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† Background Photosystem II (PSII) is the light-driven water:plastoquinone oxidoreductase of oxygenic photo-
synthesis and is found in the thylakoid membrane of chloroplasts and cyanobacteria. Considerable attention is
focused on how PSII is assembled in vivo and how it is repaired following irreversible damage by visible
light (so-called photoinhibition). Understanding these processes might lead to the development of plants with
improved growth characteristics especially under conditions of abiotic stress.
† Scope Here we summarize recent results on the assembly and repair of PSII in cyanobacteria, which are excel-
lent model organisms to study higher plant photosynthesis.
† Conclusions Assembly of PSII is highly co-ordinated and proceeds through a number of distinct assembly inter-
mediates. Associated with these assembly complexes are proteins that are not found in the final functional PSII
complex. Structural information and possible functions are beginning to emerge for several of these ‘assembly’
factors, notably Ycf48/Hcf136, Psb27 and Psb28. A number of other auxiliary proteins have been identified that
appear to have evolved since the divergence of chloroplasts and cyanobacteria. The repair of PSII involves partial
disassembly of the damaged complex, the selective replacement of the damaged sub-unit (predominantly the D1
sub-unit) by a newly synthesized copy, and reassembly. It is likely that chlorophyll released during the repair
process is temporarily stored by small CAB-like proteins (SCPs). A model is proposed in which damaged D1
is removed in Synechocystis sp. PCC 6803 by a hetero-oligomeric complex composed of two different types
of FtsH sub-unit (FtsH2 and FtsH3), with degradation proceeding from the N-terminus of D1 in a highly proces-
sive reaction. It is postulated that a similar mechanism of D1 degradation also operates in chloroplasts. Deg pro-
teases are not required for D1 degradation in Synechocystis 6803 but members of this protease family might play
a supplementary role in D1 degradation in chloroplasts under extreme conditions.

Key words: Photosynthesis, photosystem II, photoinhibition, D1 turnover, assembly factor, membrane protein,
FtsH protease, Deg protease.

INTRODUCTION

Although the assembly and repair of the photosystem II (PSII)
complex has been studied for .30 years (reviewed by Adir
et al., 2003), it is only recently, with the advent of detailed struc-
tural information for cyanobacterial PSII, that the necessary mol-
ecular framework has been established to begin to understand how
the complex is assembled from its individual sub-units (Ferreira
et al., 2004; Loll et al., 2005; Guskov et al., 2009). Figure 1 pre-
sents an overview of the dimeric PSII complex isolated from the
thermophilic cyanobacterium Thermosynechococcus elongatus
(Guskov et al., 2009; see Table 1 for a full list of abbreviations).
Each monomer is composed of 17 intrinsic and three extrinsic
sub-units, and in the latest structural model contains 35 chloro-
phyll a molecules, two pheophytin a molecules, 12 carotenoids,
two haem molecules, one non-haem iron, two calcium ions, 1–
2 chloride ions, three plastoquinones, .25 lipid molecules and
a CaMn4 metal cluster that catalyses formation of dioxygen
from water (Guskov et al., 2009).

At the heart of the complex are the D1 and D2 reaction
centre (RC) sub-units, each containing five transmembrane
a-helices, which bind the chlorophyll, pheophytin and plasto-
quinone co-factors involved in transmembrane light-induced
charge separation (reviewed by Rappaport and Diner, 2008).

On either side are CP43 and CP47, each containing six trans-
membrane a-helices, which bind chlorophyll a (16 molecules
in CP47 and 13 in CP43) and b-carotene, and in the case of
CP43 participates with D1 in the ligation of the CaMn4

cluster involved in water oxidation (Ferreira et al., 2004).
Surrounding these sub-units, on the periphery of the
complex, are the 13 low molecular mass (LMM) sub-units of
PSII (Fig. 1A). Three extrinsic sub-units (PsbO, PsbU and
PsbV) are bound on the lumenal side of the complex
(Fig. 1B) and are thought to contribute to the stability of the
CaMn4 cluster (reviewed by Roose et al., 2007a). In the case
of chloroplast PSII, different sets of extrinsic proteins are
bound to the lumenal surface of PSII depending on the
species (reviewed by Enami et al., 2008).

Associated with the PSII complex in vivo are distal light-
harvesting complexes, containing bound pigment, whose role it
is to absorb photons of light and to pass the excitation energy
to the RC. There is tremendous variability in the type of
antenna system: for instance, water-soluble, extrinsic phycobili-
somes in cyanobacteria and red algae, and membrane-embedded
light-harvesting chlorophyll-a/b-binding (CAB) sub-units in
green chloroplasts (reviewed by Green and Gantt, 2005).

PSII is also prone to various types of light-induced irrevers-
ible damage, which unless repaired would lead to an inhibition
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of PSII activity, sometimes referred to as chronic photoinhibi-
tion, and hence to a reduction in oxygenic photosynthesis and
growth (reviewed by Adir et al., 2003). In order to maintain
PSII homeostasis, a PSII repair cycle operates to replace
damaged protein sub-units, mainly the D1 sub-unit, by a
newly synthesized copy (reviewed by Nixon et al., 2005).
In this review, we critically evaluate recent progress in

understanding the mechanism of PSII assembly and repair in
cyanobacteria, particularly in the thermophilic cyanobacterium
T. elongatus BP-1 (hereafter called T. elongatus), which is
widely used for structure/function studies, and in the mesophi-
lic cyanobacterium Synechocystis sp. PCC 6803 (hereafter
called Synechocystis 6803), which has been extensively used
to study PSII biogenesis and function via mutagenesis.
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FI G. 1. Sub-unit organization of the isolated homodimeric PSII complex from Thermosynechococcus elongatus. (A) View from the cytoplasmic side of the
membrane. The two monomers are separated by a black dashed line and the a-helical elements of each subunit are represented as cylinders. D1 (yellow),
D2 (orange), CP43 (green), CP47 (red), cytochrome b-559 (purple) and the remaining 11 small sub-units (grey) are indicated in the monomer on the left
side as well as the D1–D2–Cyt b-559 sub-complex (elliptical black dashed circle). The same colour coding system applies to the monomer on the right side
where are also represented the co-factors of PSII: chlorophylls (green), carotenoids (orange), pheophytins (yellow), plastoquinones (red) and haem (blue).
The co-factors are shown in stick form. (B) Two side views, differing by a rotation of 90 8, showing the lumenal subunits PsbO (dark blue), PsbV (light
blue), PsbU (purple) and the large lumenal loop of CP43 interconnecting transmembrane helices e and f (green) that lies close to the CaMn4 cluster. The

figure was created with the software Pymol (http://pymol.sourceforge.net, version 0.99) and the PDB files 3BZ1 and 3BZ2 (Guskov et al., 2009).
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ASSEMBLY OF PHOTOSYSTEM II

