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Mutation of the parkin gene, which encodes an E3 ubiquitin-

protein ligase, is the major cause of autosomal recessive

juvenile parkinsonism (ARJP). Although various sub-

strates for parkin have been identified, the mechanisms

that regulate the ubiquitin ligase activity of parkin are

poorly understood. Here we report that 14-3-3g, a chaper-

one-like protein present abundantly in neurons, could

bind to parkin and negatively regulate its ubiquitin ligase

activity. Furthermore, 14-3-3g could bind to the linker

region of parkin but not parkin with ARJP-causing R42P,

K161N, and T240R mutations. Intriguingly, a-synuclein

(a-SN), another familial Parkinson’s disease (PD) gene

product, abrogated the 14-3-3g-induced suppression of

parkin activity. a-SN could bind tightly to 14-3-3g and

consequently sequester it from the parkin–14-3-3g
complex. PD-causing A30P and A53T mutants of a-SN

could not bind 14-3-3g, and failed to activate parkin.

Our findings indicate that 14-3-3g is a regulator that func-

tionally links parkin and a-SN. The a-SN-positive and

14-3-3g-negative control of parkin activity sheds new light

on the pathophysiological roles of parkin.
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Introduction

In the last decade, people working in the field of Parkinson’s

disease (PD) witnessed a tremendous progress in uncovering

the mechanisms of PD, and several familial PD genes were

discovered in succession (Vila and Przedborski, 2004). Of

these hereditary PD genes, parkin (PARK2), the causative

gene of autosomal recessive juvenile parkinsonism (ARJP), is

of a special interest because it encodes a ubiquitin ligase, a

critical component of the pathway that covalently attaches

ubiquitin to specific proteins with a polymerization step to

form a degradation signal (Shimura et al, 2000). Indeed,

parkin catalyzes the addition of ubiquitin to target proteins

prior to their destruction via the proteasome, suggesting that

the misregulation of proteasomal degradation of parkin sub-

strate(s) is deleterious to dopaminergic neurons (Dawson and

Dawson, 2003; Bossy-Wetzel et al, 2004; Kahle and Haass,

2004). Consequently, impaired protein clearance can induce

dopaminergic cell death, supporting the concept that defects

in the ubiquitin–proteasome system may underlie nigral

degeneration in ARJP and perhaps sporadic forms of PD

(McNaught and Olanow, 2003). On the other hand, it was

recently reported that parkin also catalyzes the formation of

the K63-linked polyubiquitylation chain, independent of pro-

teasomal destruction, in which the K48-linked polyubiquity-

lation chain is necessary (Doss-Pepe et al, 2005; Lim et al,

2005). Thus, it is plausible that parkin shares two roles as an

E3 ligase; that is, one linking to and the other independent

of the proteasome.

Among the products of major familial PD genes (Vila and

Przedborski, 2004), a-synuclein (a-SN) is a product of famil-

ial PD gene (PARK1) identified as a presynaptic protein of

unknown function. a-SN is considered in the molecular

mechanisms of PD mainly because it is one of the major

components of the cytoplasmic Lewy body (LB) inclusion

present in the remaining nigral dopaminergic neurons of PD

patients, which is the pathological hallmark of sporadic and

some familial PDs (Forno, 1996). Although various studies

have been conducted on a-SN (Dawson and Dawson, 2003;

Bossy-Wetzel et al, 2004; Kahle and Haass, 2004), its patho-

physiological role(s) and the interplay between a-SN and

parkin are largely unknown.

To date, little is known about the role of parkin as a

ubiquitin E3 ligase with respect to the underlying molecular

mechanism(s) of ARJP or PD. Here we report for the first time

that 14-3-3Z, a member of the 14-3-3 family (b/a, g, e, Z, z/d,

s, and t/y) (Berg et al, 2003; Bridges and Moorhead, 2004;

Mackintosh, 2004) identified in LB (Kawamoto et al, 2002;

Ubl et al, 2002), binds primarily to the linker region of parkin

and functions as a novel negative regulator of parkin. We also

show that a-SN relieves parkin activity suppressed by 14-3-

3Z, indicating that 14-3-3Z is a novel molecule handling both

parkin and a-SN, and that functionally links the two familial

PD gene products.

Results

Parkin specifically interacts with 14-3-3g but not with

other 14-3-3 isoforms

We first examined the physical association of parkin with

14-3-3 isoforms, which are abundantly expressed in the brain

(Martin et al, 1994; Baxter et al, 2002). Parkin was immuno-

precipitated from mouse brain extracts, and the presence of

14-3-3 was analyzed by Western blotting (Figure 1A). 14-3-3

was clearly detected in the parkin immunoprecipitant, but

not in those of control IgG or parkin antibody preabsorbed
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with recombinant parkin protein (1 mg). Intriguingly, two

14-3-3 signals were evident: a faint band and a strongly

stained band, indicating that the 14-3-3 may form homo-

and/or hetero-dimers. Subsequently, we determined the

type(s) of 14-3-3 species that interacts with parkin in the

mouse brain in more detail. In the parkin immunoprecipitant,

14-3-3Z, but not other 14-3-3 isoforms examined, that is, b, g,

e, and t, was detected (Figure 1B). In the next step, we

examined whether parkin is coimmunoprecipitated with anti-

14-3-3Z antibody and found parkin in the 14-3-3Z immuno-

precipitant (Figure 1C). These reciprocal immunoprecipita-

tion experiments revealed that parkin is associated with 14-3-

3Z in the mouse brain.

To confirm the specific interaction of parkin with 14-3-3Z,

Myc-tagged 14-3-3Z, s, b, or z was cotransfected with FLAG

(FL)-parkin into HEK293 cells, and their interactions were

tested. FL-parkin was detected in the immunoprecipitant

of Myc-14-3-3Z, but not those of Myc-14-3-3s, b, and z

(Figure 1D). Taken together with the results of Figure 1B,

our data indicate that parkin mainly interacts with 14-3-3Z.

Parkin domain interacts with 14-3-3g
We next investigated the region of parkin necessary for

interaction with 14-3-3Z. Structurally, parkin is characterized

by the presence of the N-terminal ubiquitin-like domain

(UBL) (which is highly homologous to ubiquitin), the

C-terminal RING box, consisting of two RING finger motifs,

RING1 and RING2, flanked by one IBR (in between RING

finger) motif, and a linker region, which connects these

N- and C-terminal regions (Shimura et al, 2000). In these

experiments, various deletion mutants of FL-tagged parkin

were expressed in HEK293 cells and immunoprecipitated by

FL-antibody beads (Figure 2A). FL-parkin or its derivatives

on the beads were further incubated with cell lysates

that expressed Myc-14-3-3Z, and then the amounts of Myc-

14-3-3Z bound to the beads were determined (Figure 2B).

