
J. Biochem. 124, 485-490 (1998)

Control of the Unidirectional Topological Orientation of a
Cross-Linked Complex Composed of the Bacterial Photosynthetic
Reaction Center and Horse Heart Cytochrome c Reconstituted into
Proteoliposomes1

Takao Ueno,* Masayuki Hara,*4-1 Naoki Kamo,1 Takaaki Fujii,* and Jun Miyake'4-2

' Department of Bioresources Chemistry, Chiba University, 648 Matsudo, Matsudo 271-0092; ^National Institute of
Bioscience and Human-Technology (NLBH), Agency of Industrial Science and Technology (AIST), Ministry of
International Trade and Industry (MTTI), 1-1 Higashi, Tsukuba, Ibaraki 305-8562; ^National Institute for
Advanced Interdisciplinary Research (NAIE), AIST, MITI, 1-1-4 Higashi, Tsukuba, Ibaraki 305-8562; and
^Faculty of Pharmaceutics, Hokkaido University, 12-6 Kita-ku, Sapporo, Hokkaido 060-0812

Received for publication, February 10, 1998

Control of the unidirectional topological orientation was achieved for a cross-linked
complex composed of the bacterial photosynthetic reaction center and horse heart cyto-
chrome c (RC/cyt c) reconstituted into proteoliposomes. Using the method of Ueno et al.
[Ueno et al. (1995) Mater. ScL Eng. C3,1-6], we prepared RC/cyt c by conjugating cyt c to
the H-subunit of RC of Rhodobacter sphaeroides R-26 using a bifunctional cross-linking
reagent, iV-succinimidyl 3-(2-pyridyldithio)propionate (SPDP), as previously reported.
The freeze-thaw method was used to incorporate RC/cyt c into liposomes that contained
dipalmitoyl-L-a-phosphatidylcholine and dipalmitoyl-L-c-phosphatidylglycerol (1:9).
The topological orientation of RC/cyt c in the proteoliposomes was determined using three
methods: (i) release of the cyt c moiety from the proteoliposomes by cleaving the disulfide
bond in the linker residue, (ii) electron transfer from free cyt c outside the proteoliposomes
to the RC moiety, and (iii) photo-induced membrane potential of RC- and RC/cyt c-
reconstituted proteoliposomes. The results indicated that about 90% of the RC/cyt c in
proteoliposomes was oriented with the H-subunit exposed on the outside of the liposomes,
whereas only about 60% of the RC in proteoliposomes had this orientation. Thus, we
successfully controlled the unidirectional topological orientation of the RC moiety in
liposomes using the RC/cyt c complex.

Key words: cytochrome c, liposome, molecular orientation, photosynthetic reaction center,
proteoliposome.

Photosynthetic reaction centers (RCs) in the purple non- in the QB site accepts an electron from UQ-10 in the Q* site
sulfur photosynthetic bacterium, Rhodobacter sphaeroides, twice, binds two protons to become ubiquinol, and then is
play a central role in the conversion of light energy into released into the quinone pool in the intracytoplasmic
chemical energy. Charge separation in a bacteriochloro- membrane (2, 3). Ubiquinol is oxidized by the cytochrome
phyll dimer [(Bchl)2] releases an electron at a high energy b/cx complex on the cytoplasmic side (4). Electrons are
level (i.e., low redox potential). The electron is transferred transferred back to the periplasmic side, and then finally to
to bacteriopheophytin, an ubiquinone 10 (UQ-10) in the cytochrome c2 in the periplasm, thereby generating a
primary quinone (QA) site, and then to another UQ-10 proton potential across the membrane. The oxidized (Bchl)2

molecule in the secondary quinone site (QB) (1). The UQ-10 can be re-reduced by cytochrome Ci to complete the redox
cycle. This light-induced cyclic electron transfer in the

