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Abstract Purified cbb3-type oxidase of Bradyrhizobium japo-
nicum was reconstituted into phospholipid vesicles. Tight vesicles
were obtained as shown by the disturbance of vvpH with CCCP
and the membrane potential with valinomycin, which led to a six-
fold increase in cytochrome c oxidase activity. The vesicles were
thus suitable for proton translocation experiments. In the
presence of valinomycin, a pulse with reduced cytochrome c
caused an acidification with a subsequent alkalinization, whereas
the same pulse caused only an alkalinization in the presence of
valinomycin plus CCCP. We conclude that the cbb3-type oxidase
of B. japonicum is a proton pump.
z 2000 Federation of European Biochemical Societies.
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1. Introduction

The cbb3-type oxidase of the soybean symbiont Bradyrhi-
zobium japonicum is essential for respiration when the bacte-
rial cells live in endosymbiotic, nitrogen-¢xing conditions
within the root nodule [1,2,3]. It belongs to the superfamily
of heme^copper oxidases [4] and is thought to transfer elec-
trons from the cytochrome bc1 complex to molecular oxygen.
Such an electron transfer is usually coupled to the net trans-
location of protons from the cytoplasm to the periplasm. The
resulting proton gradient is then used for the synthesis of ATP
by ATP synthase [5,6].

Seven years ago, the cbb3-type oxidase was discovered as a
novel type of a cytochrome c oxidase as far as subunit com-
position and content of cofactors are concerned [1,7,8,9]. The
membrane-integral FixN subunit (also called CcoN) resembles
subunit I of classical heme-copper oxidases in having a low-
spin heme and a binuclear center composed of a high-spin
heme and CuB, where O2 reduction to H2O occurs. The
heme and copper cofactors are liganded by six strictly con-
served histidines [10]. The other redox-active, membrane-
anchored subunits FixO (CcoO) and FixP (CcoP) are mono-

and diheme c-type cytochromes, respectively. A fourth, hydro-
phobic subunit (FixQ, CcoQ) is ¢rmly attached to the oxidase
but has no obvious function [10]. All four proteins are en-
coded by the ¢xNOQP operon [1].

With a KM of 7 nM, the cbb3-type oxidase has an extremely
high a¤nity for oxygen [2], allowing B. japonicum to respire in
the micro-oxic environment within the root nodule. Although
this species possesses a branched respiratory chain with at
least four terminal oxidases [2,11,12,13], the cbb3-type oxidase
is the only one that supports symbiotic nitrogen ¢xation. This
oxidase's function is either to scavenge oxygen in order to
protect nitrogenase from irreversible oxidative damage, or to
act as a proton pump which, coupled with oxidative phos-
phorylation, would help meet the high ATP demands of the
nitrogenase reaction [14]. Here, we report the in vitro recon-
stitution of puri¢ed cbb3-type oxidase in the form of proteo-
liposomes and demonstrate proton pumping activity. Hence,
this oxidase plays a pivotal role in energy conservation for
nitrogen ¢xation in symbiosis.

2. Materials and methods

2.1. Overexpression of the B. japonicum cbb3 oxidase
To enhance expression of the cbb3-type oxidase, the ¢xNHisOQP

genes were cloned into the broad host-range plasmid pPP3756-1
[15,16] derived from pRK290. This plasmid was linearized with Bam-
HI and the 5P overhangs were ¢lled with T4 DNA polymerase. A
KpnI linker was ligated to this blunt-end site (pRJ4662). The
¢xNHisOQP operon was excized with KpnI from pRJ4620 [10,16]
and ligated into KpnI-digested pRJ4662, resulting in pRJ4639. This
plasmid was conjugated into B. japonicum strain Bj4621 [10,16], yield-
ing strain Bj4639.

