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Synthesis, assembly and degradation of thylakoid membrane proteins
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Abstract — The thylakoid membrane of chloroplasts contains four major protein complexes, involved in the photosynthetic electron
transfer chain and in ATP synthesis. These complexes are built from a large number of polypeptide subunits encoded either in the
nuclear or in the plastid genome. In this review, we are considering the mechanism that couples assembly (association of the
polypeptides with each other and with their cofactors) with the upstream and downstream steps of the biogenetic pathway, translation
and proteolytic degradation. We present the contrasting images of assembly that have emerged from a variety of approaches (studies
of photosynthesis mutants, developmental studies and direct biochemical analysis of the kinetics of assembly). We develop the concept
of control by epistasy of synthesis, through which the translation of certain subunits is controlled by the state of assembly of the
complex and address the question of its mechanisms. We describe additional factors that assist in the integration and assembly of
thylakoid membrane proteins. © 2000 Société frangaise de biochimie et biologie moléculaire / Editions scientifiques et médicales
Elsevier SAS
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1. Introduction interactions that bind these polypeptides together are
established and destroyed throughout the biogenesis of the
The light reactions of oxygenic photosynthesis aremembrane. This is an arduous question not only because
carried out by four large enzymatic complexes located irof the large number of polypeptides involved, but also
the thylakoid membran§igure 1). All of them are oligo- because of their dual genetic origin. Within a same
meric proteins, made of between 7 and more than 2@omplex, subunits encoded by the chloroplast genome are
polypeptides, and they bind a variety of cofactors andassociated in a defined stoichiometry with subunits that
pigments in a well-defined structural arrangement. Irare encoded by the nuclear genome, translated on cytoso-
recent years, our understanding of the system has receivéid ribosomes and imported into the chloroplast. Thus,
tremendous benefit from the two most rapidly expandingspecific mechanisms should operate to allow the stoichio-
fields of biology: genomics and 3D-structure analysis. Ametric accumulation of the various subunits encoded by
number of chloroplast genomes have been fully sethe two genetic compartments in the amount required for
quenced, as well as the complete genome of the cyanaheir assembly. At the level of translation, some degree of
bacteriumSynechocystis sp. PCC6803, while the sequence coordination appears necessary, not only to avoid wasteful
of the Arabidopsis nuclear genome will soon be com- production of subunits in excess of their assembly part-
pleted. With the help of reverse genetics, this will put inners, but also because some of these polypeptides bind
our hands the complete set of polypeptides from whiclchlorophyll, whose triplet state would lead to the forma-
this complex system is built up (structural genes, regulation of deleterious singlet oxygen when photochemistry is
tors and assembly catalysts). The 3D-structures of photatefective. The two genetic compartments, which use
system | (PSI) and light harvesting complex Il will soon widely different systems for producing proteins, must
reach atomic resolution, while those of the other comexchange specific signals to coordinate gene expression.
plexes, the photosystem Il (PSIl) reaction center, cytoin the chloroplast, polycistronic transcription units may
chromebgf and the H-ATP synthase, either are underway combine genes for different complexes and may be
or can be largely inferred from those of their bacterial ortrimmed to monocistronic mRNAs. Consequently, the
mitochondrial homologues. level of expression of each protein has to be regulated
Still, one of the most fascinating aspects of this systenndividually. As described elsewhere in this issue (Barkan
remains poorly understood. We largely ignore how theand Goldschmidt-Clermont, Monde et al., Zerges), a large
part of the control of chloroplast gene expression has
* Correspondence and reprints: vallon@ibpc.fr moved to the post-transcriptional level, with numerous
Abbreviations: CES, control by epistasy of synthesis; LHCP, hucleus-encoded factors governing mRNA processing,
light harvesting chlorophylia/b protein; PSI, photosystem [; stability and translation for a specific chloroplast gene
PSiII, photosystem II; SRP, signal recognition particle product.
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Figure 1. Supramolecular organization of the thylakoid membrane. Chloroplast-encoded subunits are indicated in light colors and
nucleus-encoded subunits in dark colors. Each subunit is indicated by is common name, or by the letter of the gene (psb, pet, psa)
that encodes it. Light harvested by the photosystems | and Il (PSI, PSII) and their associated light harvesting complexes (LHCI,
LHCII) triggers oxidation of a photochemical chlorophyll a dimer (P680, P700, respectively). In PSII, P680" is reduced by electrons
abstracted from water through a Mn cluster and a reactive tyrosine Y. On the acceptor side, the intra-protein electron transfer chain
comprises a pheophytin, a non-heme iron and a tightly bound quinone Q,. At the Qg site, plastoquinone (PQ) is reduced to
plastoquinol, which will be oxidized at the Q, site of cytochrome bgf. One electron travels through the Rieske protein and cytochrome
f to the soluble electron carrier plastocyanin (PC). The other electron, via cytochrome bg hemes, reduces another PQ at the Q; site,
resulting in H* pumping by the so-called Q-cycle. On the lumenal face of PSI, PC reduces oxidized P700. Two parallel electron
transfer chains in PSI converge towards Fy, a cluster at the interface of PsaA and PsaB. After reducing the F, and Fg clusters and
ferredoxine (Fd), the electron is used by ferredoxine-NADP*-reductase (FNR) to generate NADPH. Operation of the electron transfer
chain generates a AuH* which is used by the CF,-CF; ATP synthase to generate ATP.

Photosynthesis research has now put in our hands a
large panel of genetic, biochemical and biophysical tools,
with which we can address this important issue in a
systematical manner, with the hope to shed some light on
the genera principle that governs assembly of complex
membrane proteins. The biogenesis of thylakoid mem-
brane proteins has recently been reviewed in detail [1]. In
the present paper, we will concentrate on the mechanisms
that coupl e the assembly processto two essential moments
of the life of a polypeptide, trandlation and proteolysis.

2. Cytochrome bgf: a case study.

In this section we will describe the assembly of the
cytochrome bgf complex, to serve as an illustration of the

common themes encountered in the study of the other
thylakoid membrane proteins.

Cytochrome bgf is the simplest complex of the thyla-
koid membrane in terms of polypeptide composition. It
catalyses the reduction of plastocyanin at the expense of
reduced plastoquinol and contributes to the formation of
the proton gradient used to synthesize ATP. It is structur-
aly and functionally homologous to the cytochrome bc,
complex found in mitochondria and bacteria, whose
structure has been determined by X-ray crystallography
[2, 3]. The isolated complex [4, 5] contains four major
subunits. cytochrome f binds one c-type heme, cyto-
chrome by carries two b-type hemes, subunit IV is devoid
of prosthetic groups but contributes to the formation of the
quinol binding site, and the Rieske protein binds the
[2Fe-29] cluster. The first three subunits are encoded by
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the chloroplast genes petA, petB and petD, while the
Rieske protein is encoded by the nuclear gene PETC,
translated on cytoplasmic ribosomes and imported into the
chloroplast. The complex contains also several small
polypeptides (M, = 4 kDa) with a single transmembrane
helix, which have no counterpart in cytochrome bc,
complex and do not appear to bind cofactors. PetG and
PetL are chloroplast encoded [6, 7], while PetM is the
product of a nuclear gene [8]. In addition, the product of
the chloroplast ycf6 gene, was recently reported to be
required for the accumulation of the cytochrome bgf
complex and present in the isolated complex [9]. While
the other subunits are present as one copy per complex [5],
the stoeichiometry of Y cf6 has not been established so far.

All the subunits of the complex are intrinsic polypep-
tides. For the majority of them, most of the polypeptide
chain is deeply embedded in the thylakoid membrane.
However, cytochrome f and the Rieske protein are an-
chored in the membrane by a single transmembrane helix
with the large cofactor binding domain in the thylakoid
lumen. Cytochrome bgf in its active enzymatic form is a
dimer, but can be irreversibly converted to an inactive
monomeric form if lipids are omitted during the prepara-
tion, or if the concentration of detergent is increased [10].
The Rieske protein is lost during monomerization and can
be extracted from the membrane by chaotrops, so that it
appears more loosely associated than the other proteins
[10, 11]. Upon more drastic conditions, the monomeric
complex further looses PetL, as well as its chlorophyll
component. Hence, it is possible to remove some of the
subunits in vitro without totally compromising the stabil-
ity of the complex. As will be shown below, genetic
studies indicate that assembly in vivo aso is not an
all-or-none process.

