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Summary

Respiration in facultative phototrophs is a fl exible metabolic process that involves various electron donors and 
acceptors. A good example of such respiratory fl exibility can be found in Rhodobacter species, most of them 
being equipped with genes that encode fi ve distinct oxidases having different oxygen affi nities. One of these, 
the cytochrome cbb3 oxidase is prevalent at low oxygen tensions, and terminates a highly coupled electron 
transfer pathway which is formed by a ‘core’ of redox components, e.g., quinones, the cytochrome bc1 complex 
and cytochrome c, in common with the photosynthetic apparatus. Thus, by modulating expression of different 
terminal oxido-reductases that lock onto a core electron transfer pathway, Rhodobacter species can survive in 
a range of oxic, micro-oxic, and anoxic environments either in the dark or in the light.

This chapter covers fi rst the types and basic characteristics of the terminal oxidases in a few Rhodobacter
species; then, respiratory substrates other than oxygen are examined. These substrates include orthodox anaero-
bic electron acceptors such as DMSO or TMAO but also arsenics as unconventional bioenergetics substrates. 
Finally, a synopsis of the data examining the functional interactions between photosynthetic and respiratory 
ETP is given along with a phylogenetic scenario suggesting that respiration is more ancient than both anoxy-
genic and oxygenic photosynthesis.

Abbreviations: C. – Chlorofl exus; CcO – cytochrome c oxidase; 
DMS – dimethylsulfi de; DMSO – dimethylsulfoxide; E. – Esch-
erichia; HiPIP – high-potential iron-sulfur protein; Rba. – Rhodo-
bacter; RC – photochemical reaction center; Rps. – Rhodopseu-
domonas; Rsb. – Roseobacter; Rvu. – Rhodovulum; T, – Thermus; 
TMAO – trimethylamine-N-oxide; TMPD – N,N,N´,N´-tetra-
methyl-p-phenylenediamine; UQ – ubiquinone

I. Aerobic Respiration

The term ‘aerobic respiration’ refers to the process 
of transferring high-energy electrons, derived from 
reduced organic or inorganic substrates, through a 
series of electron carriers to O2. Organic and transi-
tion metal electron carriers are organized into multi-
subunit integral membrane protein complexes in the 
bacterial cytoplasmic membrane, while NADH, water 
soluble or lipid anchored cytochromes c, and lipid 
soluble quinone transfer electrons between these 
complexes. Three of these multi-subunit enzymes, 
the proton pumping NADH dehydrogenase, the cyto-
chrome bc1 complex and the terminal oxidases are 
electrogenic, in that each of them has evolved one 
or more mechanisms to convert the energy released 
by electron transfer reactions into a voltage gradient 
across the cytoplasmic membrane. The voltage gradi-
ent is used by the  F1Fo  ATP synthase to synthesize 
ATP from ADP and inorganic phosphate. In the 
longest known respiration chain, NADH, produced 
by NAD+ reduction in cytosolic reactions, is oxidized 
by NADH dehydrogenase (Fig. 1). This enzyme 
transfers electrons to membrane-soluble ubiquinone, 
which diffuses into the bilayer. Reduced quinone is 
then oxidized by the cytochrome bc1 complex that 

conveys electrons to cytochrome c. Finally, reduced 
cytochrome c is oxidized by a cytochrome c oxidase, 
which uses these electrons to reduce O2 to H2O. 
Reduced quinone (i.e., quinol) may also be oxidized 
by a quinol terminal oxidase, in a shorter chain that 
bypasses the cytochrome c pathway. Electrons may 
enter the respiratory system at various points, as 
NADH from cytosolic reactions, from reactions 
that reduce UQ (such as succinate dehydrogenase) 
or from periplasmic oxidation reactions that reduce 
various cytochromes c.

Rhodobacter (Rba.) sphaeroides and Rba. capsula-
tus are two of the most intensively studied prokaryotes 
in terms of their structural, functional and genetic 
features of aerobic respiration; as such they provide 
useful focal points for this discussion. As studies of 
the cytochrome bc1 complex and the ATP synthase are 
presented elsewhere in this volume (Chapter 22, Berry 
et al.; Chapter 23, Kramer et al.; Chapter 24, Feniouk 
and Junge), they will not be discussed here.

A. Respiratory Complexes and Electron 
Transport Carriers

1. NADH Dehydrogenase (NADH:Q 
Oxidoreductase)

The aerobic respiration system of Rba. sphaeroides
begins with the presence of two versions of the 
proton-pumping  NADH dehydrogenase (termed 
NDH-1), as predicted by the genome (Joint Genome 
Institute Microbial Genomics, 2006, http://genome.
jgi-psf.org/mic_home.html). Both predicted com-
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plexes have high similarity to the core of the more 
elaborate mitochondrial enzyme (Other groups of 
bacteria also synthesize a single-subunit, non-proton 
pumping  NADH dehydrogenase (NDH-2), and/or a 
sodium-translocating NADH dehydrogenase similar 
to NDH-1 but, thus far, these enzymes have not been 
found in the purple photosynthetic bacteria). NADH 
dehydrogenase is the largest of the bacterial electron 
transfer complexes, consisting of 14 protein subunits 
that contain a  fl avin cofactor and nine iron sulfur 
( Fe-S) centers (Friedrich and Scheide, 2000; Yagi et 
al., 2001). The characteristic L-shaped structure of the 
NADH dehydrogenase complex consists of a mem-
brane-embedded arm plus an extramembrane domain 
that extends into the cytoplasm (Yagi and Matsuno-
Yagi, 2003). A recent structure of the eight-subunit 
hydrophilic domain of  Thermus (T.) thermophilus
NADH dehydrogenase confi rms that all of the redox 
centers are bound within the extramembrane domain 
(Sazanov and Hinchliffe, 2006). NADH is oxidized by 
fl avin mononucleotide near the top of the extramem-
brane domain and the electrons are transferred to the 
site of quinone reduction, located at the interface of 
the extramembrane and membrane domains, near the 
cytoplasmic surface of the membrane. The structure 
of T. thermophilus NADH dehydrogenase emphasizes 
the well-recognized question of how electron transfer 
in the extramembrane domain drives proton pumping 
through the membrane domain of the complex. The 
Rba. sphaeroides 2.4.1 genome [as well as those of 
strains 2.4.3 (ATCC 17025) and 2.4.9 (ATCC 17029)] 
includes two  nuo operons encoding this large com-
plex, which are differentially regulated (Pappas et al., 
2004). Under low oxygen conditions, the expression 
of one nuo operon is down-regulated while the other is 

enhanced. Interestingly, other members of the purple 
photosynthetic bacteria, including Rba. capsulatus,
Rhodospirillum rubrum and Rhodopseudomonas 
(Rps.) palustris contain only one nuo operon, corre-
sponding to the one that is upregulated in the presence 
of O2 in Rba. sphaeroides.

Electrons from NADH dehydrogenase are trans-
ferred into the ubiquinone (UQ) pool in the mem-
brane, from which they may enter the cytochrome bc1

complex to fl ow via the ‘cytochrome c’ pathway to O2,
or the electrons may be shunted directly to a quinol-
oxidizing terminal oxidase that reduces O2. Here, the 
respiratory system is elaborated in two ways. First, 
the genome of Rba. sphaeroides encodes no fewer 
than fi ve different terminal oxidases, and second, a 
variety of c-type cytochromes are present and capable 
of donating electrons to the cytochrome c oxidases. 
Rba. sphaeroides is more economical with regards to 
the  cytochrome bc1 complex; one operon encodes this 
complex, and the same enzyme participates in both 
the respiratory and photosynthetic electron transfer 
pathways. We will fi rst discuss the types and basic 
characteristics of the terminal oxidases. Because 
the literature on terminal oxidases is vast, many of 
the citations refer the reader to reviews or recent 
articles where references to the original research 
may be found.

2. Cytochrome bd-type Terminal Oxidase 

Two super-families of bacterial terminal oxidases are 
the  cytochrome bd-type quinol oxidases, in which 
the site of O2 reduction contains two heme groups 
that are buried within the largest subunit, and the 
heme-Cu oxidases that contain one fi ve-coordinate 

Fig. 1. The aerobic respiratory system of Rhodobacter sphaeroides. Note that expression of the genes for the two terminal oxidases 
containing fusions of subunits I and III is yet to be demonstrated.
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heme and a closely-associated copper atom at the 
similarly buried site of O2 reduction (Garcia-Hors-
man et al., 1994). Cytochrome bd-type oxidases are 
common throughout aerobic eubacteria, but the most 
studied is that of Escherichia (E.) coli (Junemann, 
1997). Of the two integral membrane subunits that 
form this complex, one,  CydA, contains all of the 
redox centers as well as the proposed quinol bind-
ing site near the periplasmic surface (Dueweke and 
Gennis, 1991; Junemann, 1997; Mogi et al., 2006). 
A six-coordinate b-type heme mediates electron fl ow 
from quinol to the di-heme active site, composed of 
a b-type heme and an O2-binding d-type heme. The 
bd-type oxidase is not a proton pump, although it 
is electrogenic because the protons required for O2

reduction are taken up from the n (negative) side of 
the cytoplasmic membrane, through an undefi ned 
pathway, while the electrons from quinol are delivered 
from the p (positive) side of the membrane (Zhang 
et al., 2004) (In fact, all of the terminal oxidases are 
electrogenic in this way, whether or not they are also 
proton pumps). The architecture of the di-heme active 
site is argued to be responsible for the fact that the 
bd-type oxidase of E. coli has a high affi nity for O2,
with a Km of 3–8 nM (D’Mello et al., 1996; Borisov et 
al., 1994). A general characteristic of these enzymes 
is that a signifi cantly higher concentration of cyanide 
is required to inhibit activity, as compared to  heme-
Cu oxidases (Junemann, 1997). 

