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ABSTRACT: The bacterium Blastochloris viridis carries one of the simplest photosynthetic systems, which
includes a single light-harvesting complex that surrounds the reaction center, membrane soluble quinones,
and a soluble periplasmic protein cytochrome c2 that shuttle between the reaction center and the bc1 complex
and act as electron carriers, as well as the ATP synthase. The close arrangement of the photosynthetic
membranes in Bl. viridis, along with the extremely tight arrangement of the photosystems within these
membranes, raises a fundamental question about the diffusion of the electron carriers. To address this issue,
we analyzed the structure and response of the Bl. viridis photosynthetic system to various light conditions, by
using a combination of electron microscopy, whole-cell cryotomography, and spectroscopic methods. We
demonstrate that in response to high light intensities, the ratio of both cytochrome c2 and bc1 complexes to the
reaction centers is increased. The shorter membrane stacks, along with the notion that the bc1 complex is
located at the highly curved edges of these stacks, result in a smaller average distance between the reaction
centers and the bc1 complexes, leading to shorter pathways of cytochrome c2 between the two complexes.
Under anaerobic conditions, the slow diffusion rate is further mitigated by keeping most of the quinone pool
reduced, resulting in a concentration gradient of quinols that allows for a constant supply of theses electron
carriers to the bc1 complex.

Purple photosynthetic bacteria are capable of carrying out
photosynthesis using a relatively simple system consisting of
well-characterized components. Since the photosynthetic process
and machinery in these bacteria are basically similar to those of
green plants, they can provide new insights into the evolution of
the photosynthetic process and its structure-function relation.
The initial steps of photosynthesis, common to photosynthetic
bacteria and plants, comprise light absorption and subsequent
transfer of the excitation energy to the reaction center (RC),1

where charge separation takes place. The photochemically
induced charge separation drives the ATP-generating machinery
and reducing power.

Blastochloris (formerly Rhodopseudomonas) viridis is a purple
photosynthetic bacterium that carries one of the simplest photo-
synthetic systems in nature. It consists of only one light-harvest-
ing complex (LH) that closely surrounds the RC, two diffusing
electron carriers consisting of themembrane soluble hydrophobic
quinones, and a soluble periplasmic protein cytochrome c2, as
well as the bc1 complex and ATP synthase. Energy absorbed by
the LH is transferred to theRC. This excitation transfer induces a

charge separation between the bacteriochlorophyll special pair in
the RC and the primary bound quinone QA, leading to an
electron transfer to the secondary quinone QB. Following a
second charge separation, the doubly reduced and protonated
QB diffuses to the bc1 complex where it is oxidized with a
concomitant transfer of protons from the cytoplasm to the
periplasm (1). The electrons are then shuttled back to the
photooxidized RC special pair bacteriochlorophyll by cyto-
chrome c2 through the RC cytochrome C subunit, which is
present in most purple bacteria. In Bl. viridis, it contains four
covalently bound heme groups [c-559, c-552, c-556, and
c-554 (2-4)].

The photosynthetic machinery in Bl. viridis is located in
lamellar, stacked photosynthetic membranes in which the pro-
teins are tightly packed into a two-dimensional hexagonal lattice.
Extensive electron microscopy and AFM studies (5-8) of the Bl.
viridis photosynthetic membranes revealed that the densely
packed two-dimensional lattice consists of LH-RC complexes,
but the cytochrome bc1 and the ATP synthase could not be
detected. The failure to detect these integral membrane protein
assemblies is not unique to Bl. viridis but rather general to purple
bacteria, including Rhodopseudomonas palustris (9),Rhodobacter
sphaeroides (10), Rhodobacter blasticus (11), and Phaeospirillum
molischianum (12). As both the bc1 and ATP synthase complexes
are mandatory for the photosynthetic machinery, and since the
bc1 complex is present in relatively large amounts [with a bc1 to
RC ratio ranging from 1/5 to 1/2 (13)], the recurring failure to
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detect these complexes is intriguing. Since the tightly packed
crystalline domains of the light-harvesting complexes have been
suggested to impair the free diffusion of quinones (14), the
apparent absence of the bc1 complex in the membrane two-
dimensional lattice highlights an additional fundamental enigma
concerned with the connection between the RCs and these
complexes (13, 15). The question of how the photosynthetic cycle
is maintained has been underscored by recent high-resolution
studies on Bl. viridis, which demonstrated that in addition to the
close lamellar apposition of the photosynthetic membranes, the
entire membranal system reveals a crystalline organization (16).
InBl. viridis, RCs were shown to protrude fromboth cytoplasmic
and periplasmic membranal faces (8). These protrusions, along
with the close apposition of the photosynthetic membranes and
with the tight two-dimensional crystalline arrangement of the
RC-LH complexes, result in highly crowded membranal and
cellular milieus that are likely to significantly affect the diffusion
processes. Indeed, the issue of electron carrier diffusion
within crowded photosynthetic membranes remains elusive and
continues to attract much interest (13, 14, 16-18).

