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Abstract

Rhodobacter sphaeroides expresses a bbs-type quinol oxidase, and two cytochrome ¢ oxidases: cytochrome aa; and
cytochrome cbb;. 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 chbs-type oxidase previously purified. Analysis of proton translocation in several strains shows that cytochrome
cbbs is a proton pump. We also conclude that cytochromes chb; and aaj are the only cytochrome ¢ oxidases in the respiratory
chain of R. sphaeroides. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction quinol oxidase [1-3]. The aas-type cytochrome ¢ oxi-

dase predominates when the cells are grown aerobi-

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 ¢ oxidases and one
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cally [4], while the cbbs-type alternative cytochrome ¢
oxidase is expressed mainly under microaerobic or
photosynthetic conditions, or in strains which lack
the aas-type oxidase [2]. On the other hand, the pres-
ence of a quinol oxidase was also previously con-
firmed with the generation of a bc;-deficient mutant
capable to grow in aerobic conditions [3].

The R. sphaeroides alternative cytochrome ¢ oxi-
dase was purified and characterized as a novel mem-
ber of the heme-copper oxidase superfamily, and was
identified as a cbbs-type oxidase [1], also detected in
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several other bacteria [5-11]. This type of oxidase
shows features quite different 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 ¢ 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 denitrificans
cytochrome baj [16], and for Escherichia coli cyto-
chrome bos [17,18]; the corresponding bbs-type en-
zymes in these organisms are inactive.

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

In this study we have characterized the R. sphae-
roides chromosomal region that encodes cytochrome
cbbs, and described the complete ccoNOQP gene
cluster sequence. Based on sequence comparisons
among all cbb; sequences known so far and the crys-
tal structure for cytochrome aas published recently, a
two-dimensional model of the CcoN subunit is pro-
posed. We also provide evidence that the cbbs-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 37°C in L broth in the presence
of the appropriate antibiotic concentrations accord-
ing to the strain and plasmid hosted (ampicillin

100 pg/ml; kanamycin 50 pg/ml; tetracycline 20
ug/ml). R. sphaeroides strains were grown aerobical-
ly or photosynthetically in Sistrom’s medium at
32°C as reported previously [3]. Antibiotics were
added when required (streptomycin/spectinomycin
50 pg/ml; tetracycline 4 pg/ml; kanamycin 20

ug/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 ExXPASy 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 (MTI101) was
made by the introduction of a blunt-ended PstI-
cleaved kanamycin resistance cartridge into the
unique Sa/l site in pT7-1943 (Fig. 1; Table 1). The
kanamycin cartridge was inserted in the 3’ to 5’ 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-Sall fragment from pUI1957
to the pT7-T3190. plasmid, generating pT7PS1.7.
Another 1.7 kbp Sall-EcoR1 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
HindIll site by the linker EcoLINK (5'-AGC CAA
GCT TGA ATT CAA GCT TGG CT-3'), generat-
ing now the plasmid pT7EPSE3.4. A Sa/l cleaved
kanamycin cartridge was ligated (with the 3’ to 5’
orientation with respect of the ccoN gene) into the
Sall site of pT7TEPSE3.4, generating pT7EPSE-Kan
(Table 1). Finally, the EcoRI-EcoRIl 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 cbb; deficient
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 MTI101C and
MEI127C.

2.3. Biochemical methods

2.3.1. Membrane preparation

Aerobically grown cells were washed and treated
with lysozyme as described by Raitio and Wikstrom
[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 Wikstréom [22], in 50 mM
Tris-HCI pH 7.5, 50 mM KCI and 0.5 mM EDTA.
Ascorbate-N,N,N',N'-tetramethyl-p-phenylene  dia-
mine (TMPD)-cytochrome ¢ oxidase activity was as-
sayed in the presence of sodium ascorbate (5 mM),
TMPD (10 uM), horse heart cytochrome ¢ (15 uM)
and antimycin A, or myxothiazol (2.8 pg/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 KCI 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 fixN 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. Differ-
ent DNA fragments from pUI1957 were cloned into
pT7T3190 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 5 and 3’ flanking 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,
cco0, ccoQ and ccoP. One potential transcription
termination site was found with a stem-loop struc-
ture, located 16 bp downstream from the ccoP gene

-

Kan* Kan

[ ccoN

—B8amHI!