Compared to the bd-type oxidase of E. coli, rela-
tively little is known about the bd-type oxidase of  Rba. 
sphaeroides. Its transcript abundance is unaffected 
by ambient O2 concentration (Pappas et al., 2004). 
It is present in the membranes of aerobically grown 
Rba. sphaeroides cells, but it accounts for much less 
of the total O2 reduction activity than the cbb3- or the 
aa3-type oxidases (Hosler, unpublished). However, 
when the ‘cytochrome c pathway’ is inactivated in 
Rba. sphaeroides, thereby preventing electron fl ow to 
terminal oxidases that require reduced cytochrome c,
the bd-type oxidase is capable of supporting aerobic 
growth (Yun et al., 1990; Cox et al., 2001).

Rba. sphaeroides makes no heme d, thus its bd-type 
oxidase contains a heme bb active site, as is the case 
in several other bacteria. The heme bb-subtype has 
not been purifi ed and characterized, therefore it is not 
known to what extent, if any, the heme substitution 
affects O2 affi nity or oxidase activity. Apart from 
genomic information, the existence of a bd-type
terminal oxidase in other members of the non-sul-
fur purple bacteria has been deduced from cyanide 

resistant O2 reduction activity that is simultaneously 
resistant to inhibitors of the cytochrome bc1 complex 
(Bonora et al., 1998). 

3. Cytochrome cbb3-type Terminal Oxidase

 The  cbb3-type cytochrome c oxidases, members of 
the heme-Cu superfamily, are also widely distributed 
throughout the eubacteria. The catalytic core consists 
of three subunits, where the largest,  CcoN, contains 
the heme b3-CuB O2 reduction site along with a low 
spin heme b that transfers electrons to the active 
site (Pitcher and Watmough, 2004). Electrons are 
transferred into CcoN by two other subunits,  CcoO 
and  CcoP, which consist of membrane anchoring 
helices and periplasmic domains containing c-type
hemes. CcoO contains a single c-type heme, while 
CcoP contains two c-type hemes. Whether these 
two subunits function independently or in series to 
transfer electrons from cytochrome c to CcoN is not 
clear, although a homology model of the  cbb3-type
cytochrome c oxidase (CcO) of Rba. sphaeroides
suggests that the latter is more likely (Sharma et al., 
2006). Based on the homology of CcoN and CcoO to 
the two subunits of NO reductase, CcoO is thought 
to be the immediate electron donor to the low spin 
heme of CcoN. Whether di-heme CcoP is absolutely 
required for the activity of all cbb3-type CcOs is yet 
unclear. Inactivation of the gene for CcoP in  Brady-
rhizobium japonicum eliminates much but not all of 
the activity of the complex (Zufferey et al., 1996), 
while inactivation of its homolog in  Rba. capsulatus
eliminates all activity (Koch et al., 1998). In addition, 
the site(s) at which soluble cytochrome c or mem-
brane-bound cytochrome cy bind to donate electrons 
remains to be identifi ed. A fourth subunit, CcoQ, is a 
small peptide with a single transmembrane helix that 
appears to stabilize the CcoNOP complex, possibly 
by minimizing proteolysis (Oh and Kaplan, 2002). 
The ccoGHIS operon encoding proteins required for 
the assembly of the cbb3-type CcO is located adjacent 
to the ccoNOQP operon encoding this enzyme. The 
function of the ccoGHIS gene products is discussed 
in Chapter 21 (Sanders et al.). 

Transcript abundance for cbb3-type CcO of Rba.
sphaeroides increases as ambient O2 decreases (Pap-
pas et al., 2004), although the cytoplasmic membranes 
of aerobically-grown Rba. sphaeroides cells still 
contain large amounts of the enzyme. In fact, the cbb3-
type CcO of Rba. sphaeroides appears to be present 
under all laboratory growth habits. The affi nity of the 
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cbb3-type CcO for O2 has only been measured for the 
Bradyrhizobium japonicum enzyme, where it is only 
expressed under microaerobic or anaerobic condi-
tions. Even though this oxidase contains a heme-Cu 
active site, a Km of 7 nM O2 was obtained (Preisig 
et al., 1996), essentially the same as for the bd-type
oxidases (see above). Unlike the bd-type oxidases, 
the cbb3-type CcOs pump protons from the n side to 
the p side of the cytoplasmic membrane, in addition 
to generating a transmembrane voltage gradient by 
consuming substrate protons from the n side. This 
proton pumping activity has been demonstrated in 
several species, including Rba. sphaeroides (Toledo-
Cuevas et al., 1998).

Particularly intriguing is the role of the cbb3-type
CcO in gene regulation. Synthesis of the photo-
synthetic apparatus of Rba. sphaeroides normally 
requires anaerobic or microaerophilic growth con-
ditions. However, when the genes for the cbb3-type
CcO are deleted from the cell, photosynthesis proteins 
accumulate during aerobic growth (Oh and Kaplan, 
1999). Preventing electron fl ow to the cbb3-type CcO
by deleting genes directing the synthesis of the cy-
tochrome bc1 complex or cytochromes c2 and cy has 
the same effect (Daldal et al., 2001; Rios-Velazquez 
et al., 2003). The connection between the cbb3-type
CcO and the photosynthesis genes is thought to occur 
through the  PrrA/PrrB (also called  RegA/RegB in 
Rba. capsulatus) response regulator/histidine kinase 
system. Normally, the level of electron fl ow through 
the cbb3-type CcO modulates the kinase/phosphatase 
activities of PrrB such that greater electron fl ow 
leads to greater repression of photosynthetic gene 
expression (Oh et al., 2004). The biochemistry that 
links electron fl ux through the cbb3-type CcO to PrrB 
activity remains to be elucidated. The redox state of 
the quinone pool, which will vary with the rate of 
electron fl ow to O2, affects the autophosphorylation 
activity of RegB of   Rba. capsulatus, the homolog 
of PrrA in Rba. sphaeroides (Swem et al., 2006). 
However, recent experiments show that mutation 
of a single conserved histidine residue of in Rba.
sphaeroides CcoN, not a heme ligand, breaks the 
sensor linkage in that electron fl ux through the 
mutant cbb3-type CcO is the same as through the 
wild-type enzyme but the photosynthetic genes are 
not repressed under aerobic conditions (Oh, 2006). 
This argues against the involvement of the quinone, 
since the high electron transfer activity of the mutant 
oxidase should maintain the same redox poise of the 
quinone pool as wild-type cbb3-type CcO. 

4. Cytochrome aa3-type Terminal Oxidase

  The aa3-type CcO of Rba. sphaeroides is the best 
characterized terminal oxidase of the purple pho-
tosynthetic bacteria, with three published crystal 
structures (Svensson-Ek et al., 2002; Qin et al., 
2006) and numerous structure/function studies via 
site-directed mutagenesis (Richter and Ludwig, 
2003; Branden et al., 2006a; Hosler et al., 2006). The 
twelve transmembrane helices of subunit I follow the 
architecture of other members of the heme-Cu oxidase 
family, binding the six-coordinate heme a center plus 
fi ve-coordinate heme a3 with a nearby copper (CuB),
which function together as the O2 reduction center. 
Subunit II contains two transmembrane helices that 
anchor a periplasmic domain containing the di-copper 
CuA center. Subunit III consists of seven transmem-
brane helices, bound to the face of subunit I opposite 
that of the helices of subunit II. Its function will be 
discussed below. A small subunit IV, of unknown 
function, contains a single transmembrane helix that 
lies against subunits I and III. Subunits I, II and III are 
closely related to the catalytic core of mitochondrial 
CcO, making this Rba. sphaeroides enzyme an ap-
propriate experimental model for human CcO. 

In the catalytic mechanism of the aa3-type CcO, 
cytochrome c binds to subunit II and donates its 
electron to CuA (Wang et al., 1999). The electrons 
then fl ow to heme a in subunit I, and then to the 
heme a3-CuB center (Hill, 1994). One or two sub-
strate protons (those destined for water) are taken 
up from the n side of the membrane during the re-
duction of the active site (reviewed in Hosler et al., 
2006). Once both heme a3 and CuB are reduced, O2

binds transiently to CuB and then to heme a3 (Lemon 
et al., 1993). Current evidence indicates that O2 is 
rapidly reduced by four electrons (Proshlyakov et 
al., 1998; Babcock, 1999; Morgan et al., 2001), two 
from the reduced heme a3, one from reduced CuB,
plus one from a covalently cross-linked histidine-
tyrosine group in the active site (Yoshikawa et al., 
1998) that forms a radical (Proshlyakov et al., 2000; 
Proshlyakov, 2004). The histidine of the cross-linked 
His-Tyr pair is one of the three ligands of CuB. With 
this concerted four-electron reduction of O2, the O-O 
bond is broken and the fi rst water is formed, which 
binds to CuB as hydroxide, while the other oxygen 
atom forms an oxoferryl of heme a3 (a3

4+=O2-). The 
oxoferryl and the histidine-tyrosine radical persist in 
the active site until two more electrons are delivered 
by the cytochrome c-CuA-heme a pathway, and the 
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remaining substrate protons are delivered (Adelroth 
and Brzezinski, 2004). These electrons and protons 
1) protonate the hydroxide on CuB, releasing water; 
2) reduce the oxoferryl to heme a3

3+ plus a hydroxide, 
which binds to CuB; and 3) reduce the tyrosine radical. 
The aa3-type CcO is an effi cient proton pump, with 
one proton being transported through the protein, 
across the membrane, for every proton (or electron) 
that is delivered to O2 (Wikström, 2004; Hosler et 
al., 2006).

