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Except for its redox properties, cytochrome c is an inert protein. However, dissociation of the bond between methionine-80 and the heme iron converts the cytochrome into a peroxidase.

Dissociation is accomplished by subjecting the cytochrome to various conditions, including proteolysis and hydrogen peroxide (H 2 O 2 )-mediated oxidation.

In affected cells of various neurological diseases, including Parkinson's disease, cytochrome c is released from the mitochondrial membrane and enters the cytosol. In the cytosol cytochrome c is exposed to cellular proteases and to H 2 O 2 produced by dysfunctional mitochondria and activated microglial cells. These could promote the formation of the peroxidase form of cytochrome c.

In this study we investigated the catalytic and cytolytic properties of the peroxidase form of cytochrome c. These properties are qualitatively similar to those of other heme-containing peroxidases. Dopamine as well as sulfhydryl group-containing metabolites, including reduced glutathione and coenzyme A, are readily oxidized in the presence of H 2 O 2 . This peroxidase also has cytolytic properties similar to myeloperoxidase, lactoperoxidase, and horseradish peroxidase.

Cytolysis is inhibited by various reducing agents, including dopamine.

Our data show that the peroxidase form of cytochrome c has catalytic and cytolytic properties that could account for at least some of the damage that leads to neuronal death in the parkinsonian brain.

Research highlights

• Cytochrome c in which the methionine-iron bond is broken by proteolysis acts as a potent peroxidase.

• Proteolysis of released cytochrome c is likely to occur in the cytosol of Parkinsonian neurons.

INTRODUCTION

Parkinson's disease is a neurodegenerative disease, usually affecting older people. The disease is characterized by a selective loss of dopaminergic neurons and the development of Lewy bodies in the substantia nigra region of the brain. When symptoms first appear in patients, 60-70% of the neurons of the substantia nigra are already degenerated and the striatal dopamine level is reduced by 80% [START_REF] Riederer | Time course of nigrostriatal degeneration in Parkinson's disease. A detailed study of influential factors in human brain amine analysis[END_REF][START_REF] Braak | Stages in the development of Parkinson's disease-related pathology[END_REF]. Patients are commonly treated with levo-DOPA, in an attempt to partly restore the dopamine that is lost during degeneration of the neurons.

Although many studies have been conducted with patients as well as with animal models attempting to inhibit the progression of the disease, successful results have been scarce, perhaps due to the fact that the cause of the disease is still obscure and many questions about the processes involved in the progression of the disorder are still left unanswered.

Based on a close examination of the aberrant products found in the substantia nigra of Parkinson patients and assuming that these products were generated by enzymatic action, we
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concluded that these products appear to be the products of a heme peroxidase [START_REF] Everse | Neurodegeneration and peroxidases[END_REF]. These enzymes are typically non-specific for their substrates to be oxidized, but are specific for hydrogen peroxide as the reducing substrate. Moreover, the oxidative energy available from the peroxidase reaction is about 50 kcal/mole, which is sufficient energy to oxidize proteins, lipids and nucleic acids as well as many other biological compounds [START_REF] Everse | Neurodegeneration and peroxidases[END_REF].

Many cells contain peroxidases, but they are harmless because normally H 2 O 2 is only present at very low concentrations in vivo. However, it is well established that in parkinsonian neurons dysfunctional mitochondria produce abnormally high amounts of H 2 O 2 , often also referred to as reactive oxygen species (ROS) [START_REF] Burkitt | Cytochrome c is a potent catalyst of dichlorofluorescin oxidation: implications for the role of reactive oxygen species in apoptosis[END_REF]. Hence, this H 2 O 2 could trigger a peroxidase into oxidizing various important cellular components, eventually leading to neuronal death.

To test this hypothesis, we analyzed the substantia nigra of several dogs some time ago, and found peroxidase activity to be present in these tissues. We suggested at that time that the oxidative damage that occurs in affected neurons of Parkinson's disease may at least in part be catalyzed by a peroxidase [START_REF] Grisham | Neuromelanogenic and cytotoxic properties of canine brainstem peroxidase[END_REF]. Since that time peroxidase activity has also been observed in a rat brain homogenate [START_REF] Galzigna | A rat brain fraction and different purified peroxidases catalyzing the formation of dopaminochrome from dopamine[END_REF] and in the substantia nigra of normal and parkinsonian human brain tissues [START_REF] Galzigna | Enzymatic dopamine peroxidation in substantia nigra of human brain[END_REF][START_REF] Iuliis | Increased dopamine peroxidation in postmortem Parkinsonian brain[END_REF]. Unfortunately, much effort notwithstanding, the identity of this endogenous peroxidase activity has not yet been firmly established [START_REF] De Iuliis | Oxidative metabolism of dopamine: A colour reaction from human midbrain analysed by mass spectrometry[END_REF].

