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1. ABSTRACT

Emerging evidences on the nuclear localization
of alpha-Synuclein in neurons and a close look in to its
primary sequence/structural organization led us to examine
its DNA binding ability. Subsequently, we first time
demonstrated the interaction of DNA with alpha-Synuclein
which was also confirmed by others. We recently showed
that double-stranded oligos induce partial folding in alpha-
Synuclein and promote its aggregation, where as single-
strand circular DNA and supercoiled plasmid DNA induced
a helix-rich conformation and protected the protein from
fibrillation. In turn, alpha-Synuclein modulates DNA
conformation from B- to an altered B-form, which may
affect DNA transactions. Interestingly, amyloid-beta
peptides and prion proteins implicated in Alzheimer’s
disease and Prion diseases respectively, were also shown to
have DNA binding activity which suggests that DNA
binding may be a common property of many
amyloidogenic  proteins  associated  with  various
neurodegenerative disorders. In this review, we debate the
biological  significance =~ of = DNA-alpha-Synuclein
interactions; it’s beneficial vs. toxic role in relevance to
Parkinson’s disease.
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2. INTRODUCTION

alpha-Synuclein is a highly conserved protein of
yet undetermined function, which has been implicated in
the pathogenesis of several neurodegenerative diseases,
including Parkinson’s disease (PD), dementia with Lewy
bodies (DLB) and multiple system atrophy (1-7). The
protein accumulates in intracellular inclusions and
abnormal neurites (Lewy bodies and Lewy neurites) that
are characteristic of PD, the second common
neurodegenerative disorder (4). However, the role of alpha
Synuclein in neuropathology leading to degeneration of
neurons is not clearly understood.

Although alpha-Synuclein was  originally
believed to be a presynaptic protein and its accumulation
was predominantly cytosolic, interestingly, several recent
studies have shown the presence of the protein in the cell
nucleus (8-16). A recent study involving semiquantitative
analysis in different subcellular compartments revealed that
a significant fraction of alpha-Synuclein is in nucleus of
neuronal cells in rat brain (16). In addition to the normal
localization in nucleus, the increased permeability of
nuclear membrane in the neurons of PD affected brain
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regions, and conditions of oxidative stress could result in
non-specific translocation of alpha-Synuclein in to nucleus
(13). With these evidences for localization in nucleus and
the knowledge of primary sequence of alpha-Synuclein,
where it has the positively charged amino acids clustered
towards N-terminal end, we hypothesized that alpha-
Synuclein may be having a DNA binding role in nucleus
(17). Subsequently, we have recently provided the first
evidence for DNA-binding activity of alpha-Synuclein (17-
19). We showed that alpha-Synuclein alters the helicity of
supercoiled plasmid DNA in vitro (17), and single-strand
circular DNA induces an alpha-helical conformation in
alpha-Synuclein, while various other linear DNA sequences
induce partially folded conformations (19). We also
showed that DNA binding significantly modulates
fibrillation properties of alpha-Synuclein (19). This was
also further shown independently by other groups (20).

In this article, we will extensively review the
DNA binding property of alpha-Synuclein and debate its
potential significance in the pathophysiology of PD. We
will also explore the potential utilization of DNA binding
property for protection from alpha-Synuclein aggregation
and/or toxicity in relevance to PD and related alpha-
Synucleinopathies.

2.1. General characteristics of PD

PD was first formally described in "An Essay on
the Shaking Palsy," published in 1817 by a London
physician named James Parkinson (21). It is a common
progressive neurological disorder that results from
degeneration of nerve cells in a region of the brain called
‘substantia nigra’ (SN) that controls balance and
coordinates muscle movement. This degeneration creates a
shortage of dopamine, a neurotransmitter, which causes
impaired movement. In the United States alone, about a
million people are believed to suffer from PD, and about
50,000 new cases are reported every year (22-24). Because
the symptoms typically appear later in life, these figures are
expected to grow as the average age of the population
increases over the next several decades.

There is no cure for PD to date. Available drugs
suppress symptoms early in PD, but progressively fail as
more nerve cells die. The emergence of drug-induced
dyskinesias and motor fluctuations often limits drug
benefits. Developing therapies to prevent PD, to suppress
symptoms, to halt disease progression, and to repair
damage are all fundamental goals in modern day research,
besides early diagnosis of PD. The preclinical diagnosis of
PD is critical, so that neuroprotective therapies might be
administered during the early stage and efficiently slow
down the diacase progression. To achieve therapeutic
goals, new and innovative studies are required, from basic
research advances to translating the same in to animal
testing, and safety studies in human patients.

2.1.1. Pathology: Lewy bodies

Pathologically, PD is characterized by the loss of
the pigmented dopaminergic neurons from the substantia
nigra pars compacta (SNpc). These nerve cells, for reasons
that are not fully understood, are especially vulnerable to
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damage of various sorts, including drugs, disease, and head
trauma. These neurons project to the striatum and their loss
leads to alterations in the activity of the neural circuits
within the basal ganglia that regulate movement. Disruption
of dopamine along the non-striatal pathways likely explains
much of the neuropsychiatric pathology associated with
PD. Excessive accumulations of iron, which are toxic to
nerve cells, are also typically observed in conjunction with
the protein inclusions. Other pathological events include
the presence of extracellular melanin (a dark pigment),
released from degenerating neurons, reactive gliosis
(increase in numbers of glial or support cells), and pink-
staining cellular inclusions known as Lewy Bodies (LBs) in
the remaining SNpc neurons (25). The LB, which was first
described by Frederick Lewy in 1913, is present in
essentially all cases of PD (25). The major protein
constituent of LBs is alpha-Synuclein, a natively unfolded
protein having high propensity for fibrillation/aggregation.
The mechanism by which the brain cells in Parkinson's are
lost may consist of an abnormal accumulation of the
protein alpha synuclein bound to ubiquitin in the damaged
cells.

2.2. Oxidative stress and DNA damage in PD

Substantial evidence implies that redox
imbalance or oxidative stress following overproduction of
reactive oxygen/nitrogen species overwhelming the
protective defense mechanism of cells contributes to the
pathogenesis of PD (26-35). Nigral dopaminergic neurons
in human brain are particularly exposed to oxidative stress
because the metabolism of dopamine gives rise to various
molecules that can act as endogenous toxins if not handled
properly (36, 37). In PD, nigral cells seem to be further
under a heightened state of oxidative stress, as indicated by
elevations in by-products of lipid, protein and DNA
oxidation, and by compensatory increase in antioxidant
systems (38-43). The level of iron, which is significantly
higher in the normal SN than in other regions owing to its
binding affinity to neuromelanin, was further increased in
the SN of PD further contributing to oxidative stress (41,
44-49).

One of the consequences of redox imbalance is
apoptosis and/or necrosis which are associated with
neurodegeneration in PD (50-56). Studies have also shown
that the levels of the nucleoside, 8-hydroxy -2’-
deoxyguanosine (8-OHdG), a product of free radical attack
on DNA were generally increased and differentially
distributed in PD brains with highest levels in caudate,
putamen, SN and cerebral cortex (42). Features of
apoptosis based on histochemical methods to mark
endonuclease-induced DNA fragmentation by in situ
terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling-TUNEL/ISEL (57) or in situ nick
translation (58) have been reported in SN in PD (30, 51,
53, 59-63).

We have recently shown increased DNA
fragmentation and decreased DNA stability in affected
human brain regions of PD (64). Similarly, we also showed
an altered DNA conformation in hippocampus of human
brains affected with Alzheimer’s disease (AD) (65)
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Figure 1. The ‘cross-Talk’ or interplay of environmental
and genetic causative factors for Parkinson’s disease.

In addition to DNA damage, extensive RNA
damage has been reported in PD brain (66). Nunomora et
al, (67) demonstrated using immunoreactivity to 8-
hydroxyguanosine in neurons that RNA was a major site of
nucleic acid oxidation in DLB. The authors suggested that
normal RNA oxidation might represent one of the
fundamental abnormalities in age-associated
neurodegeneration including PD and AD.

Furthermore, studies suggested that an alteration
in the genetic material within mitochondria in PD,
including a common 4977-bp deletion in mitochondrial
DNA (68, 69). However, Zhang et al, (70) recently
demonstrated that this 4977-bp deletion is associated with
normal ageing and there is no particular association with
neurodegeneration.

2.3. Cause: cross-talk of environment and genome

The precise causes of PD remain undetermined.
The causes are likely to include both genetic (Parkin and
alpha-Synuclein) and environmental factors (metals,
pesticides etc). However, very few cases of PD have pure
genetic or environmental etiology; while in vast majority
both genetic and environmental factors are involved.
Understanding this ‘cross-talk’ between genetic and
environmental factors is important in PD research.

During the past decade, genetic approaches to the
study of PD have resulted in major insights. The number of
genes implicated in the pathogenesis of PD has been
constantly increasing, and includes genes encoding for
alpha-Synuclein, Parkin, DJ-1 and PINKI1 (71). These
genes are thought to be involved in the proteasomal protein
degradation pathway, in the cell's response to oxidative
stress, and in mitochondrial function, respectively (71).
Over the last few years, several genes for rare,
monogenically inherited forms of PD have been mapped
and/or cloned. In dominant families, mutations have been
identified in the gene for alpha-Synuclein. Although most
people do not inherit PD, studying the genes responsible for
the inherited cases is advancing our understanding of both
common and familial PD.

Evidence has accumulated steadily to support the
view that PD can originate from long-term, subclinical
damage to the nervous system caused by environmental
toxins (72-75). In fact, several studies have implicated such
environmental factors as pesticides, herbicides, and heavy
metals in the PD origin (30, 76-82). Our lab recently
showed that trace metal homeostasis is significantly
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affected in serum samples from PD affected human
subjects and there is a direct link between disturbance of
trace metal levels in serum and brain (83), suggesting
important role played by metals in PD pathology (84-87).

There is interaction between the environment and
the genome; in some disorders inheritance establishes
susceptibility and environment triggers pathology (88).
Hence, the recent trend to study PD is to look at the
interplay or cross-talk between genetics and environmental
triggers (Figure 1). Hence, it 1is important to
understand/explore the complex interactions between
genetic predisposition and environmental influences that
probably cause most cases of PD.

3. ALPHA-SYNUCLEIN AND PD

The synucleins are a family of proteins whose
function in normal cell is not well understood. The first of
the synuclein proteins described in 1988 was alpha-
Synuclein. The name ‘synuclein’ was chosen because the
protein was found in both synapses and nuclear envelope
(8). Later, it was also named the non-amyloid component
(NAC) of beta-amyloid plaque precursor protein. The NAC
peptide was isolated from amyloid-rich senile plaques of
brains of patients with AD. Amyloid plaques are one of the
hallmarks of AD. NAC peptide was shown to be identical
to a certain part of alpha-Synuclein. The second member of
the synuclein family is known as beta-synuclein. Both these
proteins are found in the presynaptic terminals of neurons
and many researchers believe they may be involved in
synaptic function. The third member of synuclein family is
gama-synuclein. All synucleins have in common a highly
conserved alpha-helical lipid-binding motif with similarity
to the class-A2 lipid-binding domains of the exchangeable
apolipoproteins (89). Synuclein family members are not
found outside vertebrates, although they have some
conserved structural similarity with plant ‘late-embryo-
abundant’ proteins. The alpa and beta Synuclein proteins
are found primarily in brain tissue. The gama-Synuclein is
found primarily in the peripheral nervous system and
retina, but its expression in breast tumors is a marker for
tumor progression. While alpha-Synuclein has been
implicated in neurodegenerative disorders mainly PD, until
recently there has been no evidence to suggest a role for the
other synucleins in neurodegeneration. alpha-Synuclein
forms fibrillar aggregates known as LBs in PD brain,
these insoluble protein aggregates are morphologically
similar to the amyloid fibrils found in AD neuritic
plaques and in protein deposits associated with other
amyloidogenic diseases (90, 91).

Three missense mutations in the alpa-
Synuclein gene have been reported to be associated with
families susceptible to inherited forms of PD (92-94).
These mutations cause alterations in the amino acid
sequence of alpa Synuclein (at residues Ala30Pro or
Ala53Thr or Glu46Lys) in regions predicted to influence
the secondary structure of alpha-Synuclein. The
substitutions may disrupt the structure of alpa-Synuclein,
rendering the protein more prone to self- aggregation
(95, 96)
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Figure 2. PONDR plot of the predicted secondary structure
of alpha-Synuclein.The protein sequence is obtained from
NCBI database. PONDR score of 0.5 and higher indicates
disordered structures (114). The C-terminal ~40-50
residues in alpha-Synuclein are disordered. The lower panel
shows alpha-Synuclein aminoacid sequence, the regions
with disoreder propensity are underlined.

