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The facultative phototrophic bacterium Rhodobacter capsulatus contains only one form of cytochrome (cyt) c
oxidase, which has recently been identified as a cbb3-type cyt c oxidase. This is unlike other related species, such
as Rhodobacter sphaeroides and Paracoccus denitrificans, which contain an additional mitochondrial-like aa3-
type cyt c oxidase. An extensive search for mutants affected in cyt c oxidase activity in R. capsulatus led to the
isolation of at least five classes of mutants. Plasmids complementing them to a wild-type phenotype were
obtained for all but one of these classes from a chromosomal DNA library. The first class of mutants contained
mutations within the structural genes (ccoNOQP) of the cyt cbb3 oxidase. Sequence analysis of these mutants
and of the plasmids complementing them revealed that ccoNOQP in R. capsulatus is not flanked by the oxygen
response regulator fnr, which is located upstream of these genes in other species. Genetic and biochemical
characterizations of mutants belonging to this group indicated that the subunits CcoN, CcoO, and CcoP are
required for the presence of an active cyt cbb3 oxidase, and unlike in Bradyrhizobium japonicum, no active
CcoN-CcoO subcomplex was found in R. capsulatus. In addition, mutagenesis experiments indicated that the
highly conserved open reading frame 277 located adjacent to ccoNOQP is required neither for cyt cbb3 oxidase
activity or assembly nor for respiratory or photosynthetic energy transduction in R. capsulatus. The remaining
cyt c oxidase-minus mutants mapped outside of ccoNOQP and formed four additional groups. In one of these
groups, a fully assembled but inactive cyt cbb3 oxidase was found, while another group had only extremely small
amounts of it. The next group was characterized by a pleiotropic effect on all membrane-bound c-type
cytochromes, and the remaining mutants not complemented by the plasmids complementing the first four
groups formed at least one additional group affecting the biogenesis of the cyt cbb3 oxidase of R. capsulatus.

The gram-negative facultative photosynthetic bacterium
Rhodobacter capsulatus has a highly branched electron trans-
port chain, resulting in its ability to grow under a wide variety
of conditions (52). Its light-driven photosynthetic electron
transfer pathway is a cyclic process between the photochemical
reaction center and the ubihydroquinone cytochrome (cyt) c
oxidoreductase (cyt bc1 complex) (30). On the other hand, the
respiratory electron transfer pathways of R. capsulatus are
branched after the quinone pool and contain two different
terminal oxidases, previously called cyt b410 (cyt c oxidase) and
cyt b260 (quinol oxidase) (3, 27, 29, 53). The branch involving
cyt c oxidase is similar to the mitochondrial electron transfer
chain in that it depends on the cyt bc1 complex and a c-type cyt
acting as an electron carrier. The quinol oxidase branch cir-
cumvents the cyt bc1 complex and the cyt c oxidase by taking
electrons directly from the quinone pool to reduce O2 to H2O.
The pronounced metabolic versatility, including the ability to
grow under dark, anaerobic conditions (50, 52), makes these
purple non-sulfur bacteria excellent model organisms for
studying microbial energy transduction.

Marrs and Gest (29) have reported the first R. capsulatus
mutants which were defective in the respiratory electron trans-
port chain. Of these mutants, M5 was incapable of catalyz-
ing the a-naphthol plus N9,N9-dimethyl-p-phenylenediamine
(DMPD) plus O23indophenol blue plus H2O reaction (NADI
reaction) and unable to grow by respiration (Res2), and hence
was deficient in both terminal oxidases. Another mutant, M4,
was also NADI2 but Res1 due to the presence of an active

quinol oxidase. Marrs and Gest have also described two dif-
ferent spontaneous revertants of M5, called M6 and M7, which
regained the ability to grow by respiration (29). M6 regained
cyt c oxidase activity and became concurrently NADI1 and
sensitive to low concentrations of cyanide and the cyt bc1
inhibitor myxothiazol, but remained quinol oxidase2. On the
other hand, M7 regained the quinol oxidase activity but re-
mained cyt c oxidase2 (thus, NADI2 and resistant to myxo-
thiazol, a phenotype identical to that of M4). All of these
mutants remained proficient for phototrophic (Ps) growth.

The cyt c oxidase of R. capsulatus has been purified previ-
ously and characterized as being a novel cbb3-type cyt c oxidase
without a CuA center (15). It is composed of at least a mem-
brane-integral b-type cyt (subunit I [CcoN]) with a low-spin
heme b and a high-spin heme b3-CuB binuclear center, and two
membrane-anchored c-type cyts (CcoO and CcoP). It has a
unique active site that possibly confers a very high affinity for
its substrate oxygen (49). The structural genes of this enzyme
(ccoNOQP) have been sequenced recently from R. capsulatus
37b4 (45) and aligned to the partial amino acid sequence of the
purified enzyme from R. capsulatus MT1131 (15). Although a
ccoN mutant of strain 37b4 was reported to lack cyt c oxidase
activity (45), the observed discrepancies between the amino
acid sequence and the nucleotide sequence do not entirely
exclude the possible presence of two similar cb-type cyt c oxi-
dases in this species. The presence of a similar cyt c oxidase has
also been demonstrated in several other bacteria, including P.
denitrificans (9), R. sphaeroides (13), and Rhizobium spp. In the
latter species, the homologs of ccoNOQP have been named
fixNOQP (23, 34) and are required to support respiration un-
der oxygen-limited growth during symbiotic nitrogen fixation
(36).

The biogenesis of a multisubunit protein complex containing
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several prosthetic groups, such as cyt cbb3 oxidase, is likely to
require many accessory proteins involved in various posttrans-
lational events, including protein translocation, assembly, co-
factor insertion, and maturation (46). Thus, insights into this
important biological process, about which currently little is
known, may be gained by searching for mutants defective in cyt
c oxidase activity. In this work, we describe the isolation of
such mutants and their molecular genetic characterization, in-
cluding those already available, such as M4, M5, and M7G.
These studies indicate that in R. capsulatus, gene products of at
least five different loci are involved in the formation of an
active cyt cbb3 oxidase.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The strains and plasmids used in this
study are described in Table 1. Escherichia coli strains and their plasmid-con-
taining derivatives were grown in Luria-Bertani medium supplemented with
antibiotics when appropriate (ampicillin, 100 mg/ml; kanamycin, 50 mg/ml; tet-
racycline, 12.5 mg/ml) (38). R. capsulatus strains were grown in Sistrom’s minimal
medium A (Med A) (42) or MPYE enriched growth medium (7) (both supple-
mented with kanamycin [10 mg/ml] or tetracycline [0.625 mg/ml] as needed) (21)
at 35°C chemoheterotrophically under aerobic conditions in the dark on plates or
liquid cultures (shaken at 150 rpm), or photoheterotrophically in the presence of
light under anaerobiosis with H2- and CO2-generating gas packs from BBL
Microbiology Systems, Cockeysville, Md.

