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Abstract

Rhodobacter sphaeroides expresses a bb3-type quinol oxidase, and two cytochrome c oxidases: cytochrome aa3 and
cytochrome cbb3. We report here the characterization of the genes encoding this latter oxidase. The ccoNOQP gene cluster of
R. sphaeroides contains four open reading frames with high similarity to all ccoNOQP/fixNOQP gene clusters reported so far.
CcoN has the six highly conserved histidines proposed to be involved in binding the low spin heme, and the binuclear center
metals. ccoO and ccoP code for membrane bound mono- and diheme cytochromes c. ccoQ codes for a small hydrophobic
protein of unknown function. Upstream from the cluster there is a conserved Fnr/FixK-like box which may regulate its
expression. Analysis of a R. sphaeroides mutant in which the ccoNOQP gene cluster was inactivated confirms that this cluster
encodes the cbb3-type oxidase previously purified. Analysis of proton translocation in several strains shows that cytochrome
cbb3 is a proton pump. We also conclude that cytochromes cbb3 and aa3 are the only cytochrome c oxidases in the respiratory
chain of R. sphaeroides. ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Rhodobacter sphaeroides is a Gram-negative facul-
tative bacterium. It can grow aerobically, anaerobi-
cally in the dark, or photosynthetically. As in many
bacteria, these growing abilities are mainly due to the
expression of a branched respiratory system.

It has been shown previously that R. sphaeroides
possesses at least two cytochrome c oxidases and one

quinol oxidase [1^3]. The aa3-type cytochrome c oxi-
dase predominates when the cells are grown aerobi-
cally [4], while the cbb3-type alternative cytochrome c
oxidase is expressed mainly under microaerobic or
photosynthetic conditions, or in strains which lack
the aa3-type oxidase [2]. On the other hand, the pres-
ence of a quinol oxidase was also previously con-
¢rmed with the generation of a bc1-de¢cient mutant
capable to grow in aerobic conditions [3].

The R. sphaeroides alternative cytochrome c oxi-
dase was puri¢ed and characterized as a novel mem-
ber of the heme-copper oxidase superfamily, and was
identi¢ed as a cbb3-type oxidase [1], also detected in
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several other bacteria [5^11]. This type of oxidase
shows features quite di¡erent from the main family
of heme-copper oxidases [12]. One of these character-
istics is the presence of a B-type heme in the binu-
clear center. Analysis of bacterial [13] and mitochon-
drial [14,15] cytochrome c oxidase crystal structures
shows that the hydroxyl group of the heme a3 hy-
droxyethylfarnesyl side chain may be involved in a
hydrogen-bond path, which in turn might be con-
ducting protons to the binuclear center [13^15].
Moreover, a strict requirement for a hydroxyethyl-
farnesyl side chain of the high spin heme for activity
has been pointed out for the Paracoccus denitri¢cans
cytochrome ba3 [16], and for Escherichia coli cyto-
chrome bo3 [17,18]; the corresponding bb3-type en-
zymes in these organisms are inactive.

It has been shown that the cbb3-type oxidases play
important roles in low-oxygen growth conditions. In
Bradyrhizobium japonicum the cbb3-type oxidase is
essential for nitrogen ¢xation [19]. In these bacteria
this oxidase is expressed under microaerophilic
growth conditions and shows high a¤nity for oxygen
[8]. Additionally, cbb3-type oxidases can also play
important roles in the aerobic growth, as in Rhodo-
bacter capsulatus, where cytochrome cbb3 is the sole
cytochrome c oxidase present [6].

In this study we have characterized the R. sphae-
roides chromosomal region that encodes cytochrome
cbb3, and described the complete ccoNOQP gene
cluster sequence. Based on sequence comparisons
among all cbb3 sequences known so far and the crys-
tal structure for cytochrome aa3 published recently, a
two-dimensional model of the CcoN subunit is pro-
posed. We also provide evidence that the cbb3-type
oxidase is a proton pump.

