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Chapter 10

Hydrogen Sulfide: A Toxic Gas Produced
by Dissimilatory Sulfate and Sulfur Reduction
and Consumed by Microbial Oxidation

Larry L. Barton, Marie-Laure Fardeau, and Guy D. Fauque
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Abstract Sulfur is an essential element for the synthesis of cysteine, methionine,

and other organo-sulfur compounds needed by living organisms. Additionally,

some prokaryotes are capable of exploiting oxidation or reduction of inorganic

sulfur compounds to energize cellular growth. Several anaerobic genera of Bacteria

and Archaea produce hydrogen sulfide (H2S), as a result of using sulfate (SO2�
4 ),

elemental sulfur (S0), thiosulfate (S2O
2�
3 ), and tetrathionate (S4O

2�
6 ) as terminal

electron acceptors. Some phototrophic and aerobic sulfur bacteria are capable of

using electrons from oxidation of sulfide to support chemolithotrophic growth. For

the most part, biosulfur reduction or oxidation requires unique enzymatic activities

with metal cofactors participating in electron transfer. This review provides an

examination of cytochromes, iron-sulfur proteins, and sirohemes participating in

electron movement in diverse groups of sulfate-reducing, sulfur-reducing, and

sulfide-oxidizing Bacteria and Archaea.

Keywords hydrogen sulfide production • sulfate reduction • sulfide oxidation

• sulfite reduction • sulfur cycle

Please cite as: Met. Ions Life Sci. 14 (2014) 237–277

1 Introduction

Sulfur is one of the most versatile elements in life due to its reactivity in different

reduction and oxidation states. Sulfur is the element with the highest number of

allotropes (about 30), but only a few are found in nature and occur in biological
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systems. The inorganic sulfur compounds of biological relevance which occur in

the biological sulfur cycle are elemental sulfur, sulfate, sulfite, thiosulfate,

polythionates, sulfide, and polysulfides (Figure 1).

Sulfur can adopt many oxidation states, ranging from �2 to +6. Inorganic sulfur

compounds of intermediate oxidation states can serve as electron acceptors or

donors in redox processes. In contrast, sulfate and sulfide cannot be further oxidized

or reduced, respectively, and they are therefore the final products of most sulfur

oxidation or reduction pathways. The biological roles of inorganic sulfur com-

pounds are rather restricted: either they serve as acceptors or donors of electrons for

dissimilatory energy-generating electron transport (almost exclusively among pro-

karyotes), or they are employed as sources for sulfur assimilation, very common in

prokaryotes as well as in algae, fungi, and plants.

Despite its toxicity (5-fold higher than CO), H2S is a fundamental molecule in

both anaerobic and aerobic organisms. Since the first description of hydrogen sulfide

toxicity by Ramazzini in 1713, most studies about H2S have been devoted to its toxic

effects with little attention paid to its physiological function [1]. The liberation of H2S

is controlled not only by the rate of its production by sulfate- and sulfur-reducing

prokaryotes, but also by its tendency to rapidly precipitate as metal sulfides, its

Figure 1 The biological sulfur cycle with roles of bacteria identified. Solid lines indicate aerobic

reactions, dashed lines indicate anaerobic reactions, and dotted lines indicate both aerobic and

anaerobic activity. Desulfurylation by many aerobic and anaerobic prokaryotes, assimilatory
sulfate reduction by many aerobic and anaerobic microorganisms, dissimilatory sulfate reduc-
tion by anaerobic organisms listed in Table 1 of this chapter and in Table 1 of Ref. [25], and

disproportionation of thiosulfate by Desulfovibrio and Desulfocapsa. 1 and 2: Sulfide and sulfur

oxidation by colorless sulfur bacteria. 3: Sulfur reduction by the anaerobic microorganisms listed

in Table 1 of this chapter. 4 and 5: Anaerobic sulfide and sulfur oxidation by purple sulfur bacteria
and green sulfur bacteria. 6: Sulfite-reducing bacteria.

10 Hydrogen Sulfide: A Toxic Gas Consumed by Microbial Oxidation 239



pH-dependent speciation, and its fast biological and chemical oxidation. Only the

protonated compound hydrogen sulfide (H2S) is volatile, whereas sulfide (S2�)
dominates under alkaline conditions, and at neutral pH, most of inorganic sulfide is

present as bisulfide anion (systematically named sulfanide, HS�).

1.1 Overview of Bacteria and Archaea Associated
with Hydrogen Sulfide Metabolism

1.1.1 Sulfate-Reducing Bacteria and Archaea

Dissimilatory sulfate reduction (also known as anaerobic sulfate respiration) is an

essential step in the global sulfur cycle and is exclusively mediated by the sulfate-

reducing prokaryotes (SRP), a physiologically and phylogenetically versatile group

of microorganisms [2, 3]. SRP are of major functional and numerical importance in

many ecosystems and they can grow under different physico-chemical conditions.

SRP are found in almost all ordinary environments on this planet: they are present

in geothermal areas and hot springs, soils, fresh, marine, brackish, and artesian

waters, estuarine muds, cyanobacterial microbial mats, oil and natural gas wells,

anaerobic sludge, digestive tracts of humans and animals [3–7]. Dissimilatory

sulfate reduction has evolved approximately 3.47 billion years ago [8] and

sulfate-reducing bacteria (SRB) should be considered as ancestral microorganisms,

which have contributed to the primordial biogeochemical cycle for sulfur as soon as

life emerged on the planet [9]. SRB contribute to the complete oxidation of organic

matter and participate through metal reduction and sulfide production to the overall

biogeochemistry of these extreme environments [2, 10].

As of 2012, 65 genera containing 250 species of SRP have been isolated and

characterized [2]. They belong to five phyla within the Bacteria [the Deltaproteo-
bacteria (the most frequently represented lineage among SRB), the spore-forming

Desulfovirgula, Desulfotomaculum, Desulfurispora, Desulfosporomusa, and

Desulfosporosinus species within the phylum Firmicutes, the Thermodesulfovibrio
species within the phylum Nitrospirae and two phyla represented by Thermode-
sulfobium narugense and Thermodesulfobacterium/Thermodesulfatator species],

and two divisions within the Archaea [the euryarchaeotal genus Archaeoglobus
and the three crenarchaeotal genera Vulcanisaeta, Thermocladium, and Caldivirga,
affiliated with the Thermoproteales] (Table 1) [3, 6, 7, 11–13].

As of June 2013, a total of 101 genomes of SRP were available at the Integrated

Microbial Genomes website including 36 Desulfovibrio species, 10 Desulfoto-
maculum species, 8 Desulfobulbus species, 5 Desulfosporosinus species and

4 Archaeoglobus species.
SRPmay have a heterotrophic, autotrophic, lithoautotrophic, or respiration-type of

life under anaerobiosis and their possible microaerophilic nature has also been

reported [2, 3, 10, 14]. More than one hundred compounds including H2, sugars,

amino acids, mono- and dicarboxylic acids, alcohols, and aromatic compounds are
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potential electron donors for SRP [2, 3, 15]. SRP are the anaerobic microorganisms

that reduce the greatest number of different terminal electron acceptors including

inorganic sulfur compounds and various other organic and inorganic substrates [3, 4,

6, 10, 15–17]. The contribution of SRP to the total carbon mineralization process in

marine sediments, where sulfate is not limiting, was estimated to be up to 50 % [3, 4].

The most extensive biochemical and physiological studies have been done with

SRB of the genus Desulfovibrio which are the most rapidly and easily cultivated

Table 1 Genera of prokaryotes displaying dissimilatory sulfate and sulfur reduction (list

incomplete).

Sulfate Reducers Sulfur Reducers

Archaea Archaea

Archaeoglobus fulgidus Acidianus ambivalens

Caldivirga Acidilobus

Vulcanisaeta Caldisphaera

Caldivirga

Bacteria Ammonifex Caldococcus

Candidatus desulforudis Desulfolobus

Desulfacinum Desulfurococcus

Desulfobacter Hyperthermus

Desulfobacterium autotrophicum Methanobacterium

Desulfobulbus Methanococcus

Desulfocapsa Methanosarcina barkeri

Desulfococcus Pyrobaculum

Desulfocurvus Pyrococcus furiosus

Desulfofustis Pyrodictium abyssi

Desulfohalobium Staphylothermus

Desulfoluna Stetteria

Desulfomicrobium norvegicum Stygiolobus

Desulfonatronovibrio Thermococcus

Desulfosarcina

Desulfosporosinus Bacteria

Desulfotomaculum acetoxidans Campylobacter

Desulfovibrio gigas Desulfomicrobiuma

Desulfovibrio vulgaris H Desulfotomaculuma

Desulfovirga Desulfovibrioa

Syntrophobacter Desulfurella

Thermodesulfatator Desulfurobacterium

Thermodesulfobacterium commune Desulfuromonas acetoxidans

Thermodesulfobium Salmonella

Thermodesulfovibrio Sulfurospirillum deleyianum

Shewanella

Wolinella succinogenes

Model organisms and/or major species studied are written in bold.
aOnly some thiophilic species are able to reduce elemental sulfur.
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sulfate reducers. Dissimilatory sulfate reduction in Desulfovibrio species is linked

to electron transport-coupled phosphorylation because substrate level phosphory-

lation is inadequate to support their growth [18]. The SRB belonging to the genus

Desulfovibrio possess a number of unique physiological and biochemical charac-

teristics such as the requirement for ATP to reduce sulfate [18], the cytoplasmic

localization of two key enzymes [adenosine 5'-phosphosulfate (APS) reductase and

dissimilatory-type sulfite reductase] involved in the pathway of dissimilatory sul-

fate reduction [19, 20], the periplasmic localization of some hydrogenases [21, 22],

and the abundance of multiheme c-type cytochromes [15, 16, 23].

A set of unique membrane-bound respiratory complexes are involved in sulfate

respiration. The Dsr (dissimilatory sulfite reductase) MKJOP and the Qmo

(quinone-interacting membrane oxidoreductase) ABC complexes are present in

all SRP and are deemed essential for dissimilatory sulfate reduction [24, 25]. A

group of other complexes (Hmc, high-molecular weight cytochrome; Nhc,

nineheme cytochrome; Ohc, octaheme cytochrome; Qrc, quinone reductase com-

plex; Tmc, tetraheme membrane cytochrome) are present only in sulfate reducers

that are characterized by a high content of multiheme cytochromes c (mainly the

deltaproteobacterial SRB) [24]. A model reflecting organization of membrane-

bound respiratory complexes associated with electron transport and cell energetics

in Desulfovibrio species is given in Figure 2 [25].

1.1.2 Sulfur-Reducing Bacteria and Archaea

Compared with SRP, the environmental distribution of elemental sulfur reducers,

and their quantitative role in carbon cycling, is poorly understood. The mechanism

of elemental sulfur reduction (characterization of enzymes and electron carriers)

has been much less studied than that of dissimilatory sulfate reduction [25–30].