1 This work was performed in part under the Research and Develop- intracytoplasmic membrane of photosynthetic bacteria is
mentof Protein Molecular Assembly Project, the Agency of Industrial p ^ g ^ e because the RCs have the same topological orienta-
Science and Technology (AIST) of the Ministry of International Trade f. , r\
and Industry (MITI) and the Molecular Bionic Design Project in ° ^ '' _ „_, , .
NAIR AIST MITI The function of RC is of interest in applications for
J To whom correspondence should be addressed. Tel: +81 298 64 molecular electronic devices because RC is a stable protein
6053, Fax: +81 298 56 5138, E-mail: mhara@ccmail.nibh.go.jp causing photocurrent or photovoltage between electrodes
Abbreviations: RC, photosynthetic reaction center; cyt c, horse heart (6-8). RC is also a promising protein for constructing
cytochrome c; DTT, dithiothreitol; SPDP, iV-succinimidyl-3-(2-pyri- biosensors for herbicides because many herbicides can bind
dyldithio)proPionate; LDAO k^ldimethylamine AT-oxide; /J-OG, ^ Q . (g) B e f o r e t h e s e y^tions ^ ^ Tealized>
/3-octyl-D-glucopyranoside; DMPC, L-a-phosphatidylchohne dipal- ,i_ j / . j . j j- . ,- i. i .
mitoyl; DPPG, L-a-phosphatidylglycerol dipalmitoyl. methods must be developed for constructing the molecular

assembly of RC, particularly for controlling the molecular
© 1998 by The Japanese Biochemical Society. orientation. We previously developed various methods for
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controlling this molecular orientation involving biological
affinity (e.g., avidin-biotin interaction), the Langmuir-
Blodgett film technique, reconstitution of RC into lipo-
somes, and chemical cross-linking of different proteins (10,
11). Continuing in this research area, we previously
prepared a cross-linked complex between R. sphaeroides
RC and horse heart cytochrome c (RC/cyt c) (12) that
showed unique properties during electron transfer. After
cross-linking between RC and cyt c, RC/cyt c was purified
by gel filtration, hydroxylapatite column chromatography
and affinity chromatography on a cyt c-immobilized column
as described in our previous report (12). The cyt c moiety
was cross-linked to only the H-subunit of RC in the purified
RC/cyt c with the molar ratio of 1.5 cyt c:RC. The ratio was
estimated from the calibration curve between the molar
ratio (cyt c:RC) versus the ratio of absorbance (Aso^Ans)
determined with the absorbance spectra of a mixture
containing RC and cyt c. Because of the steric hindrance
(i.e., cyt c was linked to the H-subunit of RC), the complex
did not show intramolecular electron transfer between the
two moieties although the RC moiety and the cyt c moiety
retained full redox activity (12). Recently, we reconstitut-
ed RC/cyt c into proteoliposomes and found that more than
90% of the complex had the same topological orientation,
compared with only 60% when RC was reconstituted
without cyt c. Encouraged by this finding, we characterized
the topological orientation of RC/cyt c in proteoliposomes
in line with the development of molecular assembly tech-
nology, as reviewed in the literature (10, 11).

MATERIALS AND METHODS

Materials—The cross-linking reagent, N-succinimidyl-
3-(2-pyridyldithio)propionate (SPDP), was purchased
from Pierce Chemical (Rockford, Illinois, USA). Using the
method of Clayton and Wang (13), RCs were isolated and
purified from R. sphaeroides R-26 using a detergent,
lauryldimethylamine iV-oxide (LDAO). Horse heart cyt c
(type HI), L-a-phosphatidylglycerol, dipalmitoyl (DPPG),
L-a-phosphatidylcholine, dipalmitoyl (DPPC), and dith-
iothreitol (DTT) were purchased from Sigma Chemical (St.
Louis, Missouri, USA). The concentration of RC was
estimated using an extinction coefficient, £8o2, of 288
mM"' 'cm"' (14), and the concentration of cyt c with £66o =
27.6mM~'«cm"1 (15). The detergent, n-octyl /S-D-gluco-
pyranoside (y9-0G), for the reconstitution of RCs into
liposomes was purchased from Dojindo Laboratories
(Kumamoto, Japan). A dye that is sensitive to a membrane
potential, negatively charged diBA-C4-(3) [bis(l,3-di-
butylbarbituric acid-(5))trimethineoxonol], was purchased
from Molecular Probes (Eugene, Oregon, USA).

