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Abstract

Parkinson’s disease is a common age-related neurodegenerative disease characterized patho-
logically by a loss of dopaminergic neurons in the substantia nigra with resultant depletion of stri-
atal dopamine and presence of Lewy bodies in the remaining neurons. The Lewy body contains
numerous functional and structural proteins, including o-synuclein and ubiquitin; aggregation of
o-synuclein is thought to be important in Lewy body formation as well as neurodegeneration,
although the detailed mechanisms remain to be defined. Increasing evidence has suggested that
mitochondrial dysfunction, increased oxidative stress, and dysfunction of the ubiquitin-protea-
some system may be involved in o-synuclein aggregation, Lewy body formation, and neurode-
generation. However, how these processes are related to each other is not fully understood, given
that there are Parkinsonian animal models as well as human diseases with significant nigral neu-
rodegeneration regardless of whether Lewy bodies form or not. This review summarizes the cur-
rent related research fields and proposes a proteomic approach to investigate the mechanisms that

may dictate a-synuclein aggregation, Lewy body formation, and neurodegeneration.

Index Entries: Parkinson’s disease; a-synuclein; Lewy body; proteomics.

Parkinson’s disease (PD) is characterized by
a loss of dopaminergic neurons from the sub-
stantia nigra (SN), depletion of striatal
dopamine (DA), and the presence of intraneu-
ronal inclusions called Lewy bodies (1). The
cause of neuronal death underlying PD is
unknown, but appears to involve the inter-

Received 7/22/03; Accepted 11/26/03

* Author to whom all correspondence and re-
print requests should be addressed. E-mail: zhangj@
u. washington.edu

Molecular Neurobiology

twined processes of aging, genetic susceptibil-
ity, and environmental exposures (2-5). One
of the central issues is how these factors might
interact with each other to mediate Lewy
body formation and neurodegeneration. The
recent description of the failure of proteaso-
mal function in PD suggests that various etio-
logical factors may converge and start with
proteolytic stress, i.e., a state in which the lev-
els of unwanted proteins exceed the capacity
for clearance due to increased protein produc-
tion and/or inadequate proteolysis. In some
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familial PD, mutations in the genes encoding
o-synuclein, parkin, and ubiquitin C-terminal
hydrolase L1 (UCH-L1) are associated with
protein accumulation and Lewy body forma-
tion in the substantia nigra (SN), locus
ceruleus, and cerebral cortex (6-8). In sporadic
PD, the levels of oxidatively damaged pro-
teins and protein aggregation are elevated in
the SN, and are probably secondary to mito-
chondrial dysfunction observed in these
patients (9-11). In addition, recent studies
have revealed structural and functional
defects in 26/20S proteasomes in the SN in
sporadic PD (12-14).

On the other hand, there are human diseases
with nigrostriatal degeneration with o-synuclein
aggregation but without Lewy body formation.
Furthermore, while various Parkinsonian models
all demonstrate relatively selective nigrostriatal
degeneration, they differ substantially in the
ability in producing Lewy body-like cytoplas-
mic inclusions (15-17). The molecular mecha-
nisms underlying these phenomena are not
known, but likely relate, at least partially, to
proteins interacting with o-synuclein, whose
aggregation into soluble and insoluble aggre-
gates is believed to be crucial in dopaminergic
neurodegeneration (18-25). Currently, extensive
research is being conducted in characterizing
these protein—protein interactions, and there
have been numerous advances in technology in
these areas as well. Hence, this review is
designed to briefly summarize the current
research fields and discuss a new technique,
proteomics, which may contribute to PD
research tremendously in the years to come.

UPS, a-Synuclein, Lewy Bodies,
and Neurodegeneration

The ubiquitin proteasome system (UPS) is
the primary biochemical pathway responsible
for nonlysosomal degradation of normal and
abnormal intracellular proteins, and its failure
leads to protein accumulation and cell death
(26-28). Proteasomes are multicatalytic pro-
teases found in the cytoplasm, endoplasmic
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reticulum, perinuclear region, and nucleus of
eukaryotic cells (27). The 20S proteasome is an
assembly of two outer heptameric rings of o
subunits and two inner heptameric rings of f3
subunits that are stacked axially to form a hol-
low cylindrical structure in which proteolysis
occurs (27,29). Binding of the multisubunit
intracellular proteasome activators, PA700
and PA2S, to the 20S proteasome form more
active complexes known as the 26S protea-
some and the activated 20S proteasome,
respectively (27,29). While proteins that have
been marked for proteolysis by labeling with
a polyubiquitin chain are degraded by the 26S
proteasome in an ATP-dependent manner,
nonubiquitinated proteins, short peptides,
short-lived regulatory proteins, and some
oxidatively damaged proteins are degraded
by 20S proteasomes via a mechanism that is
independent of ATP (27,29-33).