Pstl =
Pst/ =]
EcoRI—

pT7PS17 JE—
e pT7PES

pT71943

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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Table 1
Strains and plasmids used in this work
Strain/plasmid Relevant characteristics Ref./source
Strain
E. coli
JM101 SupE, thi, A(lac-proAB), [F’, traD36, proAB, lacl"Z AM15] [42]
NMS522 hsdASA[lac.pro]F'lacl? lacZAM15Pro™ [43]
S-17-1 Sm". Modified 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, ActaD::smlsp [21]
MTI101 JS100 derivative, ccoN::Kan This work
MEI127 JS100 derivative, AccoNO::Kan This work
Plasmid
pUI1957 pRK-415 derivative containing an 8-9 kbp BamHI R. sphaeroides DNA fragment including  [26]
the complete ccoNOQP cluster and surrounding sequences
pUI1943 pBluescript 11 SK+/— derivative containing a 2.2 kbp Pvull R. sphaeroides DNA fragment [26]
that includes the ccoO gene and a fragment of ccoN
pT7PS1.7 pT7T319 derivative containing a 1.7 kbp PstI-Sall R. sphaeroides DNA fragment that This work
includes the 5’ region of ccoN
pT7SP0.85 pT7T319 derivative containing a 0.85 kbp Sall-PstI R. sphaeroides DNA fragment that This work
includes ccoQ and a fragment of ccoP
pT7PEO0.8 pT7T319 derivative containing a 0.8 kbp PstI-EcoRI1 R. sphaeroides DNA fragment that This work
includes the 3’ region of ccoP
pRK-415 Tc", oriT lacZ [46]
pSUP202 mob, Cm", Amp", Tc’ [44]
pUC4K pUCIS8 derivative Amp*, Kn", source of kanamycin resistant gene [47]
pBluescript 11 Amp*, sequencing vector with T3 and T7 promoters Stratagene (La Jolla,
SK+/— CA, USA)
pT7-1943 pT7T319 derivative containing the PstzI-Pyvull fragment derived from pUI1943 This work
pT7-1943Kan pT7-1943 derivative where the kanamycin gene was introduced in the Sa/l site of ccoN gene This work
(see Fig. 1)
pSUP1943Kan pSUP202 derivative containing the PstI-EcoR1 fragment derived from pT7-1943Kan This work
pT7PSE3.4 pT7PS1.7 derivative containing a 1.7 kbp Sa/l-EcoRI fragment that includes the ccoQ and This work
P genes from R. sphaeroides
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 Sal/l site This work
pSUP-EPSE-Kan pSUP202 derivative where the 4.6 kbp EcoRI-EcoRI fragment from pT7EPSE-Kan was This work
subcloned

(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

—133 and —101 upstream from the start codon of
ccoN. This sequence is almost identical to the ‘anae-
robox’ found upstream from the ccoNOQP cluster
from P. denitrificans [28], and that of Azorhizobium

-

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-

Trows.
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TGAGCGGCAAGTTCCGCAGCCTGAAGTGGTGGATCATGGCCGTGACGCTGGGGATCTACTACATCGCGCCCTGGCTTGCGTTGGGACCGCGGGCCGAACCTGCCCGATCAGGCGATCCTCGTCGATCTTGGCCAACCGGGGTTCTTC
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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 aas. 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.

caulinodans [29]. It has been observed that the cbbs-
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 furP transcription regu-
lator. This is located in the flanking region of the
ccoNOQP operon of P. denitrificans. Accordingly,
this furL or furP gene seems to be the regulator for
the oxygen-regulated expression of the cbbs-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 identified 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 (p/=8.97) membrane

protein of 535 amino acid residues, with a predicted
molecular mass of 60060 Da. The corresponding
polypeptide in the purified enzyme showed a relative
molecular mass of 45000 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 Cug, 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
(His'!®, His*?, His*", and His*’) are within trans-
membrane o-helices while three (His?!?, His*!®, and
His*7) are probably located on periplasmic loops. By
comparison with the location of the histidine ligands
in cytochrome aaj crystal structure, it is most likely
that His!'® and His*” are the ligands for the low spin
heme b, and His*® the axial ligand for the high spin
heme b3. His?®’, His*'7 and His*'® are probably lig-
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MNYTLETADR-ALGA FPALLGAAFAH----
MKHTVEMVVL-SVGA FLALVGAGLAQ----
---MLDTIKLIALGT IAVLAAIAANYARP-
---MWDYVKLVALGV VAAIAAYAASQAR--
---MWDYVKLVALGV IALCSAIAANYAR--
MSI-VQTPAKRMTGG ELGLILVFAALGFFS
MS-QPSISKSMTIGE SGLAVVFAATAFLCV
MNYTETMVIAV-AAF LALLAAAFAH-----
MNYTTETMVI-AVAA FLALLGAAFAH----

VVKYGVMATVFWGVV GFLVGVVVALQLAFP
VVKYGVVATVFWGVV GFLVGVVVALQLAFP
VVRAGVIATAFWGVV GFLVGVVIAFQLAFP
VIRAGVIATTFWGIV GFLVAVVIAFQLAFP
VIPYGVVATAFWGVV GFLVAVIIAFQLAFP
PVKVGTLLAVFWGIA GFLIGVIIALQMAYP
PIKFSSFMAMFWGIA GFLVGLIIASQLAWP
VIRYGLIATVFWGVV GFLVGVIIALQLAFP
VIRYGLIATVFWGVV GFLVGVVIALQLAYP
ISKLFLYAMVGFGIV GMLIGIVLAFELSFP
I

-NLGWFVFWGYNLFI
-DLGWFVFWGYQLFI
-NAAWFVFWGYQLFI
~-ALGWFVFWGWQLII
-NLGWFVFWGYNLFI
-LAPWFVVLGYNFFI
-LAPWFVVVGYNFFI
-TLAWFVFWGYQLFI
-SLAWFVFWGYQLFI
KIVGLLHFWLWIILL

IMAATGYLLGITQGR
VLAASGYLLGITQSR
VLAATGYILGATQSK
VTAATSYLLGGSQGK
VLVAQSYLLGATQSK
VIAGTGYLLGITQGK
LVAGTGYLLGVTQSK
VMAATGYVIGINQSR
VMAATGYVLGITQAR
ILGVISLFAGLTQSK

III

VPVS-FLGVK
VPVS-FLGSK
IPVSLFG-SK-----
VPVSIFG-TK-----
IPVS-FFGSK-----
IPVSVFS-PK-----
LPVSAFG-SK-----
VPAS-FLGSK
VPAS-FLGSK-----
VPTY-FVADMGSVWH

LPDWAQTLGMVFSIM
LPDWAQTLGMVFSIM
LPDWASTLGMVFSII
LPDWASTLGMVMSVI
LPTWTSTLGMVFSIM
LPDWAQTLGMTFSIM
LPDWTQTLGMTFSIM
LPDWAQTLGMVFSVM
LPDWAQTLGMVFSIM
VPDWVQTLSSVFSVV
VIII