1.1.2.1 Eubacterial Sulfur Reduction

Elemental sulfur is probably the most widespread sulfur species in sediments and

geological deposits. Many biological and chemical oxidation processes of H2S do

not directly produce sulfate but rather elemental sulfur, which may accumulate

[3]. Elemental sulfur is relatively reactive and in contrast to sulfate, it requires no

energy-dependent activation before a reduction can take place. The problem in the

utilization of elemental sulfur mainly concerns the low solubility of sulfur flower in

water (0.16 μmole per liter at 25 �C) [31]. The so-called “hydrophilic sulfur” is

probably the form available in aqueous medium; it consists of elemental sulfur

associated with small portions of oxocompounds such as polythionates.

Several genera of the domain Bacteria are able to grow by a dissimilatory

reduction of elemental sulfur to sulfide in a respiratory type of metabolism [2, 3,

15, 27, 29, 30, 32–36]. The facultative sulfur-reducing eubacteria, such as the SRB,

utilize elemental (or colloidal) sulfur as a respiratory substrate in the absence of
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other possible terminal electron acceptors such as sulfate, sulfite, thiosulfate, nitrate

or nitrite. The growth of many species of SRB in the presence of sulfate is inhibited

by elemental sulfur, probably because sulfur as an oxidant shifts the potential of

redox couples in the medium and cells to unfavorable and positive values [3,

30]. Even if most of the SRB are not able to grow by dissimilatory elemental sulfur

reduction, some thiophilic species of SRB, belonging to fifteen genera (such as

Desulfomicrobium, Desulfovibrio, Desulfohalobium, Desulfosporosinus,
Desulfotomaculum) can use elemental sulfur as an alternative electron acceptor

(Table 1) [25, 37–39]. The eubacterial sulfur reducers comprise both facultative and

true (or strict) respiratory microorganims. Sulfur reducers use many different types

of metabolic systems for oxidizing organic compounds. Both complete and

Figure 2 Model reflecting the organization of protein complexes associated with electron trans-

port and cell energetics in sulfate-reducing bacteria. Abbreviations are as follows:

Qmo¼QmoABC complex, Qrc¼QrcABCD complex, Dsr¼DsrKMJOP complex,

Tmc¼TmcABCD complex, Hmc¼HmcABCDEF complex, ATP synthase¼ proton-driven

ATP synthase, Coo¼ carbon monoxide dehydrogenase-hydrogenase membrane complex system,

Ech¼multi-subunit membrane-bound hydrogenase, Fd¼ ferredoxin, Fdh¼ formate dehydroge-

nase, Hyd¼ periplasmic [Fe] hydrogenase, Hyn¼ periplasmic [NiFe] hydrogenase,

Hys¼ periplasmic [NiFeSe] hydrogenase, Ohc¼ octaheme cytochrome c membrane complex,

Rnf¼NADH:quinone oxidoreductase membrane complex, Tplc3¼ periplasmic type I cyto-

chrome c3. Cytoplasmic enzymes are as follows: Ack¼ acetate kinase, APSR¼ adenylylsulfate

reductase, ATPS¼ATP sulfurylase, dSiR¼ dissimilatory sulfite reductase, Ldh¼ lactate dehy-

drogenase, Pfl¼ pyruvate formate lyase, Por¼ pyruvate:ferredoxin oxidoreductase, and Pta

phosphotransacetylase. Reproduced by permission from [25]; copyright 2012, Academic Press.
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incomplete oxidation of organic electron donors has been reported for sulfur-

reducing eubacteria.

The sulfur reductase (SR) (EC 1.12.98.4-sulfhydrogenase, formerly EC

1.97.1.3-sulfur reductase) is a constitutive enzyme in sulfur-reducing eubacteria:

Desulfuromonas (Drm.) acetoxidans, Wolinella (W.) succinogenes, Sulfuros-
pirillum (S.) deleyianum, Desulfomicrobium (Dsm.), and Desulfovibrio (D.) species
[26, 27]. From genome organization, it appears that a multisubunit polysulfide

reductase (PSR) (α, β, and γ) is found in 8 Bacteria genera and 3 Archaea

genera [25].

1.1.2.2 Archaeal Sulfur Reduction

Many genera of Archaea are able to grow with elemental sulfur as terminal electron

acceptor in the energy metabolism [40]. The dissimilatory reduction of elemental

sulfur to hydrogen sulfide is linked with energy conservation as evidenced by

growth on H2 and S0 (E0’S0/SH�¼�270 mV) [41]. SR is also a constitutive

enzyme in the Archaea: Methanosarcina (Ms.) barkeri 227, Methanococcus
thermolithotrophicus, and Methanobacterium thermoautotrophicum Marburg [30].

All archaeal sulfur reducers are extremely thermophilic, whereas sulfur-

reducing eubacteria may be mesophilic or moderately thermophilic. The reduction

of S0 is widespread among members of the Archaea, including deep-branching

hyperthermophilic genera. In the Euryarchaeota, sulfur reduction is present in the

orders Thermoplasmatales, Thermococcales, and many methanogens; in the

Crenarchaeota, sulfur reduction is found in the orders Desulfurococcales,
Sulfolobales, and Thermoproteales [29, 30].

Four mechanisms of S0 reduction are known in Archaea: (a) The most wide-

spread metabolism consists in the facultative or obligate chemolitho-autotrophic

reduction of S0 with H2, accomplished by many hyperthermophiles from the

Crenarchaeota, including members of the genera Thermoproteus, Sulfolobus,
Stygiolobus, Pyrobaculum, Ignicoccus, Acidianus, Thermoplasma (Table 1) [28,

30]. (b) Some members of the Archaea including representatives from the genera

Thermococcus, Thermodiscus, Hyperthermus, Stetteria, Thermocladium,
Pyrodictium, Pyrococcus, and Desulfurococcus utilize S0 reduction as a H2 sink

during fermentative metabolism (Table 1) [29, 30]. (c) Some members of the order

Thermoproteales, and Pyrobaculum (Pyb.) islandicum, can respire heterotrophi-

cally with S0 in an apparently energy-gaining metabolism [30, 42]. (d) Some

hydrogen-oxidizing methanogenic Archaea like Methanococcus, Methanosarcina,
Methanobacterium, Methanothermus, and Methanopyrus can also reduce S0 with

H2 or methanol [43].
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1.1.3 Sulfur-, Sulfite-, and Thiosulfate-Disproportionating Bacteria

The disproportionation (or dismutation) of inorganic sulfur intermediates (also

called “inorganic sulfur compound fermentation”) at moderate temperatures (0–

80 �C) consists of a microbiologically catalyzed chemolithotrophic process in

which compounds such as sulfite, thiosulfate, and S0 serve as both electron donor

and acceptor to produce sulfate plus sulfide [44]. Reactions involving dispropor-

tionation of thiosulfate, sulfite, and S0 are listed in equations (1), (2), and (3),

respectively.

S2O
2�
3 þ H2O ! SO2�

4 þ HS� þ Hþ ΔG0’¼ �21:9 kJ mol�1S2O
2�
3 41½ �

ð1Þ
4 SO2�

3 þ Hþ ! 3 SO2�
4 þ HS� ΔG0’ ¼ �58:9 kJ mol�1SO2�

3 41½ �
ð2Þ

4 S0 þ 4 H2O ! SO2�
4 þ 3 HS� þ 5 Hþ ΔG0’ ¼ þ10:2 kJ mol�1 S0 41½ �

ð3Þ

Desulfovibrio sulfodismutans DSM 3696 was the first bacterium isolated able to

carry out the disproportionation of sulfite and thiosulfate to sulfide plus sulfate

[45]. Desulfocapsa sulfoexigens was the first microorganism able to disproportion-

ate S0 to sulfate and sulfide [46]. The disproportionation of sulfur compounds is

associated with only small free energy changes [47]. Only three Desulfocapsa
species are able to disproportionate S0, sulfite, and thiosulfate with growth.

The capacities of dissimilatory sulfate reduction and of sulfite and thiosulfate

disproportionation are constitutively present in D. desulfuricans CSN (DSM 9104)

and D. sulfodismutans. In contrast, ATP sulfurylase and sulfite oxidoreductase

activities were not detected in these last two strains. During sulfite and thiosulfate

dismutation, sulfate is formed via APS reductase and ATP sulfurylase, but not by

sulfite oxidoreductase [47]. Elemental sulfur-disproportionating bacteria can be

traced back in time as long as 3.5 billion years indicating that elemental sulfur

dismutation would be one of the oldest biological processes on Earth [44, 48].

1.1.4 Sulfide-, Sulfur-, Sulfite-, and Thiosulfate-Oxidizing Bacteria

Biological oxidation of hydrogen sulfide to sulfate is one of the major reactions of the

biological sulfur cycle (Figure 1). Chemotrophic sulfur-oxidizing bacteria (SOB) are

found in four classes of the Proteobacteria (Alphaproteobacteria, Betaproteobacteria,

Gammaproteobacteria, and Epsilonproteobacteria) whereas anoxygenic phototrophic

sulfur bacteria are only present in Gammaproteobacteria [49].
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1.1.4.1 Anoxygenic Phototrophic Bacteria

Reduced inorganic sulfur compounds play an important role as electron donors

for photosynthetic carbon dioxide fixation in anoxygenic phototrophic sulfur

bacteria. Four major phylogenetic groups of anoxygenic phototrophic bacteria

can be distinguished: (a) The green sulfur bacteria (GSB) (family Chlorobiaceae),
(b) the purple sulfur (PSB) and purple non-sulfur bacteria (PNSB), (c) the Gram-

positive Heliobacteria, (d) the filamentous and gliding green bacteria

(Chloroflexaceae) [50, 51].
Dissimilatory sulfur metabolism (i.e., the use of inorganic sulfur compounds,

such as sulfide, elemental sulfur, polysulfides, sulfite, or thiosulfate, as sources or

sinks of electrons) has been mainly investigated in the PSB of the families

Ectothiorhodospiraceae and Chromatiaceae. Many of the PNSB can also utilize

inorganic sulfur compounds as a source of electrons. The GSB of the family

Chlorobiaceae, some cyanobacteria, and some members of the filamentous

anoxygenic phototrophic bacteria (family Chloroflexaceae) are also able to grow

phototrophically using reduced sulfur compounds as electron donors [50, 51].

