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ABSTRACT OF THE THESIS 

 

The progressive loss of structure and function of neurons is the final consequence of the 

all neurodegenerative diseases like Parkinson’s disease (PD). Genomic integrity is 

essential for the proper functioning of the neuronal cell and altered genomic integrity 

lead to neurodegeneration. DNA in eukaryotic cell is arranged in the form of compactly 

condensed state known as chromatin. Chromatin organization was a dynamic process 

occurring in the living cells by continuously opening and reorganizing according to the 

cellular needs. Chromatin organization plays an important role in regulation of the gene 

expression. Chromatin organization was altered in Parkinson’s disease. Histone H3 was 

acetylated in all the PD chromatin samples compared to 50% of histone acetylation 

levels in the control sample. DNA methylation was more in PD DNA compared to that 

of control. Micrococcal nuclease digestion revealed that looser chromatin loops were 

present in PD chromatin compared to control. The levels of 8-OHdG (Oxidative DNA 

damage biomarker) were increased in PD patients compared to control indicating more 

genotoxicity in brain cells. MRI analysis of PD patients brain showed atrophy in 

caudate nucleus, thalamus, hippocampus and substantia nigra regions compared to 

control. Trace metals like Fe and Cu were increased, while Zn levels were decreased in 

aging brain. Single strand breaks and double strand breaks were accumulated in frontal 

cortex and hippocampus of aging brain. Neuroproteins like α-synuclein, tau and 

neuromelanin were involved in the pathogenesis of PD. As these neuroproteins are 

localized in the nuclear region, they may have a role in nuclear functions. We showed 

that α-synuclein, Tau and neuromelanin bound to supercoiled DNA and nick the DNA 

like endonuclease. These neuroproteins altered the DNA integrity indicating their 

genotoxic role. α-synuclein and Tau bind to conformation and sequence specific 

oligonucleotides of both in B-DNA and biologically significant Z-form. Curcumin, a 

dietary polyphenol is the principle component of the rhizome (turmeric) of the herb 

Curcuma longa. Curcumin altered chromatin organization and destabilized the 

chromatin. Curcumin binds to DNA and altered DNA integrity. Curcumin also 

destabilized the Tau-DNA, α-synuclein-DNA complexes. The present investigation 

provides a new evidence on the pathological mechanism in PD.  
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rDNA   Ribosomal DNA 

REST   Repressor element-1 silencing transcription factor 

ROS   Reactive oxygen species 

SAM   S-adenosyl methionine 

scDNA  Supercoiled DNA 

SD   Standard deviation 

SDS   Sodium dodyceyl sulphase 

SN   Substantia nigra 

SNCA   α-synuclein gene 

SNpc   Substantia nigra pars compacta 

SOD   Superoxide dismutase 

SSB   Single-strand breaks 

ssDNA   Single stranded DNA 

TAMO   Trimethylamine-N-oxide 

TEM   Transmission electron microscopy 

THC   Tetrahydrocurcumin 

TMB   3,3',5,5'-tetramethylbenzidine 

TNF   Tumour necrosis factor 

UPDRS  Unified Parkinson’s Disease Rating Scale 

Zn   Zinc 
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Synopsis of the thesis submitted to the University of Mysore for the 

award of PhD degree under the faculty of Biochemistry 

 
 

Title of the thesis: Studies on chromatin organization and the role of 

curcumin in chromatin stability in relevance to neurodegeneration 

 
Candidate : P.Vasudeva Raju 

 
Aging is a universal and inevitable phenomenon characterized by slow progressive 

change in structures and a decline in functions observed in an individual. Aging brain is 

associated with increased susceptibility to neuronal loss. Studies to interplay between 

aging and age related brain disorders are of great interest. Along with aging, risk factors 

like aggregation of modified proteins, disturbance in ion homeostasis, protein and DNA 

modification, oxidative stress are implicated in age related neurodegeneration. DNA is 

the critical molecular target primarily because it is subjected to minimal turnover in non-

dividing cells and cell contains only one or two copies of DNA sequences that code for 

the essential genes. Genomic integrity is essential and any change or damage in DNA 

molecule whether in terms of sequence or handedness, affect the transcriptional fidelity 

and has an impact in the gene expression. There is limited information on damage or 

alteration of the conformation of DNA in normal aging and age related disorders. DNA is 

subjected to such kind of damage by both exogenous and endogenous events. The 

damage to DNA molecule is observed in the form of modified bases, single and double 

strand breaks, DNA-protein cross links and DNA topological changes. The role of DNA 

damage in aging process has gained importance with increasing evidence of DNA 

damage in aging brain and age related neurological disorders. Accumulated DNA 

fragmentation is observed in normal aging and neurodegenerative diseases. There are 

studies on DNA damage and repair mechanisms in aging brain in animal models. 

Transcriptional efficiency is decreased in old rats when compared to adult rats. DNA 

repair activity is decreased in aging process and repair defects may contribute to 

neurological diseases. Suram et al reported a B-Z transition in the severely affected 

hippocampus region of Alzheimer’s disease (AD) brain. Z-DNA is further known to be 
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involved in the regulation of gene expression. Hedge et al reported that Aβ induces B-ψ 

transition in supercoiled DNA. Ψ-DNA is structurally and immunologically similar to Z-

DNA. The major risk factors of AD, amyloid beta (Aβ) and tau had been reported to be 

localized in the nucleus and can able to bind DNA molecule. Advanced glycation end 

products (AGEs) are increased in the brain regions which prone to neurodegeneration. In 

AD, neuritic plaques and neurofibrillary tangles have been demonstrated to crosslink with 

AGEs causing an increased rate of free radical production. Dietary components like 

curcumin, a natural pigment showed neuroprotective effects depending on cell type and 

concentration. Curcumin is reported to inhibit the plasmid DNA and chromatin 

degradation. There are limited studies in understanding the role of curcumin derivatives, 

which can stabilize DNA.  Following are aims to be studied in brain and cell culture 

system 

 

Objectives: 

1. To study the Chromatin organization in normal and neurodegenerative brain and the 

role of curcumin in chromatin stability (chapter 2A and 2B) .  

2. To study genotoxicity brain cells and prevention by curcumin (Chapter 3A and 3B).   

3. To understand the molecular mechanism of sequence specific oligonucleotide and 

DNA binding of neuropeptides, curcumin and Actinomycin D (Chapter 4A, 4B, 4C, 4D, 

4E and 2A) 

 

Chapter 1: General introduction  

This chapter deals with Introduction on etiology and complex pathology of Parkinson 

disease. The chapter deals in depth with regard to Synuclein biology,   aggregation and 

toxicity.  The chapter also deals with DNA stability in PD brain and also role of metals in 

genomic instability. Chapter has focused discussion on neuropeptide-DNA interactions in 

relevance to neurodegeneration. The chapter also deals with Curcumin role in 

neurodegeneration. The chapter ends with objectives of the thesis. 
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Chapter 2:  studies on the chromatin organization in parkinson’s disease and the 

role of curcumin on chromatin organization, tau-DNA interactions and αααα-synuclein-

DNA interactions. 

 

Chapter 2A: chromatin organization in Parkinson’s disease. 

Chromatin organization in normal and neurodegenerative brain was analysed. We found 

the following significant findings. Chromatin was isolated from 20 PD and 20 control 

aged matched brain regions. DNA isolated from the chromatin is in B-form in normal 

brain, while it is in modified B-form in Parkinson’s disease brain. Stability studies 

showed that chromatin is destabilized in Parkinson’s disease brain.  Studies also 

conducted to characterize chromatin from PD and normal brain. The studies include 

Micrococcal nuclease digestion, Histone modifications (acetylation of H3), DNA 

methylation. Micrococcal nuclease digestion revealed that PD chromatin was more 

sensitive to digestion compared to that of control. Histone H3 was acetylated in all the 

PD chromatin samples compared to 50% of detectable histone acetylation levels in the 

control sample. Restriction digestion analysis with methylation specific Msp I and HpaII 

endonuclease revealed the differences in the methylation status of the DNA between PD 

and normal subjects 

 

Chapter 2B: Role of curcumin on chromatin organization, tau-DNA interactions 

and αααα-synuclein-DNA interactions.   

Curcumin binds to chromatin as indicated by the altered absorbance and fluorescence 

spectrum, ethidium bromide binding of curcumin-chromatin and THC-chromatin 

complex. Curcumin altered the chromatin organization by altering its integrity as 

evidenced by decreased thermal transition of curcumin-chromatin complex. Curcumin 

did not alterd the secondary conformation of chromatin components, but binding of 

curcumin to chromatin evidenced by the small changes in the CD spectrum. Curcumin 

binds to scDNA as indicated by the absorption, fluorescence and EtBr binding. Curcumin 

altered integrity of scDNA observed by the thermal denaturation studies. Curcumin also 

binds to tau, α-synuclein proteins involved in neurodegeneration. Curcumin and THC 

could not able to prevent the tau, α-synuclein induced DNA nicking.   
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Chapter 3: Biomarker study on Parkinson’s disease and increase of Iron and 

Copper and its correlation to DNA integrity in ageing human brain 

 

Chapter 3A: Biomarker study on Parkinson’s disease 

This chapter deals understand the genotoxicity brain cells with an interrelation between 

serum genotoxic biomarkers to cell atrophy and Ferritin levels in PD brain. We have 

analysed 15 control and 21 PD patients serum for 8-OHDG,  Ceruloplasmin, Ferritin. We 

found that 8-OHDG levels were elevated and Ceruloplasmin, Ferritin levels are 

decreased. We analyzed brain cell atrophy by MRI and significant atrophy in Thalamus, , 

substantia nigra, hippocampus and caudate nucleus in PD brain compared to age matched 

control. A correlation is established under in vivo between serum genotoxic biomarkers 

to cell atrophy is brain. 

 

Chapter 3B: New evidence on increase of Iron and Copper and its correlation to 

DNA integrity in ageing human brain cells 

Genomic stability based on the conformation of DNA play a significant role in brain 

function. Previous studies reported that alterations in DNA integrity exist in the brain 

regions of neurological disorders like Parkinson and Alzheimer’s disease. In this present 

investigation, we assessed the levels of Copper (Cu), Iron (Fe) and Zinc (Zn) in three age 

groups (Group I:  below 40 years), Group II: between 41-60 years) and Group III: above 

60 years) in hippocampus and frontal cortex of aged human brain subjects (n=8 in each 

groups). Genomic DNA was isolated and its integrity was studied by nick translation 

study and presented as single and double strand breaks. We observed that the levels of Cu 

and Fe were significantly elevated while Zn significantly depleted from Group I to III. 

The increase in the level of metal ions was high in frontal cortex compared to 

hippocampus region.  During the process of ageing, the amount of single strand breaks 

increases compared to double strand breaks. Nick translation analysis revealed that the 

amount of single strand breaks was high in frontal cortex compared to hippocampus 

region. The results indicate that genomic instability is progressive with ageing and later 

alter the gene expression.  To the best of our knowledge, till date this is a new 

comprehensive database on the accumulation of Cu and Fe and induction of DNA strand 
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breaks in DNA in the brain regions of ageing human brain. The biological significance of 

these findings relevance to mental health has been further elucidated. 

 

Chapter 4: DNA binding properties of neuropeptises, curcumin and actinomycin D 

Chapter 4 deals with Tau, Neuromelanin and Synuclein interaction with DNA and also 

sequence and conformation specific oligonucleotide.  

 

Chapter 4A: New evidences on Tau–DNA interactions and relevance to 

neurodegeneration  

Tau is mainly distributed in cytoplasm and also found to be localized in the nucleus. 

There is limited data on DNA binding potential of Tau. We provide novel evidence on 

nicking of DNA by recombinant-Tau. Tau nicks the supercoiled DNA leading to open 

circular and linear forms. Magnesium (a cofactor for endonuclease) enhanced the Tau 

DNA nicking ability, while an endonuclease specific inhibitor, ATA inhibited the Tau 

DNA nicking. This indicates, Tau may nick DNA mimicking endonuclease?. It is 

hypothesized that Tau DNA nicking ability may be due to 11 histidine residues, as 

histidine  plays a major role in endonuclease activity. Further, we also evidenced that Tau 

induces B-C-A mixed conformational transition in DNA and also changes in DNA 

stability. The relevance of these new and intriguing findings regarding Tau changing 

DNA conformation and stability in neuronal dysfunction is discussed.  

 

Chapter 4B: DNA binding properties of αααα-synuclein and AGE-αααα-synuclein  

(glycated  αααα-synuclein).   

α-synuclein is involved in pathogenesis of PD and we studied the α-synuclein and 

glycated α-synuclein DNA binding ability. α-synuclein was glycated using 

methylglyoxal (MGO) and formation of AGE-α-synuclein was characterized using 

fluorescence studies, intrinsic tyrosine fluorescence and fructosamine estimation. α-

synuclein and AGE-α-synuclein  nick the scDNA like endonuclease. magnesium 

enhanced α-synuclein  and AGE-α-synuclein nicking. Specific nuclease inhibitor 

aurinetricarboxylic acid inhibited the   α-synuclein and AGE-α-synuclein nicking. α-

synuclein  and AGE-α-synuclein  induced B-C-A mixed conformation in scDNA similar 
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to that of α-synuclein. Both α-synuclein and AGE α-synuclein altered DNA integrity as 

evidenced by the transition of biphasic melting profile to monophasic melting profile and 

decreased ethidium bromide binding 

 

Chapter 4C: New evidence on Neuromelanin from the substantia nigra of 

Parkinson’s disease altering the DNA topology 

Neuromelanin (NM) is an insoluble pigment found in substantia nigra (SN) pars 

compacta (pc). The degeneration of neurons within substantia nigra and the presence of 

extra cellular neuromelanin in PD brain suggest its role in Parkinson’s disease. 

Neuromelanin molecule is composed of melanic, aliphatic, and peptide residues. NM is 

formed by the oxidative polymerization of dopamine and noradrenaline with the 

involment of cysteinyl derivatives. NM accumulates large amount of redox active metal 

ions like Fe, Cu and Mn suggesting its protective role. Extracellular NM has shown to 

stimulate the microglial release of neurotoxic factor and proteosome inhibition, which 

aggravate neurodegeneration.  Rao et al., (Prog Neurobiol, 2006) hypothesized that NM 

may have DNA interacting ability similar to amyloid β-peptides.  However, there is no 

data available to validate this hypothesis. Here, we report new data on NM binding to 

Supercoiled DNA and altering its integrity. We studied NM-DNA interaction by taking 

supercoiled DNA (scDNA) as model system. NM isolated from the substantia nigra 

(NM-SN ) and NM isolated from the cortex brain region (NM-C) of PD brain. NM-SN is 

able to convert supercoiled (SC) form to open circular (OC) form indicating NM-SN may 

be nicking DNA. NM-C does not alter DNA integrity. The DNA nicking of NM-SN was 

increased with time. Furher Magnesium (1 mM) enhanced the NM nicking property. 

Magnesium acts as co-factor for endonuclease. It is then significant to mention that NM-

SN induced DNA nicking is prevented by nuclease inhibitor like ATA. These studies 

provide new evidence that NM-SN may be cleaving DNA like endonuclease. Further, 

NM-SN induced a B-C-A mixed conformation in scDNA, while NM-C induced only 

altered B-conformation in scDNA. NM-SN changed the characteristic biphasic pattern of 

the melting profile (Tm) of supercoiled DNA into monophasic and NM-C retained 

biphasic Tm..  Our findings revealed that NM-SN and NM-C alter helicity and integrity of 

DNA.  We hypothesize that NM-SN may induce toxicity through an independent non-
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apoptotic mechanism in addition to other well known mechanisms. Hence, it can be 

hypothesized that superhelical DNA component of chromatin may have a significant 

effect on nuclear– translocated NM functioning. Another probability is that NM may 

interact with histone-free and transcriptionally active DNA segments and thereby lead to 

a decreased transcriptional activity of selected genes responding to environmental 

stimuli.  

 

Chapter 4D: New evidence on αααα-Synuclein and Tau binding to conformation and 

sequence specific GC* rich DNA 

DNA topology has a significant role in cell integrity. Earlier studies have shown that 

there is a conformational change in the genomic DNA of Parkinson’s disease (PD) brain 

(B to altered B-DNA) and Alzheimer’s Disease (AD) brain (B to Z-DNA). α-Synuclein 

and Tau proteins are implicated in PD and AD respectively. These proteins are shown to 

be localized in the nucleus and there is limited data on DNA binding abilities of these 

proteins. There is no information, whether Tau and α-synuclein binding is sequence and 

conformation specific? In the present study, we have analyzed the DNA conformation 

specific binding ability of α-Synuclein and Tau with reference to B-DNA and Z-DNA 

using oligonucleotide (CGCGCGCG)2 as novel model DNA system. This sequence is 

predominantly present in the promoter region of the genes. Normally, (CGCGCGCG)2 

sequence exists in B-DNA conformation, but at high sodium concentration (4 M NaCl ) 

the oligo goes into Z-DNA form. Both α-Synuclein and Tau bind to B-DNA 

conformation of (CGCGCGCG)2 and induce altered B-form.  Further, these proteins 

increased the melting temperature and decreased the number of EtBr molecules bound 

per base pair of DNA of B-form indicating that DNA stability is favored to alter B-DNA 

conformation. The results confirm that α-Synuclein and Tau could induce the 

conformational change in the B-DNA to more stable altered B-form. But both α-

Synuclein and Tau bind to Z-DNA conformation of (CGCGCGCG)2 and further 

stabilized the Z-conformation (relevant DNA in neurodegeneration). DNA conformation 

is very important for the normal functions of DNA molecule and any change in 

conformation will lead to altered gene expressions. The biological relevance of these 

novel findings are discussed. 
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Chapter 4E: Studies on Actionomycin D induced changes in supercoiled DNA 

integrity 

Actinomycin D (AMD) is used as a model compound to understand DNA topology and 

stability. AMD inhibits the transcriptional process. AMD acts as an intercalating agent 

blocking the site for RNA polymerase on DNA. In the present investigation, we have 

studied the effect of AMD on the supercoiling nature (ScDNA) of the DNA and also on 

single (SSC) and double strand circular (DSC) DNA. The results showed that the ScDNA 

undergoes a B-A conformational change as demonstrated by a red shift in the CD spectra, 

an alteration in melting temperature, and also a change in ethidium bromide binding in 

the presence of AMD. The results clearly indicated that AMD binds to ScDNA and DSC-

DNA. The role of altered supercoiling of the DNA molecule in gene expression is 

discussed. 

 

The thesis ends with a comprehensive Summary and Conclusions and Bibliography. 

 

Summary and Outcome of the work: 

 

1. We have shown that chromatin organization was altered in Parkinson’s disease. 

Histone H3 was acetylated in all the PD chromatin samples compared to 50% of 

detectable histone acetylation levels in the control sample. DNA methylation was more 

in PD DNA compared to that of control. Micrococcal nuclease digestion revealed that 

looser chromatin loops were present in PD chromatin compared to control (Chapter 

2A). 

 

2. It has been shown that more genotoxicity was observed in PD patients compared to 

control. Oxidative DNA damage biomarkers 8-OHdG levels were increased in PD 

patients compared to control indicating more genotoxicity in brain cells. Serum 

ceruloplasmin and ferritin levels were decreased in PD patients. Serum total antioxidant 

capacity was increased in PD patients. Atrophy was observed in caudate nucleus, 

thalamus, hippocampus and substantia nigra regions of PD brain (Chapter 3A). 
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3. We showed that levels of Fe and Cu were increased, while Zn levels were decreased 

in aging brain. SSBs and DSBs were accumulated in frontal cortex and hippocampus of 

aging brain (Chapter 3B) 

 

4. We showed that tau binds to scDNA and alters DNA integrity. Tau nicks the 

supercoiled DNA leading to open circular and linear forms like endonuclease (Chapter 

4A). We also showed that α-synuclein and AGE-α-synuclein alters the scDNA integrity 

and nick the scDNA (Chapter 4B). We also found that actinomycin D alter the DNA 

supercoiling (Chapter 4E) 

 

5. We report new data on NM binding to Supercoiled DNA and altering its integrity. 

Neuromelanin isolated from the substantia nigra region of the PD brain showed 

genotoxicity by nicking the DNA and inducing conformational change (Chapter 4C). 

 

6. We showed that tau and α-synuclein bind to conformation and sequence specific 

oligonucleotide both in B-DNA and biologically significant Z-form (Chapter 4D). 

 

7. We showed new role of curcumin in altering the chromatin organization. We also 

showed that curcumin interacts with neuroprotein-DNA complexes destabilizing the 

chromatin and neuroprotein-DNA complexes. Since several studies showed that 

curcumin preventing neurotoxicity through antioxidant mechanism, our finding reveals 

its new role in nucleus (Chapter 2B). 

 

8. The present investigation provides new evidence on the pathological mechanism in 

PD. Our data on chromatin organization, neuroprotein-DNA interaction relevance to 

neurodegeneration in PD provide new targets for the therapeutic intervention.    

 

   

 



 

Neurodegeneration in parkinson’s disease: an introduction 

 

1. Introduction 

Neurodegenerative diseases: The progressive loss of structure and function of neurons 

is the final consequence of the all neurodegenerative diseases. In different 

neurodegenerative diseases different regions of brain regions undergo 

neurodegeneration. Several pathways are involved in the process of neurodegeneration 

in different neurodegentive diseases and often the pathways overlap.  As regeneration is 

absent in the brain, neuronal loss will lead to the permanent damage and loss of 

function. It is important to identify the neurodegeneration in the early stages of diseases 

development and  stop the neurodegeneration. In this connection, it becomes vital to 

know all the possible mechanisms leading to the disease development. Parkinson’s 

Disease and Alzheimer’s are the two  major neurodegenerative diseases which are 

affecting the quite large population world wide. 

 

1.1 Pathways of neurodegeneration 

Protein degradation: In neurodegenerative diseases like Parkinson’s Disease (PD), 

Alzheimer’s Disease (AD) and Huntington Disease,  there is involvement of  

aggregation of proteins. These proteins starts aggregating due to several external and 

internal factors and impaired function of degradation and removal of  these aggregates. 

Ubiquitin-proteosome is involved in the degradation and removal of non-functional 

proteins. In neurodegenerative diseases like PD, AD and Huntington the Ubiquitin-

proteosome system was unable to remove these altered proteins. In the postmortem 

neurodegenerative brain and neurodegenerative models compromised proteosome 

function was observed. Protein misfolding plays important role in the  formation of 

aggregates and the failure of protease system. Still, whether this aggregation of the 

proteins is the cause or consequence is a debatable issue  (Gupta et al., 2006). 

 

Mitochondrial Dysfunction: Mitochondrial dysfunction is the common mechanism 

leading to neuronal cell death in neurodegeneration  (Moreira et al., 2010). 

Mitochondrial dysfunction leads to intrinsic mitochondrial apoptotic pathway. In this 
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pathway the relase of Cytochrome C release due to internal insult activates the capsase-

9, finally lead to cell death. Reactive oxygen species (ROS) generation is more in the 

mitochondria due to the respiratory electron transport chain. Oxidative stress induced 

by ROS will lead to activation of several toxic pathways and finally to cell death 

(Fernández-Checa et al., 2010 ) 

 

Fig 1.1: Ubiquitin-protease system and Mytochondrial Dysfunction in Parkinson’s 

Disease (courtesy: www.nature.com/.../v7/n3/fig_tab/nrn1868_F3.html).  

 

Programmed cell death: In programmed cell death, an intracellular programme directs 

the cell to death with characteristic cell morphology. The programmed cell death is of 

three types, apoptosis and autophagy. 

 

Apoptosis: Apoptosis is one way of programmed cell death which is advantageous to 

cell. The cell which is undergoing the apoptosis shown characteristic changes which 
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include, blebbing, cell shrinkage, loss of cell membrane, nuclear fragmentation, 

chromatin condensation and DNA fragmentation. Apoptosis is controlled by the 

extracellular or intracellular signals. The extracellular signals include toxins, cytokines, 

growth factors, harmones, nitric oxide etc.,. The intracellular signals released due to the 

stress induced within the cell wich include, altered intracellular calcium homeostasis, 

membrane damage, mitochondrial dysfunction, activation of nuclear receptors etc. Both 

external and internal signals activate the signal transduction of apoptototic mechanisms 

either by Tumour necrosis factor (TNF) mediated or Fas-Fas ligand mediated cell death. 

In both mechanisms the balance between the pro-apoptotic molecules (BAX, BID, 

BAK or BAD) and anti-apoptotic molecues (Bcl-X, Bcl-2) decide the fate of the cell  

(Tatton et al., 2003) 

 

Autophagy: Autophagy is a form of intracellular phagocytosis in which the damaged 

organelles or misfolded proteins are encapsulated into phagosome. The phagosome is 

finally fuses with lysosome and the misfolded proteins and damaged orgenelles are 

degraded by the enzymes of lysosome. The cell which is unable to clear the damaged 

proteins and organelles enter into cell death programme. It was hypothesized that in 

several neurodegenerative diseases, neuron unable clear the aggregates and proced for 

the neurodegeneration (Ravikumar and Rubinsztein, 2004) 

 

1.2 Neurodegeneration in parkinson’s disease   

Parkinson’s Disease (PD) was first formally described in "An Essay on the Shaking 

Palsy," published in 1817 by a London physician named James Parkinson (Parkinson J, 

1817). 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. These nerve cells, for reasons that are not 

fully understood, are especially vulnerable to 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. 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 (Rajput 
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and Birdi, 1997). 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 diaease 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.  

 

1.2.1 Lewy bodie pathology 

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 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. The LB, which was first described by Frederick Lewy in 1913, is present in 

essentially all cases of PD. The major protein constituent of LBs is α-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 α-synuclein bound to ubiquitin in the damaged cells. 
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1.2.2. 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 (Olanow, 2007). 

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 (Graham, 1978). 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 (Jenner, 1998). 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 (Ben-Shachar, 

1991). 

 

One of the consequences of redox imbalance is apoptosis and/or necrosis which 

are associated with neurodegeneration in PD (Ziv and Melamed, 1998). 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 

(Alam et al., 1997). 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 (Gavrieli et al., 1992) or in 

situ nick translation (Gold et al., 1994) have been reported  in SN in PD. 

 

We have recently shown increased DNA fragmentation and decreased DNA 

stability in affected human brain regions of PD (Hegde et al., 2006). Similarly, we also 

showed an altered DNA conformation in hippocampus of human brains affected with 

Alzheimer’s disease (AD) (Suram et al., 2002). Nunomora et al., (2002) 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. 
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1.2.3. Cross-talk of environment and genome 

The precise causes of PD remain undetermined. The causes are likely to include 

both genetic (Parkin and α-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 α-Synuclein, Parkin, DJ-1 and 

PINK1 (Hofer and Gasser, 2004). 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 (Hofer and Gasser, 2004). 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 α-

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 (Calne et al., 1987). In fact, several studies have implicated such environmental 

factors as pesticides, herbicides, and heavy metals in the PD origin (Gorell et al., 1999; 

Le Couteur DG et al., 1999). Our lab recently showed that trace metal homeostasis is 

significantly 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 (Hegde et al., 

2004), suggesting important role played by metals in PD pathology (Hegde et al., 2009; 

Gupta et al., 2005; Pande et al., 2005). 

 

There is interaction between the environment and the genome; in some 

disorders inheritance establishes susceptibility and environment triggers pathology. 

Hence, the recent trend to study PD is to look at the interplay or cross-talk between 
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genetics and environmental triggers (Figure 1.2). Hence, it is important to 

understand/explore the complex interactions between genetic predisposition and 

environmental influences that probably cause most cases of PD. 

 

 

 

 

Figure 1.2: The ‘Cross-Talk’ or interplay of environmental and genetic causative 

factors for Parkinson’s disease. 

 

1.2.4. αααα-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 α-Synuclein. The 

name ‘synuclein’ was chosen because the protein was found in both synapses and 

nuclear envelope (Maroteaux et al., 1988). 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 α-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 α-helical lipid-binding motif with similarity to the class-A2 lipid–

binding domains of the exchangeable apolipoproteins (George, 2002). Synuclein family 

members are not found outside vertebrates, although they have some conserved 
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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 α-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. α-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 (Conway et al., 2000). 

 

Three missense mutations in the alpa-Synuclein gene have been reported to be 

associated with families susceptible to inherited forms of PD (Polymeropoulos et al., 

1997). 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 α-Synuclein. The substitutions may disrupt the structure of alpa-

Synuclein, rendering the protein more prone to self- aggregation (Heintz NH, 1997). 

 

Several lines of converging evidence directly implicate α-Synuclein in 

mechanisms underlying the onset/ progression of PD (Trojanowski and Lee, 2001). 

They are: (i) Missense mutations in the α-Synuclein gene (A53T, A30P and E46K) 

cause familial PD in rare kinds (Krüger et al., 1998; Zarranz et al., 2004; 

Polymeropoulos et al., 1997); (ii) Antibodies to α-Synuclein specifically detect LBs, 

(Spillantini et al., 1997); (iii) LBs purified from PD brains contain abnormally 

aggregated α-Synuclein and insoluble forms of α-Synuclein (Baba et al., 1998). The 

precise mechanism whereby such aggregates of  α-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 α-Synuclein primary structure is six imperfect repeats 

within the first 95 residues. This brings the similarity of α-Synuclein with the 

amphipathic lipid-binding α-helical domains of apolipoproteins (George et al., 1995), 

which show variation in hydrophobicity with a strictly conserved periodicity of 11. α-
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Synuclein shares the defining properties of the class A2 lipid-binding helix, 

distinguished by the clustered basic residues at the polar-apolar interface, positioned 

±1000 from the center of apolar face; predominance of lysines relative to arginines 

among these basic residues; and several glutamate residues at the polar surface (Segrest 

et al., 1992). In agreement with the above structural features, α-Synuclein binds 

specifically to synthetic vesicles containing acidic phospholipids (Perrin et al., 2000). 

Further, this binding was shown to be accompanied by a dramatic increase in α-helix 

content. 

 

Recently, attempts have been made to analyze the structure of α-Synuclein 

using NMR studies (Bussell R Jr and Eliezer, 2003; Eliezer et al., 2001; Chandra et al., 

2003). It was shown that the conformation of α-Synuclein consists of two α-helical 

regions that are interrupted by a short break (Chandra et al., 2003). NMR study of free 

monomeric α-Synuclein revealed that the first 100 residues in N-terminus region of free 

α-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 α-Synuclein exhibited secondary shifts indicative of highly unfolded 

and extended form (Eliezer et al., 2001). We used the predictor of naturally disordered 

regions (PONDR, Molecular Kinetics, Inc.) (Li et al., 1999) software to α-Synuclein 

(Figure 1.3). This shows that about 40-50 residues in in α-Synuclein C-terminus is 

relatively disordered. 
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Figure 1.3: PONDR plot of the predicted secondary structure of α-Synuclein.The 

protein sequence is obtained from NCBI database. PONDR score of 0.5 and higher 

indicates disordered structures (Li et al., 1999). The C-terminal ~40-50 residues in α-

Synuclein are disordered. The lower panel shows α-Synuclein aminoacid sequence, the 

regions with disoreder propensity are underlined. 

 

NMR data of α-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 Cα chemical shifts clearly indicated 

that there is the formation of helical structure upon α-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 α-Synuclein and does not bind to the lipid vesicle surface (Eliezer et al., 2001). 

 

α-Synuclein folding and fibrillation have been found to be promoted on binding 

to long chain fatty acids (Perrin et al., 2001) and also upon its interaction with lipid 

droplets (Cole et al., 2002). It was also shown that membrane interactions induce a 

large conformational change from random coil to α-helix in α-Synuclein and these 

interactions may be physiologically important (Jo et al., 2000). On the basis of these 

observations, it has been assumed that α-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 α-Synuclein generating nuclei that seed the 

aggregation of the more abundant cytosolic form. The partially folded intermediate of 

α-Synuclein is more prone for aggregation. The aggregation of α-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 α-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 
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human α-Synuclein had shown neurodegeneration, without fibrillar α-Synuclein (Feany 

and Bender, 2000 ). 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. 

 

1.2.5 Potential normal functions of α-Synuclein 

Dispite of strong evidence implicating α-Synuclein in the pathogenesis of 

several meurodegenerative diseases, its physiological function remains poorly 

understood. The difficulty in determining the functions of α-Synuclein is because 

inactivation of the α-Synuclein gene does not lead to a significant neurological 

phenotype. However, overexpression of α-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 (Yamada et al., 2004). Furthermore, 

mouse models based on overexpression of α-Synuclein through genetic methods lead to 

a wide variety of phenotypes accompanied by non-existant, late onset, or non-specific 

neurodegeneration (Chesselet MF, 2008). Understanding the role of α-Synuclein in 

normal cell life might be critical importance since disruption of its normal function 

might indirectly result in neurodegeneration. The association with membrane lipids and 

its functional homology with 14-3-3 chaperone proteins suggested that α-Synuclein 

may play a role in cell signaling pathways (Ostrerova et al., 1999). It was also 

suggested that α-Synuclein may modulate tau function. α-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. α-Synuclein may contribute to neuronal differentiation as well (Stefanis 

et al., 2001). The involvement of α-Synuclein in synaptic plasticity and neuronal 

differentiation may be mediated by the selective inhibition of Phospholipase D2 by α-

Synuclein (Jenco et al., 1998). When α-Synuclein expression was markedly reduced in 

cultured rat neurons (Murphy et al., 2000) or abolished in α-Synuclein knock out mice, 

the number of vesicles in the distal pool of the pre-synaptic terminal is reduced 

indicating a role for α-Synuclein in vesicular dynamics. According to Cole and Murphy 

(2002) α-Synuclein’s involvement in lipid metabolism cannot be ruled out, given its 
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propensity to bind molecules with high hydrophobic content or exposed hydrophobic 

domains. Thus persuasive evidence of a role of α-Synuclein in any pathway or function 

requires multiple approaches. The structure, expression and functions of α-Synuclein 

have been recently reviewed by Dev et al., (2003). 

 

1.2.6 αααα-synuclein toxicity in diffuse Lewy body disease 

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 (Kalra et al., 

1996). Similar to PD, LBs in DLB are rich in α-Synuclein protein aggregates. Infact the 

neuritic α-Synuclein accumulation, density of cortical LBs and AD-type pathology 

(senile plaques and hippocapal neurofibrillary tangles) are more intense in DLB than 

PD (Tsuboi et al., 2007). Pathologically, most PD cases have minimal or no senile 

plaques and neurofibrillary tangles, while they are present in DLB. It is also suggested 

that α-Synuclein and amyloid beta interact in DLB (Pletnikova et al., 2005). 

 

1.2.7 Expression and subcellular distribution of αααα-synuclein 

 

α-Synuclein appears to be expressed ubiquitously throughout the brain 

(Lavedan C, 1998). In the early weeks of development, α-Synuclein redistributes from 

cell bodies to synaptic terminals (Galvin et al., 2001). The transcription of α-Synuclein 

is developmentally regulated. The levels increase during development and are sustained 

at fairly high levels throughout adulthood (Petersen et al., 1999). Furthermore, various 

cellular treatments have been shown to affect synuclein levels, including nerve growth 

factor (Stefanis et al., 2001), 1-methyl-4-phenyl-1,2,3,6-tetrahydropiridine (MPTP) 

(Vila et al., 2000), certain inflammatory cytokines, cellular stress, and during 

megakaryocyte differentiation. However, a clearer understanding of the transcriptional 

and translational regulation of synuclein expression is needed before we can understand 
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how any changes in these mechanisms may affect the disease process (Cole and 

Murphy, 2002). 

 

 Recently Zhang et al., (2008) examined the subcellular localization and 

relative amounts in different subcellular pools in rat brain neurons. They showed that α-

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, α-Synuclein was also 

present in mitochondria. 

 

1.2.8  Nuclear localization of αααα-Synuclein 

Several studies have shown the presence of α-Synuclein in the neuronal nuclei. 

However, no definite nuclear functions have been attributed to α-Synuclein to date. It is 

not known if nuclear localization is the common property of α-Synuclein or it is 

cause/consequence of PD pathology. Overexpression of α-Synuclein in neuronal cell 

lines showed diffused nuclear staining (Schneider et al., 2007). The term α-Synuclein 

was first coined by Maroteaux based on its localization in the synaptic region and 

nucleus (Maroteaux et al., 1988). Mori et al., showed localization in the nucleus of 

substantia nigra and pontine nucleus neurons of rat brain (Mori et al., 2002). Further, 

nuclear localization of α-Synuclein was shown in cultured primary neurons (Specht et 

al., 2005) and cell lines (Yu et al., 2004). Nuclear inclusions of neurons and 

oligodendroglia of multiple system atrophy contain the α-Synuclein protein (Lin et al., 

2004). Yu et al., showed nuclear localization of α-Synuclein in the rat brain by 

immunoelectron microscopy using colloidal gold probes (Yu et al., 2007). Mono and 

oligomeric forms of α-Synuclein were observed in the nuclear fractions of human 

dopaminergic neuroblastoma SH-SY5Y cells (Leng et al., 2001). Extensive nuclear 

localization of α-Synuclein indicates that it might play important role in the nucleus. 

 

Although the above observations do not suggest what the function of α-

Synuclein in nucleus is, Leng et al., (2001) predicted that α-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. 
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1.2.9 Nuclear transport of αααα-Synuclein 

The mode of appearance of α-Synuclein into the neuronal nuclei and functions 

of α-Synuclein in nuclei is still obscure. According to Maroteaux et al., (1988) the 

mode of localization of α-Synuclein in the nucleus could involve a lateral diffusion 

along the endoplasmic reticulum and outer nuclear membrane  or more conventional 

transport through nuclear pores. They proposed that α-Synuclein family proteins may 

be involved in coordinating nuclear and synaptic events. However, under PD 

conditions, the nuclear localization of α-Synuclein could be enhanced due to non-

specific transportation through oxidatively damaged nuclear membrane (Hegde et al., 

2003). 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 α-Synuclein in to the nucleus. 

Sangchot et al., (2002) have provided new evidences for nuclear membrane disruption 

by lipid peroxidation caused by increase in iron and consequent translocation of α-

Synuclein aggregates in to perinuclear and endonuclear regions of human dopaminergic 

neuroblastoma SK-N-SH cell lines. Leng et al., (2001) also observed α-Synuclein both 

in monomeric and oligomeric forms in nuclear fractions of human dopaminergic 

neuroblastoma SH-SYSY cell cultures. 

 

1.2.10 αααα-Synuclein genotoxicity 

With several evidences showing the presence of α-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 α-Synuclein is an active or passive response to 

PD pathology. It was shown that α-Synuclein interacts with histones in vitro and this 

interaction if confirmed in vivo, might alter the gene transcription (Goers et al., 2003). 

To support this, when, transfected to cell lines, α-Synuclein changes the expression of 

many genes (Baptista et al., 2003). α-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 α-

Synuclein transfected dopamenergic cell lines, tyrosine hydroxylase was inhibited (Yu 

et al., 2004). Furthermore, α-Synuclein over expression in PC12 cells showed enhanced 
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proliferation and enrichment of cells with S-phase, again suggesting enhanced gene 

expression. 

 

α-Synuclein nuclear targeting accelerated the neurodegenerative process in the 

dopaminergic neurons of flies (Kontopoulos et al., 2006). Histone deacetylase inhibitors 

prevented this neurodegenerative process when administrated. This may be explained 

assuming that α-Synuclein induces its toxicity by inhibiting the histone acetylation. α-

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 (Hegde et al., 2006; Suram 

et al., 2007). These brain regions have been quite often linked to excess iron 

accumulation. In presence Fe (II) α-Synuclein can generate reactive oxygen species and 

damage DNA indirectly in the neuronal cells (Tabner et al., 2002; Martin et al., 2003). 

Although, this is an indirect indication, the fact that ncreased DNA damage is observed 

in cells transfected with wild type α-Synuclein and mutants A30P, A53T after treating 

with Fe (II), strengthens this hypothesis. The above observations suggest that α-

Synuclein contributes to genotoxicity in various ways. 

 

Our lab reported the ability of α-Synuclein to directly bind to DNA molecule 

that results in altered DNA conformation and damage which will be discussed later in 

this review.  

