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Abbreviations
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Abstract

For more than thirty years, the only enzymatic system known to catalyze

the elimination of superoxide was superoxide dismutase, SOD. SOD has been

found in almost all organisms living in the presence of oxygen, including some

anaerobic bacteria, supporting the notion that superoxide is a key and general

component of oxidative stress.

Recently, a new concept in the field of the mechanisms of cellular defense

against superoxide has emerged. It was discovered that elimination of

superoxide in some anaerobic and microaerophilic bacteria could occur by

reduction, a reaction catalyzed by a small metalloenzyme thus named

superoxide reductase SOR.

Having played a major role in this discovery, we describe here how the concept

of superoxide reduction emerged and how it was experimentally substantiated

independently in our laboratory.
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Introduction

The general question of the toxicity of molecular oxygen present at the

surface of the earth continues to be a major topic in modern biology. It is now

well established that all living organisms, both aerobes and anaerobes, have

developed mechanisms to protect themselves specifically from this toxicity [1,

2]. In some cases oxygen can be deleterious by itself, but the most reactive

species are those derived from reduction of oxygen: the superoxide radical,

hydrogen peroxide and the hydroxyl radical [1, 2]. During the last thirty years

biochemists and biologists working in this field have thus focused their attention

basically to the three following problems. The first concerns the identification of

the toxic species, the biological targets and the molecular mechanisms by which

an oxidative stress is expressed within an organism. A second question concerns

the role played by such an oxidative stress in aging and in a number of diseases

(neurological disorders, some types of cancer, inflammation,…) and the design

of suitable therapeutical strategies. The third problem concerns the nature and

mechanisms of the complex antioxidant machinery upon which living organisms

rely for controlling the balance between the generation and the scavenging of the

reactive oxygen species, continuously (aerobes) or transiently (anaerobes). All

three topics have been the subject of review articles in the recent past [2-6] and

it is not our intention to add one to the list. In this brief paper, we want to tell the
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story of an important discovery which, a few years ago, changed our current

views on the biological mechanisms of superoxide detoxification.

Before the end of the 90’s, it was established that the unique biological

mechanism for scavenging superoxide radicals, O2
•-, was by dismutation to

molecular oxygen and hydrogen peroxide, a reaction (eq. 1) catalyzed by a

metalloenzyme thus named superoxide dismutase (SOD):

O2
•- + O2

•-+ 2H+ ’ H2O2 + O2 (1)

The first SOD enzyme was discovered in 1969 by McCord and Fridovich [7]. It

has been then established  that all organisms living in the presence of oxygen

contain at least one of the four possible types of SODs, which differ by the metal

center present in the active site, namely manganese, iron, nickel or copper-zinc

[8, 9]. The fact that in aerobic life a defense enzyme is specifically required to

destroy O2
•- demonstrates that this species is sufficiently toxic by itself or

indirectly through its conversion to more harmful compounds. In a great variety

of living organisms, inactivation of sod genes has been shown to perturb the

viability of the cells dramatically [10, 11]. The use of the SOD protein itself or

synthetic compounds (SOD mimics) for protecting tissues from oxidative injury

due to superoxide has thus received increased attention [12].

The discovery of the presence of SOD enzymes also in strictly anaerobic

bacteria further supported the notion that O2
•- is a key and general component of

oxidative stress [13, 14]. These organisms may be accidently and transiently

exposed to oxygen and the availability of antioxidant mechanisms may be an
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advantage [15]. In fact, it has been recently discovered that some

microaerophilic and anaerobic bacteria use not only SOD but also a new class of

superoxide-scavenging enzymes, named superoxide reductases (SOR) [16-19],

which catalyze the following reaction (eq. 2):

O2
•- + 1e- + 2H+ ’ H2O2 (2)

These systems have been purified to homogeneity and extensively characterized

by a growing number of research groups which provided a wealth of important

information regarding their spectroscopic, structural and reactivity properties. In

2002, a series of commentaries was published in the Journal of Biological

Inorganic Chemistry in order to take stock of the current knowledge on these

enzymes [20-24]. As a supplement to the information provided by these articles,

we would like to describe how the concept of superoxide reduction emerged and

how it was independently experimentally substantiated in our laboratory [17],

essentially simultaneously with related work in Athens, Georgia [16].