To gain insight into the functional organization in the
Bl. viridis photosynthetic system and how it efficiently operates
regardless of the above-mentioned characteristics, we have
studied the formation, architecture, and mode of operation of
the photosynthetic membrane system in this bacterium. We
followed the maturation of the photosynthetic membrane and
investigated the effects of light intensity on the organization of
the photosynthetic apparatus and the photosynthetic cyclic
electron transfer. On the basis of our observations, we propose
a possible location of the cytochrome bc1 complex and ATP
synthase.Moreover, our observations provide a possible solution
to the enigmatic mode of diffusion within the tightly packed
photosynthetic membranes.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions. Bl. viridis bac-
teria were grown anaerobically in liquid cultures in yeast medium
forRhodospirillaceae. Themedium consisted of 0.5 g ofKH2PO4,
0.4 g of MgSO4, 0.4 g of NaCl, 0.4 g of NH4Cl, 0.05 g of CaCl2,
1.5 g of malic acid, 2 g of yeast extract, 6 mL of iron citrate
solution, and 1 mL of a trace element solution, per liter (pH 6.9).
The trace element solution consisted of 0.1 g of ZnSO4 3 7H2O,
0.03 g of MnCl2 3 4H2O, 0.3 g of H3BO3, CoCl2 3 6H2O, 0.01 g of
CuCl2 3 2H2O, 0.02 g of NiCl2 3 6H2O, and 0.03 g of NaMoO4 3
2H2O, per liter. The iron citrate solution consisted of 0.3 g of
FeSO4, 0.26 g of (NH4)2SO4, and 0.84 g of citric acid, per 500mL.
For studies of photosynthetic membrane induction, cells were
grown for 2 days in the dark, inoculated in fresh medium, and
kept in the dark for an additional 2 days prior to illumination.
Cells were illuminated at a light intensity of 300 μE m-2 s-1.
High-light-adapted bacteria were grown following dark adapta-
tion for 1 day at a light intensity of 120 μE m-2 s-1 and then for
2 days at 300 μE m-2 s-1. Low-light-adapted bacteria were
grown following dark adaptation for 1 day at a light intensity of
120 μE m-2 s-1 and then for 2 days at 0.7 μE m-2 s-1.
Photosynthetic Membrane Isolation. Cells were harvested

by centrifugation (11000g, 10 min, 4 �C) and resuspended in
30 mL of 10 mM Tris-HCl (pH 7.5). Following addition of
antiproteases and PMSF (250 μM), cells were disrupted with a
French press at 16000 psi. The homogenate was then centrifuged
to remove cell debris and unbroken cells (SS-34, 20000g, 4 �C).
The membrane fraction was obtained by sedimentation

(215000g, 30 min, 4 �C), resuspended in Tris-HCl (pH 7.5),
loaded on a 10 to 60% sucrose gradient, and centrifuged at
110000g for 15 h at 4 �C.
Other Procedures. SDS-PAGE was carried out on 12%

polyacrylamide gels subsequently stained with Commassie blue
or heme staining according to the method of Thomas et al. (19).
Western blots for cytochrome c1 detection were probed with
two different rabbit polyclonal antibodies: antibodies raised
against Rb. sphaeroides cytochrome c1 that were a gift from
C.-A. Yu (Oklahoma State University, Stillwater, OK) and
antibodies raised against Bl. viridis cytochrome c1. The concen-
tration of bacteriochlorophyll b (Bchl b) in isolated membranes
was determined after extraction with an acetone/methanol
mixture (7:2, v/v), using an extinction coefficient of 122 mM-1

cm-1 at 790 nm following the method of Garcia et al. (20). Bchl b
determination in cells was performed by its extraction with
methanol according to the method of Lang and Osterhelt (21)
using a molar extinction coefficient of 96 mM-1 cm-1. Protein
concentrations were determined by the Bradford method.
ElectronMicroscopy. (i) Negative Stain ElectronMi-

croscopy. For negative stain transmission electron microscopy
(TEM) imaging, isolated photosynthetic membranes were
washed with 10 mM Tris-HCl, applied to glow-discharged
200-mesh carbon-coated grids, and negatively stained with
1% uranyl acetate (UrAc). Samples were examined on a Tecnai
T-12 (FEI) electron microscope equipped with a SIS MegaView
III CCD camera and operated at 120 kV.

