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CHAPTER 1  

INTRODUCTION 

1.1 Parkinson’s Disease 

Parkinson’s disease (PD) is a progressive neurological disorder, and it is the 

second most common neurodegenerative disorder in the United States. PD affects close 

to 6.3 million people around the globe, with nearly 60,000 new diagnosed cases each 

year. In the last 20 years, the disease has had widespread awareness with celebrity 

campaigning and the founding of the Michael J. Fox Foundation, which has served as an 

independent source of research and PD therapies. The symptoms and treatments of a 

disease similar to PD are discussed in a Chinese medical text, Nei Jing, and in the 

Ayurveda circa 5000BC, an Indian ancient system of medicine1. However, PD was 

properly described in “An Essay on the Shaking Palsy” and the disease was donned a 

formal name by the English physician, James Parkinson in 18172.  

PD is an age-related disease, the onset primarily starts at 60 years of age, and the 

majority of diagnoses occur between 60-79 years. However, there are rare cases of 

autosomal-dominant and recessive early-onset PD cases, which are genetically linked3; 4. 

As life expectancy has increased in the Western countries, there has been a growing 

elderly population. As an result, PD and other neurodegenerative disorders will pose a 

larger socioeconomic burden5. It is estimated that the number of individuals over 50 with 

PD is close to 4.6 million, and will double by 2030 to 8.7 to 9.3 million people6. PD 

pathogenesis is greatly dependent on age, however, PD highly varies among gender7; 8 

and racial groups9; 10. The age and gender-adjusted PD rate per 100,000 was highest 

among Hispanics (16.6%), followed by non-Hispanic Whites (13.6%), and lowest among 

Asians (11.3%). The incidence rate is much higher among men than women. A 

comprehensive study showed that the rate is 91% higher among males than females for 

reasons not yet understood10.   
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1.2 Symptoms and Current Treatments 

PD is considered a motor disease, and diagnosis is mainly based on the criteria of 

at least two clinical symptoms, including: resting tremor, bradykinesia, rigidity, or 

postural imbalance. There is currently no straightforward diagnostic test or biomarker to 

test for PD. As shown in Figure 1.1 positron emission tomography may be utilized to 

image existing dopamine (DA) neurons within the midbrain, usually probing for the 

dopamine transporter (DAT) which is specific for DA neurons. However, it is limited for 

population-based epidemiological research. Since PD selectively degenerates these DA 

neurons, DA levels are imbalanced. To restore DA levels, levadopa and tolcapone are 

commonly administered drugs. Levadopa helps to restore DA levels, as it is a precursor 

to DA. The drug, tolcapone can also raise DA levels, by inhibition of catechol-o-

methyltransferase, an enzyme which metabolizes DA to its methylated metabolite. 

Another class of drugs that has proven useful in alleviating symptoms is inhibitors of 

monoamine oxidase (MAO), preventing metabolism of DA as well11. Clinical response to 

these drugs serves as a positive diagnosis marker for PD12. A loss of olfactory sense is 

commonly the first symptom associated with PD, but this is usually overlooked by 

patients. Another issue is that once clinical symptoms become apparent, nearly 70-80% 

of dopamine neurons have already been lost. This degeneration is progressive, and there 

is currently no treatment to stop the cell death.  
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Figure 1.1 PET scan reveals decreased dopamine levels and activity in a healthy brain 
(left) compared to a Parkinsonian brain (right). Radioactive labelled 18-
fluorodopa is injected intravenously and binds to aromatic amino acid 
decarboxylase (AADC) which is exclusively located in DA terminals. PD 
brains show an asymmetric loss of tracer uptake13. 

1.3 Etiology 

The motor disturbances of PD are attributed to the initial degeneration of DA 

neurons in the substantia nigra pars compacta. The two major PD hallmarks are the 

dopaminergic neuron degeneration and the formation of toxic Lewy bodies (Figure 1.2), 

mainly made up of alpha-synuclein and glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH). Genetics plays a role in PD etiology, as several studies have shown a positive 

family history with PD. The mutated genes involved in PD are classified as PARK genes, 

and are genes that encode for alpha-synuclein, proper protein removal, and protectants 

against oxidative stress14; 15. Oxidative stress is an imbalance between production of 

reactive oxygen species (ROS) and the cell’s ability to detoxify ROS and repair damage. 

Indeed, antioxidant responses are compromised in PD brains, and mutations among anti-

oxidant related genes are present in a subset of PD patients. Glutathione is a common 

antioxidant in detoxification of ROS, and postmortem PD brains have shown reduced 
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glutathione levels,16 and Glutathione-S-transferase polymorphism carriers experience an 

accelerated onset age of PD17. 

It has been shown that mutations in PARK genes are associated with early-onset 

PD, and cause detrimental changes in proper alpha-synuclein folding, protein removal by 

ubiquitin proteasome systems, and oxidative stress.  However, these genetic mutations 

only contribute to about 10% of total PD cases18. It is clear that PD is a multifactorial 

disease, and environmental factors play a significant role in the other approximately 90% 

of the total or sporadic PD cases.  

 

Figure 1.2 Lewy bodies are toxic intracellular aggregates that form within neurons, a 
major PD disease hallmark. 
(http://nihseniorhealth.gov/parkinsonsdisease/faq/images/figure003_r.jpg) (ht 

There are many risk factors and protective factors proposed in PD etiology, 

however, detailed specific mechanisms are lacking. Many epidemiological studies 

concerning PD have also yielded contradictory results. However, the most often 

replicated results in relation to PD risk have been pesticide exposure and a decreased risk 

among smokers19.  
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1.4 Environmental Factors in Etiology 

The notion that environmental factors play a role in PD etiology was first 

supported by the accidental discovery of 1-methyl l-(4-phenyl)-l-1,2,3,6-

tetrahydropyridine (MPTP) drug use and its induction of clinically identical PD 

symptoms20. These symptoms were a result of ROS formation due to the MPTP selective 

toxicity profile towards dopaminergic neurons in the substantia nigra21.  

