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Abstract

3,4-Dihydroxyphenylacetaldehyde (DOPAL) is an endogenously produced toxic aldehyde. It is a 

bifunctional electrophile implicated in the loss of dopaminergic cells concomitant with 

Parkinson’s disease and neurodegeneration. DOPAL is known to react with proteins and amino 

acids such as N-acetyl Lys; oxidation of the catechol moiety to the quinone of DOPAL increases 

this reactivity. Here we demonstrate the ability of the antioxidants N-acetylcysteine, glutathione, 

and ascorbic acid to mitigate the reactivity of DOPAL with proteins and amino acids in a dose-

dependent fashion. Conversely, Trolox did not lessen the observed reactivity with proteins. 

Interestingly, use of tricine, a buffer and reducing agent, in these systems also decreased the 

reactivity of DOPAL with amines, yielding tricine-derived free radical species. Modification of 

amines with aldehydes typically involves Schiff base chemistry; however, the observance of free 

radicals suggests that an oxidative step is involved in the reaction of DOPAL with lysine. 

Furthermore, while Schiff base formation is usually optimal at pH 5, the reaction rate of DOPAL 

with N-acetyl Lys is negligible at pH 5 and is enhanced under basic conditions (e.g. pH 9). 

Conditions of high pH are also favorable for catechol auto-oxidation, known to occur for DOPAL. 

The antioxidant-mediated protection demonstrated here suggests that oxidative stress may impart 

cellular vulnerability to protein modification by DOPAL. Therefore, depleted antioxidants and 

increased levels of lipid peroxidation products, known to prevent detoxifying metabolism of 

DOPAL, may present a survival challenge to dopaminergic cells targeted in Parkinson’s disease.
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Introduction

Increased production of several biogenic aldehydes or exposure to environmentally-derived 

aldehydes is associated with a number of disease states.1, 2 Though a variety of enzymes are 

capable of detoxifying aldehydes,1 certain metabolic stressors may inhibit these enzymes 

and lead to elevated cellular levels of toxic compounds.3–6 Metabolism of the monoamine 

neurotransmitters serotonin, norepinephrine, and dopamine (DA) by monoamine oxidase 

(MAO) produces an aldehyde intermediate plus hydrogen peroxide (Scheme 1).7 For DA, 

the MAO-mediated biotransformation yields 3,4-dihydroxyphenylacetaldehyde (DOPAL), 

which is metabolized to 3,4-dihydroxyphenylacetic acid (DOPAC) by several aldehyde 

dehydrogenase (ALDH) enzymes. Previous work found DOPAL to be highly toxic; it has 

been hypothesized that an elevated level of DOPAL is a factor in the loss of dopaminergic 

neurons associated with Parkinson’s disease (PD).8–11 This “catechol-aldehyde hypothesis” 

is based on findings that impairments in DA metabolism and trafficking: 1) are observed in 

PD brains;8, 12 and 2) correlate with selective loss of DA neurons in various animal models, 

e.g., MAO overexpression, ALDH knockout, decreased expression of vesicular monoamine 

transporter (VMAT2) and increased expression of the dopamine transporter (DAT).8, 13–16 In 

addition, recent work correlated exposure of the fungicide benomyl, a potent ALDH 

inhibitor, to increased risk of PD and suggested ALDH inhibition to be a pathogenic 

mechanism for PD.17, 18

DOPAL is capable of protein modification, enzyme inhibition, and protein 

aggregation.2, 19–23 In addition to its toxic potential as an aldehyde, DOPAL possesses a 

catechol ring that can oxidize to a semiquinone radical (a one-electron oxidation) and an 

ortho-quinone (a two-electron oxidation). The ortho-quinone derived from DOPAL is a 

bifunctional electrophile that could potentially aggregate and cross-link proteins.24

Modification of protein by DOPAL is believed to be mediated via formation of a Schiff base 

with a nucleophile such as a Lys residue.2, 20 Previous work, utilizing mass spectrometry, 

demonstrated that DOPAL forms adducts with model peptides yielding an adduct of mass 

consistent with a Schiff base, suggesting protein modification involves the reaction of 

amines with the aldehyde of DOPAL.20, 25 In addition, replacing DOPAL’s aldehyde/

carbonyl group with a nitrile greatly decreased protein reactivity and toxicity compared to 

DOPAL.26 A similar result occurs when DOPAL is modified chemically to prevent catechol 

oxidation. O-methylation decreases protein reactivity, and amine reactivity requires sodium 

cyanoborohydride (NaCNBH3) reduction for adduct stability.20 Interestingly, sodium 

cyanoborohydride was found to decrease the rate for the reaction of DOPAL with N-acetyl 

Lys; sodium cyanoborohydride will reduce both Schiff bases and quinones.27 In addition, the 

3-O-methyl analog of DOPAL demonstrated greatly diminished toxicity to dopaminergic 

cells.26 These results suggest that protein modification by DOPAL involves reaction of 
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amines with the aldehyde group; however, catechol oxidation influences DOPAL’s protein 

reactivity and toxicity.