(ii) Cryo-TEM and Cryoelectron Tomography. A 5 μL
drop of bacteria solution was applied onto glow-discharged
200-mesh carbon-coated copper grids (Quantifoil, Jenna) and
vitrified (22). For cryotomography, homemade 15 nm colloidal
gold was added before vitrification. Data were collected using a
300 kV FEI Polara (FEI) transmission electron microscope
equipped with a field-emission gun, and a Gatan postcolumn
GIF 2002 energy filter. Tilt series were collected over an
angular range of 66� to -66�, with a 2� increment. Defocus
values ranged from -12 to -16 μm. The resulting pixel size was
0.8-11 Å at the specimen level. The micrographs were aligned to
a common origin using the fiducial gold markers. To minimize
systematic alignment errors, gold markers in the closest vicinity
of a membrane stack were kept fixed in a least-squares fit as
implemented by the TOM package (23). Subsequently, three-
dimensional reconstructions were computed by means of
weighted back-projection using the EM image-processing soft-
ware package (24).

Image Processing. Membranes within the reconstructed
volumeswere segmentedmanually. Segmentationwas performed
with denoised volumes [using the nonlinear anisotropic diffusion
algorithm (25)] to prepare binary volume masks of the region of
interest. Themasks were then multiplied with the original data to
give segmented volumes that exhibit resolution identical to that
of the original data. The segmented volumes were visualized by
the Amira 4.1 (Mercury Computer Systems) surface rendering
modules.

Fluorescence Measurements. For fluorescence induction
kinetics measurements, a double-modulated fluorometer (Fluor-
win 3300, PSI, Brno, Czech Republic) was used. Excitation was
induced using a 455 nm LED matrix, and fluorescence emission
was collected through an 800 nm long pass filter and measured
with a photodiode. Fluorescence induction kinetics were
measured by applying a saturating pulse (120 μs at 455 nm) to
the sample during which fluorescence was sampled with high
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frequency (100 ns). The measurement allowed accurate estima-
tion of the quantum yield of photochemistry via the equation
(FM - F0)/FM = FV/FM, where FM is the maximum fluorescence
yield and F0 is the minimal fluorescence yield in whole bacteria
grown under different light intensities. Prior to measurements,
samples were dark-adapted at room temperature under anaero-
bic conditions for 15 min.

Time-Resolved AbsorptionMeasurements. Light-induced
absorbance changes were preformed on an apparatus similar to
the one described by Joliot et al. (26) and modified according to
ref 27. In the case of aerobic conditions, air was gently bubbled
into the cell suspension. Anaerobiosis was achieved by dark
adaptation for 15 min at room temperature. Actinic excitation
light was provided by a xenon lamp (3 μs half-time pulses) or a
12 V quartz-halogen lamp. Cytochrome c2 photooxidation and
re-reduction were assessed by monitoring the absorbance
change at 550 nm. Photooxidation and re-reduction kinetics of
cytochrome c-556 were measured by monitoring absorbance
changes at 558 nm.

RESULTS

To study the induction and development of the photosynthetic
membrane system in Bl. viridis, cells were transferred from
anaerobically dark to anaerobically light conditions. The cellular
morphologywas investigated at defined time points following the
shift to light using whole-mount cryoelectron tomography. In
addition, the cellular Bchl b concentration, which reflects the sum
of the concentration of LH complexes and RCs (21), was
monitored.

Dark-adapted Bl. viridis cells (obtained as described in Mate-
rials and Methods) are completely devoid of intracytoplasmic
photosynthetic membranes, consistent with the absence of
Bchl b in these cells (Table 1). Following illumination for 48 h
at 300 μE m-2 s-1, synthesis of photosynthetic proteins is
induced, as indicated by the increase in the Bchl b concentration.
This induction correlates with the appearance of cell membrane
invaginations (Figure 1A) and small vesicle-like structures
(Figure 1B), which can be detected mainly at the vicinity of the
cell poles. As the level of Bchl b increases, the amount and size of
the membrane invaginations increase as well. Stacking is often
observed between two cytoplasmic face membranes of two such
structures (Figure 2A,B). The cellular concentration of Bchl b
reaches its highest levels between 72 and 96 h of illumination, and
concomitantly, the photosynthetic membranes rearrange into
their characteristic morphology (28) of partially stacked thyla-
koids, adjacent to the cell membrane (Figure 2C,D). The
disassembly of photosynthetic membranes following transfer to
dark conditions was found to be very slow, as more than 10%

Table 1: Bacteriochlorophyll b Concentration in Bl. viridis Cells

culture conditionsa
bacteriochlorophyll b

(nmol/g of cells)b

anaerobic, dark not detected

anaerobic, light for 24 h not detected

anaerobic, light for 48 h 7 ( 1

anaerobic, light for 54 h 50 ( 7

anaerobic, light for 72 h 330 ( 35

anaerobic, light for 96 h 245 ( 20

a Bl. viridis cells were dark-adapted and then illuminated at
300 μE m-2 s-1. bValues represent an average of four measurements.

