected, the C-terminal fragment (95C) readily autoubiqui-

tinated (Supplementary Figure S3B). The Ubl-specific anti-

body does not detect the 95C species, but readily detects the

Parkin-EPL species. Absence of any higher molecular weight

bands suggests that autoubiquitination does not occur

with Parkin-EPL. A positive control containing a Parkin-Ubl

mutation (K48A) described later does retain activity. Thus,

Parkin-EPL resembles WT Parkin in its autoubiquitination

profile thereby establishing the Ubl domain as an auto-

inhibitory module.

Pathogenic mutations in the Ubl domain relieve

autoinhibition

Pathogenic mutations occur throughout the primary

sequence of Parkin, although there are a number of important

hotspots, including a cluster of point mutations and small

deletions within the Ubl domain (Terreni et al, 2001; Hedrich

et al, 2002, 2004; Hoenicka et al, 2002; Tan and Skipper,

2007). Furthermore, a number of disease-causing mutations

in Ubl domain result in its unfolding (Safadi and Shaw, 2007;

Tomoo et al, 2008). Based on our observations, we examined

whether four pathogenic point mutations, K27N, R33Q, R42P

and A46P, in the Ubl domain affect the autoinhibition

of Parkin (Figure 2A). We found that all four mutants

were capable of autoubiquitination, while the WT was not

(Figure 2B). We also generated what we predicted to be a

‘silent’ mutation, R51P, based on the structure of the Ubl

domain (Sakata et al, 2003). We selected this mutation

because the arginine is in a loop rather than a secondary

structure element and is not conserved between species. This

mutation behaves as the WT protein (Figure 2B). These data

suggest that the consequence of the pathogenic mutations

within the Ubl domain is the disruption of autoinhibition and

activation of Parkin autoubiquitination.

We also investigated whether the Ubl domain regulated

Parkin in cells by transfecting WT or pathogenic mutants of

Parkin, along with His-ubiquitin. We pulled down His-ubi-

quitin conjugates from the cells in the presence and absence

of the proteasome inhibitor, MG132. Overall levels of WT

Parkin but not mutants were similar irrespective of MG132

treatment. Furthermore, we found that a greater proportion of

the transfected Parkin was ubiquitinated in the pathogenic

and DUblD mutant forms of Parkin, when stabilised by the
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presence of MG132, than WT (Supplementary Figure S4).

These data suggest that the Ubl domain also regulates Parkin

ubiquitination in cells, and that Ubl mutants are more active.

Lysine 48 is critical for the intramolecular inhibition

of Parkin

Interestingly, several of the known pathogenic point muta-

tions in the Ubl domain are sites of sequence conservation

with ubiquitin (Figure 3A). Furthermore, the Ubl domain has

a lysine residue at position 48, which is completely conserved

with ubiquitin. In ubiquitin, this lysine is the point of

ubiquitin chain building and is responsible for generating

the proteasome recognition signal (Chau et al, 1989).

Therefore, we generated a K48A-Parkin species and assayed

it for autoubiquitination. We found that this mutant was also

capable of autoubiquitination (Figure 3B). The K48A muta-

tion does not cause unfolding of the Ubl domain and yet

behaves the same way as the mutations that do unfold

the domain (Safadi and Shaw, 2007; Tomoo et al, 2008).

The most straightforward explanation is that K48 is important

for maintaining the inhibitory intramolecular interaction

within Parkin. To explore this possibility, we mutated lysine

48 to arginine, maintaining the electrostatic nature of the

residue. We found this mutant is not capable of autoubiqui-

tination, behaving as WT protein (Figure 3B), suggesting that

the charged nature of the residue is critical for the interaction.

To explore this further, we performed Parkin pull-down

assays using the WT and Ubl-K48A domains as bait to

examine if the two domains interact (Figure 3C). We found

that while the WT Ubl domain interacts weakly with Parkin,

it is able to bind both Parkin-K48A and DUblD. Moreover, the

Ubl-K48A domain is unable to interact with WT, Parkin-K48A

or DUblD. We also reasoned that a WT Ubl domain would

be able to diminish Parkin autoubiquitination in the K48A-

Parkin mutant. To test this hypothesis, we titrated increasing

concentrations of WT Ubl domain in the K48A-Parkin auto-

ubiquitination assay and found that K48A-Parkin autoubiqui-

tination is reduced. Adding K48A-Ubl to K48A-Parkin did not

inhibit K48A-Parkin autoubiquitination to the same extent

(Figure 3D; Supplementary Figure S5). Our findings show the

Ubl domain of Parkin is responsible for the intramolecular

interaction and autoinhibition of Parkin, with K48 being

a critical point of interaction.