WB:14-3-3η WB:14-3-3β WB:14-3-3ε WB:14-3-3γ WB:14-3-3τ

Lysate IP:anti-Myc

WB:anti-parkin

WB:anti-Myc

FL-parkin
Myc-14-3-3η
Myc-14-3-3σ

(kDa)

IP

WB:anti-14-3-3η

WB:anti-parkin (1A1)

Lysate

WB:anti-14-3-3

WB:anti-parkin (1A1)

anti-parkin
Parkin

∗

51

64

97

39

28

19

(kDa)

Control IgG

Lysate 1 µg

IP

 ∗

51

64

97

39

Myc-14-3-3β
Myc-14-3-3ζ

Lys
at

e

IP
: a

nt
i-p

ar
ki

n

Lys
at

e

IP
: a

nt
i-p

ar
ki

n

Lys
at

e

IP
: a

nt
i-p

ar
ki

n

Lys
at

e

IP
: a

nt
i-p

ar
ki

n

Lys
at

e

IP
: a

nt
i-p

ar
ki

n

14
-3

-3
η

Con
tro

l I
gG

– –
– – – – – –

– –
– – – –

– – – – – – – – – – – –
–––––––

– – – – – ––– –
–––

–
–
––

–

+ + + + + ++ + + +

+
++

+
++

+
+

++

A B

C

D

Figure 1 Physical interaction between parkin and 14-3-3Z. (A) Immunoprecipitation by anti-parkin antibody in the mouse brain. Mouse brain
lysates were prepared and treated with anti-parkin or control IgG as described in Materials and methods. The resulting immunoprecipitates
were subjected to SDS–PAGE, followed by Western blotting with anti-14-3-3 and parkin (1A1) antibodies. In all, 1mg of recombinant parkin was
pretreated with anti-parkin prior to immunoprecipitation. Left lane: the brain lysate (1.5% input). Asterisk denotes an IgG heavy chain.
(B) Specificity analysis of 14-3-3 species. The immunoprecipitation with anti-parkin and subsequent SDS–PAGE were carried out as in (A).
Western blotting was conducted with antibodies against various 14-3-3 isoforms as indicated for lysates and anti-parkin immunoprecipitates.
(C) Immunoprecipitation by anti-14-3-3Z antibody. After immunoprecipitation with anti-14-3-3Z or control IgG of the brain lysate, the
immunoprecipitates were analyzed by Western blotting with anti-parkin (1A1) and 14-3-3Z antibodies, similar to (A). Left lane: the brain lysate
(1.5% input). Asterisk denotes an IgG heavy chain. (D) Interaction between parkin and 14-3-3Z in HEK293 cells. FL-parkin (5 mg), Myc-14-3-
3Z, s, b, or z (2 mg) plasmids were transfected as indicated into HEK293 cells. After 48 h, the cell lysate was prepared and used for
immunoprecipitation with anti-Myc antibody. The immunoprecipitates and the lysate (7.5% input) were analyzed by Western blotting with
anti-parkin and Myc antibodies, as in (A).
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The full-length parkin could bind 14-3-3Z. Deletion of either

UBL or RING-box domain reduced the binding compared to

the full-length parkin, although these deletion mutants re-

tained the ability to bind to 14-3-3Z. Furthermore, mutants

with combined deletions of the UBL and RING-box domains,

that is, the linker region, could also bind 14-3-3Z to a lesser

extent. Conversely, deletion of the linker region resulted in

the loss of ability to bind 14-3-3Z. Taken together, it is

concluded that the linker region is necessary for the inter-

action between parkin and 14-3-3Z, although the UBL and

RING-box domains may enhance the binding affinity.

Interestingly, the ARJP disease-causing missense mutation

within the linker region, that is, parkin(K161N), in which the

Lys residue at position 161 was replaced by Asn residue,

showed complete loss of binding to 14-3-3Z, confirming the

importance of the linker region in the interaction between

14-3-3Z and parkin. Unexpectedly, other disease-causing

missense mutations of the UBL region, parkin(R42P), and

the RING1 region, parkin(T240R), also showed complete loss

of interaction with 14-3-3Z (Figure 2). Thus, although the

UBL and RING-box domains are not primarily required for

the binding, both R42P and T240R mutations in the UBL and

RING-box domains, respectively, deleteriously affect the

neighboring linker domain. Alternatively, since 14-3-3 is

known to form a homo- or hetero-dimer, and thus has two

binding sites (Aitken et al, 2002), it is plausible that 14-3-3Z
interacts with two distinct regions of parkin, one major site

of which is the linker region.

Effect of suppression of 14-3-3g on parkin E3 activity

We next investigated the role of parkin–14-3-3Z binding on

parkin activity. At first, we tested its effect on the ubiquitin

ligase activity of parkin. We incubated recombinant His-

parkin with ubiquitin, E1, and E2 (UbcH7) in vitro. Under

this condition, His-parkin appeared as a smear band, which

likely reflects self-ubiquitylation (Figure 3A). Addition of

recombinant GST-14-3-3Z (Figure 3A, left panel) or untagged

14-3-3Z (Figure 3A, right panel) to the reaction reduced the

smear of His-parkin, and such reduction was proportionate

to the added amount of GST-14-3-3Z or 14-3-3Z and resulted

in the recovery of His-parkin of intact size. In addition, we

found that 14-3-3Z had no effect on the ubiquitylating activity

of phosphorylated IkBa by a fully in vitro reconstituted

system, containing E1, E2 (Ubc4), and E3 (the SCFbTrCP

complex; Kawakami et al, 2001), indicating that 14-3-3Z
does not interfere with ubiquitylating reactions in general

(data not shown). These results strongly suggest that 14-3-3Z
suppresses the intrinsic self-ubiquitylation activity of parkin.