NGMITFGAIYYLTPK
NGLITFGAIYYLVPK
NGMITFGALYYLVPR
NGMITFGMLYFLTPR
NGMITFGALYFLTPK
VAYISFGAIYCLIPW
VGFVSFGALYCLVPW
VGMITFGAIYYLTPK
VGMITFGAIYYLTPK
VGFTLIASMYHMTPR

SYSAFSGVQAALTQW
SYSAFSGVQDALTQW
SVQLFSGVQDAMTQW
SVQLMAGVQDAMTQW
SVQVFSGVQDAMVQW
SYIVWSGVQDAMVQW
SYVAWGGIQDAMFQW
SYSLFSGVQDALTQW
SYSVSSGVQDALTQW
SISMYSGSNDALIQW

IVVAAKAYTPE--YA
IAAAKAL- - -DAPFA

DLNIAPY----FNFG
ELNVEPW- - - -FNFG
ALNLSDITMGYTNFG
ALNLEFG-NGMLNFG
QLNFEWA-HGYLNFG
LFNFDLP---WISFG
ALNFDLP---WISFG
DLNIAPY----WNFG
DLNIAPY LNFG
NLNY--IAGEYGIFG

EYAEPEWYVDLWLTI
EYAEPEWYVDLWLTI
EYAEPEWYVDWWLTV
EYAELNWHLDILVAV
EYAEPEWYLDLWLTI
EYAEPEWYADLWLTI
EYAEPEWYADLWLTI
EYAEPEWYVDLWLTI
EYAEPEWYVDLWLTI
EYAELMWPLDIIVVV

AHMWVLFFTLVVSTL
AHMWVLFFALLAGTL
LVNALIIMLAAGIMF
VNMVEVALAAVIALI
VNPVSVILVAGGLFL
FHAYLFAAASIATVF
FHAALSAAASVAAVF
VHMGILCLCLVAGTL
VHMGILCFCLAVGAA

LLLRRV--SFLPPVA
VLMRRV - - -DFRPAV
LRVLRQMGNE-QPAL
WVLRTMG- -DPKPSK
WQVPRVG-DEVRPKP
VIGNRYM--D-RPAE
CIVNRYF--E-RPAA
LLVRNA---EFSPTG
LLVRNV---DFSPQP
- ---MQ---ENVP--

0

RMRPLHTSAVIFAF-
RVRPLHTSAVIFAF-
KLRPLHTSAVIFAF-
RLRPLHTSAVIFAF-
RLRPLHTSAVIFAF-
RLRPLHTSAVIFAF-
RLRPLHTSAVIFAF-
RLRPVHTSAVIFAF-
RLRPVHTSAVIFAF-
RLRPLHTNAVIYGFT

-GGNALIATS-FY-V
-GGNALIATS-FY-V
-GGNGLIATS-FY-V
-GGNALIA-SAFY-V
-GGNALIATS-FY-V
-GGNVLIATS-FY-V
-GGNVLIATS-FY-V
-GGNALIMTS-FY-V
-GGNALIMTS-FY-V
LGG---IWAS-WYYI

GPPC---RRTEYFDE
AGHPG--RRREYFDE
EPHP- - - -ETQYMDD
————————— DEYFDG
QTEYMDG
LPPQTIDGKPNYNMA
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QORKTEL- - TGYCDE
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*
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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 ¢ 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. denitrificans,
U34353; R. sphaeroides, U58092; H. pylori, AE000536).
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———————— MFSFLEK
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KSATDLHAQADP-NA
NAAADLKAQADP-NA
AAGEDFRVQAAP-DA
NAVADFKAQANP-DA
SAKADFVAQADP-NA
SAQDDLKLQATP-EA
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NAEADMKAQADP-NA
KLGSVEEAKKAY-LE

----METYTAMRHFA
----MDRYSFLRELA
----MDTYSLLRGPA
fffff MDYHILREFA
- --MRETYMQLAGFA

Bradyrhizobium japonicum MKAILTLDNLASGLV
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————— MMDLESLRGF AYAFFTILFTLFLYA
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ands of Cug. The His*’ might be equivalent to the
conserved His*® (P. denitrificans cytochrome aas)
which is a ligand for the magnesium ion. Otherwise,

DSWGLLAMTLFFLGV
DSWVLLLLVVFFLGT
DSWMLIVMTLFFVGV
DSWAALALLLTFIGA
QTWGLVYFVGAFLCV
TTIWTPVFVAIFLAI

ILGHQREEGAS-KGA
ILGRVRDEEPI-FGA
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GDFDGDRP-------
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RNFDGQ--AELTEMD
RNFDGQ- - PGLTEMD
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Fig.