The Ubl domain interacts with DUblD

In order to confirm the interaction between the Ubl domain

and the rest of Parkin, we performed NMR titration

experiments using 15N-labelled Ubl domain and titrating it

with residues 77–465 from Parkin (DUblD). In the absence

of DUblD, the 1H–15N HSQC spectrum of the Ubl domain

is disperse with narrow line widths similar to previously

reported work (Figure 4A). Upon increasing concentrations

of DUblD, many peaks in the Ubl domain gradually decrease

in intensity while others exhibit significant broadening.

These observations are consistent with slow exchange and

the six-fold increase in apparent mass for the Ubl domain

expected from an interaction between the two fragments.

To further quantify the interaction between the N-terminal

UblD and the C-terminal DUblD, we conducted isothermal

titration calorimetry (ITC) assays. WT UblD binds DUblD

with a dissociation constant (Kd) of B2.5 mM, while K48A-

UblD binds with greater than two-fold lower affinity

(Kd¼B6.5 mM) (Figure 4B). These results indicate that WT

Parkin exists in a closed conformation mediated through an
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intramolecular interaction between the Ubl domain and the

C-terminal 388 residues of Parkin.

WT Parkin is more thermostable and protease resistant

than mutant Parkin

In order to confirm that the differences in activity of Parkin

WT versus mutants are due to the intramolecular interaction,

we performed two independent stability assays.

We subjected WTand mutant Parkins to limited proteolysis

by subtilisin (Figure 5A). All of the pathogenic point mutants

of Parkin underwent proteolysis at lower concentrations of

subtilisin than WT protein, while R51P-Parkin, the mutation

we predicted to be ‘silent’ that also displays no activity

in vitro, was as resistant to proteolysis as WT. We then

performed thermal denaturation assays by differential

scanning fluorimetry (DSF) and found that WT, R51P-Parkin

and DUblD had melting points of 591C, 58.51C and 58.51C

respectively, while R33Q-Parkin and K48A-Parkin were less

stable, with Tm of 571C, and R42P-Parkin less stable

again with a Tm of 53.51C (Figure 5B). A46P-Parkin and

K27N-Parkin were so unstable that we were unable to obtain

useful readings in all four replicates. Taken together, these

data indicate that the WT Parkin is more stable than the

pathogenic point mutations, and therefore more folded and

less susceptible to proteolytic digest. Interestingly, DUblD is

as thermostable as WT Parkin, suggesting that the Ubl

domain could be protected from unfolding by the C-terminus

of Parkin, consistent with both our hypotheses and our

observations. A coomassie-stained gel of each input species

is included to demonstrate that each species is purified to

homogeneity (Supplementary Figure S6).

Mechanism of Parkin autoinhibition

The mechanism of autoinhibition could result from the

occlusion of an E2-binding site by an intramolecular interac-

tion with the Ubl domain. In order to explore this possibility,

we incubated WT inactive Parkin with increasing concentra-

tions of E2. Ube2L3 was unable to overcome the autoinhibi-

tion, even at the highest concentrations used (Figure 6A). To

determine whether there was any difference in E2 binding

between WT and DUblD, we performed pull-down assays

using 6xHis Ube2L3 as bait. The levels of WT Parkin retained

were comparable to that of DUblD (Figure 6B). Taken to-

gether, these results show that E2 interaction and intramole-

cular inhibition occur independently.

One possibility for the lack of WT Parkin activity is that it

is unable to support the discharge of the ubiquitin-thioester

formed on E2. In order to test this, we set up a pulse-chase
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Figure 4 The Ubl domain interacts with DUbl-Parkin. (A) 600 MHz 1H–15N HSQC spectra showing the interaction between 15N-labelled Ubl
domain in the absence (black contours) and presence of 0.33 (cyan), 0.67 (blue) and 1.0 (magenta) equivalents of DUblD. Residue assignments
are indicated for the Ubl domain beside each peak. The spectra show the disappearance of many peaks in the Ubl domain spectrum as a
function of DUblD concentration, indicative of an interaction with the DUblD fragment. To the right, a magnified view of part of the spectra is
shown. (B) ITC curves showing binding of WT UblD (left) and K48A-UblD (right) to DUblD-Parkin. Dissociation constants and stoichiometry of
the interaction are indicated.
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assay whereby Ube2L3 was charged with ubiquitin for

10 min. Apyrase was then added to quench the charging,

and was taken as a zero time point for reference. Parkin

species were then added or not and the reactions were

incubated for 20 min. Figure 6C shows that relative to no

E3, WT and R51P-Parkin share a similar capacity for thioester

discharge, while the mutant Parkins discharge the thioester-

ubiquitin from E2 to a greater extent. A complete blot and a

reducing gel blot are included in the Supplementary data to

demonstrate the Parkin-Ub-species generated by the active

Parkins and the loss of the thioester-ubiquitin from E2 under

reducing conditions (Supplementary Figure S7).