Several lines of converging evidence directly
implicate alpha-Synuclein in mechanisms underlying the
onset/ progression of PD (97). They are: (i) Missense
mutations in the alpha-Synuclein gene (AS3T, A30P and
E46K) cause familial PD in rare kinds (92-94); (ii)
Antibodies to alpha-Synuclein specifically detect LBs, (3, 4,
98-104); (iii) LBs purified from PD brains contain abnormally
aggregated alpha-Synuclein and insoluble forms of alpha-
Synuclein (4, 98). The precise mechanism whereby such
aggregates of  alpha-Synuclein cause degeneration of
dopaminergic neurons is not known. The aggregates may be
merely a normal reaction by the cells as part of their effort to
correct a different pathological event, as-yet unknown. This
issue is dealt with in detail in the latter part of the article.

An important feature of alpha-Synuclein primary
structure is six imperfect repeats within the first 95 residues.
This brings the similarity of alpha-Synuclein with the
amphipathic  lipid-binding  a-helical ~ domains  of
apolipoproteins (105, 106), which show variation in
hydrophobicity with a strictly conserved periodicity of 11.
alpha-Synuclein shares the defining properties of the class A2
lipid-binding helix, distinguished by the clustered basic
residues at the polar-apolar interface, positioned +100° from
the center of apolar face; predominance of lysines relative to
arginines among these basic residues; and several glutamate
residues at the polar surface (107-109). In agreement with the
above structural features, alpha-Synuclein binds specifically to
synthetic vesicles containing acidic phospholipids (109, 110).
Further, this binding was shown to be accompanied by a
dramatic increase in alpha-helix content.

Recently, attempts have been made to analyze
the structure of alpha-Synuclein using NMR studies (111-
113). It was shown that the conformation of alpha-
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Synuclein consists of two alpha-helical regions that are
interrupted by a short break (112). NMR study of free
monomeric alpha-Synuclein revealed that the first 100
residues in N-terminus region of free alpha-Synuclein
have an overall preference for helical structure and there
may be the presence of a transient helical structure from
residues 6 to 37. In contrast, the final 40 residues of free
alpha-Synuclein exhibited secondary shifts indicative of
highly unfolded and extended form (113). We used the
predictor of naturally disordered regions (PONDR,
Molecular Kinetics, Inc.) (114) software to alpha-
Synuclein (Figure 2). This shows that about 40-50
residues in in alpha-Synuclein C-terminus is relatively
disordered.

NMR data of alpha-Synuclein in presence of
unilamellar vesicles suggested that the N-terminal region
is responsible for lipid binding and the boundary for this
region occurs between residues 102 and 103. The shifts
in C*P chemical shifts clearly indicated that there is the
formation of helical structure upon alpha-Synuclein
association with unilamellar vesicles. It was noted that it
is only the N-terminal region of the protein containing
the amphipathic apolipoprotein helical motifs, which
binds and adopts a helical conformation. The C-terminal
region remains in the same conformation as in the free
alpha-Synuclein and does not bind to the lipid vesicle
surface (113).

alpha-Synuclein folding and fibrillation have
been found to be promoted on binding to long chain fatty
acids (115) and also upon its interaction with lipid
droplets (116). It was also shown that membrane
interactions induce a large conformational change from
random coil to alpha-helix in alpha-Synuclein and these
interactions may be physiologically important (117). On
the basis of these observations, it has been assumed that
alpha-Synuclein may exist in two structurally different
isoforms in vivo: a helix-rich, membrane-bound form and
a disordered, cytosolic form, with the membrane-bound
alpha-Synuclein generating nuclei that seed the
aggregation of the more abundant cytosolic form (118,
119). The partially folded intermediate of alpha-
Synuclein is more prone for aggregation. The
aggregation of alpha-Synuclein depends upon extent of
folding induced by the membrane interaction but the
mechanism is not clear.

It is suggested that the misfolded or partially
folded alpha-Synuclein is more cytotoxic than the protein
aggregates. The intermediate partially folded or
misfolded form may be entropically rich in energy and
may bind to other components in the cell and may be a
cause for neurodegeneration. Transgenic animal models
expressing human alpha-Synuclein had shown
neurodegeneration, without fibrillar alpha-Synuclein
(120, 121). In that sense, the formation of aggregates could
be a protective measure adapted by the cell against the
toxicity of this intermediate. However, it is still a matter of
debate regarding the toxic form of the protein (monomeric
or oligomeric?) in neurodegenerative disorders (122).
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3.1. Potential normal functions of alpha-Synuclein

Dispite of strong evidence implicating alpha-
Synuclein in the pathogenesis of several meurodegenerative
diseases, its physiological function remains poorly
understood. The difficulty in determining the functions of
alpha-Synuclein is because inactivation of the alpha-
Synuclein gene does not lead to a significant neurological
phenotype. However, overexpression of alpha-Synuclein in
rat substantia nigra was shown to cause loss of
dopaminergic neurons, but is limited to the targeted region
and does not mimic the broad pathology observed in the
disease (123). Furthermore, mouse models based on
overexpression of alpha-Synuclein through genetic
methods lead to a wide variety of phenotypes accompanied
by non-existant, late  onset, or  non-specific
neurodegeneration (124). Understanding the role of alpha-
Synuclein in normal cell life might be critical importance
since disruption of its normal function might indirectly
result in neurodegeneration (125). The association with
membrane lipids and its functional homology with 14-3-3
chaperone proteins suggested that alpha Synuclein may
play a role in cell signaling pathways (126). It was also
suggested that alpha-Synuclein may modulate tau
function. alpha-Synuclein was detected in axons and
developing pre-synaptic terminals after their formation in
rat embryonic hippocampal cells in culture, suggesting a
possible role in synaptic development and maintenance.
Alpha-Synuclein  may  contribute to  neuronal
differentiation as well (127-129). The involvement of
alpha-Synuclein in synaptic plasticity and neuronal
differentiation may be mediated by the selective
inhibition of Phospholipase D2 by alpha-Synuclein (130,
131). When alpha-Synuclein expression was markedly
reduced in cultured rat neurons (132) or abolished in
alpha-Synuclein knock out mice (133), the number of
vesicles in the distal pool of the pre-synaptic terminal is
reduced indicating a role for alpha-Synuclein in vesicular
dynamics. According to Cole and Murphy (133) alpha-
Synuclein’s involvement in lipid metabolism cannot be
ruled out, given its propensity to bind molecules with
high hydrophobic content or exposed hydrophobic
domains. Thus persuasive evidence of a role of alpha-
Synuclein in any pathway or function requires multiple
approaches (133). The structure, expression and
functions of alpha-Synuclein have been recently
reviewed by Dev et al., (134).

3.2.alpha-synuclein toxicity in diffuse Lewy
disease

body

Diffuse Lewy Body Disease is the second most
common cause of dementia after AD. It is also commonly
reffered to as Dementia with LBs (DLB). DLB usually
presents with a neurobehavioral syndrome that may include
hellucinations, delutions, and psychosis, eventually leading
to dementia. DLB overlaps in clinical, pathological, and
genetic features with AD and PD. Pathologically DLB
demonstrate prominent cortical and subcortical LB
formation, which differentiates it from PD (135). In DLB,
unlike PD, LBs are distributed widely through out
paralimbic and neocortical regions (136). These LBs
generally coexist plaques similar to the ones predominant
in AD.
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Similar to PD, LBs in DLB are rich in alpha-
Synuclein protein aggregates. Infact the neuritic alpha-
Synuclein accumulation, density of cortical LBs and AD-
type pathology (senile plaques and hippocapal
neurofibrillary tangles) are more intense in DLB than PD
(137). Pathologically, most PD cases have minimal or no
senile plaques and neurofibrillary tangles, while they are
present in DLB. It is also suggested that alpha-Synuclein
and amyloid beta interact in DLB (138).

4. EXPRESSION AND SUBCELLULAR
DISTRIBUTION OF ALPHA-SYNUCLEIN

alpha-Synuclein appears to be expressed
ubiquitously throughout the brain (139). In the early weeks
of development, alpha-Synuclein redistributes from cell
bodies to synaptic terminals (127, 128, 140). The
transcription of alpha-Synuclein is developmentally
regulated. The levels increase during development and are
sustained at fairly high levels throughout adulthood (141).
Furthermore, various cellular treatments have been shown
to affect synuclein levels, including nerve growth factor
(129), 1-methyl-4-phenyl-1,2,3,6-tetrahydropiridine
(MPTP) (142, 143), certain inflammatory cytokines,
cellular stress, and during megakaryocyte differentiation
(143). However, a clearer understanding of the
transcriptional and translational regulation of synuclein
expression is needed before we can understand how any
changes in these mechanisms may affect the disease
process (133).

Recently Zhang et al., examined the
subcellular localization and relative amounts in different
subcellular pools in rat brain neurons (16). They showed
that alpha-Synuclein was unevenly distributed in axons,
presynaptic terminals, cytoplasm and nucleus in neurons.
The density was more in presynaptic terminal and nucleus,
compared to other subcellular compartments. Interestingly,
alpha-Synuclein was also present in mitochondria.

4.1. Nuclear localization of alpha-Synuclein

Several studies have shown the presence of
alpha-Synuclein in the neuronal nuclei. However, no
definite nuclear functions have been attributed to alpha-
Synuclein to date. It is not known if nuclear localization is
the common property of alpha-Synuclein or it is
cause/consequence of PD pathology. Overexpression of
alpha-Synuclein in neuronal cell lines showed diffused
nuclear staining (144). The term alpha Synuclein was first
coined by Maroteaux based on its localization in the
synaptic region and nucleus (8). Mori et al, showed
localization in the nucleus of substantia nigra and pontine
nucleus neurons of rat brain (145). Further, nuclear
localization of alpha Synuclein was shown in cultured
primary neurons (146) and cell lines (147). Nuclear
inclusions of neurons and oligodendroglia of multiple
system atrophy contain the alpha-Synuclein protein (15).
Yu et al., showed nuclear localization of alpha-Synuclein in
the rat brain by immunoelectron microscopy using colloidal
gold probes (147, 148). Mono and oligomeric forms of
alpha-Synuclein were observed in the nuclear fractions of
human dopaminergic neuroblastoma SH-SYSY cells (12).
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Extensive nuclear localization of alpha-Synuclein indicates
that it might play important role in the nucleus (16-19).

Although the above observations do not suggest
what the function of alpha-Synuclein in nucleus is, Leng et
al., (12) predicted that alpha-Synuclein may play a role in
regulating processes in the PI- cycle in the nucleus and
phosphatidyl inositol-linked activities may also occur in
nucleus.

4.1.1. Nuclear transport of alpha-Synuclein

The mode of appearance of alpha-Synuclein into
the neuronal nuclei and functions of alpha-Synuclein in
nuclei is still obscure. According to Maroteaux et al., (8)
the mode of localization of alpha-Synuclein in the nucleus
could involve a lateral diffusion along the endoplasmic
reticulum and outer nuclear membrane (149) or more
conventional transport through nuclear pores. They
proposed that alpha-Synuclein family proteins may be
involved in coordinating nuclear and synaptic events.
However, under PD conditions, the nuclear localization of
alpha-Synuclein could be enhanced due to non-specific

transportation through oxidatively damaged nuclear
membrane (17). The highly oxidative cytological
environment in PD brain, because of increase in

paramagnetic ferrous and other free radical generating
metals, are known to disrupt the biological membranes
leading to translocation of alpha-Synuclein in to the
nucleus. Sangchot et al., (13) have provided new evidences
for nuclear membrane disruption by lipid peroxidation
caused by increase in iron and consequent translocation of
alpha-Synuclein aggregates in to perinuclear and
endonuclear  regions of human  dopaminergic
neuroblastoma SK-N-SH cell lines. Leng et al., (12) also
observed alpha-Synuclein both in monomeric and
oligomeric forms in nuclear fractions of human
dopaminergic neuroblastoma SH-SYSY cell cultures.