A number of mutations impairing accumulation of the
cytochrome bgf complex have been isolated from a wide
range of organisms, from the green alga Chlamydomonas
reinhardtii to higher plants [12-14]. As is the rule in the
genetic analysis of photosynthesis, several types of muta-
tions can be obtained by functional screening. Someliein
the structural genes (chloroplastic or nuclear) encoding
the subunits of the complex, while others affect nuclear
genes that control the expression of chloroplast genes at a
post transcriptional level [12, 15-17].

Another category of mutations affects the machinery
required for the fixation of hemes to the apocytochromes
(see Nakamoto et al., this issue), a strict requirement for
the stabilization of cytochromes and further assembly. In
contrast, assembly of the [2Fe-2S] cluster on the Rieske
protein is a spontaneous process in vitro [18]. This does
not necessarily preclude the need for additional factorsin
vivo. Remember that heme binding to cytochrome b, a
spontaneous reaction in vitro [19], requires in vivo the
products of at least four nuclear genes CCB1-CCB4 in
Chlamydomonas [20]. An enigmatic chlorophyll a is
bound to cytochrome bgf, probably together with a caro-
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tenoid [21, 22]. Although this chlorophyll does not appear
to be involved in electron transport, it may be required for
assembly. A chIN mutant of Chlamydomonas, unable to
synthesize chlorophyll in the dark, was found to lack
cytochrome bgf [21]. However, cytochrome bgf is present
in low amounts in etioplasts [6, 23] which lack chloro-
phyll, so that the generality of this requirement remains
uncertain.

In recent years, a systematic analysis of site-directed
mutants in the chloroplast pet genes has set the rules for
assembly of the complex. Most mutations, although af-
fecting primarily the expression of a single subunit, result
in a pleiotropic decrease of the accumulation of the other
subunits as well [12, 24, 25]. For example, deletions of
either petA, petB, petD [24, 25], petG [26] or ycf6 [9] from
the chloroplast genome result in a dramatic decrease, by a
factor of ten or more, of the accumulation of the remaining
subunits. These results point towards a concerted accumu-
lation of the various polypeptides of the complex,
whereby interaction of a subunit with all its assembly
partners in the membrane is necessary for its stable
accumulation. There are two notable exceptions to this
rule. In Chlamydomonas, deletion of the petL gene till
allows the accumulation (in exponentialy growing cells
only) of 25% of the other subunits, assembled in a
functional complex [7]. This partial complex isless stable
than the wild type one, asit is converted to a monomer and
looses specifically the Rieske protein during isolation. The
latter two effects are not necessarily coupled, since a petB
mutant altered in the Q, site lost the Rieske protein but
retained the dimeric structure and PetL [27]. Similarly, in
strains lacking the Rieske protein, a partia complex
resulting from the assembly of the remaining subunits
(including PetL) is accumulated to about 50% of the wild
type level [12, 28]. This complex, due to the lack of the
[2Fe-2S] cluster, is not functional, but retains the dimeric
structure. In the cytochrome bc, complex, the Rieske
protein is even more clearly dispensable for assembly,
since Rieske protein-less mutants of Rhodobacter capsu-
latus assemble a stable sub-complex, onto which the
purified protein can be reconstituted in vitro [29]. In
contrast, in the aguatic angiosperm Lemna, a mutant
devoid of the Rieske protein mRNA did not accumulate
the other subunits of cytochrome bgf [13].

In Chlamydomonas, both the PetL - and Rieske protein-
less complexes are lost when the culture enters stationary
phase. For the Rieske protein mutants, this degradation
appears to be carried out by a Clp protease (for a
description of chloroplast proteases, see Adam, thisissue),
since attenuation of the clpP gene results in a marked
stabilization of the Rieske-less complex in the mutant
[30]. Interestingly, the mutant Rieske protein itself is
stabilized by attenuation of clpP, which suggests that it is
also a substrate for the protease. In another study, the
unassembled Rieske protein associated with the mem-
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brane during in organello import appeared to be degraded
by the FtsH protease [31].

Two types of mechanisms appear responsible for the
concerted accumulation of cytochrome bgf subunits: deg-
radation of unassembled polypeptides, and regulation of
trandation by assembly. Both mechanisms have been
studied in detail in Chlamydomonas, by pulse chase
experiments performed on strains deleted for one of the
pet genes. These experiments showed that the half life of
subunit 1V and cytochrome bg, but not their initia
synthesis rate, was highly decreased upon deletion of
another subunit of the complex. For example the haf life
of subunit 1V drops from almost 2 h in the wild type to
45min and 15min in strains lacking cytochrome f or
cytochrome by, respectively [24]. This indicates that the
unassembled subunit 1V is rapidly degraded when it
cannot assemble, i.e., that assembly converts it from a
highly unstable form to a form that is no longer suscep-
tible to proteolytic attack. This could be brought about
simply by shielding those motifs that can be recognized by
proteases. The protease(s) responsible for this type of
degradation have not been identified yet. ClpP does not
seem to be involved, since attenuation of the gene did not
lead to enhanced accumulation of the fully unassembled
subunits in this type of mutants [30].

The behavior of cytochrome f appears completely
different from that of the other subunits. In the absence of
its assembly partners, cytochrome bg or subunit 1V, its
synthesis rate drops to about 10% of that observed in the
wild type [24]. Cytochrome f synthesized in those condi-
tionsisinserted in the membrane and is as stable asin the
wild type, even though it is not assembled. Thus, there is
a hierarchical organization of the expression of the cyto-
chrome bgf subunits, which has been described as a
control by epistasy of synthesis (CES) [32, 33]. Cyto-
chrome bg and subunit 1V are dominant over cytochrome
f, whereas cytochrome f, which requires the presence of its
dominant assembly partnersto be synthesized at wild type
rate, is called a CES protein.

At the molecular level, this assembly-mediated control
of cytochrome f trandation is an autoregulation of trans-
lation. The signal responsible for this regulation is carried
by the C-terminal domain of the cytochrome f, i.e., the
transmembrane helix and the 15 amino acids stromal
extension. Indeed, strains lacking accumulation of this
C-termina domain (either because the whole cytochrome
fisunstable and failsto accumulate, or because thisregion
was specifically deleted or mutated) escape autoregula-
tion: they show a three-fold oversynthesis of cytochrome
f, whether the dominant subunits are synthesized or not
[33, 34]. Thus, cytochrome f synthesisis aready repressed
to some extent in wild type, in order to adjust the
production of cytochrome f to the synthesis rate of the
other subunits. Site directed mutagenesis experiments on
the C-terminal domain of cytochrome f have narrowed
down the regulatory motif to an eight amino acid stretch
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located immediately after the end of the transmembrane
helix (Choquet and Wollman, unpublished).

2.1. Membrane-KKKQFEKV

Mutations at positions 2, 3, 6 and 7 did not affect
autoregulation, but a Lys to Met substitution at position 1
or a Phe to Ser substitution at position 5 yielded a
completely unregulated cytochrome f, with a three-fold
increased trandation rate. The importance of the other
residues, as well of the possible implication of residues
from the transmembrane helix, is under study.

The target for this autoregulation resides within the
petA 5’ UTR, which governs trandation initiation. Strains
where cytochrome f is trandated under the control of
another unrelated 5’ UTR no longer exhibit the assembly-
dependent control of cytochrome f synthesis. Furthermore,
the petA mRNA 5'UTR is able per se to confer the CES
behavior to a reporter gene translated under its control
[33]. It was proposed that the regulatory motif carried by
unassembled cytochrome f is able to interact directly or
indirectly with the 5’UTR of the petA mRNA. Upon
assembly, it would be shielded by the other subunits or
undergo a conformational change impairing this interac-
tion. As this motif seems too short to promote a sequence
specific protein-RNA interaction, the interaction is likely
indirect and should therefore rely on a ternary effector.
This factor would be trapped by the regulatory motif of
unassembled cytochrome f; it would be released upon
assembly and become available for trandation, as illus-
trated in figure2. A possible candidate is the nucleus-
encoded TCA1 factor, the only factor identified to date
that is required for the trandation initiation of the petA
mMRNA [35] (Wostrikoff et al., unpublished observations.).
However, the participation of TCA1 in the CES process
till awaits demonstration.

