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1. Introduction
Oxygenic photosynthesis is an energy-transducing
process whereby light energy is trapped and converted into biochemical energy. This multi-step process encompasses a series of electron transfer reactions
from water molecules to NADP (nicotinamide adenine dinucleotide phosphate), coupled to ATP synthesis. Oxygenic photosynthesis occurs within the
thylakoid membranes of photosynthetic prokaryotes
and eukaryotes and is mainly borne by ¢ve types of
proteins which are embedded in these membranes:
photosystem II cores (CCII); cytochrome b6 f complexes; photosystem I cores (CCI); antenna proteins;
and proton-ATP synthases (CF1 ^CF0 ). These proteins function in a concerted manner to generate
ATP and a reducing power in the presence of light.
The major Photosynthetic Proteins, hereafter referred to as PPs, are multiple-subunit protein complexes (see Fig. 1). They span the thylakoid membranes and comprise both peripheral and integral
membrane subunits. The functional proteins also encompass a variety of cofactors, pigments, hemes,
iron^sulfur clusters and metal ions, that associate
with the protein moieties either by covalent or noncovalent binding. The aim of the present review is to
present events and steps involved in the biogenesis
and assembly of PPs and to raise questions concerning these processes that remain elusive to date.
The study of the biogenesis of these complex multi-molecular structures is entering a new phase for
two major reasons. First, the remarkable development of the structural biology of membrane proteins

has tremendously improved our knowledge of the
actual composition and topological organization of
most of the photosynthetic proteins. Second, the ¢eld
of protein biogenesis should bene¢t greatly from the
implementation of whole genome sequencing projects. This global genetic approach, when combined
with new gene transformation strategies and the use
of reverse genetics, should complement and extend
our knowledge of the numerous biogenesis factors
which was originally based only on classical genetic
approaches and membrane protein biochemistry.
In recent years, some of the most signi¢cant insights into thylakoid protein assembly have come
from comparing the phenotype of mutants resulting
from similar gene disruptions or similar site-directed
mutagenesis in photosynthetic prokaryotes, and photosynthetic eukaryotes. These approaches, together
with the availability of in vitro expression systems
including the recent development of a promising homologous in vitro translation system [1], paved the
way for a re¢ned study of the assembly pathways for
photosynthetic proteins.
The present review does not cover the biogenesis
of PPs from prokaryotes performing anoxygenic
photosynthesis. Some aspects of their gene expression and assembly will occasionally be discussed, together with aspects of mitochondrial protein expression, whenever we feel that they add to our
understanding of the PP assembly in organisms performing oxygenic photosynthetic. Tissue speci¢city
and developmental changes of PP assembly in vascular plants, as well as the repair processes and changes
in protein expression and assembly under stress con-
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Fig. 1. Photosynthetic complexes of the thylakoid membranes. The compositions of the di¡erent photosynthetic complexes and their
î resolution structure of cyadimensions are drawn according to structural data available in the literature. CCI is drawn from the 4-A
nobacteria [323]. The exact position of PSI-G, PSI-H, and PSI-N that are present only in higher plants, is presently unknown. The
sketch of CCII follows the structure of Morris et al. [220]. The only structural data available for some light harvesting complexes
î resolution structure of LHCII [406]. The trimer is drawn based on [621]. Since the nature of the trimer, i.e. hocomes from the 3.4-A
motrimer or heterotrimer, is currently unknown, (i) stands for either LhcbI, II or III. The minor antenna complexes, PSII-S and Lhca
antenna are not represented. The structural data available on the bc1 complex from bovine heart mitochondria [486] served as the basis for drawing the cyt b6 f complex. However, the dimensions of the Rieske protein and cyt f were taken from chloroplast structures
î resolution structure of the F1 portion from bovine heart mitochondria and
[480,489]. The ATP synthase sketch is based on the 2.8-A
on the model recently suggested by Engelbrecht and Junge [549]. Arrows indicate the direction of movement of the rotor upon ATP
synthesis. Black ¢lled subunits are nuclear-encoded; gray ¢lled subunits are chloroplast-encoded.

ditions are beyond the scope of this review. We refer
the reader to recent review articles which cover these
matters, at least in part [2^5].
In view of the above, we have chosen to address
the issue of thylakoid protein assembly under what
can be regarded as steady-state conditions. These
correspond to the conditions that prevail in the expanding mature chloroplast in vascular plants or in
the exponential phase of growth for unicellular prokaryotes or eukaryotes. Although each PP may have
speci¢c biogenesis features, there should be general
rules, or constraints, which govern some aspects of
assembly. These rules require a transverse approach
that will be presented in Sections 2^4. Subsequently,
we will expand upon the more speci¢c biogenesis
features of each PP in Sections 5^9.
PP assembly can be regarded as the result of three
distinct processes: (1) the biogenesis of the constitutive subunits and their cofactors; (2) their conveyance to the thylakoid membranes; and (3) their assembly in an oligomeric protein. Although the spatial

and temporal separation between these three processes may be somewhat virtual, each of these three
aspects allows one to raise speci¢c questions.
(1) Regarding the biogenesis of individual subunits, here considered as the substrates in the multiple order reaction leading to protein assembly, a key
issue is to identify the critical step(s) that control(s)
their actual intracellular concentration. These may
vary among organisms since we are considering proteins that are well-conserved between prokaryotic
and eukaryotic cells. There is now overwhelming evidence that the limiting steps in protein biogenesis in
photosynthetic eukaryotes are post-transcriptional
under steady-state conditions. We will show that
they are in fact mainly (post-)translational, whereas
there is a prominent (but not exclusive) transcriptional contribution, in photosynthetic prokaryotes.
(2) Routing each subunit to its functional location
site on the membrane raises two distinct issues. One
is common to prokaryotes and eukaryotes, and addresses the energetics and the processing require-
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ments for insertion into, and translocation across,
the thylakoid membranes. In the case of cyanobacterial or chloroplast-encoded subunits, this may either
be a co-translational or a post-translational process.
The second is speci¢c to photosynthetic eukaryotes
and addresses the post-translational conveyance of
the nucleus-encoded and cytosol-translated subunits
to the thylakoid membranes inside the chloroplast.
(3) As to the third aspect, we will brie£y discuss
whether subunit^subunit recognition and interaction
in vivo should be considered the result of self-assembly or of an assisted process in which chaperones
would be expected to play a critical part.
Sections 5^9 present the current knowledge concerning the assembly of each of the ¢ve major PPs.
Each of these separate sections starts with a brief
description of the constitutive PP subunits and provides some characteristics of their spatial organization in the assembled protein. In Section 7, we focused on the chlorophyll-binding proteins, termed
light harvesting complexes (LHCs) from higher
plants and green algae. The various biliproteins
present in cyanobacteria and red algae are not discussed. The latter are peripheral membrane proteins
that display highly ordered structure that has been
studied in great detail. The assembly pathways and
the regulation of expression of these antenna proteins have received much attention in recent review
articles that give a full picture of peripheral antenna
systems [6,7].
2. Production of the `substrate-subunits' for protein
assembly
A major issue in the production of PPs is to understand how the subunits and their cofactors are coordinately produced in the stoichiometry required for
their assembly in a functional protein. Were this not
the case, pools of unassembled components should
be present in the photosynthetic cell, for any of the
major constituents of these proteins, a situation that
has not been reported so far. Chlorophyll pools
would be extremely harmful to the cell upon exposure to light, owing to the high reactivity of the triplet state of chlorophylls with molecular oxygen, leading to the deleterious formation of singlet oxygen.
Thus, if pools of unassembled PP components were

to exist, they would remain insigni¢cant in size. PP
assembly is then directly controlled by the level of
expression of the constitutive subunits and cofactors.
Rate-limiting steps in this process can be sought at
the transcriptional, post-transcriptional, (co)-translational, or post-translational levels and they may vary
with physiological conditions. For example, changes
in the accumulation of chloroplast proteins in di¡erentiating plant tissues, depend on changes in nuclear
and chloroplast transcription rates [8]. However,
some discrepancy between the amplitudes of changes
in transcript and translate levels indicate that other
limiting steps soon take over in the control of protein
biogenesis [9].
2.1. Some distinctive features of photosynthetic
prokaryotes and eukaryotes
Although PPs in oxygenic photosynthetic prokaryotes and eukaryotes are well-conserved both at the
functional and biochemical levels, it is immediately
apparent that their assembly develops in widely different cellular contexts.
It is well-accepted that chloroplasts from vascular
plants and algae originally arose from an endosymbiotic event most likely involving an ancestral prokaryote, phylogenetically related to cyanobacteria
[10,11]. Whereas prokaryotes have a single genetic
system that is expressed proximal to the site of functional assembly of the encoded proteins, the eukaryotic plant cell has a dual genetic content, in the
chloroplast genome (plastom) and in the nucleus.
This raises speci¢c questions regarding chloroplast
protein assembly. Chloroplast PPs comprise subunits
of mixed origins, which are either organellar-encoded
or nuclear-encoded. Their assembly thus requires the
cooperation of two genetic compartments, the nucleo-cytosol and the chloroplast. While some biogenesis aspects are conserved among prokaryotes and
eukaryotes, new strategies have necessarily evolved
after endosymbiosis and are progressively uncovered
by the current research on the regulation of photosynthetic gene expression.
2.1.1. Physical organization of the photosynthetic
genes
In anoxygenic photosynthetic bacteria, the genes
encoding the various subunits of each oligomeric
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protein involved in photosynthesis are clustered on
the bacterial chromosome, and are subject to a common co-transcriptional regulation. These properties
identify several operons with properties similar to
those found in Escherichia coli [12]. The reaction
centers and their associated antenna proteins are encoded by the puf operon [13], which is part of a
superoperon also comprising genes for chlorophyll
and carotenoid biosynthesis [14,15]. The ATP synthase is encoded by the unc operon and the cytochrome bc complex by the pet operon.
Operonal organization can be considered as a key
mechanism that enables the bacterial cells to rapidly
accommodate changes in the oxygen content of their
environment [16]. Consistent with this view, anaerobic prokaryotes, like the chlorosome-containing
green sulfur bacteria, do not show the same clustering of their photosynthetic genes as do purple bacteria [17]. They exhibit operon splitting as a result of
which the genes that encode the subunits of a same
oligomeric protein are scattered in various places
along the chromosome. For instance, the genes encoding the L- and O-subunits of the ATP synthase are
located apart from the other ATP synthase genes,
and they are transcribed independently [18].
Cyanobacteria provide a well-characterized intermediate situation. Those that are capable of chromatic adaptation display an operonal organization
for various components of the phycobillisomes with
the cpc, apc and cpe operons, the organization of
which accounts for the transcriptionally regulated
pigment changes in response to environmental
changes (reviewed in [19]). Thus, like purple bacteria,
cyanobacteria can cope with rapid changes in their
environment by achieving the stoichiometric production of subunits for new oligomeric proteins through
the activation or repression of their monofunctional
operons. In contrast, the other PPs are continually
expressed in cyanobacteria because these organisms
are obligate aerobic species. It follows that their gene
organization displays characteristics similar to those
of green bacteria: in most instances, the structural
genes for a group of PP subunits are scattered along
the cyanobacterial chromosome and their location
results from operon splitting. Hence, the cyanobacterial genes for the ATP synthase are split between two
operons, and the genes for the various subunits of
the cytochrome b6 f complex are split between two
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operons, namely the petCA and petBD, plus petG
and petM, which have been mapped at other sites
of the Synechocystis 6803 chromosome. This gene
distribution raises the possibility that a concerted
expression of the pet genes requires some regulation
at the post-transcriptional level. Other genes for major PP subunits, like that for the PSII reaction center
subunit D1, are transcribed independently of the
genes encoding their assembly partners. D1 polypeptide is particularly susceptible to photodamage [5]
and has to be replaced more rapidly than the other
PSII subunits. This requirement points to possible
regulations of gene expression that is speci¢c to a
particular protein subunit.
In eukaryotes, the chloroplast genomes still contain some of the gene clusters found in cyanobacteria, but two major reorganization processes have occurred. Several structural genes for photosynthetic
proteins have been transferred out of the chloroplast
genome to the nuclear genome. This process has been
more extensive in the green lineages than in the nongreen ones [20]. In addition, most of the polycistronic
transcriptional units in vascular plant chloroplasts
are not monofunctional. These gene clusters group
information for distinct proteins. For example, the
psaA^psaB^rps14 cluster corresponds to a gene encoding a ribosomal protein subunit associated with
two genes encoding the PSI reaction center subunits
[21], and the psbB^psbH^petB^petD cluster groups
structural genes for PSII and cytochome b6 f protein
subunits [22].
The chloroplast genomes of unicellular algae, like
Chlamydomonas reinhardtii, Chlamydomonas eugametos or Euglena gracilis, show extensive gene rearrangement as compared to that of cyanobacteria
but also with respect to that of the chloroplast of
vascular plants. These unicellular organisms have
lost the majority of the gene clusters present in cyanobacteria. Most of their mRNAs accumulate as
monocistronic transcripts, although co-transcription
followed by rapid mRNA processing may be more
frequent than previously considered (for a review see
[23]). For instance, monocistronic transcripts for the
cytochrome b6 f genes petA and petD, which are 3 kbp
apart, can be produced from independent promoters,
but co-transcription followed by transcript processing also occurs in that gene region [24]. The
same situation prevails in the atpA/psbH gene region,
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which is about 4 kbp long. Here there are monocistronic transcripts for four genes involved in distinct
functions, although the whole region can be co-transcribed [25]. If variations in the rates of transcript
processing account for the prevalence of monocistronic transcripts in the unicellular eukaryotes, the
pre-translational step in the chloroplast of vascular
plants and green algae may prove more similar than
previously thought.
There is progressive loss of an operon-based cotranscription of the genes for the whole set of subunits of each PP, when going from anoxygenic photosynthetic bacteria to cyanobacteria, vascular plants
and green algae. As a major consequence, there is an
increasing need for additional post-transcriptional
regulations to ensure the stoichiometric accumulation of the subunits of each photosynthetic protein.
2.1.2. Increasing the half-lives of transcripts, from
cyanobacteria to the chloroplasts, sets the scene
for extensive post-translational regulation
A striking feature of chloroplast transcripts is that
they are long-lived species. In a systematic analysis
conducted in barley, Kim et al. [26] observed that the
half-lives of seven di¡erent plastid transcripts ranged
from 6 to over 40 h. This time range should be compared with that in prokaryotes, typically 1^3 min in
E. coli, and well-below an hour in cyanobacteria [27].
The determinants for transcript stability in the
chloroplast were ¢rst sought on their 3P-end, due to
hairpin structures that could be predicted in many
cases from the nucleotide sequence (reviewed in
[23]). Indeed, deletions in this region of the atpB
chloroplast gene in C. reinhardtii caused the destabilization of the corresponding transcript [28]. However, there is now increasing evidence that the major
determinants for chloroplast transcript stability are
borne by the 5P-untranslated regions (5P-UTR) which
contain binding sites for nuclear-encoded proteins
acting as protecting agents against exo-/endo-nucleolytic degradation (see Section 2.1.3). These sites may
provide a means to modify transcript stability, and
thereby transcript concentration, upon translation,
which is initiated in the same region.
The physiological consequences of the di¡erential
transcript stability between photosynthetic prokaryotes and eukaryotes are illustrated, for instance, by
the contrasting strategy these organisms have devel-

oped to cope with an increasing demand for the psbA
chloroplast gene product, D1. As mentioned before,
D1 is very susceptible to photodamage in both highlight and low-light conditions (reviewed in [5]). The
cyanobacterial strategy to maintain high levels of D1
expression would be based on a transcriptional activation of additional copies of the psbA gene [29,30].
In contrast, high-light conditions lead to an increased
stability of pre-existing psbA transcripts in vascular
plant chloroplasts [31]. Thus, the chloroplast can accommodate extensive post-transcriptional regulations, acting at the level of maturation and translation of pools of pre-existing transcripts, both steps
bearing consequences on the life-time of transcripts.
2.1.3. Post-translational degradation of unassembled
subunits plays a larger role in the control of
protein accumulation in the chloroplast than in
cyanobacteria
Apoproteins which cannot bind their cofactors display shorter half-lives in the chloroplast, most likely
because of their improper folding in the membranes,
resulting in greater accessibility to a general protein
degradation pathway (for a review see [32]). For instance, various chlorophyll-binding apoproteins are
short-lived in the absence of chlorophyll or carotenoid biosynthesis [33,34]; apocytochromes and apoplastocyanin are rapidly degraded in the absence of
heme and copper binding, respectively [35^37]. This
is de¢nitely not speci¢c to photosynthetic eukaryotes.
Cyanobacterial strains behave similarly. For instance, Synechocystis 6803 loses native apocytochrome cyt b-559 when the heme axial ligands are
destroyed by site-directed mutagenesis [38]. Similarly,
mutation of the putative His ligands of chlorophylls
in the PSII core antenna subunit CP47, leads to a
destabilization of the whole CCII protein [39].
What is probably more speci¢c to the eukaryotic
PP subunits, is their susceptibility to degradation
when their assembly partners are absent. The respective stability of unassembled PP subunits in the
chloroplast and in cyanobacteria can be compared
in mutant strains lacking expression of only one particular PP subunit. With the development of chloroplast gene transformation techniques, it has become
possible to compare the e¡ects of a rather large set of
gene deletions or interruptions both in cyanobacteria
and in the eukaryotic green algae Chlamydomonas,
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and more recently in tobacco or Arabidopsis. The
prominent conclusion drawn from such comparative
studies is that the steady-state concentration of the
unassembled (or partially assembled) subunits is
much higher in cyanobacteria than in the chloroplast. In the absence of one assembly partner, the
other subunits of a protein complex accumulate in
the prokaryotic cell to levels approaching those of
the wild-type. However, in Chlamydomonas, they
do not accumulate beyond 10% of the wild-type level: this holds true for the CCII subunits when expressed in the absence of PSII-K [40,41], PSII-H,
PSII-I [42,43] PSII-O [44,45]; or for PSI subunits
when expressed in the absence of PSI-C [46,47].
There has been, as yet, no conclusive identi¢cation
of the chloroplast proteases responsible for the disposal of these unassembled subunits. However, a
number of proteolytic activities have been detected
in each sub-chloroplast compartment, in the stroma,
in the thylakoid membranes and in the lumen [48,49].
Moreover, chloroplast homologs of bacterial proteases have been identi¢ed, such as the ATP-dependent Clp protease, which has two components ClpC
and ClpP [50], FtsH [51], DegP [52] or various ATPindependent peptidases and amino- or carboxy-terminal processing peptidases (see [32] and references
therein).
One could argue that the need for a larger contribution of a post-translational step in the regulation
of PP assembly in photosynthetic eukaryotes results
from the changes in growth rates, both in cell expansion and cell division rates, whereas the rate of translation remains similar between prokaryotes and eukaryotes. Neosynthesized PP subunits should remain
only temporarily unassembled in a prokaryote cell
because the membrane system in which they are inserted is permanently expanding. In contrast, the
more slowly expanding photosynthetic eukaryotes
may have developed more e¤cient post-translational
mechanisms to prevent the erratic accumulation of
function-de¢cient sub-complexes in the thylakoids.
However, unicellular eukaryotic algae and cyanobacteria both have doubling times in the range of hours,
an observation that weakens the above argument.
The e¤cient proteolytic disposal of unassembled subunits in the chloroplasts is more likely to result from
the need to cope with the splitting, between the nucleus and the organelle, of the genes concurring to
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the formation of a multi-subunit protein. The dual
compartmentalization of the genetic information
should a¡ect primarily the coordination of the rates
at which the subunits are delivered to the thylakoid
membranes. Thus, the high proteolytic activity of the
chloroplast would re£ect one of the alternative regulation steps in protein biogenesis, once transcriptional regulation has lost its prominent role.
2.2. Control mechanisms speci¢cally functioning in
photosynthetic eukaryotes
2.2.1. The gene dosage issue
Among the intriguing aspects of chloroplast protein assembly is the tremendous excess in gene copy
numbers for chloroplast-encoded subunits as compared with those for nuclear-encoded subunits. The
chloroplast polyploidy stands from about 100 up to
100 000 gene copies/cell depending on the organism
as opposed to a few copies only of the various nuclear genes [53,54]. To our knowledge, the number of
transcriptionally active chromosomes per chloroplast
is not known. If all chromosome copies were transcriptionally active in the chloroplast, there would be
a dramatic excess of chloroplast gene products relative to nuclear gene products, unless some speci¢c
regulation process controls chloroplast gene expression. An elegant experimental approach has been designed to address this question by Hosler and colleagues [54] using Chlamydomonas cells treated with
Fudr, a thymidine analog that inhibits selectively
chloroplast DNA replication [55]. Decreasing the
chloroplast gene copy number of rbcL and atpA,
from about 100 to about 10, a¡ects the steady state
level of the corresponding chloroplast transcripts,
but has no signi¢cant e¡ect on the rate of synthesis
of the corresponding polypeptides, which are the
large subunit of the Rubisco and the K-subunit of
the ATP synthase. This observation can be extended
to the whole set of polypeptides translated in the
chloroplast of Chlamydomonas: they retain the
same rate of synthesis independent of a drop by an
order of magnitude in the number of copies of the
chloroplast genome (Drapier and Wollman, unpublished observation). These studies, combined with the
analysis of nuclear mutants with altered chloroplast
transcript stability [28,56], have conclusively demonstrated that there can be extensive changes in tran-
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script levels in the chloroplast with little, if any, e¡ect
on the rate of synthesis of the encoded proteins.
Thus, chloroplast protein expression in steady-state
conditions is not limited by the concentration of
transcripts in the chloroplast. One should therefore
consider the possibility that a signi¢cant fraction of
the transcripts is stored in a non-translatable form in
the chloroplast stroma.
2.2.2. Cross-talk between genetic compartments
Although PPs in eukaryotes are organelle-located,
their biogenesis must still be coordinated by the nucleus during plant cell di¡erentiation. In addition,
the mixed genetic origin of the PP subunits argues
for some coordination in gene expression in order to
get proper protein assembly (see Section 2.1.3). These
issues have been discussed in more details in a recent
review article [57].
2.2.2.1. The nuclear control. The level of gene expression in the chloroplast is mainly determined by
the presence of nuclear factors acting on chloroplast
gene expression at the post-transcriptional level (for
a review see [58]). It is reasonable to assume that the
concentration and life-time of these factors sets an
upper limit for chloroplast gene expression. Thus, the
subunits encoded by chloroplast genes would be expressed at about the same rate as their assembly
partners of nuclear-origin despite the imbalance in
gene copy numbers. Understanding how these nuclear factors are expressed and metabolized stands
as a prerequisite for a comprehensive view of the
coordination of chloroplast and nuclear gene expression.
The most advanced studies in the ¢eld of nuclearcontrol of organelle gene expression have been performed with yeast mitochondria (reviewed in [59])
and Chlamydomonas chloroplasts (reviewed in [58]).
This nuclear control is exerted mainly at the level of
mRNA maturation and translation [60,61]. It is
mediated by organellar-targeted proteins that specifically a¡ect the expression of either one gene or of a
subset of organellar genes [62]. In most of the cases
documented so far, the nuclear factors bind to the 5PUTR of the chloroplast transcripts, where the cisacting signals that determine translation initiation
rates reside. Whether the afore-described nuclear involvement has a regulatory function or whether it

has become merely constitutive of chloroplast gene
expression, has not yet been addressed experimentally, with the exception of psbA gene expression
for which a regulatory function of nucleus-encoded
factors has been substantiated (see Section 5.2.2.1).
Nuclear gene participation in chloroplast gene expression has also been observed in vascular plants
such as Arabidopsis [63^65] or maize [66], but the
targets have been suggested to be less speci¢c than
in Chlamydomonas. It would be premature to conclude that the nucleus to chloroplast cross-talk in
higher plants obeys a radically di¡erent strategy
from that operating in Chlamydomonas, mainly because the screening procedures used to identify the
nuclear mutants are di¡erent in the two systems. A
number of high chlorophyll £uorescence mutants of
Arabidopsis have recently been isolated, and shown
to be protein-speci¢c ones [67]. They should o¡er an
ideal source of mutagenized strains for the study of
nuclear factors involved in chloroplast gene expression in multi-cellular organisms.
2.2.2.2. Chloroplast retrograde signals. It is clear
from the above data that the nucleus participates
extensively in chloroplast gene expression. However,
it is di¤cult to consider the continuous delivery of
nuclear-encoded products to the chloroplast without
a feedback signaling which would set a ¢ne-tuning
for the concerted expression of nuclear- and chloroplast-encoded gene products.
Indeed, the expression of a number of nuclear
genes is light-regulated in vascular plants and green
algae. Phytochrome and UV/blue light photoreceptors have been implicated in these light-responses
[4]. However, part of the light-sensitivity of nuclear
gene expression may be due to chloroplast-based retrograde signals delivered in the course of light-induced photosynthetic electron transfer. Support to
this view may be gained from the fact that the functional state of the chloroplast in£uences the expression of a subset of nuclear genes (see [57] for a review), particularly that of the Cab (or Lhcb) genes
encoding the major antenna proteins [68]. Among the
nuclear factors interacting with chloroplast retrograde signal(s) are the products of three nuclear
genes (Gun) that have been identi¢ed by mutations
in A. thaliana [69].
The chloroplast-based light-regulation of the Cab
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genes operates both at the transcriptional and translational levels. In Dunaliella, transcriptional regulation of the Cab genes in the nucleus was found
to correlate with changes in the redox state of
the intersystem electron carriers in the thylakoid
membranes [70]. In tobacco plants, a light signal regulates cytosolic translation of both the Cab and Fed1 transcripts, the latter encoding the photosystem I
acceptor ferredoxin. The signal is DCMU-sensitive
and was thus ascribed to photosynthetic electron
£ow [71].
The two above-mentioned studies point to a possibly independent and direct retrograde signaling
from the chloroplast to the translational apparatus
in the cytosol acting in parallel with a chloroplastmediated regulation of transcription in the nucleus.
However, three recent reports provide relevant information which should pave the way for a more uni¢ed
picture of chloroplast retrograde signals to the nucleo-cytosolic compartment: (1) chlorophyll precursors localized in the inner envelope membrane of the
chloroplast, namely Mg-protoporphyrin IX, were unambiguously identi¢ed as light targets and e¡ectors
of the light-induction of nuclear heat shock genes in
Chlamydomonas (see [72] and references therein); (2)
nuclear genes for chloroplast-targeted products, such
as the Cab genes, are coordinately controlled at the
post-transcriptional level by a common nuclear product ^ their transcripts speci¢cally fail to accumulate
in the Cen nuclear mutant of Chlamydomonas [73];
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and (3) transcripts for chloroplast-targeted products,
including the Cab transcripts, are preferentially localized in the vicinity of the wheat chloroplast envelope
[74].
Based on these ¢ndings, it is tempting to suggest,
as an hypothetical framework, a two stage retrograde
chloroplast signal that acts primarily on nuclear
transcription but bears consequences on translational
activation. Thylakoid-based redox signals, which are
intimately associated with the photosynthetic process, may be transduced by protein phosphorylation
changes (see [75] for a review) to the chloroplast
envelope where they cause changes in the steady state
levels of chlorophyll precursors. These transducers
are implicated in the regulation of nuclear transcription [72] and may have Gun- and Cen-related genes
among their targets. The corresponding gene products, in turn, participate in translational activation of
those transcripts localized next to the chloroplast,
which deliver chloroplast-targeted products.
2.2.3. The CES process
Studies with C. reinhardtii mutants, in which the
genetic lesion primarily prevents the expression of
only one subunit of a photosynthetic protein, have
often shown as a secondary e¡ect, a speci¢c drop in
the synthesis of another subunit of the same protein
complex (reviewed in [58,76]). This observation has
long been accounted for by the possible early turnover of the unassembled subunit. However, it has