Mutations in the genes encoding two
enzymes of the UPS, parkin and ubiquitin C-
terminal hydrolase L1 (UCH-L1), are associ-
ated with cases of familial PD (7,8). The
proposed links of these two proteins with UPS
are illustrated in Fig. 1. In addition, the gene
that encodes o-synuclein also appears to link
the UPS to PD. o-Synuclein is a neuronal pro-
tein of unknown function, which is normally
localized to the presynaptic terminals in mam-
malian brains. Pathologically, it has been
found to be a major constituent of Lewy bodies
in PD and dementia with Lewy bodies (DLB)
(1), as well as glial cytoplasmic inclusions in
multiple system atrophy (MSA) (34) and dys-
trophic neurites in Hallervorden-Spatz disease
(35). The discovery of cosegregation of two
types of missense mutations in the o-synuclein
gene (A30P (36) and A53T (6)) with the clinical
manifestations of PD in autosomal-dominantly
inherited familial PD strongly implicates the
role of a-synuclein in neuronal degeneration.
The mechanism whereby mutations of a-synu-
clein lead to neuronal degeneration is not com-
pletely understood; mutated a-synuclein may
form oligomers of o-synuclein or insoluble fib-
rils such as in Lewy bodies that are refractory
to the UPS-mediated proteolysis, ultimately
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Fig. 1. Diagrams of some important elements associated with the UPS system in relation to PD. In essence,
damaged and unfolded or misfolded proteins, whether derived from genetic mutation, aging, or environmental
exposures, are either directly degraded by 20S proteasome independent on ATP or by 26S proteasome via ubig-
uitination pathway that is dependent on ATP. Parkin, an E3 ligase, is responsible to recruit the substrate, and the
polyubiquitin chain is released by the PA 700 and further degraded to free ubiquitin by UCH-L1.

leading to cell death (25). In fact, aggregation
of abnormal o-synuclein is believed to be piv-
otal in the pathogenesis of PD (18-25). Evi-
dence to support this hypothesis includes: (a)
o-synuclein is a substrate for the UPS (§,37)
and recent data indicate that the 20S protea-
some is primarily responsible for a-synuclein
metabolism and degradation (37); (b) muta-
tions in o-synuclein cause the protein to mis-
fold and aggregate, resist proteolysis, and
inhibit proteasomal function (38); (c) mis-
folded and/or aggregated o-synuclein directly
induces mitochondrial dysfunction and
increases oxidative stress (39,40), the two most
consistent findings in PD patients; and (d) o-
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synuclein-null mice display functional deficits
in the nigrostriatal DA system (41) and are
resistant to MPTP-induced degeneration of
dopaminergic neurons, indicating that normal
o-synuclein function is important to dopamin-
ergic neuron viability (42). The results in trans-
genic Drosophila, mouse, and rat models of PD
involving manipulation of a-synuclein are
intriguing: overexpression of wild-type o-
synuclein in all three models recapitulates
essential features of the human disease, includ-
ing formation of Lewy body-like inclusions
(43—45). However, no significant difference in
the extent of nigral damage is found between
Drosophila or rats expressing wild-type and
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mutated o-synuclein (44-46). More recent
investigation seems to suggest that, mutated or
not, a-synuclein can aggregate and mediate
neurodegeneration as long as a critical thresh-
old of a-synuclein level is crossed (47).