Over twenty years of epidemiological research highlights a host of environmental 

compounds, (ie. herbicides, pesticides, fungicides, metals and solvents) that are 

implicated in PD risk22-26. After aging, pesticide exposure is one of the greatest risk 

factors in PD etiology. Heavy metals such as iron and lead are a toxicology threat due to 

their steady accumulation in the substantia nigra and generation of oxidative stress. 

Studies with lead have shown that 7 out of 9 postal workers chronically exposed to lead-

sulfate batteries over a 30 year period, developed parkinsonian symptoms27. Another 

study found abnormally high lead concentrations in patients’ tibia and calcaneal bones, 

and these patients had a 2-fold increased risk for PD28. Lead exposure also causes DA 

dysregulation29, reduces antioxidant cell responses, and decreases the learning ability in 

rats30. Other transition metals such as iron are proposed to contribute to PD pathology 

due to its pro-oxidant properties, leading to ROS generation via Fenton and Haber-Weiss 

reactions31; 32.  

It has been reported that rural living and agricultural populated areas have an 

increased PD risk33-35. Agricultural states such as North Carolina and Iowa were used in a 

prospective study in which exposure was self-reported by pesticide applicators, and was 

the first report associating PD with increasing lifetime days of pesticide use36. A UCLA 

conducted a study in a rural farming area in central California, utilizing the California 

Pesticide Use Reporting database and Geographic Information System land-use maps to 

estimate pesticide exposure since the mid 1970’s. This area had been exposed to liberal 

amounts of pesticides, and neurologists were sent to confirm diagnosis of over 350 PD 
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cases37. Consumption of well water had an increased risk (41-75%), and up to a 2-fold 

increase in risk for areas containing the highest contaminations of multiple pesticides. 

Individual pesticides such as the organophosphate, O-O-diethyl-OI-[3,5,6,-trichloro-2-

pyridyl] phosphorothionate) or chlorpyrifos (CPF) were assessed to contribute to PD by 

an odds ratio of 1.5038. 

Organophosphate (OP) pesticides are among the most highly used insecticides in 

agricultural, industrial and domestic locations. Clinical studies have shown that OP 

exposure caused distal degeneration of the motor neurons39 and was suggested to cause 

dysregulation of dopaminergic transmission40.  The PON1 gene encodes for paraoxonase, 

a key enzyme which metabolizes OPs. Interestingly, PON1 variants exposed to CPF were 

also found to be at a 2-fold increased risk for PD compared to wild type or persons 

heterozygous for the PON1 gene38. CPF is metabolized by the liver to form chlorpyrifos-

oxon (CPO), which is 3000 times more potent than CPF as an acetylcholinesterase 

inhibitor41. The highly lipophilic CPF and CPO compounds cross the blood brain barrier 

readily, and are members of the organophosphate class of pesticides. Both of these 

compounds have been banned for private use, though they are still widely used 

commercially42. Acute doses of CPF caused severe transient parkinsonism in patients, 

and symptoms were similar to PD such as bradykinesia and muscle rigidity43. The 

proposed mechanisms of toxicity of CPF is via acetylcholinesterase aging and 

inhibition39 and ROS generation44. However, there are few in vitro studies measuring the 

effects of CPF and CPO on dopaminergic neurons. 
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Scheme 1.1 Chlorpyrifos is an organochlorine pesticide. Bioactivation by hepatic 
metabolism (Cytochrome P450) yields chlorpyrifos-oxon, an irreversible 
acetylcholinesterase inhibitor. Both compounds are associated with increased 
PD risk. 

1.5 The Catecholaldehyde Hypothesis and Role of 3,4-dihydroxyphenylacetaldehyde in 

Parkinson’s Disease 

Catecholamines are pivotal for normal neuronal homeostasis and neurotransmitter 

function in the central nervous system (CNS). It has been hypothesized that the intrinsic 

presence of the catecholamine, DA, in dopaminergic neurons contributes to neuronal 

toxicity observed in PD pathology. Due to the catechol moiety of DA, it undergoes 

spontaneous oxidation to semi-quinones and orthoquinones, especially when it is not 

properly sequestered within vesicles45 (Scheme 1.2). The DA-quinone can covalently 

modify DNA and damage proteins,46 and it interferes with proteasomal function47. The 

main route of DA metabolism in dopaminergic neurons is the oxidative deamination by 

mitochondrial monoamine oxidase (MAO), to form 3,4-dihydroxyphenylacetaldehyde 

(DOPAL) and hydrogen peroxide as a by-product. DOPAL is reduced by cytosolic 

aldehyde reductase (AR) to 3,4-dihydroxyphenylethanol (DOPET)48 and to a greater 

extent, is oxidized by mitochondrial aldehyde dehydrogenase 2 (ALDH2) and cytosolic 

ALDH1, to 3,4-dihydroxyphenylacetic acid (DOPAC). Catecholamines are primarily 

oxidized and metabolized to their respective aldehydes, and these aldehydes are more 
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toxic to varying degrees45; 49; 50. This leads to the ‘catecholaldehyde hypothesis’ and the 

role of these endogenous molecules in mediating toxicity.  The aldehyde metabolite of 

DA, or DOPAL is known to modify proteins and is toxic to cells.51-53 DOPAL targets a 

number of proteins such as alpha-synuclein54, tyrosine hydroxylase55 and ALDH256, key 

neuronal proteins. Like DA, DOPAL also auto-oxidizes to the ortho-quinone structure, 

which generates ROS 57 and is several orders of magnitudes more toxic than DA both in 

vitro and in vivo 48; 58. In fact, DOPAL shows cytotoxicity at low micromolar levels of 5-

10 µM, which are only slightly higher than physiological levels of 2-3 µM59. 