4 (continued).
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* kk

TTP-LKITDVSMELK
ETP-LEVKNVAMSLE
NRQ-VDASNMQQORLK
HTV-IDGRYIRDLMS
KVP-LDSTWIEDRVS
KTP-LQAKHIADDMK
ATE-VDPDTIADHMR
EQR-VTVKDVGMDLK
TKKSDFDTAYAEALT

STYDDAAGYR
STFEPDPNR -
STFQPVASR-
KLYDNKANVR
KIYNEKANLR
STYDDATGYR
ANQNAK----

--------- GVETTG
DRKGGRRVVEVPSTG

---MSVKP----- TK QKPG----- EPPTTG

SQMIRPFRDEVERYG
SQMIRPFRDEVERYG
SQMIRPMRDEVERYG
SQMIRPMRDETERYG
SQMIRPMRDEVERYG
SQMIRPLRDEVERYG
SQMIRPLRDEVERYG
SQMIRPFRDEVERYG
SQLIRPFQAEVDRYG

ANRAVGVPYSDEMIE
ANRAVGVPYTDEMIG
TDALGGVPYDDAMIA
VHRIVGVPYSDEMLE
TDAFVGVPYTSEMIA
VLRAEGVPYTDEMIA
TLRTVGVPYTDDQIA
ANEDVGVPYDDDMLA
QKKVFGVPYDTENGV

212
243
241
241
243
246
234
244
232

HEWDGIRELNNPMPR
HSWDGIEEYDNPLPR
HQWDGIEELNTPLPR
HSWDGIEEFDNPMPR
HEWDGIQELNNPLPR
HEWDGIKELNTPLPR
HLIDGIGEFANNVPV

87

87
87

90
87

80

176
176
176
176
176
179
176
177
170

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,
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WWVYSFYATIIWAIG
WWLWTFYATIVWGVL
WWLWTFYATIIWGVA
WWLWTFYVTIVWAIG
WWLWTFYATIIWAFG
WWVICFYLTIVWAIG
GWIASFMCTIVWAFW

YAIAYPSWPMLTE-A
YLIAYPAIPLVNG-A
YSIAMPAWPIFSDKA
YSILYPAWPLING-A
YWVAYPAWPLVSN-Y
YWIVYPAWPLISS-N
YFFFG--YPLNSF- -

CAQCHGSGAAGGQGF
CAQCHGSGAGGATGY
CAQCHGAGAGGNTGF
CVQCHGSGAAGNVGY
CAPCHGAGGGGAKGF
CAPCHGSGGAGAKGF
CSQCHGITAEGLHGS

* kk

QGKQVFADN-CASCH
EGVEVFADN-CSSCH
AGQQIFAEN-CASCH
EGATIFADN-CAACH
KGAEIFAAN-CATCH
KGEKIFVEN-CVACH

KGKELFESMGCTGCH
*  kk

PNLNDDDWLWGGKPQ
PSLLDNDWLWGGTLE
PSLLDGDWLHGGAIE
PNLLDDDWLWGGDIE
PNLNDDDWLWGGTLA
PNLNDDDWLWGGTLD
AQNLVR---WG-KEE

GADAKGNREMGAPNL
AEDGTGDRAQGAPDL
GEDAKGLVEMGAPNL
GEDGTGSRDVGAPNL
GENGKGNQELGSKNL
GDGGKGNQEMGAPNL
GNDGKGLQEN- -QVF

429
TKGMLGYSSRAEVSV ELAAAKAAQAGNLEQ IASSSVEEIIANPQL QQFAVSAGASAFKVN 122
TQGLLGONYRSDVAA EIQRFNEANAPIQAK LVETPLEEIAADPEL ANYTANAGAAIFRTW 179
TPGLLGSSTRADVEK DIAKFAEMNKAVEEK LVATDLTAIAADPEL VTYTRNAGAAVFRTW 120
TNGLIGHSTRADVQR DIEAFAEANATIRQQ LVNTDLTAIAADPNL LQYATNAGAAVFRTN 121
TSGVLGWNSRSAVVE QISDLQKLRAASSAK LANVPLEDIEKNPEL LSLARAEGKVAFADN 126
TTGLFGYSSRADVAV ELANLEKIRGDKMAA LGAASLADVEKDPAL LALARAKGKTVFGDN 121
--SQIGQYN-EEVKA HNQKFEAK----WKH LGQKELVDM------ ------- GQGIFLVH 128
EIYQTIAHGVRHAPD -GETRVSEMPPFG-- DMLTPELMQQTAAYV VSLTQAP-SQPHLVQ 208
EIHTTVMHGIRDPKD -ADTRYSEMPRFGID GLLENAQISQVVNHV LELGGLP-HDAALAA 267
TIYTNVKHGIRDPLD PDTLLVANMPAHLTD ELLEPAQIDEVVQYV LQISGQP-ADEVKAT 209
SIHTTVTHGIRNTTD -DEARYSEMPRFGAD GLLDSTQISQVVEYV LQISGQD-HDAALSA — 209
QIQQTITHGIRSGDD - -EGHQGNMLAFG-- SILSKADISNVADYV RSLSGAAPGDTPAAK 212
QIMQTIQFGARSGHA --KTHEGQMLAFGKD GVLKGDEIVTVANYV RSLSGLPTRKGYDAA 209
GIMDTIKHGSK-GMD - --YLAGEMPAMELD EKDAKAIASYVMAEL SSVKKTK--NPQLID 208
*
ADAIWLKGEG- -EQA VITQMKTPKHGVMPA WL------- PRLGDD TVKQLAVFVHSLGGG 288
TDAVWLYGSD- - PAT ITRIVRDGPFGVMPA WT------- GRLSEA DIVAVAAYVHSLGGG 347
TDGIWLYGGD--VAT LTSTIQYGRGGVMPS WSWAADGAKPRLSEA QIRAVASYVHSLGGG 296
TDAIWLYGGD--RAT VTETVTYARFGVMPN WN------- ARLTEA DIRSVAVYVHGLGGG 289
TDGIWLYGGD--KAT IVQTITNGRGGVMPA WG------- PRLSPT TIKALTVYVHTLGGG 292
TDKIWLYGSD--EAA LIETISQGRAGVMPA WE------- GRLDPS TIKAMAVYVHSLGGG 289
AADLTAYGTENFLRN ILTHGKKGNIGHMPS FK------ YKNFSDL QVKALLNLSNR---- 286

