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Inactivating mutations of the gene encoding parkin are responsible for some forms of autosomal recessive
juvenile Parkinson disease. Parkin is a ubiquitin ligase that ubiquitinates misfolded proteins targeted for
the proteasome-dependent protein degradation pathway. Using the yeast two-hybrid system and co-
immunoprecipitation methods, we identified synaptotagmin XI as a protein that interacts with parkin. Parkin
binds to the C2A and C2B domains of synaptotagmin XI resulting in the polyubiquitination of synaptotagmin
XI. Truncated and missense mutated parkins reduce parkin-sytXI binding affinity and ubiquitination. Parkin-
mediated ubiquitination also enhances the turnover of sytXI. In sporadic PD brain sections, sytXI was found
in the core of the Lewy bodies. Since synaptotagmin XI is a member of the synaptotagmin family that is well
characterized in their importance for vesicle formation and docking, the interaction with this protein suggests
a role for parkin in the regulation of the synaptic vesicle pool and in vesicle release. Loss of parkin could thus
affect multiple proteins controlling vesicle pools, docking and release and explain the deficits in
dopaminergic function seen in patients with parkin mutations.

INTRODUCTION

Parkinson’s disease (PD) is a major neurodegenerative disease
characterized by muscle rigidity, tremor and bradykinesia (1).
Other symptoms such as postural deficits, gait impairment and
dementia are also observed in a subpopulation of PD patients.
Although the majority of idiopathic PD cases are sporadic and
probably influenced by environmental factors, familial aggre-
gation of cases and rare Mendelian inheritance of PD traits
evince the importance of genetic factors. In PD, the level of
dopamine is decreased in the striatum, most severely in the
putamen. This is largely a result of degeneration of dopamine-
producing neurons in the substantia nigra pars compacta (2–4).
To date, the three genes that have been associated with
autosomal dominant PD are NR4A2 (5), a-synuclein (6), and
ubiquitin C-terminal hydroxylase L1 (UCHL1) (7). The two
genes that have been associated with autosomal recessive PD
are parkin (8) and DJ-1 (9). Inactivating mutations of the
parkin gene cause PARK2 autosomal recessive juvenile

Parkinsonism (AR-JP). Similar to other PD forms, PARK2 is
characterized by loss of dopaminergic neurons in the substantia
nigra. However, PARK2 is unique in that Lewy bodies in
substantia nigra neurons are absent in most cases of AR-JP
(10–12). Mutations in the parkin gene cause a form of AR-JP,
but are also found in older PD patients demonstrating that
parkin mutations are not limited to juvenile onset (13).

Parkin is composed of a ubiquitin-like domain in the N-
terminal domain and two RING finger motifs toward the C-
terminus (8,14). Several inactivating mutations are found in the
RING finger domains and suggest that these domains are
functionally important (15). To date, only one missense
(Arg42Pro) and three frameshift mutations have been found
in the ubiquitin-like domain. Shimura et al. (14) demonstrated
that the ubiquitin-conjugating H7 protein binds to the RING
finger domain, and that the RING domains of parkin are
required for ubiquitination in human dopaminergic SH-SY5Y
neuroblastoma cells. These observations suggest different roles
for the ubiquitin-like and RING finger domains. Subsequently,
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the ubiquitin-like domain was found to be important for the
stability of parkin (16) and probably for targeting the
ubiquitinated substrates to the proteasome. The RING fingers,
on the other hand, bind to substrates and other ubiquitin
components, such as UbcH7 (E2), required for the ubiquitin-
ligase activity. Zhang et al. (17) confirmed this observation and
further found that parkin bound to CDCrel-1, a member of a
synaptic vesicle-associated protein family named septin, and
that parkin stimulated the ubiquitination and turnover of this
protein. Together, these data led to the suggestion that parkin
functions as an E3 ubiquitin ligase.

The E3 ubiquitin ligases together with the activating E1 and
often with the conjugating E2 enzymes catalyze the conjuga-
tion of ubiquitin chains to cytoplasmic proteins targeted for
degradation in the 26S proteasome complex, thus regulating
important cellular processes such as cell cycle, cell death and
cell differentiation. The ubiquitinated substrate can be
degradated either through the proteasome-dependent pathway
(18) if the substrate is polyubiquitinated, or through the
lysosomal degradation pathway if the protein is monoubiqui-
tinated. Monoubiquitination can cause certain cell surface
receptors (e.g. EGF receptor) to internalize or can function as a
protein sorting signal in the endosomal pathway (19–21), and
direct these monoubiquitinated proteins to the lysosome. Parkin
has been found to interact with several proteins which include
the Pael-R receptor (22), CDCrel-1 (17), glycosylated a-
synuclein (23), synphilin-1 (24), CHIP (25), cyclin E (26),
HSP70 (27), a/b-tubulin (28), and the p38 subunit of the
aminoacyl t-RNA synthetase complex (29). Parkin-mediated
ubiquitination led to the degradation of these proteins by the
proteasome system. Absence of parkin-mediated degradation
of the Pael-R receptor resulted in the accumulation of the Pael-
R receptor causing cell death (22).

Using the yeast two-hybrid screens, we found that parkin
interacted with synaptotagmin XI, and this interaction resulted
in its ubiquitination and degradation. The interaction with a
member of the synaptotagmin family suggests an involvement
of parkin in the regulation of proteins involved in controlling
neurotransmitter trafficking at the presynaptic terminal.

RESULTS

Identification of parkin interactors by the yeast
two-hybrid system

Using the yeast two-hybrid method (30), we screened a human
fetal brain pGAD10-cDNA library using the pGBT9-parkin
(1–465) construct. Six potential clones were identified in
2� 106 independent human fetal brain pGAD10-cDNA
colonies. These clones were individually isolated, sequenced
and subjected to further yeast two-hybrid filter assays to
confirm the interactions. Two of these clones had a long open-
reading frame and therefore were purified and sequenced.
Nucleotide sequences showed that one of the two clones
encoded the C2A and C2B domains of the human synapto-
tagmin XI, and this clone was designated hsytXIAB (for human
synaptotagmin XI, domains C2A and C2B). To further
determine if the hsytXIAB fragment was a true parkin
interactor, the purified pGAD10-hsytXIAB was co-transfected

into Y190 yeast cells with either pGBT9-parkin (1–465), or
with two unrelated baits, pGBT9-NF2 (encoding the
schwannomin tumor suppressor), and pGBT9-Hrs (Hrs¼
hepatocyte growth factor regulated kinase substrate) constructs
(31) or the pGBT9 vector. Filter binding assays demonstrated
that only the pGAD10-hsytXIAB clone showed positive
interaction with the pGBT9-parkin construct but not with the
pGBT9 vector control or unrelated proteins (Fig. 1A). To
confirm parkin interaction by yeast two-hybrid liquid assays,
transfected yeast colonies were grown in liquid culture and
tested for b-galactosidase activity. Yeast cells co-transfected
with pGAD10–hsytXIAB and pGBT9–parkin produced about
20-fold higher b-galactosidase activity compared with yeast
cells co-expressing pGAD10-hsytX1AB and pGBT9 vector
control (Fig. 1B).