We hypothesised that an alternative mechanism of inhibi-

tion could be to maintain Parkin in an ‘off’ position that

would be relieved upon partner protein binding. To investi-

gate this, we incubated Parkin with the ubiquitin-interacting

motifs (UIMs) of the known Parkin interactor, EPS15. The Ubl

domain of Parkin recognises the UIMs resulting in Parkin-

mediated monoubiquitination of EPS15 and multi-monoubi-

quitination of Parkin (Fallon et al, 2006). Autoubiquitination

of WT Parkin was observed when excess UIMs were added,

while mutant UIM peptides (Ala to Gln) did not enable Parkin

autoubiquitination (Figure 6D). The ability of WT Parkin to

autoubiquitinate in the presence of the EPS15 UIMs but not

with mutant UIMs suggests an interaction between EPS15

and Parkin’s Ubl domain opens the molecule and allows

Parkin activity. In order to further probe this relief of auto-

inhibition by an interacting partner, we also assayed WT

Parkin in the absence and presence of the SH3 domain from

endophilin A1 (Trempe et al, 2009). This is a non-UIM-based

Parkin interactor but has been shown to interact with the Ubl

domain of Parkin. WT Parkin was competent for autoubiqui-

tination in the presence of the SH3 domain but not with the

E304A mutant shown to abolish binding to the Ubl domain

(Trempe et al, 2009; Figure 6E). These data suggest that

binding of an interacting partner can activate Parkin and

opens up the possibility of Parkin effectors.

The C-terminus of Parkin harbours a Parkin

UblD/Ub-binding (PUB) site

To further develop the mechanism of Parkin autoregulation,

we hypothesised that there could be an as-yet-unidentified

Ubl-interacting motif in the C-terminal portion of Parkin. To

test this hypothesis, we generated a peptide array of Parkin

DUblD, which was then probed with fluorescently labelled

Ubl domain (Supplementary Figure S8). As the Ubl domain

shares 32% sequence identity with ubiquitin, we also probed

the arrays with fluorescently labelled ubiquitin (Supple-

mentary Figure S8). We found two major hits for each

protein, only one of which was shared between them.
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These data suggest an overlapping but not identical binding

site for both ubiquitin and UblD in the C-terminus of Parkin.

Almost all ubiquitin-binding domains bind ubiquitin

through its central hydrophobic patch (referred to as the

‘Ile44’ patch) comprising Leu8–Ile44–Val70. Intriguingly,

both the Ubl domain and ubiquitin have Ile44 and Val70,

and the area surrounding Ile44 (including K48) is completely

conserved (Figure 3A). We therefore hypothesised that the

mechanism for autoinhibition could be the blocking of a

ubiquitin-binding site by the Ubl domain. To test this hypo-

thesis, we performed an autoubiquitination assay with DUblD

using ubiquitin hydrophobic patch mutants. Surprisingly,

DUblD was not able to autoubiquitinate in the presence of

I44A ubiquitin, and had reduced activity with L8A and V70A

ubiquitin (Figure 7A). To further investigate, we repeated

this experiment with I44A-ubiquitin with each of the UblD

pathogenic point mutants. Each of the point mutants was

active with WT ubiquitin, but inactive with I44A-ubiquitin

(Figure 7B). We also hypothesised that if the Ubl domain

occludes a ubiquitin-binding site, I44A-Parkin should be
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active. To test this, we purified I44A-Parkin and assayed it for

autoubiquitination. In contrast to WT, I44A-Parkin was active

for autoubiquitination (Figure 7C). In addition, ITC experi-

ments revealed DUblD affinity for the I44A-Ubl domain is

negligible compared with WT (Figures 4B and 7D). Taken

together, these data suggest that the mechanism of Parkin

autoinhibition is occlusion of a Parkin UblD/ubiquitin-

binding (PUB) site in the C-terminal portion of Parkin by

the Ubl domain.