4.2. alpha-Synuclein genotoxicity

With several evidences showing the presence of
alpha Synuclein in neuronal nuclei, as discussed above, the
question arises about its function/role in the nuclein.
Further, it is interesting to discuss whether nuclear alpha-
Synuclein is an active or passive response to PD pathology.
It was shown that alpha-Synuclein interacts with histones in
vitro and this interaction if confirmed in vivo, might alter
the gene transcription (14). To support this, when,
transfected to cell lines, alpha-Synuclein changes the
expression of many genes (150). alpha-Synuclein alters
gene expression changes of stress response genes,
transcription regulators, apoptosis inducers, transcription
factors, membrane bound proteins and protein involved in
the dopamine synthesis. In alpha-Synuclein transfected
dopamenergic cell lines, tyrosine hydroxylase was inhibited
(147). Furthermore, alpha-Synuclein over expression in
PC12 cells showed enhanced proliferation and enrichment
of cells with S-phase, again suggesting enhanced gene
expression (118).

alpha-Synuclein nuclear targeting accelerated the
neurodegenerative process in the dopaminergic neurons of
flies (151). Histone deacetylase inhibitors prevented this
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neurodegenerative process when administrated. This may
be explained assuming that alpha-Synuclein induces its
toxicity by inhibiting the histone acetylation. alpha-
Synuclein was also shown to associate with histone H3 and
inhibit its acetylation.

Further, widespread DNA damage is observed in
the brain regions affected with synucleinopathies in which
neurodegeneration is observed (64, 152). These brain
regions have been quite often linked to excess iron
accumulation. In presence Fe (II) alpha-Synuclein can
generate reactive oxygen species and damage DNA
indirectly in the neuronal cells (153, 154). Although, this is
an indirect indication, the fact that ncreased DNA damage
is observed in cells transfected with wild type alpha-
Synuclein and mutants A30P, AS53T after treating with Fe
(D), strengthens this hypothesis. The above observations
suggest that alpha-Synuclein contributes to genotoxicity in
various ways.

Our lab reported the ability of alpha-Synuclein to
directly bind to DNA molecule that results in altered DNA
conformation and damage which will be discussed later in
this review.

5. ALPHA-SYNUCLEIN DNA INTERACTIONS: A
NEW CONCEPT

We recently made an interesting observation that
alpha-Synuclein has DNA binding property which has
created a new opportunity in understanding role of alpha-
Synuclein in PD pathology (17-19). Previously we also
showed for the first time that amyloid beta peptides
implicated in AD can also bind to DNA (155, 156). The
origin of the above concept and subsequent progress are
discussed below.

5.1. Our hypothesis on DNA binding of alpha-
Synuclein- genesis of model

As stated earlier, several studies showed that
alpha-Synuclein is localized in the chromatin region of
nuclei in the brain (8-16). This strongly indicated the
association of alpha-Synuclein with chromatin in the
nucleus. It was also shown previously that several cationic
and anionic ligands interact with alpha-Synuclein such as
polyamines and metals (157, 158). Furthermore, a close
look into the peculiar primary sequence/structure of alpha-
Synuclein shows presence of several positively charged
lysine residues at its N-terminus, suggesting a possible
DNA binding property. It was recently observed that alpha-
Synuclein interacts with histone proteins, a major
component of chromatin, which modulates its conformation
and aggregation properties (14). We thought it is interesting
to investigate the DNA binding property of alpha-
Synuclein and study the effect of DNA binding on alpha-
Synuclein folding/conformation and aggregation properties.
Moreover, we had previously observed DNA binding of
amyloid beta peptides, which led us to examine alpha-
Synuclein in similar lines (155, 156). We also proposed
that understanding the effect of DNA binding on alpha-
Synuclein stability, conformation and fibrillation could lead
to a better understanding of PD pathogenesis and could also
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be exploited for
interventions.

DNA binding based therapeutic

5.2. New evidence for DNA binding property of alpha-
Synuclein

We first time demonstrated that alpha-Synuclein
binds to DNA in vitro, a new and novel property of alpha-
Synuclein (17-19). This was independently confirmed by
other groups as well (20). This is the first report on DNA
binding property/ability of alpha-Synuclein and presents an
interesting curiosity about the implications of this property
in PD. The association of DNA with alpha-Synuclein is not
limited to wild-type protein. Familial mutants A53T and
A30P also showed DNA binding (20). Numerous studies
have demonstrated that various intracellular factors affect
folding and fibrillation properties of alpha-Synuclein.
Histones, one of the important components of chromatin
was shown to specifically interact with alpha-Synuclein
and significantly stimulate its aggregation (14). DNA being
another component of chromatin, its interaction with alpha-
Synuclein strongly suggests an important role of alpha-
Synuclein in the nucleus. The possible mechanisms and
implications of alpha-Synuclein-DNA interactions are
discussed below.

5.3. alpha-Synuclein affects DNA conformation

Circular dichroism (CD) spectra of alpha-
Synuclein-supercoiled DNA complex demonstrated a
strong binding of alpha-Synuclein to supercoiled DNA,
causing a conformational change from the B-form of DNA
to an altered B-form (17). It was further shown that alpha-
Synuclein uncoils supercoiled DNA to open cicular form.
Differential sensitivity of synuclein-supercoiled DNA
complex to chloroquine induced topoisomers separation
compared to DNA alone suggested destabilization of DNA
by alpha-Synuclein (17). The modulation of DNA
conformation and stability by alpha-Synuclein could be
important in PD pathology as it may affect DNA
transactions such as replication and transcription and hasten
accumulation of DNA damage. However, considering that
alpha Synuclein is expressed ubiquitously in the brain, the
question arises, if this interaction could eventually take
place in any other brain region not affected during PD? Or
is there brain region selectivity?. Our recent observations
show that the most pathological, misfolded form of alpha
Synuclein found in dopaminergic neurons exhibit
significantly higher DNA binding and damage activity
compared to the native monomeric form found in normal
brain which suggests that the DNA interaction of alpha
Synuclein might be higher in PD affected brain regions (18,
122); Hegde et al., unpublished observation).

A plausible scenario for DNA binding to alpha-
Synuclein could be as follows: It appears that initially on
mixing with alpha-Synuclein in solution, alpha-Synuclein
monomers interact electrostatically with DNA phosphate
groups. DNA interacts possibly with the positively charged
lysine side chains located predominantly in the N-terminal
and partly in the central region of alpha-Synuclein
sequence. Because it is highly unlikely to bind to the C-
terminal end of alpha-Synuclein which is rich in negatively
charged amino acid residues (20). These electrostatic
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interactions may lead to (i) formation of non-sequence
specific complex of alpha-Synuclein with DNA, and (ii)
increase in the local concentration of alpha-Synuclein on
DNA (20). Once alpha-Synuclein binds to DNA by
electrostatic forces, there could be a conformational change
in alpha-Synuclein making the protein enzymatically bind
to DNA.

5.4. DNA induced folding of alpha-Synuclein

We observed that various DNAs significantly
modulate conformation and fibrillation properties of alpha-
Synuclein. Single strand circular DNA binding to native,
random coiled alpha-Synuclein resulted in about 80%
increase in alpha-helix content of the protein (19).
Although, double strand circular DNA also bound to alpha-
Synuclein, it did not change its conformation, indicating
specificity of single strand DNA binding. However,
supercoiled  plasmid DNA caused a  biphasic
conformational transition in alpha-Synuclein. On
immediate mixing of the DNA and alpha-Synuclein a
partial folding was induced in alpha-Synuclein, while
alpha-helix conformation was formed on long term
incubation (19).

We also provided interesting insight on sequence
specific binding affinity of DNA to alpha-Synuclein. Poly
d(GC).d(GC) caused a partially folded conformation, where
as poly d(AT).d(AT) binding to alpha-Synuclein did not
result in any such conformational transition. It was further
observed using GC- and  AT-specific  8-mer
oligonucleotides that only d(GCGCGCGC) induced a
partial folding in alpha-Synuclein. Interestingly,
d(GCATGCAT) also induced a partial folding in alpha-
Synuclein,while, d(ATATATAT) did not. Closer
examination of the CD data indicated that the folding
induced by d(GCGCGCGC) was more in magnitude
compared to d(GCATGCAT).

The effect of binding of large genomic DNA
(lamda and Calf-thymus DNA) on alpha-Synuclein
conformations showed that both these genomic DNA
caused the formation of a partially folded structure in
alpha-Synuclein. However, the amount of folding induced
by lamda DNA was more when compared to calf-thymus
DNA. The GC content of calf-thymus DNA is ~70%, while
for lamda DNA it is ~42% which should explain the
differential ability of calf-thymus and lamda DNA in
inducing conformational transition in alpha-Synuclein.

The above studies from our lab indicated
specificity of single stranded DNA and GC sequence in
inducing folding in alpha-Synuclein. It appears that the
DNA binding to alpha-Synuclein is mediated through
electrostatic interaction between negatively charged
phosphate groups of DNA and the epsilon amino group of
lysine aminoacids in alpha-Synuclein. The DNA molecule
is richly negatively charged on its surface as it is laced with
phosphate groups, where as alpha-Synuclein has 15 basic
lysine residues which are mostly clustered in the N-
terminal of its sequence. The neutralization of basic charge
on epsilon amino group side chain of lysine residues will
reduce the repulsion between the like charges in the N-
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terminal end of alpha-Synuclein and this appears to be the
driving force in inducing DNA mediated folding in the
protein. Studies have shown that the N-terminal half of
alpha-Synuclein sequence has a very high propensity to
form ordered conformation (112).

5.5. alpha-Synuclein aggregation and DNA binding

Previous studies have shown that the
transformation of alpha-Synuclein into a partially folded
conformation (induced by pH or temperature or metal ions)
is strongly correlated with the enhanced formation of alpha-
Synuclein fibrils (157, 159). alpha-Synuclein is a natively
unfolded protein with little or no ordered structure under
physiological conditions. At neutral pH, it is calculated to
have 24 negative charges (15 of which are localized in the
last third of the protein sequence), leading to a strong
electrostatic repulsion, which hinders the folding of alpha-
Synuclein (157). As a consequence of the structural
flexibility of alpha-Synuclein, many diverse ligands change
its conformation and modulate its aggregation property
(20). Generally, transition from random coiled alpha-
Synuclein to partially folded conformation accelerates the
fibrillation reaction, while stabilizing alpha-Synuclein in to
alpha-helix-rich ~ conformation  delays fibrillation.
Aggregation or self-association is a characteristic property
of a partially folded (denatured) proteins and most
aggregating protein systems probably involve a transient
partially folded intermediate as the key precursor of
fibrillation (160, 161). It has also been shown that in some
cases the self-association induces additional structure and
stability in the partially folded intermediates.

Recently it was shown that double stranded DNA
promotes aggregation of alpha-Synuclein (20). They
showed that the morphology of the fibrils remains
unchanged in the presence of linear double stranded DNA.
In this context, we analyzed the aggregation propensity of
alpha-Synuclein in the presence of different DNAs which
induce partially folded conformation and also alpha-helix.
Our studies showed that DNA induced aggregation of
alpha-Synuclein correlated with the ability of that DNA to
induce partially folded conformation in alpha-Synuclein
(19). DNA which  induced partial folding in alpha-
Synuclein such as GC-rich oligonucleotides resulted in a
very substantial acceleration of the kinetics of aggregation
indicated by a shorter lag time and a larger rate of fibril
formation compared to alpha-Synuclein alone. However,
single-strand circular DNA which formed alpha-helix
conformation in alpha-Synuclein delayed the aggregation
significantly by nearly ~25 hrs. The structure of alpha-
Synuclein aggregates/ fibrils were qualitatively similar in
the presence or absence of DNA.

Similar observations were made by Uversky et
al, (162), where they showed that trimethylamine-N-oxide
(TMAO) induces a partial folding and acceleration of
fibrillization in alpha-Synuclein at low concentrations,
where as, at high concentrations causes the formation of
alpha-helix conformation and inhibits aggregation to a
considerable extent. Our results are in agreement with
Uversky et al., (162). Hence, it appears that a partially
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folded intermediate conformation is a very critical step in
alpha-Synuclein aggregation pathway.

The possible mechanisms of double stranded
DNA promoting alpha-Synuclein fibrillation has been
proposed recently by Cherny et al., (20). The authors
observed that neuronal nuclear inclusions potentially
account for a significant fraction of the total amount of
alpha-Synuclein in a cell. Hence, minute variations in local
alpha-Synuclein concentrations or the presence of factors
enhancing its fibrillation, e.g., DNA or histones, may
stimulate the aggregation of alpha-Synuclein significantly.
It was further proposed that effective mechanisms
preventing occasional conversion of a soluble alpha-
Synuclein into insoluble isoforms must exist in both
cytoplasm and nucleus (20). We provided a comprehensive
picture of DNA binding effect on alpha-Synuclein
fibrillation using different DNAs such as double and single
stranded DNA, AT and GC sequence specific DNA of
different sizes etc and showed that only those DNA which
induce a partial folding in alpha-Synuclein promote its
aggregation, while, single strand circular DNA forms
alpha-helix conformation in alpha-Synuclein and inhibits
aggregation to a considerable extent. Hence, we feel that
extrapolation of in vitro results on DNA binding property
of alpha-Synuclein to in vivo system in PD has to be more
cautiously done.