 

1.2. 11 αααα-synuclein dna interactions: a new concept 

 

We recently made an interesting observation that α-Synuclein has DNA binding 

property which has created a new opportunity in understanding role of α-Synuclein in 

PD pathology (Hegde et al., 2003; Hegde et al., 2006; Hegde et al., 2007). Previously 

we also showed for the first time that amyloid beta peptides implicated in AD can also 

bind to DNA (Hegde et al., 2004; Suram et al., 2007). The origin of the above concept 

and subsequent progress are discussed below. 
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Our hypothesis on DNA binding of αααα-Synuclein- genesis of model 

As stated earlier, several studies showed that α-Synuclein is localized in the 

chromatin region of nuclei in the brain. This strongly indicated the association of α-

Synuclein with chromatin in the nucleus. It was also shown previously that several 

cationic and anionic ligands interact with α-Synuclein such as polyamines and metals 

(Uversky et al., 2001, Grabenauer et al., 2008). Furthermore, a close look into the 

peculiar primary sequence/structure of α-Synuclein shows presence of several 

positively charged lysine residues at its N-terminus, suggesting a possible DNA binding 

property. It was recently observed that α-Synuclein interacts with histone proteins, a 

major component of chromatin, which modulates its conformation and aggregation 

properties (Gores et al., 2003). We thought it is interesting to investigate the DNA 

binding property of α-Synuclein and study the effect of DNA binding on α-Synuclein 

folding/conformation and aggregation properties. Moreover, we had previously 

observed DNA binding of amyloid beta peptides, which led us to examine α-Synuclein 

in similar lines (Hegde et al., 2004; Suram et al., 2007). We also proposed that 

understanding the effect of DNA binding on α-Synuclein stability, conformation and 

fibrillation could lead to a better understanding of PD pathogenesis and could also be 

exploited for DNA binding based therapeutic interventions. 

 

1.2.12  New evidence for DNA binding property of αααα-Synuclein 

We first time demonstrated that α-Synuclein binds to DNA in vitro, a new and 

novel property of α-Synuclein (Hegde et al., 2003; Hegde et al., 2006; Hegde et al., 

2007). This was independently confirmed by other groups as well (Cherny et al., 2004). 

This is the first report on DNA binding property/ability of α-Synuclein and presents an 

interesting curiosity about the implications of this property in PD. The association of 

DNA with α-Synuclein is not limited to wild-type protein. Familial mutants A53T and 

A30P also showed DNA binding (Cherny et al., 2004). Numerous studies have 

demonstrated that various intracellular factors affect folding and fibrillation properties 

of α-Synuclein. Histones, one of the important components of chromatin was shown to 

specifically interact with α-Synuclein and significantly stimulate its aggregation (Gores 

et al., 2003). DNA being another component of chromatin, its interaction with α-
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Synuclein strongly suggests an important role of α-Synuclein in the nucleus. The 

possible mechanisms and implications of α-Synuclein-DNA interactions are discussed 

below. 

 

1.2. 13 αααα-Synuclein affects DNA conformation 

Circular dichroism (CD) spectra of α-Synuclein-supercoiled DNA complex 

demonstrated a strong binding of α-Synuclein to supercoiled DNA, causing a 

conformational change from the B-form of DNA to an altered B-form (Hegde et al., 

2003). It was further shown that α-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 α-Synuclein (Hegde et al., 2003). The modulation of DNA conformation and 

stability by α-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 α-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 α-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  α-Synuclein might be higher in PD affected brain regions (Hedge 

et al., 2004); Hegde et al., unpublished observation). 

 

A plausible scenario for DNA binding to α-Synuclein could be as follows: It 

appears that initially on mixing with α-Synuclein in solution, α-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 α-Synuclein sequence. Because it is highly unlikely to bind to 

the C-terminal end of α-Synuclein which is rich in negatively charged amino acid 

residues (Cherny et al., 2004). These electrostatic interactions may lead to (i) formation 

of non-sequence specific complex of α-Synuclein with DNA, and (ii) increase in the 

local concentration of α-Synuclein on DNA (Cherny et al., 2004). Once α-Synuclein 
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binds to DNA by electrostatic forces, there could be a conformational change in α-

Synuclein making the protein enzymatically bind to DNA. 

 

1.2.14 DNA induced folding of αααα-Synuclein 

We observed that various DNAs significantly modulate conformation and 

fibrillation properties of α-Synuclein. Single strand circular DNA binding to native, 

random coiled α-Synuclein resulted in about 80% increase in α-helix content of the 

protein (Hegde et al.,m 2007). Although, double strand circular DNA also bound to α-

Synuclein, it did not change its conformation, indicating specificity of single strand 

DNA binding. However, supercoiled plasmid DNA caused a biphasic conformational 

transition in α-Synuclein. On immediate mixing of the DNA and α-Synuclein a partial 

folding was induced in α-Synuclein, while α-helix conformation was formed on long 

term incubation (Hegde et al.,m 2007). 

 

We also provided interesting insight on sequence specific binding affinity of 

DNA to α-Synuclein. Poly d(GC).d(GC) caused a partially folded conformation, where 

as poly d(AT).d(AT) binding to α-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 α-Synuclein. Interestingly, 

d(GCATGCAT) also induced a partial folding in α-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 

α-Synuclein conformations showed that both these genomic DNA caused the formation 

of a partially folded structure in α-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 α-Synuclein. 
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The above studies from our lab indicated specificity of single stranded DNA 

and GC sequence in inducing folding in α-Synuclein. It appears that the DNA binding 

to α-Synuclein is mediated through electrostatic interaction between negatively charged 

phosphate groups of DNA and the epsilon amino group of lysine aminoacids in α-

Synuclein. The DNA molecule is richly negatively charged on its surface as it is laced 

with phosphate groups, where as α-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-terminal end of α-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 α-Synuclein sequence has a very high propensity to form ordered 

conformation (Chandra et al., 2003). 

 

1.2.15 αααα-Synuclein aggregation and DNA binding 

Previous studies have shown that the transformation of α-Synuclein into a 

partially folded conformation (induced by pH or temperature or metal ions) is strongly 

correlated with the enhanced formation of α-Synuclein fibrils (Uversky et al., 2001). α-

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 α-Synuclein (Uversky et al., 2001). 

As a consequence of the structural flexibility of α-Synuclein, many diverse ligands 

change its conformation and modulate its aggregation property (Cherny et al., 2004). 

Generally, transition from random coiled α-Synuclein to partially folded conformation 

accelerates the fibrillation reaction, while stabilizing α-Synuclein in to α-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. It has also been shown that in some cases the self-association induces 

additional structure and stability in the partially folded intermediates. 
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Recently it was shown that double stranded DNA promotes aggregation of α-

Synuclein (Cherny et al., 2004). 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 α-Synuclein in the presence of different DNAs 

which induce partially folded conformation and also α-helix. Our studies showed that 

DNA induced aggregation of α-Synuclein correlated with the ability of that DNA to 

induce partially folded conformation in α-Synuclein (Hegde et al., 2007). DNA which   

induced   partial folding in α-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 α-Synuclein alone. However, 

single-strand circular DNA which formed α-helix conformation in α-Synuclein delayed 

the aggregation significantly by nearly ~25 hrs. The structure of α-Synuclein 

aggregates/ fibrils were qualitatively similar in the presence or absence of DNA. 

 

Similar observations were made by Uversky et al, (2001), where they showed 

that trimethylamine-N-oxide (TMAO) induces a partial folding and acceleration of 

fibrillization in α-Synuclein at low concentrations, where as, at high concentrations 

causes the formation of α-helix conformation and inhibits aggregation to a considerable 

extent. Our results are in agreement with Uversky et al., (2001). Hence, it appears that a 

partially folded intermediate conformation is a very critical step in α-Synuclein 

aggregation pathway. 

 

The possible mechanisms of double stranded DNA promoting α-Synuclein 

fibrillation has been proposed recently by Cherny et al., (2004). The authors observed 

that neuronal nuclear inclusions potentially account for a significant fraction of the total 

amount of α-Synuclein in a cell. Hence, minute variations in local α-Synuclein 

concentrations or the presence of factors enhancing its fibrillation, e.g., DNA or 

histones, may stimulate the aggregation of α-Synuclein significantly. It was further 

proposed that effective mechanisms preventing occasional conversion of a soluble α-

Synuclein into insoluble isoforms must exist in both cytoplasm and nucleus (Cherny et 

al., 2004). We provided a comprehensive picture of DNA binding effect on α-

Synuclein fibrillation using different DNAs such as double and single stranded DNA, 
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AT and GC sequence specific DNA of different sizes etc and showed that only those 

DNA which induce a partial folding in α-Synuclein promote its aggregation, while, 

single strand circular DNA forms α-helix conformation in α-Synuclein and inhibits 

aggregation to a considerable extent. Hence, we feel that extrapolation of in vitro results 

on DNA binding property of α-Synuclein to in vivo system in PD has to be more 

cautiously done. 

 

We used effect of osmolytes on α-Synuclein conformation to understand the 

mechanism of DNA induced folding/fibrillation of α-Synuclein (Hegde et al., 2007). 

Osmolytes such as TMAO, Betaine, sarcosine converted natively unfolded α-Synuclein 

to partially folded form which accelerated the kinetics of fibrillation. The ability of 

DNA and osmolytes in inducing conformational transition in α-Synuclein, indicates 

that two factors are critical in modulating α-Synuclein folding: (i) Electrostatic 

interaction as in the case of DNA, and (ii) Hydrophobic interactions as in the case of 

osmolytes.  

 

1.2.16 Our model on αααα-synuclein genotoxicity 

 

We propose α-Synuclein-mediated genotoxicity as one of the key underlying 

mechanisms of disease progression in the PD. Normally α-Synuclein is in random coil 

conformation in aqueous solutions in vitro. It is suggested that free α-Synuclein in 

neuronal cytoplasm may also be in random coil conformation. However, in association 

with membranes α-Synuclein is in α-helix-rich conformation. α-Synuclein is 

diversly/unevenly distributed in various subcellular mileu such as cytoplasm, 

presynaptic terminus, nucleus, endoplasmic reticulum and mitochondria (Zhang et al., 

2008). The factors that govern α-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 α-Synuclein subcellular translocation 

significantly, especially the nuclear α-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 (Dexter et al., 1989). 

However, how a specific increase in the total Fe content of SN should occur in PD is 

not understood (Zecca et al., 2004). 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 (Gotz et al., 2004). 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 (Dexter et al., 1990). 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 α-Synuclein 

acquires a misfolded or partially folded conformation and promote aggregation in vitro 

(Uversky et al., 2001). We hypothesized that the partially folded or misfolded α-

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 α-Synucleins, 

A30P completely abolished membrane-binding property of α-Synuclein. Hence, the 

disruption in membrane binding resulting from increase in metals and mutations in 

familial PD would result in the increase in free α-Synuclein (partially folded or 

unfolded native conformation) levels in cell. This possibly triggers the increase in 

precursor for α-Synuclein aggregation in PD (Hegde et al., 2003). In addition to the 

accumulating evidence for normal nuclear localization of α-Synuclein, the increased 

oxidative stress and altered permeability of nuclear membrane could ensure significant 

amount of α-Synuclein in the nucleus. In the nucleus it exerts toxic role by altering 

chromatin organization or by directly binding to DNA or by both. α-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 α-

Synuclein and other targets. Now the transcription factors or inhibitors can bind to 

DNA altering the gene expression. α-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 α-Synuclein enhances its toxicity to the cell. Several studies have shown that 

partially folded intermediate form of α-Synuclein is more toxic than monomers or 
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aggregates. Partially folded α-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 α-Synuclein Genotoxicity is 

represented in Figure 1.4. 

 

 

 

 

 

Figure 1.4: Our model on genotoxicity of α-Synuclein: During stress conditions, there 

is increased transportation of α-Synuclein into the nucleus. In the nucleus, α-Synuclein 

can directly interact with histones or inhibits histone acetylation affecting the chromatin 

organization. α-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. α-Synuclein in the presence of 

Fe(II) can generate reactive oxygen species and induce DNA damage. Altered gene 

expression and DNA damage lead to neuronal cell death. 
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1.2.17 Tau proteins 

Tau is a microtubule-associated protein expressed in neurons (Binder et al, 

1985). It normally exists as a random coiled hydrophilic protein containing two distinct 

domains- the projection domain and the microtubule binding domain. Tau protein is 

involved in tubulin assembly by forming a bridge between two tubulin dimmers. The 

tau function is mainly regulated by post-translational modifications. (Johnson and 

Stoothoff, 2004).  

The aggregation of Tau protein is observed in some neurological disease 

conditions which are collectively known as Tauopathies (Iqbal et al., 2009). 

Alzheimer’s disease (AD) is a principal tauopathy where Tau is aggregated in the form 

of neurofibrillary tangles (NFTs) (Avila et al., 2004). The precise role of Tau in AD 

neurodeneration is not clearly understood (Delacourte, 2008; Brandt et al., 2005). Tau is 

also found in synucleinopathies in the lewy bodies like Dementia with lewy bodies. 

This suggests that tau function is also altered in  synucleinopathies apart from 

tauopathies (Galpern and Lang, 2006). An Goris et al., studied the pathological hall 

mark genes namely, microtubule-associated protein tau (MAPT), glycogen synthase 

kinase-3 (GSK3B) and α-synuclein (SNCA) in 659 PD patients and 2176 control 

subjects. The authours are observed PD dementia and cognitive decline associated with 

inverse polymorphism containing MATP. They also reported that inverse 

polymorphism in MATP is in synergy with single nucleotide polymorphisms in SNCA 

gene (Goris et al., 2007). 

 

Tau is localized in the nucleus in neuronal and non-neuronal cells (Thurston et 

al., 1997) and is associated with the nucleolar organizer region (NOR) in the mitotic 

cell. The NOR in the chromosome consists of GC rich ribosomal DNA (rDNA) near the 

centromeres. In mammalian chromosomes they are composed of repeated satellite DNA 

sequences in the form of constitutive heterochromatin. The exact role of tau in the 

nucleus is nit clearly understood. Tau binds directly to these satellite sequences of 

centromeric region (Sjoberg et al., 2006). It was shown that tau could bind to single 

stranded DNA (ssDNA) and double stranded DNA (dsDNA) (Hua and He, 2003; 

Krylova et al., 2005). The binding might be phosphorylation independent and 

aggregation dependent. Both phosphorylated tau and non-phosphorylated tau can bind 

to DNA. Phosphorylated tau binds strongly than non-phosphorylated tau  as the former 
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binding to DNA have higher melting point than later (Hua and He, 2002). Both 

cytoplasmic and nuclear tau are equally phosphorylated. Phosphorylation of tau occurs 

in the cytoplasm and transported into the nucleus. Qu et al (2004) found that tau can 

induce a conformational change in the DNA molecule as a function of the mass ratio of 

tau to DNA. One tau molecule per 700 bp of DNA could induce a DNA conformational 

change. Tau also plays a role in chromatin structure, rDNA transcription and 

recombination, nucleo-cytoplasmic transport and ribosomal assembly (Qu et al., 2004). 

When Tau binds to one of the strands of DNA in a sequence specific manner, it induces 

the dissociation of double stranded DNA (Krylova et al., 2005). The biological 

significance of the tau-DNA complex still needs to be explored. Further we need to 

understand the mechanism of tau binding to DNA. 

 

 

1.2.18. 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 α-

Synuclein and modulate their folding and aggregation kinetics (Hegde et al., 2003; 

2004; Suram et al., 2007; Gabus et al., 2001; Nandi et al., 2002).  In many cases double 

stranded DNA accelerated the kinetics of fibrillation. However, an extensive study by 

us on α-Synuclein showed that the effect was dependent on the structure of DNA 

(Hegde et al., 2007). 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 (Nandi et 

al., 2002). Association of Abeta (1-40) and Abeta (25-35) with double stranded DNA 

was detected (Nandi, 1998). Abeta (25-35) was shown to cause formation of open 

circular DNA from supercoiled DNA in presence of ferrous ions (Jang et al., 2002). 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 

(Hegde et al., 2004). Our lab showed that Abeta (1-42) can directly inflict DNA nicking 

which could contribute DNA damage associated in AD brain (Suram et al., 2007, Gupta 

et al., 2006). In similar lines latest studies from our lab shows DNA single-strand 
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breaks directly induced by α-Synuclein in its partially folded form (Hegde et al., 2007); 

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 (Rao et al., 2006). 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. 

 

1.2.19 Biological significance of DNA binding of αααα-synuclein 

 

Structurally, purified α-Synuclein is a natively unfolded protein (Hegde et al., 

2003; Uversky et al., 2001). This lack of folding has been shown to correlate with the 

specific combinations of low overall hydrophobicity and large net charge (Uversky et 

al., 2000; 2002). In vitro, α-Synuclein readily assembles in to fibrils, with morphologies 

and staining characteristics similar to those of fibrils extracted from PD affected brain 

(Uversky et al., 2001; Giasson  et al., 1999). 
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The physiological significance of DNA induced α-Synuclein conformation and 

modulation of its assembly/ fibrillation is unclear at the present time. However, 

emerging lucid evidences for the presence of α-Synuclein in neuronal nuclei indicates 

that the DNA binding activity of α-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., (2003) provided evidence for the co-localization of α-

Synuclein with histones in the nuclei of nigral neurons from mice exposed to a toxic 

insult. The authors observed that histones stimulate α-Synuclein fibrillation in vitro. 

These studies further strongly suggested association of α-Synuclein with chromatin. 

 

Cherny et al., (2004) proposed that α-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 . It is 

suggested that the interactions of α-Synuclein with DNA and histones may function to 

regulate gene expressions. 

 

Interestingly, a recent study involving semi-quantitaive analysis of α-Synuclein 

in subcellular pools of rat brain neurons showed that there is a significant fraction of α-

Synuclein in the nuclear compartment (Zhang et al., 2008). They used immunogold 

electron microscopic technique with a C-terminal specific antibody. It was shown that 

α-Synuclein-positive gold particles were unevenly distributed in different subcellular 

compartnets. The density was relatively greater in presynaptic terminals and nucleus.  

In this perspective, association of α-Synuclein with chromatin attains significance. α-

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. 
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1.2.20 Alternative view: αααα-synuclein and neuroprotection 

 

 Several lines of evidences suggest α-Synuclein toxicity in PD, however, an 

alternative debate for the neuroprotective role of α-Synuclein in PD is emerging (Lee et 

al., 2006). Although, α-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 α-Synuclein (Hashimoto et ., 2002; Matsuoka et 

al., 2001) and few studies also suggested that α-Synuclein may play a neuroprotective 

role (Hashimoto et ., 2002; Manning-Bog  et al., 2003). 

 

In other words, there is a school of thoughts which argues that α-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 α-Synuclein aggregation in the brains of experimental animals and this 

increased expression and aggregation of α-Synuclein was neuroprotective (Manning-

Bog  et al., 2003). Studies showed that various neurotoxins including MPTP and 

rotenone increase α-Synuclein expression in brain (Hasegawa et al., 2004; Matsuzaki et 

al., 2004). These observations lead a group of researchers to suggest that the increased 

α-Synuclein expression may represent an adaptive homeostatic regulatory response to 

toxic stimuli (Lee et al., 2006). In support of this, overexpression of α-Synuclein in 

transgenic mice does not consistantly result in neuronal damage (Matsuoka et al., 

2001), nor does it mimic MPTP induced neurodegeneration completely (Rathke-

Hartlieb et al., 2001). 

 

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 
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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 α-Synuclein contributes to the cause of PD 

pathology or it is a passive secondary response of neurons affected by PD. These 

studies have to be addressed as toxic vs. protective responses in PD. 

 

1.3 Chromatin organization in neurodegeneration 

 

DNA in eukaryotic cell is arranged in the form of compactly condensed state known as 

chromatin. The sequence of the DNA forms the primiary information for the gene 

expression and chromatin organizations forms the secondary information. The 

regulation of chromatin organization also contributes to the regulation of gene 

expression. This kind of regulation is known as epigenetic control of regulation and 

chromatin organization is conserved throughout cell lineage (Kornberg, 1977). The unit 

of chromatin is nucleosome, which consists of 146bp of DNA wrapped around the 

octomer of histone proteins. Histone octomer consists two tetramers of  H3, H4 and 

H2A, H2B. The nucleosome core particles are linked by linker DNA stabilized by H1 

histone proteins. The regulation at chromatin level depends on modifications of DNA 

(especiaaly methylation at cytosine residues), incorporations of histone varients,  post-

translational histone modifications and other molecules which can interact with 

nucleosome core particles (Kouzarides, 2007; Polo and Almouzni, 2007). The different 

molecules like ATP-dependent remodeling complexes, histone chaperones and histone 

modifying enzymes involved in maintaining and regulating the chromatin organization 

(Polo and Almouzni, 2007). Thus chromatin organization plays an important role in the 

cellular events. Several studies and models has shown that in neuron also chromatin 

organization is tightly regulated and  alteration in chromatin organization observed in 

neurodegeneration. This provides strong suggestions that in neurodegenerative diseases 

like PD and AD chromatin organization might be playing a significant role in the 
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neuronal cell death. Here we discussing about the importance and some of the 

evidences of alterd chromatin organization in neuronal cell death. 

 

α-synuclein localization in the nucleus and its histone binding property implicate that 

α-synuclein may play a role in the chromatin function. The study by the Kontopoulos et 

al (2006) showed that αsynuclein induces neurotoxicity when targeted to the nucleus. 

α-synuclein sequestration to cytoplasm prevented the neurotoxicity. The authous has 

shown that α-synuclein binds to histone and hamper the acetylation, which finally leads 

to neurotoxicity. The neurotoxicity is rescued by the administration of histone 

deacetylase inhibitors, which clearly demonstrated that α-synuclein-histone interactions 

are the responsible for the neuronal cell death. Based on the above literature we are 

focusing on the chromatin organization in parkinson’s disease brain.  

 

It has been observed that proliferating cell nuclear antigen and transcription factor E2F-

1 are expressed in the PD brain. The above two transcription factors are involved in the 

cell cycle events (Holinger, 2007) .  DNA damage is observed in the PD brain in the 

form of Double strand breaks (DSB) and Single strand breaks (SSB) (Hegde et al., 

2006). The expression of cell cycle  protein and DNA damage has been reported in 

neurodegenerative brain. These two events in the neuron may trigger the neuronal cell 

death through programmed cell death (Kim etal., 2009). As DNA repair mechanism is 

weak in neurons compared to other  cell it will be better to prevent the accumulation of 

DNA damage rather depending on the repair mechanisms. In this contex it is important 

to maintain the chromatin integrity, as loss of chromatin integrity lead to the DNA 

damage and abberent gene expressions. The protein which serve as DNA damage check 

points activate the DNA repair mechanisms and the loss of their function may lead to 

the neurodegeneration. As α-synuclein has possibility to alter the chromatin integrity 

may alter the expression of these protein, which lead to the accumulation of DNA 

damage and finally neurodegeneration. Similar kind of activity observed in ataxia 

telangiectasia where the loss of function of protein ATM leads to progressive 

neurodegeneration (Rolig and McKinnon, 2000). DSB can activate the nuclear protein 

kinase ATM and induses chromatin relaxation (Ziv et al., 2006) .   
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α-synuclein which has shown to has binding properties with histones and altering its 

states of acetylation affteting histone affinity towards DNA resulting chromatin either 

in open or closed state. This will alter the  genomic expression and probably leading to 

neurodegeneration. 

 

1.3.1 DNA methylation  

 

DNA methylation is one of the regulating force in gene expression and also a 

biomarkers for the genetic damage. DNA methylation at the sites of CpG in the 

promoter region is an important epigenetic regulation of the gene expression. Loss of 

regulation on DNA methylation leading to altered gene expression has been observed in 

AD (Scarpa et al, 2003). Presinilin-1 gene expression is shown to be modulated 

depending on the state methylation in cell culture and mice Alzheimer’s Disease mice 

model. Fuso et al (2010)., analyzed the regulation of Presinilin-1 by supplementing 

nutritionally with hypomethylating and hypermethylating suppliments. 

Hypomethylation is achieved by creating Vitamin B defiency and hypermethylation 

was achieved by supplementing S-adenosyl methionine (SAM). DNA methylases and 

demethylase are modulated according to the supplementation and finally affected the 

presinilin-1 expression. Amyloid (1-40) peptide is involved in AD and it altered global 

DNA methylation in cell model implicating the new mechanism of toxicity induced by 

amyloid peptides (Chen et al., 2009). α-synuclein is implicated in PD and an altered 

expressions are observed in PD. Jowaed et al., (2010) showed that methylation in the  

SNCA intron 1 of α-synuclein is reduced in the PD brain samples. The data indicated 

that methylation status of α-synuclein altered the gene expression and involoved in the 

disease development. Hypomethylation of DNA in Tumor necrosis factor (TNFα) 

promoter region is observed in the promoter regions in PD patients. TNFα is implicated 

in PD by activating the inflammatory responses leading to neurodegeneration (Pieper et 

al., 2008). 
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Figure 1.5: Chromatin organization  and its regulation in the process of gene 

expression (courtesy: blog.targethealth.com/?p=11438) 

 

1.3.2  Histone acetylation  

 

Histone acetylation homeostasis in the nucleus is maintained by the combined action of 

Histone acetylases (HAT) and Histone deacetylases (HDAC). Histone acetylation 

balace is altered in neurodegenerative conditions (Saha and pahan, 2006).   Histone 

deacetylases limit the access to DNA interacting molecues by inducing chromatin 

condensation. The chromatin condensation occurs as an effect of remov al of the acetyl 

gropus from histone proteins by histone deacetylases. Histone deacetylase inhibitors  

has been shown to improve the learning and memory (Fontán-Lozano et al., 2008).  

Kim et al, showed that p25/Cdk5 induced deregulation of Histone deacetylase 1 

(HDAC1) lead to the aberrant cell cycle reentry and double strand breaks and finally 

neuronal death (kim et al., 2008). Alvira et al (2008) showed the activation of the  
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p25/Cdk5 pathway in PD patients indicating the cell cycle reentry and neuronal loss in 

PD.  The gene expression profile of MPTP induced monkey model of PD has shown the 

role of Neuronal repressor element-1 silencing transcription factor (REST). REST is 

involved in the epigenetic regulation by recructing the histone and chromatin modifying 

molecules to REST targeted genes (Buckley et al., 2010). Histone acetyltransferases 

(HAT) are involved in the neurodegeneration. CREB-binding protein (CBP) is a HAT 

protein and regulates the transcription by acting as co-activator of CREB. Loss of 

function of CBP activity was observed in apoptotic neuronal cell death (Rouaux et al., 

2003). In AD,  an alteration of cAMP-responsive element (CREB) dependent genes has 

been observed indicating role of histone and chromatin complexes in AD (Ikezu et al., 

1996). Rossi et al., (2008) showed that chromatid breaks and chromatid bridges in the 

lymphocytes of the Fronto temporal dementia (FTD) patients carrying P301L mutated 

Tau protein. Tau protein is mainly involved in the polymerization and stabilization of 

the microtubules in the neurons may also involved in the chromatin maintanence. As 

Tau protein implicated in both PD and AD, the role of Tau protein in altering chromatin 

structure was reasonable in neurodegeneration. Sirtuin 2, a member of histone 

deacetylase famility  has shown to be involved in the α-synuclein mediated toxicity. α-

synuclein mediated cytotoxicity has been rescued by using the inhibitors of Sirtuin 2 by 

using small interfering RNA silencing (Outeiro et al., 2007). In PD, pestiside exposed 

has been implicated in the process of neuronal cell death. Song et al., (2010) showed 

that dieldrin treatment induced neuronal cell death by the hyperacetylation of histone 

molecules (Song et al., 2010). Almeda et al., (2010) showed that 3-Nitropropionic acid 

treatment decreased the HDAC activity and affected the histone acetylation in neuronal 

cell culture. 3-Nitropropinoic acid inhibits the mitochondrial complex II and leads 

neuronal cell death. Histone deacetylase inhibitors showed neuroprotection in 

Huntington disease and Amyotrophic lateral sclerosis (ALS) (Petri et al., 2006; Pallos et 

al., 2008). These inhibitors mainly act on the CREB binding protein (CBP) regulation 

of the gene expression.  
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1.4. Role of curcumin in neurodegenerative diseases 

 

Curcumin is a hydrophobic polyphenol derived from the rhizome (turmeric) of the herb 

Curcuma longa. Turmeric is commonly used spice in india and curcumin is the 

principle component of turmeric. Curcumin is also used widely as pharmacological 

active compound because of its wide spectrum of biological activities. Curcumin has 

been reported to have the antioxidant, antimicrobial, anti-inflamatory and anti-

carcinogeneic activities. The antioxidant property of curcumin is due its scavenging 

activity of free radicals such as hydroxyl radicals, singlet oxygen, superoxide radicals 

and peroxyl radicals. Curcumin has prevented the DNA damage in plasmid pBR322 

plasmid by singlet oxygen species (Subramanian et al., 1994)  

 

1.4.1 Curcumin metabolism  

 

Curcumin belongs to the diarylheptanoid class of natural products in which a cental 

seven carbon chain links the two oxy substituted aryl moieties. In the C7 linker unit the 

unsaturation has trans C=C bonds. The aryl rings may be symmetrically or 

unsymmetrically substituted. Natural turmeric has three analogs of curcumin 

collectively known as curcuminoids namely Curcumin, demethoxycurcumin (DMC) 

and  bisdemethoxycurcumin (BDMC). curcumin has two symmetric o-methoxy phenols 

linked through the α, β-unsaturated β-diketone moiety. Commercially available 

turmeric  contain mixture of 77% curcumin, 17% DMC, and 3% BDMC. Curcumin is 

metabolized in the body and gives various metabolites, namely dihydrocurcumin 

(DHC), tetrahydrocurcumin (THC), hexahydrocurcumin (HHC), octahydrocurcumin 

(OHC), curcumin glucuronide, and curcumin sulfate.  
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Figure 1.6: Curcumin metabolism and the metabolites formed in the body 

(dmd.aspetjournals.org/.../27/4/486/F8.expansion) 

 

1.4.2 Curcumin neuroprotection  

 

Curcumin has shown protective effects against intracerebroventricular–streptozotocin 

(ICV–STZ) induced cognitive deficits and oxidative damage in rats (Ishrat et al., 2009). 

Recently, it is reported the a pyrazole derivative of curcumin enhances memory by 

activating Ca2+/calmodulin dependent protein kinase II (CaMKII). CaMKII plays a 

important role in long-term potentiation (LTP) and memory (Maher et al., 2010).  

Curcumin has shown the ameliorating effect against lipopolyscaccharide induced (LPS) 

neurotoxicity. LPS induced neurotoxicity by activating transcription factors, nuclear 
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factors κB (NF-κB) and activator protein-1 (AP-1) which lead to inflammation (Yang et 

al., 2008). Curcumin has shown protective role against neuroinflamation and 

neuroinflamation was seen in AD and PD (McGeer et al., 2005). Curcumin has shown 

to induce the glutathione (GSH) synthesis in the experimental models of PD and 

protected against oxidative stress. Depletion in the glutathione is observed in the PD 

wich results in the oxidative stress. The authours postulated that this property of 

curcumin may be due to its action on transcription of gamma-glutamyl cysteine ligase 

(γ-GCL). γ-GCL may bind to transcription factor complexes and regulate the expression 

(Harish et al., 2010). Ortiz-Ortiz et al., (2010) reported that exposure of rat 

mesencephalic cells to curcumin induces the expression of leucine-rich repeat kinase 2 

(LRRK2). LRRK2 gene is genetically linked to PD and mutations in this gene lead 

neurodegeneration similar to PD. Curcumin neuroprotective activity is  analyzed in the 

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) model of PD. MPTP is a 

neurotoxin that causes pathology similar to PD by degenerating dopaminergic neurons 

in the substantia nigra of the brain. MPTP is converted to MPP+ by the action of 

monoamine oxidase, the resultant MPP+ is toxic to cell. MPP+ interferes with complex 

I of the electron transport chain in mitochondria leading to cell death. MPTP  triggers 

the generation of free radicals which contribute to cell destruction (Smeyne and 

Jackson-Lewis, 2005). MPTP administration to mice resulted in the loss of 

dopamine(DA) and DOPAC (3,4-dihydroxy phenyl acetic acid) with increased 

monoamine oxidase (MAO-B) activity. Curcumin and Tetrahydrocurcumin prevented 

the MPTP induced depletion of DA and DOPAC by the inhibition of MAO-B activity 

(Rajeswari and Sabesan, 2008). 
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Figure 1.7: Curcumin molecular targets in the process of protection. (courtesy: 

curcumin-turmeric.net/) 

 

Curcumin has shown to associate with fibrillar aggregates of Tau and amyloid peptides 

(Mohorko et al., 2010; Yang et al., 2005). Curcumin has shown to inhibit the 

aggregation of the amyloid peptide and even disaggregates the preformed aggregates of 

amyloid peptides (Yang et al., 2005). The in vivo studies showed that curcumin can 

cross the blood-brain barrier (BBB) in the mice model (Yang et al., 2005).  α-Synuclein 

plays a central role in PD pathogenisis and found in the form of aggregates in PD brain. 

Wang et al., (2010) reported that extracellular addition of oligomeric α-Synuclein 

induces cytotoxic effects and curcumin protected the toxic effect induced by oligomeric 

α-Synuclein. Curcumin has improved the memory in aluminium induced AD mice 

model (Pan et al., 2008). Pandey et al.,  (2008) showed that curcumin inhibits the 

oligomerization of α-synuclein and therby inhibiting the aggregation in in vitro model 

of aggregation assay. They also showed that aggregatiuon of mutant α-synuclein was 

inhibited by the curcumin in SH-SY5Y cell line model. 
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1.5 Biomarkers for neurodegeneration 

 

Biomarker  is a ‘ a characteristic that is objectively measured and evaluated as an 

indicator of normal biological processes, pathogenic process or pharmacological 

response to a therapeutic intervention. The availability of BMs for early disease 

diagnosis will impact the management of PD in several dimensions. 1) BMs help to 

identify the high risk individuals before symptoms develop. 2) BMs help to 

discriminate between true PD and other causes of a similar clinical syndrome. 3) BM 

may help determination of the clinical efficacy of newer neuroprotective therapies. 4) 

BMs must therefore gain insight into processes underlying the pathological changes, 

associated with PD (Scherzer, 2009; Halperin et al., 2009). 

 

Body fluids, which can easily drawn like blood, urine and cerebrospinal fluid will be 

used to identify biomarkers. Several molecules like trace metals, protein profile, 

oxidative stress markers etc can act as biomarkers which can be estimated 

biochemically in these body fluids. Trace metals like copper and iron, metal transport 

protein levels in blood like ceruloplasmin, ferritin, oxidative stress markers like 8-

OHdG are estimated in the sample fluids (Bharucha et al., 2008; Gmitterová et al., 

2009; Bartzokis et al., 2007). Specic proteins involved in different neurodegenerative 

disorders like amyloid proteins, Tau in AD, α-synuclein PD and their detection in the 

body fluids become import in early detection of these diseases. Primarily the detection 

of nearly every neurodegenerative disorder in the clinics now rely on the symptons and 

no biochemical markers has been established so far. Now the reaserch is focusing on 

the identification of biomarkers for every neurodegenerative disorders. Some studies 

are focused on identifying biomarker by targeting the certain established molecules in 

the blood and CSF. 

 

Neuroimaging is used as non invasive technique to diagnose the brain structural and 

functional changes. In neuroimaging several techniques like Positron Emission 

Tomography (PET), Magnetic Resonance Imaging  (MRI), Functional Magnetic 

Resonance Imaging (FMRI), Magnetic Resonance (MR) specytroscopy  are applied in 

these studies. Among the above mentioned methos of neuroimaging, MRI is the simple 
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and cost effective technique in analyzing the brain structural changes. MRI measures 

the change in whole brain atrophy and different regional atrophy of the brain (Jack Jr et 

al., 2005). Jokinen et al., (2009) performed the MRI of PD and healthy elderly 

volunteers. The patient sample consisted of 19 patients (age 64.4) with idiopathic PD. 

PD patients showed atrophy in the hippocampus and prefrontal cortex.  Hippocampal 

atrophy correlated with impaired memory. Striatal dopaminergic neuronal loss and 

global brain volume loss contribute to cognitive impairment in non-demented PD 

patients.. Studies involving AD patients have shown early involvement of medial 

temporal lobe structures such as entorhinal cortex and hippocampus in the disease 

initiation (Barnes et al., 2004; Lerch et al., 2005). The decrease in the hippocampal 

volume is associated to severity of the AD. The study of Archer et al. (2006) reported 

that there is a positive correlation between amyloid load and cerebral atrophy in AD. 

 

 

1.6 Research lacunae 

There are limited studies in the area of genomic biology of brain and brain disorders. 

Still the mechanisms for neuronal cell death in brain disorders are not clear. It can be 

possibly by both apoptotic and necrotic cell death events. Further, the functional role of 

genomic stability in augmenting gene expression is still not clear. The DNA repair 

mechanisms are much more complex and the secrets of repair enzymes need to be 

further explored. The clinical and biological link between neuropsychiatry to 

neurodegeneration is overlapping, making it difficult for Scientists, Clinicians for 

diagnosis and drug discovery. There is lot of debate on translational research and 

neurochemistry in overlapping clinical conditions in neuropsychiatry-neurodegenerative 

diseases. The major questions are, i) will MRI help to design end points to map cross-

talk between neuropsychiatry to neurodegeneration?, ii) Does neurochemistry mapping 

help to  interlink  Clinics and neurochemistry?, iii)  will depression be an early event 

and risk factor for neurodegeneration?. There are three major challenges, i) can 

neuropsychiatry illness be risk factor for neurodegeneration?,  ii) to map neurochemical 

and clinical complexicities to classify neuropsychiatry versus neurodegeneration, iii) to 

develop biomarker end points to classify  neuropsychiatry and neurodegenerative 

disorders in independent and over-lapping situations. Lot of debate in understanding the 

translational parameters related to diagnosis and drug discovery and also understanding 
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complex biology in overlapping clinical conditions like neuropsychiatry-

neurodegenerative features is still under hot topic. We propose that failure in DNA 

repair due to altered DNA topology may be the early onset for pathophysiology of brain 

disorders. Still this topic needs to be investigated.  

 

1.7 Aim and Scope of the study : Neurodegeneration is the main consequence of 

the all neurodegenerative diseases. The intiation and exact pathwy due to which the 

neuron undergoes cell death is not clear. In most of the diseases the  alteration in the 

function of certain neuroprotein has been assigned the cause of the neurodegeneration. 

In PD, α-synuclein, Tau, neuromelanin protein functions are altered. As α-synuclein 

and Tau are found in in the aggregates which are found in brains of PD patients, the 

aggregation was believed to be the culprit. Still it is a debatable conclusion whether the 

aggregation and is the cause or consequence of disease pathology. In light of this,  the 

alternative toxic role of these proteins gained the importance. One of such alternative 

toxic pathway is the role of these neuropeptide in the nucleus as these neuropeptides are 

localized in the nucleus. Recent studies has shown binding parterns in the nucleus, 

having ability to interact with DNA and histone proteins. However the studies are not 

focused on mechanism of their interaction and their relevance to neurodegeneration. 

Therefore, the following objectives have been proposed to study in the thesis 

 

Objectives: 

 

1. To study the chromatin organization in normal and neurodegenerative brain 

and the role of curcumin in chromatin stability 

2. To study the genotoxicity in brain cells and prevention by curcumin 

3. To understand the molecular mechanism of sequence specific 

oligonucleotide and DNA binding of neuropeptides, curcumin and 

Actinomycin D 
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2A.1 Introduction 

 

Chromatin organization plays an important role in the cellular events including gene 

expression. The alteration in the chromatin organization may lead to the neuronal cell 

death and disease. The regulation of gene expression at chromatin levels depends upon 

the state of DNA methylation and histone binding to DNA. Any alteration in the 

mathylation of DNA and histone modification affect its organization and alters gene 

expression. Loss of regulation on DNA methylation leading to altered gene expression 

has been observed in AD (Scarpa et al, 2003). Presinilin-1 gene expression is shown to 

be modulated depending on the state of DNA methylation. Jowaed et al., (2010) 

showed that methylation in the  SNCA intron 1 of alpha synuclein is reduced in the PD 

brain samples. Histone acetylation homeostasis in the nucleus is maintained by the 

combined action of Histone acetylases (HAT) and histone deacetylases (HDAC). 

Histone acetylation balace is altered in neurodegenerative conditions (Saha and pahan, 

2006). Kim et al, (2008) showed that p25/Cdk5 induced deregulation of Histone 

deacetylase 1 (HDAC1) lead to the aberrant cell cycle reentry and double strand breaks 

and finally neuronal death. Alvira et al (2008) showed the activation of the  p25/Cdk5 

pathway in PD patients indicating the cell cycle re-entry and neuronal loss in PD. In 

PD, pesticide exposure has been implicated in the process of neuronal cell death. Song 

et al., (2010) showed that dieldrin treatment induced neuronal cell death by the 

hyperacetylation of histone molecules (Song et al., 2010). 