Whether the epistatic control of cytochrome f synthesis
aso operates in the chloroplast of higher plants remainsto
be elucidated. Tobacco mutants with a deletion in petD or
petB failed to accumulate the complex [25], but synthesis
of cytochrome f has not been measured directly. The
observed reduction in the size of petA-associated poly-
somes is difficult to interpret, since the tobacco petA is
associated with other reading frames in a complex tran-
scription unit. The crpl mutant of maize lacks translatable
petD messenger due to a failure to process the petD
MRNA. Interestingly, this mutant also shows a reduced
synthesis of cytochrome f [17]. But a close examination of
the phenotype of the mutant and of the sequence of the
cloned crpl gene led the authors to conclude that the
decreased cytochrome f synthesis was a primary effect of
the mutation rather than an epistatic consequence of the
decreased accumulation of subunit IV [36].

Together, the data presented above suggest a pathway,
largely hypothetical, for the assembly of the cytochrome
bsf complex. Genetic data point to an early interaction
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Figure 2. Hypothetical description of cytochrome f expression in wild type and mutant strains. The left part of the figure shows
inhibition of cytochrome f synthesis due to the accumulation of unassembled cytochromef, as observed in strains lacking the dominant
subunit 1V. The dominant cytochrome by is rapidly degraded. The putative TCA, effector, trapped by the regulatory motif, is not
available for trandation initiation. The right part of the figure shows activation of cytochrome f synthesis, in mutants where the
regulatory motif has been destroyed by site-directed mutagenesis. TCA; can not bind anymore the motif and is totally available to
activate trandation. The intermediate rate of synthesis observed in wild-type cells (middle) results from an equilibrium between the

left and right situations, TCA; being released upon assembly.

between subunit 1V and cytochrome bg: the half life of
subunit IV is shorter in the absence of cytochrome by
(15 min) than in the absence of cytochrome f (45 min)
[24]. An early interaction between these two subunits is
likely since cytochrome bg and subunit IV are homol ogous
to the N- and C-terminal parts, respectively, of the single
cytochrome b polypeptide of cytochrome bc,. This inter-
action is probably driven by helix-helix recognition,
reminiscent of those responsible for the folding of cyto-
chrome b in mitochondria or bacteria. It has been recently
shown that the splitting of cytochrome b into two non-
overlapping fragments that mimics cytochrome bg and
subunit IV does not prevent its proper folding and
assembly into a functional complex [37, 38]. At a later
stage, this hypothetical subcomplex would interact with

cytochrome f and with the small subunits PetG and PetM.
Cytochrome f, present in slight excess in the thylakoid
membrane [5] isavailable for an early interaction with this
be/IV subcomplex and may kinetically favor assembly
with respect to the competing degradation process. Asso-
ciation with PetL and with the Rieske protein are probably
late events in the assembly, since a partially stable
complex is accumulated in the absence of these polypep-
tides. It would stabilize the dimeric form of the complex.

As a whole, the assembly of cytochrome bgf complex
appears to integrate several key features that, as will be
seen in the following sections, are common, with small
variations, to the other protein complexes of the thylakoid
membrane; i) a stabilization of the apoproteins upon
fixation of their cofactor complement as a prerequisite for
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assembly; ii) a concerted accumulation of the subunit of
the complex resulting from: 1) a rapid proteolytic degra-
dation of most unassembled subunits; and 2) an assembly-
controlled regulation of the synthesis of one subunit; and
iii) a sequential assembly pathway, with a progressive
increase in the stability of the complex as more subunits
are incorporated.

3. Complexes and sub-complexes. hintsto the
assembly pathway

In this section, we will summarize our current under-
standing of the mechanisms of assembly of the other
complexes. Asvery few real kinetic data are available, we
will rely mostly on in vitro studies of the biochemical
stability of the interactions between subunits and on
mutant studies suggesting the occurrence of intermediate
stages of assembly.

3.1. Photosystem I

PSII is by far the photosynthetic complex for which
biochemical and genetic dissection has been analyzed in
greatest detail. The smallest preparation able to perform
the basic reaction of photosystem Il contains six polypep-
tides: D1 and D2 subunits (homologous to the L and M
subunits of the bacterial reaction center), the a and p
subunits of cytochrome bggg, and two polypeptides with a
single membrane-spanning helix, Psbl and PsbW. Larger
complexes have been isolated which contain in addition
the CP47 chlorophyll a-binding protein and PsbT, plus
PsbL and PsbK [39]. The latter preparation is a dimer, as
is probably the case for PSII in situ. The classical PSII
core preparations contain additional integral subunits,
among which the CP43 antenna protein. The nuclear-
encoded extrinsic polypeptides (OEE1, OEE2 and OEE3)
bind to the lumena surface where they concur to the
stabilization of the oxygen-evolution site. Higher order
structures have been isolated from higher plants, where
PSII arranged as a dimer is surrounded by the nucleus-
encoded chlorophyll a/b-binding proteins, forming vari-
ous types of functional units [40, 41].

The picture emerging from developmental, genetic and
time-resolved biochemical studies of PSIl assembly ap-
pears somewhat more complex: clearly, biological assem-
bly is not the exact reverse of biochemica disassembly.
Two types of processes must be considered, although they
may overlap at times: the mechanisms through which a
PSII unit is built up in a developing chloroplast and those
that insure its maintenance in the mature organelle.

PSII activity is absent in etioplasts and appears during
greening, a process that has been extensively studied in
plants [42, 43] and in the y1 mutant of Chlamydomonas
that does not synthesize chlorophyll in the dark [44]. The
mRNAsfor D1, D2, CP47 and CP43 (i.e., the chlorophylI-
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binding polypeptides) are present in etioplasts, but their
tranglation products are not detected. Light triggers accu-
mulation of these polypeptides, maybe by a direct effect
on trandlation [45], or most probably by allowing chloro-
phyll synthesis required for stabilization of the apopro-
teins [46, 47]. But many PSII proteins do not share this
strict requirement for light. Cytochrome by, PsbW, PsbH
and PsbS are present in etioplasts, as are the extrinsic
OEE1 and OEE2 polypeptides [42]. Their relative
amounts increase during greening, significantly faster than
that of the chlorophyll a-binding proteins [42], so that the
latter will meet a large pool of their assembly partners as
they enter the membrane. This raises the question whether
these components are assembled in etioplasts and whether
they can serve as a nucleus for the assembly of the
chlorophyll a-binding proteins. Recently, cytochrome bggg
has been detected in 90-200 kDa complexes in barley
etioplast membrane [48].

Genetic studies may indirectly reveal intermediate
steps in the assembly of PSII. As a rule, mutations in
genes coding for the chlorophyll-binding subunits affect
the stability or synthesis of most of their assembly
partners. Mutants devoid of D1 are severely depleted in
D2 and CP47, and vice versa [49]. CP43 seems to be
somewhat more independent, since CP43-less mutants
still can accumulate sizeable amounts of D1, D2 and
CP47, assembled in a detergent-stable complex, and
conversely CP43 can accumulate to some extent in mu-
tants lacking D1, D2 or CP47 [50]. But by and large, the
four chlorophyll a-binding subunits seem to depend on
each other for their accumulation in the membrane.

