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Abstract

Parkinson’s disease (PD) is a progressive neurodegenerative movement
disorder that results primarily from the death of dopaminergic neurons
in the substantia nigra. Although the etiology of PD is incompletely
understood, the recent discovery of genes associated with rare mono-
genic forms of the disease, together with earlier studies and new ex-
perimental animal models, has provided important and novel insight
into the molecular pathways involved in disease pathogenesis. Increas-
ing evidence indicates that deficits in mitochondrial function, oxidative
and nitrosative stress, the accumulation of aberrant or misfolded pro-
teins, and ubiquitin-proteasome system dysfunction may represent the
principal molecular pathways or events that commonly underlie the
pathogenesis of sporadic and familial forms of PD.
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INTRODUCTION

Parkinson’s disease (PD) is a progressive neu-
rodegenerative movement disorder that is
estimated to affect approximately 1% of the
population older than 65 years of age (Lang
& Lozano 1998a,b). Clinically, most patients
present with the cardinal symptoms of bradyki-
nesia, resting tremor, rigidity, and postural in-
stability. A number of patients also suffer from
autonomic, cognitive, and psychiatric distur-
bances. The major symptoms of PD result from
the profound and selective loss of dopaminer-
gic (DA) neurons in the substantia nigra pars
compacta (SNc), but there is widespread neu-
ropathology with the SN¢ becoming involved
later toward the middle stages of the disease
(Braak et al. 2003). The pathological hallmarks
of PD are round eosinophilic intracytoplasmic
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proteinaceous inclusions termed Lewy bodies
(LBs) and dystrophic neurites (Lewy neurites)
present in surviving neurons (Forno 1996). PD
is primarily a sporadic disorder and its specific
etiology is incompletely understood, but im-
portant new insights have recently been pro-
vided through studying the genetics, epidemi-
ology, and neuropathology of PD, in addition
to the development of new experimental mod-
els. Until recently, PD had been considered the
prototypical nongenetic disorder. In the past
seven years, the identification of distinct ge-
netic loci responsible for rare Mendelian forms
of PD has challenged this view and has provided
us with vital clues to understanding the molecu-
lar pathogenesis of the more common sporadic
forms of this disease. These genetic advances
have revolutionized the way we think about PD
and have opened up new and exciting areas of
research. Despite such advances, much recent
research has continued to focus on the contri-
bution of nongenetic or environmental factors
to the development of sporadic forms of PD.

THE HERITABILITY OF PD

For most of the twentieth century, genetic
predisposition to Charcot’s “la maladie de
Parkinson” was thought to play a negligible
role in development of the syndrome. The no-
tion that environmental factors, not heredity,
caused PD was further propagated following
the post-encephalitic outbreak of a variant of
the syndrome. Yet for more than one hundred
years, clinicians noted that patients with PD
often had an affected relative (Gowers 1900).
Further studies corroborated these suspicions
with the identification and characterization of
families that inherited PD in a Mendelian fash-
ion (Bell & Clark 1926). In contrast, a number
of studies utilizing twin registries demonstrated
a low rate of concordance in monozygotic and
dizygotic twins, indicative of a lack of genetic
susceptibility in PD (Marttila et al. 1988, Ward
etal. 1983). These early twin studies seemed to
shift the direction of PD research away from
genetics, and the concomitant identification of
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
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Table 1 Loci and genes associated with familial PD or implicated in PD!

Chromosome Inheritance

Locus location Gene pattern Typical phenotype Reference
PARK1 & | 4q21-q23 a-synuclein | AD Earlier onset, features of DLB Polymeropolous et al. 1997,

PARK4 common Singleton et al. 2003
PARK2 6q25.2—q27 parkin usually AR Earlier onset with slow progression | Kitada etal. 1998
PARK3 2pl3 unknown AD, IP Classic PD, sometimes dementia Gasser et al. 1998
PARKS 4pl4 UCH-L1 unclear Classic PD Leroy etal. 1998
PARK6 1p35-p36 PINK1 AR Earlier onset with slow progression | Valente et al. 2004a
PARK7 1p36 D7-1 AR Earlier onset with slow progression | Bonifati et al. 2003
PARKS 12p11.2-q13.1 | LRRK?2? AD Classic PD Funayama et al. 2002
PARK10 1p32 unknown unclear Classic PD Hicks et al. 2002
PARK11 2q36—q37 unknown unclear Classic PD Pankratz et al. 2003
NA 5q23.1-q23.3 Synphilin-1 | unclear Classic PD Marx et al. 2003
NA 2q22—q23 NR4A2 unclear Classic PD Le etal. 2003

! Abbreviations: NA, not assigned; AD, autosomal dominant; AR, autosomal recessive; IP, incomplete penetrance; DLB, dementia with Lewy bodies.

2See note added in proof.

(MPTP)-induced parkinsonism (Langston
et al. 1983) further downplayed any potential
genetic component to PD. Despite these past
assumptions that genetics played little role in
PD, it became clear that there is a significant
genetic component to disease (Dawson &
Dawson 2003, Hicks et al. 2002, Marder
et al. 1996, Sveinbjornsdottir et al. 2000).
Indeed, there are at least 10 distinct genetic
loci associated with PD, and mutations have
been identified in four genes that definitively
and unambiguously cause familial forms of PD

(Table 1).

THE CONTRIBUTION OF
GENES TO THE
PATHOGENESIS OF PD

Although monogenic and sporadic forms of PD
are clinically and pathologically distinct from
each other, they tend to share many overlap-
ping features that include, most importantly,
parkinsonism with nigrostriatal DA degener-
ation (Hardy et al. 2003), which perhaps im-
plies that common pathogenic mechanisms may
underlie disease. However, although the genes
linked to different monogenic forms of PD do
not necessarily fit into a common pathogenic

pathway, they nevertheless promote our under-
standing of the specific molecular pathways that
lead to DA neuronal degeneration in PD. This
section discusses our current understanding of
those gene products linked to monogenic forms
of PD (PARK1, 2, 4, 5, 6, and 7), emphasizing,
in particular, the normal function of each pro-
tein and how its dysfunction may contribute to
disease pathogenesis.

a-Synuclein (OMIM 163890; PARK1;
PARK4)

The first gene for familial PD was initially
mapped to chromosome 4q21-q23 in an Italian
American family (Contursi kindred) with more
than 60 affected individuals spanning 5 gener-
ations with autosomal dominant disease inher-
itance (Polymeropoulos et al. 1996). An A53T
missense mutation was isolated in affected in-
dividuals in the gene encoding the a-synuclein
protein (Polymeropoulos et al. 1997). Subse-
quently, a second mutation in the a-synuclein
gene (A30P) was found in a German family
(Kruger et al. 1998), in addition to an E46K
mutation in a Spanish family (Zarranz et al.
2004). Lastly, a genomic triplication of a re-
gion spanning the a-synuclein gene segregated
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Domain architecture
and familial mutations
of proteins associated
with PD. Protein
domains of human
(A) ae-synuclein

(140 aa), (B) DJ-1
(189 aa), (C) parkin
(465 aa), and

(D) PINKI1 (581 aa).
The position of amino
acid missense
mutations (single letter
code) associated with
familial forms of PD
are indicated for each
protein (ar7ows).
Nonsense mutations
are indicated by X,
which denotes the
introduction of a
premature stop codon.
Not all familial
mutations are
indicated for parkin.
Refer to Mata et al.
2004 for detailed
references to all
reported parkin
mutations. MTS,
mitochondrial
targeting sequence.
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with disease in the Iowa kindred (Singleton
et al. 2003). Moreover, there is some sugges-
tion that genetic variability in the a-synuclein
promoter associates with sporadic PD, which
implicates that variability of a-synuclein pro-
tein levels can predispose individuals to disease
(Pals et al. 2004).

a-synuclein is a 140-amino-acid protein be-
longing to a family of related synucleins that
include B- and y-synuclein (Clayton & George
1998). Structurally, human «-synuclein consists
of an N-terminal amphipathic region contain-
ing six imperfect repeats (with a KTKEGV
consensus motif), a hydrophobic central re-
gion [containing the non-amyloid-8 compo-
nent (NAC) domain], and an acidic C-terminal
region (Figure 1). a-synuclein is an intrinsi-
cally unstructured or natively unfolded protein
but has significant conformational plasticity.