Synechocystis 6803 has proved to be an invaluable model
organism to study PSII function because of the ease of gener-
ating targeted mutants and its ability to grow on glucose in the

absence of PSII activity (Williams, 1988). Characterization of
a range of PSII mutants lacking specific sub-units of the PSII
complex plus radioactive pulse–chase experiments have pro-
vided support for the stepwise assembly of the complex invol-
ving a number of discrete PSII sub-complexes (Fig. 2). A
broadly similar process is also thought to occur in chloroplasts
(Aro et al., 2005). Cytochrome b-559 (Cyt b-559), which is
able to accumulate in the membrane in the absence of D1
and D2 (Komenda et al., 2004), seems to act as a nucleation
factor to initiate PSII assembly, to form first a D2–Cyt
b-559 sub-complex (Komenda et al., 2004, 2008) and then,
after addition of D1 and PsbI, possibly as a sub-complex
(Dobakova et al., 2007), a PSII RC-like complex (Komenda
et al., 2008) (Fig. 2). In the absence of CP47, CP43 is
unable to attach stably to the PSII RC, and two types of
PSII RC complexes, probably differing with respect to associ-
ated assembly factors, have been detected in membranes
(Komenda et al., 2004, 2008). In the absence of CP43, CP47
is able to attach to the PSII RC sub-complex to form the
so-called RC47 complex (Komenda et al., 2004). RC47 is
unable to oxidize water but is still able to drive oxidation of
Yz, a redox-active tyrosine in D1, at position D1-Tyr161,
which is the immediate oxidant of the CaMn4 cluster (Metz
et al., 1989; Rogner et al., 1991). Subsequent attachment of
CP43 allows formation of the monomeric PSII core
complex, RCC1, which is the starting point for light-driven
assembly of the CaMn4 cluster and attachment of the
lumenal extrinsic sub-units, PsbO, PsbU and PsbV, which
act as a ‘cap’ to shield the cluster (Fig. 1B).

During the biogenesis of PSII, the D1 sub-unit, which is
synthesized in most organisms as a precursor protein (pD1)
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FI G. 2. Assembly of the PSII complex in Synechocystis sp. PCC 6803. Proposed scheme for the assembly of PSII based on the analysis of PSII assembly com-
plexes in defined mutants and radioactive pulse–chase experiments. For clarity, assembly factors and many of the low molecular mass (LMM) sub-units are not
included. The LMM PsbE, PsbF, PsbH, PsbI and PsbK sub-units and the extrinsic PsbO, PsbU and PsbV sub-units are designated by the appropriate upper case
letter, and the small CAB-like proteins by SCPs. Cytochome b-559 (cyt b-559) is composed of a heterodimer of the PsbE and PsbF subunits. Types of PSII
complex: RC, PSII reaction centre-like complexes containing either mature D1, intermediate D1 (iD1) or precursor D1 (pD1) but lacking CP47 and CP43;
RC47, PSII core complexes lacking CP43; RCC1, monomeric PSII core complex; RCC2, dimeric PSII core complex. The site of attachment of the extrinsic

proteins to PSII is purely illustrative.

TABLE 1. Abbreviations used in the text

BN/PAGE Blue Native/polyacrylamide gel electrophoresis
CAB Chlorophyll-a/b-binding
CaMn4 Calcium/manganese metal cluster of PSII that catalyses oxygen

evolution
CM Cytoplasmic membrane
CtpA C-Terminal D1 processing protease
Cyt b-559 Cytochrome b-559
Cyt c-550 Cytochrome c-550 or PsbV
HLIPS High-light-induced proteins, a synonym for SCPs
iD1 Intermediate form of D1 after removal of part of the C-terminal

extension
LMM Low molecular mass
NMR Nuclear magnetic resonance
P680+ Chlorophyll cation in PSII that oxidizes Yz

pD1 Precursor form of D1 with complete C-terminal extension
PQ Plastoquinone
POR Protochlorophyllide reductase
QA Bound plastoquinone electron acceptor in PSII
RC PSII reaction centre-like complex containing D1, D2 and Cyt

b-559 but lacking CP47 and CP43
RC47 PSII core complexes lacking CP43
RCC1 Monomeric PSII core complex
RCC2 Dimeric PSII core complex
SCPs Small CAB-like proteins
TM Thylakoid membrane
Yz A redox-active tyrosine in PSII, at position D1-Tyr161, that

oxidizes the CaMn4 cluster
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with a C-terminal extension, must be cleaved to allow assembly
of a functional CaMn4 cluster (Nixon et al., 1992; Anbudurai
et al., 1994). During C-terminal processing, the 16 amino acid
extension found in Synechocystis 6803 is cleaved by CtpA to
leave an intermediate eight amino acid extension (Komenda
et al., 2007a). This intermediate form of D1, designated iD1,
can be differentiated from pD1 by SDS–PAGE (Inagaki
et al., 2001) and is found mainly in PSII RC complexes
in vivo (Komenda et al., 2004) (Fig. 2). The C-terminal
extension is not required for assembly of oxygen-evolving
PSII (Nixon et al., 1992; Satoh and Yamamoto, 2007).
However, mutants either lacking the extension or containing
a modified C-terminal extension are in general less fit than
the wild type (WT) and are more prone to photoinhibition
(Ivleva et al., 2000; Kuvikova et al., 2005).

Oxygen-evolving PSII is found as both a dimer (RCC2) and
a monomer (RCC1) in Synechocystis 6803 and T. elongatus,
with the isolated dimer more active than the monomer
(Nowaczyk et al., 2006). Both the monomer and dimer com-
plexes can be detected when gently solubilized thylakoid
membranes (TMs) of Synechocystis 6803 and T. elongatus
are analysed rapidly by Blue Native/PAGE (BN/PAGE)
(M. Boehm, unpubl. res.). Moreover, in many mutants, for
instance the psbO deletion strain of Synechocystis 6803, the
dimeric form is specifically missing, regardless of the deter-
gent concentration used for solubilization (Komenda et al.,
2010). These results plus those of Watanabe et al. (2009)
argue against the recent suggestion that dimeric PSII is a
detergent-induced artefact and not relevant to the situation in
vivo (Takahashi et al., 2009).

Role of pigments in assembly

It is clear that pigment availability is a major factor in the
accumulation of PSII. Early studies suggested that b-carotene
was vital for accumulation of D1 in the green alga
Chlamydomonas reinhardtii (Trebst and Depka, 1997) as
well as in Synechocystis 6803 (Masamoto et al., 2004).
Moreover, genetic manipulation of the type of carotenoid syn-
thesized suggested that PSII assembly required the presence of
a carotenoid with at least one b-ionylidene ring, possibly to
play a structural role in the early stages of assembly
(Bautista et al., 2005). However, a more recent study using a
Synechocystis 6803 strain completely lacking carotenoids,
due to the deletion of the crtB gene encoding phytoene
synthase (J. Komenda, unpubl. res.), has shown that the mono-
meric PSII core complex (RCC1) can actually be formed in the
absence of carotenoids, although it is unstable and strongly
light sensitive and can only be detected by radioactive label-
ling. Only the PSII assembly intermediate, RC47, is able to
accumulate to a level detectable by conventional staining on
a 2-D BN/PAGE gel. Interestingly, synthesis of CP47, and
especially CP43, was affected by the absence of carotenoids
much more than the synthesis of D2 and D1. This is in agree-
ment with the latest PSII structural models (Guskov et al.,
2009) showing that most of the b-carotene molecules are
located in the vicinity of the transmembrane a-helices of
CP47 and CP43. In contrast to the situation in PSII, functional
PSI and Cyt b6– f complexes can assemble in the absence of
carotenoid (J. Komenda, unpubl. res.).