We used effect of osmolytes on alpha-Synuclein
conformation to understand the mechanism of DNA
induced folding/fibrillation of alpha-Synuclein (19).
Osmolytes such as TMAO, Betaine, sarcosine converted
natively unfolded alpha-Synuclein to partially folded form
which accelerated the kinetics of fibrillation. The ability of
DNA and osmolytes in inducing conformational transition
in alpha-Synuclein, indicates that two factors are critical in
modulating alpha-Synuclein folding: (i) Electrostatic
interaction as in the case of DNA, and (ii) Hydrophobic
interactions as in the case of osmolytes.

6. OUR MODEL
GENOTOXICITY

ON ALPHA-SYNUCLEIN

We propose alpha-Synuclein-mediated
genotoxicity as one of the key underlying mechanisms of
disease progression in the PD. Normally alpha-Synuclein is
in random coil conformation in aqueous solutions in vitro.
It is suggested that free alpha-Synuclein in neuronal
cytoplasm may also be in random coil conformation.
However, in association with membranes alpha-Synuclein
is in alpha-helix-rich conformation. alpha-Synuclein is
diversly/unevenly distributed in various subcellular mileu
such as cytoplasm, presynaptic terminus, nucleus,
endoplasmic reticulum and mitochondria (16). The factors
that govern alpha-Synuclein distribution in cell are not fully
understood. However it is known that oxidative stress and
other cytological scenario that exists in PD such as metal
toxicity may modulate alpha-Synuclein subcellular
translocation significantly, especially the nuclear alpha-
Synuclein, because these factors greatly affect the
permeability of membranes.
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Several studies have reported higher levels of
iron (Fe) and other transition metals in PD brain substantia
nigra, the main target of PD (41). However, how a
specific increase in the total Fe content of SN should occur
in PD is not understood (163, 164). It has been argued that
the increased Fe levels with the severity of
neuropathological changes in PD are presumably due to
increased transport through the BBB (165). Furthermore, in
PD the increased total Fe level in SN was not associated
with a compensatory increase in ferritin; instead the brain
ferritin immunoreactivity was decreased (166). Hence the
increased Fe load in PD may exceed the storage capacity of
available ferritin, leading to excess reactive Fe, driving free
radical generation. In the presence of these metals alpha-
Synuclein acquires a misfolded or partially folded
conformation and promote aggregation in vitro (159). We
hypothesized that the partially folded or misfolded alpha-
Synuclein induced by metals may not bind to vesicle
membrane lipids as it does in normal brain. In addition, it
was observed that one of the familial mutant alpha-
Synucleins, A30P completely abolished membrane-binding
property of alpha-Synuclein (105). Hence, the disruption in
membrane binding resulting from increase in metals and
mutations in familial PD would result in the increase in free
alpha-Synuclein (partially folded or unfolded native
conformation) levels in cell. This possibly triggers the
increase in precursor for alpha-Synuclein aggregation in
PD (17). In addition to the accumulating evidence for
normal nuclear localization of alpha-Synuclein, the
increased oxidative stress and altered permeability of
nuclear membrane could ensure significant amount of
alpha-Synuclein in the nucleus. In the nucleus it exerts
toxic role by altering chromatin organization or by directly
binding to DNA or by both. alpha-Synuclein can bind to
the histone proteins and affect their normal functioning of
maintaining the chromatin integrity. As histones loss their
function, chromatin will open up exposing DNA to alpha-
Synuclein and other targets. Now the transcription factors
or inhibitors can bind to DNA altering the gene expression.
alpha-Synuclein can itself bind to DNA and relax the
supercoils in the DNA molecule and can induce a
conformational change, which may further affect the gene
expression profile. The altered gene expressions finally
lead to altered neuronal cell metabolism leading to cell
death. Besides, DNA induced partial folding in alpha-
Synuclein enhances its toxicity to the cell. Several studies
have shown that partially folded intermediate form of
alpha-Synuclein is more toxic than monomers or
aggregates. Partially folded alpha-Synuclein has higher
aggregation propensity and in PD the presence of metals
and other free radicals can further stimulate the aggregation
process. The aggregated protein can disrupt several
processes in the nucleus including gene expression and
DNA functioning. Our model on alpha-Synuclein
Genotoxicity is represented in Figure 3.

7. IS DNA BINDING COMMON PROPERTY OF
MANY AMYLOIDOGENIC PROTEINS?

It has been widely reported by us and others, that
nucleic acids interact with different amyloid peptides such
as beta-amyloid, tau protein, prion peptides and alpha-
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Synuclein and modulate their folding and aggregation
kinetics (19, 155, 156, 167-175). In many cases double
stranded DNA accelerated the kinetics of fibrillation.
However, an extensive study by us on alpha-Synuclein
showed that the effect was dependent on the structure of
DNA (19). Nandi group by several well designed studies
showed that nucleic acids can induce structural changes to
beta-sheet rich conformation in prion peptides by forming
stable complexes, which catalyzes/modulates their
polymerization (168, 172, 173). Association of Abeta (1-
40) and Abeta (25-35) with double stranded DNA was
detected (169). Abeta (25-35) was shown to cause
formation of open circular DNA from supercoiled DNA in
presence of ferrous ions (170). We have recently observed
binding of Abeta (1-42) and Abeta (1-16) peptides with
supercoiled DNA and their ability to convert supercoiled
DNA into open circular form (155). Our lab showed that
Abeta (1-42) can directly inflict DNA nicking which could
contribute DNA damage associated in AD brain (156, 176).
In similar lines latest studies from our lab shows DNA
single-strand breaks directly induced by alpha-Synuclein in
its partially folded form (19); Hegde et al., unpublished
observation).

The above scenario suggests that DNA binding
could be a normal property of many amyloid-forming
proteins associated with diverse neurodegenerative
disorders. However, at this stage it is hard to pin down
whether DNA binding contributes to PD pathology as a
major causative phenomenon or if it is just a consequence
of the disease process where non specific nuclear
transportaion of amyloid proteins result in DNA binding.
We feel that a parallel approach to DNA binding of these
amyloid proteins in several neurodegenerative diseases may
yield better results. In addition, the finding of insoluble
protein-containing materials in different neuronal and glial
cell populations in a broad range of syndromes suggests
that many of these disorders have something in common
(177). Even though these syndromes express different
symptoms and lesions, the mechanisms underlying filament
formation may be similar. The assembly of normally
soluble protein subunits into insoluble filaments in these
diseases does not normally occur in healthy brain. Hence,
another way to approach these disorders is to consider the
disease state as one of an abnormality in protein
metabolism. Future research efforts will pursue molecular
analyses of shared protein abnormalities across several
disorders. This approach should provide insights into
disease mechanisms underlying one or more degenerative
disorders characterized by abundant filamentous lesions.

8. BIOLOGICAL SIGNIFICANCE OF DNA BINDING
OF ALPHA-SYNUCLEIN

Structurally, purified alpha-Synuclein is a
natively unfolded protein (17, 113, 159, 178). This lack of
folding has been shown to correlate with the specific
combinations of low overall hydrophobicity and large net
charge (179-181). In vitro, alpha-Synuclein readily
assembles in to fibrils, with morphologies and staining
characteristics similar to those of fibrils extracted from PD
affected brain (90, 91, 119, 159, 182-188).
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Figure 3. Our model on genotoxicity of alpha-Synuclein: During stress conditions, there is increased transportation of alpha-
Synuclein into the nucleus. In the nucleus, alpha-Synuclein can directly interact with histones or inhibits histone acetylation
affecting the chromatin organization. alpha-Synuclein can bind to DNA and alter the conformation of DNA, relax supercoiling of
DNA. Change in chromatin organization, conformation of DNA and supercoil relaxation may lead to altered gene expression.
alpha-Synuclein in the presence of Fe(I) can generate reactive oxygen species and induce DNA damage. Altered gene expression

and DNA damage lead to neuronal cell death.

The physiological significance of DNA induced
alpha-Synuclein conformation and modulation of its
assembly/ fibrillation is unclear at the present time. However,
emerging lucid evidences for the presence of alpha-Synuclein
in neuronal nuclei indicates that the DNA binding activity of
alpha-Synuclein may not be a mere non-specific phenomenon
and may have very significant role to play in neuronal cell
death in PD through DNA instability. It will be evocative to
speculate the potential implications of the in vitro findings on
DNA binding of amyloid proteins to neurodegenerative
changes associated with PD. Goers et al, (14) provided
evidence for the co-localization of alpha-Synuclein with
histones in the nuclei of nigral neurons from mice exposed
to a toxic insult. The authors observed that histones
stimulate alpha-Synuclein fibrillation in vitro (14). These
studies further strongly suggested association of alpha-
Synuclein with chromatin.
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Cherny et al., proposed that alpha-Synuclein may
interact with histone-free, transcriptionally active DNA
segments and hence may lead to a decreased transcriptional
activity of some genes responding to environmental stimuli
(20). It is suggested that the interactions of alpha-Synuclein
with DNA and histones may function to regulate gene
expressions.

Interestingly, a recent study involving semi-
quantitaive analysis of alpha-Synuclein in subcellular pools
of rat brain neurons showed that there is a significant
fraction of alpha-Synuclein in the nuclear compartment
(16). They wused immunogold electron microscopic
technique with a C-terminal specific antibody. It was
shown that alpha-Synuclein-positive gold particles were
unevenly distributed in different subcellular compartnets.
The density was relatively greater in presynaptic terminals
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and nucleus. In this perspective, association of alpha-
Synuclein with chromatin attains significance. alpha-
Synuclein-induced changes in DNA conformation may
affect gene expression pattern in affected neurons. In
addition, DNA induced folding and modulation of
fibrillation property may have special pathophysiological
significance and contribute enormously to the accumulation
DNA damage in degenerative neurons and lead to cell
death.

9. ALTERNATIVE VIEW: ALPHA-SYNUCLEIN
AND NEUROPROTECTION

Several lines of evidences suggest alpha-
Synuclein toxicity in PD, however, an alternative debate for
the neuroprotective role of alpha-Synuclein in PD is
emerging (189, 190). Although, alpha-Synuclein
accumulation in the form of aggregates in dopaminergic
neurons is a common pathological feature in PD, the
precise mechanism of how this aggregation process is
triggered? Or how the protein aggregates cause neuronal
degeneration is still obscure. Furthermore, some studies
have failed to show consistant results for neurotoxicity of
alpha-Synuclein (191-194) and few studies also suggested
that alpha-Synuclein may play a neuroprotective role (191,
195).

In other words, there is a school of thoughts
which argues that alpha-Synuclein has a normal function in
normal brain, but in response to environmental or
endogenous stimulus it aggregates as a neuroprotective
response or as a passive response to pathological events.
For instance, oxidative stress caused by the herbicide
paraquat results in alpha-Synuclein aggregation in the
brains of experimental animals and this increased
expression and aggregation of alpha-Synuclein was
neuroprotective (195). Studies showed that various
neurotoxins including MPTP and rotenone increase alpha-
Synuclein expression in brain (196, 197). These
observations lead a group of researchers to suggest that the
increased alpha-Synuclein expression may represent an
adaptive homeostatic regulatory response to toxic stimuli
(189). In support of this, overexpression of alpha-Synuclein
in transgenic mice does not consistantly result in neuronal
damage (192, 193), nor does it mimic MPTP induced
neurodegeneration completely (198).

Similarly, other amyloidogenic proteins involved
in neurodegenerative pathologies, such as, amyloid beta
peptides in AD and prion proteins in prion diseases could
have neuroprotective properties. These observations need
to be considered when developing therapies to PD and
other neurodegenerative diseases. In other words, therapy
should be targetted at the cause of the disease rather than
the end result (protein aggregates), unless it is conclusively
proved that dissolving/eradicating protein aggregation
improves the disease symptoms.

As discussed elsewhere in this article, it is not
clear whether the recently discovered DNA binding
property of alpha-Synuclein contributes to the cause of PD
pathology or it is a passive secondary response of neurons
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affected by PD. These studies have to be addressed as toxic
vs. protective responses in PD.

10. PERSPECTIVES AND FUTURE DIRECTIONS

DNA binding effect on alpha-Synuclein
fibrillation using different DNAs such as double and single
stranded DNA, AT and GC sequence specific DNA, of
different sizes, genomic DNA etc, showed that only those
DNA which induce a partial folding in alpha-Synuclein
(GC* rich DNA) promote its aggregation, while, single-
strand circular DNA forms alpha-helix conformation in
alpha-Synuclein and also inhibit aggregation to a
considerable extent.