For example, depending on the environment
a-synuclein can remain unstructured, can form
monomeric and oligomeric species, or can form
amyloidogenic filaments (Uversky 2003). The
physiological function of a-synuclein is un-
clear. a-synuclein is highly expressed through-
out the mammalian brain and is enriched in
presynaptic nerve terminals, where it can asso-
ciate with membranes and vesicular structures
(Irizarry et al. 1996, Kahle et al. 2000). Re-
centstudies have shown thata-synuclein specif-
ically associates with membrane microdomains
known as lipid rafts, and this raft association
may be required for its synaptic localization
(Fortin et al. 2004). Analysis of mice with a tar-
geted deletion of the a-synuclein gene suggest
a role for a-synuclein in synaptic vesicle re-
cycling and DA neurotransmission (Abeliovich
etal. 2000). A role in synaptic vesicle recycling

a «-Synuclein
1 Amphipathic region &' NAC domain 9 140
L] L[ L] [ | ]:[ Acidic region
o |
A30P EdsKASST D KTKEGV repeats

b DJ-1

1 32 173 189
DJ-1/Pfp | domain
M26l £64D A104T D14%A  L166P
C Parkin
1 79 238 293 314 377 418 449 465
UBL RING IBR RING2
VISM Pa7L  AB2E K161N T240R  G284R_ G328E A398T
Ra2P M1g2v  T240M  C289G  R334C T415N
A46P K211R  C253W T351P G430D
K211N  R256C C431F
ca12y R275W P437L
D280N C441R
d Pinks
1 34 156 509 581
MTS Serine/threonine protein kinase domain
' I 4 1 [} 4 1 [}
o atggp Q23X [ HeTiQ L347P E417G | R464H .o
R246X G309D Waa7x
Moore et al.
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is further supported by observations in vitro
that demonstrate that ¢-synuclein can bind to
acidic phospholipid vesicles (Davidson et al.
1998) and can also bind to and inhibit the ac-
tivity of mammalian phospholipase D (PLD)
(Jenco et al. 1998). Furthermore, in cultured
cells a-synuclein can regulate lipid metabolism
by protecting lipid droplets from hydrolysis
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(Cole et al. 2002) and can regulate the size Fibrillar

of presynaptic vesicular pools (Murphy et al.  pigyre 2

2000). Studies in the model organism yeast fur-
ther demonstrate that a-synuclein selectively
associates with the plasma membrane, inhibits
PLD activity, induces lipid droplet accumula-

Schematic of a-synuclein fibrillogenesis. Natively unfolded or disordered
a-synuclein monomers form f-sheet rich oligomers that comprise a transient
population of protofibrils of heterogenous structure that may include spheres,
chains, or rings. The protofibrils may give rise to more stable amyloid-like
fibrils. a-synuclein fibrils eventually aggregate and precipitate to form LBs

tion, and modulates vesicle trafficking (Outeiro
& Lindquist 2003). Thus, e-synuclein may play
an important role in regulating synaptic vesicle
size and recycling with particular relevance to
dopamine storage.

a-synuclein is considered to play a central
role in the pathophysiology of PD, in part,
on the basis of the identification of mutations
or triplications of the a-synuclein gene asso-
ciated with familial PD (Kruger et al. 1998,
Polymeropoulos et al. 1997, Singleton et al.
2003). Moreover, the identification of fibril-
lar forms of the a-synuclein protein as a ma-
jor structural component of LBs in PD and
other synucleinopathies provides compelling
evidence that a-synuclein plays a major role in
the pathogenesis of PD (Spillantini et al. 1998).
Mutations in «-synuclein cause PD through a
toxic gain-of-function mechanism consistent
with the dominant inheritance pattern of mu-
tations. The genomic triplication of a-synuclein
leads to an approximate doubling of expres-
sion, thereby demonstrating that overexpres-
sion of wild-type a-synuclein is sufficient to
cause disease. The effects of a-synuclein mis-
sense mutations are not so obvious. Both the
A30P and A53T mutant proteins display an in-
creased propensity to self-aggregate to form
oligomeric species and LB-like fibrils in vitro
compared with wild-type a-synuclein (Conway
etal. 1998). a-synuclein oligomers are the pre-
cursors for higher-order aggregates, such as
amyloid-like fibrils, which precipitate as the
filamentous structures observed in LBs and

in vivo. Figure adapted from Lansbury & Brice 2002.

Lewy neurites (Figure 2). Some investiga-
tors proposed that oligomeric fibrillization in-
termediates of a-synuclein termed protofib-
rils, rather than the fibrils themselves, may
be the pathogenic cytotoxic moiety. For ex-
ample, the A53T and A30P mutations both
share the capacity to promote the oligomeriza-
tion, but not fibrillization, of &-synuclein (Con-
way et al. 2000). Furthermore, these mutants
may form annular protofibrils that resemble a
class of pore-forming bacterial toxin (Lashuel
et al. 2002), which suggests that protofibrils
might cause inappropriate permeabilization of
cellular membranes. Catecholamines, particu-
larly dopamine, can react with a-synuclein to
form covalent adducts that slow conversion of
protofibrils to fibrils (Conway et al. 2001), thus
promoting protofibril accumulation. Soluble
oligomeric forms of a-synuclein have recently
been observed in human brain tissue (Sharon
et al. 2003), which suggests that oligomeric
species are physiologically relevant.

The notion of cytotoxic protofibrils is fur-
ther supported by studies in one line of a-
synuclein transgenic mice, whereby motoric
impairment and loss of DA nerve terminals
are observed in the presence of non-fibrillar
a-synuclein inclusions (Masliah et al. 2000).
However, the failure of transgenic mice over-
expressing the protofibrillogenic A30P mu-
tant o-synuclein to exhibit neurodegeneration
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(Lee et al. 2002) suggests that protofibrils may
not be the primary cytotoxic moiety. Indeed,
only when the A30P mutant forms both fib-
rils and inclusions is neurodegeneration ob-
served in transgenic mice and flies (Feany &
Bender 2000, Kahle et al. 2001, Neumann
et al. 2002). Consistent with the cytotoxic-
ity of fibrillar a-synuclein is the observation
that B-amyloid promotes the formation of «-
synuclein fibrillar inclusions in bigenic mice
overexpressing mutant amyloid precursor pro-
tein and «-synuclein, leading to a more se-
vere a-synuclein-related pathological and be-
havioral phenotype (Masliah etal. 2001). At this
stage the relative contributions of a-synuclein
protofibrils and fibrils to PD pathogenesis are
incompletely understood, but both likely con-
tribute to disease pathogenesis.

The mechanism by which wild-type «-
synuclein aggregates in sporadic forms of PD
is poorly understood. A number of factors en-
hance a-synuclein aggregation or fibrillization
in different systems. Mitochondrial complex-I
inhibitors such as rotenone and paraquat
clearly lead to aggregation and accumulation
of a-synuclein in vitro and in animal models
(Betarbet et al. 2000; Manning-Bog et al. 2002;
Sherer et al. 2002b, 2003), and other forms
of oxidative and nitrosative stress also pro-
mote a-synuclein aggregation (Ischiropoulos &
Beckman 2003). Oxidative damage may play a
pertinent role in the aggregation of a-synuclein
in sporadic PD because there is selective ty-
rosine nitration of «-synuclein in lesions in
PD and other synucleinopathies (Giasson et al.
2000). Indeed, recent studies suggest that ty-
rosine nitration of «-synuclein may potentiate
fibril formation of unmodified «-synuclein and
may decrease the rate of degradation by the
20S proteasome and the cysteine protease cal-
pain I (Hodara et al. 2004). a-synuclein pro-
tein levels also increase with aging in human
substantia nigra (Li et al. 2004). The stabi-
lization of a-synuclein with aging may be a
significant factor in the pathogenesis of «-
synucleinopathies because it could lead to the
accumulation of pathogenic protein modifica-
tions, such as oxidative damage (Li et al. 2004).

Moore et al.

Proteasomal inhibition is also associated with
increases in a-synuclein fibrillization with for-
mation of insoluble inclusions in primary neu-
ronal cultures and in vivo (McNaught et al.
2004, Rideout et al. 2004). Endogenous cofac-
tors may play a role in modulating a-synuclein
fibrillogenesis. Recent evidence suggests that
interactions between «-synuclein and tau syn-
ergistically promote the fibrillization of both
proteins in vitro and in animal models (Giasson
et al. 2003), which is supported by the co-
occurrence of ¢-synuclein and tau pathology in
some monogenic forms of PD, in other neu-
rodegenerative disorders, and in a-synuclein
transgenic mice. S-amyloid can also enhance
a-synuclein fibrillization in vivo, and pathol-
ogy related to both proteins can coexist in neu-
rodegenerative diseases such as the LB vari-
ant of Alzheimer’s disease (Masliah et al. 2001).
The interaction of a-synuclein with amyloido-
genic proteins could be one mechanism that
drives the formation of pathological fibrillar in-
clusions in human neurodegenerative diseases.
Conversely, non-amyloidogenic proteins such
as B-synuclein can have the opposite effect to
prevent a-synuclein fibrillization in vivo and
may represent an endogenous negative regu-
lator of fibrillization (Hashimoto et al. 2001).
Mutations in the B-synuclein gene may predis-
pose to dementia with LBs (DLB) (Ohtake et al.
2004). Posttranslational modifications may ad-
ditionally contribute to the aggregation or fib-
rillization of «-synuclein because it is both
selectively ubiquitinated and phosphorylated
in lesions in sporadic PD and other synucle-
inopathies (Hasegawa et al. 2002).

