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ABSTRACT 

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

over a million people in the United States.  This disease is marked by the selective loss of 

dopaminergic neurons in the substantia nigra, leading to a decrease in the important 

neurotransmitter dopamine (DA), which is essential for the initiation and execution of 

coordinated movement. Currently, the exact pathogenesis behind PD is unknown, but 

there is evidence that both exogenous causes, such as pesticides and metals, as well as 

endogenous causes, such as reactive oxygen species or reactive metabolism 

intermediates, may play a role in the onset and progression of the disease. DA is 

catabolized by monoamine oxidase to 3,4-dihydroxyphenylacetaldehyde (DOPAL), 

which is further metabolized by aldehyde dehydrogenase and aldehyde reductase to the 

acid and alcohol products, respectively. Studies have demonstrated the reactivity of 

DOPAL with peptides and proteins, leading to covalent modification which may be 

detrimental to protein action. Furthermore, studies have shown that DOPAL is toxic, 

leading to a decrease in cell viability. Due to this, it was of interest to further study 

DOPAL and how it may play a role in the onset and progression of PD.  

 It was of particular interest to determine protein targets of DOPAL modification. 

Until recently, no protein targets were identified and the cellular consequence of elevated 

DOPAL had not been fully studied. It has been previously shown that the important 

enzyme, tyrosine hydroxylase (TH) is inhibited by other catechols, including DA. This 

enzyme catalyzes the rate-limiting step in DA synthesis, oxidizing tyrosine to L-DOPA 

which is further metabolized to DA. Therefore, it was of interest to determine the effect 

of DOPAL on TH activity. It was hypothesized that DOPAL modifies and inhibits TH, 
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leading to a decrease in the production of L-DOPA and DA. This work employed the use 

of a dopaminergic cell model (PC6-3 cells), to positively identify TH as a protein target 

of DOPAL modification. It also used both cell lysate as well as PC6-3 cell studies to 

investigate the effect of DOPAL modification on TH activity. Mass spectrometry was 

also utilized to determine sites of protein modification on TH. 

Results show that TH is potently inhibited by DOPAL modification, leading to a 

significant decrease in both L-DOPA and DA. Furthermore, DOPAL inhibition appears 

to be slowly-irreversible, with enzyme activity showing a time- and 

concentration-dependent recovery after preincubation with DOPAL. A novel cloning and 

purification procedure was used to obtain human recombinant TH, which was used in 

mass spectrometry studies in which five sites of DOPAL modification were discovered. 

Furthermore, a real-time assay for TH activity was developed using a plate reader to 

spectrophotometrically observe the formation of L-DOPA over time. These data 

demonstrate the toxicity and potent enzyme inhibition by DOPAL and implicate DOPAL 

as a neurotoxin relevant in the pathogenesis of PD. 
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CHAPTER ONE 

INTRODUCTION 

Parkinson’s Disease 

 First described by James Parkinson in 1817, Parkinson’s disease (PD) is a 

neurodegenerative disorder which affects over a million people in the United States today 

(2). PD has a number of symptoms, including both cognitive and motor disruptions. 

Affecting the pars compacta of the substantia nigral region in the midbrain, this disease 

leads to the selective loss of dopaminergic neurons, causing a decrease in the important 

neurotransmitter dopamine (DA) (3). DA is necessary for the initiation and execution of 

coordinated movement. Figure 1.1, as adapted from A.D.A.M. Navigator, depicts the 

location of the midbrain, and demonstrates decreased staining in the substantia nigra in 

PD brains, indicating the loss of DA neurons. 

 

 

 

 

 

 

Figure 1.1 Loss of staining in the substantia nigra indicates decreased DA 

neuron presence, as occurs in PD. 
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Furthermore, evidence indicates the presence of protein aggregation in 

postmortem brains of PD patients, which are known as Lewy bodies, and contain a 

variety of proteins, including α-synuclein (2). Early symptoms of PD include a decrease 

in sense of smell, sleep disturbances, as well as digestive disruptions (4). Motor 

symptoms include a resting tremor, which usually begins on one side of the body, as well 

as muscle stiffness, and bradykinesis, or slowness in the initiation of movement (3).  

Current treatments are varied, but the most common is the administration of 

levodopa (L-DOPA), which is the direct precursor to DA, and can help alleviate motor 

symptoms. L-DOPA is generally given in conjunction with carbidopa to help decrease 

peripheral metabolism; but unfortunately, this drug does not halt the progression of the 

disease. Patients tend to develop tolerance over time (4-6 years) and the remaining DA 

neurons are no longer able to properly store or metabolize the DA produced (5).  Other 

treatments include the use of monoamine oxidase (MAO) inhibitors to decrease the 

metabolism of DA, as well as surgical treatments such as performing a pallidotomy in 

which an electrode is used to destroy a small part of the globus pallidus. This helps 

decrease involuntary movement associated with PD. Recent work has been done into 

deep-brain stimulation of the substantia nigra in order to help regain smooth movement 

(6). Furthermore, there are drug treatments which act as agonist of the D2 receptor, which 

have been shown to help alleviate symptoms associated with the disease (7). 

Etiology 

Currently, the pathogenesis behind PD is unknown; however, there are a variety 

of factors that are hypothesized to play a role, including both genetic or heredity factors, 

as well as both exogenous and endogenous toxins. 



3 

 

 

Environmental or Exogenous Factors 

 There are a number of environmental toxins, including a variety of pesticides, that 

are thought to play a role in the onset of PD. Dieldrin, an organochlorine pesticide was 

used frequently from the 1950’s until the 1970’s as an insecticide to control soil pests 

such as termites and grasshoppers (8). Figure 1.2 shows the structure of dieldrin, which 

contains six chlorines and an epoxide ring, and is very lipophilic. Surprisingly, this 

compound is quite stable, and persists in nature even though it has been banned from use 

since the 1970’s (9, 10). Studies have shown dieldrin to be present in the post-mortem 

brains of PD patients as compared to age-matched control groups with no PD diagnosis 

(11, 12). The exact mechanism of action of dieldrin is unknown, but studies have been 

conducted to determine how increased levels of the pesticide affect dopaminergic 

neurons. Animal models, including rats and ducks, when chronically fed dieldrin 

exhibited significantly depleted levels of DA, as well as altered vesicular monoamine 

transporter 2 (VMAT2), which is responsible for DA transport into vesicles after 

synthesis  (13, 14). Furthermore, there is evidence that dieldrin exposure leads to an 

increase in reactive oxygen species (ROS) production, as well as apoptotic cell death in 

PC12 and N27 dopaminergic cell lines (15, 16).  
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Figure 1.2 The organochlorine pesticide dieldrin. Evidence shows this 

compound may play a role in the selective dopaminergic cell death 

observed in PD. 

 

 

 

 There is also some evidence implicating the herbicide molinate, which was used 

in the United States until 2009. Studies in our lab and others have shown this compound 

to inhibit the action of ALDH, leading to an increase in the reactive product of MAO 

metabolism of DA, 3,4-dihydroxyphenylacetaldehyde (DOPAL) (17, 18). It is 

hypothesized that the metabolites of molinate are primarily responsible for the toxic 

effects that are observed in cell models; mainly, oxidation of the thiol moiety. Figure 1.3 

depicts the structure of molinate and the oxidized product (19). It was concluded in our 

lab findings that the sulfone metabolite was a potent inhibitor of ALDH activity, leading 

to an alteration in the DA metabolism pathway (17). 
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Figure 1.3 Structure of molinate (A) and molinate sulfone (B). The sulfone 

metabolite has been shown to inhibit ALDH activity. 

 

 

 

 Other exogenous factors may include exposure to metals, such as manganese, 

copper and iron, all of which are known to cross the blood-brain barrier and have been 

implicated as being factors that may lead to the onset of the disease. There are studies 

that demonstrate an increased level of metal ions in the brains of patients with PD, 

particularly in the substantia nigra (20, 21). Accumulation of free iron in the substantia 

nigra can lead to the production of reactive oxygen species (ROS), which could lead to a 

decrease in cell viability and ultimately death. It is important to note that copper has been 

shown to play a role in the aggregation of α-synuclein, through the binding of a specific 

site in the N-terminus, leading to conformational changes and protein aggregation. 

Α-synuclein is known to be a large part of Lewy bodies, or protein aggregates, which are 

found in the post-mortem brains of PD patients (22). Furthermore, exposure to 

manganese leads people to display parkinson-like symptoms, even though it affects a 

different part of the brain than typical PD patients, leading to death of the pallidial system 

as opposed to the striatal region (23) 
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Endogenous or Genetic Factors 

 There are also a variety of possible endogenous and genetic factors that are 

hypothesized to play a role in the onset of PD. While the percentage of genetically related 

PD cases is low (10%, (24)), several genes have been identified that when mutated, lead 

to early-onset PD; including, parkin, leucine-rich repeat kinase (LRRK2), and the 

previously mentioned, α-synuclein.   

 Mutations in the parkin gene are generally associated with early-onset PD, and 

can lead to significant changes to mitochondrial function and cause cell vulnerability to 

oxidative stress. Furthermore, parkin is involved in the ubiquitin proteasome pathway; 

therefore, mutations to this gene could lead to changes in the ability of the cell to 

properly dispose of aged or incorrectly folded proteins (25). 

 LRRK2 mutations are the most commonly associated genetic factor behind 

autosomal dominant PD. Generally, the pathogenesis behind this mutated gene is varied; 

patients will demonstrate Lewy bodies, as well as striatal degeneration, and sometimes 

neurofibrillary tangles. This gene mutation prevalence among different ethnicities varies, 

and while the function of LRRK2 is currently not known, it is hypothesized the toxicity 

behind mutation is due to kinase activity (26-29). 

 Finally, α-synuclein has been shown to be the major protein component in Lewy 

bodies. While the exact function of this protein in the cell is unknown, there is evidence 

that α-synuclein interacts directly with lipids and membranes (30).  Furthermore, studies 

have shown that overexpression of α-synuclein impairs macroautophagy, a process by 

which cells degrade cytoplasmic proteins (31). Combined, these genetic factors are 
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thought to play a role in the onset and progression of PD, especially in cases of early 

onset Parkinson’s, where patients are well below the median age of 70. 

Oxidative Stress 

 Reactive oxygen species (ROS) and products of lipid peroxidation are known to 

cause detrimental effects in vivo; including, protein modification, oxidation of amino 

acids, and a decrease in cell viability when levels of ROS are elevated. Examples  of lipid 

peroxidation products include, 4-hydroxy-2-nonenal (4-HNE), and malondialdehyde 

(MDA) depicted in Figure 1.4, both of which have been shown to have cellular 

consequences (32). MDA in particular has demonstrated the ability to inhibit the 

important enzymes aldehyde dehydrogenase (ALDH) and aldehyde reductase (AKR), 

which in turn leads to a decrease in metabolism of DOPAL, a reactive DA metabolite 

(33). Furthermore, 4-HNE has also been implicated in inhibition of ALDH, as well as 

protein modification and inhibition (34, 35).  There is also evidence of elevation in 

4-HNE levels in the brains of PD patients, indicating these could play a role in disease 

pathogenesis (36, 37). 

 

 

 

 

 

Figure 1.4 Structures of the products of lipid peroxidation, 4-HNE, which 

inhibits AKR activity, and MDA which inhibits both ALDH and 

AKR activity. Both lead to an increase in the reactive intermediate 

of DA metabolism, DOPAL. 
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 ROS include superoxide anion, hydrogen peroxide, and a hydroxyl radical. While 

ROS production is important to cell viability, over production of these species can lead to 

lipid peroxidation and protein modification. Cells have mechanisms to decrease some 

ROS, including superoxide dismutase (SOD), and catalase, which metabolize superoxide 

anion and hydrogen peroxide, respectively (38). It is important to note the brain is known 

to be highly susceptible to oxidative stress  because it has a high metabolic rate, as well 

as lower levels of antioxidants and a large number of polyunsaturated lipids, which are 

targets of peroxidation by ROS (39). 

Dopamine Hypothesis 

 DA synthesis begins with the hydroxylation of tyrosine to L-DOPA catalyzed by 

the rate-limiting tyrosine hydroxylase (TH). L-DOPA is further metabolized to DA by 

L-aromatic amino acid decarboxylase (AADC) (40). DA is then transported into vesicles 

by vesicular monoamine transporter 2 (VMAT2), or is metabolized in a reaction 

catalyzed by MAO to the reactive intermediate, 3,4-dihydroxyphenylacetaldehyde 

(DOPAL), which is further oxidized by ALDH to 3,4-dihydroxyphenylacetic acid 

(DOPAC), or reduced by AKR to 3,4-dihydroxyphenylethanol (DOPET) as seen in 

Scheme 1.1.  
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Scheme 1.1 DA synthesis starting with TH which oxidizes tyrosine to 

L-DOPA. by MAO to DOPAL, which is further oxidized to 

DOPAC or reduced to DOPET.  

 

 

 

It was previously hypothesized that DA could be a causative factor behind PD. 

This was due to a variety of reasons; including, DA has the potential to auto-oxidize, 

leading to the formation of a DA-quinone (Scheme 1.2), as well as lead to the production 

of ROS (41). Furthermore, the DA-quinone is a soft electrophile, which has the potential 

to lead to protein modification by interacting with soft nucleophiles such as those 

containing thiol groups. There are studies that demonstrate the reactivity of the DA-

quinone with Cys residues in proteins, and some that also show there are adducts on Cys 

residues in the brains of PD patients (42, 43). 
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Scheme 1.2 DA auto-oxidation ( i.e. [O])to a quinone, which has the potential 

to interact with and modify protein through Cys residues 

 

 

 

 It is important to note, that recent work has demonstrated that while DA is 

reactive with proteins upon auto-oxidation, it rapidly rearranges to form 

dopaminochrome in the absence of thiols (44, 45), and furthermore, DA has been shown 

to be significantly less toxic and reactive than its MAO metabolite, DOPAL (46). It 

requires many times the concentration of DOPAL to cause cellular toxicity, and is 

significantly less reactive with proteins than DOPAL is. Combined, these results indicate 

that DA does not play a large role in cytotoxicity and protein modification. 

The Role of 3,4-Dihydroxyphenylacetaldehyde 

 in Parkinson’s Disease 

 As described above, DOPAL is the MAO metabolite of DA. This reactive 

intermediate contains two functional groups: a catechol and an aldehyde. As previously 

mentioned, this metabolite has been found to be several orders of magnitude more toxic 

than DA (46). Physiological concentrations of DOPAL have been measured to be 2-3μM, 

and it was demonstrated that when levels are slightly elevated (~6.6 μM), there is a 

decrease in TH-positive cells, indicating dopaminergic cell death (47-49). Furthermore, 

there is significant evidence implicating DOPAL in protein modification (50-54). Studies 
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have demonstrated the ability of DOPAL to covalently modify residues such as Lys and 

Arg, forming Schiff base-like structures (34). While exact targets of DOPAL 

modification were previously unknown, studies have revealed that catechols and other 

DA metabolism products interact with and inhibit tyrosine hydroxylase. Furthermore, 

DOPAL is structurally analogous to DA, it therefore is predicted to have the ability to 

interact with proteins that contain DA-binding sites, such as tyrosine hydroxylase. 

DOPAL modification of proteins may lead to aggregation and loss of function, which 

may lead to dopaminergic cell death, a hallmark of PD. 

Tyrosine Hydroxylase 

 As previously described, tyrosine hydroxylase (TH, E.C. 1.14.16.2) catalyzes the 

rate-limiting step in DA synthesis and requires oxygen, tetrahydrobiopterin (BH4), iron 

and tyrosine in order to function properly. As Scheme 1.1 displays above, tyrosine is 

oxidized by TH to L-DOPA, which is further metabolized to DA (40). This 56 kDa 

enzyme exists in tetrameric form, and has been determined to be a loosely packed helical 

structure containing an N-regulatory region, a catalytic domain, and a tetramerization 

domain (55). The catalytic site where tyrosine binds is the only tightly packed portion of 

the enzyme, and the catalytic domain as a whole is key to enzyme function and activity 

(55). TH is tightly controlled due to the important role DA plays in controlling movement 

as well as mood. In particular, the phosphorylation of three key Ser residues appears to 

play a large role in the activity of TH. Ser 19, Ser 31, and Ser 40 are a part of the N-

regulatory region, and studies have demonstrated that phosphorylation of these residues 

can dramatically alter the activity of TH (56, 57). As mentioned above, TH activity is 

also controlled by DA synthesis, with DA acting as a negative feedback inhibitor of the 
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enzyme through the DA-binding site (58). This enzyme is used frequently in 

immunostaining for dopaminergic neurons due to the role it plays in DA synthesis. 

Furthermore, the rate-limiting step produces L-DOPA, which has also been shown to 

have trophic properties in the cell, leading to an increase in cell viability (59, 60). There 

is also evidence that TH is inhibited by other catechols, such as DOPAC and 

norepinephrine (61, 62). 

 Combined, these results indicate TH to be a potential protein target of DOPAL 

modification, and it was of interest to determine how DOPAL affected TH activity, and 

consequently, the production of L-DOPA and DA. Elucidation of a protein target of 

DOPAL will help provide insight into a possible mechanism of toxicity behind the 

selective dopaminergic cell death exhibited in PD. Completion of these studies may help 

with future work focused on determining a means of halting the progression of the 

disease, or leading to better treatments for patients suffering from PD. 

 

 

 

 

 

 

 

 

 

 



13 

 

 

CHAPTER TWO 

STATEMENT OF HYPOTHESIS 

Introduction 

 Parkinson’s disease (PD) is a neurodegenerative disorder which affects over 1% 

of the population. This disease results from the selective loss of dopaminergic neurons, 

leading to a decrease in the important neurotransmitter, dopamine (DA), which is 

necessary for the initiation and execution of coordinated movement (2). Currently, the 

pathogenesis behind this disease is unknown, but there is evidence the aldehyde 

metabolite of DA may play a role in the onset and progression (34, 46, 49, 50, 63). DA is 

metabolized by monoamine oxidase (MAO) to 3,4-dihydroxyphenylacetaldehyde 

(DOPAL), which can be further metabolized to both the acid and alcohol products.  

 DOPAL has been shown to interact with and modify peptides, and there is 

evidence of protein modification, although no specific targets have previously been 

identified (47, 50). Furthermore, evidence shows that DOPAL is toxic to dopaminergic 

neurons, with elevated concentrations leading to a decrease in tyrosine 

hydroxylase-positive cells. 

 Tyrosine hydroxylase (TH) is the rate-limiting step in DA-synthesis, oxidizing 

tyrosine to L-DOPA, which is further metabolized to DA (40). This enzyme is tightly 

controlled, and contains a DA-binding site used as a negative feedback mechanism (58). 

Furthermore, studies have shown TH to be inhibited by other catechols, such as 

3,4-dihydroxyphenylacetic acid (DOPAC) and norepinephrine (61, 62).  
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 The goal of this study was to positively identify a protein target of DOPAL 

modification and determine the effect of DOPAL on TH activity. It was also of interest to 

further study the toxic properties of DOPAL and how elevated levels affected cell 

viability, reactive oxygen species production, and mitochondrial function. 

Hypothesis 

 The endogenously produced neurotoxin, 3,4-dihydroxyphenylacetaldehyde, 

covalently modifies and inhibits tyrosine hydroxylase, leading to a decrease in L-DOPA 

and dopamine production. 

Specific Aims 

 To test this central hypothesis, three Specific Aims were proposed as follows: 

 Specific Aim 1: Investigate DOPAL as a neurotoxin and identify protein targets 

of modification. Completion of this aim will determine the toxicity of DOPAL in a 

dopaminergic cell model, investigate the production of reactive oxygen species, and for 

the first time positively identify a protein target of DOPAL modification. 

 Specific Aim 2: Determine the effect of DOPAL on tyrosine hydroxylase activity. 

Completion of this aim will elucidate the effect elevated DOPAL has on the production 

of L-DOPA, and consequently, DA production, which will have implications for PD. 