We next tested whether 14-3-3Z also affects the ubiquityla-

tion activity of parkin in HEK293 cells. First, we examined the

self-ubiquitylation of parkin, whose activity was observed by

cotransfections of HA-ubiquitin and FL-parkin. Myc-14-3-3Z
almost completely suppressed the self-ubiquitylation activity

of parkin, while Myc-14-3-3s, b, and z had no inhibitory

effect (Figure 3B), indicating the specific role of 14-3-3Z for

parkin. Second, we examined the effect of 14-3-3Z on the

ubiquitylation of a model substrate for parkin. When V5-

tagged synphilin-1, a known parkin substrate (Chung et al,

2001), was transfected with FL-parkin and HA-ubiquitin in

the cells, V5-synphilin-1 was found in ubiquitylated form,

as demonstrated by the poly-ubiquitin chain formation

(detected by anti-HA antibody) in anti-V5 immunoprecipitant

(Figure 3C, top panel). V5-synphilin-1 was not ubiquitylated

when FL-parkin was not cotransfected, suggesting that this

ubiquitylation is mediated by coexpressed FL-parkin. Indeed,

FL-parkin was found to be associated with V5-synphilin-1,

further supporting the above notion (Figure 3C, second panel

from the top). Note that the polyubiquitylated bands ob-

served as the smear profile were considered to include not

only major synphilin-1 bands over 90-kDa size but also self-

ubiquitylated bands of parkin over 52-kDa size.

In the next step, we tested the effects of 14-3-3Z
on the ubiquitylation and binding activities of parkin to
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Figure 2 Domain analysis of the parkin region that interacts with
14-3-3Z. (A) Schematic representation of WT parkin and its dele-
tion- and disease-related missense mutants. See text for the domain
structures of parkin and mutants. The dotted line denotes the
deleted region. (B) Interaction between 14-3-3Z and parkin mu-
tants. FL-parkin (2mg) or its mutant (10mg) plasmids were trans-
fected into HEK293 cells, as described in Figure 1D. The cell lysates
(200–600ml) were immunoprecipitated with anti-FL-antibody
beads. Note that various amounts of the lysates were used to adjust
roughly the levels of expressed parkin mutants. The resulting
immunoprecipitates were mixed with other cell lysates (200ml)
prepared from cells that had been transfected with Myc-14-3-3Z
plasmid (2mg) and incubated for 6 h at 41C. Then, the extensively
washed immunoprecipitates and cell lysate (7.5% input) were
analyzed by Western blotting with anti-Myc and FL antibodies.
Asterisks denote nonspecific bands.
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V5-synphilin-1. Cotransfection of 14-3-3Z resulted in almost

complete inhibition of the ubiquitylation of synphilin-1 by

parkin and/or self-ubiquitylation of parkin (Figure 3C, top

and second panels), as well as inhibition of the interaction

between synphilin-1 and parkin (Figure 3C, second panel).

14-3-3Z did not interact with synphilin-1 (Figure 3C, bottom

panel). Taken together, these results suggest that 14-3-3Z
does not only inhibit the intrinsic ubiquitylation activity of

parkin, but also its binding activity to the substrate and its

ubiquitylation.

The ARJP disease-related parkin(K161N) and

parkin(T240R) mutants, which cannot bind with 14-3-3Z,

could not bind and ubiquitylate synphilin-1 and/or self-

ubiquitylation of parkin even in the absence of 14-3-3Z
(Figure 3C, top panel). Hence, the linker and RING-box

domains of parkin are essential not only for the negative

regulation by 14-3-3Z, but also for the substrate recognition

and ubiquitin-ligase activity. These results illustrate the

importance of these regions of parkin on its positive and

negative regulation.

Since parkin is known to associate with E2 (Shimura et al,

2000), we also examined the effect of 14-3-3Z on the ability of

parkin to recruit E2. For this purpose, we coexpressed HA-

parkin with FL-UbcH7 or FL-Ubc7, both of which are known
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Figure 3 Effects of 14-3-3Z on the E3 activity of parkin. (A) In vitro autoubiquitylation. The ubiquitylating assay was conducted as described
in Materials and methods with or without various amounts of GST-14-3-3Z (left panel) or 14-3-3Z (right panel). After incubation, the reaction
mixtures were subjected to SDS–PAGE, followed by Western blotting with anti-parkin. Arrow on the right indicates the position of His-parkin.
(B) In vivo autoubiquitylation. HA-Ub (3 mg), FL-parkin (3mg), and Myc-14-3-3Z, s, b, or z (6 mg) plasmids were transfected for 48 h into
HEK293 cells as indicated. After immunoprecipitation with anti-FL, Western blotting was performed using antibodies against HA and parkin.
Western blotting of all lysates was performed to test the expression levels (Lysate). (C) Ubiquitylation of synphilin-1 in HEK293 cells. HA-Ub
(2mg), FL-parkin (3mg), FL-parkin(K161N) (3 mg), FL-parkin(T240R) (3 mg), Myc-14-3-3Z (6mg), and V5-synphilin-1 (4mg) plasmids were
transfected into HEK293 cells as in (B) at the indicated combinations. After immunoprecipitation with anti-V5 antibody, Western blotting was
performed using antibodies against HA, FL, V5, and 14-3-3. Asterisk denotes an IgG heavy chain.
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to bind to parkin (Shimura et al 2000; Imai et al, 2001).

Almost the same amounts of UbcH7 (Figure 4A) and Ubc7

(Figure 4B) were detected in the anti-parkin immunoprecipi-

tants irrespective of cotransfection with Myc-14-3-3Z. These

findings indicate that 14-3-3Z does not influence the recruit-

ment of E2, that is, UbcH7 or Ubc7, to parkin.

a-Synuclein abrogates 14-3-3g-related parkin

inactivation

Based on the above findings, we next examined the mechan-

ism that regulates the 14-3-3Z–parkin binding. As a-SN partly

has a high homology to 14-3-3 isoforms (Ostrerova et al,

1999), we tested the effects of a-SN on the 14-3-3Z-induced

suppression of parkin. By cotransfection experiments in

HEK293 cells, parkin again ubiquitylated synphilin-1, and

14-3-3Z inhibited the parkin-mediated ubiquitylation

(Figure 5A). Coexpression of a-SN resulted in the recovery

of ubiquitylation of synphilin-1 and the association of syn-

philin-1 with parkin, suggesting that a-SN abrogates the 14-3-

3Z-induced suppression of parkin (Figure 5A, top panel).