A second well established fact associated with parkinsonism is the aberrant release of cytochrome c from the mitochondrial membrane [START_REF] Culmsee | Molecular insights into mechanisms of the cell death program: role in the progression of neurodegenerative disorders[END_REF][START_REF] Niizuma | Oxidative stress and mitochondrial dysfunction as determinants of ischemic neuronal death and survival[END_REF]. This cytochrome c is known to be involved in triggering the apoptotic pathway [START_REF] Kakimura | Release and aggregation of cytochrome c and ∀-synuclein are inhibited by the antiparkinsonian drugs, talipexole and pramipexole[END_REF][START_REF] Burkitt | Activation of cytochrome c to a peroxidase compound I-type intermediate by H 2 O 2 : relevance to redox signalling in apoptosis[END_REF]. However, cytosolic cytochrome c may also be involved in other reactions.

The fact that cytochrome c can form a peroxidase by proteolytic action has been known

for about 50 years. Harbury and Loach [START_REF] Harbury | Oxidation-linked protein functions in heme octa-and undecapeptides from mammalian cytochrome c[END_REF] showed that extensive treatment of cytochrome c
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with pepsin yields a heme moiety with as few as 8 to 20 amino acids remaining attached, one of which is the heme-bound histidine. These products are known as microperoxidases and are commercially available. These mini-enzymes have been extensively studied over the past 30 years (reviewed by [START_REF] Marques | Insights into porphyrin chemistry provided by the microperoxidase, the haempeptides derived from cytochrome c[END_REF]), and are known to not only catalyze oxidative reactions but also possess cytolytic activity [START_REF] Lin | The mechanism of peroxidase-mediated cytotoxicity. II. Role of the heme moiety[END_REF].

Native human cytochrome c is a heme protein with a molecular weight of 12,384, containing 104 amino acid residues (Figure 1). The heme moiety is covalently bound to the protein by two cysteine residues, and ligands 5 and 6 of the heme iron are both occupied: ligand 5 is occupied by an imidazole nitrogen of histidine 18 , and ligand 6 is occupied by the sulfur atom of methionine 80 . As such, it has no enzymatic activity because it has no substrate binding site.

However, a dissociation of the Fe-Met 80 bond creates a free sixth ligand, that is able to bind H 2 O 2 in a manner similar to other heme peroxidases. Hence, the only requirement for converting cytochrome c to a peroxidase is a dissociation of the bond between Met 80 and the heme iron.

This information led us to the hypothesis that cytochrome c may be involved in the early stages of Parkinson's disease and perhaps in other neurological diseases as well [START_REF] Everse | Neurodegeneration and peroxidases[END_REF][START_REF] Everse | Role of peroxidases in Parkinson's disease: a hypothesis[END_REF].

Cytochrome c, before or after its release from dysfunctional mitochondrial membranes may be converted to its peroxidase form by H 2 O 2 or by cytosolic proteases and as such may at least in part be responsible for the oxidative and cytolytic reactions that are hallmarks of neurodegenerative diseases such as Parkinson's disease, Alzheimer's disease, and amyotrophic lateral sclerosis (ALS).

In view of the potential role that the peroxidase form of cytochrome c may play in the process of neurodegeneration, we investigated the catalytic and cytolytic properties of this enzyme (hereinafter referred to as cytochrome c px in order to prevent confusion with the bacterial
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enzyme already known for decades as cytochrome c peroxidase). Our results indicate that cytochrome c px does possess the catalytic properties required to catalyze the types of damage that are observed in parkinsonian brain cells.

MATERIALS AND METHODS

Materials

Cytochrome c and all other chemicals used in this study were purchased from Sigma-Aldrich Chemical Corp., St. Louis MO.

Methods

All experiments were carried out at least in triplicate. Graphs of the most representative results are shown in the figures.

Preparation of Cytochrome C px

Cytochrome c (5.5 mg) was dissolved in 4.4 ml distilled water and the pH was adjusted to 2.6 with 1 N HCl. To the solution was added 10 :l of a 1mg/ml pepsin solution and the mixture was incubated at room temperature for 60 min. The pH was then adjusted to 7.5 with a 0.2 M Na 2 HPO 4 solution and the mixture was chromatographed over a Sephadex-25 column, equilibrated in distilled water, to remove the pepsin. The column was eluted with distilled water and the colored fractions were collected, dialyzed against 2 liters of distilled water overnight, and lyophilized. Mass spectrophotometric analyses were performed by the Center for Biotechnology and Genomics at Texas Tech University. 