Bacterial and molecular genetic techniques. R. capsulatus strains were mu-
tagenized at 37°C for approximately 30 min with 100 mM ethyl methanesulfonate
(EMS) dissolved in 100 mM KH2PO4 buffer (pH 7.4) as described earlier (7). In
a typical screen, about 20 independent cultures on MPYE medium were inocu-
lated with mutagenized cells, grown overnight under respiratory growth (Res)
conditions, spread on MPYE plates to yield several hundred colonies per plate,
and incubated under Ps conditions for 48 h. Well-pigmented visible colonies
were marked, and plates were further incubated under Res conditions for an
additional 24 to 48 h. Newly arising small and less-pigmented colonies were
picked and tested for their Ps and Res phenotypes. All mutagenized colonies
were also tested for their cyt c oxidase activity by the NADI reaction by being
overlaid with a 1:1 (vol/vol) mixture of 35 mM a-naphthol in ethanol and 30 mM
N,N-dimethyl-p-phenylene diamine in H2O (25). Under these conditions, colo-
nies that contain an active cyt c oxidase (i.e., NADI1) turn blue within 30 s. All
NADI2 or Ps2 mutants were retained, but only the Ps1 and NADI2 mutants
were further analyzed.

Conjugal transfer of plasmids from E. coli to R. capsulatus, interposon mu-
tagenesis (with Kanr genes of pMA117 and pUC4-Kixx) via the gene transfer
agent (GTA) (51), and Tn5 mutagenesis were performed as described previously
(7, 41). Standard molecular biology techniques were performed as described by
Sambrook et al. (38). The plasmid p5TDH was obtained by deletion of appro-
priate fragments of p5T, and p4AIV was obtained by ligation of the 3.4-kb
BglII-BamHI fragment of p4A into BamHI-digested pRK404 (Fig. 1). pMG1 was
constructed by insertion of the 1.3-kb BamHI fragment of p5TDH into the
appropriate site of pBluescript (KS1), and its cloning in two different orienta-
tions into pRK404 yielded pRHK8 and pRHK9. Insertion of the Kanr cartridge
of pMA117 into the unique BstEII site of pMG1 led to pMG1K, and the
ccoP::kan allele thus obtained was introduced into the chromosome of the
wild-type strain, MT1131, via GTA crosses and yielded the mutant MG1
(ccoP::kan). Cloning of the Kanr-mediating chromosomal DNA fragment of
MG1 into pBSII led to the isolation of pMG1-H1, and the location of the Kanr

cartridge was determined by DNA sequencing. p4AXI was constructed by liga-
tion of the 1.1-kb BglII-HindIII fragment of p4AIV into pRK415, and to obtain
pOX15, the 1.3-kb BamHI fragment of pMG1 was ligated to BamHI-digested
p4AIV (Fig. 1). The insertion-deletion mutant GK32 [D(ccoNO::kan)] was con-
structed by replacement of the 2.8-kb XhoI fragment of p4AIV (carrying open
reading frame 277 [ORF277] and ccoNO) with the Kanr gene and was introduced
into the chromosome of MT1131 via GTA crosses. PCR was performed with Taq
DNA polymerase after optimization with the Opti-Prime kit from Stratagene in
a mixture containing 10 mM Tris-HCl (pH 8.8), 1.5 mM MgCl2, 75 mM KCl,
15% glycerol, and 0.25 mM deoxynucleoside triphosphates. Fifteen picomoles of
primer and 300 ng of genomic DNA were cycled 30 times (98°C for 30 s, 60°C for
10 s, and 72°C for 60 to 120 s) with a Perkin-Elmer 9600 GeneAmp PCR system.

DNA sequence analysis. Automated DNA sequencing with the dye terminator
cycle sequencing kit (Amplitaq FS) from Applied Biosystems was performed as
specified by the manufacturer. Various subclones of the plasmids described in
Table 1 were used as double-stranded DNA templates with the following primers
(shown in the 59-to-39 orientation) synthesized either at the DNA Synthesis
Service, Department of Chemistry, University of Pennsylvania, or ordered from
Gibco-BRL: MG1A, CCCGTGGCAAGTCGCTG; MG1B, CCCGCCGATCA
TGGCCA; MG1C, GCGCAGTGCCACGGCGC; MG1D, CGAGCTGCTTGA
ACCGGCGCA; MG1MA, AGCTCCAGGACGGCATCAC; MG1MB, ACCT
GCTGACCCGCGGTCGC; MG1MO, TCATTGTCGGTTTGCCTAGG; N1,

CTCCGGCCGAATCGTCGGGACGGGATT; N2, CGAAGACGGCCAATC
TCGCCGTTGCGG; N3, CGGCAACGGGATGCTGAACT; N4, CCAAATC
GGTGCAGCTGATG; N5, GCTCAACTGGCGGAACTAGC; N6, CGAGGA
AGGCGATCAGATAG; N7, ACAAGAAAGCCGACGATCC; p4A3, TCGCG
GATGTAGATGTCCCG; p4A4, CTTCGACGGTGGCGGCCAG; O1, ACCA
GCTAAAGAGCTGGAAGGTTGGGC; O2, GCGATCGCGGTCACATCCG
TCGCCACC; O3, TTCGACAGGTGTTCGACATGCC; O4, TGGCATGTCG
AACACCTGTC; BHK20MD, AGCCGGCACCGGCACCGAGC; BHK20MC,
GCTAGGCGTTCCGCGACGGC; BHK33MA, TTCGCACCACATCGG;
BK33A, CCCGTCTCCTTGAAGGA; BK33B, CCCGCCACAAGGCACA;
BK33C, ACAAGGAGCCAGCCCATG; BK33D, CCGGCGGCGCAGGCG
GC; and BHK20B, CCAGTCGGGCAGCGCGGTAT.

DNA analyses, predictions for segmental flexibility in amino acid sequences,
and homology searches were done with the MacVector (IBI, Kodak) and BLAST
programs (2). The computer programs TmPred (18) and Clustal W (44) were
used to predict the possible transmembrane helices and for sequence alignments,
respectively.