While mutations in a-synuclein, parkin, and
UCH-L1 do not occur in sporadic PD, these
proteins are present in Lewy bodies of spo-
radic PD patients (48,49), suggesting that
genetic vulnerability and aging or environ-
mental exposure, two major factors in the
development of sporadic PD, may converge at
dysfunction of the UPS, leading to formation
of Lewy bodies as well as dopaminergic neu-
rodegeneration (44). In fact, experimental data
have demonstrated that, in comparison to age-
matched controls, o subunits (but not B sub-
units) of 26/20S proteasomes are lost within
dopaminergic neurons and 20S proteasomal
enzymatic activities are impaired in the SN
compacta (SNc) in sporadic PD (12,13,49). In
addition, the levels of PA700 and PA28, protea-
somal activators, are reduced in the SNc in PD
(13). Furthermore, inhibition of proteasomal
function alone appears to be sufficient to bring
about nigral degeneration with formation of
Lewy body-like inclusions in rats (50). The
cause of defects in 26/20S proteasomes in spo-
radic PD is at present unknown, but it could be
acquired mutations in one or several of the
genes that encode for o subunits or other com-
ponents of 26/20S proteasomes. Alternatively,
proteasomal dysfunction could result from
direct inhibition by environmental toxicants
(51) or by oxidant-mediated damage to pro-
teins. Indeed, o subunits of 26/20S protea-
somes are selectively vulnerable to oxidative
stress (52).

The precise mechanisms underlying UPS
dysfunction, aggregation of a-synuclein or
other proteins, and cell death are currently not
understood. The key players may be the pro-
teins that interact with these components,
including heat shock proteins (HSPs). HSPs are
critical elements of the cellular response to
unfolded proteins and are involved in promot-
ing proper protein folding and preventing
aggregation, as well as promoting ubiquitina-
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tion and degradation of misfolded proteins
(53). Failure in one or both of these pathways
can result in accumulation of misfolded pro-
teins with consequent cellular toxicity. Directed
expression of the molecular chaperone hsp70
prevents dopaminergic neuronal loss in
Drosophila, and interference with endogenous
chaperone activity accelerates a-synuclein toxi-
city (46). Similar results have been found in the
Huntington’s model, where chaperon sup-
presses cellular toxicity of huntingtin (54).
More recently Auluck and Bonini demon-
strated that geldanamycin, a naturally occur-
ring benzoquinone ansamycin that specifically
binds to and interferes with the activity of the
molecular chaperone hsp90, completely pre-
vents o-synuclein-induced toxicity in Droso-
phila (55). Interestingly, coexpression of hsp70
in Drosophila prevents dopaminergic neuronal
loss induced by a-synuclein transfection with-
out affecting formation of Lewy body-like
inclusions (46), suggesting that pre-Lewy body
steps in o-synuclein aggregation are the real
toxic species. This concept is further supported
by the experiments showing that soluble o-
synuclein oligomers (56—60) are more toxic than
insoluble fibrils (61,62). With quantitative pro-
teomics, our recent experiments (to be pub-
lished) demonstrated that o-synuclein was
associated not only with hsp70 and 90, but also
with numerous other proteins (more than 200),
including those related to the UPS and mito-
chondrial function as well as oxidative stress in
dopaminergic cells when treated with Parkin-
sonian toxicants, i.e., rotenone and 1-methyl-
4-phenylpyridine (MPP*), the active metabolite
of  1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP). Of note, unlike rotenone, MPP~*
does not produce Lewy body-like cytoplasmic
inclusions (see details below). Interestingly, the
composition of proteins associated with o-
synuclein was different between cells with and
without Lewy body-like cytoplasmic inclu-
sions, even though both toxicants produced
o-synuclein aggregation and comparable
neurotoxicity. Finally, transfection of hsp70
attenuated not only rotenone-mediated toxicity,
but also o- synuclein aggregation and forma-
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tion of Lewy body-like inclusions. These results
not only support the hypothesis that proteins
associated with o-synuclein play important
roles in neurotoxicity, but also indicate that pro-
teins interacting with a-synuclein may dictate
whether o-synuclein aggregates and Lewy
bodies form.

In summary, there is clear evidence of UPS
dysfunction in both familial and sporadic PD,
which may be responsible, at least partially, for
aggregation of o-synuclein and Lewy body
formation. However, it is not clear what causes
o-synuclein to aggregate and whether its
aggregation into Lewy bodies is important in
dopaminergic neurodegeneration in PD. The
key factors that determine these processes may
be the proteins that interact with o-synuclein.