 

Scheme 1.2 When DA is not properly stored in vesicles, it can redox-cycle in the cytosol 
to form the DA-quinone or be metabolized by mitochondrial MAO, forming 
the aldehyde metabolite, DOPAL and H2O2 as a by-product. DOPAL is 
metabolized to DOPET by AR, and to a greater extent by mitochondrial 
ALDH2 and cytosolic ALDH1 to form DOPAC. 
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The two electrophilic functional groups are key in mediating protein binding and 

toxicity. DOPAL contains both a catechol and an aldehyde group, and both are necessary 

in illiciting toxicity and inhibition of enzyme activity60. Similar to DA and other 

catecholamines, the catechol of DOPAL can undergo auto-oxidation to the ortho-

quinone, and bind to thiols or –Cys via Michael addition61 and the electrophilic aldehyde 

has a high affinity for nucleophilic amines such as –Lys residues, and forms a Schiff 

base. However, in vitro studies with model peptides have shown that DOPAL is more 

reactive toward –Lys (Schiff base) than towards –Cys residues. The DOPAL Schiff base 

is highly stable in non-reducing conditions, a result that was surprising since Schiff bases 

are generally unstable if the imine is not reduced to an amine.  

As stated before, PD is an age-related disease, and the connection with DOPAL 

levels is key in determining mechanisms to PD. It was reported that postmortem brain 

samples showed higher MAO activity in elderly than in young subjects, and that 

increasing age and enzymatic activity had a direct correlation 62, which may modulate 

DOPAL levels. In mice, overexpression of MAO-B yielded PD-like symptoms63. On the 

other hand, MAO inhibitors such as Rasagiline and Deprenyl are effective PD drugs64, 

causing the inhibition of DOPAL production from DA, and this is also indicative that 

regulation of DOPAL levels is important.  
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Scheme 1.3 The top panel shows aldehyde of DOPAL binding to Lys or free amines, 
forming a Schiff base, reduction of which forms a more stable reduced Schiff 
base. The catechol ring can also undergo a 2 e- oxidation to form an ortho-
quinone (lower panel) and become a Michael acceptor for Cys, the aldehyde is 
open to nucleophilic attack by –Lys residues. In this way, DOPAL is 
considered a linker between two protein monomers. 

The levels of DOPAL compared to other DA metabolites are relatively low, as it 

is efficiently converted by ALR and ALDH to other non-reactive metabolites. Since the 

DA neurons are decreased in PD pathology, there is a decrease in overall DA metabolites. 

Thus, it is a misconception that DOPAL levels are higher in PD brains. However, the 

DOPAL:DOPAC and DOPAL:DA ratios are significantly higher in PD brains than in 

control subjects65. Regular breakdown of DOPAL can be pathological if ALR or ALDH 

enzymes are compromised. 

1.6 ALDH Inhibition and DOPAL  

There is a clear aberration of DA metabolism that occurs in PD pathology, and 

DOPAL is located at the center of these pathways. As stated before, parkinsonian models 

display increased DOPAL:DOPAC ratios, suggesting that ALDH activity or expression is 

decreased. The heightened vulnerability of dopamine neuronal cell models such as SH-

SY5Y to ALDH inhibition and DOPAL levels has been suggested by Legros et al.66 The 
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combined treatment of disulfiram, a potent ALDH inhibitor, and dopamine to stimulate 

intracellular DOPAL production was toxic to the cells. It was found that only the 

combined treatment of disulfiram and DA potentiates SH-SY5Y cell death, with minor 

toxicity at 1h, but significant lost viability at 24h. The combined treatment produced a 

moderate increase in DOPAL, and the delayed toxic effect of catecholamines is likely 

due to time-dependent increases in ROS, and mimics a PD-like scenario in which 

pathology is slow and progressive, rather than a result of one toxic insult. There are other 

ALDH inhibitors that pose a more relevant threat since they are endogenously produced 

such as 4-hydroxy-nonenal (4-HNE) and malondialdehyde (MDA), both products of lipid 

peroxidation. 4-HNE and MDA inhibited ALDH, decreasing DOPAC, and only MDA 

inhibited aldose reductase, effectively reducing DOPET levels. Given that ALDH and 

aldose reductase are the two primary enzymes for DOPAL breakdown, normal DOPAL 

levels were elevated and had a toxic effect at low physiologic levels of 4-HNE and 

MDA56.  

Pesticide bioaccumulation in the brain may modulate DA synthesis and 

metabolism, which solely occurs in dopaminergic neurons, and therefore may explain the 

selective toxicity of dopaminergic neurons. Therefore, it may be relevant to elucidate 

disease mechanisms connecting pesticide exposure, DA metabolite levels and toxicity of 

dopaminergic neurons. In an epidemiological study, individuals carrying a variant of the 

ALDH2 gene were associated with exacerbated PD risk when exposed to ALDH-

inhibiting compounds67. Additionally, screened pesticides that also inhibited ALDH 

activity were associated with a 2 to 6-fold increase in PD risk. The most potent ALDH 

inhibitor from this group of compounds was the benzimidazole fungicide, benomyl, 

which was banned in 2001 due to accumulation in animal livers and teratogenic 

properties68. However, benomyl bioaccumulates within tissues, and workers exposed to 

benomyl at work and home locations had an increased PD risk, when compared with 

exposure at just one location. Additionally, ALDH gene variations in a sub-population 
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were found to be have a causative role in PD.69 This link between benomyl exposure and 

PD was attributed to the alteration of DA homeostasis and ALDH inhibition70.  

Decreased activity or expression of enzymes responsible for detoxifying xenobiotics, 

such as ALDH has served as an additional link between pesticide exposure and PD risk. 

1.7 Protein Aggregation 

 One of the major hallmarks behind PD pathology is the formation of toxic 

protein aggregates or Lewy bodies. Post-mortem PD brain samples show an increase of 

these Lewy bodies, as these samples are immunoreactive against alpha-synuclein. Alpha-

synuclein is the major component of Lewy bodies, its exact function is not clearly known, 

but it is speculated that it may be involved in regulation of dopamine release and 

transport71. Protein misfolding and aggregation is a common theme in PD pathology. 

