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Abstract

Following the discovery of photosynthetic bacteria in the nineteenth century, technical developments of the 1950s
led to their use in membrane biogenesis studies. These investigations had their origins in the isolation of subcellular
particles designated as ‘chromatophores’ by Roger Stanier and colleagues, which were shown to be photosynthetic-
ally competent by Albert Frenkel, and to originate from the intracytoplasmic membrane (ICM) continuum observed
in electron micrographs. These ultrastrucutral studies by the G. Drews group, Germaine Cohen-Bazire and others
also suggested that the ICM originates by invagination of the cytoplasmic membrane, as later established in the
biochemical and biophysical work of the R. Niederman and Drews groups. Through a combination of genetic
approaches, first introduced in the early 1980s by Barry Marrs, and the atomic resolution structures determined for
light-harvesting antennae and reaction centers, a detailed understanding is emerging of mechanisms regulating their
levels in the membrane and the roles played by specific protein domains and additional factors in their assembly
and supramolecular organization. Prospects for additional progress during the twenty-first century include further
elucidation of molecular aspects of the assembly process and the application of newer spectroscopic probes to
photosynthetic unit formation.

Abbreviations: bc1 complex – ubiquinonol-cytochrome c2 oxidoreductase; ICM – intracytoplasmic membranes;
LH 1 – core light-harvesting complex; LH 2 – peripheral light-harvesting complex; UQ – ubiquinol

Early research on bacterial photosynthetic
membranes

Although photosynthesis in green plants was de-
scribed in the late eighteenth century, it was not
until a century later that the purple bacteria, first
described by Christian Gottfried Ehrenberg (1838),
Edwin Lankester (1873) and Ferdinand Cohn (1875),
were postulated from phototaxis studies by Wilhelm
Engelmann (1888) to transform light energy into
chemical energy [for references to these early papers,
see Drews (2000)]. The anoxygenic nature of bac-
terial photosynthesis was established by Hans Molisch

(1907), and it was found that the source of reducing
potential could arise from the oxidation of an organic
or inorganic reductant H2A, rather than from the pho-
tolysis of H2O as in higher phototrophs; this important
distinction was first postulated by Cornelis (Kees) van
Niel (1931).

Intracytoplasmic membranes are the site of the
bacterial photosynthetic apparatus

As detailed in a review by Robert Niederman (Figure
1) and Ken Gibson (Niederman and Gibson 1978),
the development of cell fractionation techniques by
Roger Stanier and his colleagues in the early 1950s
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Figure 1. Robert Niederman.

established that the photosynthetic apparatus of an-
oxygenic photosynthetic prokaryotes could be isolated
as a discrete particulate fraction. These pigmented
particles, designated then as ‘chromatophores’, were
soon shown by Albert Frenkel (1954) to catalyze
photophosphorylation and light-dependent reductions.

Ultrastructural observations by Gerhart Drews
(Figure 2) (reviewed by Drews 1996a), Germaine Co-
hen Bazire and others, over the next decade, showed
that ‘chromatophores’ arise from internal vesicular,
tubular, or lamellar structures of different cellular or-
ganization. Jürgen Oelze and Drews (1972) replaced
‘chromatophore’ with the more general and descript-
ive term, intracytoplasmic membrane (ICM), which
forms a membrane continuum of vesicles or flat mem-
brane sacs connected by thin tubules. Consistent with
its prokaryotic nature, the ICM originates by inva-
gination from the cytoplasmic membrane (CM) or
preformed intracytoplasmic vesicles, rather than de
novo.

Morphogenesis of the intracytoplasmic membrane

Many facultative nonsulfur purple bacteria grow
chemotrophically in the dark or phototrophically in
the light in the absence of oxygen, adapting by cell
differentiation. Their bacteriochlorophyll (BChl) con-
tents and ICM levels are related inversely to oxygen

Figure 2. Gerhart Drews.

partial pressure and light intensity (Drews and Golecki
1995; Drews 1996a). Although Rubrivivax gelatinosus
and Rhodocyclus tenuis form little ICM, they adjust to
conditions that derepress the photosynthetic apparatus
by enlarging the CM area and through a higher density
of photosynthetic units.