Specificity of antibodies to synaptotagmin I and XI

We generated rabbit antibodies to two peptides of synapto-
tagmin XI (anti-sytXIA and anti-sytXIB) and purchased a
mouse antibody to synaptotagmin 1 (anti-syt65). Since sytI and
sytXI are related proteins and have close homology to other
synaptotagmins, we tested whether the anti-syt65 and anti-
sytXI antibodies cross-reacted with each other before using
these antibodies to investigate parkin–sytXI interactions.
Figure 2A shows western blots of protein extracts isolated
from human embryonic kidney (HEK) 293T cells expressing
GFP- sytI, GFP-sytIV, GFP-sytXI or GFP. The western blots
were separately detected with anti-GFP, anti-syt65 or anti-
sytXIA antibodies. As expected, the anti-syt65 and anti-sytXIA
antibodies detected only the respective GFP–sytI or GFP–sytXI
proteins, while the anti-GFP antibodies detected all GFP-tagged

Figure 1. Parkin interacts with the C2A and C2B domains of sytXI. (A) Yeast
two-hybrid filter assay. Yeast Y190 cells transformed with pGAD10–hsytXIAB
and pGBT9–parkin produced a positive reaction with b-gal substrate (blue
color), while yeast cells transformed with pGAD10–hsytXIAB and the
pGBT9–vector control did not. Yeast cells transformed with pGAD10–
hsytXIAB and two other controls expressing schwannomin and Hrs
(pGBT9–NF2, and pGBT9–Hrs) failed to form positive reactions with the b-
gal substrate. These control proteins are functional in the yeast two-hybrid sys-
tem as previously described in Scoles et al. (31,37). (B) Yeast two-hybrid liquid
assay. Yeast cells transformed with pGAD10–hsytXIAB and pGBT9–parkin
plasmids produced 20-fold more b-gal activity than yeast cells transformed with
pGAD10–hsytAB (lane 1) and the pGAD10 vector control (lane 2). Each bar
graph represents n¼ 3.
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proteins. Importantly, the anti-sytXIA antibody did not detect
GFP–sytIV, even though sytIV has the closest homology with
sytXI.

The specificity of the sytXIA antibody was further confirmed
in western blots of protein extracts from PC12 cells (Fig. 2B).
PC12 cell protein extracts in strong triple detergent buffer were
immunoblotted with anti-sytXIA, anti-sytXIA preabsorbed
with sytXIA peptide, or with sytXIB peptide. The anti-
sytXIA antibody recognized a single band at 64 kDa (Fig. 2B,
lane 1). The p64 band was not detected when the anti-sytXIA
antibody was preabsorbed with the sytXIA peptide (Fig. 2B,
lane 2), while preabsorption with a different peptide (sytXIB)
failed to inhibit the anti-sytXIA immunoreactivity (Fig. 2B,
lane 3). Taken together, these observations further confirm the

specificity of the anti-sytXIA antibody. Western blots of protein
extracts isolated using weak detergent buffer (0.2 or 0.5%
NP40 or Triton-X100) gave two sytXI positive bands at 64 and
110 kDa, suggesting that sytXI may form homodimers (data
not shown).

Parkin interacts with the full-length synaptotagmin XI

Co-immunoprecipitation of protein extracts from 293T cells
coexpressing the GFP–hsytXIAB fusion protein and HA–
parkin found that parkin co-precipitated the hsytXIAB
fragment (data not shown). To determine whether parkin
interacted with the full-length synaptotagmin, we cloned the
full-length synaptotagmin XI cDNA into the pEGFP vector.

Figure 2. Parkin interacts with synaptotagmin XI. (A) Specificity of antibodies to synaptotagmins I and XI. Western blots of protein extracts from HEK293 cells
transfected with GFP and GFP-sytI, IV and XI plasmids were detected with antibodies to GFP, sytI and sytXI. Both the anti-sytI and anti-sytXI antibodies speci-
fically detected their respective epitopes but not the GFP-sytIV fusion protein. nt¼ non-transfected cells. (B) Western blots of protein extract from PC12 cells
detected with rabbit anti-sytXIA antibody. Lane 1, incubation with 1mg/ml of anti-sytXIA antibody; lane 2, incubation with anti-sytXIA antibody preincubated
with sytXIA peptide; lane 3, incubation with anti-syXIA antibody preincubated with sytXIB peptide. The anti-sytXIA antibody detects a single band at 64 kDa.
This band was preabsorbed out with preincubation with the sytXIA peptide but not with sytXIB peptide. (C) Parkin-sytXI in vitro immunoprecipitation. Protein
extracts from HEK293 cells overexpressing HA-parkin and the corresponding GFP fusion proteins were coimmunoprecipitated (co-ip) with a mouse anti-GFP
antibody. The IP products were detected with rat anti-HA-peroxidase (top panel) and a rabbit anti-GFP antibody (bottom panel). The sytXI proteins co-precipitated
parkin, but the GFP tag did not. (D) Co-immunoprecipitation of endogenous parkin and sytXIA. Protein extracts from a human cerebral cortex were co-
immunoprecipitated with rabbit anti-parkA antibody (lane 1), or rabbit IgG (lane 2) as a control. The precipitates were detected with anti-parkA (top panel) or
anti-sytXIA antibody (bottom panel). The anti-parkA antibody co-immunoprecipitated sytXI but the rabbit IgG control did not. To do the reverse co-ip, protein
extracts were co-ip with rabbit anti-sytXI antiserum (lane 3) or the corresponding preserum at identical dilutions (lane 4). The western blot was detected with the
chicken anti-parkA (lanes 3 and 4), which detected the endogenous parkin band in the anti-sytXI antiserum (lane 3), but not in the preserum control (lane 4).
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The pEGFP–sytXI construct was individually cotransfected
with the pCMV–HA–parkin plasmid into 293T cells. The
pEGFP plasmid was used as a vector control. After 24 h,
protein extracts were obtained and co-precipitated with mouse
anti-GFP antibody to pull down GFP-fusion proteins. The Co-
IP products were immunoblotted with rat anti-HA-conjugated
peroxidase (Fig. 2C, top panel) or rabbit anti-GFP (Fig. 2C,
bottom panel). The anti-HA peroxidase detected the HA–
parkin band only in the sample with GFP-sytXI, but not in the
GFP control, suggesting that the HA–parkin specifically co-
precipitated with the synaptotagmin fusion proteins but not
with the GFP tag.

To determine whether parkin interacted with endogenous
sytXI, protein extract from human cerebral cortex was
immunoprecipitated with the anti-parkA antibody. The pre-
cipitate was then detected with either chick anti-parkA or anti-
sytXIA antibody (Fig. 2D, lanes 1 and 2). The anti-parkA
antibody detected a single parkin band in the anti-parkA
precipitate (Fig. 2D, lane 1, top panel), while the anti-sytXIA
antibody detected the sytXI protein band (Fig. 2D, lane 1,
bottom panel). When the same protein extract was co-
immunoprecipitated with the anti-sytXI antibody, parkin was
specifically coprecipitated with sytXI (Fig. 2D, lane 3). The
absence of both the sytXI and the parkin bands in the control
reactions (Fig. 2D, lanes 2 and 4) demonstrated the specificity
of the parkin–sytXI interactions in the cells, confirming that
endogenous parkin interacted with endogenous sytXI.

The sytXI binding domain is located between
amino acid residues 204–293 of parkin

To determine which domain of parkin binds to synaptotagmin,
several truncated parkins tagged with the HA epitope were
constructed (Fig. 3A). The truncated parkin cDNA expression
plasmids expressed sufficient truncated parkins for coexpres-
sion with GFP-syts (Fig. 3C). Each truncated construct was co-
expressed with GFP-sytXI. After 24 h, protein extracts were
immunoprecipitated with rat anti-HA-conjugated agarose
followed by western blot detection with anti-GFP antibody.
Truncated parkins lacking amino acid residues 204–293 (p1–
203, p294–385, and p294–465) failed to interact with the full-
length synaptotagmin XI. The failure of these truncated parkins
to interact with sytXI was not the result of decreased expression
levels of the truncated parkins. Expression levels of the p1–203
and p294–465 parkins were much higher than the constructs
that interacted with sytXI (Fig. 3C). Truncated parkins
containing the whole or part of the p204–293 domain (p1–
465, p1–314, p78–465, p78–238, p257–465) interacted with
sytXI, all having different binding affinities (Fig. 3B). These
observations suggest that amino acid residues 204–293, which
contain the RING1 domain, are important for parkin interaction
with sytXI.