Assay for Peroxidase Activity

Oxidation of Sulfhydryl Groups by SOD1 Peroxidase

Oxidation of sulfhydryl group-containing substances was determined by following the disappearance of sulfhydryl groups using the 5,5'-dithio-bis-2-nitrobenzoic acid (DTNB) method as described by Wright and Viola [START_REF] Wright | Evaluation of methods for the quantitation of cysteines in proteins[END_REF]. The sulfhydryl group-containing compound was dissolved in 10 ml 50 mM tris-HCl buffer, pH 7.2, containing 1 mM DTPA, to a final
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concentration of 33 mM. Added were 50 :l cytochrome c px (1 mg/ml). 0.9 ml was then transferred to a 1-ml cuvette and 50 :l 1 M tris buffer, pH 8.0, and 50 :l distilled water were added to the cuvette, followed by rapid mixing and recording the absorbance of the solution at 412 nm (value a). Another 0.9 ml aliquot was then transferred to another 1-ml cuvette and the experiment was repeated, except that 50 :l 30 mM DTNB solution in tris buffer, pH 8.0, was added instead of the water (value b). The net absorbance (value b-a) was considered the absorbance of 100% SH groups. To start the reaction, 50 :l of 1.0 M H 2 O 2 were then added to the 10 ml reaction mixture and at the indicated times 0.9 ml aliquots were removed, treated as above with DTNB and the absorbance of the treated solution was determined (value c). The decrease in SH content was then determined by substracting value c from value b. Percentage SH groups oxidized was then determined as (b -c)/(b-a). All reactions and measurements were carried out at 37ΕC. .

Assay for Cytolytic Activity

The assay to measure the rate of cytolysis, catalyzed by a peroxidase is described in detail elsewhere [START_REF] Mcfaul | A continuous assay for the measurement of cytolytic activity[END_REF][START_REF] Mcfaul | The mechanism of peroxidase-mediated cytotoxicity. I. Comparison of horseradish peroxidase and lactoperoxidase[END_REF]. Briefly, cytolysis can be measured spectrophotometrically by measuring the decrease in turbidity that occurs when cells lyse. This decrease is most pronounced with erythrocytes, which do not contain nuclei, mitochondria, and other insoluble bodies that cause a remaining amount of turbidity and therefore yield much more "noisy" curves [START_REF] Mcfaul | Observations on cytolytic activity of lactoperoxidase using a continuous assay[END_REF]. The decrease in turbidity can be conveniently measured at a wavelength where absorbance of all components in the cuvette is minimal. We have routinely used 600 nm for this purpose. It is a prerequisite that the cells be dispersed in an isotonic buffer in order to prevent the occurrence of noncatalyzed cell lysis. All cytolytic assays were performed at 37ΕC.
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A typical assay for cytolytic activity is done in a 3-ml cuvette, which contains about 2 x 10 6 rabbit erythrocytes, 200 :M H 2 O 2 , 25 :M potassium iodide and 100 :g cytochrome c px in 9.5 mM Na-phosphate buffer, pH 7.5, containing 140 mM NaCl. Reactions were started with the addition of H 2 O 2 . Reference cuvettes contained all ingredients, except the erythrocytes.

Erythrocytes were separated from 1 -2 ml freshly drawn rabbit blood, obtained via the ear vein.

This procedure was approved by the Institutional Animal Care and Use committee.

RESULTS.

Assay for Peroxidase Activity

ABTS is one of the more sensitive substrates to measure peroxidase activity. The generation of oxidized ABTS by a peroxidase is usually followed spectrophotometrically at 410 nm. However, this is close to the Soret absorption band of cytochrome c, which makes ABTS less suitable to use as a substrate for measuring the peroxidase activity of cytochrome c. But oxidized ABTS has also a large absorption maximum above 700 nm, where the absorbance of cytochrome c is negligible (Figure 2). We made use of this property in the past when we measured the peroxidase activity of methemoglobin [START_REF] Everse | Peroxidative activities of hemoglobin and hemoglobin derivatives[END_REF]. Accordingly, in the present study we used 740 nm as the wavelength for measuring the catalytic activity of cytochrome c px . We determined the extinction coefficient of oxidized ABTS at 740 nm to be 23,480 M -1 .cm -1 .

Formation of Cytochrome C px by Proteolysis

Pepsin has been the protease of choice to catalyze the conversion of cytochrome c to its peroxidase form in vitro on a preparative scale [START_REF] Aron | Hemes and hemeproteins. 1. Preparation and analysis of the heme-containing octapeptide (microperoxidase-8) and identification of the monomeric form in aqueous solution[END_REF][START_REF] Adams | Microperoxidases and iron porphyrins[END_REF]. Figure 3 shows the generation of peroxidase activity as a function of time when cytochrome c is hydrolyzed with pepsin using the
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procedure described in Methods. Maximum specific activity was obtained after a 90-min incubation. Pepsin-catalyzed hydrolysis will continue after 90 min but may cause some loss of peroxidase activity. Incubation of a cytochrome c solution for 20 hours in the absence of pepsin results in a spontaneous generation of a small amount of peroxidative activity, as indicated in Figure 3.