Anoxygenic phototrophic PSB constitute a major group of bacteria widely

distributed in nature, primarily in aquatic environments. The two families of PSB,

the Ectothiorhodospiraceae and Chromatiaceae, respectively, produce external and
internal sulfur granules. Typical habitats of PSB of the family Chromatiaceae are

freshwater lakes and intertidal sandflats. The family Ectothiorhodospiraceae is

found mainly in hypersaline waters. Many species of PSB are “extremophilic”,

growing at high salt and/or pH. PNSB have been isolated from almost every

environment, including freshwater, marine systems, soils, plants, and activated

sludge. PSB (more than 30 genera) consist of a variety of morphological types

and belong to the Gammaproteobacteria (order Chromatiales) (Table 2). GSB are

found in various types of aquatic habitats such as the pelagial of lagoons or lakes,

bacterial mats in hot springs, or bottom layers of bacterial mats in intertidal

sediments.

More than twenty genera of PNSB are now recognized (Table 2). PNSB consti-

tute a physiologically versatile group of purple bacteria that can grow well both in

darkness and phototrophically.

1.1.4.2 Colorless Sulfur Bacteria

The name “colorless sulfur bacteria” (CSB) has been utilized since the time of

Winogradsky [49] to designate microorganisms able to use reduced sulfur com-

pounds (e.g., sulfide, elemental sulfur, and organic sulfides) as sources of energy for

growth. The adjective “colorless” is utilized because of the lack of photopigments

in these organisms, although colonies and dense cultures of these bacteria could

actually be brown or pink due to their high cytochrome content [49]. CSB play an

essential role in the oxidative side of the biological sulfur cycle (Figure 1).
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A wide variety of CSB oxidize various inorganic sulfur compounds in nature.

Most of these bacteria are chemolithoautotrophs coupling sulfide oxidation with

nitrate or oxygen reduction. Based on comparative analysis of 16 rRNA sequences,

the known CSB are grouped into four phylogenetic lineages, one within the

Archaea and three within the Bacteria [49]. Most of the CSB belong to the phylum

Proteobacteria, in particular the class Gammaproteobacteria (Thiomicrospira,
Thioalkalimicrobium, Thioalkalivibrio, Thiothrix, Thiohalospira, Thiohalomonas,
Halothiobacillus, and the Acidithiobacillaceae), the class Betaproteobacteria (5
Thiobacillus spp. and Sulfuricella denitrificans), the class Alphaproteobacteria (2
Starkeya spp. and Thioclava pacifica), and the class Epsilonproteobacteria

(3 Sulfurimonas spp., Sulfurovulum, and Thiovulum) (Table 3).

Table 2 Anoxygenic phototrophic sulfur bacteria using reduced inorganic sulfur compounds as

electron donors (list incomplete).

Purple Sulfur Bacteria Green Sulfur Bacteria Purple Non-Sulfur Bacteria

Allochromatium vinosum Ancalochloris Blastochloris

Amoebobacter Chlorobaculum tepidum Phaeovibrio

Chromatium Chlorobium Rhodobaca

Ectothiorhodosinus Chloroherpeton Rhodobacter capsulatus

Ectothiorhodospira Clathrochloris Rhodobium

Halochromatium Pelodictyon Rhodomicrobium

Halorhodospira halophila Prosthecochloris Rhodopila

Isochromatium Rhodoplanes

Lamprobacter Rhodopseudomonas palustris

Lamprocystis Rhodospira

Marichromatium Rhodospirillum rubrum

Rhabdochromatium Rhodothallasium

Thermochromatium Rhodovibrio

Thioalkalicoccus Rhodovivax

Thiobaca Rhodovulum

Thiocapsa roseopersicina Roseospira

Roseospirillum

Thiococcus Rubrivivax

Thiodictyon

Thiocystis

Thioflavicoccus

Thiolamprovum

Thiopedia

Thiophaeococcus

Thiorhodococcus

Thiorhodovibrio

Thiorhodospira

Thiospirillum

Model organisms and/or major species studied are written in bold.
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In addition to the Proteobacteria, five Sulfobacillus species belong to the phylum
Firmicutes and five Sulfurihydrogenibium species belong to the phylum Aquificae.
Within the Archaea, Sulfurisphaera ohwakuensis, four Acidianus species and six

Sulfolobus species belong to the family Sulfolobaceae within the phylum

Crenarchaeota [49]. Haloalkaliphilic and neutrophilic halophilic chemolithoau-

totrophic SOB comprise four and seven different groups, respectively, within the

Table 3 Colorless sulfur bacteria: obligately and facultative chemolithoautotrophic genera able

to gain energy from oxidizing inorganic sulfur compounds (list incomplete).

Obligately Chemolithoautotrophic Genera Facultative Chemolithoautotrophic Genera

Acidianus* Acidianus*

Acidithiobacillus* Acidiphilium

Aquifex Acidithiobacillus*

Arcobacter Alkalilimnicola

Beggiatoa* Aquaspirillum

Halothiobacillus Beggiatoa*

Hydrogenivirga Hydrogenobacter

Hydrogenovibrio Magnetospirillum

Sulfolobus* Paracoccus

Sulfuricella Pseudaminobacter

Sulfuricurvum Sphaerotilus

Sulfurihydrogenibium* Starkeya

Sulfurimonas Stygiolobus

Sulfurivirga Sulfobacillus

Sulfurovum Sulfolobus*

Thermithiobacillus* Sulfurihydrogenibium*

Thermothrix* Sulfurisphaera

Thioalkalibacter Sulfuritalea

Thioalkalimicrobium Sulfurococcus

Thioalkalispira Tetrathiobacter

Thioalkalivibrio Thermithiobacillus*

Thiobacillus* Thermocrinis

Thiobacter Thermothrix*

Thiofaba Thiobacillus*

Thiohalobacter Thioclava

Thiohalomonas Thiomargarita

Thiohalophilus Thiomonas

Thiohalorhabdus Thioploca

Thiohalospira Thiosphaera

Thiomicrospira Thiospira

Thioprofundum Thiothrix

Thiovirga

Thiovulum

Archaebacteria are written in bold.

*Genera containing both facultative and obligately chemolithoautotrophic species.
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Gammaproteobacteria [52]. CSB can be found wherever reduced sulfur compounds

are available (e.g., in soils sediments, at aerobic/anaerobic interfaces in water, and

at volcanic sources such as the hydrothermal vents). CSB growing at neutral to

slightly alkaline pH values are found in soils, freshwater, and marine sediments

[52]. The acidophilic CSB are mainly found in acid mine-drainage water.

1.2 Properties and Toxicity of Hydrogen Sulfide

The toxicological effect of H2S was first described in 1713 by Ramazzini and

Scheele was the first one to synthesize H2S gas [1]. H2S is a small gaseous molecule

freely permeable through a membrane. Like CO and NO, H2S fulfills all of the

criteria to define a gasotransmitter of clinical relevance [1, 53]. H2S is produced

endogenously by 3 enzymes in mammalian cells and plays important roles in

physiological and pathophysiological conditions [1].

H2S is the only product excreted from the dissimilatory sulfur metabolism of

SRB. If sulfate is the energetically stable form of sulfur under aerobic conditions,

H2S is the stable form under anaerobic reduced conditions. Intermediary oxidation

states of sulfur (such as sulfite, thiosulfate, and elemental sulfur) may be formed in

natural habitats by incomplete biological or chemical oxidation of sulfide, or during

anaerobic sulfide oxidation by purple and green sulfur microorganisms.

Under ambient temperature and pressure, H2S (CAS registry number: 7783-06-4)

is a colorless and flammable gas heavier than air (d¼ 1.19), slightly soluble in water,

with a molecular weight of 34.08. The smell of H2S is characteristic of rotten eggs or

the obnoxious odor of a blocked sewer. The melting point of H2S is �82.3 �C, its
boiling point is �60.3 �C, and its freezing point is �86 �C. H2S is a weak acid in

aqueous solution with an acid dissociation constant (pKa) of 6.76 at 37 �C. H2S is a

highly lipophilic molecule and can diffuse through cell membranes without facilita-

tion of membrane channels. The half-life of H2S in air varies from 12 to 37 hours.

Ambient air H2S comes from two different sources. Inorganic H2S sources

include volcanic gases, sulfur deposits, petroleum refinery, natural gas, manure

pits, pulp and paper mill industry, and sulfur springs. Organic H2S sources include

bacteria and decomposition of organic matters such as released from sewers, water

treatment plants, or septic tanks.

Sulfide is a well-known toxin with the potential to harm organisms through, for

example, mitochondrial depolarization [54], decreased hemoglobin oxygen affinity

[55], inhibition of twenty enzymes involved in aerobic metabolism [56], and

reversible inhibition of cytochrome c oxidase [57]. H2S is as toxic as hydrogen

cyanide (HCN) because of the capacity of their corresponding anions S2� and CN�

to coordinate and precipitate metal cations [58]. H2S is the primary toxic form of

the compound because of its ability to diffuse across cellular membranes.
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1.3 Effects of Hydrogen Sulfide on Gene Expression
and Physiology of Desulfovibrio vulgaris Hildenborough

H2S is toxic to most life forms including the SRB themselves for which its presence

presents a stress, which these organisms must overcome. The activity of SRB is

influenced by the presence of metals such as iron, manganese, copper, cadmium,

nickel, lead, and zinc. Inhibitory or even lethal effects are observed at high

concentrations of heavy metals, while a low concentration could promote the

SRB activity [59]. Most SRB tolerate more than 10 mM sulfide and sulfate reducers

growing on aromatic hydrocarbons formed as much as 25 mM sulfide before growth

ceased. Some Desulfotomaculum species are more sensitive to sulfide, which

affects their growth at concentrations of 4–7 mM [59]. Sulfidic sulfur can be present

in three different forms (H2S, HS
�, and S2�) of which the relative fractions depend

on the pH of the environment, see reactions (4) and (5) [60].

H2S ! Hþ þ HS� pKa1 ¼ 6:97 25 �Cð Þ ð4Þ
HS� ! Hþ þ S2� pKa2 ¼ 12:9 25 �Cð Þ ð5Þ

The response of Desulfovibrio vulgaris Hildenborough (hereafter referred to as

D. vulgaris H) cells to high sulfide stress has been determined [60]. The growth of

D. vulgaris H cells was compared in an open system, where sulfide was removed as

H2S by continuous gassing (low sulfide, 1 mM), with a closed system, where sulfide

was accumulated (high sulfide, 10 mM). High sulfide decreased the final cell

density by 33 % and the specific growth rate constant by 52 %, indicating a decrease

in bioenergetics fitness. Under high sulfide conditions the transcription of ribosomal

protein-encoding genes was decreased, in agreement with the lower D. vulgaris H
growth rate. The expression of the DsrD gene, located downstream of the Dsr genes

was also strongly down-regulated. In contrast, the expression of many genes

involved in proteolysis, stress response, and iron accumulation were increased.

High sulfide represents a significant stress condition, in which the bioavailability of

metals like iron may be lowered [60].