The role of chlorophyll in the assembly of PSII has been
studied in mutants of Synechocystis 6803 in which the light-
independent pathway of chlorophyll biosynthesis has been
blocked by mutation of chlL so that only the remaining light-
dependent pathway is functional. Cells grown in the dark under
so-called light-activated heterotrophic growth (LAHG) con-
ditions contain very little chlorophyll a and fail to accumulate
PSII core complexes (Wu and Vermaas, 1995). However, PSII
RC complexes containing D2 and mostly iD1 can be detected
in these cells (J. Komenda, unpubl. res.). Upon exposure to
light, chlorophyll a is synthesized by the light-dependent
pathway, and CP47 and CP43 accumulate, as do functional
PSII core complexes. The co-ordination between chlorophyll
availability and D1 accumulation is believed to be regulated
at the level of translation (He and Vermaas, 1998). This is in
contrast to the situation in barley, where chlorophyll-binding
proteins are inserted into the TM in the absence of chlorophyll
but are rapidly degraded (Kim et al., 1994). Perhaps surpris-
ingly, PSII complexes in Synechocystis 6803 can bind other
types of chlorophyll besides chlorophyll a, including chloro-
phyll b (Satoh et al., 2001; Xu et al., 2001) and di-vinyl chlor-
ophyll a (Tomo et al., 2009).

Currently much effort is focused on understanding how
chlorophyll synthesis is co-ordinated with the availability of
the pigment-binding apopolypeptides, especially as free
pigment in the membrane is considered to promote the gener-
ation of dangerous reactive oxygen species (Krieger-Liszkay
et al., 2008). In the case of the CP47 and CP43 proteins of
Synechocystis 6803, insertion of chlorophyll and carotenoid
into the unassembled sub-unit can occur before incorporation
into larger core complexes (M. Boehm and P. J. Nixon,
unpubl. res.). It would seem logical that pigment binding
occurs during or very soon after insertion of the protein into
the membrane. This could be mediated by locating the chlor-
ophyll biosynthetic machinery close to the sites of protein syn-
thesis. Indeed Nickelsen and co-workers have recently
identified a membrane protein of Synechocystis 6803, termed
Pitt (CyanoBase designation Slr1644), which is able to interact
with the protochlorophyllide reductase (POR) involved in
light-dependent chlorophyll biosynthesis (Schottkowski
et al., 2009). The phenotype of a pitt insertion mutant is con-
sistent with a role for Pitt in the early steps of assembly of
pigment–protein complexes, possibly by helping to localize
POR to specific regions of the membrane.

During assembly and repair of PSII, it is likely that chloro-
phyll is bound transiently by specific chlorophyll carrier pro-
teins within the membrane before being delivered to its final
destination (Wu and Vermaas, 1995). The cyanobacterial
small CAB-like proteins (SCPs), sometimes designated
high-light-induced proteins (HLIPS) (Dolganov et al., 1995),
have been speculated to play such a role (Funk and
Vermaas, 1999). They are members of an extended family of
proteins that includes the light-harvesting CAB sub-units, the
PsbS sub-unit, the early-light induced proteins (ELIPS) and
the one-helix protein (OHP) of chloroplasts (Funk and
Vermaas, 1999). Four of the five annotated SCPs found in
Synechocystis 6803 (ScpB–E) are predicted to contain a
single transmembrane helix with strong sequence similarities
to the chlorophyll-binding regions in the first and third trans-
membrane helices of CAB proteins. Recent analysis of
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single and multiple scp mutants of Synechocystis 6803
suggests that they are mainly required in stabilizing chloro-
phyll during PSII repair rather than during de novo assembly
(Vavilin et al., 2007) and indeed SCPs are able to associate
with PSII (Promnares et al., 2006; Yao et al., 2007; Kufryk
et al., 2008). Analysis of isolated His-tagged ScpD complexes
suggests that ScpD binds to CP47 in the vicinity of PsbH
(Fig. 2) (Promnares et al., 2006). Also present in
Synechocystis 6803 is a larger SCP (designated ScpA) consist-
ing of an SCP domain fused to the C-terminus of ferrochela-
tase (Sobotka et al., 2008) and another homologue, termed
LilA, also suggested to be involved in pigment binding/
storage (Kufryk et al., 2008). SCPs are not found in chloro-
plasts and might be functionally replaced by the ELIPS
(Promnares et al., 2006).

Once bound to a target protein, it is unclear whether chlor-
ophyll remains permanently attached for the lifetime of the
protein or is able to move from one protein to another. Early
work indicated that low-level expression of a higher plant
CAB sub-unit helped to increase the accumulation and inser-
tion of chlorophyll b into the PSII complex of Synechocystis
6803 (Xu et al., 2001), suggesting that such a chaperone func-
tion might operate in vivo. Similarly, Komenda and colleagues
have suggested from the analysis of PSI content in various
PSII mutants that unassembled PSII sub-units within the
TM, such as CP47, might have a function in chlorophyll
delivery to other chlorophyll-binding proteins including PSI
(Dobakova et al., 2009).

Role of the small sub-units in assembly

There are 13 sub-units with molecular masses ,10 kDa in
each monomer of the isolated PSII dimer from T. elongatus
(Muh et al., 2008; Guskov et al., 2009). All apart from PsbZ
consist of a single transmembrane a-helix. The relatively
low resolution of the early structural models for PSII prevented
complete assignment of all the LMM sub-units (Ferreira et al.,
2004; Loll et al., 2005). However, PsbX (Katoh and Ikeuchi,
2001), PsbY (Kawakami et al., 2007) and Psb30 (also
termed Ycf12) (Inoue-Kashino et al., 2008) have now been
unambiguously assigned in the latest 2.9 Å resolution struc-
tural model (Guskov et al., 2009). Inspection of the structural
models suggests that one role for the LMM sub-units is to
stabilize the binding of co-factors. For instance, PsbH and
PsbI participate in the binding of chlorophyll and PsbK
binds a Ca2+ ion (Muh et al., 2008). The PsbJ, PsbK, PsbZ
and Psb30 sub-units also seem to form an interface with
CP43 to aid the binding of carotenoids (Barber and Iwata,
2005). Several LMM sub-units also interact with the extrinsic
proteins located in the lumen and may play a stabilizing role
(Fig. 1B) (Muh et al., 2008).

In general, early mutagenesis experiments failed to identify
clear-cut roles for the LMM sub-units in PSII function.
However, more recent detailed studies on null mutants have
begun to reveal specific defects in the stabilization of the
complex. For instance, PsbI is required for stable binding of
CP43 within the PSII core complex (Dobakova et al., 2007),
which is consistent with the close proximity of PsbI to CP43
and the N-terminal region of D1 in recent X-ray structural
models (Fig. 1). The PsbM, PsbL and PsbT sub-units lie at

the interface of the two monomers in the PSII dimer (Fig. 1)
and indeed deletion of PsbT (Bentley et al., 2008; Henmi
et al., 2008), PsbM (Kawabata et al., 2007; Bentley et al.,
2008) and PsbL (Bentley et al., 2008) affects the accumulation
of PSII dimers in cyanobacteria. In the case of PsbH, which
binds to CP47, a detailed analysis of PSII complexes isolated
from a T. elongatus psbH mutant has indicated the additional
absence of the neighbouring PsbX sub-unit (Iwai et al.,
2006). Likewise, the absence of PsbZ leads to loss of the
neighbouring PsbK and Psb30/Ycf12 sub-units from the iso-
lated complex (Iwai et al., 2007), with PsbK most affected
(Takasaka et al., 2010). These latter two examples neatly illus-
trate the potential indirect effects that can sometimes arise
from genetic deletion of a single sub-unit.

The sequence of events involved in the attachment of the
LMM PSII sub-units is unclear and it is likely that parallel
assembly pathways operate. In the case of CP47 and CP43,
the recent crystal structures indicate that PsbH binds to CP47
and that PsbK and PsbZ bind to CP43 (Fig. 1). Analysis of a
psbH deletion mutant and a mutant expressing His-tagged
ScpD suggests that CP47 actually forms a complex with
PsbH and SCPs prior to attachment to the PSII RC complex
during assembly (Komenda et al., 2005; Promnares et al.,
2006) (Fig. 2). CP43 also appears to form a complex with
PsbK prior to attachment to RC47 as judged from the analysis
of a psbK deletion mutant (J. Komenda, unpubl. res.).