Data from the binding assays suggest that there are at least
two sytXI binding sites on parkin. The first binding site is
located between amino acid residues 204 and 238. This was
supported by the observation that the p78–238 peptide, which
does not contain the RING1 domain, interacted with sytXI
while the p1–203 peptide did not bind (Fig. 3). The second
binding site is located within the RING1 domain between
amino acid residues 257 and 293. This was supported by the

observation that peptide p257–465 interacted with sytXI,
whereas peptides p294–385 and p294–465 did not bind
(Fig. 3). This observation was further supported by the effect
of disease-causing amino acid substitutions in parkin. Parkin
containing a missense mutation in the RING1 finger motif
(parkinC289G) interacted weakly with sytXI (�2.5-fold less)
compared with parkinC418R (Fig. 3B). In addition, both mutated
parkins fails to ubiquitinate sytXI (Fig. 4) although parkinC418R

does not lose the ability to bind to sytXI (Fig 3B).

Ubiquitination and degradation of
synaptotagmin XI by parkin

Parkin is an E3 ubiquitin ligase, an essential enzyme required
for the ubiquitination of specific substrates targeted for
degradation by the proteasome complex or the lysosome
(14,17). To determine whether sytXI is a substrate of parkin,
we performed semi-quantitative in vitro ubiquitination assays as
described by Zhang et al. (17) . In these experiments, HEK293
cells were cotransfected with various combinations of HA-
tagged parkin cDNA plasmid or controls, myc-tagged

Figure 3. The sytXI binding site maps to a domain containing the RING1 fin-
ger motif. (A) Map of parkin. Full-length and truncated parkins were con-
structed by PCR and cloned in-frame with a HA–epitope tag; C289G and
C418R denote parkins containing missense mutation at amino acid positions
289 and 418, respectively. (B) The sytXI binding site is mapped to the RING1
motif of the parkin. Truncated parkins missing amino acid residues 204–293
which encompass the RING1 finger motif fail to bind to sytXI. The C289G
missense mutated parkin interacts weakly with sytXI compared to the C418R
mutant. (C) Expression of HA-tagged parkins in HEK293 cells. Western blot
of HEK293 cells overexpressing the full-length wild-type, missense mutated,
or various truncated parkins was detected with anti-HA-peroxidase.
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ubiquitin, and GFP-tagged sytXI (Fig. 4). GFP was used as a
negative control for substrate specificity, while truncated HA-
tagged parkin proteins (p78–465, p1–203, p294–385, p294–
465) were used as mutant parkin negative controls. As shown
in Figure 4, when cells were incubated with lactacystin, an
inhibitor of the proteasome complex, cells expressing the wild-
type parkin and GFP–sytXI showed an accumulation of
ubiquitin-synaptotagmin conjugates above background con-
trols. Wild-type parkin had no effect on the polyubiquitin-
ation of the GFP tag. Truncated parkins showed little effect on
the levels of ubiquitinated synaptotagmin conjugates, although
one of the peptides (p78–465) could bind to sytXI (Fig. 3),
and the levels of expression of the truncated parkins were
high compared with the wild-type parkin. The pattern of

ubiquitinated syts suggested the presence of a variety of species
containing polyubiquitin chains of different lengths.

To determine whether disease-associated point mutations
affected the ability to ubiquitinate sytXI, ubiquitination assays
were also performed for missense mutated parkinC289G and
parkinC418R. Both mutant parkins produced undetectable levels
of ubiquitinated sytXI compared with the wild-type parkin
(Fig. 4). Under longer exposure, all truncated and missense
mutated parkin transfected cells produced weak levels of
ubiquitin-conjugated sytXI comparable to cells transfected with
only GFP-sytXI, but the levels of the ubiquitinated sytXI were
significantly lower than those produced by wild-type parkin
(data not shown). This background level of ubiquitinated sytXI
was probably produced by endogenous parkin or by an
unidentified E3 ubiquitin ligase in HEK293 cells, and are
consistent with observations by other investigators using
HEK293 cells (28). In both co-ip (Fig. 3) and ubiquitination
(Fig. 4) experiments, a majority of mutant parkins could be
detected in the pellet fractions that were dissolved in the SDS–
PAGE sample buffer.

Western blot analysis of the same protein samples with an
anti-GFP antibody detected a high MW GFP–sytXI band near
the top of the well loaded with the parkin–sytXI co-expressed
sample (Fig. 4). This band was likely the insoluble ubiquiti-
nylated sytXI complex since the anti-myc antibody also
strongly detected the same complex. This band was faintly
observed in the controls. The smaller MW ubiquitinylated
sytXI species were undetectable by the antiGFP antibody.
These findings are consistent with ubiquitinylation experiments
of a- and b-tubulin (28) and synphilin-1 (24) in HEK293 cells.
In these experiments, the ubiquitinylated substrates were
undetectable by the antibodies against the respective proteins,
but the antibodies against ubiquitin or its tag strongly detected
the respective parkin-mediated ubiquitinylated substrates.

Since parkin-mediated ubiquitinylated substrates undergo
degradation by the proteasome-dependent pathway
(17,22,25,28,29,32), we performed pulse-chase experiments
to determine the turnover of GFP–sytXI in HA–vector and
HA–parkin1-465 transfected HEK293 cells. Parkin increased the
degradation of GFP–sytXI in HA–parkin1–465 transfected
HEK293 cells (Fig. 5). Approximately 40% of newly syn-
thesized GFP-sytXI was degraded after 1.5 h chase in HA–
parkin1-465 expressing cells, whereas it took 3 h to degrade the
equivalent amount of GFP–sytXI in HA–vector transfected cells.

Parkin colocalizes with synaptotagmin XI

The interaction of two proteins is likely to be physiologically
relevant if they occupy the same subcellular compartment. To
investigate parkin–syt co-localization, we induced non-
transfected PC12 cells with NGF for 7 days, and co-labeled
the NGF-induced PC12 neuron-like cells with chick anti-parkA
and rabbit anti-syt XIA (Fig. 6A–C). Parkin co-localized with
sytXI at positions around the nuclear membrane and at boutons
(Fig. 6C, white arrows) along the neurites. Parkin or sytXI
present in other regions of the cell did not co-localize. The
co-localization of parkin and sytXI was further confirmed with
immunohistochemical labeling of human substantia nigra
neurons (Fig. 6D–L). Both parkin and sytXI proteins had
similar distribution patterns in the cytoplasm and neurites of

Figure 4. Parkin ubiquitinates sytXI. HEK293 cells overexpressing HA-parkins
or controls with the corresponding myc-ubiquitin and GFP-tagged proteins
were treated with lactacystin for 4 h, and protein extracts were immunoprecipi-
tated with anti-GFP antibody. IP products of the ubiquitination assays were
detected with an antibody to the myc tag (A) and anti-GFP antibody (B).
Note the lack of ubiquitinated products in cells expressing HA-parkin and
GFP, and the undetectable level of ubiquitination of GFP–sytXI in other con-
trols. Cells expressing parkin mutants and GFP–sytXI produce a lower amount
of ubiquitin-conjugated sytXI compared with the wild-type parkin. The anti-
GFP antibody detects near equal amounts of GFP-sytXI monomer in all
samples containing GFP-sytXI and a large GFP–sytXI band near the well con-
taining the sample co-expressed with both GFP–sytXI and HA–parkin. (C)
Western blot of the same lysate with anti-HA antibody indicates that the trun-
cated and mutated parkins are expressed at higher levels than wild-type parkin.
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the human nigral neurons. Parkin and sytXI were also
co-localized in HEK293 cells co-expressing HA-parkin and
GFP-sytXI (data not shown).

