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ABSTRACT 

 Lewy body diseases such as Parkinson disease (PD) involve intra-neuronal deposition of the 

protein alpha-synuclein (AS) and depletion of nigrostriatal dopamine. Interactions of AS with 

dopamine oxidation products may link these neurohistopathologic and neurochemical abnormalities, 

via two potential pathways—spontaneous oxidation of dopamine to dopamine-quinone and 

enzymatic oxidation of dopamine catalyzed by monoamine oxidase to form 3,4-

dihydroxyphenylacetaldehyde (DOPAL), which is then oxidized to DOPAL-quinone. We compared 

these two pathways in terms of the ability of dopamine and DOPAL to modify AS. DOPAL was far 

more potent than dopamine both in oligomerizing and forming quinone-protein adducts with 

(“quinonizing”) AS. The DOPAL-induced protein modifications were enhanced similarly by pro-

oxidation with Cu(II) or tyrosinase and inhibited similarly by anti-oxidation with N-acetylcysteine. 

Dopamine oxidation evoked by Cu(II) or tyrosinase did not quinonize AS. In cultured MO3.13 

human oligodendrocytes DOPAL resulted in the formation of numerous intra-cellular quinoproteins 

that were visualized by near infrared microscopy. We conclude that of the two routes by which 

oxidation of dopamine modifies AS and other proteins, that via DOPAL is more prominent. The 

results support developing experimental therapeutic strategies that might mitigate deleterious 

modifications of proteins such as AS in Lewy body diseases by targeting DOPAL formation and 

oxidation. 
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SIGNIFICANCE STATEMENT 

Interactions of the protein alpha-synuclein with products of dopamine oxidation in the neuronal 

cytoplasm may link two hallmark abnormalities of Parkinson disease—Lewy bodies (which contain 

abundant alpha-synuclein) and nigrostriatal dopamine depletion (which produces the characteristic 

movement disorder). Of two potential routes by which dopamine oxidation may alter alpha-

synuclein and other proteins, that via the autotoxic catecholaldehyde 3,4-

dihydroxyphenylacetaldehyde (DOPAL) is more prominent; the results support experimental 

therapeutic strategies targeting DOPAL formation and DOPAL-induced protein modifications. 
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INTRODUCTION 

 Diseases that involve progressive central catecholaminergic neurodegeneration such as 

Parkinson disease (PD) and multiple system atrophy (MSA) are associated with profound putamen 

dopamine (DA) depletion (Hornykiewicz, 1966; Tong et al., 2004; Goldstein et al., 2015), deposition 

of the protein alpha-synuclein (AS) in neurons in PD (Spillantini et al., 1997) and in glial cells in 

MSA (Tu et al., 1998), and buildup of the catecholaldehyde 3,4-dihydroxyphenylacetaldehyde 

(DOPAL) (Goldstein et al., 2011b; Goldstein et al., 2013; Goldstein et al., 2015). DOPAL, an 

obligate intermediate in neuronal DA metabolism, is formed from the enzymatic oxidation of 

cytoplasmic DA by monoamine oxidase (MAO) in the outer mitochondrial membrane. In cells and 

animals DOPAL is toxic (Mattammal et al., 1995; Burke et al., 2003; Panneton et al., 2010), so that 

DOPAL accumulation might contribute to neuronal malfunctions and eventual loss of dopaminergic 

neurons (Burke et al., 2003; Goldstein et al., 2014).  

 An almost completely independent line of research has centered on potentially harmful effects 

of spontaneous oxidation of DA (Hastings, 2009; Surmeier et al., 2011; Burbulla et al., 2017; 

Herrera et al., 2017). DA can undergo oxidation to form dopamine-quinone (DA-Q) and then a 

variety of potentially neurotoxic compounds such as aminochrome (Linsenbardt et al., 2009; Paris et 

al., 2009; Segura-Aguilar, 2019), 5-S-cysteinyldopamine (Montine et al., 1997; Badillo-Ramirez et 

al., 2019), and isoquinolines (Nagatsu, 1997; Storch et al., 2002).  