Importantly, the familial PD-related mutants of a-SN(A30P)

(Kruger et al, 1998) and a-SN(A53T) (Polymeropoulos et al,

1997) could not abrogate the inhibitory role of 14-3-3Z.

Similar results were observed by detection of self-ubiquityla-

tion activity of parkin (Figure 5A, second panel).

We then tested whether a-SN can release the binding

of Myc-14-3-3Z from parkin in cotransfection experiment.

As shown in Figure 5B (top panel), FL-parkin was self-

ubiquitylated in the absence of 14-3-3Z. Coexpression of

14-3-3Z inhibited the self-ubiquitylation of parkin, and this

was accompanied by the binding of 14-3-3Z to FL-parkin.

Coexpression of a-SN abrogated the binding of 14-3-3Z to

parkin and resulted in the recovery of self-ubiquitylation

of parkin. These effects were not seen by coexpression of

a-SN(A30P) and a-SN(A53T) (Figure 5B, top panel). In addi-

tion, while the 14-3-3Z–parkin interaction was considerably

reduced by a-SN, it was not reduced by a-SN(A30P) or

a-SN(A53T) (Figure 5B, bottom panel). Taken together,

a-SN, but not a-SN(A30P) or a-SN(A53T), binds strongly to

14-3-3Z and thereby releases parkin from the parkin–14-3-3Z
complex.

We also tested the interaction of Myc-14-3-3Z with FL-a-

SN, FL-a-SN(A30P), and FL-a-SN(A53T). Myc-14-3-3Z
interacted only with FL-a-SN, but not a-SN(A30P) nor

a-SN(A53T) (Figure 5C, upper-top panel), suggesting that

a-SN relieves parkin activity from binding to 14-3-3Z. The

14-3-3Z/a-SN interaction was not affected by parkin

(Figure 5C, upper-top panel), and parkin was not associated

with a-SN (Figure 5C, upper-second panel). Interestingly,

FL-a-SN did not interact with Myc-14-3-3s, b, and z in the

same experiment (Figure 5C, lower panel). These results

further strengthen the notion that a-SN specifically activates

parkin through binding 14-3-3Z.

We then investigated whether the interaction of 14-3-3Z
and parkin is direct or indirect by using purified recombinant

His-parkin and GST-14-3-3Z. GST or GST-14-3-3Z was mixed

with His-parkin, and pulled down by glutathione beads. His-

parkin bound to GST-14-3-3Z, but not GST (Figure 5D, left

panel), indicating that parkin directly interacts with 14-3-3Z.

On the other hand, a similar in vitro binding assay showed

that GST-14-3-3Z did not interact with recombinant a-SN

(Figure 5D, right panel), suggesting that certain modifica-

tion(s) of a-SN may be required for the interaction of 14-3-3Z.

Subsequently, we measured the binding affinities of parkin

and a-SN for 14-3-3Z by the surface plasmon resonance

(SPR) method. As shown in Figure 5E, parkin bound 14-3-

3Z with a considerably strong affinity (Kd¼ 4.2 nM, upper),

whereas the affinity of a-SN for 14-3-3Z was much lower than

that of parkin (Kd¼ 1.1 mM, lower). These results are consis-

tent with those of the immunoprecipitation/Western analysis

using recombinant proteins (Figure 5D).

Finally, we examined whether 14-3-3Z bound to parkin

can be released by a-SN. To test this, we first mixed the

lysates coexpressing FL-parkin and Myc-14-3-3Z of HEK293

cells with those expressing a-SN. Then the mixtures were

incubated under three different conditions, as indicated in

the upper panel of Figure 5F. Next, the lysates were immuno-

precipitated with anti-FL antibody, and followed by

Western blotting with anti-Myc and anti-parkin antibodies.

As shown in Figure 5F (upper panel), the amount of 14-3-3Z
bound to parkin was significantly lower in all incubation

conditions, when the cell lysates that simultaneously

expressed both parkin and 14-3-3Z were incubated with

a-SN-expressing lysates. Incubation for 1 h at 371C reduced

the amount of 14-3-3Z bound to parkin in proportion to the

added amount of a-SN-expressing cell lysate (Figure 5F,

lower panel). Intriguingly, the a-SN(A30P) and a-SN(A53T)

mutants had no effect on the release of 14-3-3Z, unlike wild-

type (WT) a-SN (Figure 5F, lower panel). These observations

strongly indicate that a-SN, but not a-SN(A30P) or

a-SN(A53T), can capture and release 14-3-3Z from the

parkin–14-3-3Z complex, which supports our notion that

the negative regulation of parkin activity by 14-3-3Z is

relieved by a-SN (Figure 5A and B).
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Figure 4 Effect of 14-3-3Z on the recruitment of E2 (UbcH7 or
Ubc7) to parkin. (A) HA-parkin (3 mg), FL-UbcH7 (3 mg), or Myc-14-
3-3Z (6mg) plasmids were transfected for 48 h into HEK293 cells at
the indicated combinations. After immunoprecipitation with anti-
HA antibody, Western blotting was performed using antibodies
against FL, Myc, and parkin. (B) The experiment was conducted
as in (A), except that FL-Ubc7 was used instead of FL-UbcH7.
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Parkin, 14-3-3g, and a-SN levels in the substantia nigra

of PD

Finally, we analyzed the levels of parkin, 14-3-3Z, and a-SN

in the substantia nigra of the midbrain from patients with

sporadic PD. Western blotting revealed no significant differ-

ences in parkin, 14-3-3Z, and actin in the substantia nigra

between control (patients without PD) and PD patients,

whereas a-SN was significantly increased in the substantia

nigra of PD patients (Figure 6A, upper panel). As parkin did

not interact physically with a-SN in our immunoprecipitation

analysis (Figure 5C; data not shown), we then examined the

interactions of 14-3-3Z with parkin or a-SN by measuring

WB:anti-HA

WB:anti-parkin

WB:anti-αSN

Lysate  IP:anti-V5
HA-Ub
V5-synphilin-1
FL-parkin

α-SN
14-3-3η

α-SN (A30P)

++ ++ ++ ++ ++
++++ + + + +++

++ + + +++ +– –
– – + + + – – + + +
– – – + – – – – + –
– – – – + – – – – +

α-SN (A53T)

+

+
+ +
+

+

+

+

+– –

–
–

–
–

–– – – – – – –

+

55

71

111

210

(kDa)

51

64

97

191

(kDa)

WB:anti-14-3-3

51

64

97

191

(kDa)