* %

Rhizobium meliloti E 289
Paracoccus denitrificans E 348
Rhodobacter capsulatus Q 297
Rhodobacter sphaeroides E 290
Azorhizobium caulinodans Q 293
Bradyrhizobium japonicum K 290
Helicobacter pylori - 286

Fig. 4 (continued).

residues suggested to be involved in H* conduction
(Asp'?*, Glu?”®, Lys**, Leu*? and Asp®”® in P. de-
nitrificans cytochrome aas), or in H bonding to the
Cug histidine ligands (Thr*** and Tyr?*°) are missing
in the cytochrome cbb; 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 first two
helices of CcoN (helices —I and 0 in Fig. 3) contrib-
utes to our prediction of them being transmembrane.
However, Zufferey 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 27376 Da,
which is predicted to be a c-type membrane bound
cytochrome. The corresponding polypeptide in the
purified preparation shows a M; of 29000. Further-

more, the identity of the CcoO subunit in the protein
preparation is now here confirmed since the N-termi-
nal amino acid sequence reported before [1] corre-
sponds to the deduced sequence from the ccoO
gene (the first 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 (C63-Y69-L7Q-C71-H72, and M140-P141;
Fig. 4).

3.1.3. ccoQ

The ccoQ gene codes for a 67 amino acid acidic
(p/=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 purified preparation [1] and
its role remains unknown.
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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 KCI, 15 uM rote-
none, and 10 uM TMPD/5 mM Kt*-ascorbate (A), or 15 mM
succinate (B). Arrows indicate the addition of oxygen saturated
water (O,) or anaerobic HCI solution (H'). Myxothiazol (2
uM) was added to the incubation medium (A) or when indi-
cated (B). CCCP was added to 6 uM.

3.1.4. ccoP

The product of the ccoP gene codes for an acidic
membrane protein (p/ =4.54) of 290 amino acids and
a calculated M, of 31361. This product corresponds
to the 35 kDa subunit on the SDS-PAGE analysis of
the purified enzyme [1]. Hydropathy profiles 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 (-Cj24-V125-Q126-Ci27-Hi28—//—M76-
Pi77; and Cxo-Ai1-A22-Crz-Hog—//—Mogs-Pags).

Considering that only CcoN, CcoO, and CcoP are
part of the functional cytochrome cbhbs, 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 confirm that the ccoNOQP cluster en-
codes for the cbbs-type cytochrome ¢ 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 (Aaas)
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
MTI101) was grown and its respiratory activity
tested. A similar strategy was employed for obtaining
MEI127, which is a mutant in which a deletion of
part of ccoN and ccoO was filled in with the kana-
mycin resistance gene, also using the JS100 strain as
parent. Location of the kanamycin resistance gene
was confirmed by Southern blot hybridization (data
not shown).

Membranes isolated from MTI101 and MEI127
showed no detectable cytochrome ¢ 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 ¢ oxidoreductase activity, were

Table 2
Proton translocation in R. sphaeroides cells
Substrate Hf/e™?

Ga (wild type) JS100 (Aaas)
Succinate 2.6-3.1 2.7-3.1
Succinate+myxothiazol 1.7-1.9 1.8-2.0
Ascorbate/TMPDP 0.9-1.2 0.6-1.1

See legend to Fig. 5 and Section 2 for experimental details.
4Range obtained from four to six independent experiments.
bCorrected for the release of 0.5 H*/e™ by ascorbate oxidation.
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comparable with these activities measured in the par-
ent strain JS100.

Cytochrome ¢ 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 MEI127C) had cytochrome ¢ oxidase
activity at comparable levels as our wild type strain
(JS100), and the spectroscopic cytochrome ¢ levels
were enhanced in comparison with MTI101 or
MEI127 (data not shown).

3.3. Proton translocation

Since genetic inactivation of the cbbs-type cyto-
chrome ¢ oxidase produces strains (MT101 and
MEI127) that do not show detectable cytochrome ¢
or TMPD oxidase activity, we conclude that cyto-
chrome cbb; is the sole cytochrome ¢ oxidase in the
parent strain (JS100, Aaas). Washed and starved R.
sphaeroides JS100 cells were incubated in a non-buff-
ered medium in the presence of a reductant (TMPD/
ascorbate or succinate). After anaerobiosis, proton
translocation following a small pulse of O, was de-
termined by previously reported methods [23-25].

Fig. 5A shows an experiment with TMPD/ascor-
bate as electron donor. The addition of O, first in-
duces fast release of protons to the extent of 1.1-1.6
H*/e™ (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*/e™ 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 O, pulse might activate oxidation
of endogenous substrate by cytochrome bbs-type qui-
nol oxidase despite starvation of the cells. However,
the observation of an overall consumption of 0.5 H*/
e~ excludes significant contribution from quinol ox-
idase activity, showing that ascorbate is the electron
donor. We conclude therefore, that this experiment
measures the activity of the c¢bbs; enzyme alone. After
subtraction of the proton release due to ascorbate
oxidation from the extent of proton ejection after
the O, pulse, we arrive at an observed proton trans-
location quotient of 0.6-1.1 HT/e~. This result
strongly suggests that the cbbs-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"/e™ ratios of pro-
ton ejection in the range of 2.7-3.1 H*/e™. This ratio
fell to values below 2.0 in the presence of the cyto-
chrome bc; complex inhibitor myxothiazol. Succinate
is exclusively oxidized via the quinol oxidase with
myxothiazol present, and the expected H'/e™ ratio
is 2 [22,32]. In the absence of myxothiazol virtually
all electron flux occurs via the bc; complex (and cy-
tochrome c¢bbz), as in the case of P. denitrificans
[22,32]. This is possibly due to a higher affinity of
the bc; complex than the quinol oxidase for ubiqui-
nol. Since the H*/e™ quotient of proton release is 2
for the bc; complex, we may conclude that cyto-
chrome cbb; pumps protons with an Hf/e™ 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 chbs-type cytochrome
¢ oxidase that has been observed spectroscopically in
photosynthetically grown cells, and purified from a
strain from which the aas-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 purified 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 cbbs expression
by genetic interruption of the gene cluster, and (4)
the fact that fixNOQP or ccoNOQP clusters from
other bacteria appear to be regulated as operons
[10,19,31,33].