Genetic mutations and exposure to heavy metal ions and oxidative stress promotes the 

misfolding and self-assembly of alpha-synuclein into high molecular weight oligomers 

and is also characterized by amyloid fibrils72. There is recent evidence to show that 

relatively hydrophobic pesticides such as paraquat, rotenone and dieldrin preferentially 

bind to intermediate conformations of alpha-synuclein73.  Improper autophagy and 

clearance of misfolded proteins are also implicated, as genetic mutations in ubiquitin 

ligase (UCHL-1) are associated with PD risk74. One of the main forms of DOPAL 

toxicity is the induction of oligomerization of alpha-synuclein54 and other proteins55; 56. 

One study injected DOPAL into the intranigral region of mouse brains, and resulted in 

alpha-synuclein oligomers accompanied by dopaminergic neuron death54. It has been 

suggested that DOPAL causes a pathogenetic positive feedback loop, producing 

increased protein aggregation, which, in turn, increases DOPAL generation65.    

The unique structure of DOPAL, containing catechol and aldehyde, allows for 

protein aggregation, as shown in Scheme 1.3. For example, the DOPAL analogue, 3,4-

dihydroxyphenylacetonitrile (DHPAN) was synthesized to retain the catechol ring, but 
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the aldehyde was replaced by a nitrile group. Another analogue, 3-methoxy-4-hydroxy-

phenylacetaldehyde (MOPAL) retains the aldehyde but the catechol was methylated at 

the 3-position; both compounds had greatly reduced reactivity towards N-acetyl lysine 

(NAL), a nucleophilic model for amine-containing amino acids61. In addition, it was 

found that DOPAL binds to protein by Schiff base and Michael addition with amines, and 

both types of modification appear to be necessary in stabilizing protein oligomers75. The 

crosslinking effect of DOPAL is a likely effect that occurs during PD, and elucidating 

other protein targets of DOPAL will be important in discovering new therapeutics. 

1.8 Glyceraldehyde-3-phosphate Dehydrogenase 

Glyceraldehyde-3-phosphate dehydrogenase or GAPDH is an enzyme with an 

essential role in glycolysis. It catalyzes the oxidative-phosphorylation of glyceraldehyde-

3-phosphate (G3P) to 1,3-bisphosphoglycerate. The enzyme contains a Cys in the active 

site, undergoing a hemithioacetal intermediate with the carbonyl of G3P. It also has a 

highly conserved Rossman fold which utilizes NAD+ as a hydride ion acceptor, releasing 

NADH76. It is one of the most commonly used ‘housekeeping genes’ and its constituitive 

expression allows its utility as a loading control during protein studies. However, recent 

studies have uncovered diverse functions and implications for neurodegenerative 

diseases, and alteration of GAPDH structure dictates its intracellular function77. GAPDH 

activity has been shown to be clinically reduced in multiple neurodegenerative diseases78. 

A study showed that GAPDH was the most extensively oxidized metabolic enzyme and 

activity was impaired in PD brains versus healthy brain samples79. Its activity and 

expression were reduced in a rotenone (PD cell model)80, and this correlates well with the 

fact that PD is often accompanied with impaired energetic metabolism pathways. Some 

reports claim that during high oxidative stress, GAPDH is oxidized and translocates to 

the nucleus, causing accumulation within the nucleus and activation of apoptosis via 

Caspase 381. Blocking the oxidative modification on GAPDH and the transfer to the 
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nucleus is neuroprotective. Interestingly, the anti-parkinsonian drugs, deprenyl and 

rasagiline were shown to have high affinity for GAPDH and it blocks this oxidative 

modification82; 83. Both of these drugs are MAO inhibitors. A separate study synthesized 

a deprenyl analog with no affinity to MAO, but which bound tightly to GAPDH and 

offered neuroprotection, independent of MAO inhibition. These results support the 

hypothesis that reduction of oxidized-GAPDH and DOPAL levels plays an important role 

in PD pathology. 
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Figure 1.3 COS-7 cells were transfected with RFP-alpha syn fusion proteins: A) wild 
type alpha-syn B) mutant A53T alpha-syn. C) beta-syn. All three constructs 
alone show diffuse localization in the cytoplasm. However, transfection of 
RFP-syn & GFP-GAPDH produced Lewy-body like inclusions shown in 
yellow. The following are with full length GAPDH and D) wild type alpha-
syn, E) mutant A53T alpha-syn, F) beta-syn. With a truncated GAPDH (C66 
GAPDH) and RFP-Syn is transfected, there is a dramatic decrease in Lewy-
bodies (G).  This study was conducted Tsuchiya et al84.  
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As mentioned before, the amyloidogenic properties of Lewy bodies are a 

pathological feature of PD. After alpha-synuclein, GAPDH is the greatest component of 

Lewy bodies, forming amyloidogenic fibrils. This was first discovered by 

immunohistochemistry results from post-mortem PD brains, in which GAPDH and alpha-

synuclein were co-localized in Lewy bodies81 (Figure 1.4), and they were also identified 

via proteomics85. It has been suggested that GAPDH promotes aggregation of alpha-

synuclein, as aggregates formed in COS-7 cells with co-transfection of alpha synuclein 

and GAPDH, about 20% of cells formed aggregates with GAPDH alone, and none 

formed with alpha-synuclein alone. Figure 1.4 shows that transfection of a truncated 

version of GAPDH with alpha-synuclein, produced little to no aggregates. Additionally, 

only the GAPDH-alpha-synuclein constructs were thioflavin S positive, which is a dye 

that stains amyloid-like proteins84. The further investigation of subcellular GAPDH-

alpha-syn protein interaction may serve as a mechanism to interrelate biochemical 

abnormalities and clinical phenotypes.  

Given the central role of GAPDH in Lewy body formation and its clinical 

response to anti-parkinsonian drugs, it is likely to play a role in PD pathology. The 

connection with DA metabolism was not clear until a group discovered that dopamine 

induced GAPDH aggregation and cellular death in SH-SY5Y neuroblastoma cell86. Cell 

death was also directly correlated to concentration of DA (Figure 1.4). This cell death 

was accelerated with overexpression of GAPDH, and cell death was significantly reduced 

with a GAPDH mutant, that retained normal enzyme activity but did not aggregate86; 87.   
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Figure 1.4 There is a direct correlation between GAPDH aggregation and dopamine-
induced cell death. The closed circles indicate as above the IC50 value. The 
correlation value (r2 = 0.96) is salculated using linear regression analyses. 