 The catecholamine autotoxicity theory imputes pathologic interactions between catecholamine 

oxidation products and intra-cellular proteins in the pathogenesis of diseases involving 

catecholaminergic neurodegeneration (Goldstein et al., 2014). Specifically, DOPAL oligomerizes 

AS (Burke et al., 2008), and oligomerized AS seems to be pathogenic (Winner et al., 2011; Deas et 

al., 2016; Gustafsson et al., 2017). Divalent metal cations—especially Cu(II)—augment DOPAL-

induced AS oligomerization (Jinsmaa et al., 2014). DOPAL also forms covalent quinone adducts 

with (“quinonizes”) many PD-related proteins, including AS (Jinsmaa et al., 2018). Quinonization 

may interfere with the functions of these proteins and thereby with numerous intra-cellular 

processes. In particular, it has been reported that compounds formed after DA oxidation to DA-Q 
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evoke mitochondrial dysfunction (Jana et al., 2011).   

 Oxidized DA also can interact with AS (Hasegawa et al., 2006). DA can promote the formation 

of AS oligomers (Leong et al., 2009; Lee et al., 2011; Saha et al., 2018). Moreover, aminochrome 

and 5,6-dihydroxyindole, which are products of DA oxidation, can oligomerize AS (Pham et al., 

2009; Munoz et al., 2015; Huenchuguala et al., 2019).  

 The literature on DA oxidation and synucleinopathy has generally overlooked DOPAL 

(Asanuma et al., 2003; Mazzulli et al., 2006; Leong et al., 2009; Burbulla et al., 2017; Mor et al., 

2017; Segura-Aguilar, 2017; Mor et al., 2019), and the literature on DOPAL and synucleinopathy 

has generally overlooked DA-Q (Burke et al., 2008; Follmer et al., 2015; Jinsmaa et al., 2018; Cagle 

et al., 2019). In the few studies where DOPAL and DA have been compared directly in terms of 

oligomerizing AS, DOPAL has been found to be more potent (Burke et al., 2008; Jinsmaa et al., 

2014; Jinsmaa et al., 2018). Whether oxidation of DA results in quinonization of AS or of intra-

cellular proteins via routes other than DOPAL has not been assessed. 

 The overall purpose of the present experiments was to compare DOPAL and DA in terms of 

(1) AS oligomerization and quinonization in 1.5 mL eppendorf tubes experiments; (2) enhancing 

effects of Cu(II) (Jinsmaa et al., 2014; Dell'Acqua et al., 2017) and mitigating effects of anti-

oxidation with N-acetylcysteine (NAC) (Banerjee et al., 2014; Anderson et al., 2016; Goldstein et 

al., 2017a; Jinsmaa et al., 2018); and (3) quinonization of intra-cellular proteins in cultured cells 

(Banerjee et al., 2014; Jinsmaa et al., 2018). From these comparisons one would anticipate improved 

targeting in disease-modification experimental therapeutic trials. 

 For the cellular experiments we used human MO3.13 oligodendrocytes. Studying MO3.13 

oligodendrocytes is relevant to MSA, which is a synucleinopathy that can resemble PD closely 

clinically but features AS deposition in the cytoplasm of glial cells—especially in oligodendrocytes 

(Tu et al., 1998; Wakabayashi et al., 1998; Pukass and Richter-Landsberg, 2014). DOPAL is known 

to aggregate AS in MO3.13 cells (Jinsmaa et al., 2018), but whether DOPAL evokes the formation 

of intra-cellular quinoproteins has been unknown. 
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MATERIALS AND METHODS 

Reagents and chemicals 

 Human recombinant AS (WT) was purchased from Calbiochem (La Jolla, CA). DOPAL was 

from Santa Cruz Biotech (Dallas, TX). Mutant A53T AS, NAC, dithiothreitol, glycine, tyrosinase 

(Tyr), pargyline-HCl, MAO-B, saponin, and the aldehyde dehydrogenase inhibitor benomyl were 

from Sigma-Aldrich (St. Louis, MO). The aldehyde reductase inhibitor AL-1576 was a gift from 

Alcon Laboratories, Fort Worth, TX. Tolcapone was from Orion Pharma (Espoo, Finland). MO3.13 

cells were from Cellutions Biosystems Inc. (Burlington, Ontario, Canada). Cell culture medium was 

from Invitrogen (Camarillo, CA). Phosphate-buffered saline and deionized ultrapure water were 

from KD Medical (Columbia, MD). Benomyl, AL-1576, and tolcapone were dissolved in 

dimethylsulfoxide (American Bio, Natick, MA) and stored at -20 oC. NAC, DOPAL, and DA stock 

solutions were prepared in ultrapure water and stored at -20 oC.  

