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Abstract

Dopamine (DA) undergoes monoamine oxidase catalyzed oxidative deamination to 3,4-
dihydroxyphenylacetaldehyde (DOPAL), which is metabolized primarily to 3,4-
dihydroxyphenylacetic acid (DOPAC) via aldehyde dehydrogenase (ALDH). Previous studies
demonstrated DOPAL to be neurotoxic, more so than DA and other metabolites, and implicated
the aldehyde intermediate as a factor in the pathogenesis of Parkinson’s disease (PD). However,
the mechanism for generation of DOPAL at aberrant levels and the pathways for toxicity are not
conclusively known. Various models for DA catabolism revealed the susceptibility of DOPAL
biotransformation (e.g., ALDH) to products of oxidative stress, e.g., 4-hydroxy-2-nonenal, at
physiologic/pathologic levels and agents that induce oxidative stress. An elevated concentration of
DOPAL correlated with increased protein modification with subsequent work demonstrating
significant reactivity of the DA-derived electrophile toward protein nucleophiles compared to DA
and other metabolites, e.g., DOPAC. The addition of DOPAL to proteins proceeds via reaction of
the aldehyde with Lys residues, yielding a Schiff base; however, post-adduction chemistry occurs
for the DOPAL-modification resulting in protein cross-linking. Preliminary work indicates
enzymes in DA synthesis and catabolism to be cellular targets for DOPAL. Functional
consequences for elevated levels of the DA-derived aldehyde and protein modification may
include adverse cellular effects. These data implicate DOPAL as a toxic and reactive intermediate
potentially serving as a “chemical trigger” for some stage of PD pathogenesis.
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1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by dopaminergic cell
death and formation of Lewy bodies. It is a debilitating condition affecting numerous
individuals worldwide and a human health concern. The mechanism of pathogenesis is
currently unknown; however, results of recent studies indicate exposure to environmental
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agents and oxidative stress to be significant factors in the disease process [1-3]. To explain
the loss of dopaminergic cells observed in PD, it has been hypothesized that a toxicant
endogenous to these neurons is generated at aberrant levels (i.e., concentrations higher than
the physiologic value of ~2 uM shown to cause toxicity) subsequent to insult [4]. Many
candidates for this neurotoxicant have been proposed and include neurotransmitters,
metabolites and byproducts of neurotransmitter metabolism [5].

Dopamine (DA) is a neurotransmitter essential for various bodily functions, including the
coordination of movement; however, this important neurochemical can undergo auto- and
enzymatic oxidation (i.e., biotransformation) processes yielding several damaging biological
reactive intermediate (BRI) known to react with cellular nucleophiles [6-8]. One such BRI is
3,4-dihydroxyphenylacetaldehyde (DOPAL), an intermediate of dopamine catabolism
resulting from monoamine oxidase-catalyzed oxidative deamination of DA as shown in
Figure 1 [9]. As a primary pathway for metabolism, DOPAL is oxidized to 3,4-
dihydroxyphenylacetic acid (DOPAC) via numerous aldehyde dehydrogenase (ALDH)
enzymes, both cytosolic and mitochondrial as discussed in an excellent review [10]. In
addition, cytosolic reductases will catalyze reduction of the aldehyde to an alcohol.

Previous work demonstrated DOPAL to be toxic to dopaminergic cells and reactive toward
cellular nucleophiles (e.g., proteins) [11,12]. DA has been implicated as an endogenous
neurotoxicant given its ability to auto-oxidize to an orthoquinone and generate superoxide
anion [6,13]; however, for comparison, DOPAL was shown to be more toxic in vitro and in
vivo [11]. In addition, evidence was generated suggesting that DOPAL reacts with cellular
nucleophiles, e.g., proteins [12,14]. Such data have implicated the DA-derived BRI as a
factor in PD and piqued interest in the endogenous neurotoxicant as part of the effort to
discover new therapeutic targets and identify novel biomarkers for earlier disease diagnosis.

In regards to DOPAL and PD, several key questions remain, including: 1) How is DOPAL,
an intermediate in DA catabolism, generated at aberrant levels? Also of interest in regards to
this subject is the link between environmental insults correlated with PD, e.g.,
organochlorine pesticides or oxidative stress [15], and elevation in levels of the DA-derived
aldehyde. 2). Is DOPAL a BRI, i.e., able to react with cellular nucleophiles? While it is
reasonable to posit the molecule as a BRI given its aldehyde and catechol functional groups
(Figure 2), there is paucity of information in regards to the protein reactivity of DOPAL and
whether or not post-adduction chemistry occurs. 3). What are the cellular targets of the BRI?
In line with this matter, there is a need to elucidate the functional consequence of protein
modification by DOPAL and identify its role in the disease process.