The catechol of DA auto-oxidizes to a quinone that readily forms adducts with Cys via 1,6-

conjugate addition.28–30 Like DA, DOPAL undergoes oxidation to a semiquinone radical 

and an ortho-quinone,24 and therefore, N-acetyl Cys would be expected to form a similar 

adduct with DOPAL-quinone. Previous studies have shown that DOPAL is reactive with N-

acetyl Lys, but unreactive with N-acetyl Cys at physiological pH.20 However, DOPAL was 

found to readily crosslink proteins, possibly via a Cys-DOPAL-Lys linkage, and such protein 

crosslinking could be prevented by ascorbate.20 Such a result suggested the involvement of 

an ortho-quinone intermediate in protein cross-linking. In an attempt to model protein cross-

linking with N-acetyl Lys and N-acetyl Cys, it was discovered that the reaction of DOPAL 

with protein-type amines requires an oxidative step that produces reactive oxygen species. 

This unexpected finding was explored further in the current study.

Materials and Methods

Chemicals

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

DOPAL was biosynthesized from MAO harvested from rat liver31 and also synthesized from 

epinephrine via Fellman’s method.32 DOPAL samples were analyzed for concentration and 

purity using an Agilent 1200 Capillary HPLC equipped with a photo-diode array detector. 

Separation was performed using a Phenomenex Luna C18 (1 mm × 150 mm, 100 Å) column 

running mobile phase 0.1% TFA (v/v) in H2O at 94% and ACN at 6%, with a flow rate of 50 

µL/min. Absorbance of DOPAL (retention time ≈7.5 min) was measured at 280 and 202 nm, 

and concentration was determined by comparison with previously analyzed standard 

curves.5

Evaluation of DOPAL Reactivity

To determine the reactivity of DOPAL in the presence of both Lys and Cys residues, samples 

containing 100 µM DOPAL and 10 mM N-acetyl Lys (100x eq compared to the number of 

equivalents (eq) of DOPAL; eq given below are all relative to the amount of DOPAL) were 

incubated in 50 mM sodium phosphate buffer, pH 7.4 for 2 h at 37 °C in the dark. A negative 

control, DOPAL with no N-acetyl Lys, was run with each experiment to subtract background 

loss of DOPAL e.g., oxidation. Reactivity was determined by a decrease in measured 

DOPAL concentration. Aliquots were taken for HPLC analysis at 30 min intervals and the 

reaction ended by a 1:1 dilution with 2% TFA in H2O. Analysis was performed by HPLC as 

described above, using 5 µL injections unless noted otherwise. This assay was then repeated 

with 10x eq of N-acetyl Cys (1.00 mM). Based on the results, the assay was performed again 

with 10x eq (1.00 mM) of ascorbic acid, which exists predominately as the ascorbate 

monoanion (AscH−) at pH 7.4. These experiments were then repeated using 3-h incubations 

and a range of concentrations of reducing agents: 0, 10, 50, 100, 200, and 1000 µM N-acetyl 

Cys (0, 0.1x, 0.5x, 1x, 2x and 10x eq) and 0, 50, 100, and 200 µM (0, 0.5x, 1x, and 2x eq) 

AscH−. Samples were collected every 30 min and analyzed as above.
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Similarly, the impact of pH on DOPAL reactivity was evaluated by incubating 100 µM 

DOPAL and 10 mM N-acetyl Lys for 2 h in 50 mM sodium phosphate buffer over a range of 

pH values (5.0, 6.0, 7.0, 7.4, 8.0 and 9.0). Aliquots were taken at 30 min intervals, diluted 

with acid, and analyzed by HPLC as described above. Assays repeated without N-acetyl Lys 

served as a control for each experiment to account for spontaneous loss of DOPAL at the 

respective pH values.

Finally, reactivity was assessed in the presence of a radical scavenging buffer, tricine.33 For 

this assay, 100 µM DOPAL and 10 mM N-acetyl Lys were incubated in the dark for 2 h at 

37 °C using either 50 mM sodium phosphate, pH 7.4 or 50 mM tricine pH 7.4 buffer. 

Aliquots were taken at 0, 1, and 2 h for HPLC analysis. Assays without N-acetyl Lys served 

as controls. Reactions were ended by 1:1 dilution with 2% aqueous TFA to quench the 

reaction, and analyzed by HPLC. Statistical analyses were conducted using GraphPad Prizm 

4.0 (GraphPad Software, San Diego, CA).

Analysis of DOPAL Reactivity by Electron Paramagnetic Resonance

Electron paramagnetic resonance (EPR) was used to investigate the structure and oxidative 

potential of species formed by the reaction of DOPAL with N-acetyl Lys. This experiment 

involved incubating 500 µM DOPAL in 25 mM tricine pH 7.4 and 0.5 M MgCl2 with 50 

mM N-acetyl Lys (10x eq) at 37 °C for 2 h followed by EPR analysis. DOPAL in tricine 

buffer and N-acetyl Lys in tricine buffer served as controls. Note that all buffer solutions 

used distilled and deionized water that had been treated with Chelex 100 to remove redox 

active metals.