Preparation of RC/cyt c—Preparation of RC/cyt c was
carried out as described previously by Ueno et al. (12).
Cytochrome c was conjugated to the H-subunit of RC using
a cross-linking reagent, SPDP, as described by Carlsson et
al. (16). Unconjugated cyt c was removed by gel filtration
on a Sepharose CL-6B gel, and unconjugated RC by hydrox-
ylapatite column chromatography. RC/cyt c was adsorbed
to a cyt c-immobilized Sepharose 4B gel, and then eluted
with 10 mM Tris-HCl buffer (pH 8.0) containing 30 mM
/9-OG and 0.2 M NaCl. In this affinity chromatography,
RC/cyt c in which cyt c was attached to either the M- or
L-subunit was removed, as reported by Rosen et al. (17).

The molar ratio of RC moiety to cyt c moiety in the final
preparation of RC/cyt c was 1:1.5 (12).

Reconstitution of RC/cyt c and RC into Liposomes—
Liposomes were made as described by Mimms et al. (18).
A mixture of 18 /imol of DPPG and 2 //mol of DPPC (molar
ratio = 9:1) was dissolved in 0.5 ml of a chloroform solution
in a glass tube, and then dried to a thin film on the inner wall
of the tube using a stream of argon gas. The film was
dispersed in 0.5 ml of 10 mM Tris-HCl buffer (pH 8.0) and
then sonicated for 1 min at 28 kHz using a bath-type
sonicator (VS-100 HI, Iuchi). The dispersion became clear
with this procedure. Before the reconstitution of the
complex and RCs into liposomes, UQ-10 was also recon-
stituted to the QB site of RC as described by Rosen et al.
(17). Either RC/cyt c or RC was added to a liposome
solution at a lipid/RC molar ratio of 1,000. The detergent
was then removed by dialyzing the mixture against 10 mM
Tris-HCl buffer (pH 8.0) at 5'C for 2 days. The complex
was reconstituted into the liposomes by the freeze/thaw
method (18). After dialysis, the proteoliposomes were
frozen by liquid nitrogen and then stored at — 84°C until
use. Before use, the proteoliposomes were thawed at room
temperature and then collected by ultra-centrifugation for
1 h at 100,000 Xg. The pellet was dissolved in 0.5 ml of
buffer comprising 20 mM HEPES (pH8.0), 50 mM KC1,
and 0.5 mM MgCl2, and then sonicated for 1 min at 0'C in
a sealed tube at 28 kHz using the sonicator.

Cleavage of Bisulfide Bonds by DTT—When the cyt c
moiety was exposed to the outer surface of the RC/cyt
e-proteoliposomes, we cleaved the disulfide bonds in the
cross -linker between the RC moiety and the cyt c moiety
(Fig. 1A) by adding 25 mM dithiothreitol (DTT), because
DTT does not penetrate liposomal membranes. The re-
leased cyt c was separated from the proteoliposomes by
loading these DTT-treated proteoliposomes on a 10 ml
linear sucrose gradient comprising 10-50% (w/v) sucrose,
10 mM Tris-HCl (pH8.0), 50 mM KC1, and 0.5 mM
MgCl2. The loaded gradient was then ultra-centrifuged in a
Beckman SW-40 rotor at 100,000 X g for 1 h at 4'C. After
a sample had been collected from the bottom of the
centrifugation tube, the absorbance of each fraction was
measured to estimate the percentage of cyt c released from
the liposomes.