Eppendorf tube experiments 

 Experiments in 1.5 mL eppendorf plastic sample tubes were done to compare DA with DOPAL 

in terms of oligomerization and quinonization of AS and effects of various conditions augmenting or 

mitigating these actions. 

 Effects of treatment with DOPAL or DA on AS protein modifications were assessed by 

incubation of AS (3 µM) with DOPAL (30 µM) or DA (30 µM) in 50 mM phosphate buffer (pH 7.4) 

at 37 oC in a water bath for 2 or 5 hours depending on the experiment. Samples (15 µL) were taken 

at different time points and heated in NuPAGE LDS sample buffer with 50 mM dithiothreitol for 

5 min at 70 oC . The reaction mixtures (5 µL or 15 µL) were then electrophoresed on NuPAGE 4-

12% Bis-Tris gels.  

 Protein modifications were detected by near-infrared fluorescence (nIRF) spectrometry (15 µL 

applications to gels) and western blotting (5 µL applications to gels). The nIRF signals were read 

with excitation wavelength 685 nm using an Odyssey infrared imager (Li-Cor Biosciences, Lincoln, 

NE) (Jinsmaa et al., 2018). For western blotting the proteins were transferred to nitrocellulose 

membranes using an iBlot dry blotting system (Novex Life Technologies, ThermoFisher Scientific, 
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Waltham, MA). AS detection was done with mouse anti-human AS antibody (Invitrogen, Camarillo, 

CA, 1:200), with the secondary antibody being goat anti-mouse IRDye 800CW (Abcam, Cambridge, 

MA, 1:10,000), and read using the Odyssey imaging system. Protein staining was done with 

AcquaStain (Bulldog Bio, Portsmouth, NH). There was 1 experiment, with 3-4 replicates at each 

observation point (Jinsmaa et al., 2018). 

 Effects of enzymatic oxidation of DOPAL or DA on AS protein modifications were examined 

in two experiments. In one experiment DA (30 µM) and DOPAL (30 µM) were kept at room 

temperature for 20 min without and with Tyr (69 U/mL), followed by incubation of the mixture with 

AS (3 µM) for 1 hour. In another experiment different concentrations of DOPAL (10, 30, and 100 

µM) or DA (10, 30, and 100 µM) were incubated with Tyr and then incubated with AS. Protein 

modifications were detected as described above. There were 2 experiments, with 3-4 replicates at 

each observation point.  

 Effects of Cu(II) on AS protein modifications elicited by DOPAL and DA were studied in two 

experiments. In one experiment, AS (3 µM) and DOPAL (30 µM) were incubated with various 

concentrations of Cu(II) (1-100 µM) at 37 oC in a water bath for 1 hour. Different concentrations of 

NAC (100-300 µM) were added at the start of the incubation. There were 3-4 replicates. In another 

experiment, to compare DOPAL and DA, AS (3 µM) and DOPAL (30 µM) or DA (30 µM ) were 

incubated with Cu(II) (1 µM or 30 µM) at 37 oC in a water bath for 1 hour. To assess the time 

courses of the reactions, samples (15 µL) were taken at different time points (0, 5, 15, 30, 45, and 60 

min). There were 3-4 replicates. Protein modifications were detected as described above.    

 Human wild-type (WT) and A53T mutant forms of AS were compared in terms of effects of 

DOPAL+Cu(II) on AS oligomerization and quinonization. Each protein (3 µM) was incubated with 

DOPAL (30 µM) and Cu(II) (30 µM) at 37 oC in a water bath for 1 hour. Protein modifications were 

detected as described above. There was 1 experiment, with 3-4 replicates. 

Cellular experiments about DOPAL- and DA-induced protein modifications 

 Using nIRF spectroscopy and microscopy we compared DOPAL and DA in terms of 

quinonization of intracellular proteins in MO3.13 human oligodendrocytes. The cells were cultured 
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in high glucose Dulbecco modified Eagle’s medium containing 10% fetal calf serum (FCS). MO3.13 

cells were plated in 12-well plates (1.5 x 105 cells/well) or 2-well/slides (8 x 104 cells/well). The 

cells were incubated for 24 hours with 10 µM tolcapone added to the medium to block catechol-O-

methyltransferase. On the day of the acute experiments the medium used was Dulbecco’s modified 

Eagle’s medium containing 10 µM each of tolcapone and benomyl and 1 µM AL-1576. The cells 

were then further exposed to other compounds as described below.  