EPR investigations utilized a Bruker EMX spectrometer with an Aqua-X sample holder and 

an ER 4119HS cavity. Spectra were recorded at ambient temperature using 1.0 mL sample 

volumes. Typical EPR parameters were: 3510.75 G center field; 24 G sweep width; 9.854 

GHz microwave frequency: 20 mW nominal power; 2.52 × 104 receiver gain: 100 kHz 

modulation frequency; 0.20 G modulation amplitude; 40.96 ms conversion time: 81.92 ms 

time constant: 41.92 s sweep time: and up to 10 X-scans for each 1024 point spectrum. 

Spectra shown are representative of at least three trials.

Impact of Antioxidant Treatment on DOPAL-Protein Modification

To examine the effect of antioxidant treatment on the ability of DOPAL to modify a model 

protein, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was incubated at a final 

concentration of 0.3 mg/mL (8.3 µM) with 5 mM antioxidant and 50 µM DOPAL in 50 mM 

sodium phosphate buffer, pH 7.4 at 37 °C for 4 h. Incubations lacking DOPAL served as 

controls. GAPDH is a relevant model as it readily aggregates/cross-links in the presence of 

DOPAL, and is important to viability of DA neurons.34 Samples were frozen and stored at 

−20 °C for subsequent analysis, which involved separating 9 µg of protein on 10% SDS-

PAGE gels, staining with Coomassie and densitometry measurements using NIH ImageJ 

1.44p. Tested antioxidants included N-acetyl Cys, glutathione (GSH), ascorbic acid, as 

ascorbate monoanion (AscH−) because the pH was typically 7.4, sodium cyanoborohydride 

(NaCNBH3), and Trolox. Trolox was dissolved in DMSO. AscH− was prepared in 50 mM 

sodium phosphate buffer, pH 7.4 using crystalline ascorbic acid, and all other antioxidants 
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were dissolved in water. The density of the 37 kDa monomer band was compared between 

samples. Reduction of band density and formation of higher molecular weight species was 

used to indicate protein modification and aggregation. Statistical analyses were performed 

using GraphPad Prizm 4.0.

Based on these results, select reducing agents/antioxidants (N-acetyl Cys, GSH, AscH−) 

were then investigated across a range of concentrations. Incubations utilized 0.3 mg/mL 

GAPDH with 50 µM DOPAL in 50 mM sodium phosphate pH 7.4 and 0, 5, 25, 50, 100, or 

500 µM antioxidant. The same conditions were used as described above.

Protein samples were then analyzed for bound DOPAL using nitroblue tetrazolium (NBT), a 

dye that stains indigo in the presence of redox active functional groups such as catechols or 

quinones.26 As above, 9 µg samples of GAPDH were separated on 10% SDS-PAGE gels. 

The separated proteins were then transferred to nitrocellulose using a Trans-Blot-SD 

(BioRad, Hercules, CA) semidry transfer apparatus at 20 V for 45 min. The membrane was 

then immersed in 0.24 mM NBT in 2 M potassium glycinate pH 10 for 48 h.

Finally, these samples were examined for protein aggregation. Samples of 1 µg GAPDH, 

prepared with DOPAL as previously described, were separated on a 10% SDS-PAGE, then 

transferred as described above. The membrane was blocked in 5% BSA in TBS-T. Primary 

antibody, Rabbit anti-GAPDH (Sigma-Aldrich, St Louis, Mo), was applied at 1:10000. 

Secondary antibody, Goat anti-Rabbit-HRP (Santa Cruz Biotechnology, Santa Cruz, CA) 

was applied at 1:10000. The membrane was developed using ECL plus a 

Chemiluminescence kit (GE Healthcare, Piscataway, NJ) and detected using Hyperfilm-ECL 

(GE Healthcare, Piscataway, NJ). The films were analyzed using NIH Image J.

Reactivity of DOPAL with GAPDH in the Presence of a Radical Scavenger

To determine the impact of a radical scavenger on DOPAL reactivity with protein, the 

GAPDH aggregation experiments were repeated as above using tricine buffer. GAPDH (0.3 

mg/mL) was incubated for 4 h at 37 °C with 50 µM DOPAL in 50 mM sodium phosphate 

buffer pH 7.4 or 50 mM tricine pH 7.4. Omitting DOPAL served as controls for these 

experiments. 9 µg of protein were separated on 10% SDS-PAGE gel, stained with 

Coomassie and analyzed using ImageJ 1.44p. Statistical analysis was performed using 

GraphPad Prizm 4.0.

Results

DOPAL reactivity with amines decreases in the presence of antioxidants

DOPAL reactivity with N-acetyl Lys in the presence of N-acetyl Cys was determined by 

measuring decreases in DOPAL concentration over time by HPLC. Figure 1 demonstrates 

baseline loss of DOPAL without N-acetyl Lys. At 2 h, control DOPAL levels decreased to 

85% of original. When DOPAL was incubated with N-acetyl Lys, much greater loss was 

apparent; the concentration of DOPAL dropped to 13% of initial. In the presence of 10 eq of 

N-acetyl Cys, DOPAL levels only dropped to 88%. Similarly, DOPAL levels decreased to 

only 93% when 10 eq of AscH− were included. Interestingly, samples including either N-
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acetyl Cys or AscH− demonstrated less loss of DOPAL, 12% and 7% loss respectively (data 

not shown), as compared to the 15% loss in the untreated condition.