In contrast, cytochrome b5, athough it is part of the
reaction center complex, accumulates to normal levelsin
the absence of the chlorophyll-binding subunits. This has
been observed in D1-less mutants of Chlamydomonas
[51], barley [52, 53] and Synechocystis [54]. The converse
is not true, since both the o and 3 subunits of cytochrome
554 are necessary for PSII biogenesis [51, 55]. Similarly,
the nuclear-encoded OEE1, OEE2 and OEE3 polypeptides
accumulate to normal levels in mutants lacking polypep-
tides D1, D2, CP47 or CP43 [50], consistent with their
presence in etioplasts and in dark-grown y1 cells, while
mutants lacking the OEE proteins still stably accumulate
the rest of the PSII in the membrane. Interestingly, OEE1
appears to depend on cytochrome bggg for its stability, as
the cytochrome bggg mutant of Chlamydomonas com-
pletely lacks OEE1 [51]. This places cytochrome bggg &t a
cross-road of PSII assembly. In vir'®®, cytochrome bggg
and OEE1l segregate to the appressed regions of the
thylakoid membrane, in contrast to the traces of CP47 and
CP43 which are randomly distributed in the two domains
[52]. Preferential localization of OEEL to the appressed
regions has also been reported for Chlamydomonas mu-
tants lacking proteins D1, D2 or CP47 [50]. Since the
lumenal OEE1 cannot by itself sense the appression state
on the stromal surface, it has been proposed that cyto-



Thylakoid membrane biogenesis

chrome b5, (possibly associated with other PSII polypep-
tides) serves to anchor it to the membrane [52]. However,
chemical cross-linking studies argue against strong bind-
ing of OEEL1 to the etioplast membrane [56]. CP47 and D1
subunits have also been implicated in binding OEEL1 [57,
58].

In Chlamydomonas PSII mutants [50] and in dark-
grown yl1 [44], OEE2 and OEE3 aso accumulate nor-
mally, athough their association with the membrane is
weaker than in WT. OEE2 is randomly distributed be-
tween appressed and non-appressed regions in the absence
of CP43, but its distribution seems to follow that of CP43
in D1 or D2 mutants, consistent with a preferential
binding to CP43. In vitro, rebinding of OEE2 and OEE3 to
PSII-membranes requires OEE1 [57], but mutant data
argue for OEEl-independent binding in vivo [50]. It
should also be noted that a substantial fraction of the
OEEs can be easily released from thylakoids, upon soni-
cation, Triton X-100 treatment [59] or freeze-thawing
[11]. Free OEEs (either newly imported or released during
photoinhibition) are rather stable in the lumen, but OEE3
can be cleaved by a prolyl endopeptidase [60].

Many small subunits of PSII appear to be dispensable
for assembly or even for function, although their stabili-
zation may require assembly of PSII. Such is the case for
PsbT [61], PsbU [62] and even for Psbl, a component of
the reaction center itself [63, 64]. Those mutants only
displayed various level of reduction in PSII accumulation
or light sensitivity. Deletion of psbL in Synechocystis
alows partial assembly of a non-functional complex, and
readdition of PsbL restores Q, reduction [65, 66]. While
psbH and psbK mutants of Chlamydomonas were not
photosynthetic and failed to assemble PSII [67, 68], the
corresponding mutants of Synechocystis only displayed
light-sensitivity [69, 70]. In general, mutations in struc-
tural genes are better tolerated in the cyanobacterium [71],
perhaps revealing a less efficient degradation system or a
more active biogenesis.

Light is a major developmental factor of PSII biogen-
esis, as atrigger of the greening process. But it also plays
an important role in mature chloroplasts, when biosyn-
thetic process are harnessed to the maintenance of the
photosynthetic apparatus. Charge separation in PSII may
lead to the generation of highly reactive chemical species
that can damage the center. At high fluence rates, the cell’s
ability to repair PSII centers may be overwhelmed, which
results in a decline in PSII activity described as photoin-
hibition [72, 73]. Two types of mechanism have been
observed depending on experimental conditions. Acceptor
side photoinhibition involves double reduction of Q,,
leading to increased P680*-Pheo~ charge recombination,
production of 3P680 and generation of singlet oxygen. In
donor side models, inactivation of oxygen evolution
results in generation of the highly oxidizing Tyr,* and
P680* cations.
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In the initial phase of photoinhibition, conformational
changes occur in PSII that together with unidentified
modifications of the D1 polypeptide commit the latter to
degradation. These include monomerization, conversion
of cytochrome bggg from the high potential to the low
potential form [74] and possibly separation of CP43 from
the PSII unit [75]. Monomeric PSI1 migrates to the stroma
lamellae, where damaged D1 is degraded and replaced by
a newly-synthesized polypeptide [76] concomitantly with
degradation of PsbW [77]. Monomerization appears to
require dephosphorylation of the inactivated D1 protein
[78, 79], and may in turn be necessary for migration to
stroma lamellae. D1 is not phosphorylated in cyanobacte-
ria, Chlamydomonas, ferns and mosses [80, 81], which
suggests that the protective role of phosphorylation has
been acquired recently in evolution. After replacement of
D1, new structural changes including dimerization, migra-
tion to grana stacks and interaction with LHCII complete
the cycle of PSII repair.

D1 degradation appears to be a two-step process, as
judged from the transient appearance of intermediate
degradation products both in vivo and in vitro. Their size
differs in donor side versus acceptor side photoinhibition,
and both types of cleavage may occur invivo [82, 83]. The
initial D1 cleavage can be obtained in purified reaction
centers, which has led to the suggestion that it is autocata-
Iytic [84]. This endoproteolytic step appears to be stimu-
lated by GTPR, while further degradation involves an
ATP-dependant metalloprotease [85, 205]. In PSII core
particles or trypsin-treated membranes, the latter reaction
can be restored by the membrane-bound FtsH protease,
albeit with low efficiency [205]. The stromal Clp protease
may also be involved, at least in some forms of photoin-
hibition. In Synechococcus, one of the clpP genes is
up-regulated during light stress, but its inactivation does
not reduce the rate of D1 degradation [86]. However, the
deleted strain was unable to adapt to UV-B irradiation [87]
which is known to induce a specific form of photoinhibi-
tion involving D1 degradation [88]. Other evidence for a
role of Clp proteases in photoinhibition has come from
studies of Chlamydomonas ATP synthase mutants. In
these strains, PSII is highly sensitive to light and the
degradation of PSII subunits is slowed down in a mutant
with reduced clpP expression (Majeran et a., submitted).

The first cleavage event, at least in donor side photo-
inhibition, does not seem to require disassembly of PSII
since D1 degradation products appear in gradient fractions
containing assembled PSII during photoinhibition [75,
83]. OEEs and Mn atoms are released into the lumen [58,
89], probably as a consegquence of D1 degradation, but the
D1-less PSII unit appears to be maintained, as a substrate
for D1 re-assembly (see below). However, such a D1-less
core is not expected to remain indefinitely stable in the
membrane, so that the fate of the other PSII subunits is
expected to depend on the rate of D1 synthesis. Indeed,
degradation of other PSII subunits has been reported,
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mostly in in vivo studies involving strong or prolonged
illumination. After D1 and PsbW, D2 appear as the most
sensitive [90], but CP47 and CP43 and even cytochrome
b5y can be degraded as well [91-93]. Clearly, the ability
to restore a functional PSII unit after photoinhibition will
depend partly on the ability to keep PSII in a reactivable
form, either through reversal of the inactivation process or
through de novo D1 synthesis. Interaction with molecular
chaperones may participate in the photoprotection of PSII.
Aggregates have been observed between D1 and other
PSI1 subunits and they can be resolved by addition of
stromal fractions which may include proteases and chap-
erones [94]. In Chlamydomonas, overexpression of the
chloroplastic Hsp70 has been shown to protect from
photoinhibition and to enhance recovery, while anti-sense
constructs that prevented the light-induced increase in
Hsp70 had the opposite effect [92].

During photoinhibition, synthesis of D1 is enhanced,
resulting from an increase in psbA transcripts and in
trangdlation initiation [95]. Increased D1 synthesis seemsto
be a consequence of D1 degradation, rather than of the
light treatment itself. In cytochrome bgf mutants, PSII
inactivation is retarded and D1 is not degraded as long as
the plastoquinone pool is maintained reduced [96]. In
those conditions, no increase of D1 synthesis is observed.
Apparently, a D1-less complex is a required partner for
productive D1 trandlation.