The aa3-type CcO proteins have a lower affi nity for 
O2 than the cbb3- or bd-type oxidases, with reported 
Km values of 0.4 to 5 µM (Poole et al., 1979; Gar-
cía-Horsman et al., 1991; Riistama et al., 2000; Pils 
and Schmetterer, 2001). Transcription of the genes 
for the aa3-type CcO of Rba. sphaeroides requires 
high ambient O2 (Pappas et al., 2004), although the 
mechanism of O2 regulation is not yet clear. As an 
example of the requirement for high O2, the aa3-
type CcO cannot be detected spectroscopically in 
cells taken from aerobic plate cultures whereas it is 
present once cells are grown in liquid culture with 
vigorous aeration (Hosler, unpublished). Since the 
biochemical functions of the cbb3- and aa3-type
CcOs are the same (both are cytochrome c oxidases 
and both are proton pumps), but the cbb3-type CcO
is synthesized at both low and high ambient O2, it 
becomes a question as to why the aa3-type CcO is 
retained. Indeed,   Rba. capsulatus synthesizes only 
the cbb3-type enzyme. Increased transcription of 
the genes for the aa3-type CcO of Rba. sphaeroides
occurs in response to the addition of H2O2 (Zeller et 
al., 2005), raising the possibility that the aa3-type
CcO helps relieve oxidative stress. 

5. A Putative caa3-type Cytochrome c 
Oxidase and a Putative Quinol Oxidase

Genes for two additional terminal oxidases that have 
yet to be expressed under laboratory growth condi-
tions are found in the genome of Rba. sphaeroides.
The fi rst of these is a putative caa3-type CcO since 
the gene for its subunit II predicts that it should con-
tain both  CuA and a cytochrome c (Mackenzie et al., 
2001). The presence of a  caa3-type enzyme in Rba.
sphaeroides is remarkable, since these enzymes are 
generally found in Gram-positive bacteria that lack 
soluble, periplasmic, c-type cytochromes. Even more 
remarkable is the subunit I for this enzyme, predicted 
to be a fusion of a typical subunit I domain with an 
integral membrane protein that contains seven trans-

membrane helices. The predicted organization of this 
latter domain is similar to subunit III of the aa3-type
CcOs, although the amino acid sequence of this region 
has little homology to known subunit III sequences. 
Such gene fusions (both subunit II-cytochrome c
and subunit I-subunit ‘III’) are found in Archaea 
that grow in extreme environments. The genes for a 
fi fth potential oxidase of Rba. sphaeroides appear to 
encode a heme-Cu oxidase with the ability to oxidize 
quinol (Mouncey et al., 2000). The largest subunit of 
this enzyme also appears to be a fusion of usual genes 
for subunit I plus a subunit III-like integral membrane 
protein. The notion that this terminal oxidase accepts 
electrons from quinol is derived from the observation 
that its predicted subunit II is similar to those of other 
quinol oxidases in the heme-Cu family. The genes for 
these two oxidases do not appear to be expressed under 
conditions tested thus far (Mouncey et al., 2000), and 
attempts to express them from other promoters have 
not met with success. Both sets of genes are found in 
the genomes of the three strains of Rba. sphaeroides
that have been sequenced to date, and the genes for 
the caa3 form with fused subunits I and III are pres-
ent in the genomes of Rps. palustris strains as well 
(Joint Genome Institute Microbial Genomics, 2006, 
http://genome.jgi-psf.org/mic_home.html). This 
suggests that members of the purple photosynthetic 
bacteria can perform aerobic respiration under some 
specialized, perhaps extreme, condition that has yet 
to be identifi ed.

6. Cytochromes c and HiPIPs (High-Potential 
Iron-sulfur Proteins)

Rba. sphaeroides synthesizes several c-type cy-
tochromes that mediate electron transfer between 
the cytochrome bc1 complex and the various CcOs,
including the soluble  cytochrome c2 (Meyer and 
Cusanovich, 1985),  isocytochrome c2 (Rott et al., 
1993) and    membrane-bound cytochrome cy (Jenney 
and Daldal, 1993). All three of these proteins are 
effi cient donors to both the cbb3- and the aa3-type
CcOs (Hochkoeppler et al., 1995b; Daldal et al., 
2001). The relative affi nities of all three cytochromes 
for each CcO and the maximum rates of O2 reduction 
that they can support are all similar (Drosou et al., 
2002; Donohue and Hosler, unpublished). Therefore, 
if there is a preferred cytochrome c substrate for 
either oxidase in vivo it has yet to be identifi ed. All 
three cytochromes c are present in aerobically grown 
cells. Transcript abundance for Rba. sphaeroides
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cytochrome c2 is increased in the absence of O2, con-
sistent with its role in photosynthetic electron transfer, 
but transcription of the genes for isocytochrome c2

and cytochrome cy are higher in the presence of O2

(Pappas et al., 2004).
In the middle of the nineties, after almost three de-

cades of studies on the fundamental role of the soluble 
cytochrome c2 in both photosynthesis and respiration 
of purple phototrophs, it became clear that  high-
potential iron sulfur proteins (HiPIPs) are soluble 
electron carriers alternative to cytochrome(s) c, in 
most phototrophic species of the genera Rhodoferax,
Rhodocyclus, Rhodospirillum, Chromatium and Ec-
tothiorhodospira (Meyer and Donohue, 1995; Ciurli 
and Musiani, 2005). In Rhodoferax fermentans, a 
facultative phototroph lacking soluble cytochrome 
c2 but expressing high amounts of HiPIP,  light-
induced respiration (also called LIOU, for  Light-
Induced Oxygen Uptake; Zannoni et al., 1998) is 
dependent on the concentration of the HiPIP (E0

´ = 
+ 351 mV) (Hochkoeppler et al., 1995a; Hochkoep-
pler et al., 1995c). Cells of the halophilic facultative 
phototroph Rhodospirillum salinarum (reclassifi ed 
as Rhodovibrio salexigens by Imhoff et al., 1998) 
grown aerobically in the dark contain small amounts 
of cytochrome c´ along with two isoforms of HiPIPs 
(Moschettini et al., 1999; Hochkoeppler et al., 1999). 
Since in isolated membrane fragments the HiPIP-
iso1 was shown to greatly accelerate the aa3-type
CcO activity, it has been suggested that this isoform 
is indeed a functional component of Rsp. salinarum
respiratory chain (Hochkoeppler et al., 1999). 

B. Possible Reasons for Complex Respiratory 
Systems

While mitochondria contain a single route for electron 
transfer from NADH to O2, purple photosynthetic 
bacteria such as Rba. sphaeroides contain numerous 
pathways. Several reasons for such complexity can be 
proposed, even though defi nitive evidence for these 
functions is not strong, and may be diffi cult to obtain 
by standard methods. The most obvious reason for 
multiple terminal oxidases is to allow the bacterium 
to adapt to differing ambient O2 concentrations. 
Transcript abundance data from gene chip analyses 
are consistent with this notion, however the cbb3-type
CcO, with its higher affi nity for O2, is also present 
in large amounts along with the aa3-type CcO in 
aerobically-grown cells of  Rba. sphaeroides. In ad-
dition, the bd-type quinol oxidase, which may have 

the highest affi nity for O2, is expressed at both high 
and low ambient O2. Determination of the amount 
of each oxidase present, and the relative fl ux of elec-
trons through each, at differing O2 concentrations, is 
required to fully understand how various respiratory 
systems respond to O2.

The cbb3- and   bd-type oxidases almost certainly 
protect the photosynthetic apparatus from damage 
by O2, by removing O2 at the cytoplasmic membrane 
and keeping the environment of the intracytoplasmic 
membrane anaerobic. A possible related use of these 
oxidases is to poise the redox levels of the cytochrome 
c and the quinone pools for optimum cyclic electron 
transfer during photosynthesis. Since over-reduction 
of either pool may slow cyclic electron transfer, 
rendering photosynthesis less effi cient for ATP pro-
duction, either the bd- or the cbb3-type oxidase may 
be used to shunt excess electrons to trace amounts 
of O2 during photosynthesis.

Another obvious, but unproven, use for multiple 
respiratory pathways is to allow the cell to modulate 
its effi ciency of ATP synthesis. For example, the 
transfer of two electrons from NADH to O2 via the 
bd-type terminal oxidase should result in a total of six 
charge separation events (equivalent to six pumped 
protons), while the transfer of the same two electrons 
to O2 via the cytochrome bc1 complex and the CcOs
should result in a total of ten charge separation events 
(ten pumped protons). Thus, the choice of pathway 
may lead to a 167% increase in the effi ciency of ATP 
synthesis. Whether or not the cell actually utilizes 
more effi cient pathways in response to energetic 
demand, or simply increases the rate and amount of 
less effi cient pathways, requires more investigation. 
Shorter respiratory pathways may also help the cell 
regenerate NAD+ under conditions where the ATP/
ADP pool is already highly phosphorylated. Other 
reasons for the occurrence of specifi c oxidases have 
already been discussed (e.g., the regulatory function 
of the cbb3-type CcO)

C. Structure-function Studies of the aa3-type 
Cytochrome c Oxidase 

The close similarity of the aa3-type CcO of Rba.
sphaeroides to the catalytic core of mitochondrial 
CcO makes it a useful experimental model. Structure-
function analyses of Rba. sphaeroides CcO became 
possible with two key advances. The fi rst was the 
development of a mutagenesis system (Shapleigh 
et al., 1992; Hosler et al., 1993), while the second 
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was the release of a high resolution crystal structure 
containing all four subunits, the redox centers, the 
Mg center between subunits I and II and six tightly-
bound lipids (Svensson-Ek et al., 2002). A higher 
resolution structure has recently been obtained for 
subunits I and II (Qin et al., 2006). The following is a 
short discussion of a few of the salient fi ndings from 
studies of the Rba. sphaeroides enzyme, although 
studies of other systems, particularly the aa3-type CcO
of Paracoccus denitrifi cans, have also contributed 
greatly to the current understanding of CcO function 
(Richter and Ludwig, 2003). 