To further investigate the protective effects of antioxidants on DOPAL reactivity, 3-h 

incubations were performed utilizing a range of N-acetyl Cys and AscH− concentrations. 

Both antioxidants demonstrated a dose-dependent reduction in DOPAL loss (Figure 2). At 

one hour, the observable loss of DOPAL with N-acetyl Cys is minimal, even at only 50 µM 

(Figure 2A). Although AscH− had less of a protective effect than N-acetyl Cys at 1 h, all 

AscH− treated samples maintained a significantly higher DOPAL concentration than the 

DOPAL/N-acetyl Lys control (Figure 2D).

At 2 h, higher concentrations of N-acetyl Cys (≥ 100 µM) continue to demonstrate a 

negligible loss of DOPAL through oxidation or reaction with N-acetyl Lys (Figure 2B). The 

10 and 50 µM samples, however, display a marked increase in DOPAL loss. Nevertheless, 

these samples maintain a DOPAL concentration significantly greater than the DOPAL/N-

acetyl Lys control. In the AscH−-treated samples at 2 h, a substantial loss of DOPAL is 

observed. However, DOPAL levels remain well above control levels, and the loss continues 

to follow a concentration dependent pattern (Figure 2E).

After 3 h, levels of DOPAL in the control sample (without N-acetyl Lys) fell to 70% of the 

initial concentration (Figure 2C). Samples with 100 µM (1x eq) or higher N-acetyl Cys 

showed the smallest decrease of DOPAL. The DOPAL concentration of the 10 mM N-acetyl 

Lys sample (without N-acetyl Cys) dropped to less than 2% of the original concentration. 

While samples treated with low concentrations of N-acetyl Cys showed only slightly higher 

DOPAL levels than the DOPAL/N-acetyl Lys control, the higher concentrations of N-acetyl 

Cys (1x, 2x, and 10x eq) exhibited DOPAL concentrations greater than 75% of initial 

concentration. Compared to the DOPAL/N-acetyl Lys sample and negative control (DOPAL 

in buffer), the decrease in DOPAL concentration was much less when N-acetyl Cys was 

included in incubations. This was a significantly smaller reduction in DOPAL than observed 

in the DOPAL/N-acetyl Lys control, and DOPAL levels were even higher than in the 

DOPAL control. Though AscH− produced a smaller DOPAL loss at 1000 µM (10x eq) than 

N-acetyl Cys at the early time point, it did not prove effective at lower concentrations. By 3 

h, DOPAL concentrations in all AscH− samples had fallen below 10% of initial levels 

(Figure 2F).

pH dependence of DOPAL reactivity with amines

As buffer pH increased, the rate of spontaneous DOPAL loss increased as well (data not 

shown). Similarly, the rate of DOPAL reactivity with N-acetyl Lys was greater at higher pH 

(Figure 3A and 3B). Graphing the negative of the pseudo-first order rate constant of DOPAL 

reactivity for N-acetyl Lys (−k’) vs. pH yielded a sigmoidal-shaped curve (Figure 3B).

The reactivity of DOPAL decreases in the presence of a radical scavenger

EPR spectroscopy was used to detect free radicals formed during the reaction between N-

acetyl Lys and DOPAL. Previous work has shown that the oxidation of DOPAL is important 

for reactivity;20 DOPAL auto-oxidation proceeds through the formation of a DOPAL 

semiquinone radical.24 If formed, the Schiff-base radical would very likely demonstrate 
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similar splitting patterns to the aforementioned DOPAL radical. However, when 400 µM 

DOPAL was incubated with 100 eq of N-acetyl Lys in tricine pH 7.4 for 2 h, the expected 

splitting patterns were absent. Instead, two nitroxide free radicals derived from tricine 

(radical-1, g1 = 2.006, aN1 = 14.7 G,; radical-2, g2 = 2.006, aN2 = 14.7 G, aH2 = 15.7 G) 

were detected as well as a semiquinone radical (g = 2.004) (Figure 4A). The tricine-derived 

radicals only formed when DOPAL and N-acetyl Lys were incubated together. Either 

component alone did not produce a detectable level of radical (Figure 4A). Also, eliminating 

the 2-h incubation time did not allow detectable levels of free radicals to be formed (data not 

shown).

In order to investigate the potential radical scavenging effects of tricine on the DOPAL/N-

acetyl Lys reaction, 2-h incubations of DOPAL (100 µM) with or without N-acetyl Lys (10.0 

mM) were carried out in either 50 mM sodium phosphate pH 7.4 or 50 mM tricine pH 7.4 

buffers. In phosphate buffer, the N-acetyl Lys reaction showed DOPAL losses of 73% and 

98% at 1 and 2 h, respectively (Figure 4B and 4C). Conversely, in tricine buffer DOPAL 

losses were minimal.

Previous studies have demonstrated DOPAL’s ability to mediate protein cross-linking and 

aggregation.20 The effect of a radical scavenging buffer on such a reaction was investigated. 

