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Rhodopseudomonas capsulata cells were shifted from phototrophic (anaerobic, light) to chemotrophic
(semiaerobic, dark, 10% air saturation) growth conditions. During the adaptation period of 4 h, the
bacteriochlorophyll content of cells and membranes decreased, and a newly synthesized 65-kilodalton
polypeptide of the cytochrome oxidase was incorporated into the membrane fraction. The enzymatic activity of
the cytochrome oxidase increased strongly after a lag time of 2 h. The amount of cytochrome oxidase protein
does not follow the same kinetics. The relative amount of a membrane-bound cytochrome c of low molecular
weight, which has been proposed to be a donor for the cytochrome oxidase, increased during adaptation.

Rhodopseudomonas capsulata is a facultative photo-
trophic bacterium, growing either aerobically in the dark
(chemotrophic) or anaerobically in the light (phototrophic).
Studies on the differentiation of the membrane system of R.
capsulata after transition of the cells from chemotrophic to
phototrophic growth conditions revealed the synthesis of
new photosynthetic units, the formation of vesicular intra-
cytoplasmic membrane, and the lowering of respiratory
activities, especially of succinate-cytochrome c-oxidoreduc-
tase and cytochrome c oxidase (4, 5, 8, 16, 17, 23, 24).

Chemotrophically grown R. capsulata produces ATP by
oxidative phosphorylation (1, 19). Only b-type cytochromes
function in the two terminal oxidases of the branched
respiratory chain, which differ in their midpoint potential
and sensitivity to KCN and CO (30, 31). Under phototrophic
conditions ATP is formed by photophosphorylation driven
by a cyclic electron transport.
An active preparation of the membrane-bound terminal

high-potential cytochrome c oxidase of R. capsulata con-
tained a b-type cytochrome and a polypeptide with an Mr of
65,000 (12). The active form of the cytochrome oxidase
appeared as a dimer with an Mr of 130,000 containing one
molecule of protoheme (13). The oxidase was incorporated
into phospholipid vesicles to measure proton extrusion after
pulses offerrocytochrome c per oxidase turnover. In accord-
ance with the pH shift of its midpoint potential, the purified
oxidase showed a proton extrusion of 0.24 H+/e- with
uptake of 1 H+/e- from the liposomes during the reduction
of oxygen to water (15).

In this communication we describe the kinetics of cyto-
chrome oxidase formation in R. capsulata cells transferred
from phototrophic to chemotrophic semiaerobic growth con-
ditions. The appearance of new oxidase protein in the
membrane fraction and the specific cytochrome c oxidase
activity were measured. The results support the idea that the
induction of respiratory activity of the cells involves regula-
tion of synthesis and activity of the terminal b-type oxidase
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and also changes of the c-type cytochromes bound to the
membrane of R. capsulata.

MATERIALS AND METHODS

Organisms and culture conditions. R. capsulata wild-type
strain 37b4 (DSM 938; German Collection of Microorgan-
isms, Gottingen, Federal Republic of Germany) was culti-
vated anaerobically in a 12-liter fermentor (Biostat S; B.
Braun-Melsungen, Melsungen, Federal Republic of Ger-
many) equipped with a device for the measurement and
control of P02 at 30°C in a malate medium (3) with illumina-
tion by incandescent bulbs (3,000 lx behind the fermentor).
Formation of cytochrome oxidase was measured in photo-
trophic cultures shifted during the exponential-growth phase
(Aw = 0.17; 0.5-cm light path) to chemotrophic conditions
by bubbling air through the medium with shaking (400 to 500
rpm) in the dark. The oxygen concentration was measured
with an autoclavable Clark-type electrode (Ingold, Fr-
ankfurt, Federal Republic of Germany) fitted with a recorder
unit. A constant dissolved oxygen concentration was main-
tained with an air stream regulated by a proportional-integral
operating valve. Oxygen concentrations were given as the
percent saturation of culture medium with air. The Clark
electrode was calibrated with air-saturated culture medium.
Samples taken from the fermentor at different times of incu-
bation were immediately poured on ice. Chloramphenicol
(100 ,ug/ml), NaN3 (1 mM), and phenylmethylsulfonyl fluo-
ride (1 mM, final concentration) were added to stop biosyn-
thetic processes and protein degradation.
Membrane isolation. The cells were disrupted at 112 mPa