 Specific Aim 3: Elucidate mechanisms by which DOPAL inhibits tyrosine 

hydroxylase. Completion of this aim will accomplish a number of things; including, 

structure-activity studies to determine the mechanism behind DOPAL inhibition of TH 

activity as well as mass spectrometry studies to reveal sites of covalent modification of 

TH. 
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CHAPTER THREE 

DOPAL AS A NEUROTOXIN CAPABLE 

 OF PROTEIN MODIFICATION 

Introduction 

 Parkinson’s disease (PD) is a neurodegenerative disorder characterized by the 

selective loss of dopaminergic neurons in the substantia nigra. This results in a decrease 

in the important neurotransmitter dopamine (DA), which is necessary for the initiation 

and execution of coordinated movement (2). Currently, the pathogenesis behind this 

disease is not well understood, but there is evidence implicating both environmental 

toxins, such as pesticides, as well as endogenously produced oxidative stress (12, 64, 65).  

 Previous evidence has demonstrated DA to be an endogenous neurotoxin, capable 

of auto-oxidation and protein modification (44, 45, 66). DA is metabolized by 

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

then further catabolized by aldehyde dehydrogenase (ALDH) and aldehyde reductase 

(AKR) to 3,4-dihydroxphenyacetic acid (DOPAC) and 3,4-dihydroxphenylethanol 

(DOPET), respectively (67). Recent work has shown DOPAL to be orders of magnitude 

more toxic than DA, and significantly more reactive with proteins (46, 63). Normal 

physiologic concentrations of DOPAL are known to be 2-3 μM, with studies 

demonstrating even slight elevations (~6.6 μM) led to significant dopaminergic cell death 

(47, 48). Furthermore, DOPAL has been established as a reactive intermediate, capable of 

protein modification via Lys residues (34, 51, 54) , leading to the formation of a Schiff 

base-like structure (50). 
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 While studies have demonstrated DOPAL’s ability to interact with peptides and 

proteins, until recently, no protein targets of DOPAL modification have been identified. 

The current study was undertaken to study the neurotoxic properties of DOPAL in 

dopaminergic PC6-3 cells by investigating both mitochondrial function and overall cell 

viability. Furthermore, a protein target of DOPAL modification was identified using 

proteomic analysis of PC6-3 cells incubated with DOPAL. To investigate the link 

between elevated DOPAL and cellular dysfunction and death, flow cytometry was 

employed to determine levels of reactive oxygen species (ROS) in the presence of 

elevated DOPAL. Such work will help further the knowledge regarding protein 

modification by DOPAL and the link between elevated DOPAL and cell dysfunction and 

death. 

Experimental Procedures 

Materials 

DOPAL was biosynthesized as previously described using enzyme-catalyzed conversion 

of DA to DOPAL by rat liver MAO (54), and the concentration was determined using an 

ALDH assay with NAD (52) and HPLC analysis as described below. 

3,4-dihydroxyphenylethanol (DOPET) was obtained via reduction of DOPAL using a 10-

fold excess of sodium borohydride. DA, DOPAC, and all other chemicals were purchased 

from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. 

PC6-3 Cell Culture 

PC6-3 cells were cultured in RPMI 1640 medium supplemented with 

heat-inactived 10% horse serum, 5% fetal bovine serum, penicillin (10 IU/mL) and 
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streptomycin (10 mg/mL). PC6-3 cells are a subline of the pheochromocytoma (rat 

adrenal medulla) PC-12 cell line. They were chosen due to a decreased tendency from the 

parent line to aggregate, as well as decreased background cell death, and they are also a 

homogeneous population that can be easily maintained (68, 69). PC-12 cells are also are a 

widely accepted model for DA synthesis and metabolism (15, 70). Furthermore, PC6-3 

cells assume a neuronal cell phenotype in the presence of nerve growth factor, and have 

important neurochemical processes similar to dopaminergic neurons (71, 72). Cells were 

grown in a 10 cm tissue culture dish at 37 ºC in 5% CO2 for 3 days. Cells were then 

seeded into six-well plates (1 x 10
5
) and were incubated at 37 ºC in 5% CO2 for 3 days 

prior to the addition of nerve growth factor (NGF) (50 ng/mL) to stimulate cell 

differentiation. PC6-3 cells were kept in the same conditions for 4 days prior to use. For 

experiments involving treatment with DOPAL, cellular medium was removed in order to 

eliminate DOPAL interaction with serum proteins and replaced with HEPES-buffered 

medium containing 115 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM MgSO4, 5.5 

mM glucose, 1 mM NaH2PO4, and 15 mM HEPES (pH 7.4).  

Mitochondrial dysfunction (MTT Assay) 

To determine the cytotoxicity of DOPAL in PC6-3 cell cultures, cell viability was 

measured using the 3-(4,5-dimetylthiazol-2-yl)-2,3-diphenyltetrazolium bromide (MTT) 

reduction assay. In this assay, the conversion of yellow tetrazolium salt MTT to purple 

formazan is achieved by active mitochondrial reductases found in functional cells. In 

brief, NGF-differentiated cells were treated with varying concentrations of DOPAL (0, 5, 

10, 25, 50 µM) for 2 h at 37 ºC. Following this, yellow MTT (0.5 mg/mL) was added to 

each well, and further incubated for 2 h at 37 ºC. The media was then removed, and the 
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purple formazan crystals were dissolved in DMSO. The formazan product absorbs at 570 

nm, and a Molecular Devices Spectra-Max plate reader was used to measure the 

absorbance in each well. Absorbance values for the experimental wells were compared to 

controls (no DOPAL). 

Trypan Blue Assay 

In trypan blue studies with DOPAL, cells were incubated as previously described 

with DOPAL for 2 h at 37ºC in 5% CO2. Cells were then triturated with a pipette and 

centrifuged at 10,000xg for 3 min. Cells were then resuspended in 200 μL of HEPES-

buffered media and 20 μL of trypan blue was added and live cells were counted. MTT 

and trypan blue results are expressed in terms of % control, with controls being cells not 

exposed to DOPAL (73). 

PC6-3 Cell Lysate Collection 

 PC6-3 cells were grown as previously described (1 x 10
5
) in 10 cm tissue culture 

dishes and used as a source of TH. Undifferentiated cells, which contain levels of TH 

several fold higher than NGF-differentiated cells, (71) were washed 3 times with cold 10 

mM sodium phosphate buffer (pH 6.4) (74). Cells were scraped and collected in 500 µL 

of buffer. They were then sonicated at 3 second intervals 10 times, and the lysate was 

centrifuged using a Sorvall Discovery SE Ultraspeed centrifuge at 100,000 × g for 1 h at 

4 ºC. The cytosolic fraction (i.e. supernatant) was collected to be used in TH activity 

assays or stored at -80ºC until use. 

DOPAL Metabolism Studies 

 PC6-3 cells were grown as described above. Four days after the addition of NGF, 

cellular medium was removed and cells were washed with 1 mL HEPES-buffered 
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medium and then preincubated  for 15 min in the same buffer. DOPAL (5, 10, 25, 50 

μM) was added and cells were incubated for 2 h at 37ºC. 100 μL aliquots of extracellular 

medium were taken at 30 min time points and placed in 5% (v/v) perchloric acid. After 

spinning at 10,000 x g for 3 min, samples were subjected to HPLC-ECD detection.  

HPLC-ECD Detection of DOPAL and Metabolites 

An Agilent 1100 Series Capillary HPLC system was coupled with an ESA 

Coulochem III electrochemical detector and used for separation and quantification of 

DOPAL, DOPAC, and DOPET. Electrode potentials were set at -150 and +300 mV. Two 

µL of sample was injected, and separation was achieved using a Phenomenex Synergy 

Hydro column (2 x 150 mm, 80 Å) and a mobile phase consisting of 50 mM citrate, 1.8 

mM SHS, 0.2% trifluoroacetic acid and 2% (v/v) ACN (pH 3). The flow rate was 250 

µL/min and conversion of area to concentration units was achieved using a calibration 

curve of standards. 

DOPAL Modification of Tyrosine Hydroxylase 

 in Cell Lysate 

 PC6-3 cell lysate was collected as described below. Lysate was incubated with 

DOPAL (10, 50, 100 µM) for 4 h at 37 ºC. Sodium cyanoborohydride (1 mM) was added 

to help stabilize Schiff base adducts formed. 

Western Blot Analysis of Tyrosine Hydroxylase 

Protein (1 μg) from DOPAL modification studies was loaded into a 7.5% 

acrylamide gel used to separate proteins via sodium dodecylsulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). After separation, protein was transferred to nitrocellulose 
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membrane for 1.25 h at 20 V, and blocked over night at 4 ºC in 3% BLOTTO (i.e. dried 

milk in TBTS). Primary rabbit anti-TH antibody was used at a dilution of 1:1000 for 2 h 

at room temperature, and horseradish-peroxidase-conjugated secondary goat-anti-rabbit 

antibody was used at a dilution of 1:10000 (Santa Cruz Biotechnology, Santa Cruz, CA, 

USA) for 1.5 h at room temperature. Between blocking and antibody incubations, 

membranes were washed 3 times using 0.05 M Tris, 0.9% NaCl containing 0.05% 

Tween-20 (TBS-T) for 3 minutes at room temperature. Staining for actin was used as a 

loading control. Primary and secondary antibody dilutions were 1:500 and 1:10000, 

respectively (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Signal was detected 

using an Amersham ECL-plus Western Blotting Detection Kit according to manufacturer 

instructions. Band density was measured using NIH program ImageJ 1.43μ and compared 

to control lanes. 

Isolation of DOPAL Modified Proteins  

Using an Aminophenylboronic Acid Resin 

 PC6-3 cells were cultured and incubated with DOPAL as previously described 

above. Control (i.e. no DOPAL) and 50 µM DOPAL conditions were used in ABPA 

protein separation. After 2 h, extracellular media was removed and 300 µL lysis buffer 

(0.1% Triton-X in 10 mM KH2PO4) was added and plates were placed on dry ice for 5 

min to rupture cell membranes. Lysate was then collected and supernatant was used in 

APBA isolation of DOPAL-bound proteins as previously described with some 

modification (50, 53). Briefly, 100 µL of resin was washed and equilibrated 3 times in 50 

mM sodium phosphate buffer (pH 7.4) and centrifuged at 10,000 × g for 3 min. After 

removal of the final wash, 100 µL of sample (either control or 50 µM DOPAL lysate) 
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and 100 µL of 50 mM sodium phosphate buffer (pH 8.4) were added to the resin and 

allowed to incubate for 4 h at room temperature on a shaker table. The resin was 

subsequently washed with 300 µL of 1:1 acetonitrile:50 mM sodium phosphate (pH 8.4) 

buffer 3 times, and 300 µL of distilled water 3 times, centrifuging after each wash 

fraction (10,000 × g, 3 min).In order to elute protein bound to the APBA resin, the resin 

was washed with 100 µL of 1% trifluoroacetic acid (TFA) 2 times, 100 µL of 1:1 

acetonitrile:1% TFA once, and 100 µL of 1:1 acetonitrile:H2O once, centrifuging after 

each release fraction (10,000 × g, 3 min). The pH of the each release fraction was 

immediately neutralized using 5 µL of 1 M sodium phosphate buffer (pH 7.4). A 10% gel 

was used for SDS-PAGE and Coomassie blue staining was used for protein detection. 

Proteomic Analysis of DOPAL Modified Proteins 

 Bands of interest from the APBA resin-bound fractions were excised and digested 

using trypsin as previously described (75). Samples were then subjected to 

LC-ESI-MS/MS analysis using a Thermo LTQ-XL linear ion trap mass spectrometer. 

TH, with a molecular weight of approximately 60 kDa, was identified as a protein of 

interest using the TrEMBL database for rat. Scaffold (version Scaffold_3_00_05, 

Proteome Software Inc., Portland, OR) was used to validate MS/MS based peptide and 

protein identifications. Protein probabilities were assigned by the Protein Prophet 

algorithm (76).  

Quantification of Reactive Oxygen Species  

Using Flow Cytometry 

 PC6-3 cells were cultured and maintained as described above. Four days after the 

addition of NGF, cells were washed with HEPES-buffered media (pH 7.4) and pretreated 



22 

 

 

with 2'-7'-dichlorodihydrofluorescein diacetate (DCF-DA, 50 μM) and dihydroethidium 

(DHE, 10 μM) at 37ºC for 20 min in the dark. Supernatant was then removed, and new 

HEPES-buffered media was added. DOPAL (5, 10 μM) was added to the cells and 

incubated for 1 h at 37ºC. Cells were then removed from the plate by decanting the 

supernatant. After spinning for 5 min at 4600 x g, supernatant was removed and cells 

were resuspended in 1 mL phosphate buffered saline (PBS) to wash. Cells were once 

again pelleted via centrifugation, and then resuspended in 300 μL HEPES-buffered 

media. Prior to analysis by flow cytometry, cells were filtered using a 70 μm Falcon filter 

and 4.8 μL Hoescht 33250 stain was added. A Becton Dickeninson LSR II flow 

cytometer was used with lasers set to 530 and 610 nm.  

Statistical Analysis 

 All linear regression and statistical analyses were performed using the software 

GraphPad Prism 5.0 (Graph Pad Software, San Diego, CA). Data for cells treated with 

DOPAL were compared to the controls and significant differences (p < 0.05) were 

determined using an ANOVA with a Tukey post-test (this was also used to analyze % 

recovery data for reversibility studies).  

Results 

Elevated DOPAL leads to cell morphological changes 

 When PC6-3 cells are incubated with varying concentrations of DOPAL (5, 10, 

25, 50 μM) for 2 h significant changes occur to the cell morphology. The images in 

Figures 3.1 and 3.2 show cells begin to exhibit signs of dysfunction after just 1 h in the 

presence of elevated DOPAL. The arrows in 3.1 (1 h) are indicative of cell blebbing and 



23 

 

 

loss of uniform shape, while the arrows in 3.2 (2 h) demonstrate a high level of apoptotic 

body formation along with blebbing and significant loss of cell shape. These are all signs 

of cellular dysfunction and the start of apoptosis. Significant changes can be seen at the 

low concentration of 5 μM DOPAL after just 2 h, and cells exhibit a concentration-

dependent increase in dysfunction. These results demonstrate the negative effect DOPAL 

has on dopaminergic PC6-3 cells at pathologically relevant concentrations. It is clear 

even slight changes from normal levels of DOPAL (2-3 μM, (46)) lead to detrimental 

effects on cell morphology. 

 

 

 

Figure 3.1  Images of PC6-3 cells after 1 h incubation with 5, 10, 25, or 50 μM 

DOPAL. Arrows indicate cellular blebbing and loss of uniform cellular 

shape (10, 25, and 50 μM). These signs are indicative of early cell 

dysfunction. 
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Figure 3.2 PC6-3 cells 2 h after addition of varying concentrations of 

DOPAL. Arrows indicate significant blebbing and loss of cell 

shape (5, 10 μM) and the introduction of apoptotic bodies (25, 50 

μM). This demonstrates the highly potent toxicity DOPAL induces 

in cells after just a 2 h incubation. 

 

 

 

Elevated DOPAL Leads to Mitochondrial Dysfunction 

 PC6-3 cells were incubated with varying concentrations of DOPAL (5, 10, 25, 50 

μM) for 2 h and then mitochondrial function was assessed using the MTT assay as 

described in the methods section. After 2 h, the absorbance was measured and cells 

showed a concentration-dependent increase in mitochondrial dysfunction as compared to 

controls. Significant dysfunction was exhibited at only 10 μM DOPAL as compared to 

cells where no DOPAL was present. The data in Figure 3.3 show that as DOPAL levels 

increase, the mitochondrial function decreases, until ~40% of cells exhibit mitochondrial 

dysfunction (50 μM DOPAL). These results demonstrate the toxic effect elevated 

DOPAL has in dopaminergic PC6-3 cells. 
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Figure 3.3 PC6-3 cells incubated with varying concentrations of DOPAL for 2 h. 

Mitochondrial function was assessed using the MTT assay and cells 

display a concentration-dependent decrease in function. The low, 

pathologically relevant concentration of just10 μM leads to significant 

dysfunction as compared to controls. All values shown represent the mean 

± SEMs (n = 4). **indicates significance from control cells. 

 

 

 

DOPAL Elevation Causes Cell Death 

 NGF-differentiated PC6-3 cells were once again incubated with increasing 

concentrations of DOPAL (5, 10 25, 50 μM) for 2 h and cell viability was assessed using 

the trypan blue method of counting live cells. The dye is excluded from live cells, due to 

the intact membrane, but cells with compromised membranes will stain blue (73). As the 

data in Figure 3.4 demonstrate, dopaminergic PC6-3 cells exhibit a 

concentration-dependent decrease in viability as DOPAL concentrations are elevated. 

These results indicate that elevation in DOPAL levels leads to both mitochondrial 

dysfunction as well as significant cell death. Concentrations of only 5 μM DOPAL leads 

to significant cell death after a 2 h incubation, indicating the potent toxicity of DOPAL.  
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Figure 3.4 PC6-3 cells incubated with DOPAL for 2 h. Trypan blue used to assess 

cell viability, with cells exhibiting a concentration-dependent decrease in 

viability. Low concentrations of only 5 μM DOPAL lead to significant cell 

death as compared to controls. All values shown represent the mean ± 

SEMs (n = 3). **indicates significance from control cells. 

 

 

 

DOPAL is Metabolized in PC6-3 Cells 

 To study the metabolism of DOPAL in dopaminergic PC6-3 cells, 

NGF-differentiated cells were incubated with increasing concentrations of DOPAL (5, 

10, 25, 50 μM) for 2 h and aliquots of extracellular media were taken at 30 min time 

points. HPLC analysis of aliquots demonstrated the ability of cells to take up DOPAL, 

metabolize, and release both DOPAC and DOPET. Metabolism was concentration-

dependent, with higher levels of DOPAL leading to higher release of metabolites. As 

expected, DOPAC was the major metabolite, and DOPET was the minor product. The 

graphs in Figure 3.5 show the decrease of DOPAL (3.5A) in the extracellular medium as 
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it is taken up by cells, and the increase in DOPAC (3.5B) through ALDH activity (77), 

and DOPET (3.5C) over time as metabolism by AKR occurs (78) 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 DOPAL metabolism in dopaminergic PC6-3 cells. (A) DOPAL is taken up 

by cells as indicated by a decrease in concentration in the extracellular 

medium over time. (B) DOPAC is produced from ALDH metabolism of 

DOPAL. (C) DOPET is produced by AKR metabolism of DOPAL. For all 

graphs all values shown represent the mean ± SEMs (n = 3). DOPAC and 

DOPET graph symbols are the same as shown in the DOPAL graph. 
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DOPAL Modifies Tyrosine Hydroxylase 

In order to determine protein targets of DOPAL, PC6-3 cells were lysed and 

incubated with different concentrations of DOPAL (10, 50, 100 μM) for 4 h at 37ºC. 

Samples were then subjected to western blot analysis probing for TH. Controls included 

TH+ cell lysate, and BSA as a negative control. Figure 3.6 shows a concentration-

dependent decrease in antibody recognition of TH indicating DOPAL interferes with the 

ability of the antibody to properly bind to the protein. These results indicate DOPAL is 

interacting with TH and leading to a decrease in staining by the antibody. Actin was used 

as a loading control. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6  TH from PC6-3 cells was incubated with DOPAL for 4 h at 37ºC. 

Western blot analysis reveals a concentration-dependent decrease 

in antibody recognition of TH indicating DOPAL interferes with 

ability of antibody to bind to protein. 

 

 

Lane Loaded [DOPAL] 

(μM) 

% Control 

Staining 

1 TH+ lysate 0 100 

2 BSA 0 0 

3 TH+DOPAL 10 62.9 ± 4.66 

4 TH+DOPAL 50 45.4 ± 5.91 

5 TH+DOPAL 100 29.4 ± 5.31 
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Proteomic Identification of Tyrosine Hydroxylase 

as a DOPAL Target 

 To positively identify TH as a protein target of DOPAL modification, PC6-3 cells 

were incubated with DOPAL (0, 50 μM) as previously described in the methods section. 

Lysate was then subjected to an APBA resin, and DOPAL-modified proteins were 

separated. SDS-PAGE further separated proteins and the most prevalent band at 

approximately 60 kDa was excised and an in-gel digestion was performed using trypsin. 

LC-ESI-MS/MS and the TrEMBL database (79) were used, and 6 peptides were matched 

to identify tyrosine hydroxylase as the band of interest with a 95% confidence interval. 

Mascot ion scores, which are a measure of probability of a peptide matching the correct 

protein, ranged from 47.2-141.2 for peptides. Scores above 67, or if the matches can be 

established with greater than 90% probability, are considered significant (80). These 

results positively identify tyrosine hydroxylase as a protein target of DOPAL 

modification.  