Kontopoulos et al (2006) showed that alpha synuclein induces neurotoxicity 

when targeted to the nucleus. Alpha synuclein sequestration to cytoplasm prevented the 

neurotoxicity. These authors have shown that alpha synuclein binds to histone and 

hamper the acetylation, which finally leads to neurotoxicity. The neurotoxicity is 

rescued by the administration of histone deacetylase inhibitors, which clearly 
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demonstrated that alpha synuclein-histone interactions are the responsible for the 

neuronal cell death. 

 

In the present study, the chromatin organization in Parkinson’s disease brain 

samples was analyzed. 

 

2A.2 Materials  

Anti-Histone H3 antibody, PMSF, Msp I, Hpa II, micrococcal nuclease and 

nitrocellulose membrane were purchased from sigma (USA). HRP-cojugated IgG, 

TMB/H2O2, Ribonuclease A (RNAse A), Proteinase K, 1kb DNA ladder, Tris saturated 

phenol were purchased from Genei, India.  Phenol, chloroform, isoamyl alcohol, 

sodium chloride, SDS, Tris, HEPES, EDTA sodium salt, glacial acetic acid, ethanol, 

sodium hydroxide, bromocresol green, and ethidium bromide were purchased from 

SRL Pvt. Ltd. All other chemicals were of analytical grade and were purchased from 

Sisco Research Labs, Mumbai, India. 

 

2A. 3 Methodology 

2A. 3.1 Brain samples 

 

Five normal and five PD-affected human brain samples were obtained from the 

National Institute of Mental Health and Neurosciences (NIMHANS), India. Autopsies 

were performed on donors from whom written informed consent has been obtained 

either from the donor or direct next of kin. The control human brains (age 45-65 years) 

were collected from accident victims, who had no history of long-term illness, 

movement disorders, dementia, or neurological disease prior to death. The PD-affected 

(48–68 years) brains were postmortem specimens from clinically well documented and 

neuropathologically confirmed cases who were under long-term follow up at the 

Neurological services at National Institute of Mental Health and Neurosciences, 

Bangalore, India. The average postmortem interval between the time of death and 

collection of brain and freezing was 6-15 h. Within one hour after death the body was 

kept in refrigerator maintained at 4°C. Dissected brain tissue was stored frozen at -70°C 

till the analysis. 
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Number Age (yr) PMI (hr) Tissue (pH) Sex Cause of Death 

 
Control group 

C-1 45 7 6.76 F         Head injury  

C-2 51 12 6.61 M         Head injury 

C-3 55 7 6.71 M         Head injury 

C-4 48 15 6.45 M         Spinal cord injury 

C-5 65 13 6.68 M         Head injury 

Group II 41-60 yrs      

PD-1 56 1  6.15 M         PD 

PD-2 62 14 6.38 M         PD 

           PD-3                     68                  15                   6.87            M                 PD 

PD-4 65 6 6.67 F         PD 

PD-5 48 1 6.23 F         PD 

 

Table 2A.1: Demographic data of PD and control brains 

 

2A.3.2 Isolation of the nuclei from the brain samples 

Nuclei were isolated from the brain regions namely hippocampus, thalamus, midbrain 

and caudate nucleus according to the method described by Rao et al., (1983). Briefly, 

brain tissue was weighed (5 grams) and perfused with normal saline to remove the any 

blood in the tissue. Brain tissue was cut into small pieces and minced thoroughly. The 

minced brain tissue was homogenized in 0.34M sucrose in buffer A (50 mM Tris –HCl, 

pH 7.5, 25 mM KCl, 5 mM MgCl2, 0.5 mM PMSF) using motor duer homogenizer. 

The homogenate was filtered through 2 layers of cheese cloth and the filtrate was 

centrifuged at 1000g (3500 rpm) for 10 min at 4°C. The supernatant was decanted 

carefully and the pellet was resuspended in 1M sucrose in buffer A. the suspended 

pellet was homogenized using hand held homogenizer and centrifuged at 100,000g 

(42,000 rpm) in ultracentrifuge for 1 h. The pellet obtained was washed with 1M 

sucrose in buffer A and then washed again with 0.34 M sucrose with 0.1% Triton X 

100. The pellet is dissolved in Tris-HCl buffer. The concentration of the nuclear 

suspension was determined by taking absorbance at A260 in 1 ml of 2M NaCl/5M urea. 

 

2A.3.3 DNA isolation from the brain tissue 

DNA was isolated from the brain regions by phenol-chloroform extraction. Brain tissue 

was cut into small pieces and was transferred into an autoclaved porcelain mortar and 

pestle. All glasswares, mortar, pestle, etc., were autoclaved to avoid bacterial 
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contamination. Liquid nitrogen was poured into the mortar and the tissue was allowed 

to freeze. Tissue was ground thoroughly with pestle with frequent additions of liquid 

nitrogen. Tissue homogenate was transferred into a sterile tube and the liquid N2 was 

allowed to evaporate (a sterile spatula was used to transfer the powdered tissue into a 

graduated tube). The tissue homogenate was incubated with lysis buffer (50 mM Tris–

HCl (pH 8.0), 10 mM EDTA (pH 8.0), 100 mM NaCl) and was added with 15 mg/mL 

of proteinase K and 2% SDS in the final volume. One milliliter of lysis buffer was used 

for every 500 mg of tissue (Note 1: Lysis buffer should be pre-warmed, Note 2: Add 

proteinase K after first 2 h, optimum: 3 h.). The homogenate was incubated at 37 0C in 

a water bath for 12–16h or overnight. After the completion of incubation, the incubated 

lysate was transferred to an autoclaved 50 mL conical flask. Then, equal volume of tris-

saturated phenol (pH 8.0) was added and mixed thoroughly, either manually or 

mechanically for 10 min. The lysate was centrifuged for 10 min at 10,000 rpm at 13 0C. 

The supernatant was collected into a fresh autoclaved 50 mL conical flasks and 1/2 

volume of Tris-saturated phenol and chloroform: isoamyl alcohol was added and mixed 

thoroughly. One part phenol: one part chloroform (C) and iso-amyl alcohol (IA) 

mixture (C: IA = 23:1) (Note: Tris saturated phenol was stored in amber colored bottles 

at low temperature to avoid oxidation of phenol.). The supernatant and Tris-saturated 

phenol–chloroform mixture was centrifuged at 5000 rpm at 4°C. The upper aqueous 

layer was collected into a fresh tube and 1/30th volume of sodium acetate (pH 5.5) and 

equal volume of chilled absolute ethanol was added. DNA was precipitated by slowly 

swirling the tube manually. (Note: Pre-cooled tubes were used and DNA was 

transferred into another tube containing 70% alcohol for washing). DNA was washed 

twice with 70% alcohol and once with absolute alcohol to remove excess salt and 

vacuum dried and stored at –20°C. The vacuum dried DNA was dissolved in 1 mL of 

TE buffer (10 mM Tris–HCL, 1 mM EDTA, pH 8.0). The DNA isolated from cells also 

contains RNA, which was removed by digesting the preparation with RNase enzyme. 

RNase solution was kept in boiling water for 10 min before use so as to inactivate 

DNase I. The method provides high quality genomic DNA with good yield. It is 

important to mention that the genomic DNA was isolated from total brain tissue of 

different brain regions (i.e., containing both neurons and glia). 
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2A.3.4 Preparation of soluble chromatin 

Soluble chromatin was prepared from the isolated nuclei by limited digestion of nuclei 

with micrococcal nuclease (Korenberg et al., 1989). Nuclear suspension (100 µL) was 

mixed with 0.1M CaCl2 and incubated at 37°C for 2 min. After incubation, the nuclear 

suspension was digested with micrococcal nuclease (50 units) by incubating at 37°C for 

1 min. The reaction was stopped by 0.25 M EDTA and centrifuged at 5000 rpm for 5 

min. The pellet obtained was suspended in 10mM NaHSO3, pH 7.5, 1mM EDTA. The 

soluble chromatin obtained by the limited digestion was used for the thermal 

denaturation and circular dichroism studies. 

 

2A.3.5 Histone protein extraction 

The nuclear pellets were resuspended in 500 µL of 0.4 N H2SO4 , incubated on ice for 

30 min and then centrifuged at 4°C for 10 min at 14 000g. The supernatant was 

transferred to fresh tube and the proteins were precipitated trichloroacetic acid 

containing 4 mg/mL deoxycholic acid on ice for 30 min. The supernatant was 

discarded, and the pellet was washed with ice-cold acidified acetone(0.1% HCl) and 

then with ice-cold acetone for 5 min each. The protein precipitates were collected 

between the washes by centrifugation at 14 000g. The purified proteins were 

resuspended in 10 mM Tris-HCl (pH 8.0) and stored at -80°C (Nicholas et al., 2008). 

Protein concentration in the histone extraction sample was estimated by the method of 

Lowry method (Lowry et al., 1951). 

 

2A.3.6 Thermal denaturation studies  

Thermal melting of the whole chromatin samples was done on Spectrophotometer 

equipped with a thermostat programmer and data processor (Amarsham Biosciences, 

HongKong). All the chromatin samples, at OD260 = 0.6 were used for the melting 

temperature studies in HEPES buffer (10mM, pH 7.4). The melting profiles were 

recorded with increase of 1°C/min in the temperature range of 25-95°C. 

 

 2A.3.7 Circular Dichroism (CD) studies 

Circular dichroism spectra of the whole chromatin samples were obtained by using 

JASCO J700 spectropolarimeter at 25°C, with 2mm cell length in the wavelength range 
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between 200-320 nm in Tris-HCl buffer (5 mM, pH 7.4)/0.2 mM EDTA. Each CD 

spectrum was the average of four scans.  

 

2A.3.8 Dot blot assay 

Histone protein samples were applied to nitrocellulose membrane in a Bio-Dot 

apparatus (Bio-Rad). The membrane is blocked with 10% non-fat milk in Tris buffer 

saline-Tween (TBS-T) at room temperature for 1h, washed with TBS-T and probed 

with anti-α-synuclein antibody (Sigma, USA, raised in rabbit) solution (dilution ratio) 

in 3% BSA-TBS-T overnight at 4°C. After washing it is probed with secondary 

antibody (anti-goat) coupled with horse raddish peroxidase antibody (dilution) for 1h at 

room temperature. The blot is developed using substrate TMB/H2O2. The presence of 

acetylated histone H3 was detected using anti-histone H3 of mouse as primary antibody 

and peroxidase conjugated anti-rabbit-goat antibody as secondary antibody. BSA is 

used as control where no immunoreactivity is observed.  

 

2A.3.9 Micrococal nuclease digestion 

The nuclear pellet was washed with 0.1% Triton X-100 to create the pores in the 

nuclear pellet which allow MNAse to enter into the nuclei and digest chromatin. Then 

nuclear pellet was suspended in MNAse digestion buffer (50 mM Tris –HCl, pH 7.5, 25 

mM KCl, 5 mM MgCl2, 1mM CaCl2, 0.1 mM PMSF) and equilibrated at 37°C for 10 

min. the equilibrated nuclear suspension was treated with 80 units of the enzyme 

(Worthington) MNAse and incubated for 15 min. Reaction was stopped by adding 100 

mM EDTA. The digested nuclear suspension was mixed with nuclear lysis buffer (50 

mM Tris –HCL, pH 8.0, 10 mM EDTA, 0.2% SDS) and proteinase K added to the final 

concentration of 0.5 mg/mL and incubated for 12 h. After the incubation DNA was 

isolated by phenol-chliroform extraction. The DNA was analyzed on 1.2 % agrose gel 

electrophoresis and stained the gel with ethidium bromide.    

 

2A.3.10. Restriction digestion analysis for the methylation of DNA 

Digestion of genomic DNA was performed with methylation specific  Msp I and Hpa II 

restriction endonucleases to know the methylation status of the DNA. MSP I/ HpaII 

isoschizomers were used for the detection of methylated cytosines. Both the enzymes 
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digest CpCpGpG motif in dsDNA, but they recognize different state of the cytosine 

residue. Msp I cleaves both methylated and unmethylated DNA, while Hpa II cleaves 

unmethylated CpCpGpG motif. About 10 µg of DNA was digested with Msp I and 

HpaII in the restriction digestion buffer (10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 10 

mM MgCl2) for 2 h. The reaction was stopped by heating the reaction mixture for 5 min 

at 60°C. The digested DNA was analyzed on 1.2%  agarose gel electrophoresis. 

 

2A.4 Results 

2A.4.1 Thermal denaturation of chromatin 

Thermal denaturation of control and PD chromatin samples were analyzed for the 

structural integrity of chromatin. A mean thermal transition around 80.3 ± 1.3°C, 78.4 ± 

0.9°C, 77.8 ± 1.1°C and 79.9 ± 1.4°C for thalamus, midbrain, hippocampus and caudate 

nucleus, respectively for the control chromatin samples was observed. The mean 

thermal transition values for the PD samples were 78.7 ± 1.2°C, 76.5 ± 1.1°C, 77.2 ± 

0.7°C and 77.8 ± 0.8°C for thalamus, midbrain, hippocampus and caudate nucleus, 

respectively. It was also observed one more minor transition for all the samples. The 

minor transition for the thalamus, midbrain, hippocampus and caudate nucleus for 

control chromatin samples were 66°C, 67°C, 67°C and 65°C, respectively. The minor 

transition for the thalamus, midbrain, hippocampus and caudate nucleus for PD 

chromatin samples were 63°C, 63°C, 64°C and 65°C, respectively. Compared to the 

control, melting profile of chromatin samples, melting transition points of PD samples 

were decreased. This suggested that chromatin organization was altered in PD 

compared to age matched control samples.  

 

 

 
 
 
 
 

 

Table 2A.2: Thermal melting profile of the control and PD chromatin samples of 

thalamus, midbrain, hippocampus and caudate nucleus. 

Brain region Melting temperature 
 Control PD 
Thalamus  80.3 ±±±± 1.3°°°°C 78.7 ±±±± 1.2°°°°C 
Midbrain 78.4 ±±±± 0.9°°°°C 76.5 ±±±± 1.1°°°°C 
Hippocampus 77.8 ±±±± 1.1°°°°C 77.2 ±±±± 0.7°°°°C 
Caudate nucleus 79.9 ±±±± 1.4°°°°C 77.8 ±±±± 0.8°°°°C 
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2A.4.2 Circular dichroism analysis of chromatin samples 

Control and PD chromatin samples were analyzed by circular dichroism spectroscopy 

by taking all samples equivalent to DNA concentration from the thalamus, midbrain, 

hippocampus and caudate nucleus regions (Fig 2A.1). CD spectra of hippocampus 

region of PD brain samples showed decrease in the 220 nm negative peak and increase 

in 275 nm positive peak compared to control brain region. PD Thalamus region showed 

decrease in the 225 nm negative peak in CD spectra compared to control hippocampus 

region. The CD spectra of midbrain region showed decrease and a red shift in the 225 

nm negative peak to 230 nm peak in PD chromatin sample compared to control 

chromatin sample. CD spectrum of caudate nucleus showed decrease both in the 225 

nm negative peak and 280 positive peak and a shift in the positive peak from 280 nm to 

275 nm in PD chromatin sample compared to control chromatin samples. The 

differences in the CD spectra may be due to the different protein/DNA ratio from the 

control and PD samples. The data suggest that the chromatin organization in terms of 

histone-DNA concentration and modifications of either histone or DNA and their 

interactions were different in PD brains compared to age matched control brains. 
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Figure 2A.1: CD spectra of the chromatin samples isolated from the hippocampus, 

thalamus, midbrain and caudate nucleus regions of the Parkinson’s disease and age 

matched control brains. 

 

2A.4.3 Dot blot assay for the Histone acetylation 

Acetylation of the histone H3 protein was analyzed using dot blot assay to know the 

histone acetylation status of the thalamus, hippocampus, midbrain and caudate nucleus 

of 5 PD brain regions and 5 age matched control brains (Fig 2A.2). Dot blot assay of 

histones from the hippocampus regions of control brain showed immunoreactivity for 

the 3 samples (C1, C3, C5) out of 5 samples probed with anti-histone H3 antibody 

while all the 5 PD histone samples showed immunoreactivity. In the thalamus region 

also 3 control samples (C2, C3, C4) showed immunoreactivity and all 5 PD brain 

samples showed immunoreactivity. In midbrain region only one sample (C5) showed 

immunoreactivity in control group and all 5 samples in the PD group showed 

immunoreactivity. In the caudate nucleus group 3 samples (C2, C3, C5) showed 

immunoreactivity in control group and 4 samples (PD1-PD3, PD5) showed 

immunoreactivity in PD group. The differences in the immunoreactivty may due to the 

differences in the levels of acetylated histone H3 in the samples. The differences in the 

acetylated histone H3 immunoreactivity reflect the degree of histone acetylation in the 

brain samples. In conclusion the data suggest that acetylation of histone H3 more 

common in PD conditions compared to age matched control brains. 
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Figure 2A.2 : Dot blot assay of histone acetylation: histone samples were probed 

with anti-histone H3 primary antibody, peroxidase conjugated secondary antibody and 

developed using TMB/H2O2. 

 

2A.4.4 Micrococcal nuclease digestion of nuclei 

Nucleosomal structure in the chromatin was analyzed by the micrococcal nuclease 

digestion. Micrococcal nuclease digestion of the control (Fig 2A.3, lane 1) and PD (Fig 

3, lane 2) chromatin samples from the hippocampus regions showed more digestion of 

the control chromatin sample compared to that of PD. PD chromatin samples showed a 

DNA band greater than 10 kb (Fig 2A.3, lane 2) indicating the difference in the 

nucleosomal structure between the control and PD chromatin. Similarly, chromatin 

from the thalamus region showed difference in the digestion pattern between the 

control and PD sample (Fig 2A.3, lane 3 and 4). Chromatin sample from the PD 

thalamus was less digested compared to control region. Chromatin isolated from the 

midbrain and caudate nucleus showed no difference the digestion pattern between the 

control and PD groups (Fig 2A.3, lane 5, 6, 7 and 8). 
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Figure 2A.3: Micrococcal nuclease digestion of nuclei. M. Marker, 1. Control 

hippocampus, 2. PD hippocampus, 3. Control thalamus, 4. PD thalamus, 5. Control 

midbrain, 6. PD midbrain, 7. Control caudate nucleus and 8. PD caudate nucleus. 

 

2A.4.5 DNA methylation analysis using endonucleases Msp I and Hpa II  

DNA methylation status of the DNA from the control and PD samples were analyzed 

by the methylation specific combination of the Msp I/Hpa II restriction digestion. 

Restriction digestion of hippocampus DNA with Msp I/Hpa II showed no differences 

among control group, but compared to control DNA, PD DNA digested more with Msp 

I/Hpa II. This indicates that compared control DNA, PD DNA from hippocampus 

region was more methylated in cytosine (Fig 2A.4). DNA isolated from the thalamus 

region of the PD showed more digestion compared to control DNA, indicating 

alteration in the DNA methylation status of the control and PD group (Fig 2A.5). DNA 

isolated from the midbrain and caudate nucleus regions of the PD brain also showed 

more digestion compared to control DNA, indicating alteration in the DNA methylation 

status of the control and PD group (Fig 2A.6 and 2A.7). 

 

 

Figure 2A.4: Restriction digestion of DNA isolated from hippocampus of control and 
PD brain samples with Msp I/Hpa II M. Marker, lanes 1, 3, 5, 13, 15 were control 
hippocampus DNA digested with Msp I from C1, C2, C3, C4 and C5 respectively. 
lanes 2, 4, 6, 14, 16 were control hippocampus DNA digested with Hpa II from C1, C2, 
C3, C4 and C5 respectively. , lanes 7, 9, 11, 17, 19 were PD hippocampus DNA 
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digested with Msp I from C1, C2, C3, C4 and C5 respectively. lanes 8, 10, 12, 18, 20 
were PD hippocampus DNA digested with Hpa II I from C1, C2, C3, C4 and C5 
respectively. 
 

 
 
Figure 2A.5: Restriction digestion of DNA isolated from thalamus of control and PD 
brain samples with Msp I/Hpa II M. Marker, lanes 1, 3, 5, 13, 15 were control thalamus 
DNA digested with Msp I from C1, C2, C3, C4 and C5 respectively. lanes 2, 4, 6, 14, 
16 were control thalamus DNA digested with Hpa II from C1, C2, C3, C4 and C5 
respectively. , lanes 7, 9, 11, 17, 19 were PD thalamus DNA digested with Msp I from 
C1, C2, C3, C4 and C5 respectively. lanes 8, 10, 12, 18, 20 were PD thalamus DNA 
digested with Hpa II I from C1, C2, C3, C4 and C5 respectively. 
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Figure 2A.6: Restriction digestion of DNA isolated from midbrain of control and PD 
brain samples with Msp I/Hpa II M. Marker, lanes 1, 3, 5, 13, 15 were control midbrain 
DNA digested with Msp I from C1, C2, C3, C4 and C5 respectively. lanes 2, 4, 6, 14, 
16 were control midbrain DNA digested with Hpa II from C1, C2, C3, C4 and C5 
respectively. , lanes 7, 9, 11, 17, 19 were PD midbrain DNA digested with Msp I from 
C1, C2, C3, C4 and C5 respectively. lanes 8, 10, 12, 18, 20 were PD midbrain DNA 
digested with Hpa II I from C1, C2, C3, C4 and C5 respectively. 
 
 
 

 
 

Figure 2A.7: Restriction digestion of DNA isolated from caudate nucleus of control 
and PD brain samples with Msp I/Hpa II M. Marker, lanes 1, 3, 5, 13, 15 were control 
caudate nucleus DNA digested with Msp I from C1, C2, C3, C4 and C5 respectively. 
lanes 2, 4, 6, 14, 16 were control caudate nucleus DNA digested with Hpa II from C1, 
C2, C3, C4 and C5 respectively. , lanes 7, 9, 11, 17, 19 were PD caudate nucleus DNA 
digested with Msp I from C1, C2, C3, C4 and C5 respectively. lanes 8, 10, 12, 18, 20 
were PD caudate nucleus DNA digested with Hpa II I from C1, C2, C3, C4 and C5 
respectively. 
 

2A.5 Discussion 

The DNA was organized in the form of compact condensed structure in the nucleus. 

This higher order of organization known as chromatin organization was responsible for 

the higher order regulation in gene expression etc (Joffe et al., 2010; Postberg et al., 

2010). Chromatin organization was a dynamic process occurring in the living cells by 

continuously opening and reorganizing according to cellular needs (Mazloom et al, 

2010; Jasencakova et al., 2010; Rippe, 2007). Defects in the chromatin organization are 
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responsible for the physiological and pathological process. Chromatin conformation 

signatures may even represent ideal biomarkers for the human diseases (Misteli, 2010; 

Crutchley et al., 2010).  Chromatin organization at a particular time depends on the 

state of DNA, composition of DNA binding histone proteins and their modification 

(Chen et al., 2010; Fukuda et al., 2006). The genomic function also depends on the 

nucleosomal positiong on the length of the DNA (Bai et al., 2010). Epigenetic signature 

of the cell inherited and accounts for some of the inherited diseases. 

 

Neurodegenerative diseases like Parkinson’s disease (PD) and Alzheimer’s disease 

(AD) affects elderly and these diseases create social and economic problems to the 

society. Several factors are responsible for the development of these diseases. 

Environmental factors may induce epigenetic modifications leading to the 

neurodegeneration (Marques et al., 2010). Recent study showed that in models of 

levedopa induced dyskinesia, deacetylation of histone H4, hyperacetylation and 

dephosphorylation of histone H3 (Nicholas et al., 2008). Chromatin modifying enzymes 

plays an important role in the memory formation indicating the importance of 

chromatin organization in neuronal functioning (Barrett et al., 2008). In genetically 

modified mice showing memory defects, memory enhancement was achieved by 

administrating the histone deacetylase inhibitors (HDAC) indicating the role of histone 

acetylation acetylation in memory formation (Roth et al., 2010). Histone deacetylase 

inhibitors are shown to improve defects in synaptic plasticity, cognition psychiatric 

diseases (Abel et al., 2008).  Role of α-synuclein (protein widely implicated in PD) and 

epigenetic involvement in the development PD came from the study of Kontopoulos et 

al., (2006). In this study the authors showed that targeting α-synuclein to nucleus 

induced neurodegeneration and sequestering it to cytoplasm prevented 

neurodegeneration. Histone deacetylase inhibitors (HDAC) rescued the α-synuclein 

induced neurotoxicity indicating α-synuclein may be involved in modifying the histone 

acetylation status. α-synuclein also showed to have binding affinity to histone H1 

proteins indicating it may alter the chromatin organization (Gores et al., 2003; Duce et 

al., 2006). Histone H1 protein is a linker protein which maintains the internucleosomal 

positioning in the chromatin structure. Recent study showed that MPP(+) induced 

misfolded α-synuclein aggregates were degraded by ubiquitin-binding histone 
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deacetylase-6 (HDAC-6) indicating the role of chromatin modifying enzymes in PD 

(Su et al., 2010). Poly (ADP-ribose) polymerase (PARP) and ADP ribosylation plays 

an  important role in chromatin function, genomic integrity and DNA repair (Herceg et 

al., 2001). All the above data indicated the role of chromatin organization in 

parkinson’s disease and neuronal cell death. In the present study the chromatin 

organization in parkinson’s disease and control brain samples was analyzed. 

 

Thermal denaturation analysis of the chromatin samples showed decrease in the melting 

transition temperature in PD chromatin compared to that of age matched control brains. 

The decrease in the transition temperature may be due to the altered chromatin 

organization compared to that of controls. The decrease may be accounted for the 

hyperacetylated PD chromatin compared to control. Since hyperacetylation weakens 

the histone-DNA interactions, this weak interaction resulted in lowering the melting 

temperature. Similar kind of decreased melting temperature was observed with 

hyperacetylated chromatin compared to normal chromatin (Riehm et al., 1987; Siino et 

al., 2003; Wallace et al., 1997).  

 

CD studies with chromatin samples showed differences between the PD chromatin and 

control chromatin. The difference in the CD spectra may be due to different histone 

composition in PD chromatin compared to normal chromatin. The decrease in the 275 

nm positive peak in hippocampus indicated that unfolding of chromatin, opposite to 

that of observed by Tikoo et al., (1997) where decrease in 275 nm peak attributed for 

the chromatin condensation. The hyperacetylated chromatin also showed similar kind 

of increase in the 275 nm peak observed by Riehm et al., (1987). This may indicate that 

CD spectral changes observed in PD hippocampal region may be due to differences in 

their histone acetylation status. 

 

The histone acetylation status of chromatin samples by detecting histone H3 acetylation 

by dot blot assay was analyzed. We observed Histone H3 acetylation in all the PD 

chromatin samples compared to 50% of detectable histone acetylation levels in the 

control sample was observed. This support the thermal and CD data, indicating the 

hyperacetylation of histone proteins in PD subjects. 
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Micrococcal nuclease digestion revealed that PD chromatin was more sensitive to 

digestion compared to that of control. This showed that more loose chromatin loops 

were present in PD chromatin compared to control and  nucleosomal positioning altered 

in PD conditions. MspI/Hpa II restriction digestion analysis indicated the PD chromatin 

was more sensitive than that of control subjects. Methylation specific Msp I digestion 

analysis indicated that PD DNA methylation was more compared to that of control 

DNA. Non-specific Hpa II digestion also showed higher digestion of PD DNA 

compared to that of control. This may be due to already damaged PD DNA which was 

more sensitive to restriction digestion. DNA damage was observed as single stranded 

breaks and double strand breaks in PD DNA compared to control in hippocampus, 

thalamus, caudate nucleus, midbrain (Hegde et al., 2003). 

 

In conclusion, the present study provided initial analysis of the chromatin alteration in 

Parkinson’s disease brain. In PD hyperacetylation of the histone was observed, 

especially histone H3. Hyperacetylated PD chromatin may be loosely arranged as 

evidenced by the CD studies, thermal denaturation analysis and micrococcal nuclease 

digestion analysis. Restriction digestion analysis with methylation specific Msp I and 

HpaII endonuclease revealed the differences in the methylation status of the DNA 

between PD and normal subjects. The alteration in the chromatin organization in PD 

brain may lead to altered gene expression and neuronal cell death observed in 

Parkinson’s disease. 

 

 

 

 

 

 

 

 

 

 

 



 
 
 

Curcumin interactions with chromatin and its role in protein-DNA 
interactions 

 
 
2B.1 Introduction 
 
Curcumin is a hydrophobic polyphenol derived from the rhizome (turmeric) of the herb 

Curcuma longa. Turmeric is commonly used spice in india and curcumin is the 

principle component of turmeric. Curcumin is also used widely as pharmacological 

active compound because of its wide spectrum of biological activities. Curcumin has 

been reported to have the antioxidant, antimicrobial, anti-inflamatory and anti-

carcinogeneic activities (Epstein et al., 2010; Manjunatha and Srinivasan, 2007,2006; 

Joe et al., 2004). Several studies reported that curcumin shows neuroprotective 

properties. Curcumin has shown protective effects against intracerebroventricular–

streptozotocin (ICV–STZ) induced cognitive deficits and oxidative damage in rats 

(Ishrat et al., 2009). Recently, it is reported a pyrazole derivative of curcumin enhances 

memory by activating Ca2+/calmodulin dependent protein kinase II (CaMKII). 

CaMKII plays a important role in long-term potentiation (LTP) and memory (Maher et 

al., 2010).  Curcumin has shown the ameliorating effect against lipopolyscaccharide 

induced (LPS) neurotoxicity. LPS induced neurotoxicity by activating transcription 

factors, nuclear factors κB (NF-κB) and activator protein-1 (AP-1) which leads to 

inflammation (Yang et al., 2008). 

 

Some of the studies showed that curcumin has potential to have the therapeutic 

potential for Parkinson’s disease. Liu et al.,  (2011) showed that curcumin protected the 

mutant α-synuclein induced cell death in PC12 cells via inhibition of oxidative stress 

and mitochondrial cell death pathway. Several studies showed that curcumin prevents 

the α-synuclein induced toxicity through its antioxidant properties (Wang et al., 2010). 

Curcumin was shown to chelate the metals like iron and thereby inhibiting the iron 

repressed DNA base excision repair pathway (Hegde et al., 2010). Curcumin exposure 

to mesencephalic cells induced leucine-rich repeat kinase 2 (LRRK2) indicating that 

curcumin alters gene expression (Ortiz-Ortiz et al., 2010). Curcumin has shown to 
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regulate the expression of cytokines, adhesion proteins, cell survival proteins and 

inflammatory enzymes by activating transcription factors.  It has been reported to have 

up regulate and down regulate several genes indicating its potential affecting the gene 

expression (Goel et al., 2008). Curcumin also reported to have the anti-aggregating 

properties by inhibiting the aggregation of α-synuclein and disaggregating preformed 

fibrils (Ono et al., 2008; Pandey et al., 2008). In MPTP(+) model of PD, monoamine 

oxidase-B activity was inhibited by curcumin and dopamine depletion was prevented 

providing the protection against MPTP(+) induced neurotoxicity (Rajeswari A and 

Sabesan, 2008).  

 

In the present study the i) interaction of curcumin with chromatin and ii) its role in 

neuroprotein-DNA interaction was analyzed,  by in vitro methods to understand its 

potential to prevent the toxicity induced by these neuroproteins. 

 

2B.2 Materials  

The curcumin powder (60 % of curcumin) was procured from Spicex Pvt. Ltd., Mysore, 

India. Supercoiled pUC18 DNA (cesium chloride purified, 90% supercoiled structure, 

scDNA), was purchased from Banglore Genei, India. Tau protein was purchased from 

r-peptide (USA) Agarose, HEPES, Tris and EDTA were purchased from SISCO 

Research laboratories. Ethidium bromide and micrococcal nuclease were from Sigma 

(USA) chemicals.  

 

2B.3 Methodology 

2B.3.1 Purification of curcumin  

The enrichment of the curcumin to the high purity was done by silica column 

chromatography.  Curcumin powder dissolved in chloroform and applied on silica gel 

(100-200 mesh) with chloroform as the eluant. The purity was checked with TLC 

initially and then confirmed by HPLC and NMR(1H and 13C NMR).  

 

2B.3.2 Tetrahydrocurcumin preparation 

Tetrahydrocurcumin was prepared by selective hydrogenation of α, β-unsaturated 

double bonds in curcumin according to the following flow chart. 

 



 

curcumin interactions 

59 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Curcumin (10g) was dissolved in acetone (30mL) and then set for 

hydrogenation in presence of 10% palladium on barium sulphate catalyst under 2 Kg/ 

cm2 hydrogen pressure. The reaction was standardized on 10 g scale.  Filtering of the 

catalyst and distillation of the solvent from the filtrate afforded crude product. The 

crude product was purified by silica gel column chromatography to afford pure 

tetrahydrocurcumin in over 70% yield. 

 

2B.3.3 Preparation of nuclei and soluble chromatin 

Nuclei from the control brain were isolated according to the method explained in the 

chapter 2A. Soluble chromatin was prepared from the isolated nuclei by limited 

digestion of nuclei with micrococcal nuclease (Korenberg et al., 1989). Nuclear 

suspension (100 µL) was mixed with 0.1M CaCl2 and incubated at 37°C for 2 min. 

Curcumin dissolved in acetone and palladium on barium sulphate 
catalyst (10%) added to it and set for hydrogenation at 2 Kg/ cm2, at 

room temperature for 6 h. 

Reduced mixture filtered to remove the catalyst and Vacuum evaporated 
to remove acetone 

 

        Mixture dissolved in chloroform and loaded on silica gel column 

THC eluted with chloroform and checked for the purity by TLC 
 

Pure THC in chloroform is pooled and Vacuum evaporated 
 

THC characterized by NMR and MS 
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After incubation, the nuclear suspension was digested with micrococcal nuclease (50 

units) by incubating at 37°C for 1 min. The reaction was stopped by 0.25 M EDTA and 

centrifuged at 5000 rpm for 5 min. The pellet obtained was suspended in 10mM 

NaHSO3, pH 7.5, 1mM EDTA. The soluble chromatin used for the curcumin 

interaction studies. 

 

2B.3.4 Agarose gel electrophoresis 

The effect of curcumin on Tau-DNA and α-synuclein interactions was carried out using 

supercoiled plasmid DNA pUC18 as model system. Tau and α-synuclein was incubated 

with scDNA (2686bp) (DNA/protein mass ratios  1:2  in Tris-Cl (10 mM, pH 7.4) in 

the presence of 100 µM curcumin and tetrahydrocurmin separately at 37°C for 24 hr. 

Tau and α-synuclein was also incubated with scDNA in DNA/protein mass ratio  1:2 

without curcumin and tetrahydrocurcumin.  After the incubation time the samples were 

electrophoresed along with the control scDNA in 1% agarose gel at 50 V at room 

temperature. Gel was stained with ethidium bromide (EtBr) and scanned using gel 

documentation system. Curcumin stock solution was prepared in DMSO and in all 

curcumin interactions the DMSO percentage was around 5%. 

 

2B.3.5 Absorbance measurements 

Absorbance spectra of curcumin interaction with chromatin, scDNA, scDNA-α-

synuclein and scDNA-Tau were measured using Spectrophotometer (Amarsham 

Biosciences, HongKong) in the range of 300-600 nm characteristic to that of curcumin. 

Curcumin (100 µM) was incubated with chromatin (OD260 = 0.6) in 10 mM Tris-HCl 

(pH 7.4) for 24 h and its absorbance was recorded. Curcumin was also incubated with 

scDNA, scDNA-α-synuclein (DNA/protein ratio= 1: 2) complex and scDNA-Tau 

(DNA/protein ratio= 1: 2) complex in 10 mM Tris-HCl (pH 7.4) for 24 h and its 

absorbance was recorded. scDNA-α-synuclein and scDNA-Tau complexes were 

prepared by incubating scDNA-protein for 12 h, prior to incubating with curcumin. 

Similarly, the absorbance of THC interaction with chromatin, scDNA, scDNA-α-

synuclein and scDNA-Tau were measured in the range of 250-350 nm characteristic to 

THC. Curcumin stock solution was prepared in DMSO and in all curcumin interactions 

the DMSO percentage was around 5%. 
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2B.3.6 Fluorescence measurements 

Fluorescence spectra of curcumin interaction with chromatin, scDNA, scDNA-α-

synuclein and scDNA-Tau were measured using Spectrofluorimeter (HITACHI) with 

excitation at 420 nm and emission in the range of 450-700 nm characteristic to that of 

curcumin. Curcumin (100 µM) was incubated with chromatin (OD260 = 0.6) in 10 mM 

Tris-HCl (pH 7.4) for 24 h and its fluorescence was recorded. Curcumin was also 

incubated with scDNA, scDNA-α-synuclein (DNA/protein ratio= 1: 2) complex and 

scDNA-Tau (DNA/protein ratio= 1: 2) complex in 10 mM Tris-HCl (pH 7.4) for 24 h 

and its fluorescence was recorded. scDNA-α-synuclein and scDNA-Tau complexes 

were prepared by incubating scDNA-protein for 12 h, prior to incubating with 

curcumin. Similarly, the fluorescence of THC interaction with chromatin, scDNA, 

scDNA-α-synuclein and scDNA-Tau were measured with excitation at 450 nm and 

emission in the range of 500-700 nm characteristic to that of curcumin. Curcumin stock 

solution was prepared in DMSO and in all curcumin interactions the DMSO percentage 

was around 5%. 

 

2B.3.7 Ethidim bromide fluorescence 

Curcumin interaction with chromatin, scDNA, scDNA-α-synuclein and scDNA-Tau 

was indirectly analyzed by ethidium bromide binding studies to these complexes. 

Curcumin (100 µM) was incubated with chromatin (OD260 = 0.6) in 10 mM Tris-HCl 

(pH 7.4) for 24 h and then mixed with EtBr (2 µg/mL) and the EtBr fluorescence was 

measured with excitation at 535 nm and emission in the range of 560-660 nm. 

Curcumin was also incubated with scDNA, scDNA-α-synuclein (DNA/protein ratio= 1: 

2) complex and scDNA-Tau (DNA/protein ratio= 1: 2) complex in 10 mM Tris-HCl 

(pH 7.4) for 24 h and then mixed with EtBr (2 µg/mL) and the EtBr fluorescence was 

measured. scDNA-α-synuclein and scDNA-Tau complexes were prepared by 

incubating scDNA-protein for 12 h, prior to incubating with curcumin. Curcumin stock 

solution was prepared in DMSO and in all curcumin interactions the DMSO percentage 

was around 5%. 
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2B.3.8 Thermal denaturation studies 

Thermal melting of the whole chromatin, curcumin-chromatin complex was done on 

Spectrophotometer equipped with a thermostat programmer and data processor 

(Amarsham Biosciences, HongKong).  Curcumin (100 µM) was incubated with 

chromatin (OD260 = 0.6) in 10 mM HEPES (pH 7.4) buffer for 24 h and melting 

temeperature profile was recorded in the range of 25-95°C with an increase of 1°C raise 

in temperature. Curcumin was also incubated with scDNA, scDNA-α-synuclein 

(DNA/protein ratio= 1: 2) complex and scDNA-Tau (DNA/protein ratio= 1: 2) complex 

in 10 mM Tris-HCl (pH 7.4) for 24 h and its melting temperature profile was recorded. 

scDNA-α-synuclein and scDNA-Tau complexes were prepared by incubating scDNA-

protein for 12 h, prior to incubating with curcumin. 

 

2B.3.9 Circular dichroism studies 

The secondary conformation of  chromatin, chromatin- curcumin complexes were 

recorded on JASCO J700 spectropolarimeter at 25°C, with 2mm cell length in the 

wavelength range between 250-320 nm in Tris-Cl buffer (5 mM, pH 7.4). Curcumin 

was also incubated with scDNA, scDNA-α-synuclein (DNA/protein ratio= 1: 2) 

complex and scDNA-Tau (DNA/protein ratio= 1: 2) complex in 10 mM Tris-HCl (pH 

7.4) for 24 h and CD measurements was recorded between 250-320 nm. Curcumin 

stock solution was prepared in DMSO and in all curcumin interactions the DMSO 

percentage was around 5%. The secondary conformation for the each spectrum was the 

average of four scans. 