2. Materials and methods

2.1. Bacterial strains, plasmids and growth
conditions

The bacterial strains and plasmids used in this
work are summarized in Table 1. E. coli strains
were grown at 37³C in L broth in the presence
of the appropriate antibiotic concentrations accord-
ing to the strain and plasmid hosted (ampicillin

100 Wg/ml; kanamycin 50 Wg/ml; tetracycline 20
Wg/ml). R. sphaeroides strains were grown aerobical-
ly or photosynthetically in Sistro«m's medium at
32³C as reported previously [3]. Antibiotics were
added when required (streptomycin/spectinomycin
50 Wg/ml; tetracycline 4 Wg/ml; kanamycin 20
Wg/ml).

2.2. Sequencing and DNA manipulation

DNA cloning techniques were performed accord-
ing to standard protocols [20]. Southern hybridiza-
tion was performed using a non-radioactive DNA
labeling and detection system (DIG-System non-ra-
dioactive nucleic acid detection system, Boehringer
Mannheim). DNA sequencing was carried out using
an automated sequencer (Applied Biosystems) at the
Biotechnology Center, University of Illinois at Ur-
bana. Nucleotide sequences were analyzed with com-
puter programs available at ExPASy Molecular Biol-
ogy Server at the University of Geneva (http://
expasy.hcuge.ch/www/expasy-top.html) or at the Vir-
tual Genome Center at the University of Minnesota
(http://alces.med.umn.edu/JGC.html). The nucleo-
tide sequence reported here is available in the Gen-
Bank (accession No. U58092).

The ccoNOQP insertion mutant (MT101) was
made by the introduction of a blunt-ended PstI-
cleaved kanamycin resistance cartridge into the
unique SalI site in pT7-1943 (Fig. 1; Table 1). The
kanamycin cartridge was inserted in the 3P to 5P ori-
entation with respect to the ccoN gene (pT71943Kan
in Table 1; Fig. 1). The PstI-EcoRI fragment from
pT71943Kan was then cloned into the ampicillin-
and chloramphenicol resistance loci of pSUP202.
This construct was designated pSUP1943Kan. This
vector was used to transform E. coli S17-1. The re-
sulting strain was used as donor to mobilize the plas-
mid into R. sphaeroides.

The deletion mutant (ME127) was made by replac-
ing part of the ccoN and O genes by a kanamycin
resistant cartridge (Table 1). For this purpose we
cloned a 1.7 kbp PstI-SalI fragment from pUI1957
to the pT7-T319K plasmid, generating pT7PS1.7.
Another 1.7 kbp SalI-EcoRI fragment from
pUI1957 was subcloned into this vector, resulting
in the plasmid designated as pT7PSE3.4. In this,
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an EcoRI restriction site was introduced into the
HindIII site by the linker EcoLINK (5P-AGC CAA
GCT TGA ATT CAA GCT TGG CT-3P), generat-
ing now the plasmid pT7EPSE3.4. A SalI cleaved
kanamycin cartridge was ligated (with the 3P to 5P
orientation with respect of the ccoN gene) into the
SalI site of pT7EPSE3.4, generating pT7EPSE-Kan
(Table 1). Finally, the EcoRI-EcoRI fragment
from this last construction was subcloned into
the chloramphenicol resistance locus of pSUP202
to generate pSUP-EPSE-Kan. This was again
used to transform E. coli S17-1 for using it as
a donor to mobilize the plasmid into R. sphaeroi-
des.

Conjugation between E. coli S17-1 and R. sphaero-
ides strains was carried out as described before [21].

Complementation of the cytochrome cbb3 de¢cient
mutants (MT101 or ME127) was made by introduc-
ing a plasmid (pRK415) containing a BamHI-EcoRI
5.5 kbp insert which contains the whole ccoNOQP
operon. The strains were called MT101C and
ME127C.

2.3. Biochemical methods

2.3.1. Membrane preparation
Aerobically grown cells were washed and treated

with lysozyme as described by Raitio and Wikstro«m
[22]. Osmotically shocked cells were treated with
DNase I (Sigma) and membranes were recovered
and washed by centrifugation.