Interaction Among Oxidative Stress,
Mitochondrial Dysfunction,
and UPS

We, as well as others, have demonstrated
that sporadic PD is associated with significant
oxidative damage in the SN (9,10,63,64). The
sources for production of reactive oxygen
species (ROS) in PD have not been character-
ized fully, although damaged (leaking) mito-
chondria appear to be one of the major causes
(65), given that they utilize more than 90% oxy-
gen delivered to cells (66). Several groups of
investigators have reported mitochondrial dys-
function in PD patients (67-71). Mitochondrial
oxidative phosphorylation is carried out by five
protein-lipid enzyme complexes located in the
mitochondrial inner membrane (72). Among
those proteins, 13 peptides are derived from
mitochondrial DNA (mtDNA) (73), a small
covalently closed circular DNA molecule (65).
Compelling evidence has suggested that an
alteration in mtDNA may be particularly
important in PD since cybrids, a cell line devoid
of mitochondria, that express PD mtDNA show
reductions in complex-I activity (74). While
most mitochondrial PD studies have focused
on complex-I activities, other mitochondrial
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complexes may also be affected, and mitochon-
drial dysfunction may not be restricted to the
SN (68,69,75). In fact, we recently found that
mitochondrial DNA damage in PD is wide-
spread without restriction to any given regions
of mtDNA or regions of brain (76,77). Further-
more, besides the 13 peptides coded by mtDNA
for the respiration complex, there are hundreds
of other protein peptides in mitochondria
derived from nuclear DNA (78,79). 1t is likely,
therefore, that a defect in any components of
mitochondrial respiratory chain or in other
gene products involved in normal mitochondr-
ial function, whether inherited or acquired,
may compromise mitochondrial function and
potentially culminate in dopaminergic neu-
rodegeneration in PD. Indeed, contemporary
advances in mitochondrial biology have
revealed that, far from being merely a supplier
of ATP for the cell, mitochondria play signifi-
cant roles in redox cell signaling (80), apoptotic
cell death (81), and cellular homeostasis (80).
The cause of mitochondrial dysfunction in
PD has not been defined clearly, although
increased oxidative stress may play an impor-
tant role (9,10,63). It should be noted that, as
mentioned earlier, mitochondrial dysfunction
also enhances oxidative stress (82-86), and it
remains to be determined whether mitochondr-
ial dysfunction is a cause or a consequence of
increased oxidative stress in PD, or whether
these two factors interact in a pathologically
reinforcing cycle. In addition, it is not entirely
clear why nigral neurons are selectively vulner-
able to neurodegeneration and Lewy bodies
tend to form in the SN while mitochondrial
dysfunction is not restricted to this region in
PD. The current hypothesis to explain this phe-
nomenon centers on the catecholaminergic
neurotransmitters contained in these neurons
as additional sources of oxidative stress
(87-89). In fact, we as well as others have
shown that products of catechol oxidation
enhance oxidative stress, inhibit mitochondrial
function, and mediate neuronal death in exper-
imental model systems (90-93). This increased
oxidative stress may directly inhibit proteaso-
mal function or produce damaged proteins

Volume 29, 2004



276

(94), including oa-synuclein (95-97), that are
resistant to proteasomal degradation (1,9,11,98).
Finally, catechols may stabilize protein aggre-
gates directly (99,100). Hence, catechols con-
tained in these neurons may not only be
responsible for their vulnerability to neurode-
generation, but may also explain why protein
aggregates and Lewy body formation preferen-
tially occur there.

The relationship between mitochondrial
and proteasomal function is apparent, as ATP
is required in protein ubiquitination, degrada-
tion, deubiquitination, and the regulation of
these processes. Thus, it is proposed that
mitochondrial dysfunction will contribute to
UPS dysfunction in PD, particularly 26S pro-
teasomal function (31). Conversely, proteaso-
mal function also influences mitochondrial
function. For example, mutation in a protea-
somal gene in yeast, RPN11/MPR1, produces
mitochondrial defects with altered mitochon-
drial morphology (101). Also, mutation in
another proteasomal gene in yeast, yntl-1,
suppresses mitochondrial defects arising
from a mutation in a mitochondrial AAA pro-
tease gene, ymel-1 (102). Furthermore, pro-
teasomes can influence cell viability by
affecting the half-life of Bcl-2 (103) or smac
(104), mitochondrial proteins related to apop-
tosis. Finally, a close relationship between
proteasomal and mitochondrial function can
also be seen indirectly in experiments show-
ing that misfolded and aggregated o-synu-
clein induces mitochondrial dysfunction (39),
and that mutant a-synuclein-mediated mito-
chondrial abnormality and apoptotic cell
death can be enhanced significantly by an
exogenous proteasome inhibitor (38).