Lysate  IP:anti-FL

WB:anti-parkin

WB:anti-V5

∗

WB:anti-Myc

Myc-14-3-3η
Myc-14-3-3σ

FL-α-SN
FL-α-SN (A30P)

Parkin

+
+ +

+
+–

––
–

–+ + –
–

–
–

+
–++

+

–
+

+

+
––––

–– – + ––

–

––
Lysate  IP:anti-FL

WB:anti-FL

–
–

–––FL-α-SN (A53T)
+

+ +
+

+––
–+ + –

–
–

–

+
–++

+

–
+

+

+
––––

–– – + ––

–

––

–
–

–––

WB:anti-parkin

FL-α-SN
Myc-14-3-3η
Myc-14-3-3σ
Myc-14-3-3β
Myc-14-3-3ζ +

+
+

+
+

+ +
+

+

+ +++ +++ ++
–

– –– –––
–– –– – – –

–
–

–
––

– –––
––

–
––

––––

Lysate  IP:anti-FL

WB:anti-Myc

WB:anti-FL

GST GST
GST-14-3-3η
α-SN

+
+
++

–
–

Input GST-pulldown

WB: anti-αSN

WB: anti-GST

GST

GST-14-3-3η

WB:anti-GST

WB:anti-parkin

GST-14-3-3η
His-parkin

+
+ +

+ –
–

Input GST-pulldown

GST-14-3-3η

GST

WB:anti-Myc

WB:anti-parkin

a FL-parkin+Myc-14-3-3η
5

5
20

5 5
10

5
–

IP:anti-FL

α-SN
α-SN (A30P)
α-SN (A53T)

55
–

– –
–

–
–
–

–
– 20

20– – –

10

 5

10

 5  5

10

 5

 –

IP:anti-FL
a FL-parkin+Myc-14-3-3η

b α-SN

{b
Lysate (a) mix 

lysate (b)

Lysate (a) mix 
lysate (b)

WB:anti-Myc

WB:anti-parkin

(µg)

(µg)

(µg)
(µg)
(µg)
(µg)

 Incubation

IP

WB

 Incubation 37°C, 
                   1 h
IP

WB

250200150100500

R
es

p
o

n
se

 (
R

U
)

Time (s)

300

300

250

200

150

100

50

0

960 nM parkin

480 nM

240 nM
120 nM
60 nM

R
es

p
o

n
se

 (
R

U
)

Time (s)

120

100

80

60

40

20

0

250200150100500 300

16 µM 14-3-3η

2 µM

4 µM

8 µM
12 µM

37°C
1hr

20°C
3hr

4°C
O/N

A

B

C F

E

D

14-3-3g regulates parkin ubiquitin ligase
S Sato et al

The EMBO Journal VOL 25 | NO 1 | 2006 &2006 European Molecular Biology Organization216



these proteins in the anti-14-3-3Z immunoprecipitant.

Whereas the levels of parkin associated with 14-3-3Z from

PD appeared to be decreased relative to the control, the levels

of a-SN that interacted with 14-3-3Z were clearly increased in

patients with PD (Figure 6A, lower panel). Thus, it is sug-

gested that the elevated levels of a-SN are associated with its

interaction with 14-3-3Z and the activity of parkin may be

aberrantly regulated in the substantia nigra of sporadic PD.

Discussion

The major finding of the present study was the identification

of 14-3-3Z as a novel regulator of parkin. First, parkin was in

a complex with 14-3-3Z, but not b, g, e, or t isoforms, in the

mouse brain (Figure 1). 14-3-3Z could bind primarily to the

linker region of parkin, but not with the ARJP-causing mis-

sense mutant parkin (K161N), which has a mutation in the

WB: anti-parkin

Control PD

IP: anti-14-3-3η

WB: anti-14-3-3η

WB: anti-α-SN

WB: anti-14-3-3η

WB: anti-α-SN

WB: anti-actin

WB: anti-parkin

Lysate

Control PD

A

B

Figure 6 (A) Levels of parkin, 14-3-3Z, and a-SN in the substantia nigra of PD. Brain of a representative patient with PD (upper panel).
Samples (30mg) of the crude extract of the brains (substantia nigra) of control (patients without PD) and PD patients were subjected to SDS–
PAGE, following Western blotting against antibodies against parkin, 14-3-3Z, a-SN, and actin. Physical interaction between 14-3-3Z and parkin
or a-SN (lower panel). After the same samples used in the upper panel were immunoprecipitated with anti-14-3-3Z, Western blotting was
carried out using antibodies against parkin, a-SN, and 14-3-3Z. (B) A schematic diagram showing the pathways involved in the regulation of
parkin activity by 14-3-3Z and a-SN. a-SN, a-synuclein; a-SN*, modified form of a-SN. Note that whether parkin is phosphorylated to bind to
14-3-3Z remains unknown at present. See text for details.