We propose two dimensions to the DNA binding
property of alpha-Synuclein. Firstly, it could imply an
important pathological role for nuclear translocated alpha-
Synuclein, irrespective of whether alpha-Synuclein enters
nucleus by active process or by non-specific means during
PD pathology. Secondly, stabilization of alpha-Synuclein in
helix-rich conformation by single-strand circular DNA that
delays aggregation kinetics and or reduces the formation of
toxic partially folded intermediates may be of significance
in engineering DNA-chip based therapeutic approaches to
PD and other amyloid disorders.

Future studies should focus on establishing the
DNA binding of alpha-Synuclein and other amyloidogenic
proteins in vivo, in cells and also using animal models.
Studies may also be done in post mortem human brain
tissue. It is also essential to understand the mechanism of
the property more thoroughly using different DNAs, which
will help design DNA based or similar DNA mimicking
ligands to protect from amyloid toxicity. We also propose
that it is important to have a parallel approach to study
neurodegenerative disorders as several features from cause
to pathology are common to them.

11. ACKNOWLEDGEMENTS

The authors thank Dr. V. Prakash, Director,
CFTRI for his support. KSJ is thankful to DBT for
financial support through a research project. MLH is
thankful to American Parkinson’s Disease Association for
Postdoctoral fellowship. PVD is grateful to CSIR for
awarding SRF. This article with a limited focus on
synuclein-DNA interactions, was not meant to provide
comprehensive review of Parkinson’s disease. Because of
this and also space limitation, many appropriate references
could not be included, for which the authors apologize.

12. REFERENCES
1. Goedert M: Alpha-synuclein and neurodegenerative
diseases. Nat Rev Neurosci 2,492-501 (2001)

2. Goedert M: Parkinson's disease and other alpha-
synucleinopathies. Clin Chem Lab Med 39, 308-312 (2001)



Alpha-synuclein-DNA interactions

3. Spillantini MG, ML. Schmidt, VM Lee, JQ Trojanowski,
R Jakes, M. Goedert: Alpha-synuclein in Lewy bodies.
Nature 388, 839-840 (1997)

4. Baba M, S Nakajo, PH Tu, T Tomita, K Nakaya, VM
Lee, JQ Trojanowski, T Iwatsubo: Aggregation of alpha-
synuclein in Lewy bodies of sporadic Parkinson's disease
and dementia with Lewy bodies. Am J Pathol 152, 879-884
(1998)

5. Wakabayashi K, M Yoshimoto, S Tsuji, H Takahashi:
Alpha-synuclein immunoreactivity in glial cytoplasmic
inclusions in multiple system atrophy. Neurosci Lett 249,
180-182 (1998)

6. Ono K, M Hirohata, M Yamada: Alpha-synuclein
assembly as a therapeutic target of Parkinson's disease and
related disorders. Curr Pharm Des 14, 3247-3266 (2008)

7. Troster Al: Neuropsychological characteristics of
dementia with Lewy bodies and Parkinson's disease with
dementia: differentiation, early detection, and implications
for "mild cognitive impairment” and biomarkers.
Neuropsychol Rev 18, 103-119 (2008)

8. Maroteaux L, JT Campanelli, RH Scheller: Synuclein: a
neuron-specific protein localized to the nucleus and
presynaptic nerve terminal. J Neurosci 8, 2804-2815 (1988)

9. Gomez-Tortosa E, K Newell, MC Irizarry, JL Sanders,
BT Hyman: alpha-Synuclein immunoreactivity in dementia
with Lewy bodies: morphological staging and comparison
with ubiquitin immunostaining. Acta Neuropathol, 99, 352-
357 (2000)

10. McLean PJ, S Ribich, BT Hyman: Subcellular
localization of alpha-synuclein in primary neuronal
cultures: effect of missense mutations. J Neural Transm
Suppl 53-63 (2000)

11. Tanji K, F Mori, T Imaizumi, H Yoshida, T Matsumiya,
W Tamo, M Yoshimoto, H Odagiri, M Sasaki, H
Takahashi, K Satoh, K Wakabayashi: Upregulation of
alpha-synuclein by lipopolysaccharide and interleukin-1 in
human macrophages. Pathol Int 52, 572-577 (2002)

12. Leng Y, TN Chase, MC Bennett: Muscarinic receptor
stimulation induces translocation of an alpha-synuclein
oligomer from plasma membrane to a light vesicle fraction
in cytoplasm. J Biol Chem 276, 28212-28218 (2001)

13. Sangchot P, S Sharma, B Chetsawang, J Porter, P
Govitrapong, M Ebadi: Deferoxamine attenuates iron-
induced oxidative stress and prevents mitochondrial
aggregation and alpha-synuclein translocation in SK-N-SH
cells in culture. Dev Neurosci 24, 143-153 (2002)

14. Goers J, AB Manning-Bog, AL McCormack, IS Millett,
S Doniach, DA Di Monte, VN Uversky, AL Fink: Nuclear
localization of alpha-synuclein and its interaction with
histones. Biochemistry 42, 8465-8471 (2003)

429

15. Lin WL, MW DeLucia, DW Dickson: Alpha-synuclein
immunoreactivity in neuronal nuclear inclusions and
neurites in multiple system atrophy. Neurosci Lett 354, 99-
102 (2004)

16. Zhang L, C Zhang, Y Zhu, Q Cai, P Chan, K Ueda, S
Yu, H Yang: Semi-quantitative analysis of alpha-synuclein
in subcellular pools of rat brain neurons: an immunogold
electron microscopic study using a C-terminal specific
monoclonal antibody. Brain Res 1244, 40-52 (2008)

17. Hegde ML, KS Jagannatha Rao: Challenges and
complexities of alpha-synuclein toxicity: new postulates in
unfolding the mystery associated with Parkinson's disease.
Arch Biochem Biophys 418, 169-178 (2003)

18. Hegde ML, KSJ Rao: New evidence for DNA nuclease
activity of alpha-synuclein: a molecular mechanism in
understanding Parkinson's disease. J Neurochem 98, 114-
115 (2006)

19. Hegde ML, KS Rao: DNA induces folding in alpha-
synuclein: understanding the mechanism using chaperone
property of osmolytes. Arch Biochem Biophys 464, 57-69
(2007)

20. Cherny, D., W. Hoyer, V. Subramaniam & T. M. Jovin:
Double-stranded DNA stimulates the fibrillation of alpha-
synuclein in vitro and is associated with the mature fibrils:
an electron microscopy study. J Mol Biol, 344, 929-938
(2004)

21. Parkinson J: An essay on the Shaking Palsy (Sherwood,
Neely and Jones) London (1817)

22. Rajput AH, S Birdi: Epidemiology of Parkinson's
disease. Parkinsonism Relat Disord 3, 175-186 (1997)

23. Chung KK, VL Dawson, TM Dawson: New insights
into Parkinson's disease. J Neurol 250 Suppl 3, 15-24
(2003)

24. Zhou C, Y Huang, S Przedborski: Oxidative stress in
Parkinson's disecase: a mechanism of pathogenic and
therapeutic significance. Ann N Y Acad Sci 1147, 93-104
(2008)

25. Lewy F, Lewandowski N, Abelsdorff G: In handbuch
der neurologie. Springer Verlag Berlin 3, 920-923 (1912)

26. Olanow CW: An introduction to the free radical
hypothesis in Parkinson's disease. Ann Neurol 32 Suppl,
S2-9 (1992)

27. Berg D, MB Youdim, P Riederer: Redox imbalance.
Cell Tissue Res 318, 201-213 (2004)

28. Migliore L, R Scarpato, F Coppede, L Petrozzi, U
Bonuccelli, V Rodilla: Chromosome and oxidative damage
biomarkers in lymphocytes of Parkinson's disease patients.
Int J Hyg Environ Health, 204, 61-66 (2001)



Alpha-synuclein-DNA interactions

29. Jellinger KA: Cell death mechanisms in Parkinson's
disease. J Neural Transm 107, 1-29 (2000)

30. Hirsch EC, S Hunot, B Faucheux, Y Agid, Y Mizuno,
H Mochizuki, WG Tatton, N Tatton, WC Olanow:
Dopaminergic neurons degenerate by apoptosis in
Parkinson's disease. Mov Disord 14, 383-385 (1999)

31. Cohen G: Monoamine oxidase, hydrogen peroxide, and
Parkinson's disease. Adv Neurol 45, 119-125 (1987)

32. Youdim MB: Brain monoamine oxidase (MAO) B: a
unique neurotoxin and neurotransmitter producing enzyme.

Prog Neuropsychopharmacol Biol Psychiatry 13, 363-371
(1989)

33. Dexter DT, P Jenner, AH Schapira, CD Marsden:
Alterations in levels of iron, ferritin, and other trace metals
in neurodegenerative diseases affecting the basal ganglia.
The Royal Kings and Queens Parkinson's Disease Research
Group. Ann Neurol 32 Suppl, S94-100 (1992)

34. Olanow CW: The pathogenesis of cell death in
Parkinson's disease - 2007. Mov Disord 22, S335-S342
(2007)

35. Esposito E, V Di Matteo, G Di Giovanni: Death in the
substantia nigra: a motor tragedy. Expert Rev Neurother 7,
677-697 (2007)

36. Lotharius J, P Brundin: Impaired dopamine storage
resulting from alpha-synuclein mutations may contribute to
the pathogenesis of Parkinson's disease. Hum Mol Genet
11, 2395-2407 (2002)

37. Graham DG: Oxidative pathways for catecholamines in
the genesis of neuromelanin and cytotoxic quinones. Mol
Pharmacol 14, 633-643 (1978)

38. Jenner P: Oxidative mechanisms in nigral cell death in
Parkinson's disease. Mov Disord 13 Suppl 1, 24-34 (1998)

39. Sofic E, P Riederer, H Heinsen, H Beckmann, GP
Reynolds, G Hebenstreit, MB Youdim: Increased iron (IIT)
and total iron content in post mortem substantia nigra of
parkinsonian brain. J Neural Transm 74, 199-205 (1988)

40. Saggu H, J Cooksey, D Dexter, FR Wells, A Lees, P
Jenner, CD Marsden: A selective increase in particulate
superoxide dismutase activity in parkinsonian substantia
nigra. J Neurochem 53, 692-697 (1989)

41. Dexter DT, FR, Wells, AJ Lees, F Agid, Y Agid, P
Jenner, CD Marsden: Increased nigral iron content and
alterations in other metal ions occurring in brain in
Parkinson's disease. J Neurochem 52, 1830-1836 (1989)

42. Alam ZI, A Jenner, SE Daniel, AJ Lees, N Cairns, CD
Marsden, P Jenner, B Halliwell: Oxidative DNA damage in
the parkinsonian brain: an apparent selective increase in 8-
hydroxyguanine levels in substantia nigra. J Neurochem 69,
1196-1203 (1997)

430

43. Burke RE: Programmed cell death and new discoveries
in the genetics of parkinsonism. J Neurochem 104, 875-890
(2008)

44. Mecocci P, U MacGarvey, AE Kaufman, D Koontz, ]IM
Shoffner, DC Wallace, MF Beal: Oxidative damage to
mitochondrial DNA shows marked age-dependent
increases in human brain. Ann Neurol 34, 609-616 (1993)

45. Ben-Shachar D, P Riederer, MB Youdim: Iron-melanin
interaction and lipid peroxidation: implications for
Parkinson's disease. J Neurochem 57, 1609-1614 (1991)

46. Riederer P, E Sofic, WD Rausch, B Schmidt, GP
Reynolds, K Jellinger, MB Youdim: Transition metals,
ferritin, glutathione, and ascorbic acid in parkinsonian
brains. J Neurochem 52, 515-520 (1989)

47. Jellinger K, E Kienzl, G Rumpelmair, P Riederer, H
Stachelberger, D Ben-Shachar, MB Youdim: Iron-melanin
complex in substantia nigra of parkinsonian brains: an x-
ray microanalysis. J Neurochem 59, 1168-1171 (1992)

48. Camins A, M Pallas, JS Silvestre: Apoptotic
mechanisms involved in neurodegenerative diseases:
experimental and therapeutic approaches. Methods Find
Exp Clin Pharmacol 30, 43-65 (2008)

49. Gupta A, VL Dawson, TM Dawson: What causes cell
death in Parkinson's disease? Ann Neurol 64 Suppl 2, S3-15
(2008)

50. Burke RE, NG Kholodilov: Programmed cell death:
does it play a role in Parkinson's disease? Ann Neurol 44,
S126-133 (1998)