SytXI is localized in the cell bodies and neurites of
human substantia nigra neurons

The death of substantia nigra neurons and the formation of
Lewy bodies are hallmarks of many forms of PD, and some
constituent proteins of Lewy bodies are mutated in inherited
forms of PD. To establish a potential link between sytXI and
parkin in the pathogenesis of neurodegeneration in classic PD,
we performed immunohistochemical labeling of substantia
nigra sections from two normal and two sporadic PD patients
using antibodies to sytXI (anti-sytXIA), parkin and ubiquitin.
As shown in Figure 6, the normal human substantia nigra
neurons were strongly stained by antibodies to sytXI and
parkin. The anti-sytXIA antibody labeled both the cell bodies
and neurite extensions of the nigral neurons (Fig. 6D, G and J)
similar to the anti-parkA antibody (Fig. 6F, I and L). The sytXI
immunoreactivities were specific, since anti-sytXIA preab-
sorbed with the sytXIA peptide failed to label the nigral
neurons (Fig. 6E, H and K).

Figure 6M–O depicts the immunohistochemical labeling of
a nigral neuron from an individual with sporadic PD. The anti-
sytXIA antibody labeled the core of the intracellular Lewy
bodies (LBs; Fig. 6N, black arrow) similar to the anti-ubiquitin
antibody (Fig. 6M). The sytXI LBs staining was weak

compared with ubiquitin staining; of note is the strong labeling
of the neuropil. This labeling was specific since anti-sytXIA
antibody preabsorbed with the sytXIA peptide failed to label
the Lewy body or the neuropil (Fig. 6O, black arrow). As the
authors and others reported previously (33), the Lewy bodies in
these two sporadic PD brains did not stain with the anti-parkA
antibody (data not shown).

DISCUSSION

Our finding that parkin can directly interact with and
ubiquitinate synaptotagmin XI strongly implicates parkin in a
role of modifying synaptic vesicle trafficking at the presynaptic
terminal. Among the parkin interactors, two proteins, CDCrel-1
and synphilin-1 (34–36), are synaptic vesicle-associated pro-
teins. CDCrel-1 interacts with syntaxin, and overexpression of
wild-type CDCrel-1 inhibits secretion in HIT-T15 cells (36).
Synphilin-1 interacts with a-synuclein and stimulates the
formation of cytosolic inclusion bodies (32). The presence of
wild-type parkin appears to be essential for synphilin-1-
induced formation of the Lewy bodies. It is currently unknown
how CDCrel-1 or synphilin-1 participates in the regulation of
presynaptic neurotransmission, and it is also unclear whether
CDCrel-1 or synphilin-1 plays any role in the regulation of
presynaptic secretion of dopamine.

Synaptotagmin XI is a member of a large family of �50
calcium-binding proteins with high homology at the C2A and
C2B domains. These proteins include synaptotagmins I–XIII,
raphilin-2a, protein kinase C, GTPase-activating protein
(GAP), rat/yeast ubiquitin ligase Nedd4, and phospholipaseA.
Together, these proteins serve a common function as regulators
of cell signal transduction ranging from calcium sensors (syts
and protein kinase C) to phosphorylation (GAP) and
phospholipid degradation (phospholipase C). Among the
synaptotagmins, sytI has the highest homology with sytII,
and it is expressed abundantly in synaptic vesicles and
secretory granules (37). SytI and sytII function as calcium
sensors in fast presynaptic neurotransmission (38,39) similar to
sytIII, V–VII, and X. Synaptotagmin XI, in contrast, is similar
to sytIV owing to a conserved substitution of an aspartate by a
serine residue in the C2A domain resulting in lack of Caþ2

binding to this domain (40). SytXI is predominantly expressed
in the brain (40). The functions of most synaptotagmins are
currently speculative, although sytXI is thought to function as a
down-regulator of fast presynaptic neurotransmission (41).
Overall, members of the syt family have high homology at the
C2 domains with amino acid identity ranging from 30 to 50%.
Since parkin binds to the C2A and C2B domains of sytXI, it is
likely that parkin interacts with other syts as well. The
observation that parkin also interacts with and regulates sytI
(Huynh, D.P. et al., manuscript in preparation), a protein that
contains the lowest C2 domain homology with sytXI (30%
identity), suggests that parkin may interact with a wide range of
proteins containing domains related to the C2A and C2B
sequences.

SytXI is found in the central core of LBs in substantia nigra
neurons from patients with idiopathic PD (Fig. 6). This
distribution is also observed for other parkin substrates, p38
subunit of the aminoacyl tRNA synthetase complex and

Figure 5. Parkin accelerates the turnover of GFP–sytXI. Pulse-chase analysis
of the degradation of GFP–sytXI in HEK293 cells expressing either HA-vector
or HA-parkin at 0, 1.5, 3, 6 and 24 h. Data are from one of two independent
experiments. The second experiment (not shown) had even stronger parkin
effect.
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Figure 6. Subcellular distribution of endogenous synaptotagmin XI in nontransfected PC12 cells and human substantia nigra neurons. (A– C) Endogenous parkin
co-localizes with endogenous sytXI in NGF-induced PC12 cells. PC12 cells were induced with 50 ng/ml NGF for 7 days, and immunofluorescently co-labeled with
antibodies to parkin (green, A) and sytXI (red, B). Images were acquired by Leica TCSSP microscopy using a 100� oil immersion lens. Stacked images were
merged (C). Yellow indicates co-localization of two proteins. Inserts show the cell body of the same cell from which the long neurite arises. Parkin and sytXI
co-localize in the perinuclear area and boutons (arrows) along the neurite. (D–L) Distribution of synaptotagmin XI and parkin in a normal human substantia nigra
section. Human substantia nigra sections were labeled with the rabbit anti-sytXIA antibody (D, G, J), anti-sytXIA antibody preabsorbed with 100�sytXIA peptide
(E, H, K), or rabbit anti-parkA antibody (F, I, L). Images show the cell bodies and neurites of dopaminergic neurons in the substantia nigra. (M–O) Adjacent PD
brain sections labeled with rabbit anti-ubiquitin (M), anti-sytXIA (N), and anti-sytXIA þ sytXIA peptide (O); black arrows point to Lewy bodies. Note the absence
of Lewy body labeling by preabsorbed sytXIA antibody. Images were acquired using a 20� lens (D–F), and 63� oil immersion lens (G–O).
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synphilin-1 (29,42,43). The finding of sytXI in LBs suggests a
potential link of abnormal processing of synaptotagmins in PD.
Whether LBs play a role in dopaminergic neuronal death in
Parkinsonism is speculative. The absence of LBs in parkin-
associated parkinsonism (44–46) implies that these inclusions
are not the primary cause of dopaminergic neuronal degenera-
tion in parkin-associated parkinsonism.

Parkin consists of three functional domains, the ubiquitin-
like, RING1 and RING2 domains (14). The RING2 domain
was found to be required for binding to ubiquitin-conjugating
enzymes (14,17,47) and the ubiquitin-like domain is important
for the stability of parkin (16). However, the RING finger
motifs were found later to be essential for parkin binding to its
two substrates, CDCrel-1 (17) and Pael-R (47). Consistent with
these findings, we found that sytXI bound to the region
between amino acid residues 204 and 293 (Fig. 3). This region
contains the RING1 motif. Furthermore, a parkin peptide
lacking only the ubiquitin-like domain (p78–465) bound more
weakly to synaptotagmins than parkins containing the
ubiquitin-like domain (Fig. 3B). These observations suggest
that the ubiquitin-like domain is important for the correct
folding of the full-length parkin to expose the RING finger
motif for synaptotagmin binding. We suggest that the three
parkin domains serve distinct functions: the ubiquitin-like
domain is required for the correct folding and stability of
parkin, the p204–293 domain, which contains the RING1
finger motif, is essential for the interaction with the C2 domain
containing proteins such as sytXI, whereas the RING2 finger
motif is important for complex formation with the E1
ubiquitin-activating enzyme and the E2 ubiquitin-conjugate
proteins.

