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A photosynthetic reaction center complex has been purified from an aerobic photosynthetic bacterium,
Erythrobacter species OCh 114. The reaction center was solubilized with 0.45% lauryldimethylamine
N-oxide and purified by DEAE-Sephacel column chromatography. Absorption spectra of both reduced and
oxidized forms of the reaction center were very similar to those of the reaction center from Rhodopseu-
domonas sphaeroides R-26 except for the contributions due to cytochrome and carotenoid. 1 mol reaction
center contained 4 mol bacteriochlorophyll a, 2 mol bacteriopheophytin a, 4 mol cytochrome ¢-554, 2 mol
ubiquinone-10, and carotenoid. The reaction center consisted of four different polypeptides of 26, 30, 32 and
42 kDa. The last one retained heme c. Absorbance at 450 nm oscillated with the period of two on
consecutive flashes. The light-minus-dark difference spectrum had two peaks at 450 nm and 420 nm,
indicating that odd flashes generated a stable ubisemiquinone anion and even flashes generated quinol.
o-Phenanthroline accelerated the re-reduction of flash-oxidized reaction centers, indicating that o-
phenanthroline inhibited the electron transfer between Q, and Qg. The cytochrome (cytochrome c-554) in
the reaction center was oxidized on flash activation. The midpoint potential of the primary electron acceptor
(Q,) was determined by measuring the extent of oxidation of cytochrome c-554 at various ambient
potentials. The mid-point potential of Q, was —44 mV, irrespective of pH between 5.5 and 5.9.

Introduction

Erythrobacter OCh 114 is a species of ‘aerobic
photosynthetic bacteria’, which can grow and syn-
thesize bacteriochlorophyll only under aerobic
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conditions [1-3]. Its habitat is on the surface of
sea weeds and on the sands of seashore [4). The
color of the intact cells is reddish-pink, due to the
presence of carotenoid pigments [4]. The light-
minus-dark difference spectrum of the membrane
preparation from this bacterium suggested that
reversible photooxidations of reaction center and
cytochrome occurred as in the case of the tradi-
tional photosynthetic bacteria [5,6]. The shape of
the light-minus-dark difference spectrum and ab-
sorption spectrum of chromatophores treated with
iridic chloride in the near-infrared region [5] and
separation of reaction center by polyacrylamide
gel electrophoresis [7] suggested that the bacterium
contained reaction centers similar to those of pur-
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ple photosynthetic bacteria. Photophosphorylation
and light-induced CO, incorporation have also
been observed in intact cells under aerobic condi-
tions, but not under anaerobic conditions [8,9].
These facts suggest that although this bacterium
has unique physiological properties, it has similar
photosynthetic machinery to that of the tradi-
tional purple bacteria and that the machinery can
operate under a certain condition.

One of the most important problems to be
solved is whether this organism contains the same
type of reaction center as that of the photosyn-
thetic purple bacteria and how the electron trans-
fer occurs in the reaction center. Here we have
isolated a reaction center complex from Erythro-
bacter OCh 114 and characterized the electron
transfer in the complex.

Materials and Methods

Erythrobacter OCh 114, originally supplied by
Dr. Keiji Harashima of University of Tokyo, was
cultured under vigorous aeration in the dark and
harvested as described previously [10]. The cells,
suspended in 50 mM Tris-HCl (pH 8.0), were
disrupted through a French pressure cell and the
membrane preparation was obtained as described
before [10].

Spectroscopic measurements. Absorption and
difference spectra were measured with a Shimadzu
UV240 spectrophotometer. Flash-induced absorp-
tion changes due to reaction center bacterio-
chlorophyll and cytochrome were measured with a
rapid single beam spectrophotometer (Union
Giken RA 1201) as described previously [11]. Re-
dox titration of the flash-induced oxidation of
cytochrome were carried out with the same spec-
trophotometer as described before [11].