Table 1
The CES process in organelle protein assembly
Organelle

Oligomeric protein

Dominant subunit

CES subunit

Reference

Chlamydomonas chloroplast

Cytochrome b6 f
CCII
CCI
ATP synthase
RUBP

subunit IV and cytochrome b6
D2
D1
PSI-B
subunit L
small subunit

cytochrome f
D1
CP47
PSI-A
subunit K
large subunit

[78,79]
[77,616]
[77,617]
[385]
[56]
[618]

Higher plant chloroplast

Cytochrome b6 f
CCII
RUBP

subunit IV
D1
small subunit

cytochrome f
CP47
large subunit

[66]
[82,619]
[81]

Yeast mitochondria

Cytochrome oxidase
ATP synthase

COXII and COXIII
ATP6 and ATP8

COXI
ATP9

[84]
[620]

Indicated as CES subunits are those subunits that were identi¢ed as showing reduced synthesis in the absence of an assembly partner,
indicated here as a dominant subunit.
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later been recognized that the poorly labeled subunit
was in fact a long-lived species [77,78]. Thus, in several instances, the absence of one PP subunit can
lead to a signi¢cant drop in the rate of synthesis of
one of its assembly partners.
Because of this seemingly hierarchical contribution
of polypeptide synthesis to the biogenesis of chloroplast oligomeric proteins, those subunits whose rate
of synthesis appears assembly-dependent have been
designated as CES subunits (controlled by epistatic
synthesis) as opposed to the dominant subunits
whose absence causes the attenuated synthesis of
their CES partners. Each of the four major PPs contains at least one CES subunit (see Table 1). In one
instance (see Section 8), the molecular mechanism for
a CES process has been documented in greater detail.
It turns out that the CES subunit cytochrome f displays an autoregulation of translation [79]. It occurs
through a negative feedback mechanism involving a
stromal-exposed C-terminal protein motif, which is
shielded upon assembly, and the 5P-initiating region
of the corresponding mRNA [79]. This mechanism
may implicate some additional nuclear factors that
have been identi¢ed in cytochrome b6 f mutants of
Chlamydomonas as speci¢cally acting on cytochrome
f translation [80].
Several observations reported on higher plants
support the view that the CES process is ubiquitous
in the biogenesis of chloroplast proteins. The rate of
translation initiation of the chloroplast-encoded LSu
(large subunit of Rubisco), as measured by the proportion of RbcL transcripts associated with the polysome fraction, has been found to decrease in tobacco
antisense plants that underexpress the nuclear-encoded SSu (small subunit of the Rubisco) [81]. The
crp1 nuclear mutant of maize, which lacks synthesis
of suIV from the cytochrome b6 f complex because of
an impaired processing of its transcript, is also defective in cytochrome f synthesis [66]. The vir-115
nuclear mutant in barley, which is primarily altered
in D1 expression, also shows reduced synthesis of
apoCP47 [82]. Although, other interpretations than
a CES process have been suggested for the last two
examples, it is remarkable that two subunits, cytochrome f and apoCP47, which correspond to CES
subunits in Chlamydomonas, behave as predicted
from a CES process in higher plant chloroplasts. It
should also be mentioned that several studies on the

biogenesis of mitochondrial proteins in the yeast Saccharomyces cerevisiae point to the contribution of a
similar CES process. In particular, the COXI subunit
of the cytochrome oxidase behaves as a CES subunit: its rate of assembly, but not its half-life, drops
when the enzyme does not assemble due to the absence of other COX subunits [83^85].
Fig. 2 summarizes the two major regulation processes, the CES process and the post-translational
degradation process, that control the stoichiometric
accumulation of subunits from a simple two-component PP protein.
3. Conveyance of the PPs to the thylakoid membranes
3.1. Site of translation of the cyanobacterial and
chloroplast-encoded PP subunits
The chloroplast contains its own translation machinery, and the ribosomes therein share extensive
similarities with cyanobacterial ribosomes. Therefore,
the same question should be addressed in the two
cases. Are those polypeptides whose ¢nal destination
is the thylakoid membranes, ¢rst translated elsewhere
^ for instance on stromal (cytoplasmic, in cyanobacteria) polysomes or next to the inner envelope (plasmic, in cyanobacteria) membrane, and then conveyed
to the thylakoid membrane by some speci¢c machinery? Alternatively, are these proteins directly made
in situ, that is co-translationally inserted into the
thylakoid membranes? These aspects have been discussed, in part, in two recent reviews [86,87].
Early electron microscopy studies of Chlamydomonas chloroplasts have shown the presence of ribosome clusters in close vicinity to the thylakoid membranes [88]. This observation is consistent with the
subsequent ¢nding that polysomal fractions from
chloroplast extracts can be separated in soluble and
membrane-bound fractions. Polysomes from the latter fractions can be further distinguished by their
susceptibility to membrane binding, high salt-treatment or puromycin treatment [89,90]. Puromycinsensitive attachment indicates co-translational insertion of the polypeptide into the thylakoid membranes. Identi¢cation of those polypeptides that are
translated out of membrane-bound polysomes has
been performed in two ways: either by probing their
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Fig. 2. A simpli¢ed view of an assembly mediated production of two transmembrane subunits in the stoichiometry required for the
functional accumulation of an oligomeric protein in the thylakoid membranes. The processes depicted in the ¢gure are derived from
those which control the biogenesis of cytochrome b6 f complexes in Chlamydomonas reinhardtii [78,79]. Central panel: the two subunits
are co-translationally inserted in the thylakoid membranes independently. Translation of the CES subunit requires a hypothetical
translational activator. Lower panel: the two subunits assemble in a protease-resistant form, either spontaneously or in a chaperoninemediated process which is not indicated on the ¢gure. Successful assembly allows further co-translational insertion of new subunits.
Upper panel: production of each subunit is prevented whenever assembly is impaired. Two distinct regulation mechanisms contribute
to the loss of the subunits : (1) a post-translational degradation process according to which the dominant subunit is translated at comparable rates whether assembly is completed or not, but the unassembled subunit exposes protease-susceptible protein motifs which
lead to its rapid proteolytic disposal; and (2) an autoregulation of translation according to which the unassembled CES subunit exposes a protein motif which interacts with the translational activator and prevents further synthesis of the CES subunit. Note that the
dominant subunit is named after its role, via the assembly process, in translational activation of the CES subunit. Conversely, the
CES subunit (controlled by epistatic synthesis) is named after the dependence of its synthesis on the presence of the dominant subunit.
In the eukaryotic cell, the dominant subunit could be of nuclear origin and inserted post-translationally in the thylakoid membrane,
whereas the CES subunit has to be translated in the subcellular compartment where assembly takes place.

mRNA content or by run-o¡ translation experiments. These two approaches have led to the conclusion that membrane-associated polysomes translate
both transmembrane and peripheral membrane polypeptides like the PSII RC subunit D1 [91] or the K/Lsubunits of CF1 [92], respectively. Thus, most, if not
all, of the chloroplast-encoded subunits of the PPs
are thought to be translated on polysomes bound to
the membranes either by electrostatic interactions or
by physical attachment of the nascent polypeptide
chains.
A novel approach to the identi¢cation of the translation site of the chloroplast-encoded PP subunits is

emerging with the present e¡orts to localize those
nuclear-encoded factors which interact with the 5Pleader of the chloroplast transcripts. The ¢rst evidence that some of these factors were membrane-associated has come from the detergent-dependence of
the binding of a 47-kDa protein to the 5P-leader of
the psbD transcript in Chlamydomonas chloroplasts
[93]. This observation is reminiscent of the localization to the inner membrane of yeast mitochondria of
several translational activators and mRNA-protective proteins (for a review see [94]). In a systematic
search for the localization of proteins that bind to
the 5P-leader of the psbC transcript in Chlamydomo-
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nas chloroplasts, Zerges and Rochaix [95] have found
that ¢ve major chloroplast mRNA-binding proteins
are indeed associated with membranes. However,
these membranes possess characteristics which are
di¡erent from the bulk of the thylakoid membranes.
They are largely devoid of chlorophylls, and they
resemble the inner envelope membranes in buoyant
density and acyl lipid composition. It should be
noted here that the psbC transcript used in the experiments of Zerges and Rochaix [95] corresponds to
the mRNA for a PSII core antenna subunit. Cotranslational insertion of chlorophyll-binding proteins in the inner envelope membrane is a very attractive proposal since the last steps of chlorophyll
biosynthesis also occur in the chloroplast envelope. It
is then ideally suited as a platform for a concerted
biogenesis of the apoproteins and their pigment cofactors. However, the characterization of the particular membrane fraction reported in [95] does not yet
rule out a possible heterogeneity among the thylakoid membranes themselves. From this stand point,
a subset of the unstacked membrane regions, distinct
from the PSI and the ATPsynthase-enriched domains
[96], may be speci¢cally devoted to membrane protein biosynthesis.
3.2. Targeting to the organelle and import
The nuclear-encoded PP subunits, whose ¢nal destination is the chloroplast, are translated in the cytosol. Hence, some e¤cient machinery must exist
that will target them to the appropriate subcellular/
subplastid compartment where they reside. This involves correct targeting of the proteins to the organelle, and transport into or across the organelle membranes. The leader peptide of the cytosolic-translated
proteins is believed to be both necessary and su¤cient for targeting of the proteins to the organelle,
and for their transport across the double membrane
envelope of the chloroplast [97,98]. The post-translational import of PP subunits has mainly been studied
using in vitro assays, in which radiolabeled precursors are incubated with isolated intact chloroplasts
[99,100].
The ¢rst step of the import process involves binding to lipids of the outer chloroplast envelope [101^
103], and to protease-sensitive receptors on the surface of the chloroplast [104,105]. This step produces

the ¢rst stable import-intermediate of the precursor,
called the early intermediate [106,107]. It requires the
presence of low levels of nucleoside triphosphates
(10^100 WM) and the presence of outer envelope
membrane proteins (OEPs) [106,108,109]. At this
stage, the precursors not only bind to the receptors,
but also progress into the translocation machinery,
being irreversibly bound [106], and frequently partially protected from protease treatment [105,110,111].
Late intermediate proteins span both envelope membranes such that their N-terminal leader peptide is
exposed to the stromal processing peptidase while
their C-terminus is still accessible to exogenous proteases [107,112]. This is a good indication that the
precursors cross the envelope at sites of close contact
between inner and outer membranes (contact/joint
sites). Complete translocation into the chloroplast
is accomplished when the ATP concentration is
raised to approximately 1 mM [106,107]. Protein
translocation across the chloroplast envelope di¡ers
from protein translocation across the mitochondrial
envelope in that it does not require a membrane
potential [113^115].
In order to translocate across the envelope membranes, the protein should maintain a loosely folded
conformation. This is probably achieved by at least
three di¡erent factors known to date: the leader peptide in the precursor which prevents complete folding
of the protein as shown for the ferredoxin precursor
[116,117]; an unfoldase activity localized on the surface of the chloroplasts that keeps the preprotein in
an unfolded conformation prior to its translocation
across the envelope membranes [118^120]; and molecular chaperones, such as members of the Hsp70
family that interact with the precursor proteins, as
shown for preLHCII [121].
In recent years, reports coming mainly from the
group of J. Soll have elucidated and characterized
the components of the protein import machinery of
the chloroplast envelope (see [122] for a review and
references therein). They have indicated the involvement of at least ¢ve OEPs, the ¢fth being an amino
acid-selective channel protein [123], and three inner
envelope proteins (IEPs) (see Fig. 3). A fourth IEP
has been subsequently suggested to interact with the
leader peptide of chloroplast precursor proteins
[124]. Precursor proteins are recognized by the outer
envelope membrane import complex which include
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Fig. 3. Import pathways of nuclear encoded photosynthetic proteins into the chloroplast, and their routing to the appropriate suborganellar compartments. The import of nuclear encoded proteins into the chloroplast is mediated by an import apparatus positioned at
the chloroplast envelope. The initial step of translocation occurs via binding of the protein to OEP86 that serves as a receptor.
OEP75 forms a translocation pore through which the protein translocates with the help of IEP110 the latter probably mediates contact sites between the two envelope membranes (for a detailed presentation see [122,137]). Following import, the stromal leader peptide is cleaved by a stromal processing peptidase (SPP) and the di¡erent proteins use several routing mechanisms directing them to
their suborganellar compartments. Lumen targeted proteins undergo further processing by a thylakoid processing peptidase (TPP), localized to the thylakoid membrane. OEP, outer envelope protein; IEP, inner envelope protein.

two GTP-binding proteins and a receptor subunit
that binds the precursors targeted to the chloroplast.
The translocation of the precursors occurs through a
pore subunit and it is assisted by a member of the
Hsp70 chaperone family situated at the inter-envelope space in association with the surface of the outer envelope membrane. The phosphorylation/dephosphorylation of these outer membrane proteins
probably also contribute to the regulation of the precursor import. [122]. A large portion of a 110 kDa

IEP is exposed to the intermembrane space between
the two envelope membranes [125], suggesting it has
a role in the contact sites. The exact function of the
other inner envelope proteins involved in the import
machinery is not yet known [126].
3.3. Maturation of the precursor: the processing step
During, or shortly after, translocation across the
envelope membranes, the leader peptides are re-
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moved by SPP, a stromal processing peptidase shown
to be a metalo-peptidase [127]. The mechanism of
action and the exact nature and characteristics of
SPP are not yet understood. The only report claiming to identify SPP is that reported in [128] that has
described a puri¢ed pea SPP as an oligomer of two
proteins of about 140 kDa. The stromal facing PP
subunits, as well as some integral membrane proteins, like the LHCII, have been shown to be processed by this SPP.
Lumenal protein maturation has been shown to
consist of two-steps. First, the precursors containing
a bipartite leader peptide are imported to the stroma
where they are processed to intermediate forms by
SPP. Then the intermediates are transferred across
the thylakoid membranes and processed to the mature size by a thylakoid processing peptidase, TPP
localized to the thylakoid membrane. For example,
the presequence of oxygen evolving (OE) lumenal
proteins consists of two targeting signals in tandem,
a stromal targeting domain (STD) and a lumenal
targeting domain (LTD). The STD is equivalent to
stromal protein targeting presequences that are typically basic, hydrophilic, and rich in serine and threonine. Theoretical analyses have predicted that STDs
adopt predominantly random coil conformation
[129].
The characteristic features of the lumen targeting
domain which serves as thylakoid transfer domain,
consist of a charged domain, a hydrophobic core
region and short chain residues, usually Ala, at 33
and 31 positions, relative to the TPP cleavage site
[130]. These features are very reminiscent of signal
peptides of proteins that are exported in prokaryotes
by the Sec-dependent mechanism. Pea TPP and E.
coli signal peptidase have been shown to be virtually
identical [131].
In recent years, the question of protein maturation
(processing) has become a central issue regarding PP
membrane insertion. Di¡erent systems have been
used in an attempt to determine whether processing
the polypeptide is required for membrane integration
or whether it is a ¢nal step in the assembly process,
i.e. does processing enable the protein to obtain the
appropriate folded conformation such that it can be
integrated into an oligomeric PP in a functional
form. This issue, which will also be addressed in
the present review article, is especially relevant with

respect to PP subunits situated at the stromal surface
of the membranes.
3.4. Insertion, assembly and translocation into the
thylakoid membranes
Prior to, right after, or concomitantly with the
processing step, the polypeptides have to integrate/
assemble/translocate across the thylakoid membranes. In recent years, mainly by using in vitro experimental systems, several distinct pathways have
been identi¢ed for the integration of PP subunits in
the thylakoid membranes. The nature of the protein
(peripheral/integral) probably determines the pathway by which it will be inserted/integrated into the
membrane (see Fig. 3). Several studies have indicated
that the thylakoid integration of stromal-facing subunits, like PSI-D [132,133], does not require the presence of NTPs, nor does it need assisting proteins like
chaperones/chaperonines or the presence of a transthylakoid vpH. These subunits probably integrate
via protein/protein interactions, using speci¢c recognition sites with their assembly partners.
The mode of thylakoid integration of integral
membrane proteins, after their import in the chloroplast, remains poorly understood. Whether it is a
spontaneous process or a catalyzed process requiring
receptor sites at the thylakoid membrane surface is
not known. The proteins best characterized in this
category are the light-harvesting chlorophyll a/bbinding proteins (LHCP). The integration of LHCP
has been shown to have characteristics of the SRP
system used for protein targeting to the ER and the
bacterial cytoplasmic membrane [134] (see Section 7).
A spontaneous translocation/insertion pathway has
been proposed for proteins like CF0 -subunit II
(CF0 II) of the ATP synthase. This integral membrane protein which is synthesized with a bipartite
presequence similar to those of lumenal proteins
[135], seems to possess a stop-transfer signal that
prevents its full translocation to the lumen. This
spontaneous membrane insertion brings to mind
the mechanism reported for bacterial membrane systems [136].
The translocation process across the thylakoids of
lumen-facing membrane proteins has been the subject of intensive studies (for recent reviews see
[137,138]). In bacteria, the Sec route is employed
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for protein export across the cytoplasmic membrane
[139,140]. There is now overwhelming evidence that a
Sec system also operates in thylakoids. secA- and
secY-homologous genes have been found in the
chloroplast genome of several algae and vascular
plants [141^143]: a SecA-dependent thylakoid transport mechanism has been identi¢ed in pea chloroplasts [143] and in maize [144]; a stromal 110-kDa
SecA homolog, designated CPSecA, has been identi¢ed and puri¢ed [145], thus accounting for the
stromal factor required for the membrane integration of PC, PSII-O and PSI-F. Inhibition of the
translocation of these proteins by azide, the characteristic inhibitor of E. coli SecA, is also indicative of
the use of an analogous SecA system by the lumenal
targeted proteins [145^147]. Furthermore, a chloroplast homolog of SecY (CPSecY) has been isolated
from Arabidopsis [148]. Presumably it functions in
the thylakoids as in bacteria, by forming part of
the membrane translocon. A detailed characterization of the role of SecY in thylakoid transport pathways is still lacking. In addition to soluble stromal
factors, translocation through the Sec route requires
ATP and is stimulated by a transthylakoid vpH
[149,150].
Other lumenal proteins, like PSI-N and PSII-P/Q/
T, do not require NTPs or stromal factors for their
transport across the thylakoid membranes. These
proteins are translocated by a mechanism that depends strictly on the thylakoidal vpH [146,151^
155]. Because these proteins are absent from cyanobacteria, it has been suggested that this novel system
for protein translocation to the thylakoid lumen has
evolved in photosynthetic eukaryotes [156]. However,
three recent ¢ndings argue against a phylogenetic
interpretation: (1) a vpH route is used for exporting
folded proteins in bacteria [157]; (2) the Rieske
protein, present in cyanobacteria and chloroplasts,
is translocated by this route across the thylakoid
membranes from vascular plants ([524], Karnauchov
and Kloesgen, personal communication); and (3)
several bacterial open reading frames have been
found to be homologous to the Hcf106 gene from
maize, which encodes a receptor-like thylakoid membrane protein necessary for protein translocation via
the vpH route [158]. These observations suggest that
the vpH route is used by passenger proteins in a
prefolded state.

