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Abstract
Parkinson's disease (PD) is a neurodegenerative disorder marked by the selective loss of
dopaminergic neurons, leading to a decrease of the neurotransmitter dopamine (DA). DA is
metabolized by monoamine oxidase to 3,4-dihydroxyphenyacetaldehyde (DOPAL). While the
mechanism of pathogenesis of PD is unknown, DOPAL has demonstrated the ability to covalently
modify proteins and cause cell death at concentrations elevated from physiologic levels. Currently,
the identities of protein targets of the aldehyde are unknown, but previous studies have
demonstrated the ability of catechols and other DA-catabolism products to interact with and
inhibit tyrosine hydroxylase (TH). Given that DOPAL is structurally related to DA and is a highly
reactive electrophile, it was hypothesized to modify and inhibit TH.

The data presented in this study positively identified TH as a protein target of DOPAL
modification and inhibition. Furthermore, western blot analysis demonstrated a concentration-
dependent decrease in antibody recognition of TH. DOPAL in cell lysate significantly inhibited
TH activity as measured by decreased L-DOPA production. Inhibition of TH was semi-reversible,
with the recovery of activity being time and concentration-dependent upon removal of DOPAL.
These data indicate DOPAL to be a reactive DA-metabolite with the capability of modifying and
inhibiting an enzyme important to DA synthesis.
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1. INTRODUCTION
Parkinson's disease (PD) is a neurodegenerative disorder marked by the selective loss of
dopaminergic neurons in the substantia nigra. Such a condition leads to a decrease in the
important neurotransmitter dopamine (DA), causing a variety of symptoms including motor
impairment. Currently, the mechanism of pathogenesis is unknown; however, studies have
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revealed a link to both environmental causes, such as pesticides, as well as endogenously
produced oxidative stress (Andersen 2004, Jenner 2003, Fleming et al. 1994).

DA is metabolized by monoamine oxidase (MAO) to the reactive intermediate 3,4-
dihydroxyphenylacetaldehyde (DOPAL), which is then further oxidized by mitochondrial
aldehyde dehydrogenase 2 (ALDH2) to 3,4-dihydroxyphenylacetic acid (DOPAC), and in a
lesser pathway, by cytosolic aldehyde reductase (ALR) to 3,4-dihydroxyphenylethanol
(DOPET) (Burke et al. 2004). While previous work has established DA to be an endogenous
neurotoxin, capable of auto-oxidation leading to protein modification (Graham 1978,
Graham et al. 1978, Stokes et al. 1999), the metabolite DOPAL was found to be several
orders of magnitude more toxic than DA (Burke 2003, Burke et al. 2003). Physiological
concentrations of DOPAL were measured to be ~2–3 μM, and it was shown that when levels
of DOPAL are slightly elevated (6.6 μM), there is a decrease in TH-positive cells, indicating
dopaminergic cell death (Kristal et al. 2001, Mattammal et al. 1995, Burke et al. 2003,
Burke 2003). Furthermore, DOPAL has been implicated in protein modification (Rees et al.
2007, Helander & Tottmar 1989, Ungar et al. 1973, Nilsson & Tottmar 1987, LaVoie et al.
2005). Studies have demonstrated the ability of DOPAL to covalently modify Lys residues
via the aldehyde (Rees et al. 2009), forming a Schiff-base structure predicted to interfere
with normal protein function. Currently, specific protein targets of DOPAL are unknown,
but previous studies have revealed that catechols and other DA-metabolism products interact
with and inhibit tyrosine hydroxylase (TH), the rate-limiting step in DA synthesis
(Laschinski et al. 1986, Xu et al. 1998).

Tyrosine hydroxylase (EC 1.14.13.41) catalyzes the oxidation of L-tyrosine to L-DOPA, and
L-amino acid decarboxylase converts L-DOPA to DA (Nagatsu et al. 1964, Elsworth &
Roth 1997). Due to the importance TH plays in the synthesis of DA, a decrease or inhibition
of this enzyme is predicted to yield a decrease in DA. Furthermore, studies have shown L-
DOPA to have trophic properties, leading to an increase in TH+ neurons in both male and
female rats with 6-hydroxydopamine lesions (Datla et al. 2001, Murer et al. 1998).
Therefore, inhibition of TH activity may also lead to a decrease in cell function and
viability.