Parkin is an E3 ubiquitin ligase (14,17) that catalyzes the
ubiquitination of targeted proteins. Polyubiquitination will lead
to the degradation of the ubiquitin-conjugated substrate by the
proteasome. Wild-type parkin strongly catalyzes the polyubi-
quitination of sytXI compared with truncated parkins, missense
mutated parkins, or negative controls (Fig. 4). Parkin-
dependent ubiquitination also led to rapid turnover of sytXI
(Fig. 5) further supporting the hypothesis that parkin regulates
the level of sytXI. Cells expressing truncated parkins or
missense mutated parkins (C289G and C418R) produced the
same amounts of ubiquitinylated sytXI as cells expressing only
GFP-sytXI (Fig. 4). These observations suggest that truncating
or missense mutations of parkin reduce or eliminate the
ubiquitination of sytXI. In PARK2 AR-JP, mutations of parkin
probably cause a decrease in the ubiquitination of specific
proteins, resulting in an increase in their intracellular levels of
sytXI and other proteins regulated by parkin. The net effect of
the abnormal increase in the intracellular levels of parkin-
regulated proteins probably contributes to the pathological
conditions of AR-JP.

SytXI mRNA is expressed abundantly in the brain, but
at lower levels in nonneural tissues (40). However, information
on the specific subcellular distribution of endogenous sytXI
protein is unknown. Exogenous sytXI in PC12 cells was mainly
localized in the Golgi network (48). In non-transfected NGF-
induced PC12 cells, endogenous parkin and sytXI were found
co-localized in a perinuclear distribution and in dense-core
vesicles in the NGF-induced processes (Fig. 6). The distribution
pattern of endogenous parkin was similar to previous

observations (33). The distribution of sytXI was also similar
to the subcellular distribution of sytIV, a protein with 48%
identity to sytXI. In PC12 cells, sytIV is localized mainly in the
Golgi and immature vesicles (49–52). When PC12 cells are
treated with NGF, sytIV protein redistributes to the mature
dense-core vesicles (52). Dense-core vesicles are secretory
granules that carry neuropeptides or biogenic amines, and
release their contents under the stimulation of calcium ions.
Therefore, the observation that both sytXI and parkin
co-localize in the dense-core vesicles suggests that both
proteins probably play a role in the calcium-dependent
exocytosis. This hypothesis is further supported by the
observation that both parkin and sytXI have similar distribution
patterns in the neurites and cell bodies of neurons in the human
substantia nigra (Fig. 6).

One can speculate that the loss of parkin function in patients
with AR-JP alters synaptotagmin XI function resulting in
altered dopamine release, which in turn causes the symptoms
of dystonia and parkinsonism. Altered vesicle functioning, be it
at the stages of release or recycling, may cause an increase of
cytoplasmic dopamine resulting in increased oxidative damage,
and subsequently in cell death explaining the neurodegenera-
tion seen in patients with parkin mutations.

MATERIALS AND METHODS

Plasmid constructs

To prepare the yeast two-hybrid bait plasmid pGBT9-parkin
(1–465), we excised the full-length parkin cDNA encoding
amino acids 1–465 from pEGFPC1-parkin [previously
described in Huynh et al. (33)] and ligated it into the pGBT9
plasmid (Clontech). The full-length cDNAs of human sytI and
sytXI were obtained by PCR from a human adult brain cDNA
library cloned in the pGAD10 expression plasmid (Clontech)
using primer pairs spanning the entire reading frame. All others
expression plasmids were similarly constructed using specific
PCR primer pairs. The mutant parkin cDNAs, parkinG289G and
parkinC418R, were gifts from Professor Alexis Brice of
INSERM U289, Hôpital de la Salpetrière, Paris, France.

Identification of parkin interacting proteins

A yeast two-hybrid screen of a human adult brain cDNA library
cloned in the GAL4 activation domain vector pGAD10 was
performed using as the bait pGBT9-parkin (1–465), encoding
parkin amino acids 1–465 fused to the GAL4 binding domain
(vectors and library from Clontech). As previously described
(53,54), the bait plasmid was co-transformed in yeast strain
Y190 and grown on synthetic media without leucine,
tryptophan and histidine, and with 25 mM 3-amino-1,2,4-
triazole and 2% glucose. The Y190 strain allows for nutritional
selection of the HIS3 gene that allows growth in media
lacking histidine, and color selection using the LacZ gene
encoding b-galactosidase. The b-galactosidase reporter was
assayed on stamped nitrocellulose filters by incubating freeze-
fractured colonies in Z-buffer (60 mM Na2HPO4, 40 mM

NaH2PO4, 10 mM KCl, 1 mM MgSO4, pH 7.0, 0.03 mM

b-mercaptoethanol, and 2.5 mM X-gal) at 37�C for 15 min to

2594 Human Molecular Genetics, 2003, Vol. 12, No. 20



8 h. Positive clones were restreaked on synthetic media without
leucine or tryptophan, and retested for b-galactosidase activity,
and then pGAD10 ‘prey’ plasmids were isolated. A pGAD10
plasmid containing a partial sequence encoding the human
synaptotagmin XI gene was purified and then retransformed
with pGBT9-parkin (1–465) or negative control plasmids
(pGBT9 vector, pGBT9-NF2, pGBT9-HRS) and retested for b-
galactosidase activity. To obtain semi-quantitative estimates of
interaction strengths between various parkin and synaptotagmin
XI protein fragments, liquid assays for b-galactosidase were
conducted by incubating Y190 yeast cells extracted in Z-buffer
and 5% chloroform with 0.6 mg/ml o-nitrophenylgalactoside
for 2 min to 1 h. Standard deviations were calculated from
triplicate measures of replicate cultures. b-Galactosidase acti-
vity was expressed as Miller units (Miller unit¼
1000� [OD420/(OD600� time�volume)] (55).

In vitro co-immunoprecipitation

To perform the co-ip, we first co-transfected HA-tagged parkin
expression cDNAs (pCMV–HA–parkin, pCMV–HA–truncated
parkins, pCMV–HA–parkinC418R, pCMV–HA–parkinG289R)
with the respective GFP tagged fusion protein expression
vectors (pEGFP–hsytXIAB, pEGFP–sytI, pEGFP-sytXI, or
pEGFP) into HEK293 cells growing at 60–80% confluency in
100 mm2 dishes. Controls were cells transfected only with the
pCMV–HA–parkin or non-transfected cells. After 48 h,
proteins were extracted with detergent buffer containing 0.5%
NP40 and protease inhibitor mixture (Roche). Protein extracts
were immunoprecipitated (ip) with anti-GFP (Chemicon), or rat
anti-HA agarose matrix (Roche). IP products were immuno-
blotted with anti-GFP antibody and anti-HA conjugated
peroxidase.

Co-immunoprecipitation of human brain extracts

A 1.4 g sample of human cerebral cortex was chopped into
small pieces and resuspended in 7 ml of cold lysis buffer
(100 mM Tris–HCl, pH 7.5, 150–mM NaCl, 1% Triton X-100,
0.05% SDS, 0.05% deoxycholic acid, and 1 protease inhibitor
pellet/10 ml buffer). The cell suspension was homogenized by a
glass homogenizer. Protein lysate was aliquoted into 1 ml
aliquots and microfuged at top speed in the cold room. Protein
extracts were precleared with rabbit IgG conjugated agarose
and protein A conjugated agarose for 3 h at 4�C, and the
precleared lysate was incubated with rabbit anti-parkA or
mouse anti-sytXI antibody overnight in the cold room. The
primary antibodies were pulled down with protein A
conjugated agarose for 4 h at 4�C. The final pellets were
washed five times with co-ip buffer, and the coprecipitates were
eluted from the secondary antibody-conjugated agarose with
SDS–PAGE buffer. Co-ip products were immunoblotted with
either chick anti-parkA or anti-sytXIA antibody.