35

4. The biogenesis of PPs: self-assembly or assisted
process?
As mentioned above, and detailed for each PP in
the next sections, the complex routing of the various
PP subunits to the thylakoid membranes is accompanied by a number of co/post-translational modi¢cations which involve numerous possible protein effectors: translational activators, processing enzymes,
protein translocators, (un)folding enzymes, cofactortransferring proteins, etc. Once targeted to the membrane, two major questions arise concerning each
subunit. First, the ultimate co/post-translational
modi¢cations of a particular subunit could occur in
the unassembled state or could be in part catalyzed
by some subunit^subunit cooperative interaction. We
have not found a single example of the latter requirement among the numerous studies on thylakoid protein biogenesis, whether they have been conducted in
vivo or in vitro. Thus, the biogenesis of a PP subunit
can be regarded as an assembly-independent process,
although the rate of synthesis may be a¡ected by
assembly as evidenced by the CES process.
Once the subunits are independently synthesized,
they may either assemble spontaneously in the thylakoid membrane or require assisting proteins that
would not be part of the assembled PP. In the latter
view, a well-ordered series of protein^protein interactions may have to be favored both spatially and
temporally in order to get e¤cient protein assembly.
The role of chaperones in such an assisted process
has been long described for soluble proteins (for a
review see [159]). Although it is the underlying assumption of many biogenesis studies with membrane
proteins, there is at present no de¢nite experimental
evidence for the participation of unambiguously
identi¢ed chaperones in the assembly of PPs.
However, there are several polypeptides that can
be presently considered contributing to the stable
assembly of a PP, without playing some major part
in the function of the active protein. This is the case
of the numerous small polypeptides having one
transmembrane (TM) domain only, the function of
which is unknown, but which are found associated
with puri¢ed PSI, PSII and cytochrome b6 f complexes (see Section 5, Section 6 and Section 8). It is
tempting to suggest that they merely contribute to
establish a protease-resistant con¢guration of the
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PP in the membrane of the living cell, thereby assisting the assembled and active protein. This view has
been adopted, in particular, for the chloroplast gene
product psbT (initially named ycf8) in Chlamydomonas, a 3-kDa polypeptide with one TM segment. In
its absence, the PSII protein complex still assembles
and accumulates in the membranes, but it is destroyed more readily in adverse conditions such as
high light or conditions of limited protein synthesis
[160]. However, it should be noted that those genuine
PP subunits, like PSII-P or the Rieske protein, in the
absence of which the partially assembled proteins do
accumulate extensively in exponentially growing
Chlamydomonas cells, also contribute to their stabilization in more adverse conditions or in aging cells
(D. Drapier, R. Kuras, C. de Vitry, F.-A. Wollman,
unpublished observations). Thus, a lower stability of
a PP in Chlamydomonas in the absence of a particular subunit should not be taken as a strong evidence
that this polypeptide has mainly a chaperone-type
function.
At variance with the above, small subunits of illde¢ned function, several new proteins, are candidates
for a function in the assembly of PSI [161,162] discussed in Section 6, or of PSII ([163], see Section 5).
These are required for the accumulation of the various subunits of the oligomeric protein, although
they are not part of the ¢nal assembly. Their possible
function as a catalyst for cofactor binding to some
PSI or PSII subunit, in a very similar way as does the
CcsA chloroplast gene product for c-heme binding to
cytochrome f ([164]; see Section 8), has not yet been
assessed. It is then premature to consider these proteins as bona ¢de chaperonines for membrane protein assembly.
Given our present state of knowledge, we would
rather consider the assembly process not only as
thermodynamically favorable, but also kinetically
optimized once the various mature subunits of a
PP are membrane-associated within the two-dimensional space of the hydrophobic lipid bilayer. Based
on successful reconstitution experiments in vitro with
two fragments of bacteriorhodopsin, Popot and Engelman have set a two-stage assembly model for integral membrane proteins [165]. In this model, TM
helices are considered as independent folding domains. They ¢rst insert and acquire their K-helical
structure independently in the lipid bilayer, then

undergo helix packing and shu¥ing which leads
them to the fully folded state that corresponds to
the active protein. From this stand point, whether
TM helices belong to a single subunit or to two distinct subunits of an identical oligomeric protein bears
little consequence as to the thermodynamics of the
folding pathway. Consistent with this proposal, are
various examples of gene fusion or gene splitting for
well-conserved TM proteins. The best example is that
of the mitochondrial or purple bacterial gene which
encodes cytochrome b as a single polypeptide with
eight TM helices. It has two counterparts in chloroplasts and cyanobacteria, the petB and petD genes.
These genes encode two subunits, cytochrome b6 and
suIV, having four and three TM helices, respectively
[166]. They are, respectively, homologous to the Nterminal and C-terminal domains of cytochrome b.
The well-conserved structural and functional features
of cytochrome b6 f and bc complexes argues against
any major e¡ect of the splitting of a transmembrane
protein in two parts, regarding their respective ability
to assemble properly. Thus, the major oligomeric
PPs, which encompass from 12 TM helices (cytochrome b6 f) to more than 25 TM helices (PSI or
PSII), could assemble spontaneously through the
packing of their constitutive TM helices, provided
that they have already attached their cofactor complement.
5. Photosystem II
Photosystem II mediates electron transfer from
water to plastoquinones, as a result of the photoinduced charge separation between a primary chlorophyll donor P680 and a pheophytin acceptor molecule. The light-harvesting capacity of PSII is
increased by the association of the core component
of PSII (CCII) with other protein complexes bearing
a peripheral antenna. In cyanobacteria and red algae,
the peripheral antenna is made of phycobiliproteins,
the supramolecular organization and assembly of
which into phycobilisomes have been described in
several recent reviews [7,19,167]. In higher plants
and green algae, CCII is associated with chl a/b-containing light harvesting complexes (for a review see
[167]), the biogenesis of which is described in Section
7. A typical PSII complex from higher plants thus
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contains more than 20 polypeptide subunits, 200^250
chl molecules per P680, and a chl a/chl b ratio that
equals 2^3. In the past decade, a number of reviews
have covered all aspects of the organization and
function of the PSII proteins [168^172].

5.1. The assembled protein
5.1.1. Subunit composition and topology in the
membranes
CCII is highly conserved among all oxygenic photosynthetic organisms, i.e. cyanobacteria, algae and
vascular plants. Table 2 summarizes the current
knowledge on its subunit composition. Most of the
CCII subunits are in a transmembrane orientation,
but a subgroup is associated with the lumenal face of
the thylakoid membranes where they contribute to
the catalysis of water oxidation.
5.1.1.1. The integral membrane part of CCII. Four
major CCII subunits, D1, D2, CP47, and CP43, bind
the prosthetic groups and pigments of the complex.
These encompass the primary donor P680, a dimer
of chlorophyll a, the pheophytin electron acceptor,
the secondary donor tyrosine Yz , the alternative donor YD , the primary and secondary quinone acceptors QA and QB , a 40^60 chl a core antenna, and
10^12 L-carotenes.
The reaction center II. The isolated reaction center
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(RCII) [173], which corresponds to the minimal PSII
assembly capable of photochemical charge separation, comprises four to six chl a molecules, two pheophytin a, one plastoquinone, one non-heme iron, one
to two L-carotenes and six polypeptide subunits. D1
and D2 are the major constituents of RCII, and bear
the two tyrosine donors which are placed at a lumenal loop of D1 and D2, in largely conserved regions
of nine amino acid residues. D1 and D2 show a high
degree of homology to the L and M subunits of the
reaction center of purple bacteria, the structure of
which has been elucidated at high resolution [174^
176]. The four other RCII subunits are the K
(PSII-E) and L (PSII-F) subunits of cytochrome b559 and two low molecular weight subunits, PSII-I
and PSII-W, the latter being absent from cyanobacteria [177,178]. D1 and D2 polypeptides have ¢ve
TM helices each [179], whereas each one of the
four other RCII subunits has only one TM helix
[178,180,181].
Cytochrome b-559. An intriguing feature of the
primary sequence of the two cytochrome b-559 subunits, PSII-E and PSII-F, is the presence of only one
histidine residue, located in the TM helix near the Nterminus [182]. Thus, the bis-His-coordination of the
b-type heme [183] points to a requirement for an
oligomeric structure of holocytochrome b-559. It
was ¢rst suggested that holocytochrome b-559
corresponded to PSII-E/PSII-F heterodimers, based
on biochemical and immunocytochemical studies of
the transmembrane orientations of the two subunits.
They were both found in parallel orientation with
stromal-exposed N-termini [184,185]. This conclusion
was recently challenged by the creation of a photosystem II competent mutant strain of Synechocystis,
which expresses a PSII-E/PSII-F fusion protein and
forces the two transmembrane helices into an antiparallel orientation [186]. In this construct, the hemeliganding histidines of PSII-E and PSII-F are placed
on opposite sides of the mutant membranes. The
authors concluded that only PSII-E or PSII-F homodimers could coordinate the b-hemes. This proposal
supports a stoichiometry of two rather than one b559 heme per RCII, each heme being in a distinct
environment on opposite sides of the thylakoid membrane (see [187] for a review of this controversial
issue). The rationale for the intimate association of
cyt b-559 in RCII is far from being understood. It is
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Table 2
Photosystem II
Subunit

Topology (no.
of TM K-helices)

Approximate molecular
mass (kDa)

Gene
(C/N)

Function and cofactor
binding

Contribution to the
accumulating of PSII

PSII-A (D1)

TM (5)

39

psbA (C)

+ CES

PSII-D (D2)

TM (5)

39

psbD (C)

PSII-E (cyt b-559K)

TM (1)

9

psbE (C)

PSII-F (cyt b-559L)

TM (1)

4

psbF (C)

PSII-I
PSII-B (CP47)

TM (1)
TM (6)

4
56

psbI (C)
psbB (C)

PSII-C (CP43)

TM (6)

51

psbC (C)

PSII-H

TM (1)

8

psbH (C)

PSII-J
PSII-K
PSII-L
PSII-M
PSII-N
PSII-T (ycf8 protein)

TM
TM
TM
TM
TM
TM

4
4
4.5
4
4.5
4

psbJ (C)
psbK (C)
psbL (C)
psbM (C)
psbN (C)
psbT (C)

RCII, QB , YZ 4^6 chl
a, pheo, 1^2 L-carotene
RCII, QA , YD , 4^6 chl
a, pheo, 1^2 L-carotene
RCII, b-heme,
photoprotection?
RCII, b-heme,
photoprotection
RCII
core antenna, 20 chl a,
2-4 L-carotene
core antenna, 20 chl a,
5 L-carotene
regulating QA to QB
electron transfer?
?
?
Role in QA binding?
?
?
?

PSII-O (OE33)

L

PSII-X

(1)
(1)
(1)
(1)
(1)
(1)

26

PsbO (N)

TM (1)

4

PSII-Pa (OE23)
PSII-Qa (OE16)
PSII-Ra
PSII-TPa;c
PSII-Wa

L
L
TM (1?)
L
TM (1)

PSII-Ub
PSII-Vb (cyt c-550)

L
L

+
+
+
3
+ CES
+/3
3 CES
3
+/3
?
?
3
?
+/3

PsbX (N)

Role in Mn cluster
stabilization, Ca2 and
Cl3 binding?
?

20
16.5
10
3
6

PsbP (N)
PsbQ (N)
PsbR (N)
PsbTP (N)
PsbW (N)

Ca2 and Cl3 binding?
Ca2 and Cl3 binding?
?
?
?

3
3
?
?
+

14
15

psbU
psbV

?
role in water oxidation

?
3

?

Topology denotes whether the protein in transmembranal (TM) or lumenal (L). Approximate molecular masses are given according to
the amino acid sequence of the mature protein. Note that they may vary markedly upon gel migration and between di¡erent organisms. C, chloroplast gene (lower case); N, nuclear gene (upper case). +, Required for the accumulation of other subunits of the complex; +/3, mildly required; 3, dispensable; CES, controlled by epistatic synthesis.
a
Found only in higher plants and in algae.
b
Found only in Cyanobacteria.
c
A nuclear-encoded subunit found to be associated with the oxygen evolving complex which was also named PSII-T [623]. Here, we
call it PSII-TP, in order to avoid confusion with the chloroplast-encoded PSII-T.

suggested to have some protective function by acting
as an electron sink in conditions of excess illumination (reviewed in [187,188]).
The core antenna proteins. The two other major
integral membrane subunits in CCII are the core
antenna proteins CP47 and CP43, each having a

bundle of six TM helices, to which about 20 chl a
molecules bind. CP47/43 have large hydrophilic
loops extending in the lumen which participate in
the organization of the donor side of PSII, speci¢cally in chloride binding, assembly of the manganese
cluster and interaction with the PSII-O subunit [168].
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The other transmembrane small subunits of CCII
(see Table 2) probably do not bind cofactors, and
their function remains elusive. A small transmembrane PSII subunit of about 35 residues, encoded
by the psbT chloroplast gene, was suggested to play
a protective role for PSII in adverse conditions in
Chlamydomonas [160].
5.1.1.2. The peripheral oxygen evolving enhancer
(OEE) subunits. This class of subunits, located on
the lumen face of the thylakoid membranes, is signi¢cantly di¡erent in CCIIs from cyanobacteria and
chl a/b-containing organisms. While the O subunit
seems ubiquitous, the P and Q subunits are lacking
in cyanobacterial CCII that in turn contains two
other speci¢c subunits U and V, the latter being a
c-type cytochrome [172]. Using combined deletions
of the genes encoding the O and V subunits, Shen
et al. [189] have shown that the cyanobacterial cytochrome has a function similar to that of the O subunit in O2 evolution. The three eukaryotic OEE subunits, the O, P and Q subunits, also named after
their apparent molecular weights OE33, OE23 and
OE16, are present in a 1:1:1 stoichiometry, most
likely at one copy per RCII, although two copies
have been occasionally suggested (for a discussion
see [190]). The O subunit binds directly to intrinsic
polypeptides of CCII [191]. It stabilizes the Mn-cluster in an optimized con¢guration for catalytic activity [168,169]. The P and Q subunits enhance the
binding of Ca2 and Cl3 [192^194]. Topological
studies have discriminated between regions of subunits O and P that either interact with other proteins or are exposed to the hydrophilic solvent
[195^198].
5.1.2. Supramolecular organization
The three-dimensional crystals of the PSII core
that have been obtained to date are too small to
allow one to determine a structure at high resolution
[199,200] (for a review see [201]). However, the
supramolecular organization of CCIIs has been approached by a variety of other means. Computational modeling studies have used the bacterial RC structure as a template for positioning the residues of D1
and D2 in a three dimensional model [202^206].
Electron microscopy studies yielded a number of
top view projection maps of CCII. The resulting im-
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age is that of a central region of low density £anked
by two prominent regions of high electron density,
which appear to be related by a two-fold rotational
symmetry axis. Despite the structural similarities of
these EM images, there has been an on going controversy as to the oligomeric state of the CCII.
Whereas one group has claimed that the structure
is monomeric [207^210], most of the other groups
concluded that the two-fold symmetry of the projection maps re£ects the dimeric organization of CCII
[211^216]. Chromatography analysis and 2D crystallization studies further supported the dimeric nature
of CCII [214,215,217].
The dimension of the unit cell in tubular crystals
of PSII, containing D1, D2, cytochrome b-559, and
CP47/43/29/26/24 are those of a [17.0]U[11.4] nm
dimer [215]. Similar values of [17.2]U[9.7] nm were
reported for PSII-oxygen evolving core complexes of
about 450 kDa from vascular plants (spinach) and
cyanobacteria (Synechococcus) [217]. Analysis of
PSII complexes containing peripheral antenna components like LHCII and CP24/26/29, has revealed
that these 700-kDa complexes are also dimeric,
with dimensions of about [26.8]U[12.3] nm [217].
Comparison of the later PSII particles with the dimeric CCII complex has led to the conclusion that
CCII is located in the center of the larger particle.
The two LHCII-trimers are located at the periphery
of the centrally located CCII dimer [217,218]. Some
attempts to obtain 3D information with delipidated
thylakoid membranes [207^209,214], added to the
monomer to dimer controversy. In these studies, it
proved di¤cult to con¢rm the precise subunit composition and molecular weight of the unit cell components. Recently, Morris et al. [219] performed a
2D and 3D image analysis of negatively stained crystals formed after reconstitution of an isolated CCII
complex into puri¢ed thylakoid lipids. The isolated
complex comprised D1, D2, CP47, CP43, cyt b-559,
and associated low molecular weight proteins. In the
resulting maps, the PSII complex is composed of two
halves related by two-fold rotational symmetry, thus
con¢rming the dimeric nature of the complex. Each
monomer appears to contain ¢ve domains. The 3D
map has shown this CCII dimer to have a rather £at
stromal exposed surface and largely protruding
bulbs, attributed to hydrophilic loops of CP47 and
CP43, in the lumenal space [220].
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5.2. Expression and assembly
5.2.1. Gene organization and transcription
In photosynthetic eukaryotes, 14 PSII genes are
encoded in the chloroplast genome (see Table 2).
The main features of their organization are rather
well conserved between cyanobacteria and higher
plant chloroplasts with an exception of the two to
three extra copies of psbD and psbA found in cyanobacterial genomes. The di¡erential expression of
these genes when varying the illumination conditions
has been taken as indicative of their role in the adaptation capability of the cyanobacterium to high light
intensities [29,221]. Most of the nuclear-encoded PSII
genes are not found in cyanobacteria. In particular,
as noted above, there is only one conserved OEE
subunit, PSII-O, between the two types of organisms.
Both eukaryotes and prokaryotes show multiple
PSII transcripts, some corresponding to single genes
transcribed independently, others bearing several
PSII genes grouped in a transcriptional unit that
may also comprise unrelated genes encoding either
tRNAs, ribosomal proteins or subunits of other photosynthetic complexes (reviewed in [222]). Polycistronic transcripts are detected in higher plant chloroplasts which originate from PSII gene clusters also
found in cyanobacteria: psbB/psbH, psbE/psbF/psbL/
psbJ, psbD/psbC in which the 3P-end of psbD overlaps the 5P-end of psbC by about 50 bp. Here again,
the chloroplast genome of green algae has distinctive
features with respect to the PSII gene organization
[223,224]. Studies of PSII mutants from C. reinhardtii
have identi¢ed about 10 nuclear loci which participate speci¢cally in the expression of the major PSII
chloroplast genes, psbA^C, at the post-transcriptional level (reviewed in [58], see also Section 2.2.2).
5.2.2. Biosynthesis of individual subunits
5.2.2.1. The reaction center subunit D1. The biogenesis of subunit D1 has been extensively studied in
the past decade. There are at least two major reasons
for this sustained interest. First, D1 binds a class of
powerful herbicides, among which is the widely used
DCMU or Diuron. Second, D1 is the site of photodamage in photosystem II, leading to a process
termed photoinhibition, the recovery from which requires turnover of the D1 polypeptide. Both of these

aspects are discussed in [5,203] and will not be developed further here. Several other aspects of D1 biogenesis have been addressed experimentally, namely
the translational control of chloroplast D1 by nuclear factors and various co/post-translational modi¢cations which accompany membrane integration of
D1, such as its C-terminal processing or its association with pigment cofactors.
Evidence for a nuclear participation in the translation of psbA, the gene encoding the D1 subunit,
has been described in Chlamydomonas. Both a genetic approach, with the identi¢cation of the PSII nuclear mutant TBA-1-F35 [225], and a biochemical
approach, show a correlation between translation
of the psbA mRNA and the binding activity of
trans-acting proteins to its 5P-untranslated region
[226]. A complex circuitry of antagonizing signals
has been dissected for the control of D1 translation
[227,228]: a possible translational activator, a 47kDa protein, has been shown to bind to the 5PUTR of psbA mRNA. This binding is antagonized
by elevated levels of ADP which allow an ADP kinase to phosphorylate a 60-kDa protein which in turn
prevents the binding of the 47-kDa protein. The
binding of the 47-kDa protein has been described
as being redox controlled, leading to the proposal
that the light-induced stimulation of D1 expression
would result from the combined increase in reducing
power and ATP in the chloroplasts [227,228]. The
redox control has been subsequently substantiated
by the identi¢cation of the 60-kDa protein as a
unique chloroplast member of the family of disul¢de
isomerase proteins, which are usually retained in the
endoplasmic reticulum [229]. An additional e¡ect of
light, this time on the rate of translation elongation
of D1, has been reported based on the increased
amounts of polysome-bound translation intermediates of D1 in spinach chloroplasts isolated in their
dark phase of growth [230].
D1 inserts co-translationally into the thylakoid
membranes from polysomes-bound to the stroma-lamella region [91,231, 232]. Co-translational membrane insertion was observed in the absence of
vpH and in the presence of azide, provided that
ATP is present [233]. The azide insensitivity was taken indicative of a SecA-independent insertion process. D1 inserts in the membranes as a precursor form
with a C-terminal extension of about 1.5^2 kDa
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[234], the removal of which is required for the assembly of the Mn cluster [235^237].
The enzymes responsible for D1 processing were
¢rst characterized as soluble proteins which are active on the lumen side of the thylakoid membranes in
Scenedesmus and pea [237]. The corresponding cptA
gene was then cloned and characterized in the cyanobacterium Synechocystis [238,239] and subsequently in spinach, barley and Scenedesmus [240^
242]. In higher plants, CtpA is made as a precursor
protein with a bipartite transit sequence, typical of a
lumen-targeted protein. Using spinach thylakoids,
the CtpA protein from cyanobacteria was successfully imported into its thylakoid location and correctly processed [243]. CtpA translocation depends
both on the Sec and vpH pathways. The sequence
of the mature CtpA protein is well conserved, a fact
that probably explains the ability of psbA gene from
higher plants to successfully replace its Synechocystis
counterpart [244]. Attempts to further characterize
the structural requirement in the site of cleavage in
pre-D1 were performed in spinach [245] and C. reinhardtii [246]. A Synechocystis mutant with inactivated desaturase genes accumulated high amounts
of pre-D1 when grown at 18³C [247]. Therefore,
membrane £uidity may control, in part, the e¤ciency
of cleavage. Alternatively, the molecular mechanism
for D1 processing may involve some speci¢c lipids,
a working hypothesis which would be consistent
with an older report that palmitoylation of D1 would
occur following its insertion into the membrane
[231].
At some point of its assembly in RCII, D1 has to
bind a pigment complement of chl a and L-carotene
molecules. A role of L-carotene binding in the control of D1 turnover has been substantiated by the use
of inhibitors of phytoene desaturase in Chlamydomonas [248]. Mullet and coworkers [33,82,249] had suggested a most stimulating hypothesis according to
which pigment-binding to D1 is not only concurrent
with its co-translational insertion, but is also required for completion of this process. Two series of
experimental evidence supported their proposal. On
the one hand, ribosome pausing was detected at
some speci¢c stages of translation elongation of D1
[249]. Ribosome pausing increased during chloroplast development, being larger in mature chloroplasts where chlorophyll biosynthesis may become
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rate-limiting [250]. On the other hand, a barley nuclear mutant, vir-115, showed a developmentally
regulated loss of D1 synthesis that results in inactivation of PSII. The analysis of D1 translation in this
mutant suggested that vir-115 was de¢cient in a nuclear-encoded gene product which normally stabilizes
D1 translation intermediates and results from ribosome pausing. The latter product was hypothesized
to be a chaperonine-like protein that may catalyze
chlorophyll binding to D1, thereby permitting its
continued synthesis and accumulation [82]. Although
translational run-o¡ assays in the absence or presence of chlorophyll did not allow Kim et al. [251]
to further substantiate a key role of chlorophyll in
the rate of translation elongation of D1, the light
stimulation of D1 elongation in mature spinach
chloroplast supports this hypothesis [230].
5.2.2.2. Other chlorophyll binding CCII subunits. At variance with the above-described lightstimulation of D1 translation, high-light conditions
also stimulate expression of D2 and CP43 at the
transcriptional level in higher plant chloroplasts.
These two subunits are made up of a psbD^psbC
co-transcript whose transcription is speci¢cally enhanced by a blue light/UVA responsive promoter
[252]. Christopher and Mullet [253] have observed
that the blue light promoter allows fully developed
chloroplast to keep reasonably high levels of psbD^
psbC transcripts, while they display an otherwise
markedly attenuated chloroplast gene expression
[254]. More than 90% of these transcripts are recruited on translating polysomes, suggesting a critical
role of the blue light promoter in allowing a replacement of D2 and CP43 in the repair process of photodamaged CCIIs [253]. Participation of nuclear-encoded factors in the expression of the chloroplast
genes psbB, psbC and psbD at the post-transcriptional level, has been extensively demonstrated in Chlamydomonas [58,255].
Carotenoid accumulation has been shown to play
an important role in the formation of PSII subunits
[256], and together with chl a, in the stabilization and
assembly of newly synthesized photosynthetic complexes including CP47 and CP43 [257]. However, the
stage at which chlorophyll binds to the apoproteins
is still a matter of debate. In one instance, the binding of pigments was reported to occur after mem-
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brane insertion of the CP47 apoprotein [258]. The
pigment binding was shown to regulate the accumulation of CP47 and CP43 [33,259]. In Chlamydomonas, chlorophyll-binding was shown to occur at early
stages of apoprotein synthesis, and independent of
the assembly of the subunits in a PSII protein complex [77]. By analogy with the proposed biogenesis of
pigmented D1, most of the data presently available
are consistent with a co-translational binding of the
pigment cofactors to CP47/CP43 that develops during membrane insertion of the elongating polypeptide chains.
5.2.2.3. Processing of the small CCII subunits. The nuclear gene contributing the PSII-W
subunit of RCII encodes a precursor polypeptide of
14 kDa [177]. Similarly to CF0 II, and despite it being
an intrinsic membrane protein, PSII-W carries a bipartite transit peptide of 83 amino acid residues
which directs the N-terminus of the 54 amino acids
mature protein into the chloroplast lumen [260]. The
thylakoid integration of this polypeptide is azide-insensitive and does not require a vpH across the
membrane. Thompson et al. [261] propose that a
central element in the insertion mechanism of PSIIW is a loop structure, the formation of which is
driven by hydrophobic interactions.
The insertion of the nuclear-encoded PSII-X subunit into the membranes does not require either nucleoside triphosphates or stromal extracts, both of
which are necessary for Sec- and signal recognition
particle (SRP)-dependent targeting mechanisms. Furthermore, insertion is una¡ected by protease treatments that destroy the known protein translocation
apparatus in the thylakoid membrane. Thus, PSII-X
is inserted by a Sec/SRP-independent mechanism
that probably resembles that used by CF0 II
[261,262].
The intronless nuclear PsbT gene (hereafter referred to as PsbTP to minimize confusion with the
psbT chloroplast gene) encodes an 11-kDa protein
consisting a transit peptide with stromal and lumenal
targeting domains, and a mature 3.0-kDa polypeptide chain of only 28 amino acids. A two-step processing of pre-PSII-TP has been reported based on in
vitro import experiments into isolated pea chloroplasts: a stromal intermediate of approximately
7.5 kDa has been identi¢ed together with the lu-