Although the process of «-synuclein fibril-
lization may be the key pathogenic event in
most forms of PD, the mechanism by which
a-synuclein species exert their downstream
neurotoxic effects is unclear. One proposed
mechanism is through direct impairment of the
ubiquitin-proteasome system (UPS). For ex-
ample, pathogenic species of a-synuclein are
more resistant to proteasomal degradation and
can directly bind to 20/26S proteasomal sub-
units and impair proteolytic activity (Bennett
etal. 1999, Lindersson et al. 2004, Snyder et al.
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2003). Overexpression of mutant a-synuclein
also sensitizes cultured cells to the toxicity as-
sociated with proteasome inhibitors, suggest-
ing a prior level of proteasome impairment
(Petrucelli et al. 2002, Tanaka et al. 2001).
Thus, the reduced clearance of w«-synuclein
species and their direct inhibitory effect on
proteasomal activity may contribute to disease
pathogenesis. It is presently unclear whether
a-synuclein turnover is physiologically reg-
ulated by the proteasome, although both
ubiquitin-dependent and -independent mech-
anisms have been described (Tofaris et al. 2001,
Webb et al. 2003). Furthermore, proteasomal
inhibition produces LB-like «-synuclein in-
clusions in rodent models of PD and in cul-
tured neurons (McNaught et al. 2004, Rideout
etal. 2004). Alternative pathways of a-synuclein
degradation have also been proposed including
processing by the lysosome/autophagy pathway
and by cytoplasmic proteases such as calpain I
(Mishizen-Eberz et al. 2003, Webb et al. 2003).
In addition to effects on the UPS, a-synuclein
overexpression in cultured cells, particularly of
mutant forms, has been linked to mitochon-
drial deficits (Hsu et al. 2000), defective cellular
trafficking (Gosavi et al. 2002), apoptosis (Lee
etal. 2001b), impaired chaperone-mediated au-
tophagy (Cuervo et al. 2004), and increased
sensitivity to oxidative stress (Ko et al. 2000)
and dopamine-mediated toxicity (Tabrizi et al.
2000). Thus, the mechanism of «a-synuclein-
mediated toxicity likely affects numerous crit-
ical cellular pathways and highlights the com-
plexity of disentangling the primary pathogenic
events from the secondary events.

A role for dopamine in mediating «-synu-
clein toxicity is an attractive notion that would
account for the relatively selective degenera-
tion of DA neurons in PD. In cultured cells,
the toxic effects of a-synuclein appear to be se-
lective for DA neurons, which requires endoge-
nous dopamine production and is mediated by
reactive oxygen species (ROS) (Xu et al. 2002).
Furthermore, «-synuclein can interact with and
enhance the activity of the dopamine trans-
porter, thereby accelerating cellular dopamine
uptake and dopamine-induced apoptosis (Lee

et al. 2001a). Overexpression of mutant o-
synuclein can also downregulate the vesicular
monoamine transporter 2, which perhaps pro-
motes enhanced levels of cytoplasmic dopamine
and increased oxidative stress (Lotharius et al.
2002). Thus, one effect of toxic a-synuclein
species could be to increase cytosolic dopamine
levels, which, owing to the high oxidative po-
tential of dopamine metabolism, could promote
oxidative stress and ensuing DA neuronal cell
death. However, degeneration observed in «-
synuclein-linked PD (PARK1 and PARK4) is not
limited to DA neurons or even to catecholamin-
ergic neurons but is widespread and may affect
other neurotransmitter systems. This mecha-
nism would account only for loss of DA neu-
rons in PD, and e-synuclein toxicity may affect
distinct neuronal populations through alternate
mechanisms. Future research will help to de-
lineate the precise mechanism of a-synuclein
toxicity in specific neuronal populations that
will hopefully give rise to an ordered pathway
of events that lead to neuronal degeneration in
PD.

Parkin (OMIM 602544; PARK2)

A large region spanning chromosome 6q25.2—
q27 was initially linked to a rare form of au-
tosomal recessive juvenile-onset parkinsonism
(AR-]JP), in consanguineous Japanese families
(Matsumine et al. 1997). Subsequently, a ho-
mozygous deletion spanning a microsatellite
marker was identified in an affected case, and
the adjacent gene was cloned and named parkin
(Kitada et al. 1998). Mutations in the parkin
gene are relatively common in familial PD, with
mutations found in 50% of familial early-onset
cases compatible with recessive inheritance and
10% of all early-onset PD cases (Lucking et al.
2000). A genome-wide scan in families with
early-onset PD revealed significantlinkage only
to parkin, thereby demonstrating a unique role
for the parkin gene in the development of early-
onset PD (Scott et al. 2001). However, mu-
tations have also been described in apparent
sporadic cases with a clinical presentation in-
distinguishable from late-onset idiopathic PD
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(Lucking et al. 1998). A wide variety of parkin
mutations have been described in PD cases,
ranging from deletions of a single nucleotide
to hundreds of thousands of nucleotides, in
addition to genomic multiplications and mis-
sense mutations (Mata et al. 2004, West &
Maidment 2004). Most parkin-linked disease
is inherited in an autosomal recessive fashion;
however, there are several descriptions of fam-
ilies with parkin mutations and disease segre-
gating in a mode incompatible with recessive
inheritance, and some evidence indicates that
haploinsufficiency in the parkin gene predis-
poses to PD (Farrer et al. 2001).

The parkin gene encodes a 465-amino-acid
protein with a modular structure that con-
tains an N-terminal ubiquitin-like (UBL) do-
main, a central linker region, and a C-terminal
RING domain comprising two RING finger
motifs separated by an in-between-RING (IBR)
domain (Figure 1). Like many other RING
finger—containing proteins, parkin can function
as an E3 ubiquitin protein ligase (Shimura et al.
2000, Zhang et al. 2000). E3 ligases are an
important part of the cellular machinery that
covalently tags target proteins with ubiquitin
(Glickman & Ciechanover 2002) (Figure 3).
Ubiquitination of proteins results from the
successive actions of ubiquitin-activating (E1),
conjugating (E2), and ligase (E3) enzymes, re-
spectively. Subsequent cycles add additional
ubiquitin molecules to a previously ligated
ubiquitin, resulting in the formation of a poly-
ubiquitin chain containing four or more ubiqui-
tin molecules. Such poly-ubiquitinated proteins
are specifically recognized by the 26S protea-
some and are subsequently targeted for degra-
dation. The ubiquitination machinery can also
tag proteins with single ubiquitin molecules or
with alternatively linked poly-ubiquitin chains
that do not signal proteasomal degradation but
are implicated in numerous nondegradative cel-
lular processes (Figure 3). E3 ligases typically
confer substrate specificity to the ubiquitina-
tion process by simultaneously interacting with
E2-ubiquitin and the substrate protein to cat-
alyze the transfer of ubiquitin from E2 to a
substrate lysine residue. Parkin interacts with

Moore et al.

the E2 enzymes, UbcH7 and UbcHS8 (Shimura
etal. 2000, Zhang etal. 2000), as well as with the
endoplasmic reticulum-associated E2s, UBC6
and UBC7 (Imai et al. 2001). Parkin generally
tends to interact with E2s and substrate pro-
teins through its RING domain. The UBL do-
main of parkin can interact with subunits of the
19S cap of the 26S proteasomal complex, such
as Rpn10, which most likely mediates transfer
of poly-ubiquitinated substrates to the protea-
some (Sakata et al. 2003). Parkin may func-
tion as part of a larger protein complex. The
interaction of parkin with an SCF-like (Skp1-
Cullin-F-box protein) complex, or with a com-
plex containing Hsp70 and CHIP, can enhance
its E3 ligase activity and its neuroprotective ca-
pacity (Imai et al. 2002, Staropoli et al. 2003).
Most familial-associated mutations in parkin
are considered to be loss-of-function and tend
to impair the interaction of parkin with E2s
or substrates and reduce or abolish parkin’s E3
ligase activity or expression. Hence, parkin mu-
tations are thought to result, in general, in the
improper targeting of its substrates for protea-
somal degradation leading to their potentially
neurotoxic accumulation. For this reason, great
importance has been placed on the identifica-
tion of protein substrates of parkin and their
possible role in DA neuron loss in PD.