Superoxide scavenging in sulfate-reducing bacteria

The first observation was provided by Danièle Touati in Paris. In a paper

published in 1996 [25], she reported her attempts to isolate a sod gene from

Desulfoarculus baarsii, in order to understand the origin of the considerable

aerotolerance of some anaerobic sulfate-reducing bacteria. She showed that

functional complementation of the sod- recA- deficient Escherichia coli mutant
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strain with D. baarsii genes unexpectedly led to the isolation of the rbo gene.

This gene had been fortuitously sequenced in Desulfovibrio vulgaris

Hildenborough, another sulfate-reducing bacteria, in 1989 by Gerrit Voordouw

[26].  Rbo was obviously different from any other known sod genes. The name

of this gene (rbo for rubredoxin oxidoreductase) was  tentatively given on the

basis of the presence, downstream of the rbo gene within the same operon, of a

rub gene encoding a rubredoxin and the coordinated expression of the two genes

[26]. However, it should be noted that the association of rbo and rub genes is

quite unique to D. vulgaris and D. baarsii and is not a general feature of

microbial genomes.  Thus it is likely that this gene was originally misnamed,

even though rubredoxin was recently shown to be able to transfer electrons to

Rbo [27].

In the mid-90s, it also became obvious that the Rbo protein was identical

to desulfoferrodoxin (Dfx), a protein isolated from Desulfovibrio desulfuricans

and D. vulgaris by Isabel and José Moura and Jean Le Gall in Lisbon. In two

excellent papers published in the Journal of Biological Chemistry in 1990 and

1994 [28, 29], these groups in collaboration with Michael Johnson (Athens,

USA) and Boi Hanh Huynh (Atlanta) reported a thorough characterization of

Dfx by a variety of spectroscopic methods including EPR, Raman resonance,

Mössbauer spectroscopy. In 1997, the determination of a three-dimensional

structure of Dfx from D. desulfuricans by M.A. Carrondo (Oeiras, Portugal)

[30] confirmed all the spectroscopic predictions, in particular the presence of
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two separate mononuclear non-heme iron centers per polypeptide chain. Center I

is a ferric site with a distorted tetrahedral sulfur coordination and center II is a

ferrous site with a unique square pyramidal structure involving one cysteine and

four histidine residues as ligands (Figure 1). The name of the protein,

desulfoferrodoxin, again was given not on the basis of its function, since no

biological activity could be assigned to Dfx at that time, but on the basis of the

presence of a ferric site (center I) similar to that of desulforedoxin [31], a

rubredoxin-like protein from Desulfovibrio species, together with a ferrous site

(center II).

Rbo-Dfx is not a SOD enzyme

In 1997, we started a close collaboration with Danièle Touati with the aim

of identifying the activity of Rbo-Dfx. We soon came up with two obvious

working hypotheses. Rbo-Dfx could possibly be a novel SOD and thus catalyze

superoxide dismutation. This was not unlikely since superoxide dismutase

activity is not restricted to a single class of metalloprotein, as indicated above.

Using the D. baarsii Rbo-Dfx expressing plasmid provided by D. Touati, with

the help of a young student, Nelly Minguez, we rapidly got pure preparations of

the protein by the beginning of 1997 and thus were able to evaluate its SOD

activity. Using different SOD assays (inhibition of superoxide-dependent

pyrogallol autoxidation or inhibition of nitro blue tetrazolium reduction, both
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monitored spectrophotometrically), we soon found that Rbo-Dfx had just a very

weak SOD activity as compared to real SOD enzymes (the specific activity of

Rbo-Dfx corresponded to about 0.5 % of that of SODs). We thus ruled out the

hypothesis that Rbo-Dfx was a novel class of SOD. We then were rather

surprised in 1999 by a paper from M. Teixeira [32] concluding, in marked

contrast with our analysis, that the Rbo-Dfx protein from D. desulfuricans was a

novel SOD. This conclusion seemed also inconsistent with their own

measurements of SOD activity (25-70 units/mg corresponding to about 1 % of

the activity of real SOD enzymes). The same year, the same group reported an

activity of 1200 units/mg for a protein, named neelaredoxin [33] because of its

blue color, which had been isolated from Desulfovibrio gigas in 1994 [34]. This

protein contains a unique mononuclear non-heme iron center identical to center

II of Rbo-Dfx and no center I.