men-located mature form [263]. The import and
membrane insertion of PSII-TP were found to be insensitive to azide, but sensitive to ionophores. In
their presence, PSII-TP accumulated as a 7.5-kDa
intermediate form [146]. Thus, PSII-TP insertion in
the thylakoid membranes is mediated via the vpH
pathway.
5.2.2.4. The OEE subunits. A regular two-step
import process has been documented for the three
OEE subunits. First, the larger precursors are imported to the stroma, where they are processed to
intermediate forms that are transferred across the
thylakoid membranes and processed to the mature
size by TPP [137,156,264]. Although all OEE precursors contain a bipartite transit sequence, distinct requirements for protein translocation across the thylakoids have been observed. Their translocation does
not depend entirely on interactions between some
protein motifs in the transit sequence and the translocation machinery in the thylakoid membrane. It
also requires some information from the mature protein sequence. This ¢nding has led to the concept of
a functional co-evolution of the transit sequence and
its passenger protein [265]. Improper interactions of
the transit peptide and the mature part of the protein, may form translocation-incompetent folding, or
disable either soluble or membrane bound factors to
assist the translocation process [266].
The use of di¡erent in vitro and in thylakoido
import systems has clearly indicated that the OEE
proteins fall into two distinct groups having di¡erent
requirements for translocation across the thylakoid
membranes. PSII-P (OE23) and PSII-Q (OE16) are
translocated by a relatively simple mechanism that
depends upon a trans-thylakoidal vpH, but neither
the presence of soluble stromal factors nor ATP are
required [151^153,155,267,268] (See Fig. 3). In contrast, translocation of PSII-O (OE33) obeys similar
requirements as those of PC. It is dependent on the
presence of soluble stromal protein(s) and ATP
[149,269]. The PSII-O/PC translocation system has
been shown to be inhibited by azide, a SecA inhibitor
[147], and therefore was concluded to be a Sec-type
mechanism. However, Yuan and Cline [150] have
also shown that in the presence of ionophores the
assembly of PSII-O into isolated thylakoids was dramatically reduced (60^70%), but not abolished. Thus,
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they concluded that a transthylakoid vpH would
stimulate PSII-O translocation in vitro.
Consistent with the use of distinct translocation
mechanisms, competition experiments for translocation can be achieved only within each group: PSII-P
competes only with PSII-Q, whereas PSII-O competes only with PC. Since cyanobacteria expresses
PC and PSII-O but not PSII-P/Q, it has been speculated for long that the latter have co-evoluted with a
new translocation machinery alien to the prokaryotic
world [156]. The recent report that bacteria are also
able to translocate a subclass of proteins by a vpHdependent pathway should lead us to reconsider this
view (see Section 3.2).
5.2.3. Stoichiometric production of the PSII subunits
A wealth of information on the process of CCII
assembly can be collected from the analysis of PSII
mutant strains, obtained either by classical mutagenesis or by gene disruption techniques. Most of these
data were obtained with the cyanobacterium Synechocystis or the unicellular eukaryote Chlamydomonas. Three subclasses of CCII subunits can be distinguished: those whose accumulation is CCIIindependent; those whose presence is not required
for the accumulation of the major CCII subcomplex;
and those which are coordinately accumulating in a
CCII subcomplex.
The OEE subunits belong to the ¢rst category. In
the absence of the transmembrane part of CCII [77]
or when it is photodestroyed [270], they still accumulate in the thylakoid lumen of Chlamydomonas. The
fact that unassembled OEE subunits resist proteolytic degradation in the lumen has been con¢rmed
with higher plant chloroplasts [271,272]. Therefore,
the mechanism for the accumulation of the OEE
subunits in a stoichiometric ratio required for their
assembly in CCIIs remains elusive and highly intriguing. There should be some regulation mechanism,
independent of the presence of the major transmembrane CCII subunits, which keeps the presence of
OEEs in the lumen at a de¢ned concentration. It
may involve those PSII associated proteins, for instance the antenna-like PsbS product (see Section 7),
or the recently identi¢ed HCF169/ycf48 protein [163]
which are still present in etiolated spinach seedlings
when the chlorophyll-binding subunits are lacking
[178]. Whether the regulation occurs at the level of

43

translocation or subsequent to translocation across
the thylakoid membranes remains to be determined.
Conversely, the absence of PSII-O in cyanobacteria does not a¡ect the stable accumulation of the rest
of CCII in the membrane provided that the cells are
grown in low light conditions [45,189,273]. In Chlamydomonas, the absence of PSII-O had a stronger
destabilizing e¡ect on the other CCII subunits than
the absence of PSII-P [44,77,274].
The second category of CCII subunits comprises
those whose absence has a moderate e¡ect if any, on
the accumulation of the rest of CCII in cyanobacteria, although it has harsher consequences in Chlamydomonas (see Section 1). Taking into account these
distinctive traits, one can conclude from the various
reports in the literature that the small subunits, PSIIH, -I, -J, -K, -L, and -T, are optional since they are
not strictly required for phototrophic growth and for
the overall assembly and accumulation of the major
CCII subunits [40^43,160,275^277]. Whether some of
the small subunits show interdependent accumulation is not yet known. A more detailed analysis of
their behavior awaits the production of speci¢c antibodies to be used in the various deletion strains presently available.
The third category of CCII subunits was identi¢ed
by gene disruption studies in Synechocystis and Chlamydomonas, together with classical mutagenesis in
the latter organism. These genetic studies showed
that the accumulation of the major transmembrane
subunits of the PSII core complex is a concerted
process (reviewed respectively in [77,278]). In Synechocystis sp. PCC 6803, a drastic loss in all the major
CCII subunits was observed in various psbA [279],
psbD [280,281], psbB [282], psbE and psbF mutants
[38,283^285]. However, the fate of CP43 is less
tightly linked to that of the other major CCII subunits. Its absence had milder e¡ects on the accumulation of the rest of the core complex. A CP43-less
cyanobacterium mutant still accumulated 10% of the
wild-type amount of CP47/D1/D2 sub-core complexes, capable of electron transfer from TyrZ to
QA [286]. Conversely, inactivation in Synechocystis
of psbA, the gene encoding D1, still allowed CP43
to accumulate in wild-type amounts, although it prevented accumulation of D2 and CP47 [287].
A somewhat similar picture emerged from studies
with Chlamydomonas PSII mutants [288]. de Vitry et
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al. [77] have demonstrated that part of the concerted
accumulation process results from an increased turnover of the unassembled subunits. For instance,
CP43 is made at wild-type rates in the absence of
either D1, D2 or CP47 in Chlamydomonas, but its
steady state level does not exceed 10% of what is
found in a strain that assembles CCII. The life-time
of neosynthesized D2 in vivo, as measured by pulsechase studies, has been shown to decrease dramatically in the absence of D1 synthesis [77]. However, a
major contribution to the concerted accumulation
process comes from a CES process. D1, apoCP47
and PSII-H behave as members of the CES subunit
family in Chlamydomonas: their rate of synthesis is
decreased in the absence of an assembly partner. D2
and CP47 for the former and D1 for the latter two
([77], de Vitry unpublished observation, [289,290]).
Thus, it can be concluded that there is a concerted
synthesis of D2/D1/CP47/PSII-H, by some presently
unknown molecular mechanism, which leads to their
early stoichiometric assembly and subsequent interaction with CP43, which is synthesized independently
[77]. According to the molecular mechanism that is
being elucidated for another CES subunit, cytochrome f [291], it is tempting to speculate that the
CES subunits in CCII, when not assembled, expose
some protein motif at the stromal face of the thylakoid membrane which down regulates their translation.
5.2.4. Steps in the assembly of CCII
The above-described studies with PSII mutants
from Chlamydomonas have suggested that there is a
¢rst step whereby a D1/D2/CP47/cyt b-559 substructure is formed prior to its association with CP43.
These two subcomplexes have been found to migrate
to the stacked membrane region independently [77].
This model was largely con¢rmed by in vivo pulsechase experiments combined with non-denaturing gel
electrophoresis using the wild-type strain of Chlamydomonas [292]. It has been shown that D1 associates
at very early stages with D2 and CP47 in unstacked
membrane regions before integrating in larger protein complexes in stacked membrane regions.
Interestingly, van Wijk and coworkers [293^295],
using an independent in vitro approach, based on
run-o¡ translation of labeled D1 with isolated thylakoids from spinach and in organello pulse-chase ex-

periments, extended the model for PSII assembly to
vascular plants while giving a wealth of more detailed information.
Immediately after completion of translation, neosynthesized D1 has been detected both in assembled
RCII and in an unassembled state in the membranes.
This dual location indicates that indeed co-translational assembly with D2 may occur in vivo. Unassembled D1 has then been found to incorporate into
RCII in unstacked membrane regions before getting
in larger CCII complexes in the grana regions. In
their more recent study, van Wijk et al. [295] reported a step-by-step association of D1, ¢rst with
D2, then with cyt b-559 and the psbI product.
CP47 associates with these PSII RC before the ¢nal
binding of CP43. The requirement for cytosolic and
stromal factors in the lateral migration of RCII and
CP43 from the stromal to the granal regions of the
thylakoids and their incorporation in larger CCII
complexes has been suggested based on the inability
of isolated thylakoids to perform these steps [294].
As pointed out by the authors [293,294], the timeresolved characterization of the incorporation of D1
in assembly intermediates in the thylakoid membranes has been performed in organello, in experimental conditions where the various biosynthesis cofactors of nuclear origin cannot be delivered properly
to the chloroplast. Owing to the dependence of D1
translation on cofactor availability (see synthesis of
individual subunits), a shortage in cofactors may explain the slow rate of elongation of D1 which has
been estimated to be as slow as 40 residues per minute [293]. Translation in prokaryotes is estimated to
occur at rates about 20 times faster [296]. Also, the
large proportion of D2, CP43 and CP47 which remained unassembled in the in organello experiments
[294] suggests that de novo biogenesis of CCII complexes was poorly operating in these conditions.
Thus, the experimental system was best suited for
the study of the replacement of D1 in pre-existing
CCII and RCII complexes ^ a physiological situation
indeed encountered both in low light and high light
conditions (reviewed in [5]). It is remarkable that
despite the widely di¡erent experimental conditions
and organisms used, the in vivo and in vitro approaches yielded consistent observations. These concur to a step-by-step assembly process for CCII in
which formation of an RCII/CP47 subcomplex pre-
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cedes association with the other core antenna subunit
CP43.
C-terminal processing of pre-D1 has been shown
to play no critical role in this series of assembly and
lateral di¡usion steps. According to Adir et al. [292]
processing of pre-D1 occurs after the lateral migration and integration into RCII. van Wijk et al. reported that neither processing of pre-D1 is required
for its assembly into a PSII (sub)complex, nor is
processing prevented in the absence of assembly
[294]. psbA gene transformation techniques allowed
direct expression of a pre-processed D1 in Synechocystis [297] and Chlamydomonas [298,299]. The transformants grew phototrophically and correctly assembled CCII. Thus, co-translational insertion of a
precursor protein followed by its conversion to a
mature form is not mandatory in the biogenesis of
CCII.
Still, it is likely that for kinetic reasons, processing
of D1 occurs at an early stage in the biogenesis of the
CCII complex [231,292,295]. Processing of pre-D1
becomes critical at a later stage in PSII assembly.
It is required for the photo-activation of CCII that
sets up water splitting activity by promoting the assembly of the manganese cluster [237,297]. Indeed,
cyanobacterial mutants in which the C-terminal
processing of pre-D1 is hampered, are light-sensitive
[239,300]. Processing of D1 probably plays a role in
the binding of PSII-O to the pre-assembled transmembrane part of CCII. It should be noted that
PSII-O and PSII-P have distinct binding sites to
the OEE complex, with PSII-Q binding indirectly
to CCII via its interaction with PSII-P [77].
The stage at which two other major post-translational changes take place in CCII biogenesis (the
dimerization of the protein complex and the phosphorylation of several subunits) remains a matter of
debate. The dimerization step should be detected in
non-denaturing gels or other chromatographic approaches, as the appearance of larger PSII complexes
of similar biochemical composition at the expense of
smaller ones. It could correspond to the conversion
of a 190^245-kDa small CCII into a 280^360-kDa
large CCII described as a late step in PSII assembly
[294]. Interestingly, this step was reported to be
strictly dependent on the presence of cytosolic factors. This points to a possible involvement of one of
the nucleus-encoded CCII subunits, PSII-W, PSII-S
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or PSII-T, in the dimerization process, similar to that
of the PSI-L and PSI-I subunits in the trimerization
of CCI (see Section 6). A systematic analysis of the
state of oligomerization of those CCIIs which remain
in the various PSII mutants de¢cient in either of the
minor PSII subunits should be a suitable way to
identify such components. In one such study where
the chloroplast psbH gene was disrupted in Chlamydomonas, it was concluded that PSII-H may participate in the stabilization of CCII dimers [277].
D2, CP43 and PSII-H are the major phosphorylated subunits in PSII in Chlamydomonas [301]. In
higher plant chloroplasts, D1 is also phosphorylated
[302]. Phosphorylation in PSII should occur at a late
stage in the assembly of CCII since all the mutants
from Chlamydomonas which do not accumulate
CCIIs because of a defective synthesis in either one
of its major subunits, display only the non-phosphorylated forms of the CCII subunits [303,304]. de
Vitry et al. [77] have proposed that phosphorylation
occurs at a late stage in PSII assembly, namely upon
association of CCII with the minor and major chl a/b
peripheral antenna proteins. This proposal is supported by the fact that there is no PSII phosphorylation either in cyanobacterial CCIIs, which do not
assemble with such chl a/b peripheral antenna proteins, or in a Chlamydomonas mutant speci¢cally
lacking the peripheral antenna complexes [305].
Several studies performed with vascular plants
support a role of PSII (de)phosphorylation in the
sensitivity of CCIIs to high light conditions. Phosphorylated D1 and D2 would be less prone to lightinduced degradation [306] and the phosphorylated
dimeric form of CCII would be more stable in
high-light conditions [307]. In the two cases, PSII
phosphorylation was suggested to play a role in the
repair cycle of damaged CCIIs, a proposal substantiated by the observation that dephosphorylation was
a prerequisite for degradation of photodamaged D1
[308].
5.2.5. Are there protein factors speci¢cally involved in
CCII assembly?
Any of the above-described steps in CCII assembly
may require some as yet unidenti¢ed factors that
assist the subunit^subunit recognition process. A
candidate for such a function has been recently identi¢ed in Arabidopsis upon characterization of a high
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£uorescence mutant, HCF136, that lacks CCII cores
[163]. Interestingly, this mutant is also de¢cient in the
OE subunits, which have been shown in other instances to accumulate in the absence of the transmembrane moiety of CCII (see Section 5.2.3). The protein
identi¢ed by the mutation is nuclear-encoded and it
is translocated to the thylakoid lumen where it resides as a peripheral membrane protein bound to the
membrane surface in the stroma lamellae region. It is
present in sub-stoichiometric amounts as compared
to the bona ¢de CCII subunits and it accumulates in
etiolated seedlings with the OE subunits and cyt b559, whereas the transmembrane subunits of CCII
accumulate only upon illumination [163]. Similarly
to the Ycf3/4 and BtpA products (see Section 6),
HCF136 could act as a chaperonine for PSII assembly. However, it could as well be required for cofactor binding to some PSII subunit, ful¢lling a prerequisite for their stable accumulation. For instance, it
may participate in the apo-to-holo conversion for
cytochrome b-559 in a similar way as do the CCB
factors for the biogenesis of cytochrome b6 (see Section 7).
6. Photosystem I

The holo-PSI complex of plants and algae is composed of a light-harvesting complex (LHCI) and a
core component (CCI) [309]. The holo complex contains from 11 subunits in cyanobacteria (no LHCI
present) up to 17 in higher plant chloroplasts, 100^
200 chl molecules per P700 and a chl a/chl b ratio
greater than 5. The limited information available
on the biogenesis and assembly of the LHCI compo-

nents that function as a peripheral antenna are described separately in Section 7. Here, we focus on the
biogenesis of the core component of PSI, which assembles 60^100 chl a molecules that serve as a core
antenna, and the primary reactants that perform a
plastocyanin-ferredoxin oxido-reductase function.
CCI drives the electron transfer from plastocyanin
(PC) which is located in the lumenal space, to ferredoxin (Fd) which is situated in the chloroplast stroma. In some algae and cyanobacteria, the secondary
electron donor of CCI is a c-type cytochrome. Besides Fd, cyanobacteria may contain a low-potential
£avoprotein, £avodoxin, as an electron acceptor
[310,311]. The electron transfer within CCI occurs
via the primary electron donor P700 which is a chl
a dimer and ¢ve electron acceptors: A0 , a chl a
monomer; A1 , vitamin K1; and A2 ^A4 , the three
4Fe^4S clusters, FX , FA , FB . For a recent review
on the electron transfer within Photosystem I see
[312].
6.1. The assembled protein
6.1.1. Subunit composition and topology in the
membranes
Table 3 summarizes the subunit composition of
CCI. The subunits are termed PSI-A/N, according
to the corresponding psa A/N genes. They are well
conserved among eukaryotes and prokaryotes performing oxygenic photosynthesis with the exception
of three subunits which are not present in cyanobacteria (PSI-G/H/N) and one subunit which is absent in
higher plants (PSI-M) (see Table 3). All CCI cofactors, i.e. pigments and electron transfer carriers are
situated only within three subunits that de¢ne reaction center I (RCI): PSI-A, PSI-B and PSI-C. The
function of the various subunits, when known or
hypothesized based on reasonable assumptions, is
indicated in the table.
CCI comprises both integral and peripheral membrane subunits. Among the former are the two high
molecular weight RCI subunits, PSI-A and PSI-B
that form the integral membrane core of the complex, each having 11 transmembranal helices [313],
and the low molecular weight subunits, PSI-G/I/J/
K/L/M each having at least one transmembrane helix
[314,315]. The other subunits are peripherally located
either on the stromal side of the thylakoids (PSI-C/
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Table 3
Photosystem I
Subunits

Topology (no.
of TM K-helices)

PSI-A

TM (11)

PSI-B
PSI-C
PSI-I

Approximate
molecular mass (kDa)

Gene
(C/N)

Function and cofactor
binding

Contribution to the
accumulation of PSI

84

psaA (C)

+ CES

TM (11)
S
TM (1)

83
9
4

psaB (C)
psaC (C)
psaI (C)

P700, A0 (Chl), A1
(vitamin K1 ), FX [4Fe^4S],
heterodimer binds about
100 Chl a, 12^15 L-carotene

PSI-J

TM (1)

5

psaJ (C)

PSI-D
PSI-E
PSI-F

S
S
TM (1^2?)

18
10
17

PsaD (N)
PsaE (N)
PsaF (N)

PSI-K
PSI-L

TM (2)
TM (2)

9
18

PsaK (N)
PsaL (N)

PSI-Ga
PSI-Ha
PSI-Na

TM (1^2)
?
L

11
11
10

PsaG (N)
PsaH (N)
PsaN (N)

?
?
?

?
?
?

PSI-Mb

TM (1)

PsaM

?

3

3

2 [4Fe^4S] (FA , FB )
trimer formation in
Cyanobacteria
?
ferredoxin docking
cyclic electron transport
plastocyanin docking in
eukaryotes
?
trimer formation in
Cyanobacteria

+
+/3
3
3
+/3
3
3
3
3

Topology denotes whether the protein is transmembranal (TM) or whether it faces the stroma (S) or the lumen (L). Approximate molecular masses are given according the amino acid sequence of the mature protein. Note that they may deviate markedly between different organisms. C, chloroplast gene (lower case); N, nuclear gene (upper case). +, Required for the accumulation of other subunits
of the complex; +/3, mildly required; 3, dispensable; CES, controlled by epistatic synthesis.
a
Found only in higher plants and in algae.
b
Found only in Cyanobacteria.

D/E) or on the lumenal side of the membranes (PSIF/N). Some reports have indicated that PSI-F contains a transmembranal domain as well [313,316].
6.1.2. Supramolecular organization
Two methods, electron microscopy (EM) and Xray crystallography, have provided valuable information on the supramolecular organization and structure of CCI. While the former has elucidated the
global shape and size of di¡erent PSI complexes
[317^321], the latter has permitted a more detailed
molecular knowledge of secondary and tertiary structural elements of the CCI subunits, and of the prosthetic groups [313,322,323].
CCI displays an ellipsoid [324], or disk shape [317]
with dimensions of [15^18]U[8^9]U6 nm [317,324^

326]. It has a ridge of 2.5^3 nm height projecting
from the stromal side of the membrane while the
lumenal side is rather £at, with a 3-nm-deep indentation in the center of the complex [318,327]. While
the ridge has been attributed to the PSI-C/D/E subunits, the central indentation would correspond to a
region in which the two large subunits PSI-A and
PSI-B are partly separated [318].
These EM observations have gained support from
studies in which averaged top and side view projections of the whole CCI were compared with CCI
depleted of PSI-C, -D and -E. The latter showed a
reduced height of the complex, by about 2.5^3.3 nm
[328]. A recent study has indicated that CCI from
higher plants is slightly larger than the cyanobacterial complex, but it shows many similar features, in-
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cluding similarities in detecting the stromal facing
PSI-C/D/E subunits [321].
More detailed molecular information has been obtained by X-ray crystallography. The most detailed
structural data available to date comes from the
three-dimensional structure of Synechococcus elongaî and recently at 4-A
î
tus. CCI determined ¢rst at 6-A
resolution [313,322]. The latter has identi¢ed 31
transmembrane K-helices and 71 chl a molecules
whose localization has been determined. PSI-A and
PSI-B have been assigned 11 transmembranal helices
each. The two subunits relate to each other by a
two-fold rotation axis that passes through the Fe^S
cluster Fx . In addition to Fx , the location and the
spatial arrangement of the other Fe^S clusters have
î from Fx . Moreover,
been identi¢ed at 15 and 22 A
the existence of additional chl a electron acceptor(s)
besides P700 and A0 has been proposed [313].
Although the stromal extension of CCI is presently
poorly resolved in the X-ray structure, some detailed
structural information is available on PSI-E. Its
three-dimensional structure has been determined by
two-and three-dimensional NMR in Synechococcus
sp. PCC 7002 [329,330]. PSI-E folds in a ¢ve-strand
antiparallel L-sheet with an extensive hydrophobic
core.
Whether CCI exists as a trimer and/or a monomer
has been a matter of debate. Ford and co-workers
[325,326] reported that CCI lies with its shortest axis
across the thylakoid membrane. These authors have
proposed that the trimeric structure observed in vitro
[317] occurs as a result of the detergent environment
and the extraction procedure. Hefti and his coworkers, in a detailed study of CCI organization
within membranes placed under di¡erent ionic
strength, concluded that it remained monomeric
under all conditions tested [319]. In contrast, several
reports have supported the existence of the trimeric
form of CCI in thylakoid membranes [331,332]. High
resolution electron microscopy and digital image
processing studies which made use of a monoclonal
antibody isolated from mice immunized with the
native trimeric CCI, concluded to the trimeric nature
of CCI in situ [333]. The ¢nding, however, that a
Synechocystis PSI-L mutant failing to form CCI
trimers grows autophototrophically supports the
view that trimerization is not a prerequisite for e¤cient photosynthesis in cyanobacteria [334,335].