Ubiquitination and degradation assays

HEK293 cells were transfected with 5 mg of pCMV–Myc–
Ubiquitin, pEGFP–sytI or –SytXI, and different pCMV-HA-
parkins (wild-type, truncated, and missense). After 24 h, cells
were incubated in normal media containing 20 mM lactacystin

or 20 mM proteasome inhibitor I for 4 h. Cells were washed with
cold DPBS, and proteins were extracted with RIPA buffer
containing protease inhibitor pellet (Roche, 1 pellet per 10 ml
buffer), and 2 mM N-ethylamimide to inhibit deubiquitination
enzymes. Protein extracts were immunoprecipitated with
mouse antiGFP antibody, and the IP products were detected
with anti-HA, anti-myc, and rabbit anti-GFP.

To determine whether parkin accelerates GFP-sytXI degrada-
tion, HEK293 cells were co-transfected with GFP-sytXI and
HA-vector or GFP-sytXI and HA-parkin plasmids. After 24 h,
cells were washed once with DMEM containing 5% dialyzed
FBS and no Met and Cys amino acids. Cells were incubated in
this media for 30 min, and grown in the same media containing
100 mCi/ml of 35S-Met/Cys (EXPRE35S35S [35S]Protein
Labeling Mix, Amersham) for 30 min. Cells were then chased
at the indicated time points. Protein extracts were isolated using
RIPA buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 0.1%
SDS, 0.5% deoxycholate, 1% Triton-X100, 1 mM EDTA,
protease mixture pellet). GFP-sytXI was immunoprecipitated
with rabbit anti-GFP antibody (CHEMICON) as described
above.

Antibodies

Mouse monoclonal antibody to syt65 (Stressgen, b-actin
(Sigma), b-COP (Sigma), and rabbit ubiquitin antibody
(DAKO) were purchased. The following reagents were
purchased from Roche Diagnostic: mouse anti-HA, anti-HA-
peroxidase, anti-myc-peroxidase, anti-HA-agarose. The rabbit
anti-sytXIA antibody was made against the sytXIA peptide
(HQQAEKKQKNPPYKF) by QCP. Another antibody against
the sytXIB peptide (KVRRDKDGPRRESGRG) was made, but
this antibody recognized multiple bands in western blots of
human and PC12 cells protein extracts (data not shown). The
anti-sytXIA antibody was affinity purified by a sepharose-
sytXIA column. The rabbit and chicken antiparkA was made
against peptide ParkA as described in detail in Huynh et al. (33).

Cell cultures

COS1 cells were grown in DMEM medium supplemented with
10% FBS and penicillin/streptomycin, in 37�C incubator with
5% CO2. Media were changed every 3 days. One day prior to
transfection, 50 000 cells were seeded in a 1 cm coverslip
previously coated with 20 mg/ml collagen IV. For PC12 cells,
cells were grown in DMEM containing 10% heat-inactivated
serum, 5% fetal bovine serum, and penicillin/streptomycin in
a 37�C incubator with 10% CO2. Media were changed every
3 days.

Immunohistochemical labeling of human
substantia nigra sections

Human brain 7 mm sections were stained with rabbit anti-
sytXIA (10 mg/ml), parkA (5 mg/ml), ubiquitin (1/500) anti-
bodies using the immunohistochemical labeling protocols
described in Huynh et al. (33). Briefly, brains sections were
deparafinized and demasked by Biomedia’s Autozyme solution
(Fisher). Sections were then blocked with 3% normal goat
serum, and incubated with the primary antibody overnight in
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the cold room. Next day, sections were developed using the
Elite Vector ABC kit (Vector, San Diego, CA, USA), and the
Biomedia’s diaminobenzidene substrate kit (Fisher). For
peptide preabsorption, 10 mg of anti-sytXIA antibody were
preincubated with 1000-fold sytXIA peptide overnight in the
cold room. The next day, the preincubated antibody was
microfuged for 10 min, and diluted in 1 ml of the staining
buffer. Images were acquired using the 20� and 63� oil
immersion lenses, and captured by a SPOT digital camera.

Transfection methods

Cells were plated 24 h prior to transfection. On the following
day, cDNA plasmids were treated with polyfect transfectant
reagent (Qiagen) and transfected into HEK293 cells according
to the manufacturer’s protocol. At desired time point (24, 48,
and 72 h) after transfection, cells were fixed for immunofluor-
escence labeling, or extracted for immunoprecipitation and
western blots. For cells that were examined longer than 24 h
after transfection, the media were changed once.

Immunofluorescent labeling and confocal
laser microscopy

Cells were fixed with 4% paraformaldehyde in DPBS for
20 min on ice, and incubated in solution A (DPBS, 3% goat
serum, 0.05% Triton X-100) for 30 min. Cells were then
incubated with selected mouse or rabbit primary antibody
diluted in solution A for 1 h at room temperature. Cells were
then washed five times with cold DPBS, and incubated with the
corresponding secondary antibody conjugated to either FITC
or TRITC diluted in solution A for 1 h at room temperature.
Cells were then again washed five times with cold DPBS and
covered with a slide in 80% glycerol and 10 mM sodium gallate
for fading protection.

Cells were viewed with a Leica TCSSP (true confocal
scanner spectrophotometry) microscope through the oil
immersion 100� lens. Images were acquired sequentially to
prevent bleaching between FITC and GFP with TRITC
fluorescence.

Protein extraction and western blots

At predetermined time point after transfection, cells were
extracted with weak detergent CO-IP buffer (20 mM Hepes, pH
7.2, 150 mM NaCl, 0.5% Triton X100). For ubiquitination
assays and antibody analysis, cells or tissues were extracted
with strong triple detergent buffer (20 mM Hepes, pH 7.2,
150 mM NaCl, 1% Triton X-100, 0.1% SDS, 0.5% deoxycho-
late). The protein extracts were clarified by 30 min centrifuga-
tion using a tabletop Beckmann Microfuge. For western blot,
10 ml of the protein extract was loaded per well of a 15-well
4–20% gradient, mini SDS–polyacrylamide gel. Proteins were
resolved at 100 V for 2 h and transferred to Amersham’s
nitrocellulose filter overnight at 30 V in the cold room. The
filter was then removed from the western blot apparatus, and
blocked with 5% non-fat milk for 1 h at room temperature. The
blocking solution was then replaced with blocking solution
containing the desired concentration of primary antibody.

The western blot was visualized with the Amersham
Chemiluminescent western blot detection kit.
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la Salpetrière, Paris, France for the missense mutated parkin
cDNA constructs, and Ms Maria Dy for technical assistance.
We also thank Dr Harry V. Vinters, director of the UCLA
Alzheimer Disease Center Neuropathology/Tissue Core, for the
frozen and paraffin-embedded human brain tissues. This study
was supported by the Carmen and Louis Warschaw endow-
ment, F.R.I.E.N.D.s of Neurology, NIH grant RO1-NS33124 to
S.M.P., and an NIH long-term disability supplement to H.P.D.

REFERENCES

1. Dunnett, S.B. and Bjorklund, A. (1999) Prospects for new restorative and
neuroprotective treatments in Parkinson’s disease. Nature, 399, A32–39.