It should be mentioned that acidification of a cytochrome c solution in the absence of any proteolytic enzyme leads to about a 5-fold increase in peroxidase activity. This increase is completely reversed when the solution is subsequently neutralized again, even when the pH was adjusted to as low as 1.1. This may be caused by a partial and reversible unfolding of the cytochrome at low pH.

Mass spectroscopy results show that pepsin causes a hydrolysis of the cytochrome at

Leu 64 and at Glu 66 (see Figure 1), yielding two peptides of 7675 and 7937 daltons, each having peroxidase activity, as well as two inert (and colorless) peptides of 4266 and 4583 daltons (Figure 4). Preparing cytochrome c px , as described in Methods, yields a preparation that contains a mixture of the two heme-containing peptides. Such a preparation was used in the experiments described below.

A similar hydrolysis experiment in which trypsin was used as the hydrolytic enzyme at pH 7.2 did not result in the generation of any significant amount of peroxidase activity.

Oxidation of Various Metabolites and Antioxidants by Cytochrome C px

As is characteristic for most heme-containing peroxidases, cytochrome c px in the presence of H 2 O 2 will oxidize a large variety of compounds. Besides ABTS, the compounds that can also serve as substrates include reduced glutathione, L-DOPA, dopamine, N-acetylcysteine,
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minocycline, curcumin, 3-aminotyrosine, desferal, apomorphine, dimercaptopropanol, and clioquinol, among many others.

Coenzyme A is slowly oxidized to the disulfide form in the presence of low millimolar concentrations of H 2 O 2 . This oxidation is significantly accelerated in the presence of cytochrome c px , as shown in Figure 5. Thus, the presence of 2 :g cytochrome c px causes a 5-fold acceleration in the rate of coenzyme A oxidation by 1 mM H 2 O 2 .

Inhibition of Dopamine Oxidation by Various Antioxidants

Since it is well established at this point that the excess H 2 O 2 , produced by dysfunctional mitochondria in parkinsonian brain cells as well as by activated microglial cells surrounding the affected neurons, is a participant in the neuronal degeneration, removal of this excess H 2 O 2 may cause an attenuation of the degenerative process. This could be achieved by supplying the brain with antioxidant compounds that are more readily oxidized than cellular components such as dopamine. Accordingly, we tested a variety of antioxidants for their ability to inhibit the oxidation of 800 :M dopamine in vitro. These compounds included curcumin, caffeic acid, 3aminotyrosine, minocycline, N-Ac-cysteine, cysteine, GSH, dimercaptopropanol, and Na-2mercaptoethane-sulfonate (MESNA). Of these, cysteine, N-Ac-cysteine and GSH were oxidized much faster than dopamine, as shown by a lag time in the oxidation of dopamine (Figure 6). A 50% inhibition of the rate of 800 :M dopamine oxidation was observed with 150 :M 3aminotyrosine, 80 :M MESNA, and 30 :M dimercaptoethanol. MESNA and dimercaptoethanol are sulfhydryl compounds commonly used as antidotes against lead and mercury poisoning.

Caffeic acid at 0.5 mM as well as minocycline at 0.1 mM showed no inhibition. Curcumin was shown to have considerable beneficial effects toward both Parkinson's and Alzheimer's diseases
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ACCEPTED MANUSCRIPT [START_REF] Jagatha | Curcumin treatment alleviates the effects of glutathione depletion in vitro and in vivo: therapeutic implications for Parkinson's disease explained via in silico studies[END_REF][START_REF] Beal | Therapeutic approaches to mitochondrial dysfunction in Parkinson's disease[END_REF][START_REF] Balmiki | Neuroinflammation in Alzheimer's disease: different molecular targets and potential therapeutic agents including curcumin[END_REF][START_REF] Hamaguchi | Curcumin and Alzheimer's disease[END_REF]. Inhibition of dopamine oxidation by curcumin is shown in Figure 7. Note that each of the tested compounds is also a substrate for cytochrome c px ; therefore the observed inhibition is caused by a competition between dopamine and the compound tested for the active site of the peroxidase.