1. Proton Pathways and Proton Pumping. 

Two proton pathways lead from the inner surface of 
CcO (the cytoplasmic or negative surface) toward the 
buried  heme a3-CuB center. These were identifi ed in 
CcO structures with the help of knowledge obtained 
in previous mutagenesis studies (Hosler et al., 1993; 
Fetter et al., 1995; Mitchell et al., 1996). For the  D 
pathway, protons enter via the surface residue Asp 
132 of subunit I and are transferred ~26 Å through 
a series of hydrogen-bonded water molecules to Glu 
286, located midway between hemes a and a3 (Svens-
son-Ek et al., 2002). Substrate protons (those used 
to reduce O2) fl ow from Glu 286 to the active site 
through a shorter series of waters. Because Glu 286 
is buried, it has an unusually high pKa (9.4), and it 
remains protonated due to rapid proton delivery from 
Asp 132 (Namslauer and Brzezinski, 2004). The K 
pathway for protons begins at Glu 101 of subunit II, 
on the inner surface but far from Asp 132 (Tomson et 
al., 2003).  K pathway protons move ~ 26 Å via amino 
acid side chains and bound waters to Tyr 288, which 
is covalently linked to His 284, a CuB ligand. 

The D and K pathways operate at different times 
during the catalytic cycle. The K pathway imports 
one (possibly two) proton as heme a3 and CuB are 
being reduced prior to the binding of O2 (Adelroth 
et al., 1998; Ruitenberg et al., 2000). This proton 
combines with a hydroxyl group on CuB, releasing 
the second water of the overall cycle, as discussed 
above in section I.D. Once O2 binds, the D pathway 
brings in the remaining substrate protons (Adelroth 
and Brzezinski, 2004). The mechanism of how the 
active site accepts protons from one pathway or the 
other remains unsolved. 

The D pathway provides all four of the protons 
that are pumped through CcO, across the membrane, 
as one O2 is reduced to two waters (Branden et al., 

2006a; Hosler et al., 2006). The pump is thought 
to be closely linked to the active site in subunit I, 
although the actual site and mechanism of pumping 
are not yet clear. The cleavage of the O-O bond by 
the concerted four-electron reduction of O2 initiates 
a series of active site intermediates, all with the 
capability to draw protons into the protein (Branden 
et al., 2006a). Glu 286 of the D pathway appears to 
be a branch point from which protons are directed 
to O2 reduction intermediates or to the proton pump. 
At four sequential conversions between active site 
intermediates, two protons are taken up from the 
negative surface of the membrane and one proton is 
ejected to the positive surface of the membrane. Of 
the two protons that are taken up from the negative 
surface, one is pumped while the other combines with 
an electron from the positive surface in the production 
of electrically neutral water.

Solving the pumping mechanism requires ingenu-
ity. Mutagenesis of residues in or near the active site 
often inactivates the enzyme, but mutagenesis of 
more distant residues can provide important insights. 
For example, placing a carboxylate residue within 
the D pathway eliminates proton pumping while 
maintaining O2 reduction (Pawate et al., 2002). It 
appears that electrostatic interactions raise the pKa

of Glu 286 to the point where it fails to protonate 
the pump, but Glu 286 can still be deprotonated by 
the O2 reduction intermediates which have very high 
affi nity for protons (Branden et al., 2006b). A key 
component of CcO is water, not all of which appears 
in the crystal structures. As the positions of waters 
become more defi ned, it is possible to deduce the 
sites of proton binding within the protein, e.g., those 
in water clusters, in hydrogen bonds and on amino 
acid side chains such as the ligands of CuB in the ac-
tive site. This detail allows the formulation of more 
chemically precise pumping mechanisms such as one 
recently derived by fi rst describing the positions of 
‘conserved’ waters in subunit I by phylogenetic and 
structural analyses (Sharpe et al., 2005). Higher reso-
lution structures increase the confi dence of structural 
water assignments (Qin et al., 2006). In addition to 
mutagenesis, testing of proton transfer mechanisms 
is being pursued by a wide variety of computational 
methods (reviewed in Hosler et al., 2006).

Another mystery to be solved is the path that 
transfers protons from the site of pumping to the 
outer surface of CcO. A single proton exit pathway 
is not apparent in the CcO structures. An important 
fi nding in this search is that of reverse proton fl ow, 
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presumably through the normal exit pathway (Mills 
et al., 2002). Under conditions (such as a high trans-
membrane voltage gradient) that inhibit proton uptake 
from the inner surface, CcO maintains a slower fl ow 
of protons from the outer surface to the active site. 
An increasing collection of mutants that affect proton 
backfl ow should help map this pathway (Mills et 
al., 2005). Proton backfl ow may have an important 
protective effect for CcO (see below).

2. Protection from Oxidative Damage 

Enzymes that reduce O2 are prone to   oxidative dam-
age. As described above, once O2 binds to reduced 
heme a3, a four electron reduction rapidly converts 
diatomic O2 to a bound oxoferryl (a3

4+=O2–) and a 
hydroxyl anion on CuB. The radical of the Tyr 288–His 
284 group is also generated. The rapid reduction 
mechanism has the benefi t that the one and two elec-
tron reduction intermediates, superoxide and H2O2,
cannot be released into the cell. A disadvantage is 
that two potent oxidizing agents, the oxoferryl and the 
tyrosine radical, persist within the protein until further 
electrons and protons are delivered to the buried ac-
tive site. Interaction of these oxidizing agents with 
the surrounding protein, if allowed to occur, is likely 
to be detrimental. For the aa3-type CcO, a major part 
of the solution to this problem appears to be subunit 
III. Subunit III is as conserved as subunit I, but it 
contains no metal centers, and thus plays no direct 
role in electron transfer or O2 reduction. Subunit III 
does bind two structural lipids within a deep cleft; 
one of the lipids lies against subunit I and comes 
within 15 Å of the active site (Svensson-Ek et al., 
2002). Subunit III can be removed from CcO using 
strong non-ionic detergent. The resulting sub-com-
plex is highly stable, has near normal O2 reduction 
activity and pumps protons. However, with continued 
catalytic turnover subunit III-defi cient CcO rapidly 
and irreversibly loses activity, or suicide inactivates 
(Bratton et al., 1999; Hosler, 2004). Suicide inacti-
vation has been traced to events at the heme a3-CuB

center, and it is much more probable under conditions 
that extend the lifetime of the oxoferryl during the 
catalytic cycle, pointing toward this intermediate as 
the causative agent (Mills and Hosler, 2005), although 
the tyrosine radical might also be involved. Thus far, 
studies indicate that subunit III normally functions 
to prevent suicide inactivation in three ways. First, 
subunit III enhances proton uptake into the D pathway, 
which shortens the lifetime of the oxoferryl during 

the catalytic cycle (Gilderson et al., 2003; Adelroth 
and Hosler, 2006). Second, subunit III promotes 
the activity of the proton backfl ow pathway in sub-
unit I (the apparent reverse of the exit pathway for 
pumped protons) (Mills et al., 2003). This helps to 
limit the lifetime of the oxoferryl under conditions 
where proton uptake from the inner surface of CcO
is inhibited. Finally, normal binding of the structural 
lipids in the cleft of subunit III is required to prevent 
suicide inactivation (Varanasi et al., 2006). The lipids 
appear to function as structural modifi ers, perhaps 
decreasing protein movements associated with proton 
pumping that would bring the oxoferryl close to an 
internal target.

3. Cytochrome c Oxidase Assembly 

The post-translational assembly of mitochondrial 
CcO requires a large number of proteins specifi c for 
this process. Several of these proteins have homologs 
in Rba. sphaeroides. A key advantage of studying 
CcO assembly in the bacterium, as opposed to mi-
tochondria, is that partially assembled CcO forms 
accumulate in the membrane, from which they can be 
isolated and characterized (Bratton et al., 2000). For 
example, the isolation of a CcO form containing all of 
the redox centers except for CuB provides the direct 
physical evidence necessary to conclude that the 
 copper-binding protein Cox11p is absolutely required 
for the assembly of CuB of the aa3-type CcO (and not 
for the assembly of CuA) in both Rba. sphaeroides
and in mitochondria (Hiser et al., 2000). Another   as-
sembly protein, Surf1, is not absolutely required for 
CcO assembly but early events in the assembly of the 
complex in mitochondria are markedly affected by its 
absence, leading to a defi ciency of CcO (Stiburek et 
al., 2005). Recent work in Rba. sphaeroides reveals 
that Surf1 is required for the effi cient assembly of 
heme a3 of the active site in subunit I, but not for the 
assembly of heme a in subunit I or CuA in subunit II 
(Smith et al., 2005). Further details of CcO assembly 
are discussed elsewhere in this volume (Chapter 21, 
Sanders et al.) 

D. Structure-function Studies of the cbb3-type 
Oxidase 

Analysis of the  cbb3-type CcO has lagged behind that 
of the aa3-type enzymes. Emerging studies are of 
high interest since the comparison of proton pump-
ing CcOs with considerable variations in structure 
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reveals common features necessary for O2 reduction 
and proton pumping. A crystal structure of a cbb3-type 
CcO is not yet available, but homology models of 
CcoN (subunit I) of the Rba. sphaeroides and Vibrio
cholerae enzymes have been constructed (Hemp et al., 
2005; Sharma et al., 2006). A proton channel analo-
gous to that of the  K pathway of the aa3-type CcOs
leads from the inner surface of CcoN to a His-Tyr 
group at the heme b3-CuB active site (Sharma et al., 
2006). The His-Tyr group at the active site appears 
analogous to that present in the active site of the aa3-
type CcOs but the tyrosine is located on a different 
transmembrane helix (Hemp et al., 2005; Sharma et 
al., 2006). Alteration of the tyrosine to a phenylalanine 
eliminates activity and the existence of the His-Tyr 
cross-link has recently been confi rmed in both the 
Rba. sphaeroides and Vibrio cholerae cbb3-type CcOs 
(Hemp et al., 2006; Rauhamaki et al., 2006). Thus, a 
His-Tyr group at the active site must be an essential 
feature in the heme-Cu terminal oxidases since it is 
found throughout this wide group regardless of other 
structural differences. A major difference between the 
aa3- and cbb3-type oxidases is the lack of an analog 
of the  D pathway in the latter group. Further studies 
of the cbb3-type CcO may help reveal the reason for 
the existence of two proton uptake pathways (D and 
K) in the aa3-type enzymes. 