51. Kingsbury AE, C. D. Mardsen & O. J. Foster: DNA
fragmentation in human substantia nigra: apoptosis or
perimortem effect? Mov Disord 13, 877-884 (1998)

52. Ziv 1, A Barzilai, D Offen, N Nardi, E Melamed:
Nigrostriatal neuronal death in Parkinson's disease--a
passive or an active genetically-controlled process? J
Neural Transm Suppl 49, 69-76 (1997)

53. Tatton NA, A Maclean-Fraser, WG Tatton, DP Perl,
CW Olanow: A fluorescent double-labeling method to
detect and confirm apoptotic nuclei in Parkinson's disease.
Ann Neurol 44, S142-148 (1998)

54. Ziv 1, E Melamed: Role of apoptosis in the
pathogenesis of Parkinson's disease: A novel therapeutic
opportunity? Mov Disord 13, 865-70 (1998)

55. Jenner P, CW Olanow: Understanding cell death in
Parkinson's disease. Ann Neurol 44, S72-84 (1998)

56. Robbins JH: Parkinson's disease, twins, and the DNA-
damage hypothesis. Ann Neurol 21, 412 (1987)

57. Gavrieli Y, Y Sherman, SA Ben-Sasson: Identification
of programmed cell death in situ via specific labeling of



Alpha-synuclein-DNA interactions

nuclear DNA fragmentation. J Cell Biol 119, 493-501
(1992)

58. Gold R, M Schmied, G Giegerich, H Breitschopf, HP
Hartung, KV Toyka, H Lassmann: Differentiation between
cellular apoptosis and necrosis by the combined use of in
situ tailing and nick translation techniques. Lab Invest, 71,
219-225 (1994)

59. Anglade P, S Vyas, F Javoy-Agid, MT Herrero, PP
Michel, J Marquez, A Mouatt-Prigent, M Ruberg, EC
Hirsch, Y. Agid: Apoptosis and autophagy in nigral
neurons of patients with Parkinson's disease. Histol
Histopathol 12, 25-31 (1997)

60. Anglade P, S Vyas, EC Hirsch, Y Agid: Apoptosis in
dopaminergic neurons of the human substantia nigra during
normal aging. Histol Histopathol 12, 603-10 (1997)

61. Tompkins MM, EJ Basgall, E Zamrini, WD Hill:
Apoptotic-like changes in Lewy-body-associated disorders and
normal aging in substantia nigral neurons. Am J Pathol, 150,
119-131 (1997)

62. Olanow CW, P Jenner, D Brooks: Dopamine agonists and
neuroprotection in Parkinson's disease. Ann Neurol 44, S167-
174 (1998)

63. Tatton NA, HJ Rideout: Confocal microscopy as a tool to
examine DNA fragmentation, chromatin condensation and
other apoptotic changes in Parkinson's disease. Parkinsonism
Relat Disord 5, 179-186 (1999)

64. Hegde ML, VB Gupta, M Anitha, T Harikrishna, SK
Shankar, U Muthane, K Subba Rao, KS Jagannatha Rao:
Studies on genomic DNA topology and stability in brain
regions of Parkinson's disease. Arch Biochem Biophys 449,
143-156 (2006)

65. Suram A, KS Rao, KS Latha, MA. Viswamitra: First
evidence to show the topological change of DNA from B-
DNA to Z-DNA conformation in the hippocampus of
Alzheimer's brain. Neuromolecular Med 2, 289-297 (2002)

66. Kikuchi A, A Takeda, H Onodera, T Kimpara, K
Hisanaga, N Sato, A Nunomura, RJ Castellani, G Perry, MA
Smith, Y Itoyama: Systemic increase of oxidative nucleic acid
damage in Parkinson's disease and multiple system atrophy.
Neurobiol Dis 9, 244-8 (2002)

67. Nunomura A, S Chiba, K Kosaka, A Takeda, RJ
Castellani, MA Smith, G Perry: Neuronal RNA oxidation is a
prominent feature of dementia with Lewy bodies. Neuroreport
13, 2035-2039 (2002)

68. Ikebe S, M Tanaka, K Ohno, W Sato, K Hattori, T Kondo,
Y Mizuno, T Ozawa: Increase of deleted mitochondrial DNA
in the striatum in Parkinson's disease and senescence. Biochem
Biophys Res Commun 170, 1044-1048 (1990)

69. Ozawa T, M Tanaka, S Ikebe, K Ohno, T Kondo, Y
Mizuno:  Quantitative  determination  of  deleted

431

mitochondrial DNA relative to normal DNA in
parkinsonian striatum by a kinetic PCR analysis. Biochem
Biophys Res Commun 172, 483-489 (1990)

70. Zhang J, TJ Montine, MA Smith, SL Siedlak, G Gu, D
Robertson, G Perry: The mitochondrial common deletion in
Parkinson's disease and related movement disorders.
Parkinsonism Relat Disord 8, 165-170 (2002)

71. Hofer A, T Gasser: New aspects of genetic
contributions to Parkinson's disease. J Mol Neurosci 24,
417-424 (2004)

72. Calne DB , UK Rinne: Controversies in the
management of Parkinson's disease. Mov Disord 1, 159-
162 (1986)

73. Corti O, C Hampe, F Darios, P Ibanez, M Ruberg, A
Brice: Parkinson's disease: from causes to mechanisms. C R
Biol, 328, 131-142 (2005)

74. Farina E, SF Cappa, M Polimeni, E Magni, M Canesi,
A Zecchinelli, G Scarlato, C Mariani: Frontal dysfunction
in early Parkinson's disease. Acta Neurol Scand, 90, 34-38
(1994)

75. Calne S, B Schoenberg, W Martin, RJ Uitti, P Spencer,
DB Calne: Familial Parkinson's disease: possible role of
environmental factors. Can J Neurol Sci 14, 303-305
(1987)

76. Tanner CM, B Chen, W Wang, M Peng, Z Liu, X
Liang, LC Kao, DW Gilley, CG Goetz, BS Schoenberg:
Environmental factors and Parkinson's disease: a case-
control study in China. Neurology 39, 660-664 (1989)

77. Good PF, CW Olanow, DP Perl: Neuromelanin-
containing neurons of the substantia nigra accumulate iron
and aluminum in Parkinson's disease: a LAMMA study.
Brain Res 593, 343-346 (1992)

78. Yasui M, T Kihira, K Ota: Calcium, magnesium and
aluminum  concentrations in  Parkinson's  disease.
Neurotoxicology 13, 593-600 (1992)

79. Hertzman C, M Wiens, B Snow, S Kelly, D Calne: A
case-control study of Parkinson's disease in a horticultural
region of British Columbia. Mov Disord 9, 69-75 (1994)

80. Gorell JM, CC Johnson, BA Rybicki, EL Peterson, GX
Kortsha, GG Brown, RJ Richardson: Occupational
exposure to manganese, copper, lead, iron, mercury and
zinc and the risk of Parkinson's disease. Neurotoxicology
20, 239-247 (1999)

81. Altschuler E: Aluminum-containing antacids as a cause
of idiopathic Parkinson's disease. Med Hypotheses 53, 22-
23 (1999)

82. Le Couteur DG, AJ McLean, MC Taylor, BL
Woodham, PG Board: Pesticides and Parkinson's disease.
Biomed Pharmacother 53, 122-130 (1999)



Alpha-synuclein-DNA interactions

83. Hegde ML, P Shanmugavelu, B Vengamma, TS Rao,
RB Menon, RV Rao, KS Rao: Serum trace element levels
and the complexity of inter-element relations in patients
with Parkinson's disease. J Trace Elem Med Biol 18, 163-
171 (2004)

84. Pande MB, P Nagabhushan, ML Hegde, TS Rao, KS
Rao: An algorithmic approach to understand trace
elemental homeostasis in serum samples of Parkinson
disease. Comput Biol Med 35, 475-493 (2005)

85. Gupta VB, S Anitha, ML Hegde, L Zecca, RM Garruto,
R Ravid, SK Shankar, R Stein, P Shanmugavelu, KS
Jagannatha Rao: Aluminium in Alzheimer's disease: are we
still at a crossroad? Cell Mol Life Sci 62, 143-158 (2005)

86. Hegde ML, Bharathi, S Anitha, C Venugopal, R
Jagannathan, P Poddar, P Srinivas, K Sambamurti KSJ Rao, J
Scancar, L Messori, L Zecca, P Zatta. Challenges Associated
With Metal Chelation Therapy in Alzheimer’s Disease. J.
Alzheimer Dis In Press, (2009)

87. Shanmugavelu P, TSS Rao, ML Hegde, MS Mustak, RB
Menon, RV Rao, KSJ Rao. Altered trace elemental
homeostasis in neurodegenerative  (Alzheimer’s and
Parkinson’s) and neuropsychiatric (bipolar) disorder’ In.
Neurodegenerative diseases: Alzheimer’s disease (Abs). J
Neurochem 88, 49 (2004)

88. Fernandez M, L Villalonga Mde, A Fragoso, R Cao, R
Villalonga:  Stabilization of alpha-chymotrypsin by
modification with beta-cyclodextrin derivatives. Biotechnol
Appl Biochem 36, 235-9 (2002)

89. George JM: The synucleins. Genome Biol 3, REVIEWS
3002.1-3002.6 (2002)

90. Conway KA, JD Harper, PT Lansbury, Jr.: Fibrils formed
in vitro from alpha-synuclein and two mutant forms linked to
Parkinson's disease are typical amyloid. Biochemistry 39,
2552-2563 (2000)

91. El-Agnaf OM, R Jakes, MD Curran, A Wallace: Effects of
the mutations Ala30 to Pro and Ala53 to Thr on the physical
and morphological properties of alpha-synuclein protein
implicated in Parkinson's disease. FEBS Lett 440, 67-70 (1998)

92. Polymeropoulos MH, C Lavedan, E Leroy, SE Ide, A
Dehejia, A Dutra, B Pike, H Root, J Rubenstein, R Boyer, ES
Stenroos, S Chandrasekharappa, A Athanassiadou, T
Papapetropoulos, WG Johnson, AM Lazzarini, RC Duvoisin,
G Di lorio, L I Golbe, RL Nussbaum: Mutation in the alpha-
synuclein gene identified in families with Parkinson's disease.
Science, 276, 2045-2047 (1997)

93. Kruger R, W Kuhn, T Muller, D Woitalla, M Graeber, S
Kosel, H Przuntek, JT Epplen, L Schols, O Riess: Ala30Pro
mutation in the gene encoding alpha-synuclein in Parkinson's
disease. Nat Genet 18, 106-108 (1998)

94. Zarranz 1J, J Alegre, JC Gomez-Esteban, E Lezcano, R
Ros, I Ampuero, L Vidal, J] Hoenicka, O Rodriguez, B

432

Atares, V Llorens, E Gomez Tortosa, T del Ser, DG
Munoz, JG de Yebenes: The new mutation, E46K, of
alpha-synuclein causes Parkinson and Lewy body
dementia. Ann Neurol 55,164-173 (2004)

95. Vogel G: Gene discovery offers tentative clues to
Parkinson's. Science 276, 1973 (1997)

96. Heintz NH: Phosphorylation of proteins that regulate
the cell cycle and cancer: an international perspective. Jpn
J Clin Oncol 27, 288 (1997)

97. Trojanowski JQ, VM Lee: Parkinson's disease and
related neurodegenerative synucleinopathies linked to
progressive accumulations of synuclein aggregates in
brain. Parkinsonism Relat Disord 7, 247-251 (2001)

98. Lippa CF, H Fujiwara, DM Mann, B Giasson, M
Baba, ML Schmidt, LE Nee, B O'Connell, DA Pollen, P
St George-Hyslop, B Ghetti, D Nochlin, TD Bird, NJ
Cairns, VM Lee, T Iwatsubo, JQ Trojanowski: Lewy
bodies contain altered alpha-synuclein in brains of many
familial Alzheimer's disease patients with mutations in
presenilin and amyloid precursor protein genes. Am J
Pathol 153, 1365-70 (1998)

99. Irizarry MC, W Growdon, T Gomez-Isla, K Newell,
IJM George, DF Clayton, BT Hyman: Nigral and cortical
Lewy bodies and dystrophic nigral neurites in
Parkinson's disecase and cortical Lewy body disease
contain alpha-synuclein immunoreactivity. J
Neuropathol Exp Neurol 57, 334-337 (1998)

