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Involvement of α-synuclein in Parkinson’s disease and other
neurodegenerative disorders
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Summary. A major step in the elucidation of the pathogenesis of neuro-
degenerative disorders was the identification of a mutation in the α-synuclein
gene in autosomal dominant Parkinson’s disease (PD). α-Synuclein is the
main component of Lewy bodies (LB), the neuropathological hallmark of PD.
Moreover, a fragment of α-synuclein (NAC) is the second major component
of amyloid plaques in Alzheimer’s disease (AD). Recent studies of other
neurodegenerative disorders such as dementia with LB (DLB), multiple
system atrophy (MSA) and amyotrophic lateral sclerosis (ALS) also revealed
intracellular accumulations of α-synuclein in affected brain regions. This may
indicate that these disorders partially share common pathogenic mechanisms.
Recent data provide first insights into the physiological function of α-
synuclein and support the concept of an essential role of α-synuclein in
neurodegeneration. Increasing knowledge on the pathogenic molecular
mechanisms of neurodegeneration and of the pathophysiological function of
α-synuclein in particular may influence future development of therapeutic
strategies in neurodegenerative disorders.
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Genetics of PD

Parkinson’s disease (PD) is a common neurodegenerative disorder, which
afflicts about 1% of a population over the age of 50. The progressive
neurodegeneration predominantly affects dopaminergic neurons of the
substantia nigra (SN). The neuropathological hallmark of PD is the increased
appearance of intracellular inclusions, so-called Lewy bodies (LB). LB are
located in many brain regions including the substantia nigra. Sporadic and
familial forms of PD occur. Several lines of evidence suggest a multifactorial



pathogenesis of sporadic PD in genetically predisposed aging individuals.
Several authors controversially discuss the putative genetic influence on the
pathogenesis of PD (Duvoisin, 1986; Lazzarini et al., 1994). Earlier studies
showed no increased concordance of PD in monozygotic compared to
dizygotic twins (Duvoisin et al., 1981; Marttila et al., 1988), but design of these
studies was limited. Previous trials on concordance rates of twins, detecting
presymptomatic PD with the determination of striatal 18fluorodopa uptake
by positron emission tomography, support the view of a genetic influence
on the occurrence of PD (Burn et al., 1992). Further evidence for a genetic
contribution to PD has been provided by the identification of families with an
autosomal dominant (ADPD) and autosomal recessive (ARJP) trait of the
disease. Subsequently, four gene loci have been identified by linkage analysis
on human chromosome 4q21–23 (PARK1), 6q25–27 (PARK2), 2p13
(PARK3), and 4p15 (Polymeropoulos et al., 1996; Matsumine et al., 1997;
Gasser et al., 1998; Farrer et al., 1999). For the PARK2 locus a gene, parkin,
has been isolated and mutations causing ARJP have been identified (Kitada
et al., 1998). While little is known on the function of parkin, there is increasing
knowledge on α-synuclein which is mutated in some rare forms of ADPD
(Polymeropoulos et al., 1997; Krüger et al., 1998).