A number of putative substrates have been
reported for parkin on the basis of in vitro and
cell culture experiments, including CDCrel-
1 (Zhang et al. 2000), synphilin-1 (Chung
et al. 2001b), a rare O-glycosylated form of
a-synuclein (Shimura et al. 2001), the parkin-
associated endothelin receptor-like receptor
(Pael-R) (Imai et al. 2001), synaptotagmin XI
(Huynh et al. 2003), cyclin E (Staropoli et al.
2003), the p38 subunit of the aminoacyl-tRINA
synthetase complex (Corti etal. 2003), and o/ 8-
tubulin (Ren et al. 2003). The large number of
substrates identified is somewhat surprising be-
cause typically E3 ligases demonstrate a high
level of specificity for one or a small number of
substrates. Parkin substrates are diverse, widely
distributed, and initially appear to have little
in common, and it remains to be seen which,
if any, of these putative substrates are relevant
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Figure 3

The ubiquitin-proteasome system. Ubiquitin (Ub) monomers are activated by the Ub-activating enzyme
(E1) and are then transferred to a Ub-conjugating enzyme (E2). Normal or abnormal target proteins are
recognized by a Ub protein ligase (E3), such as parkin, which mediates the transfer of Ub from the E2
enzyme to the target protein. The sequential covalent attachment of Ub monomers to a lysine (K) acceptor
residue of the previous Ub results in the formation of a poly-Ub chain. Poly-Ub chains linked through K29
or K48 signal the target protein for degradation through the 26S proteasome in an ATP-dependent manner,
resulting in the generation of small peptide fragments. The resulting poly-Ub chains are recycled to free Ub
monomers by deubiquitinating (DUB) enzymes, such as UCH-L1, for subsequent rounds of ubiquitination.
The addition of Ub also has other diverse roles. Normal proteins can be singly or multiply
mono-ubiquitinated, or poly-ubiquitinated with K63-linked chains, which leads to nonproteasomal functions
that include DNA repair, endocytosis, protein trafficking, and transcription (Glickman & Ciechanover 2002).
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in vivo. Some of parkin’s substrates have been
implicated in enhancing neuronal cell death or
toxicity, thus reinforcing a potential role in neu-
ronal dysfunctionin PD. CDCrel-1 isa synaptic
vesicle—associated protein implicated in regu-
lating neurotransmitter release and can specif-
ically inhibit dopamine release (Dong et al.
2003). Overexpression of CDCrel-1in SN¢ DA
neurons of rats by virus-mediated gene transfer
induces dopamine-dependent neurodegenera-
tion (Dong et al. 2003). When overexpressed
in cultured cells, Pael-R tends to become un-
folded and insoluble, inducing the unfolded
protein response that eventually leads to cell
death (Imai et al. 2001). Furthermore, panneu-
ronal expression of Pael-R in Drosophila causes
age-dependent selective degeneration of DA
neurons (Yang et al. 2003). Similarly, over-
expression of the p38 subunit results in
aggresome-like inclusion formation and/or cell
death, depending on the cell type (Corti et al.
2003). The deleterious accumulation of such
toxic substrates in the absence of parkin in AR-
JP patients may be one mechanism that even-
tually leads to dysfunction and death of suscep-
tible neurons.

Some parkin substrates also have a tendency
to become insoluble and form cytoplasmic in-
clusions when overexpressed in cells. For ex-
ample, both Pael-R and p38 form insoluble
inclusions in cells, and both have been de-
tected in LBs in sporadic PD together with
synphilin-1 and synaptotagmin XI (Corti et al.
2003, Huynh et al. 2003, Imai et al. 2001,
Murakami etal. 2004, Wakabayashi et al. 2000).
Synphilin-1 interacts with a-synuclein and co-
expression of both proteins in cultured cells
leads to the formation of insoluble LB-like cy-
toplasmic inclusions (Engelender et al. 1999).
Although parkin can interact with and ubiqui-
tinate synphilin-1, it can also localize to and
ubiquitinate «-synuclein/synphilin-1 LB-like
inclusions (Chung et al. 2001b). Furthermore,
parkin can protect against the toxicity induced
by a-synuclein/synphilin-1 overexpression fol-
lowing proteasome inhibition (Chung et al.
2004). A direct role for synphilin-1 in PD is
suggested by the identification of a R621C
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mutation in the synphilin-1 gene in two ap-
parently sporadic PD patients of German ori-
gin (Marx et al. 2003). Overexpression of the
R621C mutant reduced the number of inclu-
sions formed following proteasome inhibition,
compared with wild-type synphilin-1, and also
sensitized cells to staurosporine-induced cell
death (Marx etal. 2003). These findings support
a causative role for R621C mutant synphilin-1
in PD and suggest that inclusion formation may
be a protective event. Parkin, synphilin-1, and
a-synuclein are therefore intimately linked in
a common biochemical pathway that may con-
tribute to the biogenesis of LBs and may play
an important role in the pathogenesis of PD.
On the basis of strong evidence that loss
of function of parkin is the underlying cause
of AR-JP, mice with a targeted deletion of
the parkin gene have been generated to model
this form of PD. Surprisingly, parkin knock-
out mice do not develop a PD-like behav-
ioral or neuropathological phenotype. Two of
the knockouts show subtle behavioral deficits,
mild alterations of dopaminergic and gluta-
matergic neurotransmission, and abnormali-
ties in dopamine metabolism (Goldberg et al.
2003, Itier et al. 2003). A third line of knock-
out mice shows a reduced number of no-
radrenergic neurons in the locus coeruleus,
accompanied by a marked reduction of the
norepinephrine-dependent acoustic startle re-
sponse (Von Coelln et al. 2004b). Furthermore,
none of the putative parkin substrates have so
far been reported to accumulate in the brains
of parkin knockout mice, which has cast doubt
on the authenticity of these substrates as well
as the contribution of parkin to their turnover
by the proteasome. Proteomic analysis has in-
stead revealed reduced levels of several proteins
involved in mitochondrial oxidative phospho-
rylation and protection from oxidative stress in
the ventral midbrain of parkin knockout mice
(Palacino et al. 2004). This was accompanied
by decreases in mitochondrial respiratory ca-
pacity and age-dependent increases of oxida-
tive damage. This suggests an unexpected role
for parkin in the regulation of normal mito-
chondrial function. Recent studies in Drosophila
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models of PD support this notion. Drosophila
parkin null mutants exhibit reduced lifespan,
locomotor defects, and male sterility (Greene
et al. 2003, Pesah et al. 2004). The locomo-
tor defects derive from apoptotic cell death of
muscle subsets, whereas male sterility results
from a spermatid individualization defect. The
earliest manifestation of muscle degeneration
and defective spermatogenesis is mitochondrial
pathology, and there are also accompanying
signs of increased oxidative stress. The obser-
vation of mitochondrial defects and increased
oxidative stress in parkin-deficient mice and
flies in the absence of DA neuron loss suggests
that mitochondrial impairment may be a pri-
mary pathogenic event in AR-JP that may even-
tually trigger selective neuronal degeneration.
The absence of DA neuron loss in these mod-
els could suggest that neuronal degeneration
proceeds over a prolonged time scale exceed-
ing that obtainable in animal models or may re-
quire a further pathogenic “hit” to precipitate
neuronal death.

The mechanism by which parkin confers
neuroprotection, or specifically, promotes the
survival of DA neurons, is a central unan-
swered question. Consistent with a role in
maintaining mitochondrial integrity, overex-
pression of parkin in cultured cells confers re-
sistance to stimuli that promote mitochondria-
dependent apoptosis (Darios et al. 2003).
Furthermore, a small proportion of parkin is lo-
calized to the outer membrane of mitochondria
in cells (Darios et al. 2003). In cultured cells,
parkin overexpression may confer protection
against dopamine-mediated toxicity possibly by
decreasing oxidative stress through an unde-
termined mechanism, thus potentially linking
parkin to the survival of DA neurons (Jiang
et al. 2004). Parkin can also confer protec-
tion against kainate-induced excitotoxicity in
primary neuronal cultures, presumably by sup-
pressing cyclin E accumulation (Staropoli et al.
2003). Similarly, parkin can also suppress the
ensuing cell death induced by overexpression
of Pael-R or the p38 subunit in cultured cells,
possibly by ubiquitinating and promoting their
degradation (Corti etal. 2003, Imai etal. 2001).