To further support these results, the collected fractions from the APBA separation 

of DOPAL-modified proteins were subjected to western blot analysis for TH as described 

in the methods section. The chemistry behind the APBA resin is described in Figure 3.7. 

It has been shown that the resin reacts specifically with vicinal diols, such as those found 

on catechols, under basic conditions. The bond is strong enough to withstand washing, 

and upon the addition of an acidic solution (pH =2), the bond is broken, leaving DOPAL-

modified proteins. The gels depicted in Figure 3.8 demonstrate antibody recognition of 

TH in samples that contained DOPAL-modified TH. For both gels BSA was used as a 

negative control for the TH antibody, while TH+ cell lysate was used as a positive 
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control. The supernatant in each gel contains proteins that were not DOPAL-modified. As 

expected, both groups of cells contain some TH which was not bound by DOPAL. Wash 

1 also contains proteins with no DOPAL adducts. The release fractions should contain 

DOPAL-modified TH. As can be seen from the data, the control cells in which no excess 

DOPAL was added exhibit no staining, indicating there was no TH bound to the resin. 

Conversely, when cells were treated with 50 μM DOPAL, the release fractions 

demonstrate staining for TH. These results indicate that DOPAL modifies TH in the cells. 

These adducted proteins then bind to the APBA resin, and are then released with acid. 

Both proteomic analysis and western blot analysis for TH recognized and identified TH 

as the modified protein. 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 Chemistry of APBA reactivity with vicinal diols (i.e. such as those found 

on catechols). The resin reacts specifically with diols in basic conditions 

(pH > 8.0) with a bond strong enough to withstand wash conditions in 

neutral pH. Acid release steps (pH = 2) lead to separation of the boronic 

acid and vicinal diol.  
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Figure 3.8 Cells treated with either no DOPAL or 50 μM for two h and then 

subjected to APBA resin for separation were then run on SDS-PAGE for 

western blot analysis of TH.  (A) The control cells (i.e. no DOPAL) 

exhibit no staining for TH in the release fractions, indicating there was no 

major DOPAL modification of TH. (B) Cells treated with DOPAL 

demonstrate DOPAL-modified TH in the release fractions (lanes 5-8), as 

denoted by arrows. 

 

 

 

Elevated DOPAL Leads to  

Reactive Oxygen Species Production 

PC6-3 cells were incubated with DOPAL (5, 10 μM) and DCFDA and DHE were 

used to determine the levels of hydrogen peroxide and superoxide anion, respectively. 

The data in Figure 3.8 show the raw scatter plots acquired. These results demonstrate an 

increase in cells that show DHE staining, and a slight decrease as compared to controls in 

cells that show DCFDA staining. Upon further analysis, it can be seen in Figure 3.9 that 

there is an increase in superoxide anion formation as concentration of DOPAL increases. 

Lane APBA fraction 

1 BSA (- control) 

2 TH+ lysate 

3 Supernatant –  Control 

4 Wash 1 –  Control 

5 Release 1 –  Control 

6 Release 2 –  Control 

7 Release  3 –  Control 

Lane APBA fraction 

1 BSA (- control) 

2 TH+ lysate 

3 Supernatant –  50 μM 

4 Wash 1 – 50 μM 

5 Release 1 – 50 μM 

6 Release 2 – 50 μM 

7 Release  3 – 50 μM 

8 Release 4 – 50 μM 

A B 
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On the other hand, there was a decrease in hydrogen peroxide. The increase in superoxide 

anion indicates there is oxidative stress occurring when levels of DOPAL are elevated 

from normal (2-3 μM, (49)). In contrast, levels of hydrogen peroxide demonstrated a 

decreasing trend compared to the control, specifically, cells treated with 5 and 10 μM 

DOPAL exhibited significantly less hydrogen peroxide than controls (Figure 3.10). While 

initially surprising, these results have implications for the inhibition of TH by DOPAL 

and downstream pathways, such as the metabolism of DA (81), which is further 

commented on in the discussion. 
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Figure 3.9 Representative scatter plots of flow cytometry data on DOPAL-treated 

cells. Data demonstrates a slight increase in fluorescence of DHE in 5 and 

10 μM DOPAL-treated cells as compared to controls, indicative of 

increased super oxide anion, while fluorescence of DCFDA decreases in 

both DOPAL treated conditions, indicating less hydrogen peroxide 

production. 
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Figure 3.10 PC6-3 cells incubated with 5 or 10 μM DOPAL for 1 h and then subjected 

to flow cytometry to determine levels of superoxide anion and hydrogen 

peroxide. Elevated DOPAL leads to increased superoxide anion and 

decreased hydrogen peroxide production. All values shown represent the 

mean ± SEMs (n = 3). **indicates significance from control cells where 

no DOPAL was added. 

 

 

 

Discussion 

 DOPAL, an intermediate of DA catabolism, is an endogenous neurotoxin known 

to covalently modify proteins (34, 46, 50) and hypothesized to be a factor in the 

pathogenesis of PD (47, 67). While brain levels of DOPAL were measured to be between 

2-3 μM under normal conditions, studies have shown that slight elevations (to ~6.6 μM) 

can lead to cell death in dopaminergic cells and a decrease in TH-positive 

immunostaining indicating dopaminergic cell death (63). The work presented here 

confirms the neurotoxic properties of DOPAL. This can be seen qualitatively in Figures 

3.1 and 3.2 where there are significant morphological changes in PC6-3 cells over the 

course of a 2 h incubation with elevated DOPAL. Cells begin to exhibit loss of uniform 
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cell shape, blebbing and the formation of apoptotic bodies, indicating cellular distress and 

the start of apoptosis.  

Furthermore, decreased mitochondrial function and increased cell death in the 

presence of elevated DOPAL were demonstrated using the MTT assay, looking at 

mitochondrial function, and the trypan blue method to study overall cell viability. These 

two studies were chosen to investigate cell function as well as membrane permeability, 

which can be indicative of cell viability. The results in Figures 3.3 and 3.4 show low 

micromolar (5 or 10 μM) concentrations of DOPAL lead to significant dysfunction and 

cell death after only a 2 h incubation.   

It was also of interest to determine the metabolism of DOPAL in dopaminergic 

PC6-3 cells. As can be seen from the data in Figure 3.5, DOPAL added exogenously to 

cells is taken up and metabolized by both ALDH and AKR, and released as the acid and 

alcohol products. It is important to note that the metabolism of DOPAL changes as the 

concentration increases. When low concentrations (5, 10 μM) DOPAL is placed on cells, 

ALDH is the major metabolism pathway (Figure 3.5B), but upon the addition of higher 

DOPAL (25, 50 μM), AKR metabolism is seen to be the major pathway (Figure 3.5C). 

This can be explained by the Km value of each enzyme; ALDH has a Km for DOPAL of 

low micromolar to high nanomolar concentrations, while the Km of AKR for DOPAL is 

between 10-30 μM (82-84). These results indicate that as DOPAL concentration 

increases, ALDH would become overwhelmed, and AKR would compensate to help 

decrease levels of this reactive intermediate. This is further supported by Vmax values for 

both ALDH and AKR, which are 81.8 μmol/min/kg and 10 μmol/min/kg, respectively 

(85). This indicates that low concentrations of DOPAL would be quickly turned over by 
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ALDH, while high concentrations of DOPAL would be reduced by AKR over a longer 

period of time. 

For the first time, a protein target of DOPAL modification was identified. 

Tyrosine hydroxylase was shown to be modified by DOPAL first through western blot 

analysis in which antibody recognition was decreased in the presence of DOPAL (Figure 

3.6); and then through proteomic analysis in which 6 peptides were matched. It is 

important to note that the APBA resin used to separate DOPAL-modified proteins has 

previously been used in the separation of DA-modified proteins (53). The boronic acid 

component of APBA resin is capable of binding to vicinal diols (i.e. catechols) under 

basic condition, and the catechol can then be released using acidic conditions. DOPAL 

has been shown to modify proteins through free amines via the aldehyde. It is 

hypothesized a Schiff base-like structure is formed with the protein, leaving the catechol 

on DOPAL available for interaction with the APBA resin (50). While it might be argued 

that TH modification was due to oxidized DA or possibly DOPAC, it was assumed that 

the major compound present in cells was DOPAL due to loading of the cells (50 μM) at 

the beginning of the experiment. Furthermore, DOPAL, as described above, is 

significantly more reactive with proteins than DA or DOPAC. Finally, while DA has 

been implicated in protein modification, it requires oxidation to the quinone, which is 

then known to quickly rearrange to dopaminochrome when there are no thiols present 

(44, 45, 66).  

Flow cytometry examination of reactive oxygen species production in cells 

treated with DOPAL led to interesting conclusions. As predicted, levels of superoxide 

anion increased when DOPAL (10 μM) was present, as compared to controls (Figure 
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3.8). These results indicated increased oxidative stress within the cell, leading to higher 

levels of reactive oxygen species like superoxide anion. Interestingly, hydrogen peroxide 

levels decreased after a 1 h exposure to elevated DOPAL.  While it could be argued that 

there is the possibility of oxidation of DOPAL by hydrogen peroxide, leading to the 

formation of a quinone, recent studies employing electron paramagnetic resonance 

spectroscopy demonstrated this does not occur (64).  

Alternatively, there have been previous studies monitoring the production of 

hydrogen peroxide in the extracellular space of brains of male Sprague-Dawley rats when 

a variety of conditions were employed. In one study, the application of 250 mg/kg 

intraperitoneally of alpha-methyltyrosine, a known selective inhibitor of TH, led to a 

significant decrease in the production of hydrogen peroxide (81). Inhibition of TH would 

lead to a decrease in the production of DA, in turn causing equally less turnover by 

MAO. A by-product of MAO metabolism is hydrogen peroxide; therefore, a decrease in 

DA would mean a decrease in hydrogen peroxide production. As described above, TH is 

a protein target of DOPAL modification as determined by both western blot and 

proteomic analysis (Figures 3.6 and 3.7, respectively). These results are the first 

indication that DOPAL is inhibiting TH activity, leading to decreased DA production 

overall. This would directly lead to a decrease in hydrogen peroxide formation due to a 

reduction in DA turnover by MAO, following the results displayed in Figures 3.9 and 

3.10. 

Overall, DOPAL has been established as a neurotoxin capable of protein 

modification, causing mitochondrial dysfunction, leading to the production of ROS, and 

eventual cell death. Furthermore, for the first time, a protein target of DOPAL 
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modification has been identified using proteomic analysis. Tyrosine hydroxylase is 

modified by DOPAL, leading to decreased antibody recognition and as the ROS studies 

indicate, a decrease in DA production. These results demonstrate the high toxicity and 

high reactivity of DOPAL and have implications for the onset and progression of PD. 

There is evidence that in the aging process, MAO activity increases, and products of lipid 

peroxidation (i.e. 4-hydroxy-2-nonenal and malondialdehyde) inhibit the activity of 

ALDH and AKR (33, 86). Combined, these occurrences would lead to an increased 

production of DOPAL, thus causing the many problems described in this work. There is 

also recently published evidence of changes in the ratio of DOPAC to DOPAL in the 

post-mortem brains of PD patients versus their control counterparts, indicating the 

disease leads to significant alterations in the production and metabolism of DOPAL (87). 

All of these results demonstrate how important a balance in the DA synthesis and 

metabolism systems are, and how slight changes can lead to very significant problems in 

the brain. 
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CHAPTER FOUR 

INHIBITION OF TYROSINE HYDROXYLASE BY DOPAL 

Introduction 

 3,4-Dihydroxyphenylacetaldehyde (DOPAL) is the monoamine oxidase (MAO) 

metabolite of dopamine (DA). This catabolism product is a known neurotoxin with the 

capability of interacting with and modifying proteins (34, 46, 50). Until recently, protein 

targets of DOPAL were unknown; however, studies in our lab utilizing proteomic 

analysis revealed tyrosine hydroxylase (TH) to be modified by DOPAL (88).  

TH (E.C.1.14.16.2)  the rate-limiting step in DA synthesis, oxidizes tyrosine to L-

DOPA, which is further metabolized to DA (40). The action of this important enzyme is 

tightly controlled through a variety of mechanisms. It has been demonstrated that iron 

and tetrahydrobiopterin are necessary for proper enzyme action, and the order of binding 

appears to play a role in activity (89). TH also contains a DA-binding site which is used 

in a negative feedback mechanism of enzyme regulation (90). As discussed in Chapter 3 

and in previously published results (88), TH is a protein target of DOPAL modification. 

Western blot demonstrated a concentration-dependent decrease in antibody recognition of 

TH in the presence of DOPAL, and proteomic analysis positively identified TH as a 

protein target (88).  

Based on these results, it was of interest to determine how TH activity was 

affected by elevated DOPAL. It was hypothesized that DOPAL modification would lead 

to inhibition of enzyme activity, expressed as a decrease in L-DOPA production. The 

following studies were undertaken to investigate the effect of elevated DOPAL in both 

cell lysate and a PC6-3 cell model. It was also of interest to elucidate the mechanism of 
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DOPAL inhibition (i.e. reversible or irreversible). The data presented here will help 

further the knowledge of DOPAL protein modification. Furthermore, it will directly 

study the affect modification by DOPAL has on TH activity, and how this impacts the 

production of L-DOPA and DA. 

Experimental Procedures 

Materials 

DOPAL was biosynthesized as previously described using enzyme-catalyzed 

conversion of DA to DOPAL by rat liver MAO (54), and the concentration was 

determined using an ALDH assay with NAD (52) and HPLC analysis as described below. 

Malondialdehyde (MDA) was obtained by heating 1,1,3,3-tetraethoxypropane in an 

aqueous solution containing HCl (91). Tyrosine, L-DOPA, DA, and all other chemicals 

were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. 

PC6-3 Cell Culture and  

Tyrosine Hydroxylase Collection 

PC6-3 cells were cultured in RPMI 1640 medium supplemented with heat-

inactived 10% horse serum, 5% fetal bovine serum, penicillin (10 IU/mL) and 

streptomycin (10 mg/mL). PC6-3 cells are a subline of the pheochromocytoma (rat 

adrenal medulla) PC-12 cell line which are a well-accepted model of a DA neuron (92). 

Cells were grown in a 10 cm tissue culture dish at 37 ºC in 5% CO2 for 3 days. Cells were 

then seeded into six-well plates (1 x 10
5
) and were incubated at 37 ºC in 5% CO2 for 3 

days prior to the addition of nerve growth factor (NGF) (50 ng/mL) to stimulate cell 

differentiation. PC6-3 cells were then kept in the same conditions for 4 days prior to use. 
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To collect cell lysate for some TH studies, cells were left undifferentiated (71)and 10 cm 

dishes were grown to confluence (4 days). Cells were washed 3 times with cold 10 mM 

sodium phosphate buffer (pH 6.8) (74), scraped and collected in 500 µL of the same 

buffer. Lysate was sonicated 10 times at 3sec intervals, and then centrifuged using a 

Sorvall Discovery SE Ultraspeed centrifuge at 100,000 × g for 1 h at 4 ºC. The cytosolic 

fraction (i.e. supernatant) was collected to be used in TH lysate activity assays. 

Tyrosine Hydroxylase Activity 

Assay in Cell Lysate 

Cell lysate was collected as previously described and stored at -80 ºC until assays 

were performed. TH activity is stable up to a year when stored in these conditions (62). 

Activity was assessed using HPLC to monitor L-DOPA production. Control groups 

contained tyrosine (100 µM) and tetrahydrobiopterin (0.5 mM), which were combined 

with lysate (0.2 mg/mL). Time points were taken at 0, 30, 60, 90, and 120 minutes and 

the reaction was stopped by the addition of 5% (v/v) perchloric acid. In DOPAL 

inhibition assays, varying concentrations of DOPAL (0.1, 0.5, 1.0, 2.5, 5, and 10 µM) 

was also added and time points were taken as described above. After centrifugation to 

pellet proteins (10,000 x g for 3 min), all samples were then subjected to HPLC analysis 

to quantify L-DOPA production. 

Tyrosine Hydroxylase  

Activity Assay in PC6-3 Cells 

In dopaminergic PC6-3 cell assays, NGF-differentiated cells were preincubated in 

a HEPES-buffered medium (115 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM 

MgSO4, 5.5 mM glucose, 1 mM NaH2PO4, and 15 mM HEPES (pH 7.4) for 15 min, and 
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then 10 μM tyrosine, 5 μM malondialdehyde (MDA, to inhibit aldehyde dehydrogenase 

and aldehyde reductase) (33), and 5 μM DOPAL were added.  At time points of 0, 30, 60, 

90, and 120 min, supernatant was removed and cells were lysed using 300 μL of 0.1% 

Triton-X in potassium phosphate (pH 7.4) buffer. After centrifugation (10,000 x g for 3 

min) the supernatant was analyzed using HPLC analysis as described below for L-DOPA 

and DA production. It is important to note that MDA does not inhibit or alter tyrosine 

hydroxylase activity in pilot studies we completed as well as in previous studies (93). 

HPLC Analysis of Activity Assays 

An Agilent 1200 Series Capillary HPLC system with a photodiode array detector 

set to absorbance at 202 and 280 nm was used to determine L-DOPA and DA production. 

15 µL of sample was injected, and separation was achieved using a Phenomenex Luna 

C18 column (1 x 150 mm, 100 Å) and an isocratic flow of mobile phase consisting of 

97% 0.1% trifluoroacetic acid (v/v) in HPLC-grade water, and 3% acetonitrile (v/v). The 

flow rate was 50 µL/min and retention times were determined for DA, L-DOPA, 

tyrosine, and DOPAL to be 6.8, 7.9, 10.5, and 11.2 minutes, respectively, using standard 

samples. Conversion of area to concentration units was achieved using a calibration curve 

of standards. 

Mechanism Studies in Cell Lysate 

 To determine how DOPAL inhibits TH (i.e. reversibly or irreversibly), cell lysate 

was used to study the mechanism of inhibition. To lysate (0.2 mg/mL), DOPAL (5, 10, or 

20 µM), tyrosine (100 µM), and tetrahydrobiopterin (BH4, 0.5 mM) were added and 

preincubated (30, 60, or 90 min). After preincubation, all reactions were subjected to a 

Micro Bio-Spin 6 column twice (Bio-Rad, Hercules, CA) in order to entirely remove 
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excess DOPAL (use of column one time removed ~90% of DOPAL). Control groups (i.e. 

no DOPAL) were also subjected to the spin columns in order to keep continuity among 

experiments. Tyrosine and tetrahydrobiopterin were then reintroduced to the system (100 

µM and 0.5 mM, respectively) and time points were taken again at 0, 30, 60, 90, and 120 

min. After placing samples in 5% (v/v) perchloric acid to stop the reaction and 

centrifuging at 10,000 x g for 3 min, samples were analyzed by HPLC as described 

above. In reversibility assays, the % recovery is defined as the production of L-DOPA in 

experimental conditions (preincubation with DOPAL) as compared to the controls where 

no DOPAL was present. Results were subtracted from 100 in order calculate the % 

recovery of activity after the removal of DOPAL. All assays were performed in 10 mM 

sodium phosphate buffer (pH 6.4) in a final volume of 275 μL. 

Statistical Analysis 

All linear regression and statistical analysis were performed using the software 

GraphPad Prism 5.0 (Graph Pad Software, San Diego, CA) Data for cells treated with 

DOPAL were compared to the controls and significant differences (p < 0.05) were 

determined using a one-way ANOVA with a Tukey post-test (this was also used to 

analyze % recovery data for reversibility studies). Data for TH activity (i.e. L-DOPA 

formation) was determined using a linear regression. 
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Results 

Tyrosine Hydroxylase is Potently  

Inhibited in Cell Lysate 

As shown in Figure 4.1A and 4.1B, treatment of PC6-3 cell lysate with tyrosine, 

BH4, and varying concentrations of DOPAL (0, 0.1, 0.5, 1.0, 2.5, 5.0, and 10 µM) for 2 h 

resulted in a concentration-dependent inhibition of enzyme activity. HPLC analysis was 

used to quantify the production of L-DOPA, and Figure 4.1B is an enlargement of 4.1A 

to show detail at the higher concentrations of DOPAL.  