FIGURE 1: Cryoelectron tomography of intact Bl. viridis cells illumi-
nated for 48 h. 10 nm thick x-y slices through typical cryoelectron
tomograms of intact Bl. viridis cells illuminated for 48 h at
300 μE m-2 s-1 are shown. Arrows indicate small invaginations
(A) and vesicle-like structures (B). Insets show the enlargement of the
indicated areas. Bars are 200 nm.

FIGURE 2: Cryoelectron tomography of intact Bl. viridis cells in the
process of de novo photosynthetic membrane generation. (A and B)
Cells illuminated for 54 h at 300 μE m-2 s-1. (A) A 13 nm thick
x-y slice through the cell tomogram. (B) Surface-rendered view of
the cell shown in panel A, where photosynthetic membranes and the
plasmamembrane are colored yellowand the cell wall is colored blue.
(C andD) Cells illuminated for 96 h at 300 μEm-2 s-1. (C) A 4.5 nm
thick x-y slice through the cell tomogram. (D) Surface-rendered
view of the cell shown in panel C, where the photosynthetic mem-
brane and the plasma membrane are colored yellow and the cell wall
is colored blue. Bars are 200 nm.
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of the population still maintains intracellular membranes even
after 48 h.
Structural Analysis of High- and Low-Light-Adapted

Cells.Representative cryo-TEM images of high (300 μEm-2 s-1)-
and low (0.7 μE m-2 s-1)-light intensity-adapted Bl. viridis cells
are shown in Figure 3. Low-light-adapted cells are char-
acterized by relatively long stacks of highly ordered membranes.
Analysis of >100 cells revealed an average of 1 μm long
((0.45 μm) photosynthetic membrane stacks, composed of
18 ((6) stacked photosynthetic membranes. In contrast, the
average length of the photosynthetic membrane stacks in high
light-adapted cells is 0.45 μm ((0.23 μm), with an average of
12 ((6) stacked membranes.

To compare the composition and architecture of the photo-
synthetic membranes in high- and low-light-adapted cells, we
isolated photosynthetic membranes from these cells. Membranes
derived from both populations are found to contain equal
concentrations of Bchl b (33 nmol/mg of protein). To confirm
the presence of the bc1 complex following membrane isolation,
Western blot analysis was conducted with polyclonal antibodies
raised against subunit c1 of the Rb. sphaeroides cytochrome
bc1 complex (provided by C.-A. Yu). Since this antibody was
found to cross-react with Bl. viridisRC cytochrome C subunit, it
is unsuitable for in situ immuno-gold labeling experiments, yet
adequate for Western blots analysis, and for estimation of the
dependence of the bc1/RC ratio on illumination conditions.
Figure 4C,D shows a densitometer trace of Western blots of
membranes isolated from high- and low-light-adapted cells. Both
cytochrome C subunit and Cyt c1 were identified by their
corresponding molecular masses (38 and 31 kDa, respectively)
as well as by heme staining. The bc1/RC ratio was found to be
∼2 times higher in high-light-adapted cells, confirming previous
observations on Bl. viridis (29) and Rhodobacter capsulatus (30).

FIGURE 3: Structure and size analysis of the photosynthetic
membranes in high- and low-light-adapted cells. (A andB)Transmis-
sion electron micrographs of a typical low-light-adapted Bl. viridis
cell (A) and of a high-light-adapted Bl. viridis cell (B). Bars are
200 nm. (C and D) Distribution of photosynthetic membrane
stack lengths in low-light-adapted (C) and high-light-adapted
(D) cells.

FIGURE 4: Electron microscopy and Western blot against cytochrome c1 of photosynthetic membranes isolated from high- and low-light-
adapted Bl. viridis cells. (A and B) TEM images of negatively stained isolated membrane, isolated from high-light-adapted (A) and
low-light adapted (B) cells. The bar is 100 nm. (C and D) Densitometer trace of Western blots against Rb. sphaeroides cytochrome c1 in
isolated membranes of bacteria grown in high (C) and low (D) light intensities. The intensity depicted at pixel position 20-90 represents
interaction of the anti-c1 antibody with Cyt c1, whereas the intensity at pixel position 190-380 represents cross reaction with the RC cytochrome
C subunit.
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Isolated membranes were further investigated by electron
microscopy (Figure 4A,B). Irrespective of illumination condi-
tions, membranes were found to be highly packed with straight-
forwardly identified reaction centers. However, no additional
assemblies such as the bc1 complex and ATP synthase could be
detected in these high-resolution studies, in contrast to our
finding derived from Western blot analysis which indicates the
presence of the bc1 complex (Figure 4B,C). This apparent
contradiction will be discussed below. In addition, we tried to
determine the in situ location of the bc1 complex within the
photosynthetic membrane using polyclonal antibodies raised
against the isolated cytochrome c1 subunit of the Bl. viridis bc1
complex [in contrast to the antibodies described above which
were raised against the Rb. sphaeroides c1 subunit (see the
Supporting Information)]. The high specificity of the anti-c1
antibody [indicated by the Western blot (Figure S1 of the
Supporting Information)] notwithstanding, no labeling of the
bc1 complex was obtained.
Kinetics of Cyclic Electron Transfer in Whole Cells. The