2.3.2. Activity measurements
Oxygen uptake was measured polarographically as

described by Raitio and Wikstro«m [22], in 50 mM
Tris-HCl pH 7.5, 50 mM KCl and 0.5 mM EDTA.
Ascorbate-N,N,NP,NP-tetramethyl-p-phenylene dia-
mine (TMPD)-cytochrome c oxidase activity was as-
sayed in the presence of sodium ascorbate (5 mM),
TMPD (10 WM), horse heart cytochrome c (15 WM)
and antimycin A, or myxothiazol (2.8 Wg/ml). 1,4-
Dithiothreitol (DTT; 4.4 mM) and ubiquinone-1
(Q1 ; 0.2 mM) were used to assay quinol oxidase
activity in the presence or absence of myxothiazol.

Proton translocation measurements were per-
formed by the oxygen-pulse method using intact cells
washed and resuspended in 200 mM KCl as reported
previously [23^25].

3. Results

3.1. Cloning and sequencing of the ccoNOQP cluster
from R. sphaeroides

From studies on the environmental regulation of
the R. sphaeroides gene expression, Zeilstra-Ryalls
and Kaplan found a cosmid (pUI8180) in their R.
sphaeroides genomic library which contained sequen-
ces homologous to the ¢xN gene of B. japonicum
[26,27]. pUI1957 (kindly provided by Zeilstra-Ryalls
and Kaplan), a BamHI subclone in pRK415-1 of
pUI8180, was used here to sequence the complete
ccoNOQP gene cluster (Fig. 1). This cluster maps
at around 443 kbp on the physical map of the R.
sphaeroides 2.4.1 chromosome I [26].

The sequence strategy is outlined in Fig. 1. Di¡er-
ent DNA fragments from pUI1957 were cloned into
pT7T319K and nucleotide sequences of both strands
were obtained using standard M13/pUC forward and
reverse primers, or internal primers (sequences
shown in Fig. 2).

The nucleotide sequence of the region reported
here comprises 4258 bp. 3395 bp correspond to the
ccoNOQP predicted coding region. The sequences of
the ccoNOQP cluster 5P and 3P £anking regions of
365 bp and 461 bp respectively are shown in Fig. 2.
The entire sequence showed a high G+C content
(63.4%) which is typical for the R. sphaeroides ge-
nome. The cluster comprises four open reading
frames (ORFs) in close physical proximity: ccoN,
ccoO, ccoQ and ccoP. One potential transcription
termination site was found with a stem-loop struc-
ture, located 16 bp downstream from the ccoP gene

Fig. 1. Physical map of the R. sphaeroides ccoNOQP cluster
and sequence strategy. Broken lines indicate the fragments
subcloned for sequencing. Arrows indicate sequences obtained.
The places where the kanamycin resistance gene was inserted
(Kan*) or replaced for internal sequence (Kan**) are shown.
See text for details.
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(Fig. 2). The proposed start codons of all four genes
are 5^8 bases downstream from putative Shine-Dal-
garno sequences. A potential binding site for an Fnr/
FixK-like protein was found located at positions

3133 and 3101 upstream from the start codon of
ccoN. This sequence is almost identical to the `anae-
robox' found upstream from the ccoNOQP cluster
from P. denitri¢cans [28], and that of Azorhizobium

Table 1
Strains and plasmids used in this work

Strain/plasmid Relevant characteristics Ref./source

Strain
E. coli
JM101 SupE, thi, v(lac-proAB), [FP, traD36, proAB, lacIqZ vM15] [42]
NM522 hsdv5v[lac.pro]FPlacIq lacZvM15Pro� [43]
S-17-1 Smr. Modi¢ed RP4 plasmid integrated into the genome of E. coli 294. RecA [44]
R. sphaeroides
Ga 2.4.1 derivative with a mutation in carotenoid biosynthesis [45]
JS100 Ga derivative, vctaD : :sm/sp [21]
MT101 JS100 derivative, ccoN : :Kan This work
ME127 JS100 derivative, vccoNO : :Kan This work

Plasmid
pUI1957 pRK-415 derivative containing an 8^9 kbp BamHI R. sphaeroides DNA fragment including

the complete ccoNOQP cluster and surrounding sequences
[26]

pUI1943 pBluescript II SK+/3 derivative containing a 2.2 kbp PvuII R. sphaeroides DNA fragment
that includes the ccoO gene and a fragment of ccoN

[26]

pT7PS1.7 pT7T319 derivative containing a 1.7 kbp PstI-SalI R. sphaeroides DNA fragment that
includes the 5P region of ccoN