To sum up, the significance of mitochondrial
dysfunction in PD is not just associated with
reduced ATP production; it can also increase
oxidative stress and influence proteasomal
function. Conversely, oxidative stress and pro-
teasomal function may negatively affect mito-
chondrial function as well. It is likely that it is
these interrelated processes that ultimately
contribute to protein aggregation, Lewy body
formation, and cell death in PD.
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Lewy Bodies and Neurodegeneration
in a Few Parkinsonian Animal
Models and Human Nigral
Degenerative Diseases

As mentioned earlier, overexpression of nor-
mal or mutant human a-synuclein in nonrodent
species can generate genetic PD models. In flies,
which contain no endogenous o-synuclein, o-
synuclein expression causes age-related deple-
tion of dopamine neurons. This is proposed to
be related to the abnormal aggregation of o-
synuclein, and can be prevented by concomitant
expression of a molecular chaperone hsp70
(44,46). In rodents, however, despite various
promoters, o-synuclein transgenes and viral
vectors have been tried to generate a-synuclein
transgenic mice or Parkinsonian model in rats,
the results are variable. In addition, none of
these animals show a true Parkinsonian condi-
tion that includes Lewy bodies (105-107). 1t is
possible that higher and more consistent levels
of transgene expression will be needed to create
a more useful transgenic mouse or rat model, as
a recent observation suggesting that even nor-
mal o-synuclein, when present in excessive
amount, can induce PD (47). Nonetheless, it is
important to stress that there is no known
genetic mutation in the vast majority of PD
patients; hence, in the remainder of discussion,
we will be focusing on a few animal models that
are used to mimic sporadic PD.

Several mitochondrial toxicants have been
used to generate Parkinsonian animal models
with preferential striatal DA depletion and
increased oxidative stress. Greenamyre and col-
leagues showed that systemic administration of
the herbicide rotenone, a potent inhibitor of
mitochondrial complex I associated with
increased ROS production, provokes selective
nigral degeneration reminiscent of PD with for-
mation of Lewy body-like inclusions (108,109).
The authors then confirmed that formation of
Lewy body-like inclusions is directly linked to
complex I inhibition in an in vitro model (24). In
line with these observations, others have
demonstrated that formation of cytosolic inclu-
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sion bodies induced by rotenone can be
reversed by removing rotenone from the culture
medium with associated restoration of mito-
chondrial function (110). Finally, the importance
of complex I inhibition by rotenone in neurode-
generation has been further substantiated by an
elegant experiment showing that transfection of
a single-subunit NADH dehydrogenase of Sac-
charomyces cerevisize, NdilP, can work as a
replacement for complex I in mammalian cells
and confer resistance of cells to rotenone-medi-
ated toxicity (111).