All concentrations of DOPAL examined yielded inhibition of TH. Controls (i.e. 

no DOPAL present) showed a time-dependent increase in L-DOPA production, while the 

presence of DOPAL exhibited significant inhibition of tyrosine hydroxylase activity. It is 

important to note that TH activity in PC6-3 control cell lysate is similar as compared to 

activity demonstrated in previous studies using PC-12 cells (62, 71). 

Analysis of linear slopes indicated over 80% inhibition of the enzyme at the low 

concentration of 0.5 µM DOPAL. As the concentration of DOPAL increased to 10 µM 

greater than 95% inhibition of TH activity was exhibited (Figure 4.1C). Initial studies 

indicated that 30 μM DOPAL demonstrated complete inhibition of the enzyme (data not 

shown). These results exhibit the potent inhibition of TH that DOPAL causes in cell 

lysate, leading to almost complete loss of L-DOPA production at low concentrations of 

DOPAL. 
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Figure 4.1  Treatment of PC6-3 cell lysate with varying concentrations of DOPAL 

leads to TH inhibition and a decrease in L-DOPA production. (A) L-

DOPA production over 2 h shows significant inhibition by DOPAL. (B) 

Enhancement of 4.1A showing DOPAL treatment experiments. (C) 

Comparison of initial linear slopes shows the concentration-dependent 

decrease in L-DOPA production. Values shown represent the 

mean ± SEMs (n = 4). **Significantly different from the control 

(p < 0.05). In all graphs: (●) control, (▿) 0.1 μM DOPAL, (□) 0.5 μM 

DOPAL, (▴) 1.0 μM DOPAL, (♢) 2.5 μM DOPAL, (♦) 5.0 μM DOPAL, 

and (○) 10.0 μM DOPAL. 
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Tyrosine Hydroxylase is Inhibited by 

 DOPAL in PC6-3 Cells 

To determine the consequence of elevated DOPAL on TH activity in cells, 

NGF-differentiated cells were preincubated with HEPES-buffered media (pH 7.4) for 15 

min and then 10 μM tyrosine, 5 μM MDA, and 5 μM DOPAL were added for 2 h. Cells 

were lysed and collected at 30 min time points, and samples were subjected to HPLC 

analysis of L-DOPA and DA production. 5 μM DOPAL was chosen as cells do not show 

significant mitochondrial dysfunction at this concentration, and cell death, while 

significant compared to control cells, is minimal. At 30 min time points, the supernatant 

was removed and cells were lysed using 0.1% Triton-X in 10 mM potassium phosphate 

buffer (pH 7.4). L-DOPA production was analyzed as described via HPLC. As can be 

seen in the data in Figure 4.2A, there is a decrease in L-DOPA production compared to 

controls when DOPAL levels were elevated. The DOPAL concentration was found to be 

between 4-5 μM intracellularly, and TH activity was decreased ~41% compared to 

control cells where no DOPAL was present.  Furthermore, the graph in 4.2B 

demonstrates the detrimental effect on DA synthesis as well. When DOPAL levels are 

elevated and L-DOPA synthesis is decreased, there is a concurrent inhibition in DA 

synthesis as well (~44%, as compared to control cells). These results indicate that 

DOPAL elevation in cells leads to significant TH inhibition, resulting in decreased L-

DOPA and DA production. 
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Figure 4.2  NGF-differentiated PC6-3 cells incubated with 10 μM tyrosine and MDA, 

and 5 μM DOPAL for 2 h. Cells were lysed and subjected to HPLC 

analysis to determine L-DOPA and DA production. (A) L-DOPA 

production over time; elevation in DOPAL leads to ~44% TH inhibition. 

(B) Concomitantly, DA production is decreased by a similar percent due 

to a decrease in L-DOPA. Values shown represent the mean ± SEMs 

(n = 3). 

 

 

 

DOPAL Inhibition Exhibits  

Slow-Irreversible Element 

 It was of interest to investigate the reversibility of DOPAL-mediated inhibition of 

TH. These studies were carried out in cell lysate as previously described in the methods 

section. Briefly, preincubation of DOPAL (5, 10, 20 µM) was carried out for 30, 60, or 

90 minutes. Excess DOPAL was then removed and substrate and cofactor were re-

introduced. It is important to note that control groups (i.e. no DOPAL) were submitted to 

the same conditions as DOPAL groups (i.e. samples were also run through a spin-

column), and no effect on TH activity was noted.  As Figure 4.3A, B, and C demonstrate, 

recovery of TH activity displays both time- and concentration-dependent elements. 

Longer preincubations with DOPAL led to a decrease in the recovery of TH activity after 
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removal of excess DOPAL. Paralleling that trend, higher concentrations of DOPAL also 

lead to decreased recovery of enzyme activity.  

When these data were compared, Figure 4.3D demonstrates the linear decrease in 

TH recovery as both preincubation time and concentration of DOPAL increases. These 

results indicate a semi-reversible or slow-irreversible TH inhibition by DOPAL, which is 

dependent upon both concentration and exposure time, and may have implications for the 

onset and progression of PD. 
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Figure 4.3  TH activity assays to determine recovery of L-DOPA production after 

inhibition by DOPAL (5, 10, 20 μM) for 30, 60, or 90 min preincubation. 

Upon removal of DOPAL, there was re-introduction of tyrosine and BH4 

(100 μM, 0.5 mM, respectively) and time points were taken as shown in 

the figure. (A), (B), and (C) demonstrate recovery of activity which 

displays time and concentration-dependent elements and 30, 60 and 90 

min, respectively. (D) Indicates a linear decrease in recovery of TH as 

preincubation time and DOPAL concentration increase as determined by 

HPLC analysis. (n = 3 for all studies). In all graphs: (●) control, (*) 5 μM 

DOPAL, (▲) 10 μM DOPAL, (■) 20 μM DOPAL. 
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Discussion 

 DOPAL, a reactive intermediate of DA catabolism, is an endogenous neurotoxin 

known to covalently modify proteins (34, 46, 50) and hypothesized to be a factor in the 

pathogenesis of PD (47, 67). The work presented here demonstrates the potent inhibition 

of TH activity after DOPAL modification, leading to a significant decrease in L-DOPA 

production in both cell lysate and PC6-3 cells. Furthermore, this inhibition appears to 

have a semi-reversible or slow-irreversible component demonstrating concentration and 

time-dependent characteristics. 

In previous work, DA-quinones and other catecholamine quinones were found to 

covalently modify TH and inhibit activity (61, 94). Furthermore, results of earlier studies 

demonstrated the ability of other DA catabolism products, such as DOPAC, to inhibit TH 

as well (62). Overall, these results establish TH to be susceptible to protein modification 

via DA-related electrophiles and indicate that a mechanism of toxicity for DA neurons 

may involve TH. While the mechanism behind toxicity and cell death in the presence of 

DOPAL is currently unknown, it is hypothesized that toxicity and inhibition of TH are 

distinct processes which ultimately lead to dopaminergic cell death. Previous data reveal 

DA can potentially modify other important proteins such as Parkin and α-synuclein 

which leads to aggregation and overwhelming the capacity of proteasome clearance of 

aging or modified proteins (2, 53, 95). It is therefore possible that DOPAL could modify 

several other important proteins found in neurons, causing similar results that may 

decrease neuronal function in general. It is also of significance that in previously 

published studies L-DOPA has demonstrated trophic properties; therefore, inhibition of 
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TH and a decrease in L-DOPA production may lead to a decrease in cell viability (59, 

60).   

It is important to note the potency of DOPAL as an inhibitor of TH activity 

(almost 90% at 0.5 μM, Figure 4.1). Several studies have investigated the effect of 

catechols on TH activity, including L-DOPA, norepinephrine, DOPAC, and DA. Many 

demonstrated the ability to inhibit TH, with IC50 values ranging from 2.3 μM for 

norepinephrine, to 35 μM for L-DOPA (62, 96). It is clear from the work presented here 

that DOPAL is a significantly more potent inhibitor than DA or other DA-metabolites. It 

could be argued that because normal physiologic levels of DOPAL are between 2-3 μM, 

that TH would be highly inhibited at all times in the cell. It is essential to keep in mind 

that in these types of experiments DOPAL does not have to traverse cellular membranes, 

or move from the mitochondrial membrane to the cytosolic fraction where TH is found, 

thereby allowing higher interaction between DOPAL and TH. Furthermore, in cell lysate 

experiments involving TH inhibition and reversibility, DOPAL stability was investigated 

as a control. Preparation of cell lysate for experiments appears to remove cytosolic 

ALDH and AKR, and HPLC analysis revealed that DOPAL is not metabolized over 2 h, 

and no significant DA, DOPAC, or DOPET was detected in these control experiments. 

Due to this, it is significantly more facile for DOPAL to bind and inhibit TH activity 

when working in a cell lysate model. This model was chosen at first due to ease of 

experimentation, and the high quantity of lysate that could be obtained after just 4 days of 

culturing, as opposed to whole PC6-3 cell experiments in which cells must be 

NGF-differentiated and allowed to grow for a total of 8 days after plating. Overall, these 
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conditions allow for high DOPAL-TH interaction and modification by DOPAL to occur 

easily. 

This idea is further supported by the dopaminergic PC6-3 cell experiments shown 

in Figure 4.2. In this system, DOPAL must move into the cell from the extracellular 

media where it may encounter some metabolism by ALDH and AKR. Furthermore, there 

are a variety of other possible protein targets for DOPAL to interact with in a whole cell 

model. Studies conducted in our lab previously identified a number of possible protein 

targets, including, heat shock protein 1, glutathione-S-transferase mu 1, and ribophorin 1, 

among others (97).Therefore, when DOPAL intracellular concentrations were 4-5 μM, 

TH was inhibited ~41%, demonstrating a less inhibition as compared to studies involving 

cell lysate. As previously discussed, DOPAL concentrations are known to be 2-3 μM 

(49); therefore, these results demonstrate that even slight shifts in intracellular DOPAL 

concentration can lead to detrimental effects in the cell in a short period of time. 

 Reversibility assays revealed that DOPAL incubation with TH exhibited a 

reversible and irreversible component of TH inhibition. As the data in Figure 4.3 show, 

there is both a concentration- and time-dependent recovery of TH activity as determined 

by L-DOPA production. Longer preincubation times with DOPAL (60 or 90 min) 

coupled with higher concentrations of DOPAL (20μM) led to decreased TH activity after 

removal of excess DOPAL and reintroduction of substrate and co-factor. The data in 

Figure 4.3D show that DOPAL preincubation leads to TH inhibition that is reversible but 

also has a slow-irreversible component, which accounts for the decrease in recovery of 

activity after removal of excess DOPAL. 
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 Overall, DOPAL has been shown to demonstrate high inhibition of the protein 

target, TH. This leads to a significant decrease in the production of L-DOPA in lysate 

models, and both L-DOPA and DA in PC6-3 cells. These results have implications for 

Parkinson’s disease and exposure time to elevated DOPAL. From the data, it appears that 

in the presence of slightly elevated DOPAL, TH would be inhibited, leading to decreased 

L-DOPA production. If exposure to high DOPAL was relatively short (i.e. DOPAL levels 

were decreased), the reversibility assays demonstrate that TH would recover some of its 

activity, restoring DA synthesis. On the other hand, the presence of high DOPAL levels 

for long periods of time is predicted to lead to a decreased ability of the enzyme to 

recover activity, thus leading to a significant decrease in DA synthesis, a hallmark of PD. 

As previously discussed, there is evidence that the aging process leads to an increase in 

the activity of MAO catalyzed metabolism of DA, and products of lipid peroxidation 

such as malondialdehyde lead to inhibition of ALDH and AKR (33, 86). These combined 

actions would cause an increase in DOPAL production which, from the results presented 

here, would lead to potent inhibition of TH activity and a decrease in both L-DOPA and 

DA. Therefore, not only is DOPAL a toxic and reactive intermediate, but slight changes 

in cellular levels are predicted to lead to significant TH inhibition, and overall, less DA 

production. 
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CHAPTER FIVE 

STRUCTURE-ACTIVITY RELATIONSHIP OF DOPAL ANALOGUES: 

MECHANISM OF TOXICITY AND ENZYME INHIBITION 

Introduction 

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

million people in the United States. This progressive disease leads to the selective loss of 

dopaminergic neurons in the substantia nigra, causing a decrease in the important 

neurotransmitter dopamine (DA) (2). DA is metabolized by monoamine oxidase (MAO) 

to the reactive and toxic intermediate 3,4-dihydroxyphenylacetaldehyde (DOPAL), which 

is further metabolized by aldehyde dehydrogenase (ALDH) and aldehyde reductase 

(AKR) to 3,4-dihydroxyphenylacetic acid (DOPAC) and 3,4-dihydroxyphenylethanol 

(DOPET), respectively (67). DOPAL has demonstrated high toxicity (46, 47) and the 

ability to interact with and modify both model peptides (34, 50), and proteins (88).  

 Tyrosine hydroxylase (E.C. 1.14.16.2), has been identified in our lab as a protein 

target of DOPAL modification (88). This leads to potent inhibition of enzyme activity, 

resulting in a significant decrease in L-DOPA and DA. While it is understood that 

DOPAL modification is slowly-irreversible (88), the mechanism of TH inhibition is not 

fully understood. Previous work to investigate the mechanism of DOPAL modification of 

model peptides revealed it to be dependent upon both the catechol and the aldehyde (50). 

To further investigate both toxicity and TH inhibition, structure-activity studies (SAR) 

were undertaken using a number of DOPAL analogues. Phenylacetaldehyde (PAL), a 

commercially available analogue, investigated the importance of the aldehyde alone. Two 

analogues were synthesized which determined how masking the catechol changed 
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toxicity and TH inhibition; 3-methoxy-4-hydroxyphenylacetaldhyde (MOPAL) examined 

the effect of a single hydroxyl group, while 3,4-dimethyoxyphenylacetaldehyde 

(DMPAL) studied the effect of complete masking of the catechol. Finally, a novel nitrile 

analogue was synthesized: 3,4-hydroxyphenylacetonitrile (DHPAN) examined the effect 

of replacing the aldehyde group with a nitrile. For all four analogues, mitochondrial 

dysfunction in PC6-3 cells was determined using the MTT assay, and the inhibition of 

TH was investigated in both cell lysate and whole PC6-3 cells.  

 While TH has been identified as a protein target of DOPAL modification (88), 

sites of adduction have not yet been determined. It was of therefore of interest to employ 

mass spectrometry in order to elucidate sites of DOPAL modification to wluxisRW the 

mechanism of enzyme inactivation. It was first necessary to clone and purify recombinant 

TH; therefore, through a novel expression vector and purification procedure, human 

recombinant TH (hTH) was successfully produced. Using hTH, mass spectrometry 

studies were undertaken to determine sites of DOPAL adducts. Furthermore, it was 

possible to develop a novel real-time assay for hTH activity using a plate reader to 

measure changes in absorbance over time. This assay employed sodium periodate to 

oxidize L-DOPA formed in the reaction which rapidly converted to dopachrome and was 

monitored at 475 nm. Initial high-throughput screening (HTS) was performed as well to 

determine the applicability of this assay for this format. 

 For the first time, SAR studies were used to determine the importance of the 

catechol and aldehyde in DOPAL toxicity and inhibition of TH. Furthermore, a novel 

cloning and purification procedure was developed, and using pure, recombinant hTH, 

sites of DOPAL modification were identified and a novel plate reader assay for the 
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activity of hTH was established.  Most importantly, using mass spectrometry (MS) and 

MS/MS, 5 DOPAL adducts were found on hTH, helping to elucidate the reason behind 

the potent inhibition of TH activity by DOPAL. 

Experimental Procedures 

Materials 

DOPAL was biosynthesized as previously described using enzyme-catalyzed 

conversion of DA to DOPAL by rat liver MAO (54), and the concentration was 

determined via an ALDH assay (52) and HPLC analysis as described below. Tyrosine, L-

DOPA, DA, DOPAC, phenylacetaldehyde (PAL), and all other chemicals were 

purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. Malondialdehyde 

(MDA) was obtained by heating 1,1,3,3-tetraethoxypropane in an aqueous solution 

containing HCl (91).  3,4-dimethoxyphenylacetaldehyde (DMPAL) was synthesized as 

described in Appendix A, 3,4-dihydroxyphenylacetonitrile (DHPAN), was synthesized as 

described in Appendix B, and 3-methoxy-4-hydroxy-phenylacetaldehyde (MOPAL) was 

biosynthesized as described in Appendix C. 

Mitochondrial Dysfunction (MTT assay) 

In order to determine the effect on mitochondrial function of the DOPAL analogs 

in PC6-3 cell cultures, the MTT reduction assay was used as previously described (88). 

NGF differentiated cells were treated with DOPAL analogs at 0, 5, 10, 25, and 50 μM 

and incubated for 2 h at 37ºC in 5% CO2. MTT reagent was then added (0.5 mg/mL) to 

each well, and incubated for 2 h. The purple crystals were dissolved in DMSO and the 
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formazan product absorbance at 570 nm was read using a Molecular Devices Spectra-

Max plate reader. Absorbance values for the analogs were compared to controls.  

Tyrosine Hydroxylase Activity  

Assay in Cell Lysate 

As previously described in Mexas, et al., cell lysate was collected from PC6-3 

cells and assayed for TH activity by allowing cells to grow to confluence and collecting 

using 10 mM sodium phosphate buffer (pH 6.4). After centrifuging at 100,000 x g for 1 h, 

lysate was stored at -80 ºC until assays were performed. It is important to note that TH 

activity is stable up to a year when stored under these conditions (62). As previously 

reported, cell lysate experiments contained 100 μM tyrosine, 0.25 mM 

tetrahydrobiopterin (BH4) and 0.2 mg/mL cell lysate (control), and the addition of either 

10 or 20 μM PAL, MOPAL, DMPAL, or DHPAN in experimental conditions. Time 

points were taken at 0, 30, 60, 90, and 120 min and placed in 5% (v/v) perchloric acid.  

HPLC analysis was used to determine the production of L-DOPA over time. 

Tyrosine Hydroxylase Activity  

Assay in PC6-3 Cells 

 In whole cell assays, NGF-differentiated PC6-3 cells were preincubated in 

HEPES-buffered media for 15 min, and then 10 μM tyrosine, 5 μM MDA (to inhibit 

ALDH and AKR) (33), and 20 μM of PAL, MOPAL, DMPAL, or DHPAN were added.  

At time points of 0, 30, 60, 90, and 120 min, supernatant was removed and cells were 

lysed using 300 μL of 0.1% Triton-X in potassium phosphate (pH 7.4) buffer. Lysate was 

analyzed using HPLC analysis as described below for L-DOPA production. It is 
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important to note that MDA does not inhibit or alter tyrosine hydroxylase activity in 

studies we completed (data not shown) as well as in previous studies (93). 

Relative Protein Reactivity (NBT) 

Relative protein reactivity of each compound was determined using BSA. 

DOPAL, MOPAL, PAL, and DMPAL reactivity was calculated previously (50). In order 

to determine the reactivity for DHPAN, BSA (1 mg/mL) was incubated with either 

DOPAL (as a positive control, 100 μM), or DHPAN (100 μM) for 4 h at 37ºC. Samples 

(9 μg) were run on an SDS-PAGE and transferred to a nitrocellulose membrane (20 V, 40 

min). As previously shown, nitroblue tetrazolium (NBT) will stain catechol-containing 

protein adducts (98, 99).  The membrane was placed in 0.24 mM NBT in 2 mM 

potassium glycine buffer (pH 10) and allowed to incubate over night at 4ºC. Integration 

of band density was performed using the NIH program Image J, version 1.37. 

HPLC Analysis of Tyrosine Hydroxylase  

Activity Assays 

HPLC analysis of L-DOPA production in assays was performed using an Agilent 

1200 Series Capillary HPLC system with a photodiode array detector measuring 

absorbance at 202 and 280 nm was used. Samples (15 μL) were injected and separated 

using a Phenomenex Luna C18 column. For studies with PAL, DMPAL, MOPAL, and 

DHPAN a gradient was used as follows: 0-12 min: 3% B, 12-13 min: 15% B, 15-20 min: 

15% B, 20-35 min: 3% B, where A consisted of 0.1% trifluoroacetic acid in water, and B 

was acetonitrile. Retention times were determined to be: 7.5 (L-DOPA), 10.5 (tyrosine), 

22 (PAL), 18 (MOPAL), 21 (DMPAL), and 25 min (DHPAN). Conversion of peak area 

into concentration units was achieved using a calibration curve of standards. 
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Novel Cloning and Purification of  

Human Recombinant Tyrosine Hydroxylase (hTH)  

Using E. coli. 