This work

pT7SP0.85 pT7T319 derivative containing a 0.85 kbp SalI-PstI R. sphaeroides DNA fragment that
includes ccoQ and a fragment of ccoP

This work

pT7PE0.8 pT7T319 derivative containing a 0.8 kbp PstI-EcoRI R. sphaeroides DNA fragment that
includes the 3P region of ccoP

This work

pRK-415 Tcr, oriT lacZ [46]
pSUP202 mob, Cmr, Ampr, Tcr [44]
pUC4K pUC18 derivative Ampr, Knr, source of kanamycin resistant gene [47]
pBluescript II
SK+/3

Ampr, sequencing vector with T3 and T7 promoters Stratagene (La Jolla,
CA, USA)

pT7-1943 pT7T319 derivative containing the PstI-PvuII fragment derived from pUI1943 This work
pT7-1943Kan pT7-1943 derivative where the kanamycin gene was introduced in the SalI site of ccoN gene

(see Fig. 1)
This work

pSUP1943Kan pSUP202 derivative containing the PstI-EcoRI fragment derived from pT7-1943Kan This work
pT7PSE3.4 pT7PS1.7 derivative containing a 1.7 kbp SalI-EcoRI fragment that includes the ccoQ and

P genes from R. sphaeroides
This work

pT7EPSE3.4 pT7PSE3.4 derivative where an EcoRI site was introduced by an oligonucleotide This work
pT7EPSE-Kan pT7EPSE3.4 derivative where the kanamycin cartridge was introduced into the SalI site This work
pSUP-EPSE-Kan pSUP202 derivative where the 4.6 kbp EcoRI-EcoRI fragment from pT7EPSE-Kan was

subcloned
This work

C

Fig. 2. The complete nucleotide sequence of the ccoNOQP cluster of R. sphaeroides. The deduced amino acid sequence from the four
ORFs (corresponding to ccoN, O, Q and P genes) is shown, as well as the partial sequence of Rs-ORF277, which is transcribed in op-
posite direction to the ccoNOQP cluster. Bold letters indicate a potential binding site for an Fnr/FixK-like protein. The opposite ar-
rows indicate a putative factor-independent transcription terminator at the end of ccoP. Possible Shine-Dalgarno ribosome-binding
sites (SD) are shown upstream from each ORF by dotted underline. Internal sequencing primer sequences are indicated by broken ar-
rows.
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caulinodans [29]. It has been observed that the cbb3-
like oxidase is preferentially expressed in low-oxygen
tensions [2,19], and a FNR-type gene expression reg-
ulatory system has been described in R. sphaeroides.
Zeilstra-Ryalls and Kaplan [26] reported that the
fnrL gene product is involved in the regulation of
gene expression in response of environmental
changes. De Gier et al. [28] also found an ORF
that potentially codes for a fnrP transcription regu-
lator. This is located in the £anking region of the
ccoNOQP operon of P. denitri¢cans. Accordingly,
this fnrL or fnrP gene seems to be the regulator for
the oxygen-regulated expression of the cbb3-type ox-
idase through binding to the Fnr/FixK-like site.

Around 190 bp upstream from the ccoN start co-
don, an ORF was found with an orientation opposite
to the ccoNOQP operon. This ORF corresponds to
Rs-ORF277 identi¢ed by Zeilstra-Ryalls and Kaplan
[26], which is homologous to the B. japonicum ORF
277 of unknown function [19].

3.1.1. ccoN
This gene encodes a basic (pI = 8.97) membrane

protein of 535 amino acid residues, with a predicted
molecular mass of 60 060 Da. The corresponding
polypeptide in the puri¢ed enzyme showed a relative
molecular mass of 45 000 on SDS-PAGE [1]. This
discrepancy may be due to anomalous electrophoret-
ic migration and/or possible protein processing. Hy-
dropathy analysis predicts 14 transmembrane seg-
ments with both N and C termini facing the
cytoplasmic side (see Fig. 3). This subunit is pre-
dicted to bind the low spin heme b, the high spin
heme b3 and the CuB, which have been spectroscopi-
cally detected [1,30]. From 13 histidine residues in
the sequence only seven are conserved in all the
CcoN/FixN sequences reported (Fig. 4). Hydropathy
analysis predicts that only four conserved histidines
(His118, His267, His405, and His407) are within trans-
membrane K-helices while three (His317, His318, and
His397) are probably located on periplasmic loops. By
comparison with the location of the histidine ligands
in cytochrome aa3 crystal structure, it is most likely
that His118 and His407 are the ligands for the low spin
heme b, and His405 the axial ligand for the high spin
heme b3. His267, His317 and His318 are probably lig-