In cell culture, overexpression of parkin pro-
tects against the toxicity induced by proteaso-
mal inhibition and overexpression of mutant
a-synuclein (Petrucelli et al. 2002). Further-
more, in Drosophila, parkin overexpression can
protect against the selective loss of DA neurons
induced by neuronal expression of a-synuclein
or Pael-R (Yang et al. 2003). In the a-synuclein
Drosophila model, parkin overexpression leads
to a sharp reduction in the abundance of
a-synuclein-positive LB-like inclusions, which
suggests that parkin may act to clear specif-
ically aberrant a-synuclein deposits. Because
parkin does not directly interact with native
a-synuclein, alterations in the structure of
a-synuclein, either through post-translational
modifications (including phosphorylation, O-
glycosylation, ubiquitination, or nitration) or
conformational changes (oligomers or fibrils),
may promote an interaction of both proteins
at some level, possibly by converging on a
common molecular pathway. In this respect
it is intriguing that parkin can suppress the
toxic effects of a-synuclein species apparently
through rescuing impaired proteasome func-
tion (Petrucelli et al. 2002). The surprisingly
large number of putative parkin substrates, to-
gether with the capacity of parkin to confer
cellular protection against a diversity of toxic
insults, suggests that parkin may represent
a multipurpose neuroprotectant (Feany &
Pallanck 2003).

UCH-L1 (OMIM 191342; PARKS;
Neuron-Specific PGP9.5)

Using a candidate gene-screening approach to
identify new mutations in familial PD cases,
a heterozygous 193M mutation in the gene
encoding ubiquitin carboxyl-terminal hydro-
lase L1 (UCH-L1) was identified in an af-
fected sibling pair in a German family (Leroy
et al. 1998). However, the transmitting par-
ent was asymptomatic, suggesting that either
the I93M variant is nonpathogenic or that it
causes disease with incomplete penetrance. An
additional heterozygous M124L variant was de-
scribed in an affected individual; however, this
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variant failed to segregate with disease, suggest-
ing that rare polymorphisms in UCH-LI may
not be pathogenic (Farrer et al. 2000). Addi-
tional mutations have not been identified de-
spite extensive genetic screening (Lincoln et al.
1999). Thus, the involvement of the UCH-L1
gene in familial PD is contentious. A common
non-synonymous polymorphism (S18Y) in the
UCH-LI gene was first reported as underrep-
resented in a European cohort of cases and
controls (Maraganore et al. 1999), and a num-
ber of subsequent studies either confirmed or
failed to replicate the original results. A meta-
analysis of the literature provided some evi-
dence to corroborate a potential protective ef-
fect of the S18Y variant in PD, which thereby
suggests that genetic variability in the UCH-
L1 gene plays a role in the development of
late-onset idiopathic PD (Maraganore et al.
2004).

UCH-L1 is a highly abundant, neuron-
specific protein that belongs to a family of
deubiquitinating enzymes that are responsi-
ble for hydrolyzing polymeric ubiquitin chains
to free ubiquitin monomers (Wilkinson et al.
1989). UCH-L1 might additionally function
as a dimerization-dependent ubiquitin protein
ligase (Liu etal. 2002) and can apparently main-
tain ubiquitin homeostasis by promoting the
stability of ubiquitin monomers in vivo (Osaka
et al. 2003). UCH-L1 has been localized to
LBs in sporadic PD (Lowe et al. 1990). The
mechanism by which UCH-LI mutations cause
PD is poorly understood. The I93M muta-
tion decreased the in vitro hydrolytic activity of
UCH-L1 (Leroy et al. 1998), which originally
suggested that this form of PD results from a
partial loss of function. However, this idea may
be an oversimplified interpretation because the
193M mutation shows incomplete penetrance,
and mutant mice lacking functional UCH-L1
(the gracile axonal dystrophy mouse) do not de-
velop a parkinsonian phenotype (Leroy et al.
1998, Saigoh et al. 1999). Some investigators
have proposed that UCH-L1 may recycle free
ubiquitin by cleaving ubiquitinated peptides
that are products of the proteasomal degrada-
tion of poly-ubiquitinated proteins (Figure 3).
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Thus, reduced UCH-L1 hydrolytic activity
caused by the I93M mutation might impair the
overall efficiency of the UPS by reducing the
availability of free ubiquitin monomers, thereby
leading to potentially deleterious protein accu-
mulation (Leroy et al. 1998). Although a di-
rect role in the UPS is an intriguing possibility,
the function of UCH-LI in vivo remains to be
clarified. UCH-L1 can also promote the accu-
mulation of e-synuclein in cultured cells pre-
sumably through the addition of Lys63-linked
poly-ubiquitin chains that are not associated
with proteasomal degradation (Liu et al. 2002).
The potentially protective S18Y polymorphic
variant of UCH-L1 has reduced ligase activ-
ity but exhibited comparable hydrolase activ-
ity to wild-type enzyme and does not promote
a-synuclein accumulation (Liu et al. 2002).
Thus, both the ubiquitin ligase and hydrolase
activities of UCH-L1 may play a normal role
in the UPS and may be relevant to the patho-
genesis of PD.

PINK1 (OMIM 608309; PARKS6;
PTEN-Induced Putative Kinase 1)

A genome-wide homozygosity screen per-
formed on a large Sicilian family with four
early-onset PD patients revealed a shared
12.5 ¢cM region on chromosome 1p35-p36
(Valente et al. 2001). Additional unrelated fam-
ilies with positive linkage to this region were
described (Valente et al. 2002), and mutations
in the PINKI gene were identified (Valente etal.
2004a). Initial screens for PINKI mutations in
early-onset familial cases revealed a number
of novel mutations; however, these mutations
are less common than are alterations in the
parkin gene in early-onset PD cases (Hatano
et al. 2004, Valente et al. 2004b). Genetic vari-
ation in the PINKI gene did not influence
the onset of idiopathic PD in a large Euro-
pean cohort of cases and controls (Healy et al.
2004).

PINK1 is a 581-amino-acid protein that
contains a mitochondrial targeting sequence at
its N-terminus and a highly conserved pro-
tein kinase domain similar to serine/threonine
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kinases of the Ca’*-calmodulin family (Valente
et al. 2004a) (Figure 1). Accordingly, overex-
pressed PINKI1 is localized to mitochondria
in cultured cells (Valente et al. 2004a). Stud-
ies of PINKI are at an early stage, and cur-
rently, little is known about the physiological
function of PINKI. Although PINKI1 is con-
sidered to be a mitochondrial protein kinase,
the kinase activity of PINK1 has not yet been
demonstrated, and as such, no putative mi-
tochondrial substrates or interacting proteins
have been identified. Mutations in PINKI are
thought to cause PD through loss of function
of PINKI activity with most mutations clus-
tering in or around the putative kinase domain
(Hatano et al. 2004; Valente et al. 2004a,b),
which perhaps suggests that the loss of PINK1
kinase activity directly causes PD. Initial stud-
ies in cultured cells suggest that PINK1 may
afford some protection against mitochondrial
dysfunction and apoptosis induced by protea-
somal inhibition, although the mechanism for
this action is not understood (Valente et al.
2004a). The G309D mutation, identified in a
Spanish family with PD, impairs this protective
effect of PINK1, and homology modeling re-
veals that this mutation is located in the ADP
binding site of PINK1 and may therefore in-
terfere with ADP binding and kinase activity
(Bossy-Wetzel et al. 2004, Valente et al. 2004a).
Thus, the loss of the putative kinase activity of
PINKI likely affects mitochondrial function.
It has been suggested that PINK1 phospho-
rylates mitochondrial proteins, in response to
cellular stress, to prevent mitochondrial dys-
function (Valente et al. 2004a), although al-
ternatively an inability to normally phosphory-
late mitochondrial proteins could actually lead
to mitochondrial dysfunction. Although such
a mechanism remains to be formally demon-
strated, what is clear instead is that a prob-
able role for PINKI in mitochondrial func-
tion links for the first time a primary defect
of mitochondria to the molecular pathogene-
sis of PD. This may have important implica-
tions for sporadic forms of PD in which deficits
in mitochondrial function have long been
proposed.

D%-1 (OMIM 602533; PARK?)

Homozygosity mapping in a family with early-
onset parkinsonism and multiple consanguin-
ity loops demonstrated significant evidence for
linkage on chromosome 1p36 (van Duijn et al.
2001). Mutations within the gene encoding DJ-
1 were identified in both an Italian and Dutch
family (Bonifati et al. 2003). Additional muta-
tions, including splice site alterations, missense
mutations, and small deletions were identified
in a number of other familial PD cases (Bonifati
et al. 2004). However mutations are extremely
rare in early-onset PD cases, present in perhaps
less than 1% of PD cohorts (Lockhart et al.
2004). To date, evidence suggests that genetic
variability within the D7-I gene does not con-
tribute to the onset of idiopathic PD (Morris
etal. 2003).