Composition of cytoplasmic and intracytoplasmic
membranes

Cell fractionation and density gradient centrifugation
techniques, developed to separate different membrane
fractions, soon suggested that the major portion of
the photosynthetic apparatus is present in the ICM
fraction, while the CM is enriched in respiratory
activity (reviewed by Niederman and Gibson 1978).
This was verified by protein patterns in Sodium-
dodecyl-sulphate-(SDS)-polyacrylamide gel electro-
phoresis and enzymatic activities. At about the same
time, the lipids of the ICM were found to consist
mainly of the phospholipids phosphatidylethanolam-
ine, phosphatidylglycerol and phospatidylcholine.

The functional complexes of membranes

Visualization in freeze-fracture electron microscopy
Using freeze-fracture techniques in which the lipid
bilayer is split, exposing the internal architecture of
the membrane, a pattern of regularly arranged, ∼100
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Å intramembrane particles was observed in the ICM
of Blastochloris viridis (see Drews and Golecki 1995).
The fracture faces of membranes from Rhodospir-
illum, Rhodobacter, and Rhodocyclus species were
densely packed with particles of varying size and num-
ber that were correlated with the state of membrane
morphogenesis. These parameters remained relatively
constant in the CM of Rhodospirillum rubrum and
Rhodobacter sphaeroides, which is largely undifferen-
tiated in these species and where membrane differen-
tiation leads to ICM formation. As shown in Andrew
Staehelin’s laboratory, for lamellae of Rp. palustris,
intramembrane particle size distribution is spatially
differentiated with regions of very high particle dens-
ity confined mainly to large stacks of ICM and those
of lower density limited to unstacked CM.

Isolation and characterization of reaction-center and
light-harvesting complexes

Once methods were developed to release pigment-
protein complexes from the membrane with mild de-
tergents and to purify them by ultracentrifugation and
chromatographic procedures, important new structural
and functional insights began to emerge. Reaction cen-
ters were isolated from Rb. sphaeroides by Roderick
Clayton’s group (Reed and Clayton 1968; see Clayton,
this issue), soon followed by the isolation of the peri-
pheral light-harvesting (LH) complex 2 (Clayton and
Clayton 1972). Electrophoretic methods were estab-
lished for the isolation of the core antenna, LH 1,
from Rb. sphaeroides by Niederman and coworkers
(Broglie et al. 1980), and the amino acid sequences of
the LH apoproteins were determined after extraction
with organic solvent and chromatographic purification
by the group led by Herbert Zuber (Zuber 1990).

Molecular genetics of anoxygenic phototrophs

The description by Barry Marrs (Marrs 1981) of
a gene transfer agent in Rb. capsulatus paved the
way for molecular genetic approaches in photosyn-
thetic bacteria (see B.L. Marrs, this issue). The nuc-
leotide and deduced polypeptide sequences of sev-
eral proteins of the photosynthetic gene cluster, in-
cluding the three reaction-center subunits and the
LH 1-α and -β polypeptides, were soon completed
in John Hearst’s laboratory (Youvan et al. 1984).
The deduced polypeptide sequences for the cyto-
chrome bc1 complex (ubiquinonol-(UQ)-cytochrome-
c2-oxidoreductase) were subsequently determined in

Fevzi Daldal’s laboratory (Davidson and Daldal
1987).

The photosynthetic gene cluster is organized into
large superoperons, expressed selectively in response
to oxygen partial pressure and light intensity, which
link the pigment biosynthesis operons with operons
encoding light-harvesting and reaction center proteins.
As established by Carl Bauer and others, this level
of regulation involves transcriptional activators be-
longing to the two-component family of prokaryotic
regulators (Bauer et al. 1993).