α-Synuclein in PD

Search for mutations in the α-synuclein gene localized on human chromosome
4q21–23 (Polymeropoulos et al., 1997) identified a missense G209A mutation.
This results in an amino acid (aa) exchange from alanine to threonine at
position 53 of the protein. This mutation marks PD of all affected family
members except one (Polymeropoulos et al., 1997). Five Greek ADPD
families also showed this mutation. In two of them asymptomatic carriers over
the expected age at onset are decribed, which may indicate incomplete
penetrance of the autosomal-dominant mutation in the α-synuclein gene
(Papadimitriou et al., 1999). Colonization of Southern Italy by ancient Greeks
and migration between Greece and Italy in former times may suggest a
common ancestor of the Italian and Greek families and might therefore
reflect a founder effect. The alanine residue in position 53 is not well
conserved through evolution. Threonine is present at position 53 of α-
synuclein in mouse, rat and canary (George et al., 1995). Nevertheless, the
identification of an alanine-to-proline substitution at aa position 30 of the α-
synuclein protein in a German family with ADPD provided further evidence
for the involvement of α-synuclein in the pathogenesis of PD (Krüger et al.,
1998). The A30P substitution occurs in a repeat motif which is highly
conserved throughout all investigated species and in the synuclein gene
family. Subsequent studies failed to identify the A53T and the A30P mutation
in other ADPD families or in patients with sporadic PD (Chan et al., 1998;
Krüger et al., 1998; Zareparsi et al., 1998). Moreover, sequence analysis of the
entire gene in further 36 European and American ADPD families did not
identify other mutations in the α-synuclein gene so far (Farrer et al., 1998;
Vaughan et al., 1998). Nevertheless, these results suggest that α-synuclein
may participate in the pathogenesis of rare forms of ADPD. However, the
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pathogenic effect of the A53T mutation in humans needs further verification.
One explanation might be that wild type α-synuclein with an alanine at
position 53 in combination with the T53 α-synuclein enhances protein
oligomerization in the presence of other proteins. Self-oligomerization of α-
synuclein in the presence of Aâ, possibly catalyzed by transglutaminases, was
demonstrated in amyloid of AD subjects and in LBs (Iwai et al., 1995; Paik
et al., 1998). Moreover additional factors may influence onset, course and
progression of PD regarding the variable phenotype of mutation carriers
(Krüger et al., 1998; Papadimitriou et al., 1999). Identification of mutations of
the α-synuclein gene stimulated its immunohistochemical characterisation in
Parkinsonian brains. LBs in brains of affected family members of the Contursi
kindred showed a strong staining with antibodies against α-synuclein.
Moreover studies in brains of sporadic Parkinsonian patients and subjects
with dementia with LB (DLB) also identified α-synuclein as the major
component of LB (Spillantini et al., 1998). Therefore α-synuclein beside
staining for ubiquitin may represent a further sensitive marker for LB and
Lewy neurites. In this context it is noteworthy, that components located in
LBs and in dystrophic neurites, such as α-synuclein, neurofilament, ubiquitin,
and many others accumulate only in a subset of cells (Spillantini et al., 1998).

α-Synuclein in other neurodegenerative disorders

Ueda and colleagues studied proteins participating in the formation of amy-
loid plaques in Alzheimer’s disease (AD) and identified a peptide called
NAC, for non-Aâ component of AD amyloid (Ueda et al., 1993). NAC is the
second major component of AD plaques and amounts to less than 10% of the
Aâ peptide. The precursor protein was named NACP and was homologous to
the α-synuclein protein of the rat (Jensen et al., 1997). NAC has been shown
to be involved in protein aggregation in AD (Jensen et al., 1997). Both, NAC
and α-synuclein, stimulate the formation of Aâ aggregates in vitro (Jensen
et al., 1997). NAC itself has a tendency to form insoluble â-pleated sheet
structures. α-synuclein binds NAC and Aâ and subsequently to amyloid
plaques in AD (Paik et al., 1998). These biochemical data support the
hypothesis of an involvement of α-synuclein in the pathogenesis of AD.
However, a detailed mutation analysis of the α-synuclein gene in 26 unrelated
patients with familial early-onset AD identified no disease causing alteration
(Campion et al., 1996).

The presence of insoluble protein aggregations in affected brain regions is
a common feature of several neurodegenerative disorders. This led to the
hypothesis of a participation of α-synuclein in protein aggregations in other
neurodegenerative disorders.

Multiple system atrophy (MSA) is a progressive neurodegenerative
disorder with a great variety of clinical symptoms, such as parkinsonism,
ataxia, corticospinal motor signs, and autonomic failure. Neuropathological
hallmarks are glial and neuronal cytoplasmic argyrophilic inclusions (Lantos
et al., 1994). Several studies consistently demonstrated that antibodies against
α-synuclein stain these characteristic neuropathological structures (Tu et al.,
1998; Wakabayashi et al., 1998). These α-synuclein-positive glial cytoplasmic
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inclusions (GCI) represent no specific biomarker of MSA. Astrocytes and
Schwann cells of subjects with amyotrophic lateral sclerosis (ALS) also show
protein inclusions, reacting with antibodies against α-synuclein (Mezey et al.,
1998). Moreover antibodies to α-synuclein stained GCI in the white matter as
well as neuronal cytoplasmic inclusions in the gray matter of cingulate cortex
and putamen in one case of Hallervorden-Spatz disease (Tu et al., 1998). This
might indicate that aggregation of α-synuclein is a common and therefore
unspecific phenomenon in neurodegeneration. However, α-synuclein-positive
protein aggregations were not identified in other neurodegenerative disorders
such as Guam parkinsonism/dementia complex, progressive supranuclear
palsy, corticobasal degeneration and Pick’s disease up to now.