GAPDH (0.3 mg/mL) was incubated with or without DOPAL (50 µM) in either 50 mM 

phosphate buffer pH 7.4 or 50 mM tricine buffer pH 7.4. Incubation of DOPAL and GAPDH 

in phosphate buffer resulted in a 68% loss of density in the 37 kDa parent band as compared 

to untreated control (Figure 5). DOPAL and GAPDH in tricine buffer displayed only a 23% 

loss of the 37 kDa parent band compared to untreated control. This corresponds to a 45% 

reduction of DOPAL reactivity in tricine buffer. Although the loss of density for the DOPAL 

treated sample in tricine was significant with respect to the untreated GAPDH in tricine, 

neither tricine sample was significantly different from the untreated phosphate buffer 

control.

Antioxidant treatment reduces protein modification and aggregation by DOPAL

Data in the previous sections demonstrate reactivity of DOPAL towards a protein 

nucleophile (NAL) in the presence and absence of antioxidants; however, we wanted to 

know if antioxidants modulated reactivity of DOPAL towards a protein, which is composed 

of numerous nucleophiles. To explore the impact of reducing agents/antioxidants on DOPAL 

reactivity with a model protein, GAPDH (0.3 mg/mL) and DOPAL (50 µM) were incubated 

in the presence of a variety of antioxidants (5 mM). Densitometry results are displayed in 

Figure 6. Incubating GAPDH and DOPAL without antioxidant resulted in a significant loss 

of the 37 kDa band density; decreasing to 24% of the untreated control. AscH− and GSH had 

a protective effect. AscH− and GSH treatment yielded GAPDH band densities of 61% and 

103%, respectively, compared to the untreated control. NaCNBH3 or Trolox did not 

significantly mitigate loss of GAPDH band density due to DOPAL, showing 31% and 17% 

of control, respectively. Antioxidant control incubations with protein but not DOPAL were 

not significantly different from the untreated GAPDH control. However, NaCNBH3, AscH−, 

and Trolox treated samples all demonstrated a slight loss of 37 kDa band density while GSH 

treated GAPDH showed an increase in band density.
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Based on these results, GSH and AscH− were investigated for their ability to prevent 

GAPDH protein aggregation over a range of concentrations. N-acetyl Cys was similarly 

investigated, as it was previously shown to diminish DOPAL reactivity with N-acetyl Lys.

These experiments utilized the same conditions previously applied to GAPDH, and DOPAL 

mediated protein aggregation was measured in the same fashion. While treatment of 

GAPDH with DOPAL resulted in a significant loss of the 37 kDa band density, antioxidants 

prevented loss of the 37 kDa band density in a dose-dependent manner (Figure 7). All 

antioxidants tested resulted in noticeable positive changes in band density starting at 0.1x eq 

(i.e., 5 µM; 1x eq is 50 µM, the concentration of DOPAL used in this set of experiments), but 

the increase was only significant for GSH and AscH− (Figure 7A and 7B) at that level. 

Mitigation of the loss of 37 kDa band density with N-acetyl Cys was not significant until 

1.0x eq of antioxidant was used (Figure 7C and 7D). Also, N-acetyl Cys was the only 

antioxidant that completely prevented aggregation/cross-linking of GAPDH. Ultimately, 

GSH and AscH− afforded 95% and 74% protection of protein aggregation/cross-linking, 

respectively. AscH− appeared to reach maximum protective effect at 0.5x eq, while the 

protection afforded by N-acetyl Cys and GSH continued to increase as with their 

concentrations.

Modification of GAPDH by DOPAL was then further examined using NBT staining. NBT 

produces purple staining in the presence of redox active compounds such as DOPAL. 

Representative results for N-acetyl Cys are shown in Figure 7, and similar results were 

obtained for GSH and AscH− (data not shown). Figure 7D is a Coomassie stained gel, 

analyzed above. Figure 7E displays the samples reanalyzed using NBT staining. As 

expected, no NBT staining was noted in untreated control samples (lane 1). The DOPAL-

treated sample (lane 2) displayed NBT staining of both the 37 kDa parent band, and at 

higher molecular weights, indicating that both GAPDH and aggregates were modified by 

DOPAL. Also, DOPAL treated lanes displayed broadening of the 37 kDa band in both 

Coomassie and NBT stained gels. This is another indicator of protein modification. 

Treatment with a range of antioxidant concentrations (lanes 3–7; 5–500 µM N-acetyl Cys) 

resulted in a dose dependent reduction of staining for the 37 kDa band and the higher 

molecular weight aggregates. Broadening of the parent band was similarly reduced. These 

results indicate that antioxidant treatment results in a decrease in protein modification by 

DOPAL.

The GAPDH samples were re-analyzed for protein aggregation by Western Blot. GAPDH 

(1.0 µg) was separated by SDS-PAGE, transferred to nitrocellulose and probed for GAPDH 

using antibodies providing greater sensitivity to changes in protein aggregation. Western 

Blot results (samples identical to 7D and 7E) are shown in Figure 7F. Untreated protein 

(lane 1) displayed a single band at 37 kDa. Treatment with 50 µM DOPAL (lane 2) results in 

broadening of the parent band and appearance of higher molecular weight species, both 

indicative of protein modification and aggregation. Treatment with N-acetyl Cys (lanes 3–7) 

causes a dose-dependent decrease in formation of high molecular weight species and 

broadening of the parent band. Coomassie, NBT, and Western Blot results indicate a 

concentration dependent decrease in GAPDH modification and aggregation by DOPAL 

when treated with antioxidants.
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Discussion