It is hypothesized that DOPAL is an endogenously produced neurotoxin that modifies and
inhibits enzymes important to DA biosynthesis, such as TH, leading to a decrease in DA
production. The work presented here confirms DOPAL toxicity in dopaminergic PC6-3
cells, demonstrates inhibition of TH by DOPAL, and for the first time positively identifies
TH as a protein target of DOPAL modification.

2. Materials and Methods
2.1. Materials

DOPAL was biosynthesized as previously described using enzyme-catalyzed conversion of
DA to DOPAL by rat liver MAO (Nilsson & Tottmar 1987), and the concentration was
determined using an ALDH assay with NAD (Ungar et al. 1973) and HPLC analysis as
described below. 3,4-dihydroxyphenylethanol (DOPET) was obtained via reduction of
DOPAL using a 10-fold excess of sodium borohydride. Tyrosine, L-DOPA, DA, DOPAC,
and all other chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless
otherwise noted.

2.2. 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 streptomycin (10 mg/mL).
PC6-3 cells are a subline of the pheochromocytoma (rat adrenal medulla) PC-12 cell line.
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They were chosen due to a decreased tendency from the parent line to aggregate, as well as
decreased background cell death, and they are a homogeneous population that can be easily
maintained (Strack 2002, Pittman et al. 1993). PC-12 are also are a widely accepted model
for DA synthesis and metabolism (Kitazawa et al. 2001, Hirata et al. 1998). Furthermore,
PC12 cells assume a neuronal cell phenotype in the presence of nerve growth factor, and
have important neurochemical processes similar to dopaminergic neurons (Shafer &
Atchison 1991, Seegal et al. 1989). Cells were grown in a 10 cm tissue culture dish at 37 °C
in 5% CO2 for 3 days. Cells were then seeded into six-well plates (1 × 105) and were
incubated at 37 °C 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. For experiments involving treatment with DOPAL,
cellular media was removed in order to eliminate DOPAL interaction with serum proteins
and replaced with HEPES-buffered media 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) to
which DOPAL (5, 10, 25, 50 μM) was added. Cells were then incubated for 2 hr at 37 °C in
5% CO2.

2.3. Aminophenylboronic acid (APBA) protein separation
PC6-3 cells were cultured and incubated with DOPAL as previously described. Control (i.e.
no DOPAL) and 50 μM DOPAL conditions were used in APBA 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 5 min to rupture cell membranes.
Lysate was then collected and supernatant was used for APBA isolation of DOPAL-bound
proteins as previously described with some modification (LaVoie et al. 2005). The boronic
acid component of the APBA resin binds covalently to vicinal diols (i.e. catechols) under
alkaline conditions, and the diol or catechol can be subsequently released via acidic
conditions as described below. DOPAL has been shown to modify proteins amines (e.g.,
Lys) via the aldehyde to yield a Schiff-base, leaving the catechol on DOPAL available for
reaction with the APBA resin (Rees et al. 2009). 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) and 100 μL of buffer 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 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 gel electrophoresis and Coomassie blue staining was
used for protein separation and detection.

2.4. Proteomic analysis
Bands of interest from the APBA resin-bound fractions were excised and digested using
trypsin as previously described (Jimenez 1998). 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.
Peptide identifications were accepted if they could be established at greater than 95.0%
probability as specified by the Peptide Prophet algorithm (Keller et al. 2002). Protein
identifications were accepted if they could be established at greater than 99.0% probability
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and contained at least 2 identified peptides. Protein probabilities were assigned by the
Protein Prophet algorithm (Nesvizhskii et al. 2003). Proteins that contained similar peptides
and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the
principles of parsimony.

2.5. Western blot analysis
PC6-3 cell lysate was collected as described below. Lysate was incubated with DOPAL (10,
50, 100 μM) for 4 h at 37 °C. Sodium cyanoborohydride (1 mM) was added to help stabilize
Schiff-base adducts formed. 1 μg of protein was loaded and a 7.5% acrylamide gel was used
to separate via SDS-PAGE. After separation, protein was transferred to nitrocellulose
membrane for 1.25 h at 20 V, and blocked over night at 4 °C in 3% BLOTTO. 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
ImageJ and compared to control lanes.