2 Enzymology of Hydrogen Sulfide Production
from Sulfate

2.1 Enzymology of Dissimilatory Sulfate Reduction

The hallmark characteristic of microorganisms utilizing dissimilatory sulfate reduc-

tion is the production of copious amounts of H2S. Prior to reduction, sulfate must be

activated by ATP sulfurylase to produce adenosine 5’-phosphosulfate (APS) plus

pyrophosphate (PPi), reaction (6).
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SO2�
4 þ 2 Hþ þ ATP ! APS þ PPi ΔG0’ ¼ þ46:0 kJ=mol 41½ � ð6Þ

The sulfate activation reaction is thermodynamically unfavorable and depletion

of end products (APS and PPi) is required to favor APS production. Hydrolysis of

PPi by a cytoplasmic inorganic pyrophosphatase (EC 3.6.1.1) producing inorganic

phosphate, enhances the production of APS, reaction (7).

PPi þ H2O ! 2 Pi ΔG0’ ¼ �21:9 kJ=mol 41½ � ð7Þ

Metal ions (Zn2+, Mn2+, Co2+, Mg2+) are known to stabilize inorganic

pyrophosphatases of SRB with greatest activity observed with Mg2+ [61, 62].

SRB use APS reductase to catalyze the production of HSO�
3 from APS. The

reaction of APS/AMP+HSO�
3 is slightly exergonic with E0’¼� 60 mV [41]. Pro-

duction of H2S from APS is a two step process. APS reductase catalyzes the two

electron reduction of APS to hydrogen sulfite (reaction 8) [41] which is followed by

the six electron reduction converting hydrogen sulfite to sulfide by dissimilatory

sulfite reductase (reaction 9).

APS þ H2 ! HSO�
3 þ AMP þ Hþ ΔG0’ ¼ �68:9 kJ=mol 41½ � ð8Þ

HSO�
3 þ 3 H2 ! HS� þ 3 H2O ΔG0’ ¼ �171:7 kJ=mol 41½ � ð9Þ

While dissimilatory sulfate reduction proceeds, SRB also use the assimilatory

sulfate reduction pathway to synthesize the amino acid cysteine. In both sulfate

reduction pathways, sulfate is activated to APS by ATP sulfurylase.

Initially, it was proposed that a trithionate pathway was used to metabolize

intermediates produced by the dissimilatory sulfate reduction and several reports

with cell-free systems supported this [63–71]. However, there is no convincing

evidence for the presence of trithionate reductases in SRB, either by genome

analysis or biochemically, and thiosulfate reductases have been reported only in a

few SRB. It is probable that under general growth conditions trithionate and

thiosulfate are not produced as intermediates in dissimilatory sulfite reduction

[72–74].

2.2 ATP Sulfurylase

ATP sulfurylase (ATPS) is also known as adenylylsulfate pyrophosphorylase or

sulfate adenylyltransferase (EC 2.7.7.4) and is a product of the ppa gene. The

pathway utilizing ATPS is indicated in Figure 3.

For optimal activity, ATPS from Desulfotomaculum (Dst.) (formerly Clostrid-
ium) nigrificans and D. desulfuricans strain 8303 require Mg2+ to neutralize the
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charge on ATP and PPi (reaction 10) [75, 76]. Inhibitors of ATP sulfurylase include

CrO2�
4 , MoO2�

4 , and WO2�
4 which produce unstable intermediates.

ATP-Mg þ SO2�
4 ! APS þ PPi-Mg ð10Þ

The ATPS from Archaeoglobus (Ar.) fulgidus DSM 4304 has a molecular mass

of 150 kDa (53.1 kDa subunits) compared to 141 kDa (46.9 kDa subunits) for the

enzyme from D. desulfuricans ATCC 27774 [77, 78]. Using extended X-ray

absorption fine structure (EXAFS) and electron paramagnetic resonance (EPR)

spectroscopies, Co2+ and Zn2+ were found to bind to three sulfur atoms and one

nitrogen atom in a tetrahedral coordination in the enzymes from D. desulfuricans
and D. gigas [78]. Such a tetrahedral Zn2+ site was observed in the crystal structure
of Thermus thermophilus ATPS [79] and analysis of the crystal structure of ATPS

from the sulfur-oxidizing purple sulfur bacterium Alc. vinosum reveals that three

cysteine residues and one histidine are involved in the zinc-binding site [75]. Sim-

ilarly, four coordinating amino residues are conserved in the ATPS of Ar. fulgidus,
Pyrodictium (P.) abyssi, Sulfolobus solfataricus, D. desulfuricans, andD. gigas [75,
80] and may be the site for Zn2+ binding. ATPS occurs in dissimilatory sulfate-

reducing microorganisms as homotrimers with a zinc ion bound to each monomer

[78] and in dissimilatory SOB, ATPS is a homodimer [75]. From structural and

genetic analysis, adjacent monomers of ATPS from Alc. vinosum have the

GXXKXXD sequence and zinc ion stabilizes the APS and PPi binding sites

Figure 3 Pathway for sulfide production from dissimilatory sulfate reduction by Desulfovibrio
species.
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[75]. The binding of cobalt to ATPS is unresolved at this time but may contribute to

stability of the polymeric structure [78].

2.3 Dissimilatory Adenylylsulfate Reductase

In the pathway of sulfate reduction, APS is reduced to sulfite by APS reductase

(APSR) (adenylylsulfate reductase, EC 1.8.99.2). A αβ heterodimer forms the basic

enzyme unit with the active site FAD located in the AprA subunit and two

ferredoxin-like [4Fe-4S] clusters in the AprB subunit. The crystal structure of

APSR has been reported for D. gigas at 3.1 Å [81] and for Ar. fulgidus at 1.6 Å
[82]. Using homology modeling of 20 different species, Meyer and Kuever [83]

have compared the dissimilatory APSR (AprBA) of SRP and SOB and report that

the protein matrix around the [4Fe-4S] clusters and the FAD cofactor show high

similarity.

The D. gigas APSR has a hexamer structure consisting of six αβ heterodimers

[81]. The α subunit of D. gigas APSR has a distinct region that binds FAD; another

area is the capping attributed to the specific molecular configuration and the third is

the helical domain [81]. FAD is attached to the α subunit domain by six hydrogen

bonds and a shallow cleft is formed in the α subunit by the action of the FAD and

helical domains. The β subunit of D. gigas APSR has a domain for binding the

[4Fe-4S] cluster, a segment that contains the β-sheet protein and the C-terminal

region. In formation of the dimer, the domain of the β subunit containing the

[4Fe-4S] clusters is buried in the shallow cleft occurring in the α subunit. The

β-sheet protein and the C-terminal domains stabilize the interaction between the α
subunit and β subunit of APSR. Cluster I [4Fe-4S] is buried in the β subunit while

cluster II [4Fe-4S] is located on the surface of the β subunit where it presumably

acquires electrons from the electron donor [81]. The redox potentials for the cluster

I and cluster II are 0 and �400 mV, respectively [84]. The electron donor for the

dissimilatory APSR in SRB is the membrane QmoABC complex [85]. Using

deletion mutants of D. vulgaris H, it has been shown that the Qmo complex

(qmoABC genes) is not essential for sulfite or thiosulfate reduction [86]. The

proximity of AprBA genes to QmoABC for D. gigas and D. vulgaris H are given

in Figure 4.

A comparison of theD. gigasAPSR crystal structure with the structure of the Ar.
fulgidus enzyme reveals considerable similarity [81]. The α and β subunits from Ar.
fulgidus APSR have the same three domains in each subunit as the D. gigas APSR.
In the β subunit from Ar. fulgidusAPSR, the redox potential for cluster I [4Fe-4S] is
�60 mV while that for cluster II [4Fe-4S] is –520 mV [82]. The C-terminus of the

D. gigas APSR β subunit is longer than the C-terminus of Ar. fulgidus APSR.
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2.4 Sulfite Reductases

Two classes of sulfite reductases can be defined in SRP on the basis of their

physiological function. The first class comprises the low-molecular-mass and

low-spin sulfite reductases, also called assimilatory-type sulfite reductases (aSiR)

(EC 1.8.99.1). They have a molecular mass around 27 kDa, consist of a single

polypeptide chain and contain one [4Fe-4S] cluster coupled to a siroheme in a

low-spin state [87]. The second class is constituted by the high-spin dissimilatory

sulfite reductases (EC 1.8.99.3) dSiR, which possess a molecular mass around

200 kDa and a complex molecular architecture hosting siroheme centers and

[4Fe-4S] clusters. While dSiR is preferred it had been customary to refer to

dissimilatory sulfite reductase as Dsr and currently the genes for dSiR are desig-

nated as dsr and their gene products as Dsr. Both aSiR and dSiR enzymes have iron-

sulfur clusters and an iron-chelating sirohydrochlorin referred to as siroheme [88].

2.4.1 Dissimilatory High-Spin Sulfite Reductase

High-spin dSiR has either an α2β2 structure, as in the case of Ar. fulgidus [89] while
some SRB have an α2β2γmδn multimeric structure, with α 50 kDa, β 45 kDa,

γ 11 kDa, and δ 8 kDa [90, 91]. Catalytic activity of dSiR is attributed to the α2β2
structure and the third protein, γ subunit (DsrC), is an independent protein that

functions as a sulfur carrier protein to facilitate the release of H2S following

reduction of sulfite (Figure 3) [92, 93]. The reduced sulfur atom forms a persulfide

with a conserved cysteine on DsrC, the γ subunit, and with the release of sulfide, the

Figure 4 Genes for dissimilatory sulfate reduction in D. vulgaris Hildenborough and D. gigas
DSM 1382. (a) Loci of genes for adenylyl sulfate reductase (AprAB), sulfate adenylyl transferase
(Sat), and heterodisulfide reductase (QmoABC). (b) Loci of genes for dissimilatory sulfite

reduction (DsrABD) and cobyrinic acid a,c–diamide synthase (C-synthase). Draft sequence is

used for D. gigas.
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intramolecular disulfide linkage of DsrC is reformed by interaction with DsrK, a

subunit of the DsrMKJOP transmembrane complex [94–96]. The DsrD, δ subunit,

lacks cysteine residues [97] and has no function in electron transport.

Five different types of enzymes belonging to the high-spin DSR class

(desulfoviridin, desulfofuscidin, desulforubidin, P-582, and Archaeal) have been

isolated and characterized from different genera of SRP [2, 15, 16]. These five

enzymes differ mainly by the behavior of their siroheme moieties, their major

optical absorption, and EPR spectra [2, 15, 16] (Table 4).

Metals as cofactors are important in dSiR with each α2β2 structure having

associated with it two sirohemes, a [4Fe-4S] cluster closely associated with each

siroheme and four ferredoxin-type [4Fe-4S] clusters at some distance from the

sirohemes. The binding of a siroheme and the [4Fe-4S] cluster to the α subunit and

β subunit would be attributed to the (Cys-X5–Cys)–Xn–(Cys-X3–Cys) arrangement

[98]. Binding of the ferredoxin-type [4Fe-4S] clusters to the α and β subunits is

predicted to follow the arrangement of Cys-X2–Cys-X2–Cys that is preceded or

followed by a Cys-Pro sequence [99–101].