kinetics of photosynthetic electron transfer was studied by light-
induced absorbance changes in whole, intact Bl. viridis cells
during de novo photosynthetic membrane development, as well
as in high- and low-light-adapted cells. We measured the kinetics
of electron transfer between cytochrome c2 and the RC high-
potential cytochrome c-556 and their re-reduction process, by
monitoring light-induced absorbance changes at 550 nm (c2) and
558 nm (c-556) (31, 32) following excitation with a single
saturating pulse. From the kinetics of c2 re-reduction, one can
derive the completion of the electrogenic reaction in the
bc1 complex. Experiments performed under anaerobic conditions
(where the quinol pool is largely reduced) were conducted under a
continuous background low-intensity illumination. This back-
ground illumination ensured photooxidation of the low-potential
hemes of the RCs, and partial oxidation of the quinol pool.
Figure 5 shows the kinetics of 54 h-illuminated cells measured
under these conditions. Notably, at this time point, cells are in the
process of photosynthetic membrane development. The c-556 re-
reduction reveals two phases. The first phase is completed in 2ms
and correlates with cytochrome c2 photooxidation. The half-time

of the second phase is 48 ms and correlates with the re-reduction
phase of c2.

Figure 6 depicts c-556 and c2 kinetics in high- and low-light-
adapted cells, measured under similar experimental conditions.
Electron transfer kinetics in low-light-adapted cells (Figure 6A)
is reminiscent of the kinetics revealed by 54 h-illuminated cells.
In particular, the re-reduction kinetics of cytochrome c2 is
monophasic with a half-time of 48 ms and correlates with
the second phase of the c-556 re-reduction. In contrast, the
high-light-adapted cells differ from54 h-illuminated cells, as clear
biphasic kinetics of cytochrome c2 re-reduction is revealed
(Figure 6B). The first phase is fast, with a half-time of 5 ms
(completed in 16 ms), whereas the second re-reduction
phase reveals a half-time of 80 ms. Both phases correlate with
cytochrome c-556 re-reduction.

We next measured the kinetics of cytochrome c-556 and c2 in
low-light-adapted cells under aerobic conditions (Figure 7).
Under such conditions, most of the quinol pool is oxidized (33).
Cytochrome c2 re-reduction is slower than under anaerobic
(reducing) conditions with a half-time of 186 ms. This slow
re-reduction correlates with a slow c-556 re-reduction character-
ized by a half-time of 155 ms. Therefore, changing the redox
conditions of the low-light-adapted cells from anaerobic to
aerobic slowed cytochrome c2 and c-556 re-reduction by a factor
of ∼4 (Figures 6A and 7).

The aforementioned results demonstrate that reduction of
90% of c2 following a saturation flash under reducing conditions
requires approximately 100ms. The kinetics of the cyclic electron

FIGURE 5: Electron transfer in Bl. viridis cells in the process of
photosynthetic membrane generation. Kinetics of oxidation and re-
reduction of cytochrome c2 and c-556 RC’s heme, in cells during the
process of photosynthetic membrane generation (54 h illumination).
Cytochrome c2 kinetics measured at 550 nm (9). c-556 kinetics
measured at 558 nm (2). Measurements were performed under
anaerobic conditions.

FIGURE 6: Electron transfer in low- and high-light-adaptedBl. viridis
cells. Kinetics of oxidation and re-reduction of cytochrome c2 and
c-556 RC’s heme, in low-light-adapted (A) and high-light-adapted
(B) Bl. viridis cells measured under anaerobic conditions. Cyto-
chrome c2 kinetics measured at 550 nm (9). c-556 kinetics measured
at 558 nm (2). Note the different time scales (separated by black
lines).
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transfer in Bl. viridis is thus 20 times slower than in Rb.
sphaeroides (34), 10 times slower than in Rb. capsulatus (35),
and 2 times slower than in Rhodospirillum rubrum (36). An
additional result derived from the above data is the relative
ratios between the total photooxidizable c2 and cytochrome
c-556 in Bl. viridis cells during the process of de novo
photosynthetic membrane development, as well as in high- and
low-light-adapted cultures. Comparison of the maximal absor-
bance changes of cytochrome c-556 and of c2 reveals that the
c2/c-556 (c2/RC) ratio in high-light-adapted cells is twice as high
as in low-light-adapted cells (Figure 6). In contrast, the c2/c-556
ratio (c2/RC) in Bl. viridis cells undergoing photosynthetic
membrane development is only 10% higher than that in low-
light-illuminated cells.
Fluorescence Measurements. To study the extent of func-