2.6. Tyrosine hydroxylase isolation and activity assay
PC6-3 cells were grown as previously described (1 × 105) in 10 cm tissue culture dishes as
used as a source of TH. Undifferentiated cells, which contain levels of TH several fold
higher than NGF-differentiated cells, (Shafer & Atchison 1991) were then washed 3 times
with cold 10 mM sodium phosphate buffer (pH 6.4) (Hegstrand et al. 1979). Cells were then
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 °C. The cytosolic fraction (i.e. supernatant) was collected to be used
in TH activity assays. Protein concentration was determined using a Thermo Scientific
Pierce BCA Protein Assay. Using a Molecular Devices Spectra-Max plate reader, the
absorbance was measured at 562 nm and a standard curve was used to determine the protein
concentration in samples. Lysate was stored at −80 °C until assays were performed. Cell
lysate was utilized for a variety of reasons, including, TH activity has been successfully
measured previously in lysate with results exhibiting similar L-DOPA production (Cartier et
al., Laschinski et al. 1986, Laschinski et al. 1984). Furthermore, TH activity is stable up to a
year when stored in these conditions (Laschinski et al. 1986), and lysate provides conditions
for the enzyme similar to those in a whole cell model. Preliminary data revealed the
exclusion of catalase and dithiothreitol in activity assays did not adversely affect the activity
of TH (data not shown). Activity was assessed using HPLC to monitor L-DOPA production.
Briefly, control groups contained tyrosine (100 μM) and tetrahydrobiopterin (0.5 mM),
which were added to 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
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 previously described. In reversibility assays,
DOPAL (5, 10, or 20 μM), tyrosine (100 μM), and tetrahydrobiopterin (0.5 mM) were added
to lysate (0.2 mg/mL) 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 excess DOPAL (use of column once removed ~90% of DOPAL,
data not shown). Control groups (i.e. no DOPAL) were also subjected to the spin columns.
Tyrosine and tetrahydrobiopterin were then reintroduced to the system (100 μM and 0.5
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mM, respectively) and time points were taken as previously described. 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).

2.7. HPLC analysis of L-DOPA production
An Agilent 1200 Series Capillary HPLC system with a photodiode array detector set to
absorbance at 202 and 280 nm was used. 15 μL of sample was injected, and separation was
achieved using a Phenomenex Luna C18 column (1 × 150 mm, 100 Å) and a 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.

2.8. Cytotoxicity 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 °C. Following this, yellow MTT (0.5 mg/mL) was added to each well, and
further incubated for 2 h at 37 °C. The medium was then removed, and the 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).
As a second method of determining cell viability, the trypan blue method was used as
previously described (Zhang et al. 2010).

2.9. 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 an
ANOVA with a Tukey post-test (this was also used to analyze % recovery data for
reversibility studies). Data for TH activity and L-DOPA formation was determined using a
linear regression.

3. RESULTS
3.1. Tyrosine hydroxylase identified as a protein target of DOPAL

PC6-3 cells were incubated with DOPAL (0, 50 μM) as previously described in the methods
section. Lysate was subjected to APBA resin, and DOPAL-modified proteins were
separated. SDS-PAGE electrophoresis was used to further separate proteins. The most
prevalent band at approximately 60 kDa was excised and an in-gel digestion was performed
using trypsin. Using LC-ESI-MS/MS and the TrEMBL database, 4 peptides were matched
to identify tyrosine hydroxylase as the band of interest with a 95% confidence interval.
Based on mascot ion scores which ranged from 47.2–141.2, these results positively identify
tyrosine hydroxylase as a protein target of DOPAL modification.
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3.2. DOPAL interferes with antibody recognition of tyrosine hydroxylase
PC6-3 cell lysate containing tyrosine hydroxylase was incubated with DOPAL for 4 hours
and western blot analysis was performed to investigate the effect on antibody recognition of
the enzyme. Figure 1 shows the concentration-dependent decrease in antibody recognition,
with almost complete loss of staining when 100 μM DOPAL was present. The % of TH
staining in lane 5 as compared to the control (lane 1) is significantly decreased. These results
suggest that DOPAL modifies tyrosine hydroxylase and interferes with the ability of the
antibody to recognize the protein.