 

 

2B.3.10 NMR Studies of curcumin interaction with nucleosides of DNA 

NMR studies were carried out to understand the mode of binding of curcumin to 

nucleosides, guanosine, adenosine, cytidine, thymidine and modified nitrogen base 5-

methyl cytosine. All NMR experiments are performed on a Bruker 500 MHz 

spectrometer. Since curcumin has shown to bind DNA, we attempted to know the its 

binding mode to DNA. Nucleosides were taken in  deuterated DMSO and were 

interacted with curcumin in the ratio of 2:1 respectively and then subjected to a 1H, 13C. 

Two dimensional correlation spectroscopy HSQC, and HMBC were acquired. All 
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spectras are recorded at 250C. The curcumin alone and nucleosides alone set as 

controls. The NMR spectra are acquired with typical mixing at 100 and 500 ms, with 

500 scans. 

 

2B.4 Results 

 

2B.4.1 Preparation of tetrahydrocurcumin and its characterization 

The purity of the curcumin and THC was confirmed by HPLC. The molecular weight 

was analyzed and confirmed by Mass spectrometry [MS Waters Q-Tof Ultima) in the 

ES positive mode] and Nuclear Magnetic Resonance spectroscopic techniques [1H 

NMR, 13C NMR, Spin Echo Fourier Transformation experiment(SEFT), Heteronuclear 

Single Quantum Correlation (HSQC), Heteronuclear Multiple-Bond Correlation 

(HMBC) experiments were done on Bruker 500MHz, Avance AQS NMR 

Spectrometer]. The mass spectrum and NMR spectral diagrams for tetrahydrocurcumin 

are enclosed (Fig. 2B.1 and 2B.2) 

 

 

 

 

 

 

Figure 2B.1: Preparation of tetrahydrocurcumin (THC). 
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Figure 2B.2: 1H NMR spectrum for tetrahydrocurcumin. 
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Figure 2B.3: 13C  NMR spectrum for tetrahydrocurcumin 

2B.4.2 Agarose gel electrophoresis 

scDNA gave two bands on 1% agrose gel, supercoiled DNA was found to be around 

85% and open circular form was around 15% (Fig 2B.4). α-synuclein at DNA/protein 

ratio 1:2 converted scDNA to open circular form and linear forms (Fig 2B.4A, lane 3). 

Curcumin and THC could not prevented the α-synuclein nicking activity as evidenced 

by the conversion of scDNA to open circular form and linear forms in the presence of 

curcumin and THC respectively (Fig 2B.4A, lane 4 and 5). Tau at DNA/protein ratio 

1:2 converted scDNA to open circular form and linear forms (Fig 2B.4B, lane 3). 

Curcumin and THC could not prevented the α-synuclein nicking activity as evidenced 

by the conversion of scDNA to open circular form and linear forms in the presence of 

curcumin and THC respectively (Fig 2B.4B, lane 4 and 5).  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2B.4: DNA nicking activity of α-Synuclein and Tau in the presence of 
curcumin.  A) Lanes: M. Marker, 1. Linear DNA, 2. scDNA 3. scDNA + α-Synuclein, 
4. scDNA + α-Synuclein + Curcumin, 5. scDNA + α-Synuclein + THC. B) Lanes: M. 
Marker, 1. Linear DNA, 2. scDNA 3. scDNA + Tau, 4. scDNA + Tau + Curcumin, 5. 
scDNA + Tau + THC. 
 
2B.4.3 Curcumin and THC interaction to chromatin and DNA analyzed by 
absorbance spectroscopy 
 
Curcumin absorption spectra showed an absorption maxima at 440 nm (Fig 2B.5). 

Curcumin interaction with chromatin showed altered absorption spectrum showing 
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increase in 440 nm peak intensity and another peak at 360 nm. Since chromatin was not 

having any absorption spectra beyond 300 nm, the spectra obtained was the result of 

curcumin interaction with chromatin components. The altered curcumin spectra with 

chromatin indicated that curcumin binds to chromatin. We analyzed the curcumin 

interaction with tau, α-synuclein involved in the neurodegeneration and scDNA, 

scDNA-α-synuclein complex, scDNA-Tau complex (Fig 2B.6). Curcumin peak 

intensity was significantly decreased with scDNA interaction indicating the curcumin 

binding to scDNA. Curcumin also showed binding to tau, α-synuclein proteins as 

indicated by altered absorption spectra of tau-curcumin, α-synuclein-curcumin 

complexes. The absorption peak intensity of α-synuclein-curcumin complex was 

increased and tau-curcumin complex was decreased indicating the different mode of 

binding to these proteins. The absorption peak intensity of α-synuclein-curcumin-

scDNA complex was also increased and tau-curcumin complex was also decreased 

indicating the binding of curcumin to protein-DNA complexes similar to that of protein 

binding. Similarly the tetrahydrocurcumin interaction with chromatin, tau, α-synuclein, 

scDNA, α-synuclein-scDNA complex, tau-scDNA complex was analyzed. The 

absorption spectra indicated that THC also showed binding of curcumin with 

chromatin, tau, α-synuclein, scDNA, α-synuclein-scDNA complex, tau-scDNA 

complex (Fig 2B.7;8) 

 
 

 

 

 

 

 

 

 

   

 
 
Figure 2B.5: Absorption spectra of curcumin and curcumin-chromatin complex 
 
 



 

curcumin interactions 

67 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2B.6: Absorption spectra of curcumin interactions. curcumin + syn, curcumin + 
Tau, curcumin + syn +scDNA, curcumin + Tau + scDNA and curcumin + scDNA.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2B.7: Absorption spectra of THC and THC-chromatin complex 
 
 



 

curcumin interactions 

68 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2B.8: Absorption spectra of THC interactions. THC + syn, THC + Tau, THC + 
syn +scDNA, THC + Tau + scDNA and THC + scDNA.  
 
 
2B.4.4 Fluorescence spectroscopy of curcumin and THC interaction with 
chromatin and DNA  
 
Curcumin fluorescence spectra showed a peak at 575 nm characteristic to curcumin. 

Curcumin incubated with chromatin decreased the fluorescence peak significantly and 

even the peak has shifted from 575 nm to 525 nm (Fig 2B.9). The data indicated that 

curcumin bind to chromatin components thereby decreasing the fluorescence of the 

curcumin. The curcumin binding to tau, α-synuclein, scDNA, scDNA-α-synuclein 

complex, scDNA-Tau complex was analyzed. Curcumin interaction with tau, α-
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synuclein, scDNA, scDNA-α-synuclein complex, scDNA-Tau complex showed 

decrease in the fluorescence intensity indicating the curcumin binding to the scDNA 

and tau, α-synuclein proteins (Fig2B.10). Similarly, the THC binding to the chromatin 

by fluorescence spectroscopy was analyzed. THC was also showed a characteristic 

fluorescence peak at 525 nm and THC interacted with chromatin showed increase in the 

fluorescence intensity. The data indicated THC binding to chromatin. THC interaction 

with tau, α-synuclein, scDNA, scDNA-α-synuclein complex, scDNA-Tau complex 

also showed increase in the fluorescence indicating THC binding to scDNA, tau and α-

synuclein (Fig 2B.12).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2B.9: Fluorescence spectra of  curcumin and curcumin-chromatin complex 
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Figure 2B.10: Fluorescence spectra of curcumin interactions, 100 µM, curcumin + syn, 
curcumin + Tau, curcumin + syn +scDNA, curcumin + Tau + scDNA and curcumin + 
scDNA.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2B.11: Fluorescence spectra of THC and THC-chromatin complex 
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Figure 2B.12: Fluorescence spectra of THC interactions, THC + syn, THC + Tau, 
THC + syn +scDNA, THC + Tau + scDNA and THC + scDNA.  
 

2B.4.5 Ethidim bromide binding studies 

Curcumin interaction with chromatin and tau, α-synuclein, scDNA, scDNA-α-

synuclein complex, scDNA-Tau complex was analyzed by ethidium bromide binding 

studies. Ethidium bromide binding to chromatin-curcumin complex was decresed 

compared to that of chromatin alone indicating the curcumin binding to chromatin. 

Ethidium bromide binding to scDNA-α-synuclein complex and scDNA-Tau complex 

decreased compared to scDNA indicating the curcumin binding to scDNA, scDNA-α-

synuclein complex and scDNA-Tau complex (Fig 2B.13). 

 

 

 
 
 

 

 

 

 

Figure 2B.13: EtBr fluorescence of chromatin, chromatin-curcumin, scDNA, scDNA-

curcumin,  scDNA-α-synuclein complex and scDNA-Tau complex. 

 
2B.4.6 Thermal denaturation studies 
 
Thermal denaturation of chromatin, curcumin-chromatin complex was analyzed for the 

structural integrity of chromatin. Thermal transition of the chromatin sample was 

around 80.3 ± 1.2°C and chromatin-curcumin complex was 76.3 ± 0.8°C indicating that 

curcumin altered the chromatin integrity (Table 2B.1). scDNA has biphasic melting 

temperature having Tm1 = 54.2 ± 1.04°C and Tm2 = 86.3 ± 0.9°C respectively. The 

melting temperature of scDNA-curcumin complex was 79.4 ± 1.3°C. The melting 

temperature of scDNA-synuclein-curcumin complex and scDNA-synuclein were 77.2 ± 

0.8°C and 76.8 ± 1.2°C respectively. The melting temperature of scDNA-Tau-curcumin 

complex and scDNA-Tau were 72.3 ± 1.1°C and 81.3± 0.7°C, respectively. The data 
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indicated that curcumin altered the chromatin and scDNA integrity as evident by the 

decrease in meting temperature with curcumin interaction. 

 

 

 
 
 
 
 
 
 
 
 
 
 
Table 2B.1: Melting temperature profile of the curcumin interaction studies. 
 
2B.4.7 Circular dichroism studies 

Circular dichroism studies showed that curcumin interaction did not altered the 

secondary conformation chromatin. Small intensity changes were observed at 275 nm 

peak corresponding to the B-form of the DNA indicating that curcumin binding to 

DNA component of the chromatin samples. Similarly, curcumin interaction with 

scDNA, scDNA-α-synuclein complex and scDNA-Tau complex also did not show any 

conformational change in the secondary conformation of scDNA (Fig 2B.14). 

 

 

 

 

 

 

  

 

 

 

 

 

 

 Melting temperature 

Chromatin 80.3 ±±±± 1.2°°°°C 

Chromatin-curcumin 76.3 ±±±± 0.8°°°°C 

scDNA Tm1 =54.2 ±±±± 1.04°°°°C 

Tm2 = 86.3 ±±±± 0.9°°°°C 

scDNA-curcumin 79.4 ±±±± 1.3°°°°C 

scDNA-synuclein-curcumin 77.2 ±±±± 0.8°°°°C 

scDNA-synuclein 76.8 ±±±± 1.2°°°°C 

scDNA-Tau-curcumin 72.3 ±±±± 1.1°°°°C 

scDNA-Tau 81.3±±±± 0.7°°°°C 
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Figure 2B.14: CD spectra of chromatin, chromatin-curcumin, scDNA, scDNA-

curcumin,  scDNA-α-synuclein complex and scDNA-Tau complex. 

 

2B.4.8 NMR Studies of curcumin interaction with nucleosides of DNA 

Proton NMR: The 5mg sample was dissolved in 500µl DMSO-D6. The proton NMR 

spectrum was recorded using 5 mm BBO probe at 500MHz on BRUKER nmr 

spectrometer. Spectrum was collected using zg30 pulse program. The experimental 

parameters are as follows    Number of  data points-65K, number of scans 32, spectral 

width 10330.578 Hz FID resolution 0.157632 Hz, acquisition time 3.1720407 sec, 

receiver gain 362, dwell time 48.400 µsec, pre scan delay 6.00 µsec, temperature at 

which experiment was carried out 300.0K. Relaxation delay 1.00sec 

CHANNEL f1 parameters: P1 10.50 µsec, PL1 0.00 dB, SFO1 500.1830888 MHz 

F2 - Processing parameters SI 32768 SF 500.1800000 MHz WDW EM, SSB 0, LB              

0.30 Hz, GB 0, PC 1.00 

 

13C NMR: The 13C NMR was collected at 125MHz with zgdc pulse program, number 

of data points 16K, number of scans 2K, spectral width 26455.027 Hz, FID resolution 

1.614687 Hz, acquisition time 0.3097265 sec, receiver gain 16384, dwell time18.900 

µsec, pre scan delay 6.00 µsec, relaxation delay 2.00 sec,  

CHANNEL f1 parameters- F1 channel high power pulse width 8.50 µsec, power level 

0.00 dB, frequency of observe channel 125.7828664 MHz., broadband proton 

decoupling pulse program employed is waltz16. 90 degree pulse for decoupling 

sequence 80.00 µsec 

 

Spin echo Fourier Transformation: Attached proton test was carried out with the pulse 

program jmod, the data points used in the experiment is 16K, number of scans collected 

is 5K with spectral width of 26455.027 Hz, FID resolution is 1.614687 Hz, acquisition 

time is 0.3097265 sec, receiver gain is 16K, dwell time is18.900 usec, pre scan delay 

6.00 µsec, relaxation delay 2.00 sec, 

CHANNEL f1 parameters- F1 channel high power pulse width 8.50 µsec, power level 

0.00 dB, frequency of observe channel 125.7828664 MHz, broadband proton 

decoupling pulse program employed is waltz16. 90 degree pulse for decoupling 

sequence 80.00 µsec. 
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HSQC: Hetero nuclear single quantum correlation experiment was carried out with 

hsqcetgp pulse program. The experimental parameters are given below. Number of data 

points 16K, size of fid f2 channel 2K, f1 channel 256, number of scans 16, spectral 

width 10330.578 Hz. FID resolution  5.044228 Hz, acquisition time 0.0992216 sec, 

receiver gain 64, dwell time 48.400 µsec, pre scan delay 6.00 µsec, relaxation delay 

2.00 sec. 

CHANNEL f1 parameters: High power pulse width 10.50 µsec. power level 0.00 dB, 

frequency of observe channel 500.1830888 MHz. 

CHANNEL f2 parameters: CHANNEL f2 parameters: Second nucleus 13C, F2 channel 

high power pulse width 8.50 µsec, power level 0.00 dB, frequency of observe channel 

125.7828664 MHz 

GRADIENT CHANNEL parameters: GPNAM1 SINE.100, GPNAM2 SINE.100, 

GPZ1  80.00 %, GPZ2 20.10 %, P16 1000.00 µsec. 

 

HMBC: Multiple bond correlation via hetero-nuclear zero and double quantum 

coherence experiment was carried out by applying hmbcgplpndqf pulse program, dtat 

points collected is 2K, number of scans 16, size of fid f2 channel 2K, f1 channel 256, 

spectral width 7507.507 Hz, FID resolution 3.665775 Hz, acquisition time 0.1365134 

sec, receiver gain 16K, dwell time 66.60 µsec, pre scan delay 6.00 µsec, temperature at 

which the experiment was carried out 300.0K, relaxation delay 2.00 sec,  

CHANNEL f1 parameters: F1 channel high power pulse width 10.50 µsec, power level 

0.00 dB, frequency of observe channel 500.1830888 MHz. 

CHANNEL f2 parameters: Second nucleus 13C, F2 channel high power pulse width 

8.50 µsec, power level 0.00 dB, frequency of observe channel 125.7828664 MHz 

GRADIENT CHANNEL parameters: GPNAM1 SINE.100, GPNAM2 SINE.100, 

GPNAM3 SINE.100, GPZ1 50.00 %, GPZ2 30.00 %, GPZ3 40.10 %, P16             

1000.00 usec 
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Figure 2B.15: 1H NMR spectra of Guanosine 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2B.16: 13C NMR spectra of guanosine  
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Figure 2B.17: Spin echo Fourier Transformation spectra (SEFT) of guanosine using 
JMOD 
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Figure 2B.18: HSQC spectra of guanosine  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 2B. 19: HMBC spectra of guanosine. 
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The NMR data analysis showed no interaction between the nucleosides of DNA and 

curcumin. This may be due to seconday conformation of DNA is important for the 

binding. Thus the studies have showed that curcumin binds to minor groove of the 

DNA. 

 

2B.5 Discussion 

Curcumin, a polyphenol showed neuroprotective activities and anti-Parkinsonian 

effects and has a great thereupetic potential for neurodegenerative diseases. In most of 

the neuroprotective studies, curcumin was shown to excert its action through anti-

oxidant mechanism. Demethylated derivative of curcumin showed neuroprotective and 

antiinflamatory properties by increasing glutathione levels (Khanna et al., 2009). 

Curcumin was also shown to have epigenetic regulating properties in gene expression 

(Yun et al., 2010). Curcumin treatment in mouse cardiac myocytes showed decreased 

histone acetyltransferase (HAT) activities and reduced whole histone H3 acetylation. 

Reduced acetylation of H3 resulted in reduced binding to  gene promoter regions and 

down-regulating the cardiac specific gene expression (Sun et al., 2010). Curcumin 

activated the sirtuin 1 (SIRT 1) which deacetylate histone protein and non-histone 

proteins including transcription factors, stress resistance proteins, cellular aging 

proteins, proteins involved in inflamation (Chung et al., 2010). Nicotine induced 

genotoxicity was protected by curcumin treatment in protein restricted dietary condition 

(Bandyopadhyaya et al., 2008; Chen et al., 2007; Rahman, 2008). Curcumin also acts as 

deacetylase inhibitor and resulted in histone acetylation and enhanced gene expression 

(Liu et al., 2005). Curcumin  inhibited the p300/CREB-binding protein HAT activity 

dependent transcriptional activation from chromatin (Balasubramanyam et al., 2004). 

The biological activities of curcumin in regulating gene expression occur by the direct 

interaction with targeted proteins or epigenetic modulation (Fu and Kurzrock, 2010).  

  

Curcumin also reported to have the DNA binding properties (Huang et al., 2010; Wang 

et al., 2007; Zsila et al., 2004). Kunwar et al., (2011) showed that synthetic analogue of 

curcumin dimethoxycurcumin bind to calfthymus DNA at minor groove. They also 

showed that dimethyoxycurcumin incubated MCF-7 cells showed curcumin nuclear 

localization indicating that curcumin may affect chromatin organization. Curcumin was 

shown to bind to the major and minor grooves of DNA and at high curcumin 
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concentration, DNA aggregation was reported (Nafisi et al., 2009). Liu et al., (2009) 

reported the possible role of curcumin as hypomethylation agent by molecular docking 

studies. Curcumin has shown to cross the blood brain barrier and labels senile plaques 

in Alzheimer’s disease animal model (Garcia-Alloza et al., 2007).  

 

In the present study, the role of curcumin and its metabolite tetrahydrocurcumin in 

chromatin organization by invitro methods were analyzed. The absorbance, 

fluorescence and EtBr binding studies showed that curcumin bound to chromatin 

components. It was shown that curcumin can cross the blood brain barrier (Garcia-

Alloza et al., 2007) and enters into the nucleus of the cell (Kunwar et al., 2011). This 

shows that curcumin may interact with chromatin components and alter the gene 

expression. Curcumin either interact with DNA or histone proteins in the nucleus and 

affects chromatin structure. In the present study, it was found that curcumin bound to 

chromatin but did not alter the DNA conformation in chromatin. Curcumin binding to 

histone may block the time dependent histone modification like acetylation and 

deacetylation. Acetylation status of histone was important for the proper expressions of 

the genes. Thermal denaturation studies showed that curcumin decreased the melting 

transition from 80.3 ± 1.2°C to 76.3 ± 0.8°C indicating altered chromatin integrity upon 

curcumin binding. The stability of the chromatin was decreased upon curcumin 

binding. Curcumin metabolite tetrahydrocurcumin also found to bind chromatin. The 

studies showed that epigenetic regulation by curcumin mainly involved by the 

inhibition of the histone deacetylase activity and affecting the acetylation of 

transcription factors. The significance of curcumin binding to chromatin components 

must be evaluated by the in vivo studies to know the role of curcumin in epigenetic 

control. Curcumin may exert its neuroprotective role by blocking the action of different 

chromatin modifiers. 

 

The role of curcumin on the DNA binding activities of α-synuclein and Tau which are 

involved in the neurodegeneration, especially, Parkinson’s disease were studied. It was 

found that α-synuclein and Tau nick the DNA like endonuclease and damage the DNA. 

Curcumin role on the DNA nicking activity of α-synuclein and Tau was studied. 

Curcumin could not able to prevent the α-synuclein and Tau nicking. Then it was 
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further studied whether curcumin binds to DNA, α-synuclein and Tau by absorption, 

fluorescence studies. It was found that curcumin bound to scDNA and altered the 

scDNA integrity by altering its supercoiling nature as evident by the conversion of 

biphasic melting temperature to monophasic melting temperature in thermal 

denaturation studies. curcumin did not alter the secondary conformation of scDNA and 

even in the presence of α-synuclein and Tau.  Further it was studied the curcumin 

binding to nucleosides to know its binding groups in curcumin-DNA interaction. 

However, no interaction between nucleosides and curcumin was found. Therefore, it 

can be assumed that curcumin binds to DNA in its double stranded structure.  Curcumin 

metabolite tetrahydrocurcumin also bind to scDNA indicating it may alter DNA 

properties in in vivo conditions. 

 

In conclusion, the present study showed that curcumin binds to chromatin components 

and alters its integrity. Curcumin also binds to scDNA and alters its integrity. Curcumin 

binds to α-synuclein and Tau proteins which are involved in Parkinson’s disease. 

Curcumin could not able to prevent the α-synuclein and Tau induced DNA nicking 

activity. Further in vivo studies are needed to know the significance of curcumin 

binding to chromatin, α-synuclein and Tau either toxic or protective. 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Biomarker study on Parkinson’s Disease 
 
 
 
3A.1 Introduction 
 
The diagnosis of Parkinson’s disease in the early stages of disease development helps in 

better management of the disease. Identifying a good specific biomarker for PD helps 

in early diagnosis (Wu et al., 2011; Prakash and Tan, 2010). Biomarker (BM)  is “a 

characteristic that is objectively measured and evaluated as an indicator of normal 

biological processes, pathogenic process or pharmacological response to a therapeutic 

intervention”. The availability of BMs for early disease diagnosis will impact the 

management of PD in several dimensions. 1) BMs help to identify the high risk 

individuals before symptoms develop. 2) BMs help to discriminate between true PD 

and other causes of a similar clinical syndrome. 3) BM may help determination of the 

clinical efficacy of newer neuroprotective therapies. 4) BMs must, therefore, gain 

insight into processes underlying the pathological changes, associated with PD 

(Scherzer, 2009; Halperin et al., 2009). Body fluids, which can be easily drawn like 

blood, urine and cerebrospinal fluid, will be used to identify biomarkers. Several 

molecules like trace metals, proteins, oxidative stress markers etc can act as biomarkers 

which can be estimated biochemically in these body fluids for PD (Waragai etal., 2010; 

Grünblatt et al., 2010). Trace metals like copper and Iron, metal transport proteins like  

ceruloplasmin, ferritin and oxidative stress markers like 8-OHdG are estimated in the 

sample fluids (Bharucha et al., 2008; Gmitterová et al., 2009; Bartzokis et al., 2007). 

Previously it was reported that trace metal homeostasis was altered in PD. Copper and 

iron levels were elevated in PD patients (Hegde et al., 2004; Pande et al., 2005). Earlier 

our study showed altered genomic integrity in PD brain samples.  Single stranded 

breaks (SSB) and double stranded breaks (DSB) were accumulated in the DNA of PD 

brain samples (Hegde et al, 2006). Ceruloplasmin oxidative activity and serum 

ceruloplasmin were found to be low in Pakinkinson’s disease (PD) patients (Torsdottir 

et al., 1999; Torsdottir et al., 2006;). Ceruloplamin immunoreactivity increased in the 

brain of PD patients, and attributed to an acute phase response to oxidative stress 

(Loeffler et al., 1996). In treated and untreated PD patients reduced levels of 



 

Biomarker study on Parkinson’s disease 

82 

 

ceruloplamin levels are found in spinal fluid (Boll et al., 1999). Increased 8OHdG 

levels were observed in the substantia nigra of Parkinson’s disease patients. (Alam et 

al., 1997). Ferritin levels were decreased in the substantia nigra of PD patients. L-

ferritin levels are lower in the SN region of the PD brain (Conner, 1995). Faucheux et 

al., (2002) reported iron accumulation with no up-regulation of the iron-storage protein 

ferritin in the substantia nigra of PD patients. 

 

Neuroimaging is used as non invasive technique to diagnose the brain structural and 

functional changes. Magnetic resonance imaging (MRI) used to know the changes in 

brain of Parkinson’s disease (Longoni et al., 2010; Menke et al., 2010; Roselli et al., 

2010). MRI can be used for the early detection of the disease based on specific changes 

to the disease. Atrophy was observed in the brains of Parkinson’s disease. Jokinen et 

al., (2009) performed the MRI of PD and healthy elderly volunteers and reported 

atrophy changes.  

 

In the present study the serum biomarkers like ceruloplasmin, ferritin, 8-OHdG in the 

serum samples and MRI imaging of Indian patients were analyzed. 

 

3A.2 Materials  

8-OHdG ELISA kit and PAO kit was purchased from Japan aging institute. The 

syringes and blood collection containers were purchased locally with clinical standard. 

All other chemicals used were of analytical grade. 

 

3A.3 Methodology 

3A.3.1 PD Patients 

The patients who come to JSS Medical Hospital were clinically identified for PD by the 

neurologist and patients who met the commonly accepted diagnostic criteria for PD 

were selected. The diagnosis was done using Unified Parkinson’s Disease Rating Scale 

(UPDRS) and the Hoehn and Yahr staging in the clinic. The patients were explained 

about the study and consent was taken from them to participate in the study. Patients 

who were having other major illness like diabetes etc., were excluded. The study 

protocol was approved by JSS Medical College Ethical Committee. 
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3A.3.2 Blood collection and serum separation 

10 ml of venous blood was collected from each PD and control patient and serum was 

separated by centrifugation. The serum was frozen at -20°C and protected from 

exposure to light until analysis. Blood collection and serum separation were carried out 

in dust free environments. The serum samples collected were aliquoted for different 

experiments and each sample was given a specific identification number. All the ethical 

guide lines were followed during the blood collection and MRI analysis. 

 

3A.3.3 Serum 8-OHdG (8-Hydroxy Guanosine) detection 

Serum 8-OHdG estimation was carried out using the 8-OHdG ELISA kit. The kit was 

based on the competitive in vitro enzyme-linked immunosorbent assay for the 

quantitative measurement of oxidative DNA adduct of 8-hydroxy-2’-deoxy guanosine. 

50 µl of the serum sample was used for the estimation of 8-OHdG and quantified using 

the standard cure. 

 

3A.3.4 Estimation of total antioxidant capacity of the serum 

Total antioxidant capacity of the serum samples was estimated using PAO (Potential 

Anti oxidant)  kit. PAO kits detect both hydrophilic and hydrophobic antioxidants in 

the serum samples. The principle behind the kit was reduction of Cu2+ to Cu+ by the 

antioxidants present in the serum samples. Reduced Cu+ was then reacted with 

bathocuproine and bathocuproine-Cu+ complex was measured by taking the absorbance 

at 490 nm. Uric acid was used as standard antioxidant and the results expressed as uric 

acid equivalents. 

 

3A.3.5 Measurement of serum ceruloplasmin and ferritin 

Serum ceruloplasmin and ferritin levels were estimated in Anand diagnostic labs, 

Bangalore. The serum samples are transported in frozen condition to Anand labs. 

Serum ceruloplamin was estimated using nephalometry and ferritin levels were 

estimated by chemiilluminiscence. 

 

3A.3.6 Magnetic Resonance Imaging (MRI) of control and PD brains  
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15 normal and 22 PD patients were selected for the present investigation. The PD 

patients were diagnosed by NIH protocol by Psychiatry Professor of JSS Medical 

College, Mysore. MRI was done on all the above persons. 

 

Multiplanar, multisequence MRI was done on Siemens Avanto 1.5T system using 

following protocol. Axial –T1, T2 and FLAIR (Fluid Attenuated inversion recovery). 

Sagittal –T1, Coronal –T2, 3D -gradient echo. Susceptibility weighted imaging –in 

axial plane, for T1- TR 550 ms and TE of 8.7 ms was used for T2 –TR of 5000 ms and 

TE of 118 ms was used for FLAIR sequence-TR was 9000 and TE was102 ms FOV for 

all sequence was 230mm. 5mm slice thickness was employed for all sequences, other 

than gradient sequence. 3D Gradient sequence was done in all patients in coronal plane 

with slice thickness of 1mm. All patients were co-operative and did not need any 

sedation. Typical total scan time for entire study was about 20 minutes. 

 

3A.4 Results 

3A.4.1 Serum 8-OHdG detection 

Serum 8-OHdG levels were estimated using the 8-OHdG ELISA kit and the levels in 

the serum samples were expressed in ng/ml. The individual values of the 8-OHdG 

levels were tabulated along with their ID numbers (Table 3A.1). The average level of 8-

OHdG were 2.4 ± 0.29 ng/ml and 4.6 ± 1.4 ng/ml for the control and Parkinson’s 

disease patients, respectively. From the estimations it was clear that 8-OHdG levels 

were higher in the Parkinson’s disease patients compared with that of the age matched 

control samples. 

 

Table 3A.1: Serum 8-OHdG levels of PD and control 

Sample 8-OHdG 
(ng/ml) 

Sample 8-OHdG 
(ng/ml) 

C1 2.3 PD1 4.2 
C2 2.5 PD2 3.75 
C3 2.55 PD3 5 
C4 2.65 PD4 4.2 
C5 2.75 PD5 6.75 
C6 2.35 PD6 5.2 
C7 2.1 PD7 5.45 
C8 2.7 PD 8 5.1 
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Table 3A.1: Serum 8-OHdG levels of PD and control. Individual and average levels 

(with SD) of the serum 8-OHdG levels of the Control and Parkinson’s disease (PD) 

samples. The average 8-OHdG levels of Control and PD were significant at P<0.05. 

 
3A.4.2 Total antioxidant capacity of the serum 
 
Total antioxidant capacities of serum indicate the oxidative stress implicated in PD 

compared to control subjects. Total antioxidant capacity was estimated using ELISA 

Kit (Japan Aging Institute) and expressed as uric acid equivalents (Table 3A.2). Uric 

acid (1mM) was equivalent to 2189 µmol/L of copper reducing power. The average 

level of total antioxidant capacity of control and parkinson’s disease serum samples 

were 1472.467 ± 312 and 1662.645 ± 303 respectively. The increase in the total 

antioxidant capacity in serum samples of PD compared to control indicated that 

oxidative stress was more in PD patients compared to control.  

 

Table 3A.2: Total antioxidant capacity of PD and control serum 

C9 2.8 PD9 3.3 
C10 2.3 PD10 3.45 
C11 2.4 PD11 5 
C12 3.1 PD12 4.3 
C13 2.15 PD13 3.6 
C14 2.6 PD14 10 
C15 2 PD15 3.3 
  PD16 3.75 
  PD17 4.5 
  PD18 4.2 
  PD19 3.75 
  PD20 4.1 
  PD21 3.75 
  PD22 5.2 
Average levels of 8-OHdG levels in ng/ml 
Control 2.4 ±±±± 0.29 PD 4.6 ±±±± 1.4 

Sample Anti-oxidant 
potential 
(µmol/L) 

Sample Anti-oxidant 
potential 
(µmol/L) 

C1 1357.18 PD1 1576.08 
C2 1335.29 PD2 1882.54 
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Table 3A.2: Individual and average levels (with SD) of the serum total antioxidant 

capcity of the Control and Parkinson ’s disease (PD) samples. The average serum total 

antioxidant capcity of Control and PD were significant at P<0.05. 

 
3A.4.3 Serum ceruloplasmin and ferritin  
 
Serum ceruloplasmin levels of Parkinson’s disease and control samples were estimated 

using nephalometry (Table 3A. 3). The average level of ceruloplasmin of control and 

parkinson’s disease serum samples were 0.39 ± 0.06 g/L and 0.22 ± 0.03 g/L 

respectively. Serum ferritin levels of Parkinson’s disease and control samples were 

estimated using chemiilluminiscence. The average level of ferritin in control and 

parkinson’s disease serum samples were 78 ± 26 µg/L and 61 ± 53 µg/L respectively. 

 

 

 

 

C3 1138.28 PD3 1816.87 
C4 1729.31 PD4 1379.07 
C5 1532.3 PD5 1904.43 
C6 1904.43 PD6 1597.97 
C7 2167.11 PD7 2692.47 
C8 1729.31 PD 8 1729.31 
C9 1729.31 PD9 1510.41 
C10 1335.29 PD10 1641.75 
C11 1138.28 PD11 1641.75 
C12 1335.29 PD12 1729.31 
C13 1313.4 PD13 1729.31 
C14 1182.06 PD14 1816.87 
C15 1160.17 PD15 1335.29 
  PD16 1619.86 
  PD17 1532.3 
  PD18 1970.1 
  PD19 1291.51 
  PD20 1444.74 
  PD21 1444.74 
  PD22 1291.51 
Average values of total  antioxidant potential serum samples 
Control 1472.467 ±±±± 312 PD 1662.645 ±±±± 303 
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Table 3A.3 : Ceruloplasmin and ferritin levels of PD and control 

 

 

Table 3A.3: Individual and average levels (with SD) of the serum ceruloplasmin and 

ferritin in control and Parkinson’s disease (PD) samples. The average serum total 

antioxidant capacity of control and PD were significant at P<0.05. 

 
3A.4.4 Magnetic Resonance Imaging (MRI) of control and PD brains  

MRI imaging of brains of PD and control subjects was carried out at Vikram Hospital 

under the supervision of chief radiologist. The imaging procedure was explained to the 

patients and control subjects before the imaging. The thickness of the hippocampus, 

frontal lobe, temporal lobe, thalamus, cerebellum, caudate nucleus, substantia nigra and 

midbrain was analyzed using the inbuilt software in the MRI machine. 

Sample Cerulopl
asmin 
g/L 

Sample Ceruloplasmi
n 
g/L 

Sample Ferritin 
µg/L 

Sample Ferritin 
µg/L 

C1 0.482 PD1 0.297 C1 103 PD1 138 
C2 0.344 PD2 0.266 C2 102.8 PD2 22.63 
C3 0.308 PD3 0.248 C3 32.41 PD3 82.57 
C4 0.31 PD4 0.211 C4 37.81 PD4 34.59 
C5 0.439 PD5 0.239 C5 88.16 PD5 47.27 
C6 0.336 PD6 0.262 C6 105.1 PD6 33.6 
C7 0.367 PD7 0.249 C7 83.71 PD7 20.68 
C8 0.363 PD 8 0.251 C8 87.32 PD 8 107.8 
C9 0.442 PD9 0.273 C9 70.5 PD9 57.11 
C10 0.441 PD10 0.272 C10 60.46 PD10 124 
C11 0.395 PD11 0.156 C11 68.37 PD11 67.86 
C12 0.47 PD12 0.214 C12 40.31 PD12 55.53 
C13 0.52 PD13 0.164 C13 115.8 PD13 58.33 
C14 0.313 PD14 0.24 C14 63.61 PD14 19.82 
C15 0.335 PD15 0.247 C15 72.25 PD15 36.99 
  PD16 0.208   PD16 24.59 
  PD17 0.216   PD17 33.16 
  PD18 0.208   PD18 24.42 
  PD19 0.184   PD19 2.48 
  PD20 0.18   PD20 103.1 
  PD21 0.203   PD21 30.2 
  PD22 0.189   PD22 234.1 
Average values of Ceruloplasmin levels Average values of ferritin levels 
Control 0.39 ±±±±  

0.06 
PD 0.22 ±±±± 

 0.03 
Control 78 ±±±±  

26 
PD 61 ±±±±  

53 
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Figure 3A.1: Brain MRI images showing different regions 
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Figure 3A.2: MRI images of control and PD brains showing cerebellum 
 



 

Biomarker study on Parkinson’s disease 

90 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3A.2: continued 
 
Table 3A.4: The thickness of the cerebellum and caudate nucleus. 
 

Cerebellum (thickness in mm) Caudate nucleus(thickness in mm) 
Control Parkinson’s disease Control Parkinson’s 

disease 
ID R L ID R L ID R L ID R L 
C1 46.3 41.5 PD1 43.0 36.6 C1 8.3 8.1 PD1 9.1 9.4 
C2 41.0 42.0 PD2 43.5 40.07 C2 8.9 10.3 PD2 6.6 6.4 
C3 44.5 42.1 PD3 45.2 42.9 C3 8.3 9.0 PD3 6.7 6.3 
C4 41.7 41.1 PD4 41.7 41.2 C4 8.6 8.7 PD4 9.8 10.1 
C5 44.6 42.8 PD5 43.7 42.9 C5 10.7 9.2 PD5 7.3 6.8 
C6 46.1 49.6 PD6 41.9 39.3 C6 9.9 9.0 PD6 8.5 8.4 
C7 38.8 42.2 PD7 51.0 50.0 C7 11.1 10.3 PD7 7.5 8.2 
C8 45.6 43.6 PD 8 52.0 43.0 C8 10.3 10.3 PD 8 7.0 7.4 
C9 43.0 42.0 PD9 45.4 44.5 C9 7.4 8.9 PD9 6.6 6.4 
C10 46.4 45.7 PD10 42.5 41.9 C10 8.6 9.1 PD10 7.1 6.3 
C11 45.8 44.3 PD12 38.5 46.0 C11 9.3 8.7 PD12 8.3 8.0 
C12 43.4 43.1 PD13 48.3 49.6 C12 8.5 9.4 PD13 7.0 8.2 
C13 45.6 45.2 PD14 46.0 47.5 C13 8.7 9.2 PD14 8.1 7.5 
C14 46.7 45.8 PD16 41.2 36.7 C14 9.4 8.6 PD16 7.5 7.7 
C15 48.5 47.3 PD17 44.4 42.0 C15 9.5 10.2 PD17 7.2 6.9 
   PD18 43.8 42.3    PD18 8.0 7.3 
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*p<0.05 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   PD19 43.4 42.1    PD19 6.9 6.2 
Average thickness (mm) Average thickness (mm) 
Control  44.5±±±± 

2.5 
43.8±±±± 
2.4 

PD 44.4±±±± 
3.4 

42.8±±±± 
3.8 

Control  9.1±±±± 
1.0 

9.2±±±± 
0.6* 

 7.6±±±± 
0.9 

7.5±±±± 
1.1* 
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Figure 3A.3: MRI images of control and PD brains showing caudate nucleus, thalamus 
and frontal lobe. 
 
Table 3A.5: The thickness of the frontal lobe and thalamus. 
 
Frontal lobe Thalamus 
Control Parkinson’s disease Control Parkinson’s disease 
ID R L ID R L ID R L ID R L 
C1 39.6 36.7 PD1 34.2 35.7 C1 18.0 16.4 PD1 18.0 16.7 
C2 38.0 38.0 PD2 37.0 37.8 C2 21.7 19.6 PD2 14.6 14.1 
C3 42.7 40.4 PD3 34.6 35.2 C3 19.4 17.3 PD3 15.3 15.2 
C4 39.1 39.3 PD4 39.9 41.4 C4 18.3 17.6 PD4 20.8 18.2 
C5 39.1 39.8 PD5 35.6 34.3 C5 16.1 16.9 PD5 14.8 14.3 
C6 37.1 34.8 PD6 33.9 35.0 C6 15.0 15.5 PD6 13.8 13.8 
C7 38.8 42.2 PD7 32.8 36.5 C7 20.2 19.1 PD7 23.2 19.1 
C8 40.2 40.9 PD 8 37.3 37.5 C8 18.2 16.7 PD 8 15.8 15.8 
C9 46.4 43.3 PD9 36.2 36.3 C9 16.3 15.8 PD9 13.9 14.1 
C10 39.4 39.9 PD10 33.7 33.9 C10 18.5 16.9 PD10 14.2 13.9 
C11 41.6 41.5 PD12 32.0 31.0 C11 17.8 17.1 PD12 17.5 14.4 
C12 40.5 40.8 PD13 39.4 39.3 C12 19.4 18.8 PD13 17.3 17.0 
C13 42.3 41.8 PD14 36.5 36.2 C13 18.5 17.5 PD14 16.7 16.7 
C14 39.7 39.9 PD16 35.9 36.5 C14 18.8 17.3 PD16 14.3 14.7 
C15 38.5 40.3 PD17 41.2 39.5 C15 19.2 17.9 PD17 16.5 16.3 
   PD18 35.3 35.7    PD18 15.3 14.2 
   PD19 33.2 33.8    PD19 13.8 13.4 
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Average value Average value 
Control  40.2±±±± 

2.3 
39.9±±±± 
2.1 

PD 35.8±±±± 
2.5 

36.2±±±± 
2.4 

Control  18.4±±±± 
1.6* 

17.4±±±± 
1.1* 

PD 16.2±±±± 
2.5* 

15.4±±±± 
1.6* 

*p<0.05 
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Figure 3A.4: MRI images of control and PD brains showing midbrain and temporal 
lobe. 
 