On the other hand, rotenone is not the first
complex-I inhibitor to be associated with selec-
tive nigral neuronal degeneration and increased
oxidative stress, as this is the proposed mecha-
nism of action of MPP+, the active metabolite of
another neurotoxin, MPTP, which produces
oxidative stress and causes a Parkinson-like syn-
drome in humans and various animals without
formation of true Lewy bodies (112-119). Fur-
thermore, although MPTP/MPP* does not pro-
duce true Lewy body-like inclusions (117), it
increases a-synuclein expression (120,121),
oxidatively modifies o-synuclein (122), and pro-
motes cytoplasmic o-synuclein aggregation in
the nigral neurons of animals (123,124). Interest-
ingly, proteasomal inhibition with lactacystin
does not apparently enhance MPP*-mediated
toxicity in cell cultures (125). What determines
whether o-synuclein aggregation leads to Lewy
body formation is not known, but several
important differences should be noted between
the effects of these two toxicants. First, rotenone
causes complex-I inhibition throughout the
brain, but degeneration is largely limited to the
SN and locus coeruleus (108), whereas MPP+
appears to be more targeted, and is selectively
taken up by dopaminergic nerve terminals
(126,127). Second, rotenone depletes striatal DA
slowly over weeks, whereas depletion of striatal
DA by MPTP/MPP* reaches a maximum in
about 3-7 d. In fact, some observers have
already reported that, despite the fact that there
are no true Lewy bodies at any stages of this
model, some kind of cytoplasmic aggregates
can be seen in the SN of animals weeks or
months after treatment with MPTP (123,124).
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Finally, rats are very resistant to MPTP-induced
toxicity, unlike rotenone toxicity, when treated
systemically. Although the reason for this is con-
troversial (128), it is thought to be attributable at
least in part to the inability of rats treated sys-
temically with MPTP to accumulate significant
amounts of MPP* in the dopaminergic system.
Direct injection of MPP* into the SN (116) or
medial forebrain bundle (129), or intrastriatal
perfusion (130) at commonly used doses, does
lead to massive DA loss in the striatum, but it
also produces toxicity to adjacent brain struc-
tures, as indicated by a significant reduction in
striatal y-aminobutyrate (GABA) content (131)
and absence of amphetamine-induced ipsilateral
bias rotation (132). Of note, intraventricular injec-
tion of MPP+ (133,134) appears to reduce the
nonspecific neurotoxicity of MPP*, indicating
that nonselective neurotoxicity associated with
cerebral injection of MPP* may be related to
higher concentrations of MPP* injected locally.
Another neurotoxicant that has been widely
used to generate a Parkinsonian model is 6-
hydroxydopamine (6-OHDA), a hydroxylated
analog of the natural DA neurotransmitter. Like
MPP+, 6-OHDA is also selectively taken up by
the dopaminergic system and produces a pat-
tern of cell death evocative of PD, but does not
lead to formation of Lewy body-like cytoplas-
mic inclusions (115,135-141). In experimental
models, when 6-OHDA is injected unilaterally
into the striatum, the SN, or the medial fore-
brain bundle, especially in rats, it destroys
nigral dopaminergic neurons and depletes the
striatum of DA neurotransmitter, reaching a
maximum within 5-7 d, thus reproducing the
physiopathological features responsible for
motor impairments in PD (135). This unilateral
lesion of the nigrostriatal dopaminergic neurons
by 6-OHDA initiates a characteristic circling
behavior, which can be quantified in a rotation-
box: DA-receptor agonists such as r-dopa lead
to contralateral rotation, while DA-releasing
substances such as amphetamine lead to ipsilat-
eral rotation (142). It is thought that 6-OHDA
induces catecholaminergic cell death by three
main mechanisms: ROS generation by intra- or
extracellular auto-oxidation (87,88,143,144),
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H>O» formation induced by MAO activity (145),
and direct inhibition of the mitochondrial respi-
ratory chain, including complex I (146-148).
Interestingly, some evidence suggests that 6-
OHDA may be a physiological endogenous
neurotoxin, as several studies reported the pres-
ence of 6-OHDA in both rat and human brains
(149,150). More recently, experimental data have
demonstrated that although 6-OHDA does not
produce true Lewy bodies, it increases levels of
ubiquitin-conjugated proteins, and its toxicity is
enhanced by proteasomal inhibitors (151).
Unlike MPP*, however, o-synuclein aggrega-
tion has not been reported even after weeks of
treatment with 6-OHDA. Again, what distin-
guishes rotenone or MPP* from 6-OHDA is not
known. One of the possibilities is that products
of autooxidation of 6-OHDA or its metabolites
may crosslink proteins directly, but how this
process might prevent a-synuclein aggregation
or Lewy body formation is not understood.
Parkinsonian animal models, though similar,
are not identical to PD in human. For instance,
none of the models including rotenone
(108,109) shows classic histological features of
Lewy bodies in human PD. Also, none of the
models, including monkeys treated with
MPTP (152), exhibit the typical “pill-rolling”
type of resting tremor, one of the cardinal signs
of PD. On the other hand, Lewy bodies are
found not only in PD but also in dementia with
Lewy body disease (DLB), which is distinctly
different from PD both clinically and patholog-
ically, primarily because of the widespread
presence of Lewy bodies in other brain regions
(153). Furthermore, a-synuclein aggregation
(synucleinopathy) has been seen in multiple-
system atrophy (MSA) and a few other degen-
erative diseases not associated with Lewy
body formation. Detailed descriptions of these
diseases are beyond the scope of this brief
background review, but it needs to be pointed
out that there are no animal models currently
for any of these diseases, including DLB and
MSA. Consequently, the pathological differ-
ences between PD and these diseases currently
can be studied only with human tissue directly.
To perform human tissue studies, it is best to
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use autopsy materials from subjects who have
been carefully evaluated clinically before death
and whose final diagnoses are confirmed by
pathological examination. The latter is particu-
larly important, given that none of these dis-
eases can be definitively diagnosed clinically.