Recent proteomic analysis of etiolated barley membranes
has suggested that many, if not all, of the LMM sub-units of
PSII are able to accumulate in the absence of chlorophyll
and the major PSII sub-units CP47, CP43 and D1, and so be
in a position to stabilize chlorophyll binding rapidly once syn-
thesized (Ploscher et al., 2009). Whether this also occurs in
cyanobacteria is presently unclear.

Role of the extrinsic proteins

Three extrinsic proteins are found on the lumenal surface of
the PSII holoenzyme in T. elongatus: the PsbO, PsbU and
PsbV (or Cyt c-550) sub-units (Fig. 1B). Analysis of null
mutants has provided ample evidence that PSII assembles in
their absence (although at reduced levels) but they are required
for the stability of the CaMn4 cluster, both in the light and in
the dark (reviewed by Roose et al., 2007a). In the dark the
extrinsic proteins probably act to shield the high-valence
cluster from reductant (Burnap et al., 1996; Shen et al.,
1998). Additional roles for these proteins in the biogenesis
and repair of PSII are also possible. Indeed mutational analysis
of the two PsbO genes found in Arabidopsis thaliana suggests
that the efficiency of PSII repair is dependent on the type of
PsbO present (Lundin et al., 2007, 2008).

Cyanobacteria also encode homologues of the PsbP and
PsbQ proteins found on the lumenal side of PSII in chloro-
plasts (Thornton et al., 2004). However, sequence analyses
indicate that the cyanobacterial homologues, designated here
as CyanoP and CyanoQ, are only distantly related to their
chloroplast counterparts (De Las Rivas and Roman, 2005).
Both cyanobacterial sub-units are predicted to be lipoproteins
and from mutagenesis experiments neither is required for PSII
activity (Thornton et al., 2004; Summerfield et al., 2005a, b).
CyanoQ is present at stoichiometric amounts in Synechocystis
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6803 PSII preparations (Roose et al., 2007b) but is absent in
the highly active dimeric PSII preparations used to crystallize
PSII from T. elongatus. These data would suggest that CyanoQ
might play a regulatory role in cyanobacterial PSII in vivo
(Roose et al., 2007b), as suggested from growth experiments
(Summerfield et al., 2005a). In the case of CyanoP, only
trace amounts (3 % of total) were found in His-tagged PSII
preparations (Thornton et al., 2004). The most compelling
data thus far to suggest that CyanoP does indeed have a role
in PSII have come from the observation that CyanoP fails to
accumulate in a mutant of Synechocystis 6803 lacking PSII
(Ishikawa et al., 2005). The closest homologue to CyanoP in
A. thaliana is actually not PsbP but the PsbP-like protein 1
(PLP1) which is not associated with PSII but which seems
to be involved in assembly and repair (Ishihara et al., 2007).
This observation would suggest a role for CyanoP in the bio-
genesis of PSII rather than a structural role.

Conserved PSII assembly factors

Over the years a number of proteins have been identified as
being important for the assembly and repair of PSII. Some, but
not all, are conserved in both cyanobacteria and chloroplasts,
raising the possibility that their role is a fundamental one to
PSII biogenesis and has been retained during evolution.

One of the first PSII assembly factors to be characterized
was Hcf136 (also termed Ycf48), which was identified from
studies on the high chlorophyll fluorescence mutant, hcf136,
of A. thaliana (Meurer et al., 1998). Only trace amounts of
PSII were found to accumulate in this mutant, despite WT
rates of synthesis of PSII sub-units, and a role in the assembly
or stability of PSII was suggested (Meurer et al., 1998). More
recently the Ycf48 homologue in Synechocystis 6803 was
detected in PSII RC-like assembly complexes in vivo but not
in larger core complexes (Komenda et al., 2008). In addition,
although PSII could still accumulate in a Synechocystis 6803
mutant lacking Ycf48, the efficiency of PSII assembly and
repair was reduced dramatically (Komenda et al., 2008). A
combination of mutant and yeast two-hybrid data further
suggested that Ycf48 from Synechocystis 6803 binds to and
stabilizes unassembled pD1 and aids formation of the PSII
RC, in agreement with earlier conclusions from studies in
A. thaliana (Plucken et al., 2002). Ycf48/Hcf136 is targeted
to the lumen in chloroplasts and is membrane bound. Hence
it is likely to bind to the lumenal side of the PSII RC. Very
recently, the structure of Ycf48 from T. elongatus was deter-
mined to be a seven-bladed b-propeller by X-ray crystallogra-
phy (F. Michoux, P. J. Nixon and J. Murray, unpubl. res.).
Such a structural motif is ideal for making multiple contacts
with different sub-units during the assembly of a larger
complex. How Ycf48 interacts with the PSII RC-like
complex is presently unclear, although an interaction with
the C-terminal region of D1, and possibly the C-terminal
region of D2, seems likely.

The Psb27, Psb28 and Psb29 sub-units were identified as sub-
stoichiometric components of His-tagged CP47 preparations
isolated from Synechocystis 6803 (Kashino et al., 2002). In
the cases of Psb27 and Psb28, additional studies have since pro-
vided overwhelming evidence that these sub-units do indeed
associate with PSII sub-complexes and were not contaminants

within the original His-tagged preparation, a possibility that
had not been formally excluded. In the case of Psb29, more
work is needed to clarify its association with PSII.

Psb27 is an approx. 11-kDa lipoprotein and has been detected
as a component of a non-oxygen-evolving PSII core complex
from T. elongatus lacking PsbO, PsbU and PsbV (Nowaczyk
et al., 2006). It is thought that Psb27 binds to the lumenal side
of the PSII core complex and prevents binding of the three
extrinsic proteins (Nowaczyk et al., 2006). A Synechocystis
6803 mutant lacking Psb27 is still able to assemble
oxygen-evolving complexes, but the light-driven assembly of
the CaMn4 cluster is less efficient (Roose and Pakrasi, 2008).
In Arabidopsis, a mutant lacking one of the two encoded
Psb27 homologues still assembles PSII but is perturbed in the
repair of PSII following photodamage (Chen et al., 2006).
Two groups recently determined the 3-D structure of the hydro-
philic domain of cyanobacterial Psb27 by nuclear magnetic res-
onance spectroscopy (Cormann et al., 2009; Mabbitt et al.,
2009), and found it to consist of four amphipathic a-helices in
an up–down–up–down arrangement. Although a binding site
on CP47 has been suggested for Psb27 based on in silico
docking simulations (Cormann et al., 2009), recent biochemical
data indicate a close structural relationship with CP43
(J. Komenda, unpubl. res).

BN/PAGE has revealed that Psb28 of Synechocystis 6803 is
found predominantly in an unassembled state in the membrane
and that some is also associated with the RC47 complex most
probably by attachment to the cytoplasmic side of CP47
(Dobakova et al., 2009). Deletion of Psb28 does not affect the
functional properties of PSII but does cause a decrease in the
rate of synthesis of CP47 and the chlorophyll-binding PSI sub-
units PsaA and PsaB (Dobakova et al., 2009). An interesting
phenotype of the psb28 null mutant is the release of large quan-
tities of the chlorophyll precursor, protoporphyrin IX, into the
culture medium. Previous work had already suggested that
CP47 accumulation was particularly sensitive to the availability
of chlorophyll in the cell (Sobotka et al., 2005). Therefore, it is
possible that Psb28 might be involved in regulating chlorophyll
availability during the biogenesis of PSI and PSII. A Psb28
homologue is also found in the A. thaliana genome but has
not yet been studied. In the case of Synechocystis 6803 and
some other cyanobacteria, there is a second homologue of
Psb28 encoded in the genome, but its role is so far unclear.