As a result of these key studies, clear that it is necessary to maintain a balanced 

intracellular redox state and blocking GAPDH aggregation can be essential to neuronal 

health. Thus, abnormal or aggregated GAPDH is suggested to be a PD biomarker83. 
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CHAPTER 2  

STATEMENT OF HYPOTHESIS 

2.1 Introduction 

Parkinson’s disease (PD) is a progressive neurodegenerative disorder which 

results from the loss of dopaminergic neurons. Although the pathogenesis is currently 

unknown, there is evidence that the presence of dopamine (DA) and other metabolites 

within these neurons plays an important role in pathogenesis. DA is deaminated by 

monoamine oxidase (MAO) to 3,4-dihydroxyphenylacetaldehyde (DOPAL), the 

aldehyde metabolite is much more toxic than DA itself, and is a relevant mechanism for 

disease progression59; 61; 88. 

DOPAL levels have also been linked to inhibition of aldehyde dehydrogenase 

(ALDH) and pesticide exposure, which are also major factors in PD pathology69; 89; 90. 

Therefore, the link between these three independent factors will be further examined. The 

fungicide, benomyl and chlorpyrifos (CPF) and chlorpyrifos-oxon (CPO) and their 

effects on ALDH activity and neuronal viability will be determined. 

 The electrophilic nature of DOPAL leads to modification of nucleophilic protein 

residues, certain proteins have been positively identified54; 60. However, the identification 

of additional protein targets are needed to show the big picture of DOPAL and PD 

pathogenesis. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is an essential 

protein for neuronal homeostasis, and has been shown to be modified and participate in 

DA-induced cell death86.  

The goal of this study was to determine if GAPDH is a protein target of DOPAL. 

Additionally, the effects of certain pesticides such as benomyl, CPO and CPF on ALDH 

activity will be determined and related to neuronal viability. 
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2.2 Hypothesis 

The endogenously produced neurotoxin, 3-4-dihydroxyphenylacetaldehyde 

(DOPAL), covalently modifies and inhibits glyceraldehyde-3-phosphate dehydrogenase 

and DOPAL is responsible for the toxicity caused by various pesticides. 

2.3 Specific Aims 

Specific Aim 1: Investigate GAPDH modification by DOPAL. The extent of 

GAPDH monomer aggregation will be determined as a function of time and DOPAL 

dose-dependence. Completion of this aim will determine if GAPDH is a relevant protein 

target of DOPAL. 

Specific Aim 2: Determine the effect of DOPAL on GAPDH activity. Both 

reactive functional groups of DOPAL will be compared to clearly show which are 

responsible for inhibition. Completion of this aim is crucial since GAPDH activity is 

decreased in neurodegenerative diseases79; 80; 91; 92. 

Specific Aim 3: To measure DA metabolism and cell viability as a function of 

benomyl treatment, ALDH inhibition and DOPAL levels in SH-SY5Y neuroblastoma 

cells. DOPAL levels will be measured in neuronal models after exposure to benomyl. 

These findings will address whether ALDH is effectively inhibited in dopaminergic cell 

models, and if DOPAL is responsible for the proposed toxicity. 

Specific Aim 4: To measure changes in DA metabolism, ALDH activity, 

formation of reactive oxygen species and cell viability as a function of CPO and CPF 

treatment in PC6-3 cells. Completion of this aim will determine if CPO and CPF 

compounds affect levels of DA metabolites and provide a novel mechanism for toxicity 

in cells. 
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CHAPTER 3  

DOPAL COVALENTLY MODIFIES GAPDH  

3.1 Introduction 

Impaired dopamine (DA) metabolism is a common theme in Parkinson’s Disease 

(PD) etiology63; 69; 93; 94. DA biotransformation involves the generation of the electrophilic 

intermediate, 3,4-dihydroxyphenylacetaldehyde (DOPAL) by monoamine oxidase 

(MAO). Several studies have shown that MAO activity increases with age,62; 95 which 

places the aging population at risk for loss of dopamine and augmented DOPAL levels. 

Pharmacological knockdown of MAO rescued toxicity from PD-related toxins in human 

neuroblastoma cell models96. Similarly, overexpression of MAO-B yielded PD symptoms 

in mice93. In dopaminergic neurons, the vesicles containing DA are mediated by vesicular 

monoamine transporter (VMAT), and interestingly, VMAT is impaired in PD brains, 

leaking DA into the cytosol and resulting in faster conversion to DOPAL97. Impaired DA 

metabolic pathways produces abnormal ratios of DA metabolites50, and it is especially 

relevant for DOPAL levels since evidence has demonstrated that DOPAL is an 

endogenous neurotoxin, with normal physiologic levels at approximately 2-3 µM, and at 

only slightly higher elevations, ~6.6 µM is detrimental to neuronal health49; 98. Toxicity of 

DOPAL is hypothesized to be a result of protein modification and enzyme inhibition, 

leading to a loss of function. Therefore, it is essential to determine which proteins are 

relevant in DOPAL-mediated toxicity. To date, two proteins have been determined: 

tyrosine hydroxylase, which is the enzyme responsible for the rate limiting step of DA 

synthesis55 and alpha-synuclein (alpha-syn), forming toxic alpha-syn protein aggregates54; 

75. However, there are likely many more protein binding targets of DOPAL, such as the 

glycolytic enzyme, glyceraldehyde-3-phosphate dehydrogenase (GAPDH).  GAPDH was 

initially chosen to test DOPAL reactivity with cysteine (Cys) residues, as GAPDH has 4 

free Cys per monomer99. When the Cys in the enzyme’s active site is oxidatively 



21 
 

modified, enzyme activity is lost100. The active site Cys is prone to oxidation, 

participating in disulfide binding with other Cys, and undergoing reversible thiol 

modification in response to reactive oxygen species (ROS), and thus GAPDH is 

considered a redox protein switch77. It is currently unclear how DOPAL modifies thiols. 