Construction of a ccoN::lacZ fusion. A ccoN::lacZ translational fusion was
constructed by PCR cloning of the 0.28-kb ORF277-ccoN intergenic region into
the conjugative promoter-probe vector pXCA601 containing an in-frame BamHI
site at the 59 end of lacZ (1). Briefly, this region was amplified by Taq DNA
polymerase with 200 ng of the primers CNL (59CAT TCT GCA GTT AGG TTA
ACG GGT GCC GTC39) and CNR-1 (59GGC AAT AGG ATC CAC GAC
GCC AAG AGC GAC AAG39) in the presence of 20 ng of pOX15 as DNA
template as described above, except that 50 mM (each) deoxynucleoside triphos-
phate was used. The reaction mixture was incubated at 98°C for 30 s prior to
cycling (30 cycles of 97°C for 30 s, 55°C for 10 s, and 72°C for 60 s); the PCR
product thus obtained was digested with PstI and BamHI restriction enzymes and
cloned into the corresponding sites of pXCA601. The resulting plasmid, pXG2,
carried the 280-bp DNA fragment containing the ORF277-ccoN intergenic re-
gion to yield an in-frame ccoN::lacZ translational fusion (see Fig. 3).

Isolation of chromatophore membranes, SDS-PAGE and Western blot anal-
ysis, enzyme purification, and antibody production. Chromatophore membranes
were prepared in 20 mM MOPS [3-(N-morpholino)propanesulfonic acid] buffer
(pH 7) containing 100 mM KCl with a French pressure cell as described earlier
(15). The cyt cbb3 oxidase was purified to homogeneity from semiaerobically
grown R. capsulatus cells as described by Gray et al. (15). Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed as de-
scribed elsewhere (39) with 16.5 or 10% polyacrylamide gels. Samples were
solubilized in 2% SDS and 5% b-mercaptoethanol and incubated for either 15
min at 75°C for Coomassie staining and Western blots, or 5 min at 37°C for
visualization of c-type cyts with 3,39,5,59-tetramethylbenzidine (TMBZ) (43). For
Western blot analysis, proteins were electroblotted onto Immobilon-P mem-
branes (Millipore Corp., Bedford, Mass.) and immunoglobulins bound to cross-
reacting R. capsulatus proteins were detected with horseradish peroxidase-con-
jugated goat anti-rabbit secondary antibodies (Bio-Rad, Richmond, Calif.).
Diaminobenzidine was used as a peroxidase substrate enhanced with NiCl2.

A preparative SDS-PAGE system (model 491 Prep Cell; Bio-Rad) was used to
isolate the individual subunits of this enzyme as follows. Ten milligrams of
purified cyt cbb3 oxidase was applied to a 12% gel, which was then electropho-
resed over 40 h at 8 W of constant power. The individual subunits were eluted in
25 mM Tris–200 mM glycine buffer (pH 8.3) with 0.1% SDS at a flow rate of 20
ml/h. For a rapid screening, 0.3 ml of the individual fractions was precipitated
with 1.0 ml of acetone at 220°C for at least 8 h, washed once with acetone,
resuspended in Tris-buffered saline (TBS) (50 mM Tris-HCl, 150 mM NaCl [pH
7.4]) buffer, and analyzed by SDS-PAGE with subsequent Coomassie and TMBZ
stains. The fractions identified as containing the individual cyt c oxidase subunits
were dialyzed three times against TBS buffer, lyophilized, resuspended in TBS
buffer at a concentration of 1 mg/ml, and used to immunize New Zealand White
rabbits. For primary injections, 100 mg of protein mixed with complete Freund’s
adjuvant was used, and for the subsequent booster injections, 50 mg of protein in
incomplete Freund’s adjuvant was used, and antibody titers were monitored
periodically.

Enzyme assays. N,N,N9,N9 Tetramethyl-p-phenylenediamine (TMPD) oxidase
activity was measured polarographically with a Clark-type oxygen electrode (YSI,
Inc., Yellow Springs, Ohio) with R. capsulatus chromatophore membranes at a
protein concentration of approximately 0.1 mg/ml in 50 mM MOPS buffer (pH
7) and 5 mM MgCl2. Oxygen consumption induced by the addition of 10 mM
ascorbate and 0.2 mM TMPD, and subsequently inhibited by 100 mM KCN, was
recorded, and net TMPD oxidase activity was determined by subtraction of the
endogenous respiratory rate from that induced by ascorbate. b-Galactosidase
activity was measured with 100-ml samples of three independent cultures as
described by Miller (31). Protein concentrations were determined by the method
of Lowry (28).

Chemicals. All chemicals were of reagent grade and were obtained from
commercial sources. Dodecyl b-D-maltoside was from Anatrace (Maumee,
Ohio).

Nucleotide sequence accession number. The GenBank accession number for
ccoNOQP of R. capsulatus and its surrounding genes is AF016223.
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Genotype Phenotype Source or
reference

Strains
E. coli

HB101 F2 proA2 hsdS20 (rB
2 mB

2) recA13 ara14 lacY1 galK2 rpsL20 supE44
rpsL20 supE44 proA2 xyl-5 mtl-1

38

XL1-Blue recA1 endA1 gyrA96 thi-1 hsdr17 supE44 relA1 lac[F9 proAB lacIqDM15
Tn10(Tetr)]

Stratagene

R. capsulatus
MT1131a crtD121 Rifr Wild type (NADI1) 40
Y262 GTA overproducer 51
GK277-1 ORF277-1::kan Cox1 NADI1 This work
GK277-2 ORF277-2::kan Cox1 NADI1 This work
M4 DccoN Cox2 NADI2 29
M5 ccoNOQP qox Cox2 Qox2 NADI2 29
M7G ccoP269 Cox2 NADI2 29
MR1 ccoO107 Cox2 NADI2 This work
MG1 ccoP::kan Cox2 NADI2 This work
OH2 ccoP 34 Cox2 NADI2 This work
DB8 ccoP::Tn5 Cox2 NADI2 This work
GK32 D(ccoNO::kan) Cox2 NADI2 This work
BK4 ccoNOQPb Cox2 NADI2 This work
GK2 ccoNOQPb Cox2 NADI2 This work
OH1 ccoNOQPb Cox2 NADI2 This work
SS24 ccoNOQPb Cox2 NADI2 This work
SS25 ccoNOQPb Cox2 NADI2 This work
IW2 ccoNOQPb Cox2 NADI2 This work
Sev1 ccoNOQPb Cox2 NADI2 This work
Sev2 ccoNOQPb Cox2 NADI2 This work
Sev3 ccoNOQPb Cox2 NADI2 This work
Sev4 ccoNOQPb Cox2 NADI2 This work
Sev5 ccoNOQPb Cox2 NADI2 This work
BK5 Cox2 NADI2 This work
SS33 Cox2 NADI2 This work
SS1 Cox2 NADI slow This work
SS2 Cox2 NADI slow This work
MR2 Cox2 NADI slow This work
IJ1 Cox2 NADI slow This work
GK1 Cox2 NADI2 This work
DM2 Cox2 NADI slow This work
IW3 Cox2 NADI slow This work
TP1 Cox2 NADI slow This work
TP2 Cox2 NADI slow This work