A detailed picture of the membrane assembly
process is emerging

Atomic-resolution structures of BChl-protein
complexes

Elucidation of the high-resolution structures of the
bacterial reaction center by Hans Deisenhoffer, Hart-
mut Michel, and Robert Huber (Deisenhofer et al.
1985) and the LH 2 complex by Richard Cog-
dell and collaborators (McDermott et al. 1995) has
brought about considerable progress in understanding
the primary photosynthetic events and the structural
organization of the membrane components catalyz-
ing them. Best characterized are the type II reac-
tion centers of the purple bacteria B. viridis and Rb.
sphaeroides, which contain the L and M polypeptide
homologs of the D1 and D2 subunits of Photosystem
II, and bind the BChl, bacteriopheophytin, quinone,
and other cofactors.

The atomic-resolution structure of the LH 2 com-
plex of Rhodopseudomonas acidophila (McDermott et
al. 1995) revealed a ring of 18 B850 BChls, sand-
wiched between cylindrical assemblies of the trans-
membrane α-helices of the α- and β-apoproteins mak-
ing up the respective inner and outer walls. The B800
BChls are positioned on the outer surface while the
carotenoid molecule is closely associated with the
BChls. Such an annular arrangement facilitates the
rapid delocalization of excitations and their ultimate
delivery to the reaction center. Electron diffraction
analysis of two-dimensional crystals of the Rs. rubrum
LH 1 by Robin Ghosh and collaborators (Karrasch et
al. 1995) has demonstrated that this complex consists
of a larger annular structure with 32 BChls, which is
sufficiently large to surround a single reaction center.

Figures 3 and 4 are group photographs of some of
the researchers in 1991 and 1996, respectively. Figure
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Figure 4. A photograph of some of the contributors to research, who attended the European Science Foundation Workshop on ‘Molecular
Recognition in Photosynthesis’ held in Jaca, Spain in 1996. We list here only some of the participants. The readers are encouraged to make
their own list. Rafael Picorel, the organizer, is on the extreme right in the first row. In the first row, we see John Allen (first on the left); Mette
Miller (third); Elizabeth Gross (fourth); Paul Mathis is directly to left of Rafael. In the second row, we see Neil Isaacs (first on the left) and
Hugo Scheer (third in from the left); Bob Niederman is directly to the right of Hugo; Gerhart Drews (in dark V-neck sweater) is two to the right
of Bob; and John Gray is directly up from Hugo. Next to John Gray is Imre Vass. The photograph is not very clear in the back. Those who look
carefully may find Neil Hunter, André Verméglio, Dieter Oesterhelt, Gyozo Garab, Matthias Rögner and Parag Chitnis.

3 is of those who attended the 37th Harden Conference
on ‘The Molecular and Structural Basis of Regula-
tion in Photosynthesis’ held at Wye College, Kent,
UK, whereas Figure 4 is of those who attended the
European Science Foundation Workshop on ‘Molecu-
lar Recognition in Photosynthesis’ held in Jaca, Spain.
These show some of those mentioned above (Hartmut
Michel, Fevzi Daldal, Richard Cogdell, Robert Nie-
derman, and Gerhart Drews, among others) as well as
other pioneers in the field.

Molecular aspects of membrane biosynthesis

Membrane assembly in vivo
After a shift from chemotrophic to phototrophic con-
ditions, photosynthetic units are incorporated into the
CM and growing ICM, as reflected in the altered
intramembrane particle distributions, protein pat-
terns, fluorescence properties, and enzymatic activities
in distinct membrane domains (Drews and Golecki
1995). From pulse-chase studies and biophysical
measurements by the Niederman group, newly syn-
thesized photosynthetic units were found to be en-
riched in a pigmented membrane band that sediments

more slowly than ICM vesicles in sucrose gradients.
This upper pigmented band had the properties of im-
mature CM invaginations, which give rise to the ICM
at the cell periphery (Bowyer et al. 1985). This system
should prove useful for studies with new spectroscopic
probes of development, such as IR-fast repetition rate
fluorometry (Kolber et al. 2000) and single particle
analyses by time-resolved fluorescence microscopy.