However, the large SOD activity value that was reported may arise from

an incorrect interpretation of the results obtained with the cytochrome c assay.

This standard SOD assay is based on the inhibition of cytochrome c reduction

by superoxide radicals, enzymatically generated with the xanthine/xanthine

oxidase system. As demonstrated by M. Adams at the end of 1999 [16] and by

us at the early beginning of 2000 [17], the activity determined with this assay, in

the case of Rbo-Dfx, does not reflect a true SOD activity. Later on in 2000, M.

Teixeira, using pulse radiolysis techniques, confirmed that neelaredoxin from

Archaeoglobus fulgidus displayed also only a very weak SOD activity [35].
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It thus seems clear that Rbo-Dfx and neelaredoxins having an iron center

II in common are not novel SODs. However there is no doubt that, as expected

for a metal-dependent system, these proteins display a small superoxide

dismutase activity of about 20-100 units/mg, much below that of canonical

SODs (4000-5000 units/mg). This observation raises the question whether this

small activity is sufficient by itself to provide protection against superoxide in

vivo and, for example, to restore growth of sod- E. coli mutant strains. In fact, a

convincing work by J. Imlay [36] demonstrated that the level of SOD activity in

E. coli cells is just enough for protection against oxidative stress. E. coli cannot

tolerate steady-state levels of superoxide significantly in excess of 0.1 nM and

as a consequence it requires substantial concentrations of SOD (50 µM). With

such a low SOD activity and the level of expression in E. coli (not more than 5%

of total soluble proteins) Rbo-Dfx is unlikely to achieve protection against

superoxide by dismutation. We thus soon believed that the SOD activity of these

proteins was not physiologically relevant, as discussed by us in [17].

Evidence for Rbo-Dfx as a superoxide reductase

In 1997, our attention was focused on the intriguing results we

obtained with the cytochrome c assay. It took time to realize that in solution

producing superoxide, cytochrome c was oxidized (rather than reduced), as

shown by the decrease of the intensity of the 550 nm absorption band
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characteristic of reduced cytochrome c, and that this oxidation was strictly

dependent on the presence of Rbo-Dfx. Since the addition of large amounts of

SOD had only weak inhibitory effects on the oxidation of cytochrome c, the

direct involvement of superoxide in the reaction was not obvious. Later on, we

demonstrated that Rbo-Dfx very efficiently competed with SOD for direct

reaction with superoxide, in agreement with the observation that cytochrome c

oxidation was stoichiometric with the production of superoxide by the

xanthine/xanthine oxidase system. We thus by the end of 1997 came to the

conclusion that, in these preliminary experiments, Rbo-Dfx behaved as a

catalyst of the reduction of superoxide by reduced cytochrome c (Figure 2). All

these results were described latter in our first paper [17] and led us to designate

Rbo-Dfx as a superoxide reductase.

In a paper published in October 1997 [37], I. Fridovich showed that

expression of Rbo-Dfx in the sod- E. coli mutant provided by D. Touati

drastically decreased the amount of detectable superoxide (using the

luminescent reaction with lucigenin). In the same paper, however with no

experimental evidence, the suggestion was made that Rbo-Dfx could protect

cells against superoxide radicals by reduction provided that the active reduced

form of Rbo-Dfx could be regenerated by cellular reductants such as NAD(P)H

or glutathion. In an earlier study, I. Fridovich had shown that indeed some

compounds, such as synthetic Mn-porphyrins, could scavange superoxide by

reduction (rate constant: 4x109 M-1s-1) rather than by dismutation [38].
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The name of superoxide reductase, abbreviated SOR, appeared for the

first time in the literature in October 1999 in a Science paper [16], by M. Adams