While the mechanism of protein modification by DA is well established, there is much less 

known about protein reactivity with DOPAL. DA undergoes catechol auto-oxidation to an 

ortho-quinone that rapidly reacts with thiols (e.g., Cys) via 1,6-conjugate addition.35 The 

ability of DA quinone to modify proteins by conjugate addition is frequently used as an 

indicator of increased DA levels in the brain.30 Similarly, the DA metabolite, DOPAC also 

oxidizes to a quinone and produces a cysteinyl conjugate.30 As DOPAL is known to undergo 

catechol oxidation to a quinone,24 protein modification was expected to occur via conjugate 

addition with strong nucleophiles such as sulfhydryl groups on Cys residues, as is known 

with DA quinone. However, we previously demonstrated that DOPAL was not reactive with 

N-acetyl Cys at physiologic pH.20

DOPAL has previously been shown to react with N-acetyl Lys and readily causes protein 

cross-linking and aggregation.20 The latter result suggests that DOPAL is a bifunctional 

electrophile and that protein modification involves both Schiff base formation with Lys and 

conjugation with Cys. However, the apparent lack of reactivity between DOPAL and N-

acetyl Cys suggested that Schiff-base formation preceded conjugate addition, potentially 

enhancing the reactivity or oxidation potential of the catechol.

In an attempt to model protein cross-linking, DOPAL was reacted with N-acetyl Lys and N-

acetyl Cys at varying concentrations. If Schiff base formation enhanced catechol reactivity 

and activated 1,6-conjugate addition, the addition of N-acetyl Cys to the reaction mixture 

was expected to increase the loss of DOPAL. Unexpectedly, Cys was discovered to inhibit 

the modification of Lys by DOPAL. It is unlikely that N-acetyl Cys reacts with the aldehyde 

of DOPAL to form a thiohemiacetal; thiohemiacetals are generally unstable and require high 

levels of thiols for favorable equilibrium of formation, such as in the case for the reaction of 

GSH with formaldehyde.36 In addition, ascorbate, which has no thiol, protected DOPAL 

from reaction with protein amines and N-acetyl Lys. Sodium cyanoborohydride also reduced 

the rate of amine modification by DOPAL.

Antioxidants blocked reactivity of DOPAL toward protein nucleophiles for both NAL and 

the model protein GAPDH. In the case of GAPDH, the antioxidants prevented protein 

reactivity, which also blocked protein cross-linking.

Therefore, antioxidants likely function by inhibiting or reversing catechol oxidation, thereby 

preventing the reactivity of biogenic aldehydes such as DOPAL with proteins. Similar 

reductions in DOPAL reactivity were observed using antioxidants (N-acetyl Cys, 

NaCNBH3, and AscH−), as well as tricine, a known oxy-radical scavenger.33 This indicates 

that thiohemiacetal formation is not a likely explanation for the protective effect of N-acetyl 

Cys against DOPAL loss. Furthermore, the noted impact of tricine indicates that radical 

formation is important in the reaction between DOPAL and N-acetyl Lys.

Interestingly, while NAC and GSH as well as AscH− prevented reaction of DOPAL with 

NAL and GAPDH, the thiol antioxidants appeared to be efficacious than AscH−. For 

experiments involving NAL, a 1:1 stoichiometry of NAC:DOPAL completely inhibited the 

reaction of NAL and DOPAL while a 2:1 ratio of AscH−:DOPAL did not prevent interaction 
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of NAL and DOPAL. In addition, NAC and GSH provided complete protection against 

DOPAL-mediated GAPDH aggregation; however, even at high AscH−:DOPAL ratios, 

complete protection against DOPAL-mediated GAPDH aggregation could not be achieved 

via AscH−. Such findings support the proposed production of reactive oxygen species during 

the reaction of DOPAL with proteins, and the differential activity of antioxidants (i.e., thiol 

versus AscH−) suggests unique species of reactive oxygen species are generated. Previous 

work has demonstrated that NAC is a better scavenger of reactive oxygen species such as 

hydroxyl radical but lower reactivity for hydrogen peroxide and little if any with superoxide 

anion;37, 38 however, AscH− was found to be an effective antioxidant to react with 

superoxide anion.39 Future work will seek to elucidate the mechanism via which different 

antioxidants variably inhibit DOPAL reactivity with proteins.

The observation that antioxidants block the reaction of DOPAL and other biogenic 

aldehydes formed from neurotransmitters with proteins was first noted by Ungar et al.19 who 

demonstrated that AscH−, Cys, GSH and pargyline all inhibited binding of radiolabeled DA 

to proteins in tissue homogenate. The effectiveness of pargyline as an MAO inhibitor 

indicated that a DA metabolite was the modifying agent as opposed to DA or DA-quinone. 

As previously discussed, these agents (especially Cys and GSH) were thought to form 

thiohemiacetals or otherwise directly interact with DOPAL.40 However, inhibition of protein 

binding by AscH− sheds some doubt on this theory given AscH− does not contain any 

nucleophiles.