To summarize, although all three Parkinson-
ian toxicants produce relatively selective nigros-
triatal damage, they differ in their ability to
produce Lewy body-like inclusions. There are
also human nigral degenerative diseases with
and without Lewy body formation. Since o-
synuclein appears to play a major role in neu-
rodegeneration in PD, and increasing evidence
has suggested that proteins that interact with o-
synuclein may influence o-synuclein aggrega-
tion, Lewy body formation, and cell death
significantly, it will be extremely helpful to com-
pare all the proteins that interact with o-synu-
clein in these animal models or human diseases
so that our knowledge on the pathogenesis of o-
synuclein aggregation, Lewy body formation,
and neurodegeneration can be advanced.

Proteomics as a Tool for Identifying
Proteins and Mapping
Protein—Protein Interactions

Mass spectrometry (MS) has revolutionized
the biological sciences since the development of
matrix-assisted laser desorption ionization
(MALDI) and electrospray ionization (ESI) in the
late 1980s (154), facilitating the emergence of a
new discipline called proteomics. The most com-
mon method of quantitative proteome analysis
is comparative two-dimensional gel (2-D) elec-
trophoretic separation of proteins from two dif-
ferent biological states, followed by MS mass
mapping or tandem MS (MS/MS) to identify the
proteins of interest. Two-dimensional elec-
trophoresis separation stands out by its remark-
able resolving power and, lately, ease of use for
quantitative analysis, which have increased sen-
sitivity, reproducibility, and throughput of pro-
teome analysis (79,155,156). In addition, 2-D
electrophoresis is highly suitable for the study of
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post-translational modifications because iso-
forms are easily resolved. However, the 2-D elec-
trophoresis approach is not without limitations
(157). Specifically, in the case of quantification,
one stained spot may contain more than one
protein, only one of which is changing between
the biological states studied, making it difficult
to know for certain which protein is changing.
More importantly, there are problems arising
from chemical heterogeneity, exemplified by the
classes of poorly water-soluble proteins such as
membranous and nuclear proteins, which are
very hard to analyze with 2-D electrophoresis.
Although prefractionation strategies and pro-
gress in technologies, e.g., introduction of pH
gradient gels, can overcome some of these prob-
lems, and hence improve the coverage of the
total proteome of a cell, it seems quite obvious
that these issues will remain major limitations of
2-D-based approaches (158).

These limitations of 2-D electrophoresis have
prompted several research groups to introduce
gel electrophoresis-free approaches; some of the
pioneers of these techniques are our colleagues
and collaborators at the Institute for Systems
Biology in Seattle (159-162). In brief, the total
protein mixture is digested, typically by trypsin,
and then loaded on a multidimensional peptide
liquid chromatographic (LC) separation, inter-
faced in line with an MS/MS spectrometer. This
technique appears to be a much better proteomic
screen than 2-D electrophoresis, since about 1000
proteins may be identified and, if carried out in
conjunction with the isotope-coded affinity tag
(ICAT) method (159), quantified in a single
experiment. The ICAT probe consists of a biotin
tag, a linker, and an iodoacetamide handle. The
linker typically contains either a light (12C) or a
heavy (13C) version, forming two probes with
indistinguishable chemical behavior but with a
mass difference of 9 Da. Control and experimen-
tal protein extracts are labeled with either a light
or a heavy ICAT reagent at cysteine, then pooled
and digested to peptides with trypsin. The cys-
teine-containing peptides are purified by strong
cation exchange and avidin affinity chromatog-
raphy and then fragmented by a tandem mass
spectrometer after separation by an on-line
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'