Fig. 3. Proposed two-dimensional model of the R. sphaeroides CcoN subunit. The model was derived from hydropathy plots of the
CcoN/FixN consensus sequence, and from the inspection of the crystal structure of cytochrome aa3. Totally conserved residues among
CcoN/FixN sequences are shaded. Sequence numbers are indicated for the totally conserved histidines and acidic residues. Putative
metal ligands are indicated by bold circles.
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Fig. 4. Amino acid sequence alignments for the CcoN/FixN, CcoO/FixO, CcoQ/FixQ and CcoP/FixP subunits. Fully conserved resi-
dues are bold faced. Potential transmembrane helices are underlined. Putative histidine ligands for the low spin heme and the binu-
clear center metals are indicated by asterisks. Amino acid residues probably involved in the binding of the hemes c in CcoO/FixO and
CcoP/FixP are also indicated by asterisks. GenBank accession Nos.: Agrobacterium tumefaciens, Z46239; R. capsulatus, X80134; B. ja-
ponicum, L07487; A. caulinodans, X74410; Rhizobium meliloti, Z21854; R. etli, U76906; R. leguminosarum, Z70305; P. denitri¢cans,
U34353; R. sphaeroides, U58092; H. pylori, AE000536).
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ands of CuB. The His397 might be equivalent to the
conserved His403 (P. denitri¢cans cytochrome aa3)
which is a ligand for the magnesium ion. Otherwise,

alignments of the CcoN sequences with subunit I of
the main heme-copper oxidase family indicate that
there is little homology between them. For example,

Fig. 4 (continued).
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residues suggested to be involved in H� conduction
(Asp124, Glu278, Lys354, Leu393 and Asp399 in P. de-
nitri¢cans cytochrome aa3), or in H bonding to the
CuB histidine ligands (Thr344 and Tyr280) are missing
in the cytochrome cbb3 sequences, or placed in other
positions (but see below). A suggested two-dimen-
sional model for this protein is shown in Fig. 3.
The high degree of hydrophobicity for the ¢rst two
helices of CcoN (helices 3I and 0 in Fig. 3) contrib-
utes to our prediction of them being transmembrane.
However, Zu¡erey et al. [31] showed evidence which
suggests that these two helices in B. japonicum FixN
may be peripheral facing the cytoplasm. These two
helices might not have a role in the function/structure
of the oxidase since they are missing in the Helico-
bacter pylori ccoN sequence, in which the predicted
protein starts at the level of the third transmembrane
segment of the rest of the sequences.

3.1.2. ccoO
ccoO gene encodes for a 241 amino acid polypep-

tide with a calculated molecular mass of 27 376 Da,
which is predicted to be a c-type membrane bound
cytochrome. The corresponding polypeptide in the
puri¢ed preparation shows a Mr of 29 000. Further-

more, the identity of the CcoO subunit in the protein
preparation is now here con¢rmed since the N-termi-
nal amino acid sequence reported before [1] corre-
sponds to the deduced sequence from the ccoO
gene (the ¢rst methionine residue is missing from
the peptide sequence, but this should be due to
post-translational processing).

Hydropathy analysis shows that CcoO probably
has a single membrane-spanning domain near the
N terminus, and a hydrophilic domain, which is
most probably exposed to the periplasmic side where
heme C is attached. A predicted totally conserved
heme C binding site (CXXCH-//-MP) motif is found
in this region (C68-Y69-L70-C71-H72, and M140-P141 ;
Fig. 4).

3.1.3. ccoQ
The ccoQ gene codes for a 67 amino acid acidic

(pI = 5.52) polypeptide with a calculated molecular
mass of 7778 Da (Fig. 4). It has a high hydrophobic
amino acid stretch near the N terminus, and a
charged motif at the C terminus as previously sug-
gested [10]. The corresponding polypeptide is appar-
ently not present in the puri¢ed preparation [1] and
its role remains unknown.