Alignments of all the cbbs-type oxidase sequences
reported so far (Fig. 4) indicate that the subunits
with a substantial degree of conservation are those
encoded by the ccoN/fixN and ccoOlfixO 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 reflect the significance of each sub-
unit. Zufferey 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-
rified cbbs-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 cbbs-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. denitrificans were found only in the
presence of cytochrome aa; [34,35]. Both growth
yield [36] and some proton translocation measure-
ments [5,37,38] were interpreted to suggest that P.
denitrificans alternative cytochrome ¢ oxidase (i.e.
of cbbs-type) is not a proton pump.

However, Raitio and Wikstrom [22] have found
that the chb; oxidase in P. denitrificans 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 chbs 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 difference is presently unknown. It could be due
to the presence of another O,-consuming enzyme in
P. denitrificans 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 cbbs-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. Sufficient
control may be achieved only if electrons are fed

into the enzyme via the cytochrome bc; complex,
but not when fed via the TMPD/ascorbate system.
On the other hand, our present finding of proton
translocation with TMPD/ascorbate in the R. sphae-
roides cbbs enzyme, and its strong homology to the
enzyme from P. denitrificans, does not seem to favor
explanations of this kind.

Both the hydropathy profile and the conservation
of the histidine residues that serve as ligands to
heme, iron, and Cug in subunit I suggest that the
general architecture of the cbbs-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-Cug binuclear
center. The Cup center of the traditional cytochrome
¢ 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 cbbs-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 chbs-type enzymes. Yet, the present
work clearly confirms the proton translocating prop-
erty of the chbs-type enzyme. Two different 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 differ. 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 differ-
ent in the chbs-type enzymes. It is for this reason that
both functional and structural research on the cbbs-
type oxidases should be encouraged.



M. Toledo-Cuevas et al. | Biochimica et Biophysica Acta 1365 (1998) 421-434 433

Acknowledgements

We would like to thank Dr. S. Kaplan and Dr. J.
Zeilstra-Ryalls (Department of Microbiology and
Molecular Genetics, Medical School, University of
Texas Health Science Center, Houston, TX, USA)
for the plasmids and sequence information, and
Hoffman-La Roche for the kind gift of ubiquinone-
1. This work was supported by a grant from the
Academy of Finland, and by grants from the Na-
tional Institutes of Health (HL16101 to R.B.G.)
and the Human Frontiers of Science Program
(R.B.G.). M.T.-C. was supported in part by a DGA-
PA/PADEP fellowship and by a grant from the Cen-
ter of International Mobility of Finland. We thank
Prof. Heliodoro Celis at the Universidad Nacional
Autonoma de México (UNAM) for essential sup-
port, guidance, and facilities provided to M.T.-C.
during her work at UNAM.

References

[1] J.A. Garcia-Horsman, E. Berry, J.P. Shapleigh, J.O. Alben,

R.B. Gennis, A novel cytochrome ¢ oxidase from Rhodo-

bacter sphaeroides that lacks Cua, Biochemistry 33 (1994)

3113-31109.

J.P. Shapleigh, J. Hill, R.B. Gennis, Spectroscopic and

genetic evidence for two heme-Cu-containing oxidases

in Rhodobacter sphaeroides, J. Bacteriol. 174 (1992) 2338-

2343.

C. Yun, R. Beci, A.R. Crofts, S. Kaplan, R.B. Gennis, Clon-

ing and DNA sequencing of the fbc operon encoding the

cytochrome bcj-complex from Rhodobacter sphaeroides:
characterization of fbc deletion mutants and complementa-
tion by a site-specific mutational variant, Eur. J. Biochem.

194 (1990) 399-411.

[4] R.B. Gennis, R.P. Casey, A. Azzi, B. Ludwig, Purification
and characterization of the cytochrome ¢ oxidase from Rho-
dopseudomonas sphaeroides, Eur. J. Biochem. 125 (1982)
189-195.

[5] J.W.L. de Gier, M. Liibben, W.N.M. Reijnders, C.T. Tipker,
D.J. Slotboom, R.J.M. van Spanning, A.H. Stouthamer, J.
van der Oost, The terminal oxidases of Paracoccus denitrifi-
cans, Mol. Microbiol. 13 (1994) 183-196.

[6] K.A. Gray, M. Grooms, H. Myllykallio, C. Moomaw, C.

Slaughter, F. Daldal, Rhodobacter capsulatus contains a nov-

el cb-type cytochrome ¢ oxidase without a Cup center, Bio-

chemistry 33 (1994) 3120-3127.

K. Nagata, S. Tsukita, T. Tamura, N. Sone, A ch-type cy-

tochrome-c¢ oxidase terminates the respiratory chain in Heli-

cobacter pylori, Microbiology 142 (1996) 1757-1763.