Inactivation of Cytochrome C px by H 2 O 2

In the absence of any substrate, cytochrome c px is rapidly inactivated by relatively low concentrations of H 2 O 2 . This appears to be a self-oxidation of the enzyme. This self-oxidation is also apparent during assays with some slow-oxidizing substrates, which show a significant decrease in activity with time. Thus, the oxidation of coenzyme A shows that after about 10 min the rate becomes similar to that of the uncatalyzed rate (Figure 5), suggesting that under these assay conditions it takes about 10 minutes for the cytochrome c px to become inactivated.

Addition of a second aliquot of the peroxidase to an assay mixture after the rate has decreased to that of the uncatalyzed reaction restores the initial rate, indicating that the decrease in rate is not caused by a decrease in substrate concentration (data not shown).

Cytolytic Properties of Cytochrome C px

Cytochrome c px in the presence of certain halides will promote the cytolysis of various cells in a reaction similar to that of myeloperoxidase [START_REF] Klebanoff | Myeloperoxidase-halide-hydrogen peroxide antibacterial system[END_REF][START_REF] Clark | Peroxidase-H 2 O 2 -halide system: Cytotoxic effect on mammalian tumor cells[END_REF], lactoperoxidase [START_REF] Mcfaul | Observations on cytolytic activity of lactoperoxidase using a continuous assay[END_REF], horseradish peroxidase [START_REF] Mcfaul | The mechanism of peroxidase-mediated cytotoxicity. I. Comparison of horseradish peroxidase and lactoperoxidase[END_REF], and hemin [START_REF] Lin | The cytotoxic activity of hematoheme: Evidence for two different mechanisms[END_REF]. A typical example is shown in Figure 8, illustrating the rate of cytolysis of rabbit erythrocytes at various concentrations of H 2 O 2 . No lysis occurs in the absence of KI or in the absence of H 2 O 2. The rate of lysis is pH dependent and shows a rather sharp maximum at pH 7.5 (data not shown).
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This lytic activity of cytochrome c px is inhibited by a variety of compounds, including dopamine, reduced glutathione, apomorphine, desferal, 3-aminotyrosine, minocycline and L-DOPA. The most potent of these compounds was 3-aminotyrosine, which completely inhibited cell lysis at 5 :M, followed by minocycline, which inhibited completely at 20 :M. All other compounds required concentrations of at least 100 :M to completely inhibit cytolysis. Inhibition by L-DOPA is shown in Figure 9.

DISCUSSION

Conversion of Cytochrome C to Cytochrome C px

The conversion of cytochrome c to a peroxidase, using much less drastic conditions than the extensive proteolysis used by Harbury and Loach [START_REF] Harbury | Oxidation-linked protein functions in heme octa-and undecapeptides from mammalian cytochrome c[END_REF], has been observed for several years.

Thus, treatment of cytochrome c with concentrations of H 2 O 2 between 0.1 and 1 mM results in the generation of peroxidase activity [START_REF] Radi | Cytochrome C-catalyzed membrane lipid peroxidation by hydrogen peroxide[END_REF][START_REF] Kim | Oxidative modification of cytochrome c by hydrogen peroxide[END_REF]. Also, nitration of tyr 67 of the cytochrome leads to a large increase in its peroxidase activity [START_REF] Jang | Biochemical properties of cytochrome C nitrated by peroxynitrite[END_REF]. Furthermore, Burkitt and his colleagues showed that in the presence of 250 :M H 2 O 2 cytochrome c becomes a compound with peroxidase activity, and these authors proposed that this form of cytochrome c may play an important role in redox signaling in apoptosis [START_REF] Burkitt | Cytochrome c is a potent catalyst of dichlorofluorescin oxidation: implications for the role of reactive oxygen species in apoptosis[END_REF][START_REF] Burkitt | Activation of cytochrome c to a peroxidase compound I-type intermediate by H 2 O 2 : relevance to redox signalling in apoptosis[END_REF][START_REF] Lawrence | Evidence for the role of a peroxidase compound I-type intermediate in the oxidation of glutathione, NADH, ascorbate, and dichlorofluorescin by cytochrome c/H 2 O 2 . Implications for oxidative stress during apoptosis[END_REF]. Kagan and co-workers [START_REF] Jiang | Cytochrome c release is required for phosphatidylserine peroxidation during Fastriggered apoptosis in lung epithelial A549 cells[END_REF] showed that cytochrome c binds avidly to phosphatidylserine, yielding a complex with potent peroxidase activity that readily catalyzes the peroxidation of lipids. Following release from the mitochondrial inner membrane, cytochrome c can also bind to the cardiolipin that is present in the inner membrane. Kagan and colleagues performed detailed studies on the structural and biochemical properties of the cytochrome c/cardiolipin complex. This complex has potent peroxidase activity and promotes the oxidation of the cardiolipin [39]. They subsequently showed that as a result of the binding to
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cardiolipin, cytochrome c undergoes a conformational change that results in a dissociation of the Fe-methionine ligand [START_REF] Belikova | Peroxidase activity and structural transitions of cytochrome c bound to cardiolipin-containing membranes[END_REF][START_REF] Godoy | Disruption of the M80-Fe ligation stimulates the translocation of cytochrome c to the cytoplasm and nucleus of nonapoptotic cells[END_REF], which explains the generation of peroxidase activity by the cardiolipin-bound cytochrome. Finally, Mizuta et al. [START_REF] Mizuta | A Bax/Bak-independent mechanism of cytochrome c release[END_REF] showed that in mouse fibroblasts stimulated with a combination of the calcium ionophore A23187 and arachidonic acid, cytosolic serine proteases not only caused the release of cytochrome c from the mitochondrial membrane but that these proteins are also somehow involved in causing cell death. The latter observation could indicate that the proteases converted the cytochrome to cytochrome c px , which in turn caused cell death by means of its oxidative actions. If such a reaction should also occur in affected neurons, it is possible that cytochrome c, following proteolysis and now acting as a peroxidase, may at least be partly responsible for the oxidation of important metabolites (reduced glutathione, coenzyme A, dopamine, etc.) as well as of life-sustaining proteins and lipids.