Plasmids
pRK2013 Kanr, helper 10
pRK415 Tetr 10
pRK404 Tetr 10
pBSII pBluescript II (KS1) Ampr Stratagene
pXCA601 lacZ Tetr 1
pMA117 Kanr 7
pUC4-Kixx Kanr Pharmacia
p5T pRK404 with a 16.5-kb BamHI insert Tetr This work
p5TDH HindIII deletion of p5T Tetr This work
p4A pRK404 with 6.0-kb BamHI insert Tetr This work
p4AI XhoI deletion of p4A Tetr This work
p4AIK32 Kanr in XhoI site of p4AI Kanr Tetr This work
p4AIII BglII deletion of p4A Tetr This work
p4AIIIK Kanr in BglII site of p4AIII Kanr Tetr This work
p4AIV 3.4-kb BglII-BamHI fragment of p4A in pRK404 Tetr This work
p4AXI 1.1-kb BglII-HindIII fragment of p4A in pRK404 Tetr This work
p4AXIK Kanr in XhoI site of p4AXI Kanr Tetr This work
p4AXIIK Kanr in NruI site of p4AXI Kanr Tetr This work
pMG1 1.3-kb BamHI fragment of p5TDH in pBSII Ampr This work
pMG1K Kanr in BstEII site of pMG1 Kanr Tetr This work
pMG1-H1 10-kb HindIII fragment of MG1 in pBSII Kanr Ampr This work
pRHK8 1.3-kb BamHI fragment of p5TDH in pRK404, opposite orientation from

that in p5TDH
Tetr This work

Continued on following page
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RESULTS

Isolation and phenotypic characterization of NADI2 mu-
tants of R. capsulatus. About 30,000 mutagenized colonies of
the wild-type R. capsulatus strain MT1131 were screened after
EMS mutagenesis, and 25 independent mutants unable to per-
form the NADI reaction at a wild-type level (i.e., turn blue in
less than 30 s) but proficient in both Res and Ps growth were
retained. Among these mutants, 8 (DM2, MR2, IJ1, IW3, TP1,
TP2, SS1, and SS2) exhibited an NADI-slow phenotype (i.e.,
required an incubation time longer than 2 min to turn blue),
while the remaining 17 were completely NADI2 (i.e., no blue
color formed within 30 min) (Table 1). These new mutants,
together with M7G and M4 previously described (29), were
analyzed for their membrane-bound c-type cyt profiles, the
presence of the subunit I antigen, and their TMPD-induced
oxygen consumption activities.

With a Schägger-type SDS-PAGE system (39), four distinct
membrane-bound c-type cyts, with approximate molecular
masses of 32, 31, 29, and 28 kDa, are readily detected in
chromatophore membranes of the wild-type R. capsulatus
strain MT1131 grown semiaerobically in MPYE-enriched me-
dium (Fig. 2). Of these cyts, the 31-kDa protein is the cyt c1
subunit of the cyt bc1 complex (15, 22), and the 29-kDa protein
is the membrane-associated electron carrier cyt cy (21). The
two remaining cyts of 32 and 28 kDa (cyts cp and co, respec-
tively) correspond to the heme c-containing subunits of the cyt
cbb3 oxidase (15). In comparison with MT1131, chromato-
phore membranes of the mutants M7G and M4 showed sig-
nificant differences in their cyt c profile (Fig. 2). In M7G, the
32-kDa subunit CcoP (cyt cp) was missing, while the 28-kDa
subunit CcoO (cyt co) was present at almost wild-type
amounts. This feature clearly distinguished it from M4, which
lacks both of these cyt c subunits of cyt cbb3 oxidase. On the
other hand, the cyt c profiles of the majority of the newly
isolated NADI2 mutants were identical to that of M4 (i.e., the

cyt c subunits of cyt cbb3 oxidase were undetectable), while
only two of them, BK5 and GK1, had all c-type cyts present
(Fig. 2 and Table 2). In addition, GK1 exhibited a growth
medium-dependent NADI2 phenotype, in that it was NADI
slow on the minimal medium Med A while NADI2 on the
enriched medium MPYE. The NADI-slow mutants SS1, SS2,
IW3, TP1, and TP2 contained small amounts of CcoP and
CcoO, while MR2 and IJ1 had reduced amounts of all mem-
brane-bound c-type cytochromes. The presence of subunit I
(CcoN) of the cyt cbb3 oxidase in these mutants was tested with
polyclonal antibodies raised against purified CcoN obtained
from R. capsulatus MT1131, as described in Materials and
Methods. Western blot analyses revealed that CcoN was ab-
sent in all M4-like mutants (Fig. 2), establishing that they
lacked all subunits of the cyt cbb3 oxidase. On the other hand,
CcoN was present in M7G, BK5, and GK1 at, or close to,
wild-type levels, while the NADI-slow mutants SS1, SS2, IW3,
IJ1, and MR2, in agreement with their cyt c profiles and NADI
phenotypes, had a significantly reduced amount of CcoN (Ta-
ble 2 and data not shown).

Oxygen consumption rates of chromatophore membranes of
the wild type and NADI2 mutants were measured polaro-
graphically in the presence of ascorbate and TMPD. With the
exception of GK1, MR2, and IJ1, less than 5% of the wild-type
activity was detectable in all mutants, confirming their cyt c
oxidase2 phenotype (Table 3). On the other hand, MR2 and
IJ1 showed about 20% of the wild-type cyt cbb3 oxidase and cyt
bc1 complex activities, in agreement with their NADI-slow
phenotype and the reduced amounts of all membrane-bound
cyts. The chromatophore membranes derived from GK1 grown
on MPYE medium had less than 5% of the wild-type activity,
while those obtained from cells grown on Med A exhibited
more than 15% of the wild-type activity, supporting its growth
medium dependent conditional NADI phenotype.