Even at light intensities below saturation for photosyn-
thesis, D1 turns over substantially faster than the other
PSII subunits [97], so that studies of the biogenesis of D1
in low light are also relevant to PSII repair during
photoinhibition (see section 6). The preferential labeling
of D1 has been exploited to study the time course of its
membrane integration and association with its assembly
partners. D1 is synthesized on membrane-bound ribo-
somes [98] and inserted cotrandationaly in the mem-
brane. D1 elongation is stimulated by a light-driven AH*
[99]. Newly synthesized D1 appears initially in stroma
lamellae [97], where its proteol ytic processing occurs (i.e.,
removal of its C-terminal tail by the lumena CtpA
protease, allowing liganding of the manganese cluster and
oxygen evolution [100]). During the elongation of D1,
ribosomes pause at specific sites, leading to the formation
of well-defined trandlation intermediates. The most promi-
nent ones (17 and 24 kDa) correspond to the exit from the
ribosome of the second and fourth transmembrane helices,
respectively [101, 102]. Ribosome pausing has been
suggested to be required either for the binding of pigments
to apo-D1 or for the proper insertion of the nascent chain
in the thylakoid membrane. Indeed, D1 has to hind
chlorophyll a and 3 carotene to become fully functional
and failure to bind these pigments leads to an early
degradation of the protein. In pulse experiments per-
formed on etioplasts, no full length trandation product can
be detected, but rather degradation products of 23 kDa,
suggesting a competition between assembly and degrada-
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tion processes during D1 synthesis [103]. Supplementa-
tion of etioplasts with in vitro synthesized chlorophyll a or
Zn-Pheophytin restores the stable accumulation of D1 [46,
104], but presence or absence of chlorophyll has no
consequences on the pattern of ribosome pausing [47].
Thus, ribosome pausing is more likely required to facili-
tate the folding of the nascent polypeptide, its insertion in
the membrane and the various interactions that would lead
to its assembly into a PSII complex. Ribosome pausing is
developmentally regulated, increasing in intensity as the
leaf ages, which may indicate a specific link to PSII-
repair, as opposed to de novo synthesis of PSII units.

Early biochemical studies[105, 106] suggested that D1
can associate directly with a pre-formed PSII core com-
plex. Recently, by refining their solubilization conditions,
van Wijk and collaborators have demonstrated co-
trandlational assembly of D1 within the PSII unit [107].
After a 2.5 min labeling pulse, D1 appears into fractions
corresponding to the reaction center complex and to larger
monomeric complexes with CPA7 and CP43 attached.
Even the precursor form is never found free in the
membrane, confirming that assembly precedes C-terminal
processing [108]. Perhaps the most spectacular finding of
van Wijk and collaborators is that D2 and CPA47 interact
with D1 nascent chains, i.e., during translation elongation
[207]. In ribosome nascent chain complexes, anti-D2 and
anti-CP47 antibodies can immunoprecipitate D1 and its
17 kDa and 25 kDa trandation intermediates. The reason
for the slow rate of trandation elongation and for ribo-
some pausing may be to allow escape of pairs of trans-
membrane helices from the putative trandocon channel
and their interaction with D2. Hence, the picture that
emerges is that of a tight coordination of D1 translation
with itsintegration into the preexisting core complex. This
complex would contain at least D2 and CP47, probably
associated with Psbl and cytochrome bggg Which had been
shown earlier to interact rapidly with D1 [108]. The vir*®
gene product may be necessary for this interaction to
occur in mature chloroplasts, while a different pathway
would prevail during greening, when pauses are less
abundant [101] and the vir'*® gene product is dispensable
for productive D1 translation [109]. Recently, trace
amounts of D2 have been found in etioplast membranes,
migrating as a high M, complex [48]. In that study, newly
synthesized D1 appeared in 45-90 kDa fractions, suggest-
ing that D1 incorporates directly into some kind of
complex. D1 assembly in etioplasts may be co-
trandational as well, but the recipient complex clearly
differs from that in mature chloroplasts.

3.2. Photosystem |

The structure of PSl, as described by biochemical [110]
and X-ray crystallographic studies [111] resembles some-
what that of PSII, probably indicative of acommon origin
[122]. The core of PSI is composed of chloroplast-
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encoded subunits, the large intrinsic homologous PsaA
and B subunits that bind chlorophyll a and most of the
cofactors of electron transport, plus PsaC which carries
two Fe-S clusters. The isolated center contains also
several small intrinsic chloroplast- or nucleus-encoded
subunits (Psal, J, M and PsaF, G, H, K, L, respectively). In
addition, three nucleus-encoded extrinsic polypeptides are
found, either on the stromal surface (PsaD and E, serving
in binding ferredoxin and ferredoxin-NADP-reductase) or
on the lumenal surface (PsaN, absent in cyanobacteria). In
the crystal structure at 4 A resolution, 34 transmembrane
and nine surface helices can be identified, some of which
ascribable to a particular subunit. The cofactors of elec-
tron transfer are gathered around a central symmetry axis
relating PsaA and B and PsaD and E. The PsaC polypep-
tide sits in the middle, on the stroma surface. In the
membrane intrinsic part, antenna chlorophylls are sepa-
rated form the central domain by the N-terminal helices of
PsaA and B, while the smaller intrinsic subunits constitute
an outer shell, with some contribution to chlorophyll
binding [111, 113].

This concentric organization is reflected in biochemical
and genetic studies of the assembly of the complex. The
large PSI unit isolated from plants [114] can be separated
into a peripheral chlorophyll a/b antenna and a core
complex carrying out the photochemical reactions. The
latter can be progressively trimmed by further detergent
treatment down to a CPl preparation capable of P700
photooxydation, containing only PsaA and PsaB. In par-
ticular, PsaF could be removed by Triton X-100 concomi-
tantly with loss of plastocyanin photooxidation, while
SDS caused loss of PsaE together with NADP* photore-
duction [115]. The extrinsic PsaC, D and E subunits can
be reassembled onto salt-washed reaction centers or mem-
branes from deletion mutants. This has alowed detailed
studies on their requirements for binding [116-119],
showing that binding is sequential but cooperative in most
cases. PsaC is required for the binding of PsaD and E
[120], but the presence of PsaD stahilizes PsaC [121] and
PsaE binds better in the presence of PsaD [122]. Devel-
opmental studies in greening plastids confirm the central
role of PsaA/B as a nucleus around which other subunits
assemble: the psaD and E genes are expressed only after
the onset of accumulation of PsaA/B, consistent with a
sequential assembly process [110].

From the study of deletion mutants in Synechocystis, it
appears that in vivo assembly of the PSI center is arobust
process, even more so than that of PSII. Synechocystis
mutants in psakE, F, L, | and J are dtill capable of
photoautotrophic growth, even though specific defects
have been described, respectively in linear and cyclic
electron transport [123, 124], Mg?* requirement [125],
trimerization and PsaD binding [126, 127], stability of
Psal. [128] and of PsaF [129]. However, photosynthesis
was severely reduced in mutants of psaD [130], and
completely impaired in the psaA, B and C mutants [120,
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131, 132]. The psaC mutant can still assemble a PsaA/B
heterodimer and PsaF, but both PsaA and PsaB are
required for the stable membrane association of any PS|
polypeptide. Little information is available for the role of
PsaG, H and K which are nucleus-encoded in plants, but
they may be expected to be largely dispensable for PS|
assembly since they are absent in cyanobacteria. In
Chlamydomonas, deletion and site-directed mutants are
available for PsaA, B, C, F and J [133-138], and their
phenotypes are largely congruent with those of the cyano-
bacterial mutants. As already noted for PSII, these muta-
tions prove generally more destabilizing to the whole
complex than in Synechocystis, for example the psaC
mutant completely lacks PsaA/B [136].

3.3. ATP synthase

H*-driven ATP synthases utilize the H* gradient gener-
ated by an electron transfer chain to synthesize ATP at the
expense of ADP and Pi [139]. The enzyme is composed of
two sub-complexes, called F; and F, in bacteria and
mitochondria, CF; and CF, in chloroplasts. The intrinsic
CF, and extrinsic CF; can be extracted and purified either
together or separately and reconstituted in vitro [140,
141]. The 3-D structure of the mitochondrial F, alone or
complexed with part of Fg, has been elucidated at atomic
resolution [142, 143], shedding light on the mechanism of
the enzyme. It also allows a better understanding of how
it is assembled in vivo or reconstituted in vitro.