The incubation of DOPAL with N-acetyl cysteine, a Cys model peptide, did not produce 

a conjugate and there was no interaction between the two species57. However, given 

DOPAL catechol and oxidation to the quinone, it is likely that oxidized DOPAL binds to 

Cys, analogous to what occurs with DA-quinone, yielding a 5-S-cysteinyl DA101. The 

Cys of GAPDH can serve as a model for how DOPAL is binding to thiols. It is 

hypothesized that DOPAL can bind to thiols via a Michael adduct, however, to date, a 

Cys-DOPAL Michael adduct has not been found via LC-MS and other techniques. 

GAPDH was once considered a housekeeping protein with no other function other 

than its role in the glycolysis pathway. However, GAPDH is also involved in multiple 

cell processes such as DNA repair102, tRNA export103, cytoskeletal dynamics104 and 

initiation of apoptosis105; 106. Under cellular insult with PD toxins107 and reactive species, 

GAPDH translocates to the nucleus and serves as a transcription factor, initiating  

expression of apoptotic genes,108; 109In these studies, knockdown of GAPDH rescued cells 

from toxicity. Nuclear accumulation of GAPDH and a concomitant increase in cytosolic 

GAPDH are cellular phenotypes during GAPDH-initiated apoptosis. GAPDH expression 

levels also increase during rotenone treatment110, a PD model, and interestingly, GAPDH 

mRNA and protein levels are also elevated with polychlorinated biphenyl (PCB) cell 

treatment. Personal colleagues have observed an increase in GAPDH expression, with 

cell treatment of PCB-153 and PCB-95 (unpublished). Due to the changes in GAPDH 

caused by various toxins, it is no longer common to use as a protein loading control111. 

Although GAPDH nuclear accumulation is the cell death mechanism for various 

toxins108; 112, Nakajima et al. determined that when challenged with DA, the GAPDH cell 

death mechanism was not due to nuclear GAPDH translocation and transcription of 
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apoptotic genes, but it was due to the enzyme itself forming toxic aggregates in the 

cytosol86. It is unknown whether DOPAL would also cause GAPDH-mediated toxicity in 

a similar manner as observed with DA. In regards to toxic protein aggregation, GAPDH 

is enriched in post-mortem PD Lewy bodies, effectively binding to alpha-syn, and 

potentiates formation of toxic Lewy bodies84. Since alpha-syn is a known protein target 

of DOPAL, it is of interest to investigate the interaction between DOPAL and GAPDH, 

and to determine possible synergistic reactivity with these proteins.  

GAPDH primarily exists in the cytosol, nucleus and mitochondria; it is one of the 

most plentiful proteins in neurons, given the abundance and a similar location as 

DOPAL, this heightens the possibility that GAPDH binds to DOPAL. The interaction of 

DOPAL and GAPDH will be thoroughly investigated; including the type of binding, the 

reactivity specificity with other DA metabolites and if DOPAL causes aggregation and 

changes to the tertiary structure of GAPDH. Conservation of the Rossman fold or NAD+ 

binding site of GAPDH is also important for normal GAPDH activity and structure. The 

effect of DOPAL on NAD+ binging will also be investigated. These studies will be 

helpful as DOPAL-protein aggregates could serve as a potential PD biomarker. 

3.2 Experimental Procedures 

Materials 

DOPAL was biosynthesized via a rat liver MAO procedure as previously 

established51, and DOPAL stock concentrations were determined using an ALDH assay 

with nicotinamide adenine dinucleotide (NAD+) and (HPLC) 52. MOPAL was 

biosynthesized according to a similar procedure as DOPAL, outlined in a previously 

published paper 113. DA, 3,4-dihydroxyphenylacetic acid (DOPAC), GAPDH from rabbit 

muscle, glyceraldehyde-3-phosphate (G3P), acetonitrile (ACN), glutathione (GSH) and 

all other chemicals were acquired from Sigma-Aldrich (St. Louis, MO) unless otherwise 
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noted. The DOPAL analogue, 3,4-dihydroxyphenylacetonitrile (DHPAN) was 

synthesized via deprotection of 3,4-(methylenedioxy)-phenylacetonitrile by boron 

triboromide in methylene chloride60.  

SH-SY5Y Cell Culture 

SH-SY5Y neuroblastoma cells were cultured in Opti-MEM supplemented with 

heat-inactivated fetal bovine serum (10%), penicillin (10 IU/mL), streptomycin 

(10mg/mL), 2mM glutamine, 1mM sodium pyruvate and 0.1 mM nonessential amino 

acids. Cells were grown in a 100 mm2 tissue culture dish at 37oC in a humid atmosphere 

containing 5% CO2. SH-SY5Y cells that were selected for differentiation were seeded 

into 24-well plates at (1 x 105) density, and undifferentiated cells were seeded at (5 x 

104), and grown in normal cell media for 3 days. Undifferentiated cells were grown an 

extra 6 days with media change every 3 days. On the 4th day, differentiated cells were 

treated with 20 μM retinoic acid (RA) for 3 days, media was changed and treated with 80 

nM 12-O-tetradecanoyl-phorbol-13-acetate (TPA) for an additional 3 days. On the 10th 

day, media was changed for undifferentiated and differentiated cells, and 24h after, the 

cells were treated with DOPAL114. 

RNA Extraction and PCR 

RNA was extracted and precipitated by adding 1 mL of TRIzol Reagent (Thermo 

Fisher Scientific; Waltham, MA) to roughly 100-μl of cell lysis and then following 

manufacturer’s protocol. RNA was incubated with 1 μl DNase (Thermo Fisher Scientific) 

for 15 mins at 37°C, followed by heat inactivation at 65°C for 15 mins. RNA 

concentrations were determined using a NanoDrop 2000 spectrophotometer (Thermo 

Fisher Scientific). For complementary DNA (cDNA) reactions, 1 μg of total RNA was 

added to 0.5 μg random hexamers DNA primers plus 2.5- μl of 10 mM dNTPs 

(Invitrogen; Carlsbad, CA), and brought to 30-μl with nuclease-free water. Reactions 
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were heated to 65°C for 5 minutes, and then placed on ice. We then added 19-μl of a 

master mix containing 10-μl of 5 × First-Strand buffer (Invitrogen), 5-μl of 0.1 M 

dithiothreitol, 0.5-μl of RNaseOUT (Invitrogen), and nuclease-free water to a volume of 

19-μl. Reactions were incubated at 25°C for 10 mins, followed by 37°C for 2 minutes. 