100. Lippa CF, ML Schmidt, VM Lee, JQ Trojanowski:
Antibodies to alpha-synuclein detect Lewy bodies in
many Down's syndrome brains with Alzheimer's disease.
Ann Neurol 45,353-357 (1999)

101. Mezey E, A Dehejia, G Harta, MI Papp, MH
Polymeropoulos, MJ Brownstein: Alpha synuclein in
neurodegenerative disorders: murderer or accomplice?
Nat Med 4, 755-757 (1998)

102. Spillantini MG, RA Crowther, R Jakes, M
Hasegawa, M Goedert: alpha-Synuclein in filamentous
inclusions of Lewy bodies from Parkinson's disease and
dementia with lewy bodies. Proc Natl Acad Sci U S 4 95,
6469-6473 (1998)

103. Takeda A, M Hashimoto, M Mallory, M Sundsumo,
L Hansen, A Sisk, E Masliah: Abnormal distribution of
the non-Abeta component of Alzheimer's disease
amyloid precursor/alpha-synuclein in Lewy body disease
as revealed by proteinase K and formic acid
pretreatment. Lab Invest 78, 1169-1177 (1998)

104. Wakabayashi K, K Matsumoto K Takayama, M
Yoshimoto, H Takahashi: NACP, a presynaptic protein,
immunoreactivity in Lewy bodies in Parkinson's disease.
Neurosci Lett 239, 45-48 (1997)



Alpha-synuclein-DNA interactions

105. Clayton DF, JM George: The synucleins: a family of
proteins involved in synaptic function, plasticity,
neurodegeneration and disease. Trends Neurosci 21, 249-
254 (1998)

106. George JM, H lJin, WS Woods, DF Clayton:
Characterization of a novel protein regulated during the
critical period for song learning in the zebra finch. Neuron
15, 361-372 (1995)

107. Segrest JP, MK Jones, H De Loof, CG Brouillette, YV
Venkatachalapathi, GM Anantharamaiah: The amphipathic
helix in the exchangeable apolipoproteins: a review of
secondary structure and function. J Lipid Res 33, 141-166
(1992)

108. Segrest JP, H De Loof, JG Dohlman, CG Brouillette, GM
Anantharamaiah: Amphipathic helix motif: classes and
properties. Proteins 8, 103-117 (1990)

109. Perrin RJ, WS Woods, DF Clayton, JM George:
Interaction of human alpha-Synuclein and Parkinson's disease
variants with phospholipids. Structural analysis using site-
directed mutagenesis. J Biol Chem 275, 34393-34398 (2000)

110. Davidson WS, A Jonas, DF Clayton, JM George:
Stabilization of alpha-synuclein secondary structure upon
binding to synthetic membranes. J Biol Chem, 273, 9443-9449
(1998)

111. Bussell R Jr, D Eliezer: A structural and functional role
for 11-mer repeats in alpha-synuclein and other exchangeable
lipid binding proteins. J Mol Biol 329, 763-778 (2003)

112. Chandra S, X Chen, J Rizo, R Jahn, TC Sudhof: A broken
alpha -helix in folded alpha -Synuclein. J Biol Chem 278,
15313-15318 (2003)

113. Eliezer D, E Kutluay, R Bussell Jr, G Browne:
Conformational properties of alpha-synuclein in its free and
lipid-associated states. J Mol Biol 307, 1061-1073 (2001)

114. Li X, P Romero, M Rani, AK Dunker, Z Obradovic:
Predicting Protein Disorder for N-, C-, and Internal Regions.
Genome Inform Ser Workshop Genome Inform 10, 30-40
(1999)

115. Perrin RJ, WS Woods, DF Clayton, JM George:
Exposure to long chain polyunsaturated fatty acids triggers
rapid multimerization of synucleins. J Biol Chem 276, 41958-
41962 (2001)

116. Cole NB, DD Murphy, T Grider, S Rueter, D Brasaemle,
RL Nussbaum: Lipid droplet binding and oligomerization
properties of the Parkinson's disease protein alpha-synuclein. J
Biol Chem 277, 6344-6352 (2002)

117. Jo E, J McLaurin, CM Yip, P St George-Hyslop, PE
Fraser: alpha-Synuclein membrane interactions and lipid
specificity. J Biol Chem 275, 34328-34334 (2000)

433

118. Lee MK, W Stirling, Y Xu, X Xu, D Qui, AS Mandir,
TM Dawson, NG Copeland, NA Jenkins, DL Price: Human
alpha-synuclein-harboring familial Parkinson's disease-
linked Ala-53 --> Thr mutation causes neurodegenerative
disease with alpha-synuclein aggregation in transgenic
mice. Proc Natl Acad Sci U S 4 99, 8968-8973 (2002)

119. Munishkina, LA, C Phelan, VN Uversky, AL Fink:
Conformational behavior and aggregation of alpha-
synuclein in organic solvents: modeling the effects of
membranes. Biochemistry 42, 2720-2730 (2003)

120. Feany MB, WW Bender: A Drosophila model of
Parkinson's disease. Nature 404, 394-398 (2000)

121. Masliah E, E Rockenstein: Genetically altered
transgenic models of Alzheimer's disease. J Neural Transm
Suppl 59, 175-183 (2000)

122. Hegde ML, S Anitha, KSJ Rao: Are monomer-
oligomer-aggregates of amyloidogenic peptides toxic
species in neurodegeneration? A new experimental
evidence (Abs). Neurobiol Aging 25, 170 (2004)

123. Yamada M, T Iwatsubo, Y Mizuno, H.Mochizuki:
Overexpression of alpha-synuclein in rat substantia nigra
results in loss of dopaminergic neurons, phosphorylation of
alpha-synuclein and activation of caspase-9: resemblance to
pathogenetic changes in Parkinson's disease. J Neurochem
91, 451-461 (2004)

124. Chesselet MF: In vivo alpha-synuclein overexpression
in rodents: a useful model of Parkinson's disease? Exp
Neurol 209, 22-27 (2008)

125. Lucking CB, A Brice: Alpha-synuclein and
Parkinson's disease. Cell Mol Life Sci 57, 1894-1908
(2000)

126. Ostrerova N, L Petrucelli, M Farrer, N Mehta, P Choi,
J Hardy, B Wolozin: alpha-Synuclein shares physical and
functional homology with 14-3-3 proteins. J Neurosci 19,
5782-5791 (1999)

127. Hsu LJ, M Mallory, Y Xia, I Veinbergs, M
Hashimoto, M Yoshimoto, LJ Thal, T Saitoh, E Masliah:
Expression pattern of synucleins (non-Abeta component of
Alzheimer's disease amyloid precursor protein/alpha-
synuclein) during murine brain development. J Neurochem
71, 338-344 (1998)

128. Bayer TA, P Jakala, T Hartmann, R Egensperger, R
Buslei, P Falkai, K Beyreuther: Neural expression profile
of alpha-synuclein in developing human cortex.
Neuroreport 10, 2799-2803 (1999)

129. Stefanis L, N Kholodilov, HJ Rideout, RE Burke, LA
Greene: Synuclein-1 is selectively up-regulated in response
to nerve growth factor treatment in PC12 cells. J
Neurochem 76, 1165-1176 (2001)



Alpha-synuclein-DNA interactions

130. Jenco JM, A Rawlingson, B Daniels, AJ Morris:
Regulation of phospholipase D2: selective inhibition of
mammalian phospholipase D isoenzymes by alpha- and
beta-synucleins. Biochemistry 37, 4901-4909 (1998)

131. Klein J, R Lindmar, K Loffelholz: Muscarinic
activation of phosphatidylcholine hydrolysis. Prog Brain
Res 109, 201-208 (1996)

132. Murphy DD, SM Rueter, JQ Trojanowski, VM Lee:
Synucleins are developmentally expressed, and alpha-
synuclein regulates the size of the presynaptic vesicular
pool in primary hippocampal neurons. J Neurosci 20, 3214-
3220 (2000)

133. Cole NB, DD Murphy: The cell biology of alpha-
synuclein: a sticky problem? Neuromolecular Med 1, 95-
109 (2002)

134. Dev, K. K., K. Hofele, S. Barbieri, V. L. Buchman & H.
van der Putten: Part II: alpha-synuclein and its molecular
pathophysiological role in neurodegenerative disease.
Neuropharmacology, 45, 14-44 (2003)

135. Kalra S, C Bergeron, AE Lang: Lewy body disease and
dementia. A review. Arch Intern Med 156, 487-493 (1996)

136. Gomez-Tortosa E, AO Ingraham, MC Irizarry, BT
Hyman: Dementia with Lewy bodies. J Am Geriatr Soc 46,
1449-1458 (1998)

137. Tsuboi Y, H Uchikado, DW Dickson: Neuropathology of
Parkinson's disease dementia and dementia with Lewy bodies
with reference to striatal pathology. Parkinsonism Relat Disor
13 Suppl 3, S221-224 (2007)

138. Pletnikova O, N West, MK Lee, GL Rudow, RL
Skolasky, TM Dawson, L Marsh, JC Troncoso: Abeta
deposition is associated with enhanced cortical alpha-synuclein
lesions in Lewy body diseases. Neurobiol Aging 26, 1183-
1192 (2005)

139. Lavedan C: The synuclein family. Genome Res 8, 871-
880 (1998)

140. Galvin JE, TM Schuck, VM Lee, JQ Trojanowski:
Differential expression and distribution of alpha-, beta-, and
gamma-synuclein in the developing human substantia nigra.
Exp Neurol 168, 347-355 (2001)

141. Petersen K, OF Olesen, JD Mikkelsen: Developmental
expression of alpha-synuclein in rat hippocampus and cerebral
cortex. Neuroscience 91, 651-659 (1999)

142. Vila M, S Vukosavic, V Jackson-Lewis, M Neystat, M
Jakowec, S Przedborski: Alpha-synuclein up-regulation in
substantia  nigra  dopaminergic  neurons  following
administration of the parkinsonian toxin MPTP. J Neurochem
74, 721-729 (2000)

143. Hashimoto M, M Yoshimoto, A Sisk, LJ Hsu, M
Sundsmo, A Kittel, T Saitoh, A Miller, E Masliah: NACP,

434

a synaptic protein involved in Alzheimer's disease, is
differentially regulated during megakaryocyte
differentiation. Biochem Biophys Res Commun 237, 611-
616 (1997)

144. Schneider BL, CR Seehus, EE Capowski, P
Aebischer, SC Zhang, CN Svendsen: Over-expression of
alpha-synuclein in human neural progenitors leads to
specific changes in fate and differentiation. Hum Mol Genet
16, 651-666 (2007)

145. Mori F, K Tanji, M Yoshimoto, H Takahashi, K
Wakabayashi: Immunohistochemical comparison of alpha-
and beta-synuclein in adult rat central nervous system.
Brain Res 941, 118-126 (2002)

146. Specht CG, CM Tigaret, GF Rast, A Thalhammer, Y
Rudhard, R Schoepfer: Subcellular localisation of
recombinant alpha- and gamma-synuclein. Mol Cell
Neurosci 28, 326-334 (2005)

147. Yu S, X Zuo, Y Li, C Zhang, M Zhou, YA Zhang, K
Ueda, P Chan: Inhibition of tyrosine hydroxylase
expression in alpha-synuclein-transfected dopaminergic
neuronal cells. Neurosci Lett 367, 34-39 (2004)

148. Yu S, X Li, G Liu, J Han, C Zhang, Y Li, S Xu, C Liu,
Y Gao, H Yang, K Ueda, P Chan: Extensive nuclear
localization of alpha-synuclein in normal rat brain neurons
revealed by a novel monoclonal antibody. Neuroscience
145, 539-555 (2007)

149. Torrisi MR, LV Lotti, A Pavan, G Migliaccio, S
Bonatti: Free diffusion to and from the inner nuclear
membrane of newly synthesized plasma membrane
glycoproteins. J Cell Biol 104, 733-737 (1987)

150. Baptista MJ, C O'Farrell, S Daya, R Ahmad, DW
Miller, J Hardy, MJ Farrer, MR Cookson: Co-ordinate
transcriptional regulation of dopamine synthesis genes by
alpha-synuclein in human neuroblastoma cell lines. J
Neurochem 85, 957-968 (2003)

151. Kontopoulos E, JD Parvin, MB Feany: Alpha-
synuclein acts in the nucleus to inhibit histone acetylation

and promote neurotoxicity. Hum Mol Genet 15, 3012-3023
(2006)

152. Migliore L, L Petrozzi, C Lucetti, G Gambaccini, S
Bernardini, R Scarpato, F Trippi, R Barale, G Frenzilli, V
Rodilla, U Bonuccelli: Oxidative damage and cytogenetic
analysis in leukocytes of Parkinson's disease patients.
Neurology 58, 1809-1815 (2002)