in a French pressure cell (200 mg [wet weight] of packed
cells per ml of 50 mM Tris-hydrochloride buffer [pH 8.0] plus
1 mM phenylmethylsulfonyl fluoride and 0.1 mM EDTA).
DNAse I was added, and the suspension was centrifuged at
27,000 x g for 30 min. The sediment was discarded, and the
supernatant was centrifuged at 160,000 x g for 90 min. The
sediment was washed twice in the buffer given above and
used immediately for enzyme measurement and Triton X-100
extraction.

Immunological procedures. Crossed immunoelectrophor-
esis (CIE) was performed by a modified procedure that has
been previously described (27). The membrane fraction was
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FIG. 1. Cell density, cell protein, and Bchl concentration in

cultures of R. capsulata transferred from phototrophic (anaerobic,
light) to chemotrophic growth conditions (dark, 10%o air saturation).
The time scale indicates the hours after a shift in culture conditions.
See the text for details. Symbols: A, micrograms of BChl per
milligram of cell protein; R, A6w of the cell suspension (light path,
0.5 cm); *, milligrams of cell protein per milliliter.

suspended in 80 mM Tris (TRIZMA; Sigma Chemical Co.,
Muenchen, Federal Republic of Germany)-40 mM sodium-
acetate-2.5 mM EDTA (pH 8.8) (CIE buffer) to a protein
concentration of 10 mg/ml. Triton X-10O (E. Merck AG,
Darmstadt, Federal Republic of Germany) was added to a
fin,al concentration of 5% (wt/vol). Samples were then incu-
bated for 30 min at 30°C with stirring. Insoluble material was
sedimented by centrifugation at 100,000 x g for 1 h, and 5 to
20 ,u of the supernatant (100 ,ug of protein) was used for
CIE. More than 90% of the cytochrome oxidase (based on
enzymatic activity) and of other membrane-bound proteins
(measured by protein determination after centrifugation) was
solubilized. Electrophoresis in the first dimension was per-
formed in CIE buffer with 0.5% agarose (Serva, Heidelberg,
Federal Republic of Germany) and 0.5% Triton X-100 (flat
gel; 2.7 ml; 7.6 by 2.6 cm) at 0.5 mA/cm for 3 h at 4°C. The
agarose gel slice was then quickly transferred to a second gel
(2.7 ml; 5 by 5 cm) containing 2 to 5 mg of antibodies.
Electrophoresis in the second dimension ran for 16 h at 0.5
mA/cm at 4°C.

After electrophoresis the agarose gels were washed for 12
h in 0.5 liter of 0.5% NaCl solution containing 0.025% Triton
X-100 and stained with 0.3% Coomassie brilliant blue in 50%
ethanol and 10% acetic acid for 3 h. Gels were destained in
the same solution without Coomassie brilliant blue. Im-
munoprecipitation rockets were quantified by using a stand-
ard curve prepared with purified oxidase.

Immunoblotting of the proteins after sodium dodecyl
sulfate-polyacrylamide gel electrophoresis was performed as
described (26). Proteins blotted on nitrocellulose filters were
incubated overnight at room temperature with rabbit anti-
bodies (50 pug/ml) against the purified polypeptides. Horse-
radish peroxidase-conjugated goat anti-rabbit immunoglobu-
lin G (Sigma) were diluted 1:1,000 with saline containing 3%
bovine serum albumin and 0.7% goat serum. The prepara-
tions were incubated with the second antibody for 3 h at
room temperature and afterwards stained with 4-chloro-1-
naphthol (E. Merck) as described (11). Antibodies against
the different membrane constituents were purified from
rabbit serum as described (10).

Analytical procedures. Cytochrome c oxidase was assayed
at 30°C by using reduced horse heart ferrocytochrome c
(type II-A, Sigma) as the electron donor (12, 18). Bacterio-

chlorophyll (Bchl) was extracted from cells and membranes
in an acetone-methanol mixture (7:2 [vol/vol]), and the
concentrations were calculated by using an extinction coef-
ficient of e = 76 mM-1 x cm-' at 770 nm (2). Membranes
and membrane constituents were solubilized in sodium dod-
ecyl sulfate buffer at 60°C and separated by slab gel poly-
acrylamide gel electrophoresis according to the method of
Laemmli (21). Heme staining of polyacrylamide gels was
performed as described (9). Protein concentration was de-
termined by the method of Lowry et al. (22) with serum
albumin as the standard.