 To assess Cu(II) effects on DOPAL-quinonized proteins in MO3.13 cells, after 24 hours of 

incubation with medium containing tolcapone the cells were treated with DOPAL (100 µM) and 

Cu(II) (10 and 30 µM) for 5 hours at 37 oC in a CO2 incubator. The cells were then lysed with RIPA 

buffer (Millipore, Temecula, CA) containing 1 tablet per 10 mL of Complete Mini protease 

inhibitors (Roche Diagnostics, Indianapolis, IN). The proteins (15 µL) were heated in NuPAGE LDS 

sample buffer with 50 mM dithiothreitol for 5 min at 70 oC. The reaction mixtures were then 

electrophoresed on NuPAGE 4-12% Bis-Tris gels, and the nIRF signals were quantified using the 

Odyssey infrared imaging system as described previously (Jinsmaa et al., 2018). 

 To assess effects of NAC on DOPAL-quinonized intracellular proteins, MO3.13 cells were 

exposed to DOPAL+Cu(II) (30 µM each) with different concentrations of NAC (10, 30, 100, and 

300 µM) for 5 hours at 37 oC in a CO2 incubator. The cells were then lysed and processed as 

described above. 

 To visualize intracellular DOPAL-induced quinoproteins in MO3.13 oligodendrocytes, the 

cells were exposed to DOPAL (10, 30, and 100 µM) for 5 hours in the presence of 30 µM Cu(II).  

The cells were then fixed with ice-cold methanol for 20 min and washed with cold PBS 3 times. 

Permeabilization and blocking were done with 15 drops/slide of TrueBlack IF Background 

Suppressor System (Biotium Inc, Fremont, CA) for 15 min. Slides were then incubated with human 

anti-tubulin antibody (Abcam, 1:1500) overnight at 4 oC, followed by incubation with the secondary 

antibody Alexa FluorR 488 goat anti-mouse (Molecular Probes, Thermo Scientific, Waltham, MA, 

1:500) for 1 hour at room temperature. Cells were also stained for DAPI (Abcam, 1:2000) to 

visualize cell nuclei. Images were obtained using a Zeiss 880 confocal microscope. nIRF was 
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detected at 587-686 nm. There was 3 experiments with 1 set of observations.  

Data analysis and statistics 

 Mean values were expressed ± standard error of the mean. Statistical analyses were done by 

one-way factorial analyses of variance with Dunnett’s post-hoc test to compare experimental with 

control (or DOPAL alone) mean values (GraphPad Software, La Jolla, CA). T-testing was done to 

compare two independent groups. Statistical significance was defined by p<0.05. 
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RESULTS 

DOPAL oligomerizes and quinonizes AS. 

 DOPAL time-dependently quinonized and oligomerized AS (Fig. 1). AS dimer and trimer and 

quinonized AS monomer were detectable by about 30 minutes of incubation (Fig. 1A) and increased 

further with increasing times of incubation (Fig. 1B and 1C). Oligomerization and quinonization 

occurred approximately concurrently. As the incubation time increased, DOPAL resulted in an 

intense high molecular weight (MW) “smear” by both western blotting and nIRF (Fig. 1B and 1C). 

Incubation of AS with DA resulted in a small amount of AS dimer, a faint “smear” of high MW AS 

at long incubation times, and complete absence of quinonized AS (Fig. 1B and 1C). Protein staining 

showed that DOPAL time-dependently decreased AS monomer (Fig. 1D), indicating substantial 

reactivity with AS to form other compounds, whereas DA did not.  

 DOPAL and DA were treated with Tyr to catalyze oxidation of the catechols. For both DOPAL 

and DA the oxidation started immediately, and within 5-10 minutes of the reaction it was obvious by 

the change of the color of the solutions that both catechols had been oxidized (data not shown). After 

Tyr-induced oxidation of DOPAL and DA for 20 min, western blotting demonstrated AS 

oligomerization by both catechols, with DOPAL having greater potency (Fig. 2B and 2D). 

Incubation of AS with Tyr alone was without effect (Fig. 2A and 2B). The “smear” of high MW AS 

noted above was also seen when AS was incubated with DA and Tyr (Fig. 2B and 2D); however, no 

detectable quinonized AS was seen even at the highest DA concentration (100 µM, Fig. 2C).  