6.2. Expression and assembly
6.2.1. Gene organization and transcription
In the green lineage of photosynthetic eukaryotes,
¢ve PSI subunits are encoded by the chloroplast
genes psaA, B, C, I, J, while the other subunits are
encoded by the nuclear genes PsaD, E, F, G, H, K, L
and N. Reith and Munholland [336] have shown that
the psaE, psaF and PsaL genes are still present in the
plastome of the primitive red algae, Porphyra purpurea. Some of the nuclear PSI genes, like the PsaD
gene are present in more than one copy in higher
plants [337^339]. The PsaE and PsaH genes have
also been found in two to three copies in Nicotiana
Sylvestris [340^342]. Recently, an octamer motif was
found to be bound with three phosphoproteins at the
5P-£anking region of PsaDb, PsaEb and PsaHa [343].
This octamer motif is not found in the promoter
regions of the plastome genes [344] nor in red-algal
plastid-encoded psaE [336,345], implying that these
CCI genes acquired this octamer motif after they
were transferred from the ancestral organelle to the
nucleus.
A most noticeable feature of the CCI gene organization is the tandem organization of the psaA and
psaB genes which is conserved in the chloroplast of
vascular plants [346] and Euglena [347], as well as in
cyanobacteria [348^352]. Thus, the two major RCI
subunits are co-transcribed in most instances with
the noticeable exception of C. reinhardtii. In the latter case, the psaA and psaB genes are transcribed
independently. The mature psaA transcript is produced after a complex trans-splicing process, involving numerous nuclear-encoded factors, which requires the ligation of transcripts from three distinct
psaA axons that are dispersed along the chloroplast
chromosome (for a discussion see [57,58], and references therein). The localization of the psaC gene differs between the chloroplast of vascular plants and
cyanobacteria. In the former, it is co-transcribed with
two adjacent ndh genes [353,354], whereas it is transcribed as a monocistronic mRNA in Synechochoccus
7002 [355], and in Synechocystis 6803 [356].
6.2.2. Biosynthesis of individual subunits
6.2.2.1. The RCI subunits, PSI-A and PSI-B. In
C. reinhardtii, the translation of the chloroplast psaB
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transcript is controlled by at least two nuclear-encoded factors that interact with its 5P-UTR [357].
Interestingly, the two PSI mutants which have allowed the identi¢cation of these psaB targeted factors lacked synthesis of both the PSI-A and PSI-B
RCI subunits. Thus, the synthesis of PSI-A depends
on the presence of its assembly partner PSI-B, a
characteristic typical of the family of CES subunits
[358]. At variance with the case of cytochrome f [79],
the molecular mechanism for this CES process may
be at the elongation step of psaA rather than at the
initiation step, since the expression of a reporter gene
fused to the 5P-UTR of psaA was preserved whether
PSI-A and PSI-B were assembled or not [357]. The
insertion of PSI-A and PSI-B into the thylakoids,
which forms the hydrophobic core of CCI, is considered as concurrent with their translation on membrane bound ribosomes. However, their membrane
insertion becomes protease-resistant only upon their
association with chl a, as demonstrated in vivo using
greening etioplast from barley [251], or by providing
intact etioplasts with in vitro synthesized chl a or Znpheophytin a [359]. The binding of another cofactor,
the Fe^S cluster Fx , is required for the protease-resistant assembly of PSI-A and PSI-B since site-directed mutagenesis of Fx -coordinating residues
from PSI-B led to the loss of RCI in C. reinhardtii
[360,361]. Thus, assembly of RCI in a protease-resistant form corresponds to the formation of an active
RCI that is, an assembly of the PSI-A and PSI-B
apoproteins with their functional cofactors.
6.2.2.2. Other transmembrane subunits. PSI-K is
a nuclear-encoded integral membrane subunit that
is imported into intact chloroplasts in a precursor
form where it is converted to a mature form localized
exclusively in the thylakoid membrane fraction [362].
Attempts to import a truncated precursor form lacking the seven most N-terminal residues proved unsuccessful [362]. In vitro import studies have indicated that PSI-K, as well as PSI-L, another
transmembrane subunit which also contains stromatargeting pre-sequences, are integrated into the thylakoids in a mechanism which is insensitive to azide
and is only slightly a¡ected by uncouplers. It has
been proposed that the information for membrane
integration lies within the mature part of these proteins [363].
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6.2.2.3. The peripheral stromal-facing CCI subunits. The stromal-facing peripheral subunits of
CCI, PSI-C/D/E associate with the thylakoid membranes by some speci¢c interaction with other integral or peripheral membrane proteins. Both the precursor and mature forms of PSI-D can integrate into
the thylakoid membranes as observed when the radiolabeled protein was expressed in an in vitro translation assay and mixed with intact plastids or isolated thylakoids [132,364]. Assembly of PSI-D into
the thylakoids of plants and/or cyanobacteria requires neither the stromal fraction nor ATP
[132,133]. Similarly, thylakoid insertion of PSI-H or
PSI-E does not require ATP, the proton motive
force, or stromal/cyanobacterial cytoplasmic factors
([363,624], Cohen and Nechushtai, unpublished observation). Both PSI-D and PSI-E assemble speci¢cally into holo-PSI. No association of the newly integrated labeled protein subunits with any other
membranal complex has been observed [624,625].
Moreover, pre-PSI-D can also assemble into isolated
PSI complexes. Upon the addition of the stromal
fraction, the precursor, bound to an isolated PSI
complex, can be correctly processed by the stromal
processing peptidase [365]. While the assembly of
pre-PSI-D in the thylakoids is not a¡ected by the
presence of salts, the mature form, PSI-D, cannot
assemble into the membranes at high salt concentrations [366]. Mature PSI-D becomes resistant to proteolysis only when attached to the thylakoids [364].
This set of observations argues for the involvement
of at least two steps in the assembly process of prePSI-D in the thylakoid membranes. As a ¢rst step,
pre-PSI-D binds to RCI, probably in an extended
conformation that is responsible for its proteolytic
susceptibility. The extended conformation, which
may be similar to that of pre-PSI-D in a soluble
environment, would be caused by the presence of
the leader peptide. Then, pre-PSI-D is processed to
its mature form. The latter step is most likely accompanied by a conformational change, thus allowing
the formation of electrostatic interactions between
PSI-D and some other RCI subunits. These intracomplex interactions probably secure PSI-D on the
thylakoid membrane surface and provide protection
against proteolytic digestion.
6.2.2.4. The lumen-facing CCI subunits. PSI-N is
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a nuclear-encoded subunit, synthesized in a precursor
form with a two-domain transit peptide, which ¢rst
targets the protein into the chloroplast, and then
translocates it across the thylakoid membrane into
the lumen [367]. The translocation of PSI-N across
the thylakoids does not require the presence of stromal factors or nucleoside-tri-phosphates (NTPs). It
has been found to depend on the vpH across the
membrane [154]. Thus, the translocation pathway
of PSI-N seems similar to that of the OE16 and
OE23 proteins of the oxygen-evolving complex, but
di¡ers from that of PC and OE33 [368,369]. Despite
the bipartite nature of the PSI-N transit peptide, no
intermediate processing form has been detected.
Hence, it has been concluded that the full precursor
(pre-PSI-N) translocates both across the chloroplast
envelope and across the thylakoid membrane, where
it is directly processed by the thylakoid processing
peptidase to yield the mature PSI-N form [154].
PSI-F is another RCI subunit of nuclear origin. Its
¢nal location is on the lumen side of the thylakoid
membranes, where it mediates the fast electron transfer from PC to P700 [370^372]. The protein has been
found to contain a transit peptide that structurally
resembles the bipartite targeting signal of lumen proteins [373]. It has been concluded from in vitro import experiments that PSI-F, like OE33 and PC,
translocates across the thylakoids by a pathway
that involves stromal factors. The fact that thylakoid
translocation of PSI-F is impaired in the presence of
sodium azide indicates that it is SecA dependent
[363,374]. In one report, PSI-F from Chlamydomonas
could be successfully imported in spinach mitochondria, both in its precursor and mature forms [375].
This unexpected ¢nding suggests that the sorting step
for import in either of the two organelles may rely on
additional control mechanisms in the cytosol that are
independent of the presequence of the imported protein.
6.2.3. Stoichiometric production of the RCI subunits
This issue has mainly been addressed by molecular
genetic approaches. These studies concur to the conclusion that the accumulation of the two main RCI
subunits, PSI-A and PSI-B, is a concerted process
that controls the accumulation of the other CCI subunits. In cyanobacteria and Chlamydomonas, inactivation of the genes encoding either PSI-A or PSI-B

causes the loss of all transmembrane and peripheral
CCI subunits [360,376,377]. In particular, a psaB disrupted strain does not accumulate PSI-A homodimers although the PSI-A and PSI-B proteins are
highly homologous [377]. The latter observation can
be easily explained by PSI-A being a CES subunit
whose synthesis requires the presence of PSI-B (see
Section 6.2.2.1).
Inactivation of the psaC gene gave contrasting observations in Chlamydomonas and cyanobacteria. In
the former case, the whole set of CCI subunits disappears [46] whereas in the cyanobacterium Anabena,
the disruption of FA and FB that harbor PSI-C subunit has no e¡ect on the functional assembly of PSIA and PSI-B [47]. This is one of many examples
showing that partially assembled protein complexes
in the thylakoid membranes are more susceptible to
degradation in Chlamydomonas chloroplasts than in
cyanobacteria.
In cyanobacteria, inactivation of the CCI subunits
that do not bind prosthetic groups has limited e¡ects
on the accumulation of RCI. In Synechocystis 6083,
the absence of the CCI subunits like PSI-E, PSI-F
and PSI-L, has no e¡ect at all, or has only a minor
e¡ect on the function and assembly of the rest of
CCI [316,378,379]. Inactivation of the PSI-L subunit
prevents trimerization of CCI, but the monomeric
protein complex assembles like in the wild-type and
remains fully active [334,335]. PSI-I-less cells have
revealed that PSI-I plays a major role in the structural organization of PSI-L. Trimeric CCI cannot be
isolated from these PSI-I-less cells and the amount of
PSI-L in the isolated monomers is reduced by 80%.
Besides these two e¡ects, the function and assembly
of the other CCI subunits is virtually normal
[335,380]. A similar privileged interaction between
two subunits was observed for PSI-J and PSI-F. Targeted deletion of psaJ from the cyanobacterium Synechocystis leads to an 80% reduction in the content in
PSI-F [381,382].
The only subunit that contains no prosthetic
group, but seems critical for the assembly and/or
accumulation of the other CCI subunits is PSI-D.
Inactivation of the Synechocystis psaD gene resulted
in a strain with normal amounts of the PSI-A-PSI-B
core subunits, but reduced P700 photooxidation and a
marked decrease in all low molecular weight RCI
subunits [383]. Evidence for a direct interaction be-
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tween PSI-D and PSI-B has recently been obtained
[384]. In most instances where inactivation of one
CCI gene led to a decreased accumulation of some
other RCI subunits, the question of their proteolytic
disposal versus decreased rate of synthesis was not
addressed experimentally. Thus, it remains to be investigated whether the degradation of unassembled
subunits is the major contribution to the stoichiometric production of the RCI subunits or whether there
are other CES subunits in CCI, besides PSI-A whose
synthesis is clearly depressed in the absence of PSI-B
in C. reinhardtii [385].
6.2.4. Steps in the assembly of CCI
Studies performed during the greening of etiolated
seedlings strongly support a step-by-step appearance
and accumulation of the CCI subunits. This has been
shown by detecting the PSI content in leaves
[386,387] and in puri¢ed thylakoid membranes
[388,389]. While the PSI-A and PSI-B core subunits
can be detected in dark-grown seedlings, even in
small amounts, the nuclear-encoded peripheral subunits appear sequentially upon exposure to light,
with PSI-D being the ¢rst to accumulate.
It should be noted, however, that this step-by-step
assembly of CCI could very well be con¢ned to developing plastids. Under steady-state conditions,
pulse labeling experiments performed in plants, spirodela, green algae Chlamydomonas, and cyanobacteria Synechocystis, have shown that all CCI subunits
are similarly labeled [133,390,391]. Hence, the steadystate assembly of PSI either follows a mechanism
di¡erent from the assembly in developing leaves, or
merely represents the replacement of various CCI
subunits, which therefore assemble into pre-existing
complexes, and not into a de-novo synthesized CCI
[133].
If indeed, a repair mechanism is mainly at work
under steady-state conditions, it is of special relevance to understand the intra-complex interactions
formed between the di¡erent subunits of the assembled complex. These have been studied with
CCI mutants of cyanobacteria. The integration of
PSI-D and PSI-E increases when it is performed
into thylakoids isolated from mutants that lack
PSI-E. Similarly, the assembly of PSI-D into thylakoids of PSI-D-de¢cient mutants is more e¤cient. In
contrast, when the assembly of PSI-E into the PSI-
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D-de¢cient mutant is examined, it is found to be
signi¢cantly reduced [133,392]. When the membranes
used for the PSI-E insertion are isolated from a mutant lacking PSI-F and PSI-J, the newly bound PSI-E
can be removed by both NaBr and proteolytic treatments [392]. Taken together, these observations suggest that the assembly of PSI-E with the rest of CCI
is strengthened by its interactions with PSI-D and
PSI-J. The early appearance of PSI-D in greening
experiments (see above) led to the suggestion that
PSI-D contributes to the binding and/or proteolytic
resistance of several other CCI subunits [383,393].
Consistent with this view, PSI-D has also been
shown to stabilize the binding of PSI-C to CCI in
a reconstitution assay [394]. The type of interaction
between the various subunits has not yet been characterized. Mature PSI-D seems to establish electrostatic interactions with other components of CCI
[366]. However, there is no clue which residues are
involved in those interactions. It is of note, that despite the high homology between PSI-D from cyanobacteria and vascular plants, some speci¢c recognition mechanism may control its membrane
integration since the cyanobacterial protein cannot
integrate into spinach thylakoids [133,395].
6.2.5. Are there protein factors speci¢cally involved in
CCI assembly?
Recently, a new class of proteins has been identi¢ed, that could represent speci¢c factors involved in
CCI assembly. It encompasses those proteins whose
absence prevents accumulation of CCI, although
when present they are not found in tight association
with CCI.
6.2.5.1. Ycf3 and Ycf4. The function of Ycf3 and
Ycf4 was established by reverse genetic approaches.
The genes for the Ycf3 and Ycf4 proteins are present
in cyanobacteria as well as in the chloroplast of vascular plants and Chlamydomonas, with a sequence
conservation of about 40% in the case of Ycf4
[396]. Disruption of the ycf3 gene in Tobacco [397]
and in Chlamydomonas [161] led to a complete loss in
CCI. Disruption of the ycf4 gene similarly caused a
complete loss in CCI in Chlamydomonas, but caused
only 50% decrease in CCI in Synechocystis 6803, as
judged from the EPR signal I that remains after
ycf4 inactivation [396]. Interestingly, Chlamydomonas
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mutants that lack the whole set of CCI subunits
because of a disruption of one of the structural
psa genes, still show wild-type accumulation of
Ycf3/Ycf4.
The Ycf3 and Ycf4 proteins were found in the
thylakoid membranes of Chlamydomonas, [161] with
Ycf4 being most likely a transmembrane protein that
spans the membrane twice, whereas Ycf3 is probably
peripherally located on the stromal face of the membranes. Ycf4 is present in similar amounts at most of
the photosynthetic protein subunits, while Ycf3 is
present only in sub-stoichiometric amounts. Neither
of the two proteins was found to interact tightly with
any of the photosynthetic complexes as viewed in
fractionation experiments where solubilized thylakoid membrane proteins are separated by sucrose
gradient centrifugation [161]. However, a fraction
of Ycf4 was found in a large molecular weight protein complex of presently unknown characteristics
[161].
The possibility that Ycf3 and Ycf4 would participate in the regulation of CCI gene expression has
been examined. Transcript analysis for the main
chloroplast-encoded CCI subunits showed no alteration in the ycf3/ycf4-disrupted strains [161,397].
Translation of the two major RCI subunits, PSI-A
and PSI-B was una¡ected by the ycf3/ycf4 disruption
in Chlamydomonas. Moreover, the presence of the
ycf3/ycf4 genes in both photosynthetic prokaryotes
and in the chloroplast of photosynthetic eukaryotes,
argues against their function in the regulation of CCI
gene expression at the post-transcriptional level.
Such factors have been consistently found in the nuclear genome of photosynthetic eukaryotes and they
have no counterparts in the genome of Synechocystis
6803 that has been fully sequenced.
As an alternative hypothesis, Ycf3/Ycf4 were proposed to play a role in the assembly of CCI
[161,397]. It is tempting to consider that they could
be part of the machinery which catalyzes cofactor
binding to the CCI complex, for instance the iron^
sulfur cluster assembly, in a very similar way as does
the chloroplast ccsA gene product that is involved in
c-heme attachment to cytochrome f. However, the
limited loss in PSI activity observed in Synechocystis
when ycf4 is disrupted [396] seems not to support
this view. Still, one should consider the possibility
that a partially assembled cofactor-binding machi-

nery can still operate in a Ycf4 minus context in
cyanobacteria but not in Chlamydomonas because it
shows a better resistance to proteolytic degradation
in the former. This proposal is well supported by the
many instances where oligomeric proteins lacking
one subunit only accumulate in the prokaryote, but
not in Chlamydomonas chloroplasts (see Section
2.1.3).
6.2.5.2. The BtpA protein. This protein was identi¢ed by a random screen for photosynthesis de¢cient
mutants from Synechocystis 6803 [162]. BtpA is a 30kDa protein with two putative transmembrane spanning segments. The BtpA mutant, which harbored a
missense mutation in the btpA gene, accumulated
about 15% of the RCI subunits, PSI-A and PSI-B.
Since the transcripts for these subunits were still
present in the mutant, and given the fact that the
absence of the other CCI subunits does not compromise the accumulation of PSI-A/B in Synechocystis,
it has been concluded that BtpA acts at a post-transcriptional level on the expression of RCI. A search
for possible sequence homologies with either the
TAB1 or TAB2 factors identi¢ed genetically in Chlamydomonas may help understanding whether BtpA
acts on the translation of PSI-B. However, given
our present understanding that these speci¢c translation factors for chloroplast proteins are of nuclear
origin, because they emerged with the eukaryotic nature of Chlamydomonas (see Section 2.2.2.1), a role
of BtpA in cofactor-assembly or in the assembly/degradation of the major RCI subunits seems a more
reasonable assumption.
7. Antenna proteins
This section refers exclusively to the biogenesis of
the chl a/b-containing proteins that form the peripheral antenna in vascular plants and green algae.
Three types of peripheral antenna can be distinguished based on their function in light harvesting:
the so-called `minor antenna complexes' CP24, CP26,
CP29, associated with CCII, the LHCI antenna associated with CCI, and the LHCII antenna that is
mainly associated with PSII, but can also serve as a
mobile antenna capable of light-energy redistribution
between the two photosystems.
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7.1. The assembled proteins
We address the reader to recent reviews of the
detailed biochemical and structural characteristics
of these proteins [7,167,398^400] which will only be
brie£y summarized below.
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7.1.1. Subunit composition and topology in the
thylakoid membranes
The subunits of the three types of peripheral antenna form a family of related polypeptides of molecular mass 22^28 kDa. LHCII is the most abundant chlorophyll^protein complex and it accounts for
almost half of the chlorophyll and a third of the
protein of the thylakoid membranes. As depicted in
Table 4, LHCII preparations from vascular plants,
contain three distinct subunits, I:II:III in ratios of
10^20:3:1 depending on plant growth conditions and
preparations [401]. In contrast, LHCII from C. reinhardtii is made up of three major polypeptides
present in equimolecular ratio [402]. LHCI has four
distinct polypeptide components present in equimolecular ratio. The minor antenna complexes CP24,
CP26, CP29 are made up of one type of subunit
only. Despite a characteristic organization in three
K-helical transmembrane domains with stromal-exposed N-termini, the various antenna subunits display markedly di¡erent chl a/chl b ratios: CP24
(chl a/chl b = 1), LHCII (chl a/chl b is about 1.4)

Table 4
Antenna complexes of eukaryotes
Components

Topology (no.
of TM K-helices)

Approximate
molecular mass (kDa)

Gene
(C/N)

Cofactor binding

LHCI-type I

TM (3)

22

Lhca1 (N)

LHCI-type II
LHCI-type III
LHCI-type IV

TM (3)
TM (3)
TM (3)

25
26
22

Lhca2 (N)
Lhca3 (N)
Lhca4 (N)

LHCI proteins bind Chl a, Chl b and
some carotenoids

LHCIIb-type I

TM (3)

25

Lhcb1 (N)

LHCIIb-type II
LHCIIb-type III

TM (3)
TM (3)

25
24

Lhcb2 (N)
Lhcb3 (N)

CP29 (LHCIIa)
CP26 (LHCIIc)
CP24 (LHCIId)

TM (3)
TM (3)
TM (3)

28
27
23

Lhcb4 (N)
Lhcb5 (N)
Lhcb6 (N)

binds 6 chl a, 2 chl b and xanthophylls
binds 6 chl a, 3 chl b and xanthophylls
binds 6 chl a, 4 chl b and xanthophylls

PSII-Sa

TM (4)

22

PsbS (N)

stable in the absence of chl

ELIPs

TM (3)