RESULTS

Growth and pigment content in shift experiments. Cells of
R. capsulata contained 10.3 ,ug of Bchl per mg of cell protein
when growing under phototrophic conditions, with a dou-
bling time for cell protein of 2 h. When these cells were
shifted to chemotrophic conditions at 10% air saturation in
the medium, the doubling time for cell protein increased
after a lag time of 3 h to nearly 6 h; the specific Bchl content
was reduced to ca. 6 Fxg of Bchl per mg of cell protein after
2 h (Fig. 1). After 4 h of chemotrophic growth the cells were
growing exponentially at a doubling time of 1.5 h. The
carotenoid content decreased from 6.4 nmol/mg of cell
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FIG. 2. CIE of Triton X-100 (5% [wt/vol]) extracts from mem-
branes of chemotrophically grown cells. The experimental condi-
tions are described in the text. Membrane protein (100 pg) was
separated in the first dimension. The second dimension contained 5
mg of antibodies against the membranes of the wild-type strain 37b4
of R. capsulata (A) or 2 mg of antibodies against the purified
cytochrome oxidase (B). The arrow indicates the precipitation line
of the b-type oxidase.
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protein under phototrophic conditions to 4.4 nmol/mg of cell
protein after 4 h of chemotrophic growth.

Oxidase activity and protein content in the membrane
fraction. During the shift experiment the high-potential b-
type cytochrome c oxidase was determined by measuring
the specific enzyme activity and the amount of oxidase
protein in the membrane (calculated from quantitative CIE;
Fig. 2). The specificity of the antibodies against the purified
cytochrome c oxidase was verified by immunoblotting of the
65,000-molecular-weight polypeptide and by CIE (see Fig.
5a).
When phototrophic cultures were shifted to chemotrophic

growth with 10% air saturation, the oxidase protein content
per total amount of membrane protein increased more than
threefold during the first hour of chemotrophic growth and
then steadily decreased to nearly the former level (Fig. 3; see
Fig. Sa). The specific oxidase activity, however, decreased
during the first hour nearly 10-fold (Fig. 3). After 4 h of
chemotrophic growth the enzyme activity had increased
3.5-fold compared with that of phototrophically adapted
cells. These differences in kinetics of enzyme activity and
protein formation may be due to the unbalanced growth
during the first hours of chemotrophic growth.

Oxidase activity and protein content of whole cells. Since
the membrane content of cells changed during a shift exper-
iment, we wished to determine the oxidase concentration
and activity not only on a membrane basis, as described
above, but also on the basis of cell protein. We supposed
that the observed Bchl content of whole cells (Fig. 1)
reflected the membrane-bound Bchl content and that during
membrane isolation Bchl was maintained or at least reduced
in the same degree in all membrane fractions.

Therefore, we calculated the ratio of oxidase protein to
total cell protein on the basis of (micrograms of oxidase
protein/micromoles ofBchl) x (micromoles ofBchllmilligram
of cell protein) as described before (25). The ratio of cyto-
chrome oxidase protein to total cell protein remained nearly
constant during the 4 h of chemotrophic growth (Fig. 4). The
activity of oxidase per milligram of cell protein, however,
increased strongly after 2 h of chemotrophic growth.
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FIG. 3. Cytochrome c oxidase after transition from phototrophic

to chemotrophic growth conditions (1o air saturatiqn). Values and
bars indicate the means and standard feviations of three different
experiments, respectively. Symbols: O, micrograms of cytochrome
oxidase protein per milligram of membrane protein; 0, cytochrome
oxidase activity per milligram of oxidase protein.
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FIG. 4. Cytochrome c oxidase after transition from phototrophic

to chemotrophic growth conditions (10% air saturation). Shown are
the oxidase activity and oxidase protein content per total amount of
cell protein. Values and bars indicate the means and standard
deviations of three different experiments, respectively. Symbols: O,
micrograms of cytochrome oxidase protein per milligram of cell
protein; 0, cytochrome oxidase activity per milligram of cell
protein.