Psb29 is predicted to be a peripheral sub-unit bound to the
cytoplasmic side of the TM (Keren et al., 2005b). Although
there is still uncertainty about whether Psb29 associates with
PSII, there is some evidence from analysis of Psb29 null
mutants of Synechocystis 6803 and A. thaliana that light
capture by CP47 and CP43 is perturbed. Further work is
needed to clarify the defect. Previously, Wang et al. (2004)
had concluded that Psb29 (designated Thf1 in their studies)
was involved in the formation of the TM since the A. thaliana
null mutant is variegated. However, it has been argued that the
marked variegation seen in this mutant might stem from destruc-
tion of thylakoids because of enhanced production of reactive
oxygen species by defective PSII (Keren et al., 2005b). More
recent work on Psb29/Thf1 in Arabidopsis has revealed that it
is required for normal expression of chloroplast FtsH (Zhang
et al., 2009). The possible involvement of Psb29 in the assembly
and repair of PSII in Synechocystis 6803 has yet to be assessed.
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Ycf39 (CyanoBase designation Slr0399) was originally ident-
ified in a screen for suppressor mutants that restored the ability of
a D2 mutant of Synechocystis 6803 to bind the bound plastoqui-
none, QA, and was suggested to be involved in delivering plasto-
quinone to PSII during assembly (Ermakova-Gerdes and
Vermaas, 1999), although this has yet to be confirmed exper-
imentally. Interestingly, there is an orthologue of Ycf39 in
A. thaliana (AT4G35250) which is predicted to be chloroplast
targeted and which therefore might play a similar role.

Cyanobacterial-specific assembly factors

PratA, which is a tetratricopeptide repeat (TPR) protein found
in Synechocystis 6803, has attracted interest because of its
apparent involvement in the C-terminal processing of the D1
sub-unit in vivo during the early stages of assembly of PSII
(Klinkert et al., 2004). Given that PratA is found within the peri-
plasm, the involvement of PratA in D1 processing lent support
to a possible role for the cytoplasmic membrane (CM) in PSII
biogenesis (Klinkert et al., 2004). More recently, a combination
of yeast two-hybrid and peptide scanning experiments mapped a
PratA-binding site to residues 314–328 of the D1 sub-unit
(Schottkowski et al., 2009). This region, which falls within
the C-terminal tail of mature D1, is folded into a short lumenally
exposed a-helix in the PSII holoenzyme. Whether this binding
interaction is of physiological significance remains uncertain,
and, as yet, PratA has neither been identified as a component
of a PSII assembly complex nor shown to interact with unas-
sembled D1 in vivo. Nevertheless, a sub-population of PratA
is membrane bound and does co-purify to some extent with
membrane fragments containing precursor D1, possibly repre-
senting a distinct part of the membrane system linking the CM
and TM (Schottkowski et al., 2009).

More recently, Pakrasi and colleagues have used mass spec-
trometry to identify low abundance proteins within a His-tagged
CP47 preparation, which might play roles in the assembly of
PSII. Six novel proteins, all encoded within the same region of
the genome, were identified, some with putative binding sites
for chlorophyll and bilins (Wegener et al., 2008). Potential
effects on PSII function were analysed in a deletion mutant
lacking these six genes plus three others, which together form a
single transcriptional unit covering open reading frames
slr0144–slr0152. The mutant cells were still able to assemble
PSII and were able to evolve oxygen at 80 % of WT rates.
Given the relatively minor effects on PSII activity observed in
the mutant, further evidence needs to be provided to support the
proposal that these gene products function as PSII assembly
proteins.

A number of other Synechocystis genes have been implicated
in PSII assembly from the results of suppressor screens. These
include slr0286 (Kufryk and Vermaas, 2001) and slr2013
(Kufryk and Vermaas, 2003) which overcome defects in the
accumulation of PSII in two different types of D2 mutant. The
roles of these gene products still remain unclear.

Chloroplast-specific assembly factors

A number of factors have been shown to be important for
PSII assembly or repair in chloroplasts, either in the model
plant A. thaliana or in the model alga C. reinhardtii (reviewed

by Mulo et al., 2008). Sequence comparisons indicate the
absence of clear cyanobacterial homologues which would
suggest that these factors have evolved after the divergence
of chloroplasts and cyanobacteria, and therefore reflect poss-
ible differences in the PSII biogenesis between chloroplasts
and prokaryotes. As PSII repair is a dominant process in
higher plant chloroplasts, it remains possible that some of
the assembly factors assigned a role in PSII biogenesis
might actually play a more general role in the assembly of thy-
lakoid protein complexes. For some though there are clear bio-
chemical data to indicate a direct role in PSII assembly or
repair. For instance, in the case of the intrinsic protein,
LPA1, which contains two TPRs and is required for optimal
assembly of PSII, yeast two-hybrid studies suggest a direct
role in binding to D1 during assembly of PSII de novo (Peng
et al., 2006). Rep27, which is the likely orthologue of LPA1
in the green alga C. reinhardtii has also been concluded to
play a role in the synthesis of D1, but during PSII repair
rather than during assembly (Dewez et al., 2009). A second
factor required for normal accumulation of PSII in
A. thaliana, LPA2 (Ma et al., 2007), appears to interact with
CP43 and, interestingly, Alb3, which is known to facilitate
insertion of proteins into the TM (Yi and Dalbey, 2005).

PHOTOSYSTEM II REPAIR

PSII damage

Damage to PSII by visible light has been studied in great detail
and is sometimes referred to as chronic or irreversible photo-
inhibition or, more usually, PSII photoinhibition (reviewed
by Adir et al., 2003; Edelman and Mattoo, 2008). On the
basis of in vitro studies, two main mechanisms of PSII photo-
inhibition have been suggested based on the light requirement,
the site of initial damage and the nature of the damaging
species (reviewed by Barber and Andersson, 1992; Aro
et al., 1993). In acceptor-side photoinhibition, damage is pos-
tulated to be caused by singlet oxygen generated following
charge recombination reactions within PSII. This process,
which involves the formation of the triplet state of the
primary electron donor, P680, can potentially occur at high
irradiances when the PQ pool is reduced but also at low
light intensities when QB

2 is generated, in the so-called ‘low
light syndrome’ (Keren et al., 1997). In contrast donor-side
photoinhibition occurs when electron donation into the PSII
RC by water oxidation is unable to match the rate of P680 oxi-
dation so that P680+ and other oxidizing species on the donor
side become relatively long lived and, because of their high
oxidizing potential and reactivity, can damage nearby residues.
The mechanism of PSII photodamage in vivo is currently
under intense debate (discussed by Vass and Cser, 2009) fol-
lowing recent evidence suggesting that the CaMn4 cluster
itself is the initial site of damage (Hakala et al., 2005;
Ohnishi et al., 2005).

