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Abstract

This minireview summarizes our present view of the supramolecular organization of the photosynthetic apparatus of Rhodobacter
sphaeroides and Rhodobacter capsulatus. These two species present a close association between two reaction centers (RCs), one cytochrome
(cyt) bey and one cyt c. In R. sphaeroides, the RCs are only partially surrounded by LH1 complexes. This open ring of LH1 complexes is
required for an efficient photoinduced cyclic electron transfer only under conditions where the quinone pool totally reduced. When the
quinone pool is partially oxidized, a closed ring of LH1 complexes around the RCs does not impair the exchange of quinone molecules
between the RC and the cyt bc; complex. To explain the efficient photochemistry of the various species which possess a RC surrounded by a
closed ring of LH, it is proposed that their quinone pool is partially oxidized even under anaerobic condition.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Certain anoxygenic photosynthetic bacteria are among
the most versatile microorganisms. Indeed species, like
Rhodobacter sphaeroides or Rhodobacter capsulatus, can
grow at the expense of light energy or by developing aerobic
or anaerobic respiratory chains. These respiratory chains use
oxygen or various organic (TMAO, DMSO) and mineral
compounds (nitrate) as electron acceptors [1]. The compo-
nents involved in these electron transfer chains are localized
in the intracytoplasmic membrane or the periplasmic space.
Several electron carriers, the cytochrome (cyt) bc, the
ubiquinone molecules and the cyt ¢,, are engaged in both
photosynthetic and respiratory processes [1,2]. Although
several line of evidence have demonstrated a direct inter-
action between the photosynthetic and respiratory chains at
the cyt ¢, and the ubiquinone level [3—5], biochemical,
functional and structural data indicate a high degree of
organization of these electron transfer chains. The purpose
of the minireview is to summarize our present view of the
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supramolecular organization of the photosynthetic apparatus
in purple bacteria and its possible functional implications.

2. Functional approaches

The presence of a supramolecular organisation of the
photosynthetic apparatus was already implicit in the concept
of the photosynthetic unit developed by Gaffron and Vohl
[6] after the pioneering work of Emerson and Arnold in
1932 [7]. In this concept, antennae pigments (or light-
harvesting complexes, LHC) efficiently transfer the exci-
tonic energy to a specialized reaction center (RC) where the
photochemistry occurs. The high efficiency of this energy
transfer (>90%) necessitates close proximity (50 10\) of the
LHC pigments and the chromophores of the RCs. After
energy transfer to the RC, a charge separation occurs at its
level between the primary electron donor, a bacteriochlor-
ophyll molecule, and the primary acceptor, an ubiquinone
molecule. This first photochemical reaction is followed by a
cyclic electron transfer where the RC and the cyt bc
complex are connected by ubiquinone in the lipid phase
and a cyt ¢ or a high potential iron—sulfur protein (HiPIP) in
the aqueous phase [8§—11]. Due to the solubility and
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mobility of these electron carriers, it is generally assumed
that the connection between the RC and the cyt bc; complex
is mediated by random collisions and does not require a
particular arrangement for effective electron transfer. How-
ever, this view has been challenged in the past few years.

In the case of R. sphaeroides, we observed that the
apparent equilibrium constant between cyt c,, cyt bc; and
the RC is much less than expected from their mid-point
potentials [12]. This behavior can be explained by suppos-
ing that a rapid thermodynamic equilibrium is achieved at a
local level within a domain, or supercomplex, containing a
small number of electron carriers, whereas equilibration at a
macrolevel between these domains is a much slower process
[13]. Simulation of the data suggests that each supercom-
plex contains two RCs, one cyt ¢, and one cyt bc; complex
[12]. This implies that the diffusion of cyt ¢, is confined to a
small domain including only two RCs and one cyt bc;.
Another argument in favor of the supramolecular organiza-
tion of the photosynthetic chain comes from the observation
that addition of sub-saturating concentration of myxothia-
zol, a specific inhibitor of the cyt bc; complex, decreases the
number of active complexes but does not affect the rate of
electron transfer for the uninhibited complexes [14]. This
indicates that each photosynthetic chain acts as an isolated
entity. The necessary proximity between RC, cyt ¢, and cyt
bc is also indicated by the observation that the complete
cyclic photoinduced electron transfer occurs at —20 °C in
frozen medium [15].

In the case of R. capsulatus, genetic and biological
means have demonstrated the presence of an alternative
cytochrome, called cy, in addition to the cyt ¢, [16,17]. This
cyt connects the cyt bc; complex to the RC. Hydropathy
analyses of its primary structure and biochemical character-
ization of the chromatophores content in cyt lead to the
conclusion that cyt ¢, is membrane bound [17]. We have
shown by a series of functional approaches that the move-
ment of cyt ¢, is restricted to a small membrane domain
which includes two RCs and one cyt bc; complex [18]. This
implies, like for R. sphaeroides, a specific arrangement
between these different membrane-bound complexes.