Rb. sphaeroides mutants lacking LH 2 have been
shown by the Niederman group (Hunter et al. 1988)
and in Sam Kaplan’s laboratory (Kiley et al. 1988)
to form tubular rather than vesicular ICM, suggesting
that LH 2 has a role in ICM morphogenesis. Kaplan et
al. (1983) have also shown that phospholipids, syn-
thesized in the CM, are transferred to the ICM by
an apparent phospholipid transfer protein at the time
of cell division, while proteins and pigments are in-
serted into CM and ICM throughout the cell cycle.
As a consequence, during the cell cycle, the pro-
tein/phospholipid ratio fluctuates along with the rate of
cyclic electron flow and the numbers of photosynthetic
units in the ICM.
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The assembly of integral membrane complexes

Reaction center and LH polypeptides are inserted
into the membrane without cleavable N-terminal sig-
nal peptides.1 LH apoproteins become oriented with
amino-terminal regions at the cytoplasmic side of the
membrane and carboxyl-termini exposed to the peri-
plasmic side. Formation of a stable oligomeric LH
1 complex requires both the α- and the β-subunits,
encoded by pufA and pufB genes (Drews 1996b).
The N-terminal regions of LH 1-α and -β interact
during assembly, which aids in forming the correct
oligomeric structure of the complex.

In addition to the α- and β-polypeptides encoded
by pucA and pucB, Rb. capsulatus LH 2 contains a
third polypeptide, γ (PucE), which stabilizes the com-
plex, but is unnecessary for its formation or function.
An additional gene (PucC) is essential for expression
of the puc operon in both Rb. capsulatus (Tichy et
al. 1991) and Rb. sphaeroides (Gibson et al. 1992).
Although the α- and β-polypeptides of LH 2 are in-
serted into the membrane after blockage of carotenoid
synthesis in the crtI gene, or at different steps of BChl
synthesis, the oligomeric complex is not formed.

Besides pucC, additional open reading frames have
been shown to have roles in pigment–protein as-
sembly. J. Thomas Beatty’s laboratory has demon-
strated that LhaA, a homolog of PucC located 5′ to
the reaction center H protein gene puhA in Rb. capsu-
latus, is a major factor in LH 1 assembly (Young et al.
1998). Open reading frames, located 3′ to puhA and
required for optimal LH 1/reaction center levels, in-
clude orf214 (Wong et al. 1996) and orf162b (Aklujkar
et al. 2000), which have homologs in other species of
purple bacteria. Their exact functions in the biogenesis
of photosynthetic unit cores remain to be elucidated.

A cell-free translation system developed for study-
ing the LH 1 assembly in Rb. capsulatus has es-
tablished that stable insertion of both the α- and
β-polypeptides depends upon wild-type membranes,
the chaperones DnaK and GroEL, and unknown,
membrane-bound factors (Drews 1996b). During or
before insertion into the membrane, the LH 1-α poly-
peptide is transiently phosphorylated at serine 2, al-
tering the charge distribution, which appears to be
important for assembly. It is possible that insertion
of LH 1 polypeptides may begin at specific docking
sites, and that the nascent complex may interact with
the reaction center. In comparison with Photosystem II
of higher phototrophs, the reaction center/LH 1 com-
plex has a simpler structure and genes responsible
for assembly are known. Therefore, it is an excel-

lent model to study the formation of membrane-bound
supercomplexes at the molecular level.

In vitro assembly of LH complexes
As examined in detail by Paul Loach’s group (Loach
and Parkes-Loach 1995), treatment of LH1 complexes
with β-octyl glucoside gives rise to the B820 sub-
unit form (α1β1BChl2), which can be reconstituted
into the oligomeric LH 1 complex after detergent di-
lution. Reconstitution has been achieved with several
BChl a-type LH 1s and the BChl b-type of B. viridis,
and with partially truncated or mutated polypeptides
and structural analogs of BChl. Minimal requirements
for reassociation include specific carbonyl and car-
bomethoxy groups of BChl, the Mg atom and the
conserved core region of the apoprotein, as well as sta-
bilizing interactions by ion-pairing in the N-terminal
region.