The CF, moiety can be described as combining a stator
(subunit 1V and the two homol ogous subunits | and I1) and
a rotor composed of a ring of the highly hydrophobic
subunit 111, the ‘proteolipid’. The stoichiometry has been
described as 1:1:1:12, but the recent crystal structure of
the mitochondrial enzyme contains only 10 proteolipid
subunits [143]. The proteolipid oligomer is held by strong
interactions: it can be preserved through gel el ectrophore-
sis even after boiling in SDS (Valon, unpublished).
Purified CF1 is composed of five subunits, o, 3, v, 6 and
g, in the stoichiometry 3:3:1:1:1. In vitro, the o and 3
subunits can be reconstituted together as (of3) dimers or
(ap)5 hexamers with the help of chloroplast chaperones.
This core is further stabilized when the y subunit binds,
which also allows interaction with the inhibitory € subunit
[144, 145]. In CF;-stripped thylakoids, the v, & and ¢
subunits together can ‘plug’ the H* leak in open CF,
complexes [146]. During catalysis, protons from the
lumenal side are thought to reach a critical Asp residuein
subunit 111, then be expelled to the stromal side via a
proton channel in subunit 1V. Thiswould cause rotation of
the ring of subunits 111 and of the associated y/e stalk.
Rotation of the vy subunit would trigger conformational
changes in the (af3); core permitting ATP synthesis.

In vivo assembly studies of chloroplast ATP synthase
have been led mostly in Chlamydomonas. In all the
mutants available, lack of one subunit results in complete
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impairment of function [147-149]. However, the exact
effect on the accumulation of the other subunits varies
with the mutation, reflecting differences in the stability of
the assembly intermediates.

In general, mutants defective in CF, subunits allow
some accumulation of relatively large amounts of at least
some CF; subunits. For example, strain ac46 is devoid of
CF, subunit 11l because it lacks the atpH transcript
(Drapier, personal communication). It is also unable to
synthesize subunit IV, whereas subunit | isintegrated into
the membrane at a normal rate [147]. In this strain, the
CF, subunits are synthesized normally but they do not
bind to the membrane. A large part is rapidly degraded, but
the rest appears to assemble into a partial CF, complex:
the cell accumulates 35-40% of the normal content of «,
 and v in the stroma, while § is amost undetectable.
These levels do not decrease when the cell enters station-
ary phase, suggesting a stable assembly of (af8)sy (unpub-
lished results). In FUD18 which lacks subunit | of CF,
CF, aso does not bind to the membrane. But FUD23, a
strain lacking synthesis of subunit IV, binds sizeable
amounts of a, 3, y and &€ of CF, on its membrane [147]
and one may wonder whether subunit 111 whose synthesis
is normal in this mutant may by itself serve as a CF;
binding site.

In contrast, the stability of CF, appears to depend
heavily on the presence of CF;. All the ATP synthase
mutants lacking a CF; subunit appear to lack al CF,
subunits and have a low H* conductance [147, 150]. CF,
subunits are synthesized normally in a5’ pulse, but they
fail to accumulate, indicative of rapid degradation. Thisis
true also for some mutants that are still able to assemble a
partia CF, in the stroma. A mutant lacking vy [151]
accumulates 15-25% o and 3 (Drapier, personal commu-
nication), probably in an assembled form. The FUD17
mutant, with a frameshift in the atpE gene encoding the €
subunit [152], also accumulates high levels of o and B (y
was not investigated) [147]. In this case, a small fraction
appears to associate with the membrane. In contrast,
mutants lacking B fail to accumulate any of the other CF;
polypeptides [147-150], while a mutant that does not
translate o can accumulate 3 (but no other CF; subunit) in
a soluble form [153]. An early interaction between o and
[} isdemonstrated by the study of the FUD16 mutant [147,
154]. This mutant carries two point mutations in the atpA
genefor a, causing its over-accumulation in an aggregated
state. These chloroplast inclusion bodies contain also large
amounts of , but no subunit vy. A low level of ATPase
activity can be detected on the membrane, probably as a
result of escape from the aggregation pathway. Interest-
ingly, accumulation of a and 3 wastotally prevented when
an additional mutation was introduced reducing the rate of
trandation of a. Clearly, aggregation of the mutated form
of o requires a high rate of trandation. When overex-
pressed in E. coli, CF;-a generaly aggregates, while
remainsin a soluble form [155, 156]. Since refolding of o
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after urea denaturation can be promoted by Mg-ATP
binding [156], it can be speculated that the FUD16
mutation causes aggregation by impairing the ATP binding
site nearby.

In summary, assembly of the ATP synthase appears to
involve a variety of inter-subunit interactions within CF,
or CF; and between these sub-complexes. The partia
complexes that can be accumulated in ATP synthase
mutants include isolated 3 (but none of the other sub-
units), aff complexes with or without vy and possibly a
membrane-bound CF,-subunit 11 complex. In addition, a
and  can aggregate when folding of o is perturbed. All
these objects are subject to proteolysis, sometimes in
kinetic competition with assembly. The proteasesinvolved
are not identified, but the ClpP protease appears to control
the level of accumulation of B in the a-less mutant
(Vallon, unpublished). As is true for the other complexes,
all these sub-complexes do not necessarily represent true
intermediate stages of assembly. More work is needed to
characterize precisely the sub-complexes formed in WT
and mutant chloroplasts, and to identify those involved in
regulating translation of atp genes (see section 4).

4. Regulation of trandlation by assembly: control by
epistasy of synthesis

As outlined in the previous sections, assembly controls
not only the stability of newly synthesized polypeptides,
but also for some of them their trandlation rate, a phenom-
enon described as control by epistasy of synthesis (CES)
[32, 33]. Thus, there is a hierarchical organization in the
expression of the subunits of a complex. The CES
subunits are those whose rate of synthesis is dependent
upon the presence of some assembly partners, called
dominant proteins.

Mutant studies in Chlamydomonas show that in each
complex of the thylakoid membrane, at least one subunit
is under epistatic control. As detailed above, mutants
lacking cytochrome by or subunit 1V exhibit areduced rate
of synthesis of cytochrome f [24, 33]. Similarly, the PsaA
protein is not synthesized in mutants lacking PsaB or
expressing an unstable mutated version of it, whereas
mutants lacking PsaA in contrast show normal translation
of PsaB, followed by rapid degradation [133, 157]. The
core subunits of PSII are also under translational control,
since D1 mutants show a reduced synthesis of CP47 [50,
158, 159], and D2 mutants of D1 and CP47 [50, 160]. This
can be described as an epistatic cascade, where D2
appears necessary for D1 synthesis, which in turn is
required for that of CP47. In the ATP synthase, the
synthesisrate of the o subunit is considerably decreased in
mutants lacking the 3 subunit, while mutants with reduced
or abolished translation of subunit o present a stimulation
of B synthesis [147, 153, 154]. The FUD16 mutant
producing an aggregation-prone CF,-a. presents oversyn-
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thesis of both o and  [154]. Rubisco aso is under
epistatic control, since a mutant lacking the small subunit
shows a reduction in trandation of the chloroplast-
encoded large subunit [161].

Evidence for such a control of trandation by assembly
is not limited to Chlamydomonas. In the vir'> mutant of
barley, primarily impaired in the expression of D1, syn-
thesis of CP47 is aso reduced [53, 109]. Although one
cannot exclude a dua effect of the mutation on the
expression of both polypeptides, this observation is easily
understood if CP47 is a CES protein in barley asit isin
Chlamydomonas. In tobacco, antisense plants with re-
duced expression of the small subunit of Rubisco also
show a decreased synthesis of the large subunit [162].
Epistatic mechanisms may even contribute to the biogen-
esis of mitochondrial complexes: in the yeast Saccharo-
myces cerevisiae, the rate of synthesis of the
mitochondrion-encoded COXI, but not its haf-life, is
reduced when the cytochrome oxidase complex does not
assembl e due to the absence of other COX subunits [163,
164]. Mutants deficient for the synthesis of subunit 9 of
the mitochondrial ATP synthase show reduced synthesis of
Atp6 and Atp8 [165, 166].