Flash-Induced Oxidation of Cytochrome c—Flash-in-
duced oxidation of cyt c in the presence of either RC or RC/
cyt c was measured at 550 nm as previously described (12)
with a xenon flash light of 25 /^s duration. Stray light was
minimized by using a filter for the near-infrared region
(SC-70, Fuji Photo Film, Tokyo) and one for the visible
region (C.S. 4-76, Corning, USA). The reaction mixture
comprised 2 //M RC, 200 //M reduced cyt c, 20 mM HEPES
buffer (pH 8.0), 50 mM KC1, and 0.5 mM MgCl2. The data
were collected for the first flash.

Light-Induced Proton Potential Across the Lipid
Bilayer—The light- induced proton potential across the
lipid bilayer in the RC/cyt c-proteoliposomes or that in the
RC-proteoliposomes was measured using a potential-de-
pendent fluorescence dye as described by Brauner et al.
(19). A 2-ml sample comprising RC/cyt c proteoliposomes,
20 mM HEPES (pH 8.0), 50 mM KC1, 0.5 mM MgCl2, and
200//M reduced cytochrome c was kept at 20"C in a
fluorescence cuvette made of quartz. Negatively charged
diBA-C4-(3) [bis(l,3-dibutylbarbituric acid-(5))trimeth-
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ineoxonol] from a 1 mM ethanol stock solution was added
to this sample solution until a final concentration of 0.02
ftM was reached. The fluorescence emission at 524 nm with
excitation at 497 nm was measured with a Hitachi F-4500
fluorescence spectrophotometer (Hitachi, Tokyo, Japan).
The sample in the cuvette was illuminated with strong
actinic light (108,000 lux) from a halogen lamp passed
through a light guide made of glass-fiber bundles (Luminar
Ace LA-50, Hayashi Watch-Works, Tokyo, Japan) and a
cut-off filter (SC-70, Fuji Photo Film). The membrane
potential was calibrated using the valinomycin- induced
potassium diffusion potential. The mixture for the calibra-
tion standard comprised 2 //M RCs in proteoliposomes, 20
mM HEPES (pH 8.0), 0.5 mM MgCl2, and various concen-
trations of KC1 (50-1,125 mM). The potassium in the outer
space of the vesicles was removed by centrifugation and
resuspension with 20 mM HEPES buffer, pH 8.0, and 0.5
mM MgCl2. The potassium diffusion potential was generat-
ed by adding 1 //M valinomycin to this potassium mixture.

c-proteoliposomes (Fig. 2C). Using the amplitude of the
flash-induced oxidation of cyt c in the presence of free RCs
(Fig. 2A) as a reference (i.e.,100%), the amplitudes of that
in the presence of RC-proteoliposomes (Fig. 2B) and RC/
cyt c-proteoliposomes (Fig. 2C) are 41 and 9%, respective-
ly. Flash-oxidized RC can accept an electron from cyt c on
the periplasmic surface of either the M- or L-subunit
(P-side) in the native intracytoplasmic membrane (17).
Flash-induced oxidation of cyt c occurred at 550 nm with
RC in the presence of the detergent (Fig. 2D). The RC
moiety with its P-side exposed on the outer surface (i.e.,
H-in orientation) of proteoliposomes can accept an electron
from reduced cyt c (Fig. 2E), whereas the RC moiety in the
opposite orientation (Le., H-out orientation) can not accept
an electron (Fig. 2F). We calculated the percentage of the
RC moiety that has this H-in orientation (Fig. 2E) by
dividing the amplitude of the flash-induced oxidation of cyt
c with RC-proteoliposomes by that for free RC; the result

RESULTS AND DISCUSSION

We examined the topological orientation of RC/cyt c using
three methods. We performed all experiments to deter-
mine the topological orientation of RC/cyt c (l)-(3) twice
or three times to check the reproducibility. The results
were essentially the same.