2. Materials and Methods
2.1. Cell Culture

PC6-3 cells were cultured in RPMI 1640 media supplemented with 10% heat-inactivated
horse serum and 5% fetal bovine serum plus penicillin (10 1U/mL) and streptomycin (10
mg/mL) [16]. To induce differentiation, cells were treated with nerve growth factor for four
days at a final concentration of 50 ng/mL. For experiments, serum and media were removed
and cells were incubated in Krebs-phosphate buffer to minimize loss of DOPAL via media
and serum components (e.g., proteins) [15]. To generate DOPAL in situ, cells were treated
with 100 uM DA for 15 min followed by a 4 hour incubation with 4-hydroxynonenal (i.e.,
50 uM, which is not significantly toxic at 4 hours) to inhibit DOPAL metabolism [15,27].
PC6-3 cells are a sub-line of PC12 cells, which exhibit dopamine synthesis and metabolism
and are a widely used model for dopaminergic cells [17-19].
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2.2. DOPAL Synthesis

DOPAL was biosynthesized via monoamine oxidase as previously described [20].
Concentration of DOPAL was determined by HPLC analysis using an Agilent 1100 or 1200
Series capillary HPLC system with photo-diode detector [19].

2.3. SDS-PAGE Analysis

Glyceraldehyde-3-phosphate dehydrogenase (0.3 mg/mL) was incubated with 50 uM DA,
DOPAL or DOPAC for 4 hrs at 37 °C in 50 mM sodium phosphate buffer, pH 7.4, before
analysis via SDS-PAGE (reducing and denaturing conditions) as previously described [21].
Proteins were stained with Coomassie dye.

2.4. Proteomic Analysis

PC6-3 cells were lysed via sonication in 10 mM potassium phosphate buffer (pH 7.4)
containing 1% triton X-100 and centrifuged at 700 x g and 10,000 x g, retaining the
supernatant in both cases. The supernatant was treated with 100 uM DOPAL for 4 hrs at 37
°C, and proteins modified by the DA-derived aldehyde were isolated using an
aminophenylboronic acid resin, previously shown to selectively bind proteins containing
catechol adducts (e.g., DA) [13]. 180 pg of cellular protein was incubated with the resin for
3 hours at room temperature and proteins released via incubation of the resin with 1% and
0.05% trifluoroacetic acid (50 pL). Each release fraction was neutralized by addition of 5 uL
1M sodium phosphate buffer (pH 7.4). Released proteins were separated via a 10% SDS-
PAGE gel, stained with Coomassie and identified with the assistance of the University of
lowa Proteomics Facility using in-gel digestion (trypsin) and mass spectrometry via a
Thermo LTQ XL ion trap and collision-induced dissociation (University of lowa Proteomics
Facility). The SEQUEST database search engine was utilized to match peptides to known
proteins, with a protein match involving 2 or more peptides. Prior to analysis and isolation
of cellular protein targets of the DA-derived aldehyde, pilot experiments were performed
with bovine serum albumin and glyceraldehyde-3-phosphate dehydrogenase modified by
DOPAL (1 mg/mL protein in sodium phosphate buffer, pH 7.4incubated for 4 hours at 37 °C
with 100 uM DOPAL) to establish the effectiveness of the aminophenlyboronic acid resin
for isolating proteins containing a DOPAL adduct. Proteins were fractionated with a 10%
SDS-PAGE gel, stained with Coomassie and matched to molecular weight standards.

3. Generation of DOPAL at Aberrant Levels

PD brains have increased oxidative burden as compared to controls, including elevated
levels of iron and decreased concentrations of antioxidants, and such conditions are
favorable for oxidative decomposition of lipids [1,22]. Two major products of lipid
peroxidation are 4-hydroxy-2-nonenal (4HNE) and malondialdehyde (MDA), considered to
be markers of oxidative stress [23]. Indeed, an earlier report demonstrated elevated levels of
4HNE in PD brains compared to control tissue [24]. Of concern is the reported sensitivity of
carbonyl metabolizing enzymes toward lipid peroxidation products, namely MDA and
4HNE, as there is significant evidence demonstrating inhibition of ALDH via such species
at physiologic concentrations [25,26].

As described above, several ALDH enzymes, both cytosolic and mitochondrial, catalyze the
oxidation of DOPAL to DOPAC [10], and as a minor pathway, cytosolic reductases
participate in the biotransformation of the aldehyde to an alcohol product (i.e., 3,4-
dihydroxyphenylethanol, DOPET) [9]. Using various model systems, including rat brain
mitochondria, rat striatal synaptosomes and dopaminergic PC6-3 cells, ALDH inhibition
was observed in the presence of physiologic concentrations of lipid peroxidation products
[16,20,27]. The net effect was a time and dose dependent increase in the level of DOPAL.
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4HNE-mediated impairment of ALDH activity was compensated via cellular reductases as
an increase in DOPET correlated with elevated DOPAL. In contrast, a loss of the reductase
activity toward DOPAL resulted from treatment of cells with MDA but not 4HNE.