The D7-1 gene encodes a highly conserved
protein of 189 amino acids that belongs to the
D]J-1/Thi]/Pfpl superfamily (Figure 1). DJ-
1 is ubiquitously and abundantly expressed in
most mammalian tissues, including the brain,
where it is localized to both neurons and glia
(Bandopadhyay et al. 2004, Olzmann et al.
2004). DJ-1 does not appear to be localized
to LBs in sporadic PD and other synucle-
inopathies but does colocalize with tau-positive
inclusions in a number of neurodegenera-
tive tauopathies and with a-synuclein-positive
glial inclusions in multiple system atrophy
(Neumann et al. 2004, Rizzu et al. 2004), which
suggests that DJ-1 may play a diverse role
in seemingly distinct neurodegenerative dis-
eases. Furthermore, insoluble forms of DJ-1
are dramatically increased in the brains of spo-
radic PD patients (Moore et al. 2005) perhaps
also implicating DJ-1 in sporadic forms of this
disease. The crystal structure of human D]J-1
has been resolved and reveals a flavodoxin-like
fold similar to the bacterial protease PH1704
and the stress-inducible molecular chaperone
Hsp31, from Escherichia coli and yeast (Tao &
Tong 2003, Wilson et al. 2003). The crys-
tal structure also shows that DJ-1 exists as a
dimer in solution, which has been confirmed
in cultured cells (Miller et al. 2003, Moore
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et al. 2003b). A putative active site has been
identified near the dimer interface with sim-
ilarities to the active site catalytic triad (Cys-
His-Asp/Glu) of cysteine proteases, involving
residues Cys106, His126, and perhaps Glul8,
although these residues do not show an ori-
entation favorable for proton transfer that is
typical of cysteine protease catalysis (Tao &
Tong 2003). Consistent with these observations
DJ-1 may possess chaperone-like activity as
well as weak proteolytic activity i vitro against
synthetic model substrates (Lee et al. 2003,
Olzmann et al. 2004). At present no substrates
have been definitively identified for DJ-1.

The physiological function of DJ-1 is un-
clear although many lines of evidence sug-
gest that DJ-1 may function as an anti-oxidant
protein or as a sensor of oxidative stress. For
example, DJ-1 demonstrates an acidic shift in
isoelectric point in cultured cells following ox-
idative stress owing mainly to oxidation of cys-
teine residues, particularly Cys106, which can
be converted to a cysteine sulfinic acid (Cys-
SO,H) (Canet-Aviles et al. 2004, Mitsumoto
et al. 2001). DJ-1 can also eliminate hydro-
gen peroxide in vitro by oxidizing itself sug-
gesting that it may function, in part, as a di-
rect scavenger of ROS (Taira et al. 2004). In
cultured cells, overexpression of DJ-1 protects
against oxidative injury whereas knockdown of
DJ-1 by short interfering RNA enhances the
susceptibility to oxidative stress (Taira et al.
2004). A recent study has shown that ox-
idative stress promotes cysteine sulfinic acid-
driven mitochondrial localization of DJ-1 and
subsequent protection against mitochondria-
dependent cell death (Canet-Aviles et al. 2004).
Oxidative stress also promotes an interaction
of DJ-1 with parkin in cultured cells (Moore
et al. 2005), perhaps linking both proteins in a
common neuroprotective pathway. Thus, DJ-1
may play a critical role in both sensing and
conferring protection against a range of oxida-
tive stressors. DJ-1 may also confer protection
against endoplasmic reticulum stress, proteaso-
mal inhibition, and the toxicity induced by over-
expression of Pael-R (Yokota etal. 2003). These
diverse cellular insults all share the capacity to
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induce protein misfolding and aggregation per-
haps suggesting that DJ-1 is a component of
the UPS and may confer protection by func-
tioning as a molecular chaperone or protease
to refold or promote the degradation of mis-
folded or aggregated proteins. The possibility
that DJ-1 possesses dual enzymatic functioni.e.,
chaperone and protease activities, should not be
discounted at this early stage. However, the pre-
cise mechanism by which DJ-1 confers neuro-
protection awaits further clarification. Familial-
associated mutations in D7-1 are considered to
cause PD through a loss-of-function mecha-
nism, consistent with the recessive inheritance
pattern in two D7-I-linked families with PD
(Bonifati et al. 2003). The manner in which
missense mutations cause loss of DJ-1 function
are beginning to be clarified. The L166P mu-
tation, identified in an Italian kindred with PD,
drastically destabilizes the DJ-1 protein by pro-
moting the unfolding of its C-terminal region,
leading to a loss of dimerization, and subse-
quently enhancing its degradation by the pro-
teasome (Miller et al. 2003, Moore et al. 2003b,
Olzmann etal. 2004). Parkin, CHIP and Hsp70
may play a role in these events since they in-
teract robustly with DJ-1 harboring the L166P
mutation (Moore et al. 2005). The L166P mu-
tation also impairs the neuroprotective function
of DJ-1 against a range of oxidative stimuli in
cultured cells, probably as a direct consequence
of its instability (Taira et al. 2004). Other mis-
sense mutations may similarly reduce the ability
of DJ-1 to protect against selective forms of ox-
idative stress (Takahashi-Niki et al. 2004), and
such mutations also share the capacity to reduce
DJ-1 dimerization (Moore et al. 2005). Further
clarifying the properties of such mutations may
provide novel insight into the neuroprotective
function of DJ-1.

COMMON PATHWAYS
UNDERLYING THE
PATHOGENESIS OF PD

Prior to the identification of genes under-
lying monogenic forms of PD, both mito-
chondrial dysfunction and oxidative stress were
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considered to play a prominent role in the
pathogenesis of sporadic PD. Both genetic
and nongenetic studies have further implicated
these pathways, but they have also highlighted
protein mishandling due to UPS dysfunction as
a major pathway leading to neuronal degenera-
tion in PD. This section reviews accumulating
evidence that mitochondrial dysfunction, ox-
idative stress, and impairment of the UPS may
represent the principal molecular pathways that
commonly underlie the pathogenesis of both
sporadic and familial forms of PD.

Mitochondrial Dysfunction and
Oxidative Stress

Post-mortem studies have consistently impli-
cated oxidative damage in the pathogenesis
of PD, and in particular, oxidative damage to
lipids, proteins, and DINA has been observed in
the SNc of sporadic PD brains (Jenner 2003).
Oxidative stress is considered to compromise
the integrity of vulnerable neurons and thus
to contribute to neuronal degeneration. The
source of this increased oxidative stress is un-
clear but may include mitochondrial dysfunc-
tion, increased dopamine metabolism that can
yield excess hydrogen peroxide and other ROS,
an increase in reactive iron, and impaired an-
tioxidant defense pathways (Jenner 2003). Mi-
tochondria are exposed to a highly oxidative
environment, and the process of oxidative phos-
phorylation is associated with the production
of ROS. Much evidence suggests a major role
for mitochondrial dysfunction in the pathogen-
esis of PD, and in particular, defects in mito-
chondrial complex-I (complex-I) of the respi-
ratory chain. A complex-I defect could most
obviously contribute to neuronal degeneration
in PD through decreased ATP synthesis as well
as damage caused by excess production of ROS.
There are consistent findings of decrements in
complex-I activity in the SNc of sporadic PD
patients (Schapira et al. 1990), although the
cause of this is unknown. Complex-I activity
is also reduced in cytoplasmic hybrid (cybrids)
cell lines that contain mitochondrial DNA
(mtDNA) from sporadic PD patients, which

indicates that deficits in complex-I can be sta-
bly transmitted, although it is unclear whether
such defects in mtDNA arise somatically or
are due to inherited mutations (Swerdlow
et al. 1996). Rare maternal patterns of inher-
itance of PD in some families are consistent
with the notion of mitochondrial inheritance
(Wooten et al. 1997). Indeed, cybrid cell lines
derived from maternal descendents of these
families similarly exhibit reduced complex-I ac-
tivity, increased ROS production, and increased
radical scavenging enzyme activities (Swerdlow
etal. 1998). Genetic evidence that alterations in
complex-I activity play a role in the pathogen-
esis of sporadic PD is provided in part by the
observation that a single nucleotide polymor-
phism in the gene encoding the NADH dehy-
drogenase 3 enzyme of complex-I, causing an
amino acid change from threonine to alanine,
leads to a significantly reduced risk of devel-
oping PD in Caucasian populations (van der
Walt et al. 2003). However, as yet no specific
disease-related mutations have been detected in
sporadic PD in mitochondrial or nuclear genes
thatencode complex-I proteins, and pathogenic
mutations in mtDNA also have not been
identified.