2

—

3

—_

[7

—

[8] O. Preisig, R. Zufferey, L. Thony-Meyer, C.A. Appleby, H.
Hennecke, A high-affinity c¢bbs-type cytochrome oxidase ter-
minates the symbiosis-specific respiratory chain of Bradyrhi-
zobium japonicum, J. Bacteriol. 178 (1996) 1532-1538.

[9] P.A. Kaminski, C.L. Kitts, Z. Zimmerman, R.A. Ludwig,
Azorhizobium caulinodans uses both cytochrome bd (quinol)
and cytochrome cbbs (cytochrome ¢) terminal oxidases for
symbiotic N, fixation, J. Bacteriol. 178 (1996) 5989-5994.

[10] L. Thony-Meyer, C. Beck, O. Preisig, H. Hennecke, The
ccoNOQP gene cluster codes for a ch-type cytochrome oxi-
dase that functions in aerobic respiration of Rhodobacter
capsulatus, Mol. Microbiol. 14 (1994) 705-716.

[11] J.M. Visser, G.A.H. de Jong, S. de Vries, L.A. Robertson,
J.G. Kuenen, cbbs-type cytochrome oxidase in the obligately
chemolithoautotrophic Thiobacillus sp. W5, FEMS Micro-
biol. Lett. 147 (1997) 127-132.

[12] J.A. Garcia-Horsman, B. Barquera, J. Rumbley, J. Ma, R.B.
Gennis, The superfamily of heme-copper respiratory oxi-
dases, J. Bacteriol. 176 (1994) 5587-5600.

[13] S. Iwata, C. Ostermeier, B. Ludwig, H. Michel, Structure at
2.8 A resolution of cytochrome c oxidase from Paracoccus
denitrificans, Nature 376 (1995) 660-669.

[14] T. Tsukihara, H. Aoyama, E. Yamashita, T. Tomizaki, H.
Yamaguchi, K. Shinzawa-Itoh, R. Nakashima, R. Yaono, S.
Yoshikawa, Structures of metal sites of oxidized bovine
heart cytochrome ¢ oxidase at 2.8 A, Science 269 (1995)
1069-1074.

[15] T. Tsukihara, H. Aoyama, E. Yamashita, T. Tomizaki, H.
Yamaguchi, K. Shinzawa-Itoh, R. Nakashima, R. Yaono, S.
Yoshikawa, The whole structure of the 13-subunit oxidized
cytochrome ¢ oxidase at 2.8 A, Science 272 (1996) 1136
1144,

[16] 1. Zickermann, O.S. Tautu, T.A. Link, M. Korn, B. Ludwig,
0O.-M.H. Richter, Expression studies on the ha; quinol oxi-
dase from Paracoccus denitrificans. A bbs variant is enzy-
matically inactive, Eur. J. Biochem. 246 (1997) 618-624.

[17] J. Hill, V.C. Goswitz, M. Calhoun, J.A. Garcia-Horsman, L.
Lemieux, J.O. Alben, R.B. Gennis, Demonstration by FTIR
that the bo-type ubiquinol oxidase of Escherichia coli con-
tains a heme-copper binuclear center similar to that in cyto-
chrome ¢ oxidase and that proper assembly of the binuclear
center requires the cyoE gene product, Biochemistry 31
(1992) 11435-11440.

[18] K. Saiki, T. Mogi, Y. Anraku, Heme O biosynthesis in Es-
cherichia coli: the cyoE gene in the cytochrome bo operon
encodes a protoheme IX farnesyltransferase, Biochem. Bio-
phys. Res. Commun. 189 (1992) 1491-1497.

[19] O. Preisig, D. Anthamatten, H. Hennecke, Genes for a mi-
croaerobically induced oxidase complex in Bradyrhizobium
Jjaponicum are essential for a nitrogen fixing endosymbiosis,
Proc. Natl. Acad. Sci. USA 90 (1993) 3309-3313.

[20] J. Sambrook, E.F. Fritsch, T. Maniatis, Molecular Cloning:
a Laboratory Manual, Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY, 1989.

[21] J.P. Shapleigh, R.B. Gennis, Cloning, sequencing and dele-
tion from the chromosome of the gene encoding subunit I of



434 M. Toledo-Cuevas et al. | Biochimica et Biophysica Acta 1365 (1998) 421-434

the aas-type cytochrome ¢ oxidase of Rhodobacter sphae-
roides, Mol. Microbiol. 6 (1992) 635-642.

[22] M. Raitio, M. Wikstrém, An alternative cytochrome oxidase
of Paracoccus denitrificans functions as a proton pump, Bio-
chim. Biophys. Acta 1186 (1994) 100-106.

[23] A. Puustinen, M. Finel, M. Virkki, M. Wikstrém, Cyto-
chrome o (bo) is a proton pump in Paracoccus denitrificans
and Escherichia coli, FEBS Lett. 249 (1989) 163-167.

[24] A. Puustinen, M. Finel, T. Haltia, R.B. Gennis, M. Wik-
strom, Properties of the two terminal oxidases of Escherichia
coli, Biochemistry 30 (1991) 3936-3942.

[25] J.W. Thomas, A. Puustinen, J.O. Alben, R.B. Gennis, M.
Wikstrom, Substitution of asparagine for aspartate-135 in
subunit I of the cytochrome bo ubiquinol oxidase of Esche-
richia coli eliminates proton-pumping activity, Biochemistry
32 (1993) 10923-10928.

[26] J.H. Zeilstra-Ryalls, S. Kaplan, Aerobic and anaerobic reg-
ulation in Rhodobacter sphaeroides 2.4.1: the role of the firL
gene, J. Bacteriol. 177 (1995) 6422-6431.