2.2. Enzyme preparation and activity measurement
The Paracoccus denitri¢cans aa3-type oxidase was puri¢ed as de-

scribed [17]. The cbb3-type oxidase was isolated from membranes of
B. japonicum cells grown anaerobically with nitrate as described pre-
viously [3] except for the following modi¢cations: the membranes
were isolated from cells disrupted in the presence of 0.15 mg lysozyme
per ml and washed in 20 mM Tris^HCl, pH 8, 1 mM PMSF at 4³C.
Chromatographic columns were equilibrated with the same bu¡er as
described previously [10], but with 10% (v/v) glycerol added. The
entire puri¢cation procedure was performed at 4³C. Bu¡er exchange
against the reconstitution bu¡er (100 mM HEPES^KOH, 10 mM
KCl, pH 7.3) was performed on a gel ¢ltration column. The enzyme
preparation was concentrated by ultra¢ltration with 100-kDa cut-o¡
Amicon centricons up to a concentration of 190 WM (24 mg/ml).
Oxidase concentration was measured spectrophotometrically by re-
cording the absorption di¡erence between Na-dithionite-reduced and
air-oxidized samples at 551 nm [10], using an extinction coe¤cient of
19 cm31 mM31 for one heme C. Enzyme activity was calculated by
measuring the change in absorbance at 550 nm of reduced horse heart
cytochrome c during its oxidation by the cbb3-oxidase at 25³C in 10
mM HEPES^KOH, 40 mM KCl, 40 mM sucrose, 0.01% (w/v) dode-
cylmaltoside. The preparation was stored at 4³C.
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2.3. Preparation of proteoliposomes
L-K-Phosphatidylcholine (type IVS) from soybean was puri¢ed and

stored as a stock-solution (140 mg/ml) in chloroform at 320³C [18].
Before preparation of the vesicles, L-K-phosphatidylcholine was dried
at 4³C for 1 h under a stream of argon [19]. The dried fraction was
then solubilized in reconstitution bu¡er containing 1.5% (w/v) cholate,
to give a ¢nal concentration of 62.5 mg/ml, by gentle stirring at 4³C
for 2 h under argon. The suspension was sonicated with 30-s pulses
(maximum 40 W), using a Branson tip-soni¢er B12, followed by 30-s
incubations at 4³C until clarity was reached. The sonicated liposomes
were centrifuged at 20 000Ug and 4³C for 20 min. The cbb3-type
oxidase was pre-incubated in 1.5% (w/v) cholate for 15 min at 4³C
before it was added to the liposomes to give a ¢nal concentration of
4 WM, which corresponds to 1:125 protein:lipid ratio [20]. The mix-
ture was then dialyzed for 5 h against 500 volumes of the reconstitu-
tion bu¡er without cholate, twice (12 h each) against 500 volumes of
10 mM HEPES^KOH, 50 mM KCl, 50 mM sucrose, pH 7.3 and,
¢nally, twice (12 h each) against 500 volumes of 10 WM HEPES^
KOH, 55 mM KCl, 55 mM sucrose, pH 7.3. Dialysis was performed
in a Pierce Slide-A-LyzerR cassette, with a 10-kDa cut-o¡ at 4³C. The
proteoliposomes were centrifuged at 15 000Ug at 4³C. The superna-
tant was used for RCR (respiratory control ratio) estimations, right-
side-out determinations and for proton pump experiments.

2.4. RCR estimations and right-side-out determination
The RCR estimation [21,22] was performed in 1 ml of the second

dialysis bu¡er (see above) at 25³C. The change of absorbance of
reduced horse heart cytochrome c was recorded at 550 nm in a Hi-
tachi U3000 double-beam UV^VIS scanning spectrophotometer. In
the presence of 50 WM reduced horse heart cytochrome c, a baseline
for auto-oxidation was recorded. After 10 s, 20 Wl of a 1:50 diluted
proteoliposome solution was added. The activities in the coupled and
uncoupled forms, i.e. without and with valinomycin/nigericin and
CCCP, respectively, were expressed as a quotient to give the RCR
values [21,22]. The ¢nal concentrations in the assay were 10 WM of
CCCP and 5 WM of either valinomycin or nigericin, each added from
ethanol stock solutions [23]. Addition of identical amounts of ethanol
did not alter the activity. The fraction of right-side-out vesicles was
determined by the detergent method [24] with 0.1% (w/v) dodecylmal-
toside.