(University of Georgia, Athens, USA), submitted 18 June 1999. It described

preliminary experiments showing the cytochrome c-superoxide oxidoreductase

activity (Figure 2) of a neelaredoxin protein from Pyrococcus furiosus

containing a single iron center identical to the center II of Rbo-Dfx. Our first

paper, submitted 19 May 1999, reporting our discovery of the superoxide

reductase activity came out in the first January issue of Journal of Biological

Chemistry in 2000 [17]. From the experimental work of Murielle Lombard, a

PhD student and one of us (Vincent Nivière) during the years 1998-1999, we

reported in this paper the first direct experimental evidence that!: (i) Rbo-Dfx is

a specific and efficient one-electron reductant of superoxide, the reaction taking

place with a rate constant of 6-7x108 M-1s-1; (ii) the ferrous iron of center II is

the electron donor and is converted to the corresponding ferric form during the

reaction; (iii) microorganisms such as E. coli contain reducing activities

allowing reduction of the iron center II required for multiple turnovers. Whether

there is a specific Rbo-Dfx reductase to maintain the protein reduced and active

is still a matter of discussion. Considering the high redox potential of center II

[19, 29, 34, 35] we believe that its intracellular reduction is achieved by a

variety of different reducing agents, ascorbate and cellular reductases either

NAD(P)H-dependent or –independent [17, 27, 29].
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Why such a fast O2
•- reduction reaction ?

The most remarkable property of SOR is certainly its great efficiency in

reacting with superoxide, with a velocity close to the limit of diffusion of a

molecule in solution [39-43]. We and others pointed out that the active site is

exquisitely designed to provide strong electrostatic attractive power with regard

to superoxide [40, 43, 44]. Other still unidentified structural factors are probably

implicated in the enzyme-superoxide interaction. Furthermore, a very fast

electron transfer reaction is allowed because of the intermediate formation of an

iron-superoxide complex. As an evidence for an inner-sphere mechanism,

intermediate iron-peroxo species have been proposed from DFT calculations

[45] and observed by resonance Raman spectroscopy in the active site of SOR

[46].

The requirement for such a rapid reaction is intimately associated with the

specific chemical properties of superoxide. The fact that superoxide (i)

dismutates spontaneously with a rate constant of about  5x105 M-1 s-1 in water at

pH 7.0 [2] (and probably faster in the presence of trace metals) and (ii) reacts

with [4Fe-4S] centers of dehydratases with rate constants in the 107-108 M-1 s-1

range [47, 48], implies that any efficient superoxide-scavenging system should

interact with superoxide with a rate constant of at least 108 M-1 s-1. This is indeed

achieved by both SOD and SOR enzymes. Furthermore, as a consequence of the

very low steady-state concentration of superoxide in the cell (10-10 to 10-9 M),
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the overall enzyme reaction is not rate-limited by the reduction of SOR by

cellular reductases, but instead by the oxidation of SOR by superoxide, as nicely

demonstrated by D. Kurtz and coworkers [49].

Then, this unique O2
•- scavenging reactivity is one important feature that future

SOR mimics [50] should display if one wants develop them as alternatives to

SOD mimics for therapeutical treatment against diseases in which superoxide

plays an important role.

Another important question which remains to be unraveled is why some

organisms use SOR instead of SOD to detoxify superoxide. It has been proposed

that the main advantage of SOR as compared to SOD resides in the fact that

SOR does not produce O2, which is expected to be toxic by itself for air-

sensitive microorganisms [16]. Although this hypothesis provides a simple clue

to explain the presence of SOR in some specific cells, we believe that there are

more subtle reasons for that [17, 18]. In fact, anaerobic bacteria, and in

particular sulfate-reducing bacteria, are fully crowded with strongly auto-

oxidizable soluble redox proteins, such as redox carriers (ferredoxin,

cytochromes, rubredoxin, desulforedoxin, flavodoxin) or enzymes, like

hydrogenases [51]. Because these proteins are prone to release their electrons, a

strong superoxide stress can be generated upon exposure to O2, partly explaining

why anaerobes are so sensitive to air [51]. Such a process is probably less

important in aerobic cells, which have evolved by integrating the electron
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transport proteins into the membrane in order to minimize such auto-oxidation

reactions [2].