18b

(N)

stable in the absence of chl

LHCII binds 7 Chl a, 5 Chl b, 3^4
xanthophylls, 2 luteins and 1 neoxanthin

Topology denotes the number of transmembrane (TM) K-helices of the protein. Approximate molecular masses are given according to
the amino acid sequence of the mature protein. Note that they may vary between di¡erent organisms. C, chloroplast-encoded gene
(lower case); N, nuclear encoded gene (upper case).
a
Found only in higher plants and algae.
b
Detected from gel migration.
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CP26 (chl a/chl b = 2), CP29 (chl a/chl b = 3) and
LHCI (chl a/chl b = 4). In addition, the stoichiometry
of chlorophyll per polypeptide chain drops from 12
in LHCII subunits to 10 in LHCI/CP24 and 8/9 in
CP29/CP26 [403,404]. Not only LHCII has the highest number of chl molecules per polypeptide, but also
the highest xanthophyll content. While each of the
minor CPs binds two xanthophylls, LHCII binds at
least three and possibly four xanthophylls per polypeptide [405].
The molecular basis for these distinctive features
represents one of the intriguing aspects of the biogenesis of this family of proteins. Changes in the
distribution of chlorophyll ligand residues among
the family of antenna proteins may account for
part of the di¡erence in chl a/chl b ratios. Eight chl
binding residues have been identi¢ed in LHCII [406]
one of which (a histidine residue in helix D) is lacking in CP24. In addition, two glutamine residues are
substituted by a glutamic residue in CP24, CP26,
CP29, and Lhca 1^4. Besides the nature and distribution of chl binding residues, the protein sequences
that provide the environment for porphyrin binding
might also be important in selecting chl a vs. chl b.
Accordingly, binding sites have been shown to di¡er
for chl a vs. chl b selectivity in CP29 [407]. Analysis
of some optical properties of a native and reconstituted CP29 revealed that the pigment binding sites
that can be occupied by chlorophyll a or chlorophyll
b determine spectral properties of the protein [407].
In CP24 though, at least two of the chlorophyll-binding sites have an absolute requirement for chl b [408].
An additional pigment-binding subunit, the S subunit of 22 kDa, has subsequently been identi¢ed in
CCII. It is predicted to contain four TM helices and
to bind only ¢ve chlorophyll molecules [409,410].
Topological studies have indicated the protein to be
located between CCII and the LHCII complex
[409,410].
7.1.2. Supramolecular organization
The three-dimensional structure of LHCII subî resolution by elecunits has been elucidated to 3.4 A
tron crystallography performed on two-dimensional
crystals [406]. This structure, which serves as a reference model for the folding of all the other members
of the antenna protein family, revealed that two of
the three membrane-spanning K-helices are held to-

gether by ion pairs formed by charged residues located deep in the membrane. These residues also
serve as chlorophyll ligands. A fourth amphipatic
K-helix sits next to the lumenal face of the membrane
where it contributes to the interaction with a distal
chlorophyll molecule. Two xanthophyll molecules
and 12 chlorophylls are identi¢ed in the structure
[406]. However, the resolution obtained so far is insu¤cient for detection of the small di¡erences between chl a and chl b or between the three xanthophyll species found in the complex by chemical
analysis, thus preventing their attribution to individual sites.
LHCII crystallizes as a trimer, an oligomeric organization which resembles the native state of LHCII
in the thylakoid membranes (see Fig. 1). The respective proportions of homotrimers and heterotrimers
present in the thylakoids is not known. Interestingly,
the LHCI subunits would rather exist as dimers,
whereas the minor antenna complexes are found as
monomers. These contrasting states of oligomerization may cause changes in the pigment binding properties of several residues of the well-conserved polypeptide sequences.
Attempts to determine the relative stoichiometry
between antenna proteins led to several models of
the organization of antenna proteins around CCII
or CCI (see [398] for a discussion). The monomeric
minor antenna proteins are probably in a 1:1 stoichiometry with CCII to which presumably two
trimers of LHCII bind to form the supramolecular
complex containing two CCII as suggested by combining electron microscopy [217,411] and nearestneighbor analysis [412]. By a similar combined approach, CCI is proposed to interact with four dimers
of LHCI subunits [413,414] (see Fig. 4).
7.2. Expression and assembly
7.2.1. Genes and transcripts
The 10 antenna protein subunits are encoded in
the nucleus. The LHCII are encoded by multi-gene
(Lhcb1^3) families. Depending on species, there are
three to 16 copies of the Lhcb1 gene encoding the
most abundant type I subunit, whereas one to four
copies of the Lhcb2 and Lhcb3 genes encode types II
and III subunits (reviewed in [398]). The LHCI subunits (Lhca1^4), and the minor antenna protein com-
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plexes (Lhcb4^6) are encoded by only one or two
gene copies.
In vascular plants, transcription of the Lhc genes is
tissue speci¢c, regulated by light and controlled by
the developmental stage of the plastid (reviewed in
[7]). Light regulation of the Lhcb gene expression is
mediated in part by phytochrome and UV/blue light
photoreceptors [415,416]. However, light may also
a¡ect the redox state of intersystem electron carriers
of the photosynthetic electron chain, a parameter
that has been shown to in£uence transcription of
Lhcb1 in Dunaliella [70,417]. In addition, light stimulates chlorophyll biosynthesis, a pathway that is
coupled by some presently unknown mechanism to
the rate of transcription of the Lhcb genes [418].
There is now increasing evidence that chlorophyll
precursors accumulating at the chloroplast envelope
membrane build up a chloroplast retrograde signal
which leads to an increased Lhcb transcription
[68,72,419]. Thus, it is very likely that a variety of
seemingly distinct parameters that in£uence the Lhcb
transcription will turn out to result from a common
signaling pathway in which chlorophyll precursors
play a key role. This should apply to some of the
light e¡ects and to the various studies that have demonstrated that plastid development and the functional state of the chloroplast strongly in£uence transcription of the Lhcb genes [68,420]. As mentioned
in Section 2, the recent demonstration that there is a
chloroplast-mediated stimulation of translation of
Lhcb transcripts in tobacco plants [71] may also be
an indirect result of upstream changes in the transcription of regulatory genes [73].
7.2.2. Biogenesis of the antenna protein subunits
The fate of the Lhcb1 products (hereafter referred
to as LHCPs) once they are translated in the cytosol
is considered typical of the routing of all antenna
proteins. In the model depicted on Fig. 3 (see Section
3), pre-LHCP is post-translationally imported into
the chloroplast, processed to its mature form and
subsequently addressed to the thylakoid membranes
where it assembles with its pigment complement. The
various steps and factors which contribute to this
routing process are detailed below.
7.2.2.1. Import into the chloroplasts. In vascular
plants, LHCP is synthesized as a soluble precursor
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which uses the general post-translational import
pathway into the chloroplast (see Fig. 3). In contrast,
in Euglena, whose chloroplast is surrounded by three,
instead of two, envelope membranes, pLHCPII is
routed to the chloroplast as a membrane-bound precursor, via the ER/Golgi apparatus [421]. This unusual routing of pLHCP is not surprising in view of
the likely evolutionary origin of the most outer envelope membrane from a phagocytic vacuole membrane [422].
Several studies have indicated that the proper import of pLHCP into the chloroplast does not require
its authentic transit peptide. Replacement of the
LHCP transit peptide with that of the stromal SSU
[423,424] or of the lumenal PC [425] did not impair
LHCP import and proper insertion into the thylakoid membranes. Cleavage of the transit peptide by
a stromal soluble metalloendopeptidase [128] occurs
concomitant with, or soon after, pLHCP import into
the chloroplast (see Cline and Henry [137] for a discussion). None of the subsequent events, which are
described below, depend on the presence or absence
of the stromal-targeting N-terminus extension.
7.2.2.2. A journey in the stroma. Following import, LHCP is kept in a soluble form, as demonstrated by its accumulation in the stroma when thylakoid membrane insertion is inhibited [426,427]. It
interacts with stromal proteins that are essential for
its integration into the thylakoids [428^430]. Chloroplast chaperonine, which belong to the Hsp70 family
[431], or to the Hsp60 family [432] were suggested to
assist membrane insertion of stromal LHCP. However, Yuan et al. [433] concluded that Hsp70 by itself, although it could preserve an unfolded state of
LHCP, would not promote its full integration into
the thylakoid membranes. The whole stromal fraction was required to provide full protease resistance
to membrane-bound LHCP in the in vitro integration experiments [433]. This conclusion is consistent
with earlier studies suggesting that more than one
stromal component is involved in maintaining soluble LHCP in a competent form for insertion into the
thylakoid membranes [434].
Further insight into the set of stromal proteins
which interact with pLHCP was brought about by
the novel ¢ndings of Ho¡mann and coworkers
[435,626^628]. A 54-kDa protein, showing homology
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with a cytosolic SRP subunit, was found in the chloroplast stroma. Its binding to an LHCP intermediate
kept the `transit complex' in a soluble form. Depletion of the stromal fraction from cpSRP54 (chloroplast SRP) prevented integration of LHCP in the
thylakoid membranes. In addition, cpSRP54 exhibits
GTPase activity (Li and Ho¡man unpublished observation) a property which explains the GTP requirement for membrane integration of LHCP [435].
Two Arabidopsis mutants have recently provided
more evidence that an SRP-like complex plays a
role in LHCP biogenesis. In one study, Arabidopsis
plants were transformed to express mutated forms of
cpSRP54, unable of GTPase activity, in the expectation that they would confer a dominant negative
phenotype. The mutant leafs displayed a transient,
but marked, reduction in their chlorophyll content.
Their biochemical analysis suggested a pleiotropic
role of cpSRP54 in chloroplast biogenesis [628]. On
the other hand, the CHAOS chlorotic mutant of
Arabidopsis was shown to be speci¢cally de¢cient in
antenna proteins. Its molecular genetic analysis led
to the identi¢cation of a new stromal protein,
cpSRP42, which interacts with cpSRP54 [629].
Thus, a stromal cpSRP complex, which includes at
least two proteins, participates in LHCP biogenesis
[630].
7.2.2.3. Integration of LHCP in the thylakoid membranes. Thylakoid treatment with low levels of proteases abolishes membrane integration of LHCP, an
observation that suggests a need for a proteinaceous
receptor for the integration [137,436]. This view supports the presence of an SRP-homologous translocation mechanism, in which docking of the SRP transit-complex is required for membrane protein
integration [134].
Since the N-terminus extension of pLHCP plays
no further role in LHCP biogenesis besides its stromal targeting function upon import into the chloroplast, the sequences of mature LHCP which are responsible for its membrane integration have been
thoroughly studied. To this end, various truncated
forms of LHCP were expressed in vitro using heterologous translation systems, then assayed for chloroplast import and thylakoid membrane integration,
or for direct membrane integration. A critical function was ¢rst attributed to the C-terminal part of

LHCP, including its third transmembrane helix
[426,437^440]. However, further integration studies
using a variety of chimeric proteins containing single
LHCP helices or helix pairs, led to the more stringent
conclusion that the entire mature protein, with its
consecutively ordered K-helices, is required for proper membrane integration of LHCP, with the exception of a part of its stromal amino terminus and a
short lumenal loop [425,441]. However, this conclusion may be questioned in view of the seemingly
con£icting observations that two mutated LHCP
forms, in which either the ¢rst or the second helix
were deleted, are found in the thylakoid membranes
when assayed in an import system with intact chloroplasts ([437], but see [441] for a di¡erent view),
whereas they failed to integrate when assayed with
puri¢ed thylakoid membranes [425]. A possible interpretation for this discrepancy is that only the chloroplast import system mimics the in vivo situation for
stromal delivery of the substrate protein, i.e. that
pLHCP is taken up by the cpSRP mechanism system
for thylakoid insertion. In contrast, the stromal extracts added to the thylakoid insertion systems may
not be e¤cient enough to displace the chaperonine
components of the in vitro translation system which
are associated with neosynthesized pLHCP. In the
latter case, LHCP would escape from its genuine
insertion route. Thus, the requirements for thylakoid
membrane insertion of LHCP in vivo may be less
stringent than it has been concluded from the in vitro
experiments.
7.2.2.4. Pigment binding. The apoform of LHCP,
when fused with a bacterial signal-peptide, integrates
into the inner bacterial envelope membrane [442].
Thus, it may not require pigment binding for its integration into the thylakoid membranes. Consistent
with this view, LHCP has been reported to remain in
its apoform, in the stroma lamellae [443]. Both in
vitro and in vivo studies have conclusively demonstrated the critical role of pigment binding for LHCP
integration in a protease resistant form. For instance,
LHCP cannot maintain a stable conformation when
inserted into barley etioplast membranes in vitro.
However, supplementing these etioplast membranes
with the chlorophyll analog Zn-pheophytin a/b, confers protease-resistance to the inserted LHCP. Thus,
chlorophyll is the only component lacking in the
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etioplast membranes which is required for a stable
LHCP insertion [444]. On the other hand, several
carotenoid or chlorophyll-de¢cient mutants from
Chlamydomonas [34], barley [445] or Arabidopsis
[446] insert but fail to accumulate LHCP in their
thylakoid membranes. One exception is the cbn-1^
113 mutant of Chlamydomonas that was reported to
accumulate wild-type levels of LHCP despite the absence of chlorophyll b. This unique situation has
been attributed to a protease-defective activity in
this particular mutant [447]. The contribution of
chlorophyll binding to the proper folding of LHCP
has been elegantly demonstrated by Paulsen et al.
[448]. They showed by circular dichroism that upon
pigment binding, the rather disordered structure of a
solubilized and pigment-free form of LHCP converts
into a folded structure with about 60% K-helical organization.
The ¢nal site of chlorophyll synthesis as well as the
proteins which may store or convey the pigments to
their site of assembly with LHCP in the thylakoid
membranes remains surprisingly elusive (for a discussion see [449]). It has been suggested that LHCP
itself would regulate the ¢nal steps of chl a and chl
b synthesis [450]. Among other possible candidates
for chlorophyll delivery are those proteins which
show sequence homologies with the LHC subunits,
such as the ELIPs which are detected at an early
stage in thylakoid membrane biogenesis [451] or
PSII-S for which there is as yet no de¢nite function
[452]. The quasi-exclusive localization of PSII-S in
the grana regions [453] implies that LHCP would
migrate in its apo-form ^ and not in its holo-form
^ from its site of membrane insertion in the stroma
lamellae to its site of assembly and oligomerization
in the grana region. It is of note that in vitro biogenesis studies led to the conclusion that LHCP was
in a `free' form in the stroma lamellae, while it was
found in pigmented LHCIIb complex only in the
grana lamellae [443,454,455].
7.2.2.5. The ¢nal steps of antenna biogenesis. The
picture that results from the above-described experiments is that an association of the antenna complexes with their pigment complement represents an
ultimate step in their biogenesis. Indeed, the availability of pigments has been shown to regulate the
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relative amounts in the three types of antenna complexes that di¡er in their chl a/chl b ratios. When
limiting amounts of chl b are present, a situation
achieved experimentally during greening of seedlings
grown under intermittent light, the minor antenna
complexes accumulate prior to LHCII which require
continuous illumination [456]. Moreover, pulse labeling of newly synthesized LHCII has demonstrated
that Lhcb subunits accumulate ¢rst as monomeric
pigmented complexes before their oligomerization
in trimers and in even higher-order oligomeric states
[456]. Similarly, the Lhca subunits ¢rst assemble as
pigmented monomers then into oligomers that associate with the pre-existing CCI to form the holo-PSI
complex [457]. Trimer formation of Lhcb subunits
was also shown to depend on the presence of speci¢c
lipid molecules [458,459] whose interaction with the
monomers may act as a regulating step in the formation of the grana-based form of LHCII. Last, the
distribution of LHCII between the stroma lamellae
and the grana regions of the thylakoid membranes is
regulated by the extent of reversible phosphorylation
of the N-terminus region of the Lhcb subunits (for a
review see [460]).
It should be noted that most of the experiments
which have contributed to substantiate the above
description of LHCP biogenesis have made use of
in organello or in thylakoido systems using p/
LHCP expressed in vitro in an heterologous translation system. Studies from Hoober and colleagues
[461^465] have developed a radically di¡erent view,
based on in vivo studies using various strains of
Chlamydomonas. They propose that holo-LHCP assembles at the inner chloroplast envelope. Their conclusion is based on the immunodetection of mature
LHCP in vacuolar granules in the cytosol when cells
are greened at 38³C. LHCP import in the chloroplast
would be arrested when chlorophyll delivery is insuf¢cient and retrograde transport would occur to the
cytosol after protein processing. Thus, in physiological conditions, membrane integration would be controlled by pigment binding at the inner envelope level. Subsequent translocation to the thylakoid
membranes would occur by envelope invagination,
budding and vesicle tra¤cking and fusion in the stroma, a proposal substantiated by some electron microscopy studies [466,467].
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8. The cytochrome b6 f complex

8.1. The assembled protein
8.1.1. Subunit composition and topology in the
membranes

The cytochrome b6 f complex transfers electrons
from reduced plastoquinones to a soluble electron
carrier located in the lumen of the thylakoids, either
the copper-containing plastocyanin or a c-type cytochrome. Both types of electron carriers can be found
among unicellular photosynthetic prokaryotes and
eukaryotes, whereas only plastocyanin is present in
vascular plants. The electron transfer reactions
through the cytochrome b6 f complex are accompanied by a translocation of protons across the thylakoid membrane, which contributes to the formation
of a vWH used by the chloroplast ATP synthase to
generate ATP. The cytochrome b6 f complex is therefore functionally homologous to the cytochrome bc
complex present in bacteria and mitochondria. However, the subunit composition varies signi¢cantly
between the various types of cyt bc and cytochrome
b6 f complexes. For a detailed discussion of the
various properties of the cytochrome bc/b6 f complexes, the reader is addressed to recent reviews
[468^470].

8.1.1.1. Subunit composition. The cyt b6 f complex
is made up of seven subunits that are present in a
one to one stoichiometry in puri¢ed preparations
isolated from C. reinhardtii [471] (Table 5). There
are four major subunits whose contribution to the
function of the protein complex is understood: an
iron^sulfur protein, the Rieske protein, containing
a [2F^2S] cluster (EmV+300/370 mV) encoded by
the PetC gene; a c-type cytochrome, cytochrome f,
encoded by the petA gene (EmV+330/+370 mV); a
b-type cytochrome, cytochrome b6 , encoded by the
petB gene which comprises two b-hemes de¢ned according to their relative mid-point potentials, bh
(EmV350/380 mV) and bl (EmV3160/3170
mV); subunit IV (suIV), encoded by the petD gene,
which does not carry any prosthetic groups but contributes residues, together with cytochrome b6 and
the Rieske protein, that are required for quinone
binding to the protein complex. Comparison of the
polypeptide sequences of the various cyt b6 f and cyt
bc complexes shows that cyt b6 and suIV are homologous, respectively, to the N-terminus and C-terminus domains of mitochondrial or bacterial cytochrome b [166].
Recent biochemical studies of puri¢ed cyt b6 f complexes have disclosed three additional subunits of low
molecular mass in the 4-kDa region: the petG product [472], the PetM product [473,474] and the petL
product, which is present only in higher plants and
green algae [475]. Each small subunit displays one
single TM helix. Other proteins, of unknown function in the 15^18-kDa range [476,477] or with kinase
activity in the 60-kDa region [478,479], have been
reported to associate with the cyt b6 f complex in
vivo and in partially puri¢ed preparations. However,
these proteins are either not present, or present in
sub-stoichiometric amounts, in highly puri¢ed complexes.
8.1.1.2. Topology and lumenal organization of cytochrome f and the Rieske protein. The transmembrane organization of cyt b6 (four TM helices), suIV
(three TM helices) and cyt f (one TM helix) is well
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established. Most of the cyt f residues though, reside
in the lumenal space. Martinez and colleagues [480]
have obtained a high resolution structure of the soluble part of cytochrome f. It shows the presence of a
small and a large domain with the heme-binding region being at the edge of the large domain, most
likely facing the Rieske protein [481]. On the opposite side of its lumenal domain, cytochrome f displays
a basic patch that has been suggested to participate
in the docking of the electron acceptor plastocyanin
through a complementary acidic patch [482]. However, a recent attempt to demonstrate the involvement of these basic residues in electron donation to
PC by site-directed mutagenesis has proved unsuccessful [483]. Another striking feature of the ¢ne
structure of cytochrome f is that the sixth ligand of
the c-heme is the K-amino-group of the N-terminal
tyrosine of the mature polypeptide. This is in contrast to the case of mitochondrial and bacterial cytochrome c1 , in which the ligand is a methionine
located more than 150 residues downstream the
N-terminal residue (for a detailed discussion see
[480]).
The position of the Rieske protein with respect to
the thylakoid membranes has been a matter of de-
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bate. A hydrophobic stretch of V25 residues next to
the N-terminus of the protein was ¢rst considered as
a transmembrane anchor for the Rieske protein
[484]. This view has been challenged by biochemical
studies: the Rieske protein from Chlamydomonas behaves as a peripheral membrane protein in as much
as it dissociates from membranes upon chaotropic or
alkaline treatment. Moreover, it does not aggregate
in its isolated form upon removal of detergents [485].
However, the hydrophobic N-terminal stretch of the
Rieske protein from mitochondrial bc1 complexes
has recently been shown to adopt a transmembrane
orientation in the crystal structure of the protein
[486,487]. It is then very likely that the Rieske protein from cytochrome b6 f complexes is a genuine
transmembrane protein.
A crystal structure of the lumenal part of the spinach Rieske protein has been recently determined
[488,489]. It shows two domains: a small `clusterbinding' sub-domain, which comprises the [2Fe^2S]
cluster and a large sub-domain [489]. The Fe^S cluster on the Rieske protein is coordinated by two cysteines and two histidines, the two histidines being
exposed to the solvent, whereas the rest of the cluster
is shielded by two loops covalently linked by a disul-

Table 5
Cytochrome b6 f complex
Components

Topology (no.
of TM K-helices)

Approximate
molecular mass (kDa)

Gene
(C/N)

Function and
cofactor binding

Contribution to the
accumulation of cyt b6 f

Cytochrome f
Cytochrome b6

TM (1)
TM (4)

31
24

petA (C)
petB (C)

+ CES
+

Subunit IV

TM (3)

15

petD (C)

Pet G
Pet Lb

TM (1)
TM (1)

4
3

petG (C)
petL (C)

c-heme
contributing to quinone
binding, 2 b-hemes
contributing to quinone
binding
?
?

Rieske protein

TM (1?)

19

PetC (N)

3

Pet M

TM (1)

4

PetM (N)

contributing to quinone
binding, 2Fe^2S
?

Subunit Va
?a
?a

S
?
M

(N)
?
(N)

?
?
kinase

3
?
?

18
15
60

+
+
3

?

Topology denotes whether the protein is transmembranal (TM) or stromal (S). Approximate molecular masses are given according to
the amino acid sequence of the mature protein. Note that they may deviate markedly between di¡erent organisms. C, chloroplast-encoded genes (lower case); N, nuclear-encoded genes (upper case). CES, controlled by epistatic synthesis.
a
b6 f-associated proteins.
b
Found only in higher plants and algae.
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¢de bridge and by a third proline loop [488,490]. In
the arrangement of the Rieske protein along the lumenal surface of the membrane, as proposed by Link
and Iwata [481], the Fe^S cluster faces the plastoquinol binding site which would be formed by cytochrome b6 , suIV and Rieske motives. According to
their model, the bulk of the Rieske protein would be
sandwiched between the membrane surface and cytochrome f in the lumenal space. Recently, the comparison between two crystal structures of mitochondrial cytochrome bc1 complex has led to an
unexpected ¢nding. A £exible hinge at the lumenal
side of its TM helix allows the Rieske protein to
orient in two con¢gurations with respect to the membrane: a `relaxed' con¢guration, in which it is close
enough to cytochrome f in the lumen to allow electron transfer between the two, and a `tight' con¢guration, in which it is close enough to cytochrome b6
at the thylakoid membrane surface to allow electron
transfer from the Qo site [487].
8.1.1.3. A mysterious chlorophyll cofactor. Recently, an additional prosthetic group has been identi¢ed in the b6 f complex, as a single chlorophyll (Chl)
a molecule [471,491]. It has been studied in some
detail in Chlamydomonas where it was reproducibly
found in puri¢ed cytochrome b6 f preparations, in a
1:1 stoichiometry with cytochrome f [492]. An electrochromic response of the chl a molecule on a time
scale which is similar to that for electron transfer to
cyt f [493], and the structural precedent for chl binding in the membrane interfacial region of the LHCII
pigment protein [406], suggest that it could be located in the region of interaction between the Rieske
protein and the surface helices of cyt b6 ^suIV (see
Cramer et al. [494] for discussion). Solubilization
and fractionation studies of cyanobacterial thylakoids in the presence of mild detergents led to the
conclusion that the chlorophyll molecule is bound to
cytochrome b6 [495].
8.1.2. Supramolecular organization
Negative staining and freeze-fracturing techniques
have shown that the cyt b6 f complex is an elongated
particle, 8^9 nm long [491,496,497]. It is asymmetric
with respect to the thylakoid membrane plane, as
judged from the high-resolution structure of the
analogous bc1 complex from bovine heart mitochon-

dria [486,498,499]. Cytochrome b6 f complexes should
present a rather £at surface when viewed from the
stromal face of the membrane, but should protrude
largely in the thylakoid lumen where most of the
Rieske protein and cytochrome f, as well as extended
loops between TM helices from cytochrome b6 and
suIV, reside (see Fig. 1). As to the prosthetic groups,
the structure of bovine heart cytochrome bc has
î
shown that the heme irons from bh and bl are 21 A