2.5. Proton pump experiment
The proton pump experiment was performed in a thermostated

2-ml glass vessel at 25³C. The pH change was measured with an
InlabR410 pH-electrode from Mettler-Toledo and a Knick 766 Cal-
imaticR pH-meter. The pH was recorded with a Philips PM8261 Xt-
recorder. The concentration of proteoliposomes was 2 WM in the
experimental setup. After incubation with 5 WM valinomycin [25]
for 3 min, the pH was adjusted to 7.3 with traces of 10 mM KOH
or 10 mM HCl. The reduced horse heart cytochrome c solution was
also adjusted to the same pH. Calibration was done by addition of
known amounts of HCl. After recording of a base line, proteolipo-
somes were pulsed with reduced horse heart cytochrome c (16 nmol).
Upon complete uncoupling of the proteoliposomes with 10 WM CCCP
[25], a new calibration with KOH was performed and the pH was
again adjusted with traces of KOH and HCl. The proteoliposomes
were then pulsed again with the same amount of reduced horse heart
cytochrome c. To determine the proton pump and water formation
activities the signals were compared with the calibration bars [20].

3. Results and discussion

In order to perform proton pumping experiments with pro-
teoliposomes is was necessary to prepare cbb3-type oxidase
from B. japonicum in mg quantity. This was achieved by ex-
pression of a modi¢ed ¢xNOQP plasmid that led to synthesis
of an oxidase carrying the histidine-tagged FixN. Subsequent
puri¢cation included Ni-NTA a¤nity chromatography which
proved to be e¡ective for increasing the amount of oxidase
that was solubilized from membranes. Fig. 1 shows a silver-
stained SDS^polyacrylamide gel [26] of the puri¢ed oxidase.
FixN, the largest subunit migrates at V45 kDa [10]. The
diheme c-type cytochrome FixP and the monoheme c-type
cytochrome FixO are detected at the 32- and 28-kDa posi-
tions, respectively. FixO and FixP were also detected by heme
staining (not shown). With the improved oxidase expression
and puri¢cation system the yield of oxidase was doubled (2.7
mg oxidase from 6 g wet cells) and oxidase activity with re-
duced horse heart cytochrome c as substrate (90 to 100 e3/s ;
Table 1) was four times higher as compared with previously
obtained values [10]. The reduced cbb3-type oxidase (Fig. 2)
showed absorption maxima in the K region characteristic for
c- and b- type cytochromes [10].

Based on established procedures worked out with the aa3-
type cytochrome c oxidase of P. denitri¢cans [20], we devel-
oped a reconstitution procedure for the B. japonicum cbb3-
type oxidase. Estimates of the proportion of right-side-out
vesicles revealed that 70^80% of the vesicles contained the
embedded oxidase with the cytochrome c binding site facing
outwards. As illustrated in Fig. 3a, the oxidase activities of
coupled versus uncoupled proteoliposomes di¡ered by a fac-
tor of 5.5 to 6 (RCR value). For comparison, and to control
our experimental system, the RCR value of proteoliposomes
containing P. denitri¢cans aa3-type oxidase was also deter-
mined and shown to be 4.3 to 4.5 (Table 1). Next, we inves-
tigated the contribution of the vpH and the membrane po-
tential to the coupled activity. Fig. 3b shows that abolishing
the vpH with a protonophor (CCCP) after 30 s of oxidation
led to a two-fold increased activity. After disruption of the
membrane potential with valinomycin, a further 2.5- to 3-fold
increase in activity was observed. From these experiments it is

Table 1
Characteristics of reconstituted cytochrome c oxidases

B. japonicum cbb3 P. denitri¢cans aa3

Turnovera 90 ^ 100 e3/s 320 e3/s [17]
RCR 5.5 ^ 6 4.3 ^ 4.5
H� pumping 0.2 ^ 0.4 H�/e3 0.5 ^ 0.6 H�/e3

H� consumptionb 0.9 ^ 1 H�/e3 0.9 ^ 1 H�/e3

aOxidase solubilized in non-ionic detergent.
bWater formation.

Fig. 1. SDS^PAGE of the puri¢ed cbb3-type oxidase (10 Wg). Pro-
tein subunits were visualized by silver stain. The apparent molecular
masses of marker proteins are indicated on the left.
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evident that both a protonophor and an ionophor are respon-
sible for the enhanced activity. We conclude that the proteo-
liposomes were relatively tight in terms of their permeability
for protons and potassium ions. Horse heart cytochrome c
was neither oxidized by blank liposomes nor by proteolipo-
somes pre-incubated with KCN (not shown). Thus, we con-
clude that the cbb3-type oxidase embedded into liposomes can
couple electron £ow to the generation of an electrochemical
proton gradient.