Discussion

Ubiquitin ligases are a large family of proteins that are crucial

for regulating essential cellular processes. As such, it is not

surprising that they themselves would be subject to tight

regulation. Indeed, a recent study of the HECT-type E3 Smurf,

revealed autoinhibition of Smurf ligase activity through the

C2 domain (Wiesner et al, 2007). However, with the notable

exception of Ubr1 in the N-end rule pathway (Du et al, 2002),

no such autoregulation has been observed in the RING E3s,

although three groups recently reported regulation of the

cullin–RING ligase (CRL) complex by the ubiquitin-like

protein, Nedd8 (Duda et al, 2008; Saha and Deshaies, 2008;

Yamoah et al, 2008). Parkin is an intriguing E3 as it has

several putative substrates, is capable of multiple modes of

ubiquitination, interacts with several E2s, and mutations in

the parkin gene are causative in AR-JP. Therefore, Parkin

serves as a good model for understanding regulation and

misregulation of E3s. We have characterised the role of the

Ubl domain in regulating the autoubiquitination activity of
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Parkin. We found that the Ubl domain of Parkin inhibits its

autoubiquitination activity and that cleavage of the domain

and pathogenic mutations with the Ubl domain disrupt this

inhibition.

We present evidence towards a mechanism for Parkin

autoregulation that involves effector binding to the Ubl

domain (Figure 8). This presents an analogy to the CRLs,

with the Ubl recruiting adaptors, analogous to the F-box

proteins, which would in turn recruit substrates. There is

some support for this model in previous studies isolating

endogenous Parkin as a large, heteromeric complex (Van

Humbeeck et al, 2008), and demonstrating Parkin interaction

and function with CRL components (Staropoli et al, 2003).

Our data also suggest a mechanism for Parkin regulation that

involves unmasking a previously unidentified ubiquitin-in-

teracting region in the C-terminus of Parkin. This suggests

that the Ubl domain needs to be prised from the ubiquitin-

interacting region before Parkin can connect to the charged

E2 via both E2 and ubiquitin. Some support for this model

comes from a very recent study showing the related RBR

homologue, HHARI, forms a catalytic intermediate with

ubiquitin via a thioester (Wenzel et al, 2011). Although they

were unable to establish experimentally that the same is true

for Parkin, our data provide a complementary means to

achieve a semi-catalytic intermediate through association

with the ubiquitin moiety on the E2 (Figure 8).

We also found that fusion tags can disrupt the autoinhibi-

tion, highlighting the importance of investigating E3 function

in its WT form. Previous studies performed with N-terminal

tags and controlled with tag alone, but not Parkin alone, have

concluded that autoubiquitination is a normal function of

Parkin. Our data demonstrate that, in fact, Parkin autoubi-

quitination in the absence of substrate is a consequence of

pathogenic mutations, and can be artificially stimulated in a

non-physiological manner by N- or C-terminal tags. In addi-

tion to our study, Matsuda et al (2006) observed MBP

ubiquitination in an assay using MBP-IBR-R2, and the E2,

Ubc5, is capable of ubiquitinating GST when it is fused

(Cooper et al, 2004; Matsuda et al, 2006). Additionally,

multiple studies show that immunoprecipitation of endogen-

ous Parkin reveals one band rather than Parkin ladders (West

et al, 2003; Biasini et al, 2004; LaVoie et al, 2005; Joch et al,

2007; Van Humbeeck et al, 2008; Rakovic et al, 2010). In

contrast, many studies showing immunoprecipitation of mul-

tiple higher molecular weight species of Parkin use over-

expression of both Parkin (usually N-terminally tagged) and

ubiquitin, contributing to a probable exaggeration of ‘in vivo’

ligase activity (Imai et al, 2000; Shimura et al, 2000; Zhang

et al, 2000; Ko et al, 2010). Our data, coupled with those from

endogenous studies suggest that autocatalytic ubiquitination

and degradation of WT Parkin does not happen or is actively

prevented in a normal cellular situation. Our studies indicate
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a need for caution when interpreting data from over-

expressed, tagged or non-WT proteins, both in vivo and

in vitro. The confusing and often conflicting reports in the

literature regarding the activity of pathogenic Parkin muta-

tions are likely due to an unintended disruption of the

Ubl-mediated regulation of Parkin activity.

Several pathogenic mutations occur within the Ubl domain

of Parkin. A recent study showed that four missense mutants

of Parkin were rapidly degraded by the proteasome in a

cellular overexpression assay (Henn et al, 2005). The mutants

were only detectable in the presence of the proteasome

inhibitor, MG132, supporting what we observe in vitro, in

that the mutations in the Ubl domain render Parkin active for

autoubiquitination and degradation. Intriguingly, a mutation

that disrupts the Ubl domain fold (R42P), and one that

remains intact (K48A) both result in an ‘active for autoubi-

quitination’ form of Parkin. It has previously been suggested

that Parkin may be physiologically processed to release the

Ubl domain (Schlossmacher et al, 2002). Parkin has also been

shown to be cleaved by caspases after induction of apoptosis

(Kahns et al, 2003), although it is unclear what the conse-

quence of this cleavage is for the ligase activity of Parkin.