Sodium dodecylsulfate polyacrylamide gel electro-
phoresis was carried out according to the method
of Laemmli and Favre [12]. The gel concentration
was 12.5%. Reaction center solution, dissolved in
20 mM Tris-HC! buffer (pH 7.5) containing 0.1%
Triton X-100, was lyophilized, then the dried reac-
tion center was resuspended in the same volume
of distilled water. The sample was treated with
SDS (final concn., 3%) and B-mercaptoethanol
(final concn., 1%) at 0°C for 30 min. After
electrophoresis, the gel was stained with Coomas-

sie brilliant blue (for protein) or stained in the
dark with 3,3',5,5’-tetramethylbenzidine (for heme
detection) as described by Thomas et al. [13].
Without lyophilization the reaction center com-
plex, occasionally failed to separate into subunits,
the reason for this being unknown.

Other procedures. Ubiquinone-10 content was
determined as described previously [14]. Ubiqui-
none-10 in the reaction center was extracted with
90% acetone and transferred to light petroleum
ether layer followed by washing with 95%
methanol. Washed ubiquinone solution was dried
in vacuo and ubiquinone was dissolved in ethanol.
The absorbance change at 275 nm before and
after the addition of a few crystals of sodium
borohydride was measured.

The contents of bacteriochlorophyll and
bacteriopheophytin in the reaction center were
determined by measuring absorbances of acetone /
methanol (7:2, v/v) extract of reaction center at
770 and 747 nm, which are absorption maxima of
bacteriochlorophyll and bacteriopheophytin in an
acetone-methanol mixture, respectively. Milli-
molar absorption coefficients of bacterioch-
lorophyll at 770 and 747 nm and those of
bacteriopheophytin at 747 and 770 nm in an
acetone-methanol mixture were calculated from
the absorption spectra of pure bacteriochlorophyll
a and bacteriopheophytin a, prepared according
to the method of Omata and Murata [15]. Milli-
molar absorption coefficients of bacterioch-
lorophyll a at 770 was assumed to be 76 [16] and
that at 747 nm to be 46.3. The bacteriopheophytin
a coefficients at 770 and 747 nm were 19.6 and
52.6, respectively. The content of the reaction
center bacteriochlorophyll was determined by
measuring absorbance difference at 864 nm be-
tween reduced and oxidized reaction center.
Agfed~°* of the reaction center bacteriochlorophyll
was assumed to be 112 mM™'-cm™?, according
to Straley et al. [17].

Results

Purification of a reaction center complex
Membranes obtained as in Materials and Meth-
ods were resuspended in 20 mM Tris-HCl (pH
7.5)/0.1 M NaCl/1 mM phenylmethylsulfonyl-
fluoride (bacteriochlorophyll concentration, 0.2



mM). To the suspension, LDAO was added drop-
wise from a 30% solution by stirring at room
temperature in the dark, to give a final concentra-
tion of 0.45%. The mixture was incubated for 30
min and centrifuged at 300000 X g for 2 h. The
precipitates were resuspended in twice the volume
of the same buffer and LDAO was added to give a
final concentration of 0.45%. The mixture was
incubated for 1 h at room temperature in the dark.
The mixture was centrifuged at 300000 X g for 2 h
and the supernatant solution was applied to a
DEAE-Sephacel (Pharmacia Fine Chemicals) col-
umn previously equilibrated with 20 mM Tris-HCl
(pH 7.5)/0.1% Triton X-100/0.1 M NaCl. The
column was washed with the same buffer solution
until the eluent solution became colorless. Then
the column was eluted with linear gradient of
NaCl concentration (0.1 M-0.5 M) in 20 mM
Tris-HC1/0.1% Triton X-100. Reaction center was
eluted at a NaCl concentration of about 0.35 M.
Reaction center-rich fractions were combined and
diluted S-times and again applied to the DEAE-
Sephacel column. The column was washed and
eluted with the same linear gradient solution of
NaCl. Column chromatography was carried out at
4°C in the dim light. The yield of reaction center
was about 20%.