Cu(II) enhances DOPAL-induced AS quinonization and oligomerization. 

 Cu(II) at concentrations as low as 1 µM augmented DOPAL-induced AS quinonization 

compared to DOPAL alone (Fig. 3A and 3B, Fig. 4A and 4C). The effects of Cu(II) were 

concentration-dependent (Fig. 3A). At the 30 µM concentration, Cu(II) enhanced and accelerated 

both DOPAL-induced quinonization and oligomerization of AS, with AS dimer and quinonized AS 

monomer detectable in as little as 5 minutes of incubation (Fig. 3A and Fig. 4B and 4C). DA failed 

to produce any quinonized AS signals under the same experimental conditions (Fig. 4B and 4C). 

NAC concentration-dependelty mitigated the effects of DOPAL+Cu(II) (Fig. 3C and 3D). Cu(II) 
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alone did not oligomerize or quinonize AS (data not shown). 

Mutant A53T AS is more vulnerable than WT AS to DOPAL effects. 

 Mutant A53T AS was more vulnerable to DOPAL+Cu(II) treatment than was WT AS (Fig. 5). 

Thus, for A53T AS the amount of nIRF signal with DOPAL+Cu(II) vs. DOPAL alone was about 

twice as large as that for WT AS (t=2.81, p=0.0049).  

DOPAL induces the formation of cellular quinoproteins. 

 Cu(II) (30 µM) augmented DOPAL-induced formation of cellular quinoproteins in MO3.13 

oligodendrocytes (Fig. 6A and 6B). No quinoproteins were detected in DA-treated cells (data not 

shown). NAC attenuated the formation of quinoproteins evoked by DOPAL+Cu(II) (Fig. 6C and 

6D). 

 nIRF microscopy was used to visualize intracellular catechol-induced quinoproteins (Fig. 7). 

DOPAL exposure resulted in the appearance of intra-cellular quinoproteins, in the form of myriad 

pinpoint spots in nuclei and as aggregates that seemed extracellular (or were remnants of dead cells). 

DA did not result in detectable intra-cellular quinoproteins (data not shown).  
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DISCUSSION   

 It has long been suspected that DA oxidation products contribute to the pathogenesis of PD 

(Blaschko, 1952; Carlsson and Fornstedt, 1991; Mattammal et al., 1995; Burbulla et al., 2017) and in 

particular interact with AS to challenge dopaminergic neuronal homeostasis (Mazzulli et al., 2007; 

Goldstein et al., 2014; Mor et al., 2017; Mor et al., 2019) 

 There are two general routes by which this could happen—(1) non-enzymatic oxidation of DA 

to DA-quinone (DA-Q), with subsequent formation of DA-Q-derived compounds such as 

aminochrome (Linsenbardt et al., 2012; Segura-Aguilar, 2019), isoquinolines (Storch et al., 2002), 

and 5-S-cysteinyldopamine (Montine et al., 1997; Badillo-Ramirez et al., 2019); and (2) MAO-

catalyzed enzymatic oxidation of DA to form DOPAL (Mattammal et al., 1995), with spontaneous 

oxidation of DOPAL to DOPAL-quinone (DOPAL-Q) (Anderson et al., 2011; Follmer et al., 2015; 

Jinsmaa et al., 2018) (see Visual Abstract). These two routes have been studied almost completely 

separately by different research groups. Here we comprehensively compared DOPAL with DA in 

terms of oligomerizing and quinonizing AS. Both types of protein modifications may be deleterious 

(Jana et al., 2011; Winner et al., 2011). 

DOPAL is the main mediator of DA-dependent AS oligomerization and quinonization. 

 The present results confirm previous reports that DOPAL is more potent than DA in 

oligomerizing AS (Burke et al., 2008; Jinsmaa et al., 2014). A major new finding is that unlike 

DOPAL, DA does not quinonize AS, even in the setting of oxidation of DA by Cu(II) or tyrosinase.  

 The differences in potencies of DOPAL and DA in oligomerizing and quinonizing AS may be 

explained by their different chemical structures (Rees et al., 2009). Whereas DA has a terminal 

amine group, DOPAL has a reactive aldehyde group that can bind covalently to lysine residues 

(Anderson et al., 2016), which are abundant in the AS molecule (Rees et al., 2009; Follmer et al., 

2015; Plotegher et al., 2017). Occupation of lysine residues completely prevents DOPAL-induced 

oligomerization and quinonization of AS (Jinsmaa et al., 2018).  