II. Respiration Utilizing Substrates other 
than Oxygen

Many members of the α-, β- and γ-subgroups, in 
particular the facultative phototrophs, are commonly 
considered to be the most versatile of all prokaryotes 
with respect to energy metabolism. Species such as 
Rba. capsulatus and Rba. sphaeroides may grow 
aerobically and photosynthetically using either or-
ganic or inorganic substrates but also anerobically 
(in darkness) with  trimethylamine-N-oxide (TMAO) 
or  dimethylsulfoxide (DMSO) as electron acceptors. 
Oddly, the question of whether anaerobic reduction 
of TMAO or DMSO is a true respiratory process, or 
a peculiar example of fermentative process requir-
ing accessory oxidants to proceed, is still open to 
debate (McEwan et al., 1985; Zannoni, 1995). Some 
strains of the species Rps. palustris, Roseobacter
(Rsb.) denitrifi cans and Rba. sphaeroides can re-
duce nitrate (NO3

–) into dinitrogen (N2) via nitrite 
(NO2

–), and in some cases also nitric oxide (NO) and 
nitrous oxide (N2O) (see Chapter 31, Shapleigh). In 

addition to widespread substrates such as O2, NO3
–,

H2 or organic acids and alcohols, a plethora of less 
well-known redox chemicals present in the environ-
ments are recruited for bioenergetic purposes. These 
redox chemicals comprise ‘nasty’ substances such as 
arsenics, chlorates and perchlorates or halogenated 
aromates (see also Chapter 29, Harwood). Admittedly, 
not all of these substrates have been shown to be used 
by photosynthetic members of the proteobacteria (i.e., 
the purple bacteria). We consider, however, that this 
is at least partly due to the lack of experimental data 
rather than the actual absence of phototrophic pro-
teobacteria performing these reactions. For decades, 
studies of purple bacterial energy conservation have 
focused on the photosynthetic pathways, or at best on 
the oxygen-respiratory mechanisms operative under 
aerobic conditions (i.e., at relatively high oxygen 
tensions). Consequently, the respiratory systems 
working under low oxygen tensions in the dark (i.e., 
the microaerophilic lifestyles), are only about to be 
elucidated in several purple bacteria. At the same 
time, genomic data on the phototrophs are scarce, and 
the purple bacteria are certainly under-represented 
in genome sequencing projects, most probably due 
to their low priority under a biomedical perspective 
of the microbial world. These considerations led us 
to include in this chapter not only those ‘exotic’ or 
unconventional types of energy conservation that 
have actually been observed in purple bacteria, but 
also those which we think are very likely to exist in 
various members of this class of proteobacteria. The 
respiratory reactions involving inorganic nitrogen are 
considered to be ‘common’, and the reader is referred 
to recent reviews covering these topics (Richardson, 
2000; Ferguson and Richardson, 2004) as well as to 
Chapter 31 (Shapleigh). On the other hand, although 
microbial DMSO and TMAO respiration has been 
reviewed recently (McEwan et al., 2004; McCrindle 
et al., 2005), for the sake of completeness a brief 
description of this important anaerobic process is 
included here.

A. Dimethylsulfoxide and Trimethylamine-N-
oxide Respiration

Organic sulfur compounds originating from  dimeth-
ylsulfonioproprionate are largely present in marine 
habitats. Dimethylsulfonioproprionate is converted 
to  dimethylsulfi de (DMS, volatile) and  acrylic acid 
(Taylor and Kiene, 1989; Visscher et al., 1995), and 
then DMS is used as electron donor in bacterial 
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photosyn thesis (Visscher and Taylor, 1993). As a 
consequence, DMSO has been detected in seawater 
at relatively high amounts (Kelly and Smith, 1990), as 
it also returns in rainfall from the atmosphere where 
DMS is photochemically converted to DMSO.

DMSO can be used in a variety of nutritional modes 
by prokaryotes mainly under anaerobic conditions as 
exemplifi ed by Rhodobacter species (Zannoni, 1995). 
In this latter bacterial group,  DMSO reductase is a 
periplasmic enzyme and possesses a twin-arginine 
(Tat) secretory N-terminal signal peptide to direct its 
export (Shaw et al., 1996). In Rba. capsulatus, DMSO 
reductase is encoded by the  dorA gene located in the 
same operon as the dorC gene, encoding a   pentaheme 
c-type cytochrome of the NirT family (Shaw et al., 

1999b). In Rhodobacter species the Km of this enzyme 
for DMSO is in the micromolar range while its Km

for TMAO, another molecule acting as electron ac-
ceptor in bacterial respiration, is in the millimolar 
range (Johnson and Rajagopalan, 2001). The latter 
high Km value for TMAO would suggest that this 
electron acceptor is physiologically non-relevant to 
most purple phototrophs. However, the marine aerobic 
photosynthetic species Rsb. denitrifi cans has been 
shown to reduce TMAO (Arata et al., 1992). On the 
other hand, the  TMAO-reductase of  Rsb. denitrifi cans
is slightly different from that present in Rhodobacter
species suggesting that its primary role might be in 
the TMAO respiration. Studies in E. coli show that 
the key feature that distinguishes TMAO reductase 
from DMSO reductase is that the former enzyme has 
a very low activity towards S-oxides (Iobbi-Nivol et 
al., 1996). 

The E0́  of the  DMSO/DMS couple is +160 mV 
while that of the  TMAO/Trimethylamine (TMA) 
couple is +130 mV (Wood, 1981; Gon et al., 2001), 
indicating that both DMS and TMA are potential elec-
tron donors (and acceptors) in bacterial respiration 
and in photosynthetic metabolism. Indeed, the purple 
phototroph Rhodovulum (Rvu.) sulfi dophilum strain
SH1 was shown to be capable of photolithotrophic 
growth when DMS was used as the sole electron 
donor and DMSO accumulated as a product (Hanlon 
et al., 1994). DMS dehydrogenase has been purifi ed 
from Rvu. sulfi dophilum, and it has been shown to 
contain bis(molybdopterin guanine dinucleotide)Mo 
(McDevitt et al., 2002a). DMS dehydrogenase is 
coded by the ddh gene cluster, which comprises the 
ddhA, B, C and D genes. The ddhA gene encodes 
a polypeptide with highest sequence similarity to 
the molybdopterin-containing subunits of  selenate 
reductase and  ethylbenzene dehydrogenase, while 
ddhB contains cysteine-rich sequence motifs sug-
gesting that it contains multiple iron-sulfur clusters 
(McDevitt et al., 2002b). DMS dehydrogenase is part 
of a larger family of enzymes which will be treated 
below. The ddhD gene product is deduced to be cyto-
plasmic and water soluble, and may act as a molecular 
chaperone specifi c for the assembly of DdhAB. The 
observation that DdhD is not a component of purifi ed 
DMS dehydrogenase is consistent with this view. It 
is interesting that DdhD is related to SerD (selenate 
reductase) and NarJ (nitrate reductase). This suggests 
a common origin in line with the evolutionary rela-
tionship between these type II enzymes, according 
to an earlier classifi cation of enzymes of the DMSO 

Fig. 2. Schematic representation of the electrochemical properties 
of electron donors and acceptors to the enzymes DMS dehydro-
genase, ethylbenzene dehydrogenase, arsenite oxidase, arsenate 
reductase, chlorate and selenate reductase and the respective 
redox reactions. Em values are given with respect to the standard 
hydrogen electrode (NHE) and the extent of the grey bars cor-
responds to the range of 10% to 90% reduction of the respective 
redox chemicals. The Em value of the substrate to nitrate reductase 
is indicated for comparison.
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 reductase family (Trieber et al., 1996; Blasco et al., 
2001). In contrast to the DMSO reductase mentioned 
above, the ddhC product appears to be secreted via the 
Sec-mediated pathway of secretion, as an apoprotein 
into the periplasm, where it folds and incorporates its 
heme b prosthetic group. There are very few examples 
of periplasmic b-type cytochromes; the majority of 
cytochromes in that compartment are of c-type, with 
covalently attached heme (Thony-Meyer, 1997). 
How the DdhAB complex and DdhC are assembled 
together in the periplasm to form the mature DMS 
dehydrogenase is unknown.

1. Organization of Dimethylsulfoxide - Tri-
methylamine-N-oxide Respiratory Chains

Analysis of the organization of a variety of anaerobic 
respiratory electron transport chains has revealed that 
they use QH2 dehydrogenases bypassing the cyto-
chrome bc1 complex containing pathway (Richardson, 
2000). The  NirT family of QH2 nitrite reductases 
(Jungst et al., 1991) is mainly formed by tetraheme 
c-type cytochromes that are membrane bound but 
facing the periplasm. Thus, they are ideally located 
to transfer electrons from QH2 to periplasmic termi-
nal reductases. The c-type multiheme cytochrome 
involved in DMSO reduction by Rba. capsulatus is 
DorC encoded by the  dorC gene (Shaw et al., 1999a). 
It is a pentaheme protein composed of a tetraheme 
domain similar to other proteins of NirT type, and a 
C-terminal domain that contains an additional c-type
cytochrome. The redox potentials of the heme cen-
ters of the purifi ed DorC have been shown to range 
from –34 to –276 mV (Shaw et al., 1999a), with the 
highest potential being assumed to correspond to 
the monoheme that acts as electron donor to DMSO 
reductase.