In summary, the overall data revealed two different NADI

FIG. 1. Physical and genetic map of the plasmids p4A and p5T, complementing the R. capsulatus mutants M4 and M7G, respectively. The plasmids p4A1V, derived
from p4A, and p5TDH and pMG1, derived from p5T (see Materials and Methods), are also shown. The locations of ccoNO and ccoOQP are indicated. B, BamHI; Bg,
BglII; Bs, BstEII; H, HindIII; X, XhoI; Sp, SphI.

TABLE 1—Continued

Strain or plasmid Genotype Phenotype Source or
reference

pRHK9 1.3-kb BamHI fragment of p5TDH in pRK404, same orientation as that in
p5TDH

Tetr This work

pOX15 1.3-kb BamHI fragment of p5TDH cloned into BamHI-digested p4AIV Tetr This work
pXG2 ORF277-ccoN::lacZ Tetr This work
pBK1 4.5-kb HindIII fragment in pRK404, complementing BK5 Tetr This work
pMRC 6.0-kb EcoRI fragment in pLAFR1, complementing MR2 and IJ1 Tetr This work
pS33 10-kb BamHI fragment in pRK404, complementing SS33, SS1, and SS2 Tetr This work

a R. capsulatus MT1131 (Rifr crtD) is referred to as “wild type,” since it is wild type with respect to its cyt c profile and growth properties. MT1131 was originally
isolated as a green derivative of R. capsulatus SB1003 (40).

b Uncharacterized mutations in ccoNOQP.
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phenotypes (NADI2 and NADI slow) and three different cyt c
profiles, in addition to that of M7G (i.e., the presence of CcoN
and CcoO in the absence of CcoP), which was exceptional.

Genetic complementation of NADI2 mutants of R. capsula-
tus. A transferable BamHI chromosomal library of R. capsula-
tus wild-type strain MT1131 in pRK404 was used to identify
the genes required for the activity of cyt cbb3 oxidase. Genetic
complementation of M4 and M7G to the NADI1 phenotype
yielded two plasmids, p4A and p5T, respectively. The plasmid
p5T contained a 16.5-kb chromosomal DNA with multiple
internal BamHI sites and was unable to complement M4. De-
letion of its various fragments led to p5TDH (Fig. 1), which
contained only a 2.2-kb HindIII-BamHI fragment sufficient to
complement M7G. The plasmid p4A on the other hand, con-
tained a 5.8-kb BamHI fragment without any internal BamHI
sites and was also unable to complement M7G. To define the
portion of p4A complementing M4, several subclones were
constructed (not shown), and of these, p4AIV containing a
3.4-kb BglII-BamHI fragment (Fig. 1) was able to complement
M4 to NADI1. The plasmids p4A and p5TDH were also tested
for their ability to complement all other NADI2 mutants (Ta-
ble 2). Two of these mutants, DB8 and OH2, were comple-
mented by p5TDH but not by p4A, and, interestingly, both of
them exhibited a cyt cbb3 oxidase subunit profile identical to
that of M4 and unlike that of M7G. On the other hand, four
mutants, BK4, SS24, SS25, and IW2, were complemented by
p4A but not by p5TDH, while the remaining mutants were not
complemented by either of these plasmids (Table 2).

The complete DNA sequences of the 2.2-kb HindIII-BamHI
fragment of p5TDH and the 5.8-kb BamHI fragment of p4A
were determined. Data bank searches indicated that the pre-
dicted translation products of two ORFs located in p5TDH
were nearly identical to ccoQ and ccoP of R. capsulatus (45). In
addition, the carboxyl terminus (amino acid residues 187 to
242) of ccoO of R. capsulatus (45) was identified upstream of
ccoQ, although this homology ended at the internal BamHI
site of p5TDH (Fig. 1). Instead, the carboxyl terminus of an-

other ORF, homologous to ORF2 of the atp operon of Rho-
dospirillum rubrum (11) was present in the adjacent BamHI
fragment. Considering that the ccoNOQP and atp operons of
R. capsulatus are not adjacent to each other (29a), this finding
suggested that the two BamHI fragments of p5TDH were not
collinear with their chromosomal counterparts. This was later
confirmed by sequencing a PCR product obtained from
MT1131 genomic DNA containing the intact ccoNOQP cluster
(data not shown). In addition, the absence of an internal pro-
moter within the 1.3-kb BamHI fragment in p5TDH was dem-
onstrated by using pRHK8 and pRHK9 as described in Mate-
rials and Methods. Of these plasmids, only pRHK9, which
carried this fragment in the same orientation as that in p5TDH,
was able to complement M7G to NADI1. The nucleotide
sequence of p4A revealed at least five ORFs with appropriate
R. capsulatus codon usage. Sequence comparisons revealed
that the first three ORFs were homologous to hisAFE of R.
sphaeroides which are involved in histidine biosynthesis (E.
Oriol [33], GenBank accession no. X87256) (Fig. 1). The ORF
downstream of hisE was highly homologous to ORF277 of R.
sphaeroides and ORF278 of P. denitrificans (9, 55) located
upstream of most cco(fix)NOQP operons. Next to ORF277,
ccoN and part of ccoO (corresponding to amino acid residues
1 to 186) were identified (Fig. 1). These findings indicated that
if the two appropriate BamHI fragments of p4A and p5TDH
were adjacent, then they should yield a functional copy of
ccoO, which was then confirmed by the construction of pOX15
(Fig. 3) as described in Materials and Methods. pOX15 com-
plemented M7G, M4, and all other NADI2 mutants previously
complemented by either p4A or p5TDH, as well as three of the
remaining NADI2 mutants (MR1, OH1, and GK2), which
were not complemented by either p4A or p5TDH. In addition,
it also yielded about fivefold-higher cyt c oxidase activity than
a wild-type strain when introduced into MT1131 (Table 3). The
overall complementation data therefore demonstrated that
M7G, DB8, and OH2 contained a defective copy of ccoP; M4,

FIG. 2. (A) TMBZ-stained SDS-PAGE analysis of c-type cyts from various R. capsulatus NADI2 mutants grown on enriched MPYE medium (100 mg of membrane
proteins was loaded per lane). (B) Western blot analysis with anti-CcoN (subunit I) antibodies. After SDS-PAGE (10 mg of membrane proteins per lane) and
electrophoretic transfer onto an Immobilon-P membrane. CcoN was detected with horseradish peroxidase-conjugated anti-rabbit immunoglobulin G with NiCl2-
enhanced 3,39-diaminobenzidine as the substrate. Cyts cp and co are the subunits II and III of cyt cbb3 oxidase, and cyts c1 and cy correspond to the cyt c1 subunit of
the bc1 complex and the membrane-attached electron carrier cy, respectively.
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BK4, SS24, SS25, and IW2 contained a defective copy of ccoN;
and MR1, OH1, and GK2 contained a defective copy of ccoO.