 DA and especially DOPAL incubation resulted in the formation of AS oligomers in discrete 

bands at low molecular weights and poorly defined AS “smears” at high molecular weights (e.g., 
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Figs. 1C, 2B, and 2D). Since anti-oxidation with NAC mitigated these AS modifications, the results 

raise the possibility that oxidation products of DOPAL and DA can polymerize (Lee et al., 2007) and 

bind to AS, resulting in a large variety of high molecular weight forms of the bound AS. AS 

oligomers linked by DOPAL condensation products (Werner-Allen et al., 2016; Werner-Allen et al., 

2017; Werner-Allen et al., 2018) may also polymerize. These possibilities are not mutually 

exclusive, and the present data cannot distinguish between them. Since AS oligomerization and 

quinonization occurred approximately simultaneously, we also cannot draw inferences about the 

relationship between quinonization and oligomerization of AS. 

 Because of the novelty of the discovery that DOPAL induces quinonization of numerous 

intracellular proteins, there is relatively scant literature about how this happens. Citraconic acid, 

which occupies lysine residues, prevents DOPAL-induced quinonization of alpha-synuclein 

(Jinsmaa et al., 2018). This indicates that the site of the quinonization is lysines, which are relatively 

abundant in the alpha-synuclein molecule. N-acetylcysteine inhibits DOPAL-induced quinonization 

of alpha-synuclein (Jinsmaa et al., 2018), consistent with dependence of the quinonization on 

oxidation of DOPAL to DOPAL-quinone. Since dopamine and dopamine-related catechols do not 

quinonize proteins nearly as potently as does DOPAL, it seems likely DOPAL-induced protein 

quinonization results from reaction of the aldehyde with the amines of the lysines in alpha-synuclein. 

Whether DOPAL-quinone is actually incorporated in the molecule has not yet been determined. This 

could be addressed by experiments using tracer-labeled DOPAL. We also do not know whether 

quinonization is a step in the oligomerization of alpha-synuclein, since the present experiments 

indicated approximately simultaneous quinonization and oligomerization of alpha-synuclein by 

DOPAL. Cu(II) accentuates DOPAL- and DA-induced protein modifications. 

 The possible roles of copper and copper-protein interactions with AS in PD pathogenesis are 

gaining increasing research attention (Montes et al., 2014; Saha et al., 2018). We reported previously 

that anti-oxidation with NAC prevents the augmenting effect of Cu(II) on DOPAL-induced AS 

oligomerization (Jinsmaa et al., 2018). Now we report analogous enhancement by Cu(II) of DOPAL-

induced quinonization of AS and mitigation of this enhancement by NAC. As part of the current 
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experiments we tested other metal ions, including Fe(II), Mn(II), and Ca(II). Cu(II) was the most 

potent in terms of enhancing DOPAL-induced quinonization of AS (unpublished observations). 

 Collectively the present findings suggest that potential deleterious effects of Cu(II) at 

physiologically attainable concentrations are related to DOPAL more than to DA and might be 

ameliorated by anti-oxidant treatment. 

A53T AS is more susceptible than wild-type AS to quinonization by DOPAL. 

 The extent of quinonization of AS by Cu(II)+DOPAL was about twice as great with the A53T 

mutant form of AS than with human WT AS. This finding suggests that, at least in the setting of 

Cu(II), neurons expressing mutant forms of AS may be more vulnerable to DOPAL-induced 

quinonization than neurons expressing WT AS.  

DOPAL quinonizes numerous intra-cellular proteins; DA does not. 

 In MO3.13 oligodendrocytes DOPAL—but not DA—resulted in the formation of numerous 

intra-cellular quinoproteins. Incubation of cells with hydrogen peroxide or in serum-free medium to 

evoke oxidative stress does not result in the formation of cellular quinoproteins (unpublished 

observations). Therefore, DOPAL-induced intra-cellular protein quinonization does not seem to be 

the non-specific result of oxidative stress. nIRF microscopy revealed myriad punctate sites of 

DOPAL-derived signal corresponding in position to nuclei, as well as large, high-intensity deposits 

of nIRF signal in extracellular fluid or remnants of necrotic cells. The identities of the quinoproteins 

are unknown but might be revealed by a proteomics technical approach.  