To show whether protons are translocated across the vesic-
ular membranes, we performed a proton pump experiment
with a pH electrode. The observations are documented in
Fig. 4. The experiment was performed in the presence of va-
linomycin to avoid a membrane potential that counteracts the
proton extrusion. Upon a pulse of reduced horse heart cyto-
chrome c to the proteoliposomes, a relatively rapid and pro-
nounced acidi¢cation was observed. Following the immediate
decrease of pH in the surrounding medium, an alkalinization
back to the original pH level occurred. This alkalinization
progressed further because of proton consumption inside the
vesicles for the formation of H2O. Addition of CCCP dis-
rupted vpH and under this condition (with the same pulse
of horse heart cytochrome c) only water formation was ob-
served (Fig. 4). As a control, the same experiment was per-
formed with the aa3-type oxidase of P. denitri¢cans, which is a
well-known proton pump [20]. The stoichiometries of proton
pumping and proton consumption for water formation were
calculated from these experiments and are listed in Table 1.
With similar RCR values and V1 H�/e3 for water formation,
the reconstituted cbb3-type oxidase had a substantially lower
proton pumping activity (0.2 H�/e3 to 0.4 H�/e3) than the
reconstituted aa3-type oxidase. Moreover, water formation in
the case of the cbb3-type oxidase was always slower (Fig. 4)
than that observed with the aa3-type oxidase (not shown). We
do not have a reasonable explanation for this behavior.

The lower level of proton translocation observed with the
cbb3 oxidase as compared with cytochrome aa3 may be due to
the slow turnover of the enzyme (Table 1). Perhaps, horse
heart cytochrome c is not an ideal substrate for this oxidase
which, in vivo, may obtain electrons from cytochrome c1 as
the natural substrate. A low proton pumping e¤ciency was
also shown recently for the cbb3-type oxidase of Helicobacter
pylori [27], although precise values were not reported. Like-

wise, the in vivo proton pumping of the cbb3-type oxidase of
P. denitri¢cans was two times lower than that of the aa3-type
of the same organism [28]. In Rhodobacter sphaeroides, an
oxygen pulse experiment with a strain su¡ering multiple dele-
tions of genes encoding alternative terminal oxidases, leaving
the cbb3-type oxidase as the solely remaining functional oxi-
dase, a proton pumping activity with a value of 1 H�/e3 has
been reported [29].

As mentioned, the cbb3-type oxidase of B. japonicum has a
very high a¤nity for oxygen. In symbiotic conditions, the
proton pump must support energy conservation under ex-
tremely low O2 tensions and thus might be slow. When com-
pared with the classical proton-pumping heme^copper oxidase
such as cytochrome aa3, it is obvious that several of the con-
served amino acid side chains of subunit I believed to form
the proton translocating channels [30] are missing in FixN
[10,28]. In the P. denitri¢cans aa3-type oxidase the so-called
K-channel consists of Ser291, Lys354, Thr351 and Tyr280 and
directs protons from the cytoplasm to the binuclear center.
The second, so-called D-channel consists of Asp124, Asn113,

Fig. 2. Visible absorption spectra of 10 Wg air-oxidized (thin line)
and dithionite-reduced (thick line) cbb3-type oxidase.

Fig. 3. Oxidation of horse heart cytochrome c by the cbb3-type oxi-
dase reconstituted in proteoliposomes. The reaction was started by
addition of Covs containing 1.6 Wmol oxidase. (A) The coupled
state was monitored in the presence of 0.2% (v/v) ethanol. The un-
coupled state was monitored after addition of 5 WM valinomycin
(Val) and 10 WM CCCP, each dissolved in ethanol. (B) The same
experimental setup as in panel A was used (without 0.2% (v/v) etha-
nol). After 30 s of oxidation the established vpH across the mem-
brane was abolished by addition of 10 WM CCCP. After another 20
s, the membrane potential was disrupted completely with 5 WM vali-
nomycin.
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Asn131, Asn199, Tyr35, Ser134, ser193 and Glu278 is believed to
be for proton extrusion [30,31]. The residues corresponding to
Asp124 and Glu278 are crucial for the proton pump activity of
the bo3 oxidase of Escherichia coli [32,33]. Therefore, despite
the similar set-up of cofactors for redox chemistry, the cbb3-
type oxidase possible uses a di¡erent route for proton trans-
location than the classical heme-copper oxidases. A similar
suggestion has been made for some archaeal terminal oxidases
[31,34]
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