PCR products obtained with the chromosomal DNA of dif-
ferent mutants as a template were sequenced to determine the
molecular nature of the different mutations (Fig. 3). These
analyses revealed that in the case of M4, the mutation was an
in-frame deletion between alanine 117 and alanine 141 of
CcoN. In MR1, a mutation substituting tryptophan for arginine
107 of CcoO was found, and in the case of M7G and OH2, the
tryptophan 267 and tryptophan 34 of CcoP, respectively, were
changed to stop codons (TGA). On the other hand, since DB8
was isolated after Tn5 mutagenesis, a Kanr-mediating frag-
ment of its chromosomal DNA was first cloned into pBSII, and
sequence analysis identified the Tn5 insertion after glycine 15
of CcoP (Fig. 3). These data pointed out that the CcoP2

mutants like OH2, DB8, and MG1, which lacked all subunits of
cyt cbb3 oxidase, contained nonsense mutations early in ccoP,
preventing them from producing any sizeable fragment of
CcoP, while M7G which contained both CcoN and CcoO, had
a similar mutation located only 28 amino acid residues away
from the carboxyl-terminal end of CcoP. Thus, the CcoP2

mutants exhibited two distinct cyt cbb3 subunit profiles, either
containing CcoO (like M7G) or lacking it (like MG1, DB8, and
OH2). Finally, the insertion and insertion-deletion mutants
MG1 (ccoP::kan) and GK32 [D(ccoNO::kan)], respectively, ob-
tained as described in Materials and Methods, were also ana-
lyzed. Both of these mutants were NADI2 Ps1 and lacked all
subunits of cyt cbb3 oxidase like DB8, OH2, MR1, and M4. As
expected, while MG1 was complemented by p5TDH, GK32
could only be complemented by pOX15. All of these mutants
were grouped as class I mutants carrying mutations within the
structural genes of the cyt cbb3 oxidase of R. capsulatus.

A conserved ORF of unknown function, named ORF277 or

ORF278 in different species, is located immediately upstream
of cco(fix)NOQP. To find out whether ORF277 is required for
cyt cbb3 oxidase activity, two mutants containing insertion mu-
tations, GK277-1 and GK277-2, were constructed (Fig. 3).
Both of these mutants were NADI1 on both minimal medium
Med A and enriched medium MPYE, grew like the wild type
under both Ps and Res growth conditions, and had cyt cbb3
subunit profiles and oxygen uptake activities similar to those of
a wild-type strain (Table 3 and data not shown). Therefore,
ORF277 is not required for cyt cbb3 oxidase activity or assem-
bly and is not involved in Ps or Res energy transduction in R.
capsulatus under the growth conditions tested.

NADI2 mutants not complemented by ccoNOQP. Of the
newly described 25 NADI2 mutants, 11 (BK5, GK1, SS33, SS1,
SS2, MR2, IJ1, DM2, IW3, TP1, and TP2) were not comple-
mented by pOX15 carrying ccoNOQP (Table 2). A lacZ::ccoN
translational fusion was then used to differentiate among them
those that affected the assembly or biogenesis of cyt cbb3 oxi-
dase. All of the mutants tested, including GK1, which had a
growth medium-dependent NADI phenotype, exhibited wild-
type amounts of the b-galactosidase activity under both Ps and
Res growth conditions on both enriched and minimal media.
These data indicated that they affected the assembly or bio-
genesis of the cyt cbb3 oxidase rather than the expression of
ccoNOQP. Plasmids complementing the mutants BK5 and
SS33 to the NADI1 phenotype were sought with the R. cap-
sulatus MT1131 BamHI and HindIII chromosomal libraries,
and pBK1 containing a 4.5-kb HindIII fragment and pS33
containing a 10-kb BamHI fragment were obtained (Table 2).
While the latter plasmid also complemented SS1 and SS2, the
mutants MR2 and IJ1 were not complemented by either of
them. These mutants were also phenotypically distinct from
the others, since they not only had small amounts of active cyt

TABLE 2. Phenotypic and genetic characterization of NADI2 mutants of R. capsulatusa

Mutantb
Complementationc Detection by

anti-ccoN
antibodies

cyt c profiled

p5TDH p4A pOX15 pBK1 pS33 pMRC cp c1 cy co c2

Class I
M4 2 1 1 2 2 2 2 2 1 1 2 1
BK4 2 1 1 2 2 2 2 2 1 1 2 1
GK2 2 2 1 2 2 2 NTe 2 1 1 2 1
MR1 2 2 1 2 2 2 2 2 1 1 2 1
M7G 1 2 1 2 2 2 1 2 1 1 1 1
MG1 1 2 1 2 2 2 2 2 1 1 2 1
OH2 1 2 1 2 2 2 2 2 1 1 2 1
DB8 1 2 1 2 2 2 2 2 1 1 2 1
GK32 2 2 1 2 2 2 2 2 1 1 2 1

Class II; BK5 2 2 2 1 2 2 1 1 1 1 1 1

Class III
SS33 2 2 2 2 1 2 2 2 1 1 2 1
SS1f 2 2 2 2 1 2 (2) (2) 1 1 (2) 1
SS2f 2 2 2 2 1 2 (2) (2) 1 1 (2) 1

Class IV
MR2g 2 2 2 2 2 1 (1) (1) (1) 2 (1) (1)
IJ1g 2 2 2 2 2 1 (1) (1) (1) 2 (1) (1)

a 2, negative; 1, positive.
b In addition to the mutants listed above, OH1, SS24, SS25, IW2, Sev1, Sev2, Sev3, Sev4, and Sev5 were also classified as class I mutants, since they were

complemented by pOX15.
c For a detailed description of the complementing plasmids, see the text.
d Based on TMBZ-stained SDS-PAGE.
e NT, not tested.
f Traces of CcoN, CcoP, and CcoO [(2)] were detectable.
g Small amounts of CcoN, CcoP, and CcoO [(1)] were detectable.
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cbb3 oxidase and cyt bc1 complex, but they also lacked the
membrane-bound electron carrier cyt cy (17, 21) (Table 2 and
Fig. 2). A plasmid, pMRC, complementing them exclusively
was also isolated and is currently under study. Finally, the
remaining five NADI2 mutants, GK1, DM2, TP1, TP2, and
IW3, could not be complemented by either pOX15, pBK1,
pS33, or pMRC and may define additional genes required for
the biogenesis of the cyt cbb3 oxidase of R. capsulatus.