Interestingly, pH is also a factor in DOPAL reactivity with N-acetyl Lys. Schiff base 

formation is optimal at approximately pH 5 and typically decreases with increasing pH. An 

acidic pH is required for the dehydration of the carbinolamine to form the imine.41 The 

reactivity of DOPAL with N-acetyl Lys remained low at pH 5, but increased with pH. 

Although the reactivity of DOPAL with N-acetyl Lys is typically believed to involve a Schiff 

base, the increase in reactivity with pH appears to contradict this hypothesis. The rate of 

catechol auto-oxidation positively correlates with pH42 and therefore, increasing the pH may 

enhance the oxidation rate for the DOPAL catechol and thereby augment amine modification 

by DOPAL.

The DOPAL-protein/peptide adduct does not require reduction for stability, which is atypical 

for a Schiff base.20, 43 Furthermore, the addition of sodium cyanoborohydride to the reaction 

of DOPAL with N-acetyl Lys appears to slow down the rate of amine modification.

The structure of the protein adduct of DOPAL is unclear but must account for several 

observations: 1) a lack of nucleophilic reactivity with Cys at physiologic pH, 2) sensitivity 

of protein modification to antioxidants, 3) pH dependence profile and 4) unusual adduct 

stability for a Schiff base. In addition, the N-acetyl-Lys conjugate of DOPAL has an indole-

like UV profile as seen via HPLC-PDA analysis (data not shown). One possible solution is 

shown in Scheme 2 and involves reaction of DOPAL with Lys followed by catechol 

oxidation and subsequent rearrangement to a more stable indole-structure. DA and DOPAC 

can rapidly cyclize after oxidation to quinones,29 so cyclization may be involved in DOPAL 

protein modification as also noted in Scheme 2. Unfortunately, our attempts to isolate the 
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stable N-acetyl Lys conjugate and characterize its structure via NMR have been 

unsuccessful.

Although DA and DOPAC require catechol auto-oxidation for protein reactivity, DOPAL 

does not. However, the ability of DOPAL’s catechol to oxidize to a quinone greatly enhances 

its reactivity and toxicity, and DOPAL is highly reactive at physiologic pH. Therefore, 

maintaining adequate levels of cellular antioxidants is vital to preserving function under 

conditions of elevated DOPAL levels. An antioxidant-rich, i.e. reducing environment could 

prevent oxidation and subsequent protein modification. Inherently low levels of antioxidants 

generally leave the central nervous system susceptible to oxidative damage.3 Specifically, 

GSH levels tend to be depleted in AD and PD.44, 45 Such an environment would yield 

proteins particularly susceptible to modification by DOPAL.

Brains of PD and AD patients also show increased levels of the lipid peroxidation products 

4HNE and MDA.2, 44 These reactive intermediates inhibit the enzymes responsible for 

DOPAL metabolism, which could lead to a build up of DOPAL in effected cells.4, 5, 25 In 

fact, an elevated ratio of levels of DOPAL:DOPAC has been observed in post mortem PD 

brains.8 Furthermore, protein aggregation in the form of Lewy Bodies is a hallmark of the 

disease.46 Lewy bodies are also prominent in Alzheimer’s Disease and Diffuse Lewy Body 

Disease, though their role is unclear.47, 48

The reactivity of DOPAL with proteins represents an unusual and distinct mechanism for a 

biogenic aldehyde as it appears to involve Schiff base chemistry but requires catechol 

oxidation, whether it be concerted or subsequent to Schiff base formation. The effects of 

antioxidant treatment on cellular toxicity and dysfunction also need to be elucidated. 

Clarifying the role of DOPAL in neurodegenerative disease is important for identifying 

appropriate PD interventions, such as ALDH activation.
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Abbreviations list

ALDH aldehyde dehydrogenase

AscH− ascorbate monoanion

DA dopamine

DOPAC 3,4-dihydroxyphenylacetic acid

DOPAL 3,4-dihydroxyphenylacetaldehyde

EPR electron paramagnetic resonance
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GAPDH glyceraldehyde-3-phosphate dehydrogenase

GSH glutathione

MAO monoamine oxidase

NAC N-acetyl cysteine

NaCNBH3 sodium cyanoborohydride

NAL N-acetyl lysine

NBT nitroblue tetrazolium

PD Parkinson’s disease

VMAT2 vesicular monoamine transporter
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Figure 1. 
The reactivity of DOPAL with NAL is greatly diminished in the presence of the antioxidants 

NAC and AscH− (n = 4) over time (min). %[Initial] is calculated as the % remaining 

DOPAL compared to the concentration at time zero. NAC and AscH− were used at 1 mM, 

DOPAL at 100 µM, and NAL 10 mM.
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Figure 2. 
The antioxidants NAC and AscH- inhibit the reaction of DOPAL with NAL in a 

concentration-dependent manner. Reaction of 100 µM DOPAL with 10 mM NAL was 

attenuated by NAC, as shown at: (A) 1 h; (B) 2 h; and (C) 3 h. In addition, AscH- inhibited 

the reaction of 100 µM DOPAL with 10 mM NAL as shown at: (D) 1 h; (E) 2 h and (F) 3 h. 

Results are calculated as a percentage of the DOPAL concentration at time 0, and differences 

were determined by one way ANOVA with Neuman Keuls Multiple comparison post test *, 

p<0.01 and **, p<0.001.