Table 3A.6: The thickness of the temporal lobe and midbrain. 
 
Temporal lobe Midbrain 
Control Parkinson’s Disease Control Parkinson’s 

Disease 
ID R L ID R L ID R ID R 
C1 44.6 44.0 PD1 46.4 46.7 C1 21.4 PD1 26.1 
C2 45.4 44.2 PD2 46.5 48.2 C2 20.7 PD2 25.2 
C3 48.3 49.6 PD3 44.3 45.2 C3 23.2 PD3 23.4 
C4 46.3 47.8 PD4 46.4 43.5 C4 21.2 PD4 26.8 
C5 48.2 48.2 PD5 45.6 45.8 C5 21.6 PD5 19.9 
C6 45.7 44.7 PD6 47.2 44.9 C6 23.5 PD6 19.6 
C7 44.7 44.5 PD7 49.3 47.5 C7 24.6 PD7 22.5 
C8 53.9 55.7 PD 8 42.1 38.0 C8 23.4 PD 8 20.7 
C9 51.1 48.0 PD9 45.3 45.3 C9 22.0 PD9 21.3 
C10 45.8 46.7 PD10 44.8 45.1 C10 23.4 PD10 20.8 
C11 47.6 49.3 PD12 43.7 39.5 C11 24.5 PD12 18.1 
C12 48.3 48.8 PD13 43.7 43.1 C12 23.8 PD13 20.6 
C13 47.9 58.7 PD14 51.1 48.0 C13 21.9 PD14 18.4 
C14 49.2 51.4 PD16 47.3 48.0 C14 22.6 PD16 18.9 
C15 48.5 49.4 PD17 43.6 41.9 C15 23.6 PD17 19.1 
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   PD18 46.3 46.4   PD18 18.7 
   PD19 44.8 45.3   PD19 19.2 
Average thickness (mm) Average thickness (mm) 
Control  47.7±±±± 

2.4 
48.7±±±± 
4.1 

PD 45.7±±±± 
2.2 

44.8±±±± 
2.8 

Control  22.7±±±± 
1.2 

PD 21.1±±±± 
2.7 

*p<0.05 
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Figure 3A.5: MRI images of control and PD brains showing Hippocampus and 
substantia nigra. 
 
Table 3A.7: The thickness of the Hippocampus and substantia nigra. 
 
 
Hippocampus Substantia nigra 
Control Parkinson’s disease Control Parkinson’s diseae 
ID R L ID R L ID R L ID R L 
C1 16.7 20.2 PD1 14.6 18.2 C1 11.2 10.1 PD1 6.3 6.4 
C2 18.2 19.9 PD2 15.4 16.7 C2 10.0 10.6 PD2 9.4 8.6 
C3 19.4 17.9 PD3 14.5 15.2 C3 11.1 10.9 PD3 6.1 6.0 
C4 18.2 17.3 PD4 14.6 16.7 C4 10.1 10.4 PD4 7.2 5.2 
C5 20.1 18.5 PD5 12.4 13.6 C5 11.4 10.4 PD5 6.3 6.4 
C6 19.4 19.4 PD6 13.8 16.6 C6 11.1 10.5 PD6 7.2 6.7 
C7 19.4 19.1 PD7 15.9 15.4 C7 12.0 11.7 PD7 8.3 6.4 
C8 19.5 19.1 PD 8 17.3 18.1 C8 11.0 11.3 PD 8 8.6 7.5 
C9 20.4 19.6 PD9 15.2 15.8 C9 10.7 10.9 PD9 7.2 6.9 
C10 18.9 19.5 PD10 16.7 15.8 C10 11.5 10.7 PD10 7.1 6.8 
C11 19.2 19.3 PD12 14.7 13.7 C11 11.1 11.2 PD12 7.6 7.1 
C12 20.1 20.1 PD13 20.5 17.8 C12 10.9 10.8 PD13 7.0 6.7 
C13 19.5 19.6 PD14 19.1 18.0 C13 11.6 10.9 PD14 8.1 7.0 
C14 19.6 19.3 PD16 11.9 16.0 C14 10.8 11.4 PD16 7.6 7.7 
C15 19.9 19.8 PD17 12.3 12.5 C15 10.5 11.3 PD17 7.4 7.6 
   PD18 14.5 14.7    PD18 7.4 7.1 
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   PD19 13.9 14.2    PD19 6.9 6.7 
Average thickness (mm) Average thickness (mm) 
Control 19.2±±±± 

0.9* 
19.2±±±± 
0.7* 

PD 15.1±±±± 
2.2* 

15.8±±±± 
1.7* 

Control 11 ±±±± 
0.5* 

10.8±±±± 
0.4* 

PD 7.3±±±± 
0.8* 

6.8±±±± 
0.7* 

*p<0.05 
 
 
The average thickness of the all the regions were calculated and compared with that of 

control brain thickness. Significant atrophy in terms of reduction in the thickness of the 

brain regions in caudate nucleus, thalamus, hippocampus and substantia nigra regions 

in PD brain compared to control brain regions was observed. The reduction in the 

thickness of these regions in PD brains were significant at p<0.05 compared to control 

brains. It was also observed that reduction in the in the frontal lobe, temporal lobe and midbrain 

regions, but not significant at p<0.05. There were no changes in the thickness of the cerebellum 

regions of control and PD brains.  

 

3A.5 Discussion 

 

Parkinson’s disease affects millions of people around the world and patients suffers 

with involuntary shaking in the body and lead life with difficulty. The diagnoses of PD 

in early stages compromised as symptoms appear after severe neuronal loss. The 

patients visit the clinic after they experience difficulty in moving and handling the 

utensils etc. At this time, the disease will be in severe condition and neurons controlling 

the movements will be significantly dead. Until now the diagnosis of PD dependent on 

the physical evaluation and no established clinical diagnosis was established. In this 

context it became important to identify a good diagnostic criteria to identify the disease 

in the early stages of the disease development. Identifying a good biomarker for PD 

becomes vital and helps better treatment for Parkinson’s disease. Here we attempted to 

identify biomarker and diagnostic criteria for Parkinson’s disease by analyzing the 

serum and MRI analysis of PD patients and comparing to age matched controls.  

 

In the present study, the serum 8-OHdG (oxidative DNA damage biomarker), total 

antioxidant potential was analyzed to know the oxidative stress status in the PD 

patients. As oxidative stress exists in several conditions we selected the patients having 

PD alone and not having any other major illness. Several studies reported oxidative 
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stress condition in PD brain and other neurodegenerative diseases (Jenner, 2003; 

Koutsilieri et al., 2003; Abe et al., 2002). Oxidative stress leads to neurotoxicity and 

neuronal cell death (Sayre et al., 2008). 8-OHdG was reliable biomarker for the 

oxidative damage (Olinski et al., 2007; Valavanidis et al., 2009). We found that 8-

OHdG levels are significantly increased in the serum samples of PD patients compared 

to age matched controls. Oxidative modification of guanosine to 8-OHdG may lead to 

double strand breaks and single strand breaks in DNA and lead to DNA damage and 

cell death. Base excision repair (BER) system counter check the oxidative modified 

bases and it was reported that BER was compromised during aging. This may be the 

major factor responsible for the oxidative damage in age related neurological disorders 

(Rao, 2009). Hedge et al., (2006) reported that SSB and DSB were present in PD brain 

regions, supporting the oxidative damage to DNA.  The oxidative stress was the result 

of imbalance between the reactive oxygen species (ROS) and antioxidant defence 

system. We analyzed the total antioxidant capacity of the serum samples using the 

ELISA kit which detect hydrophilic antioxidants like vitamin C, glutathione etc and 

hydrophobic antioxidants like vitamins E etc., giving total antioxidant capacity of the 

serum. Total antioxidant capacity of the serum in PD samples increased compared to 

age matched control samples. The data indirectly showed that oxidative stress had 

increased in PD patients and in response to this oxidative stress antioxidant levels were 

increased.   

 

Ceruloplasmin is an acute phase reactant protein which acts as an extracellular 

antioxidant by ferroxidase activity. Ceruloplasmin was the major copper carrying 

glycoprotein in the blood carrying 6 copper atoms per molecule (Healy and Tipton, 

2007).  Ceruloplasmin regulates the copper and iron homeostasis in the body and defect 

in biosynthesis and reduction in ceruloplasmin levels results in the accumulation of iron 

in different organs (Mzhel'skaya, 2000; Patel et al., 2002). We analyzed the serum 

ceruloplasmin levels in PD and control samples and found that ceruloplasmin levels 

were decreased in PD patients compared to age matched control samples. Our results 

are in consistent with that of Torsdottir et al., (2006) where they reported low 

ceruloplasmin levels in PD serum samples. The reduced ceruloplasmin levels may lead 

to the iron deposition in the brain of PD patients. Serum ferritin levels also decreased in 

PD samples compared to age matched control samples. Ferritin was the major iron 
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storage protein responsible iron homeostasis and acts as serum biomarker for the total 

body iron stores (Knovich et al., 2009). The reduction of both ceruloplasmin and 

ferritin levels may result in the accumulation of the iron in brain. 

 

Recently, several studies focused on the MRI changes in Parkinson’s disease to 

establish imaging biomarker for PD (Aybek et al., 2009; Baudrexel et al., 2010; 

Dalaker et al., 2009; Menke et al., 2009). In the present study we performed MRI 

imaging of brains of PD patients and age matched control brains to know the brain 

atrophy. Brain atrophy was calculated by measuring the thickness of the different brain 

regions, which include substantia nigra, hippocampus, cerebellum, caudate nucleus, 

midbrain, thalamus, frontal lobe and temporal lobe. Parkinson’s disease was 

characterized by the neuronal loss in substantia nigra region of the brain (Gallagher and 

Schapira, 2009). A significant atrophy in the substantia nigra region of PD patients 

compared to control age matched control was observed. The atrophy in substantia nigra 

was due to the neuronal loss in that region in PD brain. A significant atrophy in the 

hippocampus, thalamus, and caudate nucleus regions of the PD brains was also 

observed. An earlier study showed significant DNA damage in terms of double strand 

breaks and single strand breaks in the hippocampus, thalamus and caudate nucleus 

regions of post mortem PD brains (Hegde et al., 2006). The present study supported 

DNA damage and neuronal loss by increased 8-OHdG levels and brain atrophy in these 

brain regions. Jokinen et al., (2009) also reported hippocampal brain atrophy and 

impaired memory in PD petients. It was observed atrophy in the frontal lobe, temporal 

lobe and midbrain regions but significant when compared to the atrophy observed in 

above brain regions. The atrophy changes indicated that substantia nigra, thalamus, 

hippocampus and caudate nucleus are the most vulnerable regions in PD brain.  

 

In conclusion, the study provides clinical evaluation of probable biomarkers for the 

early diagnosis of the PD. We observed increased oxidative DNA damage biomarker 8-

OHdG, increased serum total antioxidant capacity, decreased ceruloplasmin and ferritin 

levels, significant atrophy in the substantia nigra, thalamus, hippocampus and caudate 

nucleus regions. It can be proposed that above tests and analysis may provide a good 

diagnostic tool for the early diagnosis of the Parkinson’s disease and the better 

management of the disease. 



 
 

 

 

New evidence on increase of Iron and Copper and its 
correlation to DNA integrity in ageing human brain 

 

3B.1. Introduction  

Ageing is a multi-factorial process, which leads to irreversible damage to 

macromolecules (ie DNA, proteins and lipids), cells and organs. The rate of this process is 

attributable to individual genetic as well as to environmental factors. Several studies have 

addressed the relationships between DNA damage and ageing, and have suggested and 

age-dependent accumulation of DNA damage by demonstrating an age-response of 

cytogenetic and molecular genetic endpoints in human cells (Fenech and Morley 1985; 

Lindsey et al., 1991; Ganguly 1993; Wilson et al., 2008). The accumulation of DNA 

damage is due to an imbalance between two opposing mechanisms, the generation of DNA 

damage by endogenous metabolic or environmental processed and the eradication of this 

damage by the cell’s repair machinery. Mutation rate appears to increase with age, 

indicating a decline in DNA repair efficiency with age (Bohr and Anson 1995, Walter et 

al., 1997) raise the question, if senescence per se leads to a higher susceptibility to DNA 

damage upon internal metal ion exposures. The major risk factors attributed for age related 

disorders are increase in oxidative stress and failure in antioxidant mechanisms (Ozcan et 

al., 2004; Kuloglu et al., 2002; Ranjekar et al., 2003; Frey et al., 2006; Frey et al., 2007; 

Benes et al., 2006). The oxidative stress by accumulation of paramagnetic trace metal ions 

like Cu and Fe leads to DNA instability and gene expression failure in normal ageing. 

Does the failure in DNA repair mechanism or accumulation of trace metal ions leads to 

ageing and age related disorders?. Further, DNA fragmentation and dysregulation in 

apoptotic mechanism (Margolis et al., 1994; Catts and Catts 2000; Evan and Littlewood 

1998; Ansari et al., 1993; Benes et al., 2003; Buttner et al., 2007; Andreazza et al., 2007) 

have been well shown to be associated with age related neurodegenerative disorder like 

Alzheimer’s disease (AD) and Parkinson’s disease (PD) (Adamec, 1999; Alam et al., 1997; 

Tatton and Olanov 1999; Hegde et al., 2006). In the present study we corroborate these 
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findings by demonstrating an age-dependent increase in DNA strand breaks and 

accumulation of metal ions on the process of ageing.  

 

The aim of this study was to assess the genomic integrity in terms of DNA 

fragmentation and its relation to the levels of redox active metals in frontal cortex and 

hippocampus brain regions of different age groups and to ascertain whether altered genome 

integrity play a role ageing and age-related disorders. To the best of our knowledge, this 

study is first of its kind in human brain subjects.  

 

3B.2. Materials 

Radiolabeled3 [H]-TTP (Sp.Act.40 Ci/nmol) was purchased from Amersham 

Radiochemicals, UK. Ribonuclease A (RNAse A), Proteinase K, Deoxyribonuclease I 

(DNAse I), dATP, dTTP, dCTP, dGTP, DNA polymerase I (from Escherichia coli), 

terminal deoxynucleotidyl transferase enzymes, 1kb and 100bp DNA ladders, and lamda 

DNA ladder were purchased from Genei, India.  All other chemicals were of analytical 

grade and were purchased from Sisco Research Labs, Mumbai, India. 

 

3B.3 Methodology 

3B.3.1. Brain tissues 

The demographic data of aged human subjects from where brains are collected  is 

presented in Table 3B.1.  

Number Age (yr) PMI (hr) Tissue (pH) Sex Cause of Death 

 
Group I <40 yrs 

N-1 25 4 6.76 F         Road traffic accident  

N-2 38 5 6.61 F         Snake bite 

N-3 21 4 6.71 F         Accidental burns 

N-4 18 4 6.45 M         Road traffic accident 

N-5 22 5 6.68 M         Road traffic accident 

N-6 24 6 6.72 M         Road traffic accident 

N-7 30 3 6.54 F         Accidental burns 

N-8 37 8 6.45 M         Fall from height 

 
Group II 41-60 yrs 

N-1 45 6 6.67 M         Road traffic accident 

N-2 48 5 6.23 F         Road traffic accident 



 
Iron, Copper and DNA damage in Aging 

102 
 

N-3 43 7 6.70 M Road traffic accident 

N-4 55 6 6.51 M Road traffic accident 

N-5 50 6 6.31 F Road traffic accident 

N-6 53 6 6.53 F Road traffic accident 

N-7 51 6 6.32 M Road traffic accident 

N-8 58 6 6.27 M Road traffic accident 

 
Group III >61 yrs 

N1 65 7 6.77 M Natural death: collected under 
body donation to JSS 

N2        71 6 6.39 M   Natural death: collected 
under body donation to JSS 

N3        68 7 6.76 M Natural death: collected under 
body donation to JSS 

N4        77 6 6.57 F Natural death: collected under 
body donation to JSS 

N5        80 6 6.88 F Natural death: collected under 
body donation to JSS 

N6        63 6 6.35 F Road traffic accident 

N7        73 7 6.45 M Road traffic accident 

N8        77 6 6.55 M Road traffic accident 

 

Table 3B.1 Demographic data of Aged human subjects 

Brains are grouped into three groups. Group I:  below 40 years, Group II: between 

41-60 years and Group III: above 60 years. The two regions namely hippocampus and 

frontal cortex of normal brains were separated and stored at -80oC until further use. Eight 

brain samples from each group were included in the study. Human brain samples were 

collected from the Depression Brain Bank of JSS medical hospital and College, Mysore, 

India. Autopsies were performed on donors with written informed consent obtained direct 

next of kin.  The control human brains were collected from accident victims, who had no 

history of long-term illness, psychiatric diseases, dementia, or neurological disease prior to 

death. We have excluded the subjects who had drug and alcohol abuse. The average 

postmortem interval between the time of death and collection of brain and freezing was ≤ 

6h.  Within one hour after death the body was kept in cool chamber maintained at 4˚C.  

The brain tissue was isolated and stored frozen at -80˚C till the analysis.  

 

3B.3.2. Isolation of DNA from brain tissue 

Genomic DNA was isolated from hippocampus and frontal cortex of frozen brain 

tissue by standard ‘phenol-chloroform extraction’ method after Sambrook et al (1989) with 

some modifications to prevent DNA fragmentation during isolation.  Precautions were 
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taken to prevent in vitro DNA damage during phenol-chloroform genomic DNA 

extraction. The concentration of DNA was measured using UV/Visible spectrophotometer 

noting absorbance at 260 nm and purity checked by recording the ratio of absorbance at 

260 nm/280 nm which should be ideally between 1.6 and 1.8. 

 

3B.3.3. Nick translation assay 

Single strand breaks: Single strand breaks (SSBs) are calculated through incorporation of 
3[H]-TMP into DNA samples when incubated with E. coli DNA polymerase I (Klenow 

Fragment) in a nick translation assay (Sutherland, 1983).  DNA polymerase I adds 

nucleotides at the 3'-OH end of a SSB, generated by various means, using the other strand 

as template.  When one of the deoxynucleotide triphosphates is labeled, then the 

incorporation of radioactivity into substrate DNA would be proportional to the number of 

SSBs present in the DNA sample.  During the standardization of the essay conditions with 

the plasmid DNA(Cos T fragment of ג phage) having known number of SSBs, it was found 

that average of 1500 nucleotides are added at each of the 3'-OH group.  From this, it is 

inferred that each picomole of TMP incorporated is equivalent to 1.6x109 3'-OH groups or 

SSBs.  In a total reaction volume of 50 µl, the assay mixture consisted of: 40 mM Tris-

HC1, pH 8.0, 1 mM β-mercaptoethanol, 7.5 mM MgCl2, 4 mM ATP, 100µM each of 

dATP, dCTP, and dGTP and 25 µM of dTTP, 1 µCi of 3 [H]-TTP and 1µg of genomic 

DNA and 1 U of E. coli DNA polymerase I. 

 

Double strand breaks: Terminal deoxynucleotidyl transferase catalyzes the addition of 

deoxynucleotides to the 3' termini of DNA and does not need direction from template 

strand.  Here, 3'-ends of duplex DNA also serve as substrates.  Similar conditions to 

incubate DNA with terminal transferase as in the case of E. coli polymerase I assay were 

used.  The incorporation of the 3[H]-dTTP into DNA would be proportional to the number 

of double strand breaks (DSBs) in the DNA.  From the conditions and incubation 

(Sutherland, 1983; Bhaskar and Rao, 1994; Deng and Wu 1983) it is assumed that about 50 

TMP residues are added at each of the 3'-ends of the duplex DNA.  From this, it is 

calculated that each femtomole of TMP incorporation would be equivalent to 1.2 x 107 3' -

ends or half of that number minus one DSBs.  The assay mixture for terminal transferase 
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reaction consisted of a total volume of 50 µ1:100 mM sodium cacodylate buffer, pH 7.0, 1 

mM CoCl2, 0.2 mM DTT, 1 µ Ci of 3[H]-dTTP, 1 µg DNA, and 1 U of the enzyme. 

 

3B.3.4. Trace elemental analysis  

Brain tissues were acid digested and preserved in dust free laminar air flow hood 

until further used. All the precautions were taken in accordance with NCCLS criteria 

(NCCLS standard approved guidelines to eliminate metal contamination while collecting 

and storing the samples). Trace elemental analysis were carried out using Inductively 

Coupled Plasma Atomic Emission Spectrometry (ICP-AES) model JOBIN YVON 38 

sequential analyzer. The elements measured were Cu, Fe, and Zn. All dilutions were made 

with ultra pure milliQ water (18-mega ohms resistance) in a dust free environment. The 

optimization of ICPAES was carried out by line selection and detection limits for each 

element. The validation of the analysis were tested by analyzing matrix match multi 

element synthetic standard and certified standard reference material (Bovine liver 1577a) 

obtained from National Bureau of Standards, USA. The lines were selected for each 

element in such a way that interference from the other elements was minimal (Table 3B.2)  

 

3B.3.5. Statistical analysis 

All the data obtained in this study were statistically treated and the significance of 

differences among samples was calculated according to Student’s t test.  The statistical 

analysis was carried out using Microsoft Excel 2000 Soft-ware. 

 

 

3B.4 Results 

3B.4.1. Brain tissues  

Brains were grouped into three groups. Group I:  below 40 years, Group II: 

between 41-60 years and Group III: above 60 years. The control human brains were 

collected from accident victims, who had no history of long-term illness, psychiatric 

diseases, dementia, or neurological disease prior to death. We have excluded the subjects 

who had drug and alcohol abuse. The demographic details of the human brains collected 

from different age groups are depicted in Table 1. 
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3B.4.2. Concentration of DNA 

The concentration of DNA was measured using UV/Visible spectrophotometer 

noting absorbance at 260 nm and purity checked by recording the ratio of absorbance at 

260 nm/280 nm which were ideally between 1.6 and 1.8. The wavelength employed and 

the detection limit of the trace elements are summarized in Table 3B.2 

 

 

 

 

 

 

Table 3B.2 Wavelength for trace metal analysis and detection limit  

 

3B.4.3. Trace elemental analysis 

The levels of Fe and Cu were increased, while Zn levels were decreased from 

Group I to III. There is a significant increase in Cu and Fe in Group II and Group III in 

both frontal cortex and hippocampus region. 

In frontal cortex, Cu and Fe are increased in all three Groups. The amount of Cu 

and Fe are significantly increased in Group II (p value > 0.05) and Group III (p value 

>0.001) (Fig 3B, A, B and C). A similar trend is observed in the hippocampus region, Cu 

and Fe are significantly elevated in Group II (p value > 0.05) and Group III (p value > 

0.001) (Fig 3B, A, B and C). The significant increase in Cu and Fe and decrease in Zn is 

observed highly between Group II and III. This data indicates the accumulation of redox 

active metals are increased and the antioxidant metal are decreased on the process of 

ageing. The interesting observation accumulation of trace metals are more in frontal cortex 

compared to hippocampus.   

 

 

 

Element Wavelength nm) 
Detection limit* 

µµµµg/ml µµµµmole/ml 

Cu 224.7 0.002 0.00003 

Zn 213.856 0.002 0.00003 

Fe 259.94 0.005 0.00009 
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Figure 3B.1. Trace metals concentrations in frontal cortex regions of aged human brain 

subjects (concentration in mg/g of wet weight of tissue). Mean ± SD of 8 brains (n=8) in 

each group. A, Levels of Cu, Fe and Zn in Group I. B, Levels of Cu, Fe and Zn in Group 

II, *p> 0.05.  C, Levels of Cu, Fe and Zn in Group III** p> 0.001.   
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Figure 3B.2. Trace metals concentrations in hippocampus regions of aged human brain 

subjects (concentration in mg/g of wet weight of tissue). Mean ± SD of 8 brains (n=8) in 

each group. A, Levels of Cu, Fe and Zn in Group I. B, Levels of Cu, Fe and Zn in Group 

II, *p> 0.05.  C, Levels of Cu, Fe and Zn in Group III** p> 0.001.   
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3B.4.4. Single Strand Breaks  

The most prevalent type of DNA damage in mammalian cell is the SSBs. Single-stranded 

breakage is the end point of several types of structural insults inflicted on the genome by 

both endogenous and exogenous agents (Rao., 1993). Figure 3 showed numbers of SSBs 

per microgram of genomic DNA isolated from brain regions (Fig 3A, 3B and 3C). 

Accumulations of SSBs are more frequent in group III compared to Group II and I. The 

result showed that frontal cortex (p>0.05 and p >0.001) accumulated considerably higher 

number of SSBs compared to hippocampus. This could be due to the increased levels of Cu 

and Fe in frontal cortex and relatively lower amounts in hippocampus in Group III. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3B.3. Single strand breaks (SSBs (106)/µg DNA) frontal cortex and hippocampus 

regions of aged human brain subjects. A, SSBs of Group I. B, SSBs of Group II, *p> 0.05.  

C, SSBs of Group III** p> 0.001.   
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3B.4.5. Double Strand breaks 

 The DNA isolated from frontal cortex and hippocampus showed significantly 

higher number of DSBs (p>0.05 and p >0.001) in Fig 4A, 4B and 4C. Further, frontal 

cortex accumulated more DSBs than SSBs. The increase in DSBs was more in Group III 

compared to Group I and II. The present result showed that frontal cortex has more DSBs 

than SSBs whereas hippocampus had the presence of both DSBs and SSBs accumulated. A 

similar trend is observed in the accumulation of both SSBs and DSBs. The accumulation of 

SSBs and DSBs are directly proportional to the amount of redox active metals in frontal 

cortex and hippocampus region. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3B.4. Double strand breaks (DSBs x 106/µgDNA) frontal cortex and hippocampus 

regions of aged human brain subjects. A, DSBs of Group I. B, DSBs of Group II, *p> 0.05.  

C, DSBs of Group III** p> 0.001.   
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3B.5. Discussion 

 The present study was done to assess the genomic integrity in ageing human brain 

and a correlation between accumulations of redox active metal versus DNA strand breaks. 

The DNA integrity failure may lead to cell atrophy.  Defective responses to DNA SSBs or 

DSBs can result in age related diseases, underscoring the critical importance of DNA 

repair for neural homeostasis (Simon et al., 2009; Adamec et al., 1999; Caldecott 2008). 

Human DNA repair-deficient syndromes are generally congenital, in which brain 

pathology reflects the consequences of developmentally incurred DNA damage (Caldecott, 

2008). Although, it is unclear to what degree DNA strand-break repair defects in mature 

neural cells contributes to disease pathology. However, DNA single-strand breaks are a 

relatively common lesion which if not repaired can impact cells via interference with 

transcription (Sordet et al., 2010; Stilmann et al., 2009). Thus, this lesion, and probably to 

a lesser extent DNA double-strand breaks, may be particularly relevant to aging in the 

neural cell population. The consequences of defective DNA strand-break repair towards 

might lead to a connection between DNA strand breaks and aging in the brain. 

 

 The classical apoptotic DNA laddering pattern in ageing brain due to strand breaks 

has great pathophysiological significance.  According to Didier et al. (1996) the DNA 

laddering on gel electrophoresis is a hallmark feature of end-stage apoptotic cell death and 

by this apoptosis can be distinguished from necrosis.  Earlier studies showed that cell death 

can also be preceded by DNA fragmentation by Ca2+, Mg2+ dependent DNAase into 180 

and 200bp fragments with endonuclease activation occurring early in the process of cell 

death (Clarke, 1999; Wylie et al., 1980; Kerr et al., 1995; Kingsbury et al., 1998).  The 

influence of perimortem conditions, anti-mortem hypoxia on DNA fragmentation in 

postmortem tissue are described in our previous study (Mushtak et al., 2008). However, we 

evaluated our results on DNA stability/damage and established that postmortem delay (<7) 

related DNA damage does not account for the changes in ageing brains. It was earlier 

shown that DNA fragmentation reduces the high activation energy barrier required to 

induce the conformational and topological changes in DNA (Hegde et al., 2006). In 

addition, the recent study showed that there is empiric link between late-life depression and 
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AD suggesting the defective responses to SSBs or DSBs can result in neurological 

diseases, 

 

Our study is the first report to show that there is selective increase of single strand 

and double strand breaks in DNA of normal ageing human brain. The DNA fragmenta-

tion can potentially be triggered through many endogenous and exogenous factors such as 

trace metals, oxidative stress, mitochondrial dysfunction, apoptosis, decrease antioxidant 

enzymes, genetic factors etc., (Kuloglu et al., 2002; Frey et al., 2006; Frey et al., 2007; 

Benes et al., 2006).  The first and most obvious possibilities are that neurons may be 

exposed to oxidative stress. The genes that play a central role in the clearance of free 

radicals generated by mitochondrial oxidation reactions such as glutathione synthase, 

catalase and SOD (Calabrese et al., 2010; Olinski et al., 2007; Cristiano et al., 1995). This 

suggests that the accumulation of ROS associated with the oxidative stress would tend to 

cause potential damage to DNA, proteins and lipids. However, the intact DNA from 

hippocampus may represent either an adaptive compensation to oxidative stress. To 

support, other finding suggested that GABAergic cells in hippocampus may be resistant to 

kainic acid - induced excitotoxicity (Devenport et al., 1990). Our earlier study have shown 

that metals like Fe, Al and Cu are accumulated more and these metals can bind and nicks 

DNA. Many of these insults potentially lead to single strand and double strand breaks in 

DNA leading to genomic instability (Hegde et al., 2006). 

 

 The longevity-enhancing mutations genomic rearrangements, which could be 

caused by misrepair of DSBs. These rearrangements are thought to contribute to 

transcriptional “noise,” which in turn could explain some age-related decline in tissue 

function. Paul Hasty (2008, 2004) has written two recent reviews, critically evaluating the 

role of DNA DSBs in the aging process. In the first (written with colleagues Han Li and 

James Mitchell), the authors argue from genetic evidence that DSB repair pathways are 

intimately connected with aging (Li et al., 2008; Hasty et al., 2003; Hasty 2005; Hasty and 

Vijg J 2004). There are many forms of DNA damage with double-strand breaks (DSBs) 

being the most toxic. DNA SSBs and DSBs are the potential causative factor for aging 

including factors that generate DNA strand breaks, faulty or failed repair, accumulation of 
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redox active metals may lead to age-dependent decline in fitness. Based on these 

comparisons we believe the basic mechanisms responsible for their aging phenotypes are 

fundamentally dependent on all the above factors, primarily the accumulation of trace 

metals leading to SSBs and DSBs.  

Another plausible reason for accumulated DNA fragmentation in ageing brain 

could be due to decreased antioxidant enzymes such as glutathione synthase, catalase and 

SOD or decreased DNA repair capacity process (Calabrese et al., 2010; Olinski et al., 

2007; Cristiano et al., 1995). Due to increased oxidative stress and genotoxic stress, the 

genomic DNA’s structural integrity is under constant threat.  Hence, any insufficiency in 

the machinery to counteract the damage lead to accumulation of DNA breaks (Caldecott 

2008). A decline in DNA stability signifies the shift between DNA damage and repair. In 

conclusion, the present study has provided the first examination into the genome integrity 

in terms of DNA damage and its relation to redox metals levels in brain regions of ageing 

groups. Further this early and first study may provide initial insight to elucidate the 

correlation between the DNA damage and trace metals and its role in early or age related 

disorders.  

 

 

 

 

 

 

 

 



 

New evidences on Tau–DNA interactions and relevance to 
neurodegeneration  
 

4A.1 Introduction 

Tau, a microtubule associated protein is mainly found in the neuronal cells (Weingarten 

et al., 1975). It is encoded by Tau gene on chromosome 17 and its alternate splicing 

results in six isoforms of Tau (Goedert et al., 1989). Tau is mainly involved in 

microtubule polymerization and their stabilization in the neurons (Drechsel et al., 1922;  

Wang and Liu, 2008). Deficiency of this protein in animal models display behavioral 

abnormalities, muscle weakness and reduced number of microtubules in the axon 

(Ikegami et al., 2000; Harada et al., 1994). Aggregation of Tau protein is observed in 

some neurological disease conditions which are collectively known as Tauopathies 

(Iqbal et al., 2009; Williams, 2006). Alzheimer’s disease (AD) is a principal tauopathy 

where Tau is aggregated in the form of neurofibrillary tangles (NFTs) (Avila et al., 

2004). The precise role of Tau in AD neurodeneration is not clearly understood 

(Delacourte, 2008; Brandt et al., 2005). In AD conditions, Tau looses its ability to 

organize microtubule assembly leading to axonal transport impairment (LaFerla and 

Oddo, 2005; Mandelkow et al., 2003). Further, Tau isolated from AD brain induced 

slower tubulin assembly than normal Tau (Lu and Wood, 1993; Alonso et al., 1996). It 

is not clear whether soluble or aggregated form of Tau is toxic? It has been shown that 

Tau transfection to PC12 cells results in toxicity associated with apoptosis, without Tau 

aggregation (Fath et al., 2002). Also study has shown that disaggregated Tau when 

exposed to neuronal cells showed increased cell death than the aggregated Tau (Gómez-

Ramos et al., 2006). Further, Gomenz-Isla  et al. (1997) showed that in AD brain 

neuronal loss exceeded several folds than the NFT bearing neurons (Gomenz-Isla  et al., 

1997). Also studies shown that neurodegeneration is not associated with NFT formation 

in drosophila models (Wittmann et al., 2001; Jackson et al., 2002). These observations 

suggest that Tau may induce toxicity in neurons other than classical aggregation 

pathway?  Tau is mainly distributed in the cytoplasm and also localized in the nucleus 

of neuronal and non-neuronal cells. It has been reported that Tau is localized in the 

nuclei of neuroblastoma cell, PC12 cells and human macrophages (Loomis et al., 1990; 

Davis and Johnson, 1999; Haque et al., 1999). Tau is found to be associated with 
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ribosomes and nuclear organizer region (NOR) (Loomis et al., 1990). Studies also 

indicated that Tau might be associated with chromatin in the nucleus (Greenwood and 

Johnson, 1995). However, there is limited data on Tau interaction with DNA (Corces et 

al., 1980; Hua and He, 2003, 2003; Krylova et al., 2005) and its relevance to 

neurodegeneration is not yet understood.  In the present communication, we present the 

mechanism of Tau binding to DNA and trying to answer following questions (i) Does 

Tau alter DNA conformation? (ii) Does Tau alter DNA integrity? (iii) Does Tau nick 

DNA like endonuclease? (iv) Can we propose a hypothesis on Tau-DNA complex role 

in neuronal cell dysfunction? 

 

4A.2 Materials 

Supercoiled pUC18 DNA (cesium chloride purified, 90% supercoiled structure, 

scDNA), was purchased from Banglore Genei, India. Tau protein was purchased from 

r-peptide (USA) and Partially phosphorylated Tau was purchased from Sigma (USA). 

Agarose, HEPES, Tris and EDTA were purchased from SISCO Research laboratories. 

Ethidium bromide, Copper grids, Aurinetricarboxylic acid (ATA) and MgCl2 were from 

Sigma (USA) chemicals. Uranyl acetate was purchased from BDH chemicals. 

 

4A.3. Methodology 

4A.3.1 Purification of Tau protein: Tau protein was dissolved in cation-exchange 

buffer (20mM MES, 50mM NaC1, 1mM EDTA, 1mM MgC12, 2 mM DTT , 0.1mM 

PMSF , pH 6.8) and loaded on to cation-exchange chromatography column. The 

column was washed with 4 volumes of cation-exchange buffer. Protein was eluted with 

elution buffer (20mM MES, 1M NaC1, 1mM EDTA, 1mM MgC12, 2mM DTT , 0.1 

mM PMSF , pH 6.8) with linear gradient and fractions were collected and OD of each 

fraction was measured at 280 nm (Barghorn et al., 2005). The protein fractions are 

pooled and lyophilized. Finally the protein is dissolved in triple distilled water and the 

concentration was determined using BCA method. Partially phosphorylated Tau was 

also purified by cation-exchange chromatography. The purity of the normal Tau protein 

and Partially phosphorylated Tau was analyzed on 10% SDS-PAGE. 
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4A.3.2 Tau-DNA interaction studies  

r-Tau was incubated with either scDNA (2686bp) (DNA/Tau mass ratios  1 : 0.5 , 1 : 1, 

1 : 2.5  and 1 : 5 in Tris-Cl (10 mM, pH 7.4) at 37°C for 12 hr. Bovine serum albumin 

(BSA) was taken as negative control, which did not bind to DNA. After the incubation 

time the samples were electrophoresed along with the control scDNA in 1% agarose gel 

at 50 V at room temperature. Gel was stained with ethidium bromide (EtBr) and 

scanned using gel documentation system. Similarly, scDNA was interacted with pp-Tau 

as mentioned above and analyzed by 1% agarose gel.  

 

4A.3.3 Circular Dichroism (CD) studies 

The secondary conformation of  scDNA in the absence or presence of  r-Tau (at 

DNA/Tau mass ratios 1 : 0.1, 1 : 0.5 , 1 : 0.75 and 1: 1) were recorded on JASCO J700 

spectropolarimeter at 25°C, with 2mm cell length in the wavelength range between 200-

320 nm in Tris-Cl buffer (5 mM, pH 7.4). The secondary conformation for the each 

spectrum was the average of four scans. Similarly, scDNA was incubated with pp-Tau 

and the secondary conformation of scDNA was analyzed by CD. 

 

4A.3.4 Thermal denaturation studies: The integrity of scDNA upon r-Tau binding 

was studied using thermal denaturation studies. Changes in scDNA with r-Tau at 

DNA/Tau mass ratio 1:0.5, 1:1 and 1:5  for 12 hr. The melting temperature profiles of 

the incubated samples were recorded in HEPES buffer (10mM, pH 7.4) using 

Spectrophotometer equipped with a thermostat programmer and data processor 

(Amarsham Biosciences, HongKong). The melting profiles were recorded with increase 

of 1°C/min in the temperature range of 25-95°C. Similarly, scDNA was incubated with 

pp-Tau and the melting temperature profile of scDNA was analyzed by 

Spectrophotometer. 

 

4A.3.5 Ethidium bromide (EtBr) binding studies 

The changes in the integrity of scDNA upon r-Tau binding were studied by EtBr study. 

EtBr bound in moles per base pair of DNA was measured in Tris-Cl (10mM, pH 7.4) 

using HITACHI F-2000 Fluorescence Spectrofluorimeter. The fluorescence was 

measured using a constant amount of scDNA (0.5 µg) with increasing amounts of EtBr. 
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The fluorescence measurements were monitored with an excitation at 535 nm and 

emission at 600 nm using 10 mm path length. 

 The maximum amount of EtBr bound per base pair of DNA was calculated 

using Scatchard plots of ‘r’ vs ‘r/Cf’, in the DNA- EtBr reaction mixture at various 

titration intervals when increasing amount of EtBr was titrated to constant amount of 

DNA (Scatchard , 1949; Chatterjee and Rao, 1994). The concentration of bound EtBr in 

1.0 mL dye-DNA mixture (Cb′) were calculated using the equation: 

Cb´ = Co´[(F-Fo)/(V×Fo)] 

Where, 

Co = EtBr (pmoles) present in the dye-DNA mixture, 

F = observed fluorescence at any point of dye-DNA mixture, 

Fo = observed fluorescence of EtBr with no DNA, 

V = experimentally derived value, ratio of bound EtBr/free EtBr at saturation point. 

The concentration of free dye (Cf´) was then calculated by the relation  

Cf´ = Co´- Cb´, 

Where, Cf´, Co´, and Cb´ were expressed in pmoles. The amount of bound EtBr/base 

pair ‘r’ was calculated by 

r = Cb´ (pmoles)/DNA concentration (pmoles of base pair). 

 

 A plot with r vs r/cf is plotted, point where the straight line intersects the X-axis 

is denoted as ‘n’. ‘n’ is the maximum amount of dye bound per base pair (n), where Cf 

= Cf´ × 1015 M.  

Similarly, EtBr binding to scDNA upon pp-Tau binding was calculated using scatchard 

plots.  

 

4A.3.6 DNAse I Sensitivity assay   

DNAse I digests the DNA and sensitivity of DNAse I digestion is a marker of DNA 

integrity changes. The integrity of DNA-r-Tau complex was studied by DNase I 

sensitivity assay. scDNA incubated with r-Tau  in the mass ratio of 1:0.5 and 1:1 for  12 

hr  and treated with  DNAse I for 1 hr. The reaction was stopped by adding EDTA and 

analyzed by 1% agarose gel electrophoresis.  