Figure 5 Effects of a-SN on 14-3-3Z-induced suppression of parkin E3 activity and interaction between 14-3-3Z and a-SN in HEK293 cells.
(A) Ubiquitylation of synphilin-1. Transfection was conducted at various combinations, as in Figure 3C, except for cotransfection of 4mg of
a-SN, a-SN(A30P), and a-SN(A53T). After immunoprecipitation with anti-V5 antibody, Western blotting was carried out with antibodies
against HA, parkin and a-SN, and V5. Asterisk denotes an IgG heavy chain. (B) Autoubiquitylation of parkin. Transfection was performed as in
(A). After immunoprecipitation with anti-FL antibody, Western blotting was carried out with antibodies against parkin and 14-3-3. (C)
Interaction of 14-3-3Z and a-SN with or without parkin. Various expression vectors at the indicated combinations were transfected.
Immunoprecipitation was conducted by anti-FL antibody and the resulting immunoprecipitates were used for Western blotting with antibodies
against Myc, parkin, and FL. (D) Physical interaction between 14-3-3Z and parkin (left panel) or a-SN (right panel) in recombinant proteins.
After recombinant His-tagged parkin produced from baculovirus-infected HiFive insect cells (3mg) or GST-a-SN expressed in E. coli whose GST
moiety was removed by PreScission Protease digestion prior to use (3 mg) was incubated for 1 h at 321C with 3mg of GSTor GST-tagged 14-3-3Z
expressed in E. coli, glutathione-Sepharose was added and the incubation vessels were slowly rotated for 3 h at 41C. The washed Sepharose
resin was eluted with 50ml of 50 mM Tris–HCl (pH 8.0) buffer containing 10 mM reduced glutathione, and aliquots (15ml) were analyzed by
Western blotting with antibodies against parkin (left-top panel), a-SN (right-top panel), and GST (bottom panel). Input: 500 ng of parkin or a-
SN. (E) SPR analyses of parkin and a-SN binding to 14-3-3Z. Upper: subtracted sensorgrams of interaction between a subset of parkin
concentrations and immobilized 14-3-3Z. Lower: subtracted sensorgrams of interaction between a subset of 14-3-3Z concentrations and
immobilized a-SN. (F) Sequestration of 14-3-3Z by a-SN from the parkin–14-3-3Z complex. Various expression vectors were transfected as
indicated. Upper panel: 5mg of the lysate-(a) from cells co-expressing FL-parkin and Myc-14-3-3Z were mixed with 10mg of cellular lysate-(b)
expressing a-SN. The mixtures were incubated under various conditions; that is, 371C for 1 h, 201C for 3 h, or overnight at 41C (O/N), then
immunoprecipitation by anti-FL antibody was conducted, followed by Western blotting with antibodies against Myc (14-3-3Z) and parkin.
Lower panel: the experiments were conducted as for the top panel, except that incubation was carried out at 371C for 1 h using a-SN-,
a-SN(A30P)-, or a-SN (A53T)-expressing lysates as indicated. The experimental protocol is shown in the flow charts on the right.
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linker region (Figure 2). Second, the binding of 14-3-3Z to

parkin was associated with suppression of the ubiquitin-

ligase activity, suggesting that certain parkin bound to 14-3-

3Z is present at a latent status in the brain (Figure 3). Third,

overexpression of a-SN abrogated the 14-3-3Z-induced sup-

pression of parkin activity, indicating that a-SN relieves the

negative regulation of parkin by 14-3-3Z (Figure 5A and B).

Intriguingly, PD-causing A30P and A53T mutations of a-SN

could not bind 14-3-3Z and failed to activate parkin. These

results indicate that 14-3-3Z is a regulator that functionally

links parkin and a-SN, as illustrated in Figure 6B.

It is of particular note that we report unusual isoform

specificity for 14-3-3Z to interact with parkin among all 14-3-

3 species examined. However, the possibility that the other

species are also involved in the interaction by forming a

heterodimer with 14-3-3Z cannot be excluded in vivo, be-

cause 14-3-3 bands immunoprecipitated by anti-parkin anti-

body from the brain extracts showed doublet with one weak

signal for Western blotting (Figure 1A). Nevertheless, herein

we address that recombinant parkin could directly bind to

14-3-3Z (Figure 5D, left panel), with considerably high

affinity (Kd¼ approximately 4 nM) (Figure 5E) and that the

14-3-3Z homodimer is a negative factor for autoubiquitylat-

ing activity of parkin in vitro (Figure 3A).

It is known that the 14-3-3 family proteins interact with the

majority, but not all, proteins after their phosphorylation

(Aitken et al, 2002; Bridges and Moorhead, 2004;

Mackintosh, 2004). Indeed, parkin contains the RKDSPP

sequence in the linker region that resembles the typical

binding motifs with a potential phosphorylation residue for

14-3-3 proteins (Yaffe et al, 1997; Mackintosh, 2004). It is also

known that parkin has several possible phosphorylation

sites, and recent studies showed that parkin is phosphory-

lated in vitro (Yamamoto et al, 2004), although there is no

direct evidence demonstrating phosphorylation of parkin

in vivo to date. However, it remains elusive whether or not

phosphorylation of parkin is responsible for its specific

binding to 14-3-3Z, because known potential phosphoryla-

tion motifs are capable of associating with many 14-3-3

species in general. The specificities of 14-3-3: client–protein

interactions do not result from different specificities for the

phosphopeptide-binding motifs, but probably arises from

contacts made on the variable surface of 14-3-3 outside the

binding cleft, as discussed previously by Yaffe et al (1997).

In this regard, some reports showed functional specificities

of 14-3-3 isoforms (Aitken, 2002; Aitken et al, 2002; Roberts

and de Bruxelles, 2002), and indeed several enzymes retain

several nonphosphorylated binding motifs for 14-3-3s

(Hallberg, 2002; Sribar et al, 2003), though parkin lacks

such 14-3-3-interacting sequences. Thus, parkin, in particular

its linker region, may have a new binding motif(s) for 14-3-

3Z, but the interacting motif(s) remains to be identified.

If 14-3-3Z binds to parkin through two sites as a dimmer, it

is plausible that the phosphorylation of parkin is involved

in their interactions at least in part.

With regard to the mechanistic action of 14-3-3Z, it may

suppress parkin activity by preventing access of the substrate,

because the binding of synphilin-1 (used here as a model

substrate to parkin) was inhibited by 14-3-3Z (Figure 3C).

Accumulating evidence suggests that parkin can bind various

targets by the UBL domain or the RING box, in particular the

RING 1 domain (Dawson and Dawson, 2003). Accordingly,

14-3-3Z may have function(s) other than suppressing the

access of the substrate to parkin. Indeed, 14-3-3Z strongly

inhibits substrate-independent self-ubiquitylation of parkin,

indicating blockage of the intrinsic E3 activity. It was also

anticipated that 14-3-3Z hinders the recruitment of E2 to

parkin. However, this was not the case, because 14-3-3Z had

no effect on the binding of UbcH7 and Ubc7 to parkin

(Figure 4). Thus, while the mechanism of 14-3-3Z-induced

suppression of parkin activity remains to be identified, it is

possible that it involves preventing the positioning of the

ubiquitin-charged E2 toward the target Lys residue by steric

hindrance due to the association of 14-3-3Z to parkin.

It is worth noting that parkin does not interact with a-SN

directly, because we could not demonstrate the physical

binding of parkin to a-SN in vivo and in vitro (data not

shown; see also Dawson and Dawson, 2003). Nevertheless,

we found that the negative regulation of parkin by 14-3-3Z
was relieved by a-SN, which could bind tightly to 14-3-3Z
in vivo (Figure 5A–C). In this regard, it is of note that the

amounts of 14-3-3Z bound to parkin were decreased when

the lysates of cells coexpressing parkin and 14-3-3Z were

incubated with those expressing WT a-SN, but not PD-related

a-SN(A30P) or a-SN(A53T) mutants in vitro (Figure 5F).