The PSII repair cycle

Despite uncertainty about the precise mechanism of photo-
inhibition in vivo, it is generally agreed that the D1 sub-unit is
the main PSII sub-unit damaged during photoinhibition in vivo
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(reviewed by Edelman and Mattoo, 2008) and that the rapid
synthesis and degradation (or turnover) of D1 observed
in vivo in radioactive pulse–chase experiments reflects the
operation of a PSII repair cycle in which damaged D1 sub-
units are replaced by newly synthesized copies (Ohad et al.,
1984). The current data suggest that PSII repair in cyanobac-
teria, like that in chloroplasts, involves partial disassembly of
PSII, degradation of the damaged sub-unit, incorporation of
a newly synthesized sub-unit into the sub-complex and reas-
sembly of the holoenzyme (discussed by Nixon et al., 2005).
Because irreversible damage to PSII occurs at all light intensi-
ties, PSII repair is an important photoprotective mechanism in
all oxygenic photosynthetic organisms (discussed by Edelman
and Mattoo, 2008). Importantly, the repair cycle itself is also
sensitive to various types of environmental stress, further
exacerbating the sensitivity of PSII to photoinhibition
(Takahashi and Murata, 2008).

D1 degradation in vitro

Much of the early work directed at studying the mechanism
of D1 degradation during PSII repair has focused on the
characterization of light-induced D1 fragments generated
either in isolated PSII complexes (e.g. Shipton and Barber,
1992) or in plant material in which PSII repair was either
unable to match the high rates of photodamage (e.g.
Canovas and Barber, 1993) or was potentially affected by
the presence of cytoplasmic protein synthesis inhibitors (e.g.
Greenberg et al., 1987). Given that similar sized D1 fragments
could also be generated in the dark by reactive oxygen species
(Miyao, 1994; Lupinkova and Komenda, 2004), the suspicion
remains that many of the D1 breakdown fragments described
in the literature might actually reflect the products of chemical
cleavage reactions rather than intermediates in a physiologi-
cally relevant enzymatic process.

D1 degradation in vivo

Members of the FtsH and Deg protease families have long
been considered to be prime candidates for the degradation
of damaged D1 during PSII repair in higher plant chloroplasts
(reviewed by Adam and Clarke, 2002). FtsH proteases consist
of an N-terminal transmembrane domain followed by a large
hydrophilic region containing an AAA+-module (ATPase
associated with various cellular activities) and a Zn2+ metallo-
protease domain (reviewed by Ito and Akiyama, 2005). Deg
proteases are membrane-associated serine proteases, with
some capable of forming extremely large homo-oligomeric
complexes (reviewed by Ortega et al., 2009).

Early work based on in vitro studies suggested that degra-
dation of photodamaged D1 in chloroplasts was a two-step
process involving first the cleavage of a stromally exposed
loop connecting transmembrane helices d and e of D1
(Fig. 1A) by the Deg2 protease, followed by FtsH-mediated
removal of the N-terminal fragment (Spetea et al., 1999;
Haussuhl et al., 2001). Whether this actually occurs in vivo
has been examined more recently in defined mutants in both
cyanobacteria and chloroplasts (reviewed by Nixon et al.,
2005).

Interpretation of mutant data is potentially complicated by
the fact that there are multiple copies of the FtsH and Deg pro-
teases with possibility for overlap of function. For instance, in
the case of Synechocystis 6803 there are four FtsH proteases
and three Deg proteases (Nixon et al., 2005), and in
A. thaliana chloroplasts there are possibly nine FtsH proteases
and at least four Deg proteases (reviewed by Adam et al.,
2005; Sakamoto, 2006). In addition, other proteases might
be able to compensate to some degree for the loss of a particu-
lar protease. Thus, while unimpaired PSII repair in a protease
null mutant would indicate that the protease is not vital for
PSII repair, it does not necessarily mean that the protease
does not participate in PSII repair in vivo. In the case of a
mutation that results in a defect, further evidence is needed
to clarify whether the effect is direct or indirect.

One direct approach is to test the ability of the purified pro-
tease to cleave damaged D1 in vitro. In this case care has to be
taken to ensure that the enzyme is used at physiologically rel-
evant levels, that the cleavage site in the D1 sub-unit is appro-
priate for the known location of the protease (lumenal side or
stromal side in chloroplasts) and that the PSII complex has not
been potentially damaged by other factors such as high
salt and heat stress. Other biochemical lines of evidence are
physical interaction between the protease and PSII and
co-purification of the protease with PSII.

Role of FtsH in PSII repair

It is now clear that FtsH proteases play a more crucial role in
D1 degradation than originally hypothesized. Mutants lacking
FtsH2 (CyanoBase designation Slr0228) in Synechocystis 6803
(Silva et al., 2003; Komenda et al., 2006) and FtsH2 and
FtsH5 in A. thaliana (Bailey et al., 2002; Kato et al., 2009)
show impaired rates of D1 degradation. Importantly,
damaged D1 is stabilized in these mutants, and there is no
accumulation of smaller fragments of D1. These observations
are consistent with a role for FtsH at an early stage of D1
degradation and not just in the removal of D1 breakdown pro-
ducts as proposed in the earlier two-step model (Haussuhl
et al., 2001). D1 degradation is not totally blocked in the
Arabidopsis mutants (Kato et al., 2009) and in mutants of
Synechocystis 6803 that display extremely high rates of D1
degradation (Komenda et al., 2010). These observations
would suggest the involvement of additional proteases in D1
degradation, possibly other FtsH proteases, although with a
much reduced activity.

In the case of Synechocystis 6803, analysis of a triple mutant
lacking all three Deg proteases found in this organism revealed
that rapid and selective turnover of D1 was still operational
(Barker et al., 2006). This evidence, together with the earlier
data on the ftsH2 mutant and biochemical detection of FtsH
in PSII preparations, led to the proposal that rapid and selec-
tive D1 turnover might be mediated by FtsH alone and need
not require prior cleavage by a Deg protease (Silva et al.,
2003; Nixon et al., 2005). Data from N-terminal truncation
mutants of Synechocystis 6803 support a model in which
FtsH degrades damaged D1 in a highly processive reaction
starting from the N-terminus (Fig. 3) (Komenda et al.,
2007b). Because FtsH is known to be a weak unfoldase, it
seems likely that damaged D1 needs to be in a destabilized
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FI G. 3. Selective synchronized replacement of damaged D1 during PSII repair according to the FtsH-only model (Nixon et al., 2005). (A and B) Light-induced irre-
versible damage to D1 triggers partial disassembly of the dimeric PSII complex (RCCII) to form the monomeric RC47 complex containing damaged D1. For clarity the
extrinsic proteins have been omitted. The hexameric FtsH2/FtsH3 hetero-oligomeric complex engages with the N-terminal tail of the damaged D1 sub-unit. SCPs might
store chlorophyll during repair. (C) Damaged D1 is removed from the membrane by the FtsH complex in a process driven by ATP hydrolysis and is degraded in a highly
processive reaction at the Zn2+ protease domain. Degradation of damaged D1 is synchronized at the transmembrane helix level with insertion of the ‘new’ D1 subunit
into the RC47 complex to minimize destabilization of the RC47 complex. (D) CP43 reattaches to form a non-oxygen-evolving complex which then reassembles the

CaMn4 cluster, binds the extrinsic subunits and dimerizes to form the fully functional RCCII complex. For clarity, assembly factors are not included.
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state to allow its degradation. This could be accomplished by
oxidative damage to amino acid residues, damage and loss
of co-factors such as pigments and metal ions, and partial dis-
assembly of the complex to form the RC47 complex (Nixon
et al., 2005).

FtsH2 of Synechocystis 6803 is also important for the rapid
degradation of D1 following heat stress (Kamata et al., 2005)
or following donor-side photoinhibition induced by UV-B
damage (Cheregi et al., 2007) or by illumination of cells in
the presence of ammonia (Drath et al., 2008), or by genetic
deletion of the extrinsic PsbO and PsbV sub-units (Komenda
et al., 2010). These observations are consistent with a model
in which degradation of damaged D1 is triggered not by a
precise damaging event but by its overall degree of structural
destabilization. FtsH2 is also important for the degradation
of unassembled PSII sub-units so appears to play a general
role in removing damaged, misassembled and unassembled
PSII sub-units from the TM (Komenda et al., 2006). What
role FtsH has in remodelling the protein content of the TM
in response to changes in physiological conditions, e.g. nutri-
ent depletion rather than damage, has not been investigated.