(In collaboration with Colin A. Higgins in Dr. David L. Roman’s laboratory) 

Materials for the cloning and purification of human recombinant TH (hTH) are as 

follows: primers were obtained from Integrated DNA Technologies (Coralville, IA) as 

dry powder and dissolved in water. Human tyrosine hydroxylase gene was purchased 

from Harvard PlasmID (Clone ID HsCD00378692) as a glycerol stock of pENTR223-

transformed E. coli strain DH5α.  DNA purification kits, QIAprep Spin Miniprep and 

QIAquick Gel Extraction, and Ni-NTA resin were obtained from Qiagen (Valencia, CA). 

Restriction enzymes SalI  and BamHI, T4 ligase, amylose resin were obtained from New 

England Biolabs (Ipswich, MA). DNaseI and E-64 were purchased Roche Applied 

Science (Indianapolis, IN). Phenylmethylsulfonyl fluoride (PMSF) was obtained from 

Research Products International (Mt. Prospect, IL). Lysozyme and pepstatin A were 

purchased from Thermo Scientific (Waltham, MA). Leupeptin was obtained from EMD 

Chemicals (Gibbstown, NJ). HiPrep SP FF 16/10 column and AKTApurifier fast protein 

liquid chromatography (FPLC) system were purchased from GE Healthcare (Piscataway, 

NJ). Sequencing was performed by the University of Iowa DNA Facility. 

Excision of the hTH vector produced and obtained from the Plasmid Database at 

Harvard and introduction into the expression vector was performed as follows: TH-

pENTR223-containing DH5α stock was streaked onto a plate of LB agar supplemented 

with 100μg/mL spectinomycin, grown for 16 h at 37°C, a single colony was selected and 

expanded into 8mL LB broth supplemented with 100μg/mL spectinomycin, and grown 
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for 16 h at 37°C. Bacteria were pelleted at 3600 x g for 10 minutes at 4°C. pENTR223 

plasmid was purified according to manufacturer’s instructions (Qiagen). 

 The open reading frame containing full-length TH (amino acids MPT…AIG) was 

amplified with primers containing a 5’ BamHI recognition site (5’-

CGGATCCATGCCCACCCCCGACGCCACCAC-3’) and an in-frame 3’ engineered 

stop codon followed by a SalI recognition site (5’-

CCCGTCGACCTAGCCAATGGCACTCAGCGCA-3’) using Platinum Pfx according to 

manufacturer’s instructions (Life Technologies, Carlsbad, CA). This fragment and 

pMALc2H10T vector (100) were gel-purified per manufacturer’s protocol (Qiagen), 

double-digested with BamHI and SalI according to manufacturer instructions (New 

England Biolabs). Digested TH and pMALc2H10T were gel-purified again (Qiagen) and 

ligated using T4 DNA Ligase according to manufacturer’s instructions (New England 

Biolabs) using a 3:1 insert:vector ratio and incubation overnight at 16°C. The ligated 

product was transformed into XL10-Gold bacteria according to manufacturer’s protocol 

(Stratagene, La Jolla, CA).  

Several colonies were selected, miniprepped, and their DNA sequenced to ensure 

in-frame insertion of TH with forward and reverse with primers: pMAL5’sense 

GCGGTCGTCAGACTGTCGATGAAG, TH middle antisense 

GCGCTCCAGCAAAGCAAAGGCC, TH middle sense 

CCCAGTATATCCGCCACGCG, and pMAL3’antisense 

GGCGATTAAGTTGGGTAACGCCAGG. 

 Upon confirmation of proper ligation of the hTH and pMAL vector, expression in 

E. coli was performed. pMALc2H10T-TH  (MBP-TH) vector was transformed into 
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BL21(DE3) E. coli, and a single colony was picked and expanded to 10mL in LB 

supplemented with 100μg/mL ampicillin (amp) and shaken for 16 h at 37°C. This was 

pelleted at 3600 x g for 10 minutes at 4°C and resuspended in 500μL LB to which was 

added 500μL 80% (v/v) sterile glycerol and stored at -20°C. To express MBP-TH, 5μL of 

glycerol stock was expanded in a starter culture of 10mL LB+amp for 8 h shaken at 

37°C, which was then expanded to a seed culture of 200mL LB+amp and was shaken 

overnight at 37°C. On the morning of induction, the seed culture was expanded to 4x1L 

LB+amp, grown to OD600 0.4 at 37°C, then cooled to 25°C by shaking the flasks in a tub 

of ice, and grown to OD600 0.6 at 25°C. 

In order to induce protein expression, 250μM β-D-1-thiogalactopyranoside 

(IPTG) was added along with 100 μM FeSO4, and 0.2% (w/v) glucose for enzyme 

stability and to prevent the production of bacterial amylases respectively. Induction was 

carried out for 20 h at 25°C, after which bacteria was pelleted at 3600 x g at 4°C, 

resuspended in 30mL TH buffer A at 4°C (50mM HEPES pH 6.8 100mM NaCl 5mM β-

mercaptoethanol) supplemented with protease inhibitors (100μg/mL PMSF, 1 μM 

Leupeptin, 1 μg/mL Pepstatin, and 1μM E-64) added to buffer immediately before use.  

The suspended pellet was snap frozen in liquid nitrogen and then the purification of hTH 

was performed in a 3 step procedure. The pellet was thawed at 37°C, stirred on ice with 

0.8mg lysozyme per mL of pellet (not including 30mL of buffer) for 10 min, snap frozen, 

and thawed again. Following lysis, 10μg/mL DNaseI was stirred into the viscous mixture 

(10 min on ice), and the lysate was centrifuged for 1 h at 100,000 x g (36500 rpm) in a 

Sorvall T-647.5 rotor. The supernatant was filtered (0.45 μm) and loaded onto a 10 mL 

amylose resin column equilibrated with buffer A. The resin was washed with 50 mL 
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buffer A and eluted with 70 mL (5 mL fractions) buffer A containing a competing 

concentrations of 10 mM maltose. Following SDS-PAGE analysis, MBP-TH fusion 

protein-containing fractions were pooled and digested with TEV-protease (10:1 molar 

ratio TH:TEV) for 8 hours at 4°C on a rotating mixer. Digestion was monitored by SDS-

PAGE to ensure complete cleavage, after which the sample was diluted 5-fold in TH 

buffer B (50mM HEPES, pH 6.8, 5mM βME) and loaded onto a HiPrep Q FF 16/10 

column equilibrated with TH buffer B in an AKTApurifier. To elute TH, buffer B plus 

1M NaCl was used. The sample was eluted over a gradient of 0-15% B over 1 C.V., 5 

C.V. at 15% B, a gradient of 15-30% B over 5 C.V., and then 30-100% B over 5 C.V. 

The first eluting peak, eluting at 13.5mS/cm, contained pure MBP. The second peak, 

eluting at 22.5mS/cm, contained 99%+ pure TH. 

hTH Activity Assay and HPLC Analysis 

In order to assess hTH activity, a similar procedure as used for lysate TH activity 

was employed. Briefly, 10 μg of recombinant hTH was incubated with 50 μM tyrosine, 

0.25 mM BH4, and 2.5 μM iron (II) sulfate in 10 mM sodium phosphate buffer (pH 6.4) 

at 37ºC for 20 min. At 5 min time points, aliquots were taken and placed in 5% (v/v) 

perchloric acid to stop the reaction. L-DOPA production was monitored using an Agilent 

1200 Series Capillary HPLC system as described above. 

Methanol-Chloroform-Water Precipitation of hTH 

Due to the high salt content of the final step of purification of hTH, interference 

with mass spectrometry analysis was expected. Therefore, a precipitation method 

involving methanol, chloroform, and water was employed (101). Briefly, 200 μL of hTH 

was added to 800 μL of methanol. After vortexing, the sample was spun at 9000 x g for 
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10 sec. Then, 200 μL of chloroform was added and the sample vortexed again. After 

centrifuging for another 10 sec at 9000 x g, 600 μL of water was added, and the sample 

was again vortexed and spun for 1 min. The upper phase was removed (it is important to 

note that care was taken to not remove any sample from the bilayer between phases). 

Another 600 μL of methanol was then added and the sample vortexed again. After 

spinning at 9000 x g for 4 min, the supernatant was removed and the pellet dried under a 

stream of air. The sample was then dissolved in 100 μL of 50 mM ammonium 

bicarbonate (pH 7.4) for incubation with DOPAL and mass spectrometry analysis. 

Mass Spectrometry Analysis to Identify  

DOPAL Adducts on Tyrosine Hydroxylase 

 A Shimadzu IT-TOF mass spectrometer was coupled with a Shimadzu HPLC for 

mass spectrometry (MS) analysis. A Phenomenex Aeris Widepore XB-C18 column (100 

x 2.1 mm), with a particle size of 3.6 μm and a pore size of 200 Å was used to separate 

peptides. A mobile phase of 0.1% formic acid in water (A) and 0.1% formic acid in ACN 

(B) was used in gradient with the following time course: 0 min: 5% B, 5-15 min: 5-50% 

B, 15-30 min: 50-90% B, 31 min: 95% B, 35 min: 50% B, 36 min: 5% B, 40 min: 5% B. 

Prior to analysis, hTH was incubated with 50 μM DOPAL for 4 h at 37ºC. Control 

samples containing no DOPAL were also incubated at 37ºC. Following incubation, 

samples were run through Bio-Rad spin columns in order to remove excess DOPAL. This 

was done to ensure adducts were on the whole protein, and not on exposed residues after 

trypsinization. Finally, the addition of 10% (v/v) ACN, 0.1 mM BME, and a 1:50 ratio of 

trypsin was incubated for 8 h at 37ºC. 15 μL of sample was injected and were run through 
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the photodiode array detector prior to MS analysis. Scanning was performed from m/z 

200 to m/z 2000 in 3.3 seconds. 

 In MS/MS, the same samples were once again subjected to HPLC-MS analysis 

from m/z 200 to m/z 2000 followed by MS/MS scanning from m/z 200 to m/z 1000 with a 

repeat value of 3. Ion accumulation was set to 50, with activating signal conitegrator 

(ASC) set to 70%, and a collision induced dissociation (CID) setting of 50%.  The same 

gradient was used as described above. 

Novel Real-Time Assay to Monitor 

 Tyrosine Hydroxylase Activity 

 Utilizing hTH, a novel real-time assay to follow L-DOPA production was 

developed. This assay employed a plate reader measuring at 475 nm in order to watch the 

production of dopachrome from L-DOPA, which was catalyzed by sodium periodate. 

This chemical oxidizes L-DOPA, which then autocyclizes to the chromophore, absorbing 

at 475 nm. In control activity experiments, TH (10μg), BH4 (0.25 mM), and iron (II) 

sulfate (2.5 μM) were pre-mixed to allow for cofactor and iron binding (A) for 3-6 min 

on ice. A second mixture of 10 mM HEPES buffer (pH 6.8) and tyrosine and sodium 

periodate (50 and 100 μM, respectively) was made (B). The two were combined in a 96-

well plate and immediately placed in a Molecular Devices Spectra-Max plate reader with 

absorbance set to 475 nm. After an initial mix for 3 sec, the plate was read every 10 sec 

for 30 min at 37ºC. In studies with DOPAL, the same concentrations of TH, BH4, iron 

sulfate, tyrosine, and sodium periodate were used, with the addition of 5, 10, or 20 μM 

DOPAL prior to the addition of mixture B. For plate reader assays, TH activity measured 

via dopachrome production  with ε=3700 M
-1

cm
-1 

(102), and b=0.51 cm
-1

. In negative 
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control assays, 3-iodo-tyrosine (3IT, 50 μM) or CoCl2 (100 μM) were used to 

competitively inhibit tyrosine and iron binding, respectively (103, 104). These were 

added to A immediately prior to the addition of B. 

Control experiments included the following: exclusion of tyrosine or hTH (to 

determine background absorbance), and sodium periodate with each component of 

reaction mixture (to ensure no cross-reactivity). All experiments were done at a final 

volume of 200 μL and 10 mM HEPES buffer (pH 6.8) and read for 30 min. 

High Throughput Screening Assay 

 To determine if the plate reader assay could be applied to high throughput 

screening (HTS) for future assessment of possible inhibitors or activators of hTH activity, 

the real-time assay was scaled down to be performed in a Corning 384-well plate. 

Samples were read using an EnVision 2104 Multilabel Plate Reader (PerkinElmer) with 

data collection being performed using the Wallace EnVision Manager Version 1.12 

(PerkinElmer). The final sample volume was 100 μL, and in place of BH4, 6,7-Dimethyl-

5,6,7,8-tetrahydropterine hydrochloride (DMPH4) was used. This a non-natural cofactor 

is less active than the natural cofactor, but it allows for higher tyrosine concentrations to 

be used in the assay (105). The same assay structure was used in the HTS studies, 

therefore the same concentrations of hTH, iron, and DMPH4 were preincubated (Mix A, 

10 μg, 2.5 μM, and 0.25 mM, respectively) for 5-10 min. Mixture B contained tyrosine 

(200 μM), NaIO4 (400 μM) and HEPES (pH 6.8). A was added to the plate, and in order 

to achieve inhibition in HTS assays, cobalt chloride (CoCl2, 100 μM) was used as a 

competitive inhibitor of Fe binding (104). The 384-well plates were used to determine a 

Z-factor. 48 wells were used for positive control experiments (maximum signal, no hTH 
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inhibition), and 48 wells were used for negative control (minimum signal, CoCl2 

inhibition). CoCl2 was added to the wells immediately prior to the addition of B, and 

plates were then read for 3 h at 60 sec intervals. The Z-factor was determined using the 

following equation: Z-factor =   
            

|      |
, where σ is the standard deviation for the 

positive (p, no inhibition) and negative (n, CoCl2 inhibition), and μ is the mean of both of 

these conditions. 

 Background absorbance due to CoCl2 was determined by measuring the 

absorbance of 100 μM CoCl2 in 10 mM HEPES (pH 6.8) and subtracting the measured 

background from the final absorbance values. All HTS studies were completed at 37ºC in 

10 mM HEPES (pH 6.8) at a final volume of 100 μL. 

Statistical Analysis 

All linear regression and statistical analysis were performed using the software 

GraphPad Prism 5.0 (Graph Pad Software, San Diego, CA). Data for cells treated with 

DOPAL or the analogs were compared to the controls and significant differences (p < 

0.05) were determined using a one-way ANOVA with a Tukey post-test. Data for TH 

activity and L-DOPA formation was determined using a linear regression. For MS and 

MS/MS analysis, the University of California, San Francisco (UCSF) Protein Prospector 

MS-Digest program was used to perform a typical trypsin digest of hTH. A maximum of 

2 missed cleavages was used, and variable modifications included the formation of pyro-

glutamate, and oxidation of methionine and peptide mass was set for m/z 200-4000.  
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Results 

Structure-Activity Relationship Studies  

of DOPAL Analogues 

In order to study the structure-activity relationship of DOPAL, 4 analogues were 

used. Shown in Table 5.1 are the structures of each analog and the important feature of 

DOPAL studied to determine the change in cellular toxicity (i.e. mitochondrial 

dysfunction), and inhibition of. The relative protein reactivity as determined by NBT 

staining is also described in the table. 
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Table 5.1 Summary of key structural features of DOPAL and analogues, and their 

relative protein reactivity with BSA as determined by the NBT assay. 

 a
  NaCNBH3 required for protein reactivity and adduct stability(50).  

b  
As described in the methods section, no protein reactivity with BSA was determined as compared to 

DOPAL reactivity by NBT staining. 

 

 

 

 

 

 

Compound Reactive Group Relative Protein Reactivity 

(50) 

 
HO

HO

O

H
DOPAL 

 

Catechol and aldehyde 

 

 

1 

 

 

PAL 

 

Aldehyde 

 

˂0.1
a 

 

 

MOPAL 

 

Aldehyde and monomethyl 

catechol 

 

0.2
a 

 

 

DMPAL 

 

Aldehyde and dimethyl 

catechol 

 

˂0.2
a 

 

 

DHPAN 

 

Catechol 

 

ND
b 

O

HO

O

O

O

O

O

N

HO

HO
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Phenylacetaldehyde Toxicity and  

Tyrosine Hydroxylase Inhibition 

 Using the MTT assay, mitochondrial function was assessed after PC6-3 cell 

incubation with varying concentrations of phenylacetaldehyde (PAL, 5, 10, 25, 50 μM) 

for 2 h. Figure 5.1A demonstrates the slight concentration-dependent increase in 

mitochondrial dysfunction. While these results are significant as compared to the 

controls, PAL does not display the toxicity of DOPAL (88). 

 TH activity in both cell lysate as well as whole PC6-3 cells was assessed in the 

presence of PAL (10 or 20 μM) for 2 h. The data in figures 5.1B and C show that PAL is 

capable of inhibiting TH activity, leading to decreased L-DOPA production.  There is 

~44% inhibition of TH activity in cell lysate (20 μM PAL), while ~56% inhibition in 

PC6-3 cells is observed when 10-12 μM PAL is taken up into cells. These results 

demonstrate that PAL is capable of inhibiting TH and diffuses into PC6-3 cells, where it 

leads to some dysfunction and TH inhibition. 
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Figure 5.1 PAL toxicity and TH inhibition profile. (A) PC6-3 cells incubated 

with increasing concentrations of PAL for 2 h. MTT analysis of 

mitochondrial function showed concentration-dependent increase 

in dysfunction. (B) Cell lysate activity assay in the presence of 

PAL; increased PAL demonstrated decreased L-DOPA production. 

(C) 20 μM PAL on PC6-3 cells lead to ~56% decrease in L-DOPA 

production. All values shown represent the mean ± SEMs (n = 3). 

** indicates significant mitochondrial dysfunction as compared to 

control cells (p ˂ 0.05). 

 

 

 

3-Methoxy-4-hydroxyphenylacetaldehyde Toxicity and  

Tyrosine Hydroxylase Inhibition 

 To further study the importance of the catechol group, the DOPAL-metabolite 

3-Methoxy-4-hydroxyphenylacetaldehyde (MOPAL) was used. MOPAL is the 

catechol-o-methyltransferase (COMT) metabolite of DOPAL, which leads to the 
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selective methylation of the 3-position hydroxyl group (106). These studies may give 

insight into other mechanisms of protein modification and enzyme inhibition in the cell 

as this metabolite is also produced from DA metabolism. MOPAL was biosynthesized 

from 3-methoxytyramine as described in Appendix C. Data in Figure 5.2A demonstrate 

the result of elevated MOPAL on the mitochondrial function of PC6-3 cells. MOPAL 

treatment yields some toxicity, but significance from the control is only seen at 50 μM, 

making it much less toxic than DOPAL. 

 To study the effect of MOPAL on TH activity, 20 μM MOPAL was incubated 

with PC6-3 cell lysate for 2 h and time points were taken at 30 min intervals. Figure 5.2B 

indicate MOPAL inhibits TH activity, leading to decreased L-DOPA production. 

Inhibition was ~44% at 20 μM MOPAL, indicating it is a less potent inhibitor than 

DOPAL. 

 As shown in Figure 5.2C, 20 μM MOPAL treatment of cells for 2 h demonstrated 

alteration in TH activity, leading to decreased L-DOPA production. Results indicate TH 

activity decreased ~50% when MOPAL levels were between 9 and 10 μM in cells. 

Overall, these results demonstrate MOPAL to have decreased toxicity and inhibition 

properties as compared to DOPAL (88). 
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Figure 5.2 MOPAL toxicity and TH inhibition. (A) PC6-3 cells incubated 

with MOPAL for 2 h demonstrated minimal toxicity, with 

significance from the controls only seen at 50 μM. (B) TH 

inhibition in cell lysate. 20 μM MOPAL lead to ~44% inhibition. 

(C) MOPAL lead to ~50% inhibition of TH in PC6-3 cells when 

10-12 μM MOPAL was found intracellularly. All values shown 

represent the mean ± SEMs (n = 3). **indicates significant 

mitochondrial dysfunction from control cells (p ˂ 0.05). 