3.3. Tyrosine hydroxylase is inhibited by DOPAL
As shown in Figure 2A and B, treatment of PC6-3 cell lysate with tyrosine,
tetrahydrobiopterin, 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.

All concentrations of DOPAL tested yielded inhibition of TH. Controls (i.e. no DOPAL
present) showed a time-dependent increase in L-DOPA production, while the presence of
DOPAL illustrated significant inhibition of tyrosine hydroxylase activity (Figure 2B shows
an enlargement of the L-DOPA production in the presence of DOPAL). 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 (Laschinski et al. 1986, Shafer &
Atchison 1991).

Analysis of linear slopes indicated over 80% inhibition of the enzyme at the physiologically
relevant 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 2C). Furthermore,
initial studies found that 30 μM DOPAL resulted in complete enzyme inhibition, with the
initial linear slope not being significantly different from zero (data not shown).

3.4. DOPAL inhibition of tyrosine hydroxylase is semi-reversible
As previously described in the methods section, reversibility of DOPAL-mediated inhibition
of TH was studied using PC6-3 cell lysate. 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 (i.e. tyrosine and tetrahydrobiopterin, respectively) were re-introduced. It is
important to note that control groups (i.e. no DOPAL) were submitted to the same
conditions as DOPAL groups, and no effect on TH activity can be seen (i.e. L-DOPA
production was not significantly changed).

As Figure 3A, B, and C demonstrate, recovery of TH activity displays both time and
concentration-dependent elements. Furthermore, figure 3D shows a linear decrease in TH
recovery as both preincubation time and concentration of DOPAL increases. These results
indicate the semi-reversibility of TH inhibition by DOPAL is dependent upon both
concentration and exposure time, and may have implications for the onset and progression
of PD.

3.5. DOPAL is cytotoxic in PC6-3 cell models
To determine the toxicity of DOPAL, varying concentrations of DOPAL (i.e. 5, 10, 25, and
50 μM) were applied to NGF-differentiated PC6-3 cells for 2 h. Mitochondrial dysfunction
was measured using the MTT assay as described in the methods. As Figure 4 reveals, there
is a concentration-dependent increase in mitochondrial dysfunction. Furthermore,
concentrations of DOPAL as low as 10 μM applied for only 2 h show significant
dysfunction as compared to controls (p < 0.05). As a second method of detecting viable cells
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and confirming MTT results, the trypan blue method was used. Cell viability was
significantly different from control at 2 h for 10 (60.9 ± 9.7%), 25 (55.1 ± 5.3%), and 50 μM
(41.0 ± 9.1%) DOPAL incubations based on one-way ANOVA with Tukey post-test (p <
0.05) for n = 3. Treatment with 5 uM DOPAL did not yield a significant change in cell
viability (85.9 ± 14.9%). These data illustrate even slight elevations from normal DOPAL
concentrations are detrimental to cell viability.

4. DISCUSSION
DOPAL, an intermediate of DA catabolism, is an endogenous neurotoxin known to
covalently modify proteins (Rees et al. 2009, Burke et al. 2003, Rees et al. 2007) and
hypothesized to be a factor in the pathogenesis of PD (Kristal et al. 2001, Burke et al. 2004).
While brain levels of DOPAL were measured to be between 2–3 μM under normal
conditions, studies have shown that slight elevations (i.e., 6.6 μM) can lead to cell death in
dopaminergic cells and a decrease in TH-positive immunostaining (Burke 2003).

Earlier work demonstrated DOPAL to be an electrophile capable of protein modification
(Lamensdorf et al. 2000, Kristal et al. 2001). The current study positively identifies TH as a
protein target of the DA metabolite. Cells were incubated with DOPAL, and after lysis,
proteins were separated via APBA. Proteomic analysis of the cell lysate revealed the
presence of TH in the fraction bound to the APBA resin, indicating the enzyme to be
covalently modified by DOPAL. Such a result is not unexpected given TH has been shown
to be targeted by DA-related quinones. In previous work, DA-quinones and other
catecholamine quinones were found to covalently modify the enzyme and inhibit activity
(Xu et al. 1998, Kuhn et al. 1999). Furthermore, results of previous studies demonstrated the
ability of other DA catabolism products, such as DOPAC, to inhibit TH as well (Laschinski
et al. 1986). 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 has the
potential to modify other important proteins such as Parkin and α-synuclein leading to
aggregation and overwhelming the capacity of proteasome clearance (Lees et al. 2009,
LaVoie et al. 2005, Conway et al. 2001) It is therefore possible that DOPAL modifies
several other important proteins found in neurons, leading to similar results that may
decrease neuronal function in general. As discussed before, L-DOPA has demonstrated
trophic properties; therefore, a decrease in L-DOPA production may lead to a decrease in
cell viability (Datla et al. 2001, Murer et al. 1998). The link between DOPAL toxicity and
inhibition of TH is currently being investigated in a whole cell model.