Several epidemiological studies suggest that
pesticides and other environmental toxins that
inhibit complex-I are involved in the patho-
genesis of sporadic PD (Sherer et al. 2002a).
MPTP inhibits complex-I and replicates most
features of PD in humans and in animal mod-
els (Dauer & Przedborski 2003). MPTP was
identified as a contaminant of the manufac-
ture of a synthetic opiate, and drug users who
accidentally injected MPTP developed a syn-
drome resembling PD (Langston et al. 1983).
The selectivity of MPTP for DA neurons is due
to its conversion in astrocytes by monoamine
oxidase B to the active metabolite, 1-methyl-
4-phenyl pyridinium (MPP*), which is taken
up by DA neurons via the dopamine trans-
porter, where it inhibits complex-I and ulti-
mately leads to cell death (Dauer & Przedborski
2003). In aged nonhuman primates, MPTP
treatment produces intracellular proteinaceous
inclusions resembling immature LBs that are
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filamentous and contain a-synuclein (Forno
et al. 1988). Coadministration of the widely
used herbicide paraquat (1,1’-dimethyl-4,4'-5
bipyridinium) and the fungicide maneb (man-
ganese ethylenepistithiocarbamate) leads to the
pronounced and selective loss of nigrostriatal
DA neurons in mice (Thiruchelvam et al. 2000).
Paraquat is a complex-I inhibitor with struc-
tural similarity to MPP* and, when adminis-
tered alone, can also induce selective degenera-
tion of DA neurons together with upregulation
and aggregation of «-synuclein in the SNc of
mice (Manning-Bog et al. 2002, McCormack
etal. 2002). Chronic systemic complex-I inhibi-
tion caused by exposure to rotenone, a common
insecticide and fish poison, induces parkinson-
ism in rats, including selective nigrostriatal DA
degeneration and the formation of LB-like in-
traneuronal filamentous inclusions containing
a-synuclein and ubiquitin (Betarbet et al. 2000,
Sherer et al. 2003). In contrast to MPTP and
paraquat, rotenone is not selectively taken up
by DA neurons but can still induce selective DA
neuronal degeneration, which implies that DA
neurons are especially vulnerable to deficits in
complex-I. These findings suggest that deficits
in complex-I may be central to the pathogenesis
of sporadic PD and imply that environmental
factors may contribute to PD pathogenesis.
How might the gene products linked to
monogenic forms of PD be associated with mi-
tochondrial dysfunction observed in sporadic
forms of the disease? Current evidence suggests
an intriguing connection between a-synuclein
and mitochondria. Complex-I inhibition both
in vitro and in vivo consistently leads to the
accumulation of LB-like a-synuclein-positive
inclusions, which suggests that «-synuclein ag-
gregation is a downstream consequence of
mitochondrial dysfunction and might be an
effector of neuronal cell death (Betarbet et al.
2000, Forno et al. 1988, Manning-Bog et al.
2002). This idea is supported in part by the ob-
servation that cybrid lines derived from mem-
bers of the Contursi kindred with PD fail
to manifest complex-I deficiency (Swerdlow
et al. 2001). Furthermore, a-synuclein knock-
out mice are resistant to the neurotoxic effects
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of MPTP, whereas a-synuclein transgenic mice
show enhanced toxicity (Dauer etal. 2002, Song
et al. 2004), which thus implies that «-synu-
clein is required for mediating the deleterious
downstream effects of complex-I inhibition. -
synuclein itself may further contribute to mi-
tochondrial dysfunction induced by complex-I
inhibition because «-synuclein transgenic mice
develop enhanced SNc¢ mitochondrial pathol-
ogy following exposure to MPTP, compared
with wild-type mice (Song et al. 2004). Over-
expression of mutant «-synuclein can sensi-
tize cultured cells to mitochondrial-dependent
apoptosis (Tanaka et al. 2001), which suggests
that mutant forms of «-synuclein can also im-
pair mitochondrial function.

Other gene products linked to monogenic
forms of PD also appear to be implicated in mi-
tochondrial function. On the basis of studies in
mice and Drosophila, parkin may have an unex-
pected role in the regulation of normal mito-
chondrial function, perhaps linking mitochon-
dria with UPS function (Greene et al. 2003,
Palacino et al. 2004). Mitochondrial dysfunc-
tion is probably the leading source of increased
oxidative and nitrosative stress observed in the
brains of sporadic PD patients (Ischiropoulos
& Beckman 2003, Jenner 2003). Such stress can
promote the S-nitrosylation of parkin through
its RING domain both in vitro and in cul-
tured cells, and this S-nitrosylation can impair
parkin’s ubiquitin ligase activity and its neuro-
protective function (Chung et al. 2004). Fur-
thermore, parkin is selectively S-nitrosylated
in brains from MPTP-treated mice in a nitric
oxide-dependent manner and in patients with
sporadic PD and DLB (Chung et al. 2004).
Thus, inhibition of parkin’s E3 ligase activ-
ity by S-nitrosylation could contribute to the
pathogenesis of PD and related disorders by im-
pairing the ubiquitination of parkin substrates.
Because the level of S-nitrosylated proteins is
increased in PD and DLB brains in general
(Chung et al. 2004), S-nitrosylation of proteins
due to oxidative and nitrosative stress may play
a prominent role in disease pathogenesis. DJ-1
may play a role in mitochondrial function be-
cause a proportion of DJ-1 is normally localized
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to mitochondria, whereas oxidative stress in-
duced by complex-I inhibition can enhance DJ-
1 mitochondrial localization (Canet-Aviles et al.
2004). Finally, PINKI, a putative mitochon-
drial kinase, is the first gene to directly link mi-
tochondria to PD, and accordingly, PINK1 can
partially protect against mitochondrial dysfunc-
tion induced by proteasome inhibition (Valente
et al. 2004a). Future analysis of post-mortem
brain tissue from monogenic forms of PD
and genetic animal models, including DJ-1 or
PINKI knockout mice, may help to clarify fur-
ther the molecular pathway linking PD with mi-
tochondrial dysfunction and oxidative stress.

Impairment of the
Ubiquitin-Proteasome System

Emerging evidence suggests that impairment
of the UPS and protein mishandling may also
underlie the molecular pathogenesis of famil-
ial and sporadic forms of PD (Giasson & Lee
2003, Moore et al. 2003a). Consistent with this
notion there are both structural and functional
deficits in the 20/26S proteasome in the SNc of
sporadic PD patients (McNaught et al. 2002,
2003). Systemic exposure of rats to naturally
occurring and synthetic proteasome inhibitors
closely recapitulates many key features of PD,
including progressive parkinsonism, selective
neurodegeneration of the nigrostriatal pathway
and specific brainstem nuclei, and the forma-
tion of LB-like intracytoplasmic inclusions con-
taining a-synuclein and ubiquitin (McNaught
et al. 2004). If these studies are independently
replicated and confirmed, it suggests that per-
haps proteasomal dysfunction may be a com-
mon end point that precipitates DA neuronal
degeneration in PD. The accumulation and ag-
gregation of potentially cytotoxic proteins, in-
cluding a-synuclein, in LBs in DA neurons in
sporadic PD strongly suggest generalized pro-
tein mishandling and subsequent proteolytic
stress, which perhaps implies impaired UPS
function (Chung et al. 2001a). In Drosophila,
transgenic or pharmacologically induced over-
expression of molecular chaperones rescues the
motoric and pathological features induced by

transgenic overexpression of normal or mutant
a-synuclein (Auluck & Bonini 2002, Auluck
et al. 2002), which further suggests a role for
protein mishandling in PD. Parkin overexpres-
sion has similar effects in Drosophila models of
PD (Yang et al. 2003). A role for chaperones
and other components of the UPS, including
UCH-L1, proteasomal subunits, and ubiqui-
tin, in sporadic PD is also supported by their
presence in LBs in post-mortem brain tissue
(Auluck et al. 2002, Forno 1996, Ti et al. 1997,
Lowe et al. 1990).