Because of the low specificity of SOR active site for reductants, we

believe that these soluble redox proteins can also provide electrons to SOR

efficiently. Then, as illustrated in Figure 3, by shuttling the electrons from these

auto-oxidizable redox proteins to superoxide, SOR could, in a single reaction,

eliminate both superoxide and the source of its production. In addition, such a

reaction may allow the anaerobic bacteria to shut off transitory O2
•- production,

with no need for sophisticated regulatory systems, such as found in facultative

anaerobes.

Epilogue!

To our opinion two papers have been at the origin of the concept of

superoxide reduction by the Rbo-Dfx and neelaredoxin proteins!: one by M.

Adams [16] and one by ourselves [17]. Our paper provided the key information

regarding the reaction between center II and superoxide. From then, an

increasing number of studies from different laboratories have been carried out

aiming at better characterizing the spectroscopic and structural properties of

SORs, the reaction with superoxide and the mechanism of the reaction. They

nicely confirmed the initial hypothesis and observations. Most of the important
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results have been presented in the series of commentaries published in 2002 in

the Journal of Biological Inorganic Chemistry [20-24].



17

References

1. Sies H (1993) Eur J Biochem 215: 213-219

2. Halliwell B, Gutteridge JMC (1999) Free radicals in biology and medecine.

Oxford University Press, Oxford

3. Touati D (2000) Arch Biochem Biophys 373: 1-6

4. Schulz JB, Lindenau J, Seyfried J, Dichgans J (2000) Eur J Biochem 267:

4904-4911

5. Archibald F (2003) Proc Natl Acad Sci USA 100: 10141-10143

6. De Grey ADN (2002) Eur J Biochem 269:2003-2009

7. McCord JM, Fridovich I (1969) J Biol Chem 244: 6049-6055

8. Fridovich I (1995) Ann Rev Biochem 64: 97-112

9. Cabelli DE, Riley D, Rodriguez JA, Valentine JS, Zhu H (1999) In: Meunier

B (eds) Biomimetic Oxidations catalyzed by Transition Metal Complexes.

Imperial College Press, London, pp 461-508

10. Carlioz A, Touati D (1986) EMBO J 5: 623-630

11. Li Y, Huang TT, Carlson EJ, Melow S, Ursell, PC, Olson JL, Noble LJ,

Yoshimura MP, Berger C, Chan PH et al (1995) Nature Genet 11: 376-381

12. Riley DP (1999) Chem Rev 99: 2573-2587

13. Hatchikian EC, Henry YA (1977) Biochimie  59: 153-161

14. Dos Santos WG, Pacheco I, Liu MY, Teixeira M, Xavier AV, LeGall J

(2000) J Bacteriol 182: 796-804



18

15. Cypionka H (2000) Ann Rev Microb 54: 827-848

16. Jenney FE, Verhagen MFJM, Cui X, Adams, MWW (1999) Science 286:

306-309

17. Lombard M, Fontecave M, Touati D, Nivière V (2000) J Biol Chem 275:

115-121

18. Lombard M, Touati D, Fontecave M, Nivière V (2000) J Biol Chem 275:

27021-27026.