In previous studies, the APBA resin, which is reactive towards vicinal diols such as those
found in catechols, was used to isolate DA-modified proteins (LaVoie et al. 2005). The
current study employed the use of APBA to obtain proteins covalently modified by DOPAL.
While it might be argued the TH modification is due to oxidized DA or DOPAC, most likely
the enzyme adduct is the result of a covalent reaction with DOPAL. DOPAL is significantly
more reactive towards proteins than either DOPAC or DA (Burke et al. 2003). While DA is
reactive towards proteins, it requires oxidation to the quinone, which then rapidly rearranges
to form dopaminochrome in the absence of thiols (Graham 1978, Graham et al. 1978, Stokes
et al. 1999, Hastings et al. 1996). In addition, in the current studies, cells were loaded with
DOPAL (50 μM) prior to lysis and separation by APBA, ensuring DOPAL uptake and
elevated concentrations within the cells. Such results indicate TH modification within the
cell is a result of DOPAL interaction with the enzyme.
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Further support for DOPAL modification of TH can be seen in Figure 1, which indicates the
interference of antibody recognition of TH due to DOPAL adducts. Previous studies
established that DA-quinones react with proteins through Cys residues (Kuhn et al. 1999). In
contrast, DOPAL is known to modify proteins via Lys residues (Rees et al. 2009).
Adduction of Lys or Cys residues on TH may lead to changes in the enzyme structure and
conformation, which could negatively impact the activity of the enzyme. It is conceivable
inhibition of TH presented in Figure 2 is a result of DOPAL modification to the substrate
(i.e. tyrosine) binding site. There are several Lys residues in the catalytic domain of TH,
including a critical Lys within one of the 4 α-helices that line the active site cleft (Goodwill
et al. 1998). Modification may change the conformation of the active-site cleft, leading to a
decrease in TH function. As shown in Figure 3 though, the majority of inhibition is
reversible, with almost 90% activity recovery demonstrated after removal of DOPAL. Due
to the fact that DOPAL shares many structural characteristics with DA, it is also possible
DOPAL may compete for the pterin binding site in a fashion similar to DA, leading to
feedback inhibition (Nakashima et al. 2009). It is also known that the structural basis of
catechols binding to TH involves the chelation of iron, and in the case of DA, this leads to
inhibition of catalytic activity of TH (Kuhn et al. 1999). While there is the possibility that
DOPAL may cause TH degradation, it is important to note that the time frame of these
experiments is fairly short (2 or 4 hr) as compared to studies done by others in the field
(Burke et al. 2003). There is also no evidence of higher or lower molecular weight bands in
western blot analysis. Furthermore, TH activity is recovered in preincubation experiments,
indicating DOPAL-modification inhibits the enzyme instead of causing protein degradation.
Although the structural basis of DOPAL's interaction with TH is currently unknown, studies
are in progress to elucidate the mechanism of TH inhibition by DOPAL. In both cases there
would be a decrease in the activity of the enzyme, leading to lower levels of both L-DOPA
and DA.

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 ALR, and HPLC analysis revealed that DOPAL does not exhibit
metabolism over 2 h, and no DA, DOPAC, or DOPET was detected in these control
experiments (data not shown). Overall, these results indicate that TH inhibition in the cell
lysate model is due to the presence of DOPAL.