In al cases, the dominant/CES couples are pairs of
polypeptides that are in close contact in the final complex.
So it istempting to propose that the control is mediated by
a protein motif carried by the CES subunit, as has been
demonstrated for cytochrome f. This motif, shielded upon
assembly, would exert a negative feed-back on the syn-
thesis of the CES protein. Since it should interact with the
translation machinery, the motif is rather to be found on
the stromal face of the membrane. A prerequisite for
autoregulation is that the CES protein be at least margin-
aly stable in the non-assembled state. Indeed, the low
amounts of the CES proteins translated in situations of
regulation (cytochrome f, D1, CP47, CF;-a) have been
found fairly stable in pulse chase experiments [24, 50,
153]. Other types of mechanisms, e.g., a positive feed-
back exerted by a motif present on the dominant subunit,
can also be envisioned. The exact mechanisms by which
PsaB, CF,-f3, D2 or D1 control psaA, atpA, psbA and psbB
trandation, respectively, remain to be elucidated. Clearly,
only site-directed mutagenesis can unambiguously iden-
tify the regulatory motifsin epistatic processes and test the
generality of the model. This was conveniently achieved
for cytochrome f by deleting the C-termina stroma
exposed domain, the most likely candidate [33, 34].

In the case of the ATP synthase CF,, the situation is
rather complex: not only is o under epistatic control of 3,
but synthesis of  is stimulated in the absence of a. The
latter observation is unique in the biogenesis of the
thylakoid membrane and suggests that o negatively con-
trols atpB translation [153]. Although epistasy in CF; can
be modeled with free unassembled subunits, a role can
also be envisioned for the af3 dimers. They could for
exampl e be responsible for the negative control of atpB: in
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this way, the downstream steps of assembly could control
production of the building blocks (Rimbault et al., per-
sonal communication).

In the case of petA, the CES process is exerted at the
level of trandlation initiation: the 5 UTR of the mRNA is
able to confer epistatic control to a reporter gene. Al-
though other mechanisms can be envisioned, this seemsto
be the general strategy of epistatic systems. In the ATP
synthase of Chlamydomonas, epistatic control of a by 3
and overexpression of 3 in the absence of o are mediated
at thelevel of trandlation initiation: cytochrome f synthesis
driven by atpA or atpB 5'UTRs is respectively repressed
in the absence of B or stimulated in the absence of a
(Rimbault et al., personal communication). The same
seems true for Rubisco: in tobacco antisens plants with a
reduced expression of the small subunit, the amount of
rbcL mRNA, encoding the large subunit is unaffected but
its binding to polysomes is reduced suggesting a specific
decreasein trangdlation initiation [162]. It has been recently
reported that tranglation initiation of D1 is decreased in a
Chlamydomonas mutant lacking D2 [167]. The situation
with PsaA is less clear: expression of a reporter gene
trandlated under control of the psaA 5 UTR was found
dependent upon the presence of PsaB in one case, but not
in an other, depending on the reporter gene used [157]
(Wostrikoff et al., unpublished results). It seems unlikely
that al those CES proteins that are regulated at the level
of trandation initiation have evolved a specific RNA-
binding motif able to bind their own messenger 5 UTR.
The interaction is more likely indirect and will rely on
ternary effectors able to modulate translation efficiency,
depending on their fixation to the regulatory motif. The
various nuclear-encoded trandation factors, whose regu-
latory function is still pending, could turn out to play an
important role in the assembly of complexes through
trandlational autoregulation of CES polypeptides.

It should be stressed that the CES process, best char-
acterized in mutants deficient in the assembly of a
complex, also operates in the wild type. It participates in
the fine tuning of subunit production, as shown by the
three-fold overexpression of cytochrome f in mutants
lacking the regulatory motif. Since it concerns a limited
subset of chloroplast encoded proteins, its energy-saving
role in preventing excess production of useless subunitsis
only limited. Rather, the unique properties of the CES
proteins offers a mean to facilitate sequential multistep
assembly. Dominant proteins are in general quite unstable.
To be efficient, assembly must be kinetically favored over
the competing degradation process. The dominant
polypeptides will meet as they enter the membrane low
but stable amounts of unassembled CES subunits, avail-
able for a rapid interaction that will protect them from
degradation. Conversely, the stability of the CES proteins
makes it amost mandatory to control their synthesis,
otherwise they may accumulate in excess. A particularly
interesting case is that of the epistatic cascade of PSII
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which parallels the structural organization of the PSI| unit.
Epistasy would ensure that D1 is only synthesized when
D2, with which it interacts cotrandationaly, is present.
Then, the D1-D2 reaction center will alow the synthesis
of CPA47, the next subunit in the hypothetical assembly
pathway. Note that partial assembly does not aways
stabilize a protein: D1, being a CES protein, is poorly
trandated in the absence of D2, but is stable in the
membrane. In contrast, it is synthesized at wild type rate
and rapidly degraded in mutants deficient for the synthesis
of CP43. Ironically, while unassembled D1 is not a target
for proteases, it becomes one upon partial assembly with
D2 and CP47 [50].

5. Catalysts of membrane integration and assembly

Asmay appear from the above description of assembly,
many of the important decisions in the life of a polypep-
tide are taken at the time of its integration into the
membrane. All the chloroplast-encoded thylakoid mem-
brane proteins (and many soluble proteins as well) are
trandated on membrane-bound ribosomes [168, 169].
Those that are imported from the cytoplasm are targeted to
the membrane by signals found in the mature protein or in
an N-terminal signal peptide that is cleaved after translo-
cation to the lumena space. Understanding how transla-
tional regulation is achieved, how a polypeptide enters the
assembly or the degradation pathway, how cofactors find
their way to their site in the protein etc, requires a better
knowledge of the state of the polypeptide as it enters or
crosses the membrane and of the proteins with which it
may interact at this stage. In vitro, some integral proteins
can insert into the thylakoid membrane spontaneously,
i.e, with no apparent requirement for a proteinaceous
insertion apparatus or energy source [43, 170-172]. In
most cases, however, integration or translocation of the
protein is mediated by one of three specific pathways that
the chloroplast has inherited form its eubacterial ancestor
[173].

The Tat pathway is involved in the trandocation of
OEE2, OEES3, PsbT, PsaN and the Rieske protein. As a
result, the maize hcf106 and tha4 mutants which lack the
homologues of the bacterial TatA and TatB proteins,
respectively [174, 175], have pleiotropic deficiencies in
most of the complexes of the membrane. The name Tat
stands for twin arginine translocation, because its sub-
strates generaly have two arginines at the N-terminal
boundary of the hydrophobic part of their signal peptide
[176, 177]. Like its bacterial homologue, it is strictly
dependent on the presence of atransmembrane ApH™. The
Tat system appears devoted to the trans ocation of tightly
folded proteins, presumably after their cofactors have
been attached in the cytoplasmic/stromal compartment. It
has even been suggested that folding is a prerequisite for
trandocation and that the system has a proofreading
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function, avoiding export of cofactor-less or misfolded
proteins. Most of the Rieske protein imported in organello
associates with the stromal surface of the membrane in a
protease-sensitive form [31], which may be due to ineffi-
cient association of the iron-sulfur cluster. However,
mutations in the Rieske protein impairing binding of the
Fe-S cluster do not prevent its translocation and assembly
with the complex [178], so that this may not be truein all
cases. The Sec-dependent pathway also directs transloca
tion of lumenal (plastocyanin, OEE1) and membrane
anchored (cytochrome f, PsaF) polypeptides [179]. Trans-
location requires ATP, is blocked by azide and facilitated
by a transmembrane ApH*. SecA interacts with the
substrate on the stroma surface, while translocation is
operated through a transmembrane complex (translocon)
involving at least the SecY and SecE homologues [180].