 We doubt that the lack of effect of dopamine on visualized intracellular quinoproteins was 

from the dopamine not being taken up into the cells. Glial cells express the cell membrane 

norepinephrine transporter (NET) and the extreneuronal transporter mediating the uptake-2 process 

(Takeda et al., 2002). Since dopamine is a better substrate for the NET than is norepinephrine 

(Eisenhofer, 2001), it is reasonable to presume that dopamine was taken up. In separate experiments 

we measured intracellular dopamine in cultured oligodendrocytes incubated with dopamine. We 

detected a large amount of dopamine and little if any DOPAL in the cells (unpublished 

observations), which we attribute to relatively little MAO activity in the cells.  
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 Although DOPAL evokes substantial neurotoxicity (Panneton et al., 2010), interferes with key 

catecholaminergic functions such as tyrosine hydroxylation (Mexas et al., 2011) and decarboxylation 

of DOPA to form dopamine (Jinsmaa et al., 2018), and evokes quinonization of numerous 

intracellular proteins, so far there has been no demonstration that DOPAL-induced cytotoxicity is 

mediated by protein quinonization.  

Implications and Conclusions  

 Protein modifications such as AS oligomerization and quinonization induced by DOPAL could 

result in functional abnormalities—e.g., decreased neurotransmitter synthesis, vesicular storage, and 

recycling (Goldstein et al., 2011a; Goldstein et al., 2013; Goldstein et al., 2017b; Goldstein et al., 

2019) that increasingly challenge neuronal homeostasis during a long prodromal phase.  

 The present results may have implications for disease-modification therapeutic strategies in 

conditions involving catecholaminergic neurodegeneration. Inhibition by NAC of protein 

modifications induced by DOPAL-Q may help explain the finding that in PD patients NAC 

improves scores on the Uniform Parkinson Disease Rating Scale and results of striatal dopaminergic 

neuroimaging (Monti et al., 2016; Monti et al., 2019). A rational target for future experimental 

therapeutics may be the sequence of enzymatic oxidation of DA to form DOPAL via MAO and the 

spontaneous oxidation of DOPAL to form DOPAL-Q.  

 In conclusion, of the two routes by which DA oxidation modifies AS and other proteins, that 

via DOPAL is more prominent.    
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FIGURE LEGENDS 

Fig. 1: Time courses of DOPAL and dopamine (DA) effects on alpha-synuclein (AS) 

quinonization and oligomerization. (A) AS (3 μM) was incubated with DOPAL or DA (30 

µM each) at 37 °C and samples were taken at for up to 120 minutes (A) and 300 minutes (B) of 

incubation. (A and B) Quinonized AS was detected by near infrared fluorescence (nIRF) 

spectroscopy (red). (A and C) Oligomerized AS was detected by Western blotting (green). (D) 

Protein staining was used to demonstrate decreased AS monomer during incubation of AS with 

DOPAL. Lanes=order of the gel lanes, Groups: 1=AS alone as a control (CON), 2=DOPAL, 

3=DA. DOPAL time-dependently increased AS quinonization and oligomerization, whereas 

DA did not elicit AS quinonization and produced a slight “smear” of high MW AS.  

Fig. 2: Effects of enzymatic oxidation of DA and DOPAL with tyrosinase on AS quinonization 

and oligomerization. DA or DOPAL (30 µM each) was incubated with or without tyrosinase 

("+Tyr" or "no Tyr") for 20 minutes at room temperature and then incubated with AS (3 μM) 

for 1 hour at 37 °C. (A and B) Concentration course of DA or DOPAL (10, 30 and 100 μM 

each) oxidation with Tyr. (A and C) Quinonized AS was detected by near infrared fluorescence 

(nIRF) spectroscopy (red). (B and D) Oligomerized AS was detected by Western blotting 

(green). N=number of replicates, 1=DA, 2=DOPAL. Enzymatic oxidization augmented 

DOPAL-induced oligomerization and quinonization of AS. Incubation of AS with DA and Tyr 

resulted in a “smear” of high MW AS. DA did not quinonize AS even in the setting of 

enzymatic oxidation by Tyr. 