19. Jovanovic T, Ascenso C, Hazlett KRO, Sikkink R, Krebs C, Litwiller R,

Benson LM, Moura I, Moura JJG, Radolf JD, Huynh BH, Naylor S, Rusnak F

(2000) J Biol Chem 275: 28439-28448

20. Adams MWW, Jenney FE, Clay MD, Johnson MK (2002) J Biol Inorg

Chem 7: 647-652

21. Kurtz DM Jr, Coulter ED (2002) J Biol Inorg Chem 7: 653-658

22. Imlay JA (2002) J Biol Inorg Chem 7: 659-663

23. Auchère F, Rusnak F (2002) J Biol Inorg Chem 7: 664-667

24. Abreu IA, Xavier AV, LeGall J, Cabelli DE, Teixeira M (2002) J Biol Inorg

Chem 7: 668-674

25. Pianzzola MJ, Soubes M, Touati D (1996) J Bacteriol 178: 6736-6742

26. Brumlik MJ, Voordouw G (1989) J Bacteriol 171: 4996-5004

27. Coulter ED, Kurtz DM Jr (2001) Arch Biochem Biophys 394: 76-86

28. Moura I, Tavares P, Moura JJG, Ravi N, Huynh BH, Liu MY, LeGall J (1990)

J Biol Chem 265: 21596-21602



19

29. Tavares P, Ravi N, Moura JJG, LeGall J, Huang YH, Crouse BR, Johnson

MK, Huynh BH, Moura I (1994) J Biol Chem 269: 10504-10510

30. Coelho A, Matias P, Fülöp V, Thompson A, Gonzalez A, Carrondo MA

(1997) J Biol Inorg Chem 2: 680-689

31. Archer M, Huber R, Tavares P, Moura I, Moura JJG, Carrondo MA, Sieker

LC, LeGall J, Romao MJ (1995) J Mol Biol 251: 690-702

32. Romao CV, Liu MY, Le Gall J, Gomes CM, Braga V, Pacheco I, Xavier AV,

Teixeira M (1999) Eur J Biochem 261: 438-443

33. Silva G, Oliveira S, Gomes CM, Pacheco I, Liu MY, Xavier AV, Teixeira

M, LeGall J, Rodrigues-Pousada C (1999) Eur J Biochem 259: 235-243

34. Chen L, Sharma P, LeGall J, Mariano AM, Teixeira M, Xavier A (1994) Eur

J Biochem 226: 613-618

35. Abreu IA, Saraiva LM, Carita J, Huber H, Stetter KO, Cabelli DE, Teixeira

M (2000) Mol Microb 38: 322-334

36. Gort AS, Imlay JA (1998) J Bacteriol 180: 1402-1410

37. Liochev SI, Fridovich I (1997) J Biol Chem 272: 25573-25575

38. Faulkner KM, Liochec SI, Fridovich I (1994) J Biol Chem 269: 23471-

23476

39. Coulter ED, Emerson JP, Kurtz DM Jr, Cabelli DE (2000) J Am Chem Soc

122: 11555-11556

40. Lombard M, Houée-Levin C, Touati D, Fontecave M, Nivière, V (2001)

Biochemistry 40: 5032-5040



20

41. Nivière V, Lombard M, Fontecave M, Houée-Levin C (2001) Febs Letters

497: 171-173

42. Abreu IA, Saraiva LM, Soares CM, Teixeira M, Cabelli DE (2001) J Biol

Chem 276: 38995-39001

43. Emerson JP, Coulter ED, Cabelli DE, Phillips RS, Kurtz, DM Jr (2002)

Biochemistry 41: 4348-4357

44. Andrew PY, Hu Y, Jenney FE, Adams MWW, Rees DC (2000)

Biochemistry 39: 2499-2508

45. Silaghi-Dumitrescu R, Silaghi-Dumitrescu I, Coulter ED, Kurtz DM Jr

(2003) Inorg Chem 42: 446-456

46. Mathé C, Mattioli TA, Horner O,  Lombard M, Latour JM,  Fontecave M,

Nivière V (2002) J Am Chem Soc 124: 4966-4967

47. Flint DH, Tuminello JF, Emptage, MH (1993) J Biol Chem 268: 22369-22376

48. Keyer K, Imlay JA (1996) Proc Natl Acad Sci USA 93:13635-13640

49. Emerson JP, Coulter ED, Phillips RS, Kurtz DM Jr (2003) J Biol Chem 278:

39662-39668

50. Shearer J, Nehring J, Lovell S, Kaminsky W, Kovacs JA (2001) Inorg Chem

40: 5483-5484

51. Hansen TA (1994) Anton Leeuw Int Gen & Mol Micro 66: 165-185



21

Figure 1. Structure of the ferrous iron center II of Desulfovibrio desulfuricans

desulfoferrodoxin. Modified from [30].
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Figure 2. Rbo-Dfx as a catalyst of the reduction of superoxide by reduced

cytochrome c.
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Figure 3. Hypothesis for the detoxification activity of SOR. In the presence of

O2
•-, formed from the auto-oxidizable redox proteins in the presence of O2,  SOR

eliminates both O2
•- and its source of production. In the absence of O2/O2

•-, the

electrons are shuttled towards the cellular metabolism.
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