Topological Orientation of RC/cyt c (1)—We examined
the topological orientation of the RC/cyt c complex in
proteoliposomes by using DTT to cleave the disulfide bonds
in the linkage between the RC moiety and the cyt c moiety
(Fig. 1A). The cyt c moiety exposed on the outer surface of
the proteoliposomes was released, and then separated from
the proteoliposomes by sucrose density gradient ultra-
centrifugation. In the same layer of the gradient [10-20%
(w/v) sucrose] as native cyt c, 350 pmol cyt c was recover-
ed (Fig. IB), whereas in the lower layer, 278 pmol of RC in
the proteoliposomes was recovered. The molar ratio of
released cyt c and RC after the separation was 1.3. Using a
molar ratio of 1.5 for cyt c moiety to RC moiety in RC/cyt
c previously reported by Ueno et al. (12) as a reference, we
calculated the direct recovery of cyt c from RC/cyt c-pro-
teoliposomes to be 85%. As a control, we determined the
recovery of cyt c with a sucrose gradient using a mixture of
the RC-proteoliposomes and cyt c. The recovery yield of cyt
c in this control was 92 ± 2% (n = 3). A small amount of cyt
c might be adsorbed to the surface of RC-liposomes because
of the affinity between RC and cyt c. When the loss due to
adsorption of cyt c to proteoliposomes is taken into account,
the actual recovery of released cyt c from RC/cyt c-pro-
teoliposomes should be as high as 93%. This result indicat-
ed that 93% of RC/cyt c was oriented with the cyt c moiety
exposed on the outer surface of the proteoliposomes (i.e.,
H-out orientation).

Topological Orientation of RC/cyt c (2)—We also
examined the topological orientation by measuring the
efficiency of electron transfer from reduced cyt c (ferro-
cytochrome c) to flash-oxidized RC. It was reported that
both RC in the presence of a detergent and RC reconstituted
into liposomes showed similar kinetic properties as to the
electron transfer from reduced cyt c (20). We measured
the flash-induced oxidation of cyt c in the presence of free
RCs (Fig. 2A), RC-proteoliposomes (Fig. 2B), and RC/cyt

RC/Cyt c

400-

<8

§ 200-1

1
ooc
oo

\—j RCs ID proteoliposomes

I cytochromec

l ^ n n l
10 20 30 40

Concentration of sucrose [%(w/v)]

Fig. 1. Schematic representation of the cleavage of the disul-
fide bond between the RC moiety and the cyt c moiety in RC/cyt
c (A), and the results of sucrose density gradient ultra-centri-
fugation to separate cyt c and RC-proteoliposomes after the
cleavage (B).
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was 9% for the RC/cyt c-proteoliposomes and 41% for the
RC-proteoliposomes. This means that 91% of RC/cyt c was
oriented with the cyt c moiety exposed on the outer surface
of RC/cyt c-proteoliposomes (H-out orientation), whereas
59% of RC was oriented with the H-subunit exposed on the
outer surface of RC-proteoliposomes (H-out orientation).
This value agrees well with the 93% obtained on cleavage of
the disulfide bond described in the preceding paragraph.

Topological Orientation of RC/cyt c (3)—For the final
means of examining the topological orientation, we deter-
mined the continuous light-induced proton potential by
measuring the fluorescence of diBa-C4-(3). Control lipo-
some without RC showed no light-induced fluorescence
change (Fig. 3A); the RC-proteoliposomes showed strong
fluorescence (Fig. 3B) due to the inside negative potential

(A)

(B)

(C)

Flash T AA=0.03

RC

* ' - ' ' • » > • • ' \ . j , - . ' . •

RC-proteoliposome

RC/cyt o-proteoliposome

0.0 0.2 0.4
Time [s]

(D) (8
RC

Reduced cyt c

(E)
Reduced cyt c

(F)
Reduced cyt c

RC-proteoliposome

Fig. 2. Flash-induced oxidation of cyt c In the presence of RC
(A), RC-proteoliposomes (B), and RC/cyt c-proteoliposomes
(C). Schematic representation of the electron transfer from
reduced cyt c to RC (D), that to RC-proteoliposomes with the P-
side exposed to the outside (E), and that to RC-proteoliposomes
with the H-unit exposed to the outside (F). The flash-induced
decrease in absorbance at 550 nm was measured. The concentrations
of RCs and reduced cyt c were adjusted to 2 and 200 ̂ M, respectively.
Each sample volume was 2 ml.