Other means for generation of DOPAL at an aberrant level are conceivable, quite likely and
include impairment of mitochondrial complex | and dysregulation of DA trafficking and
uptake. Mitochondrial Complex 1 is responsible for production of NAD necessary for
mitochondrial metabolism of DOPAL to DOPAC, and a previous study demonstrated
increased concentrations of DOPAL following cellular treatment with the known Complex 1
inhibitor rotenone [28].

DA is synthesized in the cytosol and rapidly sequestered in synaptic vesicles via the action
of the vesicular monoamine transporter (VMAT) [9]. Interference with DA trafficking is
predicted to yield elevated cytosolic levels of the neurotransmitter and increased MAO-
mediated conversion of DA to DOPAL. Recent work demonstrated dieldrin, an
organochlorine pesticide with exposure linked to PD, to be toxic to dopaminergic cells and
capable of producing oxidative stress and disrupting DA trafficking [15]. Such an
organochlorine is predicted to yield elevated levels of reactive intermediates such as
DOPAL.

4. |s DOPAL a BRI?

Given the structure of DOPAL, containing a catechol and aldehyde, it is conceivable that the
DA metabolite is a BRI and forms adducts with proteins (Figure 2). Spontaneous or
enzymemediated (e.g., prostaglandin-H-synthase) catechol oxidation would produce a thiol-
reactive ortho-quinone [6,8], and such a reaction is well documented for DA. In addition,
amines are predicted to react with the carbonyl of DOPAL yielding a Schiff base.
Furthermore, the possibility exists for DOPAL to serve as a bifunctional electrophile, should
the initial protein adduct be electrophilic or readily oxidized. Earlier studies demonstrated
the ability of DOPAL to covalently modify tissue and proteins, however, more recent work
has shown the DA-derived aldehyde primarily reacts with proteins via Lys [21,27].
Incubation of DOPAL with N-acetylated amino acids (Cys and Lys) and model peptides
(e.g., RKRSRAE) containing Lys produced adducts with mass consistent for a Schiff base
(i.e., +134 Da).

The evidence described above demonstrates Lys-reactivity to be primarily responsible for
protein modification; however, additional findings suggest post-adduction chemistry occurs
for the DOPAL-adduct, potentially involving a quinone intermediate [21]. Interestingly,
cross-linking was observed for a model protein (glyceraldehyde-3-phosphate
dehydrogenase) modified by DOPAL, with the protein aggregation being time and
concentration-dependent. Co-treatment of protein and DOPAL with 5 mM ascorbate
afforded protection against cross-linking, suggesting the reaction involves a protein-bound
quinone [21]. As shown in Figure 3, treatment of glyceraldehyde-3-phosphate
dehydrogenase (~38 kD monomer) with DOPAL vyielded loss of the monomeric protein but
an increase in protein staining at or higher than 200 kD, indicating cross-linking or
aggregation; however, neither DOPAC nor DA, both mono-functional electrophiles, was
capable of producing significant protein cross-linking at concentrations equivalent to those
used for DOPAL. Both DOPAC and DA contain only the catechol group, which can be
oxidized to a thiol-reactive quinone, and no amine-reactive aldehyde. Given this and that
ascorbate (a quinone-reducing agent) prevents DOPAL-mediated cross-linking [20], it is
likely that proteins react with DOPAL initially via Lys residues yielding a Schiff base
product and subsequently via adduct oxidation (i.e., catechol to quinone) and reaction with
nucleophiles (e.g., Cys) in proximity. Such a scheme is demonstrated in Figure 2.
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The data are clear given DOPAL’s role as a BRI and protein modifier; however, it appears
the DOPAL-modification participates in post-adduction chemistry to produce a protein
cross-link of unknown structure. In addition, there is a lack of information regarding the
quinone form of DOPAL, such as the biochemistry/chemistry of its formation, protein
reactivity and chemical stability. Work is in progress to address these issues.

5. Cellular Targets of DOPAL

Given its labile functional groups and propensity to modify proteins, DOPAL most likely
reacts with numerous targets in the proteome. However, it is conceivable that selectivity for
adduction may exist, and proteins containing catetcholamine binding sites (e.g., tyrosine
hydroxylase, VMAT) or highly reactive amines could be preferentially modified. Of interest
is the identification of such critical targets and the functional consequence of protein
adduction by the BRI DOPAL.