Peroxidase Activity In Vivo

Peroxidases and pseudo-peroxidases are present in many cell types. Usually, these enzymes are inactive, because their essential substrate, H 2 O 2 , is lacking. However, when an H 2 O 2 generating system is activated, peroxidases will start exerting their oxidative actions. Such is the case, for example, in polymorphonuclear leukocytes, which are rich in myeloperoxidase.

Activation of these cells includes an activation of their NADPH oxidase, which initiates the generation of H 2 O 2 . This in turn allows myeloperoxidase to exert its destructive action, leading to the cytolysis of any phagocytosed organism [START_REF] Klebanoff | Myeloperoxidase; occurrence and biological function[END_REF].

In vivo concentrations of H 2 O 2 in brain tissues are not yet well established. This is largely due to the rapid influx and efflux of H 2 O 2 through cellular and mitochondrial membranes.

Catalase and glutathione peroxidase prevent a build-up of any H 2 O 2 that may be formed by

A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT

cellular oxidases or by the mitochondrial electron transport chain under normal conditions.

Steady state concentrations have been estimated to be as low as a few :M [START_REF] Labarca | A simple, rapid, and sensitive DNA assay procedure[END_REF][START_REF] Cadenas | Mitochondrial free radical generation, oxidative stress, and aging[END_REF]; however, H 2 O 2 concentrations up to 100 :M are generally considered to be physiological concentrations [START_REF] Van Woert | Glucose, insulin, and free fatty acid metabolism in Parkinson's disease treated with levo-DOPA[END_REF][START_REF] Riekkinen | Interaction between dopamine and phospholipids. Studies of the substantia nigra in Parkinson's disease patients[END_REF][START_REF] Dexter | Increased levels of lipid hydroperoxides in the parkinsonian substantia nigra: an HPLC and ESR study[END_REF][START_REF] Isacson | Models of repair mechanisms for future treatment modalities of Parkinson's disease[END_REF].

In parkinsonian brain tissues, however, this concentration could be considerably higher, considering the high rate at which activated microglia produce H 2 O 2 [START_REF] Huang | Low LDL-cholesterol and increased risk of Parkinson's disease: prospective results from Honolulu-Asia Aging study[END_REF][START_REF] Yeger-Lotem | Bridging high-throughput genetic and transcriptional data reveals cellular responses to ∀-synuclein toxicity[END_REF]. In addition, the malfunctioning electron transport chain also produces an unknown amount of H 2 O 2 . When the rate of H 2 O 2 production exceeds the capacity of catalase and glutathione peroxidase to neutralize the H 2 O 2 , any peroxidases that are present in the affected neurons, including any cytosolic cytochrome c px , may become active under those conditions and cause oxidative damage to cellular components.

Consequences of Coenzyme A Oxidation

The fact that a depletion of reduced glutathione occurs in parkinsonian neurons is well established [START_REF] Hsu | Glutathione depletion resulting in selective mitochondrial Complex I inhibition in dopaminergic cells is via an NO-mediated pathway not involving peroxynitrite: implications for Parkinson's disease[END_REF][START_REF] Harish | Bioconjugates of curcumin display improved protection against glutathione depletion mediated oxidative stress in a dopaminergic neuronal cell line: Implications for Parkinson's disease[END_REF][START_REF] Owen | Measurement of oxidized/reduced glutathione ratio[END_REF]. We found that oxidation of reduced glutathione is catalyzed by cytochrome c px . In vivo, oxidized glutathione can be reduced again by glutathione reductase with the aid of NADPH, thus providing a mechanism for the regeneration of reduced glutathione. Our results