The role of the glial accumulation of α-synuclein in the above mentioned
disorders either as initial event causing impaired glial function and/or as
secondary phenomenon due to neuronal damage is still unknown. α-Synuclein
is also present in neurons of healthy subjects. Therefore GCIs may reflect
a pathologic upregulation of glial α-synuclein expression or impairment of
protein degradation. Both may induce the aggregation of either previously
lowly expressed glial α-synuclein and/or neuronal α-synuclein.

These findings suggest the characterisation of the above mentioned neuro-
degenerative disorders as α-synucleinopathies due to the involvement of α-
synuclein in the pathophysiological mechanisms leading to glial and neuronal
dysfunction and death.

The synuclein family

Earlier studies revealed localisation of α-synuclein in presynaptic nerve termi-
nals and portions of the nuclear envelope (Maroteaux et al., 1988). The
nuclear localization has not been confirmed by later studies (Goedert, 1997).
Subsequently, other proteins with high homology to α-synuclein have been
identified. Currently three members of the synuclein protein family-α, â and
γ-synuclein- are known (Chen et al., 1995; Spillantini et al., 1995; Lavedan
et al., 1998).

All are highly expressed in the human brain with α- and γ-synuclein
compared to â-synuclein in a more widespread fashion (Ueda et al., 1993;
Jakes et al., 1994; Lavedan et al., 1998). The striking structural elements
throughout the synuclein protein family are variants of an 11 amino acid
consensus motif (XKTKEGVXXXX) in the amino terminal region, which are
highly conserved among all members. This element resembles to those found
in the amphipathic helices of apolipoproteins mediating interactions with lipid
membranes (George et al., 1995). Biophysical studies on these synucleins
indicate, that they have a natively unfolded structure and therefore may
potentiate protein-protein interactions and/or play a role in cell regula-
tion (Weinreb et al., 1996). α and â-synuclein selectively inhibit
phosphatidylcholine-specific phospholipase D2 (PLD2) (Jenko et al., 1998).
PLD2 activiation stimulates cell growth, differentiation, and neurotransmitter
release (Klein et al., 1995). This suggests that regulation of phospholipase D2
may play a role in the pathophysiology of PD. Furthermore α-synuclein is a
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substrate for phosphorylation by Ca21-calmodulin-dependent protein kinase
(Nakajo et al., 1993). Ca21-calmodulin-dependent protein kinase-II is another
component of LB (Iwatsubo et al., 1991). Therefore Ca21-dependent
phosphorylation may relieve synuclein inhibition of PLD2 and represent an
essential key event of LB formation. Recent studies show an increased
expression of α-synuclein in rat Sertoli cells indicating a possible role in the
meiosis of spermatogonia. γ-synuclein, described as the breast cancer specific
gene 1 (BCSG1), seems to be involved in breast cancer progression (Ji et al.,
1999). α-synuclein may influence neuronal plasticity, because expression of
the α-synuclein homologue synelfin accompagnies song learning of birds
(George et al., 1995).

The central region of α-synuclein comprising the NAC fragment is
hydrophobic and the carboxy-terminus is enriched in acidic amino acids.
Some homologies between a small region of α-synuclein (66–73), the C-
terminus of the Aâ (protein (Aâ(36–42), and a sequence in the prion protein
(PrP117–124) appear (Han et al., 1995). Similarities in the pathogenesis of
PD, AD, and prion diseases were reviewed and discussed in the context of
chaperone mediated protein aggregation, but little information is available on
α-synuclein (Welch and Gambetti, 1997).

A protein, called synphilin1, interacts with α-synuclein according to in
vitro and in vivo trials (Engelender et al., 1998). Synphilin1 contains 4
ankyrin-like repeats and an ATP/GTP binding domain. Synphilin1 appears
in many brain areas including the substantia nigra. α-Synuclein co-
immunoprecipitated with synphilin1 from brain extracts. Future studies will
evaluate the possibility of synphilin1 being a component of LBs in PD.