[27] J.H. Zeilstra-Ryalls, S. Kaplan, Control of HemA expression
in Rhodobacter sphaeroides 2.4.1: regulation through altera-
tions in the cellular redox state, J. Bacteriol. 178 (1996) 985—
993.

[28] J.W. de Gier, M. Schepper, W.N.M. Reijnders, S.J. van
Dyck, D.J. Slotboom, A. Warne, M. Saraste, K. Krab, M.
Finel, A. Stouthamer, R.J.M. van Spanning, J. van der Oost,
Structural and functional analysis of aa3-type and cbb3-type
cytochrome ¢ oxidases of Paracoccus denitrificans reveals
significant differences in proton-pump design, Mol. Micro-
biol. 20 (1996) 1247-1260.

[29] K. Mandon, P.A. Kaminski, C. Elmerich, Functional anal-
ysis of the fixNOQP region of Azorhizobium caulinodans,
J. Bacteriol. 176 (1994) 2560-2568.

[30] C.A. Varotsis, G.T. Babcock, J.A. Garcia-Horsman, R.B.
Gennis, Resonance Raman spectroscopy of the heme groups
of cytochrome chbs in Rhodobacter sphaeroides, J. Phys.
Chem. 99 (1995) 16817-16820.

[31] R. Zufferey, O. Preisig, H. Hennecke, L. Thony-Meyer, As-
sembly and function of the cytochrome c¢hb; oxidase sub-
units in Bradyrhizobium japonicum, J. Biol. Chem. 271
(1996) 9114-9119.

[32] M. Lauraeus, M. Wikstrém, The terminal quinol oxidases of
Bacillus subtilis have different energy conservation proper-
ties, J. Biol. Chem. 268 (1993) 11470-11473.

[33] A. Schliiter, S. Riiberg, M. Krdamer, S. Weidner, U.B. Prie-
fer, A homolog of the Rhizobium meliloti nitrogen fixation
gene fixN is involved in the production of microaerobically
induced oxidase activity in the phytopathogenic bacterium
Agrobacterium tumefaciens, Mol. Gen. Genet. 247 (1995)
206-215.

[34] F.C. Boogerd, H.-W. van Verseveld, A.H. Stouthamer, Res-
piration-driven proton translocation with nitrite and nitrous

oxide in Paracoccus denitrificans, Biochim. Biophys. Acta
638 (1981) 181-191.

[35] H.W. van Verseveld, G. Bosma, The respiratory chain
and energy conservation in the mitochondrion-like bacte-
rium Paracoccus denitrificans, Microbiol. Sci. 4 (1987) 329-
333.

[36] A.H. Stouthamer, Metabolic regulation including anaerobic
metabolism in Paracoccus denitrificans, J. Bioenerg. Biomem.
23 (1991).

[37] J. van der Oost, A.P.N. de Boer, J.W.L. de Gier, W.G.
Zumft, A.H. Stouthamer, R.J.M. van Spanning, The heme-
copper oxidase family consists of three distinct types of ter-
minal oxidases and is related to nitric oxide reductase,
FEMS Microbiol. Lett. 121 (1994) 1-10.

[38] R.J.M. van Spanning, A.P.N. de Boer, W.N.M. Reijnders,
J.-W.L. de Gier, C.O. Delorme, A.H. Stouthamer, H.V.
Westerhoff, N. Harms, J. van der Oost, Regulation of oxi-
dative phosphorylation: the flexible respiratory network of
Paracoccus denitrificans, J. Bioenerg. Biomem. 27 (1995)
499-512.

[39] S. Riistama, G. Hummer, A. Puustinen, R.B. Dyer, W.H.
Woodruff, M. Wikstrom, Bound water in the proton trans-
location mechanism of the haem-copper oxidases, FEBS
Lett. 414 (1997) 275-280.

[40] 1. Hofacker, K. Schulten, Oxygen and proton pathways in
cytochrome ¢ oxidase, Proteins 30 (1998) 100-107.

[41] M. Wikstréom, A. Bogachev, M. Finel, J.E. Morgan, A.
Puustinen, M. Raitio, M. Verkhovskaya, M.I. Verkhovsky,
Mechanism of proton translocation by the respiratory oxi-
dases. The histidine cycle, Biochim. Biophys. Acta 1182
(1994) 106-111.

[42] C. Yanisch-Perron, J. Vieira, J. Messing, Improved M13
phage cloning vectors and host strains: nucleotide sequences
of the M13mpl8 and pUCI19 vectors, Gene 33 (1985) 103—
119.

[43] J.A. Gough, N.E. Murray, Sequence diversity among related
genes for recognition of specific targets in DNA molecules,
J. Mol. Biol. 166 (1983) 1-19.

[44] U.B. Priefer, R. Simon, A. Piihler, Extension of the host
range of Escherichia coli vectors by incorporation of
RSF1010 replication and mobilization functions, J. Bacter-
iol. 163 (1985) 324-330.

[45] G. Cohen-Bazire, W.R. Sistrom, R.Y. Stainer, Kinetic stud-
ies of pigment synthesis by non-sulfur purple bacteria,
J. Cell. Comp. Physiol. 49 (1957) 25-68.

[46] N.T. Keen, S. Tamaki, D. Kobayashi, D. Trollinger, Im-
proved broad-host-range plasmids for DNA cloning in
Gram-negative bacteria, Gene 70 (1988) 191-197.

[47] J. Vieira, J. Messing, The pUC plasmids, an M13mp7-de-
rived system for insertion mutagenesis and sequencing with
synthetic universal primers, Gene 19 (1982) 259-268.