 TorC is a  pentaheme protein, which is composed of 
a tetraheme domain with strong sequence similarity 
to DorC (Gon et al., 2001). The redox potentials of 
the hemes in the tetraheme domain are below 0 mV 
while that of the monomeric c-type heme is about 
+120 mV. These thermodynamic features seem to fi t 
with a model in which the tetraheme is involved in 
 menaquinol (MQH2) oxidation while the monoheme 
transfers electrons to the TMAO reductase. 

Cytochrome c2 is essential for electron transfer 
from  DMS dehydrogenase to the reaction center (RC) 
during phototrophic growth of Rvu. sulfi dophilum
(McDevitt et al., 2002). Although DMS dehydroge-
nase does not appear to be essential for growth under 

aerobic conditions with DMS as the sole energy and 
carbon source, accumulation of DMSO indicates that 
DMS is oxidized during this growth mode (Hanlon 
et al., 1994). Under these conditions, DMS dehy-
drogenase is expected to pass electrons to an energy 
conserving CcO via a soluble cytochrome c2. Thus, 
DMS respiration would contribute to the energy me-
tabolism of the cell even during oxidation of carbon 
substrates by the cell (myxotrophy). 

Recent analyses have shown that at least three 
sub-families exist within the DMSO reductase family 
(McEwan et al., 2002; for a phylogenetic grouping, 
see Fig. 4). Type I enzymes such as periplasmic  ni-
trate reductase (Nap),  formate dehydrogenases and 
 assimilatory nitrate reductase (Nas) contain a [4Fe-
4S] cluster at the N-terminus of the Mo-containing 
α-subunit, and have a cysteine or selenocysteine 
side chain as a ligand to the Mo atom. An exception 
to this rule is the arsenite oxidase (see section E.1. 
of this chapter) where the N-terminal iron-sulfur 
cluster is also of the cubane type but there appears 
to be no Mo-ligand amino acid side chain. Type II 
enzymes such as respiratory nitrate reductases (Nar), 
 selenate reductases (Ser) and DMS dehydrogenases 
(Ddh) possess an N-terminal His/Cys motif that is 
involved in iron-sulfur cluster formation (Bertero et 
al., 2003; Jormakka et al., 2004). Type III enzymes 
exemplifi ed by Rhodobacter DMSO reductase and 
TMAO reductase lack a cysteine rich motif at their 
N-termini, and are not associated with a β-subunit
that contains multiple [Fe-S] clusters. The ligand 
to the Mo atom in enzymes of this sub-family is a 
serine residue. Additional structural and molecular 
details on DMSO reductases in Rhodobacter sp. can 
be found in McEwan et al. (2004). 

B. Arsenics as Bioenergetic Substrates

1. Arsenite Oxidation

Although considered the mother of poisons,  arsenics 
are rather widespread components of our environ-
ment. Both aquatic habitats and soil contain signifi -
cant amounts of arsenics (0.1 to more than 1000 ppm 
in soil, 50 to 400 ppm in atmospheric dust, 2.6 ppb 
in sea water; Mukhopadhyay et al., 2002). In aquatic 
environments, which are not at extreme pH values, 
the biorelevant forms of arsenics are their oxyani-
ons H3AsO3/H2AsO3

– (reduced form: arsenite) and 
H2AsO4

–/HAsO4
2– (oxidized form: arsenate). Genome 

surveys provided evidence for the presence of the 
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enzyme  arsenite oxidase in numerous bacterial and 
archaeal species (Lebrun et al., 2003; Lebrun et al., 
2006). Although arsenite oxidation often appears as 
a simple detoxifi cation process, its implication in 
bioenergetics has been demonstrated in a range of 
non-photosynthetic  α- and γ-proteobacteria (Orem-
land and Stolz, 2005), as well as in the phototroph 
Chlorofl exus aurantiacus (Duval and Schoepp, in 
preparation). Among the photosynthetic organisms 
possessing arsenite oxidase genes are, in addition to 
Chlorofl exus, the green sulfur bacteria  Chlorobium
phaeobacteroides and Chlorobium limicola (see also 
Table 3 of Chapter 33, Borsetti et al.). It has been 
speculated that in Chlorofl exus electrons originating 
from the oxidation of arsenite might enter the pho-
tosynthetic electron chains (Zannoni and Ingledew, 
1985; Lebrun et al., 2003), and subsequent experi-
ments have shown that expression of the enzyme is 
not upregulated from its constitutive basal level when 
the bacterium is grown anaerobically in the light and 
in the presence of arsenite. However, Chlorofl exus
appears to be able to use arsenite as an electron do-
nor under microaerophilic photosynthetic conditions 
(Duval and Schoepp, unpublished) like Rhizobium sp. 
str. NT-26 or Hydrogenophaga sp. str. NT-14 (Santini 
et al., 2000; van den Hoven and Santini, 2004). The 
identifi cation of the oxidases and electron carriers 
involved in these electron transfer chains are under 
study. In the case of the strains NT-26 and NT-14, a c-
type cytochrome seems to be the electron acceptor of 
arsenite oxidases (van den Hoven and Santini, 2004; 
Santini et al., 2007). Implication of a cytochrome c
oxidase has therefore been suggested. A unique case 
of a bacterium using arsenite as donor, and nitrate 
(instead of O2) as terminal electron acceptor has 
been reported for  Ectothiorhodospira strain MLHE-1 
(Oremland et al., 2002). Since green sulfur bacteria 
are, in contrast to the facultatively photosynthetic 
Chlorofl exus, considered to be obligate phototrophs, 
arsenite oxidase may in these species indeed donate 
electrons to the (RCI-type) photosynthetic reaction 
centers. A more in-depth understanding of the role of 
arsenite oxidation in green sulfur bacteria and pos-
sibly in purple bacteria has to await further studies.

The actual cellular localization of the enzyme ar-
senite oxidase is still under debate. Three previously 
purifi ed enzymes (i.e., those of Alcaligenes faecalis,
Rhizobium sp. strain NT-26 and strain NT-14; Ander-
son et al., 1992; Santini and van den Hoven, 2004; 
van den Hoven and Santini, 2004) are soluble. By 
contrast, nearly all arsenite oxidase activity is found 

in the spheroplast fractions obtained from Alcaligenes 
faecalis and Herminiimonas arsenicoxydans (An-
derson et al., 1992; Muller et al., 2003), and in the 
membrane fragments (resulting from French press 
treatment) of C. aurantiacus (Lebrun et al., 2003; 
Duval and Schoepp, unpublished). The basic building 
blocks of arsenite oxidases are a small subunit, which 
is a member of the Rieske [2Fe-2S] protein family 
(Lebrun et al., 2003; Lebrun et al., 2006) (rendering 
membrane-attachment likely), and a molybdopterin-
containing catalytic subunit belonging to the DMSO-
reductase superfamily. A more detailed discussion 
of the subunit composition will be given below. The 
structure of the soluble form of the enzyme has been 
determined (Ellis et al., 2001).

2. Arsenate Respiration

In more oxidizing environments, i.e., where the oxi-
dized form of arsenic,  arsenate, is predominant, it can 
be used as terminal electron acceptor with acetate, 
pyruvate or lactate as an electron donor. This mecha-
nism has been shown to operate in several γ−, δ- and 
ε-proteobacteria, as well as in a few members of the 
low GC Gram-positive bacteria, of the Deinococci 
and of Crenarchaeota (Oremland and Stolz, 2003). 
Therefore  arsenate respiration currently appears much 
less widespread than  arsenite oxidation. 

The basic structure of the arsenate reductase con-
sists of a molybdopterin containing catalytic subunit 
belonging to the DMSO-reductase superfamily, and 
a small Fe-S subunit containing four cubane centers, 
products of the   arrA and arrB genes, respectively. 
As suggested by the results obtained on one of the 
two enzymes purifi ed (Krafft and Macy, 1998), and 
by the majority of the identifi ed sequences (Stolz et 
al., 2006; Duval and Schoepp, unpublished), such a 
two-subunit respiratory arsenate reductase would be 
soluble. The process by which these Arr enzymes re-
ceive electrons from the quinol pool therefore remains 
to be established. The Arr enzyme from Chrysiogenes 
arsenatis is proposed to be periplasmic, thus how it 
contributes to the formation of a proton gradient is 
enigmatic. The only presently known example of a 
membrane-bound enzyme is that from Bacillus sel-
enitireducens (Afkar et al., 2003). However, in several 
arr operons detected in genome surveys a third gene 
named arrC, homologous to the psrC gene of  poly-
sulfi de reductase, is present immediately upstream 
of arrA (see below Fig. 4) (Stolz et al., 2006). Since 
PsrC is the membrane anchor subunit of polysulfi de 
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reductase (Krafft et al., 1992), the presence of this 
gene in arr operons is in favor of a membrane as-
sociation of respiratory arsenate reductases. 

C. Selenate Respiration

The microbial reduction of selenate mediated by 
bioenergetic electron transport in α-, β-, γ-, ε- pro-
teobacteria and Gram-positive bacteria (Oremland et 
al., 1994; Switzer Blum et al., 1998), and in particular 
in their photosynthetic representatives (such as  Rba.
sphaeroides) was reported 15 years ago (Moore and 
Kaplan, 1992; Chapter 33, Borsetti et al.). In some 
of these species, selenate reduction was subsequently 
shown (Sabaty et al., 2001) to be a side-reaction of a 
more common anaerobic energy conserving pathway, 
i.e., denitrifi cation, and more specifi cally the respira-
tion of nitrate performed by enzymes of the nitrate 
reductase family (Nap and Nar) (Avazéri et al., 1997; 
Sabaty et al., 2001; Watts et al., 2005). More recently, 
the existence of an enzyme complex truly dedicated 
to   selenate reduction was demonstrated in Thauera 
selenatis (Schröder et al., 1997), Sulfurospirillum 
barnesii (Stolz and Oremland, 1999) and Enterobac-
ter cloacae SLD1a-1 (Watts et al., 2003). 