show that coenzyme A is also oxidized by H 2 O 2 , and the rate of oxidation is accelerated by cytochrome c px . This indicates that this important cofactor is probably also subject to oxidation in parkinsonian neurons, albeit at a slower rate than GSH oxidation. However, mammals do not have a coenzyme A reductase. Therefore, maintenance of functional cellular coenzyme A levels will depend on either a disulfide transfer, which requires high levels of reduced glutathione, or biosynthesis of new coenzyme A, which requires the availability of a continuous supply of pantothenic acid (vitamin B5). Whether the levels of coenzyme A in affected brain cells are low
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is currently not known, but indirect evidence suggests that they are. Since the brain is highly dependent on either the aerobic oxidation of glucose or ketone bodies as its energy sources, both of which require coenzyme A as an essential cofactor, it follows that a significant depletion of functional coenzyme A could be a contributing factor in the demise of affected neurons in parkinsonism.

A lack of sufficient amounts of coenzyme A would cause the brain to be more dependent on glycolysis for its ATP production, causing increased levels of brain lactate. Increased levels of lactate were indeed detected in both Parkinson patients and in animal models [START_REF] Bowen | Proton MR spectroscopy of the brain in 14 patients with Parkinson's disease[END_REF][START_REF] Podell | Proton magnetic resonance imaging and spectroscopy identify metabolic changes in the striatum in the MPTP feline model of parkinsonism[END_REF][START_REF] Koga | H MRS identifies lactate rise in the striatum of MPTP-treated C57BL/6 mice[END_REF].

Furthermore, Parkinson's patients in general have low cholesterol levels and 3-hydroxy-3-methyl-glutaryl-CoA reductase, the rate-limiting enzyme in cholesterol biosynthesis, was found to be reduced in Parkinson's patients [START_REF] Huang | Low LDL-cholesterol and increased risk of Parkinson's disease: prospective results from Honolulu-Asia Aging study[END_REF][START_REF] Yeger-Lotem | Bridging high-throughput genetic and transcriptional data reveals cellular responses to ∀-synuclein toxicity[END_REF]. Given the role of coenzyme A in sterol biosynthesis, a deficiency in coenzyme A could explain these observations. Biochemical analyses of brains from Parkinson's patients also show decreased levels of phosphatidylethanolamine, phosphatidylcholine and polyunsaturated fatty acids [START_REF] Van Woert | Glucose, insulin, and free fatty acid metabolism in Parkinson's disease treated with levo-DOPA[END_REF][START_REF] Riekkinen | Interaction between dopamine and phospholipids. Studies of the substantia nigra in Parkinson's disease patients[END_REF][START_REF] Dexter | Increased levels of lipid hydroperoxides in the parkinsonian substantia nigra: an HPLC and ESR study[END_REF]. Again, since coenzyme A is required for the biosynthesis of these compounds, such results may be expected in cases where a deficiency in coenzyme A exists.

Given these considerations, it is of considerable importance that studies be performed analyzing affected tissues for their coenzyme A content as well as for the possible presence of cytochrome c px .

Inhibition of Dopamine Oxidation by Various Compounds

Several anti-oxidant compounds were shown to have an attenuating effect on the neurodegenerative progression in Parkinson's patients and/or animal models (e.g. [START_REF] Isacson | Models of repair mechanisms for future treatment modalities of Parkinson's disease[END_REF][START_REF] Oyagi | Protective effects of SUN N8075, a novel agent with antioxidant properties, in in vitro and in vivo models of Parkinson's disease[END_REF]). If A considerable amount of research has shown a role of ∀-synuclein in vesicle trafficking and its toxic effects in parkinsonism (for a recent review, see [START_REF] Auluck | ∀-Synuclein: membrane interactions and toxicity in Parkinson's disease[END_REF]). Four tetrahydroquinolinoles were recently identified that protect against these toxic effects [START_REF] Su | Compounds from an unbiased chemical screen reverse both ER-to-Golgi trafficking defects and mitochondrial dysfunction in Parkinson's disease models[END_REF]. These compounds also protect against rotenone toxicity in rat midbrain neurons. The authors conclude that "these compounds must be acting on some deeply rooted biological process, linking ∀-synuclein toxicity, vesicle trafficking defects, and mitochondrial dysfunction" [START_REF] Auluck | ∀-Synuclein: membrane interactions and toxicity in Parkinson's disease[END_REF]. We propose that this process may be the oxidative actions of cytochrome c px and H 2 O 2 .

Cytolysis in Parkinson's Disease.