In summary, the availability of the different mutants and the
plasmids complementing them genetically, in addition to their
different cyt c profiles, clearly established that in R. capsulatus,
the presence of an active cyt cbb3 oxidase requires several
additional gene products distinct from its structural genes.

DISCUSSION

R. capsulatus is unique in comparison to other phylogeneti-
cally related species, like R. sphaeroides and P. denitrificans, in
that it has no aa3-type cyt c oxidase (14, 16, 26, 54). Thus, its
inability to perform the NADI reaction is directly linked to a
defect in its only cyt c oxidase, which is of the cbb3 type (15).
The structural genes of this enzyme, ccoNOQP, have previ-
ously been isolated and sequenced from R. capsulatus 37b4
(45). Here, not only were these genes also obtained from a
different R. capsulatus strain (MT1131), but also the molecular
natures of various mutations located in ccoNOQP were iden-
tified, their effects on the assembly of the cyt cbb3 oxidase were
defined, and the genetic organization of the regions flanking
these genes was determined. In addition, several classes of R.
capsulatus mutations located outside of ccoNOQP and affect-
ing the biogenesis of cyt cbb3 oxidase were isolated.

In a recent study, Zufferey et al. (57) have analyzed the
assembly of the cyt cbb3 oxidase in Bradyrhizobium japonicum
and proposed an ordered biogenesis pathway for it. According
to this work, an insertion mutation at the amino terminus of
Fix(Cco)P, results in a stable Fix(Cco)NO core complex with
residual TMPD-induced oxygen uptake activity in the absence
of Fix(Cco)P. Thus, in this species, Fix(Cco)N and Fix(Cco)O
may form a catalytically active subcomplex, and Fix(Cco)P is
apparently not essential for cyt cbb3 oxidase activity. The sit-
uation is different in R. capsulatus, since in three CcoP2 mu-
tants of this species (DB8, MG1, and OH2) carrying mutations
located at various positions in ccoP, none of the individual
subunits of cyt cbb3 oxidase, nor any oxygen uptake activity,
could be detected. Only in M7G, which contained a mutation
located at the very carboxyl-terminal end of CcoP, could a
subunit profile similar to that observed in the Fix(Cco)P2

mutant of B. japonicum be seen. However, even in this mutant
producing the CcoN and CcoO subunits of the cyt cbb3 oxi-
dase, no TMPD-induced oxygen uptake activity could be de-
tected. Furthermore, previous biochemical characterizations
have demonstrated that the low-spin heme b(b410) group as-
sociated with the subunit I of cyt cbb3 oxidase is also undetect-
able in M7G (15), which is in agreement with the absence of
TMPD-induced oxygen uptake. Why M7G contains nonfunc-
tional CcoN and CcoO is unclear. One possibility is that the

FIG. 3. Physical and genetic map of plasmid pOX15 carrying ccoNOQP. pOX15 was constructed by ligation of the 1.3-kb BamHI fragment of pMG1 into the BamHI
site of p4AIV as described in Materials and Methods. The orientation of ORF277 and ccoNOQP and the location of the mutations in different EMS-induced or
constructed NADI2 mutants of R. capsulatus are also indicated. Km, Tn5, D, and TGA correspond to the kanamycin resistance gene, transposon Tn5, deletion, and
stop codon, respectively; arrowheads refer to the orientation of the insertion mutations.

TABLE 3. TMPD oxidase activities in chromatophores from
various R. capsulatus mutants grown chemoheterotrophically in

MPYE medium

Strain

Sp act (mmol of O2/h/mg of
protein)a % of wild-type

activity
Ascorbate-TMPD 1 KCN

MT1131 34.47 0.98 100
MT1131/pOX15 183.6 0.2 532
GK277-1 31.4 0.7 91
GK277-2 28.8 0.2 83.6

Mutants
Class I

GK32 0.5 0.5 0
M4 0.6 0.45 1.8
BK4 0 0 0
MR1 1.6 0.38 1.1
DB8 0.54 0.54 0
OH2 1.2 0.83 1.1
MG1 0.2 0.1 0.3
M7G 0.97 0.24 2.1

Class II, BK5 0.9 0.65 0.73

Class III
SS33 0.3 0.11 0.6
SS1 1.5 0.15 3.9
SS2 1.6 0.25 3.9

Class IV
MR2 6.5 0.8 16.6
IJ1 7.2 0.6 19.2

Unclassified
GK1 (MPYE) 0.8 0.35 1.3
GK1 (Med A) 5.6 0.21 16
IW3 1.7 0.25 4.0

a Values shown are means of at least three independent measurements. Note
that the activity found in GK1 is dependent on the growth medium.
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carboxyl-terminally truncated form of CcoP synthesized in this
mutant may still allow the assembly of cyt cbb3 oxidase, albeit
with its subsequent proteolytic degradation, explaining its
steady-state absence in the chromatophore membranes. In any
event, the phenotypes of the CcoP2 mutants and the steady-
state presence of the various subunits of cyt cbb3 oxidase differ
between R. capsulatus and B. japonicum. In addition, our cur-
rent data in combination with previous work on M7G (15)
suggest that the low-spin heme group is also not essential for
the stability of R. capsulatus cyt cbb3 oxidase, as it has been
shown for R. sphaeroides cyt aa3 oxidase (19). Again, this is
unlike B. japonicum, where the cyt cbb3 oxidase becomes un-
stable if its putative low-spin heme ligand H131 is substituted
for by an alanine (58). Taken together, the data presented in
this work clearly suggest an important role for CcoP in the
assembly and activity of the cyt cbb3 oxidase in R. capsulatus,
unlike in B. japonicum, where this subunit appears to be dis-
pensable.