tionality of the reaction centers in Bl. viridis cells, at their three
examined states (de novo photosynthetic membrane develop-
ment and high- and low-light-adapted cells), we have measured
the quantum yield of the primary charge separation, calculated
by FV/FM = (FM - F0)/FM. Our results indicate that
FV/FM values are practically identical for high- and low-light-
adapted cells (0.73 and 0.75, respectively), yet lower (0.64) for
cells that are in the process of membrane development.

DISCUSSION

Developmental Aspects.When grown in the dark, Bl. viridis
cells do not contain inner cellular membranes (ICMs), and no
indentations of the cell membrane could be detected. These
observations are in contrast with those for Rb. sphaeroides cells
where such indentations, which could act as initiation sites for
ICM development, have been reported (37-39). On the basis of
our results, we suggest that the progression of ICM formation
entails several sequential steps (Figure 8). The process is initiated
by cell membrane invaginations that are detected exclusively at
the cell poles (Figure 1). The spatial correlation between invagi-
nations and cell poles is intriguing in light of the growing
realization that the curvature at bacterial pole sites represents a
major factor in lipid and protein localization, acting as such as a
symmetry-breaking element (40). The continuity between the
invaginations and the cell membrane could not always be

detected, presumably because of their intrinsically low contrast
and the high density of the cellular milieu. In the following stage,
the invaginations drastically grow in size and swell into spherical
vesicle-like structures until they collide with enlarging adjacent
invaginations (Figure 2A,B). These collisions promote stacking
between the cytoplasmic faces of apposed membranes. During
the last stage of light adaptation, the vesicle-like structures
become flattened, stacking appears also at their periplasmic face,
and the mature stacks become localized in the proximity of the
cell membrane (Figure 2C,D).

The sequential formation of ICMs in Bl. viridis contrasts to
ICM generation in other species. In the purple non-sulfur
bacterium Rs. palustris, ICM synthesis is initiated through cell
membrane invaginations that, in contrast to those in Bl. viridis,
do not evolve into large spherical structures but rather progress
directly into mature tightly stacked thylakoids, remaining flat
and apposed to the cytoplasmic membrane throughout morpho-
genesis (41). In the purple non-sulfur bacteriaRb. sphaeroides and
Rsp. rubrum, mature ICMs adopt a vesicular morphology (37)
similar to that revealed by Bl. viridis in the intermediate stage of
ICM development (Figure 8C).

In addition to the difference in the ICM morphogenesis
between Bl. viridis and other photosynthetic bacteria, we find
that the response time to illumination significantly varies in the
various species. Upon a dark-to-light shift, Bl. viridis cells initiate
ICM generation after 48 h, whereas Rb. sphaeroides or Rsp.
rubrum initiates ICMs synthesis within 1 h (37) or 18-24 h (42),
respectively, which likely implies a general slower adaptation rate
of Bl. viridis.

The morphology of the mature photosynthetic membrane
stack depends on illumination conditions. To assess this final
state, our experiments were conducted on bacteria adapted to
high or low light intensity. Whereas the membrane internal
structure and the quantum yield were similar at both
light intensities, membrane stacks are shorter in bacteria grown
at high light intensity than in low-light-adapted cells (Figures 3
and 8D,E), implying that the photosyntheticmembrane surface is
at least twice as long in low-light-adapted as in high-light-adapted
cells. Expansion of ICMs as a response to light intensity down-
shift has been reported for other photosynthetic organisms such
asRb. capsulatus,Rb. sphaeroides, andRsp. rubrum (43, 44) and is
reminiscent of the adaptation of the grana domain in green plants
to different light intensities (45, 46). We also find that membrane
stacks in high-light-adapted cells are considerably less ordered
than in the low-light-adapted cells (Figure 3).

Western blots ofmembranes isolated fromhigh- and low-light-
adapted cells using antibodies against the bc1 subunit cytochrome

FIGURE 7: Electron transfer in low-light-adapted Bl. viridis cells.
Kinetics of oxidation and re-reduction of cytochrome c2 and c-556
RC’s heme, in low-light-adapted Bl. viridis cells measured under
aerobic conditions. Cytochrome c2 kinetics measured at 550 nm (9).
c-556 kinetics measured at 558 nm (2).