 

 



 

Tau-DNA interactions 

117 
 

4A.3.7 DNA nicking activity of Tau 

scDNA was incubated with r-Tau at the DNA/Tau mass ratio 1: 0.5 in Tris-Hcl (10 

mM, pH 7.4) at 37°C as a function of time (0.5, 1, 2, 6, 8, 12, 24 hr) both in the 

presence and absence of Mg (1 mM). The incubated samples were collected at 

corresponding time intervals and immediately frozen at -20°C. Samples were analyzed 

by 1% agarose gel.  

4A.3.8 Tau-DNA interaction in the presence of Aurinetricarboxylic acid 

 
scDNA was incubated with r-Tau in the presence of 1mM Magnesium, in the presence 

of endonuclease inhibitor Aurinetricarboxylic acid (ATA) as a function of time (12hr 

and 24hr). The samples after the respective incubated time intervals, analyzed by 1% 

agarose gel as described above. 

 

4A.3.9 Transmission electron microscopy (TEM) studies   

TEM studies were done to understand whether r-Tau used in the present study is in 

soluble or aggregated form. r-Tau protein alone and DNA-Tau complexes were scanned 

under Transmission electron microscope (TEM) for the aggregates if any? Tau alone 

(5µM) and Tau with scDNA was incubated for 48 h. The Tau samples (5µl) were 

placed on carbon coated copper grids of 300, mesh size and allowed to dry for 1 min. 

After blotting with filter paper, the remaining 5µl of the sample was placed and allowed 

to dry as above. The grid was negatively stained with a drop of 1% uranylacetate and 

blotted after 1 min. The samples were completely dried to avoid the moisture and 

examined under the microscope for the fibrils.  

 

4A.4 Results 

4A.4.1 Purity of Tau  

Recombinant Tau (r-Tau, 441 aa) (rpeptide, USA,) showed a single band on 10% SDS-

PAGE after indicating purity of Tau (Fig 4A.1A). The partially phosphorylated Tau 

(pp-Tau) purified from bovine serum (Sigma-Aldrich, USA) showed 5 bands on 10% 

SDS-PAGE which corresponds to 5 isoforms of Tau (Fig 4A.1B). 
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Figure 4A.1: Analysis of Purity of Tau protein: A) r-Tau protein analyzed on 10% 

SDS-PAGE after cation-exchange chromatography which showed single band. 1. 

Protein marker with range 29-97 kD. 2. Single band of r-Tau. B) pp-Tau analyzed on 

10% SDS-PAGE after cation-exchange chromatography, shows 5 isomers of pp-Tau. 1. 

Protein marker with range 29-97 kD. 2. Five isomers of pp-Tau. 

 

4A.4.2 Tau-DNA interaction studies  

We have studied r-Tau and pp-Tau interaction with scDNA. scDNA gave two bands on 

1% agrose gel, supercoiled DNA was found to be around 85% and open circular form 

was around 15% (Fig 4A.2) and a very faint band  corresponding to dimmers. r-Tau at 

DNA/Tau mass ratio 1:0.5  and 1:1 converted scDNA into open circular form (Fig 

4A.2). But r-Tau retarded the migration of both the supercoiled and open circular DNA 

forms at higher DNA/Tau mass ratio 1:2.5 and 1:5 (Fig 4A.2). At 1:5 ratio r-Tau 

converted total scDNA into open circular form and hence there is only one band. As 

BSA does not have DNA binding ability it was used as negative control. pp-Tau 

showed similar results with scDNA.  pp-Tau  at 1:1 mass ratio converted more scDNA 

into open circular form compared to unphosphorylated r-Tau (Fig 4A.3). This data 

indicated that both non-phosphorylated r-Tau and pp-Tau have DNA binding ability. 
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Figure 4A.2: Electrophoretic mobility shift assay: scDNA is interacted with r-Tau at 

DNA/Tau ratios, 1 : 0.5,  1 : 1, 1: 2.5, 1 : 5  for 12 hr and BSA is taken as negative 

control. The samples are analyzed by 1% agarose gel and the changes also expressed in 

bar diagram. SC- Supercoiled DNA, OC-Open circular DNA.  

 

 



 

Tau-DNA interactions 

120 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4A.3: Electrophoretic mobility shift assay : scDNA is incubated with pp-Tau 

DNA/Tau ratios, 1: 0.1, 1 : 0.5,  1 : 1, 1: 2.5, 1 : 5 and analyzed by 1% agarose gel. SC- 

Supercoiled DNA, OC-Opencircular DNA.  

 

4A.4.3 Tau induced conformational change in scDNA 

In CD spectrum, scDNA showed a characteristic of B-DNA conformation, having 

positive peak at 272 nm and a negative peak at 245nm (Fig 4A.4, a). r-Tau altered the 

scDNA CD spectrum in the near UV region at DNA/r-Tau mass ratios of 1: 0.75 and 

1:1. r-Tau increased the 210 nm and 220 nm negative peak and also decreased the 

positive peak at 272 nm (Fig 4A.4, d and e). The spectra of scDNA-Tau complex is 

subtracted from the Tau spectra alone of same concentrations.  Taken together, these 

changes indicate that r-Tau induces B-C-A mixed transition in scDNA (Gray et al., 

1978). The pp-Tau also induced B-C-A mixed conformation in scDNA (data not 

shown). 
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Figure 4A.4: CD spectroscopy of r-Tau-scDNA interaction. scDNA was titrated 

increasing concentrations of Tau at the mass ratios 1: 0 (a), 1: 0.1 (b), 1: 0.5  (c), 1: 0.75 

(d), 1: 1 (e) and CD was recorded in the range of 200nm-320nm.  

 

4A.4.4 Tau altered melting temperature  profile of scDNA 

The melting temperature (Tm) profile of scDNA showed the characteristic biphasic 

pattern. The first transition (Tm1) is being for the relaxation of supercoils in the scDNA 

and the second transition (Tm2) correspond to the opening of the double strands into 

single strands. The Tm values of scDNA are Tm1 = 53°C and Tm2 = 87°C.  r-Tau 

interaction with scDNA changed the biphasic pattern to monophasic  Tm at the mass 

ratios (DNA/Tau) 1:0.5, 1:1 and 1:5. The monophasic Tm values of scDNA are 80°C, 

81°C and 85°C for mass ratios 1:0.5, 1:1 and 1:5 respectively (Table 4A.1). pp-Tau also 

converted biphasic Tm to monophasic   at the mass ratios 1:0.5, 1:1 and 1:5 (Table 

4A.1). This data indicates that both non-phosphorylated r-Tau and pp-Tau alter DNA 

integrity. 
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scDNA-Tau complex 
(Mass Ratio) 

            Melting Temperature (Tm) 

scDNA 53 ±±±± 1.14°°°°C (Tm1), 87.5 ±±±± 0.25°°°°C (Tm2), Biphasic 
Tm 

scDNA: r-Tau (1:0.5) 80.09 ±±±± 0.4°°°°C, Biphasic to Monophasic Tm 
scDNA: r-Tau (1:1) 81.53 ±±±± 0.25°°°°C, Biphasic to Monophasic Tm 
scDNA: r-Tau (1:5) 84.83 ±±±± 0.3°°°°C, Biphasic to Monophasic Tm 
scDNA: pp-Tau (1:0.5) 81 ±±±± 0.25°°°°C, Biphasic to Monophasic Tm 
scDNA: pp-Tau (1:1) 82.41 ±±±± 1.09°°°°C, Biphasic to Monophasic Tm 
scDNA: pp-Tau (1:5) 84.32 ±±±± 0.5°°°°C, Biphasic to Monophasic Tm 
 

Table 4A.1: Computation of alterations in Tm values for ScDNA in the presence of r-

Tau and pp-Tau 

 

4A.4.5 Ethidium Bromide binding studies 

The integrity of scDNA is studied by indirectly measuring the number of EtBr 

molecules bound per base pair using Scatchard plot. The number of EtBr molecules 

bound per base pair of scDNA is 0.25. The number of EtBr molecules bound per base 

pair of DNA for DNA/r-Tau mass ratios 1:0.5, 1:1 and 1:5 are 0.33, 0.34 and 0.35, 

respectively (Fig 4A.5, Table 4A.2). The pp-Tau interaction with scDNA also increased 

the number of EtBr molecules bound per base pair of DNA. The data indicated that r-

Tau and pp-Tau binding to scDNA increased the number of EtBr molecules bound per 

base pair of scDNA (Table 4A.2). 
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Figure 4A.5 : EtBr bindings studies: scDNA was incubated with r-Tau in the mass 

ratios of 1:0.5, 1:1 and 1:5  in 10mM Tris-Hcl (pH 7.4) at 37°C for 12 hr. Ethidium 

bromide binding pattern to incubated samples along with the control scDNA is 

investigated by titrating with increasing concentration of EtBr. Using scatchard plot 

EtBr molecules bound / base pair are calculated.  

 

 

 

 

 

 

 

 

 

 

Table 4A.2: Ethidium bromide molecules bound per base pair of DNA in tau-DNA 

interactions at *P<0.05 significance. 

                                                                                              

4A.4.6 Tau altered the supercoiled DNA integrity as revealed by DNAse I digestion 

studies 

Agarose gel analysis showed that in DNAse I treated r-Tau-scDNA complex there is an 

increased conversion of supercoiled form to open circular and linear forms compared to 

scDNA alone treated with DNAse I (Fig 4A.6). The data indicates that Tau-scDNA 

complex is sensitive for DNAse I digestion and insights that r-Tau destabilizes DNA 

integrity. 

scDNA-Tau complex 
(Mass Ratio) 

EtBr molecules bound 
per base pair 

scDNA 0.24 ±±±± 0.007 
scDNA: r-Tau (1:0.5) 0.32 ±±±± 0.005* 
scDNA: r-Tau (1:1) 0.34 ±±±± 0.002* 
scDNA: r-Tau (1:5) 0.35 ±±±± 0.005* 
scDNA: pp-Tau (1:0.5) 0.31 ±±±± 0.003* 
scDNA: pp-Tau (1:1) 0.33 ±±±± 0.005* 
scDNA: pp-Tau (1:5) 0.35 ±±±± 0.008* 
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Figure 4A.6 :  DNase I sensitivity of scDNA-Tau complex: scDNA-r-Tau complex 

digested with DNAse I. DNAse I treatment enhances the Tau effect of relaxing the 

supercoils of scDNA molecule. The scDNA-Tau complex and scDNA treated digested 

with DNAse I for 1 hr. 1.scDNA alone, 2. scDNA digested with DNAse I   3. scDNA 

+Tau (1 : 0.5),  4. scDNA +Tau (1 : 0.5) complex digested with DNAse I. 5. scDNA 

+Tau (1 : 1), 6. scDNA +Tau (1 : 1) complex digested with DNAse I. SC- Supercoiled 

DNA, OC-Open circular DNA.  

 

4A.4.7 DNA nicking activity of Tau 

Initially, we studied the role of r-Tau and pp-Tau in modulating scDNA integrity. r-Tau 

at mass ratio of 1:0.5 (DNA/Tau) relaxed the supercoils of scDNA  in a time dependent 

manner. Initially r-Tau did not alter the scDNA integrity as a function of time of 0.5, 1, 

2, 6, 8 hr both in the presence and absence of 1 mM MgCl (Fig 4A.7). We tried to 

understand whether DNA nicking activity of r-Tau resembles nuclease activity.  The 

extended time function studies indicated that r-Tau converted scDNA into open circular 

form only in the absence Mg as a function of time, 12hr and 24hr (Fig 4A.8A and 8B, 

lane 3). But in the presence of Mg (1mM), Tau converted majority of scDNA into open 

circular and linear form at 24hr of incubation time (Fig 4A.8B, lane 5).  We studied the 

Tau nicking in the presence of Mg as, Mg (1mM) is a co-factor for many 

endonucleases. We found that Mg enhanced r-Tau nicking resembling endonuclease 

behavior. To verify this, we examined the effect of Aurinetricarboxylic acid - A specific 

nuclease inhibitor on Tau-DNA interactions. ATA specifically inhibits DNA nicking of 

endonucleases typically by derivatizing the active site histidine residue of the enzyme. 

We investigated to understand whether ATA inhibits Tau nicking activity? It was found 
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that ATA (1mM) inhibited the DNA nicking activity of r-Tau (Fig 4A.8A and 8B, lane 

4 and 6) indicating that Tau may be nicking DNA behaving endonuclease behavior. 

 

 

Figure 4A.7 :  Evaluation of r-Tau, DNA nicking ability.  scDNA incubated with r-Tau 

in the mass ratio of 1: 0.5 (DNA : Tau) with time periods 0.5 hr, 1 hr , 2 hr, 6 hr, 8 hr 

both in the presence and absence of 1 mM Mg. SC- Supercoiled DNA, OC-Open 

circular DNA.  

 

 

 

Figure 4A.8: Nicking activity of Tau : Inhibition of r-Tau, DNA nicking activity by 

ATA. scDNA is incubated with r-Tau in the presence of Mg (1mM) and ATA for 12 hr 

(Fig 9A) and 24 hr (Fig 9B). Lanes: 1. Marker, 2. scDNA , 3. scDNA + Tau, 4. scDNA 
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+ Tau +ATA, 5. scDNA + Tau + Mg2+ 6. scDNA + Tau + Mg2+ + ATA. SC- 

Supercoiled DNA, OC-Open circular DNA.  

 

4A.4.8 Transmission Electron Microscopy studies 

We investigated to study whether r-Tau is in soluble or aggregated form in the presence 

of scDNA? TEM studies showed that r-Tau did not aggregate at the concentration used 

for the scDNA-Tau interaction studies in TEM (Fig 4A.9B). These studies indicate that 

soluble form of Tau has DNA nicking activity. Native recombinant Tau is in random 

coil conformation (Fig 10).   In scDNA-Tau complex, Tau exists in random coil 

conformation only (Fig 10). This indicates that Tau nicks DNA in  monomeric random 

coil conformation.  

 

 

Figure 4A.9: Transmission Electron Microscopy: TEM 

images of r-Tau at 5 µM concentration after 48 hr 

incubation at 37°C. Tau did not formed into aggregates in 

Tau alone (A) and in the presence of scDNA (B)  

 

 

 

 

 

4A.5 Discussion:  

Tau protein belongs to the family of microtubule-associated proteins (MAPs) mainly 

expressed in the neurons. Tau is involved in the microtubule association and their 

stabilization in the neuron (Wang and Liu, 2008). Tau aggregation is the hallmark of all 

Tauopathies (Iqbal et al., 2009; Williams, 2006). AD is a principal Tauopathy, where 

Tau is associated with NFTs and PHFs in cytoplasm. The classical theory explains that 

Tau toxicity in all Tauopathies is due to aggregation of Tau (Mandelkow, 1999).  It is 

still not clear whether Tau aggregation is the sole responsible factor of Tau toxicity 

(Brandt et al., 2005, Congdon et al., 2008).  
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Tau’s main function is to promote microtubule assembly and stability in the cytoplasm. 

Several studies have shown that Tau is also distributed in the nucleus but its nuclear 

role is not yet defined? Greenwood et al (1995) showed that Tau protein is localized in 

the nucleus of neuroblastoma cells (Greenwood and Johnson, 1995). The reports also 

showed that Tau is associated with the chromatin fraction containing DNA and NOR in 

the nucleus (Loomis et al., 1990; Greenwood and Johnson, 1995). It is hypothesized 

that Tau might interact with rRNA genes and RNA of ribosomes (Sjöberg et al., 2006).  

The study has shown that Tau nuclear staining is extensive in undifferentiated SH-

SY5Y cells and nuclear staining of Tau disappeared as SH-SY5Y cells differentiate into 

neurons. This suggested that Tau might play a role in cell cycle events in the nucleus 

(Uberti et al., 1997). It is further evidenced that Tau is localized in the nucleus in an 

autopsy sample with presenile dementia (Papasozomenos, 1995). Sheffield et al. (2006) 

studied the nucleoporins and nuclear pore complex associated proteins in AD (Sheffield 

et al., 2006). The authors have shown that there is a nuclear pore irregularity in the 

neurons and this is associated with the NFTs. Based on the literature, we hypothesize 

that the association of NFTs with nucleopore complex insights that Tau might be 

transported from cytoplasm to nucleus in the process of disease progression? It is 

shown that similar kind of translocation of α-Synuclein (protein abnormally aggregates 

in Parkinson’s disease brain) into the nucleus in oxidatively stressed dopaminergic cells 

(Xu et al., 2006). Similar mechanism may be responsible for translocation of Tau into 

the nucleus in AD, as oxidative stress is an early event in AD as well? However this 

hypothesis is still open for discussion. 

 

The key Question is, how does Tau bind with DNA? Corces et al. (1980) showed that 

Tau could bind to DNA. Hua et al., (2003) showed that Tau stabilized the calfthymus 

DNA structure and protected the DNA from the reactive oxygen species. Krylova et al., 

(2005) showed that Tau induced dissociation of double strands of DNA. Tau-λ DNA 

complex appears as beads on a coil under atomic fluorescence microscopy (AFM) 

showing the association of Tau with DNA (Qu et al., 2004). Sjöberg et al., (2006) 

showed that Tau specifically binds to AT-rich satellite DNA sequences. All these 

studies indicate that Tau has DNA binding ability but the mechanism of Tau binding to 

DNA is still not clear. 
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We evidenced novel data on Tau altering the integrity of supercoils in scDNA. r-Tau 

retarded the migration of scDNA and also open circular form showing the Tau 

association with the DNA. The pp-Tau retarded the migration of both scDNA and open 

circular form. This indicates that unphosphorylated Tau and partially phoaphorylated 

Tau has the similar DNA binding ability. Hua Q et al., also showed that Tau retarded 

the mobility of plasmid DNA in electrophoretic mobility shift assay experiments. But 

the authors incorrectly assigned the data showing that closed circular DNA as scDNA 

and vice versa and hence their interpretation varies (Hua et al., 2003). Our studies 

further showed that r-Tau altered the mobility of DSC and SSC DNA showing the DNA 

binding ability. Our results are in agreement with the study of krylova (2005) with 

reference to Tau binds to single stranded DNA sequences.   

 

Our present study indicated that r-Tau induced B-C-A mixed conformation in scDNA 

and this is a new evidence. Similarly, pp-Tau also induced B-C-A mixed conformation 

in scDNA. Further, Qu et al. (2004) reported that Tau induces the bending in λ DNA. In 

the human genome, DNA is compactly arranged in the form of supercoiled pockets 

(Cook and Brazell, 1975). We have selected plasmid pUC18 scDNA as a model system 

in our study because of the observation that large amount of small scDNA pockets have 

been reported to be present in animal and human cells and these supercoiled pockets are 

known to be involved in gene expression. Further, the eukaryotic supercoiled pockets 

are proposed to be analogous to plasmid DNA supercoiling (Bauer et al., 1980). Hence 

we have used plasmid supercoiled DNA in our study. The results can be further 

correlated to human genomic DNA to get an insight in understanding the possible role 

of Tau in neurodegeneration with special emphasis to DNA topology. DNA 

conformation is an important aspect for the gene expression etc. our finding that Tau 

altering the scDNA conformation may have biological relevance?  

 

We further evidenced that Tau alters DNA stability, however there are limited studies in 

this direction. The stability of scDNA is altered due to Tau binding as determined by 

alteration in Tm, EtBr binding and DNase I digestion sensitivity of Tau-scDNA 

complex.  r-Tau favored the conversion of biphasic Tm to higher monophasic Tm. pp-

Tau also converted biphasic Tm to monophasic Tm. Hua et al., (2003) showed that Tau 

could stabilize calf thymus DNA as evidenced by an increase in Tm (Hua and He, 
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2003). EtBr binding studies showed that r-Tau and pp-Tau relax the supercoils in 

scDNA. The relaxation in supercoils is evidenced by an increase in the number of EtBr 

molecules bound per base pair. DNAse I digestion sensitivity studies showed that more 

scDNA is converted into open circular form thus showing sensitivity to DNAse I 

digestion. Wei et al., (2008) showed that Tau modulates the stability of DNA. The 

above data revealed that Tau alters the integrity of scDNA and our findings provide a 

mechanistic explanation to understand Tau induced DNA instability and conformational 

change. 

 

Our novel results showed that Tau converted scDNA into open circular and linear forms 

suggesting that Tau may nick the DNA resembling endonuclease. Tau alone converts 

scDNA into open circular form, however the activity was significantly enhanced in the 

presence of Mg.  Further we used endonuclease inhibitor, Aurintricarboxylic acid 

(ATA) to see whether it inhibits Tau nicking DNA. We found that ATA prevented Tau 

induced DNA nicking resembling endonuclease like activity. ATA preferentially 

interacts with histidine residues in endonuclease and cause inhibition (González et al., 

1980). In Tau, there are 11 histidine molecules mainly present in the microtubule 

binding domain and also in proline rich domains. ATA may be inhibiting Tau DNA 

nicking activity through interaction with histidine molecules? Based on our 

contributions, we hypothesize a new role for Tau-DNA complex in neurodegeneration 

 

Hypothesis on mechanism of Tau nicking DNA (Fig 4A.10) : Tau protein may bind to 

scDNA at minor grove and induce a B-C-A conformational change in the scDNA.   B-

C-A DNA is short and broad compared to B-form and minor grooves are broadened in 

B-C-A mixed conformation as discussed earlier. Tau after inducing the conformational 

change, may cleave the DNA by breaking phosphodiester bonds thus causing genomic 

instability. Insight conclusion: As reported earlier, Tau may translocates into the 

nucleus during stress (oxidative stress) conditions?. Still the mechanism is not clear.  In 

the nucleus, Tau may alter the genomic functions by interacting with DNA. Tau may 

induces conformational change in the DNA from normal B-conformation to B-C-A 

mixed conformation. The conformational change induced by Tau may disturb the 

nucleosomal organization, which may lead to abnormal transcriptional regulation and 



 

Tau-DNA interactions 

130 
 

gene expression changes. It is hypothesized that conformational change and DNA 

instability in the presence of Tau may lead to neuronal cell dysfunction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

DNA binding properties of αααα-synuclein and AGE-αααα-synuclein  
(glycated  αααα-synuclein)  
 

4B.1 Introduction 

Parkinson’s disease (PD) is an age related neurodegenerative disease characterized by 

progressive neuronal loss in substantia nigra region of the brain. Multiple etiological 

factors are responsible for the development of the disease (Gallagher and Schapira, 

2009). α-Synuclein is one of the important proteins, expressed in neurons and 

pathologically involved in Parkinson’s disease (PD) (Bisaglia et al., 2009; Jellinger, 

2009). α-Synuclein is localized both in synapse and nucleus (Maroteaux et al., 1988). 

The normal function of the α-synuclein is not understood yet, but studies showed that 

α-synuclein may be involved in synaptic development, vesicular binding etc (Hegde et 

al, 2010; Bayer et al., 1999; Kaplan et al., 2003; Di Rosa et al., 2003). The mechanism 

of α-synuclein in developing pathology is debatable (Waxman and Giasson, 2009). 

Studies have also shown that aggregation of α-synuclein is the pathological event in the 

development of Parkinson’s disease (Uversky and Eliezer, 2009; Beyer and Ariza, 

2009).  α-Synuclein aggregates are found in the brain of PD patients and in the animal 

models of PD. α-Synuclein (140 aa) is natively in unfolded, random coil conformation. 

α-Synuclein localization in nucleus indicated possible role of the protein in the nucleus 

(Schneider et al., 2007; Mori et al., 2002; Specht et al., 2005; Yu et al., 2004). 

Kontopoulos et al. showed that α-synuclein targeting to nucleus induced 

neurodegeneration in flies (Kontopoulos et al., 2006). Several studies have shown that 

α-synuclein binds to DNA and histones (Hegde et al, 2003, 2006, 2007; Cherny et al., 

2004; Goers et al., 2003). 

 

Advanced Glycation End products (AGEs) are formed when reducing sugars like 

glucose, react with amino groups of proteins/lipids/nucleic acids through non-

enzymatic glycation (Negre-Salvayre et al., 2009; Sensi et al, 1991). In aging process, 

by the continuous and constant exposure of α-synuclein to normal levels of glucose in 

circulation, formation of AGE-α-synuclein may get facilitated and may get aggravate 
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further due to various insults and exposures including oxidative stress (Sandyk, 1993). 

AGEs and α-synuclein are found in the brains of PD and are co-localised (Münchet al, 

200). Under PD conditions α-synuclein may get glycated and glycated α-synuclein 

may induce cell death.  

 

Hence, in the present work the we studied DNA binding properties of α-

synuclein  and glycated α-synuclein (AGE-synuclein) are studied and are discussed in 

relation to Parkinson’s disease.  

 

4B.2 Materials  

α-Synuclein was purchased from r-peptide (USA). Supercoiled pUC18 DNA (cesium 

chloride purified, 90% supercoiled structure, scDNA) was purchased from Banglore 

Genei, India. Agarose, HEPES, Tris and EDTA were purchased from SISCO Research 

laboratories. Methy glyoxal, ethidium bromide, aurinetricarboxylic acid (ATA) and 

MgCl2 were purchased from Sigma (USA).  

 

4B.3 Methodology 

4B.3.1 Preparation of AGE-αααα-synuclein 

AGE-α-synuclein was prepared by incubating 60 µM of α-synuclein with 60 mM 

methylglyoxal (MGO) in 10 mM PBS buffer (pH 7.4) at 37°C for 144 h under sterile 

conditions.  An aliquot (10 µl)  from the incubation mixture was taken and made to 500 

µl in PBS buffer pH 7.4 for the fluorescence analysis. The formation of AGE-α-

synuclein was analyzed for every 24 h days monitoring its fluorescence at Ex 340 nm 

and Em: 360-500 nm using HITACHI spectrofluorometer.  

 

4B.3.2 Circular dichroism of AGE-αααα-synuclein  

The secondary conformation of α-synuclein  and AGE-α-synuclein was recorded on 

JASCO J700 spectropolarimeter at 25°C with 2mm cell length in the wavelength range 

between 200-320 nm in Tris-Cl buffer (5 mM, pH 7.4). The sample that was incubated 

with MGO for 144 h was subjected to CD studies. The secondary conformation for 

each spectrum was the average of four scans. 
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4B.3.3 Intrinsic Tyrosine fluorescence  

Tyrosine intrinsic fluorescence spectra were recorded on a HITACHI 2000 

spectrofluorimeter in quartz with a 1 cm excitation light path. For tyrosine intrinsic 

fluorescence α-synuclein containing solution was excited at 275 nm and emission 

monitored in the range from 295 nm to 350 nm. The maximum emission was observed 

at 304 nm. The concentration of α-synuclein for the intrinsic tyrosine fluorescence was 

kept at 2 µM. In the present investigation, tyrosine intrinsic fluorescence was used to 

understand glycation induced folding in α-synuclein. The sample that was incubated 

with MGO for 144 h was subjected to intrinsic tyrosine fluorescence. 

 

4B.3.4 Analysis of fructosamine in AGE-αααα-synuclein 

The amount of glycated ketoamine in AGE-α-synuclein was estimated by fructosamine 

assay. The 144 h incubated sample (50 µl) was mixed with 1 ml of carbonate buffer 

(pH 10.8) containing 0.25 mM NBT (Nitroblue tetrazolium) and incubated for 10 min. 

Absorbance of the above reaction mixture was measured at 530 nm at 5th and 10th 

minute. Fructosamine formation was compared with the standard DMF (1-deoxy-1-

morpholine-D-Fructose).  

 

4B.3.5 Trypsin digestion 

Proteolytic cleavage of proteins has been used as a probe of protein conformation and 

stability (Nadig et al., 1996; Fontana et al., 1997). We analyzed the proteolytic cleavage 

of AGE-α-synuclein with trypsin in comparision with native α-synuclein. Trypsin 

digestion of α-synuclein and AGE-α-synuclein were carried out according to the 

method described by Hegde et al. (2003) α-synuclein and AGE-α-synuclein were 

incubated with Trypsin (2 µg) in Tris-HCl buffer (pH 7.4) for 1 h and 2 h. After 

proteolytic clevage, the samples were immediately frozen at -20°C. The trypsin 

digestion pattern was analyzed on 12 % Tricine SDS-PAGE and stained with silver 

staining. Electrophoresis was carried out according to the method described by laemmli 

et al. (1970). 
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4B.3.6 Agarose gel studies 

scDNA was incubated with α-synuclein at the DNA/α-synuclein mass ratio 1:4 in Tris-

Hcl (10 mM, pH 7.4) at 37°C for 12 h. scDNA was also incubated with α-synuclein in 

the presence of magnesium Mg (co-factor for endonuclease) and Aurinetricarboxylic 

acid (ATA) (specific endonuclease inhibitor). The incubated samples were analyzed by 

1% agarose gel. Similarly AGE-α-synuclein was incubated with scDNA and analysed 

on 1% agarose gel. 

 

4B.3.7 Circular dichroism (CD) studies  

The secondary conformation of scDNA in the presence of α-synuclein and AGE-α-

synuclein (at DNA/α-synuclein mass ratios 1:4 ) was recorded on JASCO J700 

spectropolarimeter at 25°C, with 2mm cell length in the wavelength range between 

200-320 nm in Tris-Cl buffer (5 mM, pH 7.4). The secondary conformation for the each 

spectrum was the average of four scans.  

 

4B.3.8 Thermal denaturation studies  

The melting temperature (Tm) profiles of the α-synuclein and AGE α-synuclein binding 

to scDNA were recorded in HEPES buffer (10mM, pH 7.4) using spectrophotometer 

equipped with a thermostat programmer and data processor (Amarsham Biosciences, 

HongKong). The melting profiles were recorded with increase of 1°C/min in the 

temperature range of 25-95°C.  

 

4B.3.9 Ethidium bromide (EtBr) binding studies  

The changes in the integrity of scDNA upon α-synuclein and AGE α-synuclein binding 

were studied by EtBr study. EtBr bound in moles per base pair of DNA was measured 

in Tris-Cl (10mM, pH 7.4) using HITACHI F-2000 Fluorescence Spectrofluorimeter. 

The fluorescence was measured using a constant amount of scDNA (0.5 µg) with 

increasing amounts of EtBr. The fluorescence measurements were monitored with an 

Ex: 535 nm and Em: 600 nm using 10 mm path length. The maximum amount of EtBr 

bound per base pair of DNA was calculated using Scatchard plots of ‘r’ vs ‘r/Cf’, in the 

DNA- EtBr reaction mixture at various titration intervals when increasing amount of 

EtBr was titrated to constant amount of DNA (Scatchard, 1949; Chatterjee 1994). The 
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concentration of bound EtBr in 1.0 mL dye-DNA mixture (Cb′) were calculated using 

the equation: 

Cb´ = Co´[(F-Fo)/(V×Fo)] 

Where, 

Co = EtBr (pmoles) present in the dye-DNA mixture, 

F = observed fluorescence at any point of dye-DNA mixture, 

Fo = observed fluorescence of EtBr with no DNA, 

V = experimentally derived value, ratio of bound EtBr/free EtBr at saturation point. 

The concentration of free dye (Cf´) was then calculated by the relation  

Cf´ = Co´- Cb´, 

Where, Cf´, Co´, and Cb´ were expressed in pmoles. The amount of bound EtBr/base 

pair ‘r’ was calculated by 

r = Cb´ (pmoles)/DNA concentration (pmoles of base pair). 

A plot with r vs r/cf is plotted, point where the straight line intersects the X-axis is 

denoted as ‘n’. ‘n’ is the maximum amount of dye bound per base pair (n), where Cf = 

Cf´ × 1015 M.  

 

4B.3.10 DNAse I Sensitivity assay   

DNAse I digests the DNA and the sensitivity of DNAse I digestion is a marker of DNA 

integrity. scDNA incubated with α-synuclein and AGE-α-synuclein  in the mass ratio 

of 1:2 for  12 hr  and treated with  DNAse I. The digestion of scDNA was monitored 

using spectrofluorimeter using ethidium bromide. 

  

4B.3.11 Statistical analysis 

Data are expressed as mean ± SEM of triplicates. Statistical analysis of data was 

performed using one-way analysis of variance (ANOVA) with a Tukey’s multiple 

comparison post-test and significance at *P<0.05, **P<0.01 and ***P<0.001. 

 

4B.4 Results 

4B.4.1 Fluorescence detection of AGE-αααα-synuclein formation  

To confirm the glycation of α-synuclein, fluroscence of modified α-synuclein was 

carried out. Fluorescence studies indicated an increase in the fluorescence of α-
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synuclein at 380 nm, when it was incubated with methylglyoxal (MGO). While in case 

of α-synuclein incubated without MGO no such increase was observed (Fig.4B.1). 

There was gradual increase in the fluorescence upto 120 h and further incubation upto 

144 h did not show further increase in fluorescence. The data confirms that α-synuclein 

modified to AGE-α-synuclein. 

 
 

 

 

 

 

 

Figure 4B.1: Kinetics of α-synuclein glycation in the presence of methylglyoxal as a 

function time. Values are expressed as mean ± SEM of triplicates and significant at 

*P<0.05, **P<0.01 and ***P<0.001 in comparison to ‘0’ h Synuclein control. 
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4B.4.2 Circular dichroism of AGE-αααα-synuclein 

Circular dichroism of modified AGE-α-synuclein  was carried out to know any 

conformational change induced by glycation.  α-Synuclein normally exists in random 

coil conformation. The CD data showed that AGEs formation did not alter the 

secondary structure of α-synuclein. It was inferred that AGE-α-synuclein also exists in 

random coil conformation similar to native α-synuclein (Fig.4B.2). 

 

 

 

 

Figure 4B.2: CD spectra of α-Synuclein and AGE-α-Synuclein. α-Synuclein and 

AGE-α-Synuclein shows random coil conformation. 

 

4B.4.3 Intrinsic tyrosine fluorescence of AGE-αααα-synuclein 

α-Synuclein contains four tyrosine residues and there is no tryptophan. Hence, the 

tyrosine fluorescence was used to monitor folding of α-synuclein (Uversky et al., 

2001). Glycation of α-syuclein decreased the intrinsic tyrosine fluorescence. Intrinsic 

tyrosine fluorescence indicated that some tyrosine molecules in α-synuclein might have 
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buried inside indicating folding of AGE-α-synuclein compared to native α-synuclein 

(Fig.4B.3). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4B.3: Intrinsic tyrosine fluorescence of α-Synuclein and AGE-α-Synuclein. 

Glycation of α-syuclein decreased the intrinsic tyrosine fluorescence indicating folding 

of AGE-α-synuclein compared to native α-synuclein 

 

4B.4.4 Analysis of fructosamine formation 

Glycation involves formation fructosamine in the reaction between MGO and amino 

groups of protein. To characterize the glycation of α-synuclein fructosamine content in 

the AGE-α-synuclein was estimated. In native α-synuclein, fructosamine level was 

negligible, but in AGE-α-synuclein,  fructosamine concentration was around 38.6 

mmoles/50 ug of protein.  The fructosamine formation confirms the glycation of α-

synuclein (Fig.4B.4). 
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Figure 4B.4: Quantification of fructosamine in α-Synuclein and AGE-α-Synuclein. 

Values are expressed as mean ± SEM of triplicates and are significant at ***P<0.001. 

 

4B.4.5 Trypsin digestion 

Trypsin cleaves proteins into peptides at carboxyl ends of lysine and arginine. As 

fluorescence studies indicated change in the folding of glycated synuclein, cleavage of  

glycated synuclein by trypsin may be different. Fig.4B.5, indicates trypsin digestion 

pattern of α-synuclein, AGE-α-synuclein  upon digestion with trypsin for 2 h and 4 h. 

At 2 h, the intensity of the band ∼19 kD, which corresponds to α-synuclein, decreased 

markedly. While incubation for 4 h with trypsin the α-synuclein band completely 

disappeared. On the other hand, the AGE-α-synuclein  band also disappeared by 4 h 

incubation with trypsin, but an intense tryptic peptide bands are seen between 3.5 and 

14.3 kD region (Fig.4B.5 lane 5, 6). This indicates that α-synuclein and AGE-α-

synuclein may have different folding.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4B.5: α-Synuclein and AGE α-Synuclein digestion with Trypsin. 1) α-

Synuclein alone 2) α-Synuclein digested with trypsin for 1 h. 3)  α-Synuclein digested 

with trypsin for 2 h. 4) AGE α-Synuclein 5) AGE α-Synuclein digested with trypsin for 

1 h 6) AGE α-Synuclein digested with trypsin for 2 h. Proteolytic cleavage of α-

synuclein and AGE-α-synuclein with trypsin showed different digestion pattern 

indicating that glycation altered folding of α-synuclein 
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4B.4.6 Agarose gel studies 

The interaction of α-synuclein to scDNA and scDNA integrity after interaction was 

analyzed by agarose gel studies.  scDNA gives two bands on 1% agrose gel. The band 

SC indicates supercoiled form and was around 85%, OC indicates open circular band 

which was around 15% (Fig.4B.6, lane 1). L indicated the stranded linear DNA (E.co R 

I digest of scDNA). In the presence of α-synuclein, scDNA was converted to more 

opencircular form (lane 3) compared to control (lane 1) in the presence of α-synuclein 

indicating α-synuclein nicking (lane 3). Specific nuclease inhibitor ATA, inhibited the 

indicating α-synuclein nicking (lane 4). Further enhancement, in the nicking was 

observed when magnesium (co-factor for endonucleases) was added along with α-

synuclein (lane 5). ATA also inhibited α-synuclein nicking in the presence magnesium, 

indicating the role α-synuclein as endonuclease (lane 6). AGE-α-synuclein also 

exhibited similar property, nicking scDNA (lane 7) and magnesium enhanced AGE-α-

synuclein nicking (lane 9). ATA also prevented the AGE-α-synuclein nicking (lane 8 

and lane 10). We found that both AGE-α-synuclein and α-synuclein nick the DNA.   

 

 

 

 

 

 

 

 

 

 

 

Figure 4B.6: DNA nicking activity of α-Synuclein and AGE Synuclein: Lanes: M) 

Marker, 1) scDNA , 2) Linear DNA, 3) scDNA + α-Synuclein, 4) scDNA + α-

Synuclein + ATA, 5) scDNA + α-Synuclein + Mg2+, 6) scDNA + α-Synuclein + Mg2+ 

+ ATA,  7) scDNA + AGE- α-Synuclein, 8) scDNA + AGE-α-Synuclein + ATA, 9) 

scDNA + AGE-α-Synuclein + Mg2+, 10) scDNA + AGE-α-Synuclein + Mg2+ + ATA.  
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4B.4.7 Circular dichroism (CD) studies 

In CD spectrum, scDNA showed characteristic of B-DNA conformation, having 

positive peak at 272 nm and a negative peak at 245nm (Fig.4B.7). In the presence of α-

synuclein scDNA CD spectrum was altered in the near UV region. α-Synuclein 

increased the 210 nm and 220 nm negative peak (Fig.9). The spectra of scDNA-α-

synuclein complex is subtracted from the α-synuclein spectra alone of same 

concentrations.  Taken together, these changes indicate that α-synuclein induces B-C-A 

mixed transition in scDNA (Gray et al., 1978). AGE-α-synuclein also induced B-C-A 

mixed conformation in scDNA similar to that of α-synuclein. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4B.7: CD spectra of α-Synuclein and AGE-α-Synuclein interaction with 

scDNA. scDNA is in B-form, α-Synuclein and AGE-α-Synuclein  induced B-C-A 

mixed conformation in scDNA. 

 

4B.4.8 Thermal denaturation studies 

Thermal denaturation was preformed to know the integrity of scDNA upon AGE 

synuclein and synuclein binding to scDNA. The melting temperature (Tm) profile of 

scDNA showed characteristic biphasic pattern. The first transition (Tm1) was due to 

relaxation of supercoils in the scDNA and the second transition (Tm2) was due to 

opening of double strands into single strands. The Tm values of scDNA were Tm1 = 



 

 
α-Synuclein –DNA interactions 

 

142 

 

-0.005

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

30 40 50 60 70 80 90 100

scDNA 

Temperature 

%
H
yp
er
ch
ro
m
ac
ity

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

30 40 50 60 70 80 90 100

scDNA-Synuclein

scDNA-AGE Synuclein

Temperature 

%
H
yp
er
ch
ro
m
ac
ity

54°C and Tm2 = 86°C (Fig.4B.8).  α-Synuclein and AGE α-synuclein interaction with 

scDNA changed the biphasic pattern to monophasic  Tm . The monophasic Tm values of 

scDNA-α-synuclein and scDNA-AGE α-synuclein were 77°C and 79°C respectively. 