Fig. 1 shows the absorption and oxidized-
minus-reduced difference spectra of the purified
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Fig. 1. Absorption spectrum of the purified reaction center
complex. 3 uM reaction center was dissolved in 20 mM Tris-
HC1 buffer (pH 7.5) containing 0.1% Triton X-100. The inset
shows the oxidized-minus-reduced difference spectrum. Reac-
tion center concentration, 1.8 pM. The reaction center was
oxidized by the addition of 10 pM ferricyanide, then excess
ascorbate was added to the solution and the difference spec-
trum was taken.
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Fig. 2. Densitogram of SDS-polyacrylamide gel electrophoresis
of reaction center complex. Details for SDS-polyacrylamide gel
electrophoresis, see Text. (a) Protein staining with Coomassie
brilliant blue; (b) heme staining with 3,3',5,5’-tetramethyl-
benzidine. Numbers above bands are molecular mass in kDa.

reaction center complex. These spectra, as a whole,
were very similar to those of the reaction center
complexes from the purple photosynthetic
bacteria. Absorption bands in the near-infra-red
region indicated the presence of bacterioch-
lorophyll a and bacteriopheophytin a. Absorption
peaks around 554 and 422 nm indicated the pres-
ence of cytochrome. The broad band around 520
nm was due to carotenoid pigments. The 860 nm
band of the absorption spectrum was bleached by
oxidation of the reaction center to give a trough at
864 nm in the difference spectrum. A trough at
605 nm in the difference spectrum was due to the
oxidation of the reaction center bacterioch-
lorophyll. A trough at 554 nm in the difference
spectrum was due to the oxidation of a c-type
cytochrome (Cyt c-554).

Four subunits were detected after SDS-poly-
acrylamide gel electrophoresis with apparent
molecular weight of 42000, 32000, 30000 and
26000 (Fig. 2). Heme staining indicated that the
subunit with molecular weight 42000 was a
heme-containing polypeptide. Redox titration of
cytochrome in the dark also showed the presence
of only one type of cytochrome (Cyt ¢-554) and
the midpoint potential was 330 mV at pH 7.0
(data not shown). The titration of flash-induced
oxidation of Cyt ¢-554 gave the same midpoint
potential. This value was in good agreement with
335 mV in chromatophores from the same
organism [6]. The midpoint potential of the reac-
tion center bacteriochlorophyll was measured by a
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TABLE 1

PIGMENT COMPOSITION OF REACTION CENTER
COMPLEX FROM ERYTHROBACTER OCh 114

Values are the means of three determinations using different
preparations.

Component Content

(mol /mol RC)
Bacteriochlorophyll ¢ 37402
Bacteriopheophytin « 20+02
Cytochrome ¢-554 3.7+0.2
Ubiquinone-10 1.7+02

Carotenoids not determined

flash-induced absorbance decrease at 605 nm in
the higher ambient redox potential range (E,
380-490 mV). E_, of the reaction center
bacteriochlorophyll was 435 mV. This value was
very close to that of the reaction center complex
from purple photosynthetic bacteria. In Table I,
the pigment and cytochrome composition is shown.
The contents of bacteriochlorophyll a, bacterio-
pheophytin a, Cyt ¢-554 and ubiquinone-10 per
reaction center were 4, 2, 4 and 2 mol, respec-
tively. It has been reported that this bacterium
contains only ubiquinone-10 as the quinone con-
stituent [18). The present result agreed with that
reported previously [18]. The cytochrome content
was determined by pyridine hemochrome method.
Because the intensity of stain with Coomassie
depends on polypeptides, it could not be decided
how many apocytochromes were present in one
reaction center complex. In fact, although there
were four hemes per reaction center, the band
height of 42000 molecular weight was not as large
as other bands (Fig. 2).