Perhaps the most compelling evidence sup-
porting a role for the UPS in the pathogenesis
of PD is the association of parkin with famil-
ial forms of this disease. Disease-linked muta-
tions in parkin are thought to cause defects in
normal UPS function with subsequent prote-
olytic stress due to aberrant protein accumula-
tion, perhaps leading to the eventual demise of
DA neurons (Chung et al. 2001a, Von Coelln
et al. 2004a). On the basis of structural com-
parison with Hsp31, DJ-1 may also partici-
pate in the UPS as a redox-sensitive molecu-
lar chaperone to alleviate protein misfolding by
interacting with early unfolding intermediates
(Quigley etal. 2003). As discussed previously, a-
synuclein species may be associated with UPS
dysfunction through binding and inhibiting the
20/26S proteasome (Snyder et al. 2003), and
mutated or aggregated forms of a-synuclein
may also overwhelm the degradative capacity
of the proteasome, leading to further impair-
ment (Bence et al. 2001, Petrucelli et al. 2002).
The consistent presence of fibrillar a-synuclein
as a major component of LBs in PD (Spillantini
etal. 1998), and the formation of LB-like inclu-
sions containing a-synuclein following protea-
some inhibition in vivo (McNaught et al. 2004),
tends to support this notion. LBs are a patho-
logical hallmark of sporadic and some familial
forms of PD and indicate the involvement of
protein mishandling in disease pathogenesis, al-
though we do not know whether LB formation
is a primary or secondary event. The role of
LB formation in PD is the subject of some con-
troversy with both pathogenic and protective
mechanisms being proposed (Bence et al. 2001,
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Chung et al. 2001a). Recent studies suggest
that the biogenesis of LBs may be akin to the
formation of aggresomes (Olanow et al. 2004,
Tanaka et al. 2004). Aggresomes are cytopro-
tective proteinaceous inclusions formed at the
centrosome to sequester and aid in the degra-
dation of excess, possibly deleterious proteins
(Kopito 2000). One might hypothesize that the
formation of LBs is in direct response to pro-
teolytic stress due to proteasomal impairment
(Chung et al. 2001a). Parkin has been impli-
cated in promoting LB formation because the
majority of patients with parkin mutations lack
LB pathology (Mori et al. 1998). Alternatively,
parkin-mediated neurodegeneration may pro-
ceed through mechanisms distinct from those
that cause classic PD with LBs, or parkin may be
downstream of «-synuclein aggregation, thus
bypassing the formation of LBs. The idea that
LBs are protective is supported in part by the
observation that parkin-linked AR-JP patients,
which lack LBs, exhibit an earlier onset and
more aggressive disease compared with patients
with classic PD with LBs (Hardy et al. 2003).
The occurrence of LBs in other monogenic
forms of PD, including PARK 5, 6, and 7, is not
yet known, but future neuropathological anal-
ysis may shed light on the significance of LB
formation in PD.

CONCLUSIONS

Mitochondrial dysfunction, oxidative stress,
and impairment of the UPS may underlie the
molecular pathogenesis of familial and spo-
radic PD, and these pathways may be linked
together at multiple levels (Figure 4). This
idea is supported by the fact that «-synuclein,
parkin, and DJ-1 share the capacity to influence
both mitochondrial and UPS function, perhaps
providing the beginnings of a common path-
way involved in neuronal degeneration in PD.
However, it is currently unclear whether dys-
function of mitochondria and the UPS tends
to converge on a common pathway or factor,
whether they are part of the same pathway, or
whether they cause PD through distinct mech-
anisms. Because the aggregation of a-synuclein

Moore et al.

is clearly downstream from complex-I inhi-
bition and such aggregation can also inhibit
or overwhelm proteasomal function, a puta-
tive model for the pathogenesis of sporadic PD
emerges from these observations. If complex-
I inhibition is central to PD pathogenesis, it
would set in motion a series of events that lead
to a-synuclein aggregation, increased oxida-
tive stress, and deficits in ATP synthesis, all of
which can impair normal UPS function. Inhi-
bition of the UPS would lead to the accumu-
lation of proteins otherwise targeted for degra-
dation, some of which may be cytotoxic; that
in combination with oxidative damage would
ultimately lead to the demise of DA neurons.
Parkin, UCH-LI, and DJ-1 may be involved
in maintaining normal UPS function, where-
as PINKI, together with parkin and DJ-I,
may regulate normal mitochondrial function;
disease-linked mutations in these genes would
lead to a similar set of events precipitating in the
demise of DA neurons. However, this pathway
of events is by no means straightforward be-
cause proteasomal inhibition alone may poten-
tially cause a PD-like phenotype including -
synuclein aggregation (McNaught et al. 2004),
and furthermore, proteasomal inhibition can
also reciprocally impair mitochondrial function
(Sullivan et al. 2004). These observations sug-
gest a large degree of cross-talk between mito-
chondria and the UPS, and dysfunction in ei-
ther or both systems may lead to the common
end point of DA neuronal degeneration. Future
studies of the monogenic forms of PD and their
identified gene products, together with experi-
mental animal models of complex-I or UPS dys-
function, will help to determine whether com-
mon or distinct molecular pathways contribute
to the pathogenesis of familial and sporadic PD.

NOTE ADDED IN PROOF

Recently, two studies have identified the
gene associated with PARKS8-linked PD. The
PARKS locus was originally identified by para-
metric two-point analysis of a large Japanese
family with autosomal dominant parkinson-
ism, which vyielded significant linkage to
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Figure 4

Common pathways underlying PD pathogenesis. Mutations in five genes encoding a-synuclein, parkin,
UCH-L1, PINKI, and D7-1 are associated with familial forms of PD through pathogenic pathways that may
commonly lead to deficits in mitochondrial and UPS function. PINK1, parkin, and DJ-1 may play a role in
normal mitochondrial function, whereas parkin, UCH-L1, and DJ-1 may be involved in normal UPS
function. a-synuclein fibrillization and aggregation is promoted by pathogenic mutations, oxidative stress,
and oxidation of cytosolic dopamine (DA), leading to impaired UPS function and possibly mitochondrial
damage. a-synuclein may normally be degraded by the UPS. Some environmental toxins and pesticides can
inhibit complex-I and lead to mitochondrial dysfunction, whereas alterations in mitochondrial DNA
(mtDNA) may influence mitochondrial function. Impaired mitochondrial function leads to oxidative stress,
deficits in ATP synthesis, and «-synuclein aggregation, which may contribute to UPS dysfunction. Oxidative
and nitrosative stress may also influence the antioxidant function of DJ-1, can impair parkin function
through S-nitrosylation, and may promote dopamine oxidation. Excess dopamine metabolism may further
promote oxidative stress. Mitochondrial and UPS dysfunction, oxidative stress, and a-synuclein aggregation
ultimately contribute to the demise of DA neurons in PD. Red lines indicate inhibitory effects, green arrows
depict defined relationships between components or systems, and blue dashed arrows indicate proposed or
putative relationships.

chromosome 12p11.2—q13.1, and haplotype
analysis further reduced the linked region to
a 13.6-cM interval (PARKS, OMIM 607060)
(Funayama et al. 2002, Wszolek et al. 2004,
Zimprich et al. 2004a). Several Caucasian
families consistent with autosomal dominant
parkinsonism also demonstrated linkage to the

PARKS region, suggesting that genetic vari-
ation in PARKS8 may be a significant cause
of autosomal dominant PD (Zimprich et al.
2004b). Upon screening candidate genes within
the linked region, heterozygous mutations
within the leucine-rich repeat kinase 2 (LRRK?2)
gene were identified in a number of families

www.annualreviews.org o Molecular Pathophysiology of Parkinson’s Disease

3



AR245-NE28-03

ARI

AR-JP: autosomal
recessive
juvenile-onset
parkinsonism

DA: dopaminergic
DLB: dementia with
Lewy bodies

LB: Lewy body
MPTP: 1-methyl-4-
phenyl-1,2,3,6-
tetrahydropyridine

PD: Parkinson’s
disease

Pael-R:
parkin-associated
endothelin
receptor-like receptor

PINKI1:
PTEN-induced
putative kinase 1

ROS: reactive oxygen
species

SNec: substantia nigra
pars compacta
UCH-LI: ubiquitin
carboxyl-terminal

hydrolase L1

UPS:
ubiquitin-proteasome
system

74

25 January 2005

17:36

(Paisan-Ruiz et al. 2004, Zimprich et al. 2004a).
In particular, Paisan-Ruiz etal. (2004) identified
two different mutations that segregated with
disease in four Basque families (R1396G) and
in one large family from the United Kingdom
(Y1654C). Subsequent analysis of a population
of apparently unrelated Spanish PD patients re-
vealed that approximately 8% of cases carried
the R1396G mutation (Paisan-Ruiz et al. 2004).
Zimprich et al. (2004b) identified mutations in
the same two amino acid residues of the LRRK?2
gene in two large families of German-Canadian
(Y1699C) and probable English (Western
Nebraska kindred; R1441C) origin; the differ-
ence in numbering resulted from the inclusion
of a 45 amino acid sequence that may cor-
respond to exon 6. Three distinct mutations
(I1122V and 120207, and the putative splice
site variant L1114L [3342A > G]) as well as the
R1441C variant were identified in four families
by analysis of an additional 32 families with typ-
ical late-onset PD, compatible with dominant
transmission. These initial findings suggest that
mutations in the LRRK?2 gene are, to date, the
most common identified genetic cause of late-
onset PD.

The LRRK? gene contains 51 exons that are
predicted to encode a 2527 amino acid protein
thathasbeen named dardarin (Paisin-Ruiz etal.
2004). The predicted LRRK2/dardarin pro-
tein contains numerous highly conserved do-
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