Selenate  reductase, just as arsenite oxidase and 
respiratory arsenate reductase, belongs to the large su-
perfamily of molybdopterin containing enzymes, and 
consists of, in addition to the large catalytic subunit 
harboring the molybdopterin moiety, a tetracubane 
Fe-S protein and a peculiar b-type cytochrome. A 
more comprehensive description of the structural 
features of this enzyme will be given below. Cellular 
localization of this enzyme seems to vary, since that 
from Thauera selenatis was reported to be soluble 
and in the periplasm, whereas that from Enterobacter 
cloacae has been demonstrated as being membrane-
bound and facing the periplasm. Thus, as evoked for 
arsenate reductase above, how these enzymes are 
connected to the quinol pool, and how they generate 
proton gradient remain open questions.

In recent years, selenate reductase has turned out 
to be a representative of a well defi ned and quite 
conserved superfamily of enzymes, the members of 
which handle extremely divergent substrates that all 
function in energy conserving photosynthetic and 
respiratory chains.

D. The Selenate Reductase-type Class of 
Enzymes

At the time being, fi ve distinct enzymes belonging 
to this class are known. These are selenate reductase 
(Schröder et al., 1997),  chlorate reductase (Danielsson 
Thorell et al., 2003),  DMS dehydrogenase (McDevitt 
et al., 2002),  ethylbenzene dehydrogenase (Knie-
meyer and Heider, 2001) and  perchlorate reductase 
(Bender et al., 2005). All these enzymes share the 
same subunit architecture (perchlorate reductase 
being slightly divergent, see Fig. 3) with a catalytic 
molybdopterin subunit, a tetracubane iron sulfur 
protein and a b-type cytochrome, and are located in 
the periplasm of the organisms producing them.

DMS-dehydrogenase oxidizes dimethylsulfi de in 
the purple non-sulfur bacterium  Rvu. sulfi dophilum
(McDevitt et al., 2002), and injects the resulting re-
ducing equivalents into a soluble cytochrome c which 
in turn serves as a reductant to the photooxidized 
special pair of the RCII-type reaction centre. 

Chlorate and perchlorate reductase, as well as 
ethylbenzene dehydrogenase, have so far only been 
detected in non-photosynthetic proteobacteria. The 
three dimensional structure of ethylbenzene dehy-
drogenase from Aromatoleum aromaticum strain 
EbN1 has recently been solved (Kloer et al., 2006), 
providing an excellent structural model for the whole 
class of enzymes, considering their conserved sub-
unit composition and the sequence similarity of the 
individual subunits.

E. Non-conventional Substrates but 
Conventional Bioenergetics

Although the above detailed substrates may appear 
strange, as they are mostly toxic, the energetics 
involved in the respective electron transport chains 
are nothing abnormal. Selenate and in particular 
chlorate are, due to their very high redox potentials 
at pH 7 (Fig. 2), ideal electron acceptors providing 
enormous throughput driving forces which, in the 
case of chlorate, comes close to those attainable 
by oxygen reduction.  Arsenite is a reasonably good 
electron donor to aerobic respiration provided that it 
is present in suffi ciently high concentrations in the 
environment, which is the case in most hydrothermal 
habitats. Consequently, it is not surprising that  C.
aurantiacus should be able to use this arsenic oxy-
anion for bioenergetic means. Finally, DMS is present 
in many marine habitats and thus lends itself as an 
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alternative source of reducing equivalents in marine 
phototrophs. The only bioenergetic pathway that may 
be diffi cult to rationalize in terms of its energetics 
is arsenate respiration. Only a small ∆G0́  can be 

harvested from the electron transfer from pyruvate 
to arsenate (Fig. 2), so it is likely that the details of 
arsenate respiration are not yet well understood.

Fig. 3. Construction kit arrangement of the molybdoenzymes arsenite oxidase, arsenate reductase, polysulfi de reductase, selenate reductase 
superfamily (including DMS dehydrogenase, ethylbenzene dehydrogenase and chlorate reductase) as well as formate dehydrogenase and
respiratory nitrate reductase. The top part of the fi gure gives a schematic representation of the operon structure of the various complexes, 
whereas the bottom part shows the overall structures of the redox subunits involved using known 3-D structures of subunits from the 
set of enzymes. The structure of the membrane subunit of polysulfi de reductase and respiratory arsenate reductase is not known so far 
and only a schematic version is represented.
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F. The Enzymes: Variations on a Theme

The enzyme complexes catalyzing the oxidoreduction 
reactions of these exotic substrates all use a molyb-
dopterin protein belonging to the DMSO reductase 
superfamily as a catalytic subunit. In addition to this 
‘large’ catalytic subunit, a small subunit, frequently a 
cytochrome, serves as entry or exit point for reducing 
equivalents. In between these two, a tetracubane iron 
sulfur protein plays the role of an electron wire, or an 
electron storage device, in most cases. The enzymes 
described above, together with the more common 
formate dehydrogenases, nitrate reductases and 
 DMSO/TMAO reductases, provide examples of the 
modular composition observed in many bioenergetic 
enzymes (Baymann et al., 2003). Fig. 3 schematically 
summarizes the subunit composition of the respec-
tive complexes.

In this context, it may seem surprising that the 
subunit composition of the arsenite oxidizing and 
the arsenate reducing enzymes differ so substantially. 
Rather than mutating one enzyme, e.g., the oxidase, in 
specifi c places to modify electron transfer properties 
and thus reverse catalytic directionality, Nature ap-
parently has chosen to invent a new enzyme. Instead 
of a Rieske protein, a tetracubane iron sulfur protein 
and most likely a large transmembrane subunit are 
present in arsenate reductase. Even the catalytic mo-
lybdopterin subunits of both enzymes show rather low 
sequence similarities. The Mo subunits of arsenate 
reductases are, in fact, closer to true DMSO reductases 
than to those of the arsenite oxidases.

The phylogenetic tree built from the sequences of 
diverse classes of enzymes using the molybdopterin 
subunit suggests a rationalization for the dissimilar-
ity of arsenite oxidase and arsenate reductase. The 
tree in Fig. 4 shows all arsenite oxidases clustering 
together on a tight clade within the tree. The arsenite 
oxidase subtree itself is split into an archaeal and a 
bacterial cluster. This suggests that the evolutionary 
origin of arsenite oxidase pre-dates the divergence of 
Bacteria and Archaea more than 3 billion years ago 
(Lebrun et al., 2003). This early origin of arsenite 
oxidase is corroborated by the position of its Rieske 
subunit on a tree encompassing arsenite oxidases 

2006). The respective phylogenies of the Mo and 
the Rieske subunits quite clearly demonstrate that 
the enzyme arose at a time when the oxidation state 
of the environment of the Earth was relatively low. 
Under these conditions virtually no arsenate was 

present, hence there was no driving force to develop 
arsenate respiration. 

The branch of the arsenate reductases, by contrast, 
shows all properties characteristic of an enzyme 
derived from another one at a later stage in evolu-
tion. Rather than from the stem of the entire tree, 
the reductase clade diverges from the subtree of 
the polysulfi de reductases and does not feature an 
Archaea/Bacteria cleavage. Further, the branches of 
the arsenate reductases are quite mixed up as com-
pared to the phylogenetic tree of their parent species, 
arguing for a distribution via lateral gene transfer. 
The comparable subunit composition of arsenate and 
polysulfi de reductases (apart from a reshuffl ing of the 
operon structure, see Fig. 3) corroborates the scenario 
suggested by the phylogeny of the Mo subunits. The 
gradual advent of an oxidized environment brought 
about by oxygenic photosynthesis, and the concom-
mitant accumulation of oxidized arsenic oxyanions 
therefore allowed for arsenate respiration to become 
energetically profi table and induced the evolution of 
a polysulfi de reductase into an arsenate reductase 
(Duval and Schoepp, in preparation). The energy 
conserving processes based on arsenic oxyanions 
thus provide a textbook example of the intertwined 

Fig. 4. Schematic representation of the phylogeny of the molyb-
dopterin-containing catalytic subunits observed in  arsenite oxidase 
(Aox),  respiratory arsenate reductase (Arr),  polysulfi de reductase 
(Psr),  membrane-bound nitrate reductase (Nar),  periplasmic nitrate 
reductase (Nap) and  DMSO reductase (Dor). Archaeal radiations 
are shown in grey shading. Phylogenetic trees were reconstructed 
based on the neighbor joining algorithm of Saitou and Nei (1987) 
using Clustal X and allowing for multiple substitutions. 

and Rieske/Cytochrome b complexes (Lebrun et al., 
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evolutionary history of bioenergetics and of the geo-
chemical environment of the ancient Earth.