Photochemical properties of the reaction center com-
plex

The effect of o-phenanthroline on the re-reduction
of flash-oxidized reaction center bacteriochlorophyll,
Time-courses of oxidation-reduction of reaction
center were measured at 605 nm. The flash-
oxidized reaction center was slowly re-reduced in
the dark in the absence of o-phenanthroline (r; ,,
=0.8 s, Fig. 3). In the presence of 10 mM o-
phenanthroline the rate of the re-reduction was
greatly accelerated (7, , = 20 ms), suggesting that
electron transfer from the primary electron accep-
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Fig. 3. Effect of o-phenanthroline on the rate of the re-reduc-
tion of oxidized reaction center. The 4.2 pM reaction center
was dissolved in the same buffer as in Fig. 1. Absorbance
changes due to oxidation and re-reduction after a single-
turnover flash were measured at 605 nm.

tor quinone (Q,) to the secondary electron accep-
tor Qg was inhibited, and the rate of the charge
recombination between the reduced Q, and the
oxidized reaction center was accelerated.
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Fig. 4. Absorbance oscillation with two periods at 450 nm on
successive flashes. 0.7 uM reaction center was dissolved in the
same buffer as in Fig. 1. As an electron donor, 300 uM
2,3,5.,6-tetramethyl-p-phenylenediamine was added. 30 uM
ubiquinone-10 was added to the reaction center solution in an
ethanol solution. Arrows on the time scale indicate when the
flash was fired.




The absorption change at 450 nm with the oscilla-
tion of two periods on successive flash activations. In
the presence of 30 pM ubiquinone-10/300 pM
2,3,5,6-tetramethyl-p-phenylenediamine, absorp-
tion at 450 nm was increased on the first-flash
activation, and on the second-flash activation the
increased absorbance was decreased (Fig. 4). On
the third flash, the absorbance was again increased.
The spike after each flash was rapid oxidation and
re-reduction, due to the reaction center
bacteriochlorophyll. The difference spectrum (ab-
sorbance after first flash minus that in the dark)
gave two positive peaks at 420 nm and 450 nm
(Fig. 5). The shape of the difference spectrum was
very similar to that of ubisemiquinone anion-
minus-ubiquinone in the methanol solution [19].
The oscillation pattern with a period 2 and the
difference spectrum suggested that after the first
flash a stable ubisemiquinone anion was formed
and the second flash reduced the anion to fully
reduced ubiquinone. Therefore, it was implied that
a two-electron gate mechanism operated in the
electron transfer between Q, and Qg as in the
case of the reaction center from purple photosyn-
thetic bacteria [20,21].

Midpoint potential of Q ,. The midpoint poten-
tial of Q, was determined by measuring the extent
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Fig. 5. Light-minus-dark difference spectrum on consecutive
flashes. The absorbance differences between after first flash
and before flash were measured at various wavelengths. Sam-
ple was the same as in Fig. 4.
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Fig. 6. (A) Redox titration of Q, in the reaction center at pH
7.0. 0.5 pM reaction center was dissolved in the 50 mM
morpholinoethanesulfonic acid buffer containing 0.1% Triton
X-100. The extent of cytochrome oxidation by flash was mea-
sured at 422 nm. Titration was done in an anaerobic cuvette.
Redox mediators used were 10 uM each of 2,3,5,6-tetramethyl-
p-phenylenediamine, N-methylphenazonium methosulfate, N-
ethylphenazonium ethosulfate and pyocyanine. The solid line
is the theoretical Nernst curve with n =1. (B) pH dependence
of the midpoint potential of Q, in the reaction center. Mid-
point potential of Q, was determined as in A at various pHs.