As described above, proteins in PC6-3 cell lysate modified by DOPAL were isolated using
an aminophenylboronic acid resin and separated via a 10% SDS-PAGE. Four major bands
(approximately 25, 55, 65 and 75 kD) representing proteins containing a catechol adduct
were evident following Coomassie staining. Preliminary proteomic analysis of the 25 and 55
kD bands revealed the identity of several key proteins modified by the BRI, including:
glutathione-S-transferase, mu 1 (26 kD, 9 peptides identified), ALDH family 2 (56 kD, 6
peptides identified) and tyrosine hydroxylase (56 kD, 3 peptides identified). Both tyrosine
hydroxylase and ALDH (family 2) participate in DA biosynthesis and catabolism,
respectively, and glutathione-S-transferases of the mu class catalyze glutathione conjugation
with oxidized catecholamines (e.g., aminochrome, dopachrome) [29,30]. Such findings
imply specificity of DOPAL adduction for proteins that interact with catechols. In regards to
the functional consequence of protein modification, previous studies have demonstrated the
sensitivity of ALDH activity to DOPAL and enzyme adduction by the DA-derived aldehyde.
Work is in progress to study the interaction of tyrosine hydroxylase with DOPAL.

6. Conclusions and Future Directions

In conclusion, DOPAL is a product of oxidative deamination of the neurotransmitter DA
and a neurotoxicant hypothesized to be relevant to PD pathogenesis as described above and
in recent reports [31,32]. Recent data have demonstrated: 1). Mechanisms for generation of
the DA-derived metabolite at elevated levels [16,20,27,28]. 2). DOPAL’s role as a BRI,
capable of modifying and cross-linking proteins [21,27]. Preliminary evidence suggests
proteins relevant to catechol synthesis or metabolism are targets of the DA-derived
aldehyde, as noted in the previous section. Future work will explore further DOPAL’s
quinone form, including biological means (e.g., enzyme oxidation) for generation and
protein reactivity. In addition, subsequent studies will focus on elucidation of the functional
consequence of DOPAL-protein adduction and its role in PD. Initiation or propagation of
neurodegenerative disease via DOPAL-protein modification could involve one or more
mechanisms, such as: inhibition of enzyme/protein function important for dopaminergic
cells, cross-linking proteins in dopamine neurons (e.g., a-synuclein), impairment of the
proteasome, increase in oxidative stress. It is predicted that one or more of these
mechanisms/endpoints would yield selective dysfunction or toxicity in cells relevant to PD
(i.e., dopaminergic neurons). Such work is highly relevant to identifying the role of the BRI
DOPAL in PD and may yield novel targets for therapeutic treatment and biomarkers for
earlier disease diagnosis.
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Abbreviations

ALDH aldehyde dehydrogenase

ALDH?2 mitochondrial aldehyde dehydrogenase

BRI biological reactive intermediate

DA dopamine

DOPAC 3,4-dihydroxyphenylacetic acid

DOPAL 3,4-dihydroxyphenylacetaldehyde

DOPET 3,4-dihydroxphenylethanol

4HNE 4-hydroxy-2-nonenal

MDA malondialdehyde

PD Parkinson’s Disease

VMAT vesicular monoamine transporter
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Figure 1.

Dopamine undergoes oxidative deamination via monoamine oxidase to 3,4-
dihydroxyphenylacetaldehyde with further oxidation via aldehyde dehydrogenase to 3,4-
dihydroxyphenylacetic acid.
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Figure 2.

Reactivity of 3,4-dihydroxyphenylacetaldehyde (DOPAL) involves modification of protein
amines via the aldehyde. However, catechol oxidation is possible, yielding a thiol-reactive
quinone, and such oxidation may explain the protein cross-linking observed for DOPAL.
The spontaneous reaction of the DOPAL aldehyde with a protein primary amine (e.g., Lys)
may yield a Schiff base as shown or an enamine product. Auto-oxidation of the DOPAL
catechol, which is known to occur for DA, or enzyme-mediated oxidation (e.g., tyrosinase,
prostaglandin-H-synthase) is predicted to result in formation of an ortho-quinone, which are
known to be highly reactive for protein thiols (e.g., Cys).
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Figure 3.

Reaction of 3,4-dihydroxyphenylacetaldehyde (DOPAL) but not dopamine (DA) or 3,4-
dihydroxyphenylacetic acid (DOPAC) with glyceraldehyde-3-phosphate dehydrogenase
yielded significant protein cross-linking/aggregation. Lane 1, molecular weight marker.
Lane 2, control protein. Lane 3, protein with DA. Lane 4, protein with DOPAL. Lane 5,
protein with DOPAC. The SDS-PAGE gel was stained with Coomassie. Solid arrows point
to the protein monomer (~38 kD) and the open arrow denotes protein aggregates (>200 kD).
Note the disappearance of protein monomer in Lane 4 (DOPAL treatment) that correlates
with protein aggregation.
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