Then 20-μl of a mix composed of 19-μl master mix and 1-μl Moloney-murine leukemia 

virus Reverse Transcriptase (New England Biolabs; Ipswich, MA) were added to each 

reaction. Total reactions were incubated at 37°C for 2 hours followed by 70°C for 15 

minutes. qPCR reactions (10-μl) were prepared using the SYBR Green kit (BioRad; 

Hercules, CA) following the manufacturer's instructions. The following primers were at a 

final concentration of 200 nM in separate PCR reactions: human SNCA (forward: 

GCCAAGGAGGGAGTTGTGG; reverse: CCACACCATGCACCACTCC), human 

GAPDH (forward: TCCCTGAGCTGAACGGGAAG; reverse: 

GGAGGAGTGGGTGTCGCTGT) or human ACTB (forward: 

GGCTACAGCTTCACCACCAC; reverse: ACTCCATGCCCAGGAAGG) (IDT; 

Coralville, IA). Quantitative real-time PCR in 96-well plates (BioRad) was conducted 

using a BioRad CFX-Connect Real-Time System and the default 2-step amplification 

protocol with an annealing temperature of 61°C. A standard curve for all primers was 

performed using a 4-fold dilution series. Human β-actin was utilized as a normalizing 

control 

Protein Analysis by SDS-PAGE 

  GAPDH protein (0.3mg/ml) was incubated with DOPAL at given time periods 

in (50 mM sodium phosphate buffer, pH 7.4) at 37o C. Protein samples were then 

denatured by addition of 6X gel loading buffer (11 mM EDTA, 3.3 mM Tris-HCl, 

0.017% SDS, 0.015% bromophenol blue) and heated to 80oC for 3 mins. 9 μg of protein 

was loaded and 10% polyacrylamide gel was used to separate protein bands via SDS-

PAGE. Protein bands from gel were stained with Coomasie blue. 
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Western blot analysis 

GAPDH protein (0.3mg/ml) was incubated with DOPAL at given time periods in 

(50 mM sodium phosphate buffer, pH 7.4) at 37o C. Protein samples were then denatured 

by addition of 6X gel loading buffer (11 mM EDTA, 3.3 mM Tris-HCl, 0.017% SDS, 

0.015% bromophenol blue) and heated to 80o C for 3 mins. 1 μg of protein was loaded 

and 10% polyacrylamide gel was used to separate protein bands via SDS-PAGE. After 

electrophoresis, protein was transferred to nitrocellulose membrane at 20V for 45 mins. at 

room temperature, and blocked overnight in 5% BSA+TBST (bovine serum albumin and 

tris buffered saline with Tween-20) as a blocking buffer. Primary rabbit anti-GAPDH 

antibody was diluted at 1:10,000 (Sigma Aldrich) for 2 h at room temperature. 

Membranes were washed with 0.05 M Tris, 0.9% NACl containing 0.05% Tween-20 

(TBST).  A hoseradish-peroxidase-conjugated secondary goat-anti-rabbit antibody (Santa 

Cruz Biotechnology, Santa Cruz, CA, USA) was diluted 1:20,000 and incubated for 1.5 h 

at room temperature. Protein band signals were detected with an Amersham ECL-plus 

Western Blotting Detection kit according to the manufacturer’s instructions.  

Catechol Protein analysis 

GAPDH and DOPAL, MOPAL or DHPAN were incubated as stated before for 

4h. The protein samples containing catechol adducts were stained with a redox-cycling 

sensitive dye nitroblue tetrazolium (NBT) which stains catechols115. GAPDH samples (5 

ug) were subjected to SDS-PAGE 10% acrylamide and transferred to a nitrocellulose 

membrane. The membrane was then placed in 0.24 mM NBT with 2 M potassium glycine 

buffer (pH 10) and incubated overnight at 4oC.   

GAPDH Analysis of free thiols 

GAPDH (0.5 mg/ml) was incubated with 25 or 125 μM DOPAL in (50 mM 

sodium phosphate buffer at pH 7.4) for 2 or 4 h. At the end of the incubation period, 
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samples were titrated with 1 mM 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) for 20 mins 

at room temperature, and heated for 3 mins at 80oC. Samples were centrifuged at 1000g 

for 3 mins, 100-μL of supernatant were transferred to a 96-well plate, and absorbance 

was measured for the reduced 2-nitro-5-benzoic acid product at 412 nm. Formation of 

this product is directly correlated to the number of free thiols in solution via its 

absorptivity constant.  

LC-MS Identification of DOPAL-modified GAPDH peptides 

 GAPDH and GAPDH (0.3 mg/mL) treated with 50 μM DOPAL for 4h were 

incubated in glass vials at 37oC. Excess DOPAL was removed by Biorad filtration 

columns. Final concentrations of NaCNBH3 (1 mM) and ACN (0.1%) v/v were added to 

each sample and samples were briefly heated for 3 mins at 70oC, the trypsin (Promega) 

digested in solution for 8h at 37oC. at a 1:50 ratio. A 10-μL aliquot was taken and diluted 

1:10 with 50 mM ammonium carbonate and 15 μL of sample was injected onto an LC-

MS Phenomenex Aeris Widepore XB-C18 column. Mobile phase A was 0.1% formic 

acid in water, mobile phase B was 0.1% formic acid in ACN. The gradient elution was 0 

m: 5% B, 5-15 min: 5-50% B, 15-30 min: 50-90% B, 31 min: 50%, 40 min: 5%. The MS 

scans were performed on a Shimadzu LCMS (IT-TOF) and set to positive ion scanning 

mode from 200-2000 m/z in 3.3 msec. MS spectra were analyzed by comparison to 

UCSF Prospector Digest command which matches the experimental m/z masses to 

theoretical sequenced GAPDH peptides. The database was set to assume trypsin digest, 

maximum missed cleavages as 1, peptide mass 200-5000 and ion mass tolerance of 1.00 

Da. And the variable modifications were set to Gln>pyro-Glu (N-term Q) and oxidation 

of methionine. The sequence coverage was determined by dividing the number of amino 
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acids that matched with the database by the total number of amino acids in GAPDH 

~333.  In order to identify DOPAL adducts, the mass of a DOPAL Schiff-base adduct 

(134 Da) or reduced schiff base (136 Da) was added to each matched peptide and 

scanned in the GAPDH-DOPAL sample.  