( — 54 mV); and the RC/cyt c-proteoliposomes showed
fluorescence in the opposite direction (Fig. 3C) due to the
inside positive potential (20 mV). A calibration curve for
these measurements (Fig. 3D) was obtained by generating
a potassium diffusion potential by adding valinomycin to
the mixture for measurement. We can explain these
fluorescence results as follows. RC was reconstituted in two
topological orientations: either the H-in orientation (Fig.
2E) or the H-out orientation (Fig. 2F). In the RC-proteo-
liposomes, 41% of the RCs were in the former orientation
and therefore could accept electrons from reduced cyt c
outside the proteoliposomes and under illumination could
pump protons outward. Conversely, 59% of the RCs were in
the H-out orientation and therefore pumped protons
inward, but could not be supplied with a sufficient number
of electrons from cyt c because reduced cyt c was not
present in the interior on the proteoliposomes (Fig. 2F).
Consequently, this orientation resulted in a weak ability to
pump protons inward. Therefore, a strong net proton efflux
induced by strong continuous light was observed in the
RC-proteoliposomes (Fig. 3B). In the RC/cyt c-proteolipo-
somes, only 9% of the RCs were in the H-in orientation, and
thus exhibited strong ability to pump protons inward (Fig.
2E). Conversely, 91% of the RC moiety was in the H-out

(A)

(B)

(C)

RC/cyt c-proteolipotome

O
O /TJU~}< H*

1 2 3 4
Time (mln]

(D)

-0 05
50 100

Membrane potential [mV|
150

Fig. 3. Continuous light-induced potential across a lipid
bilayer measured as fluorescence for liposomes (A), RC-lipo-
somes (B), and RC/cyt c-liposomes (C). Calibration standard
curve for the measurements (D). The insets to the right show
schematic representation of the proton efflux in (B) and influx in (C).
Thick circles represent reduced cyt c shown in Fig. 2.
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Cytochrome c-Linked Bacterial Photosynthetic Reaction Center 489

orientation and pumped protons inward, but could not be
supplied with a sufficient number of electrons from cyt c
(Fig. 2F). Therefore, the RC/cyt c-proteoliposomes showed
a small interior-positive membrane potential due to this
weak net proton influx.

Mechanism of Topological Orientation—When only RCs
were incorporated into liposomes, the orientation was
relatively random (Le., 41% were in the H-in orientation).
On the other hand, as confirmed by all three methods, the
topological orientation of the RC moiety in the RC/cyt
c-proteoliposomes was relatively unidirectional (i.e., 91%
of RC/cyt c was in the H-out orientation). These results
demonstrate the effectiveness of using the cyt c-cross-link-
ing method to control the orientation of RCs that is essential
for the use of RCs in biosensors and in biomimetic
materials.

One possible mechanism for the better orientation is
interaction between the bulky hydrophilic positively
charged cyt c moiety and the surface of negatively charged

lipids. The result of this interaction is the incorporation of
RC-cyt c with a specific orientation into liposomes. To
determine why the unidirectional topological orientation
was significantly higher for RC/cyt c (91-93%) than for RC
(59%) in proteoliposomes, we looked at the three-dimen-
sional structure of RC and that of cyt c (Fig. 4) elucidated
by X-ray analysis (21, 22). The topological orientation of a
reconstituted membrane protein in proteoliposomes may
depend on two factors: (a) the distribution of electrostatic
charges (dipole moment) and (b) the polarity of the hydro-
philicity and hydrophobicity on the surface of the protein
molecules. Most of the surface of an H-subunit, and only
parts of the periplasmic surface of the L - and M - subunits of
RC are hydrophilic, whereas the entire lateral surface of
the L- and M-subunits is extremely hydrophobic (Fig. 4).
Furthermore, Tiede et al. (23) reported that an RC
molecule has an electrostatic dipole moment from the
cytoplasmic side to the periplasmic side, thereby making
the H-subunit side positively charged (23). Horse heart cyt