In the case of the CcoO2 mutant MR1, a conserved arginine
is replaced by a tryptophan, leading to the absence of all
subunits of the cyt cbb3 oxidase. Considering that CcoO shows
no homology to any other known cyts besides the Cco(Fix)O
proteins of other organisms, the question of whether this res-
idue is important not only for the enzyme activity but also for
the assembly or the steady-state stability of cyt cbb3 oxidase
remains to be probed further. In comparison to subunit I of cyt
aa3 oxidases, which has 12 transmembrane a-helices organized
in a threefold symmetry (20, 47), CcoN (subunit I) of the cyt
cbb3 oxidase has 14 putative a-transmembrane helices. How-
ever, b-galactosidase and alkaline phosphatase fusion studies
with B. japonicum indicated that the first two hydrophobic

stretches are located in the cytoplasm (58), suggesting that its
topology is similar to that of subunit I of cyt aa3 oxidases (14,
16). Of these transmembrane helices, the second one spans
residues 113 to 133, is highly conserved in all Cco(Fix)N pro-
teins (9, 24, 34, 55), and contains a conserved histidine (H114)
as a putative ligand of the low-spin heme. The R. capsulatus
NADI2 mutant M4 contains an in-frame deletion covering the
amino acid residues 117 to 141 and lacks all subunits of the cyt
cbb3 oxidase, suggesting that the second transmembrane helix
of subunit I (residues 113 to 133) is required for the assembly
and stability of the R. capsulatus enzyme. In addition, it is
noteworthy that the ccoNOQP mutants of R. capsulatus
MT1131 described in this study do not affect the presence of
cyt c1 or cy. This is in contrast to the results obtained with R.
capsulatus 37b4, in which a ccoN mutation significantly reduces
the amounts of all membrane-bound cytochromes (45).

The presence of multiple terminal oxidases necessitates a
complex regulatory network to initiate the biosynthesis of a
particular oxidase in response to different intra- and extracel-
lular signals. Studies with rhizobial species have shown that cyt
cbb3 oxidase is required for microaerobic respiration in endo-
symbiotic bacteroids (34), where its high oxygen affinity allows
respiration at low oxygen concentrations (36). In rhizobial spe-
cies, the oxygen sensors fixLJ and fixK are located upstream of
fixNOQP encoding cyt cbb3 oxidase (4, 12, 34), and putative
regulatory DNA sequences with dyad symmetry are present
upstream of fixN. In P. denitrificans and R. sphaeroides, other
oxygen response regulators, the fnr-like genes fnrP and fnrL,
respectively, are located upstream of ccoNOQP (8, 55). In
addition, Fnr binding consensus sequences have been identi-
fied in the intergenic region between ORF277 and ccoN in

FIG. 4. Comparison of the genetic organization of the cco(fix)NOQP operons and their flanking regions in different organisms. FNR indicates the presence of
possible Fnr-binding sites in the intergenic regions upstream and downstream of the cco(fix)NOQP operons. The hisAFE genes are involved in histidine biosynthesis,
and fnrL and fnrP are fnr-like genes most likely involved in oxygen- or redox-regulated expression of cyt cbb3 oxidase. fixJ, fixK, and fixL code for oxygen response
elements in B. japonicum. hemZ and hemN correspond to the genes encoding the anaerobic coporphyrinogen III oxidase. R.c., R. capsulatus; R.s., R. sphaeroides; P.d.,
P. denitrificans; B.j., B. japonicum. The bottom region (not labeled) represents R. meliloti.
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both organisms (8, 48, 55, 56). Putative Fnr binding sequences
(TTGAT-N4-GTCAA at positions 291 to 2108 and TTGAC-
N4-ATCA at positions 2168 to 2181 from the first ATG
codon of ccoN) are also present in the ORF277-ccoN inter-
genic region of R. capsulatus (Fig. 4). However, in contrast to
the other related species, an ORF containing a gene coding for
a possible Fnr-like protein is absent upstream of ccoNOQP in
R. capsulatus. Instead, three ORFs with strong homologies to
the hisAFE of R. sphaeroides were identified. Furthermore, a
gene probably encoding an anaerobic coporphyrinogen III ox-
idase (hemZ in R. sphaeroides and hemN in P. denitrificans),
which is located upstream of the fnr-like genes in both of these
species (56), is also absent in the upstream region of ccoNOQP
of R. capsulatus (Fig. 4).

In R. sphaeroides, P. denitrificans, and rhizobial species, a
presumably copper-specific transport operon, called rdxBHIS,
ccoGHIS, and fixGHIS, respectively, is located downstream of
cco(fix)NOQP (9, 23, 32, 35). A similar gene cluster is also
present in R. capsulatus (Fig. 4 and data not shown). In the
cco(fix)P-cco(fix)G intergenic region, Fnr-like DNA-binding
sites are located in B. japonicum, Rhizobium meliloti, P. deni-
trificans, and R. sphaeroides, suggesting that in these species,
the expression of both cco(fix)NOQP and cco(fix)GHIS clus-
ters is coregulated by Fnr. Interestingly, no Fnr binding site is
present in the ccoP-ccoG intergenic region of R. capsulatus.
This finding, along with the differences in the upstream region
of ccoNOQP described above, suggests that a different mode of
regulation for both ccoNOQP and ccoGHIS may be opera-
tional in R. capsulatus. Considering that in many facultative
aerobes an oxygen (or redox)-regulated switch may turn on and
off various cyt c oxidases with different oxygen affinities (6, 9,
48), it is tempting to speculate that cyt cbb3 oxidase in R.
capsulatus supports aerobic growth under both high and low
oxygen concentrations.

As in R. sphaeroides and P. denitrificans, an ORF, potentially
coding for a polypeptide of 277 amino acids with a signal
sequence-like transmembrane helix (37), is located upstream
of R. capsulatus ccoNOQP. However, its homolog is not
present upstream of fixNOQP of R. meliloti (5), and in B.
japonicum, ORF277 is separated from fixNOQP by an addi-
tional ORF (ORF141) (34). Despite its conservation, ORF277
is apparently not essential for either cyt cbb3 oxidase activity or
for Res and Ps energy transduction in R. capsulatus. Its muta-
tional inactivation has no obvious effect on NADI reaction,
oxygen uptake, cyt c profile, Res, or Ps growth of this species
under the conditions tested, and its function, if any, remains
unknown.

In summary, while the majority of the newly isolated NADI
mutations of R. capsulatus were found to be located in cco
NOQP encoding the structural genes of cyt cbb3 oxidase, many
others located elsewhere and affecting the activity of this en-
zyme were also isolated. Ongoing biochemical and genetic
characterizations of these mutants reveal that at least four
additional gene products are required at some posttransla-
tional steps for the presence of an active cyt cbb3 oxidase in R.
capsulatus. Their future studies will undoubtedly help us to
better understand the assembly and steady-state stability of
this and other multicomponent membrane-associated, ener-
gy-transducing enzyme complexes.
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