Given our data, we would propose this would activate Parkin

for autoubiquitination. Interestingly, there is a truncated

isoform of Parkin arising from an internal start codon,

which lacks the Ubl domain (Henn et al, 2005). The stability

and functional significance of this isoform remains unclear,

although an in vivo study revealed that HA-tagged Parkin

lacking the Ubl domain had autoubiquitination activity,

demonstrating that this domain is not necessary for Parkin

autoubiquitination in vivo (Finney et al, 2003). Some studies

have shown that ubiquitination of certain putative substrates

is impaired in the absence of the Ubl domain (Corti et al,

2003; Huynh et al, 2003), although it is difficult to establish

whether this is due to reduced substrate binding, or reduced

activity of Parkin towards particular substrates. Both UIMs of

EPS15 have been shown to be required for interaction with

the Ubl domain (Fallon et al, 2006; Safadi and Shaw, 2010).

Our data with the UIMs of EPS15 and SH3 domain of

endophilin A1 show that partner binding can relieve the

inhibition, hinting at a substrate or effector-based mechanism

of activation of Parkin. There is also conflicting data on

Parkin substrates. Despite so many putative substrates

being identified, there is as yet no substrate that has been

absolutely and independently verified in vitro and in vivo to

be a direct substrate of Parkin (Corti and Brice, 2007; Dawson

and Dawson, 2010). In addition, several recent studies have

suggested that phosphorylation of Parkin can activate it

against certain putative substrates, indicating a requirement

for Parkin effectors in the cell (Matsuda et al, 2010; Narendra

et al, 2010; Sha et al, 2010). It is unlikely that the only role for

the Ubl of Parkin is to inhibit autoubiquitination, as substrate

binding and proteasome association may be important

functions. Indeed, a recent study reveals poorly folded Ubl

domain mutants lose the ability to bind the proteasome

(Safadi et al, 2011). However, we speculate that a possible

mode of pathogenesis of the mutations in the Ubl domain of

Parkin may be to misregulate Parkin by relieving inhibition of

autoubiquitination. The consequence of the ubiquitination

is unclear, but there are at least two potential outcomes:

Parkin may become hyperactive and indiscriminately modify

substrate(s), or autoubiquitination may lead to protea-

somal degradation and therefore inactivation of Parkin.

Given that the current consensus is that Parkin mutations

are ‘loss-of-function’, it is more likely to be the latter

(Figure 8). If this is the case, the Ubl domain could be

a viable therapeutic target, either as a rescue therapy to

increase the stability of Parkin without targeting the protea-

some or to specifically disrupt the domain in order to

destabilise Parkin.

The human genome encodes several proteins that contain

Ubl domains. As some of these proteins are recruited to the

proteasome and bind in a Ubl domain-dependent manner, it

was thought that the Ubl domain is a generic proteasome-

binding domain (Schauber et al, 1998; Wilkinson et al, 2001).

However, there are Ubl domain containing proteins that do

not associate with the proteasome (Schulze et al, 2005).

Another E3-ligase component, Elongin B, has a Ubl domain,

the function of which is unclear. It is possible that a generic

function for Ubl domains is to regulate E3-ligase activity.

Consistent with this suggestion, a bioinformatics study un-

covered a high incidence of predicted Ubl domains in human

ubiquitin-specific proteases (Zhu et al, 2007). Intriguingly,

USP7 is predicted to have four Ubl domains C-terminal to the

catalytic protease core, and has been found to bind a viral

ring finger protein (ICPO). This binding protects ICPO from

autoubiquitination (Zhu et al, 2007), suggesting a potential

hijacking of the Ubl domains of USP7 to prevent autoubiqui-

tination-mediated destruction of the viral protein.

In summary, our study shows that the tertiary arrangement

of Parkin domains influences its activity. Parkin has 415

putative substrates, at least three of which contain domains

that interact with the Ubl domain of Parkin (Tsai et al, 2003;

Fallon et al, 2006). As well as the mutations within the Ubl,

mutations throughout Parkin may also disrupt the tertiary

arrangement, potentially exposing substrate, partner or

E2BUb-binding sites. Our data suggest that the Ubl domain

has a critical role both in maintaining the integrity of the

autoinhibited conformation of Parkin and in regulating the

type of ubiquitin modification. Finally, pathogenic mutations

in the Ubl domain influence the intramolecular inhibitory

activity of Parkin.