Fig. 4. Three-dimensional structures
of Rhodobacter sphaeroides RC (up-
per figures) and horse heart cyt c
(lower figures) using a space-filling
model. The left figures are opposite views
those in the right figures. Red and blue
represent the hydrophobic and hydro-
philic surfaces, respectively.
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c is a positively charged hydrophilic protein at neutral pH.
Cross-linking with cyt c on the H-subunit increased the
polarity in the distribution of hydrophilicity and hydro-
phobicity, and increased the electrostatic dipole moment.
Consequently, RC/cyt c was oriented much better than RCs
in the proteoliposomes, although we were unable to deter-
mine which of the two factors (dipole moment or polarity)
had the dominant role. The dipole moment of a protein can
interact with the charges of lipids. Recently, we reported
that the topological orientation of RCs in RC-proteolipo-
somes can be controlled by using various lipids with
different charges (24).

The creation of artificial energy-conversion systems
involving membrane proteins such as RCs requires the
control of the orientation of RCs. This method can be
applied to other membrane proteins (e.g., cytochrome b/ci
complex, cytochrome c oxidase, etc.) in liposomes.
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research, and Mr. Kazuyuki Noda, Ms. Kaoru Shimizu, Ms. Shisako
Nagai, Ms. Ritsuko Otsuka, and Ms. Setuko Niimi for their technical
assistance.

REFERENCES

1. Feher, G., Allen, J.P., Okamura, M.Y., and Rees, D.C. (1989)
Structure and function of bacterial photosynthetic reaction
centres. Nature 339, 111-116

2. Okamura, M.Y. and Feher, G. (1992) Proton transfer in reaction
centers from photosynthetic bacteria. Annu. Rev. Biochem. 61,
861-896

3. Takahashi, E., Maroti, P., and Wraight, C.A. (1992) Coupled
proton and electron transfer pathways in the acceptor quinone
complex of reaction centers from Rhodobacter sphaeroides in
Electron and Proton Transfer in Chemistry and Biology, Studies
in Physical and Theoretical Chemistry (Muller, A., Ratajczak, H.,
Junge, W., and Diemann, E., eds.) Vol. 78, pp. 219-236, Elsevier
Science Publishers, Amsterdam, The Netherlands

4. Gray, K.A. and Daldal, F. (1996) Mutational studies of the
cytochrome bci complexes in Anoxygenic Photosynthetic Bacteria
(Blankenship, R.E., Madigan, M.T., and Bauer, C.E., eds.) pp.
747-774, Kluwer Academic Publishers, Dordrecht, The Nether-
lands

5. Valkirs, G.E. and Feher, G. (1982) Topography of reaction center
subunits in the membrane of the photosynthetic bacterium
Rhodopseudomonas sphaeroides. J. Cell. BioL 95, 179-188

6. Majima, T., Miyake, J., Hara, M., Ajiki, S., Sugino, H., and
Toyotama, H. (1989) Light-induced electrical responses of dried
chromatophore film: effect of the addition of cytochrome c. Thin
Solid Films 180, 85-88

7. Miyake, J., Majima, T., Namba, K., Hara, M., Asada, Y., Sugino,
H., Ajiki, S., and Toyotama, H. (1994) Thermal stability of dried
photosynthetic membrane film for photoelectrodes. Mater. Sci.
Eng. Cl, 63-67

8. Pepe, I.M. and Nicolini, C. (1996) Langmuir-Blodgett films of
photosensitive proteins. J. Photochem. PhotobioL B: Biol. 33,
191-200