2.4.1.1 Desulfoviridin-Type Sulfite Reductase

The green protein, desulfoviridin, is the dSiR characteristic of the genus

Desulfovibrio but it has also been found in some species of the generaDesulfococcus,
Desulfomonile, Desulforegula, and Desulfonema [15, 90, 102–105]. The structure of
the dSiR ofD. vulgarisHwas reported to be a α2β2γ2 structure [67] and similar to the

α2β2γ2 structure found in D. vulgaris oxamicus (Monticello), D. gigas, and

D. desulfuricans ATCC 27774 [106]. DsrA and DsrB in D. vulgaris H are the

products of the dsrAB operon while dsrC, which encodes for DsrC, is located at

another site on the chromosome [95, 96].

Associated with the α2β2 structure are two sirohemes and two sirohydrochlorins

which are positioned at the interface of DsrA and DsrB. The sirohydrochlorin

accounts for the absorption maximum at 628 nm. The sulfur atom from sulfite,

the substrate, is bound to the iron atom of siroheme in DsrA and this region is

surrounded by basic amino acids. The other side of the siroheme is surrounded by

residues from DsrB. Access to this catalytic site is through a positively charged

channel; however, a similar channel is lacking in the region where sirohydrochlorin

is bound to DsrA [95, 96]. The D. vulgaris H DsrC subunit is in close proximity to

the cleft formed between DsrA and DsrB. The C-terminus of DsrC contains a

cysteine moiety which may interface with the siroheme and may participate in

the catalytic reaction. Oliveira et al. [95, 96] propose that the initial reduction of

sulfite is a four and not a six electron step with S0 formed as an intermediate

product. S0 would interact with the terminal cysteine on DsrC to form a persulfide

which would be reduced to sulfide. Reduction of DsrC could be achieved by

heterodisulfide reductase activity of the membrane-bound DsrMKJOP which has

an appropriate iron-sulfur center for this reduction process [107].
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Adjacent to the genes for dissimilatory sulfite reduction in D. vulgaris H is a

gene that encodes for DsvD, a peptide of only 78 amino acids [108]. A similar gene

encoding 77 amino acids is also present in the genome of Ar. fulgidus and it is

downstream of the dsrB gene. The DsvD, also known as DsrD, is not the γ subunit
and would not be associated with electron transfer because it lacks cysteine residues

[97]. DsvD has structural homology to DNA-binding proteins and may have a role

in transcription or translation [109].

D. gigas is a unique sulfate reducer in the sense that it has a multimeric

dissimilatory sulfite reductase. Dsr-I and Dsr-II have enzymatic activity while

Dsr-III is inactive [92]. The α2β2γ2 structure of Dsr-I type from D. gigas contains
eight [4Fe-4S] clusters, two planar sirohydrochlorins and two saddle-shaped

sirohemes while the Dsr-II type contains two sirohemes, two hydrochlorins, two

[3Fe-4S] clusters, and six [4Fe-4S] clusters [92]. Dsr-III from D. gigas has iron-
sulfur clusters similar to Dsr-II and the inactivity of Dsr-III is attributed to the

absence of iron in the siroheme [92].

Analysis of the sirohydrochlorin from several Desulfovibrio species reveals that

it is different from that isolated from Escherichia (E.) coli.Notably, one of the eight
carboxylates of the tetrapyrrole moiety is replaced by an amide group at the

2’-acetate [110]. Additional [4Fe-4S] clusters, referred to as remote iron-sulfur

clusters, are located on the surfaces of the α and β subunits. In D. gigas, the S atom

of sulfite binds to the Fe of the siroheme and a positively charged arginine along

with two lysine moieties in the α subunit has an electrostatic interaction with the

three oxygen atoms on sulfite. Another arginine forms hydrogen bonding with

sulfite and directs the release of sulfide and water molecules through a positively

charged water channel.

The γ subunit of D. gigas Dsr-I is aligned adjacent to the α/β subunits and the

C-terminus of the γ subunit is proposed to have multiple conformations that may

influence catalytic function. It has been proposed that activity of the C-terminus of

the γ subunit could explain the mechanism for three products (sulfide, thiosulfate,

and trithionate) produced by Dsr [92]. The association of dsr genes in D. gigas and
D. vulgaris H is given in Figure 4.

2.4.1.2 P-582-Type Sulfite Reductase

P-582-type sulfite reductase has only been reported in several species of the spore-

forming SRB genera Desulfosporosinus and Desulfotomaculum [15, 25, 65,

111]. The structure of dSiR from Dst. thermocisternum, a Gram-positive thermo-

philic sulfate reducer, has been deduced from gene analysis [112]. From cloning

and sequence analysis, it is suggested that the dsr operon inDst. thermocisternum is

similar to that of Ar. fulgidus and D. vulgaris H in terms of sequence and gene

organization.

The dsrA gene encodes for a protein of 54.1 kDa with a 76 % similarity to Ar.
fulgidus DsrA and an 83 % similarity to DsrA of D. vulgaris H. Down-stream of the

dsrA gene in Dst. thermocisternum is the dsrB gene and it encodes a protein of
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44.2 kDa with an 89 % similarity to the Ar. fulgidus DsrB. Down-stream from the

dsrB is the dsrD gene which encodes for a peptide of 11.1 kDa and the DsrD, a

hypothetical δ-polypeptide, has a projected sequence identity of 38 % with Ar.
fulgidus DsrD and 41 % identity to D. vulgaris H DsrD. The proposed operon for

dissimilatory sulfite reductase in Dst. thermocisternum consists of dsrABD.

2.4.1.3 Desulforubidin-Type Sulfite Reductase

The red brown protein, desulforubidin, belongs to the genera Desulfohalobium,
Desulfosarcina, Desulfomicrobium, Desulfocurvus, Desulfobulbus, Desulfofustis,

and Desulfobacter [2, 39, 113, 114]. The crystal structure at 2.5 Å resolution of the

Desulfomicrobium (Dsm.) norvegicum dSiR was reported by Oliveira et al. [93].

Due to the distinctive spectral characteristics, the dSiR is a desulforubidin-type with

the α2β2γ2 structure and the isolated complex contains two DsrC proteins. TheDsm.
norvegicum dSiR contains four siroheme groups and eight [4Fe-4S] clusters.

One of the cofactors in the dSiR is a siroheme bound to a [4Fe-4S] cluster and

each of the peptides making up the α2β2 structure contains a siroheme-[4Fe-4S]

moiety. The siroheme-[4Fe-4S] component is at the interface of the DsrA and DsrB

structures with the [4Fe-4S] cluster bound into the DsrB subunit. It is suggested by

Oliveira et al. [93] that the two siroheme-[4Fe-4S] cofactors bound in the DsrA

structures are not involved in the enzymatic sulfite reduction because they are not

readily accessible. In comparison, the site where the possibly inactive siroheme-

[4Fe-4S] is bound in Dsm. norvegicum is occupied by a sirohydrochlorin in

D. vulgaris H and D. gigas. The DsrC of Dsm. norvegicum has a helical structure

where the C-terminal segment of the protein is flexible and is inserted in the cleft

between DsrA and DsrB.

The dSiR produced by Desulfobacter (Dba.) vibrioformis and Desulfobulbus
(Dbu.) rhabdoformis is of the desulforubidin-type and the operons for dSiR were

characterized by gene analysis [115]. As in the case of dSiR from the genera

Desulfovibrio, Desulfotomaculum, Desulfomicrobium, and Archaeoglobus, the α
and β subunits of dSiR in Dba. vibrioformis and Dbu. rhabdoformis are encoded on
dsrA and dsrB, respectively. The polypeptide encoded on dsrA is 48–50 kDa and for

dsrB is 42–43 kDa inDba. vibrioformis andDbu. rhabdoformis, respectively, and is
comparable to polypeptides reported for other siroheme-containing sulfite reduc-

tases. Important characteristics of siroheme-containing dSiR are the homology

region of H1-H5 and the binding site for the ferredoxin motif [116, 117] and

these are also present in Dba. vibrioformis and Dbu. rhabdoformis. High sequence

identity was reported when dsrA and dsrB from Dba. vibrioformis and Dbu.
rhabdoformis were compared to respective genes found in D. vulgaris H, Dst.
thermocisternum. Ar. fulgidus, Ar. profundus, Pyb. islandicum, and

Allochromatium (Alc.) vinosum.
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Also in the dsr operons of Dba. vibrioformis and Dbu. rhabdoformis was dsrD
which would encode a polypeptide of 9.8–8.7 kDa [115]. While the DsrD function

is unknown, its distribution appears to be only in sulfate-reducing microorganisms.

Very good sequence similarity of DsrD between Dba. vibrioformis, Dbu.
rhabdoformis, D. vulgaris H, Dst. thermocisternum, Ar. fulgidus, and Ar.
profundus, was reported. A gene comparable to dsrD appears absent in Pyb.
islandicum and Alc. vinosum. The dsr operons of Dba. vibrioformis and Dbu.
rhabdoformis contain a gene, dnrN, that encodes for a 53 kDa protein of unknown

function. The dsrN shows considerable homology to cbiA, a gene for amination of

cobyrinic acid to cobyrinic acid a,c-diamine [118]. Larsen et al. [115] suggest a
possible role for DsrN in sulfate reducers as the amidation of siroheme since

siroamide is a prosthetic group present in sulfite reductase of Desulfovibrio
species [110].

2.4.1.4 Desulfofuscidin-Type Sulfite Reductase

The dark brown-colored protein, desulfofuscidin is the dSiR of thermophilic

eubacterial sulfate reducers such as Thermodesulfovibrio strains hydrogeniphilus
and yellowstoni and Thermodesulfobacterium (T.) commune and T. mobile
[119–121]. The reduction of sulfite by T. mobile and T. commune is accomplished

by a sulfite reductase that has the α2β2 subunit structure.
The tetrameric dSiR from T. commune has a molecular mass of 167 kDa and

consists of nonidentical subunits of approximately 47 kDa [120], compared to

175 kDa (gel filtration) or 190 kDa (sedimentation equilibrium) found for the

dSiR from T. mobile, with subunits of 38–44 kDa [119]. Spectral absorption

maxima of dSiR from T. commune are at 576, 389, and 279 nm while for dSiR

T. mobile these are at 578, 392, and 281 nm. Four siroheme groups are found in the

dSiR of T. mobile and T. commune with four [4Fe-4S] clusters in T. commune [69]
and eight [4Fe-4S] clusters in T. mobile [119]. The EPR spectrum of

desulfofuscidin exhibits resonances assigned to high-spin Fe(III) heme centers,

with g values of 7.02, 4.81, and 1.91 for the enzyme from T. commune [120], and
7.26, 4.78, and 1.92 for the enzyme from T. mobile [119].