Heme protein content of the membrane. Mesoheme-binding
polypeptides with apparent Mrs of 35,000, 30,000, and 25,000
were present in membranes of phototrophically, as well as of
chemotrophically, grown cells, whereas a c-type cyto-
chrome with an apparent Mr of 32,000 was present only in
membranes of phototrophically grown cells. It disappeared
under chemotrophic conditions, and a membrane-bound
c-type cytochrome with an apparent Mr of 12,000 appeared
(Fig. 5b). The cytochrome oxidase could not be visualized
by heme staining because the cytochrome b diffused away
during electrophoresis.
There was a polypeptide of 40 kilodaltons which dis-

appeared completely after adaptation to chemotrophic con-
ditions but was present in low concentrations under
phototrophic conditions (Fig. 5a). This polypeptide showed
immunological cross-reactivity with the soluble cytochrome
c2 of R. capsulata (Fig. 5a). It was not seen by heme
staining, when membranes of phototrophically or chemo-
trophically grown cells were used (Fig. Sb), but bound heme
when cells were grown under microaerobical conditions in
the dark in the presence of dimethyl sulfoxide (data not
shown).

DISCUSSION
During adaptation of phototrophically grown cells to che-

motrophic conditions, growth was retarded because the
membrane to be changed from a photosynthetic to a respi-
ratory system of energy transduction. The Bchl concentra-
tion decreased and the cytochrome oxidase concentration
increased. However, since other biosynthetic processes
were initiated after the shift in growth conditions, the ratio of
oxidase protein to cell protein remained constant (Fig. 4).
After 4 h of chemotrophic growth the specific oxidase
activity had reached a stable level, which was characteristic
of chemotrophically grown cells under full aeration (17). Our
results and published data indicate that the high-potential
b-type cytochrome oxidase is that enzyme of the respiratory
chain which is regulated by changes in oxygen partial
pressure. Similar results have been obtained by studies on
the a/a3-type oxidase of R. sphaeroides (28). In Escherichia
coli the synthesis of the cytochrome o-type oxidase was
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FIG. 5. Sodium dodecyl sulfate-polyacrylamide slab gel elec-
trophoresis (12% acrylamide). (a) Lane numbers refer to 0 to 4 h of
chemotrophic growth. Membrane protein (30 ,ug) was applied to
each slot. Staining was performed with Coomassie brilliant blue.
Lanes A and B show immunoblots stained with 4-chloro-1-naphthol
as described in the text. Lane A shows the 65-kilodalton polypeptide
of the cytochrome oxidase as detected by immunoblotting of lane 1
with antibodies against the purified oxidase. Lane B shows the
immunoblotting of lane 1 with antibodies against the purified cyto-
chrome c2 of R. capsulata. Bars indicate proteins with positive
heme stain as shown in (b). (b) Heme staining of polypeptide
separated by sodium dodecyl sulfate-polyacrylamide slab gel (12%
acrylamide) electrophoresis. Lanes 0 and 4 refer to 0 h (photo-
trophic) and 4 h (chemotrophic) growth conditions. Only mem-
branes of phototrophic (0 h) and chemotrophic (4 h) cells were
stained. See the change in cytochrome c composition (arrows).
BChl-depleted membranes showed the same results.

suppressed by lowering of the aeration rate, whereas the
synthesis of a cytochrome d was induced (20). The activity
of the high-potential b-type oxidase in R. capsulata seems to
be regulated not only by incorporation of new oxidase
protein into the membrane but also by the enzyme activity,
probably owing to a separate incorporation of the proto-
heme.

Preliminary results indicate that during adaptation to
chemotrophic growth the synthesis of other components of
respiratory chain of R. capsulata, mainly c-type cyto-
chromes, are regulated. Thus, the relative concentration of a
membrane-bound cytochrome c of low molecular weight,
which has been proposed to be a donor for the cytochrome
oxidase (14), increased during adaptation. The function of
the 32,000-mnolecular-weight cytochrome c (6, 7, 29), which
disappeared during adaptation, as well as of the other heme
staining components, has to be determined.
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