FIGURE 8: Schematic representation of photosynthetic membrane
morphology in Bl. viridis cells. (A-C) Sequential morphological
events at the membrane level during de novo generation of
photosynthetic membranes. (D and E) Membrane organization in
high-light-adapted (D) and low-light-adapted (E) cells.
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c1 (from Rb. sphaeroides) indicated a higher bc1/RC ratio in
high-light-adapted bacteria (Figure 4C,D). This observation is
consistent with the work of Cully et al. (29) for Bl. viridis, and
with the observations of Garcia et al. (30) for Rb. capsulatus, yet
photosynthetic membranes isolated from bacteria grown under
both high and low light intensities revealed an identical organiza-
tion (Figure 4A,B), with a straightforwardly identified RC.
Notably, the tight and ordered packaging of the RCs leaves no
free space for other large, membrane assemblies such the bc1
complex or ATP synthase [∼10 and 5.5 nm in diameter,
respectively (47, 48)]. The highly occupied photosynthetic
membrane, as well as the failure to detect complexes besides
the RC and LH, is consistent with AFM studies conducted on
Bl. viridis (8), Rhodospirillum photometricum (49), Rb. sphaer-
oides (10), Rb. blasticus (11), and Phsp. molischianum (12).
Following the failure to detect the bc1 complex, it has been
suggested that the bc1 might be located close to, or at the junction
with, the cytoplasmic membrane (49).

We have attempted to label the bc1 complex in sections of high-
pressure-frozen, freeze-substituted cells, and in isolated photo-
synthetic membrane, with antibodies raised against cytochrome
c1 isolated from Bl. viridis, yet failed to obtain specific labeling.
The reason for this failure, in spite of the high specificity of the
anti-c1 antibody (see the Supporting Information), remains
unclear, highlighting again the enigmatic intracellular location
of the bc1 complex. We would like, however, to suggest that the
bc1 complex and ATP synthase are located at the highly curved
edges of the photosynthetic membrane stacks. This suggestion is
based on the following arguments: The presence of bc1 and ATP
synthase at particular membranal locations results in enhanced
inhomogeneity at these sites, which might in turn be the cause for
the large curvature detected at membrane edges (50-54). In
addition, since highly curved membranal segments are refractory
to microscopic analyses (both TEM and AFM), the presence of
bc1 and ATP synthase at such sites might provide a rationale for
their failure to be detected.

Notably, as the connections of the photosynthetic membrane
to the cell membrane in Bl. viridis are regularly found near the
photosynthetic stack edges (16), both suggestions for bc1 intra-
cellular location imply that the overwhelming majority of the
RCs is located away from the bc1 complexes. This is particularly
evident in Bl. viridis cells grown at low light intensities since the
surface of the photosynthetic membranes in these cells is larger
than in the high-light-adapted cells. It follows that high- and
low-light-illuminated cells should reveal a difference in the
kinetics of the photosynthetic cyclic electron transfer. To address
this issue, we have monitored the rates of the kinetics of cyclic
electron transfer in whole cells at the three examined states: in the
process of de novo photosyntheticmembrane generation (54 h) as
well as in high- and low-light-adapted cells.
Kinetics of Cyclic Electron Transfer in Whole Cells. Our

measurements of the RC high-potential heme c-556 and
cytochrome c2 photooxidation and re-reduction kinetics indicate
that the photosynthetic cycle in Bl. viridis is significantly slower
than in other bacteria such as Rb. sphaeroides and Rb. capsula-
tus (34, 35). The slower kinetics of Bl. viridis can be straightfor-
wardly assigned to the relatively low bc1/RC ratio [0.2 vs 0.5 for
Rb. sphaeroides and Rb. capsulatus (55, 56)], as well as to the
spatial separation between the bc1 complex and the RCs
that contrasts the suggested supercomplex organization of the
photosystems in Rb. sphaeroides and Rb. capsulatus (35, 57-64).
The slow kinetics of Bl. viridis enables the separation of different

phases of the cyclic electron transfer and highlights the tight
correlation between cytochrome c-556 and cytochrome c2
kinetics.

Specifically, c-556 re-reduction in Bl. viridis appears as a
multiphasic process. Under anaerobic conditions and irrespective
of the growth conditions, the first phase of c-556 re-reduction is
the fastest phase and correlates with cytochrome c2 photo-
oxidation. The tight correlation between this fast phase and c2
photooxidation for cells grown under the various conditions
indicates that c2 forms a stable complex with the RC tetraheme,
in agreement with previous results (32). Comparison of the
maximal absorbance changes of cytochrome c-556 and of c2 at
the end of this phase reveals that the c2/c-556 (c2/RC) ratio in
high-light-adapted cells is twice as large as in low-light-adapted
cells. Under the conditions used, most of the quinone pool is
reduced and the cyclic electron transfer is limited by the electron
transfer between the bc1 complex and the RC via cyt c2. In
contrast to low-light-adapted cells, cytochrome c2 re-reduction
kinetics in high-light-adapted cells is biphasic (Figure 6),
presenting an additional fast phase with a half-time of 5 ms.
We suggest that this c2 re-reduction fast phase is related to the
higher protein ratios (c2/RC and bc1/RC) and to the structural
differences in the photosynthetic membrane systems between the
high- and low-light-adapted cells. If indeed there is a shorter
distance between the bc1 complex and the RC in high-light-
adapted cells, as suggested from our structural results, the
diffusion time of the c2 between the two complexes is likely to
be shorter in the high-light-adapted cells than in the low-light-
adapted cells. Consequently, c2 re-reduction will be faster, as
indeed observed.