Materials and methods

Expression and purification of proteins
park2 gene was inserted into pET SUMO protein expression systems
(Invitrogen). Ubl point mutants (K27N, R33Q, R42P, A46P, K48A/R
and R51P) and Parkin truncations (DUbl and 95C) were generated
using the Phusions Mutagenesis Kit (Finnzymes). Restriction-free
cloning (van den Ent and Lowe, 2006) was used to insert Ubl,
UBE2L3 and UBE2L6 into pRSF Duet-1 (Merck) and thioredoxin
from pThioHis A vector (Invitrogen) at the C-terminus of 6xHis-
smt3-Parkin vector. All other E2s were purchased from Boston
Biochem. pTXB1 (New England Biolabs) served as template for
Mxe GyrA Intein-CBD sequence, inserted C-terminal of residue 94
to give a 6xHis-smt3 Ubl (1–94)–Intein-CBD fusion construct.
A G94A mutation was made to improve autocatalytic cleavage of
the C-terminal intein.

The SH3 domain from endophilin (residues 291–352) and E304A
mutant (Trempe et al, 2009) were expressed as His-smt3 fusions,
purified by Nickel-affinity chromatography followed by over-
night cleavage with Ulp1 at 41C and subsequent anion exchange
chromatography. Purified proteins were diluted to 1 mg/ml and
flash frozen at �801C.

All 6xHis-smt3-tagged constructs were transformed into
Escherichia coli BL21 (DE3) gold (Stratagene) and grown in Luria
broth supplemented with 500mM zinc chloride at 371C until
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OD600 reached 0.4. Expression was induced with 25 mM IPTG for
12 h at 161C. Harvested cells were sonicated in 50 mM Tris–HCl
pH 7.5, 500 mM NaCl, 250mM TCEP and bound to Ni-NTA beads
(Qiagen). Beads were washed, equilibrated with 200 mM NaCl
buffer and incubated overnight at 41C with Ulp1 protease to cleave
fusion protein. Flow through was purified through gel filtration.
Pure protein was flash frozen with 10% glycerol. Expression of
6xHis-tagged protein was induced with 0.5 mM IPTG at OD600

0.6 followed by batch affinity purification as above. Proteins
were eluted with 300 mM imidazole and further purified by gel
filteration. MBP-Parkin, a kind gift from Professor K Tanaka, Tokyo
Metropolitan Institute of Medical Science, was purified as described
(Matsuda et al, 2006). All proteins were at least 99% pure as judged
by Coomassie blue staining and quantification of FPLC traces.

In vitro autoubiquitination assays
Auto-ubiquitination reaction protocols were adapted from Matsuda
et al (2006). In all, 25ml reactions were conducted in reaction
buffer: 50 mM Tris pH 8.0 or 7.4, 2 mM dithiothreitol (DTT), 5 mM
MgCl2, 4 mM ATP and 5% glycerol. In all, 15 nM of human
recombinant E1 (Boston Biochem), 0.5 mM of UBE2L3 (unless stated
otherwise), 5 mM Ubiquitin species (Boston Biochem) were mixed
with 0.77–1 mM of E3 species in the above reaction buffer and
incubated at 371C for 1 h (unless stated otherwise). Reactions were
either stopped with SDS-loading buffer or cleaved overnight at 41C.

Antibodies
Indicated volumes of autoubiquitination reactions were subjected to
western blotting: 2ml for anti-MBP (1/5000, New England Biolabs),
5ml for anti-6xHis (1/2500, GE Healthcare), and 1.5 ml for anti-
Parkin (1/5000, 1A1, IBL). Pettingill Technology Ltd raised poly-
clonal rabbit antibodies against purified Ubl domain, the anti-UblD
(1/5000) was used to analyse Parkin-EPL autoubiquitination
reactions. FK1 (1/1000) and FK2 (1/2000) antibodies were obtained
from Enzo Life Sciences. Anti-rabbit HRP (1/1000) and anti-mouse
(1/1000) HRP secondary antibodies were obtained from Dako. Anti-
mouse IgM HRP (1/5000) and Strep-tactin HRP (1/4000) antibodies
were obtained from Abcam and IBA, respectively.

Expressed protein ligation
The 6xHis-smt3 95C, 6xHis-smt3 Ubl (1–94)–Intein-CBD and 6xHis-
smt3 K48A-Ubl (1–94)–Intein-CBD constructs were expressed,
affinity purified and cleaved as described above. The K48A-Ubl
and Ubl (1–94)–Intein-CBD fusions were further cleaved overnight
at 41C with 10 mM 2-mercaptoethanesulfonic acid (MESNA; Sigma)
to give Ubl (1–94) with a C-terminal reactive species. Uncleaved
species and Intein-CBD was separated using Chitin resin (NEB) and
Ubl (1–94) species were further purified using gel filtration.
Chemical ligation of Ubl (1–94) species with Cys95C (10:1 ratio)
was carried out overnight at 161C in the presence of 10 mM MESNA
followed by gel filtration to separate unligated Ubl (1–94) species.
Autoubiquitination assays were conducted with freshly purified
Parkin-EPL and 95C species alongside the 95C truncation.