This data indicated that both scDNA-α-synuclein and scDNA-AGE α-synuclein altered 

DNA integrity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4B.8: Melting Temperature (Tm) profile of α-Synuclein and AGE α-Synuclein 

interaction with scDNA. Tm values of scDNA were Tm1 = 54°C and Tm2 = 86°C. Both 

α-Synuclein and AGE α-Synuclein converted biphsic Tm to monophasic Tm with 77°C 

and 79°C respectively. 
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4B.4.9 Ethidium bromide (EtBr) binding studies 

The integrity of scDNA was studied by indirectly measuring the number of EtBr 

molecules bound per base pair using Scatchard plot. The number of EtBr molecules 

bound per base pair of scDNA was 0.28. The number of EtBr molecules bound per base 

pair of DNA for scDNA-α-synuclein and scDNA-AGE α-synuclein were 0.21 and 0.2 

respectively (Fig.4B.9) The decrease in number of EtBr molecules bound per base pair 

indicated the binding of α-synuclein and AGE α-synuclein to scDNA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4B.9: scDNA was incubated with  α-Synuclein and AGE α-Synuclein in the 

mass ratios of 1 : 4  in 10mM Tris-Hcl (pH 7.4) at 37°C for 12 hr. Ethidium bromide 

binding pattern to incubated samples along with the control scDNA is investigated by 

titrating with increasing concentration of EtBr. Using scatchard plot EtBr molecules 

bound / base pair are calculated. The number of EtBr molecules bound per base pair of 

scDNA, scDNA-α-synuclein and scDNA-AGE α-synuclein were 0.28, 0.21 and 0.2 

respectively. 

 

 

4B.4.10 DNAse I Sensitivity assay   

The integrity of scDNA upon binding of α-synuclein and AGE-α-synuclein was 

studied by DNase I sensitivity assay. scDNA treated with DNase I showed increase in 
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the fluorescence indicating digestion of scDNA by DNAse I. scDNA-α-synuclein and 

scDNA-AGE-α-synuclein complexes treated with DNAse I showed static fluorescence 

intensity without much difference with time. Both scDNA-α-synuclein and scDNA-

AGE-α-synuclein showed resistence to DNAse I  (Fig.4B.10).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4B.10 DNase I sensitivity assay 

 

Discussion   

α-Synuclein is involved in the pathology of Parkinson’s disease. α-Synuclein protein 

aggregates and forms LBs in the brains of Parkinson’s disease (Spillantini et al., 1997). 

Recently, the role of α-synuclein in the nucleus has been focused. α-Synuclein was 

shown to interact with DNA and histone proteins in the nucleus altering the normal 

functions of DNA. It may also form advanced glycated α-synuclein under PD 

conditions. In this context, we analysed the effect of α-Synuclein  and of AGE-α-

Synuclein on DNA supercoiling taking pUC18 plasimd supercoiled DNA as our model 

system. Recent report by Choi and Lim showed that AGEs are formed in MPTP-

intoxicated mouse model of Parkinson’s disease (Choi and Lim, 2010). The AGEs 

formation was more in the substantia nigra region (region showing more 

neurodegeneration and Lewy bodies in PD brain) and showed more oligoformic form 

of α-synuclein. All the above studies indicated that α-synuclein may also get glycated 
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in the Parkinson’s disease condition. In this context the role of glycation in the 

pathology of α-synuclein becomes important in PD.   

 

α-Synuclein was glycated using methylglyoxal (MGO) as a glycating agent. MGO is 

formed as an intermediate of glucose during Maillard and Schiff’s base formation in all 

tissues including brain and more so during high glucose conditions and oxidative stress. 

Oxidative stress was noticed in the early stages of Parkinson’s disease. Glutathione 

(GSH) was involved in the detoxification of methylglyoxal and its levels are 

significantly decreased in the sunstantia nigra of PD patients (Sian et al., 1994). AGE-

α-synuclein had similar random coil conformation as that of α-synuclein (Fig.4B.2) 

indicating that α-synuclein did not get aggregated during formation of AGE-α-

synuclein.  

 

Hegde et al. for the first time reported that α-synuclein bind to DNA and it is a novel 

property (Hegde et al., 2003). Other studies also reported the DNA binding ability of α-

synuclein and DNA binding property of α-synuclein has been focused in the 

pathogenesis of PD and in normal cellular conditions. Hegde et al. showed that α-

synuclein alters the DNA conformation from B-form to altered B-form and also uncoils 

the supercoiled DNA to open circular form (Hegde et al., 2003). As α-synuclein was 

co-localized with AGEs in PD brains, in the present study we analyzed the role of 

glycation on the DNA binding property of α-synuclein. It was shown that DNA binding 

alters the aggregation properties of α-synuclein but there are no reports showing the 

effect of glycation on DNA binding properties (Hegde et al., 2010; Cherny et al, 2004). 

Plasmid supercoiled DNA, pUC18 DNA was selected as model system for the DNA 

binding studies. Plasmid supercoiled DNA is analogous to eukaryotic small supercoiled 

DNA pockets and is known to be involved in the gene expression. AGE-α-synuclein 

also uncoiled the supercoiled DNA to open circular form similar to that of native α-

synuclein. Magnesium (co-factor for endonucleases) enhanced both α-synuclein and 

AGE-α-synuclein nicking activity. ATA inhibited the α-synuclein nicking activity, but 

also prevented the AGE-α-synuclein nicking activity. AGE-α-synuclein induced 

conformational change in scDNA from B-form to B-C-A mixed conformation similar 
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to that of native α-synuclein. AGE-α-synuclein alters DNA integrity as evidenced by 

the melting temperature, ethidium bromide and DNAse I sensitivity studies. AGE-α-

synuclein converted biphasic Tm to higher monophasic Tm similar to that of native α-

synuclein. The Tm of AGE-α-synuclein-scDNA complex was more than that of α-

synuclein-scDNA complex, indicating that AGE-α-synuclein stabilized the uncoiled 

scDNA compared to α-synuclein. AGE-α-synuclein and α-synuclein stabilizing the 

uncoiled scDNA was indicated by the decrease in the number of ethidum bromide 

binding molecules per base pair of DNA. DNAse I sensitive studies showed that both 

AGE-α-synuclein-scDNA and α-synuclein-scDNA were resistant to DNAse I digestion 

indicating their stabilizing effect on DNA.  

 

In conclusion, our studies indicate AGE-α-synuclein binds to supercoiled DNA and 

relaxes the supercoils in the DNA molecule similar to α-synuclein. It also induces 

change in the secondary conformation of scDNA converting B-form of DNA into A-

form of DNA.  The association of AGE-α-synuclein with DNA and altering the 

secondary conformation suggests that AGE-α-synuclein may alter the chromatin 

structure in the nucleus. It may indicate that AGE-α-synuclein binds to DNA and 

stabilize DNA similar to that of native α-synuclein. Glycation of α-synuclein may 

results aggravation of pathological events occurring in parkinson’s disease. Further in 

vivo studies in animal models are required to establish the pathological role of AGE-α-

synuclein. 

 

 

 

 

 

 



 

 

New evidence on neuromelanin from the substantia nigra of 
Parkinson’s disease altering the DNA topology 

 

 

4C.1 Introduction 

Neuromelanin (NM) is an insoluble pigment found in neurons of specific brain regions 

of several animal species including humans. Neurons rich in NM are found especially in 

the substantia nigra (SN) and locus coeruleus (LC) (Nicolaus, 2005; Graham, 1979). 

The loss of neuromelanin containing cells within substantia nigra and the presence of 

large aggregates of neuromelanin suggest its role in Parkinson’s disease (Hirsch et al., 

1989). NM is formed by the oxidative polymerization of dopamine and noradrenaline 

with the involvement of cysteinyl derivatives (Fedorow et al, 2005). Neuromelanin is a 

multiplayer complex polymeric molecule consists of overlapped sheets of 

dihydroxyindole and benzothiazine rings (Odh et al., 1994). Neuromelanin molecule is 

composed of melanic, aliphatic, and peptide residues (Zecca et al., 2000; Zecca et al, 

2001; Wakamatsu, 2003). The strong chelating ability of neuromelanin is due to 

dihydroxyindole groups present in the neuromelanin (Zecca et al., 1996). NM 

accumulates variety of metals, especially it accumulates large amount of iron in it 

(Zecca et al., 2003; Doubleet al., 2003). NM has high storage capacity for toxic metal 

and not reached to saturation point in SN of PD (Zecca et al., 1994; shima et al., 1997). 

NM is changed in the PD brain compared to the age matched controls (Fasano et al., 

2006a; Fasano et al, 2006b). NM concentrations reduced up to 50% in PD compared to 

age matched controls (Zecca et al., 2002). NM can interact with peptides and lipids 

(Zecca et al., 2000).   

It was hypothesized that NM may have ability to interact with DNA similar to amyloid 

β-peptides (Rao et al., 2006). However, there is no data to validate this hypothesis. The 

present work tries to answer,  whether NM interacts with DNA like amyloid. The work 

focusses on the following aspects. a) Does NM binds to DNA? b) if it binds, does it 

alters the conformation of DNA? c) Does NM alters the stability of DNA? d) does NM 

damage DNA by itself, if  so what is the mechanism? In the present study we have used 

three types of NM , 1) NM (PD-SN), isolated from the substantia nigra of PD brain. 2) 
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NM (N-SN), isolated from the substantia nigra of normal brain and 3) DAC, synthetic 

neuromelanin.  

 

4C.2 Materials  

Supercoiled pUC18 DNA (cesium chloride purified, 90% supercoiled structure, 

scDNA), was purchased from Banglore Genei, India. Agarose, HEPES, Tris and EDTA 

were purchased from SISCO Research laboratories. Ethidium bromide,  ATA and 

MgCl2 were from Sigma (USA) chemicals. NM (PD-SN), NM (N-SN) isolated from the 

human brains. DAC were gift from DR. Luggi Zecca from Italy. 

 

4C.3 Methodology 

 

4C.3.1 Agarose gel studies of neuromelanin-DNA interactions 

scDNA (0.5 ug) was interacted with different concentrations of NM-SN (Neuromelanin 

isolated from substantia nigra of PD brain) and analyzed by agarose gel electrophoresis. 

scDNA was incubated with NM-SN with the increasing concentrations of neuromelanin   

50 ng, 250 ng, 500 ng,  1.25 µg and 2.5 µg for 12 hr in 1 mM Tris-Hcl (pH 7.4) at 

37°C. After incubation the samples were loaded on 1% agarose gel and electrophoresis 

was carried out at 50 V at room temperature for 5 hr along with the control scDNA, 

linear DNA and super coiled DNA marker. Gel was stained with ethidium bromide 

(EtBr) for 1 hr in cold condition (4°C) and scanned using gel documentation system. 

Similarly, scDNA was incubated with NM-C (Neuromelanin isolated fro the cortex of 

PD brain) with increasing concentrations of NM-C, 50 ng, 100 ng, 250 ng, 500 ng, 750 

ng, 1 µg, 1.25 µg, and 2.5 µg for 12 hr in 1 mM Tris-Hcl (pH 7.4) at 37°C and analyzed 

by agarose gel electrophoresis. scDNA was incubated with DAC (synthetic 

neuromelanin) with the increasing concentrations of neuromelanin 50 ng, 250 ng, 500 

ng, 1.25 µg and 2.5 µg for 12 hr in 1 mM Tris-HCl (pH 7.4) at 37°C and analyzed by 

agarose gel electrophoresis. 

.  

4C.3.2 Circular dichroism studies  

The secondary conformation of native scDNA and  scDNA in the presence of NM were 

recorded on JASCO J700 spectropolarimeter at 25°C, with 2mm cell length in the 
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wavelength range between 200-320 nm in Tris-Cl buffer (5 mM, pH 7.4). (i) CD 

spectra of scDNA was recorded in the presence of increasing concentrations of NM 

(PD-SN) in the mass ratio 1: 0.5, 1: 1, 1: 2.5  and 1: 5 of scDNA : NM-SN along with 

control scDNA. Each spectrum is the average of four scans. (ii)  CD spectra of scDNA 

was recorded in the presence of increasing concentrations of NM-C in the mass ratio 1: 

0.002, 1: 0.2, 1: 2, 1: 5, 1: 10 of scDNA : NM-C along with control scDNA. (iii)  CD 

spectra of scDNA was recorded in the presence of increasing concentrations of DAC in 

the mass ratio 1: 0.1, 1: 1, 1: 2.5, 1: 5, 1 : 10  of scDNA : DAC along with control 

scDNA.  

 

4C.3.3 Thermal denaturation studies: The integrity of scDNA in the presence of NM 

(PD-SN), NM (N-SN) and DAC were studied using thermal denaturation studies. 

scDNA was incubated with  0.5 µg, 1.25 µg  and 2.5 µg  of NM (PD-SN), NM (N-SN) 

and DAC in the mass ratio 1:5 for 12 hr in 10 mM HEPES buffer (pH 7.4). The melting 

temperature profiles of the incubated samples were recorded in HEPES buffer (10mM, 

pH 7.4) using spectrophotometer equipped with a thermostat programmer and data 

processor (Amarsham Biosciences, HongKong). The melting profiles were recorded 

with increase of 1°C/min in the temperature range of 25-95°C. 

 

4C.3.4 Ethidium bromide binding studies: The effect of neuromelanin binding on the 

integrity of scDNA was studied by ethidium bromide binding study. Ethidium bromide 

(EtBr) bound in moles per base pair of scDNA was measured in Tris-Cl (10mM, pH 

7.4) using HITACHI F-2000 Fluorescence Spectrofluorimeter. The fluorescence was 

measured using a constant amount of scDNA (0.5 µg) with increasing EtBr. The 

fluorescence measurements were monitored with an excitation at 535 nm and emission 

at 600 nm with 10 mm path length. 

 The maximum amount of EtBr bound per base pair of DNA was calculated 

using Scatchard plots of ‘r’ vs ‘r/Cf’, in the DNA- EtBr reaction mixture at various 

titration intervals when increasing amount of EtBr was titrated to constant amount of 

DNA (Scatchard, 1949; Chatterjee  and Rao, 1994). The concentration of bound EtBr in 

1.0 mL dye-DNA mixture (Cb′) were calculated using the equation: 

Cb´ = Co´[(F-Fo)/(V×Fo)] 
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Where, 

Co = EtBr (pmoles) present in the dye-DNA mixture, 

F = observed fluorescence at any point of dye-DNA mixture, 

Fo = observed fluorescence of EtBr with no DNA, 

V = experimentally derived value, ratio of bound EtBr/free EtBr at saturation point. 

 

The concentration of free dye (Cf´) was then calculated by the relation  

Cf´ = Co´- Cb´, 

Where, Cf´, Co´, and Cb´ were expressed in pmoles. The amount of bound EtBr/base 

pair ‘r’ was calculated by 

r = Cb´ (pmoles)/DNA concentration (pmoles of base pair). 

 

 A plot with r vs r/cf is plotted, point where the straight line intersects the X-axis 

is denoted as ‘n’. ‘n’ is the maximum amount of dye bound per base pair (n), where Cf 

= Cf´ × 1015 M. 

4C.3.6 Characterization of DNA nicking property of  NM-SN 

Time kinetics: scDNA was incubated with NM (SN) at the concentration of 5 µg, for 

the time intervals of 12hr, 24hr, 36hr and 48hr.  

 

Effect of  Mg2+ : scDNA interacted with NM (SN) in the presence of 1 mM Mg2+ for 

the time intervals of 12hr, 24hr, 36hr and 48hr.  Mg2+ at 1 mM acts as co-factor for 

endonuclease.  

 

Effect of ATA on DNA nicking activity of NM (SN) : scDNA interacted with NM 

SN, and MM-SN +  1 mM Mg2+ in the presence of a specific nuclease inhibitor 

Aurinetricarboxylic acid (ATA) (1 mM) for the time intervals of 12hr, 24hr, 36hr and 

48hr.  The samples after the incubated time intervals analyzed on 1% agarose gel.  

 

4C.4 Results 

4C.4.1 NM-scDNA interaction studies 

scDNA gives two bands on 1% agrose gel, The band SC indicates supercoiled form and 

is around 85%, OC indicates open circular band (OC) which  is around 15% (Fig 4C.1A 
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, lane a). L, indicated the stranded linear DNA (E.co R I digest of scDNA). (i) NM-SN 

converted scDNA into open cirular form at the concentration of 2.5 µg (lane 7). At 

lower concentrations of NM-SN (50 ng. 250 ng, 500 ng and 1.25 µg) NM-SN does not 

converted scDNA into open cirular form (Fig4C. 1A). (ii)  NM-C did not affect the 

integrity of scDNA as evident by similar agarose gel electrophoresis pattern as 

compared to control (Fig 4C.1B). (iii) DAC did not alter the scDNA and open cirular 

DNA mobility in agarose electrophoresis (Fig 4C.1C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4C.1: Electrophoretic mobility shift assay : (A) scDNA was incubated with 

NM-SN with the increasing concentrations of neuromelanin   50 ng (3), 250 ng (4), 500 
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ng (5),  1.25 µg (6) and 2.5 µg (7) for 12 hr in 1 mM Tris-Hcl (pH 7.4) at 37°C and 

analyzed on 1% agarose gel along with marker (M), scDNA alone (1) and Linear DNA 

(2). (B) scDNA was incubated with NM-C with  50 ng (b), 100 ng (c), 250 ng (d), 500 

ng (e), 750 ng (f), 1 µg (g), 1.25 µg (h) and 2.5 µg (i)  (D) scDNA was incubated with 

synthetic neuromelanin DAC7with  50 ng (2), 250 ng (3), 500 ng (4),  1.25 µg (5) and 

2.5 µg (6) for 12 hr in 1 mM Tris-Hcl (pH 7.4) at 37°C and analyzed on 1% agarose gel 

along with marker (M) and scDNA alone (1).   

 

4C.4.2 Neuromelanin induced conformational change in scDNA 

(i) In CD spectrum, scDNA showed a characteristic of B-DNA having the positive peak 

at 272 nm and a negative peak at 245nm (Fig 4C.2a).  In the presence of NM-SN, 

scDNA conformation is altered.  NM-SN caused a decrease in the 275 positive peak 

with no significant change at 245nm. Also there is a decrease in negative peak at 220 

nm and 210 nm in the presence of NM (PD-SN). This kind of change is associated with 

B-C-A form of the DNA (Fig 4C.2). (ii)  In the presence of NM-C, scDNA 

conformation altered.  NM caused a decrease in the 275nm positive peak and increase 

in the 245 negative peak of the CD signal. The alteration in the intensity of peaks 

increased as the concentration of the NM increased (Fig 4C.3). This kind of change is 

associated with altered B-form of the DNA. (iii)  In the presence of DAC, scDNA 

conformation altered.  DAC caused an increase in the 245 negative peak of the CD 

signal (Fig 4C.4). This kind of change is associated with altered B-form of the DNA. 
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Figure 4C.2: CD spectroscopy of scDNA-NM-SN interaction. scDNA was titrated 

against increasing concentrations of NM-SN in the mass ratios 1: 0.5 (b), 1: 1 (c), 1: 2.5 

(d) and 1: 5 (e) of scDNA : NM-SN along with control scDNA. Each spectrum is the 

average of four scans. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4C.3: CD Spectra of scDNA was recorded in the presence of increasing 

concentrations of NM-C in the mass ratio 1: 0.002 (b), 1: 0.2 (c), 1: 2 (d), 1: 5 (e), 1: 10 

(f) . 
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Figure 4C.4: CD Spectra of scDNA was recorded in the presence of increasing 

concentrations of DAC in the mass ratio 1: 0.1 (b), 1: 1 (c), 1: 2.5 (d), 1: 5 (e), 1;10 (f) 

 

4C.4.3 Thermal denaturation studies 

The melting temperature (Tm) profile of scDNA shows the characteristic biphasic 

pattern. The first transition (Tm1) is being the relaxation of supercoils in the scDNA and 

the second transition (Tm2) correspond to the opening of the double strands into single 

strands. The Tm values of scDNA are Tm1 = 47°C and Tm2 = 89°C.  In the presence of 

NM-SN, characteristic biphasic pattern scDNA changed to monophasic. The melting 

temperature of scDNA in the presence of 1µg and 2.5 µg of NM-SN are  Tm = 89°C and 

Tm = 89°C respectively. (2) The Tm values of scDNA are Tm1 = 47°C and Tm2 = 87°C.  

In the presence of 2.5 ug of NM-C, characteristic biphasic pattern scDNA did not alter. 

Both Tm values increased in the presence of 2.5 µg of NM-C, having Tm1=48°C and Tm2 

= 88°C. (3) The Tm values of scDNA are Tm1 = 47°C and Tm2 = 87°C.  In the presence 

of 2.5 ug of DAC, characteristic biphasic pattern scDNA did not alter. Both Tm values 

increased in the presence of 2.5 µg of DAC, having Tm1=48°C and Tm2 = 88°C. 
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Figure 4C.5: scDNA was incubated with 0.5 µg, 1.25 µg  and 2.5 µg  of NM-SN in the 

mass ratio 1:1, 1:2.5, and 1:5 for 12 hr in 10 mM HEPES buffer (pH 7.4). The melting 

temperature profiles of the incubated samples were recorded in HEPES buffer (10mM, 

pH 7.4) using spectrophotometer equipped with a thermostat programmer and data 

processor (Amarsham Biosciences, HongKong). 

 

 

 

 

 

 

 

 

 

 

Figure 4C.6: scDNA was incubated with 2.5 µg  of NM-C in the mass ratio 1:5 for 12 

hr in 10 mM HEPES buffer (pH 7.4). The melting temperature profiles of the incubated 

samples were recorded in HEPES buffer (10mM, pH 7.4) using spectrophotometer 

equipped with a thermostat programmer and data processor (Amarsham Biosciences, 

HongKong). 
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Figure 4C.7: scDNA was incubated with 2.5 µg of DAC in the mass ratio 1:5 for 12 hr 

in 10 mM HEPES buffer (pH 7.4). The melting temperature profiles of the incubated 

samples were recorded in HEPES buffer (10mM, pH 7.4) using spectrophotometer 

equipped with a thermostat programmer and data processor (Amarsham Biosciences, 

HongKong). 

 

4C.4.4 Ethidium bromide binding studies 

The integrity of scDNA is studied by indirectly measuring the number of EtBr 

molecules bound per base pair using Scatchard plot. The number of EtBr molecules 

bound per base pair of scDNA was 0.26. In the presence of NM-SN the number of EtBr 

molecules bound /bp of are 0.28 (1:1) and 0.34 (1:5) respectively (Fig 4C.8). (2) The 

number of EtBr molecules bound per base pair of scDNA was 0.22. In the presence of 

NM-C the number of EtBr molecules bound / bp of are 0.25 (1:5) (Fig 4C.9) (3) The 

number of EtBr molecules bound per base pair of scDNA was 0.17. In the presence of 

DAC the number of EtBr molecules bound /bp of are 0.182 (1: 5) (Fig 4C.10). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4C.8: scDNA was incubated with NM (PD-SN) in the mass ratio 1:1 and 1:5 for 

12 hr in 1 mM Tris-Hcl (pH 7.4) at 37°C. Ethidium bromide binding pattern to 

incubated samples along with the control scDNA are investigated by titrating with 

increasing concentration of EtBr. Using scatchard plot EtBr molecules bound / base pair 

are calculated. The number of EtBr molecules bound / base pair for the mass ratios are 

0.26 (1:1) and 0.34 (1:5) respectively. 
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Figure 4C.9: scDNA was incubated with NM (N-SN) in the mass ratio 1:5 for 12 hr in 

1 mM Tris-Hcl (pH 7.4) at 37°C. Ethidium bromide binding pattern to incubated 

samples along with the control scDNA are investigated by titrating with increasing 

concentration of EtBr. Using scatchard plot EtBr molecules bound / base pair are 

calculated. The number of EtBr molecules bound / base pair for the mass ratios are 0.25 

(1:5). 
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Figure 4C.10: scDNA was incubated with DAC in the mass ratio 1:5 for 12 hr in 1 mM 

Tris-Hcl (pH 7.4) at 37°C. Ethidium bromide binding pattern to incubated samples 

along with the control scDNA are investigated by titrating with increasing 

concentration of EtBr. Using scatchard plot EtBr molecules bound / base pair are 

calculated. The number of EtBr molecules bound / base pair for the mass ratios are 

0.182 (1: 5).  

 

4C.4.5 NM-SN nicking activity as a function of time and inhibition by specific 

nuclease inhibitor  

 

Time kinetics: NM-SN converted scDNA into open circular form and linear form at 

different time intervals of 12 hr, 24hr, 36hr and 48hr ( Fig 4C.11 lane 2 of A, B, C, D). 

The nicking activity of NM-SN increased with incubation time. At 12 hr of incubation 

there is no linear form formation. But at 24, 36 and 48 hr incubation time NM-SN 

induced linear form formation. The data suggested that NM-SN able to convert SC to 

OC and linear forms by nicking. 

 

Effect of  Mg2+ : NM-SN in the presence of Mg2+ ions (1mM), converted all scDNA 

into open circular and linear form at 12hr and 24 hr of incubation times (Fig 4C.11 lane 

4 of A and B). NM-SN totally damaged the scDNA in the presence of Mg2+ ions (1mM) 

at 36 hr and 48 hr (lane 4 of C and D). Mg2+ (1mM) is a co-factor for endonuclease. 

NM-SN may be nicking the DNA like endonuclease. 

 

Effect of ATA on DNA nicking activity of NM-SN :  A specific nuclease inhibitor 

ATA at 1 mM  prevented the conversion of SC form to OC form and linear forms 

indicating that ATA inhibited nicking ability of NM-SN, but not totally ( Fig 4C: lane 3 

and 5 of A,B,C,D). ATA inhibited the nicking activity of NM-SN on scDNA about 50 

% as seen by the intensity of the bands formed. The data indicated that NM-SN might 

be nicking the DNA like endonuclease. 
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Figure 4C.11: Nuclease activity of NM-SN. NM-SN is incubated with scDNA in the 

presence of Mg2+ and ATA for 12 hr (Fig 9a), 24 hr (Fig 9b), 36 hr (Fig 9c) and 48 hr 

(Fig 9d). Lanes: 1. scDNA , 2. scDNA + NM-SN, 3. scDNA + NM-SN +ATA, 4. 

scDNA + NM-SN + Mg2+  5. scDNA + Tau + Mg2+ + ATA. 6. scDNA+ATA. 

 

Table 4C.1: Comparison of NM-SN, NM-C and DAC interaction with scDNA 

 

 

 

S.N0 

 

 

Experiment 

NM(SN) 

(Neuromelanin 

isolated from 

substantia nigra of 

PD brain) 

NM-C 

(Neuromelanin 

isolated from 

other brain 

region) 

DAC7 (Synthetic 

neuromelanin) 

1 Conformation 

(CD) 

B-C-A mixed 

conformation 

Altered B Altered B 

2 Gel studies Able to convert SC 

to OC 

No change No change 

3 Thermal 

denaturation 

Biphasic Tm  to 

Monophasic Tm 

No change in 

Biphasic Tm   

No change in 

Biphasic Tm   

4 EtBr binding 

studies 

EtBr molecules 

bound per base pair 

EtBr molecules 

bound per base 

No significant 

change in  EtBr 
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increased  pair increased molecules bound 

per base pair  

5 Mg2+  1 mM Enhanced DNA 

nicking 

----- ------ 

6 ATA (specific 

nuclease 

inhibitor) 

Inhibited DNA 

nicking 

 

Partially inhibited 

NM nicking in the 

presence of Mg  

-------- ------- 

 

4C.5 Discussion 

Neuromelanin is found in the form of large granules in the substantia nigra of PD brain. 

NM is believed to be involved in the pathogenesis of PD. It was hypothesized that NM 

can interact with DNA like Aβ peptides. In the present study, interaction of three 

different neuromelanins (NM-SN, NM-C and DAC) with scDNA as model system was 

analyzed. Three different neuromelanins are , NM-SN isolated from the substantia nigra 

of PD brain, NM-C isolated from the cortex of the  PD brain and DAC a synthetic 

neuromelanin.  

 

Agarosegel electrophoresis has shown that NM-SN isolated from the substantia nigra of 

PD brain, able to convert scDNA to open circular form (Fig4C.1, lane 7) indicating that 

NM-SN can bind to DNA. While, NM-C and DAC did not show any ability to convert 

scDNA into open circular form indicating these two compounds may or may not bind to 

DNA. NM-SN nicking activity enhanced with time (Fig 4C.11, lane 2 of A, B, C, D) 

 

NM-SN induced B-C-A mixed conformation in scDNA, where as NM-C and DAC 

induced altered B-conformation in scDNA. Conformation studies indicated that NM-

SN, NM-C and DAC bind to DNA. 

 

scDNA has biphasic melting temperature profile having two melting temperatures Tm1  

and Tm2 . NM-SN changed the biphasic Tm to monophasic Tm. NM-C isolated from the 
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normal brain retained biphasic Tm.  Synthetic neuromelanin DAC also retained biphasic 

Tm. Both NM-SN and NM-C increased the number of EtBr molecules bound per base 

pair of DNA. Whereas DAC did not show significant change in the EtBr molecules 

bound per base pair of DNA. The above data indicated that all neuromelanin molecules 

NM-SN, NM-C and DAC altered the stability of DNA and NM-SN had high potential 

in altering DNA stability.    

 

NM-SN converted scDNA into open circular form, where NM-C and DAC could not 

convert scDNA into open circular. This indicated that NM isolated from the substantia 

nigra of PD brain could damage the DNA by nicking. To investigate by which 

mechanism NM-SN could induce DNA nicking, it was analyzed DNA nicking in the 

presence of Mg2+ and ATA. Mg2+ at 1 mM acts as co-factor for the endonuclease. Mg2+ 

enhanced the DNA nicking of NM-SN. ATA is a specific nuclease inhibitor inhibited 

the DNA nicking activity of NM (PD-SN) only. ATA partially inhibited the DNA 

nicking activity of NM-SN in the presence of Mg2+. The above data indicated that NM-

SN might damage the DNA by inducing nicks in DNA like endonuclease. 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 
Figure 4C.12 : Hypothesis on neuromelanin induced neuronal cell death 



 

New evidence on αααα-Synuclein and Tau binding to conformation and 
sequence specific GC* rich DNA: relevance to neurological disorders 

 

 

4D.1 Introduction 

The DNA conformation and stability are very important for the normal cell functions. 

DNA is polymorphic in nature and adopts different conformations in the cell in different 

physiological conditions (Rich, 1993). The altered conformation in DNA results in the 

altered gene expression (Bacolla and Wells, 2009). The role of DNA dynamics in 

neurodegeneration is not clearly understood (Hegde et al, 2010; Vasudevaraju et al, 2008). 

Earlier studies from our lab have shown that genomic integrity is altered in Parkinson’s 

disease (PD) and Alzheimer’s Disease (AD) (Hegde et al, 2006; Suram et al, 2002). The 

genomic DNA in PD is altered from B-form to altered B conformation (Hegde et al, 2006), 

while in AD, genomic DNA is altered from B-form to Z-form (Suram et al, 2002). The 

biological factors responsible for DNA dynamics change are not clear. We hypothesize that 

neuroproteins like α-Synuclein and Tau may be involved in the conformational and 

stability transitions in DNA (Vasudevaraju et al, 2008; Hegde et al, 2003).  Further in 

support of our hypothesis, we have evidences on the nuclear localization of α-Synuclein 

and Tau (Loomis et al, 1990; Maroteaux, 1988), but the studies related to DNA binding 

abilities are limitted (Hegde et al, 2003; Hegde et al, 2007). α-Synuclein (144 aa) is 

involved in the pathogenesis of Parkinson’s Disease (PD) (Bisaglia et al, 2009). α-

Synuclein is highly conserved; natively unfolded protein exists in random coil 

conformation (Maroteaux et al, 1988; Broersen et al., 2006; Surguchov, 2008). The normal 

functions of α-Synuclein in the neuron is not clear (Surguchov, 2008; Waxman and 

Giasson, 2009). Also the mechanism of α-Synuclein toxicity in PD is not yet clearly 

understood (Waxman and Giasson, 2009). However, the localization of α-Synuclein in the 

nucleus suggests that it may interact with chromatin (Goers et al, 2003; Lin et al., 2004; 

Zhang et al., 2008). Unlike α-Synuclein, Tau normal functions are established. Tau main 

function is to polymerize and stabilize the microtubules in the neuron (Weingarten et al., 
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1975).  Tau is responsible for the neurofibrillary tangles (NFTs) formation in AD (Brunden 

et al., 2009; Spires-Jones et al, 2009). Tau protein is normally present in the cytoplasm 

(Weingarten et al., 1975).  Tau is also found to be localized in the nuclear region and has 

ability to bind to DNA (Loomis et al, 1990; Davis  and Johnson, 1999; Haque et al, 1999). 

But the mechanism of both α-Synuclein and Tau binding to DNA is not clear. In the 

present investigation, we propose to understand whether α-Synuclein and Tau bind to 

DNA in a conformation and sequence specific manner. We have selected oligonucleotide 

CGCGCGCG as a model DNA which natively exists in B conformation and in the 

presence of 4M NaCl, the oligo goes to Z conformation (Wang et al, 1987; 23). This 

sequence is present in the promoter region of human genome and hence has biological 

relevance (Antequera, 2003). 

 

4D.2 Materials  

α-Synuclein and Tau were purchased from rPeptide, USA. CGCGCGCG oligonucleotide 

was custom synthesized from Sigma Aldrich, USA. Tris and HEPES were purchased from 

Sisco Research Lab, India.  The CGCGCGCG oligonucleotide, which was custom 

synthesized were in single standed structures. The single stranded CGCGCGCG 

oligonucleotide dissolved in triple distilled water and incubated in boiling water bath for 5 

min and then cooled at room temperature. The oligonucleotides annealed to double 

stranded duplexes (Trewick and Dearden, 1994). 

 

4D.3 Methodology 

 4D.3.1 Circular Dichroism (CD) studies  

The Secondary conformation of oligonucleotide (CGCGCGCG)2 was analyzed using 

Circular Dichroism (CD) spectroscopy.  The (CGCGCGCG)2 oligonucleotide was 

dissolved in Tris-Cl buffer (5 mM, pH 7.4) and CD spectrum was recorded using JASCO 

J700 spectropolarimeter at 25°C, with 2mm cell length in the wavelength range between 

200-320 nm. Each spectrum was the average of four scans. The (CGCGCGCG)2 

oligonucleotide was converted from B-DNA to Z-DNA in the presence of 4M NaCl 

(incubated for 12 hr at 37°C).  The Z-form of the oligonucleotide was confirmed by CD. 
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The B-form of the oligonucleotide was incubated with α-Synuclein and Tau in the mass 

ration of 1:2 (oligo/protein) in 10 mM Tris-HCl (pH 7.4) buffer for 12 hr at 37°C. The 

oligonucleotide alone (control) was also incubated in the 10 mM Tris-HCl (pH 7.4) buffer 

for 12 hr at 37°C. The CD spectra of the B-DNA-α-Synuclein and B-DNA-Tau complexes 

were recorded. Similarly, the Z-form of the oligonucleotide was incubated with α-

Synuclein and Tau in the mass ratio of 1:2 (oligo/protein) in 10 mM Tris-HCl (pH 7.4) 

buffer for 12 hr at 37°C. The CD spectra of Z-DNA-α-Synuclein and Z-DNA-Tau 

complexes were recorded. The background correction was done by deducting the spectral 

contribution from α-Synuclein and Tau alone at the concentrations used. The DNA 

conformations were assigned using the standard references (Gray et al., 1995) 

 

4D.3.2 Thermal Denaturation studies  

The stability of B-DNA and Z-DNA forms of oligonucleotide and the oligo-protein 

complexes was studied using thermal denaturation studies and ethidium bromide binding 

studies. Thermal denaturation of oligonucleotide was carried out using UV-Visible 

Spectrophotometer equipped with thermostat control (Amarsham Bioscience, Hong Kong). 

The 2 µg of B-DNA and Z-DNA forms of (CGCGCGCG)2  was dissolved in 10 mM 

HEPES buffer (pH 7.4) and melting temperature (Tm) profile was recorded with 1°C raise 

of temperature per minute in the temperature range of 25°C-95°C. Both, B-form and Z-

form of the oligonucleotide were incubated with α-Synuclein and Tau proteins in the mass 

ratio of 1:2 (oligo/protein) in 10 mM HEPES (pH 7.4) buffer at 12 hr at 37°C. The Tm was 

calculated using the graph plotted between temperature vs absorbance, which is called as 

melting curve. The temperature at which the absorbance is 50% between the minimum and 

maximum absorbance is called as melting temperature (Tm). 

 

4D.3.3 Ethidium Bromide (EtBr) binding studies 

For the above samples as mentioned in Tm studies, the EtBr bound in moles per base pair 

of DNA was measured in Tris-Cl (10mM, pH 7.4) using HITACHI F-2000 Fluorescence 

Spectrofluorimeter. The fluorescence was measured using a constant amount of scDNA 
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(0.5 µg) with increasing amounts of EtBr. The fluorescence measurements were monitored 

with an excitation at 535 nm and emission at 600 nm using 10 mm path length. 

 The maximum amount of EtBr bound per base pair of DNA was calculated using 

Scatchard plots of ‘r’ vs ‘r/Cf’ [Chatterjee and Rao, 1994; Scatchard 1949). The 

concentration of bound EtBr in 1.0 mL dye-DNA mixture (Cb′) was calculated using the 

equation: 

Cb´ = Co´[(F-Fo)/(V×Fo)] 

Where, 

Co = EtBr (pmoles) present in the dye-DNA mixture, 

F = observed fluorescence at any point of dye-DNA mixture, 

Fo = observed fluorescence of EtBr with no DNA, 

V = experimentally derived value, ratio of bound EtBr/free EtBr at saturation point. 

The concentration of free dye (Cf´) was then calculated by the relation  

Cf´ = Co´- Cb´, 

Where, Cf´, Co´, and Cb´ were expressed in pmoles. The amount of bound EtBr/base pair 

‘r’ was calculated by 

r = Cb´ (pmoles)/DNA concentration (pmoles of base pair). 

 

 A plot with r vs r/cf is plotted, point where the straight line intersects the X-axis 

was denoted as ‘n’. ‘n’ was the maximum amount of dye bound per base pair (n), where Cf 

= Cf´ × 1015 M.  

The number of EtBr molecules bound per base pair DNA was calculated for B-DNA and 

Z-DNA in the presence and absence of synuclein and Tau. The data was analyzed using 

Scatchard plots. 

 

4D.4 Results 

4D.4.1 Circular Dichroism (CD) studies  

The CD spectra of native (CGCGCGCG)2 showed a characteristic B-DNA conformation 

having 280 nm positive peak and 255 nm negative peak. Further, the CD spectrum of 

(CGCGCGCG)2 oligonucleotide in the presence of 4M NaCl showed  Z-DNA formation 
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with characteristic 295, 208 nm negative peak showing the conversion of B-form to Z-form 

(Fig 4D.1a).   The CD spectrum of B-form of oligonucleotide in the presence of α-

Synuclein complex showed a shift in the positive peak from 280 nm to 275 nm and  a 

decrease in the intensity of the negative peaks at 235 nm and 210 nm compared to B-form 

alone (Fig 4D.1b). These changes were characteristic of altered B-DNA conformation 

(Gray et al., 1995). Further, CD spectrum of B-DNA in the presence of Tau also showed 

similar changes (Fig 4D.1d). Thus it was inferred that both α-Synuclein and Tau induced 

altered B-DNA conformation from B-DNA. The CD spectra of Z-DNA in the presence of 

α-Synuclein and Tau did not alter any spectral changes of Z-form (Fig 4D.1 c and e).  Both 

the complexes showed characteristic 290 nm negative peaks indicating that oligonucleotide 

in the complexes also exist in Z-DNA conformation only. 
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Figure 4D.1: Circular Dichroism spectroscopy of (CGCGCGCG)2 oligonucleotide 

complexes. A. (CGCGCGCG)2 oligonucleotide in B-DNA conformation and Z-DNA 

conformation. B. α-Synuclein induced altered B-conformation in B-DNA of 

(CGCGCGCG)2. C. Tau induced altered B-conformation in B-DNA of (CGCGCGCG)2. D. 

α-Synuclein  - Z-DNA of (CGCGCGCG)2 complex in Z-DNA conformation. E. Tau - Z-

DNA of (CGCGCGCG)2 complex in Z-DNA conformation. 