Fig. 4 (continued).
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3.1.4. ccoP
The product of the ccoP gene codes for an acidic

membrane protein (pI = 4.54) of 290 amino acids and
a calculated Mr of 31 361. This product corresponds
to the 35 kDa subunit on the SDS-PAGE analysis of
the puri¢ed enzyme [1]. Hydropathy pro¢les predict
two main domains: a hydrophobic transmembrane
domain near to the N terminus, and a hydrophilic
domain most probably facing the periplasmic side
(Fig. 4). Two heme C binding motifs can be found
in this domain (-C124-V125-Q126-C127-H1289//9M176-
P177 ; and C220-A221-A222-C223-H2249//9M265-P266).

Considering that only CcoN, CcoO, and CcoP are
part of the functional cytochrome cbb3, the total
mass calculated from the sequence accounts for
118 797 Da, which is very close to the mass electro-

phoretically estimated before using electrophoresis
[1].

3.2. Deactivation of the ccoNOQP gene cluster and
trans-complementation

In order to con¢rm that the ccoNOQP cluster en-
codes for the cbb3-type cytochrome c oxidase, we
constructed two mutants, one in which the cluster
was inactivated by inserting a kanamycin resistance
gene and another in which most of the sequences
coding for the ccoN and ccoO genes were substituted
by the kanamycin cartridge (see Section 2).

During the mating of R. sphaeroides JS100 (vaa3)
with E. coli S17-1/pSUP1943Kan (ccoNOQP Kan-
interrupted vector), kanamycin resistant colonies
were obtained only when the plates were incubated
under photosynthetic conditions. Approx. 100 colo-
nies were picked and were able to grow aerobically.
Three of them were sensitive to tetracycline, which
indicated that the double crossover event had taken
place. One of these colonies (designated here as
MT101) was grown and its respiratory activity
tested. A similar strategy was employed for obtaining
ME127, which is a mutant in which a deletion of
part of ccoN and ccoO was ¢lled in with the kana-
mycin resistance gene, also using the JS100 strain as
parent. Location of the kanamycin resistance gene
was con¢rmed by Southern blot hybridization (data
not shown).

Membranes isolated from MT101 and ME127
showed no detectable cytochrome c or TMPD oxi-
dase activity, but they could oxidize ubiquinol at
high rates, in a myxothiazol resistant way. Succinate
and NADH dehydrogenase activities, as well as ubiq-
uinol:cytochrome c oxidoreductase activity, were

Table 2
Proton translocation in R. sphaeroides cells

Substrate H�/e3a

Ga (wild type) JS100 (vaa3)

Succinate 2.6^3.1 2.7^3.1
Succinate+myxothiazol 1.7^1.9 1.8^2.0
Ascorbate/TMPDb 0.9^1.2 0.6^1.1

See legend to Fig. 5 and Section 2 for experimental details.
aRange obtained from four to six independent experiments.
bCorrected for the release of 0.5 H�/e3 by ascorbate oxidation.

Fig. 5. Proton translocation in R. sphaeroides JS100 whole cells.
Washed and starved cells were incubated to anaerobiosis in a
medium containing 100 mM KSCN, 100 mM KCl, 15 WM rote-
none, and 10 WM TMPD/5 mM K�-ascorbate (A), or 15 mM
succinate (B). Arrows indicate the addition of oxygen saturated
water (O2) or anaerobic HCl solution (H�). Myxothiazol (2
WM) was added to the incubation medium (A) or when indi-
cated (B). CCCP was added to 6 WM.
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comparable with these activities measured in the par-
ent strain JS100.

Cytochrome c oxidase activity was complemented
in R. sphaeroides MT101 or ME127 by the introduc-
tion of a plasmid encoded ccoNOQP operon (see
Section 2 for details). The resulting strain
(MT101C, or ME127C) had cytochrome c oxidase
activity at comparable levels as our wild type strain
(JS100), and the spectroscopic cytochrome c levels
were enhanced in comparison with MT101 or
ME127 (data not shown).