The cytolytic activity of cytochrome c px indicates that this peroxidase is also capable of causing severe damage to membrane structures. The possibility that the cytolytic
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action of certain peroxidases may also take part in the destructive mechanism of neurodegeneration has so far not been considered. It is known that various heme-containing peroxidases, as well as hemin itself, catalyze cell lysis in the presence of H 2 O 2 and a halide ion [START_REF] Mcfaul | The mechanism of peroxidase-mediated cytotoxicity. I. Comparison of horseradish peroxidase and lactoperoxidase[END_REF][START_REF] Mcfaul | Observations on cytolytic activity of lactoperoxidase using a continuous assay[END_REF][START_REF] Lin | The cytotoxic activity of hematoheme: Evidence for two different mechanisms[END_REF][START_REF] Klebanoff | Myeloperoxidase; occurrence and biological function[END_REF]. If it can be shown that cytochrome c px is present in parkinsonian neurons, then the possibility of cytolytic action participating in neurodegeneration should receive serious consideration.

Peroxidase Involvement in Other Neurodegenerative Diseases.

Citing experimental results we concluded earlier that the biochemical processes leading to neurodegeneration are very similar, if not the same in several neurological diseases, including

Parkinson's and Alzheimer's diseases as well as ALS, and that the oxidative reactions are most likely catalyzed by a peroxidase [START_REF] Everse | Neurodegeneration and peroxidases[END_REF]. Current information suggests that the identity of this peroxidase may not be the same among the various neurodegenerative diseases. Thus, the A∃ peptide is known to be intimately associated with Alzheimer's disease. This peptide was shown to bind heme with high affinity, and the product possesses peroxidase activity [START_REF] Atamna | Amyloid-beta peptide binds with heme to form a peroxidase: relationship to the cytopathologies of Alzheimer's disease[END_REF][START_REF] Atamna | Amino acid variations in amyloid-∃ peptides, mitochondrial dysfunction, and new therapies for Alzheimer's disease[END_REF][START_REF] Atamna | Human and rodent amyloid-∃ peptides differentially bind heme: Relevance to the human susceptibility to Alzheimer's disease[END_REF]. Similarly, it is well established that Cu,Zn-superoxide dismutase is intimately involved in ALS. This enzyme, when exposed to H 2 O 2, transforms into a peroxidase [START_REF] Hodgson | The interaction of bovine erythrocyte superoxide dismutase with hydrogen peroxide: inactivation of the enzyme[END_REF][START_REF] Zhang | Bicarbonate enhances peroxidase activity of Cu, Zn-superoxide dismutase. Role of carbonate anion radical and scavenging of carbonate anion radical by metalloporphyrin antioxidant enzyme mimetics[END_REF][START_REF] Zhang | Bicarbonate-dependent peroxidase activity of human Cu,Zn-superoxide dismutase induces covalent aggregation of protein: intermediacy of tryptophan-derived oxidation products[END_REF]. This peroxidase was recently shown to be present in the nuclei and cytosol of ALS transfected SH-SY5Y cells but not in normal SH-SY5Y cells [START_REF] Barbosa | Increased SOD1 association with chromatin, DNA damage, p53 activation, and apoptosis in a cellular model of SOD1-linked ALS[END_REF]. These findings lend further support to our hypothesis that peroxidases may be intimately involved in neurodegeneration. Arrows from try 59 and tyr 48 to the buried propionic acid group represent hydrogen bonds. From:
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Dickerson et al. [START_REF] Dickerson | Ferricytochrome c. I. General features of the horse and bonito proteins at 2.8 Å resolution[END_REF], with permission. 
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  C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPTneuronal damage during neurodegeneration is in part caused by the excessive production of H 2 O 2 , then removal of the H 2 O 2 before it can oxidize important cellular metabolites or enzymes should result in an attenuation of the progression of neurodegeneration. This can theoretically be accomplished by the administration of oxidizable compounds that have a lower Km for the peroxidase than the cellular metabolites and would therefore be oxidized preferentially, thereby depleting excess H 2 O 2 . To be effective in vivo, such compounds have to be able to pass the cell membrane as well as the blood-brain barrier, and the compound itself as well as its oxidation product(s) should be non-toxic. For this reason we investigated if and to what extent various relevant compounds inhibit the oxidation of dopamine by cytochrome c px . Currently, L-DOPA is used as a drug in parkinsonism in an attempt to replenish the dopamine in neuronal cells. A different strategy may be to use drugs that are oxidized preferentially to dopamine, and may therefore result in a retention of dopamine levels in affected cells.
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 1 Figure 1. Heme packing diagram of the cytochrome c molecule. Heavy circles indicate side chains
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 23456789 Figure 2. Absorption spectra of 0.05 mM oxidized and reduced ABTS in phosphate-citrate buffer,
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