Clearly, conditions for in vitro formation of LH
1 complexes differ from those for assembly in the
living cell, where binding of cofactors and correct as-
sembly of the apoprotein are dependent on additional
unknown polypeptides. It is also necessary to avoid
misfolding and binding of unrelated components in-
terfering with assembly, which are not present in the
in vitro system.

The assembly of supercomplexes
As noted above, in freeze-fracture replicas, reac-
tion center/LH 1 complexes form a regular pattern
of intramembrane particles. The possibility that these
structures represent supercomplexes of reaction cen-
ters, cytochrome c2 and the cytochrome bc1 com-
plex was first proposed by Pierre Joliot (Lavergne
and Joliot 1991) as an explanation for their electron
transport kinetics. A recent projection map of tubular
membranes from an LH 2− mutant of Rb. sphaeroides
(Jungas et al. 1999) showed that supercomplexes con-
sist of two C-shaped LH 1 arrays enclosing dimeric
reaction centers, in possible association with a single
bc1 complex.

A role for PufX in the assembly of supercomplexes
is suggested in Figure 5. The PufX protein, encoded
by the pufX gene located in the pufQBALMX operon,
is associated with isolated B875-reaction center core
structures and is required for photosynthetic growth in
Rb. sphaeroides as shown in Dieter Oesterhelt’s labor-
atory (Farchaus et al. 1992) and in Rb. capsulatus,
as demonstrated by the Beatty group (Lilburn et al.
1992). The latter workers proposed that PufX func-
tions in promoting UQ/UQH2 exchange between sites
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Figure 5. Model for the role of PufX in the organization of LH
1-reaction-center core complexes in Rb. sphaeroides. (A) In the
presence of PufX (solid circles), supercomplexes are formed con-
sisting of two reaction centers (RC) and one cytochrome bc1
complex (bc1); complete circularization of LH 1 (open circles) is
prevented, thereby permitting UQ exchange. (B) In the absence of
PufX, reaction centers are monomeric and LH 1 forms larger, closed
annular structures. In addition to the projection map of photosyn-
thetic units in a Rb. sphaeroides LH 2− mutant (Jungas et al. 1999),
these models are based upon findings in pufX deletion strains which
include a 1.2–1.5-fold increases in the LH 1-reaction-center ratios
(McGlynn et al. 1994), and the observation of a monomeric LH
1-reaction-center complex in sucrose gradients (Francia et al. 1999).

on the reaction center and bc1complexes, and this was
established later for Rb. sphaeroides (Barz et al. 1995).
The finding was further supported by the localization
of second-site suppressor mutants in the pufBA genes
encoding the LH 1-α- and β-apoproteins (Lilburn et
al. 1995), and the lack of a PufX requirement in the
absence of LH 1 as shown in Neil Hunter’s laboratory
(McGlynn et al. 1994). These findings have suggested
that in the absence of PufX, LH 1 tightly surrounds the
reaction center and impedes UQ/UQH2 movements
and that the suppression of this defect results from a
destabilization of LH 1, enhancing UQ exchange.

Linear dichroism measurements on oriented LH
2− Rb. sphaeroides membranes indicate that PufX
is also essential for conferring the correct orientation
to the reaction center and for promoting long-range
order to LH 1-reaction center arrays (Frese et al.
2000). Further detergent solubilization studies on Rb.
sphaeroides pufX− strains suggest that PufX is re-
sponsible for dimerization of the LH 1-reaction center
complex (Francia et al. 1999). In recent reconstitu-
tion work, LH 1-PufX associations have also been
demonstrated between the LH 1-α polypeptide and
the core segment of the PufX transmembrane α-helix
(Parkes-Loach et al. 2001). Ultimately, elucidation of
the atomic resolution structure of the isolated PufX
protein should shed more light on this question.

Acknowledgment
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Note

1 Comparisons of amino acid sequences deduced from the se-
quences of structural gene with those of mature polypeptides have
shown that cleavable C-terminal sequences of 9–13 amino acids
exist for the α- and β-apoproteins of Rs. rubrum LH 1 (Berard et
al. 1986) and for the PufX protein (Parkes-Loach et al. 2001), but
their role in the assembly process remains unknown.
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