So far the vast majority of the data implicating FtsH at an
early stage of D1 degradation have come from analysis of
mutants. Whether FtsH can degrade full-length D1 in a recon-
stituted system has not yet been demonstrated, although there
are data to indicate that Escherichia coli-expressed chloroplast
FtsH1 is able to degrade a 23 kDa N-terminal D1 fragment,
albeit at a low rate (Lindahl et al., 2000). Effective degradation
of D1 will probably require the development of a membrane-
based system as used to investigate FtsH-mediated degradation
of E. coli membrane proteins (Akiyama and Ito, 2003).

Given the multiplicity of FtsH sub-units in chloroplasts and
cyanobacteria, current research is directed at understanding
their possible physical interaction. We have recently con-
structed and isolated from Synechocystis 6803 a glutathione
S-transferase (GST)-tagged derivative of the FtsH2 protease
and have found that it co-purifies with FtsH3 (Barker et al.,
2008). Furthermore, preliminary negative stain electron
microscopy suggests a hexameric complex. This result pro-
vides important direct evidence that FtsH complexes in
Synechocystis 6803 are hetero-oligomeric, which opens up
new questions regarding substrate specificity and regulation.
Large hetero-oligomeric complexes, consisting of two types
of FtsH sub-units, have also been proposed for chloroplasts
based on co-immunoprecipitation experiments (Sakamoto
et al., 2003). In yeast mitochondria and E. coli, even larger
FtsH supercomplexes, of ill-defined function, have been iso-
lated containing FtsH and specific members of the Band 7
superfamily of proteins (Ito and Akiyama, 2005). However,
there is currently no evidence to support the formation of an
equivalent type of FtsH/Band 7 protein supercomplex in cya-
nobacteria, although potential instability of the complex
upon disruption of the membrane means that their presence
cannot yet be totally ruled out (Boehm et al., 2009).

Role of the Deg proteases

A number of groups have argued in favour of an important
physiological role for Deg proteases in D1 degradation,
especially in chloroplasts (discussed by Edelman and

Mattoo, 2008; Huesgen et al., 2009). In the case of
A. thaliana, one stromally exposed (Deg2) and three lumenally
exposed (Deg1, 5 and 8) Deg proteases of the TM have so far
been characterized. Of these, Deg2 is not required for D1
degradation in planta (Huesgen et al., 2006) although it is
able to cleave D1 in vitro (Haussuhl et al., 2001).
Radioactive pulse–chase experiments have revealed that the
rapid turnover of D1 is unimpaired in deg5 and deg8 single
mutants as well as the deg5/deg8 double mutant under per-
missive growth conditions (Sun et al., 2007). This fact
argues strongly against the obligatory role for Deg5 and
Deg8 in D1 turnover. At higher light intensities, D1 degra-
dation is impaired in the deg5/deg8 mutants, consistent with
a possible auxiliary role in D1 degradation under conditions
where the FtsH pathway is insufficient to cope with high
levels of damage to PSII. However, the deg5/deg8 mutants
grow poorly at high light, so an indirect effect of these
mutations on D1 degradation, such as through a limitation in
ATP availability for FtsH-mediated cleavage, cannot yet be
excluded. Although the lumenal Deg1 protease has also been
suggested to be involved in D1 degradation (Kapri-Pardes
et al., 2007), D1 turnover has not yet been assessed in Deg1
knock-down mutants. Overall, the current mutant data
support the hypothesis that the chloroplast Deg proteases are
not obligatory for D1 degradation in vivo but might play a
role at higher light intensities possibly to facilitate and accel-
erate the FtsH-mediated processive degradation of D1, presum-
ably by cleaving interhelical loops, thereby preventing the
formation of dangerous reactive oxygen species.

DYNAMICS OF ASSEMBLY AND REPAIR

Cellular location

Early studies, based on biochemical fractionation and immu-
noblotting, indicated that D1, D2, Cyt b-559 and PsbO were
found in the CM as well as the TM of Synechocystis 6803
(Smith and Howe, 1993; Zak et al., 2001), whereas CP47
and CP43 were located exclusively in the TM fraction.
Subsequently, Pakrasi and colleagues provided evidence that
D1 and D2 in the CM were part of a PSII RC-like complex
that was able to perform charge separation but not water oxi-
dation (Keren et al., 2005a). The CtpA protease, which
cleaves the C-terminal extension of pD1 and which is necess-
ary for assembly of the CaMn4 cluster, was also found in the
CM fraction. Based on these data it was proposed that the
CM was the initial site of assembly of a D1–D2–Cyt b-559
complex which then migrated to the TM to complete its bio-
genesis into the holoenzyme (Zak et al., 2001).

Concerns have been raised about the purity of the CM and
TM fractions generated following fractionation (Komenda
et al., 2008). This fact notwithstanding, the question arises
as to how PSII migrates from the CM to the TM. There is
no evidence for a direct connection to allow the rapid diffusion
of proteins from one membrane to the other (Liberton et al.,
2006; Schneider et al., 2007). One possibility is that membrane
vesicles might be involved in transporting PSII and other pro-
teins from the CM to the TM (discussed by Schneider et al.,
2007). Interestingly, ultrastructural studies have also revealed
that TMs seem to converge at defined regions, called
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‘thylakoid centres’, close to the CM (Kunkel, 1982; van de
Meene et al., 2006). The composition and function of these
‘thylakoid centres’ are unknown, but they might play a role
in gating the transport of proteins and lipid from the CM to
the TM or even, conceivably, be the site of assembly and
repair of PSII. More work is needed to test these ideas.

Where damaged PSII is repaired is also still a matter of
debate. The immunochemical localization of the D1
C-terminal processing protease, CtpA, argues in favour of
repair in the CM (Zak et al., 2001). However, both FtsH2,
the protease implicated in the removal of damaged D1, and
RC47, the PSII sub-complex that is thought to be the substrate
for removal of damaged D1, are found in the TM (Komenda
et al., 2006). One explanation to reconcile these differing
viewpoints is the possibility that CtpA is actually present in
the TM but escaped detection in earlier studies because of
its relatively low abundance.

What happens to the pigment during repair?

Recent work from the Vermaas group has indicated that
chlorophyll does not turn over at the same rate as the D1
sub-unit (Vavilin et al., 2005). This means that chlorophyll
must be temporarily stored during PSII repair. Vermaas and
colleagues have suggested, based on isotopic labelling of
chlorophyll, that the phytol tail of chlorophyll a is removed
during PSII repair and that the tetrapyrrole headgroup is
reused (Vavilin and Vermaas, 2007). Taking into consideration
the weak unfoldase activity of the FtsH protease, it is possible
that the phytyl chains of the bound chlorophyll molecules may
represent an important obstacle during the proposed processive
degradation of D1 and must be removed to allow the pulling
out of the D1 polypeptide chain from the membrane.
Interestingly, the identity of the phytol-removing enzyme
remains unknown as a gene encoding the homologue of the
‘classical’ plant chlorophyllase is missing from the genome
of Synechocystis 6803 (Vavilin and Vermaas, 2007).