It is important to note the potency of DOPAL as an inhibitor of TH activity. Several studies
have investigated the effect of catechols on TH activity, including L-DOPA, norepinephrine,
DOPAC, and DA. Several demonstrated the ability to inhibit TH, with IC50 values ranging
from 2.3 μM for norepinephrine, to 35 μM for L-DOPA (Laschinski et al. 1986, Udenfriend
et al. 1965). It is clear from the work presented here that DOPAL is a significantly more
potent inhibitor than DA or other DA-metabolites. Furthermore, the results displayed in
Figure 3 demonstrate a link between recovery of enzyme activity and the length of exposure
to DOPAL, specifically, time-dependent inactivation. These data may be important in the
onset of PD. There is evidence suggesting the aging process leads to an increase in both
oxidative stress as well as MAO activity, and a slight decrease in ALDH metabolism of
aldehydes (Andersen 2004, Oreland & Gottfries 1986, Meyer et al. 2004). Such a case may
lead to an age-dependent increase in DOPAL levels within a cell, yielding chronic exposure
of TH to elevated DOPAL concentration. The data presented here predict such an event
would cause inhibition of TH activity, as well as an inability of the enzyme to recover even
if DOPAL levels are later reduced.

This work demonstrates the significant DOPAL-mediated inhibition of TH activity which
leads to a decrease in L-DOPA production. Previous results have reported cellular DOPAL
levels to be between 2–3 μM and based on these findings, such concentrations are predicted
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to inhibit TH activity. However, it is important to note that DOPAL production and
metabolism occur in the vicinity of the mitochondria while TH activity is contained mostly
in the cytosol (McGeer et al. 1971, Tank et al. 1981). DOPAL is quickly metabolized by
ALDH and ALR at or near the mitochondria, and is not a long-lived species capable of
accumulating in the cytosolic fraction.

Elevations in DOPAL concentration may occur with age, when oxidative stress and lipid
peroxidation products increase (Andersen 2004). Studies have shown that products of lipid
peroxidation (i.e. 4-hydroxy-2-nonenal and malondialdehyde) are capable of inhibiting both
ALDH and ALR in cells. This leads to a decrease in aldehyde metabolism by these enzymes
and an accumulation of DOPAL (Jinsmaa et al. 2009). Such a case may yield DOPAL-
mediated inhibition of TH. Further investigation of the effect of elevated DOPAL in cell
models is planned to more fully answer this question.

Overall, these results establish DOPAL to be toxic to PC6–3 cells and an inhibitor of TH
activity, leading to a decrease in the production of L-DOPA. Furthermore, TH was
positively identified as a protein target of DOPAL and preincubation of TH with DOPAL
reveals a time and concentration-dependent decrease in the ability of the enzyme to recover
activity. Work is in progress to study the effect of DOPAL on TH activity within a cell and
to better understand the link between DOPAL toxicity and inhibition of TH. Furthermore,
studies are planned to identify sites of DOPAL-mediated covalent modification to
investigate the irreversible modification by DOPAL of TH. These data may prove useful in
elucidating the mechanism of inhibition of TH by DOPAL and will contribute to the
understanding of the pathogenesis of PD.
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Fig. 1.
DOPAL interferes with antibody recognition of TH in a concentration-dependent manner.
PC6-3 cell lysate as positive control (Lane 1), Bovine serum albumin (BSA) as a negative
control (Lane 2), Lysate treated with 10 μM DOPAL (Lane 3), 50 μM DOPAL (Lane 4),
and 100 μM DOPAL (Lane 5) % Control refers to integrated staining density for tyrosine
hydroxylase (60 kDa). ** Control values represent the mean ± SEMs (n = 3), figure
represents an example of gel analysis.
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Fig. 2.
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 2A 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, (○) 10.0
μM DOPAL.
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Fig. 3.
TH displays semi-reversible inhibition after PC6-3 cell lysate was incubated with 5, 10, or
20 μM DOPAL for 30, 60, or 90 min and excess DOPAL removed. (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). In all graphs: (●) control, (*) 5 μM DOPAL, (▲) 10 μM DOPAL, (■) 20 μM DOPAL.
*Significantly different from time zero (p < 0.05).
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Fig. 4.
DOPAL-induced cytotoxicity in PC6-3 cells. Treatment with DOPAL (0, 5, 10, 25, and 50
μM) for 2 h lead to significant mitochondrial dysfunction as compared to controls when
DOPAL levels were as low as 10 μM. Values represent means ± SEMs (n = 4).
**Significantly different from control values (p < 0.05)
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