Fig. 3: Effects of Cu(II) on DOPAL-induced AS quinonization and N-acetylcysteine (NAC) 

effect. (A and B) AS (3 μM) was incubated with 30 μM DOPAL and 1-100 μM Cu(II) for 1 

hour at 37 °C. (C and D) AS was incubated with DOPAL and 30 µM Cu(II) and 0-1000 μM 

NAC for 1 hour at 37 °C.  Quinonized AS was detected by near infrared fluorescence (nIRF) 

spectroscopy (red). N=number of replicates. Fx=fractions of integrated intensities of AS 

monomers compared to DOPAL alone. Statistical analyses were done by one-way ANOVA 
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with Dunnett’s post-hoc test. Mean values are expressed ± SEM. ****P<0.0001, ***P<0.001 

compared to DOPAL alone; ☨☨☨p<0.001 vs. DOPAL+Cu(II) compared to no NAC. Cu(II) 

concentration-dependently augmented DOPAL-induced AS quinonization and oligomerization. 

NAC attenuated this effect. 

Fig. 4: Comparisons of DA- vs. DOPAL-induced AS modifications in the presence of Cu(II). 

(A) Incubation of AS (3 µM) with 30 µM each of DA and DOPAL and 1 µM Cu(II). (B) 

Incubation of AS with DA or DOPAL and 30 µM Cu(II). (A,B and C) Quinonized AS was 

detected by near infrared fluorescence (nIRF) spectroscopy (red). (A and B) Oligomerized AS 

was detected by Western blotting (green). △Integrated intensity= the difference in integrated 

intensity of signal at each time point minus the integrated intensity at 0 minutes. Lanes=order 

of the gel lanes. Cu(II) at 30 µM accelerated and enhanced DOPAL-induced oligomerization 

and quinonization of AS. Incubation of Cu(II) (30 µM) with 30 µM DA and AS resulted in a 

“smear” of high MW AS. 

Fig. 5: DOPAL-induced quinonization of mutant A53T vs. wild type AS. Wild type (WT) or 

A53T mutant AS (3 μM) was incubated with 30 μM each of DOPAL and Cu(II) (without or 

with) or 300 μM NAC (without or with) for 1 hour at 37 °C. Quinonized AS was detected by 

near infrared fluorescence (nIRF) spectroscopy. Fx=fractions of integrated intensities of AS 

monomers compared to DOPAL alone. N=numbers of replicates. Statistical analyses were 

done by one-way ANOVA with Dunnett’s post-hoc test. Mean values are expressed ± SEM. 

***p<0.001, **p<0.01 compared to DOPAL alone; ☨☨☨p<0.001, ☨☨p<0.05 compared to no 

NAC; ++ p<0.01 for A53T compared to WT. DOPAL quinonized both A53T and WT AS, 

with about twice as large an effect on A53T AS. The enhancing effects were attenuated by 

NAC.  

Fig. 6: DOPAL-induced quinonization of intracellular proteins in MO3.13 cells and NAC 

effect. MO3.13 cells (1.5x105 cells/well) were exposed to (A) DOPAL (100 µM) with or 

without Cu(II) (10 and 30 µM) for 24 hours and then lysed in RIPA buffer with protease 

inhibitors. (B) MO3.13 cells were exposed to DOPAL and 30 µM Cu(II), with NAC (0-300 
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µM) added at the start of incubation. DOPAL-quinonized proteins were detected and 

quantified by infrared fluorescence (nIRF) spectroscopy (red). Fx=fractions of integrated 

intensities of each column compared to CON (B) or DOPAL alone (D) groups normalized to 

the protein of each lanes. N=number of replicates. Statistical analyses were by one-way 

ANOVA with Dunnett’s post-hoc test. Mean values are expressed ± SEM. **p<0.001 

compared to DOPAL alone; ☨☨☨p<0.001, ☨☨p<0.01 compared to no NAC. Cu(II) augmented 

DOPAL-induced quinonization of intracellular proteins, and NAC attenuated these effects.  

Fig. 7: Visualization of intracellular DOPAL-induced quinoproteins. MO3.13 cells were 

cultured in slide chambers (8x104 cells/slides) for 24 hours and treated with Cu (II) (30 µM) 

and 0-100 µM DOPAL for 5 hours. Cells were then stained with DAPI (1:2000) (blue) and 

human tubulin antibody (1:1500) (green). Immunofluorescence and near infrared fluorescence 

(nIRF) were visualized microscopically. Scale bar in images is 20 µm. Treatment with DOPAL 

produced nIRF signals, suggesting the presence of quinoproteins. 
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