2. Yamada, T., McGeer, P.L., Baimbridge, K.G. and McGeer, E.G. (1990)
Relative sparing in Parkinson’s disease of substantia nigra dopamine
neurons containing calbindin-D28K. Brain Res., 526, 303–307.

3. Damier, P., Hirsch, E.C., Agid, Y. and Graybiel, A.M. (1999) The substantia
nigra of the human brain. II. Patterns of loss of dopamine-containing
neurons in Parkinson’s disease. Brain, 122 (Pt 8), 1437–1448.

4. Naoi, M. and Maruyama, W. (1999) Cell death of dopamine neurons in
aging and Parkinson’s disease. Mech. Ageing Dev., 111, 175–188.

5. Le, W.D., Xu, P., Jankovic, J., Jiang, H., Appel, S.H., Smith, R.G. and
Vassilatis, D.K. (2003) Mutations in NR4A2 associated with familial
Parkinson disease. Nat. Genet., 33, 85–89.

6. Polymeropoulos, M.H., Lavedan, C., Leroy, E., Ide, S.E., Dehejia, A.,
Dutra, A., Pike, B., Root, H., Rubenstein, J., Boyer, R. et al. (1997)
Mutation in the alpha-synuclein gene identified in families with Parkinson’s
disease. Science, 276, 2045–2047.

7. Wintermeyer, P., Kruger, R., Kuhn, W., Muller, T., Woitalla, D., Berg, D.,
Becker, G., Leroy, E., Polymeropoulos, M., Berger, K. et al. (2000)
Mutation analysis and association studies of the UCHL1 gene in German
Parkinson’s disease patients. Neuroreport, 11, 2079–2082.

8. Kitada, T., Asakawa, S., Hattori, N., Matsumine, H., Yamamura, Y.,
Minoshima, S., Yokochi, M., Mizuno, Y. and Shimizu, N. (1998) Mutations
in the parkin gene cause autosomal recessive juvenile parkinsonism.
Nature, 392, 605–608.

9. Bonifati, V., Rizzu, P., van Baren, M.J., Schaap, O., Breedveld, G.J.,
Krieger, E., Dekker, M.C., Squitieri, F., Ibanez, P., Joosse, M. et al. (2003)
Mutations in the DJ-1 gene associated with autosomal recessive early-onset
parkinsonism. Science, 299, 256–259.

10. Ishikawa, A. and Tsuji, S. (1996) Clinical analysis of 17 patients in 12
Japanese families with autosomal-recessive type juvenile parkinsonism.
Neurology, 47, 160–166.

11. Ishikawa, A. and Takahashi, H. (1998) Clinical and neuropathological
aspects of autosomal recessive juvenile parkinsonism. J. Neurol.,
245, P4–9.

12. Matsumine, H. (1998) A loss-of-function mechanism of nigral neuron
death without Lewy body formation: autosomal recessive juvenile
parkinsonism (AR-JP). J Neurol, 245, P10–14.

13. Abbas, N., Lucking, C.B., Ricard, S., Durr, A., Bonifati, V., De Michele, G.,
Bouley, S., Vaughan, J.R., Gasser, T., Marconi, R. et al. (1999) A wide
variety of mutations in the parkin gene are responsible for autosomal
recessive parkinsonism in Europe. French Parkinson’s Disease Genetics
Study Group and the European Consortium on Genetic Susceptibility in
Parkinson’s Disease. Hum. Mol. Genet., 8, 567–574.

14. Shimura, H., Hattori, N., Kubo, S., Mizuno, Y., Asakawa, S.,
Minoshima, S., Shimizu, N., Iwai, K., Chiba, T., Tanaka, K. et al. (2000)
Familial Parkinson disease gene product, parkin, is a ubiquitin-protein
ligase. Nat. Genet., 25, 302–305.

2596 Human Molecular Genetics, 2003, Vol. 12, No. 20



15. Shimura, H., Hattori, N., Kubo, S., Yoshikawa, M., Kitada, T.,
Matsumine, H., Asakawa, S., Minoshima, S., Yamamura, Y., Shimizu, N.
et al. (1999) Immunohistochemical and subcellular localization of Parkin
protein: absence of protein in autosomal recessive juvenile parkinsonism
patients. Ann. Neurol., 45, 668–672.

16. Finney, N., Walther, F., Mantel, P.Y., Stauffer, D., Rovelli, G. and Dev, K.K.
(2003) The cellular protein level of Parkin is regulated by its ubiquitin-like
domain. J. Biol. Chem., 278, 16054–16058.

17. Zhang, Y., Gao, J., Chung, K.K., Huang, H., Dawson, V.L. and
Dawson, T.M. (2000) Parkin functions as an E2-dependent ubiquitin-protein
ligase and promotes the degradation of the synaptic vesicle-associated
protein, CDCrel-1. Proc. Natl Acad. Sci. USA, 97, 13354–13359.

18. Joazeiro, C.A. and Weissman, A.M. (2000) RING finger proteins:
mediators of ubiquitin ligase activity. Cell, 102, 549–552.

19. Helliwell, S.B., Losko, S. and Kaiser, C.A. (2001) Components of a
ubiquitin ligase complex specify polyubiquitination and intracellular
trafficking of the general amino acid permease. J. Cell Biol., 153, 649–662.

20. Hicke, L. (2001) A new ticket for entry into budding vesicles—ubiquitin.
Cell, 106, 527–530.

21. Hicke, L. (2001) Protein regulation by monoubiquitin. Nat. Rev. Mol.
Cell Biol., 2, 195–201.

22. Imai, Y., Soda, M., Inoue, H., Hattori, N., Mizuno, Y. and Takahashi, R.
(2001) An unfolded putative transmembrane polypeptide, which can lead to
endoplasmic reticulum stress, is a substrate of Parkin. Cell, 105, 891–902.

23. Shimura, H., Schlossmacher, M.G., Hattori, N., Frosch, M.P.,
Trockenbacher, A., Schneider, R., Mizuno, Y., Kosik, K.S. and Selkoe, D.J.
(2001) Ubiquitination of a new form of alpha-synuclein by parkin from
human brain: implications for Parkinson’s disease. Science, 293, 263–269.

24. Chung, K.K., Zhang, Y., Lim, K.L., Tanaka, Y., Huang, H., Gao, J.,
Ross, C.A., Dawson, V.L. and Dawson, T.M. (2001) Parkin ubiquitinates
the alpha-synuclein-interacting protein, synphilin-1: implications for Lewy-
body formation in Parkinson disease. Nat. Med., 7, 1144–1150.

25. Imai, Y., Soda, M., Hatakeyama, S., Akagi, T., Hashikawa, T.,
Nakayama, K.I. and Takahashi, R. (2002) CHIP is associated with Parkin, a
gene responsible for familial Parkinson’s disease, and enhances its ubiquitin
ligase activity. Mol. Cell., 10, 55–67.

26. Staropoli, J.F., McDermott, C., Martinat, C., Schulman, B., Demireva, E.
and Abeliovich, A. (2003) Parkin is a component of an SCF-like ubiquitin
ligase complex and protects postmitotic neurons from kainate
excitotoxicity. Neuron, 37, 735–749.

27. Tsai, Y.C., Fishman, P.S., Thakor, N.V. and Oyler, G.A. (2003) Parkin
facilitates the elimination of expanded polyglutamine proteins and leads to
preservation of proteasome function. J. Biol. Chem., 278, 22044–22055.

28. Ren, Y., Zhao, J. and Feng, J. (2003) Parkin binds to alpha/beta tubulin and
increases their ubiquitination and degradation. J. Neurosci., 23, 3316–3324.

29. Corti, O., Hampe, C., Koutnikova, H., Darios, F., Jacquier, S., Prigent, A.,
Robinson, J.C., Pradier, L., Ruberg, M., Mirande, M. et al. (2003) The p38
subunit of the aminoacyl–tRNA synthetase complex is a Parkin substrate:
linking protein biosynthesis and neurodegeneration. Hum. Mol. Genet., 12,
1427–1437.