9. Lancaster, C.R.D., Ermler, U., and Michel, H. (1995) The
structures of photosynthetic reaction centers from purple bacte-
ria as revealed by X-ray crystallography in Anoxygenic Photosyn-
thetic Bacteria (Blankenship, R.E., Madigan, M.T., and Bauer,
C.E., eds.) pp. 503-526, Kluwer Academic Publishers, Dor-
drecht, The Netherlands

10. Miyake, J. and Hara, M. (1997) Molecular handling of photosyn-
thetic proteins for molecular assembly construction in Advance in
Biophysics (Ebashi, S., ed.) Vol. 34, pp. 109-126, Japan Scien-
tific Societies Press, Tokyo

11. Miyake, J. and Hara, M. (1997) Protein-based nanotechnology:
molecular construction of proteins. Mater. Sci. Eng. C4,213-219

12. Ueno, T., Hirata, Y., Hara, M., Arai, T., Sato, A., and Miyake, J.
(1995) Formation of cross-linked complex of photosynthetic
reaction center and horse heart cytochrome c: an approach for
molecular organization with cross-linkage. Mater. Sci. Eng. C3,
1-6

13. Clayton, R.K. and Wang, R.T. (1971) Photochemical reaction
centers from Rhodopseudomonas sphaeroides. Methods Enzymol.
23, 696-704

14. Straley, S.C., Parson, W.W., Mauzerall, D.C, and Clayton, R.K.
(1973) Pigment content and molecular extinction coefficients of
photochemical reaction centers from Rhodopseudomonas spher-
oides. Biochim. Biophys. Acta 305, 597-609

16. Margoliash, E. and Frohwirt, N. (1959) Spectrum of horse-heart
cytochrome c. Biochem. J. 71, 570-572

16. Carlsson, J., Drevin, H., and Axen, R. (1978) Protein thiolation
and reversible protein-protein conjugation. Biochem. J. 173,
723-737

17. Rosen, D., Okamura, M.Y., Abresch, E.C., Valkirs, G.E., and
Feher, G. (1983) Interaction of cytochrome c with reaction
centers of Rhodopseudomonas sphaeroides R-26: localization of
the binding site by chemical cross-linking and immunochemical
studies. Biochemistry 22, 335-341

18. Mimms, L.T., Zampighi, G., Nozaki, Y., Tanford, C, and
Reynolds, J.A. (1981) Phospholipid vesicle formation and trans-
membrane protein incorporation using octyl glucoside. Biochem-
istry 20, 833-840

19. Brauner, T., Hulser, D.F., and Strasser, R.J. (1984) Compara-
tive measurements of membrane potentials with microelectrodes
and voltage-sensitive dyes. Biochim. Biophys. Acta 771, 208-216

20. Moser, C.C. and Dutton, P.L. (1988) Cytochrome c and c, binding
dynamics and electron transfer with photosynthetic reaction
center protein and other integral membrane redox proteins.
Biochemistry 27, 2450-2461

21. Allen, J.P., Feher, G., Yeates, T.O., Komiya, H., and Rees, D.C.
(1987) Structure of the reaction center from Rhodobacter sphae-
roides R-26: the protein subunits. Proc. NatL Acad. Sci. USA 84,
6162-6166

22. Buahnell, G.W., Louie, G.V., and Brayer, G.D. (1990) High-
resolution three-dimensional structure of horse heart cytochrome
c. J. Mol. Biol 214, 585-595

23. Tiede, D.M., Vashishta, A., and Gunner, M.R. (1993) Electron-
transfer kinetics and electrostatic properties of the Rhodobacter
sphaeroides reaction center and soluble c-cytochromes. Biochem-
istry 32, 4515-4531

24. Hara, M., Ueno, T., Fujii, T., Yang, Q., Asada, Y., and Miyake,
J. (1997) Orientation of photosynthetic reaction center recon-
stituted in neutral and charged liposomes. Bwsci. Biotech.
Biochem. 61, 1577-1579

J. Biochem.

 at Islam
ic A

zad U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