These results clearly indicate that 14-3-3Z bound to parkin

is sequestered by a-SN, but not competition by a-SN toward

the binding of 14-3-3Z to parkin. Unlike the association

between parkin and 14-3-3Z, there is little or no interaction

between a-SN and 14-3-3Z in vitro, as recombinant a-SN did

not bind to 14-3-3Z (Figure 5D, right panel, and E). Thus, it is

plausible that certain modification(s) of a-SN is required for

its association to 14-3-3Z in mammalian cells (see our model

in Figure 6B). Judging from the characteristic properties of

14-3-3 family proteins capable of binding many phosphory-

lated proteins (Yaffe et al, 1997), certain phosphorylation(s)

of a-SN seems quite possible for the interaction with 14-3-3Z.

Indeed, there are several reports regarding phosphorylation

of a-SN (Fujiwara et al, 2002; Hirai et al, 2004). Although

previous studies clearly demonstrated that a-SN deposited in

synucleinopathy brains is extensively phosphorylated at Ser-

129 (Fujiwara et al, 2002; Hirai et al, 2004), this is probably

not the case in our study, because the chemically synthesized

peptide phosphorylated at Ser-129 of a-SN did not bind to the

14-3-3Z (our unpublished results). However, the possibility

that a-SN is phosphorylated at other site(s) cannot be exclu-

sively ruled out. Alternatively, one cannot exclude a possible,

though yet unknown, modification(s) of a-SN other than

phosphorylation as a mechanism responsible for the in-

creased affinity toward 14-3-3Z. In this regard, a-SN is

structurally related to 14-3-3 family proteins (Ostrerova

et al, 1999), but it is unknown whether the homologous

region is involved in the physical interaction with a-SN.

Further studies are required to clarify the mode of a-SN

modification.

In the present study, we found reciprocal regulation of

parkin activity by a-SN and 14-3-3Z, whose tripartite

control could enhance our understanding of the pathogenesis

of PD. As illustrated in Figure 6B, to date there are several

reports on the post-translational modification of parkin.

Recent findings indicate that the ubiquitin E3 ligase activity

of parkin is modified by nitric oxide (NO). Namely, parkin is

S-nitrosylated in PD patients and an in vivo mouse model of

PD, and S-nitrosylation shows inhibition of the E3 activity of
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parkin (Chung et al, 2004; Kahle and Haass, 2004; Yao et al,

2004), which could contribute to the degenerative process

in PD by impairing the ubiquitylation of parkin substrates.

Moreover, Kalia et al (2004) showed that the bcl-2-associated

athanogene 5 (BAG5) enhanced the death of dopaminergic

neurons in an in vivo model of PD by inhibiting the E3 ligase

activity of parkin. In addition, recent studies reported that

phosphorylation of parkin causes a small but significant

reduction of parkin auto-ubiquitylating activity (Yamamoto

et al, 2004). More recently, it was reported that Nrdp1/FLRF

RING-finger E3 ligase binds and ubiquitylates parkin, result-

ing in reduction of parkin activity, implying its involvement

in the pathogenesis of PD (Zhong et al, 2005). Considered

together, these results indicate that the apparent loss of parkin

E3 ubiquitin ligase activity associated with the pathogenesis

of PD (see the model displayed in Figure 6B) is in agreement

with the ARJP-linked mutations that lead to loss of function of

parkin, and that the functional loss of parkin activity is linked

to the death of dopaminergic neurons. In addition, we re-

ported herein the imbalance of tripartite interactions among

parkin, 14-3-3Z, and a-SN levels in the substantia nigra of

sporadic PD, but it is still not clear how these alterations

influence parkin activity in neural cells. Thus, parkin is an E3

ubiquitin ligase involved in the ubiquitylation of proteins,

irrespective of its involvement of K48- or K63-linked ubiqui-

tylation (Doss-Pepe et al, 2005; Lim et al, 2005), that are

important in the survival of dopaminergic neurons in PD.

In the present study, we found that parkin E3 activity is

regulated positively and negatively by a-SN and 14-3-3Z,

respectively, suggesting that derangements of this regulation

may be responsible for ARJP. For instance, the activated

parkin free from 14-3-3Z may be labile, and thus sensitive

to other stresses, such as S-nitrosylation, and inactivated

secondarily in PD. This situation resembles the effect of

S-nitrosylation, in which nitrosative stress leads to S-nitrosy-

lation of WT parkin, which leads initially to a marked increase

followed by a decrease in the E3 ligase–ubiquitin–proteasome

degradative pathway (Yao et al, 2004). The initial increase in

the activity of parkin’s E3 ubiquitin ligase leads to autoubi-

quitylation of parkin and subsequent inhibition of its activity,

which would impair ubiquitylation and clearance of parkin

substrates. In turn, 14-3-3Z may protect against impairment of

parkin induced by various environmental stresses, including

S-nitrosylation. It is also noteworthy that, although 14-3-3Z
acts as a negative regulator of parkin, it may play a positive

role in maintaining a large pool of parkin by preventing its

self-ubiquitylation in the brain. Finally, we assume that

gradual reduction of parkin activity may be associated with

the development of ARJP as well as sporadic PD.

Current evidence suggests that a-SN increases in response

to various stresses (Sherer et al, 2002; Gomez-Santos et al,

2003). This finding is compatible with the results of recent

studies that dopamine-dependent neurotoxicity (Tabrizi et al,

2000; Zhou et al, 2000; Junn and Mouradian, 2002) is

mediated by the formation of protein complexes that contain

a-SN and 14-3-3, which are selectively increased in the

substantia nigra in PD (Xu et al, 2002). Further studies are

needed to determine the levels of parkin, 14-3-3Z, a-SN, and

parkin and a-SN-14-3-3Z complexes in the substantia nigra of

the midbrain of patients with sporadic PD.