3. Structural approaches

Besides these thermodynamic and kinetic arguments,
supramolecular organization of the photosynthetic compo-
nents have been obtained by biochemical and biophysical
approaches.

It is only 50 years after the proposal of Emerson and
Arnold that a picture of the structure of the photosynthetic
unit at low resolution was provided by Miller [19]. This
author took advantage of the presence of a regular pattern
for the photosynthetic unit in the internal membrane of the
purple non-sulfur bacterium Rhodopseudomonas viridis.
Fourier image analysis of negatively stained membranes
of R. viridis clearly shows that each photosynthetic unit is

composed of a large central structure, the RC center,
surrounded by a circle of smaller complexes, the light-
harvesting complexes 1 (LH1). This type of organization
has been also observed for native membranes or 2D crystals
of RC—-LHI1 complexes of several other species of bacteria
(Ectothiorhodospira halochloris [20], Rhodopseudomonas
molischianum [21], Rhodospirillum rubrum [22] and R.
sphaeroides [23]). While this association is consistent with
an efficient and rapid energy transfer between LHC and RC,
the closed structure of LH1 raised the question of how the
quinol formed at the acceptor site of the RC could reach the
cyt bcy complex to complete the light-induced cyclic elec-
tron transfer.

A partial answer was obtained, in the case of R. sphaer-
oides, by the analysis of freeze-fracture electron microscopy
of tubular membranes [24,25]. They reveal a well-ordered
arrangement of dimeric particles of 110 A in diameter (Fig.
1A). These tubular membranes correspond to regions of the
intracytoplasmic membrane devoid of LH2 complexes
obtained by gene deletion or growth under semi-aerobic
conditions [24—26]. They contain all the components of the
photosynthetic chain, RC, LH1 and cyt bc; complex. Due to
the well-ordered arrangement of the particles, electron
micrograph of negatively stained samples diffract at 20 A

Fig. 1. Schematic representation of the supramolecular organization of the
photosynthetic apparatus of R. sphaeroides view from above the membrane.
The LH1 complexes are in green, the RCs in yellow and the cyt bc,
complex in blue. This has been deduced from the projection map at 20 A
resolution of negatively stained tubular membranes [27].
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Fig. 2. Freeze-etching pictures of the intracytoplasmic membranes present
in R. sphaeroides WT (A) and mutant deleted in pufX (B). Scale bar=50
nm.

and allows the determination of the supramolecular organ-
ization of the photosynthetic apparatus [27]. Analysis of the
positive density from the proteins indicates that the unit cell
contains two RCs partially surrounded by LH1 complexes.
A schematic representation of the supramolecular arrange-
ment of the photosynthetic apparatus based on the proteins
density, the composition in membrane complexes and the
3D structure of these individual complexes is depicted in
Fig. 2. This highlights not only the supramolecular organ-
ization of the photosynthetic apparatus in agreement with
the functional approaches, in particular the dimeric associ-
ation of the RCs, but also that these RCs are surrounded by
an open ring of the LH1. The open ring of LH1 around RC
observed in the tubular membranes of R. sphaeroides would
facilitate diffusion of quinone molecules between the RC
and the cyt bc; complex.

4. Open or closed ring?

The dimeric association of RCs in R. sphaeroides has
also been demonstrated by Francia et al. [28] using a
biochemical approach. After detergent solubilization of
chromatophores, these authors found two membrane com-
plexes corresponding to monomeric and dimeric RC—LH]1
complexes in addition to isolated LH1 and LH2 complexes
[28]. The dimeric RC—-LH1 complexes comprise two
intertwined rings of LH1 containing two RCs in agreement
with the organization shown in Fig. 1. The Bchl/RC ratio of
these dimeric structures is significantly lower than that
measured for the monomeric RC—LH1 complexes. This is
also consistent with an open ring of LH1 in the dimeric
complexes [28].