of flash-induced oxidation of cytochrome c-554 at
various ambient potentials. Titration at pH 7.0 fit
the theoretical Nernst curve with n=1 with E_
value of —39 mV (Fig. 6A). There was no pH
dependence of the midpoint potential between pH
5.5 and 9.9 (—44 mV, Fig. 6B). The pH indepen-
dence of Q, midpoint potential was in contrast to
the pH-dependent midpoint potential of Q, in the
chromatophore membranes from the same
bacterium [10]. The similar relationship of the Q,
midpoint potentials between chromatophores and
isolated reaction center has been observed in the
cases of purple photosynthetic bacteria [22,23],
although reasonable explanations for this phe-
nomenon have not been given yet. The midpoint
potential of Q, was slightly higher in the chro-
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matophores of Erythrobacter than that of Q, in
the chromatophores from the traditional photo-
synthetic bacteria, but the midpoint potential of
Qg in the Erythrobacter reaction center was essen-
tially the same as that of Q, in the reaction center
from purple photosynthetic bacteria.

Discussion

In spite of the physiological characteristics of
Erythrobacter OCh 114 [2,4,8,9], reaction centers
from this bacterium were very similar to that from
the traditional purple photosynthetic bacteria with
respegt to absorption and difference spectra, sub-
unit composition and characteristics of photo-
chemical reaction in the reaction center complex.
Present results indicated that the photochemical
machinery of this bacterium was exactly the same
as that of purple photosynthetic bacteria. This
situation seems to be applied to other aerobic
photosynthetic bacteria because light-minus-dark
difference spectra of other aerobic photosynthetic
bacteria had similar shape to that of the reaction
center from Erythrobacter OCh 114 (Ref. 24 and
Nishimura, M., personal communication). Pro-
taminobacter ruber strain NR-1, another aerobic
photosynthetic bacterium, is an orange-colored
methylotrophic bacterium and its membrane frac-
tion showed the reversible photooxidation of reac-
tion center and photophosphorylation [24].

It is interesting that the midpoint potential of
Q, was slightly higher in chromatophores (35 mV
at pH 7) from Erythrobacter than that of Q, in
chromatophores from the traditional purple pho-
tosynthetic bacteria [10], whereas the midpoint
potential of Q, in isolated reaction centers was
essentially the same in both cases of Erythrobacter
and of the traditional purple photosynthetic
bacteria. Although we have no explanation why
the midpoint potential of Q, of this bacterium is
slightly higher in the chromatophores than those
of purple photosynthetic bacteria, we suggest that
the high midpoint potential of Q, is responsible
for the inoperation of charge separation under
anaerobic conditions. Under anaerobic conditions
Q, was easily reduced before flash activation,
therefore no charge separation occurs [10].

In addition to the similarity of the photochem-
ical machinery, a soluble c-type cytochrome which

donates electrons to the photooxidized cy-
tochrome ¢-554, cytochrome ¢-551 from this
bacterium [25] had similar physicochemical
properties and amino acid sequence to those of
cytochrome ¢, and Paracoccus denitrificans cy-
tochrome ¢ (Okamura, K., unpublished data).
These results suggest that Erythrobacter OCh 114
and purple photosynthetic bacteria have a com-
mon ancestor or Erythrobacter evolved from pur-
ple photosynthetic bacteria. In fact, Woese et al.
[26] suggested by 16S rRNA analyses that
Erythrobacter longus, another species of aerobic
photosynthetic bacteria, was an isolated species of
the a-subdivision in the phylogenic tree in purple
bacteria. The a-3 subcluster of the a-subdivision
contains two purple photosynthetic bacteria. From
an evolutional point of view, aerobic photosyn-
thetic bacteria may be the intermediates between
strictly aerobic bacteria and strictly anaerobic
photosyntheitc bacteria, as suggested by several
authors [26-28]. And it might be said that aerobic
photosynthetic bacteria locate closer to strict
aerobic bacteria than the facultative anaerobic
photosynthetic bacteria. In this respect, the pho-
tochemical machinery of aerobic photosynthetic
bacteria seems to be only a ‘left-over’ of the
evolutional processes.
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