153. Tabner BJ, S Turnbull, OM El-Agnaf, D Allsop:
Formation of hydrogen peroxide and hydroxyl radicals
from A (beta) and alpha-synuclein as a possible mechanism
of cell death in Alzheimer's disease and Parkinson's
disease. Free Radic Biol Med 32, 1076-1083 (2002)

154. Martin FL, SJ Williamson, KE Paleologou, R Hewitt,
OM El-Agnaf, D Allsop: Fe (II)-induced DNA damage in



Alpha-synuclein-DNA interactions

alpha-synuclein-transfected human dopaminergic BE (2)-
M17 neuroblastoma cells: detection by the Comet assay. J
Neurochem 87, 620-630 (2003)

155. Hegde ML, S Anitha, KS Latha, MS Mustak, R Stein,
R Ravid, KS Rao: First evidence for helical transitions in
supercoiled DNA by amyloid Beta Peptide (1-42) and
aluminum: a new insight in understanding Alzheimer's
disease. J Mol Neurosci 22, 19-31 (2004)

156. Suram A, ML Hegde, KS Rao: A new evidence for
DNA nicking property of amyloid beta-peptide (1-42):
relevance to Alzheimer's disease. Arch Biochem Biophys
463, 245-252 (2007)

157. Uversky VN, J Li, AL Fink: Metal-triggered structural
transformations, aggregation, and fibrillation of human
alpha-synuclein. A possible molecular NK between
Parkinson's disease and heavy metal exposure. J Biol Chem
276, 44284-44296 (2001)

158. Grabenauer M, SL Bernstein, JC Lee, T Wyttenbach,
NF Dupuis, HB Gray, JR. Winkler, MT Bowers: Spermine
binding to Parkinson's protein alpha-synuclein and its
disease-related A30P and AS3T mutants. J Phys Chem B
112, 11147-11154 (2008)

159. Uversky VN, J Li, AL Fink: Evidence for a partially
folded intermediate in alpha-synuclein fibril formation. J
Biol Chem 276, 10737-10744 (2001)

160. Fink AL: Compact intermediate states in protein
folding. Annu Rev Biophys Biomol Struct 24, 495-522
(1995)

161. Wetzel R: For protein misassembly, it's the "I'" decade.
Cell, 86, 699-702 (1996)

162. Uversky VN, J Li, AL Fink: Trimethylamine-N-oxide-
induced folding of alpha-synuclein. FEBS Lett 509, 31-35
(2001)

163. Zecca L, A Stroppolo, A Gatti, D Tampellini, M
Toscani, M Gallorini, G Giaveri, P Arosio, P
Santambrogio, RG Fariello, E Karatekin, MH Kleinman, N
Turro, O Hornykiewicz, FA Zucca: The role of iron and
copper molecules in the neuronal vulnerability of locus
coeruleus and substantia nigra during aging. Proc Natl
Acad Sci US 4101, 9843-9848 (2004)

164. Zecca L, MB Youdim, P Riederer, JR Connor, RR
Crichton: Iron, brain ageing and neurodegenerative
disorders. Nat Rev Neurosci 5, 863-873 (2004)

165. Gotz ME, K Double, M Gerlach, MB Youdim, P
Riederer: The relevance of iron in the pathogenesis of
Parkinson's disease. Ann N Y Acad Sci 1012, 193-208
(2004)

166. Dexter DT, A Carayon, M Vidailhet, M Ruberg, F
Agid, Y Agid, AJ Lees, FR Wells, P Jenner, CD Marsden:

435

Decreased ferritin levels in brain in Parkinson's disease. J
Neurochem 55, 16-20 (1990)

167. Gabus C, S Auxilien, C Pechoux, D Dormont, W
Swietnicki, M Morillas, W Surewicz, P Nandi, JL Darlix:
The prion protein has DNA strand transfer properties
similar to retroviral nucleocapsid protein. J Mol Biol 307,
1011-1021 (2001)

168. Nandi PK: Polymerization of human prion peptide
HuPrP 106-126 to amyloid in nucleic acid solution. Arch
Virol 143, 1251-1263 (1998)

169. Ahn BW, DU Song, YD Jung, KO Chay, MA Chung,
SY Yang, BA Shin: Detection of beta-amyloid peptide
aggregation using DNA electrophoresis. Anal Biochem 284,
401-405 (2000)

170. Jang JH, YJ Surh: beta-Amyloid induces oxidative
DNA damage and cell death through activation of c-Jun N
terminal kinase. Ann N Y Acad Sci 973, 228-236 (2002)

171. Kampers T, P Friedhoff, J Biernat, EM Mandelkow, E
Mandelkow: RNA stimulates aggregation of microtubule-
associated protein tau into Alzheimer-like paired helical
filaments. FEBS Lett 399, 344-349 (1996)

172. Nandi PK, E Leclerc, JC Nicole, M Takahashi: DNA-
induced partial unfolding of prion protein leads to its
polymerisation to amyloid. J Mol Biol 322, 153-161 (2002)

173. Nandi PK, E Leclerc: Polymerization of murine
recombinant prion protein in nucleic acid solution. Arch
Virol 144, 1751-1763 (1999)

174. Cordeiro Y, F Machado, L Juliano, MA Juliano, RR
Brentani, D Foguel, JL Silva: DNA converts cellular prion
protein into the beta-sheet conformation and inhibits prion
peptide aggregation. J Biol Chem 276, 49400-49409 (2001)

175. Gabus C, E Derrington, P Leblanc, J] Chnaiderman, D
Dormont, W Swietnicki, M Morillas, WK Surewicz, D
Marc, P Nandi, JL Darlix: The prion protein has RNA
binding and chaperoning properties characteristic of
nucleocapsid protein NCP7 of HIV-1. J Biol Chem 276,
19301-19309 (2001)

176. Gupta VB, ML Hegde, KS Rao: Role of protein
conformational dynamics and DNA integrity in relevance
to neuronal cell death in neurodegeneration. Curr
Alzheimer Res 3,297-309 (2006)

177. Rao KS, ML Hegde, S Anitha, M Musicco, FA Zucca,
NJ Turro, L Zecca: Amyloid beta and neuromelanin--toxic
or protective molecules? The cellular context makes the
difference. Prog Neurobiol 78, 364-373 (2006)

178. Weinreb PH, W Zhen, AW Poon, KA Conway, PT
Lansbury Jr,.: NACP, a protein implicated in Alzheimer's
disease and learning, is natively unfolded. Biochemistry 35,
13709-13715 (1996)



Alpha-synuclein-DNA interactions

179. Uversky VN: Natively unfolded proteins: a point
where biology waits for physics. Protein Sci 11, 739-756
(2002)

180. Uversky VN, JR Gillespie, AL Fink: Why are
"natively  unfolded" proteins  unstructured under
physiologic conditions? Proteins 41, 415-427 (2000)

181. Uversky VN: What does it mean to be natively
unfolded? Eur J Biochem 269, 2-12 (2002)

182. Crowther RA, R Jakes, MG Spillantini, M.Goedert:
Synthetic filaments assembled from C-terminally truncated
alpha-synuclein. FEBS Lett 436, 309-312 (1998)

183. Wood SJ, J Wypych, S Steavenson, JC Louis, M
Citron, AL Biere: alpha-synuclein fibrillogenesis is
nucleation-dependent. Implications for the pathogenesis of
Parkinson's disease. J Biol Chem 274, 19509-19512 (1999)

184. Giasson BI, K Uryu, JQ Trojanowski, VM Lee:
Mutant and wild type human alpha-synucleins assemble
into elongated filaments with distinct morphologies in
vitro. J Biol Chem 274, 7619-7622 (1999)

185. Narhi L, SJ Wood, S Steavenson, Y Jiang, GM Wu, D
Anafi, SA Kaufman, F Martin, K Sitney, P Denis, JC
Louis, J Wypych, AL Biere, M Citron: Both familial
Parkinson's disease mutations accelerate alpha-synuclein
aggregation. J Biol Chem 274, 9843-9846 (1999)

186. Serpell LC, J Berriman, R Jakes, M Goedert, RA
Crowther: Fiber diffraction of synthetic alpha-synuclein
filaments shows amyloid-like cross-beta conformation.
Proc Natl Acad Sci U S 4 97, 4897-4902 (2000)

187. Li J, VN Uversky, AL Fink: Effect of familial
Parkinson's disease point mutations A30P and A53T on the
structural properties, aggregation, and fibrillation of human
alpha-synuclein. Biochemistry 40, 11604-11613 (2001)

188. Hoyer W, T Antony, D Cherny, G Heim, TM Jovin, V
Subramaniam: Dependence of alpha-synuclein aggregate
morphology on solution conditions. J Mol Biol 322, 383-
393 (2002)

189. Lee HG, X Zhu, A Takeda, G Perry, MA Smith:
Emerging evidence for the neuroprotective role of alpha-
synuclein. Exp Neurol 200, 1-7 (2006)

190. Lee HG, RB Petersen, X Zhu, K Honda, G Aliev, MA
Smith, G Perry: Will preventing protein aggregates live up
to its promise as prophylaxis against neurodegenerative
diseases? Brain Pathol 13, 630-8 (2003)

191. Hashimoto M, LJ Hsu, E Rockenstein, T Takenouchi,
M Mallory, E Masliah: alpha-Synuclein protects against
oxidative stress via inactivation of the c-Jun N-terminal
kinase stress-signaling pathway in neuronal cells. J Biol
Chem 277, 11465-11472 (2002)

436

192. Masliah E, E Rockenstein, I Veinbergs, M Mallory, M
Hashimoto, A Takeda, Y Sagara, A Sisk, L Mucke:
Dopaminergic loss and inclusion body formation in alpha-
synuclein mice: implications for neurodegenerative
disorders. Science 287, 1265-1269 (2000)

193. Matsuoka Y, M Vila, S Lincoln, A McCormack, M
Picciano, J LaFrancois, X Yu, D Dickson, WJ Langston, E
McGowan, M Farrer, J Hardy, K Duff, S Przedborski, DA
Di Monte: Lack of nigral pathology in transgenic mice
expressing human alpha-synuclein driven by the tyrosine
hydroxylase promoter. Neurobiol Dis 8, 535-539 (2001)

194. Ostrerova-Golts N, L Petrucelli, ] Hardy, JM Lee, M
Farer, B Wolozin: The AS53T alpha-synuclein mutation
increases iron-dependent aggregation and toxicity. J
Neurosci 20, 6048-6054 (2000)

195. Manning-Bog, AB, AL McCormack, MG Purisai, LM
Bolin, DA Di Monte: Alpha-synuclein overexpression
protects against paraquat-induced neurodegeneration. J
Neurosci 23, 3095-3099 (2003)

196. Hasegawa T, M Matsuzaki, A Takeda, A Kikuchi, H
Akita, G Perry, MA Smith & Y. Itoyama: Accelerated
alpha-synuclein aggregation after differentiation of SH-
SY5Y neuroblastoma cells. Brain Res, 1013, 51-59 (2004)

197. Matsuzaki M, T Hasegawa, A Takeda, A Kikuchi, K
Furukawa, Y Kato, Y Itoyama: Histochemical features of
stress-induced aggregates in alpha-synuclein
overexpressing cells. Brain Res 1004, 83-90 (2004)

198. Rathke-Hartlieb S, PJ Kahle, M Neumann, L Ozmen,
S Haid, M Okochi, C Haass, JB Schulz: Sensitivity to
MPTP is not increased in Parkinson's disease-associated
mutant alpha-synuclein transgenic mice. J Neurochem 77,
1181-1184 (2001)

Abbreviations: PD: Parkinson’s disease, AD: Alzheimer’s
disease, LBs: Lewy bodies, SN: substantia nigra, 8-OHdG:
8-hydroxy -2’-deoxyguanosine, NAC: non-amyloid
component of beta-amyloid precursor protein, MPTP: 1-
methyl-4-phenyl-1,2,3,6-tetrahydropiridine, CD: Circular
dichroism

disease,
interaction,

Key Words: Alpha-Synuclein, Parkinson’s
Neurodegeneration, Alpha-Synuclein-DNA
alpha-Synuclein conformation, Review

Send correspondence to: Kosagi Sharaf Jagannatha Rao,
Scientist, Department of Biochemistry and Nutrition,
Central Food Technological Research Institute (CFTRI),
Mysore-570020, India, Tel: 091-821-2514876, Fax: 091-
821-2517233, E-mail:kjrSn@yahoo.co.in

http://lwww.bioscience.org/current/vol15.htm