Here we suggest that a-SN and parkin function through the

same pathway. Indeed, both proteins, if not all, are associated

with presynaptic vesicles (Dawson and Dawson, 2003). So

far, however, the physiological role of a-SN is largely un-

known, though various roles including its involvement in

synaptic plasticity have been suggested (Liu et al, 2004). We

here provided the first evidence that a-SN acts as a positive

regulator of parkin E3 activity. It is worth noting that disease-

causing mutations of a-SN(A30P) and a-SN(A53T) could not

activate the latent parkin–14-3-3Z complex, and thus, these

mutations may accelerate the development of PD by failing

to activate parkin. Our results identified a functional link

between these two familial PD-gene products, thus highlight-

ing the existence of a novel regulatory mechanism that could

help us further understand the pathogenesis of ARJP as well

as sporadic PD. However, it must be stressed here that a-SN is

the causative gene product of familial PD. It is noteworthy

that a-SN is an aggregation-prone protein due to its natively

unfolded protein nature. It is of note that the locus of PARK4

is triplication of the a-SN gene (PARK1) (Singleton et al,

2003), indicating that overexpression of a-SN itself is toxic

and induces dopaminergic neuronal death. Indeed, a-SN

tends to self-aggregate, and this tendency, which is augmen-

ted in the a-SN(A30P) and a-SN(A53T) mutants (Conway

et al, 2000) (see our model in Figure 6B), causes autosomal

dominant PD (Narhi et al, 1999). Both WT and mutant a-SN

form amyloid fibrils akin to those seen in LBs, as well as

nonfibrillary oligomers termed protofibrils (Dawson and

Dawson, 2003; Bossy-Wetzel et al, 2004). However, whether

aggregation and fibrillary formation of a-SN- and PD-linked

mutants play a role in neuronal dysfunction and death of

neurons in PD are a matter of fierce debate. At this point of

view, we emphasize that the feature of a-SN as an aggrega-

tion-prone protein is probably not linked directly to its role as

a potent activator of parkin E3 in the pathogenesis of PD.

Even if these two unique properties of a-SN account for the

development of PD independently or synergistically, how-

ever, it is clear that their mechanistic actions differ as

illustrated in Figure 6B.

Materials and methods

Immunological analysis
For immunoprecipitation analysis of endogenous proteins in the
brains of adult mouse and human, these brains were homogenized
in three volumes of ice-cold lysis buffer (20 mM HEPES (pH 7.9)
buffer containing 0.2% NP-40, 1 mM dithiothreitol (DTT) and
protease inhibitor cocktail (Sigma, Chemical Co., St Louis, MO)).
The tissue homogenate was centrifuged at 20 000 g at 41C for
20 min. The supernatant (2 mg protein) was used for immunopre-
cipitation with one of the following antibodies: anti-polyclonal
parkin (Cell Signaling Technology, Beverly, MA) and anti-14-3-3Z
antibodies (Immuno-Biological Lab. Co., Gunma) or control IgG
(700 ng). The resulting immunoprecipitates were resolved in 30ml
of the sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS–PAGE) sample buffer, and one-third of the samples (10ml)
were subjected to SDS–PAGE, followed by Western blotting with
anti-14-3-3 (Santa Cruz Biotechnology, Santa Cruz, CA), anti-14-3-
3b, 14-3-3g, 14-3-3e, 14-3-3Z, and 14-3-3t (Immuno-Biological Lab.
Co., Ltd, Japan) and anti-monoclonal parkin (1A1) antibodies
(Shimura et al, 1999). In all, 10mg of the supernatant (lysate) was
used as input (1.5%).

For immunoprecipitation analysis of the cell culture system,
HEK293 cells were transfected with the respective plasmids. After
48 h, the cells were washed with ice-cold PBS (in mM, 10 Na2PO4, 2
KH2PO4, 137 NaCl, and 2.7 KCl), pH 7.4, and harvested in the lysis
buffer (600ml). The lysate was then rotated at 41C for 1 h, followed
by centrifugation at 20 000 g for 10 min. The supernatant (200ml)
was then combined with 50 ml protein G-Sepharose (Amersham Life
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Science, Buckinghamshire, UK), pre-incubated with anti-Myc
(Santa Cruz Biotechnology, Santa Cruz), V5 (Invitrogen), and HA
(Santa Cruz Biotechnology) antibodies or anti-FL antibody beads
(Sigma) for 3 h. The protein G-Sepharose or FL-beads were
precipitated and the pellets were extensively washed using the
lysis buffer containing 500 mM NaCl. The precipitates were used for
Western blot analysis using anti-parkin, Myc, FL, HA, V5, 14-3-3,
and a-SN (BD Transduction Lab.) antibodies, as mentioned above.
A volume of 5 ml of the supernatant was used as input (7.5%).

In vitro autoubiquitylation assay
Recombinant GST-14-3-3Z was produced in Escherichia coli.
Untagged 14-3-3Z was produced from GST-14-3-3Z by digestion
with PreScission Protease (Amersham Bioscience). Recombinant
His-parkin and E1 were produced from baculovirus-infected HiFive
insect cells. Reactions were performed for 3 h at 371C in 50ml of
assay mixture containing 40 mM Tris–HCl buffer (pH 7.5), 5 mM
MgCl2, 2 mM ATP, 2 mM DTT, 15mg ubiquitin (Sigma), 200 ng of E1,
and 600 ng of E2 (UbcH7) (Affiniti-Research, Exeter, Devon, UK) in
the presence or absence of GST-14-3-3Z or 14-3-3Z. After incuba-
tion, the reaction was terminated by the addition of the sample
buffer for SDS–PAGE (17ml), and aliquots (15ml) were subjected to
SDS–PAGE followed by Western blotting with anti-parkin antibody.

In vivo ubiquitylation assay
HEK293 cells were transfected for 48 h with pcDNA3.1 expression
plasmids, in which FL-tagged parkin or FL-parkin mutants, a-SN or

a-SN mutants, 14-3-3Z, V5-synphilin-1, and HA-ubiquitin cDNAs
were ligated. MG132 (50mM) was added for 20 min, prior to
harvesting of the cells. Then, the cells were washed with cold PBS
and lysed by 50 mM Tris–HCl buffer (pH 8.0), containing 150 mM
NaCl, 1% Nonidet-P40, 1% deoxycolate, 0.1% SDS, 5 mM
ethylenediaminetetraacetic acid, and protease inhibitor cocktail.
Preparation of the cell lysate, immunoprecipitation, and Western
blot analyses were essentially the same for the immunological
analysis as described above. In all experiments, the cell lysates
(10 mg, 7.5% input) were used for Western blotting as controls to
check the expression levels.

For the method sections of ‘Cell culture and transfection’,
‘Plasmids’, and ‘Surface plasmon resonance (SPR) analysis’, see
Supplementary data.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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