Under aerobic conditions, most of the quinone pool is
oxidized, and hence, there is a shortage in reduced quinones
(QH2) that can be oxidized by the bc1 complex. The c2
re-reduction process is limited by the diffusion of the quinols
formed at the RC level. This process is slowed by a factor of
4 under aerobic conditions in comparison with anaerobic
conditions, thus indicating that under aerobic conditions the
rate of the cyclic electron transfer is limited by the diffusion of
quinol molecules in the membrane.

Cells grown under low- and high-light conditions exhibit
different membrane architecture and ratios of photosynthetic
proteins. These differences, but not a different activity of the
reaction centers (FV/FM∼ 0.75 for both illumination conditions),
are responsible for the increased photosynthetic activity in high-
light-adapted cells. In addition, no evidence of an effectively
higher antenna area in low-light-adapted cells was found (data
not shown), implying that the possibility that part of the
photosystems serves only for excitation transfer is unlikely.

The activity level of cells in the process of de novo photo-
synthetic membrane generation (54 h) is between the levels
revealed by low- and high-light-adapted cells. Although illumi-
nated with the same light intensity as high-light-adapted cells
(300 μE m-2 s-1), cells in the process of membrane generation
reveal different kinetics. This observation can be readily recon-
ciled with our measured quantum yield of the primary charge
separation (FV/FM), which was lower for these cells than that of
light-adapted cells, implying that in developing cells the
photosynthetic system (RCs) is not yet fully active. This is also
reflected in the c2/RC ratio, which is significantly lower in
developing cells than in high-light-adapted cells. Accordingly,
the cyclic electron transfer is slower than in high-light-adapted
cells and resembles the kinetics of low-light-adapted cells.
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Specifically, in both cultures (54 h-illuminated cells and
low-light-adapted cells) c2 re-reduction kinetics is monophasic
and the half-time of the kinetics is almost identical (46-48 ms).
The notion of a nonmature state of the 54 h-illuminated cells is
strongly supported by our morphological studies, according to
which the photosynthetic membrane system did not yet reach the
characteristic mature stacked structure.

Taken together, these observations and considerations provide
the following insights.Bl. viridis adjusts its photosynthetic system
in response to illumination conditions. A clear correlation is
found between the photosynthetic activity and the overall
architecture of the photosynthetic membranes. High-light-
adapted cells are characterized by high activity, which is reflected
by high c2/RC and bc1/RC ratios, and by the relative disordered
and shorter photosynthetic membrane stacks. These traits are
responsible for the faster electron transfer kinetics found in these
cells, enabling their photosynthetic system to copewith high rates
of electrons entering the photosynthetic cycle. The relatively low
c2/RC and bc1/RC ratios as well as the higher order and tighter
organization of the ICM system revealed by the low-light-
adapted cells are consistent with the low activity revealed by
these cells. This aspect is of interest in light of previous studies,
which demonstrated that an increased molecular order is a
general trend in cells characterized by lowmetabolic activity (65).

In spite of the compositional differences between membranes
isolated from high- and low-light-adapted cells, we find that the
membrane internal structure characterized by tight and ordered
packaging of the RCs, with no free space for other membrane
assemblies such the bc1 complex or ATP synthase, is identical
under both high- and low-light conditions. The shorter photo-
synthetic membrane stacks that characterize high-light-adapted
cells, in conjunction with our suggestion that the bc1 complex is
located at the highly curved edges of the stacks, will result in a
smaller average distance between the RCs and the bc1 complexes,
leading to shorter pathways of the electron carriers between the
two complexes.

The predicament associated with the slow diffusion rates
within the highly packed membrane crystalline domains is
partially mitigated by keeping most of the quinone pool reduced
under anaerobic conditions. A steady state can thus be
envisioned, whereby a concentration gradient of the QH2 is
maintained, resulting in a small but constant supply of quinols
to bc1. In such a way, the bc1 complex does not need to await a
particular QH2 formed at the RC to reduce cytochrome c2.
Moreover, the establishment of a steady state renders the
diffusion of electron carriers as a non-rate-limiting step.
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