In contrast, the signal recognition particle (SRP) path-
way appears specidized in the insertion of polytopic
integral proteins. Chloroplastic SRP is composed of two
polypeptides of 54 kDa and 43 kDa, but differs from its
eubacterial homologue in lacking an RNA component
[181]. One role of SRP in vivo seems to be the mainte-
nance of newly imported light harvesting chlorophyll a/b
proteins (LHCPs) in a soluble form, and together with the
chloroplast equivalent of FtsY, to promote their integra-
tion into the membrane in a GTP-dependent reaction
[182-185]. LHCPs can associate spontaneously to the
thylakoid, due to their hydrophobic characteristics. How-
ever, this associated form is not protected against protease
digestion, in contrast to the form produced by SRP-
dependent trandocation [172, 186]. Integration is thought
to occur on stroma lamellae. The following events of
chlorophyll binding, trimerization, association with the
reaction centers and migration to grana stacks probably
are spontaneous events that can be observed in vitro [187,
188]. Although the severity of thylakoid biogenesis de-
fects in secY mutants [189] had led to the hypothesis that
the SRP pathway also uses SecY in the translocation step,
in vitro studies rather indicate that SecY functions only in
the SecA-dependent pathway [180, 190]. The recently
identified Oxalp translocase appears instead as respon-
sible for integration of LHCP [191].

In addition to LHCPs, SRP54 may also beimplicated in
the biogenesis of chloroplast-encoded polytopic mem-
brane proteins. In vitro, an interaction has been observed
between cpSRP54 and a specific subset of thylakoid
protein precursors, those with particularly hydrophobic
signal sequence, including the chloroplast encoded cyto-
chrome f [192]. Furthermore, cross-linking studies have
shown a close association of SRP54 (but not SRP43) with
D1 during the early stage of its trandlation [193]. Mutants
lacking cpSRP43 show reduced LHCP content but normal
accumulation of reaction center polypeptides [194, 195],
while mutants of SRP54 have yellow first true leaves,
show delayed chloroplast differentiation and present a
reduction in the accumulation of seven (out of 11) LHCP
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proteins and of the reaction center proteins D1, D2 and
PsaA/B [194, 196]. A reduction in LHCP and D1 content
has also been observed in a cytochrome f signal sequence
mutant [206], suggesting that the translocation machiner-
ies for these proteins partly overlap.

The main function of the systems described aboveisin
translocation, rather than in assembly per se. Whether
specific assembly catalysts operate in the thylakoid mem-
brane is still a matter of debate. An assembly catalyst
would allow specific steps of the sequential assembly of a
complex, without being itself part of the final protein.
Such could be the case for the Ycf3 and Ycf4 proteins
which are required for PSl accumulation (whereas many
PSI subunits are not), but are not found associated with the
purified complex [197, 207]. Ycf4 in addition occurs in
the WT in sub-stoichiometric amount compared with PS|
subunits. Synthesis of the chloroplast encoded PSI sub-
units is not affected in the absence of either protein [197,
207], and their function in PSI biogenesisis still unknown.
Mutation of ycf4 in Synechocystis does not completely
prevent PSI assembly [198]. Rather than being true
assembly catalysts, they could be involved in cofactor
binding or in the biogenesis of a nucleus-encoded subunit,
or play some other indirect role in assembly or stability.
Similarly, the exact function of the btpA gene whose
mutation in Synechocystis results in an 85% decrease of
PSI accumulation [199], remainsto be elucidated. Another
candidate assembly catalyst is the Arabidopsis Hcf136
factor, whose absence prevents accumulation of both the
core PSII subunits and the OEEs [200].

6. Repair versus ab initio assembly

In the above, assembly of thylakoid membrane protein
complexes is largely described in terms of successive
steps, whereby the individual polypeptides are added
sequentialy to a ‘nucleus to form the final complex.
Some of these intermediates can be observed with bio-
chemical techniques, but most of them are only deduced
from genetic or in vitro dissociation or reconstitution
studies. Although this sequentia view (‘ab initio’ assem-
bly) may prove correct in many cases, especialy during
greening, assembly of a newly synthesized subunit can
also proceed by direct integration into a preexisting
complex.

As outlined above, a replacement mechanism has now
been demonstrated for the D1 protein of PSII in mature
chloroplasts, as was suggested early on by its higher
turnover rate. Similarly, the three-times higher rate of
synthesis of the o subunit of CF1 as compared to the 3
subunit in Chlamydomonas [153] may indicate either that
alarge part of o isdegraded in the early steps of assembly,
or that the assembled CF, undergoes cycles of degradation
and replacement of a. The latter explanation is supported
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by the finding that the ratio of labeling is similar in 5-min
and 45-min pulses, and that it is also observed in the
membrane-bound polypeptides after 5min of labeling
[147]. By analogy with PSII, the membrane-bound ATP
synthase could shed its a subunits faster than its 3, so that
a large part of newly synthesized a would integrate
directly in the ATP synthase. The complex regulation of
the trandational efficiencies of the atpA and atpB mRNAS
would have evolved to maintain the levels of free o and 3
to a minimum.

How can we identify cases of assembly by replace-
ment? In practice, the fact that a newly synthesized
polypeptide can rapidly integrate into a full-size complex
in organello or when incubated with isolated thylakoids is
a strong argument. The extrinsic subunits of PSI, when
trandated in vitro, can be imported into chloroplasts or
insert into intact thylakoids, and they co-purify with the
native complex [122, 201]. Integration into thylakoids
does not require ATP or stromal factors and purified PSI
centers can aso integrate PsaD [202]. The precursor form
of PsaD assembles even better with PS| than the mature
form, athough remova of the transit peptide appears
necessary for full integration [203]. In those experiments
with tracer molecules, the intactness of the receptor
membrane or isolated center is critical, otherwise one may
just be witnessing in vitro reconstitution, as opposed to
replacement. But the fact that membranes from a psaE
mutant integrates only 2—3 times more PsaE than WT
[122] suggests that PsaE replacement is a very efficient
process in WT membranes.

Severa studies using intact chloroplasts also speak in
favor of a replacement mechanism. In a very elegant
study, Shinohara et al. [169] showed that isolated pea
chloroplasts could assemble a complete ATP synthase
complex, even though the essential nucleus-encoded v, &
and CF,-11 subunits were not provided. In addition, upon
import of labeled trandation products from poly(A)*
RNA, radioactive y, 6 and CFy-1l were found in the
CF,-CF, fractions, indicating that assembly had pro-
ceeded to completion. No care was taken to inhibit
chloroplast trandlation in the latter experiment, so the
possibility remains that assembly had occurred with newly
synthesized chloroplast polypeptides. However, this study
also showed that isolated thylakoids could direct transla-
tion of o and 3 and that they ended up in part in afull size
ATP synthase complex. A possibility remains that pools of
unassembled partner subunits were present or generated
during the assay by dissociation of pre-existing com-
plexes, as is aso the case in other studies showing in
organello assembly of 3 into CF; [204], or of the Rieske
protein into cytochrome bgf [178]. Clearly, the distinction
between ab initio assembly and replacement can be made
only in timeresolved studies, as demonstrated by van
Wijk and collaborators.



628

7. Summary and conclusion

Assembly of thylakoid membrane complexes is an
extremely complex process whose mis-functioning could
result in wasteful or even deleterious accumulation of
incomplete, non-functional proteins in the membrane.
This commands that assembly feeds back on the upstream
and downstream processes, i.e., trandation and degrada-
tion. Numerous mechanisms have evolved to permit
efficient and properly timed delivery of assembly-
competent subunits. Developmental and light-regulated
controls on transcription and translation insure that
chlorophyll-proteins are produced only when pigments are
available. The initiation of translation of certain subunits
is controlled by the availability of their assembly partners
which in turn depend on them for rapid stabilization.
Membrane insertion of chloroplast-encoded intrinsic
polypeptides occurs co-trandationally, in some cases con-
comitantly with assembly. Failure to meet the proper
assembly partner or cofactor usually results in rapid
degradation of the non-assembled or misfolded subunits.
However, incomplete complexes, sometimes of a rela-
tively high stability, can accumulate in certain mutants,
thus revealing probable intermediate steps of assembly.
Not all subunits contribute equally to the stability of the
complex. In particular, numerous small subunits with a
single membrane span appear dispensable for assembly. In
general, nucleus-encoded polypeptides are less essential to
stability than the large core subunits synthesized in the
chloroplast. Once fully assembled, a protein complex till
can be subject to proteolysis, in some cases restricted to
certain subunits of higher turnover rate. A vast array of
proteases is probably involved in quality control and
regulation at al stages of the biogenetic process.
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