apart. The exact disposition of the b hemes may be
somewhat di¡erent in cyt b6 f complexes because
there are 14 residues between the coordinating histidines on helix D of cytochrome b6 , instead of 13 in
mitochondrial cytochrome b [166]. However, structural homologies are su¤cient to predict that heme
bl should sit right at the lumenal surface whereas
heme bh should be more embedded within the stroma-facing lea£et of the thylakoid membrane
[498,499].
The packing of the TM helix bundle can be inferred from a comparison of the crystallization data
gathered on cytochrome bc1 complexes [486,487,499],
î resolution of negand the projection maps at 8^9 A
atively stained or frozen hydrated crystals of cytochrome b6 f complexes from Chlamydomonas
[500,501]. Cytochrome b6 f complexes crystallize as
dimers. Although the possibility that the dimeric cytochrome b6 f complex may adopt a di¡erent con¢guration than the dimeric cytochrome bc complex cannot be excluded, the data are consistent with a
similar organization of a central bundle of TM helices from cytochrome b6 responsible for the contacts
between the two monomers and more peripherally
located helices contributed by cytochrome f and the
three small subunits.
Biochemical studies of puri¢ed cyt b6 f complex
have also led to the conclusion that it behaves as a
dimer, whether it is isolated from higher plants
[491,502], from green algae [497] or from cyanobacteria [495]. It has been suggested that the PetL subunit plays a role in stabilizing the dimeric state of the
b6 f complex in Chlamydomonas [497]. The Rieske
protein was shown to lie next to the interface between the two monomers in the projection map by
Mosser et al. [500]. This location is consistent with
the observation that the Rieske protein is easily lost
upon monomerization of the dimeric form of the cyt
b6 f complex from Chlamydomonas [497] and spinach
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[491]. However, a spinach preparation was reported
to preserve the association of Rieske protein with
highly active monomeric forms of the cyt b6 f complex [502]. The role of the Rieske protein in cyt b6 f
dimerization will be discussed further in Section
8.2.3.1.
It is somewhat paradoxical that neither the functional analysis of cytochrome b6 f complexes, whether
they were performed in vivo, in situ or after puri¢cation of the protein, nor the current models for
cytochrome b6 f activity, point to a mechanism for
electron transfer which requires the actual cooperation of two monomers of the cyt b6 f protein. However, the crystal structure of the dimer of cytochrome
bc1 , shows that the transmembrane and lumenal domains of the Rieske protein interact with the opposite monomers of the protein complex [499]. On the
other hand, Chain and Malkin [502] observed an
inactivation of both the dimers and the monomers
when reconstituted in phospholiposomes. Interestingly, addition of uncouplers reactivated the dimeric
form, but not the monomeric form. One possible
interpretation is that a dimer-based proton translocation mechanism is required for the function of the
cytochrome b6 f when membrane-embedded. It has
indeed been proposed that the cyt b6 f has some proton pumping activity [503,504].
8.2. Expression and assembly of the constitutive
subunits
8.2.1. Gene organization and transcription
In cyanobacteria, the four major subunits are encoded in two operons, the petCA and the petBD
[469], which in some instances comprise genes unrelated to the cyt b6 f complex [505]. In addition, petG
and PetM are transcribed independently. In eukaryotes, two subunits are nuclear-encoded (PetC/M) and
¢ve subunits are encoded by the chloroplast genome
(petA/B/D/G/L). The latter are found in a contrasting
organization in higher plants and C. reinhardtii. In
higher plants, petA on the one hand and petB and
petD on the other hand, are part of large polycistronic units, which contain other unrelated genes
[506,507]. In Chlamydomonas, the petB gene is located about 10 kbp apart from a 4-kbp region comprising petA and petD [508]. The petA, petB and petD
genes can be transcribed independently and their
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mRNAs accumulate as monocistronic transcripts
[24,78,509]. However, these mRNAs may also result
from polycistronic transcription rapidly followed by
mRNA processing [24].
Evidence for a nuclear participation in chloroplast
pet gene expression has come from the characterization of several cyt b6 f mutants which show speci¢c
alterations at the levels of mRNA processing,
mRNA accumulation or translation of the chloroplast pet genes in C. reinhardtii [80,510, 511], maize
[66] and Arabidopsis [63].
8.2.2. Biosynthesis of individual subunits
8.2.2.1. Cytochrome f. Two major maturation
steps are involved in the biosynthesis of cytochrome
f. One is the conversion of a precursor-form to a
mature-form, a process which requires translocation
of the polypeptide chain across the thylakoid membranes and cleavage of the leader sequence. The
other is conversion of the apocytochrome into the
holocytochrome, which requires covalent ligation
of a c-heme to two cysteinyl residues of the polypeptide.
Both processing and heme attachment occur at the
lumenal side of the membranes, i.e. following the
initiation of translocation [512,513]. The precursor
form of pea cytochrome f can be processed by the
leader peptidase from E. coli [514], which is consistent with the expression of pea cytochrome f in E.
coli in a secA-dependent manner [515]. A similar
conclusion was reached by Nohara et al. [143], based
on in vitro import experiments with pea thylakoids.
The conclusion drawn from other studies on cytochrome f translocation are somewhat confusing.
They all support the view that cytochrome f uses
the same translocation pathway as some other membrane proteins. The tha1 nuclear mutant from maize
shows altered processing of cytochrome f, plastocyanin and OE33, but not of OE16 and OE23 [516],
which suggests that cytochrome f uses the secA
translocation pathway. A plastid mutant from Oenothera shows altered processing of cytochrome f,
OE23 and OE16, but not of OE33 [517], which suggests that cytochrome f uses the vpH translocation
pathway. Last, mutations in the leader peptide of
cytochrome f from C. reinhardtii, which prevent
translocation of the precursor protein and have no
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e¡ect on the translocation and maturation of other
lumenal proteins, interfere with the levels of D1 and
LHCII accumulating in the thylakoid membranes
[518]. Since LHCII was reported to use an SRP
translocation pathway (see Section 7 on antenna proteins) the possibility exists that cytochrome f also
interacts with some of the docking sites used in this
route.
The translocation machinery has not been characterized. Yet, three nuclear loci were identi¢ed in
Chlamydomonas, the mutant alleles of which restore
translocation of a translocation-incompetent variant
of precytochrome f [518]. This ¢nding opens the way
towards the molecular identi¢cation of nuclear products, which participate in the translocation across the
thylakoid membranes.
The leader peptide of cytochrome f plays a key
role in the translocation process. Although this cleavable signal sequence comprises 31^44 residues depending on species, its hydrophobic stretch is only
12^18 residues long. The minimal length of the hydrophobic region required for successful translocation, the translocation core, is even shorter. In Chlamydomonas it has been found to comprise only seven
residues, from T13 to G19, as demonstrated by the
contrasting e¡ects of various charged amino acid
substitutions in the signal sequence [518]. The exact
boundaries of the translocation core appear £exible
since chloroplast revertants of translocation-incompetent strains from Chlamydomonas, bearing originally a V16D or A15E substitution in the signal peptide of cytochrome f, display as an additional
mutation, an R10L or R10C substitution [518].
These intragenic suppressions restore a 10^11 residues translocation core, which is N-terminus-shifted
by at least three residues as compared to that in the
wild-type.
As to the heme attachment process, a genetic analysis has been conducted on several Chlamydomonas
mutants de¢cient in the two c-type cytochromes
found in thylakoid membranes, cytochrome f and
cytochrome c6 ^an alternative electron carrier to
plastocyanin expressed in copper-de¢cient conditions
[519]. At least four nuclear genes (Ccs1^Ccs4) and
one chloroplast gene (ccsA) [164,520] (see Table 7)
were shown to participate in c-heme attachment. The
protein products most likely form a transmembrane
protein complex with a c-heme attachment activity

on the lumen side of the membranes (for a review
see [521]).
A soluble form of holocytochrome f, generated by
a truncation of its C-terminal transmembrane helix,
was produced by genetic transformation of Chlamydomonas chloroplasts. It accumulated extensively in
the thylakoid lumen with no evidence for the production on any signi¢cant amount of the apoform
[522]. Therefore, the membrane-bound heme-binding
activity is still e¤cient in the strain, despite the fact
that its cytochrome f substrate in its mature form is
soluble in the lumen space. These observations suggest that heme binds to the apocytochrome when the
latter is still membrane-associated, that is in its precursor form. Thus, kinetically, heme ligation may
well precede protein processing, a proposal consistent with the observation that heme binding to the
precursor form can actually be detected in a cytochrome f processing mutant of Chlamydomonas
[36]. Conversely, altered c-heme attachment, whether
it is achieved by gabaculine treatment in maize [514]
and Chlamydomonas [523], or by genetic lesions
[36,523] does not interfere with apocytochrome f
processing.
These conclusions do not support a mechanistic
intrication of the two processes (protein processing
and heme binding) initially suggested upon the identi¢cation of the sixth ligand of the heme-iron as the
free N-terminus amino-group released upon cleavage
of the signal sequence [480]. However, they do not
exclude the possibility that the two processes are kinetically coupled during regular cytochrome f biogenesis.
8.2.2.2. The Rieske protein. Import experiments
with pea chloroplasts suggest that the Rieske protein
¢rst associates with Cpn60, then with Cpn70 in the
stroma [524]. This is opposite to the order of interaction with mitochondrial chaperonines upon protein
import [525]. Whether these transient complexes are
intermediates before translocation across the thylakoids or whether they correspond to the rescue and
storage of Rieske proteins that have failed to translocate properly remains to be investigated. Non-assembled Rieske proteins have been shown to be degraded in vitro by endogenous proteases which are
similar to the bacterial FtsH proteases [526].
It has been suggested that the hydrophobic stretch
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next to the N-terminus of mature Rieske proteins
functions as an uncleaved lumenal targeting sequence, based on the comparative analysis of the
hydropathy index of signal peptides and regular
TM helices [527]. Translocation of the Rieske protein
across the thylakoid membranes to the lumen compartment, where most of the protein resides, was
shown to use the vpH pathway ([524], Karnauchov
and Kloesgen, personal communication): Rieske
translocation proved to be nigericin-sensitive and it
competed with that of OE23, a well characterized
user of the vpH route (see Sections 3.4 and
5.2.2.4). It is noteworthy that the trimethylamine
N-oxide reductase, folded with its molybdocofactor,
was shown to be exported to the periplasm of E. coli
in a Sec-independent way, via a vpH route [157].
Therefore it is tempting to speculate that the Rieske
protein translocates to the lumen in a pre-folded
state. It implies that the apo-Rieske protein would
associate with the 2Fe^2S center in the stroma prior
to its translocation, i.e. in the same compartment as
for the many other apoproteins, for instance ferredoxins or the three RCI subunits (see Section 6),
which associate with iron^sulfur clusters. The formation of the 2Fe^2S center and the molecular mechanism for apo- to holo- Rieske protein conversion in
vivo remain fully unknown. Some insight into these
processes may be gained with the use of in vitro
reconstitution assays that are now available: a native
Rieske protein was reconstituted by incubating an
apo-Rieske protein from Nostoc sp PCC7906, overexpressed in E. coli, with iron and sul¢de under reducing conditions [528].
8.2.2.3. Cytochrome b6. The biosynthesis of cytochrome b6 has been mainly addressed with respect to
the process of heme binding. Heme associates spontaneously with peptides that mimic the binding sites
of bacterial apocytochrome b in vitro [529]. The resulting maquettes displayed spectral properties analogous to those of a bona ¢de b-type cytochrome.
Consistent with their non-covalent binding, the bhemes dissociate from bacterial or mitochondrial cytochrome b upon SDS-PAGE [530,531]. In contrast,
cytochrome b6 still behaves as a hemoprotein upon
SDS-PAGE [476]. It even resists much stronger denaturation treatments like acetone-acid extraction
[37]. At least four nuclear gene products designated
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CCB1^CCB4 (see Table 7) were shown to be specifically involved in heme attachment to cytochrome b6
in Chlamydomonas [37]. These observations indicate
that heme binding to cytochrome b6 is catalyzed in
vivo by a speci¢c enzymatic machinery which probably promotes highly stable, possibly covalent, interactions of at least one of the two b-hemes with apocytochrome b. It is of note that a similar conclusion
that one b-heme may be covalently attached to the
apoprotein has been reached recently with a homolog
of cytochrome b6 in B. subtilis [532].
8.2.3. Assembly and accumulation of the protein
complex
8.2.3.1. Reconstitution experiments. Because of
the highly hydrophobic nature of most of the cyt
b6 f complex subunits, there have been no attempts
to reconstitute the oligomeric protein from its individual subunits. However, a successful reconstitution
of the isolated Rieske protein from Rieske-depleted
cyt b6 f complex has been reported using spinach
preparations [533]. The Rieske protein was easily detached from the complex in the presence of Triton X100 and removal of the excess detergent proved suf¢cient to reconstitute a functional cyt b6 f complex.
Interestingly, detergent treatments that detached the
Rieske protein also converted the cyt b6 f dimers into
monomers [497]. However, the presence of the
Rieske protein is not a prerequisite for dimerization,
since, in some instances, dimeric forms of the cyt b6 f
complex could be isolated in the absence of the
Rieske protein [497,534], in particular using mutant
strains of C. reinhardtii lacking the Rieske protein
(de Vitry, personal communication).
8.2.3.2. Cytochrome b6 f mutants as a tool for assembly studies in vivo. A number of mutants impaired in photosynthetic electron transfer at the level
of the cyt b6 f complex have been obtained from the
green alga C. reinhardtii [78,476,510,519] and also
from Lemna [535], maize [66,516,536], and Arabidopsis [63]. They conclusively demonstrate that the various cyt b6 f subunits show a concerted accumulation
in vivo. In most instances, the whole complement of
cyt b6 f subunits was de¢cient in the cyt b6 f-defective
strain, independent of the primary mutational defect.
This was observed whether the mutations primarily
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a¡ected c-heme binding [519,520], b-heme binding
[37], transcript processing [66,511], transcript stability [510], or protein translocation [537].
Deletion of either the petA, petB, petD [78] or petG
[538] genes from the chloroplast genome of C. reinhardtii led to a decrease of more than 90% in the
content of the other cyt b6 f subunits. Further evidence for a concerted accumulation of the cytochrome b6 f subunits has come from site-directed mutagenesis studies with Chlamydomonas, which
decreased the e¤ciency of translation initiation of
petA or petD mRNAs [539^542]. The decreased accumulation of the target subunit correlated with a
general decrease in the accumulation of other cytochrome b6 f subunits.
In contrast to the above observations, a signi¢cant
accumulation of the chloroplast-encoded subunits
was observed in C. reinhardtii in the absence of either
the chloroplast gene product PetL [475], or of the
nuclear-encoded Rieske subunit [476]. However, it
should be noted that the cyt b6 f complexes lacking
these subunits accumulated to 30^60% of the wildtype levels, only in exponentially growing cells. The
protein complexes were totally lost in aging cells,
which therefore displayed the same pleiotropic de¢ciencies as in the other cyt b6 f mutant strains described above ([475], de Vitry and Wollman, unpublished). This is indicative of a lower stability of the
partially assembled complexes, which are more susceptible to degradation in non-dividing cells. The
molecular mechanism for this semi-speci¢c degradation process is poorly understood. The possibility
that it shares some characteristics of the degradation
process speci¢cally acting on native cytochrome b6 f
complexes in wild-type cells of Chlamydomonas,
when deprived in nitrogen sources [543], remains to
be investigated. In the latter case, the loss of cytochrome b6 f complexes required the continuing activity of mitochondrial electron transport, which could
indicate that intracellular ATP levels may control the
degradation process. This proposal is well supported
by the recent observation that the ATP-dependent
Clp protease is involved in the degradation of cytochrome b6 f complexes. Chlamydomonas strains that
underexpress ClpP display a delayed and limited degradation of cytochrome b6 f complexes, when deprived of nitrogen sources, and they accumulate
wild-type amounts of the cytochrome b6 f moiety of

the complex in a mutated context which prevents
production of the Rieske protein (Majeran, Wollman
and Vallon, unpublished observations).
The variable content of cytochrome b6 f complexes
in petL or Rieske protein of C. reinhardtii mutants
may provide a clue for understanding the seemingly
con£icting report of a Lemna mutant which lacked
only the PetC transcript for the Rieske protein, but
was, nevertheless, de¢cient in all cyt b6 f subunits
[535]. These mutant cells may be in a metabolic situation similar to that of aging cells in C. reinhardtii
which induces the loss of their cytochrome b6 f complement. Consistent with the view that association of
Rieske protein with the rest of the complex may be a
late step in the assembly process, is an in vitro study
of the import of Rieske protein in isolated tobacco
chloroplasts [544]: the neosynthesized product associated with pre-existing cyt b6 f complexes in the thylakoid membranes.
8.2.3.3. Stoichiometric production of cytochrome
b6 f subunits. The underlying mechanism for the
concerted accumulation of the cytochrome b6 f subunits has been studied in great detail in Chlamydomonas. Two major regulation processes have been
shown to contribute to their stoichiometric accumulation [78]: (1) a proteolytic disposal of most of the
unassembled subunits. This applies, in particular, to
the Rieske protein as well as to cytochrome b6 and
suIV, the half-lives of which are considerably shortened in the absence of assembly; and (2) a CES
process (see Section 1) in the case of cytochrome f,
which corresponds to a drop in the rate of cytochrome f synthesis in Chlamydomonas mutant strains
showing impaired assembly. It is not yet known
whether cytochrome f is also a CES subunit in higher
plants. However, the report that a maize mutant defective in petD mRNA processing also fails to translate cytochrome f, a subunit whose transcript is distinct from the petD transcript in maize [66], supports
the existence of a similar mechanism in higher plants.
Further analysis of a number of site-directed mutants of the petA gene has shown that the CES process operates through an autoregulation of cytochrome f translation [291,358]: a protein motif
located at the C-terminal domain of cytochrome f,
down-regulates translation of the petA gene, unless it
is shielded by assembly in a cytochrome b6 f complex.
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This down-regulation operates through an interaction, either direct or indirect, with the 5P-leader of
the petA transcript. Thus, in the absence of an assembly partner, cytochrome f down-regulates petA
translation [78] due to exposure of its regulatory motif. Cytochrome f lacking its C-terminal anchor [36],
or rapidly turning over because of the absence of
heme binding [522], does not accumulate the regulatory motif, thereby allowing translation of the petA
message at maximal rates [291]. As predicted by this
regulation mechanism, a strain expressing a chimeric
gene, where the petA coding region was £anked with
an upstream 5P-leader from an unrelated gene, the
atpA gene, lost the ability to coordinate the accumulation of the cytochrome b6 f subunits. When expressed in a mutant strain blocked in the expression
of the assembly partner suIV, the chimeric gene produced cytochrome f in wild-type levels despite the
absence of all other subunits of the cytochrome b6 f
complex [291]. Conversely, a reporter gene £anked
by the 5P-UTR of the petA gene exhibited the same
regulation of expression as petA: it was underexpressed in the absence of an assembly partner of
cytochrome f, but it was overexpressed in the absence
of c-heme binding to cytochrome f [291].
Whether the C-terminus regulatory motif of cytochrome f, which is exposed on the stromal side of the
membranes, interacts directly with the 5P-petA UTR
is not known. The regulation may involve a ternary
e¡ector that participates in translational activation
of the petA transcript. This possibility may gain support from the characterization of nuclear mutants
speci¢cally altered in cytochrome f translation, which
have been identi¢ed in Chlamydomonas [80]. These
may help identifying factors involved in the CES
process.
The above-described regulation mechanism does
not rule out other contributions to the control of
protein assembly. For instance, the translation of
petD mRNA is controlled both positively and negatively by various cis-acting elements located far upstream the petD initiation codon in Chlamydomonas
[540]. These may also participate in the ¢ne-tuning of
suIV synthesis in circumstances that remain to be
de¢ned, and therefore contribute to the regulation
of cytochrome b6 f assembly.
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8.2.3.4. Conserved features in the assembly processes for cytochrome bc and b6 f complexes. It is
worth noting that the most salient features of the
subunit assembly are conserved from bacterial cytochrome bc complexes to chloroplast b6 f complexes.
Studies of R. capsulatus mutants defective in either
one of the major genes from the fbc operon have
shown the same properties as the deletion strains
from C. reinhardtii [545]. In the two organisms, the
b-type cytochrome is rapidly degraded if not assembled with the c-type cytochrome, whereas the latter is a long-lived species in the photosynthetic membranes in the absence of the b-type cytochrome. The
fact that c-type cytochrome accumulates in wild-type
levels in the cyt b-less bacterial mutant when it
reaches only 10% of wild-type level in the cyt b-less
Chlamydomonas mutant, results probably from the
absence of a CES process in purple bacteria. Last,
the cytochrome moiety of the complex, comprising
the c- and b-type cytochromes, is fairly stable in the
membrane in the absence of the Rieske protein,
whereas the Fe^S protein is degraded when not associated with the membrane-bound cytochromes
[545,546]. Thus, it can be suggested that the biogenesis of cytochrome bc and cytochrome b6 f complexes
is driven by the biosynthesis of the more stable subunit, the c-type cytochrome. This subunit serves as a
membrane anchor which associates ¢rst with the btype cytochrome, formed by an early interaction between cytochrome b6 and suIV in the case of cytochrome b6 f complexes, then with the Rieske protein.
This mechanism of a step by step pathway of assembly, is in opposite order to the position in which the
genes are organized within the bacterial operon: the
product of the ¢rst gene to be translated will require
the next translation product to be fully protected
against degradation, etc. Thus, a premature arrest
in translation will not lead to the accumulation of
unassembled subunits in photosynthetic bacteria.
The splitting up of the operonal organization in the
chloroplast may have required an additional step of
regulation ^ the CES process operating via translational autoregulation of the c-type cytochrome ^
which aims at preserving its early role in the assembly process, while avoiding an erratic accumulation
of this protease-resistant subunit.
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9. The chloroplast ATP synthase

Hydropathy analysis suggests that suIV, III, and II/I
have four, two, and one TM helices respectively.
Owing to the extensive phylogenetic conservation of
the bacterial, mitochondrial and chloroplast enzymes, as observed both in the primary sequences
of their subunits and in their functional characteristics, it is reasonable to infer the supramolecular
organization of the CF1 ^CF0 assembly from data
obtained with the enzyme from other sources.

The chloroplast ATP synthase belongs to the family of F1 -type ATPases, which are also present in
bacteria and mitochondria [547]. It generates ATP
from ADP and inorganic phosphate using energy
derived from a trans-thylakoidal electrochemical proton gradient, vWH .
9.1. The assembled protein
9.1.1. Subunit composition and topology in the
membranes
The ATP synthase has long been described as the
association of two distinct sectors, a membrane-embedded proton channel, CF0 , and a catalytic sector,
CF1 , located on the stromal surface of the thylakoid
membranes. The latter part contains the nucleotide
binding sites and displays latent ATPase activity.
The whole enzyme comprises nine subunits: ¢ve
CF1 subunits, K:L:Q:N:O in the stoichiometry
3:3:1:1:1, all extrinsic to the membrane and facing
the stroma, and four transmembrane F0 subunits,
suI^IV in an assumed stoichiometry of 1:1:9^12:1.