2.4.1.5 Archaeal-Type Sulfite Reductase

The dissimilatory Ar. fulgidus sulfite reductase accounts for 0.5 % of the soluble

proteins and the isolated enzyme occurs as a tetramer with an α2β2 structure

[117]. The oxidized enzyme has an α-absorption maximum at 593 nm; upon

reduction with dithionite, the maximum shifts to 598 nm. In the oxidized protein

an absorption band with a maximum at 715 nm is observed; however, this band

disappears upon dithionite reduction suggesting that the siroheme is in the high-

spin state [117, 122].
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Ar. veneficus grows with dissimilatory sulfite or thiosulfate reduction but is

unable to couple growth to the transfer of electrons from the electron donor to

sulfate [123]. The Dsr gene locus of Ar. profundus has dsrA contiguous to dsrB
[112]. The DsrD, as product of Ar. profundus dsrD, is projected to be about 9.3 kDa
and would be comparable to the γ subunit present in the dSiR of Desulfovibrio
species where it functions in sulfite-binding [108]. Downstream of dsrABD in both

Archaeoglobus species is a gene for ferredoxin and this is significant because

ferredoxin may be the electron donor for enzymatic sulfite reduction.

2.4.2 Oxy-Sulfur Reductases in Non-sulfate Reducers

There are several genera of bacteria that are capable of reducing tetrathionate,

thiosulfate, and sulfite to H2S (see reactions 11, 12, and 13), respectively. Sulfite, an

intermediate of dissimilatory sulfate reduction, is readily utilized by SRB and the

metabolism of tetrathionate or thiosulfate with the production of sulfide is covered

in Section 2.1. In the environment, thiosulfate is found in marine and freshwater

sediments [124] and in the lumen of mammalian large intestine [125]. Tetrathionate

is present in soils, where SRB are growing [126], and is produced in the gut as a

result of inflammatory response [127]. Several microorganisms that are taxonom-

ically unrelated have enzymes that function under anaerobic conditions as facili-

tating sulfite respiration (reactions 11, 12, and 13) [20].

S4O
2�
6 þ 2 e� ! 2 S2O

2�
3 E0’ ¼ þ170 mV 41½ � ð11Þ

S2O
2�
3 þ 2 Hþ þ 2 e� ! SO2�

3 þ H2S E0’ ¼ �402 mV 41½ � ð12Þ
SO2�

3 þ 8 Hþ þ 6 e� ! H2S þ 3 H2O E0’ ¼ �160 mV 41½ � ð13Þ

The sulfite reductase, Fsr, present in Methanocaldococcus jannaschii (Mr

70 kDa) could have arisen from gene fusion since the N-terminal part of the enzyme

is a homolog of the β subunit of coenzyme F420-reducing hydrogenase (FpoF or

FqoF) while the C-terminal half has homology to DsrA and DsrB of the siroheme-

containing dSiR [128]. A homolog of this bifunctional sulfite reductase from

Methanocaldococcus jannaschii is also present in Methanopyrus kandleri and

Methanococcoides burtonii [129].
The dissimilatory sulfite reductase, dSiR, of Bilophila wadsworthia has a α2β2γn

(n� 2) multimeric structure. This enzyme has an absorption maximum at 630 nm

[130] indicating that it is a desulfoviridin-type enzyme. The α subunit (Mr 49 kDa)

contains the siroheme-[4Fe-4S] while the β subunit polypeptide is 54 kDa. The β
subunit is a fusion protein resulting from fused dsrB and dsrD genes. Based on

phylogenic analysis, Bilophila wadsworthia is closely related to D. desulfuricans
Essex 6 and at one time may have been a dissimilatory sulfate reducer [130].

An inducible dissimilatory sulfite reductase in Clostridium pasteurianum couples

growth to the reduction of sulfite [131]. The isolated enzyme (Mr 83.6 kDa), has an
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absorption maximum at 585 nm, but has no siroheme cofactor. Using reduced methyl

viologen as the electron donor, thiosulfate or trithionate could not replace sulfite;

however, nitrite and hydroxylamine were slowly reduced by the sulfite reductase.

Respiratory-linked tetrathionate reduction is present in soil bacterial communi-

ties [132] and species of Citrobacter, Proteus, Salmonella, and Pseudomonas
[133]. In Salmonella (Sal.) enterica Serovar Typhimurium, tetrathionate reductase

is encoded on the ttr operon with expression controlled by the global regulator

OxrA. This membrane-bound tetrathionate reductase is induced by tetrathionate

and has a bis-molybdopterin guanine dinucleotide (MGD) cofactor [134].

Dissimilatory thiosulfate reduction is found in numerous environmental bacteria

including Shewanella oneidensis [135] and enteric bacterial pathogens [125] such

as Sal. enterica. Anaerobic thiosulfate reductase activity (reaction 12; EC 1.97.1-)

in Sal. enterica is linked to the plasma membrane and the enzyme is a product of the

phsABC operon. Subunit phsA contains the active site and the cofactor MGD

[136]. The cytochrome b subunit, phsC, is an integral membrane protein that

contains two heme cofactors and a site to interact with the electron donor,

naphthoquinone-8 [125]. Subunit phsB has four iron-sulfur clusters which transfer

electrons between the subunits phsA and phsC.

Sulfite is reduced to sulfide by a cytoplasmic sulfite reductase and in Sal.
enterica the anaerobic sulfite reductase is a product of the chromosomal asr
(anaerobic sulfite reduction) operon [137, 138] with asrA, asrB, and asrC encoding

for peptides of 40, 31, and 37 kDa, respectively. From genome analysis, it is

predicted that a [4Fe-4S] ferredoxin is present in both the asrA and asrC peptides

and a siroheme in the asrC subunit. NADH is proposed to be bound into the asrB

subunit. This anaerobic sulfite reductase forms a large complex of about 360,000

Mr. An even larger complex has been detected for the assimilatory sulfite reductase

(670,000 Mr) which has an α8β4 structure with a flavin moiety in the α subunit and

siroheme plus [4Fe-4S] clusters in the β subunit [139].

Dissimilatory reduction of sulfite to sulfide by W. succinogenes is attributed to

an octaheme cytochrome c without the involvement of a coupled siroheme-

[4Fe-4S] cofactor [140]. The octaheme cytochrome c, MccA, contains a heme

bound by the unique motif of CX15CH, and is encoded on the mccABCD gene

cluster. An octaheme cytochrome c, SirA, in Shewanella oneidensis MR-1 also

displays dissimilatory sulfite reductase activity [141].

2.4.3 Low-Molecular-Mass and Low-Spin Assimilatory-Type Sulfite

Reductase from Desulfovibrio vulgaris H, Desulfuromonas
acetoxidans, and Methanosarcina barkeri

A low-molecular-mass assimilatory-type sulfite reductase has been purified and

characterized from D. vulgaris H [67, 142, 143]. This enzyme has a molecular mass

of 27.2 kDa and its optical spectrum exhibits maxima at 405, 545, and 590 nm

(Table 4). This hemoprotein is able to reduce sulfite to sulfide in the presence of

reduced methyl viologen. The specific sulfite reductase activity was 900 mU/mg

protein [87].
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The D. vulgaris H assimilatory-type sulfite reductase has been studied by

chemical, EPR, and Mössbauer techniques [143]. This protein contains one

siroheme and a single [4Fe-4S] cluster. As purified, the siroheme is in a low-spin

Fe(III) state (S¼ 1/2) which exhibits characteristic EPR resonances at g¼ 2.44,

2.36, and 1.77. Hereby, the iron-sulfur cluster is in the [4Fe-4S]2+ state. Similar to

the hemoprotein subunit of E. coli sulfite reductase, low-temperature Mössbauer

spectra of D. vulgaris H sulfite reductase also show evidence for an exchange-

coupled siroheme-[4Fe-4S] unit [143]. The presence of an assimilatory-type sulfite

reductase in D. vulgaris H is surprising because this strain produces large amounts

of sulfide during normal growth on sulfate and also because the enzymes respon-

sible for dissimilatory sulfate reduction are constitutive.

Two low molecular mass hemoproteins with sulfite reductase activity (named

P590) have been purified and characterized from two sulfur reducers: Ms. barkeri
and Drm. acetoxidans [87, 144, 145]. Both monomeric hemoproteins present

visible spectra similar to that of the low-molecular-mass and low-spin assimila-

tory-type sulfite reductase of D. vulgaris H. The Drm. acetoxidans sulfite reductase
has a molecular mass of 23.5 kDa and exhibits absorption maxima at 405, 545, and

587 nm [144]. The Ms. barkeri P590 has a molecular mass of 23 kDa and its optical

visible spectrum exhibits maxima at 395, 545 and 590 nm (Table 4) [145]. EPR

spectra of the enzyme as isolated show that the siroheme is in a low-spin Fe(III)

state (S¼ 1/2) with g-values at 2.40, 2.30, and 1.88 for theMs. barkeri P590 enzyme

and g-values at 2.44, 2.33, and 1.81 for the Drm. acetoxidans enzyme [144].

Chemical analysis shows that both hemoproteins contain one siroheme and one

[4Fe-4S] cluster per polypeptidic chain [144]. The specific sulfite reductase activity

was 906 mU/mg protein for the Drm. acetoxidans P590 enzyme and 2,790 mU/mg

protein for the Ms. barkeri enzyme [87, 144]. The Ms. barkeri P590 enzyme has a

higher specific sulfite reductase activity than that reported for the high-spin dSiR from

SRB such as desulforubidin, desulfofuscidin, and desulfoviridin [25]. The two

assimilatory-type sulfite reductases of sulfur reducers contain 5 labile sulfur atoms

and 5 iron atoms; as it is the case for the D. vulgaris H enzyme, it was postulated that

the extra sulfur atom could be the bridging ligand between the [4Fe-4S] center and the

siroheme [87]. Both hemoproteins catalyze the direct six-electron reduction of sulfite

to sulfide without the formation of free intermediates (thiosulfate and trithionate).

3 Enzymology of Hydrogen Sulfide Production
from Elemental Sulfur

3.1 Eubacterial Sulfur Reductase

3.1.1 Sulfur Reductase in Desulfovibrio and Desulfomicrobium Species

The tetraheme cytochrome c3 has the function of an elemental sulfur reductase in

several Desulfomicrobium and Desulfovibrio species from which the sulfur
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reductase activity can be copurified with the tetrahemoprotein [26, 146, 147]. An

exposed, low-potential heme of the tetraheme cytochrome c3 from Dsm.
norvegicum Norway 4 has been proposed to play an important mechanistic role.

The polysulfide chains of colloidal S0 are attacked by the reduced tetraheme

cytochrome c3, leading to a collapse of the micelles with the precipitation of S8
molecules [148].