3.3. Proton translocation

Since genetic inactivation of the cbb3-type cyto-
chrome c oxidase produces strains (MT101 and
ME127) that do not show detectable cytochrome c
or TMPD oxidase activity, we conclude that cyto-
chrome cbb3 is the sole cytochrome c oxidase in the
parent strain (JS100, vaa3). Washed and starved R.
sphaeroides JS100 cells were incubated in a non-bu¡-
ered medium in the presence of a reductant (TMPD/
ascorbate or succinate). After anaerobiosis, proton
translocation following a small pulse of O2 was de-
termined by previously reported methods [23^25].

Fig. 5A shows an experiment with TMPD/ascor-
bate as electron donor. The addition of O2 ¢rst in-
duces fast release of protons to the extent of 1.1^1.6
H�/e3 (Table 2). On subsequent anaerobiosis there is
a slow decay of the pH trace to an equilibrium,
which corresponds to an overall consumption of
0.5 H�/e3 in the reaction. In the presence of the
uncoupling agent carbonylcyanide m-chlorophenyl-
hydrazone (CCCP) the decay is much faster, but
the equilibrium position is unchanged. In this type
of experiment the O2 pulse might activate oxidation
of endogenous substrate by cytochrome bb3-type qui-
nol oxidase despite starvation of the cells. However,
the observation of an overall consumption of 0.5 H�/
e3 excludes signi¢cant contribution from quinol ox-
idase activity, showing that ascorbate is the electron
donor. We conclude therefore, that this experiment
measures the activity of the cbb3 enzyme alone. After
subtraction of the proton release due to ascorbate
oxidation from the extent of proton ejection after
the O2 pulse, we arrive at an observed proton trans-
location quotient of 0.6^1.1 H�/e3. This result
strongly suggests that the cbb3-type oxidase from

Rhodobacter sphaeroides functions as a proton
pump much like the major enzymes of the heme-
copper oxidase family.

In similar experiments with succinate as substrate
(Fig. 5B, Table 2), we observed H�/e3 ratios of pro-
ton ejection in the range of 2.7^3.1 H�/e3. This ratio
fell to values below 2.0 in the presence of the cyto-
chrome bc1 complex inhibitor myxothiazol. Succinate
is exclusively oxidized via the quinol oxidase with
myxothiazol present, and the expected H�/e3 ratio
is 2 [22,32]. In the absence of myxothiazol virtually
all electron £ux occurs via the bc1 complex (and cy-
tochrome cbb3), as in the case of P. denitri¢cans
[22,32]. This is possibly due to a higher a¤nity of
the bc1 complex than the quinol oxidase for ubiqui-
nol. Since the H�/e3 quotient of proton release is 2
for the bc1 complex, we may conclude that cyto-
chrome cbb3 pumps protons with an H�/e3 ratio
close to unity.

4. Discussion

The ccoNOQP gene cluster from R. sphaeroides
was cloned and sequenced and in the current work
is demonstrated to encode the cbb3-type cytochrome
c oxidase that has been observed spectroscopically in
photosynthetically grown cells, and puri¢ed from a
strain from which the aa3-type oxidase has been de-
leted [1]. Many of the features predicted from the
sequence correspond with those previously found
by biochemical characterization of the puri¢ed en-
zyme.

The cluster seems to be organized as an operon
based on the following criteria: (1) close physical
proximity of the ORFs, (2) the presence of just one
potential transcription termination site at the end of
ccoP, (3) the loss of cytochrome cbb3 expression
by genetic interruption of the gene cluster, and (4)
the fact that ¢xNOQP or ccoNOQP clusters from
other bacteria appear to be regulated as operons
[10,19,31,33].

Alignments of all the cbb3-type oxidase sequences
reported so far (Fig. 4) indicate that the subunits
with a substantial degree of conservation are those
encoded by the ccoN/¢xN and ccoO/¢xO genes (25%
and 24%, respectively). The degree of conservation
among the CcoP subunits is lower (9.7%) and the
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CcoQ subunits are the least conserved (1.3%). These
values seem to re£ect the signi¢cance of each sub-
unit. Zu¡erey et al. [31] have shown that the CcoN
and CcoO polypeptides are essential for the assembly
and function of the oxidase complex. In that study,
an in-frame deletion of the ccoP gene gave rise to the
assembly of a partially active CcoN-CcoO complex.
The CcoQ subunit seems not to be important for the
assembly or function of the oxidase complex [31].
This agrees with the high activity found for the pu-
ri¢ed cbb3-type enzyme of R. sphaeroides, which ap-
pears to lack the subunit encoded by ccoQ [1]. How-
ever, it cannot be excluded that subunit CcoQ could
be part of the oxidase in sub-stoichiometric amounts,
as previously suggested [31], or that it could have a
role in the expression of the complex, or in activity
regulation.