 

 

 

3,4-Dimethoxyphenylacetaldehyde Toxicity and  

Tyrosine Hydroxylase Inhibition 

 As previously mentioned, 3,4-Dimethoxyphenylacetaldehyde (DMPAL) was also 

investigated in order to study the importance of the catechol in toxicity and protein 

modification. DMPAL provides an analogue which contains a “masked” catechol as 
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compared to DOPAL in order to help assess changes in toxicity and inhibition of TH. The 

MTT assay revealed a loss of toxicity in PC6-3 cells, with even high concentrations of 

DMPAL exhibiting no toxicity after 2 h (Figure 5.3A).  

 PC6-3 cell lysate was incubated with 20 μM DMPAL and time points were 

analyzed by HPLC for the production of L-DOPA. Results in Figure 5.3B show that 

DMPAL leads to ~28% inhibition in cell lysate. 

 Similarly, Figure 5.3C shows cells incubated with 20 μM DMPAL lead to just 

over 30% inhibition of L-DOPA production when 9-10 μM DMPAL was detected 

intracellularly. There results indicate DMPAL to be significantly less toxic and exhibit 

less inhibition of TH activity as compared to DOPAL. 
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Figure 5.3 DMPAL toxicity and TH inhibition in lysate and PC6-3 cells. (A) MTT 

results demonstrating no toxicity to PC6-3 cells in the presence of 

DMPAL after 2 h. (B) TH+ cell lysate incubated with 20 μM DMPAL 

exhibited ~28% inhibition as compared to controls. (C) PC6-3 cells with 

9-10 μM DMPAL intracellularly showed a little over 30% inhibition of 

TH activity. All values shown represent the mean ± SEMs (n = 3). 

 

 

 

3,4-Dihydroxyphenylacetonitrile Toxicity and  

Tyrosine Hydroxylase Inhibition 

The nitrile analog of DOPAL, 3,4-dihydroxyphenylacetonitrile (DHPAN) was 

synthesized from 3,4-methylenedioxyphenylacetonitrile as described in Appendix B. 

DHPAN was selected in order to investigate how the replacement of the aldehyde affects 

toxicity and inhibition of TH. The nitrile functional group is still polar, but predicted to 
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be much less electrophilic and reactive to nucleophiles. Previous studies support the 

hypothesis that the aldehyde of DOPAL interacts with amino acid residues containing 

free amines, such as Lys or Arg residues, leading to covalent modification (50). 

Replacement of the aldehyde with a nitrile group does not significantly change the 

electronic or steric properties of the molecule; however, the nitrile will not be as reactive 

toward nucleophiles as a carbonyl (107). 

To compare the mitochondrial dysfunction produced in the presence of elevated 

DHPAN, the MTT assay used. After a 2 h incubation with 5, 10, 25 or 50 μM DHPAN, 

the MTT reagent was added and absorbance measured. As can be seen in Figure 5.4A 

there is no significant mitochondrial dysfunction. Interestingly, when higher levels of 

DHPAN were tested in pilot experiments, treatment of cells with 200 μM DHPAN 

exhibited cellular dysfunction similar to 50 μM DOPAL (Figure 5.4B).  

Lysate was incubated with tyrosine, BH4, and DHPAN (100 μM, 0.25 mM, and 

10 or 20 μM, respectively) for 2 h and time points were taken at 30 min intervals. Upon 

HPLC analysis, L-DOPA production was decreased ~25% by 20 μM DHPAN as can be 

seen in Figure 5.4C.  

20 μM DHPAN was incubated with PC6-3 cells and wells were lysed at 30 min 

time points. The production of L-DOPA in Figure 5.4D appeared unaffected by DHPAN 

with no significant difference between control and DHPAN incubated cells noted. It is 

important to note that there appeared to very low levels of DHPAN in the cells at each 

time point (between 0 and 1 μM), as determined by HPLC analysis. These results suggest 

the aldehyde plays a role in the trafficking of DOPAL in and out of the cells. 



76 

 

 

Figure 5.4  DHPAN toxicity and TH inhibition in lysate and cells. (A) MTT 

results when investigating varying physiologically relevant 

concentrations of DHPAN after 2 h. Cells show no significant 

toxicity compared to controls. (B) Pilot studies studying the effect 

of higher concentrations of DHPAN. 200 μM DHPAN exhibits 

mitochondrial dysfunction similar to that of 50 μM DOPAL. (C) 

DHPAN shows inhibition of TH in cell lysate (~25% at 20 μM). 

(D) DHPAN leads to no significant inhibition in PC6-3 cells. 

Concentrations of DHPAN were found to be only 0-1 μM 

intracellularly.  All values shown represent the mean ± SEMs (n = 

3 for A, C and D) (n = 2, for B). ** indicates significant 

mitochondrial dysfunction from the control (p ˂ 0.05). 

 

 

 

Summary of Structure-Activity Relationship Studies 

Table 5.2 summarizes the results from the structure-activity studies with DOPAL 

analogs. As can be seen, DOPAL is far more toxic to cells and more potently inhibits TH 
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activity than the analogs. These results demonstrate the importance of both the catechol 

and aldehyde of DOPAL in terms of toxicity to dopaminergic PC6-3 cells and inhibition 

of the important enzyme TH.  

 

 

 

Table 5.2 Summary of DOPAL and Analogue Toxicity, and TH Inhibition in Lysate 

and PC6-3 Cells 

a 
Based on trypan blue results as shown in Figure 3.4 

b 
See reference (88).  

c 
NS = no significant toxicity or inhibition of TH activity. 

d
 Concentration of DOPAL or analogue placed exogenously on PC6-3 cells 

 

Compound Toxicity at 25 μM 

(% Cell viability) 

TH inhibition 

(lysate, 20 μM) 

TH inhibition  

(PC6-3 cells) 

DOPAL 

 

50
a
 

(IC50 = ~80 μM)
b 

 

~95%
b
 

 

 

~56% 

5 μM
d 

 

 

PAL 

 

80 

(IC50 >> 1000 μM) 

 

~44% 

 

~53% 

20 μM
d 

 

 

MOPAL 

 

80 

(IC50 > 1000 μM) 

 

~42% 

 

~49% 

20 μM
d 

 

 

DMPAL 

 

NS
c 

 

~28% 

 

~35% 

20 μM
d 

 

 

DHPAN 

 

NS
c 

 

~27% 

 

NS
c N

HO

HO

HO

HO

O

H

O

HO

O

O

O

O

O
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Furthermore, Figures 5.5 and 5.6 show the summarized TH inhibition in both cell 

lysate and PC6-3 cells, respectively. It is clear that DOPAL exhibits much higher 

inhibition of TH activity when compared to the analogues, indicating that even slight 

changes to structure highly effect the action of DOPAL. While PAL and MOPAL exhibit 

similar inhibition of TH in PC6-3 cells (Figure 5.6), it requires higher intracellular 

concentrations than DOPAL (4-5 μM DOPAL versus 9-12 μM for PAL or MOPAL). 

These results demonstrate the potent inhibition DOPAL exerts on TH is dependent on 

both functionalities of the compound. 

 

 

 

Figure 5.5 TH inhibition by DOPAL and analogues (PAL, MOPAL, DMPAL, 

and DHPAN) in cell lysate. Analogues show decreased inhibition 

of TH, indicating DOPAL is a more potent inhibitor of TH 

activity. All values shown represent the mean ± SEMs (n = 3 for 

all) ** indicates significant from the control  (p ˂ 0.05). 
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Figure 5.6 TH inhibition in PC6-3 cells by DOPAL and analogues. DOPAL 

shows more potent inhibition of TH activity than analogues at 

lower intracellular concentrations. The table shows the levels of 

each compound in the cells as determined by HPLC analysis. All 

values shown represent the mean ± SEMs (n = 3 for all) ** 

indicates significant from DOPAL incubated cells (p ˂ 0.05). 

 

 

 

Novel Cloning and Purification of hTH  

In collaboration with Dr. David L. Roman and Colin A. Higgins 

 This cloning procedure employed the use of an expression vector containing a 

maltose-binding protein, which was subsequently used in the purification process after 

cloning. Each step in the cloning process was verified through the use of the DNA Core 

Facility at the University of Iowa to ensure the proper sequencing for hTH was obtained. 

Figure 5.7 shows the hTH construct used for cloning. 

Compound Intracellular 

Level 
 

DOPAL 
 

4-5 μM 

PAL 
 

10-12 μM 

MOPAL 
 

9-10 μM 

DMPAL 
 

9-10 μM 

DHPAN 
 

0-1 μM 
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Figure 5.7 Construct used for the cloning of hTH. This pMal vector contained 

a maltose-binding protein which was used in the purification 

process later. 

 

 

 

A three step purification was employed beginning with an amylose resin column 

to capture MBP-TH fusion proteins from crude cell lysate. The gel depicted in Figure 

5.8A is a representative of the fractions collected. Lane 1 is the molecular weight marker, 

Lane 2 is the load (crude protein), and lane 3 is the flow (sample that does not bind to 

resin at all). Lanes 4-6 are the wash fractions. Lanes 7-20 are fractions following the 

addition of a high concentration of maltose (10 mM), which competitively binds amylose, 

allowing for the release of the MPB-TH. The band at 100 kDa represents the protein 

(hTH) bound to MBP. Cleavage of the fusion protein with TEV protease (Figure 5.8B), 
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leaves MBP and hTH separate and in the same mixture. Lane 2 of Figure 5.8B depicts the 

two proteins separated by SDS-PAGE, which shows TH at ~60 kDa, and MBP at ~40 

kDa. Immediately following confirmation of cleavage, the sample was applied to a 

HiPrep Q FF 16/10 anionic exchange column and the 2 bands were separated using a salt 

gradient. Fractions of each peak were collected and analyzed again by SDS-PAGE. The 

figure in 5.8C depicts a typical gel acquired after use of the anion exchange column. 

MBP is in lane 2, and TH is in lane 3. Examination of the 2
nd

 peak (TH) via western blot 

using antibodies specific to TH, confirmed the identity of the protein as TH, which is 

shown in Figure 5.8D. The 56 kDa band represents the 99% pure TH. 

TH activity after each step of the purification using the HPLC method previously 

described. hTH (15 μg) was incubated with tyrosine, BH4, and iron (II) sulfate for 20 min 

and time points were taken at 5 min intervals. HPLC analysis indicated the production of 

L-DOPA over time. Figure 5.9 shows the production of L-DOPA over time, and the 

increase in activity of TH as the purification process is completed. The specific activity, 

protein recovered and fold purification are described in Table 5.3.  This novel procedure 

recovers an average of 24 mg hTH, making it one of the highest yielding procedures 

currently published for the cloning and purification of this enzyme (108-111). 
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Figure 5.8 SDS-PAGE analysis of each step in the purification of hTH using the 

novel cloning and purification technique developed. (A) Typical gel 

obtained after amylose resin. Lane 1: Load (Crude protein); Lane 2: Flow 

(unbound proteins); Lanes 3-6: Wash, Lanes 7-20: Eluted proteins with 

competing concentration of maltose. 100 kDa band is indicative of hTH-

MBP protein, which was collected. (B) Gel after TEV cleavage for 8 h; 

upper band is hTH, lower band is MBP. (C) After anion exchange column. 

MBP elutes first, hTH is second (lane 3). (D) Western blot analysis of 

pure hTH; band at ~60 kDa is indicative of hTH. 
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Figure 5.9 TH activity over the purification process using HPLC analysis. 

L-DOPA production increases as the enzyme is purified, indicating 

the process does not impede or negatively affect the enzyme, and 

leads to higher tyrosine turnover as TH is purified. 

 

 

 

Table 5.3 hTH protein recovery per step and enzyme characterization. 

Purification 

step 

Total protein 

(mg) 

Specific activity 

(nmol/min/mg) 

Total enzyme 

units 

(nmol/min) 

% 

Yield
b
 

Approx. 

purity (%) 

Crude 89.4 5.40 483 100 33 

Amylose 42.6 12.2 520 48 75 

TEV 26.0 12.2 317 29 75 

Q-column  12.0 16.3 196 13 100 
a
Wet weight cells 17g 

b
Overall yield compared to soluble crude cell lysate 
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Mass Spectrometry Identification 

of DOPAL adducts 

 MS analysis was performed on trypsinized human recombinant TH (hTH) and 

hTH incubated with 50 μM DOPAL for 4 h at 37ºC. Prior to trypsin addition, samples 

were run through a Bio-Rad spin column in order to remove excess DOPAL. This was 

done to ensure adduction by DOPAL only occurred on the whole protein, and was not 

due to exposed residues after trypsinization. ACN (10% v/v), 0.1 mM BME, and a 1:50 

ratio of trypsin was used for 8 h at 37ºC prior to MS analysis. Samples were injected and 

run through a PDA prior to introduction to the IT-TOF MS. Figure 5.10 depicts typical 

total ion chromatograms obtained from hTH (A) and hTH+DOPAL (B). The spectra 

demonstrate a decrease in peaks present, indicating there is some loss of peptides in the 

DOPAL incubated samples. Sequence analysis revealed 79.8% sequence coverage of 

hTH samples, while hTH+DOPAL had a calculated sequence coverage of 58.4%. These 

results indicated there was a loss of sequence coverage when samples were incubated 

with DOPAL. It was hypothesized that DOPAL may have led to missed cleavages and 

adducts formed also led to changes in m/z ratio of the peptides. 
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Figure 5.10 Typical MS spectra of hTH digest by trypsin for 8 h at 37ºC. (A) 

depicts hTH with no DOPAL, while (B) is the incubation of hTH 

with 50 μM DOPAL for 4 h prior to the addition of trypsin. All 

samples were run through a Bio-Rad spin column to remove excess 

DOPAL in order to ensure adducts were on whole hTH. Gradient 

separation was 40 min, this figure demonstrates the first 30 min of 

the run; no significant peptides were found after 30 min. 

 

 

 

 Upon completion of sequence coverage calculations, it was determined there were 

11 missing peptides from the hTH+DOPAL samples that were found in hTH alone. A 

DOPAL adduct corresponding to either 134 Da (Schiff base) or 136 Da (reduced Schiff 

base) was matched to 5 of the 11 peptides in the hTH+DOPAL MS data. These results 
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demonstrated 5 DOPAL adducts on hTH. Table 5.4 contains the matched peptides 

containing a DOPAL adduct.  

 

 

 

Table 5.4 hTH+DOPAL adducted peptides determined via mass spectrometry. 

Treatment
a
 Peptide

b
 RT (min) Modified Unmodified Adduct

c
 

50 μM 

DOPAL 
220-226 4.5 927.87 791.42 136.45

e
 

 39-51/43
d 

13.2/14.9 1696.88/1830.89 1560.85 136.03/270.04 

 464-481 13.5 2156.91 2020.90 136.01 

 312-320 18.6 1291.59 1157.5 134.09 

 227-238 20 1573.75 1439.60 134.15 
a
 Tryptic peptides were obtained and analyzed as described in Materials and Methods. 

b 
Residue numbers in hTH protein. 

c
 Adduct mass determined by subtracting mass of unmodified from modified peptide. 

d
 Peptide found to have mass corresponding to two DOPAL adducts. 

e
 Mass of DOPAL is approximately 134 or 136 m/z ratio depending on amount of reduction via 

sodium cyanoborohydride. m/z ratio of 136 refers to complete reduction in which two hydride 

atoms are present 

 

 

 

To better understand the location of each adduct, the NCBI MMDB Protein 

Structure Summary of hTH was utilized to study the protein. The sequence on NCBI 

includes the majority of the protein, minus the N-terminal regulatory region (including 

the location of antibody recognition) (1). Of the above adducts, 4 were visible using this 

model. The peptide from 39-51 was not present, and is a part of the N-terminal regulatory 

region. This peptide contains 2 adducts as was determined by MS/MS analysis. As 
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previous results show (88), the TH antibody demonstrated a concentration-dependent 

decrease in recognition. Adducts in the antibody-recognition region confirm the 

hypothesis that antibody can no longer recognize TH upon incubation with DOPAL due 

to modification. The peptides from 220-226, 312-320, and 227-238 are a part of the 

catalytic region of TH. Previous studies have demonstrated deletions or truncations of 

this part of the enzyme lead to an inactive enzyme with poor expression in cloning 

studies (55). Adducts in this region are predicted to lead to dysfunction of the enzyme, as 

is supported by the data previously discussed in Chapter 4 in which DOPAL leads to 

significant inhibition of TH function. The final peptide from 464-481 is the start of the 

tetramerization domain. Previous crystal structure data reveals this portion of the enzyme 

to be unnecessary for activity, with truncation or deletion leading to an active monomer 

(55). It is important to note though, that this part of the enzyme is central to 

oligomerization of the 4 subunits, and coupled with the other adducts on TH, is predicted 

to lead to the potent inhibition exhibited by DOPAL. Figure 5.11 demonstrates the 

location of the 4 of the 5 adducts as modeled in the NCBI MMDB Protein Structure 

Summary of hTH (missing the N-regulatory domain which was not present in the NCBI 

sequence).  
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Figure 5.11  NCBI macromolecular structure view of hTH (1) (A). One subunit has 

been expanded to better visualize the adducts. (B) shows adducts R481, 

R320, and R226, while (C) shows K238 as well as R320, and R226. As 

mentioned in the text, this model does not contain the adducts on the 

peptide from 39-51, which are hypothesized to be the reason behind the 

decrease in antibody recognition of TH incubated with DOPAL. 

 

 

 

MS/MS analysis confirmed the location of adducts on each peptide and mapped 

the ion fragmentation, which is shown in Figure 5.12. y- and b-ions were matched and 

further supported the addition of DOPAL adducts on hTH.  
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Figure5.12 Y- and b-ions corresponding to 5 DOPAL adducts found on hTH upon 

MS/MS analysis of the protein after trypsin. (A) aa220-226 with one 

DOPAL adduct (R 226). (B) aa312-320 with one DOPAL adduct (R320). 

(C) aa39-51 with 2 DOPAL adducts (R43, R51). (D) aa227-238 with one 

DOPAL adduct (K238). (E) aa464-481 with one DOPAL adduct (R481). 
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 The MS and MS/MS results of hTH and hTH+DOPAL revealed five DOPAL 

adducts, including one in the antibody recognition region of the enzyme,  and three  in the 

important catalytic region, helping to explain loss of antibody recognition as well as high 

inhibition of TH activity by DOPAL. In particular, two of the modifications are 

hypothesized to play a key role in the potent inhibition of this enzyme by DOPAL. Figure 

5.13 shows an enlargement of the adduct location of peptide 220-226. This depiction 

shows R226 found to be DOPAL-bound, and Leu206, an amino acid that has been shown 

to be key to the structure stability of hTH. Point mutations of this residue lead to 

disruption of the helical packing of α-2, thereby destabilizing the protein structure (55). 

Furthermore, R226 is a part of an important salt bridge connecting α-2 and α-3, and 

adduction by DOPAL is predicted to not only lead to changes in the structure of this 

bridge, but, as can be seen from the figure, it is in close proximity to the important Leu 

residue. Slight alterations to the structure of the protein in this region are hypothesized to 

lead to destabilization of the enzyme structure, of which DOPAL could be a contributing 

factor.   
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Figure 5.13 Enlarged view of the adduct on peptide 220-226 (1), which contains a 

DOPAL adduct on R226. Leu206 has been demonstrated to be an 

important residue to the overall structure of the protein. Furthermore, 

R226 is a part of an important structural salt bridge and adduction is 

predicted to lead to destabilization of  hTH.  

 

 

 

The peptide from 312-320 is depicted in Figure 5.14, and shows R320, where the 

DOPAL adduct was identified through MS/MS. Two Phe residues are depicted in the 

figure as well (F300 and F309). Studies have demonstrated these to be important in 

coordination and binding of the iron (grey ball in figure) to the enzyme subunit, a 

requirement for TH activity. Due to the proximity of the DOPAL adduct to the site of 

iron coordination, it is predicted that there are structural alterations in the enzyme which 

decrease the ability to properly bind the iron. This occurrence would help explain the 

potent inhibition of enzyme function; if iron cannot bind properly to TH, there would be 

significant decrease in the turnover of tyrosine. 

R226 

L206 
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Figure 5.14 An enlargement of the adduct on R320 (1), which is in close proximity to 

the site of iron binding (gray ball). F300 and F309 are shown due to their 

importance in the coordinating of the iron atom in each subunit. DOPAL 

adduction in this location is predicted to lead to structural changes which 

may cause incomplete or improper binding of iron, partially explaining the 

dramatic loss of enzyme activity in the presence of DOPAL. 