The sulfide produced by polysulfide reduction opens up the S8 rings by a

nucleophilic attack, leading to the production of new molecules of polysulfides,

which are themselves quickly reduced to sulfide by Dsm. norvegicum tetraheme

cytochrome c3 [148]. Membranes isolated from D. gigas and Dsm. norvegicum
contained hydrogenase and c-type cytochromes and catalyzed the dissimilatory

sulfur reduction to sulfide. Sufficient hydrogenase and tetrahemic cytochrome c3
must be linked with the D. gigas cytoplasmic membrane in the correct conforma-

tion to generate proton translocation sufficient for the chemiosmotic synthesis of

ATP [149].

3.1.2 Polysulfide Reductase from Wolinella succinogenes

The mechanism of polysulfide respiration has been mainly investigated in the

epsilon proteobacterial subclass W. succinogenes [27, 32]. The membrane fraction

isolated from W. succinogenes cells grown with formate and either fumarate or

polysulfide, as electron acceptor, catalyzes the polysulfide reduction by formate or

H2. The corresponding electron transport chain consists of 8-methyl-menaquinone,

polysulfide reductase, and either hydrogenase or formate dehydrogenase. The

isolated polysulfide reductase consists of the three subunits predicted by the

psrABC operon, and contains a molybdenum ion coordinated by two molecules

of MGD. A model of this membrane association with coupled proton pumping

during sulfur respiration is given in Figure 5.

The PsrA subunit is the catalytic unit, PsrB is an iron-sulfur protein, and PsrC

is an integral membrane protein that serves to anchor the other subunits on the

membrane. Energy conservation via polysulfide respiration in Archaea and

Bacteria appears to be similar. Membrane-bound respiratory chains produce a

chemiosmotic potential, which is used by membrane-bound ATP synthases to

form ATP [29, 32].

3.1.3 Polysulfide Reductase from Desulfuromonas acetoxidans

The final draft genome of Drm. acetoxidans codes for a “cytochromome” of

47 putative multiheme cytochromes c [150]. This strain contains several multiheme

c-type cytochromes, the most abundant being the triheme cytochrome c7.
Polysulfides are formed in solution from the reaction of elemental sulfur with

sulfide and are probably the in vivo substrate utilized by sulfur-reducing eubacteria.
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Figure 5 Model of sulfur-reducing complexes in membranes of A. ambivalens and

W. succinogenes. PsrABC are sulfur-reducing subunits and HynABC are hydrogenase subunits

of W. succinogenes. MK¼menaquinone, SreABC are sulfur-reducing subunits and HynL, HynS,

and Isp1 are hydrogenase subunits of A. ambivalens, SQ¼ sulfolobusquinone, X¼ [4Fe-4S]

center, 2e¼ 2 electrons, and dashed lines indicates electron flow. The two vertical red lines in

HynC and Isp1 indicate the presence of two b-type hemes. Out¼ periplasm and In¼ cytoplasm.

Reproduced by permission from [25]; copyright 2012, Academic Press.
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The Drm. acetoxidans triheme cytochrome c7 is rapidly reduced by the

D. vulgaris H [Fe] hydrogenase and it can completely reduce polysulfide with a

very high specific activity of 20 μmoles of hydrogen consumed/min/mg protein

[151]. This activity is twice as high as that reported for the purified tetraheme

cytochrome c3 with the highest specific SR activity from Dsm. norvegicum [26,

147]. These results indicate that cytochrome c7 is probably the true terminal sulfur

reductase in Drm. acetoxidans but the physiological electron donor for this triheme

protein remains to be found.

3.1.4 Sulfur Oxidoreductase from Sulfurospirillum deleyianum

The S. deleyianum DSM 6946 sulfur oxidoreductase (SR) is a constitutive cyto-

plasmic enzyme. The S. deleyianum SR is energized by a [Ni-Fe] hydrogenase and

is several times more active in crude extracts than in other sulfur-reducing

eubacteria [27]. Sulfur reduction is enhanced by the presence of thiols and the SR

contains at least one [4Fe-4S] center but no b- or c-type cytochromes [27].

3.2 Archaebacterial Sulfur Reductase

3.2.1 Membraneous Sulfur Reductase Complex from Acidianus
ambivalens

The acidophilic Acidianus (A.) ambivalens DSM 3772 grows on elemental sulfur at

80 �C. A hydrogenase-sulfur reductase complex (SR) has been isolated from the

membrane of A. ambivalens and the Sr subunits are similar to those found in

W. succinogenes [25] (Figure 5). SR is a molybdoenzyme belonging to the DMSO

reductase family [152]. The SR gene cluster consists of 5 subunits. The sreA gene

produces a 110 kDa protein that has binding motifs for a [4Fe-4S] center. The sreB
gene encodes for a protein rich in cysteines and could coordinate a [4Fe-4S] center.

SreC is a hydrophobic protein that stabilizes the SR into the membrane and the role

for SreD is unresolved at this time. The hydrogenase gene cluster consists of 12 genes

and 3 of these encode for structural proteins. The HynL subunit contains nickel and

the subunit HynS contains several [Fe-S] binding motifs, making this a [Ni-Fe]

hydrogenase. The third structural gene, Isp1, is an integral membrane protein and

serves to bind the 2 other subunits into the membrane. The quinone, presumed to be

sulfolobusquinone, transfers electrons from hydrogenase to the SR.

3.2.2 Sulfur-Reducing Complex from Pyrodictium abyssi

Extensive studies on sulfur reduction have been performed with Pyrococcus (P.)
furiosus, A. ambivalens, Py. abyssi, and Py. brockii as model organisms. The

mechanism of sulfur reduction with H2, in some members of the Crenarchaeota
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(e.g., Pyrodictium species and A. ambivalens) is similar to that of some eubacteria,

such as W. succinogenes. This dissimilatory process involves two multi-subunits,

membrane-bound enzymes: a nickel-iron-containing hydrogenase and a SR or PSR.

These two enzymes together reduce sulfur to H2S with H2 as electron donor.

The composition of the described electron transfer chain shows participations of

similar [NiFe] hydrogenases and similar PSR in the case of A. ambivalens and

W. succinogenes, whereas the Py. abyssi SR seems to be different. Nine major

subunits constitute the hydrogenase-sulfur multienzyme complex isolated from Py.
abyssi DSM 6158 [153] and the subunits from Py. abyssi range from 24 to 82 kDa

with 550 kDa for the entire complex. Analysis of this complex reveals the presence

of a [NiFe] hydrogenase, a c-type heme, one or two b-type hemes, and an

undetermined number of [Fe-S] centers.

3.2.3 Sulfur Reductase from Pyrococcus furiosus

P. furiosus has been studied as the model organism for the mechanism of the

fermentation-based sulfur reduction. Two enzymes play key roles in the sulfur

metabolism: a membrane-bound oxidoreductase complex (MBX) and a cytoplas-

mic coenzyme A-dependent NADPH sulfur oxidoreductase (NSR). MBX is

encoded by an operon with 13 open reading frames and plays an essential role in

mediating electron flow to sulfur [154]. NSR is a homodimeric flavoprotein (Mr

100,000) and reduces elemental sulfur to H2S with NADPH as the electron donor

[154]. This MBX-NSR complex sulfur-reduction system has only been reported so

far in the Thermococcales.

4 Microbial Oxidation of Hydrogen Sulfide to Sulfate

The oxidative inorganic sulfur metabolism has been recently and extensively

described both in eubacterial and archaebacterial microorganisms [28, 29, 49,

155]. Here, we briefly describe enzymes or multienzyme systems involved in sulfur

compound oxidation in Bacteria and Archaea.

4.1 Archaebacterial Inorganic Sulfur Compound Oxidation

Aerobic dissimilatory sulfur oxidation is common in the order Sulfolobales of the
Crenarchaeota which frequently thrive in continental solfataric fields [29,

155]. Mechanisms of archaeal inorganic sulfur compound oxidation were almost

exclusively studied in Acidianus species with the thermoacidophilic A. ambivalens
as the model organism [28, 29].
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The initial step of A. ambivalens sulfur oxidation involves a cytoplasmic sulfur

oxygenase reductase (SOR) (EC 1.13.11.55) catalyzing the oxygen-dependent

sulfur disproportionation to form sulfide plus hydrogen sulfite [155] (reaction 14):

4 S0 þ O2 þ 4 H2O ! 2 H2S þ 2 HSO�
3 þ 2 Hþ ð14Þ

Then thiosulfate is likely produced from sulfur and hydrogen sulfite in a

non-enzymatic reaction.

SOR of A. ambivalens is a homo-oligomer composed of 24 identical monomers

and the catalytic pocket of each subunit contains a low-potential mononuclear

non-heme iron center and three conserved cysteinyl residues. The iron center is

likely the site for both sulfur reduction and oxidation [156]. The three products of

the A. ambivalens sulfur oxidation step (sulfite, thiosulfate, and sulfide) are pre-

sumably further oxidized to sulfate for energy conservation [29, 155].

Two sulfite oxidation pathways are present in A. ambivalens: (a) A membrane-

bound sulfite:acceptor oxidoreductase as part of the Sox complex; (b) An alterna-

tive indirect soluble sulfite oxidation pathway coupled to substrate-level phosphor-

ylation via APS reductase and APS:phosphate adenylyltransferase [155].

Two membrane-bound complexes are involved in A. ambivalens thiosulfate

oxidation: (a) The terminal aa3-type quinol oxidase which shuttles electrons from

the caldariellaquinone pool to O2 and consists of three subunits, which are encoded

in a single operon in the A. ambivalens genome. (b) The membrane-bound

tetrathionate-forming thiosulfate:quinone oxidoreductase which oxidizes thiosul-

fate to form tetrathionate with caldariellaquinone as electron acceptor [155, 157].

4.2 Eubacterial Inorganic Sulfur Compound Oxidation

The main enzymes or multienzyme complexes involved in sulfur compound

oxidation are present both in CSB and phototrophic sulfur bacteria [49]. PSB and

GSB use various combinations of sulfide, elemental sulfur, sulfite, and thiosulfate

as electron donors in CO2 fixation during anoxygenic photosynthetic growth

[49]. Genetic and biochemical analyses show that the dissimilatory sulfur metab-

olism of the phototrophic organisms is very complex and still incompletely under-

stood. We will only describe here the oxidative sulfur metabolism of anoxygenic

phototrophic bacteria (GSB, PSB, and PNSB).

A variety of enzymes catalyzing inorganic sulfur oxidation reactions have been

purified and biochemically and genetically characterized from PSB and GSB

[49]. Complete genome sequence data are currently available for one strain of

PSB and for ten strains of GSB. A number of genes potentially involved in the

oxidative sulfur metabolism are present both in GSB and PSB: for example, genes

for the sulfide:quinone oxidoreductase (SQR) and the sulfide-oxidizing enzyme

flavocytochrome c [49]. On a molecular biochemical and genetic level, sulfur
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compound oxidation is best characterized in the GSB Chlorobaculum tepidum and

in the PSB Alc. vinosum.