 

4D.4.2 Thermal Denaturation studies  

The melting temperature (Tm) of the B-form and Z-form of the oligonucleotide was 71°C 

and 81°C respectively. The Tm of the Z-form of the oligonucleotide was greater than the B-

form, indicating that Z-form was more stable than B-form. The Tm of B-DNA in the 

presence of α-Synuclein and Tau was found to be similar, 77°C.  The data indicated that 

both α-Synuclein and Tau had stabilized B-DNA as evidenced by higher Tm. The Tm of Z-

DNA in the presence of α-Synuclein and Tau was 83°C.  The data indicates that both α-

Synuclein and Tau further stabilized the Z-conformation of the oligonucleotide (Table 

4D.1). 

 

Ethidium Bromide (EtBr) binding studies 

The number EtBr molecules bound per base pair DNA for B-form and Z-form of the 

oligonucleotide were 0.0022 and 0.0031 respectively. This indicates that Z-DNA has more 

EtBr binding ability. The B-DNA were titrated against EtBr in the presence of α-Synuclein 

and Tau and the number EtBr molecules bound per base pair DNA were 0.0013 and 0.0021 

respectively. The date indicated that the number EtBr molecules bound per base pair for 

complexes were less than the corresponding native B-form of oligonucleotide confirming 

the formation of altered B-DNA conformation in the presence of α-Synuclein  and Tau. 

The number EtBr molecules bound per base pair DNA for Z-DNA in the presence of α-

Synuclein and Tau was similar 0.0032 and this value is more that native Z-DNA (Table 

4D.1). 
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Table 4D.1: The data on Melting temperature (Tm) and Ethidium bromide binding to 

(CGCGCGCG)2- α-Synuclein  and (CGCGCGCG)2- Tau  complexes both in B-form and 

Z-form. The values in parenthesis represents mass ratio. The data is average of triplicate 

 

Discussion: 

DNA was polymorphic in nature having different conformations in cells under 

physiological conditions (Rich, 1993).  The B-DNA conformation was the normal 

conformation of DNA in cells having biological functions (Watson and crick, 1953). The 

DNA also exists in other conformations like Z, A, C under experimental conditions (Ghosh 

and Bansal, 2003). These alternate conformations of DNA will have altered major and 

minor groove patterns (Ghosh and Bansal, 2003) and this may alter gene expressions. 

Many transcription factors were minor grove binders (Hinoi et al, 2002). If minor grove 

patterns were altered in these alternative DNA conformations, then the binding abilities of 

proteins will change. However, the biology of alternate DNA conformations in the 

regulation of functions of DNA is still not clear (Bacolla and Wells, 2009). The 

conformation and physics of Z-DNA was widely studied but the biological implications 

like transcription regulation, chromatin remodeling and nucleosomal positioning were still 

not clear (Liu et al, 2006; Oh et al, 2002; Wang et al, 1979; Wong et al, 2007).  The Z-

DNA formation occurs in the stretches of alternative purine-pyrimidine residues (Li et al, 

Melting Temperature (Tm) profile EtBr molecules bound per base pair of DNA  

Native B-DNA                        71°°°°    ±±±± 0.42 0.42 0.42 0.42  Native  B-DNA                    0.0022  ±±±± 0.00003 

Native Z-DNA                        81°°°°    ±±±± 1.1 1.1 1.1 1.1 Native Z-DNA                      0.0031   ±±±± 0.00007 

B-DNA-αααα-Synuclein (1:2)     77°°°°    ±±±± 0.64 0.64 0.64 0.64 B-DNA-αααα-Synuclein (1:2)    0.00135 ±±±± 0.00003 

B-DNA-Tau (1:2)                  77°°°°    ±±±± 0.25 0.25 0.25 0.25 B-DNA-Tau (1:2)                 0.0021   ±±±± 0.00002 

Z-DNA-αααα-Synuclein (1:2)     83°°°°    ±±±± 0.87 0.87 0.87 0.87 Z-DNA-αααα-Synuclein (1:2)   0.0032   ±±±± 0.00006 

B-DNA-Tau (1:2)                  83838383°°°°    ±±±± 0.88 0.88 0.88 0.88 B-DNA-Tau (1:2)                0.0032    ±±±± 0.00005 
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2009). And alternative purine-pyrimidine residues were widely distributed in the promoter 

regions of several genes (Antequera, 2003). Recent study showed that Z-DNA 

conformation was present in the promoter region of selected genes in the human genome 

(Dröge and Pohl, 1991). Also the study indicated that these alternative structures could be 

stabilized by some specific proteins which results in the altered gene expression (Oh et al, 

2002). Another study had shown the similar kind of altered function was observed in 

transcription activity by T7 RNA polymerase in relevance to Z-DNA (Oh et al, 2005). This 

suggests that alternate DNA conformations and their specific binding molecules might 

affect the normal genomic functions. We presume that the similar mechanisms may be 

operating in neurons in neurodegeneration?.  One of the examples is the Vesicular 

Inhibitory Amino Acid Transporter (viaat) transports GABA or glycine neurotransmitters 

into synaptic vesicles. This promoter activity was dependent on GC rich region which was 

adjacent to the SP and EGR transcription factor binding sites and any modulation in GC 

rich region may alter the neurobiology of GABA. In the present study, we investigated the 

binding ability of neuroproteins like α-Synuclein and Tau to sequence and conformation 

specific oligonucleotide (CGCGCGCG)2. These sequences were involved in gene 

expression and the major component of promoter regions (Antequera, 2003; Oh et al, 

2005). The present study had insighted a significant answer for the question, whether α-

Synuclein and Tau bind to DNA in a conformation specific manner?. This study has great 

relevance in understanding the genomic biology of neurodegeneration.  The earlier studies 

from our lab have reported the presence of altered B-DNA and Z-DNA in PD and AD 

brains respectively (Hegde et al, 2006; Suram et al, 2002). The normal brain has B-DNA 

conformation. In moderately affected AD brain, DNA is in B-Z intermediate form, while in 

severely affected AD brain, DNA was in Z-form (Hegde et al, 2006; Suram et al, 2002).  

We hypothesized whether proteins like amyloid, synuclein, Tau have any role in binding to 

DNA and modulating DNA topology (Vasudevaraju et al, 2008).  Hegde et al., (2003) has 

shown that Aβ  is localized in the nuclear region of AD brain and proposed a possible 

mechanism for Aβ  playing a role in DNA conformational change. Suram et al (2002) 

reported a conformational change in genomic DNA  from normal B-DNA to B-Z 

intermediate in moderate AD and B-DNA to Z-DNA in severe AD. These observations 
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indicate that Aβ proteins may alter the DNA integrity leading to altered gene expression in 

AD.   

 

However these studies could not answer whether these proteins binds to sequence and 

conformation specific DNA. The present study answered the above crucial questions 

indicating that α-Synuclein and Tau bind to B and Z-forms and favored the conformational 

transition. Both Tau and α-Synuclein interacted with sequence specific DNA and caused 

conformational transition from B to altered B-DNA. Also both the proteins stabilize Z-

DNA conformation. These have altered minor and major groove patterns and thus may 

have significant biological implications in relevance to gene expression pattern in 

neurodegeneration? We hypothesized the implication of α-Synuclein/Tau binding to DNA 

and stabilizing the altered conformations of DNA in neuronal cell dysfunction (Fig 4D.2).  

Both α-Synuclein/Tau may bind to CG rich region in the promoter region of the gene and 

alter the conformation from B-DNA to altered B-DNA. Altered conformation in the 

promoter region may allow the binding of transcription factors and alter the gene 

expression. The altered regulation of the gene expression may result in neuronal cell 

dysfunction and finally lead to neuronal cell death. The negative supercoils generated 

during transcription, may induce the formation of Z-DNA in CG rich regions. Normally, 

after transcription the negative supercoils are relaxed and the Z-DNA is again converted to 

B-DNA.  Both α-Synuclein/Tau may bind to Z-DNA conformation that is already formed 

due to transcriptional stress and further these proteins stabilize the Z-DNA conformation. 

The Z-DNA stabilization may result in the inhibition of transcription factors binding or 

may stop the movement of RNA polymerase. This may lead to the suppression of genes 

and finally to neuronal cell dysfunction.  Both α-Synuclein and Tau may probably induce 

alternate DNA conformations in neurodegeneration and also may stabilize these 

conformations in the process of disease progression? Further work is in progress in this 

direction.  
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Figure 4D.2: A hypothesis on the implication of sequence specific binding of α-

Synuclein/Tau in neuronal cell death. Both α-Synuclein/Tau may bind to CG rich region in 

the promoter region of the gene and alter the conformation from B-DNA to altered B-

DNA. The altered conformation in the promoter region may allow the binding of 

transcription factors and alter the gene expression. The altered regulation of the gene 

expression may result in neuronal cell dysfunction and finally lead to neuronal cell death. 

The negative supercoils generated during transcription may induce the formation of Z-

DNA in CG rich regions. Normally,  after transcription the negative supercoils are relaxed 
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and the Z-DNA is again converted to B-DNA.  Both α-Synuclein/Tau may bind to Z-DNA 

conformation formed due to transcriptional stress and stabilize the Z-DNA conformation. 

Z-DNA stabilization may result in the inhibition of transcription factors binding or may 

stop the movement of RNA polymerase. This may lead to the suppression of genes and 

finally to neuronal cell dysfunction.   

 

 

 

 

 

 

 

 

 

 



 

Studies on actinomycin D induced changes in supercoiled DNA integrity 

 

4E.1 Introduction 

Actinomycin D (AMD) is an anticancer drug and used as a chemotherapeutic drug to cure 

brain tumors etc. AMD is used in Wilm’s tumor (Green, 1997), Chiasmatic or 

hypothalamic gliomas of childhood (Packer et al, 1988) and central nervous system (CNS) 

tumors (Rustin et al, 1989). AMD also used along with the other anticancer drugs like 

Vinblastine, Bleomycin, Cyclophosphamide etc., in the treatment of brain tumors (Allen  et 

al, 1985). AMD contains phenoxazone chromophore combined with two identical 

pentapeptide lactone rings (Lackner, 1975; Chen et al, 2002). AMD inhibits the 

transcription by occupying the RNA polymerase binding site on DNA (Phillips and 

Crothers, 1986). AMD binds to duplex DNA by intercalating with the chromophore and 

the pentapeptides are placed in the minor groove (Yoo and Rill, 2001). AMD shows 

sequence specific binding to GpC sites (Kamitori and Takusagawa, 1992). GpC forms 

strong hydrogen bonds in the minor groove region with pentapeptide rings of AMD. The 

hydrogen bonds are formed between carbonyl oxygen, amide groups of threonine residues 

of each pentapeptide to N-2 amino group, N-3 ring nitrogen of guanine residues (Kamitori 

and Takusagawa, 1992; Chen, 1988, 1992). AMD also binds to the single stranded DNA 

(ssDNA) with similar affinity as that of duplex DNA (Wadkins, 1998). Chen et al (chen et 

al, 1993) reported that AMD binds to ssDNA in the hairpin stem formed with in the 

ssDNA at GpC site. The mode of binding is similar to that of duplex DNA at the hairpin 

stem. Based on this property, Brown et al (1994) proposed that AMD might inhibit the 

transcription by stabilizing the cruciform structure of DNA at the transcription site. In the 

present study, we have studied the effect of AMD on supercoiling nature of DNA 

molecule. DNA is compactly arranged in the nucleus in the form of superhelical turns and 

in higher order of condensation. This superhelical turns are proposed to be involved in 

gene expression (Cook and Brazell, 1975; Bauer et al, 1980; Wang and Lynch, 1993; 

Fisher, 1984). Hence, we have employed pUC18 plasmid supercoiled DNA as our model 
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system, as superhelical regions in human DNA are analogous to the plasmid DNA 

superhelical turns (Serban et al, 2002).  

   

4E.2 Materials 

Supercoiled pUC18 plasmid DNA ( scDNA, cesium chloride purified, 90% supercoiled 

structure), M13 single stranded circular DNA (SSC) and M13 double stranded circular 

DNA (DSC) were purchased from Banglore Genei, India. Actinomycin D-mannitol and 

ethidium bromide were from Sigma (USA) chemicals. Agarose, HEPES, Tris and EDTA 

were purchased from SISCO Research laboratories. 

 

4E.3 Methodology 

4E.3.1 Circular Dichroism (CD) Studies  

   The secondary conformations of scDNA were recorded on a JASCO J 700 

Spectropolarimeter at 25°C, with 2 mm cell length in the range of 200-320 nm. Each 

spectrum was the average of four scans. The CD spectra of scDNA : AMD complexes  the 

mole ratio of 1:1, 1:5, 1:50, 1:100, 1:500, 1:1000 are recorded in HEPES buffer (0.1 mM, 

pH 7.4). The spectra of AMD alone were subtracted from AMD-scDNA complex. 

 
4E.3.2 Agarose Gel Studies 

pUC18 scDNA (0.5 µg) was incubated with increasing concentrations ( 5-600 µM) of 

AMD in Tris-Cl ( 1mM, pH 7.4) at 37°C for 12 h. The incubated samples, control scDNA 

and supercoiled DNA ladder (2-10 kb) were loaded on 1% agarose gel and electrophoresed 

at 50 V at room temperature. SSC and DSC were incubated with AMD at concentrations 

10 µM and 100  µM (concentrations at which CD, ethidium bromide, Tm studies showed 

changes) and electrophoresced. The samples are stained with ethidium bromide and viewed 

under UV light using with gel documentation system. 

 

4E.3.3 Melting Temperature (Tm) Studies 

The melting profile (Tm) curves for scDNA and scDNA  with the 10, 100, 150, 300 µM 

actinomycin D were recorded in HEPES buffer (0.1 mM, pH 7.4) using Spectrophotometer 
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equipped with a thermostat programmer and data processor (Amersham Biosciences, Hong 

Kong). The melting profiles were recorded with increase of 1°C/ min in the temperature 

range of 25-95°C. 3 µg of scDNA used for each experiment. The temperature at which 

there was a 50% hyperchromic shift is considered as the melting temperature. 

 

4E.3.4 Ethidium bromide binding studies 

Ethidium bromide (EtBr) bound in moles per base pair of scDNA were measured in 

HEPES (0.1 mM, pH 7.4) using HITACHI F-2000 Fluorescence Spectrofluorimeter. The 

fluorescence was measured using a constant amount of scDNA (0.5 µg) with increasing 

EtBr. The fluorescence measurements were monitored with an excitation at 535 nm and 

emission at 600 nm with 10 mm path length. 

 The maximum amount of EtBr bound per base pair of DNA was calculated using 

Scatchard plots of ‘r’ vs ‘r/Cf’, in the DNA- EtBr reaction mixture at various titration 

intervals when increasing amount of EtBr was titrated to constant amount of DNA. The 

concentration of bound EtBr in 1.0 mL dye-DNA mixture (Cb′) were calculated using the 

equation: 

Cb´ = Co´[(F-Fo)/(V×Fo)] 

Where, 

Co = EtBr (pmoles) present in the dye-DNA mixture, 

F = observed fluorescence at any point of dye-DNA mixture, 

Fo = observed fluorescence of EtBr with no DNA, 

V = experimentally derived value, ratio of bound EtBr/free EtBr at saturation point. 

 

The concentration of free dye (Cf´) was then calculated by the relation  

Cf´ = Co´- Cb´, 

 

Where, Cf´, Co´, and Cb´ were expressed in pmoles. The amount of bound EtBr/base pair 

‘r’ was calculated by 

R = Cb´ (pmoles)/DNA concentration (pmoles of base pair). 
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 A plot with r vs r/cf is plotted, point where the straight line intersects the X-axis is 

denoted as ‘n’. ‘n’ is the maximum amount of dye bound per base pair (n), where Cf = Cf´ 

× 1015 M. 

 

4E.3.5 Deoxyribonuclease I digestion of scDNA treated with AMD 

The integrity of scDNA in the presence of AMD was studied by DNase I sensitivity test.  

A saturated reaction mixture of scDNA and EtBr in the ratio of  1 : 1 ratio ( W/W,  0.5 µg 

scDNA + 0.5 µg EtBr) was treated with DNAse I (0.5 µg/mL) for the control. EtBr 

fluorescence was monitored for 45 min at excitation 535 nm and emission at 600 nm.  The 

effect of AMD on DNase I sensitivity was studied by addition of 100 µM AMD with 

ScDNA and then treated with the DNAse I,  EtBr fluorescence was recorded for 45 min. 

 

4E.3.6 Desktop Molecular Modeling (DTMM) 

Computer modeling showed the specific bonding pattern of pentapeptide binding to GC 

and AT base pair (Fig 4E.6) 

 

4E.4 Results 

4E.4.1 CD studies 

Far UV CD spectra of scDNA (Fig 4E.1,a) showed a positive peak at 272 nm which is a 

characteristic feature of B-DNA conformation and negative peak at 245 nm. Addition of 

increasing concentrations of AMD in the mole ratios of 5, 50, 100, 500 and 1000 to 

scDNA, produced a red shift of peak at 270 nm (Fig 4E.1). The positive peak of 1 : 5 (b), 1 

: 50 (c), 1 : 100 (d), 1 : 500 (e) and 1 : 1000 (f) molar ratios of scDNA : AMD are 273.6, 

276.8, 280, 280 and 280 respectively. The negative peak at 245 nm is decreased slightly 

when compared to control scDNA. The above CD spectra indicate that AMD induced B-A 

transition in the scDNA as demonstrated by a red shift in the red shift in CD spectra. 
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Figure 4E.1: CD spectra of scDNA in the presence of AMD in mole ratio. (a) scDNA, (b) 

1 : 5, (c) 1 : 50,  (d) 1 : 100,  (e) 1 : 500,  (f)  1 : 1000 mole ratios of scDNA : AMD. At 

mole ratios higher than 1 : 100 the normal positive peak at 272 nm of scDNA shifted to 

280 nm.  

 

4E.4.2 Agarose gel studies 

ScDNA alone on an agarose gel showed 2 bands, one is supercoiled and other one is open 

circular forms of DNA (Fig 4E.2A, lane A). When scDNA is titrated with increasing 

concentrations of AMD (5-600 µM), AMD retards the migration of supercoiled band, but 

do not alter the open circular DNA mobility (Fig 4E.2A, lanes B-I). Further studies on the 

interaction of AMD with single stranded (SSC) or double stranded circular (DSC) DNA, 

(Fig 4E.2B, lane d), showed that AMD has no effect on SSC (Fig 4E.2B, lane e-f).  But 

AMD retarded the mobility of DSC (Fig 4E.2B, lane h-i). The studies reveal that AMD 

binds to scDNA, DSC and not to SSC. 
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Figure 4E.2: A: AMD interaction with supercoiled DNA : 0.5 µg of pUC18 scDNA was 

interacted with 5 µM( lane B), 10 µM (lane C), 50 µM (lane D), 100 µM (lane E), 150 µM 

(lane F), 300 µM (lane G), 450 µM (lane H), 600 µM (lane I) Actinomycin D (AMD). The 

scDNA (lane A) and supercoiled DNA Ladder marker (lane M)  B: AMD interaction with 

SSC and DSC : (a) scDNA, (b) scDNA with 10 µM AMD, (c) scDNA with 100 µM 

AMD, (d) SSC DNA, (e) SSC with 10 µM AMD, (f) SSC DNA, with 100 µM AMD, (g) 

DSC DNA, (h) DSC with 10 µM AMD, (i) DSC with 100 µM AMD.  

 

4E.4.3 Melting temperature studies 

Melting temperature studies are carried out to understand the effect of AMD on the 

stability of scDNA (Fig 4E.3). ScDNA melting profile showed a characteristic biphasic 

pattern having two melting temperatures Tm1= 52°C and Tm2 = 87°C. Tm1 signifies the 

uncoiling of the supercoiled DNA and Tm2 indicates the opening of the double strand of 

DNA. At 10 µM concentration of AMD, both Tm1 and Tm2   scDNA increased to 63°C and 

89°C respectively. But at 100 µM and 150 µM of AMD, only Tm1 values are decreased to 

47°C and 45°C with no significant change in Tm2 (Table  4E.1). At 300 µM of AMD, there 

is a steep decrease in the absorbance at 260 nm indicating aggregation of DNA. The 

significant changes in Tm1 indicate that AMD preferentially binds to scDNA only. 

 



 
 

Actinomycin D-DNA interactions 

 179

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4E.3: The melting profile (Tm) curves for scDNA and scDNA samples incubated 

with the 10, 100, 150, and 300 µM AMD.  

 

 

 

 

 

 

 

 

 

 

 
Table 4E.1: Melting temperature (Tm) values of scDNA in the absence and presence of 
AMD.  
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4E.4.4 Ethidium Bromide (EtBr) binding studies 

The alteration in the integrity of scDNA induced by AMD is studied by computing the 

changes in the EtBr molecules binding to scDNA. Number of EtBr molecules bound per 

base pair of DNA is calculated using scatchard plots in the presence and absence of AMD 

(Fig 4E.4). The number of EtBr molecules bound per base pair in scDNA alone is 0.26. In 

the presence of lower concentration of AMD (10 µM), the number of EtBr molecules 

bound per base pair is decreases to 0.14. But in the presence of higher (100 µM-300 µM) 

AMD concentration, EtBr molecules / bp is similar to control (around to 0.25). The results 

indicate that lower AMD concentrations alter the EtBr binding profile DNA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4E.4:  Scatchard plot of ethidium bromide binding pattern to scDNA in the absence 

and presence of AMD. The number of EtBr molecules bound per base pair are computed. 

 

4E.4.5 DNAse I sensitivity study for scDNA-AMD complex 

 

Actinomycin D treatment made scDNA stable against  DNAse I  digestion. The pattern of 

EtBr fluorescence  for AMD+scDNA complex exposed to DNASe1,  is similar to scDNA   
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alone without DNAse digestion (Fig 4E.5, D and B).  DNAse I digestion of scDNA 

increases the EtBr fluorescence (Fig 4E.5, C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4E.5:  Effect of AMD on DNAse I sensitivity to scDNA. A saturated reaction 

mixture of scDNA and EtBr in the ratio of 1 : 1 ratio ( W/W,  0.5 µg scDNA + 0.5µ g 

EtBr) is treated with DNAse I (0.5 µg/mL) in the presence  and absence of AMD.  
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Fig. 4E.6 : Desktop Molecular Modeling (DTMM) of pentapeptide of AMD binding to GC 
and AT base pairs. 
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Discussion 

Actinomycin D (AMD) is an anticancer drug used in the treatment of brain tumors (Green , 

1997; Packer, 1988). AMD exerts its anti-tumorogenic activity by inactivating the 

transcription process in tumor cells (Aivasashvilli and Beabealashvilli, 1983). The mode of 

action of AMD is by intercalating the duplex DNA and two cyclic pentapeptide rings are 

positioned in the minor groove of the DNA (Yoo and Rill, 2001; Kamitori and 

Takusagawa, 1992; Muller and Crothers, 1968; Sobell and Jain, 1972). AMD has affinity 

to GpC sites. AMD also binds to single stranded DNA (ssDNA) and favor hairpin 

conformation (Chen et al, 1993). The overall mechanism of action of AMD is proposed to 

be through intercalation with DNA and inhibition of DNA transcription, blocks RNA and 

protein synthesis (Guo et al, 1998; Kawamata and Imanishi, 1960; Wassermann, 1990). 

AMD not only affect the tumor cells, but also alter the cellular processes of normal cells 

(Kawanishi and Hiraku, 2004). AMD is also reported to induce the apoptotic cell death in 

normal cells like hepatocytes (Li et al, 2006). At the concentration 1ug /ml, AMD induces 

typical apoptotic cell death (Shim et al, 2004; Fraschini et al, 2005). AMD also showed the 

toxic effects on lymphoblastoid cell lines (Sawada et al, 2005). AMD inhibits the DNA 

repair activities (Barret et al, 1997). AMD incubation with cell nuclei showed progressive 

denaturation of nucleosomal structure and stabilization of supercoiled DNA (Almagor and 

Cole, 1989). Our studies are focused in understanding the effect of AMD on scDNA 

topology and integrity by using pUC18 as model system. Plasmid supercoiled DNA is 

analogous to the small supercoiled DNA packets observed in human genome (Fisher, 

1984). Small supercoiled DNA packets are found in the human genome and are involved in 

gene expression (Cook and Brazell, 1975; Bauer et al, 1980; Wang and Lynch, 1993). The 

rate of supercoil generation, propagation and elimination (supercoiling dynamics) are 

important in the gene regulation process (Crut et al, 2007). From the results obtained, we 

conclude that actinomycin D alters the topology and stability of the scDNA.  AMD induces 

the B-A DNA conformational transition as evidenced by red shift in 272 nm positive peak 

and this observation is in agreement with the findings of Hou et al (Hou et al, 2002).  There 

are few studies showing the effect of AMD on scDNA (Simpkins and Pearlman, 1984; 
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Leoni et al, 1989). Our study and literature evidences indicated that actinomycin D 

effecting supercoiling nature of DNA. Actinomycin D binding to supercoiled DNA may 

inhibit the transcription by blocking the RNA polymerase but also possibly alters the 

supercoiling nature in the domain. Further work is in progress in order to understand this 

phenomenon. 

 

Actinomycin D affects the integrity of supercoiled DNA in terms of its topology 

and stability. Actinomycin D induces B-A conformational transition in scDNA. 

Actinomycin D may alter the gene expression by affecting the supercoiling of DNA apart 

from blocking the RNA polymerase.   

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 



 

Summary and conclusions 

 

 

The progressive loss of structure and function of neurons is the final consequence of the 

all neurodegenerative diseases. Several pathways are involved in the process of 

neurodegeneration in different neurodegentive diseases and often the pathways overlap.  

Risk factors like aggregation of modified proteins, disturbance in trace metal 

homeostasis, protein and DNA conformation, oxidative stress are implicated in age 

related neurodegeneration in diseases like Parkinson’s and Alzheimer’s disease. Aging 

is a multi-factorial process, which leads to irreversible damage to macromolecules 

(DNA, proteins and lipids), cells and organs and also in age related neurodegenerative 

disorders. DNA in eukaryotic cell is arranged in the form of compactly condensed state 

known as chromatin. Chromatin organization is a dynamic process occurring in the 

living cells by continuously opening and reorganizing according to cellular needs. 

Chromatin organization plays an important role in regulation of the gene expression. 

The regulation at chromatin level depends on modifications of DNA (especially 

methylation at cytosine residues), incorporations of histone varients,  post-translational 

histone modifications and other molecules which can interact with nucleosome core 

particles. Environmental factors may induce epigenetic modifications leading to the 

neurodegeneration  

 

α-synuclein protein is involved in etiopathogenesis of the Parkinson’s disease. α-

synuclein proteins aggregates in PD conditions and neuronal cell death observed in PD 

brain. In a study, α-synuclein targeting to nucleus induced neurodegeneration and 

histone deacetylase inhibitor administration prevented the neurotoxicity indicating role 

of α-synuclein in chromatin regulation in PD. MPP(+) induced misfolded α-synuclein 

aggregates are degraded by ubiquitin-binding histone deacetylase-6 (HDAC-6) 

indicating the role of chromatin modifying enzymes in PD. Single stranded breaks 

(SSB) and double stranded breaks (DSB) are accumulated in the DNA of PD brain 

samples indicating the DNA damage in PD. Increased 8OHdG levels are observed in 

the substantia nigra of Parkinson’s disease patients. Tau (microtubule associated 
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protein) involved in microtubule polymerization and their stabilization in the neurons. 

Tau is involved in the pathogenesis of Parkinson’s disease and Alzheimer’s disease. 

Tau protein is also localized in the nucleus and has shown chromatin and DNA binding 

properties. Neuromelanin (NM) is an insoluble pigment and loss of neuromelanin 

containing cells within substantia nigra suggest its role in Parkinson’s disease. 

Curcumin is a hydrophobic polyphenol derived from the rhizome (turmeric) of the herb 

Curcuma longa. Curcumin is also used widely as pharmacological active compound 

because of its wide spectrum of biological activities. Curcumin has been reported to 

have the antioxidant, antimicrobial, anti-inflamatory and anti-carcinogeneic activities. 

Curcumin treatment prevented the α-synuclein induced toxicity through its antioxidant 

properties. Curcumin is also shown to have epigenetic regulating properties in gene 

expression. 

 

Chapter 1: General introduction 

The genral introduction covers the different pathways in neurodegeneration and in 

parkinson’s disease. The introduction focuded on the role of chromatin organization, 

Tau protein, α-synuclein,  neuromelanin and biomarker in Parkinson’s disease. The 

introduction also focuses on thereupetic potential of commonly used dietary curcumin 

and its role in chromatin organization. 

 

1. Neuronal cell death is the common hallmark of all age related neurodegenerative 

diseases like Parkinson’s disease (PD) with overlapping pathways.  

 

2. Mitochondrial dysfunction is the common mechanism leading to neuronal cell death 

in neurodegeneration in PD. Programmed cell death (apoptosis) was observed in the 

neurons of the PD brains 

 

3. Oxidative stress and oxidative DNA damage interims of oxidatively modified bases, 

single and double strand breaks in DNA was observed in PD. 

 

4. α-synuclein, tau, neuromelanin are involved in the pathogenesis of PD. α-Synuclein 

aggregates are found in the brain of PD patients and in the animal models of PD. Tau 
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aggregation is also observed in PD brains. Neuromelanin is found in the form of large 

granules in the substantia nigra of PD brain 

 

5. α-synuclein, tau, neuromelanin are localized in the nuclear region. α-synuclein and 

tau was shown to bind to DNA and histone proteins. 

 

6. α-synuclein targeting to the nucleus induced neurotoxicity and histone deacetylase 

inhibitors rescued the neurotoxicity indicating its role in chromatin organization. 

 

7. Methylation in  SNCA intron 1 of alpha synuclein is found reduced in the PD brain 

samples. Hypomethylation of DNA in Tumor necrosis factor (TNFα) promoter region 

is observed in the promoter regions in PD patients 

 

8. Pesticide dieldrin treatment induced neuronal cell death by the hyperacetylation of 

histone molecules indicating the role of pesticides in chromatin alteration. Pesticides 

are known as the risk factors for the parkinson’s disease.  

 

9. There is no established biomarker for the parkinson’s disease. Development of 

reliable biomarker for PD helps in early detection and prevention of further 

neurodegeneration.  

 

10. Curcumin is a hydrophobic polyphenol derived from the rhizome (turmeric) of the 

herb Curcuma longa. Curcumin showed neuroprotection against 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP) induced toxicity in PD model. 

 

The introduction engulfed with objectives at the end. 

 

Chapter 2: Studies on the chromatin organization in Parkinson’s disease and the 

role of curcumin on chromatin organization, tau-DNA interactions and αααα-

synuclein-DNA interactions.   

 

Chapter 2A: Chromatin organization in Parkinson’s disease. 
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1. Five normal and five PD-affected human brain samples were obtained from the 

National Institute of Mental Health and Neurosciences (NIMHANS), India. 

 

2. Nuclei and DNA were isolated from 20 control and 20 PD brain regions. Chromatin 

and histone proteins were prepared from the nuclei. 

 

3. Chromatin organization is studied by thermal denaturation, circular dichroism, 

micrococcal nuclease digestion, methylation analysis of genomic DNA and histone 

acetylation. 

 

4. Thermal denaturation analysis of the chromatin samples showed decrease in the 

melting transition temperature in PD chromatin compared to that of age matched 

control brains. 

 

5. CD studies with chromatin samples showed differences between the PD chromatin 

and control chromatin. CD spectral changes observed in PD hippocampal region may 

be due to differences in their histone acetylation status. 

 

6. Histone H3 acetylation in all the PD chromatin samples was observed, with only 

50% of control brains showed histone acetylation. 

 

7. Micrococcal nuclease digestion revealed that PD chromatin is more sensitive to 

digestion compared to that of control. This showed that more loose chromatin loops are 

present in PD chromatin compared to control. 

 

8. Restriction digestion analysis with methylation specific Msp I and HpaII 

endonuclease revealed the differences in the methylation status of the DNA between 

PD and normal subjects. 

 

The above results clearly indicated that chromatin organization is altered in PD brain 

 

Chapter 2B: Role of curcumin on chromatin organization, tau-DNA interactions 

and αααα-synuclein-DNA interactions.   
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1. Curcumin is purified from turmeric and terahydrocurcumin (THC) was prepared. 

Curcumin and THC purity is analyzed by TLC, HPLC and NMR. 

 

2. Curcumin  and THC binds to chromatin as indicated by the altered absorbance and 

fluorescence spectrum, ethidium bromide binding of curcumin-chromatin and THC-

chromatin complex. 

 

3. Curcumin altered the chromatin organization by altering its integrity as evidenced by 

decreased thermal transition of curcumin-chromatin complex.  

 

4. Curcumin did not alter the secondary conformation of chromatin components, but 

binding of curcumin to chromatin evidenced by the small changes in the CD spectrum. 

 

5. Curcumin binds to scDNA as indicated by the absorption, fluorescence and EtBr 

binding. Curcumin altered integrity of scDNA observed by the thermal denaturation 

studies. 

 

6. Curcumin and THC also binds to tau, α-synuclein proteins involved in 

neurodegeneration. Curcumin and THC could not able to prevent the tau, α-synuclein 

induced DNA nicking.   

 

7. NMR studies showed that curcumin could not able to bind nucleosides indicating 

that requisite of secondary conformation of DNA for the interaction. 

 

8. Further, in vivo studies are needed to establish curcumin ability of altering chromatin 

organization and tau-DNA, α-synuclein-DNA interaction are either protective or toxic.   

 

Chapter 3: Biomarker study on Parkinson’s disease and increase of Iron and 

Copper and its correlation to DNA integrity in ageing human brain 

 

Chapter 3A: Biomarker study on Parkinson’s disease 
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1. The patients from JSS Medical Hospital were clinically identified for PD by the 

neurologist and the patients who met  the commonly accepted diagnostic criteria for PD 

were selected. 

 

2. Venous blood (10 ml) was collected from each PD and control patient and serum 

separated by centrifugation. The serum was frozen at -20°C and protected from 

exposure to light until analysis. 

 

3. Serum 8-OHdG levels were found to be higher in the Parkinson’s disease patients 

compared with that of the age matched control samples. 

 

4. The increase in the total antioxidant capacity in serum samples of PD compared to 

control indicated that oxidative stress is more in PD patients compared to control.  

 

5. Serum ceruloplasmin and ferritin levels are decreased in PD patients compared to 

age matched controls. 

 

6. MRI imaging of brains of PD and control subjects is carried out at Vikram Hospital 

under the supervision of chief radiologist. The average thickness of the all the regions 

were calculated and compared with that of control brain thickness. 

 

7. Atrophy is observed in terms of reduction in the thickness of the brain regions in 

caudate nucleus, thalamus, hippocampus and substantia nigra regions in PD brain 

compared to control brain regions significant at p<0.05. 

 

8. Reduction in the in the frontal lobe, temporal lobe and midbrain regions, was 

observed. 

 

The results clearly indicated that serum parameters coupled with MRI changes act as 

biomarkers for PD 
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Chapter 3B: New evidence on increase of iron and copper and its correlation to 

DNA integrity in ageing human brain 

 

1. Human brain samples are collected from the Depression Brain Bank of JSS Medical 

Hospital and College, Mysore, India 

 

2. Genomic DNA is isolated from hippocampus and frontal cortex of frozen brain tissue 

by standard ‘phenol-chloroform extraction’ method. 

 

3. The levels of Fe and Cu are increased, while Zn levels were decreased from Group I 

to III. There is a significant increase in Cu and Fe in Group II and Group III in both 

frontal cortex and hippocampus region. 

 

4. Accumulations of SSBs are more frequent in group III compared to Group II and I. 

The result showed that frontal cortex (p>0.05 and p >0.001) accumulated considerably 

higher number of SSBs compared to hippocampus. This could be due to the increased 

levels of Cu and Fe in frontal cortex and relatively lower amounts in hippocampus in 

Group III. 

 

The present result showed that frontal cortex has more DSBs than SSBs whereas 

hippocampus had the presence of both DSBs and SSBs accumulated 

 

Chapter 4: DNA binding properties of neuropeptides, curcumin and actinomycin 

D 

 

Chapter 4A: New evidences on Tau–DNA interactions and relevance to 

neurodegeneration  

 

1. Both non-phosphorylated r-Tau (recombinant tau) and pp-Tau (partially 

phosphorylated tau) have DNA binding ability  

 

2. r-Tau induces B-C-A mixed transition in scDNA  and  pp-Tau also induced B-C-A 

mixed conformation in scDNA 
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3. Both non-phosphorylated r-Tau and pp-Tau alter DNA integrity. Both converted 

biphasic melting profile to monophasic melting profile. 

 

4. The r-Tau and pp-Tau binding to scDNA increased the number of EtBr molecules 

bound per base pair of scDNA indicating altered DNA integrity. 

 

5. Tau-scDNA complex was sensitive for DNAse I digestion and insights that r-Tau 

destabilizes DNA integrity. 

 

6. Tau converted scDNA into open circular and linear forms suggesting that Tau may 

nick the DNA resembling endonuclease. 

 

The data clearly showed that Tau binds to DNA and alter its stability. 

 

Chapter 4B: DNA binding properties of αααα-synuclein and AGE-αααα-synuclein  

(glycated  αααα-synuclein).   

 

1. α-synuclein and AGE-α-synuclein  nick the scDNA like endonuclease. Magnesium 

enhanced α-synuclein  and AGE-α-synuclein nicking. Specific nuclease inhibitor 

aurinetricarboxylic acid inhibited the   α-synuclein  and AGE-α-synuclein nicking. 

 

2. α-synuclein  and AGE-α-synuclein  induced B-C-A mixed conformation in scDNA 

similar to that of α-synuclein 

 

3. Both α-synuclein and AGE α-synuclein altered DNA integrity as evidenced by the 

transition of biphasic melting profile to monophasic melting profile and decreased 

ethidium bromide binding. 

 

4. Both scDNA-α-synuclein and scDNA-AGE-α-synuclein showed resistence to 

DNAse I. 
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Chapter 4C: New evidence on Neuromelanin from the substantia nigra of 

Parkinson’s disease altering the DNA topology 

 

1. Neuromelanin is found in the form of large granules in the substantia nigra of PD 

brain and involved in PD pathogenesis. NM (PD-SN) was isolated from the substantia 

nigra of PD brain, NM (N-SN) was isolated from the other region of the brain and DAC 

a synthetic neuromelanin. 

 

2. NM (PD-SN) converted scDNA into open circular form, where as NM (N-SN) and 

DAC could not convert scDNA into open circular. 

 

3. NM (PD-SN) induced B-C-A mixed conformation in scDNA, where as NM (N-SN) 

and DAC induced altered B-conformation in scDNA. 

 

4. NM (PD-SN), NM (N-SN) and DAC altered the stability of DNA. NM (PD-SN) had 

high potential in altering DNA stability.    

 

Chapter 4D: New evidence on αααα-Synuclein and Tau binding to conformation and 

sequence specific GC* rich DNA 

 

1. Double stranded oligonucleotide (CGCGCGCG)2 exists in B-DNA conformation and 

is converted to Z-DNA in the presence of high sodium concentration (4 M NaCl ). 

 

2. The circular dichroism studies indicated that both α-Synuclein and Tau bind to B-

DNA conformation of (CGCGCGCG)2 and induce altered B-form. 

 

3. The melting temperature (Tm) of the B-form and Z-form of the oligonucleotide was 

71°C and 81°C, respectively. The Tm of the Z-form of the oligonucleotide was greater 

than the B-form, indicating that Z-form is more stable than B-form.   
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4. α-Synuclein and Tau proteins increased the melting temperature and decreased the 

number of EtBr molecules bound per base pair of DNA of B-form indicating that DNA 

stability is favored to altered B-DNA conformation.  

 

Both α-Synuclein and Tau bind to Z-DNA conformation of (CGCGCGCG)2 and 

further stabilized the Z-conformation 

 

Chapter 4E: Studies on actionomycin D induced changes in supercoiled DNA 

integrity 

 

1. Actinomycin D (AMD) is used as a model compound to understand supercoiled 

DNA topology and stability. 

 

2. AMD induced B to A conformational change in scDNA as demonstrated by a red 

shift in the CD spectra at 272 nm. 

 

3. AMD also altered the stability of scDNA as evidenced by the alterations in melting 

temperature and also in ethidium bromide binding pattern to DNA. 

 

All these results clearly showed that Chromatin instability and DNA/protein 

interactions have significant role in PD neurodegeneration. Some of these findings are 

significantly new in PD research and published in impact journals. 
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