 

 

 

 The DOPAL adduct on K238 is a part of another α-helix in the protein, but 

current literature and previous studies are not yet able explain how this adduct affects 

enzyme activity. It could be hypothesized that it leads to similar disruption of the packing 

structure as is predicted with the adduct on R226. As described above, R481 is a part of 

the tetramerization domain. While not strictly necessary for enzyme function, adduction 

of this site may lead to decreased oligomerization of the 4 subunits, and coupled with the 
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other adducts, may cause the potent decrease in TH activity. Finally, the adducts on R42, 

and R51 are a part of the N-regulatory domain, as well as the antibody recognition 

region. As previously mentioned, this explains the decrease in antibody recognition of the 

enzyme when incubated with increasing concentrations of DOPAL. Overall, the 

combination of these different sites of adduction coupled with the unique structure of TH 

help explain the potent inhibition by DOPAL. The structural implications are expanded 

upon further in the discussion. 

Novel Plate Reader Assay  

to Monitor Tyrosine Hydroxylase Activity 

The development of a real-time assay to monitor TH activity utilizes sodium 

periodate to oxidize L-DOPA, which further autocyclizes to dopachrome (Scheme 5.1). 

This species is absorbed at 475 nm and can be followed using a plate reader.  

 

 

 

 

Scheme 5.1 Tyrosine is metabolized to L-DOPA by TH, which is oxidized by sodium 

periodate (NaIO4). This species then autocyclizes to dopachrome, a 

chromophore species which absorbs at 475 nm. 

 

 

 

COOH

NH2O

O

L-DOPA

NaIO4
COO

NH2HO

HO

Dopaquinone

O

O

N
H

COO

Dopachrome

HO
COOH

NH2

Tyrosine

TH



94 

 

 

This assay utilizes hTH obtained as described in the methods section. hTH, BH4, 

and iron were premixed (A, 10 μg, 0.25 mM, and 2.5 μM, respectively) and allowed to 

incubate for 3-6 min on ice while mix B was prepared. Mixture B consisted of tyrosine, 

sodium periodate (50, 100 μM, respectively), and 10 mM HEPES (pH 6.8). Mix A was 

added to the plate and immediately after the addition of B the plate was placed in a plate 

reader and monitored for 30 min at 10 sec interval readings. TH activity was measured in 

the initial linear phase of the experiment, with almost complete tyrosine turnover 

completed in 20 min. Background absorbance was corrected when calculating L-DOPA 

production. 

hTH was also incubated with varying concentrations of DOPAL (5, 10, 20 μM) 

and the known competitive inhibitors of tyrosine and iron binding, 3IT and CoCl2, 

respectively. The data in Figure 5.15 displays the decrease in L-DOPA production in the 

presence of even low micromolar concentrations of DOPAL, which is determined by 

absorbance measured at 475 nm. Beer’s Law [A = εbc], where ε = 3700 M
-1

cm
-1

, b = 

0.51 cm, A = absorbance and c = concentration in molar units was used to determined L-

DOPA production. It can be seen that even low levels of DOPAL (5 μM) lead to 

significant inhibition of hTH activity. DOPAL inhibition follows a 

concentration-dependent model, with increased levels of DOPAL leading to ~60 and 73% 

inhibition (10 and 20 μM DOPAL, respectively). Furthermore, control studies with 3IT 

and CoCl2 demonstrated significant inhibition of enzyme activity, with 3IT leading to 

~50% inhibition, and CoCl2 causes over 80% inhibition. 
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Figure 5.15 L-DOPA production as measured by the plate reader assay. L-

DOPA is oxidized by sodium periodate, and then further cyclizes 

to dopachrome which can be measured at 475 nm. Low 

micromolar concentrations of DOPAL lead to decreased TH 

activity, and higher levels of DOPAL 3IT, and CoCl2 lead to 

almost complete inhibition of L-DOPA production. All values 

shown represent the mean ± SEMs (n = 5 for Control, DOPAL, 

3IT, n = 3 for CoCl2). **indicates significance from control wells. 

 

 

 

In order to fully characterize the plate reader assay and determine the sensitivity 

(as compared to the HPLC), the specific activity of a number of conditions was 

determined for the plate reader and compared to the previously published method of 

HPLC analysis. Table 5.5 shows the values and demonstrates that the plate reader method 

is comparable to the HPLC in determining L-DOPA production over time. 
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Table 5.5   Comparison of average specific activities between previously published 

HPLC method and the plate reader assay 

Assay Control 

(nmol/min/mg) 

10 μM DOPAL 

(nmol/min/mg) 

20 μM DOPAL 

(nmol/min/mg) 

50 μM 3IT 

(nmol/min/mg) 

HPLC 16.2 ± 1.42 5.06 ± 0.891 3.31 ± 0.542 2.13 ± 1.32 

Plate Reader 15.4 ± 1.13 3.55 ± 0.670 2.51 ± 0.776 2.63 ± 1.48 

 

 

 

High-Throughput Screening Assay 

 Finally, as part of a pilot study to determine if the plate reader assay could be applied to 

high-throughput screening (HTS), the plate reader assay was scaled down to a 384-well 

plate and run using CoCl2 as a negative control. Studies were followed over 3 h at 60 sec 

read intervals. Comparison of the two conditions (i.e. positive and negative control) 

elucidated a Z-factor that ranged from 0.825 to 0.925, a robust number well over the 

accepted threshold of 0.5.  Figure 5.16A shows the spectra obtained during the HTS 

assay. This assay has a high signal to noise ratio, and contains a wide stable screening 

window. Furthermore, 5.16B demonstrates the consistency of the Z-factor over time, 

indicating this is a stable assay which has a number of times points that could be 

monitored for hTH activity. These results demonstrate that the plate reader assay would 

be successful in an HTS format. A variety of conditions and possible inhibitors of hTH 

activity could be investigated easily and quickly; possibly resulting in data currently 

unknown about the structure and function of hTH and how it is affected by both 

endogenous and exogenous toxins that humans may encounter throughout their lives. 
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Figure 5.16 High-throughput screening (HTS) of hTH plate reader assay. 48 

wells were used for positive (no inhibition) and 48 wells used for 

negative control (100 μM CoCl2). Assay was performed for 180 

min at 90 sec read intervals. (A) depicts spectra obtained, 

exhibiting high signal-to-noise (S/N) ratio, and a long stable 

screening time (between 75-180 min). (B) Z-factor over time of 

assay shows stability over the course of the assay well above the 

accepted threshold of 0.5. Z-factor values ranged between 0.825 

and 0.925, a robust value which makes this ideal for HTS. 

 

 

 

0 25 50 75 100 125 150 175
0.00

0.05

0.10

Control

Co
2+

S/N = 59

Stable Screening  Time

Time (minutes)

A
b

s
 (

4
7
5
 n

m
)

L
-D

O
P

A
 P

ro
d

u
c
ti

o
n

0 25 50 75 100 125 150 175
0.00

0.25

0.50

0.75

1.00

Time (minutes)

Z
-F

a
c
to

r

A 

B 



98 

 

 

Discussion 

 DOPAL, the endogenously produced metabolite of DA is known to exhibit toxic 

effects in cells and lead to the potent inhibition of tyrosine hydroxylase in both a lysate 

and a dopaminergic cell model (88). It has been shown that modification of DOPAL 

structure leads to decreased reactivity with Lys residues, indicating protein reactivity is 

dependent upon both the catechol and the aldehyde (50). This study furthers such results 

by investigating the importance of these functional groups in the inhibition of a known 

protein target of DOPAL modification, the enzyme TH. Furthermore, this work 

demonstrates the importance of DOPAL structure for cytotoxicity through mitochondrial 

dysfunction. The data presented in this work also elucidates site of modification on hTH 

using MS analysis, as well as employs recombinant TH to develop a novel plate reader 

assay which follows L-DOPA production. 

The following order for toxicity and potency in regards to TH inhibition was 

found: DOPAL >> PAL=MOPAL > DMPAL=DHPAN. Interestingly, the nitrile analog 

DHPAN exhibited only slight TH inhibition in cells and HPLC analysis of the cell lysate 

indicates intracellular DHPAN is very low event after 2 h treatment (Figure 5.4C, table in 

Figure 5.6). These results have implications for the uptake and trafficking of DOPAL in a 

cell. 

For the first time, the importance of the aldehyde is studied using an analog in 

which a nitrile group replaces the aldehyde. As noted above in Figure5.4A, toxicity was 

decreased significantly for the nitrile analog. Results indicate that there is inhibition of 

TH in cell lysate, but such a finding was not observed for PC6-3 cells treated with 

DHPAN (Figure 5.4C and D, respectively), indicating that DHPAN did not enter the cell. 
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While trafficking of DA and DOPAC are established (78, 112, 113), it is currently 

unknown how DOPAL movement is mediated in the cell. When PC6-3 cells are treated 

exogenously with DOPAL and time points taken over 2 h, the acid and alcohol 

metabolites (i.e., DOPAC and DOPET, respectively) are observed in the extracellular 

media (Chapter 3). This indicates that DOPAL is taken up into the cell and metabolized. 

It is conceivable that DHPAN is able to traverse the cellular membrane, but then interacts 

with and binds to other proteins via reversible thiol modification (114), precluding its 

ability to inhibit TH. Furthermore, it is possible there is an undiscovered mechanism for 

DOPAL transport, which facilitates the movement of DOPAL in and out of the cell. In 

this case, the nitrile analog would be unrecognized by the transporter and would not be 

able to enter the cell. More work is needed to identify the means via which DOPAL and 

the analogs are taken up by cells and exported.  

In regards to TH inhibition, it is also important to note that while protein 

reactivity is decreased significantly upon the replacement of the aldehyde with the nitrile 

group, there is the possibility for interaction of the nitrile with Cys residues, as studies 

have indicated (107, 115). Such could possibly explain the loss of TH activity in cell 

lysate as well as the known inhibition of the enzyme by catechol-containing compounds 

such as DOPAC and L-DOPA (61, 62) DHPAN shares many structural characteristics 

with DA (i.e., catechol, nitrile analogous to amine), indicating DHPAN could interact 

with the DA-binding site of TH, thus inhibiting the enzyme. Further work is also needed 

to fully understand the inhibition of TH by DHPAN. 

MOPAL, a DOPAL-metabolite generated via COMT activity (116) exhibited 

toxicity and inhibition of TH. While significantly less than that for DOPAL, these results 
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indicate the potential for other metabolites of DA to exhibit harmful cellular 

consequences. It is important to note though, that while MOPAL is generated 

simultaneously with DOPAL (116) and therefore has the ability to compete with DOPAL 

for protein binding sites, the results here, as well as previously published data show 

DOPAL is significantly more protein reactive (63, 88). 

Mass spectrometry analysis of hTH incubated with DOPAL revealed 5 adducts on 

a variety of important parts of the enzyme. Most notably, the peptide from 220-226, and 

312-320 are in areas of the catalytic region of hTH that if altered in some way (i.e. 

through an adduct), this may lead to the destabilization of the protein. Previous crystal 

structure studies have demonstrated that the structure of TH is unique and found nowhere 

else in nature. Of important note, the catalytic domain of the enzyme family of TH shows 

no sequence or structure homology to other proteins, indicating this is unique to this 

enzyme (117). Furthermore, the structure of TH is very loosely packed; the only tightly 

bound portion of the enzyme is in the catalytic domain closest to the tetramerization 

domain (α-8, α-9, and α-13), with α-8 and α -9 being a part of the active site cleft (55). 

Otherwise, the structure of TH is based on loose helical packing, which may explain why 

DOPAL adducts have such a potent inhibitory effect. Slight changes to the structure of 

TH through DOPAL modification are predicted to lead to destabilization of the AKReady 

loose packing, thus leading to the inability of the substrate, co-factor or iron to bind, all 

of which are necessary for proper function of the enzyme.   

It is important to note that previous work has shown DOPAL to be highly reactive 

with Lys residues, while there have been fewer studies demonstrating the reactivity with 

Arg. The MS results presented here elucidated that four of the five DOPAL modifications 
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were found on Arg residues, including the two predicted to be key in the inhibition of 

TH. While it was initially surprising to find these results, there have been multiple studies 

showing reactivity of bifunctional molecules with Arg that help support the data 

described here. A number of studies published have shown that the bifunctional 

molecules phenylglyoxal and 4-hydroxy-2-nonenal (4-HNE) are reactive with Arg 

residues (118, 119). Using ESI-MS, these studies demonstrated adduction of these 

bifunctional chemicals to Arg residues. Proposed ion structures included the production 

of a ring structure between the phenylglyoxal or 4-HNE and Arg residue. Based on this, it 

is hypothesized a similar mechanism of adduction may be occurring between Arg and 

DOPAL. It could be further hypothesized that DOPAL adduction occurs through two 

separate binding sites on the Arg; including, the formation of a Schiff base-like structure 

(as expected with Lys residues), as well as a Michael addition at the two position of the 

phenyl ring. Overall, this adduct would cause the m/z  ratio to be either 134 or 136 higher, 

depending on the reduction state of the adduct (as demonstrated in Table 5.4). This 

hypothesis requires further studies to help elucidate the exact structure of the DOPAL-

Arg adduct. 

Finally, this chapter discusses the development of a novel real-time assay for 

monitoring the activity of TH. This assay utilizes sodium periodate, which leads to the 

formation of dopachrome from L-DOPA. Using a plate reader at absorbance 475 nm, TH 

activity can be observed over time. Furthermore, the potential for the use of HTS was 

investigated, with the assay showing promise for translation into screening high volumes 

of compounds in the future. Not only could this be used to investigate the inhibition of 
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TH, but also look at the activation of the enzyme, which may potentially lead to better 

therapeutics for suffers of PD, who exhibit low DA levels. 

 Of important note, Table 5.5 compares the specific activities gained in both the 

HPLC assay, which is previously published (88), and the new plate reader assay, with 

results showing continuity between the two methods. Furthermore, a variety of control 

experiments were carried out to ensure that the absorbance change over time was due to 

the production of L-DOPA. These include: absence of both tyrosine and hTH, in order to 

determine background absorbance that occurs in this assay; incubation of each 

component with sodium periodate, to confirm no cross-reactivity was observed; as well 

as the use of known competitive inhibitors (3IT and CoCl2) of TH activity, to 

demonstrate a working model of TH inhibition that could be compared to DOPAL. In the 

absence of tyrosine (substrate) or hTH, some background absorbance was observed; 

therefore, all results were corrected to ensure proper calculation of L-DOPA 

concentration. When each assay component (i.e. iron, co-factor, or substrate) was 

incubated with sodium periodate, there no significant change in absorbance observed. 

These results indicate that sodium periodate does not cross-react with these components 

and therefore does not contribute to changes in absorbance over time. Finally, the use of 

known inhibitors of TH activity helped confirm inhibition of TH and was used to 

compare to the inhibition observed in the presence of DOPAL. 

 There are several noteworthy advantages to the use of this assay compared to 

previously published TH activity assays. First, it is significantly faster; there is no major 

lag time between sample preparation and data analysis. Currently, it is common to use the 

tritium-release method of determining TH activity. This assay employs tritiated tyrosine 
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and using liquid scintillation, the amount of tritiated water released is measured (120). 

This method requires extensive post-run work up in order to separate the tritiated water 

from the reaction mixture. Another favored assay is 
14

CO2 trapping which necessitates an 

apparatus to trap the compound, as well as liquid scintillation counting. Finally, the 

method employed previously in our lab used the HPLC to measure L-DOPA production 

at time points during the activity assay. This can be a time consuming process, which 

entails waiting a minimum of 20 min for each sample to run on the HPLC. Overall, this 

real-time assay allows for fast production of data, with no post-run work up or sample 

preparation required.  

 It is also important to note that in the 96-well (or greater in HTS studies) format, a 

large number of multiples of each condition can be run at once. This decreases 

variability, and increasing the number of experimental conditions that can be tested in a 

single assay. Sodium periodate does not interfere with TH activity, or interact with any 

other components in the assay, making it an idea method for converting L-DOPA to the 

chromophore. Furthermore, this assay allows for observation of TH activity as the 

reaction proceeds, giving insight into what occurs between time points in the previously 

described stop-kinetic assays.  

 The large array of data presented in this chapter leads to the major conclusion that 

DOPAL is a highly toxic and potent inhibitor of TH activity. SAR studies revealed a 

decrease in toxicity and inhibition as structural modifications were made to DOPAL. 

Furthermore, MS analysis of DOPAL-bound hTH demonstrated that 5 adducts were 

found on TH. These results help elucidate the mechanism behind the potent inhibition of 

TH activity due to DOPAL modification. Finally, the development of a new assay for 
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activity was described, with results demonstrating a faster method for determining 

L-DOPA production in real-time.  
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CHAPTER SIX 

RESEARCH SUMMARY 

Restatement of Hypothesis 

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

affects the dopaminergic neurons in the substantia nigra, leading to their selective death. 

This causes a decrease in the important neurotransmitter, dopamine (DA) (2). The 

pathogenesis behind PD is unknown; however, it has been hypothesized that there are 

both environmental causes (such as pesticides and metals) as well as endogenously 

produced causes (such as reactive oxygen species or reactive intermediates of 

metabolism) (5, 12, 65). DA is metabolized by monoamine oxidase (MAO) to 3,4-

dihydroxyphenylacetaldehyde (DOPAL), which is further catabolized by aldehyde 

dehydrogenase (ALDH) and aldehyde reductase (AKR) to 3,4-dihydroxphenylacetic acid 

(DOPAC) and 3,4-dihydroxyphenylethanol (DOPET), respectively (49).  While DA has 

been shown to be reactive with proteins and lead to cellular toxicity, DOPAL was found 

to be several orders of magnitude more toxic (46, 63). Normal physiological 

concentrations of DOPAL have been measured to be 2-3 μM, and slight elevations from 

this (6.6 μM) demonstrated a decrease in tyrosine hydroxylase positive cells, which 

indicates dopaminergic cell death (47, 48). Furthermore, DOPAL has previously been 

implicated in protein modification, and studies have shown the ability of DOPAL to 

covalently modify Lys and Arg residues via the aldehyde, forming a Schiff base-like 

structure predicted to interfere with normal protein function (34, 50-52). Tyrosine 

hydroxylase (TH) is the rate-limiting step in DA-synthesis, oxidizing tyrosine to 

L-DOPA, which is further metabolized to DA (40). Studies have demonstrated this 
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enzyme to be tightly controlled, with phosphorylation, feedback inhibition, and proper 

binding order of substrate and cofactor all playing a role in its activation and activity (58, 

121, 122). Furthermore, evidence has shown TH to be inhibited by other catechols, 

including norepinephrine, L-DOPA, and DOPAC (62). 

Based on this, it was hypothesized that the endogenously produced neurotoxin 

3,4-dihydroxyphenylacetaldehyde covalently modifies and inhibits tyrosine 

hydroxylase, leading to a decrease in L-DOPA and dopamine production.  

Discussion of Specific Aims 

Specific Aim 1: Investigate DOPAL as a Neurotoxin  

and Identify Protein Targets of Modification 

 As demonstrated in Figures 3.1 and 3.2, DOPAL-exposed PC6-3 cells exhibited a 

number of morphological changes; including, loss of uniform cell shape, blebbing, and 

evidence of apoptotic bodies. Furthermore, the data in Figure 3.3 and 3.4 show that cells 

begin to have mitochondrial dysfunction, as well as significant cell death at very low 

micromolar concentrations of DOPAL. These results are in line with previous studies that 

demonstrated the ability of DOPAL to cause dopaminergic cell death when levels are 

raised (46, 47). There is also significant evidence that DOPAL interacts with and 

modifies model proteins through Lys and Arg residues, forming Schiff base-like adducts 

(34, 50). Indirect evidence for this by western blot analysis in Figure 3.6 demonstrated 

DOPAL interfered with antibody recognition of TH. Furthermore, through the assessment 

of reactive oxygen species production using flow cytometry, it was determined that 

DOPAL lead to other cellular consequences. Cells demonstrated significant elevation in 

superoxide anion in the presence of just 10 μM DOPAL. It was interesting to note a 
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decrease in hydrogen peroxide in the presence of elevated DOPAL, but previous studies 

demonstrated that inhibition of TH in rat brains led to similar results due to a decrease in 

DA turnover by MAO (81). Combined, these results support the hypothesis that TH is 

modified by DOPAL. 