Anderson et al. Page 16

Chem Res Toxicol. Author manuscript; available in PMC 2017 July 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Reactivity of DOPAL with NAL increases with pH. 100 µM DOPAL incubated with 10 mM 

NAL for 2 h in 50 mM Na2PO4 at pH 5, 6, 7, 7.4, 8, and 9 displays increased loss of DOPAL 

with increasing pH. Percent initial calculated as individual sample concentration relative to 

T = 0 concentration (n = 4). (A) Reaction time course demonstrating pH dependence for 

DOPAL reactivity with NAL. (B) The pseudo-first order rate constant (k') for the reaction of 

DOPAL with 10 mM NAL increases with pH.
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Figure 4. 
Tricine scavenges radicals from the reaction of DOPAL and NAL. (A) The upper EPR 

spectrum results from the incubation of 40 mM NAL and 400 µM DOPAL. Three species are 

present, a semiquinone radical (g = 2.004) and two nitroxide free radicals derived from 

tricine (radical-1, g1 = 2.006, aN1 = 14.7 G; radical–2, g2 = 2.006, aN2 = 14.7 G aH2 = 15.7 

G;). A previous study on free radicals derived from tricine reports these same two nitroxide 

free radicals and, upon correction, have identical hyperfine splittings.33 Note that these 

authors made a minor error in determining hyperfine splittings. The lower spectrum shows 

that 40 mM NAL incubated without DOPAL produced no detectable free radicals. (B) When 

0.1 mM DOPAL and 10 mM NAL are incubated in 50 mM tricine buffer pH 7.4 a decreased 

rate of loss of DOPAL is seen compared to DOPAL and NAL incubated in 50 mM Na2PO4 

pH 7.4 at 1 h and (C) at 2 h (n = 3). %[Initial] calculated as individual sample concentration 

relative to t = 0 concentration. Significance was determined by one-way ANOVA with 

Neuman Keuls Multiple comparison post test * = p < 0.001.
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Figure 5. 
GAPDH incubated with 50 µM DOPAL in 50 mM Na2PO4 buffer pH 7.4 for 4 h showed a 

substantial decrease in band density. GAPDH incubated with 50 µM DOPAL in 50 mM 

tricine buffer pH 7.4 for 4 h displayed some loss of band density, but was significantly 

greater density than GAPDH with DOPAL in phosphate. % Control refers to the integrated 

staining density of the GAPDH monomer relative to untreated sample. Significance was 

determined by one way ANOVA with Neuman Keuls Multiple comparison post test * p < 

0.001. n = 6.
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Figure 6. 
Antioxidants attenuate reactivity of GAPDH with DOPAL. % Control refers to the 

integrated staining density of the GAPDH monomer relative to untreated sample. All 

incubation times were 4 h versions (0.3 mg/mL GAPDH, 50 µM DOPAL, and 5 mM 

antioxidant in 50 mM sodium phosphate buffer, pH 7.4, 37 °C). GAPDH alone was 

significantly different from GAPDH with DOPAL (n = 13) as determined by one way 

ANOVA with Neuman Keuls multiple comparison post test (* = p < 0.001). GAPDH with 

antioxidants were all also significantly different from GAPDH with DOPAL. GAPDH and 

DOPAL with GSH (n = 7) or with AscH− (n = 6) were significantly different from GAPDH 

with DOPAL. GAPDH and DOPAL with Trolox or with NaCNBH3 showed no significant 

difference from GAPDH and DOPAL.
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Figure 7. 
The antioxidants: (A) AscH−, (B) GSH, and (C) NAC inhibited DOPAL’s protein reactivity 

in a concentration dependent fashion. Loss of GAPDH monomer band density after a 4-h 

incubation with DOPAL at 37 °C (0.3 mg/mL GAPDH, 50 µM DOPAL in sodium phosphate 

buffer, pH 7.4). % Control refers to the integrated staining density of the GAPDH monomer 

relative to untreated sample. The table shows the average density with each treatment, NAC 

n = 5, AscH− n = 6, and GSH n = 5. Significance with respect to GAPDH incubated with 50 

µM DOPAL was determined by one way ANOVA with Neuman Keuls Multiple comparison 
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post test (* =p<0.05, **= p< 0.01, and *** =p<0.001). All treatments exhibit increased band 

density as antioxidant concentration increases. Example of data demonstrating antioxidants 

protect protein against DOPAL-mediated modification and aggregation. (D) Coomassie, (E) 
NBT, and (F) Western blot analysis demonstrate attenuation of DOPAL-mediated GAPDH 

aggregation by antioxidants. GAPDH was treated with 50 µM DOPAL for 4 h at 37 °C in 50 

mM Na2HPO4 buffer, pH 7.4. Lane 1, no DOPAL; Lane 2, 50 µM DOPAL; Lanes 3–7, 50 

µM DOPAL with 5, 25, 50, 100 and 500 µM NAC. The 37 kDa band represents monomeric 

GAPDH.
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Scheme 1. 
Metabolism of Dopamine.
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Scheme 2. 
Reaction of DOPAL may involve amine modification (Schiff base) followed by catechol 

oxidation and subsequent rearrangement to a more stable indole-structure
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