Cell transfections and ubiquitination assays
Parkin species were cloned in pcDNATM–DEST 40 mammalian
expression vectors (Invitrogen) following Gateways technology
(Invitrogen). His-Ubiquitin mammalian construct was a kind gift
from Dr Axel Behrens (London Research Institute). Human
embryonic kidney 293 cells, maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal calf serum,
were transfected with 2 mg each of indicated vectors using
Effectenes (Qiagen). After transfections, cells were maintained
for 48 h including a 10-h treatment with 10mM proteasome inhibitor
MG132 (Calbiochem) where indicated. Cells were lysed and
sonicated in cold lysis buffer (PBS, 1% Nonidet P-40, complete
EDTA-free protease inhibitor cocktail (Roche)). Lysates were
clarified by centrifugation and 50–100mg of soluble lysates were
analysed by western blotting using anti-Parkin and anti-actin
(1/400, Abcam) antibodies. His–Ub species from 4 to 5 mg of
soluble lysates were affinity purified using Ni-NTA magnetic
agarose beads (Qiagen) as described (Campanero and Flemington,
1997).

Protein stability assays
Proteolytic digests were carried out using 10 mg Parkin species per
20 ml reaction in 50 mM Hepes, pH 7.4, 200 mM NaCl, 250 mM TCEP.

Subtilisin was added to w/w percentages of 0.025, 0.05 and 0.1%.
Reactions were carried out at 41C for 3 h, and stopped with the
addition of SDS-loading buffer and boiled. In all, 15 ml of each
sample, was run on an 8–16% SDS–PAGE gel and stained with
Coomassie blue.

Thermal denaturation experiments were performed using DSF. In
all, 5 mg of each protein was added to 90ml reaction buffer (50 mM
Hepes pH 7.4, 200 mM NaCl, 250 mM TCEP), and 5ml of 50� Sypro
Orange (Invitrogen) fluorescent dye was added to a final reaction
volume of 100 ml. Each experiment was repeated four times in a 96-
well plate in a Bio-Rad iQ5 thermal cycler, with a temperature
gradient from 41C to 1001C at steps of 0.51C per minute. The results
are displayed as the differential of the fluorescence in arbitrary units
divided by the differential of the temperature, plotted against
temperature. The minimum of each curve indicates the melting
point (Tm) of each protein, representing the inflection point of the
fluorescence curve.

Interaction assays
In all, 40–50 ml Ni-NTA beads were saturated with bait species;
6xHis-Ubl (WT or K48A), 6xHisE2 (UBE2L3 or UBE2L6) and
incubated (2–3 h at 41C) with 0.5 mg of indicated prey Parkin
species; WT, K48A or DUblD for interactions with Ubl baits and WT
and DUblD for E2 baits, in 50 mM Tris pH 7.5, 25 mM NaCl, 250 mM
TCEP, 5% glycerol. Beads were subsequently washed in 10 column
volumes of binding buffer followed by washes with increasing salt
concentrations. In all, 10 ml beads were boiled with 2� SDS-loading
buffer after each wash to be analysed by coomassie and western
blotting (20� dilutions of each sample).

Isothermal titration calorimetry
ITC was conducted on an iTC200 Microcalorimeter (GE Healthcare).
All proteins were freshly prepared before binding experiments. The
sample cell contained 25mM DUblD-Parkin in PBSA and 250 mM
TCEP. The syringe contained 500mM UblD or ubiquitin species.
The buffer was used as the reference cell, and titration into buffer
of each protein served as controls. In all, 20 injections of 2 ml
were delivered with a 2-s addition time and an interval of 200 s. The
stirrer speed was set to 1000 r.p.m. Each binding experiment was
carried out at 251C with the samples kept at 41C before use.

UIM and SH3 effector assays
Indicated quantities of Ubl species (WT and K48A) and E2s
(UBE2L3 and UBE2L6) were incubated in Parkin autoubiquitination
assays. Custom peptides representing EPS15 WT UIMs (UIM1
-SEEDMIEWAKRESEREEEQR, UIM2 -LNQQEQEDLELAIALSKSEI-
SEA) and mutant UIMs (UIM1m -SEEDMIEWQKRESEREEEQR,
UIM2m -LNQQEQEDLELQIQLSKSEISEA) were synthesised by the
Peptide Synthesis Laboratory, London Research Institute. Peptide
pairs were dissolved in 50 mM Tris–HCl pH 8, 100 mM NaCl, 5%
glycerol and a 50� molar excess was co-incubated with WT Parkin
for autoubiquitination assays. SH3 or SH3 mutant domains of
endophilin 1A were added at 60� molar excess in the assay buffer.