9.1.2. Supramolecular organization
Our view of the supramolecular organization of
the ATP synthase has long been restricted to the
low resolution EM analysis of the enzyme in situ.
It showed the presence of a stalk linking the globular
CF1 to the membrane-embedded CF0 , which is rodshaped upon detergent solubilization [548]. However,
recent advances in structural studies, which combined NMR and X-ray structure determination
with cross-linking data, have led to a profound revision of our understanding of the structural arrangement of the enzyme subunits (for a review see [549]).
The active enzyme is currently presented as an assembly between a stator portion and a rotor portion,
both of which contain peripheral and transmembrane
subunits. The stator is composed of the CF0 subunits
I, II and IV and the CF1 subunits K, L and N. The
rotor comprises CF1 subunits Q and O and the 9^12
copies of CF0 subunit III (see Fig. 1).
The present arrangement of the enzyme stems
from the study of a mitochondrial K3L3 subcomplex,
which is su¤cient to support ATP hydrolysis [550].
î resolution
Its structure has been determined at 2.8 A
in the presence of suitable nucleotide substrates [551].
Recently, the crystal structure of a nucleotide-free
bacterial K3L3 subcomplex has also been determined
[552]. The two structures are very similar, despite
some di¡erence in asymmetry most likely due to
the absence of nucleotide-binding in the crystallized
bacterial enzyme. They consist of an hexameric ring
of alternating K- and L-subunits that surrounds an Khelical domain containing both the N- and C-terminal regions of the Q-subunit. The top of the KL-assembly, distal to the membrane, consists of a L-barrel
comprised of the N-terminal portion, covering a central nucleotide-binding domain, followed by the Cterminal K-helical domain. Three groups of KL-heterodimers are thus formed, which can adopt three
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distinct nucleotide binding conformations, corresponding to empty sites, ADP/Pi binding sites and
ATP tight binding sites. These structural features
support a rotatory mechanism [553] where the central Q-subunit rotates within the KL-hexamer, driving
the enzyme through three successive con¢gurations
that are required for ATP synthesis/hydrolysis. In
recent years, this model has gained increasing support, although it has been challenged, based on the
preserved ATPase activity observed in the absence of
the Q-subunit or on the preserved binding of Q to CF1
upon its cleavage into three fragments [554].
Part of the Q-subunit protrudes below the C-terminal domain of the K- and L-subunits. Together with
the O-subunit, the protruding portion of the Q-subunit
interacts with CF0 [555] and may provide the CF1
contribution to the stalk observed by electron microscopy at low resolution [548,556]. The CF0 contribution to the stalk is most likely provided by the stromal extended C-terminus domains of the two
homologous subunits I and II [557]. Indeed, their
E. coli counterpart, subunit b, present in two copies
in BF0 [558] interacts with BF1 through its highly
charged C-terminal domain [559]. Subunits I and II
are then anchored in the membrane by a single Nterminal K-helix. Subunit N has also been considered
as a member of the stalk portion of the enzyme.
However, recent cross-linking data suggest that it is
located at the interface between subunits I and II and
the N-terminal L-barrel domain of the KL assembly,
in a region distal to the thylakoid membranes [560].
Recent work with site-directed mutants of E. coli by
Capaldi and coworkers [561,562] has con¢rmed that
N is a member of the stator portion of the enzyme
while O is part of the rotor as indicated in Fig. 1.
A contribution of suIII to the binding of CF1
should also be considered. Indeed, speci¢c and stable
association between CF1 and suIII in the total absence of suI/II/IV has been convincingly demonstrated both by in vitro co-immunoprecipitation of
detergent-solubilized suIII with CF1 , and by the ability of CF1 to bind to suIII-containing liposomes
[563,564]. There is no doubt that the unraveling of
the interactions between the CF1 and CF0 sectors
awaits better insight on the organization of the stalk
region.
The structural features of the transmembrane part
of the CF0 sector remain elusive. Even the exact
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stoichiometry of the major CF0 subunit suIII in the
active enzyme remains controversial [563] and references therein). Based on the resolved structure of the
bacterial homolog of suIII in a monomeric form
[565], it has been proposed that subunits III arrange
in the shape of a ring. This observation is supported
by electron [566] and atomic force spectroscopy
[567], which suggest that the proteolipid ring has a
diameter of about 7 nm. The proteolipid ring would
rotate relative to CF0 subunit IV that is proposed to
play a central part in the functional conductance to
protons of the assembled enzyme [568]. Nothing is
known on the arrangement of its transmembrane
domain, which thus conceals the structural features
lacking to understand the proton pumping mechanism of the ATP synthase.
9.2. Expression and assembly of the constitutive
subunits
9.2.1. Gene organization and transcription
In most cyanobacteria, the ATP synthase subunits
are made up of two operons, a small one encoding
atpB (L) and atpE (O) and a large one in which the
seven other genes are clustered [569,570]. In most
photosynthetic eukaryotes, the split organization
into a large and a small atp cluster is largely conserved [571] even though three genes, AtpC, D, G,
encoding subunits N, Q and suII, respectively, have
been transferred to the nuclear genome. It should
be noted, however, that AtpG and AtpD are still
part of the large atp cluster in the plastid genome
of red algae [572]. The clustered genes are co-transcribed and, depending on species, are, either or not,
processed to transcripts of smaller size [572^574].
The chloroplast atp genes from Chlamydomonas display unique organization since they are dispersed
throughout the organelle genome, and are therefore
transcribed independently [575].
9.2.2. Biosynthesis of individual subunits
Several subunits of the chloroplast ATP synthase
undergo post-translational processing. First, nuclearencoded subunits are processed to their mature form
upon translocation from their site of translation in
the cytosol to their site of functional assembly in the
thylakoid membranes. Intriguingly, two chloroplastencoded CF0 subunits (suI and suIV) also undergo
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N-terminal processing, although they are not peripherally located on the lumen side of the thylakoid
membranes and retain a transmembrane orientation.
9.2.2.1. Processing
of
nucleus-encoded
subunits. The three nuclear-encoded subunits, Q, N of
CF1 and suII of CF0 are translated on cytosolic ribosomes as precursors and are post-translationally
imported into the chloroplast where they are converted to their mature form. The size of the N-terminal presequences of the Q- and N-subunits varies
between species from about 40 to 60 residues
[576,577]. The presequence of suII is longer, e.g. 75
residues in spinach [558], and displays a bipartite
organization; the stromal-targeting sequence being
followed by a hydrophobic stretch and a consensus
site for the thylakoid processing peptidase. Hence,
the precursor form of suII contains a presequence
that was presented as typical of lumenal-targeted
proteins. However, membrane insertion of CF0 II is
azide insensitive and does not require the assistance
of vpH, NTPs, or stromal factors [578]. Moreover, it
is not inhibited following treatment of isolated thylakoids with a protease, indicating that there is no
involvement of proteinaceous receptors [436].
The N-terminal processing of CF0 II is somewhat
unexpected since it is a transmembrane protein with
only one putative transmembrane anchor and a long
hydrophylic C-terminal domain extending in the
stroma. The processing step of cytochrome f and
PSII-W, whose mature N-terminus faces the lumen
(see Sections 5 and 8), argues for the need of a cleavable N-terminal hydrophobic segment, in order to
position the N-terminus of the mature protein on
the opposite side of insertion into the membrane. It
should be noted, however, that some other short bitopic subunits, like PetG or PetM from the cytochrome b6 f complex [473], do not undergo N-terminal processing although their N-termini are
positioned at the lumenal face of the thylakoids.
9.2.2.2. Processing of chloroplast-encoded subunits. Since the nuclear-encoded CF0 suII and the
chloroplast-encoded CF0 suI are both homologous
to F0 subunit b from E. coli (see Section 9.1.2),
one would expect them also to share a common
processing mechanism for positioning their N-termini in the lumen. Indeed, a cleavable N-terminal ex-

tension has been identi¢ed for suI [579]. Thus, mature suI displays only a very short amino terminal
sequence of about 7^8 residues in the lumen, similar
to that found for suII. However, the cleavable suI
presequences contain 15^17 residues which are di¤cult to ¢t with canonic lumenal targeting sequence.
They contain shorter hydrophobic stretches than
usual and a proline is often found in the 33 position,
with respect to the cleavage site. Moreover, in pea,
the presequence is only seven amino acid residues
long [580]. Therefore the exact role of N-terminal
processing in the biogenesis of suI requires further
investigation. The same question prevails in the case
of suIV. This chloroplast-encoded subunit contains
four putative transmembrane segments [581]. The actual N-terminus of the mature protein was shown to
start 18 amino acid residues downstream the initiating methionine [582]. This putative cleavable sequence bears no resemblance to lumenal transit sequences. In most cases, cleavage occurs after a serine,
and the released peptide is unambiguously hydrophylic. Since C. reinhardtii can be used routinely to
perform site-directed mutagenesis of chloroplast-encoded proteins, modi¢cation of suI and suIV presequences is now feasible and should provide new insights on the function of subunit processing in the
biogenesis of the enzyme.
9.2.3. Assembly and accumulation of the protein
complex
The biogenesis of the bacterial and mitochondrial
enzymes have been reported to occur through independent and stable assembly of soluble F1 followed
by attachment to the transmembrane F0 subunits
[583,584]. No such evidence has been reported for
the biogenesis of the chloroplast enzyme. In C. reinhardtii, the whole set of chloroplast ATP synthase
subunits shows a concerted accumulation in vivo,
with much reduced amounts of CF1 detected in mutants blocked in the synthesis of a CF0 subunit
[585,586]. These contrasting assembly features may
re£ect the di¡erence in coordination of gene expression due to widely di¡erent organization of the structural genes for the ATP synthase. The genes for F0
and F1 are either organized in a single operon, the
unc operon in E. coli, or split into two functionally
homogeneous groups, with an organelle-encoded F0
sector and a nuclear-encoded F1 sector in the case of
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the mitochondrial enzyme. In contrast, the chloroplast CF0 and CF1 sectors are both of dual genetic
origin with subunits encoded either in the nucleus or
in the chloroplast.
9.2.3.1. Stoichiometric production of the enzyme
subunits. A particularly challenging aspect of biogenesis studies of the ATP synthase is to understand
the mechanisms that control the stoichiometric production of the assembled subunits in markedly uneven ratios, with three times more K- and L-subunits
than Q, N or O in CF1 , and about 10 times more
subunit III than subunits I, II and IV in CF0 (Table
6). The study of various Chlamydomonas mutants
defective in the synthesis of a particular CF1 /CF0
subunit, but lacking all of the ATP synthase proteins
[585,586], suggests that post-translation degradation
of the unassembled subunits is a major tool in keeping the steady-state concentrations of the various
subunits to the stoichiometry required for functional
assembly. Our present knowledge on other possible
contributions remains very elusive. In E. coli, it has
been suggested that the L/O ratio results from a trans-
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lational control exerted through a secondary structure in between their two genes in the uncDC mRNA
[587]. Genuine translational coupling between L and
O has been demonstrated in the case of maize chloroplast [588]. Its possible contribution to their di¡erential expression has been advocated, but the absence
of translational coupling between L and O in all other
chloroplasts examined so far does not support the
idea that such a mechanism plays a central role in
establishing the subunit stoichiometry of the chloroplast enzyme. It has been suggested that the frequency of ribosome pausing could explain why suIII
is made in more copies than suI, but the same explanation would not convincingly hold for subunit K
versus suI [574]. The stoichiometry of the subunits
has also been suggested to result directly from the
ratio of their transcript concentration level in spinach
[589]. At present, this proposal is di¤cult to reconcile
with the general observation that chloroplast protein
synthesis is not limited by transcript availability (see
Section 1).
9.2.3.2. Rates of subunit synthesis control the rate

Table 6
ATP synthase
Components

Topology (no.
of TM K-helices)

Approximate
molecular
mass (kDa)

Gene
(C/N)

Stoichiometry

Function

Contribution to the
accumulation of
ATP synthase

CF1 K

S

55

atpA (C)

3

+ CES

CF1 L

S

54

atpB (C)

3

CF1 O
CF0 I
CF0 III

S
TM (1)
TM (2)

15
21
8

atpE (C)
atpF (C)
atpH (C)

1
1
9^12

CF0 IV

TM (4)

25

atpI (C)

1

stator, nucleotide
binding (regulatory)
stator, nucleotide
binding (catalytic)
rotor, regulatory
stator
rotor; generates
torque, proton
translocation
stator, proton
translocation

CF1 Q

S

35

AtpC (N)

1

CF1 N

S

21

AtpD (N)

1

CF0 II

TM (1)

16

AtpG (N)

1

rotor, energy
transducing
stator, mechanic
energy storage?
stator

+
+
+
+

+/3

+
?
+

Topology denotes whether the protein is transmembranal (TM) or stromal (S). Approximate molecular masses are given according to
the amino acid sequence of the mature protein. Note that they may deviate markedly between di¡erent organisms. C, chloroplast
gene (lower case); N, nuclear gene (upper case). +, Required for the accumulation of other subunits of the complex; +/3, mildly required; 3, dispensable; CES, controlled by epistatic synthesis.
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of assembly. The steady-state concentration of the
enzyme is kinetically controlled by the rate of synthesis of its constitutive subunits. In a Chlamydomonas mutant showing a considerable drop in its content of monocistronic atpA transcripts, a 3-fold
decrease in the rate of synthesis of the K-subunit
results in a lower accumulation of the assembled enzyme [56]. Short pulse-labeling studies of chloroplastencoded polypeptides performed in vivo with a number of C. reinhardtii mutants defective in the chloroplast ATP synthase have shown that the rates of
synthesis of the K- and L-subunits are intimately coordinated [585]. The rate of synthesis of K decreases
in mutants lacking L which confers to K the behavior
of a CES protein (see Section 1). An opposite e¡ect
is observed with strains defective in K-synthesis in
which the rate of synthesis of L now increases [56].
A mutant from C. reinhardtii bearing two neighboring missense mutations in the coding region of the
atpA gene (K-subunit) displays increased rates of synthesis of both the K- and L-subunits [590]. These
various observations strongly suggest that early interaction(s) between the K- and L-subunits occur during their biogenesis, even though the molecular
mechanism of these interactions remains obscure.
One possibility, derived from the CES mechanism
operating for cytochrome f (see Section 8), is that a
protein motif accessible from the unassembled K-subunit but largely shielded upon assembly in CF1 , exerts a negative feedback control on the synthesis of
both the K- and L-subunits. The target step for this
feed-back signal should be translation initiation,
since the 5P-UTR of the atpA transcript was shown
to control the down-regulation of subunit K-synthesis
when subunit L is not present: fusion of the coding
region of petA with the 5P-UTR of atpA down-regulates cytochrome f synthesis in a mutant of Chlamydomonas lacking the L-subunit (Rimbault, Drapier,
Girard-Bascou and Wollman, unpublished data).
9.2.3.3. The assembly process as assayed in reconstitution experiments. A number of authors have
taken advantage of the conserved features of the
F1 -ATP synthase family in order to attempt the production of hybrid enzymes. In several instances, heterologous reconstitution between prokaryote and eukaryote subcomplexes has been obtained in vitro,
either by associating F1 and F0 sectors from di¡erent

sources [591], or by exchanging only one subunit
with its homolog from another source [592]. However, most of the e¡orts have been devoted to the
expression of a particular subunit of the chloroplast
enzyme together with the rest of the bacterial complex in a suitable deletion mutant from E. coli [593^
596]. These studies were designed to assess the feasibility of a heterologous system to draw structure/
function correlations with the chloroplast ATP synthase subunits rather than to understand the biogenesis process itself. They have provided indirect indications as to the speci¢city of the interactions that
develop between the di¡erent subunits of the same
complex. Genetic complementation between chloroplast and bacterial ATP synthase genes has been observed with CF1 genes encoding K-, N-, and O-subunits [593], but not for the Q-subunit [593], or for
any of the CF0 subunits [594,597]. Nevertheless, a
chimeric CF0 -suIII/BF0 -suc has complemented the
deletion of the resident bacterial gene when it contained only the ¢rst seven N-terminal amino acid
residues of the chloroplast sequence. Complementation was lost in constructs expressing the ¢rst 13 or
33 N-terminal residues of suIII [594].
E. coli strains have been complemented by the
chloroplast N- or O-subunits that show only about
25% conserved residues. The complemented strains
displayed higher growth rates than those that have
been complemented by the chloroplast K-subunit,
which shows 54% conservation [593]. In the case of
the L-subunit, which shows 66% conservation between E. coli and chloroplasts, complementation experiments have led to con£icting reports. In one instance, no complementation was observed with a
genuine chloroplast L-subunit [593]. Complementation could be achieved only with a chimeric L-subunit, in which the 96 N-terminal residues from the
chloroplast sequence were replaced by the corresponding E. coli sequence [595]. This may indicate
that the L-barrel domain of the L-subunit plays a
critical role in the folding and assembly of F1 ,
most likely governing the formation of KL-heterodimers. However, Chen et al. [596] have demonstrated that the intact chloroplast L-subunit could
complement a deletion strain from E. coli provided
that it was expressed at moderate rates. The underlying assumption for this conditional complementation is that a competition between the formation of

BBABIO 44752 14-4-99

F.-A. Wollman et al. / Biochimica et Biophysica Acta 1411 (1999) 21^85

inclusion bodies and F1 F0 biogenesis takes place.
However, since all chloroplast subunits produced inclusion bodies in E. coli, independent of their ability
to complement a deletion strain [593], the deleterious
e¡ect of the overexpression of L-subunits on F1 F0
biogenesis in E. coli points to a speci¢c role of this
subunit, possibly a nucleation process in the assembly of the enzyme. The general conclusion that stems
from the above-described reconstitution experiments
is that the e¤ciency of functional complementation
does not match the extent of sequence conservation
between bacterial and chloroplast subunits. It re£ects
both a requirement of some nearest neighbor protein
sequences for complementation and the uneven contribution of the various subunits to the functional
catalysis of the assembled enzyme.
Following the in vitro disassembling of CF1 into a
mixture of heterodimers and K3L3 hexamers [598],
attempts were made to reconstitute ATPase activity
by mixing these subcomplexes with puri¢ed Q-subunits [599]. A fully functional catalytic core, K3L3Q
was restored and displayed both the O binding properties and the high a¤nity binding sites for nucleotides, two properties lost by the unassembled subunit
preparations. In contrast, it proved di¤cult to
achieve in vitro reconstitution of a catalytic core
from the individual K-, L- and Q-chloroplast subunits
expressed independently in E. coli and then urea-denatured and renatured separately. Approximately 5%
of the ATPase activity was recovered using cyanobacterial subunits expressed independently in E. coli
[600] and no activity was regained with tobacco
chloroplast subunits expressed in a similar way
[601]. In the latter case, reconstitution was achieved
only in the presence of a mixture of chloroplast molecular chaperones, which could not be replaced by
the bacterial ones. Moreover, K and L had to be
refolded together in order to reconstitute with a Qsubunit folded independently. On the basis of these
in vitro studies, Chen and Jagendorf [601] suggested
that CF1 assembly proceeds through the concerted
folding of KL-heterodimers which undergo hexamerization when assembling with a prefolded Q-subunit.
The fact CF1 assembly requires pre-formation of KLheterodimers is supported by the early interaction
observed between K and L during their synthesis in
vivo in C. reinhardtii [56]. It should be noted that K
has been presented as a possible chaperonine for L in
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mitochondria [602] and in chloroplasts [603]. These
suggestions are consistent with the observation that
discrete changes in its amino acid sequence have led
to intrachloroplastic inclusion bodies comprising
both the K- and L-subunits [590]. This situation resembles the one occurring in E. coli when overexpression of a protein exceeds the capability of a chaperonine-assisted folding pathway and leads to inclusion
body formation.
9.2.4. The assembly pathway
The resulting pathway for protein assembly that
emerges from the experiments described above can
be presented as follows: KL-heterodimers formed at
an early stage of synthesis undergo trimerization
upon interacting with the Q-subunit, which results
in KL-hetero-hexamers. This core complex, K3L3Q,
shows the basic catalytic properties of CF1 ^ mainly
the asymmetrical features between the three KL-heterodimers brought about by their di¡erential interaction with the central Q-subunit [551]. As a next
step, the core complex converts into CF1 upon completion of its interactions with the regulatory subunits O and N. CF1 is then fully competent for assembly with CF0 subunits I and II, the formation of a
stalk which is required for the functional interaction
with the proton channel, mainly formed of oligomers
of subunit III and of subunit IV. The latter has the
more peripheral location in the assembled protein,
consistent with its lower contribution to the in vivo
concerted stabilization process of ATP synthase subunits in C. reinhardtii [585].
10. Concluding remarks
10.1. Supercomplex formation
We have described separately the ¢ve major oligomeric PPs that contribute to the membrane-embedded photosynthetic apparatus. However, these
proteins do not necessarily act as individual entities
in the thylakoid membranes. There is strong evidence, from early biochemical and ultrastructural
work (see [604^606]) that the antenna complexes
are tightly associated with the cores of each photosystem. Thus supercomplex formation is critical for
the light-harvesting function of photosynthesis. The
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Fig. 4. Photosystems as antenna-core supercomplexes. (A) A model for the organization of Photosystem II: a CCII/CP24/CP26/CP29/
LHCII supercomplex. The model is based on electron microscopy [214,217] and nearest-neighbor analysis [412] of supramolecular
complexes isolated from grana membranes. The protein complex is shown on the membrane plane from the lumenal side. Subunits
embedded in the lipid membrane are depicted with solid contours while water soluble subunits protruding into the lumen are depicted
with broken lines. The black line in the background de¢nes the contour of the most stable PSII complex that can be extracted from
membranes [217,622] (reproduced by courtesy of R. Bassi, University of Verona). (B) A model for the organization of Photosystem I:
a CCI/LHCI supercomplex. The model is based on electron microscopy of cyanobacterial PSI [322,331] and nearest-neighbor analysis
using a higher plant PSI preparation [414]. The protein supercomplex is viewed from the stromal face of the thylakoid membranes.
Subunits embedded in the lipid membrane are depicted with solid contours while water soluble subunits protruding into the lumen are
depicted with broken lines. Stroma-facing subunits are space ¢lled. The positions of LHCI heterodimers are tentative only. Reproduced from Jansson et al. [414]. See [414] for a detailed discussion.

investigation of the actual surpramolecular organization of these supercomplexes is a very di¤cult task.
Several working models have been presented in the
literature which are based primarily on the co-puri¢cation of the purported protein constituents after
mild detergent solubilization of the thylakoid membranes. The polypeptide stoichiometry was assessed
in the supercomplexes thus identi¢ed, and a nearestneighbor analysis was conducted using cross-linking
experiments. Fig. 4A,B illustrates two such models
for PSI [414] and PSII [400]. They should be considered as a framework for a future reassessment of the
supramolecular organization of the photosystems
upon further biochemical and spectral characterization of the light-harvesting process.
Whether the electron transfer process is also, in
part, sustained by supercomplex formation remains
an open question (for a review see [607]). There is
strong functional and structural evidence that some

photosynthetic bacteria display supercomplex formation between reaction centers and cytochrome bc1
proteins [608,609]. In the case of oxygenic photosynthesis, ultrastructural studies of mutants of C. reinhardtii lacking the cytochrome b6 f complex, which
were based on the analysis of the particle content
of freeze-fractured thylakoid membranes, provided
support to the view that cytochrome b6 f complexes
could associate with both CCII and CCI [610].
Although some biochemical data also support the
existence of supercomplex formation between cytochrome b6 f and the photosystem cores [611], the
present body of evidence remains too circumstantial
to allow one to draw a de¢nite conclusion as to their
existence in the thylakoid membranes.
10.2. Future issues
The comparative examination of studies on the
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biogenesis of the various photosynthetic proteins
that we have presented in this review article delineates several emerging areas of research that should
rapidly contribute to the resolution of issues which
are currently poorly understood.
The major features of the translational step in the
expression of the chloroplast-encoded PP subunits
will have to be revisited. The extent to which an
autoregulation of translation contributes to the stoichioimetric production of these subunits, as is the
case of cytochrome f [79], will deserve a more systematic study. On the other hand, the simple picture that
stromal membranes are the site of co-translational
insertion of chloroplast-encoded membrane-bound
PP subunits, may have to be revisited in light of
the ¢nding that inner envelope-like membranes contain several of the regulatory proteins that bind to
the 5P-untranslated regions of chloroplast transcripts
[95]. This discovery results from the ¢nding that thylakoid membrane fractions prepared from C. reinhardtii can be further separated in genuine thylakoid
membranes and chlorophyll-less membranes very
similar to the inner envelope membranes. The site
of translation of cyanobacterial PPs may have to
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be revisited as well since recent biochemical characterization of cyanobacterial membranes by the twophase partition system set up by Albertsson and his
coworkers [612] has disclosed the presence of a signi¢cant proportion of plasma membranes among
what has been considered for long as a pure thylakoid membrane fraction [613].
A number of house-keeping chloroplast enzymes
(chaperonines of the HSP60 and HSP70 families,
proteases analogous to their bacterial counterparts,
docking proteins for translating ribosomes) have
been already identi¢ed, but their participation in
the biogenesis and recycling of the PP subunits remains to be characterized. Then come the `pioneer
proteins', most of which are nuclear-encoded and act
speci¢cally at the post-transcriptional step in the expression of various chloroplast genes. Their physiological role in protein assembly may have been overlooked since they have been primarily studied for
their role in gene expression.
Another aspect, is a growing number of auxiliary
enzymes in photosynthesis that are identi¢ed as partners in the biogenesis of PPs (see Table 7). They are
involved in post-translational modi¢cations of well-

Table 7
Proteins involved in the assembly of the photosynthetic complexes
Photosynthetic
complex/subunits

Assembly-assisting
protein

Approximate
molecular mass (kDa)

Gene (C/N)

Species of identi¢cation

PSII

HCF136

37

Hcf136 (N)

Arabidopsis

PSI

Ycf3

19b

ycf3 (C)

Ycf4
BtpA

22b
30

ycf4 (C)
btpA (C)

Cyanobacteria; Chlamydomonas;
vascular plants
Chlamydomonas
Cyanobacteria

Cyt b6

CCB1a
CCB2a
CCB3a
CCB4a

unknown

Ccb1
Ccb2
Ccb3
Ccb4

Cyt c6 /Cyt f

CCSAa
CCS1a

35
64.9

ccsA (C)
Ccs1 (N)

CCS2a
CCS3a
CCS4a

unknown

Ccs2 (N)
Ccs3 (N)
Ccs4 (N)

(N)
(N)
(N)
(N)

C, Chloroplast-encoded gene (lower case); N, nuclear encoded genes (upper case).
a
Cofactor attachment proteins.
b
Detected from gel migration of the protein [161].
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Chlamydomonas

Chlamydomonas; Synechocystis
Chlamydomonas; Synechocystis;
Porphyra purpurea
Chlamydomonas
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characterized PP subunits, and they act as processing
enzymes, kinases and phosphatases or as catalysts
for heme-attachment and iron^sulfur cluster formation. The molecular knowledge that would help
understanding both their structure and their enzymatic properties remains scarce, but one can expect
rapid progress in this ¢eld as illustrated by the molecular identi¢cation of membrane-bound subunits of
the protein complex involved in c-heme attachment
[614], or of a lumen-located immunophilin-like protein, which probably plays a role in the dephosphorylation of thylakoid membrane proteins [615]. Another issue that lacks characterization is the
thylakoid translocon(s) which are experimentally
identi¢ed through the distinct requirements for protein translocation across, or integration into, the thylakoid membranes. Thus, the ¢eld of thylakoid protein biogenesis and assembly remains largely
unexplored to date, which is in sharp contrast with
our growing knowledge of the structural organization of the assembled proteins.
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