These authors have also shown that the PufX polypeptide
is strictly required for the isolation of dimeric RC—LHI
complexes. This polypeptide is encoded by the pufX gene,
localized in the puf (photosynthetic formation unit) operon
downstream of the genes encoding the LH1 and L and M
subunits of the RC. So far, this gene has only been found in
R. sphaeroides and R. capsulatus [29,30]. The PufX poly-
peptide is a membrane protein closely associated with the
RC-LHI1 complex in a 1:1 ratio [28]. The presence of the
polypeptide is essential for anaerobic photosynthetic growth
in both R. capsulatus and R. sphaeroides [29, 30]. Since the
pufX polypeptide inhibits the in vitro oligomerization of
LH1 complexes, it is tempting to speculate that this protein
may play an essential role in the formation of the open LH1
structure observed in vivo [31]. In the absence of pufX, a
complete ring of LH1 may be formed around the RC. This is
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Fig. 3. (A) Growth curves of the mutant of R. sphaeroides deleted in the
gene pufX for various growth conditions: in light (@), in light in the
presence of 20 mM TMAO (M) and in the dark in the presence of 20 mM
TMAO (4#). (B) Kinetics of cytochrome ¢ photooxidation following a
continuous illumination (started at time 0) for intact cells of R. sphaeroides
(WT, #) and for the mutant deleted in the gene pufX (pufX-). The cells of
the mutant were placed under anaerobic condition in the presence (@) or the
absence (M) of 20 mM TMAO.
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in agreement with the observation that deletion of pufX
induces a significant increase in the bacteriochlorophyll
molecules to RCs (i.e. LHI/RC) [32,33] and that crystals
of RC-LH1 particles isolated from the pufX- mutant
present a complete ring around the RC [23]. The presence
of a complete ring of LH1 around the RC in the mutant
deleted in pufX could inhibit the diffusion of quinone and
therefore the connection between the RC and the cyt bc,
complex. This can readily explain the inability of this
mutant to grow under phototrophic anaerobic condition
(Fig. 3). It is, however, important to note that photosynthetic
growth and the light-induced cyclic electron transfer are
restored in the pufX- mutant when the quinone pool is
partially oxidized by the addition of an electron acceptor
like the TMAO or the DMSO [34]. The effect of addition of
TMAO on the growth curves and the cyt photooxidation of
the mutant deleted in the pufX polypeptide is shown in Fig.
3. Another effect of the deletion of pufX polypeptide is the
disappearance of the tubular membranes. This emphasizes
the important role of this polypeptide in the supramolecular
organisation of the photosynthetic apparatus (Fig. 1B). This
observation is in agreement with the report of Frese et al.
[35]. These authors have shown by linear dichroism meas-
urements on oriented membranes that the polypeptide pufX
is required for the formation of a long-range regular array of
supramolecular photosynthetic units [35].

These results imply that neither the supramolecular
organization of the photosynthetic apparatus nor the open
structure of the LH1 in R. sphaeroides are necessary for an
efficient cyclic electron transfer. In the case of R. sphaer-
oides and R. capsulatus, the open ring of LH1 appears to be
necessary only when the quinone pool is totally reduced.

Why the necessity of a supramolecular organisation of
the photosynthetic apparatus in R. sphaeroides and R.
capsulatus when the quinone pool is fully reduced? Under
such redox conditions, the only oxidized quinone molecules
are formed at the level of the cyt bc; after charge separation.
The concentration in oxidized quinone is very low (1
quinone for about 50 quinol molecules). Due to stoichiom-
etry between RCs and cyt be; (two RCs/one cyt bcy), this
last complex has to make two distinct turnovers to reduce
the photooxidized cyt c,. After the first turnover of the cyt
bc| complex, the quinone formed at the periplasmic side has
to be reduced at the cytoplasmic side of this complex to
allow its second turnover. This second turnover will produce
a second oxidized quinone molecule which can exchange
with one of the reduced molecule formed at the reducing site
of the RCs. The close proximity of the RCs and the cyt bc,
in the supercomplex will render this exchange very efficient
and allow further charge separation at the level of the RC. In
other terms, an efficient electron transfer between the RC
and the cyt bc, is possible despite the low concentration of
oxidized quinones because of their confinement in the
supercomplex.

On the other hand, it is possible that for the various
species, where it has been shown that RCs are surrounded

Fig. 4. (A) Thin-section electron micrograph of 7. pfennigii showing the
tubular shape of the intracytoplasmic membrane. Scale bar=300 nm. (B)
Freeze-etching picture of the tubular membrane underlining the arrange-
ment of the photosynthetic unit. Scale bar=100 nm.

by a closed ring of LH1 in native membranes, physiological
conditions are such that, even under anaerobic condition, the
quinone pool is partially oxidized. These can be achieved by
several means. For example, the quinone pool can be
maintain partially oxidized due to the presence of auxiliary
electron acceptor chain. Another possibility is that there is
no thermodynamic equilibration at the quinone pool level
between the photosynthetic and respiratory chains. This is
probably the case for species like R. viridis or Thiocapsa
pfennigii (Fig. 4) where the high ordering of the photo-
synthetic apparatus in the intracytoplasmic membrane cer-
tainly renders difficult the long-range diffusion of quinone
molecules.
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