3.3 Results 

GAPDH is covalently modified by DOPAL 

Purified GAPDH was incubated with DA, DOPAL, DOPAC (0, 50 μM) for 4 h. 

Although DA, DOPAL and DOPAC covalently modified GAPDH as evident by NBT 

staining (Figure 3.5C) only DOPAL causes significant GAPDH aggregation. The 

monomer band at 37 kDa is intact in the untreated GAPDH. There is some loss of the 

monomer band density with DA ~10% and DOPAC ~10% (Figure 1.1). However, it was 

to a lesser extent compared to the loss observed with DOPAL at 38%. Conversely, the 

band density in the high molecular weight (MW) region greatly increased with DOPAL 

but negligibly changed with DA and DOPAC. The high molecular weight region includes 

cross-linked monomers observed only in the presence of DOPAL. Since NAD+ is a 

cofactor for GAPDH, NAD+ (1 mM) was co-incubated along with DOPAL to measure 

any difference in GAPDH modification. However, the presence of NAD+ did not 

significantly affect protein reactivity and aggregation with DOPAL or metabolites.  
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Figure 3.1 DOPAL modifies GAPDH in a concentration-dependent manner yielding 
protein aggregation. 0.3 mg/ml GAPDH was incubated with DA, DL, DC +/- 
NAD+ (1 mM) for 4 h at 37o C. (A) Samples were subjected to SDS-PAGE 
and stained by Coomasie stain, 9 μg of GAPDH loaded per lane. Coomassie 
protein staining showing the loss of 37 kDa parent protein band and formation 
of high molecular weight oligomers with 50 μM DOPAL. (B) The 
corresponding band densities at 37 kDa were quantified on a UVP Imager, 
n=1. unt = untreated, DOPAL = DL, DOPAC = DC. 

Reaction of DOPAL with GAPDH yields protein aggregation 

The protein studies to determine the reactivity of DOPAL and GAPDH were 

measured by SDS-PAGE and staining GAPDH protein bands with Coomasie blue. The 

monomer band of GAPDH is at ~37 kDA, and this band is greatly reduced with 

increasing DOPAL concentration. This effect is accompanied with an increase in protein 

staining in the high molecular weight region. For example, at DOPAL concentrations 

above 50 µM, there is a clear formation of high molecular weight GAPDH oligomer 

protein bands which correspond to the dimer (~96 kDa) and the tetramer (~192 kDa). 
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Figure 3.2 DOPAL modifies GAPDH in a concentration and time-dependent manner 
yielding protein aggregation. 0.3 mg/ml GAPDH was incubated with DOPAL 

for 2 or 4 h at 37oC. (A) Samples were subjected to SDS-PAGE and stained 
by Coomasie stain, 9 μg of GAPDH loaded per lane. Concentration and time-
dependence of high molecular weight oligomer formation and loss of parent 
band with increasing [DOPAL] 0-100 μM. (B) The corresponding 37 kDa 
band densities were quantified on a UVP Imager, n=1.  

DOPAL increases co-aggregation of GAPDH and alpha-syn 

As previously shown, DOPAL caused global GAPDH aggregation, and decreased 

the density of the monomer band of 37 kDa. However, when DOPAL was co-incubated 

with GAPDH and alpha-syn, there was more of a dramatic decrease in the GAPDH 
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monomer band density (Figure 3.3) than with GAPDH and DOPAL alone. The high MW 

band density also increased in the presence of alpha-syn and GAPDH versus with 

GAPDH alone. 

 

Figure 3.3 The co-incubation of DOPAL and GAPDH + alpha-syn. A) The western blot 
shows the decrease in monomer band as a function of DOPAL concentration. 
However, the red squares show the difference of the band densities when 
alpha-syn was present. B) The parent band density decreased when alpha-syn 
is present, C) and high molecular weight band density increased. Band density 
quantification is based on n=1.   

DOPAL induces mRNA expression of GAPDH and alpha-syn 

Since the aggregation of GAPDH and alpha-syn is a pathogenic mechanism 

which occurs in DA neurons in PD, it was of interest to test whether DOPAL treatment 
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modulated expression levels of GAPDH and alpha-syn. SH-SY5Y cells treated with 50 

µM DOPAL for 24 h, produced a slight increase of alpha-syn mRNA and a significant 

increase or GAPDH mRNA. GAPDH mRNA was only slightly increased (5 µM 

DOPAL) over untreated, but produced nearly a 1.5-fold increase in mRNA with 50 µM 

DOPAL. The RNA extraction and DNA amplification were processed in Robert 

Cornell’s laboratory. 

 

Figure 3.4 mRNA levels change after 24 h treatment with DOPAL. SH-SY5Y cells were 
treated with 5, 50 µM DOPAL and RNA was extracted from cell lysate. 50 
µM DOPAL increased alpha-syn and GAPDH mRNA. Β-actin was the 
loading control 

DOPAL is responsible for catechol adducts on GAPDH  

The protein samples containing catechol protein adducts were stained with the 

redox-cycling sensitive dye nitroblue tetrazolium (NBT). In Figure 3.5, GAPDH treated 

with DOPAL showed that there is redox cycling/staining of GAPDH. At the lower 25 µM 

dose, the majority of this staining is seen with the monomer band, as this dose may not 

cause higher molecular weight (MW) aggregation. The staining is also dose dependent on 
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