α-Synuclein and neurodegeneration

0.5%–1% of the cytosolic protein is α-synuclein in brain homogenates. α-
Synuclein is localized in the synaptophysin-immunoreactive presynaptic
terminals (Iwai et al., 1995). This suggests a role of α-synuclein in presynaptic
function, such as regulation of synaptic vesicles. The highly conserved amino-
terminal repeat region of α-synuclein supports this hypothesis of the
involvement of α-synuclein in the function of synaptic vesicles, because
natively unfolded protein adopts approximately 80% helical structure
when bound to lipid membranes (Davidson et al., 1998). Recent studies
demonstrated that α-synuclein containing the Ala30Pro mutation is devoid
of significant vesicle binding activity (Jensen et al., 1998). Therefore this
mutation may accumulate and induce the formation of LB. α Synuclein with
either the A53T or the A30P mutation promotes its own fibrillization in vitro,
forming â-sheet structure and mature filaments (El-Agnaf et al., 1998). This
represents an analogy to AD, where mutations in the APP gene resulted in an
increased Aâ fibrillization.

Mutations in the α-synuclein gene may cause failure to mature along the
normal folding pathway leading to a loss of solubility, which may affect the
protein degradation pathway. One pathway supporting the degradation of
misfolded proteins is the ubiquitin/proteasome pathway (Finley et al., 1991).
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Ubiquitin is conjugated to lysine residues of a target protein by an ubiquitin-
conjugating enzyme. Polyubiquitinated proteins are recognized and rapidly
degraded by a complex of proteinases, the 26S proteasome (for review:
Ashkenas and Byers, 1997). Ubiquitin represents a component of de-
generating neurites in PD as well as in LB, AD plaques and GCI in MSA
(Tamaoka et al., 1995) implicating a common pathophysiological disease
process related to interference by protein degradation.

These findings suggest that both abnormal function and/or abnormal
compartmentalization of α-synuclein may play a role during the progression
of LB diseases. A disruption of perikaryal transport may cause neuronal cell
death, because of appearance of LBs in neuronal cell bodies or blockage of
axonal transport by LB proteins due to aggregation in dystrophic neurites
(Trojanowski and Lee, 1998).

Conclusion

The identification of mutations in the α-synuclein gene as markers for ADPD
represents a major step towards the elucidation of the pathogenesis of PD. α-
Synuclein is the main component of LB also in sporadic PD and appears in
cellular protein aggregations in ALS, HSD and MSA. Therefore α-synuclein
may represent a key substrate in neurodegeneration of these disorders. The
way how wild type synuclein may be involved in protein agreggation need still
to be elucidated. A recent in vitro study indicates that oxidative stress induces
amyloid-like aggregate formation of wild type α-synuclein (Hashimoto et al.,
1999). Several studies indicate that oxidative stress due to the presence of
free radicals plays an important role in neurodegeneration (Olanow, 1993).
Further studies will reveal regulatory elements of the α-synuclein gene and
identify variations of the transcript level similar to the role of APP in AD.
Recent data indicate a positive association of a dinucleotide repeat marker in
the promoter region of the α-synuclein gene with sporadic PD with a 2.7 fold
increased risk to develop PD (Krüger et al., 1999). One allele of the same
marker may represent a protective factor in the pathogenesis of AD (Xia
et al., 1997). These results suggest the presence of DNA polymorphisms in
regulatory elements of the α-synuclein gene and emphasize the relevance and
necessity of a detailed mutation analysis in the α-synuclein promoter region in
the above mentioned disorders. Moreover the recent discovery of a Ile93Met
mutation in the ubiquitin carboxy-terminal hydrolase-L1 (UCH-L1) gene in
one German pedigree with ADPD demonstrates the relevance of aberration
in the cellular protein degradation pathway for neurodegenerative processes
(Leroy et al., 1998). This implies a great variety of candidate genes which may
influence protein aggregation as a causative event of neurodegeneration in
humans. Further investigations will have to enlighten these phenomena and
regulatory processes.
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