4.2.1 Oxidation of Sulfide

Enzymes that oxidize sulfide are the membrane-bound SQR and the periplasmic

flavocytochrome c sulfide dehydrogenase (FccAB, EC 1.8.2.3) [49].

4.2.1.1 Sulfide:Quinone Oxidoreductase

SQR (EC 1.8.5.4) catalyzing sulfide oxidation with an isoprenoid quinone as the

electron acceptor is present in both phototrophic and chemotrophic bacteria

[49]. SQR plays an important role for the sulfide oxidation in PSB and FccAB

appears less widespread. SQR is the only known sulfide-oxidizing enzyme that is

found in all GSB strains. SQR is a member of the flavin disulfide reductases family.

SQR of Rhodobacter capsulatus is a membrane-bound flavoprotein with its

active site located in the periplasm. The first X-ray structure for an SQR has been

recently determined to 2.6 Å resolution in A. ambivalens [158]. This membrane-

bound flavoprotein has two redox active sites: a covalently bound FAD and an

adjacent pair of cysteine residues bridged by a trisulfide bridge between the two

cysteine residues [158].

4.2.1.2 Flavocytochrome c Sulfide Dehydrogenase

Flavocytochrome c is usually a periplasmic enzyme consisting of a small FccA

cytochrome c subunit (20 kDa) and a larger sulfide-binding FccB flavoprotein

subunit (44 kDa). In vitro, flavocytochromes can catalyze electron transfer from

sulfide to a variety of small c-type cytochromes (such as Alc. vinosum cytochrome

c550) that may then donate electrons to the photosynthetic reaction center [49]. The

in vivo role of flavocytochrome c is unclear and if indeed the FccAB oxidizes H2S

in vivo, both PSB and GSB have alternative sulfide-oxidizing enzyme systems, such

as SQR, that may be quantitatively more important.

4.2.2 Oxidation of Polysulfides

Polysulfides appear to be the primary product of sulfide oxidation in a number of

PSB and GSB. The oxidation of sulfur deposits is the least understood step of sulfur

metabolism. It is currently unknown how polysulfides are converted into sulfur

globules and it could be a purely chemical, spontaneous process as longer

polysulfides are in equilibrium with S0 [49].
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Many PSB and GSB can oxidize externally supplied solid elemental sulfur.

Utilization of solid S0 must include binding and/or activation of the sulfur as well

as transport inside the cells. In the case of cyclo-octasulfur, this activation process

could be an opening of the S8 ring by nucleophilic reagents, leading to the

formation of linear organic or inorganic polysulfanes. It may be speculated that

“sulfur chains” rather than the more stable “sulfur rings” are the microbiologically

preferred form of S0 for most SOB. It has been proposed in Alc. vinosum that the

stored sulfur has to be reductively activated to the oxidation state of sulfide in order

to serve as a substrate for sulfite reductase operating in reverse performing the

six-electron oxidation of sulfide to sulfite [159].

4.2.3 Oxidation of Stored Sulfur to Sulfite

The mechanism by which the periplasmically stored sulfur is made available to the

cytoplasmic dissimilatory sulfite reductase is still unclear. The only gene region

known so far to be essential for the oxidation of stored sulfur is the dsr operon. The
reverse DsrAB of Alc. vinosum is encoded together with 13 other proteins in the dsr
operon, dsr ABEFHCMKLJOPNRS. A model of the Alc. vinosum sulfur oxidation

pathway has been proposed [160]. It is suggested that the sulfur is reductively

activated, transported to and further oxidized in the cytoplasm, since the proteins

encoded at the dsr locus are either membrane-bound or cytoplasmic and cannot act

directly on the extracytoplasmic sulfur globules [160].

4.2.4 Oxidation of Sulfite to Sulfate

Two different pathways for sulfite oxidation are known in phototrophic and

chemotrophic SOB: (a) Indirect, AMP-dependent sulfite oxidation via APS. Sulfite

is oxidized by APS reductase in a cytoplasmic reaction that consumes sulfite and

AMP and produces APS and reducing equivalents. This oxidative pathway occurs

exclusively in members of the Chromatiaceae and in some GSB. (b) Direct sulfite

oxidation by sulfite dehydrogenase (EC 1.8.2.1), typically a molybdenum-containing

protein belonging to the sulfite oxidase family of molybdoenzymes [161].

4.2.5 Oxidation of Thiosulfate

In phototrophic and chemotrophic SOB that do not form sulfur deposits a periplasmic

thiosulfate-oxidizing multienzyme complex (Sox complex) is responsible for forma-

tion of sulfate from thiosulfate. Alc. vinosum can pursue two different thiosulfate

oxidation pathways, first the complete thiosulfate oxidation to sulfate, and second

formation of tetrathionate.
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4.2.5.1 Oxidation of Thiosulfate to Tetrathionate

Alc. vinosum tetrathionate-forming thiosulfate dehydrogenase (TsdA) (thio-

sulfate:acceptor oxidoreductase EC 1.8.2.2) is a periplasmic, monomeric diheme

30 kDa cytochrome c554 with an isoelectric point of 4.2. UV-visible and EPR

spectroscopies suggest methionine and cysteine as distal axial ligands of the two

heme irons in TsdA.

4.2.5.2 Oxidation of Thiosulfate to Sulfate by the Sox Multienzyme System

Many GSB and PSB can oxidize thiosulfate completely to sulfate. The Sox complex,

a periplasmic thiosulfate-oxidizing multienzyme complex was first found and char-

acterized in Paracoccus (Pc.) versutus and Pc. pantotrophus. The Sox gene cluster of
Pc. pantotrophus comprise 15 genes (soxRSVWXYZABCDEFGH). The so-called

SoxAX cytochromes are heme-thiolate proteins playing a key role in bacterial

thiosulfate oxidation [162]. They initiate the reaction cycle of a multienzyme com-

plex in both photo- and chemotrophic SOB by catalyzing the attachment of sulfur

substrates such as thiosulfate to a conserved cysteine present in a carrier protein.

Alc. vinosum possesses five sox genes in two independent loci (soxBXA and

soxYZ) encoding proteins related to components of the Pc. pantotrophus Sox

complex. Three sox-encoded proteins were purified and characterized from Alc.
vinosum: the heterodimeric c-type cytochrome SoxXA, the monomeric SoxB

containing a dimanganese center, and the heterodimeric thiosulfate-binding protein

Sox YZ [160, 163].

In summary, Sox and Dsr proteins are absolutely essential in Alc. vinosum for the

oxidation of thiosulfate and stored sulfur, respectively. Clusters of dsr and sox
genes are also present in the only distantly related GSB as well as in the other

sulfur-storing chemotrophic and phototrophic SOB. The mechanisms of thiosulfate

oxidation via sulfur deposition and of the oxidation of deposited sulfur seem to

be evolutionary highly conserved. Studies on Alc. vinosum can help to elucidate the

sulfur oxidation pathway in other sulfur-storing bacteria. GSB oxidize sulfide and

thiosulfate to sulfate, with extracellular sulfur globules as an intermediate and

sulfur globule oxidation is strictly dependent on the dSiR system. In GSB,

depending on the strain, sulfite is probably oxidized to sulfate by one or two

mechanisms with different evolutionary origins, using either APS reductase or

the polysulfide reductase-like complex 3 [164].

5 Conclusions

Anaerobic and aerobic microorganisms play a paramount role in biological cycling

of inorganic sulfur compounds because they have developed enzyme systems to use

inorganic sulfur compounds as electron donors or electron acceptors to facilitate

growth.
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Chemolithotrophic microorganisms, primarily SRB, shuttle electrons to sulfoxy

compounds or S0 with the accumulation of H2S where sulfur is in the most reduced

form. Aerobic SOB and CSB facilitate the removal of reduced sulfur compounds with

the production of sulfate. Although there has been considerable advancement to

understand the enzymology of enzymes for production and utilization of H2S, further

studies are needed to establish gene activities for these sulfur-metabolizing enzymes.

Such genomic studies should provide an insight into ancestry for horizontal gene

transfer and to understand the energetic processes that drive the inorganic sulfur

reactions. Since considerable similarity exists in the enzymology of H2S production

and H2S utilization, future studies will be needed to determine which process

evolved first.

Furthermore, investigations of the evolutionary links between the biological

cycles of sulfur and nitrogen will be important to pursue since [4Fe-4S] clusters,

iron porphyrins, and MGD cofactors are used in enzymes for both sulfite to

hydrogen sulfide and nitrite to ammonia reduction [20].

Abbreviations and Definitions

A. Acidianus
acetyl-CoA acetyl-coenzyme A

ADP adenosine 5'-diphosphate

Alc. Allochromatium
AMP adenosine 5'-monophosphate

APS adenosine 5’-phosphosulfate

APSR adenylylsulfate reductase

Ar. Archaeoglobus
aSiR assimilatory-type sulfite reductase

asr anaerobic sulfite reduction

ATP adenosine 5’-triphosphate

ATPS ATP sulfurylase

CSB colorless sulfur bacteria

D. Desulfovibrio
Dba. Desulfobacter
Dbu. Desulfobulbus
DMSO dimethylsulfoxide

Drm. Desulfuromonas
Dsm. Desulfomicrobium
dSiR dissimilatory sulfite reductase

Dst. Desulfotomaculum
D. vulgaris H Desulfovibrio vulgaris Hildenborough
ΔG0’ standard free energy change

E. Escherichia
E0’ standard reduction potential
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EPR electron paramagnetic resonance

EXAFS extended X-ray absorption fine structure

FAD flavin adenine dinucleotide

GSB green sulfur bacteria

MBX membrane-bound oxidoreductase complex

MGD molybdopterin guanine dinucleotide

MK menaquinone

Ms. Methanosarcina
NAD nicotinamide adenine dinucleotide

NADH nicotinamide adenine dinucleotide, reduced

NADPH nicotinamide adenine dinucleotide phosphate, reduced

NSR coenzyme A-dependent NADPH sulfur oxidoreductase

P. Pyrococcus
Pc. Paracoccus
Pi inorganic phosphate

PNSB purple non-sulfur bacteria

PPi inorganic pyrophosphate

PSB purple sulfur bacteria

PSR polysulfide reductase

Py Pyrodictium
Pyb. Pyrobaculum
S. Sulfurospirillum
Sal. Salmonella
SOB sulfide-oxidizing bacteria

SOR sulfur oxygenase reductase

SQR sulfide:quinone reductase

SR sulfur reductase

SRB sulfate-reducing bacteria

SRP sulfate-reducing prokaryotes

T. Thermodesulfobacterium
W. Wolinella
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31. J. Boulègue, Phosphorus Sulfur Silicon Relat. Elem. 1978, 5, 127–128.
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