The ability of the cbb3-type oxidases to pump pro-
tons has been subject of discussion. It has been re-
ported that maximal rates of oxidative phosphoryl-
ation in P. denitri¢cans were found only in the
presence of cytochrome aa3 [34,35]. Both growth
yield [36] and some proton translocation measure-
ments [5,37,38] were interpreted to suggest that P.
denitri¢cans alternative cytochrome c oxidase (i.e.
of cbb3-type) is not a proton pump.

However, Raitio and Wikstro«m [22] have found
that the cbb3 oxidase in P. denitri¢cans does pump
protons during oxidation of succinate, while proton
translocation linked to oxidation of TMPD/ascor-
bate appears very poor. More recently, De Gier et
al. [28] reported very similar results. In agreement
with these reports, we show here that the R. sphae-
roides cytochrome cbb3 readily translocates protons
during succinate oxidation. We also found that, in
this organism, proton translocation is also observed
with TMPD/ascorbate as substrate. The reason for
this di¡erence is presently unknown. It could be due
to the presence of another O2-consuming enzyme in
P. denitri¢cans that accepts electrons from TMPD/
ascorbate system, but not from succinate [22]. Alter-
natively, it could be due to a more subtle phenom-
enon related to the mechanism of proton transloca-
tion in the cbb3-type enzymes. One may speculate
that the proton translocation mechanism in some
of these enzymes could be unusually sensitive to con-
trolled redox potential at the donor site. Su¤cient
control may be achieved only if electrons are fed

into the enzyme via the cytochrome bc1 complex,
but not when fed via the TMPD/ascorbate system.
On the other hand, our present ¢nding of proton
translocation with TMPD/ascorbate in the R. sphae-
roides cbb3 enzyme, and its strong homology to the
enzyme from P. denitri¢cans, does not seem to favor
explanations of this kind.

Both the hydropathy pro¢le and the conservation
of the histidine residues that serve as ligands to
heme, iron, and CuB in subunit I suggest that the
general architecture of the cbb3-type oxidases is sim-
ilar to that of the more traditional cytochrome c
oxidases, despite the low level of sequence homology.
This subunit (CcoN) therefore probably contains the
low spin heme b as well as the heme b3-CuB binuclear
center. The CuA center of the traditional cytochrome
c oxidases is probably replaced functionally by the
membrane bound c-type cytochromes, which are
likely to transfer electrons to the binuclear site via
the low spin heme b.

More interesting, perhaps, is that the cbb3-type
oxidases lack several residues that have been shown
to be key components of the proton translocating
mechanism in the more conventional heme-copper
oxidases. For example, none of the otherwise very
highly conserved residues of subunit I, K319, Y244,
D91 and E242 (bovine oxidase numbering) are con-
served in the cbb3-type enzymes. Yet, the present
work clearly con¢rms the proton translocating prop-
erty of the cbb3-type enzyme. Two di¡erent scenarios
may be considered to explain this problem. On one
hand, many of the mentioned residues have been
implicated in passive proton transfer pathways, ei-
ther leading to the binuclear center or to the molec-
ular pump machinery, which is still elusive. Hence,
the basic molecular mechanism of the proton pump
could still be the same in all heme-copper oxidases,
while the structural support from the protein for
passive proton transfer pathways could di¡er. There
are already reports suggesting that bound water mol-
ecules may be essential in such pathways [39,40]. This
scenario would lead to a direct role of the metal
cofactors and their ligands in a universal proton-
pumping mechanism [41]. The other extreme scenario
is, of course, that the mechanistic principle is di¡er-
ent in the cbb3-type enzymes. It is for this reason that
both functional and structural research on the cbb3-
type oxidases should be encouraged.
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