Affinity Purification after Digestion
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Multidimensional Separation
and LC-MS/MS Analysis

Fig. 2. ICAT Assay. To compare relative, not
absolute, amounts of proteins between two different
experimental states by proteolysis and mass spectro-
metric analysis, stable isotopes, typically '>C and
13C, are introduced into proteins isolated from two
experimental conditions. After labeling, proteins are
usually digested with trypsin, and peptides are sepa-
rated by liquid chromatography (often multidimen-
sional). Proteins are identified from peptides (e.g., by
mass mapping or tandem MS) and quantified by nor-
malization of the MS response of one labeled pep-
tide from state 1 to the chemically identical but
stable isotope labeled peptide from state 2. This fig-
ure is modified based on ref. 763.

microcapillary HPLC. Combining the heavy and
light protein mixtures immediately after labeling
significantly minimizes sample-handling varia-
tions between treatment and control. This
approach (diagrammed in Fig. 2) has proven to
be reproducible and sensitive by many research

Volume 29, 2004



280

Oxidative stress
Mitochondrial dysfunction
Proteasomal dysfunction

Y

-————>

Zhang and Goodlett

a-Synuclein
+
Associated proteins

Cell death <

Aggregation

Fig. 3. Interrelated processes of increased oxidative stress, mitochondrial inhibition, and proteasomal dys-
function are thought to promote a-synuclein aggregation by mechanisms yet to be defined, thereby contributing
to Lewy body formation and neurodegeneration in PD. Of note, a direct role for Lewy body formation in neu-

rodegeneration is still controversial.

groups, although it must be recognized that
some proteins including o-synuclein do not
have any cysteine (158). The ICAT method
strives to achieve high proteome coverage by
sacrificing high individual protein sequence
coverage. Thus, thorough analysis of post-trans-
lational modification is problematic. Recently,
however, new approaches have been intro-
duced to overcome some of these problems,
e.g., linkers tagged on different amino acids and
assays that can detect phosphorylated proteins;
however, most of these approaches are cur-
rently either not fully established yet or suffer
from quantitative drawbacks.

Despite the advances in proteomic tech-
niques, complete global proteome analysis of
complex protein mixtures, e.g., brain homo-
genates, will remain difficult in the near future
largely because current proteomic technologies
are biased toward abundant proteins. This limi-
tation arises from the “top down” mode of MS
operation, i.e., MS preferentially or exclusively
analyzes the most abundant proteins. There are
a few strategies that can be used to mitigate this
problem, including the analysis of functional
multiprotein complexes such as the ribosome
(161), spliceosome (164), and nuclear pore com-
plex (165), or organelles, such as mitochondria
(166) and nuclei (167). Alternatively, proteins
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that contain common distinguishing structural
features, such as phosphate ester groups (168)
or cysteine residues (169) or that have the ability
to specifically bind to certain compounds
(170,171) have been selectively enriched prior to
MS analysis. These strategies have in common
that they focus on the in-depth (ideally com-
plete) analysis of sub-proteomes of rich biologi-
cal context, thus minimizing the repeated
analyses of abundantly expressed proteins.

Briefly, proteomics is a powerful tool that can
identify hundreds and thousands of proteins in
a single experiment; however, extensive analysis
of a particular proteome requires simplification
of the specimen. In PD research, one obvious
target that can be focused on with proteomic
analysis is o-synuclein-associated protein com-
plex, since a-synuclein aggregation is critical
not only in formation of Lewy bodies but also in
neurodegeneration. Other alternatives would
include mitochondria and proteasomes, both
of which are important in PD pathogenesis.

Conclusion
As indicated in Fig. 3, many encouraging

results show that oxidative stress and dysfunc-
tion of mitochondrial and proteasomal func-
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tion play a pivotal role in the pathogenesis of
PD. Key questions related to the role of these
processes are what determines whether Lewy
bodies form and cells die. One of the players
may be the proteins that interact with o-synu-
clein; proteomics has offered us a powerful
approach to identify all the proteins that are
associated with a-synuclein in different experi-
mental or disease conditions. Identification
and characterization of these proteins will not
only shed more light on the pathogenesis of
PD, but will also yield potential therapeutic
targets that can prevent PD development or
halt its progression clinically.
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