30. Fields, S. and Song, O. (1989) A novel genetic system to detect protein–
protein interactions. Nature, 340, 245–246.

31. Scoles, D.R., Huynh, D.P., Chen, M.S., Burke, S.P., Gutmann, D.H. and
Pulst, S.M. (2000) The neurofibromatosis 2 tumor suppressor protein
interacts with hepatocyte growth factor-regulated tyrosine kinase substrate.
Hum. Mol. Genet., 9, 1567–1574.

32. Engelender, S., Kaminsky, Z., Guo, X., Sharp, A.H., Amaravi, R.K.,
Kleiderlein, J.J., Margolis, R.L., Troncoso, J.C., Lanahan, A.A., Worley, P.F.
et al. (1999) Synphilin-1 associates with alpha-synuclein and promotes the
formation of cytosolic inclusions. Nat. Genet., 22, 110–114.

33. Huynh, D.P., Scoles, D.R., Ho, T.H., Del Bigio, M.R. and Pulst, S.M.
(2000) Parkin is associated with actin filaments in neuronal and nonneural
cells. Ann. Neurol., 48, 737–744.

34. Ribeiro, C.S., Carneiro, K., Ross, C.A., Menezes, J.R. and Engelender, S.
(2002) Synphilin-1 is developmentally localized to synaptic terminals, and
its association with synaptic vesicles is modulated by alpha-synuclein.
J. Biol. Chem., 277, 23927–23933.

35. Wakabayashi, K., Engelender, S., Tanaka, Y., Yoshimoto, M., Mori, F.,
Tsuji, S., Ross, C.A. and Takahashi, H. (2002) Immunocytochemical
localization of synphilin-1, an alpha-synuclein-associated protein, in
neurodegenerative disorders. Acta Neuropathol. (Berl.), 103, 209–214.

36. Beites, C.L., Xie, H., Bowser, R. and Trimble, W.S. (1999) The septin
CDCrel-1 binds syntaxin and inhibits exocytosis. Nat. Neurosci., 2,
434–439.

37. Scoles, D.R., Nguyen, V.D., Qin, Y., Sun, C.X., Morrison, H.,
Gutmann, D.H. and Pulst, S.M. (2002) Neurofibromatosis 2 (NF2) tumor
suppressor schwannomin and its interacting protein HRS regulate STAT
signaling. Hum. Mol. Genet., 11, 3179–3189.

38. Fernandez-Chacon, R., Konigstorfer, A., Gerber, S.H., Garcia, J.,
Matos, M.F., Stevens, C.F., Brose, N., Rizo, J., Rosenmund, C. and
Sudhof, T.C. (2001) Synaptotagmin I functions as a calcium regulator
of release probability. Nature, 410, 41–49.

39. Geppert, M., Goda, Y., Hammer, R.E., Li, C., Rosahl, T.W., Stevens, C.F.
and Sudhof, T.C. (1994) Synaptotagmin I: a major Ca2þ sensor for
transmitter release at a central synapse. Cell, 79, 717–727.

40. von Poser, C., Ichtchenko, K., Shao, X., Rizo, J. and Sudhof, T.C. (1997)
The evolutionary pressure to inactivate. A subclass of synaptotagmins with
an amino acid substitution that abolishes Ca2þ binding. J. Biol. Chem.,
272, 14314–14319.

41. Wang, C.T., Grishanin, R., Earles, C.A., Chang, P.Y., Martin, T.F.,
Chapman, E.R. and Jackson, M.B. (2001) Synaptotagmin modulation of
fusion pore kinetics in regulated exocytosis of dense-core vesicles. Science,
294, 1111–1115.

42. Wakabayashi, K., Engelender, S., Yoshimoto, M., Tsuji, S., Ross, C.A. and
Takahashi, H. (2000) Synphilin-1 is present in Lewy bodies in Parkinson’s
disease. Ann. Neurol., 47, 521–523.

43. Schlossmacher, M.G., Frosch, M.P., Gai, W.P., Medina, M., Sharma, N.,
Forno, L., Ochiishi, T., Shimura, H., Sharon, R., Hattori, N. et al. (2002)
Parkin localizes to the Lewy bodies of Parkinson disease and dementia with
Lewy bodies. Am. J. Pathol., 160, 1655–1667.

44. Hayashi, S., Wakabayashi, K., Ishikawa, A., Nagai, H., Saito, M.,
Maruyama, M., Takahashi, T., Ozawa, T., Tsuji, S. and Takahashi, H.
(2000) An autopsy case of autosomal-recessive juvenile parkinsonism with
a homozygous exon 4 deletion in the parkin gene. Mov. Disord., 15,
884–888.

45. Mori, H., Kondo, T., Yokochi, M., Matsumine, H., Nakagawa-Hattori, Y.,
Miyake, T., Suda, K. and Mizuno, Y. (1998) Pathologic and biochemical
studies of juvenile parkinsonism linked to chromosome 6q. Neurology, 51,
890–892.

46. van de Warrenburg, B.P., Lammens, M., Lucking, C.B., Denefle, P.,
Wesseling, P., Booij, J., Praamstra, P., Quinn, N., Brice, A. and
Horstink, M.W. (2001) Clinical and pathologic abnormalities in a
family with parkinsonism and parkin gene mutations. Neurology, 56,
555–557.

47. Imai, Y., Soda, M. and Takahashi, R. (2000) Parkin suppresses unfolded
protein stress-induced cell death through its E3 ubiquitin–protein ligase
activity. J. Biol. Chem., 275, 35661–35664.

48. Fukuda, M. and Mikoshiba, K. (2001) Characterization of KIAA1427
protein as an atypical synaptotagmin (Syt XIII). Biochem. J., 354, 249–257.

49. Berton, F., Cornet, V., Iborra, C., Garrido, J., Dargent, B., Fukuda, M.,
Seagar, M. and Marqueze, B. (2000) Synaptotagmin I and IV define distinct
populations of neuronal transport vesicles. Eur. J. Neurosci., 12,
1294–1302.

50. Ibata, K., Fukuda, M., Hamada, T., Kabayama, H. and Mikoshiba, K.
(2000) Synaptotagmin IV is present at the Golgi and distal parts of neurites.
J. Neurochem., 74, 518–526.

51. Fukuda, M., Ibata, K. and Mikoshiba, K. (2001) A unique spacer domain
of synaptotagmin IV is essential for Golgi localization. J. Neurochem.,
77, 730–740.

52. Fukuda, M., Kanno, E., Ogata, Y., Saegusa, C., Kim, T., Loh, Y.P. and
Yamamoto, A. (2003) Nerve growth factor-dependent sorting of synapto-
tagmin IV protein to mature dense-core vesicles that undergo calcium-
dependent exocytosis in PC12 cells. J. Biol. Chem., 278, 3220–3226.

53. Shibata, H., Huynh, D.P. and Pulst, S.M. (2000) A novel protein with RNA-
binding motifs interacts with ataxin-2. Hum. Mol. Genet., 9, 1303–1313.

54. Scoles, D.R., Huynh, D.P., Morcos, P.A., Coulsell, E.R., Robinson, N.G.,
Tamanoi, F. and Pulst, S.M. (1998) Neurofibromatosis 2 tumour
suppressor schwannomin interacts with betaII-spectrin. Nat. Genet.,
18, 354–359.

55. Poullet, P. and Tamanoi, F. (1995) Use of yeast two-hybrid system to
evaluate Ras interactions with neurofibromin-GTPase-activating protein.
Methods Enzymol., 255, 488–497.

Human Molecular Genetics, 2003, Vol. 12, No. 20 2597