NMR experiments
All NMR experiments were collected on a Varian Inova 600 MHz
spectrometer equipped with a triple resonance probe using xyz
gradients. 1H–15N HSQC spectra were collected using the sensiti-
vity-enhanced method at 251C (Kay et al, 1992). Multiple samples
of 15N-labelled Ubl domain (115mM) were prepared in 20 mM Tris,
150 mM NaCl, 1 mM DTT in the absence and presence of unlabelled
DUblD (0, 38, 76, 115 and 150 mM). All spectral parameters used to
collect 1H–15N HSQC spectra were identical with the exception of
the number of transients, which were increased for samples
containing DUblD to improve signal to noise of both samples. 1H
chemical shifts were referenced directly using a DSS internal
standard. Spectra were processed using a 601-shifted cosine bell
weighting function in both 1H and 15N dimensions and baseline
corrected using NMRPipe (Deleglio et al, 1995) and visualised using
NMRView (Johnson and Blevins, 1994).

Peptide arrays
Peptide arrays representing human full-length Parkin as a series of
overlapping peptides (21 residues) were synthesised by the Peptide
Synthesis Laboratory, London Research Institute. Recombinant
UblD protein was labelled at Cys59 using Fluorescein-5-Maleimide
(Thermo Scientific) following the manufacturer’s protocol to
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generate the fluorescein-labelled UblD probe while fluorescein-
N-terminal Ubiquitin was commercially available (Boston Bio-
chem). Arrays were activated for interaction assays with 50% v/v
ethanol, 10% v/v glacial acetic acid solution (15 min) followed by
several washes with array interaction buffer (AI buffer—50 mM Tris
pH 8.0, 200 mM NaCl, 250 mM TCEP, 0.05% Tween20). Interaction
experiments (50–100 mg of fluorescein UblD/Ub probes in 25 ml AI
buffer) were carried out for 2–3 h at 251C/room temperature and
subsequently washed with AI buffer (3–5� ). Peptide–probe
interactions were detected using fluorescence image scanners
(Molecular Dynamics STORM 860) and associated imaging software
(ImageQuantTL). Experiments were repeated with fresh arrays to
confirm positive interactions.

Thioester discharge assays
The experimental setup was adapted from Ozkan et al (2005).
Reactions (371C for 10 min) were setup with 150 nM E1, 2mM His
UBE2L3, 50 mM His Ubiquitin in a buffer containing 50 mM Tris pH
8.0, 2 mM DTT, 5 mM MgCl2 and 5 mM ATP to facilitate formation of
His UBE2L3 B His Ub thioester. Subsequently, reactions were
arrested with ATPase (1.5 Units Ayprase; Sigma)/EDTA (5 mM)
treatment for 10 min at 251C/room temperature) followed by buffer
exchange into 50 mM Tris pH 8.0 using ZebaTM Spin Desalting
Columns (Pierce) according to the manufacturer’s protocol. Charge
and arrest reactions were conducted as master-mixes (55 and
82.5 ml, respectively) and 7.5ml of arrested samples were subject to
thioester discharge (20 min at 251C/room temperature) with the
indicated Parkin E3 species (2.4 mM in 2.5 ml). Reactions were
terminated with 10ml 2� non-reducing sample buffer (4 M Urea,
150 mM Tris pH 6.8, 5 mM EDTA, 2% SDS, 10% glycerol and
bromophenol blue). Samples were further diluted to 40 ml using
50 mM Tris pH 8.0, half of which was subject to reducing conditions
(100 mM b-mercaptoethanol). In all, 1/5th of each sample was
subject to western blot analysis using anti-His antibody. Blots were
developed using ECL Plus Western Blotting Detection Reagents (GE
Life Sciences), quantified using CCD camera system (ImageQuant
LAS 4000) and associated imaging software (ImageQuantTL).

Absolute levels of thioester species were calculated as a percentage
of total E2 species detected in the given lane. Experiments were
performed at least three times and statistical analysis (one-way
ANOVA and Dunnett’s multiple comparison post-test) was carried
out using GraphPad Prism 5.0c (GraphPad).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).

Note added in proof
The following paper, recently published (Mol Cell, 10 June),
describes an autoinhibition of a RING E3 ligase, cIAP1: Lopez J,
John SW, Tenev, T, Rautureau GJ, Hinds MG, Francalanci F, Wilson
R, Broemer M, Santoro MM, Day CL, Meier P (2011) CARD-
mediated autoinhibition of cIAP1’s E3 ligase activity suppresses cell
proliferation and migration. Mol Cell 42: 569–583.
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