Specific Aim 2: Determine the Effect of 

DOPAL on Tyrosine Hydroxylase Activity 

 A number of experiments were done in both cell lysate and PC6-3 cells to 

determine the effect of DOPAL modification of TH. It was hypothesized that DOPAL 

would lead to a decrease in TH activity, leading to decreased L-DOPA production. The 

data in Figure 4.1 demonstrates potent inhibition of TH in cell lysates, with results 

exhibiting almost 95% inhibition at concentrations of just 1 μM. It was predicted that due 

to the cell lysate environment, where no metabolizing enzymes of DOPAL are present, 

and DOPAL is able to freely interact with TH, the inhibition was much greater than what 

would be exhibited in a PC6-3 cell model. As the data in Figure 4.2A shows, TH 

inhibition occurs in whole cells, but is significantly less potent than cell lysate. 

Intracellular levels of 4-5 μM DOPAL produced over 40% inhibition of TH activity, 

which also led to ~40% inhibition of DA synthesis (Figure 4.2B). It is important to note 

that normal, physiologic levels of DOPAL are between 2-3 μM (49); therefore, these 

results demonstrate how even slight changes to DOPAL levels can lead to detrimental 

consequences for dopaminergic cells. Finally, it was determined that DOPAL exhibits 

slow-irreversible inhibition of TH, which is time- and concentration-dependent. Figure 

4.3A, B, and C display the reversibility data for TH inhibition by DOPAL. It is clear that 

exposure to increased concentrations of DOPAL for longer periods of time leads to a 
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decreased ability of the enzyme to recover normal activity. This has implications for TH 

inhibition and its relationship to the onset and progression of PD. These data demonstrate 

that short exposure to low levels of DOPAL (i.e. normal physiologic concentrations) will 

lead to less than significant inhibition of the enzyme, as well as the ability of the enzyme 

to recover activity if DOPAL levels are restored to normal. Conversely, if there is 

inhibition of DOPAL metabolism or other alterations to DOPAL synthesis/catabolism 

and levels increase to even 4-5 μM, TH activity would be markedly decreased. 

Furthermore, longer exposure to elevated DOPAL would be predicted to lead to a 

decreased ability of the enzyme to recover normal activity, thus decreasing DA levels, a 

hallmark of PD. 

Specific Aim 3: Elucidate Mechanisms by Which DOPAL  

Inhibits Tyrosine Hydroxylase 

 A number of approaches were used to study this aim; including, structure-activity 

studies (SAR) as well as mass spectrometry to positively identify adducts on TH. The 

data presented in Figures 5.1-5.4 display the SAR results. Overall, it was determined that 

slight modifications to the structure of DOPAL lead to significant decreases in toxicity 

and inhibition of TH, both in cell lysate and PC6-3 cells. SAR studies of TH inhibition 

are summarized in Figures 5.5 and 5.6. The DOPAL metabolite 

3-methoxy-4-hydroxyphenylacetaldeyde (MOPAL), containing only one masked 

hydroxyl group, exhibited a decreased ability to cause mitochondrial dysfunction and 

inhibition of TH. While there was some decrease in TH activity, it required 

concentrations double that of DOPAL to achieve similar results (4-5 μM intracellularly 

for DOPAL versus 9-10 μM for MOPAL). The SAR studies confirmed the previously 
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published results involving model proteins, and extend these data by investigating how 

structural changes affect inhibition of a known protein target of DOPAL (50).  

 Cloning and purification of human recombinant TH (hTH) was completed in 

order to obtain mass spectrometry analysis of DOPAL adducts. This novel procedure 

produced high quantities of pure, active TH, as the data in Figures 5.8 and 5.9 

demonstrate the purification process and activity of hTH, respectively. Furthermore, the 

activity over the course of the purification is expressed in terms of specific activity in 

Table 5.3. Mass spectrometry analysis revealed 5 DOPAL adducts on TH, including two 

predicted to be highly detrimental to enzyme activity (Table 5.4, Figures 5.13 and 5.14).  

 Finally, a novel plate reader assay was developed using hTH, in which real-time 

analysis of activity can take place. This assay has a number of advantages which could 

prove useful when studying TH activity; including, fast set up and analysis time, 

decreased  post-run workup, and the ability to study enzyme activity real-time. 

Furthermore, high throughput screening was assessed and the assay exhibited favorable 

results for further use in this format in the future.  

Conclusions and Implications for Parkinson’s Disease 

 PD is characterized by a selective loss of dopaminergic neurons in the substantia 

nigra, which leads to a decrease in the important neurotransmitter, DA. Patients typically 

exhibit a variety of motor problems, including, bradykinesia, muscle stiffness, and resting 

tremor (2). While it is not currently known what the pathogenesis behind this disease is, 

there is evidence the aldehyde metabolite of DA, DOPAL plays a role in the onset and 

progression. DOPAL has been shown to be reactive with model peptides, as well as 

model proteins, such as BSA. Furthermore, the data presented here demonstrate 
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modification of TH, an important enzyme in the production of the neurotransmitter DA. 

These results have many implications for the onset of PD. There is evidence that MAO 

activity increases with age, as well as products of lipid peroxidation leading to inhibition 

of ALDH and AKR, both metabolizing enzymes of DOPAL (5, 33, 86). Combined, these 

occurrences would lead to elevation in DOPAL levels, and from the data presented here, 

it is predicted that modification and inhibition of TH would occur. Furthermore, DOPAL 

has been shown to be toxic and negatively affect mitochondrial function, as presented in 

Chapter 3, indicating an increase in DOPAL would also be detrimental to overall cell 

viability. As these data suggest, and outlined in Scheme 6.1, DOPAL is a neurotoxin 

capable of protein modification and inhibition. This work helps further the knowledge of 

the pathogenesis behind PD and may direct future research for novel therapeutics for this 

debilitating disease. Such studies may lead to better treatments for PD, or possibly a way 

to prevent the onset and progression of the selective dopaminergic cell death. 
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Scheme 6.1 DOPAL is hypothesized to be a neurotoxin, capable of causing 

mitochondrial dysfunction and cell death. Oxidative stress may 

lead to inhibition of DOPAL metabolism. The data presented here 

predicts elevated DOPAL would modify and inhibit intracellular 

TH (and possibly other proteins), leading to a decrease in DA 

production. 

 

 

 

Future Direction of the Project 

Circular Dichroism Studies of Structural Changes 

 There are still several approaches that should be investigated to further the TH 

and DOPAL story. It would be of interest to study the structure of TH in the presence of 

DOPAL. Due to sites of adduction found through MS analysis (Table 5.4, Figures 5.11, 

5.12, 5.13, and 5.14), it is predicted that structural changes to TH lead to the potent 
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NH2

HO

HO

DA

O
HO

HO
DOPAL

MAO ALDH O

OH

HO

HO
DOPAC

OH
HO

HO
DOPET

Tyrosine L-DOPA
TH

Oxidative Stress

Oxidative Stress

Products of
     lipid 
peroxidation

Products of
     lipid 
peroxidation

Modification and Inhibition
        of TH by DOPAL

Protein

H2N

HN
HO

HO

Protein

AKR



112 

 

 

important sites are modified, and based on previous data, are predicted to cause 

destabilization of enzyme structure. Circular dichroism can be employed to further study 

the effect DOPAL has on the overall structure of TH, and determine if DOPAL 

modification leads to the hypothesized destabilization.  

Investigation of DOPAL Trafficking 

It would also be of interest to further investigate the trafficking of DOPAL in and 

out of the cell. As the data in Chapter 5 demonstrated, the nitrile analogue of DOPAL, 

DHPAN, exhibited altered trafficking in the cell. HPLC analysis showed that there was 

little uptake of the compound. Due to the replacement of the aldehyde moiety with a 

nitrile group, these results indicate the aldehyde plays some role in trafficking of 

DOPAL. It has been established that DOPAL moves into the cell when placed 

exogenously, is metabolized and DOPAC and DOPET are trafficked out the cell, but the 

mechanism behind this is not fully understood. Currently, it is assumed DOPAL moves 

through passive diffusion, but these results indicate there may be an unknown transport 

mechanism. Studies investigating the DA and DOPAC transporters would be a starting 

point to determine if DOPAL utilizes these at a means of moving in and out of the cell.  

Effect of Tyrosine Hydroxylase Phosphorylation  

on DOPAL-Mediated Inhibition 

As described earlier, TH activity is tightly controlled by a number of mechanisms, 

including phosphorylation of three key Ser residues located at Ser19, 31, and 40. 

Phosphorylation of these residues (particularly Ser40) lead to a rapid increase in TH 

activity, due to decreasing the negative feedback inhibition by DA (and other catechols) 

(90, 122). It would be of interest to study the effect phosphorylation of TH has after 
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inhibition by DOPAL. It is possible that phosphorylation, which would not occur actively 

in cell lysate or recombinant enzyme systems, could alleviate or decrease the inhibition of 

TH by altering the structure upon phosphorylation. These studies could help further 

determine how DOPAL inhibition of TH may be decreased or eliminated in order to help 

restore DA synthesis. 

Determine the Structure of the DOPAL Adduct 

It has been established that DOPAL modifies and inhibits TH, but the structure of 

the adduct is still unknown. While a cyclic structure with Arg was proposed in the 

preceding chapter, and while it has been hypothesized DOPAL forms a Schiff base with 

Lys residues, the exact structure has not been elucidated. Mass spectrometric analysis 

using fragmentation could be of use in determining the structure of both adducts formed 

on TH. This information would further the knowledge of the mechanism behind 

DOPAL’s covalent modification of TH, leading to its potent inhibition.  

Identification of Other DOPAL Protein Targets 

 While TH has been identified as a protein target of DOPAL modification, there 

are a number of other possible targets which may play a role in the onset of PD. Current 

literature identifies proteins such as DJ-1, vesicular monoamine transporter 2 (VMAT2), 

and α-synuclein as playing an important role in Parkinson’s disease. DJ-1 has been 

shown to have protective effects in preserving cell viability (123), while VMAT2 

deficient mice demonstrate Parkinson-like symptoms (124). Finally, α-synuclein is a 

major component of Lewy bodies, which are protein aggregates found in the post-mortem 

brains of PD patients (31). 
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In conclusion, all of these studies would further the story of TH inhibition by 

DOPAL, shedding light on this neurotoxin and the mechanism of action behind protein 

modification. These results, coupled with the data described here may help lead to better 

treatments or new therapeutics in the treatment of PD. 
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APPENDIX A 

THE SYNTHESIS OF  

3,4-DIMETHOXYPHENYLACETALDEHYDE 

Introduction 

 3,4-Dimethoxyphenylacetaldehyde (DMPAL) is a structural analogue of 

3,4-dihydroxyphenylacetaldhyde (DOPAL). This analogue was used as part of the 

structure-activity studies in order to determine the effect of “masking” the catechol of 

DOPAL using methyl groups. It was predicted that DMPAL would have decreased 

toxicity and TH inhibition as compared to DOPAL due to previously published results 

demonstrating decreased reactivity with N-acetyl-Lys (50).  We employed a synthetic 

scheme previously outlined in the literature (125) with some minor modifications, which 

is detailed below in Scheme A.1. 

 

 

 

 

 

Scheme A.1 1-step synthesis of DMPAL (1) using 4-allyl-1-2-dimethoxybenzene (2). 
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Experimental Procedure 

Materials  

 4-allyl-1-2-dimethoxybenzene, ruthidium chloride (RuCl3), sodium periodate 

(NaIO4)  and all other chemicals were purchased from Sigma-Aldrich (St. Louis, MO) 

unless otherwise noted.  NMR spectrum of DMPAL was run in CDCl3 using a Bruker 

300 MHz spectrometer (Appendix D, Figure D.1). DMPAL concentration was 

determined using an aldehyde dehydrogenase (ALDH) assay which follows the change in 

absorbance at 340 nm as NAD is converted to NADH when ALDH oxidizes the aldehyde 

to an acid product. Standards used were dilutions of DOPAL at known concentrations. 

Synthesis Method 

 4-allyl-1-2-dimethoxybenzene (2) (0.096 μL (~100 mg), 5.5 mmol) was dissolved 

in 35 mM RuCl3 (0.561 mL, 3.5 mol%) and 4 mL 6:1 ACN : H2O (125). Following this, 

NaIO4 was added slowly over a 5 min period (0.4798 g, 5 eq). This stirred for 3 h at room 

temperature and then was quenched with 8 mL saturated sodium thiosulphate. Using a 

separatory funnel, compound 1 was extracted into ethyl acetate (3 x 5 mL). After drying 

the organic layer with MgSO4, it was evaporated using a rotary evaporator. The resulting 

product was further purified using column chromatography on silica gel, eluting the 

product using a 2:1 mixture of hexanes and ethyl acetate. The product (1) was obtained as 

a brownish-yellow oil in a ~18% yield (~18 mg).  

 
1
NMR (CDCl3) δ 3.6 (d, 2H), 5.93 (s, 2H), 6.65-6.82 (m, 3H), 9.71 (t, 1H). 
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Results 

 As Scheme A.1 demonstrates, the synthesis of DMPAL is a one-step reaction 

requiring oxidation of the allyl-moiety to the aldehyde. This synthesis resulted in a 26.5% 

yield, similar to previously published results (50, 125). NMR confirmation of the product 

can be found in Appendix D. 
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APPENDIX B 

THE SYNTHESIS OF  

3,4-DIHYDROXYPHENYLACETONITRILE 

Introduction 

3,4-dihydroxyphenylacetonitrile (DHPAN) is a second analogue of 

3,4-dihydroxphenylacetaldehyde (DOPAL) which was used to study the importance of 

the aldehyde in toxicity and tyrosine hydroxylase  (TH) inhibition in both cell lysate and 

PC6-3 cells. Previously, studies have focused on the importance of the catechol found on 

DOPAL, and this is the first time the aldehyde role has been investigated. The 

replacement of the aldehyde with a nitrile group does not significantly change the 

electronic or steric properties of the molecule; however, the nitrile will not be as reactive 

toward nucleophiles as a carbonyl (107).  DHPAN is synthesized in a one-step procedure 

which is allowed to stir overnight. Scheme B.1 outlines the synthesis. It is very important 

to note boron tribromide is extremely reactive with air and water, and using proper 

protective clothing is necessary. Furthermore, the reaction must be done in dry conditions 

to minimize the risk of boron tribromide reaction with water. 

 

 

 

 

 

Scheme B.1 Synthesis of DHPAN (3) from 3,4-methylenedioxyphenylacetonitrile (4). 
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Experimental Procedure 

Materials  

3,4-methylenedioxyphenylacetonitrile (4), boron tribromide (BBr3), and all other 

chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. 

NMR spectrum of DHPAN was run in CDCl3 using a Bruker 300 MHz spectrometer 

(Appendix D, Figure D.2).  

Synthesis Method 

 3,4-methylenedioxyphenylacetonitrile (4, 500 mg) was added to dry 20 mL 

CH2Cl2. The round bottom flask was then placed in a dry ice bath (-80ºC) and while 

under N2, 2 equivalents of BBr3 (0.219 mL) was added drop-wise. This was allowed to 

stir for 15 min and then removed from the ice bath and allowed to warm slowly to room 

temperature. The reaction stirred at room temperature for 1.5 h under N2, and then was 

quenched using 15 mL H2O. After stirring for 45 min, the product (3) was extracted using 

ethyl acetate (3 x 10 mL). After drying on a rotovap, the sample was further purified 

using column separation with silica gel employing a 5:1 petroleum ether : ethyl acetate 

mobile phase. The remaining starting material eluted slowly, and in order to remove the 

product methanol was used to strip the column, with a percent yield of ~9% (42.3 mg). 

1
NMR (DMSO-d6): 3.67 (d, 2H), 6.65-6.68 (m, 3H), 8.99 (s, 1H), 9.1 (s, 1H) 

(126, 127).  

Results 

As Scheme B.1 demonstrates, the synthesis of DHPAN is a one-step reaction 

requiring oxidation of the allyl-moiety to the aldehyde. This synthesis resulted in an 
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18.6% yield of white powder after rotary evaporation. NMR confirmation of the product 

can be found in Appendix D. 
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APPENDIX C 

THE BIOSYNTHESIS OF  

3-METHOXY-4-HYDROXYPHENYLACETALDEHYDE 

(In collaboration with Laurie L. Eckert) 

Introduction 

 3-Methoxy-4-hydroxyphenylacetaldehyde (MOPAL)  is the 

catechol-o-methyltransferase metabolite of DOPAL (106). Studying this compound will 

give insight into other mechanisms of protein modification and enzyme inhibition in the 

cell as this metabolite is produced from dopamine (DA) metabolism as well. The 

biosynthesis of MOPAL is completed using rat liver monoamine oxidase (MAO), 

similarly to the biosynthesis of DOPAL from DA. Scheme C.1 shows the conversion of 

3-methoxytyramine to MOPAL in a one-step biosynthesis at 37ºC. The bisulfited product 

is then extracted using a procedure described below. 

 

 

 

 

 

Scheme C.1 Biosynthesis of MOPAL (5) from 3-methoxytyramine (6). 
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Experimental Procedure 

Materials 

 3-methoxytyramine was purchased from Sigma Aldrich (St. Louis, MO). Rat 

monoamine oxidase was isolated from rat liver and used as described below. 

Synthesis Method 

 0.004 g of 3-methoxytyramine was added to 9.5 mL of potassium phosphate 

buffer (pH 7.5) and 1.0 mL of 100 mM sodium bisulfite. Rat liver MAO was added (via a 

membrane pellet after preparation from rat liver), and the mixture was thoroughly 

vortexed and incubated at 37ºC for 4 h with cap loosened, but not off. Approximately 

every half-hour oxygen was introduced into the mixture and vortexed once again. The 

reaction was then terminated by centrifugation at 100,000 x g for 30 min. The supernatant 

was removed and frozen until the extraction procedure. 

MOPAL Extraction 

 The bisulfited-MOPAL was extracted using Supelco Discovery DSC-18 Solid 

Phase Extraction (SPE) Tubes. The SPE column was prepped by running 3 mL methanol 

and then 3 mL of water through it. Next, the MOPAL sample (1.5 mL) was passed 

through the column and the fraction was saved in order to run on HPLC later for 

comparison. 3 mL of a 6% acetonitrile/0.01% TFA solution was then run through the 

column. 0.5 mL fractions were collected as the sample passed through the column and 

run on HPLC to check for purity. 

 HPLC analysis showed MOPAL eluting at 3 min, while starting material (3-

methoxytyramine) eluted at 7 min. Clean MOPAL fractions were pooled after HPLC 
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analysis and placed in a glass conical tube with stopper. 0.5 mL of 50 mM sodium 

pyrophosphate (pH 8.8) was added for every 0.5 mL of MOPAL. ~4 mL of ether was 

added and the tube was shaken for ~30 sec. After separation, the top layer was removed 

and saved in separate tubes. The extraction with sodium pyrophosphate and ether was 

repeated 4 times. At the end of the extraction, 8 tubes of ether are made. To the ether 

fractions 1-6, 200 μL of 1 mM HCL was added. Fractions 1-5 are dried separately, while 

6-8 are pooled and dried. The ether was allowed to dry off, taking care not to dry the 

sample completely as this decreases yield and increases polymer formation. Diluted 

samples were run on HPLC to check for purity and loss of bisulfite.  

HPLC analysis 

 HPLC analysis was carried out using an Agilent 1200 Series HPLC with a 

Phenomenex Luna C18 column (1 x 150 mm, 100 Å). A gradient was used employing 

0.1% TFA in water (A) and ACN (B), following this time line: 0-12 min: 3% B, 12-13 

min: 10% B, 13-23 min: 10% B, 23-24 min: 3% B, 24-35 min: 3% B. Flow rate was 50 

μL/min and MOPAL eluted at ~9 min under these conditions. 

Results 

 As Scheme C.1 demonstrates, MOPAL can be biosynthesized in one step using 

rat liver MAO to oxidize 3-methoxytyramine. Following synthesis, MOPAL is extracted 

and the bisulfite used to stabilize the product is removed. HPLC analysis was used to 

successfully determine purity and concentration.  
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APPENDIX D 

SPECTRA 
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