The concept that the early Earth’s atmosphere was 
basically devoid of oxygen, with values <<1% of 
present atmospheric levels, is relatively widely ac-
cepted (Holland, 1994). However, reinterpretation of 
geological data, including the analysis of paleosols 
as well as iron buried in archaean sediments, has led 
to the proposal that signifi cant amounts of oxygen 
would have been present in the primordial atmosphere 
(Towe, 1990, 1994, 1996; Ohmoto 1996, 1997). 
According to these studies, the amount of oxygen 
in the early atmosphere would have been at least 1 
to 2% of the present values (Towe 1996; Ohmoto 
1997). Accepting this latter proposal, it is evident that 
geological events, such as submarine hydrothermal 
vents, have contributed to the production of a wide 
range of reduced inorganic molecules such as H2S,
H2, CO and NH4

+, able to sustain a variety of aerobic 
and anaerobic respiratory processes (Madigan et 
al., 1997; Reysenbach and Shock, 2002). However, 
ATP-producing mechanisms using electron transfer to 
generate a proton gradient require both a well-formed 
membrane and the presence of an ATP synthase. Due 
to a parallel need for these two complex biological 
systems, respiration probably originated later than 
fermentation. Conversely, the order of appearance 
of chlorophyll-based photosynthesis and respiration 
seems to favor the latter one. Until recently, it was 
commonly assumed that, after fermentation, some 
type of primitive photosynthesis evolved in the most 
ancient cells (Cavalier-Smith, 2001). This assumption 
was based on 3500 Mya fossils taken as tracers of 
cyanobacteria (Schopf et al., 2002). However, these 
fossils have recently been reinterpreted as artifacts 
that arose from amorphous graphite (Brasier et al., 
2002). Additionally, molecular phylogenesis and 
comparative analysis of key enzymes involved in pho-
tosynthesis and respiration support the view of a late 
emergence of photosynthesis relative to respiratory 
pathways (Castresana, 2001). In this context, there are 
fi ve lineages within Bacteria with some type of bac-
teriochlorophyll-based photosystem. Purple bacteria 
(e.g., Rhodobacter, Rhodopseudomonas) and green 
non-sulfur bacteria (Chlorofl exus) use a non-oxygen 
evolving type-II photosystem. Green sulfur bacteria 

(Chlorobium) and heliobacteria (Heliobacterium)
use a type-I Photosystem. Finally, cyanobacteria use 
both Photosystems I and II for the more complex 
oxygenic photosynthesis. Since these fi ve groups 
are not phylogenetically related, it is likely that the 
evolutionary pathways that gave rise to the different 
photosynthetic organisms are not as straightforward 
as it appears from the literature (Blankenship and 
Hartman, 1998; Baymann et al., 2001; Xiong and 
Bauer, 2002). Indeed, the close proximity of some 
non-oxygenic phototrophs to other non-phototrophs 
indicates that non-oxygenic photosynthesis has been 
lost at different stages in some evolutionary lines. In 
contrast, all known cyanobacteria perform oxygenic 
photosynthesis, and no other prokaryote outside this 
group has a similar metabolic option. This continuous 
maintenance of the same bioenergetic mechanism in 
such a large prokaryotic group, and for such a long 
time-scale period (Mya), is unique in the prokary-
otic world. Though most textbooks still assume that 
oxygenic photosynthesis arose very early during 
the evolution of life, it is obvious from phylogenetic 
studies and biochemical considerations that oxygenic 
photosynthesis arose quite late, after the divergence 
of several other phototrophic bacterial groups (Bro-
chier and Philippe, 2002). Thus photosynthesis, and 
particularly oxygenic photosynthesis, is not an ancient 
metabolic pathway. The presence of respiration before 
cyanobacterial type photosynthesis is consistent with 
the high affi nity of the some terminal oxidases for 
oxygen, e.g., the  cbb3-type cytochrome c oxidases 
(see Section I.A.3) are functional at O2 concentrations 
as low as 10–9 M (Preisig et al., 1996). Additionally, 
other bacterial populations living in niches totally 
devoid of oxygen would have used electron acceptors 
alternative to oxygen to sustain anaerobic respiration. 
These considerations, taken together, are suffi cient 
to conclude that oxygenic photosynthesis appeared 
after respiration, and that it arose in Bacteria after 
their divergence from Archaea (Nitschke et al., 1997; 
Olson, 1999).

IV. Respiration and Photosynthesis are 
Intermingled

Continuous illumination of Rhodobacter cells par-
tially inhibits both respiratory and denitrifi cation 
activities, this latter process being present only under 
anaerobic conditions (Sabaty et al., 1993). Two non-
mutually exclusive mechanisms were proposed to 

III. Respiration versus Photosynthesis:  
Which One Came First?
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explain the way respiration and photosynthesis might 
interact. First, the membrane potential generated by 
photosynthesis may affect the activity of electrogenic 
respiratory complexes in the membrane (Rugolo and 
Zannoni, 1983; Cotton et al., 1983). Second, there 
may be direct interaction between redox carriers com-
mon to both photosynthetic and respiratory chains 
(Zannoni et al., 1978). 

What are the results that support the above pro-
posals? The   carotenoid-band shift, a specifi c indicator 
of the membrane potential present across the plasma 
membrane, is identical when induced either by 
photosynthesis or respiration (Wraight et al., 1978). 
This indicates that the ∆µH+ is delocalized over the 
entire cell membrane. This fi nding is supported by 
the fact that uncouplers prevent the inhibition of the 
respiratory activity by light (Rugolo and Zannoni, 
1983; Richaud et al., 1986). The inhibition of respi-
ration is essentially at the level of complex I, which 
is linked to  light-dependent reversal of the electron 
fl ow from the Q pool (Cotton et al., 1983). Indeed, 
no back pressure of photosynthesis on respiration is 
seen at the level of the cytochrome bc1 complex or 
CcOs, because continuous illumination has no effect 
on tetramethyl-p-phenylenediamine (TMPD)-depen-
dent oxygen reduction (Sabaty et al., 1993). 

A direct interaction between the diverse redox 
complexes has been shown by several approaches. 
Induction of a quinol oxidase activity by light with 
exogenous electron donors such as reduced horse 
heart cytochrome c or TMPD is observed with both 
membrane vesicles and hybrid-membrane frag-
ments generated from electron transport mutants of 
Rba. capsulatus (Zannoni et al., 1978, 1986). This 
phenomenon might explain why under anaerobic 
conditions, and in the presence of reduced carbon 
sources such as succinate or butyrate, photosynthesis 
is partially inhibited by the reduction of the Q pool 
(McEwan et al., 1985). Under these strong reducing 
conditions continuous illumination can reactivate 
most of the RCs. This phenomenon might result from 
a fraction of functional RCs that are able to generate a 
membrane potential suffi cient to reoxidize the Q pool 
by reversing the electron fl ow from quinol to NAD+

(Herter et al., 1998). Reoxidation of the Q pool is 
also caused by oxygenation of the bacterial suspen-
sion, or by the addition of NO3

– or DMSO (McEwan 
et al., 1985). This type of interaction is particularly 
important for aerobic photosynthetic bacteria such 
as Roseobacter, since under anaerobic conditions the 
primary quinone acceptor, QA, is totally reduced and 

no photochemistry occurs (Takamiya et al., 1987; 
Candela et al., 2001). Surprisingly, it has been shown 
that membranes from the facultative phototroph Rba.
capsulatus, when subjected to continuous illumina-
tion, can generate ATP only under oxic conditions. 
Alternatively, light-induced phosphorylation can be 
measured under anoxic conditions, and at suitable 
redox poise, which is close to the  Em7.0 of the Q pool 
(~ +90 mV) (Candela et al., 2001). Whatever the 
molecular mechanism, it is apparent that the pho-
tosynthetic and respiratory chains must interact to 
favor optimal phosphorylation conditions. Another 
demonstration of this direct interaction has been 
provided by Richaud and coworkers (1986) using 
membrane fragments of Rba. sphaeroides. After a 
short fl ash of light, one electron is diverted from the 
respiratory chain to the photooxidized RC at the level 
of cytochrome c2. Since two electrons are required to 
generate a QH2 molecule at the secondary electron 
acceptor level, QB (gating mechanism; Verméglio, 
1977), stimulation of respiration is seen after an even 
number of fl ashes of light. 

Photosynthetic activity inhibits every step of the 
reduction of nitrate into dinitrogen (Sabaty et al., 
1993). This inhibitory effect is not prevented by un-
couplers, and therefore does not need the formation 
of a ∆µH+. It is postulated that this inhibition is due 
to the diversion of electrons from the denitrifi cation 
chain to the photosynthetic cycle at the level of the cy-
tochrome bc1 complex and of soluble cytochrome c2,
components shared by the two pathways (Richardson 
et al., 1991; Sabaty et al., 1994).

The redox state of the Q pool modulates not only 
photosynthesis but also the activity of the terminal 
oxidases of aerobic respiration (Zannoni and Moore, 
1990). While electron transport through the cyto-
chrome bc1-CcO pathways is linearly related to the 
redox state of the Q pool (between 4% and 30% of Q 
reduction), electron fl ux through the quinol oxidase 
pathway is strongly limited until the  Q pool is ~25 % 
reduced. Based on a Q pool formed by approximately 
60 Q per RC, it has been estimated that the Km of QH2

at the Qo site of the cytochrome bc1 complex (Cra-
mer and Knaff, 1990) is equivalent to 2.4 to 3 QH2

per RC, while at the Qo site of the QH2-bb3 pathway 
(quinol oxidase), the Km of QH2 is close to 15 QH2

per RC (Zannoni and Moore, 1990). Thus, the   quinol 
oxidase pathway has a lower affi nity for QH2 than the 
cytochrome bc1-CcO segment of the chain. 

In conclusion, the organization of the bioenergetic 
systems in facultative phototrophs satisfi es two op-
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posing needs, namely 1) the photosynthetic apparatus 
has to interact with the aerobic and/or anaerobic 
respiratory chains for a better use of the available 
energy, and 2) this latter interaction must prevent the 
over-reduction of the photocyclic chain at the level of 
quinone to avoid inhibition of photosynthesis. In this 
respect, it is worth noting the recent fi ndings that the 
membrane associated  thiol:disulfi de oxidoreductase 
(DsbB) of Rba. capsulatus may allow oxidation of 
the membrane embedded quinols in the presence of 
the water soluble metalloid tellurite (TeO3

2–) (Borsetti 
et al., 2007). This fi nding suggests that metalloids 
might also support cell growth under unfavorable 
reducing conditions often experienced by facultative 
phototrophs (see Chapter 33, Borsetti et al.). 
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