Under high light conditions PSII complexes become associ-
ated with SCPs (Promnares et al., 2006), which has led to the
latter being regarded as excellent candidates to play a role in
binding chlorophyll during PSII repair and, indeed, chloro-
phyll turnover is increased in their absence (Vavilin et al.,
2007). However, the efficiency of repair and the rate of D1
turnover under physiological conditions do not seem to be
compromised in a mutant of Synechocystis 6803 lacking the
SCPs. Only when the mutant cells are exposed to extremely
high irradiances is oxidative damage to PSII observed
(J. Komenda, unpubl. res.). Accordingly, SCPs appear to act
as ‘emergency’ scavengers of chlorophyll molecules that
escape the normal control mechanisms of PSII repair. We
assume that the key components involved in transient chloro-
phyll binding during selective D1 degradation still await dis-
covery. It is even possible that FtsH proteases may execute
this function.

Recent studies on a variety of Synechocystis 6803 mutants
have also revealed that the overall level of cellular chlorophyll
is inversely correlated to the rate of D1 synthesis during PSII
repair. This finding raises the possibility that intensive repair
may limit the availability of chlorophyll for the assembly of

other chlorophyll-binding proteins such as PSI (J. Komenda,
unpubl. res.).

Disassembly of PSII during repair and synchronizing
the replacement of damaged D1

For both cyanobacteria and chloroplasts, disassembly of
PSII is thought to involve detachment of the lumenal extrinsic
sub-units and CP43 (Fig. 3). The resulting RC47 complex is a
pivotal complex in PSII biogenesis as it seems to be involved
in PSII assembly and the replacement of damaged D1 during
repair (Figs 2 and 3) (Nixon et al., 2005). Key questions that
remain to be answered include the mechanism that triggers
monomerization of damaged PSII and partial disassembly to
form the RC47 complex, and the nature of the degradation
signal that is used to target damaged PSII sub-units such as
D1 for degradation.

The recent crystal structures have revealed that the PsbO
sub-unit from one PSII monomer interacts with the CP47
sub-unit of the second monomer in the dimeric complex
(Guskov et al., 2009). Thus detachment or structural reorgan-
ization of PsbO on the lumenal side following damage to PSII
could be a trigger for disassembly of the dimer to form the
monomer. Consistent with this, a mutant of Synechocystis
6803 lacking PsbO fails to accumulate dimeric PSII
(Komenda et al., 2010).

Given that CP43 plays a role in ligating the CaMn4 cluster, it
is conceivable that damage to D1 and the cluster, coupled to
detachment of PsbO, leads to detachment of CP43 to form
the RC47 complex. According to the FtsH-only model of
PSII repair it has been speculated that the N-terminus of D1
(and possibly of other thylakoid proteins destined for replace-
ment) plays a key role in engaging with the FtsH protease,
possibly by a conformational change induced by damage or
partial disassembly (Fig. 3). Initial interactions between FtsH
and PSII might occur within the membrane as well as the
lumenal side of the membrane.

Recent structural studies have also identified a belt of lipid
molecules around the D1 sub-unit in the PSII holoenzyme
which might facilitate the extraction of damaged D1 from
the RC47 complex (Loll et al., 2007). The structural work
has emphasized the fact that PSII is a true lipoprotein
complex and that bound lipid might play an important func-
tional and structural role as suggested from analysis of
mutants defective in lipid biosynthesis. For example, phospha-
tidylglycerol (PG) is important for optimizing electron transfer
on the acceptor (Gombos et al., 2002) and donor sides (Sakurai
et al., 2007) of the complex, for the stable attachment of CP43
and for accumulation of the PSII dimer (Laczko-Dobos et al.,
2008). Both PG and digalactosyldiacylglycerol (DGDG) are
needed for efficient repair of PSII, possibly at the level of
forming the active dimeric complex (Sakurai et al., 2003;
Mizusawa et al., 2009). Lipids also play a role in stabilizing
the isolated dimeric PSII complex in chloroplasts (Kruse
et al., 2000). Whether lipases play a role in the disassembly
processes involved in PSII repair is presently unclear.

How the newly synthesized D1 sub-unit is integrated into
the RC47 complex is unknown. The Synechocystis 6803
ftsH2 mutants impaired in PSII repair accumulate unassembled
pD1, iD1 and mature D1 in the membrane (Komenda et al.,
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2006), which would suggest that a post-translation mechanism
might be involved. In contrast, studies in chloroplasts have led
to the conclusion that replacement occurs co-translationally
(Zhang et al., 1999). In the case of a post-translational mech-
anism, Ycf48 appears to play a role in stabilizing unassembled
pD1 in the membrane (Komenda et al., 2008).

Two lines of evidence support the idea that degradation of
damaged D1 is synchronized to the availability of a replace-
ment D1 sub-unit. First the rate of turnover of radiolabelled
D1 in pulse–chase assays is reduced in the presence of an
inhibitor of protein synthesis (Komenda and Barber, 1995).
Secondly, mutants of Synechocystis 6803 that have reduced
levels of psbA mRNA, and reduced rates of D1 synthesis,
also show a reduced rate of degradation even in the absence
of an inhibitor of protein synthesis (Komenda et al., 2000).

Because the various PSII assembly and repair complexes are
incapable of water oxidation, they are potentially highly vul-
nerable to donor-side photoinhibition. Consequently one
would anticipate that many of the mechanisms invoked in
the past to protect non-oxygen-evolving core complexes
against photoinhibition are actually highly relevant for assem-
bly complexes. These mechanisms include changes to the
redox potential of QA so that singlet oxygen production is
reduced (Vass and Cser, 2009), and the operation of side-path
electron donors ChlZ and Cyt b-559 in PSII (Faller et al.,
2005). In addition, recent work has highlighted the possibility
that RC47 is ‘switched off’ in vivo by spillover of excitation
energy to PSI (Shimada et al., 2008).

CONCLUSIONS AND FUTURE OUTLOOK

The combination of molecular biology, biochemistry and
structural biology is proving a successful approach to under-
standing the molecular details of the assembly and repair of
PSII. In the short term it is highly likely that there will be
additional information on the structures and binding sites for
the various assembly factors. Conceivably it might even be
possible, using a suitable engineered strain of T. elongatus,
to isolate defined PSII assembly complexes with associated
assembly factors for crystallization studies.

In a broader context, very little is known about how large
membrane-bound complexes are assembled and repaired
(Daley, 2008). The structural information available now for
PSII and the relatively high rate of repair of PSII make it a suit-
able model complex to study fundamental aspects of the bio-
genesis of membrane complexes, including the mechanism
of insertion of pigments and other co-factors and the
dynamic exchange of a single sub-unit in a multisub-unit
complex.

Another main area of study will be to investigate the
dynamics of the assembly and repair processes in the cyano-
bacterial cell (Sarcina et al., 2006) and how sub-complexes
are trafficked around the membrane system. Evidence is emer-
ging that the TM and CM are more heterogeneous than pre-
viously thought, with proteins possibly segregated into
specific regions (Srivastava et al., 2006; Nevo et al., 2007;
Vermaas et al., 2008). Various types of advanced fluorescent
microscopy techniques, coupled with inducible gene
expression systems, might allow the movement of PSII

assembly complexes to be visualized (Mullineaux and
Sarcina, 2002; Vermaas et al., 2008).

The recent advances in identifying the various proteins
involved in PSII assembly and repair also mean that exper-
iments can now be designed to increase their expression in
the chloroplast or cyanobacterium to test whether repair can
be made more efficient and photosynthesis made more resist-
ant to visible light stress. However, it should be borne in
mind that the capacity for PSII repair is dependent on a
number of factors including the availability of chlorophyll
and ATP, and might require an integrated systems biology
approach.
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